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The cavities of SBA mesoporous silica materials can be used as nanoreactors for embedding catalytic
species such as nanoparticles, complexes and heteropolyacids etc. The encapsulated catalysts are
renowned as superior catalytic systems regarding their catalytic activity, selectivity and reusability as well
as suppressed leaching. An efficient method to improve the encapsulation of these catalysts, is in
creating anchors for capturing catalytic species. It has been performed by functionalization of the
surface of SBA mesoporous silica materials with various groups including sulfur, phosphorus and amine-
based functional groups. The aim of this article is to review the recent advances (2014-2017) in the field
of the utility of functionalized SBA for developing encapsulated catalysts. In most cases the reusability of
the catalyst and the leaching of the catalytic active species were discussed to disclose the role of
functionalized SBA in heterogenizing and suppressing the leaching. Moreover, to show the superiority of
these developed encapsulated catalysts, with a couple of examples we compared their catalytic activities
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1. Introduction

The 21% century has witnessed considerable progress in the
research area of novel catalysts. In this regard, developing
biomimetic catalysts through confinement of a catalytic species
within the cavity of a porous system, mostly referred to as
nanoreactors, has proved to be a very promising procedure." To
date, various nanoreactors including dendrimers,” metal
organic frameworks (MOFs),** mesoporous silica, carbon
nanostructures, polymers,*™® clays," zeolites™ etc. have been
applied for embedding catalytic species.” It is noteworthy that
the encapsulated catalysts are distinguished from the conven-
tional supported catalysts in which the catalytic species are
immobilized on the surface of a heterogeneous support." The
most outstanding features of the encapsulated catalysts are
their superior selectivity, activity and reusability as well as the
low leaching of the catalytic species.

Mesoporous silica materials'*> have not only proved their
utilities as heterogeneous catalysts**° for promoting various
organic transformations,***” but also find interesting applica-
tions*** in other research fields such as food chemistry,*
production of bio-mass derived chemicals,** petroche-
misry,**™*® sensors, waste treatment,*>*® optical materials and
carriers. One of the most important advances in this field is
developing hybrid systems through functionalization of meso-
porous silica materials.***® In this context using sulfur,* %
phosphorous and amine-based functional groups®*®* has
attracted growing attention and resulted in introducing novel
hybrid systems®~*® with outstanding utilities for catalysis.
Not only the functionalized mesoporous silica can be employed
as catalysts, they can be exploited as nanoreactors for incorpo-
ration of another catalytic species such as nanoparticles,”®”®
complexes®®' for developing state of the art encapsulated
catalysts.?>¢

Recently, Rostamnia et al. reviewed the hybrid functional-
ized silica mesostructures containing sulphonic acid and amine
based moieties and their utilities as green organocatalysts for
promoting various organic transformations.*” They also covered
a book chapter on the utility of functionalized mesoporous
silica for Pd encapsulation." Karimi et al also provide
a comprehensive review on the applications of functionalized
ordered/periodic mesoporous silicas and organosilicas as cata-
lyst support in C-C coupling reactions.*® Moreover, Moham-
madi Ziarani et al. review the utility of sulfonic acid-
functionalized SBA in organic synthesis.*® All these review arti-
cles highlight the importance of mesoporous silica materials in
catalysis. Although all of those review articles were well orga-
nized and informative, the first two review articles covered
various mesoporous silica including SBA and MCM and the
review article covered by Mohammadi Ziarani only considered
one functionality (sulfonic acid). Moreover, the review article
authored by Karimi et al. targeted only one class of organic
transformation or catalyst. We recently published a review
article regarding Pd(0) nanoparticles in which we disclosed the
utility of mesoporous silica for the encapsulation of Pd nano-
particles.” In attempt to expand the concept of encapsulated
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catalysts®*?>°* and in continuation of our recent review article
on encapsulated catalysts,”® herein we consider mesoporous
silica materials from a new point of view and cover the recent
advances (2014-2017) in utility of the functionalized SBA mes-
oporous silica for embedding various catalytic species or second
functionality for developing novel hybrid catalysts. Noteworthy,
we make effort to highlight the advantageous of these state of
the art catalysts.

2. Functionalized SBA for developing
hybrid catalysts through incorporation
of complexes

One of the challenges in the field of metal containing catalysts
such as complexes is leaching of the metallic species. This issue
not only reduce the catalytic activity, it can also make the
purification of the products difficult. To suppress the metal
leaching, the complex can be encapsulated within the pores of
SBA. The inorganic SBA not only physically protect the encap-
sulated complex, it can also affect the catalytic performance
through synergistic effects between the SBA and complex. In
this regard, surface functionalization of SBA can improve the
encapsulation of the catalyst. Moreover, according to the
complex size, the size of the SBA pores can be controlled. In the
following some recent advances in this field have been
discussed.

The hydrolysis and co-condensation of tetraethylorthosili-
cate (TEOS) and 3-chloropropyltrimethoxysilane (CPTES) were
exploited for preparation of Cl-functionalized mesoporous
silica, CI-SiO,. Subsequently, reaction with p-salicylidine ami-
nobenzoic acid followed by incorporation of MoO,(acac), was
employed to afford an inorganic-organic hybrid catalyst, Mo-
SB-CI-SiO,, (Fig. 1) for liquid-phase epoxidation of various
olefins in the presence of -BuOOH as the oxygen source under
mild reaction condition in 1,2-dichloroethane. The observed
catalytic activity (conversion: 45.3-87.1%, selectivity: 56.4 to
>99%, TON: 15.9-368.1 h™') was comparable with a homoge-
neous system and depended on the steric and electronic
features of the substrates. Moreover, the novel catalyst exhibited
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Fig.1 Preparation of ordered Mo-SB-Cl-SiO,. Adapted from Zhang
et al. (2016), ref. 92, with permission from CSIRO Publishing.
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superior catalytic activity compared with the catalyst obtained
through a post-grafting assisted method. This observation was
attributed to higher density of Mo"" active sites in the Mo-SB-
Cl-SiO,.”> The catalyst could be used for four times with
preserving its catalytic activity.

Singh et al developed a novel catalyst, 3-[N,N'-bis-3-
(salicylidenamino)ethyltriamine] Mo(vi)O,@SBA-15, through
incorporation of 3-[N,N-bis-3-(salicylidenamino)ethyltriamine]
ligand (L or Salpr) in inner space of SBA-15 functionalized
with 3-chloropropyl trimethoxy silane and dimethoxydimethyl
silane followed by complexation with Mo(vi)O,(acac), (Fig. 2).
The novel hybrid system was used as a heterogeneous catalyst
for epoxidation of cycloalkenes in CHCI; with anhydrous tert-
butyl hydroperoxide as oxidant and sulfoxidation of various
sulphides in acetonitrile with hydrogen peroxide.” In the case
of epoxidation, the substrate with more electron rich C=C led
to better results. Regarding sulfoxidation, unsubstituted
substrates exhibited better results. The catalytic activity of
Mo(vi)O,@SBA-15 was also compared with free (L)Mo(vi)O,
complex. The results established the superior catalytic perfor-
mance of the former. Moreover, the catalyst was reusable and
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Fig. 2 Organofunctionalization and immobilization of the neat (L)
MoW)O, complex over SBA-15, (1-a) synthesis of homogeneous
complex [(LIMo(v)O, complex], (1-b) chloro functionalization of SBA-
15 [PrCl@SBA-15], (1-c) capping of PrCl@SBA-15 [-OH protected
PrCl@SBA-15], (1-d) heterogenization of homogeneous complex [(L)
Mo(v)O,@SBA-15]. Reprinted from ref. 93 with permission of Royal
Society of Chemistry.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

could be used for consecutive reaction runs without negligible
loss of activity.

Recently, Zare et al. reported grafting oxoperoxo molybde-
num(vi) complex on the Cl-functionalized SBA-15 and the utility
of the obtained catalyst, MoOj;(sal-phz)/SBA-15 (where sal-phz is
salicylidene 2-picoloyl hydrazine), for the olefins epoxidation with
tert-BuOOH in decane as oxidant.” It was found that the solvent
and reaction temperature could affect the process. The best
results were obtained at 95 °C and decane as the solvent. Catalytic
activity of the heterogeneous catalyst was compared with the
heterogeneous counterpart, MoOjs(sal-phz). The catalytic activi-
ties of both catalysts were comparable. However, the heteroge-
neous catalyst was chemically stable and could be recovered and
reused for six reaction runs with preserving its catalytic activity.

Mn(salen)Cl complexes were immobilized on amine-
functionalized SBA-15 to afford a series of catalyst with
different Mn loading (0.293-0.765 mmol Mn per g) (Fig. 3). The
catalysts were successfully used for liquid phase oxidation of
benzyl alcohol in the presence of tert-butylhydroperoxide as the
oxidant. The authors studied the effects of reaction variables
such as reaction time, temperature and solvent. It was found
that polar protic solvents such as CH;CN at 90 °C resulted in the
best yields. Studying the effect of oxidant established that the
conversion had a linear relationship with the amount of the
oxidant. Notably, selectivity showed a reversible relationship
with the ratio of benzaldehyde to the oxidant which was due to
the consecutive reaction of the transformation of benzaldehyde
to benzoic acid. High efficiency, low complex leaching which
emerged from interactions of amine moieties and complex,
reusability of the catalyst and low amount of the required
catalyst were the merits of this protocol.”

The amine functionalized SBA-15 was used for coupling with
2-thiophenecarboxaldehyde followed by grafting to manganese
(Fig. 4). The catalytic activity of the system was investigated for
Knoevenagel condensation of various aldehydes and malono-
nitrile.*® High yields (92-97%), sort reaction time (15-100 min)
broad substrate scope and reusability of the catalyst for five
reaction runs were the merits of this protocol. The comparison
of the catalytic activity of this catalyst with some reported ones
such as SO,/ZrO,, TiO,, nitrided MCM-48, zeolite imidazolate
and ZrO, established its good comparability with them in terms
of product yield and reaction time.
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Fig. 3 Preparation of SBA-15-Pr-NH,-supported Mn-salen
complexes. Reprinted from ref. 95 with permission of Springer.

