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y after discovery: pyrylium salt
chemistry emerging as a powerful approach for the
construction of complex macrocycles and metallo-
supramolecules

Yiming Li, ab Heng Wanga and Xiaopeng Li *a

Over one century after its discovery, pyrylium salt chemistry has been extensively applied in preparing light

emitters, photocatalysts, and sensitizers. In most of these studies, pyrylium salts acted as versatile

precursors for the preparation of small molecules (such as furan, pyridines, phosphines, pyridinium salts,

thiopyryliums and betaine dyes) and poly(pyridinium salt)s. In recent decades, pyrylium salt chemistry has

emerged as a powerful approach for constructing complex macrocycles and metallo-supramolecules. In

this perspective, we attempt to summarize the representative efforts of synthesizing and self-assembling

large, complex architectures using pyrylium salt chemistry. We believe that this perspective not only

highlights the recent achievements in pyrylium salt chemistry, but also inspires us to revisit this chemistry

to design and construct macrocycles and metallo-supramolecules with increasing complexity and

desired function.
1. Introduction

Pyrylium salts are a type of six-membered cationic heterocycles
with one positively charged oxygen atom. Compounds with
pyrylium salts exhibit excellent absorption, uorescence, and
electron transfer properties, and thus have been widely applied
as light emitters,1 photocatalysts,2 and sensitizers.3–6 The rst
iming Li received his MS degree
n chemistry at Central South
niversity, China in 2016.
erwards, he joined the group
f Prof. Xiaopeng Li at the
niversity of South Florida, and
eceived his PhD degree in 2020.
is research interests mainly
ocus on coordination-driven
elf-assembly and scanning
unneling microscopy.

gineering, Shenzhen University, Shenzhen

.cn

th Florida, Tampa, Florida 33620, USA

f Chemistry 2020
pyrylium salt with perchlorate as the counterion was reported in
1911 by Baeyer;7 however, since the discovery of pyrylium salts,
such salts have been underappreciated for about a half-century.
Until 1960s, the importance of pyrylium salts has been realized
as versatile precursors in a wide array of organic syntheses.8–10

Due to their high reactivity towards various nucleophiles,
pyrylium salts were widely employed for the convenient
synthesis of diverse heterocyclic compounds.

Starting from 1980s,11 the high reactive features of pyrylium
salts were further utilized to synthesize viologen polymers with
pyridinium salts in the backbones. Through the facile
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Fig. 1 Transformations of pyrylium salts to arenes or pyridinium salts.

Chemical Science Perspective
polymerization process by condensation reactions between bis-
pyrylium salts and primary diamines, a variety of cationic pyr-
idinium polymers were synthesized and simply puried by
precipitation and washing.11,12 Beneting from their positive
charges on the backbones and the aromatic structures, such
poly(pyridinium salt)s13,14 have displayed magnicent features,
such as electrochromism,15,16 photochromism,17 thermo-
chromism,18 liquid-crystalline19,20 and sensitive DNA detect-
ability,21,22 thus, have attracted much attention in the elds of
chemistry, physics and biology.

Compared with the well-documented study in small mole-
cules and polymers based on pyrylium salt chemistry,23,49 very
few works were focused on utilizing this approach in con-
structing large, discrete molecules, perhaps because of the
challenge on the molecular design and the lack of an efficient
purication strategy for the charged species. During the past
two decades, pyrylium salts have been employed by Höger and
Müllen as a powerful tool for the preparation of discrete organic
macrocycles with well-dened sizes, shapes and structures.24–26

By utilizing the transformation of the functionalized 2,4,6-tri-
arylpyrylium salt to the corresponding arene by the catalyst-free
condensation reaction with sodium phenylacetate (Fig. 1), the
backbones of macrocycles with functional groups at various
positions can be achieved in a few steps with moderate yields.
Also, since the entire structures were based on neutral back-
bones, these non-charged arenes can be readily separated and
puried by chromatography.
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In recent years, Li and co-workers have further employed
pyrylium salts for the construction of discrete metallo-
supramolecules based on the coordination-driven self-
assembly of multitopic pyridinium salt building blocks.27

Through the transformation of pyrylium salts to corresponding
pyridinium salts with high yields, the synthetic challenges of
multitopic ligands have been overcome with a remarkably
simplied process. Also, the feasible separation and charac-
terization were developed for the building blocks with multiple
positive charges. Moreover, the modular synthetic strategy28

and in situ one-pot approach29 were further explored to simplify
the synthesis of multitopic ligands using pyrylium salt
chemistry.

In this perspective, we attempt to summarize the represen-
tative efforts on synthesizing and self-assembling complex
macrocyclic and metallo-supramolecular architectures using
pyrylium salt chemistry. Two different types of systems are
included in this perspective, i.e., organic macrocycles and
metallo-supramolecules. Among these architectures, 2,4,6-tri-
phenylpyrylium salts (TPP) and its derivatives have been widely
used as the key precursor due to their facile transformation to
1,2,3,5-tetraarylbenzene derivatives or 1,2,4,6-tetraphenylpyr-
idinium derivatives (Fig. 1). With rigid structures and well-
dened angles, such intermediates could serve as ideal back-
bones of macrocycles and metallo-supramolecules, as well as
the scaffolds for facile functionalization at various positions.
We wish that this perspective not only highlights the recent
achievements in pyrylium salt chemistry, but also inspires the
community to revisit this chemistry to design and construct
macrocycles and metallo-supramolecules with increasing
complexity and desired function.
2. Pyrylium salts and their synthetic
methods

Since the discovery of pyrylium salts, numerous synthetic
methods have been developed for the synthesis of pyrylium
salts. Herein, we emphasize three major synthetic approaches
(Fig. 2) to achieve the 2,4,6-triarylpyrylium salt (TPP), which has
Fig. 2 Three common synthetic approaches to 2,4,6-triarylpyrylium
salt; (i) NaOH, EtOH, rt; (ii) HBF4, 1,2-dichloroethane, reflux; (iii) NaOH,
EtOH, reflux; (iv) Ph3COH, HBF4, Ac2O, rt; (v) BF3$Et2O, 100 �C.

This journal is © The Royal Society of Chemistry 2020
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been widely used as the precursor in constructing macrocyclic
architectures.

