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Abstract

The immobilized Vitamin B, (Vit-B ;,) within the nanoreactors of MCM-41 as molecular sieves was characterized by X-ray powder diffraction
(XRD), FT-IR, chemical analysis and nitrogen adsorption—desorption. XRD aad$brption—desorption isotherms showed that the well ordered
hexagonal structure of MCM-41 is presented and surface area, pore volumes and pore diameters decrease after immobilizatiowitfinit-B
nanoreactors of MCM-41. It was found that VitZBMCM-41 successfully catalyzes the oxygen transfeteafbutylhydroperoxide (TBHP) to
norbornene andans-2-hexene-1-ol and formation of the corresponding epoxides with 90% reactivity and 100% selectivity. Moreover, cyclohexane,
cyclohexene and cyclohexanol are converted to the corresponding alcohols and ketones. On the other hand, styrene undergoes oxidative degrada
with the formation of benzaldehyde and benzoic acid.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction shown that covalent anchoring of different transition metal com-
plexes of phethalocyanine onto the silica gel was a promising
The selective oxidation of organic compounds is still a chal-strategy to prepare heterogeneous catalysts for organic com-
lenge in chemical industries and catalytic resear¢he3]. The  poundg20]. Immobilization of trimeric cobalt complex on the
cobalt catalyzed oxyfunctionalization of alkenes and alkanes hasurface of MCM-41 is another catalyj&1]. Hexagonal meso-
been the subject of intense research in the last two defh@és porous materials such as MCM-41 offer new opportunities for
Different types of cobalt complexes, such as cobalt(l)-Schifforganometallic and enzymatic type compounds incorporated or
base complexel$,7], cobalt(ll) porphyringd8,9], perflurinated  immobilized in MCM-41[22]. Since MCM-41 molecular sieves
metalloporphyrin of cobalt complexes, cobalt phthalocyaninesgontain a large number of silanol groups at the surface of their
have been prepared and used for oxidation reactions. Theshannels, a wide variety of reactive transition metal complexes
materials, which efficiently catalyze the oxidation of organiccan be anchored on the surface by reaction with silanol groups
substrates, are good biological mod&€l-13] In orderto hetero-  [23].
genize homogeneous catalysis systems, the most studied caseRecently, the immobilized Co(salen) and Co(perchloro-
have been concentrated on the framework of substituted cobgihthalocyanine) complexes within the channels of MCM-41
in aluminophosphatefl4-17]} Thomas et al. obtained good have been studied for oxidation reactions of alkef2ds-26]
results with Co-APO-18 as a catalyst for the oxidation of alka-n this study, we have prepared the immobilized Vitamiy» B
nes[18,19] The fixation of active complexes of cobalt onto the (Vit-B 12) within the nanoreactors of MCM-41 as catalyst for
appropriate supporters could provide selective and stable cataxidation of a number of organic substrates. In fact, coen-
lysts with facile recovery and recycling. Sorokin and Tuel havezymes such as B with apoenzyme (protein) together acts as
holoenzyme in living systems. We thought that immobilized
Vit-B 12/MCM-41 with polar Si—-OH groups on the surface of
* Corresponding author. Tel.: +98 21 8030652; fax: +98 21 6404848. MCM-41 is a good artificial host for simulation of proteineouas
E-mail address: faezehfarzaneh@yahoo.com (F. Farzaneh). environment.
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2. Experimental
2.1. Materials

All materials were of commercial reagent grade. Cobalt
chloride (CoC$-6H,0), sodium hydroxide, cetyltrimethy-
lammonium bromide (CTAB), fumed silica (99.8% metal
free), Vitamin By, methanol, ethanol, acetonitrile, TBHP
(80% in ditert-butylhydroperoxide), norbornene, cyclohexane,
cyclohexene, cyclohexanol, styrenetrans-2-hexene-1-ol
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2.2. Physical measurements
Fig. 1. XRD of: (a) calcined MCM-41 and (b) Vit-B/MCM-41.
FT-IR spectra were recorded on a Bruker Tensor 27 FT-IR
Spectrometer. The products were analyzed by GC and GC mass,
using Agilent 6890 Series, with FID detector, HP-5, 5% phenyl-

methylsiloxane capillary and Agilent 5973 Network, mass selec-2 4.1. General procedure

