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Abstract

Ž . XMn II complexes with ligands of ethylenediamine, tetramethylethylenediamine, 2,2 -bipyridine, tetramethyl-1,8-naph-
Ž .thalenediamine included in zeolite Y were used for oxidation of cyclohexene with tert-butylhydroperoxide TBHP as

Ž .oxidant in CH Cl , CH OH, C H OH, CH COCH and CH CN. The di 2-cyclohexenyl ether was identified as the main2 2 3 2 5 3 3 3
Ž .2qproduct. 2-Cyclohexenone and 2-cyclohexene-1-ol were obtained as minor products. It was also found that Mn bipy -Y in2

Ž .CH OH and CH CN had the highest reactivity 98% , although the selectivity was 95% in CH OH toward the formation of3 3 3

ether product. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic oxidation is a major route for the
industrial synthesis of functionalized hydrocar-

w xbons 1–5 . Oxidation is also one of the most
important reactions for the metabolism of biotic
substrates and many enzymes are known to

w xcatalyze various types of oxidation 6 . The
desire to mimic enzymatic systems has prompted
an extensive area of research into synthetic
porphyrin, phethalocyanine, and Schiff base
models of enzyme active sites, especially for
monooxygenase enzymes of the cytochrome P-

w x450 family 7–10 .

) Corresponding author. Fax: q98-21-7506004.
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Nowadays, a similar approach has developed
on the replacement of the protein portion of
natural enzymes by a zeolite framework, which
is able to imitate its major function such as
shape selectivity and protection of the hem group
w x11–13 .

Using Y-zeolite-encaged complexes contain a
variety of different advantages like broad-range
application of solvents, inhibition of side reac-
tions, the exertion of shape selectivity of zeolite
framework and so on.

2. Experimental

2.1. Materials

All the materials were of commercial reagent
Ž .grade. TBHP 70% in water was purchased

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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Table 1
wOxidation of cyclohexene with TBHP catalyzed by MnY and Mn

Ž . xq2N–N -Y zeolite in CH Cl2 2 2

Ž .Catalyst Conversion Yield %
Ž .% peroxide alcohol ketone ether

MnY 51.4 9.78 8.72 33.99 47.51
q2w Ž . xMn en -Y 79.1 3.63 5.42 10.52 80.432

q2w Ž . xMn tmen -Y 77.8 3.17 5.19 8.57 83.12
q2w Ž . xMn bpy -Y 89.32 4.02 3.1 2 91.112

q2w Ž . xMn phen -Y 73.4 4.83 11.24 16.95 66.972

from Merck and extraction to the organic phase
Ž .methylene chloride was carried out according

w xto the standard procedure 14 .

2.2. Physical measurements

The products were analyzed by GC and GC-
Mass using a Philips Pu 4400 Chromatograph
Ž .1.5 m 3% OV-17 column , Varian 3400 Chro-

Ž .matograph 25 m DB-5 column coupled with a
QP Finnigan MAT INCOF 50, 70 eV.

2.3. Preparation of zeolite catalysts

2.3.1. Preparation of MnY
MnY catalysts were prepared and activated

according to the procedure described previously
w x15 . The concentration determination of filtrate
solution showed that about 1 mmol of the ion
per gram of zeolite has been exchanged.

Table 2
wOxidation of cyclohexene with TBHP catalyzed by MnY and Mn

Ž . xq2N–N -Y zeolite in ethanol2

Ž .Catalyst Conversion Yield %
Ž .% peroxide alcohol ketone ether

MnY 57.1 13.96 19.38 – 66.66
q2w Ž . xMn en -Y 84.2 5.58 7.27 – 87.22

q2w Ž . xMn tmen -Y 80.34 4.69 9.49 – 85.822
q2w Ž . xMn bpy -Y 98.1 5.23 5.87 – 88.92

q2w Ž . xMn phen -Y 90.33 6.94 10.2 7.7 75.122

( )2.3.2. Preparation of Mn II complexes included
[ ]in zeolite Y; general procedure 16

One gram of the dried and activated MnY
Žwas ground or mixed in the case of liquid

.ligands with 2.176 mmol of the desired ligand.
The mixture was then heated at 908C for 24 h
under N atmosphere. The catalyst was then2

cooled and soxhlet extracted with CH Cl to2 2

remove unreacted ligands. It was then dried
again under N at 1258C for several hours.2

