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Abstract

Styrene oxidation was investigated using manganese(I1l) salen complexes as catalysts in homogeneous media and encapsulated in NaX and
NaY zeolites using tert-butylhydroperoxide as the oxygen source. The oxidation of styrene led to formation of benzaldehyde, styrene oxide
and phenylacetaldehyde, with minor amounts of phenyl-1,2-ethane-diol; some polymer formation was also observed. In homogeneous media,
both complexes with ligands functionalized with methoxyl groups showed similar styrene conversions and chemoselectivities in styrene epoxide
and benzaldehyde. Upon immobilization, [Mn(3-MeOsalen)]@X showed the highest catalytic activity at 60 °C and atmospheric pressure, and
the highest chemoselectivities in styrene epoxide and benzaldehyde. No leaching of the encapsulated metal complexes was observed during the
catalytic reactions and support for the entrapment of metal complexes inside the zeolite cages and not on their external surfaces was provided by
nitrogen adsorption analyses and SEM micrographs.

The reaction mechanism was investigated using the most active heterogeneous catalyst, [Mn(3-MeOsalen)] @X, and the influence of various
reaction parameters, such as substrate, catalyst concentration and temperature, on alkene conversion and styrene epoxide yield have been studied.
Furthermore, the homogeneous oxidation of styrene using [Mn(3-MeOsalen)CH3;COOQO] was monitored by electronic spectroscopy, the results

suggesting a free radical mechanism involving a peroxomanganese species as the catalyst active intermediate.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The use of metal complexes immobilized into solid sup-
ports as heterogeneous catalysts has become very important
for ecofriendly industrial processes. These materials have been
developed with the objective to perform reactions under milder
conditions and without hazardous wastes. These new catalysts
can easily be separated from the reaction media and reused,
as they are quite stable when compared with the corresponding
homogeneous counterparts, since catalyst deactivation pathways
are hindered by local site isolation of the complexes inside the
solid matrix. Among a variety of supports, zeolites have been
often used; this new generation of immobilized catalysts has
been named “zeolite encapsulated metal complexes” (ZEMC)

[1].
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Transition metal Schiff base complexes are active homoge-
neous catalysts in oxidation reactions of organic substrates. One
of the most important oxidation reactions is the oxidation of
alkenes [2—4], and manganese(Ill) complexes with salen type
ligands have been shown to be highly effective, chemoselective
and stereoselective for this reaction, and when chiral ligands
are used, they can also be highly enantioselective [5-7]. Sev-
eral oxygen donors have been used for the oxidation of alkenes
via manganese(IIl) salen complexes, such as iodosylbenzene,
3-chloroperoxybenzoic acid, sodium hypochlorite, dioxygen,
hydrogen peroxide and fert-butylhydroperoxide [5,8,9]. The cat-
alytic active intermediates, the steps involved in the catalytic
cycle, and thus the type of oxidation products, are a matter of
strong debate [10-12] since they strongly depend on the oxy-
gen donor, solvent (reaction media conditions, presence of co-
catalyst) and the metal complex, specifically the ligand, through
the different steric and electronic properties of its substituents.
Most of the mechanistic studies are related to homogeneous
phase [10-12] and only a few examples focus on reactions cat-
alyzed by heterogenized metal complexes [13—15].
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Scheme 1. Molecular structure of manganese(III) salen complexes.

We have been interested in the immobilization of nickel, cop-
per and manganese salen complexes in several supports, such
as activated carbons [16-18], pillared clays [19] and zeolites
[20,21], with the final goal of preparing high chemoselective,
stable and recyclable heterogeneous catalysts for oxidation reac-
tions. Several strategies have been developed for the immobi-
lization of the complexes onto the different supports, but the
final proof for the catalysts chemoselectivity and stability (effi-
cient immobilization with the same conformation of the neat
complex) is their test in the catalytic reactions.

