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Abstract: In the last decade, MOFs have been proposed as precursors of functional porous carbons
with enhanced catalytic performances by comparison with other traditional carbonaceous catalysts.
This area is rapidly growing mainly because of the great structural diversity of MOFs offering almost
infinite possibilities. MOFs can be considered as ideal platforms to prepare porous carbons with highly
dispersed metallic species or even single-metal atoms under strictly controlled thermal conditions.
This review briefly summarizes synthetic strategies to prepare MOFs and MOF-derived porous
carbons. The main focus relies on the application of the MOF-derived porous carbons to fine chemical
synthesis. Among the most explored reactions, the oxidation and reduction reactions are highlighted,
although some examples of coupling and multicomponent reactions are also presented. However, the
application of this type of catalyst in the green synthesis of biologically active heterocyclic compounds
through cascade reactions is still a challenge.

Keywords: metal organic frameworks; porous carbons; catalysis; fine chemicals

1. Introduction

As is well-known, MOFs are classified as crystalline porous coordination polymers in
which poly-dentated organic ligands are coordinated to metallic centers [1,2]. Interestingly,
a great variety of building blocks, comprising both metal centers and chelating ligands, can
be used in MOF synthesis, resulting in high molecular and structural diversity. Among the
characteristics of these materials are highlighted their low densities, large surface areas,
and high pore volumes showing a permanent porosity, besides a controllable morphology.
Advantageously, while the development of the porosity, both size and shape, in MOFs
is a consequence of the assembly of both metal centers and organic ligands, the most-
used inorganic porous materials often require the use of templates as structural-directing
agents [3]. All these properties, together with the great structural variability of MOFs,
make these materials highly versatile, with physico-chemical properties adapted for a
specific application [4,5]. Nevertheless, metals as part of MOFs are uniformly and precisely
distributed along their structures, often being the main active sites. In addition, other
functional groups introduced into the MOF structure from either a carefully selected
organic linker or by grafting (e.g., amines) by using the post-synthetic method [6] can
be present.

In this context, the applicability of MOFs covers numerous application fields such as
gas adsorption and separation, even much more than zeolites or activated carbons [7,8], en-
ergy storage and conversion [9], chemical sensing [10], organic pollutants degradation [11],
heterogeneous catalysis [12], in particular in fine chemical production [13], and much more
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recently in drug delivery [14], among others. Concerning the catalytic application of MOFs,
the main disadvantage of these materials is their thermal stability, since often, the structure
is collapsed at relatively low temperatures.

Considering both its high-developed porosity and that metals are perfectly located
in MOF structures, these materials have been recently studied as emerging precursors of
ordered porous carbons, in such a manner that the uniform porous network is maintained
on the resulting carbon material [15]. In addition, some MOF-derived carbons, synthesized
under strict and specific thermal conditions, show highly dispersed and abundant metal
nanoparticles in high loadings, even at sub-nanometer level, pre-organized in a precursor
MOF structure, at relatively low cost [16,17]. Summarizing, this area is in expansion
as a new frontier, particularly in heterogeneous catalysis, since MOF-derived porous
carbons present higher thermal stability than their precursors and enhanced porosity in
terms of pore volumes and surface area, in addition to adjustable and uniform dopant
distribution and, in some cases, the presence of metal phases atomically dispersed. All
these characteristics, which directly influence the catalytic performance, are considered the
main differences to the traditional porous carbons [18,19].

Based on the aforementioned, this review summarizes the main synthetic approaches
to prepare porous carbon materials from MOFs, mainly focusing on their application in
the clean synthesis of highly valuable compounds in the context of fine chemical synthesis.
By selecting the appropriate MOEF, even using other heteroatom sources, free-metal or
heteroatom-doped porous carbons with highly developed porosity can be synthetized.

2. Porous Materials from Metal Organic Frameworks (MOF): Synthetic Strategies

The intention of the following paragraphs is to provide a small overview on the
most common synthetic routes for the preparation of MOFs. This is a fast-growing topic
of research and new materials and synthetic pathways are reported frequently. In the
literature, there are already many reviews of MOFs for different applications where the
different synthetic methods are described [20-23].

The nomenclature of these materials is also not straightforward, as sometimes it relates
to its structure and /or components (e.g., ZIF—zeolite imidazolate framework), but often
they are known by their place of finding (e.g., MIL—Materials Institute Lavoisier) [21,24].

As mentioned, MOFs are constituted by two main components: the metal ion and the
organic ligands or linkers. The most commonly used metal ions are transition elements
such as Cr¥*, Fe3*, Co?*, and Zn?*, but MOFs with alkaline-earth metal ions and rare-
earth metal ions can also be prepared [25]. The linkers are organic molecules with specific
functional groups capable of coordinating to the metal, including carboxylic-acid-based
linkers, nitrogen-containing heterocycles, phosphoryl and sulfonyl linkers, and cyano
linkers, among others. A simple yet accurate description of the synthetic procedure for the
preparation of these materials is the mixture of the two components, metal ions and linker,
under mild conditions so that porous crystalline structures are obtained. Many methods
have been described to obtain MOFs, such as the solvothermal method, mechanochemical
method, microwave-assisted method, electrochemical method, sonochemical method, and
layer-by-layer synthesis (Figure 1).

* Solvothermal Method
* Mechanochemical Method
* Microwave-Assisted Method

* Electrochemical Method

* Sonochemical Method

* Layer by layer
MOF

Figure 1. Schematic representation of MOFs synthesis.
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Briefly, the solvothermal method consists of the mixture of the solutions of metal
ions and the organic linkers in a specific solvent under chosen experimental conditions.
These reactions are often carried out in autoclaves, at temperatures higher than the boiling
point of the solvent in autogenerated pressure. Synthesis conditions are the determinants
for the MOFs obtained, and the obtained structures and morphologies are controlled by
parameters such as temperature, pressure, reagents composition, or type of solvent.

The mechanochemical method is when the mixture of the components is promoted
by mechanical action in the absence of solvent. The metal salts and the organic linkers
are ground together in a mortar, a ball mill, or other suitable equipment to promote the
reaction. This is a simple and effective synthetic method; the reaction occurs through the
mechanical breaking of the intermolecular bonds, and it takes place at room temperature.
This method circumvents the use of solvents—a very significant advantage.

In the microwave-assisted method, the synthesis occurs under microwave radiation.
This is a very effective way of heating because of the direct interaction of the radiation
with the molecules in the reaction media. This method is used, aiming at rapid synthesis
procedures but also to obtain nano-size crystals, to increase product purity and promote
rapid crystallization.

The electrochemical method is considered to be a more environmentally friendly
method as it does not use metal salts, thus avoiding the formation of corrosive and harmful
anions [20,24]. Alternatively, the metal ion is introduced using an electrochemical process,
such as the anodic dissolution method that uses an electrode as the source of metal ions.
The electrochemical synthesis is also used in the production of thin films of MOFs over
a surface.

To obtain MOF films, another of the techniques reported is layer-by-layer synthesis.
The film is formed over a surface prepared for it by immersing the surface in solutions
of organic ligands and metal ions sequentially. The orientation of the films seems to be
dependent on the sequence used in the synthetic process, while the main parameters
affecting growth are the metal source and the surface characteristics [26].

The sonochemical method is a synthesis procedure that employs ultrasound radiation
(20 kHz-10 MHz), by which the acoustic cavitation phenomenon, with the formation,
growth, and collapse of bubbles in solution, results in the formation of hotspots of very
high local temperatures and pressures. Ultrasound does not react with the molecules, since
it exceeds the vibrational wavelengths of atoms and molecules [27]. Applying the sono-
chemical route, besides the reduction in reaction time, there is a homogeneous nucleation
and the formation of significantly smaller particles, making this a possible and effective way
to obtain nano-sized MOFs [28]. Experimentally, the solution mixture suitable to obtain
the target MOF structure is introduced in a reactor fitted with a sonicator bar, allowing
control over the power, and the correct parameters will result in fine crystallites of the
desired MOE. A related method is designated by the soft spray technique [29] that consists
of using ultrasonic vibration to obtain small drops of the solution that are then dispersed
uniformly into another liquid or solid surface. This allows for uniform deposition and
increased precision, thus increasing the possibility of controlling the micromorphology of
the MOFs’ architectures, as well as their chemical composition.

There are still other methods reported in the literature such as spray drying, ionic-
liquid-assisted synthesis, and the diffusion method, among others. The selection of the
synthesis method used is of great importance and determines the type and characteristics
of the materials obtained, such as particle size distribution, porosity, and morphologies
that have impact on the properties and application of the materials in adsorption, catalysis,
sensors, etc.

It is also common to perform post-synthesis modifications of the MOF materials [20]
to enhance or tune some specific characteristics directed at target application. Functional-
ization is one of the most often reported techniques to tune the properties of the material
by introducing additional functional groups into the structure. Although this can be made
directly via self-assembly during the synthesis process, it is often done via post-synthesis
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methods. In the direct method, it is not always possible to introduce the desired functional
group directly because the new linker may not be compatible with the reaction conditions
or not able to produce the same MOF structure. On the other hand, the main challenge
when doing post-synthesis modifications is to guarantee the integrity of the MOF structure
throughout the process. For catalysis purposes it is frequently reported the incorporation
of metal nanoparticles highly dispersed. The loading of metals is performed by incipient
wetness method [30], by hydrothermal methods [31], or the precipitation method [32].
Another type of modification is the impregnation with active compounds, such as ionic
liquids [33] or C48B12 molecules [23].

There are advantages and disadvantages to the different synthetic approaches. The
solvothermal method, the more traditional one, has the advantage of being a one-pot
method allowing single crystals at moderate temperatures; however, it has the disadvan-
tages of high reaction times, the use of solvents, and easy formation of byproducts. The
mecanochemical method, on the other hand, is a solvent-free method performed at ambient
temperature, thus less hazardous; however, it can have problems of pore volume. The
microwave-assisted method allows short reaction time and results in high-purity products
with good control over the crystal size; however, some problems of reproducibility have
been reported because of the use of different equipment, and the industrial scale of this
methodology can be limited. The electrochemical method is an alternative that avoids the
use of more hazardous solutions and can be operated in a continuous mode, allowing for
higher production rates and facilitating possible industrial application; however, it requires
specific conditions to work. The use of sonication for the synthesis has the advantage of
being a fast and energy-efficient method, allowing the obtention of nano-sized crystals;
nevertheless, there is no control over the local temperature of the reaction. [1,22] These and
other aspects should be considered when selecting the most adequate synthetic method for
a specific application.

2.1. MOFS from Waste

More recently, a new class of sustainable materials has emerged consisting of MOFs
synthesized using components derived from waste. These developments are very interest-
ing, not only in terms of environmental impact but also for the economical sustainability
of the materials; therefore addressing the circular economy in the whole process [34,35].
This new concept of mining resources from waste is emerging as a solution for the sus-
tainable scale-up of these materials, thus converting waste into MOFs is under increasing
investigation [36,37].

Several approaches can be identified in the literature such as recovery of organic
ligands from waste plastic through acid or basic hydrolysis, retrieval of metal salts from
leaching solutions of metal containing wastes, or even insoluble metal precursors for
heterogeneous synthetic routes [38].

