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ABSTRACT: Photoassisted synthesis of value-added organic products has developed greatly in the last decades in response to the
pressing need for a transition toward sustainable processes and renewable energy. One of the formidable challenges of the light-
induced chemical steps is provided by the control of the catalytic efficiency and selectivity under photocatalytic conditions. An
attractive perspective is foreseen by triggering the photoreaction events in confined spaces, wherein light harvesting and
photocatalytic units are framed into functional architectures. Division of tasks among specialized compartments responds to a
bioinspired strategy with the final aim to orchestrate the rate of concurrent and sequential events, to maximize performance while
directing the reaction selectivity. Covalent organic frameworks (COFs) are a class of emerging materials that can meet these
requirements, with the potential to bridge the existing gap between molecular and heterogeneous photocatalysis. Here, a rich pool of
molecular building blocks and chemical linkages is available to afford crystalline porous solids with tailored photophysical properties
emerging from the interconnected COF structure walls, while catalytic cofactors can be provided by engineering of the pore surface.
In this Perspective, we highlight recent developments where COFs have been successfully employed as photocatalysts for selective
organic transformations. The relationship between the COF reticular structure and its photocatalytic behavior is discussed, in terms
of the light-conversion pathways and photoredox events, including electron and/or energy transfer mechanisms. The possible role of
confinement effects, intrinsic in long-range order porous COF materials, remains largely unexplored in photocatalytic applications.
New progress is expected to arise from close interdisciplinary cooperation involving synthetic chemistry and materials science
communities.

KEYWORDS: Covalent organic frameworks, Photocatalysis, Space-confined reactions, Functional porous materials, Organic synthesis,
Visible light, Organic semiconductors

■ INTRODUCTION

The remarkable performance, kinetic control, and selectivity of
molecular transformations that occur in natural processes
under mild conditions provide a unique paradigm for
sustainable processes engineered under an abiotic environ-
ment. The outstanding activity of natural systems hinges on
specifically evolved catalytic sites in enzymes, which, on one
side, facilitate the encounter of the substrates and, on the other
hand, constrain the reactants in a tailored activation environ-
ment that cooperates to minimize the overall energy
requirements. The importance of highly organized functional

architectures is also well-observed in both Photosystem I and
II (PSI and PSII), the two pigment−protein supercomplexes
responsible to convert and store the solar energy in chemical
bonds of energy-rich compounds, e.g. ATP. Natural photo-
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systems share a similar organization where the colocalization of
multichromophoric antennas with reaction centers (RCs)
allows a highly efficient light harvesting (LH) and energy
conversion by orchestrating a cascade of photochemical
events.1,2

The grand challenge of artificial photosynthesis (AP) is to
replicate the natural photosynthetic functions by creating
bioinspired molecular systems and materials capable of
exploiting the enormous potential of solar light with the final
aim to produce solar fuels and/or value-added organics to feed
the world needs for sustainable energy, food, and chemicals.
With this aim, an attractive strategy relies on photoredox

catalysis requiring two fundamentals components: (i) an LH/
RC module consisting of a molecular sensitizer and/or a
photoactive semiconductor, and (ii) a redox catalytic manifold
targeting a specific reaction.3−6 To this aim, the knowledge
acquired on the light-induced events occurring in natural
photosystems has been recently translated in the field of both
homogeneous and heterogeneous photocatalysis applied to
selective organic synthesis.7,8 Prominent examples deal with
the combination of organic dyes or transition metal-based
sensitizers with molecular catalysts triggering multiple and
sequential photoinduced electron transfer. Along with these
photoredox cycles, key intermediates are generated that can
induce diverse functional group transformations including
selective oxidation, amination, carbon−carbon coupling, and
C−H activation.9−13 A priority goal in the field is to develop
photoinduced asymmetric reactions by controlling the 3D-
spatial arrangement of the light-generated reactive intermedi-
ates.14 Milestone results have been achieved via photoactivated
chiral catalysts giving rise to enantioselective photoredox
cycles.15,16 In this direction, an attractive perspective can be
envisaged by the molecular engineering of confined spaces
featuring the colocalization of phototriggers (LH/RC units)
and catalysts within a chiral environment, thus inducing
stereoselectivity. Performing the photosynthetic reactions in
confined spaces responds to a bioinspired strategy, mimicking
the multifunctional catalytic pocket of natural enzymes. In this
context, several works in the literature involve organized
reaction environments shaped to improve the performance and
selectivity of photochemical processes, including, among
others, mesoporous inorganic materials, metal−organic frame-
works, microemulsions, micelles, foams, and gels.17−20

Here, we highlight the growing field of covalent organic
frameworks (COFs) as a promising strategy in reticular
chemistry to regulate and control photocatalytic events applied

to small-molecule transformations and selective synthesis.
Indeed, notable progress has been reported where COF-
based systems are applied to photoassisted H2O splitting, CO2
reduction, and hydrogen evolution for solar fuel produc-
tion.21−24 The COF advantage is 2-fold: (i) the periodic
organization of chromophore arrays, shaping the COF walls
and integrating both LH and RC domains, (ii) a multilevel
(2D, 3D) ordered and porous architecture that can enhance
the efficiency and selectivity via pore-confined photocatalysis.
In addition to the high diversity of building blocks amenable to
photoactive COFs engineering, convenient post-functionaliza-
tion strategies can be applied to the resulting COF backbone
and pore walls so to implement recognition, proximity, second-
sphere effectors (hydrogen bonding, Lewis bases, orbital
steering, etc.), enantioselective catalysis.25

Indeed, COFs are low-density crystalline porous frameworks
built from molecular precursors with organic linkers shaped
through a reversible covalent bond formation. Since the
pioneering work of Yaghi et al. in 2005 (Chart 1a),26

prominent COF structures have been prepared and tested in
diverse areas, including energy materials and gas storage,22,27

heterogeneous catalysis,28,29 stimuli-responsive systems,30,31

drug delivery,32 optoelectronic devices,33,34 and sensing.35 The
great versatility of COF frameworks stems from the possibility
to preconfigure their structure, topology, dimensionality, and
porosity based on the selected molecular building blocks and
their linkers. Therefore, COF synthesis can be rooted within a
broad toolbox of organic synthesis methods, so that modular
and structural diversity can be generated, affording an
unprecedented level of molecular control on the resulting
photophysics and the emergent photocatalytic performance. In
particular, the geometry of selected organic linkers dictates the
possibility of 2D- or 3D-COF formation. In the former case, π-
conjugated extended sheets of 2D-COF are hierarchically
assembled by π−π stacking interaction, whereas in 3D-COF,
the overall structural backbone is maintained by covalent
bonds expanding in a three-dimensional space. For both types
of frameworks, the structural stability depends on the chemical
linkage, whose choice must guarantee thermodynamic
reversibility to yield the most stable, crystalline COF structure.
The first-used COF linking groups, based on boroxine and
boronated bonds, were plagued from poor chemical stability
(e.g., cleaved by hydrolysis), several others linkers have now
been successfully incorporated, resulting in more robust
frameworks based on imine, β-ketoenamine, hydrazone,
azine, and imide-type linkages, among others (Chart 1b).35

Chart 1. (a) COF-5 Structure Based on the Reversible Formation of Boronate Ester. (b) Most Popular Dynamic Covalent
Chemistry Employed for the Synthesis of COFs
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In this context, COFs encompass a series of features that can
take the best of both molecular and heterogeneous photo-
catalysis while bridging the gap between these two worlds by
(i) a facile construction of photoresponsive frameworks whose
chemical and photophysical properties (e.g., absorption,
emission, and band gap) can be easily tailored and optimized,
according to the target reaction, (ii) engineering of framework
integrated heterojunctions, where electron-donor/acceptor
building blocks are assembled into bicontinuous π-columnar
arrays enabling long-lived charge separation (CS) states, (iii)
the combination of a porous matrix with a photoactive
framework ensures a maximized surface area as well as
enhanced substrate recognition and selective transport,
depending on the pore-dimensions, (e.g., size-selective photo-
catalysis) and also on the pore-walls hydrophobic/hydrophilic
properties, (iv) post-functionalization of the COF backbone
and pore walls, which is instrumental for inserting additional
functions to meet the LH/RC photodynamics and/or to
leverage site-selective and stereoselective processes, (v)
straightforward separation/recovery of the COF photocatalyst
by simple and inexpensive operations, e.g., centrifugation and
filtration (Figure 1).
In this Perspective, we emphasize the development of COFs

as a promising platform for photocatalytic applications by
summarizing the recent works where COFs have been
successfully employed in photodriven organic transformations
(Table 1). Herein, the performance of COF-based photo-
catalysts has been highlighted for selected reaction types
(oxidation, reduction, carbon−carbon bond formation) to
pinpoint the “ins and outs” of state-of-the-art systems tracing
the pathway for the next-generation upgrade. Special attention

is dedicated to the impact of the long-range ordered and
porous structure of COFs on the resulting photocatalytic
performance.