In approach 1, the precursor of trans-chalcone was rst
prepared by a condensation reaction between benzaldehyde
and 1 equivalent of acetophenone in the presence of a strong
base, e.g., sodium hydroxide. Then, another equivalent of ace-
tophenone reacted with the intermediate through dehydrocyc-
lization to obtain the target salt.30 Although multiple steps were
involved, this approach enabled the synthesis of dissymmetrical
pyrylium salts by using different ketones in two steps. 2,4,6-
Triphenylpyrylium salts can also be prepared with the 1,5-
diketone method (approach 2), in which 1,5-diketone was
synthesized as the precursor by treating benzaldehyde with 2
equivalents of acetophenone under a basic condition. Then, the
ring-close reaction was achieved by addition of triphenylme-
thanol and strong acids to obtain the pyrylium salt with rela-
tively higher yield than the other two approaches.31 The third
synthetic approach offers a more efficient preparation by
treating benzaldehyde and 2 equivalents of acetophenone with
BF3$OEt2 in a one-pot condensation reaction.32,33 However, this
approach is performed with a strong acid at high temperature,
which may result in undesired products for some reagents. It is
worth noting that due to the ionic feature of pyrylium salts,
these compounds are insoluble in many organic solvents like
toluene or diethyl ether, and can be easily puried by washing
with such solvents.
3. Heterocyclic molecules based on
pyrylium salts

With the positively charged oxygen atom, pyrylium salts are
strongly reactive towards diverse nucleophiles to readily form
various heterocyclic groups, including furan,7 pyridines,34

phosphinines,35–37 pyridinium salts,38,39 thiopyrylium salts40 and
betaine dyes41,42 (Fig. 3). As a result, pyrylium salt chemistry
provides a versatile platform for constructing different types of
small molecular aliphatic,43,44 aromatic,45 and heterocyclic46–48

derivatives with broad applications.49–53
Fig. 3 Synthesis of heterocyclic compounds using pyrylium salts as
precursors. The counterions are omitted.

This journal is © The Royal Society of Chemistry 2020
4. Polymers based on pyrylium salts

In addition to the synthesis of various small molecular hetero-
cyclic derivatives, pyrylium salts are involved in the preparation
of polymers with pyridinium moieties. Besides the usage as
photocatalyst and initiator in many polymerization
processes,54,55 pyrylium salts themselves are widely used as the
building blocks of many one-dimensional (1D) and two-
dimensional (2D) polymers (Fig. 4). By utilizing the bis-
pyrylium salts and diamines, the condensation reaction
between them can lead to a polymerization process, and intro-
duce the charged pyridinium ring into the backbone (1 in
Fig. 4a). Alternatively, the ionic polymers can also be obtained
by introducing a betain dye moiety into the side chain, and be
polymerized by other functional groups (2 in Fig. 4a).

Another type of polymer was prepared using pyrylium salts
as the synthetic intermediates to form different neutral conju-
gated structures (3 and 4 in Fig. 4b). Different functional poly-
amides, polyesters and polyethers were prepared with violet
and/or blue photoluminescence in both solution and solid
Fig. 4 Different types of polymers prepared by pyrylium salt chem-
istry. (a) Polymers with pyridinium salts in structures. (b) Polymers with
neutral conjugated structures. (c) Polymers with pyrylium rings
remaining in the structures.

Chem. Sci., 2020, 11, 12249–12268 | 12251
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state.56–61 The facile synthesis process of the pyrylium salts
simplies the introduction of functional groups onto the
backbones and side chains, and also facilitates the tuning of the
polymers' solubility, stiffness and function.

The third type of polymer was prepared using the pyrylium
ring itself as the structural moiety without transformation to
other heterocycles (5 (ref. 62) and 6 (ref. 63) in Fig. 4c).
Beneting from the remaining positively charged oxygen atom,
the pyrylium rings are highly electrophilic and reactive to many
nucleophilic chemicals with a wide range of absorptions and
emissions.63–66 Interestingly, styryl pyrylium salts were found to
have topochemical dimerization under photoirradiation to
form head-to-tail cyclobutyl rings in crystalline form ref. 67. Due
to this specic feature, the single-crystal structure of the 2D
polymer was obtained by photochemically induced polymeri-
zation of the tris-pyrylium salt monomer without losing the
ordered structure within the crystal (7 in Fig. 4c).68 In addition,
this pyrylium-containing polymer could be converted into
another 2D polymer with pyridines by simple exposure to
gaseous ammonia.69
5. Organic macrocycles based on
pyrylium salts

In the past half century, macrocycles have attracted consider-
able attention not only in the modication of natural macro-
cycles like cyclodextrins,70,71 porphyrins,72–74 and their
Fig. 5 Development of discrete organic macrocycles prepared by pyryl

12252 | Chem. Sci., 2020, 11, 12249–12268
derivatives, but also in the synthesis of articial macrocycles
such as crown ether,75,76 calixarenes,77 cucurbiturils,78 pillarar-
enes,79,80 cyclic benzenoids,81,82 and other macrocycles.83 Func-
tionalized macrocycles have been widely used in molecular
machines,84,85 biomedicine,86,87 catalysis,71,88,89 binding and
purication,81 anion recognition,90 molecular sensing,91–93 and
other applications. Among them, shape-persistent macrocycles
have become ideal systems to study the structure–function
relationships at the nanoscale level on account of their rigid
structures, inherent stabilities and precisely-controlled sizes
and shapes.94–97 However, the preparations of many macrocycles
are time-consuming, and suffer from the tedious separation
and purication, as well as low yields.

For the conventional approaches to shape-persistent mac-
rocycles, many synthetic methods have been explored,
including the intermolecular coupling reaction between
monomers,98–104 and the intramolecular cyclization of long
linear precursors.105–107 The former strategy involved just a one-
step reaction. However, byproducts with different membered
rings are inevitable, leading to a tedious separation process and
quite low yields (4–6%). The latter strategy gave a higher yield
(ca. 75%) for the nal cyclization step. However, the synthesis of
the linear precursor involved multiple steps.108 Also, it still
remains challenging to internally and externally modify the
macrocycles with functional groups for potential applications.

In 2002, Höger and co-workers rst reported the preparation
of a shape-persistent macrocycle based on pyrylium salt
ium salts.

