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Abstract The chiral Mn(Ill) salen complex (Cl) was
immobilised onto a natural clay (BEN) and a porous clay
heterostructure (PCH) functionalised with 3-aminopropyl-
triethoxysilane (APTES). FTIR, XPS and Mn chemical
analysis confirm the C1 anchorage in both materials, but
with higher efficiency in BEN_APTES clay. The catalytic
activity of C1@BEN_APTES and C1@PCH_APTES,
was assessed in the epoxidation of styrene (sty) and
oc-methylstyrene (e<-Mesty) using NaOCl and m-chloro-
peroxybenzoic acid  (m-CPBA)/N-methylmorpholine-
N-oxide (NMO). Both materials behave as moderate
catalysts, show high epoxide selectivity but low enantio-
meric excesses. In the case of sty epoxidation with
m-CBPA/NMO the C1 @PCH_APTES catalyst showed the
highest catalytic activity, whereas in «<-Mesty epoxidation,
the C1@PCH_APTES catalyst, although leading to lower
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substrate conversion than the BEN analogue, presented the
lowest complex leaching. In all cases, the oxidant NaOCl
had some destructive effect in the hybrid catalysts, high-
lighting the importance of a careful choice of catalyst and
oxidant system.

Keywords Mn(salen) complexes - Covalent
immobilisation - Clay based materials -
Heterogeneous epoxidation - Alkenes

1 Introduction

Chiral Mn(IIl) salen transition metal complexes have
become a matter of long-term interest due to their scope of
applications as homogeneous catalysts in asymmetric
epoxidation of unfunctionalised alkenes. The separation
and recycling of homogeneous catalysts is problematic,
making the entire catalytic process economically nonviable
for industrial processes. Therefore, the heterogenisation of
homogeneous catalysts has become an important strategy
to obtain supported catalysts that retain the homogeneous
catalytic sites with the advantages of easy separation and
recycling. Up to date many studies on the heterogenisation
of chiral Mn(IIl) salen complexes have been performed.
These include Mn complex immobilisation onto organic
polymers [1-3] and inorganic porous solids [4—13]. Cata-
lytic studies with immobilised chiral Mn(III) salen com-
plexes revealed that the local environment inside the pores
and the pore size of the supports affect the enantioselec-
tivity of the catalysts in epoxidation reactions. On the other
hand, and concerning the properties of the porous supports,
their chemical stability in the catalytic reaction conditions
is also an important issue. In fact, particularly in oxidation
reactions, some oxidants may have a pernicious effect on
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Scheme 1 Anchoring methods
followed in the immobilisation

N [¢]
of C1 onto clay based materials 0OC,Hs; S 7
CH0._ | _OCH; ’
2Hs 2 =N N=
OH N OH Vg OH
} C4Hy 07 &0 C,Hy
C,H CH HO,
NH 4Hy 4ty \
on N o—si™>"NH
HO o o =0
oH 0—si ™" NH,
o}
HO A
N
BEN BEN_APTES
7,
PCH PCH_APTES SO
Mn
C.Hy 07 ¢ o CaHy

the stability of the support structure, which may lead to its
partial collapse [14].

Recent studies on clay based materials have been
focused in the preparation of stable materials with larger
pores than those of the more traditional zeolites. This is at
least the case when the conventional procedures of pillaring
are employed, that is, by exchanging a swelling clay with an
oligomeric cation and calcinating the resulting material to
produce a pillared clay (PILC) [15]. In the last decade, and
particularly in a limited number of studies, a different
approach was followed to obtain porous materials from
clays, by combining the pillaring and the templating
approaches [16—18]. The obtained solids are usually refer-
red to as porous clays heterostructures (PCHs), and have
specific surface areas in the range of 700-1,000 m* g~ and
high thermal stability, being prepared by surfactant-directed
assemblies of silica in the two dimensional interlayer
spacing of clays. In the first step of the PCHs preparation,
the clay is expanded by exchange with an ionic surfactant,
such as cetyltrimethylammonium bromide (CTAB), to
allow an easier access to the interlayer region. A neutral
amine is then intercalated, together with a silicate source
such as tetraethylorthosilicate (TEOS). The silicate source
partially displaces the neutral amine, and the interactions
between the surfactants and the silicate ions are believed to
give rise to micellar assemblies in the clay interlayer space.
The organic components are then removed by calcination.
Up to now a large variety of organo-clays have been syn-
thesised using different surfactants and their structures have
been characterised using various techniques, [19, 20]
including powder X-ray diffraction (PXRD), Fourier
transform infrared spectroscopy (FTIR) and X-ray photo-
electron spectroscopy (XPS).