■ COFs AS PHOTOCALYSTS FOR ORGANIC
TRANSFORMATIONS

Covalent organic frameworks (COFs) made of highly π-
conjugated building blocks and featuring a π-extended ordered
arrangement favor a diffuse π-electron delocalization and
transport. For this reason, they are considered as the new
frontier of organic semiconductors (OSCs), combining a broad
absorption cross-section with photoconduction. By virtue of
these properties, COFs have been employed as photocatalysts
in light-driven organic transformations as outlined in the
seminal case studies reported herein. The photocatalytic
properties of COFs are generally discussed in terms of their
absorption edge and of the corresponding optical band gap:
i.e., by evaluating (i) the wavelength of electron photo-
excitation from the valence band (VB) to the conduction band
(CB) of the COF materials, and (ii) the energetic positioning
of the band edges that define the redox potentials of
photogenerated electrons and holes within the COF materials
(Figure 2).
Therefore, upon excitation, the charge carriers photo-

generated respectively at the VB(h+) and CB(e−) of COF
can oxidize or reduce an electron donor (D) or an acceptor
(A) substrate to form the corresponding radical cation (D• +)
and radical anion (A•−) species.
This electron transfer event is favored (ΔG < 0) if the redox

potential of the couples D• +/D and A•−/A lie within those of

Figure 1. COFs multifunctional properties within photocatalytic applications.
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Table 1. Selection of COF-Based Photocatalysts for Light-Driven Organic Transformations
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the photogenerated charge carriers, that is, above and below
the energy potential of VB and CB, respectively (Figure 2a). In
this case, the COF photocatalyst acts as a reaction center (RC)
where the photoinduced charge separation is developed and is
directly responsible for productive redox events involving the
substrate.
Otherwise, the excited COF can also act as an electron-

transfer (ET) mediator when coupled with other materials
(MOF, inorganic semiconductor, e.g., TiO2, metal domains).
In this case, the photogenerated COF electrons/holes can be
transferred at the interface between the two materials that
display favorable energy gaps, and the productive steps
involving the substrate follow this ET cascade and originates
from the coupled materials. Figure 2b illustrates a COF ET
mediator case, where, upon photoexcitation, electrons are
injected from the COF-CB(e−) into the interfaced material
CB, which can act as the competent reduction site for the

substrate A/A• − couple. These COF hybrids have the
advantage of increasing the lifetime of the charge carriers,
because of the charge transport across the interfacial
heterojunction slowing recombination and being amenable to
the use of sacrificial scavengers to restore the COF ground
state (D in Figure 2b). Interestingly, COFs can also behave as
light-harvesting (LH) units to trigger photocatalysis by ET
mechanisms. Prominent examples of photoinduced COF ET
have been reported in the case of singlet oxygen generation
(1O2) and in the visible light isomerization of E/Z olefins,
where, in both cases, energy transfer from a photogenerated
COF triplet state (T1) is invoked.

61 It turns out that the choice
of photoactive building blocks and linkers can have a huge
impact on the photocatalytic mechanism of the resulting COF.
Tuning of the band gap, as well as the relative stabilization of
the COF excited states, gives access to a rich mechanistic
spectrum at the crossroad between molecular and materials
behavior. This multifaceted photocatalytic behavior lies at the
origin of the high potential that COFs display in photo-
chemical reactions, as highlighted in the next sections for
diverse functional group transformations.

Oxidation Reactions. Selective oxidation of both aliphatic
and aromatic compounds is one of the fundamental reactions
in industrial processes to produce fine chemicals. Harsh
conditions are generally employed, including high temperature
and hazardous oxidizing agents (permanganate and dichromate
among others), raising operative costs and undesired products,
as well as a severe environmental impact. COF-based
photocatalysis under aerobic conditions can play a key role
in contrasting the “collateral effects” of these traditional
oxidation methods, since the combination of sunlight and
molecular oxygen are the desired reagents for a transition to
sustainable and green synthetic methods.
Below are some remarkable examples where COFs have

been employed as photocatalysts in the oxidation reactions,
specifically in the oxidative transformation of alcohols, boronic
acids, sulfides, and amines. All the reactions mentioned above
share a common mechanism, that is, upon COF excitation,

Table 1. continued

Figure 2. Schematic depiction of the electron transfer mechanism
involved in COF-based photocatalyst. “A” and “D” stand for electron
acceptor and donor species, while VB and CB refer to valence and
conduction bands. “RC” and “ET” stand for reaction center and
electron transfer, respectively.
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molecular oxygen is converted either to singlet oxygen (energy
transfer) and/or to superoxide radical anion (electron
transfer). Photogenerated holes at the COF VB are scavenged
by either the desired substrates (e.g., sulfides) or by sacrificial
electron donors (e.g., tertiary amines). Importantly, in the case
of the electron transfer mechanism, COF must have a suitable
thermodynamic driving force to power the photo-oxidation
reactions, that is, the energy potential of the COF CB must be
lower than the redox potential of the couple O2

•−/O2(E° =
−0.56 V vs SCE), while the energy potential of the COF VB
must be higher than the redox potential of the substrate of
interest.
Alcohol Oxidation. A thiophene-covalent triazine frame-

work, CTF-Th, has been employed for the first time in 2017
by Zhang et al. for visible-light photo-oxidation of aryl alcohols
(see Scheme 1b, and Table 2 , entry (i)).36 Elegantly, CTF-Th
was incorporated onto silica SBA-15 to obtain a mesoporous
nanoreactor CTF-Th@SBA-15, as revealed by SEM and HR-
TEM spectroscopy showing cylinder morphology with 2D
hexagonal channels (Scheme 1a). UV−vis diffuse reflectance

spectrum of CTF-Th@SBA-15 displays a broad absorption up
to ca. 520 nm corresponding to a band gap of 2.47 eV, while
the VB and CB have been determined by cyclic voltammetry to
be +1.75 and −0.72 V vs SCE, indicating the relatively high
oxidizing and reducing nature of CTF-Th@SBA-15.
The reaction mechanism depicted in Scheme 2 has been

proposed on the basis of several control experiments. Blue light
irradiation (λ = 460 nm) triggers, at the CTF-Th@SBA-15
VB, the oxidation of alkoxide 2 to the corresponding radical 3,
while the reduction of O2 into superoxide radical anion
(E°(O2

•−/O2) = −0.56 V vs SCE) occurs at the CTF-Th@
SBA-15 CB. Both these oxidation and reduction processes
occur by a single electron transfer mechanism (SET). The
presence of singlet oxygen has also been proved by the authors
employing NaN3 as O2

1 scavenger, indicating that the
photoreduction of molecular oxygen is also occurring via an
energy transfer mechanism concurrently with the formation of
O2

•− species. The corresponding aldehyde 4 is then formed by
the reaction between alkoxy radical 3 and the hydroperoxy
radical (HOO·), the latter species generated via proton

Scheme 1. (a) Schematic Illustration of the Synthesis of CTF-Th@SBA-15 Material. [Reprinted with permission from ref 36.
Copyright 2017, American Chemical Society, Washington, DC.] (b) CTF-Th@SBA-15 Application in Photo-oxidation of Aryl
Alcohols

Table 2. Comparison of the Catalytic Performance of COFs in the Photo-oxidation of Benzyl Alcohol

COF system (entry) COF building blocks VB/CB (V vs SCE) yield, tR solvent light source, Ee (W/m2)

CTF-Th@SBA-15 (i) DCT +1.75/−0.72 >99% (4 h) BTF λ = 460 nm, LED, (0.16)
TiO2@COF-3 (ii) TAPB, TPA +2.09/−0.73 >93% (30 h) CH3CN λ = 420−780 nm, LED (0.15)
NH2-MIL-125@COF (iii) TAPB, TPA +2.09/−0.73 >93% (30 h) CH3CN λ = 420−780 nm, LED, (0.15)

aAbbreviations used: DCT = 2,5-dicyanothiophene, TAPB = 1,3,5-tris(4-aminophenyl)benzene, TPA = terephthaldehyde, tR = reaction time, Ee =
irradiance flux density, BTF = benzotrifluoride.
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abstraction from the starting alcohol 1 by superoxide radical
anion species, yielding H2O2 as a side product. Importantly,
CTF-Th@SBA-15 proved to be an excellent heterogeneous
photocatalyst, since it did not show any remarkable loss of
catalytic activity after five sequential reaction cycles without
any evidence of structural degradation.

Aerobic visible-light (λ > 420 nm) photo-oxidation of
alcohols has also been successfully performed employing
hybrid COF materials as heterogeneous photocatalysts by the
group of Wang et al. in 2019 (see Scheme 3b, as well as Table
2, entries (ii) and (iii).37,38 TiO2 nanobelts have been coated
with a COF solid, produced by condensation reaction between
terephtaldeyde (TPA) and 1,3,5-tris(4-aminophenyl)benzene
(TAPB), employing a novel seeding growth technique to yield
TiO2@COF composites as core−shell structures (Scheme 3a).
Using a similar approach, the nanocomposites NH2-MIL-
125@COF have been fabricated replacing the TiO2 nanobelts
with the MOF (MIL-125) functionalized with amino groups.
Both composites, TiO2@COF and NH2-MIL-125@COF,

showed a broad absorption up to ca. 500 nm, corresponding to
a band gap of ∼2.7 eV, while displaying remarkable
photocatalytic activity and selectivity toward the oxidation of
aryl alcohols. Control experiments demonstrated that pure
TiO2, NH2-MIL-125, and COF, tested separately, yielded
negligible product yield under the same conditions. Such
performance increase in the hybrid materials has been
attributed to the reduced probability of the charge-carrier
recombination, as shown through a careful set of analyses,
including transient photocurrent response, electrochemical
impedance spectroscopy, and photoluminescence quenching
measurements.
The reaction mechanism depicted in Scheme 4 has been

proposed by the authors, where the COF is acting as an ET
mediator by depositing the photogenerated electrons in the
TiO2/NH2-MIL-125 CB. Thus, the photo-oxidation process of

Scheme 2. Mechanism for Benzyl Alcohol Oxidation under
Visible-Light Irradiation Catalyzed by CTF-Th@SBA-15a

aAdapted with permission from ref 36. Copyright 2017, American
Chemical Society, Washington, DC.