This journal is © The Royal Society of Chemistry 2020
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chemistry.109 Such salts could be easily obtained through facile
processes with large quantities and diverse functional groups at
different positions.110 Also, the catalyst-free transformation
from pyrylium salts to the corresponding arenes was able to
form rigid structures with up to four directions, and thus
became a powerful synthetic approach for constructing discrete
macrocycles (Fig. 5). Such a key transformation had a high
tolerance to halogen groups, thus simplifying the synthesis
without tedious protecting and deprotecting reactions. Finally,
this strategy enables facile functionalization inside and outside
the macrocycles with desirable properties and functions.111

5.1 Shape-persistent macrocycles

As shown in Fig. 6, this strategy utilized 2,4,6-triarylpyrylium salt as
the key precursor to build the directing unit for further con-
structing the macrocycles. Among the four phenyl rings
substituted on the directing arms of 10, PhA and PhC usually act as
the anchoring sites for the internal and external modication of
the target macrocycles, respectively. The other two phenyl groups
of PhB were substituted with halogen atoms for further elongation
process by Sonogashira coupling of two corner spacers 11 with
mono-protected bisacetylene. Aer the deprotecting process, the
cyclization was performed with Glaser reaction between two half-
rings 13, and the macrocycle 14 could be obtained with yields of
around 50%. Moreover, with the decoration of exible alkyl chains
on the outside, the macrocycles could self-assemble into highly
ordered monolayers on the surface of highly oriented pyrolytic
graphite (HOPG). As shown in Fig. 6b, three different domains of
14 separated by domain boundaries were observed using scanning
Fig. 6 Macrocycle based on pyrylium salt chemistry. (a) Synthesis of
macrocycle 14. (b) STM image of 14 self-assembled at the 1,2,4-tri-
chlorobenzene/graphite interface. (c) High-resolution STM image with
unit cell and the orientations of the graphite surface indicated in red.
(d) Schematic representation of the tentative packing model with the
corresponding unit cell. Adapted with permission from ref. 115.

This journal is © The Royal Society of Chemistry 2020
tunneling microscopy (STM). High-resolution STM imaging
revealed that the macrocycles were tilted from the direction of the
molecular rows (Fig. 6c), and a tentative packing model of such
pattern is shown in Fig. 6d.

By using this strategy, a series of shape-persistent macro-
cycles was synthesized with different shapes and sizes.
Furthermore, with additional modications inside or outside
the macrocyclic backbones, self-assembled monolayers of the
macrocycles on the surface were well-controlled with a wide
range of symmetries and periodicities.112–116 However, in this
synthesis process, the byproducts of the cyclic trimers, oligo-
mers, and polymers were still inevitable, which hampered the
efficiency of the reaction and further separation process.
5.2 Macrocycles by template-directed cyclization

In order to increase the yield of macrocycles and eliminate the
formation of byproducts, a new strategy based on template-
directed cyclization was developed (Fig. 7). Through this
strategy, the cyclization reaction can be optimized to avoid
other oligomers or polymer byproducts, leading to a high yield
of up to 90%.117 In the synthesis, two half-rings were bridged
together with a so linker through the PhC moiety on the tet-
raphenyl benzene backbone. With the two half-rings linked, the
nal cyclization could be controlled as an intramolecular reac-
tion and dramatically reduce the formation of other byproducts.
Moreover, the central linker units were able to provide addi-
tional reaction sites for further synthesis of more complex
architectures.

5.2.1 Ring polymers. Many examples have shown that the
macrocycles can assemble into 2D arrays or stack into tubular
Fig. 7 Synthesis of ring polymer 20 based on pyrylium salt chemistry
through flexible template-directed synthesis.

Chem. Sci., 2020, 11, 12249–12268 | 12253



Fig. 8 Chemical structures based on pyrylium salt chemistry and
template-directed strategy. (a) Rotaxanes; (b) catenane; (c) phenylene
bicyclophanes; (d) covalent knots.

Chemical Science Perspective
structures.118,119 However, the supramolecular aggregates are
generally fragile to solvent and temperature. A new type of ring
polymer was reported by Höger and Lupton, in which the
macrocycles were threaded perpendicularly with covalent
connections inside (Fig. 7).120 By using the strategy of the
template-directed cyclization and connecting the template
linkers between the macrocycles, this new type of polymer was
synthesized by linking a linear conjugated axle inside with
a string of orthogonally aligned macrocycles. In the detailed
synthesis process, phenol groups were introduced on the PhC

benzene of the half-ring 15, and two half-rings were connected
together with the central linker 16 by stable ether bonds. With
the iodide on the central linker of 18, straight mono-protected
bisacetylene 19 was installed by Sonogashira coupling to form
the central axle aer the cyclization of the two half-rings. Then,
these new terminal alkynes were deprotected and polymerized
by Glaser coupling to achieve the nal ring polymer 20.

By comparing the photoluminescent properties of the ring
polymer and the ring itself, it was found that the macrocycle-
encapsulated polymer could accumulate the excitation energy
of the rings and worked efficiently as a light-harvesting mate-
rial. Also, with the macrocycles cladding outside, the ring
polymer exhibited much higher rigidity compared with the bare
linear polymer alone. Conventional linear polymers oen
become exible and folded with long chains, and a large devi-
ation was observed when testing the polarization anisotropy. In
sharp contrast, the ring polymers could maintain the rigidity
even with high molecular weight, leading to a potential appli-
cation as a molecular ruler for the calibration of GPC.121

5.2.2 Rotaxane. Based on the design of the ring polymer,
a nanosized phenylacetylene rotaxane was synthesized through
a template-directed approach by Grimme and Höger.122 In the
structures 21a and 21b (Fig. 8), two shape-persistent macro-
cycles were incorporated as the stopper of the rotaxane via
stable ether linkers. Conversely, the central rings were linked to
the template with ester bonds, which could be dissociated by
nucleophilic substitution. As such, the nal rotaxane with both
shape-persistent ring and rigid axis were obtained.

Both the stoppers and the central ring are shape-persistent
macrocycles with the exact same shape and size. The tert-butyl
and alkoxy groups were also installed on the exterior of each
ring to avoid the unthreading of the central macrocycle.
However, it was found that the central ring could unthread
through the axis and stopper spontaneously, leading to the
disassembly of the rotaxane. Further theoretical DFT calcula-
tions revealed the detailed unthreading process. With the ex-
ible linker dragging by the axle, the stopper ring could fold like
a taco and the expanding central macrocycle could slip off from
the rotaxane axle. This unthreading process revealed that the
shape-persistent macrocycles with exible templates were not
as rigid as expected. Instead, rigid templates might enhance the
shape persistence of stoppers for maintaining the rotaxane
structures.

5.2.3 Catenane. Inspired by the successful synthesis of
rotaxanes, such a covalent template approach was also used for
the construction of interlocked catenane 22.123 In this design
(Fig. 8), the central covalent linker not only facilitated the
12254 | Chem. Sci., 2020, 11, 12249–12268
cyclization of the rst ring, but also became the edge of the
second ring. Aer a similar ester cleavage, the nal mechan-
ically interlocked catenane was obtained. The key synthetic step
was the construction of the second ring, for which the phenyl
groups were extended from the template center to reduce the
steric hindrance for the subsequent coupling reaction, then two
mono-protected half-rings were connected to the template of
the rst ring with the pre-substituted aryl iodides. Eventually,
similar deprotection and cyclization steps were carried out to
achieve the nal catenane. The syntheses of rotaxanes and
catenane have proved that pyrylium salt chemistry coupled with
template-directed strategy could signicantly advance the
design and synthesis of sophisticated architectures with
mechanical bonds.

