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a b s t r a c t

Iron containing cubic mesoporous MCM-48 materials were prepared by a modified Stöber synthesis
method. These materials were characterized by powder X-ray diffraction (XRD), nitrogen isotherms,
diffuse-reflectance UV–Vis spectroscopy, and electron microscopy. These materials exhibited high cat-
alytic activity towards the Baeyer–Villiger oxidation of cyclic ketones using benzaldehyde and molecular
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ron

oxygen. The Fe-MCM-48 mesoporous materials showed excellent recyclability and the integrity of the
cubic phase was preserved after the catalytic activity.

© 2010 Elsevier B.V. All rights reserved.
ubic
esoporous materials

. Introduction

Ordered mesoporous materials like MCM-41 [1], MCM-48 [1],
nd SBAs [2] etc. have been the subject of intensive research in the
eld of heterogeneous catalysis owing to their high surface area,
niform pores and relatively high thermal stability. These mate-
ials containing various transition metals [3,4] and its complexes
5,6] have been used as heterogeneous catalysts for several organic
ransformations [3–8]. Among the M41S series, the cubic form,

CM-48 is thought to be an important candidate for catalytic appli-
ations because of its interwoven and continuous 3-dimensional
ore system that favors mass-transfer kinetics compared to the
ni-dimensional pores that exist in the hexagonal form, MCM-41.

Baeyer–Villiger oxidation which was first reported in 1899 has
ide synthetic utility [9]. It is used to convert readily available

etones to esters or lactones. Although several homogeneous cat-
lytic systems have been reported there is an increased demand for
eterogeneous catalytic systems due to the ease of separation and
he prospect of easily reusing the catalyst for subsequent catalytic
eactions [10,11].

Mukaiyama and co-workers reported the oxidation of aldehy-

es in the presence of oxygen using of Ni based catalysts [12].

n the year 1992, Murahashi et al. reported the heterogeneously
atalyzed Baeyer–Villiger oxidation of ketones using aldehyde/O2
s the oxidizing system by Fe2O3 based catalytic systems [13].

∗ Corresponding author. Tel.: +1 605 677 6189; fax: +1 605 677 6397.
E-mail address: Ranjit.Koodali@usd.edu (R.T. Koodali).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.07.003
Since then several heterogeneous catalytic systems based on zeo-
lites [14,15], hydrotalcites [16–19], microporous molecular sieves,
MAlPO-36 (M = Mn or Co) [20], titanosilicates, TS-1 [21], meso-
porous MCM-41 [22,23], and MCM-48 [4] have been reported to
catalyze the Baeyer–Villiger oxidation under a variety of conditions.
The oxidations that have been examined are hydrogen peroxide,
persulfuric acid, perbenzoic acid, m-chloroperbenzoic acid (m-
CPBA), and combination of benzaldehyde and molecular oxygen as
stated earlier. However, studies involving heterogeneous catalytic
Baeyer–Villiger oxidation of cyclic ketones using molecular oxygen
and benzaldehyde are limited [3,13,16,19,20,24,25]. To the best of
our knowledge, there exists no report on the use of Fe-MCM-48
mesoporous materials for the Baeyer–Villiger oxidation of cyclic
ketones using molecular oxygen and benzaldehyde (Mukaiyama
oxidant system).

Among the ordered M41S family of materials, the cubic form,
MCM-48 has not been explored in great detail for catalytic reac-
tions mainly because of the special conditions required to form
them [26]. Several synthetic recipes reported for the cubic MCM-48
phase are often tedious, time consuming (2 days to several weeks),
and conducted under hydrothermal conditions. It is attractive to
develop new synthetic recipes that make use of simple surfactant
molecules at room temperature.

Recently, we reported our preliminary results concerning Fe-

MCM-48 materials for the oxidation of several ketones [27]. In
this full report, we report the successful synthesis of Fe-MCM-48
materials at room temperature and the Baeyer–Villiger oxidation
of cyclic ketones by the Fe-MCM-48 catalysts using benzaldehyde
and molecular oxygen and examine the various factors affecting

dx.doi.org/10.1016/j.molcata.2010.07.003
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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he catalytic activity. We chose iron as the active species because
ron is among the most abundant elements, inexpensive and is not
oxic, i.e. environment friendly [3,28]. Several cyclic ketones are
asily converted to the corresponding lactone compounds under
elatively mild conditions with high catalytic activity.

