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Biomimetic iron(Ill) complexes such as [Fe(en),Cl,]Cl, [Fe(bpy).Cl;]Cl, [Fe(salen)Cl], [Fe(TPP)CI] and
[Fe(TMC)CI] in which en, bpy, salen, TMC, and TPP refer to ethylenediamine, 2,2’-bipyridine,
N,N’-bis(salicylidene)ethylenediamine), 5,7,12,14-tetramethyl-1,4,8,11 tetraazacyclotetradeca 4,6,11,13-
tetraene and meso-tetraphenylporphyrin were immobilized within nanoreactors of Al-MCM-41.
The structures of immobilized complexes were characterized by powder X-ray diffraction (XRD),
nitrogen adsorption-desorption, FTIR and UV-vis spectroscopy. The pore volume, surface area
and pore diameter of Al-MCM-41 were found to decrease after immobilization of iron com-
plexes. It was found that immobilized iron complexes within AI-MCM-41 with the order of
[Fe(bpy),Cl2 | > [Fe(TPP)Cl] > [Fe(TMC)CI] ~ [Fe(salen)Cl] > [Fe(en),Cl, |Cl catalyze the oxidation of cyclo-
hexane to cyclohexanol and cyclohexanone with hydrogen peroxide in refluxing acetonitrile.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic oxidation of C-H bond in saturated hydrocarbons
under mild conditions is a key step in the oxyfunctionalization
of organic compounds [1,2]. Among the various metals, iron is
the most abundant metal in nature and is indispensable species
of nearly all organisms. Nature has evolved a number of met-
alloenzymes such as the heme-containing cytochrome P450 and
the nonhem monooxygenase. Many biological systems such as
hemoglobin, myoglobin, cytochrome oxygenases are iron con-
taining enzymes or co-enzymes [3,4]. There has been significant
interest in modeling of the aforementioned enzyme active sites
and developing the biomimetic oxidation catalysts. Therefore,
many attempts have been made to synthesize the iron com-
plexes with bipyridines [5,6], polypyridines [7,8], phtalocyanines
[9], porphyrines [10-15], salens [16,17] and macrocyclic ligands [7].
Transition metalocomplexes either encapsulated or grafted within
microporous (zeolites) or mesoporous materials (MCMs) [18-23] as
inorganic mimics of hybrid materials have received special atten-
tions. In these materials, the supporting media acts as protein in
comparison to that of metalloenzymes [18,24]. They have numer-
ous potential applications such as catalysts, photocatalysts, and gas
sensors.
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In this study, we have immobilized [Fe(en),Cl;]Cl,
[Fe(bpy),Cl,]Cl, [Fe(salen)Cl], [Fe(TPP)Cl] and [Fe(TMC)Cl] within
AI-MCM-41 nanoreactors in order to investigate their catalytic
activity on cyclohexane oxidation with the green oxidant hydrogen
peroxide.

2. Experimental
2.1. Materials

All materials were of commercial reagent grade. Iron (III) chlo-
ride, cetyltrimethylammoniumbromide [CTAB), tetraethylorthosil-
icate, aluminumisopropoxide (%99), tetraethylammonium hydrox-
ide solution (10% in water), ethylenediamine, 2,2’-bipyridine,
acetone, diethyl ether, salicylaldehyde, acetylacetone, tert-butyl
alcohol, pyrrole, propionic acid, benzaldehyde, dimethylfor-
mamide, methanol, ethanol, acetonitrile, H, O, (30%), cyclohexane,
cyclopentane, diphenylamine and DMF were purchased from Merck
Chemical Company and used without further purification.

