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有机多孔聚合物非均相催化可见光诱导有机转化 

徐子悦    罗  驿    王  辉    张丹维*    黎占亭* 
(复旦大学化学系  上海 200438) 

摘要  综述多孔有机聚合物作为非均相催化剂在可见光诱导的有机转化研究中的应用进展. 多孔有机聚合物由共轭分

子单体聚合形成, 具有易于合成和表征、结构稳定、种类多样和易于修饰等特点. 多孔有机聚合物具有刚性的共轭骨

架和较大的比表面积, 孔径可通过单体长度调整, 在不同溶剂中都具有极低的溶解性, 易于回收和循环使用, 因此是

发展非均相催化体系的理想材料. 通过把光敏基团并入到其骨架中, 多孔有机聚合物可作为非均相催化剂, 在可见光

诱导下实现不同类型的有机化学转化. 通过后修饰还可以把光敏剂引入到骨架连接臂上, 进一步扩展其在可见光诱导

下的非均相催化有机转化. 多孔有机聚合物催化剂可以通过过滤和离心等手段快速回收以实现循环使用. 可见光诱导

和非均相催化结合在一起, 使得这类催化材料具有绿色和可持续化学特征. 
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Porous Organic Polymers as Heterogeneous Catalysts for Visible 
Light-Induced Organic Transformations 

Xu, Zi-Yue    Luo, Yi    Wang, Hui     Zhang, Dan-Wei*    Li, Zhan-Ting* 
(Department of Chemistry, Fudan University, Shanghai 200438) 

Abstract  The recent applications of porous organic polymers (POPs) as heterogeneous catalysts for visible light-induced 
organic transformations are summarized. POPs are constructed from conjugated organic monomers, having the features of 
convenient synthesis and characterization, high stability for quick recovery and reuse, structural diversity as well as high 
modifiability. POPs possess rigid conjugated frameworks, relatively large surface areas, tunable porosity and typically 
insoluble in water or organic solvents, and thus ideal platforms for the development of heterogeneous catalysts. Through 
incorporating conjugated sensitizer units into the backbones or attaching the sensitizers to the backbone linkers, POPs can be 
developed as efficient heterogeneous photocatalysts for visible light-induced organic transformations. Due to their high 
stability and insolubility, POP catalysts can be easily recovered through filtration or centrifugation and recycled. POP-based 
photocatalysis combines visible light utility and catalyst recycling and thus represents a green and sustainable technique. 
Keywords  porous organic polymer; photocatalysis; heterogeneous catalysis; organic transformation; sustainability; green 
chemistry 

 

1  Introduction 

Catalysis plays a key role in modern chemistry and 
chemical engineering. Homogeneous catalysis has many 
advantages, including the structural diversity of catalysts 
that work for wide ranges of reactions, high catalysis effi-
ciency and good reaction controllability,[1] but typically 
suffers from the difficulty in the recovery and recyclable 
use of the catalysts. For a long time, heterogeneous cataly-
sis through flow reactors has seized the majority of scaled 
industrial catalytic processes due to their engineering ad-

vantages.[2] In the past decades, heterogeneous catalysis in 
closed reactors for complicated organic transformations 
has also received increasing attention because repeated use 
of the catalysts can be readily realized.[3] However, for 
heterogeneous catalysis with solid or solid-supported cata-
lysts, only catalytic sites on the surface can allow for the 
approach of reactant molecules, whereas the surface area 
of solid catalysts is generally limited. Porous architectures 
provide large platforms for the development of new heter-
ogeneous catalysts that not only possess large surface areas 
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for increased catalysis efficiency, but also allow for con-
venient recovery and repeated use of the catalysts. In this 
category, crystalline metal-organic frameworks and cova-
lent-organic frameworks, which are constructed through 
coordination or reversible covalent bonding, have been 
vigorously investigated due to their large surface areas and 
well-defined pore sizes.[4-5] Porous organic polymers and 
related structures represent another family of frameworks 
that do not form regular pores, but can be synthesized and 
characterized more conveniently. The covalent frameworks 
themselves can contain catalytic sites for organic transfor-
mations. Their backbones can also be incorporated with or 
attached with additional transition metal complexes for the 
catalysis of organic transformations. In the past decade, 
studies along this line has become one of important topics 
for porous organic polymers and related structures.[6] 

Visible light-induced organic transformations have at-
tracted attention of chemists in the early 20th century.[7] In 
recent years, this bonding-forming strategy has come to the 
forefront in organic synthesis due to its efficient utilization 
of sunlight, mild reaction conditions and broad applicabil-
ity for a large variety of organic transformations.[8] Com-
pared with solid polymers, porous organic polymers usu-
ally exhibit increased surface areas and transparency that 
facilitate visible light excitation on the active sites in the 
interior. This review highlights the recent advance in the 
applications of POPs and related porous polymers as het-
erogeneous catalysts for visible light-induced organic 
transformations. 