. Experimental

.1. Synthesis

Fe-MCM-48 was prepared using a modified Stöber’s synthesis
t room temperature [29,30]. In a typical synthesis 1.2 g of hex-
decyltrimethylammonium bromide (CTABr) (Alfa Aesar) and the
equired amount (0.0085–1.20 g) of ferric nitrate nonahydrate (Alfa
esar) was taken in a polypropylene bottle (150 mL). To this 50 mL
f deionized water and 25 mL of ethanol (AAPER 200 proof) was
dded and stirred well until the dissolution of the metal precursor.
o this solution, 6 mL of NH3 (∼25 wt.%, Fisher) was added fol-
owed by 1.8 mL of tetraethoxysilane (TEOS) (Aldrich). The resulting
olution was stirred for 4 h at room temperature at a stirring rate
f 300 rpm. The precipitate obtained was filtered, washed with
eionized water extensively. The solid was dried at 80 ± 10 ◦C for
vernight in static air. The dried powder was ground finely and cal-
ined in static air at 550 ◦C at a heating rate of 3 ◦C/min to remove
he surfactant molecules for 6 h.

.2. Characterization

The powder X-ray diffraction studies of the calcined sam-
les were performed on a Scintag Pad V X-ray diffractometer
ith DSMNT data acquisition and analysis software and a Rigaku
ltima IV system equipped with PDXL software. The diffractome-

er was operated at 40 kV and 40 mA and the low angle regions
ere scanned from 2◦ to 6◦ (2�) with a step size of 0.02◦. N2

dsorption–desorption studies were carried out at liquid N2 tem-
erature (77 K) on a NOVA 2200e series apparatus. The surface
reas were calculated using the Brunauer–Emmett–Teller equa-
ion in the relative pressure range (P/P0) of 0.05–0.30. The pore
olume was determined from the amount of nitrogen adsorbed at
he highest relative pressure of P/P0 ∼ 0.99. The pore diameter was
alculated by applying the Barrett–Joyner–Halenda (BJH) equation
o the desorption isotherm. The samples were degassed at 100 ◦C
or at least 1 h prior to the isotherm measurements. The diffuse-
eflectance (DR) spectra of Fe-MCM-48 materials were recorded
sing a Cary 100 Bio UV–Vis spectrophotometer equipped with a
arrick DR praying mantis accessory. The baseline correction was
one using Si-MCM-48 material and the DR spectra were recorded

n the wavelength region, 190–700 nm. The Fe content in the cal-
ined MCM-48 materials and the spent catalysts were obtained
sing atomic absorption spectrometry (AAS) using a Thermo Jarell
sh atomic absorption spectrophotometer. For AAS studies, 0.25 g
f iron filings was exactly weighed, dissolved in 25 mL of concen-
rated HCl, and the solution was transferred quantitatively to a
00 mL standard flask and diluted using deionized water. The con-
entration of Fe3+ in the solution so obtained was 500 ppm. From
he 500 ppm stock solution of Fe3+, solutions containing known
mounts of Fe3+ were prepared. These solutions were analyzed
sing atomic absorption spectrometry and a calibration graph was
lotted. A small amount of the Fe-MCM-48 sample was exactly
eighed and stirred overnight with concentrated HCl. The silica

as carefully filtered, and the filtrate was quantitatively trans-

erred to a standard flask and diluted to a known volume. These
olutions were analyzed for Fe3+ using atomic absorption spec-
rometry. From the calibration plot obtained previously, the exact
mount of Fe3+ in the sample was calculated.
Fig. 1. Low angle powder XRD patterns of calcined Fe-MCM-48 mesoporous mate-
rials. The inset shows the high angle powder XRD patterns of Fe-MCM-48-25.

SEM experiments were conducted on a Zeiss Supra (40 VP
FESEM) instrument. The SEM samples were prepared by spreading
a small amount of the mesoporous sample on a double-coated tape
fixed onto the aluminum specimen mount stub. The SEM images
were typically obtained at the voltage of 4 keV and the condenser
aperture setting was 20 �m and the sample working distance was
6 mm from the condenser aperture. The samples were generally not
coated for the SEM studies. All the images were acquired with an
in-lens detector. Transmission electron microscopy (TEM) images
were recorded on a Hitachi H-7000 FA instrument (operating at
100 kV) and were obtained by sonicating an ethanolic solution con-
taining Fe-MCM-48 before depositing them on carbon coated Cu
TEM grids.

