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Abstract
Dearomatization reactions of aromatic feedstocks constitute a highly efficient and conceptually powerful class of transformations
for the synthesis of complex, three-dimensional molecular architectures with tailored physicochemical properties. Despite notable
advances in dearomative methodologies over the past decades, the selective and controlled disruption of the aromatic core continues
to represent a fundamental challenge in synthetic chemistry. In this review, we delineate the potential of π-bond localization within
the aromatic framework as a general strategy for arene activation and dearomatization. Four distinct approaches are discussed,
encompassing localization of the arene π-bonds through small-ring annelation as well as transition metal coordination to aromatic
fragments in an η2-, η3-, and η4-fashion. The structural and reactivity consequences of these perturbations are analyzed in detail,
and representative examples of stoichiometric and, where available, catalytic applications in synthesis are highlighted. Collectively,
these concepts create a roadmap for the development of new strategies that harness π-bond localization to expand the synthetic
utility of aromatic compounds.
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Introduction
Aromaticity has intrigued chemists since Michael Faraday’s
isolation of benzene in 1825, marking the beginning of a
concept that has shaped much of modern chemical thinking
[1,2]. Despite its fundamental importance, aromaticity remains
an abstract notion [3]. It is central to understanding molecular
structure and reactivity, yet it cannot be measured directly [4].
This inherent elusiveness contributed to decades of debate over

the structure of benzene, the prototypical aromatic molecule,
until August Kekulé proposed his venerable representation: a
six-membered carbon ring with alternating single and double
bonds (Figure 1A) [5]. However, despite its strength in repre-
senting a planar cyclic arrangement of tetravalent carbon atoms,
this formalism fails to accurately depict the observed reactivity,
structure, and stability of benzene. It implies three rapidly equi-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:tobias.morack@oci.uni-heidelberg.de
https://doi.org/10.3762/bjoc.22.19


Beilstein J. Org. Chem. 2026, 22, 257–273.

258

Figure 1: Aromatic molecules as the foundation of modern molecular chemistry.

Figure 2: Arenes as springboards to three-dimensional chemical space and strategies toward arene activation via π-bond localization discussed in
this review.

librating, localized double bonds, which conflicts with experi-
mental observations.

Thiele’s introduction of partial valency [6], corroborated by
Lonsdale’s groundbreaking structural studies [7], and Hückel’s
application of molecular orbital theory [8] subsequently began
to rationalize these observations and the unique chemical be-
havior of aromatic compounds, finally establishing the concept
of aromaticity. This behavior manifests itself in numerous illus-
trative criteria, such as bond-length equalization, enhanced
stability, and distinct magnetic and spectroscopic properties,
none of which are entirely free of ambiguity [3].

Today, aromatic compounds are essential in both academic and
industrial chemical applications (Figure 1B) [9,10]. Their ubiq-
uity is the result of a decades-spanning effort devoted to lever-

aging aromatic stability in the development of methods that
functionalize the periphery of arenes without disrupting the aro-
matic core, such as electrophilic and nucleophilic aromatic sub-
stitutions, transition metal-catalyzed cross-couplings [11], and
C–H functionalizations [12]. Taken together with their natural
abundance, these transformations have established arenes and
heteroarenes as versatile synthetic building blocks in pharma-
ceuticals, agrochemicals, and materials science (Figure 1B).

In contrast, direct modification of the central aromatic core, i.e.,
controlled disruption of aromaticity, remains a fundamental
challenge in synthetic chemistry and leaves the vast potential of
planar arenes as springboards to three-dimensional molecular
architectures largely untapped (Figure 2A) [13]. Enforcing lo-
calization of the arene π-system achieves precisely this: it acti-
vates the arene through induction of an alkene-like character,
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Figure 3: Structure and synthetic utilization of strained arenes; NICS: nucleus independent chemical shifts [26-28].

thereby presenting a twofold opportunity: (1) to advance dearo-
mative chemistry into a general, efficient synthetic strategy that
enables an entirely new retrosynthetic logic, and (2) to enable
previously inaccessible mechanistic pathways for selective
arene functionalization.

With this review, we aim to assess the current landscape of syn-
thetically applied systems that achieve arene activation through
π-bond localization (Figure 2B). While most examples remain
limited to stoichiometric studies probing the structural and reac-
tivity consequences of perturbing aromatic stability, they collec-
tively unveil a rich and largely untapped conceptual space that
continues to simmer beneath the surface of the literature,
holding remarkable promise for translation into catalysis.

