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ARTICLE INFO ABSTRACT

Keywords: Suzuki-Miyaura coupling (SMC), a crucial C-C cross-coupling reaction, is still associated with
MOF challenges such as high synthetic costs, intricate work-ups, and contamination with homogeneous
Palladium

metal catalysts. Research intensely focuses on strategies to convert homogeneous soluble metal
catalysts into insoluble powder solids, promoting heterogeneous catalysis for easy recovery and
reuse as well as for exploring greener reaction protocols. Metal-Organic Frameworks (MOFs),
recognized for their high surface area, porosity, and presence of transition metals, are increas-
ingly studied for developing heterogeneous SMC. The molecular fence effect, attributed to MOF
surface functionalization, helps preventing catalyst deactivation by aggregation, migration, and
leaching during catalysis. Recent reports demonstrate the enhanced catalytic activity, selectivity,
stability, application scopes, and potential of MOFs in developing greener heterogeneous syn-
thetic methodologies. This review focuses on the catalytic applications of MOFs in SMC reactions,
emphasizing developments after 2016. It critically examines the synthesis and incorporation of
active metal species into MOFs, focusing on morphology, crystallinity, and dimensionality for
catalytic activity induction. MOF catalysts are categorized based on their metal nodes in sub-
sections, with comprehensive discussion on Pd incorporation strategies, catalyst structures,
optimal SMC conditions, and application scopes, concluding with insights into challenges and
future research directions in this important emerging area of MOF applications.
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Abdc 2-amino-benzene-1,4-dicarboxylate
AP Aminopyridine
ArX Aryl halide
ATA 2-aminoterephthalate
AZDC Azobenzene-4,4"-dicarboxylic acid
BDC 1,4-benzenedicarboxylate
BET Brunauer-Emmett-Teller
BI 2-benzyl-imine
Bpe 1,2-bis(4-ypridyl)ethane
BPY Bipyridine
bpydc 2,2-bipyridine-5,5-dicarboxylic acid
Cat. Catalyst
CTAB Cetyltrimethylammonium bromide
CUSs Coordinately unsaturated metal sites
DABCO 1,4-diazabicyclo[2.2.2]octane
DCID Dichloroimidazolidinedione
DMF Dimethylformamide
EDG Electron donating group
EtOH Ethyl alcohol
EWG Electron withdrawing group
GlcA Gluconic acid
HyBDP 1,4-bis(1Hpyrazol- 4-yl)benzene
H3BTC 1,3,5-benzenetricarboxylic acid
K,CO3 Potassium carbonate
KoPdCly Potassium tetrachloropalladate(II)
LMCT Ligand to metal charge transfer
Ln Lanthanide
MeOH Methyl alcohol
MIL Material Institute Lavoisier
MOFs Metal-Organic Frameworks
MOPs Metal-organic polyhedras
MW Microwave
NDISA Naphthalene diimide salicylic acid
NHC N-heterocyclic carbene
NPC Nanoporous carbon
NPs Nanoparticles
OMS Ordered mesoporous silica
OTf Triflate
PAN Polyacrylonitrile
PDA Polydopamine acid
PI Pyridylimine
PSM Postsynthetic modification
py-SI Pyridyl-salicylimine
Pyta Pyridyltriazol
Pza 2,3-pyrazinedicarboxylic acid
rt Room temperature
SA Surface area
SBUs Secondary building units
SI Salicylaldehyde
SMC Suzuki-Miyaura coupling
TEOS Tetraethyl orthosilicate
TOF Turnover frequency
TON Turnover number
Uio University of Oslo
wt% Percentage by weight
2-pymo 2-Hydroxypyrimidinolate

1. Introduction

The advent of metal-catalyzed cross-coupling reactions marked a paradigm shift in modern organic synthesis, enabling versatile
formation of a wide range of C-C bonds [1-4]. The primary advantage of cross-coupling reactions lies in using minimal loadings of
metal catalysts under relatively mild conditions achieving a variety of important substrates and functionalities in high yields. Advances
in coupling reactions have enabled the syntheses of products that are very challenging to prepare via conventional methods or even
otherwise unattainable from nonactivated or deactivated substrates such as aryl chlorides [5-7]. Cross-coupling reactions specifically
consist of joining two substrates with complementary functional groups such as an organic halide as the electrophile with an
organometallic compound as the nucleophile. Among the most important classes of coupling reactions are Suzuki-Miyaura couplings
(SMC) [2,3,6,8-111, which produce biaryl products via coupling of aryl boronic moieties (acids, esters, etc.) with aryl halides or
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pseudohalides. Other examples of coupling reactions involve the Heck-Mizoroki reaction [12] between aryl halides and activated C=C
functional groups, and Sonogashira coupling [13-15] of alkynes with aryl halides (Scheme 1).

Pd complexes remain among the most common and efficient systems implemented in homogeneous catalysis of cross-coupling
reactions. Palladium’s efficiency in these reactions, including SMC, has led to its widespread use at very low catalytic loadings,
sometimes reaching parts per billion [16-18]. Nickel also demonstrates effective catalytic activity, particularly with difficult substrates
like aryl chlorides/mesylates, and offers advantages such as lower cost and easier removal from reaction mixtures [19]. Other metal
catalytic systems such as Fe, Co, Ru, Cu, and Ag complexes have been explored for SMC reactions, but their use is less common
compared to Pd and Ni [9,20]. Mechanistically, Pd-catalyzed SMCs comprise an oxidative addition of the Pd (0) species across the C-X
bond of the electrophile, followed by a transmetallation step with the main group of the organometallic nucleophile, and a final
reductive elimination that forms C-C bonds (Scheme 2) [1]. Transmetallation can proceed through one or both distinct/competitive
pathways (A and B) [21]. The boronate pathway (A) consists of in-situ formation of the nucleophilic boronate species (III), which
substitutes the halide ligand of Pd intermediate (I). Pathway B (oxo-palladium) involves the substitution of the halide of intermediate
(I) by RO~ bases forming oxo-palladium (II), which acts as a nucleophile towards the boronic species, leading to the same intermediate
av).

Ongoing research continuously focuses on developing new approaches to transform efficient soluble homogeneous catalysts into
insoluble solids in liquid reaction mixtures in order to promote reactions in a heterogeneous manner [22-26]. This strategy of
employing the catalyst in a different phase than the reaction medium facilitates easy recovery and reuse of the active catalytic species
in sequential batch or flow reactions. Consequently, this heterogenization of homogeneous catalysis simplifies tedious purifications
and enables synthesis of products with minimal metal contamination, particularly in adducts designed for biomedical and optoelec-
tronic applications. Several active heterogeneous palladium catalysts have been developed for C-C couplings including single-atom
palladium and Pd immobilized on solid supports such as zeolites and silica [27-30]. In particular, Metal-Organic Frameworks
(MOFs) are widely studied in heterogeneous catalysis [24,31-33], offering a set of advantages such as high surface area, greater
porosity and easy access to a large density of active sites. The inherent presence of metal nodes with strong Lewis acidity in flexible
frameworks, along with the possibility of incorporating additional metals, makes MOFs promising candidates for several catalytic
applications, including coupling reactions (Scheme 3). Despite the numerous reports demonstrating their efficiency in organic
transformations, MOF catalysis can still be challenged by the deactivation of the catalyst in many cases. This deactivation generally
occurs by the loss of the structural integrity of the MOF or by aggregation, migration, and leaching of the active metal species in the
catalytic process. Recent studies and new MOF designs demonstrate improved stability and efficiency in preventing the deactivation of
active metal species due to the molecular fence effect generated by MOF surface functionalization [32,34]. Considering SMC typically
relying on Pd active species, reports on monometallic (intrinsic) Pd-MOFs are scarce due to synthetic and stability challenges. This
research area is still is in its infancy, and advances in Pd-MOFs will greatly benefit SMC as well as other MOF applications. Till now,
effective MOF-catalyzed SMCs depend on bi- or multimetallic MOFs, where the MOF scaffold acts as the heterogeneous support for
further incorporation of Pd active species.

As mentioned, research on MOF-based catalysis and other applications has increased tremendously in recent years [35-39].
Although several reviews on MOFs have been published [40-48], there is no review exclusively dedicated to the catalytic application
of MOFs in the widely-used Suzuki-Miyaura coupling, despite its important synthetic uses. For instance, Gascon et al. reviewed the
general applications of MOFs in heterogeneous catalysis in 2020 [33]. Ji et al. described the use of MOF materials for electrochemical
supercapacitors in 2022 [49]. In 2023, Wei et al. reviewed the recent advances in MOF catalysis for electrochemical ammonia synthesis
[50]. This review discusses the catalysis of Suzuki-Miyaura coupling (SMC) using the reported MOF catalysts after 2016, while
avoiding repetition of the excellent existing reviews on MOFs or coupling reactions discussed in this introduction for readers’
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Scheme 1. Examples of Pd-catalyzed cross-coupling reactions.
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Scheme 3. Advantages of using MOFs as heterogenous catalysts particularly in coupling reactions.

reference. The first part of the review covers the morphology and engineering strategies for catalytic activity induction of MOFs. In the
second part, we discuss the general aspects of MOF-catalyzed SMCs. Then, we categorize MOF catalysts reported for SMC after 2016
based on the metal nodes in subsections. It is noteworthy to re-emphasize that regardless of the metal node, most MOFs require the
introduction of Pd active species for SMC catalysis. Therefore, the strategies used for Pd incorporation into the heterogenous MOF
framework and the role of the different linkers/ligands are critically examined for each MOF catalyst. The structures of the obtained
catalysts, the optimal SMC conditions, and the scope/applications of the catalytic methods are comprehensively discussed and
summarized in detailed tables in each section. The review concludes with a discussion on the challenges and future directions for
MOF-based catalysis for SMC.

2. MOF,; structure and role as catalyst
2.1. MOFs and their advantages as catalyst support

Metal-organic frameworks (MOFs) are porous hybrid materials developed to take advantage of the properties of both organic and
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inorganic counterparts. MOFs are made up of a regular array of positively charged metal ions that are surrounded by organic ’linker’
molecules to create crystalline porous materials [51]. This combination creates two or three-dimensional structures with a network of
channels and uniform pores. Scheme 4 illustrates the structural units and the formation of the lattice through the combination of nodes
and linkers. The rich library of inorganic and organic building blocks offers the potential for infinite combinations and networks. The
construction of such robust porous frameworks involves the strategic use of the concept of secondary building units (SBUs). It is
defined as cluster entities in which ligands and metal coordination modes and environments can be utilized in transforming the
fragments into porous networks via polytopic linkers. Furthermore, the structure and properties of MOFs can be adjusted and finely
tuned via external stimuli adjustments, making them adaptable for several applications [52]. A key objective in MOF development is to
synthesize well-defined crystalline structures with tailored properties by selecting appropriate ligands and metals [53]. In comparison
to other conventional inorganic porous materials, MOFs offer the unique advantage of tunable pore size and functionality, achieved by
selecting the metal ion or cluster, organic ligand, functional group, and activation processes [54]. These intriguing properties,
including large surface area, low density, large porosity, tunable pore size and structural diversity, have attracted considerable
attention making MOFs ideal candidates for a wide range of applications.

It is well recognized that both the morphology and size of the MOF are critical in determining their properties and catalytic activity.
Therefore, developing concise methods to synthesize MOF-based catalysts with controlled size and structure is essential. Currently,
MOF synthesis techniques are diverse, including solvothermal, hydrothermal, electrochemical, microwave, ultrasonic synthesis, and
mechanochemical methods [56]. Several distinctions exist among these methodologies. These variances are not only represented in the
reaction phase but also in the preparation’s economics and yields. Moreover, using different synthesis methods for MOFs with similar
raw materials, in terms of the employed metal and organic ligands, can result in different crystal structures for the synthesized MOFs.
The formation of MOFs and their subsequent properties are highly sensitive to the energy source used and the synthesis technique
employed. Various synthetic parameters, such as the pH, type of linker, concentration of the metal ion, and the solvent used, can affect
the resultant MOF’s type, size distribution, and morphology, influencing their utility and applicability. Although the synthesis of MOFs
by the interaction between metal clusters and ligands appears to be a simple process, achieving the desired structure and properties is
extremely challenging [57,58].