RSC Adv., 2017, 7, 30815-30838 | 30817


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04833e

Open Access Article. Published on 14 June 2017. Downloaded on 6/17/2026 9:50:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances
(Mco),Si/\/\NH,
t_:w;“' —_——— t—___?}ﬁ/\/\"“’
\ CHO
o

e

MeOH, reflux,6h

Ma (1)

wmn,n-nu

Fig. 4 Synthetic pathway for the formation of Mn—SBA-15. Reprinted
from ref. 96 with permission of Springer.

Chen et al. reported a novel catalyst based on supporting
vanadyl(v) acetylacetonate (VO(acac),) on amine-functionalized
SBA-15 (Fig. 5) for the direct hydroxylation of benzene to
phenol in the presence of oxygen as the oxidant.”” The authors
believed that the reaction condition could dramatically affect the
yield of the desired product. Optimizing the reaction condition,
13.3% phenol was obtained. The comparison of the catalytic
activity of this catalyst with those of previously reported ones
such as V/AL O3, TBA-PW,,V, V-AIPO;, VO,/SBA-15, V,0,@C and
CsPMoV,, proved the superior activity of this novel catalyst. The
catalyst exhibited high stability and reusability, which emerged
from the strong interaction of vanadium atoms and amine group.

Post-synthesis method was employed for SBA-15 function-
alization  with  3-(2-aminoethylamino)  propyldimethox-
ymethylsilane to afford amine functionalized SBA-15, MPAOS,
which subsequently coupled with 2-thiophene carboxaldehyde
as Schiff-base to furnish MPIOS. The hybrid system was
successfully used for anchoring Cu by reacting with CuCl,-H,O
(Fig. 6). The obtained catalyst, Cu-MPIOS was proved to be an
efficient heterogeneous catalyst for one-pot three-component
C-S cross coupling reaction of thiourea benzyl bromides and
bromoanisole under microwave irradiation in aqueous
medium.*® Noteworthy, the catalytic performance of Cu-MPIOS
was superior to CuCl,-H,O indicating the role of surface area
and mesoporosity of the Cu-MPIOS in catalysis. To study the
copper leaching, hot filtration and AAS analysis was performed.
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Fig. 5 Schematic illustration for the preparation of V/NH,-SBA-15.
Reprinted from ref. 97 with permission of Springer.
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Fig. 6 Schematic representation for the formation of Cu-MPIOS
material. Reprinted from ref. 98 with permission of Elsevier.

The results ruled out the leaching of the copper and prove
the heterogeneous nature of the catalyst. Investigating the
reusability of the catalyst for five reaction runs demonstrated
only 8% decrease of the yield of the desired product indicating
the excellent reusability of the catalyst.

Bhaumik and Ali et al. introduced a novel catalyst for solvent-
free oxidation of olefins. The catalyst was prepared by amine
functionalization of SBA-15 with 3-aminopropyl-triethoxysilane
(APTES) and subsequent reaction with Schiff base diac-
etylmonooxime followed by incorporation of Ni through reac-
tion with Ni(ClO,), (Fig. 7). The obtained catalyst, SBA-15-NH,-
DAMO-Ni could promote one-pot oxidation of a broad range of
olefins in the presence of tert-butylhydroperoxide as oxidant.
The catalyst was also reusable and could be recovered and
reused with slight loss of the activity. Investigation of the effect
of Ni loading was performed by comparing the performances of
three catalysts with three different Ni loading (1.29, 0.63 and

FOH (z:o;,sa—/_\nn, 7o Wam

FOH -o7sa NH,

=0OH CHCly, rt, N, atmosphere -0 SHA [SNE
SBA 15 )
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S/ N Ne-on

SBA 15-NH; DAMO

-0 Si

Ni(C10y), 6H,0
Ethanol
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Fig. 7 Route to synthesize functionalized SBA-15 supported nickel(i)-
oxime—-imine catalysts. Reprinted from ref. 99 with permission of
Elsevier.
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1.95 wt%). The results established that the higher the Ni
loading, the higher conversion was obtained. However, the TON
value changed in order of 1.95 < 0.63 < 1.29 wt%. This can be
due to the decrease of surface area and ordering of 2D hexag-
onal mesophase due to higher Ni loading.*

Sakthivel et al. disclosed a novel catalytic system based on
conjugating SBA-15 with cobalticinium complex containing
siloxane moiety on ligand centre (Fig. 8).'°° The hybrid system
was used as an efficient heterogeneous catalyst (conversion: 57—
91%, TON: 356-568) for oxidation of various alcohols in the
presence of TBHP in decane as oxidant with good selectivity of
ketone. Noteworthy, the catalyst was reusable and preserved its
catalytic activity after recycling for two runs of reaction. FTIR
analysis of the spend catalyst and comparing it with fresh one
established that both two catalysts exhibited similar vibrational
bands indicating their identical features. However, due to the
adsorption of organic compounds on the spend catalyst, higher
intensities of the bands for spend catalyst was observed.
Moreover, leaching of cobalt species was not detected.

In attempt to develop an efficient visible-light-photocatalyst
for oxidation of H,O, aminopropyl-functionalized SBA-15 was
reacted with 2-acetylpyridine and cobalt nitrate (Fig. 9)."* The
catalytic activity (turnover frequency: 59.64 mol of O, per h
per mol per Co) of the obtained catalyst, cobalt salophen func-
tionalized SBA-15, (MC) was remarkably higher than that of cor-
responding Schiff-base. The high catalytic activity was ascribed to
the large surface area and tuneable porous structures. Further-
more, the catalyst exhibited high reusability. This economical
heterogeneous catalyst was reusable and could be reused for four
reaction runs. The analysis of the reused catalyst proved that
upon reusing, the Schiff-base remained immobilized on MC and
the salophen did not degrade. However, it was found that the
coordination environment of Co was altered in reused catalyst.

Molybdenum(vi) Schiff base complexes were incorporated in
SBA-15 via initial functionalization of SBA-15 with APTES and

m
)oH\ i

R R R

R

R=aryl, alkyl, H R=aryl, alkyl, H

Fig. 8 Schematic representation of complex (6) heterogenization on
SBA-15 and its application on alcohol oxidation. Reprinted from ref.
100 with permission of Springer.
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v
€§;Sl NSNH,

Fig. 9 Preparation of MC catalyst. Reprinted from ref. 101 with
permission of Royal Society of Chemistry.

coupling with salicylaldehyde followed by reaction with
MoO,(acac), (Fig. 10). The hybrid system was then used as an
efficient and reusable catalyst for epoxidation of cyclohexene
(conversion = 97.78% and selectivity = 93.99%). It was found
that silylation of the residual Si-OH groups could increase the
catalytic activity of the catalyst. This was attributed to higher
content of Mo active sites.'® Moreover, the catalyst was reusable
and only a slight loss of the catalytic activity was observed upon
reusing for four times. The results obtained from hot filtration
established negligible leaching of Mo(vi) and predominance of
the heterogeneous catalytic process.

Manganese(u1) complex of meso-tetrakis(4-carboxyphenyl)
porphine was immobilized on two types of SBA-15 functional-
ized with short-chain 3-aminopropyltriethoxysilane and long
chain N-(3-trimethoxysilylpropyl)diethylenetriamine to furnish
two catalysts, [SBA-15-short-chain-NH,@Mn(TCPP)OAc] and
[SBA-15-long-chain-NH,@Mn(TCPP)OAc] with utilities for
promoting olefins oxidation in the presence of acetic anhydride
as an activator, urea hydrogen peroxide (UHP) as oxidant and
imidazole as co-catalyst.'®

Both catalysts were reusable. However, the long-chain cata-
lyst, [SBA-15-long-chain-NH,@Mn(TCPP)OAc], proved to be
more active than the short-chain counterpart and exhibited

OH
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Mo-CH;3-SA-NH,-SBA-15
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Fig. 10 Procedures of the synthesis of Mo—CHz—SA-NH,—-SBA-15.
Reprinted from ref. 102 with permission of Springer.

RSC Adv., 2017, 7, 30815-30838 | 30819


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04833e

Open Access Article. Published on 14 June 2017. Downloaded on 6/17/2026 9:50:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

comparable catalytic activity with homogeneous (Mn(TCPP)
OAc).

Bardajee et al. designed a novel reusable and non-leaching
organometallic catalyst, Cu(u)-DiAmSar/SBA-15, based on
coordination of Cu(u) ions with diaminosarcophagine ligand
followed by conjugating with SBA-15 (Fig. 11). The novel catalyst
was successfully used for solvent-free synthesis of a series of
heterocycles including benzimidazole, benzothiazole and ben-
zoxazole derivatives.’® The protocol showed broad substrate
scope and desired heterocycles could be achieved in high yields
under mild reaction condition. Moreover, the catalyst was
reusable and could be recovered and reused for 6 reaction runs
with negligible loss of the activity (only 1%). The presence of
ordered mesoporous channels in the catalyst was proved by
various analyses. This characteristic of the catalyst facilitated
the ingress of reagents into the pores of the catalyst and resul-
ted in high dispersion of copper species.