2.2. Characterization

BET surface areas and pore size distributions of initially degassed
samples at 373K for 90-120 min were calculated from nitrogen
adsorption-desorption isotherms obtained at 77 K with a Belsorp
Mini-II instrument. The UV-vis measurements were performed on
a double beam UV-vis PerkinElmer Lambda 35 spectrophotome-
ter. X-ray diffraction patterns were obtained by a Siefert 3003 PTS
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diffractometer using Cu Ko radiation (A =1.5406A). FTIR spectra
were recorded with a Bruker Tensor 27 IR spectrometer in KBr
pellets over the range of 400-4000cm~! under the atmospheric
conditions. The amount of iron complexes immobilized within
nanoreactors of AI-MCM-41 was determined by atomic absorp-
tion spectroscopy (AAS) with a GBC spectrophotometer using flame
approach, after HF acid dissolution. Cyclic voltammetry (CV) was
performed using a Metrohm computerized Voltammetric analyzer
model 746 VA stand with the glassy carbon disc working electrode
(WE) (1.8 mm diameter) and platinum wire as the counter electrode
(CE). The WE potentials were measured versus the 3 M KCI Ag/AgCl
reference electrode. All electrodes were obtained from Metrohm.
Oxidation products were analyzed by GC and GC Mass using Agi-
lent 6890 Series, with FID detector, HP-5, 5% phenylmethylsiloxane
capillary and Agilent 5973 Network, mass selective detector, HP-5
MS 6989 Network GC system, respectively.

2.3. Synthesis

2.3.1. Synthesis of AI-MCM-41

The AI-MCM-41 (Si/Al=30) was prepared according to the
reported method [24]. Tetraethylorthosilicate (22.3 ml, 1 mol) was
added to a mixture of aluminum isopropoxide (0.68 g, 0.033 mol)
in deionized water (5 ml). The mixture was stirred for 30 min at a
speed of about 250 rpm and tetraethylammonium hydroxide solu-
tion (0.4ml, 10% water) was added with continuous stirring for
another 30 min until a gel was formed (pH 11). Cetyltrimethylam-
monium bromide (7.2 g, 0.2 mol in 60 ml deionized water) was then
added dropwise (30 ml/h) until the gel was changed into a sus-
pension. The suspension was transferred into a teflon-lined steel
autoclave and heated to 150 °C for 48 h. After cooling to room tem-
perature, the product was separated by filtration, washed with
deionized water and ethanol, dried in air at 100 °C for 1 h and finally
calcined under the flowing air at 540°C for 6 h.

2.3.2. Preparation of the complexes
2.3.2.1. Preparation of [Fe(bpy),Cl;]ClL. [Fe(bpy),Cl;]Cl was pre-
pared according to the modified reported method [25]. FeCls
(0.16 g, 1 mmol) was dissolved in ethanol (10 ml) and 2,2’-bipyridine
(0.312 g, 2 mmol) was added to this solution. The resultant solution
which turned into dark orange upon addition of the ligand, was
refluxed for 15 min while stirring until the complex formation was
appeared. After cooling to room temperature, diethyl ether (30 ml)
was added, and the precipitate was then filtered, washed with a
mixture of acetone and diethyl ether (1:6, vol/vol) and dried at room
temperature. The IR and UV-vis spectra were identical with those
reported previously [26,27].

FT-IR: 3062, 3106, 1600, 1441, 1000-1200, 768 cm~1.

UV-vis: Amax at 275, 360, 510 nm.

2.3.2.2. Preparation of [Fe(en),Cl,]Cl. The aforementioned proce-
dure was used for the preparation of [Fe(en), Cl, |Cl. Ethylendiamine
(0.66 ml, 3M solution in ethanol) was added dropwise to FeCl3
(0.16 g, 1 mmol) in ethanol (10 ml). The solution was then stirred
for 30 min. After cooling to room temperature, the precipitate was
filtered, washed with ethanol and dried at room temperature.

FT-IR: 2975, 2910, 1600, 1085 cm~".

UV-vis: Amax at 270, 335 nm.

2.3.2.3. Preparation of [Fe(salen)Cl]. Salen was synthesized by reac-
tion of ethylendiamine (1 mol) and salicylaldehyde (2mol) in a
methanol (10ml) in an ice bath. The precipitate was filtrated and
washed with cold methanol. The synthesis of Fe(Ill) salen was
carried out according to the reported method [28]. FeCl3 (0.81¢g,
0.005mol in 10 ml ethanol) was added to the a solution of salen

(4.02 g, 0.015mol) in ethanol (140 ml) and the mixture was stirred
for 1 h under reflux condition. After cooling to room temperature,
the precipitate was filtered, washed with ethanol and dried at room
temperature.

