Volume 54
Number 16

28 April 2025
Pages 6321-6702

Dalton
Transactions

An international journal of inorganic chemistry

rsc.li/dalton

} . e "\Q{ e W
}‘\- ) 'hlh' ‘x o '
. o “Hﬂ‘ P
vy S, . -, "
Wy

ISSN 1477-9226

h FRONTIER
ROYAL SOC' ETY Toshikazu Ono and Yousuke Ooyama
OF CH EMISTRY Axial and helical chirality in multinuclear group 13

- complexes: pathways to functional optical materials



7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

FRONTIER

Axial and helical chirality in multinuclear group 13
complexes: pathways to functional optical
materials

’ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
6361

*3 and Yousuke Ooyama ) *°

Toshikazu Ono
Main-group element complexes have emerged as promising functional dyes owing to their unique photo-
physical properties and potential applications in sensors, luminescent devices, and photocatalysis. Among
these, multinuclear main-group complexes that incorporate multiple elements within a single ligand have
garnered significant attention, particularly for their ability to exhibit chirality with optical functions. Axial
and helical chirality, resulting from unique coordination geometries, represent a critical frontier in the
design of functional materials. These complexes enable diverse functionalities, including circular dichro-
ism and circularly polarized luminescence. This Frontier article highlights recent advances in the synthesis
of multinuclear main-group element complexes with chirality, focusing on their structural uniqueness
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and photochemical characteristics. Particular emphasis is placed on group 13 element complexes, includ-
ing boron(in), aluminum(in), gallium(), and indium(i), which exhibited unique chiral properties and photo-
physical behaviors. Key topics include the design strategies for chiral multinuclear frameworks, their
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Introduction

Chirality plays a central role in the design and development of
advanced functional materials, particularly for optical appli-
cations. The ability to control and manipulate chiral structures
has driven significant progress in areas such as chiral sensing,
enantioselective catalysis, and the generation of -circular
dichroism (CD) and circularly polarized luminescence (CPL).
Recently, multinuclear main-group element complexes, which
integrate multiple elements into a single framework, have
emerged as promising candidates for generating both axial
and helical chirality. These complexes offer distinct advantages
over traditional metal-centered systems, including greater flexi-
bility, synthetic accessibility, and the ability to achieve chiral
properties derived from the ligands rather than the central
metal atoms.

Axial chirality in these complexes typically arises from steric
hindrance due to high inter-ligand rotational barriers that
prevent free rotation around specific bonds, thereby stabilizing
the chiral configuration." This phenomenon is commonly
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photophysical properties, and their integration into advanced functional materials.

observed in organic molecules as well as in coordination com-
plexes. In contrast, helical chirality occurs in coordination
compounds with higher coordination numbers, such as six-
coordination geometries, where the structure induces twisting
of the ligand framework, resulting in the formation of a helical
arrangement. This feature is particularly pronounced in multi-
nuclear complexes, where the increased number of coordinat-
ing ligands facilitates the formation of stable helical chirality
without racemization, opening avenues to chiral configur-
ations with significant photophysical properties. The unique
structure-property relationships exhibited by axially and heli-
cally chiral multinuclear main-group complexes make them
highly attractive for applications in the development of func-
tional optical materials.>™* Introducing chirality into these
frameworks has been shown to enhance their redox activity,
optical properties, and, in some cases, thermal stability,
further expanding their potential for use in advanced
materials. In addition, designing chiral complexes with tai-
lored functionalities enables the creation of materials with
improved performance for various optoelectronic applications,
including sensors, catalysis, and CPL-based devices.

Owing to these attributes, chiral multinuclear main-group
element complexes hold immense potential as next-generation
materials for diverse applications. This Frontier article
focuses on the design and synthesis of such complexes, par-
ticularly those based on group 13 elements-boron, aluminum,
gallium, and indium-emphasizing their chiral characteristics,
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Fig. 1 Structures of achiral boron complexes and recently developed multinuclear group 13 complexes with axial/helical chirality.

photophysical properties, and functional into

materials. To achieve this,

integration
we explore design strategies
inspired by relatively simple multidentate ligand structures,
such as luminescent boron-based dinuclear complexes
(BOPHY,> BOPPY,° BOPAHY,” BOAPH,? etc.), which have been
frequently reported in recent years.’ We investigate methods to
create new frameworks by dimerizing these boron complexes
and further substituting them with other group 13 elements
(Fig. 1). Specific topics include the strategies for introducing
chirality into multinuclear frameworks, the influence of chiral-
ity on photophysical behaviors, and the potential applications
of these complexes in CD and CPL.

