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The grafting of a Pt(II) photocatalyst into three different mesoporous silica-based materials with different
particle sizes and pore sizes was easily achieved through an amide bond formation. The analysis and
results of the different characterization techniques showed that the catalyst is immobilized inside the
pores of the materials and the photophysical properties of the catalyst are preserved after the covalent
anchoring. The photocatalytic material catalyzed efficiently the debromination reaction of different sub-
strates and is reused without detriment in its catalytic activity. In addition, the incorporation of the cat-
alyst into mesoporous silica materials with different pore size allows the selective debromination of
substrates by size discrimination.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The development of sustainable and greener methodologies has
become an important and interesting topic in the scientific com-
munity. In this area, the use of the solar energy as energy source,
by means of photocatalysis, has paved the way for water splitting,
CO2 conversion and the development of novel organic transforma-
tion among other applications [1]. Regarding the organic chemistry
field, photocatalysis has been stablished as a powerful tool for the
selective activation of different bonds using mild conditions and
visible light as the driving force [2]. Despite of its growing develop-
ment in the last years, most of the attention has been focused on
the use of homogeneous photocatalysts, in which organic dyes
and Ru(II) or Ir(III) metal complexes are the most used. By contrast,
the development of heterogeneous photocatalysts for organic
transformations [3] have been much less explored despite of the
advantages of the heterogeneous catalysis and the successful
application of heterogeneous photocatalytic systems based on
semiconductor materials in other fields, such as the degradation
of pollutants in water, water splitting, CO2 conversion to hydrocar-
bons or methanol photoreforming to obtain hydrogen [4].

In the field of heterogeneous catalysis, mesoporous silica-based
materials have shown great potential due to the excellent
physicochemical properties, high stability and inertness, high
surface area, large and tunable pore sizes and shapes, and easy
functionalization of the outer and inner surfaces [5]. These features
allow the easy modulation of the morphology and local environ-
ment of the confined catalytic site. In addition, the silica matrix
is inert to light which, together with the previously commented
properties, made mesoporous silicas excellent materials for the
grafting of photocatalysts and the exploration of their application
in heterogeneous photocatalysis. In this context, three mesoporous
silica materials with the incorporation of metallic photocatalysts
have been described (top, Fig. 1) [3a–d]. Wu and Yamashita
independently reported the incorporation of platinum complexes
for photosensitized oxidations [3a,b]. Later, Yamashita described
the synthesis and characterization of phosphorescence Ir(III)
complex anchored to mesoporous silica [3c]. In 2015, Zhao
showed the synthesis of a reusable heterogeneous photocatalyst
based on ruthenium complex and its application for the
synthesis of 2-arylpyridines under visible light conditions [3d].
Although these are beautiful examples in the immobilization of
metallic complexes, these works did not study the substrate size
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Fig. 1. Design of the heterogeneous Pt(II) photocatalyst.
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selectivity by the different pores and size of mesoporous materials
in relation with their photocatalytic activity.

In our research group, we developed a novel family of Pt(II)
photocatalysts based on 8-hydroxyquinolines (bottom-left, Fig. 1)
[6]. The most active photocatalyst (Pt1-Cl), that contained a 5-
chloro-8-hydroxyquinoline as ligand, was able to oxidize a large
number of sulfides with complete chemoselectivity in good yields
using both, batch and flow processes (Fig. 1). The main drawback of
the photocatalyst is the high prize of platinum compared to other
more abundant metals. Therefore, we envisioned that the immobi-
lization of the platinum complex onto mesoporous silicas might
afford a recyclable catalyst, which would reduce, not only the price
of the catalyst, but also time-processing, waste and costs in large-
scale photocatalytic processes. In addition, with a rational tuning
of the structural feature of the solid support, the heterogeneous
system may also be able to discriminate reagents due to the pore
structure, modulating the selectivity of the catalytic process.
Therefore, in order to anchor the platinum complex, the chlorine
substituent in the aromatic ring of the ligand has been changed
into a carboxylic acid that will allow us to anchor to the meso-
porous silica through an amide bond (Fig. 1). Herein, we report
the synthetic approach for the preparation of the heterogeneous
photocatalyst that involves the attachment of the catalyst Pt1 by
post-functionalization of the silica material through an amino-
propyl linker. This synthetic strategy has been used for the immo-
bilization of Pt(II) photocatalyst Pt1 onto 3 different mesoporous
silica materials (MSN, SBA-15, MSU-2) with different properties
and, their syntheses and a full characterization study by a set of
different techniques is described. Finally, this work also presents
a detailed study of the catalytic activity of the synthesized systems
on the debromination of different organic bromide substrates,
including pore-size selectivity, reusability, and its application in a
dual catalytic system for the alkylation of aldehydes.
2. Experimental section

