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Covalent organic frameworks (COFs) are constructed using reticular chemistry with the building blocks
being connected via covalent bonds and have emerged as a new series of porous materials for
multitudinous applications. Most COFs reported to date are achiral, and only a small fraction of COFs
Received 7th January 2020 with chiral nature are reported. This review covers the recent advances in the field of chiral COFs
(CCOFs), including their design principles and synthetic strategies, structural studies, and potential
applications in asymmetric catalysis, enantioselective separation, and chiral recognition. Finally, we

illustrate the remaining challenges and future opportunities in this field.
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1 Introduction

Chirality is an important element in art, fashion, health, and
manufacturing sectors, with broad applications ranging from
fragrance, clinical analysis, to pharmaceutical, agrichemical, and
other fine-chemical industries."” For instance, chiral compounds
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often exhibit distinct optical rotation or circular dichroism, and in
many chiral pharmaceuticals, one of the enantiomers is often
more active than the other enantiomer.® In recent years, chiral
science and technology, including synthesis, separation, struc-
tural analysis, and applications of chiral compounds, has been
attracting increasing attention.”® There already exists a big
market for chiral compounds, especially for chiral pharm-
aceuticals. According to a recent report by the United States Food
and Drug Administration (FDA), 23 small molecule drugs were
approved by FDA’s Center for Drug Evaluation and Research
(CDER) in 2019 alone, and 18 of them are chiral molecules.'
Porous solids are a class of materials with an increasing role
in chiral science, technology, and industry.'"'> With decades of
research and development, some key challenges have been
identified. These include material synthesis and manufacturing,
structure modification, establishing design principles for
maximizing chiroptical activity, and efforts to broaden the scope
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of applications.">'* To tackle these key challenges, new chiral
crystalline porous solids have been designed and synthesized.* ™
These materials, such as MOFs, ZIFs, etc., feature unambiguous
structures, homogeneous pores, and discrete catalytic sites. They
can be rationally designed with specific structures and functions
at the molecular level when some building block geometry and
chemical compatibility arguments are considered. In addition, these
materials exhibit excellent performance in asymmetric catalysis,
enantioseparation, chiral recognition and chiral optics.">*® Despite
these merits, the stability of most crystalline porous solids still
limits their wide utilization in chiral science and technology.

As a new type of porous material, covalent organic frameworks
(COFs) have emerged as a novel platform for material design and
functional explorations, with potential applications in diverse
areas such as gas storage and separation, optoelectronics, energy
storage, sensing, and catalysis.'** A judicious choice of building
blocks can lead to porous COFs, with advantages such as highly
ordered pore architectures, structural diversity, facile functionali-
zation, high electrical conductivity, superior chemical stability
and mechanical processability.>*” These features warrant chiral
COFs (CCOFs) with enormous potential in chiral recognition,
chiral separation, asymmetric catalysis, and chiral optics.”*>°
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The development of CCOFs is of great significance to
advancing chiral science. Nevertheless, a major challenge that
remains in CCOFs is to balance the asymmetry of chiral
monomers and material crystallinity. Therefore, the precise
control of chirality, functionality, and crystallinity is a key
endeavour. Only a small number of CCOFs have been reported
so far, and their network topologies are very limited.

The research progress of COFs has been covered in several
important reviews,?*>**'"*" with chiral COFs being only
briefly mentioned.****?>?” This review aims to provide a
comprehensive overview of CCOFs with an emphasis on the
design, synthesis, and applications in asymmetric catalysis,
chiral separation, and chiral recognition. The review will
also cover chiral COFs with some case studies to illustrate
the design and synthetic strategies, structural feature and
applications.

2 Design and synthesis

Since Yaghi and co-workers first reported COF powders using

the solvothermal method in 2005,"° more than 50 research
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groups have diversified synthetic methods, including solvo-
thermal,”*™** ionothermal,***” microwave,*®*° and room-
temperature methods.**>?

(1) Solvothermal method: similar to the synthesis of MOFs
and zeolites, the solvothermal synthesis method is the most
commonly used method to synthesize COFs, and it usually
takes 1 to 9 days and requires heating in an inert gas
atmosphere.*>** (2) Ionothermal synthesis of COFs was first
reported by Thomas et al. in 2008.*° The covalent triazine-based
frameworks (CTFs) were synthesized by cyclotrimerisation of
nitrile building units at 400 °C in molten ZnCl,. (3) Microwave
assisted method: it was found that microwaves could be used to
synthesize crystalline COF materials in 2009.*® Cooper and his
colleagues synthesized COF-5 by microwave heating for 20 min,
which was 210 times faster than solvothermal synthesis.
(4) Room-temperature synthesis was achieved in several
approaches, including mechanochemical (MC) grinding and
interfacial synthesis, with the latter taking place at the interface
of two liquids at room temperature. Using these methods,
abundant, robust, stable, crystalline and highly porous func-
tional materials were reported.>***>’

The crystallinity of COFs may be affected by a complex of
factors. Temperature: Reaction temperature can affect the
reaction output;'®**®! solvent: the choice of the reaction
solvent is a crucial factor because it controls the solubility of
the monomers and influences the dynamics of covalent bond
formation;®*"®* catalyst: the type and amount of catalysts can
influence the reaction rate. This is a key factor to synthesize
crystalline COF powders.®"®” Moreover, the reaction rate influ-
enced by the concentration of monomers is also a key factor to
synthesize COF powders with structural regularity.

Although several COFs have recently been characterized by
single-crystal X-ray diffraction, it remains a big challenge to
produce single crystals of COFs.®®® The crystalline structures

of reported COFs have been most commonly determined by
analysis of powder X-ray diffraction (PXRD) data and aided by

consideration of geometry principles developed in reticular
19,70

chemistry. Furthermore, the structure of COFs which have
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high crystallinity also could be determined by 3D rotation
electron diffraction.”

Despite these synthetic successes, chiral COFs were not
reported until 2014. This is due in part to the low-symmetry
nature of chiral monomers, which contradicts with the obser-
vations that most COFs crystallized in high-symmetry space
groups with multiple crystallographic symmetry elements
residing on each monomer. In addition, when using chiral
monomers with specific functions, their solubility and
chemical compatibility are also important considerations to
obtain crystalline products. Up to now, all of the CCOFs have
been synthesized by the solvothermal method.

The synthetic methods of CCOFs reported can also be
classified into three strategies according to their synthetic
pathways (Fig. 1).2%7>7%°

(1) Post-synthesis: synthesis of CCOFs from achiral parent
COFs by post-synthetic modification of the organic framework.

(2) Direct synthesis: synthesis of a homochiral COF from
enantiopure monomers, including chiral skeleton monomers
and achiral skeleton monomers with appended chiral centres,
as cross-linking building units.

(3) Chiral induction synthesis: synthesis of a homochiral
COF from achiral organic precursors by chiral catalytic induction.

Here we briefly discuss the synthetic conditions and syn-
thetic strategies of CCOF powders (Table 1). Based on the above
synthetic methods, several different types of CCOFs have been
reported. As shown in Fig. 2, there are CCOFs reported based
on versatile monomers and chiral moieties, such as BINOL,
TADDOL, salen, pyrrolidine, r-proline, r-imidazolidine and
biomolecules.

2.1 Post-synthesis

The post-synthesis modification (PSM) strategy has been widely
used in chiral porous solid materials fields.”’* For example,
recent studies demonstrated that organic linkers of MOFs are
amenable to PSM with a variety of covalent transformations.®*%°
These works suggest that it is feasible to synthesize COFs via the
PSM process.

Indeed, several functional COFs with various applications
were synthesized via PSM.**°”"%° Inspired by these works,
researchers envisioned synthesizing CCOFs via PSM by intro-
ducing chiral moieties to the achiral COF skeletons. This
strategy enables incorporation of chiral functionality that
cannot be introduced directly (Fig. 1a).

The first CCOF synthesized via PSM is an imine-linked,
porphyrin-based homochiral COF reported by Jiang et al.”>
The parent COF features a 2D layered structure with a 1D
tetragonal tubular channel. The linear monomer has allyl ether
functional groups available for PSM. Through “clicking”
(S)-pyrrolidine on the achiral COF skeleton, a homochiral
COF is obtained with catalytic activity towards asymmetric
Michael additions (Fig. 3). This example demonstrated the
utility of PSM to synthesize catalytically active CCOFs from
the parent, achiral COFs. Subsequently, in 2015, the Jiang
group reported the synthesis of an achiral 2D hexagonal COF
that is stable towards water, strong acids, and strong bases by

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 General strategies for the design and synthesis of chiral COF materials.

incorporating methoxy groups onto the terephthalaldehyde
monomer.”® After a quantitative azide-ethynyl click reaction,
the achiral COF was converted to a catalytically active CCOF by
anchoring (S)-pyrrolidine onto the channel walls via PSM, with
both crystallinity and porosity retained (Fig. 3b).

