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Abstract

Imidazopyridines are a versatile class of nitrogen-fused heterocycles bridging medicinal
chemistry and materials science. Their π-conjugated framework allows broad structural
tuning, yielding diverse biological and photophysical properties. The best-known iso-
mers, imidazo[1,2-a]pyridine and imidazo[1,5-a]pyridine, have been widely studied as
pharmacophores and luminescent materials, respectively. The less explored imidazo[4,5-b]
and imidazo[4,5-c]pyridines are now emerging as alternative scaffolds with distinctive
electronic and functional behavior. This review summarizes synthetic strategies, electronic
features, and key applications—from kinase inhibition and antiviral activity to fluorescence
imaging, down-conversion, Organic Light Emitting Diode (OLED)/Light-emitting Electro-
chemical Cell (LEC) and hybrid optoelectronic systems—outlining how imidazopyridines
can evolve from molecular frameworks into multifunctional platforms for bioimaging and
advanced optoelectronic technologies.

Keywords: imidazopyridines; luminescence; coordination compounds; optoelectronic devices

1. Introduction
Imidazopyridines represent a prominent class of fused nitrogen-containing heterocy-

cles that have attracted high and steadily increasing attention across several areas of chem-
istry and chemical biology. Since their first reports in the 20th century (1925 for imidazo[1,2-
a]pyridine [1], 1938 for imidazo[4,5-c]pyridine [2], 1948 for imidazo[4,5-b]pyridine [3]
and 1955 for imidazo[1,5-a]pyridine [4]), these compounds have transitioned from rela-
tively simple heteroaromatic frameworks of academic interest to highly versatile scaffolds
exploited in medicinal chemistry, coordination chemistry, photophysics and materials sci-
ence [5,6]. This evolution reflects both their intrinsic structural features, namely rigidity,
electronic tunability and multiple heteroatom donors and the continuous development of
synthetic methodologies that enable fine control over substitution patterns and molecular
architecture [7–10].

The growing relevance of imidazopyridines is clearly mirrored by scientific literature.
From the earliest isolated reports describing their synthesis and basic reactivity, the number
of publications has increased steadily over the decades, with a particularly pronounced
acceleration observed in the last decades. A bibliographic survey on CAS SciFinder® re-
veals that more than 2800 peer-reviewed articles and 1650 patents on imidazopyridine
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derivatives have been published to date, with approximately 1700 of these appearing in
the last five years alone, highlighting the rapidly expanding interest in this class of com-
pounds. This trend reflects not only methodological advances in heterocyclic synthesis,
such as multicomponent reactions and C–H functionalization, but also the diversifica-
tion of application-driven research spanning drug discovery, sensing, photophysics and
optoelectronic devices.

In medicinal chemistry, imidazopyridines are also widely recognized as privileged
scaffolds [11–13]. Their ability to engage in multiple noncovalent interactions, combined
with favorable physicochemical properties, has led to their incorporation into a variety of
bioactive molecules, including marketed drugs and advanced clinical candidates. Exten-
sive structure–activity relationship studies [14] have demonstrated how subtle changes
in substitution and heteroatom positioning can profoundly influence target selectivity,
potency and pharmacokinetic profiles. As a result, imidazopyridines continue to serve as
valuable platforms for the development of therapeutic agents targeting the central nervous
system [15,16], infectious diseases [12,17] and cancer-related pathways [18,19].

Beyond their biological relevance, imidazopyridines have increasingly emerged as
functional building blocks in coordination chemistry and materials science. Their fused
heteroaromatic cores provide rigid, π-conjugated systems capable of coordinating metal
centers through one or more nitrogen atoms, or of acting as precursors to N-heterocyclic
carbenes [20,21]. These features have enabled the design of metal complexes with tailored
electronic structures and excited-state properties, as well as purely organic luminophores
exhibiting fluorescence [5,22], aggregation-induced emission [23,24] or excited-state in-
tramolecular proton transfer [25,26]. In parallel, the integration of imidazopyridine-based
systems into optoelectronic devices, such as OLEDs [22,27] and LECs [22], has further
fueled interest in this class of compounds.

Despite the abundance of studies devoted to imidazopyridines, much of the exist-
ing literature treats these compounds as a relatively homogeneous family, with limited
emphasis on how regioisomerism within the fused framework governs their properties.
In particular, the relative positioning of the nitrogen atoms gives rise to distinct regioi-
somers (imidazo[1,2-a], imidazo[1,5-a], and imidazo[4,5-b/c] pyridines) (Figure 1) that
differ not only in synthetic accessibility but also in electronic distribution, coordination
behavior, photophysical response and suitability for specific applications. For example,
while imidazo[1,2-a]pyridines have been extensively explored across all fields, the other
regioisomers have historically received less attention, although recent years have witnessed
a marked increase in studies dedicated to imidazo[1,5-a] and imidazo[4,5-b/c] frameworks.

This review aims to provide a unified and comparative perspective on the imida-
zopyridine family by explicitly focusing on the role of nitrogen positioning as a key
structure–property determinant. By correlating synthetic strategies, coordination modes,
photophysical behavior, biological activity and functional applications across the major
regioisomers, we seek to move beyond a compound-centric view and establish general
design principles that can guide future developments. Through this approach, imidazopy-
ridines are presented not merely as isolated heterocycles, but as a coherent platform in
which regioisomerism enables rational tuning of function at the interface of chemistry,
biology, and materials science.
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Figure 1. Structure of the four imidazopyridine regioisomers. These colors will be used throughout
the review to highlight the different regioisomers (green: imidazo[1,5-a]pyridine; red: imidazo[1,2-
a]pyridine; blue: imidazo[4,5-b]pyridine; pink: imidazo[4,5-c]pyridine).

2. Synthetic Methodologies to Obtain Imidazopyridines
2.1. Imidazo[1,5-a]pyridines

The synthesis of imidazo[1,5-a]pyridines (1,5-a) has been an area of great interest for
decades, due to the remarkable chemical versatility and broad biological significance of
this nitrogen heterocycle. Although the earliest methodologies were relatively simple con-
densations, recent advances have led to a varied set of strategies that are efficient, selective,
and environmentally advantageous (Figure 2). Classical acid-catalyzed cyclocondensation
remains the cornerstone of imidazopyridine chemistry, typically involving the reaction of
2-pyridyl derivatives with aldehydes or ketones in the presence of ammonium acetate as a
source of nitrogen. For example, reacting 2,2′-pyridil with substituted benzaldehydes in
acetic acid yielded 1-(2-pyridoyl)-3-phenylimidazo[1,5-a]pyridines in excellent yields, with
the amount of ammonium acetate employed determining the main product obtained [28].
Notably, when substitution at the imidazole nitrogen is required, the use of primary amines
as nitrogen sources provides a viable alternative to ammonium acetate. This modification
allows for the direct installation of diverse N-substituents, further expanding the structural
tunability of the 1,5-a framework [29]. When aliphatic aldehydes were used instead, 3-alkyl-
substituted derivatives could be obtained under either conventional heating or microwave
irradiation, the latter significantly accelerating the reaction and improving efficiency [30].
This conversion could be further enhanced by adding LiCl as a co-catalyst capable of
activating the 2-pyridyl ketone, achieving up to 94% yield for the corresponding 3-aryl
derivatives [31]. Similar condensations have been extended to various substrates: coupling
of 2-pyridyl ketones with aldehydes in the presence of magnesium nitride (Mg3N2) under
ethanol/water conditions affords 1,3-disubstituted imidazopyridines in high yields [32],
while a greener protocol in PEG-400 could be developed, reacting 2-cyanopyridine with
brominated benzaldehydes to obtain bis-bromo-substituted derivatives [33]. These ex-
amples show how the traditional condensation approach remains highly exploitable and
compatible with both aromatic and aliphatic substrates, especially when optimization
through modern methods are used.
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Figure 2. Selected examples of synthetic strategies towards imidazo[1,5-a]pyridines.

Another approach requires the use of oxidative and metal-catalyzed annulation strate-
gies, which have become particularly valuable for constructing complex substitution pat-
terns. As an example, copper-catalyzed oxidative cyclization of 2-formylpyridines with
benzylamines using CuBr and molecular oxygen as the sole oxidant could be achieved,
obtaining 1-substituted imidazopyridines in yields up to 88% [34]. Subsequently, Cu(OAc)2

under aerobic conditions could also BE employed to promote the condensation of 2-pyridyl
ketones and benzylamines, producing 1,3-diarylated derivatives with broad functional
group tolerance [35]. On the other hand, homogeneous copper systems could be also
substituted by heterogeneous catalysis: Cu-MOF-74 could be used to catalyze the oxidative
annulation with comparable efficiency and easier catalyst recovery [36], while a related
Cu-FMOF catalyst was capable of maintaining performance over up to four cycles [37]. In
these cases, the mechanism typically involves initial imine formation, single-electron oxida-
tion, and intramolecular C(sp3)–H amination, followed by dehydrogenative aromatization
to yield the fused heterocycle. Other metals, such as Ru(II) for acceptorless dehydrogena-
tive coupling of primary alcohols with 2-benzoylpyridine [38] and Bi(III) for Ritter-type
reactions [39], could be used.

Similarly, iodine-mediated oxidative annulation of 2-pyridyl ketones with alkylamines
in the presence of sodium acetate could be performed also in metal-free conditions, pro-
viding 1,3-diaryl imidazopyridines in high yield under mild conditions [40], with many
of the obtained compounds prepared on a gram scale. Alternatively, iodide could also be
used as a co-catalyst with flavin in the reaction between benzylamine and ethyl-2-(pyridin-
2-yl)acetate [41].

Elemental sulfur could also be used as a stoichiometric oxidant in the coupling of
aryl-2-pyridylmethylamines with aldehydes to obtain 1,3-diarylated imidazopyridines [42].

Parallel to these developments, a large number of metal-free cyclization protocols have
emerged, offering operational simplicity and wide substrate compatibility, such as a one-pot
transformation of 2-methylaminopyridines and benzoic acids using propylphosphonic an-
hydride (T3P) as both a coupling and dehydrating agent, giving 3-phenylimidazopyridines
in good yields [43]. This strategy was refined through a T3P–DMSO system that en-
abled the condensation of 2-methylaminopyridines with dithioesters to produce a broad
library of substituted imidazopyridines under mild conditions [44]. Remarkably, an iodine-
mediated C–H functionalization of 2-methylaminopyridines with sulfonyl hydrazides, fur-
nishing 3-sulfenyl derivatives without the need for transition metals, was also reported [45].
Mechanistic studies indicate that these reactions proceed via initial thioamide formation,
followed by iodination and intramolecular cyclization to deliver the aromatic product.
The iodine-based approach was further extended to the oxidative desulfurization of N-
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2-pyridylmethylthioamides, generating 3-substituted imidazopyridines [46]. Later, the
same principle was also applied to the synthesis of bis(1-imidazopyridyl)arylmethanes
by I2-mediated cyclization of N-thioacyl aminoalcohols [47]. Collectively, these examples
highlight how halogen-mediated pathways provide both synthetic versatility and access to
functional materials with interesting optical behavior.

Another powerful set of strategies relies on multicomponent and decarboxylative
annulations, which merge condensation and cyclization steps in a single operation. As
an example, the acetic acid-mediated one-pot reaction of pyridine-2-carbaldehydes with
ammonium acetate was reported to give imidazopyridines in moderate to good yields
(32–77%) [48], while more recently, an iodine-promoted decarboxylative cyclization be-
tween α-amino acids and 2-benzoylpyridines or 2-benzoylquinolines was reported, forming
1,3-disubstituted imidazopyridines via a cascade of imine formation, N-iodination, de-
carboxylation, and oxidative aromatization [49]. This approach efficiently transforms
renewable amino acid feedstocks into high-value heterocycles, demonstrating the potential
of biogenic precursors in modern heterocyclic synthesis. Related transformations using
the copper/I2 dual catalysis and tert-butyl peroxide as an oxidant gave similar products
with excellent yields, expanding the scope to various linear and branched amino acids [50].
Overall, these decarboxylative methodologies elegantly bridge bio-derived substrates and
advanced heterocyclic frameworks through atom-economic processes.

Beyond these examples, other innovative techniques have also contributed to the
diversification of synthetic access to 1,5-a. Microwave-assisted routes from picolinic esters
and amides provide 3-substituted products in two steps via intermediate imidoyl chlorides
and nitrile ylides [51], while iodine-promoted reactions of 2-pyridylmethylamines with
aryl methyl ketones afford 1-iodoimidazopyridine ketones through sequential oxidative
coupling and electrophilic substitution [52]. Furthermore, a solvent-free, microwave-
assisted protocol was also developed for the synthesis of 1,3-disubstituted 1,5-a derivatives
through a condensation–oxidative cyclization sequence using MnO2 as an oxidant and
p-toluenesulfonic acid as a source of catalytic H+, delivering the target heterocycles in
moderate yields [53].

The introduction of heterogeneous catalysts, solvent-free microwave activation, and
even flow-compatible oxidative systems illustrates how imidazopyridine synthesis has
evolved into a platform for testing new enabling technologies in organic synthesis. Alto-
gether, the breadth of methodologies now available underscores the extraordinary synthetic
flexibility of the 1,5-a scaffold. From classic acid-driven condensations to oxidative and
metal-free annulations, these approaches collectively provide modular, scalable, and sus-
tainable access to a wide range of substitution patterns.

2.2. Imidazo[1,2-a]pyridines

1,5-a have historically required more specialized precursors and tactics and there-
fore have been less explored compared to the other regioisomers, also in light of their
more recent discovery, although recent methodological work has significantly improved
routes to the 1,5-isomer (vide supra). By contrast, Imidazo[1,2-a]pyridines (1,2-a) are gen-
erally more synthetically accessible than the corresponding 1,5-a isomers. The classical
route comprises the synthesis from 2-aminopyridines by the versatile Groebke–Blackburn–
Bienaymé (GBB) three-component reaction, with many one-pot, metal-free, microwave- or
supported-catalyst variants, making rapid library generation straightforward.

Historically, GBB reactions have been the most used methods to afford 1,2-a: Groe-
bke [54], Blackburn [55], and Bienaymé’s [56] early reports demonstrated that a substituted
2-aminopyridine, an aldehyde, and an isocyanide combine in one pot to give 3-substituted
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1,2-a via imine formation, with yields ranging from 40 to 80% and an exceptional library of
aldehydes and isocyanides to be used (Figure 3) [57].

 
Figure 3. Groebke-Blackburn-Bienaymé reaction to give imidazo[1,2-a]pyridines.