The synthesis of MSN, MSU-2 and SBA-15 materials [7], and
their functionalization with 3-aminopropyltriethoxysilane [8]
were carried out following literature procedures. In this section,
a selection of different procedures is described. See S.I. for the full
experimental section, including general methods and materials,
experimental procedures, full characterization graphs and instru-
mental details.
2.1. Synthesis of photocatalyst Pt1 [6,9]

A solution of 8-hydroxy-5-quinolinecarboxylic acid (L1) [10]
(0.30 mmol) in 0.6 mL of acetone was added to a solution of NaOH
in 0.3 mL of MeOH. Then, cis-PtCl2(dmso)2 [11] (0.25 mmol) was
added and the reaction mixture was stirred for 24 h at room tem-
perature. The resulting brown solid was filtered, washed with
diethyl ether (2 � 10 mL) and hexane (2 � 10 mL), and dried under
vacuum (78% yield).
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1H NMR (300 MHz, DMSO d6) d 10.02 (d, J = 9.0 Hz, 1H), 9.42 (d,
J = 5.1 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.78 (dd, J = 8.7, 5.1 Hz, 1H),
6.98 (d, J = 8.4 Hz, 1H), 3.65 (s, 6H). 13C NMR (75 MHz, MeOD-d4) d
151.9, 145.0, 142.3, 141.7, 130.6, 130.3, 128.7, 122.4, 121.1, 46.5.
195Pt NMR (64 MHz, MeOD-d4) d �2768.9 (s).
Scheme 1. Synthesis of complex Pt1.
2.2. Synthesis of heterogeneous catalyst MSN-AP-Pt1, MSU-2-AP-Pt1
and SBA-15-AP-Pt1

First, a buffer of NaCl (2.92 g, 50 mmol) and morpholinoethane
sulfonic acid monohydrate (MES, 2.13 g, 10 mmol) in 100 mL of
Milli-Q water was prepared. Then, 40 mg of Pt1 was dissolved in
10 mL of DMSO and subsequently added to the buffer. Next, N-(3
-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC, 40 mg, 0.26 mmol), N-hydroxysuccinimide (NHS, 60 mg,
0.52 mmol), 2-mercaptoethanol (0.17 mL, 2.42 mmol) and the cor-
responding aminopropyl-functionalized material (400 mg) were
added. The reaction mixture was stirred for 2 h at rt and then
hydroxylamine hydrochloride (83 mg, 2.52 mmol) was added. A
yellow solid was formed which was isolated by centrifugation
and washed with Milli-Q water (3 � 30 mL) and diethyl ether
(3 � 30 mL).
2.3. Photocatalytic debromination of organic bromides

An oven-dried 10 mL glass vial was loaded with the correspond-
ing heterogeneous Pt complex (1 mol% of Pt). Then, 1 mL of abso-
lute ethanol, N,N-diisopropylethylamine (0.3 mmol) and the
corresponding organic bromide 1 (0.1 mmol) were added to the
vial. The reaction mixture was degassed by three cycles of
freeze-pump-thaw. Next, the reaction was stirred under irradiation
using a custom-made ‘‘light box” (see S.I.) at rt. After 24 h, the reac-
tion mixture was filtered over Celite� and the crude was purified
by flash chromatography to afford the corresponding debromi-
nated product 2.
2.4. Photocatalytic a-alkylation of aldehydes

