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Small-molecule drugs are widely used in daily life. There are still issues with the current industrial syn-
thesis techniques for small-molecule drugs, such as the use of expensive metal catalysts, convoluted reac-
tion processes, and non-recyclable catalysts. The benefits of photocatalytic organic synthesis over conven-
tional techniques are mild conditions, environmental friendliness, and great selectivity. Porous framework
materials can precisely modulate catalytic sites’ electronic state and ligand structure to improve photocat-
alytic performance. In particular, MOFs, COFs and PCCs based photocatalysts have received extensive re-
search interest due to their unique morphology, structural adjustability, high photocatalytic performance,
unique recyclability, excellent chemical stability, easy synthesis and low cost. Therefore, a key area for
future research is the development of porous framework materials as photocatalysts for the synthesis of

small-molecule drugs or drug precursors.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The number of small-molecule drugs accounts for a significant
portion of drugs that are used frequently [1]. Their favorable
spatial dispersion and drug-forming qualities also aid in the
creation of new drugs [2]. Carboxylic acids (Aspirin [3]), indoles
(Indomethacin [4]), benzophenones (Fenofibrate [5]) and sesquiter-
penes (Artemisinin [6]) are examples of common small-molecule
medications. These medications are widely used as antipyretic,
analgesic, anti-inflammatory, and antiseptic. Small-molecule drug
industrial synthesis techniques currently used are fairly advanced,
but some pressing issues still need to be resolved. These issues
include non-recyclable catalysts, expensive metal catalysts, and
complicated reaction processes [7]. Therefore, a key area for future
research and development is the creation of new multiphase
photocatalysts for the synthesis of small-molecule drugs or drug
precursors [8].

The use of photocatalysis to transform solar energy into chem-
ical energy is one of the methods for preserving and using solar
energy, and it has received extensive research [9]. In the process of
photocatalysis, photocatalysts adsorb photons to produce electrons
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and holes [10] and carriers that separate and spread to the surface
of the photocatalyst [11] to start redox reactions. Carbon dioxide
reduction [12] and organic matter oxidation [13] are typical photo-
catalytic processes. The benefits of photocatalytic organic synthesis
over traditional techniques include high selectivity, environmental
tolerance, and mild reaction conditions [14].

The evolution of photocatalysis depends on the variety of pho-
tocatalyst kinds. The tunable structure, high porosity, and sizable
specific surface area of porous framework materials enable them to
function exceptionally well as catalysts in multiphase photocataly-
sis. To speed up the reaction process, porous framework materi-
als can be structurally engineered to adjust to the size of the re-
actant and alter the microenvironment around the catalytic site.
They can also accurately alter the ligand structure and electronic
state of the catalytic site to enhance catalytic performance [15]. As
a result, photocatalysts in the class of porous framework materials
have tremendous potential.

2. Synthesis of porous framework materials

Coordinated-driven self-assembly provides a favorable approach
for fabricating organometallic structures with a variety of struc-
tures and functions. As is known to all, the size and form of
the photocatalyst light catalytic properties play an important role.
Therefore, it is of great importance to find an effective method to
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prepare porous organic framework photocatalysts with controllable
size and structure.

Metal-organic frameworks (MOFs) are made by metal and or-
ganic ligand coordination way form the frame structure. The
solvothermal method is widely considered to be an effective ap-
proach for the synthesis of MOFs due to its straightforward op-
eration, mild reaction conditions, and ability to promote the pro-
duction of MOFs with high yields [16]. The most important thing
in the process of solvothermal reaction is to choose the right sol-
vent. At present, the organic solvents used for the preparation of
MOFs are N,N-dimethylformamide (DMF) [17], dimethyl sulfoxide
(DMSO) [18], N,N-diethylformamide (DEF) [19], toluene, etc. These
organic solvents are used as structural guidance agents and syn-
thetic media in the synthesis process. In addition, various methods
such as hydrothermal reaction, solution precipitation, ultrasonic,
microwave, oil bath, and template methods can be used to prepare
high quality MOFs.

Generally, covalent organic frameworks (COFs) are built from
organic building blocks via reversible condensation reaction. The
connections within the COFs lattice can be understood as contin-
uous correction and rearrangement, resulting in a crystal structure
rather than an amorphous state. Since the first successful synthe-
sis of COFs by solvothermal method, this method has been widely
used in the synthesis of COFs [20]. In solvothermal synthesis, the
required monomers, solvents and catalysts are placed in sealed
containers such as sealed tube, ampule, glass bottle with cap, or
Teflon lined stainless autoclave. At present, the synthesis meth-
ods of COFs include solvothermal, ball milling [21], microwave [22],
sonochemical [23] and ionothermal [24] method.

The synthesis of discrete porous coordination cages (PCCs)
structures is typically achieved by coordination-driven self-
assembly of metal ions and organic ligands in a specific solution
through the use of a "bottom-up” approach. Typical methods of
PCCs synthesis include classical solution reaction and solvothermal
synthesis [25]. In recent years, advanced post-synthetic modifica-
tion methods have gained recognition because it is more dynamic
than traditional methods [26]. Predicting the synthesis of PCCs is
therefore a difficult challenge. Changes in reaction conditions, even
subtle changes, can lead to significant differences in PCCs.

For porous organic frames, with different synthesis methods,
the structure of the frame will be changed to a great extent, and
the crystal structure of different packing and coordination modes
will be obtained. Even under the premise of obtaining the same
crystal structure, it is still possible to obtain materials of different
sizes, different yields and different shapes, which indirectly affects
their performance as photocatalysts and the efficiency of synthesis
of small molecule drugs. For example, size and shape may affect
the catalytic effect due to the different surface area of the mate-
rial.

3. Common photocatalytic reactions of porous framework
materials

Conventional photocatalysts, commonly use small molecule
metal complexes, such as ruthenium and iridium complexes [27].
Although these catalysts have excellent photophysical properties,
they are costly, toxic, and prone to environmental pollution [28].
Organic photocatalysts, such as rhodamine B and eosin Y, have re-
cently been introduced into the photocatalytic process to replace
small molecule metal complexes [29,30]. Although organo-catalysts
can achieve comparable or even better catalytic efficiency [31],
their synthesis is often accompanied by pollution [32].