Scheme 3. (a) Seeding Growth Strategy To Obtain TiO2@COF Composites.a. (b) TiO2@COF and NH2-MIL-125@COF
Application in Photo-oxidation of Aryl Alcohols

aAdapted with permission from ref 38. Copyright 2019, Elsevier.
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benzyl alcohol occurs similarly to the mechanism shown in
Scheme 2 with the difference being that the oxygen reduction
(E°(O2

•−/O2) = −0.56 V vs SCE) is occurring at the
conduction band of the interfaced material (TiO2@COF CB/
NH2-MIL-125@COF CB, E = −0.73 V vs SCE) rather than in
the COF CB. Unfortunately, no experiments have been
performed by the authors to exclude the generation of singlet
oxygen during the photo-oxidation process. Both TiO2@COF
and NH2-MIL-125@COF displayed excellent stability retain-
ing a similar catalytic activity and selectivity over five reaction
cycles showing great potential as heterogeneous photocatalysts.
Oxidation of Arylboronic Acids. COF materials also

proved to be high-performant photocatalysts in oxidative
hydroxylation of arylboronic acids to phenols, as shown by a
recent work of Wang and co-workers (see Scheme 5b, and
Table 3, entry (i)).39 Three novel COFsLZU-190, LZU-

191, and LZU-192have been prepared under solvothermal
conditions via the condensation of 2,5-diamino-1,4-benzene-
diol dihydrochloride (DBD) with three different aldehyde
building blocks, such as 1,3,5-triformylbenzene (TFB), 2,4,6-
tris(4-formylphenyl)-1,3,5-triazine (TFPT), and 1,3,6,8-
tetrakis(4-formylphenyl)pyrene (TFPy), respectively. The
LZU-COFs are characterized by the formation of benzoxazole
ring, following a mortise-and-tenon model, resulting in
exceptional photocatalyst properties (Scheme 5a): (i)
persistent chemical stability in a wide pH range (from HCl,
9M to NaOH, 9M), (ii) excellent photostability as no sign of
structure degradation is observed upon 3 days of continuous
exposure to visible light, and (iii) extended optical absorption
to NIR region (up to 900 nm), corresponding to a band gap in
the range between 2 eV and 2.4 eV.
The photo-oxidation of arylboronic acid 4 is believed to

proceed via the addition of superoxide radical anion, generated
via single electron transfer (SET) from the LZU-COF CB, to
form the boron intermediate 6, which abstract a hydrogen
from iPr2NEt radical cation to give 7. Subsequent rearrange-
ment and hydrolysis yield the final product 8 (Scheme 6). The
photocatalytic cycle is then generally completed by a sacrificial
agent (iPr2NEt), even though LZU-190 displayed photo-
catalytic activity, even in the absence of iPr2NEt suggesting
that the terminal amino groups of the framework act as
electron donor species. However, the latter pathway is not yet
well-understood. Most importantly, LZU-190 displayed
unprecedented recyclability since the catalytic activity remains
unvaried even after 20 reaction runs without crystallinity and
morphology loss of the recycled material. Notably, Wang et al.
also explored the size-selective effect of LZU-190, showing that
the reaction yields decreased as the size of the substrate
increased. For instance, the lowest yield has been observed
when using 1-pyrenylboronic acid (1.2 nm × 0.9 nm) as
substrate, whose size is comparable to the LZU-190 pore
width (1.2 nm), suggesting that the lower photoconversion
stems from the poor absorption of the substrate within the
porous COF structure (size selectivity).

Scheme 4. Mechanism for the Benzyl Alcohol Oxidation
under Visible-Light Irradiation Catalyzed by TiO2@COF or
NH2-MIL-125@COFa

aAdapted with permission from refs 37 (Copyright 2019, Elsevier)
and 38 (Copyright 2020, Elsevier).

Scheme 5. (a) Synthesis of LZU-190 by Benzoxazole Ring Formation (Mortise-and-Tenon Model). (b) LZU-190 Application
in Photo-oxidation of Aryl Boronic Acids

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Perspective

https://doi.org/10.1021/acssuschemeng.1c04787
ACS Sustainable Chem. Eng. 2021, 9, 15694−15721

15701

https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04787?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04787?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04787?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04787?fig=sch5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c04787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Oxidation of arylboronic acids has also been investigated by
Chen and co-workers, where they employed a “two-in-one”
strategy to produce an ultrastable imine-based COF, BBO-
COF, acting as a photocatalyst (Table 3, entry (ii)).40 The key
design in this approach relies on the self-condensation of a
bifunctional monomer carrying two formyl and two amino
groups in a single benzoxazole ring. BBO-COF showed higher
chemical and thermal stability, compared to most reported
imine-linked COF making it a high-performance heteroge-
neous photocatalyst, as reflected by its structural retention,
even after 10 runs of cyclic reactions.
In an elegant study, Aleman et al. examined the photo-

oxidation of phenyl boronic acid (see Scheme 7a, and Table 3,
entries (iii)−(v)) and photosulfoxidation (see Scheme 7a, and
Table 4, entries (vii)−(ix)) reactions employing imine-based
COFs with laminar (COF-1a), spherical (COF-1b), and 3D
(COF-1c) structures either in crystalline (Scheme 7b) and
amorphous phase.41 Diffuse reflectance spectra of the as-
prepared COFs displayed absorbance with maximums ranging
from 430 nm to 475 nm corresponding to band gap values of
2.8, 2.5, and 2.7 eV for COF-1a, COF-1b, and COF-1c
respectively. Similar values of band gap have been found
between amorphous and crystalline COFs. A comparison of
the COFs catalytic activity vis-a-̀vis their crystallinity phase has
also been examined. It has been shown that in all cases
crystalline materials performed better than the corresponding

amorphous counterpart except for the 3D structure. Among
the crystalline COFs, the lamellar system is the one with higher
performance (Table 3, entry (iv)).

Oxidation of Sulfides. COF-based photocatalysts have
also been successfully employed for the selective oxidation of
sulfides to sulfoxides. A notable example is the recent work of
Wang et al., where the authors investigated the photocatalytic
performance as a function of COF dimensionality.42 They
prepared and characterized 2D and 3D palladium porphyrin-
based COFs (2D-PdPor-COF and 3D-PdPor-COF) and
tested them as heterogeneous photocatalysts in the oxidation
of aromatic sulfides (Schemes 8a and 8b).
The proposed reaction mechanism is depicted in Scheme 9.

The triplet state of 2D/3D-PdPor-COF is generated upon
blue-light irradiation and the electron promoted at the COF-
CB reduces molecular oxygen to O2

•− species. Concurrently,
the photogenerated holes at the COF-VB oxidize sulfide 9 to
the corresponding radical cation 10, which, in turn, reacts with
the superoxide radical anion to yield the desired product 11.
No experiments have been performed to confirm the
generation of O2

1 during the photochemical process, even
though Aleman et al., employing COF-1a/b/c as photo-
catalysts for a similar reaction, showed that the singlet oxygen
is produced, along with O2

•− species.41 3D-PdPor-COF
displayed better photocatalytic activity, reaching 99% yield in
the conversion of 4-methylthioanisole to the corresponding
sulfoxide in 24 min under blue-light irradiation (Table 4, entry
(ii)) while employing 2D-PdPor-COF the product yield
decreased to 60% (Table 4, entry (i)).
In order to understand the reason why the catalytic

performance between 2D-PdPor-COF and 3D-PdPor-COF
differs, the authors studied the triplet lifetime of both COFs
using transient absorption spectroscopy. 2D-PdPor-COF
displayed a shorter lifetime (0.41 μs) than 3D-PdPor-COF
(26.34 μs) which is consistent with their crystal structure.
Indeed, in 2D-PdPor-COF, the porphyrin building blocks are
closer to each other, compared to the 3D-PdPor-COF
(Scheme 8a), which induces a major self-quenching of the
photoluminescence emission resulting in a shorter triplet
lifetime. Consequently, under the same conditions, the
generation of superoxide radical anion by photoinduced ET
is less efficient, because of the limited lifetime of the COF
excited state. Noteworthy, 3D-PdPor-COF, which features
smaller pores (0.58 nm) than 2D-PdPor-COF (1.9 nm),
displayed interesting confinement effects (size-selective photo-
reactivity), since the reaction yields decreased when substrates
with larger sizes (dimensions up to 0.9 nm × 0.5 nm) have

Table 3. Comparison of the Catalytic Performance of COFs in the Photo-oxidation of Phenyl Boronic Acida

COF name (entry) COF building blocks band gap (eV) yield, tR solvent light source (power)

LZU-190b (i) TFB, DBD 2.02 88% (72 h) CH3CN white light (LED, 20 W)
BBO-COFc (ii) BBO 2.24 99% (96 h) CH3CN/H2O white light (LED, 18 W)
COF-1ad (iii) TAPB, TFB 2.85 59% (72 h) EtOH/H2O λ = 450 nm nm (LED, 15 W)
COF-1bd (iv) TAPB, TFB 2.90 72% (72 h) EtOH/H2O λ = 450 (LED, 15 W)
COF-1cd (v) TAM, TPA 2.53 40% (72 h) EtOH/H2O λ = 450 nm (LED, 15 W)

aAbbreviations used: TFB = 1,3,5-triformylbenzene, DBD = 2,5-diamino-1,4-benzenedioldihydrochloride, BBO = 4,4-́(2,6-bis(4-aminophenyl)-
benzo[1,2-d:4,5-d]́bis(oxazole)dibenzaldehyde, TAPB = 1,3,5-tris(4-aminophenyl)benzene, TAM = tetra(4-anilylmethane), TPA = tereph-
thaldehyde, tR = reaction time, biPr2NEt as SED.

cDIPEA as SED. dEt3N as SED.

