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Abstract in English

In the quest to develop small fluorescent molecules for bioimaging applications, this work focused
on a deeper understanding of m-expanded indolizines; the improvement of existing pathways for the
synthesis of known cores; the development of novel strategies for new ones; the rationalization of
the relationship between substituents and photophysical properties; and, finally, the investigation
of promising candidates for bioimaging applications.

Around this topic, three articles and a review were published, all of which are included in this
dissertation.

The first project | worked on led to the publication “The Kréhnke synthesis of benzo[a]indolizines
revisited: towards small, red light emitters”, in which | described the improvement of the synthetic
methodology and the broadening of the scope for obtaining benzo[a]indolizines, a class of -
expanded indolizines first described by Krohnke in the 70s, and the rationalization of their
photophysical properties in relation to the different substituents introduced.

Krohnke described the synthesis of benzo[a]indolizines starting from pyridinium salts and 1-chloro-
2,4,6-trinitrobenzene in two steps, using first an inorganic base, K,COs in CHCls, followed by an
organic base, piperidine, in DMSO. This methodology led to a limited number of products in
relatively low yield.

The first change | implemented over the proposed path was the substitution of the highly explosive
1-chloro-2,4,6-trinitrobenzene with the less hazardous 4-chloro-3,5-dinitrobenzene derivatives,
yielding three products in 20-30% vyield. The second was the identification of a more suitable
combination of base and solvent to avoid the isolation step of the intermediate. After a series of
attempts using different bases and solvents to enhance the yields, | was able to reduce the number
of synthetic operations, increase the yields, and accelerate the reactivity of the pyridinium salt and
the 4-chloro-3,5-dinitrobenzene derivatives by employing Cs,CO; and sulfolane. This led to the
isolation of eleven different products in yields ranging from 5 to 80%. Further functionalization
afforded two additional derivatives.

Once a more efficient synthetic pathway was established, attention was turned to the photophysical
investigation. The analysis of the photophysical properties based on the different substituents and
their positions allowed for a rationalization of the structure-photophysics relationship of this class
of fluorophores (fig 1).

In the second project | followed the same general approach and worked on optimizing the
methodology for the synthesis of 2-oxo-2H-pyrano[2,3-blindolizine-3-carboxylates, first proposed
by Kakehi in the 90s, and on investigating their photophysical properties. This work led to the
following publication: “Strongly fluorescent indolizine-based coumarin analogs”.

Starting from pyridinium salts and diethyl 2-(ethoxymethylene)malonate Kakehi obtained products
in one-pot reaction after one week using K,CO3 as base in EtOH. | instead switched the base to Cs,CO3
and used a diverse array of pyridinium salts, preparing 8 products in 5-50% vyield. Further
functionalization was performed, and five additional structures were obtained.

With a plethora of 2-oxo-2H-pyrano[2,3-b]indolizine-3-carboxylates available, the photophysical
investigation and rationalization of the fluorescent properties was carried out (representatives
displayed in fig. 1). Among those, the styryl dye was selected for H9c2 cell line staining and
demonstrated, after permeabilization with digitonin, selective localization in the nuclei.

The last project extended beyond the improvement and expansion of previous works and resulted
in the discovery a completely new class of fluorophores which culminated with recently published
article: The Hybrid of Indolizine and Merocyanine — A New Class of Organelle-specific Dyes.



In this work, starting from indolizin-ol intermediates and 2,3,5,6-tetrafluoro-4-hydroxybenzaldehyde
in xylene, | obtained six hybrids polymethine dyes which | called indolizine-merocyanines (IndMers),
in a one-pot procedure with yields ranging from 26-90%. The developed methodology was also
tested with different aldehydes of similar characteristics, generating two additional heretofore
structures: a V-shaped xanthene dye and a cyanine type dye.

A comprehensive photophysical investigation was carried out on the obtained structures
(representatives are shown in fig. 1) providing a broad understanding of their structure-photophysics
relationship. In addition, for some selected structures, photostability and solubility in aqueous
media were investigated.

Among those compounds one showed emission in the NIR region, solubility in aqueous media, high
cell permeability in HT1080 fibrosarcoma and MRC5 normal human lung fibroblast cells, and context
dependent accumulation in mitochondria and RNA rich nucleoli when compared to MitoTracker™
Green FM and SYTO RNASelect™ respectively suggesting our success in developing a new dye for
bioimaging.
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Figure 1: Structure and visual comparison of the fluorescence emission of some representatives of benzo[a]indolizines,
pyrano[bjindolizines and IndMers in DCM.



Streszczenie w jezyku polskim

Celem niniejszej rozprawy doktorskiej jest pogtebienie wiedzy dotyczgcej indolizyn o
rozszerzonym uktadzie sprzezonym 1, traktowanych jako potencjalni kandydaci do zastosowan
w bioobrazowaniu. Zakres badan obejmowat zaréwno udoskonalanie istniejacych Sciezek
syntezy znanych rdzeni indolizynowych, jak i opracowanie nowych strategii syntetycznych
prowadzacych do wczesniej nieopisanych struktur. Szczegdlny nacisk potozono na
racjonalizacje wptywu podstawnikéw na wtasciwosci fotofizyczne otrzymywanych zwigzkéw,
co umozliwito identyfikacje struktur o szczegdélnie obiecujgcych wtasciwosciach do dalszych
zastosowan biologicznych. Przedstawione wyniki stanowig istotny wktad w rozwdj chemii
indolizyn oraz w projektowanie nowych sond fluorescencyjnych dla celéw bioobrazowania.

W ramach tego tematu opublikowano trzy artykuty oraz jedng prace przegladowa, ktdre zostaty w
catosci wtgczone do niniejszej dysertacji.

Pierwszy projekt, ktérym sie zajmowatam, zaowocowat publikacjg: ,,The Krohnke synthesis of
benzo[a]indolizines revisited: towards small, red light emitters”, w ktérej opisatam
zoptymalizowana metodologie syntezy oraz rozszerzytam biblioteke benzo[alindolizyn.
Przedstawitam réwniez racjonalizacje ich wtasciwosci fotofizycznych w zaleznosci od
wprowadzonych podstawnikéw. Synteza benzo[a]indolizyn — klasy indolizyn o rozszerzonym
uktadzie sprzezonym 1t — zostata po raz pierwszy opisana przez Krohnkego w latach 70. Opierata
sie ona na dwuetapowej reakc;ji soli pirydyniowych z 1-chloro-2,4,6-trinitrobenzenem, w ktérej
pierwszy etap prowadzono w CHCl, z uzyciem nieorganicznej zasady K,CO,, a drugi w DMSO z
piperydyna petnigca role zasady. Metodologia ta ograniczata sie do otrzymania kilku produktéw
ze stosunkowo niskimi wydajnosciami. Pierwszg modyfikacjg, ktorg wprowadzitam w syntezie,
byto zastgpienie silnie wybuchowego 1-chloro-2,4,6-trinitrobenzenu mniej niebezpiecznymi
pochodnymi 4-chloro-3,5-dinitrobenzenu, co pozwolito mi uzyskaé trzy produkty z
wydajnosciami na poziomie 20-30%. Drugg istotng zmiang byto opracowanie bardziej
odpowiedniego uktadu zasada-rozpuszczalnik, eliminujgcego koniecznosé izolowania zwigzku
posredniego. Po przeprowadzeniu szeregu préb z réznymi zasadami i rozpuszczalnikami, dzieki
zastosowaniu Cs,CO,; w sulfolanie, udato mi sie zmniejszy¢ liczbe etapéw syntetycznych,
zwiekszyé wydajnosci oraz skréci¢ czas reakciji soli pirydyniowej z pochodnymi 4-chloro-3,5-
dinitrobenzenu. Pozwolito mi to wyizolowaé jedenascie réznych produktéw w wydajnosciach
od 5% do 80%, a dalsza funkcjonalizacja umozliwita otrzymanie dwoéch dodatkowych
pochodnych. Po opracowaniu bardziej efektywnej Sciezki syntetycznej skupitam sie na
badaniach wtasciwosci fotofizycznych otrzymanych zwigzkéw. Analiza wptywu réznych
podstawnikéw oraz ich potozenia na wtasciwosci fotofizyczne pozwolita mi zracjonalizowaé
zaleznos$ci pomiedzy strukturg a fotofizyka tej klasy fluoroforéw (rys. 1).

W drugim projekcie skupitam sie na optymalizacji metodologii syntezy estrow 2-okso-2H-
pirano[2,3-bJindolizyno-3-karboksylowych, zaproponowanej po raz pierwszy przez
Kakehiego w latach 90., oraz na zbadaniu wtasciwosci fotofizycznych otrzymanych
pochodnych. Prace te doprowadzity do publikacji pt. ,,Strongly fluorescent indolizine-based
coumarin analogs”. Kakehi przeprowadzit reakcje wybranych soli pirydyniowych z dietylo-2-
(etoksymetyleno)malonianem w EtOH, stosujgc K,CO, jako zasade. Zastepujgc weglan potasu
Cs,CO,, udato mi sie skrécic czas reakcji, a stosujgc zréznicowany zestaw soli pirydyniowych,
uzyskatam osiem produktéw o wydajnosciach 5-50%. Nastepnie przeprowadzitam dalszg
funkcjonalizacje, otrzymujac pie¢ dodatkowych struktur. Dysponujac szerokg gama estréw 2-
okso-2H-pirano[2,3-blindolizyno-3-karboksylowych, przeprowadzitam badania fotofizyczne
oraz racjonalizacje ich wtasciwosci fluorescencyjnych (przyktady pokazano na rys. 1). Wsréd
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nich barwnik styrylowy zostat wybrany do barwienia linii komérkowej H9c2 i wykazat, po
permeabilizacji digitoning, selektywna lokalizacje w jadrach komdérkowych.

Ostatni projekt wykraczat poza udoskonalanie i rozwijanie wczesniejszych prac, prowadzac do
odkrycia zupetnie nowej klasy fluoroforéw. Wyniki tej pracy zostaty opisane w publikacji pt. , The
Hybrid of Indolizine and Merocyanine — A New Class of Organelle-specific Dyes”. W ramach tego
projektu przeprowadzitam reakcje ,one pot” indolizynoli, otrzymanych z soli pirydyniowych, z
2,3,5,6-tetrafluoro-4-hydroksybenzaldehydem w ksylenie, uzyskujgc szes¢ hybrydowych barwnikow
polimetinowych (z wydajnosciami 26-90%), ktére nazwatam indolizyno-merocyjaninami
(IndMers). Opracowang metodologie rozszerzytam réwniez na reakcje z innymi aldehydami o
podobnych wtasciwosciach, uzyskujagc dwie nowe, dotychczas nieopisane struktury: barwnik
ksantenowy w ksztatcie litery V oraz barwnik typu cyjanina. Dla otrzymanych struktur
przeprowadzitam kompleksowe badania fotofizyczne (przyktady przedstawiono na rys. 1), ktére
pozwolity ustali¢ zaleznosci miedzy strukturg a wifasciwosciami fotofizycznymi tych zwigzkow.
Ponadto, dla wybranych struktur zbadatam fotostabilno$¢ i rozpuszczalnosé¢ w srodowisku wodnym.
Co wazne jeden z otrzymanych zwigzkéw charakteryzowat sie szczegdlnie korzystnymi
wtasciwosciami, w tym emisjg w zakresie NIR, rozpuszczalnosciag w wodzie, wysoka przenikalnoscia
do komodrek HT1080 (fibrosarcoma) oraz MRC5 (normalne ludzkie fibroblasty ptucne), a takze
zalezng od kontekstu akumulacjg w mitochondriach i jgderkach bogatych w RNA (w poréwnaniu
odpowiednio z MitoTracker™ Green FM i SYTO RNASelect™). Swiadczy to o tym, ze udato mi sie
opracowacé nowy barwnik do bioobrazowania.
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Rysunek 1. Struktura i wizualne pordwnanie emisji fluorescencyjnej wybranych przedstawicieli benzo[a]indolizyn,
pirano[bJindolizyn oraz IndMeréw w DCM.
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Aims and Objectives

A cell is a key functional unit of life. All forms of life rely on cellular processes to maintain normal
functions, and changes in cell function induced by metabolic disturbances, physicochemical damage
or infection may cause disease. Along with advances in fluorescence microscopy and in-vitro cell
culture, live-cell imaging has become an essential tool in modern biology for the study of molecular
and cellular events by means of specifically targeted fluorescent labels and sensors. Fluorescence
imaging has a wide range of benefits not offered by other imaging modalities, derived from its
combination of high specificity, high sensitivity, and high spatio-temporal resolution. Fluorescent
dyes are widely used as indispensable markers and sensors in biology-related optical microscopy.
At the same time, current dyes do not perfectly fulfill many requirements for use in fluorescence
microscopy. They lack one or more of the following properties: (1) photostability; (2) large Stokes
shift; (3) large fluorescence quantum yield (particularly in the near-infrared [NIR] region) and (4) cell
permeability.

As far as fluorescence microscopy is concerned, cell biologists are entirely focused on rhodamines,
coumarins, fluoresceins, cyanines and BODIPYs mostly because of reasonable combination of
favorable photophysical properties.) My central hypothesis was that small electron-rich aromatic
heterocycle, indolizine, can be a suitable platform to prepare alternative dyes with suitable
combination of photophysical properties. In the quest for developing small fluorescent molecules
for bioimaging applications, indolizines, despite being discovered more than 100 years ago,?! were
set aside. According to PubMed, the peak in the number of publications on indolizines was reached
in 2012 (around 1500 articles). In contrast, in the same year, publications on fluoresceins nearly
doubled those on indolizines and has continued to grow to date.B! This discrepancy has created a
vicious cycle: the limited development of indolizine scaffolds and the insufficient fine-tuning of their
properties have restricted their adoption in bioimaging, which in turn has further discouraged
efforts to optimize them.

Several factors contributed to this stagnation!!

1) Photophysical limitations

Many indolizines absorb and emit in the blue region of the UV spectra, which is not ideal for
bioimaging due to strong background autofluorescence, limited tissue penetration and potential
photodamage. Additionally, their quantum yield and photostability tend to be inferior compared to
those of established fluorophores.

2) Chemical stability

The large electron density of indolizines makes them highly chemically reactive, allowing them to
undergo multiple reactivity pathways as described in §1.2 and shown in Scheme 4. This reactivity
undermines their stability in biological environments compared to more robust dye families.

3) Synthetic accessibility and tunability

Although indolizines have been known for more than a century, their synthetic chemistry remains
underdeveloped. Routes to expanded indolizines are especially scarce, as they typically rely on pre-
formed expanded pyridines or pyrroles, which restricts structural diversity and limits opportunities
for systematic fine-tuning.
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4) Limited commercial development and biological applications assessment

Because the field has long been dominated by BODIPYs, cyanines, rhodamines, and fluoresceins,
indolizines and their expanded analogues received little attention. This lack of investment left key
practical issues, such as aqueous solubility and stability under physiological conditions, largely
unresolved, further discouraging their adoption in bioimaging.

The general aim of my PhD research was to address these limitations and expand the understanding
of indolizine as fluorescent scaffold, with the ultimate goal of improving their ‘photophysical
performance’ and bioimaging applicability. Along these lines my work focused on m-expanded
indolizines which intrinsically exhibit bathochromically shifted absorption/emission and enhanced
stability due to greater electron delocalization. At the same time they maintain the appealing
features of the parent indolizine: small size, rigidity, electron density and the ability to form push-
pull systems through fine-tuned substituents.

Specific objectives of my thesis were:

1) To expand the knowledge and understanding of m-expanded indolizines by improving existing
synthetic methodologies and developing new synthetic paths for the synthesis of two classes:
benzo[alindolizines and pyrano[2,3-blindolizines, both reported in the last century as promising
fluorophores, but obtained in low yield and with limited scope and characterization.

2) To conduct a comprehensive study of the absorption, emission and stability profiles, therefore
building a foundation for their rational design, guided structural modification and optimization
through tailored substituents.

3) To develop a new class of polymethine dyes possessing indolizine as an electron donor i.e.
replacing classical dialkylamino group in merocyanine type of structures with indolizine.
Consequently, | aimed at entirely new type of n-expanded indolizine dyes, leveraging on the insights
acquired during the realization of the first two objectives. Simultaneously my goal were functional
dyes with properties compatible with fluorescence bioimaging requirements.
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1. Introduction

1.1. Indolizines

The first indolizine derivative was synthesized by A. Angeli in 1890, via the intramolecular cyclization
of the ethyl pyrroyl pyruvate under basic condition, and he suggested that the fully unsaturated
system, later isolated by Scholtzl®), should be named “pyrindole” as it is an isomer of the already
known indole.”! However, it was only with the methodology proposed by Chichibabin in the early
20t century that indolizines, also known as “pyrrolo[1,2-a]pyridine”, started to become more
popular.l’l He developed a base-mediated, straightforward, versatile and efficient method starting
from a-picoline and a-halogenated ketones that became the go-to strategy for indolizines synthesis
for decades and is up to now the most known and used (Scheme 1).
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Scheme 2: First synthesis of indolizines

Structurally, indolizines have a 10m delocalized electron system composed of an electron-rich
pyrrole-type five-membered ring and an electron-deficient six-membered ring. Different naming
and numbering systems were used since their discovery, but for this Thesis the name “indolizine”
will be used and the numbering system adopted by the American Chemical Society will be the
standard. Unsubstituted indolizine have a resonance energy of 0.29 kcal/mol and is best
represented by a resonance hybrid of three structures (1), (I1), and (lll) (Scheme 2).1"]
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Scheme 3: Numbering and resonance structures of indolizine

Although not naturally occurring in their aromatic form, these compounds have been encountered
in a few cases as n-expanded derivatives. More commonly, however, they are found as saturated
alkaloids isolated from plants, animals, and microbes, where they exhibit potent biological activity
(Figure 1).7-12
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Figure 1: Naturally available partially or fully saturated indolizines

Typical methodologies for their synthesis can be classified into methods starting from Pyridine, and
methods starting from pyrroles (Scheme 3), the latter being the least explored and only recently
more popular. This is because pyrrole-based building blocks face significant challenges due to their
higher cost, lower availability, and reduced stability. Despite these limitations, their unique

reactivity and potential provide promising opportunities for indolizine synthesis in a fashion
complementary to the classic pyridine-based methods.3-2°
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Scheme 3: Indolizine synthesis from different pyridines and pyrroles
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1.2. Reactivity of indolizines

Indolizines exhibit sensitivity to air and light. They demonstrate high reactivity via electrophilic
substitution and infrequently could also undergo nucleophilic attack. They produce a colorful
reaction with Ehrlich's reagent and are highly fluorescent.?®! Density Functional Theory (DFT)
calculations indicate that the highest occupied molecular orbital (HOMO) is situated on the pyrrole-
type ring, with the highest electron density located at C-3, making it the preferred site for
electrophilic attack, followed by C-1.27! Resonance structures corroborate these findings, with
structure Il (Scheme 2) being the more stable configuration due to lower energy charge separation.
Conversely, the lowest unoccupied molecular orbital (LUMO) is positioned on the pyridine-type ring.

Classical reactions occurring at C-1 and/or C-3 were well documented in the last century and have
been further developed recently. These include protonation,?6=3% nitration,33? nitrosation, 3233
and diazo coupling,®? as well as alkylation,?*3¢1 acylation,?’3°1 and halogenation.[*0#2]
Oxidation*** and reduction!®*>3746] reactions are also feasible. However, oxidation typically
results in ring opening and "decomposition," while reduction leads to a saturated system crucial for
alkaloid synthesis. Coupling reactions at position C-3 are possible via usually palladium-catalyzed
coupling.’?” Metalation of indolizines!*’*%! serves as a viable functionalization approach, permitting
the introduction of various substituents at C-5, including halogens and providing access to less
common substituted indolizines.*®! Additionally, reactivity at C-5 can involve a nucleophilic attack
if an electron-withdrawing group is present and functions as a leaving group.!*°!

Scheme 4: Reactivity of indolizines
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1.3. mn-Expanded indolizines

As previously mentioned, expanded indolizines have been discovered in nature and have
demonstrated promising antibiotic and cytotoxic activities, both in their natural environment and
in medical applications.®™® In addition to their biological relevance, these compounds exhibit
intriguing photophysical properties, making them excellent candidates for development in
photoluminescent materials®>2], solar cells!®3], and fluorescent dyes for bioimaging.’*°>>! From a
synthetic point of view, in many cases the m-expansion is achieved simply by using quinolines>6>8!
or isoquinolines>%2! as starting materials. However, in the context of this introductory chapter,
attention will be focused on more structurally complex and less conventional systems, those more
closely related to the scaffolds studied in my own research. Particular emphasis will be placed on
their photophysical behavior, which will later be critically compared with the properties of the
indolizines developed in this work. The extensive overview of the recent developments in the
synthesis of m-expanded indolizines can be found in the review of which | am co-author and which
is part of this PhD-Thesis.

1.3.1. Benzo-indolizines

In 2016, Outlaw et al. developed a new method to synthesize 6-amino-8-cyanobenzo[1,2-
blindolizines from substituted indoles and fumaronitrile via a Wittig mechanism followed by
deprotonation of the indole N-H (Scheme 5).1%3! This strategy promotes cyclization towards the
formation of indolizines rather than carbazoles and works well with both electron-donating and
electron-withdrawing groups at the 4-position of the indole. A comparison of the optical properties
of these newly synthesized 6-amino-8-cyanobenzo[1,2-b]indolizines (1) with those of 6,9,10-
trimethyl-pyrido[1,2-alindole, previously synthesized by Saxton et al. in the 1950s, reveals a
bathochromic shift in absorption. This red-shift is attributed to the presence of amino and cyano
substituents in the benzoindolizine system. Compounds absorb light at 270, 340, and 440 nm, and
emit fluorescence between 490 and 520 nm, with an average fluorescence quantum yield of 10%,
while trimethyl-pyrido[1,2-alindole displays peaks at 210 and 320 nm. Furthermore, the 6-amino-8-
cyanobenzo indolizines demonstrate pH-sensitive fluorescence: protonation breaks aromaticity and
causes a hypsochromic (blue) shift in emission. Upon the addition of trifluoroacetic acid (TFA), a
new equilibrium leads to increased emission at 440 nm and a higher quantum yield of 20%,
corresponding to a non-aromatic protonated form.

R1
X \
“ CN CN
i | X X
CHO 1) PEt; in THF, 65 °C _ +
2) KOH, 23 °C HoN NN BH, H,N NN
+ .

— e —

R’ R’

R' = Me, halogen, OMe 6 examples 1

41-90% yields

Scheme 5: Synthesis of pH-sensitive benzo[1,2-b]indolizines
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Even more expanded and red shifted benzo[1,2-blindolizine derivatives (2) were recently reported
by Gawet and co-workers, who proposed an improved method for synthesizing
indolizinequinones®®! from methylquinones, iodine, and pyridine derivatives in DMSO, building
upon Delcanale’s earlier protocol.[®>%%! The resulting indolizinequinones were further derivatized in
a one-pot process to produce substituted m-expanded indolizines. The synthetic route involves the
initial addition of acetylene derivatives to quinone via a n-butyllithium-mediated reaction, forming
an intermediate that then undergoes reductive elimination using SnCl, in 10% aqueous HCI (Scheme
6). The final compounds display notable photophysical properties, with absorption and emission
maxima in the visible region. The most pronounced bathochromic shift was observed for a m-
extended system with six fused aromatic rings (Aabs = 594 nm, Aem = 621 nm, @n = 17%).

gl o~ - -
~ J “oo
=7 X /1 AN XN /l)
o AL R T =—SiH;R;
¥ N NG
I, DMSO TONTN BuLi, THF
105°C, 48-72h -78°C to RT RaH,Si
o) o)
S A
Ar —R2 "
o]
SnCly2H,0
1 10% HCI
R" =H, halogen 10 examples
R?=H, Me 18-82% yields 7

10 examples
30-83% yields

Scheme 6: Synthesis of m-expanded indolizines from quinones.

Long before the recent developments in benzo[1,2-b]indolizines, a different structural isomer,
benzo[a]indolizine (3), had already been explored. In 1966, Krohnke et al., described the synthesis
of these red fluorescent derivatives using a three-step methodology (Scheme 7).[7) The sequence
begins with the quaternization of pyridine using (Hal)CH,(EWG) reagents, followed by a nucleophilic
aromatic substitution (SNAr) of the resulting pyridinium salts with 1-chloro-2,4,6-trinitrobenzene,
and concludes with a 1,5-electrocyclization, which forms the five-membered central ring. The
mechanism of the last key step relies on the formation of vinylpyridinium ylides which are prone
toward 1,5-electrocyclization. Notably, despite the structural similarity to benzo[b]indolizines,
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benzo[al]indolizines have remained relatively unexplored and were only recently brought back into
focus.

~
27N

1

AN cl R

EN/ @ O,N NO, 1) K,CO; H,0/CHCls E\\ 2
+ “ +

+ 2) piperidine, DMSO

EtOH N N
j\/ o NO, = NO,
X PhOC
Ph Ph O,N
3
R'=H, Me
4 examples

61-96% yields

Scheme 7: Synthesis of benzo[a]indolizines from picryl chloride
1.3.2. Pyrano-indolizinones and coumarin-indolizines

In the 80s, Kakehi et al. synthesized a new class of molecules, pyrano[2,3-b]indolizin-2-ones (4),
which can be considered as analogues of coumarins and benzocoumarins (Scheme 8).1%8! Their
synthetic route comprised four steps: (1) quaternization of pyridines with ethyl 2-bromoacetate; (2)
Dieckmann condensation to form the indolizin-2-ol intermediate; (3) Friedel-Crafts reaction of the
intermediate  with  diethyl  2-(ethoxymethylene)malonate; (4) final intramolecular
cyclization via transesterification with the formation of the lactone ring. It should be noted that the
last three steps occur in one pot. Interestingly, the authors reported strong fluorescence for these
compounds, although this property was not investigated further.

2 CO,Et R?
+ 2 R2 ZZh— ZhT—
RN K,COg4 OH CO,Et o
i T / - %
N N
_ 0 EtOH EtOH, 18 h, RT o
Br R R"
OEt 4  COuEt
R'=H, Me 9 examples
R2= H, Me 5-50% yields

Scheme 8: Synthesis of pyrano-indolizinones from pyridinium salts

A coumarin-fused indolizine was recently reported by Rusanov et al., who developed a novel
synthetic methodology for the construction of pentacyclic lamellarin analogues (5) lacking the
typical E-ring (Scheme 9).15°! The key step involved generating an indolizine intermediate via a [3 +
2] cycloaddition reaction. This reaction used pyridinium ylides, a-nitrostilbenes, and benzoyl
peroxide as an oxidant. Subsequent transformations included O-demethylation of the ortho-
methoxy group and a final lactonization step, leading to the formation of a coumarin-fused
indolizine product. The authors also reported a preliminary biological evaluation of these new
lamellarin analogues; however, no data on their emissive properties were provided.
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Scheme 9: Synthesis of coumarin-indolizines

1.4. n-Extended indolizines

Another creative use of indolizines is their incorporation into extended m-systems through m-
conjugation. Over the past decade, significant advancements were made by Delcamp’s group in the
development of extended-indolizine dyes capable of operating in the short-wave infrared (SWIR)
region (Scheme 10)."% A key breakthrough was the development of xanthene-indolizine dyes with
NIR-II (1000-1700 nm) emission that was achieved via a successful C-H bond functionalization
strategy. This approach enabled the coupling of an electron-rich indolizine donor with an electron-
deficient xanthene core, yielding the dye Rhindz (6). The optimal conditions for this transformation
involved PdCI,(PPhs), as the catalyst, KOAc as the base, and NMP as the solvent at 110 °C. The
fluorescent properties of Rhindz were recorded as follows: (Aabs = 920 nm, Aem = 1092 nm, @5 =

0.03%).
et
0]
Br O (0] O Br

= N=—
N

PdCl,(PPhg), KOAC,
NMP, 80 °C

1) POCI;3 1,2-DCE
reflux
2) anhyd EtOH, 40°C

6, 35% yield

Scheme 10: Synthesis of xanthene dyes possessing indolizines as donors (Rhindz)

Building on this platform, in 2024 the same research group achieved a bathochromic shift of
absorption and emission by substituting the xanthene oxygen atom with silicon and introducing a
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dimethylaminoaryl substituent on the indolizine core (Scheme 11). This led to the synthesis of three
fluorophores SiRos (7) through a sequence involving deoxygenation, silylation-cyclization,
oxidation, and palladium-catalyzed C—-H activation to install the indolizine donors.’* Final
conversion to the desired perchlorate salts was completed via a Grignard reaction followed by acidic
work-up. These dyes (SiRos1300, SiRos1550 and SiRos1700) exhibit Aem of 1,300 nm, 1,557 nm, and
1,700 nm in DCM, with quantum yields of 0.0056%, 0.0025%, and 0.0011%, respectively.

1) i. n-Buli,
o THF, -78 °C oH
ii. SIClz(EtHX)ZY BF3OEt2
(LI s R~
Cl S|\ CI 2) KMnO4, Cl Cl DCM, 0 oC: CI CI
HxEt/ EtHx acetone, RT Br Br Br Br
R2

1
R//
N/

":)d(OIA\C)zY PCy3HBF4
Cs,COg3 toluene, 140 °C

THF, reflux
2) 2M HCIO4 (aq.), RT
3) Na,COj3 (anhydr.),
DCM, RT

R'=H, DMA A 57% yield
R? = Me, EtHx = 2-ethylhexyl, DMA B 42% yield
C 35% yield

Scheme 11: Synthesis of SiRos1300, SiRos1550 and SiRos1700

To further explore the effect of heteroatom substitution, Delcamp et al. later replaced the bridging
oxygen with a phosphoryl group (P=0), yielding PRos1450 (8), which emits at 1,450 nm red-shifted
relative to SiRos1300.7?! The synthetic route mirrored that used for the previous analogues, except
that in this case, PhPCl, was used as the phosphorus source in the synthesis of the xanthene ring.

8, 31% yield

Scheme 12: Synthesis of PRos1450
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2. Results and Discussion

2.1. Synthesis and Photophysical Properties of Substituted Benzo[a]indolizines

My first project focused on revisiting Kréhnke’s synthesis of benzo[alindolizines and investigating
their photophysical properties.l’3 | chose to focus on this specific isomer of benzo-indolizines due
to its promising fluorescent properties, briefly mentioned by the authors, and because it is
significantly less explored compared to other isomers. In Krohnke’s work the synthesis (Scheme 13)
involved the use of pyridinium salts and 1-chloro-2,4,6-trinitrobenzene, a compound known for its
explosive nature in a two-step methodology. The first step was carried out with K;CO3; in CHCls,
followed by a second step using piperidine in DMSO.[®”! The obtained structure was decorated with
two nitro groups on the benzene ring and one ketone on the pyrrole moiety. From a photophysical
perspective, such electron-withdrawing groups are generally responsible for hypsochromic shifts in
both absorption and emission, as well as a quench in fluorescence emission due to enhanced
intersystem crossing (ISC). Nevertheless, authors observed in structure 9aNO a red fluorescence
which was worth investigating further.

2) SNLAr
cl
1) quaternizati
) quaternization O2N NO; 3) 1,5-electrocyclization
= X
SN | » NO: No| N NO2
2 —
) NG K,COg4 ph _Piperidine —
o X Kfo CHCls, H,0 DMSO NN
0
Ph)J\/X Ph ON NO2 copn N2

9aNO
1. DMSO, Et3N
2. piperidine

Scheme 13: Kréhnke’s synthesis of Benzo[a]indolizines

Taking it into account, my whole research focus was devoted to obtaining benzo[alindolizines
bearing different substituents, using tailored building blocks to investigate how structural
modifications influence their optical properties.

Initially, three derivatives (9aCF, 9aCN, 9aCO) incorporating CO2Me, CN and CFs in position Y were
obtained in 20-30% yield (Scheme 14). This was possible by following Krohnke’s first methodology
and substituting the 1-chloro-2,4,6-trinitrobenzene with the less dangerous 4-chloro-3,5-
dinitrobenzene derivatives. These structures, however, exhibited weak fluorescence indicating a
limited ability to modulate the photophysical properties through variations at position Y alone and
suggesting a significant influence of the substituent at position R!, which in all three cases was a
carbonyl group (COPh). Thus, | decided to try modulating the properties by replacing the COPh group
at position R! with a cyano group (CN) (Scheme 15). Indeed, this change resulted in a novel
compound obtained in 30% yield (9cCF) and showing a visibly higher fluorescence emission, thereby
confirming the critical role of the substituent at position R in tuning the photophysical behavior of
the benzo[a]indolizine scaffold.
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Scheme 14: Krohnke’s method for the synthesis of benzo[a]indolizines
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Scheme 15: Kréhnke’s method for the synthesis of 9cCF

From this point onwards, | focused on improving the synthetic methodology with the aim of
increasing products’ yields and reducing the number of synthetic steps. Compound 9¢CF was
selected as a model for optimization studies. A few years after the initial publication on this topic,
an improved protocol was proposed, which employed a one-pot strategy using EtsN and piperidine
added sequentially in DMSO (Scheme 13, blue arrow).”#! Building upon this approach, | tested
various organic bases such as DBU and piperidine, as well as inorganic bases including K,CO3, KOtBu,
CsOPiv, and Cs,CO;, the latter proving to be the most effective. In addition, several polar aprotic
solvents were screened, including DMSO, DMPU, NMP, and sulfolane. Sulfolane was ultimately
selected due to its superior performance under the chosen reaction conditions. Interestingly,
increasing the reaction temperature and duration did not lead to further improvements in yield.
Nevertheless, with the optimized conditions, | was able to improve the yield of 9cCF from the
previously reported 30% to 68%.

Compounds 9cCN and 9¢cCO were synthesized, followed by the derivatives 9dCF, 9dCN, and 9dCO
obtained by introducing a different electron-withdrawing group (CO2tBu) at position R. Each
substituent at position Y influenced the reaction outcome, highlighting not only their effect on the
photophysical properties but also on the chemical reactivity (Scheme 16).

Next, an additional substituent was introduced into the system at position R%, employing 4-
substituted pyridines. Although this modification proved detrimental to reactivity, it still allowed
the isolation of compounds 9eCF, 9eCN, 9eCO, with yields around 20% and 9fCO in 13% vyield.
Pyridine with EWG in position R? were less reactive, but what turned out to be even more interesting
is that also pyridine with EDG showed the same behavior.

To improve the reactivity of the 4-substituted pyridines a new reaction condition was investigated
using 9eCN as the model. The use of tert-butylimino-tri(pyrrolidino)phosphorane (BTPP) DMSO
proved to be optimal for this dye but not so efficient for 9eCF and 9eCO (Scheme 16). These results
reaffirmed the criticality of the system to substituent effects in the para position of the pyridine
ring.
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Alternative approaches were explored to check the reactivity on the benzene ring. However, neither
1-chloro-2,4-dinitro-6-trifluoromethylbenzene nor 2-chloro-3,5-dinitropyridine led to the formation
of the desired products. Similarly, less activated C-Hal bond like those in 2,4-dinitrofluorobenzene
or 2,4-dichloro-1,5-dinitrobenzene, also proved ineffective, suggesting that the presence of two NO»
in ortho position relative to Cl is crucial for reactivity, limiting the number of suitable starting
materials.

2
R cl
R3
N O,N NO,
| + CSQCO3
+ — = >
NS N Sulfulane
O,N
a) R, = COPh; Ry = H; R3= H d) R; = COutBU; Ry = H; Ry = H CF) Y= CF4
b) R1 CN; R2 R3— 45 e) R1 COztBU, R2 = CN; R3 =H CN) Y =CN
C) R1 = CN, R2 =H; R3 =H f) R1 = COZtBU, R2 = NMez; R3 =H CO) Y = COzMe
CO,Me
tBUOzC tBUOzC
O2N O2N
9cCF, 68% 9dCF, 10% 9eCF, 25% (22%)
9cCN, 64% 9dCN, 80% 9eCN, 24% (58%)
9bCN, 28% 9¢cCO, 20% 9dCO, 20% 9eCO, 6% (25%) 9fCO, 13%

Scheme 16: Scope of benzo[a]indolizines

Additional modifications to the available products were possible due to the presence of reactive
functional groups such as NO; and CO2t-Bu. A classic reduction of the nitro group to amino group in
9¢CF led to structure 10. While in a different transformation, a reverse Friedel-Crafts reaction TFA
mediated was used to cut out the ester group in compound 9dCN, affording structure 11 with a free
R! position (Schemes 17 and 18)

[ [
NTR Pd/C, NH,HCO, NTR
—— CF3 MeOH > —— CF3
NC © NC
O2N HoN
9cCF 10, 60%

Scheme 17: Post-functionalization of 9cCF
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Scheme 18: Post-functionalization of 9dCN

To unravel the photophysical properties of the synthesized benzo[alindolizine derivatives, |
recorded absorption and emission spectra for all the obtained structures in DCM and toluene and
compared them to the parent benzo[a]indolizines exhibiting fluorescence quantum yield of 14% in
DCM with Aaps = 368 nm and Aem = 498 nm.”>! Most of the new compounds displayed Aabs between
400-500 nm and emission localized in the orange-red region of the visible spectrum with @s ranging
from negligible to 60%. These results demonstrate a significant bathochromic shift relative to the
unsubstituted benzo[a]indolizine core and its isomer, benzo[1,2-blindolizine (2-3), indicating a
strong influence of both substituents and the position of the nitrogen atom within the core on their
photophysical behavior. A marked solvatochromism was observed when moving from toluene to
DCM consistent with an intramolecular charge transfer (ICT) process that was later confirmed by
computational studies.

A comparative analysis of molar absorptivity (solid lines) and normalized emission spectra (dashed
lines) for 9aC0O, 9¢CO, 9dCO, 9eCO, and 9fCO (represented in pink, orange, green, blue, and black,
respectively) in toluene revealed the impact of substituents on the pyridine and pyrrole rings, while
maintaining fixed CO,Me and NO, groups on the benzene moiety. Notably, the introduction of an
electron-donating group (EDG) such as NMe; on the six-membered ring resulted in the largest Stokes
shift and the lowest fluorescence quantum vyield (<0.1%). Conversely, replacing the COPh group at
position R! with a cyano group 9¢CO led to the smallest Stokes shift and the highest ®q (0.58%) (Fig.
2a).

A similar comparison was conducted for compounds 9¢CF, 9¢cCN, and 9¢CO (blue, red, and orange),
all bearing a CO,tBu group at position R! and varying substituents at position Y, in DCM. The results
showed minimal variation in their photophysical properties, confirming that the substituent at
position R! plays a critical role, while the effect of substituents at position Y is negligible (Fig. 2b).
This was further supported by the comparison of 9dCN (orange) and its deprotected analog 11
(purple), where a significant bathochromic shift in Ass was observed, whereas the emission
wavelength remained largely unchanged (Fig. 2c). For both compounds, photostability
measurements were performed in comparison to Rhodamine 6G. The results showed that both
compounds are less stable than Rhodamine 6G but notably lower stability of 11 supported the
already known behavior of indolizine-based dyes, confirming that position R! is a hotspot for
electron density and highly reactive. (Fig 3)

An another particularly interesting observation emerged from this photophysical analysis: contrary
to expectations, the NO, group, typically associated with fluorescence quenching, contributed to a
bathochromic shift in both absorption and emission spectra, along with relatively large fluorescence
quantum yields. When comparing compound 9cCF with its reduced analog 10 (bearing an NH, group
instead of NO,), a drop in emission intensity (38% vs 26%) and a hypsochromic shift of both Aaps (488
vs 377 nm) and Aem (603 vs 495 nm) were observed.
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Figure 2: a) Absorption and emission spectra of dyes 9aCO, 9¢CO, 9dCO, 9eCO, and 9fCO (pink, orange, green, blue, and
black) in toluene, b) Absorption and emission spectra of 9cCF, 9cCN, and 9¢CO in DCM (blue, red, and orange) c) Absorption
and emission spectra of 11 and 9dCN in DCM (purple and brown)
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Figure 3: Photostability of compound 11 compared to 9dCN and Rhodamine 6G

Theoretical calculations carried out by collaborators corroborated my experimental findings and
confirmed the limited influence of substituents at position Y. Moreover, the calculations highlighted
the key role of the NO,, which acts as a strong electron-withdrawing group (EWG) and facilitates
intramolecular charge transfer (ICT) with the electron-rich pyrrole ring, functioning as an electron-
donating group (EDG). As expected, the donor strength of the pyrrole was modulated by the
substituent at position R. Surprisingly, however, substituents typically classified as EWGs, such as
CN, COPh, and CO,tBu, exhibited donor-like behavior in this molecular framework, acting as
secondary donors and participating in ICT.

