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CONSPECTUS: Aromatic compounds are important in synthetic
chemistry, biomedicines, and materials science. As a special type of
aromatic complex, transition-metal-based metallaaromatics contain
at least one transition metal in an aromatic framework. The
chemistry of metallaaromatics has seen much progress in
computational studies and synthetic methods, but their properties
and applications are still emerging. In recent years, we have
disclosed a series of metal-centered conjugated polycyclic metal-
lacycles in which a carbon chain is chelated to a metal center >
through at least three metal—carbon bonds. These are termed B
carbolong complexes and exhibit good stability to water, oxygen,
light, and heat on account of their polydentate chelation and
aromaticity, making them easy to handle. Carbolong complexes are
not only special 7-conjugated aromatics but also organometallics; therefore, they have the properties of both species. In this Account,
we showcase the recent advances in their applications based on their different properties.

First, carbolong complexes are a special kind of 7-conjugated aromatic, with the ability to transmit electrons, allowing them to
function as single-molecule conductors and candidates for electron transporting layer materials (ETLs) in solar cells. A series of
carbolong complexes have been proved to be useful as achievable ETLs which enhance device performance in both organic solar
cells and perovskite solar cells.

Second, due to the involvement of d orbitals in the conjugation, carbolong complexes normally exhibit strong and broad absorption,
even in some cases extending to the near-infrared region (NIR). The absorbed optical energy can be converted into light, heat, and
ultrasound; consequently, carbolong compounds can be used as core moieties in smart materials. For example, 7C carbolong
complexes were found to exhibit aggregation-enhanced near-infrared emission (AIEE). Some 12C carbolong complexes have been
designed into the core moieties of NIR-responsive polymers, such as cylindrical NIR-responsive materials, self-healing materials, and
shape memory materials. In contrast to the stereotypically toxic osmium compounds such as the highly toxic OsO,, some osmium
carbolong complexes exhibit low cell cytotoxicity and good biocompatibility; consequently, they also have potential applications in
the biomedical area. For example, benefiting from broad absorption in the NIR, 9C and 12C carbolong complexes have been used in
photoacoustic imaging and photothermal therapy, respectively. In addition, photodynamic therapeutic applications which take
advantage of a carbolong peroxo complex are discussed.

Third, as special transition-metal complexes chelated by carbon-based ligands, a carbolong peroxo complex has displayed catalytic
activity in the dehydrogenation of alcohols and a bimetallic carbolong complex has been used to catalyze difunctionalization
reactions of unactivated alkenes.

Overall, aromatic carbolong complexes have been applied to photovoltaics, smart materials, phototherapy, and catalytic reactions.
Moving forward, we hope that this Account will shed light on future studies and theoretical research and encourage more discoveries
of the properties of other metallaaromatics.
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1. INTRODUCTION

Organic aromatics are conjugated cyclic compounds with
delocalized 7 electrons, which represent one of the most
fundamentally important families in chemistry. Aromatic
compounds have been broadly studied and applied in
theoretical research,’ synthetic chemistry,6 materials science,’
and biomedicines;” consequently, they play a significant role in
daily life and development in society.

Metallaaromatics can be viewed as organic aromatic
compounds which incorporate at least one transition metal
in the aromatic frameworks. Forty years ago, Roper et al.
crystallographically characterized the first metallabenzene’
following theoretical predictions by Thorn and Hoffmann.'’
Subsequently, the chemistry of metallaaromatics has experi-
enced enormous growth and development.'' ™"’ To date,
various metallaaromatics including metallabenzenes,'* metal-
labenzynes,15 dianion metalloles,'® spiro metalloles,'”

heterometallaaromatics,'® metallapentalenes,19 and metalla-
pentalynes”® have been successfully prepared.

Structural novelty leads to special physical and chemical
properties and may generate new applications. Metallaar-
omatics are hybrid structures of organic aromatics and
transition-metal complexes through d,—p, conjugation and
consequently own unique properties of both kinds. For
example, they can transmit electrons and exhibit broad and
strong absorption thanks to d,—p, conjugation, and as a result,
they are employed as the ETLs in solar cells and NIR materials
in smart materials and phototherapy reagents. They also can be
viewed as carbon-based transition-metal complexes with cyclic
carbenes which are utilized in homogeneous catalysis (Figure
1).