Besides covalently binding small organic molecules as chiral
appendants, in the past two years, an increasing number of
CCOFs have been synthesized via immobilization and stabili-
zation of natural biomolecules. Homochirality is observed in all
life on Earth, and chiral biomolecules, such as amino acids,
enzymes, and sugars, are ubiquitous. These homochiral
systems are crucial for biological processes including molecular
recognition, enzymatic function and information storage.'% ">
Therefore, introducing chiral biomolecules into COFs provides a
short-cut to constructing privileged functional CCOFs. The first
successful example of PSM with natural biomolecules was
reported in 2018 by Ma and Chen et al. The authors demon-
strated a general approach by anchoring a series of bio-
molecules (lysozyme, tripeptides, and lysine) into a polyimide
mesoporous achiral 2D COF (biomolecule = COF 1) by covalent
immobilization. This strategy introduces chirality into achiral
COFs.”* A covalent coupling strategy was applied to immobilize
biomolecules via a coupling reaction of -NH, (from the bio-
molecules) and -COOH (from the COFs) (Fig. 4). The afforded

This journal is © The Royal Society of Chemistry 2020

lysozyme-immobilized COFs maintained more than 90% of
enzymatic activity and showed excellent enzyme loading capa-
city. Notably, lysozyme immobilized in the COF does not leach
out during the catalytic recycling process, according to NMR
spectroscopy.

In the same year, Ma’s group reported another example
by soaking achiral 2D COFs in a phosphate buffer solution
of a chiral enzyme, namely lipase PS, to form chiral bio-
composites.”” The resulting composites have shown the ability
to boost the stability and robustness of lipase PS. It is worth
noting that functional groups on the COF pores could affect the
compatibility between the enzyme and the achiral COFs.

Cyclodextrin (CD) is an important biomolecule with a fasci-
nating intrinsically chiral cavity.”*®® Very recently, the Cui
group reported the covalent-immobilization of B-CD in a
COF.?" They utilized a multivariate strategy to crystallize two
vinyl-functionalized 2D COFs by imine condensation of a
Cs;-symmetric trialdehyde and a mixture of diamines with and
without divinyl groups. Both multivariant COFs feature hexa-
gonal 1D mesoporous channels formed by eclipsed or staggered
stacking of layered hexagonal networks. PSM with chiral
6-deoxy-6-mercapto-f-cyclodextrin (SH-B-CD) via thiol-ene click
reactions delivered CCOFs (CD-COF-1 and -2) with high chiral
recognition performances (Fig. 5). N, adsorption-desorption

Chem. Soc. Rev., 2020, 49, 6248-6272 | 6251
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Table 1 Summary of the methods for the synthesis of CCOFs

Methods CCOFs Conditions Ref.
Post-synthesis [Pyr],-H2P-COFs Synthesis by click reaction of achiral [HC=C]x-H,P-COFs and (S)-2-(azidomethyl)- 72
pyrrolidine (toluene/tert-butanol, Cul, IPEA, RT, 24 h)
[(S)-Py],-TPB-DMTP-COFs  Synthesis by click reaction of achiral [HC = C],-TPBDMTP-COFs and (S)-2-(azido- 73
methyl)pyrrolidine (THF/water, Cul, N,N-diisopropylethylamine, RT, 4 h)
BIOMOL < COF 1 Synthesized by dispersing NHS-functionalized COF-1 in lysozyme and peptide solution 74
(0.1 M MES buffer)
lipase PS@COFs Synthesis by shaking a mixture of achiral COFs and aqueous phosphate buffer solutions 75
of lipase PS (500 rpm, 25 °C, 6 h)
CD-COF-1,2 Synthesis by the thiol-ene click reactions between vinyl-functionalized COFs and 76
SH-B-CD (trifluorotoluene, AIBN, 80 °C, 48 h)
Direct synthesis LZU-72-Boc LZU-72-boc and LZU-76-Boc are synthesized by the solvothermal method 77
(achiral skeleton (N-Boc-protected chiral monomers, triformylphloroglucinol, proper organic solutions,
monomers) 3 M aqueous acetic acid, 90 °C, 3 days)
LZU-76-Boc LZU-72 is obtained by deprotection of LZU-72-boc (heated at 245 °C, 15 min)
LZU-72 LZU-76 is obtained by deprotection of LZU-76-boc (4 M HCl/1,4-dioxane, RT, 2 h).
LZU-76
MH-CCOF1,2,3,4 Synthesized by the solvothermal method (chiral monomers derived from DBCBI, TAPB, 78
TAH-CCOF1,2 ethanol/mesitylene, aqueous acetic acid, 120 °C, 3 days)
SAH-CCOF1-Boc
G-CCOF1
CTpPa-1 Synthesized by the solvothermal method (chiral monomer CTp, Pa-1, ethanol/THF, 80 °C, 79
4 h)
BtaMth COF Synthesized by the solvothermal method (1,3,5-benzenetricarboxaldehyde, chiral 28
monomer Mth, 1,4-dioxane/mesitylene, 3 M acetic acid, 110 °C, 3 days)
CCOF-MPC Synthesized by the solvothermal method (cyanuric chloride, S-(+)-2-methylpiperazine, 82
1,4-dioxane, K,COj3, 90 °C, 36 h)
CCOF-CuTPP Synthesized by the solvothermal method (S-(+)-2-methylpiperazine, K,COs, Pd[P(Ph);],, 83
TBrPP, 1,4-dioxane, 90 °C for 3 days and RT for 2 days)
CCOFs 9-12 CCOFs 9-12 are synthesized by the solvothermal method (TPBn, 2,5- 80
dimethoxyterephthalaldehyde (DMTA), proper solvents, acetic acid, 100 °C, 8 h)
CCOFs 9-12/TPB CCOFs 9-12/TPB are synthesized by the solvothermal method (TPB1, TPBn, DMTA,
proper solvents, acetic acid, 100 °C, 8 h-3 days)
CCOFs 9'-12//TPB CCOFs 9'-12'/TPB are synthesized by the deprotection of CCOFS 9-12/TPB (base or acid)
Tfp2-COF Synthesized by the solvothermal method (chiral monomer Tfp2, 1,3,5-tris(4- 81
aminophenyl)benzene (TPB1), 1,4-dioxane/mesitylene, 3 M acetic acid, 120 °C, 3 days)
Direct synthesis ~ CCOF-1,2 Synthesized by the solvothermal method ((R,R)-TTA or (R,R)-TTPA, 4,4'- 84
(chiral skeleton diaminodiphenylmethane, 1,4-dioxane, 3 M acetic acid, 120 °C, 72 h)
monomers) CCOF 3,4 Synthesized by the solvothermal method (THB or TTHB, Zn(OAc),-2H,0, (1R,2R)-(—)-1,2- 85
diaminocyclohexane, mesitylene/EtOH or DMF/EtOH, 6 M acetic acid, 120 °C, 3 days)
CCOF 5,6 CCOF 5 is synthesized by the solvothermal method ((R,R)-TTA, tetra(4-anilyl)methane, 86
1,4-dioxane, 6 M acetic acid, 120 °C, 3 days)
CCOF 6 is synthesized by the oxidation of CCOF 5 (2-methyl-2-butene, aqueous NaCl
solution, glacial acetic acid, RT, 24 h)
CCOF 7,8 Synthesized by the solvothermal method ((R)-BINOL-DA, TPE-TAM or iPr-TAM, 87
ethanol/mesitylene, 9 M acetic acid, 120 °C, 3 days)
B-CD COF Fabricated by room temperature synthesis (Am7CD, TPA, ethanol, water, acetic acid, 89
RT, 2 h)
CD-COFs Synthesized by the microwave assisted method (y-CD, B(OMe);, LiOH, mesitylene, DMF, 90
120 °C, 4 h with stirring)
Chiral (4)- and (4)-CCOFs Synthesized by the solvothermal method (Tp, triamine, and (S)- or (R)-1-PEA, 88
induction mesitylene/dioxane, 6 M aqueous acetic acid, 120 °C, 3 days)

isotherms and pore size distribution profiles indicated a decrease
in the surface area and pore diameter upon PSM. Because of the
bulkiness of B-CD relative to the COF channel diameter, the
loading of CD in the COF is limited to ~3-6 wt%. Even at such
low loading, CD-COF-1 exhibits high enantioselectivity for chiral
recognition.

