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Abstract

Cobalt in the form of a Co(III) complex was successfully anchored on a cyclam-tethered SBA-15, which was synthesized from a chemical
modification of chloropropyl-functionalized SBA-15 and proved to be a selective catalyst for the allylic oxidation of cycloolefins, such as cy-
clopentene, cyclohexene, and cycloheptene with hydrogen peroxide. The Co(III)-SBA-15 showed high selectivity for the corresponding allylic
hydroperoxides, which exceeded 50% after a 12-h reaction time. We conclude that the cobalt species underwent reversible redox cycles, and the
formation of cobalt hydroperoxo species derived from the activation of the Co(III) complex with H2O2 was attributed to the high selectivity for
hydroperoxides as major products. The reversible redox cycle between the Co(III) and Co(II) couple during the oxidation of cycloolefins was
supported by a cyclic voltammetry analysis.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Ordered mesoporous materials have opened many new pos-
sibilities for applications in the fields of heterogeneous cataly-
sis, adsorption, and separation because of their large and well
defined pore sizes and high surface areas [1–4]. Owing to the
inert nature of silica surface, mesoporous materials have suf-
fered from lack of active sites, which are necessary for practical
applications, especially in catalysis [1–3]. Functionalization of
catalytic homogeneous system has been widely applied in re-
cent years for generating active sites onto the mesoporous silica
surfaces [5]. Numerous strategies have been described for im-
mobilizing inorganic and/or organic active species within the
silica matrices [5]. The active species could be immobilized
either onto the framework through isomorphous substitution
of silica [1,2,6–8] or by filling the void space in the pore via
a tethering group [1,2,9]. Only a few metallic species can be
incorporated into the silica walls, due to difficulties in the for-
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mation of metal–O–Si bonds [7,8]. Moreover, only part of the
framework metals located on the surface is accessible and cat-
alytically active. In contrast, grafting with a tethering functional
group onto the surface provides a wider variety of active species
to be anchored in the easily accessible void space of the pores
[9,10]. The functionality through tethering can also be tailored
by design for the intended catalytic reaction, such as base, acid,
and redox-catalyzed reactions [11].

Functionalization of mesoporous silica surface by the immo-
bilization of active sites via a tethering group generally can be
done in two different ways: through the so-called “postsynthe-
sis” method, which involves grafting an organotrialkoxysilane
onto the pore surfaces after mesoporous material synthesis, and
through the direct synthesis method, in which the functional
groups are introduced during the gel formation. The pore func-
tionalizations are generated from the co-condensation reaction
between the organotrialkoxysilane and silica source in the pres-
ence of a structure-directing agent [12]. The direct synthesis
method is considered more plausible, because it can avoid sev-
eral shortcomings of the postgrafting method, such as reduction
in pore size, pore blocking at the aperture, and difficulties in

http://www.elsevier.com/locate/jcat
mailto:separk@inha.ac.kr
http://dx.doi.org/10.1016/j.jcat.2006.08.010


Sujandi et al. / Journal of Catalysis 243 (2006) 410–419 411
controlling the loadings as well as distributions of the active
sites [13].

Cobalt salts and their complexes have been widely used as
homogeneous catalysts for the oxidation of organic substrates
in organic syntheses as well as in the chemical industry. Co(III)
has been found to be the catalytically active species in many
oxidation reactions [14–16]. Hence, for practical applications,
catalytic systems that can accelerate the oxidation of Co(II) to
Co(III) and stabilize the Co(III) state are required [17]. Das and
Clark [15] and Park et al. [16] immobilized Co(III) onto car-
boxylic group-tethered HMS and SBA-15 mesoporous silica
and found that in these heterogeneous systems, the cobalt cation
was weekly bound to the carboxylic group and the tethering of
Co(III) for support occurred only on addition of pyridine. Even
when pyridine was used to stabilize the Co(III) species, the cat-
alyst was still easily deactivated during the catalytic reaction
due to the loss of pyridine. To overcome this problem, the chal-
lenge is to find a ligand that can provide a stable environment
and stabilize the high-valent metal centers.