In the first chapter we examine strain-induced π-bond localiza-
tion for arene activation, following the historical traces of the
Mills–Nixon hypothesis, its fallacies and the implications of
strain on arene structure and reactivity. The following chapters
introduce the broader mechanistic framework of transition
metal coordination to a subset of the aromatic system, specifi-
cally η2-, η3-, and η4-coordination. These partial coordination
modes effectively clamp the otherwise delocalized π-system,
disrupting aromaticity and unveiling the latent double-bond
character within the aromatic ring. This dramatically increases
reactivity, enabling alkene-like transformations with aromatic
molecules that are inaccessible by conventional synthetic

methods, thereby complementing traditional arene chemistry.
Other modes of activation, such as the η6-coordination of arenes
by π-Lewis acids, are specifically not included in this classifica-
tion as the π-bonds remain fully delocalized and these modes
have been extensively reviewed elsewhere [14,15].

Review
Small-ring strain-induced arene activation
Historical context
The concept of π-bond localization in arenes and its influence
on reactivity can be traced back to the early 1930s, when Mills
and Nixon investigated how the annelation of small rings to aro-
matic systems influences the regioselectivity of electrophilic
substitutions in tetralin vs indane (Figure 3A) [16]. Building on
Kekulé’s early oscillation model for benzene, they proposed
that small-ring annelation perturbs the equilibrium between the
two assumed cyclohexatriene structures, shifting it to one side
[17]. Although this original hypothesis was incorrect, its impli-
cations have been the topic of longstanding academic debate
and have inspired numerous structural studies [18-21]. These
later investigations demonstrated that arenes fused to highly
strained frameworks (such as Bürgi’s tris(bicyclo[2.1.1]hex-
eno)benzene (3)) do indeed exhibit considerable deviations
from uniform bond lengths [22], despite being much more
subtle than predicted by Mills and Nixon’s theory, and for dif-
ferent reasons (Figure 3B) [23]. Importantly, aromaticity
persists globally as the π-system can remain largely delocalized
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(compare nucleus independent chemical shift (NICS) values,
Figure 3). Instead, the σ-framework distortion enforces an
alkene-like double-bond character at the junction, accompanied
by enhanced reactivity unusual for aromatic systems [24,25]. In
contrast to the breadth of structural and theoretical studies, syn-
thetic utilization remains underexplored, despite the growing
evidence that strain-induced arene activation offers powerful
opportunities in reactivity design. Notably, the small-ring
annelation exerts a dual influence: it lowers kinetic barriers and
enhances regioselectivity, with strain-release providing the key
thermodynamic driving force to overcome aromatic stabiliza-
tion.

Synthetic applications
One of the earliest demonstrations of the unusual reactivity of
small-ring-annelated arenes is found in benzocyclopropene,
which undergoes facile dearomatization [29]. For example,
upon exposure to iodine and UV-light, it transforms into 1,6-
diiodocycloheptatriene, highlighting the pronounced double-
bond character of the benzocyclopropene framework [30,31].
The reaction likely operates through an initial dearomative
radical diiodination followed by a norcaradiene–cyclohepta-
triene rearrangement. Leveraging this enhanced reactivity,
benzocyclopropene engages in inverse-electron-demand
Diels–Alder reactions with several electron-deficient dienes,
furnishing distinctive methano-bridged structures (Figure 3C)
[32-35]. Similarly, small cyclophanes are known to act as reac-
tive dienes in Diels–Alder chemistry [36,37]. More recently, Lu
and co-workers reported the unusually facile hydrogenation of
the aromatic core of highly substituted benzocyclobutenes using
simple Pd/C under ambient conditions [38]. The pronounced
substituent effects on the hydrogenation rate highlight the key
role of small-ring strain in this generally challenging transfor-
mation. Complementary to these strictly strain-driven examples,
Vollhardt’s studies on phenylenes show that enhanced reactivi-
ty can also derive from a combination of structural and elec-
tronic effects. Fusing cyclobutadiene motifs to benzene perturbs
its π-system by introducing local antiaromatic character that,
together with ring strain, increases π-bond localization,
rendering phenylenes more susceptible to hydrogenation, metal
complexation, ring opening, and cycloaddition reactions [39].

Building on these intriguing studies and the ongoing renais-
sance of strain-release-driven catalysis [40], harnessing small-
ring strain to drive dearomatization is poised to open the door to
new avenues of synthetic discovery.

However, unlocking the full potential of arene π-bond localiza-
tion as a synthetic strategy is contingent on its successful trans-
lation into a catalytic framework, which fundamentally requires
the activation to be external. The following sections therefore

focus on the selective disruption of aromaticity through the for-
mation of transition metal–arene π-complexes. Transient and re-
versible coordination of transition metals to aromatic π-systems
is a key feature of many catalytic transformations, with the oxi-
dative addition of palladium to aryl halides serving as a promi-
nent example [41]. In addition to such fleeting intermediates,
recent decades have seen the emergence of numerous well-
defined metal–arene complexes, sufficiently stable to enable
systematic exploration of their rich and versatile organic chem-
istry.