Vinu et al. developed a highly acidic SBA-15 through func-
tionalization with triflic acid. Using FTIR spectroscopy the
binding of triflic acid on the SBA was proved. Changing the
amount of triflic acid, pore diameters was controlled. The
authors investigated the interaction of the different amounts of
triflic acid with the SBA-15. The acidity of the catalyst was
estimated by using TPD technique. It was found that upon
using higher amount of triflic acid, the acidity of the catalyst
was improved. The authors reported that SBA with the largest
pore diameter could not be served as an efficient support as it
exhibited low acidity and surface area as well as poor degree of
structural order. The obtained catalyst was employed for the
synthesis of coumarin. The results established the superior
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Fig. 11 Preparation of Cu(i)—DiAmSar/SBA-15. Reprinted from ref. 104
with permission of Wiley.
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catalytic activity of this catalyst compared to some conventional
catalysts such as zeolites and bare SBA-15.'%

Click reaction was exploited for the synthesis of a novel
functionalized SBA-15, D-2PAPd(m)@SBA-15. The synthetic
procedure (Fig. 12) included the synthesis of azido-
functionalized mesoporous SBA-15 followed by its cycloaddi-
tion reaction with N,N-dimethyl-2-propynylamine (D-2PA) and
subsequently the complexation with PdCl,. The catalytic activity
of the novel catalytic system was investigated for Suzuki
coupling reaction of phenylboronic acid with aryl halide deriv-
atives. The authors investigated the effects of reaction variables
such as temperature, solvent and base. Inorganic base such as
K,CO; and DMF were found as the best base and solvent
respectively. Additionally, performing the reaction at 120 °C led
to the highest yields. Broad substrate scope, high TON and
yields and reusability of the catalyst were the merits of this
protocol.**

In an innovative design, Singh et al. employed amine-
functionalized SBA-15 for grafting Pd-EDTA complex and
developing a novel catalyst, SBA-15-EDTA-Pd(u) (Fig. 13). The
authors fully characterized the catalysts by using various anal-
yses such as TEM, SEM, TGA-DTA, XRD, FTIR and **C, *°S NMR.
The oxidation state of the Pd was found to be Pd** by XPS
technique. The catalytic utility of the catalyst was investigated
for Suzuki and Sonogashira coupling reactions. The results
established high catalytic performance, TON and reusability.
Broad substrate scope, promoting the reaction in the absence of
any ligand or copper co-catalysts and reusability of the catalyst
were other merits of this protocol.*””
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Fig. 12 (a) Synthesis of 3-azidopropyltrimethoxysilane 2. (b) Azide
functionalization over SBA-15 [Nz@SBA-15 3]. (c) Cycloaddition of
N,N-dimethyl-2-propynylamine and Nz@SBA-15 3 via the click reac-
tion [D-2PA@SBA-15 4]. (d) Metallation of D-2PA@SBA-15 4 by PdCl,
[D-2PA-Pd()@SBA-15 5]. Reprinted from ref. 106 with permission of
Springer.
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Reprinted from ref. 107 with permission of Royal Society of Chemistry.

A novel organic-inorganic hybrid catalyst, SBA-15-TAT-
Pd(u), was designed and synthesized trough reaction of thio-
functionalized SBA-15 with 2,4,6-triallyloxy-1,3,5-triazine and
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azobisisobutyronitrile (AIBN) (initiator) followed by anchoring
of palladium (Fig. 14).**® The novel hybrid system was success-
fully used for promoting C-C coupling reactions including
Heck, “copper-free” Sonogashira, Suzuki and Hiyama cross
coupling reactions in DMF at 120 °C. In comparison to the
previously reported palladium containing SBA-15 catalysts, the
novel system exhibited higher performance in terms of reaction
time, yield and Pd loading (0.62 mmol%). Moreover, the catalyst
was reusable and could be recovered and reused for five reac-
tion runs with comparable catalytic performance. Additionally,
the XPS analyses of fresh and reused catalysts established the
identical oxidation state of Pd in both catalysts. The hot filtra-
tion tests also ruled out the leaching of Pd and confirmed the
heterogeneous nature of the catalysis.

This catalyst was also used for promoting hydrogenation
reaction.'” The results established excellent catalytic activity of
the hybrid system (selectivity 100% and conversion >99%)
which was superior compared with the commercial catalyst, 10
wt% Pd/C. Noteworthy, the catalyst was reusable and could be
recovered and reused up to five runs with negligible loss of
performance.

Rostamnia et al. designed and synthesized a hybrid system
composed of SBA-15, carbene complexes of Pd(un) and ionic
liquid. The procedure for preparing the catalyst is depicted in
Fig. 15. Using ICP-AES analysis the content of Pd was estimated
to be 0.81%. The hybrid, NHC-Pd@SBA-15/IL system was used
for promoting Hiyama coupling reaction of aryl halides and
trimethoxyphenyl silane in the presence of tetra-n-butylammo-
nium fluoride, TBAF. It was found that Cs,CO; could improve
the yield of reaction and reduce the required amount of Pd
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Fig. 14 Synthesis of SBA-15-TAT-Pd() catalyst. Reprinted from ref. 108 with permission of Elsevier.
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mol% due to synergic effect with TBAF for activation of C-Si
bond. The authors studied the reusability of the catalyst and
proved that it could be recovered and reused for 5 reaction
times with insignificant loss of catalytic performance.'®
However, upon reusing for the sixth run the catalytic activity
decreased dramatically which was attributed to the collapse of
the silica support. ICP-AES analysis established no Pd leaching
upon reusing the catalyst for 5 times.

This research group also reported a green and efficient
protocol for S-arylation of benzylic and aromatic thiols and
various aryl halides in the presence of K,COj; under the catalysis
of a novel heterogeneous catalyst based on immobilized Pd ions
on porous periodic mesoporous organosilica with ionic liquid
pore walls (Fig. 16).""* The authors studied the reaction vari-
ables such as solvent and temperature and found that per-
forming the reaction in water under reflux was the optimum
reaction condition. The catalyst was reusable and could be
recovered and reused for 10 reaction runs with negligible loss of
the activity. Broad substrate scope, using low amount of Pd
(0.054 mol%) and aqueous reaction media were other merits of
that procedure.

A new heterogeneous Pd catalyst was developed by func-
tionalization of SBA-15 with (3-mercaptopropyl)trimethox-
ysilane followed by reaction with (CH;CN),PdCl,. The catalyst
was found as an efficient and reusable catalyst for promoting
Sonogashira and Suzuki-Miyaura cross-coupling reactions of
aryl halides.'> The Sonogashira reaction could proceed at 75 °C
using piperidine as a base and in the absence of copper under

- N aN N
-l (72 { "

2
si si
MeOT'OMe MeO"| OMe S
o OnMe MeO'7 ‘OMe

si2 2
o oFoMe o Sioue

Fig. 15 Schematic synthesis pathway of NHC-Pd/SBA-15/IL. Reprin-
ted from ref. 110 with permission of Elsevier.
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Fig. 16 Procedures for the synthesis of the Pd@lL-PMO. Reprinted
from ref. 111 with permission of Elsevier.
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solvent-free condition to furnish the corresponding products in
high yields (89-98%) after 1 h. The Suzuki reaction proceeded at
90 °C in the presence of K,COj; after 6 h to furnish the desired
product in moderate to high yields (51-97%). Moreover, the
catalyst could be reused for five reaction runs with only slight
loss of the catalytic activity.

Ghorbani-Vaghei et al. deposited PdCl, on amidoxime
functionalized SBA-15, SBA-15/A0, to afford SBA-15/A0/Pd(u)
nanocatalyst. The authors also reduced the Pd species by
hydrazine to afford a novel catalyst contains Pd(0) species
(Fig. 17). The catalytic activity of SBA-15/A0/Pd(u) was studied
for Suzuki coupling reaction between phenylboronic acid and
aryl halides. The reaction could proceed in the presence of very
low amount of Pd loading (~0.2 mol%) to furnish the desired
products in high yields. The reusability of the catalyst, broad
substrate scope, mild reaction condition were the merits of this
phosphine-free catalyst.'**

Veisi et al. disclose a novel functionalized SBA-15 in which
pyridine groups containing melamine were attached on SBA-15.
This organic-inorganic system was then used for immobiliza-
tion of Pd(u) and Pd(0) nanoparticles (Fig. 18). The obtained
hybrid catalyst was employed as an efficient catalyst for
promoting Suzuki cross-coupling reaction between phenyl-
boronic acid and wide range of aryl chloride, bromide and
iodide in the presence of K,COj; in the mixture of H,O/EtOH at
50 °C. This procedure furnished the desired biaryls with use of
very low amount of Pd (~0.3 mol%) under mild reaction
condition in high yields with no need to additional ligand or
additive. The reusability of the SBA-15/CCPy/Pd(u) was also
demonstrated by employing the reused catalyst for consecutive
reaction runs (up to 7 runs)."** Moreover, no Pd ion was detected
in the liquid reaction mixtures by atomic absorption spectros-
copy. This result indicated the key role of functionality on
anchoring the Pd species.

Manirul Islam and Bhaumik reacted amine functionalized
SBA-15 with 2-pyridinecarboxaldehyde to afford pyridine-imine
functionalized SBA-15 which could be served for coordinating
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Fig. 19 Synthesis of Cu@Pylm-SBA-15 catalyst. Reprinted from ref.
115 with permission of Elsevier.

Cu(u) (Fig. 19). The novel catalyst, Cu@Pylm-SBA-15, was
successfully used as an efficient and reusable catalyst for
promoting synthesis of 1,4-di-substituted 1,2,3-triazoles
through click reaction of azides, derived in situ from reaction of
amines and NaNj, and acetylenes under mild and green
condition (aqueous media and 0 °C-ambient temperature).'**
Various reagents with different electron densities and steric
hindrance could be used and lead to the corresponding prod-
ucts in relatively short reaction times (6-8 h) in excellent yields
(90-98).

The recycling test established that the catalyst could be
recovered and reused for five reaction runs. Notably, the EPR
spectra of the fresh and reused catalysts indicated the identical
oxidation state of copper, Cu®*, for both of the catalysts.
Furthermore, the leaching of the active catalytic species was
negligible. High yields, preventing the formation of dimer of
alkyne were other advantages of this protocol.

