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Abstract

Copper(ll) complexes with 2/bipyridine(bpy) and 1,8-dibenzyl-1,3,6,8,10,13-hexaazacyclotetradecane (macrocycle) immobilized be-
tween silicate layers of montmorillonite and nanoreactors of MCM-41 successfully catalyze the epoxidation of norborrteares@nd
hexene-1-ol with good to excellent reactivity and 48—100% selectivity toward the formation of the corresponding epoxides.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Metal complexes with nitrogen containing molecules are
widely used as model compounds for mimicking the catalytic

The search for finding the new oxidation catalysts of properties of mono-oxygenazes. Recently, Corma and co-
olefins has been the subject of many researches during thevorkers have used metallophtalocyanines (MPC) on MCM-
last few decadefd —4]. Although dioxygen (@) as the main 41 and zeolite Y for oxidation of some organic compounds
source of oxygen atoms is ideal in biomimetic oxygenation [23].
of organic substrates, in most cases, however, the success- In our attempts to develope new catalysis systems, we se-
ful developed model catalysts require alternative oxidants, lected the copper ion as the main metal center present inside
e.g. hydrogen peroxide, organic peroxides or iodosylbenzenethe solid supports such as montmorillonite and MCM-41. Se-
[5-10]. lection of the copper ion was based on its higher reduction

Epoxides are one of the mostimportant groups of interme- potential with respect to other transition metals like Fe(ll),
diates for the synthesis of oxygen-containing organic com- Mn(ll), Ni(ll) and Co(ll) [24]. Epoxidation of alkenes by
pounds both in industry and in academic laboratories. Many Cl?*-perchlorophthlocyanine and Cu(Salen) immobilized on
different solid catalysts such as supported ox[dé$ mixed MCM-41 has been reported recenf5,26] In this article,
oxides[12,13] framework substituted redox molecular sieve we report the oxidation of olefins in the presence of immobi-
silicates[14,15] zeolites[16,17], aluminophosphateld 8], lized complexes of Cu(ll) bipyridine and macrocycle ligands
layered type materia[49], heterogenized homogeneous cat- on montmorillonite and nanoreactor of MCM-41 with TBHP.
alysts, mixed metal exchanged zeolites and rg&@f poly-
merized chiral ligandi21], tetered or grafted complexes and .

o 2. Experimental

encapsulated complexes have been used in liquid phase epox-
idation of olefing22].

2.1. Materials
* Corresponding author. Tel.: +98 21 803 0652; fax: +98 21 640 4848. All the materials were of commercial reagent grade.
E-mail addressfarzaneh@alzahra.ac.ir (F. Farzaneh). TBHP (80% in dit-butyl ether) and 2,2bipyridine(bpy)
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were prepared from Merk Chemical Company; montmoril- FT-IR (KBr) for [Cu(byp)]%*/montmorilonite: 1496,
lonite was obtained from Fluka. All alkenes were distilled 1474, 1446 and 770 cnd.

under nitrogen before using.
2.3.3. Preparation of MCM-41

MCM-41 was prepared according to the procedure de-
scribed previousl§28]. The XRD of prepared MCM-41 was
consistent with that reported before.

2.2. Physical measurements

FT-IR spectra were recorded on Bruker Tensor 27
Spectrophotometer. Atomic absorption spectra (AAS) were
recorded on a Perkin-Elmer 4100-1319 Spectrophotometer
using a flame approach. The products were analyzed by GcMCM-41 )
and GC-MASS using an Agilent 6890 series, FID detector, ~ 0-29 0f [Cu(bpy]Cl2 in 10 ml methanol was added to
HP-5% 5-pheny! siloxane capillary and Agilent 5973 Net- 1g MCM-41 in 10 ml methanol. The resultant mixture was

work. Mass selective detector. HP-5MS 6890 Network ¢ refluxed for 24 h. The mixture was then filtered and washed
systém respectively. ' with methanol. The percentage of Cu was determined to be

0.53% by AAS.
FT-IR (KBr) for Cu(bpyycomplex/MCM-41: 3423, 1495,

2.3.4. Immobilization of Cu(bpy)xomplex within

2.3. Preparation of materials 1475, 1446, 730 and 559 crh
2.3.1. Preparation of 2.3.5. Immobilization of Cu(macrocycle) complex within
[Cu(macrocycle)f* /montmorillonite MCM-41

