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Abstract

The synthesis and characterization of the cationic manganese—porphgsietgtrakis(1-methyl-4-pyridinio)porphyrinato]
manganese(lll) penta-acetate complexes encapsulated in zeolite and mesoporous molecular sieve has been accomplished, ar
their catalytic activity was tested in the epoxidation of styrene and cyclohexene by iodosylbenzene. With mesoporous molecular
sieve (MCM-41) and the new NaY zeolite (DMY) as supports, the encapsulated manganese—porphyrin systems show high ac-
tivity and selectivity for the epoxidation. The effects of solvent and reaction time and the performance of the recovered catalysts
have been studied. The mechanism of olefin oxidation has also been discussed. © 2002 Elsevier Science B.V. Allrights reserved.
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1. Introduction porphyrins also provides a physical separation of
active sites, thus minimizing catalyst self-destruction
The development of efficient oxidation catalysts and dimerization of unhindered metalloporphyrins.
which mimic the mono-oxygenase cytochrome P-450 Furthermore, in the era of “environmental amity
has received a lot of attention in recent yefirs4]. chemistry”, heterogeneous catalytic oxidations have
As biomimetic catalysts in the oxygenation of hy- become an important target since their process are
drocarbons, metalloporphyrin complexes have been used in industry, helping to minimize the problems of
largely employed during the past two decades. The industrial waste treatment and dispofa#9].
high efficiency of some of these catalysts makes them Mineral supports were selected because of their
potentially useful for large-scale oxidations. inertness in strongly oxidizing media. However, in
Immobilization of expensive metalloporphyrin cat- the natural faujasite and synthetic zeolites X and Y,
alysts on insoluble organic and inorganic supports the inner diameter and channel diameter are in the
appears to be a good way to render them practica- range 0.7-1.3 nm. They are not available for big com-
ble and improve their stability, selectivity because of plexes because the limited pore size of these zeolites
the support environment and other advantages with make it difficult for big complexes, substrates and
respect to recovery and reuse. Supporting metallo- products to diffuse into or out of the narrow chan-
nel of the microporous inorganic solid0]. Up to
mpondmg author. Tels86-931-827-6531: now, a variety of mesoporous solids ha\(e been pro-
fax: +86-931-827-7088. duced and are characterized by pore diameters that
E-mail addressccgxia@ns.lzb.ac.cn (C.-G. Xia). could be adjusted to between 1.8 and 20.(/hfj. In
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Fig. 1. [meseTetrakis(1-methyl-4-pyridinio)porphyrinato]jman-
ganese(lll)penta-acetate, MNTMPyP.
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D/Max-RB X-ray diffractometer. XPS measurements
were performed with a VG Scientific ESCALAB
210 instrument with Mg & radiation (1253.6eV).
UV-Vis spectra were obtained with a Hewlett-Packard
8453 spectrophotometer. Solid diffuse-reflectance
UV/Vis spectra were measured by Shimadzu UV-240.
The reaction products of oxidation were determined
and analyzed by HP 5890 II gas chromatograph and
HP 6890/5973 GC/MS.

2.1.1. Preparation of [MA/(TMPyP)](OAck

100 mg (73.33umol) of TMPyPH and 10 equiv-
alent of Mn(OAc)-4H,0 were dissolved in 30 ml of
glacial acetic acid and heated to QD for 6h. Af-
ter cooling, the solvent was removed under reduced
pressure and the dark solid was precipitated by addi-

this work, we prepared two heterogeneous oxidation tion of a mixture MeOH/E£O (1/4) giving 170 mg of
catalysts by anchoring a cationic manganese—porphy-MnTMPyP. (The UV-Vis spectrum of MNTMPYP is

rin [mesetetrakis(1-methyl-4-pyridinio)porphyrinato]
manganese(lll) penta-acetate compl&ig( 1) into
mesoporous molecular sieve (MCM-41) and new NaY
zeolite (DMY). The encapsulated Mn—porphyrin cat-

similar to that described by Harriman and Poffid].)

2.1.2. Preparation of encapsulated metalloporphyrin
A suspension of DMY (250 mg) in MeOH (10 ml),

alysts exhibits enhanced stability, as well as good cat- containing MA' (TMPyP) (0.24 mmol), was stirred

alytic activity and selectivity in the epoxidation of

for 24 h at 20°C. The resulting materials was filtered

styrene and cyclohexene by iodosylbenzene (PhIO) in and washed with CpCl, and MeCN until the fil-

organic media.