This journal is © The Royal Society of Chemistry 2017
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Sadeghzadeh functionalized SBA-15 with 2,2’-(chloro-
methylene)dipyridine and subsequently reacted the hybrid with
sodium tetrachloroaurate(m)hydrate to prepare a novel SBA-15
supported gold dipyridine complex. The system was success-
fully used as an efficient and reusable catalyst for promoting the
four-component reaction of a-enolic dithioesters, cysteamine,
aldehyde and cyclohexane-1,3-dione under ultrasonic irradia-
tion to afford corresponding thiazoloquinolines.'*® The
comparison of the synthesized catalysts with the previously re-
ported ones demonstrated that the novel catalyst could promote
the reaction under milder and greener reaction condition and
shorter reaction time. Moreover, the author studied the catalytic
activity of the catalysts derived from incorporation of various
metal ions. The results established that the catalytic activities
varied in the order of Au(m) > Cr(m) > Cu(u) > Ni(u) > Zn(u) >
Mn(u) > Co(u) > Cd(u) > Hg(u).

As obvious from the abovementioned examples, the encap-
sulation of complexes within the pores of SBA can lead to the
heterogeneous catalysts with high reusability. The SBA-
encapsulated catalysts could be recovered easily and reused
for several reaction runs with only slight loss of their catalytic
activity. Notably, in most cases, the leaching of the catalytically
active species was highly supressed. It was also shown that
encapsulation of the complex not only did not diminish the
catalytic activity, but also could result in higher catalytic activity
which could be attributed to the protecting the catalyst,
concentration of substrate and synergetic effects between SBA
and the complex. In most case, the nature of the catalysis with
SBA-encapsulated catalysts was proved to be heterogeneous.
Noteworthy, functionalized SBA can more effectively anchor the
catalytic species and prevent the catalyst leaching. In this
context various functionalities could be introduced on SBA
surface via post-synthesis approach. The catalytic performance
of the final catalyst can depend on the nature of complex and
metallic centre, the strength of the interactions between the
catalytic species and the functionalized SBA and the size of the
pore of SBA structure.

3. Functionalized SBA for
incorporation of porphyrin complexes

Encapsulation of (metallo) porphyrins in porous compounds
such as SBA not only protect them from harsh reaction condi-
tion, but also results in catalysts that mimic the features of
natural enzymes. In this way, the reaction can proceed with high
efficiency and stereochemical selectivities." To incorporate the
porphyrin catalyst within the cavity of SBA more efficiently, the
SBA could be modified via post or pre-synthesized method.

A photocatalyst based on immobilization of V-doped meso-
porous TiO,/tetrakis(4-carboxyphenyl)porphyrin (V-TiO,/TCPP)
onto amine-functionalized SBA-15 was developed and used for
photo-degradation of 2,4-dichlorophenol. To elucidate the role
of SBA-15, the catalytic activities of V-TiO,/TCPP/SBA and V-
TiO,/TCPP were compared.*” It was found that not only the V-
TiO,/TCPP/SBA was more efficient but also it exhibited good
reusability and could be recovered and reused for four times

RSC Adv., 2017, 7, 30815-30838 | 30823
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with negligible loss of activity."” It is worth mentioning that
degradation of 2,4-dichlorophenol was of first-order kinetic
model. It was proposed that the incorporation of V-TiO,/TCPP
in SBA-15 led to its dispersion and prevented from particle-
particle aggregation and light scattering. Studying the effect of
the initial concentration of 2,4-dichlorophenol proved an
inverse relationship between this parameter and photo-
degradation percentage.

Nakagaki et al. developed two methodologies for immobi-
lizing Mn porphyrins (MnP) on SBA-15 including (1) using

~25°C, 6h
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Fig. 20 Schematic representation of the synthetic routes for (a)
preparation of support SBA-15Cl by the silanization of SBA-15 with (3-
chloropropyl)trimethoxysilane, (b) immobilization of MNTM-4-PyPCls
on SBA-15 by electrostatic interaction, and (c) anchorage of MnT-4-
PyPCl on SBA-15Cl by covalent bonding. The two classes of hetero-
genized catalysts are illustrated with the para MnP isomers. Reprinted
from ref. 118 with permission of Elsevier.
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electrostatic interaction for supporting three cationic isomers of
Mn(m) N-methylpyridiniumporphyrins (MnTM-X-PyPCl;, X = 2,
3, 4) on SBA-15 and (2) employing Cl-functionalized SBA-15 for
embedding three neutral isomers of Mn(ur) N-pyridylporphyrins
(MnT-X-PyPCl, X = 2, 3, 4) through covalent bonding (Fig. 20).
The loading amount of MnP was 0.3%. The catalytic activities of
the two catalysts were investigated for oxidation of cyclohexane
employing iodosylbenzene as oxygen donor. The results estab-
lished the superior catalytic activities of the novel catalysts
compared to homogeneous counterparts. Moreover, the SBA-
15-Cl/MnT-X-PyPCl proved to be slightly more efficient than
MnTM-X-PyPCls. Low leaching of the MnP which was attributed
to interaction of MnP and SBA, high yield and selectivity to
cyclohexanol as well as the reusability of the catalyst were the
advantageous of this protocol.'*®

In another attempt, lamamoto et al. attached 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin iron(m) chloride (FeP) on
amine-functionalized SBA-15. The obtained hybrid system, FeP-
APSBA, was successfully used for oxidation of hydrocarbons.
The authors also developed another catalyst, FeP-~APSBA-TMS,
by introducing non-polar Si(CH;); moieties by using 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) (Fig. 21). Comparing the catalytic
activities of the catalysts, which were considered as P-450 model
systems, it was found that the end-capped with TMS groups had
detrimental effect on the catalytic activity and the presence of
Si-OH groups promoted adsorption of iodosylbenzene mole-
cules, used as oxygen donors, during the oxidation reactions.
This increased the probability that the intermediate species
collided with the substrate.'*®

SBA-16 was also employed for immobilization of copper(i)
meso-tetrakis(4-chlorophenyl)porphyrin  (CuTCIPP) through
ship in bottle approach. The hybrid catalyst, (CuTCIPP@SBA-

7
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:S'i\N,S]i:
H
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(A) Preparation of the hybrid material APSBA from the starting SBA-15 structure; (B) FeP immobilization on the hybrid APSBA, to give FeP—

APSBA; and (C) silylation of the FeP—APSBA surface with HMDS, to yield FeP-APSBA-TMS. Reprinted from ref. 119 with permission of Royal

Society of Chemistry.

30824 | RSC Adv., 2017, 7, 30815-30838

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04833e

Open Access Article. Published on 14 June 2017. Downloaded on 6/17/2026 9:50:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Bicyclo[4.1.0]heptane

Hydrogen peroxide
Cyc[ohexene#>

TBHP

2-Cyclohexen-1-one
93%

2-cyclohexenol

Fig. 22 The oxidation of cyclohexene. Adapted from ref. 120.

16) was successfully used as a heterogeneous and reusable
catalyst for the oxidation of cyclohexene with ¢-butyl hydroper-
oxide (TBHP) and hydrogen peroxide as oxidants to epoxide,
ketone and alcohol (Fig. 22). It was reported that using the bare
SBA-16 and amine-functionalized SBA-16 did not lead to
oxidation products indicating the dominant role of metal-
loporphyrin in catalysis. It was found that each 1 mol metal-
loporphyrin converted the 174311 mole of cyclohexene
molecules within the 90 min. The investigation of visible light
effect on the efficiency of the catalyst proved the positive effect
of the visible light."** The catalyst could be recovered and reused
for four reaction runs with only slight loss of the catalytic
activity.

In conclusion, encapsulation of porphyrin which can be
achieved through ship-in-bottle approach can be considered as
an effective strategy for developing heterogeneous and reusable
catalysts. Encapsulation can also improve dispersion and
prevent from particle—particle aggregation. In the case of pho-
tocatalysis and photodegradation, SBA can improve adsorption
of the substrates and enhance the photocatalytic activity
through increasing the possibility of collision of the substrates.

4. Functionalized SBA for
incorporation of nanoparticles

The interconnected cavities of SBA mesoporous materials can
serve as nanoreactors for embedding nanoparticles. In this way,
not only the aggregation of nanoparticles is prevented and their
particle size and dispersion improved, the catalytic nano-
particles could be protected in the course of catalysis. The
encapsulation of the nanoparticles can occur through simple
physical entrapment or via electrostatic and non-covalent
interactions. In the latter case, the surface of SBA is usually
functionalized with ligands containing one or more hetero-
atoms (oxygen, nitrogen, phosphorous or sulphur)." These
ligands can range from simple heteroatom containing aliphatic
or heterocyclic compounds to complicated ligands such as
dendrimers. From the above discussed examples, the SBA-
encapsulated nanoparticles can be considered as efficient and
reusable catalysts with low leaching of nanoparticles for
promoting diverse range of the organic transformations.
Suzuki-Miyaura cross-coupling reaction was promoted
under mild condition, ie. aqueous media and atmospheric
condition in DMF in the presence of Pd nanoparticles sup-
ported on 1,3-dicyclohexylguanidine functionalized meso-
porous silica SBA-15. The novel catalyst, SBA-15/1,3-DCG/Pd,
was prepared by introducing 1,3-dicyclohexylguanidine (1,3-

This journal is © The Royal Society of Chemistry 2017
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Fig. 23 Preparation of SBA-15/1,3-DCG/Pd. Reprinted from ref. 121
with permission of Royal Society of Chemistry.