To an oven-dried 10 mL glass vial were added MSN-AP-Pt1
(1 mol% of Pt), diethyl 2-bromomalonate 1a (0.1 mmol), the corre-
sponding aldehyde 3 (0.2 mmol) and MacMillan’s imidazolidinone
catalyst (20 mol%). Then, 200 lL of anhydrous DMF and 2,6-
lutidine (0.2 mmol) were added to the vial. The vial was sealed
with a PTFE/rubber septum and the reaction mixture was degassed
by three cycles of freeze-pump-thaw. Afterwards, the reaction
mixture was stirred and irradiated using blue LED irradiation
(see S.I. for more details) at rt. The reaction progress was moni-
tored by 1H NMR.
3. Results and discussion

3.1. Synthesis and characterization of the heterogeneous catalyst

The platinum photocatalyst Pt1 was prepared according to a
procedure previously reported by us [6,9], by the complexation
of the 8-hydroxyquinoline derivative ligand (L1) [10] and the plat-
inum precursor [PtCl2(dmso)2] [11] using NaOH as base in a mix-
ture of methanol/acetone at room temperature. Following these
conditions, the sodium carboxylate complex Pt1 was isolated in
78% yield (Scheme 1). The 1H and 13C NMR chemical shifts of the
complex Pt1 showed a downfield shift of most of the 1H or 13C sig-
nals compared to those of the free L1, which confirmed the com-
plexation of the ligand L1 to the metal. In addition, complex Pt1
was also characterized by 195Pt NMR, observing a signal at ca.
�2768 ppm which is in agreement with chemical shifts reported
for similar platinum(II) complexes [6,9].

In order to explore the catalytic performance of the catalyst Pt1
in a heterogeneous system, MSN, MSU-2 and SBA-15 materials
have been chosen as supports for the immobilization of the
platinum complex [7]. These three silica-based mesoporous mate-
rials present the same chemical composition but different particle
size, pore size and morphology, and different arrangements of the
porous structure. Whereas MSN are silica spheres with hexagonal
arrangement of the pores, SBA-15 has hexagonal arrangement of
the pores too, but a bigger pore size than that of MSN. In addition,
the SBA-15 particle shape is different to that of MSN as SBA-15
consists of elongated spheres of up to 700 nm and MSN in spheres
of ca. 80 nm diameter. Moreover, the silica material MSU-2, with
spherical morphology and wormhole-like arrangement of the
pores, was also selected as support for this catalytic study. The
structural differences of the different silica-based supports will
allow us to study the influence of the textural and morphological
properties of the silica materials into the catalytic performance
of the photocatalyst. The syntheses of the silica-based materials
were carried out following reported procedures [7] and were char-
acterized by IR, X-ray powder diffraction (XRD), solid physisorp-
tion (BET), SEM and TEM, obtaining data which are in agreement
with those previously described in the literature for MSN, SBA-15
or MSU-2, respectively (see S.I. for all the data). Subsequently,
the mesoporous materials were functionalized with (3-
aminopropyl)triethoxysilane (APTS) in order to incorporate amino-
propyl (AP) groups, which will serve as linkers for the subsequent
anchoring of the complex Pt1 to the materials. The functionaliza-
tion with APTS was successfully achieved for MSN, SBA-15 and
MSU-2 by heating APTS and the corresponding material in toluene
at high temperature (Scheme 2) [8]. The incorporation of the AP
group to the materials was confirmed by IR analysis, as the charac-
teristic stretching vibration band around 3000 cm�1 attributed to
the presence of N-H and C-H was observed in the IR spectra of each
functionalized material (see S.I.).

In the last synthetic step, the covalent anchoring of the photo-
catalyst Pt1 was carried out by using a well-established coupling
methodology [12] between the amino group of the AP linker of
each silica-based material and the carboxylic acid of the Pt1 cata-
lyst (Scheme 2).