Building on that mechanistic and tactical foundation, it has been shown that sim-
ple operational modifications (e.g., microwave irradiation on montmorillonite clay under
solvent-free conditions) [58] could shorten reaction time to minutes while maintaining good
yields. Complementary to multi-component reactions, classical condensation/cyclization
strategies such as condensation of 2-aminopyridines with α-halo ketones [59–61], phenacyl
derivatives [62,63] or β-ketoesters [64,65], remain indispensable to access defined 2- or
3-substitution and reliable scalability (Figure 4). These routes are often the highest-yielding
(commonly 60–90% in optimized examples), use well-known reagents and straightforward
work-ups, and thus underpin many early industrial syntheses; their main drawback is the
need to prepare or handle pre-functionalized electrophiles, which pushed the research to de-
velop numerous one-pot, supported-catalyst and Lewis-acid-promoted variants (e.g., InBr3

protocols, ZnCl2·SiO2 and other recoverable heterogeneous catalysts) that ease handling
and allow greater operational convenience at scale [66].

 
Figure 4. Selected examples of synthetic strategies towards imidazo[1,2-a]pyridines.

Where classical condensation and GBB approaches are not enough (i.e., when sterically
congested positions, fused polycyclic architectures or complex π-extended substituents
are required), oxidative domino/tandem annulations [67] and transition-metal-catalyzed
C–H activation/annulation strategies could be useful alternatives [68]. In this context, a
Fe(III)-catalyzed three-component domino sequence reaction was developed, involving
a nitroolefin, an aldehyde and 2-aminopyridine, that yields highly substituted 1,2-a in
moderate-to-good yields [69]. Other synthetic methodologies rely on the use of other
transition metals (i.e., Pd [70], Cu [71–75]) with the use of metal-carbene intermediates (or
directed C–H activation) to effect annulations or late-stage functionalization [66]. On the
other hand, a regiospecific metal-free three-component route starting from acetylenes and
2-aminopyridines was also possible, capable of forming multiple heteroatomic bonds with
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synthetically useful isolated yields across a range of examples [76]. Methodological cre-
ativity also yielded a number of catalysts and promoters: microwave/clay protocol [35,77],
ZnCl2/SiO2 [78] or InBr3 [79] promoted one-pot condensations, graphene-oxide carbo-
catalysis [80] for recyclable, metal-free routes to 3-sulfenyl substituted 1,2-a, as well as
photocatalyzed reaction, exploiting eosine as a catalyst [81].

Post-GBB complexity escalation has also become a routine tactic: as an example, simple
GBB adducts can be obtained by retro-aza-ene/A3-like cascades into fused isoquinoline–
imidazo[1,2-a]pyridine systems or tetracyclic frameworks, thus positioning the multi-
component reaction product as an effective strategy towards much higher architectural
complexity [82,83]. Also, a sonochemical GBB variation, catalyzed by p-toluenesulfonic
acid, has been developed, providing yields up to 90% [84].

Also, alternative three-component reactions could be used in the synthesis of 1,2-a,
like Ugi’s reaction using 2-pyridinecarboxaldehyde, 2-aminopyridine and an isonitrile, in
the presence of scandium triflate as a catalyst [85].

Post-synthetic functionalization has also been proved viable, especially arylation. In
this context, the use of a palladium catalyst afforded substitution both on the main 1,2-a
core [86] and on sp2 pendants [87].

2.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

The synthetic accessibility of imidazo[4,5-b]pyridines (4,5-b) and imidazo[4,5-c]pyridines
(4,5-c) has evolved considerably over the past two decades, although these systems remain
somewhat less straightforward to access than their 1,2- and 1,5-fused counterparts. The
difference arises from the less reactive positions on the pyridine ring and the absence of a
general multicomponent strategy like the Groebke–Blackburn–Bienaymé reaction exploited
for the 1,2-regioisomer. As a result, most successful approaches rely on stepwise annulation
or reductive condensation between appropriately functionalized pyridines and simple one-
carbon donors [88] (Figure 5). Reductive tandem cyclization of 2-chloro-3-nitropyridine
also proved effective as a synthetic route for such systems, with the use of a green solvent
mixture (water and isopropyl alcohol) resulting in an additional value [89]. The classical
condensation of diaminopyridines with carboxylic acids or their derivatives remains the
cornerstone of synthetic methodology for both the 4,5-b and 4,5-c series [90]. As an example,
heating 2,3-diaminopyridine in neat formic acid for several hours afforded 1H-4,5-b in yields
exceeding 70%, while the analogous 3,4-diaminopyridine gave the corresponding 1H-4,5-c
under identical conditions [91]. The use of polyphosphoric acid (PPA) as the condensing
agent typically improves both rate and conversion, frequently providing isolated yields up
to 85%, as well as inhibiting the formation of side products [92]. Using microwave-assisted
methodologies also positively affects reaction yields, even using silica gel as a solid support
and carboxylic acids or esters as carbonyl partners, exhibiting excellent chemoselectivity
toward mono-condensed products [93,94].

Subsequently, several catalytic or solvent-free improvements have been reported. As
an example, a solvent-free condensation between 2,3-diaminopyridines and esters has been
developed, using lithium bromide as a catalyst, affording 2-substituted 4,5-b in up to 90%
yield with simple work-up and minimal waste [95]. The same condensation principle could
also be applied for the synthesis of fluoroalkyl-substituted 4,5-b, demonstrating exceptional
tolerance for strongly electron-withdrawing substituents [96].

Alternative dehydrating or oxidative systems have also proven effective when using a
picolinothioamide intermediate derived from nitriles and methyl carbimidate, cyclizing
it with ammonium polysulfide in ethylene glycol to give both 4,5-b and 4,5-c deriva-
tives [97]. A mild air-oxidative, water-mediated condensation could also be used, reacting
2,3-diaminopyridines with aldehydes without any added oxidant [98].
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Figure 5. Selected examples of synthetic strategies towards imidazo[4,5-b]pyridines. Changing
regioisomer of the starting pyridine derivative gives imidazo[4,5-c]pyridines.

Metal-assisted and reductive annulation routes further expanded the scope of these
frameworks. Ytterbium(III) triflate can efficiently catalyze the condensation of 3,4-
diaminopyridines with triethyl orthoformate to produce 4,5-c, offering high functional-
group tolerance under relatively mild conditions [99]. In a complementary reductive
variant, 3H-4,5-b could be prepared by reacting aldehydes with 2-nitro-3-aminopyridines,
using sodium dithionite (Na2S2O4) as a dual reductant and cyclizing agent, and employing
ketones and SnCl2/HCO2H to give comparable or higher yields (typically 70–85%) [100].

Finally, solid-state synthesis was effective as well, generating both the 4,5-b and 4,5-c
isomers from common precursors (e.g., starting from 2,4-dichloro-3-nitropyridine and
diverging in the functionalization sequence to afford both isomers), thereby enabling
head-to-head screening of both scaffolds from the same synthetic route [101].

Across this wide methodological spectrum, the yields achieved by modern proto-
cols typically range from 70% to 95%, and product selectivity strongly favors the desired
N-fused framework. Collectively, the available data show that 4,5-b and 4,5-c, once chal-
lenging to obtain, can now be accessed reproducibly and efficiently by choosing among
several complementary routes. This diversity of options has effectively removed synthetic
accessibility as a limiting factor for the exploration of these pharmacologically important
fused systems.

3. Imidazopyridines as Ligands in Coordination Chemistry
3.1. Imidazo[1,5-a]pyridines

1,5-a are good, versatile ligands for coordination chemistry because they combine
a rigid fused heterocycle with a nitrogen donor site and a scaffold that tolerates many
substituents (i.e., additional donor atoms) without losing planarity or donor ability. In
many complexes the ligand behaves as a bidentate NˆN chelator, giving well-defined
five- or six-membered chelate rings that stabilize mono- and polynuclear coordination
compounds. Chelation is often observed through the imidazole-type nitrogen together
with a pendant pyridinic nitrogen when a 2-pyridyl substituent is introduced in positions 1
or 3 [102–104].

Because 1,5-a are structurally compact but electronically tunable, they have been used
to control metal coordination geometry: they form tetrahedral (e.g., Zn(II) mono/bi/tris-
chelates) [105], square-planar (Pd(II) [106], Pt(II) [107]) and octahedral coordination en-
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vironments depending on metal ancillary ligands and substitution pattern on the het-
erocycle [108,109], as well as macrostructures such as molecular cylinders [110]. X-ray
crystallography documents these geometries and shows that small changes in ligand sub-
stitution (e.g., 1-aryl vs. 1-pyridyl, or substitution on the imidazo ring) change bite angles
and overall complex topology [111].

Where the imidazole ring is functionalized at C3 to give an ylidene (N-heterocyclic
carbene, NHC [20,29,112–114]), or when sulfur/oxygen substituents are used, mixed-
donor C/S [115] or C/O [116–119] coordination modes are observed, producing stable
coordination complexes. These alternative donor modes broaden the ligand’s utility for
building well-defined coordination architectures.

A commonly exploited design motif is to attach a 2-pyridyl arm at C1 so that the
internal imidazole N and the pendant pyridyl N atoms form a robust chelate, while
additional functional groups (e.g., bridging methylene [120,121] or phenyl [122,123] group)
can make the ligand ditopic or even polytopic [124]. Following this, recent structural studies
on Zn(II) coordination polymers and 1D/2D frameworks explicitly show how linear ditopic
1,5-a derivatives act as nodes or propagation units in extended architectures [125].

In light of the above, the coordination motifs in 1,5-a can be defined as very variable
and strongly dependent on the substitution on the core moiety (Figure 6).

 
Figure 6. Possible coordination modes in substituted imidazo[1,5-a]pyridines.

3.2. Imidazo[1,2-a]pyridines

1,2-a make convenient and flexible ligands for coordination chemistry (Figure 7) be-
cause the fused imidazole–pyridine core offers clear donor atoms and a compact, rigid
framework that tolerates many substituents, just like the 1,5 counterpart. In many com-
pounds the heterocycle behaves as an N-donor, and where two 1,2-a units are linked (bis-
or tris-ligands), they can act as bidentate or tridentate chelators that form well-defined five-
or six-membered chelate rings with metals [126,127].

Different metals and ligand substitution patterns give predictable geometries: ho-
moleptic Zn(II) complexes with bis-1,2-a ligands are often pseudo-octahedral highly sym-
metric cationic species [127] or tetrahedral coordination compounds [128], while first-row
transition metals coordinated by 2,6-bis(imidazo[1,2-a]pyridin-2-yl)pyridine-type ligands
commonly adopt distorted octahedral coordination at an Fe(II) center [126]. Discrete
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Cu(II) species are also reported when the ligands and ancillary anions favor octahedral
geometries [129].

Several papers report Zn(II) and Cd(II) coordination polymers built from ditopic
1,2-a ligands and simple carboxylate co-linkers, with crystallographic descriptions of the
resulting 1D/2D networks and their packing motifs [130].

Modified 1,2-a also supports alternative donor behavior: examples in the liter-
ature show imidazole cores converted into N-heterocyclic-carbene (NHC) precursors
(imidazo[1,2-a]pyridin-3-ylidenes) [131–133].

 
Figure 7. Possible coordination modes in substituted imidazo[1,2-a]pyridines.

3.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

4,5-b and 4,5-c are compact fused heterocycles whose ring topology gives clear donor
sites and predictable coordination behavior. Nevertheless, structural work on coordination
compounds with these systems is somewhat limited [134], as they are usually studied for
their relevant biological properties, rather than as ligands in coordination chemistry. Still,
this class has been proven to also be able to act as an NHC ligand [135] (Figure 8).

 

Figure 8. NHC derived from imidazo[4,5-b]pyridines and imidazo[4,5-c]pyridines.

4. Luminescence Properties of Imidazopyridines Compounds
4.1. Imidazo[1,5-a]pyridines

1,5-a present a compact, rigid fused-ring π-system whose lowest excited states are
generally involved in locally excited π→π* transitions [136] with varying degrees of in-
tramolecular charge-transfer character when donor/acceptor substituents are present [137].
Substitution patterns and electronic properties give predictable and reproducible shifts
in these basic parameters. Introducing π-extending aryl groups [138,139] (Figure 9a) or
electron-donating substituents [140] at positions conjugated to the fused core (Figure 9b)
produces bathochromic shifts in both absorption and emission (λabs commonly moves
toward 350–390 nm and λem toward 430–500 nm) and, when planarity is preserved, substan-
tially increases the fluorescence quantum yield. Conversely, strongly electron-withdrawing
substituents tend to slightly shifted towards blue bands and to lower fluorescence quantum
yield (ΦF) because of enhanced non-radiative decay pathways (intersystem crossing or in-
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ternal conversion) [141]. Furthermore, contrary to what might be expected, hydrogenation
of the pyridinic ring also results in an increase in the fluorescence quantum yield [119,142].

 
Figure 9. Selected examples of luminescent imidazo[1,5-a]pyridine compounds reported in this
section. See text for the reported subfigures.

Solvent polarity and local environment can modulate emission through modest in-
tramolecular charge-transfer (ICT) character present in many substituted 1,5-a derivatives.
Solvatochromic studies on 1,5-a-derived dyes (Figure 9a) confirm that increasing solvent
polarity frequently produces a red-shift in the emission maximum, consistent with stabi-
lization of a more polar excited state (ICT/charge-transfer character). For example, in a
donor–π–acceptor (D–π–A) series based on 1,5-a as the donor core, a clear positive solva-
tochromism was documented: switching from a low-polarity (hexane) to a high-polarity
(acetonitrile) solvent caused a red-shift of ~85–90 nm in the photoluminescence spectra [138].
In the same series, this shift was accompanied by broadening of the emission band and
disappearance of vibrational fine structure in polar media, which is typical for excited
states with charge-transfer character. Moreover, 1,5-a-based probes (Figure 9c) in various
organic solvents displayed an appreciable CT character, with the emission maxima shifting
systematically with solvent polarity, revealing a linear correlation typical of Lippert–Mataga
type behavior [143]. Also, reversible acido-chromic emission could be observed in dimeric
1,5-a, with a red shift of the emission spectra in an acidic environment reverting back upon
addition of a base [144] (Figure 9d). Furthermore, it has been proven that the nature and
the position of the linker for the dimerization influence the photophysical properties of the
whole system [145]. Interestingly, also in monomeric 1,5-a species (Figure 9e), positions are
important in determining the luminescence properties: in boron complexes, the presence
of a phenolic substituent can either increase or quench fluorescence emission due to the
activation of intersystem crossing depending on the position of the substitution (1 or 3,
respectively) [146].