Compared with inorganic porous materials, the biggest advan-
tage of organic porous frame materials is that the arrangement of
the frame can be accurately regulated. Porous organic frame mate-
rials facilitate the control of the structure and function of the tar-
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get material by building units. The building units are small organic
molecules, which come from a wide variety of sources and make
the building units diversified. At the same time, it is connected by
covalent bonds to form a spatial network structure, which has good
thermal and chemical stability.

MOFs, COFs, PCCs are typical porous framework materials. They
all have lots of active sites, adjustable pore channels, and a siz-
able specific surface area. They have excellent catalytic properties
as a result of these features [33]. In addition, MOFs, COFs and PCCs
differ in terms of photocatalysis. MOFs is composed of metal ions
or clusters connected with organic ligands through coordination
bonds, which has better structural adjustability. For different cat-
alytic reactions, MOFs can be easily modified with corresponding
active groups during synthesis, and different materials can also be
loaded as photocatalysts through post-modification [34]. COFs are
formed from organic monomers connected by covalent bonds, and
their structure is more stable, which is more suitable for catalytic
reactions under severe reaction conditions. As a discrete structure,
PCCs have independent cavities. When it is used as a photocata-
lyst, the reaction substrate can be confined to the interior of the
cage to obtain products of different conformations. This also offers
guidance for addressing the energy crisis and environmental issues
[35] brought on by traditional organic conversion techniques. In
conclusion, we started by listing the uses of these three common
porous framework materials in photocatalysis.

3.1. Photocatalytic reaction of MOFs

The distinct benefits that MOFs photocatalysts [36] show in
photocatalytic reactions have been widely acknowledged [37] in
previous papers. For instance, several active sites, a large num-
ber of desorption channels, and various charge transfer paths in
photocatalytic processes [38,39]. By structural regulation and con-
trol, MOF photocatalysts may also accelerate charge separation and
transfer rates [22], and the high porosity also enriched the light
absorption sites to increase the light absorption capacity.

In 2021, Lin’s group designed a bifunctional metal-organic layer
(MOL) utilizing metalized organic ligands and Hfg that had been
triflate-capped. The authors have achieved the first efficient con-
version of hydrocarbons to cyan-alcohol using MOF(1)-Fe and
styrene to styrene carbonate using MOF(1)-Mn through metal cen-
ter modulation. This work solves the problem of incompatibility
between the two by immobilizing different catalysts in layers onto
a solid carrier (Fig. 1a). At the same time, MOL can integrate syner-
gistic catalytic sites to provide reusable solid catalysts for tandem
reactions, highlighting the potential of structurally tunable porous
framework materials for photocatalytic applications [40].

Meanwhile, Energy transfer, or EnT, is a crucial mechanism in
nature, and much research has been done to mimic how photo-
synthesis works. 2-H,TCPP, a metal-organic framework with high
porosity and photoactivity, was created and synthesized by Zhang's
group. In MOF(2), the organic ligand H,TCPP is precisely attached
to the open metal sites of the octahedral cage. Time-resolved spec-
troscopy is used to track the EnT conversion of N,N’-bis-carbazole
to porphyrin in the compound. 2-H,TCPP further showed outstand-
ing catalytic activity in the photocatalytic oxidation of thioanisole.
A hybrid ligand MOF was successfully constructed using two geo-
metrically distinct tetrahedral N,N’-bis-carbazole, and a square pla-
nar porphyrin-based ligand (Fig. 1b). The size and shape of the
equatorial plane of the octahedral cage in MOF(2) closely match
those of the photoactive porphyrin ligand H,TCPP. This leads to
an ideal assembly of the donor-acceptor structure, which facilitates
light harvesting and energy transfer [41].

The science of mimicking natural photosynthesis to seize CO,
and transform it into high-value compounds is being extensively
researched. As a result, Yun's group created a technique for en-
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Fig. 1. (a) MOLs with both metal sites and Lewis acid sites for photocatalysis. Copied with permission [40]. Copyright 2021, American Chemical Society. (b) Chemical struc-
tures of Zr6 8-c, H4L, H2TCPP(Ni) and Zr6 12-c. Formation and topological representations of MOF(2), MOF(2)-Ni (C, gray; O, red; N, blue; Zr, cyan polyhedra). Reproduced
with permission [41]. Copyright 2021, American Chemical Society. (c) Synthetic route of MOF(3) and its selective photocatalytic reduction of carbon dioxide to methane. Re-
produced with permission [42]. Copyright 2020, Wiley-VCH GmbH. (d) Under visible light irradiation, MOF(4)-Fe can convert nitrogen to ammonia. Copied with permission

[44]. Copyright 2021, American Chemical Society.

casing Cu,0 nanowires in MOF. The process uses a synthetic sub-
stance to selective photocatalysis the conversion of CO, to CHy
without the need for surfactants. This study extends the under-
standing of the relationship between MOF(3) and metal oxides and
goes beyond their traditional physisorption/chemisorption type in-
teractions (Fig. 1c). These findings will favorably support the devel-
opment of efficient organic-inorganic crossover photocatalysts in
the future [42].

What is more, ammonia (NH3) plays a vital part in the produc-
tion of pharmaceuticals and other goods used in industry [43] as a
crucial chemical raw material and carbon-free energy carrier. The
very stable MOF(4)-Fe was put together by Liang’s group, with Fe
serving as the metal center and Al serving as the metal node for
the photoactive ligand porphyrin. The active center of photocatal-
ysis, according to the authors, is the Fe-N site. This work achieved
room-temperature nitrogen fixation under visible light conditions
(Fig. 1d). The dispersed active Fe acts as a trapping site for pho-
togenerated electrons and inhibits electron-hole complexation, ef-
fectively enhancing N, adsorption and activation [44]. It provides
a reference for the rational design of artificial photosynthesis cata-
lysts.

Therefore, MOF photocatalysts can be constructed by choos-
ing organic ligands with one/multiple photocatalytic activities, con-
structing dual metal sites on ligands [45], loading oxide materials
onto MOFs, etc. All these strategies can lead to efficient photocat-
alytic conversion of MOF materials.