2. Experimental
2.1. Materials and equipment

5,10,15,20-Tetrakis(1-methyl-4-pyridinio)porphyrin

trate become colorless. The solid obtained was dried
at 100°C for 4h which afforded MNnTMPyP/DMY.
The methods of preparation of MNTMPyP/MCM-41
was similar to that reported above. The encapsulated
manganese—porphyrin was characterized by FT-IR,
XPS, DR-UV/Vis and X-ray diffraction spectra
(XRD).

To calculate the amount of loaded MnTMPyP, a

(TMPyPH), iodosylbenzenediacetate were purchased known amount of MNTMPyP/DMY or MnTMPyP/

from Fluka. Styrene and cyclohexene were first
washed with 10% sodium hydroxide and then distilled
over calcium hydride. The zeolite-Y of expanded cage
(DMY) was obtained from Lanzhou Lianyou General
Factory: surface area 8641g, SiQ,/Al,03 = 83/13
(g/g), pore diameter distribution 1-3 nm. Mesoporous
molecular sieve (MCM-41), which was prepared ac-
cording to the literaturgl2], was dried by heated at
450°C for 6h, surface area 71%y, average pore
diameter 21.8 A and Si/Al atomic ratio 35. All other
reagents used were of AR grades of purity.

FT-IR spectra (KBr disks) were measured on a
Bruker IFS 120HR FT-IR spectrophotometer. X-ray
powder diffraction patterns were obtained on a

MCM-41 was decomposed with concentrated and
heated HCI in order to remove the MnTMPyP
from the zeolite. UV-Vis spectra of the removed
MnTMPyP were recorded in aqueous solutigpsl ~

2) and the absorbance of the Soret band was used
to evaluate the loading of MNTMPyYP per gram of
MnTMPyP/DMY and MnTMPyP/MCM-41, which
proved to be @6 x 10~° and 633 x 10~ °molg.

2.2. Oxidation reactions

Typically, the reactions were initiated by adding,
under magnetic stirring, the solids iodosylbenzene
(0.1 mmol) in a (3:1) dichloromethane—acetonitrile
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mixture (2ml) containing substrates (0.2 mmol), and
catalyst (0.005mmol), in a 25ml glass flask. In the
oxidation of styrene temperature was@ In the ox-
idation of cyclohexene temperature was°25 After
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Fig. 2shows the IR spectra for the free MNTMPyP
complex and for encapsulated MNnTMPyP. The ze-
olite/molecular sieve band dominates this region of
the spectrum; however, the presence of MnTMPyP

8 h, the reaction products were analyzed by HP 5890 is obvious, because there is no band observed in the

Il GC with a 25 mx 0.32 mm SE54 column using de-

region 1600-1200cm in the spectra of supports.

cane as the internal standard. The yields were basedMnTMPyP/DMY and MnTMPyP/MCM-41 show
on iodobenzene formed. Nitrogen was used as the bands at 1447, 1427 and 1577t These bands are
carrier gas with an FID detector. The products were due to the stretching vibrations of the=I8 and CG-C

determined by GC/MS system.

For the recycling experiments, the catalyst was
washed five times with 2 ml of methanol. This cata-
lyst was then dried for 3h at 3@, before the next
recycling.

3. Results and discussion

3.1. Characterization of the supported
metalloporphyrin

The catalysts obtained were characterized by vari-

ous techniques such as FT-IR, XPS, DR-UV/Vis and
XRD.

b

bonds.

X-ray powder diffraction (XRD) patterns of the
encapsulated MNTMPyP are given kig. 3, which
are in excellent agreement with the XRD pattern
for unloaded zeolite/molecular sieve without any
peaks arisen from MnTMPyP. This suggests that
the solid support is structurally unchanged and the
manganese—porphyrin should be dispersed molecu-
larly within the channels.

The XPS spectra also provide information on encap-
sulation €ig. 4). From the data of XPSTéble 1), it can
be seen that Mgy and pyrrole Ns binding energies in
encapsulated MNnTMPyP are lower than those in free
MnTMPyP. The Qs binding energies in encapsulated
MnTMPyYP are 532.28 and 532.94 eV, respectively,

DMY

MCM-41

MnTMPyP/MCM-41

MnTMPyP/DMY

MnTMPyP

37Sb 350032503000 27502500 225020001750 1500 1250 1000 750

Wavenumber cm’!