Scheme 6. Mechanism for the Aryl Boronic Acids Oxidation
under Visible-Light Irradiation Catalyzed by LZU-190a

aAdapted with permission from ref 39. Copyright 2018, American
Chemical Society, Washington, DC.
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been tested. Importantly, 3D-PdPor-COF retained a similar
catalytic activity, even after three reaction runs, fully retaining
its framework.
Recently, Aleman et al. incorporated a Pt(II)-hydroxyquino-

line complex 12 into a 2D layered COF framework through a
monomer truncation strategy, which consists of blocking a
linking point of one of the building blocks (Scheme 10a).43

Notably, a low crystalline material (Pt@COF) and a higher-

order material (Pt@COF-Annealed) have been prepared.
Then, Aleman and co-workers compared the photocatalytic
activity of Pt@COF and Pt@COF-Annealed in the photo-
sulfoxidation reaction (Scheme 10b) with untruncated COFs
both in their crystalline (COF-Annealed) and amorphous
phase. Interestingly, COF-Annealed performed better than the
amorphous polymer (see Table 4, entries (v) and (vi),
respectively), probably because of the extended conjugation

Scheme 7. (a) COFs 1a−1c Application in Photo-Oxidation of Sulfides and Phenyl Boronic Acid. (b) Solvothermal Conditions
for the Synthesis of Crystalline Imine-COFs 1a−1c and Powder XRD Analysis of the Crystalline Materialsa

aModified with permission from ref 41. Copyright 2019, Wiley−VCH GmbH.

Table 4. Comparison of the Catalytic Performance of the COFs in the Photo-oxidation of 4-Methylthioanisole

COF name (entry) COF building blocks band gap (eV) yield, tR solvent light source (power)

2D-PdPor-COF (i) p-PdPor-CHO, PPDA / 60%a (0.4 h) CF3CH2OH blue LED (3 W)
3D-PdPor-COF (ii) p-PdPor-CHO, TAM / 99%a (0.4 h) CF3CH2OH blue LED (3 W)
Pt@COF (iii) TAPB, TFB + truncated TAPB monomer / 88% (7 h) CH3OH λ = 450 nm (LED, 15 W)
Pt@COF-Annealed (iv) TAPB, TFB + truncated TAPB monomer / 75% (7 h) CH3OH λ = 450 nm (LED, 15 W)
COF (v) TAPB, TFB / 10% (7 h) CH3OH λ = 450 nm (LED, 15 W)
COF-Annealed (vi) TAPB, TFB / 33% (7 h) CH3OH λ = 450 nm (LED, 15 W)
COF-1a (vii) TAPB, TFB 2.85 100% (24 h) EtOH/H2O λ = 450 nm (LED, 15 W)
COF-1b (viii) TAPB, TFB 2.90 100% (24 h) EtOH/H2O λ = 450 nm (LED, 15 W)
COF-1c (ix) TAM, TFB 2.53 69% (24 h) EtOH/H2O λ = 450 nm (LED, 15 W)
h-LZU1a (x) ZIF8,a TFB, PPDA 2.71 100% (22 h) CH3CN λ > 380 nm (300 W, Xe lamp)

aReaction performed under air. bMOF used as template, tR = reaction time, p-PdPor-CHO = [5,10,15,20-tetrakis(4-benzaldehyde)porphyrin]-
palladium, PPDA = p-phenylenediamine, TAPB = 1,3,5-tris(4-aminophenyl)benzene, TAM = tetra(4-anilylmethane), TPA = terephthaldehyde,
TFB = 1,3,5-triformylbenzene.
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across the crystalline material. Incorporation of the Pt(II)-
hydroxyquinoline complex leads to a remarkable increase of
the product yield, more than double, compared to both
untruncated COFs (Table 4, entries (iii) and (iv),
respectively). However, Pt@COF and Pt@COF-Annealed
do not follow the same trend as that seen in their untruncated
COF counterparts, that is, an increase of crystallinity does not
correspond to a higher product yield (Table 4, entries (iii) and
(iv), respectively). Probably, as the authors suggested, the
photocatalytic activity of Pt@COF and Pt@COF-Annealed is
mainly regulated by the Pt-active sites, while the overall
material plays a minor role. Importantly, Pt@COF proved to
be a robust heterogeneous photocatalyst maintaining its
structure after several 8-h reaction cycles while detailed
control tests discarded Pt leaching, indicating that the observed
catalytic activity is only attributed to the Pt@COF material.
Photosulfoxidation has also been tested recently by Zhang

using a novel COF capsule, h-LZU1, as light-harvesting
material (Scheme 11b, Table 4 - entry (x)).44 A MOF template
route assisted by compressed CO2 has been employed by the
authors to construct h-LZU1 in a hollow waxberry-like
structure with orderly assembled nanorods on the surface

Scheme 8. (a) Synthesis of 3D-PdPor-COF and 2D-PdPor-COF with the Corresponding Stacking Configuration.a (b) 2D/3D-
PdPor-COFs Application in Photo-oxidation of Sulfides

aModified with permission from ref 42. Copyright 2019, Wiley−VCH GmbH.

Scheme 9. Mechanism for Photo-oxidation of Aryl Sulfide
Catalyzed by 2D/3D-PdPor-COFsa

aAdapted with permission from ref 42. Copyright 2019, Wiley−VCH
GmbH.
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(Scheme 11a), which displayed a broad absorption up to ca.
500 nm, corresponding to a band gap of 2.71 eV.
Comparison between the photocatalytic activity toward

visible-light oxidation of thioanisole derivatives of LZU1,
obtained by classical solvothermal synthesis, and h-LZU1
showed that the latter has a better catalytic performance. The
authors attributed this superior activity to the more negative
potential of h-LZU1’s CB (−0.72 V vs NHE) than that of
LZU1 (−0.52 V vs NHE), which boosts the reduction of O2 to
·O2

− radical, the latter species responsible for the oxidation of
sulfide substrates. Unfortunately, no experimental results
regarding the reusability of the photocatalyst have been
presented in this case.
Amine Oxidation. A high chemically stable COF, Por-

sp2c-COF, fully sp2 carbon conjugated, has been recently
prepared through Knoevenagel condensation reaction by Wang

and co-workers (Scheme 12b) and successfully tested as a
heterogeneous photocatalyst in the visible-light aerobic
oxidation of amines (Scheme 12a).46 Por-sp2c-COF displayed
higher catalytic activity than its imine-based COF homologue,
2D-PdPor-COF, which indicates that the carbon conjugated
framework efficiently stabilizes the charge carrier and, thus,
facilitates the ET processes. Indeed, in the diffuse reflectance
spectra which feature a broad absorption up to ca. 750 nm for
both COFs, the Soret band of Por-sp2c-COF is red-shifted
∼30 nm, compared to that of 2D-PdPor-COF. These results
further indicate that the π−π conjugation is more extended
across the crystalline framework of Por-sp2c-COF, compared
to 2D-PdPor-COF. Importantly, Por-sp2c-COF could also
well catalyze the photo-oxidation of benzylamine to N-
benzylidenebenzylamine (Table 5, entry (i)), which is

Scheme 10. (a) Monomer Truncation Strategy for the Preparation of Pt@COF. (b) Pt@COF Application in Photo-oxidation
of Sulfides
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something not feasible with imine-based COFs, because of
their decomposition when in contact with primary amines.
In subsequent work, the same group explored the

cooperative photocatalysis of Por-sp2c-COF with the
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) in the
photo-oxidation of primary and secondary amines using red
light (λ = 623 nm) over a wide substrate scope (Scheme
13a).47 A detailed mechanistic investigation has been
performed by the authors through kinetic studies, quenching
experiments, and spin trapping agents, which are consistent
with the photo-oxidation process depicted in Scheme 13b.
Upon irradiation with red light, the electrons promoted in the

Por-sp2c-COF CB reduce molecular oxygen to its radical
anion, which, in turn, abstracts hydrogen from TEMPO-H 15
forming H2O2 as a side product and restoring 13. TEMPO 13
is concomitantly oxidized to 14 by the photogenerated hole in
the Por-sp2c-COF-VB. The TEMPO+ 14 is responsible to
convert benzylamine 16 to benzylideneamine 17, which further
react with 16 to yield the targeted imine product 18 (Scheme
13b).
The cooperation mechanism involving TEMPO and Por-

sp2c-COF has been assessed by cyclic voltammetry (CV)
experiments. The intensity of the one oxidation peak recorded