Aggregation and solid-state packing can also have a pronounced effect for many
1,5-a derivatives. Several independent experimental reports show weak or quenched
fluorescence in dilute solution (PLQY < 0.05) but strong, often greenish emission in the
aggregated or crystalline state, a behavior assigned to restriction of intramolecular rotation
(RIR) and aggregation-induced emission (AIE) [147] (Figure 9f). In some other cases instead,
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1,5-a boron complexes displayed intense fluorescence emission both in solution and in solid
state, without experiencing any dramatic quenching [148] (Figure 9e).

Conversely, other boron coordination compounds based on the 1,5-a framework have
exhibited the opposite behavior, showing a decrease in luminescence intensity upon going
from solution to the solid state [116,117]. Moreover, in the solid state, the presence of
π–π stacking interactions completely quenches fluorescence, whereas the absence of such
interactions allows fluorescence to persist, albeit with low quantum yields (Figure 10).

Figure 10. Example of how the π–π stacking can be present and interfering with the emission
properties in the solid state of boron complexes of imidazo[1,5-a]derivatives (grey, carbon; light blue,
nitrogen; red, oxygen; pink, boron). Hydrogens have been omitted for clarity.

Coordination to closed-shell metal centers typically increases rigidity, shifts absorp-
tion/emission energies and commonly enhances PLQY relative to the free ligand. Careful
photophysical studies of mono-, bis- and homoleptic Zn(II) 1,5-a complexes show sys-
tematic hypsochromic or bathochromic shifts depending on coordination geometry and
ligand substitution, and improved quantum yields (examples in the literature report ligand-
centered emission peaks in the 410–490 nm window for Zn adducts with PLQY values that
can reach the mid-tens of percent) [105,149,150]. Time-resolved experiments in those same
papers show that the improved brightness is mainly due to increases in the radiative rate
constant (kr) upon coordination and concurrent suppression of low-energy non-radiative
channels. Coordination to Zn(II) centers typically increases rigidity, causes blue-shifts in
emission (e.g., ligand vs. complex shifts from 460 nm ca. to 440 ca. range across a family)
and can raise quantum yields substantially (examples cited report quantum yields up to
the low-30% range) [151] (Figure 11).

Notably, a series of homoleptic Zn(II) complexes also displayed unusual symmetry-
broken charge-transfer excited states, underlining that metal coordination can do more
than simply rigidify the ligand, like also changing excited-state character [152] (Figure 12a).
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Figure 11. Example of how zinc coordination can affect the fluorescence properties in imidazo[1,5-
a]pyridine.

 

Figure 12. Selected examples of luminescent imidazo[1,5-a]pyridine metal coordination compounds
reported in this section. See text for the reported subfigures.

Heavier-atom incorporation and coordination to heavy d6/d8 metals (for example,
Ir(III) [153,154], Pt(II) [155], Re(I) [156–158]) predictably open efficient intersystem-crossing
pathways and produce phosphorescent emission with long lifetimes (microseconds to
milliseconds) and structured spectra in the 500–700 nm region. Furthermore, Re(I) NHC
complexes based on the 1,5-a isomer have been reported to exhibit significant chiroptical
properties, specifically as circularly polarized luminescent emitters [159] (Figure 12b).

Thermal Activated Delayed Fluorescence (TADF, delayed fluorescence via reverse
intersystem crossing from T1 to S1) is not commonly reported for simple 1,5-a derivatives.
To obtain TADF, a small singlet-triplet gap (∆EST) and appropriate donor-acceptor sepa-
ration are needed [160]. While some recently engineered D–π–A 1,5-a systems and fused
heterocycles have been tested for delayed fluorescence behavior or used in OLED-oriented
studies [152], the mainstream photophysical response of the family remains prompt flu-
orescence or, in heavy-atom/metalated systems, phosphorescence [155], with a single
example of TADF displaying Ir(III) complex [153] (Figure 12c). Moreover, unlike the other
regioisomers, 1,5-a derivatives are not known to exhibit excited-state intramolecular proton
transfer (ESIPT) [161].

4.2. Imidazo[1,2-a]pyridines

The 1,2-a core exhibits a markedly different electronic distribution from its 1,5-a
counterpart: fusion at the N(1)–C(2) bond positions of the imidazole nitrogen adjacent to
the pyridine ring leads to a stronger π–π conjugation and a higher-lying HOMO delocalized
over both rings. This connectivity produces characteristic photophysical fingerprints as
π→π* transitions at higher energy (λabs ≈ 280–340 nm) and blue-shifted fluorescence (λem

≈ 360–460 nm) compared to the 1,5-a isomers [162–164]. Experimental absorption spectra
consistently show two intense π→π* bands, one centered near 310 nm and a secondary
CT-enhanced band near 340 nm, both sensitive to electronic substitution.

Substitution at position 2 or 3 profoundly tunes emissive behavior [164–166]. Electron-
donating aryl or alkoxy groups extend conjugation, pushing emission toward the green
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region while increasing fluorescence quantum yields in rigid derivatives. Conversely, strong
electron-withdrawing substituents stabilize the LUMO and favor non-radiative decay, de-
creasing PLQY. These trends are quantitatively confirmed by time-resolved studies: rigid
donor–acceptor systems display single-exponential decays with lifetimes of 3–8 ns, while
flexible or twisted analogues show biexponential kinetics with a fast (<1 ns) non-radiative
component. Increasing the dimension of the π system is also a way to improve the photolu-
minescence performances in 1,2-a derivatives, with examples reporting naphthalene-fused
1,2-a with large Stokes shifts and quantum yields up to 77% [167] (Figure 13a).

 
Figure 13. Selected examples of luminescent imidazo[1,2-a]pyridine compounds reported in this
section. See text for the reported subfigures.

Solvent and medium effects highlight the partial intramolecular charge-transfer (ICT)
character of the S1 state. Multiple solvatochromic studies report emission red-shifts of
20–50 nm and significant lifetime shortening when moving from toluene to acetonitrile
or DMSO [168]. The observed positive solvatochromism can correlate with increased
excited-state dipole moments (∆µ ≈ 4–8 D from Lippert–Mataga analyses), confirming ICT
contributions typical of 1,2-a fusion but less pronounced than in classical donor–acceptor
dyes, with the possibility for these same compounds to also display two-photon absorption
behavior [169] (Figure 13b). Aggregation and crystal packing also play a critical role in
modulating emissive output with substituted derivatives displaying aggregation-induced
emission (AIE) exploitable in sensing experiments [170,171] (Figure 13c).

Metal coordination introduces additional, well-characterized perturbations. In some
cases, coordination of 1,2-a to d10 metal via the imidazole nitrogen induces planariza-
tion/rigidification and activates or enhances fluorescence, with emission in the near-
blue region (≈380–450 nm) and quantum yields up to ~0.50. In particular, Zn(II) com-
plexes [127,172,173] often exhibit increased radiative constants (kr up to 2–3 × 107 s−1)
and reduced non-radiative rates due to ligand rigidification. In contrast, coordination to
d6 heavy metals (particularly Ir(III) [174–176]) opens efficient intersystem crossing chan-
nels, yielding phosphorescent states that stem from mixed metal-to-ligand charge-transfer
(MLCT) processes.

Particularly distinctive in the 1,2-a family is the occurrence of excited-state in-
tramolecular proton transfer (ESIPT) in solution when a proximal phenolic donor (e.g.,
2′-hydroxyphenyl) is introduced at position 2 (Figure 14) [37,177,178]. For instance, several
derivatives exhibit ESIPT-active behavior: in a rigid (solid-state [179] or matrix [180]) envi-
ronment, they show emission with large Stokes shifts, good quantum yields and emission
colors tunable from blue-green to orange/red depending on substitution and crystalline
packing. The polymorph-dependent luminescence, consistent with computational stud-
ies [181], indicates that suppression of non-radiative decay and stabilization of the keto
tautomer in the excited state play a key role in enabling efficient ESIPT.
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Figure 14. ESIPT process in imidazo[1,2-a]pyridines.

No clear evidence of TADF has been firmly established for simple 1,2-a systems, but a
few donor–acceptor architectures with spatially separated frontier orbitals and small ∆EST

down to 0.01 eV were obtained, hinting at emerging TADF behavior [182] (Figure 15a).
However, most emissions remain prompt fluorescence or heavy-atom-assisted phosphores-
cence depending on the coordination environment.

 
Figure 15. Other examples of luminescent imidazo[1,2-a]pyridine compounds reported in this section.
See text for the reported subfigures.

Finally, donor–acceptor dyads based on 1,2-a frameworks could also be constructed
and investigated from a photochemical perspective, showing the occurrence of intramolec-
ular charge transfer and photoinduced electron transfer processes. In such systems, ground-
and excited-state ICT character as well as dual fluorescence associated with excited-state
conformational heterogeneity have been reported, indicating that these heterocyclic archi-
tectures can support rich and tunable photochemical behavior [183] (Figure 15b).

4.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

4,5-b and 4,5-c form two closely related but topologically distinct fused heterocycles
whose photophysics and coordination chemistry have been increasingly documented in the
literature. For the 4,5-b family, a clear example of protonation- and solvent-dependent pho-
tophysics comes from iminocoumarin-type derivatives [184] (Figure 16a): in these systems,
comprehensive UV–Vis and fluorescence titrations, combined with TD-DFT computations,
show that protonation equilibria (and solvent polarity) significantly shift both absorption
and emission wavelengths. This demonstrates that 4,5-b scaffolds can exhibit marked
sensitivity to environment and substitution pattern, making them viable candidates for pH-
or solvato-responsive dyes.

The pyridinic nitrogen position in regioisomers of the same 4,5-b pyridine derivative
also can play a role in determining the photophysical properties of these systems [185]:
even subtle variations in nitrogen placement led to pronounced differences in UV/Vis
absorption and fluorescence behavior (Figure 16b). Solvatochromic effects are evident
in both absorption and emission spectra, with one regioisomer exhibiting hypsochromic
shifts and the other bathochromic shifts. Their acid–base equilibria further modulate the
photophysical response, as reflected in distinct pKa values and differential spectral changes
under acidic conditions.
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Figure 16. Selected examples of luminescent imidazo[4,5-b]pyridine compounds reported in this
section. See text for the reported subfigures.

Coordination chemistry exerts a particularly strong influence on 4,5-b/4,5-c photo-
physics, both by rigidifying the ligand and by altering excited-state character. Ligands
of the 4,5-b type have been used as cyclometallating chelates for heavy-metal complexes,
and recent advanced-materials reports show that carefully functionalized 4,5-b-derived
chelates give very high photoluminescence quantum yields and narrow blue emission
when bound to Ir(III) [186] (Figure 17a). For example, blue-emissive Ir(III) complexes
containing cyano-modified 4,5-b-based chelates have been reported with emission maxima
in the 448–467 nm range and exceptionally high photoluminescence quantum yields (re-
ported up to ~81–88%) in toluene solution [135]. Pt(II) complexes could be obtained as well,
displaying aggregation-induced emission and aggregation shortening of phosphorescence
lifetimes, giving excellent blue phosphorescent emitters with fluorescence quantum yields
up to more than 90% [187] (Figure 17b).

 
Figure 17. Selected examples of luminescent imidazo[4,5-b]pyridine coordination compounds re-
ported in this section. See text for the reported subfigures.

These studies make it clear that the 4,5-b core can serve as a highly efficient cyclometal-
lating fragment that, when combined with appropriate electron-withdrawing substituents
(e.g., cyano or CF3 groups), yields bright, narrowband blue phosphors.
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Although coordination to closed-shell d10 centers (e.g., Zn(II), Ag(I)) is a common
strategy to rigidify N-heterocyclic ligands and modulate their photophysics, no system-
atic studies have yet demonstrated that this leads in a reproducible way to enhanced
fluorescence or predictable emission shifts for 4,5-b. The absence of well-characterized
coordination complexes with full photophysical characterization suggests this remains an
open area for research.

Among the 4,5-c isomers, there are very few studies about their photophysical prop-
erties. In particular, they have been proved to be ESIPT-active if adequately substituted
(i.e., with a phenolic group) (Figure 18) [188,189]. These molecules commonly display dual
fluorescence arising from normal and tautomeric excited states, with the two bands well
separated and associated with distinct nanosecond lifetimes, reflecting clean parallel decay
pathways rather than complex multicomponent kinetics. The ESIPT-generated tautomer
emission is typically solvent-dependent, often exhibiting negative solvatochromism (with
a blue shift in more polar media) consistent with an excited tautomeric form of lower
polarity than its ground-state precursor. At the same time, the presence of an intramolec-
ular O–H···N hydrogen bond tends to suppress competing ICT or twisted-ICT (TICT)
relaxation channels, stabilizing the proton-transfer pathway even in highly polar or protic
environments.

 
Figure 18. ESIPT process in imidazo[4,5-c]pyridines.

In related analogues lacking the hydrogen-bond donor, the photophysics shift toward
charge-transfer emission with reduced intensity and broadened, red-shifted bands, un-
derscoring how the 4,5-c topology places substituents in a geometry that strongly favors
intramolecular H-bonding. When this interaction is present, the result is large Stokes shifts,
robust dual emission, and pronounced sensitivity to solvent and proton-donating ability,
making ESIPT-active 4,5-c derivatives one of the most responsive subclasses within the
imidazo-fused heterocycles.

5. Optoelectronic Devices Incorporating Imidazopyridines
5.1. Imidazo[1,5-a]pyridines

The bicyclic 1,5-a structure has emerged as a particularly versatile and promising
scaffold in the design of optoelectronic materials, thanks to its unique structural and
electronic characteristics. Structural modifications such as donor–π–acceptor (D–π–A)
conjugation, substitution with long alkyl chains to enhance solubility and film formation,
or ionic quaternization to generate salts for LECs have been shown to manipulate key
parameters including photoluminescence quantum yield (PLQY), emission wavelength,
Stokes shift and solid-state behavior.

For instance, BF2-chelated 1,5-a phenolates bearing long alkyl chains exhibit blue
emission both in solution and in thin polymeric films, with large Stokes shifts and good
fluorescence yields [190] (Figure 19a).

The presence of a long alkyl chain improves the film-forming properties and increases
the solubility in organic media, necessary for solution-processed devices. Similarly, hybrid
white LEDs have been fabricated by using D–π–A 1,5-a-based fluorophores as down-
conversion layers, producing devices with a color rendering index (CRI) of ~90% and CIE
x,y coordinates of ~(0.37,0.32), with solid-state quantum yields up to 93% [138]. Increasing
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delocalization also positively affects the device performance: for example, expanding the
ring from imidazopyridine to imidazoquinoline increased the fluorescence quantum yield
and decreased the HOMO-LUMO gap, eventually leading to a first test of OLED fabrica-
tion [191] (Figure 19b). Solution-processed sky-blue OLEDs could also be fabricated, with a
maximum EQE of 4.3% and a good current efficiency of 8.4 cd A−1 at 100 cd m−2 [192].