From the depolymerization of polyethylene terephthalate (PET), terephthalic acid,
which can be easily obtained, is one of the most-used organic ligands in MOF preparation,
as is the case for the MIL synthesis. PET is one of the most commonly used plastics and has
applications in short-lifetime products such as water bottles and food packaging; this makes
this spent material an abundant resource, not always explored correctly. The chemical
recycling of PET allows the production of the initial PET monomers, ethylene glycol (EG)
and terephthalic acid (TPA), or other chemical products of interest. Starting from the
plastic waste, chemical recycling may proceed via different processes, including glycolysis,
hydrolysis, and methanolysis—hydrolysis being the most interesting one for MOF synthesis
since it results directly in terephthalic acid [39]. In the last years, several reports can be
found on the use of PET as the ligand source for the sustainable production of different
MOFs [40-42]. Of particular interest is the possibility of producing the TPA (also known as
H,BDC) via PET hydrolysis and simultaneously form the MOF in a one-pot reaction, as
reported by some authors [43,44]. Other waste plastics can be used as ligand sources, as in
the case of polylactic acid as the lactic acid source for the synthesis of ZnBLD [45].
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The other important component in MOF synthesis is the metal ion. The possibility
of metal recovery from waste for the production of high-value-added materials such as
MOFs has been the focus of some recent research. Electric and electronic waste (e-waste)
and spent batteries are increasingly generated residues and can be considered good sources
of recovered metals. The challenge is in recovering metal ion in high purity, which can be
a tedious and costly process, thus impairing the feasibility of this valorization route for
these wastes.

The synthesis of MOF-5 was reported using Zn?* ions recovered from alkaline battery
waste. Different procedures were tested to recover the zinc ion from the waste, and then
the characteristics of the MOF prepared with the waste-derived metal were compared to an
MOF prepared with pristine reagents, revealing high comparability between materials.

In another paper, using electroplating sludge (EPS) as a metal source, it was possible
to synthesize chromium base MIL-53 via the hydrothermal method in a simple process [46].

More recently, the synthesis of MOFs using both components derived from waste was
reported. Ni-MOF was prepared using PET as the source for the organic ligand (TPA) and
using electroplating sludge as the metal source. The authors declared that even using the
sludge directly, with other metal ions such as Fe3* /Cu?* ions coexisting with Ni** ions,
could result in the successful fabrication of the MOF material [47].

2.2. Hierarchically Porous MOFs

Even though MOFs are known for their excellent properties, making the materials
suitable for so many distinct applications, there are some drawbacks. MOFs are primarily
microporous materials, meaning displaying pores sizes under 2 nm; this feature, although
granting high surface areas and pore volumes, may hinder fast diffusion and mass transfer
of the molecules because of the small pore aperture. This characteristic combined with
the relatively large particle size may limit their applications related to larger molecules.
Looking to overcome this issue, the development of hierarchically porous MOFs has been
considered a successful approach [48]. In these new materials, larger pores are developed,
and there is a combination of micro- and meso- or macro-pores in the structure [49-51]. To
achieve the synthesis of hierarchical materials, there are different tactics; among them are
the use of templates during the synthesis [51], solvent- or water-mediated synthesis [52,53],
post-modification methods such as chemical-facilitated etching, etc.

Additionally, three types of hierarchy can be considered for MOF design: porous,
architectural, and compositional hierarchies, as schematized in Figure 2. Porous hierarchy
refers to different types of porosity within one framework. The architectural hierarchy
allows the production of multicomponent architectures, while the compositional hierarchy
allows the development of increasingly more sophisticated tailored structures.

2.3. Single-Atom Catalysts from MOFs

Single-atom catalysts (SACs) are a type of material presenting atomically dispersed
active metal sites on the surfaces of solids. This feature is particularly relevant in the field
of catalysis, and much effort has been devoted to this subject. The easiest way to obtain
SACs is to immobilize the single active atoms directly in the surface of a support material.
More recently, SACs based on MOFs have gained much attention because of the properties
of the MOF but mostly because of the possibility of higher control over the design and
tailoring of the catalytic properties, thus combining the advantages of SACs and MOFs
with very positive results [21].

The single-metal sites in SACs based on MOFs can be created in the metal nodes and
metallolinkers in the MOF framework during synthesis, or they can be introduced via
functionalization of the MOF materials by coordination of the metal catalyst to the organic
ligands or to unsaturated metal nodes, or by impregnation or incapsulating inside the
pores. Several experimental methods have been reported to achieve this, including wet
chemistry, atomic layer deposition, and pyrolysis [54,55].
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Figure 2. Hierarchically structured MOFs from three different perspectives: hierarchical porosity
(top), hierarchical architecture (middle), and hierarchical composition (bottom). Reproduced with
permission from ref. [48]. Copyright © 2020 American Chemical Society (further permission related
to the material excerpted should be directed to the ACS).

Besides SACs based on MOFs, where the single metal is immobilized in the MOF
framework, there are also other types of SAC materials that are MOF-derived SACs,
including porous-carbon SACs; these will be detailed in the next section.

3. MOF-Derived Porous Carbons

The properties of porous carbons such as large surface area, tailored porosity, ther-
mal and chemical stability, high electronic conductivity, and easy heteroatom doping,
make them excellent catalysts and/or catalyst supports. Using MOFs as sacrificial tem-
plates/precursors of porous carbons has received great attention in the last years [56-59].
Submitting the MOFs to high temperatures under inert atmosphere (pyrolysis) generates
carbons that might be impregnated with the metallic species (Zn, Co, Fe, Ni, Cu ... )
originally embedded on the MOF matrix and loaded with heteroatoms (O, N, S, P ... ) that
composed the MOFs’ organic ligands. Although direct pyrolysis of MOFs can promote
a decrease in the original surface area, the resulting dispersion of metal and heteroatom
active sites greatly improves the performance of the obtained carbons on catalytic reactions.
Additionally, MOF-derived carbons possess higher stability to heat and water, overcoming
these limitations of the pristine MOF [60].

The carbonaceous matrix of the porous carbons derived from MOFs results from the
carbonization of the organic ligands of the MOFs’ porous networks, and with a strict control
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of the pyrolysis conditions, it is possible to tune surface properties. In addition, the original
MOF structure and composition is crucial on the properties of the obtained carbons.

Direct carbonization of the MOF precursor has been the most-used technique to obtain
MOF-derived porous carbons. Co-carbonization with additional carbon and heteroatoms
sources has also been a common methodology. The post-treatment of the obtained carbons
is applied for porosity enhancement and/or surface doping. The fabrication strategies
along with the MOF itself allow the obtaining of the following classes of MOF-derived
porous carbons: (i) pure and heteroatom-doped carbons; (ii) metal nanoparticle, metal
oxides, or atomically dispersed metal-atom-containing carbons; and (iii) composites of the
previous ones [61,62]. Figure 3 summarizes the different classes of MOF-derived carbons
that can be obtained.
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Figure 3. Classes of MOF-derived carbons. Reproduced from ref. [63]. Copyright © (2018) with
permission from Elsevier.

Liu et al. [64] reported for the first time the use of MOF, namely MOEF-5 ((ZnsO(OOCCgq
H4COQO)3), as a template for preparing porous carbons. In their work, the authors first
polymerized furfuryl alcohol (PFA) inside the pores of MOF-5 and then carbonized the
composite PFA/MOE-5 at 530 °C, 800 °C, and 1000 °C for 8 h under an argon flow (Figure 4).
The carbon samples obtained at 530 °C and 800 °C presented much lower surface areas
(217 mg?/g and 417 m?/g) than the sample obtained at 1000 °C (2872 m?/g), since the ZnO
that is formed in the carbonization is inside the pores. At temperatures above the boiling
point of Zn (907 °C), the metal is evaporated, and the resulting metal-free porous carbon
presented an increased porosity. For the samples produced at carbonization temperatures
below the volatilization temperature of Zn, metal-free porous carbons were obtained from
the HCl leaching of the metal that gives rise to an increase in the surface area from 217 to
1732 m?/g.

Realizing that MOFs do not require an additional source of carbon because of the
presence of organic ligands in their structures, studies about the direct carbonization of
MOFs emerged [65-67], particularly about Zn-based MOF-derived carbons [61,68-72].
In fact, Zn-based MOFs have been preferably used as a template/precursor of metal-
free porous carbons because of the easy removal of Zn either by vaporization or acidic
solubilization. A particular case is ZIF-8 (Figure 5), which has been widely used to prepare
porous carbons because it combines two important features: the easy sublimation of
Zn and the imidazolate framework that provides an important source of nitrogen for
N-doped carbons.
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Figure 4. Schematic representation of porous carbons from MOF with furfuryl alcohol as an additional
carbon source and direct carbonization of MOFs. Reproduced from ref. [65]. Copyright © (2013) with
permission from the Royal Society of Chemistry.

Figure 5. Crystal structure and simplified framework structures of ZIF-8 (Zn(2-methylimidazolate),.
Reproduced with permission from ref. [73]. Copyright © 2006 National Academy of Sciences of
the USA.

MOF-derived porous carbons with metal oxides, hydroxides, sulfides, phosphides,
etc. can be intentionally produced during the pyrolysis of MOFs to exploit the features of
the metallic species. In fact, MOF-derived porous carbons might constitute fine supports of
SACs. The presence of N/S/O atoms from the MOF matrix provides anchoring sites for
the single-metal atoms, avoiding the tendency of aggregation of the metal nanoparticles
during the pyrolysis process [74]. However, the success of this strategy also depends on the
choice of a proper MOF precursor (content of metal and heteroatoms) and on the pyrolysis
conditions (pyrolysis temperature and time and atmosphere). Nitrogen-rich MOFs, such as
ZIF MOFs, have been the most-used precursors to obtain strong N-metal bonds, granting
thermal and chemical stability to the resultant materials with highly active centers for
catalysis. If agglomeration of the metal nanoparticles cannot be avoided in the pyrolysis
process, post-acid leaching allows the removal of the excess metal particles remaining in
the atomically dispersed metal sites. Recent works have reviewed the strategies to obtain
MOFEF-derived carbon-supported SACs [18,56].

Post-synthesis treatments in the obtained MOF-derived porous carbons can be em-
ployed, such as chemical activation with KOH that allows the obtaining of enlarged surface
areas and exposes blocked active sites [19,57,75] (Figure 6). Acid leaching is applied when
metal-free porous carbons are the target and pyrolysis temperature is not enough for
metal sublimation.
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4. Catalytic Fine Chemical Syntheses by Porous Carbons from MOF

A variety of metal-porous materials, after careful pyrolysis of MOFs, can be produced,
including metal oxides, carbides, nitrides, sulfides, and phosphides but also metal-free
porous carbons, as mentioned above. Based on the topic of this review, this section is aimed
at revising the different types of MOF-derived porous carbons applied to the catalytic syn-
thesis of highly valuable compounds of interest, implying acid-base, oxidation-reduction
and coupling catalyzed reactions of compounds with different functionalizations. In this
context, the main investigated MOF structures to produce porous carbons are MOF-5, ZIF-§,
ZIF-67, UiO-66-NH>, and MIL-101-NH;, among others.

