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Tailored covalent organic frameworks by
post-synthetic modification

Huimin Ding, Arindam Mal and Cheng Wang (2 *

Covalent organic frameworks (COFs), constructed by strong covalent bonds based on reticular
chemistry, hold great promise in diverse applications. Manipulating COFs with desired functional
properties is of paramount significance. However, the standard solvothermal synthetic methodologies

for COF synthesis do not always allow direct incorporation of functional groups into frameworks, due to

the incompatibility with the building blocks or reaction conditions. In this regard, alternative approaches
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for post-synthetic modification (PSM) on a pre-established network provide an opportunity for tuning
the functional properties of COFs while maintaining a fundamental framework structure. This review
describes recent advances and scientific challenges in the area of post-synthetic methodologies to tailor

the properties of COFs. Two different major PSM techniques, namely, covalent PSM and post-synthetic

rsc.li/frontiers-materials

1. Introduction

Covalent organic frameworks (COFs) are a class of porous,
crystalline materials made up of organic building units linked
by strong covalent bonds to generate long-range ordered two-
dimensional (2D)"> or three-dimensional (3D)°™"° network
structures. The inherent characteristic structural features
of COFs, such as pre-designable functionality and modular
porous nature, have endowed this emerging material with
interesting applications in gas storage and separation,’*™?
catalysis,"*"” chemical sensing,'® > optoelectronics,**>® proton
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conductivity, energy storage and so on. Therefore, the
incorporation of novel functional moieties into COFs, which
can allow the resulting material to have the desired properties,
has gained much attention over the past decade. However, some-
times, these functional groups could not be directly incorporated
into the framework through the routine ‘bottom-up’ solvothermal
synthetic strategy, due to the incompatibility with the building
blocks or reaction conditions. Consequently, it is highly desir-
able to develop a simple and efficient method to overcome
this issue.

Post-synthetic modification (PSM),>* which can introduce new
functional groups on a pre-established COF skeleton through
chemical transformation or modification while retaining the
underlying topology, provides a powerful method to construct
functional COFs. Firstly, the characteristic strong covalent
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linkages in COFs offer structural robustness necessary for PSM
techniques. Secondly, the judicious selection of building blocks
allows the integration of linkers with pendant reactive groups
or metal binding sites into COFs in predetermined positions for
PSM. Thirdly, the high crystallinity of COFs endows the ability
to implement a PSM process and results in materials which can
be well characterized. Thanks to the efforts of many groups,
significant progress has been achieved in constructing COFs
with structural diversity and complexity via PSM strategies.

In recent times, a few interesting reviews on PSM of COFs have
been reported,*~® indicating the importance of this research
area. However, a concise discussion covering the most important
achievements of PSM strategies with more focused classifications
was still unavailable. In this review, we summarize the research
progress in PSM of COFs over the past decade, by classifying
the functionalization strategy into two parts, covalent PSM and
post-synthetic metal functionalization. According to different
modification sites, the former can be further subdivided as the
covalent PSM of linkers and post-synthetic conversion of linkages,
where the latter can be understood via coordinating with the
functional groups on the backbone. Lastly, a brief perspective on
the challenges and possibilities of this field will be covered.

2. Covalent post-synthetic
modification

Covalent PSM of COFs is considered to be the most significant
strategy, which involves functional group inter-conversion through
different covalent reactions. In this part, we will summarize
the covalent PSM in two different sections, covalent PSM of
linkers and linkages.

2.1. Covalent post-synthetic modification of linkers

Starting from a COF with predesigned reactive groups, func-
tional moieties can be covalently attached to the COF backbone
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by reacting with linkers while retaining the original framework.
In this part, we present the main organic reactions used for
COF PSM functionalization.

2.1.1. Click reaction. Click reaction is considered to be
one of the most widely used PSM reactions due to high
specificity, quantitative conversion yield and convenient syn-
thetic protocols.”” In a very first report, Jiang and co-workers
tailored the functionalities of a boronate ester framework with
pendant alkynyl groups via a post-synthetic copper(i)-catalyzed
alkyne-azide cycloaddition (CuAAC) click reaction.*® Typically,
in the presence of a Cul catalyst, after reacting with alkynyl
compounds in anhydrous N,N’-dimethylacetamide at 50 °C
for 24 h, the corresponding modified COFs were obtained
in quantitative yield. Thereby, the gas-sorption selectivity of
CO, over N, has been substantially controlled by the density
of desired functional groups in the pores. Later on, by using
the same reaction, they successfully immobilized the 1,2-(4'-
propiolyloxycyclohexno) fullerene onto the channel walls of
COFs.”