In the present work, we immobilized Co(III) species onto
SBA-15 in the form of Co(III)cyclam complex, which was co-
valently tethered onto the SBA-15 surface via the propyl group.
Cyclam was chosen because it is a well-known tetraazamacro-
cycle ligand that can form and stabilize various high-valent
transition metal complexes [18]. The cyclam was tethered onto
the SBA-15 surface through the substitution reaction of the
chloro group of chloropropyl-functionalized SBA-15 (Clpr-
SBA-15), which was synthesized using a microwave-assisted
direct synthesis method. The formation of the Co(III)cyclam
complex was done through the metallation of the tethered
cyclam with Co(II) and subsequent aerial oxidation of the
Co(II)cyclam to Co(III)cyclam complex [19,20]. The catalytic
behavior of the obtained Co(III)cyclam-functionalized SBA-
15 [Co(III)-SBA-15] was investigated for the liquid-phase cat-
alytic oxidation of cycloolefins with aqueous hydrogen perox-
ide (35%). It was shown that the Co(III)-SBA-15 catalyzed the
cycloolefin oxidation via allylic substitution mechanism, yield-
ing the corresponding allylic hydroperoxides as major products.

2. Experimental

2.1. Chemicals

Sodium metasilicate (Na2SiO3·9H2O; Sigma Aldrich) and
3-chloropropyl triethoxysilane/CPTS (Cl(CH2)3Si(OEt)3; Ald-
rich) were used as silica and chloropropyl group sources, re-
spectively. A Pluronic P123 triblock copolymer (poly(ethylene
oxide)–poly(propylene oxide)–poly(ethylene oxide)/EO20PO70
EO20; MW5800; BASF), was used as a structure-directing
agent. CoCl2·6H2O, cyclopentene, cyclohexene, cycloheptene,
and HPLC-grade acetonitrile solvent were purchased from
Aldrich. The tetraazamacrocycle (cyclam) was synthesized
according to the following procedure. Nickel(II) perchlorate
hexahydrate, 54.7 g (0.15 mol) was dissolved in 400 mL of
water. With adequate stirring, 26.0 g (0.15 mol) of 1,5,8,12-
tetraazadodecane was added. The resulting red–brown solution
was cooled to 5 ◦C in an ice bath, after which 22.5 mL of
40% glyoxal was added with stirring. The reaction mixture was
brought to room temperature and allowed to stand for 4 h. The
solution was then cooled again to 5 ◦C and treated with 11.0 g
(0.3 mol) of sodium tetrahydroborate in small portions over a
1-h period. After complete addition of the tetrahydroborate, the
solution was heated to 90 ◦C for 30 min and filtered while hot.
The obtained Ni(cyclam) complex solution was transferred to
a single-necked round flask, and 29.0 g (0.6 mol) of sodium
cyanide was added. The mixture was then refluxed for 2 h, and
sodium hydroxide (15.0 g, 0.375 mol) was added to the cooled
mixture. After evaporation of water on a rotary evaporator un-
til semisolids remained, chloroform was used to extract the free
base cyclam [21].

2.2. Catalyst preparation

2.2.1. Chloropropyl-functionalized SBA-15
In a typical synthesis, 16.0 g of 10% (w/w) aqueous solu-

tion of P123 was poured into 26.6 g of distilled water, and
4.47 g of sodium metasilicate was added under stirring to
yield a clear solution. To this solution, 0.2 g of CPTS (with
a silica-to-chloro molar ratio of 20) was added. The mixture
was vigorously stirred using a mechanical stirrer at 40 ◦C until
a homogeneous solution was obtained. Then 13.0 g of con-
centrated hydrochloric acid (37.6%) was quickly added into
the solution. The final mixture was aged under stirring for
1 h at 40 ◦C to get the reactive gel before moving to the mi-
crowave digestion system (CEM Corporation, MARS-5). The
molar composition of the gel mixture was as follows: 1SiO2:
0.05CPTS:0.018P123:11HCl:117.1H2O. The microwave con-
dition for crystallization was set under static conditions at
100 ◦C for 2 h at an operating power of 300 W (100%). The
crystallized product was filtered, washed with warm distilled
water, and dried at 80 ◦C. The surfactant was then selectively re-
moved by Soxhlet extraction with acidified ethanol (2 g concen-
trated HCl into 100 g EtOH for ca. 0.5 g sample) for 24 h [22].