4.1. Metal-Free Porous Carbons

In the last decades, metal-free carbons have attracted much attention as environmental-
friendly catalysts in comparison to metal-based catalysts. In this context, synthesis of
metal-free MOF-derived carbon catalysts is often achieved at high carbonization tempera-
ture under inert atmosphere, in some cases with metal species being removed by in situ
evaporation or by subsequent acid treatment—Zn- or Co-based MOFs.

Although metal-based N-doped carbons from MOFs have been extensively studied in
several oxidation reactions—e.g., hydrocarbons and amine oxidations and even epoxidation
reactions—metal-free heteroatom-doped carbon catalysts have been also investigated in
these transformations (Table 1).

Table 1. Metal-free MOF-derived porous carbon catalysts applied in fine chemical syntheses.

Catalysts Precursor Catalytic Reaction Ref.
Ethyl benzene to acetophenone

NS co-doped carbon ZnCo-ZIFs@PZS Benzyl hydrocarbons to keto derivatives [76]
NPS-HCS ZIF-67@PZS Aryl alkane oxidation [77]
B,N-PCs Bio-MOF-1 Reduction of 4-nitrophenol [78]

ZIF-67 Aerobic oxidation of cyclohexane, toluene to
N-doped mesoporous carbons ZIF-8 benzaldehyde and oxidative and coupling of [79]

Co-MOEF-71 benzylamine to N-benzylidene benzylamine

PZS: poly(cyclotriphosphazene-co-4,4"-sulfonyldiphenol).
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Such is the case of oxidation of ethylbenzene and related compounds catalyzed by
N, P, and S co-doped hollow carbon shells synthetized from ZnCo-ZIFs@PZS composites
(Scheme 1) [76]. The synthetic strategy consisted first of the synthesis of bimetallic ZIF-67
as a template under ultrasounds and treated with hexachlorocyclophosphazene and 4,4'-
sulfonyldiphenol solution and triethylamine, used in different ratios, in such a manner
that the former PZS is coating the MOF support [77]. Finally, the resulting composites
were calcined at 900 °C under argon atmosphere and submitted to treatment with sulfuric
acid and water. NPS-HCS showed a BET surface area of 1020 m? g~! and a total pore
volume of 1.21 cm3 g~! but also presented improved hydrophilicity mainly because of
N doping. These catalysts exhibited good performance for selective oxidation of carbon—
hydrogen bonds in ethyl benzene and related compounds in water at 80 °C in the presence
of tert-butyl hydroperoxide (TBHP), yielding acetophenone with conversion up to 84% and
selectivity ranging 92-99% higher than when using the related uncoated porous carbon
(59% of conversion and 92% of selectivity). The authors concluded that the PZS coating
procedure could be applied in the design of interesting heterogeneous catalysts. Note that
the PZS-900-2h catalyst, obtained from PZS polymer by thermal treatment, promoted the
reaction with notably lower conversion (12% after 6 h) and selectivity (66%). These catalysts
resulted in also being active and selective for the oxidation of several benzyl hydrocarbons
to the corresponding keto derivatives.

cl ¢l 0 0 _S o ©
A/ \\s// (oXgl] N/
NERY . Et;N o NEY
Cl—P._.P-Cl T P
—P RS o oH 0-P. -R-0

/7
Cl

820
©/ O(PaNy)
(NzP5)0

Scheme 1. Synthesis of the polymer poly(cyclotriphosphazene-co-4,4’-sulfonyldiphenol).

Interestingly, B-N co-doped porous carbon materials (BNPCs) from adenine-based
bio-MOF-1 applied to the reduction in 4-nitrophenol have been also reported [78]. BNPC
was prepared by pyrolysis of bio-MOF-1 at 1000 °C under N, atmosphere, obtained by
coordination of Zn?* with BPDC in the presence of adenine and washed with HCl. The
resulting N-doped porous carbon, NPC, was treated with boric acid and submitted to
thermal treatment at different temperatures, affording the mesoporous BNPCs a high
degree of graphitization, in which N and B are homogeneously distributed (Scheme 2).
BNPCs showed high catalytic performance and recycling stability in the reduction in 4-
nitrophenol in the presence of NaBH, at room temperature. Conversion of 4-nitrophenol
was influenced by the pyrolysis temperature, BNPC-1000 (1000 °C) exhibiting superior
catalytic performance (95%) than the NPC sample. The authors proposed that a synergistic
effect between dopants N and B in the porous carbon materials could be behind the
catalytic activity.
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H;BO;

900-1100 °C

11414

bio-MOF-1 T NPC

BNPC

Scheme 2. Synthesis of nitrogen and boron co-doped porous carbon catalysts, BNPCs. Reproduced
with permission from ref. [78]. Copyright © 2021 Elsevier.

Highly graphitized N-doped mesoporous carbons with high specific surface areas
and large pore volumes and homogeneous distribution of dopant heteroatoms, obtained
from direct pyrolysis of the corresponding MOFs—ZIF-67, ZIF-8, and Co-MOF-71—and
subsequent treatment with aqua regia, were reported [79]. Porosity size is in situ created
when removing the metal nanoparticles by acid etching and can be controlled by adjusting
the carbonization temperature. These N-doped carbon materials were active in aerobic oxi-
dation of cyclohexane at 125 °C, affording adipic acid in 15-48% of conversions and around
60% of selectivity. These results contrast with those obtained in the presence of a traditional
Pd/C catalyst, in which selectivity is changed, leading to cyclohexanol/cyclohexanone
as reaction products in 18% of conversions and 95 of selectivity. Oxidation of toluene
to benzaldehyde was also possible with total selectivity even higher than when using
the traditional Pd/C catalyst, although with low conversions. Finally, these catalysts can
catalyze the oxidative coupling of benzylamine to N-benzylidene benzylamine in 99% of
conversions, demonstrated by using structurally different amines, including substituted
benzyl amines and even aliphatic ones (82-99%) (Scheme 3). The authors attributed the
observed reactivity to the uniform distribution of nitrogen but also to the presence of
accessible mesopores in samples.

N-doped mesoporous carbons o~
NH, > RSN R
0,, 100°C, 12h

N

R

R = o-MeCGH4, m-MeCGH4, p-MeC6H4
p-FC6H4‘ p-C|C6H4, p-MeCsH4Y Cy, CH3(CH2)4

Scheme 3. Oxidative coupling of amines catalyzed by N-doped mesoporous carbons.

4.2. Metal-Doped Porous Carbons

Carbon-supported metal or metal oxide catalysts can be also prepared from MOFs
by direct carbonization, under the appropriate thermal conditions, in such a manner that
metal phases are embedded into a porous carbon matrix, as already mentioned. These
metal-doped porous carbons have been applied in the synthesis of highly valuable com-
pounds through oxidations, hydrogenations, coupling reactions, multicomponent synthesis
of propargyl amines, and hydrodechlorination reactions (Table 2). Carbon materials doped
with non-noble metals or metal oxides could constitute some of the most attractive alterna-
tives to the high-cost noble metal catalysts.
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Table 2. Metal MOF-derived porous carbon catalysts applied in fine chemical syntheses.
Catalyst Precursor Catalytic Reaction Ref.
Oxidation reactions

Cu@C Cus(btc), Alcohol oxidation [80]

B-x (x = temperature) MIL-88B Aryl or alkyl alcohol oxidation [81]
MDNM(75Zn25Mn or Ni) (Zn/Mn or Zn/Ni) MOF-74s Benzyl alcohol oxidation and 4-nitrophenol reduction [82]

CuNbO-1 MOF:

a-Cu@C Benzyl alcohol to benzaldehyde 83

(ICu(bpdo)(NO)s)(H20)ln Y Yy 1
Reduction reactions
Cobalt-terephthalic acid Cobalt-terephthalic acid Aryl, heterocyclic and aliphatic nitriles to amines [84]
MOF@C-800 MOF-800 Aryl, heterocyclic and aliphatic nitro compounds to amines
Cus(btc), /phenol

Cu/Cu0/C formal-dehyde resin (851
Cu@C Cus(btc), /H3PO4 4-Nitrophenol reduction to 4-aminophenol [86]
Cu/Cu,0@C Cug(btc), + GO [59]
CuxO@C-400 Cus(btc), +filter paper [87]
a-Cu@C CuNbO-1 MOF Nitrobenzene to aniline [83]
Ni/Nio@C Ni-MOF-74 Phenyl acetylene to ethyl benzene [88]
Ni@C/Ni-MOF-74 Ni-MOF-74 Olefins hydrogenation to Alkanes [89]
M, Si@C (M=Fe, Co, Ni) MOFs-74/Cl,Si(CH3), Chemoselective hydrogenation of cinnamaldehyde [90]
Cu@C-H, Cusz(btc), Butyl butyrate to buthanol [91]

Miscellaneous

MOF-5-NPC-900-Pd MOF-5 (Zn4,O(H-bdc); Suzuki-Miyaura coupling reaction [92]
Cu/CupO-rGO MOFs-Cuy, O-rGO Sonogashira coupling reactions [93]
a-Cu@C CuNbO-1 MOF Iodobenzene to N-aryl imidazole [83]
Cu@MOF-5-C. ZnyO(bdc)s Multicomponent synthesis of propargyl amines [94]
Pd/MPC Fe-MIL-88A Hydrodechlorination of 4-chlorophenol to phenol [95]
MOF-5-NPC-900-Pd MOF-5 (Zn4sO(H-bdc); Suzuki-Miyaura coupling reaction [92]
cu@c Cus(bdc), Azide-alkyne Huisgen cycloaddition reaction to obtain [96]

triazole

bdc: 1,4-benzenedicarboxylate; bpdc: biphenyl 4,4’ dicarboxylic acid; btc: 1,3,5-benzenetricarboxylate.

4.2.1. Oxidation of Alcohols

Cuz(BTC), was used as precursor of a robust copper—carbon nanocomposite, Cu@C,
by pyrolysis at 800 °C under argon atmosphere [80]. This material maintains the octahedron
morphology of its counterpart and presents Cu’ nanoparticles formed by reduction in Cu?*
ions in MOF during the thermal treatment. Cu@C assisted by 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO) and N-methylimidazole (NMI) as a base showed an excellent catalytic
performance in the aerobic oxidation of different alcohols affording the corresponding
aldehydes in excellent yields. Interestingly, the oxygen content for the catalyst after recy-
cling significantly increased, mainly because of the formation of CuO species during the
oxidation reaction.

A similar synthetic strategy has been reported for the preparation of magnetic hybrid
composites Fe304@C by pyrolyzing Fe-containing MIL-88B at different temperatures—500,
600, 700, or 800 °C [81]. Fe304@C hybrids showed a uniform distribution of Fe, C, and
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O and, therefore, a high dispersion of Fe30,4 nanoparticles. A significant decreasing of
the specific surface areas when increasing the pyrolysis temperature was observed, while
Fe3;04 nanoparticles gradually formed aggregates and micropores present in precursor
MOF totally disappeared in composites. Fe30,@C composites were investigated in the
green and selective aryl or alkyl alcohol oxidation, at 110 °C, in water, in the presence of
H;0,, resulting in high catalytic performance and being selective to the corresponding keto
derivative. The reaction took place in the absence of any base additives; the catalysts were
magnetically separable and reused (four cycles) without almost any activity loss.

