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a b s t r a c t

Oxovanadium(IV) and copper(II) acetylacetonate complexes were immobilised onto a porous clay het-
erostructure (PCH) and SBA-15 previously functionalised with 3-aminopropyltriethoxysilane (APTES). The
materials were characterised by chemical analysis, nitrogen adsorption–desorption isotherms at −196 ◦C,
powder X-ray diffraction, X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy.
The results indicated that APTES was grafted onto PCH and SBA-15 with 75% and 67% of efficiencies, respec-
tively. Both complexes were successfully anchored onto the APTES-functionalised supports, although with
different immobilisation efficiencies: [VO(acac)2] was anchored with 57% and 91% of efficiencies onto PCH
and SBA-15, respectively, whereas [Cu(acac)2] was immobilised onto PCH and SBA-15 with 31% and 95%
of efficiencies, respectively.

The [VO(acac)2] heterogeneous materials acted as active catalysts in the epoxidation of geraniol

lefin aziridination using tert-butyl hydroperoxide as oxidant, presenting moderate substrate conversions, high selectivi-

ties towards 2,3-epoxygeraniol and very high stabilities upon reuse for two cycles. The [Cu(acac)2] based
materials were tested in the aziridination of styrene using [N-(p-tolylsulfonyl)imino]phenyliodinane as
nitrogen source, showing moderate substrate conversions, but with considerable complex leaching after
three cycles, indicating that the complex grafting methodology was not stable under aziridination cat-
alytic conditions. Generically, the PCH based catalysts, although presenting lower metal contents, acted

t cata
as more active and robus

. Introduction

The catalytic synthesis of epoxides and aziridines is a theme of
onsiderable interest since these products are valuable intermedi-
tes in organic synthesis [1–6]. Oxovanadium(IV) acetylacetonate
[VO(acac)2]) is a very efficient homogeneous catalyst in the
poxidation of allylic alcohols using tert-butyl hydroperoxide
t-BuOOH) as oxidant, presenting high activity, stereo- and
egioselectivity [1,7–9]. On the other hand, copper(II) acetylace-
onate ([Cu(acac)2]) has also been reported as a very effective
omogeneous catalyst in the aziridination of alkenes using [N-(p-

olylsulfonyl)imino]phenyliodinane (PhI = NTs) as nitrogen source
3].

Despite the advantages inherent to homogeneous catalysts, the
roblems associated with the catalysts separation and recycling

∗ Corresponding author. Tel.: +351 21 7500898; fax: +351 21 7500088.
∗∗ Corresponding author. Tel.: +351 22 0402590; fax: +351 22 0402659.

E-mail addresses: jpsilva@fc.ul.pt (J. Pires), acfreire@fc.up.pt (C. Freire).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.07.004
lysts in the reactions tested.
© 2009 Elsevier B.V. All rights reserved.

from the reaction media as well as their low chemical and ther-
mal stability are major drawbacks towards a sustainable chemistry
[10–13]. One of the possible approaches to overcome these prob-
lems is their immobilisation onto solid supports that can be either
inorganic materials or organic polymers [10–13].

Several studies regarding the immobilisation of [VO(acac)2] and
[Cu(acac)2] complexes onto solid supports for subsequent applica-
tion in the epoxidation of allylic alcohols and in the aziridination
of olefins, respectively, have been reported in literature [5,6,14–17].
These complexes have already been immobilised in smectite-type
clays either directly or after their functionalisation with amine
groups [14,18], in amine-functionalised activated carbons [15,16,19]
and mesoporous silicas [17] and in polystyrene by microencap-
sulation [5,6]. These complexes have also been directly anchored
onto alumina, silica gel and mesoporous silicas (MCM, SBA, MCF

and MSU) with subsequent calcination to produce metal dispersed
catalysts [20–23]. According to literature, the direct grafting of
[M(acac)2] complexes occurs by the reaction between the complex
and the free silanol groups of the support, following one of two pos-
sible mechanisms: (i) hydrogen bonding mechanism between the

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:jpsilva@fc.ul.pt
mailto:acfreire@fc.up.pt
dx.doi.org/10.1016/j.molcata.2009.07.004
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seudo � system of the acetylacetonate (acac) ligand and the silanol
rotons of the support or (ii) by a ligand-exchange mechanism
ith the formation of a covalent bond between the metal centre

nd an oxygen atom of the support [14,18,20–23]. In the case of
mine-functionalised supports, the metal complexes are anchored
y Schiff base condensation between the carbonyl group of the acac

igand and the free amine groups previously grafted onto the mate-
ials surface [14–19]. The microencapsulation within polymers, on
he other hand, consists in the physical envelopment of the com-
lexes by a thin polymer film involving interactions between the
electrons of the polymer benzene rings and the complex vacant

rbitals [5,6].
In terms of catalytic performance, the [VO(acac)2] based mate-

ials prepared by microencapsulation in polystyrene [5] and by
mmobilisation in amine-functionalised activated carbon [15] and
10-montmorillonite clay [14] presented similar catalytic activities

n the epoxidation of allylic alcohols as the homogeneous counter-
art and good/moderate stabilities upon reuse in further catalytic
ycles. The [Cu(acac)2] complex microencapsulated in polystyrene
6] and immobilised onto amine-functionalised activated carbon
16] and mesoporous silica [17] acted as recyclable and reusable cat-
lysts in the aziridination of olefins, with similar catalytic activities
s the homogeneous analogue.

The quest for novel supporting materials for the immobilisa-
ion of these complexes has been the focus of continuous research
ith the aim of designing new heterogeneous catalysts that com-

ine the advantages of homogeneous and heterogeneous catalysis.
n this way, new insights regarding the immobilisation mechanisms
s well as the influence of the supports themselves (structure, com-
osition and porosity) in the anchoring efficiencies and catalytic
ctivities have to be achieved.

Porous clays heterostructures (PCHs) are a relatively new class
f porous materials mainly composed of lamellar clay frameworks
nd silica pillars within the interlayers spaces, with pore sizes in the
upermicropore to small mesopore region and high specific surface
reas in the range of 700–1000 m2 g−1 [24,25]. Due to their larger
ore sizes and higher surface areas, PCHs overcome some limita-
ions inherent to clays and to traditional pillared clays (PILCs). In
ecent years several properties of PCHs have been studied [26,27],
ncluding their performance as catalysts [24] and as adsorbents
28,29].

SBA-15, is a mesoporous silica with a highly ordered hexago-
al structure, high surface area and uniform pores size distribution
anging from 5 to 30 nm, prepared from an amphiphilic triblock
opolymer [30,31]. It presents more uniform porosity than PCH,
ut when properties such as thermal and hydrothermal stabilities
re compared, PCHs are more stable than SBA-15 based materi-
ls [32,33]. SBA-15 has already been studied as catalysts support,
lthough in a reduced number of publications [34,35].