2.3. Catalytic experiments

The catalysts prepared were tested for Baeyer–Villiger oxidation
of ketones. In a typical reaction benzaldehyde (6 mmol), nonane
(internal standard, 1 mmol) were added to a three-necked flask
fitted with a condenser and precharged with 0.1 g of the cat-
alyst and 17 mL of 1,2-dichloroethane (DCE). The solution was
refluxed at 50 ◦C with continuous purging of O2 at a flow rate of
10 mL min−1. After 15 min, ketone (2 mmol) dissolved in 3 mL of
DCE was added. After the completion of the reaction the catalyst
was recovered, washed with acetone and dried in an air oven at
80 ± 10 ◦C. The reaction mixture (after separation of the catalyst)
was injected into the GC–MS (Shimadzu QP 5000) equipped with
a silica column (J&W Scientific, 122-5532, DB-5ms equivalent to a
(5% phenyl)methyl polysiloxane, 30 m × 0.25 mm). The conversion
and yield of the product were determined using the internal stan-
dard (nonane) method. Further confirmation of the product(s) was
made by Mass-Spectrometry. After the reaction, the catalyst was
recovered, washed with acetone, dried in air, and used further for
recycling experiments.

3. Results and discussion

3.1. XRD studies

A series of Fe-MCM-48 with varying Fe content were prepared

using a modified Stöber synthesis [29,30]. The powder XRD pat-
terns of the calcined Fe-MCM-48 (Fig. 1a) materials are consistent
with those reported in the literature [31–33]. The XRD patterns
indicate two peaks below 2� < 3.5◦ that are due to the (2 1 1) and
(2 2 0) reflections. The presence of six additional peaks in the region
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Table 1
Physico-chemical characterization of Fe-MCM-48 mesoporous materials.

Catalyst Si/Fe ratio in
the synthesis
gel

Si/Fe ratio in
calcined
Fe-MCM-48

d211 (Å) Unit cell
parameter a0

(Å)

Unit cell
volume (Å)3

Surface
area
(m2/g)a

Pore
volume
(cm3/g)b

Pore
diameter
( ´̊A)c

Pore wall
thickness
( ´̊A)d

Si-MCM-48 ∞ 0 35.56 87.10 660,797 1339 0.96 22.2 9.05
Fe-MCM-48-200 200 185 36.05 88.30 688,494 1979 1.2 22.0 7.84
Fe-MCM-48-100 100 116 36.32 88.96 704,002 1553 1.0 22.0 8.99
Fe-MCM-48-50 50 56 36.32 88.96 704,002 1545 1.1 26.1 8.41
Fe-MCM-48-25 25 30 35.23 86.30 642,669 1741 1.1 22.3 8.16

a Surface area determined by applying Brunauer–Emmett–Teller (BET) equation to a relative pressure (P/P0) range of 0.05–0.30 in the adsorption isotherm.
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very little with Fe content. Fig. 3 shows the nitrogen adsorption
isotherm of Fe-MCM-48 materials with Si/Fe ratios of 200, 100, and
25. The isotherm of the sample, Fe-MCM-48-50 is not shown for
the sake of clarity. A typical reversible type IV isotherm with H1
hysteresis loop is observed for all the materials. At relative pres-
b The pore volume (V) was calculated from the amount of nitrogen adsorbed at th
c The pore diameter was calculated from the Barrett–Joyner–Halenda (BJH) equa
d The thickness of the mesoporous materials were evaluated using the formula t =

2.2 g/cm3), a0 is the unit cell parameter, and x0 is a constant (3.0919).

