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into MSMs have been discussed, including grafting, 
co-condensation, periodic mesoporous organosili-
cas (PMOs), and coordination-assisted grafting. The 
developed heterogeneous catalysts combine the ben-
efits of metalloSalen/Salphen complexes as efficient 
homogeneous catalysts and the advantageous features 
of MSMs as support. Compared to their homogene-
ous analogues, the MSM-supported complexes are 
recyclable and often exhibit higher catalytic activity 
due to the high active site’s distribution.

Keywords MetalloSalen · MetalloSalphen · 
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Salen and Salphen ligands and related metal 
complexes

Salen and related metal complexes

Simple Salen

The coupling of aldehyde group with primary amine 
forms imine bond which is called Schiff base [1]. 
For many years, Schiff base ligands have been used 
successfully as ligands in conjunction with different 
metals to create homogeneous catalysts which can 
catalyze a variety of chemical transformations [2, 3]. 
Schiff base reaction is a simple condensation reaction 
between a primary amine and an aldehyde or ketone, 
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important attention due to their easy synthesis and 
ability to form stable complexes with transition met-
als for main application in catalysis. MetalloSalen 
and metalloSalphen complexes exhibited good cata-
lytic activity for many chemical transformations. 
But they suffer from some limitations including dif-
ficult separation from the reaction mixture and non-
reusability. Immobilizing these complexes into solid 
supports could solve such issues and afford efficient 
and recyclable heterogeneous catalysts. Mesoporous 
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ous catalysts for different types of reactions such as 
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in the presence of an acid as a catalyst (Scheme  1) 
[4].

In fact, the reaction begins with a nucleophilic 
attack of the nitrogen atom to the carbon atom of the 
carbonyl group, to form an unstable ammonium inter-
mediate. This intermediate transforms to the imine 
(C = N) form after the removal of the hydroxyl group 
in form of water molecule as follows [4]:

There are many important factors that can affect 
the Schiff base condensation reaction to yield Schiff 
base products. One important parameter is the pH of 
the reaction medium. An acidic pH is necessary to 
accelerate multiple steps in the reaction mechanism. 
First of all, the amine needs to be protonated to an 
ammonium ion, because under very basic or neutral 
conditions, the amine cannot be protonated and nucle-
ophilic enough to attack the carbonyl carbon [5]. This 
attack forms a carbinolamine intermediate. Then, acid 
also is required to protonate and remove the hydroxyl 
group from this intermediate, enabling formation of 
the carbonyl group and imine bond generation. The 
steric and electronic effects of the carbonyl and amine 
of the starting materials also significantly affect the 
Schiff base reaction. Aldehydes react more smoothly 
than ketones due to their carbonyl carbon appear-
ing less sterically hindered, which would facilitate 
interaction with the amine group of the ligand [6]. 
Furthermore, the electron-withdrawing groups on 
aldehydes increase the carbonyl’s electrophilicity. 
However, large substituents like tert-butyl form steric 
hindrance that can slow the reaction, while such steric 
hindrance can present a challenge. The optimization 
of some parameters such as temperature, solvent, cat-
alyst, and acid concentration can promote the conden-
sation reaction even of highly substituted precursors. 

This increases the diversity of synthetically designed 
ligands [7, 8].

The “Salen” ligand is one of the most popular 
Schiff base ligands, which has undergone extensive 
study (Fig. 1) [2, 3].

Pfeiffer et al. [2] published the first study on Salen-
metal complexes in 1933. The word “Salen” is made 
up of two abbreviations, “sal” stands for salicylalde-
hyde and “en” stands for ethylenediamine [9]. Salen 
ligands are linear tetradentate,  N2O2-coordinating 
ligand systems which are formed from the condensa-
tion reaction of two equivalents of a salicylaldehyde 
precursor with one equivalent of ethylenediamine as 
illustrated in Scheme 2 below [10].

Usually, these reactions are simple and do not 
require any catalyst. However, often, the products 
undergo reversible hydrolysis. To avoid the hydrolysis 
of the Salen, dehydrating agents or molecular sieves 
can be used, so water molecules formed during the 
reaction can be absorbed. When a water-immiscible 
solvent is employed (such toluene or benzene), a 
Dean-Stark apparatus can be also used to trap water 
[9, 10]). Moreover, Salen ligands exhibit several 
properties that make them attractive to prepare met-
alloSalen catalysts. As flexible organic frameworks, 

Scheme 1  General Schiff 
base reaction mechanism 
[4]
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they can favorably interact with orient substrates 
through non-covalent interactions Also, the electronic 
and steric characteristics of the ligands can be modi-
fied by varying the substituents on the phenolate and 
diamine units [10]. This enables a systematic tuning 
of some properties such as acidity, basicity, and lipo-
philicity through rational ligand design [11].

Furthermore, by using other diamine deriva-
tive, the analogues  H2salmen,  H2saltn,  H2salchxn, 
and  H2salben have been also reported (Fig.  2) 
[12–15]. The utilization of a different carbonyl moiety 
is also reported, as shown for  H2hapen and  H2acacen 
(Fig. 2) [12–15]. These Schiff bases have been prob-
ably used for coordinating almost all the metals of 
the periodic table of elements due to the hosting tet-
radentate pocket and applied in catalysis biomimetic 
systems and materials for their optical, electronic, and 
magnetic features [16–20].

The utilization of chiral diamine can allow 
accesses to chiral Salen (Fig.  3). This category of 
Salen ligands can be used to prepare enantioselective 
catalysts which are in the asymmetric synthesis [21].

Non-symmetrical Salen is an important category 
of Salen ligands which can be distinguished by tun-
able electronic, steric, and catalytic properties com-
pared to their symmetrical analogues [22]. The easi-
est pathway to synthesize a non-symmetrical Salen is 
direct two-step Schiff base synthesis. In the first step, 
the reaction between salicylaldehyde and ethylenedi-
amine in 1:1 molar ratio affords a mono-keto-imine 
product followed by the reaction with a substituted 
salicylaldehyde in the second step (Scheme 3) [23].

One of the most efficient techniques to synthesize 
Salen-type Schiff base ligands is the template syn-
thesis [24]. In this method, a metal can be added in 
the reaction to form a temporary stable complex by 

Scheme 2  Structure of the 
Salen (or  H2Salen) ligand 
[9]
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Fig. 3  Examples of chiral 
Salen ligands [21]
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chelation which will be removed in the end of the 
reaction via protonation, usually using concentrated 
hydrochloric acid, to afford the desired ligand. This 
method is often used to direct the synthesis towards 
the formation of the desired ligand with improved 
yield and avoid secondary reactions. A screening 
over the different transition metals (e.g., Cu, Ni, Fe, 
Mn, Co, Zn) able to show such a template effect has 
also been reported. In this process, usually, a metal-
salicylaldehyde intermediate is first formed in  situ 
to serve as the templating species. Then, an ethyl-
enediamine is subsequently added, which coordi-
nates to the metal center. This makes it easier for 
the condensation of an additional salicylaldehyde 
unit, which eventually results in the desirable metal-
Salen chelate that is anchored around the metal ion 
(Scheme 4) [24]

Template method provides an effective route for 
the synthesis of macrocyclic Salen ligands with well-
defined ring sizes and geometries (Scheme 5) [25]. In 
this approach, a metal ion such as zinc first reacted 
with the aldehyde,then, imine was added to the mix-
ture, bringing them into proximity. The bridging 
diamine ligand then chelates around the metal center, 
with the metal templating the correct orientation of 
the linkage formation between the aldehyde/imine 
moieties. This yields a stable cyclic intermediate with 
the metal ion at its core. Chelation of the organic 
ligands tightly around the metal exerts strict control 
over the macrocyclization process and self-assembly 
of the desired macrocycle topology. Finally, removal 
of the metal template via protonation using concen-
trated hydrochloric acid yields the pure organic mac-
rocyclic ligand. This template method allows for fac-
ile preparation of macrocycles that may be difficult 
to access without the direction of the metal-mediated 
self-assembly.

Metal complexes of Salen ligand derivatives

MetalloSalen complexes are a unique and exciting 
class of organometallic complexes, with exceptionally 
versatile applications ranging from laboratory reac-
tion to mass scale industries level [26]. Interestingly, 
metal Salen complexes gained popularity because 
of their roles in multiple areas, especially in cataly-
sis. MetalloSalen complexes have been substantially 
investigated as both homogeneous and heterogeneous 
catalysts for multiple uses [27]. The most attracting 
feature of metalloSalen catalysts is their high stabil-
ity [28]. In addition, MetalloSalen complexes have 
some benefits such as the simplicity of varying steric 
and electronic features and the use of strategies that 
enable manipulation of various fragments of ligand 
system [29]. Therefore, many important reactions 
that were catalyzed by metalloSalen include Frie-
del–Crafts reactions, mixed-aldol condensation, 
Claisen rearrangements, Diels–Alder reactions, and 
ene reaction [30–34]. Interestingly, metalloSalen 
catalysts exhibited an important role in various oxida-
tion reactions such as the epoxidation of alkene and 
the oxidation of heterocyclic compounds [35, 36]. In 
addition, metalloSalen complexes have been known 
to be effective catalysts for many asymmetric conver-
sions including (ep)oxidations, epoxide ring-opening 
reactions, and stereo-selective polymerizations [37].

In fact, the donor sites  N2O2 of Salen ligands 
allow metal ions to adopt different geometries such 
as square planar, tetrahedral, square pyramidal, octa-
hedral, and with additional ligand(s) if needed. Many 
metal ions have been introduced to Salen and its ana-
logue ligands to produce a variety of metalloSalen 
complexes [27]. Kokubo and Katsuki [38] reported 
the synthesis of a panoply of non-substituted and sub-
stituted metalloSalen complexes of different transition 
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metals, such as Co(II), Cu(II), Ni(II), and Mn(II), 
using a direct reaction between the relevant metal 
acetate and Salen-type ligand in ethanol as a solvent 
(Fig. 4). The most obtained complexes were purified 
by recrystallization in ethanol [38–40]. The synthe-
sis of Ni(II) and Cu(II) complexes was carried out 

in ambient air, while all Co(II) and Fe(II) complexes 
were prepared using standard Schlenk line methods 
under an argon atmosphere [8, 40]. In addition to 
the Salen complexes mentioned above, an attempt 
was made to synthesize Zn(Salen) complexes with 
extended alkyl side chains, using Zn acetate as metal 

Scheme 4  Template syntheses of tridentate and tetradentate Salen-type Schiff base ligands and related complexes [24]
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precursor. However, the products were insoluble in 
the standard solvents. Zn(Salen) has been reported 
to be easier to isolate when pyridine was used as a 
solvent. Without pyridine, Co(Salen) complex forms 
a polymer where the cobalt of one molecule was con-
nected to the oxygen atoms of neighboring molecules 
[41].