Furthermore, to avoid the instability of boronate ester COFs,
Jiang and co-workers synthesized an ultra-stable imine-
based COF (TPB-DMTP) with alkyne groups.’® By performing
a post-synthetic CuAAC click reaction, organocatalytic sites
were anchored onto the pore channels to generate [(S)-Py]xoe-
TPB-DMTP-COFs, which can be used as an efficient heteroge-
neous catalyst in Michael addition reaction (Fig. 1). For example,
the quantitative conversion of cyclohexanone and B-nitrostyrene
was achieved in 12 hours with enantioselectivity (92% e.e.)
and diastereoselectivity (90/10 d.r.). Very recently, Shustova and
co-workers integrated corannulene m-bowls (nBs) into COFs by
using this reaction while preserving porosity and crystallinity.**
Interestingly, the nBs-integrated COF exhibited 10 000-fold
enhancement in conductivity compared to the initial framework.

Another type of click reaction, the thiol-ene reaction, has
also been extensively applied in PSM of COFs. Dichtel and
co-workers have demonstrated that a functionalized 3D COF
can be constructed by the combination of a tandem truncation-
functionalization strategy with thiol-ene reaction.*” Firstly,
via co-condensation of tetrahedral and truncated trigonal
monomers, a boroxine-linked COF has been synthesized with
a 22% allyl-loading throughout the lattice. Succeedingly, the
as-prepared allyl functionalized COF has been subjected to
quantitative thiol-ene reaction with propanethiol to produce
an alkane-thiol modified COF, maintaining the crystallinity and
permanent porosity. In another work, Ma and co-workers
synthesized a vinyl-functionalized COF (COF-V) and sub-
sequently modulated the structure and function via the
same reaction (Fig. 2).** The resulting sulfur-based COF-S-SH
exhibited a strong binding affinity for Hg*", with high uptake
capacity of 1350 mg g~ '. This performance was better than
the previously reported thiol and thioether-functionalized
adsorbents for mercury removal, which can be attributed to
densely populated thiol groups (over 90%) within ordered
mesopores. Very recently, they integrated perfluoroalkyl groups
on COF-V for altering its water-repellent properties.** Although
only 4% of the vinyl groups were involved in the PSM process,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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chiral functional groups via a CuAAC reaction. (b) Channel-wall structure of

[(S)-Pylo.17-TPB-DMTP-COF. The space between the catalytic sites is required for the face-on stacking of nitrostyrene over the catalytic sites and plays a
role in controlling the activity of the catalysts. (c) [HC=C]x-TPB-DMTP-COFs can be used as catalysts in asymmetric Michael reactions. Reproduced

from ref. 40, with permission from Springer Nature, Copyright 2015.

the small number of perfluoroalkyl groups on the resulting
COF significantly increased the hydrophobicity, with a static
water contact angle of about 167°.

2.1.2. Transformation of hydroxyl groups. The hydroxyl
groups can be conveniently transformed into other groups through
different types of reactions, such as esterification, alkylation,
substitution reaction and so on. The construction of -OH based
COFs and their further functionalization through the PSM
approach have also gained much interest.

Jiang and co-workers reported the design and synthesis of
[HO]xv,-H,P-COFs with hydroxyl groups which could react with
succinic anhydride to generate a series of COFs ([HO,C]xo,-H,P-
COFs) bearing a tunable amount of carboxylic acid on the pore
walls.*> The decreased pore size, together with carboxylic acid
groups on [HO,C]xe,-H,P-COFs enabled the superior perfor-
mance of CO, adsorption. Later on, Fang and co-workers
reported a hydroxy-functionalized 3D COF which can be used
to construct a carboxy-functionalized COF that exhibited selec-
tive and high metal-loading capability (0.71 mmol g~ /Nd**,
0.72 mmol g~ */sr** and 4.86 mmol g~ '/Fe*").*®

This journal is © The Royal Society of Chemistry and the Chinese Chemical

Gao and co-workers have controllably synthesized a series
of COFs with various contents of ester functionalities via a
post-synthetic acylation reaction of the hydroxyl groups
and carbonyl chloride.”” The attached CO,-philic units and
N,-phobic units, i.e., 4-phenylazobenzoyl chloride and stilbene-
carbonyl chloride could significantly affect the CO, uptake and
CO,/N, selectivity of the COFs. Very recently, the same group
synthesized a sulfonic acid-based COF via an etherification
reaction with the phenolic hydroxyl moieties of the COF
and 1,3-propane sultone.*® The modified COF having charged
sulfonic acid groups was able to capture metal ions through the
ion exchange process. In addition, the obtained ionic COF
showed good catalytic activity in the epoxidation of olefins,
with yields of 83%, 80%, and 62% for cyclohexene, cyclooctene,
and 1-hexene, respectively.