f 2� = 3.5–6◦ are due to the (3 2 1), (4 0 0), (4 2 0), (3 3 2), (4 2 2) and
4 3 1) reflections in the Ia3d space group. This is an indication of
he high quality of the cubic phase. From the X-ray diffractogram,
e can observe that the highest intense peak due to d211 plane

s shifted towards the lower angle region for the samples labeled
e-MCM-48-200, 100 and 50 indicating an increase in the d211
alue; in contrast for the sample labeled Fe-MCM-48-25, the high-
st peak appears slightly to the right of siliceous MCM-48 indicating
decrease in the unit cell parameter, (a0). From the X-ray diffrac-

ogram, the d211 and the unit cell parameter (a0) were calculated for
i-MCM-48 and Fe-MCM-48 materials using the relation a0 = d

√
6

nd these results are summarized in Table 1. The unit cell parameter
a0) increases with increase in Fe content and then drops. The unit
ell parameter (a0) increased with increase in the Fe content and
hen leveled off when compared to Si-MCM-48. The increase in the
nit cell dimension (entries 2 and 3) could be possibly attributed to
he larger crystal radius of Fe3+ (0.63 Å) compared to Si4+ (0.40 Å)
nd/or the longer Fe–O bond distance (∼2.0 Å) as compared to the
i–O distance (1.6 Å). Similar trends in the unit cell parameter have
een reported by others [3,34,35]. Thus, the powder XRD results

ndicate the framework substitution of Si4+ ion in MCM-48 by Fe3+

t Si/Fe ratios of 200, and 100. The powder XRD patterns were also
xamined in the high angle region for all the samples. The inset in
ig. 1 shows the powder XRD patterns in the 2� range of 2–74◦ for
e-MCM-48-25. All the Fe-MCM-48 samples show similar patterns
s that of Fe-MCM-48-25. The powder XRD patterns reveal a broad
eak around 2� = 22◦ that is due to silica. No distinct peak due to
he presence of iron oxide can be seen in any of the samples. This

ay be either due to the low amount of iron in the two samples, Fe-
CM-48-200 and Fe-MCM-48-100 and due to the high dispersion

f iron in the samples containing relatively high amounts of iron, i.e.
e-MCM-48-50 and Fe-MCM-48-25. The color of the Fe containing
amples is a simple visual indicator of the existence of bulk iron
xide in these materials [3,36]. All the as-synthesized Fe-MCM-
8 samples were white in color, whereas the calcined materials
xhibited slight color depending on the Fe content. The samples,
e-MCM-48-200, and 100 were white in color suggesting that the
ron was in the framework whereas the samples labeled Fe-MCM-
8-50, and 25 were off-white in color indicating that some iron
xisted outside the framework.

.2. Diffuse-reflectance UV–Vis spectroscopy

Fig. 2 shows the diffuse-reflectance (DR) UV–Vis absorption
pectra of Fe-MCM-48 (Si/Fe = 200, 100, 50, and 25). Two distinct
eaks one centered near 240 nm and the other around 295 nm are

een in the spectrum. The peaks at 240 nm and 295 nm are due
o isolated Fe3+ species in tetrahedral coordination and the origin
f the band may be attributed to d�–p� charge-transfer between
e3+ and oxygen anions [32,37]. There is an additional broad peak
n the region 320–350 nm for Fe-MCM-48 (Si/Fe = 50, 25) that may
hest relative pressure (P/P0) of 0.99.
sing the desorption isotherm.
Vp�)/(1 + Vp�)](a0/x0), where Vp is the pore volume, � is the density of the pore wall

be attributed to oligomeric iron species (FeO)n [36]. Thus, the DR
spectra indicate that the Fe3+ is present in tetrahedral positions at
ratios of Si/Fe = 200 and 100 whereas some oligomeric iron species
is present in the samples prepared with Si/Fe ratios of 50 and 25.

3.3. Atomic absorption spectrophotometric studies

The Fe content in the calcined MCM-48 materials was calculated
using atomic absorption spectrometry (AAS). Table 1 lists the Si/Fe
ratios in the wet gel and the calcined material. The Fe content in
the calcined materials is almost similar to the expected Fe content
in the wet gel, indicating very good incorporation of most Fe3+ into
the mesoporous MCM-48 material by the direct synthesis method
at room temperature.