In recent years, we have developed a series of properties and
applications of aromatic carbolong complexes (nC carbolong
complexes mean n-atom unsaturated carbon chain chelates to a
transition metal). For example, 7C carbolong complexes were
found to exhibit AIEE;*° 9C and 12C carbolong complexes
have been used for photoacoustic imaging,”""** photothermal
therapy,””>*’ and in photothermally responsive materi-
als;””*™*” a carbolong peroxo complex has been utilized in
photodynamic therapy”® and the catalytic dehydrogenation of
alcohols;*” and a bimetallic carbolong complex has been used
to catalyze the difunctionalization of alkenes (Scheme 1).* In
this Account, we have highlighted and discussed recent
research on the properties and applications of metallaaromatics

Scheme 1. Representative Carbolong Complexes Discussed
in This Account
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Figure 2. (a) Schematic of the MCBJ device. (b) Chemical structures of metallaaromatics 1 and 2. (The red lines describe the charge-transport
pathway.) Adapted with permission from ref 30. Copyright 2017 American Chemical Society.
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Figure 3. Applications in PM6:Y6-based OSCs. Reproduced with permission from ref 31. Copyright The Authors, some rights reserved; exclusive
license Springer Nature. Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/.

that were mainly developed by our group. We anticipate that
our contributions will promote their further research.

2. APPLICATIONS IN SINGLE-MOLECULE
CONDUCTORS AND SOLAR CELLS

Carbolong complexes can transmit electrons by behaving as
special 7-conjugated aromatics. They can be employed as
single-molecule conductors and alternatives for electron-
transporting layer materials (ETLs) or cathode interlayer
materials (CILs) in solar cells.

2.1. Single-Molecule Conductors

The field of molecular electronics investigates the charge
transport across the molecular building blocks linking nanogap
electrodes in which most of the building blocks studied are
traditional aromatic frameworks. In this regard, the charge-
transport pathways of metallaaromatics 1 and 2 with anchoring
groups were explored using a mechanically controllable break
junction (MCBJ) (Figure 2a).*> The phosphonium group
increases the delocalization and improves the conductance of 1
by more than 1 order of magnitude in comparison to that of 2,

opening a new avenue to tuning the charge transport in
molecular electronics (Figure 2b).

2.2. Applications in Solar Cells

Solar cells convert light directly into electricity through the
photovoltaic effect. Two typical solar cells are organic solar
cells (OSCs) and perovskite solar cells (PSCs). Prior studies
have shown that carbolong complexes can transmit electrons,
and it is thought that they could serve as one of the layer
materials in solar cells and so enhance the cells’ efficiency.
2.2.1. Applications in OSCs. Recently, we developed a
facile approach to the construction of a d,—p, conjugation
system via a reaction of M=C and C=C bonds.”" Inspired by
m-conjugated molecules that have been employed in engineer-
ing interfaces of OSCs, we compared the performance of the
unique d,—p, conjugated systems as ETLs with that of
common interfacial materials (PDINO) in PM6:Y6 based
OSCs. To our surprise, the power conversion efficiencies
(PCEs) of complexes 3 and 4 (15.76 and 16.28%, respectively)
are higher than that of PDINO (15.06%) by improving carrier
transport as a result of the extended 7 conjugation (Figure 3).
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Figure 4. Structure of bulk heterojunction NFSC and chemical structures of CILs. Adapted with permission from ref 1. Copyright 2021 Wiley-

VCH Verlag GmbH.

Inspired by the good performance of d,—p, conjugated
systems in OSCs, we sought to expand the & conjugation by
covalently bonding nanographene hexabenzocoronenes
(HBC) with 7C carbolong complexes (5, 6, and 7) which
perform as CILs to enhance the ability of transmitting
electrons.' The PCE of PM6:BTP-eC9-based nonfullerene

solar cells (NFSC) exceeded 18% (Figure 4).
2.2.2. Applications in PSCs. In addition to applications in

organic solar cells, a series of carbolong complexes were
recently employed as CILs to improve the efliciency and
stability of inverted PSCs.”*™>* For example, the PCEs of
devices modified with irida-carbolong 8 and its derivative 9

were boosted by up to 20.02 and 21.29%, respectively (Figure

S).
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Figure S. Structure of PSCs and chemical structure of CILs. Adapted
with permission from ref 32. Copyright 2021 American Chemical
Society.