2.2.2. Cobalt cyclam-functionalized SBA-15 [Co(III)-SBA-15]
The Co(III)-SBA-15 was prepared by encapsulating Co(III)

into a cavity of cyclam that was tethered onto the SBA-15 sur-
face via the substitution reaction of the chloro groups of Clpr-
SBA-15. Tethering of cyclam and Co(III) encapsulation were
carried out according to the following procedure. A mixture of
cyclam (0.5 g, 2.5 mmol), Clpr-SBA-15 (1.0 g) in 90 mL of
acetonitrile, and triethylamine (1.1 g, 10.9 mmol) was refluxed
at 90 ◦C under stirring for 2 days. The resulting white solid
was quantitatively recovered by filtration and washed five times
with hot chloroform and three times with hot ethanol. The ex-
cess cyclam was removed by Soxhlet extraction over ethanol for
24 h. After drying under vacuum at 100 ◦C for 24 h, the result-
ing cyclam-functionalized SBA-15 (cyclam-SBA-15) was dis-
persed into 90 mL of an ethanolic solution of 0.5 g CoCl2·6H2O
and refluxed for 12 h. During this process, the reaction mixture
was constantly bubbled with air to oxidize the Co(II)cyclam
to Co(III)cyclam complex to yield Co(III)-SBA-15. The fi-
nal pale-green Co(III)-SBA-15 was recovered by filtration and
washed three times with ethanol, water, and 2 mol L−1 HCl so-
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Scheme 1.
lution consecutively and dried under vacuum at 100 ◦C for 24 h
(Scheme 1). Atomic absorption spectroscopy analysis showed
that the Co loading was 0.40 mmol g−1 of catalyst.

2.3. Catalyst characterization

The obtained materials were characterized by several spec-
troscopic techniques to confirm the functionality. The structure
and crystallinity of the materials were determined using powder
X-ray diffraction (XRD) patterns obtained on a Rigaku diffrac-
tometer using CuKα radiation (λ = 0.154 nm). N2 adsorption–
desorption isotherms and pore characterizations were obtained
with a Micromeritics ASAP 2020 device at liquid N2 temper-
ature. Transmission electron microscopy (TEM) images were
obtained using a JEM-3011 instrument (JEOL) equipped with a
slow-scan CCD camera operating at 300 keV. Scanning electron
microscopy (SEM) images were collected with a JEOL 630-
F microscope. UV–vis–NIR diffuse reflectance spectra (DRS)
were measured with a Solidspec 3700 UV–vis–NIR spectrome-
ter. For analysis, the sample was loaded into a homemade quartz
cell and evacuated under vacuum at 150 ◦C. The NIR spectra
were recorded in the reflectance mode at room temperature.
The FTIR spectra were recorded using a Nicolet Impact 410
spectrometer over a range of 400–4000 cm−1 at various temper-
atures in a homemade stainless steel IR cell equipped with KBr
windows. Elemental analyses were performed with an EA-1110
analyzer (CE Instruments). Thermogravimetric (TG) analyses
were carried out on a TGA/SDTA 851 thermal analysis sys-
tem (Mettler Toledo Co.) at a heating rate of 10 ◦C min−1 under
nitrogen atmosphere. The CP/MAS 13C solid-state NMR spec-
trum was recorded on a Varian Unity-Inova 400 at 100 MHz
with a 7-mm CP/MAS probe and a magic spinning frequency
of 5 kHz.

2.4. Electrochemical measurements

The electrochemical analysis (cyclic voltammetry (CV)) was
performed to check the redox cyclic transformation of Co
species in the Co(III)-SBA-15 catalyst-modified carbon paste
electrode. The modified carbon paste electrode was prepared
by homogeneous mixing of the dispersed graphite powder with
Co(III)-SBA-15 catalyst (graphite/catalyst = 10) and subse-
quently added to 0.25 g of mineral oil in 20 mL of hexane.
The final paste was obtained after a slow evaporation of hexane.
The modified carbon paste was packed into an electrode body,
consisting of a plastic cylindrical tube (8 mm o.d., 6 mm i.d.)
equipped with a copper rod serving as an external electric con-
tact. Appropriate packing was achieved by pressing the elec-
trode surface against filter paper. The carbon paste electrode
modified with Co(III)-SBA-15 was used as the working elec-
trode, and a platinum wire was used as the auxiliary electrode.
The cyclic voltammogram was recorded on a Solartron Elec-
trochemical Interface unit (model SI 1287) and carried out
in unstirred LiClO4 solution with a potential sweep rate of
20 mV s−1 from −0.55 to 1.1 V versus SCE. Recording was
done first from the oxidation step and then from the reduc-
tion step at the carbon paste electrode modified with Co(III)-
SBA-15.

2.5. Liquid-phase catalytic oxidation of cycloolefins

A typical experimental procedure for liquid-phase oxida-
tion of cycloolefins was conducted over Co(III)-SBA-15. The
cycloolefin oxidation was carried out in a 100-mL round-
bottomed flask vessel connected to a water condenser and
placed in a temperature-equilibrated oil bath. A mixture of
100 mg of catalyst, 10 mmol olefins, 10 mL of acetonitrile, and
10 mmol hydrogen peroxide (35% in water) was introduced
to the reaction vessel and heated at 40 ◦C with constant stir-
ring. Small amounts of the reaction mixture were frequently
removed from the reaction vessel, and the reaction products
were analyzed using a Donam DS 6200 gas chromatograph
equipped with an HP-5 capillary column (0.32 mm × 30 m)
and a flame ionization detector. Product identification was done
based on gas chromatography (GC) peaks of the authentic com-
pounds and GC–mass spectrometry (GC–MS) analysis. The
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conversions were calculated based on the initial amount of the
cycloolefins; the selectivity was calculated based on the to-
tal amount of products. Owing to the allylic hydroperoxides
species could be partially decomposed during the GC analy-
sis; their amounts were calculated based on double analysis of
GC, before and after decomposition with the addition of Ph3P.