3.4. N2 adsorption studies

Table 1 also contains a summary of the textural properties
(surface areas, pore volumes, and pore sizes) and the pore wall
thickness of Fe-MCM-48 materials. These materials are character-
ized by very high specific surface areas (1300–2000 m2/g) and large
pore volumes (0.9–1.2 cm3/g). The pore diameters of these materi-

als are fairly uniform around, 22 ´̊A, except for the Fe-MCM-48-50
material. The pore wall thickness of the MCM-48 materials varies
Fig. 2. Diffuse-reflectance spectra of calcined Fe-MCM-48 mesoporous materials.
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ig. 3. Nitrogen adsorption isotherms of Fe-MCM-48 mesoporous materials. The
nset shows the pore size distribution in Fe-MCM-48-25.

ures, P/P0 between 0.2 and 0.4, a sharp inflection due to capillary
ondensation within the mesopores is observed, which is charac-
eristic of ordered mesoporous materials such as MCM-48. Fig. 3b
hows that the pore size distribution of Fe-MCM-48-25 material is
ighly uniform.

.5. Electron microscopic studies

Scanning electron microscopic image of a representative Fe-
CM-48 material is shown in Fig. 4. The SEM image indicates that

he particles are fairly spherical with minimal aggregation.
Transmission electron microscopic studies were also performed

n order to elucidate the nature of the pores. The TEM image
recorded along the cubic [1 1 0] plane, Fig. 5) for a representa-
ive Fe-MCM-48 material indicates that the pores are regular and
he pore size is estimated to be slightly over 2 nm consistent with
itrogen sorption and powder X-ray experiments. The linear regu-

ar array of mesopores and walls is consistent with previous reports
f the cubic MCM-48 phase [29].

.6. Baeyer–Villiger oxidation of ketones
The Fe-MCM-48 materials were evaluated for the
aeyer–Villiger oxidation of several cyclic ketones. Our preliminary
xperiments were carried out with 2-adamantanone as the sub-

Fig. 4. Scanning electron microscopic image of Fe-MCM-48-200.
Fig. 5. Transmission electron microscopic image of Fe-MCM-48-200 recorded along
the cubic [1 1 0] plane.

strate. The results of Baeyer–Villiger oxidation of 2-adamantanone
using MCM-48 based catalysts in 1,2-dichloroethane (DCE) as the
solvent are shown in Table 2. In the presence of Si-MCM-48 the
reaction hardly proceeded (entry 1) after 2 h at 50 ◦C. Impressive
conversions and yields are obtained with the addition of very little
amount of Fe into the framework, i.e. as low as 0.54 wt.% (entry 2).
With an increase in the amount of the catalytically active site, i.e.
Fe3+ content, (0.86 wt.%), there was an increase in the conversion
and yield due to a presence of more Fe3+ in the framework position,
that does not leach under the experimental conditions used in this
study. Addition of more Fe3+ in the synthesis gel however leads to
the formation of also extra-framework Fe3+ in the case of Fe-MCM-
48-50 and Fe-MCM-48-25. Thus, in the samples, Fe-MCM-48-50
and 25, the supernatant solution was found to be colored at the
end of the reaction. This indicates the presence of Fe3+ that has
leached out from the MCM-48 material. AAS results confirm the
presence of Fe3+. In these two samples, powder XRD, and DR
spectra suggest the presence of extra-framework Fe3+ species and
the results obtained from the catalytic experiments suggest that
the extra-framework Fe3+ are not stable in the solvent, 1,2-DCE
employed in the reaction. In all the reactions, benzoic acid was
also detected as the by-product. No transesterification products
were detected in any of the reactions. For comparison purposes,
we also prepared V and Ti containing MCM-48 materials at low
ratios, i.e. Si/M = 200, where M = Ti or V. However, negligible or

only trace amounts of the corresponding lactone were observed.
In the case of the siliceous Si-MCM-48, and the V-MCM-48, trace
amounts of benzoic acid were also detected as by-products. At the
moment, we are unable to offer any explanation for the inactivity

Table 2
Baeyer–Villiger oxidation of 2-adamantanone using MCM-48 based catalysts.

