Open Access Article. Published on 11 Fankwa-b 2025. Downloaded on 2025/12/07 11:52:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

REVl EW View Article Online

View Journal | View Issue

W) Checkfor updates Synthetic strategies towards preparation and
functionalization of ullazines, a promising class of
light-harvesting materials

Cite this: RSC Adv., 2025, 15, 33101

Thiago J. Peglow,? Amanda de A. Borges,” Edson Evangelista,” Luana da S. M. Forezi®
and Vanessa Nascimento & *

Polycyclic aromatic hydrocarbons (PAHs) have gained significant attention from the scientific community due
to their remarkable optoelectronic properties, which make them ideal candidates for applications in organic
electronic materials, such as organic photovoltaics (OPVs) and dye-sensitized solar cells (DSSCs). These
compounds, characterized by extended m-conjugation, enable electron delocalization, enhancing their
electronic and optical behaviors. The incorporation of heteroatoms in PAHs has been shown to further
modify their electronic properties without disrupting the aromaticity, providing additional opportunities for
the design of advanced organic semiconductors. A notable example is ullazine, a nitrogen-containing
polycyclic system with a 16 w-electron structure. It has emerged as a promising material for organic
electronics due to its unique electron-donating and electron-accepting capabilities. Recent advances in
synthetic methodologies, including metal-catalyzed cyclization and hydride shift reactions, have enabled
the development of ullazine derivatives with tunable electronic properties. Furthermore, the inclusion of

heteroatoms such as boron and sulfur and the expansion of the ullazine framework through mono- and
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) have long captured
the attention of the scientific community due to their remark-
able optoelectronic properties and their pivotal role in organic
electronic materials." Their extended m-conjugation facilitates
electron delocalization, making them key components in
developing organic semiconductors.> PAHs are characterized by
their extended m-conjugation, which enables unique electronic
and optical behaviors, making them highly attractive candi-
dates for applications such as DSSCs and OPVs.? Notably, PAHs
with embedded heteroatoms (Het-PAHs) offer additional

Obtained a bachelor’'s degree in
chemistry from the Universidade
Federal do Reconcavo da Bahia
(UFRB), Center for Teacher
Education (CFP), Amargosa BA.
He was a scholarship holder in
teaching initiation through the
Institutional Program  for
Teaching Initiation Scholarships
(PIBID/CAPES). He received his
master's and PhD degrees in
organic chemistry from the Uni-
versidade Federal da Bahia
(UFBA), with a focus on organic
synthesis. Currently, he is a postdoctoral researcher at the Uni-
versidade Federal Fluminense (UFF), working in the research line
“Technological Development of Organic Materials for Solar Cells”.

Edson Evangelista

Graduated in Chemistry from
UFJF (2008), with a Master's
(2011) and PhD (2014) from
UFF, including a sandwich
period at the University of
Aveiro, Portugal. In 2021, she
became a Young Scientist of Our
State by FAPER], and in 2022,
she was recognized as a Young
Fluminense  Researcher by
FAPERJ. In 2023, she was awar-
ded the CNPq Research Produc-
tivity Fellowship — PQ2. She is
the Regional Vice-Secretary of
SBQ-RJ (2024-2026) and a Full Member of Sigma Xi (2024-
present). She has coordinated the LabSOA since 2020. Her research
focuses on Organic Synthesis. She is the mother of Miguel, who is 3
years old.

Luana da S. M. Forezi

33102 | RSC Adv, 2025, 15, 33101-33130

View Article Online

Review

opportunities for tailoring electronic properties. The introduc-
tion of nitrogen atoms in PAHs is particularly appealing due to
their ability to modify the electronic structure without di-
srupting the system's aromaticity.! In this context, ullazine, also
known as indolizino[6,5,4,3-jja] quinoline, is a promising
electron-rich heteroaromatic system recently gaining substan-
tial attention in organic electronics.* This compound, first
synthesized in 1983 by Balli and Zeller, is a 16 m-electron
nitrogen-containing polycyclic system, isoelectronic to pyrene.
Structurally, it can also be seen as a 14 m-electron annulene with
a positively charged nitrogen resulting from a mesomeric effect,
endowing it with both electron-donating and electron-accepting
capabilities.?

In recent years, synthetic strategies for ullazine and its
derivatives have significantly evolved to meet the growing
demand for novel organic semiconductors with tunable opto-
electronic properties. One of the most promising methodolo-
gies involves metal-catalyzed cyclization and hydride shift
reactions, which enable the formation of highly conjugated
ullazine cores with controlled electronic properties.® Addition-
ally, alternative synthetic approaches such as the Friedel-Crafts
reaction and [2 + 3] cycloaddition of azomethine ylides have
been explored to achieve ullazine synthesis and its subsequent
functionalization.? The inclusion of heteroatoms such as boron,
nitrogen, oxygen, and sulfur within the ullazine framework has
enabled fine-tuning of its electronic and optical characteristics.*
Such N-doped PAHs have demonstrated significant potential in
a variety of applications, including light-emitting materials,
charge transport layers in organic electronic devices, and dye-
sensitized solar cells. The strong electron-donating ability of
the ullazine periphery, particularly due to the electron-rich
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pyrrolic nitrogen, has been a crucial factor in the development
of high-performance organic semiconductors.®* Furthermore,
substitutions at the 3- and 9-positions of the ullazine core are
known to enhance its stability and fine-tune its electronic
behavior.?

Another key synthetic approach in the field is the use of
mono- and bis-annulation strategies to expand the ullazine
framework. These techniques, often inspired by established
methodologies in polycyclic heteroaromatic chemistry,> enable
the development of m-extended ullazine derivatives, improving
their charge transport properties and broadening their
absorption spectra for applications in light-harvesting tech-
nologies such as DSSCs and OPVs.> Some examples of mono-
annulated compounds, which result from a structural modifi-
cation of the ullazine base, exhibited significantly superior
charge transfer properties, highlighting their potential for
optoelectronic applications. These mono-annulated systems
reveal charge transfer excited states, while the more conjugated
closed ullazine derivatives tend to exhibit more apolar photo-
physical characteristics.*

One of the most promising advances in ullazine chemistry is
the wuse of photochemical cyclodehydrochlorination for
synthesizing m-extended derivatives. These metal-free methods
enable the development of ullazines fused with electron-
donating or electron-deficient groups, improving their light-
harvesting and photovoltaic properties. Their extended -
conjugation also promotes self-assembly, enhancing their role
in optoelectronic applications. Structural modifications in
mono-annulated derivatives improve charge transport and
energy conversion compared to traditional ullazines. Addition-
ally, ullazines have shown potential in donor-acceptor conju-
gated polymers for solar cells, with recent systems achieving
power conversion efficiencies (PCEs) up to 2.23%.">°

Given the broad range of potential applications of ullazines
and their derivatives, as well as the growing interest from the
scientific community, this review provides a comprehensive
analysis of recent synthetic methodologies for the preparation
of ullazine-based compounds. To facilitate clarity and compar-
ison, we classify the synthetic approaches into five main cate-
gories: (i) ullazines, (ii) aza-ullazines, (iii) other N-doped
ullazines, (iv) BO/BN-doped ullazines, and (v) ullazines fused to
other heterocycles (Fig. 1). This classification aims to provide
a systematic and in-depth overview of recent advances in the
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Fig. 1 Classification of ullazines according to their synthetic
derivatives.
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chemistry of ullazines, with particular emphasis on their
synthetic strategies and their potential applications in organic
electronic materials, especially in light-harvesting technologies
such as DSSCs and OPVs. This manuscript will discuss the latest
strategies for designing ullazine-based functional materials and
explore their electronic properties, self-assembly behaviors, and
their potential for use in next-generation organic photovoltaic
devices.'

