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ABSTRACT: Covalent organic frameworks (COFs) as crystalline
polymers possess ordered nanochannels. When their channels are
adorned with catalytically active functional groups, their highly
insoluble and fluffy powder texture makes them apt heterogeneous
catalysts that can be dispersed in a range of solvents and heated to
high temperatures (80−180 °C). This would mean very high
catalyst density, facile active-site access, and easy separation
leading to high isolated yields. Different approaches have been
devised to anchor or disperse the catalytic sites into the nanospaces
offered by the COF pores. Such engineered COFs have been
investigated as catalysts for many organic transformation reactions.
These range from Suzuki−Miyaura coupling, Heck coupling,
Knoevenagel condensation, Michael addition, alkene epoxidation, CO2 utilization, and more complex biomimetic catalysis. Such
catalysts employ COF as a “passive” support that merely docks catalytically active inorganic clusters, or in other cases, the COF itself
participates as an “active” support by altering the electronics of the inorganic catalytic sites through the redox activity of its
framework. Even more, catalytic organic pockets or metal complexes have been directly tethered to COF walls to make them behave
like single-site organocatalysts. Here, we have listed most COF-based organic transformations by categorizing them as metal-free
non-noble-metal@COF and noble-metal@COF. The initial part of this review highlights the advantages of COFs as a component of
a heterogeneous catalyst, while the latter part discusses all of the current literature on this topic.

■ INTRODUCTION
Covalent organic frameworks (COFs), because of their
ordered nanopores and crystalline structure, have become
designable polymers. Their pores can be microporous or
mesoporous by choosing the monomers of the desired length
and geometry. Remarkably, the mesoporous COFs can be
made to have a pore size as large as 65 Å,1 something other
metal-containing frameworks fail to accomplish due to the
combined unfavorable effects of hydrolyzable metal−ligand
bonds and a challengingly high void-to-framework ratio. Just
like MOFs, COFs occur typically as fine polycrystalline
powders but are a lot fluffier due to their lightweight all-
organic backbone.2 Such organic frameworks allow their
amalgamation into various bulk materials such as polymers,
papers, and textiles, imparting a micro-mesoporous structure to
the composite.3a,b This new class of porous crystalline
polymers possesses a modular design wherein the monomeric
modules can be made to have specific geometry to decide the
final framework to be a classic graphite-resembling layered π-
stacked structure or zeolite-resembling 3D networks.1a−f The
more abundant 2D COFs typically present a π-stacked layered
structure held together by van der Waals or hydrogen bonds or
C-π type of interactions (Figure 1).3c−e Though their layer
separations are comparable to graphite, the presence of larger
pores within the layer make the interlayer stacking weaker.

This becomes an advantage when it comes to exfoliation-
assisted interlayer space accessibility.3f The stacked layers
generate uniform periodic pores that are the true nanospaces
or containers wherein several chemistries can be staged.
While these are the structural advantages, the functional

edge comes from the organic backbone. The modular
framework facilitates the stoichiometric incorporation of
chemically active sites. For example, it is well-known that the
inclusion of heteroatoms such as N, P, and S into graphene
markedly improves its catalytic ability by enhancing the ability
to bind to substrates and, if necessary, to metallic nano-
particles.4 However, typical C−N frameworks are synthesized
via a high-temperature pyrolysis route that involves heating the
graphene or carbonaceous source with small N-rich molecules
at 350−800 °C under an inert atmosphere (Figure 2).4a This
yields the desired C−N framework, but controlling the
position of the N atoms or deciding the chemical nature of
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the doped N atoms is not easy. In contrast, COFs are typically
synthesized via soft chemical routes and form as crystalline
powders. Hence, a high degree of functional group
homogeneity and periodic arrangement is achieved. The
highly insoluble nature of COF in a wide range of solvents,
acids, and bases and their stability toward several chemical
species even at high temperatures and pressures (80−130 °C,
up to 10−20 bar) make them excellent candidates for
heterogeneous catalyst development (Figure 2).1,2a−d,3c−f

Any metallic or metal-based catalyst’s activity is typically
enhanced when the catalyst is reduced to nanodimensions.5a−d

However, homogeneous reactions where the nanoparticle or
single-ion catalysts are used suffer from coagulation issues and
difficulty in product isolation, which leads to lowered isolated
yields. Also, rapid substrate binding-release and lack of
substrate confinement leads to poor selectivity.5e,f Heteroge-
neous catalyst (solid-phase) can help overcome these issues.
These have been pictorially represented in Figure 3.6a,b One
can develop the heterogeneous catalyst involving these active
nanoclusters via three different approaches: (i) by supporting
the nanoclusters on a porous matrix.6c−e For this, metal-based
nanoclusters or particles can be grown inside the porous
support in a postsynthetic manner; (ii) by crystallizing the
nanoclusters into a more robust but porous form (intrinsically

porous).6f,g This can be achieved by growing the catalytically
active metal-based compounds in the presence of a sacrificial
template, which can be removed postsynthetically; and (iii) by
decorating the pores of the support with the active sites in a
uniform periodic fashion.6h,i For example, a basic or acidic or
chiral functional moiety can be tethered to the building unit or
monomer that generates the polymeric framework, and such
moieties typically protrude into the pore spaces, thus gaining
maximum access. The challenges and advantages of each of
these catalyst designs are presented in Figure 3. Of these
different approaches, the third one is highly impactful in
achieving maximum active-site participation and is easier to
tune synthetically.
When we stabilize the inorganic catalytic entities on a

crystalline porous support, there are two options. One is to
make them single-site catalysts wherein the catalytically active
metal-ion with labile groups is directly covalently coordinated
to the COF framework (nonstoichiometric) or to render them
as relatively larger nanoclusters that get anchored to the
binding sites lining the pore walls, not necessarily via a strong
covalent/coordinate bond (nonstoichiometric, in low weight
percentages). This can expose the active facets of the
nanocluster for substrate binding (Figure 4).7a,b Alternatively,
if the catalytic moiety can be covalently tethered to the pore

Figure 1. A schematic representation of an archetypal 2D-COF structure. The π-stacked layers with 1D channels are shown.