2.4. Oxidation of cyclohexene; general proce-
dure

A mixture of 0.5 g catalyst, 25 ml CH Cl2 2

and 10 mmol cyclohexene was stirred under
nitrogen in a 50-ml round-bottom flask equipped
with a condenser and a dropping funnel at 408C
for 30 min. Then 16 mmol of TBHP solution in
CH Cl was added. The resulting mixture was2 2

Ž .Fig. 1. Oxidation products distribution in dichloromethane with Mn II complexes in zeolite Y.
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Table 3
wOxidation of cyclohexene with TBHP catalyzed by MnY and Mn

Ž . xq2N–N -Y zeolite in methanol2

Ž .Catalyst Conversion Yield %
Ž .% peroxide alcohol ketone ether

MnY 53.2 21.7 20.17 – 58.17
q2w Ž . xMn en -Y 71.1 5.21 8.92 9.19 76.682

q2w Ž . xMn tmen -Y 69.4 4.15 7.02 9.48 79.352
q2w Ž . xMn bpy -Y 98.4 2.82 – 2 95.182

q2w Ž . xMn phen -Y 88 4.1 6.2 33.04 56.732

then refluxed for 8 h under N atmosphere.2

After filtration and washing with solvent, the
filtrate was concentrated on a rotary evaporator
and then subjected to GC analysis.

3. Results

3.1. Catalytic oxidation of cyclohexene

Oxidation of cyclohexene with TBHP in
CH Cl in the presence of catalyst yielded2 2
Ž .di 2-cyclohexenyl ether as the main product.
Ž .1- tert-butyl peroxy -2-cyclohexene, 2-cyclohe-

xene-1-ol and 2-cyclohexenone were also iden-
tified as minor products as shown in Table 1
and Fig. 1.

3.2. The effect of solÕent

The effect of solvents of methanol, ethanol,
acetone and acetonitrile on the oxidation of

Table 4
wOxidation of cyclohexene with TBHP catalyzed by MnY and Mn

Ž . xq2N–N -Y zeolite in acetone2

Ž .Catalyst Conversion Yield %
Ž .% peroxide alcohol ketone ether

MnY 60.56 11.95 13.41 11.1 63.54
q2w Ž . xMn en -Y 74.1 3.43 4.92 12.33 79.322

q2w Ž . xMn tmen -Y 72.56 3.97 5.82 9.73 80.492
q2w Ž . xMn bpy -Y 84.5 0.5 2.31 10.8 86.52

q2w Ž . xMn phen -Y 68.1 5.74 7.34 17.12 69.792

Table 5
wOxidation of cyclohexene with TBHP catalyzed by MnY and Mn

Ž . xq2N–N -Y zeolite in acetonitrile2

Ž .Catalyst Conversion Yield %
Ž .% peroxide alcohol ketone ether

MnY 56.84 21.38 6.11 6.45 66.1
q2w Ž . xMn en -Y 92.32 12.16 4.25 9.6 73.952

q2w Ž . xMn tmen -Y 87.5 12.48 3.7 7.92 75.892
q2w Ž . xMn bpy -Y 98.5 9.52 3.02 8.46 792

q2w Ž . xMn phen -Y 95.4 12.74 2.3 13.77 71.192

cyclohexene with TBHP in the presence of cata-
lysts are provided in Tables 2–5 and Fig. 2.

3.3. The effect of time

The effect of time on cyclohexene oxidation
with TBHP in acetonitrile and in the presence of
catalyst were studied. The results are shown in
Table 6 and Fig. 3.

4. Discussion

In the present investigation, the oxidation of
cyclohexene has been carried out under the

Ž .catalytic effect of Mn II complexes in zeolite Y

Fig. 2. Effects of solvent on the percentage yield of ether in the
Ž .2qpresence of Mn bpy -Y.2
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Table 6
w Ž . xq2Effect of time on the oxidation of cyclohexene with TBHP in the presence of MnY and Mn N–N -Y2