The most used Salen-based catalytic systems 
are the manganese (III) complexes of the Salen 
ligand bearing a chiral cyclohexyl bridging frag-
ment, also known as Jacobsen’s epoxidation catalyst 

[11]. Furthermore, other chiral Salen systems based 
on substituted diamino scaffolds have also shown to 
be attractive for a variety of catalytic applications 
(Fig. 5) [42].

According to the method described by Jacob-
sen et  al. [43], the synthesis of Jacobsen’s cata-
lyst involves a condensation reaction between two 
equivalents of 3,5-di-tert-butyl salicylaldehyde and 
one equivalent of 1,2-diaminocyclohexane in metha-
nol (Scheme  6). The reaction was catalyzed using 
an acidic catalyst such as hydrochloric acid. This 
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promoted the loss of two water molecules and for-
mation of an imine bond between the aldehyde and 
amine functional groups. Under reflux, the interme-
diate was cyclized to yield the desired Salen ligand. 
Then, the obtained ligand was mixed with one equiv-
alent of manganese (II) acetate tetrahydrate in the 
presence of lithium chloride in methanol under reflux 
to form the desired metalloSalen [43].

Homobinuclear bi-Salen complexes were also syn-
thesized under argon using Schlenk line technique 
(Fig.  6) [44]. Reaction mixtures were heated at 70 
°C ethanol for 20  h to guarantee full complexation. 
The formation of mononuclear metal complexes, as 
byproducts, occurred in all cases with short reaction 
durations. To isolate the binuclear complex from sol-
uble impurities, such as unreacted ligand, metal ace-
tate, and mononuclear complex, the reaction mixture 
was filtered at room temperature, and the product was 
washed with ethanol [44].

Bimetallic Salen derivatives can be also formed by 
creating a second metal cavity in the same Salen ligand. 
Coupling ethane-1,2-diamine with 2,3-dihydroxyben-
zaldehyde or 2-hydroxy-3-methoxybenzaldehyde form 
a Salen ligand derivative with  O2O2 outer cavity. This 
outer cavity can also be filled with cationic metals, such 
as rare earth metal [45]. The resulting heterobimetallic 

system can exhibit an efficient activity in various 
types of cooperative asymmetric catalysts [46]. Mat-
sunaga and Shibasaki reported the incorporation of 
some transition metal ions into the  N2O2 inner cavity 
and oxophilic rare earth metals, with much larger ionic 
radius, into the  O2O2 outer cavity (Fig. 7) [45].

In another work, Finelli et al. [47] reported the syn-
thesis of a heterobimetallic Salen complex, named 
as LCuMn (Scheme  7). The  H2Salen ligand was pre-
pared by reacting ethane-1,2-diamine with 2-hydroxy-
3-methoxybenzaldehyde. Then, LCu complex was pre-
pared first followed by the addition of Mn(NO3)2∙4H2O 
in a mixture of acetonitrile/ethanol. The desired mate-
rial was obtained as a red precipitate after overnight 
stirring at room temperature. The obtained bimetal-
loSalen complex LCuMn was used as a single-source 
precursor (SSP) to synthesize bimetallic metal oxides 
Cu1.5Mn1.5O4 at lower temperatures [47].

Salphen ligand and related metal complexes

Salphen ligand

When phenylenediamine (phen) is used instead 
of ethylenediamine in the reaction of Scheme 2 
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above, the ligand formed is known as “Salphen” 
or sometimes “Salophen” (Fig.  8). Scheme  8 
presents the synthesis of derivatives of Salphen 
ligand.

The Salphen structures have been ignored for a 
long time despite offering significant advantages 
over their Salen analogues [48]. Salphen ligands are 
�-conjugated systems with tunable photophysical 
properties. In addition, the rigid geometry introduced 
by the Salphen ligand surrounding the metal center 
can be used to manage properties such as the metal’s 
Lewis acid character, thus improving the reactivity of 
the resultant complexes [49]. These properties make 
Salphen systems ideal building blocks in a large range 

of fields, including catalysis [49]. MetalloSalphen 
derivatives have been used effectively in the cataly-
sis of various important organic transformations, such 
as the oxidation, epoxidation, hydroamination, and 
hydroformylation of hydrocarbons [50]. Substituted 
analogue of Salphen, bis-Salphen, and also thiophene 
analogues are also reported (Fig. 9) [51–53].

Salphen-based tri [3 + 3] (31, Fig. 10), tetra [4 + 4], 
and hexa [6 + 6] macrocycles have also been synthe-
sized using 1,2-phenylenediamine and 2,3-dihydroxy-
benzene-1,4-dicarbaldehyde [54–56]).

More recently, Hui and MacLachlan and Jiang 
and MacLachlan reported also the development tetra-
Salphen macrocyclic architectural types (32) (Fig. 11) 
[56, 57]. Remarkably, a stepwise strategy was used 
to build isomeric structures for the tetra-Salphen 

Fig. 6  Synthesis of 
homobinuclear bi-Salen 
complexes 41–43 [44]
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macrocyclic systems by exploiting the aldimine-
ketimine reactivity difference to build up the macro-
cyclic ring gradually through repetitive condensation 
reactions. The obtained macrocycles can be acces-
sible and fine-tuned, depending on the directional 
characteristics of the construction blocks. These mac-
rocyclic Salphen ligands also have potential as bio-
mimetic catalysts and reported also as a catalyst of 

the oxidation reactions involved in the breakdown of 
lignin biomass [56, 57]).

Metal complexes of Salphen

Kokubo and Katsuki [38] reported also the synthesis 
of a panoply of metalloSalphen complexes of different 
metals such as Co(II), Cu(II), Ni(II), and Mn(II) using 
a direct reaction between the relevant metal acetate 
and Salphen ligand (Fig. 12). Ethanol was often con-
sidered the suitable solvent. The obtained complexes 
were purified by recrystallization in ethanol [38–40]. 
The synthesis of Ni and Cu complexes (23–30) was 
carried out in ambient air, while all Co(II) and Fe(II) 
complexes were prepared using standard Schlenk line 
methods under an argon atmosphere [8, 40]. How-
ever, because they do not coordinate dioxygen as eas-
ily as their Salen analogues, Co(Salphen) complexes 
(19–22) were not sensitive to the used synthesis tech-
nique [8]. Fe(II) complexes (31–34) were synthesized 
by producing a ligand/sodium salt first, using NaH as 

Scheme 7  Example of 
heterobimetallic Salen 
complexes. (a) Synthetic 
route of Salen ligand and 
(b) coordination of both 
chelating sites by Cu(II) and 
Mn(II) [47]
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a base and THF as a solvent. Then,  FeCl2 was added 
to the mixture to form the desired complex at room 
temperature [58].

Bis-zinc(II)Salphen with symmetrical (1) and 
unsymmetrical (2) Salphen and also bis-metalloSal-
phen with unsymmetrical (2) Salphen and differ-
ent metals were reported by Castilla and co-workers 
(Scheme  9) [59]. These bis(metalloSalphen) com-
plexes were the result of further condensation with a 
panoply of salicylaldehydes and different metals such 
Zn, Co, and Mn. In addition, this synthetic strategy 
allowed the creation of a variety of heterobimetallic 
bis-Salphen complexes, with two different metallic 
centers, which can be highly desirable in catalysis 
[22]. The same research team reported also the syn-
thesis of bimetallic bis-Salphen complexes through 
metal-templation method to preferentially afford the 
heterobimetallic Salphen complex via a stepwise 
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condensation/metalation sequence of 3,3′-diamin-
obenzidene (3) [22].

The same research group developed a straight-
forward, metal-templated process for producing 
non-symmetrical bis-Salphen scaffolds with differ-
ent patterns of substitution (Scheme 10) [60]. In the 
reported method, the first chelated metal was Zn(II), 
which is crucial because it has high Lewis acid-
ity due to its ability to strongly withdraw electrons. 

This makes zinc very reactive towards nucleophiles 
like hydroxide  (OH−). In the presence of  OH− ions, 
zinc provokes a selective hydrolysis reaction where 
it will only react with one equivalent of  OH− form-
ing useful mono-imine phenolate salts that were 
easily converted into non-symmetrical mono- and 
bis(metalloSalphen) products [61].

Incorporation of Salen/Salphen complexes 
into mesoporous silica materials (MSMs) 
and application in oxidation of hydrocarbons

Mesoporous silica materials: MCM-41, SBA-15, and 
MCM-48

Overview

Mesoporous silica refers to a class of porous sili-
con materials that have pore sizes classified as 
mesoporous according to definitions set by (IUPAC). 
The pore sizes of mesoporous materials fall between 
those of macroporous materials, which have pores 
larger than 50  nm in diameter, and microporous 
materials with pores smaller than 2  nm [62]. In the 
early 1990s, researchers started paying more atten-
tion to mesoporous materials. The first synthesis of 
mesoporous silica was reported in 1992 by research-
ers in the Mobil Oil Corporation Company. They 
referred to these as MCM-X (Mobil Crystalline 

N
OH

N
HO OH

N

HO
N

N

N
OHHO

N

N

HOOH

RO

RO

OR

OR

PhPh

OR

ORPhPh
RO

RO

32

Fig. 11  Synthesis of tetra-Salphen macrocycle (32) [56, 57])

Fig. 12  Synthesis of some 
metalloSalphen derivatives 
(19–34) [38]
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Materials) [63]. The researchers in this company were 
able to synthesize mesoporous silica with varying 
pore structures including MCM-41, which has a hex-
agonal arrangement of cylindrical pores,MCM-48, 
which exhibits a cubic porous structure; and MCM-
50, which has a laminar structure [64, 65].

After this time, Yu et al. [66] reported the synthe-
sis of a new type of mesoporous materials named as 
SBA-X (Santa Barbara Amorphous), where X refers 
to pore structure and surfactant used. For example, 
SBA-15 synthesized with P123 as a surfactant results 
in cylindrical pores that are ordered hexagonally, 

Scheme 9  Synthe-
sis of symmetrical 
and non-symmetrical 
bis(metalloSalphen) 
complexes derived from 
the 3,3′-diaminobenzidene 
scaffold [59]
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Scheme 10  Synthesis of 
non-symmetrical mono- 
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whereas SBA-16 is synthesized with F127 and has 
spherical pores that are arranged in a body-centered 
cubic structure [66–68].