3.2. Photocatalytic reaction of COFs
COFs are an emerging family of porous framework materials

that have extended m-conjugation, excellent stability, and pre-
settable structures [46]. These characteristics aid in the transit and

isolation of electron holes during photocatalytic reactions and of-
fer good catalytic performance for processes including redox [47],
ring formation [48], and polymerization [49]. Materials made from
COFs have potential uses as non-homogeneous metal-free photo-
catalysts.

To make full use of the m-conjugated structure to enhance the
stability of COFs, Wang's group constructed a series of super-stable
benzoxazole-based COFs by a "two birds with one stone" strategy.
The optical band gap can be lowered and visible light absorption
improved by adding benzoxazole structures to COF(5). The oxida-
tive hydroxylation of aryl boronic acids, which is triggered by vis-
ible light, serves as an outstanding example of this material’s re-
markable photocatalytic properties (Fig. 2a) [50]. By this method,
the construction of super-stable structures and the functionaliza-
tion of metal-free photocatalysis were achieved simultaneously. Re-
cently, similar methods for building COFs materials have been re-
ported [51].

Moreover, a unique 2D-COF, exhibits a significant permanent
porosity of pores and a high specific surface area. The oxidation of
C-H bonds served as evidence of the material’s superior photocat-
alytic abilities. In the cross-dehydrogenation coupling (CDC) reac-
tion of N-aryl tetrahydroisoquinoline, it was demonstrated to have
outstanding catalytic properties [52]. Most COFs materials may cat-
alyze effectively in mild circumstances in other traditional pho-
tocatalytic oxidation reactions such as thioanisole oxidation [53],
benzylamine coupling [36], and benzyl alcohol oxidation [54].

Dimensionality allows for fine-tuning of the solid material’s
electrical structural features. Studies on the impact of various di-
mensions on the photocatalytic performance of COFs materials are
currently lacking. As a result, Cui’s group designed a novel N-
diaryl dihydro phenazine (PN) building block and made six isomor-
phic COF(6)-2D and one COF(6)-3D (Fig. 2b). This is attributed to



Y. Zhao, J. Yuan, L. Zhu et al.

(@)

Ar-B(OH),

(b) 3D COF
/ Y
7’
o
¢
67% Conv. 97% Conv.
1420 1028

Chinese Chemical Letters 35 (2024) 109065

o electror;+
0, _ArBOH:2 _ arB(oH), 900 A .8(0H),
O-O 0-OH
> SET /
"~ corr -oH®
electron CoF”
donors hydrolysis
Ar-OH <—————— Ar-0-B(OH),

[seT]

v
.,)\ COF
electron

donors

electron donors: iPr,NEt

'coF’

"
u

’ col
Deactivation
OF 'Br-

- E:)\/\/\/
P R
R
COF ‘B Backbmng Ring-Opening \/A Propagation
X

R
E:*Br
A

3coF’

Intiation

N
ﬂl

Fig. 2. (a) The photocatalytic conversion of aryl boronic acids to phenols in the presence of COF(5) involves the SET (single-electron transfer) mechanism. Reproduced
with permission [50]. Copyright 2018, American Chemical Society. (b) Application of COF(6)-2D and COF(6)-3D with higher internal surface area for the photocatalytic
polymerization reaction. Copied with permission [49]. Copyright 2021, Wiley-VCH GmbH.

the two-dimensional structure with a larger internal surface area,
more catalytic active sites, higher photosensitivity, and photoin-
duced electron transfer efficiency [49].

The rational construction of COFs structure mainly relies on
the reversible formation of covalent bonds between components,
and further improvement of their structural robustness is crucial
for their practical applications [55]. High specific surface area and
large porosity are also common features of COFs materials with
high photocatalytic ability. In addition, dimensionality is a funda-
mental parameter to modulate the properties of solid materials by
tuning the electronic structure. The microstructure, surface area,
and electron density of COFs are closely related to the dimension-
ality, so tuning the dimensionality of materials has an important
impact on photocatalytic performance.

3.3. Photocatalytic reaction of PCCs

Due to their distinct structural characteristics and catalytic ac-
tivity, porous ligand molecular cages make the perfect platform for
green catalysis [56]. The guests can bind to the independent cavity
of the molecular cage, which raises the concentration of the local
substrate and improves catalytic performance. It has been demon-
strated that the cavity of the molecular cage regulates the activity
and selectivity of guest photocatalytic redox, including C-H bond
activation [57], Byanamine coupling [58], reduction processes [59],
and [2+2] cycloaddition [60]. In addition, molecular cages can have
their dimensions, shapes, metal centers, and ligand characteristics
customized. Porous coordination molecular cages are a great class
of photocatalysts because of this.

Inspire by the enzyme, Dasgupta’s group created a sp3C-H bond
oxidation reaction pathway using guest charge transfer. Entering
the cage(7) cavity, the electron-rich visitor creates photoactivat-
able host-guest charge-transfer complexes. The structural charac-
teristics of the molecular cage in the catalytic system increase the

lifetime of the carbon radicals, which effectively interact with oxy-
gen molecules and form oxidation products with high selectivity
[57]. This work uses the light energy absorbed by molecules to ac-
tivate chemical bonds at a very fast rate, elucidating the key role
of charge in driving reactions at nanometer confinement (Fig. 3a).
Thereby, it is hypothesized that tailored charge signatures should
be able to trap complex molecules within molecular cages and en-
able selective bond polarization.

In 2022, Sun’s group designed a novel water-soluble cage(8)
material by employing dynamic macrocyclic ligands to self-
assemble. This substance’s adaptive self-assembly results in appro-
priate guest binding and catalytic activities. Cage(8) was used to
enclose electron-rich polymetallic oxygenate clusters (W;03%")
and toluene derivatives (Fig. 3b). They selectively photo-oxidize
C-H to aldehyde compounds in benign conditions [61]. This work
uses an enzyme-like concept to complement the substrate with the
cavity, providing a convenient strategy for coordinated-driven self-
assembly to build metal cages.