The structures of MOFs are significantly more diverse than traditional porous catalysts such as zeolites and activated carbon. This
renders the pore sizes of MOFs highly tunable with a pore size gap between microporous zeolites (<2 nm) and mesoporous (2-50 nm)
substances. Introducing uniformity in the porosity enhances the selectivity of MOF catalysts by allowing the reaction substrates or
products to enter the locations of specific size or shape. In addition, the high surface area facilitates the adsorption of substrate
molecules and their activation due to their contact with the catalytic active sites, achieving higher catalytic efficiencies. Moreover, the
well-defined structures (i.e., crystallinity) of MOFs would help in better understanding of the mechanistic aspects, and subsequently
the structure-catalytic performance relationships [59]. Therefore, these special solid catalysts constitute very promising candidates in
metal-catalyzed cross-coupling reactions.

MOFs as supports even though relatively newer than other solid supports, promote excellent catalytic activity, and selectivity,
while demonstrating stability, facile recovery and recycling unmatched by traditional solid supports like zeolites, activated carbon,
and metal oxides [24]. Through rational selection of ligands and/or post-synthetic modifications, MOFs offer greater control over the
architecture and functionality of their pores as well as the modulation of electronic properties of the active site, greater than that
offered by other supports [29]. Hence, MOFs can be carved to perfection to bring out the best catalytic activity of the catalyst they are
supporting.

The pore size of other porous materials like zeolites is largely limited (<1 nm), whereas MOFs can have pore size >9.0 nm enabling
greater diffusivity of reactants and consequent activity enhancement. Moreover, MOFs also exhibit some of the largest pore volumes
(>1 em®) which can accommodate a greater number of catalytic particles such as metals like Pd [31]. Conversely, zeolites can only
support few and are also sometimes quite chemically unstable, with deactivation occurring post first run itself [28]. MOFs also feature
higher surface area than zeolites and metal oxides even though not as high as that of activated carbon. However, MOFs have the
relative advantage of crystallinity compared to activated carbon, which leads to an ordered active site arrangement in addition to the
homogeneity in the active site microenvironment. This homogenous and periodic distribution of active sites renders MOFs as ‘sin-
gle-site catalysts’, which offers an advantage over the uniform, yet randomly distributed active sites found in zeolites [31]. Even
though metal oxides also support homogeneity and orderliness of the active sites, the microenvironment can be tailored to a greater
extent in MOFs. These unique microenvironments within MOFs promote substrate-selective and synergistic catalysis, enhancing
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Scheme 4. Structure and components of MOFs [55]. Copyright 2014, with permission from American Chemical Society.
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overall catalytic performance as opposed to other traditional supports [24].

The stability, coordination environment, and surface area of the MOFs have great influence on incorporated Pd stability and overall
catalytic activity. Framework stability is crucial for preserving the integrity of the Pd active sites for continued catalytic performance.
As Pd has a great tendency to be reduced and leach out, MOF stability is crucial to prevent this. As an example, PdA@OX-1 MOF NSs
demonstrated robustness under a variety of conditions in addition to excellent recyclability without loss in activity [60]. As MOFs have
a well-ordered network of metal nodes and organic linkers, this provides a homogenous and periodic distribution of the incorporated
Pd as well [31]. The coordination environment of the Pd can be tuned to better stabilize the Pd atoms. This involves usage of ligands
such as amino or bipyridyl groups that can coordinate with Pd [61]. Alternatively, using ligands that have Pd in them (metalloligand)
can yield framework with more uniform and stabilized distribution of Pd centers. This can enhance the interaction with reactants and
improve catalytic performance. Finally, a MOF with a higher surface area can provide more sites for Pd incorporation in addition to
facilitating easier access for reactants, both of which enhance catalytic performance [62].

2.2. Engineering strategies of MOF catalysts

Due to the high porosity of MOFs, different species can easily integrate within the pore structure. When designing an active catalyst,
different strategies are adopted for the introduction of active species (metal catalysts) inside the MOFs. The catalytic centers involved
in MOFs are usually the coordinatively unsaturated metal sites (CUSs) — Lewis acid centers or the active groups on the organic linkers.
This approach has certain limitations. If we consider the Pd metal incorporation for the aforementioned cross-coupling reactions, the
metal undergoes successive changes in its oxidation state, which might affect the stability of the framework due to changes in the size
of the active site in such locations. This explains the scarcity of reports on stable monometallic Pd-MOF that found practical appli-
cations. This situation can be well addressed by using one of the following methodologies (Fig. 1) due to the tunability of these solids:
(i) functionalized modification — to graft the desired active sites onto either the metal nodes or the organic linkers by using multivariate
functionality approach including mixed (multiple) linkers [63] or postsynthetic modification/metalation (PSM) [64]; (ii) encapsu-
lation/pore confinement — to accommodate a variety of additional active species as guests and act as nanoreactors to host catalytic
reactions. These active species involve the Pd moieties for SMC, but can also include other needed organic molecules, inorganic
nanoparticles, metal complexes, enzymes, etc. for other applications.

Apart from the major PSM and encapsulation strategies for incorporating Pd active species for SMC, other MOF features were
invested to design active catalysts such as: (iii) leveraging the material’s optoelectronic properties and charge transfer for photo-
catalysis; (iv) acting as precursors for nanoparticles or single-site catalysts through controlled decomposition; and (v) integrating two
or more of the described MOF features to enhance catalytic functionality [33,36,67]. It is worth mentioning lastly that MOFs are
finding increasing applications in organocatalysis via their organic linkers or their covalent-organic framework equivalents [36,
68-71].

Impregnation/encapsulation technique involves soaking of the MOF in Pd precursor solution followed by drying and Pd(II)
reduction [29,72]. On the other hand, in in-situ encapsulation, Pd component is encapsulated during the MOF synthesis itself, yielding
Pd NPs/clusters incorporated MOF [73]. In PSM, the MOF is modified post synthesis with groups that can chelate Pd after which Pd is
introduced through suitable precursors [74-78].

MOFs with basic groups such as amino or bipyridyl groups are best suited for Pd incorporation as they can coordinate well with Pd
metal. To introduce other basic groups such as NHC through PSM method, strong bases are used which can damage the MOFs [79].
Incorporation through PSM technique, if not optimized properly can also potentially lead to pore blockage due to bulky organic groups

Active groups

Modification

Fig. 1. Strategies adopted to introduce active species into MOFs [65,66].



R.S. Rao et al. Heliyon 10 (2024) e40571

which limit catalytic activity. When carefully optimized, however, PSM technique can achieve an excellent dispersion of Pd through
wide variety of modification options [62]. Impregnation is quite facile and usually allows introduction of Pd without significant impact
on the framework. However, the reduction step in it can compromise MOF stability and even lead to catalyst leaching [80]. Also, the
chance for non-selective surface deposition and pore blockage exists for incorporation through this technique. On the contrary, in-situ
encapsulation leads to excellent Pd-MOF integration with reduced particle aggregation which boosts catalytic activity and ensures
greater stability. However, precise reaction control is required to achieve this and not all MOFs are suitable for this method [73].

Based on the above findings, PSM and impregnation methods appear to be the most widely applicable and convenient technique
while in-situ encapsulation yields the best results given that its applicable to the MOF is carried out carefully.

3. MOFs for suzuki-miyaura coupling reaction
3.1. General aspects of MOF-catalyzed SMC

The primary goal of MOF catalysis for SMC is to harness the activity of efficient homogeneous palladium complexes within a solid-
state framework material. As mentioned previously, the MOF plays the role of the catalyst support system in most cases, rather than
being a primary catalyst for SMC in few reports of monometallic Pd-MOF catalysts for SMC (section 3.2). Both Pd(II) and Pd(0) species
have been incorporated into MOFs via postsynthetic MOF modification or encapsulation of nanoparticles as summarized in the sub-
sequent tables. The selection of MOF for this purpose is largely based on its flexibility as well as the thermal stability of the framework.
Therefore, frameworks with basic groups such as amino or bipyridyl sites are recommended for coordinating Pd since they can
withstand consecutive cycles of heating without considerable framework damage [61]. Moreover, these frameworks ensure much
better coordination with the Pd metal. In the case of palladized MOF catalysts used for SMC, the underlying mechanism mainly in-
volves the interaction of the supported Pd species with the aryl halide substrate in a manner similar to the homogeneous SMC coupling.
It is generally accepted that Pd(0) is the active catalytic species in the SMC that facilitates the oxidative addition of alkyl halides to
initiate the catalytic cycle. In the case of Pd(II)-MOF, Pd(II) species acts as the precatalyst that is reduced to Pd(0) before SMC
commences via interaction with a base or a reductant present in the reaction mixture.

Pd-functionalized Zr-MOFs (UiO-66/67 and MOF808) are among the most employed systems in SMC due to their high stability,
large surface area, ability to incorporate Pd species effectively, potential for milder and greener couplings, among other properties
(Section 3.3). Pd/Cr-MOFs involved MIL topology with wide pore apertures and small pore window, which helps in reducing metal
leaching (Section 3.4). Sections 3.5 onward discusses Zn, Ni, lanthanide, and other MOFs reported for this reaction, highlighting the
versatility of MOFs in catalysis. Bimetallic NPs/MOFs and bifunctional MOFs with mixed linkers and different catalytic sites are
emerging areas. These systems also found applications in SMC benefiting from the synergistic effects of different components for
increasing catalytic efficiency and SMC scope and developing sequential reactions such as carbonylative SMC and one-pot alkyne
hydration/SMC [81-83].

The majority MOF-catalyzed SMCs could be carried out in environment-friendly solvents such as water and alcohols and under
relatively mild conditions such as low temperatures [8]. MOF-based catalysts can achieve the coupling process without the assistance
of organic phosphine ligands at atmospheric pressure conditions. Carbonates are generally preferred as the bases in these reactions due
to the slower release of hydroxide groups in the reaction media, which avoids generation of unreactive boronate species such as ArB
(OH)s. Some developed MOF-catalyzed SMCs demonstrated selectivity in dihaloaromatics with conditions favoring C-I coupling to
boronic substrates in the presence of F, Cl, and even Br groups (e.g., PA@MOF-808) [84]. MOF catalysts were also used in large-scale
synthesis (gram-scale) of commercial pharmaceuticals such as PdA@MOF-808 in synthesis of Fenbufen, an anti-inflammatory and
antirheumatic product [84,85]. Some reports also showed significant improvement in coupling of the more challenging yet economic
aryl chloride substrates, and to much lesser extent, aryl fluorides (e.g., PA@MOF-808-Pza) [72,74]. Aryl chlorides and fluorides are
more stable and resistant to coupling reactions due to the strong electronegativity and poor leaving capacity of these halogen atoms.
Such coupling partners (Cl and F) mostly need higher catalytic loadings, inert conditions, and longer reaction times. MOF-catalyzed
SMCs were also developed with arenediazonium salts as electrophilic coupling alternatives to aryl halides. These salts are more
economic electrophilic substrates that allow base-free and less energy-demanding coupling conditions such as lower temperatures [86,
87]. It is worthy to note that some reports demonstrated the efficiency of MOF catalytic systems used for SMC in similar coupling
reactions such as Heck coupling, carbonylative SMC and sometimes in other classes of reactions such as reduction reactions [34,88,89].