In addition, simulated fluorescence quantum yields @s aligned well with the experimental data and
provided further insight into structure-property relationships. The calculations explained the
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dramatic drop in fluorescence efficiency observed for compounds bearing bulky groups at position
Rl. These substituents induce significant distortion from planarity, which enhances intersystem
crossing (ISC) due to a reduced singlet—triplet (S-T) energy gap and increased spin—orbit coupling
(SOCQ), particularly evident in compound 9fCO.

Conversely, derivatives from series 9b and 9c, bearing smaller EWGs, exhibited relatively large S-T
gaps (> 0.3 eV) and negligible SOC, supporting their higher fluorescence efficiency. The remaining
compounds displayed intermediate photophysical behavior, consistent with moderate structural
distortion and partial SOC contribution.
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Figure 4: Visual comparison of benzo[a]indolizine derivatives’ emission in DCM.
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2.2. Synthesis and Photophysical Properties of Substituted Pyrano[2,3-
blindolizin-2-ones

The second project | worked on followed the same vision; | wanted to further investigate another
type of nearly forgotten, but extremely promising class of m-expanded indolizines. Between the 80s
and the 90s Kakehi and co-workers developed different methodologies to synthesize derivatives of
2-ox0-2H-pyrano[2,3-b]indolizine-3-carboxylates, structures that can be considered analogs of
coumarins exhibiting interesting fluorescent properties and potential applicability in bioimaging.
Although authors proposed different paths, all involved long time reaction (7 days) and afforded
relatively low product yields (38%), thus opening the doors to methodology improvement and
photophysical investigations.

The proposed reaction mechanism involved the synthesis of pyridinium salts, a Dieckman
condensation to obtain the indolizin-ol intermediate followed by a Friedel-Crafts reaction, and a last
step being an intramolecular transesterification to obtain the lactone ring. The last three steps occur
in one pot (Scheme 19).

CO,Et
AN EtO/\( 2
IN/ 0 CO,Et AN
+ Vam
X N K,COs ~_N o
K’&O EtOH, 1 week —
0 Br CO,Et

2) Chichibabin cyclization
3) Michael addition
4) intramolecular transesterification

1) quaternization

Scheme 19: Kakehi’s synthesis of pyrano[2,3-b]indolizin-2-ones

For the development of an improved reaction condition compound 12a was used as a model. Initial
changes of the solvent, (DMF instead of EtOH) and on the base (NaOEt instead of K,CO3) did not
lead to the expected outcome and caused me to rethink my plan. Considering that the mechanism
involved the formation of a critical intermediate | thought that the best would be to allow sufficient
time for the first reaction to happen before the addition of the malonate. Consequently, in this 2-
steps approach different bases were studied in the classical solvent used (EtOH), and | found the
best to be Cs,COs affording the product 12a in 50% yield.

Using this optimal condition, | evaluated the substrate scope and a total of eight new structures
were synthesized starting from different pyridinium salts. ‘Formal’ picolinium salts reacted as
expected and yielded pyrano-indolizines (12a, 12b, 12c) possessing a hydrogen or an alkyl
substituent in position R®(Scheme 20). Similar but cyclic pyridinium salts such as 2,3-
cyclopentenopyridinium and 5,6,7,8-tetrahydroquinolinium were also tested, but giving two
different outcomes. The first one failed to give the product while the latter generated the expected
product 12d in 30% vyield. Reactivity was also good for expanded pyridinium salts like 2-
methylquinolinium and 1-methylisoquinolinium and two expanded products with free R® position
(12e, 12f) were achieved in 30 and 28% yield. Lastly, with the aim of having EWG in position C-5 a-
picolines with EWG (2-Py and CO:Et) in the methylene group were used and products 12g and 12h
were obtained in 44% and 5% vyield respectively. Differently from the previous cases the first
reaction step, the formation of the indolizin-ol happened, without the need of a base, right after
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the quaternization. Interestingly, both EWG and EDG in para position to the pyridine prevented the

synthesis of the final product.
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Scheme 20: Scope of pyrano[2,3-bJindolizin-2-ones

In order to achieve a broader variety of substituents in C-5, | used structure 12a for further
functionalization. The highly electron-rich carbon was a good candidate for direct arylation and
products 13aa, 13ab, 13ac were obtained in 17-60% yield (Scheme 21).

Y

Br PdClz(PPh:;)z
~ ~ )0 KOAc, H,0, DMF
N 100°C, 18 h
_ (@] + (@]
CO,Et v CO,Et
12a
13aa Y=CN 60%
13ab Y =NO, 50%
13ac Y=tBu 17%

Scheme 21: Post-functionalization of dye 12a

Then, I also envisioned in the Vilsmeier-Haack formylation the opportunity not only to get a different
EWG, but mostly the chance to obtain a new styryl dye through a sequent Knoevenagel
condensation (Scheme 22), with potential for cell staining. In these last steps compounds 14a and
15a were isolated in 83 and 37% vyields respectively.
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Scheme 22: Post-functionalization of dye 12a

For this class of compounds Uv-Vis absorption and emission were measured in toluene, DCM and
DMSO and compared with indolo-coumarins like 11-benzyl-7-hydroxyisochromeno[4,3-b]indol-5-
one (@n = 42% in DCM, with Aaps =382 and Aem 496) and methyl 2-oxo-4-(pyrrolidin-1-yl)-2,4a,5,9b-
tetrahydropyrano[3,2-bJindole-3-carboxylate (Asbs - 335 in EtOH). Results showed a significant
bathochromic shift for absorption (420-470 nm) while emission remained in the same range (440-
520 nm), and a solvatochromism emerged when moving from apolar to polar solvents.

The distinctly different fluorescence emissions of compounds 12a, 12b, and 12c, clearly discernible
to the naked eye and supported by the recorded data, prompted me to begin analyze the impact of
substituent positions on this core structure, even for simple groups such as methyl. In fact, having
Me in R®>(12c) caused a bathochromic shift compared to 12b while the same group in R* (12a) caused
a hypsochromic shift of bands. These findings were later rationalized by my colleague as a
consequence of the largest change in HOMO energy for 12¢ with methyl in R® (Fig. 5a).

Interestingly, the expansion of the m-system which usually is responsible for shifts towards the red
region, in these structures was dependent on the actual direction of the expansion. Dye 12f has
hypsochromically shifted emission compared to dye 12b, and vice versa 12e displayed a slight shift
of the signals towards lower energies (Fig. 5b), computational calculations computed energies for
these two systems as such: Eiumo(12€) < ELumo(12f).

Further investigations into the effect of different substituents in R®> on the photophysics clarified the
role of EWG in 14a (CHO Aaps = 426 nm and Aem = 448 nm), EDG in 12¢ (Me Aaps = 468 nm and Aem =
494 nm), and the m-extension of 13aa (4-CN Aabs = 453 nm and Aem = 490 nm), and 13ac (4-tBu Aaps =
457 nm and Aem = 514 nm). (Fig. 5¢) The presence of the expanded system shifts the absorption and
emission to the blue region and an even stronger effect on the same direction is given by the
presence of the aldehyde. All the small changes on the spectra caused by the different substituents
in R> were explained with computational investigation by a slight modification of the HOMO and
LUMO of the substituted molecules compared to the parent dye 12b.

When recording the data for 13ab (4-NO3 Aabs = 452 nm and Aem =491/642 nm), | noticed an increase
in the @rin apolar solvents (toluene) compared to the other structure, and the presence of a second
peak in the emission in both DCM and DMSO, showing two emission bands overlapping, one at the
‘expected’ wavelength (491 nm) and another one around 642 nm. To rule out the possibility of the
second signal being caused by impurities | recorded excitation spectra and confirmed that both
peaks were coming from the investigated molecule. | then hypothesized that this structure,
composed of a strong electron donor (2-oxo-pyrano[2,3-blindolizine) and a strong electron acceptor
(nitrophenyl), could undergo intramolecular charge transfer (ICT) in polar solvents. This process may
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lead to the formation of two distinct excited states, depending on the molecular geometry, thereby
enabling two possible emission pathways. This hypothesis was then confirmed by experiments on

fluorescence decay (t¢) and computational simulations which confirmed the presence of both a low
emissive and a TICT emissive states.

Finally, | investigated the optical properties of the dye 15a (Aabs = 509 nm and Aem = 575 nm), a
potential cell probe, compared to its precursor 14a (Fig. 5d). By adding a conjugated pyridinium
system, a large red shift on the emission was observed which was later rationalized by my colleague
as a consequence of a qualitative change of LUMO from localized on the main indolizine core to
localized on the substituent, the same situation was envisioned for 13ab.
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Figure 5: a) Absorption (solid line) and normalized emission (dashed line) of 12a, 12b, 12c (blue, red, green) b) Absorption (solid
line) and normalized emission (dashed line) of 12b, 12e and 12f (red, black, pink) c) Absorption (solid line) and normalized
emission (dashed line) of 12c, 13aa, 13ac and 14a (green, brown, yellow and light blue) d) Absorption (solid line) and
normalized emission (dashed line) of 14a and 15a (light blue, orange).

Preliminary cell staining experiments were carried out by collaborators on rat embryonic
cardiomyoblast-derived cells H9c2 for dye 15a, but the styryl dye alone was unable to permeate the
cell membrane. Therefore, digitonin was required to facilitate its entry. Once inside the cell, however,
compound 15a exhibited remarkable behavior: it accumulated in the nucleus and along the nuclear
membrane, as confirmed by co-localization with the standard nuclear stain Hoechst 33342.
Interestingly, unlike the standard dye, 15a appeared to selectively stain specific subnuclear
structures, suggesting potential for more refined nuclear imaging.
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2.3. Synthesis and Photophysical Properties of Substituted Indolizine-
merocyanines (IndMer)

While working on the second project, the idea that the indolizin-ol intermediate could serve as an
electron-donating building block for the synthesis of xanthene-like systems emerged. Additionally,
the recent work of Delcamp on m-extended rhodol-indolizines 8 emitting in the near-infrared (NIR)
region further inspired the conceptual development of this project. In this context
hydroxyindolizines should behave in a similar manner to the electron-rich phenols typically used for
the synthesis of systems like rhodols but thanks to its stronger electron-donating character, push the
optical properties of these new fused systems towards the red region of the UV-vis spectrum
compared to classical rhodols.

| employed a Friedel-Crafts alkylation/nucleophilic aromatic substitution, which was previously
discovered in our group for the reaction of 2,3,5,6-tetrafluoro-4-hydroxybenzaldehyde with
aminophenols.®! Instead, | used substituted indolizin-ols with the above mentioned aldehyde in
xylenes at 80 °C and compound 16a (IndMer) was obtained in 72% yield.

not isolated
X PN
| Y P
N” O\ _Cs,CO3 d\/ _ N/ QO F
O EtOH, 1h OH xylenes
K‘f X / F "80°C
OEt

16a, 72%

Scheme 23: Synthesis of IndMer 16a

The scope of the reaction was assessed by changing the substituents on the indolizine core and 5
additional derivatives were obtained with both electron-withdrawing and slightly electron-donating
group in Rin yields from 26 to 90% and isolated via precipitation thanks to their poor solubility
(Scheme 24). The only exception was compound 16d which was designed to improve the solubility
and was purified via chromatography. Additionally, a post functionalization on 16e was performed,
quaternization of the pyridyl group led to product 16eMe.

Using the same methodology other products (ImpMer in 24-62 % yields) were achieved through the
reaction of 2-hydroxyimidazo[1,2-a]pyridine and 2,3,5,6-tetrafluoro-4-hydroxybenzaldehyde in
similar conditions (xylenes, 100-150 °C). However, since the focus of this thesis are indolizines, those
structures will not be discussed further but were worth mentioning to validate the success and
versatility of the presented methodology.
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Scheme 24: Synthesis and scope of indolizine-merocyanines (IndMer)

In order to verify the compatibility of this methodology with different aldehydes having similar
characteristics (a halogen atom in vicinal position to CHO, and an electron-deficient character of the
aromatic ring) | used 2,3,5,6-tetrafluoro-4-(piperidin-1-yl)benzaldehyde and a coumarin-based
aldehyde (Scheme 25). Both aldehydes reacted with 2-hydroxyindolizines affording however
completely different products, the first one led to a V-shaped bis-xanthene dye 17 in 10% yield
with the incorporation of two indolizines and one aldehyde, while the latter afforded a cyanine-
type dye 18 in 27% vyield.
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Scheme 25: Synthesis of two alternative indolizine-cyanine hybrids 17 and 18 from aldehydes N and C.

| then performed photophysical characterization with UV-Vis absorption and emission spectra

recorded in DCM, THF, DMSO, and for some selected representatives, in agueous media
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(H2,0+DMSO). A comparison was made with classical rhodols and merocyanine dyes and a slight
bathochromic shift was observed, but no solvatochromism. This feature was later explained by
collaborators who computed a large dipole moment in the ground Sp state which changes little in
the excited Si. Consequently, no difference in the solute-solvent interaction energies was observed.
Moreover, a comparison between the dyes showed no significant influence of the group in position
R suggesting that the main properties come from the core structure (Fig. 7a). Stokes shifts are rather
small, compatible with the rigidity of the structure and the negligible solvent influence. Surprisingly,
for almost all the dyes @fwas above 50% even in polar solvent such as DMSO. Structures 17 and 18
have a larger Stokes Shift 50-80 nm DCM, but a decrease in @ (32 and 2%) compared to the previous
systems.

More interesting properties were encountered for dye 18 (Aabs™* = 624 nm and Aem™® = 705 nm)
(Fig. 7b) which could be compared to the rhodol-fused coumarin 19 (Aaps™** = 586 NM Aem™?* =625
nm) obtained by Bardi et al.’®!, and showing intriguing possible applicability for cell imaging (Fig. 8).

This compound showed good solubility and photostability in agueous media, comparable to
Rhodamine 6G, which guided further experiments in cells to assess its potential for organelle
visualization.

Confocal microscopy studies performed on compound 18, by our collaborators in Korea, in HT1080
fibrosarcoma and MRC5 normal human lung fibroblast cells showed high cell permeability and
context dependent accumulation in mitochondria and RNA-rich nucleoli when compared to
MitoTracker™ Green FM and SYTO RNASelect™ respectively, in both MRC5 and HT1080 cells.

These findings align with the recent reports of single probes exhibiting dual localization, which
allows for studying mitochondrial damage and monitoring mitochondrial state in live cells under
both physiological and stress conditions.
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Figure 7: a) UV-vis absorption spectra (solid lines) and fluorescence spectra (dashed lines) of compounds 16b, 16d, and 16f
measured in DCM. b) UV-vis absorption spectra (solid lines) and fluorescence spectra (dashed lines) of compounds 17 and 18
measured in DCM.
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Figure 8: Structural comparison between an indolizine fused coumarin and a rhodol fused coumarin
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Figure 9: Visual comparison of emission of the IndMer derivatives in DCM.
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3. Summary and Conclusions

In conclusion, over the past years, | have improved two existing methodologies for the synthesis of
pyrano- and benzo-indolizines, discovered a novel approach for constructing an entirely new
indolizine-fused xanthene system, and explored their photophysical properties.

In the first two cases, | succeeded in shortening the reaction time and eliminating a purification step
by implementing a one-pot procedure, thereby saving both time and laboratory resources. These
optimizations led to higher yields and allowed for significantly broader substrate (and product)
scope. My equally important contribution to the field was the comprehensive photophysical
characterization of the resulting structures, along with a rational analysis of how different
substituents, positioned around the indolizine core, moderate these properties.

The final project, in contrast, involved not only a comprehensive photophysical investigations but
also the discovery of a completely novel type of polymethine dyes which are at the same time n-
expanded indolizines. This work was made possible by a deeper understanding of the reactivity and
handling of highly reactive indolizin-ol intermediates gained during the second project. It also
stemmed from the successful adaptation of a straightforward methodology, originally developed by
our group in recent years for the synthesis of rhodols, by employing 2,3,5,6-tetrafluoro-4-
hydroxybenzaldehyde as key component.

All the methodologies proposed in my projects for the synthesis of the indolizine core start from
pyridines and rely on classical organic chemistry approaches, demonstrating their continued
relevance even after decades from their development. The last two projects followed a Chichibabin-
type mechanism, involving the formation of a pyridinium ylide that facilitates closure of the pyrrole
ring, followed by m-system expansion. In contrast, the first project featured a final step of 1,5-
electrocyclization, which was responsible for the formation of the indolizine core. This pericyclic
reaction was enabled by prior extension of the conjugated system, made possible through a
nucleophilic aromatic substitution (SN»Ar) involving electron-deficient benzene derivatives and
pyridinium salts via formation of a vinylpyridinium ylides. Yields were generally good across all
reactions, averaging between 50% and 70%, with variations largely depending on the specific
starting pyridine and its intrinsic reactivity.

Considering the photophysical properties of the synthesized products, their Aaps™* and Aem™®* span
the entire visible spectrum, from the blue to the red region. Pyrano-indolizines are the most blue-
shifted, benzo-indolizines are the most red-shifted, and IndMer structures exhibit intermediate
properties (Fig. 10). From a general point of view, any of the considered structural expansion led to
a red shift in the photophysical properties and an increase in the fluorescence compared to the
parent indolizine which has Aaps = 368 nm and Aem = 498 nm with @r of 14% in DCM.

When considering the impact of the substituents on the optical properties, substituents at position
R® of the benzo-indolizines have a greater impact than those at position R? of the pyrano-indolizines
and IndMer. In the latter cases, changes in the electronic nature of the substituent moderately
influenced the photophysics. This observation is supported by computational studies, which showed
that variations in the HOMO and LUMO energies of the pyrano-indolizine and IndMer derivatives
are small, indicating limited electronic delocalization through those positions. While in the case of
benzo-indolizines, the different size and character of substituents in R® change the geometry of the
molecule thus changing their orbital energies.
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This work also highlights the influence of isomerism, as expanded [a]indolizines having Aabs around
500 nm and Aem in the red region exhibit a greater red shift than the expanded [b]indolizine
counterparts presented in the introduction, such as structure 1 (Aabs = 440 nm, Aem = 490 and 520
nm) and structure 2 (Aabs = 594 nm, Aem = 621 nm, @5 = 17%).

Lastly, the solvatochromism observed for IndMer is less pronounced compared to the other
discussed cores, due to the minimal increase in dipole moment upon excitation to the S; state
relative to the So state. As a result, the differential stabilization by solvents is limited, leading to a
smaller solvent-dependent shift in the absorption and emission spectra.

To sum up, with my PhD research, | contributed to advancing the knowledge and understanding of
the photophysical properties of two largely overlooked classes of compounds: benzo[a]indolizines
and pyrano[blindolizines. These scaffolds can be synthesized efficiently through short, one-pot
procedures. In addition, | developed a straightforward methodology for the synthesis of a
completely novel structure (IndMer) and provided a comprehensive analysis of its optical
properties.

Out of the plethora of synthesized and characterized molecules few interesting structures stood out
for their photophysical properties and ability to enable organelle visualization. Among them,
compounds 15a and 18 exhibited the most promising features.

Altogether, these findings highlight the significant potential of this class of fluorophores for
bioimaging applications, as demonstrated by cell studies performed by our collaborators.
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Figure 10: Visual comparison of the fluorescence emission of some representatives of benzo[a]indolizines,
pyrano[b]indolizines and IndMers in DCM
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Benzolalindolizines with an ordered arrangement of various electron-withdrawing substituents (NO,, CFs,
CN, CO,R and COPh) were prepared directly from pyridinium salts and chloronitroarenes, allowing for
refined control of the photophysical properties. Facile entry into almost unknown isoindolo[1,2-alisoqui-
nolines is disclosed to demonstrate the potential of this method. The rational manipulation of the substi-
tuents makes it possible to obtain electron-deficient dyes (HOMO ~ —5.6 eV) with yellow, orange to red
emission, large Stokes shifts (Up to 9000 cm™) and fluorescence quantum yields reaching 0.58. Strong
emission in spite of the presence of an NO, group has been rationalized by a large singlet—triplet energy
gap combined with small spin—orbit couplings, hence small intersystem crossing. The ability to substitute
various electron-withdrawing groups at multiple positions on this heterocyclic skeleton offers an unpre-
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Introduction

Indolizines, although known since the 19" century,"™ have
always been overshadowed by regioisomeric indoles. Only
during the last two decades was their chemistry rejuvenated,
likely because of their potential as fluorophores,” " which is
especially strong for m-expanded indolizines. In recent years,
multiple new methods for indolizine synthesis have been
revealed,"> " nicely complementing older approaches.”*>*
There are a few basic classes of benzoindolizines: pyrrolo
[1,2-a]quinolines,*>® pyrrolo[2,1-ajisoquinoline,*” *° benzo[b]
indolizine*™** and  benzo[alindolizines  (pyrido[2,1-a]
isoindoles) (Fig. 1). The latter ones attracted our particular
attention since they are considered as n-expanded isoindoles,
which are rarely encountered. However, benzo[alindolizines
are reported to be very unstable under ambient conditions.*’
To overcome this instability issue, adding several electron-
withdrawing groups (EWGs) could be an advantageous strat-
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cedented opportunity to study their effect on the fate of the molecules in the excited state.

egy. At the same time, the presence of electron-withdrawing
groups would polarize the z-system and induce bathochromic
shifts in both the absorption and emission spectra.®”> Taking
this into account, we reasoned that a one-pot reaction with the
potential to assemble a n-expanded indolizine core decorated
with several EWGs would be an appreciated addition to the
existing repertoire of benzo[a]indolizines synthetic method-
ologies. Inspired by a lego™-type philosophy, our target strat-
egy was to build a final scaffold from easily available building
blocks.

In light of all these requirements, we identified the
Kréhnke method for the synthesis of benzo[a]indolizines from
pyridines, ®-bromoacetophenones, and picryl chloride
(Scheme 1)°*°*** as the most promising starting point. This
methodology consists of three steps: (1) quaternization of pyri-
dine with (Hal)CH,(EWG) reagents; (2) C-arylation of the

/‘-“'
L
S N7

pyrrolo[1,2-glquinoline pyrrolo[2, 1-alisoquinoline

e
= N =N
2 Nt/

benzofblindolizing benzo[alindolizing
pyrido[1,2-glindole pyrido[2,1-aliscindale

Fig. 1 Structures of various benzoindolizines.
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Scheme 1 The Kréhnke method for the benzolalindolizine synthesis.

resulting pyridinium salts with 1-chloro-2,4,6-trinitrobenzene;
and (3) final 1,5-electrocyclization forming a five-membered
central ring. The mechanism of the last key step relies on the
formation of vinylpyridinium ylides which are prone toward
1,5-electrocyclization.®®® The initially formed dihydroindoli-
zine eliminates NO,  and furnishes the final aromatic
product. The trouble with Krohnke’s approach is that it is
mostly limited to explosive 1-chloro-2,4,6-trinitrobenzene. The
intriguing feature, however, is that authors consistently
reported strong red fluorescence for the resulting nitro-deriva-
tives, which is both rare®”*® and worth exploring. In addition,
given that almost all published derivatives possess a PhCO at
position 6, which typically leads to fluorescence quenching
due to enhanced intersystem crossing, the observed emission
is even more perplexing. Having all these aspects in mind we
conceived a journey aiming at exploring this methodology,
expanding the scope, and revisiting the emissive properties of
benzo[alindolizine.

Results and discussion
Synthesis

Our investigation started from the synthesis of benzoindoli-
zines 3aCF, 3aCN and 3aCO (Scheme 2) following the method

1862 | Org. Chem. Front, 2022, 9,1861-1874
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developed by Augstein and Krohnke in 1966 (conditions A).>?
We found that these three heterocycles could be prepared
under the conditions originally published for 3aNO (i.e. C-ary-
lation in CHCI;/H,0/K,CO; system followed by 1,5-electrocycli-
zation mediated by piperidine, Scheme 1) in yields ranging
from 20% to 30%. Lower yields may originate from the
decreased reactivity of chloroarenes 2CN and 2CF relative to
2NO However, these benzo[a]indolizines featuring a PhCO
group at position 6 possessed rather weak fluorescence, most
plausibly due to the presence of the carbonyl group (vide infra).

Thus, we decided to replace the C=0 with the CN group at
position 6 and we synthesized dye 3cCF, aiming at stronger
emission intensity. Novel benzo[a]indolizine 3¢CF indeed pos-
sessed a visibly stronger fluorescence and was used as a model
for synthetic optimization studies (see ESIT for details).

Having established the optimal reaction conditions (Cs,CO3,
sulfolane, RT, 16 h), the substrate scope of benzo[a]indolizine
synthesis was evaluated. As shown in Scheme 2, various pyridi-
nium salts, as well as an isoquinolinium salt reacted with
different 4-chloro-3,5-dinitrobenzenes, successfully giving the
products that exhibited different combinations of groups at
positions 6 (R"), 9 (Y), and 2 (R?). The presence of CO,Me as Y
led to lower yields of the final products (3aCO, 3¢CO, and
3dCO), but what dramatically compromised the success of the
reaction was the presence of a substituent R*. The tested build-
ing blocks possessing only one NO, at position ortho to Cl, such
as 1-chloro-2,4-dinitro-6-trifluoromethylbenzene or 2-chloro-3,5-
dinitropyridine, were found to be inefficient. A similar outcome
was observed for chloroarenes possessing less activated C-Hal
bond such as 2,4-dinitrofluorobenzene or 2,4-dichloro-1,5-dini-
trobenzene. This evidence suggests that it is mandatory to have
two NO, in ortho positions to the halogen atom for the reaction
to proceed to completion.

In the course of this scope investigation, it was noted that
quaternary salts derived from pyridines substituted at position
4 with an electron-withdrawing group, such as CN (3eCF,
3eCN, and 3eCO), were less reactive than the salts 3a, 3¢ and
3d derived from unsubstituted pyridine. In fact, a four-fold
decrease in the yield was observed, with the exception of 3eCF.
Similarly, the presence of an electron-donating group such as
NMe, (3fCO) decreased the product yield from 20% to 13%.
Furthermore, further expanding the scope, i.e., starting from
4-methoxypyridine and 4-trifluoromethylpyridine, was unsuc-
cessful. Consequently, another optimization study (see ESIT
for details), was conducted using 3eCN as a model which
enabled to identify tert-butylimino-tri(pyrrolidino) phosphor-
ane (BTPP) as the suitable base (the yield of 3eCN was
increased to 58%).

The novel reaction conditions (BTPP, DMSO, RT, 16 h) were
then tested for the synthesis of other benzo[a]indolizines from
salt 1e. It turned out, however, that yields of dyes 3eCF and
3eCO were considerably lower, and the efficiency of the reac-
tions starting from quaternary salts derived from unsubsti-
tuted pyridine were below 5% (Scheme 2).

The obtained benzo[aJindolizines offer significant synthetic
possibilities due to the presence of several functional groups.

This journal is © the Partner Organisations 2022
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Scheme 2 Scope of benzolalindolizines. Structures of products obtained according to conditions A (blue) or B (green). ? Yields obtained according
to the best condition of the second optimization study (BTPP as base and DMSO as solvent).

In order to explore these possibilities two additional deriva-
tives (4 and 5) were obtained via transformations of 3¢CF and
3dCN, respectively (Scheme 3). The former was obtained
thanks to the reduction of the nitro group to an amine, cata-
lyzed by Pd/C with ammonium formate as the proton source.®’
The latter resulted from the removal of CO,¢t-Bu in a reverse
Friedel-Crafts’® reaction with TFA as a source of proton and
acidic species.

B [
N7 Pd/C, NH;HCO, N7
— CF, — CF,
NC MEOH, 60% NC
O;N H,N
3cCF 4

TFA
CN ———— = CN
+BuO,C CH,Cl;, 35%
OzN
3dCN 5

Scheme 3 Synthesis of 4 and 5 from 3cCF and 3dCN.

This journal is © the Partner Organisations 2022

Single-crystal X-ray diffraction study

To date, only a handful of synthetic procedures were developed
affording an isoindolo[1,2-alisoquinoline core®**>*>*%7* and
to demonstrate that we have successfully obtained compound
3bCN possessing the expected geometry, single-crystal X-ray
diffraction studies were performed (Fig. 2). The crystal for ana-
lysis was obtained from the slow diffusion of diethylether into
a DMF solution and data obtained show us that the structure
is planar and belongs to the P2(1)/n space group within the
monoclinic crystal system (for further information see ESIT).
Note that the CN at position 6 is slightly deformed from linear-
ity to accommodate for the vicinal nitro group.

Fig. 2 Crystallographic structure of dye 3bCN.
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Photophysical properties

The UV-VIS absorption and emission spectra were recorded in
DCM and toluene for all dyes, and the related data are col-
lected in Table 1. A comparison between the photophysical
parameters and those available for parent benzo[alindolizine
(fluorescence quantum yield = 14% in DCM, with Au,s =
368 nm and A, = 498 nm)’ reveals a significant bathochro-
mic shift of both absorption and emission spectra for the
novel highly polarized benzo[a]indolizines. The A,ps of the vast
majority of the obtained dyes are located within 400-500 nm
range. Emission is typically in the yellow-orange-red region of
the visible spectral range and the related fluorescence
quantum yield (@) varies from 0.6 to hardly detectable level.
The presence of an electron-donating NMe, group (3fCO) led
to the strongest bathochromic shift, especially in the case of
emission (de, = 832 nm in DCM). Significant solvatochromism
of both absorption and emission, as well as a clear trend of
decreasing @n while moving from toluene to DCM for all com-
pounds, clearly point to marked intramolecular charge transfer

Table 1 Photophysical data of synthesized benzolalindolizines

/1abs /1em A}J.V €
Cmpd Solv [nm] [nm] [em™] [M'em™] Dy
3aCF* DCM 475 704 6800 5000 0.02
Tol 468 644 5800 5600 0.09
3aCN“ DCM 480 687 6300 4600 0.03
Tol 471 641 5600 4500 0.10
3aCO“ DCM 461 681 7000 4500 0.03
Tol 415 630 4600 4600 0.24
3bCN* DCM 494 616 4000 11 000 0.40
Tol 490 574 3000 7200 0.58
3¢CF* DCM 488 603 3900 8000 0.38
Tol 483 569 3100 5900 0.58
3¢CN” DCM 490 601 3800 8800 0.38
Tol 486 569 3000 7600 0.53
3¢CO” DCM 482 597 4000 5600 0.45
Tol 481 557 2800 6300 0.58
3dCF® DCM 452 685 7500 11 800 0.02
Tol 449 618 6100 10500 0.09
3dCN? DCM 457 674 7000 6000 0.03
Tol 451 622 6100 5700 0.10
3dco’ DCM 449 664 7200 5800 0.03
Tol 446 616 6200 5400 0.13
3eCF’ DCM 447 629 6500 31000 0.17
Tol 448 596 5500 25000 0.20
3eCN? DCM 400 628 9100 16 000 0.16
Tol 402 585 7800 14 000 0.20
3eCco’ DCM 404 617 8500 14 000 0.22
Tol 415 575 6700 12 000 0.24
3fCco® DCM 510 832 7600 5000 <0.001
Tol 504 721 6000 5300 0.01
4° DCM 377 495 6300 13 000 0.26
Tol 378 495 6300 13 000 0.20
54 DCM 549 677 3400 6900 0.04
Tol 529 635 3200 5000 0.11

“Fluorescence quantum yield measured with Fluorescein in 0.1 M
aqueous solution of NaOH (@g = 0.79) as reference. ” Fluorescence
quantum yield measured with Coumarin 153 in ethanol (&g = 0.38) as
reference. “ Fluorescence quantum yield measured with 9,10-diphenyl-
anthracene in cyclohexane (®g = 1) as reference. ¢Fluorescence
quantum yield measured with Sulforhodamine 101 in ethanol (&g =
0.9) as reference.
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character (ICT). Comparisons between some representative
benzo[alindolizines are displayed in Fig. 3a-c.

There are a few clear trends. According to expectations the
fluorescence strength is weak (x0.1) in the 3a series where all
dyes possess a PhCO group. The strongest emission (®q = 0.5)
has been observed for dyes bearing a CN group at position 6
(i.e. 3¢ series, 3bCN and 4). Fluorescence is weaker in the 3d
series and 3e series, although they do not have a keto group at
position 6 (& ~ 0.1-0.2). The presence of an additional CN

—
O
—
-
=
N

£x107 / M'em™
o

Normalized Fluorescence

(b)

£x107 f M'em”

Normalized Fluorescence

Alnm

Normalized Fluorescence

D ““I"I i T T T
400 500 800 700 800

Alnm

Fig. 3 Absorption and emission spectra of the representative benzolal
indolizines in DCM and toluene. (a) Molar absorptivity (solid line) and
normalized emission (round dot) spectra of 3aCO, 3cCO, 3dCO, 3eCO,
and 3fCO (pink, orange, green, blue, black) in toluene. (b) Molar absorp-
tivity (solid line) and normalized emission (round dot) spectra of 3dCN,
3cCF, 3cCN, 3cCO, 4 (red, blue, green, orange, purple) in DCM. (c) Molar
absorptivity (solid line) and normalized emission (round dot) spectra of
3dCN (orange) and 5 (purple) in DCM.
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group at position 2 improves emission intensity (3d series
versus 3e series). The reasons for these complex behaviours
were rationalized by first principles calculations (vide infra).

The broad comparison of photophysical properties reveals
that that the substituent at position 6 and not the one in posi-
tion 9 has a major influence. Indeed, the difference in the elec-
tronic character of the groups in position 6 influences the A,ps.
If a CN group is there (3¢CO), A,ps = 481 nm i.e. it is red-shifted
compared to the other benzo[a]indolizines possessing a
CO,Me group at position 9 (A,ps = 404-446 nm) (Fig. 3a). Still,
in the 3a series, the strength of an electron-withdrawing group
at position 9 also contributes to a moderate bathochromic
shift. The presence of an additional benzene ring (3bCN vs.
3cCN) has a limited effect on photophysical properties. Adding
a CN group at position 2 causes hypsochromic shift of both
absorption and emission (3dCN vs. 3eCN).

Interestingly truncating an electron-withdrawing ester
group at position 6 (3dCN vs. dye 5) causes a bathochromic
shift of absorption (%100 nm in DCM) but not of emission
(Fig. 3c). The presence of a CO,t-Bu group also increases the
Stokes shift (Az) from 5000 cm™" to 5700 cm ™. For both dyes,
@y is small (only 0.10 and 0.11 in toluene), but 5 is also
unstable, decomposing only a few seconds after irradiation.

It is clear that the presence of NO, at position 7 controls
the photophysics of these dyes. Its replacement with electron-
donating NH, (compound 4) causes marked hypsochromic
shift of both absorption and fluorescence (Fig. 3b, purple
curve). Furthermore, in contrast to what was expected, the
absence of NO, did not increase the fluorescence yield, instead
it decreased by almost a third (0.38 and 0.26, respectively).

Theoretical analysis

We have performed theoretical calculations (see Computational
details) to understand the unusual photophysical properties of
the synthesized compounds. All calculations were made using
DCM as solvent. First, in Fig. 4, we show density difference
plots for selected compounds. In all structures, it is clear that
the nitro group at position 7, the strongest EWG group acts as
an accepting group (mostly in red), whereas the five-membered
ring acts as the main electron-rich moiety (main in blue).
Equally interesting is that the substituent at position 9 plays a
limited role in the excited state. This is consistent with the data
listed in Table 1 that show similar values in a given series of
compounds (e.g., 3aCF, 3aCN, and 3aCO have similar absorp-
tion spectra). What is even more valuable is that the substitu-
ents at position 6, either COPh, CO,¢-Bu, or even CN appear to
play the role of a secondary donor (see 3bCN in Fig. 4 for
example). According to computational studies, replacement of
CN with a bulkier group at position 6 induces significant twist-
ing of the structure, including of the nitro group (see 3¢cCN —
3eCN, in Fig. S3 of the ESIT).

To allow for more quantitative comparisons between theory
and experiment, we have computed the excited-state pro-
perties, which are summarized in Table 2. First, let us note
that the trends in both vertical absorption and emission wave-
lengths nicely follow their experimental counterparts with R =

This journal is © the Partner Organisations 2022
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3bCN

3cCN 3dCN

3fCo

3eCN

Fig. 4 Density difference plots for selected compounds. Blue and red
lobes correspond to zones of decrease and increase of electron density
upon absorption. Contour: 8 x 107,

0.91 for both properties. Nevertheless, to allow more physically
well-grounded comparisons, we have also determined 0-0
energies for all compounds. These values, which include the
difference of zero-point vibrational energy (ZPVE) between the
two states, can be compared directly to the absorption/emis-
sion crossing point. The mean absolute error (MAE) obtained
by such comparison is 0.12 eV, a value typical of excited state
calculations performed at the CC2 level.”> The correlation
coefficient is 0.92. These data indicate that the selected level of
theory is well suited to investigate this specific class of com-
pounds. In Table 2, we report the ICT parameters as obtained
by Le Bahers’ model.”* As expected, and consistent with the
experimental solvatochromic effects, we note significant
ICT (except in 4), the largest effect being the displacement of
0.73 e over 2.05 A (3fCO), large values for rather compact
dyes.” In a given series, it is the CF; that induces the strongest
ICT and not the CN, consistent with the topology of the
excited states in Fig. 4 indicating that the accepting groups at
position 9 do not strongly impact the topology of the excited
states.

Org. Chem. Front, 2022, 9,1861-1874 | 1865


https://doi.org/10.1039/d2qo00097k

Published on 14 February 2022. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:31:17 PM.

Research Article

View Article Online

Organic Chemistry Frontiers

Table 2 Computed photophysical data in DCM for all benzolalindolizines: vertical absorption and emission (in nm), 0—0 energies (in eV), ICT dis-
tance and charge (in A and e, respectively). Fluorescence quantum yields computed on the basis of radiative rates and internal conversion rates only.
Singlet—triplet gaps (at the S; geometry, eV) and spin—orbit coupling between the S and T states (cm™) at that same geometry

Cmpd Aabs [NM] Aem [NM] AEq [eV] d°T [A] q°" [e] Dy AEgy [eV] SOC [em™]
3aCF 440 639 2.07 2.04 0.75 0.21 0.26 0.14
3aCN 447 634 2.08 1.88 0.71 0.22 0.23 0.10
3aCoO 439 619 2.11 1.97 0.72 0.24 0.25 0.16
3bCN 448 551 2.22 1.89 0.66 0.45 0.44 0.02
3¢cCF 447 547 2.26 2.11 0.70 0.43 0.33 0.04
3cCN 452 546 2.25 1.91 0.67 0.45 0.31 0.01
3c¢CO 443 531 2.31 1.98 0.67 0.49 0.34 0.01
3dCF 426 621 2.14 1.92 0.72 0.25 0.28 0.20
3dCN 434 617 2.13 1.76 0.69 0.24 0.27 0.16
3dCco 425 599 2.19 1.82 0.69 0.29 0.29 0.19
3eCF 406 564 2.30 1.97 0.65 0.43 0.44 0.13
3eCN 414 559 2.30 1.81 0.61 0.45 0.43 0.09
3eCO 406 541 2.36 1.79 0.60 0.51 0.47 0.11
3fCO 504 768 1.79 2.05 0.73 0.12 0.16 0.13
4° 353 425 2.96 0.91 0.42 0.66 0.21 0.04
5 492 608 2.04 2.00 0.65 0.26 0.35 0.01

“S-T gaps with the second and not first triplet state.

Certainly, more intriguing are the rather good emissive pro-
perties of some of the dyes. We have therefore put efforts into
the simulations of the quantum yield of emission of all com-
pounds. Within the formalism (see Computational details),”
it is possible to have a uniform description of the radiative (k)
and internal conversion rates (ki) from first-principle calcu-
lations of the vibronic couplings, and hence to deduce a
theoretical @y, but such a computed yield neglects all other
non-radiative pathways. Considering the nitro-bearing dyes
have a quite rigid core, the likely competitive non-radiative
pathway is intersystem crossing (ISC) to the triplet state, a
phenomenon typically invoked to explain the quenching of
emission in nitro derivatives.’®®* The theoretical values of @
determined neglecting ISC should therefore be equal (if ISC is
negligible) or larger (if ISC is significant) than their experi-
mental counterparts. This is exactly what is found when com-
paring Tables 1 and 2. For 3bCN, 3cCF, 3cCN, and 3cCO, the
computed and measured values are very nicely matching (ca.
40%), the trends in the series being equivalent in both theory
and experiment.