DCG) moieties on SBA-15 and subsequent deposition of Pd
nanoparticles (Fig. 23)."*' Notably, the dispersion of the fine Pd
nanoparticles (size ~ 10 nm) was uniform. Using ICP analysis
the content of Pd nanoparticles was estimated to be 0.3 mmol
g~ '. Additionally, the formation of Pd(0) was confirmed by XPS
analysis. The reaction condition was optimized by varying the
reaction variables such as reaction temperature, solvent and
base. Using optimum reaction condition, i.e. using K,CO; as
base and water—ethanol (1 : 1) as solvent at 40 °C the generality
of the reaction was studied. The aryl halides reacted in the order
of R-1> R-Br > R-Cl. The broad substrate scope, high selectivity
and reactivity, excellent reusability (up to five reaction runs)
simplicity of catalyst preparation and moisture stability of the
catalyst were the merits of this protocol.

Xin and Rostamnia developed a series of heterogeneous Pd
catalysts [(PdX,@SBA-15/SO;H or Pd(PrSO;),@SBA-15) and (Pd-
NPs@SBA-15/SO;H or Pd-NPs(PrSO;)@SBA-15)] by preparing
SO;H-functionalized SBA-15 followed by ion exchange method
and subsequently reduction of the Pd ions (Fig. 24). The authors

HS
~sioMe); /) DHOIMO o N (
SBA-16/SH ~—————— 0 oH + b s.—o
2)Cal:male O

H;0.

o SBA-15 ("123' (TEOS)

Lk P-NPs
'y ) / PdX, ™ “‘\\ e ll\u NaBH, o 03/“ = ”\\.

Y XY o ) g VT

oy v?‘*”( ) odo oy P o
SBA-15 SBA-15

Cat.A

(MeCN)CI

SBA-15/50,H Cat.B

Fig. 24 Schematic representation of the catalysts preparation.
Reprinted from ref. 122 with permission of Elsevier.
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investigated the catalytic activities of the catalysts for
phosphine-free Suzuki cross-coupling reaction in the presence
of K,CO; in DMF/H,0 at 80 °C.*>* They established that the
Pd(MeCN),Cl,@SBA-15/SO;H  and  Pd-NPs@SBA-15/SO;H
possessed the best catalytic performances in terms of activity
and selectivity.

The excellent reusability of the catalysts (up to 11 reaction
runs) as well as good substrate tolerance and commercially
availability of the starting materials were other merits of this
protocol.

This research group also reported phosphine-free Heck ary-
lation reaction of aryl halide derivatives and conjugate alkenes
with Pd incorporated into sulfonate-SBA-15, SBA-15/PrSO;Pd
and SBA-15/PrSO;PdNP."® Low Pd loading, reusability of the
catalyst and high yields were the advantageous of that protocol.

Pd nanoparticles (particle size of ~2 nm) were confined in
various thiol-functionalized silica materials including Aerosil-
380, plugged SBA-15, SBA-15, and m-MCF. The obtained
hybrid systems were used as catalysts for Heck and the Suzuki
reactions. It was found that in the case of Suzuki reaction,
stronger basic condition was needed and the catalyst obtained
from plugged SBA-15 exhibited better stability (the SBA-15 was
fragile and collapsed in the first reaction run) while the leached
palladium was recognized as the main factor for promoting the
Heck reaction.”* Furthermore, the catalysts derived from
ordered mesoporous silica could limit the growth of Pd nano-
particles and consequently improve the stability.

The amidoxime-functionalized mesoporous SBA-15 was used
for immobilizing Pd(0) nanoparticles (Fig. 25). The catalytic
activity of the obtained catalyst, SBA-15/A0/Pd(0) was investi-
gated for the synthesis of N-arylindole derivatives via the
Ullmann-type coupling reaction of indoles with aryl iodides in
the presence of Et;N at 110 °C. The results established that the
low amount of the catalyst (ca. 0.3 mol%) could furnish the
corresponding products in good to high yields. The protocol
showed broad substrate scope. Notably, the catalyst was reus-
able and could be recovered and reused for five reaction runs
with no remarkable loss of activity.**® To elucidate the nature of
the catalysis, the hot filtration method was employed. The
results established the preservation of Pd on the SBA at elevated
temperature and consequently the heterogeneous entity of the
catalysis. Comparing the efficiency of this catalyst with previ-
ously reported ones such as polystyrene supported Cu(u), MCM-

R, Ry

Ry, Ry =H, CHs EtzN, DMF, 110C

m\
H N f\N’HZ

MeO- S|
o O ko) OHOHO O OH
|

| |

Fig. 25 Palladium-catalysed N-arylation of indoles. Reprinted from
ref. 125 with permission of Wiley.
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41-2N-Cu, Cul, metformine demonstrated the superior catalytic
activity of the novel catalyst.

Ultrafine Pd nanoparticles were also supported on SBA-15
functionalized with APTES. The obtained catalyst was success-
fully used as a reusable catalyst for hydrogen evolution through
formic acid dehydrogenation of at ambient temperature with
TOF of 293 h™'.12¢

Using co-reduction method, Wan et al. supported bimetallic
AgPd nanoparticles on graphitic carbon nitride (g-CsN,) function-
alized SBA-15. The hybrid system was successfully used for
hydrogen formation from decomposition of formic acid. The
authors demonstrated that the content of carbon nitride as well as
the composition of AgPd affected the process and Ag;0Pdog02CND/
SBA-15 was obtained as the catalyst of the choice for dehydroge-
nation of formic acid with TOFi,a = 893 h™! at 323 K.**7

Novel ligand-functionalized SBA-15 mesoporous silica
compounds were obtained by incorporation of 2-aminothiazole
groups, AMT-SBA-15, and aminopropyl triazole groups, Tr-SBA-
15, and subsequently used for immobilization of silver nano-
particles. The procedure for the synthesis of AMT-SBA-15,
depicted in Fig. 26, included reaction with (3-glycidylox-
ypropyl) trimethoxysilane (GPTMS) followed by coupling of 2-
aminothiazole. Tr-SBA-15 was obtained through reaction of G-
SBA-15 with sodium azide and click coupling reaction with
alkyne group from propargylamine. The Ag doped catalysts, Ag/
AMT-SBA-15 and Ag/Tr-SBA-15 were found to be highly active
for reduction of methylene blue. Reduction rate constants of
14.3 x 107 % and 9.4 x 107> s~ ' for Ag/Tr-SBA-15 and Ag/AMT-
SBA-15, respectively.'®

Using carboxylic acid functionalized SBA-15 Kao et al. re-
ported the synthesis of nano-sized Ag nanoparticles (~3 nm).
The authors demonstrated that in the absence of carboxylic acid
functionalities, the larger Ag nanoparticles (~20 nm) would be
formed in the exterior of SBA-15 (Fig. 27). The authors believed
that the interaction between Ag' ions and -COO~ moieties
facilitate the formation of Ag nano particles. The catalytic
activity of the catalyst was studied for the reduction of 4-nitro-
phenol to 4-aminophenol. It was established that the particle
size of the Ag nanoparticles played an important role in catalytic
performance and inverse relationship was observed between
catalytic activity and Ag particle size. Noteworthy, the catalyst
could be recovered and reused for 5 reaction runs.'*

Benzyl alcohol oxidation under aqueous media was
promoted using copper(i1) complexes, copper and copper oxide
nanoparticles supported on functionalized SBA-15. 1-Methyl-3-
[(triethoxysilyl)propyl]imidazolium chloride (IMIL) ionic liquid
derived from reaction of 1-methylimidazole and (3-chlor-
opropyl)triethoxysilane as well as 3-[bis[(2-hydroxyethyl)amino]
propyl-triethoxysilane] (PADOH) were employed for preparing
functionalized SBA-15 (Fig. 28). To obtain copper nanoparticles
stabilized by immobilized imidazole ionic liquid or poly(-
ethylene glycol), chemical reduction was used. The copper oxide
samples were prepared using calcinations. The best catalytic
activity, conversion (73%), selectivity of benzaldehyde (54%)
was obtained using the copper catalyst prepared from incor-
poration of Cu(u)-IMIL complex in SBA-15 followed by chemical
reduction Cu/IMIL-SBA-15-G1."*°

This journal is © The Royal Society of Chemistry 2017
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Fig. 27 Schematic illustration of the synthesis of Ag(y)@SBA-15-(x)
nanocatalysts. Reprinted from ref. 129 with permission of Royal
Society of Chemistry.

Small Au or Pd nanoparticles as well as AuPd nanoalloys with
non passivated surfaces were incorporated in SBA-15 modified
with an ionic liquid-like alkoxysilane (Fig. 29). It was found that
the mesoporous framework of SBA-15 did not collapse upon
functionalization or reduction processes. Moreover, the results
obtained from EDS and DRS measurement ruled out the
formation of core-shell structure but proved the alloy forma-
tion. The obtained bimetallic catalyst was used for the reduc-
tion of 4-nitrophenol. The higher the Pd content, the higher the
velocity constant and catalytic activity was observed.'*!

This journal is © The Royal Society of Chemistry 2017

Fig.26 Schematic representation of the preparation of AMT-SBA-15 and Tr—SBA-15 hybrid supports. Reprinted from ref. 128 with permission of

Au nanoparticles were also deposited on propylamine-
functionalized SBA-15.%** Initially the SBA-15 was functional-
ized via post synthesis approach and subsequently reacted with
AuCl;. The nanoparticles were furnished upon reduction with
NaBH,. The loading of Au was estimated to be 2 wt%. The
catalytic activity of the obtained catalyst, AuNPs/SBA-NH, was
confirmed for oxidative coupling of amines. The results estab-
lished that various amines could tolerate the reaction to furnish
the corresponding mines in high yields in the presence of O, as
oxidant under mild and green reaction condition, i.e. atmo-
spheric pressure with no need to any additive or base. Notably,
the leaching of Au was insignificant and the catalyst was reus-
able and the reused catalyst could be applied for four reaction
runs with only slight loss of the catalytic activity.