Multinuclear boron complexes with
axial chirality

Boron-dipyrromethene (BODIPY) is among the most well-
known boron complexes for creating chiral boron complexes.
While mononuclear BODIPY-based complexes have been
extensively studied, recent advancements have shifted focus to
multinuclear derivatives, including dinuclear complexes,
which demonstrate enhanced structural diversity and unique
optical properties (Fig. 1).” These multinuclear systems display
fascinating coordination geometries, where the interplay
between multiple boron centers and their ligands significantly
influences their overall properties. Recent studies have uncov-
ered novel coordination modes that enable axial/helical chiral-
ity through asymmetric ligand arrangements, emphasizing the
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importance of precise molecular design in achieving desirable
chiroptical properties, such as strong CD signals.'® These
characteristics make such complexes highly relevant for appli-
cations in chiral sensing and optoelectronics. The creation of
chiroptically active boron-containing systems faced challenges
due to the predominantly planar and achiral nature of most
boron complexes. Current strategies for preparing chiroptical
boron-containing chromophores often rely on BODIPY skel-
etons incorporating chiral perturbations. These include chiral
substituents combined with boron difluoride (BF,) configur-
ations, boron-bridged orthogonal combination fluorophore-
chiral element combinations, or the introduction of boron as a
through
asymmetry. researchers continue to explore
diverse chiral boron complexes beyond BODIPY derivatives.
Studies on other mononuclear and multinuclear boron
complex derivatives via molecular engineering shows potential
to surpass existing works on BODIPY derivatives. Recent
efforts have focused on creating novel photofunctional pro-
perties through the dimerization of these dinuclear boron
complexes.'”™” Several systematic studies have reported inno-
vative multinuclear boron complexes containing tetra-BF,
groups based on 2,2-bipyrroles which have been widely used
as precursors for porphycene synthesis (Fig. 2).'*>" These
“flag-hinge” complexes, synthesized using a one-pot method
(Fig. 2a), demonstrated multicolor fluorescences, high
quantum yields reaching 100%, large Stokes shifts, and CPLs
induced by axial chirality, along with electrochemilumine-
scence and laser properties.'”” Structural analyses via X-ray

center tetra-coordination-induced

10,11

chiral
However,
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(a) Synthesis of multinuclear boron complexes with axial chirality. Reproduced with permission from ref. 13 copyright (2022) Wiley and ref.

15 copyright (2023) Royal Society of Chemistry. (b) X-ray single crystal structures of 1a, 2a, and 3a with schematic figures of “flag-hinge” complexes
including axial chirality. Ellipsoids are set at 50% probability. Reproduced with permission from ref. 13 copyright (2022) Wiley. (c) Optical resolutions
for the separation of enantiomers of 2a and 4. Reproduced with permission from ref. 13 copyright (2022) Wiley and ref. 15 copyright (2023) Royal
Society of Chemistry. (d and e) Chiroptical properties (CD, CPL, and g\,m spectra) of enantiomers of 2a and 4 in toluene. Reproduced with permission
from ref. 13 copyright (2022) Wiley and ref. 15 copyright (2023) Royal Society of Chemistry. (f) CD and CPL spectra of (R)-2c-doped poly (methyl
methacrylate) films. Reproduced with permission from ref. 13 copyright (2022) Wiley.

crystallography and computational calculations reveal a bent
molecular conformation, like a “flag-hinge” (Fig. 2b). The
complexation of various synthesized hydrazone Schiff ligand
moieties with BF, group alters the electronic state and
n-conjugation degree of the whole molecule, attributing to
excellent photophysical properties. Axial chirality is induced
by restricting rotation around the bipyrrole axis through steric
hindrance when bulky substituents are introduced on the
bipyrrole precursor, enabling the isolation of (R)- and (S)-
enantiomers using chiral column chromatography (Fig. 2b
and c). These enantiomers exhibit strong CD and CPL
responses, with luminescence dissymmetry factors (gum) in
the typical range of 107> order (Fig. 2d and e). By adjusting
molecular aggregation states, CPL activity remains robust, and
chiral enantiomer-doped polymer films exhibit color-tunable
luminescence,
(Fig. 2f). By leveraging axial chirality and aggregation-induced
effects, these multinuclear boron complexes are promising