In the present work [VO(acac)2] and [Cu(acac)2] were immo-
ilised onto the porous materials PCH and SBA-15 previously
unctionalised with APTES. The catalytic activities of the anchored
VO(acac)2] and [Cu(acac)2] complexes were studied, at room tem-
erature, in the epoxidation of geraniol using t-BuOOH as oxidant
nd in the aziridination of styrene using PhI = NTs as nitrogen
ource, respectively, and compared with the performance of the
orresponding homogeneous catalysts. The aim of this work is
o investigate the effect of the support structure/porosity in the
mmobilisation efficiencies and location of the grafted complexes.
urthermore, we examine the influence of covalent grafting on
he catalysts performance and stability, to provide new insights

egarding the differences between heterogeneous and homoge-
eous catalytic reactions. To the best of our knowledge this is
he first work where a PCH is considered as support of transition

etal complexes and compared with a mesoporous silica ana-
ogue.
lysis A: Chemical 312 (2009) 53–64

2. Experimental

2.1. Reagents and solvents

[VO(acac)2], [Cu(acac)2], APTES, styrene, chlorobenzene,
geraniol, t-BuOOH solution 5.0–6.0 M in decane, dry toluene,
cetyltrimethylammonium bromide (CTAB), dodecylamine, tetra-
ethylorthosilicate (TEOS) and poly(ethylene glycol)-block-poly
(propylene glycol)-block-poly(ethylene glycol) (Pluronic P123, Mn

∼5.800) were purchased from Aldrich. The solvents CH3CN and
CH2Cl2 were supplied by Romil (HPLC grade) and CHCl3 was from
Merck. Silica gel 60 and TLC plastic sheets of silica gel 60 F254 were
from Merck.

2.2. Catalysts preparation

2.2.1. Synthesis of PCH
PCH was synthesised after optimisation of procedures described

in literature [25,27]. A suspension of a Portuguese montmorillonite
clay (1 g in 100 cm3 of water) was firstly equilibrated with a 0.5 M
solution of CTAB, under stirring at 50 ◦C overnight. The solid was
then separated from solution, washed until pH 7 was reached and
air-dried. To the resulting solid a given amount of dodecylamine was
added under stirring, and after 20 min, TEOS was added as the silica
source. After mixing for 3 h, the solid was air-dried and calcined at
650 ◦C for 5 h with a ramp of 1 ◦C min−1.

2.2.2. Synthesis of SBA-15
SBA-15 was obtained following a procedure adapted from litera-

ture [30]. An aqueous solution of HCl (1.6 M) was added dropwise to
a triblock copolymer surfactant (Pluronic P123) dissolved in water
(8 g dm−3); TEOS was then added dropwise and the mixture was
stirred, put in an oven at 35 ◦C for 24 h and more 24 h at 100 ◦C.
The solid was filtered and calcined at 550 ◦C for 5 h with a ramp of
1 ◦C min−1.

2.2.3. Functionalisation of PCH and SBA-15 with APTES
The parent materials (PCH or SBA-15) were dried in an oven at

120 ◦C for 1 h, under vacuum, to remove any physisorbed water.
Afterwards, a mixture of 2.00 g of material in 100 cm3 of dry
toluene and 1.18 cm3 of APTES (5.06 mmol) was refluxed for 24 h
under argon atmosphere. The resulting materials (APTES@PCH or
APTES@SBA-15) were then vacuum-filtered, refluxed with 100 cm3

of dry toluene for 2 h and dried under vacuum at 120 ◦C for 3 h.

2.2.4. Anchoring of [M(acac)2] complexes (M = VO(IV) or Cu(II))
onto APTES-functionalised materials

A solution of 90 �mol of [M(acac)2] in 50 cm3 of CHCl3 was
refluxed with 0.60 g of APTES-functionalised material for 24 h. The
resulting materials were vacuum-filtered, refluxed with 50 cm3

of CHCl3 for 2 h and then dried under vacuum at 120 ◦C for 3 h.
The materials will be referred to as [VO(acac)2]APTES@PCH,
[VO(acac)2]APTES@SBA-15, [Cu(acac)2]APTES@PCH and
[Cu(acac)2]APTES@SBA-15.

The summary of all the steps followed in the immobilisation
of [VO(acac)2] and [Cu(acac)2] in both materials is presented in
Scheme 1.

2.3. Physico-chemical characterisation
Nitrogen adsorption–desorption isotherms at −196 ◦C were
measured in an automatic apparatus (Asap 2010; Micromeritics).
Before the adsorption experiments the samples were outgassed
under vacuum during 2.5 h at 150 ◦C. The specific surface areas
were calculated from the BET model [36] and the porous volumes
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Scheme 1. Schematic representation of [M(acac)2] (M = VO(IV) or Cu(II))

ere estimated from the ˛s-method, using a dehydroxylated silica
s reference material [36].

Powder X-ray diffraction (PXRD) patterns of SBA-15 and func-
ionalised materials were obtained on a Philips Analytical PW
050/60 X’Pert PRO(theta/2theta) with automatic data acquisition
X’Pert Data Collector (v2.0b) software), using a monochromatised
uK� radiation as incident beam. Diffractograms were obtained by
ontinuous scanning from 0.8 to 2.5◦ 2�, with a step size of 0.03◦

� and a time per step of 40 s.
Vanadium contents obtained by inductively coupled plasma

mission spectrometry (ICP-AES) and nitrogen elemental analysis
EA) were performed at “Laboratório de Análises”, IST, Lisboa (Por-
ugal). The copper contents were determined by atomic absorption
pectroscopy (AAS) in a Pye Unicam SP9 spectrometer. Samples
20 mg) were previously dried at 100 ◦C, mixed with 2 cm3 of aqua
egia and 3 cm3 of HF for 2 h at 120 ◦C, in a stainless steel autoclave
quipped with a polyethylene-covered beaker (ILC B240).

X-ray photoelectron spectroscopy (XPS) was performed at
Centro de Materiais da Universidade do Porto” (Portugal),
n a VG Scientific ESCALAB 200A spectrometer using non-

onochromatised Al K� radiation (1486.6 eV). The materials were
ompressed into pellets prior to the XPS studies. To correct possible
eviations caused by electric charge of the samples, the C 1s band
t 285.0 eV was taken as internal standard. The XPS spectra were
econvoluted with the XPSPEAK 4.1 software, using non-linear least
quares fitting routine after a Shirley-type background subtraction.
he surface atomic percentages were calculated from the corre-
ponding peak areas and using the sensitivity factors provided by
he manufacturer.

The Fourier transform infrared (FTIR) spectra of the compounds
ere collected with a Jasco FT/IR-460 Plus spectrophotometer in the

00–4000 cm−1 range, using a resolution of 4 cm−1 and 32 scans.
he spectra of the samples were obtained in KBr pellets (Merck,
pectroscopic grade) containing 0.4 wt% of material. All samples
nd KBr were dried at 100 ◦C overnight before KBr pellets prepa-
ation.