Fig. 2. FT-IR spectra of free MnTMPyP and encapsulated MNnTMPyP.
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MnTMPyP to OH-containing ligands present in the

zeolite.
h_

3.2. Epoxidation of styrene and cyclohexene

(@

W
3.2.1. The effect of different catalysts
The efficiencies of the manganese—porphyrins as
A (o) catalysts for olefins epoxidation in solution and en-

‘\‘\j A A capsulated in zeolite/molecular sieve were examined
| , ® using styrene and cyclohexene as the substrates. The
| .
| b o @) data are shown ifable 2
5 10 15 20 25 Encapsulated catalysts MnTMPyP/DMY and
20 (degree) MnTMPyP/MCM-41 give rise to higher activity and

selectivity than the homogenous counterparts. This ef-
Fig. 3. XRD patterns of: (a) MnTMPYP, (b) MnTMPYP/DMY, (¢)  ficiency possibly arises from MnTMPyP coordination
DMY, (d) MnTMPyP/MCM-41, (e) MCM-41. 4 . X

to zeolites, which renders them more resistant to ox-

idative self-destruction. From the results, it is evident
which are lower than those of supports. The differ- that the catalyst MnTMPyP/DMY leads to styrene ox-
ence in pyridine Ns binding energies between en- ide yield similar to the catalyst MNTMPyP/MCM-41.
capsulated MNnTMPyP and free MnTMPyP is larger However, for cyclohexene, MNTMPyP/MCM-41 gives
than 0.5eV. These changes in binding energy can higher epoxide yield than MNnTMPyP/DMY. Maybe
be attributed to charge transfer betweeis,Mnzp the structural difference between DMY and MCM-41
and pyrrole Ns. It is considered that MNTMPyP  induced this result. After using MNTMPyP/DMY and
is anchored to the support through Mn-O ligation MnTMPyP/MCM-41 as catalysts, the resultant solu-
and electrostatic interaction between the MNnTMPyP tion was measured by UV-Vis spectra. It is shown
4-N-methyl-pyridyl groups and the support anionic that a small quantity of MNTMPyP was leached from
species. the support.

The MnTMPYP encapsulated in zeolite and molecu-

lar sieve have been characterized by diffuse reflectance3.2.2. The effect of solvent
UV spectroscopy and the typical UV-Vis spectra are  Fig. 6 shows the effect of different solvents
given inFig. 5. The encapsulated MNTMPyP showed on the oxidation of styrene and cyclohexene with
the Soret band at 465 nm which was the same as thatPhlO in the presence of catalysts. Evidently, the
in the spectra of the free MNTMPyP. This result indi- dichloromethane—acetomitrile mixture (3:1) is a good
cates that the successful anchoring of MNTMPYP into solvent system for epoxidation of styrene, since the
the supports was achieved. Concerning the increaseyield and selectivity of epoxide are high. In con-
in the Q band for the encapsulated MNTMPYP, it is trast, in the oxidation of cyclohexene the yield of
probably associated with the axial coordination of the epoxide increases with increasing polarity of the

Table 1
The data of X-ray photoelectron spectroscopy of DMY, MCM-41, MnTMPyP and encapsulated MnTMPyP
XPS peak Binding energy (eV)
DMY MCM-41 MnTMPyP MnTMPyP/DMY MnTMPyP/MCM-41
Pyridine Nis - - 398.44 399.93 399.81
Pyrrole Nis - - 401.92 400.18 401.14
Mn 2p12 - - 653.83 653.38 653.20
Mn 2p32 - 641.96 641.93 641.56

O1s 533.06 533.42 - 532.28 532.94
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Fig. 4. XPS spectra of (A) MNTMPyP/DMY and (B) MnTMPyP/MCM-41.
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Optical density

500
A/nm

Fig. 5. Diffuse reflectance spectra of MnTMPyP/DMY (a),
MnTMPyP/MCM-41 (b) and UV/Vis spectra of MNTMPyP in
CH,Cl2/CH3CN (v/v = 3/1) solution (c).

300

solvent, which has little effect on the selectivity
of epoxide.

3.2.3. The effect of time

oxidized than styrene. We can observe an increase in
epoxide yield with time for the two substrates. The
major product after 8 h of reaction is always the epox-
ide (selectivity between 87 and 100%).

3.2.4. Reuse of the catalysts

The selectivity of encapsulated MNTMPyP has not
changed after five times of reusing, but the catalytic
activity drops. The result is given ifable 3 An
increase in the yield between the reaction with the
first and the second recycling is observed for styrene
epoxidation catalyzed by MnTMPyP/DMY, giving
an indication that the extraction procedure affects
the catalyst, activating it. This was not observed for
MnTMPyP/MCM-41, which presented a decrease in
its activity from the first to the fifth recycling. The
decrease in the activity could be attributed to the
leaching or decomposition of MNTMPyP complex
under reaction conditions.