ranging from green and yellow to orange

This journal is © The Royal Society of Chemistry 2025

candidates for high-performance chiral photofunctional
materials, offering for innovations in optoelectronics, bio-
imaging, and information storage. Furthermore, tunable CPL
emissions from green to orange with high gy, values in solu-
tion and solid state have been achieved by designing new
tetra-BF, complexes modified by terthiophene moieties at
specific positions via the Suzuki-Miyaura coupling reaction
(Fig. 2a)."® Interestingly, complexes with terthiophenes substi-
tuted at the para-position relative to the pyridine moiety
exhibit yellow fluorescence and CPL with a high glum value
up to 107 (Fig. 2d and e). These findings are attributed to
the extended =n-conjugation and improved intramolecular
charge transfer (ICT) interactions via terthiophene modifi-
cation. The highly luminescent multicolor CPLs achieved
using emissive boron chromophores offer broad applications
in CPL technology. These findings further highlight their
potential for advanced chiroptical applications, including 3D

displays, encryption, and sensors.
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Multinuclear boron complexes with
helical chirality

Helical chirality in multinuclear boron complexes has attracted
significant attention in recent years. Advances in this area
have reported the synthesis of dinuclear boron complexes exhi-
biting twisted frameworks, which lead to well-defined helical
chirality. The structural diversity of these multinuclear systems
arises from their unique coordination environments, which
are often stabilized by strong intermolecular interactions and
stereoelectronic effects. These helically chiral boron complexes
exhibit exceptional chiroptical properties, making them prom-
ising candidates for applications in advanced photonic
materials and enantioselective catalysis.>> This section
explores their coordination geometries, design strategies,
underscoring their potential for functional material
development.

BODIPY derivatives have garnered considerable attention
due to their remarkable spectroscopic properties. Similar to
their axially chiral counterparts, helically chiral boron systems
are often inspired by BODIPY frameworks. To achieve the chir-
optical activity in achiral BODIPYs, typical approaches involve
combining them with chiral fragments or introducing axial
chirality. However, the resulting chiral boron complexes often
display weak chiroptical responses which are attributed to
small coupling between the chiral fragments and the light-
emitting centers within the molecule.'®'"** In 2022, Lu and
coworkers introduced a novel molecular design for helical
dinuclear B-O-B bridged complexes based on p-isoindigo to
achieve red to near-infrared (NIR) CPL with a g, value in a
1072.**>* These efforts leverage modular synthesis and dis-
torted helical structures attributed to enhanced m-extension
and optimized dipole moments for high CPL performance,
being promising candidates for next-generation photonic
devices and biomedical tools, particularly in applications
requiring high precision and efficiency in the NIR region.
Actually, B-O-B bridged multinuclear complexes have tra-
ditionally focused on tetrapyrrole complexes with a porphyri-
noid core,”>® with one notable exception based on BOPPY
framework.>® However, the chirality of this family and the con-
struction of new B-O-B bridged complexes with chiroptical
properties have been less explored. The helical structure
observed in these complexes promoted us to imagine their
chiroptical performance as revealed by extensively studied heli-
cenes.*® Beyond the aforementioned BODIPY analogs with a
B-O-B bridge, we developed a groundbreaking system for sim-
ultaneously achieving two distinct multinuclear boron com-
plexes: a flag-hinged tetra-BF, complex and a helical B-O-B
bridged complex. These two complexes were accomplished by
reacting 6,6"-dihydrazineyl-2,2"-bipyridine with various acyl
chlorides, followed by BF;-OEt, complexation (Fig. 3a)."® The
tetra-BF, complexes adopted a flag-hinged structure with sig-
nificant conformational flexibility around the bipyridine axis
and exhibited blue to yellow-green fluorescence (Fig. 3b).
Solvent-dependent fluorescence demonstrated ICT interactions