The 1H NMR spectra were recorded using a Bruker DRX 300 at
00.13 MHz and TMS as the internal standard.

GC-FID chromatograms were obtained with a Varian CP-3380
as chromatograph equipped with a FID detector, using helium
s carrier gas and a fused silica Varian Chrompack capillary col-
mn CP-Sil 8 CB Low Bleed/MS (30 m × 0.25 mm i.d.; 0.25 �m film
hickness). Temperature program for geraniol epoxidation reac-

ions: 40 ◦C (1 min), 25 ◦C min−1, 150 ◦C, 5 ◦C min−1, 200 ◦C (1 min);
njector temperature, 200 ◦C; detector temperature, 250 ◦C. Condi-
ions for styrene aziridination reactions: 70 ◦C (1 min), 8 ◦C min−1,
50 ◦C (0.5 min), 28◦C min−1, 200 ◦C (0.5 min); injector tempera-
ure, 200 ◦C; detector temperature, 230 ◦C.
lexes immobilisation onto APTES-functionalised porous silica supports.

GC–MS analyses were performed with a Finnigan Trace
GC–MS (Thermo Quest CE Instruments) using helium as the car-
rier gas (35 cm s−1) equipped with a SPB-5 capillary column
(30 m × 0.25 mm i.d.; 0.25 �m film thickness). Temperature pro-
gram for epoxidation reaction mixtures: 80 ◦C (1 min), 25 ◦C min−1,
155 ◦C, 5 ◦C min−1, 200 ◦C; injector temperature, 220 ◦C; interface
and oven temperatures, 280 ◦C.

2.4. Computational details

The structure of the [VO(acac)2]-APTES molecule was obtained
by complete optimisation in vacuum without any geometrical
constraints using the B3-LYP hybrid functional within the den-
sity functional theory (DFT) [37,38]. The double-zeta Pople basis
set 6–31G (d,p) was used for all the atoms except vanadium, for
which the LANL2DZ effective core potential was applied [39]. The
optimised structure was used to calculate the fundamental IR vibra-
tional frequencies at the same DFT level, which is still one of
the recommended theoretical methods for IR spectra prediction
according to a recent study of Merrick et al. [40]. All ab initio cal-
culations were performed with Gaussian03 program package [41]
and the visualisation of the normal vibration modes was possible
by means of GaussView4.1 [42].

It is well known that, in general, ab initio harmonic frequencies
are overestimated when compared with the experimental values.
In a recent work carried out with a long list of theory levels and
a set of more than one thousand normal vibration modes, the
optimal value � = 0.9627 was proposed as the scale factor to be
used at the B3LYP/6-31G (d,p) level [40]. However, this type of
scale factors is based on a very heterogeneous sample of vibra-
tion modes, and thus the success of the application to a particular
molecular system is not guaranteed. In this context, we decided
to find a scaling procedure especially devised to the [VO(acac)2]-
APTES molecule. We calculated the harmonic frequencies of the
parent complex [VO(acac)2] at the same level of theory, and per-
formed a linear least squares fitting with the available experimental
data in the 1000–1600 cm−1 range [43]. Six particular frequencies
(997, 1287, 1371, 1523, 1547 and 1561 cm−1) were chosen in the
IR spectrum region, for which there were no ambiguities about
the assignments. The linear relationship �corr = 1.120�exp − 218
was obtained with a reasonable linear regression coefficient r2

= 0.9966.
2.5. Catalytic studies

The [VO(acac)2] and [Cu(acac)2] heterogeneous materials were
tested as catalysts in the geraniol epoxidation and styrene azirid-
ination, respectively. The catalytic reactions were also performed
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nder similar conditions in (a) homogeneous phase using the same
M(acac)2] contents as those of the heterogeneous materials, and
b) using the parent and APTES-functionalised supports without
ny added complex.

To monitor the reaction progress, 0.05 cm3 aliquots were with-
rawn from the reaction mixture with a hypodermic syringe,
ltered through 0.2 �m PTFE syringe filters and directly analysed
y GC.

.5.1. Epoxidation of geraniol
In a typical procedure, 1.00 mmol of geraniol 0.50 mmol of

hlorobenzene (internal standard) and 0.10 g of [VO(acac)2] based
aterial were mixed in 5.00 cm3 of CH2Cl2, at room temperature
ith continuous stirring. The t-BuOOH, 1.50 mmol, was progres-

ively added to the reaction using a Bioblock Scientific Syringe
ump at a rate of 3.05 cm3 h−1. At the end, the heterogeneous cat-
lyst was filtered and then refluxed/filtered with 50 cm3 of CH2Cl2
or 2 h, dried under vacuum at 120 ◦C during 2 h, and reused two
imes.

The 1H NMR spectra of the reaction mixtures were obtained
n CDCl3 and the substrate conversions and products yields were
alculated based on the integration of chosen proton signals
ı(ppm) = 5.08 for 2,3-epoxygeraniol and ı(ppm) = 5.10 and 5.40 for
eraniol).

At the end of the homogeneous reactions the products were
solated by silica gel column chromatography using a mixture of
H2Cl2:ethyl acetate (9:1) as eluent, affording 2,3-epoxygeraniol in
92% yield. The chromatography was controlled by TLC on silica

heets and the spots were visualised by treatment with a mixture
f sulphuric acid:methanol (1:1).

.5.1.1. 2,3-Epoxygeraniol. 1H NMR (300 MHz, CDCl3, 22 ◦C, TMS):
(ppm) = 1.29 (s, 3H, H-10), 1.22–1.26 and 1.45–1.49 (2m, 2H, H-5),
.61 (s, 3H, H-8), 1.68 (d, J = 0.9 Hz, 3H, H-9), 2.04–2.12 (m, 2H, H-4),
.98 (dd, J = 4.1 and 6.8 Hz, 1H, H-2), 3.49 (s-broad, 1H, OH), 3.65
dd, J = 6.8 and 12.2 Hz, 1H, H-1), 3.81 (dd, J = 4.1 and 12.2 Hz, 1H,
-1), 5.08 (tt, J = 1.3 and 7.1 Hz, 1H, H-6). MS (70 eV, EI): m/z (%): 170

1) [M+•], 152 (4), 139 (8), 137 (5), 121 (13), 109 (100).

.5.2. Aziridination of styrene
The styrene aziridination was carried out at room temperature

sing 1.22 mmol of styrene, 1.22 mmol of chlorobenzene, 0.10 g of
Cu(acac)2] based material and 0.244 mmol of PhI = NTs in 5.00 cm3

f CH3CN, under stirring conditions. After reaction, the catalyst was
emoved by filtration, refluxed/filtered sequentially with 50 cm3 of

ethanol for 2 h and with 50 cm3 of CH3CN for 2 h, dried under
acuum at 120 ◦C during 2 h, and reused two times.