5.2.4 Phenylene bicyclophanes. Numerous cases have
proved that exible linkers can be used as a template for con-
structing macrocycles efficiently. However, in most of them, the
resulting macrocycles were unable to provide sufficient rigidity
for further study, such as self-assembly. Therefore, rigid units
have emerged as alternative templates for the construction of
macrocycles. Different from the synthetic strategy using exible
linkers, the rigid template was installed with multiple sodium
acetate groups, and the linking process of the backbones was
directly achieved by the multifold condensation reactions
between the templates and pyrylium salts. Given the short
length of the templates, the distance between the two back-
bones could be very close. Therefore, the nal cyclization could
This journal is © The Royal Society of Chemistry 2020
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be simply carried out by Yamamoto coupling reaction between
the adjacent halogen atoms on the two backbones.

By using this strategy, several high strained phenylene
bicyclophanes with different central templates were reported by
Grimme and Höger (23 in Fig. 8).124 Pyrylium salts with bromide
atoms substituted on the para-position of PhB were used as the
precursors. Since the adjacent bromide atoms were oriented
into different directions, a large strain energy was built up
during the cyclization process. Due to the compacted structures
and high strains in the macrocycles, the central aromatic units
and four benzene rings of the bicyclic backbone were forced to
be perpendicular to the molecular plane. Interestingly,
although the high strain energy was built up during the cycli-
zation process, the nal Yamamoto reaction was still able to
reach an astonishing yield up to 80%. Aer deposition on
HOPG, these aromatic units were oriented vertically to the
graphite surface, and thus offered a potential solution for
volume-phase surface functionalization.

Using the same synthetic strategy based on pyrylium salt
chemistry, Müllen et al. reported a cyclohexa-meta-phenylene
(24 in Fig. 8) as a precursor for the synthesis of hexa-peri-
hexabenzocoronene (HBC).26 Different from Höger's design,
chloride atoms were incorporated into themeta-position of the
pyrylium backbones. Thus, aer the two-fold condensation
reaction, chloride atoms were aligned face to face to enable the
subsequent cyclization by Yamamoto coupling. Although the
nal cyclohexa-meta-phenylene had much less strain energy in
the structure, the central phenylene group and four phenylene
units still created a torsion angle to the molecular plane due to
the steric hindrance brought by hydrogen atoms on the
benzene rings. By attening the phenylene units, the trans-
formation to HBC was achieved within just a few seconds,
producing a high yield of 89%. This work offered a new
approach for the synthesis of 2D nanographene by the at-
tening of three-dimensional (3D) oligo- and polyphenylenes.

In addition to phenylene bicyclophanes, the same strategy
with rigid templates was used to construct 3D carbon nano-
structures with increasing complexity, for instance, covalently
interlocked cyclohexa-meta-phenylenes (25a–c in Fig. 8).125

Instead of the mechanical bond of catenanes, this paddlewheel-
shaped molecule consists of two cyclohexa-meta-phenylene
rings, which are orthogonal to each other, but covalently
interlocked. Within each cyclohexa-meta-phenylene, the central
rigid template also serves as a part of rigid hexaphenyl back-
bone. To achieve this complex structure, the key template
dicarboxylate was designed with four chloride atoms orthogo-
nally aligned and pointing outward for further coupling reac-
tions. Aer a similar condensation reaction with pyrylium salts,
the octachloro-precursor was converted into the nal paddle-
wheel structure through a 4-fold Yamamoto coupling reaction
of preorganized face-to-face meta-chloro-phenylene units.
Interestingly, 25a is extremely thermally stable up to 450 �C, and
these 3D nanostructures can subsequently assemble into
a tight, stable hierarchical structure with supramolecular
interaction. This work further supported the versatility of the
pyrylium salt chemistry in the synthesis of complex molecular
architectures, and paved a new avenue towards 3D carbon
This journal is © The Royal Society of Chemistry 2020
materials by combining the molecular and supramolecular
approaches.
5.3 Spoked wheels

By using a template-directed strategy, the cyclization efficiency
was substantially improved. However, with the increasing sizes
of the macrocycles, these cyclic constructs lost their shape-
persistence. Thus, another type of reinforced 2D architecture
was reported in 2007 (ref. 126) with a central hub unit and six
spokes to enhance the rigidity, and was named as a molecular
spoked wheel (34 in Fig. 9). These disc-shaped molecules
exhibited the desired shape-persistence and reasonable
solubility.

The synthesis of spoked wheel 34 was also achieved by
template-directed approach. The target spoked wheel struc-
ture was constructed from different rigid subunits (Fig. 9), i.e.,
hexaiodo-substituted center 31 as the hub, long and straight
phenylacetylene 29 as the spoke, and functionalized arene
converted from pyrylium salt 26 as the backbone. In the
structure of backbone 26, two PhB groups acted as the key
components for further elongation and coupling to form the
rim 28. PhC was utilized as the docking site to the central hub
unit 31 through the rigid linear spokes 29 to obtain the star-
shape precursor 32, which contains the template within the
structure. The nal rim closure was achieved by 6-fold intra-
molecular coupling of adjacent alkyne units on the rims to give
the spoked wheel 34 with 65% yield. The structure of the
spoked wheel was conrmed by STM on the surface of HOPG
using a solution of 34 in toluene (Fig. 9b). The shape and size
of the spoked wheel both matched well with the modeling
structure (Fig. 9c). Furthermore, the well ordered self-
assembly patterns of spoked wheel 34 were observed both at
the air–solid (toluene solution deposition) and liquid–solid
(octanoic acid/graphite) interface. Due to the different stag-
gering patterns of the tert-butyl groups on adjacent molecules,
spoked wheel 34 could form two kinds of closed-packing
domains with different orientational chiralities on the
surface (Fig. 9d–f).

By utilizing this strategy, several spoked wheels were con-
structed with different sizes from 5.7 to 12 nm. Also, functional
groups were introduced at different positions, such as the rim,
hub and spoke. As such, the self-assembly of such spoked
wheels on the surface could be further controlled with different
patterns and symmetries.127–131 Compared to the structure of the
hollow-centered macrocycles, the rigidity of the spoked wheel
was highly improved. However, it was found that the spoked
wheels based on poly(p-phenylene ethynylene)s decomposed
slowly at room temperature.132

In order to increase the stability of the spoked wheels, another
synthetic strategy was established by Müllen and Höger inde-
pendently in recent years.25,132 The new types of spoked wheels
were build up based on poly(p-phenylene)s instead of poly(p-
phenylene ethynylene)s with the purpose for enhancing the
stability and rigidity. In contrast to the previous synthesis
(Fig. 10), spoke 36 was attached onto 35 directly through Suzuki
coupling on PhC with one acetylene in the center. The key star-
Chem. Sci., 2020, 11, 12249–12268 | 12255



Fig. 9 Synthesis of phenylene ethynylene-based spoked wheel 34 using pyrylium salt chemistry. (a) Synthetic route of spoked wheel 34; (b) STM
image of single spoked wheel 34 on graphite; (c) STM image with molecular model overlapped on the left molecule; (d) STM images of the 2D
organization of 34 at the octanoic acid/graphite interface with clockwise staggering; (e) 2D organization of 34 with counter-clockwise stag-
gering; (f) corresponding molecular models of (d) and (e). Adapted with permission from ref. 126 and 128.