Porous organic polymers (POPs) are a class of 
three-dimensional (3D) porous network polymers which 
are formed through strong covalent linkages between or-
ganic components. Depending on their degree of long- 
range order, POPs can be generally divided into crystalline 
and amorphous ones. Crystalline POPs are the so-called 
COFs. Two-dimensional COFs (2D) are versatile platforms 
for the development of heterogeneous catalysts through 
loadings or postmodifications.[5] However, the characteri-
zation of the ordering of the structures has also been a 
challenge,[9] and the decomposition of the dynamic cova-
lent bonds that enable the ordering of the structures may 
impede the accomplishment of high recyclability.[10] 
Amorphous POPs do not form regular pores, but usually 
do not introduce dynamic covalent bonding and thus gen-
erally have a high stability. Their synthesis, purification 
and characterizations are generally straightforward, 
whereas the pores can be large enough to allow designed 
catalytic reactions to take place in the interior. Many 
amorphous porous organic polymers are also termed as 
polymers of intrinsic micropores (PIMs),[11] conjugated 
microporous polymers (CMPs),[12] porous aromatic 
frameworks (PAFs),[13] or hyper-crosslinked polymers 
(HCPs),[14] etc. The key feature of these solid polymers is 
that they all produce pores for exploring different func-
tions, including heterogeneous photocatalysis, which are 
more environmentally friendly and sustainable compared 
with traditional metal-based photosensitization. This re-

view focuses on their intrinsic or loading- or postmodifica-
tion-derived functions in visible light-induced catalysis of 
organic transformations. 

2  Carbazole-incorporated porous organic 
polymers 

Porous organic polymers are typically prepared from the 
coupling reactions of structurally complementary multi- 
armed molecular components. In 2012, Han et al.[15] re-
ported that carbazole-connected porous polymer P-1 could 
be prepared from the oxidation coupling of compound M1 
by FeCl3 (Figure 1). The Brunauer-Emmett-Teller (BET) 
specific surface area of P-1 was determined to be 2220 
m2•g－1 and exhibited strong capacity of adsorbing gases. 
Loh et al.[16] further prepared P-1 from M1. This porous 
polymer had a BET surface area of 1137 m2•g－1 and was 
thermally stable to 600 ℃. Carbazole and its derivatives 
have been demonstrated as photoactive molecules that ex-
hibit strong electron-donating capabilities.[17] P-1 prepared 
by Loh et al. was found to be a highly effective heteroge-
neous photocatalyst for visible light-induced molecular O2 
oxidations of different organic compounds (Eqs. 1～3), 
such as the oxidative coupling of primary amines 1 to 
imines 2, aerobic dehydrogenation of nonactive secondary 
amines 3, including pharmaceutically relevant nitrogen 
heterocycles, to imines 4, and selective molecular O2 oxi-
dation of sulfides 5 to sulfoxides 6 and sulfones 7 with a 
high selectivity for the sulfoxide products. The catalyst 
could be readily recycled by simple filtration and rinsing in 
acetonitrile. For the oxidation of thioanisole, P-1 could 
maintain a high photocatalytic activity for seven times of 
reuse. 
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Figure 1  Structures of M-1 and P-1 
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Zhang et al.[18] used FeCl3 to oxide M2 to prepare po-
rous polymer P-2 (Figure 2). P-2 had a BET surface area 
of 2065 m2•g－1. The extended carbazole π-conjugation 
enhanced its visible light absorption. It was revealed that 
the large porosity of P-2 could accelerate the reaction rates 
of organic transformations under visible light irradiation. 
For the dehalogenation of phenacyl bromides 8 to afford 
the corresponding ketones 9 with Hantzsch ester as the 
reductant (Eq. 4).[19] The conversion of different bromides 
was quantitative, and the ketone products were obtained in 
79%～98% yields. When a nonporous control polymer 
P-2c, which has a BET surface area of 95 m2•g－1, was used 
as the catalyst, the reaction proceeded with a slower reac-
tion rate and lower yield, which showed the important ef-
fect of the porosity on the reaction rate. With NEt3 as a 
sacrificial reductant and molecular O2 in air as the green 
oxidant, P-2 also catalyzed the photooxidation of aryl-
boronic acids 10 to the corresponding phenols 11 in 64%～
97% yields (Eq. 5). In contrast, under the identical reaction 
conditions, control polymer P-2c-mediated reaction of 
phenylboronic acid afford phenol in only 28% yield, which 
was much lower than that (94%) obtained by P-2. For the 
visible light-induced α-alkylation of aldehydes 12 with 
electron-withdrawing group (EWG)-bearing bromides 13, 
P-2 also exhibited strong catalysis capacity and the corre-
sponding alkylated aldehydes 14 could be obtained in 
68%～92% yields (Eq. 6), using the reaction conditions 
developed for homogeneous photocatalysis. Again, non-
porous control P-2c led to poor yield and selectivity even 
after longer reaction time. Polymer P-2 can also be easily 
recovered and reused via centrifugation. For the debromin-
ation of phenacyl bromide and the oxidative hydroxylation 
of phenylboronic acid, after 5 and 10 times of recycling, it  
did not show significantly decreasing reactivity, and Fou-
rier Transform Infrared (FTIR) spectra of the recovered 
sample indicated no apparent structural change, which 
suggested a satisfactory stability. 