The PhI = NTS was synthesised according to procedures
escribed in the literature [44], in a 75% yield. 1H NMR (300 MHz,
DCl3, 22 ◦C, TMS): ı(ppm) = 2.44 (s, 3H, CH3), 7.11 (t, J = 7.8 Hz, 2H,
-Ar), 7.31–7.36 (m, 3H, H-Ar), 7.70 (dd, J = 8.2 and 1.0 Hz, 2H, H-Ar),

.82 (d, J = 8.2 Hz, 2H, H-Ar).
At the end of the homogeneous reactions the products were

solated by column chromatography on silica gel using a mix-
ure of n-hexane:ethyl acetate (6:1) as eluent. Instead of column
hromatographic separation, the reaction mixture can be passed
hrough a small plug of silica and eluted with CH2Cl2, followed
y solvent evaporation under reduced pressure, treatment with
H2Cl2:petroleum ether and subsequent filtration to remove the

recipitated p-toluenesulfonamide.

.5.2.1. N-(p-tolylsulfonyl)-2-phenylaziridine. 1H NMR (300 MHz,
DCl3, 22 ◦C, TMS): ı(ppm) = 2.39 (d, J = 4.4 Hz, 1H, H-3trans), 2.43
s, 3H, CH3), 2.98 (d, J = 7.2 Hz, 1H, H-3cis), 3.78 (dd, J = 4.4 and 7.2 Hz,
H, H-2), 7.20–7.34 (m, 7H, H-Ar), 7.87 (d, J = 8.3 Hz, 2H, H-Ar).
Fig. 1. Nitrogen adsorption–desorption isotherms for PCH based materials: (a) PCH,
(b) APTES@PCH, (c) [Cu(acac)2]APTES@PCH and (d) [VO(acac)2]APTES@PCH. Open
points for adsorption and closed points for desorption.

2.5.2.2. p-Toluenesulfonamide. 1H NMR (300 MHz, CDCl3, 22 ◦C,
TMS): ı(ppm) = 2.44 (s, 3H, CH3), 4.73 (s-broad, 2H, NH2), 7.32 (d,
J = 8.3 Hz, 2H, H-Ar), 7.82 (d, J = 8.3 Hz, 2H, H-Ar).

3. Results and discussion

3.1. Chemical and textural characterisation

The nitrogen adsorption–desorption isotherms at −196 ◦C are
presented in Figs. 1 and 2 for the PCH and SBA-15 based materials,
respectively. In the case of the PCH starting material, the shape of
the isotherm has a very open “knee” (Fig. 1), being in accordance
with the results reported in literature for this type of materials
[25,45] and consistent with a material with small size mesopores.
The PCH has maxima values at 2.1 and 2.6 nm in the mesopores
size distribution. For SBA-15, the isotherm has its characteristic
shape (Fig. 2(A)) [46], with a hysteresis cycle typical of type IV
isotherms [36]. In terms of mesopores size distribution (Fig. 2(B))
obtained from the BdB–FHH method [47], the pores widths of the
initial SBA-15 are centred at 6.4 nm and the pores size distribu-
tion is narrow as expected for this type of material with uniform
porosity.

Upon functionalisation with APTES, a drastic decrease in the
pore volumes is noticed for PCH and SBA-15 (Table 1). In fact,
in both materials the absolute value of the decrease is simi-
lar (0.35–0.40 cm3 g−1) but the consequences are more drastic
for the PCH due to its lower initial pore volume (Figs. 1 and 2,
Table 1). While APTES@SBA-15 still retains characteristics of a
mesoporous material, the APTES@PCH sample is essentially non-
porous as denoted by the low values of the specific surface and
confirmed from the analysis by the ˛s-method [36]. These obser-
vations can apply to the final materials after the immobilisation of
the [M(acac)2] complexes. In the case of SBA-15, the mesopores size
is only slightly shifted to a lower value upon funtionalisation with
APTES and complexes anchoring, that is, a reduction from 6.4 nm in
the initial sample to, in average, 5.6 nm in the remaining materials
(Fig. 2(B)). In the case of PCH, for the reasons already mentioned,

only for the initial sample a reliable pores size distribution could
be obtained. As discussed in more detail below, these marked dif-
ferences between the textural properties of PCH and SBA-15 based
materials are not directly reflected in the respective catalytic prop-
erties.
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Fig. 2. Nitrogen adsorption–desorption isotherms at −196 ◦C (A) and mesopores
size distributions (B) for SBA-15 based materials: (a) SBA-15, (b) APTES@SBA-15,
(c) [VO(acac)2]APTES@SBA-15 and (d) [Cu(acac)2]APTES@SBA-15. Open points for
adsorption and closed points for desorption.

Table 1
Chemical and textural properties of silica based materials.

Material N (mmol g−1) V (�mol g−1)

EA XPSa ICP XPSa

PCH – – – –
APTES@PCH 1.9 ND – –
[VO(acac)2]APTES@PCH 1.9 1.6 86 107
[Cu(acac)2]APTES@PCH 1.8 1.6 – –

SBA-15 – – – –
APTES@SBA-15 1.7 1.5 – –
[VO(acac)2]APTES@SBA-15 1.6 1.2 137 53
[Cu(acac)2]APTES@SBA-15 1.4 1.3 – –

a Surface contents determined from XPS data in Table 2: mmol N/weight of material = at
% (i) × Ar(i)]; �mol Cu/weight of material = atomic % Cu/�[atomic % (i) × Ar(i)].

b Microporous plus mesoporous volume determined by the ˛s-method.
Fig. 3. Low-angle X-ray diffraction patterns of (a) SBA-15, (b) APTES@SBA-15, (c)
[VO(acac)2]APTES@SBA-15 and (d) [Cu(acac)2]APTES@SBA-15.

The low-angle PXRD patterns of the SBA-15 based materials
(Fig. 3) show that neither the funtionalisation nor the posterior
anchorage of the metallic complexes result in structural alterations,
since in all cases the d100 diffraction peak appears at the expected
value [30].

To ascertain the APTES and [M(acac)2] grafting efficiencies,
the nitrogen and metal bulk contents were determined (Table 1).
The N bulk contents indicate that APTES was grafted onto both
PCH and SBA-15 materials, with efficiencies (amount of grafted
APTES/amount used in the functionalisation reaction × 100) of 75%
and 67%, respectively.
The [VO(acac)2] complex was immobilised with anchoring
efficiencies (amount of anchored complex/amount in original
solution × 100) of 57% and 91% for [VO(acac)2]APTES@PCH and
[VO(acac)2]APTES@SBA-15, respectively. The same pattern is also

Cu (�mol g−1) Textural properties

AAS XPSa ABET (m2 g−1) Vmicro+meso
b (cm3 g−1)

– – 908 0.45
– – 85 –
– – 50 –

47 87 75 –

– – 728 0.81
– – 344 0.46
– – 300 0.42

142 213 302 0.41

omic % N/�[atomic % (i) × Ar(i)]; �mol V/weight of material = atomic % V/�[atomic
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Table 2
XPS atomic percentages for silica based materialsa.