MOFs are increasingly being explored as promising photocatalysts due to their unique properties. The combination of metal
catalysis and MOF photocatalysis aids in developing renewable energy-based processes. Light-induced SMCs using MOFs are greener
than conventional SMCs and operate under milder conditions, avoiding the formation of byproducts at elevated temperature [82,90].
MOFs can exhibit photocatalytic properties by using their metal clusters as semiconductor quantum dots activated by light-absorbing
organic linkers. Alternatively, MOF photocatalysts can be developed by incorporating photoactive metalloligands or dyes or by
encapsulating photoactive metal complexes, especially in cases where charge transfer from the ligand to the metal is weak, such as in
UiO-66(Zr) MOFs [91]. Several interesting reviews have discussed various applications of MOF-based photocatalysis [90,92-94].

In the following sections, we discuss the strategies for introducing Pd into MOFs with various metal centers for Suzuki-Miyaura
coupling reactions, the properties of these catalysts, and the conditions and scope of the target reactions.

3.2. Palladium (Pd-MOFs)

The catalytic utility of Pd-MOFs in SMC was documented in the earliest reports of MOF-catalyzed SMC [95]. Nevertheless, only a
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few studies exist on the direct synthesis of monometallic Pd-MOFs, and even fewer on the complete exchange (substitution/metathesis)
of metal nodes in MOFs with Pd(II) ions without losing the structural integrity [96-98]. This is mainly due to the enormous associated
synthetic and postsynthetic challenges, which often lead to the formation of less active Pd side products and amorphous adducts [99].
From a thermodynamic perspective, Pd(II), as a noble metal ion, can form strong bonds with N-donating coordination groups of li-
gands, enabling robust MOFs that meet catalysis requirements, particularly under alkaline conditions [97,100,101]. However, the
balance between the reversibility of coordination bonds and their strength renders the synthesis of noble-metal MOFs challenging by
conventional solvothermal methods [97]. Considering the kinetic perspective, noble metal ions generally possess significantly low
ligand exchange rates, further limiting the reversibility of coordination bond formation. This often results in amorphous or poorly
crystallized products under solvothermal conditions. Furthermore, noble metal cations have strong oxidative abilities that facilitate
their reduction in classical solvents used for MOF synthesis, such as amide-types and alcohols, which also challenge their incorporation
into crystalline framework as building units. Lastly, during the catalytic cycle of coupling reactions, the Pd species undergoes suc-
cessive changes in its oxidation state, which may affect the stability and crystallinity of the framework due to alterations in the metal
ion size at the active sites [96,102].

As mentioned, one of the initial reports on MOF catalysis of SMC (Scheme 5A) involved the palladium(II)-based system [Pd(2-
pymo)2l, (Fig. 2) prepared via the solvothermal method by Xamena et al. [95,103] The catalyst was stable under the reaction con-
ditions and even up to 330 °C under air [95]. In 2019, Liu et al., used the same [Pd(2-pymo)2], system (BET surface area = 600 m? g_l)
to investigate a scope of base-free SMC using arenediazonium tetrafluoroborate salts derivatives with aryl boronic acid (Scheme 5B)
[87]. The conditions tolerated a variety of electron-withdrawing and donating groups (EWG and EDG) and were selective on the
diazonium tetrafluoroborate moiety in the presence of all halogens with very good yields. The framework stability of [Pd(2-pymo),],
was retained up to 4 consecutive catalytic cycles only as the yield got diminished to almost half in the fourth run.

He et al., reported the construction of robust azolate-based Pd-MOF (BUT-33(Pd)) via metal metathesis (substitution) in which the
Ni-MOF underwent metal exchange by the guidance of reticular chemistry (Scheme 6) [97]. Isoreticular MOFs represent a series of
MOFs with similar topology, which can be produced by the homologation of the organic linkers or through extrapolation of the SBU in
three dimensions [104-107]. SBUs refer to the metal cluster core used for the construction of MOFs commonly. The ability to pro-
liferate an SBU is important in catalysis. The significance of this is mainly due to the increment in the surface activity of the catalyst.
Moreover, it eases the accessibility of more sterically hindered entities into the catalytic system. The homologation of the linker will
also help in enhancing the surface area.

This metal substitution approach with Ni-MOF was also helpful in exploring the facile synthesis of other noble metal-based MOFs
such as Pt [97]. BUT33(Pd) was obtained with well-maintained crystallinity and was isoreticular with the that of BUT-33(Ni) parent

a) Br B(OH),
[Pd(2-pymo),],, (2.5 mol% Pd)

K,CO5 -
"
150°C, 5 h e

85% Conversion

OCH;
b) N,"BFy B(OH),
[Pd(2-pymo),], (3 mol%) —— —
S Q=
N\ \/
o -
,\/R X¢ 40°C, 3-23 h R1A / \ 7 R,
1 R, 22 examples
EDG and EWG
including halogens at
various positions
(37-98 %)
c) I B(OH),

BUT-33(Pd) (2 mg/0.5 mmol ArX)

XN e KoCOs - -
I " N I - Dioxane/water (4:1) > X / \ /*
X X 100 °C, 2h Ri "

Ry R, 7 examples
EDG and EWG
(87-98 %)

Scheme 5. SMC catalyzed by Pd-MOF.
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Fig. 2. (Left) [Pd(2-pymo),], (2-pymo = 2-hydroxypyrimidinolate; C4H3N50) showing the 4-membered and the two 6-membered rings. Atom
= red and Pd = pink. (Right) 3D arrangement of the sodalite cages in sodalite-type frameworks [95]. Copyright 2007,

colors: C = gray, N = blue, O

with permission from Elsevier.
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Scheme 6. Synthetic route to sodalite-type mesoporous BUT-33(Pd) through Pd(II) exchange in BUT33(Ni); BUT-33(Pd) is built from Pd,4 cluster
and pyrazolate ligand (2,4,6-tris(4-(pyrazolate-4-yl)phenyl)-1,3,5-triazine (TPTA37)) [97]. Copyright 2021, with permission from American

Chemical Society.

MOF. The synthesized BUT33(Pd) maintained cubic nanocrystals ranging in size from 100 to 400 nm and possessed a pore volume of
984 cm® g~ . Furthermore, the Pd element exhibited a uniform distribution across the entire nanocrystals following the metathesis
process. The Pd-MOF was very efficient catalyst for SMC (Scheme 5C), and it was stable for 5 runs without significant decrease in

yields.

In sum, less than a handful of monometallic Pd-MOFs with intrinsic catalytic activity for SMC are reported till now for the chal-
lenges described above. Further research is strongly needed to advance this area and develop stable Pd-MOFs that maintain their
structural integrity while being involved in SMC. Such advances will reduce the synthetic costs of postsynthetic modifications and
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expedite adopting MOF-catalyzed SMC on a large scale in pharmaceutical and industrial sectors.
3.3. Zirconium (Zr-MOFs)

Functionalized zirconium-MOFs have shown outstanding activity among all metal nodes in terms of versatility and efficiency of
MOF catalysis in cross-coupling reactions. Table 1 summarizes the different reported Zr-based MOF catalysts after 2016 for SMC as
well as their synthetic approaches, optimal SMC catalytic conditions, and scope of the investigated coupling reactions.

The majority of Zr-MOFs used for SMC involved MOF-808 and UiO-type (UiO-66 and 67) families. MOF-808
(Zrg04(OH)4(BTC)2(HCOO)g) is prepared with the tritopic BTC linker using 1,3,5-benzenetricarboxylic acid (H3BTC) (Fig. 3).
Tetrahedral cages are formed with the inorganic SBUs at the vertices and the BTC linkers at the faces of the tetrahedron. These
octahedral crystals have the advantages of large pore sizes and the grafting ability of ligands by active formic acid sites [117].

Zr-UiO-66 and 67 landscapes (UiO stands for University of Oslo) have been recently reviewed showing the different used linkers
and metalation strategies [118,119]. Considering UiO-66 Zr-based MOF, Cavka et al. were among the first groups who demonstrated
their unusual high thermal stability and surface area in 2008 [120]. UiO-66, or Zr(IV)-terephthalate MOFs (Fig. 4), consists of
Zrg04(0OH)4(CO2)12 clusters joined through benzene fragments with the —-CO; originating from the benzenedicarboxylate linker [72].
Several pre- and post-synthetic modifications have been proposed to enhance their surface and functional properties. A notable finding
was reported by Vermoortele et al. by using acids like CF3COOH in the synthesis which led to a more open scaffold by partial
replacement of terephthalate ions with trifluoroacetate ions [121]. This modification has resulted in increasing the density of Lewis
acidity in the structure, which drastically enhanced the catalytic activity.

Pd incorporation into most of Zr-based MOFs are being carried out by versatile immobilization/post synthetic metalation over
functionalized organic linkers [84,122], resulting in active catalysts for SMC (e.g., Table 1, entries 1-2) [75,84]. For instance,
Pourkhosravani et al. reported SMC using Pd/UiO-66 (entry 3) prepared by palladization of UiO-66 using Pd(OAc),, and they
demonstrated the retainment of phase purity upon activation and functionalization (Scheme 7) [72]. Most of the studies focused on
selective adsorption of Pd into organic groups containing nitrogen moieties due to their high affinity towards Pd. Coordination of Pd
with N-containing MOFs was reported in SMC using the following functionalities: imidazole-a-diimines (entry 4) [108], azobenzene
(entry 5) [109], pyrazine (entry 6) [74], bipyridine (entries 7-8) [110,111], guanidine (entry 9) [112,123], pyridyltriazole (entry 10)
[113], and N-heterocyclic carbene (NHC, entry 17) [83,124]. The Zr-MOF with pyridyltriazole moieties (entry 10) was used for
adsorption of Pd ions from wastewater showing selectivity over many other cations (Zn%**, cu®t, Pb?t, Fe3t, Ni?t, Co?™, among others)
and high efficiency in SMC after wastewater adsorption [113].

The azobenzene-bearing MOF catalyst developed by Chen et al., (PCN-160-Pd, entry 5) possesses a UiO-type structure where the
12-connected Zrg cluster is linked to 12 AZDC (azobenzene-4,4"-dicarboxylic acid) molecules, forming a cubic open pocket [109].
PCN-160-Pd was further applied in catalysis under microflow conditions within a packed column, attesting the potential of MOF
catalysts in industrial continuous and portable production. PdCly/UiO-67-bpydc (entry 7) showed classical SMC selectivity for C-Cl
over C-F substituents. The MOF catalyst also demonstrated phenyl-selectivity over bi- and multi-phenyl substrates which did not form
coupling products due to the controlled pore size of the MOF, in contrast to classical Pd catalyst which have limited size selectivity
[110].

Kim et al. reported SMC (entry 8) using a Zr-based metal-organic polyhedra (MOPs) with similar porous structure to MOFs [111].
The difference is that in MOPs, each cell exists as a discrete independent cage since it is made from organic linkers and inorganic joints
with terminated interconnecting sites. The catalytic activity of MOP-BPY(Pd) was found to be superior to unsupported molecular Pd
and MOF-867(Pd) catalysts.