For massive metal cages with well-defined cavities, most of
them are constructed from rigid ligands to ensure symmetry of the
assembly process. Correspondingly, flexible ligands usually produce
interconverted structures, accompanied by the collapse of the cav-
ities. However, rigid molecular cages are not conducive to cataly-
sis due to the requirement of cavities for the products during the
reaction. Therefore, a balance between the flexibility of the lig-
and conformation and the expected cavity needs to be considered
in the construction of novel molecular cages as a way to synthe-
size highly adaptable building blocks and porous ligand molecular
cages.

As heterogeneous catalysts, MOF materials are highly stable,
and the metal core can serve as the catalytic active site. Addition-
ally, the abundant pore structure can enhance substrate adsorption
and desorption effectiveness and further the reaction process. As
covalently bonded porous materials, COF materials have a unique
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Fig. 3. (a) Strategy for rapid C-H bond activation and photooxidation in water. Copied with permission [57]. Copyright 2019, The Authors. (b) "H NMR spectra (400 MHz,
D,0/CD3CN=5:1, 298 K) for a photooxidation process. (1) W;o03,Ccage(8); (2) (4-bromotoluene +W,¢03;)ccage(8); (3) after irradiation; (4) product in CDCls; (5) 4-

bromotoluene. Reproduced with permission [61]. Copyright 2022, Wiley-VCH GmbH.

advantage in the synthesis of small molecule drugs because they
can avoid metal residues in the catalytic process in addition to hav-
ing good stability and an abundance of pores. Although metal ions
and organic ligands coordinate to create PCC materials, just like
MOFs, PCC materials form discrete polyhedral materials with dis-
tinctive cavity structures in the presence of vertex ligands. PCC ma-
terials can operate as both heterogeneous and homogeneous cata-
lysts in a reaction because of their distinctive spatial structure. The
three materials have numerous advantages over conventional small
molecule catalysts, including the ability to be recycled during cat-
alytic reactions and the ability to produce heterogeneous catalysis
by enriching substrates with a lot of pore structure.

4. Photocatalytic synthesis of small-molecule drugs by porous
framework materials

There are still some inevitable issues with the present indus-
trial synthesis techniques for familiar small-molecule medications.
For instance, metal residual, more by-products, unfavorable reac-
tion conditions. One area for future development is the use of
photocatalytic organic conversion in industrial production, which
may transform light energy into different types of chemical en-
ergy [62,63]. Moreover, the current reports demonstrated remark-
able catalytic activity in the photocatalytic production of small-
molecule medicines using porous framework materials.

It is well known that MOFs, COFs and PCCs, as porous frame-
work materials, have the advantages of high specific surface area
and structural adjustability, and are all considered to be excellent
photocatalysts at present (Table 1). At the same time, the three
have different advantages for different small molecule drug syn-
thesis. In general, MOFs have better structural adjustability. For dif-
ferent catalytic reactions, it is easy to modify the corresponding
active groups during the synthesis of MOFs, and different materi-
als can be loaded as photocatalysts by post-modification [64,65].
COFs with photocatalytic activity are composed of small organic
molecules with different functions as electron donors or accep-
tors through covalent bonding. The ordered constructed D-A sys-
tem allows charge transfer from donor to acceptor, due to the ex-
tended delocalization in the conjugated structure [66,67]. Its more
stable frame structure is more suitable for the synthesis of small
molecule drug reactions under severe synthesis conditions. As a
discrete structure, PCC can be used as a photocatalyst to confine
the reaction substrate to the interior of the cage and obtain prod-
ucts of different conformations by limiting molecular rotation.

4.1. Photocatalytic synthesis of small-molecule drugs

Despite the advanced industrial synthesis techniques of small
molecule drugs currently in use, there are some pressing problems
with most synthesis methods. The synthesis of small molecule
drugs such as antimalarial and antispasmodics requires expen-
sive catalysts. The synthesis of small molecule drugs, such as
cholesterol-lowering drugs and chemotherapeutic agents, has very
low response selectivity. These problems include non-recyclable
catalysts, expensive metal catalysts, and complex reaction pro-
cesses [68,69]. Therefore, a more effective catalyst should be
sought for small molecule drug synthesis.

In recent years, green chemistry and sustainability have become
the subject of the development of new synthetic methods. There-
fore, a key area for future research and development is the cre-
ation of novel multiphase photocatalysts for the synthesis of small
molecule drugs or drug precursors. Porous frame materials are fa-
vored for their optical properties of combining transition metal
complexes and small organic molecules. As a new type of photo-
catalyst, porous frame materials can further implement the con-
cept of green chemistry. It uses visible light for oxidation and re-
duction reaction catalysis, which can reduce costs and be recycled,
further implementing the concept of green chemistry.

For small molecule drug synthesis, the common photocatalytic
processes include the formation of carbon-carbon bond, carbon-
nitrogen bond and carbon-oxygen bond. Simple alkyl substituents
can change the physicochemical properties of carbon-carbon bond
substituents, which has a great impact on the selectivity and yield
of drugs. For example, the regionally selective methylation of Fa-
sudil [70]. Forming carbon-nitrogen bonds is a useful strategy for
preparing interesting building blocks in medicinal chemistry. It
has been reported that the direct @-C-H amination of tetrahydro-
quinoline and indole produces N,N-acetals. Direct «-C-H amina-
tion of tetrahydroquinolines and indolines giving rise to N,N-acetals
is reported as a useful strategy for preparing interesting building
blocks in medicinal chemistry [71]. Photocatalysis of functional-
ized drug molecules to form carbon-oxygen bonds is common. 2-
Aminobenzoxazole, for example, is an important drug molecular
intermediate used to treat diseases such as inflammation and can
be synthesized by building carbon-oxygen bonds [72].