In this work we describe the oxidation of styrene (one
of the most important pro-chiral alkenes) in the presence of
the ecofriendly oxidant tert-butylhydroperoxide (-BuOOH),
using three manganese(Ill) salen complexes as catalysts —
Scheme 1 — both in homogeneous medium and encapsulated
in NaX and NaY zeolites; the latter catalysts being denoted
as [Mn(salen)]@X or Y. The reaction mechanism was inves-
tigated with the most active heterogeneous catalyst, [Mn(3-
MeOsalen)]@X, and the influence of various reaction param-
eters, such as substrate and catalyst concentration and tempera-
ture, on conversion and yield has been studied.

2. Experimental
2.1. Materials

2-Hydroxybenzaldehyde, 3-methoxy-2-hydroxybenzalde-
hyde, ethylenediamine and propylenediamine were purchased
from Merck; manganese(Il) acetate tetrahydrate, acetoni-
trile (99.9%), dichloromethane (99.6%), phenylacetaldehyde
(90+%), phenyl-1,2-ethane-diol (97%) and acetophenone
(99%) were purchased from Aldrich and styrene (99.5%),
benzaldehyde (99+%), styrene oxide (97%), n-decane (99%)
and fert-butylhydroperoxide (70% solution in water) were
originated from Fluka. NaX and NaY were supplied by Grace
GmbH.

2.2. Preparation of ligands and complexes

The ligands Hpsalen (bis-salicylaldehyde-ethylenediimine),
Hjsalpd (bis-salicylaldehyde-propylenediimine), Hj(3-MeO-

salen) (bis-(3-methoxy)salicylaldehyde-ethylenediimine) and
H»(3-MeOsalpd) (bis-(3-methoxy)salicylaldehyde-propylened-
iimine) were synthesized by a standard procedure [22-24], by
refluxing 2-hydroxybenzaldehyde and its derivative 3-methoxy-
2-hydroxybenzaldehyde with ethylenediamine or propylenedi-
amine in ethanolic solution. The respective manganese(I1I) com-
plexes (Scheme 1) were prepared by a procedure described in the
literature [22-24], by reaction of the ligands with manganese(II)
acetate tetrahydrate in ethanol. The characterization of the com-
plexes will be described in detail elsewhere. The most relevant
IR bands are summarized as follows:

[H2(3-MeOsalen)] (v, cm™!): 3000(sh), 2939(b), 2848(b),
1633(s), 1471(s), 1410(sh), 1259(s), 1089(m). [Ha(3-
MeOsalpd)] (v, cm™!): 3050(sh), 2939(b), 1634(s), 1472(s),
1382(sh), 1264(s), 1090(m). [Hy(salpd)] (v, cm™!): 3010(sh),
2882(b), 1631(s), 1287(m), 1207(m). [Mn(3-MeO)salen]
(v, em™1): 3018(sh), 2922(s), 2861(sh), 1585(m), 1471(m),
1411(sh). [Mn(3-MeO)salpd] (v, cm™b): 3052(w), 2922(w),
2861(w), 1613(b), 1445(b), 1328(sh), 1231(m), 1076(m).

2.3. Preparation of exchanged zeolites

Mn(II) @X and Mn(II) @Y were prepared by dissolving man-
ganese(I]) acetate tetrahydrate in deionized water to which NaX
or NaY were added; the mixture was in stirring for 24 h. The
solid products were then filtered and washed thoroughly with
warm water. The light pink solids were dried at 150 °C.

2.4. Preparation of encapsulated complexes by the flexible
ligand method

Intrazeolite metal complexes [Mn(salen)]@X or [Mn-
(salen)]@Y (the anion CH3COO™ was omitted for clarity) were
prepared by the flexible ligand method [25]: the exchanged
Mn(1II) zeolites were mixed with the prepared Schiff base lig-
ands and heated for several hours. During this reaction the ligand
complexed the exchanged Mn(Il) cations and there is simulta-
neously the oxidation of the metal centre to Mn(IlI), leading
to a colour change to dark brown-greenish, typical of Mn(III)
salen complexes. The resulting materials were Soxhlet extracted
sequentially with dichloromethane, acetonitrile and ethanol for a
total period of time of 48 h. The solids were then dried for several
hours. The characterization of the materials will be described in
another paper. The most relevant IR bands are summarized as
follows:

