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Abstract
The development of sustainable strategies for asymmetric catalysis remains a central goal in modern synthetic chemistry. Chiral
aluminum catalysts, derived from earth-abundant and low-toxicity main-group elements, are emerging as powerful alternatives to
precious transition-metal systems. This review systematically surveys two decades of progress in chiral aluminum asymmetric ca-
talysis, with a central focus on the fundamental correlation between rational ligand design, coordination environment tuning at alu-
minum centers, and the resulting structure–activity/selectivity relationships. We highlight how modular ligand engineering includ-
ing 1,1'-binaphthyl-2,2'-diol (BINOL), salen, and N-heterocyclic scaffolds enables precise control over aluminum’s coordination
geometry, Lewis acidity, and chiral microenvironment, delivering high enantio- and regiocontrol across diverse reactions from
cycloadditions and asymmetric reductions to C–H functionalization and stereoselective polymerization. Beyond their cost and envi-
ronmental advantages, these systems showcase unique stereocontrol mechanisms arising from metal-centered chirality and coopera-
tive catalysis. Challenges remain in expanding substrate scope and improving recyclability, but continued innovation promises to
establish aluminum catalysis as a frontier platform for the sustainable synthesis of pharmaceuticals, fine chemicals, and functional
materials.
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Introduction
Chirality is a fundamental concept in chemistry, describing the
geometric properties of molecules that are not superimposable
on their mirror images. This structural feature is critically im-
portant because enantiomers often display markedly different
chemical reactivities, biological activities, and physical

properties [1-5]. As a result, the selective synthesis of optically
active compounds has become a central objective in
contemporary chemical research, particularly in the fields of
pharmaceuticals, agrochemicals, fine chemicals, and functional
materials.
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Among the various strategies developed to access chiral mole-
cules, asymmetric catalysis stands out as one of the most effi-
cient and versatile approaches. By enabling the catalytic genera-
tion of chirality from achiral or prochiral substrates, asym-
metric catalysis offers significant advantages in terms of atom
economy, reaction efficiency, and functional group tolerance.
Over the past several decades, remarkable progress has been
achieved through the development of chiral transition-metal
catalysts, especially those based on rhodium [6-13], ruthenium
[14-20], and iridium [10,12,21-23]. These systems benefit from
flexible coordination geometries, tunable electronic structures,
and the ability to access multiple oxidation states, which
together facilitate precise stereochemical control in a wide
range of transformations. Despite their success, transition-
metal-based asymmetric catalysts are associated with several
inherent limitations. The high cost and limited natural abun-
dance of many transition metals, combined with concerns
regarding toxicity, metal residues, and environmental impact,
pose challenges for large-scale and industrial applications [24].
These considerations have motivated increasing interest in cata-
lytic systems based on main-group elements as complementary
alternatives for asymmetric synthesis.

In this context, aluminum has emerged as a particularly attrac-
tive main-group metal for asymmetric catalysis [25]. Alumi-
num is the most abundant metal in the Earth’s crust, is inexpen-
sive, and exhibits low toxicity, making it well suited for sustain-
able catalytic applications [26,27]. From a coordination chem-
istry perspective, aluminum displays strong Lewis acidity and
can adopt a variety of coordination numbers, typically ranging
from four to six, as well as hypercoordinated geometries [28].
This structural flexibility endows aluminum centers with
excellent modifiability, allowing the coordination modulation of
aluminum through rational ligand design to construct well-
defined chiral microenvironments, and further establish clear
structure–activity relationships between the catalyst structure
and catalytic performance [29,30].

Over the past two decades, substantial advances have been
made in the design of chiral aluminum catalysts through the de-
velopment of well-defined ligand frameworks. Among these,
BINOL-derived ligands have played a central role due to their
rigid axial chirality, strong chelating ability, and capacity to
stabilize aluminum centers in both tetra- and hexacoordinate
environments [31-33]. Chiral salen ligands, with their tetraden-
tate coordination modes and modular steric and electronic
tunability, have enabled precise control over aluminum coordi-
nation geometry and have been widely applied in asymmetric
carbon–carbon-bond formation and polymerization reactions
[34,35]. In parallel, nitrogen-containing heterocyclic ligands, in-
cluding oxazolines, pyrrolidines, and scorpionate-type frame-

works, have expanded the structural diversity of chiral alumi-
num complexes and provided new opportunities for fine-tuning
catalyst reactivity and stereoselectivity [36-38].

This review summarizes the progress achieved in chiral alumi-
num catalysis over the past two decades from an inorganic and
coordination chemistry perspective. The discussion is orga-
nized according to major ligand classes, including BINOL-
based aluminum catalysts, chiral salen aluminum complexes,
nitrogen heterocycle-supported aluminum systems, and other
emerging ligand architectures. Emphasis is placed on the coor-
dination environment of the aluminum center, ligand design
principles, and their influence on catalytic performance and
stereochemical outcomes. By highlighting representative exam-
ples and key mechanistic concepts, this review aims to provide
a comprehensive overview of chiral aluminum catalysis and to
serve as a reference for the rational design of next-generation
main-group asymmetric catalysts.

Review
BINOL-based chiral aluminum catalysts
Since the 1990s, BINOL has been widely employed as a chiral
ligand in asymmetric catalysis, where it has demonstrated
distinctive stereocontrol capabilities. Early studies primarily
focused on BINOL transition-metal complexes [39-41], while
the catalytic potential of aluminum as a main-group element
was gradually revealed in the early twenty-first century. Among
the various ligand platforms developed for asymmetric alumi-
num catalysis, BINOL-derived systems have become the most
extensively investigated because their rigid, yet tunable frame-
work enables effective modulation of the aluminum coordina-
tion environment and catalytic performance [42].