The impact of the stereoelectronic characteristics of the metal-binding linker units on the catalytic performance of MOF-based
systems and the critical role of their engineering in catalytic reactions are demonstrated by many studies (entries 11-13)
[114-116]. Several studies revealed the multifold advantages of mixed-linker MOFs in addition to stability and high surface area. Chen
et al. demonstrated that the incorporation of a substantial amount of the Hzbpdc ligand (90 mol% of the mixed ligands), which does not
chelate the Pd complex, facilitated the creation of isolated, uniformly distributed Pd single active sites within the MOF network. The
as-synthesized Pd(II)-doped UiO-67 retains the same structure as the original UiO-67 framework, with a high surface area and pore
volume. This material demonstrated high efficiency in catalyzing the conversion of aryl chlorides, exhibiting significantly greater
activity than homogeneous Pd catalysts [125,126]. Sun et al. (entry 11) synthesized amine-functionalized mixed-linker MOFs, namely
UiO-66-Mix and UiO-67-Mix, and the free amino groups were post-synthetically modified using pyridine-2-carboxaldehyde [114]. The
structures of the MOFs with mixed linkers are depicted in Scheme 8. The pyridylimine moieties in the MOF structure acted as the
ligands for the Pd metal centers. Catalysts with varied Pd contents and linker ratios were reported for SMC and Heck reactions. The
optimal catalytic activity was achieved with UiO-67-3-PI-Pd (2-amino-1,4-benzenedicarboxylate/1,4-benzenedicarboxylate ratio of
1:1.52; Pd = 0.054 mol%, BET = 1321 m?/g). UiO-67-3-PI-Pd had much larger BET surface area than UiO-66-Mix-PI-Pd BET (611
mz/g).

Considering mixed linkers with bipyridine for Pd coordination, existing sites without bipyridine serve to enhance the separation of
the active Pd centers in MOFs, preventing their dimerization and deactivation [115]. Li et al. demonstrated that m-6,6'-Mebpy-
MOF-PdCl, with UiO-67 isoreticular crystalline structures showed higher catalytic activity (entry 12) than m-bpy-MOF-PdCl, and m-4,
4'Meybpy-MOF-PdCl, by 110- and 496-fold in SMC, respectively. It is worth noting that these metalated MOFs required toluene solvent
in SMC to prevent the catalyst decomposition observed within 4 h in more common polar, protic solvents [115]. The same group also
demonstrated the same enhancement in Pd(0) NP (entry 13) similar to Pd(II) catalytic sites using the same mixed-linker MOF scaffold
of the previous study (m-6,6'-MesbpyMOF-Pd) [116]. The size of Pd NPs (~2 nm) were slightly larger than the dimension of the MOF
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Table 1
Reports of SMC using Zr-based MOFs after 2016.
Entry  Catalyst Synthesis BET surface Coupling reagents Catalytic SMC scope (yield or SMC of aryl TOF (h™Y) Recycling Ref.
area, conditions conversion) chlorides TON® catalytic
Pore runs
volume,
Mean
particle or
pore® size
1 Pd@MOF-808 PSM and chemical ~220 cms/g (Hetero)aryl Cat. (3 mol%) >35 examples 4 examples - 6 [84]
Pd(0) reduction of PA(II) 7 nm mono/di-halide (I, K2CO3 EWG & EDG at (0-21 %)
Br, CD) MeOH various positions
(Hetero)aryl 40 °C (29-99 %)
boronic acid 1.5-16 h
2 UiO-66-NH,@cyanuric PSM and chemical 155 cm®/g Aryl halide (I, Br, Cat. (25 mg/1 20 examples 94 % 10 [75]
chloride@2- reduction of PA(II) C) mmol ArX) EDG & EWG at
aminopyrimidine@PdNPs Aryl boronic acid K2CO3 various positions
Pd(0) H,0 (76-99 %)
60 °C
1-1.5h
3 Pd/UiO-66 Wet impregnation 1030 m%/g Aryl halide (I, Br, Cat. (0.59 mol%) 13 examples 70 % 305-339 h™! 5 [72]
Pd(0) 0.46 cm®/g CD NayCO3 EWG & EDG at (109-172)°
~8 nm Phenyl boronic EtOH-H,0 (1:2) various positions
acid 80 °C (63-100 %)
0.5-20 h
4 PACl,@Zr-Ui0-66-L, /Ly PSM 548 m%/g Aryl halide (I, Br)  Cat. (10.0 mg per 3 examples (99 %) - 28k 5 [108]
Pd(II) Phenyl boronic 0.33 mmol ArX)
L; = 2-aminoterephthalic L, = acid K»CO3
imidazole a-diimine H,0
25°C
10h
5 PCN-160-Pd PSM 200 cms/g Aryl bromide Cat. (2 mol%) 11 examples 14h7' (16)° 4 [109]
Pd(II) Phenyl boronic K»CO3 EWG & EDG (50-96
PCN = Zr-AzoBDC acid Toluene %)
azobenzene-4,4-dicarboxylic 90 °C
acid 12h
6 Pd@MOF-808-Pza PSM 616 mz/g Aryl halides (I, Br, Cat. (10 mg per 8 examples Ar-Cl (32 %) 79h! — [74]
PA(ID) CL F) 0.5 mmol Ar-X) Cascade SMC/ Ar-F (21 %)
Pza = 2,3- Phenyl boronic K>CO3 hydrogenation
pyrazinedicarboxylic acid acid DMF (78-99 %)
80°C
4h
7 PdCl,/UiO-67- bpydc PSM 1436 m%/g Aryl chlorides Cat. (1.0 mol%) - 12 examples - 5 [110]
Pd(ID) 1 nm? Aryl boronic acids CsCO3 EWG & EDG at
bpydc = 2,2-bipyridine-5,5- EtOH/H,0 (29:1) various
dicarboxylic acid rt positions
36 h (85-95 %)
8 MOP-BPY(Pd) PSM ~6 nm Aryl bromide Cat. (0.01 mol%) 8 examples 718-822 h™! 3 [111]

Pd(ID)
BPY = bipyridine

Phenyl boronic
acids

NayCO3 MeOH/
H,0 (1:1) 80 °C
6-12h

EWG & EDG (86-99
%)

(continued on next page)
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Table 1 (continued)

Entry  Catalyst Synthesis BET surface Coupling reagents Catalytic SMC scope (yield or SMC of aryl TOF (h™Y) Recycling Ref.
area, conditions conversion) chlorides TON® catalytic
Pore runs
volume,
Mean
particle or
pore® size
9 UiO-66-biguanidine/Pd PSM 629 mz/g Aryl halides (I, Br, Cat. (0.1 mol%) 14 examples 3 examples 11,870 h! 9 [112]
PdA(ID) 0.41 cm®/g ch K,CO3 Phenyl & 2-thienyl (40-50 %) o,
0.51 nm? Phenyl boronic EtOH/H,0 (1:1) halides (82-98 %) 3920 h7 !
acid 50 °C (Br)
0.15-2h
10 UiO-66-Pyta-Pd PSM (azide-alkyne 70-100 nm Bromobenzene Cat. (10 mg per 1 One example (80 %) - 3 [113]
Pd(IID) cycloaddition) followed Phenyl boronic mmol ArBr) K,CO3
Pyta = pyridyltriazol by selective Pd(II) acid EtOH
adsorption from 80 °C
wastewater 2h
11 Ui0-67-3-PI-Pd PSM 1321 mz/g Aryl halide (1, Br, Cat. (0.054 mol %) 11 examples 2 examples 861-1235 10 [114]
PdA(D) 1.2-1.5 nm* ch K,CO3 EDG & EWG (86-100 %) h!
PI = pyridylimine Phenyl boronic EtOH-H,0 (4:1) (86-100 %) 185 h~! (Cl)
acid 80 °C
1-10h
12 m-6,6-Me;bpy-MOF-PdCl, PSM 2100 mz/g Iodobenzene Cat. (1.0 mol %) One example (~80 - - 3 [115]
Pd(1I) 0.71 ecm®/g Phenyl boronic K2CO3 %)
Mixed linker (0.42:0.58) acid Toluene
85°C
11h
13 m-6,6"-Me,bpy-MOF-Pd PSM and chemical 2000 m?/ g Iodobenzene Cat. (1.0 mol %) 2 examples (70-75 - - 3 [116]
Pd(0) reduction of Pd(II) 0.76 cmg/g Aryl boronic acid K2CO3 %)
Mixed linker (0.4:0.6) 2 nm Toluene
85°C
12h
14 Pd@UiO-66 MW-assisted PSM and 895.9 mz/g Aryl halide (1, Br, Cat. (0.075mol%) 12 examples EWG & 29 % 1266.7 h ! 5 [65]
Pd(0) chemical reduction of Pd 0.4864 cm®/ (@) K>CO3 EDG at various
(I g Aryl boronic acid EtOH-H50 (1:1) rt positions (78-99 %)
5 nm 0.5-6h
15 Pd@NH,—UiO-66(Zr) Double-solvent 1.2 nm Aryl halide (I, Br) Cat. (5 mg per 0.1 10 examples - 2514 3 [80]
Pd(0) impregnation and Aryl boronic acid mmol of ArX) EWG & EDG at
photoreduction of Pd(II) Triethylamine various positions
DMF/H,0 (1/1) (63-99 %)
Visible light
0.75-2 h
16 Bimetallic Cu;Pd,@NH»- Double-solvent 0.9 nm Aryl iodide Cat. (5 mg per 0.1 9 examples - - 3 [82]
UiO66(Zr) impregnation and Aryl boronic acid mmol of ArX) EWG & EDG at
chemical reduction Triethylamine various positions
DMF/H,0 (1/1) (42-99 %)
Visible light
4h
17 Au/Pd@UiO-66-NH, Adsorption-reduction 526 mz/g Aryl halide (1, Br, Cat. (0.02 g per 4 examples (85-99 81 % 242-433 h7! 3 [83]
Pd(0) technique 0.46-0.86 CD 1.8 mmol of ArX) %)
nm K,CO3

(continued on next page)
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Table 1 (continued)

Entry

Catalyst

Synthesis

BET surface
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Coupling reagents
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TOF (h™')
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Recycling
catalytic
runs

Ref.

Phenyl boronic
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Visible light
1h
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Fig. 3. Representation of the MOF-808 topology (a) built with octahedral (red) and triangular (green) units, resulting in the formation of tetrahedral
cage (b) and large adamantane pores (c). Atom color scheme: C, black; O, red; Zr, blue polyhedra. H atoms are omitted for clarity. Yellow and orange
balls indicate the space in the framework [117]. Copyright 2014, with permission from American Chemical Society.

Fig. 4. Illustration of UiO-66 [120]. Copyright 2008, with permission from American Chemical Society.

cavities (~1.6 nm), as generally obtained in other NPs@MOFs composites, mostly due to deformations or local defects of the host
MOFs.

Different synthetic methods were reported thereafter. For instance, a microwave-assisted polymerization strategy for synthesis of
the efficient PdA@UiO-66 catalyst was described by Dong et al. (entry 14) [65]. Another successful synthetic strategy involved the
encapsulation of Pd nanoparticles (Fig. 5a) into the MOF cavities via a double-solvent approach followed by reduction [80]. In this
strategy, the MOF is dissolved in the organic phase whereas the aqueous Pd(II) solution is added dropwise to facilitate controlled
impregnation of Pd into the pores via capillary action in the organic medium. However, the use of reducing agents in the latter step
compromised the framework stability and was raised as a disadvantage in this method. Photoreduction of Pd?*/amine-functionalized
UiO-66 MOF was reported by Sun et al., in 2016 as an effective alternative to avoid the use of reducing agents to retain the MOF
stability and achieve greener and milder synthesis [80]. The catalyst was successfully used in visible-light promoted SMC (entry 15)
using the attributes of MOF-based photocatalysis with metal-based catalysis. The plausible mechanism is depicted in Fig. 5a involving
the excitation of the catalyst upon irradiation generating electrons that transfer from the amine-MOF ligand to the encapsulated Pd
metal center (ligand to metal charge transfer, LMCT). This results in electron-rich Pd(0) state that promotes the cleavage of C-X bond in
aryl halides leading to aryl radicals, which is the rate-determining step in the coupling process. On the other hand, the photogenerated
positive holes help to activate the boronic acids by cleavage of the C—B bond of the formed RB(OH)3 species in the basic reaction
medium to form another aryl radical. Lastly, the two aryl radicals couple to produce the desired biaryl product.