3. PHOTOPHYSICAL PROPERTIES AND
APPLICATIONS IN SMART MATERIALS AND
PHOTOTHERAPY REAGENTS

Due to the action of d orbitals in the conjugated systems,
carbolong complexes normally exhibit strong and broad
absorption, sometimes even extended to the NIR. With the
transformation of absorbed energy to light, they have
photoluminescent properties. On the other hand, as the
conversion of the absorbed optical energy into heat and
ultrasound proceeds, they could be designed as core units in
smart materials, photoacoustic imaging, and phototherapy
reagents.

3.1. Photoluminescent Properties

In 2013, we synthesized osmapentalyne, the first carbolong
complex”’ (Figure 6a). Interestingly, this osmapentalyne
exhibits AIEE with large Stokes shifts and long lifetimes
compared to that of traditional organic dyes. The excitation of
10 led to NIR emission due to integration of the osmium atom
into the aromatic conjugation, which is comparable to those of
luminescent lanthanide complexes with antenna ligands.*
Adding excess water to the ethanol solutions of 10 led to the
enhancement of the emission intensity because 7— stacking is
sterically precluded by the bulky PPh, ligands (Figure 6a).
Consistent with the previous findings, red emission was
observed from crystals of 10 (Figure 6b, inset). The emission
lifetimes of 10 are in the range of 1077—107° s as a
consequence of a partially forbidden luminescent electronic
transition.

3.2. Applications in Smart Materials

Smart materials are designed to be controlled by external
stimuli, such as light, temperature, and chemicals, and they
possess many applications, including sensors, self-healing
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Figure 6. (a) Chemical structure and crystal structure of 10. (b)

Time-dependent emission decay of 10 in ethanol/water solutions

(inset: fluorescent photomicrograph of the crystals). Adapted with

permission from ref 20. Copyright 2013 Springer Nature.

materials, and shape memory materials.*® Carbolong com-
plexes exhibit good photothermal effects in NIR, and because
of this, they have been designed for use as NIR photothermally
responsive materials.

3.2.1. Applications in Photothermal Phase-Transition
Materials. An osmapentalenofuran with a terthiophene group
displays a significant photothermal effect as the temperature is
increased from 28 to 57 °C within 5 min under NIR
irradiation.”” Based on this observation, we synthesized a
carbolong complex (11) containing a methacrylate group as a
monomer. Then, this monomer was copolymerized with oligo-
(ethylene glycol) methacrylate to afford a new type of
stimulus-responsive metal-containing polymer (12) (Figure
7a). Upon exposure to NIR (808 nm, 1.0 W cm™2), the
temperature of a solution of metallaaromatic polymer 12 rose
quickly and the solutions became turbid, indicating the
occurrence of a phase transition (Figure 7b,c).
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Figure 7. (a) Structure of a metallaaromatic polymer (12). (b)
Photothermal effect of the metallaaromatic polymer (12). (c)
Solutions of the metallaaromatic polymer (12) before (left) and
after (right) NIR irradiation. Adapted with permission from ref 37.
Copyright 2018 Royal Society of Chemistry.

Encouraged by the good photothermal conversion perform-
ance of 12C carbolong complexes,” we envisage that 12C
carbolong complexes could be designed with the core pattern
of photothermally responsive materials. Thus, we prepared a
cylindrical metallaaromatic polymer with a corn-like nano-
structure in which the thermosensitive polymer poly(N-
isopropylacrylamide) (PNIPAM) links the a-cyclodextrin (a-
CD) cores and the carbolong complex (13) (Figure 8).”* An

y

: = a-CD

I
|
i
[}

[Os] = Os(PPh3),
13

Metallapolymer 14
0909000000000 9009 0000000 0077 9000900° 9009 09° 000000°°

mmmmwmwmmmwmwo

NP R PP RPEEEw
9000009°9000 500°0000500°%000 ,09°900000°°000,400° Y000

Figure 8. NIR-responsive cylindrical metallaaromatic polymer (14).
Adapted with permission from ref 24. Copyright 2018 American
Chemical Society.

aqueous solution of the metallaaromatic polymer (14)
exhibited good NIR-responsive performance due to the grafted
metallaaromatic units and induced a phase transition benefiting
the thermosensitive PNIPAM units. Polymers 12 and 14
represent new NIR-responsive metallaaromatic polymers and
have the potential for NIR laser-triggered drug delivery and
controlled release.