Coordination geometry effects on catalytic
performance
A distinctive characteristic of BINOL-supported aluminum
catalysts is the ability of the aluminum center to adopt diverse
coordination geometries. Depending on the ligand architecture
and ancillary donor groups, tetrahedral, pentacoordinate, hexa-
coordinate, and even hypercoordinated aluminum species can
be generated. These structural variations significantly influence
the catalytic reactivity and stereoselectivity [33].

Early efforts focused on the construction of hypercoordinated
aluminum complexes. Simonsen et al. [43] reported a series of
hypercoordinated aluminum catalysts. By introducing multiden-
tate ligands, the Lewis acidity of the aluminum center was en-
hanced, and the use of bulky ligands 1a–d restricted the ap-
proach of substrates. Notably, ligands 1b and 1c achieved
hypercoordination through the incorporation of ether oxygen
atoms, thereby increasing the electron density at the aluminum
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Scheme 1: Hetero-Diels–Alder reaction of benzaldehyde with Danishefsky dienes catalyzed by organoaluminum compounds containing ligands 1.

center, stabilizing the reaction intermediates, and markedly
enhancing enantioselectivity. In the hetero-Diels–Alder reac-
tion between benzaldehyde and Danishefsky’s diene, the
highest enantioselectivity was achieved with ligand 1c,
affording an optimal ee value of 99.4% (Scheme 1). Mechanis-
tically, the additional donor atoms not only stabilized the alumi-
num center but also restricted conformational flexibility,
thereby creating a more defined chiral pocket for substrate acti-
vation.

The asymmetric Meerwein–Ponndorf–Verley (MPV) reduction
represents a classical Lewis acid-mediated transformation in
aluminum catalysis. Nguyen et al. [44] applied the active
species [(BINOL)Al(OiPr)] 2 and 3, generated in a 1:1 ratio
from AlMe3 with either (R)-BINOL or (S)-BINOL, to the asym-
metric MPV reduction of prochiral ketones. The active species
was proposed to be a monomeric, tetracoordinate aluminum
complex. Under these conditions, electron-deficient aryl ke-
tones exhibited excellent reactivity and enantioselectivity. For
instance, α-bromoacetophenone was reduced to 99% yield with
83% ee, whereas unsubstituted acetophenone delivered only
28% ee, indicating a strong substrate-dependent stereochemical
outcome (Scheme 2).

A subsequent mechanistic study in 2007 provided further
insight into the nature of the active species and its coordination
environment [45]. Spectroscopic and mass spectrometric
analyses suggested that, in solution, the catalytic system may
involve solvent-coordinated pentacoordinate aluminum species,
indicating a more complex coordination landscape than the
originally proposed tetracoordinate model. Substrates bearing
additional coordinating groups can form a rigid two-point
binding mode through simultaneous coordination of the carbon-
yl oxygen and the α-substituent, significantly restricting transi-
tion-state flexibility and enabling high enantioselectivity. In

contrast, simple ketones such as acetophenone can only engage
in one-point binding, leading to a more flexible transition state
and much lower enantioselectivity (Scheme 2). Overall, these
studies demonstrate that the coordination geometry of the alu-
minum center governs both substrate binding mode and transi-
tion-state rigidity, making it a key factor for controlling catalyt-
ic efficiency and enantioselectivity in BINOL-based aluminum
catalysis.

With an improved mechanistic understanding of aluminum-cat-
alyzed processes, researchers systematically optimized the
BINOL ligand framework to broaden the reaction scope.
Harada et al. [46] reported a dinuclear aluminum catalyst
derived from DPP-H8-BINOL ligand 4 and AlMe3, which
promoted the asymmetric vinylation of aldehydes to yield
allylic alcohols with up to 89% ee. The reaction proceeded
under mild conditions with minimal side reactions (Scheme 3).
This study overcame the limitations of conventional titanium-
based catalytic systems and, for the first time, demonstrated that
aluminum catalysts can directly promote the asymmetric addi-
tion of vinylaluminum reagents to aldehydes, thereby reducing
both cost and operational complexity.

A recent breakthrough further expanded this concept through
the isolation of a well-defined hexacoordinate BINOL alumi-
num alkoxide complex. Li et al. [47], building on Rueping’s
work, employed the (R)-CF3-BINOL ligand in the asymmetric
hydroboration of heteroaryl ketones using HBpin as the hydro-
boration reagent to afford chiral alcohols. Experimental results
showed that when the in situ-generated catalyst 5 was em-
ployed, substrates bearing electron-donating groups achieved
enantioselectivities of 97 to 98% ee, whereas those with elec-
tron-withdrawing groups reached 87% ee. When the isolated
hexacoordinate aluminum alkoxide complex was used as the
catalyst, enantioselectivity increased significantly to 98 to
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Scheme 2: Asymmetric reduction of aromatic ketones catalyzed by organoaluminum compounds 2 and 3.

Scheme 3: Asymmetric vinylation of aldehydes catalyzed by organoaluminum compounds containing ligand 4.

99% ee (Scheme 4). The highest stereoselectivity was obtained
under conditions employing the isolated catalyst, with excellent
conversion and minimal sensitivity to electronic effects. The
key conclusion revealed a novel catalytic mechanism involving
an octahedral chiral aluminum center, in which stereochemical
control is governed by BINOL-induced chirality at the alumi-
num center. This finding overcomes the limitations of tradi-
tional hydroalumination mechanisms, offering a new strategy
for BINOL–metal catalysis based on metal-centered chirality
and significantly enhancing the asymmetric synthesis of com-
plex substrates (Scheme 5).