N

N

N

N

M2

N

N

N

N

P-2

N

nP-2c

 

Figure 2  Structures of M-2, P-2 and P-2c 

 

 

 

Several other carbazole-based POPs have also been 
synthesized for a variety of visible light-induced organic 
transformations. For example, Liu et al.[20] conducted the 
oxidation coupling of M3 with FeCl3 to prepare polymer 
P-3 (Figure 3), which has a BET surface area of 793 m2•  
g－1. This POP was found to efficiently catalyze the oxida-
tion of mustard gas simulant 2-chloroethyl ethyl sulfide 
into nontoxic product 2-chloroethyl ethyl sulfoxide in 
methanol. After 1 h, the sulfoxide could be formed in 99% 
yield. The POP catalyst could be used for at least ten times 
with no observable reduction of the activity. P-3 could also 
catalyze visible light-induced oxidation of α-terpiene  

 



   
有机化学 综述与进展 

 
3780      http://sioc-journal.cn/ © 2020 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2020, 40, 3777～3793 

N N

N
Se

N

M3

N

P-3

NN

NNN

NN

N
Se

N

N N

O

M4

N N

O

P-4

n

n

n

n

N

N

 

Figure 3  Structures of M-3, M-4, P-3 and P-4 

15 by molecular oxygen, which afforded compounds 16～
18 and others (Eq. 7). After 1 h of irradiation, ascaridole 
16 was obtained as major product in 80.7% yield. Liu et 
al.[21] also prepared polymer P-4 from the cross-linking of 
M4 with dimethoxymethane under the catalysis of FeCl3. 
The BET surface area of P-4 was determined to be 1217 
m2•g－1. The incorporation of the fluorenone unit as linker 
increased the absorption of the polymer for visible light 
and enriched its redox property. Similar to P-1, P-4 could 
also catalyze the O2 oxidation of primary and secondary 
amines to afford the corresponding imine products (Eqs. 1 
and 2). For the oxidation of methylphenylsufane and its 
derivatives (Eq. 3), the corresponding sulfoxide products 
were exclusively formed and the further oxidation of the 
sulfoxides to sulfones was avoided. 

 

Zhang et al.[22] also prepared polymers P-5a and P-5b 
from the oxidative coupling of triangular monomers M5a 
and M5b by FeCl3 (Figure 4). These two polymers have a 
BET surface area of 1057 and 680 m2•g－1, respectively. 
Similar to P-2, these two polymers were also able to cata-
lyze the oxidation of primary amines and sulfides (Eqs. 
1～3). Both polymers catalyzed the O2 oxidation of 
1,3-diphenylisobenzofuran 19 to give rise to diketone 20 
(Eq. 8). The reaction was also revealed to involve the en-
gagement of O2

. P-5a was also excellent catalyst for the 
well-studied photooxidative Mannich reaction. In the 
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Figure 4  Structures of M-5a, M-5b, M-6a, M-6b, P-5a and 
P-5b 