';i(ve detect((j)r, I(-jH:fS MS 6&:(8F§)DNztwork GC systzm(,j resp(-ch.tivT_(Iy. Oxidation reactions were performed in a stirring round bot-
D}EX)QOXSS%/PIC%?O”( ) aanere rgcr? |;\Ie ﬂOn a égg Ytom flask fitted with a water-cooled condenser. Reactions were
) iffractometer (Japan) with Ni filter and Cu carried out at atmospheric pressure under reflux conditions in

Ka radiation at 40KV and 30 MA. different solvents. Typically, 0.2 g of Vit-B/MCM-41 catalyst
and 20 mmol of substrate in 3 ml of solvent was added to the

. Oxidation of organic substrates

2.3. Preparation of catalyst reaction flask with slow stirring. After a few minutes, TBHP
(24 mmol) was added to the reaction mixture at room temper-
2.3.1. Synthesis of MCM-41 ature and refluxed. The solid was filtered after 8 h and washed

MCM-41 was synthesized as reported previoy&ly]. For  ith fresh solvent. The filtrate solution was then subjected to
this purpose, 0.6 g of sodium hydroxide in 10 g deionized watetsC and GC mass analyses.

was added to a solution of cetyltrimthyl ammonium bromide

(7.899 in water). After stirring for 3h, a solution of fumed 2. 4.2, Oxidation of cyclohexene in the presence of

silica (1.8 g in 20 ml water) was added to the surfactant solugiphenylamine radical scavenger

tion. The prepared gel was then kept for 24h at room tem- The general procedure was repeated using cyclohexene as the

perature. The molar composition of the final gel was 3055i0 organic substrate in the presence 0$RH (20 mmol).
5.2 CTAB, 7.5 Na@ and 2500 HO. Finally, the gel mixture

was placed in a Teflon-lined stainless steel autoclave, and kegt Results and discussion
at 100°C for 72h. The solid product, washed with deionized

water and then dried at 10Q€ for 3 h and calcinated at 50C MCM-41 was prepared according to the procedure described
for 6h. previouslyFig. 1a shows the X-ray powder diffraction pattern of
calcined MCM-41. It exhibits a strong and three weak peaks. All
2.3.2. Immobilizing of Vitamin B}, within MCM-41 four XRD reflections can be indexed on a hexagonal lattice. The
(Vit-Bj2/MCM-41) XRD of calcined MCM-41 completely consistent with MCM-

In order to immobilize Vit-B, within MCM-41, 1g Vit-B1» 41 spectruni27]. The XRD pattern of Vit-Bo within MCM-41
in 5 ml methanol was slowly added to 5g of MCM-41 in 5ml is shown inFig. 1b. As is seen, the peak 1 0 0 in this case shifted
methanol. The mixture was kept under reflux condition for 1 h.to a higher angleTable 1) and theds oo intensity has also been
The solid product was then washed with hot methanol and driedecreased. These changes indicate that the pore surface silanol

at room temperature. groups of the MCM-41 were reacted with Vit

Table 1

Physicochemical characterization of calcined MCM-41 and \{##BCM-41

Samples Calcined BET surface areg@m') Pore sized) Wall thickness &)
d-spacing value Unit-cell parameter

MCM-41 35.14 40.62 1212 24.9 10.9

Vit-B 12/MCM-41 33 38.15 930 24.6 11.9




254 F. Farzaneh et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 252-257

BJH Adsorption dV/ dD Pore Volume

a) 0.24

(
l'_. _’-'_"'—"\ o
\ / VT . 022 (a)
o

0.20

e

0.18
5 (b)
0.16
0.14 —

0.12 by

Transmittance (%)