SH-Functionalized SBA-15 was employed by Li et al for
immobilizing Au nanoparticles.”*® The synthetic approach
included preparation of SH-functionalized SBA-15 through co-
condensation in the presence of (3-mercaptopropyl) trimethox-
ysilane followed by reaction with HAuCl, to afford Au-SH@HSO;-
SBA-15. The sulfonic acid groups were generated via oxidation by
Au*'. The Au-SH@SO;H-SBA-15 was employed as an efficient and
reusable catalyst for alkyne hydration in aqueous media. Various
alkynes with different electron densities could be used successfully
in this protocol to afford the corresponding products in relatively
short reaction times (1.5-5 h) in excellent yields (75 to >99%). The
catalyst could be simply recovered and reused for 9 reaction runs

RSC Adv., 2017, 7, 30815-30838 | 30827
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Fig.28 Preparation of immobilized copper ion-containing ionic liquid and copper nanoparticles stabilized by ionic liquid over SBA-15. Reprinted

from ref. 130 with permission of Elsevier.

@ =Au-PdNPs
“____\.~"(1) Surface Functionalization of SBA-15
(2) Ton-exchange reaction (adsorption of the metallic precursors)

(3) Reduction step with NaBH, and formation of the supported NPs

Fig. 29 Schematic illustration of the procedure carried out for the in
situ synthesis of the supported mono- and bimetallic nanoparticles.
Reprinted from ref. 131 with permission of Royal Society of Chemistry.

with preserving its catalytic activity. The ICP analysis also
confirmed the suppressed Au leaching. This observation was
assigned to the Au-SH coordination bond. The authors compared
the catalytic activity of the catalyst with those of SO;H-SBA-15,
Au@SH-SBA-15, Au-SH@SO;H-SBA-15, and Au(PPh;)Cl and
proved the superior catalytic activity of the former.

Nickel nanoparticles were also incorporated into hyper-
branched polyamidoamine-polyvinylamine/SBA-15. To obtain
the catalyst, initially SBA-15 was functionalized with polyvinyl
amine, PVAm/SBA-15, and subsequently were used for growing
hyperbranched polyamidoamine, PAMAM. The incorporation
of Ni was preceded through formation of complex between Ni**
ions and PAMAM followed by reduction by NaBH, (Fig. 30). The
utility of the catalyst, PAMAM-PVAmM/SBA-15, was studied for
reduction of various nitro containing aromatics under mild
reaction condition (aqueous media at ambient temperature).
The results proved that the hybrid system could act as
a heterogeneous catalyst with ability to reduce various nitro
aromatic compounds in excellent yields in short reaction

30828 | RSC Adv., 2017, 7, 30815-30838

time.'** The reusability tests confirmed the excellent reusability
(up to ten times) of the catalyst. Moreover, the comparison of
the catalytic activity of Ni-PAMAM-PVAm/SBA-15 and Ni-
PVAmM/SBA-15 proved the superior catalytic performance of the
former in terms of reusability, reaction time and TOF. Note-
worthy, the nature of the catalysis was heterogeneous.

Zhang et al. developed a series of novel visible-light-driven
photocatalysts, Cr-PFMS-X%, based on supporting Cr on
spacious mesoporous channels of phenyl-functionalized meso-
porous silica with cubic structure and large pore size (>5 nm).
The catalyst was prepared through assembling by co-
condensation of tetraethoxysilane and various amounts of phe-
nyltriethoxysilane using P123 as the template followed by phenyl
groups-assisted loading with Cr species. The catalytic activity of
the photocatalyst was studied for the cyclohexane oxidation with
O, at ambient temperature and visible light irradiation. The
authors believed that the presence of the phenyl moiety and
consequently large pores could improve the Cr loading and
resulted in superior catalytic activity compared to Cr-SBA-15 or
samples with hexagonal structure.**® It was also reported that the
solvent could dramatically affect the catalytic activity and
dichloromethane was the solvent of the choice. The best TON for
oxidation of cyclohexane was reported for Cr-PFMS-5%.

It can be concluded that various nanoparticles such as Ag,
Pd, Cr, Cu, Ni etc. can be encapsulated within the cavity of SBA
to develop hybrid catalysts which in most cases exhibited
excellent catalytic activity and reusability. Mostly, this class of
catalysts could be prepared via synthesis of SBA, post-
functionalization of the SBA, introduction of the metal
precursor and finally reduction of metal precursor to zero valent
metallic nanoparticles. Notably, bimetallic nanoparticles and
nanoalloy could also encapsulated in SBA. Mostly, the nano-
particles encapsulated in SBA are of small sizes and high
distribution. This can be attributed to the role of SBA in
controlling the particle growth and preventing the aggregation.
Moreover, in the case of using functionalized SBA, the leaching
of the nanoparticles in the course of the reaction is highly
reduced. It is worth noting that the incorporation of

This journal is © The Royal Society of Chemistry 2017
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permission of Royal Society of Chemistry.

nanoparticles usually did not lead to the collapse of SBA
framework and the SBA preserved its ordered porous structure.

5. Functionalized SBA for embedding
heteropolyacids

Heteropolyacids are nontoxic and non-corrosive catalysts with
both redox potentiality and Bronsted acidity. They have been
widely used for catalyzing various organic reactions**'’
including electrochemical,"*® petrochemical,” and photo-
chemical reactions."***> The main drawbacks of this class of
catalysts are low surface area and high solubility in water and
conventional organic solvents. To circumvent these issues,

This journal is © The Royal Society of Chemistry 2017

immobilization of heteropolyacids on inorganic supports such
as clays****** have been suggested. More sophisticatedly, heter-
opolyacids can be encapsulated within a porous support.***

In this regard, SBA has received great attention hetero-
polyacid immobilization onto mesoporous silica can transform
it into a heterogeneous catalyst and improve its catalytic activity
through synergistic effects between silica support and hetero-
polyacid as well as increasing surface area.®® Moreover, in
comparison of some reported porous supports/nanoreactors
such as MOFs, SBA exhibited high thermal, mechanical and
chemical stability. Notably, the synthesis and modification of
SBA are relatively simple and cost-effective. In the following
some recent advances in the field of the utility of SBA for
immobilization of heteropolyacids are discussed.

RSC Adv., 2017, 7, 30815-30838 | 30829
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Zhou et al immobilized Keggin type heteropolyacid,
H;PW,,0,, onto sulfonate-functionalized ionic liquid modi-
fied SBA-15 via ion exchange and used the hybrid system as an
efficient and reusable catalyst for alkylation of o-xylene with
styrene. The optimum amount of heteropolyacid loading was
found to be 30%, 30% HPW-PMIMPS-SBA-15. The authors
compared the catalytic activity of the catalyst with basic ionic
liquid 1-(propyl-3-sulfonate) 3-methyl-imidazolium phospho-
tungstate ([MIMPS];PW;,0,,), pure heteropolyacid and pure
SBA-15 (Fig. 31). The results demonstrated that although het-
eropolyacid exhibited high catalytic activity, its homogeneous
nature made the work-up procedure and reusing of the catalyst
difficult. Moreover, bare SBA-15 was not catalytically active.
Comparing with ((MIMPS];PW;,0,,), 30% HPW-PMIMPS-SBA-
15 exhibited superior catalytic activity."*® The novel catalyst
reduced the use of ionic liquid significantly. Moreover, it could
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Fig. 32 Synthesis of HPW—IL/SBA-15 catalyst. Reprinted from ref. 147
with permission of American Chemical Society.
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be recovered and reused for 6 reaction runs with only slight loss
of the catalytic activity.

Zhu, Li and et al. supported phosphotungstic acid on ionic
liquid-modified SBA-15 and used it for oxidative desulfuriza-
tion'"” in the presence of hydrogen peroxide. It was found that
upon immobilization of heteropolyacid the structure of func-
tionalized SBA did not destroyed. The synthetic method for the
preparation of the catalyst, HPW-IL/SBA-15, is illustrated
Fig. 32. The introduction of ionic liquid resulted in good
wettability. The catalyst exhibited high catalytic activity for
removal of dibenzothiophene and 4,6-dimethyldibenzothio-
phene and benzothiophene under mild reaction condition and
short reaction time. Comparing the catalytic activity of HPW-IL/
SBA-15 and HPW-SBA-15 confirmed the superior catalytic
activity of the former. The authors studied the effect of reaction
variables such as temperature, heteropolyacid loading and,
peroxide amount. The optimized H,O,/DBT molar ratio was
estimated to be 3 : 1. A linear relationship between the catalytic
activity and temperature was detected and 60 °C was selected as
the best temperature. Moreover, 0.1 g loading of HPW led to the
best results. The reusability of the catalyst for four reaction runs
was also confirmed.

Covalent immobilization of polyoxometalates (PMO) on
different silica supports functionalized with amine or carboxylic
acid, SBA-15 and mesocellular foams (MCF) (POM-CO,H@SBA-
NH,, POMCO,H@MCF-NH,, and POM-NH,@SBA-CO,H) was
studied and compared in the epoxidation of cyclooctene and
cyclohexene in the presence of hydrogen peroxide by Villan-
neau, Launay and their co-workers. The authors believed that
using amine-functionalized SBA-15, the best dispersion and
loading of polyoxometalate could be achieved.*® Moreover, the
POM-CO,H@SBA-NH, was proved to be a truly anchored cata-
lyst and significant leaching of the catalytic species did no
observed.