presence of L-proline, the reactions of tertiary amines 21 
and acetone in MeCN afforded ketone products 22 in 
86%～98% yields (Eq. 9). With all the substituents being 
the electron-donating methoxy groups, the corresponding 
ketone product was obtained in the lowest yield of 86%. 
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The result was consistent with that of reported homogene-
ous Mannich reactions.[23] For all the oxidation reactions, 
the polymer catalysts could be used recyclably. After re-
peated use for six times, the catalysts still maintained their 
activity with no important loss. Zhang et al.[24] further pre-
pared polymer series P-6n from FeCl3-induced, oxidative 
polymerization of M6a and M6b (Figure 4) at nine differ-
ent ratios from 100∶0 to 0∶100 with 10% of gradual 
difference. The BET surface areas of these polymers were 
determined to range from 690 to 1280 m2•g－1. The ben-
zene ring of M6a and the 4,6-dicyanophenyl unit of M6b 
are electron-donating and withdrawing. Thus, the carba-
zole units of the two monomers formed donor-acceptor 
systems in the polymers, which tuned the photoredox po-
tentials of the polymers. It is known that N-hydroxy- 
phthalimide (NHPI) serves as an effective hydrogen atom 
transfer (HAT) catalyst for the oxidation of benzyl alco-
hol.[25] Polymer P-6100, which was prepared from M6b, 
was studied to oxidize NHPI to generate the phthalimide- 
N-oxyl (PINO) radical for the aerobic oxidation of benzyl 
alcohol 23. Using such P-6100/NHPI photocatalytic system, 
the corresponding ketone product 24 could be formed in 
99% yield (Eq. 10). This reaction was also extended to 
another ten alcohols 25 and the corresponding lignin ke-
tones 26 were produced in 90%～99% yields (Scheme 1). 
P-633, which was prepared from M6a and M6b (molar 
ratio＝2∶1), was found to catalyze the reductive cleavage 
of ketones 26 with the highest activity, as compared with 
other polymers. For the studied ten reactions, the corre-
sponding acetopheones 27 (69%～91%) and phenols 28 
(74%～84%) were obtained in good to high yields. 
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Scheme 1  Photoredox-catalyzed oxidation and degradation of 
lignin 25 

Han et al.[26] reported the preparation of porphyrin-cored 
polymer P-7 from the carbazole oxidative coupling 
polymerization of M-7 (Figure 5). The BET surface area of 
P-7 was 1320 m2•g－1. This polymer exhibited high cata-
lytic activity for the hydrogen peroxide oxidation of sul-
fides 29 to sulfoxides 30 (Eq. 11), an important glycosyl 
donor in carbohydrate synthetic chemistry. Compared with 
M7, P-7 could realize higher yields for all four studied  
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Figure 5  Structures of M7 and P-7 
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sulfides and could be reused in subsequent reactions with-
out significant decrease in catalytic activity after three 
runs. The function of the porphyrin units in the catalytic 
activity was unclear. The oxidation reactions did not need 
the irradiation of a lamp. However, the results obtained in 
a closed, dark room were not available. 

 

3  Benzothiadiazole-incorporated porous 
organic polymers 

Benzothiadiazole and its derivatives have strong elec-
tron-withdrawing capacity, excellent stability, strong light 
absorption efficiency, tailorable band potentials and excit-
ed state lifetimes. Since the first report that the benzothi-
adiazole unit was utilized in conjugated microporous pol-
ymer networks as heterogeneous photocatalysts for visible 
light-induced singlet oxygen generation,[27] significant ad-
vance has been made for the development of poly(benzo- 
thiadiazole)-based photocatalysts for heterogeneous or-
ganic photoredox reactions.[28] Zhang et al.[29] reported the 
synthesis of polymer P-8 from Sonogashira reaction of 
monomers M8a and M8b with M8c (Figure 6). P-8 had a 
small BET surface area of 23 m2•g－1. Although the BET 
value was small, P-8 exhibited excellent heterogeneous 
photocatalytic activity for visible light-induced dehalogen-
ation reactions of α-bromoacetophenones 31 (Eq. 12). For 

the seven studied reactions, acetophenones 32 were ob-
tained in 89%～97% yields. Five additional repeating ex-
periments substituent-free α-bromoacetophenone revealed 
that the catalyst was stable and maintained the catalytic 
activity after repeated use.[30] Zhang et al.[30] also prepared 
another benzothiadiazole-incorporated polymer P-9 from 
the Knoevenagel polycondensation of monomers M9a and 
M9b in tetrahydrofuran (THF) in the presence of potassi-
um tert-butoxide. The obtained polymer exhibited a BET 
surface area of 130 m2•g－1 and could be applied as a robust 
and efficient heterogeneous photocatalyst for the oxidative 
hydroxylation of arylboronic acids under visible light irra-
diation (Eq. 5). Ten arylboronic acids 10 were studied and 
the corresponding aryl alcohols 11 were formed in 76%～
96% yields. Repeating experiments for hydroxylation of 
phenylboronic acid showed a slight decrease with a gener-
ally high conversion of more than 80% during the whole 
five repeating cycles, which was attributed to the loss of 
the sample during the recovery processes. 