η2-Coordination-based dearomatization
agents
Among the numerous ways in which transition metals can
engage with a subset of the arene π-system, selective η2-coordi-
nation by electron-rich fragments stands out as the most well-
defined and widely exploited mode (Figure 4) [42]. The
stability of such η2-arene complexes rests on a finely balanced
synergistic interaction: the metal center accepts electron densi-
ty from a filled π orbital of the arene while engaging in π-back-
bonding, donating electron-density into an empty π* orbital
(Figure 4A) [43]. This interaction not only stabilizes the
metal–arene bond but also profoundly influences the electronic
character of the aromatic ring. The ring becomes more electron-
rich, akin to substitution with electron-donating groups, and ex-
hibits distinct distortions in the bond lengths of the ring, consis-
tent with localization of the π-system (i.e., dearomatization;
Figure 4B) [44-46]. Collectively, these changes alter the innate
reactivity of the arene, steering η2-coordinated systems toward
electrophilic addition, cycloaddition, and hydrogenation pro-
cesses.

Figure 4: Bonding and reactivity of η2-coordinated aromatic systems
[44,46].

While many transition metals can engage aromatic rings
through η2-coordination, only a handful have proven syntheti-
cally valuable for transforming the bound arene [47]. Over
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Figure 5: Illustrative selection of η2-coordinating dearomatization agents; MeIm: N-methylimidazole, NHE: normal hydrogen electrode.

Figure 6: Preparation, lability and most stable linkage isomers of pentaammineosmium(II) complexes.

recent decades, a distinct class of such η2-coordinating dearom-
atization agents has emerged: saturated octahedral complexes
that feature pronounced metal–arene π-backbonding. A land-
mark in this field was published in 1987, when Taube reported
the now famous pentaammineosmium(II) η2-benzene complex:
the first system to yield kinetically stable η2-arene complexes
that resist ligand exchange at room temperature in solution
(Figure 5) [48]. This breakthrough opened the door to the isola-
tion of such complexes and their subsequent exposure to reac-
tion conditions that more labile systems could not tolerate.
Crucially, most reagents used in organic synthesis react prefer-
entially with the arene ligand rather than the metal center [45].

Building on the electronic blueprint established by the osmium
system, Harman introduced a new generation of dearomatiza-
tion agents based on Re(I), W(0), and Mo(0), tailoring the redox
potentials of tris(pyrazolyl)borate (Tp)-based fragments to

emulate that of the parent {Os(NH3)5}2+ fragment (Figure 5)
[46,49]. Progressing down the series from Os(II) to W(0), the
increasing π-backbonding strength that accompanies lower
metal oxidation states translates directly into heightened reactiv-
ity of the η2-bound arene. These successors not only surpass the
Os(II) system in their ability to activate coordinated arenes,
unveiling previously inaccessible reaction pathways, but also
introduce an additional dimension of control: chirality at the
metal center. The resulting enantioenriched complexes have
enabled a suite of asymmetric transformations (vide infra) [47].

Structure and properties
To rationalize and predict the enhanced reactivity of η2-bound
arenes, it is instructive to first examine the properties of the
archetypal pentaammineosmium(II) system prior to discussing
synthetic utility (Figure 6). The five ammine ligands, strong
σ-donors with negligible π-interaction, combined with the d6
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Scheme 1: Heteroatom-directed reactions of η2-arene complexes [45,50].

configuration render the Os(II) center highly electron-rich and
an exceptional π-base [43]. This electronic configuration
promotes strong binding to π-acidic ligands, effectively
compensating for the loss of aromaticity upon η2-coordination
to arenes, while disfavoring oxidative addition due to geometric
constraints of the octahedral complex. The resulting η2-arene
complexes, encompassing both arenes and heteroarenes, display
remarkable substitution inertness, even toward strong π-acids
and good σ-donors. The substitution rate being relatively inde-
pendent of the incoming ligand is consistent with a dissociative
substitution mechanism. Typically, coordination occurs at posi-
tions that minimally disrupt the arene π-system (Figure 6C), so
suitable aromatic ligands are limited to those lacking strongly
π-acidic functional groups, e.g., alkenes, alkynes, aldehydes,
certain ketones, and nitriles. Lewis-basic heteroarenes, such as
pyridines or imidazoles, tend to coordinate via nitrogen instead,
disfavoring η2-binding (Figure 6B) [45].