Consistently, for these four compounds, the singlet-triplet
gaps determined at the excited-state geometry are large (>0.3
eV), and the spin-orbit coupling elements are totally negligible
(<0.05 em™), indicating trifling ISC. In other words, theory
indicates that the @4 ~ 40% measured in DCM is related to
the vibrational and electronic structure of the dyes and is not
perturbed by other factors (electron transfer, TICT, ISC, etc.).
Let us now turn towards the 3e series, for which the computed
@y remains similar to the one of 3c series, but the experi-
mental values have dropped by a factor of 2 (to ca. 20%). In
this case, while the computed S-T gap remains large, the SOC
are notably increased (~0.10 cm™"), indicating that ISC might
start playing a role in decreasing the yields. For the com-
pounds in both 3a series and 3d series, as well as 3fCO, the &g
computed on the basis of vibronic couplings are ca. 20%,

1866 | Org. Chem. Front, 2022, 9, 1861-1874

whereas the emission measured in DCM are very weak (3% at
most). However, for all those compounds, one notices rather
small S-T gaps (<0.3 eV, even 0.16 eV in 3fCO) together with
SOCs exceeding 0.10 cm™', indicative of stronger ISC than in
the other series. For derivatives of the 3a series and 3d series,
not only is the ratio between the radiative and internal conver-
sion rates less favourable than in 3c series, but ISC is also
playing a role. This illustrates the challenge of optimizing the
fluorescence quantum yield. Finally, 4 is more difficult to
analyse because the presence of the NH, group makes non-
harmonic vibrational effects larger. Additionally, in strong con-
trast with the other systems, two triplet states are accessible
from the lowest singlet in 4.

Photostability

To examine the photostability of compounds 3dCN and 4, their
solutions in DCM were exposed to a Xe lamp monitoring the
absorption maximum at the appropriate wavelength with respect

1.2

o 2 o
B o 0 e

Normalized ™™ A,

e
)

0 10 20 ¢ (min) 30 40 50

Fig. 5 Photostability of benzolalindolizines. Photostability of 3dCN

(orange) and 4 (purple) in DCM compared to Rhodamine 6G (grey), in
EtOH using a collimated light source from a 300 W Xe lamp.

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d2qo00097k

Published on 14 February 2022. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:31:17 PM.

Organic Chemistry Frontiers

Table 3 Redox potentials measured in dichloromethane?

View Article Online

Research Article

Compound  Eby[V]  EMC[V] B[Vl IP[ev] BRIV Bl VI EMEIV) BV B[Vl BA[eV]
3dCN 1.41 1.30 — -5.6 ~1.1 -0.97 -0.94 — -1.70 -3.4
3fco 0.69 0.60 1.22 -4.9 — -0.94 -0.72 ~1.28 — -3.6
3aCF 1.38 1.24 1.45 -5.6 ~0.89 -0.70 -0.85 — — -3.5
3eCN 1.67 1.52 — -5.9 — -0.92 —0.74 — ~1.63 -3.6
3¢CN 1.53 1.43 — -5.8 -0.8 -0.72 -0.72 — ~1.44 -3.6

“Measurement conditions: electrolyte (NBu,ClO,, ¢ = 0.1 M), dry CH,Cl,, potential sweep rate: 100 mV s

~1, working electrode: glassy carbon

(GC), auxiliary electrode: Pt wire, reference electrode: Ag/AgCl; all measurements were conducted at room temperature.

to the irradiation time (Fig. 4). Comparing both structures with
Rhodamine 6G we can see that 4 is much less stable than 3dCN,
but both are visibly less stable than the reference compound (see
Fig. 5). During all experiments, the concentration of the former
was stable, while after only 10 min of irradiation, the content of
4 decreased by 50%, while the 3dCN was decreased by 10%. At
half of the experiment time, the 3dCN concentration was around
80% while for 4 it dropped to ca. 30%. After 40 min irradiation,
the absorption intensity at the ,,,x decreased one order of mag-
nitude for 4 but a factor of 3 only for 3dCN. All of this infor-
mation is consistent with the expected reactivity of indolizines.”®
Structures without substituents at position 6 are very reactive,
and the electron density is located in this region, making it a
good substrate for electrophilic aromatic substitution.

Electrochemical properties

To investigate the electrochemical properties of exemplary
benzo[alindolizines, cyclic voltammetry was conducted in
DCM. As shown in Table 3, oxidation events are irreversible for
all compounds measured (3dCN, 3fCO, 3aCF, 3eCN, 3cCN). In
contrast, the reduction is quasi-reversible for compounds
3dCN, 3eCN, and 3cCN, irreversible for 3aCF, and reversible
for compound 3fCO. The ionization potentials are similar for
all compounds bearing an electron-withdrawing group (CN) in
position 2 as well as no substituents.

For compound 3fCO, possessing an electron-donating
group (NMe,), the ionization potential is lower. The electron
affinity is similar for all investigated compounds, hinting that
the different substitution patterns have no direct effect on the
LUMO energy.

Conclusions

We reported that the synthesis of benzo[a]indolizines from
pyridinium salts and derivatives or analogues of 1-chloro-2-
nitrobenzene has a reasonable scope and could be used under
one-pot protocol to achieve the final dyes in 20-80% overall
yields. The presence of up to four different electron-withdraw-
ing groups allowed for studying their impact on desired photo-
physical properties. The combination of a highly-polarized
core and the presence of a nitro group is responsible for yellow
to red emission. The nitro group, which often quenches fluo-
rescence to undetectable levels, still gives fluorescence yield of
ca. 20-60% for the present dyes, despite its clear participation

This journal is © the Partner Organisations 2022

in the electronic transition. Moderate intramolecular charge
transfer which has been introduced to these molecules
is strong enough to supress ISC and weak enough to prevent
formation of dark TICT states. The replacement of small elec-
tron-withdrawing groups with larger ones at position 6 causes
distortion from planarity, which in turn decreases the singlet-
triplet energy gap and causes partial fluorescence quenching.

Experimental section
General synthetic information

All reagents and solvents were purchased from commercial
sources and used as received. Reactions with moisture and
oxygen sensitive compounds were performed under an argon
atm. Reaction progress was monitored by means of thin-layer
chromatography (TLC), performed on aluminum foil plates,
covered with Silica gel 60 F,54 (Merck). Pure products were
achieved by means of column chromatography with silica gel
60 (230-400 mesh). The identity and purity of final products
were established by "H and "*C NMR spectrometry as well as
by MS-spectrometry (EI-MS, ESI-MS or APCI-MS). All reported
'"H NMR and *C NMR spectra were recorded on Bruker AM
500 MHz, Varian AM 500 MHz or Varian AM 600 MHz spec-
trometers. Chemical shifts (ppm) were determined with TMS
as internal reference; J values are given in Hz. All melting
points were measured with EZ-Melt apparatus.

Salts 1a,”” 1b,”® 1¢,”° 1d,*° 1e,”° and methyl 4-chloro-3,5-
dinitrobenzoate (20°') were synthesized according to pre-
viously published procedure, and spectroscopic data are
consistent.

1-(2-Oxo-2-phenylethyl)pyridin-1-ium bromide (1a). 'H NMR
(400 MHz, DMSO-d,) § 8.98 (d, J = 5.5 Hz, 2H), 8.73 (t, /] = 7.8
Hz, 1H), 8.30-8.21 (m, 2H), 8.09-8.03 (m, 2H), 7.78 (d, J = 7.4
Hz, 1H), 7.69-7.61 (m, 2H), 6.47 (s, 2H).

2-(Cyanomethyl)isoquinolin-2-ium chloride (1b). '"H NMR
(500 MHz, DMSO-de) & 10.31 (s, 1H), 8.91 (dd, J = 6.8, 1.3 Hz,
1H), 8.70 (d, J = 6.8 Hz, 1H), 8.60 (d, J = 8.3 Hz, 1H), 8.41 (d, ] =
8.2 Hz, 1H), 8.37-8.32 (m, 1H), 8.16-8.11 (m, 1H), 6.22 (s, 2H).

1-(Cyanomethyl)pyridin-1-ium bromide (1c¢). 'H NMR
(600 MHz, DMSO-d¢) § 9.25 (d, J = 5.6 Hz, 2H), 8.71 (t, ] = 7.8,
1H), 8.26-8.20 (m, 2H), 6.11 (s, 2H).

1-(2-(tert-Butoxy)-2-oxoethyl)pyridin-1-ium bromide (1d). 'H
NMR (500 MHz, CDCl;) § 9.43 (d, J = 5.6 Hz, 2H), 8.59 (t, ] =
7.8, 1H), 8.16-8.07 (m, 2H), 6.08 (s, 2H), 1.51 (s, 9H).
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1-(2-(tert-Butoxy)-2-oxoethyl)-4-cyanopyridin-1-ium chloride
(1e). '"H NMR (500 MHz, DMSO-d) & 9.36 (d, J = 6.5 Hz, 2H),
8.76 (d, J = 6.5 Hz, 2H), 5.68 (s, 2H), 1.45 (s, 9H).

Methyl 4-chloro-3,5-dinitrobenzoate  (2CO).
(400 MHz, Chloroform-d) § 8.59 (s, 2H), 4.02 (s, 3H).

Procedure for the synthesis of 1-(2-(tert-butoxy)-2-oxoethyl)-
4-(dimethylamino)pyridin-1-ium chloride (1f). In a round
bottom flask under inert atmosphere, 4-(dimethylamino)pyri-
dine (2.44 g, 20 mmol) was mixed together with tert-butyl
chloroacetate (2.86 mL, 20 mmol) in neat condition at room
temperature. After 30 minutes a light pink fluffy power started
to form. Reaction was stirred for an additional 2.5 hours than
the precipitate was filtered off and washed with Et,O. (3.26 g,
70%); R¢ = 0.37 (MeOH/DCM, 1:4) M.p. 178-180 °C. 'H NMR
(500 MHz, DMSO-d¢) 6 8.24 (d, J = 7.8 Hz, 2H), 7.07 (d,J = 7.8
Hz, 2H), 5.10 (s, 2H), 3.19 (s, 6H), 1.43 (s, 9H). "*C NMR
(126 MHz, DMSO-d,) & 167.1, 156.5, 143.6, 107.8, 83.3, 57.4,
40.3, 28.2 ppm. HRMS (ESI): m/z caled for C;3H,1N,0,,
237.1603 [M]"; found, 237.1599.

'H NMR

General procedure for the synthesis of benzo[alindolizines
(condition A)

Salt 1 (2 mmol, 1 equiv.) was dissolved in 10 mL of water, 3,5-
dinitrobenzoderivative 2 (2 mmol, 1 equiv.) was dissolved in
10 mL of chloroform, and K,CO; (0.552 g, 4 mmol) was dis-
solved in 5 mL of water. All the solutions were cooled to 0 °C,
added in order to a 50 mL round bottom flask and stirred at
0 °C for 30 min. A violet solid, when formed, was filtered. The
organic phase containing betaine intermediate was extracted,
evaporated, and combined with the solid for the next step.
Betaine (2 mmol, 1 equiv.) was dissolved in 6 mL of DMSO at
RT. Piperidine (395 mL, 4 mmol) was added and the mixture
was stirred for 3 h. The reaction was quenched with a solution
of CH;COOH in H,O (1:1) and the precipitate was filtered off.
The crude product was purified by column chromatography
(AcOEt/hexane, 3 : 7), unless differently stated.

General procedure for the synthesis of benzo[a]indolizines
(condition B)

In a 50 mL round bottom flask, equipped with magnetic stirrer,
pyridinium salt 1 (1 mmol, 1 equiv.) and dinitro-benzo deriva-
tive 2 (1 mmol, 1 equiv.) were dissolved in 3 mL of sulfolane.
Cs,CO; (1.302 g, 4 mmol) was added, and the reaction mixture
was stirred overnight at room temperature. After completion,
the reaction was quenched with 3 mL of a solution of
CH3;COOH in water (1:1). A precipitate was formed, filtered,
and washed with water, unless differently specified. Crude pro-
ducts, when needed, were purified by column chromatography.
7-Nitro-9-(trifluoromethyl)pyrido[2,1-a]isoindol-6-yl( phenyl)

methanone (3aCF). According to the general procedure (con-
dition A)  1-(2-oxo-2-phenylethyl)pyridin-1-ium  bromide
(0.198 g, 1 mmol) and 4-chloro-3,5-dinitrobenzotrifluoride
(0.270 g, 1 mmol) were reacted affording 3aCF (0.110 g, 30%)
as orange crystals. Ry = 0.48 (AcOEt/hexane, 1:2); M.
p. 204-206 °C. 'H NMR (500 MHz, CDCIl;) § 9.93 (d, J = 7.1,
1H), 8.73 (s, 1H), 8.40 (d, J = 8.7, 1H), 8.33 (s, 1H), 7.69-7.63
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(m, 1H), 7.63-7.57 (m, 2H), 7.54-7.45 (m, 2H), 7.45-7.38 (m,
2H). '*C NMR (126 MHz, CDCl,) 5 186.7, 141.4, 140.6, 132.5,
132.4, 129.0, 128.0, 127.6, 125.6, 124.8, 123.5 (q, J = 3.5 Hz),
122.3 (q, J = 3.5 Hz), 121.7, 120.8 (q, J = 34 Hz), 120.3, 120.0,
118.0, 112.9 ppm. HRMS (ESI): m/z calced for C,,H;,N,03F;Na,
407.0619 [M + Na]'; found, 407.0625.

6-Benzoyl-7-nitropyrido[2,1-a]isoindole-9-carbonitrile (3aCN).
According to the general procedure (condition A) 1-(2-oxo-
2-phenylethyl)pyridin-1-ijum bromide (0.198 g, 1 mmol) and
4-chloro-3,5-dinitrobenzonitrile (0.227 g, 1 mmol) were reacted
affording 3aCN (0.105 g, 30%) as orange crystals. Ry = 0.28
(AcOEt/hexane, 1:2); M.p. 243-245 °C. 'H NMR (600 MHz,
CDCl3) 6 9.85 (d, J = 7.0 Hz 1H), 8.78 (s, 1H), 8.39 (d, J =
8.6 Hz, 1H), 8.30 (s, 1H), 7.71 (dd, J = 9.7, 7.8 Hz, 1H), 7.61 (d,
J = 7.5 Hz, 2H), 7.53 (dd, J = 8.3, 7.3 Hz, 2H), 7.44-7.38 (m,
2H). >C NMR (126 MHz, CDCl;) § 186.8, 171.1, 141.0 (2),
140.3, 132.7, 132.3, 131.0, 129.1, 128.0, 127.8, 127.1, 126.3,
121.1, 120.5, 120.4, 118.2, 118.0, 101.0.

HRMS (EI): m/z caled for C,oH;1N;03, 341.0800 [M™*]; found
341.0797. (Additional solvent peaks are present in NMR
spectra and was not possible to remove even after drying
overnight.)

Methyl 6-benzoyl-7-nitropyrido[2,1-alisoindole-9-carboxylate
(3aCO). According to the general procedure (condition A) 1-(2-
oxo-2-phenylethyl)pyridin-1-ium bromide (0.198 g, 1 mmol)
and methyl 4-chloro-3,5-dinitrobenzoate (0.260 g, 1 mmol)
were reacted affording 3aCO (0.031 g, 8%) as orange crystals.
Re = 0.28 (AcOEt/hexane, 1:2); M.p. 249-251 °C. 'H NMR
(500 MHz, CDCl,) § 9.91 (d, J = 7.0 Hz, 1H), 9.18 (s, 1H), 8.74
(s, 1H), 8.41 (d, J = 8.5 Hz, 1H), 7.66 (dd, J = 9.0, 7.8 Hz, 1H),
7.61 (d, J = 7.4 Hz, 2H), 7.53-7.45 (m, 2H), 7.43-7.38 (m, 2H),
4.01 (s, 3H). '*C NMR (126 MHz, CDCl;) 6 186.8, 165.7, 141.4,
140.1, 133.3, 132.3, 129.0, 128.5, 128.0, 127.7, 126.2, 125.9,
122.4, 120.7, 120.6, 119.8, 118.1, 113.2, 52.6 ppm. HRMS (EI):
m/z caled for C,1H;4N,05, 374.0903 [M™']; found 374.0907.

9-Nitroisoindolo[1,2-alisoquinoline-8,11-dicarbonitrile (3bCN).
According to the general procedure (condition A) 1-(cyano-
methyl)isoquinolinium chloride (0.338 g, 2 mmol) and
4-chloro-3,5-dinitrobenzonitrile (0.454 g, 2 mmol) were reacted
affording 3bCN (0.173 g, 28%) as red crystals after washing
with water, MeOH, Et,O and recrystallized from DMF/Et,0. R¢
= 0.45 (AcOEt/hexane, 1:1); M.p. 389-391 °C. 'H NMR
(500 MHz, DMF-d,) 6 10.06 (s, 1H), 9.41 (d, J = 8.4 Hz, 1H),
8.96-8.92 (m, 2H), 8.33 (d, J = 7.9 Hz, 1H), 8.26 (d, J = 7.3 Hz,
1H); missing signal for 2H is probably hided under DMF peak
at around 7.9 ppm; crystals were hardly soluble and it was not
possible to dissolved them in any standard deuterated sol-
vents. *C NMR was not possible to record. (APCI): m/z caled
for C;5HgN,0,, 312.0647 [M~]; found 312.0649.

7-Nitro-9-(trifluoromethyl)pyrido[2,1-aisoindole-6-carbonitrile
(3¢CF). According to the general procedure (condition B)
N-(cyanomethyl)pyridinium bromide (0.119 g, 1 mmol) and
4-chloro-3,5-dinitrobenzotrifluoride (0.270 g, 1 mmol) were
reacted, affording 3¢CF (0.192 g, 63%) as orange/red crystals.
Rf = 0.35 (AcOEt/hexane, 1:1); M.p. 309-311 °C. '"H NMR
(500 MHz, DMSO-d¢) 6 9.42 (s, 1H), 8.97 (d, J = 6.6 Hz, 1H),

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/d2qo00097k

Published on 14 February 2022. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:31:17 PM.

Organic Chemistry Frontiers

8.94 (d, J = 8.5 Hz, 1H), 8.65 (s, 1H), 7.92-7.86 (m, 1H),
7.81-7.75 (m, 1H). *C NMR (126 MHz, DMSO-d¢) § 136.7,
133.6, 128.3, 127.8, 127.6, 123.1, 122.3, 122.1, 121.2, 120.4,
120.4, 119.6 (q, J = 36 Hz), 114.1, 89.1 ppm. HRMS (ESI): m/z
caled for C;4,HgF;N;0,Na, 328.0310 [M + Na]'; found,
328.0315.

7-Nitropyrido[2,1-a]isoindole-6,9-dicarbonitrile (3¢CN).
According to the general procedure (condition B) N-(cyano-
methyl)pyridinium bromide (0.119 g, 1 mmol) and 4-chloro-
3,5-dinitrobenzonitrile (0.227 g, 1 mmol) were reacted,
affording 3cCN (0.167 g, 64%) as red crystals. Ry = 0.25 (AcOEt/
hexane, 1:1); M.p. 329-331 °C. "H NMR (500 MHz, acetone-d)
§9.38 (d,J = 1.1 Hz, 1H), 9.09 (d, J = 6.7 Hz, 1H), 8.90 (d, J =
8.4 Hz, 1H), 8.85 (d, J = 1.1 Hz, 1H), 8.05-7.97 (m, 1H),
7.96-7.91 (m, 1H). *C NMR (126 MHz, acetone-dg) § 205.2,
133.6, 133.2, 132.4, 128.3, 128.0, 127.1, 121.8, 121.5, 121.0,
119.6, 117.7, 112.8, 101.4 ppm. HRMS (APCI): m/z calcd for
C14HN,0,, 262.0491 [M']; found, 262.0498.

Methyl  6-cyano-7-nitropyrido[2,1-alisoindole-9-carboxylate
(3¢CO). According to the general procedure (condition B) N-
(cyanomethyl)pyridinium bromide (0.119 g, 1 mmol) and
methyl 4-chloro-3,5-dinitrobenzoate (0.260 g, 1 mmol) were
reacted, affording 3¢CO (0.062 g, 20%) as orange crystals. Ry =
0.45 (AcOEt/hexane, 2:1); M.p. 312-314 °C. 'H NMR
(500 MHz, CDCl;) 6 9.25-9.19 (m, 2H), 8.97-8.92 (m, 1H), 8.41
(d, J = 8.5 Hz, 1H), 7.74-7.67 (m, 1H), 7.62-7.58 (m, 1H), 4.05
(s, 3H). *C NMR (126 MHz, CDCl;) § 165.4, 129.8, 127.3,
126.6, 126.3, 121.6, 120.6, 120.2, 118.8, 113.6, 52.7, 51.1,
22.8 ppm. HRMS (EI): m/z caled for C;5sHoN3;0,4, 295.0593
[M""]; found 295.0594.

tert-Butyl 7-nitro-9-(trifluoromethyl)pyrido[2,1-ajisoindole-6-
carboxylate (3dCF). According to the general procedure N-(tert-
butyloxycarbonylmethyl)pyridinium  bromide  (0.194 g,
1 mmol) and 4-chloro-3,5-dinitrobenzotrifluoride (0.270 g,
1 mmol) were reacted affording 3dCF (0.030 g, 8%), as orange
crystals. Ry = 0.46 (AcOEt/hexane, 1:5); M.p. 225-227 °C. 'H
NMR (500 MHz, CDCl;) § 10.04 (d, J = 7.1 Hz, 1H), 8.63 (s, 1H),
8.30 (d, J = 1.6 Hz, 1H), 8.23 (d, J = 1.5 Hz, 1H), 7.60-7.53 (m,
1H), 7.45 (td, J = 7.0, 1.4 Hz, 1H), 1.64 (s, 9H). *C NMR
(126 MHz, CDC13) 6 161.0, 141.7, 132.2, 128.0, 124.9, 124.2,
122.3, 121.3, 120.7, 120.5, 119.9, 119.4, 117.8, 106.4, 83.4,
28.4 ppm. HRMS (EI): m/z caled for C;3H;5N,0,F3, 380.0984
[M"]; found 380.0988.

tert-Butyl 9-cyano-7-nitropyrido[2,1-alisoindole-6-carboxylate
(3dCN). According to the general procedure (condition B) N-
(tert-butyloxycarbonylmethyl)pyridinium bromide (0.194 g,
1 mmol) and 4-chloro-3,5-dinitrobenzonitrile (0.227 g,
1 mmol) were reacted affording 3dCN (0.299 g, 85%), as dark
red crystals. R = 0.65 (AcOEt/hexane, 1:1); M.p. 185-187 °C.
'H NMR (500 MHz, CDCl;) § 10.02 (d, J = 7.0 Hz, 1H), 8.67 (d,
J = 1.3 Hz, 1H), 8.30 (d, J = 8.5, 1H), 8.17 (d, J = 1.3 Hz, 1H),
7.62 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H), 7.50 (ddd, J = 7.0, 7.0,
1.3 Hz, 1H), 1.63 (s, 9H). *C NMR (126 MHz, CDCIl;) § 160.8,
141.5, 141.0, 132.0, 129.9, 128.2, 126.0, 125.2, 120.2, 120.1,
119.9, 118.2, 117.9, 100.8, 83.8, 28.4 ppm. HRMS (EI): m/z
caled for CygH;5N30,, 337.1063 [M™']; found 337.1067.
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6-(tert-Butyl) 9-methyl 7-nitropyrido[2,1-alisoindole-6,9-
dicarboxylate (3dCO). According to the general procedure (con-
dition B) N-(tert-butyloxycarbonylmethyl)pyridinium bromide
(0.194 g, 1 mmol) and methyl 4-chloro-3,5-dinitrobenzoate
(0.260 g, 1 mmol) were reacted affording 3dCO (0.074 g, 20%)
as orange crystals. Ry = 0.64 (AcOEt/hexane, 1:1); M.
p. 216-218 °C. 'H NMR (500 MHz, CDCl;) § 10.01 (d, J = 7.0
Hz, 1H), 9.09 (d, J = 1.3 Hz, 1H), 8.63 (d, J = 1.4 Hz, 1H), 8.33
(d, J = 8.5 Hz, 1H), 7.59-7.53 (m, 1H), 7.46-7.41 (m, 1H), 4.01
(s, 3H), 1.64 (s, 9H). ">C NMR (126 MHz, CDCl;) § 165.9, 161.1,
141.2, 132.9, 128.1, 127.4, 125.1, 124.5, 121.2, 120.4, 120.3,
119.3, 117.9, 106.7, 83.3, 52.5, 28.4 ppm. HRMS (EI): m/z caled
for C1oH,4N,0g, 370.1165 [M"*]; found 370.1164.

tert-Butyl 2-cyano-7-nitro-9-(trifluoromethyl)pyrido[2,1-aliso-
indole-6-carboxylate (3eCF). According to the general pro-
cedure (condition B) 1-(2-(tert-butoxy)-2-oxoethyl)-4-cyanopyri-
din-1-ium chloride (0.219 g, 1 mmol) and 4-chloro-3,5-dinitro-
benzonitrile (0.227 g, 1 mmol) 4-chloro-3,5-dinitrobenzotri-
fluoride (0.270 g, 1 mmol) were reacted affording 3eCF
(0.100 g, 25%), as orange crystals. Ry = 0.60 (AcOEt/hexane,
1:1); M.p. 205-207 °C. "H NMR (500 MHz, CDCl;) & 9.96 (dd,
J=7.4,1.0 Hz, 1H), 8.70 (s, 1H), 8.65-8.63 (m, 1H), 8.29 (s, 1H),
7.52 (dd, J = 7.4, 1.9 Hz, 1H), 1.63 (s, 9H). *C NMR (126 MHz,
CDCl;) § 160.2, 142.4, 129.3, 127.4, 124.4, 123.4 (q, J = 34.4
Hz), 122.9, 122.01 (q, J = 4.1 Hz), 121.6 (q, J = 3.1 Hz), 120.9,
120.5, 119.2, 117.0, 110.0, 105.2, 84.9, 28.2 ppm. HRMS (EI):
m/z caled for CyH;,F5N30,, 405.0936 [M"']; found 405.0950.

tert-Butyl 2,9-dicyano-7-nitropyrido[2,1-alisoindole-6-carbox-
ylate (3eCN). According to the general procedure (condition B)
1-(2-(tert-butoxy)-2-oxoethyl)-4-cyanopyridin-1-ium chloride
(0.219 g, 1 mmol) and 4-chloro-3,5-dinitrobenzonitrile
(0.227 g, 1 mmol) were reacted affording 3eCN (0.089 g, 24%),
as orange crystals. Ry = 0.65 (AcOEt/hexane, 1:1); M.
p. 340-342 °C. "H NMR (600 MHz, CDCl;) § 9.97 (d, J = 7.4 Hz,
1H), 8.75 (s, 1H), 8.63 (s, 1H), 8.25 (s, 1H), 7.55 (dd, J = 7.4, 1.9
Hz, 1H), 1.62 (s, 9H). >C NMR (151 MHz, CDCl;) § 160.0,
142.3, 131.9, 129.7, 129.2, 127.6, 126.1, 122.9, 121.0, 120.2,
119.7,117.3, 116.7, 106.1, 104.2, 85.3, 28.2 ppm. HRMS (APCI):
m/z caled for C,0H;4N4O4, 362.1015 [M']; found 362.1021.

6-(tert-Butyl) 9-methyl 2-cyano-7-nitropyrido[2,1-alisoindole-
6,9-dicarboxylate (3eCO). According to the general procedure
(condition B) 1-(2-(tert-butoxy)-2-oxoethyl)-4-cyanopyridin-1-
ium chloride (0.219 g, 1 mmol) and methyl 4-chloro-3,5-dini-
trobenzoate (0.260 g, 1 mmol) were reacted affording 3eCO
(0.026 g, 6%) as orange crystals. R¢ = 0.62 (AcOEt/hexane, 1:2);
M.p. decomposed at 270 °C; 'H NMR (600 MHz, CDCl;) § 9.93
(d,J = 7.3 Hz, 1H), 9.14 (s, 1H), 8.70 (s, 1H), 8.65 (s, 1H), 7.50
(dd, J = 6.8, 1.1 Hz, 1H), 4.04 (s, 3H), 1.64 (s, 9H). *C NMR
(151 MHz, CDCl;) § 165.2, 160.3, 141.9, 129.9, 127.4, 126.9,
125.3, 123.2, 122.9, 121.3, 121.2, 119.1, 117.1, 110.2, 105.2,
84.8, 52.8, 28.2 ppm. HRMS (APCI): m/z caled for CyoH;7N30,
395.1117 [M"J; found 395.1119.

6-(tert-Butyl) 9-methyl 2-(dimethylamino)-7-nitropyrido[2,1-
alisoindole-6,9-dicarboxylate (3fCO). According to the general
procedure 1-(2-(tert-butoxy)-2-oxoethyl )-4-(dimethylamino)
pyridin-1-ium chloride (0.237 g, 1 mmol) and methyl 4-chloro-

Org. Chem. Front, 2022, 9,1861-1874 | 1869


https://doi.org/10.1039/d2qo00097k

Published on 14 February 2022. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:31:17 PM.

Research Article

3,5-dinitrobenzoate (0.260 g, 1 mmol) were reacted affording
3fCO (0.053 g, 13%) as purple crystals. Ry = 0.55 (AcOEt/
hexane, 2 : 1); M.p. decomposed at 220 °C. "H NMR (600 MHz,
DMF-d,) 6 9.71 (d, J = 7.8 Hz, 1H), 9.29 (d, J = 1.4 Hz, 1H), 8.41
(d,J = 1.4 Hz, 1H), 8.07 (d, J = 2.9 Hz, 1H), 7.33 (dd, J = 7.9, 2.9
Hz, 1H), 3.94 (s, 3H), 3.27 (s, 6H), 1.57 (s, 10H).">C-NMR was
not possible to record because of low solubility. HRMS (EI):
m/z caled for C,,H,3N;04, 436.1485 [M + Na]’; found 436.1481.

Procedure for the synthesis of 7-amino-9-(trifluoromethyl)
pyrido[2,1-a]isoindole-6-carbonitrile (4). 3c¢CF (0.170 g,
0.5 mmol) was dissolved in 3 mL of MeOH in a Schlenk tube
under Argon flow. Pd/C (0.020 g, 0.18 mmol, 10 wt%) and
ammonium formate (0.250 g, 4 mmol) were added, and the
resulting mixture was stirred for 24 h under inert atmosphere.
When the reaction was complete (monitored by TLC), Pd/C
was filtered off through a Celite pad using MeOH as eluent.
The solvent was removed under reduced pressure and the
crude product was purified by column chromatography (silica;
AcOEt/hexane, 3:7). Pale yellow crystals were obtained in the
yield of 0.165 g, 60%. Ry = 0.60 (AcOEt/hexane, 1:2);
Mp. 205-206 °C. 'H NMR (500 MHz, CDCl;) 6 8.60 (d, J = 6.7
Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H), 7.82 (s, 1H), 7.37-7.33 (m,
1H), 7.32-7.27 (m, 1H), 6.83 (s, 1H), 4.51 (s, 2H). *C NMR
(126 MHz, CDCl;) 6 137.4, 132.0, 125.8, 125.5, 125.1, 123.5,
122.5, 118.9, 118.1, 117.4, 115.9 (q,J = 177 Hz), 107.8 (q,J = 4.8
Hz), 105.3 (q, J = 2.5 Hz), 84.8 ppm. HRMS (ESI): m/z calcd for
C14H,F;N;, 274.0592 [M — H]7; found, 274.0583.

Procedure for the synthesis of 7-nitropyrido[2,1-alisoindole-
9-carbonitrile (5). 3dCN (0.240 g, 0.7 mmol) was dissolved in
3 mL of DCM in a round bottom flask. A pipette of TFA was
added, the mixture changed color from red to yellow and was
stirred overnight at RT. When the reaction was complete
(monitored by TLC), NaHCO; (aqueous solution) was added,
and extraction was performed with AcOEt. Organic phases
(purple) were collected, washed, and dried under vacuum. The
product was purified by column chromatography (silica;
AcOEt/hexane, 3:7). A dark purple solid was obtained in the
yield of 0.059 g 35%. Ry = 0.68 (AcOEt/hexane, 3:7); M.
p. 291-293 °C. 'H NMR (600 MHz, CDCl;) § 8.76 (br s, 1H),
8.65 (d, J = 1.2 Hz, 1H), 8.53 (d, J = 6.7 Hz, 1H), 8.52 (s, 1H),
8.26 (d, J = 8.6 Hz, 1H), 7.42-7.37 (m, 1H), 7.37-7.32 (m, 1H).
3C NMR (126 MHz, CDCl;) § 137.0, 132.6, 129.6, 126.2, 125.9,
121.6, 120.0, 119.0, 118.9, 118.8, 106.7, 98.4 ppm. HRMS (EI):
m/z caled for Cy;3H,N;0,, 237.0538 [M"']; found, 237.0546.
HRMS (EI): m/z caled for C3H,N;0,, 237.0538 [M"']; found,
237.0546.

Photophysical measurements

HPLC grade solvents were purchased from Sigma-Aldrich and
used as obtained. For optical studies, solutions of molecules at
low concentrations were used to avoid dimerization or reab-
sorption effects. All absorption and fluorescence spectra were
taken at room temperature (21 °C). A Szimadzu UV/VIS-NIR
spectrophotometer, model UV-3600i Plus, was used for absorp-
tion spectra measurement. Fluorescence spectra were recorded
with an FS5 spectrofluorometer from Edinburgh Instruments.
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Fluorescence quantum yields (FQY) of molecules in solvents at
21 °C were determined using Cumarin 153, 9,10-diphenylan-
thracene, Fluorescein and Sulforhodamine 101 as FQY stan-
dards. Solutions of low absorbance (4 < 0.1) were used to avoid
reabsorption or concentration quenching. Refractive index cor-
rection for solvents have been performed in the calculations of
quantum yields. Molar absorption coefficient, ¢, was calculated
from the absorbance, A, of a solution of the given molar con-
centration, c, in a cuvette of length, /, according to Lambert-
Beer formula:

A=cxexl.

Crystallography

X-ray diffraction data was collected at the Advanced Light
Source (ALS), Lawrence Berkeley National Lab, Berkeley, CA,
endstation 12.2.1 using a silicon monochromated beam of 17
keV (A = 0.7288 A). A single crystal of 3bCN was mounted on a
MiTeGen 10 pm aperture Dual-Thickness MicroMount, and
data collection was conducted at 100 K, with the crystal cooled
by a stream of dry nitrogen. Bruker APEX3 software was used
for data collection, Bruker SAINT V8.38A software was used to
conduct the cell refinement and data reduction procedures,
and absorption corrections were carried out utilizing the
TWINABS program due to non-merohedral twinning.®* Initial
structure solutions were found wusing direct methods
(SHELXT),*®> and refinements were carried out using
SHELXL-2014,%* as implemented by Olex2.** Thermal para-
meters for all non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were placed in calculated positions and
refined isotropically. The structure has been deposited to the
Cambridge Crystallographic Data Centre (CCDC) under depo-
sition number 2132628.F

Computational details

We have started by performing DFT and TD-DFT calculations
with the Gaussian 16 code® on all dyes. Default Gaussian16
thresholds and algorithms were used but for an improved
optimization threshold (107 au on average residual forces), a
stricter self-consistent field convergence criterion (10~ a.u.)
and the use of the ultrafine DFT integration grid. Firstly, the S,
geometries have been optimized with DFT and the vibrational
frequencies have been analytically determined, using the M06-
2X meta-GGA hybrid exchange-correlation functional.®® These
calculations were performed with the 6-311G(d,p) atomic basis
set and account for solvent effects through the Polarizable
Continuum Model (PCM) approach considering DCM as
solvent.’” Secondly, starting from the optimal ground-state
geometries, we have used TD-DFT with the same functional
and basis set to optimize the S; geometry and compute the
corresponding vibrational frequencies. All optimized struc-
tures are true minima of the potential energy surface (no ima-
ginary frequency). Thirdly, the vertical transition energies were
determined with TD-DFT and the same functional, but a larger
basis set, namely 6-311+G(2d,p), in gas-phase as well as in
solution using the recently-developed cLR> variant of the
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PCM,*® in its non-equilibrium limit. As the shortcomings of
TD-DFT for CT derivatives as well as for are known, the tran-
sition energies were also computed using CC2*° and
SCS-CC2”° with the Turbomole 7.3 code.”" The (SCS-)CC2 ener-
gies were calculated in gas phase applying the resolution of
identity scheme, and using the aug-cc-pVIZ atomic basis set
and the corresponding auxillary basis. Combining the CC2
and TD-DFT data using a well-known protocol,”> one can
obtain accurate CC2-corrected estimates of the 0-0 energies
that can be straightforwardly compared to experimental
values. Vertical absorption and emission energies were cor-
rected in the same way. The reported S-T gaps are gas-phase
SCS-CC2 values computed in the S; geometry, as SCS-CC2 is
known to be exceptionally efficient for these gaps.”* The SOC
matrix elements were determined at the MO06-2X/def2-TZVP
level using ORCA.5.0.1%® with Dichloromethane as solvent was
modelled with the SMD solvation model. The RIJCOSX
method was used to accelerate the calculation and TightSCF
settings were applied, whereas TDA was turned off. The SOC
reported in the body of the text were determined as:

/1 1 1
§Sx2 + gSyz + gSZZ.

The vibronic couplings were determined with the FCClasses
3 program, on the basis of TD-DFT data.”*°® The radiative and
internal conversion rates were obtained within the time-depen-
dent formulation, the FC approach and the Vertical Gradient
model,”® thanks to the TVCF formalism of Peng and Shuai,”
implemented in FCClasses by Cerezo and Santoro. For both
the radiative and internal conversion rates, we used a 10 cm™*
broadening Gaussian, which is a typical value when modeling
organic dyes.””%®
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It is now possible to prepare 2-oxo-2H-pyranol2,3-blindolizine-3-carboxylates with an ordered arrange-
ment of various substituents directly from pyridinium salts and diethyl 2-(ethoxymethylene)malonate,
allowing for refined control of their photophysical properties. Facile entry into some previously unknown
derivatives is disclosed to demonstrate the potential of this method. The use of substituted picolinium
salts, as well as further functionalization of the pyrrole ring, permitted easy introduction of new moieties
upon the dye, which enabled fine-tuning of the photophysical properties. The obtained dyes possess
absorption and emission spectrum in the blue—green region and fluorescence quantum yields reaching
92%. The parent 2-oxo-pyranol2,3-blindolizine-3-carboxylate turned out to be an electron-deficient
system with a low-lying LUMO, an electronic transition energy of 2.7 eV and possessing a large oscillator
strength. Almost complete overlap of the HOMO and LUMO in the 2-oxo-pyrano[2,3-blindolizine core is
responsible for the large fluorescence quantum yields for almost all prepared derivatives. The reason for
maintaining the large emission intensity in polar solvents is that the increase in the dipole moment is
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accompanied with a significant change in its orientation in space. Fluorescence imaging studies have
proven that 2-oxo-pyrano[2,3-blindolizines penetrate the membrane of living cells. A positively charged
analog was synthesized and used to stain intracellular organelles in the H9c2 cell line. This compound did

rsc.li/frontiers-organic not penetrate the cell membrane, however after permeabilization, it specifically stained the nucleus.