Herein, we describe the immobilisation by covalent
bonding of a chiral Mn(IIl) salen complex (C1) onto a
natural clay (BEN) and a PCH using APTES as the reactive
surface modifier, Scheme 1. To allow the maximum
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conformational mobility of the complex which is necessary
to obtain a high level of asymmetric induction, the grafting
was performed through a pendant arm of the Mn complex
imine bridge. After the physicochemical characterisation,
the heterogeneous catalysts were tested in the epoxi-
dation of styrene and o<-methylstyrene using NaOCI and
m-CPBA/NMO as oxygen sources.

2 Experimental
2.1 Solvents and Reagents

The compounds, 3-aminopropyltriethoxysilane (APTES),
I-hydroxybenzotriazole hydrate, N,N’-dimethylformam-
ide, diisopropylethylamine, 1,3-diisopropylcarbodiimine,
chloroform, styrene (sty), oc-methylstyrene (e<-Mesty),
chloroperoxybenzoic acid (m-CPBA), N-methylmorpho-
line-N-oxide (NMO) and NaOCl were from Aldrich.
Dichloromethane and toluene (UV-Vis spectroscopic grade)
were from Romil. The multi-step synthesis of salen ligand
and its Mn(IIT) complex have been reported elsewhere [21].

2.2 Preparation of Materials

A portuguese clay (BEN) was used as starting material; its
characterisation has been reported elsewhere; [22] the
preparation and characterisation of the PCH has also been
previously described in ref [18].

2.2.1 APTES-Modification of Supporting Materials

The APTES-functionalisation of BEN and PCH was per-
formed by the following procedure: 1.6 g of BEN or PCH
was added to a solution of 0.4 cm® (1.7 mmol) of APTES
and 15cm’® of toluene and refluxed for 48 h in
argon atmosphere. The obtained materials, denoted as
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BEN_APTES and PCH_APTES, were separated by cen-
trifugation, washed with dichloromethane and finally dried
at 120 °C for 24 h.

2.2.2 Immobilisation of C1 Onto Organo-Modified
Supports

The immobilisation of C1 in the APTES-modified materials
was performed by the following method: a mixture of 0.1 g
of C1 (0.15 mmol), 20 cm® of N,N’-dimethylformamide,
0.0041 g 1-hydroxybenzotriazole hydrate, 0.052 cm®
diisopropylethylamine, 0.8 g of BEN_APTES or PCH_
APTES and 0.026 cm® of 1,3-diisopropylcarbodiimine in
30 cm? of chloroform [23] was stirred at room temperature
for 15 h. The materials were separated by filtration, washed
with 40 cm® of chloroform one time, with 40 cm® of N,N'-
dimethylformamide twice, and again with 40 cm® of chlo-
roform; they were dried at 120 °C overnight. The final
materials are denoted as C1@ BEN_APTES and C1@
PCH_APTES.

2.3 Characterisation Methods

The Mn content was determined by atomic absorption
spectroscopy (AAS) in a Pye Unicam SP9 spectrometer.
Typically one sample of 20 mg of solid, previously dried at
100 °C, was mixed with 2 cm® of aqua regia and 3 cm® of
HF (Riedel-de-Haén, 48%) for 2 h at 120 °C, in a stainless
steel autoclave equipped with a polyethylene-covered
beaker (ILC B240). After reaching room temperature the
solution was mixed with about 2 g of boric acid (Fluka, 99,
9%) and finally adjusted to a known volume with deionised
water.

XPS was performed at “Centro de Materiais da Uni-
versidade do Porto” (Portugal), in a VG Scientific ESCA-
LAB 200A spectrometer using non-monochromatised Al
Ko radiation. All the materials were compressed into pellets
prior to the XPS studies. In order to correct possible devi-
ations caused by electric change of the samples, the C 1 s
line at 285.0 eV was used as the binding energy reference.
The XPS spectra were fitted using a Gaussian—Lorentzian
line shape, Shirley background [24, 25] and damped non-
linear least-squares procedure. The line width of peaks (full
width at half maximum—fwhm) was optimised for all
components in individual spectra.

