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Porphyrin-based porous organic polymers
synthesized using the Alder—Longo method: the
most traditional synthetic strategy with exceptional
capacity

Qian Liu, @ +3© Wen Pan, 2 Junshan Zhang,® Mei Yang,? Qin Chen,? Feng Liu,?
Juan Li,*® Songrui Wei*® and Guoji Zhu*?

Porphyrin is a typical tetrapyrrole chromophore-based pigment with a special electronic structure and
functionalities, which is frequently introduced into various porous organic polymers (POPs). Porphyrin-
based POPs are widely used in various fields ranging from environmental and energy to biomedicine-
related fields. Currently, most porphyrin-based POPs are prepared via the copolymerization of specific-
group-functionalized porphyrins with other building blocks, in which the tedious and inefficient synthesis
procedure for the porphyrin greatly hinders the development of such materials. This review aimed to
summarize information on porphyrin-based POPs synthesized using the Alder—Longo method, thereby
skipping the complex synthesis of porphyrin-bearing monomers, in which the porphyrin macrocycles are
formed directly via the cyclic tetramerization of pyrrole with monomers containing multiple aldehyde
groups during the polymerization process. The representative applications of porphyrin-based POPs
derived using the Alder—-Longo method are finally introduced, which pinpoints a clear relationship
between the structure and function from the aspect of the building blocks used and porous structures.
This review is therefore valuable for the rational design of efficient porphyrin-based porous organic
polymer systems that may be utilized in various fields from energy-related conversion/storage
technologies to biomedical science.

1. Introduction

As a new emerging class of multi-dimensional network mate-
rials linked via covalent bonds, porous organic polymers (POPs)
have attracted a great deal of worldwide research interest.*”® The
intrinsic features of POPs, such as light weight, customized
functionality, tunable pores, large specific surface areas, and
super stability, as well as excellent structural compatibility,
render POPs promising platforms for various applications.**
Hitherto, thousands of POPs with various geometries and
functions have been developed, including crystalline covalent
organic frameworks (COFs) and covalent triazine frameworks
(CTFs), as well as amorphous conjugated microporous polymers
(CMPs), hyper-crosslinked polymers (HCPs), and polymers of
intrinsic microporosity (PIMs). These series of POPs have been
vastly used, including in sewage treatment, gas adsorption and
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separation, heterogeneous catalysis, sensing, energy, and
biomedicine fields in the past decades.”™

As one of the key natural heterocyclic molecules in extant
life, porphyrins with unique electronic structures and photo-
physical properties play vital roles in diverse biological func-
tions such as O, transport, light harvesting, and electron
transfer as well as numerous enzyme-catalytic trans-
formations.'>** Noteworthily, as a polar, large-conjugated, and
highly delocalized organic macrocycle molecule, porphyrin
features a strong ability to finely coordinate with various metal
cations into the macrocycle center for forming complexes.”
Given these particular properties, porphyrins, especially those
modified by aromatic moieties with special functional groups,
have been frequently incorporated into various porous mate-
rials such as metal-organic frameworks (MOFs), periodic mes-
oporous silicas (PMSs), graphene, carbon nanotubes (CNTs),
and POPs.”*'® Among these porphyrin-bearing porous mate-
rials, porphyrin-based POPs with concurrent structural
compatibility and strong stability in extreme conditions stand
out and have been widely reported on."”

With decades of development, significant achievements have
been made in the controlled synthesis of porphyrin-based POPs.
To yield multifunctional materials, varieties of organic building
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blocks bearing special functional properties have been
successfully incorporated into porphyrin-bearing POPs via
various reactions such as the Yamamoto reaction, Suzuki-
Miyaura reaction, Sonogashira-Hagihara reaction, alkyne-
alkyne reaction, cyclic trimerization reaction, Schiff-base reac-
tion, and Knoevenagel condensation reaction, as well as the
FeCl;-promoted or electrochemical oxidative coupling reac-
tion.” Hitherto, hundreds of porphyrin-based POPs with
diverse structures and functions have been successfully devel-
oped.* Yet, the industrial application of such materials are still
fraught with challenges.>® Most of these porous organic poly-
mers are achieved via the self-polymerization or copolymeriza-
tion of specific-groups-functionalized porphyrins with other
building blocks. However, the tedious and inefficient synthesis
procedure of the porphyrin-bearing building blocks greatly
hampers the development of such materials,* while the harsh
reaction conditions (anhydrous and oxygen-free conditions),
together with the usage of noble metal catalysts with long
reaction times, greatly increase the production cost of these
materials, which also significantly impede the real application
of such materials.”” Additionally, the synthesis of other reactive
monomers containing special reactive groups that could react
with porphyrin-based monomers is also a demanding and
laborious process, and their yields are often quite low.>

To address such issues, low-cost, simple, and scalable
preparation methods are urgently needed to accelerate the
development and application potential of such materials.
Recently, the Alder-Longo method has emerged as one of the
most promising methods for the targeted preparation of
porphyrin-based POPs.** Different from other reactions, the
Alder-Longo method allows realizing the synthesis of
porphyrin-based POPs from the cyclic tetramerization of pyrrole
with monomers containing multiple aldehyde groups.
Porphyrin macrocycles can be formed directly during the poly-
merization process without needing to use any high-cost
porphyrin-containing monomers, or noble metal catalysts,
and with an ultrahigh yield.*® Similar to other reactions, the
Alder-Longo method can also realize the effective design and
adjustment of the structures and functions of porphyrin-based
POPs, which could also hold a wealth of potential applications
across various fields.