3. Results and discussion

3.1. Preparation and characterization of Co(III)-SBA-15

Fig. 1 shows the small-angle XRD patterns of the surfactant-
free Clpr-SBA-15, cyclam-SBA-15, and Co(III)-SBA-15. The
Clpr-SBA-15 synthesized by microwave-assisted direct synthe-
sis had a very intense diffraction peak at 0.99◦ 2θ of (100)
reflection and two additional peaks with lower intensity at 1.64◦
and 1.88◦ 2θ of (110) and (200) reflections, respectively, indi-
cating high ordering and excellent textural uniformity of the
material with 2-D hexagonal (P6mm) structure [23,24].

Further evidence of a high-order mesostructure was provided
by SEM and TEM images. Fig. 2 shows SEM (a) and TEM
(b–d) images of the Clpr-SBA-15. The SEM image revealed
a worm-like morphology of typical mesoporous material with
a two-dimensional (2-D) hexagonal structure. The TEM im-
ages clearly showed that the material had an array of highly
ordered 2-D hexagonal structures, similar to those of pure SBA-
Fig. 1. Small-angle XRD patterns of (a) Clpr-SBA-15, (b) cyclam-SBA-15, and
(c) Co(III)-SBA-15.

15 materials [18,25]. This means that the Clpr-SBA-15 with a
highly ordered mesostructure could be successfully synthesized
by applying microwave-assisted direct synthesis. This is an in-
teresting finding, because the presence of CPTS in the reaction
gel might have an adverse effect on nonionic assembly during
Fig. 2. SEM (a) and TEM (b–d) images of the surfactant-free Clpr-SBA-15 obtained from microwave-assisted direct synthesis.
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Fig. 3. (a) 13C CP/MAS NMR spectra and (b) TGA and DTG profiles of the surfactant-free Clpr-SBA-15.
direct synthesis and possibly disturb the periodicity and reg-
ularity of the resulting materials [12,13,26]. Thus, microwave
irradiation was indeed facilitating the supramolecular assem-
bly during the co-condensation process to yield the ordered
mesostructure [27–29].

13C solid-state NMR spectroscopy (Fig. 3a) provided clear
evidence that the chloropropyl group was indeed functionalized
as expected. The 13C CP/MAS NMR spectrum of surfactant-
free Clpr-SBA-15 clearly displayed three peaks at 10, 25, and
44 ppm, which were assigned to the C atoms of the teth-
ered chloropropyl group. The asterisks on the peaks at 17 and
58 ppm indicate the residual ethoxy group, which could be due
to either incomplete condensation of CPTS or surface reaction
during extraction with ethanol [26,30]. The NMR spectrum also
confirmed that the chloropropyl moiety was not decomposed
during the aging step at high temperature under microwave ir-
radiation. The nearly complete removal of the surfactant could
be confirmed with the absence of peaks at 66–77 ppm, corre-
sponding to the P123 surfactant.

The amount of incorporated chloropropyl group was esti-
mated by CHN elemental analysis and TGA techniques. The
elemental analysis showed that the amount of tethered chloro-
propyl group was close to the calculated valued, based on the
CPTS concentration in the initial reaction mixture. This means
that all of the CPTS in the initial reaction mixture could be
effectively incorporated onto SBA-15. The experimental value
was 0.88 mmol g−1, slightly larger than the theoretical value of
0.79 mmol g−1. The TGA spectrum of the surfactant-free Clpr-
SBA-15 is illustrated in Fig. 3b. The 7% weight loss at tempera-
tures below 100 ◦C was attributed to the loss of adsorbed water.
The weight loss at 250–500 ◦C can be attributed mainly to the
decomposition of chloropropyl groups. The amount of tethered
chloropropyl group (∼8%), based on the weight loss in the
TGA analysis, was also larger than the theoretical value (∼7%).
This discrepancy might be caused by the remaining unincorpo-
rated ethoxy group of CPTS and unremoved surfactant residue.
In TGA analysis, it also could be caused by the condensation of
silanol groups, which occurred in a similar temperature range
as for the decomposition of chloropropyl groups [31].