The FTIR spectra of diluted powders (4% in KBr,
Sigma—Aldrich, spectroscopic grade) were obtained in the
range of 4,000-400 cmfl, with a Jasco FT/IR-460 Plus
spectrophotometer; all spectra were collected with a reso-
lution of 4 cm™" and 256 scans.

The powder X-ray diffractograms were obtained in a
Philips PX 1730 diffractometer using Cu K« radiation.
Oriented mounts were prepared by the powders deposition

in glass slides after dispersion under sonication. In the case
of the PCH based materials, diffraction peaks were not
detected. This experimental fact was already mentioned in
the literature [18, 25] and is due to the poor long range
order that PCHs usually present.

The specific surface areas, micro and mesoporous vol-
umes were obtained by the BET and #-method, respec-
tively, [26] from nitrogen adsorption isotherms at —196 °C
determined in an automatic apparatus Micromeritics,
ASAP 2010. Before the measurements, the samples were
outgassed in vacuum at 150 °C for 2.5 h.

The GC-FID chromatograms were obtained with a
Varian CP-3380 gas chromatograph using helium as carrier
gas and: (i) a fused silica Varian Chrompack capillary
column CP-Sil 8 CB Low Bleed/MS (30 m x 0.25 mm
i.d.; 0.25 pm film thickness) or (ii) a fused silica Varian
Chrompack capillary column CP-Chiralsil-Dex CB
(25 m x 0.25 mm i.d.; 0.25 pm film thickness) for quan-
tification of enantiomeric excesses (ee) of the epoxides.
Temperature program for alkenes epoxidation reactions:
60 °C for 3 min, increase of temperature at 5 °C min~!
until 170 °C; wait at this temperature for 2 min and then
increase at 20 °C min~'to 200 °C and finally stay at this
temperature for 10 min; injector temperature, 200 °C;
detector temperature, 300 °C. The peaks assignment of the
catalytic reaction products was performed by comparison
with commercial samples.

2.4 Catalytic Experiments

The activity of the catalysts in the epoxidation of alkenes
was studied at 0 °C (ice bath) under constant stirring and
using the following reagents quantities: 0.500 mmol of sty
or «<-Mesty (substrate), 0.500 mmol of chlorobenzene (GC
internal standard) and 0.100 g of heterogeneous catalyst in
5.00 cm® of dichloromethane. Because substrates used show
different reactivities towards the oxidants, different experi-
mental conditions were used. For NaOCI reactions the
substrate:NaOCI ratio was 2:3, [5] for m-CPBA reactions
combined with NMO the substrate:m-CPBA:NMO ratio was
1:2:5 [27-29]. When the oxidant was NaOCI, the solution
was buffered to pH 11 (Na,HPO, + NaOH), to minimise
formation of chlorinated products [30]. During the catalytic
experiment 0.1 cm’ aliquots were taken from the reaction
medium, with a hypodermic syringe, filtered through 0.2 pm
syringe filters, and directly analysed by GC-FID. After the
essay, the catalysts were sequentially extracted/centrifuged
3 x 10 cm® of methanol and 3 x 10 cm® of dichloro-
methane and then dried in an oven at 100 °C overnight, and
characterised by FTIR and N, adsorption isotherms. The
catalytic reactions were also performed under similar con-
ditions using APTES-functionalised supports without any
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added complex: in all cases no significant substrate con-
versions were observed and no ee were detected.

The reaction parameters alkene conversion (%C), epox-
ide selectivity (%Scpoxide), turnover number (TON), turnover
frequency (TOF) and %ee were calculated using the fol-
lowing formula, where A stands for chromatographic peak
area: %C = {[A(alkene)/A(chlorobenzene)].—o,-[A(alkene)/
A(chlorobenzene)],—xn} x 100/[A(alkene)/A(chloroben-
zene)]i—on, %Sepoxide = A(epoxide) x 100/[A(epoxide) +
> A(other reaction products)], TON = %C x S cpoxide X
n(alkene);—on/n(Mn), TOF = TON/reaction time and %ee =
[A(major enantiomer)-A(minor enantiomer)] x 100/[A(major
enantiomer) + A(minor enantiomer)].