Cu(macrocycle)(Cl@), was prepared according to the re- The preparation method was similar to Secto®i4 0.2 g

ported procedurg27]. 0.7 g of Cu(macrocycle)(Clg). in of [Cu(macrocycle)](CIQ), in 10 ml methanol was slowly
hot methanol (10 ml) was slowly added to 1 g of montmoril- added to 1 g MCM-41 in 10 ml methanol and stirred for 24 h.
lonite in 10 ml methanol. The resultant mixture was refluxed The resultant mixture was filtered and washed with methanol.
for 24 h under nitrogen atmosphere. The hot mixture was fil- The Cu percentage was determined to be 0.847%.
tered and washed with hot methanol. It was then soxhelet FT-IR (KBr) for Cu/(macrocycle) complex/MCM-41:
extracted with a mixture of 1:1 methanol and chloroform in 3447, 1636, 1457, 1083, 800 and 630¢m
order to remove unreacted Cu(macrocy&legomplex. The
AAS determination showed that the percentage of Cu was 2 4. Oxidation of cyclohexene, general procedure
4.38%.

FT-IR (KBr) for [Cu(macrocyclef}*/montmorillonite: A mixture of 0.2 g of catalyst and 20 mmol of cyclohex-
1531, 1496, 1457 and 760 cth ene in 5ml CHCI, was stirred under nitrogen at 4G for
30 min. Then 24 mmol of TBHP was added and the mixture
was refluxed for 6 h. After filtration, the solid was washed
with methylene chloride. The filtrate was then subjected to
GC analysis.

2.3.2. Preparation of [Cu(bpy)2*/montmorillonite

Two millimole of bipyridine in methanol was slowly added
to 1 mmol of CuC}-2H,0 in hot methanol. The resultant
mixture was refluxed for 2 h. The mixture was then cooled
and filtered. The solid was washed with methanol and dried. 3. Results and discussion
Then 0.2g of [Cu(bpy]Cl, in 10 ml methanol was added
to 1 g of montmorillonite in 10 ml methanol. The resultant The effect of some copper(ll) complexes of [Cu(macro-
mixture was refluxed for 24 h. The mixture was then filtered cycle)P* and [Cu(bpy}]?* immobilized between the mont-
and washed with methanol. The AAS determination showed morillonite silicate layers in the oxidation of cyclohexene,

that the percentage of Cu was 1.52%. norbornene andrans-2-hexene-1-ol are shown ifable 1

Table 1

Effect of Cu(macrocyclé)/montmorillonite and [Cu(bpy)*/montmorillonite catalysts in the oxidation of alkenes

Catalyst Substrate Conversion (mol%) Product distribution TON

Epoxy One Ol Others

Cu(macrocycléy*/montmorillonite Cyclohexene 48 48 10 22 20 69
Norbrnene 92 100 - - - 133
trans-2-Hexene-1-ol 92 100 - - — 130

[Cu(bpy)]?*/montmorillonite Cyclohexene 26 15 28 18 39 35
Norbrnene 43 100 - - - 430
trans-2-Hexene-1-ol 90 100 - - - 160

Conditions: alkenes, 20 mmol; TBHP, 24 mmol; time, 6 h; solvent,Cll 5 ml.



M. Ghadiri et al. / Journal of Molecular Catalysis A: Chemical 233 (2005) 127-131 129

100
&0 B Epoxy
2 Oone
> 60 Ool
2 others
2 40
*
20
0
(A) Cyclohexene Norbmene  T-2-hexene-1-ol
100 7
80
2
=
g a0 B Epoxy
° Oone
40 1
;.’ Ool
20 others
0 -
(B) Cyclohexene Norbrmene  T-2-hexene-1-ol

Fig. 1. Comparison between alkenes oxidation using (A) Cu(macroéstentmorillonite and (B) [Cu(bpy)%*/montmorillonite catalysts.

andFig. 1 With the exception of cyclohexene, norbornene did not show any activity when the solution was examined in
andtrans-2-hexene-1-ol have reacted with more than 90% the oxidation reaction.
conversion and 100% selectivity toward the formation of the = Table 3 shows the effect of solvents on the oxida-
corresponding epoxides. In the case of cyclohexene, the al-tion results in the presence of Cu(bypomplex/MCM-
lylic site oxidation has taken place besides the epoxidation 41. It can be seen that changing solvent from3CN
with the formation of 2-cyclohexene-1-ol and 2-cyclohexene- to CH;Cl> increases the conversion percentage and
1-one as byproducts. TON of Cu(byp» complexMCM-41 by a factor of