FT-IR: 1629, 1597, 1544, 1436, 1370cm~.

UV-vis: 235, 265, 300, 320, 500 nm [29,30].

2.3.2.4. Preparation of [Fe(TMC)Cl]. [Fe(TMC)CI] was synthesized
according to the previously reported method [31].

FT-IR: 3195, 1604, 1547, 1436, 1369 cm~1! [31].

UV-vis: Amax at 320,480 nm [32].

2.3.2.5. Preparation of [Fe(TPP)Cl]. [Fe(TPP)Cl] was
according to the previously reported procedure [33-35].
FT-IR: 3418, 3023, 1486, 1221, 1312, 1066, 1177, 969, 999, 755,
799, 827,701 cm~! [36].
UV-vis: 415 nm (Sorbet band), 510 nm [37].

prepared

2.3.3. Preparation of catalysts

Al-MCM-41 (1 g) was added to the complex (1.5 mmol in 100 ml
ethanol). The mixture was refluxed while stirring for 8 h under
nitrogen atmosphere. The solid product was then filtered, and sox-
helet extracted with enough amount of absolute ethanol (or a 1:1
mixture of dichlorometane and ethanol in the case of [Fe(TPP)CI])
in order to remove the weakly adsorbed metallocomplexes on the
mesoporous surface. The solids were finally dried in air at room
temperature.

2.4. Oxidation reactions

Oxidation reactions were carried out at atmospheric pressure
under reflux conditions. Typically a mixture of immobilized iron
complex/AlI-MCM-41 as catalyst (0.1 g) and cyclohexane (20 mmol
dissolved in 5 ml acetonitrile) was added into the reaction flask with
slow stirring. After a few minutes, H,O, (24 mmol, 30% aqueous
solution), was added and the mixture was refluxed for 8 h. The solid
was filtered and washed with fresh acetonitrile. The filtrate solution
was then subjected to GC and GC Mass analysis.

3. Result and discussion

3.1. Characterization of AI-MCM-41 and immobilized iron
complex/Al-MCM-41

3.1.1. XRD studies

The XRD patterns of AI-MCM-41 (Fig. 1a), which exhibits a
strong peak at 260 =1.7 for the (100) reflection and two weak and
broad peaks at 26=3.00 and 26 = 3.6, respectively, for the (110),
(200) reflections, is consistent with that reported before [24]. All
reflections can be indexed on a hexagonal lattice. The XRD of the
immobilized iron complexes/Al-MCM-41 are presented in Fig. 1b-g.
No evidence of collapsed AI-MCM-41 structure is observed with
the exception of reduction in the peak intensities due to complex
immobilization [38-41].

3.2. Nitrogen adsorption—desorption studies

The nitrogen adsorption-desorption isotherm plots for Al-
MCM-41 and immobilized iron complexes/Al-MCM-41 are given in
Fig. 2. The type IV isotherms [23] indicates that adsorption takes
place as a thin layer on the walls at low relative pressures (P/Pg)
(monolayer coverage). Sharp inflections at 0.4-0.3 for AI-MCM-41
and immobilized iron complexes are related to the capillary con-
densation and confirm the existence of uniform pores. In addition,
the inflection heights of iron complexes in nitrogen adsorption
isotherm plots are smaller than that of AI-MCM-41. It is attributed to
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Table 1

Texture parameters of samples taken from nitrogen adsorption-desorption and atomic adsorption studies.