 

Figure 19. Selected example imidazo[1,5-a]pyridine compounds reported in this section. See text for
the reported subfigures.

Ionic 1,5-a derivatives have also been used in LECs, where the quaternization of a
pendant pyridinic nitrogen provides mobile counter-ions that facilitate in situ electrochem-
ical doping under bias [122] (Figure 20a). 1,5-a derivatives could be used in LECs even
without quaternization, using TMPE:LiOTf (TMPE: trimethylolpropane ethoxylate) for ion
mobility. For example, 3-(2-methoxyphenyl)-5-methyl-1-(6-methylpyridin-2-yl)imidazo[1,5-
a]pyridine emits blue light (~436 nm) in solution with a quantum yield of ~0.40, but
aggregation in the solid state leads to yellow-shifted emission. When incorporated into
LEC devices, electroluminescence shifts further, highlighting the importance of controlling
film morphology to achieve optimal device performance [193].

 
Figure 20. Selected examples imidazo[1,5-a]pyridine compounds used in LEC devices reported in
this section. See text for the reported subfigures.

LECs based on heteroleptic copper(I) complexes, such as [Cu(1,5-a)(POP)][PF6], (POP:
bis{2-(diphenylphosphanyl)phenyl}ether) further illustrate that metal coordination can
tune device emission: while photoluminescence is blue (~450 nm) in solution, electro-
luminescence in the device shifts to ~550 nm due to film and excited-state effects [194]
(Figure 20b).

Despite these advances, challenges remain, including the scarcity of high-efficiency
deep-blue 1,5-a emitters, limited operational lifetimes for full-color devices, and under-
explored photovoltaic applications, with few studies exploring the optoelectronic and
charge carrier properties of such compounds [195]. Moreover, thin-film morphology con-
trol remains crucial, as the difference between quantum yields in the solid state and device
performance often reflects exciton quenching, film formation, and interface effects. For
these reasons, the applications of 1,5-a derivatives in optoelectronic devices remain limited.

https://doi.org/10.3390/app16041937

https://doi.org/10.3390/app16041937


Appl. Sci. 2026, 16, 1937 19 of 51

5.2. Imidazo[1,2-a]pyridines

The literature on 1,2-a derivatives exploited in optoelectronic applications is broader
than that of the 1,5-a counterpart. Structural modification at multiple positions allows
fine-tuning of absorption and emission wavelengths, frontier orbital levels, and solid-state
behavior, making 1,2-a derivatives attractive for electroluminescent devices such as OLEDs
and LECs, and as electron-transporting or acceptor units in organic photovoltaics. Early
studies highlighted these derivatives as bright luminogens with quantum yields up to
~70%, depending on substitution, displaying strong solvatochromism and indicating their
potential in electroluminescent applications [196] (Figure 21a).

 

Figure 21. Selected examples of imidazo[1,2-a]pyridine compounds reported in this section. See text
for the reported subfigures.

A major advance in OLED applications was achieved by pairing 1,2-a cores as electron
acceptors with robust donor units such as phenanthroimidazole [197]. For example, two
reported deep-blue emitters based on this motif exhibited non-doped OLED external
quantum efficiencies (EQEs) of 4.85% and 4.74% at ~10,000 cd m−2, respectively. When
used in doped devices (20–40 wt%), the EQEs increased to 5.23% and 6.13%, with CIE x,y
coordinates of (0.15, 0.08 for deep-blue emission. These devices exemplify the suitability of
this class of compounds as an electron-accepting unit in efficient deep-blue OLEDs with
low efficiency roll-off, highlighting the importance of donor-acceptor design and careful
device and molecular engineering.

More recently, aggregation-induced emission luminogens (AIEgens) incorporating
1,2-a have demonstrated the versatility of this scaffold. These compounds combine 1,2-a
cores with sterically hindered tetraphenyl ethylene units to suppress aggregation-caused
quenching [198] (Figure 21b). In vacuum-deposited non-doped OLEDs, these compounds
emitted cyan light at 496 nm (CIEx,y = 0.23, 0.42) with a luminance of 4420 cd m−2, and
an EQE of 15.6%, or orange emission at 623 nm (CIEx,y = 0.59, 0.38) with a maximum
luminance of 2740 cd m−2 and an EQE of 10.9%. These results illustrate that judicious
structural design can yield non-doped emissive layers with high efficiency and tunable
emission colors while maintaining good morphological stability.

Coordination to heavy metals, such as Ir(III), enables efficient activation of the triplet
excited state through enhanced spin–orbit coupling, thereby allowing phosphorescent
emission [174,176]. As a result, 1,2-a-based ligands coordinated to Ir(III) can give rise to
phosphorescent OLEDs, benefiting from efficient harvesting of both singlet and triplet
excitons and leading to high electroluminescence efficiencies.
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1,2-a derivatives have also been incorporated into extended π-systems for charge
transport. For example, perylene diimide (PDI) molecules functionalized with 1,2-a act as
n-type semiconductors in organic field-effect transistors (OFETs), with reported electron
mobilities of ~0.116 cm2 V−1 s−1 [199] (Figure 21c). While the latter study focuses on
transport rather than emission, they underscore the versatility of this class of compounds
in optoelectronic device architectures, including potential photovoltaic applications, even
though full Dye-Sensitized Solar Cells (DSSCs) or Organic PhotoVoltaics (OPV) metrics
remain absent.

Despite the encouraging progress, challenges remain. High-efficiency blue and deep-
blue 1,2-a OLED emitters are still less developed than commercial phosphorescent or TADF
emitters, and, therefore, devices such as LECs, solar cells or down-conversion layers, are
underexplored.

In conclusion, 1,2-a derivatives represent a functionalizable, electronically tunable
and increasingly device-relevant class of materials. Their combination of rigid fused-ring
frameworks, donor-acceptor tunability and coordination versatility enables applications in
deep-blue and multi-color OLEDs, AIE-based non-doped devices, and charge-transport
architectures. With continued advances in thin-film processing, structural design, and
device engineering, 1,2-a derivatives are poised to play an increasingly important role in
next-generation optoelectronic devices.

5.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

Although well established in heterocyclic chemistry, the 4,5-b and 4,5-c ring systems
have only recently been examined for their optoelectronic properties in device-oriented
applications. In particular, Ir(III)-carbene complexes based on the 4,5-b skeleton produced
a string of high-efficiency blue phosphors with reported narrow true-blue phosphores-
cence with high photoluminescence quantum yields and devices with EQEs up to almost
30% [186,200]. Building on that concept, peripheral engineering and cyano-substituted
4,5-b-derived carbenes produced Ir(III) phosphors whose photophysics (λem ≃ 448–467 nm,
PLQY = 81–88%) and radiative lifetimes in the microsecond range translated into PhOLEDs
with external quantum efficiencies of up to ~34.7% in a hyper-OLED stack [135]. The
iridium-carbene strategy using 4,5-b cyclometalates has been extended through several
structural permutations (i.e., introduction of bulky ortho-substituents to suppress aggre-
gation [201] and desymmetrization [202]), and working OLEDs (vacuum-deposited and
solution-processed) have been reported, where the 4,5-b motif is the key emissive ligand.

Compared with the b-isomer, the 4,5-c regioisomer has been even less prominent in
optoelectronic device work, with no reports to date.

6. Molecular Sensors Based on Imidazopyridines
6.1. Imidazo[1,5-a]pyridines

1,5-a derivatives have also become a recurring fluorescent scaffold in modern chemo-
sensor design because the fused imidazole–pyridine core gives an easily tunable π-
chromophore with large Stokes shifts and multiple points for attaching recognition motifs;
this photophysical platform has been exploited both as free organic probes and as a lig-
and that forms emissive coordination compounds whose optical properties change on
interaction with analytes.

A clear example of a 1,5-a chromophore used as a probe exploits the Fluorescence
Resonance Energy Transfer (FRET) donor properties of such a compound, coupling it to a
tricyanofuran acceptor. With this architecture, an energy-transfer efficiency of ~95% and
a pseudo-Stokes shift of ≈259 nm (10,402 cm−1) were reported, with a linear ratiometric
response to SO3

2−/HSO3
− in two concentration ranges (1.5–7.5 µM and 9–20 µM) and

https://doi.org/10.3390/app16041937

https://doi.org/10.3390/app16041937


Appl. Sci. 2026, 16, 1937 21 of 51

a calculated limit of detection (LOD) of about 55 nM [203] (Figure 22a). The same FRET
mechanism can also be exploited in the sensing of Hg2+, with even lower LOD in the µM
range [204].

 

Figure 22. Selected examples of molecular probes based on imidazo[1,5-a]pyridine reported in this
section. See text for the reported subfigures.

Additionally, the 1,5-a nucleus can be designed with chemo-dosimeter architectures
that undergo irreversible (or quasi-irreversible) chemical transformations on reaction with
the analyte. For sulfite detection, for example, a 1,5-a-based probe responding within
one minute has been developed, showing a very large Stokes shift (~130 nm, 7933 cm−1),
operating across pH 5–11 and with an LOD of ~50 nM [205]. Similarly, 1,5-a chemo-
dosimeters have been tailored to detect oxidants (e.g., hypochlorite [206] (Figure 22b))
with a mechanism comprising covalent transformation (cleavage) that abolishes/creates
conjugation and produces the turn-on/turn-off optical signal. Analogously, thiophenols
could be detected with an LOD of 5.6 nM upon luminescence enhancement due to an ether
bond cleavage [207].

Aggregation-induced emission mechanism can also be useful for the development
of 1,5-a probes for metal ions: conjugating the core motifs to classical AIE units (e.g.,
tetraphenyl ethylene, TPE) yields probes that are weakly emissive in dilute solution but be-
come strongly fluorescent upon aggregation triggered or modulated by metal binding. On
this topic, TPE-tethered 1-(2-pyridyl)imidazo[1,5-a]pyridine probes displaying aggregation-
induced emission and selective Cu2+ detection with an LOD of 83 nM have been reported.
These AIE designs exploit metal-induced aggregation or metal-coordination-promoted
restriction of intramolecular motion as the sensing mechanism. Such a system proved to
be sensitive and robust enough for the development of latent fingerprint analysis, thus
revealing a possible application even in forensic sciences [147].

The coordination capability of 1,5-a derivatives can be exploited beyond the AIE
phenomenon for sensor applications. For example, a second, important approach is to pre-
coordinate 1,5-a ligands to d10 metal centers (most commonly Zn(II)) to obtain complexes
whose emission is strongly ligand-centered but tunable by coordination geometry and
substituents [151]. Such Zn(II) complexes therefore form a ready platform for analyte
sensing either by displacement (analyte binds to Zn and perturbs emission) or by direct
reaction at an ancillary site. In these regards, Zn(II) complexes have been developed for
hydrogen-sulfide (H2S/HS−) sensing. Through spectroscopic titrations, time-resolved
fluorescence and competition experiments, it has been determined that HS− interacts with
the Zn center (either through direct binding or ligand substitution), giving clear spectral
changes consistent with analytical sensing of sulfide [208] (Figure 22c).

6.2. Imidazo[1,2-a]pyridines

Over the last few years, 1,2-a derivatives have been developed into a rich set of
optical sensing motifs, both as purely organic fluorophores and as metal-coordinated
luminophores. A recurring approach uses 1,2-a units in aggregation-induced emission
(AIE) constructs, with species essentially non-emissive in solution but turning strongly
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fluorescent on aggregation in the presence of Cd2+, Hg2+ and Al3+, demonstrating that
metal-induced aggregation or metal-triggered restriction of intramolecular motion is a
practical sensing mechanism also in this family of compounds [170] (Figure 23a).

 
Figure 23. Selected examples of molecular probes based on imidazo[1,2-a]pyridine reported in this
section. See text for the reported subfigures.

Closely related AIE designs have been adapted to other reactive analyte sensing: a
1,2-a-bearing boronate ester AIE probe has been proven effective in reacting selectively
with H2O2, resulting in a pronounced fluorescence enhancement around 500 nm, leading
to imaging applications for both exogenous and endogenous hydrogen peroxide in live
cells, showing that a 1,2-a chromophore can be combined with a reactive handle to give a
selective, cell-compatible AIE chemo-dosimeter [171].

Analogously to 1,5-a derivatives, a second, widely used strategy is to pre-coordinate
1,2-a ligands to d10 metal centers to make luminescent complexes whose emission is
sensitive to analyte binding or displacement. Also, in this case coordination to Zn(II)
resulted as the prominent strategy, as homoleptic bis-1,2-a Zn(II) complexes usually display
robust ligand-centered luminescence, rigidification upon coordination, altering intraligand
charge distribution [127], and producing photophysical behavior that can be exploited
for sensing. Building on these premises, 1,2-a derivatives have been reported as sensors
showing measurable spectral shifts and fluorescence modulation on addition of Zn2+, even
in the presence of competing species [172].

1,2-a cores have also been embedded into classic fluorophore scaffolds to provide
ratiometric or “switchable” probes with defined recognition chemistry, fusing a 1,2-a unit
to a xanthene moiety and exploiting the spirolactam ring-opening reaction to detect Hg2+.
As the closed spirolactam form is non-fluorescent and the addition of Hg2+ induces ring
opening, the probe turns into a large Stokes shift (≈75 nm, 2609 cm−1), strong fluorescent
emitter, with good pH tolerance and low cytotoxicity. This approach has also been pushed
further by using the same sensor for fluorescence imaging in HeLa cells and by paper-strip
tests in water samples [209] (Figure 23b).

Complementary chemo-dosimeter designs exploit excited-state intramolecular proton
transfer (ESIPT) or protective groups that are removed by specific analytes. For example, a
protected a 2-(2′-hydroxyphenyl)-1,2-a derivative as a tert-butyldiphenylsilyl ether afforded
a fluoride-selective ESIPT-based probe that turns on after fluoride-induced deprotection
and subsequent ESIPT [178] (Figure 23c). Cyanide could be sensed as well through a
nucleophilic addition mechanism that turns on fluorescence, giving LOD below the World
Health Organization guidelines [85].
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Several 1,2-a-based hydrazine and nitro-organophosphate simulant probes (multicom-
ponent D–π–A 1,2-a designs) have also been reported with rapid response kinetics and
low-micromolar detection limits, illustrating the scaffold’s versatility for nucleophile- or
electrophile-triggered sensing [210,211] (Figure 23d).

The 1,2-a scaffold could also afford polarity- and viscosity-sensitive sensors [212], also
capable of detecting pesticides in the ppb concentration range [168].