Introduction

Pyrano[2,3-blindolizin-2-ones are a unique class of heterocycles
that, contrary to their analogues pyrano[3,2-bJindol-2-ones' >
and pyrano[2,3-bJindol-2-ones,"*>* have been greatly ignored
after they were synthesized by Kakehi et al. in the 80s>*>°
(together with their isomers pyrano[3,2-aJindolizin-2-ones)>*2°
(Fig. 1). However, their distinct structure, composed of a fused
tricyclic system, in which a pyran ring is fused to an indolizine
moiety, offers a wide range of opportunities for the design and
development of novel compounds, exhibiting immense poten-
tial for applications in various fields, ranging from medicinal
chemistry to materials science. Structurally, pyrano[2,3-bJindo-
lizin-2-ones can be considered analogues of coumarins®’>*
and benzocoumarins.?*™*?
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The synthesis of pyrano[2,3-b]indolizines was investigated
by Kakehi and co-workers mainly from 1980 to 1998, driven by
the need to establish an efficient and reliable methodology.
Numerous synthetic routes have been explored, involving the
use of pyridinium salts as starting materials and the formation
of various intermediates, e.g. 3-bis(methylthio)methylene-2,3-
dihydroindolizin-2-ones,* 2,3-dihydroindolizin-2-ones,**
3-vinylindolizines®® as well as the hydrolysis of pyrano[2,3-b]
indolizine-2-imines.**> These synthetic efforts have resulted in
the successful preparation of a diverse array of pyrano[2,3-b]
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Fig. 1 Pyrano-indol-2-ones and pyrano-indolizin-2-ones.
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Scheme 1 Synthesis of ethyl 6-methyl-2-oxo-pyrano(2,3-blindolizine-3-carboxylate.

indolizine derivatives, expanding the chemical space available
for further exploration and application.

In the context of search for novel fluorescent platforms we
resolved to explore 2-oxo-pyrano[2,3-b]indolizine-3-carboxylates
because of the easily available starting materials and the
strong fluorescence emission claimed by the authors in their
paper, but not sufficiently explored.** The Kakehi’s synthesis
(Scheme 1) consisted of four steps: (1) quaternization of 2,6-di-
methylpyridine with ethyl 2-bromoacetate; (2) Dieckmann con-
densation to form the 5-methylindolizin-2-ol intermediate; (3)
Friedel-Crafts reaction of the intermediate with diethyl 2-
(ethoxymethylene)malonate; (4) final intramolecular cyclization
via transesterification with the formation of the lactone ring
and additional ethanol elimination. It is noteworthy that the
last three steps occur in one pot. However, the drawback of this
methodology is that a long reaction time (7 days) is required,
and the yield is relatively poor (38%). By solving the synthetic
drawbacks and shedding light on the properties of this class of
compounds, we aimed to provide a comprehensive understand-
ing of this intriguing heterocyclic system, thus paving the way
for further research and development of novel compounds with
enhanced properties and biological application.

Results and discussion
Synthesis

Optimization. Our investigation started with the synthesis of
the dye 2a (Scheme 2), and we used this reaction as a model
for the optimization studies, Table 1. First, we attempted to
decrease the reaction time by changing the solvent to DMF
(entry 2), but the expected product was not detected; instead,
2i was obtained. Then we tried NaOEt as base (entry 3), but
the product was observed only in trace amounts. At this point,
before proceeding to test alternative bases, we hypothesized
that sequential addition of reagents, allowing first the for-
mation of the 5-methylindolizin-2-ol intermediate (Scheme 2)
and then the following steps, could be the key to increasing
the yield. Different bases were evaluated (entries 4-6) and we
eventually found that the use of Cs,CO; along with sequential
addition of the reagents turned out to be pivotal to obtain a
yield of 50% (entry 6). Interestingly, Cs,CO; turned out to be
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the best base to promote the cyclization. This result can be
partly attributed to the increased basicity strength versus that
of K,COs;. And it is in line with some recently developed syn-
thetic approaches.****™*”

Scope. Having established the optimal reaction conditions
(Cs,COs3, EtOH, RT, 18 h), the substrate scope was evaluated.
As shown in Scheme 2, different ‘formal’ picolinium salts, pre-
pared according to literature procedure (1a-f)**>! and used as
such, reacted with Cs,CO;3; to form the indolizin-2(3H)-one
intermediate that, after addition of diethyl 2-(ethoxymethyl-
ene) malonate, successfully gave pyranoindolizines possessing
a hydrogen or an alkyl substituent in position R’ (2a, 2b, 2¢) in
5-50% yield.

Consistent with what was observed by Kakehi and co-
workers in 1986, the reaction with 2,3-cyclopentenopyridinium
salts did not lead to the indolizine product,>® while the reac-
tion with a 5,6,7,8-tetrahydroquinolinium salt led to the
expected product 2d in 30% yield. 2-Methylquinolinium and
1-methylisoquinolinium salts also reacted nicely and gave
n-expanded indolizine products with a free R® position (2e, 2f)
in 30 and 28% yield, respectively, while 3-methylisoquinolin-2-
ium salt did not react as expected.

Additionally, a-picoline derivatives (1g and 1h) bearing
EWG groups (2-Py and CO,Et) attached to the methylene group
(R®) furnished the target product (2g, 2h) in 44% and 5% yield
respectively. It is noteworthy that in those cases, due to the
highly acidic character of the proton at the a-position, the qua-
ternization of the pyridine with ethyl 2-bromoacetate led to a
3-substituted indolizin-2-ol directly, even in the absence of base.
In such cases the base was added later, only to promote the last
two steps: nucleophilic substitution and transesterification.

Meanwhile, the reaction from a 4-bromopyridinium salt
and diethyl 2-(ethoxymethylene)malonate did not produce the
expected product, probably due to a less reactive indolizin-2-ol
intermediate. Similarly, the reaction with a 4-dimethyl-
aminopyridinium salt did not give the target product, in this
case probably due to the difficulty in the formation of the
indolizine intermediate caused by the effect of the electron-
donating group, which turned the proton in the a-position less
acidic, thus the reagent is less prone to cyclization.

Functionalization. The structure of indolizine 2a brings
about exciting possibilities to create m-expanded, polarized

This journal is © the Partner Organisations 2024
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Scheme 2 Scope of 2-oxo-pyrano[2,3-blindolizine-3-carboxylate.  Obtained by simultaneous addition of malonate.

Table 1 Conditions for the optimization of 6-methyl-2-oxo-pyrano
[2,3-blindolizine-3-carboxylate

Entry Base Solvent T/°C Time/h Yield %
14 K,CO, EtOH RT 7 days 38

2b K,CO; DMF RT 18 h 15% of 2i
3 NaOEt EtOH RT 18h Traces

4° KOH EtOH RT 18 h 30

5¢ LiOH EtOH RT 18h 15

6° Cs,CO; EtOH RT 18h 50
“Kakehi’s methodology. ”Simultaneous addition of malonate.

¢ Postponed addition of malonate.

derivatives. Among a few possibilities, the presence of a highly
electron-rich carbon B to the nitrogen was appealing to exploit
(Scheme 3). To explore these possibilities, three additional
derivatives (3aa, 3ab, 3ac) were obtained by direct arylation. As
expected, bromoarenes with EWG in the para position, such as
CN or NO,, were more reactive in the direct arylation and the
products were obtained in good yields (60% and 50%). In con-
trast, the bromoarene bearing an EDG, such as ¢Bu, gave the
product 3ac in poor yield (17%).

The Vilsmeier-Haack formylation also successfully occurred
at the electron-rich position, resulting in the formation of 4a
in 83% yield.

This journal is © the Partner Organisations 2024

To probe the potential of this class of dyes, Knoevenagel
condensation was carried out between 4a and 1,4-dimethyl-
pyridin-1-ium iodide (5) (Scheme 3) forming a new styryl>*~
dye 6a, which was obtained in 37% yield and later evaluated
for cell staining (vide infra).

Considering the principles of green chemistry,*® the reac-
tions leading to compounds 2a-2i and 4a are considered to
have moderate atom economy (AE) efficiency, in the range of
40-60%. Meanwhile, direct arylation products (3aa-3ac) and
Knoevenagel condensation were obtained with AE efficiency
above 80%, which is considered optimal according to the
above principles. For all reactions, the reaction mass efficiency
is very low, less than 10%, mainly due to the significant
impact of the solvent in the calculation.

Photophysical properties

UV-Vis absorption and emission spectra were recorded in non-
polar toluene (dielectric constant ¢ = 2.38), moderately polar
DCM (e = 8.93), and polar DMSO (e = 46.45) for all dyes, except
6a, which was measured only in DCM and DMSO and will be
discussed separately and correlated to its precursor 4a.

A comparison between the photophysical parameters for
2-0x0-pyrano[2,3-blindolizine-3-carboxylates and those avail-
able for similar structures (Fig. 2) such as 11-benzyl-7-hydroxyi-
sochromeno[4,3-b]indol-5-one’ (®g = 42% in DCM, with lup, =

Org. Chem. Front,, 2024, 11, 6627-6641 | 6629
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Fig. 2 Indoles structures used as reference to discuss photophysical
properties of synthesized dyes.

382 and ey, 496) or methyl 2-oxo-4-(pyrrolidin-1-y1)-2,5-dihy-
dropyrano[3,2-bJindole-3-carboxylate®” (i.ps = 335 in EtOH)
reveals a significant bathochromic shift for absorption, while
emission and fluorescence quantum yield (&) remain in the
same range.

The collected data of compounds in DCM are presented in
Table 2 and the spectra of selected dyes are compared in

6630 | Org Chem. Front, 2024, 1, 6627-6641
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Table 2 Photophysical data of synthesized 2-oxo-pyranol[2,3-blindoli-
zine derivatives in DCM

Cmp Solv  Agps[m] Aem[nm] Ag[em™] e[M'em™] @y

2a DCM 446 464 900 30500 0.71
2b DCM 449 470 1000 16 300 0.77
2¢ DCM 468 494 1100 22900 0.61
2d DCM 467 499 1400 24 600 0.64
2e DCM 456 470 700 39700 0.73
2f DCM 436 458 1100 39700 0.33
2g DCM 466 500 1500 17 600 0.92
2h DCM 433 452 1000 29200 0.81
2i DCM 446 485 1800 21000 0.25
3aa DCM 453 490 1700 22928 0.64
3ab DCM 452 491/642 6500 27700 0.03
3ac DCM 457 514 2400 19600 0.65
4a DCM 426 448 1200 31800 0.77
6a“ DCM 509 575 2300 24 400 0.44

Fluorescence quantum yields measured with Coumarin 153 in EtOH
as reference (®q = 0.55). “ Fluorescence quantum yield measured with
Rhodamine 6G in EtOH as reference (&g = 0.95).

Fig. 4, while the remaining data for the other solvents are avail-
able in Table S5 in ESI.{ Absorption maxima (4,,s) of the dyes
obtained are located within 420-470 nm in all solvents, while
the emission maxima (Ae,) falls between 440 and 520 nm for
almost all of them and is more bathochromically shifted in
polar solvents (solvatochromism). It is worth noting that com-
pound 3ab represents an exception to this trend in both DCM
and DMSO, showing two emission bands overlapping, one at
the ‘expected’ wavelength (491 nm) and another one around
642 nm. Excitation spectra were recorded to prove that both
signals come from the same molecule and are not due to
impurities in the sample. This property can be explained by
hypothesizing that this structure, constituting of a strong
donor, 2-oxo-pirano[2,3-b]indolizine, and a strong acceptor,
nitrophenyl, can undergo internal charge transfer (ICT) in
polar solvents and generate two possible excited states accord-
ing to the geometry and consequently allow for two possible
emitting paths.

The fluorescence quantum yields (@) are in most cases on
the same level regardless of the solvent and they vary among
the studied 2-oxopyrano[3,2-b]indolizines from 0.92 for dye 2g
in DCM to being barely detectable for 3ab in DCM and DMSO
due to the preferred non-emissive decay (Fig. 3). Exceptions to
this trend are 2c¢, 2d, 2g that show lower fluorescence in
toluene; and 3ab, which shows a reverse trend by having the
highest @4 in the less polar solvent. The comparison of the
photophysical properties of 2a, 2b and 2c (Fig. 4A), which vary
their position of a methyl group (or is absent), reveals that this
alkyl group at position R® shifts both absorption and emission
bathochromically (2¢ vs. 2b) by about 20 nm, while the same
group at position R' slightly shifts both signals hypsochromi-
cally (2a vs. 2b).

Moreover, different electronic character of the substituent
in R® (Fig. 4B) influences both A, and Aem,. If CHO is present
(4a), Aaps = 426 nm and Ae,,, = 448 nm, while if Me is present
(2¢), daps = 468 nm and Ao, = 494. The presence of a

This journal is © the Partner Organisations 2024
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Fig. 3 Comparison of Fluorescence quantum yield in different solvents
for representative compounds 2b, 2g and 3ab.

n-extended system, as in 3aa and 3ac, slightly blue shifts the
absorption. Additionally, having a tBu group in the para posi-
tion (3ac) red shifts the emission, consequently increasing the
Stokes shift (2400 cm™). Interestingly, the effect of the
n-expansion of the heterocyclic core strongly depends on the
position of the fused benzene ring. In the case of dye 2f a blue
shift is observed accompanied with a decrease of the @g
(0.33 vs. 0.77) compared to 2b (Fig. 4C).

The addition of a methylpyridinium conjugated through an
alkene to the 2-oxo-pirano[2,3-b]indolizine system (6a) allowed
for an increased dipole moment that translates to a bathochro-
mic shift of 83 nm for A,,s and almost 130 nm for A, when
compared to 4a (Fig. 4D). Even though a decrease in the fluo-
rescence quantum yield (0.44 vs. 0.77) was observed comparing
6a and 4a, the emission is still high suggesting that, in
comparison to 3ab, the decay through a radiative channel is
favoured.

Fluorescence kinetic studies were performed for selected
compounds: 2a representing “typical” 2-oxo-pyrano[2,3-b]indo-
lizine, 3ab exhibiting dual fluorescence and salt 6a. In all sol-
vents fluorescence of dyes 2a and 6a decays exponentially
(Fig. S117) with decay times, g, about 3.5 and 2.0 ns respect-
ively (Table S6t). For both compounds 7 changes slightly with
solvent’s polarity (represented by dielectric constant, ¢) and
the change is parallel to that of &, — for 2a both 7r and &g
grow with increasing ¢ whereas for 6a they decrease
(Table S6t). Consequently, the radiative rate constant k. = @g/
7r of the S; — S, transition remains constant and amounts to
1.3 x 10® s7' and 2.1 x 10® s' respectively (Table S61). Such
high value is typical for the fully allowed nn* transitions. For
dye 3ab kinetic traces are complex. In non-polar toluene fluo-
rescence decays exponentially (Fig. S12af) with characteristic
time 2.62 ns (Table S7t). Radiative rate is 8.8 x 107 s™*, much
less than values obtained for dyes 2a and 6a. For polar solvents
where dual fluorescence from LE and CT states is observed
emission decays are non-exponential and depend on wave-
length of observation. For DCM the high energy band of the
LE state with maximum at 487 nm two components are clearly
visible in the decay trace (Fig. S12bf), and deconvolution
yields 20 and 356 ps decay times. Intensity of emission orig-

This journal is © the Partner Organisations 2024
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Fig. 4 Absorption and emission spectra of some representative 2-oxo-
pyrano[2,3-blindolizine-3-carboxylate  derivatives in DCM. (A)
Normalized absorption (solid line) and normalized emission (dashed
line) of 2a, 2b, 2c (green, black, pink) (B) normalized absorption (solid
line) and normalized emission (dashed line) of 2c, 3aa, 3ac and 4a (pink,
brown, yellow and light blue) (C) normalized absorption (solid line) and
normalized emission (dashed line) of 2b, 2e and 2f (black, purple, red)
(D) normalized absorption (solid line) and normalized emission (dashed
line) of 4a and 6a (light blue, orange).
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inating from low energy CT band with maximum at 700 nm
grows at early times and reaches maximum much later than
the LE profile (Fig. S12b¥). This points to precursor (LE) - suc-
cessor (CT) scheme and suggests that that initial population of
the CT state is null. Indeed, deconvolution reveals grow time
of 55 ps and decay time of 356 ps (Table S71). Negative ampli-
tude of the grow time is comparable to the (positive) ampli-
tude of the decay time what confirms that CT state is not
directly excited and is populated from the LE state. This pro-
vides experimental proof for the TICT concept hypothesised
below. Long component of the LE profile has same decay time
as decay time of CT trace, pointing to thermalization of both
states. However, grow time of CT is a bit longer than the short
decay time of LE so one may expect presence of a transition
state or a slow relaxation to emissive CT structure, so the
simple two states model used commonly for TICT can be not
adequate. In more polar DMSO kinetic profiles are faster
(Fig. S12ct) and the LE decay time decreases down to 15 ps
(Table S77) pointing to the increase of the intramolecular CT
rate constant. Formation of TICT enhances also non-radiative
relaxation, hence the @4 decreases by two orders of magnitude.

Theoretical analysis

The DFT and TDDFT O3LYP/6-31G(d,p) calculations were per-
formed to corroborate the experimental data. The choice of the
O3LYP functional allows for the best reconstruction of the
spectral data in comparison to our attempts using other func-
tionals (Table S17). Calculations included the optimization of
molecular structures in their ground (S,) and lowest electronic
excited (S;) states along with the determination of the corres-
ponding absorption and fluorescence energies. Corresponding
data for the molecules in the three solvents, toluene, DCM and
DMSO, are collected in Table S2.f The calculated dipole
moments for the S, and S; states are summarized in
Table S3.1 The two highest occupied (HOMO’s) and two lowest
unoccupied molecular orbital (LUMO’s) energy levels are
shown in the diagram in Fig. S1,f while the values of HOMO
and LUMO energies are given and compared in Table S4.f
More detailed results of calculations are in the ESL ¥

Dye 2b lacking any substituents can be considered a model
chromophore for this family of heterocycles (Scheme 2). This
is a molecule with planar geometry in both S,, and S, states.
The electronic transition between them has a n-n* character
and essentially it is described by a single HOMO/LUMO elec-
tronic configuration. A diagram of the calculated electronic
states of heterocycle 2b with a short analysis is presented in
ESI, Fig. S2.t

According to the computational results, the geometry of 2b
in the excited state undergoes relatively small changes. This
result is consistent with the small Stokes shift observed experi-
mentally. Small changes in geometry are manifested by small
Franck-Condon factors (Fig. S31) which well reproduce the
experimental spectrum (Fig. 1). The small values of the calcu-
lated spin-orbit coupling elements (Hy,) between the excited
S; state and the energetically close triplet states (Fig. S27)
together with the small Franck-Condon factors are indicative

6632 | Org. Chem. Front, 2024, 11, 6627-6641
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of relatively small rate constants of non-radiative processes,’*°
which in the experiment (Table 2) is visible as significant
values of @y achieved for dye 2b.

The calculation results show also, that 2b is a molecule
with a large dipole moment, increasing in the excited state (9.6
D for S, state and 12 D in S; — Table S37). In this light, slight
red-shifts of its electronic spectra (both observed, Table 2 and
Table S5t and calculated, Table S21) as the solvent polarity
increases may seem surprisingly small. This phenomenon, has
also been observed in the case of various other molecules,®*°*
and can be explained with the use of classical theory of the
solvent effect,”®" and is related to the fact that dipole
moments are vector quantities (and not scalars). When the
increase in the dipole moment in the S; state (relative to the S,
state) is accompanied by a change of orientation in space, the
solvent effect is smaller than expected based on values alone
(see Fig. S47).

Fig. S21 shows the shapes of the HOMO and LUMO of
molecule 2b, providing high oscillator strength for the tran-
sition between the S, and S, states. They will constitute a refer-
ence orbital in the presentation of results for other 2-oxopyr-
ano[3,2-blindolizines.

The substitution of molecule 2b causes changes in the
energy of the molecular orbitals (Fig. S1t), including changes
in the spacing between them (Table S47). This is reflected by
the shifts of the electronic spectra, since the electronic tran-
sition has an initial and final state, the magnitude of this shift
depends on the energy changes in both states.

In Fig. 5, correlation between the absorption S, — S; energy
and the energy difference of the HOMO and LUMO for the
studied 2-oxopyrano[2,3-blindolizines is presented. This corre-
lation demonstrates that transitions between the S, and S,
states for all molecules, as in parent dye 2b, are described by a
single HOMO/LUMO electronic configuration. At the same

3.2

3.1 4
3.0 -
29 4
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24

E(Sy->S4) [eV]
| 2

26 1

25 4
2.4 .

+ b L ]
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Fig. 5 Correlation between the absorption energy and the energy
difference of HOMO and LUMO orbitals (numerical data in Tables S2
and S47). The point corresponding to molecule 2b is marked with a
square. Two distant points (for lower energies, i.e. with red shift in com-
parison to 2b) correspond to molecules 3ab and 6a. These two mole-
cules also differ from the others in large values and changes of the
dipole moment between S and S; states (Table S3+1).
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time, two groups of molecules can be distinguished, the first
with moderate changes in the HOMO/LUMO energy gaps and
excitation energies (in relation to 2b), and the other group of
two molecules with large changes in these quantities.

Fig. 6 (part of the diagram in Fig. S17) illustrates the vari-
ation of the E(HOMO)-E(LUMO) gap and shows the shapes of
these orbitals for four representatives of the studied family of
2-oxopyrano[2,3-blindolizines: 2b - as a model chromophore,
3ac - a dye with observed red-shift in the absorption and fluo-
rescence spectra (relative to the spectra of 2b), 4a - with a
blue-shift of the spectra and dye 6a — as a molecule with large
red-shift of electronic spectra (see also Fig. 4).

Based on Fig. 6, it can be concluded that the effect of sub-
stitution of molecule 2b produces two qualitatively different
effects depending on the electron affinity of the substituent. In
the case of compounds 3ac and 4a, this is a modification
effect, i.e. their HOMO and LUMO are the modified (to a larger
or smaller extent) HOMO and LUMO of molecule 2b, but this
is no longer the case of the LUMO of molecule 6a. Although
the HOMO of 6a is still a modified HOMO of molecule 2b, the
LUMO is the orbital located on the substituent (while the
orbital located on core 2b lies above it, as shown in Fig. 6).

In addition to the diagram shown on Fig. 6, two other dia-
grams are shown in the ESI (Fig. S5 and S61): HOMO/LUMO
energy changes from methylation of the dye 2b in different
positions (2a vs. 2¢) and with n-extension (2e vs. 2f) of 2b.
Methylation of 2b at the R® position causes the largest change
in HOMO energy leading to a red shift of the 2¢ spectra.

In contrast to the substitution with a single bond, the
n-expansion of 2b becomes a problem not only at the level of
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Fig. 6 Diagram of orbital energies: 2b as the model heterocycle and its
three derivatives, 3ac, 4a and 6a in DMSO. The numbers in brackets indi-
cate the size of the HOMO/LUMO energy gaps. In the case of 6a two
LUMOs are present in the considered energy region and in contrary to
previous cases lowest of them is localised on substituent.
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the HOMOs, but also at the level of the (so far untouched)
LUMO of molecule 2b.

Therefore, the reason for the large red shift of the 6a (and
3ab) spectra is a qualitative change of LUMO from localized on
2b to localized on the substituent. The S, — S; transition
becomes, instead of the modified 2b excitation, intramolecular
charge-transfer between the core and the substituent.

Both orbitals are extended into the attached ring. The
energy effect depends on the geometry in which the expansion
is carried out (Erumo(2€) < Erumo(2f)).

The calculation results for excited states indicate that most
of the considered molecules retain features characteristic of
parent dye 2b. The fluorescence energies of the molecules opti-
mized in the excited state are not very far from the absorption
energies, and these transitions are described by high oscillator
strengths (Table S1t). Although these results are in agreement
with the experiments, (small Stokes shift, large emission
efficiencies) these facts may seem surprising at first. This is
because in these dyes there is a convenient relaxation path,
which is a rotation around a single bond connecting the sub-
stituents with the heterocyclic core 2b. We can expect two
effects to play a role: a difference between the dihedral angles
corresponding to the energy minimum in the ground and
excited states, as well as the formation of rotational confor-
mers. Differences between geometries optimized in the
ground and excited states do indeed exist. For example, in
systems containing a phenyl substituent at position R®, such
as 3aa, in the ground state, the aromatic ring makes an angle
of 41.3° with the 2b plane, while in the optimized excited state
it makes an angle of 30.7°; a similar rotation occurs in 3ac,
from 35.9° to 29.5°. However, they do not have a major impact
on the spectroscopic properties because the LUMO is not
extended to the substituent (Fig. 6). The exceptions are two
molecules: 3ab and 6a, because their LUMOSs are located on
the substituent (Fig. 6, S7 and S8f). In both cases, the dark
rotational conformers were optimised in the excited state
(Table S1t). These conformers are characterised by zero oscil-
lator strength for S; — S, transition at the perpendicular
arrangement of the planes of the heterocyclic core and the
substituent ring. The difference between 6a and 3ab is that the
dark form of 3ab is the only form optimized in the excited
state in polar DMSO. This result is consistent with experi-
mental: while 6a in this solvent emits with significant
efficiency, the emission yield of 3ab is extremely low. This
means that the relaxation of 6a to the dark state is slower than
the decay via the radiative channel or inhibited by a barrier
due to a more complex link between substituent and the
heterocyclic core.

In turn, the bright form of 3ab is experimentally observed
and optimised in calculations for the S, state, in a non-polar
medium only. Fig. S8F shows a diagram of electronic states of
isolated molecule 3ab with both optimised forms of the
excited state. This is a diagram typical of TICT systems.°

Overall, it is worth to acknowledge the consistency between
experimental and theoretical results. The ratio of radiative rate
constant of 2a and 6a, 1.3/2.1 = 0.62 is very similar to the ratio
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Fig. 7 Intracellular localization of compound 6a in H9c2 cells detected
using confocal fluorescence microscopy. (A) Image of the cells incu-
bated with dye 6a in a non-permeabilized cell membrane. Lower
diagram structure of the dye. (B) Fluorescence of cells with digitonin
(100 pg ml™Y) permeabilized membrane. (C) Fluorescence of permeabi-
lized cell co-incubated with 0.5 pM Hoechst 33342 recorded with a
405 nm excitation wavelength and emission ranges from 420-520 nm.
(D) Overlay of B and C. Lower pictures represents zoom upper square
marked cells for B, C and D. The fluorescence of 6a was recorded with a
473 nm excitation wavelength and emission ranges from 510-610 nm.

oscillator strength calculated for them, 0.64:1.06 (Tables S1
and S77). Also, the radiative rate obtained experimentally for
3ab is two/three times lower than for 2a/6a, exactly like the
oscillator strength calculated for 3ab and 2a/6a (Tables S1 and
S7t). For 3ab the theoretically predicted TICT mechanism is
fully confirmed by fluorescence kinetic study. These as well as
other correspondence between theory and experiment sup-
ports confidence for the HOMO and LUMO overlap
statements.

Imaging studies

To prove the potential applicability of 2-oxo-pyrano[2,3-blindo-
lizines as a fluorescent probes, incubation of rat embryonic
cardiomyoblast-derived cells H9c2 with selected dyes 2g, 2¢c, 4a
and 6a was performed. The results showed that, neutral dyes
from this family (i.e. 2g, 2c and 4a) penetrate the living cell
membrane and, as they are uncharged, accumulate nonspecifi-
cally in a wide range of cellular structures (Fig. S131). In the
case of dye 6a which is a quaternary pyridinium salt, imaging
experiments did not lead to accumulation of the dye intracellu-
larly (Fig. 7A). To promote the access to the cytosol, H9c2 were
permeabilized with digitonin (100 pg ml™"). Addition of digito-
nin to the incubation medium resulted in permeabilization of
the cell membrane and the successful penetration of the dye
into the cytosol and cell organelles (Fig. 7B). It turned out that
under these conditions, compound 6a, as seen in the pre-
sented image (Fig. 7B), the dye was accumulated in the struc-
ture of the nucleus and the nuclear membrane. In order to
compare the dye 6a with the classical cell nuclear stain, co-
staining with Hoechst 33342 was performed (Fig. 7C). It
appears that the fluorescence of these two dyes overlaps except
for some intranuclear structures, which are more strongly
stained by pyranoindolizine 6a (Fig. 7C and D). Additional
intranuclear structures more strongly stained by the dye 6a
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may prove useful in distinguishing specific cell nuclear
structures.

Conclusions

In conclusion, the synthesis of pyrano[2,3-b]indolizin-2-ones
from picolinium salts and diethyl 2-(ethoxymethylene) malo-
nate under basic conditions could be optimized to reach 50%
yields for the one-pot procedure. The presence of an electron-
rich pyrrolic position can be harnessed to open the avenue
towards various novel derivatives. The presence of different
substituents on the starting picoline as well as post-
functionalization allowed for detailed studies on their impact
on the photophysical properties in polar and non-polar sol-
vents. It was found that the fluorescence intensity is large for
all studied pyrano[2,3-blindolizin-2-ones regardless of the sub-
stitution pattern which originates from the almost complete
overlap of the HOMO and LUMO. Combined experimental and
computational study enabled to conclude that pyrano[2,3-b]
indolizin-2-one core can be considered as an electron-acceptor
and in most of the derivatives examined in this work, the con-
sequence of n-expansion was the extension of the HOMO and
the modification of the electronic transition energy in the
range of 0.2 eV. We discovered that a simultaneous increase in
the dipole moment and change of its orientation in space is
the reason for maintaining the large emission intensity as well
as the small Stokes shift and solvatochromism, in polar sol-
vents. Studies on the staining of the H9c2 cell line with exemp-
lary 2-oxo-pyrano|[2,3-blindolizines has proven that uncharged
dyes easily penetrate the living cells’ membrane. On the other
hand styryl derivative 6a does not, it specifically stains struc-
tures associated with the cell nucleus of permeabilized cells.
All reported findings may serve as the guide enabling modu-
lation of this class of molecules towards the design of
improved dyes for cell imaging applications.

Experimental section
General synthetic information

All reagents and solvents were purchased from commercial
sources and used as received. Reactions with moisture and
oxygen sensitive compounds were performed under an argon
atmosphere. The progress of reactions was monitored by thin-
layer chromatography (TLC), performed on aluminum foil
plates, covered with silica gel 60 F,s, (Merck). Pure products
were achieved by means of column chromatography with silica
gel 60 (230-400 mesh). The identity and purity of final pro-
ducts were established by "H and *C NMR spectrometry as
well as by MS-spectrometry (APCI-MS or ESI-MS). All reported
'"H NMR and *C NMR spectra were recorded on Varian AM
500 MHz, or Varian AM 600 MHz spectrometers. Chemical
shifts (ppm) were determined with TMS as internal reference;
J values are given in Hz. All melting points were measured
with EZ-Melt apparatus.

This journal is © the Partner Organisations 2024
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Synthesis of precursors for pyrano[2,3-blindolizin-2-ones

Pyridinium salts 1a,*® 1b,*° 1¢,°° 1d,"® 1e,>! 1f,>° and bis(2-
pyridyl)methane 0g ®® were synthesized according to previously
published procedures, and spectroscopic data are consistent.
1-(2-Ethoxy-2-oxoethyl)-2,6-dimethylpyridin-1-ium bromide
(1a). "H NMR (600 MHz, DMSO-d¢) & 8.46 (t, J = 7.9 Hz, 1H),
7.99 (d, J = 7.9 Hz, 2H), 5.62 (s, 2H), 4.26 (q, J = 7.1 Hz, 2H),
2.78 (s, 6H), 1.25 (t, J = 7.1 Hz, 3H).
1-(2-Ethoxy-2-oxoethyl)-2-methylpyridin-1-ium bromide (1b).
'H NMR (600 MHz, DMSO-d) § 9.01 (dd, J = 6.2, 1.3 Hz, 1H),
8.61 (td, J = 7.8, 1.5 Hz, 1H), 8.15 (d, J = 7.9 Hz, 1H), 8.08 (ddd,
J=7.7, 6.0, 1.5 Hz, 1H), 5.73 (s, 2H), 4.26 (q, J = 7.1 Hz, 2H),
2.77 (s, 3H), 1.26 (t, ] = 7.1 Hz, 3H).
1-(2-Ethoxy-2-oxoethyl)-2-ethylpyridin-1-ium bromide (1c).
"H NMR (600 MHz, DMSO-d¢) § 9.07 (d, J = 5.4, Hz, 1H), 8.65
(td, J = 7.9, 1.5 Hz, 1H), 8.15 (d, J = 7.9 Hz, 1H), 8.11-8.07 (m,
1H), 5.78 (s, 2H), 4.23 (q, J = 7.1 Hz, 2H), 3.05 (q, J = 7.4 Hz,
2H), 1.28 (t, ] = 7.4 Hz, 3H), 1.24 (t, ] = 7.1 Hz, 3H).
1-(2-Ethoxy-2-oxoethyl)-5,6,7,8-tetrahydroquinolin-1-ium
bromide (1d). "H NMR (500 MHz, DMSO-dq) & 8.90 (d, J =
6.1 Hz, 1H), 8.42 (d, J = 7.9 Hz, 1H), 7.97 (dd, J = 7.9, 6.2 Hz,
1H), 5.70 (s, 2H), 4.23 (q, J = 7.1 Hz, 2H), 3.00-2.97 (m, 4H),
1.90-1.84 (m, 2H), 1.76-1.70 (m, 2H), 1.23 (t, ] = 7.1 Hz, 3H).
1-(2-Ethoxy-2-oxoethyl)-2-methylquinolin-1-ium bromide
(1e). "H NMR (600 MHz, DMSO-de) & 9.31 (d, J = 8.5 Hz, 1H),
8.48-8.50 (m, 2H), 8.30-8.23 (m, 2H), 8.03 (t, J = 7.5 Hz, 1H),
6.12 (s, 2H), 4.28 (q, J = 7.1 Hz, 2H), 3.12 (s, 3H), 1.27 (t, ] = 7.1
Hz, 3H).

2-(2-Ethoxy-2-oxoethyl)-1-methylisoquinolin-2-ium bromide
(1f). "H NMR (500 MHz, DMSO-d,) & 8.80 (d, J = 8.8, 1H), 8.70
(d, J = 6.9 Hz, 1H), 8.49 (d, J = 6.9 Hz, 1H), 8.33 (d, J = 8.1 Hz,
1H), 8.27 (dd, J = 7.5, 7.5 Hz, 1H), 8.08 (ddd, J = 8.4, 6.8,
1.3 Hz, 1H), 5.91 (s, 2H), 4.25 (q, / = 7.1 Hz, 2H), 3.21 (s, 3H),
1.25 (t,J = 7.1 Hz, 3H).

1-(Pyridin-2-yl)indolizin-2-ol (1g). In a round bottom flask,
bis(2-pyridyl)methane (1.70 g, 10 mmol) was mixed with ethyl
2-bromoacetate (1.11 mL, 10 mmol) in ethanol and heated at
60 °C overnight. The pyridinium salt was not possible to
isolate since the reaction spontaneously proceeded to the cycli-
zation. After confirming the formation of the indolizine on
TLC with Ehrlich’s reagent, the solvent was evaporated, and
the crude was used for the next reaction.

Ethyl 2-ox0-2,3-dihydroindolizine-1-carboxylate (1h). In a
round bottom flask, ethyl 2-(pyridyn-2-yl)acetate (1.61 mL,
10 mmol) was mixed with ethyl 2-bromoacetate (1.11 mL,
10 mmol) in ethanol and heated at 60 °C overnight. The pyridi-
nium salt was not possible to isolate since the reaction spon-
taneously proceeded to the cyclization. After confirming the
formation of the indolizine on TLC with Ehrlich’s reagent,
solvent was evaporated, and the crude was used for the next
reaction.

Di(pyridin-2-yl)methane (0g). "H NMR (600 MHz, DMSO-dj)
§ 8.45 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H), 7.64 (td, J = 7.6, 1.9 Hz,
2H), 7.26 (dt, ] = 7.9, 1.2 Hz, 2H), 7.16 (ddd, J = 7.7, 4.9, 1.2 Hz,
2H), 4.23 (s, 2H).
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General procedure for the synthesis of 2-oxo-2H-pyrano[2,3-b]
indolizine-3-carboxylates (condition A)

In a 20 mL Schlenk flask, pyridinium salt (6 mmol, 1 equiv.)
and Cs,CO; (6 mmol, 1 equiv.) were added and dissolved in
5 mL of ethanol. After 1-2 hours a color change in the mixture
was observed and fluorescence, typical for indoles, was visible
when irradiated with UV lamp. Diethyl 2-(ethoxymethylene)
malonate (6 mmol, 1 equiv.) was added, and the reaction
mixture was stirred overnight at room temperature. After com-
pletion, the mixture was extracted with DCM, and the com-
bined organic layers were dried over Na,SO, and concentrated
under reduced pressure. The crude product was purified by
column chromatography (silica, AcOEt/hexane 1:1).

Ethyl 6-methyl-2-oxo-2H-pyrano[2,3-blindolizine-3-carboxy-
late (2a). According to the general procedure (condition A),
1-(2-ethoxy-2-oxoethyl)-2,6-dimethylpyridin-1-ium bromide
(500 mg, 1.82 mmol), Cs,CO; (594 mg, 1.82 mmol) and diethyl
2-(ethoxymethylene)malonate (0.369 mL, 1.82 mmol) were
reacted affording 2a (250 mg, 50%) as yellow/orange crystals.
R¢ = 0.48 (SiO,, AcOEt/hexane, 3:1); m.p. 189.0 °C. 'H NMR
(500 MHz, CDCl;) 6 8.97 (s, 1H), 7.46 (d, J = 8.8 Hz, 1H), 7.25
(dd, J = 8.8, 7.0 Hz, 1H), 6.77 (d, J = 7.0 Hz, 1H), 6.43 (s, 1H),
4.41 (q,J = 7.1 Hz, 2H), 2.89 (s, 3H), 1.41 (t, ] = 7.1 Hz, 3H). *C
NMR (126 MHz, CDCl;) 6 165.8, 158.3, 153.7, 142.1, 138.4,
138.1, 126.9, 117.0, 114.5, 112.7, 100.8, 89.0, 61.2, 22.0,
14.5 ppm. HRMS (ESI): m/z caled for CysH;3NO,Na, 294.0742
[M + Na]'; found, 294.0741.

Ethyl 2-oxo-2H-pyrano[2,3-blindolizine-3-carboxylate (2b).
According to the general procedure (condition A), 1-(2-ethoxy-
2-oxoethyl)-2-methylpyridin-1-ijum  bromide (0.500 mg,
2.77 mmol), Cs,CO; (904 mg, 2.77 mmol) and diethyl 2-
(ethoxymethylene)malonate (0.561 mL, 2.77 mmol) were
reacted affording 2b (20 mg, 5%) as yellow crystals. Ry = 0.32
(SiO,, AcOEt/hexane, 3:1); m.p. 199.5 °C. "H NMR (500 MHz,
CDCl;) § 8.81 (s, 1H), 8.27 (d, J = 6.9 Hz, 1H), 7.50 (d, J = 9.0
Hz, 1H), 7.26-7.20 (m, 1H), 6.90 (t, J = 6.9 Hz, 1H), 6.33 (s, 1H),
4.41 (q, J = 7.1 Hz, 2H), 1.41 (t, / = 7.1 Hz, 3H). >*C NMR
(126 MHz, CDCl,) § 165.1, 158.8, 152.9, 140.5, 133.7, 126.3,
124.6, 119.4, 113.0, 111.2, 101.9, 88.2, 61.3, 14.5. HRMS (ESI):
m/z caled for C,;,H;;NO,Na, 280.0586 [M + Na]’; found,
280.0583.