Material Atomic %

C 1s O 1s N 1s Mg 1s Si 2p Al 2p Fe 2p3/2 Cu 2p3/2 Vb 2p3/2

PCH 6.33 60.94 0.66 0.41 30.09 1.04 0.54 – –
[VO(acac)2]APTES@PCH 18.70 50.72 2.98 0.23 26.52 0.36 0.27 – 0.2
[Cu(acac)2]APTES@PCH 17.84 51.39 3.07 0.27 27.03 NDc 0.24 0.16 –

SBA-15 2.86 63.10 0.17 – 33.87 – – – –
APTES@SBA-15 15.80 51.72 2.76 – 29.71 – – – –
[VO(acac)2]APTES@SBA-15 14.81 53.69 2.27 – 29.14 – – – 0.1
[Cu(acac)2]APTES@SBA-15 13.35 54.08 2.49 – 29.67 – – 0.41 –
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a Determined by the area of the respective bands in the high resolution XPS spec
b Estimated by modulation of the band which includes two O 1s satellite peaks.
c Not determined due to overlapping between the Al 2p and Cu (3p3/2; 3p1/2) pea

bserved in the case of [Cu(acac)2] immobilisation, which led to
nchoring efficiencies of 31% and 95% for [Cu(acac)2]APTES@PCH
nd [Cu(acac)2]APTES@SBA-15, respectively. However, if the
nchoring efficiencies are calculated based on the grafted APTES
oadings, by assuming that the complexes are only immo-
ilised through the grafted spacer, the anchoring efficiencies of
etal complex towards the linker are only of 4% and 2% for

VO(acac)2]APTES@PCH and [Cu(acac)2]APTES@PCH and of 8% for
oth [M(acac)2]APTES@SBA-15 materials. These facts suggest that
significant amount of free amine groups remains on the materials

urfaces after the complexes immobilisation. Additionally, although
oth APTES-functionalised materials present almost the same N
ontent, the APTES@SBA-15 support anchors higher quantities of
etal complexes.

The eventual APTES leaching during the complexes grafting was
hecked by N bulk contents: in [M(acac)2]APTES@PCH materials
nd [VO(acac)2]APTES@SBA-15 they are identical to those of the
mine-functionalised supports, but in [Cu(acac)2]APTES@SBA-15
he value is slightly lower probably due to some leaching of APTES.

The surface atomic contents and the core level binding energies
BEs), determined by XPS (Tables 2 and 3), provide insights concern-
ng the materials chemical composition/structure and the grafting

eaction mechanisms.

PCH and SBA-15 are mainly composed of O and Si, in a Si/O
atio consistent with the expected SiO2 stoichiometry. The high-
esolution XPS spectra exhibit the typical bands in the O 1s and Si 2p

able 3
ore level binding energies of silica based materials obtained from curve fitting of the XP

aterial BE (eV)a

C 1s O 1s N 1s Mg

CH 285.0 (2.5) 533.0 (2.6) 401.5 (4.3) 130
287.2 (3.0)

VO(acac)2]APTES@PCH 285.0 (2.5) 532.6 (2.7) 399.9 (2.4) 130
287.0 (3.2) 401.8 (2.7)

Cu(acac)2]APTES@PCH 285.0 (2.6) 532.7 (2.6) 400.0 (2.8) 130
287.3 (3.0) 402.1 (2.4)

BA-15 285.0 (2.5) 533.2 (2.6) 400.9 (4.9)
286.9 (3.0)

PTES@SBA-15 285.0 (2.6) 532.8 (2.8) 399.5 (2.5)
286.9 (2.7) 401.6 (2.4)

VO(acac)2]APTES@SBA-15 285.0 (2.6) 532.7 (2.8) 399.9 (3.0)
287.2 (3.0) 402.2 (2.9)

Cu(acac)2]APTES@SBA-15 285.0 (2.6) 532.8 (2.6) 400.0 (2.7)
287.3 (3.2) 402.0 (3.1)

a Values between brackets refer to the full-width at half maximum (FWHM) of the ban
b Estimated by modulation of the band which includes two O 1s satellite peaks.
c Not determined due to overlapping between the Al 2p and Cu (3p3/2; 3p1/2) peaks.
regions, centred at about 533.0–533.2 and 103.7–103.9 eV, respec-
tively. The PCH material also presents small quantities of Al, Fe and
Mg which are related with the clay framework and in accordance
with its chemical composition [48]. The presence of small C and
N contents is most probably related with some organic impurities
from the materials synthesis.

In the case of APTES-modified materials, only APTES@SBA-15
was characterised by XPS, due to the scarce amount of APTES@PCH.
The APTES functionalisation induces significant increases in the
C and N contents and small decreases in the O and Si ones. The
peaks in the O 1s and Si 2p regions are shifted to lower BEs and
a new peak around 399.5 eV can be observed in the N 1s region,
which corresponds to grafted amine groups [49–51]; the shoulder
around 401.6 eV in the N 1s region may be due to some protonated
amine species [49–51]. These facts confirm the APTES grafting by
the reaction between the silica free silanol groups and the APTES
ethoxyl functionalities. The comparison between the N bulk (EA)
and surface (XPS) contents allows the location of APTES molecules
within the materials. In APTES@SBA-15 the bulk N content is slightly
higher than the surface one suggesting that the amine groups
are almost homogeneously distributed throughout the support,
although slightly more concentrated on the internal surface.
Upon anchoring of [VO(acac)2] and [Cu(acac)2] onto the APTES
modified supports, the appearance of a new peak in the V
2p3/2 and Cu 2p3/2 regions, respectively, certifies the success of
their immobilisation. When compared with the original samples,

S spectra.

1s Si 2p Al 2p Fe 2p3/2 Cu 2p3/2 V 2p3/2
b

4.3 (2.8) 103.7 (2.5) 75.0 (2.6) 711.2 (3.9) – –

3.7 (2.6) 103.3 (2.6) 74.7 (2.9) 710.8 (4.7) – 517.0 (3.0)

3.9 (2.7) 103.4 (2.6) NDc 710.7 (4.1) 933.4 (2.8) –

– 103.9 (2.6) – – – –

– 103.5 (2.8) – – – –

– 103.4 (2.7) – – – 517.0 (3.0)

– 103.5 (2.6) – – 933.3 (2.9) –

ds.
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ig. 4. FTIR spectra in the (i) 4000–400 cm−1 range and (ii) amplified 2000–40
VO(acac)2]APTES@PCH and (d) [VO(acac)2]; (B) [Cu(acac)2] PCH based materials (a

M(acac)2]APTES@PCH materials present lower Mg, Fe and Al con-
ents as well as small decreases in the respective core level BEs.
owever, no conclusions can be taken whether these changes are
ue to the complexes grafting or occur during the APTES functional-

sation. In the case of SBA-15 materials, the [M(acac)2] grafting does
ot introduce significant changes in the atomic percentages of the
lements. However, the BEs of the N 1s peaks show small shifts

o higher energies, suggesting a change in the nitrogen chemical
nvironment.