Overall, the development of BINOL-based aluminum catalysts
demonstrated that both coordination geometry modulation and
steric engineering of the BINOL framework are indispensable
for achieving high catalytic performance. Rational ligand design
enables precise control over the coordination environment, sub-
strate binding mode, and transition-state organization around
the aluminum center, thereby enhancing catalytic activity and
stereoselectivity. These studies established BINOL as one of the
most versatile ligand platforms for constructing highly efficient
chiral aluminum catalysts and provide fundamental principles
for the rational design of future asymmetric catalytic systems.
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Scheme 4: Catalytic performance validation of hexacoordinated aluminum alkoxide species 5.

Scheme 5: The mechanism of aluminum complex 5-catalyzed asymmetric hydroboration of aryl ketones.
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Scheme 6: Asymmetric reduction of aromatic ketones catalyzed by organoaluminum compounds 6a–d.

Steric engineering of the BINOL framework
Beyond coordination geometry, the steric environment gener-
ated by the BINOL framework plays a decisive role in control-
ling catalytic selectivity. Structural modifications at the 3,3′-,
6,6′-, and 7,7′-positions have proven particularly effective for
regulating substrate approach and transition-state organization
[48,49].

Early investigations demonstrated that subtle modifications of
BINOL-derived ligands could dramatically alter stereochemical
outcomes in aluminum-catalyzed ketone reductions. Remark-
ably, changes in ligand substitution patterns not only affected
enantioselectivity but also led to inversion of product configura-
tion. These findings provided some of the earliest evidence that
steric interactions within the chiral pocket strongly influence the
trajectory of hydride delivery. Uang et al. [50] employed chiral
BINOL derivatives as ligands in the asymmetric reduction of
aromatic ketones. Compared with the unsubstituted complex 6a,
complexes 6b and 6c induced an inversion of the absolute con-
figuration, affording (R)-configured products, whereas complex
6a furnished (S)-configured products. When complex 6d was
employed, the (S)-configuration was obtained with the highest
enantioselectivity, reaching an ee value of 90%. The ee values
of the corresponding alcohols decreased as the alkyl chain
length of the substrates increased, except for phenylacetone,
which exhibited the highest ee value in the reduction reaction.
In contrast, cyclic ketones displayed a marked decrease in selec-
tivity, likely due to their more rigid conformations. Halogen
substituents exerted little influence on the ee value, as did
2-naphthyl and electron-withdrawing nitro groups; however, the
presence of electron-donating groups tended to diminish enan-
tioselectivity (Scheme 6).

Subsequent developments focused on expanding the steric
profile of the BINOL framework. Rueping et al. [51] employed
a series of chiral BINOL-derived ligands 7–10 in the asym-
metric hydroboration of heteroaryl ketones. This catalytic
system was applicable to a broad range of substrates with excel-
lent functional group tolerance. For 2-acetylpyridine substrates,
yields reached 99% with ee values of up to 98%. When the sub-
strate scope was extended to aryl-substituted heteroaryl ketones,
the use of the bulkier ligands, VANOL (9) or VAPOL (10),
maintained ee values above 95% (Scheme 7). Notably, the re-
sulting 2-heterocyclic alcohols are valuable synthetic intermedi-
ates in drug discovery and can also serve as ligands in asym-
metric catalysis. Density functional theory (DFT) calculations
revealed that the steric hindrance of the optimal ligand ranged
from 34% interference with substrate coordination. Further-
more, the ligand could be completely recovered and reused after
the reaction, thereby reducing catalyst cost and waste genera-
tion in accordance with the principles of green chemistry,
making this system particularly suitable for large-scale synthe-
sis.

Further evidence for the critical role of steric effects was provi-
ded by Wulff and co-workers through the development of 7,7′-
dicyclohexyl-substituted VANOL ligands. Wulff et al. [52] de-
veloped a catalyst 11 composed of AlMe3 and a 7,7′-dicyclo-
hexyl-substituted VANOL ligand, which was applied to the
asymmetric MPV reduction of ketones to efficiently convert
them into chiral alcohols. For aromatic ketones, enantioselectiv-
ities reached 94 to 99% ee (Scheme 8). The asymmetric MPV
reduction of aliphatic ketones was achieved for the first time,
affording good enantioselectivities with ee values up to 94%,
thereby addressing a gap in this field. The bulky 7,7′-substitu-
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Scheme 7: Asymmetric hydroboration of heterocyclic ketones catalyzed by organoaluminum compounds containing ligands 7–10.

Scheme 8: Asymmetric MPV reduction reactions of ketones catalyzed by organoaluminum compound 11.

ents of the VANOL ligand outperformed traditional BINOL in
aluminum catalysis, confirming their steric control advantage.

An illustrative example of steric modulation through BINOL
framework engineering was reported by Nakao and co-workers
in the development of a chiral BINOL–Al/Ir cooperative cata-
lytic system for the enantioselective β-C(sp3)–H borylation of
saturated cyclic amines [53]. With catalyst 12a, the reaction
afforded only 4% ee. As the steric bulk of the BINOL frame-
work progressively increased, the stereochemical control of the
catalyst was significantly enhanced. The introduction of bulky
triisopropylsilyl (TIPS) groups at the 6,6′-positions to afford
catalyst 12b improved the enantioselectivity to up to 40% ee.
Further installation of even bulkier 4-(1-adamantyl)phenyl sub-
stituents at the 3,3′-positions to generate catalyst 12c increased

the enantioselectivity to as high as 75% (Scheme 9). These
results demonstrate that rational steric engineering of the
BINOL framework is an effective strategy for enhancing cata-
lytic performance and asymmetric induction.

The same group [54] extended the system (12b–e) to the bridge-
head C–H borylation of 3-azabicyclo[3.1.0]hexane. Modifica-
tion of the 6,6′-positions of BINOL with TIPS groups enhanced
catalyst solubility, enabling a catalyst loading as low as
0.2 mol % and affording up to 62% ee (Scheme 9). This result
demonstrated that silyl substitution effectively enhanced both
ligand solubility and chiral transfer efficiency at the metal
center. This work therefore confirms that rational steric engi-
neering of the BINOL scaffold is a key strategy for enhancing
asymmetric induction in cooperative aluminum catalysis.
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Scheme 9: Aluminum catalysts 12a–c for the β-C(sp3)–H borylation reaction and 12b–e for the bridgehead C–H borylation of
3-azabicyclo[3.1.0]hexane.