Application in organic synthesis
Organic transformations of η2-coordinated arenes can be
broadly divided into three categories, depending on what
dictates reactivity: the polarization of the free molecule, the site
of metal coordination, or the backbonding interaction itself.
Early studies emphasized heteroatom-driven reactions in which
metal coordination enhances the natural polarization of the mol-
ecule, primarily by disrupting its aromaticity. For example, a
π-base preferentially binds to the C(2) and C(3) positions of
monosubstituted arenes, maintaining linear conjugation be-
tween the substituent and the unbound portion of the aromatic
ring (Scheme 1A). Thus, coordinating the metal to a benzene
ring with a single π-donor substituent increases the interaction
between the donor group and the uncoordinated diene moiety,
further activating the uncoordinated ortho and para positions
for electrophilic addition. Comparable effects are observed for
furans and pyridines, where η2-coordination accentuates their
vinyl ether and imine character, respectively.

As an illustrative example, treatment of the phenol complex 5
with methyl vinyl ketone and pyridine affords 4-alkylated

4H-phenol complex 6 as the conjugate addition product [50].
The initial addition occurs on the side of the phenol ring oppo-
site (exo) the coordinated metal fragment. Subsequent exposure
to a moderate base induces rearomatization. Upon heating, the
raspberry ketone 7 is released in high yield (Scheme 1B).

The second class of reactivity emerges when the metal binds the
arene at a site other than its thermodynamically preferred posi-
tion, giving rise to fleeting but highly reactive intermediates
(Figure 7). Such species are typically inferred from the product
rather than observed directly. A defining feature of η2-coordi-
nated aromatic complexes is their fluxionality [47]. Despite
clear thermodynamic preferences for specific binding sites, the
metal can migrate across the π-system without detaching from
the aromatic ring (Figure 7A). This flexibility allows for the
generation of multiple organic functionalities from a single
class of aromatic molecules, depending on the coordination site.
When using arenes with the ability to tautomerize, additional
latent functionality is introduced (Figure 7B). This dynamic
binding behavior provides greater overall versatility, but precise
control of the metal binding site is critical to its utility.

For example, while Os(II) displays a marked preference for
coordination at the C(2) and C(3) positions of pyrrole, it can
also access the less stable 3,4-η2-isomer (Figure 7C) [51]. This
species exhibits significantly higher reactivity in certain trans-
formations. In this way, η2-coordination of pyrrole transforms
the aromatic framework into an azomethine ylide intermediate.
This reactive species can engage in a [3 + 2] cycloaddition with
activated olefins such as maleic anhydride to form 7-azabicy-
cloheptene complex 8 rather than an electrophilic addition prod-
uct. An analogous scenario unfolds in η2-naphthalene com-
plexes, where transient formation of the less favored 2,3-η2-
isomer imparts o-quinodimethane character (Figure 7) [52].

The third reactivity mode is purely activating in nature, with the
metal acting as a π-donor that increases and localizes the elec-
tron density of the aromatic π-system. Such binding imparts a
conjugated diene character onto the uncoordinated portion of
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Figure 7: Latent functionality through transient metal binding.

the arene (Figure 8A). In contrast to the earlier reaction modes,
the aromatic system lacks substituents or other pre-existing
functionalities that would steer its reactivity. The hydrogena-
tion of η2-arene complexes illustrates this perfectly (Figure 8B):
Os(II) coordination partially localizes the π-system of the arene
while protecting the coordinated double bond, enabling selec-
tive hydrogenation of the diene portion even under ambient
conditions [53,54]. Reduction in the presence of a simple Pd/C
catalyst yields desirable cycloalkenes after oxidative decom-
plexation in excellent yield. The same reaction with D2
produces a single isomer in which all the deuterium atoms are
anti to osmium.

Earlier authoritative reviews by Harman provide comprehen-
sive accounts of the rich chemistry accessible through dihapto-
coordinating dearomatization agents, and the reader is directed
to these for a detailed overview of the reaction classes achieved
[45-47]. Nonetheless, a number of recent contributions based on
the economically more sustainable W(0)- and Mo(0)-derived
complexes have emerged that capture, with particular elegance,
the synthetic power and versatility of this approach – selected
examples that merit closer examination here.

A key development is the realization of enantioenriched
dearomatization employing a Mo(0) platform [55], extending a
strategy previously confined to chiraly resolved Re(I) and W(0)
systems [56-58]. Beyond the conceptual advance, the Mo(0)
manifold offers practical benefits in terms of scalability and re-
cyclability [59]. However, the preparation of enantioenriched
η2-arene complexes presented unique challenges. In contrast to
the Re(I) and W(0) analogues, where resolution of the metal
center with α-pinene and subsequent ligand substitution
proceeds with retention of configuration, the corresponding
Mo(0) complex undergoes racemization during substitution

Figure 8: Selective hydrogenation of η2-coordinated benzene to cyclo-
hexene under ambient conditions [53,54].