The BEs of the V 2p3/2 and Cu 2p3/2 peaks in the free complexes
ere also determined (517.1 and 934.8 eV, respectively) and com-
ared with those of the supported complexes. In both [Cu(acac)2]
−1 region of (A) [VO(acac)2] PCH based materials (a) PCH, (b) APTES@PCH, (c)
, (b) APTES@PCH, (c) [Cu(acac)2]APTES@PCH and (d) [Cu(acac)2].

based materials, the Cu 2p3/2 peak shows a shift of 1.5 eV to lower
BEs, whereas in the [VO(acac)2] based materials the BEs of the V
2p3/2 peak are almost the same as that of the free complex (0.1 eV
shift). Nevertheless, in the latter case, the BEs can only be inter-
preted as a raw estimation, since V 2p3/2 peak is partially overlapped
with the O 1s satellite peaks. These results are in accordance with
those reported for the immobilisation of [M(acac)2] complexes onto

APTES-functionalised clays [18].

In [VO(acac)2]APTES@PCH, [Cu(acac)2]APTES@PCH and
[Cu(acac)2]APTES@SBA-15 the metal surface contents are higher
than the bulk loadings, suggesting that the complexes are mostly
immobilised onto the supports external surface. In contrast, in
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Fig. 5. Selected IR vibration modes, in the 1350–1700 cm−1 range, of the model molecule [VO(acac)2]-APTES calculated at the DFT level (a) 1395 cm−1, (b) 1418 cm−1, (c)
1543 cm−1, (d) 1545 cm−1, (e) 1620 cm−1 and (f) 1634 cm−1.
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VO(acac)2]APTES@SBA-15, the complex is mainly anchored in the
nner pores, since the V surface loading is lower than the bulk one.

.2. FTIR studies

The FTIR spectra of PCH and SBA-15 (Fig. 4 and Fig. S1, Sup-
lementary Material) show a broad band around 3437 cm−1 (PCH)
nd 3426 cm−1 (SBA-15) with a shoulder at 3650 cm−1 (PCH) and
630 cm−1 (SBA-15) due to O–H stretching vibrations of surface
ilanols and remaining physisorbed water, a peak at 1639 cm−1

PCH) and 1630 cm−1 (SBA-15) related with the bending vibrations
f adsorbed water, as well as the characteristic bands of the silica
ramework in the 1300–400 cm−1 range: a strong intensity band
entred at 1085 cm−1 with a shoulder at 1220 cm−1 from asymmet-
ic Si–O–Si stretching vibrations, a band near 800 cm−1 assigned to
ymmetric Si–O–Si stretching and a band at 465 cm−1 assigned to
i–O–Si bending modes [28,52–54]. The band in the 970–950 cm−1

ange is assigned to the dangling �(Si–Od) due to Si–OH and Si–O−

roups [28].
The APTES post-grafting is confirmed by the appearance of

ew peaks in the ranges of 2960–2850 and 1470–1385 cm−1 asso-
iated with C–H stretching and bending vibrations, respectively
APTES@PCH: 2920, 2850, 1472 and 1465 cm−1; APTES@SBA-15:
960, 2937, 2870, 1470, 1449, 1412 and 1385 cm−1), and a weak and
road band around 1560 cm−1 due to N–H bending vibrations of pri-
ary amines (APTES@PCH: 1558 and 1541 cm−1; APTES@SBA-15:

559 and 1543 cm−1) [22,50]. The bands related with N–H stretch-
ng vibrations around 3360 and 3290 cm−1 [22,50] could only be
etected by high amplification of the OH stretching vibrations
egion. Furthermore, new weak bands in the ranges of 720–668
nd 690–669 cm−1 can be noticed in the spectra of APTES@PCH and
PTES@SBA-15, respectively, which are probably related with N–H
ending modes, in agreement with literature [49,55]. The Si–CH2–R
nd C–N stretching vibration bands, normally occurring in the
anges of 1250–1200 and 1200–1000 cm−1, respectively, could not
e detected due to their overlap with the strong intensity Si–O–Si
tretching band [49,55]. The significant reduction of the OH stretch-
ng and bending vibration bands as well as of the band associated

ith Si–OH vibrations (970 cm−1) confirms our proposed silane
rafting mechanism, Scheme 1, catalysed by the adsorbed water,
hus corroborating the results obtained by XPS (decrease in the
xygen surface content).

All the [M(acac)2] based materials show similar differences in
heir FTIR spectra in comparison with the corresponding parent

aterials, although the differences are very small due to the low
omplex loadings. In the high energy region, there are changes
n the C–H stretching vibrations range which are an indication of
he presence of [M(acac)2] [56]. In the 1700–1380 cm−1 range, new
ands can be observed, with the most important one being the new
and centred around 1645–1647 cm−1 for [M(acac)2]APTES@PCH
aterials, 1641 cm−1 for [VO(acac)2]APTES@SBA-15 and 1658 cm−1

or [Cu(acac)2]APTES@SBA-15; in all cases a shoulder ∼1620 or
625 cm−1 for PCH and SBA-15 materials, respectively, can also
e detected. These bands show different frequencies when com-
ared to those of the free [M(acac)2] complexes [56,57], which is
n indication of a change in the coordination sphere of the com-
lexes. Therefore, the new bands/shoulders can be assigned to
ibrations associated with the new metal NO3 coordination sphere,
esulting from the complexes grafting through Schiff condensation
etween the NH2-surface groups and the carbonyl group of the acac

igand, leading to the formation of a C N bond. The same band pat-

erns were also reported for [Cu(acac)2] and [VO(acac)2] complexes
mmobilised onto APTES modified clays [14,18]. In the former case,
he optimised structure of the model molecule [Cu(acac)2]-APTES
as predicted at the DFT level and its IR spectrum was gener-

ted [18]; the selected IR vibration modes in the 1540–1660 cm−1
lysis A: Chemical 312 (2009) 53–64 61

range (1541, 1566, 1567, 1634 and 1653 cm−1) were in good agree-
ment with those detected experimentally. These theoretical values
can also be used in this work to prove the proposed grafting
mechanism for the immobilisation of Cu(II) complex in PCH and
SBA-15 (see new bands highlighted in Fig. 4 and Fig. S1, Supple-
mentary Material). In this study, a similar procedure was applied
to the model molecule [VO(acac)2]-APTES. The most relevant band
frequencies predicted in the 1350–1700 cm−1 range and the corre-
sponding assignments to normal vibration modes of the chelate
rings are depicted in Fig. 5 by vector displacement representa-
tion: (a) 1395 cm−1, (b) 1418 cm−1, (c) 1543 cm−1, (d) 1545 cm−1, (e)
1620 cm−1 and (f) 1634 cm−1. There is a good agreement between
the bands observed in the experimental spectra of [VO(acac)2]-
APTES based materials (Fig. 4 and Fig. S1, Supplementary Material)
and the predicted theoretical wavenumbers (Fig. 5), which sup-
ports the same grafting mechanism for [VO(acac)2] complex onto
NH2-functionalised PCH and SBA-15.