0.10+

0.08 —

Pore Volume, (cm?/ g-A)

N

0.06

0.04—

3500 3000 2500 2000 1500 1000 500 0024 J
wavenumber (cm™) ’

OOO T T T T TTTT T T T T T T TTT T
Fig. 2. FT-IR spectra of: (a) calcined MCM-41, (b) VittBand (c) Vit- % 2

%
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Fig. 4. Pore size distribution of: (a) calcined MCM-41 and (b) ViLBICM-
In order to see whether the MCM-41 surface hydroxyl groupsys .
have reacted with Vitamin 8 molecule, we have shown the
FT-IR spectra of MCM-41 and Vit-B/MCM-41 in Fig. 2 The  Table2
intensity of the absorption peak at 3500thbelonging tothe Effectoftime on norbornene epoxidation in acetonitrile in the presence of Vit-
acidic Si—-OH groups has decreased due to condensation wihzMCM-41

immobilized Vit-B;2> amino groups. That the absorption peak Time (h) Conversion (%)
at 960-980 cm?! has not completely disappeared after VitB 81
immobilization shows that some hydroxyl groups inside pores 85
not accessible to Vit-B molecules are left inta¢28]. 8 90

The nitmgen adsorption—desorption . iSPtherm PIOtS  TOTeacrion condition: Catalyst, 0.2g; substrate, 20 mmol; TBHP, 24 mmol.
MCM-41 and Vit-B;o/MCM-41 are shown irFig. 3. The type

v |soth§rms[29] indicate that, .at low relative pressurefo, ing of surface areal@ble ). This effect can be attributed to the
adsorption takes place as a thin layer on the walls (mon0|ayerr1clusion of Vit-By, into pores of MCM-41
coverage). Sharp inflections, at 0.24-0.410 (for MCM-41) and 2 P :

0.25-0.37 for Vit-B2/MCM-41 related to the capillary conden- To choose the best OX|dat|on_sonent n thg presence of W—
; ) ) . .. B12/MCM-41 as catalyst, the oxidation reactions were carried
sation and confirm the existence of uniform pores. In addition

. . L . o t in different solvent ing norbornen the representin
the height of inflection in the nitrogen adsorption isotherm pIotsbu different solvents using norbornene as the representing

or Vo MCM-61 1 Sl than MCW-41. 115 st ot | #5415 S Drserietine 2 s evoen et
to the reduced pore volumegi@. 4), which reflects the decreas- P g

strate conversion and 100% selectivity toward the formation of

the corresponding epoxide. Furthermore, the optimized reaction
time was investigated and it was found that during 8 h, about 90%
of norbornene is converted successfully to norbornene epoxide
(Table 3.

600 Table 4presents the oxidation results of some organic sub-

strates with TBHP in acetonitrile catalyzed by Vii-BBMCM-

41. It should be emphasized that no changes in the oxidation

800 -

400 1

Adsorbed volume (cm3/g)

Table 3
200 - Effect of solvent on norbornene epoxidation in the presence of VitNBCM-41
—A— VB12/MCM-41
—m— Calcined MCM-41 Solvent Conversion (%) Epoxide selectivity (%)
0 T T T T ) Acetonetrile 90 100
0 02 04 06 08 1 Dichloromethane 45 100
Realative pressure (p/p0) Chloroform 90 100

Fig. 3. Ny adsorption of: calcined MCM-41 and Vit{g/MCM-41. Reaction condition: Catalyst, 0.2 g; substrate, 20 mmol; TBHP, 24 mmol.
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Table 4
Oxidation of organic substrates with TBHP in the presence of Y#CM-412
Substrate Conversion (%) Product distribution (%) TON
90 5960
o]
100
OH HC
90 g 5960
HaC OH
CH, CHO COzH
=
60 3934
8 92
o] 0OO0-tBu
@ 70 é 4768
25 72
OH o]
@ 50 é 3311
OH o]
O 21 1785
32 68

a Oxidation of norbornene in the presence of MCM-41 void of Vitamin @ives rise to 7% conversion to the corresponding epofeection conditions: Catalyst,
0.2 g; substrate, 20 mmol; TBHP, 24 mmol; solvent—acetonitrile, 3 ml; temperat€; fithe, 8 h plus trace amount of 2-cyclohexene-1-ol and unidentified products
(totally 3%) TON is the mmol of product to mmol of Co content in VitZBMCM-41.