Scheme 10: Aluminum compounds 13 for the hydrophosphonylation of carbonyls.

Salen-based chiral aluminum catalysts
The term "salen" refers to a class of Schiff bases formed by the
condensation of ortho-hydroxy-substituted aromatic aldehydes
with diamines [55]. Chiral salen aluminum catalysts represent
an important class in asymmetric catalysis, and their develop-
ment has demonstrated the precise tuning of ligand design in
conjunction with catalytic performance optimization. Their
rigid N2O2 framework enables electronic and steric tuning of
the aluminum center. Consequently, the catalytic performance
of salen aluminum complexes is closely associated with ligand
structure and catalyst architecture [56].

Electronic and steric engineering of salen ligands: Elec-
tronic and steric modifications of salen ligands provide effec-
tive approaches for tuning the Lewis acidity, substrate activa-

tion ability, and stereochemical induction of aluminum cata-
lysts [57].

Kee et al. [58] reported chiral salen aluminum catalysts 13 for
the asymmetric hydrophosphonylation of aldehydes and demon-
strated that subtle ligand modifications exert a profound influ-
ence on stereoselectivity. Although both catalysts share the
same absolute ligand configuration, catalyst 13a afforded poor
enantioselectivity (<10% ee), whereas the tert-butyl-substituted
analogue 13b achieved enantioselectivities of up to approxi-
mately 60% ee (Scheme 10). Remarkably, compared with the
corresponding salalen systems, the use of catalyst 13b also led
to an inversion of the predominant product configuration, high-
lighting the decisive role of the ligand steric architecture in
controlling the chiral environment around the aluminum center.
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Scheme 11: Aluminum compound 14 for the asymmetric hydrocyanation of nitroolefins.

Khan et al. [59] developed a well-defined chiral Al(III) salen
complex 14 as an efficient homogeneous catalyst for the
asymmetric hydrocyanation of nitroolefins, with trimethylsilyl
cyanide (TMSCN) as the cyanide source and 4-phenylpyridine
N-oxide (4-PPNO) as a critical additive. Under these optimized
conditions, the model substrate (2-nitrovinyl)cyclohexane
afforded the corresponding β-nitronitrile with an 87% iso-
lated yield and an excellent enantioselectivity of 90% ee
(Scheme 11). Mechanistic studies further demonstrated that
4-PPNO coordinates axially to the aluminum center to form a
pentacoordinate species, which not only increases the electro-
philicity of the metal center but also facilitates activation of
TMSCN. The resulting cooperative interaction between the
electron-deficient Al center and the sterically organized salen
framework promotes an enantioselective cyanide delivery to the
coordinated nitroolefin (Scheme 12). These results demonstrate
that the combination of electronic activation through axial coor-
dination and steric confinement provided by the rigid salen
scaffold is essential for achieving both high catalytic activity
and excellent enantioselectivity in this transformation.

Feijen et al. [60] reported the application of the chiral salen alu-
minum catalyst 15 in the ring-opening polymerization (ROP) of
ε-caprolactone (ε-CL) and its methyl-substituted derivatives.
The polymerization rate decreased substantially upon methyl
substitution, with ε-CL polymerizing faster than 4-methyl-ε-
caprolactone (4-MeCL), which in turn polymerized consider-
ably faster than 6-methyl-ε-caprolactone (6-MeCL). The cata-
lyst exhibited significant stereoselectivity toward 6-MeCL, but
no selectivity toward 4-MeCL, indicating that the substituent
position influences the stereochemical environment of the
active site through steric effects (Scheme 13). This finding pro-
vided important guidance for subsequent ligand structure opti-
mization.

Gao, Duan and co-workers. [61] reported (R,R)-cyclohexanedi-
amine-based chiral salen aluminum complexes for the highly
stereoselective polymerization of rac-lactide (rac-LA).
Microstructural analyses of the propylene oxide initiated by
these complexes revealed that the chiral salen ligands can effec-
tively control the stereoconformational regularity of the
polymer, and that this ability depends on the steric volume of
the benzene ring substituents of the auxiliary ligand. Stereose-
lectivity was markedly enhanced through optimization of the
ligand substituents, particularly with the introduction of bulky
tert-butyl groups and halogen atoms such as chlorine. In tolu-
ene at 70 °C, complexes 16a–c catalyzed rac-LA to afford
isotactic PLA with high Pm and narrow molecular weight distri-
butions (PDI = 1.10–1.22) (Scheme 14). These findings demon-
strate that chiral salen aluminum complexes can effectively
regulate the stereoconformational regularity of PLA by modu-
lating the electronic effects and steric hindrance of the ligand
substituents. Collectively, these studies demonstrated that elec-
tronic and steric modulation of salen ligands directly influences
Lewis acidity, substrate activation, and stereoselectivity,
thereby establishing important structure–activity relationships
in salen-based aluminum catalysis.

The importance of ligand steric effects was elegantly demon-
strated by Evans and co-workers through the development of
catalyst 17 for the asymmetric aldol reaction of aldehydes with
5-alkoxyoxazoles [62]. The catalyst incorporates a rigid
diaminobinaphthyl-derived salen framework together with
bulky 3,5-di-tert-butyl substituents, generating a highly
confined chiral environment around the aluminum center. The
addition of suitable additives enhanced the conversion and
allowed for a lower catalyst loading, enabling the efficient syn-
thesis of chiral β-hydroxy-α-amino acid derivatives. The aro-
matic aldol reaction conducted in toluene with 10 mol % cata-
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Scheme 12: The mechanism for the asymmetric hydrocyanation of nitroolefins catalyzed by aluminum catalyst 14.