Figure 2. A schematic showing the superiority of COFs over carbon support in terms of catalytically important heteroatom doping.
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walls of the support (stoichiometric or 100% loading),7c,d this
would be most effective as it will ensure stability, and every site
can participate in the catalysis (Figure 4).7d COFs meet most
of these demands.1 They can have large mesopores that will
produce sufficient nanopores even after the catalytic
appendages are anchored to them. Because of the lack of
hydrolyzable bonds, they can be very stable to several reaction
conditions.3c,d,7d Periodic pores will provide a uniform
distribution of the catalytic sites.3c,d

Other advantages of COFs include the following.
Chemical/Electronic Effects. COFs could provide chem-

ical and electronic interaction with the substrates of interest.
This could be directed to a particular path of reaction. The
electronic interaction can polarize a substrate which can
enhance the reaction rate and subsequently yield. Weak VDW
interactions (H-bonding, π−π interaction, etc.) with the
substrate also can lead to a particular thermodynamically
controlled product.1,2a−d

Effects on Metal Atoms. Generally, heteroatoms present
in the COF pore interact with the metal atoms/nanoparticles.
These atoms can tune the Lewis acidity/basicity of a metallic
species.3c,d For example, if sulfur/phosphorus is present in the

COF, then the metal can interact with the empty σ* orbital of
sulfur/phosphorus by back-bonding to tune the catalytic
activity of the metal center. Also, if the framework of the
COF has redox-active modules, they typically tend to express
this as an electronic activity but only over a few repeat units.
This is due to the intrinsic defects within the conjugated COF
framework.3d However, even this relatively short-range
conjugation-assisted redox activity would be able to
communicate to the guest metal-based catalytic clusters or
particles, boosting their activity.3d How loud they talk depends
on the cluster’s proximity to the framework sites and the ability
of the heteroatoms to form a covalent or coordinate type
interaction with the extra-framework metallic clusters.

Tuning Biological Systems. COFs can serve as a phase
transfer catalyst for the reactions at biological systems. COF
backbones decorated with amino acids/biological molecules
(sugar, crown ethers, etc.) could provide a perfect nanoreactor
for biological reactions. Porphyrin-based COFs could host the
biologically active metal ions (Fe3+, Mo6+, Zn2+, etc.) and
mimic different enzymatic processes. The nanoporous
architecture of COF has been used as the potential drug
carrier for chemotherapy.8a−c

Gas Capture and Conversion. COFs with their inherent
porosity are well-positioned for gas capture, storage, and
conversion. They can host the catalytically active species
(Lewis acidic metal/Lewis basic sites/nucleophiles) to interact
with gaseous species. COF can provide nanoconfinement to
support the activation of gaseous molecules like CO2, NH3,
CH4, N2, O2, etc., via increased intermolecular collisions.
Activated gaseous species will undergo superior electron/
energy transfer with the substrate to convert to valuable
chemicals within these COF containers. This capture and
conversion can be enhanced by tuning the pore architecture
and introducing different organic and inorganic species in the
COF.8d−f

Figure 3. Homogeneous vs heterogeneous catalysts. Design of heterogeneous catalysts.

Figure 4. Different options to include catalytic sites into the COF.
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Table 1. Selected Organic Transformation Catalyzed by Metal-free COFs

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.2c00235
ACS Omega 2022, 7, 15275−15295

15278

https://pubs.acs.org/doi/10.1021/acsomega.2c00235?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00235?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00235?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Directing the Polymerization Reaction. 2D COFs have
a porous channel along a particular crystallographic axis. This
could be advantageous to catalyze chain polymerization
reactions. Moreover, the pore wall could block the branch
polymerization of the monomer, thus enhancing the
polydispersity and the weight-average/number-average molec-
ular weights of the chain polymer. The heteroatoms in the
COF pore walls, could catalyze the polymerization reaction.8g

Here, we have listed most of the COF-aided organic
transformations categorized as metal-free, non-noble-metal@
COF and noble-metal@COF.

■ METAL-FREE COFS AS CATALYSTS FOR ORGANIC
TRANSFORMATIONS

It is indeed advantageous to carry out heterogeneous catalysis
with a crystalline all-organic polymeric substrate; however, it is
probably the most challenging. Introducing a basic site into the
polymer is relatively straightforward; however, it is harder to
incorporate Bronsted acid sites. This is because the crystalline
organic frameworks typically form from reversible chemistry
that assists the covalent bond formation and correction.
However, such bonds are prone to hydrolysis catalyzed by
strong acids and bases in an aqueous medium.1,2a−d Even some