Ethyl 10-methyl-2-oxo-2H-pyrano[2,3-blindolizine-3-carboxy-
late (2c). According to the general procedure (condition A), 1-
(2-ethoxy-2-oxoethyl)-2-ethylpyridin-1-ium bromide (0.200 mg,
1.03 mmol), Cs,CO; (335 mg, 1.03 mmol) and diethyl 2-
(ethoxymethylene)malonate (0.208 mL, 1.03 mmol) were
reacted affording 2¢ (100 mg, 35%) as orange crystals. R¢ = 0.54
(SiO,, AcOEt/hexane, 3:1); m.p. 215.8 °C. "H NMR (500 MHz,
CDCl,) 6 8.76 (s, 1H), 8.23 (dt, J = 6.9, 1.1 Hz, 1H), 7.45 (dt, J =
9.0, 1.2 Hz, 1H), 7.21 (ddd, J = 9.0, 6.8, 1.1 Hz, 1H), 6.86 (td, ] =
6.9, 1.2 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 2.30 (s, 3H), 1.41 (t, ] =
7.1 Hz, 3H). *C NMR (126 MHz, CDCl;) § 165.3, 159.2, 150.7,
139.7,133.1, 125.6, 124.5, 117.5, 112.6, 110.8, 100.8, 96.6, 61.1,
14.5, 6.2 ppm. HRMS (ESI): m/z caled for C;5H;3NO,Na,
294.0742 [M + Na]'; found, 294.0739.
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Ethyl 8-oxo-5,6-dihydro-4H,8H-pyrano[2',3":4,5]pyrrolo[3,2,1-
if]quinoline-9-carboxylate (2d). According to the general pro-
cedure (condition A), 1-(2-ethoxy-2-oxoethyl)-5,6,7,8-tetrahydro-
quinolin-1-ium bromide (250 mg, 1.13 mmol), Cs,CO3
(370 mg, 1.13 mmol) and diethyl 2 (ethoxymethylene)malonate
(0.229 mL, 1.13 mmol) were reacted affording 2d (110 mg,
30%) as orange/red crystals. Ry = 0.48 (SiO,, AcOEt/hexane,
3:1); m.p. 244.1 °C. "H NMR (600 MHz, CDCl;) § 8.76 (s, 1H),
8.05 (dd, J = 6.9, 0.8 Hz, 1H), 6.90 (dd, J = 6.9, 0.8 Hz, 1H), 6.79
(t,J = 6.8 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 2.93-2.86 (m, 4H),
2.03 (p, J = 6.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). *C NMR
(151 MHz, CDCl;) § 165.4, 159.3, 148.0, 139.5, 133.6, 130.8,
121.8, 121.5, 113.4, 111.5, 99.9, 98.3, 61.1, 27.4, 22.0, 19.8,
14.5 ppm. HRMS (ESI): m/z caled for C,,H;5NO,Na, 320.0899
[M + Na]"; found, 320.0902.

Ethyl  9-ox0-9H-pyrano[2',3":4,5]pyrrolo[1,2-a]quinoline-10-
carboxylate (2e). According to the general procedure (condition
A), 1-(2-ethoxy-2-oxoethyl)-2-methylquinolin-1-ium bromide
(200 mg, 0.645 mmol), Cs,CO; (210 mg, 0.645 mmol) and
diethyl 2-(ethoxymethylene)malonate (0.130 mL, 0.645 mmol)
were reacted affording 2e (60 mg, 30%) as yellow crystals. R¢ =
0.56 (SiO,, AcOEt/hexane, 2:1); m.p. not measured, decom-
posed around 280 °C. 'H NMR (500 MHz, CDCl;) § 9.36 (s,
1H), 8.32 (d, J = 8.5 Hz, 1H), 7.82 (dd, J = 7.9, 1.3 Hz, 1H),
7.77-7.72 (m, 1H), 7.54-7.48 (m, 2H), 7.41 (d, J = 9.2 Hz, 1H),
6.48 (s, 1H), 4.46 (q,J = 7.1 Hz, 2H), 1.45 (t,J = 7.1 Hz, 3H). *C
NMR (126 MHz, CDCl;) § 165.5, 157.9, 154.3, 140.0, 138.0,
134.6, 130.6, 130.1, 127.8, 125.1, 124.3, 117.8, 115.6, 114.2,
103.5, 91.7, 61.6, 14.5 ppm. HRMS (APCI): m/z caled for
C15H,5NO,, 307.0845 [M—]; found, 307.0847.

Ethyl 10-oxo-10H-pyrano[2’,3":4,5]pyrrolo[2,1-a]isoquinoline-
9-carboxylate (2f). According to the general procedure (con-
dition A), 2-(2-ethoxy-2-oxoethyl)-1-methylisoquinolin-2-ium
bromide (250 mg, 0.806 mmol), Cs,CO; (263 mg, 0.806 mmol)
and diethyl 2-(ethoxymethylene)malonate (0.163 mL,
0.806 mmol) were reacted affording 2f (70 mg, 28%) as yellow
crystals. Ry = 0.64 (SiO,, AcOEt/hexane, 3 : 1); m.p. 261.2 °C. 'H
NMR (600 MHz, CDCI,) 5 8.79 (d, J = 0.8 Hz, 1H), 8.11-8.08 (m,
1H), 8.01 (d, J = 7.1 Hz, 1H), 7.74-7.69 (m, 1H), 7.65-7.58 (m,
2H), 7.11 (d, J = 7.2 Hz, 1H), 6.84 (s, 1H), 4.41 (q, J = 7.1 Hz,
2H), 1.41 (t, J = 7.1 Hz, 3H). >C NMR (151 MHz, CDCl,)
5 165.0, 158.8, 152.9, 138.6, 134.0, 129.6, 129.2, 128.7, 127.6,
124.3, 121.0, 113.2, 112.5, 103.3, 88.8, 61.4, 14.4 ppm. HRMS
(ESD): m/z caled for C;4H;3NO,Na, 330.0742 [M + Na]'; found,
330.0746.

Ethyl 2-oxo0-10-(pyridin-2-yl)-2H-pyrano[2,3-b]indolizine-3-
carboxylate (2g). According to the general procedure (condition
A), 1-(pyridin-2-yl)indolizin-2(3H)-one (250 mg, 1.19 mmol),
Cs,CO; (387 mg, 1.19 mmol) and diethyl 2-(ethoxymethylene)
malonate (0.240 mL, 1.19 mmol) were reacted affording 2g
(177 mg, 44%) as yellow/orange crystals. R¢ = 0.37 (SiO,, AcOEt/
hexane, 2 : 1); m.p. 252.6 °C. 'H NMR (500 MHz, CDCl;) & 9.02
(d, ] = 9.1 Hz, 1H), 8.83 (s, 1H), 8.67-8.64 (m, 1H), 8.33 (d, J =
6.8 Hz, 1H), 8.23 (d, J = 8.1 Hz, 1H), 7.78 (td, J = 7.8, 1.9 Hz,
1H), 7.41 (ddd, J = 9.1, 6.9, 1.2 Hz, 1H), 7.16 (ddd, J = 7.5, 4.8,
1.1 Hz, 1H), 7.03 (td, J = 6.9, 1.3 Hz, 1H), 4.42 (q, = 7.1 Hz,
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2H), 1.43 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCl;) §
164.8, 158.4, 151.4, 150.4, 148.9, 139.5, 136.7, 133.4, 127.9,
124.3, 122.6, 122.1, 120.9, 114.3, 111.1, 101.7, 101.2, 61.3, 14.5.
HRMS (ESI): m/z caled for CioH;5N,0,4, 335.1032 [M + HJ;
found, 335.1031.

Diethyl 2-oxo-2H-pyrano[2,3-bJindolizine-3,10-dicarboxylate
(2h). According to the general procedure (condition A), ethyl
2-0x0-2,3-dihydroindolizine-1-carboxylate generated in situ
(404 mg, 2.00 mmol), Cs,CO; (652 mg, 2.00 mmol) and diethyl
2 (ethoxymethylene)malonate (0.404 mL, 2.00 mmol) were
reacted affording 2h (35 mg, 5%) as yellow crystals. Ry = 0.43
(Si0,, AcOEt/hexane, 3:1); m.p. 227.9 °C. 'H NMR (500 MHz,
CDCl;) § 8.82 (s, 1H), 8.43 (d, J = 8.8 Hz, 1H), 8.37 (d, J =
6.8 Hz, 1H), 7.50 (t, J = 8.8 Hz, 1H), 7.13 (t, ] = 6.8 Hz, 1H), 4.42
(q, J = 24.5 Hz, 2H), 4.40 (q, J = 24.5 Hz, 2H), 1.43 (t, ] = 21.3,
Hz, 3H), 1.40 (t, ] = 21.3, Hz, 3H). >C NMR (126 MHz, CDCl,)
5 164.5, 162.4, 157.6, 152.3, 140.8, 134.0, 129.1, 124.6, 120.4,
115.1, 110.8, 104.2, 93.8, 61.5, 60.5, 14.5, 14.4 ppm. HRMS
(ESID): m/z caled for C;,H;5NOgNa, 352.0797 [M + Na]'; found,
352.0798.

General procedure for the synthesis of 2-oxo-2H-pyrano[2,3-b]
indolizine-3-carboxylates (condition B)

In a 20 mL Schlenk flask, pyridinium salt (6 mmol, 1 equiv.),
potassium carbonate (6 mmol, 1 equiv.) and diethyl 2-(ethoxy-
methylene)malonate (6 mmol, 1 equiv.) were added and dis-
solved in 10 mL of DMF. The reaction mixture changed color
and was stirred for 24 hours at room temperature. After com-
pletion, the mixture was extracted with DCM, and the com-
bined organic layers were dried over Na,SO, and concentrated
under reduced pressure. The crude product was purified by
column chromatography (silica, AcOEt/hexane 1:1).

Diethyl 2-((3-(ethoxycarbonyl)-6-methyl-2-oxo-2H-pyrano[2,3-
blindolizin-10-yl)methylene)malonate (2i). According to the
general procedure (condition B), 1-(2-ethoxy-2-oxoethyl)-2,6-di-
methylpyridin-1-ium bromide (450 mg, 2.3 mmol), potassium
carbonate (320 mg, 2.3 mmol) and diethyl 2-(ethoxymethylene)
malonate (0.467 mL, 2.3 mmol) were reacted affording 2i
(100 mg, 15%) as yellow/orange crystals. R¢ = 0.45 (SiO,, ACOEt/
hexane, 3:1); m.p. 210.5 °C. "H NMR (600 MHz, CDCI;) & 8.92
(s, 1H), 7.77 (s, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.36 (dd, J = 8.9,
7.1 Hz, 1H), 6.85 (d, J = 7.1 Hz, 1H), 4.53 (q, J = 7.1 Hz, 2H),
4.35 (q, J = 7.1 Hz, 2H), 4.25 (q, J = 7.2 Hz, 2H), 2.86 (s, 3H),
1.34 (t, J = 7.2 Hz, 3H), 1.32 (t, J = 7.2 Hz, 3H), 1.28 (t, J =
7.2 Hz, 3H). *C NMR (126 MHz, CDCl;) § 166.7, 165.1, 165.1,
156.5, 151.5, 141.6, 138.9, 138.1, 128.9, 128.7, 124.7, 116.4,
115.1, 113.3, 102.9, 96.9, 62.4, 61.6, 61.5, 22.1, 14.4, 14.2,
14.0 ppm. HRMS (APCI): m/z caled for C,3H,,NOg, 442.1345
[M — H]"; found, 440.1350.

General procedure for direct arylation

A Schlenk flask flushed with argon, was charged with ethyl
6-methyl-2-oxo-2H-pyrano[2,3-bJindolizine-3-carboxylate

(0.55 mmol, 1 equiv.), aryl bromide (0.66 mmol, 1.2 equiv.),
potassium acetate (1.11 mmol, 2 equiv.), NMP (3 mL) and
PdCl,(PPh;), (0.027 mmol, 0.05 equiv.). The solution was
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stirred at 100 °C for 10 min. Afterwards, water (1.11 mmol, 2
equiv.) was added, and the heating was continued at the same
temperature overnight. Then, the mixture was cooled to room
temperature and extracted with DCM. The combined organic
layers were dried over Na,SO, and concentrated under reduced
pressure. The crude product was purified by column chromato-
graphy (silica, AcOEt/hexane 1:1).

Ethyl  10-(4-cyanophenyl)-6-methyl-2-oxo-2H-pyrano[2,3-b]
indolizine-3-carboxylate (3aa). According to the general pro-
cedure for direct arylation, ethyl 6-methyl-2-oxo-2H-pyrano|2,3-
blindolizine-3-carboxylate (0.55 mmol, 1 equiv.), 4-bromoben-
zonitrile (0.66 mmol, 1.2 equiv.), potassium acetate
(1.11 mmol, 2 equiv.), NMP (3 mL), PdCl,(PPh;), (0.027 mmol,
0.05 equiv.), and water (1.11 mmol, 2 equiv.) were made to
react affording 3aa (120 mg, 60%) as greenish yellow crystals.
R¢ = 0.45 (SiO,, AcOEt/hexane, 3:1); m.p. 306.1 °C. '"H NMR
(600 MHz, CDCl3) 6 9.06 (s, 1H), 7.84-7.81 (m, 2H), 7.80-7.77
(m, 3H), 7.38 (dd, J = 8.9, 7.0 Hz, 1H), 6.89 (d, J = 7.0 Hz, 1H),
4.42 (q,J = 7.1 Hz, 2H), 2.96 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H).
BC NMR (151 MHz, CDCl;) § 165.3, 157.4, 150.5, 139.4,
138.9, 138.3, 135.1, 132.7, 129.0, 128.0, 118.9, 115.6, 115.4,
112.5,110.4, 102.3, 101.4, 61.5, 22.3, 14.4 ppm. HRMS (APCI):
m/z caled for C,,H;5N,0,, 371.1032 [M - H]7; found,
371.1036.

Ethyl 6-methyl-10-(4-nitrophenyl)-2-oxo-2H-pyrano[2,3-b]
indolizine-3-carboxylate (3ab). According to the general pro-
cedure for direct arylation, ethyl 6-methyl-2-oxo-2H-pyrano|2,3-
blindolizine-3-carboxylate (0.55 mmol, 1 equiv.), 1-bromo-4-
nitrobenzene (0.66 mmol, 1.2 equiv.), potassium acetate
(1.11 mmol, 2 equiv.), NMP (3 mL), PdCl,(PPhj3), (0.027 mmol,
0.05 equiv.), and water (1.11 mmol, 2 equiv.) were made to
react affording 3ab (25 mg, 50%) as orange crystals. Ry = 0.45
(Si0,, AcOEt/hexane, 3 : 1); m.p. 284.3 °C. '"H NMR (500 MHz,
CDCl;) § 9.07 (s, 1H), 8.36 (d, J = 8.8 Hz, 2H), 7.89 (d, J = 8.8
Hz, 2H), 7.83 (d, J = 8.9 Hz, 1H), 7.40 (dd, J = 9.0, 7.0 Hz, 1H),
6.91 (d, J = 7.1 Hz, 1H), 4.43 (q, J = 7.1 Hz, 2H), 2.97 (s, 3H),
1.42 (t, J = 7.1 Hz, 3H). ">C NMR (126 MHz, CDCl;) § 165.3,
157.3, 150.7, 146.3, 139.4, 139.0, 138.3, 137.2, 129.0, 128.2,
124.3, 115.8, 115.5, 112.5, 102.5, 101.1, 61.5, 22.3, 14.4 ppm.
HRMS (APCI): m/z calced for C,3H;5N,06, 391.0930 [M — HJ;
found, 391.0932.

Ethyl 10-(4-(tert-butyl)phenyl)-6-methyl-2-oxo-2H-pyrano|2,3-
blindolizine-3-carboxylate (3ac). According to the general pro-
cedure for direct arylation, ethyl 6-methyl-2-oxo-2H-pyrano|2,3-
blindolizine-3-carboxylate (0.20 mmol, 1 equiv.), 1-bromo-4-
(tert-butyl)benzene (0.26 mmol, 1.2 equiv.), potassium acetate
(0.40 mmol, 2 equiv.), NMP (3 mL), PdCl,(PPh;), (0.010 mmol,
0.05 equiv.), and water (0.40 mmol, 2 equiv.) were made to
react affording 3ac (14 mg, 17%) as orange/brown crystals. R =
0.56 (SiO,, AcOEt/hexane, 2:1); m.p. 241.6 °C. 'H NMR
(600 MHz, CD,Cl,) 6 8.93 (s, 1H), 7.71 (d, J = 8.7 Hz, 1H),
7.57-7.51 (m, 2H), 7.51-7.46 (m, 2H), 7.24 (dd, J = 8.9, 6.9 Hz,
1H), 6.76 (d, J = 7.0 Hz, 1H), 4.27 (q, J = 7.1 Hz, 2H), 2.84 (s,
3H), 1.32-1.29 (m, 12H). "*C NMR (126 MHz, CDCl;) § 165.7,
158.1, 150.3, 140.1, 138.5, 137.9, 128.9, 128.5, 127.0, 126.8,
125.9, 116.1, 114.9, 112.5, 103.3, 101.1, 61.2, 34.7, 31.3, 22.2,
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14.5 ppm. HRMS (APCI): m/z calcd for C,5H,cNO,, 404.1862
[M + H]'; found, 404.1861.

Procedure for the synthesis of styryl dye

Ethyl 10-formyl-6-methyl-2-oxo-2H-pyrano[2,3-b]indolizine-3-
carboxylate (4a). In a round bottom flask, POCI; (0.280 mL,
3 mmol) was added to dry DMF (0.310 mL, 4 mmol), at 0 °C.
The ice bath was removed and the solution was stirred for
30 min. A solution of ethyl 6-methyl-2-oxo-2H-pyrano[2,3-b]
indolizine-3-carboxylate (0.250 g, 0.92 mmol) in dry DCE
(5 mL) was added and the mixture was stirred at 85 °C for
16 hours. After cooling to room temperature, an aqueous solu-
tion of saturated sodium acetate (3 mL) was added and heated
again for 1 hour at 100 °C, then the reaction mixture was
cooled to room temperature and the water-organic layer was
extracted with DCM. The combined organic layers were dried
over Na,SO, and concentrated under reduced pressure. The
crude product was purified by column chromatography (silica,
AcOEt/hexane 1:1) affording 4a (230 mg, 83%) as yellow crys-
tals. R; = 0.40 (SiO,, AcOEt/hexane, 3:1); m.p. 241.4 °C. 'H
NMR (500 MHz, CDCl;) 6 10.29 (s, 1H), 9.03 (s, 1H), 8.54 (d, J =
8.8 Hz, 1H), 7.60 (dd, J = 8.8, 7.2 Hz, 1H), 7.05 (d, J = 7.2 Hz,
1H), 4.43 (q, J = 7.1 Hz, 2H), 2.99 (s, 3H), 1.43 (t, J = 7.1 Hz,
3H). '*C NMR (126 MHz, CDCl;) § 181.8, 164.8, 156.6, 155.8,
140.6, 139.1, 139.0, 131.5, 118.5, 118.0, 112.2, 103.7, 102.3,
61.7, 22.1, 14.4. ppm. HRMS (APCI): m/z calcd for C;4H;,NOs,
298.0714 [M — HJ~; found, 298.0715.

4-Methylpyridinium iodide (5). Synthesis was conducted
according to literature.®* "H NMR (500 MHz, DMSO-d,) & 8.81
(d,J = 6.4 Hz, 2H), 7.94 (d, J = 6.2 Hz, 2H), 4.26 (s, 3H), 2.58 (s,
3H).

(E)-4-(2-(3-(Methoxycarbonyl )-6-methyl-2-oxo-2H-pyrano| 2,3-b]
indolizin-10-yl)vinyl)-1-methylpyridin-1-ium iodide (6a). In a
round bottom flask, 4-methylpyridinium iodide (18 mg,
0.17 mmol), ethyl 10-formyl-6-methyl-2-oxo-2H-pyrano[2,3-b]
indolizine-3-carboxylate (51 mg, 0.17 mmol) and piperidine
(0.017 mL) were dissolved in MeOH (4 mL) and refluxed over-
night. After cooling down to room temperature, a precipitate is
formed, filtered and washed with MeOH to afford ethyl
10-formyl-6-methyl-2-oxo-2H-pyrano[2,3-b]indolizine-3-carboxy-
late as red crystals 6a (25 mg, 37%). M.p. 250.7 °C. "H NMR
(500 MHz, DMSO-dy) 6 8.94 (s, 1H), 8.78 (d, J = 6.3 Hz, 2H),
8.34-8.19 (m, 4H), 7.68 (t,J = 7.9 Hz, 1H), 7.31 (d, J = 16.0 Hz,
1H), 7.20 (d, J = 7.1 Hz, 1H), 4.23 (s, 3H), 3.81 (s, 3H), 2.95 (s,
3H). ’C NMR (126 MHz, DMSO-d) 6 164.9, 156.7, 153.4,
151.7, 145.0, 141.4, 141.2, 139.5, 130.5, 129.0, 123.0, 121.2,
117.4, 115.6, 113.8, 101.1, 99.2, 52.5, 47.0, 21.5 ppm. HRMS
(ESD): m/z caled for CpHyoN,0,4, 375.1345.1501 [M']; found,
375.1348.

Photophysical measurements

HPLC grade solvents were purchased from Sigma-Aldrich and
used as obtained. For optical studies, solutions of molecules at
low concentrations were used to avoid dimerization or reab-
sorption effects. All absorption and fluorescence spectra were
taken at room temperature (21 °C). A Shimadzu UV/VIS-NIR
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spectrophotometer, model UV-3600i Plus, was used for absorp-
tion spectra measurement. Fluorescence spectra were recorded
with an FS5 spectrofluorometer from Edinburgh Instruments.
Fluorescence quantum yields (&) of molecules in solvents at
21 °C were determined using Coumarin 153 in EtOH (& =
0.38) and Rhodamine 6 g in EtOH (@g = 0.95) as references.
Solutions of low absorbance (4 < 0.1) were used to avoid reab-
sorption or concentration quenching. Refractive index correc-
tion for solvents have been performed in the calculations of
quantum yields. Molar absorption coefficient, ¢, was calculated
from the absorbance, A, of a solution of the given molar con-
centration, ¢, in a cuvette of length, /, according to Lambert
Beer formula:

A=cel

Fluorescence kinetics studies were performed using the
time correlated single photon counting technique. A mode-
locked Coherent Mira-HP picosecond laser pumped by a Verdi
18 laser was used for excitation. The fundamental pulses of
the Mira laser were up-converted to 387.5 nm. The temporal
width of the excitation pulses was ~280 fs and the instrument
response function (IRF) about 40 ps. Fluorescence was dis-
persed with a 0.25 m Jarrell-Ash monochromator and detected
with a HMP-100-07 hybrid detector coupled to an SPC-150 PC
module, (Becker&Hickl GmbH). Fluorescence decays were ana-
lyzed with deconvolution software using a nonlinear least
squares procedure with the Marquardt algorithm. A standard
4 test and Durbin-Watson (DW) parameter along with
residual and autocorrelation function plots were used to
assess the quality of a fit. The estimated accuracy for the deter-
mination of decay time was below 10 ps.

Computational details

The calculations were performed using the Gaussian 16
program.®® The solvent effect was introduced in PCM pro-
cedure. The SOC elements were also calculated using the Orca
program.®®

Biological studies

The rat embryonic cardiomyoblast-derived H9c2 cells were
loaded with the fluorophore at the final concentration of 500
nM in DMEM medium supplemented with 10% foetal bovine
serum, 2 mM glutamine, 100 U ml™" penicillin, and 100 pg
ml™" streptomycin, and incubated at 37 °C in a humidified
atmosphere containing 5% CO, for 15 to 60 minutes. After
that, the incubation medium was replaced with FluoroBrite™
DMEM. The measurements were performed with the use of an
Olympus IX83 confocal microscope with the silicone objective
60x UPLSAPO 60XS. Registered data were transferred to the
Image] and analysed for presentation.
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Indolizine (pyrrolo[1,2-alpyridine) is an isomer of indole. The diversity of synthetic approaches leading to
the indolizine skeleton is unrivalled, compared to many other heterocycles of this size. Increasing avail-
ability of densely functionalized pyrrole derivatives makes it possible to expand the scope of indolizine
synthesis from these substrates. In this article, we describe progress in the development of new strategies
that lead to indolizine and its n-expanded analogs during the period 2016-2024. Developments of the
past decade combined the optimization of known strategies with the discovery of entirely new
approaches. First, we discuss the synthetic pathways leading to the indolizine core from pyridine, followed

Received 6th November 2024, by describing methods starting from pyrrole derivatives. Finally, we focus on n-expanded indolizines, also
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describing their optoelectronic properties. Although certain synthetic limitations exist, the newly devel-
oped methodologies provide impetus for numerous explorations that use indolizines. We anticipate that

rsc.li/frontiers-organic our review will help motivate further advances in indolizine synthesis.

10th anniversary statement

In 2019, I published a key paper in Organic Chemistry Frontiers (Org. Chem. Front., 2019, 6, 2939-2948). It revealed new con-
ditions for a multicomponent reaction leading to 1,4-dihydropyrrolo[3,2-b]pyrroles, which significantly expanded the sub-
strate scope (both amines and aldehydes) and improved the yields of the heterocyclic products. Eventually, this paper
opened new horizons for these exceptionally electron-rich functional dyes. I wish Organic Chemistry Frontiers a successful

Published on 05 February 2025. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:30:57 PM.

and prosperous second decade of existence!

1. Introduction

Indolizines entered the chemical world in 1890." This isomer
of indole has long been overshadowed by indole itself, which
took prime position due to its overwhelming presence in the
structures of both alkaloids and synthetic, biologically active
compounds. Classical methods furnishing the indolizine skel-
eton, such as the Chichibabin reaction,? are well established
in the literature. The simplicity of the indolizine core and the
presence of a bridging nitrogen atom continued to attract
attention from chemists, who developed a plethora of syn-
thesis strategies, which started from either pyridine derivatives
or substituted pyrroles. The subject was reviewed in the past®®
and quite recently specialized review articles appeared as
well,”? followed by major review.'® Originally interest in the
indolizine scaffold was more related to its dehydrogenative
derivatives, which are present in some alkaloids.'® Over time,
the picture has changed and in recent decades interest shifted

Institute of Organic Chemistry of the Polish Academy of Sciences, 01-224 Warsaw,
Poland. E-mail: dtgryko@icho.edu.pl

2860 | Org. Chem. Front, 2025, 12, 2860-2907

towards optoelectronic-type applications.'®” Indolizines’

intrinsically strong emission of violet-blue light was inten-
sively exploited by Park’s group (Seoul-Fluor dyes);'®"® this
sparked broader research interest that eventually provided
impetus for further development. This shift of interest seam-
lessly translated into the emergence of n-expanded indolizines
as a distinct research direction. It turned out that structural
modifications enabled a bathochromic shift of the emission to
the deep red region and beyond. Here, we present a compre-
hensive picture of progress in the synthesis of indolizines that
has occurred from 2016 to now (Scheme 1).

2. Methods based on pyridine
derivatives

The synthesis of indolizines from pyridine derivatives is the
most widely recognized approach found in the literature.
Pyridine derivatives are readily available, commercially accessi-
ble building blocks that are typically bench-stable, air-stable
solids. These characteristics make them highly convenient
substrates for the construction of indolizine frameworks.

This journal is © the Partner Organisations 2025
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Scheme 1 Overview of synthetic methodologies leading to the indolizine core.

2.1 From pyridinium ylides

One of the most widely used methods in indolizine synthesis
is the [3 + 2] annulation of pyridinium ylides with alkynes>’>®
or alkenes. This type of reactivity usually gives rise to indoli-
zines bearing electron withdrawing groups in the C1 and/or C3
positions, as both substrates are commonly activated by such
groups (e.g. ester or cyano group). Also, using 3-substituted
pyridine derivatives can give rise to two regioisomers as annu-
lation can occur on either side of the nitrogen atom.

2.1.1 Ylides generated from pyridinium salts. Pyridinium
salts are extremely versatile substrates in indolizine synthesis.
Their ease of preparation and the broad availability of simple
unsaturated derivatives make this approach particularly con-
venient. The pyridinium salt can be preformed or formed
in situ, and then deprotonated with a base to yield pyridinium
ylides, which are capable of reacting in [3 + 2] cycloaddition
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reactions or generally undergo [3 + 2] annulations following
various mechanisms.

It must be pointed out that using an alkene substrate for
this type of transformation usually implies the need to use an
oxidant to give rise to fully aromatic indolizine. In such cases
more complex reaction conditions are used.

An archetypical example of this reactivity was recently pre-
sented by Moise et al. (Scheme 2).>° A pyridinium salt formed
by the reaction of a pyridine derivative and chloroacetone
easily undergoes (upon deprotonation with an organic amine)
1,3-cycloaddition with ethyl propiolate to give rise to C1,C3-di-
EWG disubstituted indolizines 2. Similarly, disubstituted
alkynes can also efficiently participate in [3 + 2] cycloaddition.
He et al. synthesized a series of trifluoromethyl substituted
indolizines using the same approach.?® Karamshahi et al. also
utilized disubstituted alkynes and expanded the reactivity
scope to pyrazine derivatives.>!
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Similar conditions have been used by many research groups
to yield various indolizine derivatives,**"*° including ones sub-
stituted with charged pyridyl moieties®® or complex bio-
molecules such as sugars*> — conceptually all these reactions
use the same strategy.

An example of metal-catalyzed C-H activation applied in
indolizine synthesis was presented by Shen et al*® The
authors utilized rhodium(m) catalysis to obtain a wide scope of
indolizines 3 substituted with aryl rings (Scheme 3). To date
rhodium catalysis has been mostly used in partially reduced
indolizine core synthesis, usually starting from unsaturated
pyrrole derivatives.**™*® The methodology was also expanded
to alkyl and heteroaryl derivatives as well as to different pyri-
dines. It is worth noting that, contrary to standard approaches,
the alkyne does not bear any activating groups. The mecha-
nism proceeds through rhodium(m) C-H insertion, eight-mem-
bered ring formation, ring contraction with regeneration of the
ester functionality and reductive elimination to give rise to the
indolizine skeleton.

It is known that alkenes are also active substrates in the syn-
thesis of indolizines.”** Liu et al. reported the reaction
between pyridinium salts and various electron-deficient
alkenes where TEMPO was used as an organic oxidant
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(Scheme 4).°® After a slight reoptimization (lithium hydroxide
was used as a base instead of cesium carbonate), this method
could also lead to indolizines 4 bearing a wide range of alkyl
chains at position C3. This discovery opened a convenient way
to access this type of indolizine starting with primary haloge-
nated alkanes. Additionally, disubstituted alkenes such as
dimethyl maleate and chromone were well tolerated.

Other recently reported variants of this strategy include
metal-catalyzed reactions,>®*>® hydroperoxide-induced oxi-
dation,”® denitrative synthesis using nitroalkenes,*® and the
denitrative approach combined with the presence of another
leaving group (chlorine,®" sulfanyl®?).

Tabolin and co-workers used fluoronitro derivatives in indo-
lizine synthesis, which enabled the authors to obtain unique
aryl-substituted 1-fluoroindolizines 5 (Scheme 5).°> A simple
copper(u) catalyst was employed; this method tolerated various
substituents in either of aryl rings present, as well as the use
of quinoline instead of pyridine. The mechanism involves a
Michael-type addition of the ylide to the nitroalkene, followed
by the formation of a five-membered ring - formally a stepwise
[3 + 2] cycloaddition. Copper oxidizes the intermediate product
and, finally, formal HNO, elimination (which is preferred over
HF elimination) occurs yielding indolizine. This novel protocol
greatly expands the utility of fluoronitroalkenes, as such sub-
strates are widely used building blocks in the synthesis of
various heterocyclic products such as pyrroles,®* pyrazoles,*
triazoles®® and pyrazolo[1,5-a]pyridines.®?

A complementary way to fluoroindolizines has also been
developed. 2-Fluoroindolizines can be obtained in the reaction
between pyridinium salts and a-CF; ketones.®” These ketones
can be perceived as formal equivalents of fluoroacyl alkynes,
as it was with nitrofluoroalkenes, which represent formal fluor-
oalkyne reactivity. A conceptually similar transition-metal-free
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approach was used to obtain 2-sulfanylindolizines, starting
from B,B-disulfanyl-o,f-unsaturated ketones.®®

Similar reactivity could also be accessed using metal-free
conditions (Scheme 6).°° gem-Difluoroalkenes readily under-
went [3 + 2] annulation under standard basic conditions. The
reaction also proceeded through a difluoro intermediate,
which upon fluorine atom elimination and oxidation gave
desired indolizines 6. This methodology was exemplified by
using a diverse set of difluorostyrenes, including those where
the aryl ring was functionalized with complex biomolecules
such as terpenoids, amino acids, and steroids. Although
2-fluoroindolizine synthesis using gem-difluoroalkenes was
already known, this protocol greatly improved the applicability
of such an approach - previously, an unsaturated partner
needed to be preactivated by tosylate’® or yet another halogen
group.””

Ma et al. discovered that f,p-difluoroperoxides were also
active substrates in the reaction with pyridinium ylides.”
These unusual substrates are transformed in situ into
B-fluoroenone via Kornblum-DeLaMare rearrangement and
subsequent HF elimination. This fluoro derivative undergoes a
standard cycloaddition, HF elimination and oxidation reaction
sequence to yield functionalized indolizines.

Rl U
K2COq (|
DMSCO/dioxane, ' N /\r"Rz
_ air, 60 °C \ /.':_-{.
“EWG EWe F
[]
R'! = Me, CO,Et, OMe 37 examples
R? = aryl, 2-thienyl, vinyl 9-71% yields
Scheme 6
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Recently, it was proved that nitro and fluoro functionalities
were not the only ones that could serve as a formal leaving
group in indolizine synthesis. It was found that this role could
also be fulfilled by carboxylic acid derivatives, usually gener-
ated in situ by ring-opening of maleic anhydride induced by
nucleophilic attack. One such approach, through a decarboxy-
lative four-component reaction, was proposed by Xu et al.”?
This strategy gave rise to C1 amide-substituted indolizines in
excellent yields. A drawback of this strategy was the need to
use an external oxygen source to facilitate the oxidation
process. Unintuitively, the use of sterically hindered pyridi-
nium salts (formed in situ) gave the best yields.

A similar strategy was recently presented by Zhang et al
who also utilized maleic anhydride in the synthesis of unique
C1 and C2 unsubstituted indolizines 7.”* A key mechanistic
step was the decarboxylation of carboxyl diradical 7a, gener-
ated by TEMPO (Scheme 7). Conditions were compatible with
halogen-functionalized o-haloketones, as well as quinoline
and isoquinoline substrates. Usually, the group that serves as
an activating agent in the alkene substrate is retained in the
final product (e.g. indolizines 2, 4, 5), while in this approach
both carboxylic groups are removed before final aromatization.
While this strategy was already recognized in the literature,
maleic anhydride was yet to be transformed into the 7a-type
intermediate by other means than metal-based catalytic
systems.”>’® This finding offers an improved and greener
method based on using an organic oxidant to activate this
simple alkene towards reacting with pyridinium ylides.

Similar indolizines can be obtained by using (E)-2-methox-
yethene-1-sulfonyl fluoride as an acetylene surrogate. This dis-
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s g + “ \0 - s T
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covery was reported by Ma et al.;”” however, the methodology
presented in Scheme 7 is probably preferred due to the wide
availability of maleic anhydride compared to Ma’s substrate.

A completely novel, unorthodox concept was presented by
Zheng et al., who used propargyl sulfonium compounds as
partners in [3 + 2] annulation (Scheme 8).”® Unexpectedly, the
reaction did not proceed with participation of the triple bond,
but instead sulfonium salts isomerized to allene, which only
then reacted with isoquinolinium ylide via stepwise [3 + 2]
annulation forming 8A/B. It is worth noting the exceptionally
benign conditions - cyclization occurs at room temperature, in
the presence of an organic base (compared with method-
ologies utilizing much harsher conditions, such as those
leading to indolizines 4 or 10), making this approach of par-
ticular interest in the late-stage synthesis of the indolizine
moiety. In the same year it was proved that 2-bromoallylsul-
fones were also suitable reagents for generating allenes.”
Such derivatives similarly furnished C2-methyl indolizine
derivatives; however, the degree of chemoselectivity was lower
- in some cases the authors observed partial C1-desulfonation.

Cyclic alkenes can also be suitable substrates for indolizine
synthesis. This strategy was exemplified by Dong and Huang,
who utilized chromones as unsaturated partners (Scheme 9).%°
After stepwise [3 + 2] annulation, the six-membered ring con-
taining an oxygen atom is cleaved open to generate a double
bond in the tetrahydroindolizine skeleton. The final oxidative
aromatization step leads to 1-(2-hydroxybenzoyl)indolizines 9
in good yields. A similar approach is presented by the syn-

8A/B
20 examples (BA)
& examples (BB)
36-62% yields

A =C (8a), N (8b)
R'=H, Me, OMe
RZ = H, halogen, NOs, OMe, aryl

Scheme 8
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X=C,N;R"=H, Br, Me 38 examples
EWG = CO,Et, CO,Me, G(OAr 50-83% yields
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thesis of indolizines 48, where a chromone derivative is
reacted with an appropriate pyrrole derivative. Nitroindoles
also exhibit a similar type of reactivity. Babu et al. used N-tosyl-
3-nitroindoles to obtain 1-(2-aminophenyl)indolizines.®* The
reaction proceeded through the standard 1,3-dipolar cyclo-
addition step, elimination of NO,, and aromatization with con-
comitant ring opening, where an amine is formally a leaving
group. Such amino derivatives became the basis of further C-
H amination reactions, yielding interesting indolizines fused
through the C2 position. Later, the same group discovered that
utilizing 3-nitrobenzothiophene gave rise to unusual indoli-
zine dyads possessing a disulfide bridge instead of the
expected sulfanyl derivative.*

A mechanistically unusual reaction was reported by Shu
et al.®® A key step was the K,S,0g-mediated transformation of
DMSO into a thionium ion. Next, it gets attacked by the ylide,
and methanethiol is eliminated furnishing an exo-methylenic
intermediate. This intermediate participates in [3 + 2] cyclo-
addition, which results in tetrahydroindolizine. Upon oxi-
dation of 10a and expulsion of pyridine, the reaction converges
to the indolizine 10 skeleton with the C2 carbon originating
from DMSO, also used as a solvent. The conditions were com-
patible with various ketoaryl moieties, leading to the final pro-
ducts in good to excellent yields (Scheme 10). While very broad
and diverse in terms of scope on the aryl part of the pyridi-
nium salt, this methodology suffers from one limitation - C1
and C3 acyl moieties remain in the same group.

21 examples
58-92% yields

Ar = substituted phenyl, 2-thienyl, 2-furyl,
1-napthyl, 2-naphthyl
R' = H, Me, COsMe, CN, r-expansion

[3+2] cycloaddition
/7—Ph D/,’-" ~Ph

Scheme 10
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A particularly elegant approach towards indolizines 11 with
free C2 and C3 positions was demonstrated by Gou’s group.®*
The authors utilized an N-methyl pyridinium salt - a rare sub-
strate in indolizine synthesis, with one of the a-positions in
the heterocyclic ring being blocked (Scheme 11). After much
optimization, the elaborated Pd/Cu catalytic system proved to
be extremely effective, thus overcoming the low reactivity of the
weakly acidic Cgps-H reaction centre. The ester and amide
scope was notably broad, allowing the authors to obtain
various indolizines functionalized with biomolecules such as
sugars, terpenoids and APIs. This method is one of the scarce
examples of indolizine synthesis from pyridine starting
materials, which can give rise to C3-free indolizine, thanks to
the lack of functional groups attached to the carbon atom in
the N-methyl group.

The C2-carbon atom can also originate from difluorocar-
bene. Hou et al. presented a methodology for C1,C3-di-
substituted indolizines, where the carbon atom was intro-
duced by CF, reacting with pyridinium ylide (Scheme 12).%° A
series of additions and eliminations led to indolizines 12A, in
which the C1-ester substituent originated from a different
ylide molecule. Interestingly, when 2-picolinium salts were
used, the reaction proceeded through an intramolecular cycli-
zation step, which resulted in the formation of 12B. This

R=H
/—CH
EtO,C
BrCF,CO,Et 16 examples
Y R 128 1 7.01% yields
Cs,C0O5 H;0, MeCN = y!
~SCOLEL 80°C,7h
R'=H, C, Br, Me, DAlk, Ac, LM, _
COsMe C(O)Ph, NH =
128 beF,H
16 examples
47-99% yields
Scheme 12
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approach somewhat solves the limitation of the previously pre-
sented indolizine 10 synthesis - it is possible to introduce two
distinct ethoxycarbonyl groups, serving as a formal acyl group
precursor, as well as a handle for further functionalization and
C1/C3 group differentiation.