The hydroxyl groups present in COFs can also be applied in a
nucleophilic substitution or addition reaction with halides and
isothiocyanate, respectively. Gao and associates have demon-
strated that phenol groups of pyrene-based COFs could take
part in a post-synthetic Williamson ether reaction with

Society 2020 Mater. Chem. Front, 2020, 4, 113-127 | 115
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Fig. 2 (a) Post-synthetic modification of COF-V via a thiol-ene click reaction. (b) Hg®* adsorption isotherm for COF-S-SH. Inset shows the

linear regression by fitting the equilibrium data with the Langmuir adsorption model. (c) Comparison of Hg?" saturation uptake amount and Ky value
for COF-S-SH with those of benchmark porous materials. Reproduced from ref. 43, with permission from American Chemical Society, Copyright 2017.

(2-bromoethyl)triethylammonium bromide.** The obtained
ionic COF facilitated excellent heterogeneous catalytic perfor-
mance for the N-formylation reactions of different amines. For
example, N-methylanilines with electron-donating or electron-
withdrawing groups were converted into the corresponding
formamides with isolated yields over 88%.

Bein and co-workers grafted a fluorescent dye onto the
framework of a hydroxyl-functionalized mesoporous COF by
reacting with fluorescein-isothiocyanate (FITC).>® Even though
the proportion of hydroxyl groups involved in a PSM process
was low, the FITC-labelled COF exhibited strong green fluores-
cence which was absent in the case of the initial COF.

2.1.3. Transformation of nitriles. Very recently, Yaghi and
co-workers have found that the nitrile groups of an as-synthesized
dioxin-linked COF-316 could be partially converted to amide or
amidoxime under basic conditions (NaOH or NH,OH), yielding
COF-316-CONH, and COF-316-C(NOH)NH,, respectively (Fig. 3).>"
PXRD patterns revealed that the obtained COFs maintained
their crystallinity. A similar pathway has been adopted by
Ma and co-workers to achieve oxime-modified COFs.”* It is
worth mentioning that the final amides, amidoxime or oxime-
modified COFs provide great potential for uranium sequestra-
tion. In another work, Feng et al. have transformed the nitrile

16 | Mater. Chem. Front, 2020, 4, 113-127

groups of an sp*carbon-linked 2D COF into carboxylic acid
moieties under basic conditions.*® The modified COF showed
higher surface polarity and better solution processability than
the original framework.

2.1.4. Transformation of nitro groups. Bein and co-workers
achieved the post-synthetic reduction of pendant nitro groups
in a chemically stable COF to generate a new framework bearing
amine functional moieties.>* Moreover, the resulting COF could
further undergo an aminolysis reaction in the presence of acetic
anhydride, yielding an amide integrated COF. Interestingly, due
to distinct chemical pore environments, the amine and amide
functionalized COFs showed enhanced affinity towards lactic
acid compared to the pristine COF.

2.1.5. Diels-Alder cycloaddition reaction. Banerjee and
co-workers have developed a Diels-Alder cycloaddition reaction
for PSM of an anthracene-containing COF (DaTp) (Fig. 4).>°
After the reaction with excessive N-hexylmaleimide at 160 °C,
DaTp eventually lost its interlayer m-n stacking interactions,
leading to the formation of exfoliated DaTp CONs. Through
layer by layer assembly, the exfoliated DaTp CONs formed self-
standing thin films at the air-water interface, owing to the
synergistic effect between nonplanarity of anthracenes and the
hydrophobicity of pendant hexyl groups. This work has not only

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 3 (a) Transformation of the nitrile-functionalized COF-316 to amide-functionalized COF (COF-316-CONH,) and amidoxime-functionalized COF
(COF-316-C(NOH)NH,;). PXRD patterns: (b) COF-316-CONH,, (c) COF-316-C(NOH)NH,. Reproduced from ref. 51, with permission from American

Chemical Society, Copyright 2018.

broadened the scope of covalent PSM reactions but also estab-
lished a new strategy to fabricate self-standing COF thin films.