Table 1. continued
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degree of hydrolysis can significantly collapse the long-range
order of the framework and nanochannels, instigating a rapid
drop-in activity. Also, typically, inorganic catalysts such as
nanosized metal clusters or oxides, nitrides, carbides, etc.
generally exhibit high conductivity or electronic activity,
realizing such activity levels in organic frameworks requires a
high degree of defect-free conjugation.3d Given all these
challenges, still very interesting organocatalysis has been
affected using metal-free COF.
Knoevenagel Condensation. The condensation of

carbon acid or esters with aldehydes has been used to afford
α,β-unsaturated compounds.9 Wang and co-workers described
a very interesting tetrahedral-tetramine and (3,3′-bipyridine)-
6,6′-dicarbaldehyde (BPyDA)-based 3D COF with an inter-
penetrated structure (Table 1, entry 4).9e Still, it showed a
dynamic behavior to gases and solvents. The framework
expanded with the inclusion of solvent (THF ∼35% increase of
unit cell volume), with the dynamic framework having the pore
size stretchable from 5.8 × 10.4 Å2 (contracted form) to 9.6 ×
10.4 Å2 (expanded form) with solvent inclusion. The material
shows such framework expansion to CO2 gas as well. The
dynamic nature has been attributed to the “pedal”-like rotation
about the imine bonds. Knoevenagel condensation between
aromatic aldehyde and malononitrile to yield benzylidene
malononitrile was carried out to demonstrate the ability of the
bipyridine groups to catalyze the reaction within the pore.
Interestingly, their comparative study with the nonpyridine-
containing isostructural COF showed that the pyridine COF
gave a 72% yield in 6 h, outperforming COF-320 (42% yield)9e

and nonporous analogue LZU-101 (21%, see Supporting
Information for the synthesis)9e and achieved 99% yield in 10
h. However, there was no direct exploitation of the dynamic
framework in these catalyzes. Similar size-dependent activity
for ring-opening reactions as well as Knoevenagel condensa-
tions has been shown in nonpyridine 3D COFs (Table 1, entry
5),9f but, in comparison, their yields have only been moderate.
Thus, the atomic-level inclusion of basic sites in COF can be
an effective strategy to developing metal-free catalysts.
CO2 Conversion with Metal-free Catalyst. Ionic liquids

(ILs) such as imidazolium bromide are already known to
interact well with CO2 and have been used in several CO2-
related processes (ionic-liquid CO2 conversion).

10a,b Exploiting
this, Dong and co-workers came up with an interesting strategy
of covalently anchoring ILs inside the hydrazine-linked COF
(Table 1, entry 6).10c IL-COF showed good CO2 adsorption
characteristics, and to add practical utility, they composited
this IL-COF with readily available bulk material, namely,
chitosan, a sugar-based polymer found in crustaceans.10c The
aerogel of the composite could be molded to different shapes
(with up to 80 wt % COF loading). In a creative attempt, a cup
made out of this composite was utilized as a fixed bed reactor
to catalyze the conversion CO2 to cyclic carbonates in a
solvent-free manner with good yields at 80 °C, over 48−72 h.
In a separate study,10d they converted CO2 into oxazolidinones
using porphyrin-based COFs as catalysts (Table 1, entry 7).
Several oxazolidinones formed in good yield with excellent
regio-selectivity and TON (Avr. ≈ 450).
Han and co-workers loaded “betaine” species (trimethylgly-

cine) as the zwitterionic guest into the pores of a hydroxyl
functionalized COF.10e They reacted the discrete betaine units
counterbalanced by electrophilic alkyl bromine groups with the
hydroxyl units lining the COF via Williamson ether formation
(Table 1, entry 8). This covalently links the betaine units to

the COF. Now, utilizing PhSiH3 capable of forming hyper-
valent silicon species via interaction with the oxygen atom of
betaine and by varying the conditions (the pressure of CO2,
ambient to 5 to 10 bar), they hierarchically reduced the CO2 to
formamide, methylamine, and aminal. The amine units of the
betaine moieties in the COF serve as the activation sites for the
CO2. High conversion and selectivity were observed for each
of the products. Liu and co-workers reported highly crystalline,
mesoporous, and stable COFs with many hydroxyl groups
decorating their pore walls. The COFs catalyze the cyclo-
addition of CO2 to substituted epoxides forming cyclic
carbonates under mild conditions. The hydroxyl groups on
the pore wall provide the binding sites for the substrate and the
CO2 leading to the products with significant enhancement of
the yields (Table 1, entry 9).10f Thus, COFs have proven to be
an effective catalyst for CO2 capture and conversion.

Biomimetic Catalysis. Ma and co-workers described a
creative approach toward forming a dynamic catalyst by
arraying the pores of a sulfonated-COF with flexible linear-
chain polymer, namely, the polyvinylpyrrolidone (PVP) (Table
1, entry 10).11a The spatial environment of such COF pores
mimes the outer-sphere residue cooperativity within the active
sites of enzymes. This catalyst design benefits from the
flexibility and enriched concentration of the functional
moieties on the linear polymers. Specifically, in the
representative dehydration of fructose to produce 5-hydrox-
ymethylfurfural, dramatic activity and selectivity improvements
have been achieved [catalyst, PVP@[SO3H]0.17-COF (com-
parative values obtained for p-toluenesulfonic acid as a catalyst
are shown in brackets): Time = 30 min; conversion = >99.5
(28.5); selectivity = 99.1 (73.5); yield = 99.1 (20.9)]. The
superiority of the COF catalyst originates from well-thought-
out design aspects. De facto, the system incorporates a few
smart design choices. For example, the COF utilized is
methoxy-stabilized, with enormous chemical stability due to
interlayer hydrogen bonds and C-π and π−π stacking
interactions, all of which enable the functionalization of this
imine-COF with highly acidic sulfonic acid groups, a strategy
employed in another catalytic imine-COF.11b The COF retains
complete crystallinity even upon sulfonation. The acidic walls
of the COF are made to cooperatively function with the
pyrrolidone, which is well-established from a series of control
studies. The COF was chosen with large mesopores to ensure
sufficient openness even in the polymer-loaded form, which
gives unhindered access to the active sites of the linear chain
polymer.11a