6.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

Over the last years, 4,5-b and 4,5-c derivatives have been established as a compact,
electron-rich class of chromophores that can be turned into effective optical sensors ei-
ther as purely organic probes or after simple coordination to metals, although fewer in
number than the 1,5-a and 1,2-a families. For example, attaching the 4,5-b core to con-
ventional fluorophore motifs (i.e., by fusing it into iminocoumarin frameworks) produces
pH-responsive chromophores whose protonation equilibria and spectral responses are
readily tunable by substitution and solvent polarity: careful UV–Vis/fluorescence titra-
tions and TD-DFT calculations demonstrated that representative iminocoumarin-4,5-b
compounds exist predominantly as monoprotonated cations at neutral pH, undergoing
double protonation between pH ≈ 3.4–4.4 and reverting to neutral species only at very
high pH (≈10.4–13.7), showing solvent- and substituent-dependent absorption/emission
shifts and quantum-yields up to 0.414, demonstrating that the 4,5-b scaffold can be used to
build reliable small-molecule pH indicators [184].

Other work emphasizes metal-ion sensing through the introduction of a redox core
bound to the 4,5-b core so that the molecule itself becomes a chemo-sensor: in these
regards, ferrocenyl-4,5-b act as multiresponsive chemo-sensors for Hg2+ and Pb2+, with
solvent-dependent selectivity (Pb2+ in acetonitrile, Hg2+ in methanol/water mixture),
after displaying clear fluorescence quenching or enhancement on metal binding [213]
(Figure 24a). The same approach could be further developed, constructing self-assembling
monolayers through thiol-containing derivatives and anchoring them to a gold surface.
This application revealed ion-sensing electrodes whose electrochemical properties depend
on the presence of Pb2+ ions [214] (Figure 24b). On the other hand, simple sulfur containing
4,5-b ferrocenyl derivatives are still effective as Hg2+ sensors, with LOD as low as 10−7–10−8

mol/L [215] (Figure 24c).

 

Figure 24. Selected examples of molecular probes based on imidazo[4,5-b]pyridine and imidazo[4,5-
c]pyridine reported in this section. See text for the reported subfigures.
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Compared to its 4,5-b counterpart, the 4,5-c isomer has not yet been the subject of suffi-
ciently extensive experimental or theoretical investigation in this field, and key structure–
property relationships remain unestablished. As a sole example, the lanthanide complexes
of this regioisomer are known to form coordination polymers capable of Fe(III) sensing and
Congo red adsorption through hydrogen bonding and π–π interactions [216] (Figure 24d).

7. Imidazopyridine Derivatives as Sensitizers for Confocal Microscopy
and Fluorescent Luminogens for Cell Sensing
7.1. Imidazo[1,5-a]pyridines

1,5-a derivatives have increasingly gained prominence not only as molecular sen-
sors but also as fluorescent probes for confocal microscopy and live-cell imaging. Initial
demonstrations of 1,5-a fluorophores in biological imaging showed that even minimally
substituted derivatives possess bright emission, large Stokes shifts, and resistance to photo-
bleaching, enabling the acquisition of high-contrast confocal micrographs in Arabidopsis
thaliana seedlings, with good permeability to the plant cell wall and plasma membrane [217]
(Figure 25a).

 
Figure 25. Selected examples of imidazo[1,5-a]pyridine derivatives used as luminogens reported in
this section. See text for the reported subfigures.

Building on this foundation, 1,5-a scaffold could be refined through substitution at
positions 1 and 3 to modulate electronic structure and environmental sensitivity. These
modifications introduce intramolecular charge-transfer character and pronounced solva-
tochromism, leading to fluorescence enhancement in less polar or membrane-like envi-
ronments. Such behavior has been validated through detailed spectroscopic studies and
confocal fluorescence imaging in lipid vesicles and related model systems, highlighting the
potential of 1,5-a derivatives as environment-responsive probes [143].

Furthermore, the responsiveness of the 1,5-a core to specific analytes has been exploited
in a broad family of intracellular chemical sensors, where the heterocycle functions as a
turn-on or ratiometric fluorophore. For example, 1,5-a-based probes for H2S demonstrated
rapid reaction kinetics and strong signal amplification in confocal imaging, providing
real-time visualization of reactive sulfur species with sub-cellular spatial precision [218]
(Figure 25b). Enzymes could also be tracked, such as carboxylesterase in macrophages
during bone homeostasis [219].

Further advances include FRET- and ICT-modulated 1,5-a sensors, which permit
ratiometric imaging of SO3

2− or thiols [205] with confocal acquisition for intracellular
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mapping [203]. Additionally, by fusing the 1,5-a core with benzopyrylium, a NIR-emitting
1,5-a dye was obtained, enabling clear imaging of cellular compartments in mitochon-
dria [220] (Figure 25c). Boron coordination compounds also proved effective for mito-
chondria fluorescence imaging [221] (Figure 25d). In parallel, the incorporation of the
1,5-a core into stimuli-responsive architectures has enabled highly selective imaging of
biological processes: methylated derivatives show enzyme-triggered demethylation and
marked fluorescence enhancement upon esterase activation, allowing the selective confocal
imaging of enzyme activity in live cells [222] (Figure 25e), while rhodamine B hybrids
exhibit pH-dependent zwitterionic forms for imaging acidic organelles with high-fidelity
pH probe example [223] (Figure 25f).

Zinc(II) 1,5-a coordination compounds could also be used in fluorescence imaging, in
particular to track down H2S and its anions in HepG2 cells, exploiting a coordination-based
reversible mechanism [207].

7.2. Imidazo[1,2-a]pyridines

1,2-a derivatives have also found growing application as fluorescent probes for confo-
cal microscopy and live-cell imaging, exploiting their rigid, π-conjugated structure, tunable
electronics and biocompatibility. One prominent example is the xanthene-1,2-a hybrid,
which shows an unusually large Stokes shift (≈75 nm, 2609 cm−1), high selectivity for
Hg2+, low citotoxicity and excellent cell permeability, and has been used to image Hg2+ in
HeLa cells by confocal fluorescence microscopy [209].

Another small-molecule probe, 2-(imidazo[1,2-a]pyridin-2-yl)phenyl acrylate, has
been reported to selectively detect cysteine in living HepG2 cells and in zebrafish, with very
low toxicity and good confocal imaging contrast [224] (Figure 26a), while an earlier work
demonstrated that a fused 1,2-a sensor is capable of “turn-on” fluorescence in response
to Fe3+ (and “turn-off” for Hg2+) in aqueous solutions and in HeLa cells, supporting
intracellular metal-ion imaging [225] (Figure 26b). The photophysical versatility of this
scaffold has been further shown by the design of ESIPT-active derivatives that respond
rapidly to nerve-agent simulants with a detection limit of 0.6 µM (although this report
does not include confocal imaging), demonstrating the strong fluorescence modulation
potential of the core [226] (Figure 26c). Also, fused phenanthro-1,2-a heterocycles have
yielded probes with strong fluorescence and sufficient photostability to be used in live-cell
imaging platforms, including confocal microscopy [227] (Figure 26d).

 

Figure 26. Selected examples of imidazo[1,2-a]pyridine derivatives used as luminogens reported in
this section. See text for the reported subfigures.
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Together, these examples illustrate that 1,2-a derivatives combine favorable photo-
physical characteristics, structural tunability, and cellular compatibility, making them a
powerful but still under-explored class of fluorescent probes for confocal microscopy and
biological imaging.

7.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

4,5-b and 4,5-c derivatives have so far been only sparsely explored as fluorescent probes
for cellular imaging and confocal microscopy. While their tunability and environment-
sensitive photophysics suggest clear potential for intracellular localization, analyte sensing,
enzyme-responsive turn-on behavior and polarity-dependent emission, the number of
studies that directly demonstrate these functions in live-cell or confocal imaging contexts
remains limited, leaving substantial scope for further development. As a sole example,
sulfur-containing ferrocenyl-4,5-b were used to visualize Hg2+ in living cells via fluores-
cence microscopy, with test-strip and confocal validation reported alongside the synthetic
work, revealing the potential application of such a motif in fluorescent visualization of
Hg2+ ions in biological and environmental systems [214].

8. Imidazopyridines and Their Coordination Compounds as Catalysts
8.1. Imidazo[1,5-a]pyridines

As already mentioned, the 1,5-a scaffold combines a fused imidazole and pyridine
ring and can act as a versatile chelating unit (NˆN, or CˆN after cyclometallation) upon
appropriate functionalization; this is a substitution that is easily accessible at multiple
positions and can be tuned to obtain precise electronics and steric profiles. This tunability
allows fine control of ligand donor strength, π-acceptor character, and steric environment
at a metal center, all parameters that determine catalytic activity.

A major use of 1,5-a derivatives has been as nitrogen ligands in photoactive late-
transition metal complexes. Studies on Ir(III) and Rh(III) complexes showed that 1,5-a-based
cyclometalated compounds displayed interesting photophysical properties (vide supra),
central for photoredox or energy-transfer catalysis. Photophysical investigations emphasize
how small substitutions on the 1,5-a core shift emission maxima and excited-state redox
properties, enabling rational design for particular photochemical transformations such
as [4 + 2] cycloaddition reactions between anilines and maleimides [154,228] (Figure 27a).
Oxidative coupling reaction of benzylic amines could also be photocatalyzed by Ir(III)
complexes of pincer-type 1,5-a [229] (Figure 27b).

N,N-coordination motifs for Pd(II)/Pt(II) complexes have also been investigated, re-
vealing that these square-planar geometries are effective in Suzuki–Miyaura cross-couplings
(with the active complex being generated in situ) [230] (Figure 27c), Mizoroki-Heck re-
action [231–233] and transfer hydrogenations [234,235]. The observed effectiveness is
attributable to the 1,5-a unit, whose rigid backbone enforces well-defined ligand bite an-
gles and electronic properties, which can improve catalyst longevity and selectivity in
cross-coupling reactions.

Copper complexes of 1,5-a derivatives are frequently observed and have been used
in oxidative transformations and as intermediates that reveal mechanistic insights. One
striking observation is the formation of meso-ionic 1,5-a species or metal-uncoordinated
meso-ionic derivatives that nonetheless participate in catalysis (acting as organocatalytic
participants or transient ligand forms) [236] (Figure 27d). On the other hand, isolated Cu(II)
and Cu(I) (and also Mn(II)) complexes) of 1,5-a have been proven effective as catalysts in
the ketalization of ketones, up to quantitative yields [237,238].

Interestingly, Zn(II) coordination compounds of 1,5-a also demonstrated effective-
ness in the polymerization of L-lactide, even under industrially relevant conditions (i.e.,
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technical-grade monomer, no solvent, at 190 ◦C, and high monomer/catalyst ratios) [239],
but also in the depolymerization reaction of the polylactide [240], enabling a circular
approach towards polymer recycling.

Besides coordination compounds, 1,5-a derivatives could also be used as free organic
species in catalysis, as properly functionalized 1,5-a have been used as chelating auxiliaries
generated in situ [113,241] (Figure 27e). This strategy afforded efficient catalysts in the
conversion of CO2 and ethylene into acrylate, with a turnover number up to 570 and yields
up to more than 80%.

 
Figure 27. Selected examples of catalysts based on the imidazo[1,5-a]pyridine motif reported in this
section. See text for the reported subfigures.

8.2. Imidazo[1,2-a]pyridines

The 1,2-a nucleus received much less attention with respect to the 1,5-a counterparts in
its catalytical potential applications. Nonetheless, sparse examples of such systems have
been used as catalysts in the Mizoroki-Heck coupling reaction of 4-chloroacetophenone and
styrene and in the direct arylation reaction between 1,2-a itself and 4-Cyanochlorobenzene,
especially in the form of strong σ-donating N-heterocyclic carbenes bound to a palla-
dium [131]. Alternatively, 1,2-a-based NHC Pd complexes resulted in active catalysts
in the Suzuki-Miyaura reaction [133]. Speaking of cross-coupling reactions, phosphine-
functionalized 1,2-a Pd(II) coordination compounds resulted in efficient catalyst in the
Buchwald-Hartwig reaction [230].

8.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

The 4,5-fused scaffolds 4,5-b and 4,5-c have been scarcely employed as ligands in
the synthesis of coordination compounds (vide supra). Consequently, no examples have
been reported of homogeneous, heterogeneous, or photocatalysis conducted by complexes
containing these two ligands, highlighting a clear gap and an opportunity for future
exploration in coordination chemistry and catalysis.

9. Biological and Medical Applications of Imidazopyridines
9.1. Imidazo[1,5-a]pyridines

1,5-a, while initially valued mainly for their synthetic versatility, have progressively
moved into concrete pharmaceutical applications. The fused imidazole–pyridine core
provides a compact and rigid framework with multiple sites for substitution, allowing
fine-tuning of interactions with enzymes, receptors, and intracellular targets, similarly
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to how luminescence properties can be tuned, while maintaining favorable drug-like
properties. For example, 1,5-a could be used as enzyme inhibitors, receptor modulators,
and cytotoxic compounds. A notable example is the development of insulin-regulated
aminopeptidase (IRAP) inhibitors with a potency of 1 µM, followed by structure-activity
relationship analysis, highlighting the scaffold’s suitability for cognition-focused drug
discovery [242] (Figure 28a). Computational and early experimental kinase studies have
also used the 1,5-a core as a hinge-binding element: molecular dynamics and advanced
docking approaches have identified plausible ATP-pocket binding modes for several 1,5-a
derivatives against epidermal growth factor receptors (EGFR) and related kinases [243]
(Figure 28b).

In the anti-infective field, initial medicinal chemistry studies have identified imidazo[1,5-
a]pyridine/quinoline derivatives with activity against Mycobacterium tuberculosis, including
metal-complexed analogues showing measurable whole-cell efficacy, with an IC90 down to
7.7 µM [244] (Figure 28c).

Several hybrid small molecules incorporating the 1,5-a core with additional pharma-
cophores have demonstrated cytotoxic activity in cell-based anticancer assays. Notably,
1,5-a-benzimidazole hybrids showed significant growth inhibition against a panel of human
tumor cell lines and effectively inhibited tubulin polymerization, inducing G2/M cell cycle
arrest and apoptosis in MCF-7 cells [245] (Figure 28d). Similarly, 1,5-a-chalcone deriva-
tives exhibited potent cytotoxicity and microtubule disruption in cancer cells, supporting
their potential as tubulin-targeting anticancer agents [246] (Figure 28e). Also, oxazole-
appended 1,5-a demonstrated interesting anticancer activity, especially towards prostate,
lung, breast and ovarian cancer cell lines (PC3, A549, MCF-7 and A2780, respectively) [247]
(Figure 28f). In some cases, chelation to a metal center (i.e., Fe(II), Cu(II) or Zn(II)) increases
the cytotoxicity of 1,5-a derivative by 3–13 fold towards HeLa, HepG2 and Jurkat cells [248].