2.1.6. Inverse vulcanization. Awaga applied the inverse
vulcanization strategy to modify the propynyl functionalized
COF post-synthetically.>® The resulting sulfur modified COF
can be utilized as a cathode for rechargeable lithium-
sulfur batteries, with a capacity of 425 mA h g~ ' at a rate of
250 mA g~ '. Segura and Chen also successfully modified the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

vinyl functionalized COFs through inverse vulcanization to
improve battery performance.’”*® For example, the inverse-
vulcanized COF cathode exhibited a high initial capacity of
1400 mA h g~ * that was retained at 959 mA h g~ * after 100 cycles,
owning to the synergistic effects of chemical sulfur fixation and
physical sulfur encapsulation.

2.1.7. Deprotection reaction. Wang et al. constructed two chiral
COFs with N-Boc protecting groups,”® which were converted

Mater. Chem. Front, 2020, 4, 13-127 | 117
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Fig. 4 (a) Diels—Alder cycloaddition reaction of DaTp with N-hexylmaleimide to afford DaTp CONs. (b) Schematic representation of the exfoliation
process. Reproduced from ref. 55, with permission from John Wiley and Sons, Copyright 2016.

into chiral COFs with bare r-prolines thorough a post-synthetic
heat-treatment. Interestingly, the resulting COFs exhibited
excellent enantioselectivity in an asymmetric aldol reaction.
In another work, Cui and co-workers have reported a series of
2D chiral COFs and applied the deprotection reaction to
remove the inherent Boc- and Me-groups.®® Consequently,
the resulting COFs with chiral pyrrolidine and imidazolidine
moieties were employed as versatile organocatalysts in various
asymmetric reactions including o-aminooxylation, Aldol reac-
tions and Diels-Alder reactions. For example, after the reaction
of cyclohexanone with 4-nitrobenzaldehyde, the desired product
was obtained with 92% e.e.

2.1.8. Post-synthetic linker exchange. As most COFs were
constructed through dynamic covalent chemistry, the inher-
ently dynamic nature of covalent bonds can allow them to
undergo post-synthetic linker exchange.®*** In 2017, Zhao and
co-workers reported a benzidine containing COF (TP-COF-BZ),
which can perform post-synthetic linker exchange with 1,4-diamino-
benzene (Fig. 5).*> With increasing amounts of 1,4-diaminobenzene,
the featured PXRD peaks of the new COF (TP-COF-DAB) increased,
indicating the on-going COF to COF transformation. From the
time-dependent PXRD experiments, the substitution reaction
of the linkers occurred in the first half hour, leading to the
disassociation of TP-COF-BZ. After extending the reaction time,

18 | Mater. Chem. Front, 2020, 4, 113-127

the crystallinity of the desired TP-COF-DAB increased consider-
ably. Recently, by using the same strategy, Han et al also
reported COF transformations from 3D to 3D and 3D to 2D,
with up to 89% and 78% exchange efficiency, respectively.®®

2.2. Post-synthetic conversion of linkages

Besides the linkers, the linkages of COFs can also take part in a
PSM reaction. However, only the imine-linked COFs have been
successfully transformed to the corresponding modified COFs
by several reactions. In this part, we will summarize the recent
progress of this PSM conversion in detail.

2.2.1. Oxidation of imine linkages. In 2016, Yaghi and
co-workers reported the first example of oxidation of imine-
linked COFs to amide-linked COFs (Fig. 6).*” The solid-state
conversion of imine to amide linkages was found to be quanti-
tative while retaining the crystallinity and porosity. Remark-
ably, compared to the initial COF, the resulting amide-linked
COFs exhibited enhanced stability after treatment with 12 M
HCl(aq.) and 1 M NaOH(aq.). Later on, Cui and co-workers
utilized a similar technique to create an amide-linked 3D
COF with enhanced chemical stability for chromatographic
enantioseparation.®®