This review aimed to highlight the advances in the design
and synthesis of porphyrin-based POPs, from the direct cyclic
tetramerization of pyrrole with polyaldehyde monomers via the
Alder-Longo method, in which the complex synthesis proce-
dure of the porphyrin monomers could be skipped. Addition-
ally, this work aimed to introduce the representative synthesis
and applications of the obtained porphyrin-based POPs, pin-
pointing a clear relationship between the structure and func-
tion from the aspect of the building blocks used and porous
structures. Also, we tried to introduce the specific sustainable
applications of those materials in different fields, such as
industrial catalysts, therapeutic agents for drug-resistant
diseases, or key components in energy-storage and -conver-
sion devices. Some original perspectives toward both funda-
mental research and the application efforts are briefly discussed
at the end of this review.
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2. Alder—Longo method for the
synthesis of porphyrin-based POPs

Numerous studies have validated that, as cutting-edge porous
materials, POPs with a high specific surface area and backbone
robustness are excellent adsorbents materials for heavy metal
ions and toxic gases. The Alder-Longo synthesis method, also
known as the direct cyclic tetramerization of pyrroles with
aromatic monomers bearing di/tris/tetra/penta/hexa aldehydes,
offers stable yields and a relatively simple synthesis procedure
(Scheme 1) for the preparation of porphyrin-based POPs. This
approach is based on the acidic condensation of aryl aldehydes
with pyrrole at a relatively high temperature, followed by
oxidation, and this has been known as the Adler-Longo
porphyrin synthesis since 1967.>° This special synthesis method
involves simple aromatic electrophilic substitution on pyrrole
with aromatic aldehydes-containing blocks, in which the
porphyrin units are formed in situ during the one-pot poly-
merization, which provides a facile, low-cost, bottom-up one-
pot self-polymerization strategy for porphyrin-based POPs,
rendering these materials suitable for practical applications.

With years of development, great advances and innovations
have been achieved in the further design, synthesis, and
application of porphyrin-based POPs via the Alder-Longo
method. Since the first report by Asim Bhaumik's group in 2012,
the last decade has witnessed an upsurge in the development
and synthesis of porphyrin-based POPs via the Adler-Longo
method.” Hitherto, various multiple-aldehyde-containing
building blocks with different functional substituents, geome-
tries, and conjugation sizes have been used for the synthesis of
POPs with diverse pore sizes and functionalities. The Alder-
Longo method is regarded as a scalable synthetic method for
the preparation of POPs with specific structures and functions,
which have been widely used in numerous fields ranging from
the environment, energy, organic catalysis, and biomedical
fields.

3. Applications of porphyrin-based
POPs obtained from the Alder—Longo
method

As a new class of artificial porous materials, porphyrin-based
POPs with repetitive porphyrin units and open porous struc-
ture have attracted considerable research interest for various
applications.” Just as other materials, the properties of
porphyrin-based POPs are highly dependent on the character-
istic of their skeleton structure and composition. Also, the
composition of porphyrin-based POPs is not only decided by the
aldehyde-containing building blocks, but also the metal centers
coordinated in the porphyrin skeleton. It was reported that the
N-rich structure and w-conjugated skeleton in the porous
channel can act as adsorbates to capture radiative iodine
pollutants form the environment.* The unique structure of
porphyrin renders the material with photo-, electro-, and
intrinsic catalytic activity through the porous skeleton. The
aldehyde-containing building blocks decide the final skeleton

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a) porphyrin and (b

of POPs, such as the porosity and conjugated structure, which
are highly relevant for the absorption, mass transfer, conduc-
tivity, charge transport, as well as the catalytic efficiency of
materials. For example, the inherent porous skeleton offers
adsorption sites for various gas and non-gaseous pollutants
from the environment.*® The metal center decides the catalytic
activity of the materials, which is also influenced by the porosity
and skeleton structure of the POPs. Furthermore, the remaining
component of the aldehyde-containing units can not only work
synergistically with the porphyrin units to achieve additional
effects, but can also introduce other desired functions into the
porous skeleton. Thereby, porphyrin-based porous organic
polymers with brand new structures and functions can be easily
obtained via the fine adjustment of the structures and functions
of the aldehyde-containing units, as well as the species of metal
ion utilized during the polymerization.

Recently, these series of POPs have been demonstrated to be
suitable for the removal of various gaseous and non-gaseous
pollution, selectively for organic-, photo-, and electronic catal-
ysis, as well as for antibacterial and anticancer treatments.*"**
This section introduces the applications of porphyrin-based
POPs, focusing on the structural design and preparation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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) porphyrin-based POPs via the Alder—Longo method and the ideal structures

porphyrin-based POPs obtained via the Alder-Longo method
and highlighting the relationship between the structure and
functions. It is expected this will provide guidance and direction
for the structural design of porphyrin-based POPs with different
functions.

3.1 Pollution treatment

3.1.1 CO, uptake. Carbon dioxide (CO,) is the main
greenhouse gas inducing global warming, leading to climate
change in the last decades.*® However, frequent reports have
also demonstrated that CO, is also a cheap and abundant non-
toxic carbon source for the modern chemical industry.>»* In
recent years, the highly selective chemical conversion of CO, to
value-added industrial products, such as methane, alcohol,
formaldehyde, or formic acid, has attracted increasing research
attention, and is now regarded as one of the most promising
methods to realize carbon neutrality.>***° Porphyrin-based POPs
with high BET surface areas and a N-rich skeletal structure,
such as tunable metal catalytic domains, offer an excellent
application potential for the capture and conversion of CO,.

As can be seen from Fig. 1a, Bhaumik's group developed
a series of Fe-porphyrin-based POPs (POP-1 to POP-3) via the

RSC Adv, 2024, 14, 20837-20855 | 20839
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Fig.1 Porphyrin-based porous organic polymers obtained from the Alder—Longo method for CO, capture. (a) Schematic route for the synthesis

of POP-1 to POP-3; (b) schematic route for the synthesis of PNOPs.