Visible light photoredox catalysis has become a mild and effec-
tive method for generating free radicals. The reaction rate in pho-
tocatalysis is related to the intensity of light. Therefore, photocatal-
ysis provides a favorable tool for controlling the production of free
radicals [73]. The mechanism of the photocatalyst (PC) in the re-
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Table 1
Recent advances in porous framework materials for the synthesis of small-molecule drugs.
Porous framework Synthesis Photoactive unit Light source Small-molecule drugs Yield Ref.
materials
MOFs 9 DEF, 120 °C, 48 h Porphyrin 150 W LED lamp  Sesquiterpenes 71% [79]
(antimalarial)
10 DEF, 120 °C, 48 h Porphyrin Visible light Benzophenones 93% [80]
(cholesterol-lowering drugs)
11 DMF, 120 °C, 72 h Propyl thiadiazole 30 W Blue LED Isoquinolines 93% [83]
(antispasmodics)
12 H,0, CH3CN, 120 °C, 72 h TPT 10 W LED lamp Aromatic amines 99% [85]
(365 nm) (narcotics)
13 CH3CN, 85 °C, 0.5 h Terephthalic acid 300 W Xe lamp Carboxylic acids 97% [88]
(A > 380 nm) (analgesics)
14 DMF, 120 °C, 72 h Porphyrin 300 W Xe lamp Anthraquinones 95% [91]
(laxatives)
COFs 15 1,4-Dioxane, mesitylene, AcOH, Pyrene Blue LED Gem-fluoroethylene 85% [96]
120 °C, 3 days (chemotherapeutic agents)
16 DMA, dichlorobenzene, AcOH, 120 °C, Bipyridine Xe lamp Hydrogen peroxide (disinfectant) 90% [100]
3 days
17 Mesitylene, benzyl alcohol, AcOH, Tetraaniline 18 W LED Quinoxalines 99% [101]
120 °C, 3 days (anti-inflammatory drugs)
18 1-Butanol, dichlorobenzene, Pyrene 3.0 W White LED Phenylethylketones 85% [47]
AcOH, 120 °C, 72 h (coronary heart disease drugs)
19 1,4-Dioxane, acetonitrile, AcOH, TTA 34 W Blue LED Thioethers 95% [105]
120 °C, 72 h (antitumor)
20 Dichlorobenzene Pyrene 15 W LED Thiadiazoles 99% [108]
120°C, 72 h (520 nm) (antibiotics)
PCCs 21 H,0 TPT UV light Steroids 85% [115]
(anti-inflammatory drugs)
22 DMSO, H,0 Ru-pyridine 8 W Blue LED Naphthoquinones 96% [118]
(antimalarial agents)
23 CH3;CN Triphenylphosphine 455 nm LED Indoles 99% [121]
(analgesic drugs)
24 CH5CN, 80 °C, 12 h Pyridine-PEG 34 W Blue LED Benzimidazoles 90% [125]
(antibacterial agents)
25 DMSO, H,0 Ru-pyridine Blue LED Sulfites 94% [129]
(450 nm) (gastric drugs)
26 H,0 TPT 6 W Blue LED Cyclobutane class 98% [130]
(A > 450 nm) (anticancer drugs)

action is mostly the transformation from the ground state to the
singlet excited state under the irradiation of visible light. In addi-
tion, due to intersystem crossing (ISC), the strongest PC have a high
chance of forming a long-lasting triplet excited state. Intermolec-
ular reactions are usually mediated by ISC excited states, causing
additional chemical transitions that often rely on single electron
transfer. The photoexcited PC becomes an effective oxidant and re-
ducing agent, giving or receiving electrons. In the reduction sys-
tem, the photoexcited PC* first acts as an oxidizing agent, trapping
electrons from the electron donor to form a PC~ radical anion
with a strong reduction potential. In oxidation systems, photoex-
cited PC* acts as a reducing agent to transfer electrons to electron
acceptors. This results in the formation of PC* radical cations. The
chemical change is also thought to be caused by the energy trans-
fer within the PC from the ground state transition to the excited
state [74].

Since photocatalysis is a powerful emerging field of organic
conversion, the use of porous frame materials as photocatalysts for
the synthesis of small molecule drugs has great potential.

4.2. Photocatalytic synthesis of small-molecule drugs by MOFs

Compared with conventional metal catalysts, MOFs not only
have active metal centers but also have higher stability [75]. In
addition, MOFs offer the advantages of functional designability,
graded porosity, and recyclability. These features provide a more
efficient method for the synthesis of drugs such as artemisinin
[76] and fenofibrate [77].

4.3. Sesquiterpenes (antimalarial)

The most efficient medication for treating malaria is sesquiter-
pene endoperoxide artemisinin, yet current synthesis processes
still have poor yields and high costs [78]. As a result, Zhou's group
developed bifunctional catalysts by gluing Brensted acid sites onto
porphyrin-based metal-organic frameworks’ pore channels (Fig. 4).
It is an effective catalyst for artemisinin production due to the in-
teraction between the interpenetrating channels and the specifi-
cally designed pore environment. Comparing this MOF(9) to tradi-
tional homogeneous catalysts, improved levels of selectivity, recov-
erability, and stability are seen [79].

4.3.1. Benzophenones (cholesterol-lowering drugs)

By employing CO, as a carbon source, Zhang’s team achieved a
green synthesis of benzophenone using a new composite catalyst
MOF(10) (Fig. 5a). As composite catalysts, the author placed nan-
oclusters onto metal-organic skeletons based on porphyrin. Syner-
gistic interactions between various components were used to ob-
tain effective catalytic performance [80]. In addition, the authors
used a composite catalyst for the synthesis of the cholesterol-
lowering medicinal compound fenofibrate under mild conditions
[81].

4.3.2. Isoquinolines (antispasmodics)

The well-known poppy bases are still significant antispasmodics
among isoquinolines, which are compounds with a variety of bio-
logical activities [82]. In 2021, Li's group successfully synthesized a
new photoactive MOF(11). It was used to synthesize pyrrolo[2,1-
alisoquinoline heterocycles, which include pyrrolo[2,1-a], by the
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[3+2] cycloaddition mechanism (Fig. 5b). The source of the ma-
terial’s photocatalytic activity in MOF(11) is the organic ligand
pyrazole-benzothiadiazole-pyrazole with a D-A-D conjugated sys-
tem [83].