(Scheme 2A). This obstacle was overcome by a redox-based ap-
proach: oxidation of the Mo(0)–α-pinene complex with iodine
to a Mo(I) species, followed by reduction in trifluorotoluene,
afforded the enantioenriched trifluorotoluene complex with
essentially complete retention at the metal stereocenter (er =
99:1). However, control of the metal stereocenter alone is insuf-
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Scheme 2: Synthesis and utilization of enantioenrichted Mo(η2-arene) complexes in enantioselective synthesis [55].

ficient: a defined interaction with the prochiral aromatic ligand
is necessary to set the absolute stereochemistry of the organic
product. This relative stereochemistry depends on which face of
the arene is coordinated and can be governed by high chiral
recognition for binding (coordination diastereomer ratio, cdr) or
stereoelectronic differentiation during subsequent electrophilic
addition. Although the trifluorotoluene complex exists as a mix-
ture of its two coordination diastereomers, the pronounced elec-
tronic asymmetry of the molybdenum fragment channels pro-
tonation to a single η2-arenium intermediate. This enables
nucleophilic addition of a masked enolate (1-methoxy-2-
methyl-1-(trimethylsiloxy)propene, MMTP) and subsequent ox-
idative demetalation to furnish the enantioenriched diene 9 (er =
97:3; Scheme 2B).

Beyond the economic appeal of second-row Mo(0) systems, the
TpW(NO)(PMe3) fragment remains the most versatile dihapto-
coordinating dearomatization platform, combining pronounced
π-basicity with practical scalability. Exploiting these attributes,
a new multistep dearomatization protocol has recently been de-
veloped, enabling the conversion of arenes into trisubstituted
cyclohexenes through three discrete nucleophilic additions to an
η2-phenyl sulfone complex of W(0) (Scheme 3A) [60]. As
established previously [61], protonation of η2-arene ligands
bearing electron-withdrawing substituents generates reactive

arenium intermediates that react with nucleophiles to furnish
disubstituted η2-cyclohexadiene complexes. A second proton-
ation/nucleophilic addition sequence can then proceed within
the coordination sphere to deliver trisubstituted cyclohexenes.
When applied to phenyl sulfones, this sequence markedly
broadened the accessible chemical space, as substitution of the
sulfonyl group by a third nucleophile enabled the synthesis of a
diverse array of cyclohexene derivatives beyond sulfone and
sulfonamide motifs.

By combining ester enolate and amine addition sequences, this
methodology was subsequently extended to the synthesis of
architecturally complex polyheterocyclic frameworks
(Scheme 3B) [62]. Such scaffolds are scarcely represented in
contemporary chemical literature, underscoring the potential of
this strategy as a powerful platform for molecular discovery and
medicinal chemistry. A similar strategic approach was utilized
by Harman and co-workers to transform η2-coordinated anisole
into a library of 3,6-substituted cyclohexenes with distinct bio-
logical relevance [63].

A final notable advance lies in the deployment of the W(0)
dearomatization platform to mediate Diels–Alder reactions of
η2-coordinated benzenes with alkynes, affording the corre-
sponding η2-barrelene complexes under ambient conditions
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Scheme 3: Synthesis of trisubstituted cyclohexenes from phenyl sulfones enabled by tungsten-mediated dearomatization; TSME: 1-(tert-butyl-
dimethylsilyloxy)-1-methoxyethene [60,62].

[64]. While Diels–Alder cycloadditions between η2-arene com-
plexes and alkenes are well-established (Scheme 4A) [65,66],
analogous transformations with alkyne dienophiles had
remained elusive. Oxidative liberation of the resulting com-
plexes furnished several unprecedented free barrelenes
(Scheme 4B). Intriguingly, η2-coordination of barrelenes to the
W(0) center was also found to promote the retro-Diels–Alder
process, effecting the formal extrusion of acetylene and gener-
ating modified arenes. This transformation thus represents both
a rare example of a Diels–Alder reaction of benzenes and a
remarkable two-carbon molecular editing of the aromatic
framework.

Collectively, η2-coordination has established itself as a concep-
tually rich and versatile strategy for arene activation via π-bond
localization. The recent development of structurally and elec-
tronically diverse η2-arene complexes has significantly broad-
ened the synthetic landscape, enabling transformations that
were previously inaccessible through conventional methods.
Beyond their mechanistic elegance, these systems have demon-

strated tangible utility in constructing complex molecular archi-
tectures with high precision. However, a key obstacle to the
broader use of η2-coordinating dearomatization agents in syn-
thesis is their reliance on stoichiometric quantities of the acti-
vating metal. Although recycling strategies offer partial relief,
true progress depends on achieving catalysis through transient
arene complexation. Unlike the well-established η6-coordina-
tion mode [67,68], η2-binding remains untapped in catalysis,
with only a few isolated examples of redox-mediated ligand
substitution hinting at its feasibility [47].