In addition to standard base-mediated and metal-cata-
lyzed approaches, many other conditions were developed for
indolizine synthesis from pyridinium ylides and/or salts. The
treatment of in situ-generated pyridinium salts and alkynes
with whole Yarrowia lipolytica cells was shown to lead to indo-
lizines in rather good yields.*® Furthermore, cells originating
from horseradish root (Armoracia rusticana) are able to cata-
lyze bis-indolizine formation.®” Unfortunately, the scope of
such transformations remains somewhat limited and devel-
opments towards greater functional group tolerance could
encourage their wider use in organic synthesis. Recently,
Schneider and co-workers published a series of articles
describing ultrasound-induced indolizine synthesis. This
approach can efficiently produce indolizines and is compati-
ble with various functional groups.®®°° This approach is not
only applicable to the standard pyridinium ylide/unsubsti-
tuted alkyne protocol, but also to the synthesis of unique
chalcogen-derivatized (in the C2 position) indolizines, includ-
ing selenium and tellurium derivatives. Interestingly, haloalk-
anes can also mediate indolizine synthesis - this phenom-
enon has been called “halogen-bond catalysis”.°* Also, many
indolizines could be easily obtained under microwave
irradiation - this type of reactivity was recently covered in a
review by Ghosh and Biswas.'®

Although the first cases of [3 + 2]cycloaddition leading to
the formation of the indolizine core were published a long
time ago,®™ this strategy continues to be attractive and it has
undergone further development. The variant with alkynes as
substrates has the advantage that an external oxidant is not
necessary whereas the availability of alkenes points to the key
advantage of the second version. It seems that the option with
alkenes decorated with leaving groups such as fluorine or NO,
is the ‘best of both worlds’ combining easily accessible sub-
strates with the lack of a requirement for oxidation.

2.1.2 Ylides generated by different methods. It must be
noted that there are several routes to pyridinium ylides other
than the reaction of pyridine with suitable halo derivatives and
subsequent deprotonation with a suitable base. One particu-
larly important approach is the Ortoleva-King reaction of
active methyl or methylene derivatives in the presence of mole-
cular iodine (Scheme 13). Highly functionalized indolizines 13
were obtained by a novel strategy reported by Yavari et al.®?
The authors obtained ketenimines via a cascade of the Nef iso-
cyanide reaction and the Perkow reaction. Such substrates
were reacted with previously prepared quinolinium ylides; the
key step was the application of Ortoleva-King reactivity to acti-
vate the a-picolinic position. Even though highly reactive keti-
mine 13a is utilized in the synthesis, the protocol is compati-
ble with heterocyclic derivatives possessing a pyridine-type
nitrogen atom (needed for the C(sp*)-H activation step), which
is scarcely explored in the literature. This approach was
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9394 and now is

recently further developed by the same group
widely recognized in the literature.”> "’

Another approach to activate acetophenone substrates in
the synthesis of indolizines was very recently presented by
Zhang et al. The authors developed a CuBr-based solvent-free
catalytic system, which in the presence of (NH,),S,0;z yielded
bromoacetophenones.’® Such substrates readily formed ylides
and participated in the cyclization with electron-deficient
alkenes, including nitrostilbenes, which gave rise to C1-unsub-
stituted indolizines via a denitrative pathway. In addition, an
even simpler CuBr-based catalytic system is known, where air
plays the role of the sole oxidant.”

Peng’s group accessed pyridinium ylide reactivity by
employing rhodium-catalyzed activation of donor-acceptor
diazo compounds (Scheme 14)."%° After classic [3 + 2] annula-
tion, the resulting intermediate undergoes metal-assisted 1,3-
ester migration, yielding the final partially reduced indolizines

CO,Me L
RhOPV), | | | com?
v i LS - O
Ny * || xylenes, RT “\l ?”CD?ME
5 CO,M b
Ar J\ci:)zR2 zMe Ar \002ME
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R'=H, CI, Br, Me, OMe, CO;Me
R? = Me, Et
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15 examples
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Scheme 14
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14. This reactivity could also be tuned to furnish 1,4-oxazepine
derivatives via [5 + 2] cycloaddition.

Diazoacetates were also an efficient ylide precursor under
Cu-catalysis conditions.'®® It was proved that natural products
such as hemoglobin could be used as the catalyst in such an
approach,'® as well as simple synthetic porphyrins such as
TPP iron complexes.'®

Sharma and coworkers proved that pyridinium ylides could
be efficiently obtained by applying electro-oxidative C(sp®)-H
bond functionalization and efficiently transformed into indoli-
zines'®* - this can be perceived as electrochemical Ortoleva-
King-type reactivity.

It is obvious from this short description that methodologies
relying on ylides generated by different methods than the
deprotonation of N-alkylpyridinuium salts are yet to come to
fruition and at the moment they are not comparable in terms
of generality and scope of substituents for what they can offer
to indolizine chemistry.

2.2 From N-free pyridine derivatives

N-Free pyridines can also participate in indolizine synthesis
and yield target heterocycles without the formation of stan-
dard pyridinium salts as presented above. Such methods are
particularly convenient, as they alleviate the need for any pre-
functionalization of the pyridine nitrogen atom before indoli-
zine synthesis.

As a continuation of previous work," *>'°® Tiwari and Rawat
developed catalyst-free regiodivergent [2 + 2 + 1] cycloaddition
(Scheme 15)."% Diesters of acetylenedicarboxylic acid under-
went nucleophilic addition of pyridine to the triple bond. This
adduct then dimerizes and cyclizes in a 5-exo-trig fashion. Loss
of ylide, followed by intramolecular cyclization and aromatiza-
tion, leads to two molecules of desired indolizine 15A. The
regioselectivity of this reaction was directly influenced by the
presence of a functional group on the nitrogen atom.
Furthermore, two similar articles were published that
described the synthesis of analogous triester derivatives,'®® as
well as indolizines that possessed two ester moieties alongside
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the nitro group.'®® These approaches remain a very convenient
way to construct densely substituted (on pyrrole ring) indoli-
zines, which possess diverse functionalities on the pyridine
side of the heterocycle, including amino and halogen groups.
Acetophenones were also shown to be suitable substrates for
the synthesis of 1,2,3-trisubstituted indolizines from pyridine.
Sun et al presented a CuBry-based catalytic system that
smoothly afforded 1,2,3-tri(acyl)indolizines in good yields."*°

A novel metal-free radical reaction between enaminones
and pyridines bearing an EWG at position C4 was recently
described.""" B,pin, plays a crucial role in the reaction mecha-
nism, generating radical species 16a (Scheme 16). A sequence
of migration, cyclization, radical removal, and aromatization
gives rise to the final product 16. This method tolerated
various functional groups without loss of efficiency.
Noteworthy is the high modularity of such an approach -
enaminones are easily synthesized by aldol-type condensation
of aryl ketones with DMF-DMA, whereas commercial libraries
of substituted pyridines are extremely broad. Recently,
advanced DFT calculations were performed by Zhang et al.,
who showed that such a reaction might proceed through a
different route than the Minisci-type addition outlined in
Scheme 16.""* Somewhat similar approaches taking advantage
of enaminone reactivity will be mentioned later in the text
(sections 2.4 and 2.7).

An easily tunable and concise approach towards indolizines
was recently presented by Arndtsen’s group (Scheme 17).'*?
2-Bromopyridine can enter a palladium-catalytic cycle, giving a
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carbonylated intermediate, which then reacts with preformed
imine. The product of this transformation undergoes cycliza-
tion to the high-energy 1,3-dipolar intermediate 17a, which is
a suitable partner for cycloaddition with an alkyne, yielding
indolizines 17. Interestingly, the carbonyl group originating
from the CO molecule is not conserved in the final structure —
it is just a means to build up high-energy intermediate 17a.

2-Sulfanylpyridines were also readily transformed into indo-
lizines 18, by a base-catalyzed reaction with nitroallylic acetates
(Scheme 18). The mercapto group fulfilled the role of a handle
deciding the regioselectivity of this approach.’** The mecha-
nism proceeds through the Sy2 reaction with extrusion of the
acetate ion, Michael addition and unusual thiirane formation,
which is rearranged to give the final product. Previously, it was
shown that such MBH-acetates could also be reacted in the
same manner with a-acidic picoline derivatives.""® While inter-
esting, this approach is somewhat restricted by the complexity
of the starting material - indolizines substituted with an EWG
in position C1 are easily obtained from appropriate ylides and
alkenes (e.g. indolizine 2).

A seemingly analogous finding to indolizine 14 synthesis
was published by Xu’s group (Scheme 19).""® However, in this
case the diazo compound is not a precursor to the pyridinium
ylide (as it was for 14), but instead transforms into a metal car-
benoid, which then undergoes carbene/alkyne metathesis.
Pyridine attacks the carbenoid species and after cyclization
and decarboxylative aromatization, the formal [2 + 2 + 1] annu-
lation product arises. This approach provides access to polycyc-
lic indolizines 19. It was also suggested that this reaction
could proceed through a pyridinium ylide, but it seemed that

. CO,Et ||
" 2 B-lutidine |
NO, _ = e T
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both pathways contributed somewhat to the formation of the
final product.

Recently, Nechaev and co-workers presented a synthetic
strategy toward indolizin-1-ols with charged electron acceptors
(pyridinium, imidazolium)."”"*® Such compounds are not air-
stable and spontaneously dimerize through the C3 position
upon exposure to ambient conditions; however, they can be
transformed in situ into various derivatives, including C3-sub-
stituted and n-expanded indolizines (vide infra).

One such example described by Nechaev’s group was to
utilize indolizin-1-ols to synthesize sulfanyl derivatives, as well
as tropone-substituted indolizines (Scheme 20)."*° The reactive
intermediate, formed in the reaction between N-free pyridine
and gem-difluorocyclopropenes, was immediately trapped by
various thiols and electrophilic tropones and underwent oxi-
dative coupling to yield complex C3-substituted indolizines 20.
Through this approach one can smoothly access the inherent
nucleophilicity of the C3-position of the indolizine-1-ol core,
providing a novel way to functionalize this heterocyclic
scaffold.

The same group continued research in the emerging field
of using gem-diflurocyclopropenes (and their surrogates) in the
synthesis of indolizin-1-ols and recently obtained novel unsub-
stituted 3-mercapto analogues of 20A by treatment of 20a with
molecular sulfur (20D)."*° It is found that such products exist
as mesomeric betaines and exhibit extremely attractive photo-
physical properties.

2.3 From 2-carbonylpyridines

2-Formylpyridines are a convenient precursor to 1-aminoindo-
lizines. Initially discovered by Liu and Yan,"*' the multicompo-
nent reaction utilizing 2-formylpyridines, amines and alkynes
was studied by many research groups under Cu-catalysis con-
ditions,"** using a recyclable Cu/ionic liquid system'** and Cu-
based MOFs."* It was later shown that Ag'*® and the Cu/Ce
mixed system'*° could also efficiently catalyze this type of reac-
tion. 1-Aminoindolizines proved to be good starting materials
in the synthesis of pyridyl enaminones, which could later be
transformed into pyridyl-substituted pyrroles.'*’
2-Acylpyridines can also be competent substrates in indoli-
zine synthesis. Zhao et al. published a mild methodology for
the preparation of 2-formyl and 2-acylated indolizines.
2-Ketopyridines combined with enones under acidic con-
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ditions to furnish indolizines in moderate yield. The mecha-
nism of such a transformation is notably straightforward: the
protonated enone undergoes conjugate addition with a pyri-
dine-type nitrogen atom, cyclization occurs and after loss of a
water molecule and a proton, indolizine is formed."*®

In 2023 Zhang, Ackermann and co-workers,"*® following on
from this earlier discovery,"® presented an elegant way to
obtain highly functionalized indolizine-2-carboaldehydes 21 -
valuable synthetic targets used as versatile precursors for dis-
tinct indolizine derivatives (Scheme 21). 2-Acylpyridines and
a,p-unsaturated aldehydes undergo mild one-pot [3 + 2] annu-
lation under aminocatalytic conditions. The authors opted to
use aminosugars derived from biomass, such as glucosamine.

Furthermore, chitosan was also shown to be an effective
catalyst for such a transformation under aqueous conditions,
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enabling simple regeneration of the stereoauxilliary. The
method tolerated various functional groups, yielding a broad
range of 2-formylindolizines in good yields.

Recently, Zhuo’s group presented a particularly interesting
approach towards various heterocyclic skeletons containing
nitrogen, oxygen and sulfur atoms including indolizines 22."*°
2-Acylpyridines were employed in a Mo-complex-catalyzed reac-
tion with disubstituted alkynes (Scheme 22). The authors pre-
sented a broad scope for their methodology, including
complex molecules of biological and medicinal relevance.
Zhuo’s method remains one of the most versatile ways to con-
struct densely substituted indolizine cores, possessing trialkyl-
silyl groups, as well as heteroaryl moieties attached at various
positions. It should be noted that the described synthesis of
the molybdenum catalyst is straightforward and can be rea-
lized at the gram-scale in one synthetic step, from commer-
cially available precursors. Combined with exceptional func-
tional group tolerance and applicability to the synthesis of
other heterocycles, this approach is particularly noteworthy.

2.4 From a-acidic picoline derivatives

In a complementary way to the pyridinium ylide [3 + 2] annula-
tion approach, CH-acids derived from a-picoline derivatives

This journal is © the Partner Organisations 2025
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can also participate in reactions with alkynes or alkenes. In
contrast to the method mentioned previously, the mechanisms
of these reactions are usually much more complex and often
take advantage of the inherent acidity of the a-picolinic posi-
tion. Still, such substrates are usually available commercially
or synthetically, therefore presenting an alternative way to
obtain indolizine heterocycles.

One such example was presented by Chen et al., who opted
to use 2-pyridylacetate and ynals to obtain 3-acylated indoli-
zines (Scheme 23)."*' The reaction proceeded through
Knoevenagel-type condensation and O,-mediated nucleophilic
5-exo-dig ring closure to furnish the desired indolizines 23 in
good yields. The radical mechanism was disproved by a
control experiment with TEMPO. One can compare such an
approach to most classic ylide/alkyne reactions to yield indoli-
zines (e.g. indolizine 2) - both methods are complementary to
each other, giving access to indolizines substituted with EWGs
at position C3.

Similarly, Wang’s group utilized 2-bromoenals, which could
be perceived as formal equivalents of ynals; however, in this
approach, the mechanism proceeds through a slightly
different route."*

Interestingly, Chen’s group proved that when elemental
sulfur (Sg) was present in the reaction mixture, it was possible
to obtain indolizinethiones 24 of the same general architecture
(Scheme 24)."** 1t is also known that the same type of reactivity
can be accessed by introducing molecular iodine to the reac-
tion mixture. This approach led Chen’s group to expand the
scope of picolines, yielding indolizines derived from cyano-,
amido- and keto-derivatives of picoline.”** Mixed iodine-

copper catalysis in indolizine synthesis was further explored by
135

He et al., who expanded the scope of this reactivity.””” Various

O; (1 atm}
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R'=H, Me, Br 44 examples
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mono- and di-substituted alkynes were tolerated, even though
the conditions seemed more harsh. Furthermore, Yang et al.
presented using pivalic acid as a catalyst combined with a suit-
able chalcogen derivative to yield products of interrupted cycli-
zation by nucleophilic attack on the carbon atom directly
linked to the C3 position of the indolizine, yielding various
alkoxy and thioalkoxy derivatives."*

A modification of this approach was presented by Li et al.,
who utilized a three-component reaction in the synthesis of
aminoalkyl indolizines. The Knoevenagel adduct formed
in situ in the presence of an amine and Zn-catalyst produced
the desired 3-(aminoalkyl) derivative in good yields."*”

In 2006 Bienaymé and co-workers published a new multi-
component reaction transforming 2-cyanomethylpyridine,
aldehydes and isonitriles into 3-alkylaminoinolizines."*®
Hulme revealed that the replacement of isonitrile with
CH;COCN led directly to 3-aminoindolizines."*® Atar’s group
also took advantage of the availability of 2-vinylpyridines,
using them in [4 + 1]-cycloaddition with isonitriles to obtain
3-amino-substituted indolizines 25.'*° The envisioned multi-
component reaction took place in an ionic liquid and was
compatible with various aldehydes (Scheme 25). Indolizine
synthesis in ionic liquids was recently explored by different
groups, utilizing various known synthetic strategies.’>'** On
the amine side, the scope was somehow limited by the avail-
ability of isonitriles — one can compare this finding to the syn-
thesis of indolizines 38.

An interesting discovery was reported by Chen’s group by
employing Pd-catalysis with pyridine-based Knoevenagel-type
adducts. The authors presented a method to obtain indoli-
zines bearing the same aryl groups in the C2 and C3 positions
(Scheme 26)."*" A tentative mechanism was proposed, starting
with Pd insertion into the C(sp?)-H bond. This intermediate
then undergoes Heck-type coupling, yielding 26b.
Intermediate 26b is then intercepted by molecular oxygen,
delivering unusual species 26¢. Extrusion of the 26a fragment
leads to the indolizine skeleton, which upon loss of a proton
gives rise to desired product 26. It is worth noting that the pre-
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sented method is highly tolerant of various functional groups.
Most notably, carbon-halogen bonds are preserved under Pd-
catalyzed conditions, providing a valuable handle for further
functionalization.

Joshi and Kim also opted to use Knoevenagel-type conden-
sation as the first step to form the C1-C2 bond of the indolizine
skeleton (Scheme 27).'*> They then applied an original strategy
to produce the desired heterocycle. The Knoevenagel adduct
was cyclopropanated in the Corey-Chaykovsky reaction, and
after brief optimization, DDQ was found to be a suitable promo-
ter of the rearrangement to the desired indolizine 27. A radical
mechanism was proposed. This method tolerated various func-
tional groups; the authors also showed DDQ-mediated dimeri-
zation pathways, through the C2, C5 and, notably, C7 positions
of indolizine - such reactivity is rarely explored.

Similar Knoevenagel adducts are shown to be competent
substrates in a highly divergent annulation protocol developed
by Kim’s group.'*? The reaction of such substrates with methyl
nitroacetate can be tuned to furnish not only indolizines sub-
stituted with various aroyl groups, but also isoxazoles and
2-acylquinolizin-4-ones. Crucial parameters responsible for
deciding the reactivity mode were found to be the choice of
base (or lack of) and solvent.

Alkenes prove to be compatible with various methodologies
for indolizine synthesis from o-acidic picoline derivatives. A
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group developed a regiodivergent protocol for the synthesis of
indolizine substituted with EWGs at the C2 and C3 positions,
utilizing I, mediation and acrylates.'** Interestingly, the
choice of base was a crucial parameter that determined the
predominant regioisomer. Lu et al. opted to use gem-difluor-
oalkenes as efficient precursors to C2-free indolizines, expand-
ing the utility of such fluoro derivatives in a complementary
way to indolizine 6 synthesis."*> Enaminals can also be used
as efficient electrophilic partners, yielding indolizines of the
same architecture - this mode of reactivity was recently pre-
sented by Li et al.**°

Su et al. presented a use for sulfoxonium ylides in indoli-
zine synthesis by the NIS-mediated radical pathway.'*” The
sulfur atom was retained in the final structure, giving rise to
C3-alkylthiolated indolizines. This mode of reactivity is some-
what unusual; in this case the reactive site is on the sulfur
atom and DMSO is not extruded during the reaction.

A novel catalytic relay consisting of amine-induced Michael
addition and NHC-promoted cyclization was reported by
Wang’s group (Scheme 28)."*® a,p-Unsaturated aldehydes were
used alongside picolines bearing EWGs. After Michael adduct
liberation, the N-heterocyclic carbene and PIDA participate in
the formation of intermediate 28a, blocking the Breslow inter-
mediate. Pyridine then attacks the iodine atom, leading to
species 28b, which cyclizes to yield 28c. The final aromatiza-
tion delivers the desired indolizine. Notable is the possibility
of using azaarenes to furnish more complex heterocycles, as
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well as non-standard electron-withdrawing groups such as the
pyridyl moiety.

Similarly, Chen et al utilized o-bromonitroalkenes as
Michael acceptors.*® Subsequent Sy2 substitution and aroma-
tization with loss of HNO, yielded the desired indolizine. This
approach should be compared with the synthesis of indoli-
zines 5, where Michael addition occurs from the nucleophilic
atom of the ylide and the halogen substituent is preserved
during heterocycle synthesis. Variance in the choice of pyri-
dine starting material (acidic 2-picoline/pyridinium ylide) can
greatly expand the utility of a-halonitroalkenes making them
exceptionally versatile substrates in indolizine synthesis.

In the last years, Yang’s group published their work on a
simple Pd-catalyzed method for indolizine synthesis from acti-
vated picoline derivatives and propargyl carbonates
(Scheme 29)."*° The Pd catalyst undergoes oxidative addition
across the triple bond of propargyl carbonate, generating the
(c-allenyl)palladium(u) species with the release of CO,. Upon
nucleophilic attack of the pyridinium anion on the Pd species,
intermediate 29a is formed, which then isomerizes via proton
transfer to form 29. The catalytic cycle is closed by expulsion
of indolizine and Pd(0) regeneration. Similar work was pre-
sented by the same group - the scope was also expanded to
C2-alkylated indolizines using a slightly different catalytic

system.'*! This approach enables the synthesis of 3-benzylated
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indolizines, which cannot be obtained directly using a stan-
dard pyridinium ylide/alkyne approach, as they do not have an
EWG-bearing carbon attached to the nitrogen atom. To date,
the only other published methodology towards such indoli-

relied on the wuse of chlorocarbenes and
152

zines
2-vinylpyridines.

Another original catalytic approach was recently presented
by Han et al.’®® The authors utilized the dual Ag/Au catalyst to
obtain indolizines 30, which had an unusual architecture, car-
rying two aryl groups, one directly attached to C3 and one
joined to the indolizine core through the C2-alkynyl linker
(Scheme 30). This approach could be perceived as complemen-
tary to Sonogashira functionalization of bromoindolizines, as
bromination does not occur at the C2 position. The mecha-
nism proceeds through a complex sequence of organometallic
transformations, with C-H alkynylation of the a-position and
iminoaurative cyclization as the key steps. The scope of this
approach could also be expanded to the synthesis of
azaindolizines.

2.5 From 2-alkylpyridines via carbocyclization

Pyridines that possess an unsaturated bond in the 2-alkyl
chain can participate in various carbocyclizations to yield
indolizines. Usually, multiple bonds are separated from the
pyridine ring by at least one sp® center or exo-sp’ centre
(making this approach different from fully conjugated
Knoevenagel adducts presented before).

A notable group of substrates is 2-(hydroxyallyl)-pyridines.
One particularly interesting approach was presented by Zeoly
et al.™®* A one-pot sequential MBH reaction and BIA-catalyzed
cyclization furnished tricyclic indolizines 31 (Scheme 31).
Other groups have recently presented different systems,

2872 | Org. Chem. Front,, 2025, 12, 2860-2907

View Article Online

Organic Chemistry Frontiers

-
IR'
e
29 Bisos, ||
+ H;0, 60 °C &
fo] Baylis-Hillman
| =13
RZ
R'=H, F, ClI, Br, Me, OMe, CF5 /,;_H_:] 20 examples
RZ=H, aryl N 16-70% yields
BIA = E =N
OH
Scheme 31
usually needing isolation of the intermediate allylic

alcohol.’>®™"%” Also, such allylic alcohols can be easily cyclized

to target indolizines under simple acidic conditions - this
approach was recently elaborated by Lv et al.**®

Similarly, 2-propargylpyridines, which have a hydroxyl func-
tion in the a-position can be used in indolizine synthesis. The
Pd-catalyzed synthesis of C2-aroylated indolizine was pub-
lished by Li et al."* The catalytic cycle was triggered by the oxi-
dative addition of aroyl chloride. This intermediate induces 5-
endo-dig cyclization, giving rise to the indolizine skeleton.
Later, it was proved that similar conditions could be used to
obtain complex indolizine-containing bisheterocycles.'®® Also,
Cu catalysts can be employed to perform modular indolizine
synthesis with optional simultaneous Cadiot-Chodkiewicz-
type 2-alkynylation'®" or 2-selanylation."®*

Structurally similar, 2-(2-enynyl)-pyridines were also used as
precursors to the indolizine scaffold. Especially prevalent are
5-endo-dig Ag(i)-catalyzed approaches. Selander’s group devel-
oped conditions towards polycyclic indolizine 32A/B synthesis
using enamines (Scheme 32)."* Interestingly enough, the
structure of the product was decided by the way in which the
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enamine was formed - in situ or prepared beforehand. Anand’s
group opted to use o-alkynylanilines en route to complex tri-
arylmethanes 32B possessing an indolizine moiety,'®* while
Lodhi et al. presented a novel C(sp®)-activation method to
obtain indolizine-substituted N-sulfonyl ketimines.'®® Li et al.
recently used propargyl amines to yield highly unusual 1-(2H-
pyrrol-3-yl)indolizines."*®

2-Propargyloxypyridines can also be used in indolizine syn-
thesis. Rossler et al. presented an Au(i)-catalyzed method for
the synthesis of 1-aroylated indolizines 33,'®” proceeding
through a crucial allenamide 33a (Scheme 33). Later, the scope
of this methodology was expanded to acetoacetates and
malonates.'®®

2-Homopropargylpyridines are valuable substrates in indoli-
zine synthesis as well, especially those possessing a carbonyl
function attached to the a-position. Xiao presented a simple
base-catalyzed method for obtaining C1,C3-substituted indoli-
zines from such compounds.'® Concurrently, he proved that
iodine could also be a competent catalyst in the aminooxy-
genative approach, giving rise to C3-acylated indolizines and
imidazo[1,2-a]pyridines."”® Recently, Gabriele’s group devel-
oped a catalytic system to access 2-(indolizin-3-yl)acetamides
from 2-homopropargylpyridines via a carbonylative pathway.'”*
Jorgensen’s group presented an indium-based catalytic system
that enabled cyclization of 2-homopropargylpyridines using an
exceptionally low catalytic loading."”

Furthermore, 2-propargylpyridines having only carbon (or
silicon) functionalities in the sp*-hybridized picolinic position
(as opposed to indolizine 31 or 32 synthesis) can be cyclized

(o]
e N:;iin._O + lk cat., 1-phenylethanol
Ar~ 100°C
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R? = alkyl
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35 examples
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Scheme 33
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under electrocatalytic conditions. Yang et al. presented a mild
system for such a transformation (Scheme 34).'”® This
approach yielded C1,C3-di-EWG-substituted indolizines 34A,
providing yet another possibility to access the classic substi-
tution pattern in the indolizine core, as exemplified by indoli-
zine 2. Using terminal alkynes enabled the synthesis of 3-for-
mylindolizes (and their aza-analogues), in a complementary
way to Ackermann’s synthesis of 2-formylindolizines 21.

The reactive triple bond can be located further from the pyr-
idine ring. Zhao et al. showed that 2-(pyridin-2-yl)-acetic acid
propargyl esters could be cyclized under silver catalysis con-
ditions, producing tricyclic indolizines 35 (Scheme 35)."7*

Schulzke’s group obtained a series of highly unusual het-
erocycles - pentathiepines containing an indolizine moiety
(36).”7> The authors chose 2-alkynylpyridines, which upon
treatment with a molybdenum derived catalyst and molecular
sulfur yielded a new class of indolizine derivatives
(Scheme 36). Aza-analogues of such compounds possess attrac-
tive biological properties and have been prepared analo-
gously.’”® Recently, the same group provided some insights
into mechanistic aspects of such a transformation, discussing
in depth the role of ethoxy substituents at the end of the unsa-
turated system.'””

Rao et al. utilized a complex spiro-cyclopropyl propargyl pyr-
idine derivative to obtain a new class of oxazepine-fused indo-
lizines 37 under gold catalysis conditions (Scheme 37).'”® The

U PL(#) | () Pt (.
P o !
THF/H,O, RT, 5 mA

R:

R' = Ph, subst. phenyl (Alk, Ar, EWG,
halogen), 1-naphthyl, 2-thienyl,
3-pyridyl, 2-furyl, (cyclojalkyl, TMS

R? = CO4R, C(O)R, C(O)NHR, Me

53 examples
50-70% yields

& J PH(+) | () Pt zm =
Z._ -\ _COEt NH,| Zo o
e = N7 \y—CO,Et
THF/HZO, RT, 5 mA e
o] ::‘./
H H
34B
Z =Cor N; also n-expansion 7 examples
25-82% vyields

Scheme 34

Dl R? R? Ag;CO;, KOAC
ST T~ g = toluene, 100°C
S
R'=H, Br, Me, OMe, CF
R2 R¥=H, aryl, alkyl 20 examples
R*=H, Ph 63-90% yields
Scheme 35

Org. Chem. Front,, 2025, 12, 2860-2907 | 2873


https://doi.org/10.1039/d4qo02082k

Published on 05 February 2025. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:30:57 PM.

Review

[NEt,]2[MoO(8y)]. Sg L|.\ l\

N8 <
DMF, 50°C )__ o ?
E10 \S-_ S
J—OEt s
Et0 36
R=H,F Cl, Br, |, Me, NO;, CO;NR; 12 examples

38-76% yields

Scheme 36

B
208 am L L
N bl SR, i W=
t toluene, 4A MS _‘..—_—_.\"I |
R*  q00°c  R? N\ N,O
R‘i‘ Ls
R' = Ph, subst. phenyl (H, F, Br, Me, OMe), alkyl R
R2 = Ph, subst. phenyl (H, Me, OMe, NO,), 37
2-thienyl, n-Bu 28 examples
R®=H, Br 56-95% yields
R* = Ph, subst. phenyl (H, F, Br, Me, OMe),
2-furyl

R? = Ph, Tol, (4-OMe)Ph, Me

Scheme 37

partially cyclized heterocycle is intercepted by a nitrone and
after nucleophilic attack of the gold metal-organic species on
the nitrone electrophilic centre the target indolizine is formed.
This methodology is an elaboration of a previously known
approach, where the authors utilized simpler nucleophiles
such as amines, malonates or indoles to trap the reactive cyclo-
propyl intermediate."”®

In some cases, the pyridine nitrogen atom can be used as a
nucleophilic handle to set off the cascade reaction with an
appropriate substrate, which will then cyclize by reacting with
an unsaturated bond in the 2-alkyl chain. One such approach
was described by Hoye’s group.'®® The authors utilized 2-alky-
nylpyridines and electrophilic allenes to obtain indolizines via
a cascade of the Baylis-Hilman-type reaction, nucleophilic
carbene formation and spontaneous transformation to the
indolizine. The same group expanded this strategy to alkynes
bearing electron-withdrawing groups to obtain 1-(1-acetoxy-2,2-
methylvinyl)indolizines via a free carbene intermediate, which
after acetoxy group migration yielded the target substituted
heterocycle.'®" This novel strategy was also used to obtain
other fused azaheterocycles using various 2-alkynyl “iminohe-
terocycles” such as pyridazine or benzoxazole. Later, Hoye’s
group showed that the crucial carbene intermediate could be
intramolecularly trapped by a double bond located further
from the reaction centre.'®® Using such an approach it was
possible to obtain cyclopropanated products of intramolecular
cyclization, possessing heteroatoms (oxygen, silicon, nitrogen)
in the ring connected to the C1 position of indolizine. This
highly tolerant protocol was later applied to obtain different
fused systems, furthermore the authors presented methods for
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the post-synthetic functionalization of the target molecule,
yielding indolizines with an original architecture and high
level of complexity.

Needless to say, from a practical point of view, methods
that use simple commercially available compounds as sub-
strates have an intrinsic advantage over all competing method-
ologies. In this regard, indolizine core syntheses that start
from pyridines bearing a simple substituent at position 2 are
highly appreciated, especially if a second, typically aliphatic,
building block is available as well. Other key factors include
the number of commercially available derivatives, the ease of
synthesis of non-commercial derivatives and the compatibility
of a given reaction with various functional groups.
Undoubtedly, one more factor to consider is the ‘survival’ of
highly reactive functional groups under the reaction con-
ditions. The combination of all these arguments points to the
following: 1) balancing the limited availability of 2-acylpyri-
dines with easy access to 2-formylindolizines, which were pre-
viously almost unknown, the method introduced by Zhao and
optimized by Zhang and Ackermann is a ‘game-changer’;'*%12°
2) for these reasons, a methodology for transforming
a,p-unsaturated aldehydes into 3-formylindolizines will also be
very useful;'*® and 3) a method giving access to 1,2,3-tri-substi-
tuted indolizines from bromopyridines (hundreds of them are
commercially available) is worthy of attention.'™

2.6 From pyridotriazoles

From seminal works by Gevorgyan,'®*™'% pyridotriazoles are

recognized as niche, but powerful, starting materials in the
synthesis of indolizines. These compounds possess interesting
1,3-dipole-like reactivity and can be perceived as formal equiva-
lents of a-diazopyridines (as they exist as a mixture of
tautomers).

Wang et al. used [3 + 2] annulation of pyridotriazoles to
yield indolizines 38.'®® The reaction mechanism proceeds
through the formation of a copper carbenoid species, which
then is intercepted by an enamine. The resulting intermediate
immediately collapses to an aminocyclopropyl derivative,
which rearranges to a five-membered ring. The final aromatiza-
tion gives rise to the desired indolizine (Scheme 38).
Noteworthy to point out is the exceptionally broad scope that
tolerates a multitude of chemically different functional groups.
Structurally, indolizines 38 close an existing gap in the litera-
ture - as stated before, the C3-position of indolizine is usually
substituted with an electron-withdrawing group, most often
used as a means to activate the pyridine substrate (as in the
case of the ylide/alkyne approach e.g. 2). Here, the authors
present a way to obtain indolizines substituted at position C3
with highly electron donating groups. Structurally similar
EDG-substituted indolizines were presented before (25);
however, in this case, the scope of amines was much broader.
This fact alone can justify using more complex starting
materials such as pyridotriazole.

Recently, Hou et al. proved that using an elaborate trimetal-
lic rhodium-based catalytic system could enable pyridotria-
zoles to be reactive towards enamides to yield C2-unsubsti-
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tuted indolizines.*®”

The architecture of the obtained product
resembled indolizines 4 and 27 - both obtained under metal-
free conditions, which raised the question of the applicability
of the authors’ approach. It must be noted, however, that such
a Rh-catalyzed approach was tuned to yield not only indoli-
zines, but also quinolizones, diversifying the possible pool of
products and thus explaining the use of such a complex
methodology.

Lee’s group developed a Rh-Pd-Mn sequential trimetallic
catalytic system to couple pyridotriazoles with 1,3-dienes.'®®
The reaction proceeded through [2 + 1]-cyclopropanation, Pd-
catalyzed ring expansion and Mn-mediated oxidation to target
indolizines possessing vinyl substituents at the C3 position.
Adam et al. showed that it was possible to obtain indolizines
from pyridotriazole and ethyl propiolate using a simple Cu
catalyst, although the conditions utilized by the authors were
somewhat forceful."®®

Furthermore, it is known that pyridotriazoles can be
formed in situ directly from the corresponding 2-formylpyri-
dine derivatives by using tosylhydrazine. Then, they can
undergo reactions with alkynes promoted by a Co complex
with TPP."*° This protocol greatly expanded the utility of prior
work on the topic by Gevorgyan and tied together the whole
branch of synthetic methods by introducing modularity in
terms of starting material choice.

2.7 Miscellaneous methods

A similar pattern of substitution to that of indolizines 38 can
also be accessed in other ways. Anand’s group utilized enam-
ines and unusual 2-pyridinyl-substituted p-quinone methides.
Instead of the copper carbenoid (as it was for 38), the enamine
attacked the electrophilic centre of the pyridine substrate,
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which after cyclization and oxidation yielded the desired het-
erocycle.”®  Unfortunately, the mechanistically crucial
p-quinone component is retained in the final structure and
cannot be easily removed to access reactivity at the C1
position.

On the other hand, the enaminyl component can also be
located on the pyridine substrate. Zhang et al. presented a
method to obtain indolizines bearing sulfanyl or selanyl sub-
stituents at the C1 position.'”®> The authors opted to use
pyridyl enaminones, which upon Tf,0O-induced activation
reacted smoothly with thiols to yield the desired heterocycles.
Mechanistically this approach falls under both previously dis-
cussed categories - pyridine bearing a 2-carbonyl group and
an unsaturated bond further along the chain attached to posi-
tion C2 of the substrate.

In the past years, several groups explored the reactivity of
1,4-zwitterionic thiolates in the synthesis of indolizine. Such
uncommon starting materials were utilized in a few different
approaches, mostly in reactions with diazo compounds. Most
standard protocols consist of Cu-catalyzed thiazine derivative
formation and subsequent rearrangement to the indolizine
skeleton.'®*'%* 1t is also possible to conduct such syntheses
under microwave irradiation conditions.'®® Alternatively,
Cheng et al. showed that in situ-formed sulfenes (from alkane-
sulfonyl chlorides) were also competent partners in such indo-
lizine synthesis."®® This approach could be further tuned to
obtain complex sulfur-based heterocycles. Cheng et al. discov-
ered that it was possible to use even simple alkynes under
basic conditions in reactions with 1,4-thiolates.'®” Still, the
pathway through which this transformation proceeds is not
clear. Further simplification of this methodology was
described by the same group - it is possible to utilize
a-functionalized bromoalkanes such as bromoacetophenones
or bromoacetates."®® By using these substrates, it is possible to
obtain the crucial thiazine intermediate, similar to previously
mentioned approaches, which rearranges to the target indoli-
zine, most probably with the formation of a thiirane inter-
mediate en route to the desired heterocycle. Another non-clas-
sical methodology relying on [(5 + 1) — 1] cyclization of nitroep-
oxides to pyridinium 1,4-zwitterionic thiolates was developed
by Al-Harrasi and co-workers.'?®

Despite its potential and high modularity, the use of 1,4-
zwitterionic thiolates is yet to attract wider attention in indoli-
zine synthesis.

The combination of the Ortoleva-King-type approach
(towards pyridinium salt synthesis) and the reactivity of
a-acidic picoline derivatives was applied by Zhao et al.'*® C2-
alkylated indolizines 39 with sulfur functionality in the C3
position were constructed from 2-pyridylacetates, aliphatic
methyl ketones and p-toluenesulfonyl hydrazide (Scheme 39).
These products are highly desired because they are crucial
scaffolds that possess attractive biological properties. Two
alternative routes were proposed, both involving intermediate
39b, via Ortoleva-King-type methyl ketone o-iodination and
cyclization. A minor pathway through Kornblum oxidation was
also proposed. This approach can be directly compared to
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Nechaev’s synthesis of indolizine thioether derivatives 20A,
where the conditions utilized are much more benign, at the
cost of starting materials’ level of complexity.

A similar approach, I,-catalyzed Ortoleva-King reactivity,
was presented by Wu et al.>°° The authors presented a concise
way of obtaining C3-pyridyl indolizines from acetophenones
and 2-(pyridin-2-yl)acetates. Contrary to indolizine 39 for-
mation, this reaction did not proceed through pyridinium salt
formation from iodoacetophenone. The iodo derivative was
transformed into phenylglyoxal and the cascade of
Knoevenagel condensation, conjugate addition and I,-
mediated cyclization-oxidation led to the desired indolizine.
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A particularly simple and effective way of obtaining 2-ami-
noindolizines 40 was recently published by Kashner et al.>"*
The authors used 2-chloropyridine to obtain the corres-
ponding pyridinium salt, which underwent nucleophilic aro-
matic substitution with active acetonitrile derivatives and base-
induced ring closure with the formation of the target hetero-
cycle possessing a free amino group at position C2
(Scheme 40). Cl-amino derivatives of indolizine are usually
synthesized from 2-formylpyridine (section 2.3), thus this
method provides a complementary way to access these valu-
able building blocks.

3. Methods based on pyrrole
derivatives

Among the various strategies developed for constructing indo-
lizine frameworks, methods based on pyrrole derivatives have
gained particular importance and have become increasingly
relevant in recent years compared to traditional pyridine-based
approaches. Although conceptually complementary to the
latter, pyrrole-based methods face significant challenges due
to the higher cost, lower availability, and reduced stability of
the pyrrole building blocks. Despite these limitations, the
unique reactivity and potential of pyrrole derivatives provide
promising opportunities for indolizine synthesis, making
them a valuable resource for further exploration.

3.1 From N-H free pyrroles

In 2017, Zhang et al. described a base-catalyzed cascade
mechanism for the synthesis of 7-cyanoindolizine derivatives,
important building blocks in the further synthesis of biologi-
cally active compounds.?®> Compound 41 can be obtained by a
one-pot tandem reaction of 4,5-disubstituted pyrrole-2-carbal-
dehydes and 4-bromobut-2-enenitrile in the presence of K,CO;
in dry DMF at 70 °C for 6-10 h. The proposed mechanism is
N-alkylation followed by deprotonation and cyclization, which
generates a precursor that, after the removal of water, gives the
desired product (Scheme 41).