Alder-Longo method using freshly distilled pyrrole with dia-
ldehyde aromatic monomers (terephthaldehyde, biphenyl-
dicarboxaldehyde, and p-terphenyl-dicarboxaldehyde) in the
presence of a small amount of Fe(ur).”” This series of Fe-POPs
possessed relatively high BET surface areas (750 to 875 m?
g~ 1). These series of POPs exhibited an excellent CO, capture
capacity, not only for absorbing large amounts of CO, from the
atmosphere, but also providing the reversible release of an
equivalent amount of CO, when reducing the pressure.

As displayed in Fig. 1b, Wang's group designed and synthe-
sized two three-dimensional porphyrin-based nanoporous
organic polymers (PNOPs, denoted as PNOP-1 and PNOP-2) via
the Alder-Longo method using tetrahedral-structured building
blocks, including tetrakis(4-aldehydephenyl)methane (TFPM)
and 1,3,5,7-tetrakis(4’-aldehydephenyl)adamantane (TFPAd),
respectively.** The as-prepared materials featured high BET
surface areas, which suggested they could serve as ideal mate-
rials for the adsorption and separation of CO,.

3.1.2 CO, conversion. Removing CO, from the atmosphere
and selectively converting it into value-added products, in
particular desired commercial products, is a potential strategy
for the modern chemical industry.*»* It is regarded as one of
the most effective ways to achieve carbon neutrality, alleviating

20840 | RSC Adv, 2024, 14, 20837-20855

the pressure caused by rapid economic development on the
ecology.**** Cyclic carbonates are very common value-added
commercial products obtained via the cycloaddition reactions
of CO, and epoxides under the catalysis of homogeneous and
heterogeneous catalysts.*®

Porphyrin-based porous organic polymers with integrated
metal catalytic sites are frequently investigated as typical cata-
lysts for the CO, cycloaddition reaction.*” Li's group synthesized
two Co-based porphyrin POPs (Co-Por-POPs) via the Alder-
Longo method (Fig. 2a). The as-synthesized Co-Por-POPs pre-
sented high catalytic performances in solvent-free CO, cyclo-
addition reactions under ambient conditions (25 °C, 1 bar).*®
Yang et al. developed a porous zinc-porphyrin-based framework
(P-POF-Zn) via a combination of the Alder-Longo method with
a post-metallization reaction, and this could be used as a cata-
lyst that worked cooperatively with a thermoresponsive ionic
liquid to catalyze the cycloaddition reaction of CO,.* Also, P-
POF-Zn demonstrated excellent recycling ability for the effi-
cient synthesis of cyclic carbonates (Fig. 2b). This study revealed
the importance of the combination of a co-catalyst with
a heterogeneous POP-based catalyst to effectively catalyze
chemical reactions in a synergistic manner.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fabrication of metal-porphyrin-based porous organic polymers for CO, cycloaddition reactions. (a) Schematic route for the synthesis of
Co-Por-POPs; (b) schematic route for the synthesis of P-POF-Zn; (c) schematic route for the synthesis of PP—Br-Zn.

As displayed in Fig. 2¢, Liu et al. reported a metal-porphyrin-
based cationic polymer (PP-Br-M) through the combination of
the Adler-Longo methodology with the post-metalation of
quaternary ammonium salts and metal ions using task-specific
building blocks  (4,4'((2,5-bis((dimethylamino)methyl)-1,4-
phenylene)bis-(oxy))dibenzaldehyde, abbreviated as
BDMBDA).* The concurrent existence of Lewis acid active sites
(zinc porphyrin) and Br~ as nucleophile anions rendered PP-
Br-Zn a bifunctional porous organic polymer for the cycload-
dition reaction, which could exert a synergistic effect activating
both the substrates and related intermediates. The PP-Br-Zn
with an optimized Br~ and Zn ratio could afford a concurrent
high conversion and selectivity (99%) for the cycloaddition of
CO,.

3.1.3 Selective adsorption and photocatalytic degradation
of cationic dyes. Water pollution, related with both modern
industrial productions and pathogen contamination, especially

© 2024 The Author(s). Published by the Royal Society of Chemistry

pollution caused by highly toxic, potentially carcinogenic, and
mutagenic organic dyes, has become a global safety concern,
which pose seriously threats to the both the balance of the
ecological environment and the health of living beings.**>* With
years of development, numerous coping strategies have been
proposed for the treatment and disposal of cationic dyes, such
as ion exchange, ozone treatment, membrane filtration, chem-
ical oxidation, physical absorption, and photocatalytic degra-
dation methods. Among these techniques, the physical
absorption and photocatalytic degradation methods, with the
inherent characteristics of low-cost, easy operation, and high
efficiency, are considered as the two most promising
methods.**® The inherent structure with porphyrin endows
materials with photocatalytic activity, which can then serve as
a candidate for the photocatalytic degradation of pollutants.”
Thereby, porphyrin-based POPs hold great potential to realize
the concurrent adsorption and photocatalytic degradation of

RSC Adv, 2024, 14, 20837-20855 | 20841
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organic pollutants, thereby realizing wastewater detoxification
to combat harmful environmental impacts.

Liu et al. exploited the application of a porphyrin-based
porous organic polymer (Py-POP) for the concurrent adsorp-
tion and photocatalysis degradation of cationic dyes, in which
methylene blue (MB) and rhodamine B (RhB) were used as
model dyes.”® Py-POP was obtained via the polymerization of
pyrrole with 4,4’-diformyl-1,10-biphenyl in the presence of ferric
chloride. The corresponding experimental results confirmed
that Py-POP could be an efficient multifunctional platform that
simultaneously integrates adsorption and photocatalysis, and
could effectively catalyze the degradation of both dyes under
visible-light irradiation (Fig. 3a).