3 Results and Discussion
3.1 FTIR Spectroscopy

Figures la, b show the FTIR spectra of the parent and
organo-modified clay materials in the relevant region of
2,000-500 cm™'. In the high energy range of 4,000—
2,000 cm ™! (not shown) the FTIR spectrum of BEN has
the typical intense and large bands at 3,620 cm ™' assigned
to the surface hydroxyl groups from Al-OH and Si—OH
stretching vibrations and bands at 3,410 cm™! due to
hydrogen bonded O-H stretching vibrations. Similarly, the
FTIR spectrum of PCH shows a very broad, unsymmetrical
band at about 3,400 cm™', which is composed by at least
the two overlapping components observed in BEN spec-
trum. In the 2,000-500 cm™' region both clay materials
show a band attributed to physisorbed water in the range of
1,630-1,640 cm_l, as well as bands assigned to clay lattice
vibrations around 1,080 cm ™" due to asymmetric stretching
of Si—O-Si linkage of the SiO, tetrahedra, around
950 cm ™' due to Si—OH stretching vibrations and around
802 cm™! assigned to O-Si-O stretching.

The FTIR spectra of BEN_APTES and PCH_APTES
show, besides the typical vibration bands attributed to the
parent clay materials, new bands in the high energy range
of 3,000-2,800 cm™! (not shown) due to asymmetric and
symmetric vibrations of CH, units from grafted APTES
[30-32]. Additional evidence for the APTES functionali-
sation can be gathered from the appearance of bands in the
1,630-1,020 cm™! region, Fig. 1, assigned to C-H and
NH, bending vibrations of the grafted APTES [33, 34].
The band at 730 cm ™" is usually attributed to NH, coupled
with Si—C stretching vibrations; [35] the peak at 695 cm™'
is due to overlapped CH, and Si—O vibrations [36].

Upon the clays modification, the intensity of the peak
due to physisorbed water (in the range 1,630-1,640 cm™ ")
decreases with broadening. The intensity decrease is the
result of the decrease of the amount of physisorbed water in
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Fig. 1 FTIR spectra of the parent materials, organo-modified and
with anchored complex C1 in the 2000-500 cm ™" region: (a) / BEN,
2 BEN_APTES, 3 C1@BEN_APTES; (b) / PCH, 2 PCH_APTES,
3 C1@PCH_APTES

the clay lattice as a consequence of APTES grafting reac-
tion between the organosilane ethoxyl groups and the clays
surface hydroxyl groups. The broadening effect may be due
to the overlapping of new bands at ca. 1,600 cm™' char-
acteristic of NH, bending vibrations of APTES [37] and
vibrations of protonated amines (NH;" group) around
1,610 cm™ ', eventually formed during the APTES grafting
reaction [37].

The FTIR spectrum of Cl1@BEN_APTES (Fig. la)
shows some changes compared to BEN_APTES material.
A new asymmetric band centred at 1,658 cm™' appears,
composed by at least two bands, one at 1,634 cm ™' assigned
to physisorbed water, and other at 1,658 cm™! which can be
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due to the C=0 and C=N stretching vibrations from the
anchored C1 complex. Moreover, new weak bands are
observed at 1,438, 1,418, 1,391 and 1,211 cm ™! that can be
assigned to the anchored complex, since their frequencies are
quite similar to those of the free complex [22]. The changes
in the FTIR spectrum of C1@PCH_APTES are similar to
those observed for C1 @BEN_APTES, although with less
intensity, anticipating that the complex anchored in this
material is in lower quantity: the FTIR spectrum shows a new
asymmetric band centred at 1,655 cm~! and also new
vibrations at 1,439 and 1,389 cm”! confirming the immo-
bilisation of C1 in PCH material. Both spectra are relatively
unchanged in the 1,000-500 cm ™' region, confirming that
C1 has been successfully grafted onto BEN_APTES and
PCH_APTES without significant changes in the clays
structure.

3.2 XPS

In Table 1 is summarised the surface elemental composi-
tion of all the BEN and PCH based materials obtained by
XPS; the core level binding energies and fwhm obtained by
deconvolution of the XPS high-resolution spectra are pre-
sented in Table S1, Supplementary Material.