[Mn(salpd)@X] (v, cm™!): 3504(b), 3255(sh), 1643(s),
1390(w). [Mn(salpd)@Y] (v, cm™!): 3560(b), 3487(sh),
1635(s). [Mn(3-MeO)salpd@X] (v, cm™1): 3490(b), 1635(s),
1397(w). [Mn(3-MeO)salpd@Y] (v, cm™1): 3556(b), 3471(sh),
1635(s). [Mn(3-MeO)salen@X] (v, cm~1): 3463(b), 1635(s),
1397(w). [Mn(3-MeO)salen@Y] (v, cm™!): 3510(b), 1635(s).

2.5. Catalyst characterization
The manganese contents of the modified zeolites were

evaluated by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) at Kingston Analytical Services, UK.
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X-ray powder diffraction (XRD) patterns of the materials were
obtained at Universidade de Aveiro, Portugal. Scanning electron
microscopy (SEM) was performed at Centro de Materiais da
Universidade do Porto, Portugal. Nitrogen adsorption measure-
ments were done in a Coulter Omnisorp 100CX analyzer. The
samples were previously degassed at 150°C to a vacuum of
1073 Pa; the adsorption of nitrogen was carried out at —196 °C.
The electronic spectra of the neat complexes were taken on
a JASCO V-560 spectrophotometer (double monochromator).
The IR spectra of the complexes and materials were recorded
in KBr pellets, using a Nicolet 510P spectrophotometer with a
diffuse reflectance cell, in the range 4004000 em~ L,

2.6. Catalytic activity

The styrene oxidation reactions were carried out in a batch
glass reactor of 10 ml volume, under atmospheric pressure. The
reactor was equipped with a reflux condenser. In a typical exper-
iment, 2.0 mmol of styrene and 2.0 mmol of n-decane were
mixed with 3ml of dichloromethane, and then 0.1 g (zeolites
with encapsulated complexes) or 0.05 g (free complexes) of the
catalyst was introduced in the reactor. After increasing the tem-
perature of the mixture to 60 °C, 2.0 mmol of +-BuOOH were
added. The reaction was carried out for 10 h. Aliquots were with-
drawn at fixed time intervals (1 h) and analyzed by GC (Dani
1000, with a DB Waxetr column), with a FID detector. The nor-
malized amounts of styrene converted and the normalized yields
of the oxidation products were estimated by the internal stan-
dard method (n-decane). Identification of these products was
confirmed by GC-MS (VARIAN CP-3800, with a Chrompack
DB-1 column). For kinetic studies, different substrate, oxidant
and catalyst concentrations were used

3. Results and discussion

The ligands and the complexes show typical IR vibrations
[22-24] due to the v C—H bond in the range 3000-2800 cm™!
(from the C—H in the imine bridge), the v C=N and C=C
(due to the imine bond formed through Schiff condensation
of the diamines with the aldehydes, and C=C from the alde-
hyde moiety) in the range 1650-1450cm~! and v C—O within
1300-1100 cm™". After encapsulation of the complexes by the
in situ synthesis, the IR spectra of the materials show, super-
imposed on the strong bands due to the zeolite matrix, some
low intense bands that are assigned to the complexes, namely
the v C—H and v C=N and C=C vibrations, indicating that the
complexes have been formed inside the zeolite cavities.