2. Ullazines

Given the importance of ullazine derivatives, in recent years
some synthesis methods of these key compounds have been
described in the literature.® Among them, methods of annula-
tion using dialkynyl-N-(het)arylpyrroles, indium(m)chloride
(InCl;) as a Lewis acid, and aromatic hydrocarbons as solvents
have been highlighted. In 2012, Delcamp and coworkers
described the direct annulation of dialkynylarylpyrroles 1 via
a double cyclization/hydride shift reaction in the presence of
catalytic InCl; to give the ullazines 2. These compounds were
functionalized at various reactive sites on the ullazine core,
which was synthesized in just four scalable steps, with a double
Firstner cyclization serving as the key transformation (Scheme
1). The resulting ullazine derivatives displayed unique elec-
tronic properties due to their resonance structures, character-
ized by a central electron-accepting iminium core and a strongly
electron-donating aromatic periphery. This dual nature, along
with planar m-conjugation and multiple sites for substitution,
facilitated efficient intramolecular charge transfer (ICT).
Notably, the dye 3 achieved a power PCE of 8.4% in DSSCs,
attributed to its broad light absorption, favorable HOMO-
LUMO energy alignment, and stabilized excited-state oxidation
potential. The concise synthesis and impressive performance of
these ullazine-based sensitizers underscore their strong poten-
tial for industrial DSSC applications.”

A few years later, there was an exponential growth in studies
related to these ullazine derivatives. In 2017, Pierrat and
coworkers® demonstrated a selective microwave-assisted mono-
and bis-annulation of dialkynyl-N-(het)arylpyrroles derivatives
12 and 13 promoted by InCl;. This protocol also effectively
accessed the N-doping structure, giving aza-ullazine derivatives
12d and 13d in excellent yields (this class will be addressed
during the review). This study was extremely relevant due to
selectivity and because it was possible to compare the properties
of mono- or bis-annulation products. The mono-annulated
systems present interesting charge transfer properties, and
these behaviors disappear in the more conjugated bis-
annulated ones. This selectivity for obtaining mono- and bis-
ullazines was achieved through small changes in the reaction
conditions. The reaction optimization studies showed the best
reaction condition for the synthesis of mono-annulated deriv-
atives consists of the microwave irradiation of the dialkynyl-N-
(het)arylpyrroles 11a-c for 20 minutes using 0.3 equivalent of
the catalyst at 90 °C, while for the pyridine derivative 11d an
increase in temperature to 160 °C was necessary to promote
annulation (using 2 equiv. of InCl;). For the synthesis of bis-
annulated derivatives, 1 equiv. of InCl; at 130 °C, while for

RSC Adv, 2025, 15, 33101-33130 | 33103
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Scheme 1 Synthesis of ullazine derivatives 3-7.

the pyridine derivative 11d, 180 °C was necessary to promote
annulation (using 3 equiv. of InCl;).

In general, dialkynyl-N-(het)arylpyrroles precursors 11 are
synthesized by simple routes (Scheme 2). The first step consists
of the bromination reaction that can be carried out via elec-
trophilic aromatic substitution (SgAr) using anilines or 4-ami-
nopyridine 8a-c and N-bromosuccinimide (NBS). In the second
reaction step, a Clauson-Kaas reaction was performed using
2,5-dimethoxytetrahydrofuran in H,O or acetic acid under high
temperature. In the 3rd step, with substrate 9, a double Sono-
gashira cross-coupling reaction was conducted in the presence
of the corresponding (het)arylpyrrolyl dibromides 10 and
alkynes. The reaction proceeded under microwave irradiation,
applying PdCl,(PPh;), and Cul with triphenylphosphine as
a catalytic system at 120 °C for 30 minutes, using the mixture of
diethylamine and dimethylformamide as solvent. The mono-
ringed compounds exhibited intramolecular charge transfer
(ICT) properties, making them promising for applications in
DSSCs due to their ability to generate polarized excited states
and efficient solar energy conversion. In contrast, the bis-ringed
systems, though more conjugated, displayed nonpolar photo-
chemical characteristics, limiting their utility in optoelectronic
devices. Additionally, protonation of the peripheral nitrogen in
aza-ulazine derivatives demonstrated the possibility of further
modulating optical properties, reinforcing the potential of these
compounds as sensitizers in DSSCs. The study highlights the
importance of structural control to optimize the efficiency of
organic materials in renewable energy applications.

33104 | RSC Adv, 2025, 15, 33101-33130

In the same year, Drigo and coworkers described the
synthesis of different ullazine carboxaldehydes through effi-
cient protocols.® Initially, the authors carried out the synthesis
of the dialkynylarylpyrroles precursors 17a-c via routes b or ¢
(Scheme 3), followed by the annulation step with InCl;, giving
the ullazines 18a—c in good to excellent yields (73-98%).

Next, 18b was used as a standard substrate for a Vilsmeier-
Haack formylation giving different isomeric 3,9-diphenyl-
ullazine carboxaldehydes. In this case, there was a limitation
in the method, and the corresponding 6-ullazine carboxa-
ldehyde proved to be sensitive to air and oxidized easily when
exposed to it, which can be explained by the weak character of
electron donation in 6-position. Furthermore, 18b also provided
19b in 56% yield, 18c (2-ullazine-carboxaldehyde) in moderate
yield (32%), along with the reported minor product 19d in 6%
yield. This was the first report in the literature for the synthesis
of the pyrrole carboxaldehyde 18c regioisomer (Scheme 4).

In addition, to favor the selective formation of 19d, not
effective in the previously reported protocol, the authors
demonstrated a mono-iodoannulation of 17b promoted by
molecular iodine and base, followed by formylation with DMF.
Finally, an annulation reaction with InCl; to obtain 19d in an
improved yield of 91% (Scheme 5).

At least, each derivative was subjected to a Knoevenagel
condensation to give the respective products 22a-d in good to
excellent yields (66-91%, Scheme 6). In the same work, an
ullazine-based dye with an electron-accepting group was tested
as a dopant-free hole transport material in a perovskite solar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of mono- and bis-annulation of dialkynyl-N-(het)arylpyrroles.
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Scheme 3 Synthesis of ullazines 18a—c. Conditions: (a) ICl, MeOH, reflux (for 14a); (b) Clauson—Kaas reaction: 2,5-dimethoxytetrahydrofuran
(for 15a, 15b, 17a, 17b) or 2,5-dimethoxy-3-tetrahydrofurancarboxaldehyde (for 12c), AcOH, DCE, reflux; (c) PhCCH, Cul, Pd(PhzP),, EtsN, THF,
r.t. (for 16a) or EtsN-neat, 90 °C (for 16b); (d) PhCCH, Pd(CH3CN),Cl,, XPhos, Cs,COs, CHsCN, 60 °C (for 17a); PhnCCH, Pd(CH3CN),Cl,, tBusP,
Cul, diisopropylamine, 1,4-dioxane, r.t. (for 17b); (e) InCls, toluene (for 18a, 18c) or o-xylene (for 18c), reflux.
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Scheme 4 Synthesis of 19d.

cell. The results obtained in the tests were satisfactory because In the same period, Qiao and coworkers*® described a similar
there was a promising power conversion efficiency (PCE) of route for the synthesis of ullazine carboxaldehydes 26, 27 and
13.07%. 28 via annulation of the dialkynylarylpyrroles precursors 10a