Fructose to Furfural and Formyl-furan. Zhao and co-
workers described a sulfonated 2D imine-COF, termed TFP-
DABA, synthesized directly from 1,3,5-triformylphloroglucinol
and 2,5-diaminobenzenesulfonic acid (Table 1, entry 11).11c

The irreversible enol-to-keto tautomerization guaranteed
structural stability. TFP-DABA is a highly efficient solid acid
catalyst for fructose conversion with remarkable yields (97%
for 5-hydroxymethylfurfural and 65% for 2,5-diformylfuran or
formylfurfural), good chemoselectivity, and good recyclability.
Notably, the PXRD and the porosity studies indicate that the
COF is not necessarily well formed, and this can be expected
as an imine-bond has to coexist with highly acidic sulfonic acid
moieties, leading to the possibility of a defective structure with
lowered long-range order.11c The control experiments
performed in the absence of the COF support showed that
though the kinetics were better for the homogeneous

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.2c00235
ACS Omega 2022, 7, 15275−15295

15280

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00235/suppl_file/ao2c00235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00235/suppl_file/ao2c00235_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 2. Non-Noble-Metal-Based COF Catalysts
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conditions, and the conversion and selectivity were far superior
when the COF was employed as the catalyst.
Michael Addition. The Michael addition is the nucleo-

philic addition of a carbanion or another nucleophile to an α,β-
unsaturated carbonyl compound functionalized with an

electron withdrawing group. It belongs to the larger class of
conjugate additions.11d,e This is one of the most useful
methods for the mild formation of C−C bonds. Of the
different options available for introducing catalytic sites, as can
be seen, the incorporation of inorganic nanoparticles is rapid

Table 2. continued
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and versatile. However, it does not guarantee homogeneity of
sites and geometry at the metal site or the uninterrupted
access. Developing a single-site catalyst could be a nice
alternative, but since they are typically organometallic
complexes, they can leach during multiple cycles of catalysis.
Given these, the best option is to have reaction specific
organocatalytic sites covalently tethered to the skeleton of the
framework. In fact, this can even be stoichiometric. The only
concern would be the cost involved in the multistep synthesis
of such metal-free organocatalysts.
The effectiveness of this approach is excellently articulated

by the work of Jiang and co-workers.11f They have appended
pyrrolidine derivatives capable of catalyzing Michael addition
reactions to the COF walls using two-step click reactions. They
showed that the inclusion of the ethynyl groups (attached to
the backbone of the 4,4′-aldehyde forming the linear linker)
could be done with a great degree of control and was
monitored by a systematic decrease in the surface area and
pore size. Thus, it formed a pyrrolidone-functionalized COF
catalyzed Michael addition reaction (Table 1, entry 12). A
comparison is made to the homogeneous reaction done using
(S)-4-(phenoxymethyl)-1-(pyrrolidin-2-ylmethyl)-1H-1,2,3-tri-
azole as a control. Impressively, the 3.3 h to 100% conversion
in the homogeneous medium was reduced to 1 h for the COF-
based catalyst. The stereoselectivity improved with bulkier
pyrrolidone substituents. Most importantly, when analogous
nonporous or amorphous polymers were used, the reactivity
was sluggish and took 65 h to complete. Going one step
further, they demonstrate that the COF could be loaded into a
column of a continuous flow reactor and 100% conversion with
good ee and dr values could be obtained. With such methods,
even if the initial cost of the synthesis of the COF-derived
catalyst is high, one may be able to tackle it by reusability over
several cycles. Zhang and co-workers reported a squaramide
COF with pore walls uniformly lined by the CO groups of
the squaramide moieties (Table 1, entry 13).11g These
hydrogen bonding centers catalytically controlled the Michael
addition reaction between the β-nitrostyrene and 2,4-
pentanedione. A control COF with comparable structure but
devoid of squaramide units did not work.
COFs are also utilized for catalyzing the Diels−Alder

reaction. Jiang and co-workers reported a COF having pore
walls made up of π electron-rich aromatic rings that promote
the Diels−Alder reaction with excellent yield and recyclability
(Table 1, entry 14).11h Similarly, COFs decorated with crown
ethers can serve as potential candidates for phase transfer
catalysts. Zhao and co-workers have reported such an 18C6
functionalized COF to catalyze the iodination of 1-
bromooctane under a solid−liquid−solid condition (Table 1,
entry 15).11i

■ NON-NOBLE METAL DECKED COF FOR
ORGANOCATALYSIS

Epoxidation/Selective Epoxidation of Olefin as a
Model Reaction for M@COF (M = Mn, Co, Mo). Finding
non-noble metal-based heterogeneous catalysts is probably the
keenest approach considering its cost-effectiveness, relative
abundance, ease of synthesis and scalability, achieving high-
activity, and optimal space-time yields.12a Oxidation/epox-
idation of olefin is one of the well-studied model reactions for
demonstrating the use of non-noble-metal-containing
COFs.12b−g Inspired by biological systems, molybdenum
catalysts mirroring peroxidase have been prepared by

anchoring Mo centers into a hydrazine-linked COF with a
high active-site density (2.0 mmol g−1) (Table 2, entry 2).12c