3.1. Morphological and textural properties of the
heterogeneous catalysts

The manganese contents of the modified zeolites are summa-
rized in Table 1; the %Mn values are in the range 0.5-1% wt.
Upon in situ synthesis of the Mn complexes in the zeolites there
is a decrease in the Mn content, suggesting that during com-
plex encapsulation there is some Mn leaching. This decrease is
higher for complex encapsulation in zeolite Y, suggesting that

Table 1
Micropore volume and mesopore surface area for the prepared catalysts and
manganese percentage

Catalyst Micropore volume?, Smeso® (m? g’l) Mn® (%)
Vnic (Cm3 gil)

NaX 0.28 92

NaY 0.29 87

Mn@X 0.26 89 1.0

Mn@Y 0.29 68 0.99

[Mn(3-MeOsalen)]@X  0.24 86 0.80

[Mn(3-MeOsalen)|@Y 0.29 68 0.76

[Mn(3-MeOsalpd)|@X 0.25 75 0.76

[Mn(3-MeOsalpd)|@Y  0.27 72 0.58

[Mn(salpd)] @X 0.24 78 0.86

[Mn(salpd)]@Y 0.28 63 0.51

* From #-plot.
b Determined by ICP-AES.

it can be associated with some hydrolysis of the imine bond
of the as-formed complexes (resulting in the decomposition of
the complexes), induced by the higher acidity of this zeolite,
thus leading to lower immobilisation yield for the complexes in
zeolite Y, when compared to zeolite X.

The X-ray powder diffractograms of all materials indicate a
well crystalline FAU structure of cubic symmetry [26]; they did
not reveal any significant difference from those of parent mate-
rials as all the characteristic peaks are present and their widths at
half height are unchanged. Only a small decrease is observed in
the intensities of the peaks at 20 <20°, which is a consequence
of the redistribution of the ions in the exchanged zeolites. This
suggests that the overall integrity of the framework of the zeo-
lite has been preserved upon the encapsulation of manganese
complexes [27]; some of the XRD patterns of the synthesized
samples of zeolite NaX are shown in Fig. S1. SEM micrographs
of the modified zeolites (Fig. S2) show irregular 1-2 pm cubic
particles similarly to the parent materials, also indicating that
upon complex entrapment the crystallinity of the parent zeolites
was kept.

The nitrogen adsorption isotherms for the parent (NaX and
NaY) and the modified zeolites are typical of microporous mate-
rials [28]; however, the micropore volumes and the mesopore
surface areas of the modified zeolites (Table 1) show a decrease
when compared with the parent materials, which is a conse-
quence of the presence of metal-salen complexes within the
cavities [27], as the external cationic exchange sites are only 1%
[29]; similar observations can be found for phthalocyanine com-
plexes [29] and other salen type complexes [30]. In NaX zeolite
the observed reduction is in the range 7 and 14%, whereas in
NaY zeolites the decrease varies from 0 to 7%, when compared
with the respective parent zeolites. The difference in these val-
ues can be a consequence of the different material acidity which
result in different complexation processes.

3.2. Catalytic activity

The catalysts (metal complexes and modified zeolites) were
used in the oxidation of styrene (an electron rich olefin)
using fert-butylhydroperoxide (+-BuOOH) as the oxidant and
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Table 2
Catalytic epoxidation of styrene with neat and zeolite encapsulated complexes

Normalized Normalized yields
amounts
converted SO

BA PA PD

Neat complex®

[Mn(3-MeOsalen)]CH3;COO 5.6 2.4 3.5 0.0053 0
[Mn(3-MeOsalpd)]CH;COO 6.0 2.7 3.1 0.0036 0
[Mn(salpd)]CH3COO 38 0.51 33 0.0012 0
Zeolites with encapsulated complex”
Mn@X 11 099 6.0 338 0
[Mn(3-MeOsalen)]@X 18 49 6.6 52 2.4
[Mn(3s-MeOsalpd)]@X 13 22 20 6.1 0
[Mn(salpd)|@X 8.6 0.18 34 45 0.51
Mn@Y 10 1.5 54 33 0.016
[Mn(3-MeOsalen)] @Y 17 3.1 24 57 0.79
[Mn(3-MeOsalpd)|@Y 8.7 2.1 45 23 0
[Mn(salpd)|@Y 7.4 0.022 4.1 28 0.38

SO, styrene oxide; BA, benzaldehyde; PA, phenylacetaldehyde; PD, phenyl-1,2-
ethane-diol.