The small-angle XRD patterns of cyclam-SBA-15 (Fig. 1b)
and Co(III)-SBA-15 (Fig. 1c) obtained by the chemical modifi-
cation were very similar to that of the parent Clpr-SBA-15. All
XRD patterns exhibited a very intense diffraction peak of (100)
and two weak peaks at higher degrees of (110) and (200) refrac-
tions at 0.98◦, 1.65◦, and 1.90◦ for cyclam-SBA-15 and at 1.0◦,
1.70◦, and 1.95◦ for Co(cyclam)-SBA-15, which are character-
istic of a 2-D hexagonal (P6mm) structure. This means that the
highly ordered mesostructure was maintained during the entire
chemical transformation process.

Fig. 4a shows the N2 adsorption–desorption isotherms of
Clpr-SBA-15, cyclam-SBA-15, and Co(III)-SBA-15. All of the
samples exhibited well-defined type IV isotherms with H1-type
hysteresis loops, characteristic of mesoporous materials with
cylindrical-type mesostructures that facilitate the condensation
of N2. The sharp increase in the adsorption step between rel-
ative pressures (P/P0) of 0.6 and 0.8 indicated that the ob-
tained materials had large mesopores with narrow pore size
distributions. The lattice parameters and physicochemical char-
acteristics are listed in Table 1. The lattice parameters were
calculated from d spacing in the SAXRD patterns. Pore size
distributions, pore volumes, and BET surface areas were ob-
tained from analysis of N2 adsorption–desorption data. The
Clpr-SBA-15 had a large mean pore size of 5.1 nm, which
could be accessible and substituted by cyclam. The resulting
cyclam-SBA-15 and Co(III)-SBA-15 had mean pore sizes of
4.8 and 4.6 nm, respectively (Fig. 4b). The BET surface area
of Clpr-SBA-15 was 702 m2 g−1, which was rather high for
a functionalized mesoporous material. However, the BET sur-
face area was significantly reduced to 364 and 358 m2 g−1,
respectively, due to the presence of a significant amount of the
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Fig. 4. (a) Nitrogen adsorption–desorption full isotherms for Clpr-SBA-15, cyclam-SBA-15, and Co(III)-SBA-15. (b) Pore distributions for Clpr-SBA-15, cy-
clam-SBA-15, and Co(III)-SBA-15.
Table 1
Lattice parameter and physicochemical properties of the catalyst

Sample d/100 SBET
(m2 g−1)

Pore volume
(cm3 g−1)

Pore sizea

(nm)

Clpr-SBA-15 89.1 702 0.75 5.13
Cyclam-SBA-15 89.6 364 0.54 4.80
Co(III)-SBA-15 87.4 358 0.49 4.60

a Pore size distributions were calculated from the desorption branch by using
BJH method.

anchored bulky cyclam and Co(III)cyclam complex inside the
mesopores [26,32].

Successful functionalization of the chloropropyl groups
onto the SBA-15 mesoporous material through the microwave-
assisted direct synthesis, as well as its chemical transformation
into cyclam-SBA-15 and Co(III)-SBA-15, were also traced by
NIR and IR spectra. Bands at the NIR spectra were generally as-
sociated with the harmonic overtones of fundamental and com-
bination bands associated with hydrogen atoms; consequently,
they are typically well isolated. This is why the NIR spectra are
favored in the analysis of compounds containing O–H, N–H,
and/or C–H bonds. Fig. 5 shows the NIR spectra of Clpr-SBA-
15, cyclam-SBA-15, and Co(III)-SBA-15. The NIR spectra of
Clpr-SBA-15 (Fig. 5a) showed three strong bands at around
2214, 1900, and 1370 nm, corresponding to the vibration tran-
sitions of surface hydroxyl groups. The former two bands could
be assigned to the combination (ν + δ) band of stretching (ν)
and bending (δ) modes of the nonbonded and bonded surface
silanol groups of the SBA-15 material, and the latter was due
to the overtone (2ν) absorption band of the stretching (ν) of
silanol groups [33,34]. Adsorption bands at 1896, 1950 (as a
shoulder), and 1456 nm (as a shoulder) could be assigned to
the adsorbed H2O on the SBA-15 surface. Absorption bands
at around 2265–2350 and 1723 nm appeared as assigned to
the combination (ν + δ) band of the CH2 moiety stretching vi-
bration (ν) and bending (δ) modes and the first overtone band
of CH2 moiety stretching vibration, respectively. The chemi-
cal transformation of chloro groups with cyclam was confirmed
with the appearance of the absorption band for the secondary
amine of cyclam at 1550 nm [35,36]. The higher intensity and
area of the CH2 reflectance band (at 2265–2350 and 1723 nm;
Fig. 5a) also indicated the addition of CH2 moiety on the sub-
stitution of cyclam for Cl. The NIR spectra of Co(III)-SBA-15
were found to be similar to those of the cyclam-SBA-15. This
means that the structure of tethered cyclam did not change dur-
ing the cobalt metallation reaction, which was carried out in an
ethanolic solution with continuous air bubbling to oxidize the
Co(II)cyclam to the Co(III)cyclam complex.