η3-Benzyl complexes as intermediates in
dearomative redox catalysis
Binding and structure
Within the landscape of redox catalysis, η3-benzyl complexes
have emerged as rare yet remarkably versatile intermediates in
synthetic methodology, offering unique opportunities for the de-
velopment of dearomatization chemistry. In analogy to dihapto
coordination (see previous section), the selective engagement of
a transition metal with one C–C double bond of an arene
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Scheme 4: Diels–Alder reactions of η2-arene complexes with alkenes and alkynes; NMM: N-methylmaleimide [64,65].

Scheme 5: Binding characteristics and pioneering examples of isolable η3-benzyl complexes.

π-system induces localization within the aromatic ring, result-
ing in a residual diene motif, a phenomenon reflected in the
alternating C–C bond lengths of the ring [69]. Over the past
decades, this coordination mode has been explored across a
spectrum of transition metals, with palladium and nickel serving
as the principal platforms. Distinct from their η3-allyl counter-
parts, which readily isomerize between σ (η1) and π (η3) coordi-
nation, the η3-benzyl motif demands partial disruption of aro-
matic stabilization – an energetic penalty that must be compen-
sated by the metal–ligand interaction (Scheme 5A). This chal-

lenge can be addressed by the generation of a vacant coordina-
tion site through ligand abstraction, enabling effective
π-binding. A landmark contribution by King and Fronzaglia in
1966 (Scheme 5B) elegantly demonstrated this concept: photo-
lytic removal of a carbonyl ligand from a molybdenum precur-
sor yielded the first-of-its-kind η3-benzyl complex [70]. The re-
sulting compound exhibited a striking upfield shift of the five
aromatic proton resonances (2–5 ppm), and its C(3)–C(7) bond
lengths alternated between 142 pm and 133 pm – hallmarks of
π-bond localization within the arene [71,72].
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Figure 9: Divergent functionalization of benzyl electrophiles leveraging η3-benzyl complexes toward benzylic vs. dearomative functionalization.

Scheme 6: p-Selective allylation of benzyl chlorides with allylstannanes and subsequent synthetic expansion of dearomative cross-coupling.

Another notable early example was reported by Stille and
co-worker in 1978, who elegantly demonstrated the formation
of an η3-benzyl–palladium complex via oxidative addition of
Pd(0) to a benzyl halide (Scheme 5C) [73]. Detailed stereo-
chemical and NMR analyses revealed a temperature- and sol-
vent-dependent equilibrium between η1- and η3-coordination
modes, proceeding with an impressive 94% net retention of
configuration at the benzylic carbon.

Key intermediates in dearomative catalysis
Building on this seminal discovery, considerable effort has
since been directed toward the synthesis and structural elucida-
tion of η3-benzyl complexes, as well as their mechanistic role in
catalysis. Intriguingly, despite the inherent potential of the
η3-benzyl motif to engage in dearomatization chemistry, most
studies have focused on exploiting its reactivity at the “intu-
itive” benzylic position rather than harnessing its transiently

disrupted aromaticity. This rich body of work, comprehen-
sively reviewed by Trost and co-workers, will therefore not be
the focus of the present discussion [69]. The following section
will instead highlight how η3-benzyl intermediates can serve as
strategic entry points for the construction of architecturally
complex, three-dimensional molecular frameworks from simple
arene precursors (Figure 9).

A major conceptual milestone was achieved by Yamamoto and
co-workers in 2001, who unveiled the first dearomatization of
benzyl chlorides with allyltributylstannane under Stille cou-
pling conditions (Scheme 6A) [74]. This elegant transformation
demonstrated that transient disruption of aromaticity could be
harnessed productively within a catalytic manifold. The authors
proposed that a rearrangement of the η3-benzyl ligand from an
exo- to an endo-coordination mode was pivotal in enabling the
dearomatization process. Subsequent computational studies,
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Figure 10: Strategies for para- and ortho-selective arene functionalization/dearomatization via η3-benzyl complexes.

however, refined this mechanistic understanding, revealing that
reductive elimination proceeds through coupling of the C(3)
terminus of the η1-allyl fragment with the para-carbon of the
η3-benzyl ligand (Scheme 6A, right) [75]. Together, these
insights established a mechanistic foundation for exploiting
η3-benzyl intermediates as conduits for controlled arene-to-
cyclohexadiene conversion.