2 Amounts converted after 6 h of reaction time per mole of Mn.

b Amounts converted after 8 h of reaction time per mole of Mn.

dichloromethane as the solvent, at 60 °C. The results are com-
piled in Table 2 and in Figs. 1-3 are depicted the normalized
amounts converted and the normalized yields as a function of
reaction time; these parameters are defined, respectively, as:

ngtstty /PMvn and Rproduct/vn, Where Xty is the styrene con-

version, ngty the initial amount of styrene, nproduct the amount of

product, and ny, the amount of Mn in the catalyst.

The experimental results show that all the complexes are
active in the homogeneous oxidation of styrene, with benzalde-
hyde (BA) as the major oxidation products, followed by stryrene
oxide (SO), similarly to literature [31,32]; some polymer forma-
tion was also observed.

The normalized amounts converted and epoxide normal-
ized yield are higher for the complexes functionalized with the
methoxyl group in the aldehyde moiety. This increase cannot be
assigned only to an electronic tuning of the catalyst performance,
as there are some small differences in the solubility of complexes
in the reaction medium, which influence the rate of their catalytic
reaction: the complexes functionalized with methoxyl groups
show similar solubility [Mn(3-MeOsalpd)]CH3COO ~ [Mn(3-
MeOsalen)]CH3COO which is higher than that of the non-
functionalised complex [Mn(salpd)]JCH3COO. Nevertheless, at
the end of the first catalytic cycle there is a change in the colour
of the solution from light brown to dark brown, suggesting the
decomposition of the molecular catalysts.

Upon encapsulation the complexes are still active in the oxi-
dation of styrene (Figs. 2 and 3) with product distributions
similar to the homogeneous reactions, except for the presence
of phenylacetaldehyde (C) (Scheme 2), formed via ring opening
of phenyloxirane on acid sites of the zeolites [32], and phenyl-
1,2-ethane-diol.

Among the heterogeneous catalysts, those based in zeolite X
have higher conversions and styrene oxide normalized yields, the
material [Mn(3-MeOsalen)]@X being the most active catalyst.
The latter result can be a consequence of the higher acidity of
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Fig. 1. (a) Styrene normalized conversion and (b) normalized yields in styrene
oxide with the free complexes.

the zeolite Y, when compared with zeolite X, which will induce
epoxide ring opening.

The heterogeneous catalytic activity follows the trend:
[Mn(3-MeOsalen)] @X > [Mn(3-MeOsalpd)] @ X > [Mn(salpd)]
@X; a similar trend is observed for the NaY based zeolites.
As in homogeneous phase, the complexes functionalized
with methoxyl groups have higher catalytic activity than the
non-functionalised complex, [Mn(salpd)]. Nevertheless, for the
functionalized complexes, that with the smaller imine bridge,
[Mn(3-MeOsalen)], has higher catalytic activity.

At the end of the first catalytic cycle, there was no colour
change of the solution or catalysts, suggesting that no decom-
position of the complexes took place during the reaction. The
materials were easily separated from the reaction medium, and
the observation that no further styrene conversion occurred upon
removal of the heterogeneous catalyst from the reaction medium
subsequent to 3 h of reaction indicates that styrene oxidation is
catalyzed essentially by the encapsulated metal complexes, and
that no leaching of the active species have occurred during the
catalytic cycle.
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Fig. 2. (a) Styrene normalized conversion with the modified zeolite X and (b)

normalized yields in benzaldehyde, styrene oxide and phenylacetaldehyde of

the [Mn(3-MeOSalen)|@X.

Styrene oxidation in homogeneous medium was stud-
ied by electronic spectroscopy, using the complex [Mn(3-
MeOsalen)]CH3COO in dichloromethane. When r-BuOOH was
added to the reaction mixture the band maximum due to the
complex, initially at A =410 nm, shifted to A =430 nm, confirm-
ing the formation of a metal-based catalytic active intermedi-
ate (Fig. 4), as reported in literature [33,34]. The intermediate
species is a metalloxo manganese complex with high-valence
Mn(V)=0) [14,15,32]; this active intermediate is generally
favoured with early transition metals (Mo(VI), W(VI) and V(V))
and many first row transition metals, including manganese, fol-
low such metal oxo-catalysed route. The intensity of this band
increases as a consequence of products formation and the t-
BuOOH decomposition.