Ž . Ž .Catalyst Time h Yield %

Ž .conversion % peroxide alcohol ketone ether

MnY 4 32.1 29.7 7.08 8.5 54.7
MnY 6 45.6 24.2 6.62 8.75 61.64
MnY 8 56.84 21.38 6.11 6.45 66.11

q2w Ž . xMn en -Y 4 63.1 12.28 5.34 9.5 72.912
q2w Ž . xMn en -Y 6 74.1 12.22 4.8 9.4 73.52
q2w Ž . xMn en -Y 8 92.32 12.16 4.25 9.6 73.952

q2w Ž . xMn tmen -Y 4 58.6 12.49 4.53 9.27 73.72
q2w Ž . xMn tmen -Y 6 70.8 12.43 4.1 8.7 74.72
q2w Ž . xMn tmen -Y 8 87.5 12.48 3.7 7.92 75.892

q2w Ž . xMn bpy -Y 4 80.3 10.6 4.1 11.83 73.52
q2w Ž . xMn bpy -Y 6 91.3 9.96 3.65 9.8 76.552
q2w Ž . xMn bpy -Y 8 98.5 9.52 3.02 8.46 792

q2w Ž . xMn phen -Y 4 71.4 12.95 3.2 17.2 66.632
q2w Ž . xMn phen -Y 6 83.2 12.82 2.8 15.3 69.082
q2w Ž . xMn phen -Y 8 95.4 12.74 2.3 13.77 71.192

with TBHP. We recently reported the oxidation
of cyclohexene with the same oxidant in the
presence of exchanged zeolite NaY with transi-

Ž . Ž . Ž .tion metal elements Cr III , Mn II , Fe III ,
Ž . Ž . Ž . w xCo II , Ni II , and Cu II 17 . We showed later

that the similar model system of MY is catalyti-
cally active on the oxidation of cyclohexane

w xwith TBHP 18 . We also showed that some
Ž .complexes of Mn II included in zeolite Y cat-

alyze the oxygen transfer from TBHP to cyclo-
hexane and concluded that such simple system
mimics the behavior of cytochrome P-450 type
oxidation system. The enhancement of conver-
sion percentage from 2.4% to 60% was at-
tributed to the effect of ligand either on the

Ž .increasing electron transfer from Mn II com-

Fig. 3. Effect of time on the oxidation of cyclohexene with TBHP
in acetonitrile.

plex or stabilizing the oxidized metal formed
during the formation of metal–peroxide com-

w xplex intermediate 18 . Based on these results, it
was of interest for us to study the catalytic
effect of similar complexes on the oxidation of
cyclohexene. This was due to the recent reports
in developing catalysts like manganese por-
phyrin capable of carrying out oxygenation
reactions, selectively and under mild con-

w xditions 19 .
Ž .Synthesis of complexes of manganese II with

Ž . Ž .bipyridine bpy , ethylene-diamine en , tetram-
Ž .ethylethylenediamine tmen and tetramethyl-
Ž .1,8-naphthalenediamine tmnda and their inclu-

sion in zeolite Y were carried out according to
w xthe procedure described before 18 . The struc-

Ž .2qture of complexes were assigned as Mn bpy -2
Ž .2q Ž .2qY, Mn en -Y, Mn tmen -Y respectively2 2

w x16 .
Ž .The effect of Mn II complexes included in

zeolite Y were studied on the oxidation of cy-
clohexene with TBHP in methylene chloride
and the results are shown in Table 1. As is
shown in Fig. 1, the allylic oxidation has oc-
cured with the formation of 2-cyclohexene-1-ol,

Ž .2-cyclohexenone, 1- tert-butyl peroxy -2-
Ž .cyclohexene and di 2-cyclohexenyl ether. The

activity of MnY catalyst has also been included
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in Table 1 and Fig. 1 to compare the effect of
the ligand on the activity of catalyst. The in-
crease of conversion percentage from 57.76% to

Ž .2q89.32% compared to MnY with Mn bpy -Y2

indicates that the existence of ligand has in-
creased the activity of catalyst by a factor of
1.6. From the results indicated in Table 1, it is
evident that ether has been formed selectively in
the presence of all catalysts although

Ž .2qMn bpy -Y shows the most tendency toward2

the formation of this product. In the present
study, it is observed that compared to the MY
catalyst system, the ketone yield is lower and
the reaction has led mostly to the formation of
alcohol and ether.

As was suggested before, the ether product
has arisen from the etherification of 2-cyclohe-

w xxene-1-ol 20 . This idea was confirmed by
using 2-cyclohexene-1-ol instead of cyclohex-
ene as starting material and observing the for-
mation of the ether as the main product under
the reaction conditions. That the acidity of zeo-
lite catalyst has catalyzed the formation of
Ž .di 2-cyclohexenyl ether was ruled out since

there was hardly any reaction in the absence of
oxidant under our reaction conditions. There-
fore, the combination of zeolite catalyst and
oxidant has been responsible for the conversion
of alcohol to the ether product.