In the same context, Bhadra and Jhung [82] reported a mesoporous carbon doped
with Ni or MnO nanoparticles, obtained from bimetallic MOF-74s (Zn/Ni or Zn/Mn using
different ratios), highly reactive in the benzyl alcohol oxidation but also in the 4-nitrophenol
reduction. In both cases, the best catalytic performance was reported when using the cata-
lysts with the lowest Mn or Ni loadings, MDNM(75Zn25Mn or Ni), obtained by thermal
treatment of the corresponding MOF-74 (75%Zn/25%Mn or Ni) precursor, even much
more than in the presence of its homologous MnO/activated carbon, as demonstrated from
the calculated TOF values (TOF = 1570, and 29 min~! when using MDNM(75Zn25Mn) or
MnO/ activated carbon catalysts, respectively, for benzyl alcohol oxidation). The high reac-
tivity was attributed to the high dispersion of the nanoparticles but also to the developed
mesoporosity by Zn evaporation. Interestingly, the presence of Zn in the MOF precursors
can serve to separate vicinal metal atoms, preventing the aggregation of the metal phase
during the thermal treatment.

4.2.2. Hydrogenation Reactions

The development of clean methodologies for selective hydrogenation reactions is an
important challenge for the scientific community. A few examples of MOF-derived porous
carbons mainly containing Co, Ni, Fe, and Cu metallic phases have been reported for the
hydrogenation reactions, such as hydrogenation of nitriles, nitro compounds, olefins, and
even aldehydes and esters.

Hydrogenation of nitriles and nitro compounds: Nitroarenes and nitriles are impor-
tant building blocks involved in amine synthesis as relevant intermediate compounds of
capital importance. In this context, several porous carbon catalysts have been reported.
Murugesan et al. [84] developed a reusable carbon-based catalyst constituted by graphene-
shell-encapsulated Co3z0O4/Co particles (cobalt-terephthalic acid MOF@C-800) that are
highly active and selective for the hydrogenation of structurally different benzonitriles
to the corresponding benzyl amines, in the presence of H, or NH3 in good to excellent
yields (85-95%). This methodology also tolerates a great variety of functional groups such
as esters, amides, and even C—C double and triple bonds and halogens. This catalyst was
also able to catalyze the reduction in several structurally different molecules containing the
nitro group to the corresponding amines, obtained in gram scale. The followed strategy
was to synthesize the corresponding MOF in the presence of additional carbon as a pow-
der and after that to pyrolyze the mixture at 800 °C, resulting in the most active catalyst.
Remarkably, the unpyrolyzed MOF—carbon (cobalt-terephthalic acid MOF@C) but also
the cobalt-terephthalic acid MOF were almost inactive for the investigated transformation,
probably because the cobalt-terephthalic acid MOF@C-800 catalysts presented both types
of nanoparticles, Co304 and Co?; this last as a small-size particle in low quantity.

Several examples of MOF-derived porous carbons have also been reported for the
hydrogenation of nitro compounds. Among the highly polluting compounds, 4-nitrophenol
is widely used for industrial applications—textile, printing, pharmaceutical industries,
and petrochemicals—originating water waste [18]. Among the most-used MOF precur-
sors, Cuz(BTC); is highlighted, which converted into the corresponding porous carbons
using different synthetic approaches that have been investigated in the 4-nitrophenol re-
duction to 4-aminophenol, in the presence of NaBH4 and in water at room temperature
(Table 2) [59,85-87].
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Hydrogenation of C=C and C=0 bonds: Guo et al. [88] reported mesoporous Ni/
NiO@C core-shell nano catalysts showing zero-valent Ni nanoparticles from Ni-MOF-74
by pyrolysis at 500 °C under argon atmosphere. Ni/C presented an excellent catalytic
performance for the hydrogenation of phenylacetylene to ethyl benzene (97%), in ethanol,
at 50 °C, under H; atmosphere. In the same context, Nakatsuka et al. [89] reported on the
synthesis of Ni-based catalysts (Ni@C/Ni-MOF-74), by thermal treatment at low tempera-
ture (300 °C) of Ni-MOF-74, in which Ni?* nanoparticles are reduced to Ni’ metal, highly
active in the hydrogenation of olefins in ethanol, at 30 °C under reductive atmosphere
(Hy, 1 atm). Catalytic performance of Ni-MOF-74-300 was superior to those observed for
the Ni-MOF-74 precursor or even to NiO-supported activated carbon (Ni/AC-300). The
authors highlighted that the Ni thermal decomposition on Ni-MOF-74 is different than in
the case of Ni/AC-300, in which the Ni nanoparticles are oxidized by oxygenated functions
in abundance at the carbon surface. Remarkably, a structural change in a sample carbonized
at 300 °C, Ni-MOF-74-300, was observed developing mesopores, whereas a microporous
structure derived from Ni-MOF-74 was maintained.

Interestingly, Zhang et al. [90] reported a series of nanocatalysts composed by transi-
tion metal silicides highly dispersed on porous carbon (M,Si@C (M=Fe, Co, Ni)) active in
the hydrogenation of cinnamaldehyde. The synthetic approach consisted of microwave-
assisted silicification of porous carbon-matrix-encapsulated transition metal (M@C) from
MOFs-74 with dimethyldichlorosilane (Cl;Si(CHs);). Upon microwave irradiation,
CLSi(CHs), decomposed at the surface of metal nanoparticles, producing silane (SiHy),
which is able to react with metal nanoparticles leading to metal silicides. Activity of M,Si@C
(M=Fe, Co, Ni) was superior in comparison with M@C counterparts probably because
the carbon layers over metal nanoparticles are destroyed during the surface modification
originating more active catalytic sites. It is noteworthy that Ni;Si@C resulted in higher
activity than that for Co,Si@C or Fe,Si@C in the chemoselective cinnamaldehyde hydro-
genation. While Co,Si@C catalyst was mainly involved in the hydrogenation of the C=O
bond in cinnamaldehyde, selectivity to cinnamyl alcohol ranging 60%, a Ni;Si@C sample
resulted in being highly chemoselective for the hydrogenation of C=C bonds, selectively
affording hydrocinnamaldehyde (90%). These results strongly suggested different reaction
pathways as a function of the reactant adsorption on the catalyst surface depending on the
polarization properties of MSi intermetallic compounds.

The hydrogenation reaction of esters catalyzed by MOF-derived porous carbons has
also been reported. At this regard, Zhao et at. [91] developed an MOF-derived core-shell
Cu@C by direct pyrolysis (350 °C) of Cuz(BTC),, an MOF widely investigated in fine chemi-
cal synthesis, under H, or Nj atmosphere. Cu@C presented highly dispersed encapsulated
Cu*/Cu’ species on a carbon surface, both copper species acting in cooperation in the
hydrogenation of butyl butyrate, activating both reagents, butyl butyrate and H,. While
Cu™ activated the ester, Cu’ worked in the H, decomposition. Cu@C-H; was found to
be the most active catalyst leading to butanol in 97% of conversions and 100% of selec-
tivity. The authors compared the catalytic performance of Cu@C-H; and Cu@C-N, with
those for conventional Cu-supported activated carbons, Cu/AC-N, and Cu/AC-H, pre-
pared by using the impregnation method. Taking into account that the Cu/AC-N; sample
barely catalyzed the reaction (1% of conversion vs. 17% for Cu@C-Ny), it was possible
to conclude that the Cu® and Cu,O phases are the truly catalytic-active species. Similar
enhancement of conversion values was observed for the Cu/AC-H; (14%) and Cu@C-H,
(27%) samples, demonstrating the superior catalytic performance of MOF-derived porous
carbons. In addition, Cu@C-N; was submitted to reduced treatment in the presence of Hy,
higher conversion, although lower than that observed for Cu@C-Hj, being obtained. Both
the higher dispersion and adequate Cu*/Cu’ ratio should be then behind the observed
catalytic performance.
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4.2.3. Coupling Reactions

MOF-5 (ZnsO(H-BDC)3 has also been studied as a precursor of porous carbons in
which Pd nanoparticles were immobilized [92]. The synthetic approach comprised (i) the
direct pyrolysis of MOF-5 at different temperatures (700-900 °C), (ii) impregnation with
H,PdCly and subsequent reduction with NaBHy, and finally, (iii) thermal treatment at
900 °C. Zn-free MOF-5-NPC-900-Pd was also synthetized after acid treatment with HCL
In this case, the optimal carbonization temperature was 900 °C, leading to a microporous
MOEF-5-NPC-900 sample also containing some macropores and exhibiting high surface area
(2478 m2 g~ ). The BET area significantly increased after acidic treatment but also dimin-
ished after Pd impregnation because of the presence of well-dispersed Pd” nanoparticles
installed in the hollows of Zn-free MOF-5-NPC-900. Catalytic performance was investi-
gated in the Suzuki-Miyaura coupling reaction between differently substituted phenyl
boronic acids and aryl bromides, in the presence of mixtures of EtOH-H,O at 25 °C, Zn-free
MOFE-5-NPC-900-Pd affording the highest yield to the corresponding substituted biphenyls.
Textural parameters, nanoparticles dispersion, and accessibility of active sites were behind
the catalytic activity.

Sun et al. [93] developed an easy and efficient synthetic methodology to prepare
Cu/Cuy0-rGO, in which reduced graphene presents homogeneously dispersed Cu’ and
Cu,0 nanoparticles, able to efficiently catalyze the Sonogashira cross-coupling reactions.
Cu/Cup0-rGO catalyst was prepared through a novel MOF jacket-structure, with “take”
and “off” steps followed by an in situ reduction process (Scheme 4). The catalyst was tested
in coupling reaction between phenylacetylene and aryl iodide, in the presence of Cs,COj3,
in dimethyl formamide (DMF) at 80 °C, affording 1,2-diphenylethyne in excellent yield
(91%), notably higher than when using Cuy O-rGO or Cu-rGO as catalysts with a single Cu
phase, then demonstrating a synergistic effect between both phases.

}“ <

Cu™ TPA-Cu NaBH,
MOFs-Cu,0-rGO Cu,0-rGO Cu/Cu,0-rGO

Scheme 4. Synthetic approach for the preparation of Cu/CuyO-rGO catalyst. Reproduced with
permission from ref. [93]. Copyright © 2003 Royal Society of Chemistry.