The mechanism for the oxidation of styrene via a Mn(V)=0
intermediate, when using r~-BuOOH, usually involves two path-
ways with different ~-BuOOH molecularity [34,35]. The pro-
posed mechanism for the catalytic reaction studied in this work
with the homogeneous catalyst is described in Scheme 3: (i)
a radical chain reaction (one electron transferred), leading to
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Fig. 3. (a) Styrene normalized conversion with the modified zeolite Y and (b)
normalized yields in benzaldehyde, styrene oxide and phenylacetaldehyde of
the [Mn(3-MeOSalen)]| @Y.

benzaldehyde, in which the --BuOOH molecularity is 2; (ii) an
oxidation reaction (two electrons transferred), leading to styrene
oxide, with ~BuOOH molecularity equal to 1. The oxygen trans-
fer from species (d) to species (e) is the limiting step. The role of
CH;Cl; in the mechanism was not evaluated. Taking into con-
sideration that the concentration of species (d) is much lower
than that of species (a) (Scheme 3), the following rate law can

é é é Eg+ others + C(CH ,),0H
[Mn(R)-Salen))@Z

t-BuOOH

styrene tert-butylalcohol

Scheme 2. Products of the catalytic oxidation of styrene in the presence of the
encapsulated complexes: (A) benzaldehyde; (B) styrene oxide; (C) phenylac-
etaldehyde. The term “others” includes phenyl-1,2-ethane-diol and polymeric
products of low molecular weight. The mass balance deficiency is the result of
acetophenone and the polymeric products.
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Absorbance

[Mn(3-MeOSalen)]CH,COO |410
300 ‘ 400 ] 500
wavelength (nm)

Fig. 4. Electronic spectra for the homogeneous oxidation of styrene by [Mn(3-
MeOsalen) CH3COO], taken at increasing reaction times. The spectrum of the
catalyst in solution is given for reference.

be obtained for the production of styrene oxide:

ks K K5[Styl[catalyst]{[C(CH3);00H]/[C(CH3);OH])

rate I+ K1{[C(CH3);00H]/[C(CH3);0H]}
where k4 is the rate constant, Kj and K3 equilibrium constants,
and [X] is the concentration of compound X.

Kinetic studies were performed with the heterogeneous cata-
lyst [Mn(3-MeOsalen)] @X, as it was the most active catalyst in
the oxidation reaction. The kinetics of the oxidation of styrene

LMil" + C(CH;)00H <€» LMi'=0 + C(CH,); (1)
(a)
2C(CH;)300HL1- C(CH,),0" + C(CH,),00" + H,0 )
Mn
OOC(CH,),
= J i o
+ C(CH,),00" <K (3)
Styrene
OOC(CH,),

5 (g + * C(CHy), 4)
00"
. H /O
= é + CH,O (5)

(c) Benzaldehyde
=

é + LMn'=0 -1‘—‘- LMnV(O)(CRHs) (6)

Styrene (a) - (d)

LMn"(OXCgHy) = LMnW(O -CgHy) (7)
(d)

LMnY(O -CH,) fasts + L™ (8)
(e) Styrene Oxide

Scheme 3. Proposed mechanism for oxidation of styrene with manganese salen
complexes in the presence of +-BuOOH.