Entry Catalyst Conversion (%)a Yield (%)a

1 Si-MCM-48 11 9.5
2 Fe-MCM-48-200 89 80
3 Fe-MCM-48-100 95 95
4 Fe-MCM-48-50 95b 95b

5 Fe-MCM-48-25 95b 95b

6 None 14c <1c

7 V-MCM-48-200 10 9.5
8 Ti-MCM-48-200 Trace Trace

Reaction conditions: 2-adamantanone (2 mmol), benzaldehyde (6 mmol), nonane
(0.2 mL), catalyst (0.1 g), and 1,2-dichloroethane (20 mL). The system was purged
continuously with O2 (10 mL min−1) at 50 ± 5 ◦C for 2 h.

a Calculated by GC–MS based on the internal standard (nonane).
b Leaching of Fe observed.
c The reaction was carried out in the absence of Fe-MCM-48 catalyst.
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Table 3
Baeyer–Villiger oxidation of ketones using cubic mesoporous Fe-MCM-48-200
(0.54 wt.%) catalyst.

Entry Ketone Product Conversion (%)a Yield (%)a

1 92 62

2 83 80

3 72 38b

4 89 81

5 10 Trace

Reaction conditions: substrate (2 mmol), benzaldehyde (6 mmol), nonane (0.2 mL),
catalyst (0.1 g), and 1,2-dichloroethane (20 mL). The system was purged continu-
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Table 4
Baeyer–Villiger oxidation of ketones in the absence of any catalyst.

Entry Ketone Product Conversion (%)a Yield (%)a

1 24 20

2 34 5

3 25 <1

4 14 1

5 0 0

Reaction conditions: substrate (2 mmol), benzaldehyde (6 mmol), nonane (0.2 mL),
1,2-dichloroethane (20 mL). The system was purged continuously with O2 (10 mL
min−1) at 50 ± 5 ◦C for 2 h.
usly with O2 (10 mL min−1) at 50 ± 5 ◦C for 2 h.
a Calculated by GC–MS based on the internal standard (nonane).
b The product selectivity was 1:1.

f the Ti and V containing MCM-48 catalysts. The focus of this
aper is on the Fe-MCM-48 materials and hence we explored the
atalytic activity of these materials in detail. In the absence of any
atalyst, the conversion of 2-adamantanone was found to be 14%,
hereas the yield (selectivity) of the corresponding lactone was
egligible, i.e. <1% due to the possible formation of polymers. For
omparison purposes, we also prepared Fe-MCM-48-200 by an
mpregnation method. First, Si-MCM-48 was prepared and then
he required amount of Fe(NO3)3·9H2O was impregnated on the

esoporous support. Although the activity of this sample was
omparable to that of the Fe-MCM-48-200 prepared by direct
ynthesis, AAS studies indicate that almost all the iron had leached
ut of the mesoporous support after the reaction and any catalytic
ctivity exhibited is due to the homogeneous reaction of Fe(NO3)3
issolved in DCE and the substrate.

The catalytic activities of Fe-MCM-48 towards Baeyer–Villiger
xidation of other cyclic ketones were also explored. Typical cat-
lytic performances using the Fe-MCM-48-200 (0.54 wt.% Fe) is
hown in Table 3. Almost all the cyclic ketones are converted to
orresponding lactones with high selectivity except norcamphor
entry 5) which exhibited low conversions and yields. The low con-
ersion and yield is probably due to substrate reactivity effects.
he catalytic activity of Fe-MCM-48-100 (0.86 wt.% Fe) was found
o be higher compared to Fe-MCM-48-200 (0.54 wt.% Fe) for the
xidation of all the ketones examined in the study, barring nor-
amphor which showed very little activity. The higher activity may
e attributed to the presence of higher Fe3+ amounts in these mate-
ials. Although, the samples Fe-MCM-48-50 and 25 contain higher
mounts of Fe3+ compared to Fe-MCM-48-200 and 100, their cat-
lytic activities were not evaluated since leaching was observed
hen 2-adamantanone was used as the substrate when these cat-
lysts were employed.
The oxidation of 2-methylcylcohexanone leads to the formation

f only 7-methyloxepan-2-one as indicated in Table 3 (entry 2).
he BVO reaction mechanism is a two-step process [38]. In the first
Note: Benzoic acid was observed in all these reactions.
a Calculated by GC–MS based on the internal standard (nonane).