Alternatively, 1,5-a-derived N-heterocyclic carbene ligands in palladium allyl com-
plexes also exhibit strong in vitro antitumor effects, including activity against some
cisplatin-resistant cell lines [249] (Figure 28g). More recently, thiadiazole conjugates built
on this scaffold demonstrated micromolar to sub-micromolar cytotoxicity with IC50 lower
than that of etoposide used as a standard, especially against breast, lung and ovarian cancer
cell lines (MCF-7, A549 and A2780 respectively) [250] (Figure 28h).

Additionally, 1,5-a and their derivatives have also emerged as versatile scaffolds
for photodynamic therapy (PDT) because the fused heterocycle provides a rigid, conju-
gated platform that can be readily tuned to control absorption, excited-state energies and
cellular targeting. Simple organic 1,5-a chromophores and BF2-chelates derived from
1,5-a show strong visible absorption and large Stokes shifts, obtaining mitochondria-
localizing photosensitizers that produce reactive oxygen species under light and kill cancer
cells in vitro [251] (Figure 28i). In particular, this tridentate 1,5-a ligand installed into
a boron complex was optimized for two-photon excitation and mitochondrial accumu-
lation, allowing a heavy-atom-free construct to show efficient PDT activity under near-
infrared two-photon excitation, achieving deeper-tissue activation without introducing
toxic heavy atoms.

The synthetic accessibility of the 1,5-a core could also be further exploited to make
squaraine-type conjugates [252] (Figure 28j) and ionic 1,5-a salts [253] (Figure 28k), showing
promising in-cell PDT activity and imaging capability, as well as singlet oxygen sensitiza-
tion, illustrating the theranostic potential of the class. Taken together with broader reviews
of photosensitizer design (which highlight the need for long-wavelength absorption, high
triplet yields and tumor selectivity) [254,255], the literature indicates that 1,5-a motifs
are particularly attractive, even if challenges remain in translating these systems in vivo,
especially optimizing tissue penetration, clearance and minimizing off-target phototoxicity.
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In summary, 1,5-a not only possess interesting luminescent and photophysical proper-
ties but also possess relevant biological applications, both in terms of pure applications and
as sensitizers for photodynamic therapy.

 

Figure 28. Selected examples of imidazo[1,5-a]pyridine-based biologically active molecules reported
in this section. See text for the reported subfigures.

9.2. Imidazo[1,2-a]pyridines

1,2-a represent one of the most practically productive heterocyclic cores in contem-
porary medicinal chemistry because their fused imidazole–pyridine bicycle provides a
rigid, compact scaffold with multiple substitution possibilities that medicinal chemists can
exploit to tune potency, selectivity, permeability and metabolic stability. This pragmatic
combination has led to intense, target-directed design that has delivered clinically relevant
candidates and numerous diverse primary reports across infectious disease, oncology and
antiparasitic discovery.

The tuberculosis program [256,257] is the clearest demonstration of translational
success: iterative hit-to-lead optimization of 1,2-a-3-carboxamide produced nanomolar
antimycobacterial potency, biochemical evidence that these compounds bind and inhibit
the QcrB subunit of the mycobacterial cytochrome bc1 complex (thereby blocking oxida-
tive phosphorylation) and medicinal-chemistry strategies that were explicitly applied
to improve in vitro and in vivo metabolic stability, progressing into human safety and
pharmacokinetics studies [258] (Figure 29a).

Additionally, the 1,2-a nucleus has been incorporated into multiple anticancer discov-
ery efforts, such as selenylated and other redox-modulating derivatives exhibiting potent,
often sub-micromolar antiproliferative effects in glioblastoma and other cell models by
altering intracellular redox balance [259] (Figure 29b). Alternatively, functionalization
of the 1,2-a core with kinase-directing scaffolds (for example, 6-(imidazo[1,2-a]pyridin-
6-yl)quinazoline series) (Figure 29c) [260] has produced PI3K/kinase inhibitory activity,
while other conjugates and fused bicyclic constructs functionally interfere with microtubule
dynamics to produce mitotic arrest, indicating that the core can serve as either the principal
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pharmacophore or as a modular anchoring fragment for multi-target designs. Quaternar-
ization of the imidazolic nitrogen and substitution with coumarin appendages also result
in the rising of antiproliferative properties against breast and prostate cancer cell lines [261]
(Figure 29d).

Cu(II) and Zn(II) coordination complexes of 1,2-a also displayed anticancer activity,
in particular against breast cancer leukemia cell lines and colorectal cancer cell lines, in
some cases with IC50 values smaller than those reported for camptothecin, used as a
comparison [129]. Coordination to Au(III) also afforded antibacterial and antitumoral
compounds that act by DNA intercalation [262].

Antimicrobial research is also equally extensive, with studies in medicinal chemistry
and phenotypic screening consistently reporting 1,2-a Schiff bases [263] (Figure 29e) and
peptidomimetics [264] (Figure 29f) with quantifiable minimum inhibitory concentration
values against both Gram-positive and Gram-negative bacteria, as well as activity against
fungal strains. 5,6,7,8-tetrahydro-1,2-a instead are reported to be effective antiprotozoal
agents as water-soluble photosensitizers [265] (Figure 29g).

The scaffold has also proven productive in antiparasitic drug discovery: libraries of
1,2-a-appended chalcones and related conjugates have been screened against kinetoplastid
parasites (Trypanosoma spp., Leishmania infantum), yielding hits with selective antiparasitic
activity and acceptable cytotoxicity windows in initial reports. These findings position this
core as a valuable starting point for neglected disease campaigns [266] (Figure 29h).

Furthermore, 1,2-a derivatives have also demonstrated significant potential as anti-
diabetic agents [267].

Additionally, 1,2-a have emerged as a surprisingly versatile scaffold for photodynamic
applications because their fused heteroaromatic core is readily tuned (electronic push–
pull substitution, π-extension) to enhance intersystem crossing and triplet-state formation,
which is the key prerequisite for efficient singlet-oxygen (1O2) generation. 1,2-a deriva-
tives were shown to produce measurable 1O2 under simulated sunlight or UVA/visible
excitation [268] (Figure 29i), and systematic substitution (electron-donating vs. electron-
withdrawing groups or aryl-thio substitution) alters both absorption maxima and quantum
yields, allowing modest red-shifts and improved phototoxicity in cell assays [269]. In some
cases, the photodynamic properties could be directed towards mitochondria with low
cytotoxicity towards healthy cells [270].

Collectively, the literature shows a continuum from simple organic imidazopyridine
photosensitizers (moderate 1O2 generators) to metal-bound constructs with markedly
improved phototoxicity and imaging utility, but challenges remain, such as pushing ab-
sorption further into the therapeutic window (650–800 nm), quantifying in vivo selectivity
and photostability, and controlling dark toxicity.

Notably, 1,2-a are already exploited in commercialized drugs, as they possess favor-
able physicochemical and pharmacokinetic properties, such as enhanced lipophilicity,
metabolic stability, and blood–brain barrier penetration [271,272]. This scaffold underlies
several marketed drugs with diverse therapeutic actions, such as zolpidem as a GABAA

receptor-modulating hypnotic, alpidem and necopidem as anxiolytics, and olprinone as
a phosphodiesterase-III inhibitor, illustrating central nervous system and cardiovascular
targeting in clinical use (Figure 30) [272,273]. The core structure has been extensively
derivatized to exploit a broad spectrum of biological activities, including antiulcer, anti-
convulsant, antimicrobial, antiviral, anti-inflammatory and anticancer effects, reflecting its
adaptability to different molecular targets and structure-activity relationship (SAR) profiles
in drug discovery campaigns [274–276]. More recent studies continue to leverage 1,2-a in
optimization for novel pharmacological activities, reinforcing their status as a versatile
scaffold in therapeutic development [277].
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Figure 29. Selected examples of imidazo[1,2-a]pyridine-based biologically active molecules reported
in this section. See text for the reported subfigures.

 
Figure 30. Relevant examples of imidazo[1,2-a]pyridine derivatives already commercialized as
therapeutic agents.

9.3. Imidazo[4,5-b]pyridines and Imidazo[4,5-c]pyridines

While for other applications 4,5-b and 4,5-c isomers are often falling behind the 1,5-a
and 1,2-a counterparts, in medicinal chemistry they are far better known, with both isomer
classes that can be prepared, compared, and optimized for biological applications. Indeed,
such derivatives are known for their antiproliferative effects on a diverse selection of human
cancer cell lines, antibacterial activity against chosen Gram-positive and Gram-negative
bacterial strains, and antiviral activity on a broad panel of DNA and RNA viruses [278]
(Figure 31a).

In the anticancer domain, for instance, tetracyclic 4,5-b derivatives with substituted
amino side chains show sub-micromolar antiproliferative activity, with emphasis on how
isomeric changes in the pyridine ring nitrogen position affect DNA/RNA binding [279]
(Figure 31b). 4,5-b derivatives also displayed interesting cytotoxicity in multidrug-resistant
mouse T-lymphoma cells in vitro [280].
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Figure 31. Selected examples of imidazo[4,5-b]pyridine- and imidazo[4,5-c]pyridine-based biologi-
cally active molecules reported in this section. See text for the reported subfigures.

Several antimicrobial investigations have explored 4,5-b and 4,5-c pyridine frameworks
within the same study, enabling comparative evaluation of minimum inhibitory concentra-
tions (MIC) and biological profiles as a function of scaffold topology. For example, parallel
libraries of substituted 4,5-c and 4,5-b pyridines were prepared and screened in vitro against
a panel of Gram-positive and Gram-negative bacteria and fungal strains, with some re-
gioisomers of each series exhibiting promising MIC values in the low-to-moderate µg/mL
range [281] (Figure 31c).

Mechanistically, these studies show that both 4,5-b and 4,5-c pyridine isomers can serve
as privileged heteroaromatic cores in biologically active small molecules, acting as hinge
binders in kinase inhibitors, planar intercalators of nucleic acids, or tubulin-directing agents.
In the kinase field, 4,5-b are well established as hinge-binding motifs, where the fused
topology enables productive hydrogen-bonding interactions with the kinase backbone and
translates into pronounced enzyme selectivity (e.g., Aurora kinase inhibitors) [282,283]
(Figure 31d). In studies on antiproliferative compounds, planar derivatives related to
4,5-b have been shown to interact with DNA in an intercalative mode, indicating that ring
planarity and topology can influence nucleic acid binding, reasonably thanks to the simil-
purine structure [284,285] (Figure 31e). 4,5-b-derived acrylonitriles and related conjugates
also inhibit tubulin polymerization and induce cell-cycle arrest in G2/M, underscoring
how scaffold topology governs downstream cellular phenotypes [286,287] (Figure 31f).

10. Miscellaneous Applications
Beyond the primary fields reported above, the imidazopyridine scaffold has demon-

strated a remarkable versatility, leading to its exploration in a variety of other emerging
applications. The intrinsic structural rigidity and the possibility of fine-tuning electronic
properties through regioisomerism have paved the way for the development of special-
ized materials.

While the entire imidazopyridine family shows potential for diverse uses, it is primar-
ily the 1,2-a scaffold that has found the broadest range of alternative applications. Due
to its high synthetic accessibility and robust framework, this isomer has been extensively
employed beyond its classical roles. For example, 1,2-a have emerged as highly effective,
environmentally friendly corrosion inhibitors for mild steel in 1.0 M hydrochloric acid
solutions (Figure 32a) [288–292], reducing both anodic metal dissolution and cathodic
hydrogen evolution by blocking the active sites on the steel surface, retrieving inhibition
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efficiencies often higher than 90%. Interestingly, the functional groups on the 1,2-a core
play a significant role, with electron-donating groups increasing efficiency.

 
Figure 32. Selected examples of imidazopyridine-based compounds reported in this section. See text
for the reported subfigures.

This family of compounds also proved to possess different pesticidal activities, in-
cluding herbicidal (Figure 32b) [293,294], insecticidal (Figure 32c) [295,296], fungicidal
(Figure 32d) [297,298] and nematicidal (Figure 32e) [299,300] effects. It is worth noting that
also the 4,5-b isomers have exhibited significant biological activities, particularly showing
promise as potent insecticides [301].

Imidazopyridine derivatives have demonstrated significant utility in photopoly-
merization as well, specifically acting as versatile photoinitiators. For instance, 2-oxo-
dihydroimidazo[1,2-a]pyridines have proven effective in promoting free-radical poly-
merization reactions (Figure 32f) [302,303]. Additionally, Re(I) complexes based on the
1,5-a scaffold (Figure 32g) have shown remarkable activity in photoinitiating the poly-
merization of polyethylene glycol-acrylate monomers; these systems operate under visi-
ble light using iodonium salts and amines as co-initiators, facilitating advanced 3D and
4D printing applications [304]. Beyond their role as initiators, imidazopyridine-based
polymers can be directly synthesized through multicomponent reactions involving diiso-
cyanides, dialdehydes, and 2-aminopyridine. This approach paves the way for the devel-
opment of novel functional materials composed of fused heterocyclic polymer frameworks
(Figure 32h) [305].

Additional applications see 1,5-a scaffold being successfully employed as a pincer
ligand to stabilize pentacoordinate Co(II) complexes (Figure 32i) [306]. These compounds
exhibit slow magnetic relaxation under an applied direct current field, a characteristic
behavior of single-ion magnets that holds great promise for the development of high-
density data storage and quantum computing.

Parallel to these magnetic properties, derivatives of the 1,2-a isomer have been uti-
lized to develop a novel class of ionic liquids by introducing alkyl chains at the N1 posi-
tion and employing specific counteranions such as bis(fluorosulfonyl)imide or N(CN)2

(Figure 32j) [307]. These materials can achieve a liquid state at room temperature, offering
unique physicochemical properties compared to traditional imidazolium-based systems.
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Additionally, the use of ruthenium(II) complexes featuring rigid, dianionic, tetraden-
tate ligands based on the 4,5-b framework has opened crucial perspectives in artificial
photosynthesis. These complexes act as robust catalysts for water oxidation, a key four-
electron process required for the sustainable production of hydrogen as a future fuel
(Figure 32k) [308].

Finally, the structural utility of this family extends to high-performance energy stor-
age, where bis-imidazo[4,5-b]pyridine-based nanofibers have been recently integrated into
functional separators for lithium-sulfur batteries (Figure 32l) [309]. These nanofibers facili-
tate lithium-ion desolvation and mitigate the “shuttle effect” of polysulfides, significantly
enhancing the rate capability and cycling stability of next-generation batteries.