The characterization of these new synthesized materials with
the platinum complex Pt1 was conducted using different tech-
niques: IR analysis, X-ray fluorescence (XRF), BET, XRD, SEM and
TEM (see S.I.). The IR spectra of the three Pt-functionalized materi-
als showed the specific bands of the mesoporous framework
together with the corresponding bands of the aminopropyl linker.
In addition, the appearance of a new characteristic band corre-
sponding to an amide C@O stretching vibration at�1650 cm�1 cor-
roborates the tethering of the Pt(II) complex onto the material.
Moreover, the IR band corresponding to the unmodified carboxylic
acid was not detected, indicating that all the Pt catalyst is bound to
the silica-based material. The BET isotherms of the three Pt-
functionalized materials exhibited the typical type IV isotherm
with hysteresis loops of mesoporous solids (Fig. 2). Nevertheless,
the covalent anchoring of the catalyst led to lower surface areas,



Scheme 2. Synthetic pathway for the anchoring of photocatalyst Pt1 into the silica.

Fig. 2. N2 adsorption-desorption isotherms and pore size distribution (insert) of MSN-AP-Pt1 (a), MSU-2-AP-Pt1 (b) and SBA-15-AP-Pt1 (c).
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pore volume and pore size compared to those of the unmodified
MSN, SBA-15 and MSU-2 in each case (Fig. 2 and Table 1). There-
fore, the functionalization of the MSN material to MSN-AP-Pt1
involves a decrease in the pore size from 2.5 to 2.1 nm. Similarly,
a pore size decrease was also observed for the functionalized mate-
rialsMSU-2-AP-Pt1 and SBA-15-AP-Pt1 on direct comparison with
their corresponding unmodified analogues MSU-2 and SBA-15. The
Table 1
Summary of the main physico-chemical parameters of the heterogeneous catalysts and th

Material ao (Å) Pore size (Å) Surface

MSN 42.15 25.0 1017
MSU-2 60.09 33.6 961
SBA-15 111.14 65.2 781
MSN-AP-Pt1 43.83 21.0 513
MSU-2-AP-Pt1 58.14 30.0 535
SBA-15-AP-Pt1 100.24 54.0 372
decrease in the pore size of the three Pt-functionalized materials
indicates that the anchoring of the catalyst has mainly taken place
within the pores and channels of the material. In addition, the
platinum content of the materials was determined by XRF analysis,
observing that MSN-AP-Pt1 has a 4.5% Pt content, while MSU-2-
AP-Pt1 and SBA-15-AP-Pt1 have a 6.6% and 2.3%, respectively. To
determine the degree of functionalization of the materials, the
e parent materials.

area (m2/g) Pore volume (cm3/g) Pt content (% w/w)

1.57 –
0.95 –
0.96 –
0.39 4.5
0.49 6.6
0.66 2.3
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ratio Pt/N has been calculated from the elemental analysis. The cal-
culated ratio Pt/N of the three materials is in agreement with their
Pt content determined by XRF. Therefore, MSU-2-AP-Pt1 material
contains the highest Pt/N ratio (1/3), whereas lower degrees of
functionalization were achieved for the two materials with hexag-
onal pore distribution, MSN-AP-Pt1 and SBA-15-AP-Pt1 (1/6.7 and
1/10.6, respectively). These results shown that the most effective
functionalization rate was found for MSU-2 material, as it was pre-
viously reported by us [7c].

Finally, the morphology and structure of the platinum sup-
ported materials was analyzed by powder XRD, SEM and TEM.
The XRD patterns of the functionalized materials indicate that
the ordered mesoporous structure is retained after the anchoring
of the catalyst (see S.I) as the obtained diffractograms showed
similar diffraction patterns than those of the unmodified silica
materials MSN, SBA-15 and MSU-2 with the unique difference of
a reduction in the intensity of the peaks. The decrease in the inten-
sity of the diffraction peaks is due to the incorporation of the Pt-
catalyst into the pore, which is usually associated with a partial
blocking of the dispersion points of the pores. Moreover, the SEM
and TEM images of the supported materials (Fig. 3 and S.I) demon-
strate that the morphology and pore arrangement of the platinum
supported-materials is retained after functionalization observing
that, in all cases, the morphology and particle size is not modified
in the functionalization processes.