The Co(III)-SBA-15 was analyzed by FTIR at an elevated
temperature to check the thermal stability of the fully function-
alized SBA-15. It was found that the Co(III)-SBA-15 catalyst
had high thermal stability up to at least 250 ◦C; the vibration
bands for the NH and CH2 stretching at 2800–3400 cm−1 were
still maintained on heating at 250 ◦C for 30 min (Fig. 5b).

The Co(III)-SBA-15 catalyst showed three absorption peaks
at UV–vis regions of 659, 485, and 260 nm for 1T1g ← 1A1g,
1T2g ← 1A1g, and ligand to metal charge transfer (LMCT)
electronic transition, respectively, which could be attributed to
electronic transitions of trans dichloro Co(III)cyclam complex
(Fig. 6a) [19]. A slight shift in the lambda maximum of the
absorption peaks was observed for the grafted Co(cyclam) com-
pared with homogeneous Co(cyclam) complex in acetonitrile
(Fig. 7a). This might be due to the site isolation of the grafted
Co(cyclam), which decreased the likelihood of dimer forma-
tion by interacting with one another as in the homogeneous
Co(cyclam) complex in solution [37].

To study the redox behavior of the entrapped Co species
in the Co(cyclam)-functionalized SBA-15, cyclic voltammetry
analysis was conducted in unstirred LiClO4 solution in acetoni-
trile at a potential sweep rate of 20 mV s−1 from −0.55 to 1.1 V
versus SCE. The oxidation step was recorded first, followed by
the reduction step at a carbon paste electrode modified with
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Fig. 5. (a) NIR spectra of Cl-SBA-15, cyclam-SBA-15, and Co(III)-SBA-15 and (b) FTIR spectra of Co(III)-SBA-15 measured after heated at different temperature
for 30 min.
Fig. 6. UV–vis spectra of Co(III)-SBA-15 (a) before and (b) after exposure with
H2O2.

Co(III)-SBA-15. The cyclic voltammogram of carbon paste
electrode modified with Co(III)-SBA-15 in 0.1 M LiClO4 solu-
tion in acetonitrile showed two reversible redox peaks at −0.16
and 0.42 V versus SCE, corresponding to the Co(II)/Co(III)
and Co(III)/Co(II) couples, respectively (Fig. 8) [38]. These
reversible changes of Co oxidation states are important in the
catalytic oxidation of hydrocarbons involving molecular oxy-
gen, hydrogen peroxide, or organic peroxide.

3.2. Oxidation of cycloolefins

The cobalt-catalyzed oxidation of cycloolefins with hydro-
gen peroxide can promote either the oxidation of the double
bond to produce epoxides or the allylic oxidation leading to al-
Fig. 7. UV–vis spectra of Co(cyclam) in acetonitrile solution (a) before and
(b) after exposure with H2O2.

lylic hydroperoxides [39]. In the oxidation of cycloolefins with
H2O2 over Co(III)-SBA-15, the main products were the cor-
responding allylic hydroperoxides, implying that the oxidation
reactions occurred via the allylic substitution mechanism of al-
lylic oxidation. As pointed out by Kochi et al. [17,40], in this
allylic oxidation pathway, the Co(cyclam) readily undergoes a
1-electron redox process. Allylic hydroperoxide formation is
believed to involve a Co-hydroperoxo complex in the C–OOH
bond-forming step [41,42]. The ligand transfer of the metal-
bound peroxide to carbon-centered radical forms the allylic
hydroperoxide and regenerates the metal catalyst [43]. The al-
lylic oxidation of olefins holds a venerable position in organic
synthesis with the possibility of regioselective functionalization
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Fig. 8. Cyclic voltammogram of the carbon paste electrode modified with
Co(III)-SBA-15.