step, the peroxy acid generated in situ undergoes a reversible nucle-
ophilic attack on the carbonyl group of the ketone. This leads to the
formation of a tetrahedral intermediate, the Criegee adduct. In the
second step, an irreversible migration of one of the two substituents
and a simultaneous cleavage of the O–O bond in a concerted man-
ner leads to the formation of benzoic acid and the lactone (in our
case). It is established that the rearrangement is regioselective. The
group that is best able to stabilize the developing positive charge
on the carbonyl carbon is more prone to migration. In the oxidation
of 2-methylcyclohexanone, the transition state leading to the for-
mation of 7-methyloxepan-2-one is more stable compared to the
one that could form 3-methyloxepan-2-one and hence only one
product, i.e. 7-methyloxepan-2-one is formed. However, the oxi-
dation of 3-methylcyclohexanone leads to the formation of both
6-methyloxepan-2-one and 4-methyloxepan-2-one (Table 3, entry
3) with equal selectivity. This is because the migratory aptitude of
the two groups is similar and hence we obtain equal amounts of the
two products, i.e. 6-methyloxepan-2-one and 4-methyloxepan-2-
one. The yield of the product(s) is different from the conversion and
this may be due to the formation of polymeric species as postulated
by Kawabata et al. or due to the formation of hydroxyacids [3,38].

In the absence of any catalyst, no lactones were detected; how-
ever benzoic acid was always detected, formed by the reaction of
benzaldehyde and molecular oxygen. The conversions were gen-
erally low and the yields negligible in the absence of the catalysts.
The results are shown in Table 4.

The activity of Fe-MCM-48 catalysts in the present investiga-
tion are superior to the activity of MCM-41 mesoporous materials
reported viz., Fe-MCM-41 [3] (61% yield in 4 h) under identical
experimental conditions. This may be attributed to the interwoven
three-dimensional pore system present in the MCM-48 materi-
als which favors mass-transfer kinetics for the diffusion of large

and bulky molecules such as 2-adamantanone. Furthermore, the
presence of Fe3+ in tetrahedrally coordinated sites seems to be a
necessity for the stability of Fe3+ in the mesopore matrix.
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Table 5
Baeyer–Villiger oxidation of cyclohexanone using different oxidizing agents by Fe-
MCM-48-200 (0.54 wt.% Fe) catalyst.

Entry Oxidant Conversion (%)a

1 Benzaldehyde/O2
b 98

2 m-CPBAc 98
3 H2O2

c 0
4 O2

d 0
5 tert-Butyl hydrogen peroxideb 0

a Calculated by GC–MS based on the internal standard (nonane).
b Cyclohexanone (2 mmol), benzaldehyde (6 mmol), nonane (0.2 mL), catalyst

(0.1 g), 1,2-dichloroethane (20 mL). The system was purged continuously with O2

at ∼50 ◦C for 2 h.
c Cyclohexanone (2 mmol), oxidant (3 mmol), nonane (0.2 mL), catalyst (0.1 g),
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Table 7
Recyclability of Fe-MCM-48-200 (0.54 wt.%) for the Baeyer–Villiger oxidation of 2-
adamantanone.

Entry Catalyst Conversion (%)a Yield (%)a

1 Si-MCM-48 11 9.5
2 Fe-MCM-48-200 (fresh) 89 80
3 Fe-MCM-48-200b 86 83
4 Fe-MCM-48-200c 89 81

Reaction conditions: 2-adamantanone (2 mmol), benzaldehyde (6 mmol), nonane
(0.2 mL), catalyst (0.1 g), 1,2-dichloroethane (20 mL). The system was purged con-

−1 ◦
,2-dichloroethane (20 mL). The mixture was refluxed at 50 ◦C.
d Cyclohexanone (2 mmol), nonane (0.2 mL), catalyst (0.1 g), 1,2-dichloroethane

20 mL). The system was purged continuously with O2 (10 mL min−1) at 50 ± 5 ◦C for
h.

In the current investigation we also explored the use of other
xidizing agents for the Baeyer–Villiger oxidation. Table 5 shows
he results of various oxidizing agents on the Baeyer–Villiger oxida-
ion of cyclohexanone. Among the oxidizing agents used, O2 (alone),
2O2 and TBHP were found to be inefficient under the given condi-

ions and m-CPBA was also found to be a good oxidizing agent. We
xplored the catalytic activity using m-CPBA as the oxidant and the
esults are shown in Table 6. Very high conversions and yields were
btained using m-CPBA. The activity of the norcamphor was found
o be low, 50% yield was obtained only after 17 h of the reaction.