11. Conclusions
This review has shown that imidazopyridines are not a single heterocyclic motif

but a family of closely related yet functionally distinct scaffolds, in which the position
of the nitrogen atoms plays a decisive role in determining chemical reactivity, electronic
structure, and functional performance. Across synthetic chemistry, coordination chemistry,
photophysics and biological applications, nitrogen positioning emerges as a unifying design
principle rather than a marginal structural variation (see Table 1 for a summary of the key
properties discussed).

From a synthetic viewpoint, 1,2-a remain the most accessible and modular members
of the family, while recent advances have significantly expanded the chemical space of
1,5-a and 4,5-b/c frameworks. Importantly, synthetic accessibility is no longer the pri-
mary limitation for the latter regioisomers; instead, future efforts can focus on systematic
structure–activity and structure–property relationships relevant to both medicinal chem-
istry and materials science.

In coordination chemistry, imidazopyridine derivatives display versatile donor be-
havior, acting as N-donors, N,N- or N,O-chelating ligands, or N-heterocyclic carbene
precursors. Regioisomerism dictates coordination modes, metal–ligand orbital interactions
and supramolecular architectures, which in turn control both reactivity and excited-state
properties. While 1,2-a and 1,5-a derivatives are now established ligands for closed-shell
and heavy-metal centers, the coordination chemistry of 4,5-b and 4,5-c systems remains com-
paratively underexplored despite their demonstrated potential in photodynamic therapy,
bioimaging and phosphorescent materials.

The biological and medical relevance of imidazopyridines is firmly established, par-
ticularly for 1,2-a derivatives, which have long been recognized as privileged scaffolds in
medicinal chemistry. Kinase inhibitors, antiviral agents and other bioactive compounds
based on this framework demonstrate how nitrogen positioning influences target recogni-
tion, binding modes and pharmacological profiles. More recently, the intrinsic luminescence
of selected imidazopyridines and their metal complexes has enabled dual-function sys-
tems that combine therapeutic activity with optical readout, bridging medicinal chemistry
and bioimaging.

The photophysical behavior of imidazopyridines is also highly sensitive to nitrogen
topology. Depending on the regioisomer and substitution pattern, emission can arise from
π–π* fluorescence, intramolecular charge-transfer states, aggregation-induced emission,
excited-state intramolecular proton transfer or phosphorescence. These properties underpin
applications ranging from fluorescence imaging and molecular sensing to optoelectronic
devices. Notably, 4,5-b frameworks have emerged as particularly effective building blocks
for efficient blue and deep-blue phosphorescent systems, despite having been poorly inves-
tigated so far with respect to the other regioisomers, while ESIPT activity is preferentially
associated with selected 1,2-a and 4,5-c architectures.
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Finally, imidazopyridine derivatives displayed a plethora of different and various ap-
plications, ranging from photoinitiators for polymerization, water oxidation to Li-batteries
performance enhancers.

Overall, the key message emerging from this review is that nitrogen positioning
in imidazopyridines provides a powerful and rational handle to tailor function across
disciplines. By integrating synthetic design, biological activity, coordination chemistry
and photophysics, imidazopyridines can evolve from classical heterocycles into multi-
functional platforms capable of addressing challenges in medicine, sensing and advanced
optoelectronic technologies.

Table 1. Summary of the key properties of the different imidazopyridine regioisomers discussed in
this review.

Isomer 1,5-a 1,2-a 4,5-b 4,5-c

Synthesis

Acid-catalyzed
condensations, oxidative
annulations, and
decarboxylative
pathways.

GBB multicomponent
reaction; condensation
with α-halo ketones.

Condensation of
diaminopyridines with
carboxylic acids;
reductive pathway.

Condensation of
diaminopyridines;
solid-state or
metal-assisted
synthesis.

Coordination
Bidentate N,N-chelator;
NHC precursors; 1D/2D
coordination polymers.

Symmetric Zn(II)
complexes; NHC ligands;
intercalating Au(III)
complexes.

Carbene (NHC)
precursors for metal
complexes.

NHC precursors;
lanthanide
coordination polymers.

Photophysical
behavior

Tunable ICT fluorescence;
Aggregation-Induced
Emission (AIE).

ESIPT activity (with
phenolic donors);
blue-shifted fluorescence.

High-performance
blue/deep-blue
phosphorescence (Ir/Pt
complexes).

ESIPT activity; dual
fluorescence and
solvent-dependent
tautomeric emission.

Optoelectronics
Down-conversion layers
for LEDs; sky-blue LEC
and OLED emitters.

High-efficiency
deep-blue OLEDs; n-type
semiconductors for
OFETs.

Ultra-efficient
PhOLEDs (EQE up to
34.7%).

-

Sensing

FRET/ratiometric probes
for Hg2+ and H2S;
dosimeters for sulfites
and hypochlorite.

AIE sensors for Cd2+,
Hg2+, and Al3+;
ESIPT-based fluoride
sensors; cyanide
detection.

pH-sensitive
iminocoumarins;
ferrocene-based probes
for Hg2+ and Pb2+.

Ln-complexes for Fe3+

sensing and dye
adsorption.

Bioimaging

Bright probes for plant
cells, lipid vesicles, and
mitochondria; enzymatic
imaging.

Imaging of Hg2+,
cysteine, and Fe3+ in
living cells
(HeLa/HepG2) and
zebrafish.

Visualization of Hg2+

ions in living cells via
confocal microscopy.

Sparsely explored for
cellular bioimaging.

Catalysis

Photoredox (Ir/Rh);
Suzuki/Heck (Pd);
polymerization and
depolymerization of
L-lactide (Zn).

NHC-Pd catalysts for
cross-coupling (Heck,
Suzuki, and
Buchwald-Hartwig).

- -

Medicine
Enzyme inhibitors (IRAP,
EGFR); anti-TB activity;
photosensitizers for PDT.

Marketed drugs
(Zolpidem); anti-TB
(Q203); antiparassitic
agents.

Aurora kinase
inhibitors; antiviral
activity; DNA
intercalators.

Antibacterial and
antifungal screenings;
enzyme inhibitors.

Other
Single-ion magnets (Co);
photoinitiators for
3D/4D printing.

Corrosion inhibitors;
pesticides (herbicides,
insecticides, fungicides);
ionic liquids.

Water oxidation (Ru);
separators for Li-S
batteries; insecticides.

-
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Abbreviations
The following abbreviations are used in this manuscript:

AIE Aggregation Induced Emission
ATP Adenosine TriPhosphate
CRI Color Rendering Index
CT Charge Transfer
DMSO DiMethylSulphOxide
DNA DeoxyriboNucleic Acid
D-π-A Donor-π-Acceptor
DSSC Dye-Sensitized Solar Cell
EGFR Epidermal Growth Factor Receptor
EQE External Quantum Efficiency
ESIPT Excited State Intramolecular Proton Transfer
FMOF Fluorinated Metal Organic Framework
FRET Fluorescence Resonance Energy Transfer
GABA γ-AminoButyric Acid
GBB reaction Groebke–Blackburn–Bienaymé reaction
HOMO Highest Occupied Molecular Orbital
ICT Intramolecular Charge Transfer
IRAP Insulin-Regulated AminoPeptidase
kr Radiative rate constant
LEC Light-Emitting Electrochemical Cell
LOD Limit of Detection
LUMO Lowest Unoccupied Molecular Orbital
MIC Minimum Inhibitory Concentration
MLCT Metal to Ligand Charge Transfer
MOF Metal Organic Framework
NHC Nitrogen Heterocyclic Carbene
NIR Near InfraRed
OFET Organic Field Effect Transistor
OLED Organic Light Emitting Diodes
OPV Organic PhotoVoltaic
PDI Perylene DiImide
PDT PhotoDynamic Therapy
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PhOLED Phosphorescent Organic Light Emitting Diode
PLQY PhotoLuminescence Quantum Yield
POP Bis{2-(diphenylphosphanyl)phenyl}ether
RIR Restriction of Intramolecular Rotation
RNA RiboNucleic Acid
SAR Structure-Activity Relationship
TADF Thermally Activated Delayed Fluorescence
TD-DFT Time-Dependent Density Functional Theory
TICT Twisted Intramolecular Charge Transfer
TMPE TriMethylolPropane Ethoxylate
TPE TetraPhenyl Ethylene
T3P PropylPhosphonic anhydride
1,2-a Imidazo[1,2-a]pyridine
1,5-a Imidazo[1,5-a]pyridine
4,5-b Imidazo[4,5-b]pyridine
4,5-c Imidazo[4,5-c]pyridine
ΦF Fluorescence Quantum Yield

References
1. Tschitschibabin, A.E. Zur Tautomerie des α-Amino-pyridins, IV. Mitteilung: Eine Darstellungsmethode des Pyrimidazols und

seiner Homologen. Ber. Dtsch. Chem. Ges. 1925, 58, 1704. [CrossRef]
2. Weidenhagem, R.; Weeden, U. Über neue Imidazoloverbindungen der heterocyclischen Reihe (VII. Mitteil. über Imidazole). Ber.

Dtsch. Chem. Ges. 1938, 71, 2347. [CrossRef]
3. Petrow, V.; Saper, J. 282. Some 5-azaquinoxalines and 4-azabenziminazoles. J. Chem. Soc. 1948, 1389. [CrossRef]
4. Bower, J.D.; Ramage, G.R. Heterocyclic Systems Related to Pyrrocoline. Part I.2: 3a-Diazaindene. J. Chem. Soc. 1955, 2834.

[CrossRef]
5. Ashok, P.; Chaudhran, K.; Sharma, A. Progress in the Development of Imidazopyridine-Based Fluorescent Probes for Diverse

Applications. Crit. Rev. Anal. Chem. 2022, 54, 2148. [CrossRef]
6. Volpi, G.; Laurenti, E.; Rabezzana, R. Imidazopyridine Family: Versatile and Promising Heterocyclic Skeletons for Different

Applications. Molecules 2024, 29, 2668. [CrossRef] [PubMed]
7. Volpi, G. Luminescent Imidazo[1,5-a]pyridine Scaffold: Synthetic Heterocyclization Strategies-Overview and Promising Applica-

tions. Asian J. Org. Chem. 2022, 11, e202200171. [CrossRef]
8. Bukhryakov, K.V.; Kurkin, A.V.; Yurovskaya, M.A. Synthetic approaches to imidazo[4,5-b]pyridine derivatives (review). Chem.

Heterocycl. Compd. 2011, 47, 646. [CrossRef]
9. Ramana Reddy, M.; Darapaneni, C.M.; Patil, R.D.; Kumari, H. Recent synthetic methodologies for imidazo[1,5-a]pyridines and

related heterocycles. Org. Biomol. Chem. 2022, 20, 3440. [CrossRef]
10. Panda, J.; Raigurum, B.P.; Mishra, M.; Mohapatra, S.; Nayak, S. Recent Advances in the Synthesis of Imidazo[1,2-a]pyridines: A

Brief Review. ChemistrySelect 2022, 7, e202103987. [CrossRef]
11. Kishbaugh, T.L.S. Pyridines and Imidazopyridines with Medicinal Significance. Curr. Top. Med. Chem. 2016, 16, 3274. [CrossRef]
12. Mali, S.N.; Pandey, A. Recent Developments in Medicinal and In Silico Applications of Imidazopyridine Derivatives: Special

Emphasis on Malaria, Trypanosomiasis, and Tuberculosis. Chem. Afr. 2022, 5, 1215. [CrossRef]
13. Reddy Sanapalli, B.K.; Ashames, A.; Sigalapalli, D.K.; Shaik, A.B.; Bhandare, R.R.; Yele, V. Synthetic Imidazopyridine-Based

Derivatives as Potential Inhibitors against Multi-Drug Resistant Bacterial Infections: A Review. Antibiotics 2022, 11, 1680.
[CrossRef]

14. Khatun, S.; Singh, A.; Bader, G.N.; Ahmad Sofi, F. Imidazopyridine, a promising scaffold with potential medicinal applications
and structural activity relationship (SAR): Recent advances. J. Biomol. Struct. Dyn. 2022, 40, 14279. [CrossRef] [PubMed]

15. Delgado, O.; Delgado, F.; Vega, J.A.; Trabanco, A.A. N-bridged 5,6-bicyclic pyridines: Recent applications in central nervous
system disorders. Eur. J. Med. Chem. 2015, 97, 719. [CrossRef] [PubMed]

16. Lefin, R.; van der Walt, M.M.; Milne, P.J.; Terre’Blanche, G. Imidazo[1,2-a]pyridines possess adenosine A1 receptor affinity for the
potential treatment of cognition in neurological disorders. Bioorg. Med. Chem. Lett. 2017, 27, 3963. [CrossRef] [PubMed]

17. Priyadarsini Mishra, N.; Mohapatra, S.; Das, T.; Nayak, S. Imidazo[1,2-a]pyridine as a promising scaffold for the development of
antibacterial agents. J. Heterocycl. Chem. 2022, 59, 2051. [CrossRef]

18. Altaher, A.M.H.; Adris, M.A.; Aliwaini, S.H. Imidazo[1,2-a]pyridine Based Compounds, The Hopeful Anti-Cancer Therapy. Sys.
Rev. Pharm. 2021, 12, 79.

https://doi.org/10.3390/app16041937

https://doi.org/10.1002/cber.19250580852
https://doi.org/10.1002/cber.19380711123
https://doi.org/10.1039/jr9480001389
https://doi.org/10.1039/jr9550002834
https://doi.org/10.1080/10408347.2022.2158720
https://doi.org/10.3390/molecules29112668
https://www.ncbi.nlm.nih.gov/pubmed/38893542
https://doi.org/10.1002/ajoc.202200171
https://doi.org/10.1007/s10593-011-0797-x
https://doi.org/10.1039/D2OB00386D
https://doi.org/10.1002/slct.202103987
https://doi.org/10.2174/1568026616666160506145141
https://doi.org/10.1007/s42250-022-00462-w
https://doi.org/10.3390/antibiotics11121680
https://doi.org/10.1080/07391102.2021.1997818
https://www.ncbi.nlm.nih.gov/pubmed/34779710
https://doi.org/10.1016/j.ejmech.2014.12.034
https://www.ncbi.nlm.nih.gov/pubmed/25542766
https://doi.org/10.1016/j.bmcl.2017.07.071
https://www.ncbi.nlm.nih.gov/pubmed/28789895
https://doi.org/10.1002/jhet.4534
https://doi.org/10.3390/app16041937


Appl. Sci. 2026, 16, 1937 38 of 51

19. Sucu, B.O. Biological evaluation of imidazopyridine derivatives as potential anticancer agents against breast cancer cells. Med.
Chem. Res. 2022, 31, 2231. [CrossRef]