Table 2
Products distribution of olefins oxidation with hydrogen peroxide over Co(III)-
SBA-15

Substrate Time
(h)

Conversion
(%)

Product distribution (%)

–OOH –OH =O Epoxide Others

Cyclopentene 6 36.6 72.0 6.8 10.1 9.0 2.1
12 40.3 48.1 13.8 14.0 18.1 6.0

Cyclohexene 6 27.2 71.1 13.6 10.5 4.0 1.1
12 34.8 65.4 13.8 10.2 4.6 6.0

Cycloheptene 6 15.9 65.8 4.8 14.0 14.2 1.9
12 26.9 44.3 4.0 18.2 22.2 11.3

of an allylic C–H bond with oxygen. The allylic peroxides are
particularly important in the direct synthesis of allylic alcohols,
enones, and enediones from the oxidation of readily available
alkenes. They also are important oxygen transfer agents in or-
ganic synthesis, for example, in the synthesis of phenol through
benzene hydroxylation [44].

Co(III)-SBA-15 has proven to be an affective catalyst in
cycloolefin oxidation with hydrogen peroxide as the terminal
oxidant to give allylic hydroperoxides as major products. Ta-
ble 2 shows the product distribution of the cycloolefin oxida-
tion with hydrogen peroxide over the Co(III)-SBA-15 catalyst.
The allylic hydroperoxides were the major products, generally
exceeding 50% selectivity after 12 h of reaction; other prod-
ucts included the corresponding epoxides, allylic alcohols, and
enones. It has been reported that high selectivity of allylic hy-
droperoxides could not be obtained using molecular oxygen as
a terminal oxidant [45–47].

In the presence of the Co(III)-SBA-15, cyclohexene was ox-
idized to give cyclohexen-1-hydroperoxide (–OOH), 2-cyclo-
hexen-1-ol (–OH), 2-cyclohexen-1-one (C=O), and cyclohex-
ene oxide (epoxide). The product distribution is shown in Ta-
ble 2 and Fig. 9. As shown in Fig. 9, the selectivity for the
(–OOH) exceeded 70% after 1 h and was ca. 65% after 12 h of
Fig. 9. Conversion and products distribution in the cyclohexene oxidation with
H2O2 over Co(III)-SBA-15 catalyst.

reaction. This is an interesting observation, because allylic hy-
droperoxide species are difficult to obtain in such high yields,
not only because they are easily decomposed to produce cor-
responding allyl alcohols and enones, but also because they
can act as oxygen-transfer agents for the epoxidation of unre-
acted olefins in the reaction mixture. Several groups [45–47]
have reported that olefins could be oxidized in the presence of
metal complex catalysts to yield their hydroperoxide counter-
parts, however, the selectivities were low.

The major products in cyclopentene and cycloheptene cat-
alytic oxidations with hydrogen peroxide were similar to
those of cyclohexene, which gave the hydroperoxide species
(–OOH) as the major products. This means that in the cy-
cloolefin oxidation, the hydrogen abstraction mechanism might
be preferable as the main pathway in cycloolefin propaga-
tion by Co(cyclam)OOH complex. However, with increased
reaction time, we observed the decreased selectivity onto
(–OOH) species and the increased selectivity for epoxides,
which reached up to 18% for cyclopentene oxide and 22%
for cycloheptene oxide (Figs. 11 and 12). The epoxides were
supposed to be derived mainly from β-hydroperoxyalkyl rad-
icals, obtained through the HOO addition mechanism. The
differences in epoxide selectivity based on the cycloolefins
can be explained by the differences in the addition/abstraction
ratio of the cycloolefins. An earlier study by Kochi and Shel-
don [17] found that the ratio of addition to abstraction was
strongly dependent on the structure of the cycloolefins, the ra-
tio of which was cyclohexene < cyclopentene < cycloheptene.
In good agreement with those studies, our results showed that
the selectivities to epoxides followed the order cyclohexane
oxide < cyclopentane oxide < cycloheptene oxide.

3.3. Redox and catalytic behavior of Co(III)-SBA-15

The catalysis reaction results showed enhanced catalytic ac-
tivity for the heterogeneous Co(III)-SBA-15 catalyst compared
with the homogeneous Co(cyclam) catalyst in cyclohexene ox-
idation (Figs. 9 and 10). It is known that in the homogeneous
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solution, metallo–amine complexes readily form peroxo, bridg-
ing dinuclear complexes with hydrogen peroxide or molecular
oxygen [37]. These dinuclear complexes were responsible for
the catalase activity of the catalysts in the decomposition of
hydrogen peroxide into H2O and O2. In the heterogeneous sys-
tem, where the metal complexes were tethered and isolated, the
catalase active dinuclear complexes could not be formed on the
surface of support. Hence, the immobilized Co(cyclam) onto
SBA-15 could more effectively activate the H2O2 for the cyclo-
hexene oxidation.