The aforementioned case studies demonstrated the power
of PSM in synthesizing CCOFs from achiral COF precursors.
However, there are several limitations. First, there is no guarantee
that chiral functional groups introduced in a COF are distri-
buted in a homogeneous fashion. Second, upon introducing
chiral auxiliaries post-synthetically, the material surface area,

6252 | Chem. Soc. Rev., 2020, 49, 6248-6272

crystallinity, and chemical stability can be affected. In some
cases, the resulting materials became amorphous. Third, the
scope of chiral appendants is limited by their size and shape.
These appendants need to be smaller than the pore-limiting
diameter of the frameworks so that they can diffuse into COF
pores. Some of these limitations can be addressed using direct
synthesis discussed below.

2.2 Direct synthesis

Direct synthesis of CCOFs from enantiopure building blocks
is a promising but challenging approach. Compared to PSM
strategies, CCOFs obtained by direct synthesis show well-defined

This journal is © The Royal Society of Chemistry 2020
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structures with precise and uniform distribution of chiral sites. Consequently, these CCOFs feature an achiral global structure
Chiral COF monomers can be divided into two structural cate- with chiral functional groups appended in their cavities. CCOFs
gories: (1) monomers with a chiral skeleton and (2) monomers with a chiral skeleton are prepared by a direct assembly of the
with an achiral skeleton and chiral substituents. optically active organic monomers as building units. The

CCOFs with an achiral skeleton are synthesized using mono- resulting chiral skeletons engender CCOFs with unique chiral

mers that are pre-modified with chiral functional groups. functions.

This journal is © The Royal Society of Chemistry 2020
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2.2.1 Direct synthesis from achiral skeleton monomers.
Based on reticular chemistry principles, symmetric crystalline
structures are most likely to form when using high-symmetry
building units.'°'% One might expect that crystallization
of chiral COFs from achiral organic monomers that are pre-
functionalized with chiral functional groups can facilitate
the crystallization in higher-symmetry space groups because
these monomers often exhibit more rigid and symmetrical
structures.

The first example of direct synthesis of chiral COFs was
reported in 2016 by Wang and co-workers.®® They synthesized
two chiral COFs, LZU-72 and LZU-76, directly from a chiral
pyrrolidine-embedded building block. A rigid scaffold building
block, (S)-4,4’-(1H-benzo[d]-imidazole-4,7-diyl)dianiline, was
designed and synthesized with the chiral pyrrolidine moieties
attached, and was used to assemble two CCOFs. LZU-72 and
LZU-76 are crystallized in P3 space group with a 2D layered

6254 | Chem. Soc. Rev., 2020, 49, 6248-6272

hexagonal structure. Compared to the PSM method, this
method could accurately control the distribution of chiral
catalytic sites and maximize the number of chiral catalytic sites
per unit cell. Subsequently, in 2019, the Wang group developed
a general strategy to introduce various chiral functionalities in
divergent COF monomers. As shown in Fig. 6, they constructed
a series of CCOFs for asymmetric catalysis.*® Eight chiral
monomers were synthesized from an achiral platform molecule
DBCBI (4,7-dibromo-2-chloro-1H-benzo[d]|imidazole) by nucleo-
philic substitution and Suzuki coupling. The nucleophilic
substitution introduces functionalities into the key platform
molecule, and then Suzuki coupling creates a multi-connectivity
of these DBCBI-based monomers. Then, eight CCOFs are con-
structed by dynamic covalent assembly of these chiral monomers
and 1,3,5-tris(4-aminophenyl)-benzene (TAPB), and all crystallized
in P3 space group with a 2D layered hexagonal network. This three-
step transformation (nucleophilic substitution, Suzuki coupling,

This journal is © The Royal Society of Chemistry 2020
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and imine formation) from key platform molecules to CCOFs
provides a general synthetic method for further high throughput
screening and structure-activity investigation of COFs.

Another example of the bottom-up strategy that utilizes
achiral skeleton monomers was reported by the Yan group
in 2016.%® They first synthesized a chiral monomer CTp by
functionalizing 1,3,5-triformylphloroglucinol (Tp) with chiral
(+)-diacetyl-i-tartaric anhydride ((+)-Ac-.-Ta). Then, 2D hexago-
nal CCOFs (CTpPa-1, CTpPa-2 and CTpBD) were synthesized by
condensing CTp with 1,4-phenylenediamine (Pa-1), 2,5-dimethyl-
p-phenylenediamine (Pa-2) and benzidine (BD), respectively.
Furthermore, they developed an in situ growth method to fabricate
chiral COF-bound capillary columns for enantioselective gas
chromatography.

Similar to Yan’s work, the same synthetic strategy for CCOFs
was implemented by the Zhang group in 2017.”° They reported
a hydrazone-linked CCOF in P6; space group with a 2D layered
hexagonal network from a chiral hydrazide building block with
(S)-2-methylbutoxy groups attached. Moreover, they presented
a one-pot synthetic method to fabricate the CCOF@SiO,
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composite by adding SiO,-NH, into the crystalline system for
efficient high-performance liquid chromatography (HPLC)
separation.

Cui, Liu, and co-workers reported a multivariate strategy
to construct a series of two- and three-component 2D CCOFs in
2017 (Fig. 7).° Based on Cs-symmetric 1,3,5-tris(4-aminophenyl)
benzene as the backbone, r-proline and r-imidazolidine groups
were attached on the central aromatic ring to afford chiral
triamine scaffolds. A family of two- or three-component CCOFs
with hexagonal channels was successfully prepared by crystal-
lizing mixtures of triamines with and without chiral organocata-
lysts and with dimethoxyterephthalaldehyde (DMTA). As shown
in Fig. 7, attempt to synthesize CCOFs 9’12’ via deprotection of
two-component CCOFs 9-12 was unsuccessful. However, when
tritopic monomers were doped with unfunctionalized analogue
TPB, multivariate CCOFs 9-12/TPB were obtained. Subsequent
deprotection reactions with TMSOTf or LiOH (aq) and TMSOTf
delivered four catalytically active CCOFs 9’-12’/TPB. This multi-
variate strategy successfully circumvented the desymmetrizing
effect caused by appending bulky chiral functional groups onto
the monomers and consequently produced crystalline CCOFs that
are otherwise difficult to form when functionalized monomers are
used as the sole tritopic building block. Framework stability and
crystallinity decreased monotonically upon increasing the loading
of the chiral catalytic units.

Using the same strategy, the same group reported two other
2D CCOFs in 2019.%" These COFs are built from triamine or
trialdehyde units that are pre-functionalised with organo-
catalysts DHIP and pyrrolidines. These catalytic units are
anchored on the channel walls while the backbones of these
COFs are achiral. These two CCOFs are shown to be efficient,
metal-free, reusable and sustainable heterogeneous catalysts
for asymmetric nucleophilic additions of aldehydes.

In 2017 and 2019, Dong, Chen, and co-workers reported two
homochiral COFs by directly assembling the chiral organic
component of S-(+)-2-methylpiperazine (S-MP) and cyanuric
chloride or copper tetrabromophenolphthalein (Cu-TBrPP).***?
Cyanuric chloride and Cu-TBrPP are linked via S-MP into a 2D
layer extended on the crystallographic ab plane to form CCOF-
MPC (P6; space group with a hexagonal cavity) and CCOF-CuTPP

SH

o

AIBN,

80 °C

Fig. 5 Synthesis of achiral COFs and conversion to chiral CD-COFs via thiol-ene click reactions. Reproduced from ref. 76 with permission from the

American Chemical Society, copyright 2019.
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(P4, space group with a tetragonal cavity), respectively. The
chiralities of these CCOFs arise from the chiral centres of S-MP
that are attached to the COF channel walls.

In fact, all the chiral COFs discussed above are prepared by
using achiral skeleton monomers, with chiral functionalities.
The chiral centres are attached or anchored on the surface of
COF pores and channels, and the basic frameworks of CCOFs
are still achiral, which could affect the chiral expression and
limit the efficiency of chiral functions.

2.2.2 Direct synthesis from chiral skeleton monomers.
It remains a stern challenge to synthesize CCOFs from chiral
skeleton monomers due to the innate difficulty in controlling
the crystallization of optically pure materials. In fact, before
2016, only a few CCOFs functionalized with (+)-diacetyl-r-
tartaric anhydride and (S)-pyrrolidine were prepared by
direct- or post-synthesis approaches.”””*> In both cases, the
chiral functionalities are attached on achiral COF skeletons.
It is ideal to synthesize CCOFs with chiral network structures by
using chiral skeleton monomers. This strategy is expected to
produce CCOFs with higher porosity, more open channels, and
exhibiting chiral functions that are intrinsic to the chiral pore
structures.