3.2.2. Applications in Photothermally Responsive
Self-Healing Materials. Intrigued by photothermal metal-
laaromatic polymers in which a phase transition is observed
upon exposure to NIR light, we extended the application of
12C carbolong complexes to self-healing materials which
possess the ability to autonomously repair damage. To attain
this objective, carbolong polyurethanes (CLPUs) were
prepared by incorporating a 12C carbolong derivative (15)
into the backbones of polyurethanes (Figure 9a).”> The
cumulative heat, produced by the incorporated carbolong
complex (15) under NIR irradiation, resulted in a regional
temperature increase. As a result, hydrogen bonding
dissociated and the chain diffusion accelerated across the
crack, melting polycaprolactone (PCL) crystallites and
releasing constraints, promoting the closure of the damaged
interfaces. When the light was off, the sample returned to room
temperature in association with recrystallization of the PCL
segments and reformation of physical interactions. Hence, the
sample regained its mechanical properties (Figure 9b). CLPUs
exhibited fast photothermal responses and repeatable healing
with a high healing efficiency under NIR irradiation (Figure
9¢,d).

Motivated by the realization of self-healing CLPUs employ-
ing noncovalent interactions such as polymer crystallization
and hydrogen bonding, we extended our research to a dynamic
polyurethane network (DPUN-1). We introduced a dynamic
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Figure 9. (a) Structure of the 12C carbolong complex (15) and the corresponding carbolong polyurethanes (CLPU). (b) Schematic illustration of
the NIR-triggered healing process. (c) Optical images of the healing process for CLPU20 (0.20 wt % carbolong complex in polyurethane, scale bar

200 pm) after NIR irradiation. (d) Healing efficiency after multiple notching—healing cycles (1, 3, and S). Adapted with permission from ref 25.
Copyright 2019 Royal Society of Chemistry.
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Figure 10. (a) Schematic structures of DPUN-1. (b) Transformation of BPID and PIDR. (c) Schematic illustration of the property of DPUN-1
triggered by NIR light. (d) Pattern stamped onto the surface of the DPUN-1 specimen. (e) rewritable X pattern on the DPUN-1 sheet. Adapted
with permission from ref 2. Copyright 2020 American Chemical Society.
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Figure 11. (a) Schematic illustration of the NIR-responsive shape memory of DPUN-2 (TEA represents triethanolamine, a cross-linker in the
system). (b) Photographs of shape memory behavior of DPUN-2 by NIR. Adapted with permission from ref 26. Copyright 2021 Elsevier.
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Figure 12. (a) Schematic illustration of the shape memory of the polymer network including TEMPO-based alkoxyamine units. (b) Plastic shape
memory of the polymer. Adapted with permission from ref 27. Copyright 2022 Royal Society of Chemistry.

covalent moiety, 2,2'-bis(2-phenylindan-1,3-dione) (BPID),
which can undergo thermal homolytic bond dissociation to
afford two 2-phenylindan-1,3-dione-yl radicals (PIDR) and a
photothermally responsive carbolong complex 15 (Figure
103,b).2 Under NIR irradiation, the carbolong moieties
generated heat, producing PIDR and reshuffling the segments
(Figure 10c). The pattern (the alphabetical M) can be
stamped onto the surface of the DPUN specimen under
irradiation and remained after removing the light source
(Figure 10d). Taking advantage of the thermochromism of the
BPID, the DPUN-1 exhibited NIR rewritability. The “X’-
shaped pattern created by NIR irradiation through a
photomask can be “erased” when the DPUN-1 sheet is cooled
to room temperature (Figure 10e).

3.2.3. Applications in Photothermally Responsive
Shape Memory Polymers. Shape memory polymers
(SMP), an emerging class of smart materials, are capable of
switching between a permanent shape and a temporary shape.