Chemical Science Perspective
shaped precursor 38 was obtained from the Co-catalyzed trime-
rization of the dimer segments 37 with a relatively high yield of
up to 46%. Also, nomore elongation was needed for the two arms
on PhB to facilitate intramolecular Yamamoto coupling in the
formation of spoked wheel 39. The structure of this wheel-like
macrocycle was conrmed by forming a self-assembled mono-
layer and imaging with STM. In addition, the submolecular
features of the aromatic frames were clearly observed in the high-
12256 | Chem. Sci., 2020, 11, 12249–12268
resolution STM image (Fig. 10b). A molecular model (Fig. 10c)
that was built based on the experimental patterns indicated that
the adjacentmolecules possibly had interactions through the van
der Waals forces of the dodecyl chains installed on the corners.
Within the enlarged STM images, the shape and size of the
spoked wheel matched closely with the theoretically calculated
structure (Fig. 10d and e).
This journal is © The Royal Society of Chemistry 2020
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By introducing different side chains on the corner or on the
edge of the spoked wheel, Höger also synthesized three all-
phenylene spoked wheels using the same strategy. Self-
assembled monolayers at the 1-phenyloctane (PHO)/HOPG
interface with different 2D crystalline patterns were also inves-
tigated by STM with submolecular resolution. One of the three
spoked wheels (40 in Fig. 10f) installed with six tris(hex-
adecyloxy)benzyl groups could form an unusual interdigitation
Fig. 10 Synthesis of phenylene-based spoked wheels using pyrylium sal
STM image of a self-assembled monolayer of 39; (c) molecular model of
molecule of 39; (e) enlarged STM image overlapped with the molecular s
assembled monolayer of 40. Adapted with permission from ref. 25 and

This journal is © The Royal Society of Chemistry 2020
pattern, which is formed by three crystallographically different
molecules with a rather large unit cell (Fig. 10g). These new
spoked wheels exhibited high stability and rigidity even in
a wide temperature range, as well as a liquid crystalline
feature.132 The synthetic strategy could offer a promising
pathway for the design and synthesis of new 2D carbon mate-
rials and liquid crystalline materials.
t chemistry. (a) Synthetic route of spoked wheel 39; (b) high-resolution
the self-assembled network of 39; (d) enlarged STM image of a single
tructure of 39; (f) structure of spoked wheel 40; (g) STM image of self-
132.
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6. Metallo-supramolecules based on
pyrylium salt chemistry

By utilizing the coordination-driven self-assembly with metal
ions (acting as corner or node), the construction of complex
architectures can be dramatically simplied. Due to the highly
directional and predictable feature of metal coordination, the
sizes and geometries of the 2D and 3Dmetallo-supramolecules
can be pre-designed and precisely controlled. Since the
1990s,133 numerous metallo-supramolecules have been con-
structed with elaborate architectures and desired func-
tions.134–153 However, because of the bending arms of the
ditopic ligands and the distortion of the coordination sites in
large scale systems, unexpected constructs and byproducts
with different number rings have become the obstacles in the
self-assembly of metallo-supramolecules.154–159 Unfortunately,
unlike the organic macrocycles, it is challenging to separate
the metallo-supramolecules using chromatography due to the
highly charged structures and the dynamic coordination
bonds. Thus, new synthetic strategies are highly desirable for
the preparation of metallo-supramolecules with increasing
complexity.

To precisely control the self-assembly to be the single
component process through rational design, Li and co-
workers established the multivalent coordination-driven self-
assembly guided by increasing the density of coordination
sites (DOCS) to introduce more geometric constraints for the
formation of discrete metallo-supramolecules.160 In order to
increase the DOCS, extra parallel arms could be installed on
Fig. 11 Development of metallo-supramolecules assembled by multitop

12258 | Chem. Sci., 2020, 11, 12249–12268
the backbones of the ligands to reinforce the rigidity of the
structure. These multitopic ligands could further ensure the
angle between the arms, and work cooperatively to eliminate
the formation of undesired byproducts. Thus, multivalent
coordination-driven self-assembly emerged as a powerful
approach for the construction of giant metallo-
supramolecules with increasing complexity and stability
(Fig. 11). Similar to the organic macrocycles, in the synthesis
of multiarmed ligands, phenylene or phenylene–ethynylene
were widely incorporated into the backbones of the building
blocks in many cases, and coupling reactions were utilized to
extend arms to different orientations with corresponding
binding subunits.160–164 However, with the increasing
complexities and sizes of the structures, it remains a formi-
dable challenge to prepare multitopic ligands due to the
relatively low reaction efficiency on multiple sites, tedious
synthesis process and difficult purication process of high
polarity products. In the journey of pushing the limits of
complexity, pyrylium salt chemistry was employed to prepare
a series of multitopic terpyridine (tpy) building blocks with
high efficiency.
6.1 Concentric hexagons assembled by multitopic ligands

To overcome the synthetic challenges, a series of tetratopic tpy
ligands was prepared by condensation, followed by Suzuki
coupling strategy (Fig. 12). Briey, the condensation reaction
between pyrylium salts and primary amines was rst employed
to simplify the preparation of multitopic ligands.27 Compared to
the condensation between pyrylium salts and sodium
ic terpyridine ligands prepared by pyrylium salt chemistry.

This journal is © The Royal Society of Chemistry 2020



Fig. 12 Self-assembly of concentric hexagons by tetratopic tpy-pyr-
idinium salt ligands prepared by pyrylium salt chemistry. (a) Syntheses
of tetratopic ligands by condensation, followed by Suzuki coupling
reaction; (b) self-assemblies to concentric hexagons; (c) electrospray
ionization-mass spectrometry (ESI-MS) and (d) ion mobility-mass
spectrometry (IM-MS) characterization of 49. Adapted with permission
from ref. 27.
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phenylacetate, this condensation was able to convert pyrylium
salt 41 into pyridinium salt 43 in high yield. Aer that, a two-
fold Suzuki coupling reaction was performed to prepare tetra-
topic tpy ligand 45 with a yield of 61%.