Interestingly, Nguyen-Sorenson et al. [83] reported a novel and robust porous carbon
catalyst, a-Cu@C, which presented an unusual morphology as layers of an anisotropic
carbon structure. a-Cu@C catalyst was obtained by thermal decomposition of CuNbO-1
MOF ([Cu(BPDC)(NO;)4)(H20)]n and successfully applied to the N-arylation of imidazole
in DMSO, in the presence of KOH at 110 °C (Scheme 5). The authors highlighted that
CuNbO-1 decomposes at a notable lower temperature than other Cu-based MOFs such as
Cu3(BTC);,, allowing the high dispersion of the copper species, as a mixture of oxidation
states at the carbon surface, and then avoiding the sintering that often occurs at higher
temperatures. a-Cu@C resulted also in being active for benzyl alcohol oxidation and
nitrobenzene reduction.

| a-Cu@C =N
PN KOH N\/)

+ N7 NH -
I DMSO, 110°C, 24h

89-100%

Scheme 5. N-arylation of imidazole catalyzed by a-Cu@C.
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4.2.4. Synthesis of Propargylamines

Multicomponent reactions are one-pot processes that selectively lead to a unique
reaction product, through cascade reactions, widely used in the synthesis of compound
libraries. In this context, propargylamines are relevant compounds to produce heterocycles
and, therefore, of great importance for pharmaceutical companies. MOF-derived carbons
have also been reported for the synthesis of this type of compound. Concretely, MOE-
5-C was prepared by pyrolysis of MOFE-5 (ZnsO(BDC)3) and used as support of copper
nanoparticles by using the conventional impregnation method [94]. It was found that Zn,
Zn0O, Cu, and CuO are present in Cu@MOF-5-C, resulting in highly porous carbon with a
hierarchical pore structure, high in both surface area (2039 m? g~!) and total pore volume
(1.86 cm? g~ 1). Cu@MOF-5-C was successfully applied in the multicomponent synthesis
of propargyl amines from aldehydes, alkynes, and amines in toluene at 110 °C, exhibiting
high catalytic activity (Scheme 6).

gz Cu@MOF-5-C O
T O 5 g )
N 110°C, Ny, toluene R1
N J\

R,

Scheme 6. Synthesis of propargyl amines from aldehydes, alkynes, and amines in toluene at 110 °C
catalyzed by Cu@MOEF-5-C.

4.2.5. Hydrodechlorination Reactions

Dong et al. [95] reported the pyrolysis (700 °C) of Fe-MIL-88A affording a magnetic
metal mesoporous carbon (MPC), in which y-Fe;O3 and Fe3C are the major metallic species.
MPC was used as support of highly dispersed Pd nanoparticles; Pd/MPC was prepared
by using the impregnation-reduction method. Pd/MPC as mesoporous carbon material
exhibiting high surface area resulted in high catalytic activity (up to 90% of yield after
60 min) and reusability in the green hydrodechlorination of 4-chlorophenol to phenol in
water at 25 °C, in the presence of NaOH as a neutralizing agent of released HCl, compared
to other reported catalytic systems, such as Pd—Al pillared clays, prepared by either the
impregnation method or by ion exchange, and even a novel fibrous nano-silica (KCC-1)-
based nanocatalyst (Ni@Pd /KCC-1). Its high activity was mainly due to the high dispersion
and accessibility of Pd nanoparticles. Pd/MPC was also highly active in the reduction in
4-nitrophenol.

4.2.6. Cycloaddition Reactions

Interestingly, Cu3(BTC), was successfully used upon both high pressure and tem-
perature (400 °C) to develop a copper—carbon composite (Cu@C) containing fine copper
nanoparticles [96]. Remarkably, Cu nanoparticles in Cu@C-400, mainly composed by
Cu partially oxidized at the surface, presented a smaller size than those when pyrolyz-
ing Cu3(BTC); under atmospheric pressure, then avoiding sintering processes. Cu@C
was applied to the azide—alkyne Huisgen cycloaddition reaction between benzylazide
and phenylacetylene, in 1,4-dioxane as solvent and triethylamine as base, yielding the
corresponding triazole in 28-16% after 1 h of reaction time (Scheme 7).

N
g N” N
©/\ N5 ©// Cu@C g\ _
+
1,4-dioxane

60°C

Scheme 7. Azide-alkyne Huisgen cycloaddition reaction between benzylazide and phenylacetylene
catalyzed by Cu@C.
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4.3. N-Doped Porous Carbons

Development of heteroatoms (N, B, P or S)-doped porous carbons is one of the strate-
gies to modulate the intrinsic properties of carbon materials, allowing improvement of
their catalytic performance. Particularly, N doping produces the formation of defects
into the porous carbon structure because of the superior electronegativity of N regarding
the vicinal C, in addition to the presence of new electron states, which can enhance the
interaction capacity with other molecules. Furthermore, N can stabilize the presence of
atomically dispersed metals at the carbon surface. In this context, the main MOF types to
produce N-doped porous carbons are zeolitic imidazolate frameworks (ZIF) but also others
containing nitrogen organic linkers, although it can also be synthetized by using additional
nitrogen sources, as mentioned in the sections above.

A great variety of metallic N-doped porous carbons from MOFs applied in the synthe-
sis of valuable compounds through oxidation and reduction reactions but also in coupling,
cycloadditions, and acid-base catalyzed reactions have been reported (Table 3).

Table 3. Metal N-doped MOEF-derived porous carbon catalysts applied in fine chemical syntheses.

Catalyst Precursor Catalytic Reaction Ref.
Oxidation reactions
Co/C-N Cog(btc)s(tpt)2(H20)15 1-phenylethanol to acetophenone [97]
Co@C—N Zn/Co-ZIF Benzylic alcohols to ketones [98]
Ru3/CN Ru3(CO)12@ ZIF-8 MOF 2-aminobenzyl alcohol to 2-aminobenzaldehyde [99]
Ni@C-N Ni-bdc-dabco-based MOF Alkane derivatives to ketones [100]
Pd-Cu@HO-NPC HKUST-@ImIP Hydrocarbons to ketones [101]
C-N-Co (Z2C-700) ZIF-67 [102]
Epoxidation reactions of olefins _—
Co-CoO@C-N Zn/Co-ZIF [103]
Co-CoO@Ndoped Cobalt MOF (ZIF-67) Alcohols to esters [104]
C-N-Co ZIF-67 p-nitrobenzyl alcohol to methyl p-nitrobenzoate [105]
Reduction reactions
Co@CN [Co(tpa)(dabco)y 5] Cinnalmaldehyde to cinnamal alcohol [106]
Co@Pd/NC ZIF-67 Nitrobenzene to aniline [107]
Co-CoO@N-C 25 ZIF-67 Nitrobenzene to aniline [108]
Zny 3Coy 7@NC Zny3Coy 7-ZIF 4-Nitrophenol to 4-aminophenol [109]
Table 1 (continuation)

Cu/CuyO@CN Cuy(bdc), (bpy) 4-Nitrophenol to 4-aminophenol [110]
Ag1Pde@NPC-UiO-66-800 NH,-UiO-66 Nitrobenzene to aniline [111]
Co/N@C-800 ZIF-67@PVP Nitrobenzene to aniline [112]
Co@CN [Co(tpa)(dabco)g 5] Cinnalmaldehyde to cinnamal alcohol [106]
Pd/NPC-ZIF-8 ZIF-8 Vanillin to vanillin alcohol an p-creosol [113]
Co@C-N Co(bdc)(ted)o 5 Transfer hydrogenation reactions [114]
Co-Ni(3:1)@C-N (Mi%g;g?ﬁc/)i/(ﬁ:agfﬁ)\}lghfF N-benzylidenebenzylamine via benzonitrile [115]
CoNi@NCy ZIF-67 Hydrosilylation of cyclohexanone [116]
Pd-MDPC ZIF-67 Alkynes to olefins [117]
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Table 3. Cont.

Catalyst Precursor Catalytic Reaction Ref.
Pd@CN ZIF-67 ((DICY; PVP) Hydrogenation of phenol to cyclohexanone [118]
PAd@CNgpo ZIF-67 Hydrogenation of phenol to cyclohexanone [119]

M-(dabco)(tpa) MOFs. (M=Fe,

M-dabcotpa@C-800 Amination of aryl, heteroaryl or aliphatic aldehydes [120]

Mn, Co, Ni, or Cu)
Ru SAs/N—C o Ru NCs/C UiO-66 (ZrgO4(OH)4(bdc)e Hydrogenation of quinoline [121]
Miscellaneous
N-doped NPC-Pd Al-(NHj-bdc) [122]
Suzuki-Miyaura coupling reaction
APC-750@Pd Zn-based ZIF [123]
Ni (Ni/NC) (FA/NH,OH/Ni-MOF-74) 1,2-dichloroethane to ethylene [124]
Pd/Ni-mCN Ni-MOF Hydrodechlorination of 4-chlorophenol [125]
N-doped carbons (N=Co, Zn) ZIF-7, Z1F-8, ZIF-9, and ZIF-67 [126]
CO; cycloaddition to epoxides
ZnO@NPC-Ox ZIF-8 [127]
CNeMIL (BmimBr)/MIL-101 (ILs@MIL) Synthesis of cyclic carbonates from epoxides [128]
Cu@N-C Copper(Il) bisimidazolate Cycloaddition reaction to 1,2,3-triazole [129]
N-doped porous carbon Knoevenagel condensation reaction between

(Cz-MOF-253) MOF-253 benzaldehyde and malononitrile [130]

. . AV Synthesis of quinazolinones from cyclic amines and
Co-ZrOx/N—C Ui0-66-NH, 2-aminoarylmethanols [131]
MaNa/MpN4@NC (Mo=Cut, Co, Metallic ZIFs Synthesis of flavone derivatives [132]

Ni, Mn; My, = Co, Cu, Fe)

bdc: 1,4-benzenedicarboxylate; BmimBr: 1-butyl-3-methylimidazolium bromide; btc: 1,3,5-benzenetricarboxylate;
BPY: 4,4-bipyridine; dabco: triethylenediamine; DYC: dicyandiamide; fa = furfuryl alcohol; PVP:
polyvinylpyrrolidone; ted: triethylenediamine; tpa: terephthalic acid; tpt: 2,4,6-tris(4-pyridyl)-1,3,5-triazine.

4.3.1. Oxidation Reactions

Oxidation reactions have been widely reported, as anticipated, including oxidation of
alcohols and alkanes, olefin epoxidations (Table 3).

Oxidation of alcohols: Especially interesting is the study of Co N-doped porous
carbons for the aerobic and selective oxidation of 1-phenylethanol, as secondary alcohol, to
acetophenone. Bai et al. [97] used the MOF 1, Cog(btc)s(tpt)2(H20)15,-containing different
organic linkers. To avoid the nanoparticle aggregation, MOF 1 was gradually pyrolyzed
at temperatures varying from 500 to 900 °C, leading to Co/C-N composites with high
Co loadings, in which Co nanoparticles were uniformly dispersed. It was observed that
the Co/C-N700 sample showed a higher content of pyridinic functions at the surface
that could interact with single Co atoms more than in other samples carbonized at higher
temperatures, Co/C-N800 and Co/C-N900. Co/C-N catalysts were highly active in the
aerobic oxidation of a plethora of differently substituted secondary alcohols selectively
(up to 99%) yielding the corresponding ketone in conversions ranging from 67-99%.

Chen et al. [98] developed an easy synthetic approach by direct pyrolysis of hol-
low Zn/Co-ZIF precursor, at 800 °C, to obtain magnetic separable Co@C—N with high-
developed mesoporosity. Co@C—N-800 presented a hollow yolk—shell structure com-
prising a core constituted by highly dispersed Co’-doped C—N nanosheets and N-doped
graphite carbon, in which C and N are homogeneously distributed as shell. The high
dispersion of Co nanoparticles was then favored by the strong interactions with both C—N
nanosheets and N-doped graphite, notably enhancing the catalytic performance for the aer-
obic oxidation of 1-phenyl ethanol to acetophenone in the absence of any base, in water, at
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110 °C. It seems that shell thickness influenced the catalytic performance in such a manner
that the Co@C—N(1)-800 sample with medium shell thickness showed improved catalytic
performance. The scope of the methodology was investigated by using several substituted
secondary benzylic alcohols giving the corresponding ketones in almost quantitative yields.