Solid BET specific surface area (m2g-!)  Total pore volume (mlg-')  Average pore diameter (nm) d value (A) Lattice parameter? (A) % Fe
Al-MCM-41 661.14 1.0385 6.2831 59.04 68.25 -

Fe(III)/Al-MCM-41 643.77 1.1023 6.849 59.44 68.71 0.89
[Fe(bpy)2Cl]*/AI-MCM-41  489.88 0.9113 7.4407 59.83 69.16 1.55
[Fe(TPP)Cl]/Al-MCM-41 527.7 0.9304 7.0528 58.86 68.04 0.60
[Fe(TMC)CI]/Al-MCM-41 629.21 1.0154 6.4551 58.52 67.64 0.70
[Fe(salen)Cl]/AlI-MCM-41 557.37 0.9263 6.6479 57.76 66.77 3.68
[Fe(en),Cl]|*/Al-MCM-41 621.96 1.0911 7.0172 57.66 66.65 2.92

2 Determined by equation ag =d;90(2/3'2).

the reduced pore volume, which reflects the surface area decreasing
(Fig. 2 and Table 1). This effect can be attributed to the iron com-
plex inclusions into the AI-MCM-41 pores. The iron percentages
present in the immobilized complexes/Al-MCM-41 are presented
in Table 1. As is observed in Table 1, the amount of iron depends on
the complex type.

3.3. FTIR studies of immobilized iron complexes within
Al-MCM-41

The FTIR spectra of immobilized iron complexes/AlI-MCM-41 are
given in Table 2. The 450-1200cm™! range is dominated by the
framework vibration of AI-MCM-41 in all samples [24]. In addition,
the band at 1630 cm™! is due to the bending vibration of H,0 in Al-
MCM-41. Regardless of this, the bands attributed to aromatics and
ligand C=N and C=C vibrations of immobilized complexes appear
at 1602-1400 cm~! region.

3.4. Study of catalytic activity of various immobilized iron
complexes

In a preliminary investigation, the effect of time was examined
on the oxidation reaction in the presence of [Fe(bpy),Cl,]*/Al-

(a)

(b)

(c)

(d)

Intensity/cps

(e)
)

(@

2 3 4
20 ()
Fig. 1. X-ray diffraction patterns of (a) calcined AI-MCM-41, (b) Fe(IlI)/Al-MCM-41,

(c) [Fe(bpy)2Cly |*/AI-MCM-41, (d) [Fe(TMC)Cl]/Al-MCM-41, (e) [Fe(TPP)Cl]/Al-MCM-
41, (f) [Fe(salen)Cl]/Al-MCM-41, and (g) [Fe(en); Cl,]*/AI-MCM-41.

—
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Fig. 2. Nitrogen adsorption-desorption isotherms of (a) AI-MCM-4, (b) Fe(IIl)/Al-
MCM-41, (c) [Fe(en);Cl;]*/AI-MCM-41, (d) [Fe(bpy).Cl;]*/Al-MCM-41, (e)
[Fe(salen)Cl]/Al-MCM-41, (f) [Fe(TMC)CI]/AI-MCM-41, and (g) [Fe(TPP)CI]/Al-
MCM-41.

MCM-41 as catalyst. As seen in Fig. 3, 74% of cyclohexane is
converted to cyclohexanol and cyclohexanone during 14 h. Com-
parison of the results during 8 and 14 h exhibited in Fig. 3 shows
that although increasing time increases the cyclohexane conversion
from 60 to 74%, no improvement is observed in cyclohexanol and
cyclohexanone yields. Furthermore, it was found that utilization
of 0.1 g of catalyst provides the maximum cyclohexane conversion
during 8 h (Fig. 4).

Effect of Fe(Ill) complexes/Al-MCM-41 (0.1 g) as catalysts were
studied on cyclohexane oxidation during 8 h. The results are pre-

Bl Conversion

# Cyclohexanol
. Cyclohexanone
& Others

(%)

Time(h)