They have broad applications in the biomedical field, aerospace
engineering, and smart textiles.*®

The success of self-healing polymers stimulated us to
construct a DPUN-based SMP (DPUN-2).”° The working
mechanism is that a temporary shape is initially formed by
heating. When the temporary shape was heated by thermal
energy that carbolong complex 15 produced under NIR light,
the dynamic points were broken once more due to the
disassociation of dynamic covalent bonds of BPID, driving the
recovery of its initial shape (Figure 1la). To prove the
concept, we made a pentagon star-shaped template which was
first directly heated and then cooled (Figure 11b). A
temporary shape was obtained with each corner folded (step
I). Interestingly, the folded sample returned to the flattened
shape after the irradiation of each corner, indicating an
effective cooperation of carbolong complex’s NIR photo-
thermal conversion and BPID’s dynamic nature (steps II to
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Besides the exploitation of the self-healing and shape
memory behaviors of DPUNs containing BPID moieties, we
incorporated TEMPO-based alkoxyamine units into the
complex dynamic system, thus combining thermally responsive
PCL and photothermally responsive carbolong complexes
(Figure 12).”” Compared to DPUN systems, we employed
TEMPO-based alkoxyamine as an exchangeable radical unit
instead of the BPID, which is tolerant to many functional
groups and responds to NIR-mediated permanent shape
resetting rather than the remote control of a temporary
shape recovery (Figure 12a). Herein, we give an example of
resetting a material’s permanent shape. First, the temperature
of the sample (“I” shape) increased under irradiation,
dissociating the dynamic bonds. Subsequently, the removal
of irradiation led to the reformation of the dynamic bonds, and
the sample was adapted into the new permanent “S” shape
because of its plastic property (step I, A — B). Then, upon
reheating this sample by NIR irradiation to a relatively low
temperature which minimized the dissociation of dynamic
bonds, a temporary I shape was realized through the melting
and crystallization of PCL segments (step II, B — C). When
the sample was reirradiated, the temporary I shape returned to
the permanent S shape, thus completing a shape memory cycle
(step 1II, C — B) (Figure 12b).

3.3. Biomedical Applications

Half-sandwich osmium arene complexes with their cytotoxic
activity have been proven to be potent anticancer reagents.’”
In contrast, some osmium carbolong complexes exhibit low cell
cytotoxicity and good biocompatibility. When combined with
the broad absorption in the NIR and good photothermal
performance, they produce potential photoacoustic (PA)
imaging and photothermal reagents that can be used in cancer
treatment. Photodynamic therapy (PDT) applications of a
carbolong peroxo complex have also been discovered.

3.3.1. Photothermal Effects and PA Imaging of 9C
Carbolong Complexes. 9C carbolong complexes (16 and
17) have wide absorption spectra ranging from visible light to
NIR. The absorption maxima of 16 and 17 (Figure 13a) in
low-energy absorption bands are 672 and 660 nm, respectively
(Figure 13b).>" The photothermal effects of 16 and 17 were
further examined under NIR laser irradiation (4 = 808 nm, 1
W cm™?) (Figure 13c). Upon irradiation, a solution of 16 and
17 exhibited a significant temperature increase within 5 min
(Figure 13d). A PA imaging study of 16 and 17 showed that
the signal intensity significantly rose with the increasing
concentrations of substrates (Figure 13e,f). Unfortunately, the
biocompatibility of 16 and 17 needs to be improved for further
applications in vivo. Despite this, they represent the first
examples of the photothermal and PA study of metal-
laaromatics and shed light on promising theragnostic agents
for PA imaging-guided photothermal cancer therapy.

3.3.2. Photothermal Properties and Phototherapeu-
tic Applications of 12C Carbolong Complexes. Even
though 9C carbolong complexes have wide absorption spectra,
their NIR absorption is weak and their biocompatibility is
poor, both of which impede the phototherapeutic applications
in vivo. A breakthrough in the applications of carbolong
complexes in the biomedical area occurred shortly after a
primary photothermal study of 12C carbolong complexes. The
absorption maxima of 18 are far more red-shifted compared to
those from the 9C carbolong complexes as a consequence of
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Figure 13. (a) Chemical structures of 16 and 17. (b) Absorption
spectra of 16 and 17. (c) Photothermal effect of 16. (d) Photothermal
effect of 17. (e) PA imaging of 16 and 17. (f) Normalized PA
intensity of 16 and 17. Adapted with permission from ref 21.
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larger 7 conjugation (Figure 14). As a result, 18 showed more
outstanding photothermal effects than 16 and 17.’
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Figure 14. Chemical structures of 12C carbon complexes (18) and
their absorption spectra. Reproduced with permission from ref 3.
Copyright The Authors, some rights reserved; exclusive license
American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution License 4.0 (CC BY) https://
creativecommons.org/licenses/by/4.0/.