Building on this foundational discovery, Bao and Yamamoto
subsequently broadened the nucleophile scope to encompass
allylsilanes [76], allylboronic acid derivatives [77], allylgrig-
nards [78], amines [79], and allenylstannanes [80], thereby
accessing the corresponding propargyl-functionalized products
(Scheme 6B). In parallel, Bao and co-workers demonstrated that
the dearomatization manifold extends beyond simple benzenoid
systems to include heteroarenes such as furans, thiophenes, and
pyrroles (Scheme 6B) [81,82]. Despite this diversification, the
underlying reactivity pattern remained remarkably consistent,
with preferential formation of 1,4-substituted dearomatized
products observed across the substrate classes.

A refined approach to controlling regioselectivity was intro-
duced by Cheong and Altman in 2020 (Figure 10A) [83]. In this
study, the authors explored an intramolecular, decarboxylative
C–H functionalization of benzylic electrophiles, uncovering a
decisive role of the base in governing site selectivity. Computa-
tional and mechanistic analyses revealed that only sufficiently
strong, minimally hindered amine bases, such as triethylamine
or quinuclidine, favored formation of the 1,4-substituted dearo-
matized product over simple benzylation. This outcome was

rationalized by the involvement of the base in facilitating the
1,5-hydrogen transfer during the rearomatization step, thereby
steering the reaction along the para-functionalization pathway.

A distinct and less frequently encountered pathway enables
ortho-functionalization of arenes via intermediate η3-benzyl
complex formation. Yamamoto and co-workers first showcased
this in 2008 (Figure 10B), demonstrating the transformation of
allyl chloride-substituted naphthalenes and phenanthrenes in the
selective coupling with allylstannanes to deliver the correspond-
ing ortho-allylated products [84]. Subsequently, Bao and
co-workers extended this concept to encompass allenylstan-
nanes, thereby accessing the propargylated analogues [80].
Computational investigations of this latter transformation
identified an η3-allylnaphthalene–η1-allenyl palladium com-
plex as the key to achieving ortho-selectivity (Figure 10B)
[85,86].

Building on these insights, the Bao group employed malonates
as alkylating agents in reactions with (chloromethyl)naphtha-
lene derivatives (Scheme 7A), thereby expanding the synthetic
utility of the overarching platform [87]. This transformation
furnished either ortho- or para-substituted carbocycles,
depending on the substitution pattern of the malonate. Crucially,
selective arene functionalization over benzylation required the
presence of a phenyl substituent at the benzylic position. The
nature of the malonate proved decisive: secondary malonates
delivered the ortho-products, whereas tertiary malonates
favored para-substitution. In a subsequent study, the same
group introduced a ligand-controlled variant of this protocol, in
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Scheme 7: Substrate-dependent ortho- and para-selective dearomatization of naphthyl chlorides and leveraging three-component strategies to
access η3-benzyl intermediates.

which sterically demanding ligands promoted para-selectivity,
while less encumbered systems channeled the reaction toward
ortho-functionalization [88].

Following a conceptually related strategy, Yamaguchi and
co-workers leveraged a three-component strategy that accesses
the key η3-benzyl intermediates from aryl halides in combina-
tion with diazo compounds (Scheme 7B) [89,90]. Oxidative ad-
dition of the halide to palladium is followed by carbene forma-
tion, and facile migratory insertion to generate the η3-benzyl
complex. In analogy to Bao’s protocol, this intermediate then
undergoes selective nucleophilic attack by malonates. Both
intra- and intermolecular versions of this reaction have been re-
ported [91-94]. Notably, this three-component approach has
recently been rendered enantioselective for the first time,
marking a pivotal advance toward the construction of complex,
three-dimensional molecular scaffolds from simple arene feed-
stocks and underscoring the vast, still largely untapped poten-
tial for methodological innovation in this arena [95].

Activation of η4-coordinated arenes
Among the less explored pathways in arene activation, η4-coor-
dination of aromatic systems to electron-rich transition metal
fragments stands out as a fertile yet underexplored frontier in
dearomatization chemistry. By engaging two adjacent π-bonds,
this interaction elegantly transforms a delocalized aromatic
framework into an alkene-like substrate poised for selective re-

activity. A canonical illustration is provided by the two-elec-
tron reduction of the symmetric sandwich complex [Ru(η6-
C6Me6)2]2+, which furnishes the neutral [Ru(η6-C6Me6)(η4-
C6Me6)] species upon haptotropic rearrangement, in accor-
dance with the 18-electron rule (Figure 11A) [96,97]. Through
partial coordination, the metal fragment localizes a subset of the
π-system, effectively unmasking the latent double-bond char-
acter of the aromatic ring.

This is strikingly captured in the solid-state structure of the
complex. One ring retains near-planarity, with a mean C–C dis-
tance of 1.41 Å, which is slightly elongated relative to free
hexamethylbenzene (1.39 Å), consistent with pronounced
metal-to-ligand backbonding. In contrast, the second ring
departs from planarity altogether: two carbons tilt out of plane
by 43° relative to the original plane. This deformation, induced
by the addition of two electrons, profoundly disrupts π-bond de-
localization, culminating in a C–C distance of 1.33 Å that
corroborates a localized double-bond character.