4.3.3. Aromatic amines (narcotics)

An aromatic small-molecule medication that is frequently used
as a local anesthetic is procaine [84]. Han’s group designed a
MOF(12) with strong redox activity as a result, and they success-
fully produced arylamines from nitrobenzene using photoreduc-
tion. The band gap energy of the MOF(12) is average, and the pho-
tocatalytic activity of the substance is improved by the w-m stack-
ing interactions between TPTs. Additionally, the D-7 conjugation
of the ligand and Cu(I) encourages the activity to rise (Fig. 6a). The
synergistic effect of the two results in efficient hole-electron sepa-
ration and ordered electron transfer [85].

4.3.4. Carboxylic acids (analgesics)

The photocatalytic carbonylation procedure using CO, as a car-
bon source to produce small-molecule analgesics like aspirin [86],
ibuprofen [87], and others that contain carboxylic acids is still a
difficult task. Therefore, Jang's group developed a new MOF(13)
and successfully applied it to activate stubborn C-H bonds (Fig.
6b) [88]. In MOF(13), photogenerated electrons can reduce O, to
the O,°~ radical, and the corresponding hole oxidizes H,O to the

-OH radical. The -OH radicals make toluene dehydrogenate to form
benzyl radicals. Benzyl radicals accept -OH to produce benzyl alco-
hol and subsequent benzaldehyde. In addition, phenyl radicals can
also form benzaldehyde under the action of O,"~. Under the action
of .OH and 0O, free radicals, the final product benzoic acid was
obtained.

4.3.5. Anthraquinones (laxatives)

Anthraquinones [89] have hemostatic, antibacterial, laxative,
and hemostatic properties. It is often used as a laxative in the
treatment of chronic constipation [90] and other diseases. Zhou's
group achieved the functionalization of MOL by a one-pot synthe-
sis strategy, which provides an ideal platform for the selective oxi-
dation of anthracene. By adding a secondary ligand column to the
Zrg-BTB layer, the metal-phthalocyanine fragment was successfully
incorporated into the MOF(14) (Fig. 6¢). This method differs from
the traditional anthraquinone synthesis in that it does not call for
highly toxic oxidants, high pressure, or high temperatures. Hence,
it creates an effective and environmentally friendly synthesis strat-
egy [91].

In summary, we found that the tunable properties of MOFs are
fully utilized to construct photoactive materials with excellent pho-
tocatalytic properties [92]. These materials can be used as excel-
lent photocatalysts to synthesize molecules such as sesquiterpenes,
benzophenones, isoquinolines, aromatic amines, carboxylic acids,
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anthraquinones. Most importantly, small-molecule drugs such as
antimalarial, cholesterol-lowering drugs, antispasmodics, narcotics,
analgesics, laxatives, can be prepared based on the above photo-
catalytic reactions.

4.4. Photocatalytic synthesis of small-molecule drugs by COFs

COFs, an emerging class of crystalline nanoporous framework
materials, have extended conjugated and ordered porous struc-
tures [93]. These characteristics result in excellent visible light ab-
sorption and facilitation of electron-hole transfer. Furthermore, the
structure and function of COFs can be tuned in a controlled man-
ner using pre-designed molecular junctions. Therefore, COFs ma-
terials have greater advantages over inorganic semiconductors in
photocatalysis [94].

4.4.1. Gem-fluoroethylene (chemotherapeutic agents)

The gem-difluoro methylene group is an important fluori-
nated moiety. It is widely present in bioactive and pharmaceuti-
cal molecules, including Maraviroc (HIV-1 therapeutic agent) and
Gemcitabine (chemotherapy drug) [95]. Therefore, Beyzavi and
coworkers synthesized an imine COF(15) with a highly High crys-
tallinity double pore structure (Fig. 7a). In the bigger pores, the
metal coordinates with the imine and pyridine N. The material ex-
hibited excellent photocatalytic properties in the Decarboxylative
difluoro alkylation reaction after loading Pt [96].

4.4.2. Hydrogen peroxide (disinfectant)

H,0, solution can be used directly for contaminant removal
[97] and water disinfection [98], and when used as an eco-friendly
disinfectant to inactivate pathogenic microorganisms, it does not
pollute the environment secondarily [99]. To achieve even more ef-
ficient photocatalytic synthesis of H,O, on a small scale, Ma and
coworkers synthesized a catalyst, COF(16), that enables efficient
photocatalytic production of H,0,. It was found that no sacrificial
agent or stabilizer was required in this reaction (Figs. 7b and c).
The protonation of the nitrogen atom in the bipyridine monomer
facilitated the generation of intermediates via 2e~ pathway [100].

This work provides a direction for the efficient synthesis of H,0,
on a small scale.

4.4.3. Quinoxalines (anti-inflammatory drugs)

In the production of the anti-tuberculosis medication pyrazi-
namide, quinoxalines are utilized as intermediates and reagents in
organic synthesis. The synthesis of quinine, which has anticancer
and anti-inflammatory effects, using the oxidative amination prod-
ucts of carbon-based compounds is one of the key techniques for
making such small-molecule drugs [101]. Inorganic photocatalysts
for these processes are currently being developed, however, they
still have issues with high toxicity, poor cycling stability, and low
recovery rates. Therefore, three new COFs materials with high crys-
tallinity, large porosity, and excellent stability were synthesized by
Chen’s group in 2021 using the solvothermal method (Fig. 7d).
COF(17) have a smaller band gap (1.96 eV) and a more negative
HOMO value (—5.97 eV), which makes them better photocatalysts
for the oxidation of a-carbon-based compounds [102].

4.4.4. Phenylethylketones (coronary heart disease drugs)

Acetophenones have a wide range of applications in antibacte-
rial and anti-inflammatory, antitumor, and antioxidant applications
[103]. Liu’s group reported a novel imine-based covalent organic
framework and applied it to the reductive dehalogenation reac-
tion of bromobenzene derivatives (Fig. 8a). This new COF(18) has
a unique electron donor-acceptor structure, excellent visible light
absorption, and good photoelectric response properties (Fig. 8b).
Therefore, it exhibited efficient catalytic performance in the reduc-
tion of 2-bromoacetophenone to acetophenone [47].