During the self-assembly, ligand 45 assembled with Zn(II)
ions in a 1 : 2 ratio to construct concentric hexagon 48 in
nearly quantitative yield. Beneting from the positive charges
of the pyridinium backbones and the metal ions, the molec-
ular mass could be easily conrmed by electrospray ionization
mass spectrometry (ESI-MS) with one prominent set of peaks
due to the successive loss of counterions (Fig. 12c). Traveling-
wave ion mobility-mass spectrometry (TWIM-MS) further
indicated that the discrete concentric hexagon was found as
the predominant product on account of the highly rigid
backbone (Fig. 12d). In contrast, multiple assemblies,
including that of the tetramer, pentamer, hexamer and
This journal is © The Royal Society of Chemistry 2020
heptamer, were observed for the self-assembly using the
ditopic tpy ligand.165 By using the condensation followed by
coupling synthetic strategy to prepare multitopic building
blocks, the other concentric hexagons 49 and 50 were assem-
bled using different tetratopic tpy ligands 46 and 47, respec-
tively (Fig. 12). Also, the combination of different tetratopic
ligands could assemble into hybrid concentric hexagons with
increasing diversity and complexity.27 Besides the decent yield
during the synthesis, concentric hexagons were able to hier-
archically self-assemble into nanoribbon structures on the
surface of HOPG, leading to a potential application as nano-
materials for further studies.
6.2 Kandinsky circles constructed by modular synthetic
strategy

In the pursuit of constructing higher generations of concentric
hexagons, hexatopic and octatopic tpy ligands are needed to
achieve the 3rd and 4th generation structures, respectively.
However, a synthetic strategy involving condensation followed
by coupling was unable to prepare the hexatopic or octatopic
building blocks due to the defects generated during the
coupling reaction, and the challenge for the isolation of mul-
titopic ligands from a mixture of pyridinium salts with similar
polarity.

As such, a modular synthetic strategy was further devel-
oped by Li et al. to prepare the target ligands in high effi-
ciency.28 Instead of performing the coupling reaction on
pyridinium salts, tpy units were introduced to the PhB phenyl
groups of pyrylium salts by the Suzuki coupling reaction
before the condensation (Fig. 13). Under the basic condition
of the Suzuki coupling reaction, the pyrylium rings were
opened to form neutral diketones, which were quite stable
and readily puried by chromatography. Then, the ditopic
units can be converted back to pyrylium salts quantitatively by
simply treating with a strong acid, e.g., HBF4. Using the same
process, a series of tpy-containing ditopic modules (51 to 56)
with different arm lengths was prepared efficiently for the
different layers of nested hexagons, namely, Kandinsky
circles.

During the synthesis, pyrylium salt modules with amide
groups were applied for the condensation. Aer that, the so-
formed pyridinium salt intermediates with amide could be
deprotected to generate primary amine for the next round of
condensation with the corresponding pyrylium salt module. By
repeating the condensation–deprotection cycles, the multitopic
ligands were constructed from the inner arms to outer arms. By
utilizing this elaborate and powerful strategy, ligands 46, 59 and
60 have been successfully prepared. Theoretically, higher
generations of multitopic building blocks are also feasible by
repeating these steps more times.

In the self-assembly with Cd(II), three generations (61–63) of
Kandinsky circles were assembled with molecular weights of
17 964, 27 713 and 38 352 Da, respectively. Beyond individual
metallo-supramolecules, these Kandinsky circles could hierar-
chically assemble into nanoribbons on the HOPG surface due to
the strong interaction between the nested structure and
Chem. Sci., 2020, 11, 12249–12268 | 12259



Fig. 13 Metallo-supramolecular Kandinsky circles by modular synthesis. (a) Modules used in synthesis; (b) synthesis and self-assembly to
Kandinsky circles; (c) STM images of nanoribbons assembled by 61; (d) enlarged STM image of nanoribbon structure; (e) TEM imaging of tubular-
like nanostructure assembled by 61; (f) proposedmodel of transmembrane channels formed by 62; (g) current traces (15 s) of 61 (5.0 nM), 62 (5.0
nM), and 63 (40 nM) in the planar lipid bilayer at +100 mV in KCl (1.0 M) solution; (h) TEM images of MRSA cells; (i) MRSA cells were treated by 61
and damaged, and cell death was observed. Adapted with permission from ref. 28.
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substrate (Fig. 13c and d). Furthermore, these discrete nested
metallo-supramolecules were prone to assemble into tubular
nanostructures in solution, perhaps on account of the p–p

stacking and van der Waals interaction (Fig. 13e). Due to the
high density of positive charges and the pyridinium salts con-
taining backbones, these metallo-supramolecules showed
strong electrostatic interactions with the negatively charged
anionic glycopolymers on the cell wall of Gram-positive bacteria
and formed transmembrane channels (Fig. 13f), leading to
a high antimicrobial activity against methicillin-resistant
Staphylococcus aureus (MRSA), but negligible toxicity to
eukaryotic cells (Fig. 13h and i).
6.3 Spiderwebs constructed by one-pot synthesis/self-
assembly strategy

Although the modular strategy enabled the synthesis of the
multitopic tpy ligand, the separation of the charged pyr-
idinium building block was still a major limitation for con-
structing concentric hexagons. In order to simplify the
synthesis process and avoid the separation of multitopic
Fig. 14 Metallo-supramolecular spiderwebs by one-pot synthesis/se
(b) UHV-LT-STM image of individual 67 on Ag(111) surface; (c) enlarge
of individual 68 on Ag(111) surface; (e) zoomed-in STM image of one
29.

This journal is © The Royal Society of Chemistry 2020
building blocks, a multicomponent synthesis/self-assembly
strategy was recently developed by combining the irrevers-
ible condensation and highly reversible ligand–metal coordi-
nation in one pot29 (Fig. 14). Given the highly efficient
condensation between pyrylium salts and primary amines, the
pyrylium salt 54 was mixed with the primary amine precursor
64, hexatopic tpy ligand 65, and Zn(II) at a 6 : 6 : 1 : 18 ratio in
one pot, in which a pentatopic building block could be
generated in situ for the self-assembly with 65 and Zn(II) to
construct a spiderweb-like 2D metallo-supramolecule 67.
Similarly, two three-armed ligands 66 were applied to replace
hexatopic ligand 65 in the combination with 54, 64 and Zn(II)
to construct another spiderweb 68 with two overlapped ligands
66 as the hub. Both spiderwebs were clearly observed by
ultrahigh-vacuum, low-temperature scanning tunnelling
microscopy (UHV-LT-STM) (Fig. 14b and d). The images
showed the hexagon shaped akes of the individual metallo-
supramolecules with the diameters of 7 nm, agreeing well
with the modeling structures. Zoomed-in STM images further
showed the submolecular structures of both spiderwebs.
Accordingly, three signal lobes in the center of 68 and six lobes
lf-assembly strategy. (a) Synthesis and self-assembly of Spiderwebs
d STM image of one 67 metallo-supramolecule in (b); (d) STM image
68 metallo-supramolecule in (d). Adapted with permission from ref.