In recent years, a variety of highly ordered 
mesoporous silica materials such as MSU, KIT, FDU, 
and AMS have also been successfully synthesized 
using anionic, neutral, or non-ionic surfactants, and 
the different assembly methods have been modified 
in order to optimize the synthesis process (Fig.  13) 
[66–68].

In comparison to other silica, MCM-41 has a high 
ordered structure with uniform mesopores arranged 
into a hexagonal, honeycomb-like lattice as shown in 
Fig. 14a [70]. TEM image of MCM-41 shows details 
of its well-organized pore structures which are sepa-
rated from each other by thin walls of amorphous 
silica, approximately 1–1.5 nm thick. The mesopores 
are not necessarily arranged in straight lines running 
directly through the silica matrix. Instead, they may 
display some slight curvature in their paths. However, 

despite this curvature, they still keep an overall hex-
agonal ordered configuration, as can be seen in 
Fig. 14b and c [71]. Moreover, as seen in its micro-
graphs, MCM-41 has a large void fraction because 
of the presence of the mesopores and concomitantly 
a rather low density. Due to this, MCM-41 exhibits 
a large specific surface area of approximately 1000 
 m2   g−1 and pore volume around 1  cm3/g [72]. This 
property makes MCM-41 very promising to be uti-
lized as a support for catalysts [73, 74]. In addition, 
since MCM-41 exclusively contains mesopores, it 
can both allow access to large molecules and mitigate 
diffusion issues, which are commonly observed in 
microporous materials such as zeolites [75, 76].

SBA-15 is another type of mesoporous silica 
which has cylindrical pores arranged in a hexagonal 
order as shown in Fig. 15 [77]. Its well-defined struc-
ture is produced during synthesis using the triblock 
copolymer P123 as a structure-directing agent [78]. 
The size of the pore channels can be tuned from 5 to 

Fig. 13  Different types of 
mesoporous silica nanopar-
ticles [69]
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30 nm, and the pore volume around 1.1  cm3/g. This 
elongated, wormhole-like structure is due to the larger 
pore dimensions compared to other mesoporous sili-
cas like MCM-41 [79].

In comparison to MCM-41, SBA-15 has certain 
advantages in its pore structure and stability. MCM-
41 has a well-ordered hexagonal structure of cylin-
drical pores that usually range between 2 and 10 nm 
in diameter [80]. On the other hand, SBA-15 con-
tains a hexagonal arrangement of larger pores sized 
around 5–30 nm [81]. These larger pores in SBA-15 
are separated by thicker walls around 3–6.5 nm. This 
contrasts with the thinner walls of only 2–3  nm for 
MCM-41 [82]. Due to these features, they enhance 
the hydrothermal and chemical stabilities of SBA-15 
in comparison to MCM-41. Moreover, it has been 
reported that SBA-15 has pores with a curved nature, 

which enhances the adsorption capacity as molecules 
can easily diffuse into the framework [83–85]. The 
combination of these advantages described above 
makes SBA-15 a favored mesoporous support for use 
in various applications such as catalysis, adsorption, 
separations, and drug delivery [83–85].

MCM-48 is another type of mesoporous silica 
material with a three-dimensional cubic structure, as 
shown in Fig.  16 [86]. The pores in MCM-48 form 
an interconnecting system in three dimensions with 
segments that intersect uniformly to form a continu-
ous porous network. The pore diameter of MCM-48 
is usually in the range of 2–14  nm [87]. Compared 
to MCM-41 which has a hexagonal arrangement of 
cylindrical pores, the cubic structure of MCM-48 
provides more accessibility and faster mass transport 
kinetics. This is due to its continuous, non-directional 

Fig. 14  The structure 
of MCM-41 types of 
mesoporous silica (a) [70] 
and TEM micrograph (b, 
c) [71]

Fig. 15  The structure of 
SBA-15-type mesoporous 
silica and a TEM micro-
graph [77]
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pore system which allows molecules to rapidly dif-
fuse in and out through multiple pathways [88]. The 
synthesis of MCM-48 can be more complex and dif-
ficult to control compared to MCM-41 and SBA-15. 
Furthermore, the pore walls of MCM-48 tend to be 
thinner than SBA-15, making it less hydrothermally 
stable. But its unique three-dimensional structure 
provides a higher surface area, typically around 
1000–1400  m2/g, and pore volume, around 0.7–2 
 cm3/g, making MCM-48 promising for applications 
that require fast diffusion such as catalysis and ion-
exchange [89].

Synthesis of mesoporous silica MCM‑41, SBA‑15, 
and MCM‑48

The mesoporous silica MCM-41 can be produced 
using a simple process that uses surfactant templat-
ing to guide the self-assembly of silica into its unique 
hexagonal pore structure [90]. The general prepara-
tion of MCM-41 involves the use of cetyltrimethyl-
ammonium bromide (CTAB) as surfactant which 
is commonly used due to its ability to self-assemble 
into ordered supramolecular architectures and tetra-
ethyl orthosilicate (TEOS) as the silica precursor 
(Scheme  11) [74, 91]. The formation mechanism 
of MCM-41 was reported by Beck et  al. [65]. They 
suggested that under strong alkaline condition, the 

surfactant initially forms micellar rods, which then 
stack and arrange in hexagonal arrays [65]. Upon 
addition of a silica precursor such as TEOS, driven 
by electrostatic interactions between the negatively 
charged silicate species and positively charged CTAB 
heads, this results in the hydrolysis and condensa-
tion of silanes. After the synthesis, the surfactant 
template can be removed either by calcination or sol-
vent extraction (e.g., EtOH, HCl), forming the final 
mesoporous material MCM-41 [92].

Mesoporous material SBA-15 is typically synthe-
sized following similar procedure described above 
for MCM-14, but using pluronics P123 (PEO20P-
PO70PEO20) as a structure-directing agent under 
acidic conditions [93]. The synthesis of MCM-48 fol-
lows a similar process described for MCM-41, utiliz-
ing surfactant templating to guide the self-assembly 
of silica into its cubic pore structure. In the case of 
MCM-48, surfactants that form cubic micelle phases 
such as P123 or F127 are commonly used as sur-
factants [94]. Under alkaline medium, these tri-block 
copolymers self-assemble into cubic micellar phases. 
However, obtaining the precise cubic phase is more 
difficult than the hexagonal phase formed by MCM-
41 surfactants [95]. After the addition of a silica pre-
cursor such as TEOS, silica polymerization occurs 
on the surface of the cubic micelle template. Factors 
such as surfactant/silica ratio, pH, temperature, and 

Fig. 16  The structure 
of MCM-48 types of 
mesoporous silica (a) [70] 
and TEM micrograph (b, 
c) [86]
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time may affect the mesostructure formation. Typi-
cally, a basic pH is maintained between 10 and 13 
during the hydrothermal synthesis which takes place 
at 100–150  °C for 1–7  days. This allows the silica 
framework to continuously build up on the surface of 
the surfactant micelles [96]. However, controlling the 
reaction conditions to reliably synthesize MCM-48 
with its well-defined three-dimensional cubic struc-
ture can be challenging due to the greater complexity 
compared to the linear channel structure of MCM-41. 
After synthesis, the surfactant is removed via solvent 
extraction or calcination, forming the three-dimen-
sionally interconnected silica framework with an 
inverted replica of the original cubic micelle structure 
[88].

Methods to immobilize metallo(Salen/Salphen) 
complexes into MSMs

Metallo(Salen/Salphen) complexes are common 
examples of organometallic homogeneous catalysts 
that have some advantages such as high activity and 
selectivity. However, they also have limitations such 
as difficult recovery and recycling from the reaction 
mixtures. This can lead to loss of costly metal com-
plexes and catalytic site deactivation over time [97]. 
To overcome these issues while maintaining the 
benefits of homogeneous systems, efforts have been 
made to heterogenize these homogeneous catalysts 

using solid support materials [98, 99]. MSMs are 
often employed as catalyst support due to their excel-
lent physical and chemical properties, such as large 
surface area, tunable pore size, easy to functional-
ize, high chemical and thermal stability, and different 
pores network dimensions (1D, 2D and 3D).

Mesoporous materials have shown great poten-
tial in many industrially important processes such as 
refining, petrochemical production, and renewable 
energy technologies. Their ordered structure maxi-
mizes catalyst accessibility and utilization, leading to 
higher activity, selectivity, and stability [100–102]. 
In addition, the abundant silanol groups on the MSM 
surface allow easy functionalization and immobiliza-
tion of active species [103]. The heterogenization of 
Salen/Salphen complexes onto MSM support com-
bines advantages from both phases [104, 105]. The 
support facilitates easy recovery and reuse through 
simple filtration or centrifugation. The immobiliza-
tion of Salen/Salphen complexes through MSM sur-
face prevents the agglomeration and leaching of the 
active sites. This minimizes the deactivation of the 
catalyst and maintains its catalytic activity through 
multiple cycles [106]. Overall, the heterogenization 
addresses key limitations around recyclability and 
deactivation while retaining the favorable homogene-
ous catalyst characteristics.

There are several approaches to incorporate 
metallo(Salen/Salphen) complexes into MSMs. One 

Scheme 11  Schematic representation of MCM-41 synthesis [92]
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technique involves their physical adsorption through 
weak van der Waals interactions [93]. However, this 
method relies only on transient and non-covalent 
bonding between the complex and MSM surface. This 
led often to leaching issues over time. A more robust 
alternative method is to form stronger bonds (e.g., 
covalent or coordination bonds) between the complex 
and MSM support using chemical methods [107]. 
The main chemical methods have been used to incor-
porate organic moieties (R) into MSMs including 
post-synthesis (grafting), co-condensation, and peri-
odic mesoporous organosilicas (PMOs) (Scheme 12) 
[107]. Grafting is a post‐synthesis method, where 
the organic moiety is covalently attached to the silica 
surface [108]. Co-condensation involves introduc-
ing the organic material during the synthesis pro-
cess of the silica through co-condensation between 
the silica source (e.g., TEOS) and the mono-, bi-, 
or multi-silylated organic moiety in the presence of 
a structure directing agent [109, 110], while, in the 
PMO method, the organosilica material is obtained 
by the condensation of 100% of bi- or multi-silylated 

organic precursor, without any other silica source, in 
the presence also of a structure directing agent [111]. 
In addition to these three methods, coordination 
bond between the central metal ion in metallo(Salen/
Salphen) complex and a ligand grafted onto MSM 
surface can also allow the preparation of a stable 
metallo(Salen/Salphen)-MSMs catalysts [112]. The 
grafting-coordination method can be considered a 
simple and effective alternative to immobilize orga-
nometallic complexes onto MSM surface. All these 
four methods will be discussed with more detail in 
the following section [112].