The Mo content of Mo-COF was 5−10 times higher than for
systems such as Mo-complex grafted mesoporous sieve,
MWCNT, and polymer.12c The anchoring to a support
prevents the problem of metal-dimerization known to happen
in a homogeneous medium, while catalyzing the olefin
epoxidation, where the Mo-COF adopts different oxidation
states resembling MoO2(acac)2 complexes and also offers
flexible coordination geometries. The epoxidation of different
olefin substrates of various molecular sizes was also
investigated. Their observations indicate that the COF catalyst
exhibits reagent size selectivity (cyclohexene vs cyclooctene)
confirming that the oxidation reaction indeed occurs inside the
nanochannel of the framework. In another work, the Cu2+

anchored to the imine and hydroxyl groups of a COF was
employed as a catalyst for selective oxidation of olefins to
aldehyde (Table 2, entry 3).12d A comparison was made
between the neat COF versus Cu2+-loaded COF. The latter
improved the conversion (20 vs 44), but the selectivity for
benzaldehyde over styrene oxide does go down (81:0 vs
72:16). The Cu@COF offered some pore-size restrictions to
the larger olefins, and this could be important when it comes to
gaining more conversion of the olefin.
Impelled by the porphyrin-ring functionalized cytochrome

P450 enzymes, which can efficiently activate dioxygen under
mild conditions, a porphyrin-based COF was made as a mimic.
They pinned the metals Mn or Co into the COF and
employed a green aerobic oxidation to convert olefins into
epoxides under ambient conditions using isobutyraldehyde
(IBA) (Table 2, entry 4).12e Excellent conversion was
obtained, and the TON for the styrene conversion to 1,2-
epoxyethylbenzene could be increased to as high as 30 000
without any loss in activity (TOF: 3434 h−1). They proposed a
curious mechanism wherein, at first, cobalt-porphyrin reacts
with IBA to generate an acyl radical [(CH3)2CHC(O)], which
would react with O2 to produce an acylperoxy radical
[(CH3)2CHC(O)OO] to realize molecular oxygen activation.
Subsequently, the acylperoxy radical reacts with an olefin
molecule to form an epoxide. For all substrates, the Co catalyst
was superior over Mn. Though a mechanism has been
proposed, having EPR or ESR based evidence for the free-
radical would have been resounding.
In many of these M@COF-based catalysis, the role or the

requirement of a COF as a structured porous support has been
validated by utilizing control experiments without the catalyst,
and also in some cases a simple technique such as UV−vis
before and after the insertion of the substrate and extraction of
the products has been used to support the mechanisms within
reason.12e−h The highly insoluble nature of these polymeric
COFs make mechanistic studies extremely challenging. In
many cases, the pre- and postcatalysis XPS have been used to
identify the metal oxidation states and have been compared to
the robustly established metal oxidations states from solution-
based homogeneous catalysis. However, further in situ
methods and smarter time-frozen-analysis methods need to
be incorporated to gain true insights into the mechanism of
action (Table 2, entry 7).13a It is important to consider that the
nanoconfinement obligated by the COF pores itself could lead
to different types of mechanisms involving unalike inter-
mediates compared to the homogeneous catalysis performed
using the same metal catalysts.
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Chan−Lam Coupling. Chan−Lam coupling is typically a
copper complex-catalyzed cross-coupling reaction between an
aryl boronic acid and an alcohol or an amine to form the
corresponding secondary aryl amines or aryl ethers.13b Since it
can be carried out in air at room temperature, it is more
attractive over the popular Buchwald−Hartwig coupling which
relies on the use of palladium. Zhang and co-workers13c have
carried out a thorough investigation of a reaction between aryl
boronic acids and amines (Table 2, entry 8). They developed a
Cu@COF catalyst using a stable and cheap polyimide COF.
They observed clear solvent dependency in the reactions; for
example, the reaction does not proceed in ethyl acetate or ethyl
lactate but occurred in THF, water, toluene, CH3CN, and
dichloromethane with yields increasing in the same order.
They could amplify the phenylboronic acid coupling with
aniline from 1 to 20 mmol without any loss of yield (92%).
The work has been expansive in covering a whole range of
aliphatic, aromatic, and allylic substrates on the amine and
some on the boronic acid.13d Every reaction has been
backtracked to the benchmark high-performing non-COF
catalyzed reaction. However, the powder pattern suggests that
the polyimide may not be a highly polymerized cross-linked
COF.
Prins Reaction. The Prins reaction is the acid-catalyzed

addition of aldehydes to alkenes or alkynes, and the product
can be a diol, dioxin, or allylic alcohol depending on the
reaction conditions.13e Both protic acids such as H2SO4 and
Lewis acids such as AlCl3 and even phosphomolybdic acids can
be used as a catalyst. Ma and co-workers demonstrated the use
of a vanadium-docked 1,2-diol functionalized COF for the
reaction between an alkene and aldehyde (Table 2, entry 9).13e

They synthesized nopol, an important bicyclic primary alcohol
used in pesticides, detergents, perfumes, etc.13e The V@COF
catalyzes also the oxidation of sulfides. Interestingly, the
surface area and pore-volumes of the COF do not change after
the loading of vanadium. It appears that if there are extremely
well-defined sites in the COF which can bind to a specific
metal complex wherein the metal has a well-defined oxidation
state, the metal simply becomes part of the framework and
hence does not fill up the pores. In these cases, they are single-
site catalysts. However, the catalytic efficiency is not 100%,
which indicates that even in such cases, all the sites in the COF
framework may not be binding to the metal or the access to the
metal-ion is probably restricted owing to the layer slippage or
other defects in the COF. The same researchers used the same
vanadium-docked COF to catalyze a Mannich-type reaction
between beta-naphthol and 4-methylmorpholine N-oxide
(NMO) to make Mannich bases in high yields (Table 2,
entry 10).13f In both cases, they proposed a plausible
mechanism at the docked vanadium sites.
Cross-Coupling Reactions Using Non-Noble-Metal-

Decorated COFs. Decarboxylative Cross-Coupling between
Cinnamic Acid and 1,4-Dioxane. Developing non-noble-
metal-based heterogeneous catalysts to replace Pd-based
catalysts in cross-coupling C−C bond forming reactions is
always topical. This is because such cross-coupling organic
reactions dominate all areas of materials science. Decarbox-
ylative cross-coupling reactions involve a reaction between
carboxylic acid and an organic halide to form a new carbon−
carbon bond by removing HX, concomitant with loss of CO2.
Typically, a metal catalyst, base, and oxidant are required.14a