To see the effect of solid supports, we substituted the 60%. Effect of different solvents showed the trend of
MCM-41 with montmorillonite.Table 2andFig. 2 list the CH3CN <MeOH < CHCg < CHyCl, which is consistent
catalytic results of different complexes on MCM-41 in the with solvent polarities reduction. This can be explained by
oxidation of cyclohexene and norbornene. As is seen, dif- considering the fact that the transition state of Cu(l) has a
ferent ranges of activities are observed in the results. Thelower charge density than the starting material Cu(ll). There-
remarkable conversions and 100% selectivity toward the fore, the reaction should be accelerated by changing solvent
epoxidation in the case of Cu(macrocycle) complex/MCM- to a less polar solvent.
41 was accompanied with approximately 10% desorption.  To see the effect of time on product distribution, we ex-
On the other hand, good to fair conversions with Cu(byp) amined the reaction times of 2, 4, 6 and 8 h. The results are
complex/MCM-41 appear excellent because no desorptionshown inTable 4andFig. 3. It can be seen that at 6 h max-
was observed during the course of reaction since the filterateimum conversion takes place and going beyond that has no

Table 2

Catalytic results of different complexes on MCM-41 for epoxidation of norbornene and cyclohexene in acetonitrile

Catalyst Substrate Conversion (mol%) Product distribution (mol%) TON
Epoxy One Ol

MCM-41 Norbornene 7 100 - - -

Cu/MCM-41 91 100 — - 2541

Cu(macrocycle)/MCM-41 80 100 - - 598

Cu(bypy/MCM-41 50 100 - - 603

MCM-41 Cyclohexene <2 - - - -

Cu/MCM-41 58 25 66 9 1614

Cu(macrocycle)/MCM-41 73 39 37 29 549

Cu(bypy/MCM-41 28 - 67 33 338

Conditions: alkenes, 20 mmol; TBHP, 24 mmol; solvent, 5 ml; time, 6 h.
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Fig. 2. Catalytic results of different complexes on MCM-41 for epoxidation of (A) norbornene and (B) cyclohexene in acetonitrile.

effect on reactivity. The observation of a plateau after 6 h is molecular oxyger{25], and obtained the best epoxidation
not unexpected because no considerable norbornene is thenesult in the case of styrene, our system seems simpler and
available to show tangible activity. more efficient. Moreover, the high efficiency of norbornene
The key step in the oxidation mechanism is reduction of to norbornene epoxide and good to low efficiency of cyclo-
Cu(ll) to Cu(l). This process would simultaneously decom- hexene to cyclohexene epoxide especially in the presence of
poses TBHP t¢-BuOO radical and proton. The latter would Cu(bpy) complex/MCM-41 clearly supports the intermedi-
balance the charge deficiency of Cu(ll) to Cu(l) conversion acy of alkyl peroxy radical. Because of the instability of nor-
while the former subsequently adds either to double bond bornene radical, abstraction of hydrogen from norbornene
and leads to the corresponding epoxide or abstracts an allylicis not possible. Therefore, addition of alkyl peroxy radical
hydrogen atom form olefin, resulting in the allylic radical in- to double bond is unavoidable and the reaction finally leads
termediate. Due to the stability of cyclohexene radical and to norbornene epoxide. Although Agashe and co-workers in
instability of norbornene radical whose formation violates a very recent publication have reported that they obtained
the Bredt's rulg29], cyclohexene yields a mixture of prod- maximum 52% epoxide from styrene with TBHP in the pres-
ucts while norbornene winds up exclusively to norbornene ence of Cu/Co-salen immobilized MCM-41, using cyclohex-
epoxide. In the case tfans-2-hexene-1-ol, we believe thata ene led to 1.4—3.2% of the corresponding epoxide. The sim-
concerted oxidation mechanism has been involved in the re-ilarity of these results with ours emphasizes the operation
action via simultaneous complexation of hydroxyalkene and of a radical mechanism and involvementteft-butyl per-
TBHP to the copper ion prior to the oxidation step. oxide radical in either cases. This radical has been formed
According to our results, epoxidation of norbornene was from catalytic decomposition of TBHP. Due to its low se-
carried out remarkably with 80% conversion, 100% selectiv- lectivity in comparison to acyl peroxy radicals, addition to
ity and high TON (sed@able 3. As compared to the recently  double bond with subsequent epoxide formation occurs by a
published system which worked with isobutylaldehyde and lesser amount with respect to hydrogen atom abstraction and