As we mentioned in our previous paper, one
can draw a plausible mechanism on the basis of

w xallylic position oxidation 17 . That TBHP as
oxidant promotes allylic position oxidation
pathway and epoxidation route is minimized,
especially under the highly acidic properties of
zeolite Y exchanged with divalent and trivalent
transition metal ions, has been observed by us

w xand others 17,21 . It should be emphasized that
the destructive oxidation of alkenes via epoxida-
tion pathway with hydrogen peroxide under the

Ž .catalytic effect of zeolite-encapsulated Mn II
w xcomplexes seems interesting 16 . Although the

two systems are alike, it is the oxidant structure
that has changed the fate of the reaction. Such a
conclusion can be drawn based on recent com-
munication concerning the epoxidation of cyclo-

Ž .hexene under the effect of a manganese II –
w xSchiff base complex supported on clay 19 . The

authors have shown that epoxidation is the main
path if iodosylbenzene, hypochlorites, p-cyano-
N, N-dimethylaniline N-oxide and perhalates are
used as oxidants. However, with TBHP, two
competing reactions of epoxidation and ho-
molytic decomposition of the hydroperoxide
with the subsequent oxidation on the allylic

w xposition will occur. Moreover, Nam et al. 22
have observed that in contrast to the hydrogen
peroxide which catalytically oxidizes cyclohex-
ene mainly to the corresponding epoxide, alkyl
hydroperoxides gave only allylic oxidation
products. The authors have concluded that the
two types of reactions do not occur via a com-

w xmon intermediate 22 .
To investigate the role of solvent on the fate

of reaction and product distribution, we carried
out the reaction in two groups of protic and
aprotic solvents. The results are given in Tables
2–6. From these results, it is evident that polar
protic solvents of methanol and ethanol and
polar aprotic solvent of acetonitrile have pre-

Ž .2qsented the best media for Mn bpy -Y catalyst2
Ž .see Fig. 2 , since the conversion has occurred

Ž .about 98%. Although methanol ´s32.70 is
Ž .more polar than ethanol ´s24.55 , the former

Ž . w xis a stronger acid see their pK 23,24 . There-a

fore, methanol with its higher hydrogen bond
Ž .donor acidity parameter as0.98 provides a

medium similar to that of ethanol, since the
latter which is a weaker acid has lower hydro-

Ž .gen bond donor acidity parameter as0.85
w x25 . On the other hand, compared to acetone
with donor number of 17.0, acetonitrile has a
donor number of 14.1 and because it is more

Žpolar than acetone ´ s37.5, ´ sacetonitrile acetone
.20.70 , the oxidation take place faster in this

solvent.
w xAs mentioned before 17 , the higher activity

Ž .2qof Mn bpy -Y complex might be attributed to2

the higher activity of aromatic ligand and its
more active p-cation radical intermediate with

Žrespect to the aliphatic ligand system ethylen-
ediamine with the conversion percentage of
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.84.2% in ethanol . The lower activity of
Ž .2qMn tmnda -Y can be accounted for by the2

substantial steric hindrance of methyl groups
that prevent the approaching oxidant toward the
central metal of the catalyst.

Ž .2qAs shown in Fig. 2, Mn bpy -Y shows the2

highest activity in all the different solvent sys-
tems. Moreover, the ether product has been
selectively formed under the effect of this cata-
lyst from 79% to 95%. Since ether has arisen
from the etherification of 2-cyclohexene-1-ol,
Ž .see above , and maximum percentage resulted
in methanol, it can be concluded that the cata-

Ž .2qlyst Mn bpy -Y presents the strongest acidic2

medium in this reaction.
The effect of time on the reactivity of cata-

lysts is shown in Table 6. Acetonitrile was
selected as solvent for this experiment because
all four products have been formed under this
solvent medium effect. Table 6 shows that dur-
ing 8 h, maximum conversion of starting mate-
rial takes place with all catalyst systems.