Grafting

In this method, organosilanes RSi(OR′)3 react with 
the surface-silanol groups of a pre-prepared MSM 
(Fig.  17) [113]. Many organic and organometallic 
moieties, including Salen/Salphen derivatives, have 
been incorporated onto MSM surface using this 
method [113]. A key advantage of this approach is 
that the mesoporous structure of the original silica 

Scheme 12  Different meth-
ods to incorporate organic 
moieties onto mesoporous 
silica materials: 1 grafting, 
2 co-condensation, 3 peri-
odic mesoporous organo-
silica (PMO) [107]
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material is often preserved under the reaction con-
ditions employed. However, the textural properties 
(surface area, pore size, and pore volume) of the 
obtained MSMs will be reduced [114]. Addition-
ally, achieving a homogeneous distribution of the 
organic groups throughout the pores surface can be 
challenging. If the grafting reactants react preferen-
tially at the pore openings through the initial step of 
the synthesis process, the diffusion of further mol-
ecules into the center of the pores can be hampered 
[115]  (Scheme 13).

Among metallo(Salen/Salphen)-MSMs described 
in the literature, the Salen derivatives are the most 
reported. The metalloSalen complexes are immobi-
lized onto MSM surface through different types of 
linkers. Yu et al. [116] reported the immobilization of 
Mn(III)Salen complex onto MCM-48 in the 5-posi-
tion of the Salen ligand through an alkylamine linker 
(Fig.  17). The preparation of Mn(III)Salen complex 
involved a multi-step synthesis. First, MCM-48 sil-
ica was synthesized using cetyltrimethylammonium 
bromide (CTAB) as surfactant and TEOS as silica 
source at a molar ratio of 1:0.17:0.41:52 for TEOS to 
CTAB to NaOH to  H2O. Then, CTAB was removed 
by calcination at 550 °C. Aminopropyltriethoxysilane 
(APTES) was then grafted into the calcined MCM-48 
surface at a silica to APTES ratio of 1:0.15. Mean-
while, the chloromethyl group on the Mn(III)Salen 
complex reacted with the amine groups of APTES 

resulting in the preparation of Mn(III)Salen-MCM-48 
material.

The immobilization of Mn(III)Salen complex 
onto MCM-48 surface was confirmed by IR, nitro-
gen sorption analysis, and inductively coupled plasma 
atomic emission spectroscopy ICP-AES. The adsorp-
tion–desorption isotherms indicated the reduction in 
the textural properties after modification. Specifically, 
the surface area and pore volume decreased signifi-
cantly compared to MCM-48 (Table 1) [116]

ICP-AES analysis confirmed the Mn loading to 
be 0.13 mmol/g. The catalytic activity of these cata-
lysts was evaluated in the epoxidation reaction of 
styrene. The epoxidation was carried out using tert-
butyl hydroperoxide (THBP) as oxidant at 0 °C. For 
comparison purposes, the unsupported Mn(III)Salen 
complex was also evaluated under the same reac-
tion conditions. Mn(III)Salen-MCM-48 exhibited 
up to 98% conversion of styrene within 8 h, indicat-
ing high activity compared to 40% for Mn(III)Salen. 
More importantly, an enantiomeric excess of 90% 
was obtained for the epoxide product using the het-
erogeneous catalyst compared to 75% Mn(III)Salen 
complex.

In another work, propylthiol groups were also 
used as linkers to immobilize Mn(III)Salen deriva-
tives onto the MSM surface. Thiol groups are par-
ticularly suitable for this role due to their high 
nucleophilicity. Moreover, propyl spacers between 

Fig. 17  Mn(III)Salen 
complex immobilized on 
MCM-48 [116]
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the thiol and silica allow more flexibility and less 
steric hindrance for the Mn(III)Salen complex. The 
flexible propyl chains also help disperse the immo-
bilized complexes and reduce possible diffusional 
limitations within the mesoporous framework. Ma 
et al. [117] reported the immobilization of Mn(III)
Salen complexes onto the SAB-15 surface using the 
propylthiol group as a linker (Fig. 18). SBA-15 was 
prepared using TEOS or 1,2-bis(trimethoxysilyl)
ethane (BTMSE) as silica source and P123 as the 
structure-directing surfactant. P123 was removed 
via calcination at 550 ℃. Then, the obtained sil-
ica was functionalized with propylthiol groups by 
reacting 3-mercaptopropyltriethoxysilane (MPTES) 
with the surface silanol groups. The Salen ligand 
was immobilized onto SBA-15 surface after form-
ing covalent bonds between propylthiol groups and 
benzene rings of the Salen nucleus via nucleophilic 
substitution between the benzyl chloride and pro-
pylthiol group. Mn(III) ions were then introduced 
by stirring the obtained Salen-SBA-15 material in 
toluene with manganese acetate and LiCl to afford 
the desired catalyst Mn(III)Salen-SBA-15 [117].

The prepared catalyst was tested for the catalytic 
epoxidation of styrene by  H2O2. The obtained results 
showed high conversion of styrene (> 90%) and good 
selectivity towards styrene epoxide (> 98%) under 
mild conditions [117]

Jones et  al. [118] incorporated Ru(II)Salen bis-
pyridine complex onto SBA-15 surface through the 
grafting method using the thiol group on the Salen 
complex as a linker (Fig.  19). SBA-15 was synthe-
sized using P123 as a structure directing agent and 
TEOS as silica source. A trimethoxysilane-modified 
Salen ligand containing a terminal thiol group was 
synthesized and reacted with the hydroxylated SBA-
15 via condensation reaction. Ruthenium was com-
plexed to the immobilized Salen ligands by reaction 
with [Ru(cymene)2Cl2]2 and n‑butyllithium, affording 
the Ru(II)Salen-SBA-15 catalyst [118].

The structure of Ru(II)Salen-SBA-15 was con-
firmed by 13C and 29Si solid NMR. This catalyst was 
evaluated in the asymmetric cyclopropanation of 
styrene with ethyl diazoacetate, achieving high con-
version (100%) and selectivity (96%). Furthermore, 
recycling experiments demonstrated high stability of 
the catalyst over three cycles.

In another work, Zhao et  al. [119] reported the 
utilization of a bifunctional amine group as a dual 
connector to immobilize a Mn(III)Salen complex 
onto MCM-41 surface (Fig.  20). MCM-41 was 
prepared following a similar method described 
above. The linking unit was covalently bonded to 
the MCM-41 surface by condensation between the 
triethoxysilyl group and MCM-41 surface silanols. 

Scheme 13  Grafting pro-
cess of an organic moiety 
onto MSM pore walls [113]

Table 1  Textural properties of MCM-48 and Mn(II)Salen-
MCM-48 [116]

Catalysts SBET  (m2  g−1) Pore volume 
 (cm3  g−1)

Pore size (Å)

MCM-48 1200 1.11 26
Mn(II)Salen-

MCM-48
991 0.56 19.9
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The Salen ligand was coupled to the linking using 
a Salen to silica ratio of 1:19. As expected, the 
textural properties of the silica were dramatically 
reduced after the immobilization of Mn(III)Salen 
complex (Table  2). ICP analysis indicated that the 
Mn loading in the obtained material was around 
4.2%. The catalytic activity of the obtained Mn(III)
Salen-MCM-41 catalyst was evaluated in the epoxi-
dation reaction of styrene and methylstyrene, using 

m‑CPBA as oxidants at room temperature for 2  h. 
The result showed good catalytic activity with 57% 
conversion and 97% selectivity and 50% conversion 
and 95% selectivity for styrene and methylstyrene 
epoxidation respectively. Recycling investigation 
performed for the methylstyrene epoxidation using 
m‑CPBA showed good stability of the catalyst dur-
ing 5 runs, with 0.8% Mn leaching [119].

Fig. 18  Immobilization of 
Mn(III)Salen-SBA-15 via 
propylthiol linker for the 
oxidation of styrene [117]

Fig. 19  Ru(II)Salen bis-
pyridine complexes immo-
bilized SBA-15 [118]
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The TEM image of the fresh catalyst confirmed 
preservation of MCM-41 nanostructure order after 
the incorporation of Mn(III)Salen (Fig. 21). However, 
the TEM was not performed for the spent catalyst to 
investigate the stability of its nanostructure after use.

More complicated linkers were also used to immo-
bilize metalloSalen complexes into MSMs. Bigi et al. 
[120] reported the immobilization of Mn(III)Salen 
complex onto MCM-41 surface via a triazine-based 

linker (Fig.  22). In this method, MCM-41 was first 
synthesized using CTAB as a template and TEOS 
as a silica source at a molar ratio of 1:0.15:0.41:52 
for TEOS to CTAB to NaOH to  H2O. The surfactant 
template was removed in the end of the synthesis by 
calcination process at 500 °C [120].

A triazine-based linker containing trimethoxysi-
lane and Salen moieties was then reacted with the 
hydroxylated MCM-41 surface via condensation 
reaction between the trimethoxysilane group and 
surface silanol groups. The Salen to silica ratio was 
1:19. Manganese was then added to the immobilized 
Salen ligands by reaction with Mn(OAc)2 and LiCl, 
producing MCM-41-supported Mn(III)Salen cata-
lyst. According to ICP analysis, manganese loading 
was 14%. The obtained catalyst exhibited a good 
catalytic activity towards the asymmetric epoxida-
tion of 1-phenylcyclohexene with  H2O2/AcOH, using 

Fig. 20  Incorporation of 
a Mn(III)Salen complex 
onto MCM-41 surface via 
bifunctional amine group 
[119]
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Table 2  The texture properties of MCM-41 and Mn(III)Salen-
MCM-41 [119]

Catalysts SBET  (m2  g−1) Pore volume 
 (cm3  g−1)

Pore size (Å)

MCM-41 883 1.06 48.16
Mn(II)Salen-

MCM-41
77.73 0.16 35

Fig. 21  TEM images of 
Mn(III)Salen@MCM-41 
[119]
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4 mol% catalyst at 0 °C for 4 h to produce the epox-
ide with high enantioselectivity (82% ee). Recycling 
experiments showed high stability of the catalyst after 
over three runs [120].