results were observed when the reactions were carried out undegntral cobalt cation, the formation of the active superoxo and
nitrogen atmosphere. Compared to the result obtained in thexo species is not possible unless the breakage of a bond to
presence of MCM-41 void of Vit-B, which shows about 7% cobalt occurs prior to the approach and attachment of oxidant to
conversion of norbornene, the observation of 90% norbornenthe central cobalt cation. This is inferred from whatever happens
conversion catalyzed by Vit-B12/MCM-41 provides the keyto coenzyme By in catalytic conversion of 1,2-propanediol to
role of Vit-Bj» catalyst immobilized within the mesopor. The propanal30]. Due to the presence of a strong CN—Co bond in
formation of r-butylcyclohex-2-enyl peroxide in cyclohexene Vitamin Bi2 [30], an initial homolytic cleavage of any ligand
oxidation provides rather strong evidence for the involvement ofo Co(lll) and formation of Co(lll)-superoxo and Co(IV)-oxo
t-BuOO radical as a reactive intermediate. Based on oxidatiomtermediates is not conceiveable. Therefore, an outer electron
mechanism especially those studied by Igbal and co-workernsansfer from TBHP to corrin ring system of Vitamim Band

on versatile cobalt(ll)-Schiff bases catalyzing the oxidation offormation of a radical anion (Vit-B/MCM-41)"~ has probably
organic substratg$], Co(lll)-superoxo and Co(IV)-oxo inter- been responsible for the generationsBuOO radical as the
mediates have been thought to be responsible for oxygen transfective intermediate to initiate the oxidation stefslieme 1

to substrates. Since VitaminBcontains six ligands around the Therefore, one electron oxidation—reduction and homolytically
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Vit-B{o/MCM-41 + t-BuOOH
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(Vit-Bo/MCM-41)*- 4 t-BuOO™ 4 H”

(VitB1o/MCM-41)*- +  +-BuOOH —— (Vit-B;5/MCM-41) + t+BuO* + OH-
OH T)
@ ey @
00-t-Bu
*- = Radical anion
* = Radical
Scheme 1.

cleavage of TBHP and formation afBuOCO® as the initiat-
ing oxidation process seems likelg¢heme L Since Collman
and co-workers have reported that oxygen-radical trggNPh
inhibits an oxidation31], we used it to have insight into the

in Scheme 2This proposal is suggested on the basis of the
very recent work of Hulea et al. who studied the oxidation of
styrene with HO, over Ti-containing molecular sievd85].

They obtained a variety of oxidation products such as phenyl

reaction mechanism. Using an equimolar of trapping agent witlacetaldehyde, benzaldehyde, styrene oxide, 1-phenyl ethane-
TBHP completely suppressed cyclohexene oxidation based dh2-diol and benzoic acid with different distributions. By chang-
the GC analysis of the products mixture, which showed thaing solvent and hydrophobicity surface of molecular sieves, they
cyclohexene has left intact. Since 2-cyclohexene-1-one and notalized that the reaction can be directed toward the desired prod-
2-cyclohexene-1-ol is obtained in cyclohexene oxidation, thaicts[35]. Starting with styrene epoxide as starting material and
former might have arisen from the oxidation of the latter as theobtaining the similar products under the reaction conditions, the

initial oxidation product. This proposal finds support from cyclo-

implication of styrene epoxide as the preliminary product was

hexanol oxidation, which totally affords cyclohexanone with uncovered35]. On a less hydrophobic surface of Co-MCM-

rather similar rate to cyclohexene (Seable 4. That epoxide is

41, the TBHP molecule accedes easily and, as consequence, the

not obtained in the case of cyclohexene can be attributed to theactions (1), (2) and (3) take plackcheme 2 Also, the larger
presence of two oxidation sites in this substrate. Competitioispace offered by this catalyst allows the formation of bulky inter-

between addition of-BuOC® either to double bond or hydro-

mediates, which characterize these reactions.