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 33101-33130 | 33105
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Scheme 5 Selective synthesis of 19d. Conditions: (a) I,, NaHCOz, DCM, 0 °C; (b) "BuLi, THF, —78 °C, then dry DMF, —78 °C then r.t.; (c) InCls,
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Scheme 6 Synthesis of dyes 22a—d.

using InCl;, followed by a Vilsmeier reaction (Scheme 7).
However, in this protocol the authors synthesized only the 5-
ullazine-carboxaldehyde isomer 25a, mainly formed in 60%
yield. For the structural modification of this derivative, two
Witting-Horner type reactions were described using potassium
tert-butoxide, followed by a hydrolysis of the esters to give the
compounds 26a and 28a in a good yield of 75% for both. In
addition, to obtain the products 27a, the compound 25a was
subjected to a Knoevenagel condensation with cyanoacetic acid
in the presence of piperidine giving product 27a in 78% yield.
The authors investigate the impact of different anchor groups
and w-spacers on the photovoltaic performance of synthesized
dyes for DSSCs. As previously described, three dyes (26, 27, and
28) were synthesized, varying the anchor group (cyanoacrylic
acid or carboxylic acid) and the m-spacer (ethylene, phenyl-
ethylene, or thiophene-ethylene). 26 featuring cyanoacrylic acid
and ethylene, demonstrated the best performance, PCE of
5.28%, due to the strong electron-withdrawing capability of the
anchor group and efficient charge transport, resulting in higher
light absorption and short-circuit current (J,. = 12.28 mA cm ™ 2).
In contrast, 27 and 28, with carboxylic groups and longer -
spacers, exhibited blue spectral shifts and reduced efficiencies
(1.30% and 1.05%, respectively), attributed to lower electron
injection and higher recombination. The study highlights the
importance of molecular design, particularly the choice of
anchor group and w-spacer, to optimize DSSC efficiency, with 26
emerging as a promising candidate for practical applications.
Along the same path, in 2018, Zhang and coworkers' re-
ported new modifications in the structure of these ullazine

33106 | RSC Adv, 2025, 15, 33101-33130

COOCgH13
COOCgH13
22b-d

22a (starting from 18a via Bouveault aldehyde synthesis)

position 2
22¢ (91%)

position 4
22d (80%)

derivatives containing alkoxyl groups (Scheme 8). In this study,
the authors described the synthesis of two isomers containing
the formyl group (4-ullazine-carboxaldehyde 32 and 5-ullazine-
carboxaldehyde 33), obtained via the Vilsmeyer-Haack reac-
tion, with the majority formation of the 4-ullazine-
carboxaldehyde 32b isomer, in 55% yield. These aldehyde
derivatives 32 and 33 reacted with  tri-
phenylphosphonium(dibromomethyl)bromide and KO‘Bu via
a modified Corey-Fuchs reaction to give the respective terminal
alkynes 35 and 36. These derivatives were subjected to a Sono-
gashira-type cross-coupling with 6-bromo-4,4-dihexyl-4H-cyclo-
penta[2,1-b:3,4-b']dithiophene-2-carbaldehyde to give
compounds 39a, 39b, and 40a in low to excellent yields. By this
method the 40b derivative was not obtained under similar
conditions, therefore, an alternative alkyne-stannylation/Stille
coupling route was used to provide the desired 40b aldehyde
in 46% yield. Finally, a Knoevenagel condensation on the
resulting aldehydes provided the desired dye series 42 and 43 in
30-97% yields. The authors describe the synthesis and charac-
terization of a series of ullazine-based organic dyes with
a donor-m-bridge-acceptor (D-7t-A) structure for application in
DSCs. The compounds exhibit uniform panchromatic absorp-
tion in the visible region, high PCE up to 5.6%, and potential for
light harvesting in near-infrared wavelengths (up to 800 nm).
Ullazine, as the donor block, demonstrates unique properties
such as strong ICT and redox stability, making these dyes
promising for enhancing DSC efficiency. However, challenges
such as molecular aggregation in TiO, films were identified,

were

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03527a

Open Access Article. Published on 11 Fankwa-b 2025. Downloaded on 2025/12/07 11:52:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Advances
ﬂ | | i) P(Bu)s, Cul (4 mol%) RO OR RO. OR
B PdCly(MeCN), (6 mol%) O O O O
Br Bf DIPA (2.5 eguw) DMF (2.4 equiv)
A, 24 h, N,, dioxane POCI; (2.4 equiv)
ii) InCl3 (0.6 equiv) O DCE N, 4 h O
OR  toluene, 100 °C, Ny, 24 h o CHO
10a ) 23 24 (80%) 25a (60%)
(2.5 equiv) (R = 2-ethylhexyl)
RO. OR

i) IBUOK, THF
ii) KOH, THF, H,0

S

MeOOC CH,PO(EtO)
U 2 2

cyanoacetic acid (10 equiv)

26a (75%)

RO

I CHO

25a (60%

MeOOC—QCHZPO(EtO)z

piperidine (24 equiv), CHCI3, 80 °C, Ar, 12 ht
hen, AcOH, 8 h

HOOC

OR  27a(78%)

i) IBUOK, THF
ii) KOH, THF, H,0

Scheme 7 Synthesis of ullazine carboxaldehydes.

suggesting the need for future molecular design optimizations
to maximize photovoltaic performance.

Next, Bao and coworkers™ described the synthesis of two
ullazine-based organic dyes. For this, the authors initially per-
formed a Sonogashira-type cross-coupling reaction followed by
a bis-annulation of the dialkynylarylpyrroles precursors 10a
using InCl; in toluene at 100 °C for 24 h (Scheme 9). The
unsubstituted ullazine 18b and ¢ert-butyl ullazine 44 were sub-
jected to a Vilsmeier-Haack formylation, giving the 5-ullazine-
carboxaldehyde isomer in low yields, followed by a Knoevena-
gel condensation with cyanoacetic acid in the presence of
piperidine giving products 47a and 47b in 52% and 8% yields,
respectively. These derivatives were applied in TiO,-based
nanocrystalline DSSCs, having an overall PCE up to 3.63%.

In 2020, Zhang and coworkers™ reported the synthesis of
a series of symmetrical and unsymmetrical fluorine-rich ulla-
zines. These pentafluorosulfanylated ullazines were synthesized
similarly to those described above, via bromination, Clauson-
Kaas, and Sonogashira reactions (Scheme 10A). However, in this
case, to obtain the precursor dialkynylarylpyrroles, the deriva-
tives containing the TMS group were deprotected using base,
followed by further Sonogashira coupling with different aryl
halides, giving 54a-d in moderate to good yields (35-85%,

© 2025 The Author(s). Published by the Royal Society of Chemistry

28a (75%)

Scheme 10B). Thus, four 4-iodo-ullazines derivatives 55a-d were
obtained via bis-annulation of the dialkynylarylpyrroles
precursors 54a-d using InCl; in toluene or 1,2-DCB at high
temperature (120-175 °C) for 24 h. Another route proposed by
the authors was a mono-iodoannulation reaction of 54b and 54c
promoted by iodine and base, giving 56a-b, followed by
a cycloaromatization using InCl; to give 57a and 57b (58-65%,
Scheme 10C). Starting from derivative 56a, it was still possible
to obtain 4-cyano-ullazine 59 two steps via
cycloisomerization/substitution (route 1: 45%) or substitution/
cycloisomerization (route 2: 60%) approaches (Scheme 10D).