Similarly, Duan et al. proposed a method to obtain the first
6-hydroxy indolizines 42 through a cascade reaction of pyrrole-
2-carbaldehyde and 4-halogenated acetoacetic ester in the
presence of K,CO; in CH;CN (Scheme 42).%

Both methodologies employ simple base-mediated cascade
reactions in aprotic solvents, resulting in polysubstituted indo-

0
|
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e o i S
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Scheme 41
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lizines with various functional groups such as NO,, Br, and
esters. These derivatives offer significant potential for various
applications, including the development of fluorescent
probes,>?*2%%

3.2 From N-substituted pyrroles

3.2.1 Base-promoted cyclization and aromatization.
Efficient methods were developed for obtaining indolizines
with useful substituents such as formyl, cyano, and nitro in
position C7, allowing further molecular manipulation.

Zhong and coworkers, in 2017, designed and synthesized
7-nitroindolizines 43 from 1-acetylaryl-2-formylpyrroles and
2-nitrovinylbenzene in the presence of K,CO; (Scheme 43).>%°

A few years later, Gong et al. developed a related approach
to synthesize 7-formylindolizines 44. This was achieved via an
oxidative [4 + 2] annulation between 1-acetylaryl-2-formylpyr-
roles and enals in the presence of DBU (1,8-diazabicyclo[5.4.0]
undec-7-ene) as a base and LiCl as a weak Lewis acid. LiCl is
responsible for activating the enal and stabilizing the enolate
intermediate during the reaction (Scheme 44).”°” A similar

methodology was also proposed by Zhang.>°®
| '\l?\_—CHo [i i
~N K;CO3 EtOH =N\
Vv SuNO, KEOSEIOH | \_)—No,
~. R 1)RT, 6 h A
I 2) air, reflux, 8 h 0: g R?
(o] R
43
R' = aryl, 2-furyl, 2-thieny 19 examples
RZ = aryl, 2-furyl 26-81% yields

Scheme 43
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Scheme 44
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A complementary approach was proposed by Dorai and
Chandrashekharappa to obtain indolizines 45 with a hydroxy
group at position C6 and an ester or aldehyde group at posi-
tion C7, similarly to 42; both are key groups for post
functionalization (Scheme 45). This method operates in the
presence of piperidine and under solvent-free conditions.**®

An alternative strategy proposed by Escalante et al. involved
the reaction of 2-formyl-N-propargylpyrrole, activated methyl-
ene compounds, and DBU as a base to produce indolizines 46
with NO,, CN or CO,Et at the 7-position, depending on the
nucleophile used (Scheme 46).”’° Investigations into the
mechanism of this reaction revealed the formation of a 6-exo-
dig product instead of a more classic Knoevenagel conden-
sation product.

Another approach towards 7-substituted indolizines was
described by Kim and his group in 2021 (Scheme 47).>'" They
reacted p-ketonitrile and 1-acetylaryl 2-formylpyrroles under
basic conditions to afford 5-acylindolizine-7-carbonitrile 47 in
good yields and in a stereoselective fashion, via a domino
Knoevenagel condensation-intramolecular aldol process.

[[ S—cHo > N
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L g™ < w
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Each of the presented approaches relies on base-promoted
cascade reactions involving 2-formylpyrrole derivatives and
electrophilic alkenes or alkynes and is concluded by an oxi-
dative aromatization step to yield the final indolizine product.
The key differences are in the different substituents that can
be included and the absence of solvent for the Dorai method,
which makes it more sustainable than traditional methods.

A few years later, Kim et al. presented a base-promoted
Michael-aldol double elimination cascade procedure that
allowed access to indolizines 48. This synthesis occurred
between a chromone acting as a two-carbon unit for [4 + 2]
annulation and a 2-formyl N-substituted pyrrole as a four-
carbon source (Scheme 48).>"> Using the same methodology,
the authors further developed a series of poly-functionalized
indolizines and evaluated their anticancer activity.*"?

A viable and complementary method for the synthesis of
polysubstituted indolizines, on the pyridine side, such as 49
and 50 employs 1-acetylaryl-2-formylpyrroles via Michael cycli-
zation with an electron-deficient acetylene in a water/aceto-
nitrile mixture (Schemes 49 and 50). Wang et al. exploited this

_ CsC0; ¢ \_ {/
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0 Ho—
\—J"R3
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R"=H, Br, CO;Me 31 examples
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Scheme 48
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Scheme 49
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methodology for the synthesis of perfluoroalkylated indoli-
zines 49, a valuable functionality in pharmaceutical chem-
istry.>'* Similarly, Lakshmikanth et al. used the same method
and proved a broader scope, successfully expanding it to ethyl
2-(2 formyl-1H-pyrrol-1-yl) acetate and 2-(2 formyl-1H-pyrrol-1-
yl) acetonitrile, providing indolizines 50 with diverse function-
alities in the 5-position.”™

As part of ongoing efforts to develop more efficient method-
ologies for the synthesis of multi-substituted indolizines, Peng
et al. recently proposed a base promoted oxidative [4 + 2] annu-
lation of pyrrole-2-carbaldehyde derivatives with o-HPPAs
(o-hydroxyphenyl propargylamines).”*® The reaction proceeds
via 1,6-addition followed by intramolecular cyclization and
produced 5,6,7-trisubstituted indolizines 51 in good to excel-
lent yields using DBN as a base (Scheme 51). Compared to pre-
vious methods, this provides the same aromatic ketone at C7
as 48 while introducing an additional aromatic system at C6,
which is the position that differentiates all the methodologies
proposed here.

To date, the discussion has focused on the base-promoted
synthesis of substituted indolizines, and in most cases, EWGs
and EDGs on pyrroles and electrophilic partners do not affect
the reactivity, resulting in a wide scope of products.

Before moving on to more complex methodologies, we
present one final example. In 2022, Zhang’s group reported
the synthesis of rare indolizines 52 that featured a thioether
group at C7. This was achieved through [4 + 2] annulation of
N-substituted pyrrole-2-carboxaldehydes with prop-2-ynylsulfo-
nium salts (Scheme 52).>” It is worth noting that the propar-
gyl sulfonium salt used in this reaction can be readily prepared
by reacting propargyl bromide with dimethylsulfide.

- 4

My \ \

DBN T % o
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\..'RI P \>
51
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3.2.2 Transition-metal-catalyzed cyclization and aromatiza-
tion. An effective and widely adopted alternative to traditional
base-promoted methods is the use of transition-metal-catalyzed
reactions, which have demonstrated high efficiency in the synthesis
of indolizines from both pyridines and N-substituted pyrroles.

Notably, Liu’s group in 2016 and Gu’s group in 2019 devel-
oped examples using this type of methodology (Scheme 53). In
Liu’s work, a-(N-pyrrolyl)ketones were reacted with alkynes in
a gold-catalyzed intermolecular hydroarylation-cycloaromati-
zation cascade to form indolizines 53.>'® This type of reactivity
is inherently challenging due to the high reactivity of unsubsti-
tuted pyrroles, a problem addressed by the authors with the
use of a sterically hindered reagent to stabilize the reaction.

The second example involves a [4 + 2] annulation reaction
reported by Gu and coworkers in 2019.”* In this method, 1-
(2,2-diethoxyethyl)-2,4-diphenyl-pyrrole was reacted with methyl
acetoacetate in the presence of scandium triflate as a catalyst.

This reaction not only provided indolizine products 54 but
also demonstrated the versatility of the method by allowing
the use of other enolizable ketones or aldehydes, such as acety-
lacetone, p-ketoamides, and methylsulfonylacetone
(Scheme 54). This broader scope allowed the synthesis of
additional heterocycles, including indoles, naphthalenes, car-
bazoles, and pyrido[1,2-a]indoles. Such examples illustrate the
effectiveness of transition metal catalysis in overcoming the
limitations associated with traditional methods and expanding
the range of indolizine derivatives that can be synthesized.

3.2.3 Miscellaneous methods. Intramolecular or inter-
molecular annulations of N-substituted pyrroles are also a
valid approach towards substituted indolizines.
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Kuzu et al. developed the synthesis of polysubstituted indo-
lizine derivatives by intermolecular, base-catalyzed, N-allene-
pyrrole dimerization of the corresponding N-pyrrole-alkyne
derivatives (Scheme 55).>*° The reaction proceeds through a
radical path in which allene dimerization occurs followed by
cyclization and two H-shifts and yielded 8-pyrrolo-substituted
indolizine 55 in low to excellent efficiency.

Shao et al. performed annulations of N-substituted pyrrole-2-
carbaldehydes and pyrrole-2-carbonitriles that resulted in two
different products, despite similar potential nucleophilic and elec-
trophilic sites.”*' Aldol cyclization was the key intermediate in the
synthesis of 56A, while derivatives 56B (not the focus of this
review) were obtained by Mumm rearrangement (Scheme 56). The
results demonstrated that substrates with electron-donating
groups on the benzene ring yielded products in lower yield than
those with electron-withdrawing groups. On the other hand, elec-
tron-rich five-membered rings at R> such as furanyl and thiophe-
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nyl gave the most efficient transformations. When comparing the
two approaches, Kuzu’s method demonstrates greater flexibility
and a broader functionalization scope, particularly in tolerating
different substituents at the C2 position of the pyrrole ring.
Additionally, it facilitates the introduction of a pyrrole substituent
at C8. On the other hand, Shao’s method is more restricted, as it
is limited to pyrroles with a formyl group at C2 and leads to C7
pyrrole substituted indolizines. However, Shao’s approach pro-
vides a greater variety of substituents at the other two positions of
the pyridine ring (C5 and C6) where Kuzu’s products typically
display methyl groups and hydrogen; this limits the diversity of
functional groups in the final indolizine products.
Miranda-Sanchez et al. presented the synthesis of indoli-
zines and pyrrolo[1,2-a]pyrazines from alkyl (E)-3-(1H-pyrrol-2-
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yl)acrylates (Scheme 57).”*> In the first case, the reagent was
treated with a Lewis acid to obtain 57A, while in the latter, 57B
(not the main topic of this review) was obtained by cyclization
of enaminones in the presence of ammonium acetate as a N
source and Li,CO; as a base. Both structures were evaluated by
the authors for their antifungal activity, demonstrating a stron-
ger effect compared to reference drugs. This further highlights
the potential of these indolizine derivatives as important bio-
active molecules.

The final example of indolizines derived from pyrrole
derivatives was developed by Liu’s group, featuring a gold-cata-
lyzed intramolecular hydroarylation-aromatization of pyrrole—
ynes (Scheme 58).>** Such a method enables the efficient syn-
thesis of indolizines 58, in good to excellent yields. It also
demonstrates compatibility with various functional groups on
the aryl ring. The mechanism involves the classic activation of
the propargylic alcohol via coordination of the gold catalyst,
followed by regioselective intramolecular hydroarylation of the
alkyne by the pyrrole moiety to form a vinylgold intermediate.
The final steps are protodeauration and water elimination.
Compared with the previous intramolecular and inter-
molecular methods, Liu et al. were able to obtain indolizines
with different substituents on the pyrrole side as well as a free
C7 position.

Although the method developed by the Derksen group for-
mally employed pyrazole as a substrate, we chose to include it
here because pyrazole acted as a surrogate for pyrrole. In their

AlCIy —
DCM, RT
5 R!
- R? 57A
| / 3 examples
\ 31-86% yield
\ S —p
N =H

R'= R?=CO,Et, CO,Me NHOAc, Li;CO5

DMF, RT g NN
RI
57B
7 examples
53-90% yield
Scheme 57

(IPr)AuCl/AgPFg

(2 mol%)
DCM, RT
R'=H, Ph Ra 20 examples
R%Z=H, CN, Ph 55-97% yield
R® = alkyl, Ph
R* = Bn, alkyl
Scheme 58
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work, the authors introduced a mild, transition metal-free
method for synthesizing indolizines 59 from pyrazolium ylides
and two equivalents of electron-deficient alkynes via an
N-deletion mechanism (Scheme 59). Additionally, they pro-
posed the reaction of pyrazolium ylides with isocyanates to
yield 1,2-dihydropyrimidines (not discussed here) through a
rearrangement process. Both methods offer efficient access to
valuable heteroarenes under mild conditions, avoiding the use
of transition metals, high temperatures, or strong bases, high-
lighting the versatility of pyrazolium ylides and their relevance
in heterocyclic synthesis.

The fundamental advantage of the intense development of
indolizine synthesis from pyrrole derivatives is straightforward
access to an indolizine core lacking substituents at positions 1,
2 and 3. The latter compounds are essentially inaccessible
when one starts from pyridine chiefly because the second ali-
phatic reagent to be reactive has to possess various functional
groups, which are subsequently present in the structure of the
final product.
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R2
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4. Methods leading to t-expanded
indolizines

The ability to synthesize n-expanded indolizines has a signifi-
cant impact on the development of new photoluminescent
materials. This class of molecules exhibits promising optical
properties, making them suitable for applications in bio-
imaging as well as optoelectronic devices such as OLEDs, solar
cells, and field-effect transistors.”** It is important to empha-
size that many already presented methods can give access to
pyrrolo[1,2-a]quinolines”****'%” and pyrrolo[2,1-ajisoquino-
lines*?©%7478:80,116 gtarting not from pyridine but from qui-
noline or isoquinoline respectively. In the next section, we
focus on methodologies leading to less known n-expanded

indolizines, which require more specific synthetic
methods.

4.1 Benzoindolizines

4.1.1 Transition-metal-catalyzed cyclization. Transition-

metal-catalyzed cycloaddition has also proved to be effective
for the synthesis of expanded indolizines such as benzo[2,1-a]
indolizines and pyrido[1,2-ajindoles. Zeng et al. developed a
cobalt-catalyzed [4 + 1] cycloaddition of 2-arylpyridines with
aldehydes via sp>-C-H activation, yielding 3-acyl benzo[2,1-a]
indolizines 60 in very high yields.”*® Notably, this reactivity
was not restricted to 2-arylpyridines; 2-alkenylpyridines were
also compatible. A variety of aldehydes, such as acetaldehyde
and oxo-alkyl-acetaldehydes, successfully provided the desired
products, although others, including benzaldehyde and acet-
aldehyde, proved incompatible. In this transformation, the
cobalt catalyst plays a dual role: as a transition metal catalyst
and as a Lewis acid, as outlined in the proposed mechanism
(Scheme 60). The mechanism involves the activation of [CpCo
(CO)L,] by AgSbFs and Cu(OAc),, forming a Co(u) species that
coordinates with the nitrogen of pyridine, followed by
a-ketoaldehyde insertion, protonation, and nucleophilic attack
by the pyridine nitrogen to produce the final product.

In 2022 Bora et al. developed a rhodium-catalyzed ortho-
selective carbene insertion strategy to activate the non-acidic
sp>-C-H bond of p-carboline and isoquinoline scaffolds using
diazo compounds of diethyl malonate, dimethyl dimedone,
and oxindole as coupling partners.*”® With this methodology,
they were able to obtain intermediate 61a with the release of
environmentally benign N, gas as the sole by-product
(Scheme 61). Subsequently, they successfully developed a CN
bond annulation of the C-C functionalized product with a
catalytic amount of TCCA affording n-expanded indolizines 61.
The reactivity of the diazo compound under the Rh-catalyzed
mechanism can also be compared to that displayed for the
synthesis of indolizine 14, with the difference being the site of
attack. For 14, attack is at N of the quinoline, while here it is at
the phenyl ring attached to the pyridine.

While the primary difference between the two approaches
presented here lies in the type of metal catalyst used and the
specific reactions involved, both contribute to the growing
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toolkit of metal-catalyzed strategies for expanding the indoli-
zine family with different functional groups.

Ring-restructuring reactions have emerged as efficient and
alternative strategies for the construction of fused polycyclic
indolizines.

Van der Eycken and colleagues developed a highly regio-
selective [3 + 2] cycloreversion reaction between oxazolidine
and methyl acrylate, using Pd(PPh;), as a catalyst, achieving
the desired indolizine 62 in 72% yield.””” The proposed
mechanism involves a sequence of steps: 6-exo-dig cyclization,
proton transfer, [3 + 2] cycloaddition, cycloreversion, and final
aromatization, as outlined in the catalytic cycle (Scheme 62).

To address the limited availability of 2-arylpyrroles and
provide an alternative to more conventional 2-aryl-indole sub-
strates, Luo et al. explored the use of 2-arylpyrrolidines as start-
ing materials for the synthesis of pyrrolo[2,1-alisoquinolines.
They successfully reported the synthesis of 63 from 5-phenyl-
pyrrolidine-2,3,4-tricarboxylate and diphenylacetylene under
aerobic oxidation conditions (Scheme 63).>*® While both meth-
odologies lead to pyrrolo[2,1-alisoquinolines, the latter results
in esters as substituents on the pyrrole side, while the former
introduces ester, aryl, and alkyl groups. Additionally, 63 fea-
tures aryl groups at position R® and a broader range of substi-
tuents at R", highlighting their functional diversity compared
to the more limited substitution observed in Van der Eycken’s
product.

Lastly, Shurupova et al. developed a new, efficient two-step
method for synthesizing substituted pyrido[1,2-alindoles 64
starting from readily accessible pyrylium salts and 2-bromoani-
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lines (Scheme 64).>*°

of pyrylium salts into pyridinium salts 64a, followed by intra-

The process involves the transformation

molecular Pd-catalyzed cyclization to produce the desired
N-fused heterocycles. This procedure is thought to follow the
intramolecular Heck cyclization reaction pathway and allows
for the synthesis of expanded indolizines with alkyl groups at
R’.

4.1.2 Cyclizations lacking transition-metal catalysts. In
addition to transition-metal-catalyzed methods, non-metal
alternatives also prove to be effective at synthesizing
n-expanded indolizines.

In 2016, Outlaw et al. proposed another method for the syn-
in particular, they obtained
6-amino-8-cyanobenzo|[1,2-blindolizines 65 through a mecha-

thesis of benzoindolizines,

nism involving a Wittig reaction followed by N-H deprotona-

tion.23°

This sequence directs the reactivity toward the desired
cyclization, favoring the formation of indolizine over carbazole.
The synthesis was compatible with various electron-donating
groups and electron-withdrawing groups at the 4-position of
the indole, while no products were obtained with substituents

at the C7 position (Scheme 65). The resulting compounds
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exhibit pH-dependent optical properties, characterized by a
blueshift in fluorescence emission upon protonation.
Protonation of the C atom leads to breakdown of the aromati-
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city and a hypsochromic shift in emission. The absorption
spectrum (4,ps) displays three peaks at 270, 340, and 440 nm,
while the emission (4en,) ranges between 490 and 520 nm, with
average fluorescence quantum yields (@) of 10%. Upon the
addition of trifluoroacetic acid (TFA), a new equilibrium is
established, resulting in the emergence of a peak at 440 nm,
indicating a shift in emission and an increased quantum yield
(20%) for the newly formed non-aromatic structure.

In order to achieve typically difficult to obtain benzo[a]indo-
lizines, two different approaches were proposed recently. The
first, developed by Badaro et al in 2022, revisits Kroenke’s
earlier methodology®*' and involves the reaction of pyridinium
or quinolinium salts with chloronitroarenes under basic con-
ditions (Scheme 66). This process proceeds via C-arylation, fol-
lowed by 1,5-electrocyclization, leading to the formation of the
target benzo[aJindolizines (66A and 66B).>*> Despite the fluo-
rescence quenching effect typically associated with the NO,
group, the products exhibit a fluorescence quantum yield (®g)
of up to 60%, with emission ranging from yellow to red and
absorption (4,ps) between 400 and 500 nm.

The second one, published by Khan et al. in 2024, exploits
the inherent high reactivity of in situ generated benzynes
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under UVA (365 nm) irradiation at room temperature in aceto-
nitrile. The reaction proceeds through a [3 + 2] cycloaddition
between benzyne and pyridinium ylides, resulting in isoindolo
[2,1-a]pyridines 67 in high yields (Scheme 67).*** The key
advantages of this methodology over the ones previously devel-
oped include the absence of additional reagents, its operation
under ambient conditions, and the use of atmospheric oxygen,
which collectively enhance its sustainability. A notable draw-
back, however, is the requirement for suitable benzyne precur-
sors, which must be synthesized in advance, limiting the
scope of substituents on the final product.

4.2 ‘Pyridine’- and ‘azepine’-expanded indolizines

In 2023, Zeng et al. developed a method for synthesizing 1,2,3-
trisubstituted indolizine-2-carbaldehydes 21 using recyclable
biomass-derived chitosan as a stereoauxiliary aminocatalyst.">°
Among the synthesized indolizines, 3-(4-bromophenyl)-1-
(pyridin-4-yl)indolizine-2-carbaldehyde exhibited potential for
further transformations, including reduction, arylation, con-
densation, and [5 + 1] annulation reactions (Scheme 68). The
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last reaction resulted in the formation of 6-benzoyl-8-(4-bromo-
phenyl)indolizino[1,2-a]quinolizin-5-ium salt 68, representing
an unusual n-extension of the indolizine framework.

Miao et al. developed a copper-promoted annulation of
a,p-unsaturated O-acyl ketoximes with isoquinolinium N-ylides
with the objective of obtaining benzo[7,8]indolizino[1,2-c]qui-
nolines 69, containing the expanded indolizine core present in
many natural products and showing important biological
activities.*** Despite the well-known lability of N-substituted
imines, the authors were able to obtain N-H-substituted indo-
lizines by breaking of the N-O bond; these were sufficiently
stable to undergo reaction under oxidative and heating con-
ditions without evolving to the expected dimerization, instead,
giving the final benzo[7,8]indolizino[1,2-c]quinolines in good
to excellent yields (Scheme 69). In this process, isoquinoli-
nium salt and O-acetyl 3-(2-bromophenyl)-1-(p-tolyl)prop-2-en-
1-oxime were used as reagents, with Cu(OAc), acting as both
the catalyst and oxidant. 2-Picolinic acid served as a ligand,
K,CO;3 as a base and pyridine N-oxide (PNO) as a co-oxidant.
The reaction was carried out in toluene at 80 °C.

As an alternative, Sokolova et al. proposed a pseudo-three-
component reaction of N-(cyanomethyl)pyridinium and vina-
midinium perchlorates or other 1,3-dielectrophiles such as
enaminones to form 3- or 2-substituted pyrido[2,3-b]indoli-
zine-10-carbonitriles 70 (Scheme 70).>** Products obtained
with this new method show visibly strong green light fluo-
rescence with @4 of 0.4-0.8. Photophysical studies showed that
the absorption band with partial vibrational resolution was in
the region of 350-470 nm, while the emission band fell
between 460 and 490 nm.

In addition to the previous method, Yi et al. proposed an
alternative approach for synthesizing pyrido[3,2-b]indolizines,

Cu{OAc]2 {0.2eq), L{02eq.)

(vﬁ/ PNO (1 6q.), K,CO3 (2.5 eq.) .\'\"‘.'" A\ _é
N
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/
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driven by the goal of developing a fluorescent scaffold for
fluorogenic bioimaging.?** The synthesis involves a five-step
sequence, beginning with Sonogashira coupling using a suit-
able terminal alkyne, followed by base-promoted 5-endo-dig
cyclization, aldol condensation/cyclization, and concluding
with oxidative aromatization. Although this method is more
time-intensive and complex, it enables access to a different
isomer, expanding the structural diversity of pyridoindolizines.

Song and coworkers were able to synthesize polycyclic indo-
lizine-fused azepines 71 under mild conditions with a
Bronsted acid as a catalyst (Scheme 71).>*° The development of
unusual nitrogen-containing heterocyclic azepines (nitrogen-
containing 7-membered ring) in planar z-systems was an ambi-
tious goal and never achieved previously. The mechanism
involves the Friedel-Crafts addition of ortho-indolizinyl ani-
lines and cyclopentene-1,3-diones, oxygen, and a final Schiff-
base condensation that can be described as a formal [5 + 2]
cycloaddition. Compounds exhibited broad absorption bands
with Aax at 306 or 308 nm and &g in the 10-20% range.

4.3 Indolizine-imides

Although formally the presence of an imide functionality
fused to the indolizine core at positions 1 and 2 or 2 and 3
does not provide n-expansion of the chromophore, the strong
relationship between aromatic imides and the chemistry of
fluorescent functional dyes prompted us to include these com-
pounds in this section. Pyrrolo-indolizine-diones are an impor-
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tant class of heterocyclic compounds with significant rele-
vance in medicinal chemistry and drug design. Their unique
bicyclic structure, which combines imides and indolizine
rings, provides a versatile scaffold for the development of bio-
logically active molecules.

Recently, a few different methods were proposed based on
pyridines and maleimides that gave rise to different represen-
tatives of this class. The direct construction of pyrrolo[3,4-a]
indolizine-1,3(2H)-diones 72 from pyridines, acetophenones
and maleimides under transition-metal-free catalytic con-
ditions (Scheme 72) presented by Ablajan and coworkers is
one of those.**” Reactivity follows the expected path: acetophe-
none is converted into a-iodoacetophenone, which reacts with
pyridine to form the pyridinium ylide. Release of HI in the
presence of a base affords azomethine ylide. An intermediate
is formed from azomethine ylide and N-phenylmaleimide
through a 1,3-dipolar cycloaddition reaction, and finally the
desired product is obtained after oxidation.

An alternative method to obtain the 1H-pyrrolo[3,4-b]indoli-
zine-1,3-dione 73, an isomer of the previous indolizine, was
developed by Yan’s group and involved 2-(pyridine-2-yl)acetate
derivatives with maleimides through a transition-metal-cata-
lyzed oxidative annulation reaction.**® The mechanism pro-
ceeded via [3 + 2] annulation, achieved by heating a mixture of
the two substrates in the presence of Ag,CO; as an oxidant
and Cu(OAc)-H,O as a catalyst in chlorobenzene. The following
steps were a sequential single-electron transfer (SET) reaction,
Michael addition, imine-enamine tautomerization, another
SET, intramolecular cyclization, and finally dehydrogenative
aromatization (Scheme 73).

In a similar study, Chupakhin et al. developed an alterna-
tive transition-metal-catalyzed method to synthesize male-
imide-expanded indolizines 74 through the denitrogenative
decomposition of (E)-3-(2-pyridylmethylene)-4-diazopyrroli-
dine-2,5-diones, wusing Rh(u) acetate as a catalyst
(Scheme 74).**° The reaction generates a Rh(u) carbene
species, which then undergoes ring closure, facilitated by the
reactive nitrogen present in pyridine. This same mechanism
was described by Peng for the synthesis of indolizines 14.

While all three methods involve maleimides and pyridines,
they differ in their catalytic requirements, reaction pathways,
and product structures. The last two approaches enable the
formation of pyrrolo[3,4-bJindolizine-1,3-diones with (Yan) or
without (Chupakhin) EWGs at C1. However, the latter approach
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is less convenient in terms of substrate availability since it
must be prepared in two steps.

4.4 ‘Chromone’- and ‘pyrano-expanded indolizines

Another interesting expansion of indolizines is via annulation
with chromone, as credited to Zhu and co-workers. They pio-
neered the synthesis of chromone-fused pyrrolo[2,1-alisoqui-
nolines and indolizino[8,7-b]indoles 75 using ethyl-3-(2-acetyl-
phenoxy)acrylate as a reagent, alongside pyridine, tetrahydroi-
soquinoline, or noreleagnine in a one-pot protocol
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(Scheme 75).2*®**' The reaction mechanism involves several
key steps: a-iodination in the presence of I,, followed by oxi-
dation in DMSO or TBPB; nucleophilic addition with enol tau-
tomerization in the presence of TFA; an intramolecular 1,3-
dipolar cycloaddition; and a final oxidation step to generate
the desired product (a comparable mechanism was described
for 39 and 72 exploiting Ortoleva-King reactivity).

In pursuit of strongly luminescent dyes, Badaro et al
recently revisited the synthesis of pyrano[2,3-b]indolizin-2-ones
from picolinium salts and diethyl 2-(ethoxymethylene)malo-
nate developed by Kakehi in the last century.>**> This reaction
proceeds under basic conditions through a Dieckmann con-
densation and a Friedel-Crafts reaction with final intra-
molecular transesterification (Scheme 76).>** Their recent
approach improved the yield and accelerated the process com-
pared to the first method proposed, as well as amplified the
scope by providing various pyrano-indolizine derivatives 76 in
good yields through a one-pot procedure. Furthermore, the
authors performed functionalization reactions on the obtained
structure of 76 and synthesized a styryl derivative for cell stain-
ing. Spectroscopic investigations showed that the obtained
dyes possessed absorption and emission spectra in the blue-
green region and fluorescence quantum yields up to 92%.

4.5 Naphthoquinone expanded indolizines

Another common type of expansion of the indolizine core is
condensation to the 1,4-naphthoquinone moiety. Indeed
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various reactions
B-ketoesters were described in the 1950s.

Das et al. performed a skeletal transformation of naphtho-
quinone-fused furans and pyridine derivatives to naphthoqui-
none-fused indolizines 77 in the presence of a -catalytic
amount of anhydrous FeCl; and hexafluoroisopropanol (HFIP)
as the solvent (Scheme 77).>*” In the same article, the authors
described the synthesis of the precursor naphthoquinone-
fused furan, which was obtained through a Rh(u)-catalyzed
synthesis from  f-ketosulfoxonium ylides and 1,4-
naphthoquinone.

In 2022 Nagarkar and Dapurkar developed isomeric
naphthoquinone-based indolizines 78 on a gram scale with
the use of a 4',5'-dinitroanacardic acid copper(u) complex (2:1)
as a homogeneous catalyst (Scheme 78).>*® The outcome of
this work proved the superiority of a sustainable copper cata-
lyst over a conventional copper salt at room temperature due to
its structural advantages and the ability to provide excellent
regioselectivity. The proposed mechanism predicts the action
of the catalyst in three of the four reaction steps. First, it is
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244-246
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responsible for the reaction between naphthoquinone and pyr-
idine to obtain an intermediate, which undergoes a second
catalyzed reaction with ethyl acetoacetate. At this point, ring
formation occurs, leading to the last step of oxidative aromati-
zation, which is also catalyzed by the Cu(u) complex.

Kim and co-workers described two methodologies for the
synthesis of quinone-indolizine hybrids 79A and 79B starting
from pyrrole-derived substrates and showing promising anti-
cancer activity (Scheme 79). The first reaction proceeds through
a domino Michael addition-intramolecular aldol reaction-de-
hydration and final aromatization, all under basic con-
ditions.>*® The second reaction, instead, is a Cu(u)-catalyzed
domino [4 + 2] annulation process consisting of intermolecular
Michael addition, Thorpe-Ziegler type cyclization, and final oxi-
dation.”® The differences in these methods lie in the mecha-
nisms as well as in the pyrrole derivatives used. In the first case,
a more classic 2-formyl N-substituted pyrrole was used, while
the latter was based on N-substituted pyrrole-2-carbonitriles.

In 2023 Maiti et al. presented a diversity-oriented synthesis
of annulated indolizines through a multicomponent reaction

11 examples
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catalyzed by blue LED irradiation (Scheme 80).>>' The devel-
oped method involves reacting pyridine or isoquinoline, aryl
diazoacetates, and either 1,4-benzoquinone or 1,4-naphthoqui-
none in a stoichiometric ratio of 2:1.2:1. The reaction is
carried out in ethyl acetate as the solvent and is conducted
under blue LED irradiation at room temperature.

The derivatives corresponding to isoindolo[2,1-a]pyridine
804, isoindolo[2,1-alisoquinoline 80B, isoquinolino[2,1-aliso-
indole-7,12-dione 80C, or pyrido[2,1-a]isoindole-7,12-dione
80D were obtained in moderate to good yields. Among these,
the pentacyclic annulated indolizine 80D (DASS-fluor) demon-
strated intriguing photophysical properties and was evaluated
as a fluorescent probe by the authors. It exhibited solvatochro-
mic emission, with Aep, shifting from 507 nm to 559 nm in sol-
vents of increasing polarity, and a fluorescence quantum yield
(®q) of 0.05 in water. DASS-fluor successfully detected and
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differentiated the formation of lysosomal and non-lysosomal
lipid droplets under both normal and stimulated cellular con-
ditions, making it a promising fluorescent marker for
hepatosteatosis.

Recently, Gawel and co-workers developed a method for the
synthesis of indolizinequinones 81>*> from methylquinones, I,
and pyridine derivatives in DMSO as an improvement of
Delcanale’s protocol.>***** Moreover, the obtained indolizine-
quinone could be further functionalized to yield substituted
indoloindolizines 82 in one pot.

In the first step, acetylene derivatives are added to the car-
bonyl groups of quinone 81 through a butyllithium-mediated
reaction. The resulting intermediate 81a undergoes reductive
elimination with the introduction of SnCl, in 10% aqueous
HCI solution (Scheme 81). The photophysical properties of the
obtained products were also described and covered the visible
range around 434 nm for absorption and 621 nm for emission.
The largest bathochromic shift was observed for the expanded
system having six fused aromatic rings (4,ps = 594 nm and Aep,
=621 nm with &5 of 17%).

The methodologies presented differ in their catalytic
approaches and in the specific isomers of naphthoquinone-
fused indolizines they yield. Das and Maiti’s methods produce
naphthoquinone-fused indolizines on the pyrrole side, specifi-
cally dihydrobenzo[f]pyrido[2,1-a]isoindole frameworks. While
Das employs FeCl; in HFIP, Maiti’s approach stands out for its
sustainability, using blue LED irradiation under mild con-
ditions. In contrast, Nagarkar and Gawel's approach yields
dihydrobenzo[f]pyrido[1,2-a]indole isomers, with Nagarkar’s
Cu(u) complex offering enhanced regioselectivity and Gawel’s
iodine-based method enabling =-expanded pyridine
functionalization. Kim’s work uniquely delivers naphthoqui-
none-fused indolizines on the pyridine side. Together, these
approaches provide access to the full range of naphthoqui-
none-fused indolizine isomers, varying in both the fusion posi-
tion and substituents.

4.6 Miscellaneous

In addition to the previous classes of expanded indolizines
presented, herein we describe some more unusual cores.

Zou et al. developed a chemoselective coupling strategy that
utilized a two-atom unit derived from N-substituted pyrrole-2-
carbaldehydes and a four-atom unit from N-substituted
pyrrole-2-carbonitriles, yielding the pyrrolo[1’,2":1,6]pyrazino
[2,3-g]lindolizine dye 83 (Scheme 82).>** This compound exhibi-
ted remarkable aggregation-induced emission (AIE) properties,
with the pyrrolo[1',2":1,6]pyrazino[2,3-g]indolizine moiety func-
tioning as the stator and the two phenyl rings serving as
rotors. This configuration aligns seamlessly with the well-
established mechanism underlying AIE. All the 1., bands of
the dyes are located around 550 nm, while &g varies and
depends on the substituents on the rotor part of the system.
The product having CF; and NMe, as para-substituents on the
aryl rings showed a signal at the longest wavelength, which
could be ascribed to the formation of a donor-m-acceptor
structure between the strong electron-withdrawing trifluoro-

This journal is © the Partner Organisations 2025


https://doi.org/10.1039/d4qo02082k

Published on 05 February 2025. Downloaded by UNIVERSITA DEGLI STUDI DI TORINO on 9/28/2025 6:30:57 PM.

Organic Chemistry Frontiers

View Article Online

Review

SnCly 2H,0
10% HCI

10 examples
30-83% yields

Scheme 81

I iyl
PP S i ek o
T s J I\ = SiR,
%, LN 3
l,, DMSO v BuLi, THF
+ — e —_—
o] 105 °C, 48-72 h | ~78°CtoRT
0= \':_-D R3Si—
gt / _:__(
|| Ar—-R? G Ay
T ot
o 81 L
R!=H, halogen 10 examples
RZ=H. Me 18-B2% yields
|T N Y [ cN
S N
N\ E +-BuOK
o= o0—/ DMF:toluene = 1:1
=3 A 120°C
R R?
R' = aryl, 2-thienyl, 2-furyl 20 examples
R2 = aryl, cyclopropyl, 43-72% yield
2-thienyl, 2-furyl
Scheme 82

methyl group and the electron-donating dimethylamino
group.

Babu et al. developed a 1,3-dipolar cycloaddition of pyridi-
nium ylides with electron-deficient aromatic systems such as
3-nitroindoles, for the synthesis of indolizines 84.”>° Contrary
to the natural nucleophilic characteristic of indoles, the pres-
ence of electron-withdrawing groups at positions 2 or 3 reverts
the nucleophilic characteristic of this class, thus making the
system a good electrophile prone to dipolar cycloaddition reac-
tions and allowing for the synthesis of annulated heterocycles
(Scheme 83). From this perspective, two possible ring-closing
pathways from compound 84 were evaluated, leading to the
formation of 6H-indeno[1,2-b]indolizin-6-one 84A and indoli-
zino[2,1-b]indoles 84B via two different Pd-catalyzed mecha-
nisms. The first pathway proceeds through C-H amination,
while the second involves dual C-H activation.

Langer et al., in 2023, developed a straightforward method
for the synthesis of quite rare thienoindolizine structures via
nucleophilic substitution followed by intramolecular cycliza-
tion (Scheme 84).>°° 3-Bromo-2-(2,2-difluorovinyl)thiophene
and 5-fluoro-1H-indole were used as substrates to obtain 85a
under basic conditions (K3PO,4) by double substitution of the F
atoms. The intermediate was then used by the authors to
achieve the final thieno[3,2-g]-, thieno[3,4-g]- and thieno[2,3-g]
indolizine moieties 85, depending on the thiophene isomer
used, through a Pd-catalyzed intramolecular cyclization. The
synthesized compounds exhibit strong absorption between 250
and 320 nm. The emission maxima are located between
421 nm and 487 nm, and @y is around 20%.

Kim and coworkers proposed the synthesis of the indolizine
intermediate 86a from pyridine-2-acetonitrile, 2-bromo-benz-

This journal is © the Partner Organisations 2025
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aldehyde, and TMSCN via a one-pot three-component reaction.
The obtained indolizine was then used to yield 5-aryl-5H-indo-
lizino[3,2-b]indole 86 via a Cu-catalyzed Ullmann-type double
C-N coupling reaction (Scheme 85).>>” Mechanistic studies
proved that the intramolecular C-N coupling was much faster
than the intermolecular one allowing for the alkylation and
sulfonylation of N instead of arylation.

Zhang et al. reported the synthesis of a novel fused hexacyc-
lic indolizine derivative 87 through a one-pot reaction.>”® This
process involves the thermal generation of high-energy ben-
zynes via hexadehydro-Diels-Alder (HDDA) cycloisomerization
from tetraynes, followed by a stepwise [3 + 2] cycloaddition
with commercially available (trimethylsilyl)ethynylpyridine,
resulting in the unique expanded indolizine in over 80% yield
(Scheme 86).

Starting from a methodology similar to that presented for
the synthesis of pseudo-betaine 20D, Nechaev et al. developed
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an efficient route to an unusual tetracyclic compound, 4-oxo-
4,6-dihydrocyclopenta[4,5]pyrimido[2,1,6-cd]indolizine (88).>>°
The process began with the formation of (E)-3-arylimino-3H-
indolizin-4-ium-1-olates, achieved through the reaction of
3-difluorocyclopropenes, pyridines, and anilines under oxi-
dative conditions using sodium iodate (NalO3). This step was
followed by the cycloaddition reaction of 88a with dimethyl-
aminofulvene, leading to the final expanded indolizine frame-
work (Scheme 87). Other less attractive methodologies leading
to functionalized pyrrolo[2,1-alisoquinolines follow the
cascade [3 + 2]/[4 + 2] cycloaddition of complex enaminones
with vinylene carbonate.”®°

4.7 Vertically expanded indolizines

Other interesting classes of m-expanded indolizines include
pyrrolo[2,1,5-cd]indolizines, also known as cyclo[2,2,3]-azines,
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and imidazo[1,2-a]pyridines, commonly referred to as azacycla-
zines. These compounds are valuable building blocks for drug
development, as well as for fluorescent probes and lumines-
cent materials.

In 2015 Ji and co-workers developed a method for the syn-
thesis of pyrrolo[2,1,5-cd]indolizines 89 from 1- and/or 2-sub-
stituted indolizine and electron-rich alkynes through the Pd
(OAc),-catalyzed dehydrogenative Heck annelation reaction
(Scheme 88).%°" In addition to the main reagents, an acid such
as 2,6-difluorobenzoic acid was needed to improve the reaction
selectivity between dimerization and Heck annelation. A wide
range of functional groups were tolerated in both the indoli-
zine and diarylacetylene, and the products were obtained in
moderate to excellent yields.