5. Conclusion

The oxidation of cyclohexene with TBHP
and Mn complexes included in zeolite Y selec-

Ž .tively affords di 2-cyclohexenyl ether as the
main product. Our studies show that the oxida-
tion exclusively occurs on the allylic position.
We believe that the combination of a catalyst

Ž .2qand oxidant system like Mn bpy -Y and2

TBHP in a common and highly used solvent
like methanol provides a simple route to the
allylic site oxidation of cyclohexene. Studies on
other olefins are currently under investigation in
our laboratory and we believe that the observa-
tion of similar results on other olefins is not
unexpected.

Acknowledgements

We are grateful to the research council of the
University of Tehran for financial support. Par-

tial support of the University of Az-Zahra and
Kashan University for GC spectra are also ap-
preciated. We also thank Mr. H. Mahmoudi
Najafi for some experimental assistance.

References

w x1 A.S. Kanmani, S. Vancheesan, in: Recent Advances in Basic
and Applied Aspects of Industrial Catalysis 113 Elsevier,
Amsterdam, Netherlands, 1998, p. 285.

w x2 C.A. Sureshan, P.K. Bhattacharya, J. Mol. Catal. A 130
Ž .1998 73.

w x3 J.C. Vanderwaal, M.S. Rigutto, H. Vanekkum, Appl. Catal.
Ž .A 167 1998 331.

w x Ž .4 L.Y. Chen, G.K. Chuah, S. Jaenike, Catal. Lett. 50 1998
107.

w x5 M.R. Cramarossa, L. Forti, M.A. Fedotov, L.G. Detusheva,
V.A. Kikholohov, L.I. Kuzentsuva, G.L. Semin, F. Cavani,

Ž .F. Trifiro, J. Mol. Catal. A 127 1997 85.
w x6 W. Kaim, B. Schwederski, Bioinorganic chemistry, inorganic

element, in: The Chemistry of Life, Wiley, New York, 1994,
p. 113.

w x7 D. Monti, P. Tagliatesta, G. Mancini, T. Boschi, Angew.
Ž .Chem., Int. Ed. 37 1998 1131.

w x8 D. Mansy, P. Battioni, in: Bioinoganic Catalysis, Marcel
Dekker, New York, 1993, p. 395.

w x9 A. Schenning, J. Spelberg, D. Hubert, M.C. Feiters, R. Nolte,
Ž .Eur. J. 4 1998 871.

w x10 E.R. Birnhaum, J.A. Labinger, J.E. Bercaw, H.B. Gray,
Ž .Inorg. Chim. Acta 270 1998 433.

w x11 V. Hulex, E. Dumitriu, F. Patcas, R. Ropot, P. Graffin, P.
Ž .Moreau, Appl. Catal. A 170 1998 169.

w x Ž .12 F. Bedioui, Coord. Chem. Rev 144 1995 39.
w x Ž .13 B.Z. Zhan, X.Y. Li, J. Chem. Soc., Chem. Commun. 1998

349.
w x14 I. Vogel, in: Practical Organic Chemistry, Longman, 1989, p.

1135.
w x15 F. Farzaneh, J. Soleimannejad, M. Ghandi, J. Mol. Catal. A

Ž .118 1997 223.
w x16 P. Paul, K. Gerrits, D.D. Vos, F.T. Starzyk, P.A. Jacobs,

Ž .Nature 369 1994 543.
w x17 F. Farzaneh, S. Sadeghi, L. Turkian, M. Ghandi, J. Mol.

Ž .Catal. A 132 1998 255.
w x18 F. Farzaneh, M. Majidian, M. Ghandi, J. Mol. Catal. A., in

press.
w x Ž .19 P.S. Dixit, K. Srinivasan, Inorg. Chem. 27 1988 4507.
w x Ž .20 S. Kim, K.N. Chung, J. Org. Chem. 52 1987 3917.
w x Ž .21 H. Leiborich, C. Abaroni, N. Lotun, J. Catal. 87 1984 319.
w x22 W. Nam, R. Ho, J.S. Valentine, J. Am. Chem. Soc. 113

Ž .1991 7052.
w x23 T.H. Lowry, K.S. Richardson, in: Mechanism and Theory

Inorganic Chemistry, Harper Collins, 1987, p. 178.
w x24 F.A. Carey, R.J. Sundery, in: Advanced Organic Chemistry,

Part B, Plenum, 1977, p. 3.
w x Ž .25 M.H. Abraham, R.W. Taft, J. Org. Chem. 48 1983 2877.