2.2.2. Cycloaddition of imine linkages. Liu and co-workers
reported the transformation of imine-linked COFs into ultrastable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 5 (a) Synthesis of TP-COF-DAB by post-synthetic linker exchange and the proposed process for the in situ transformation of TP-COF-BZ into
TP-COF-DAB in the presence of 1,4-diaminobenzene. (b) Transformation from TP-COF-BZ to TP-COF-DAB in different equivalents of 1,4-diaminobenzene
for 72 h at 120 °C indicated by PXRD patterns. (c) Time-dependent PXRD patterns of the samples prepared by heating a mixture of TP-COF-BZ and
1,4-diaminobenzene (10 equiv.). Reproduced from ref. 65, with permission from American Chemical Society, Copyright 2017.

amine-linked COFs via the aza-Diels-Alder cycloaddition
reaction (Fig. 7).°° After reacting with different arylalkynes
bearing various functional groups, COF-1 was partially converted
(~20-30% conversion) to the corresponding quinoline-linked
COF (MF-1). In the presence of strong mineral acid, superacid,
etc., the modified MF-1 exhibited exceptional chemical stability,
as confirmed by the retention of diffraction peaks. Notably, MF-1
showed controllable surface wettability with contact angle varia-
tion from 35° to 155°.

2.2.3. Cascade cyclization-oxidation of imine linkages. Yaghi
and co-workers have demonstrated the successful conversion from
imine to thiazole and oxazole linkages in COFs.”® The initial
COF reacted with 2,5-diaminobenzene-1,4-dithiol dihydro-
chloride or 2,5-diaminohydroquinone dihydrochloride under
mild conditions, generating the desired COFs through the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

cascade cyclization and oxidation of the hydroxy-substituted
imine bonds. The irreversible azole linkages empowered the
modified COFs with remarkable stability under severe chemical
conditions, such as in 10 M NaOH and 12.1 M HCI solutions.

Analogously, Lotsch and co-workers also transformed an
imine-linked COF into a thiazole-linked COF through cascade
oxidation-cyclisation (Fig. 8).”" The elemental sulfur oxidized
aromatic imines to thioamides, followed by oxidative cycliza-
tion to form a thiazole ring. The final COF displayed enhanced
chemical and electron beam stability, enabling investigation
of the exact framework structure in great detail by electron
diffraction and transmission electron microscopy. It is worth
mentioning that this work revealed the structural features of 2D
COFs including grain boundaries and edge dislocations. Very
recently, Baek and co-workers also converted an imine-linked

Mater. Chem. Front, 2020, 4, 113-127 | 119
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Fig. 6 (a) Conversion of imine TPB-TP-COF to amide TPB-TP-COF under oxidative reaction conditions. Comparison of diffraction patterns of imine
TPB-TP-COF (b) and amide TPB-TP-COF (c) after 24 h treatment in solutions. Reproduced from ref. 67, with permission from American Chemical

Society, Copyright 2016.

COF into a benzoxazole-linked COF via post-cyclization-oxida-
tion.”” Due to the irreversibility of the benzoxazole linkage, the
converted COF still retained high crystallinity and porosity even
under 12 M HCl(aq.) and 10 M NaOH(aq.) conditions.

2.2.4. Sequential PSM of imine linkages. Very recently,
Yaghi and co-workers developed a combination of linker
modification and linkage transformations in three consecutive
steps to convert an imine-linked 2D COF into cyclic carbamate
and thiocarbamate-linked COFs.”® After deprotection reaction,
followed by a reduction reaction, the resulting material undergoes
further linkage modification with 1,1’-carbonyldiimidazole or
1,1-thiocarbonyldiimidazole to give crystalline cyclic carbamate
and thiocarbamate-linked COFs, respectively. The multistep
PSM of the COF linkage represents significant progress in
solid-state organic synthesis.

3. Post-synthetic metal-functionalization

COFs are the ideal candidates for metal-functionalization,
because both the linkers and linkages consisting of electro-
negative elements such as N, O, S etc., can act as anchoring sites
for metal binding. In a typical procedure, specific metallic units

120 | Mater. Chem. Front., 2020, 4, 13-127

were incorporated into the as-prepared COFs by a coordination
complexation reaction, affording metal-containing COFs with
interesting properties. Based on the different probable inter-
actions between metal ions and COF structures, the existing
post-synthetic metal-functionalization methods can be classi-
fied into three classes: coordination with functional groups of
linkers (a) or linkages (b) and post-synthetic demetallation or
metal exchange (c).

3.1. Post-synthetic metalation on organic linkers

COFs with multidentated ligands such as porphyrin, bipyridine,
N,N'-bis(salicylidene)ethylenediamine (Salen) etc. can be
utilized as matrices for metalation. In this section, we will focus
on the post-synthetic metalation strategy of COFs possessing
these linkers.