20. Lee, Y.-Y.; Zseng, H.-W.; Tsai, Z.-H.; Su, Y.-S.; Hu, C.-H.; Lee, H.M. Isomeric Palladium Complexes Bearing Imidazopyridine-Based
Abnormal Carbene Ligands: Synthesis, Characterization, and Catalytic Activity in Direct C–H Arylation Reaction. Organometallics
2019, 38, 805. [CrossRef]

21. Mihorianu, M.; Franz, M.H.; Jones, P.G.; Freytag, M.; Kelter, G.; Fiebig, H.-H.; Tamm, M.; Neda, I. N-Heterocyclic carbenes
derived from imidazo-[1,5-a]pyridines related to natural products: Synthesis, structure and potential biological activity of some
corresponding gold(I) and silver(I) complexes. Appl. Organomet. Chem. 2016, 30, 581. [CrossRef]

22. Volpi, G.; Rabezzana, R. Imidazo[1,5-a]pyridine derivatives: Useful, luminescent and versatile scaffolds for different applications.
New J. Chem. 2021, 45, 5737. [CrossRef]

23. Yashwantrao, G.; Naik, V.; Badani, P.; Saha, S. Designing Multifunctional AIEgens by Molecular Engineering of Imidazo[1,2-
a]pyridine For Color Tunable Molecular Salts, Anti-Counterfeit Applications and Sensing of Mn2+, Ag+, and Fe3+. Chem. Eur. J.
2025, 31, e202500047. [CrossRef]

24. Hong, Y.; Zhao, Y.; Guo, Y.; Wang, Y.; Ma, L. AIE activity, mechanochromism, acidchromism, and high-level anti-counterfeiting
based on multifunctional tetraphenylvinyl imidazolopyridine. J. Lumin. 2024, 273, 120678. [CrossRef]

25. Ahmad Tali, J.; Kumar, G.; Kumar Sharma, B.; Rasool, Y.; Sharma, Y.; Shankar, R. Synthesis and site selective C–H functionalization
of imidazo-[1,2-a]pyridines. Org. Biomol. Chem. 2023, 21, 7267. [CrossRef] [PubMed]

26. Krishnamoorthy, I.G. The suppression of intramolecular charge transfer emission by tautomerism in 2-(4′-amino-2′-
hydroxyphenyl)-1H-imidazo-[4,5-c]pyridine: Intramolecular proton transfer versus intermolecular proton transfer. J.
Photochem. Photobiol. A Chem. 2021, 413, 113199.

27. Kothavale, S.; Lee, K.H.; Lee, J.Y. 3-Cyano Imidazopyridine Acceptor-based Bipolar and n-type Host Materials for Phosphorescent
Organic Light-Emitting Diodes. Asian J. Org. Chem. 2018, 7, 2218. [CrossRef]

28. Wang, J.; Mason, R.; Van Derveer, D.; Feng, K.; Bu, X.R. Convenient Preparation of a Novel Class of Imidazo[1,5-a]pyridines:
Decisive Role by Ammonium Acetate in Chemoselectivity. J. Org. Chem. 2003, 68, 5415. [CrossRef] [PubMed]

29. Magra, K.; Darari, M.; Domenichini, E.; Francés-Monerris, A.; Cebrián, C.; Beley, M.; Pastore, M.; Monari, A.; Assfeld, X.; Haacke,
S.; et al. Photophysical Investigation of Iron(II) Complexes Bearing Bidentate Annulated Isomeric Pyridine-NHC Ligands. J. Phys.
Chem. C 2020, 124, 18379. [CrossRef]

30. Wang, L.B.; Pan, J.; Tang, C.L.; Bu, X.R.; Wang, J. Microwave-prompted rapid and efficient synthesis of 3-alkyl substituted
imidazo[1,5-a]pyridines. Chin. Chem. Lett. 2007, 18, 390. [CrossRef]

31. Rahmati, A.; Khalesi, Z. One-Pot Three-Component Synthesis of Imidazo[1,5-a]pyridines. Int. J. Org. Chem. 2011, 1, 15. [CrossRef]
32. Patil, S.G.; Jadhav, J.S.; Sankpal, S.T. Mg3N2-assisted one-pot synthesis of 1,3-disubstituted imidazo[1,5-a]pyridine. RSC Adv.

2020, 10, 11808. [CrossRef]
33. Mandal, A.; Patel, B.K. Rationalization of weak interactions in two fluorescence active imidazo-[1,5-a]-pyridine derivatives: A

combined experimental and computational study. J. Mol. Struct. 2017, 1147, 735. [CrossRef]
34. Li, M.Y.; Xie, Y.; Ye, Y.; Zou, Y.; Jiang, H.F.; Zeng, W. Cu(I)-Catalyzed Transannulation of N-Heteroaryl Aldehydes or Ketones with

Alkylamines via C(sp3)–H Amination. Org. Lett. 2014, 16, 6232. [CrossRef]
35. Wang, H.; Xu, W.; Wang, Z.; Yu, L.; Xu, K. Copper-Catalyzed Oxidative Amination of sp3 C–H Bonds under Air: Synthesis of

1,3-Diarylated Imidazo[1,5-a]pyridines. J. Org. Chem. 2015, 80, 2431. [CrossRef] [PubMed]
36. Nguyen, H.T.H.; Nguyen, O.T.K.; Truong, T.; Phan, N.T.S. Synthesis of imidazo[1,5-a]pyridines via oxidative amination of the

C(sp3)-H bond under air using metal-organic framework Cu-MOF-74 as an efficient heterogeneous catalyst. RSC Adv. 2016, 6,
36039. [CrossRef]

37. Gupta, A.K.; De, D.; Tomar, K.; Bharadwaj, P.K. A Cu(II) metal–organic framework with significant H2 and CO2 storage capacity
and heterogeneous catalysis for the aerobic oxidative amination of C(sp3)–H bonds and Biginelli reactions. Dalton Trans. 2018, 47,
1624. [CrossRef]

38. Monika, S.; Ramesh, R. One-pot synthesis of 1,3-disubstituted imidazo[1,5-a]pyridines via acceptorless dehydrogenative coupling
of primary alcohols promoted by binuclear ruthenium(II) NˆO-chelating complexes. Appl. Oragnomet. Chem. 2022, 37, e6986.
[CrossRef]

39. Tanomsiri, G.; Boonmee, S.; Chaisan, N.; Tummatorn, J.; Thongsornkleeb, C.; Ruchirawat, S. Strategic Methodologies for Efficient
Synthesis of Imidazo[1,5-a]pyridine and Benzazepine Analogs via the Unique Ritter-Type Reaction. ACS Org. Inorg. Au 2025, 5,
117. [CrossRef] [PubMed]

40. Hu, Z.; Hou, J.; Liu, J.; Yu, W.; Chang, J. Synthesis of imidazo[1,5-a]pyridines via I2-mediated sp3 C–H amination. Org. Biomol.
Chem. 2018, 16, 5653. [CrossRef]

41. Fukuda, T.; Miyake, H.; Abe, S.; Yagishita, F.; Iida, H. Flavin–Iodine-Catalyzed Aerobic Oxidative Tandem C(sp3)−H Imination
and Amination: Synthesis of Fluorescent Imidazo[1,5-a]pyridines from Pyridylmethanes and Aminomethanes. Adv. Synth. Catal.
2024, 367, e202400854. [CrossRef]

https://doi.org/10.3390/app16041937

https://doi.org/10.1007/s00044-022-02984-x
https://doi.org/10.1021/acs.organomet.8b00806
https://doi.org/10.1002/aoc.3474
https://doi.org/10.1039/D1NJ00322D
https://doi.org/10.1002/chem.202500047
https://doi.org/10.1016/j.jlumin.2024.120678
https://doi.org/10.1039/D3OB00849E
https://www.ncbi.nlm.nih.gov/pubmed/37655687
https://doi.org/10.1002/ajoc.201800440
https://doi.org/10.1021/jo0342020
https://www.ncbi.nlm.nih.gov/pubmed/12816512
https://doi.org/10.1021/acs.jpcc.0c03638
https://doi.org/10.1016/j.cclet.2007.02.015
https://doi.org/10.4236/ijoc.2011.12003
https://doi.org/10.1039/C9RA10848C
https://doi.org/10.1016/j.molstruc.2017.07.008
https://doi.org/10.1021/ol503165b
https://doi.org/10.1021/jo5027723
https://www.ncbi.nlm.nih.gov/pubmed/25629877
https://doi.org/10.1039/C6RA00852F
https://doi.org/10.1039/C7DT04006G
https://doi.org/10.1002/aoc.6986
https://doi.org/10.1021/acsorginorgau.4c00075
https://www.ncbi.nlm.nih.gov/pubmed/40190392
https://doi.org/10.1039/C8OB01501E
https://doi.org/10.1002/adsc.202400854
https://doi.org/10.3390/app16041937


Appl. Sci. 2026, 16, 1937 39 of 51

42. Shibahara, F.; Sugiura, R.; Yamaguchi, E.; Kitagawa, A.; Murai, T. Synthesis of Fluorescent 1,3-Diarylated Imidazo[1,5-a]pyridines:
Oxidative Condensation−Cyclization of Aryl-2-Pyridylmethylamines and Aldehydes with Elemental Sulfur as an Oxidant. J.
Org. Chem. 2009, 74, 3566. [CrossRef]

43. Crawforth, J.M.; Paoletti, M. A one-pot synthesis of imidazo[1,5-a]pyridines. Tetrahedron Lett. 2009, 50, 4916. [CrossRef]
44. Ramesha, A.B.; Sandhya, N.C.; Pavan Kumar, C.S.; Hiremath, M.; Mantelingu, K.; Rangappa, K.S. A novel approach for the

synthesis of imidazo and triazolopyridines from dithioesters. New J. Chem. 2016, 40, 7637. [CrossRef]
45. Ramesha, A.B.; Pavan Kumar, C.S.; Sandhya, N.C.; Kumara, M.N.; Mantelingu, K.; Rangappa, K.S. Tandem approach for the

synthesis of 3-sulfenylimidazo[1,5-a]pyridines from dithioesters. RSC Adv. 2016, 6, 48375–48378. [CrossRef]
46. Shibahara, F.; Kitagawa, A.; Yamaguchi, E.; Murai, T. Synthesis of 2-Azaindolizines by Using an Iodine-Mediated Oxidative

Desulfurization Promoted Cyclization of N-2-Pyridylmethyl Thioamides and an Investigation of Their Photophysical Properties.
Org. Lett. 2006, 8, 5621. [CrossRef]

47. Tahara, S.; Shibahara, F.; Maruyama, T.; Murai, T. Iodine-mediated cyclization of N-thioacyl-1-(2-pyridyl)-1,2-aminoalcohols and
their subsequent condensation leading to the formation of novel bis(1-imidazo[1,5-a]pyridyl)arylmethanes. Chem. Commun. 2009,
7009. [CrossRef]

48. Singh, D.; Sharma, S.; Kumar, M.; Kaur, I.; Shankar, R.; Pandey, S.K.; Singh, V. An AcOH-mediated metal free approach towards
the synthesis of bis-carbolines and imidazopyridoindole derivatives and assessment of their photophysical properties. Org.
Biomol. Chem. 2019, 17, 835. [CrossRef] [PubMed]

49. Wang, Q.; Zhang, S.; Guo, F.; Zhang, B.; Hu, P.; Wang, Z. Natural α-Amino Acids Applied in the Synthesis of Imidazo[1,5-a]N-
heterocycles under Mild Conditions. J. Org. Chem. 2012, 77, 11161. [CrossRef] [PubMed]

50. Wang, H.; Xu, W.; Xin, L.; Liu, W.; Wang, Z.; Xu, K. Synthesis of 1,3-Disubstituted Imidazo[1,5-a]pyridines from Amino Acids via
Catalytic Decarboxylative Intramolecular Cyclization. J. Org. Chem. 2016, 81, 3681. [CrossRef]

51. Arvapalli, V.S.; Chen, G.; Kosarev, S.; Tan, M.E.; Xie, D.; Yet, L. Microwave-assisted organic synthesis of 3-substituted-imidazo[1,5-
a]pyridines. Tetrahedron Lett. 2010, 51, 284. [CrossRef]

52. Wu, Y.-D.; Geng, X.; Gao, Q.; Zhang, J.; Wu, X.; Wu, A.-X. Iodine-promoted sequential dual oxidative Csp3–H amination/Csp3–H
iodination reactions: Efficient synthesis of 1-iodoimidazo[1,5-a]pyridines. Org. Chem. Front. 2016, 3, 1430. [CrossRef]

53. Herr, J.M.; Rössiger, C.; Albrecht, G.; Yanagi, H.; Göttlich, R. Solvent-free microwave-assisted synthesis of imidazo[1,5-a]pyridine
and –quinoline derivatives. Synth. Commun. 2019, 49, 2931. [CrossRef]

54. Groebke, K.; Weber, L.; Mehlin, F. Synthesis of Imidazo[1,2-a] annulated Pyridines, Pyrazines and Pyrimidines by a Novel
Three-Component Condensation. Synlett 1998, 6, 661. [CrossRef]

55. Blackburn, C.; Guan, B.; Fleming, P.; Shiosaki, K.; Tsai, S. Parallel synthesis of 3-aminoimidazo[1,2-a]pyridines and pyrazines
derived from isonitriles. Tetrahedron Lett. 1998, 39, 3635. [CrossRef]

56. Bienaymé, H.; Bouzid, K. A new heterocyclic multicomponent reaction for the combinatorial synthesis of fused 3-aminoimidazoles.
Angew. Chem. Int. Ed. 1998, 37, 2234. [CrossRef]

57. Calderón-Rangel, D.; Corona-Díaz, A.; González-Gámez, I.A.; Gámez-Montaño, R. One-Pot Synthesis of Imidazo[1,2-a]pyridines
via Groebke–Blackburn–Bienaymé Reaction. Chem. Proc. 2025, 18, 10.

58. Varma, R.S.; Kumar, D. Microwave-accelerated three-component condensation reaction on clay: Solvent-free synthesis of
imidazo[1,2-a] annulated pyridines, pyrazines and pyrimidines. Tetrahedron Lett. 1999, 40, 7665. [CrossRef]

59. Zhu, D.-J.; Chen, J.-X.; Liu, M.-C.; Ding, J.-C.; Wu, H.-Y. Catalyst- and Solvent-free Synthesis of Imidazo[1,2-a]pyridines. J. Braz.
Chem. Soc. 2009, 20, 482. [CrossRef]
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184. Boček, I.; Hranjec, M.; Vianello, R. Imidazo[4,5-b]pyridine derived iminocoumarins as potential pH probes: Synthesis, spectro-
scopic and computational studies of their protonation equilibria. J. Mol. Liq. 2022, 355, 118982. [CrossRef]
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