Scheme 11. (a) Synthetic Strategy for the Synthesis of COF Capsule h-LZU1. (b) h-LZU1 Application in Photo-oxidation of
Sulfides

Scheme 12. (a) Por-sp2c-COF Application in the Photo-Oxidation of Amines. (b) Schematic Structure of the High Chemically
Stable Por-sp2c-COF and the Imine-Based 2D-PdPor-COFa

aModified from ref 47. Copyright 2020, Wiley−VCH GmbH.
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for Por-sp2c-COF remarkably increases in the presence of
TEMPO, which is beneficial for the oxidation of benzylamine.
Importantly, benzylamine photo-oxidation by Por-sp2c-

COF, in the presence of TEMPO, occurs with a doubled
product yield, compared to the TEMPO-free setup (Table 5,
entries (ii) and (iii)), thus indicating a synergy role played by
the TEMPO cofactor, boosting the reaction efficiency. The
stability of the Por-sp2c-COF photocatalyst was not addressed
in subsequent reaction cycles.
A highly hydrophilic hydrazone-based COF, composed of

1,3,5-tris(4-formyl-phenyl)triazine (TFPT) and 2-methoxye-
thoxyterephthalohydrazide (BMTH) building blocks, TFPT-
BMTH has been recently prepared and characterized by Yang
and co-workers.48 Incorporation of 2-methoxyethoxy groups
into the channel walls of the framework makes the COF very

dispersible in water, which is a property exploited by the
authors for the photocatalytic oxidation of benzylamine in
aqueous solutions (Table 5, entry (iv)). Excellent product
yield and selectivity have been achieved over a wide reaction
scope with significant reusability of the catalytic system, the
latter retaining fully its morphology and structure after five
repeating cycles.

Reduction Reactions. Recent work by Zhao et al. showed
how ultrastable and fully π-conjugated COFs can act as
efficient photocatalysts for the nicotinamide adenine dinucleo-
tide (NADH) regeneration.49 B-COF-2 and T-COF-2 have
been prepared in a two-step reaction: (i) condensation
between building block A with 1,3,5-tri(4-formylphenyl)-
benzene (TFPB) and 1,3,5-tris(4-formyl-phenyl)triazine
(TFPT) building blocks under classical solvothermal con-

Table 5. Comparison of the Catalytic Performance of COFs in the Photo-oxidation of Benzylamine

COF name (entry) COF building blocks band gap (eV) yield, tR solvent light source (power)

Por-sp2c-COF (i) p-PdPor-CHO, PDAN 1.75 96% (0.8 h) CH3CN white light (LED, 3 W)
Por-sp2c-COF (ii) p-PdPor-CHO, PDAN 1.75 51% (0.25 h) CH3CN λ = 623 nm (LED, 3W × 4)
Por-sp2c-COF+TEMPO (iii) p-PdPor-CHO, PDAN 1.75 94% (0.25 h) CH3CN λ = 623 nm (LED, 3W × 4)
TFPT-BMTH (iv) TFPT, BMTH 2.74 99% (24 h) H2O λ = 454 nm (LED, 30 W)

ap-PdPor-CHO = [5,10,15,20-tetrakis(4-benzaldehyde)porphyrin], PDAN = 1,4-phenylenediacetonitrile, TFPT = 1,3,5-tris(4-formyl-phenyl)-
triazine, BMTH = 2-methoxyethoxyterephthalohydrazide.

Scheme 13. (a) Por-sp2c-COF Application in Photo-oxidation of Primary and Secondary Amines with TEMPO as a Co-
catalyst. (b) Mechanism for the Oxidation of Benzylamine under Visible-Light Irradiation Catalyzed by Por-sp2c-COF and
TEMPO as a Co-catalysta

aAdapted with permission from ref 47. Copyright 2020, Wiley−VCH GmbH.
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ditions gives the imine-based crystalline B-COF-1 and T-
COF-1 solids, respectively, and (ii) cyclization via the Pictet−
Spengler reaction converts B-COF-1 and T-COF-1 to the
thieno[3,2-c]pyridine-linked COF, B-COF-2, and T-COF-2
(Scheme 14b). These post-modified COF showed exceptional
thermal and chemical stability under harsh conditions.
Moreover, both B-COF-2 and T-COF-2 have an extensive

absorption in the visible region (up to 650 nm) with a band
gap of ∼2.3 eV, while the CB and VB are respectively
determined via cyclic voltammetry to be approximately −3.5
and −5.9 eV, respectively. Thus, these values indicated that
both COFs possess the thermodynamic driving force to reduce
the mediator [Cp*Rh(bpy)-(H2O)]

2+,62 19, the latter being
responsible for transfer hydride to the NAD+ species (Scheme

Scheme 14. (a) Mechanism for the Nicotinamide Adenine Dinucleotide (NADH) Regeneration under Visible-Light Irradiation
Catalyzed by B/T-COF-2a (b) Building Blocks and Reaction Conditions for the Synthesis of B-COF-2 and T-COF-2

aTEOA stands for triethanolamine employed as electron donor species. Adapted with permission from ref 49. Copyright 2020, American Chemical
Society, Washington, DC.
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14a). Interestingly, while both imine-based COF, B-COF-1
and T-COF-1, displayed negligible photoactivity, T-COF-2
showed a dramatic increase of NADH regeneration (up to 74%
within 10 min), compared to B-COF-2. These results have
been ascribed by the authors to the extended conjugated
structure of the thieno[3,2-c]pyridine-linked COFs coupled
with the nitrogen-rich triazine core, which favors the binding of
NAD+ by π−π stacking with the π-conjugated 2D surface of T-
COF-2. Importantly, T-COF-2 displayed remarkable photo-
stability, since, after three reaction cycles, no obvious decrease
in yield of NADH regeneration has been observed.
An elegant catalytic platform has been designed by Kim and

co-workers for the photocatalytic hydrogenations of olefins
employing a covalent organic framework acting as an ET
mediator in a metal MOF@COF hybrid material.45 In detail,
the NH2-MIL-125(Ti) denoted as TiATA, a known MOF
photosensitizer, has been covered by vertically grown COF
(LZU1) nanosheets by facile room-temperature synthesis
exploiting the −NH2 pendant functional groups of the starting
MOF. Pd2+ has been then incorporated into the TiATA@
LZU1 material by leveraging the chelating ability of the imine
bonds of the LZU1 shell. A successive reduction of Pd2+ to Pd0

with NaBH4 generated Pd nanoparticles with an average
diameter of 2.2 nm, well-dispersed through the TiATA@LZU1
material, as reflected by imaging analyses (Scheme 15c). The
assembled material, Pd/TiATA@LZU1, shows an extended
absorption up to 500 nm and displays a remarkable visible-light
photocatalytic activity (λ > 420 nm) generating excellent yields
(up to 99%) of hydrogenated products with high selectivity
over a 10-example substrate scope (Scheme 15a). Pd species
were confirmed to be the essential active sites to promote the
hydrogenation reaction, while visible light is needed to

promote the catalytic activity, because a substantial decrease
in yield is observed under dark conditions. Notably, the
photocatalytic activity decreases in the absence of the LZU1
highlighting the positive synergistic effects among the TiATA
core, the LZU1 COF shell, and the doped Pd metal. Indeed,
emission quenching experiments suggest that LZU1 acts as an
electronic mediator promoting the electron transfer from the
excited TiATA to Pd species, thus the Pd/TiATA@LZU1 can
be viewed as a “donor−mediator−acceptor” system (Scheme
15b).
The Pd/Ti-ATA@LZU1 catalytic system has also been

successfully tested in tandem dehydrogenation and hydro-
genation photoreactions employing a novel designed dual-
chamber microreactor featuring two circular reaction compart-
ments separated by a gas-permeable PDMS membrane, each of
them loaded with Pd/TiATA@LZU1. The reagents, NH3·BH3
complex and desired olefin, were separately injected through
four inlets into the dual chamber reactor under light irradiation
(λ > 420 nm) and in continuous flow configuration. The
hydrogen generated in situ by the photocatalytic dissociation
of ammonia-borane complex could smoothly pass through the
PDMS membrane and thus convert the olefin to the
corresponding alkane. As highlighted by the authors, such a
photocatalytic system can potentially be extended to
challenging liquid−gas and cascade reactions.