This phenomenon is supported by the changes in the UV–vis
spectra of Co(III)-SBA-15 and homogeneous Co(cyclam) com-
plex solution after treatment with H2O2. The electronic spectra
of Co(III)-SBA-15 after treatment with aqueous hydrogen per-
oxide solution in ethanolic solution showed a complete disap-
pearance of the peak at 485 nm for the 1T2g ← 1A1g transition
and an increased extinction coefficient (ε) for the 1T1g ← 1A1g
transition peak at 659 nm. This change in the electronic transi-
tion can be attributed to the structural change of the Co(cyclam)
complex caused by the hydroperoxo species bounding at its ax-
ial coordination site through activation with H2O2 (Fig. 6b). For
comparison, Co(III)N4O-type complexes also gave two peaks
similar to the hydrogen peroxide-treated Co(III)-SBA-15 [48].
However, different changes in the UV–vis spectra were ob-
served for the homogeneous solution of Co(cyclam) complex
in acetonitrile solution after the reaction with hydrogen perox-
ide. These spectra showed a decreased extinction coefficient (ε)
for the 1T2g ← 1A1g and 1T1g ← 1A1g transitions and the ap-
pearance of new absorption band at 538 nm, which could be
attributed to the formation of hydroperoxo complex and bis-μ-
oxo dimeric complex, respectively (Fig. 7b).

Thus, the anchored Co(cyclam) complex activated the hy-
drogen peroxide to generate hydroperoxide products through
allylic oxidation of the cycloolefins. The redox reaction of
cycloolefin substrates with the Co(III)-SBA-15 proceeded
through a one-equivalent change in the oxidation state of the
Co(III) to Co(II), generating a HOO. free-radical intermediate.
The resulting Co(II) species subsequently form a complex with
the resulting HOO. through the formation of Co(III) hydroper-
oxo complex, facilitating the reaction between cycloolefins and
the HOO..

The reaction between the resulting Co(cyclam)OOH com-
plex and the cycloolefins could occur via two routes, hydro-
gen abstraction and hydroperoxy radical addition to the dou-
ble bond, producing allylic radicals and β-hydroperoxyalkyl
radicals, respectively. The allylic radicals reacted with the
Co(cyclam)OOH complexes to yield allylic hydroperoxides,
whereas the β-hydroperoxyalkyl radicals followed by the uni-
molecular decomposition gave epoxides and hydroxyl radicals.

Attempts to reuse our catalyst for a second run after collect-
ing the catalyst in the end of the first run were not successful.
The ligand decomposition, which in turn caused catalyst degra-
dation, was supposed to be responsible for this deactivation.
The homolytic cleavage of the metal hydroperoxo active inter-
mediate, M–O–O–H, is known to generate an indiscriminate
free hydroxyl radical oxidant, which could attack most of the
ligands [49]. The observed UV–vis spectra showed the detri-
Fig. 10. Conversion and products distribution in the cyclohexene oxidation with
H2O2 using Co(cyclam) as homogeneous catalyst.

Fig. 11. Conversion and products distribution in the cyclopentene oxidation
with H2O2 over Co(III)-SBA-15 catalyst.

Fig. 12. Conversion and products distribution in the cycloheptene oxidation
with H2O2 over Co(III)-SBA-15 catalyst.
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Fig. 13. UV–vis spectra of Co(cyclam) complex in homogeneous catalysis of
cyclohexene with H2O2 depend on time.

mental degradation of the Co(cyclam) catalyst in the homoge-
neous reaction after a long reaction period (Fig. 13). A similar
degradation process was believed to occur in this heteroge-
neous catalytic system, thus deactivating the catalyst. Investiga-
tions on suppressing the homolytic cleavage to prevent catalyst
degradation are currently underway.

4. Conclusion

Co(III) was successfully functionalized onto SBA-15 meso-
porous silica by encapsulating within the macrocycle cavity (in
this case, cyclam) after the substitution reaction of chloropropyl
functionalized the SBA-15 mesoporous silica. The reversible
oxidation–reduction process of the Co species played an im-
portant role in initiating the catalytic oxidation of olefins. The
Co(III)-SBA-15 catalyzed the oxidation of cyclopentene, cyclo-
hexene, and cycloheptene mainly through the allylic substitu-
tion mechanism to produce corresponding allylic hydroperox-
ides as major products. Because allylic hydroperoxides are im-
portant intermediates and widely used oxygen-transfer agents
in epoxidation and hydroxylation, our interesting results can be
applied to the coupled oxidation system with multi-substrates
in one pot using in situ-generated allylic hydroperoxide as an
oxygen-transfer agent to oxidize stable hydrocarbons.
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