The high-resolution XPS spectra of the original mate-
rials show a band in the Si 2p region corresponding to
silicon from the clay tetrahedral sheets. For PCH this band
is asymmetric, with the less intense component at 100.0 eV
being assigned to colloidal silica [38]. In the O 1 s region,
both materials show a symmetric band at 532.3 eV for
BEN and 533.2 eV for PCH due to single bonded oxygen
from the clays lattice. A band centred at 74.9 eV (BEN)
and 73.8 eV (PCH) is observed in the Al 2p region, which
is due to AI’* cations in the clay sheets. Moreover, in the C
1 s region low intensity bands are observed at 285.0 eV
and 287.6 eV due to impurities.

The grafting of APTES onto BEN and PCH leads to an
increase in the carbon and nitrogen surface contents and a
decrease in the oxygen content, Table 1. The high-resolution
spectra of both functionalised materials show an asymmetric

bandinthe C 1 sregion which can be deconvoluted into three
components: two peaks at 285.0 and 288.3-287.9 eV due to
carbon already present in the parent materials (impurities)
and an additional band at 286.5-286.0 eV which can be
attributed to C—N from APTES [39, 40]. Moreover, the peaks
at 400.0 and at 402.3-402.0 eV in the N 1 s region are
attributed to —NH, and protonated amine groups, respec-
tively, [37].

The material C1@BEN_APTES reveals, besides the
elements already present in the parent material, the exis-
tence of manganese and chlorine elements due to the
anchored Mn complex; the complex immobilisation also
induce an increase in the atomic % of carbon and nitrogen.
The Al/Si ratio in C1@BEN_APTES is the same as in the
parent and APTES modified BEN, confirming that no
disruption of the clay structure took place upon the com-
plex immobilisation. The comparison of Mn content
obtained from XPS and AAS (surface vs. bulk contents,
Table 2) suggests that the complex is mainly anchored onto
the support external surface, since the surface content
(67 pumol gfl) is higher that the bulk one (27 pmol gfl);
this is an expected results since APTES functionalisation
occurs at the surface hydroxyls groups located at the edges
of the clays layers, and thus the complex is anchored
through the grafted spacer [40].

The material C1 @ PCH_APTES show very small atomic
% of manganese and to chlorine (that were unable to simu-
late, see Table S1), besides de other elements already pres-
ent, what anticipates a lower surface content of Mn complex
in this material compared with the C1@BEN_APTES. In
this material the complex immobilisation also leads to an
increase in nitrogen and carbon atomic %, although in this
latter value the % increase is much higher than that expected
from complex anchoring, which is probably a consequence
of an organic contamination The Mn content was determined
by AAS, Table 2, and the obtained value of 2 pmol g~
confirms that in fact a smaller amount of complex has been
anchored within PCH when compared with BEN parent
materials. The comparison between surface (16 pmol g~ ')
vsbulk (2 umol g~') Mn contents, Table 2, suggests that the

Table 1 Atomic percentages of selected elements obtained by XPS for clay based materials

Material Atomic %

Cls Nls Ols Mg ls Al 2p Si 2p Cl 2p Mn 2ps,, Fe 2p Al/Si Mn/Si
BEN 9.5 0.3 56.8 2.0 6.7 235 1.1 0.3
BEN_APTES 14.2 22 54.6 2.0 5.6 21.1 0.4 0.3
C1@BEN_APTES 20.7 3.0 473 1.4 5.8 20.5 0.2 0.1 0.9 0.3 0.005
PCH 9.4 0.9 57.5 0.3 0.3 31.5 0.1 0.01
PCH_APTES 75 22 57.1 0.1 0.6 31.7 0.1 0.02
C1@PCH_APTES 22.3 2.7 453 0.1 0.6 28.8 0.03* 0.03* 0.1 0.02 0.001

* Estimated from very small intense signals
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Table 2 Bulk and surface Mn contents determined by AAS and XPS,
before and after catalytic tests