Scheme 13: Aluminum compound 15 for the ROP of ε-CL and its methyl derivatives.
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Scheme 14: Aluminum compounds 16 for rac-LA polymerization reactions.

Scheme 15: Aluminum compounds 17 for asymmetric aldol reactions of aldehydes and 5-alkoxyoxazoles.

lyst and 20 mol % LiClO4 as an additive afforded the cis-oxa-
zoline product in 90–99% yield and 91–99% ee (Scheme 15).
These results demonstrate that precise steric tuning of the ligand
framework can significantly enhance stereochemical control by
regulating substrate orientation and transition-state organiza-
tion around the aluminum center.

Catalyst architecture engineering: Beyond ligand modifica-
tion, engineering the overall catalyst architecture has emerged
as another effective strategy for regulating the coordination
environment and catalytic behavior of salen aluminum com-
plexes [63]. Structural variations such as supported catalysts,
multinuclear systems, and expanded ligand frameworks can sig-
nificantly influence substrate binding modes, monomer inser-
tion pathways, and catalytic selectivity [64].

Carpentier et al. [65] developed the fluorinated dialkoxy-
diimino aluminum complex 18 as structurally modified analog
for traditional salen systems. Unlike classical salen ligands,
where rigid phenolate rings generally enforce a square-pyra-
midal coordination geometry, replacement of the phenolate
units with sp3-hybridized fluorinated alkoxide donors signifi-

cantly increased the ligand flexibility, leading to distorted trig-
onal-bipyramidal aluminum centers. This backbone transfor-
mation altered the steric environment and coordination mode
around the metal center, thereby affecting monomer activation
and stereocontrol during polymerization. The AlOiPr complex
18 is an effective initiator for the ROP of ε-CL and rac-LA,
giving polymers with high molecular weights and relatively
narrow polydispersities (Mw/Mn = 1.08–1.91). The PLAs pro-
duced, both under slurry and melt conditions, with chiral com-
plex 18, have a highly isotactic-enriched stereoblock micro-
structure (Pmeso = 0.87) (Scheme 16). Notably, both achiral and
chiral ligand backbones generated similar levels of isotactic
enrichment, indicating that the coordination geometry and back-
bone flexibility, rather than backbone chirality alone, played a
decisive role in controlling the stereoselectivity. These results
demonstrate that a modification of the salen framework can
profoundly influence the catalyst structure and polymerization
behavior by regulating aluminum coordination geometry and
ligand flexibility.

Weck and Madhavan [66] reported a landmark study on
polymer-supported salen aluminum catalysts. The (R,R)-
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Scheme 16: Aluminum compound 18 for ε-LA and rac-LA polymerization reactions.

Scheme 17: Aluminum compound 19 for asymmetric 1,4-conjugate addition reaction of α,β-unsaturated imides with cyanides.

salen–AlCl complex was immobilized on a polynorbornene
scaffold to afford catalyst 19, which was successfully applied
in the asymmetric 1,4-conjugate addition of α,β-unsatu-
rated imides with cyanide. The catalytic system retained the
excellent stereoselectivity of traditional homogeneous salen–Al
catalysts, achieving enantioselectivities of 88–99% ee
(Scheme 17). Several breakthrough advances were realized, in-
cluding the reduction of catalyst loading from the conventional
10–15 mol % to 5 mol % and a 50–66% decrease in metal usage
while maintaining reaction efficiency, thereby demonstrating
the unique advantages of polymer-supported strategies in
salen–Al catalysis. These findings demonstrated that the modifi-
cation of the catalyst architecture at the macromolecular level
can influence catalytic performance by regulating catalyst-site
proximity and cooperative interactions, providing an effective
strategy to enhance activity without altering the intrinsic chiral
salen–Al active site.

More recently, Wang et al. [67] developed a chiral (bissalen)Al
complex 20, achieving significant advances in both regio- and
stereoselectivity control. Compared with conventional mono-
salen systems, the bissalen framework provided a more ordered
coordination environment and enhanced cooperative effects be-
tween catalytic sites. The catalyst efficiently promoted the ROP

of 3-methyl glycolide (MeG) with regioselectivity exceeding
99%, enabling the successful synthesis of fully alternating
poly(lactic-co-glycolic acid) (PLGA) with properties superior to
conventional non-alternating or partially alternating PLGA
(Scheme 18). Mechanistic studies indicated that the bissalen
framework creates a more confined chiral environment, improv-
ing discrimination between competing reaction sites and
promoting selective glycolyl-site activation. The proposed
mechanism was investigated using the enantiomeric (R,R)-
configured aluminum alkoxide model and (S)-MeG. Coordina-
tion of MeG to the aluminum center proceeds through TS1, fol-
lowed by nucleophilic attack of the Al-bound alkoxide to form
Int1 and the more stable intermediate Int2. Subsequent dissocia-
tion of the carbonyl oxygen from the aluminum center and
cleavage of the acyl C–O bond through TS2 generate the ring-
opened propagating species Int3, which can undergo subse-
quent monomer insertion (Scheme 19). These results demon-
strate that expansion of the ligand framework from monosalen
to bissalen can profoundly influence catalytic behavior by
tailoring the spatial organization of the coordination sphere and
strengthening substrate recognition at the aluminum center.

Overall, the development of salen-based aluminum catalysts
demonstrated that both ligand-level modulation and catalyst
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Scheme 18: Aluminum compound 20 for ROP of MeG.