In addition, the elemental mapping of C, Pt, and Si of the sup-
ported material MSN-AP-Pt1 was measured by SEM. As shown in
Fig. 4, the material presents a uniform distribution of C, Si and,
more important, of Pt, which clearly supports the highly dispersed
incorporation of the Pt-catalyst throughout the material.
3.2. Photophysical properties

To further determine the potential suitability of the Pt-
functionalized materials as photocatalysts, their photophysical
and electrochemical properties were studied. Firstly, the diffuse
reflectance spectra of the three Pt-functionalized materials was
recorded (Fig. 5a). The spectrum of the three Pt-functionalized
materials show a band centered at �420 nm, which corresponds
to the MLCT band of the complex Pt1. A comparison between the
maximum absorption wavelengths of the homogeneous Pt com-
pound (see Fig. 5b) and the heterogeneous Pt-functionalized mate-
rials shows that the absorption properties of the materials are due
to the Pt complex, and the silica materials do not modify the main
photophysical properties of the photocatalyst. It is important to
note that the difference in intensity of the bands could be attribu-
ted to the different Pt content of the materials (see Table 1). Fur-
thermore, we have also verified that neither the silica supports
nor the aminopropyl-modified materials present any significant
band in their diffuse reflectance spectra, confirming that both the
Fig. 3. SEM images of MSN-AP-Pt1 (a), M
silica and the aminopropyl moiety do not interact with the
irradiation light.

The photoluminescence of the three Pt-functionalized materials
was studied at room temperature and 77 K using degassed EtOH
solutions of highly dispersed samples (Fig. 5c–d). The emission
spectra at rt of the three materials presents two maximums at
�485 and 529, whereas the MSN-AP-Pt1 material contains an
additional maximum at 607 nm. Moreover, the intensity of the
emission depends on the Pt content of the material, being MSU-
2-AP-Pt1 the most photoluminescence material (6.6% Pt, see
Table 1). On the other hand, at lower temperatures (77 K) a unique
band in the range of 575–600 nm is recorded. It is importance to
notice the bathochromic shift of the emission band of the sup-
ported Pt1 complex depending on the pore size of the mesoporous
silica material, which is more significant in the case of the emission
at lower temperatures (Fig. 5d). This bathochromic shift in the
emission spectra of molecules inside inorganic materials such as
zeolites and mesoporous silica depending on the pore size has been
attributed to the orbital-confinement effect of the inorganic mate-
rial [13]. Briefly, the confinement effect of the inorganic material
into the guest molecule (the Pt1 complex in our case) generates
an overall reduction of the HOMO-LUMO energy gap of the guest
molecule and, consequently, shifts the emission band at higher
wavelengths. The spectra shown in Fig. 5d are consistent with
the confinement effect as the emission band of the Pt1 catalyst
shows a bathochromic shift when the pore size of the material
decreases (pore size: 54 Å for SBA-15-AP-Pt1, 30 Å for MSU-2-
AP-Pt1, 21 Å for MSN-AP-Pt1).

The ground-state redox potentials of the functionalized materi-
als were determined by cyclic voltammetry (CV) in acetonitrile as
solvent. The three Pt-containing materials present an oxidation
peak close to +1.40 V (vs Ag/AgCl), which corresponds to the Pt
(II)-Pt(III) oxidation. Moreover, the reduction peak was not possi-
ble to be detected. Taking into account the ground state redox
potentials and the long wavelength tail of the absorption spectrum,
the oxidation excited state potentials of the heterogeneous Pt(II)
catalysts were estimated to be �1.38 V for MSN-AP-Pt1, �1.34 V
for MSU-2-AP-Pt1 and �1.35 V for SBA-15-AP-Pt1 (V vs Ag/AgCl)
(see S.I). These values indicate that the environment of the silica
material does not produce a significant effect in the photophysical
parameters of the Pt(II) photocatalyst in comparison with the
homogenous catalyst (Pt1-Cl, �1.24 V vs Ag/AgCl).