To improve the biocompatibility of 18, 18a@NPs were
prepared by combining the amphiphilic polymer with complex
18a. To confirm the cytotoxicity of the 18a@NPs, 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assays were conducted on SCC7, SCG79011, and 4T1 cell
lines following incubation with 18a@NPs. The cytotoxicity
tests show that 18a@NPs exhibit low cell cytotoxicity and
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good biocompatibility as evidenced by the high cell viability
and good performance of tumor accumulation (Figure 15).
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Figure 15. (a) Cytotoxicity of 18a@NPs measured in vitro without
laser irradiation. (b) Accumulation of 18a@NPs in the tumor tissue
and clearance organs. Reproduced with permission from ref 3.
Copyright The Authors, some rights reserved; exclusive license
American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution License 4.0 (CC BY) https://
creativecommons.org/licenses/by/4.0/.

Photothermal therapy (PTT) is one of the therapy methods
that converts light energy (usually NIR light) into heat energy
to cause cellular necrosis or apoptosis. Based on comprehen-
sive research on the photothermal performance and bio-
compatibility of 18a@NPs, we further utilized 18a@NPs for
PTT treatment of tumors in vivo. Under laser irradiation,
18a@NPs displayed lower SCC7 cell viability than control
tests in the absence of laser light (Figure 16a). The tumor in
the control experiment grew exponentially with volume,
becoming 12 times larger after 14 days (Figure 16b). In
contrast, the mice receiving intravenous injections of 18a@
NPs showed irradiation-induced tumor ablation in 2 days and
exhibited tumor regression in 14 days (Figure 16c). In this
work, metallaaromatics were used for PTT for the first time
and the treatment exhibited comparable efliciency to that of
common photothermal agents such as nanoporphyrins.®

3.3.3. Chemical Modification of 12C Carbolong
Complexes to Improve Their Biocompatibility. In
addition to the PEG (poly(ethylene glycol)) blending
approach to increase the biocompatibility of 18, we further
developed chemical modifications of 12C carbolong complexes
with PEGs of different molecular weight through «click
reactions.”> This new type of amphipathic macromolecule
(19) was assembled into micelles in water (Figure 17). The
photothermal properties and cytotoxicity of these assemblies
cored with 12C carbolong complexes were essentially the same
as those found in 18a@NPs, indicating that PEG-modified
carbolong complexes could serve as promising photothermal
theranostic agents.

3.3.4. PA Imaging and PDT Applications of 12C
Carbolong Complexes. At the same time, we prepared MA/
SPIOs@AlkylPEI2k-PEG nanoparticles (MASA) from the
carbolong complex (18a) (MA) and superparamagnetic iron
oxide nanoparticle clusters (SPIOs) loaded with a micellar
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Figure 16. (a) Cell viability of SCC7 cells upon exposure to 18a@
NPs without or with laser irradiation. (b) Tumor growth curves after
PTT treatment. (c) Photographs of the SCC7-bearing mice on
different days after PTT treatment with 18a@NPs (laser intensity: A
= 808 nm, 1 W cm™2). Reproduced with permission from ref 3.
Copyright The Authors, some rights reserved; exclusive license
American Association for the Advancement of Science. Distributed
under a Creative Commons Attribution License 4.0 (CC BY) https://
creativecommons.org/licenses/by/4.0/.
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Figure 17. Carbolong complexes containing macromolecules (19)
and assembled micelles with photothermal properties. Adapted with
permission from ref 23. Copyright 2017 Royal Society of Chemistry.

carrier (Alkyl-PEI2k-PEG).”> MASAs not only have good
photothermal conversion efficiency but also produce a
potential photodynamic reactive oxygen species (ROS). It is
well known that ROS, such as the superoxide anion (O,°7),
hydroxyl radical (OHe), and singlet oxygen ('O,), are highly
reactive molecules and have been identified as the main
oxidants in cancer treatment. Photothermal and photodynamic
therapy achieved a synergistic antitumor effect with the aid of
magnetic resonance imaging (MRI) and PA imaging, thus
considerably improving the therapeutic efficacy (Figure 18).
3.3.5. PA Performance and Sonodynamic Effects of
7C Carbolong Complexes Fused with Pyridine 20 and
21. The properties of metallaaromatics containing heteroa-
toms have also been investigated. For example, the effective
low-energy absorption of complexes 20 and 21 motivated us to
study PA imaging properties (Figure 19a,b).*” The complex
(21) exhibited a stronger PA signal than complex 20 due to its
higher absorption (Figure 19c). Besides PA imaging studies,
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Figure 18. Schematic of MA-loaded nanoparticles for dual-modal
MRI/PA imaging-guided synergistic PTT/PDT cancer therapy.
Adapted with permission from ref 22. Copyright 2018 Royal Society
of Chemistry.
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Figure 19. (a) Chemical structures of 20 and 21. (b) Absorption
spectra of 20 and 21. (c) PA mean intensities of 20 and 21 (inset: PA
imaging). (d, e) Assessment of the generation of ROS by 20 and 21
activated by ultrasound. Reproduced with permission from ref 40.
Copyright The Authors, some rights reserved; exclusive license
Springer Nature. Distributed under a Creative Commons Attribution
License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/.