Scheme 19: Proposed ring-opening pathway of (S)-MeG mediated by an (R,R)-configured (bissalen)Al alkoxide model. TS and Int denote transition
state and intermediate, respectively, and OP- represents the propagating polymer chain.

architecture engineering are crucial for achieving high
catalytic performance. Electronic and steric effects govern
Lewis acidity and stereochemical induction, whereas
catalyst architecture determines coordination environments
and substrate activation modes. The interplay of these
factors ultimately dictates the catalytic activity, regioselectiv-
ity, and enantioselectivity, providing valuable guidelines

for the rational design of next-generation chiral aluminum cata-
lysts.

N-Heterocycle-supported chiral aluminum catalysts: Since
the 1990s, nitrogen-containing heterocyclic ligands have
demonstrated unique stereocontrol capabilities in chiral alumi-
num catalyst design, with their rigid frameworks and multiden-
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Scheme 20: Aluminum compounds 21 for rac-LA polymerization reactions.

tate coordination features opening new avenues for asymmetric
catalysis [68-70].

Steric and electronic engineering of N-heterocyclic ligands:
The catalytic performance of N-heterocycle-supported alumi-
num catalysts is strongly influenced by the steric and electronic
properties of the ligand framework. Systematic ligand modifica-
tion has revealed clear structure–activity relationships that
govern catalytic activity, stereoselectivity, and polymer micro-
structure [71,72].

Du et al. [36] synthesized and characterized a series of alumi-
num complexes 21 containing chiral bidentate anilino-oxa-
zoline ligands and investigated their catalytic properties in the
ROP of rac-LA. By systematically varying the substituents on
the ligands, the study achieved precise modulation of both the
reactivity and stereoselectivity of the aluminum catalysts in the
ROP of rac-LA. The optimal homoselectivity (Pm = 0.60) and
heteroselectivity (Pr = 0.74) were obtained under specific sub-
stituent conditions (Scheme 20). The oxazoline ring serves as
the chiral core, and the electronic and steric effects of its
substituents are key factors governing the polymerization be-
havior.

Similarly, Liu and Ma [73] reported a series of dimethyl-
aluminum complexes 22  bearing bidentate N-[2-(1-
piperidinyl)benzyl]anilino-type ligands. These complexes effec-
tively initiated the ROP of rac-LA without an external initiator,
exhibiting good controllability and a narrow molecular weight
distribution of the resulting polylactide (PDI = 1.06–1.18)
(Scheme 21). Steric hindrance from ortho-substituents on the
aniline moiety reduced catalytic activity, whereas electron-with-
drawing substituents at the meta or para-positions enhanced
activity by increasing the electrophilicity of the metal
center. Terminal group analysis suggested that the polymeriza-
tion proceeded via a coordination–insertion mechanism involv-
ing monomer insertion into the Al–N(amido) bond. The
amido-initiated polymerization exhibited characteristics
comparable to those initiated by conventional aluminum alk-
oxide active species, offering a new strategy for polylactide
synthesis.

Steric effects were further demonstrated by Vidović
and co-workers [74]. Their chiral oxazoline-containing β-dike-
timinate aluminum complexes 23 possess structurally differenti-
ated achiral and chiral termini. Systematic enlargement of the
steric bulk at the achiral terminus significantly improved the en-
antioselectivity of the asymmetric Diels–Alder reaction be-
tween chalcone and 1,3-cyclohexadiene. At the chiral oxa-
zoline site, catalysts bearing tert-butyl substituents provided the
optimal steric shielding and achieved the highest enantioselec-
tivity (up to 68% ee) (Scheme 22). However, excessive steric
congestion adversely affected substrate coordination and
reduced the catalytic efficiency. These observations emphasize
that a carefully tuned steric confinement, rather than simply
maximizing steric bulk, is crucial for achieving effective stereo-
control.

Ligand coordination modulation and mechanisms: The coor-
dination environment surrounding the aluminum center is a key
factor governing catalytic activity and stereoselectivity in
N-heterocycle-supported aluminum catalysts. Owing to the
versatile coordination modes of nitrogen-containing ligands,
aluminum complexes can adopt diverse coordination geome-
tries and nuclearities, enabling precise regulation of substrate
activation and stereochemical induction [75,76].

Liu and Wei [77] demonstrated the important role of a ligand-
controlled coordination environment modulation through chiral
pyrrolylimine- and pyrrolylamine-derived aluminum com-
plexes 24 and 25. Depending on the ligand’s donor framework,
the reaction with trimethylaluminum afforded either a hexaco-
ordinate tris-ligated aluminum complex 24 or a tetracoordinate
monoligated dialkylaluminum complex 25, both of which were
subsequently applied to the polymerization of rac-LA
(Scheme 23). The resulting differences in coordination architec-
ture altered the steric environment and coordination saturation
around the aluminum center, leading to variations in catalytic
activity and the molecular weights of the resulting polymers.
Although both complexes exhibited a preference for the forma-
tion of isotactic-rich poly(lactic acid) (PLA), their distinct
coordination modes gave rise to different polymerization
performances, underscoring the critical role of ligand-induced
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Scheme 21: Aluminum compounds 22 for rac-LA polymerization reaction.

Scheme 22: Aluminum compounds 23 for asymmetric Diels–Alder cycloaddition reactions.

Scheme 23: Aluminum complexes 24 and 25 for rac-LA polymerization reaction.
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Scheme 24: Structural comparison of monoaluminum complex 26 and dinuclear aluminum cooperative catalyst 27, and the CO2 cycloaddition to
epoxides catalyzed by compound 27.

coordination environment modulation in regulating the behav-
ior of aluminum catalysts.