Pala’'s group reported a hydroxyl-rich porphyrin-based POP
(PPOPs-OH) via the Alder-Longo method wusing 2,6-
dihydroxynaphthalene-1,5-dicarbaldehyde  (abbreviated as
DHNDA) as the building blocks (Fig. 3b).”® The simultaneous
introduction of a hydroxyl group endowed the system with
reactivity with chlorosulfonic acid to obtain a sulfonic-acid-
functionalized porous polymer (PPOPs-SO;H). The sulfonation
could significantly increase the electronegativity and hydro-
philicity of the porous skeleton. As a result, PPOPs-SO;H dis-
played a superb high adsorption capacity toward methylene
blue (MB) from water (980.4 mg g~ ). Additionally, PPOPs-SO;H
also presented an excellent selectivity for MB in the co-presence
of methyl orange (MO) and rhodamine B (RhB). Noteworthily,

L=

b)

‘ PPOPs-SO,H + MB

View Article Online
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recycling experiments revealed the absorption properties of
PPOPs-SO;H could be finely retained after several cycles.

3.1.4 Heavy metal removal. Heavy metal pollution is now
widely regarded as one of the most pressing environmental and
health problems to modern society, continuously affecting our
lives for decades. As one of the most famous toxic heavy metals,
Hg>", with a special binding capacity with proteins, can induce
serious damage to the nervous system and kidneys, thus
threatening public health.® Thereby, there is an urgent need to
exploit low-cost but highly efficient technologies to realize the
selective capture of Hg>" from aqueous solution.® It is well
known that sulfur-bearing functional groups, such as thioether
(-S-R), dithioglycol (HS-CH,CH,-SH), and sulfhydryl (-SH), can
coordinate strongly with Hg”*, and so have been demonstrated
to be especially useful for capturing Hg>" from water.®?

Huang's group developed three thioether-functionalized
porphyrin-based POPs, denoted as TPP1, TPP2, and TPP3,
constructed respectively by “bottom-up” and “top-down” strat-
egies, and were then used for capturing Hg>" from aqueous
solution (Fig. 4).* TPP1, constructed by the “bottom-up”
strategy, was obtained via the one-step polycondensation of 2,5-
bis(methylthio)terephthalaldehyde (BMTA) with pyrrole. TPP1
featured a high BET surface area (554 m® g~ ') and pore volume
(0.32 cm® ¢ "), and sulfur content (16.8%), which enabled
a high Hg*" capture (913 mg g~ ') and removal efficiency (>99%),
concurrently. By contrast, TPP2 and TPP-3 obtained according
to the “top-down” strategy were fabricated via a post thioether

Recycle of MB

Recycle

s -
Wavelength (sm)

Fig. 3 Typical porphyrin-based porous organic polymers for the capture or degradation of organic dyes. (a) Route for the synthesis of Py-POP;

(b) route for the preparation of PPOPs-SO3zH.
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modification of as-synthesized porphyrin-based POPs.
Compared with TPP1, TPP2 possessed a much lower Sggr, Viotals
as well as sulfur content. As a result, TPP2 obtained via the post-
functionalized method showed a much lower Hg>* capture
efficiency (555 mg g~ ' and 609 mg g ). This work demon-
strated the advantage of the bottom-up strategy for the highly
efficient construction of thioether-functionalized POPs, which
provides guidance for the rational construction of other
thioether-functionalized POPs for specific applications.

3.1.5 Selective recovery of gold. Gold is one of the most
representative precious metals, with the inherent characteris-
tics of superb electrical conductivity, outstanding corrosion
resistance, and ductility, which has seen it commonly applied in
sophisticated instruments and equipment.®** The wide-scale
usage of gold is heavily hindered by the complex mining and
smelting process required.®® However, with the continuous
development of science and technology, the demand is ever
rising and solutions are being investigated.®”

To effectively solve these issues, Zhang's group developed
cationic porphyrin-based porous organic polymers (Imi-PPOPs-
Br) to retrieve gold from electronic waste.®® As shown in Fig. 5,
Imi-PPOPs-Br possessing porphyrin and cationic imidazolium,
simultaneously, was prepared via an Alder-Longo synthesis
method using pyrrole and imidazolium-functionalized tri-
aldehydes as the reaction monomers. Imi-PPOPs-Br presented
a high Au(m) adsorption capacity of 1543 mg g, together with
super reusability. Noteworthily, owing to the strong electrostatic
interaction between the cationic porous skeleton and the
AuCl,  anions, Imi-PPOPs-Br presented a specific selectivity for
>80% removal efficiency in a solution containing various
interfering metal ions [Co(u), Cr(vi), Ni(u), Hg(u), and Cd(u)].
These results revealed that Imi-PPOPs-Br could be used as an
absorbent toward the highly efficient and selective recovery of
gold.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2 Synthetic organic chemistry

The unique backbone and the tunable metal centers endow
porphyrin-based POPs with excellent photoelectric properties.®
Easy accessible heteroatom doping, metallization, and ion
functionalization can enable the m-electron conjugated struc-
ture, band gap, as well as the active groups to be easily tuned by
changing the type of central metal.”>”* Hitherto, various reports
have demonstrated the use of POPs in the synthesis of hetero-
geneous catalysts based on POPs. Porphyrin-based POPs are
used in a wide range of catalytic related applications, such as
chemical catalysis, photocatalysis, electrocatalysis, and enzyme
catalysis.”””* The POP-based catalyst can be recovered by simple
cleaning, and the catalyst can be reused, maintaining a very
high catalytic activity.