Of all, the iron-based catalyst is one of the most sorted out
targets owing to its undeniable diverse advantages. However,

even the heterogeneous iron catalyst, under a solvent medium,
during the catalysis, behaves like a wild horse. This is due to a
variety of oxidation states that the iron adopts and also due to
their irreversible or nonlabile coordinations and due to the
high solubility of certain in situ generated redox species
(causes catalyst leaching). Most importantly, there is a library
of complexes/compounds of iron forms responding to the mild
changes in localized environments of the reaction medium,
which makes it hard to ascertain active species directing the
action. This makes the mechanistic understanding very
difficult, which impacts the design, scalability, and reproduci-
bility. Recently, a COF-supported FeCl3 has been employed as
a catalyst in the decarboxylative cross-coupling between
cinnamic acid and 1,4-dioxane using tert-butyl-hydroperoxide
(TBHP) or ditert-butyl-peroxide (DTBP) as an oxidant (Table
2, entry 11).14b The COF lost significant crystallinity upon
loading FeCl3 but retained the structural integrity. The Fe3+

centers are proposed to bind to both in -layer and across-layer
atoms. The BET surface area decreased from 1200 to 235 m2/
g upon FeCl3 loading (7.85 wt %). The activity drops with
multiple cycles. Interestingly, when different substituted
cinnamic acids were tried, it was observed that the reaction
progressed only when the FeCl3@COF was used, and neat
FeCl3 salt did not yield any product.14b Also, the use of any
inorganic oxidizing agents such as H2O2 and K2Cr2O7 in place
of TBHP in the FeCl3@COF reaction medium drastically
hampered the reaction. An organic peroxide formation was
followed by heat-assisted generation of the reactive alkyl oxide
free radical, which attacks the 1,4-dioxane molecule to form the
1,4-dioxane radical, which reacts with the cinnamate species
bound to the Fe3+ site embedded in the framework.14b This
yields the C−C bond formation between the 1,4-dioxane and
the cinnamate carbon followed by decarboxylation to yield the
desired product. The lability of the Cl at the Fe(III) site is
crucial. Though it has been found that the neat FeCl3 is not
able to catalyze this, it is not clear as to why it works when
anchored to the COF.14b

Suzuki−Miyaura Coupling. Suzuki−Miyaura coupling is
typically a Pd-catalyzed reaction between an alkenyl (vinyl),
aryl, or alkynyl organoborane (boronic acid or boronic ester, or
special cases with aryl trifluoroborane) and halide or triflate
under basic conditions. This creates carbon−carbon bonds to
produce conjugated systems of alkenes, styrenes, or biaryl
compounds. A NiCl2 was anchored into a specifically designed
imine-phenol lined COF (Table 2, entry 12).14c This pocket is
known to bind extremely well with Ni2+ to form complexes.14d

These units amalgamated into the COF backbone were shown
to bind extremely well to the NiCl2, and no leaching was
observed. Unfortunately, their performance toward C−C bond
coupling Suzuki−Miyaura reactions showed only a moderate
yield, and this could be due to the inherent slothfulness of Ni2+

toward catalyzing such nonradical pathway-based C−C bond
formation, especially in the heterogeneous phase. Also, its
binding could be too strong impeding the required lability.

C−S Bond Cleavage Hydrodesulfurization. The reductive
cleavage of C−S bonds helps sulfur cleanup from petroleum
feedstocks. Classically, Pd, Rh/Ir, Ni(COD) complexes have
been used as homogeneous catalysts for this reaction; when the
inexpensive Raney nickel is employed, it significantly drops
activity after the first reduction. McGrier and co-workers,
exploiting the ability of dehydrobenzoannulene (DBA) units to
bind to low-oxidation state first-row transition metals,
deliberately used it in the COF construction using Ni(COD)
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as the source (Table 2, entry 13).14e About 8.56% of Ni was
loaded, which corresponded to utilizing 64% of the DBA units.
Surprisingly, there was not much drop-in the surface area or
pore-volume with the Ni loading, and this has been explained
by considering the Ni to be finding the center of the DBA unit
as the solitary binding site and no binding with the azine
linkage. However, the anticipated shift in the PXRD spectra for
such a Ni-insertion is not presented, and also the size of the Ni
particles is not explicitly mentioned.14e The Ni@COF-
catalyzed C−S bond cleavage on different substrates occurred
with yields ranging from 26 to 99% with excellent functional
group tolerance and recyclability.

■ COF-SUPPORTED NOBLE-METAL-BASED
HETEROGENEOUS CATALYSTS

Early attempts in demonstrating the utility of COF as a porous
support for catalytic metal clusters and derived organic
transformations were on noble metals. In most cases, it was
to demonstrate the heterogeneity of the catalyst and the
efficiency, and to explore the variety of reactions it can support.
Noble metals bind to heteroatoms as well as π-rich centers
both in M(0) and M(II) oxidation states; this makes their
synthesis and catalysis easy.
Bifunctional Catalysts Using Predesigned Pyridine

Groups in the COF Framework. A bifunctional catalyst was
developed by loading Pd nanoparticles into a pyridine
functionalized COF (Table 3, entry 1).15a The Pd nano-
particles reside close to the pyridine functionalities, and these
Pd sites cooperatively carry out a cascade catalysis wherein in
step 1 the benzyl alcohol gets oxidized to benzyl aldehyde by
the Pd, and in step 2, the pyridine site acts as a base to catalyze