Table 3
Epoxidation of styrene by [Mn(3-MeOsalen)]@X under different reaction
conditions

Near (mmol)  nsyy (MoOl)  nBuooH T(¢C) rx10°
(mol) (molh~! g1

Catalyst effect

1 0022 0.0020 0.0020 60 7.11

2 0.015 0.0020 0.0020 60 4.95

3 0.007 0.0020 0.0020 60 2.16

4 0.003 0.0020 0.0020 60 0.858
Substrate effect

1 0010 0.0040 0.0020 60 9.54

2 0010 0.0020 0.0020 60 5.52

3 0010 0.0010 0.0020 60 2.36

4 0.010 0.0005 0.0020 60 1.17
tert-Butylhydroperoxide effect

1 0010 0.0020 0.0080 60 11.1

2 0010 0.0020 0.0040 60 8.21

3 0010 0.0020 0.0020 60 5.52

4 0.010 0.0020 0.0015 60 4.56
Temperature effect

1 0010 0.0020 0.0020 40 1.23

2 0.010 0.0020 0.0020 50 2.56

3 0010 0.0020 0.0020 60 5.52

4 0.010 0.0020 0.0020 70 10.2

catalyzed by [Mn(3-MeOsalen)] @X were investigated by vary-
ing the concentrations of catalyst, substrate and oxidant, and
temperature, and the results are summarised in Table 3.

The rates of oxidation of styrene, in all the experiments, were
evaluated graphically from the amount of styrene converted as
function of time. From the data presented in Table 3, first order
with respect to both the substrate and the catalyst is suggested,
but a reaction order of 1/2 is found with respect to the oxi-
dant. These results are in good agreement with the rate law
deduced for homogeneous phase reaction, since a first order
dependency was observed with respect to [Sty] and [catalyst]r,
whereas the reaction order with respect to [+-BuOOH] is frac-
tionary. In this context, we can conclude that the same reaction
mechanism must occur in heterogeneous phase. Further con-
firmation for the proposed mechanism can be gathered from
the experiments where the oxidant quantity was varied. In fact,
because in the proposed mechanism there are two paths that have
different --BuOOH molecularity that leads to different products
(benzaldehyde and styrene epoxide) it would be expected that
the variation of the oxidant concentration in the reaction medium
would lead to different chemoselectivity: in the present case,
an increase in the concentration of the oxidant should lead to a
decrease in the styrene oxide selectivity. Table 4 summarizes the

Table 4
SO normalized yield as a function of the oxidant number of moles

Experiment nyBuooH (mol) SO normalised yield
1 0.0080 2.0
2 0.0040 3.5
3 0.0020 4.9
4 0.0015 6.0
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styrene oxide normalised yields as a function of the --BuOOH
quantity used in the catalytic reaction. Analysis of the data con-
firms the expected results based in the proposed mechanism: the
increase in ~-BuOOH quantity favours the radical chain reac-
tion, leading to benzaldehyde and thus decreasing the styrene
oxide. The key conclusion to be drawn from this study is that
when using Mn(Ill)salen catalysts coupled to t-BuOOH as the
oxygen source in the oxidation of alkenes, the chemoselectivity
of the epoxide is improved when the content of ~-BuOOH in the
reaction medium is kept in deficit with respect to the catalyst
content.

4. Conclusions

Salen complexes of manganese(III) were encapsulated in the
supercages of zeolites X and Y by the flexible ligand method
with preservation of the zeolite cristallinity and morphology.

Both neat and encapsulated manganese(Ill) complexes were
active in the oxidation of styrene using ~-BuOOH as the oxygen
source under mild conditions and the catalytic activity pattern
did not change upon encapsulation: the major product was ben-
zaldehyde, followed by styrene epoxide.

Electronic spectroscopy was used to probe the mechanism
of styrene oxidation in homogeneous media using the complex
[Mn(3-MeOsalen)][CH3COO in dichloromethane. The results
suggest a mechanism via a Mn(V)=0 intermediate, involving
two pathways with different -BuOOH molecularity: a radical
chain reaction which originates mainly benzaldehyde and an
oxidation reaction leading to styrene oxide; the respective rate
law was deduced.

The kinetics of the heterogeneous oxidation of styrene cat-
alyzed by [Mn(3-MeOsalen)]@X were investigated by varying
the concentrations of catalyst, substrate and oxidant, and temper-
ature. The results were in agreement with the rate law deduced
for the homogeneous reaction, suggesting that the same mech-
anism of the homogeneous phase catalytic reaction is operative
upon encapsulation of the complexes.
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