3.2.1 Carbon-carbon cross-coupling. As one of most useful
transformations in organic synthesis, carbon-carbon cross-
coupling reactions have aroused wide research interests in
both the academic and industrial fields.”” With years of devel-
opment, large amounts of catalysts with excellent activity, good
selectivity, as well as a high turnover frequency have been
developed, including homogeneous and heterogeneous cata-
lysts bearing well-defined active sites.”®”” However, homoge-
neous catalysts are hindered by various issues, including a high
production cost, poor recyclability, as well as serious metal
leaching, which greatly restrict their industrial applications.”®
By contrast, heterogeneous catalysts, especially those with an
inherent porous structure, are regarded as catalysts with the
most potential for highly efficient and recyclable organic
catalysis.” Their highly porous structures can not only realize
the maximum exposure of catalytic sites, but also provide
sufficient access for mass transfer.* The structural designability
and adjustable pores enable a high catalytic conversion selec-
tivity and are beneficial for the smooth diffusion of substances
and the timely release of products.
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CH;3;CH,COOH
Reflux, 12 h

Fig. 5 Schematic route for the preparation of Imi-PPOPs-Br.

Wu's group reported a salen-porphyrin-based conjugated
microporous polymer (SP-CMP) obtained via the poly-
condensation of pyrrole and a salen-dialdehyde derivative
through the Alder-Longo method.*" As displayed in Fig. 6a, SP-
CMP featured not only excellent chemical and thermal stability,
but also a high BET specific surface area and permanent
porosity, which allow it to be used as a carrier for the ordered
encapsulation of Pd-based nanoparticles via the combination of
coordinate interactions and reduction with NaBH,. The as-
synthesized composite, denoted as Pd@SP-CMP, showed
remarkable catalytic activity toward the Suzuki-Miyaura and
Heck-Mizoroki coupling reactions. Apart from the excellent
catalytic selectivity, the as-synthesized samples also presented
outstanding stability and recyclability, with no loss in activity
over 10 continuous reactions.

Recently, Yang's group reported porphyrin-based conjugated
macrocycle polymers (CMPs) via the Alder-Longo method,
using aldehyde-modified pillar[n]arenes (pillarenes) as the
building blocks (Fig. 6b).*> The final product, denoted as DMP
[5]-TPP-CMP, integrated the macrocyclic confinement effect
and porphyrin coordination ability, simultaneously, and could
realize the implantation of metal nanoparticles with a confined
size and high dispersion. The Pd-nanoparticles-encapsulated
composite PA@DMP[5]-TPP-CMP, abbreviated as Pd@CMP,
displayed not only remarkable catalytic activity, but also superb
recyclability without deactivation in the Suzuki-Miyaura
coupling (SMC) reduction over at least 5 cycles, exceeding the
capability of most the reported palladium supports.

20844 | RSC Adv, 2024, 14, 20837-20855

View Article Online

Review

Significantly, the introduction of a supramolecular chemistry
macrocycle significantly enriches the family of CMPs.

Asim Bhaumik's group reported a triazine-functionalized
porphyrin-based porous organic polymer (TPOP-1) featuring
a hierarchical porous structure, which could be used as the
ideal support for the encapsulation of Pd nanoparticles.** TPOP-
1 was manufactured via a one-pot Alder-Longo method
synthesis,  using  4,4,4"-(1,3,5-triazine-2,4,6-triyl)tris(oxy)
tribenzaldehyde and pyrrole as the reaction monomers in the
presence of FeCl; (Fig. 6¢). The decoration of palladium nano-
particles in the TPOP-1 endowed the Pd-TPOP-1 complex with
high catalytic activity for the Sonogashira cross-coupling of aryl
alkynes with aryl halides forming C-C bonds.

3.2.2 Mimicking biological oxidation and Knoevenagel
condensation reactions. The most prominent feature of metal-
loporphyrins is their enzyme-like catalytic center with cyto-
chrome P-450 enzyme, which can catalyze the oxidation of
a series of substances.®* Inspired by this, an Fe-porphyrin-based
microporous organic polymer (Fe-POP-1) with a high BET
surface area was developed by Asim Bhaumik's group to mimic
biological oxidation pathways.* Different with previous reports,
Fe-POP-1 featured both iron-free porphyrin and Fe(ur)-contain-
ing porphyrin sites over the porous skeleton (Fig. 6d). The
concurrent existence of the two kinds of porphyrin moieties
renders Fe-POP-1 with bifunctional catalytic activity, in which
the iron-free porphyrin moieties could catalyze the Knoevenagel
condensation at room temperature, and the Fe(u)-bound sites
could selectively catalyze the oxidation of alcohols to the cor-
responding aldehydes or ketones using TBHP as oxidants.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Porphyrin-based POP or POP composites used in synthetic organic chemistry. (a) Typical route for the synthesis of Pd@SP-CMP; (b)
schematic route for the preparation of Pd@DMP[5]-TPP-CMP; (c) route for the synthesis of Pd-TPOP-1; (d) typical procedure for the synthesis of

Fe-POP-1; (e) route for the synthesis of PPN-23 and PPN-24.