we also examined the sonodynamic effects of these
compounds. Sonodynamic therapy (SDT), an alternative
approach to the treatment of cancer and other diseases,
utilizes ultrasound to produce ROS by activating sonosensi-
tizers. This has many benefits such as a greater penetration
depth and reduced side effects. The fluorescence intensity of
9,10-dimethylanthracene (DMA, a singlet oxygen detector)
decreased as the concentration of 20 and 21 increased,
indicating that ROS can be generated with ultrasound (Figure
19d,e). Combined with their good performance of PA imaging,
compounds 20 and 21 can be viewed as potential theranostic
agents for PA imaging-guided SDT.

3.3.6. Photothermal Properties of 7C Carbolong
Complexes with Fused Quinolines (22). Later, we

prepared 7C carbolong complexes with fused quinolines
(22), which have a larger 7 conjugation compared to that of
20 and 21. As a result, the absorption extends to the NIR-II for
the first time. Moreover, they exhibit good photothermal
performance under 1060 nm laser irradiation and can be
empi(l)yed as potent NIR-II photothermal reagents (Figures
20).
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Figure 20. (a) Chemical structures of 22. (b) Absorption spectra of
22. (c) Photothermal effect of 22 under 1060 nm. Adapted with
permission from ref 41. Copyright 2022 Wiley-VCH Verlag GmbH.

3.3.7. PDT of a Carbolong Peroxo in Hypoxia. On the
pathway to applications of ROS produced by carbolong
complexes, we learned that PDT wusually employs ROS
generated exogenously from photosensitizers by light activa-
tion. PDT, however, displays a low efliciency under hypoxia
resulting from its consumption of limited oxygen present. In
this regard, photoactive compounds for the photocontrolled
generation of endogenous ROS present significant application
possibilities for the treatment of hypoxic tumors. To address
this issue, we surmised that a carbolong complex (23) with
coordinated dioxygen could be employed as an “oxygen
shuttle” to facilitate in sifu oxygen generation. We discovered
that the carbolong complex (23) was inactive in the dark but
under light irradiation led to the release of a superoxide anion
O, along with the formation of the cytotoxic osmium
complex (24) in the absence of oxygen (Figure 21a). Confocal
imaging showed that 23 could produce ROS, which induced
photocatalytic oxidation reactions of 1,4-dihydronicotinamide
adenine dinucleotide in HeLa cells under both normoxia and
hypoxia (Figure 21b). In vivo studies revealed that the tumor
size in the irradiated group treated with 23 was the smallest,
effectively inhibiting tumor growth in mice (Figure 21¢).”*

4. APPLICATIONS IN CATALYTIC REACTIONS

Most metallaaromatics can be regarded as carbon-coordinated
transition-metal complexes involving cyclic metal carbene or
carbyne units. By virtue of their unique structures, their
catalytic activities have recently attracted the attention of
synthetic chemists. A creative example reported by Lee, Liu,
and co-workers*” revealed that the ruthenabenzenes displayed
robust catalytic activity as precatalysts in olefin metathesis,
behaving as an analog of the Grubbs-type catalysts with higher
stability. Carbolong complexes can be viewed as carbon-based
polydentate transition-metal complexes, thus developing
dehydrogenation of alcohols by metal—ligand cooperative
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Figure 21. (a) Schematic representation of the release of O,"”, light-
mediated by 23. (b) HeLa cells incubated with 23. (Dihydroethidium
(DHE), hydroxyphenyl fluorescein (HPF), and singlet oxygen sensor
green (SOSG) were utilized to probe the production of ROS.) (c)
Photographs of representative mice after treatment. Reproduced with
permission from ref 28. Copyright The Authors, some rights reserved;
exclusive license Springer Nature. Distributed under a Creative
Commons Attribution License 4.0 (CC BY) https://
creativecommons.org/licenses/by/4.0/.

catalysis through aromatization—dearomatization’” and the
difunctionalization of alkenes by bimetallic cooperative
catalysis in a light-induced aerobic process.”