Chem. Sci., 2020, 11, 12249–12268 | 12261
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in 67 were observed (Fig. 14c and e), which also matched with
the structure of the central subunits.

It is worth noting that the multicomponent self-assembly,
such as self-sorting by heterotopic ligands and metals,166,167

subcomponent self-assembly with different reversible
bonds,145,168,169 and template-driven synthesis170–174 has been
extensively used to construct supramolecular architectures.
However, all of these strategies rely on non-covalent (coordi-
nation) and/or dynamic covalent chemistry. Such a new strategy
based on irreversible condensation and dynamic coordination
provided an alternative approach to improve the synthetic effi-
ciency in constructing sophisticated metallo-supramolecules
with multiple components.

6.4 Hexagonal prism: 3D architecture based on pyrylium salt
chemistry

Beyond the synthesis of 2D metallo-supramolecules, pyrylium
salt chemistry was also applied in the construction of 3D
architectures. For instance, 3D hexagonal prisms 73a/b were
achieved by using pentatopic tpy ligands 72a/b through
coordination-driven self-assembly with Cd(II),175 respectively.
In the preparation of 72a/b, tritopic pyrylium salt precursors
71a/b were synthesized for further condensation with primary
amine precursor 51. Since the double-layered Kandinsky
Fig. 15 Metallo-supramolecular hexagonal prism. (a) Synthesis and
self-assembly of the hexagonal prism; (b) STM images of the
tubular-like nanostructure on the HOPG surface; (c) cross-section
of the line marked on the nanostructure shown in panel (b) and (d)
3D deconvolution fluorescence microscopy images of bacterial
cells with and without treatment of 73a/73b (4 mmol L�1, DMSO as
the control agent). Scale bar: 1 mm. Adapted with permission from
ref. 175.

12262 | Chem. Sci., 2020, 11, 12249–12268
circles were proved to be robust and thermodynamically
stable,28,160 the introduction of the h arm unlikely affected
the formation of the concentric hexagon. Indeed, the ESI-MS
spectrum proved that the double-layered Kandinsky circle
with six free tpy units was the main intermediate during the
self-assembly process. As such, this concentric hexagon not
only served as the base surface, but also acted as the template
of the nal hexagonal prism. Furthermore, the STM study
showed that the hexagonal prisms had strong tendency to
form tubular-like nanostructures (Fig. 15b and c). Due to their
high positively charged structures, these metallo-
supramolecules exhibited stronger electrostatic interaction
with the negatively charged surfaces of the Gram-positive
bacteria, leading to a good antimicrobial selectivity toward S.
aureus and B. subtilis (Fig. 15d).

More importantly, different from the conventional
construction of prisms by using highly symmetric building
blocks, this work utilized an asymmetrical ligand as the
building block and the intermediary metallo-macrocycle as the
template to construct a 3D metallo-supramolecule. It is antici-
pated that this new strategy could substantially advance the
design and synthesis of 3D metallo-supramolecules by con-
structing 2D structures as the face for further assembly of 3D
architectures with higher complexity.
6.5 Functionalization of the concentric hexagon

Benetting from the rigid backbone and rm scaffold, the
structure of the concentric hexagon can be used as a perfect
foundation for carrying functional groups at different positions
for further functions and applications. Very recently, Li and co-
workers have decorated such concentric hexagons with Pt(II)
motifs to activate the aggregation-induced phosphorescent
emission (AIPE) feature,176–179 a variant of aggregation-induced
emission (AIE), of the metallo-supramolecule.180 In order to
introduce a functional group with xed orientation, terminal
alkyne groups were installed on the external corners of the
structure. The introduction of the Pt motif was achieved by Pt–
alkyne bond with high stability. With the Pt(II) motifs installed,
this 10 nmmetallo-supramolecule 77 displayed phosphorescent
emission with a lifetime of 218 ns at room temperature. More-
over, beneting from the synergistic combination of AIE
features from the Cd(II)-tpy units on the scaffold and the AIPE
from the functional Pt(II) motifs, the self-assembled metallo-
supramolecule exhibited signicantly enhanced AIPE effect
(Fig. 16d).

In this work, the introduction of terminal alkyne groups
greatly facilitated the functionalization of supramolecules. The
reactive diversity of alkyne groups can be further used to modify
the metallo-supramolecules with a variety of functional groups
through efficient reactions, such as ‘Click Chemistry’. Further-
more, it is worth noting that the introduction of functional
groups to such a giant metallo-supramolecular system
expanded the scope of discrete functional materials into the
dimension beyond 10 nm with molecular level precision.
This journal is © The Royal Society of Chemistry 2020



Fig. 16 Functionalized concentric hexagon. (a) Synthesis and self-assembly of functionalized concentric hexagon; (b) STM image of 77 showing
the presence of two metallo-supramolecules; (c) enlarged STM image of a single metallo-supramolecule; (d) phosphorescent emission spectra
of 77with N2 deoxygenated acetonitrile/water solvent; (e) emission photographs of 77 in N2 deoxygenated acetonitrile/water with various water
fractions. Adapted with permission from ref. 180.
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7. Conclusion

Since its discovery over one century ago, pyrylium salt chemistry
has been mainly limited to the preparation of small molecules
and polymers, rather than discrete macrocycles and metallo-
supramolecules. The prosperous development of pyrylium
salts in the synthesis of small heterocycles and polymers was
attributed to the following aspects. First, beneting from the
high reactivity of pyrylium salts, small heterocycles and pyr-
idinium polymers could be easily obtained with a one-step
reaction. However, the synthesis of macrocycles and metallo-
supramolecules usually involved elaborate design and
multiple-step synthesis. Second, the separation of small
This journal is © The Royal Society of Chemistry 2020
heterocycles from their staring materials and byproducts is
readily approached through simple purication, such as
precipitation and chromatography. In contrast, the purication
of pyrylium salt-based polymers was mainly realized by
precipitation and washing. In comparison, the purication of
macrocycles was quite challenging in the presence of reagents
and byproducts with similar structures in the earlier years. In
addition, many charged metallo-supramolecules with dynamic
coordination bonds were unable to stand column separation.
Third, most of the heterocycles obtained from pyrylium salt
chemistry possessed low molecular weights and simple struc-
tures, which could be easily characterized by NMR, MS, and
single-crystal X-ray diffraction. However, in front of the
Chem. Sci., 2020, 11, 12249–12268 | 12263
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macrocycles and metallo-supramolecules with giant sizes and
complex structure, conventional characterization techniques
were only able to provide very limited structural information.
Therefore, pyrylium salt chemistry was underappreciated in
constructing discrete architectures.