Fig. 3. Effect of time on cyclohexane oxidation with H,0, catalyzed by
[Fe(bpy)2Cly]*/Al-MCM-41.
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Table 2
FTIR data of Fe(Ill) complex/Al-MCM-41.
Catalyst Si—-OH (cm™1) Si-0-Si (cm™1) C=N(cm™1) C=C(cm™1)
Asy. Sym. Ben.
Al-MCM-41 3414 1079 806 459 - -
Fe(III)/Al-MCM-41 3440 1095 808 466 - -
[Fe(en),Cl, J*/AI-MCM-41 3422 1085 812 465 - -
[Fe(bpy)2Cly ]*/AI-MCM-41 3423 1090 808 464 1629 1500
[Fe(TPP)Cl]/Al-MCM-41 3424 1077 800 465 1631 1506
[Fe(TMC)Cl]/Al-MCM-41 3434 1085 810 464 1632 1506
[Fe(salen)Cl]/AlI-MCM-41 3421 1077 800 465 1632 1482
80 35
70 3.0 T
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—_
50 | g 3
o
) 40 11 % 2.0
30 [ | Conversion 2
= 1.5
20 ﬂ Cyclohexanol §
10 a Cyclohexanone < 10
0 0.5 !
0.025 0.050 0.100 0.200 ‘
Amount of catalyst(g) 0.0
260 360 460 560 660

Fig. 4. Effect of the amount of [Fe(bpy),Cl,]*/AI-MCM-41 on cyclohexane conver-
sion.

sented in Table 3. We have included the effect of AI-MCM-41 and
Fe(IlI)/Al-MCM-41 in Table 3 (entries 1 and 2) in order to make
the comparisons more convenient. As seen in Table 3, a substantial
amount of cyclohexane (60%) has been converted to cyclohexanol
and cyclohexanone in the presence of [Fe(bpy),Cl,]*/AI-MCM-41
as catalyst for oxygen transfer from H,0, to cyclohexane. Particu-
larly significant is the selectivity observed toward the formation of
cyclohexanol and cyclohexanone as the sole detectable products.
Obtaining the similar oxidation results when the reaction was car-
ried out either in the presence of air or under nitrogen atmosphere
clearly excluded the effect of oxygen atmosphere on the oxida-
tion processes. Compared to the results obtained in the presence of
Fe(IIl)/Al-MCM-41 which showed about 3% cyclohexane conversion
(Table 3, entry 2), observation of 60% cyclohexane oxidation with
the TON of 650 in the presence of immobilized [Fe(pby),Cl,|*/Al-
MCM-41 provides the key role of immobilized bipyridine ligands
complexed to Fe(III) within the AI-MCM-41 nanoreactors. Although
[Fe(TPP)CI] (Table 3, entry 6) showed moderate activity and high-
est TON, our later studies revealed about 10% catalyst desorption
during the oxidation reaction.

The UV-vis spectra of [Fe(pby),Cl,|Cl, [Fe(pby),Cl,]*/AlI-MCM-
41 and AI-MCM-41 in ethanol are exhibited in Fig. 5. The spectrum of
[Fe(pby),Cl,]Clin ethanol solution displays three bands at 275, 360

3.0 1
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2.5

2.0 -
1.5 4

0f ®
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00— v .
200 250 300 350 400

A (nm)

Fig. 6. Titration of [Fe(bpy),Cl,] Cl with H,0,, the spectra were recorded after suc-
cessive addition of one drop H,0; to 1 x 10~4 M solution (10 ml) of [Fe(bpy),Cl,]Cl
in CH3CN.

and 510 nm. The band at 275 nm with £ = 1.0 x 10* dcm3 mol~! cm™!
is assigned to an interligand transition characteristic of pyri-
dine compounds [42]. The band at 510nm with low intensity
is unambiguously attributed to Pw-Fe!ll dr ligand metal charge
transfer (LMCT). The presence of Fe'l-Cl bond as well leads to
LMCT involving chloride pm-dm orbitals. Observing bands at UV
region and a broad band at visible region might be attributed
to the presence of complex within Al-MCM-41 nanoreactors
(Fig. 5b).

In order to establish the possible reaction pathway, H,0, (30%
aqueous solution) in acetonitrile was added dropwise to a solution
of 1 x 10~* M of [Fe(pby),Cl,]Cl in acetonitrile and the progress of
reaction was monitored by UV-vis absorption spectroscopy (Fig. 6).
Adecrease in the bands appear at 360 and 510 nm with concomitant
increase in the band appears at 275 nm occur with marginal shift to
a longer wavelength. On the basis of these results, the implication
of an oxo iron species arising from the interaction of H, O, with iron
complex might be concluded [38]. This species in turn is responsible
for oxygen transfer to cyclohexane leading to cyclohexanone and
cyclohexanol.