Towards this goal, in 2016, Cui et al. reported a series
of CCOFs using monomers with chiral skeletons such as

6256 | Chem. Soc. Rev., 2020, 49, 6248-6272

tetraaryl-1,3-dioxolane-4,5-dimethanols (TADDOL), metallosalen
and 1,1’-bi-2-naphthol (BINOL) to construct CCOFs directly.®*

TADDOL is a tartaric acid derivative with four aryl substi-
tuents in a propeller-type conformation.’®™'* The 1,4-diol
moiety in the TADDOL structure is helpful to form intra-
molecular hydrogen bonding and other intermolecular inter-
actions, thereby providing structures with some rigidity. The
Cui group reported the synthesis of two 2D imine-based CCOFs
(CCOF-1 and CCOF-2) from two enantiopure TADDOL-derived
tetraaldehydes (TTA and TTPA) and a flexible diamine linker
(Fig. 8).%* In this work, because of the parallelogram arrange-
ment of the coplanar aldehyde groups associated with a semi-
rigid backbone and strong intermolecular interaction abilities,
the enantiopure TADDOL-derivative became an intriguing
CCOF building block. Powder X-ray diffraction and computer
modeling together with pore size distribution analysis showed
that both CCOF-1 and CCOF-2 crystallized in P2, space group
with a 2D layered tetragonal structure. Notably, CCOF-1 was
doubly interpenetrated, whereas CCOF-2 was non-interpenetrated
with an AB stacking mode.

The N,N'-bis(salicylidene)ethylenediamine unit (salen)
represents one of the most important ligands in coordination
chemistry.'>'"” Salen has the ability to stabilize metal ions in
various oxidation states, which makes it an efficient catalyst for

This journal is © The Royal Society of Chemistry 2020
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numerous organic transformations. It is well-known that
chiral salen ligands are privileged ligands for asymmetric
catalysis.'*®*2° Salen was first introduced to the construction
of COFs by the Wang group in 2017."*" They reported a Salen-
based COF with high crystallinity and excellent stability via
solvothermolysis. In addition, they metallated salen-COF with
different metal ions for further applications. Nonetheless, the
synthesis of CCOFs from M(salen) complexes has not been
explored. Another example of a salen-based COF was reported
by Yang and co-workers in 2019.'*> Here, they developed an
in situ salen formation method during the COF synthesis.
In both cases, achiral salen-based monomers were used, and
the resulting COFs showed high activity and stability as hetero-
geneous catalysts. To synthesize chiral COF analogues, in 2017,
Cui, Liu, and co-workers turned their attention to chiral Salen-
based monomers, and reported a new metal-directed synthesis
method. Using this method, two 2D Zn(salen)-based CCOFs,
CCOF 3 and CCOF 4, were synthesized.®> These CCOFs were
prepared by imine formation of enantiopure 1,2-diamino-
cyclohexane with Cjz-symmetric trisalicylaldehydes with or
without tert-butyl groups (Fig. 9). Both CCOFs 3 and 4 crystal-
lized in P321 space group with a 2D layered hexagonal network.
This is the first report of utilizing chiral salen as a linkage to
form CCOF structures. All of them can even be regarded as

This journal is © The Royal Society of Chemistry 2020

crystalline materials constructed from chiral salen moieties
being connected via C-C bonds as well. When comparing CCOF
4 with CCOF 3, the bulky hydrophobic groups in the COF
structure are capable of protecting hydrolytically susceptible
backbones via kinetic blocking, and thus, the stability of CCOF 4
in strong acid and alkaline conditions was drastically improved.

Notably, the Zn(salen) modules in the CCOFs provide a site
to introduce multivariate metals into the frameworks by post-
synthetic metal exchange. The CCOFs after metal exchange
maintain high crystallinity and porosity and can serve as stable
and efficient metallocatalysts.

Enantiopure BINOL is one of the most important sources of
chirality for organic and materials chemistry.">*™*® However,
it was not used to construct CCOFs until Cui and co-workers
reported two chiral BINOL-based CCOFs (CCOF 7 and CCOF 8) by
condensing an elaborately designed, optically pure BINOL-based
linear dialdehyde with tetrakis(4-aminophenyl)ethane or 1,3,5-
tris(3,5-diisopropyl-4-aminophenyl)benzene (Fig. 10).*” CCOF 7,
modelled in C2 space group, exhibits 2D layered tetragonal net-
works that are stacked in a slipped AA fashion. Conversely, CCOF
8 in R3 space group shows a staggered stacking (ABC) mode of 2D
hexagonal layered networks. Importantly, the CCOF constructed
from BINOL-based dialdehyde and tetraphenylethylene units can
be readily exfoliated into ultrathin 2D CCOF nanosheet materials.

Chem. Soc. Rev., 2020, 49, 6248-6272 | 6257
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B-Cyclodextrin (B-CD) is one of the most employed supra-
molecules which bears a hydrophobic cavity with a fascinating
intrinsically chiral cavity."®™"% In 2018, the Feng group
reported the synthesis of a B-CD COF by using heptakis-
(6-amino-6-deoxy)-p-CD and terephthalaldehyde through acetic
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acid catalyzed polycondensation in water and ethanol at room
temperature.®® Because of the direct synthesis based on the
asymmetric -CD building blocks, a great amount of CD units
can be introduced into the material. The B-CD COF exhibited
high thermal stability, uniform pore size distribution, and a
large surface area.

Compared to 2D COFs, 3D COFs have more complex struc-
tures with diverse topologies. They typically exhibit larger surface
areas, higher accessible sites per volume and fascinating confine-
ment effects. These features promise 3D COFs in multifarious
applications.”””"*° In 2018, a 3D homochiral COF (CCOF 5) was
synthesized by imine condensation of a TADDOL-derived tetra-
aldehyde (TTA) with a Tg-symmetrical tetrahedral monomer,
tetra(4-anilyl)methane (TAM) (Fig. 11).%® Moreover, CCOF 5 could
transform into an amide-linked 3D CCOF (CCOF 6) via post-
synthetic oxidation. Such treatment enhanced chemical stability
without affecting its crystallinity and porosity. Crystalline struc-
tures of the CCOFs were determined by powder X-ray diffraction
(PXRD) and verified by pore size distribution analysis. The
isostructural COF 5 and CCOF 6 feature a 4-fold interpenetrated
diamondoid open framework with tubular channels decorated
with chiral dihydroxy auxiliaries. This work also demonstrates the
power of PSM in CCOF to CCOF conversion while maintaining
chirality, structural integrity, crystallinity, and porosity.

In 2017, Wang et al. reported the construction of a polymeric
and periodic 3D CCOF by using the reaction between a flexible
and aliphatic macrocycle, namely y-cyclodextrin (y-CD), and
trimethyl borate (B(OMe);).”° This CD-COF has an anionic
tetrakis(spiroborate) linkage with a tetrahedral structure (Fig. 12).
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Fig. 9 Synthesis of CCOF 3 and CCOF 4. Adapted from ref. 85 with permission from the American Chemical Society, copyright 2017.
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The CD-COF requires counter ions to balance its negative
charges and thus offers opportunities to adjust the inner sur-
face environment by selecting the counter ions in the charged
pore surface.

2.3 Chiral induction synthesis

Theoretically, chirality occurs when a compound has only rota-
tional and translational symmetry and no roto-inversions."*%**?
When discussing chirality in solid materials, there are two
different aspects that need to be considered: first, whether

This journal is © The Royal Society of Chemistry 2020
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CD-COFs

the components (building units) of the structure are asym-
metrical themselves; second, whether the arrangement of com-
ponents into the materials is chiral.'* Thus, there is nothing
intrinsic regarding COFs that precludes their structures from
being chiral, even when building units themselves are achiral.
Many COF materials have asymmetric structures in their frame-
works, but always form only as a racemic conglomerate containing
both the left- and right-handed sections in bulk solids at the ratio
of 1:1."** Chiral induction, however, can potentially bias this equal
probability process to increase the population of one-handed
structure over the other. There are already a few excellent examples
of using the phenomenon of chiral induction to synthesize homo-
chiral metal-organic materials and inorganic crystals such as
Na0103.14,134—136

Inspired by the previous chiral induction works, homochiral
crystallization of COFs from achiral precursors was realized by
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chiral catalysis in 2018.%® The structure and chemical proper-
ties of chiral catalysts can be transcribed into COF pore shapes
and properties. The advantage of chiral induction synthesis is
that in principle it is not limited to any particular composi-
tion or structure type. Cui, Liu and co-workers reported a
total of nine 2D CCOFs with controlled handedness which
were solvothermally synthesized by imine condensation of
Cs-symmetric 1,3,5-triformylphloroglucinol (Tp) with achiral
diamine or triamine linkers in the presence of (R)- or (S)-1-
phenylethylamine (PEA) as a catalyst (Fig. 13). The enantiomer
of 1-PEA was replaced by achiral monomers from the precursors,
and the chiral memory left in the original position, thereby
leading to a torsion structure. After that, the amorphous polymers
crystallized and chiral COFs in P3 or P6 space group with a 2D
layered hexagonal network formed.