Knoevenagel condensation between the aldehyde and the
malononitrile to yield the benzylidene malononitrile produc-
t.15a The researchers had deliberately synthesized a porous
polymer as well as used neat Pd salt as control catalysts, and
the COF-based catalyst clearly outperformed both. Also,
multiple substrates were demonstrated to work in this one-
pot cascade reaction. As another bimetallic-bifunctional
catalyst, Gao and co-workers, developed an imine-linked
COF with 2,2′-bipyridine linkers and richly aromatic pyrene
cores.15b They loaded Pd and Rh simultaneously into this COF
and demonstrated that the Rh centers follow the mechanism of
an already demonstrated catalyzed homogeneous reaction that
involves the addition of phenylboronic acid to benzaldehyde to
produce diphenylmethanol in high yield (Table 3, entry 2).
The Pd2+ helps oxidize this to the benzophenone. Interestingly,
when they manipulated the same catalyst to have only one of
the metals, the reactions occur partly and do not get
completed. The presence of acetate and COD as ancillary
ligands on the metal attached to the COF could be crucial to
providing sufficient labile site for the catalysis. However, mild
leaching (<5%) of the metals was observed after five cycles.
Similar oxidative catalysis has been observed in a ruthenium-
loaded imine-linked COF. Additionally, this COF also does a
one-pot reaction between benzyl amine and different substitute
alcohols to yield organic imines.15b

Nitro Reduction, Suzuki Coupling Using Pd/Pt, and
Au Nanoparticles @COF. A PdCl2 complex with 2,2′-
bipyridine-5,5′-diamine, a linear diamine, has been directly
coupled with the aldehyde, leaving the bipyridyl to line the
pores. The Pd2+ in the building unit gets reduced to Pd(0)
during the COF formation and remains bound to the bipy

Table 3. continued
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chelating site. This catalyzes the reaction between alkyne and
hydroxyl-aryl halide (0.6 mol % cat., yield 70% and TON:
1100) (Table 3, entry 3).15c Dialkyl thioether appendages have
been covalently linked to the walls of the imine-bonded COF,
and this COF has been used as a porous medium to prepare Pt
and Pd nanoparticles using NaBH4 as the reducing agent and
in an alcohol water medium. Interestingly, the particles have
been as small as 1.7 and 1.78 nm, respectively. Excellent
catalyst stability when used for nitro reductions and Suzuki−
Miyaura couplings has been observed (Table 3, entry 4).16a

Similar small noble metal particles have been grown inside
COF by others too and have been typically investigated for
hydrogen generation/nitro reduction (Table 3, entries 5−
14)16b−k or Suzuki, Sonogashira coupling, or Heck couplings
(Table 3, entries 15−26).16a,b,17,18 In some cases, the Pd2+

complex has been directly anchored to the interlayer spaces of
the COF sheets, and labile groups bound to the Pd2+ such as
acetates or chlorides have been explained to be the substrate
binding sites (Table 3, entry 18).17d When a highly hydroxyl
functionalized COF was constructed, the strategic positioning
and spacing of the hydroxyl yield not only binding sites to Pd,
but oxidative Heck coupling takes place in a regioselective
manner yielding linear products preferentially over branched
ones (Table 3, entry 25).18c Similarly, multifold Heck coupling
has been catalyzed by a Pd-containing amphiphilic COF
containing hydrophobic ether bonds and hydrophilic triazine
centers. Such a framework mimics the effect of a mixed solvent
system used in homogeneous catalysis; they are typically
generated by mixing a hydrophilic and a hydrophobic solvent
(Table 3, entry 26).18d The resulting products are of immense
industrial value.
Interestingly, in all of these above-mentioned cases, the post

Pd/Pt loaded COFs have a low surface area of ∼50 to 300 m2/
g; yet, in many cases they have excellent catalytic activity with
high yields and with good TON/TOF. In some cases, the
potential of the hydrophilic−hydrophobic COF to act as a
phase transfer catalyst (Table 3, entry 20)17f or an amphoteric
medium is recognized (Table 3, entry 26).18d It would be
easier to evaluate such possibilities if the metal-loaded COFs’
pore sizes are reported from advanced porosity measurements.
Encasing the Pd-loaded COF particles into a secondary
support like polymer or paper or silica support or textiles
and still being able to see the catalytic activity further confirm
the heterogeneous character of the catalysis, and also the
porosity of the COF is evident from the fact that the substrate
and the reagents do reach the catalytic sites with ease even in
these composite catalysts,18d and in fact such composites do
not lose their rate of catalysis.16d For example, when
nanofibrillated cellulose is blended with COF, it yields a
highly stabilized COF, and more importantly it catalyzes the
conversion of dichlorobenzene to benzene with excellent rates
(0.0235 min−1) (Table 3, entry 7). It is worthy to mention that
even a three-dimensional COF built from tetrahedral nodes
with a relatively higher surface area (1350 m2/g) when loaded
with Pd nanoparticles yields a catalytic performance com-
parable to the Pd@COF catalysts made using layered 2D-
COFs with a much lower surface area (50−300 m2/g). This is
for the Suzuki coupling reactions. Similarly, in a single study
when COFs with a microporous structure (11 Å) and
mesoporous structure (37 Å) were loaded with Pd nano-
particles, the resulting Pd@COF yielded a very comparable
catalytic performance in terms of yield, selectivity, and
conversion for the Suzuki−Miyaura coupling reaction.17b

This is against the lack of any role from the pore size or
shape. This, in many cases, is because not all of the Pd
nanoparticles necessarily reside in the pores, and these larger
nanoparticles attached to the surface of the COF also
contribute (Table 3, entry 16). Also, the pore size−shape
selectivity is not truly tested. In fact, one needs to exercise
some caution when it comes to Pd-based catalysts. Though
they appear to be heterogeneous in nature, it is understood
that the Pd can actually come out from the bulk to the surface
of the catalyst and go back once the catalysis is done.17b This
would make it pseudo-heterogeneous. This is true particularly
for Pd but could be the case with many of them where the
metal or metal-based nanoparticles size is much larger than the
size of the pore. However, using the COF support could
certainly provide an anchoring effect for the substrate, and it
could bring the postcatalysis particles back to the host and
make the recovery easier at the end. This opens up the need to
investigate COF-based catalysts for more challenging organic
transformations.