Noteworthily, Fe-POP-1 also possessed a concurrently super
reusability and excellent selectivity, which could enable it to
serve as a promising bifunctional heterogeneous catalyst for the
highly selective production of fine organic chemicals. Subse-
quently, Asim Bhaumik's group also realized a green and envi-
ronmentally friendly production of 2,5-furandicarboxylic acid
(FDCA) using Fe-POP-1 as the catalyst and oxygen as the
oxidant.*

Zhou's group synthesized two stable porphyrin-based porous
organic polymers (PPN-23 and PPN-24), through the direct
aromatic substitution of pyrrole with monomers bearing
multiple aldehydes (Fig. 6€).*” The porphyrin center could be
used as the coordination sites for the accurate anchoring of Fe,
for mimicking biocatalysis. PPN-24 (Fe) could act as a high
efficiency biomimetic catalyst for realizing the oxidation

© 2024 The Author(s). Published by the Royal Society of Chemistry

reaction of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) in the presence of a low concentration of hydrogen
peroxide (H,0,).

3.3 Bacterial detection and elimination

Similar to environmental pollution, infection caused by bacteria
also poses a great threat to public health.*® Meanwhile, a large
proportion of diseases are related to bacterial infection, and
have always been leading causes of human death, especially in
developing and underdeveloped countries.* At present, the
main clinical therapeutic option for bacterial infections is
antibiotic therapy.®® However, the appearance of drug-resistant
bacteria greatly discounts the effect of antibiotics.®* Meanwhile,
the overuse of antibiotics could also cause serious environ-
mental pollution.”” Thereby, to combat bacterial infection,
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antibiotic-free multifunctional antibacterial materials, espe-
cially those obtained via low-cost and simple preparation
methods are highly desired.

Zhang's group developed an Fe-porphyrin-based porous
organic polymer, denoted as FePPOPggpg. The FePPOPgrpg with
a 3D interconnected porous structure was prepared via the
Alder-Longo method through the copolymerization of pyrrole
with a C-centric tetrahedral-structured multiple aldehydes
monomer, namely, 4-{2,2-bis[(4-formylphenoxy)methyl]-3-(4-
formylphenoxy)propoxy} benzaldehyde (BFPB) (Fig. 7).”* The
as-synthesized POP featured a high specific surface area, and
plentiful metal-based catalytic active sites. The introduction of
a flexible alkyl chain structure significantly enhanced the light-
absorption capability in the near-infrared region (NIR), which
could effectively convert light energy into heat. Meanwhile, the
introduction of Fe endowed the system with a peroxidase-like
activity. FePPOPgpp amalgamated enzyme catalysis with pho-
tothermal activity, which could effectively catalyze the decom-
position of low concentrations of H,O, into highly toxic
hydroxyl radicals ("OH) under NIR irradiation. As a result,
FePPOPgpp demonstrated a conspicuous bactericidal perfor-
mance against S. aureus under NIR laser irradiation.

3.4 Colorimetric detection of H,0, and glucose

Zhang's group also reported a sulfonated metal-based porous
organic polymer (FePPOPs-SO;H) synthesized via a combina-
tion of the Alder-Longo method and sulfonation, which was
intended to mimic the function of natural enzymes (Fig. 8).*
The sulfonation rendered FePPOPs-SO;H with fine water dis-
persity, and it displayed remarkable peroxidase-mimicking
performance, outperforming the normal nano Fe;O, and
ferric porphyrin monomer. FePPOPs-SO;H could also be
applied as a colorimetric sensor for the ultrafast detection of
H,0, and glucose.

3.5 Energy field

The depletion of consumable resources, such as coal and oil,
poses a great challenge to the development of economical
societies.”® To meet the ever-growing demand for a safe and
stable energy supply, green and sustainable energy supply and
storage are desired, such as rechargeable Zn-air batteries, Li-S

batteries, as well as supercapacitors.”*®® However, the
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development of new energy-storage technology requires the
support of materials science, for which stable and highly effi-
cient catalysts are highly desired.” POPs with customizable
structures provide tunable surface properties in terms of
specific surface area, pore size, and functionality, which are
especially important for electrocatalysis.

Porphyrin-based porous organic polymers with a tunable
skeleton structure and metal sites, as well as inherent rigid
porous make porphyrin-based POPs, are ideal materials for the
energy field. On the one hand, the tunable metal-N, sites endow
the porphyrin with redox activity, which could enable it to be
used directly as an electrocatalyst.’® On the other hand,
porphyrin-based POPs could also be applied as precursors for
the targeted preparation of metal-based catalysts with well-
defined heteroatoms doping, whose porous skeleton could be
well-retained after pyrolysis.'” These features highlight
porphyrin-based POPs together with their derivative porphyrin-
based POPs as very promising candidates for electrocatalysis.
Hitherto, porphyrin-based POPs have demonstrated infinite
application potentials in various energy fields, especially in
current hot spot fields, ranging from energy-related storage
technologies to industry production as sustainable heteroge-
neous mono/bi/or even multiple functional catalysts, including
for the oxygen evolution reaction (OER), the oxygen reduction
reaction (ORR), and the CO, reduction reaction (CO,RR), which
are key reactions commonly involved in renewable energy
systems, such as rechargeable Zn-air batteries and water-
splitting devices.'”*

Zinc-air batteries have attracted much attention due to their
high energy density, safety, and environmental friendliness.
However, the sluggish reaction kinetics in the two key
processes, i.e., the oxygen precipitation reaction (OER) and
oxygen reduction reaction (ORR), greatly limit their charging

and discharging efficiencies during charging and discharging
104

103

processes.