Compared with other methods, chiral induction synthesis of
CCOFs solely from achiral monomers is a very new direction
and its potential has just being demonstrated. However, the
scope of this method remains elusive due to the unpredict-
ability of a suitable chiral catalyst for a given set of achiral
building blocks. Thus, further studies on chiral induced crystal-
lization of more CCOFs, especially 3D CCOFs, from achiral
precursors and a detailed understanding of the enantioselective
processes are greatly needed. Notably, in 2018, Wang, Yaghi
and co-workers solved the single-crystal structure of a new
CCOF LZU-111 with the rare lon-b-c3 topology. This chiral
COF was also synthesized from achiral monomers.°® The origin
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of chirality was from threefold interpenetration; the inter-
sections of the networks generate a 65 screw axis, and the
formation of chiral LZU-111 was based on a self-enantio-
separation process. This work could also elucidate the potential
and challenges to control the self-enantioseparation process by
the chiral induction method in the future.

3 Applications

3.1 Asymmetric catalysis

Functional porous materials such as MOFs,"”*” "% inorganic

zeolites’*"'*?> and functional cages'>'**™'*> used for heteroge-
neous catalysis have been developed for decades. As emerging
porous materials, COFs exhibit great potential to be functiona-
lized as effective and robust heterogeneous catalysts for organo-,
electro-, or photocatalytic applications.””®"**™*® In 2011,
Wang et al. for the first time demonstrated the utility of COFs
as heterogeneous catalysts, which show high activity in catalyzing
the Suzuki-Miyaura coupling reaction.'*® Following this seminal
work on the design and synthesis of catalytically active COFs,
in 2014, Yan et al synthesized 3D COFs for base-catalyzed
Knoevenagel condensation reactions with high conversion.'”®
In the same year, Lotsch et al. reported a hydrazone-based COF
for photocatalytic hydrogen production from water for the first
time." In 2018, Yaghi et al. developed a 2D porphyrin-based COF
for electrocatalytic reduction of CO, to CO with high selectivity
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Fig. 13 Chiral induction synthesis of CCOFs in the presence of phenylethylamine (PEA). Adapted from ref. 88 with permission from Nature Research,
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and efficiency. This work represents a study of direct electronic
structure—function relationships of COF electrocatalysts.">"

Chiral COFs have been demonstrated as effective hetero-
geneous catalysts for asymmetric reactions. Generally, CCOFs
combine the advantages of both heterogeneous catalysts and
homogeneous molecular catalysts. Specifically, they can be
easily separated from the reaction mixture by filtration, and
the collected solid catalysts are reusable. Moreover, the porous
hosts offer isolation of individual catalytic units. When materials
are highly porous, the diffusion rates of the substrates and the
products are likely to be faster than the catalytic rate. Conse-
quently, the catalytic activity might be comparable with homo-
geneous analogues. These features render CCOFs as valuable
heterogeneous asymmetric catalysts. Nevertheless, research on
chiral COFs for asymmetric catalysis is still in its infancy.

The earliest application of chiral COFs in asymmetric cata-
lysis was reported by Jiang et al in 2014.”' By controlled
integration of chiral pyrrolidine sites into the pore walls of
achiral imine-linked porphyrin COFs, CCOFs ([Pyr],-H,P-COF,
X =25, 50, 75, and 100 (X = 0: H,P-COF)) were synthesized which
were then applied as metal-free heterogeneous catalysts for
asymmetric Michael addition reactions. These catalysts exhi-
bited enantioselectivity (ee) and diastereoselectivity (dr) values
of 49% and 70/30. The optimized [Pyr]y ,5-H,P-COF was then
used for the flow reaction system and the column maintained
100% conversion and stereoselectivity (44% ee, 65/35 dr) for
more than 48 h (Fig. 14). In 2015, the same research group
reported a 2D imine-based COF, named TPB-DMTP-COF (TPB,
triphenylbenzene; DMTP, dimethoxyterephthaldehyde), with
high stability by incorporating methoxy groups into its pore
walls to reinforce interlayer interactions. CCOFs ([(S)-Py],-TPB-
DMTP-COFs, x is the percentage of functional groups, x = 0.17,
0.34, 0.50) were synthesized via post-synthetic channel-wall
engineering using a three-component condensation to obtain
the intermediate [HC=C],-TPB-DMTP-COFs. The following
quantitative azide-ethynyl click reaction appended chiral unit
(S)-pyrrolidine on their pore walls at various loadings. [(S)-Py],-
TPB-DMTP-COF retained its crystalline structure and was
shown to be stable towards water, strong acids and strong
bases. [(S)-Py],-TPB-DMTP-COFs were then used as asymmetric
organocatalysts for Michael addition. These CCOF catalysts
allowed Michael additions to be operated in neat water.
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Fig. 14 The flow reaction system based on the [Pyr],5-H,P-COF column
for Michael addition reaction. Adapted from ref. 72 with permission from
the Royal Society of Chemistry, copyright 2014.
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This promoted the addition of cyclohexanone- and B-nitro-
styrene-based compounds with 100% conversion and with an
ee and dr values of 90-96% and 90/10-97/3, respectively
(Fig. 15). Besides, as a heterogeneous catalyst, [(S)-Py]o.1,-TPB-
DMTP-COF exhibits high recyclability, activity, enantioselectiv-
ity and diastereoselectivity after five cycles. Specifically,
[(S)-Pylo.34-TPB-DMTP-COF and [(S)-Py].5o-TPB-DMTP-COF are
less active than [(S)-Py]y.1,-TPB-DMTP-COF. It took 17, 34, and
12 hours respectively for these catalysts to reach 100% conver-
sion under the same reaction condition. This observation
indicates that excessive catalytic sites on the channel walls
after post-modification may block the pores and channels of
CCOFs, thereby reducing the diffusion rates of the substrates
(Fig. 16).”?

In 2016, Wang et al. utilized the deprotected LZU-76, which
was synthesized from the direct condensation of chiral
pyrrolidine-embedded building block (S)-4,4'-(2-(pyrrolidin-2-
yl)-1H-benzo[d]imidazole-4,7-diyl)dianiline with triformylphloro-
glucinol LZU-76, as a heterogeneous chiral catalyst to catalyze
the asymmetric aldol reaction. The chiral-pyrrolidine catalytic
site is evenly distributed on the inner pore wall of two CCOFs,
thus providing convenient transportation for reactants and
products. As shown in Fig. 17, the reaction produced aldol
products with high enantioselectivity (up to 87% ee). Besides,
LZU-76 could be reused at least 3 times without loss of
enantioselectivity.®

Then, in 2019, this team developed a general strategy to
introduce chirality in a divergent manner into COFs. Hydrogen-
bond-donor, Brensted-acidic, and Brensted-basic sites were
then integrated into different CCOFs for heterogeneous asym-
metric catalysis. TAH-CCOF1 and TAH-CCOF2 possess tertiary-
amine and hydrogen-bonding sites and display high activity
and enantioselectivity in the asymmetric amination reaction of
ethyl 2-oxocyclopentane-1-carboxylate with di-tert-butylazodicarb-
oxylate (up to 96% yield and 99% ee). The substrate generality was
further confirmed by the reactions of other p-keto esters with
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Fig. 16 Channel-wall structure of [(S)-Pyl,-TPB-DMTP-COFs (x = 0.17,
0.34 and 0.50). Adapted from ref. 73 with permission from Nature
Research, copyright 2017.
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OH O NO, OH O

18 h, 73% yield,
er.=94.0/6.0
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O

18 h, 84% yield,
er. =93.7/6.3

OH O oH o

Jonallosan

96 h, 46% vyield,
er. =884/11.6

48 h, 71% yield,
er =935/6.5

80 h, 25% yield,
er. =93.1/6.9

Fig. 17 Asymmetric aldol reaction catalyzed by LZU-76.

di-tert-butylazodicarboxylate, and up to 98% yield and 91% ee
were obtained (Table 2). Additionally, the TAH-CCOF2 catalyst
could be reused at least 7 times without obvious loss of
enantioselectivity.®®

After treatment with Ti(O'Pr),, both CCOF-1 and -2 could
catalyze the Et,Zn addition reactions of the substrates of
aromatic aldehydes bearing electron-donating and electron-
withdrawing groups with high conversion (96-99%) and
enantioselectivity (74-94% ee) (Fig. 18), Furthermore, the
catalysts were proved to be recyclable which could be recovered
and reused for 4 runs without loss of activity. Besides, a
sterically more demanding substrate of coronenyl aldehyde
was used in the addition reaction and less than 5% conversion
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Table 2 Asymmetric amination of B-ketoesters catalyzed by CCOF
catalysts

o 00
o , B COOFs(20mot) é)koa
[ ,>_< N. DCM, -78 °C, 12h ‘N-Boc
OEt Boc , ) ,NH
Boc’
Entry CCOFs Yield [%] ee [%]
1 MH-CCOF1 81 12
2 MH-CCOF2 72 8
MH-CCOF3 70 9
4 MH-CCOF4 65 5
5 TAH-CCOF1 94 89
6 TAH-CCOF2 9 99
7 SAH-CCOF1-Boc 67 27
8 G-CCOF-1 61 3
9 78 92
10 N / 40 90

@:’\?—NH N-

H

OH
20 mol% CCOF/TI(OiPr), N
rRE
toluene, -30 °C (

+ ZnEt

@/
O/k/

CCOF-1: 99% conv.

ee = 90%

CCOF-2: 99% conv.

ee =85%

@/k/

CCOF-1: 99% conv.

ee=93%

CCOF-2: 99% conv.

ee =88%

OH

CCOF-1: 94% conv.
ee =90%
CCOF-2: 96% conv.
ee =86%

OH
©/\/'\/

CCOF-1: 99% conv.
ee=91%
CCOF-2: 99% conv.
ee =85%

- o:ezo

CCOF-1:96% conv.  CCOF-1: 97% conv. CCOF-1: <5% conv.

ee = 94% ee =82% ee=nd.
CCOF-2: 96% conv.  CCOF-2: 96% conv. CCOF-2: <5% conv.
ee = 95% ee = 74% ee=nd.