Carbon−Carbon Bond Formation. Forging new car-
bon−carbon bond connectivity is one fundamental trans-
formation to increase complexity in organic synthesis.63

Photocatalysis is at the forefront of an intense research effort
to develop sustainable synthetic methods including cross-
dehydrogenative coupling (CDC), a versatile methodology for
the selective construction of C−C bonds from two different

Scheme 15. (a) Pd/TiATA@LZU1 Application in Photocatalytic Hydrogenation of Olefins. (b) Proposed Electron Transfer
Mechanism Occurring in Pd/Ti-ATA@LZU1, Where LZU1 Acts as a Charge-Transfer Mediator under Visible-Light
Irradiation. (c) Schematic Illustration of the Preparation of Pd/Ti-ATA@LZU1 and Its Photocatalytic Application in the
Hydrogenation of Olefinsa

aAdapted with permission from ref 45. Copyright 2018, Wiley−VCH GmbH.
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C−H bonds without the need of substrate preactivation.13,64,65

Below are some remarkable examples where COFs have been
employed as photocatalysts for C−C bond formation.
Cross-dehydrogenative coupling (CDC) reactions between

tetrahydroisoquinoline (THIQ) and various nucleophiles have
been successfully tested using a hydrazone-based COF, TFB-
COF, as visible light photocatalyst material by Wu et al. in
2017.50 TFB-COF has been synthesized by acid-catalyzed
reversible condensation between 1,3,5-triformylbenzene (TFB)
and 2,5-dimethoxyterephthalohydrazide (DMTH) building
blocks (Scheme 16a). IR, CP/MAS 13C NMR, and BET
analyses confirmed the crystalline and porous structure of
TFB-COF, while a diffuse reflectance UV−vis spectrum
displayed an absorption edge at ca. 450 nm, corresponding
to an optical band gap of 2.88 eV.

The reaction mechanism can be summarized in the
following steps: (i) generation of THIQ radical cation 21
from 20 by the hole generated at the TFB-COF-VB via a single
electron transfer process (SET), (ii) reduction of O2 to
superoxide radical anion by the electrons promoted at the
TFB-COF-CB, (iii) proton abstraction from the α-amino C−
H bond of THIQ+ 21 by •O2

− species to form the THIQ
iminium ion 22, and (iv) nucleophilic addition (e.g., CH3NO2)
to the THIQ iminium ion 22 to yield the final product 23
(Scheme 17). Good product yields with high selectivity have
been obtained over a wide substrate scope (Scheme 16b, Table
6, entry (i)), and, importantly, TFB-COF is provided to be a
robust photocatalyst, since its catalytic activity has been fully
retained after three reaction cycles.

Scheme 16. (a) Synthesis of TFB-COF Starting from the Building Blocks TFB and DMTH. (b) TFB-COF Application in CDC
Reaction

Scheme 17. Mechanism for the CDC Reaction under Visible-Light Irradiation Catalyzed by TFB-COFa

aAdapted with permission from ref 50. Copyright 2016, Wiley−VCH GmbH.
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The CDC reaction was also explored by Liu et al. in the
same year, employing a new imine-based COF as a
photocatalyst, COF-JLU5, synthesized under solvothermal
conditions by condensation of 4,4′,4′′-(1,3,5-triazine-2,4,6-

triyl)trianiline (TTA) and 2,5-dimethoxyterephthaldehyde
(DMTP) (Table 6, entry (ii)).54 The methoxy substituents
as electron-rich groups stabilize the Schiff-base centers
imparting stability to the COF framework. Indeed, no

Table 6. Comparison of the Catalytic Performance of COFs for the Photo-induced CDC Reaction between
Tetrahydroisoquinoline (THIQ) and Nitromethanea

COF name (entry) building blocks band gap (eV) yield, tR light source (power)

TFB-COF (i) DMTH, TFB 2.88 87% (36 h) energy-saving lamp (45 W)
COF-JLU5 (ii) TTA, DMTP / 99% (6 h) λ = 460 nm (LED, 30 W)
OH-TFP-TTA (iii) OH-TFP, TTA 2.60 93%b (6 h) λ = 460−470 nm (LED, 30 W)
COF-1, COP-1 (iv) NBC, ETTA 2.24 85%,c 76% (40 h) λ = 440 nm (LED)
COF-2, COP-2 (v) TAPB, ETBC 2.14 83%,c 70% (40 h) λ = 440 nm (LED)

aAbbreviations used: DMTH = 2,5-dimethoxyterephthalohydrazide, TFB = 1,3,5-triformylbenzene, DMTP = 2,5-dimethoxyterephthaldehyde, OH-
TFP = 1,3,5-tris(4-formyl-3hydroxyphenyl)-benzene, TTA= 4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)trianiline, NBC = 4′,4′′′,4′′′′′-nitrilotris(([1,1′-
biphenyl] 4-carbaldehyde)), ETTA = tetrakis(4-aminophenyl)ethylene, TAPB = tris(4-aminophenyl)amine, ETBC= 4′,4′′′,4′′′′′,4′′′′′′′-(1,2-
ethenediylidene)tetrakis[1,1′-biphenyl]-4-carboxaldehyde. bN-(p-Tolyl)-1,2,3,4-tetrahydroisoquinoline as the substrate. cN-(p-Tolyl)-1,2,3,4-
tetrahydroisoquinoline as the substrate, under air and 40 °C.

Scheme 18. (a) Synthesis of 2D-COFs by the Condensation Reaction between TFP ortho-Substituted on the Peripheral Ring
and TTA/TAPB Building Blocks. (b) OH-TFB-TTA Application in CDC Reaction
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structural changes have been observed when COF-JLU5 has
been dispersed for several days in either acidic (HCl, 12 M)
and basic environment (NaOH, 14 M). Good to excellent
yields with high selectivity have been observed for a wide
substrate scope in CDC reactions, including the formation of
α-amino dialkyl phosphonates products. Notably, COF-JLU5
displayed remarkable recyclability; indeed, the reused material,
isolated by simply centrifugation, fully retained its catalytic
activity as well as its structure, even after 10 subsequent cycles.
A series of 2D-COFs, synthesized by the condensation

reaction between 1,3,5-tris(4-formylphenyl)benzene, ortho-
substituted on the peripheral ring with −OH and −CF3
groups (X-TFB), with 4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)-
trianiline (TTA) and tris(4-aminophenyl)amine (TAPB)
building blocks (Scheme 18a), have been recently tested in
CDC (Scheme 18b, Table 6, entry (iii)) and dehalogenation
reactions by Tang, Li, and co-workers.55 Photophysical and
electrochemical characterizations including optical band gap
determination, photocurrent response, and EIS (electro-
chemical impedance spectroscopy) concluded that the COF
composed by triazine framework (TTA) and TFB bearing
−OH group (OH-TFP-TTA) has the best visible-light
absorption ability (broad absorption up to ca. 570 nm, band
gap of 2.6 eV), as well as an optimal charge-transfer efficiency.
Indeed, the highest product yields in both photochemical
reactions tested have been observed for OH-TFP-TTA, which
also showed the ability to retain catalytic activity and
crystallinity after several reaction runs. Importantly, the

amorphous counterpart of OH-TFP-TTA displayed a much
lower product yield (90% vs 18%), indicating that the ordered
2D porous structure plays a key role in improving the
photocatalytic activity, likely due to the reticular porous
structure.
In very recent work, Cui et al. explored the CDC reaction

(see Scheme 19b, and Table 6, entries (iv) and (v)) using two
novel 3D-COF as a photocatalyst, COF-1 and COF-2,
prepared starting from triphenylamine and tetraphenylethene
derivatives as the functional building blocks (Scheme 19a).56

Unlike most of the 3D-COFs, the corresponding building
blocks of COF-1/COF-2 do not possess tetrahedral geometry
but, because of their propeller-like structures under solvother-
mal conditions, yielded a 3D porous frameworks with a rare 2-
fold-interpenetrated topology (ffc).
Notably, both COF-1 and COF-2 have absorption edges at

∼554 and 579 nm, corresponding to band-gap values of 2.24
and 2.14 eV, respectively; thus, both COFs serve as ideal
visible-light photocatalysts. Indeed, excellent yields, particularly
with the THIQ substrate bearing electron donor groups, have
been reported using both COF-1 and COF-2 under blue-light
irradiation (λ = 440 nm). Most importantly, for the first time,
COF materials have been combined with a chiral imidazoli-
dinone organocatalyst for enantioselective transformations, and
specifically used for the asymmetric α-alkylation of aldehydes
(Scheme 19b). The concept of merging photoredox with
organo-catalysis was first explored by the group of
MacMillan.66 From this seminal work, diverse combinations

Scheme 19. (a) Building Blocks for the Synthesis of COF-1 and COF-2. (b) COF-1/COF-2 Application in CDC Reaction and
Asymmetric α-Alkylation of Aldehydes
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of dual organocatalytic/photoredox systems have been ex-
plored.67 For instance, metal-based sensitizers (Ru(bpy)3Cl2,
[Fe(bpy)3]

2+), semiconductor bismuth-oxides (Bi2O3) and
organic dyes (eosin Y) were found to be competent
photocatalysts for the enantioselective α-alkylation of
aldehydes.68−70

The plausible mechanism proposed for the asymmetric α-
alkylation of aldehydes catalyzed by the COF1 and COF2 with
an imidazolidinone organocatalyst is depicted in Scheme 20.