The same group reported bimetallic CuPd nanoclusters encapsulation inside the cavities of the same MOF (NH2-UiO-66(Zr)) via the
double-solvent approach followed by reduction with NaBHy4 in 2018 [82]. As the rate-determining step in the reaction is the activation
of aryl halide by the Pd(0) catalyst, they explored the idea of incorporating a better electron-transferring mediator in between MOF

14
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Activation
———

MeOH

ZrCl, + H,BDC +PU(OAC), e

Activated UiO-66 Pd/Ui0-66

= I . = Pd nanoparticle

Scheme 7. Synthesis of Pd/UiO-66 MOF [72]. Copyright 2015, with permission from Springer Science Business Media, New York.

UIO-67-Mix UiO-67-Mix-PI-Pd

Scheme 8. PSM of mixed ligands used by Sun et al. [114] Copyright 2016, with permission from Wiley.

system and noble Pd(II) metal. For that, they introduced copper (Cu) nanoparticles along with Pd by considering its larger fermi energy
level than Pd and prepared bimetallic CuPd nanoclusters (<0.9 nm) with various ratios encapsulated inside the same MOF cavities
(Fig. 5b). The optimal photocatalyst for SMC (entry 16) was Cu;Pd;@NH,-UiO66(Zr) (1:2 Cu/Pd ratio).

Similarly, Dong et al. demonstrated that different NHC-M (M = Au and Pd) species can be simultaneously introduced into a single
MOF by direct assembly of NHC-M-decorated ligands and metal ions under solvothermal conditions (Scheme 9a) [124]. The dual
catalyst (UiO-67-Au/Pd-NHBC MOF) was efficient in sequential Au-catalyzed alkyne hydration/Pd-catalyzed SMC (Scheme 9b) with a
broad scope (18 examples of 4a, 81-99 %). The catalyst was reusable in 6 runs. Syntheses and applications of bimetallic nano-
particles/MOFs (e.g., Au/Pd@UiO-66-NH; in entry 17) [83] have been reviewed in 2020 [81].

Zr-MOFs as sacrificial templates were also reported by Li et al. [127] The MOF scaffold (e.g., UiO-66-NHsy) was used for growing Pd
nanocluster catalysts with small size (~1.1 nm). The catalysts were successfully tested on a model SMC reaction [127]. In line, Alsalahi
et al. developed using Pd catalysts using pyrolysis and post-pyrolytic encapsulation strategies (Fig. 6a). Pd was introduced into
amino-functionalized UiO-66 via solution-impregnation method to form Pd-1 catalyst [128]. Pd-1 was subjected to pyrolysis in both
inert and air conditions resulting in Pd-4 and Pd-2, respectively. Pd-3 was prepared by impregnation of Pd-2 with palladium (II) acetate
solution. Pd-2 performed the best in both SMC and carbonylative SMC. This study also found that the presence of both Pd(0) and PdO
species in the catalyst increases catalytic efficiency, where PdO activates the aryl halide and Pd(0) enhances the adsorption and

15
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Fig. 5. a) Encapsulation of Pd into UiO-66 via double-solvent approach photoreductive catalysis [80]. b) Incorporation of bimetallic nanoparticle in
MOF cavity to enhance photocatalytic activity [82]. Copyright 2018, with permission from Wiley.
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Scheme 9. a) Synthesis of UiO-67-Au/Pd-NHBC. b) Model Au-catalyzed alkyne hydration Pd—catalyzed Suzuki coupling reaction [124]. Copyright
2021, with permission from American Chemical Society.

activation of CO (Fig. 6b).
In conclusion, extensive studies on Pd incorporation into stable, high surface area Zr-MOFs show enhanced catalytic efficiency in

SMC. Recent advances involve microwave-assisted polymerization, double-solvent methods, bimetallic NPs/MOFs, and mixed-linker
strategies, boosting catalytic activity and enabling one-pot and photocatalytic SMC methods.

3.4. Chromium (Cr-MOFs)

Cr-containing MOFs were initially developed for gas storage applications [49,129]. Subsequently, several Cr-MOFs have been
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a)

Pd(OAc), Air Pd?
— —
CH,OH, RT 700 °C
Pd/PdO/Zr0O, PdO/Zr0O, Pd* @Ui0-66-NH, Pd/C/ZrO,
(Pd-3) (Pd-2) (Pd-4)
(Pd-1)

b)

Fig. 6. a) Synthesis of Pd1-4 catalysts and b) the mechanistic role of Pd-2 in carbonylative SMC [128]. Copyright 2016, with permission from Wiley.

reported for catalytic utility due to their large surface areas and enhanced linker functionalities. The toxic nature of the chromium
metal remains a major drawback that hinders their practical catalytic applications, particularly in synthesis related to bio-applications.
Table 2 presents the Cr-MOFs used in SMC after 2016.

The typical Cr-MOF used for coupling reactions involves MIL-101(Cr), (MIL, Matérial Institut Lavoisier), which is made of trimeric
Cr(IIl) octahedral clusters interconnected by 1,4-benzenedicarboxylates (Scheme 10). The active catalyst is generally prepared by
palladization and subsequent borohydride reduction. MIL-Pd NP was used in the very first SMC reports of challenging aryl chlorides
with phenyl boronic acids in aqueous media [134]. Many studies of palladized MIL-101(Cr) scaffolds were reported for C-C coupling
reactions before 2016 in both batch and continuous processes [135-137]. This can be attributed to the chemical stability of MIL-101
(Cr) and their large surface area (BET, ca. 4000 m? g~1), mesoporous cavities, and wide pore apertures with smaller pore windows.
These large cavities render them ideal candidates as host materials for nanosized guests, whereas the small pore windows prevent the
leaching and aggregation of the guest molecules [138,139]. Among these nanosized guests, polyoxo-noble-metalate (POM) was re-
ported by Bhattacharya et al. by impregnation of MIL-101 with discrete, cuboid-shaped polyoxopalladate [Pd;3SegO321°~ (Fig. 7). This
approach was successful in reducing the leaching and aggregation of guest molecules. The POM-containing MOF was efficient in SMC
(Table 2, entry 1) [130].

PSM has also been reported on functionalized Cr-MOFs with triphenyl phosphines (PPhs) [34] (Table 2, entry 2), mono-NHC (entry
3) [131], and bis-NHC ligands (entries 4-5) [132,133]. Scheme 11A&B illustrates the two main ligands and the SMC mechanism
involving NHC-MOF. Pd/MIL-101-PPhg was reported by Wu et al. with excellent catalytic activity in SMC of both aryl chlorides and
bromides (entry 2) as well as in other reactions (Heck and three-component reaction of 2-iodoaniline, CO5, and isocyanide). The
activity of Pd/MIL-101-PPhg far exceeded other tested catalysts such as amino-functionalized Pd/MIL-101-NHj,, naked Pd/MIL-101,
and other commercial-supported Pd catalysts, as shown in Scheme 11A [34]. It is worth noting that the three Pd/MIL-101 catalysts
resulted in more than 50 % yields in the SMC of the challenging aryl chlorides.

NHCs play important roles in metal catalysis due to their structural flexibility, the ease of tuning their electronic and steric
properties, and the strength of the NHC-metal bond. The imidazolium moieties in such MOF scaffolds were also proposed to act as
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Table 2
Reports of SMC using Cr-based MOFs after 2016.
Entry  Catalyst Synthesis BET surface Coupling reagents Catalytic SMC scope (yield or ~ SMC of aryl TOF (h™ 1) Recycling Ref.
area, conditions conversion) chlorides TONP catalytic runs
Pore volume,
Mean particle
or pore® size
1 Pd;3Seg@MIL-101 Wet impregnation 1596 m?/g Aryl bromide Cat. (2 mol%) 8 examples - - 4 [130]
Pd(11/0) 0.96 cm3/g Phenyl boronic acid K>CO3 EWG & EDG
MeOH/H,0 (1:1) (29-100 %)
rt
3h
2 Pd/MIL-101-PPh3 PSM and chemical 1805 m2/g Phenyl halide (Br, Cl) Cat. (0.15 mol%) One example (99 %) 99 % - 5 [34]
Pd(0) reduction of Pd(II) ~0.1 cm3/g Phenyl boronic acid K>CO3
2.5 nm EtOH/H0 (4:1)
80 °C
2-10h
3 Pd-NHC-MIL-101 PSM, Ag/Pd 657 m2/g Aryl halide (I, Br, Cl) Cat. (0.1 mol%) 7 examples 90 % 136-330 h ! 3 [131]
(mono-NHC) transmetalation 0.59 cm3/g Aryl boronic acid K,CO3 dioxane/ EDG (73-99 %)
PA(ID) 0.6-2.1 nm H,0 (3:1)
60 °C
3-6h
4 Pd—NHC—-MIL-101 PSM (reduction of Pd(II) 1583 m?%/g Aryl halide (I, Br, Cl) Cat. (0.6 mol%) >35 examples 3 examples - 8 [132]
(bis-NHC) attributed to NHC) Aryl boronic acid K,CO3 EWG & EDG (55-90 %)
Pd(0) H,0 Thienyl & polyaryl
85°C (80-97 %)
0.25-3 h
5 MIL-101(Cr)-NH,-bis PSM followed by Pd(II) 1335 mz/g Aryl halide (I, Br, Cl) Cat. (25 mg/0.5 9 examples 7 examples 62-625 h™! 15 [133]
(NHC)-Pd coordination 0.7259 cm®/g Aryl boronic acid mmol ArX) EWG & EDG 30-100 % (9000)°
Pd(0/1D) 3.383 nm?® K>CO3 (40-100 %) (0.5-24 h)

DMF/H,0 (2:1)
60 °C
0.5-24 h
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Scheme 10. MIL(Cr) and general synthetic routes [138,140]. Copyright 2014, with permission from Royal Society of Chemistry; 2021, HAL
open sciences.

a) *

~1 nm

Pd, Se,@MIL-101

Fig. 7. Encapsulation of polyoxopalladate guest (a) into the MIL-101 pore (b). Color code: Pd(II) purple, Se(IV) blue, O red, Cr(Il)Og green
octahedra, C gray, and O red [130]. Copyright 2020, with permission from American Chemical Society.
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Scheme 11. Cr-MOFs functionalized with PPh3 (A) [34] and NHC involving proposed SMC mechanism (B) [132]. Copyright 2022, with permission
from American Chemical Society; 2020, with permission from Wiley.

reducing agents, generating Pd(0) NP from Pd(II) species [132]. Modifications of MOFs comprising NHCs have been reviewed in 2016
[79], and they can be classified into two general approaches (Scheme 12). The first is postsynthetic modification of imidazolium-based
MOFs and incorporation of NHC moieties in the MOF structure using an organic reaction followed by Pd complexation. This protocol
generally needs strong bases, which can damage most of the MOF structures. Therefore, AgoO was used in this strategy to prepare
Ag-NHC, which is subsequently transformed to M-NHC by transmetalation. Soluble silver salts (e.g., AgOC(CF3)3) can also be used to
enhance the synthetic efficiency and overcome the solubility issues of Ag,O and MOF in this method [131]. The second approach
consists of ligand pre-modification in which MOFs can be directly generated by combining Pd—NHC-functionalized organic spacers
and metal ions (direct assembly). The disadvantage of the second approach is the sensitivity of M-NHC moieties to oxygen and water,
which limits its use in most solvothermal methods and restricts its applications. It is worth mentioning that there are several important
reviews on postsynthetic modifications of MOFs that readers can refer to [64,79,141,142].