Zhou's group developed a N-doped porous carbon/CosFe;,
alloy composite, denoted as FP-950, via the direct pyrolysis of
a low-cost and readily available bimetallic conjugated micro-
porous polymer (CMP), namely Fc-Por. Different with previous
reports, Fc-Por, composed of ferrocene (Fc) and Co-porphyrin
(Co-Por), was manufactured through the copolymerization of
pyrrole and ferrocenedicarboxy aldehyde in the presence of
cobaltous acetate, which contained two kinds of metal
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Fig. 7 Fe—porphyrin-based POP for NIR-induced antibacterial applications.
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elements, simultaneously.'® As seen from Fig. 9a, the unique
polymer structure facilitated the homogeneous distribution of
metal elements throughout the skeleton, ensuring the forma-
tion of a carbon encapsulation structure of nanohybrids after
carbonization. The special structure significantly promoted the
synergistic effect of CosFe; and Cos 4N, notably protecting the
as-formed nanoparticles from harsh environments (acidic and
alkaline). Moreover, the porous skeleton could be well-retained
after carbonization. As a result, FP-950 also featured not only
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(a) Typical route for the synthesis of FePPOPs-SOzH and (b) schematic mechanism for the colorimetric detection of H,O, and glucose.

ultrahigh specific surface areas, but also a hierarchical pore
structure, which is beneficial for fully exposing the catalytic
active sites. Hence, FP-950 displayed robust and efficient tri-
functional electrocatalytic activities toward the ORR, OER, and
HER concurrently in alkaline media. Thereby, FP-950 could not
only be applied as a catalyst for rechargeable Zn-air batteries,
but also a highly efficient catalyst for overall water splitting
realized in a self-powered manner. This work paves an easy
accessible pathway for the rational preparation of low-cost
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Fig. 9 Porphyrin-based porous organic polymers and their corresponding derivatives for sustainable energy applications. (a) Route for the
synthesis of Fc—Por and corresponding carbonized derivatives FP-950; (b) schematic route for the synthesis of CNT@POF; (c) schematic route

for the synthesis of HBY-COF and HBY-COF-900.
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multifunctional for sustainable
technologies.

Zhang's group reported a porphyrin-based POP-coated
carbon nanotube (CNT) composite (CNT@POF) via the Alder-
Longo method using an acid-catalyzed dehydration reaction
between benzene-1,4-dialdehyde (BDA) and pyrrole in the
presence of Co(CH3COO),-4H,0, in which the CNT was used as
the template for enhancing the conductivity of the composite
(Fig. 9b)." The combination of POP with CNT yielded
a conductive scaffold with satisfactory mechanical strength and
excellent chemical stability, simultaneously, which could be
directly used as a free-standing flexible film with ultrahigh
durability. The periodic distribution of Co-porphyrin-based
active sites in the robust and flexible film make the
CNT@POF hybrid an ideal material for flexible Zn-air batteries.
Specifically, a liquid Zn-air battery using the as-synthesized
CNT@POF as the cathode presented a small voltage gap (0.71
V). Meanwhile, a CNT@POF based flexible all-solid-state Zn-air
battery also demonstrated an outstanding recycle stability with
negligible performance decay for consecutive 200 cycles.

Ren et al. fabricated an Fe-encapsulated nitrogen-doped
porous carbonaceous material (HBY-COF-900) with highly
effective oxygen reduction electrocatalytic activity, which was
derived from the carbonation of an Fe-porphyrin-based porous
organic polymer (HBY-COF) at 900 °C (Fig. 9c). HBY-COF was
fabricated via the copolymerization of tetrakis(4-
formyloxymethylene)methane and pyrrole using FeCl,-4H,0
as the metal source.'” HBY-COF-900, with abundant FeN,
active sites, presented remarkable ORR performance and
running stability in acidic media, which was even better than
that of the benchmark 20% Pt/C.

electrocatalysts energy

3.6 Biomedical science

The development of POP-based functional materials for anti-
infection applications has attracted considerable attention.'®®
Compared with other antibacterial materials, POP-based anti-
bacterial materials have incomparable advantages.'” POPs
feature a structural composition similar to biological macro-
molecules, which ensure the high biosafety of POPs.'® The
electronic structure can be accurately regulated by adjusting the
construction units. The chemical environment around the
active site can be accurately adjusted at the molecular or even
atomic level."® The conjugated system gives it unique photo-
electric properties, which can reduce the band gap and enhance
the light absorption.*™* Therefore, POPs provide a platform to
integrate structural and performance controllability, which is
conducive to the design and synthesis of therapeutic agents for
different applications, and for investigating the relationship
between the structure and function in-depth and the source of
performance differences."

It is worth noting that porphyrin-containing POPs could also
be applied as biomedical agents in healthcare, including for
drug delivery, phototherapy, chemical dynamic therapy, and
enzyme therapy in diverse O, and H,O, related biological
processes, especially cancer and bacterial treatment, realizing
single mode or combination therapy.** Their activities could be
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finely tuned via regulating the surrounding chemical environ-
ment of the porphyrin units. Thereby, tremendous interest has
been shown in the specific preparation of porphyrin-based
POPs.

3.6.1 Antibacterial therapy. Bacterial infections are one of
the major threats to human health and one of the leading
causes of death in both developing and less developed coun-
tries."** There is a wide variety of bacteria in water, food, and the
environment, which are difficult to see with the naked eye but
can cause serious damage to life and health.">*¢

Zhou's group reported a multifunctional porous polymer
(Fc-PP-POP) bearing repetitive porphyrin (PP) and ferrocene
(Fc) unites, concurrently (Fig. 10). The Fc-PP-POP was facilely
fabricated via the simple but highly efficient Alder-Longo
method through the direct polymerization of ferrocene dia-
ldehyde with fresh distilled pyrrole.'”” Fc-PP-POP featured
a fully conjugated structure, which combined the properties of
porphyrin (photoactivity) and ferrocene (enzymatic activity),
concurrently, and could be used as a broad-spectrum material-
based antibacterial agent, realizing synergistic photothermal
and enzyme-catalyzed therapy. On the one hand, Fc-PP-POP
could convert light energy into local thermal for photothermal
therapy (PTT). On the other hand, Fc-PP-POP could transform
low-concentration hydrogen peroxide into highly toxic ‘OH for
enzymatic therapy. Noteworthily, as a temperature-dependent
catalytic reaction, the enzyme activity could be significantly
enhanced via a local rise of the temperature. Thereby, Fc-PP-
POP could exert self-enhanced synergistic antimicrobial
therapy. Also, Fc-PP-POP featured excellent biosafety, which
could also significantly accelerate the recovery of open wounds
with bacterial infection. Meanwhile, Fc-PP-POP could effec-
tively capture iodine from water, which indicates it could be
applied as an advanced environmental remediation material.