 

From FeCl3-promoted Friedel-Crafts alkylation reaction 
of M10 and formaldehyde dimethyl acetal, Zhang et al.[31] 
prepared polymer P-10 (Figure 7), which had a BET sur-
face area of 586 m2•g－1. P-10 was an excellent heteroge-
neous photocatalyst for a visible light-induced, selective 

 

Figure 6  Structures of M8a, M8b, M8c, M9a, M9b, P-8 and P-9
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bromination reaction of electron-rich aromatic compounds 
(Eq. 13), using hydrogen bromide as a bromine source and 
molecular oxygen as clean oxidant. The reactions of stud-
ied eight aromatic ethers and thiophenes (33a～33k) all 
selectively afforded monobromides 34a～34k. Generally, 
substituents bearing two or three methoxy groups led to 
higher yields of the bromides. Thiophene and benzothio-
phene substrates also gave rise to bromination products 
with good yields. However, toluene did not afford the cor-
responding bromide. Instead, benzaldehyde was obtained 
in 4% yield. The method was also applied for thiophenes 
and benzothiophene. However, the reaction of toluene 
yielded benzaldehyde in 4% yield. Repeating experiments 
for 1,3,4-trimethoxybenzene were conducted, which 

 

Figure 7  Structures of M10, M11, P-10, and P-11 

 

revealed that P-10 could be used for at least six repeating 
cycles without significant change in the catalytic efficien-
cy. Zhang et al.[32] also reported the visible light-induced 
heterogeneous photocatalysis of P-11 (Figure 7) for the  
[2＋2] cycloaddition of alkenes. The polymer can be pre-
pared from Sonogashira-Hagihara cross-coupling of 
monomers M8c and M11.[33] Its BET surface area was 
determined to be 120586 m2•g－1. P-11 was found to cata-
lyze visible light-induced [2＋2] cycloaddition of 35 and 
36 to give cyclobutene derivative 37 in 86% yield (Eq. 14), 
together with 38 as minor product (6%). For another eight 
pairs of reactants, the unsymmetrical cycloaddition prod-
ucts were all produced as major products and nitromethane 
was found to be the most suitable solvent. When the solu-
tion of pure 35 in nitromethane was subjected to the same 
reaction conditions, 38 was formed in 80% yield. Thus, it 
was concluded that the formation of the heterocycloaddi-
tion product was energetically favorable than that of the 
homocycloaddition product. 

 

4  Donor-acceptor type porous organic 
polymers 

Donor-acceptor (D-A) fluorophores possess adjustable 
photoelectric properties for the enhancement of their pho-
tocatalytic performances.[34] Liu et al.[35] prepared polymer 
P-12 (Figure 8) from oxidative coupling polymerization 
reaction of monomer M12 with FeCl3. This polymer had a 
BET surface area of 758 m2•g－1. Under visible-light irradi-
ation, compound 39 could oxidized by molecular oxygen 
to hemiaminal 40 in methanol in 97% yield under the ca-
talysis of P-12 (Eq. 15). The reaction conditions were also 
applied for the oxidative C—H functionalization reactions 
of 39 with a variety of substrates 41a～41h (Eq. 16). The 
resulting C—C oxidative coupling products 42a～42h 
were produced in 70%～ 94% yields. With bromine, 
methoxy or nitro being introduced to the para-position of 
the benzene ring that connected the amino group, the cor-
responding C—C coupling products were also obtained in 
high yields. The reaction of 39 and 41a was studied for the 
recyclability of P-12. It was found that the polymer could 
be efficiently recycled and reused for at least ten times 
without obvious loss of photocatalytic activity and selec-
tivity. The reaction of 39 and 41a had also been studied 
through an easy-to-build continuous flow reactor. Full 
conversion to the target product 42a could be obtained. 
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Figure 8  Structures of M-12 and P-12 
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Liu et al.[36] prepared polymer P-13 from the oxidative 
coupling polymerization of M13 (Figure 9). Triphenyla-
mine and fumaronitrile were used as the donor and accep-
tor in the monomer, which were separated by the biphenyl 
unit to promote their intersystem crossing process and fa-

vor 1O2 generation. As a result, P-13 showed high catalytic 
capacity for visible light-induced molecular oxygen oxida-
tion of aromatic aldehydes 43, which might bear elec-
tron-donating and withdrawing substituent(s), to aromatic 
acids 44 (Eq. 17). The catalyst also worked well for the 
oxidation of 5-ethylthiophene-2-carbaldehyde to the cor-
responding acid (78%). However, the reaction of 4-diethyl- 
aminobenzaldehyde did not afford the corresponding acid. 
For liquid aldehydes, the photooxidations could take place 
in a solvent-free manner. With lowered amount of the cat-
alyst, the acids were still obtained in comparable yields. 
For the reaction of benzaldehyde, after 10 cycles, the ac-
tivity of P-13 could be maintained to be about 85% as that 
for the first run. 
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Figure 9  Structures of M13 and P-13 