3.1.1. Porphyrin-based COFs. The most interesting feature
of porphyrins is that they can coordinate with metal ions
to form metalloporphyrins, bearing distinct photophysical
and photochemical properties.”*””” Wang et al. reported the
successful incorporation of Zn®>‘and Co** into porphyrin-
based COFs, which led to a different charge distribution and
internal chemical environment.”® Using the same approach,
the Marinescu group has achieved heterobimetallic COFs

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 7 (a) Synthesis of the imine-linked COF-1 to quinoline-linked MF-1

(NaHCO,)

CA = 35° CA = 144° CA = 132° CA = 155°

by aza-Diels—Alder cycloaddition reaction. PXRD patterns of COF-1 (b) and

MF-1a (c) after treatment with different conditions. (d) Contact angles of water droplets on the pressed pellet of COF-1 and MF-1a—e. Reproduced from

ref. 69, with permission from Springer Nature, Copyright 2018.

with excellent electrocatalytic activity in the reduction of
CO, to CO.”°

3.1.2. Bipyridine containing COFs. The integration of
bipyridine ligands into COFs also offers an opportunity for
post-metal-functionalization. Banerjee and co-workers have
demonstrated the post-synthetic metalation of a highly
stable bipyridine-containing COF (TpBpy) to produce a stable
cobalt-modified COF (Co-TpBpy) (Fig. 9).*° Thermogravimetric
analysis and the inductively coupled plasma data suggested
that Co-TpBpy possessed a ~12% cobalt content in the frame-
work. They further investigated the catalytic performance of
Co-TpBpy in an oxygen evolution reaction (OER). Consequently,
this COF exhibited remarkable catalytic stability with retention
of 94% OER activity even after 1000 cycles, which could
be attributed to the synergy between inherent porosity and
coordinating units in the framework.

Via a similar post-metalation process, Marinescu and
co-workers successfully incorporated the rhenium(i) tricarbonyl

fragments into a f-ketoenamine linked COF with the maintenance
of crystallinity and porosity.*" In another report, Huang and
co-workers have designed a photoactive COF hybrid upon one-
step post-synthetic incorporation of tricarbonylchloro(bipyridyl)Re
complex into a 2D triazine COF.** Recently, Cui and co-workers
post-metalated 2,2'-bipyridine containing COFs to achieve metallo-
bipyridyl COFs, which can be used as a heterogeneous catalyst
in C-H borylation of arenes.®®

3.1.3. Salen-functionalized COFs. Salen functional units
featuring excellent versatility in coordinating various metal
ions have been proved to be an efficient catalyst in organic
reactions.®* Wang et al. have constructed a series of metallo-
Salen-based COFs via post-metalation (Fig. 10).*> During the
metalation of Salen-COF, the crystallinity was preserved as evident
by PXRD patterns. As expected, the resulting M/Salen-COF
displayed excellent heterogeneous catalytic activity in a Henry
reaction. For instance, after five cycles, Co/Salen-COF can still
retain over 75% of its initial performance.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020 Mater. Chem. Front., 2020, 4, 13-127 | 121
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3.1.4. Dehydrobenzoannulene containing COFs. Dehydro-
benzoannulenes (DBAs) are planar triangular shaped macro-
cycles that tend to form stable metal complexes with alkali
metals and low-oxidation-state transition metals.*® In 2016,
McGrier et al. synthesized a DBA containing 3D COF with high
surface area (Sgpr = 5083 m> g~ ').%” Upon post-metalation with
Ni(COD),, the resulting COF with 10.1 wt% of Ni-loading still
showed a high surface area (Sgpr = 4763 m* g~ ). Moreover, the
post-synthetic metalation of this COF slightly increased the

Q =Pd(OAc),

oo

@@»d

COF-LZU1

# EeERT
DCM, RT NP NN "Q
& oo, o QAN@‘N%;QN

Pd/COF-LZU1

absorption capacity of ethane and ethylene, which can be
ascribed to the polarization effect and weak n-complexation
in the presence of Ni(0) sites.