Chiral metalloSalphen complexes have been also 
immobilized onto MSM surface via grafting method. 
Kim and Shin reported a multi-step grafting method 
to immobilize chiral Mn(III)Salen complexes into 
MCM-41 through an alkylamine linker (Scheme 14) 
[121]. In this work, (3-aminopropyl)trimethoxysi-
lane (APTMS) was grafted onto MCM-41 surface, 
followed by condensation with 2,6-diformyl-4-tert-
butylphenol to form the chiral half unit. Then, the 
obtained precursor was reacted with various salicyla-
ldehyde derivatives and Mn(OAc)2·4H2O to prepare 
chiral Mn(III)Salen-MCM-41 catalysts [121].

ICP analysis revealed 5% of Mn loading. The 
obtained catalyst was evaluated asymmetric in the 
epoxidation of styrene and α-methylstyrene. Up to 
98% conversion and 89% enantioselectivity of styrene 
were obtained using m‑CPBA as an oxidant (Table 3). 
Furthermore, no significant loss in activity was 
observed after four successive cycles [121]

However, only few examples of metalloSalphen 
analogues have been immobilized onto MSM surface 
via grafting method. Yu et al. [122] grafted a Mn(III)
Salphen complex onto pre-prepared MCM-48 surface 
through a multi-step grafting process (Scheme  15) 
[122]. MCM-48 was synthesized using a gel compo-
sition of TEOS, CTAB surfactant in basic pH. CTAB 
was removed from the as-made silica by solvent 
extraction method. Then, chiral Mn(II)salphen com-
plexes were immobilized onto the surface of the pre-
pared MCM-48 via a multi-step synthesis. (3-Amino-
propyl)triethoxysilane was grafted onto silica surface. 
Subsequently, 2,6-diformyl-4-tert-butylphenol was 
condensed to form surface-bound chiral half units. 

Reaction of these half-units with salicylaldehyde 
formed Mn(III)Salphen-MCM-48 catalyst. The 
Mn(III)Salphen content was ca. 0.3  mmol/g accord-
ing to ICP-AES analysis. The obtained heterogeneous 
catalyst exhibited higher activity and enantioselectiv-
ity comparable to the unsupported Mn(III)Salphen 
for the asymmetric epoxidation of some challenging 
olefin substrates, such as α-methylstyrene and indene, 
using m‑CPBA as an oxidant. In addition, enantio-
meric excess ee% exceeded 89% (Table 4). Moreover, 
the obtained catalysts exhibited high stability during 
four runs [122]

Co‑condensation method

This one-pot method involves the condensation of 
tetraalkoxysilanes Si(OR)4, TEOS, or tetramethyl 
orthosilicate (TMOS), with one or more organoalkox-
ysilanes containing terminal organic functional 
groups RSi(OR′)3 (Scheme  12) [107]. The reaction 
takes place in a single vessel containing the tetraal-
koxysilane and organoalkoxysilane precursors, along 
with a structure-directing agent to guide the forma-
tion of the mesoporous organosilica (MOS) material 
(Scheme  16) [113]. The templates such as CTAB 
and P123 are commonly used as structure-directing 
agents for the synthesis of MOS materials through 
co-condensation method. Among the advantages 
of this approach is that the organic functionalities 
become an inherent part of the silica framework from 
the beginning of the reaction. Therefore, the formed 
pores within the structure are not at risk of becoming 
blocked later during the synthesis [123]. In addition, 
the organic components tend to be more homogene-
ously distributed across the co-condensation materi-
als compared to those prepared via grafting method 
[113].

Fig. 22  Immobilization 
of Mn(III)Salen complex 
into MCM-41 surface via a 
triazine-based linker [120]
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However, this method also has some disadvan-
tages, for example, the level of mesopores order-
ing among the products also tends to decrease as the 
concentration of RSi(OR′)3 in the reaction mixture 
increases, which eventually leads to totally disordered 
products. As a result, the amount of organic func-
tional groups that could be incorporated into MOS 
via co-condensation method is generally limited to 
below 40  mol% [124]. Furthermore, the quantity of 

terminal organic groups that are immobilized into 
the pore-wall network is normally less than expected 
based on the starting concentrations of the compo-
nents in the reaction mixture [113]. These observa-
tions can be attributed to the fact that an increasing 
proportion of (R’O)3SiR in the reaction mixture pro-
motes homocondensation reactions over cross-link-
ing condensation reactions with the silica sources 
[113]. One drawback of this method is that different 
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Scheme 14  Immobilization of chiral Mn(III)Salen complexes onto MCM-41 surface using a multi-step grafting method [121]

Table 3  Epoxidation of 
styrene and methylstyrene 
over Mn(III)Salen and 
Mn(III)Salen-MCM-41 
[121]

*Enantiomeric excess

Substate Catalysts Time (h) Conversion (%) ee* (%)

Styrene Mn(II)Salen 2 47 51
Styrene Mn(II)Salen-MCM-41 2 98.2 92
Methylstyrene Mn(II)Salen 2 43 51
Methylstyrene Mn(II)Salen-MCM-41 2 72 70
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precursors have different hydrolysis and condensation 
rates. The ones that react faster will condense with 
each other first before the slower ones fully react. 
This leads to a lack of homogeneous incorporation 
of all precursors [125]. Additionally, increasing the 
loading of the organic groups can lead to reduction of 
the pore diameter, pore volume, and specific surface 
area of the final material. So a high organic content 
may compromise the porous network structure [125]. 
Moreover, special care must be taken when removing 
the surfactant template to avoid the degradation of 
sensitive organic functionality. The solvent extraction 
method is typically the only option employed, instead 
of the calcination method, that could compromise the 
incorporated organic moieties in most synthesized 
materials [126].

Recently, Barker et  al. [127] developed a co-con-
densation sol–gel route to immobilize both symmet-
rical and unsymmetrical Salen/Salphen ligands into 
MSMs (Scheme  17). For symmetrical ligands, the 

ligand (Salen or salophen) was mixed with TEOS in a 
ratio ranging from 1:5 to 1:20 of ligand to TEOS, and 
this mixture was subjected to hydrolysis and conden-
sation. For unsymmetrical ligands, the silica immobi-
lization precursor was first prepared by reacting the 
aldehyde precursor (2-hydroxy-5-(3-triethoxysilylpro-
pyl)benzaldehyde) with TEOS in a 1:5 ratio, which 
formed silica-supported aldehyde. This was then 
reacted with an excess of a diamine to obtain the sil-
ica-supported amine, which was further reacted with 
salicylaldehyde to obtain the desired silica supported 
unsymmetrical ligand. The reactants were dissolved 
in ethanol and water with acetic acid and heated at 
60 °C for 1 h to initiate the polycondensation via for-
mation of silicon-oxygen-silicon bonds between the 
sol–gel network and the triethoxysilyl moiety on the 
ligand. The structures of the prepared in situ prepared 
metalloSalen/Salphen were confirmed by solid 1H 
and 13C NMR. While ICP-MS showed ligand load-
ings ranging from 0.13 to 0.2 mmol/g in silica, with 
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Scheme 15  Mn catalyst immobilization on a type MCM-48 support [122]

Table 4  Epoxidation of 
unfunctionalized olefins 
catalyzed by unsupported 
and MCM-48 supported 
Mn(III)Salphen [122]

*Enantiomeric excess

Substrate Catalysts Time (h) Conversion (%) ee * (%)

Styrene Mn(III)Salphen 2 35 32
Styrene Mn(III)Salphen @MCM-48 2 100 48
α-Methylstyrene Mn(III)Salphen 2 30 35
α-Methylstyrene Mn(III)Salphen @MCM-48 2 100 50
1-Phenylcyclohexene Mn(III)Salphen 2 70 59
1-Phenylcyclohexene Mn(III)Salphen @MCM-48 2 96 86
Indene Mn(III)Salphen 2 91 66
Indene Mn(III)Salphen @MCM-48 2 97 89
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surface areas between 300 and 470  m2/g as deter-
mined by  N2 adsorption/desorption technique. The 
obtained heterogeneous catalysts were able to cata-
lyze cyclic carbonate synthesis from terminal epox-
ides and  CO2 comparable to homogeneous catalysts, 
with ease of separation and recycling afforded by the 
silica support [127].

Amarasekara et  al. [128] reported the immobili-
zation of Co(III)Salphen complex into silica through 
polycondensation of the complex with 10 equiva-
lents of tetraethyl orthosilicate (Scheme  18). First, 
Claisen rearrangement of the 2-allyloxybenzalde-
hyde (1) yielded 3-allyl-2-hydroxybenzaldehyde 
(2) in 85% yield. Compound (2) then underwent 
hydrosilylation with triethoxysilane utilizing  PtO2 as 
a catalyst. Then, the desired precursor 2-hydroxy-3-
(triethoxysilylpropyl)benzaldehyde (3) was obtained 
with high yield after addition of HSi(OEt)3 to the 
double bond of the allyl group. Subsequently, com-
pound (3) was reacted with 1,2-phenylenediamine 
then followed by addition of  CoCl2 in ethanol to form 
the Co(III)Salen complex, which was immediately 

utilized in the co-condensation reaction with TEOS in 
a 10:1 molar ratio to the ligand with water and ammo-
nium hydroxide to afford the catalyst (4). This initi-
ated the sol–gel polycondensation process. Through 
hydrolysis and condensation reactions, the triethox-
ysilylpropyl bearing Co(III)Salen complex became 
covalently linked to the growing silica network.

The successful immobilization of Co(III)Salen into 
silica was confirmed using TGA, IR, and UV–Vis 
spectroscopy. The obtained catalyst was tested in 
selective oxidation of some alkane and alkene, using 
 O2 as oxidant. The obtained results showed high cata-
lytic activity and stability of this catalyst [128].

Later, same research group reported the synthe-
sis of Jacobsen–Katsuki-type chiral Mn(III)Salen 
catalyst immobilized in silica by sol–gel using simi-
lar approach (Scheme 19) [129]. A salicylaldehyde 
ligand with a triethoxysilylpropyl group was synthe-
sized and involved in a condensation reaction with 
o-phenylenediamine to form the Salphen scaffold. 
Then, 1  eq of Mn(OAc)2·H2O was added to form 
the desired Mn(III)Salen complex. Then, TEOS 

Scheme 16  Co-condensa-
tion method for the organic 
modification of ordered 
MSMs with organosilanes 
[113]
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was added with water and ammonium hydroxide to 
initiate the sol–gel co-condensation reaction. This 
allowed one pot formation and immobilization of 
Mn(III)Salen complex into the growing silica net-
work via covalent bonds [129].