 

5  Xanthene-incorporated porous organic 
polymers 

Xanthene dyes represent a family of photoredox or-
ganocatalysts that have been widely used in visible light 
induced organic transformations.[37] Rose Bengal M14a is 
one of the most studied xanthene dye that bears four iodine 
atoms. Jiang et al.[38] reported the synthesis of polymer 
P-14 from the palladium-catalyzed Sonogashira-Hagihara 
cross-coupling polycondensation of Rose Bengal M14a 
with M14b (Figure 10). This dye-cored polymer was stable 
with respect to aqueous solutions of acids and bases, such 
as HCl and NaOH and thermally stable in nitrogen up to 
300 ℃. Its BET surface area was determined to be 830 
m2•g－1. P-14 exhibited high photocatalytic activity for the 
Aza-Henry reactions of tertiary amines 45 and nitroalkanes 
46, including Me, Et and n-Pr derivatives, to afford the   
C—C coupling products 47 (Eq. 18). All the reactions gave 
rise to the C—C coupling products 43 in 80%～97% 
yields. The Ar group of 45 might be the benzene ring 
bearing the electron-donating or withdrawing group(s) or 
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the naphthalene ring. The liquid nitroalkanes also acted as 
the solvents. After ten recycling times, the conversion of 
the tertiary amine substrate still exceeded 90%. 

O
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Figure 10  Structures of M-14a, M-14b and P-14 

 

Cai et al.[39] further prepared Erythrosin B- and Rose 
Bengal lactone-based polymers P-15a and P-15b from the 
Sonogashira-Hagihara cross-coupling polycondensations 
of Erythrosin B (M15a) or Rose Bengal lactone (M15b) 
with M14b under the similar reaction conditions (Figure

11). These two polymers had a BET surface area of 330 or 
398 m2•g－1. Both polymers exhibited efficient photocatal-
ysis for the reversible addition-fragmentation chain trans-
fer (RAFT) polymerization of N,N-dimethylacrylamide in 
dimethyl sulfoxide (DMSO). In comparison with P-15a, 
the electron-withdrawing chlorine-substituted phenyl 
groups in P-15b gave rise to higher triplet quantum yield 
and therefore provided better oxygen tolerance during the 
polymerization. 

6  Porphyrin-incorporated porous organic 
polymers 

Porphyrin polymerization provides one valuable way for 
improving the stability and recyclability of porphyrin cat-
alysts.[40] In this category, Liu et al.[41] first synthesized 
polymer P-16 from the alkyne-alkyne homocoupling pol-
ycondensation of porphyrin monomer M16 (Figure 12). 
The polymer had a BET surface area of 662 m2•g－1 and 
was found to act as an organocatalyst for the Knoevenagel 
condensation reaction of malononitrile 48 with aromatic 
and heterocyclic aldehydes 49 to afford 2-methylene- 
malononitrile products 50 in 77%～98% yields (Eq. 19). 
The reaction of 48 with cyclohexanone also proceeded to 
afford the coupling product in 91% yield. The solid cata-
lyst could be recovered easily by filtration and reused for 
at least ten times for the reaction of benzaldehyde. Yang et 
al.[42] also conducted the coupling polymerization of com-
pounds M17 and M17-Br to prepare porphyrin polymer 
P-17 (Figure 12), which had a BET surface area of 380 
m2•g－1. P-17 was developed as a heterogeneous catalyst 
for the activation of molecular oxygen to oxidize toluene 
under mild conditions. Benzaldehyde was obtained selec-
tively in 70% with a conversion of toluene being up to 
10.2%. The catalysis did not need the initiation of visible 
light, but no control experiments were available for the reac-
tions conducted by shielding the room light. The turnover 
number was as high as 13653, and the catalyst remained 
structurally stable and the toluene conversion rate hardly 
decreased after 5 h of reaction and five cycles of reuse.  
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Ji et al.[43] synthesized polymer P-18 via the Yamamoto 
homo-coupling reaction of porphyrin tetrabromide M18 
(Figure 13). The polymer had a BET surface area of 987 
m2•g－1. P-18 efficiently catalyzed the visible light-induced 
molecular oxygen oxidation of alkyl aryl sulfides, dialkyl 
sulfides and diphenyl sulfide. The resulting sulfoxides 
were formed in 71%～97% yields. The solid catalyst could 
be readily recycled and reutilized for at least four times 
without any apparent loss of catalytic activity. Moreover, 
P-18 was also able to catalyze visible light-induced oxida-
tive coupling reactions of various primary amines into 
imines (Eq. 1).  