3.3. Catalytic studies

3.3.1. Epoxidation of geraniol
The catalytic performance of the [VO(acac)2] based materials

was evaluated in the geraniol epoxidation at room temperature, in
CH2Cl2 using t-BuOOH as oxidant, and compared with those of the
free complex and supports (Table 4).

To provide a full characterisation of the catalytic systems in
terms of identification and quantification of all the reagents and
products, studies in the homogeneous phase were firstly per-
formed. The GC-FID chromatograms showed that the homogeneous
phase reactions ended after half an hour and led to 100% geraniol
conversion and 100% 2,3-epoxygeraniol yield. One of the reaction
mixtures was fractionated by column chromatography and the iso-
lated products were characterised by 1H NMR [58] and GC–MS. The
major product was 2,3-epoxygeraniol isolated in 92% yield. The 1H
NMR spectra of the total reaction mixtures under homogeneous
conditions also showed 100% geraniol conversion, yielding 89% of
2,3-epoxygeraniol. In this context, the GC-FID results were in accor-
dance with those obtained from 1H NMR and 2,3-epoxygeraniol
isolated yield and thus this technique could be used to determine
substrate conversions, products selectivities and 2,3-epoxygeraniol
yields for the heterogeneous phase reactions.

In the first cycle, both [VO(acac)2] heterogeneous catalysts
show moderate geraniol conversions but with high selectiv-
ities towards the 2,3-epoxygeraniol product (Table 4). The
[VO(acac)2]APTES@PCH material, compared to the SBA-15 one,
presents slightly higher geraniol conversion and 2,3-epoxygeraniol
yield, despite its lower V content. These facts seem to be
related with the complex location within the supports: in
[VO(acac)2]APTES@PCH, the complex is localised in the external
surface of the support; in contrast, in [VO(acac)2]APTES@SBA-15,
is mainly anchored in the material inner pores, which probably
restrains the access of the substrate and oxidant to the cat-
alytic active sites. Nevertheless, a slightly higher selectivity to
2,3-epoxygeraniol is achieved with the [VO(acac)2]APTES@SBA-15
catalyst.

In all the heterogeneous reactions, a new peak with retention
time close to geraniol was observed in the GC-FID chromatograms.
Moreover, the 1H NMR spectra of the corresponding reaction mix-
tures showed a doublet at ı(ppm) = 9.92, which confirmed the
presence of geranial. Therefore, the small decrease in the 2,3-
epoxygeraniol selectivity in heterogeneous systems is due to the

formation of geranial as reaction product. The longer reaction times
in the heterogeneous phase can justify the oxidation of geraniol
to the aldehyde to some extent, but some of the geranial can also
result from the catalytic activity of the supports themselves (see
below).
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Table 4
Epoxidation of geraniol, at room temperature, catalysed by [VO(acac)2] in homogeneous and heterogeneous phasesa.

.

Sample Run t (h) Conversionb (%) Sc (%) 2,3-EG Yieldd (%)

2,3-EG Geranial

PCH 1st 48 43 0 100 0
APTES@PCH 1st 48 7 0 100 0

[VO(acac)2]APTES@PCH 1st 48 42 81 19 33
2nd 48 40 73 27 24
3rd 48 50 77 23 33

SBA-15 1st 48 7 0 100 0
APTES@SBA-15 1st 48 14 0 100 0

[VO(acac)2]APTES@SBA-15 1st 48 34 88 12 29
2nd 48 35 75 25 23
3rd 48 32 88 12 27

[VO(acac)2] (0.9%)e 1st 0.25 100 100 0 100
[VO(acac)2] (1.4%)f 1st 0.25 100 100 0 100

a Reaction conditions: 1.00 mmol of geraniol, 0.50 mmol of chlorobenzene (internal standard), 0.10 g of heterogeneous material, 1.50 mmol of t-BuOOH; solvent: CH2Cl2.
b Based on geraniol consumption.
c Products selectivity: 2,3-EG = 2,3-epoxygeraniol.
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d Determined by GC-FID using chlorobenzene as internal standard and isolated 2
e Homogeneous phase reaction using the same V loading as [VO(acac)2]APTES@P
f Homogeneous phase reaction using the same V loading as [VO(acac)2]APTES@S

Recycling experiments were performed for further two
ycles. The V bulk contents determined after the three
ycles, 80 and 130 �mol g−1 for [VO(acac)2]APTES@PCH and
VO(acac)2]APTES@SBA-15, respectively, correspond to leaching
ercentages of only 7% and 5%. These heterogeneous catalysts are
table and maintain, in average, their catalytic activities upon reuse
Table 4).

The original and APTES-functionalised supports, with the excep-
ion of unmodified PCH, present low catalytic activities and 100%
electivities towards geranial; no formation of the desired product,
,3-epoxygeraniol, is observed (Table 4). The catalytic activity of
CH can be justified based on its structural composition. It has been
eported that K10 montmorillonite clay, which also presents an alu-

inosilicate framework, is catalytically active in the oxidation of
lcohols to carbonyl products with t-BuOOH, due to the presence of
eactive aluminium atoms [59]; nonetheless, the APTES function-
lisation of PCH results in a significantly lower catalytic activity,
ndicating that APTES blocks the active sites of the PCH.

Finally, the reaction times are longer than those of the homoge-
eous reactions due to diffusion constraints imposed on substrates
nd reactants by the silica porosity [14,15].

.3.2. Aziridination of styrene
The catalytic activity of [Cu(acac)2] complex in homogeneous

nd heterogeneous phases was evaluated in the styrene aziridina-
ion in CH3CN, at room temperature, using PhI = NTs as nitrogen
ource (Table 5). All the reactions were monitored by GC-FID and
hose using the supports, 1.2% [Cu(acac)2] complex and immo-
ilised [Cu(acac)2] catalysts after three catalytic runs were also
nalysed by 1H NMR.

The homogeneous reaction performed with 1.2% catalyst rela-
ively to styrene was fractioned by column chromatography. Two
ifferent fractions were obtained and identified by 1H NMR, one

ontaining iodobenzene and the other a mixture of aziridine and
-toluenesulfonamide in a 76:24 ratio. The sulphonamide was
emoved by precipitation from CH2Cl2:petroleum ether and sub-
equent filtration, affording the pure aziridine in 75% yield. The 1H
MR spectrum of the corresponding total reaction mixture showed
product.