The structure and thermal stability of the 
obtained catalyst (3) were confirmed by FT-IR, 
XRD, TGA, and elemental analysis. However, TEM 
and BET are not performed to investigate the order 
of the nanostructure and porosity of the obtained 
material. The prepared catalyst exhibited good cata-
lytic activity and recyclability for the epoxidation 
reaction of styrene and methylstyrene (Table  5), 
using sodium hypochlorite as oxidant [129].

Periodic mesoporous organosilicas (PMOs)

This approach involves the condensation of 
100% of bi- or multi-silylated organic precursors 
R[Si(OR′)3]n (n ≥ 2) (R: organic bridge, R′: ethyl or 
methyl group) in the presence of a template (e.g., 
CTAB, P123), following (often) the MCM-41 or 
SBA-15 protocol [113]. These precursors are capable 
of undergoing cross-linking reactions and simultane-
ously carry the organic functionality R as described in 
(Scheme 20). In contrast to the organically functional-
ized silica phases, which are obtained by grafting and 
co-condensation methods, the organic components 
in this technique are built into the three-dimensional 
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structure of the silica network. They are immobilized 
through two or more covalent linkages, resulting in 
the homogenous incorporation of these units across 

the pore wall structure [113]. However, the pore sys-
tems typically often demonstrate a wide array of pore 
radii rather than a narrow distribution [130].

CHO

O a
CHO

OH b
CHO

OH

Si(OEt)3
1 2 3

O
Co

N

O
N

SiSi O O
O

Si

O

O
O

O
O

O

OH

N

HO
N

SiSi O O
O

Si

O

O
O

O
O

O

4

5

c

d

10

10

n

n

Scheme  18  a 190 ℃, 24  h. b HSi(OEt)3 (1  eq.),  PtO2 
(0.01  eq.), 85 ℃, 20  h (c) (i) p-phenylenediamine (0.5  eq.), 
EtOH, 60 ℃, 30 min. (ii)  CoCl2  6H2O (1 eq.), 60 ℃, 15 min. 
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30  min (ii) Si(OEt)4 (10  eq.),  H2O,  NH4OH, r.t., 5  days then 
110 ℃, 2 days [128]

Scheme 19  Synthesis of 
immobilized Jacobsen–
Katsuki-type Mn(III)Salen 
catalyst 3 [129]
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Unlike amorphous aerogels and xerogels, PMOs 
exhibit a periodically arranged pores and narrow 
pore distribution. The first PMO material was syn-
thesized independently by three research groups in 
1999 [131–133]. PMO materials show great potential 
in numerous technical applications such as catalysis, 
adsorption, and chromatography [134–136].

Significant progress has been made in the diver-
sity of organic precursors that can be used to prepare 
PMO materials [125]. Figure  23 presents examples 
of organic moieties which have been successfully 
employed as organic bridge to prepare new PMOs 
[109]. This allowed various chemical function-
alities to be structurally incorporated into the final 
mesoporous silica architecture, such as short-chained 
saturated aliphatic groups like alkylenes (1) and 
unsaturated alkenylene chains (2). Other implemented 
organic moieties included cyclic (3) and branched 
(4) multi-silylated compounds, aromatic residues 

like phenyl (5,6), heterocyclic (7,8), and polycyclic 
(9) structures, and aromatic compounds with tunable 
substituents (10,11). Even ether (12) and conjugated 
π-system (13) containing linkers have been devel-
oped to template the formation of PMO networks 
with their intended properties encoded [125, 130, 
137]. This diversity of tailored organic precursors 
guides the sol–gel co-assembly of mesoporous silicas 
with increasingly complex compositions [138]. PMO 
materials exhibit unique molecular-scale periodicity 
compared to other mesoporous organosilica forms 
produced via grafting methods or co-condensation 
sol–gel processes. Conventional amorphous orga-
nosilica frameworks modified with organic groups 
often lack ordered internal structure [139]. In con-
trast, PMOs produced using a single aromatic organic 
precursor can induce the formation of crystal-like 
layered architectures within the framework [140]. 
Specifically, PMOs containing bridging aromatic 
organic groups self-assemble into frameworks pos-
sessing repeated units of alternating organic and silica 
layers [141]. As shown in Fig. 24, the layered struc-
tures exhibit distinct molecular-scale periodicity, with 
distances between layers ranging from 5.6 to 11.9 Å 
depending on the size of the incorporated organic 
bridge [142].

Moreover, PMO materials with chiral centers 
were also attracting the interest of researchers due 
to their potential applications such as asymmetric 

Table 5  Epoxidation of styrene and methylstyrene over Jacob-
sen–Katsuki type chiral Mn(III)Salen [129]

*Enantiomeric excess
**Turnover frequency (TOF)

Alkene Epoxide yield ee %* TOF  (h−1)**

Styrene 76 54 2.53
Methylstyrene 65 70 0.80

Scheme 20  General syn-
thetic pathway of PMOs. R: 
organic bridge, R′: Me, Et, 
or iPr [113]
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catalysis and separation [111]. A variety of orga-
nosilica precursors with chiral centers, which have 
excellent asymmetric catalytic properties, have been 
reported (Fig. 25) [111, 143].

Additionally, organometallic complexes have been 
also incorporated in PMOs for main application in 
heterogeneous catalysis (Fig.  26). Metal centers can 
be introduced into PMOs by two different ways. They 
may chelate to the PMO precursor (ligand) before 
polymerization or can be added to pre-synthesized 
PMOs [111].

However, only few examples reported the incor-
poration of metalloSalen into MSMs as PMO materi-
als. Baleizão et al. [144] developed a novel approach 
to immobilize the VO(Salen) complex into PMO 
(Scheme 21). First, vanadyl Salen ligands containing 
biphenyl units were synthesized and functionalized 
with two terminal trimethoxysilyl groups. This was 
achieved by reacting the Salen complexes with 3-mer-
captopropyltrimethoxysilane using azobisisobutyroni-
trile (AIBN) as an initiator to graft the trimethoxysilyl 
moieties onto the ligands. This affords catalytically 

active vanadyl Salen structures covalently attached to 
trimethoxysilyl anchors. These precursors containing 
both the Salen complexes and trimethoxysilyl groups 
were then used along with CTAB as the structure-
directing agent in the PMO sol–gel process. During 
this process, the trimethoxysilyl groups of vanadyl 
Salen complex underwent hydrolysis and condensa-
tion reactions, acting as both the silica source and 
structure directing agent to form a siloxane network 
with the vanadyl Salen complexes integrated into the 
inorganic–organic hybrid framework. After synthesis, 
the CTAB surfactant was removed by extraction with 
acidic ethanol resulted in PMO material containing 
covalently immobilized VO(Salen) complexes [144].

The structure of VO(Salen)-PMO was confirmed 
by XRD, nitrogen adsorption, and 29Si MAS-NMR 
spectroscopy. XRD revealed that the material pos-
sesses high long-range structural periodicity, char-
acteristic of an ordered mesoporous structure as 
shown in Fig.  27.  N2 adsorption determined a 
high specific surface area of 900  m2/g, indicating 

Fig. 23  Examples of 
bis- and multi-organosilica 
precursors that have been 
converted into PMOs. 
Si = Si(OR)3 with R = Me, 
Et, or iPr [125]
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a porous framework. Pore size analysis demon-
strated a narrow monomodal distribution cen-
tered around 42 Å, suggesting uniform mesopores. 
Finally, 29Si solid-state NMR spectroscopy 
(Fig. 28) showed peaks assigned to  T3 silicon atoms 
 (CH2–Si(OSi≡)3), providing evidence function-
alization of VO(Salen)complex into silica through 
covalent Si–C bonds. The catalytic performance of 
the immobilized of VO(Salen)-PMO was tested for 
cyanosilylation of aldehydes using trimethylsilyl 
cyanide as reagent in chloroform at room tempera-
ture. The result showed high conversion around 
(82%) with complete selectivity to the silylated 
cyanohydrins. The reusability of the immobilized 
VO(Salen)-PMO catalyst was demonstrated over 
multiple reaction cycles. In four consecutive runs 
catalyzing the same cyanosilylation reaction, the 
catalyst maintained high activity with only a minor 
decrease in conversion around (79%) which was 
observed during the final run [144].

Incorporation of metallo(Salen/Salphen) complexes 
in mesoporous silica via coordination bonds

One straightforward method to incorporate organo-
metallic complexes into MSMs involves coordination 
bonding between the silica surface and metal center 
of the complex. This approach consists of the func-
tionalization of MSM surface first by a ligand, then 
the addition of the organometallic complex. Usually 
3-aminopropyltriethoxysilane (APTES) is used to 
incorporate propylamine (-CH2CH2-NH2) into MSM 
surface  (NH2-MSMs) which plays a ligand role for 
metal centers (Scheme 22) [145].  NH2-MSMs can be 
also prepared by co-condensation method between 
TEOS and APTES in the presence of a template (e.g., 
CTAB, P123) [146]. This facile route maintains the 
native coordination geometry of the organometallic 
complexes, preserving their catalytic properties and 
allowing their reusability. Additionally, coordination 
interactions allow homogeneous introduction and 
tunable activation of each metal site via coordination 

Fig. 24  A list of important aromatic organosilane precursors (a) and their periodic arrangement in the mesopore walls of the PMOs 
(b), with a TEM image of a 2,6-naphthylene-bridged PMO (c) and its crystal-like framework (d) [142]
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variations. Due to these key advantages, immobiliza-
tion of organometallic complexes onto silica supports 
through coordination bonding has become wide-
spread. This approach has been used to immobilize 
different organometallic complexes into MSMs for 
various applications, including heterogeneous cataly-
sis, sensing, and biomedical applications that benefit 
from tunable surface coordination environments [125, 
145, 147].

Metallo(Salen/Salphen) complexes have been also 
immobilized onto MSM surface using coordination 
approach. Liu et  al. [148] reported the immobiliza-
tion of Mn(II)Salen complex into SBA-15 via coor-
dination method and used it to oxidize styrene to sty-
rene oxide (Scheme 23). In the first step, the SBA-15 

surface was functionalized with aminopropyl groups 
via grafting reaction of APTES to afford the corre-
sponding  NH2-SBA-15. In the second step, Mn(II)
Salen complex was added to  NH2-SBA-15 in order 
to immobilize Mn(II)Salen onto SBA-15 via coordi-
nation between the amino groups and Mn(II) center, 
yielding the heterogeneous catalyst denoted as Mn(II)
Salen-NH-SBA-15 [148]

The high dispersion of the Mn(II)Salen complex 
through the SBA-15 surface was evaluated by XRD 
(Fig. 29) and TEM (Fig. 30). The absence of reflec-
tion peaks in Mn(II)Salen-NH-SBA-15 in XRD curve 
indicates the absence of crystalline phases of Mn(II) 
Salen and the high dispersion of the complex through 
the silica surface [148]

Fig. 25  Examples of chiral PMOs [111]
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Moreover, TEM images showed the preserva-
tion of the honeycomb-like highly ordered meso-
structure of SBA-15 after the modification reactions 
(Fig.  30). The Mn(Salen)-NH-SBA-15 material 
exhibited hexagonal lattice fringes with uniform 
parallel cylindrical pore network. The obtained 
catalyst was evaluated in the epoxidation reaction 
of styrene using NaClO as oxidant. The obtained 
results revealed high conversion of styrene (88.9%) 
and excellent selectivity (100%) towards styrene 

oxide. This catalyst also demonstrated a good reus-
ability over multiple cycles [148].