gen atom abstraction from allylic sites has led to the observed Particularly significant in this study is the oxidation of cyclo-
products distribution. Our previous results on cyclohexene oxihexane, which is a topic of great inter¢36]. The successful
dations and whatever found in this work clearly indicate the more

tendency of theeBuOO" toward allylic site oxidation under one
electron reduction—oxidation conditiof&2,33].

Whatever seems interesting is the formation of epoxide selec-

tively from norbornene andrans-2-hexene-1-ol. That allylic

oxidation products are not obtained from norbornene although
allylic hydrogens are available can be explained by the fact that

hydrogen atom abstraction byBuOO intermediate generates
an unstable bridgehead radi¢d4]. Therefore, addition of-
BuOO® to double bond and subsequent eliminatior-8uO

radical and formation of epoxide is the sole reaction path avail-

able tothe system. As is seeruns-2-hexene-1-ol undergoes the

epoxidation while hydrogen atom abstraction route is possible.

OH

CH, H
/

00-tBu
t+-BuOO*
—_—

t-BuOOH
—_—
1

CHO CO,H

-+-BuO* + H,CO t-BuOQOH

Based on our previous results from this molecule and formation ~ 5 3

of epoxide under different catalysis systef82,33], we need

more information in order to propose a plausible mechanism.
The formation of benzaldehyde and benzoic acid from styrene
is explained according to our proposed mechanism depicted

* = Radical

Scheme 2.
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conversion of cyclohexane to a mixture of 1:2 of the correspondi4] I.C.W.E. Arends, R.A. Sheldon, Appl. Catal. A: Gen. 212 (2001)
ing alcohol and ketone in about 21% total yield with a turnover ~ 175.

of 1785 after 8 h at 343 K seems promising. [15] M. Hartmann, L.Kevan, Chem. Rev. 99 (1999) 635.
[16] B.M. Weckhusen, R. Ramachandra Rao, J.A. Martenes, R.A.

Schoonhydt, Eur. J. Inorg. (1999) 565.
4. Conclusion [17] P.A. Barett, G. Bankar, C.R.W. Catlow, J.M. Thomas, J. Phys. Chem.
100 (1996) 8977.
It was shown that the nanoreactors of MCM-41 is a suitabld18] J.M. Thomas, Angew. Chem. Int. Ed. Engl. 38 (1999) 3589.
medium for immobilization of large molecules such as Vitamin[1% J-M. Thomas, R. Raja, G. Sankar, R. Bell, Nature 398 (1999) 227.

. . . . 20] A.B. Sorokin, A. Tuel, J. Catal. 57 (2000) 45.
B12.The oxidation of some organic substrates with TBHP wer 21] T. Maschmeyer, R.D. Oldroyd, G. Sankar, J.M. Thomas, I.J. Shannon,

successfully carried out under mild conditions in the presence ~ j a. Kiepetko, F. Master, J.K. Beattie, C.R.A. Catlow, Angew. Chem.
of Vit-B12/MCM-41 as catalyst. Products were obtained with Int. Ed. Engl. 36 (1997) 1639.
fair to excellent turnover numbers. No desorption was detecteld?] V. Parvulescu, B.-L. Su, Catal. Today 69 (2001) 315.
during the course of reactions. [23] P. Karandikar, K.C. Dhanya, S. Deshpande, J.A. Chandwadker, S.
Sivasanker, M. Agashe, Catal. Commun. 5 (2004) 69.
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