Much more recently Huang et al. published a mechano-
chemically driven dehydrogenative coupling strategy, utilizing
piezoelectric materials (BaTiO3) to facilitate the synthesis of
pyrrolo[2,1,5-cd]indolizines 90 via an intermolecular [3 + 2]
cycloaddition between allenes and indolizines (Scheme 89).>%*
This approach offers several key advantages compared to the
classic ones, including the elimination of organic solvents,
simple experimental procedures, scalability, and high conver-
sion efficiency.
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While Ji’s Pd-catalyzed approach provides broader substrate
compatibility and proven efficacy, Huang’s mechanochemical
method excels in sustainability and operational simplicity,
representing a promising step toward greener synthetic
methodologies.

When considering azacyclazines, Ghosh et al. developed a
palladium-catalyzed direct arylation of 2-alkyl-imidazo[1,2-a]
pyridine with alkynes for the synthesis of 2-alkyl-imidazo
[5,1,2-cd]indolizines 91 through an oxidative coupling
(Scheme 90).>* Synthesized imidazo[5,1,2-cd]indolizines
exhibit 1,55 peaks in the range of 388-396 nm, while Ay, is in
the range of 518-532 nm with one broad emission peak and
®q around 15%. The exception to this trend is the compound
with OMe substituents on the aryl ring of the alkyne, which
shows an additional peak at 427 nm and the highest &4 (0.44).

Following this trend, in 2023 Meena et al. reported a Pd
(OAc),-catalyzed C-H functionalization of 2-arylimidazo[1,2-a]
pyridines with cinnamaldehyde to obtain 1,7-diarylimidazo
[5,1,2-cd]-indolizine-6-carbaldehyde 92.%°* These reaction con-
ditions allowed annulated products to be produced in good
yields, with a wide substrate scope, and showed excellent func-
tional group tolerance (Scheme 91).

Additional ring expansion on the azacyclazine core can be
achieved by the annulation of imidazo[1,2-a]pyridines with
substituted benzenes as the benzyne precursor.

To synthesize expanded benzo[alimidazo[5,1,2-cd]indoli-
zines 93, Adimurthy et al. developed the reaction of imidazo
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[1,2-a]pyridines and 2-(trimethylsilyl) phenyltrifluoromethane-
sulfonate (Scheme 92) under basic conditions (K,CO5).2*® Both
electron-rich and electron-deficient groups at different posi-
tions on the phenyl rings and on the pyridyl ring were toler-
ated. Aen, for the obtained products is in the visible region in
the range of 420-600 nm with &g of 0.33-0.68.

Toward a more environmentally friendly approach, Raval
and coworkers proposed a microwave-irradiated, ligand-free
mechanism (Scheme 93) to access 1-phenylbenzo[a]imidazo
[5,1,2-cd]indolizine derivatives 94 using imidazo[1,2-a]pyri-
dine, 1,2-diiodobenzene, and K,CO;.2°® This allowed for mini-
mized side reactions compared to classic methodologies,
shorter reaction times, and increased yields. 4,55 peaks of the
products are located between 415 and 428 nm and Ay, is in
the range of 406-520 nm.

In conclusion, Raval’s methodology offers a significant
improvement over the transition-metal-catalyzed approaches
reported by Ghosh and Meena, as it avoids the use of ligands
and operates under microwave irradiation, resulting in
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expanded indolizines with reduced side reactions, shorter reac-
tion times, and higher yields. However, Adimurthy’s approach
stands out as the most sustainable, using simple base-
mediated conditions without any transition metals or special-
ized equipment, while still producing benzo-expanded indoli-
zines with reasonable yields.

From imidazo[1,2-a]pyridines, in 2015 Firmansyah et al.
proposed the synthesis of completely new ‘naphthalene’
expanded imidazo[1,5-a]pyridine and imidazo[1,2-a]pyridines,
which led to the formation of the first dimethyl benzo[de]indo-
lizino[3,4,5-ablisoquinoline-1,2-dicarboxylate 95 in 47%
yield.*®” The reaction mechanism is thought to proceed
through a Diels-Alder reaction at the imidazole moiety of 95a
followed by a retro-Diels-Alder reaction with the elimination of
HCN (Scheme 94).

An another approach was described by Li and co-

workers.>®® 3,4-Di-vinylindolizine undergoes a
12n-electrocyclization  offering a  route to  obtain
azepinoindolizine.

A completely new approach and a new indolizine-based
molecular architecture were revealed by Liu and co-workers.
The authors discovered that pyrazino[2,3-b:5,6-bldiindolizine
could be easily prepared in four steps from 1,4-diacetyl-2,5-
diketopiperazine and pyridine. This heretofore unknown pen-
tacyclic heterocycle has an exceptionally high-lying HOMO
(—4.65 eV).>°

5. Indolizine-fused fluorophores

To conclude this review, we include a few recent and relevant
examples of indolizines fused to other fluorophores, such as
coumarins and BODIPYs, as well as extended indolizine
systems that generate NIR and SWIR emissive fluorophores.
These include indolizine-cyanines, Si-Ros indolizines,
Phospha-Ros indolizines, and fluorenium indolizine dyes.
Rusanov et al. worked on the development of a new meth-
odology for the synthesis of pentacyclic lamellarin ana-
logues.*”® The indolizine intermediate 96 was obtained by a [3
+ 2] cycloaddition reaction between available pyridinium
ylides, o-nitrostilbenes and benzoyl peroxide as an oxidant.
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The following steps consisted of O-demethylation of the ortho-
methoxy group followed by a final lactonization to obtain the
coumarin-fused indolizine product 97 (Scheme 95).

Song and co-workers presented a rhodium-catalyzed C-H
functionalization-annulation of pyrrole-substituted BODIPYs
with alkynes, in which the pyrrole acted as a directing group
toward the generation of [b]-aryl fused BODIPYs 98A and
98B.””! Taking advantage of this methodology, asymmetric
diindolizine-fused BODIPY could also be synthesized by per-
forming the reaction firstly with an electron-rich alkyne and
lastly with an electron-deficient one (Scheme 96).

BODIPYs fused with two indolizine units exhibit a broad
absorption spectrum, ranging from 600 to 800 nm, which com-
pared to the precursor, show a remarkable redshift. The fluo-
rescence emission spectra are also consistent with the
expected bathochromic shift, and it is around 900 nm, and the
quantum yield is low, as expected when the NIR emission is
reached. The catalytic cycle begins with the coordination of
BODIPY with CpRh(m)X,, forming intermediate 98a. This
intermediate then undergoes cyclorhodation, generating the
classic five-membered rhodacyclic species 98b. Next, the inser-
tion of the alkyne into the N-Rh or C-Rh bond of 98b results
in the formation of a seven-membered rhodacycle, either 98¢
or 98d, respectively. Finally, the reductive elimination of 98c or
98d produces the product 98A/B. The active CpRh(m)X, species
is regenerated with the help of CuX,. Delcamp and colleagues
focused their research mainly on the development of infrared-
emissive indolizines. Expanding on earlier work on indolizine-
squaraine dyes and rhodindolizine dyes,”’>*”® in 2019, they
reported the synthesis of C1, C3, and C5 cyanine-indolizines
99A-C from phenyl indolizine precursors and methine bridges
in the presence of perchloric acid (Scheme 97).>”* UV-vis-NIR
absorption measurements in DCM, MeCN, DMSO, and a 1:1
MeCN : H,O mixture revealed that increasing the length of the
methine bridges caused a redshift in absorption. Among the
six newly synthesized dyes, the C5 derivative demonstrated the
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highest quantum yields for a dye emitting near 900 nm,
ranging from 1 to 3%, depending on the solvent.

In 2024 they managed to reach the SWIR region, bathochro-
mically shifting the absorption and emission of existing

This journal is © the Partner Organisations 2025
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xanthene-indolizine dyes through the substitution of O with Si
and the addition of a dimethylaminoaryl substituent to the indo-
lizine core.””® Three different SiRos 100A-C were obtained via a
deoxygenation reaction followed by a silylation cyclization reac-
tion and subsequent oxidation to yield the silicon-substituted
xanthene core. A palladium-catalyzed C-H activation reaction is
then used to install the respective indolizine 100a, b and c
donors. A Grignard reaction followed by an acidic work-up yields
the final SiRos fluorophores as perchlorate salts (Scheme 98).
These dyes obtained have 1., max peaks of 1300 nm, 1557 nm
and 1700 nm in DCM, along with fluorescence quantum yields
of 0.0056%, 0.0025% and 0.0011%, respectively.

The same group also proposed the substitution of oxygen
with P=O to achieve Phospha-RosIndolizine (101), which
exhibited a bathochromically shifted emission at 1450 nm,
compared to SiRos1300 (Scheme 99).””® The synthetic pathway
followed the same steps as those for the previously mentioned
fluorophore, with the exception of the second step, where
PhPCI, was used as the phosphorus source, and TBAB as the
oxidating agent.

With the ambition to push the photophysical properties of
dyes even deeper to the infrared region, Delcamp’s group was
able to exploit the antiaromatic characteristic of the central
five-membered ring of the fluorenium dyes first presented by
Grzybowski and co-workers®”’” to obtain Flulndz 102
(Scheme 100).>”® Thanks to these new structures, which are a
combination of a fluorenium dye and different substituted
indolizines, emission at 2000-2500 nm was possible. In con-
clusion, Delcamp and colleagues have made substantial
strides in advancing infrared-emissive indolizines, with each
successive modification pushing the emission wavelengths
further into the infrared region. This has resulted in a deeper
understanding of the photophysical properties of indolizine-
based dyes but also provided an ambitious drive to expand
their applicability to a broader range of infrared applications,
providing a unique contrast with earlier works, which were
more limited to the visible or near-infrared region.

The unsubstituted indolizine absorbs ultraviolet radiation
and emits violet-blue light.””*** Adding electron-donating
groups (auxochromes) obviously shift both absorption and
emission bathochromically.

Fusion of the indolizine with benzene rings gradually shifts
the absorption bathochromically, although the strength of the
effect depends heavily on the pattern of fusion. In the case of
benzo[1,2-blindolizine 65 the effect is rather small and
becomes stronger in the case of benzo[alindolizines (66B,
Table 1). The fluorescence quantum yields of w-expanded indo-
lizines vary but they tend to be large, often exceeding 40%.
This is particularly visible in the case of pyrido[2,3-b]indoli-
zines 70 (Table 1). The hybrid dyes possessing a coumarin-type
structure and indolizine scaffold (pyranoindolizines 76) have a
strong greenish-yellow emission. Strong polarization induced
by the presence of electron-withdrawing C=O groups at posi-
tions 1 and 2 (dyes 90D) causes a very strong bathochromic
shift of both absorption and emission (to 620 nm). A moderate
bathochromic shift can also be observed in the case of thie-
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noindolizines and azacyclazines (84 and 91, Table 1). Naturally
blue emission of indolizine can be transformed into red emis-
sion with significant r-expansion of the chromophore (see dyes
82). Delcamp’s groundbreaking work has proved that by using
indolizine as an electron-rich moiety, which replaces the classical
dialkylamino group in cyanine and rhodamine dyes, it is possible
to move the emission to NIR and by combining this approach
with replacing oxygen with silicon, emission can even move to
the NIR-2 region of the electromagnetic spectrum (99A/C,
100A/C, 101 and 102, Table 1). A small fluorescence quantum
Scheme 99 yield was still large enough to enable fluorescence imaging.

31% yield
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6. Summary and outlook

In spite of the long history of indolizines, which translates to
the existence of many classical synthetic methodologies, in the
last decade numerous new strategies have been developed.
Collectively, the new synthesis strategies highlight the compat-
ibility of indolizines with changing targets in modern organic
chemistry.*®*'>** One pivotal factor is the availability of start-
ing materials possessing a diverse range of substituents.
Limited availability typically causes minuscule usage unless a
very unique pattern of substituents can be obtained.

The difference in availability and stability was always a big
advantage of pyridines over pyrroles as favored starting
materials in indolizine synthesis. In this respect, the most

Table 1 Photophysical data for representative n-expanded indolizines
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notable recent trend is the strong development of methods
starting from pyrrole derivatives. They have two key advan-
tages. First of all, many methods starting from pyrrole deriva-
tives rely on straightforward acid-base catalysis rather than on
transition metals. Secondly, they offer access to unique substi-
tution patterns on the indolizine core.

Indolizine synthesis often relies on the presence of various
reactive functional groups in the substrate structures. These
groups undergo transformations into one of the core atoms. In
this regard it is noteworthy to point out that developments of
the last decade enabled, for the first time, indolizine cores to
be built that possessed key functional groups such as NH,,
NR,, OH and CHO without the need for post-functionalization
(Table 2).

Among many interesting developments of the last decade,
the unveiling of the following methods deserves particular
attention: (1) Gou’s method, transforming N-methyl pyridi-
nium salts into indolizines 39 with an elaborated Pd/Cu cata-
lytic system;®* (2) Duan’s method, furnishing 6-hydroxyindoli-
zines 42 from pyrrole-2-carbaldehyde and 4-halogenated acet-
oacetic ester;*®* (3) Gu’s approach, in which scandium triflate
catalyzes the transformation of 1-(2,2-diethoxyethyl)pyrroles
and methyl acetoacetate into heavily substituted indolizines
54;>'% (4) the synthesis of 2-formylindolizines 21 from 2-acetyl-
pyridines and cinnamaldehydes;'*? and (5) the simple prepa-
ration of pyrrolo[2,1,5-cd]indolizines 89 from indolizines and
alkynes.>®* Indolizine and its simple derivatives emit violet-
blue light. In view of the global search for new materials pos-
sessing desirable optoelectronic properties, it is therefore not
surprising that major developments in the last years have
focused on methods leading to m-expanded indolizines.
Moreover, due to its intrinsic electron-rich character, an indoli-
zine core seems to be an ideal candidate for an electron-donat-
ing moiety in cross-conjugated chromophores. Interestingly,
n-expanded derivatives are still mostly prepared from pyridine
and quinolines. From humble beginnings, developments in
the field of m-expanded indolizines have culminated in the
work of Delcamp and co-workers, who demonstrated the trans-

Aabs MAax range

Molar absorption coefficient

Aem Max range Fluorescence quantum

Dye [nm] range emay [M~' cm™] [nm] yield range &g [%]
6523 270, 340, 440 — 490-520 ~ 10

66A/B>*> 370-550 5000-14 000 490-830 < 1-58

70%3° 350-470 — 460-490 40-80

71236 420-440 — 500-550 10-25

764 430-510 16 000-30 000 450-650 < 1-92

80D>** 430-480 2100-23 000 500-620 5-80

84%°¢ 250-320 25 000-64 000 421-487 5-25

91263 388-356 — 518-532 ~ 15

93263 390-400 — 420-600 33-38

94%6¢ 415-428 — 406-520 —

82%°% 430-600 — 500-620 3-75

98A/B>"! 600-800 44 000-180 000 900 < 1-9

99A/C*"* 640-830 11 000-210 000 690-900 < 1-3

100A/C*”® 1100-1440 35000-122 000 1300-1700 0.0011-0.0033
10127° 1294 61000 1450 Not calculated
102278 1400-2000 20 000-46 000 2000-2500 Not calculated
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Table 2 Synthetic accessibility of indolizines possessing key functional
groups

Functional group Position Ref.

CHO 2 128 and 129
CHO 3 148

CHO 5 207 and 209
NH, 2 201

NH, 3 139

NHR 3 138,140 and 186
NR, 1 121-126

OH 2 242 and 243

OH 6 203 and 209

formation of indolizines into cyanine-type dyes with spectacu-
lar emissions in the near infra-red part of the electromagnetic
spectrum.>’*?”® Notwithstanding this progress, there are still
numerous synthetic limitations that have to be overcome in
the near future. The main envisioned areas for synthetic
exploration are as follows: (1) densely substituted indolizines
and z-expanded indolizines; (2) the transformation of indoli-
zines into polar, water-soluble probes for fluorescence
imaging; (3) and finally the development of a straightforward
method for the preparation of unsubstituted indolizine.
Although indolizines have been known for over 130 years,
there are still numerous possible structures that have never
been assembled or investigated. We hope that in addition to
organizing knowledge on this topic, this review will serve as a
catalyst to spark further studies.
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Abstract: Unlocking the potential of electron-rich 2-hydroxyindolizines led to the discovery of a new class of dyes—
indolizine-merocyanines (IndMer) and indolizine-cyanines. Tandem Friedel-Crafts alkylation followed by intramolecular
nucleophilic aromatic substitution afforded structurally diverse dyes, as both the nucleophilic and electrophilic partners can
be broadly modified. A convergent fragment coupling strategy allowed rapid access to these w-conjugated merocyanines
in three steps from pyridines. Uniform distribution of the HOMO and LUMO combined with negligible change of dipole
moment upon excitation is responsible for the intense orange or red emission of this new family of reasonably photostable
dyes in a broad range of solvents. The new merocyanine dyes have the potential to target a variety of organelles—
both uncharged and positively charged indolizine-merocyanines localize a subset of cellular lysosomes, positively
charged indolizine—cyanine hybrid accumulates in mitochondria, while coumarin—-merocyanine shows context-dependent
localization to mitochondria and RNA-rich nucleoli of the living cells.
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Introduction

Fluorescein, rhodamine, and rhodol were all discovered in the
19th century, and over the course of 140 years, extensive effort
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has been devoted to advancing the photophysical properties
of these ubiquitous dyes through structural modifications.
In particular w-expansion!’”] and replacement of the xan-
thene oxygen atom bridge with silicon,®'!l phosphorus,['>13]
sulfur,l'! or carbon!'>8] in scaffolds of rhodamine,!'%22!
fluorescein,[*?*l and rhodol/®! have proven popular and
effective (Figure 1).

Other notable modifications encompass altering the size
of the middle ring!**?"! and replacing dialkylamino groups as
a donor with indolizine,!***! allowing further modulation of
the photophysical properties.

The key application of xanthene dyes is fluorescence
imaging, which has become a powerful tool for molecular
biology due to its merits of real-time monitoring capability,
non-invasive nature, and high spatiotemporal resolution.[3%3!]
Compared to classical fluorescence microscopy, fluorescence
imaging in the near-infrared window (NIR, 750-1700 nm)
allows for both deeper tissue penetration and a higher
signal-to-noise ratio for noninvasive in vivo imaging at
subcentimeter tissue depths, due to decreased scattering.[>=°]
Advancements in this imaging technique have demanded
more stringent and challenging properties to be included in
dyes, which currently available dyes do not entirely fulfill.
Indeed, NIR dyes lack a large fluorescence quantum yield
(®5) and photostability.?*3773] Some of the modern, highly
modified xanthene dyes possess emission in NIR often with
reasonable quantum yield.[3%40]

In the context of addressing the above challenges, an
interesting question emerges about possible modifications
of electron-donating moiety especially by an electron-rich
aromatic heterocycle. The hypothesis underlying our current
work is that by incorporating the entire indolizine!*'! moiety

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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into the molecule as an electron donor, while simultaneously
fusing it with the rest of the structure, a novel conjugated
m-system could be formed, potentially exhibiting remarkable
photophysical properties (Figure 1). We aim to address this
general idea by constructing a merocyanine,!*>#l in which the
electron-rich indolizine scaffold would form one large, planar
m-expanded system. Needless to say, accomplishing this task
would require establishing a brand-new synthetic method-
ology. In the process we discovered several structurally
unique organelle-specific dyes with excitation in far-red
range.

Results and Discussion

Design and Synthesis

To overcome the aforementioned challenges, we propose a
molecular design strategy that, compared to previous con-
cepts, offers significant advantages in terms of simplicity and
efficiency. Our key idea was to employ the tandem Friedel-
Crafts alkylation/nucleophilic aromatic substitution, which we
previously discovered for the reaction of 2,3,5,6-tetrafluoro-
4-hydroxybenzaldehyde (1) with aminophenols.[*] Instead of
benzene derivatives, we decided to use 2-hydroxyindolizine
as a nucleophilic coupling partner. Highly electron-rich
2-hydroxyindolizines can be obtained in situ using the
methodology originally developed by Kakehi’s group[*]
and optimized by us.[*l Rewardingly, 2-hydroxyindolizine 2,
possessing an additional methyl group in position 3, reacted
smoothly with aldehyde 1 under neutral conditions (xylenes,
80 °C, overnight) furnishing compound 3a in 72% yield
(Scheme 1). A straightforward examination of the NMR

Nagano Yamaguchi Guo

Figure 1. Examples of core-modified rhodamines and rhodols.
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data confirmed that the product has the expected indolizine-
merocyanine (IndMer) structure. Preliminary photophysical
studies revealed strong fluorescence with an emission max-
imum (Ae,,™*) at 577 nm. With a proof of concept thus
established, we began to explore this new core and its
chemistry. We found that both the m-expansion of the 2-
hydroxyindolizine substrate and its 3-substituted derivatives
are typically compatible with the new synthetic strategy,
giving rise to various IndMer dyes 3b—f (Scheme 1). Mildly
electron-donating alkyl groups and electron-withdrawing
groups, such as an ester or pyridine, were well tolerated.
On the other hand, when strongly electron-donating groups
were present at the pyridine core, the corresponding 2-
hydroxyindolizines could not be generated via Dieckmann
condensation.

The products 3b—f were obtained in 26%-90% yields and
were conveniently harnessed by precipitation owing to their
poor solubility in the reaction medium. The only exception
was dye 3b, which was designed specifically to improve sol-
ubility and was purified by column chromatography. Having
demonstrated that the synthesis of new merocyanines is
straightforward and effective, we next turned our attention
to an analogue possessing an additional nitrogen atom at
position 3, i.e., a derivative of imidazo[1,2-a]pyridine.[*’4$]
To our delight, 2-hydroxyimidazo[1,2-a]pyridine was trans-
formed into the corresponding dye 3Ng (ImPMer), under
the same conditions as described earlier in 62% yield
(Scheme 1). Due to the low yield and poor stability of
other 2-hydroxyimidazo[1,2-a]pyridines, we decided to carry
out the reaction in situ, starting with the corresponding 2-
aminopyridines. This approach allowed us to obtain two
additional ImPMer dyes, 3Nh and 3Ni, with overall yields
of 24% and 44%, respectively. Finally, IndMer 3e possessing
pyridyl substituent was quaternized to obtain the positively
charge salt 3eMe (Scheme 1, see Supporting Information for
details).

Encouraged by these results, we also explored the possi-
bility of using different types of aromatic aldehydes sharing
the same features (i.e., halogen atom in vicinal position
to CHO and electron-deficient character of the aromatic
ring) but possessing different electron-donating groups at
position 4. Reaction of indolizine 2b with 2,3,5,6-tetrafluoro-
4-(piperidin-1-yl)benzaldehyde (IN)[*] unexpectedly led to
product 4 in 10% yield, a dye formed by the reaction of
two molecules of indolizine and one molecule of aldehyde,
as confirmed by NMR and HRMS (Scheme 2). This structure
can be compared with that of a V-shaped bis-xanthene dye.[*]
In contrast to other above-described dyes, compound 4 is
non-planar and has a slightly twisted geometry because of
the steric hindrance between the two indolizine units in close
spatial proximity. By contrast, the reaction of coumarin-based
aldehyde 1CI*"1 led to the formation of cyanine-type dye 5,
in 27% yield, albeit both time and the temperature had to be
extended (Scheme 2).

To further demonstrate the robustness and synthetic utility
of this protocol, we performed the synthesis of dye 3a on
a 20 mmol scale, which gave 4.6 g of product (76% yield)
indicating the synthetic potential of this method for bulk-scale
synthesis.
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Scheme 1. Straightforward synthesis of the indolizine-merocyanines (IndMer) and imidazo[1,2-a]pyridine-merocyanines (ImPMer).

Photophysics

With a diverse series of new polymethine dyes in hand,
we performed comprehensive photophysical characterization
(Table 1 and Table S1, Figures 2 and 3 and Figure S1).
UV-Vis absorption and emission spectra were recorded in
DCM, THF, and DMSO for all dyes. The absorption and
emission of this new family of dyes exhibited only a slight
bathochromic shift (A,ps™* ~ 570 nm vs. 550 nm, and Aep,™™
~ 580 nm vs. 540 nm) when compared to typical rhodols.[>>>!]
In comparison to the majority of merocyanine dyes, IndMer
and ImPMer surprisingly showed no solvatochromism. When
comparing the photophysical properties of IndMer dyes
with various substituents at position 3 (Figure 2), one can
notice that the influence of electron-donating alkyls and
the electron-withdrawing ester group is rather negligible. In
contrast, insertion of a nitrogen atom at position 3 (ImPMers
3Ng, 3Nh, and 3Ni) causes the significant (=30 nm) blue-
shift for both absorption and emission. It is also important
to emphasize that fluorescence quantum yields (®;) are
above 50% in most cases, even in DMSO. The Stokes shifts
for all these dyes are around 500 cm~!, consistent with
the structural rigidity of this class of molecules and the
negligible influence of solvent polarity on this w-conjugated
system.

Bis-indolizine 4 (Figure 3), structurally comparable to a V-
shaped dimeric xanthene dye,[*] displays a bathochromically
shifted Aey (585 nm vs. 547 nm) with a small decrease in ®g
(32 vs. 40%). The properties of indolizine-cyanine 5 (Figure 3)

Angew. Chem. Int. Ed. 2025, 202508044 (3 of 8)

Table 1: Photophysical properties of synthesized dyes in DCM and
DMSO.

Aabs ™ Emax hem ™
(m)  (MTemT)  (m) g (%)

3a DCM 570 87 000 577 74
3a DMSO 567 75000 580 53
3b DCM 571 97 000 579 77
3b DMSO 567 70 000 584 62
3c DCM 570 56 000 578 67
3c DMSO 567 44000 583 40
3d DCM 557 30 000 569 57
3d DMSO 550 40 000 566 49
3e DCM 575 14 000 593 67
3e DMSO 569 42 000 593 56
3f DCM 554 30 000 567 53
3f DMSO 545 39000 562 50
3Ng DCM 541 10 000 565 36
3Ng DMSO 530 30 000 558 29
3Nh DCM 543 37 000 566 42
3Nh DMSO 531 37 000 557 35
3Ni DCM 541 29 000 565 42
3Ni DMSO 533 33000 558 35
4 DCM 537 41 000 585 32
4 DMSO 531 20 000 600 5

5 DCM 624 31000 705 2

5 DMSO 616 8000 735 <1
3eMe DCM 554 33000 570 43
3eMe DMSO 554 36 000 570 56

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 2. The synthesis of two indolizine-cyanine hybrids 4 and 5 from
aldehydes 1IN and 1C.
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Figure 2. UV-vis absorption spectra (solid lines) and fluorescence
spectra (dashed lines) of compounds 3a, 3d, 3Ng, and 3f measured in
DCM.
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are strikingly different—A,,™** is shifted to 624 nm and
Aem™ is beyond 700 nm, although fluorescence quantum
yield is rather low (2% in DCM). For selected dyes spectra
were also recorded in H,O/DMSO to simulate biological
environment (see Table S1). In the case of merocyanines 3Nh
and 4 ®; was comparable to results in pure DMSO, whereas
for merocyanines 5 and 3eMe it was markedly larger. Only
in the case of merocyanine 3b emission in H,O/DMSO was
weaker than in other solvents.

The comparison between the strong prompt fluorescence
observed for compounds 3a, 3b, 3Ng, and 5, and the very
weak signal (close to noise level) detected in the delayed
emission clearly indicates that none of the studied dyes exhibit
phosphorescence, even at 5 K (Figure S3).

To assess the photostability of compounds 3eMe, and
5 in aqueous medium, their solutions were irradiated with
a Xe lamp for approximately 2 h, while monitoring the
absorption maxima over time (Figure 4 and Figure S4).
The photostability of Rhodamine 6G was also evaluated
under the same conditions and used as a reference. In
general, the new merocyanines showed slightly lower, yet
comparable, photostability relative to the reference. All tested
compounds exhibited a limited (less than 10%) and quasi-
linear decay with minor deviations. Notably, compound 3eMe
demonstrated the highest stability. Photostability was also
studied in DCM and DMF, and those cases, Bodipy was used
as a reference (Figure S4).

The limited photostability of new merocyanines prompted
us to study what are the photodecomposition products.
The photodegradation of xanthene dyes was investigated
numerous times*>*] although typically these studies focused
either on improving the photostability or on halogenated
derivatives.[*®] The solution of dye 3b was irradiated in
quartz vessel using a xenon lamp. It turned out that that
the number of photodecomposition products exceeded 20
species and purification of the vast majority of them proved
impossible because of their small quantities and the tendency
to decompose further during column chromatography. Most
of them were more polar than dye 3b and displayed strong
blue fluorescence. For one crude decomposition product,
both the molecular mass and the number of aromatic
signals suggested the dimeric structure. The chemical shift
of the aromatic signals, along with the observation of
strong blue fluorescence, suggests the presence of an iso-
lated indolizine chromophore. The analysis of '"H NMR
spectrum as well as MS proved inconclusive, although sev-
eral hypothetical structures were suggested (see Supporting
Information).

Computational Studies

To understand how differences in the structure relate to the
observed photophysics, we performed computational studies
for a selection of dyes (3a, 3d, 3Ng, 5) via DFT and TDDFT
O3LYP and M06/6-31G(d,p) methods.[***°] The calculation
results are collected in Tables S3-S8 and Figures S6-S9.
Table S3 provides data on the absorption and fluorescence
energies and oscillator strengths characterizing the molecules
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optimized in the ground - S, and electronically excited — S;
states, respectively.

The calculations were performed with two functionals. The
transition energies and oscillator strengths calculated with the
O3LYP functional are slightly smaller than those calculated
with M06, but the results obtained with both functionals
correlate with each other (Figure S6).

Moreover, calculations with both functionals consistently
lead to the conclusion that the studied group of dyes are
characterized by a large dipole moment in the ground S,
state (16-19 D), which changes little in the excited S; state
(see Table S3). From the point of view of the classical theory
of the solvent effect on electronic spectra,®! this feature
means that the solute-solvent interaction energies in both
electronic states are comparable, and therefore the polarity of
the solvent should not affect the absorption and fluorescence
energies, as confirmed in Table 1.

Minimizing solvent impact created conditions for partial
extraction of the vibrational structure of absorption and fluo-
rescence spectra, usually blurred by polarity effects.[°!! Based
on the calculation results for the optimized structures of the
molecule in the ground and excited states, the absorption
and fluorescence spectra can be simulated (see Supporting
Information for details).’”8] Figure S8 shows a simulation
of the absorption spectra of 3a, 3d, and 3Ng. As seen,
these simulations quite accurately reflect the positions and
relationships between the spectra obtained experimentally
(Figure 2). The ability to reproduce the vibronic structure of
dyes provides information about the structural changes in the
excited molecule. For example, the Franck—-Condon factors
(base for simulation — Figure S7) are an important element
in the expressions for the rate constants of nonradiative
processes.[®?] Without going into details and to simplify, the
higher the ratio of the intensity of the vibronic structure
band relative to the first (0,0) band, the higher the FC
factor. Thus, the intensity distribution in the 3a, 3d, and
3Ng spectra leads to the expectation of an increase in the
rate constant of nonradiative transitions in this ordering.
It should be added here that the vibronic structure in the
spectra of the studied group of compounds is much less
extended than in the spectra of aromatic hydrocarbons, i.e.,
their geometry changes are much smaller during electronic
excitation.

Figure 5 shows the calculated energy diagram of molecule
3a together with the simulations of absorption and fluores-
cence spectra. Figure 5 shows the HOMO and LUMO orbitals
of molecule 3a, as the single configuration (HOMO, LUMO)
describes the electronic transition between the S, and S
states. This is a w—7 * transition with large oscillator strengths
(Table S3). As can be seen, both the HOMO and LUMO are
characterized by uniform density distributions over the entire
molecule.

The shapes of the HOMO and LUMO orbitals for the
other molecules considered here, as well as the shapes of
other frontier orbitals, HOMO —1 and LUMO +1, along with
data on their energies, are shown in Table S6. It allows us to
claim that the shapes of the HOMO and LUMO of parent
dye 3a are preserved with substitutions or w-expansion of
the IndMer chromophore; however, the effects of structure
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Figure 3. UV-vis absorption spectra (solid lines) and fluorescence
spectra (dashed lines) of compounds 4 and 5 measured in DCM.
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Figure 4. Photostability of dyes 3eMe and 5 compared to Rhodamine 6G
in H,0 4 0,5% DMSO.

modifications are visible in changes of the shapes of HOMO
—1 and LUMO +1.

Therefore, more pronounced effects of structure modifi-
cation may occur in processes involving these orbitals. Such
a process is intersystem crossing (ISC) S;— T, because the
T, state is based on the configuration of the HOMO —1 and
LUMO. According to the calculation results, the 7, energy in
molecule 3a is clearly lower than the S; energy, but the energy
gap decreases with modifications of the molecular structure
(Table S5). The spin—orbit coupling elements between S; and
T, are not large, but in conditions close to resonance, the
intersystem crossing process can be triggered. The results of
O3LYP and MO06 calculations are not completely consistent,
but based on the O3LYP data, in the cases of 3Ng and 5,
it is likely that the reason for the experimentally observed
decrease in fluorescence efficiency is the S;— 7T, ISC process.
In summary, the strong spatial overlap of HOMO and LUMO
combined with the lack of change of dipole moment in
the excited state are responsible for the strong emission of
IndMer and ImPMer dyes in polar solvents. In addition,
strong emission is facilitated by good separation and lack of
coupling of the S state with other electronic states.
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Figure 5. (bottom) Diagram of energy, HOMO and LUMO orbitals, and
dipole moments for 3a optimized in Sp and Sy electronic states. In the
center of the figure, the vibronic states of the molecule in Sp and Sy are
symbolically shown. Transitions between them, with intensities
described by Franck—Condon factors, build absorption and fluorescence
spectra—their simulation is shown at the top of the figure. The
strongest line in both spectra is the E(0,0) line, corresponding to the
transition between n = o and m = 0, which means that the structure of
3a undergoes relatively small changes at the transitions between Sy and
Sy. Detailed data on the FC factors and spectra simulation are in the
Supporting Information.

Fluorescence Imaging

The aqueous solubility of compounds 4, 5, and 3b was assessed
(Table S2), with values ranging from 0.28 mg per 100 mL (3b)
to 2.31 mg per 100 mL (5), corresponding to approximately
10-80 pM. These results confirm the suitability of these
compounds for bioimaging experiments.

Confocal microscopy studies in HT1080 fibrosarcoma and
MRCS5 normal human lung fibroblast cells showed that mero-
cyanine hybrid dyes are cell-permeable and have the potential
to target a variety of organelles in live cells. Specifically, both
uncharged and positively charged indolizine-merocyanines
3b, 3e, 3Nh, and 3eMe localize to cytoplasmic puncta
consistent with localization to endosomes and lysosomes
(Figures S10-S12; but not significantly to lipid droplets,
see Figures S13 and S14), positively charged indolizine-
cyanine hybrid 4 accumulates in mitochondria (Figure S15),
while related dye 5 shows context-dependent localization to
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HT1080

Figure 6. Subcellular localization of dye 5 in living HT1080 fibrosarcoma
cells. Cells were loaded with 200 nM dye 5 (magenta), along with the
50 nM MitoTracker Green FM dye (green), and images were recorded
using confocal fluorescence microscopy. The fluorescence of
MitoTracker Green FM (green) was recorded with excitation at 487 nm
and an emission range of 500-550 nm, and the fluorescence of
molecule 5 (magenta) was recorded with excitation at 638 nm and an
emission range of 663—738 nm. The brightness and contrast for
individual color channels were adjusted and advanced denoising filter
was applied using NIS Element’s software to improve visualization of
colocalization. Colocalized pixels appear white in overlays, and
colocalization is assessed by Pearson’s correlation coefficient (r), see
Figures S16-S18 for more details. Scale bars are 10 pm for the main
images and 5 pm for the insets.

mitochondria and RNA-rich nucleoli (Figures S16-S18). The
latter observation aligns with recent reports of single fluo-
rescent probes exhibiting dual localization in mitochondria
and nucleoli through mechanisms such as pH-responsiveness,
concentration-dependent redistribution, and energy-sensitive
migration, with some dyes further enabling density mapping
of subcellular environments.[>-%8] This dual localization abil-
ity provides a valuable platform for studying mitochondrial
damage and monitoring mitochondrial state in live cells under
physiological and stress conditions.

Despite maximal A,,s ~ 530-575 nm, uncharged dyes
3b, 3e, and 3Nh displayed an unexpected increase in the
brightness of green emission in live cells (Figure S10),
suggesting that these dyes may be sensitive to their local
environment, such as organelle pH, protein-lipid interactions,
dye aggregation, or spatial confinement. Although positive
charge is often associated with mitochondrial localization, in
the case of our dyes this correlation appears more nuanced
and is not strictly predictive. As mentioned above, 3eMe
localizes to a subset of lysosomes (Figure S12), while dye 4
exclusively stains the mitochondria. The Pearson’s correlation
coefficient between dye 4 and MitoTracker Green FM was
r = 0.94 and 0.92 for HT1080 and MRCS5 cells, respectively.
Despite the low quantum yield for dye 5 in vitro, we observed
unexpected bright fluorescence in live cells, specifically in
mitochondria and nucleoli (Figures S17 and S18). On one
hand, reproducible but low-intensity mitochondrial labeling
was achieved when using low concentrations of molecule §
in the presence of serum (FluoroBrite DMEM supplemented
with 5% FBS, 1 h at 37 °C, 200 nM) (Figure 6 and Figure S16).
Mitochondrial localization was confirmed by a high Pearson’s
correlation coefficient between the fluorescence of dye 5 and
the MitoTracker Green FM for HT1080 (r = 0.89) and slightly
lower values for MRCS5 cells (r = 0.60). On the other hand,
with higher concentrations of dye 5 in serum-free media
(FluoroBrite DMEM, 1 h at 37 °C, 1 uM), we observed
specific nucleolar staining reminiscent of RNA-selective dyes,
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such as SYTO RNASelect (Figures S17 and S18). Both
mitochondria and nucleoli are RNA-rich, suggesting that
the localization of dye 5 is influenced not solely by its
delocalized cationic charge, but also by its planar structure,
which may promote selective—and possibly fluorogenic—
interactions with RNA, a hypothesis to be explored in future
studies. In addition, dye 5 displayed excellent photostability
in live cells retaining ~ 93% of its fluorescence after 5 min of
continuous imaging, while dye 3eMe showed above-average
photostability retaining ~ 50% of its fluorescence in similar
experiments (Figures S19 and S20). Importantly, all dyes were
used for organelle staining at concentrations that did not
noticeably affect cell viability (Figure S21).

Conclusion

It is possible to directly condense 2,3,5,6-tetrafluoro-4-
hydroxybenzaldehyde with 2-hydroxyindolizines in a
tandem process embracing Friedel-Crafts alkylation
and nucleophilic aromatic substitution. Highly electron-
rich  2-hydroxyindolizines serve as analogues to
3-dialkylaminophenols  enabling the formation of
heretofore unknown hybrid dyes—indolizine-merocyanines
(IndMer). This strategy can be extended to m-expanded
2-hydroxyindolizines and 2-hydroxyimidazo[1,2-a]pyridines.
Replacing 2,3,5,6-tetrafluoro-4-hydroxybenzaldehyde with
3-formyl-4-chloro-7-dialkylaminocoumarin ~ enables  the
synthesis of positively charged indolizine-cyanine. Salient
features of our approach include exceptionally simple
synthesis, broad structural tolerance, and compatibility with a
large scale. Indolizine and imidazo[1,2-a]pyridine as donors
are game changers in the design of merocyanines: in a simple
manner, a diverse range of strongly orange-red-emitting dyes
can be prepared. Their fluorescence is mostly resistant to
solvent polarity, and they possess reasonable photostability.
Replacing the hydroxy group with an amino group at
the para position of the electrophilic partner diverges
the reaction pathway and a helicene-like bis-indolizine
is formed, which emit around 600 nm. The simultaneous
manipulation of various structural details makes it possible
to obtain dyes with large molar absorption coefficients,
fluorescence quantum yields > 50% and good photostability.
TD-DFT calculations rationalize their strong emission in
polar solvents. Positively charged indolizine-cyanine dyes
selectively mark mitochondria or RNA-rich nucleoli of the
living cells, whereas neutral ones permeate the membranes or
enter through endocytosis and localize in a subset of cellular
endosomes and lysosomes. We expect that the introduction
of this new structural concept within the merocyanine family
will open up an innovative avenue for dye chemistry.
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