Through route 2 (Scheme 11), the authors also carried out
a series of substitutions in the iodine portion of 56a, giving the
mono-ullazine derivatives 60-62, followed by the final step of
cycloaromatization, using InCl;, giving 63-65 in moderate to
good yields (42-78%). Furthermore, the compounds 55a-d, 59
and 63-65 were studied by photophysical, electrochemical, and
DFT methods, demonstrating that these symmetrically and
unsymmetrically functionalized fluorine-rich ullazines have
potential utility in solar energy conversion and other optoelec-
tronic applications.

Next, in 2021, Xia and coworkers' reported the synthesis of
a series of thienyl functionalized ullazines. For this purpose, in

over
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Scheme 9 Synthesis of two ullazine-based organic dyes.
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Scheme 10 Synthesis of unsymmetrical ullazines described in (A-D).

a manner like that described above, the terminal alkynes 66 mono-coupling product (4: 1 ratio) that is difficult to separate
were reacted with halothiophenes under Sonogashira condi- and was used in the cycloaromatization step. The derivatives
tions, followed by cycloaromatization promoted by InCl; in 72a-b were further subjected to a new coupling reaction using
refluxing toluene giving the respective ullazines 69, 70, 72a-b, bis(4-methoxyphenyl)amine, giving 73 with three bis-(4-m-
and 75. In the case of 75, thienylation of 66 with 2-(2-ethylhexyl)- ethoxyphenyl)amino donor groups. One of them is directly
5-iodothiophene affords a mixture of 68 and the corresponding linked to position 6 of the ullazine core, while the other two are

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 33101-33130 | 33109
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Scheme 11 Synthesis of unsymmetrical ullazines 63—65.

connected to 3- and 9-positions equivalently by a thienyl ligand.
74 was obtained by coupling with only the methoxylated groups
at 3- and 9-positions in the thienyl ring, with 6-position having
a methyl group. Likewise, the derivative 75, containing bromine
at 6-position, provided the synthesis of its phenylmethoxylated
derivative 76 in 70% yield after 24 h. 75 was further subjected to
a Suzuki coupling reaction using pyridin-4-ylboronic acid,
Pd(PPh;),, K,CO;, and DMA/H,0 as solvents at 110 °C, giving
the derivative 77 in 65% yield after 8 h (Scheme 12).

A generic scheme of possible modifications on the ullazine
scaffold is shown in Scheme 13. Experimental and theoretical
analyses have shown that thiophene derivatives with -N(p-
MeOCgH,), groups improve the conductivity of ullazine organic
hole-transporting materials (HTMs), increasing the efficiency of
PSCs (perovskite solar cells) from about 13.08% to 20.21%. This
value is the highest reported to date for ullazine-based HTMs
and is close to the performance of spiro-OMeTAD. In addition,
unencapsulated PSCs based on the champion ullazine exhibit
superior stability concerning spiro-OMeTAD, retaining nearly
90% of the initial efficiency following 1000 h aging, which is
ascribed to a combination of higher water repellency and
passivation of defects on the perovskite surface.

Alternatively, in addition to the use of InCl;, other protocols
have been described for the synthesis of ullazines in recent
years. In 2016, Wan and coworkers™ described an efficient
method to construct m-conjugated ullazines via the palladium-
catalyzed direct C-H cyclization of dibromophenylpyrroles 78
with internal alkynes 79. By this procedure twenty different
ullazine derivatives 80a-g were prepared in moderate to good

33110 | RSC Adv, 2025, 15, 33101-33130
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yields (27-80%). This method was compatible with electron-
donating groups and electron-withdrawing groups such as
alkoxy, chloro, ester, and nitrile (Scheme 14).

The authors proposed a mechanism that begins with the
oxidative addition of compound 78a with Pd(0), forming inter-
mediate A. This intermediate then reacts with an alkyne 79a to
produce the palladium(u) complex B. The vinylic palladium
intermediate B undergoes a ring-closing reaction via an elec-
trophilic attack on the C-2 position of pyrrole, resulting in the
formation of the mono-annulated product D after reductive
elimination. Subsequent annulation of D with an alkyne,
following a similar catalytic cycle, gives the desired product 80a
(Scheme 15).*®

Furthermore, three new ullazine-based sensitizers 83a-c
were obtained from a Vilsmeier-Haack formylation, followed by
a Knoevenagel condensation (Scheme 16)."* The photovoltaic
performance of the ullazine-based dyes was evaluated DSSC
devices under simulated AM 1.5G illumination. Among them,
sensitizer 83c exhibited the highest power conversion efficiency
(n = 6.1%), with a short-circuit current density of 9.06 mA cm 2,
an open-circuit voltage of 0.649 V, and a fill factor of 0.663. The
IPCE spectrum of the 83c-based DSSC revealed a broad response
ranging from 300 to 600 nm, reaching a maximum of 70% at
471 nm. These results highlight the strong potential of ullazine
derivatives as promising candidates for application in organic
optoelectronic materials.

Another route, described by Wang and coworkers'® was
performed to synthesize a series of m-extended dibenzo[d,k]-
ullazines 85 via a double annulation reaction of 1-(2,6-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Synthesis of ullazines derivatives. Conditions: (A) (c) 2-bromo-thiophene, Pd(Phz),, Cul, EtsN, DMF, 75 °C, 72 h, 68%; (d) 2-(2-
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65%.

ULLA

Scheme 13 Modifications performed on the ullazine scaffold.

dibromophenyl)-1H-pyrroles with arynes (Scheme 17). For this,
2-(trimethylsilyl)aryl trifluoromethanesulfonates 84 were used
as the aryne precursors in the presence of Pd(OAc), (10 mol%),
dppm (10 mol%), CsF (4.0 equiv.) and Na,CO; (1.0 equiv.) in
MeCN at 100 °C for 24 h in a nitrogen atmosphere. By this

© 2025 The Author(s). Published by the Royal Society of Chemistry

:R=H,X=H

: R = 2-ethylhexyl, X=H

: R =N(4-MeOCgHy,),, X = N(4-MeOCgHy),»
- R = N(4-MeOCgHy),, X = Me

: R = 2-ethylhexyl, X = Br

: R = 2-ethylhexyl, X = N(4-MeOCgH,),»

: R = 2-ethylhexyl, X = 4-pyridyl

procedure, nineteen different dibenzo[d,k]-ullazines were
prepared in poor to moderate yields (22-95%). The method was
shown to be general and was not sensible to the presence of
electron-withdrawing and electron-donor groups attached to
the aromatic rings of both the 1-(2,6-dibromophenyl)-1H-
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Scheme 15 Proposed mechanism to form ullazine derivatives described by the authors.

pyrroles and the
trifluoromethanesulfonate.
The mechanism of the synthesis

2-(trimethylsilyl)aryl reacts with 78a to form intermediate B, which undergoes an
intramolecular C-H activation to give the palladacycle C, fol-
of dibenzo[d,k]-ullazine lowed by a reductive elimination giving the mono-annulated

derivatives 85 involves an initial oxidative addition of the intermediate D. Subsequently, a similar catalytic cycle
Pd(0) species with the aryne to generate palladacycle A. Next, A between A and D provides the desired product 85a (Scheme 18).
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Scheme 17 Synthesis of ullazines 85a—g.