Interestingly, Ji et al. [99] reported the synthesis of Ruz/CN, in which small clusters
of Ruj are stabilized by nitrogenated species in N-doped porous carbon, active in the
oxidation of 2-aminobenzyl alcohol. The synthetic strategy consisted of the encapsulation
of Ruz(CO)1, during the crystallization process of Zn** and 2-methylimidazole, affording
Ru3(CO)jp@ ZIF-8 MOF, which was subsequently pyrolyzed at 800 °C. Rusz/CN resulted
in high catalytic activity, more than isolated Ru nanoparticles, and chemoselectivity to
2-aminobenzaldehyde obtained in quantitative conversion. The authors also performed
theoretical calculations concerning the adsorption of 2-aminobenzyl alcohol in the presence
of different models simulating Rus /CN, atomically dispersed Ru; /CN and Ru nanopar-
ticles. The proposed active configuration in the presence of the Ruz/CN model was that
where Ru is coordinated with both amine group and hydroxyl in 2-aminobenzyl alcohol.

Oxidation of alkylbenzene derivatives: Ni and Pd/Cu N-doped porous carbons have
been investigated for oxidation of alkylbenzene derivatives. Such is the case of Ni@C-
N obtained from Ni-bdc-dabco-based MOF by pyrolysis at different temperatures [100].
Ni@C-N presented as micro-, meso-, and macroporous and with a surface area ranging
from 100-200 m? g~ !. The Ni@C-N-900-8h sample showed that pyridinic N and graphitic N
functions together highly dispersed Ni nanoparticles composed by crystalline Ni’, formed
by a reduction in Ni?* during the carbonization process. Ni@C-N catalysts were tested
for ethylbenzene oxidation, under mild conditions, at 80 °C, in the presence of TBHP
as oxidant, the catalytic activity being influenced by pyrolysis temperature and time in
such a manner that samples obtained at higher temperatures, during short times, showed
increased activities (Ni@C-N-900-8h led to acetophenone in 77% of conversions after 48 h).
Several alkane derivatives were transformed to the corresponding ketones with good-to-
excellent conversions and high selectivity (up to 95%).

A different strategy has been followed by Zhong et al. [101], who reported a Pd-Cu
alloy supported by hollow nitrogen-doped carbon materials (Pd-Cu@HO-NPC), derived
from a water-sensitive MOF consisting of HKUST-1 coated by an imidazolium-based ionic
polymer (ImIP), as a study of proof of concept (Scheme 8).
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Scheme 8. Synthesis of Pd—Cu@HO—-NPC. Reproduced with permission from [101]. Copyright ©
2018 Royal Society of Chemistry.

Pd-Cu@HOImIP presented a hollow octahedral structure, shape, and size of the inner
cavity coinciding with that from HKUST-1, without structural collapse or structural defor-
mation. Pd-Cu@HO-NPC catalysts showed an analogous hollow octahedral morphology
with Pd-Cu alloy nanoparticles homogeneously embedded in the porous carbon shell. It is
important to note that the Pd and Cu distributions are identical, suggesting the formation of
bimetallic Pd—-Cu alloy nanoparticles. PdA-Cu@HO-NPC with a high graphitization degree
and Pd-Cu alloy as zero-valent metals and Pd** and Cu?* at the surface showed high
catalytic performance in the aerobic oxidation of hydrocarbons at 120 °C. The presence of
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mesopores in Pd-Cu@HO-NPC together with large hollow cavities resulted in being key to
the accessibility of active catalytic sites and rapid diffusion of both reactants and products.

Olefin epoxidation: Epoxidation reactions of olefins catalyzed by Co N-doped porous
carbons, C-N-Co (ZC-700) [102] and Co-CoO@C-N [103] from ZIF-67 and Zn/Co-ZIF, re-
spectively, have been also reported. The use of bimetallic MOF, particularly Zn/Co-ZIF
(Zn and Co show similar electronegativity and ionic radius), is considered an interesting
synthetic strategy to prepare N-doped porous carbons containing Co and CoO nanopar-
ticles. It is possible that in the thermal Zn removal, Co atoms stay anchored to nitrogen
at the carbon surface and then prevent the aggregation of Co; the size of Co and CoO
nanoparticles ranged from 3~12 nm for the Zn;Co;-ZIF derivative. In this case, styrene
was transformed in higher conversions at around 99% and with higher selectivity (approx.
70%) in comparison with MOF precursors.

4.3.2. Oxidative Esterification of Alcohols

MOFEF-derived cobalt N-doped carbon materials have been reported for the cross-
esterified oxidative reactions between alcohols, specifically benzyl alcohol and methanol.
Zhou et al. [104] reported a cobalt MOF (ZIF-67) that can be thermally transformed into
Co-CoO@N-doped porous carbon nanocomposites, varying both the pyrolysis temperature
and time. Highly dispersed cobalt nanoparticles on N-doped porous carbon are mainly
composed of Co” and with small quantities of CoO and Co-OH covering the outer surface
available on the carbon matrix. The NC-700-3h catalyst is presented as uniform concave
nanocubes in which Co, C, N, and small amounts of oxygenated species are homogeneously
distributed. NC-700-3h resulted in being particularly active in the cross-esterified oxidative
reaction between benzyl alcohol and methanol in the presence O, and KoCOj as the oxidant
agent and base, respectively, at 80 °C during 24 h, selectively leading to methyl benzoate
in quantitative conversions. This methodology was applied to other substituted benzyl
alcohols and even to aliphatic alcohols, e.g., ethanol transformed to ethyl acetate, and others.
The authors proposed a plausible reaction mechanism for the oxidative esterification of
alcohols over Co-CoO@N-doped carbon nanocomposites consisting of (i) oxidation of
alcohol to the corresponding aldehyde as rate limiting step, (ii) condensation of aldehyde
with alcohol to give the hemiacetal as non-catalyzed reaction, and finally, (iii) a catalytic
oxidation step affording the corresponding ester.

In the same context, Zhong et al. [105] reported the synthesis of Co@C-N composites
also from ZIF-67 and applied to the oxidative esterification of p-nitrobenzyl alcohol in the
presence of methanol, under mild reaction conditions (25 °C, air, Co@C-N-800), resulting
in high conversions (>99%) to methyl p-nitrobenzoate (selectivity > 99%).

4.3.3. Reduction Reactions

Hydrogenation of nitro compounds catalyzed by MOF-derived metal N-doped porous
carbons have also been widely studied. Some examples of these catalysts used in the
presence of Hy or Hy donors are showed in Table 3. Subsequent sections summarize
other relevant reduction reactions involving several functional groups such as reduction in
aldehydes/ketones, nitriles, and hydrocarbons, among others.

Reduction in aldehydes/ketones and nitriles: Hydrogenation transfer reactions emerge
as sustainable alternatives to the conventional hydrogenations. In this regard, there are
reported a few examples of MOF-derived cobalt N-doped porous carbons involved in the
transfer hydrogenation reaction of «,-unsaturated carbonylic compounds in the absence
of bases. In this context, Co@CN bi-functional catalysts active in the transfer hydrogenation
of cinnalmaldehyde, under mild reaction conditions, has been reported [106]. The MOF
precursor was (Co(tpa)(dabco)g 5) that, after carbonization, yielded N-doped carbon layers
and supported Co® nanocatalysts, mesoporous materials with a large number of basic cen-
ters, improving the catalytic performance without the presence of bases. Those obtained at
higher temperatures, CoO@CN-900, presented Co” nanoparticles with increased sizes located
in surroundings of carbon layers. In this case, Co0@CN-900 was found to be the best catalyst
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when using n-hexanol as the hydrogen donor, affording cinnamal alcohol in quantitative
conversion and excellent selectivity (99%) and also exhibiting a great recyclability.

Chen et al. [113] developed a hydrophilic N-doped porous carbon able to stabilize
highly dispersed Pd nanoparticles via an incipient-wetness impregnation method, using
H,PdCly aqueous solutions, and subsequent reduction with Hy. The NPC-ZIF-8-900 used
as support was obtained by pyrolysis of ZIF-8 at 900 °C, resulting in a porous carbon
containing N uniformly dispersed, without the presence of Zn species and showing high
surface area. The authors assumed that micropores and N in NPC-ZIF-8-900 allowed the
good dispersion of Pd nanoparticles. The Pd/NPC-ZIF-8 catalyst efficiently promoted the
dehydrogenation of vanillin, in water under H, atmosphere at 90 °C, leading to the desired
product in quantitative conversion and total selectivity (Scheme 9).

CHO CH,OH CHs
Pd/NPC-ZIF-8 Pd/N PC-ZIF-8

OCHj, OCH;,4 Hg OCH3
OH OH

Scheme 9. Dehydrogenation of vanillin catalyzed by Pd/NPC-ZIF-8.

Reduction in ketones either by hydrogenation or hydrosilylation is a relevant and
extensively used transformation for fine chemicals production. Long et al. [114] reported
similar Co@C-N catalysts from (Co(bdc)(ted)o5) by pyrolysis at different temperatures. In
this case, Co@C-N catalysts were applied in transfer hydrogenation reactions by using
different functionalized compounds including aryl and aliphatic ketones, nitriles, nitro
compounds, and even olefins, in the presence of isopropanol at 80 °C. Co@C-N-900-
15h resulted on the best catalytic performance leading to the desired product in good to
excellent conversion (80-99%) and selectivity up to 90%. The Co@C-N-900 catalyst was able
to selectively catalyze the transfer hydrogenation reaction of nitriles to primary amines or
imines with controllable selectivity (up to 90%) as a function of the hydrogen donor volume,
isopropanol, in such a manner that large amounts of isopropanol promoted the formation
of the corresponding benzyl imine [133]. N-derived basic sites seem to be also responsible
for selectivity. The authors proposed a tentative reaction mechanism for the reaction,
as illustrated in Scheme 10. Firstly, the adsorption of the reagents took place over the
catalyst surface (I). Catalytic basic sites abstracted the proton from isopropanol, this proton
activating the benzonitrile (IT) to give acetone and the primary imine (III). The formed
imine was subsequently hydrogenated (IV) releasing benzylamine (V), which reacted
with another imine molecule (III) affording the intermediate (VI). The final desorption of
diamine (VII) regenerated the catalyst, available for the next cycle, while diamine (VII)
underwent the NHj release affording the corresponding imine (VIII).