3.3. Catalytic activity

The heterogeneous catalysts MSN-AP-Pt1, SBA-15-AP-Pt1 and
MSU-2-AP-Pt1 were evaluated in the debromination of organic
molecules as a model reaction. The reactions were carried out
under nitrogen atmosphere using different bromoderivatives,
diisopropylethylamine (DIPEA) as electron and/or hydrogen atom
donor, in ethanol as solvent and using blue LED (kmax = 450 nm)
SU-2-AP-Pt1 (b), SBA-15-AP-Pt1 (c).



Fig. 4. SEM image (a), mapping of C (b), mapping of Pt (c) and mapping of Si (d) of supported material MSN-AP-Pt1.

Fig. 5. (a) Solid reflectance UV–Vis spectra of the materials and (b) UV–Vis absorbance of homogeneous complex Pt1. (c) Luminescence spectra of the materials at rt
(kex = 410 nm). (d) Luminescence spectra of the materials at 77 K (kex = 410 nm).

Scheme 3. Debromination of different substrates using MSN-AP-Pt1 as
photocatalyst.

D. González-Muñoz et al. / Journal of Catalysis 373 (2019) 374–383 379
as irradiation source (Scheme 3). To evaluate the catalytic activity
of the materials, the platinum(II) loaded MSN material (MSN-AP-
Pt1) was chosen as heterogeneous catalyst. After 24 h, MSN-AP-
Pt1 is able to completely debrominate the diethyl bromomalonate
(1a) and the 2-bromoacetone derivatives 1b and 1c. In contrast, the
more difficult compound to debrominate (1d) gave only a conver-
sion of 35%. Moreover, the debromination of 1a did not take place
in the dark or in the absence of photocatalytic material, using silica
templates (MSN, MSU-2 and SBA-15) or silica templates function-
alized with APTS (MSN-AP, MSU-2-AP and SBA-15-AP), (see also
other control experiment in S.I., Section 2.7, Table S1). Therefore,
we demonstrate that both the light and the Pt(II) photocatalyst
are required for the effective transformation into the dehalo-
genated products. The debromination reaction of 1a was also car-
ried out using a modified MSN-AP-Pt1 material with the outer
surface capped with trimethylsilyl groups (MSN(TMS)-AP-Pt1)
and a similar platinum content (4.3%) [14]. Using this material
the debromination rate of 1a was analogous to that of the
uncapped catalytic MSN material (MSN-AP-Pt1). Therefore, this
result confirms that the functionalization of the MSN with the plat-
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inum(II) photocatalyst Pt1 has mainly taken place inside the pores
of the silica-based system and not in the external surface area of
the nanoparticles.

Based on the good catalytic performance shown by supported
catalyst MSN-AP-Pt1, a comparative study of the three silica-
based materials was carried out to investigate the influence of pore
size and morphology of the materials on the debromination rate.
For this purpose, diethyl bromomalonate (1a) and di(tert-butyl)
bromomalonate (1e) were chosen as model substrates and were
submitted to the photodebromination reaction using MSN-AP-
Pt1, MSU-2-AP-Pt1 and SBA-15-AP-Pt1 as photocatalysts (Fig. 6).
Under the same catalytic amounts of Pt(II) complex (1 mol% of
Pt), all the three materials were able to debrominate around 80%
of the ethyl substrate 1a. However, regarding the more bulky sub-
strate 1e, higher differences in terms of reactivity were observed
Fig. 6. Kinetic study of the debromination of substrate 1a or 1e using MSN-

Fig. 7. Competitive study of the simultaneous debromination of the ethyl derivative 1a

Fig. 8. Debromination of the ethyl derivative 1a ( ) and tert-buty
between the three catalytic materials. The two materials with
hexagonal pore distribution (MSN-AP-Pt1 and SBA-15-AP-Pt1)
showed higher catalytic activity than MSU-2-AP-Pt1, being SBA-
15-AP-Pt1 the most active catalyst that converted 80% of substrate
1e in only 4 h. This material, SBA-15-AP-Pt1, has a larger pore size
than that of MSN-AP-Pt1 (5.4 vs 2.1 nm, see Table 1) which facili-
tated the easy access and diffusion of substrate 1e and resulted in
higher catalytic efficiency. Accordingly, the poor catalytic activity
of MSU-2-AP-Pt1, 20% conversion after 4 h, could be attributed
to its irregular shape, small pore size and larger particle size that
may slow down the entrance and diffusion of bigger substrates
such as 1e.