The generation of triphenylene as a byproduct supported this
mechanism. However, a pathway that begins with an oxidative
addition of the Pd(0) species with 78a was not ruled out by the
authors.™®

The synthesized compounds, characterized by their planar
structure and ICT properties, demonstrate potential applica-
tions in functional organic materials, such as DSSCs and
organic field-effect transistor (OFETs). Additionally, their

© 2025 The Author(s). Published by the Royal Society of Chemistry

85f (55%)

859 (22%)

photophysical properties, including tunable fluorescence
emission and high quantum yields, suggest utility in optoelec-
tronic devices. The synthesis of the parent dibenzo[d,k]-ullazine
core, unprecedented until now, paves the way for developing
new materials with applications in renewable energy and
organic electronics.*®

A distinct strategy was recently used by Otero-Riesgo

coworkers' in the synthesis of a range of functionalized
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Scheme 18 Mechanism of the synthesis of dibenzold k]-ullazine derivatives 85.

ullazines 88a-g (Scheme 19). In this protocol, the authors
described an one-pot Rh(m)-catalyzed twofold C-H activation/
double annulation of N-arylpyrroles with diarylalkynes (3.2
equiv.). The reaction was carried out in the presence of
RhCp*(OAc), (10 mol%), Cu(OAc),.H,O0 (220 mol%), in toluene
as a solvent at 135 °C under an argon atmosphere. By this
protocol, the substrates were converted to the respective ulla-
zines 88 after 72 h in poor to good yields. The reaction tolerates
electron-donating group (EDG) and electron-withdrawing group
(EWG) substituents on both partners, including halogens,
reactive groups in a range of useful reactions.

The synthesized compounds exhibit strong fluorescence,
with significant bathochromic shifts when substituted with
thiophene or triarylamine units, indicating extended electronic
properties. These characteristics make the obtained ullazines
promising for applications in optoelectronic devices, such as
DSSCs and PSCs, where they can act as charge transport mate-
rials or light absorbers. Additionally, the ease of further func-
tionalization via electrophilic bromination paves the way for
targeted modification of these compounds, expanding their
potential in advanced materials.

Furthermore, some protocols have been described using
visible light and an Rh-based photocatalyst promoting the
synthesis of ullazines. The first report was by Das and
coworkers," in 2016, using arylpyrrolyl dibromides 10a e aryl
arylalkynes 89 (Scheme 20). The reaction was performed in the
presence of rhodamine 6G (Rh-6G) (0.2 equiv.) and DIPEA (2.2

3314 | RSC Adv, 2025, 15, 33101-33130

equiv.), in DMSO at room temperature and under blue LED
irradiation. This method provides, in a single step, mild and
efficient access to three substituted ullazines bearing neutral
and electron-donor substituents in the aromatic ring of the
arylalkynes in moderate yields. The synthesized compounds
have potential applications in various fields, including phar-
macology, due to their antitumor, antibacterial, and apoptosis-
inducing activities, as well as in organic materials, such as
semiconductors and components for DSSCs. Ullazines, in
particular, stand out for their electron-transport properties and
optoelectronic applications. The method avoids the use of
transition metals and harsh conditions, offering a sustainable
and efficient route to obtain these nitrogen-containing hetero-
cycles, which are relevant for both drug development and
advanced electronic devices.

Recently, some of us' described the selective synthesis of
non-symmetrical ullazine 91 (Scheme 21). This protocol con-
sisted of the reaction between the dialkynyl-N-arylpyrrole
precursor 11b and indium(m) chloride (3.0 equiv.) using toluene
as a solvent under nitrogen atmosphere. The mixture reaction
was irradiated under 100 W and blue LED chips, for 24 h at
room temperature, giving 91 in 71% yield. The obtained
compounds exhibit tunable absorption and emission proper-
ties, with significant Stokes shifts and, in some cases, dual
emission, suggesting possible complex ICT mechanisms. The
synthesized ullazines, obtained via selective photocatalysis,
demonstrate bathochromic shifts due to increased conjugation,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Synthesis of a range of functionalized ullazines 88a-g.

B Il
N
Br\©/8r +
10a R

Rh-6G (0.2 equiv)
Blue Led (455 nm)

DIPEA (2.2 equiv)

DMSO
rt,24h
3 examples
89a-c
(20 equiv)

Overall yield for two consecutive
single annulations.

R

90a-c (30-45%)

% % -

90a (45%)

Scheme 20 Synthesis of ullazines 90a—c.

making them promising candidates for DSSCs and OLEDs.
Additionally, the structural modularity of these compounds
enables the development of materials with tailored electronic
properties, potentially applicable in chemical sensors or bi-
oimaging. Theoretical studies corroborate the experimental

© 2025 The Author(s). Published by the Royal Society of Chemistry

90b (30%)

90c (30%)

data, reinforcing the viability of these systems for advanced
applications in photonics and organic electronics.

The synthesis of the ullazine core, as discussed in this
review, has been achieved through various methodologies, most
notably wvia the cycloaromatization of dialkynyl-N-(het)
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Scheme 21 Selective synthesis of non-symmetrical ullazine 91.

arylpyrrole precursors using indium(u) chloride in aromatic
hydrocarbon solvents at elevated temperatures. The reaction
afforded mono- or bis-annulated products with high selectivity,
governed by the amount of InCl; and temperature. In addition
to conventional thermal protocols, alternative approaches
employing sustainable energy sources have been explored. For
instance, Pierrat and coworkers® reported a microwave-assisted
cycloaromatization that significantly reduced reaction times
compared to conventional methods, while Das and coworkers'®
demonstrated a visible-light-promoted synthesis that circum-
vented the initial Sonogashira cross-coupling step. Although the
latter strategy aligned with green chemistry principles, it
suffered from prolonged reaction times, narrow substrate
scope, and modest yields. In this context, considering the
remarkable relevance and distinctive photophysical and elec-
tronic properties of non-symmetrical ullazines, some of us"
dedicated efforts to developing a highly selective synthetic route
toward a mono-ullazine derivative. This was accomplished via
a visible-light-induced annulation of a dialkynyl-N-arylpyrrole

pTSA
xylene, 24 h

View Article Online

Review

precursor in the presence of indium(u) chloride, enabling the
efficient and sustainable formation of the target scaffold.
Furthermore, alternative mono-annulation strategies not
reliant on InCl; were described by Drigo and coworkers® and
Zhang and coworkers* involving iodine/base-promoted mono-
iodoannulation  followed by  InClz-mediated  cyclo-
aromatization. These approaches enabled diverse structural
modifications, thereby expanding the library of ullazine deriv-
atives for subsequent photophysical studies.

3. Aza-ullazines

As briefly mentioned in some works described above, the
possibility of ullazine N-doping can enhance its photophysical
properties. Here we describe some additional synthesis proto-
cols solely for aza-ullazine derivatives that were found in the
literature. For these pyridine substrates, the methods described
usually apply Lewis or Brgnsted acids. The first to be mentioned
was described in 2017 by Boldt and coworkers,** which reports
an intramolecular aromatic substitution of dialkynyl-N-(het)
arylpyrrole derivatives 92a-g promoted by para-toluenesulfonic
acid (pTSA). In this case, some Lewis acids were tested, but the
cyclization reactions did not prove to be very efficient. The best
condition for this transformation involves stirring a mixture of
precursor 92 (1 equiv.) in xylene as solvent in the presence of
PTSA (35 equiv.) as additive, at 120 °C for 24 h (Scheme 22).
Under these conditions, a study on the scope of the reaction was
carried out using various electron-rich and electron-deficient
substrates, allowing the synthesis of ten 6-aza-ullazines

N 120 °C N
10 examples

'Bu & ’BuMeO & OMe

Examples

N N

93a (78%)

O&O

93b (90%)

N N

93e (40%)

Scheme 22 Synthesis of 6-aza-ullazines 93.
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93f (30%)

93a-g (16-90%)

N OMe

~

N N

93c (80%)

O CF3

93d (16%)

939 (55%)
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analogues in low to excellent yields (16-90%). The reaction was
markedly affected by steric hindrance in the presence of an o-
OMe group, compound 93d, giving a yield of only 16%.
Furthermore, the presence of EWG attached to the aromatic
ring of the ethynyl moiety also caused a reduction in the yields
to 40 and 30%, respectively. The investigations revealed that
these compounds exhibit absorption and emission spectra
similar to the parent structure but with a higher oxidation
potential, making them potential candidates for application in
DSSCs. Thus, aza-ullazines can be explored in innovative elec-
tronic devices, particularly in the solar energy sector, due to
their ability to stabilize excited states and enhanced electro-
chemical characteristics.