7  Catalyst-attached porous organic pol-
ymers 

Postmodification or functional group-attachment is a 
widely used strategy for the preparation of functional po-
rous systems such as covalent organic frameworks and 
metal organic frameworks.[5,44] POPs as highly stable con-
jugated polymers are intrinsically suitable for further in-
troduction of catalytic sites. Sánchez et al.[45] prepared 

polymer P-20b from the coupling polymerization of M20a 
and M20b followed by the introduction of the 3,5-difluoro- 
phenol unit to the resulting polymer P-20a (Scheme 2). 
P-20b had a BET surface area of 285 m2•g－1. The attached 
3,5-difluorophenol units in P-20b were efficient heteroge-
neous catalysts for visible light-promoted aza-Henry reac-
tion of compounds 39 and 41a to afford the nitro derivative 
42a (Eq. 16). After 72 h, 42a could be formed in 99% 
yield. Ru complexes were also attached to the polymer by 
treating P-20b with Ru(bpy)3Cl2. The resulting attached 
Ru complexes also catalyzed the aza-Henry reaction to 
afford 42a in a comparable yield. 

Liras et al.[46] prepared polymer P-21a from the cou-
pling polymerization of compounds M21a and M21b 
(Scheme 3). The polymer was further treated with 
Ru(bpy)2Cl2 to attach ruthenium complexes to the 4,4- 
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) units of 
the backbone to afford new polymer P-21b, which had a 
BET surface area of ca. 306 m2•g－1. P-21b also efficiently 
catalyzed the visible light-induced aza-Henry reaction of 
compound 39 with different nitro derivatives (Eq. 16), in-
cluding MeNO2, EtNO2, n-PrNO2 and EtOCOCH2NO2. 
The resulting C—C coupling products 42 were obtained in 
77%～96% yields, together with the oxidative amide as 
minor product (4%～18%). P-21b was also highly stable 
and could be recycled for seven times with no significant  
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Scheme 2  Structures of M20a, M20b, P-20a and P-20b 

 

Scheme 3  Synthetic route for P-21b 

decrease of the activity. Su and Wang et al.[47] reported that 
by simple ion exchange, [Ru(bpy)3]

2＋ complexes could be 
loaded to the carboxylate anchors of 3D porous organic 
frameworks prepared through Click coupling polymeriza-

tion. The resulting Ru-containing porous polymers exhib-
ited excellent catalytic activity for visible light-induced 
oxidative hydroxylation of 4-methoxyphenylboronic acid 
to 4-methoxyphenol (Eq. 5) and could be recycled for at 
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least six times. 

8  Transition metal complex-incorporated 
porous organic polymers 

Ruthenium and iridium complexes are two kinds of most 
widely exploited complexes for visible light photoredox 
catalysis of organic reactions.[8,48] Both kinds of complexes 
are highly stable and structurally rigid and thus suitable to 
be incorporated into porous organic frameworks. Lin et 
al.[49] pioneered the incorporation of both kinds of com-
plexes into 3D porous polymers and revealed their efficient 
photocatalysis for aza-Henry reaction and α-alkylation of 
bromomalonate. Han et al.[50] utilized the above-mentioned 
FeCl3-mediated oxidative hyper-crosslinked coupling of 
the carbazole unit to synthesize polymers P-22a and P-22b 
from M22a3 or M22b3 (Scheme 4). For these synthesis, 
iridium complex intermediates M22a2 and M22b2 were 
first prepared from the reactions of M22a1 and M22a2 
with iridium chloride and then treated with 2,2'-bipyridine 

to produce M22a3 and M22b3, respectively. The BET 
surface areas of P-22a and P-22b were determined to be 
97 and 76 m2•g－1, respectively. Both polymers catalyzed 
the visible light-induced air photooxidation of methyl 
phenyl sulfides (Eq. 3), which selectively afforded the 
corresponding sulfoxide products (93%～99%) and sul-
fones of low yields (1%～4%). For the photocatalytic hy-
droxylation of arylboronic acids, the resulting phenol 
products were also formed in high yields (67%～99%) 
(Eq. 5). Generally, P-22b exhibited higher catalytic activi-
ty, which was elucidated in terms of photophysical and 
electrochemical properties. The two polymers could cata-
lyze the visible light-induced cross-dehydrogenative cou-
pling reactions of tertiary amines 45 with nitromethane or 
nitroethane to afford the corresponding C—C coupling 
nitro derivatives (47) (Eq. 18). In particular, the reactions 
of N-aryltetrahydroisoquinolines 39, 39a and 39b with 
phosphonates 41g and 41i afforded the C—P coupling 
products 42g, 42i and 42j in excellent yields (Eq. 20).
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Scheme 4  Synthetic routes for P-22a and P-22b 
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Zhang et al.[51] developed another approach for incorpo-