Fig. 18 Addition of diethylzinc to aromatic aldehydes catalyzed by CCOF/Ti.

was detected, indicating that reactions for other aldehydes
mainly occur within the CCOFs.”*

N,N'-Bis(salicylidene)ethylenediamine (salen) is recognized
as one of the most important ligands in coordination chemistry
and many metal-salen complexes are well-known privileged
ligands for catalysis.”>">* Construction of salen-based materials
such as silicas,"> polymers’®® and metal-organic frame-
works''71°%157 has been developed for decades. Wang et al.
utilized achiral salen ligands as building blocks to construct
COF materials for efficiently catalyzing the Henry reaction'
and Yang et al. reported the synthesis of a salen-based achiral
COF for cycloaddition reactions of epoxides with CO,."**

After exchanging Zn®" ions for other metal ions of Zn(salen)-
based CCOFs (CCOF 4), the M(salen)-based CCOFs (4-M, Mn" =
Cr**, Co**, Mn**, Fe**, Vv**) are proved to be efficient hetero-
geneous catalysts for asymmetric cyanation of aldehydes, Diels-
Alder reaction, alkene epoxidation, epoxide ring-opening, and
related sequential reactions. The 4-V promoted cyanation of

This journal is © The Royal Society of Chemistry 2020
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Fig. 19 Asymmetric reactions catalyzed by M(salen)-based CCOFs.

aldehydes with TMSCN gave 89-94% ee of cyanohydrin silyl
ethers. The DA reactions promoted by 4-Co provided the
cycloadducts with 86-96% ee; 4-Fe promoted the oxidation
reactions with up to 92% ee; and 4-Cr catalyzed the aminolysis
reactions affording 82-96% ee of the amino alcohols. Besides,
4-Cr-Mn bearing two different active metal centers could be
used for the synthesis of complex molecules with good stereo-
selectivity in the sequential reactions, by epoxidation of alkene
followed by ring-opening of epoxide to afford the amino alcohol
with up to 91% ee (Fig. 19). All CCOF catalysts can be recycled
and reused at least 5 times with crystallinity retained and
without obvious loss of activity and enantioselectivity.®®

Cui et al. developed a multivariate strategy for the construc-
tion of two- and three-component 2D CCOFs with mixtures of
triamines with and without chiral organocatalysts and with a
dialdehyde in 2017. Controlled crystallinity and stability were
realized and the ternary CCOFs could be used as efficient hetero-
geneous catalysts for an asymmetric aminooxylation reaction, an
aldol reaction, and the Diels-Alder reaction. Four asymmetric
organocatalysts L-proline- and r-imidazolidine-based TPB deriva-
tives as chiral knots and DMTA as linkers were used to prepare
multivariate CCOFs 9’-12//TPB. The optimized ternary CCOFs
9'-11'/TPB could promote a-aminooxylation reactions between
aldehydes and nitrosobenzene affording oc-aminooxy aldehydes
in 75-77% isolated yield with up to 95% ee. The selected ternary
CCOFs could also catalyze the aldol reaction of cyclohexanone
with 4-nitrobenzaldehyde and 3-nitrobenzaldehyde, affording
the products in 92 and 86% ee, 95 and 94% yield, and 90:10
and 90:10 anti/syn ratio. Furthermore, the imidazolidinone-
containing ternary CCOFs 12//TPB could promote the asymmetric
Diels-Alder cycloaddition reaction of cyclopentadiene and
aldehydes with different substituents to afford the cycloadduct

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 Asymmetric a-aminooxylation of aldehydes, Aldol reactions,
Diels—Alder reactions, Steglich rearrangement and Michael addition reac-
tions catalyzed by optimized CCOFs.

in 76-85% isolated yield and high selectivity (90-95% ee for the
major exo isomer, 5:1-22:1 exo/endo). These COF catalyzers
could be recycled and reused at least five times without an
obvious loss of activity and enantioselectivity with crystallinity
and porosity maintained.>® In 2019, this research group also
reported two DHIP- and pyrrolidine-based 2D CCOFs by directly
employing chiral functionalities as building units, and the
as-synthesized CCOFs could serve as effective and recyclable
heterogeneous catalysts for asymmetric Steglich rearrangement
and asymmetric Michael addition, displaying high enantioselec-
tivity and diastereoselectivity with up to 84% ee value for Steglich
rearrangement and 86% ee value, 17:1 dr value for the Michael
addition reaction (Fig. 20).*!

Other types of CCOFs for the application of asymmetric
catalysis have also been reported in recent years. After post-
synthetic modification of the enaminone groups of CCOF with
Cu(u) ions, the material CCOF-TpTab-Cu was a recyclable
heterogeneous catalyst for the asymmetric Henry reaction of
nitroalkane with aldehydes with moderate ee values (35%)
(Fig. 21).%® The same year, Ma et al. reported a series of COF-
enzyme composites with enhanced enzymatic performance; the
resulting biocomposites efficiently catalyzed the kinetic resolu-
tion of secondary alcohols with vinyl acetate with ee values
higher than 99.5%."°® In 2019, Cui et al. synthesized chiral COF
and MOF based materials by combining COF/MOF with homo-
geneous linear chiral copolymers to construct hybrid stereo-
selective catalysts. The resulting chiral polymer/COF (MOF)
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Fig. 21 Henry reaction between nitroalkane and aldehyde catalyzed by
CCOF-TpTab-Cu. Adapted from ref. 88 with permission from Nature
Research, copyright 2018.

composite materials treated as heterogeneous catalyst revealed
good enantioselectivity and diastereoselectivity for the direct
asymmetric aldol reactions with up to 99% ee and 96:4 dr."’

Utilizing the advantages of the chiral functionalities and the
loaded highly active Pd NPs, Dong et al. employed Pd@CCOF-
MPC for the asymmetric Henry reaction and asymmetric reduc-
tive Heck reaction. For the chosen Henry reaction (nitroaldol
reaction of benzaldehyde with nitromethane), PdA@CCOF-MPC
exhibited good catalytic activity and enantioselectivity, which is
demonstrated by the milder reaction conditions (r.t. and short
reaction time) with up to 99% yield and 97% ee value. For the
asymmetric reductive Heck reaction of 2-cyclohexen-1-one with
bromobenzene, PA@CCOF-MPC also showed high activity and
selectivity in that the yield reached 99% with 94% ee value. This
work highlights the potential of the preparation of new asym-
metric catalysts by combining CCOF supports and metal NPs
(Fig. 22).%

Another CCOF synthesized by using S-(+)-2-methyl-
piperazine was reported by Dong et al. in 2019. The photo-
thermal conversion species of copper tetrabromophenolphtha-
lein is another cross-linker and a porphyrin-containing
homochiral COF, CCOF-CuTPP, was obtained. Very similar to
their last CCOF work, metal nanoparticles (M NPs) were
impregnated into CCOFs via successive solution impregnating
and metal reduction steps, and two M@CCOF-CuTPP (M = Au,
Pd) were constructed. CCOF-CuTPP is a rigid homochiral host-
framework that can provide a powerful chiral confined space
even at high temperatures. Moreover, the porphyrin moiety can
readily convert light into thermal energy. Thus, after metal
nanoparticles are loaded into the porous and heteroatom-rich
CCOF, Au@CCOF-CuTPP and Pd@CCOF-CuTPP feature chiral
templating, photothermal conversion and high catalytic activity,
which make them good catalyzers for thermally driven asymmetric
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Fig. 22 Asymmetric Henry reaction, reductive Heck reaction and
A3-coupling reactions catalyzed by M@CCOF (M = Au, Pd). Reproduced
from ref. 82 with permission from the American Chemical Society, copyright
2017. Reproduced from ref. 83 with permission from Nature Research,
copyright 2019.