Material Mn content
(umol g~
Conditions: Substrate/ AAS XPS*
oxidant —_—
Before After Before
C1@BEN_APTES 27 67
o-Mesty/NaOCl 11
sty/m-CPBA 28
o-Mesty/m-CPBA 12
C1@PCH_APTES 2 16
o-Mesty/NaOCl b
sty/m-CPBA

o-Mesty/m-CPBA

* Mn surface content per weight of sample (before catalytic tests)
calculated from XPS data in Table 1: pmol Mn/weight of sample =
atomic % Mn/[atomic % C x Ar(C) + atomic % N x Ar(N) +
atomic % O x Ar(O) 4+ atomic % Mg x Ar(Mg) + atomic %
Si x Ar(Si) 4+ atomic % Al x Ar(Al) + atomic % ClI x Ar(Cl) +
atomic % Mn x Ar(Mn) + at% Fe x Ar(Fe)]

® Mn content below the AAS analysis detection limit

complex is anchored in the material outer pores. The low
complex bulk content in PCH compared to BEN and the fact
that surface is higher than the bulk contents suggest the
existence of pore diffusion constraints to complex immobi-
lisation within PCH pores, induced by some pore blocking
caused by APTES grafting (see below in 3.3 section). Sim-
ilarly to BEN based material, the Al/Si ratio in
C1@PCH_APTES is the same as in the parent and APTES
modified PCH, confirming that no disruption of the material
structure took place upon the complex anchoring.

3.3 Textural Properties

When comparing the X-ray diffractograms of the parent
BEN and BEN_APTES samples, Fig. 2, it is possible to
observe that the peak assigned to the basal spacing (dyo1)
which is initially near 2 = 6° (curve 1) is shifted to lower 2
values (curve 2). This can be interpreted as a result of the
APTES grafting not only in the clay sheets borders but also
in the clay interlayer region at least in some extension,
leading to some degree of expansion of the interlayer
region. A similar situation was also reported in the litera-
ture for other types of montmorillonite clays [41]. Fur-
thermore, a further shift to low 2 values is observed after
complex anchoring (curve 3). The peaks in curves 2 and 3
are broader than that of the initial BEN, as a consequence
of higher heterogeneity of the basal spacing among various
clay crystallites.
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Fig. 2 X-ray diffractograms of BEN based materials: / BEN, 2
BEN_APTES, 3 Cl1@BEN_APTES. The curves 4 and 5 stand for
C1@BEN_APTES after the catalytic reaction with a-Mesty/NaOCl
and a-Mesty/m-CPBA/NMO, respectively

The N, adsorption isotherms at —196 °C are given in
Fig. 3a for BEN based samples. As expected, and already
discussed in the literature, [42] the curve for the parent
BEN (curve 1) is essentially a curve typical for a non-
porous material, as revealed also by the low specific sur-
face area of 37 m? g~ !, Table 3. The observed desorption
hysteresis is mainly due to the adsorption in spaces formed
by the aggregation of the clay micro-particles. After
modification of the BEN material with APTES and C1, the
specific surface area is successively reduced as a conse-
quence of the different arrangements in the crystallite
aggregates, as already reported for other clays [41]. In fact,
the very low surface area of the sample with the complex
(see Table 3), precluded the accurate determination of the
complete adsorption isotherm for this sample.

In the case of the PCH based materials (Fig. 3b), the
isotherm is of a mixed type I + II, according to the ITUPAC
classification, [26] due to the types of porosity of PCHs,
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Fig. 3 Nitrogen adsorption isotherms at —196 °C of (a): / BEN, 2
BEN_APTES, and (b): / PCH, 2 PCH_APTES, 3 C1@PCH_APTES.
The curve 4 in (b) stands for C1@PCH_APTES after the catalytic
reaction of a-Mesty/NaOCI. Open symbols (open circle), adsorption;
solid symbols (closed circle), desorption

Table 3 Specific surface areas (Aggr), microporous volumes (Viicro)
and mesoporous volumes (V.s) estimated from the nitrogen
adsorption isoterms at —196 °C

Material ABET Vmicro Vmeso
(m> g ") (cm® g™ (em® g7)

BEN 37

BEN_APTES 17

Cl1@BEN_APTES 9

PCH 605 0.29 0.14
PCH_APTES 88 0.02 0.09
Cl1@PCH_APTES 81 0.03 0.11

which present micro and mesopores and for which the
porosity is in the transition region between micro and
mesopores [42]. The modification with APTES clearly
reduces the available porosity of the sample (curve 2). In
fact, the total porosity (micro + mesopores) is reduced to
about 1/3 of the initial value. Further reduction is observed
upon the complex anchorage.