4.1. Catalytic Dehydrogenation of Alcohols

We found that the osmium-peroxo (23) comgplex enables the
aerobic oxidation of alcohols (Scheme 2).** A mechanistic

Scheme 2. Aerobic Catalytic Oxidation of Alcohols by 23
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study showed that the reaction proceeded by a concerted
double-hydrogen transfer and involved an unusual dearoma-
tization—aromatization process of the CCC pincer complex.
This represents the first example of metal—ligand cooperation
by aromatization—dearomatization catalysis in a metallaar-
omatic system.“’44

4.2. Cooperative Catalysis by Metal—-Metallaaromatics

We also prepared the heterobimetallic CCC pincer molecule
(25), which is a metal—metallaaromatic complex.** In light of
the facile chloride ligand substitution at the osmium center,
copper-catalyzed difunctionalization of activated alkenes, and
the oxygen-stable catalytic performance of the carbolong
complex 25, we found that the carbolong complex 25 via a
metal—metallaaromatic synergistic strategy could catalytically
difunctionalize unactivated aliphatic alkenes robustly with
diphenyl diselenide in combination with a diverse nucleophile
such as water, amine, or acid under an oxygen atmosphere at
room temperature. This significantly enhances the selectivity,
reactivity, and limited substrate scope and encourages us to

design other metallaaromatic catalysts and explore more
complicated catalytic reactions such as asymmetric catalysis
(Scheme 3).*

Scheme 3. Schematic Catalytic Reactions by Catalyst 25
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5. OTHER STUDIES OF PROPERTIES AND
APPLICATIONS OF METALLAAROMATICS

Some properties and applications are not demonstrated in
detail here, but they also show quite promising results,
including the theoretical predication for applications of
osmapentalynes in third-order nonlinear optical materials,**~**
photothermal properties of metal-bridged osmaindenes,*’
reversible oxidation of metallapentalenoxazetes,*’ mitochon-
drial dysfunction by phosphonium-containing metallafprans,’1
NIR-responsive hydrogels containing 12C carbolongs,” light-
mediated CO,-responsive metallaaromatic microgels,”” and
hypersaline water treatment.”* Moreover, we have most
recently prepared polycarbolong conjugated polymers that
employed metallaaromatics as building blocks, exhibiting
optimistic applications in conductive polymers.>®

6. CONCLUSIONS AND OUTLOOK

As illustrated in this Account, metallaaromatics such as special
d,—p, conjugation aromatics can transmit electrons and thus
can be employed in single-molecule conductors and ETLs in
photovoltaics. Moreover, some have strong, broad absorptions
and can convert light energy to light, heat, and ultrasound. As a
result, photothermally responsive smart materials and photo-
therapy reagents with metallaaromatic cores have been
developed. Finally, the discovery of catalytic activities based
on the CCC pincer transition-metal complexes has been
described. These applications deal with some critical issues in
energy storage, drug delivery, cancer therapy, and synthetic
methodology. The outlined relationship among structures,
properties, and applications of aromatic carbolongs could
provide pathways to further develop the properties and
applications of other metallaaromatics.

Looking ahead, some further explorations of properties and
applications of metallaaromatics are viewed as very challenging
but intriguing. First, it is essential to pay more attention to
theoretical studies on discovering the properties of metal-
laaromatics. Second, more functional metallaaromatic com-
pounds are the targets of design and development efforts. For
example, metallaaromatic radicals and magnetic metallaar-
omatics, whose aromaticity is the subject of some debate but
also which forecast future applications on magnetic materials,
and NIR-II materials with metallaaromatic cores could be
realized by extending the m-conjugation system. Third, the
metallaaromatics could also be employed as alternatives in
active layers in solar cells where they could take advantage of
their broad absorption. Finally, more catalytic reactions based
on metallaaromatics with cyclic metal carbenes or carbynes
such as asymmetric catalysis, electrocatalysis, alkyne meta-
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thesis, visible light, and even NIR photocatalysis may be
discovered.
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