Ag@COF as Catalyst for CO2 Conversion Reactions.
Another reaction that is of environmental interest is the
utilization of Au or Ag @COF catalyzed organic reactions
including the CO2 conversion reactions.19 In both cases, the
propargyl alcohols were converted to cyclic organic carbonates
using CO2 as the reagent (Table 3, entries 27, 28). The
catalysts were Ag-anchored COF. Interestingly, one was a 3D
COF built from tetrahedral building units, while the other is a
classical layered 2D COF. They both were microporous COFs,
and the former had a surface area of 864 m2/g, which reduces
to 300 m2/g with 2.3% Ag loading (Table 3, entry 27).19a The
2D COF has a surface area of 1230 m2/g, but this reduces
substantially upon loading 6.3% Ag nanoparticles.19b Interest-
ingly, the 3D COF shows a TON of ∼1000, but the 2D COF
shows only about 150. The 3D COF clearly seems to carry
advantages: it grows smaller-sized Ag nanoparticles (2 nm for
3D vs 4−5 nm for 2D COF) and has better activity (Table 3,
entries 27, 28). This can be explained considering that the
smaller nanoparticles lodged in the 3D porous framework are
able to expose different catalytically active facets compared to
the 2D COF wherein the exposure of active facets is restricted.
This is not the case with Pd/Pt nanoparticles. However, it is
worth mentioning that the 2D imine-COF constructed from
probably the cheapest aromatic diamine and trialdehyde,
phenylenediamine, and resorcinol-trialdehyde is much more
cost-effective compared to the 3D imine-COF, which is built
with relatively cheaper tetrahedral aldehyde.

Ru or Pd@COF Subjected to Harsh Reactions.
Recently, a Ru loaded (2.4 wt %, size: 1.2 to 10 nm) imine-
linked COF was employed as a catalyst for the formic acid
dehydrogenation reaction.16h The Ru3+ hydrates and even-
tually reduces to Ru(0), which becomes the active catalyst
(Table 3, entry 11). The COF retains its covalent links even
under this harsh acidic condition; however, the crystallinity is
largely reduced, and some Ru particles sinter. A Pd-loaded
COF (imine bonded), Pd@IISERP-COF1, could be used for
catalyzing the CO oxidation reaction carried out up to 200 °C
under N2 flow or in controlled oxygen flow (Table 3, entry
26).18d The COF retained its crystallinity as well as covalent
structure. This suggests that a harsh liquid medium such as
acid could be more challenging for an imine-bonded COF than
a high temperature (midrange) gas phase reaction.
Other classes of reactions have been carried out using noble

metal-based nanoparticles embedded in a COF matrix.20a−e
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For example, Pd confined in IISERP-COF1 or SDU-1 have
been used to catalyze the coupling reaction between silanes
and aryl iodides (Table 3, entries 26 and 29).18d,20a

Telomerization of 1,3-butadiene with phenol and glycerol
using Pd loaded phosphorus containing a C−C bonded
microporous polymer is also reported.20f This study showed
that the polymeric phosphine support outperforms the
homogeneous PPh3 catalyst suggesting that phosphine-based
COF systems could be excellent for metal/phosphine-catalyzed
reactions (Table 3, entry 34).

■ CONCLUSIONS
In summary, the contemporary trend in COF-based catalysis
embraces composite systems where the COF is pooled with
polymeric ionic liquids, or linear-chain ionic polymers, or
electronically active polymer chains. This is expected as these
units bring a high density of labile groups (such as halides),
which offer excellent centers for substrate binding and release,
while the active functional groups like acids or bases could
come from the COF walls. Under the nanoconfinement of the
ordered COF pores, these two entities (host−guest) are
oriented and dispersed uniformly to gain utmost cooperativity
resulting in a high TON and TOF for organic transformations.
This creates a dynamic pore environment that sways
continuously and reversibly during the reactions. With these
proven concepts, it should be possible to shoot for more
complex systems that might demand high regio or chiral
specificity. At the same time, exploring new as well as well-
known organic transformations by replacing the classical
homogeneous catalysts with COF-derived heterogeneous
catalysts is a constant worthy pursuit. Meanwhile, the rapidly
emerging creative modular COF designs can engage them in
organic reactions which demand extreme stabilities. Also, the
scalability, membranability, composite engineering, and flow-
chemistry modes demonstrated in COF catalysis drive the
possibility of utilizing these for truly large-scale productions in
a recyclable manner. This opens up a need to investigate their
particle-size, hydrophilic−hydrophobic balance-driven mass-
transfer kinetics. Given all this progress, still retaining the
crystallinity and thereby an ordered nanospace with undis-
turbed accessibility over multiple cycles (thousands to
millions) remains a big challenge. The model-able structure
of COF can facilitate atomic-level mechanistic simulations, but
rigorous computations scrutinizing the redox/electronic
dynamics of the COF are relatively uncharted. Insightful
experimental−computational exploration of COF-based heter-
ogeneous catalysis encompassing all of the developments
included in this review defines the future.
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