MIL-101 was also used in bimetallic catalysis. Dhankhar et al. synthesized NiPd/MIL-101 and CuPd/MIL-101 nanoparticles (M/Pd
atomic ratio = 95:5, M = Ni and Cu). The bimetallic catalysts demonstrated considerable enhancement in catalytic activity with about
20 times higher TOF than Pd/MIL-101 in SMC and excellent yields (11 examples). The observed higher catalytic activity was attributed
to the synergistic effect due to electronic charge transfer from Ni or Cu to Pd and to the high dispersion of the bimetallic nanoparticles
on MIL-101 framework [143].

Using catalysts in continuous-flow processes is dependent on the stability of the MOF supports and on avoiding their collapse, as
mentioned previously. In line, Carson and co-workers studied the effect of bases on decomposition of MOFs in SMC using an amino-

Route 1
M-NHC
linkers
Metal
‘r:—r precursors - ;’sg Route 2
Metal Base - (]
node
- I - 2 hd o= e Route 3
Imidazolium Ag,0
linkers
‘ Metal
precursors
B —a
Soluble
AgOC(CF3),

Scheme 12. Preparation of M-NHC-functionalized MOFs [131]. Copyright 2021, with permission from Oxford University Press on behalf of China
Science Publishing & Media Ltd.
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functionalized MIL-101 (Pd@MIL-101-NH2(Cr)) and a control reaction with ethyl-4-bromobenzoate and p-tolyl boronic acid [144].
Significant Pd leaching was observed when organic bases were used in this study. The frame integrity was retained by employing
fluoride bases, particularly CsF which has a lower degree of solvation and ion-pairing compared to other alkali metal salts. Carbonates
showed the highest catalytic activities and yields of SMC products in shortest reaction times, but they were paralleled with the
degradation of the MOF catalysts.

3.5. Zinc (Zn-MOFs)

Zn has a major advantage over other metal nodes used in MOFs due to its isoreticular nature, making Zn-MOFs among the most
commonly studied isoreticular systems, particularly in forming useful composites with zeolites and other porous materials for

a)
9 0-Zn---
NH \ \
. --Zn-0 0-Zn---
NH,

@

Zn,0(-CO,), N,

DMF, 100 °C
HO o
02' 2 ”4004

IRMOF-3

OAc
2%py
I
V N
“ I
IRMOF-3-BI-Pd

Fig. 8. a) Structure of IRMOF-3 (Zn4O(ATA)3); ATA = 2-aminoterephthalate [106], b) synthesis of IRMOF [106], ¢) IRMOF-3-BI-Pd [148].
Copyright 2018, with permission from American Chemical Society; 2017, with permission from Elsevier.
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Table 3
Reports of SMC using Zn-based MOFs after 2016.
Entry  Catalyst Synthesis BET surface Coupling reagents Catalytic SMC scope (yield or SMC of aryl TOF (h™1) Recycling Ref.
area, conditions conversion) chlorides TON® catalytic runs
Pore volume,
Mean particle
or pore® size
1 IRMOF-3-BI-Pd PSM 594 m?/g Aryl halide (I, Br, Cl) Cat. (0.065 mol 12 examples 4 examples ~2950 h™? 5 [148]
PA(ID) 0.43 cm®/g Aryl boronic acid %) EWG & EDG at (92-98 %) (1480)°
BI = 2-benzyl-imine 2.6 nm* K>CO3 various positions
EtOH-H;0 (92-98 %)
(1:Drt
0.3-1h
2 IRMOF-3-SI-Pd(0) PSM and chemical reduction of Pd 4-12 nm Aryl halide (I, Br) Cat. (0.5 mol%) 14 examples - - 4 [150]
SI = salicylaldehyde (I Aryl boronic acid K>CO3 EWG & EDG at
DMF-H,0 various positions
80 °C (82-100 %)
1.5-24h
3 Pd-NPs@Zn-MOF One-step encapsulation/ 30 mz/g 17-haloandrosta-5,16- Cat. (0.2 mol%) 15 examples (50-72 - 59.20 h! 5 [151]
Pd(0) reduction via temperature- 9.5 nm dien-3-ol (Br, I, OTf) K2CO3 %) (355)°
controlled reaction Pyridine-3-boranyl MeOH/H,0
derivatives (2:1) reflux
3-6h
4 Zn-free MOF-5-NPC- Carbonization of MOF, Pd 2200 m?%/g Aryl halide (Br, Cl) Cat. (0.1-0.5 12 examples 4 examples - 5 [66]
900-Pd precursor impregnation, and and 2.65cm®/  Aryl boronic acid mol%) EWG & EDG at (25-75 %)
NPC = nanoporous chemical reduction g K>CO3 various positions
carbon 2.7 nm EtOH-H;0 (91-99 %)
(1:1)rt
0.75-5h
5 OMS@Pd-ZnMOF- Cooperative template-directed 239 m%/g Aryl iodide Cat. (0.05 g/ 6 examples - 55-79 h™! 5 [146]
5% self-assembly 0.308 cm®/g Phenyl boronic acid mmol Ar-X) EWG & EDG at
OMS = ordered K3PO4 various positions
mesoporous silica EtOH (63-92 %)
80 °C
2h
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synthetic applications [104-107,145,146]. Zn-containing IRMOF-3, synthesized using zinc nitrate and aminoterphthalic acid (Fig. 8a
and b), was used in the first reports of efficient MOF catalysis in SMC [147].

More recently, IRMOF-3 was post-synthetically modified using iminopalladacycle complexes leading to an efficient heterogenous
catalyst (IRMOF-3-BI-Pd, Fig. 8c) for SMC (Table 3, entry 1) [148]. The Zn-iminopalladacycle assembly was formed by treating
IRMOF-3 with benzaldehyde for imine formation followed by anchoring Pd(II) using Pd(OAc),. The obtained catalytic system with a
cubic geometry exhibited good crystallinity retention, with major framework degradation observed only at temperatures above
400 °C. Similar PSM approaches have been reported by different groups by using the advantage 3D extrapolation ability and subse-
quent enhancement in catalytic activities [60,149-151]. Among these studies, Taghavi et al. used modified IRMOF-3 (entry 2) and
demonstrated its utility in SMC with two major findings. First, both Pd(0) NP and its IRMOF-Pd(II) precursor have almost the same
SMC catalytic efficiency with differences only in the reaction durations. Second, reduction using NaBH4 generated smaller NPs
positioned into the pores of IRMOF-3 with reduced leaching (<0.6 %) in contrast to ethanol reductant that resulted in dispersed Pd NPs
between the layers of the catalyst and more leaching (1.2 %) [150]. Shirazi et al. reported one-step encapsulation/reduction of Pd(II)
via temperature-controlled reaction with DMF to prepare Pd-NPs@Zn-MOF with less than 0.1 % leaching. The catalyst was efficient
and reusable in the synthesis of abiraterone, a prostate cancer drug, via new SMC method using both halogenated and triflate (OTf)
adducts and pyridine-3-boranyl derivatives (entry 3) [151].

Zn-MOFs (particularly MOF-5: Zn4O(H-BDC)3) were also employed as sacrificial templates to produce Zn-free MOF-5-NPC-900-Pd
catalyst (entry 4) [66]. The synthesis is outlined in Scheme 13. The Zn-free Pd catalyst outperformed the other tested MOF-Pd catalysts
containing Zn (see Scheme 14).

An interesting catalytic composite was reported using mesoporous silica and Pd-decorated MOF(Zn) (OMS@Pd-ZnMOF-x; x = Pd/
Pd + Zn molar ratio) via template-directed self-assembly by Yang and coworkers [146]. A supramolecular aggregation was obtained
with the help of cetyltrimethyl ammonium bromide (CTAB) and tetraethyl orthosilicate (TEOS), through which solutions of varied
molar ratio of Pd/Zn were introduced. The optimal Pd content for SMC was found to be OMS@Pd-ZnMOF-5% with ~1.2 wt % Pd
(entry 5). The crystalline mesoporous composite was obtained by the hydrothermal growth of framework followed by calcination
(Scheme 14). Slight contraction on the framework and decrease of crystallinity were observed upon calcination with retention of the
microcrystalline networks. The catalytic activity decreased gradually upon reuse in SMC for up to five cycles.

As previously mentioned, the framework stability constitutes an important aspect for encapsulation of Pd nanoparticles. Mao et al.
utilized proteins as surfactants to anchor metal nanoparticles into the MOF precursor solution [152]. The selection of protein instead of
other commonly used amphiphilic polymers led to efficient hybridization of metal nanoparticles into the MOF structure with increased
stability. SMC was carried out using the prepared catalysts, albeit low yields (3 examples, 12-25 %).

3.6. Copper (Cu-MOFs)

Copper-based frameworks exhibit high catalytic activity in several organic transformations attributed to their unsaturated open
copper metal sites [153,154]. Tahmasebi et al. reported Pd-functionalized-Cuy(BDC)3;DABCO (Table 4, entry 1) [155] in 2017. The
coordination cross-section of the MOF is shown in Scheme 15a. In 2020, the same catalyst was used in one-pot SMC of phenols (Scheme
15b) using phenols dichloroimidazolidinedione (DCID) to generate the electrophile for coupling with aryl boronic acids. The reaction
showcased over 15 examples with moderate to excellent yields and selectivity for the hydroxyl group in the presence of chlorine atoms
in reacting substrates [88].

Similarly, Panahi et al. employed amine-functionalized BDC linker-containing MOF (Pd@Cuy(NH2-BDC)2(DABCO)), which was
used in an ultrasound-assisted SMC of aryl halides including aryl chlorides (entry 2) [156]. Rostmania et al. immobilized Pd atoms by

‘ f.J" Self-assembly iy & Carbonization

<474
’Iﬂlé‘.“;j’* # s

MOF 5 MOF-5-NPC

R HCI
=+ P
§ H,BCD oY By ~Nebh,

4 (ZNO,), 6H:O g, “%, zn-free MOF-5-NPC-900-Pd

Scheme 13. Synthesis of Zn-free MOF-5-NPC-900-Pd [66]. Copyright 2016, with permission from Royal Society of Chemistry.
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Scheme 14. Synthesis of OMS@Pd-ZnMOF-x [146]. Copyright 2016, with permission from Wiley.

grafting onto open coordination site Cu-BDC MOF. The synthesized Cu-MOF was reacted with pyridyl-salicylimine (py-SI) and sub-
sequently palladized with PdCl, (Scheme 16). The final catalyst (entry 3) exhibited thermal stability between 130 and 255 °C [157].

A core-shell structured magnetic nanocomposite catalyst Fes04@PDA-Pd@MOF was fabricated via a layer-by-layer assembly
method (Scheme 17). The structure consists of a core of polydopamine (PDA)-modified Fe304 NPs, a layer of Pd NPs, and a porous
outer shell of Cu-MOF (Cus(btc)z) with controlled thickness via the number of assembly cycles [89]. This approach with magnetic
particles induced efficient catalyst recovery with less complicated magnetic separation. In addition to its application in SMC (entry 4),
the catalyst was efficient in reduction of nitrophenols on the condition that both Pd and Cu moieties are present in the catalytic system.

The previous SMC examples and other reports in Fig. 9 and Table 4 (entries 5-8) [149,158-160] clearly show the excellent topology
and functional diversity of Cu-based MOFs. A minimal functional modification over the linker groups can greatly impact the Lewis
acidity of the nodal metals, making them a resourceful subject for PSM possibilities and adaptation of functionalities for various
catalytic reactions.

3.7. Nickel (Ni-MOFs)

Ni-based MOFs have similar functionalities to Cu-MOFs described in the previous section. In terms of their applications in C-C
couplings, Augustyniak et al. used a strong donor pyrazolato-based Ni-MOF containing sulfonate functionalities for Pd immobilization
(Scheme 18) [161]. Nitrogen-donor ligands are valid alternatives to O-donors [101,162]. Palladization of the isoreticular Ni-MOF was
done by treatment with PdClo(CH3CN), in methanol, demonstrating crystallinity retainment of the parent structure with thermal
stability up to 350 °C. The catalyst was efficient in SMC (Table 5, entry 1), and it further demonstrated excellent selectivity to dia-
rylketone products via carbonylative coupling in the presence of CO (10 examples, 21-71 % yield). This work was among the first MOF
reports in carbonylative SMC [161].