3.4 Catalytic Activity

The catalytic activity of the new materials was tested in the
epoxidation of sty and o-Mesty, using NaOCl and
m-CPBA/NMO as oxygen sources; the results are sum-
marised in Table 4.

Under the experimental conditions used it is possible to
see that the catalyst Cl1@BEN_APTES has a very low
substrate conversion when NaOCI is used as the oxidant,
but for all the other conditions C1@BEN_APTES and
C1@PCH_APTES are active in the epoxidation reactions
of the two alkenes, although with %C in the range of
14-33%. Moreover, all the catalysts show high epoxide
selectivities, 71-84% (except for reactions using NaOCl as
oxygen source), but exhibit low %ee. In general, the
epoxidation of sty with m-CPBA/NMO as the oxidant system
reaches the maximum of substrate conversion faster than
with a-Mesty for both catalysts. In terms of substrate con-
versions and selectivities, when using the m-CPBA/NMO,
the C1 @PCH_APTES catalyst presents higher sty conver-
sion and epoxide selectivity than the C1@BEN_APTES
counterpart, but with «-Mesty substrate the opposite ten-
dency is observed with the latter catalyst being the most
efficient one. To the best of our knowledge, there is only one
example in literature that can be directly compared with our
results: the complex was immobilized in HMS using the
same anchoring methodology, [21] and tested in the enan-
tioselective epoxidation of m-CPBA/NMO. Although the
reaction time was 4 h, only 1% was obtained for ee% value.
This complex was also immobilized through a similar spacer
into an organic polymer, but its catalytic activity was tested
using a more reactive substrate (6-cyano-2,2-dimethyl-
chromene) in conjunction with m-CPBA/NMO, leading to
higher substrate conversion % (72%) and higher ee% (86%)
[43].

The catalytic reactions using C1@PCH_APTES have
longer reaction times than C1 @ BEN_APTES, probably as
a consequence of the lower Mn content of the former
catalyst. It is worthwhile to mention that, even though
C1@PCH_APTES has much lower Mn content than
C1@BEN_APTES, their %C are of the same magnitude,
and consequently the TON and TOF values are much
higher for the former catalyst, suggesting that the immo-
bilised C1 in PCH behaves as a more efficient catalyst.
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Table 4 Enantioselective epoxidation of Sty and a-Mesty catalysed by immobilised C1?

Material Substrate Oxidant * (h) % C* Epoxide® Others® Yoee TON TOF (h™ 1)
%S %Y %S %Y
C1@BEN_APTES a-Mesty NaOCl 5 2 19 1 81 1 65 1 0.2
a-Mesty m-CPBA 9 29 80 23 20 6 3 4 0.4
Sty® m-CPBA 6 14 71 10 29 4 5 18 3
C1@PCH_APTES o-Mesty NaOCl 24 15 16 2 84 13 14 211 9
a-Mesty m-CPBA 24 18 74 14 26 5 6 512 21
Styf m-CPBA 9 33 84 28 16 5 6 1,066 119

4 Molar ratio a-Mesty/NaOCl = 2:3; Molar ratio substrate/m-CPBA/NMO = 1:2:5

® Reaction time at which the substrate conversion start to become constant

¢ Determined by GC against internal standard

9 %Y = yield % and calculated as %C x %S/100

No benzaldehyde was detected in the products

%S of benzaldehyde = 0.8, %Y of benzaldehyde = 0.25

At the end of the catalytic tests the catalysts were further
characterised by Mn-AAS, FTIR, PXRD (for BEN based
catalyst) and N, adsorption isotherms. The Mn contents in
Table 2 show that for C1 @ BEN_APTES there was approxi-
mately 40% complex leaching upon reactions using the cat-
alytic systems a-Mesty/NaOCl and «-Mesty/m-CPBA/NMO,
but no leaching was observed for sty/m-CPBA/NMO.
Therefore the higher %C of the C1@BEN_APTES in the
a-Mesty epoxidation with m-CPBA/NMO may have a con-
tribution of leached compplex.

For C1@PCH_APTES the Mn content of the catalyst
after the a-Mesty epoxidation with NaOCI oxidant was
below the detection limit of the technique, suggesting some
% of complex leaching, but for the other catalytic systems
the Mn contents are similar to that obtained before
catalysis.