Amino-functionalized SBA-15 was prepared by using APTES
and then applied for immobilization of a series of transition
metal-substituted phosphomolybdic acids (PMo;;M, M = Fe,
Co or Cu) or un-substituted phosphomolybdic acid (PMo;,).
High dispersion of PMo,;, on the support was confirmed.
Moreover, the oxidation states of Mo in all the catalysts were
identical. The catalytic activities of the catalysts were investi-
gated for the epoxidation of olefins with molecular oxygen as
oxidant and isobutyraldehyde as co-reagent. The results proved
the efficiency of PMo,;Co/SBA and PMo;Cu/SBA for the epox-
idation of cyclooctene. Moreover, the proper solvent (CH3;CN)
could effectively prevent from deactivation of the catalyst and
consequently improve the reusability of the catalyst.**

Amine-functionalized SBA-15 was used for supporting the
tricopper(u)-substituted polytungstates, [(Cu(H,0))3(a-
XWq033),]"*" (CuzX,Wys, X = Bi'™, Sb™). The obtained catalyst
Cu3X,W;3-NH,-SBA-15 exhibited highly dispersed hetero-
polyanions and successfully used for oxidation reactions
including selective oxidation of thiophene in the presence of
H,0, and oxidation of benzyl alcohol to the benzaldehyde. In
the case of oxidation of benzylalcohol, the authors studied the
effects of reaction time, temperature, catalyst amount and the
ratio of hydrogen peroxide to benzyl alcohol. The best catalytic

This journal is © The Royal Society of Chemistry 2017
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performance was achieved by 0.05 g 4.7% Cu;X,W;g—-NH,-SBA-
15 (X = Sb, Bi) at 80 °C after 8 h with hydrogen peroxide to
benzyl alcohol ratio of 3. In the case of thiophene oxidation, the
optimized reaction variables were found to be 2 mL 30%
hydrogen peroxide, 5 mL acetonitrile, 10 mg of the catalyst at
65 °C for 70 min. Noteworthy, the catalyst could be reused for
five reaction runs with only negligible loss of the catalytic
performance.**®

From the examples discussed above, it can be concluded that
the incorporation of heteropolyacids in SBA can highly improve
its reusability and the heterogeneous catalysts can be simply
recovered and reused with only negligibly loss of the catalytic
activity. In this regard, functionalization of the SBA surface is
imperative. Various functionalities from simple amino func-
tionality to ionic liquids can be introduced on SBA. The incor-
poration of heteropolyacid can be achieved through a simple
impregnation method. According to the results, encapsulation
of heteropolyacids in SBA did not diminish their catalytic
activities and the hybrid catalysts with low loading of hetero-
polyacids could effectively catalyse the reactions under mild
and green conditions.

6. Functionalized SBA for
incorporation of DABCO

There are several reports in the literature concerning incorpo-
ration of DABCO into SBA-15."*'"*** In this regard, Davarpanah
et al. immobilized DABCO on Cl-SBA-15 to afford a novel
catalyst (SBA-DABCO) with utility for catalyzing the multi
component reaction of ammonium acetate, aldehydes, and
ethyl acetoacetate under mild reaction condition (Fig. 33).
Noteworthy the reaction did not proceed well in the absence of
the catalyst. Broad range of substrate, high yields, reusability of
the catalyst, solvent-less condition and simplicity of the proce-
dure were the merits of this protocol.**

In another attempt, double-charged DABCO was grafted on
CI-SBA-15."° The authors used the system for immobilizing Pd
species (Fig. 34). The obtained catalyst, Pd@SBA-15/ILDABCO
was used for promoting the Suzuki-Miyaura coupling reaction
of aryl halide and arylboronic acid. The optimum reaction
condition was using water as solvent in the presence of K,CO; at

Fig. 33 Application of SBA-DABCO as basic mesoporous catalyst for
the synthesis of DHP derivatives. Reprinted from ref. 155 with
permission of Elsevier.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

A
/i basco o SN N~ si(Me0);
or

2 (OMe),si” "¢l (OMe)Si~ "\ 3

DMF, 48 h

CPTMS Bis-PrSi/DABCO/CI
or

ILoasco

toluene/MeOH
80°C,24 h

| SBA5/ILoraco

SBA-15

PdCl,

THF, rt.

L% ¢
Pd@SBA-15/lLpasco

Fig. 34 Schematic synthesis of Pd@SBA-15/ILDABCO. Reprinted from
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80 °C. Using aryl iodides the reactions could precede in short
reaction times (1.5-2 h) to afford the desired biaryles in high
yields (96-98%). In the case of aryl bromide, however, lower
activity was observed and longer reaction times were required to
furnish the desired products. Moreover, the catalyst was reus-
able and could catalyze at least 9 reaction cycles with only slight
loss of catalytic activity.

7. Functionalized SBA for
incorporation of polymer

Using “grafting from” approach, Kustrowski et al. deposited
poly(vinylamine) (PVAm) on various mesoporous silicas
including (SBA-16, SBA-15 and MCF)."*” To synthesis the cata-
lyst, the vinyltriethoxysilane-functionalized silicas were copoly-
merized with N-vinylformamide followed by hydrolization and
neutralization (Fig. 35). The authors believed that the porosity
of the support affect the content and distribution of introduced
poly(vinylamine). The smaller the pore size, the more difficult
the dispersion of poly(vinylamine) would be. Investigating the
catalytic activities of the catalysts in Knoevenagel condensation
proved that the catalyst obtained from MCF possessed the best
poly(vinylamine) dispersion and was the most efficient one.

8. Functionalized SBA for developing
catalysts with hydrophobic and
lipophilic properties

Using surface functionalization, the hydrophilicity/
hydrophobicity of the SBA-based catalysts can be adjusted.
This is especially important when the catalyst is water-sensitive
and can be poisoned with water. In this case, incorporation of
a hydrophobic moiety in SBA can furnish a solution. However, it
must be taken into account that the steric features of the
functionality can reduce the pore size of the SBA. In the
following the recent advances in the field of controlling the

RSC Aadv., 2017, 7, 30815-30838 | 30831
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Fig. 35 Functionalization of mesoporous silica supports (SBA-16, SBA-15 and MCF) with poly(vinylamine) by the “grafting from” method.

Reprinted from ref. 157 with permission of Elsevier.
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Fig. 36 Preparation of SBA-15-Ph-SOzH. Reprinted from ref. 158 with permission of Royal Society of Chemistry.

hydrophobic and lipophilic properties of SBA-based catalysts is
discussed.

Diphenyldichlorosilane (DPCS) was used for functionaliza-
tion of mesoporous SBA-15 silica. The functionalized SBA-15
was subsequently silylated and then sulfonated to afford
a novel heterogeneous catalyst, (SBA-15-Ph-SO;H) (Fig. 36) for
preparation of 2H-indazolo[2,1-b]phthalazine-trione and tri-
azolo [1,2-alindazole-trione derivatives."”® It was demonstrated
that the sulfonic acid moieties of the hydrophobic nanoreactor
were leaching-resistant in both aqueous and organic solvents.
Moreover, the catalyst exhibited high reusability. Comparing
the catalytic activity of this catalyst with those of some previ-
ously reported catalysts such as SBA-15-Ph-SO3;H, N-bromo-
sulfonamide, [bmim]|BF, and PEG-OSO3;H established the
superior performance of the novel catalyst. Noteworthy, the
stability of the grafted sulfonic acid surface toward water was
higher than that of silica sulfonic acid (SSA) and sulfonated
SBA-15.

To address one of the most important challenges in the field
of sulfonated mesoporous silica, Rostamnia et al. confined
fluoroalkyl-chain alcohols (RgOH) such as trifluoroethanol or
hexafluoroisopropanol as a moiety with both hydrophobic and
lipophilic properties within SBA-15 to afford a novel water-
tolerant catalyst (RFOH/SBA-15) with improved mass transfer
for the synthesis of multi-functionalized imidazoles through
multicomponent reaction (Fig. 37)."*° Various amines and
aldehydes could be successfully used in his protocol to furnish

30832 | RSC Aadv., 2017, 7, 30815-30838

the corresponding imidazoles after 50 min in high yields (88-
95%). The simplicity of the process, reusability of the catalyst
and low amount of catalyst were the merits of this protocol.

Uracil-fused spirooxindole derivative efficiently
synthesized via three component reaction of isatins, 1,3-
dimethyl-6-amino uracil, cyclic 1,3-diketones in the presence of
a water-tolerant solid acid hybrid catalyst, SBA-15-PhSOzH,
obtained from functionalization of SBA-15 with sulfanilic
acid.'® The simplicity of the reaction, mild reaction condition
(80 °C in the mixture of water and ethanol), low amount of the
catalyst (10 mol%) and high yields were the merits of this atom
economical methodology. Moreover, the catalyst was reusable
and could be recovered and reused up to five times with only
slight loss of the catalytic activity.

In summary, the development of water-tolerant SBA-based
catalyst with high mass transport can be achieved by proper
functionalization of SBA with functional groups with hydro-
phobic properties. These catalysts exhibited high performance
in various organic transformations under mild and green
condition.

were

9. Functionalized SBA for developing
chiral catalysts

One of the main challenges in immobilization of chiral catalysts
is preserving their enantioselectivity and activity.'*»***> In this

This journal is © The Royal Society of Chemistry 2017
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Fig. 37 RgOH/SBA-15-Pr-SOzH for the synthesis of imidazoles.
Reprinted from ref. 159 with permission of Thieme.
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Fig. 38 Preparation of the catalyst SBA-16-pro. Reprinted from ref.
164 with permission of Royal Society of Chemistry.

context, cage-like SBA can be considered as an effective nano-
reactor for encapsulation of this class of catalyst. One of the
advantageous of SBA mesoporous silica is the possibility of
tuning their characteristics such as surface polarity, electro-
static features and hydrophobicity/hydrophilicity. Furthermore,
the ingress and egress of the substrate and product through the
3D interconnected pores of SBA could readily occur. To date,
various heterogeneous catalysts with utilities for promoting
asymmetric reactions have been developed by confining cata-
lytic species such as metal complexes within the cavity of SBA.
In some case, the observed catalytic activity was comparative to
the homogeneous catalyst.'®® Herein, some recent advances are
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Fig. 39 The preparation of the SBA-16—pro-Cuf(). Reprinted from ref.
165 with permission of Royal Society of Chemistry.
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explained in more detail to disclose the merit of use of SBA as
a nanoreactor.