Upon excitation, the electron promoted on the COF-CB is
transferred to the electron-acceptor bromo-compound 24 via
single electron transfer (SET) to generate the corresponding
radical anion 25, which, via rapid fragmentation of the C−Br
bond, releases the electrophilic radical 26. Concurrently, the
imidazolidinone catalyst 27 activates the aldehyde 28 via
enamine (29) formation. The electrophilic radical 26 engages
in a stereodetermining C−C bond-forming event with the
enamine 29 yielding the α-amino radical 30, which is prone to
oxidation by the COF-VB. The photoredox cycle is thus
closed. The hydrolysis of the iminium ion 31 provides the
desired alkylated aldehyde 32, while the imidazolidinone can
restart another catalytic cycle.
Table 7 collects representative dual photo-organo catalytic

systems for the enantioselective α-alkylation of aldehydes,
using the chiral the imidazolidinone 27 as organocatalyst.
Remarkably, both COF-1 and COF-2 gave comparable results,
in terms of product yield and ee (enantiomeric excess), with
respect to molecular photocatalysts. Although the COF-based
systems require longer reaction time and low-temperature
conditions, this work paves the way for the development of
COF-based photocatalysts combined with small molecule
activators, thus opening a broad application scenario.
Interestingly, the authors performed host−guest experiments
(e.g., substrate uptake, fluorescence quenching titration) which
seem to corroborate that the photochemical reaction is

occurring within the COF porous structure, although size-
selective experiments with different sterically aromatic
aldehydes failed to confirm this hypothesis.
In the reactions tested, CDC and α-alkylation of aldehydes,

both COF-1 and COF-2 lost their crystallinity, which could be
easily recovered via solvent-assisted linker exchange strategy,
i.e., by exposing the amorphous COF to a solution excess of
starting building blocks under solvothermal conditions.
Interestingly, in the aldehyde α-alkylation reaction, the
amorphous materials (COP-1 and COP-2) behave similarly
to the corresponding crystalline materials, in terms of ee values
but with ∼10% lower product yields, suggesting that the
crystallinity may facilitate the substrate adsorption/activation
and enhance electron transfer from the COF-CB to the α-
bromocarbonyl substrate.
Recently, Liu et al. explored the photocatalytic activity of

COF-JLU22, obtained from the condensation between 1,3,6,8-
tetrakis(4-amino-phenyl)pyrene (PyTTA) and 4,4-̀(benzothia-
diazole-4,7-diyl)dibenzaldehyde (BTDA), toward the α-
alkylation of aldehydes, using tetrahydropyrrole as an achiral
organocatalyst.57 In the same work, the authors tested COF-
JLU22 also in photoreductive dehalogenation reactions,
specifically of phenacyl bromide and its derivatives. Apart
from good product yields in both reactions tested, the COF
photocatalyst also showed high recyclability. Indeed, no
significant loss of catalytic activity has been observed after
five reaction cycles together with structural conservation of the
recycled material. Importantly, the filtrated reaction mixture
solution did not display further photocatalytic activity,
indicating that the process is purely heterogeneous and
confirming the photostability of COF-JLU22 under the
reaction conditions.
Employing TFB-COF (see Scheme 16a for structure) as a

heterogeneous photocatalyst, Yang and co-workers investigated
the C3 arylation and alkylation of quinoxalin-2(1H)-ones,
important molecules widely present in pharmaceutical drugs as
core structures (Scheme 21a).51 The proposed reaction
mechanism by the authors is depicted in Scheme 21b.
Visible-light irradiation triggers at the TFB-COF-CB the
reduction and/or energy transfer of O2 into superoxide radical
anion and/or singlet oxygen, which, in turn, reduce the
hydrazine 33 to the corresponding carbon-centered radical 34
releasing H2O and N2. The addition of 34 to the quinoxalin-
2(1H)-one 35 yields the α-amino radical 36, followed by a 1,2-
H shift to give 37. The latter radical species 37 is then
oxidized, by the holes accumulated at the TFB-COF VB, to the
cation 38, which, in turn, is deprotonated to give the desired
product 39.
Importantly, TFB-COF showed excellent photostability;

even after six reaction cycles, the loss of catalytic activity is
negligible, which is instrumental for gram-scale synthetic
application, as successfully reported.
Alkylation of quinoxalin-2(1H)-ones and related hetero-

cycles (e.g., isoquinolines, quinolines) via photocatalytic
decarboxylative generation of carbon-centered radicals have
also been explored recently by Yang and co-workers, where
they tested four imine-linked 2D-COFs and one olefin-linked
COF (2D-COF-2) as heterogeneous photocatalysts.58 The
proposed reaction mechanism occurs similarly to that
described in Scheme 21b, whereby the generation of carbon-
centered radicals occurs upon reduction of N-hydroxyphtha-
limide (NHPI) esters (E = −1.20 V vs SCE) by the 2D-COF-
2-CB (E = −1.40 V vs SCE) which delivers the desired alkyl

Scheme 20. Plausible Mechanism for the Asymmetric α-
Alkylation of Aldehydes under Visible-Light Irradiation
Catalyzed by COF-1/COF-2
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Table 7. Comparison of Dual Catalytic Systems for the Enantioselective α-Alkylation of Aldehydes

Scheme 21. (a) TFB-COF Application in the Alkylation of Quinoxalin-2(1H)-one. (b) Mechanism for the Alkylation of
Quinoxalin-2(1H)-one under Visible Light Irradiation Catalyzed by TFB-COFa

aAdapted with permission from ref 51. Copyright 2019, Wiley−VCH GmbH.
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radical and CO2 as a side product. The 2D-COF-2 displayed
the highest catalytic performance among the COFs inves-
tigated while maintaining the porous and ordered structure for
six reaction cycles. Importantly, the authors extended the
substrate scope to derivatives from natural products and
pharmaceutical drugs, including a gram-scale reaction of
isoquinoline derived from lithocholic acid, showing the
potential of COFs as industrial photocatalysts.
Other Relevant Reactions. The hydrazone-based COF,

TFB-COF, has also been employed by Yang and co-workers as

visible-light photocatalyst for cyclization reactions, namely, (i)
radical addition-cyclization of 2-aryl phenyl isocyanides for the
synthesis of 6-substituted phenanthridines,52 and (ii) the
oxidative construction of N−S bond for the preparation of
1,2,4-thiadiazoles (Scheme 22).53 From good to excellent
product yields have been obtained in both reactions tested for
a wide substrate scope making the TFB-COF as efficient as the
molecular photocatalyst alternatives. Importantly, the COF
material could be recycled and reused for several consecutive
reaction cycles without appreciable loss of catalytic activity, as

Scheme 22. (i) Radical Addition−Cyclization of 2-Aryl Phenyl Isocyanides and (ii) Oxidative N−S Bond Formation Catalyzed
by TFB-COF under Visible-Light Irradiation

Scheme 23. (a) Synthesis of the Model Compound MC-Ni. (b) Building Blocks and Reaction Conditions for the Synthesis of
Ace-COF-Ni. (c) Ace-COF-Ni Application in the S−C Cross-Coupling Reaction
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reflected by the conservation of the corresponding porous and
ordered framework. Scaled-up experiments in a continuous
flow have also been performed, with both reactions giving the
desired product in high yield, which can pave the way for large-
scale production.
Apart from the work of Aleman et al., where metal catalyst

(Pt) has been incorporated in a photoactive COF framework
(see Scheme 10a) by truncation strategy, the rest of the
examples dealing with COF as a catalytic system for organic
transformations focus on employing COF in the absence of
metal cofactors. In a very recent paper, Voort and co-workers
explored the application of COF by combining the photoredox
ability of the organic framework with a transition-metal catalyst
(metallo-photoredox catalysis) to drive sulfur−carbon cross-
coupling reaction employing visible-light irradiation.59 In
detail, a new photosensitive triazine-based COF has been
prepared by condensation reaction between 4,4′,4′′-(1,3,5-
triazine-2,4,6-triyl)trianiline (TTA) and acenaphthenequinone
(Ace) to give the corresponding porous and crystalline COF
(Ace-COF). The Ace-COF features topologically ordered D−
A heterojunctions, known to photogenerated long-lived charge
carriers essential for enhanced photocatalytic activity. By
exploiting the chelating property of 1,2-bis(phenyl)-acenaph-
thene moiety, Ni ions have been introduced into the COF
through a simply wet impregnation process consisting of
soaking the Ace-COF with NiCl2·H2O methanol solution to
give the corresponding Ace-COF-Ni material (Scheme 23b).
Extensive characterization of the resulting material con-

firmed the presence of Ni into the crystalline and porous
structure of Ace-COF-Ni, revealing an enhanced absorption in
the visible light range (up to 700 nm) corresponding to a band
gap of 1.83 eV. Therefore, the authors evaluated the potential
of Ace-COF-Ni as a metallo-photoredox catalyst, in a model
reaction, that is the cross-coupling between iodobenzene and
thiophenol in the presence of pyridine as a base under blue-
light irradiation (LED, 420 nm < λ < 430 nm). Excellent

product yield has been obtained after 24 h of continuous
irradiation at room temperature, while control tests show how
the catalytic activity benefits from the proximity of the
photosensitizing COF scaffold with Ni active sites. Indeed,
under the same reaction conditions, the product yield
decreased from 95% to 26% when the benchmark reaction
has been tested employing a physical mixture of pristine Ace-
COF and the model compound MC-Ni (Scheme 23a) acting
respectively as photoredox material and metal catalytic site. A
detailed mechanistic investigation including time-resolved
emission spectroscopy, steady-state emission quenching experi-
ments, EPR spectroscopy, and cyclic voltammetry point to the
reaction mechanism depicted in Scheme 24, where the Ni(I)
are the active species in the catalytic cycle. Upon visible-light
irradiation, the holes generated in the Ace-COF-Ni-VB are
quenched via SET process from the thiol 40 to generate the
corresponding radical cation 41, which, in turn, is converted to
the thiol radical 42 after being deprotonated by pyridine. The
thiol radical 42 then oxidatively adds to Ni(I)-halide 44,
generated in turn by the reduction of the starting Ni(II)-halide
43 from the photoexcited Ace-COF-Ni, to yield the Ni(II)-
sulfide complex 45. The latter species is then reduced by the
Ace-COF-Ni-CB via SET to form the Ni(I)-sulfide species 46.
Oxidative addition of aryl halide 47 to the Ni(I)-sulfide
complex 46 forms the Ni(III) complex 48, which delivers the
S−C cross-coupled product 49 upon reductive elimination
step. Therefore, the proximity between the photoactive
framework and the Ni catalytic sites improves the overall
catalytic efficiency, since it facilitates the electron transfer as
well as the oxidative addition of thiol radical 42 to the Ni
complexes 45 and 44, respectively. Importantly, the Ace-COF-
Ni material displayed wide applicability and recyclability as
witnessed by the large substrate scope (Scheme 23c) and a
negligible loss of catalytic performance after five consecutive
reaction cycles.