In another work, Saikia et  al. [149] reported the 
immobilization of Mn(II)SalenCl complex onto SBA-
15 surface using different types of linkers including 
APTES (Scheme  24). In this work the pre-prepared 
SBA-15 was functionalized by 3-aminopropyltri-
methoxysilane (APTMS) and 3-mercaptopropyltri-
methoxysilane (MPTMS), to obtain SBA-15-NH2 and 
SBA-15-SH materials, respectively. The sulfonic acid 

Fig. 26  Examples of organometallic complexes used to prepare PMO materials for main application in heterogeneous catalysis [111]



J Nanopart Res (2024) 26:177 Page 33 of 49 177

Vol.: (0123456789)

R

O
V

N

O

R

N

O

HH

R1 R2

R= Me, R1  = R2 =H
R= tBu, R1 = R2 = (CH2)4 (1R,2R)

R

O
V

N

O

R

N

O

HH

R1 R2

a

SiSi

Si

OMe
OMe

OMe

Si

OMe
OMe

OMe

VO(salen)@PMO (R= Me, R1  = R2 =H)
VO(salen)@ChiMO  R= tBu, R1 = R2 = (CH2)4 (1R,2R)

b

Scheme  21  Preparation of VOSalen-PMO and VOSalen-ChiMO(ChiMO = Chiral PMO ((a) 3-mercaptopropyltrimethoxysilane, 
AIBN,  CHCl3 (degassed), 70 ◦C, 20 h; (b) TEOS, NH3, CTAB,  H2O, EtOH, 90 ◦C, 4 days) [144]

Fig. 27  X-ray diffraction 
of VO(Salen)@PMO before 
extraction of the template 
(a) and after extraction the 
template (b) (1), and X-ray 
diffraction of VO(Salen)@
ChiMO before extraction of 
the template (a) and after 
extraction the template (b) 
(2) [144]
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functionalized SBA-15 (SBA-15-SO3H) was obtained 
by oxidizing the thiol groups in SBA-15-SH using 
hydrogen peroxide. Then, Mn(II)SalenCl was added 
to each modified silica to afford SBA-15-NH2-Mn(II)
SalenCl, SBA-15-SH-Mn(II)SalenCl, and SBA-15-
SO3H-Mn(II)SalenCl materials.

Atomic absorption spectrometry (AAS) was used 
to determine the Mn loading in all materials, and the 
surface area of the prepared materials was measured 
by  N2 adsorption–desorption analysis. The obtained 
results are presented in (Table  6). Mn loading was 
affected by linker type, and the surface area of SBA-
15 decreased after functionalization and was affected 
also by the size of the linker and the amount of Mn(II)
Salen [149]

The TEM images showed the original hexagonal 
structure and ordered pores of the SBA-15 mate-
rial were maintained even after functionalizing the 

surface and introducing the Mn(II)Salen complexes 
(Fig.  31). The obtained catalysts were then tested 
for the selective aerial oxidation of R-( +)-limonene 
using molecular oxygen as the oxidant. It was found 
that Mn(II)SalenCl immobilized on propylthiol-
functionalized SBA-15 (SBA-15-pr-SH Mn(II)Salen 
yielded the 1,2-limonene epoxide product with 100% 
chemo- and regioselectivity [149].

Imidazole-propyl linker was also used to immobi-
lize Mn(III)SalenCl derivatives into the MSMs. Lou 
et  al. [150] synthesized an imidazole-functionalized 
organosilica precursor and used as ligand for a chiral 
Mn(III)SalenCl complex (Scheme  25) [150]. TEOS 
and N-(3-triethoxysilylpropyl)imidazole (TESPI) 
were used as the co-condensing silica precursors, 
with TEOS providing the inorganic silica framework 
and TESPI introducing imidazole functionality, using 
CTAB as surfactant. The used molar ratios were 
1  mol TEOS, 0.12  mol CTAB, and 0.12–0.14  mol 
TESPI. Subsequently, the surfactant was removed by 
extraction method using acidic ethanol. The prepared 
imidazole-functionalized MCM-41 support was uti-
lized to immobilize the chiral Mn(III)SalenCl com-
plex via reflux in toluene. The imidazole groups on 
the surface of MCM-41 were coordinated directly to 
the central Mn(III) metal ion of the Salen complex. 
This coordination interaction robustly tethered the 
complex within the mesoporous silica pores to afford 
Mn(III)SalenCl-Imd-MCM-41 material [150].

The Mn content in the obtained material was 
0.14  mmol/g as determined by inductively cou-
pled plasma atomic emission spectroscopy (ICP-
AES).  N2 adsorption–desorption isotherms showed 
decrease in BET surface area, pore volume, and 
pore size of the prepared material indicating the 
successful immobilization of Mn(III)SalenCl com-
plex into MCM-41 pores surface. Moreover, TEM 

Fig. 28  MAS.29Si NMR spectra of VO(Salen)@ChiMO after 
CTABr removal [144]

Scheme 22  Grafting 
method of APTES onto 
MSM surface
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images showed regular hexagonal array of the mes-
ochannels with uniform pore size (Fig.  32) which 
confirmed the preservation of the MCM-41 mes-
oporosity and high order of the nanostructure after 
the immobilization of Mn(III)SalenCl. The obtained 
heterogeneous catalyst exhibited an excellent activ-
ity and enantioselectivity in the asymmetric epoxi-
dation of styrene, using only 0.6 mol% of the cata-
lyst loading and during a short reaction time. The 
obtained results revealed quantitate conversion of 

styrene (100%) with ee 49% and high TOF (up to 
165  h−1) [150].

In another work, Mandal et al. reported the immo-
bilization of chiral metalloSalen derivatives (com-
plex 1 and complex 2) into MSMs via coordination 
method using a pyridine derivative linker (Fig.  33) 
[151]. The pyridine linker was grafted onto MCM-
41 surface (MCM-41-Py) via multi-step synthesis. 
Then, Mn(II)Salen complexes were immobilized onto 
MCM-41 surface via coordination bonds between the 
nitrogen atom of the pyridine and Mn ions to afford 
Mn(II)Salen-Py-MCM-41 material [151].

The amount of Mn loading determined by ICP was 
10.82  mg/100  mg and 11.35  mg/100  mg for com-
plex 1 and complex 2 in MCM-41, respectively. As 
expected, the surface area, pore size, and pore vol-
ume of MCM-41 were decreased progressively after 
grafting the pyridine linker and the immobilization of 
Mn(II)Salen (Table 7).

Both MCM-41 supported and unsupported com-
plexes 1 and 2 were tested as catalysts for the asym-
metric epoxidation of styrene, using 30% hydrogen 
peroxide as oxidant. The obtained results for unsup-
ported complex 1 revealed 56% styrene conver-
sion and 58% enantiomeric excess (ee) for the sty-
rene oxide product. While unsupported complex 2 

Scheme 23  Preparation of 
the catalyst Mn(II)Salen-
NH-SBA-15 via coordi-
nation method and its evalu-
ation in the oxidation of 
styrene to produce styrene 
epoxide using 4-phenylpyri-
dine N-oxide (PPNO) as an 
axial ligand and NaClO as 
oxidant [148]

Fig. 29  XRD patterns of SBA-15,  NH2-SBA-15, and Mn(II)
Salen-NH-SBA-15 [148]
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achieved 65% styrene conversion and 70% enanti-
oselectivity under the same conditions. However, 
MCM-41 supported complexes 1 and 2 showed bet-
ter activity, with 75% and 80% styrene conversion 
respectively. Importantly, the immobilized complexes 

maintained high catalytic activity even after five suc-
cessive cycles [151].

MetalloSalen derivatives were also immobilized 
onto PMO surface via coordination method. Ru(II)
Salen complex was immobilized via coordination 

Fig. 30  Transmission 
electron micrograph (TEM) 
images of Mn(II)Salen-NH-
SBA-15 [148]

Scheme 24  Immobiliza-
tion of Mn(II)SalenCl onto 
 NH2-SBA-15, SH-SBA-15, 
and  SO3H-SBA-15 surface 
[149]

R-OH

SBA-15

Si
O

O
O

R=

SBA-15-pr-NH2

NH2

Si
O

O
O

R=

SBA-15-pr-SH

SH

Si
O

O
O

R=

SBA-15-pr-SO3H

SO3H

O
Mn

N

O

N

Cl
“ Neat “ Mn(Salen)Cl

Immobilized Mn(Salen)+



J Nanopart Res (2024) 26:177 Page 37 of 49 177

Vol.: (0123456789)

bonds onto a prepared Phenyl-PMO (Ph-PMO) 
through three steps using methylpiperazine as a linker 
(Scheme  26) [152]. First 1,4-bis(triethoxysilyl)ben-
zene (BTEB) was used as the bridging organosilane 
precursor, and P123 triblock copolymer was used as a 
template in acidic medium following SBA-15 method 
to prepare Ph-PMO. The template P123 was removed 
by solvent extraction using an ethanol solution con-
taining 5% HCl. The bridging benzene units of Ph-
PMO were then sequentially functionalized by  CH2Cl 
after treatment with formaldehyde and HCl. Then, the 
 CH2Cl group was transformed to  CH2-piperazine. In 
the final step, Ru(II)Salen complex was immobilized 
into the obtained aminated Ph-PMO via coordina-
tion bond between Ru center and piperazine ligand 
to afford the desired material Ru(II)Salen-Ph-PMOs 
[152].

The successful immobilization of Ru(II)Salen onto 
Ph-PMO surface was confirmed by 13C CP/MAS 

NMR (Fig.  34). While TEM images indicated the 
preservation of the typical hexagonal nanostructure 
of Ph-PMOs after the immobilization of Ru(II)Salen 
complex (Fig. 35) [152].