In a very similar protocol, Janke and coworkers® recently
described the synthesis of a series of 5-aza-ullazines isomers 95
via pTSA-mediated benzannulation of 94 (Scheme 23). Here, the
authors used 30 equivalents of pTSA and increased the reaction
temperature to 140 °C, which allowed reducing the reaction
time to 6 h. By this method, thirteen 5-aza-ullazine derivatives
containing EWG and EDG linked to the ethynyl moiety were
obtained in moderate to excellent yields. It is worth noting that
in addition to the arylethynyl precursors, it was possible to use
a substrate containing the alkylethynyl moiety, giving the
derivatives of interest 95d and 95h, although in lower yields (41
and 50%, respectively). The compounds exhibit light absorption
and emission in specific ranges, with promising quantum yields
(13-43%), along with tunable oxidation and reduction poten-
tials. These characteristics make them attractive candidates for

View Article Online

RSC Advances

applications in materials science, such as OLEDs, DSSCs, and
OFETs. The modulation of electronic properties through the
introduction of nitrogen atoms and additional aromatic rings
paves the way for the development of functional materials with
potential use in optoelectronic and photovoltaic devices.

Returning to the 6-aza-ullazines isomers, another cyclization
route of the dialkynyl-N-(het)arylpyrrole precursors was
described by Parpart and coworkers® via a Friedel-Crafts acyl-
ation followed by an intramolecular alkynyl-carbonyl metath-
esis (ACM) reaction (Scheme 24). In this protocol, the authors
reported a synthesis of unsymmetrical aza-ullazines starting
from dialkynyl-N-(het)arylpyrroles 96. The trifluoroacetylation
reaction was carried out in the presence of trifluoroacetic
anhydride (TFAA, 15 equiv.), followed by intramolecular ACM in
one step using Cu,CO3(OH),, K,CO; and 1,2-dichlorobenzene
(DCB) as a solvent at 170 °C for 1 h. The protocol tolerates
various substituents on the alkynyl groups. Electron-donating
groups, such as 4-methoxyphenyl (97c), resulted in excellent
yield (96%), whereas electron-withdrawing groups (97d) affor-
ded only moderate yield (58%). However, in the case of strongly
electron-deficient alkynyl groups (97e) or aliphatic alkynes
(97g), no reaction was observed.

The authors further performed the replacement of TFAA by
other electron-efficient anhydrides 99, giving the desired
compounds 100a-d in good to excellent yields (69-93%)
(Scheme 25). The synthesized structures exhibit remarkable
optical properties, with absorption maxima around 390 nm and
fluorescent emission near 600 nm, along with quantum yields

R N R R R
X 7 PTSA
X X
| xylene, 6 h |
NN 140 °C NN
ﬂ B 13 examples L
L 94 v 95a-h (41-97%)

Examples

Me Me F.
Ph Ph O & O
| B
~-N ~-N

95a (70%) 95b (97%)

95e (68%) 95f (70%)

Scheme 23 Synthesis of a series of 5-aza-ullazines 95.
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A ~-N
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95 (62%)
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A —_— A
| DCB, 1h |
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10 examples
9 97a-g (54-96%)

Ph CFs3

| N Ph
N/ ©

97a (68%)

F3C

97d (58%)

alkyl

J 0

97e (0%) 97f (54%) 979 (0%) Alkyl = n-hexyl, cyclopropyl
Scheme 24 Synthesis of unsymmetrical aza-ullazines 97.
A /:N:\ A Cu,CO3(OH) Ar R
r r 2 3 2
X N FZ i j\ KoCO;3 N Ar
| R” ~0” "R DCB, 1h |
= 170 °C N
N
5 examples
98 99 100a-d (69-93%)
Examples
Ph
A
|
N

100a (69%)

100b (93%)

Scheme 25 Synthesis of unsymmetrical aza-ullazines 100.

of up to 10.4%. These characteristics, combined with the
structural modularity enabled by the introduction of aryl or
alkyl groups, highlight the potential of these compounds for
optoelectronic applications, such as in OLEDs and fluorescent
sensors. The versatility of the synthesis and the ability to tune
electronic properties make these aza-ullazines promising
candidates for the development of new functional materials in
photonic and organic electronic devices.

By the same protocol already described above for the
synthesis of ullazines, Ibrahim and coworkers® performed the

33118 | RSC Adv, 2025, 15, 33101-33130

100c (77%) 100d (73%)

obtention of aza-ullazine 101 using InCl; as Lewis acid. The
reaction occurs using a double annulation of the precursor 11d
using an excess of InCl; (3.0 equiv.) under microwave irradia-
tion at 210 °C for 20 min, giving 101 in 73% yield (Scheme 26).
Next, a regioselective functionalization of 101 was performed
via metalation using BuLi-containing aggregates (BuLi-
LiDMAE) or electrophilic substitution. According to the
authors, this reaction was first described by them, and although
direct metalation is an alternative to obtain halogenated
derivatives, the yields obtained were relatively low. To overcome

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PdCIy(PPhg),, Cul . Pd(OAc),, PPhs [ =
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MW (60W), 120 °C, 25 min
Ph 106 (85%) N (coW)

Scheme 26 Synthesis of aza-ullazines 104-107.

this limitation, the reaction was also performed via electrophilic
substitution using NBS, leading to mono- and di-brominated
compounds 102 and 103 in good to excellent yields. These
derivatives were subsequently converted to aryl and alkynyl aza-
ullazine derivatives by Suzuki and Sonogashira cross-coupling
reactions. The synthesized compounds exhibit promising
characteristics for use in dye-sensitized solar cells, OFETs, and
other electronic devices, owing to their conjugated structure
and tunable properties such as light absorption and emission.
This study lead to the development of novel functional mate-
rials in the field of organic electronics.

In 2024, an efficient synthetic approach for the preparation
of quinolino-aza-ullazines was developed by Polkaehn and
coworkers,* employing a sequential combination of Vilsmeier—-

POCl; (2 equiv)

DMF, 100 °C, 3h

£y @\/
N N
Br\ﬁﬁ/Br
| B
N” N”
108

109a (33%) 109b (62%)

Scheme 27 Synthesis of 109a,b.

NP

N
cataCXium A (0.1 equiv),

Br. X Br !
| Cul (0.05 equiv), HN'Pr,

N 1,4-dioxane, 90 °C, 24 h
109a

alkyne (3 equiv), PdCly(PPh3),

Scheme 28 Synthesis of compounds 110a-e.
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O @\40
L =

110 °C, MW (60 °C), 30 min
107 (78%)

Haack reactions, Sonogashira couplings, Povarov reactions, and
cycloisomerizations. The target compounds are diarylindolizino
[6,5,4,3-fja]quinolino[2,3-¢][1,6Jnaphthyridines—novel poly-
cyclic structures incorporating electron-donating and electron-
withdrawing units arranged to promote intramolecular charge
transfer (ICT). The synthesis begins with 3,5-dibromo-4-(1H-
pyrrol-1-yl)pyridine, which undergoes double formylation via
a Vilsmeier-Haack reaction to afford aldehydes 109a and 109b
(Scheme 27).