one-pot Henry and A*-coupling reactions with both high yield (up
to 99% yield) and stereoselectivity (up to 98% ee value) (Fig. 22).%*

3.2 Chiral separation

Utilizing the well-defined and precise pore structure of multi-
functional COFs, they can be applied in separation technology
like gas separation,"®® water treatment (desalination and
dye removal),'®" organic solvent nanofiltration (OSN)'®* and
pervaporation. > Most COF-based separation is based on size
exclusion like membrane separation.'®*°® Nevertheless, this
field still faces huge challenges and opportunities.>*
Separation of enantiomers is of great significance in the
field of pharmacology and biology, because pure isomers may
have different properties in biological interactions, and phar-
macology and toxicology.'®”*** Chromatographic techniques
based on chiral stationary phases are considered to be one of
the most effective methods to separate and obtain enantiopure
compounds.'”’®"7* Recently, new chiral porous materials such
as metal-organic frameworks,'”* porous organic frameworks®
and porous organic cages'’* as a chiral stationary phase have
attracted lots of attention. The CCOF as a stationary phase for
chiral separation has great potential and application prospects.
In 2016, Yan et al. reported the first application of CCOF
materials for chiral gas chromatography. The CCOFs were
functionalized with chiral (+)-diacetyl-i-tartaric, and the chiral
COF-bound capillary columns were fabricated utilizing the
in situ growth approach and could realize the baseline separa-
tion of enantiomers such as (+)-1-phenylethanol, (+)-1-phenyl-
1-propanol, (+)-limonene and (£)-methyl lactate within 5 min.
The (+)-enantiomers were more ordered in the microenviron-
ment of the chiral COFs with stronger interaction than the
(—)-enantiomers. Furthermore, adsorption enthalpy between
the framework and each enantiomer were measured. Higher
adsorption enthalpy of between the COF and (+)-enantiomers
suggest that the high-resolution chiral separation is driven by
enthalpy. The CTpPa-1-bound capillary column also exhibits
excellent repeatability and recyclability; the relative standard

163
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Fig. 23 (a) The in situ growth approach by injecting a solution of CTp and
Pa-1 into the amino-modified capillary column. (b) Gas chromatograms
of (#)-1-phenylethanol, (+)-1-phenyl-1-propanol, (+)-limonene and
()-methyl lactate on a CTpPa-1-bound capillary column. Adapted from
ref. 28 with permission from Nature Research, copyright 2016.

(+)-methyl lactate

deviation of the retention time for the run to run (n = 7), day
to day (n = 5) and column to column (n = 3) was 0.15-0.30%,
1.11-1.89% and 2.35-3.41%, respectively (Fig. 23).2

COFs could also be a good candidate to be used for the
separation of small molecules in high performance liquid
chromatography (HPLC).”®*”>'7® In 2018, two 3D CCOF (CCOF
5 and 6) packed columns for HPLC were prepared by loading
the mixture of the crystalline samples and silica. As chiral
stationary phases (CSPs) for HPLC, they could separate racemic
alcohols, sulfoxides, carboxylic acids and esters. The perfor-
mance of the column packed with CCOF 5 was evaluated
by resolution of 1-phenyl-2-propanol, 1-phenyl-1-pentanol,
1-phenyl-1-propanol and 1-(4-bromophenyl)-ethanol with good
selectivity factor and chromatographic resolution, affording
o/Rs = 1.19/1.52, 1.20/0.92, 1.21/1.26 and 1.17/1.44, respectively.
Oxidation of imine linkages of CCOF 5 affords a stability-enhanced
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amide-linked framework (CCOF 6). Baseline separation of race-
mates of 1-phenyl-2-propanol, 1-phenyl-1-pentanol, 1-phenyl-1-
propanol and 1-(4-bromophenyl)-ethanol can be achieved by
the column packed with 6, affording o/Rs = 1.29/1.78, 1.21/1.58,
1.33/2.47 and 1.24/1.54, respectively (Fig. 24).

The pore interior of the oxidized CCOF was fine-tuned and
CCOF 6 showed superior resolution performance compared
with the pristine framework. Other types of racemates such
as sulfoxides, carboxylic acids and esters can also be completely
or partially resolved on the COF-based CSPs. Both COFs can
work as CSPs of HPLC for separation of racemic alcohols with
excellent durability. Separation performances remained the
same after repeatability testing for at least 2 months. The chiral
separation ability as CSPs of amorphous COF@SiO, and (R,R)-
TTA/SiO, hybrid microspheres was also evaluated for comparison.
The results showed that they cannot separate racemic alcohols,
further highlighting the key role of the crystalline 3D structure
of the COF in chiral separation. This work advances COFs as a
platform for chiral resolution and will expand the scope of
materials design and engineering to make new types of COFs with
unique enantioselective functions (Fig. 24).%

In 2018, Ma et al. reported a series of COFs with enriched
chirality (biomolecules = COFs) by covalently immobilizing bio-
molecules (amino acids, peptides, enzymes) into polyimide
achiral COFs. The as-synthesized lysozymecCOF 1 was
employed as chiral stationary phases for separating various
racemates including pr-tryptophan, pi-leucine, pr-threonine,
pr-lysine, pr-aspartic acid, ofloxacin, (+/—)-propranolol hydro-
chloride, metoprolol tartrate, alanyl glutamine, chlorpheniramine,
and benzoin. High chiral separation efficiencies are found for both
normal and reverse phases in high-performance liquid chromato-
graphy (HPLC). Besides, lysozyme = COF 1 CSP is also confirmed to

NH. < H (R)
& .
D)
®, 50
o 2100 9
<BRh § 5
H HN, 5
d tele;
§ )

) 20 Ty @ o
a=119 a=120 a=117 &
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Fig. 24

Retention time / min Retention time / min

(a—d) HPLC separation chromatograms of racemic 1-phenyl-2-propanol, 1-phenyl-1-pentanol, 1-phenyl-1-propanol and 1-(4-bromo-

phenyl)ethanol on the CCOF 5 (blue line) and 6 (red line) packed columns. Reproduced from ref. 86 with permission from the American Chemical

Society, copyright 2018.
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Fig. 25 (a) lllustration of lysozyme = COF 1 based CSPs for chiral separa-
tion; (b—g) HPLC separation chromatograms of pL-threonine, pL-leucine,
pL-tryptophan, ofloxacin, metoprolol, and chlorpheniramine. Reproduced
from ref. 74 with permission from Wiley, copyright 2018.

have good repeatability and reusability for >120 separation
runs during the tested period (2 months) with high efficiency
maintained (Fig. 25).”*

3.3 Chiral recognition

Recently, similar to other porous materials like MOFs,'”” COF
materials have also shown great potential as sensors. COFs with
large m-conjugated systems within and/or between building
units often exhibit intense fluorescence emissions. On the
other hand, one can easily engineer COF structures or func-
tions to have strong interaction towards an analyte, including
biomolecules. Demonstrated applications of COFs include
explosive sensing,'”® humidity sensing,’”® pH detection,'®’
biosensing,'®! gas sensing,'®> and metal ion sensing.'®* For
example, in 2016, Jiang et al. developed a highly luminescent
AlE-active COF as a highly sensitive sensor to detect ammonia
(AIE = aggregation-induced emission).”* Wang et al con-
structed a thioether-functionalized COF for highly sensitive
detection and effective removal of Hg”".'®* In addition, recogni-
tion of chiral biomolecules such as saccharides and amino
acids is an exciting area for COF research. Inspiration can be
drawn from the development in supramolecular chemistry.'5*

For example, CCOFs with Tp monomers are highly emissive.
Enantioselective sensing of saccharides was therefore examined
using CCOF TpTab. The emission at 540 nm was decreased when
TpTab was treated with aliquots of p-cellobiose, but the rate of
change with (4)-TpTab was faster than that with (4)-TpTab. Stern-
Volmer (SV) behavior in the 0-7 x 10~> mM concentration range
of disaccharide quenchers was studied. The association constants
(Ksy) were calculated as 13,086 + 1000 M~ with (A)TpTab
and 3806 + 200 M~ with (4)-TpTab. A quenching ratio [QR =
Ksy(ATpTab)/Ksy(4-TpTab)] of 3.44 £ 0.26: 1 was obtained (Fig. 26).
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Fig. 26 (a and b) The fluorescence emission spectra of the (A1)/(4)-TpTab
COF with increasing concentration of the p-cellobiose quencher. (c) SV
plots of the fluorescence emissions of the (A)/(4)-TpTab COF quenched
by b-cellobiose. Adapted from ref. 88 with permission from Nature
Research, copyright 2018.