With the development of synthetic methods and character-
ization techniques, the design and synthesis of macrocycles and
metallo-supramolecules based on pyrylium salt chemistry have
made profound progress in terms of the size, diversity,
complexity and functionality in the past two decades. Among
them, most of pyrylium salt chemistry was concentrated on the
condensation between pyrylium salts and phenylacetate or
primary amine precursors. The formal condensation reaction
was limited to very few simple phenylacetate analogs and
suffered from low efficiency and yield. Unfortunately, no
attempts were made to expand the scope of phenylacetate
analogs regarding diversity and complexity. Therefore, opti-
mizing the reaction to develop more efficient condensation
conditions is expected to advance the future study. In contrast,
the latter condensation was applied for a variety of precursors
with primary amine. Three strategies, i.e., condensation fol-
lowed by coupling reaction on pyridinium salts, coupling
reaction on pyrylium salts followed by condensation (modular
synthetic strategy), and one-pot synthesis/self-assembly, were
developed to prepare multitopic building blocks for assembling
a series of 2D and 3D metallo-supramolecules with increasing
complexity. However, the purication of multitopic pyridinium
building blocks with multiple charges and the stability of pyr-
idinium salts under basic condition are the major issues for
receiving more broad attention in macrocyclic and metallo-
supramolecular chemistry. With the assistance of advanced
chromatography techniques, the purication could be solved
accordingly.

Beyond the condensation reaction with phenylacetate or
primary amine, pyrylium salts on the backbones could also be
easily transformed into other functional groups. For instance,
the pyridine ring can be achieved by reacting ammonia gas with
pyrylium salts without modifying the structures.114 Using this
strategy, other nucleophiles are able to convert the pyrylium
ring into a series of heterocycles such as pyridines,34 phosphi-
nines,35–37 pyridinium salts,38,39 thiopyrylium salts40 and betaine
dyes,41,42 in order to introduce a variety of functions and appli-
cations. Moreover, the stability of constructed architectures
with arenes or pyridinium salts as backbones can be further
enhanced by forming fused conjugated systems to substantially
change the electronic and optical properties.112,181,182

In addition to modifying the backbones of macrocycles and
metallo-supramolecules directly, the functionalities can be
introduced by attaching functional groups onto the structures
as accessories. For instance, besides the employment of the
Pt(II) motif for AIPE property, other luminophores could be
attached for tuning the luminescence of the macrocycles and
metallo-supramolecules, such as tetraphenylethylene
(TPE),183–187 boron-dipyrromethene (BODIPY),188–191 triphenyl-
amine,192,193 pyrene,194 and perylene diimide. Moreover, the
bioactivity of pyrylium salt- and pyridinium salt-based metallo-
supramolecules can be further combined with the Ru(II) or Pt(II)-
12264 | Chem. Sci., 2020, 11, 12249–12268
containing functional groups for further application, such as
antibacterial materials, anticancer drugs195,196 and phototherapy
agents.197–199 With precisely-controlled sizes and structures,
these large but discrete architectures have emerged as the ideal
platforms for installing functional groups to develop novel
functional materials by lling the gap between small molecules
and polymers. In addition, the employment of pyrylium salt
chemistry is expected to advance the design, and simplify the
construction and functionalization process.

Through this review, we hope that the research communities
in the elds of organic synthesis, metallo-supramolecular
chemistry and macrocyclic chemistry are willing to rethink
and revisit pyrylium salt chemistry to further advance the
synthetic methodology aer it was discovered over a century
ago. Once the synthetic chemistry is advanced, we should be
able to push the limits of macrocyclic and metallo-
supramolecular chemistry by creating functional (supra)mole-
cules with increasing complexity, molecular level precision and
desired function.
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91 Q. He, G. I. Vargas-Zúñiga, S. H. Kim, S. K. Kim and

J. L. Sessler, Chem. Rev., 2019, 119, 9753–9835.
92 Y. Ding, Y. Tang, W. Zhu and Y. Xie, Chem. Soc. Rev., 2015,

44, 1101–1112.
12266 | Chem. Sci., 2020, 11, 12249–12268
93 Y. Ding, W.-H. Zhu and Y. Xie, Chem. Rev., 2017, 117, 2203–
2256.

94 W. Zhang and J. S. Moore, Angew. Chem., Int. Ed., 2006, 45,
4416–4439.
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S. Campagna, Inorg. Chem., 2013, 52, 11944–11955.

183 X. Yan, H. Wang, C. E. Hauke, T. R. Cook, M. Wang,
M. L. Saha, Z. Zhou, M. Zhang, X. Li, F. Huang and
P. J. Stang, J. Am. Chem. Soc., 2015, 137, 15276–15286.

184 X. Yan, T. R. Cook, P. Wang, F. Huang and P. J. Stang, Nat.
Chem., 2015, 7, 342–348.
12268 | Chem. Sci., 2020, 11, 12249–12268
185 C. Lu, M. Zhang, D. Tang, X. Yan, Z. Zhang, Z. Zhou,
B. Song, H. Wang, X. Li, S. Yin, H. Sepehrpour and
P. J. Stang, J. Am. Chem. Soc., 2018, 140, 7674–7680.

186 J. Dong, Y. Pan, H. Wang, K. Yang, L. Liu, Z. Qiao, Y. Di
Yuan, S. B. Peh, J. Zhang, L. Shi, H. Liang, Y. Han, X. Li,
J. Jiang, B. Liu and D. Zhao, Angew. Chem., Int. Ed., 2019,
59, 10151–10159.

187 J. Dong, Y. Pan, H. Wang, K. Yang, L. Liu, Z. Qiao,
Y. D. Yuan, S. B. Peh, J. Zhang, L. Shi, H. Liang, Y. Han,
X. Li, J. Jiang, B. Liu and D. Zhao, Angew. Chem., Int. Ed.,
2020, 59, 10151–10159.

188 M. Zhang, M. L. Saha, M. Wang, Z. Zhou, B. Song, C. Lu,
X. Yan, X. Li, F. Huang, S. Yin and P. J. Stang, J. Am.
Chem. Soc., 2017, 139, 5067–5074.

189 A. J. Musser, P. P. Neelakandan, J. M. Richter, H. Mori,
R. H. Friend and J. R. Nitschke, J. Am. Chem. Soc., 2017,
139, 12050–12059.
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