The obtained catalyst Ru(II)Salen-Ph-PMOs 
showed good activity for the oxidation of cyclohex-
ene with  H2O2 as oxygen donor agent. The highest 
conversion achieved with this catalyst was 35.9%, 
which is higher than that obtained with Ru(II)Salen 
grafted onto SBA-15 [152].

Silica-coated magnetic nanoparticles are also used 
as support of metalloSalen derivatives using coordi-
nation methods. In this approach, iron oxide  (Fe3O4) 
magnetic nanoparticles were used as a core coated 
with a silica shell.  Fe3O4 nanoparticles have impor-
tant properties such as strong magnetism, chemi-
cal inertness, and easy separation using an external 
magnet.

Rayati et al. [153] reported the immobilization of 
Mn(III)Salen complex onto silica-coated  Fe3O4 mag-
netic nanoparticles via direct and simple coordination 
bonding between silica-surface silanol groups and 
Mn metal centers (without linker) (Scheme 27) [153].

The pre-synthesized Mn(III)Salen complex immo-
bilized on  Fe3O4@SiO2 nanoparticles via axial coor-
dination. The TEM investigation of the obtained 
material showed the preservation of the spherical 
shape of the nanoparticles after the immobilization 
of Mn(III)Salen complex. TEM images depicted the 
well-defined core–shell structure of the final material, 
with an average shell (silica) thickness of 30.4  nm 
[153].

Table 6  BET surface area and Mn loading of SBA-15 and 
functionalized SBA-15 [149]

System Mn % SBET  (m2/g)

SBA-15 0 769
SBA-15-NH2 0 258
SBA-15-SH 0 440
SBA-15-SO3H 0 539
SBA-15-NH2-Mn(II)Salen 2.1 176
SBA-15-SH-Mn(II)Salen 0.9 278
SBA-15-SO3H-Mn(II)Salen 0.31 289

Fig. 31  TEM images of a SBA-15-pr-NH2-Mn(II)Salen, b SBA-15-pr-SH- Mn(II)Salen, and c SBA-15-pr-SO3H-Mn(II)Salen cata-
lysts [149]
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The immobilized Mn(III)Salen-Fe3O4@SiO2 
catalyst was evaluated for the epoxidation of various 
organic substrates, including cyclohexene, styrene, 
and methyl phenyl sulfide, using  H2O2 as oxidation 

agent, at room temperature. Styrene oxidation showed 
complete conversion and excellent selectivity within 
90 s, with a turnover frequency of 17,750   h−1. Sim-
ilar results were obtained with cyclohexene and 
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Scheme 25  Immobilization of a chiral Mn(III)SalenCl derivative via coordination to imidazole-functionalized Mn(III)SalenCl-Imd-
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Fig. 32  TEM images of 
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MCM-41material [150]
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methylphenyl sulfide, with slight decrease in the con-
version. The obtained results are displayed in Table 8.

However, only few examples reported the immo-
bilization of metalloSalphen onto MSM surface 
via coordination method. Wu et  al. [154] reported 
the immobilization of Cr(III)Salphen complex onto 
MCM-41 surface via coordination bonding, using 
APTES as a linker (Fig. 36). APTES was first grafted 
onto MCM-41 surface followed by addition of Cr(III)
Salen complex. The desired material MCM-41-NH-
Cr(III)SalphenSO3H-NH-MCM-41 was obtained 
after eventual coordination bonding between the 

Cr ion center and nitrogen atom of the propylamine 
group [154].

ICP analysis revealed that Cr loading in MCM-
41-NH-Cr(II)SalphenSO3H was around 2%. TEM 
(Fig.  37) images and  N2 adsorption–desorption iso-
therms confirmed the preservation of the highly 
ordered mesoporous nanostructure of MCM-41. Fur-
thermore, TEM images exhibited high dispersion of 
Cr(II)Salphen through the MCM-41 surface [154].

The prepared material Cr(II)SalphenSO3H-NH2-
MCM-41 was tested as a catalyst for the oxidation 
of benzyl alcohol to benzaldehyde using hydrogen 
peroxide as an oxidant. Compared to the homogene-
ous catalyst Cr(II)SalphenSO3H, the heterogeneous 
system demonstrated higher catalytic activity under 
identical conditions, with benzyl alcohol conversion 
of 60.3%, and 100% selectivity towards benzalde-
hyde. Moreover, the prepared catalyst exhibited good 
stability during five successive cycles [154].

In another example of metalloSalphen, Wang 
and coworker reported also the immobiliza-
tion of Zr(II)SalphenCl2 complex onto MCM-41 
surface via APTES linkers using the coordina-
tion method (Scheme  28) [155]. In this work, 

Fig. 33  Immobilization of Mn(II)Salen derivatives onto MCM-41 surface via coordination bonding between Mn(II) centers and pyr-
idine linker to form Mn(II)Salen-Py-MCM-41 [151]

Table 7  Texture properties of MCM-41, pyridine carboxalde-
hyde-modified MCM-41 (MCM-41-Py), complex 1/MCM-41, 
and complex 2/MCM-41 [151]

Compound Surface 
area  (m2/g)

Pore size (Å) Pore 
volume 
 (cm3)

MCM-41 1015 37 0.94
MCM-41-Py 745 30 0.57
Complex 1/MCM-41 623 26 0.423
Complex 2/MCM-41 638 25 0.415
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amino-functionalized Zr(II)Salphen complex 
 (NH2-Zr(Salphen)) was first synthesized then grafted 
onto MCM-41 surface.

As expected,  N2 adsorption–desorption showed 
decrease in the surface area, pore size, and pore vol-
ume of MCM-41 after the immobilization of Zr(II) 
Salphen  Cl2. TEM images of the prepared material 

showed the preservation of the long-range order and 
uniform pore structure of MCM-41 after the modifi-
cation (Fig.  38). Furthermore, the absence of metal 
aggregation (black spots) indicates high disper-
sion of Zr(II)SalphenCl2 through the silica surface. 
The obtained material was evaluated as a catalyst 
for the transfer hydrogenation of ethyl levulinate to 

Si Si

HCHO,HCl

Cyclohexane,ZnCl2,
CH3COOH,r.t , 24h

Si Si

CH2Cl

NH

NH

toluene, refluxing,12h

Si Si

H2
C N

NH

RuSalen

EtOH- refluxing, 24h
Si Si

H2
C N

N
RuSalen

Scheme 26  Immobilization of Ru(II)Salen onto Ph-PMO surface via coordination bond using piperazine as a linker [152]

Fig. 34  13C CP/MAS NMR 
spectra of Ph-PMOs-CH2Cl 
(A) and Ru(II)Salen-Ph-
PMOs (B) [152]. Adapted 
from Ref [136] with 
permission. Copyright 2014 
Elsevier

Fig. 35  TEM images of 
A Ph-PMOs and B Ru(II)
Salen-Ph-PMOs [152]
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gamma-valerolactone using isopropanol as hydrogen 
source. The prepared heterogeneous catalyst showed 
excellent activity with GVL yield of up to 90% under 
the optimized conditions compared to unsupported 
Zr(II)SalphenCl2. Moreover, Zr(II)Salphen-(NH2)2-
MCM-41was easily separable, recyclable, and reus-
able over four successive cycles [155].

Conclusion

In conclusion, immobilizing metalloSalen and met-
alloSalphen complexes into mesoporous silica sup-
ports has successfully addressed many drawbacks 
associated with their utilization as homogeneous 

catalysts for the oxidation and hydrogenation reac-
tions of hydrocarbons. The heterogenization of these 
complexes maintains their catalytic activity while 

Scheme 27  Illustration of Mn(III)Salen complex supported onto silica-coated  Fe3O4 magnetic nanoparticles via coordination bonds 
[153]

Table 8  Oxidation results of various alkenes catalyzed by 
 Fe3O4@SiO2-Mn(III)Salen, using  H2O2 as oxidation at room 
temperature [153]

Substrate Conversion (%) Selectivity (%)

Styrene 100 100
Cyclohexene 97 100
Methylphenyl sulfide 96 100

MCM-41

N

O O

N

HO3S SO3H

Cr

Si

NH2

O OO

Fig. 36  Immobilization of Cr(III)Salphen onto MCM-41 sur-
face via APTES linker using the coordination method [154]



 J Nanopart Res (2024) 26:177177 Page 42 of 49

Vol:. (1234567890)

enabling their facile separation from reaction mix-
tures and allows their recyclability and reusability. 
Incorporation methods such as grafting, co-condensa-
tion, periodic mesoporous organosilicas (PMOs), and 
coordination have proven effective for dispersing the 
catalysts within high surface area frameworks such as 
SBA-15, MCM-41, and MCM-48. Grafting methods 
use different silylated linkers such as amines, thiols, 

sulfonic acid, alkyl halide, and pyridines to covalently 
attach the catalyst to the surface of pre-prepared 
mesoporous silica. This creates strong binding but 
grafting yields can be low compared to condensa-
tion methods. Co-condensation allows the incorpora-
tion of the silylated catalyst during the synthesis of 
the silica, which can improve the catalyst loading, but 
could affect the nanostructure order and porosity of 
the obtained material. In this method, the mono-bi- or 
multi-silylated catalyst will be co-condensed with a 
silica source (e.g., TEOS), with ≤ 15% of the catalyst. 
Therefore, mono-silylated catalyst will appear onto 
the surface, while bi- and multi-silylated catalyst will 
be incorporated into the silica wall, while periodic 
mesoporous organosilicas (PMOs) involve the con-
densation of bi-or multi-silylated organic precursors 
in the presence of a template without any other silica 
source. In this method, catalysts will be incorporated 
into silica pore walls with maximum loading. Coordi-
nation method is the simplest and the most used path-
way to immobilize metalloSalen and metalloSalphen 
complexes into mesoporous silica. In this method, 
the catalyst is immobilized onto the silica surface via 
coordination bond between a heteroatom of a ligand 
pre-grafted onto the silica surface and the metal ion 
center. This method usually does not affect the silica 

Fig. 37  TEM images of Cr(II)SalphenSO3H-NH2-MCM-41 
[154]
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texture properties and nanostructure order; however, 
the catalyst loading is limited to the heteroatom den-
sity. Compared to unsupported metalloSalen and met-
alloSalphen catalysts, the silica-supported systems 
consistently achieve higher conversions and product 
selectivity in industrial processes such as the oxida-
tions and hydrogenation of important hydrocarbons, 
including styrene, methylstyrene, cyclohexene, and 
cyclohexane. Recoverability and reusability advan-
tages make them prime candidates for sustainable and 
industrial scale-up utilization.
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