3.2. Post-synthetic metalation with linkages

The COF linkages, such as imine and hydrazine bonds, can
bind to specific metal ions. Early in 2011, Wang et al. con-
structed Pd/COF-LZU1 via a simple post-synthetic metalation
of imine-linked 2D COF (COF-LZU1) (Fig. 11).%® Owing to the

O=l;’d(0Ac)2 o
Pd/COF-LZU1

Fig. 11 Post-synthetic metalation of COF-LZU1 with Pd(OAc),, the resulting Pd/COF-LZU1 was used as a catalyst in a Suzuki—Miyaura coupling
reaction. Reproduced from ref. 88, with permission from American Chemical Society, Copyright 2011.
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eclipsed and ordered m-columnar structures, the palladium
metals were sandwiched between the adjacent COF layers and
coordinated with the imine bonds. Interestingly, the resulting
Pd/COF-LZU1 can be used as a catalyst in the Suzuki-Miyaura
coupling reaction (Fig. 11). In the presence of 0.5 mol%
of Pd/COF-LZU1, the substituted aryl iodides afforded the

cross-coupling products in high yields (96-98%). After this
seminal work, many other reports appeared where metal inte-
grated COFs have been utilized in heterogeneous catalysis.®*™*
For example, Chen and co-workers have reported the
immobilization of copper salts into the Schiff base centers of
an imine-linked 2D COF with hydroxyl functionalities.””

g 1
up to 97% ee

Fig. 13 Synthesis of 4-Cr-M’ from CCOF-4 via consecutive post-synthetic metal exchange reactions. 4-Cr-M’ as heterogeneous catalysts for the
synthesis of amino-alcohol in sequential reactions starting from epoxidation reaction of alkene followed by ring-opening of epoxide. Reproduced from

ref. 95, with permission from American Chemical Society, Copyright 2017.
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Interestingly, the copper-modified COF displayed good reusability
and stability toward selective oxidation of styrene to benzaldehyde.

3.3. Post-synthetic demetallation or metal exchange

Similar to the post-synthetic deprotection strategy, post-synthetic
demetallation involves the removal of metal ions from a meta-
lated COF. Yaghi et al. have reported the construction of a 3D
Cu(1) coordinated COF (COF-505), which can be demetalated
by heating in a KCN solution (Fig. 12).%® Interestingly, upon
removal of copper, the demetalated COF-505 showed more
elastic properties with decreased effective Young’s moduli of
1.3 GPa. It is worth mentioning that the metalation-demetalation
and associated elasticity changes of COF-505 were found to be
reversible upon reaction with Cu(i) ions.

The post-synthetic metal exchange, associated with demetal-
ation® followed by remetalation with different metal ions, is
another crucial PSM approach for COF functionalization.
Recently, starting from Zn(salen) COF (CCOF-4), Cui et al. reported
the construction of bimetallic COF (4-Cr-M’) by two-step post-
synthetic metal exchange (Fig. 13), which showed advantageous
catalytic properties in several asymmetric transformations.®®
In particular, in the epoxidation reaction of alkene followed
by ring opening of epoxide to amino alcohol, 4-Cr-Mn exhibited
better catalytic activity compared to 4-Cr.

4. Conclusions and outlook

Over the last decade, rapid progress has been witnessed in
tailor-made functionalities and properties of COFs due to the
emergence of various post-synthetic modification protocols.
This review presents a comprehensive collection of the state-
of-the-art PSM strategies for COF functionalization. We believe
that in future, the vast array of both covalent chemical trans-
formations and metal-functionalization protocols will offer
an excellent opportunity for accessing COF materials with
increased complexity and advanced functions.

Nevertheless, a large number of challenges need to be
addressed in the field of functional exploration of COFs by
PSM approaches. For example, vast post-synthetic options,
including new methodologies and new reactions, remain to
be further attempted. Apart from this, one vital point to be
noted is the degree of post-synthetic conversion, which typically
stays far from quantitative. Considering that the high concen-
tration of functionalities in the COF framework endows them
with superior performance, the next great challenge lies ahead
to increase the contents of functional modules on the COF
skeleton. Another issue to be looked at is the spatial location of
the modified functional groups in COFs, as the functionalities
present on the COF surface or the inside pores may result in
different performances, especially in gas selectivity and catalytic
activity. Thus, the exploration of functional group distributions
in COFs is of great significance to establish the mechanistic
pathways of adsorption or catalytic properties. Besides,
PSM-programming for more complex multi-component COF
architectures remains as the ultimate goal in order to realize

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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the enormous potential of COFs in various fields. We still have
a long way to go and an expanding research area in PSM of
COFs for desired functionalities can be imagined.
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