4.4.5. Thioethers (antitumor)

In 2021, Leus and coworkers synthesized a triazine COF(19)
with a single Ni site as a dual catalyst and successfully applied
it to photocatalytic C-S bond cross-coupling reactions. This also
provides a platform for the synthesis of sulfur-containing small-
molecule drugs, such as 6-mercaptopurine [104], a drug with anti-
tumor activity (Fig. 8c). This research shows that the material has a
narrower band gap due to the addition of the electron acceptor tri-
azine ligand, and it also shows the dual catalytic ability that results
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from the introduction of a single metal site in the photosensitive
COF(19) framework [105].

4.4.6. Thiadiazoles (antibiotics)

Thiadiazoles [106], a subfamily of azoles, contain a five-
membered heterocyclic ring consisting of C, N, and S in their struc-
ture and are important intermediates for the synthesis of the an-
tibiotic drug cefazolin sodium [107]. A COF material with a D-A
structure was reported by Wang’s group. It showed a powerful
light-driven organic synthesis in the photocatalytic thioamide cy-
clization reaction for the synthesis of 1,2,4-thiadiazoles [108]. The
fully conjugated D-A type COF(20) material has high stability and
charge separation ability, and also can effectively generate superox-
ide radicals to promote the reaction under visible light irradiation
(Fig. 8d). In 2023, a COF material with a D-A heterostructure was
constituted by the group of Xiaojun Wang using the same method.

They also successfully applied it to the reaction for the photocat-
alytic synthesis of 1,2,4-thiadiazole by thioamide [48].

Herein, we found that COFs with a D-A structure have
higher stability and charge separation ability. COFs materials
with photogenerated electron capabilities can synthesize molecules
such as gem-fluoroethylene, H,0,, quinoxalines, phenylethylke-
tones, thioethers, thiadiazoles. by photocatalysis. In addition, small
molecule drugs such as chemotherapeutic agents, disinfectants,
anti-inflammatory drugs, coronary heart disease drugs, antitumor
drugs, can be prepared on the basis of the above photocatalytic re-
actions.

4.5. Photocatalytic synthesis of small-molecule drugs by PCCs
Porous coordination molecular cages are discrete structures ob-

tained by the coordination of metal ions and organic ligands to
mimic the enzymatic structures in nature [109]. These molecular
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cages have a single well-defined cavity [110] and suitably sized
guests can enter the cavity by dynamic exchange [111]. The cavities
of PCCs also serve to increase the local concentration of substrates
in the reaction and stabilize reactive intermediates and reactive
radical species [112]. In addition, PCCs can be designed with com-
ponents to achieve specific functions and the same topology makes
it easier to study the conformational relationships of the materials.
For example, PCC with photocatalytic activity can be constructed
by using photoactive ligands, which can improve photocatalytic ac-
tivity and accomplish selective catalysis [113]. The discrete struc-
ture of PCCs allows them to participate in reactions as both homo-
geneous and inhomogeneous catalysts, which also provides a fa-
vorable platform for the photocatalytic synthesis of small-molecule
drugs.

4.5.1. Steroids (anti-inflammatory drugs)

Steroids, such as glucocorticoids, have powerful anti-
inflammatory effects and are among the common drugs used
to treat chronic inflammatory diseases [114]. Fujita’s group devel-
oped a method of demethylation using the cavity of a photoactive
ligand molecular cage(21) (Fig. 9a). This method allows the syn-
thesis of completely new non-natural steroid molecules through
electron transfer between an electron-rich guest and a highly
electron-deficient molecular cage, resulting in a reaction with
remarkable selectivity and yield [115].

4.5.2. Naphthoquinones (antimalarial agents)
Naphthoquinones [116] are widely used as additives for an-
tibacterial purposes, among which atovaquone [117] is a common
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naphthoquinone that targets the mitochondrial cytochrome of Plas-
modium. Su’s group used the heterometallic molecular cage(22)
to achieve photo-induced regioselective and enantioselective cou-
pling of naphthoquinones, resulting in simple and efficient access
to naphthoquinones (Fig. 9b). This is due to the restricted coordi-
nation space within the heterometallic molecular cage that gives it
photo-redox ability and stereoselectivity [118].

4.5.3. Indoles (analgesic drugs)

Indoles and their derivatives have very important biological and
pharmacological activities as well as excellent anti-inflammatory
and analgesic effects [119], and the main common indoles are
indomethacin and acemetacin [120]. Duan’s group chose organic
ligands with propeller conformation and platinum ions to ob-
tain platinum octahedral cages(23) with restricted cavities by self-
assembly. The photocatalytic synthesis of 2-phenylpropanolamine
derivatives into indole-like products was achieved [121]. The plat-
inum octahedral cage can aggregate to form larger size structures
upon the addition of poor solvents (Fig. 9¢). Compared with the
primary structure, it has superior substrate binding ability, stronger
luminescence, and an excited state lifetime, thus facilitating photo-
catalytic reactions.

4.5.4. Benzimidazoles (antibacterial agents)

Benzimidazoles [122,123] are regarded as a promising class
of bioactive scaffolds with diverse activities such as anti-
inflammatory, antihelminthic, antimalarial, antimicrobial, antivi-
ral, and anti-mycobacterial [124]. In 2023, Li’s group successfully
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constructed a class of water-soluble metal supramolecular cages
with octahedral structures [125]. Water-soluble metal supramolec-
ular cage(24) have a wide range of applications in the fields of
molecular recognition, bionic catalysis, and drug delivery (Fig. 10a).
Among them, this class of nanoreactors based on ligand-driven
self-assembled constructs mediating photochemical reactions in

1

the aqueous phase has also been reported successively. Its hy-
drophobic cavity can be used as a nanoreactor to mediate photo-
catalytic cross-dehydrogenation coupling reactions with benzimi-
dazole as a substrate for post-modification addition. This study en-
riches the types of chemical reactions that can be achieved with
water-soluble metal supramolecular cages.
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4.5.5. Sulfites (gastric drugs)

Sulfoxide compounds [126] play a pivotal role in proton pump
inhibitors, which occupy a large market of gastrointestinal drugs
[127]. Therefore, the synthesis of sulfoxide small-molecule drugs
is of great social value. Sun’s group used the synthesized Pd4L,-
type molecular cage to achieve selective oxidation of thioether in
the aqueous phase. The authors took advantage of the large hy-
drophobic cavity of the molecular cage to increase the solubility
of the substrate in water, while the increase in the local concen-
tration of the substrate also increased the effective collision of the
substrate molecules. The two synergistic effects led to the reaction
to obtain the sulfoxide product in excellent yields [128]. In 2021,
the group also synthesized a biomimetic water-soluble molecular
cage(25) that can induce adaptive structural changes in the sub-
strate after binding it (Fig. 10b). The desired conversion and prod-
uct selectivity can be efficiently achieved through the transforma-
bility of the catalyst and the hydrophilicity of the sulfoxide product
[129].