Following the same methodology, these authors also investigated M /M’ alloy nanopar-
ticles embedded in the N-doped carbon matrix, where M/M’ are Co, Ni, or Cu, for the
synthesis of N-benzylidenebenzylamine via benzonitrile reduction [115]. Multimetallic
MOF, ((M-M’(1,4-bdc),(dabco)-4DMF-1/2H,0, M/M’=Co, Ni, Cu), was used as precursor,
which by direct pyrolysis, at 500 °C under helium atmosphere, was converted on transition
metal alloy nanoparticles highly dispersed at the N-doped graphitic carbon surface. Among
the investigated porous carbons, Co-Ni(3:1)@C-N was found to be the most efficient catalyst
for the transfer hydrogenation of a plethora of substituted nitriles to the corresponding
N-benzylidenebenzylamines in high conversions (up to 98%) and selectivity (up to 80%).
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Scheme 10. Proposed reaction mechanism for the transfer hydrogenation of nitriles to primary
amines and imines. Reproduced with permission from ref. [133]. Copyright © 2017, American
Chemical Society.

Concerning the catalytic hydrosilylation of ketones, Bennedsen et al. [116] reported
on alloy Co-Ni nanoparticles encapsulated in porous carbon (CoNi@NCy), prepared by
impregnation of cobalt N-doped graphitic porous carbon derived from ZIF-67 with nickel(II)
nitrate, by using the incipient wetness impregnation method and subsequent carbonization
at different temperatures. CoNi@NCgyy was composed by alloy Co-Ni nanoparticles in
67% (Co/Ni ratio = 60:40), being a mesoporous material with diminished BET surface area
regarding its Co carbon precursor (Co@NCgq) (213 vs. 283 m? g_l). CoNi@NCgg was the
most efficient catalyst for the hydrosilylation of cyclohexanone with Me,PhSiH, in heptane,
at 90 °C, affording the desired product in quantitative conversion and selectivity after 24 h
of reaction time (Scheme 11).

) OSiMe,Ph
CoNi@NCx

Me,PhSiH

Toluene, 90°C, 24h

Scheme 11. Hydrosilylation of cyclohexanone with Me,PhSiH.

Other reduction reactions: Other reduction reactions have been also studied and are
succinctly commented on in this section and summarized in Table 3.

Li et al. [117] used a magnetic and highly porous carbon, derived from ZIF-67, to
support well-dispersed Pd nanoparticles in different loadings (Pd-MDPC). Magnetically
separable Pd-MDPC(2.39) catalyst was highly active and selective in the semihydrogenation
of terminal alkynes to olefins, in methanol as solvent, in the presence of Hj at 25 °C. In
the same context, Ding et al. [118] developed a series of highly active PA@CN catalysts
by using additional nitrogen sources such as DICY or PVP during the ZIF-67 synthesis.
Notable differences regarding the catalyst structure were found, therefore also influencing
the catalytic performance in the phenol hydrogenation. The use of DICY produced an
increase in the surface area but also of nitrogen content, preventing the oxidation of the Pd°
nanoparticles and then resulting in porous carbons (Pd@CNp) with higher Pd’ loading.
Pd@CNp was the most active and reusable catalyst for the hydrogenation of phenol to
cyclohexanone in 96% of conversions and 94% of selectivity. The high N content in the
Pd@CNp catalyst favored the phenol adsorption by hydrogen binding, whereas activated
H, by Pd” nanoparticles reduced the benzene ring. The weak interactions of cyclohexanone
with the catalyst did not favor its hydrogenation.
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A similar strategy to develop Pd nanoparticles supported on N-doped porous carbons
has been used by Ding et al. [119]. PA@CNgp9 N-doped mesoporous carbon, prepared also
from ZIF-67, was found to be a reusable catalyst able to promote the hydrogenation of
phenol to cyclohexanone, in water, in the presence of Hj at 80 °C, in high conversion (95%)
and selectivity (95%).

Interestingly, Jagadeesh et al. [120] described the reductive amination of aryl, het-
eroaryl, or aliphatic aldehydes with NH3 and H;, promoted by cobalt nanoparticles encap-
sulated by graphitic shell catalysts (Scheme 12).

Co-DABCO-TPA@C-800
R"Xp + NH; > R7NH,
39.4 atm H,, 120°C

Scheme 12. Reductive amination of aldehydes catalyzed by Co-DABCO-TPA@C-800.

Catalysts were prepared from M-(dabco)(tpa) MOFs, where M is Fe, Mn, Co, Nj, or Cu,
immobilized on commercial Vulcan XC 72R carbon, and subsequent pyrolysis as shown in
Scheme 13. Catalytic performance of these catalysts (M-dabcotpa@C-800) were checked in
the reductive amination of 3,4-dimethoxybenzaldehyde to 3,4-dimethoxybenzylamine as
part of several molecules with biological activity. Co-dabcotpa@C-800 resulted in the best
catalytic performance yielding the desired amine in 88%, whereas the rest of the samples
acting with notably lower activity also compared with the corresponding carbon catalyst
from isolated MOFs. Co-dabcotpa@C-800 is composed of cobalt species consisting of Co?
nanoparticles (5-30 nm) at the graphitic layers but also Co3zO4 in considerable smaller
quantity or even single Co atoms. As already anticipated, the pyrolysis temperature was a
key factor in the catalytic performance in such a manner that the Co-DABCOTPA@C-600
sample contained higher Co® loading beside the formation of elementary graphitic shells.
The developed methodology was also successfully extended to the reductive amination to
give the corresponding secondary or even tertiary amines.
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Scheme 13. Preparation of graphitic-shell-encapsulated Co nanoparticles supported on carbon by
using MOF precursors. Reproduced with permission from [120]. Copyright © 2017, The American
Association for the Advancement of Science.

Especially interesting is the synthesis of N-porous carbons in which single Ru atoms are
supported, reported by Wang et al. [121]. The used MOFs were UiO-66 (ZrsO4(OH)4(bdc))
and its amine functionalized MOF (UiO-66 UiO-66 —NH,). The synthetic strategy consisted
of merging RuClz during the MOF synthesis, demonstrating the interaction of Ru with
amine groups in UiO-66 UiO-66—-NH,. Subsequent pyrolysis at 700 °C yielded porous
carbons (Ru SAs/N—C or Ru NCs/C) with large pore volume and surface area com-
posed by Ru®* species comprising Ru single atoms or small Ru clusters and small ZrO,
crystals removed by etching with HF solution. Remarkably, Ru SAs/N—C resulted in
being highly active in the hydrogenation of quinoline, in the presence of H; at 100 °C, to
tetrahydroquinoline in high both conversion (99%) and selectivity (99%) (Scheme 14).
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Scheme 14. Synthesis of 1,2,3,4-tetrahydro quinolines catalyzed by Ru SAs/N-C catalyst.

4.3.4. Cross-Coupling Reactions

Zhang et al. [122] reported a new catalyst for the Suzuki-Miyaura coupling reac-
tion, under mild conditions, consisting of well-dispersed Pd® nanoparticles supported on
the N-decorated nanoporous carbon derived from Al-(NH-bdc). The N-doped NPC-Pd
composite presented a BET surface area of 600 m? g~! and a porous structure, including
from micropores to macropores, in which the presence of Al;O3; could help to stabilize
the Pd nanoparticles. N-doped NPC-Pd was applied to the coupling of a great variety of
substituted aryl boronic acids and aryl halides, in mixtures EtOH-H,O as solvent, and
in the presence of K,COj at 25 °C, affording the corresponding biphenyls in high yields
(up to 90%) after short reaction times (0.5-1 h). Much more recently, Bugday et al. [123]
have reported a Pd-doped N-doped carbon (APC-750@Pd) prepared from a Zn-based
ZIF, produced by assembly of zinc nitrate hexahydrate and 5,6-dimethylbenzimidazole.
Zn-based ZIF was submitted to thermal treatment, at 1000 °C, and activated with KOH,
giving rise to APC-750 as support used for PdCl, impregnation and subsequent reduction
with NaBH,4 (APC-750@Pd”). This catalyst was used in the Suzuki-Miyaura cross-coupling
reaction between different boronic acids and aryl bromides, in the presence of K,CO;3,
using mixtures of isopropanol-HO as solvent, at 50-80 °C, affording the corresponding
biphenyls with good-to-excellent yields at notably short reaction times (5-60 min).

4.3.5. Hydrodechlorination Reactions

Ni-N-doped porous carbons involved in hydrodechlorination reactions have been
also reported. Ning et al. [124] have recently developed a N-doped carbon-supported Ni
(Ni/NC) prepared by direct pyrolysis of Ni-MOF-74 modified with furfuryl alcohol (FA)
and NH4OH (FA /NH4OH/Ni-MOE-74) at 450 or 600 °C. This modification was effective to
increase the Ni nanoparticles’ dispersion because of the strong interactions with the support,
mainly composed of Ni® but also NiO and Ni(OH),. Ni/NC catalysts were assayed in
the gas-phase selective hydrodechlorination reaction of 1,2-dichloroethane to ethylene
resulting in superior catalytic performance to non-N-doped catalysts. Ni/NC-450 was
found to be the most efficient catalyst, demonstrating the importance of both the pyrolysis
temperature and N-doping.

Cui et al. [125] reported a bimetallic MOF-derived N-doped magnetic mesoporous
carbon (Pd/Ni-mCN) from Ni-MOF where Ni is coordinated to two different organic
linkers, 4,4-bipyridine and BTC. The authors used Ni-mCN carbon obtained by pyrolysis
(700 °C) as support of Pd nanoparticles. Zero-valent Ni nanoparticles exhibiting good
crystallinity were well-dispersed on the mCN framework, whereas a fraction of Pd as Pd?*
dispersed at the surface of the mesopores. Pd/Ni-mCN was able to efficiently catalyze the
catalytic hydrodechlorination of 4-chlorophenol, in water in the presence of H; and NaOH
as base, at 20 °C, affording phenol in almost quantitative yields. Pd/Ni-mCN showed high
catalytic activity when using other chlorophenol derivatives.

4.3.6. Cycloaddition Reactions

CO; cycloaddition reactions: N-doped carbons containing metals prepared from
ZIFs—ZIF-7, ZIF-8, Z1F-9, and ZIF-67—Dby direct pyrolysis at different temperatures have
been investigated in the CO; cycloaddition to epoxides at 80 °C [126]. Among them, the
C600-ZIF-9 catalyst, which presented the highest N content (10.8 wt%), and the Co nanopar-
ticles at the N-doped carbon surface, mainly composed of Co® but also partially oxidized
at the outer surface, exhibited the best catalytic performance, yielding the corresponding
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carbonate in 90% after 6 h of reaction time (Scheme 15). Remarkably, CoV or even other Co
phases such as CoO, Co304, and ZnO resulted in being barely active for this transformation.
Furthermore, C600-ZIF-9 showed the presence of acid and basic sites that could act in
cooperation, promoting the reactant adsorption and catalyzing efficiently the reaction.

0
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Scheme 15. Synthesis of cyclic carbonates from CO, and epoxides.