With the two best catalytic materials,MSN-AP-Pt1, SBA-15-AP-
Pt1, we additionally studied a competitive debromination of the
two substrates 1a and 1e in the same reaction media (Fig. 7). Both
AP-Pt1 ( ), MSU-2-AP-Pt1 ( ) and SBA-15-AP-Pt1 ( ) (1 mol% of Pt).

( ) and tert-butyl derivative 1e ( ) using MSN-AP-Pt1 (a) or SBA-15-AP-Pt1 (b).

l derivative 1e ( ) using amorphous-AP-Pt1 (1 mol% of Pt).



Fig. 9. Recyclability of heterogeneous catalystMSN-AP-Pt1 in the debromination of
diethyl bromomalonate (1a).

Scheme 4. Postulated mechanism for the debromination of different substrates
using the heterogeneous Pt(II) photocatalyst.

D. González-Muñoz et al. / Journal of Catalysis 373 (2019) 374–383 381
catalytic materials showed catalytic discrimination by the sub-
strate size, being the conversion of the ethyl substrate 1a much
higher than that of 1e (tert-butyl derivative). This discrimination
is more pronounced for MSN-AP-Pt1 catalyst, observing a
Fig. 10. (a) a-Alkylation of aldehydes 3a and 3b with bromoderivative 1a usin
debromination rate of 1a ca. 4-fold faster than that found for 1e.
Therefore, this is an additional indication that the functionalization
of the materials with the Pt1 complex is inside the pores of the
silica-based mesoporous systems.

In order to gain more insights into the effect of the mesoporous
environment in the catalytic activity of the different materials, we
anchored complex Pt1 into amorphous silica following the func-
tionalization steps described for the other silica materials (see
Scheme 2 and SI for more details). The amount of Pt has been
determined by XRF to be 2.5%. Next, the debromination of sub-
strates 1a and 1e using 1 mol% of amorphous-AP-Pt1 material
was performed in different vials (Fig. 8). The debromination rate
of both substrates is very similar, which indicates that the different
photocatalytic activity of MSN-AP-Pt1, SBA-15-AP-Pt1 and MSU-
2-AP-Pt1 was caused by the pores size (compared in Figs. 6–7
and 8).

Some of the main advantages of the heterogeneous catalysts are
their easy separation from the reaction mixture, their reuse and
their higher stability compared to homogeneous catalyst. In this
sense and to investigate the recyclability of our heterogeneous
catalyst, reusability studies of MSN-AP-Pt1 in the debromination
of diethyl bromomalonate (1a) were carried out. Thus, after 8 h
of reaction, the mixture was centrifuged and the supernatant (reac-
tion crude) was separated and analyzed by 1H NMR. The catalyst
was subsequently washed with ethanol, and used in a new
catalytic cycle by adding fresh reactants. As shown in Fig. 9, the
catalytic performance was maintained for at least 5 times without
decrease in the catalytic activity. Furthermore, the stability of
MSN-AP-Pt1 catalyst was confirmed by recording the IR and
UV–Vis spectra of the reused catalyst. Both spectra of the material
remain unaltered after the reaction run (see S.I.). In addition, the
catalyst leaching was studied treating the reaction mixture to a
hot filtration [15]. After the removal of the solid catalyst at 50%
of conversion, no further reaction was observed along the time.
This result demonstrates that there is no homogeneous catalyti-
cally active species in solution, and the catalytic activity obtained
using the heterogeneous MSN-AP-Pt1 catalyst is only due to the
anchored Pt1 complex. In summary, these experiments show the
excellent stability and reusability of the heterogeneous catalyst
in the studied reactions.
g MSN-AP-Pt1 material or (b) homogeneous Pt1-Cl complex as catalysts.
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The mechanism proposed for the debromination of organic
compounds under the heterogeneous Pt(II)-photocatalytic materi-
als is despicted in Scheme 4. According to literature [16], the
debromination of organic bromides involves a reductive quenching
mechanism. Upon irradiation under visible-light, the excited state
of the photocatalyst (PC*) is reduced by diisopropylethylamine
(R3N), which acts as electron donor. Next, the reduced photocata-
lyst (PC��) is oxidized by the alkyl bromoderivative (1) to regener-
ate the initial Pt(II) catalyst. Finally, the alkyl radical is protonated
by diisopropylethylamine radical cation or ethanol (the solvent) to
afford the final debrominated compound 2.