Although the structural features of η4-coordinated arenes clearly
indicate enhanced reactivity and access to alkene-like transfor-
mations, the seminal Ru system remains synthetically unex-
ploited. However, pioneering studies of Cooper and co-workers
have demonstrated that η4-coordination of the isoelectronic
{Cr(CO)3}2− and {Mn(CO)3}− fragments can effectively
unravel the latent reactivity of aromatic ligands, enabling a
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Figure 11: η4-Arene coordination as an underexplored but promising pathway for arene activation [96,98-100].

diverse array of organic transformations (Figure 11B) [99,100].
Beyond the η6-mode, characteristic of transition metal carbonyl
chemistry, these electron-rich anions can engage arenes such as
benzene and naphthalene in an η4-fashion, localizing their
π-systems. In direct analogy to the ruthenium complex, two-
electron reduction of the parent η6-arene complexes
[Cr(CO)3(η6-C6H6)] and [Mn(CO)3(η6-C6H6)]+ induces ring
slippage to furnish the η4-bound [Cr(CO)3(η4-C6H6)]2− and
[Mn(CO)3(η4-C6H6)]− species.

As observed for η2-binding dearomatization agents, η4-coordi-
nation profoundly reshapes the intrinsic reactivity of the arene:
the localized π-system now behaves as a nucleophilic alkene,
displaying pronounced susceptibility toward electrophiles – an
inversion of the conventional reactivity expected from transi-
tion metal carbonyl systems. Strikingly, even simple arenes
such as benzene or naphthalene, when η4-bound to these highly
basic metal fragments, can be protonated by mild acids to form
thermally robust arenium complexes (Figure 11B). This remark-
able basicity underscores the exceptional electron-donating
power of the {Cr(CO)3}2− and {Mn(CO)3}− units, which stabi-
lize dearomatized, cationic intermediates without auxiliary
tethers.

Beyond protonation and deuteration, η4-arene complexes exhib-
it a compelling repertoire of C–C bond-forming reactions [101-
103]. Notably, reactions with benzyl halides [99], iminium salts
[104], nitrones [105], and ketenes [98] reveal rich synthetic
potential. In a striking example, the [Mn(CO)3(η4-C6H6)]−

complex acts as a nucleophile toward diphenylketene to
generate a cyclohexadienyl intermediate that captures a second
ketene molecule (Figure 11B). Subsequent ring closure
furnishes a product complex that, upon oxidation with molecu-

lar oxygen, liberates the [2 + 2 + 2] bis-adduct, dihy-
droisochroman-3-one, in 73% yield. This sequence elegantly
illustrates how η4-coordination can orchestrate multistep bond
construction. Finally, η4-bound intermediates have been pro-
posed as intermediates in catalytic transformations – most
notably in Chirik’s molybdenum-catalyzed arene hydrogena-
tions [106,107] – highlighting the emerging potential of this ac-
tivation mode in catalysis.

Conclusion and Future Directions
Arenes remain privileged scaffolds in synthesis, recognized for
their abundance and structural diversity. The deliberate pertur-
bation of aromaticity through π-bond localization has emerged
as a powerful strategy for molecular complexity generation.
Coordination of transition metals to defined arene π-fragments
provides a particularly elegant means of selective activation, yet
the widespread adoption of this paradigm has been limited by
the scarcity of predictable, catalytic variants. Among the estab-
lished platforms discussed in this review, η3-benzyl complexes
stand out as catalytically competent intermediates in redox-cata-
lytic transformations. Future advances in this arena will depend
on broadening the nucleophile portfolio, exerting precise cata-
lyst control over site-selectivity (spanning benzylic, ortho, and
para manifolds) and unlocking enantioselective variants to
access three-dimensional, chiral architectures. In contrast, η2-
and η4-coordination modes have been explored extensively
from a structural and stoichiometric reactivity standpoint, yet
catalytic manifestations remain conspicuously rare. The ener-
getic cost of aromaticity loss, compounded by the strong
binding of dearomatized intermediates, presents the key barrier
toward catalysis. Overcoming this challenge will require new
conceptual leaps – for instance, the design of catalytic pro-
cesses that proceed under retention of aromaticity, thereby
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enriching the repertoire of arene functionalization beyond the
established cross-coupling and C–H activation canon. Alterna-
tively, merging arene activation with additional concepts, such
as photoredox catalysis offers an exciting opportunity to address
thermodynamic constraints and to harness light-driven redox
events for selective, efficient arene diversification.
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