Ding et al. [127] also investigated N-doped porous carbons with encapsulated ZnO
nanoparticles (ZnO@NPC-Ox), obtained from ZIF-8 by thermal treatment under inert atmo-
sphere and subsequent oxidation in the presence of sodium hypochlorite, which showed
diverse oxygenated functions at the surface such as carboxylic acids, phenols, and lactones.
Well-dispersed ZnO at the surface in ZnO@NPC-Ox-700 was notably diminished after
oxidant treatment, almost disappearing for ZnO@NPC-Ox-800. ZnO@NPC-Ox samples
presented BET surface areas notably lower than their porous carbon precursors (77-150 vs.
403-1963 m? g~ 1) because of the presence of macropores and also originated by oxidation,
making accessible the active catalytic sites. ZNO@NPC-Ox exhibited high catalytic perfor-
mance for CO; cycloaddition reaction with different epoxides, in the presence of tetra butyl
ammonium bromide (TBAB), at 60 °C, leading to cyclic carbonates in high conversions
(up to 80%) and excellent selectivity (>99%). Particularly, the ZnO@NPC-Ox-700 catalyst
presented the best catalytic activity attributed to the presence of ZnO.

Much more recently, Chen et al. [128] investigated a new synthetic approach to prepare
mesoporous metal N-doped nanocarbon (CN@MIL) and multi-active sites from encapsu-
lated 1-butyl-3-methylimidazolium bromide (BmimB)/MIL-101 precursors (ILs@MIL) by
controlled pyrolysis. Porosity of the samples varied depending on the BmimB loadings
(w), pyrolysis temperature, and time. All CN@MIL(400, w, 30) materials, which were
obtained by pyrolysis at 400 °C during 30 min, presented a sponge-like structure, while the
CN@MIL(400, 0.67, 30) sample showing superior mesopore volume. The CN@MIL catalysts
were tested for the synthesis of cyclic carbonates from epoxides and ambient pressure of
CO;, at 90 °C, obtained in good to excellent conversions. Cr>* and Br" as Lewis acids or
Lewis bases, respectively, together with the great affinity toward CO,, are probably behind
the excellent catalytic performance.

Click chemistry reactions: 1,2,3-Triazole is a heterocyclic system as part of several
biological biologically active compounds. Regarding this, Wang et al. [129] reported the
one-pot 1,3-dipolar cycloaddition of terminal alkynes, aryl halides, and sodium azide
promoted by reusable Cu@N-C catalysts as MOF-derived porous carbons. The MOF
precursor was the copper(Il) bisimidazolate (Cu(im),) pyrolyzed at different temperatures
(400, 600, and 800 °C) under argon atmosphere. Cu@N-C composites showed similar crystal
structures increasing the Cu® content when increasing the pyrolysis temperature. Cu@N-C
catalysts exhibited high catalytic performance in the cycloaddition reaction between benzyl
bromide, sodium azide, and phenylacetylene in water or '‘BuOH/H,0 at 50 °C, Cu@N-C
(600) sample being the most efficient catalyst leading to the corresponding 1,2,3-triazole
in high yield (>94%). The authors used the developed methodology to obtain differently
substituted 1,2,3-triazoles in high yields (up to 70%), even derivatizing complex molecules
(Scheme 16).
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Scheme 16. 3-Dipolar cycloaddition of terminal alkynes, aryl halides, and sodium azide catalyzed by
Cu@N-C(600).

4.3.7. Acid-Base Catalyzed Reactions

As mentioned above, the use of MOF-derived carbon catalysts has been widely in-
vestigated in oxidation-reduction reactions. However, as far as we know, only a couple
of examples of them have been investigated catalyzing acid-base reactions. Concerning
this, Li et al. [130] published for the first time a series of basic N-doped porous carbon
(Cz-MOF-253) by direct pyrolysis, at different temperatures, of MOF-253, where AI** is co-
ordinated to 2,2'-bipyridine-5,5'-dicarboxylic acid; APt was removed by treatment with HE.
Cz-MOF-253 catalysts were tested in the Knoevenagel condensation reaction between ben-
zaldehyde and malononitrile, pyrolysis temperature influencing the catalytic performance.
Cz-MOF-253-800, pyrolyzed at 800 °C, presenting medium to strong Lewis basic sites,
showed excellent catalytic activity. More interesting was the development of a bifunctional
catalyst consisting of Cz-MOF-253-supported Pd nanoparticles (Pd/Cz-MOF-253-800) and
applied to the tandem catalytic Knoevenagel condensation-hydrogenation reactions be-
tween substituted benzaldehydes with malononitrile, in toluene, to desired products in
quantitative conversions with total selectivity (Scheme 17).

CN
Cz-MOF-253 A~ N pg, H, /
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Scheme 17. Knoevenagel condensation-hydrogenation reactions between substituted benzaldehydes
and malononitrile promoted by Pd/Cz-MOF-253-800 catalyst.

In the same context, Xie et al. [131] reported the synthesis of quinazolinones from
cyclic amines and 2-aminoarylmethanols catalyzed by an MOF-derived carbon catalyst
with highly dispersed cobalt nanoparticles at ultralow loadings. The synthetic strategy
consisted of starting from UiO-66-NH;, where both ZrCly and 2-aminoterephthalic acid
(H,BDC-NH;) were assembled, while Co(NO3),-6H,O and dabco were introduced into the
MOFs through an in situ impregnating method. Amine groups in both H,BDC-NH; and
dabco acted as coordinating agents to cobalt ions then avoiding the aggregation during the
thermal treatment at 800 °C. The obtained Co-ZrO,/N—C N-doped porous carbon was a
microporous-mesoporous sample containing Co® nanoparticles homogeneously dispersed
and embedded in a N-porous matrix but also ZrO, nanoparticles. A Co-ZrO,/N—-C
catalyst was tested in the dehydrogenative cross-coupling of both substituted 1,2,3,4-
tetrahydroisoquinoline and 2-aminobenzyl alcohols, at 120 °C, in the presence of molecular
O, and 4-nitrobenzoic acid as acid additive and in p-xylene, affording the corresponding
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quinazolone in moderated yields (41-78%) (Scheme 18). This methodology was also
extended to other cyclic amines including 4-methylpiperidine, azepane, and pyrrolidine,
tolerating a great variety of functional groups on 2-aminobenzyl alcohols.

Y NH, 4-Nitrobenzoic acid
p-xylene, 120°C, 16h, O, ballon

Scheme 18. Synthesis of quinazolones by dehydrogenative cross-coupling of substituted 1,2,3,4-
tetrahydroisoquinoline and 2-aminobenzyl alcohols catalyzed by Co-ZrO, /N—C catalyst.

Much more recently, Zhao et al. [132] reported a new strategy to prepare a series of
metal SACs embedded on N-doped carbons (MaN4/MpN4@NC where M,=Cu, Co, Nij,
Mn and M,=Co, Cu, Fe), derived from metallic ZIFs. SACs were synthetized by using
mixtures of M,-based ZIF-8 and Mj-based phthalocyanine (Ph) pyrolyzed in the presence
of mixed molten salt (KCI-KBr) to yield M,N4/MpNs@NC porous carbons, in which both
M,Ny and M Ny sites are homogeneously distributed. Particularly, CulN4/CoN4@NC
showed high catalytic activity in the domino synthesis of flavone derivatives, from dif-
ferently substituted benzaldehydes and 2’-hydroxyacetophenones, using n-hexanol as a
solvent, in the presence of Oy, at 140 °C, to give the corresponding flavone good to excel-
lent yields (70-99%) (Scheme 19). Considering both experimental and theoretical results
by using density functional theory (DFT), the authors demonstrated that the observed
reactivity of CuN/CoNy@NC could be due to the synergic effect of both the CuN, and
CoNy sites reducing the energy barriers for O, activation and 2’-hydroxyacetophenone
transformation, in such a manner that first occurred the condensation between reactants,
followed by cyclization to the corresponding flavanone, which underwent an oxidative
dehydrogenation.

O OH
CuN,/CoN,@NC X AN
R1_: | _RZ
n-hexanol, O,, = =
140 °C l
= MRt
O 1
211 A N —_—
R |
=
(o]

Scheme 19. Synthesis of flavones catalyzed by CuNy/CoN4@NC.

5. Concluding Remarks

Carbon-based materials have been recognized as interesting alternative sustainable cat-
alysts used during recent decades and widely explored in fine chemical synthesis [134,135].
A great variety of doped-carbon catalysts, including metals but also heteroatoms or even
both, applied to different research fields and particularly involved in producing highly
valuable compounds with high catalytic performance, have been investigated. Among
the most investigated and the oldest carbon catalysts are the activated carbons, but also
carbon allotropes such as carbon nanotubes, fullerenes, carbon fibers, and even graphene
and nanostructured carbons acquiring importance in catalysis almost from discovery. All
of them present several limitations such as the accessibility of active sites but also diffusion



Catalysts 2023, 13, 541

28 of 34

problems for both reactants and products. In the case of metal-doped carbon catalysts,
an issue to be considered is the metal dispersion intimately related with the surface area,
metal loadings, and carbonization temperature. Remarkably, both heteroatom doping and
structural defects are then key to improving the metal interactions with the carbon surface
favoring both metal stabilization and dispersion. Among the current trends, highlighted is
the small-size limit of the metal particles required for the development of SACs, in which
single atoms are dispersed over the carbon surface, then maximizing the metal efficiency. It
is a fact that MOFs are considered as ideal platforms to prepare SACs.

In the last decade, the use of MOFs as precursors of porous carbons with enhanced
catalytic performances, in comparison with other traditional carbonaceous catalysts, is
gaining much attention. It is an area of expansion rapidly growing. The great structural di-
versity of MOFs that can be obtained, with different geometries and sizes becoming infinite
possibilities, allows the preparation of a wide variety of functional porous carbons with
different compositions, morphologies, and textures as a function of a specific use, including
metal-free, metal-doped porous carbons that can be used as both catalysts and catalyst
supports. Different methodologies to produce MOF-derived porous carbons, comprising
the direct pyrolysis under inert atmosphere of the corresponding MOF, previously prepared
or in situ generated in the presence of additional carbon or heteroatom sources or even
other supports, have been reported. Although this general strategy is successfully used, the
obtained porous carbons present some limitations such as the intrinsic microporous nature
but also the irreversible formation of metal nanoparticle aggregated as a consequence of
the carbonization process. In this context, new strategies to develop nanoarchitectured
carbon materials derived from MOFs as yolk-shell, hollow-porous, mesoporous, and even
multidimensional structures are being designed [136].

The use of bimetallic MOFs, particularly those containing Zn species, offers the possi-
bility of controlling the aggregation of the metal nanoparticles. On one side, the presence of
Zn can serve to separate vicinal metal atoms but also to develop new porosity after removal
either by evaporation or after acidic treatment.

Although the last decade was marked by the great advances concerning the develop-
ment and properties of MOF-derived porous carbons, much more effort should be focused
on the relationship of the synthesis conditions and the final characteristics—morphology,
structure, and composition—of the porous carbons as determinant factors conditioning
the catalytic performance. Considering that 1D and 2D porous carbons show several ad-
vantages, new approaches for their synthesis should be developed in the near future. In
addition, it would be an urgent necessity for the development of more sustainable synthetic
methods to upscale MOF-derived porous carbons to their industrial implementation.

Finally, it is a reality that MOF-derived porous carbons can be considered good and
promising candidates to produce highly valuable compounds. As shown in this review,
the most-explored reactions mainly comprise oxidation and reduction reactions, although
some examples of coupling but also multicomponent reactions have also been reported.
The development of MOF-derived porous carbons and particularly SACs active in the
synthesis of biologically valuable heterocyclic compounds through cascade reactions is still
a challenge.
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