4.5.6. Cyclobutane class (anticancer drugs)

Organic compounds containing tetradentate rings are a unique
class of metabolites that are mainly found in several natural prod-
ucts and drugs. A large number of cyclobutyl compounds have
shown antimicrobial, antibacterial, anticancer, and other biologi-
cal activities, and it has been applied in the synthesis of the an-
ticancer drugs carboplatin and cisplatin [130]. To explore the effi-
cient synthesis of tetrameric cyclic organic compounds, Su’s group
synthesized a purely chiral metal-organic cage that facilitated the
[2+2] cycloaddition reaction of acenaphthene derivatives under
mild conditions. The method achieved the goal of triplet state sen-
sitization and chiral control with the help of the supramolecu-
lar confinement effect and achieved stereoselectivity, regioselec-
tivity, and enantioselectivity in the sense of supramolecular catal-
ysis [60]. Subsequently, Su and co-workers synthesized a novel
metal-organic cage(26) with a nano spatially restricted domain
(Fig. 10c). The [2+2] cycloaddition reaction between molecules
of «,f-unsaturated carbonyl compounds was achieved by control-
ling the conformation of reaction intermediates through its spa-
tially restricted effect. This method has exceptional and efficient
diastereoisomeric selectivity [131].

Porous frame materials exhibit remarkable catalytic perfor-
mance in the production of several small molecule medicines due
to their distinctive structural features. Porous framework materi-
als provide high conversion, catalytic cycle performance, and prod-
uct selectivity throughout the small molecule drug manufacturing
process. Porous frame materials provide significant advantages over
conventional metal catalysts, but there are also some glaring draw-
backs. For instance, MOF materials have good stability, but there
is still a chance that some exposed metal sites will come off and
leave trace metal residues behind throughout the reaction pro-
cess. Although the issue of metal residues in the reaction process
is avoided by COF materials, the synthesis of ligands and materi-
als is relatively challenging, and there are only a limited number
of bonding modes. As both heterogeneous and homogeneous cat-
alysts, PCC materials are difficult to recover in catalytic reactions
with certain solvents. Additionally, the stability of PCC materials is
attributed to their coordination mode, which is susceptible to acid
and alkali influence.

5. Conclusions and prospects

The fine design and modulation of catalysts play a crucial role
in the development of catalysis [132]. As we know, photocatalytic
organic synthesis, as one of the most promising applications of
porous framework materials [133], has been widely studied by re-
searchers and many research results have been achieved.
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The development of photocatalysts with the advantages of low
cost, high activity and selectivity, easy recovery, and excellent re-
cyclability is still an active research area [134]. In the exploration
of photocatalytic organic transformations, the catalytic sites are
mainly constructed by adjusting the structure and composition of
the materials, and then the catalytic properties are investigated
[135]. The types of reactions using porous framework materials as
photocatalysts have expanded to include oxidation, reduction, cou-
pling, cyclization, polymerization, and asymmetric catalysis. There-
fore, the exploration of porous framework materials for the pho-
tocatalytic synthesis of small molecule drugs is also developing
rapidly. With the development of science and technology, our re-
search on the photocatalytic properties of porous framework ma-
terials has become more in-depth, which also provides important
support for the design and synthesis of small-molecule drug pho-
tocatalysts.

Although great progress has been made in the field of porous
framework materials as photocatalysts for the synthesis of small
molecule drugs, many problems and challenges remain. There are
still few types of reactions catalyzed by porous materials as pho-
tocatalysts. The reaction yield of the photocatalytic products ob-
tained was not high. The synthetic steps of some functional organic
ligands are complicated, which leads to the increase of the cost
of frame materials. There are still uncertainties in the synthesis of
frame structures, and it is not possible to design and synthesize
materials accurately. Some frame structures have poor cyclic sta-
bility. The structure-activity relationship between frame structure
and photocatalytic properties has not been studied deeply enough.

Therefore, how to develop new organic ligands that are cheap,
mild, and environmentally friendly; how to find organic transfor-
mation types that can be converted into high value-added chemi-
cals; how to expand the photocatalytic reaction library; how to im-
prove the reaction efficiency; how to reduce the cost of materials;
how to study the relationship between framework structure and
performance; and how to explore the optimization of the combina-
tion between monomer structures relying on artificial intelligence
[136] are waiting to be studied and solved.

For porous organic frames, in addition to MOFs, COFs and PCCs
described in this review, there are POCs and HOFs and other
porous frame materials. POCs are often used in the study of flu-
orescence properties and guest encapsulation. HOFs are commonly
used for gas separation and storage, drug delivery, and sensing.
However, POCs and HOFs are rarely used in the field of photocatal-
ysis.

Therefore, we should develop new organic ligands that are
cheap, gentle and environmentally friendly. It is also important to
find the types of organic transformations that can be converted
into high value-added chemicals and how to expand the library
of photocatalytic reactions. At the same time, how to improve the
reaction efficiency and reduce the cost of materials is the basis
of industrial production. Finally, relying on artificial intelligence
to explore the combinatorial optimization among monomer struc-
tures and the structure-activity relationship between frame struc-
ture and catalytic performance is a problem to be studied and
solved.

We are very confident that researchers will explore the field
of photocatalytic synthesis of small molecule drugs from porous
framework materials in a more scientific, rational, and in-depth
manner in the future, to realize its practical application in indus-
trial production more quickly.
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