Scheme 24. Mechanism for the S−C Cross-Coupling Reaction under Visible-Light Irradiation Catalyzed by Ace-COF-Nia

aAdapted with permission from ref 59. Copyright 2021, Wiley−-VCH GmbH.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Perspective

https://doi.org/10.1021/acssuschemeng.1c04787
ACS Sustainable Chem. Eng. 2021, 9, 15694−15721

15716

https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04787?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04787?fig=sch24&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c04787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Banerjee and co-workers recently explored the visible-light
photoassisted E to Z isomerization of olefins via energy transfer
process employing a photoactive COF, TpTt, prepared by the
condensation of melamine with 1,3,5-triformylphloroglucinol
(Tp) building block.71 Importantly, the triazine core frame-
work of TpTt should preferentially form complexes with E
olefin by π−π stacking interaction, thus selectively transfers the
energy to this isomer.60 As a result, the photoequilibrium is
shifted from the thermodynamically more stable (E) to the
energetically less stable form of olefin (Z).
The ordered and porous structure of TpTt has been

confirmed by PXRD, BET, and FT-IR among others, while
solid-state UV−vis diffuse reflectance spectroscopy displayed
an extended visible absorption up to ∼530 nm with an optical
band gap of 2.74 eV, making TpTt an ideal photocatalyst for
the visible-light-assisted isomerization of olefins. Indeed,
excellent conversions have been observed for a wide substrate
scope, e.g. trans-stilbene reached a maximum conversion of
90% to the corresponding cis isomer under 18 h of irradiation
with blue-light LED. TpTt also showed remarkable recycla-
bility, after four reaction cycles no loss of photocatalytic
activity has been observed coupled with the full conservation
of the initial structure, as witnessed by FT-IR, PXRD, and
TEM analysis. In addition, the authors explored the
crystallinity effect of TpTt material as a function of
photocatalytic activity. The conversion of trans to cis-stilbene
decreased from 90% to 8% when switching from the crystalline
TpTt to the amorphous counterpart, which may indicate that
the reaction is occurring within the COF pores or at the
crystallite surface since the length of the substrate (∼1.1 nm) is
not compatible with the determined TpTt pore size
distribution (η ≈ 1.3 nm).

■ CONCLUSIONS AND OUTLOOK

Covalent organic frameworks represent an emerging class of
porous, lightweight, and crystalline materials, whose applica-
tions are constantly rising in many different fields spanning
from molecular chemistry to photophysics and materials
engineering, thus reflecting their high potential and emergent
properties. Recently, COFs have been employed as novel
photocatalysts to induce organic transformations under mild
and sustainable reaction conditions. COF-based photocatalysis
is mostly centered on the materials science aspects, that is, on
the design, characterization, and understanding of the COF
structural features, rather than on the emerging reactivity
patterns originating from the ordered framework of their
functional components. In particular, the advantage of
confinement effects, intrinsic to the porous and long-range
ordered structure of COF materials, is largely underrated.
Indeed, few works address the photoreactivity and product
selectivity as a function of the COF pore size, albeit
preliminary results indicate that the substrate dimension is
one parameter affecting the photocatalysis kinetics and
selectivity, in relation to the COF pore diameter.39,42,71

Noteworthy, the impact of particle size of photoresponsive
COF materials is yet to be explored, although it is well-
established to be one key parameter influencing the photo-
catalytic performance of inorganic semiconductors, e.g.,
TiO2.

72 Therefore, systematic and mechanistic studies are
needed to trace structure−reactivity relationships with
predictive potential, for COF optimization, in terms of
performance, selectivity, and substrate scope.

Importantly, COF scaffolds are amenable to post-function-
alization strategies, with negligible loss of the pristine
crystallinity, making them ideal for the colocalization of
light-harvesting/conversion domains with catalytic cofactors,
wherein the former function originates from the π-conjugated
COF skeleton, while catalytic sites can be anchored on the
pore surfaces. The recent work by Voort and co-workers
explored such proximity and confinement effects in detail so
that excellent photocatalytic performance has been observed
for the sulfur−carbon cross-coupling reactions.59 Moreover, as
demonstrated in recent case studies highlighted herein,37,38

COFs possess high adaptability to combine with comple-
mentary materials (e.g., inorganic semiconductors and MOF),
which generate photoactive interfaces capable to significantly
retard electron−hole recombination, a crucial feature for
efficient photoinduced electron transfer processes. In this vein,
COFs have also been successfully coupled with carbon
nanostructures, through template synthesis, e.g., using
graphene or carbon nanotubes, providing composite materials
with exceptional mechanical and electrochemical properties,
and notable interest for photocatalytic transformations.73−76

It turns out that COF materials have all the advantages of
heterogeneous catalysts, including easy recovery and reuse of
the solid material, a property widely valued for large-scale
production. Indeed, recent progress in the COF chemical
synthesis is delivering innovative structures featuring ultra-
stability, which is key to facilitating their transferability to
industrial applications. One major bottleneck for the cost-
effective, sustainable production of COFs and of related
materials, e.g., MOF, has been ascribed to the solvothermal
synthetic protocol. In this regard, a 50% cut of production
costs is expected by switching from the classical solvothermal
approach, employing large quantities of expensive organic
solvents, to a liquid-assisted grinding method (LAG) or
aqueous synthesis.77 Furthermore, process intensification
under continuous synthesis operation,78 might provide a
convenient approach to improve the cost efficiency and the
environmental sustainability of COFs manufacture.
Thus, COF materials have all the prerequisites to become a

reference platform for photocatalytic transformations, espe-
cially applied to advanced synthetic methods. Prominent
examples include not only classical transformations of
functional groups, but also the challenging construction of
C−C bonds in asymmetric environment, as in the case of the
enantioselective α-alkylation of aldehydes,56 and the cross-
dehydrogenative coupling (CDC) reactions,50 while the
reported sulfur−carbon cross-coupling reaction through a
COF dual catalyst strategy is remarkable.59 These examples
open several possibilities to solve modern organic synthesis
problems. The maturity of this field will be key for the
development of COF-based photocatalysts with application in
synthetic chemistry.
COFs may bridge the gap between molecular and

heterogeneous catalysis, thus opening new avenues to trigger
multifunctional activation strategies. However, producing
COFs that are simultaneously crystalline, stable, and functional
(the COF trilemma)79 is highly challenging. Because of the
multitude of organic building blocks and linkages, the vastness
of design space for COF synthesis sets a unique opportunity to
explore structure−reactivity relationships with the predictive
potential to anticipate and tune the functional ensemble. As a
matter of fact, the ideal COF-based photocatalyst, tailored for a
specific reaction, might be already described in the literature, in
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terms of its molecular composition and framework arrange-
ment. In this context, the emerging power of active machine
learning (AML) approaches80−82 will probably be of great help
in assisting and accelerating the discovery of the best suitable
COF-based photocatalyst, for instance by analyzing charge
transport, optical absorption range, and linkage bond strength,
among other specific descriptors. Indeed, fundamental photo-
physical studies can provide important guidelines for photo-
catalytic COF design. However, COF photodynamic behavior
is still underexplored and, to date, only a few seminal studies
have addressed the excited-state features and decay mechanism
emerging from the reticulate photoactive framework. Note-
worthy, COFs can exhibit exciton transport properties that are
among the highest reported for organic materials (up to 0.09
cm2/s in the case COF-5).83 However, several deactivation
mechanisms can occur which are derived from fast excimer
formation and exciton−exciton annihilation. Therefore, a
detailed analysis of the COF excited-state dynamics is
instrumental to identify the type of the excited states formed
and their evolution over time to charge separation, to address
the nature of possible recombination events that limit
efficiency.83,84 In this regard, controlling the excitonic effects
and related properties of COF is highly desirable for
application in photocatalysis, as recently shown by Jiang and
co-workers, where photocatalytic terpinene oxidation has been
controlled upon manipulation of the chromophore core within
porphyrinic COFs.85 Both the nature of the molecular
chromophores, their integration within an extended conjugated
electronic structure, or their connection via an electronically
decoupled acceptor/donor heterojunction, together with the
framework topology dictating distances and geometries, are
expected to establish the future progress for COF application
in advanced photocatalysis for the next-generation solar
energy-driven organic synthesis.
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