Isomer 109a was used in double Sonogashira couplings with
various arylalkynes (Scheme 28), using PdCl,(PPh;), and cata-
CXium A as the catalytic system resulting in the compounds
110a-e in good yields (45-87%).

The compounds 110a-e were subjected to Povarov reactions
with anilines, and FeCl; (0.1 equiv.) as the catalyst, followed by
a cycloisomerization step using p-TsOH (20 equiv.) in xylene
(Scheme 29). The methodology was also successfully adapted to
a one-pot procedure, eliminating the need for intermediate
isolation. Variation of the alkynyl and aniline substituents
yielded a library of quinolino-aza-ullazines (111a-f) with
moderate to good yields (21-65%). The final compounds di-
splayed strong absorption in the visible range, green fluores-
cence (@ = 19-35%), and features characteristic of ICT and
TICT, as demonstrated through solvatochromism, protonation

110aR=H81%
110b R = Me 76%
110c R=F 87%
110d R = CF3 74%
N 110e R = NMe, 45%
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111d (46%) 1

Scheme 29 Synthesis of quinolino-aza-ullazines 111a—f.

experiments, and DFT calculations. Altogether, the data
suggests that the molecular architecture of these aza-ullazines
enables fine-tuning of optoelectronic properties, highlighting
this class as promising candidates for functional materials
applications.

Concurrently, the same research group proposed a divergent
strategy for the synthesis of m-expanded diaza-ullazines,
exploring two distinct pathways from a single functionalized
precursor.” The synthetic route begins with a Clausson-Kaas
reaction between 4,6-dichloropyrimidine-5-amine 112 and 2,5-
dimethoxytetrahydrofuran, affording the pyrrolopyrimidine 113
in excellent yield. Subsequently, a Vilsmeier-Haack reaction
was selectively applied to the pyrrole ring, generating the 2-
formyl isomer in 41% yield. This compound was then subjected
to double Sonogashira couplings with arylacetylenes using
PdCl,(CH;CN), and XPhos as the catalytic system, yielding the
intermediates 115a-f. From model substrate 115a, the authors
explored two major synthetic routes: (i) a Povarov reaction with
anilines followed by cycloisomerization catalyzed by p-TsOH in
a one-pot procedure, leading to quinolino-diaza-ullazines 116;
and (ii) an alkyne-carbonyl metathesis (ACM) promoted by p-
TsOH followed by the same cyclization step, affording the
benzoyl-diaza-ullazine derivatives 117. The Povarov reaction
was initiated by Schiff base formation and promoted by FeCl; at
140 °C, followed by addition of p-TsOH H,O (30 equiv.), which
triggered aromatization through activation of the terminal
alkyne. The yield of 116a reached 45% after optimization of

33120 | RSC Adv, 2025, 15, 33101-33130

i) p-TsOH-H20 (20 equiv)

111e (39%)

xylene, 120 °C, 6 h
10 examples

NMe2

catalyst loading and reaction time. In contrast, the ACM route
was optimized using 20 equiv. of p-TsOH in xylene at 120 °C for
6 hours, providing compound 117a in 68% yield. Substrate
scope evaluation revealed that electron-donating (e.g., Nme,)
and electron-withdrawing (e.g., CF3) substituents hindered the
formation of Povarov-type products, favoring the ACM pathway.
Additionally, o-substitution on the aniline ring introduced
steric effects that reduced -cycloaddition efficiency. This
synthetic strategy enables rational access to various function-
alized diaza-ullazine cores, with promising potential for appli-
cations in optoelectronic devices due to their tunable
absorption, fluorescence, and redox properties (Scheme 30).

For the synthesis of aza-ullazine derivatives, in addition to
Lewis acid-mediated protocols employing reagents such as
InCl;, a widely adopted strategy for promoting annulation via
intramolecular aromatic substitution of dialkynyl-N-(het)aryl-
pyrrole derivatives involved the use of p-toluenesulfonic acid
(pTSA) at elevated temperatures in aromatic hydrocarbon
solvents. Beyond its lower cost, pTSA demonstrated superior
efficiency compared to Lewis acids in several of the mentioned
protocols. Moreover, a significant class of unsymmetrical aza-
ullazines was accessed in broad substrate scope and with
good to excellent yields through a sequence starting from di-
alkynyl-N-(het)arylpyrroles, involving Friedel-Crafts acylation
with different anhydrides followed by an intramolecular
alkynyl-carbonyl metathesis (ACM) reaction catalyzed by Cu,-
CO;(0OH),/K,CO3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 30 Synthesis of 5,7-diaza-ullazines derivatives.

4. Others N-doped ullazines

In the same way that the insertion of a nitrogen atom positively
influenced the optoelectronic properties in organic materials
derived from aza-ullazines, other N-doped derivatives have been
obtained in recent years. These protocols make use of precur-
sors containing imidazole and pyrazole core, being obtained via
rhodium-catalyzed, together with copper or silver reagents. In
2016, Ge and coworkers* reported the synthesis of substituted
benzo[j]imidazo[2,1,5-de]-quinolizines 120a-h by rhodium/(m)-
catalyzed multiple C-H activation and annulations. The

© 2025 The Author(s). Published by the Royal Society of Chemistry

116d (8%)

F MeO
g O& F O&
( 0 g
o

N N
117¢ (51%)

reaction occurs via cascade oxidative annulation using N-aryl-
substituted imidazoles 118 with alkynes (2 equiv.) 119 in the
presence of [Cp*RhClL,], (5 mol%) and Cu(OAc),-H,O (4.0
equiv.) in toluene at 110 °C under argon atmosphere. By this
method, twenty one polycyclic heteroaromatic molecules con-
taining benzo[ij]limidazo[2,1,5-de]quinolizine scaffolds 120a-h
were obtained after 12 h in low to excellent yields (5-99%). The
method was shown to be general and was not sensible to the
presence of electron-withdrawing and electron-donor groups
attached to the aromatic rings of both the alkynyl arene and the
N-aryl imidazole portions. However, the reaction between the

RSC Adv, 2025, 15, 33101-33130 | 33121
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120b: R = OMe (92%)
120c: R = CF3 (97%)
120d: R = NO, (5%)

120e: R = OMe (90%)
120f: R = CF; (99%)

120g (27%) 120h (63%)

Scheme 31 Synthesis of substituted benzolijlimidazol[2,1,5-de]-quinolizine.

aryl imidazole precursor containing the p-NO, group and the
alkyne resulted in the desired product in only 5% yield, the only
limitation of the method. The reaction was also tolerant to
heteroaryl and alkyl groups directly bonded to the alkyne,
producing the desired compounds 120g and 120h in 27% and
63% yields, respectively (Scheme 31). The synthesized mole-
cules exhibit extended m-conjugated systems, essential charac-
teristics for applications in functional organic materials. Their
optoelectronic properties, including light absorption and
emission, suggest potential applications in organic electronic
devices such as solar cells and OFETs. Moreover, their tolerance
to diverse functional groups enables targeted structural modi-
fications, broadening their applications in developing novel
materials for organic electronics and pharmaceuticals. The

study emphasizes the versatility of these compounds and their
significance for advancements in materials science.