.

that, besides the aziridine, the p-toluenesulfonamide was also
formed resulting from the competitive degradation of the nitro-
gen source. The PhI = NTs decomposition to p-toluenesulfonamide
was observed in the same extension even in dry or inert con-
ditions. The aziridine yield was determined from the 1H NMR
total reaction spectrum, based on the proton integrals of aziridine
and p-toluenesulfonamide peaks, being 72%, in accordance with
the isolated yield. In literature it has been reported the competi-
tive decomposition of PhI = NTs to iodobenzene and sulphonamide
occurring simultaneously with the aziridination reaction, corrobo-
rating our results [3,44]. Taylor et al. investigated the effect of the
nitrene donor on the styrene aziridination using PhI = NTs or [N-(p-
nitrophenylsulfonyl)imino]phenyliodinane as nitrene donors and
copper(II) triflate or copper-exchanged zeolite Y as catalysts [44].
They observed that the addition of the breakdown products of the
nitrogen source, iodobenzene and sulfonamide, in the beginning of
the reactions, led to a decrease both in the reaction rates and total
aziridine yields, being more marked in the heterogeneous phase
probably due to pore diffusion constraints.

In the first catalytic cycle of heterogeneous reactions the cata-
lysts present moderate activities, with [Cu(acac)2]APTES@SBA-15
showing slightly higher styrene conversion than the PCH coun-
terpart. Both catalysts present lower substrate conversions and
higher reaction times than the corresponding homogeneous cata-
lyst, owing to inherent diffusion constraints imposed on substrates
and reactants by the porous matrix, since the nitrogen source is a
solid with limited solubility in CH3CN, with its solubilisation being
controlled by its consumption rate [3].

The catalysts reusability was tested for other two cycles and
a decrease in the styrene conversion could be observed from
cycle to cycle. To confirm that the styrene conversion corre-
sponds to the formation of the aziridine product after three
catalytic cycles, the crude mixtures were analysed by 1H NMR.

The aziridine yields were 28% and 35% for [Cu(acac)2]APTES@PCH
and [Cu(acac)2]APTES@SBA-15, respectively, in agreement with
the %Cstyrene values, indicating that all the reacted styrene
substrate affords the desired aziridine. However, the yields of p-
toluenesulfonamide were higher than in the homogeneous phase,
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Table 5
Aziridination of styrene, at room temperature, catalysed by [Cu(acac)2] in homogeneous and heterogeneous phasesa.

.

Sample Run tb (h) Conversionc (%) Yieldd (%)

PCH 1st 24 21 0
APTES@PCH 1st 24 12 0

[Cu(acac)2]APTES@PCH 1st 24 55 ND
2nd 24 40 ND
3rd 24 29 28

SBA-15 1st 24 38 0
APTES@SBA-15 1st 24 17 0

[Cu(acac)2]APTES@SBA-15 1st 24 59 ND
2nd 24 41 ND
3rd 24 33 35

[Cu(acac)2] (0.4%)e 1st 1 77 ND
[Cu(acac)2] (1.2%)f 1st 1 72 72

a Reaction conditions: 1.22 mmol of styrene, 1.22 mmol of chlorobenzene (internal standard), 0.10 g of heterogeneous material, 0.244 mmol of PhI = NTs; solvent: CH3CN.
b Time needed for total consumption of PhI = NTs.
c
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Styrene conversion, corrected for limiting reagent (PhI = NTs).
d Aziridine yield determined by 1H NMR.
e Homogeneous phase reaction using the same Cu content as [Cu(acac)2]APTES@
f Homogeneous phase reaction using the same Cu content as [Cu(acac)2]APTES@

robably due to the slower kinetics of the reactions which induces
igher PhI = NTs decomposition. The Cu bulk contents after three
atalytic runs, 28 and 27 �mol g−1 for [Cu(acac)2]APTES@PCH and
Cu(acac)2]APTES@SBA-15, respectively, lead to complex leach-
ng percentages of 40% and 81%, respectively. Even though
Cu(acac)2]APTES@SBA-15 presents higher initial Cu loading and
hows slightly higher substrate conversion and aziridine yield than
he PCH counterpart, the latter is more stable upon reuse for three
ycles. On the basis of these results, it can be concluded that the
rafting method is not very robust under the aziridination catalytic
onditions.

In terms of the intrinsic catalytic activity of the supports, the par-
nt materials lead to some substrate consumption which decreases
pon their functionalisation with APTES. Nevertheless, for both par-
nt and functionalised materials, the 1H NMR spectra of the reaction
ixtures revealed the absence of the aziridine product, suggesting

hat the styrene decrease can be due to its adsorption inside the
ores of the materials.

. Concluding remarks

The complexes [VO(acac)2] and [Cu(acac)2] were covalently
mmobilised onto APTES-functionalised PCH and SBA-15 with
nchoring efficiencies of 57%, 31%, 91% and 95% for [VO(acac)2]
PTES@PCH, [Cu(acac)2]APTES@PCH, [VO(acac)2]APTES@SBA-
5 and [Cu(acac)2]APTES@SBA-15, respectively. In [VO(acac)2]
PTES@PCH, [Cu(acac)2]APTES@PCH and [Cu(acac)2]APTES@SBA-
5 the complexes were mostly immobilised on the supports
xternal surface, whereas in [VO(acac)2]APTES@SBA-15 the com-
lex was mainly anchored in the inner pores. The experimental
TIR spectra combined with the predicted theoretical IR spectra
f model molecules [M(acac)2]-APTES confirmed the complexes
rafting mechanism through Schiff condensation between the free

mine groups of the supports surface and the C O groups of the
omplexes, leading to a NO3 coordination sphere for the metal
entre.

The [VO(acac)2] based materials acted as active catalysts in the
poxidation of geraniol using t-BuOOH, showing moderate geran-
5.

iol conversions and high selectivity towards 2,3-epoxygeraniol.
Although [VO(acac)2]APTES@PCH presented a lower V content than
[VO(acac)2]APTES@SBA-15, it led to slightly higher geraniol con-
version and epoxide yield, probably due to the more external
location of the complex. However, a slightly higher selectivity to
2,3-epoxygeraniol was achieved with [VO(acac)2]APTES@SBA-15.
Both catalysts were highly stable upon reuse for two cycles and
maintained their catalytic activities, without almost no leaching.

The [Cu(acac)2] based materials presented moderate cat-
alytic activities in the aziridination of styrene with PhI = NTs.
[Cu(acac)2]APTES@SBA-15 led to a slightly higher styrene conver-
sion than the PCH counterpart. However, upon reuse for further two
cycles, both catalysts showed a decrease in the styrene conversions
and high complex leaching %s highlighting that, in this particular
case, the complex grafting methodology was not robust under the
catalytic reaction conditions.

Finally, it is noteworthy that, although higher [M(acac)2] immo-
bilisation efficiencies were obtained for SBA-15 materials, the PCH
based catalysts were more stable in epoxidation and aziridination
reactions. Therefore, the support itself and ultimately the catalyst
loading and complex location within the support have important
contributions in the catalytic performance of the immobilised cat-
alysts.
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