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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[alindolizines, a class of m-
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 Cs2CO3
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, ktore 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 rdéwniez 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, ktérg 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, eliminujacego 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 zracjonalizowacd
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 dalsza
funkcjonalizacje, otrzymujac pieé¢ 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 komdrkowej 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, uzyskujgc 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$¢ i rozpuszczalnos$é w srodowisku wodnym.
Co wazne jeden z otrzymanych zwigzkéw charakteryzowat sie szczegdlnie korzystnymi
wtasciwosciami, w tym emisjg w zakresie NIR, rozpuszczalnoscia w wodzie, wysoka przenikalnoscia
do komoérek 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.l) 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.®® 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[a]indolizines and pyrano[2,3-b]indolizines, 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. Angeliin 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¢ 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>%%! 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-b]indolizine 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%).

l’//;\\ﬁ PN _ —
I I 123 N
~ b | "
=7 X /1 AN XN /l)
o AL R T =—SiH;R;
¥ N P
I, DMSO e N™ N BuLi, THF
105°C,48-72h -78°C to RT RoH,Si
O o
RN A
Ar -LR2 N
° SnCl,2H,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-blindolizines, 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[a]indolizines have remained relatively unexplored and were only recently brought back into
focus.

~
27N

R1

O cl R

EN/ @ O2N NO, 1) K,CO; H,0/CHCI E\\ .
+ “ +

+ 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
_ o) 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 SR~
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 HCIOq4 (aq.), RT
3) Na,COj3 (anhydr.),
DCM, RT

R'=H, DMA A 57% yield
RZ= 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 SiR0s1300.7?! 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 CHCl;,
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
o)
Ph)J\/X Ph ON NO2 coph 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¢cCF 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 9¢cCN and 9¢CO 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,
| i + CSQCO3
NS N Sulfulane
O,N
a) R, = COPh; Ry = H; Ry = H d) R; = COutBU; Ry = H; R3 = 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 CO»t-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

26



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
(S0CQ), 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, | 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% yields 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: Ei.umo(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 mt-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 @nin 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.

33



. n Y R
| N /{rjot isolated CHO Ik' /.
(AN R b =
I I F F
ltl/ R 032CO3 kl\ pZ _ + I\ N / Q F
O EtOH, 1h OH xylenes _
B—r Kf \ N / F F 80 oC O
OEt OH
a-f F
16a-f F
a-f) R = H, Me, Bu, CH,-CH,-CH, 2-Py, CO,Et
Me Bu
N N N
SN QA F RN F N F
0 0 — 0
F F
16¢, 90%

CO,Et

16eMe, 71%

16d, 60% 16e, 89% 16f, 26%

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% yield.

1. KOH, EtOH 1. KOH, EtOH
CHO
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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+DMSO0). 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 ®@qwas 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 aqueous 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 @x 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]Jindolizines 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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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-pyrano[2,3-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-pyranol2,3-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

Received 3rd July 2024,
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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-b]indolizin-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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pyrano[3,2-blindol-2(5H)-one
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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-pyranol2,3-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,COj; 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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2b, <5%

2e, 30%

2f, 30%

2g, 44%

2h, 5%

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 tBu, 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 (& = 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-bJindolizine-3-carboxylates and those avail-
able for similar structures (Fig. 2) such as 11-benzyl-7-hydroxyi-
sochromeno[4,3-blindol-5-one® (®q = 42% in DCM, with A.ps =

Org. Chem. Front,, 2024, 11, 6627-6641 | 6629
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Scheme 3 Synthesis of 3aa, 3ab, 3ac and 4a from 2a, and synthesis of
6a from 4a.

isochromeno[4,3-blindole pyrano[3,2-blindole

Fig. 2 Indoles structures used as reference to discuss photophysical
properties of synthesized dyes.

382 and e, 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  Aps[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 (A,ps) of the dyes
obtained are located within 420-470 nm in all solvents, while
the emission maxima (Aen,) 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¢), Adaps = 468 nm and A, = 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 ®q
(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, 75, 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. = @/
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 S71). Radiative rate is 8.8 x 10’ 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.T The two highest occupied (HOMO’s) and two lowest
unoccupied molecular orbital (LUMO’s) energy levels are
shown in the diagram in Fig. S1,T 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 Sy, 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
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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 &g 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-b]indolizines 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
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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 Sy 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-bJindolizines: 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 S6}): 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 2c¢ 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.

This journal is © the Partner Organisations 2024

View Article Online

Research Article

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 (Ejymo(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 S1}). 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 LUMOs are located on
the substituent (Fig. 6, S7 and S8t). 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. S137). 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-b]indolizin-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 m-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-bJindolizines 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.
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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, ] = 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, J = 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, J = 7.1 Hz, 3H).
1-(2-Ethoxy-2-oxoethyl)-2-methylquinolin-1-ium bromide
(1e). 'H NMR (600 MHz, DMSO-d,) § 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;) 5 165.8, 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, J = 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 (2¢). 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. Ry = 0.54
(SiO,, AcOEt/hexane, 3:1); m.p. 215.8 °C. "H NMR (500 MHz,
CDCly) 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;sH;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-jum 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, CDCl3) § 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-oxo-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, CDCl,) 6 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, J = 7.1 Hz,

6636 | Org. Chem. Front, 2024, 11, 6627-6641

View Article Online

Organic Chemistry Frontiers

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
(SiO,, 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, J = 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-oxo0-2H-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,(PPhj;), (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,(PPhj;), (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 caled 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 caled for C,5H,sNO,, 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;) § 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-ds) & 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-dg) 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 (@g =
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
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by describing methods starting from pyrrole derivatives. Finally, we focus on n-expanded indolizines, also
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
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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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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.

J

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%4]

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!*'l moiety

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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