The comparison of the FTIR spectra of C1@BEN_AP-
TES before and after the catalytic reactions (Figure S1—A,
Supplementary Material) suggests some metal complex
decomposition (some broadening of the vibration bands
assigned to the complex), probably by partial oxidation
under the catalytic experimental conditions used [43].
When NaOCl was used as oxidant some changes in the
bands assigned to the clay structure are also detected.
Furthermore, new bands at 1,356 and 860 cm™ ! are
detected in the FTIR spectrum of the recovered catalyst
after the reaction with o-Mesty/NaOCl system (Figure
S1—A, Supplementary Material), indicating the presence
of occluded epoxide species which have not been removed
during the washing process. These facts can be confirmed
by the diffractograms in Fig. 2 obtained with materials
after the catalytic reaction with o-Mesty/NaOCl and
o-Mesty/m-CPBA/NMO, curves 4 and 5, respectively.
When NaOCl was used, the diffractogram is more similar
to that of the initial BEN material, suggesting that a
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significant part of the APTES and complex have been
leached; this can be due to the pernicious effect of high pH
used in the experimental catalytic procedure. In the case of
the m-CPBA/NMO oxidant system, the changes in the
diffractogram (curve 5) are more intricate: the broadness of
the peak suggests the occurrence of two simultaneous
effects: the leaching of the organic parts, which lead to the
displacement of the peak to high 2 values, and the retention
of reaction products in the interlayer region, expanding the
layers, and being responsible for the shift for low 2 values.

The FTIR spectrum of the recovered C1 @PCH_APTES
used in the reaction with NaOCI (Figure S1—B, Supple-
mentary Material) confirms the complex leaching and
damage of the spacer structure since the complex and
APTES vibration bands are not detected. When m-CPBA/
NMO was used as oxidant, the FTIR spectra of the
recovered C1 @PCH_APTES materials are similar to that
of the as-prepared catalyst, suggesting that the complex
remained within the material, sustaining the Mn-AAS data.

The characterisation of the recovered catalysts showed
that although BEN_APTES anchored C1 in higher per-
centage, it acted as a less stable support than the PCH
counterpart under the catalytic epoxidation conditions
used.

4 Conclusions

The functionalisation of a natural clay and a porous clay
heterostructure with APTES was succeeded and both org-
ano-modified clays were able to anchor Mn(IIl) salen
complex Cl1, although with higher efficiency for the natural
clay (C1@BEN_APTES) than for the porous clay hetero-
structure (C1 @PCH_APTES).
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Both C1@BEN_APTES and C1@PCH_APTES mate-
rials acted as moderate catalysts (although with low ee%)
in the epoxidation of styrene and a«-methylstyrene with two
different oxidant sources, NaOCl and m-CPBA/NMO. The
C1@PCH_APTES catalyst showed higher catalytic activ-
ity in terms of alkene conversion as well as epoxide yield
when styrene was the substrate in combination with
m-CPBA/NMO.

The oxidising systems used had some destructive effect
in the hybrid catalysts. Although the situation is not
entirely clear, some major effects can be pointed out. In the
case of the BEN based material, the deleterious effect of
NaOCl on the support seems to act at the level of the active
phase leaching and on the structure support damaging, and
may be related with the strong alkaline conditions neces-
sary to perform the catalytic reactions. In the case of the
m-CPBA/NMO system, the C1 leaching was less extensive
and a minor structural damage of the support also occurred.
For PCH based catalyst, similar pernicious effect of NaOCl
in the support was also observed, but for the other oxidising
system no significant effects were detected both in the
immobilised complex and support structure.

Finally, it must be emphasised that a successful complex
immobilisation must involve not only the efficiency of the
immobilisation strategy, but also the stability of the
resulting material (support and complex) under the exper-
imental catalytic reaction conditions. This study showed
that epoxidation reactions using NaOCI as oxygen source
should be avoided when using clay based materials as
supports for Mn(salen) catalysts, highlighting the impor-
tance of a careful choice of the oxidant source in each
catalytic reaction. Nevertheless, porous clay heterostruc-
tures should be considered as promising supports for metal
complexes with catalytic properties.
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