0.7
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031
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Fig. 5. UV-vis spectra of (a) [Fe(bpy).Cl,] Cl, (b) [Fe(bpy).Cl,]*/AI-MCM-41, (c) AI-MCM-41 in ethanol.
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Table 3

Result of cyclohexane oxidation with H,0, (30%)? in the presence of heterogeneous Iron(IIl) complexes.

Entry Catalyst Conversion (%) ol (%) one (%) TONP
1 Al-MCM-41 - - - -
2 Fe(11I)/Al-MCM-41 3 24 76 54
3 [Fe(en),Cl, ]*/Al-MCM-41 14 10 90 78
4 [Fe(salen)Cl]/AI-MCM-41 18 35 65 78
5 [Fe(TMC)Cl]/Al-MCM-41 19 21 79 430
6 [Fe(TPP)Cl]/AI-MCM-41 42 34 66 1120¢
7 [Fe(bpy)2Cl>]* /AI-MCM-414 60 29 71 650
8 [Fe(bpy)2Cl>[*/Al-MCM-41¢ 90 18 82 1011
9 [Fe(bpy)2Cl, ]/Al-MCM-41 28 12 88 571

10 [Fe(bpy)2Cl>]CIf:& 72 27 56 686

a 20 mmol.

> mmol of products/mmol of iron complex.
¢ 10% desorption of catalyst was observed.

4 After reaction completion, the catalyst after separation and washing exhibited about 40% conversion with similar selectivities in a new run.

¢ 36 mmol oh H,0, was used.
f Homogeneous catalyst.
& 17% of unidentified products were observed.

The iron complexes showed a distinct redox couple in the cyclic
voltamogram which is attributed to Fe*3/Fe*? transition. The E; 2
value of this couple for [Fe(en),Cl,]Cl and [Fe(bpy),Cl,]Cl were
determined to be 1.20 (irreversible), and 0.12, respectively. Obser-
vation of the least and the most catalytic reactivities respectively for
the two immobilized complexes (see Table 3) containing the com-
parable diamine ligands, with maximum and the minimum amount
of Eq, is a logical anticipation.

To rationalize the reaction mechanism, the implication of the
putative [(L,)Fe(IlI)=0] intermediate seems a likely pathway. Such
a proposal is taken from Fe(Ill) catalyzed oxyfunctionalization of
saturated hydrocarbons and cyclic ethers with hydrogen peroxide
by Barton and ourselves [43,44]. In the first step, interaction of
H, 0, with the catalyst produces an activated Fe(V)=O0 species. This
drives from the heterolytic breakage of the O-O bond in hydrogen
peroxide, and is responsible for the activation of hydrocarbon by
generating a monosubstituded alkyl derivative. In the second step,
the dioxygen produced by H,0, generates the alkyl hydroperox-
ide via insertion into the carbon-iron bond. Subsequent reduction
or fragmentation affords cyclohexanol and cyclohexanone, respec-
tively. That cyclohexanone is partly generated through oxidation
of cyclohexanol to cyclohexanone by dioxygen generated in situ
from H,0, was realized when the oxidation reaction was carried
out in the presence of H,O, in excess amount. As seen in Table 3,
entry 8, an increase in cyclohexane conversion (from 60 to 90%)
concomitant with a decrease and an increase respectively in cyclo-
hexanol (from 29 to 18%) and cyclohexanone (from 71 to 82%) yields
might be a likely route to the formation of cyclohexanone in higher
percentage yield.

4. Conclusions

The immobilized iron complexes within nanoreactors of Al-
MCM-41 were prepared and characterized. Catalytic activities of
these complexes have been tested for the oxidation of cyclohex-
ane with H,0,. It was shown that the AI-MCM-41 nanoreactors is a
suitable medium for immobilization of large biomimetic molecules.
With the exception of [Fe(TPP)Cl]/Al-MCM-41), no desorption was
detected during the course of reactions.
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