rating iridium complexes into porous polymers such as 
P-23, the synthesis of which is shown in Scheme 5. Com-
pound M23a was first reacted with iridium chloride to af-
ford complex M23b, which further reacted with M23c to 
produce complex intermediate M23d. The coupling 
polymerization of M23d with M23e gave rise to polymer 
P-23, which had a BET surface area of 124 m2•g－1. This 
polymer was found to be an efficient heterogeneous cata-
lyst for the visible light-induced molecular oxygen oxida-
tion of sulfides and arylboronic acids (Eqs. 3 and 5). 
Moreover, it was able to catalyze the Smiles-Truce rear-
rangement of alkyliodides 51a～51m to afford the corre-
sponding rearrangement products 52a～52m (Eq. 21).[52] 
Notably, the activity of the iridium complex in P-23 was 
comparable with that of a homogeneous prototype com-
plex. P-23 was also revealed to catalyze the recently re-
ported desulfurative conjugate addition of substrates 53a 
and 53b to Michael acceptors 54a～54f, which afforded 
compounds 55a～55l (Eq. 22). The recyclability of the 
catalyst for all the four reactions was studied, which re-
vealed the high stability of the catalyst. For the addition of 
53a to 54a, after recycling for 19 times, the catalyst still 
exhibited important activity. 
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Scheme 5  Synthetic route of P-23 
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The yields represented the isolated ones and
the values in the blaskets were GC yields.  

Zhang et al.[53] also introduced the [Ru(bpy)3]
2＋ units to 

the backbone of polymer P-24. For the synthesis of P-24 
(Scheme 6), M24a was first reacted with 2,2'-bipyridine to 
afford ruthenium complex M24b. This intermediate was 
further coupled with M23e to give rise to P-24 as a porous, 
insuluble polymer, which had a BET surface area of 15 
m2•g－1. The existence of optical isomers of the complexes, 
inclusion of counterions, and the stoichiometric amount of 
the heavy Ru atoms in the polymeric backbones were 
proposed to account for the low surface area. P-24 was 
revealed to exhibit high heterogeneous photocatalytic 
activities for the enantioselective α-alkylation of aldehydes 
56a and 56b with 57a～57d in the presence of chiral 
catalyst C1, which led to the formation of chiral products 
58 (Eq. 23). The C—C coupling products were obtained in 
77%～92% yields, while the ee values reached 90%～
95%, which were comparable with the corresponding value 
obtained through homogeneous reactions mediated by an 
soluble control catalyst.[54] The reaction of 56a and 57a 
was used to exploit the recyclability of P-24. It was found 
that after ten times of recycling, the yield of the product 
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Scheme 6  Synthetic route of P-24 
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was slightly reduced from 92% to 73%. However, the ee 
values were nearly maintained unchanged, which 
suggested that the polymer catalyst might suffer loss 
during the processes, but it was stable enough to sustain its 
porous structure. 

9  Conclusions 

Visible light-induced heterogeneous catalysis has re-
ceived increasing attention for organic transformations. 
Porous organic polymers are ideal platforms for exploiting 
the green and sustainable catalysis of organic transfor-
mations due to their straightforward synthesis and charac-
terization. From the point of fundamental research, chem-
ists pursue structural ordering or periodicity for porous 
materials, which is crucially important for some specific 
applications. As porous heterogeneous catalysts, ready 
synthesis and low cost, high activity and good sustainabil-
ity through easy recovery and recycling are more important 
factors for achieving practical applications, which are all 
the intrinsic features of porous organic frameworks. Cur-
rently, studies for the applications of porous organic poly-
mers are highly limited to the reactions that have been 
well-established homogeneously. Although the feature of 
the reuse and recyclability of porous organic frameworks 
has been well-demonstrated, their practicability as hetero-
geneous catalysts is still to be addressed. In the future, we 
may expect the report of studies for practical organic 
transformations or the synthesis of useful and highly valu-
able organic molecules through this strategy. In principle, 
the catalytic sites of heterogeneous porous organic frame-
works can realize the photoredox activity of homogeneous 
catalysts. For this target, the pores should be large enough 
to allow the free entering and exiting of substrates and 
products as well as high transparency for light penetrating. 
Therefore, the development of porous organic frameworks 
with large pores should be important. 
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