6364 | Dalton Trans., 2025, 54, 6361-6368
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in these tetra-BF, complexes, as supported by DFT and
TD-DFT calculations. Notably, the dimethylaminobenzene-sub-
stituted tetra-BF, complex transitioned from yellow to blue
emission under acidic conditions due to the inhibition of ICT.
In addition, the B-O-B bridged complexes featured a helical
structure formed through the hybridization of one B-O-B and
two BF, moieties (Fig. 3a). X-ray crystallography analysis
revealed distinct nonplanar geometries critical for their chirop-
tical properties. The optically resolved (P)/(M)-enantiomers
yielded enantiopure forms with CD signals of g,,s reaching
0.012 and CPL activity with a gjum reaching 1072 in both solu-
tion and polymer films. The dimethylaminobenzene-modified
B-O-B bridged complex demonstrated an OFF/ON fluo-
rescence and CPL responses upon protonation, emphasizing
its potential as a chiroptical sensor (Fig. 3c-e). This work rep-
resents a significant advancement in helically chiral multinuc-
lear boron materials. By integrating innovative molecular
design, synthetic versatility, and extensive computational and
experimental analyses, it lays the groundwork for the develop-
ment of efficient optical sensors and chiral emitters. The sim-
ultaneous discovery of these complementary structures with
distinct chiral properties exemplifies a novel approach to
material design in the field of luminescent multinuclear boron
complexes.

Dinuclear triple-helical complexes and
their chiroptical properties

Inspired by the natural helical structures found in DNA and
polysaccharides, the synthesis of helical complexes using mul-
tidentate ligands and transition metals has been extensively
explored. These helicates have a long history, with early
examples focusing on a various ligand-metal combinations.**
The previous section highlighted the active research on chiral
multinuclear boron complexes. Beyond boron-based systems,
studies on luminescent main-group metal complexes have gar-
nered increasing interest.**** In response to this trend,
luminescent complexes based on group 13 elements,
including aluminum, gallium, and indium, have attracted sig-
nificant attention due to their potential for structural and
functional versatility. This section explored the synthesis of
such complexes, the role of multidentate ligands in inducing
helical chirality, and their chiroptical and photophysical
properties.

Aluminum (Al) luminescent complexes are particularly
attractive due to the element’s abundance (~8% in the Earth’s
crust) and low cost, with several examples documented in the
literature.**3® However, stable chiral Al complexes remain
underexplored, despite some reports on dinuclear double- and
triple-stranded helicates containing rare-earth metals. With
these challenges in mind, efforts have focused on developing
novel Al complexes with intense luminescence and stable chir-
optical properties. In 2021, a family of helically chiral Al com-
plexes adopting a dinuclear triple-stranded helicate structure
was developed by reacting tetradentate Schiff base ligands with

This journal is © The Royal Society of Chemistry 2025
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structure of 6f is also shown, with ellipsoids set at 50% probability. (b) Photographs and fluorescence spectra of tetra-BF, and B—O-B bridged com-
plexes in toluene. (c) Structures and fluorescence change of complex 6h upon protonation/deprotonation. PET: photoinduced electron transfer.
Chiroptical properties of (d) CD and gaps, (€) CPL and g,,m spectra of 6h enantiomers in toluene upon protonation. Reproduced with permission

from ref. 16 copyright (2024) Royal Society of Chemistry.

aluminum chloride (Fig. 4a and b). X-ray crystal analysis con-
firmed the helical conformation and the existence of (P)- and
(M)-enantiomers (Fig. 4c). These complexes exhibited fluo-
rescence ranging from cyan to orange, depending on the
ligand substituents (Fig. 4d).>” Racemic Al complexes were
optically resolved to achieve enantiopure forms with chiropti-
cal properties. The enantiopure (P)- and (M)-enantiomers dis-
played multicolored CPLs (cyan, yellow, and orange) with
moderate gy, in the 107> range (Fig. 4f). A white CPL
response was achieved by mixing enantiomers with cyan- and
yellow-emissive enantiopure complexes (Fig. 4g). DFT and
TD-DFT calculations provided insights into the influence of
helical chirality on electronic transitions, correlating
structural twists with luminescence properties. This work
demonstrates the potential of these dinuclear triple-
stranded Al helicates in creating multicolor CPL materials
and white-light emissive systems through enantiomeric
combinations.