The quenching of TpTab with different amounts of disaccharide
was highly efficient, and the fluorescence quenching is
likely due to the supramolecular interactions of TpTab with
saccharides, forming a CCOF-saccharide adduct. Furthermore,
the CCOF TpTab showed high enantioselectivity toward
chiral carbohydrates including saccharides, including p-glucose,
p-mannitol, p-sucrose, p-lactose, p-maltose, p-sorbitol, p-fructose,
p-gentiobiose, p-lactobionic acid, b-glucuronic acid, and
p-gluconic acid. Fluorescence quenching QR values were deter-
mined as 1.56 & 0.2, 2.18 + 0.4, 2.43 £ 0.16, 1.59 + 0.25, 3.62 +
0.16, 2.24 + 0.19, 2.49 + 0.21, 2.66 & 0.1, 2.00 + 0.30, 1.32 +
0.41, and 2.03 + 0.28, respectively.®®
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Chiral discrimination of vapours is crucial for olfactory
perception in biological systems. This inspires the development
of artificial chiral vapour sensors.'®® However, research in this
direction remains a big challenge. For the first time, in 2019,
Cui et al. reported two Binol-based CCOFs that can recognize
chiral vapours. The as-synthesized CCOFs could be easily
exfoliated into ultrathin 2D nanosheets (NSs) (denoted as
7-NS) due to the twisted TPE species by solvent-assisted liquid
sonication. Free-standing nanofiber membranes (denoted as
7@PVDF) were fabricated by electrospinning. The fluorescence
of 7-NS and 7@PVDF was examined for fluorescence recogni-
tion and sensing of chiral vapors including o-pinene, limonene,
fenchone, carvone, and terpinen-4-ol was performed. The
results showed that fluorescence emissions could be effectively
quenched by these chiral vapours. When 7-NS or 7@PVDF
was treated with the two enantiomers of (o)-pinene, the
(—)-enantiomers displayed faster quenching rates than the
(+)-enantiomers. Furthermore, for enantioselective quenching
ratios of several terpenes, both 7-NS and 7@PVDF showed
higher enantioselectivity than bulk CCOFs under the same
conditions (Fig. 27). The 7@PVDF membrane could be directly
reused for 3 cycles of sensing without significant loss of
enantioselectivity and the structure remained almost unchanged.
The CCOF NSs exhibited superior enantioselectivity of chiral
sensing compared to the bulk CCOF-based systems, likely due
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Fig. 27 The illustration of CCOF 7 exfoliation and the applications in
fluorescence recognition. (a) Stern—Volmer plots of 7-NS upon titration of
a-pinene in MeCN. (b) Enantioselective quenching ratio for several
terpenes. (c) Decrease percentage upon exposure to a-pinene for
7@PVDF. (d) Enantioselective fluorescence decrease ratio for several
vapors. (e) Chemical structures of terpenes. Reproduced from ref. 87 with
permission from the American Chemical Society, copyright 2019.
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to steric confinement of the CCOF channels that create a
discriminating chiral environment and conformational rigidity
arising from BINOL groups.®”

Transmembrane molecules and ion channels in the nano-
scale are widely found in biological systems and are crucially
important for a variety of physiological activities.'®”™*%°
Notably, 2D CCOFs tend to form uniform and controllable
chiral 1D mesochannels by the stacking of monolayers.'?**>
The nanochannels of 2D COFs may offer predesigned transport
pathways for ions and molecules. In 2019, Cui, Long and
co-workers reported utilizing nanochannels of 2D CCOFs for
enantioselective transmembrane transport of amino acids
(Fig. 26). Two vinyl-functionalized 2D COFs were crystallized,
and after the post-modification of B-cyclodextrin (B-CD), the
CD-COFs were further fabricated into free-standing mixed
matrix membranes (MMMs) that can selectively transport
amino acids. The chiral recognition ability was monitored by
both transmembrane ionic current measurements and permea-
tion experiments driven by osmotic pressure. After the CD-COF
MMM was exposed to - or p-histidine, the transmembrane
ionic currents increased only for r-histidine while almost no
changes were observed for p-histidine. To evaluate the change,
they calculated the current change ratio (R = (I — I,)/I, where
I, and I are the current measured at —1 V before and after
treatment with His). The R, s and R,y values were 0.34 and
0.01 for the CD-COF-1 MMM, respectively. The change in the
I-V characteristics could confirm the selective binding of
t-histidine into the CCOF nanochannels. Moreover, the B-CD-
COF channel provides a pathway for 1-His transport across the
membrane. The CD-COF MMM was fixed tightly in a cell at
room temperature. In one chamber of the cell, the p- or
t-histidine buffer solution was used as a feed solution, and the
concentrations of permeated solute at the other side of the cell were
measured by HPLC. The flux (J) of permeation was calculated
according to the equation J = C/At, where C is the concentration of
permeated solution, ¢ is the permeation time, and 4 is the effective
membrane area. The J, 1 of the CD-COF-1 MMM was calculated to
be 1.04 pM cm 2 h™* while the Joi5s was 0 pM em™ > h™'. This
indicated that the penetration rate of 1-His was much faster than
that of p-His (Fig. 28). This could be attributed to the enantio-
selective adsorption and desorption of r-histidine by the B-CD-COF
nanochannels. This work paves a way for COF nanochannels as a
platform with chiral functional groups for selective transmembrane
transport of small molecules and even biomolecules.”®

5 Conclusions and outlooks

The development of homochiral COFs is still in its infancy.
Nevertheless, tremendous progress is achieved. In this review,
we summarized the developments of CCOFs including the
synthesis strategies, peculiar structures and their applications
in heterogeneous asymmetric catalysis, enantioselective separa-
tion, and chiral recognition and sensing.

With the help of three synthetic strategies (post-synthesis,
direct synthesis, and chiral induction synthesis), several crystalline
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Fig. 28 (a) The illustration of the ionic current experiment of the CD-COF-MMM system and the ionic current change ratio versus the concentration of
histidine. (b) The illustration of the transmembrane transport experiment and the concentration of permeate solution at different permeation times.
Reproduced from ref. 76 with permission from the American Chemical Society, copyright 2019.

chiral COFs have been carefully customized. Among these
strategies, direct synthesis of CCOF, especially by using chiral
skeleton monomers, is advantageous in producing CCOFs with
open channels, permanent porosity, highly populated chiral
centres, and well-defined structures. However, challenges still
remain in synthesizing new CCOFs. Development of synthetic
methods for CCOFs is needed to balance the crystallographic
symmetry and the asymmetry arising from chiral functionalities.
As such, methods beyond solvothermal synthesis, including
microwave-assisted reactions, room-temperature synthesis, or
chemosynthesis, might be worth exploring.

In addition to developing synthetic methods, vast opportu-
nities lie in diversifying linkages. Almost all homochiral COFs
reported to date are synthesized through condensing amines
and aldehydes. The resulting imine bonds have shown satis-
factory hydrolytic stability. However, to improve their stability
towards acid or basic conditions, one might consider other
linkages such as olefin, phenazine, imide, or dioxin. Other
linkages that can foster extended conjugated systems might
give rise to interesting electronic properties. These properties
might in turn provide opportunities for chiral recognition and
sensing to read out using electrical signals.

Owing to the unique structural features and facile tunability
of the subcomponents and channels, CCOFs show great
potential in heterogeneous catalysis, enantioselective separa-
tion, and recognition. Some typical asymmetric reactions, such
as Aldol reaction, Henry reaction, and Diels-Alder reaction,
have been achieved by CCOF-based catalysts successfully, but
more complex and cutting-edge organic reactions remain to be

6268 | Chem. Soc. Rev., 2020, 49, 6248-6272

developed. Besides, compared to other porous materials, the
advantages of COFs in the field of asymmetric catalysis should
be explored in the future. In addition, the fundamental mecha-
nism of the COF-based chiral separation and recognition
system still remains unclear. Theoretical calculation as a very
useful tool is capable of predicting the structures and proper-
ties as well as simulating the separation and recognition
process. As such, the crystalline processes of CCOFs should
also be studied in more detail to prepare single crystals of
CCOFs, which can provide more accurate structural informa-
tion at the atom level via single-crystal X-ray diffraction
analysis. The structural studies of CCOFs would not only
provide more direct evidence of the mechanisms in catalysis
and recognition processes, but also help us to understand the
origin, transfer, and amplification of the chirality in the porous
framework. Furthermore, with a judicious choice of chiral
building blocks, more functional 2D and 3D CCOFs, particu-
larly those involving ‘“privileged” chiral organic linkers, chiral
organic catalysts and bioactive molecules, that can satisfy the
requirements for different applications could be expected in
the near future. The rational design and controllable synthesis
of stable and highly crystalline CCOFs with tunability in
composition and topological structures has become an urgent
necessity.
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