Recently, the first covalent PSM of defective Ni-MOF-74 (DEMOF-1) was reported via a novel solvothermal approach using frag-
mented aminosalicylic acid (Scheme 19) [166]. Fragmented ligands in MOF synthesis are generally utilized as defect-generating
dopants or modulators. Considering MOF-74, functionalized 2,5-dioxido-1,4-benzenedicarboxylic acid are very difficult to synthe-
size, and this type of MOF was only suitable for dative PSM. The incorporation of the functionalized fragmented organic ligand was
only successful with Ni, and attempts to synthesize other M-MOF-74 with Mg, Zn, Co, and Mn were not fruitful. Ni-MOF-74 exhibited
highly efficient and recyclable catalytic activity up to 5 runs in SMC (3 examples with excellent yields).

Large-pore MOFs, particularly mesoporous ones, continue to face problems with pore collapse upon activation. Polymer rein-
forcement is widely studied in many applications such as gas adsorption, demonstrating improved mechanical stability under harsh
conditions. Hybridization of MOFs with polymers was reviewed in 2017 [167]. In 2019, Peng et al. investigated such reinforcement
effect as shown in Scheme 20 [163]. Niy(NDISA)-PDA was efficient catalyst for SMC (entry 2) Loaded only with 6.8 wt% polydop-
amine, the BET SA of the Ni-MOF dramatically increased to 2276 m?/g, about 5 times that of the parent structure. This increase
reached ~50 times with other metal nodes such as Mg. The improved pore volume was further employed as active site for Pd
incorporation and successful catalyst development [163].

The catalytic utility of Ni-based MOFs is primarily influenced by the properties of the linkers (entries 3-4) [164,165]. Despite their
thermal stability and polyfunctionality, fewer reports on SMC using Ni-MOFs exist compared to other metal nodes. This is likely due to
the advancements in Cu-MOF catalysis and their more economical perspective.

3.8. Lanthanides (Ln-MOFs)

Lanthanide (III) complexes exhibit good catalytic activities due to their enhanced Lewis acidity that can be retained with high
coordination numbers (6-12) in contrast to conventional Lewis acids that may lose their activities due to coordinative saturation

24



o4

Reports of SMC using Cu-based MOFs after 2016.

Catalyst Synthesis BET surface Coupling Catalytic conditions SMC scope (yield or SMC of aryl TOF (h™1) Recycling Ref.
area, reagents conversion) chlorides TON® catalytic runs
Pore volume,
Mean
particle or
pore® size
Pd-NPs@Cu, One-step encapsulation/ 873 m%/g Aryl halide (Cl,  Cat. (0.01 mol%) 9 examples EWG & EDG 2 examples - 5 [155]
(BDC),(DABCO) reduction via temperature- 0.475 cm®/g Br, I) K2CO3 (82-98 %) (52-58 %)
Pd(0) controlled reaction 2.7-3.1 nm Phenyl boronic EtOH/H,0 (1:1)
BDC = 1,4- acid Rt
benzenedicarboxylate 1h
DABCO = diazabicyclo
[2.2.2]octane
Pd@Cuy(NHa- PSM and chemical reduction 413 mz/g Aryl halide (Cl, Cat. (30 mg/1 mmol 11 examples 4 examples - 4 [156]
BDC)»(DABCO) of Pd(II) 0.21 cms/g Br, ) ArX) EWG & EDG at various (62-80 %)
Pd(0) 9.3-9.5 nm Aryl boronic K,CO3 positions (85-99 %)
acid EtOH ultrasonic
irradiation (37 kHz,
550 W)
70°C
1-3h
Pd@Cu-BDC/py-SI PSM followed by open metal - Aryl halide Cat. (0.2 mol%) 13 examples - - 7 [157]
Pd(II) site grafting (Br, ) K,CO3 EWG & EDG at various
py-SI = pyridyl- Aryl boronic DMF/H0 (1:1) positions (93-100 %)
salicylimine acid 80°C
0.5-1h
Fe304,@PDA-Pd@ Layer-by-layer assembly of 51.50 m?/g Aryl halide (Cl,  Cat. (0.006 mol%) 9 examples 3 examples 23429- 8 [89]
[Cuz(btc),] core-shell nanocomposite 8 nm Br) K2CO3 EWG & EDG at various (83-93 %) 32667 h™!
Pd(0) Aryl boronic EtOH/H,0 (1:1) positions (82-98 %) (Br)
PDA = polydopamine acid 75°C 2305-2583
0.5-6h h' (D
Pd@{[Cu(1,2,3-btc)(bpe) Impregnation/reduction 2-3 nm Aryl halide Cat. (1.5 mg/1 8 examples - - 4 [158]
(H>0)]-H,0}, (Br, ) mmol ArX) EWG & EDG at various
Pd(0) Phenyl boronic Cs5CO3 positions (64-99 %)
bpe = 1,2-bis(4-ypridyl) acid THF
ethane 65 °C
24 h
Pd@HKUST-1 Impregnation/reduction 461 m?/g Aryl boronic Cat. (1 mmol% Pd) 11 examples - - 5 [159]
Pd(0) 0.41 cm®/g acid K,CO3 F, Cl, and biphenyl
1.8 nm Elemental EtOH substituents at various
iodine 70 °C positions (24-93 %)
(Tandem) 7h
Pd/AP-MOF-199 PSM 50-100 nm? Aryl bromide Cat. (0.3 mol%) 8 examples — - 5 [160]
Pd(ID) Aryl boronic K2CO3 EWG & EDG at various
AP = aminopyridine acid EtOH/H,0 (2:1) positions (85-98 %)
60 °C
0.5-1h
Cu-MOF-[Pd] PSM on Zn-MOF-[Pd] - Aryl/alkyl Cat.(10 mg) K,CO3 14 examples 2 examples - 5 [149]
Pd(IID) followed by Cu boronic acid EtOH/H,0 (1:1) EWG & EDG at various (10-30 %)
transmetalation Aryl boronic 80 °C positions (58-98 %)
acid 10-60 min

‘v 32 ODY ‘S°Y

[£50%2 (+20Z) 0T uofoy



R.S. Rao et al. Heliyon 10 (2024) e40571

S,a, T n.;,' 0 o 4
a) c e b) o0 APBOH), Oy
" DCID Y=N Pd/MOF 1_Ar2 pcio= | =
¥ sl o Al-OH———> Cl——N = —————= ACAr o~ N C
_ o Sl NaH, THF o Cy Base, THF Cy
; e 1 Ar 3 5 2
Cu,(BDC),DABCO

Scheme 15. a) Coordination cross-section of Cuy(BDC)>DABCO [155], b) One-pot SMC of phenols using Pd@Cu,(BDC)>(DABCO) [88]. Copyright
2017 and 2020, with permission from Elsevier.
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Scheme 16. Functionalization of Cu-BDC with palladium complexex [157]. Copyright 2016, with permission from Elsevier.

[168]. Few attempts have been made to convey their utility into a heterogenous environment in order to improve recyclability and
product purification despite their high catalytic efficiency in homogeneous systems [169,170]. The interesting topological properties
of lanthanide-MOFs arise from their large coordination spheres which helps in incorporation of more solvent molecules into their
SBUs. Furthermore, removal of solvent molecules from several Ln-MOFs leads to enhance their flexibility without losing structural
integrity.

Based on these rationales, You et al. synthesized a series of heterobimetallic Ln-MOFs using nitrate salts of samarium (Sm),
europium (Eu), terbium (Tb), and dysprosium (Dy) [171]. The nitrate salts were treated with 1,1"-di(p-carboxybenzyl)-2,2"-diimidazole
with two functionalities: carboxylates for binding Ln ions and forming a rigid structure, and N-donor diimidazole groups for Pd co-
ordination. The four-coordinated Pd(II) atoms in the Ln-MOF had a slightly distorted quadrangular prism geometry with the
eight-coordinated Ln atoms (Fig. 10). The four Pd(II)/Ln(III) MOFs showed good stability and catalytic activity in a SMC model re-
action. The Pd(II)/Sm(III) MOF catalyst was used to elaborate the coupling scope (Table 6, entry 1). The used catalysts didn’t show
leaching and had good recyclability in solvent media based on water and ethanol.

Similarly, the efficiency of polypyridine ligands with holmium (Ho) ions for Pd(II) coordination and the catalytic applications of the
post-synthetically modified structures were reported for SMC (entry 2) as well as Heck coupling [172]. Magnetically recoverable
post-metalated La-MOFs were reported by Xiong et al., with good catalytic activity (entry 3), recyclability, and among the highest TOF
obtained in MOF-Pd catalysis for SMC [173]. The synthetic pathways to MOFs used in entries 2,3, and 5 are illustrated in Scheme 21.

Apart from the PSM strategies, incorporation of Pd nanoclusters into Ln-MOF cavities has also been described in the literature.
Mostafa et al. reported three Ce-based MOFs (MOF808, UiO66, and BTC) for the solution impregnation of ultra-small thiolated Pd
nanoclusters (Pd,(L-Cys)y,) and their subsequent applications as nanoreactors for SMC at room temperature (entry 4) [73].
Pd,@Ce-MOF-808 showed considerably high TOF (132,530.1 h™!) in MW-assisted SMC with extremely low Pd;, loading (0.007 mol%,
0.0224 pmol Pd). This work notably compared the in-situ growth method to high-temperature impregnation for Pd incorporation. This
strategy led to higher catalytic activity compared to traditional impregnation, which was attributed to better encapsulation of the guest
metals in the framework. Lin et al. also reported well-dispersed Pd NPs supported on a Ce-MOF-801 (Pd/Ce-MOF-801) via impreg-
nation strategy (entry 5) [174]. Guo et al. reported the incorporation of Ni along with Pd into Eu-MOF cavity to improve the stability of
the catalytic intermediates and achieve better activity and cost effectiveness (entry 6) [175].
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Fig. 9. Structures of MOFs used in SMC in entries 5-8 [149,158-160].

Lanthanide metal-based MOFs possess a variety of strengths such as larger coordination polyhedra and greater stability, which
make them interesting for catalytic applications [176]. Nevertheless, the application of these metals in green synthesis is impeded by
their toxicity, a constraint similarly encountered with the previously mentioned Cr-based MOFs.

27



R.S. Rao et al. Heliyon 10 (2024) e40571

H,BDP_SO,H

M = Ni#*,

) 13 [PACL(CH,CN),) H M

), P vt oa PV LSSy, S
RLA I o — .A_'"‘»-“.O‘xf_

- - "‘ MeOH/RT “ %8 A"

.::. A‘: .:.‘ 1 DCV | ‘u Aq. !.:‘
hocinh P00 W4
l.. ' " 4

[Ni(H,BDP-S0,),] PA[Ni(H,BDP-SO,),]
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of Chemistry.

3.9. Other metals

There are few reports on MOF-catalyzed SMC involving other metal nodes. For instance, Julian et al. reported using titanium-based
MIL-125 as a sacrificial template to produce TiO5 as cocatalyst and support for Pd(0) by photoreduction of PA(II) [177]. The carbonized
MIL-125 produces carbonaceous TiO, support that synergistically enhances the catalytic activity by both electron and O-transfer at the
metal-oxide interface (Scheme 22a). Chen et al. reported the development of indium-based water-stable MOF solvothermally and
incorporated Pd into the tetragonal pores of the framework via capillary action induced by the double-solvent approach [178]. The
selectivity of coupling product was maintained by the size-selective property endowed by the confined space of the active sites
(Scheme 22b). PSM strategy was reported on aluminium-based MOF LSK-15 (MIL-101 topology) containing phosphine anchoring site
for Pd. The obtained catalyst outperformed the existing inorganic phosphine-based Pd complexes [179].