With these results on hand, we decided to evaluate the poten-
tial versatility of the catalyst by extending the applicability of
the photocatalytic material in some other catalytic reactions. In
this context in 2008, MacMillan reported the a-alkylation of alde-
hydes with diethyl bromomalonate using a dual catalytic system,
which combined the imidazolidinone organocatalyst and the pho-
toredox catalyst Ru(bpy)3Cl2 [17]. Later, other complexes and
organic molecules were also studied as photocatalysts for that
transformation [18]. However, to the best of our knowledge, there
are no reports on the use of Pt(II) complexes as photoredox cata-
lysts for this transformation. Thus, the alkylation of aldehydes 3a
and 3b with bromomalonate 1a were carried out using MacMil-
lan’s organocatalyst, MSN-AP-Pt1 as heterogeneous photocatalyst
and 2,6-lutidine as base in DMF as solvent with blue LEDs as irra-
diation source (Fig. 10). Gratefully, the heterogeneous photocata-
lyst MSN-AP-Pt1 is able to catalyze the a-alkylation of both
aldehydes 3a and 3b, although high differences in terms of reactiv-
ity were observed [19]. During the monitoring of the reactions
along the time (Fig. 10a), we observed that the alkylation rate of
aldehyde 3b was 3-fold higher than that of aldehyde 3a. However,
and taking into account that the molecular size of 3b is higher than
that of 3a, the reactivity is completely opposite to the size selectiv-
ity of theMSN-AP-Pt1 catalyst previously observed. After the anal-
ysis of these results, we decided to study if the different rate
observed for the alkylation reaction of aldehydes 3a and 3b was
due to the effect of the silica support or, on the other hand, to
the photocatalytic activity of the Pt complex. To disclose this
assumption, the alkylation of both aldehydes (3a and 3b) was car-
ried out by using the homogeneous Pt(II) photocatalyst (Pt1-Cl). As
shown in Fig. 10b, the alkylation rate of both aldehydes with the
bromoderivative 1a using the homogeneous catalyst was very
similar, indicating that the reactivity of both aldehydes and the
kinetics of both transformations are comparable. Therefore, it
seems that the catalytic activity of the Pt photocatalyst when
supported onto the silica-based material is altered, reducing the
catalytic conversion to ca. 30% in the case of 3a [20].
4. Conclusions

The synthesis of a Pt(II) catalyst immobilized into three differ-
ent mesoporous silica-based materials has been carried out. A
detailed characterization study of those heterogeneous catalysts
showed that the Pt(II) complex has been regularly incorporated
inside the pore and the photophysical and photochemical
properties of the homogeneous Pt(II) complex are preserved after
immobilization. Their photocatalytic activities were evaluated in
the debromination of different organic bromides, showing high
debromination conversions, good recyclability and high stability
(no detectable leaching). Furthermore, this investigation further
confirmed that the covalent anchoring of the Pt(II) complexes into
mesoporous materials allows the selective debromination of sub-
strates by size discrimination. Moreover, our photocatatalytic
materials are compatible in dual catalytic processes, allowing the
alkylation of aldehydes in good conversions. All these studies high-
lighted the good catalytic performance and robustness of the
heterogeneous Pt(II) photocatalysts developed by our group.
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