3.6.2 Cancer therapy. Enzymatic therapy exerts therapeutic
effects through enzymic catalytic critical biochemical reactions
and is regarded as one of the most methods with the greatest
potential for disease treatment, which could make full use of
the characteristics of the microenvironments at lesion sites to
produce curative effects in the body, especially for various
cancer therapies."® However, natural enzymes face issues with
their low stability, whereby the catalytic activity can be easily
diminished in external environmental conditions.*® Further-
more, natural enzymes are commonly protein extracts, which
are seriously hindered by their high cost and manufacturing
difficulties.”” Therefore, the real application of enzymatic
therapy is heavily blocked by natural enzymes.

To solve this issue, Zhou's group developed an artificial
nanoenzyme, denoted as HF-900, which was obtained via the
direct pyrolysis of a porphyrin-based POP (HF-POP). HF-POP
was prepared via the Alder-Longo method using pyrrole and
hexaldehyde-phenylcyclotriphosphonitrile as the reaction
monomers in the presence of FeCl,."* The direct carbonization
of the porphyrin-POP could be used as a plausible way to
improve the activity of nanozymes (Fig. 11). HF-POP featured
a hierarchical porous structure, which contained Fe,P and FeNx
sites, and simultaneously presented prominent peroxidase-like
mimicking activity, converting excessive H,O, in the tumor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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microenvironment into toxic "OH, thereby enhancing oxidative
stress in solid tumors, and thereby effectively inhibiting the
proliferation and development of cancer cells. It is worth noting
that HF-900 could also function as a porous carrier for the

encapsulation of doxorubicin (DOX). Accordingly, the HF-900-
DOX composite realized the amalgamation of an enzyme and
chemotherapy for cancer, significantly enhancing the thera-
peutic effects. This work opens up a new direction for the

Fig. 11 Schematic route for the synthesis of HF-POP, as well corresponding derivatives for cancer joint therapy.
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development and application of POPs for future cancer
treatments.

4. Challenges and opportunities for
future development

The Alder-Longo method arguably is a straightforward method
for the preparation of functional porphyrin-based POPs, which
are experiencing rapid development. Hitherto, great achieve-
ments have been made in the preparation and application of
this intriguing class of materials toward diverse application
areas, ranging from environmental remediation to biomedical
fields. However, to use porphyrin-based POPs rationally for
various applications, there are still numerous opportunities and
challenges that lie ahead.

Initially, the one-pot Alder-Longo method has issues around
the formation of incomplete porphyrin units during the poly-
merization process, which led to actual structures differing
greatly from the ideal structure. Therefore, the designs of
porphyrin-based skeleton structure are much more difficult to
control. Second, different with ordered covalent organic
frameworks (COFs), porphyrin-based POPs from the Alder-
Longo method are noncrystalline materials with nonuniform
pores, which are typically somewhat ill-defined. Next, the
metallization is hard to be guaranteed as 100%, which induces
performance differences. Thereby, the real behaviors in enzyme
systems and various catalysis reactions are commonly much
more difficult to understand. Third, confusion around the
skeleton structure is very high, which leads to difficulties in the
accurately characterization of the structure, including in solid-
state ">’C NMR, and Fourier transform infrared spectroscopy
(FTIR). Then, it is always a huge challenge to effectively control
the particle size or the morphology of porphyrin-based POPs.
Furthermore, the shaping and processing problems have also
severely hindered the development of this series of non-soluble
powdery materials. Finally, the solvents adopted for the
synthesis are usually propionic acid and nitrobenzene, which
are not only irritating, but also toxic; hence, it is necessary to
develop a new solvent system.

5. Conclusion

This review highlights the recent developments in the design
and synthesis of porphyrin-based POPs from the direct cyclic
tetramerization of pyrrole with polyaldehyde monomers
through the Alder-Longo method, avoiding the preparation of
high-cost porphyrin monomers. Moreover, specific sustainable
applications of these materials have also been introduced in
different fields, such as industrial catalysts, and therapeutic
agents for drug-resistant diseases, as well as key components in
energy-storage and -conversion devices. There are also specific
applications in pollution treatment, such as CO, uptake and
conversion, the selective adsorption and photocatalytic degra-
dation of cationic dyes, and heavy metal removal, as well as
selective recovery of gold. The potential application of these
series of functionalized POPs for different catalytic reactions
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were summarized in the report, namely, carbon-carbon cross-
coupling, and Knoevenagel condensation reactions, as well as
mimicking biological oxidation for the production of value-
added products. The application of metal-coordinated
porphyrin-based POPs for chemical sensing, bacterial detec-
tion, and elimination were also discussed. Furthermore, the
application of these materials as therapeutic agents for cancer
and bacterial infection therapy were also highlighted. Finally,
we offered our perspectives on the challenge and opportunities
for the future development of porphyrin-based POPs obtained
from the Alder-Longo method. We strongly believe that our
review could inspire further additional research in the near
future to develop environmental friendly and economically
viable porphyrin-based POPs with multiple functions toward
advanced applications.
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