Building on the findings from Al-based helicates, the
potential of helical complexes containing dinuclear gallium
and indium metal ions was further investigated (Fig. 4a and
b).>® These dinuclear triple-stranded helical complexes,

This journal is © The Royal Society of Chemistry 2025

formed using a simple bisiminopyrrole tetradentate ligand
and metal ions, revealed new dimensions of the structural
and optical properties within this family. Optical resolution
achieved enantiopure forms with enhanced stability across
solvents and temperatures. This work highlights the impor-
tance of metal variation in modulating CPL properties,
making these helicates versatile for applications ranging
from optical sensing to advanced display technologies.
Moreover, it bridges the gap between different group 13
elements, paving the way for further exploration of metal-
ligand interactions.

To explore the substituent effects in dinuclear triple-helical
complexes on chiroptical performance, deepening the under-
standing of the structure-property relationship is essential. In
2024, the effects of substituent modifications on the optical
and chiroptical properties of dinuclear triple-stranded Al heli-
cates were systematically evaluated (Fig. 4d).*° Introducing
methyl and ethyl groups to specific ligand sites altered the tor-
sional angles and structural relaxation in the excited state,
leading to shifts in absorption and emission wavelengths.
These structural adjustments, confirmed via X-ray crystallogra-
phy and supported by DFT, resulted in notable Stokes shifts

Dalton Trans., 2025, 54, 6361-6368 | 6365
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and high photoluminescence quantum yields (Fig. 4e). Optical
resolution provided enantiomers with distinct CPL signatures,
advancing their applicability in security inks and opto-
electronics. This study underscores the importance of precise
ligand design in tuning material properties, offering valuable
principles for future functional dye design.

Most recently, brominated Schiff base ligands were uti-
lized to develop homoleptic and heteroleptic dinuclear triple-
stranded Al helicates, where the degree of bromination
modulated inter-ligand charge transfer (ILCT) states,
enabling emission tunability from yellow to orange
(Fig. 4h).*° Significant CD and CPL responses were achieved
following optical resolution, and ultrafast spectroscopy eluci-
dated ILCT dynamics. Heteroleptic complexes, where one or
two ligands were modified by bromine atoms, exhibited

6366 | Dalton Trans., 2025, 54, 6361-6368

enhanced nonradiative decay and intersystem crossing rates,
highlighting their potential as photofunctional materials
(Fig. 4i). This research establishes a framework for leveraging
ILCT mechanisms to achieve advanced functionalities in Al-
based helicates.

These studies collectively emphasize innovations in mole-
cular design, synthesis, and computational understanding of
chiral helicates. By integrating diverse metal centers, ligand
modifications, and ILCT mechanisms, we established path-
ways for tunable CPL materials with applications in bio-
imaging, 3D displays, and secure communications have been
established. Future work will focus on extending these prin-
ciples to other metal-ligand systems and exploring their
integration into device architectures for sustainable
photonics.

This journal is © The Royal Society of Chemistry 2025
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Conclusions and outlook

Recent advancements in the synthesis of multinuclear main-
group element complexes, particularly those incorporating
group 13 elements, along with the development of materials
with chiral optical properties, have been highlighted in this
study. By employing coordination chemistry, which integrates
multidentate ligands with multiple elements, multinuclear
main-group element complexes exhibiting both axial and
helical chirality have been successfully synthesized. Special
emphasis have been placed on their circularly polarized
luminescence (CPL) properties. Notably, helical aluminum-
based complexes, characterized by their strong luminescent
properties and exceptional thermal stability, hold promise as
key components for next-generation light-emitting devices.

Despite the significant progress in the design and synthesis
of chiral multinuclear main-group element complexes, several
challenges remain. In particular, improving long-term stabi-
lity, solubility, and cost-efficiency are critical areas requiring
for further development. The integration of machine learning
and artificial intelligence into material discovery is expected to
accelerate the identification of new chiral complexes with tai-
lored properties.*' However, serendipitous discoveries of novel
chiral complexes will remain essential, driven by the accumu-
lation of numerous synthetic experiments. The continued rele-
vance of compounds such as BODIPY, developed in 1968 and
still a cornerstone in modern research, including our own
work,*>** underscores the importance of exploring related
compounds and derivatives.*>*® Scale-up synthesis remains
crucial to make these complexes practical and commercially
viable, and future research will play role in overcoming these
challenges.
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