Further advances were achieved through ligand-controlled coor-
dination modulation in multinuclear aluminum systems. North
et al. [78] designed a chiral NNO-type heteroscorpionate ligand
that reacts with trialkylaluminum in either a 1:1 or 1:2 stoichio-
metric ratio selectively affording mononuclear complex 26 or
dinuclear complex 27 (Scheme 24). This ligand-directed
assembly enables precise regulation of the aluminum nuclearity
and coordination environment. More importantly, the dinuclear
architecture promotes cooperative interactions between adja-
cent aluminum centers and facilitates bifunctional activation
during catalysis, leading to enhanced activity in the cycloaddi-
tion of epoxides with CO2. Mechanistic studies further sug-
gested that the bridged dinuclear framework favors intramolec-
ular cooperative catalysis and stabilizes key intermediates,
demonstrating that ligand-controlled coordination modes can
directly influence the catalytic pathway and reaction efficiency
(Scheme 25).

Kol et al. [79] developed an aluminum complex 28 based on a
bipyrrolidinyl-salan ligand, in which the ligand adopts a highly
preorganized pentacoordinate conformation around the alumi-
num center due to the incorporation of the rigid C2-symmetric
bipyrrolidinyl core and an adjacent aryl substituent. The result-
ing steric hindrance significantly enhanced the stereocontrol
ability of the catalyst. For rac-LA, the enantiopure catalysts
exhibited low activity and produced atactic polymers, whereas
the racemic catalysts displayed high activity and afforded
heterotactic PLA (Pr = 0.99) through chain-end group exchange

between mismatched enantiomers (Scheme 26). Mechanistic in-
vestigations revealed that a rapid polymer-chain exchange be-
tween opposite catalyst enantiomers effectively alleviates the
stereochemical mismatch between the growing polymer chain
and the incoming monomer. This dynamic coordination process
serves as the origin of the remarkable heteroselectivity, high-
lighting the important role of coordination dynamics in stereo-
controlled polymerizations.

Subsequently, the same group [80] reported chiral aluminum
catalysts 29 based on tetradentate (ONNO) salanol ligands.
Catalyst 29a catalyzed the meso-lactide (meso-LA) polymeriza-
tion to yield highly syndiotactic PLA (Ps = 0.92), whereas cata-
lyst 29b showed high heterotactic selectivity toward meso-LA
with Pr = 0.89 (Scheme 27). The ligands’ bispyrrolidine core,
owing to its rigid chiral structure, enforced a defined wrapping
around the aluminum center, ensuring the complex existed as a
single stereoisomer and preventing the formation of diastereo-
meric mixtures, thereby achieving high stereoselectivity in po-
lymerization. This study further demonstrates that controlling
the coordination geometry of multidentate N-heterocyclic
ligands represents an effective strategy for achieving a highly
selective stereocontrolled polymerization.

Overall, N-heterocycle-supported aluminum catalysts highlight
the critical roles of both ligand steric/electronic properties and
coordination environment modulation in determining catalytic
performance. The versatile coordination modes and structural
diversity of nitrogen-containing ligands enable fine control over
Lewis acidity, substrate activation, stereochemical induction,
and cooperative effects between aluminum centers. Conse-
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Scheme 25: Mechanism of the CO2 addition to epoxides catalyzed by aluminum catalyst 27.

Scheme 26: Aluminum compound 28 for rac-LA polymerization reaction.

Scheme 27: Aluminum compounds 29 for the meso-LA polymerization reaction.
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Scheme 28: Aluminum compounds 30 applied to a tandem Michael addition/MPV reaction.

quently, rational engineering of N-heterocyclic frameworks
provides an effective strategy for tailoring catalytic activity,
regioselectivity, and stereoselectivity, further expanding the
scope of chiral aluminum asymmetric catalysis.

Other types of chiral aluminum catalysts: In addition to the
dominant BINOL, salen, and nitrogen-based ligand frame-
works, a variety of other chiral ligand systems have been
explored to diversify aluminum-catalyzed asymmetric transfor-
mations. These alternative ligands provide complementary
steric and electronic environments, expanding the structural and
functional repertoire of aluminum catalysts beyond the well-
established classes. This section highlights these less conven-
tional systems and illustrates how they complement the major
ligand families discussed earlier.

Chiral sulfur-containing ligands represent one such class of
alternative donor motifs. Node et al. [81] applied aluminum
complex 30 obtained with these ligands in a tandem Michael
addition/MPV reduction reaction, achieving high enantioselec-
tivity for α,β-unsaturated ketones and allylic alcohols.
For styrene-derived substrates, the reductions gave the products
with 96–98% ee, demonstrating that sulfur coordination
can effectively induce asymmetry in aluminum-catalyzed reac-
tions (Scheme 28). These results showed that donor atoms
beyond oxygen and nitrogen can provide efficient stereocontrol,
emphasizing the flexibility of aluminum coordination chem-
istry.

Renaud and Corminboeuf [82] employed compound 31 ob-
tained from the TADDOL ligand 2,2-dimethyl-α,α,α',α'-tetra-1-
naphthalenyl-1,3-dioxolan-4,5-dimethanol and triisobutylalu-
minum in the Diels–Alder reaction of cyclopentadiene with
N-alkoxyacrylamides, achieving enantioselectivities up to 92%
(Scheme 29).

Later, Hori, Mino and co-workers [83] used the TADDOL-Al
catalyst 32 for the kinetic resolution of racemic citronellal, illus-

trating that TADDOL ligands can modulate substrate orienta-
tion and reactivity even under challenging conditions. Com-
pared to BINOL, TADDOL's higher conformational flexibility
reduces its spatial recognition, leading to a much lower enantio-
selectivity (20% ee) (Scheme 30). Nonetheless, its immense
steric hindrance uniquely suppresses side reactions by
preventing product-induced ligand substitution at aluminum.
These results showed that balancing TADDOL's rigidity and
flexibility can precisely modulate substrate orientation and cata-
lytic activity, guiding the design of challenging asymmetric
reactions.