3.2.5. Mechanism of olefin epoxidation

It is generally proposed in the literature that
low levels of allylic oxidation and high levels of
epoxidation indicate an active intermediate con-
taining two oxidizing equivalents localized in the
vicinity of the center of the catalyst (Type-1 inter-
mediate) [14]. For manganese—porphyrin it is an

The effect of time on styrene and cyclohexene oxi- oxomanganese(V)—porphyrin (OMR) [15-17] Fur-
dation with PhlO in the presence of catalysts is shown ther reactions of this species involve alkene oxidation,
in Fig. 7. It is clear that cyclohexene is easier to be together with catalyst destruction and the oxidation

Table 2

Epoxidation of styrene and cyclohexene with PhlO by encapsulated MnTMPyP and free MnTMPyP

Substrate Catalyst Epoxide yield (%) Selectivity (%Y
Epoxide PhCHO PhCOGCH
Styrené MnTMPyP 43.9 86.5 2.17 11.3
MnTMPyP/DMY 51.6 86.5 2.82 10.6
MnTMPyP/MCM-41 51.0 100 - -
Epoxide Cyclohex-2-en-1-one Cyclohex-2-en-1-ol
Cyclohexeng MnTMPyP 45.6 95.6 4.37 -
MnTMPyP/DMY 65.4 100 - -
MnTMPyP/MCM-41 90.8 97.8 - 2.2

aSubstrate/PhIO/MNTMPYP molar ratie 40:20:1; solvent: 2 ml (CBCIl,/CH3CN = 3/1, viv); time: 8h.

bBased on iodobenzene formed using GC.
¢ Selectivity determined by GC.

d Temperature: 0C.

€ Temperature: 26C.
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Fig. 6. Effects of solvent on the epoxide yield and selectivity of styrene (upper) and cyclohexene (bottom).

PhIO,

of PhlO to PhIQ (reactions 1-3)18,19] PhIO+ Mn"'P. - MnY(O)P. = PhIO, ©)
alkene . .
PhiO+ Mn"'P- - MnY(O)P- "= "alkene oxidation  For our encapsulated MnTMPyP-PhIO catalyst sys-
(1) tem, fairly good selectivities are obtained in the oxi-

dation of styrene and cyclohexene. However, in all the
Ml p. reactions, PhlO was not totally consumed and the Phl
— MnY(O)P- "= catalyst bleaching (2) yields were not 100%. This is due to a combination of

PhlO+ Mn"'P.
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Fig. 7. Effect of time in the oxidation of styrene and cyclohexene with PhlO catalyzed by MnTMPyP/DMY (upper) and MNnTMPyP/MCM-41
(bottom). (a) Epoxide yield of styrene; (b) epoxide selectivity of styrene; (c) epoxide yield of cyclohexene; (d) epoxide selectivity of
cyclohexene.

factors, such as the low solubility of PhlO, or the slow an intermediate carbocation arising from caged pair
diffusion of PhlO in zeolite/molecular sieve channels. collapse or metallacycle openingig. 8) [20].

The first step in the reaction of the oxo-Mn(V) with As observed for styrene and cyclohexene, the cat-
alkenes has been postulated to be either direct attackalytic efficiency of the supported cationic manganese—
to produce a radical (A), carbocation (B), or a metal- porphyrin is increased by comparison with the
lacycle (C) or electron transfer to produce a caged pair homogeneous reaction. This is because anchoring the
(D) which collapses to one of these intermediates. Re- catalyst prevents MnTMPyP aggregation through
arrangements which accompany epoxidation suggestm—mr interaction, mitigating catalyst deactivation.
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Table 3
The catalytic activity of MNTMPyP encapsulated in DMY and MCM-41 during the recycling in styrene and cyclohexene epdkidation
Recycling number Catalyst Styrene epoxide Cyclohexene epoxide
Yield (%) Selectivity (%) Yield (%) Selectivity (%)
1 MnTMPyP/DMY 51.6 86.5 65.4 100
2 75.7 89.4 45.4 100
3 60.8 85.9 56.5 100
4 61.5 86.1 56.0 100
5 61.5 86.7 56.7 100
1 MnTMPyP/MCM-41 51.0 100 90.8 97.8
2 45.7 100 82.2 86.1
3 48.4 97.7 71.6 87.8
4 44.6 95.9 64.9 91.9
5 445 100 77.0 94.1

aConditions as inTable 2

| !
R uL R
an=o + U_. MI{—O +( _.Mn O( rearrangement
R \R products
1 D / B
Mn-OUR . m
I I epoxide + Mn
R
A
R
-
4 H
oL v )N
Mn H
C

Fig. 8. Stepwise mechanisms for oxygen insertion into alkenes.
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