Table 4
Table 3 Effect of time on the oxidation of Norbornene with TBHP in the presence
Oxidation of Norbornene by Cu(bpygomplex/MCM-41 in various solvents of Cu(bpy) complex /MCM-41in CHCl,
Solvent Conversion (%) Epoxy TON  Time (h) Conversion (%) Epoxy TON
CH3CN 50 100 603 2 21 100 251
CHCl3 80 100 956 4 43 100 515
CHCl3 61 100 730 6 80 100 956
MeOH 59 100 704 8 80 100 956

Condition: catalyst, 0.2 g; Norbornene, 20 mmol; TBHP, 24 mmol; solvent, Conditions: catalyst, 0.2 g; TBHP, 24 mmol; Norbornene, 20 mmol; solvent,
5ml; time, 6 h. 5ml at reflux condition.
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Fig. 3. Effect of time (h) on the oxidation of Norbornene with TBHP in the presence of Cuy(bpyplex/MCM-41 in CHCly.

giving rise to the formation of allylic site produd®5]. That [3] J.R. Monnier, Stud. Surf. Sci. Catal. 110 (1997) 135.

styrene has led to the corresponding epoxide with good ef- [4] A. Puzari, J.B. Baruah, J. Mol. Catal. A 187 (2002) 149. o

ficiency under Agashe’s conditions arises from the unavail- [°! i-J-IBC"";"t:T :\r-iéé-’((l-ggg;‘qzrg“amedo"a* K:M. Pixon, F. Bedioui,
ability of allylic hydrogens in this molecule. The formation ¢, GF.)pO.Iason, D.C. Sherrington, React. Funct. Polym. 42 (1999) 163,
of about 28% of decene epoxide from 1-decene under the [7] r.-H. wang, H.-X. Feng, Y.-F. He, C.-G. Xia, J.-S. Suo, Y.-P. Wang,
best conditions, something in between styrene and cyclohex-  J. Mol. Catal. A 151 (2000) 253.

ene supports our proposal. Although 1-decene behaves muchl[8 W.W. Nam, H.J. Kim, S.H. Kim, R.Y.N. Ho, J.S. Valentine, Inorg.

better than cyclohexene, the yield is still too far from styrene Chem. 35 (1996) 1045.

R . . . 9] J.C. Medina, N. Gabriunas, E.aBz-Mozo, J. Mol. Catal. A 115
and the difference in molecular structures is the existence of (9] (1997) 233

allylic hydrogens in 1-decene. [10] S. Zolezzi, E. Spodine, A. Decinti, Polyhedron 22 (2003) 1653.
[11] S. Imamura, H. Sakai, M. Shono, H. Kanai, J. Catal. 177 (1998)
72.
4. Conclusion [12] H. Kochkar, F. Figueras, J. Catal. 171 (1997) 420.

[13] V. Lanford, P.H. Mutin, A. Vioux, J. Mol. Catal. A 81 (2002) 182.

. [14] A. Antinollo, P. Canizares, F. Carillo-Hermosilla, Appl. Catal. 193
It was demonstrated that Cu(bpygjomplex/MCM-41 in (2000) 139.

combination with clear and inexpensive TBHP is remarkable [15] S.C. Laha, R. Kumar, J. Catal. 208 (2002) 339.
for the epoxidation of norbornene which is inefficient toward [16] P.T. Taner, M. Chibwe, T.J. Pinnavia, Nature 386 (1994) 239.
the formation of stable allyl radicals. Since in this reaction [17] H. Van Bekkum, J.C. Vander Waal, J. Mol. Catal. A 124 (1997)

- . R S 137.
and similar processes, the active radical intermediate is [18] M.S. Rigutto, H. Van Bekkum, J. Mol. Catal. A 81 (1993) 77.

butyl peroxy radical, one cannot expect to obtain epoxides asj19] c. cativiela, F. Figueras, J.M. Fraile, J.I. Garcia, J.A. Mayoral, Tetra-
the main products from alkenes containing allylic hydrogenes hedron Lett. 36 (1995) 4125.

in their molecular structuref26]. Obtaining epoxides form  [20] H. Brunner, A. Stumpf, Monatsh. Chem. (Wiener) 125 (1994) 485.
such alkenes is possible only if the oxo-metal species can be21] K. Karjalainen, O.E.O. Hormi, D.C. Sherrington, Tetrahedron

. .. Asymmetry (1998) 1563.
formed under the reaction conditiofz5]. [22] A. Corma, A. Fuerte, M. Iglesias, F. Sanchez, J. Mol. Catal. A 107

(1996) 225.
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