Diamine-supported aluminum catalysts provide another distinct
strategy for asymmetric induction. Maruoka et al. [84] applied
chiral diamine-aluminum complex 33 to the rearrangement of
α,α-disubstituted α-aminoaldehydes. This reaction delivered
excellent enantioselectivity up to 97% ee, affording optically
active α-hydroxyketones after acidic hydrolysis (Scheme 31).
The study highlights the utility of bidentate nitrogen ligands in
extending the mechanistic and structural diversity of aluminum-
catalyzed transformations, complementing both salen and oxa-
zoline systems.

Phosphite ligands constitute an additional alternative for alumi-
num-catalyzed asymmetric reactions. Nandi, Katz and
co-workers [85] reported aluminum complexes 34 bearing
axially chiral vaulted hemispherical calix[4]arene phosphite
ligands for the asymmetric MPV reduction of substituted aceto-
phenones (Scheme 32). Using achiral isopropanol as the
hydride source, the optimized catalyst afforded up to 99% ee in
the reduction of o-fluoroacetophenone, demonstrating the effec-
tiveness of this ligand framework for a highly enantioselective
MPV reduction.

Overall, these alternative ligand frameworks demonstrate that
efficient chiral aluminum catalysis is not limited to BINOL-,
salen-, or N-heterocycle-based systems. By introducing diverse
donor atoms and structural motifs, including sulfur-, oxygen-,
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Scheme 29: Aluminum compound 31 for the Diels–Alder reaction of cyclopentadiene with N-alkoxyacrylamides.

Scheme 30: Aluminum compound 32 for the kinetic resolution of racemic citronellal.

Scheme 31: Aluminum compound 33 for the rearrangement of α,α-disubstituted α-aminoaldehydes.

Scheme 32: Aluminum compound 34 for the asymmetric MPV reduction of substituted acetophenones.
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nitrogen-, and phosphorus-containing ligands, researchers have
further expanded the coordination chemistry and stereocontrol
strategies available for aluminum catalysts. These studies high-
light the versatility of aluminum in accommodating structurally
distinct chiral ligands and provide valuable inspiration for the
development of next-generation asymmetric catalytic systems
with broader substrate scope and improved catalytic perfor-
mance.

Conclusion
Chiral aluminum catalysts have proven to be powerful tools for
asymmetric catalysis, enabling precise stereocontrol in cycload-
ditions, MPV reductions, ring-opening polymerizations and
other key transformations. Based on BINOL, salen and
N-heterocyclic scaffolds, rational ligand design achieves
efficient coordination modulation of aluminum centers,
precisely tuning their coordination geometry, Lewis acidity
and chiral microenvironment, while establishing clear
structure–activity relationships between catalyst structures and
catalytic performance – this forms the core of chiral aluminum
catalyst development. Compared with traditional transition-
metal catalysts, aluminum-based systems offer inherent advan-
tages of high earth abundance, low toxicity and cost-effective-
ness, with tunable ligand architectures lending unique potential
for stereoselectivity optimization.

Notwithstanding these advances, notable challenges remain:
limited substrate scope, suboptimal stereocontrol for sterically
or electronically demanding substrates, difficulties in catalyst
recovery and recyclability, and incompletely elucidated
structure–activity relationships for some novel systems, all of
which restrict their application in complex molecular synthesis
and industrial scale-up. Future research should focus on
designing novel ligand frameworks to diversify aluminum
center coordination modulation strategies, clarifying
structure–activity relationships via integrated experimental and
theoretical approaches, and incorporating green strategies such
as catalyst immobilization to boost catalytic efficiency and re-
cyclability.

By leveraging the intrinsic structural flexibility and tunable
coordination properties of aluminum centers, synergistic opti-
mization of ligand design, coordination modulation and struc-
ture–activity relationship will drive the development of high-
performance chiral aluminum catalysts with excellent regio-
and stereoselectivity. Sustained innovation in this field will
further expand the utility of aluminum catalysts in the synthesis
of pharmaceuticals, fine chemicals and functional materials,
establishing them as an economical, environmentally benign
alternative to conventional transition-metal catalysts and
advancing sustainable asymmetric catalysis.

List of Abbreviations
The abbreviations used in the text and schemes are collected in
Table 1.

Table 1: Abbreviations.

4-MeCL 4-methyl-ε-caprolactone
4-PPNO 4-phenylpyridine N-oxide
6-MeCL 6-methyl-ε-caprolactone
BINOL 1,1'-binaphthyl-2,2'-diol
CF3-BINOL trifluoromethyl-substituted

1,1'-binaphthyl-2,2'-diol
DCM dichloromethane
DFT density functional theory
DPP-H8-BINOL partially hydrogenated

diphenyl-substituted BINOL
ee enantiomeric excess
HBpin pinacolborane
MeG 3-methyl glycolide
meso-LA meso-lactide
MPV Meerwein–Ponndorf–Verley
Mw weight-average molecular weight
Mn number-average molecular weight
PDI polydispersity index
PLA poly(lactic acid)
PLGA poly(lactic-co-glycolic acid)
Pm probability of meso dyad formation
Pr probability of racemic dyad formation
Ps probability of syndiotactic placement
rac-LA rac-lactide
ROP ring-opening polymerization
salan saturated salen ligand
salalen partially hydrogenated salen ligand

containing one imine and one amine donor
salen N,N′-bis(salicylidene)ethylenediamine
TADDOL 2,2-dimethyl-α,α,α′,α′-tetraaryl-1,3-

dioxolane-4,5-dimethanol
TIPS triisopropylsilyl
TMSCN trimethylsilyl cyanide
VANOL 4,6-diphenyl-3-hydroxy-2-naphthoic

acid-derived axially chiral biaryl ligand
VAPOL vaulted biphenanthrol
ε-CL ε-caprolactone
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