4. Conclusion

This review focused on the catalytic uses of Metal-Organic Frameworks (MOFs) in Suzuki-Miyaura coupling (SMC) reactions, with
emphasis on advancements that have occurred since 2016. Two fundamental strategies are used for the optimization of MOF catalysts
for the Pd-mediated Suzuki-Miyaura coupling reaction: enhancement of Lewis acidity and the modulation of active sites. The focus of
the majority of studies significantly lies on the stability (thermal and mechanical) and surface activity of the support framework.
Aspects related to the retainment of framework stability during Pd incorporation are explained in most examples. The stability, co-
ordination environment, and surface area of MOFs are crucial for maintaining Pd stability and enhancing catalytic performance. Stable
frameworks prevent Pd leaching, while tailored coordination environments, like amino or bipyridyl ligands, stabilize Pd atoms. High
surface area offers more incorporation sites and improved reactant access, boosting overall catalytic efficiency. MOF catalysts were
classified based on metals such as Zr, Zn, Cr, Cu, Ni. Moreover, the attempts made to synthesize different Ln-based MOFs are also
discussed due to their enhanced flexibility and Lewis acidity. Most of the Suzuki-Miyaura reaction catalysts are of novel metal-organic
frameworks. The SMC catalytic conditions and scopes along with the MOF characterization and synthesis are summarized in relevant
tables in each metal section. MOF-based coupling catalysts targets development of a solid-state medium for anchoring of homogenous
catalytic active species which mostly contains palladium. Incorporation of Pd into MOFs for SMC follows two major general ap-
proaches: postsynthetic modification or impregnation/encapsulation. The review summarized the introduction of catalysts into MOFs
with minimal susceptibility to leaching, highlighting their important roles in SMC and synthetic applications.

The catalytic application of monometallic Pd-MOFs in SMC was highlighted in the earliest studies on MOF-catalyzed SMC.
However, limited investigations exist on the direct synthesis of Pd-MOFs, with even fewer exploring the complete exchange

28



6T

Table 5
Reports of SMC using Ni-based MOFs after 2016.
Entry  Catalyst Synthesis BET surface Coupling Catalytic SMC scope (yield or SMC of aryl TOF Recycling Ref.
area, reagents conditions conversion) chlorides (™ catalytic runs
Pore volume, TONP
Mean particle
or pore® size
1 Pd@[Ni(H,BDP-SO5),] One-step impregnation/reduction 583 mz/g Aryl bromide Cat. (0.5 mol%) 6 examples 24 % - 7 [161]
Pd(II) and Pd(0) 0.58 cm3/g Phenyl boronic K5CO3 iPrOH/ EWG & EDG at various
H,BDP = 1,4-bis(1H- 4-8 nm acid H,0 (1:1) positions (58-97 %)
pyrazol-4-yl)benzene rt or 60 °C
4-8h
2 Niy(NDISA)-PDA-Pd PSM 1681 m%/g Aryl halide (Br,I)  Cat. (0.1 mol% 6 examples - 5760 h™! - [163]
Pd(II) and Pd(0) 2 nm Phenyl boronic Pd) EWG & EDG at various
NDISA = naphthalene acid K2CO3 positions (48-99 %)
diimide salicylic acid DMF-H,0 (1:1)
PDA = polydopamine 50 °C
4-8h
3 Pd1/Ni,-MOF@PAN(C) Electrospinning and - Aryl halide (Br, I) Cat. (5 mg per 11 examples - - 6 [164]
PAN = polyacronitrile carbonization followed by Phenyl boronic 0.5 mmol ArX) EWG & EDG at various
solvothermal method acid K2CO3 positions (88-100 %)
EtOH-H0 (4:3)
80 °C
0.5-1.5h
4 Fe30,@GlcA@Ni-MOF encapsulation of Fe;0,@GlcA NP 97 m?/g Aryl halide (Cl, Cat. (60 mg/1 11 examples 55 % - 7 [165]
Ni(0) 22.25 cm3/g Br, I) mmol ArX) EDG & EWG at various
GlcA = gluconic acid Phenyl boronic KOtBu positions (53-88 %)
acid H,0
90 °C
2-15h
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accessibility of molecules into pores [163]. Copyright 2019, with permission from American Chemical Society.

(substitution/metathesis) of metal nodes in MOFs with Pd(II) ions while preserving structural integrity. Zr-MOFs, such as MOF-808
and UiO-type families, have shown efficient catalytic activity in SMC as supports for active palladium species, with modifications
like using acids in synthesis to enhance Lewis acidity and catalytic activity. Pd incorporation into Zr-based MOFs is typically achieved
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Fig. 10. Illustration of coordination environments of Sm(III) and Pd(II) ions in the Ln-MOF catalyst [171]. Copyright 2018, with permission from
Royal Society of Chemistry.

through immobilization or postsynthetic metalation. Similarly, palladized Cr-based MOFs, such as MIL-101(Cr), have shown promise
in C-C coupling reactions. Zn-based MOFs, including Zn-containing IRMOF-3, have demonstrated catalytic activity in SMC, with
modifications like Pd(II) encapsulation and reduction improving stability and efficiency. Additionally, composite materials, such as
mesoporous silica and Pd-decorated ZnMOF, have shown promising results in SMC. Copper-based MOFs display high catalytic activity,
while Ni-based MOFs have shown selectivity in carbonylative SMC. Lanthanide-based MOFs exhibit enhanced Lewis acidity, with
lanthanide-metal interactions improving catalytic performance. Despite the efficiency of Cr and Ln MOFs in Pd incorporation and SMC,
their toxicity remains a major drawback, particularly in synthesizing biological compounds.

In summary, MOF-based catalysts show promise for offering efficient and selective C-C bond formation. Advances in enhancing
catalytic performance through strategies like increasing Lewis acidity and modulating active sites have improved stability and activity.
Incorporating metals like Zr, Zn, Cr, Cu, Ni, and lanthanides tailors catalyst properties, enhancing efficiency. Synthesis innovations,
including functionalization and post-synthetic metalation, enable precise control over catalyst composition, leading to improved
stability and activity in reactions. MOF-based catalysts demonstrate excellent activity and selectivity in SMC reactions, tolerating
diverse substrates and functional groups. Composite materials combining MOFs with other supports or reinforcement materials such as
polymers and surfactants show enhanced performance, expanding catalyst applicability.

Although catalytic applications of MOFs are advancing at an unprecedented pace providing more sustainable synthetic toolbox,
continued research is need to streamline large-scale organic transformations such as SMC to reach industrial and pharmaceutical sector
that usually operate under flow and automated conditions.

Developing simpler and more straightforward synthetic approaches, such as one-pot syntheses, for active MOF catalysts is crucial.
For instance, more research is needed to develop monometallic Pd-MOFs with intrinsic catalytic activities and improved chemical
and thermal stability. This class of noble metal MOFs will greatly benefit Pd-catalyzed reactions and reduce the need for costly and
complex postsynthetic palladium functionalization.

More studies are needed to control the structural and thermal integrity of MOF catalysts under experimental conditions, often
challenged by high temperatures and reagents like reducing agents, water, and bases, and to understand structure-catalytic
properties relationships. It is also beneficial to synthesize and implement MOFs in automated and continuous flow systems for
scaling up both MOFs synthesis and their catalytic applications.

e SMC and coupling reactions should further exploit the size-selective properties of MOFs, highlighted in few studies only, such
phenyl versus naphthyl coupling, which is beneficial for multistep synthesis of complex pharmaceuticals and commercial
chemicals.

Developing more stable systems for bifunctional MOF catalysis for useful one-pot SMC/organic transformation and for photo-
catalytic coupling reactions is essential.

e More precise studies on leaching of metal ions from MOF catalysts, particularly with toxic metals like Cr, are necessary to ensure
their adoption in synthesis of biomedical chemicals. This will also prolong the catalyst’s service life and facilitate recycling in
continuous processes. Strategies to address leaching include optimizing the binding mode of metals in MOFs with suitable func-
tional groups or ligands, surface modification, and even by developing more appropriate synthesis and catalytic conditions.
Exploring MOF-catalyzed SMC using other efficient metal nodes, such as Ni and Fe, could expand the scope of SMC beyond Pd.
Reducing noble metal nanoparticles from nanoscale to subnanometer clusters or atoms and exploring the influence of pore
confinement can significantly improve their catalytic activity, selectivity, and recycling efficiency.

e The implementation of MOFs in automated and continuous flow synthesis systems is expected to streamline the SMC process,
making it more efficient and scalable for industrial applications.
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Table 6
Reports of SMC using Ln-based MOFs after 2016.
Entry  Catalyst Synthesis BET surface Coupling reagents  Catalytic SMC scope (yield or ~ SMC of aryl TOF (h ™) Recycling Ref.
area, conditions conversion) chlorides TONP catalytic runs
Pore volume,
Mean
particle or
pore? size
1 Pd(I1)/Sm(III) MOFs Hydrothermal method - Aryl bromide Cat. (0.2mol%) 12 examples - - 4 [171]
{[H30]-[SmPd,L,Cl4]-4H,0};, Aryl boronic acid K5CO3 EWG & EDG (78-99
Pd(IID) EtOH and/or %)
L = 1,1"-di(p-carboxybenzyl)2,2- H,0
diimidazole 50-80 °C
4-6h
2 Pd-HoMOF PSM - Aryl halide (Cl, Br, Cat. (0.4 mol%) 10 examples 3 examples — 5 [172]
PA(ID) I) Phenyl boronic KOH EWG & EDG (92-99 (92-99 %)
acid DMF %)
100 °C
1-6h
3 Fe30,4@La-MOF-Schiff base-Pd PSM 532.7 mz/g Aryl halide (Cl, Br, Cat. (0.066 8 examples 3 examples 42,886 h! 12 [173]
PdA(1D) 10 nm 1) Aryl boronic mmol% Pd) EWG & EDG (52-99 (5-19 %) (21,443)°
La-MOF = [La(abdc) acid K2CO3 %)
(Habdc).9H,0],, (abdc = 2-amino- Ethanol
benzene-1,4-di carboxylate 80 °C
0.5-12h
4 Pd,,@CeMOF-808 Self-assembly followed 1180 m?%/g Aryl halide (C, Br,  Cat. (0.3 mol% 7 examples 2 examples 4016- 5 [73]
Pd(0) by impregnation 0.55-1 nm 1) Aryl boronic Pd) EWG & EDG (75-80 %) 132,530 h ™!
0.55 cm®/g acid K2CO3 (90-100 %) (326)°
Ethanol/water
(1:1)
80 °C
MW
5 min
5 Pd/Ce-MOF-801 Self-assembly followed 397.1 In2/g Aryl halide (Br, I) Cat. (0.1 mol% 11 examples - - 8 [174]
Pd(II) and Pd(0) by impregnation 0.25 cm®/g Phenyl boronic Pd) EDG & EWG at
9 nm acid K2CO3 various positions
Ethanol/H,0 (90-99 %)
(1:1)
318-353 K
0.5-2h
6 Pd/Ni NPs@Eu-MOF Impregnation followed 591.9 m?%/g Aryl halide (Cl, Br,  Cat. (10 mg/1 6 examples 2 examples - 5 [175]
Pd(0) by chemical reduction of 2-5nm I) Aryl boronic mmol ArX) EWG and EDG (15-32 %)
Pd(ID) acid KoCO3 (85-99 %)
Ethanol
100-110°C
9-12h
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Scheme 21. Synthetic pathways to MOF catalysts in entries 2,3, and 5 [172-174].
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