In an initiative research Wang, Ma et al. developed a chiral
and metal-free catalyst based on functionalization of cage-like
mesoporous material SBA-16 with 1-4-hydroxyproline (Fig. 38).
The hybrid system was used as an efficient and reusable catalyst
for asymmetric aldol reaction of aldehyde acceptors and ketone
donors. High diastereoselectivities and enantioselectivities,
good yield, broad substrate scope, avoiding heavy metal pollu-
tion; reusability (up to 5 reaction runs) and mechanical strength
of the catalyst were the merits of this protocol.**

Cul was immobilized on functionalized 3D-hexagonally
ordered SBA-16, the obtained hybrid system was used as an
efficient catalyst, SBA-16-pro-Cu(1), for direct oxidative
synthesis of various a-ketoamides with no need to any additive.
The catalyst preparation procedure is depicted in Fig. 39. The
catalyst could effectively lead to formation of the desired
products under mild reaction condition in high yields. Note-
worthy, the air was used as the oxygen source. The catalyst could
be easily recovered and reused with preserving its catalytic
activity.'®®

To achieve chiral catalysts, chiral ligands can be incorpo-
rated in the cavity of SBA. These chiral functionalized SBA can
also be used for incorporation of metallic species. The results
established that this class of catalysts could promote the reac-
tions with high diastereoselectivities and enantioselectivities.
The presence of SBA could improve the mechanical strength of
the catalyst and protect it from hash reaction condition.
Notably, the reusability of this class of chiral catalyst was high
and they could be reused for several consecutive reaction runs.

10. Miscellaneous catalysts

Besides the discussed issues, other catalytic species such as
enzymes'®>'®” have been also incorporated into the functional-
ized SBA.

Mesoporous silica SBA-15 was also functionalized with 8-
hydroxyquinoline-5-sulfonic acid (HQS-SBA-15) through initial
iodo-functionalization of SBA-15 and subsequent reaction with
8-hydroxyquinoline-5-sulphonic acid. A catalytic amount of the

07 ) ( Ne N
f @
HQS-SBA-15 L ’
N
" B o,
WN>_‘\ OMe MHO

Fig. 40 A plausible mechanism for the synthesis of 2-thiohydantoin in
the presence of HQS—-SBA-15. Reprinted from ref. 168 with permission
of Elsevier.
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novel catalyst (0.02 g) was used for promoting reaction of amino
acid methylesters and isothiocyanates to afford 2-thio-
hydantoins under solvent-less condition (Fig. 40)."*®* The
proposed reaction mechanism included activation of thiocya-
nate with the catalyst followed by nucleophilic addition of the a-
amino ester and formation of an intermediate. The desired
product could be obtained by intramolecular cyclization.
Noteworthy, the catalyst was reusable and could be recovered
and reused without significant loss of activity.

Kiasat et al. designed a novel nanocomposite based on
synthesis of chloro-functionalized SBA-15, SBA-CI, through co-
condensation of TEOS and CPTMS precursors and subsequent
nucleophilic substitution with imidazole and then quaterniza-
tion with 2-bromo ethylamine hydrobromide to afford SBA-Im-
NH,. The hybrid system was used as an efficient catalyst for
ultrasonic-assisted synthesis of wide range of benzopyranopyr-
imidines through one-pot pseudo four-components reaction of

SI(OEY)

SBA-15/NH,

CISO;H

)
‘,‘ -HCI
\ '

| 9 ) H

"0,8”
\\//
(\ N7 “OH

< R

Fig. 41 Schematic representation of prepared SBA-15/NHSOzH.
Reprinted from ref. 170 with permission of Thieme.
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Fig. 43 Synthetic steps for the ImmPd-IL@SBA-15 catalyst. Reprinted
from ref. 173 with permission of Springer.

salicylaldehydes, malononitrile and secondary amines under
solvent-less condition at ambient temperature.'® It is worth
noting that the catalyst could be easily recovered and reused
with negligible loss of catalytic activity. Rostamnia et al. used
amine-functionalized SBA-15 for immobilizing SO;H moiety.
The obtained catalyst, SBA-15/NHSO;H (Fig. 41) served as ionic
liquid type catalyst for promoting synthesis of poly-
hydroquinolines through four-component reaction of dime-
done, benzaldehyde, NH,OAc, and methyl acetylacetonate
under solvent-free condition and dihydropyridines via reaction
of aldehydes, ammonium acetate and B-dicarbonyl compounds.
The results established that the desired products could be fur-
nished in high yields and relatively short reaction time. Broad
substrate scope as well as catalyst reusability were the merit of
this protocol.*”®

In an initiative research, glycidoxypropyl-SBA-15 was coupled
with N,N-dihydroxypyromellitimide (NDHPI). Moreover, SBA-15
functionalized with N-hydroxyphthalimide (NHPI) was obtained
through impregnation method (Fig. 42).*”* To study and compare
the catalytic activities of the two catalysts, they were applied
together with N,N-bis(salicylidene)ethylenediiminocobalt (Cosa-
len) complex for oxidation of toluene with molecular oxygen. The
results established that the catalytic activity of NDHPI/propyl-2-
propanol-SBA-15 was superior to SBA-15-immobilized NHPI. The
NDHPI/propyl-2-propanol-SBA-15 was reusable and led to

a [o} (o]
CH3CN
Q - NOH ——— (D -——-- NOH
[¢)
SBA-15 NP1 © NHPI/SBA-15(ip)
b ([)Me
MeO-Si” 0" <=0
OMe
Q™00
SBA-15 Toluene glycidoxypropyl-SBA-15

NH,OH/HCI

(o} (o)

(o] o)
Et3N,Toluene

(0] (0]

NDHPI

HON Qv
glymdoxypropyls BA-15

o) o
THF.N
— 2 0/\(\0N NOH
OH
o e}

NDHPI/propyl-2-propanol-SBA-15

Fig. 42 The synthesis routes, (a) for NHPI/SBA-15 (ip) and (b) for NDHPI/propyl-2-propanol-SBA-15. Reprinted from ref. 171 with permission of

Springer.
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a favorable product distribution with total selectivity of benzal-
dehyde and benzyl alcohol to 46.0% with the conversion of
toluene 14.8% at 90 °C for 7 h.

Using a two-step pore surface-confined polymerization
technique Kleitz et al. developed novel composites based on
mesoporous amine-functionalized polymer-silica and studied
their base catalytic properties in model aldol-type reactions
including Michael addition, Knoevenagel reaction, Henry
reaction and Claisen-Schmidt condensations. The authors
demonstrated the superior catalytic activity of the composites
compared to references samples when comparison was made
based on the amine content.'”

The synthesis of aromatic linear polyester amides was cata-
lyzed by a novel catalyst prepared through incorporation of Pd
into the ionic liquid modified SBA-15 (Fig. 43). The carbonyla-
tion-polycondensation reaction proceeded with no need to
phosphine ligand. Moreover, the catalyst was reusable and
could be applied for four reaction runs with slight loss of
activity.””® This observation was justified by TEM and XPS
analyses of the fresh and reused catalysts. The results estab-
lished that the Pd*" species did not reduced in the course of the
process. Moreover, in TEM mages Pd° black particles were not
detected ruling out the possibility of reduction and aggregation
of Pd** species.

11. Challenges

To date various hybrid catalysts based on functionalized SBA
have been introduced and successfully used for promoting
various organic reactions. In this regard, some issues must be
taken into account for a successful synthesis of the hybrid
catalysts.

(1) The pore size of the SBA must be suitable and large
enough to accommodate a definite catalytic species. This factor
can be controlled by incorporation of specific functionalities.
Moreover, engross and ingress of the products and substrates
through the cavities of SBA must be feasible.

(2) The hydrophobicity/hydrophilicity of SBA must be
adjusted according to the catalytic purposes. This can be ach-
ieved by using specific functionalities. Notably, the functional-
ization should be done in a way that does not affect the pore size
and mass transport.

(3) Sometimes, the functionalization of SBA must be per-
formed via a multi-step process. This may make the synthetic
process time-consuming and costly. Moreover, the purification
must be performed in each step.

(4) The functionalities must be efficient enough for
anchoring the catalytic species via non-covalent interactions
and reduce the leaching of the catalytic species.

(5) The incorporation of the catalytic species must be per-
formed in a way that does not lead to the collapse of SBA
structure. Moreover, the encapsulation should not block the
pores of SBA.

(6) In the case of encapsulation of chiral catalysts/ligands
within SBA structure, the process should be accomplished in
the way that does not diminish the diastereoselectivities and
enantioselectivities.

This journal is © The Royal Society of Chemistry 2017
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Notably, the catalytic activity of the SBA-based hybrid catalyst
depends on various factors such as the nature of the encapsu-
lated species, the accessibility of substrate to the encapsulated
catalyst, product inhibition, the efficiency of the SBA surface
functional groups on immobilization of the catalytic activity,
the loading of the catalytic species, the nature of SBA, the
synergistic effects between SBA and the encapsulated catalytic
species, the synthetic route of the catalyst etc. Hence, for
successful design of SBA-based catalysts, one should consider
all these factors.

12. Conclusions

In this review article, the utility of functionalized SBA for
designing novel and more sophisticated encapsulated catalysts
through incorporation of an additional catalytic species such as
nanoparticles, heteropolyacids and complexes or functionality
has been disclosed. The results established high potential of
functionalized SBA for developing state of the art catalysts. In
most cases low leaching of the immobilized catalytic species
and high reusability of the catalyst were reported which can
emerged from the interaction of catalytic species with the
functionalities immobilized on the surface of SBA. Moreover,
using functionalized SBA as support, improved dispersion and
less aggregation of nanoparticles were observed. As the pore
size of the SBA can be controlled by incorporating various
functionalities, the access of the reagents to the confined cata-
Iytic species can be achieved. Hope this review article motivates
more research on this research field.
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