.7. Recycling studies

Table 7 shows the results of reusability of the solid catalyst.

he use of a solid catalyst affords simple workup over conven-
ional homogeneous catalysts. After the Baeyer–Villiger reaction,
he Fe-MCM-48-200 catalyst was easily recovered by simple filtra-
ion and reused for further catalytic reactions. From Table 7 it can
e seen that the Fe-MCM-48-200 catalyst could be used for at least

able 6
aeyer–Villiger oxidation of various ketones using Fe-MCM-48-200 (0.54 wt.%)
esoporous materials and m-CPBA as the oxidant.

Entry Ketone Product Time (h) Conversion (%)a

1 5 98

2 5 98

3 5 100b

4 5 86

5 17 50

eaction conditions: substrate (2 mmol), m-CPBA (2 mmol), nonane (0.2 mL), cata-
yst (0.1 g), and 1,2-dichloroethane (20 mL). The mixture was refluxed at 50 ± 5 ◦C.

a Calculated by GC–MS using the internal standard (nonane).
b 100% conversion was reached in 3 h and then remained essentially constant.
tinuously with O2 (10 mL min ) at 50 ± 5 C for 2 h.
a Calculated by GC–MS using the internal standard (nonane).
b First recycled catalyst.
c Second recycled catalyst.

three cycles without any appreciable loss in its catalytic activity.
The AAS analysis of the spent catalyst revealed that there was no
leaching of Fe species into the solution. Also from the XRD pat-
tern (not shown) of the spent catalyst, it can be inferred that the
cubic mesophase had not collapsed. The UV–Vis DR spectrum of
Fe-MCM-48-200 was recorded after recovering the catalyst and the
results indicated that the spectra remain virtually unchanged after
the BV-oxidation. The UV spectra of MCM-48-200 showed peaks
near 240 nm and 295 nm while the spent catalyst showed peaks
near 242 nm and 296 nm; however since both these spectra over-
lap considerably, the UV spectra of the spent catalyst is not shown
for the sake of clarity.

Thus, a combination of catalytically active Fe3+ species in tetra-
hedral coordination and the continuous 3D pore system present in
the MCM-48 materials are responsible for achieving high selectiv-
ity.

3.8. Reaction mechanism

Corma et al. [14] have postulated that the carbonyl group in the
cyclic ketone was activated in the presence of the oxidant, H2O2.
The reaction on Sn containing � zeolite and Sn exchanged hydrotal-
cites [39] was thought to proceed through a Criegee adduct of the
activated ketone and the hydrogen peroxide. Kawabata et al. [3]
suggested that the reaction proceeded via the coordination of car-
bonyl groups of ketone to Fe3+ as Lewis acid sites. We also believe
that a similar mechanism is operative in our catalytic reaction. The
catalytic experiments were performed by pre-charging the reac-
tor with benzaldehyde and continuously purging with molecular
oxygen and the substrate, i.e. ketone was added after 15 min. How-
ever, if the ketone was added initially along with benzaldehyde,
there was an induction period for the formation of the lactone. This
indicates that the reaction of benzaldehyde and molecular oxy-
gen produces perbenzoic acid in situ and that it is necessary for
the formation of the product(s). The tetrahedral Fe3+ Lewis acid
sites in the MCM-48 material activates the substrate and the acti-
vated ketone molecules attacks the perbenzoic acid produced in
situ to form a Criegee adduct [15,40]. The Criegee adduct under-
goes protolysis, to afford the lactone and the by-product benzoic
acid. Benzoic acid is formed in almost stoichiometric amounts, i.e.
∼6 mmol corresponding to 1 equiv. of benzaldehyde used as the
sacrificial oxidant.

4. Conclusion

We have developed a simple method for the preparation of Fe

containing MCM-48 mesoporous materials at room temperature
using a modified Stöber synthesis. Fe3+ can be incorporated up
to 0.86 wt.% in the tetrahedral framework by the direct synthe-
sis. The Fe-MCM-48 materials exhibited excellent activity for the
Baeyer–Villiger oxidation of several cyclic ketones using molecu-
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