The other methods described the generation of cationic
species of nitrogenous ullazines such as the method described
in 2015 by Ghorai and Choudhury in the synthesis of polycyclic
heteroaromatic molecules containing imidazolium scaffolds
(Scheme 32).>”

In this study, the authors have addressed a novel use of N-
heterocyclic carbenes (NHCs) for the first time in rhodium/(m)-
catalyzed double aromatic C-H cascade activation-annulation
using readily available imidazolium substrates. The process
involves two consecutive C-H activation reactions followed by
sequential annulations via functionalization of the Rh-CNHC/
Rh-caryl bond with internal alkynes 122 to construct a variety of

R R
N N
/ +\ R2 & R2 / * \! R2
N [Cp*RhCl,], (5 mol%) N
+ Il NaOAc (8 equiv) | |
AgOTTf (6 equiv) R3 R3
R3 DCE, 100 °C, 48 h -
122 12 examples OTf
R' LY
121 R = alkyl; R' = OMe, NO,; R?, R® = alkyl, aryl 123a-f
Selected examples - - - _
OTf OTf

IR .
N N
Ph /'\’lr \ Ph /’\:\
| I | |
Ph Ph

123a: R = Me (91%)
123b: R = "Bu (57%)

123c (95%)

123d: R = NO, (79%)
123e: R = OMe (72%)

123f (80%)

Scheme 32 Synthesis of benzolijlimidazol2,1,5-de]-quinolizinium scaffolds.
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polycyclic heteroaromatic molecules containing well-decorated
benzo[jj]imidazo[2,1,5-de]-quinolizinium scaffolds.

These compounds exhibit intense fluorescence with emis-
sion in the range of 455-465 nm, indicating their potential
application in OLEDs or as sensors. The versatility of the
methodology, which accommodates diverse substituents and
alkynes, set the stage for developing new functional materials
with tunable properties for organic electronics and photonics
applications. The study further highlights the potential use of
these m-conjugated systems in solution-processable formats,
facilitating their integration into devices. Based on the litera-
ture and control experiments, the authors proposed a possible
mechanistic pathway involving sequential steps of NHC-
directed C-H  activation/insertion/annulative  reductive
elimination/oxidative catalyst regeneration in the catalytic cycle
(Scheme 33).

R
N
1y
N I
[Cp*RhCly],
NaOAc
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A

R! R1

123a-f \'
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In the same year, similarly, Davies and coworkers described
the synthesis of polycyclic heteroaromatic molecules containing
pyrazolium scaffolds (Scheme 34).® For this, pyrazole (0.5
mmol), alkyne (1.2 mmol), cationic Rh precursor [Rh-
(NCMe);Cp*](PFs), (5 mol%), Cu(OAc),-H,O (1.25 mmol) as
oxidant, KPF, (0.6 mmol) were added in EtOH (10 mL) at 83 °C.
The reactions proceed via initial C-H activation, alkyne inser-
tion, reductive coupling, and all three of these steps are sensi-
tive to the substrates involved and the reaction conditions. By
this method, four new pyrazolium compounds were obtained in
moderate to good yields (39-85%). The authors performed
several computational studies and demonstrated that in low-
polarity solvents, the C-H activation process becomes favored
and can lead to neutral C-C coupled products. The experi-
mental and computational studies demonstrate how the selec-
tivity between C-N and C-C couplings can be controlled by

[Cp*Rh”']lNaOHAc

.
R|om

R | orf )
* o@
L A B
R3\§( R3 L R3
L# 122
R! (L = solvent/3
v D

Scheme 33 Proposed mechanism to form N-doped ullazines derivatives described by the authors.
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Scheme 34 Synthesis of N-doped ullazines derivatives 126.
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factors such as solvent, substrate, and alkyne used, providing
versatile routes for the construction of complex heterocyclic
structures. These products have potential applications in the
development of new pharmaceuticals and functional materials,
owing to their structural diversity and the atom-economical
efficiency of the synthetic method, which avoids pre-
functionalization steps.

In this section, recent advances in the synthesis of N-doped
ullazine derivatives, particularly those incorporating imidazole
and pyrazole cores, have expanded the structural and functional
diversity of this class of w-conjugated heteroaromatic systems.
Rhodium(m)-catalyzed cascade C-H activation/annulation
protocols, often combined with copper or silver co-catalysts,
have enabled the efficient construction of highly substituted
benzol[jj]imidazo[2,1,5-de]-quinolizine, imidazolium, and pyr-
azolium scaffolds with broad functional group tolerance and
variable electronic properties. The resulting compounds exhibit
promising optoelectronic characteristics, including strong
fluorescence and extended conjugation, making them attractive
candidates for applications in organic electronics, photonics,
sensors, and pharmaceuticals.

5. BO/BN/BS-doped ullazines

An important approach to tune the properties of PAHs is to
integrate heteroatoms directly into the m-skeleton. Among
these, BN-PAHs can be obtained by replacing the CC unit in
PAHs with an isoelectronic and isosteric BN/BO/BS unit. The
arrangement, quantity, and orientation of BN units in -
conjugated systems with multiple BN units can significantly
affect their electronic and intermolecular properties. The coor-
dination pattern of boron atoms in these systems can further
adjust their optoelectronic characteristics, making -
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conjugated systems doped with multi-BN promising applica-
tions in the field of photonics.” In this context, in 2018, Li and
coworkers described, according to them, the first synthesis of
BN-ullazines (Scheme 35). The synthesis was based in dual
Friedel-Crafts-type electrophilic borylation reaction in which
two boron atoms are bonded to a central pyrrole.** For the
synthesis of bis-BN ullazine using substrates 127, a Clauson-
Kaas reaction between 2,5-dimethoxytetrahydrofuran and
commercially available 2,6-dinitroaniline was performed, fol-
lowed by reduction of the NO, group to give 2-(1H-pyrrol-1-yl)
benzene-1,3-diamine, and finally an alkylation using "BuLi
and bromohexane. Bis-BN-ullazines 128a-g were obtained by
consecutive borylative cyclizations of 127a or 127b in moderate
to good yields in the absence of a catalyst using di-
chlorophenylborane. However, the authors report a limitation
in the method for bis-BN-ullazine 127d, which is extremely
unstable to silica gel chromatography, decomposing slowly
during recrystallization, obtained in only 17% yield. The pho-
tophysical properties of bis-BN-ullazines, such as blue shifts in
their absorption and emission spectra compared to their all-
carbon analogs, suggest potential applications in optoelec-
tronic materials, including OLEDs, DSSCs, and OPVs. Further-
more, their unique electronic structure and synthetic
accessibility make them promising candidates for the devel-
opment of new functional materials with tunable properties for
applications in organic electronics and sensors.

Another possibility involves the synthesis of BO-PAH deriv-
atives (Scheme 36). In this context, oxygen's higher electroneg-
ativity compared to nitrogen leads to PAHs with more polar B-O
bonds, often resulting in distinct aromatic properties.
Following this approach, Guo and coworkers®* reported the
synthesis of BN/BO-doped ullazines 130 and 132. The substrates
129 and 131 used were synthesized by the Clauson-Kaas

/) A\
R1 R1
N PhBCl,, Et3N, PhCI B” N B
RHN NHR 130 °C, 48 h N N
7 examples R R
,: 127a:R=H
127b: R = CgHy3 128a-g (17-82%)

a) BuLi, CgH43Br, THF, -78 °C - r.t. - reflux

Examples

Mes< /ﬂ\

\©/ ,N

128a (67%) 128b (82%)

Mes< /ﬂ\

128e (63%)

Scheme 35 Synthesis of bis-BN ullazines.
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A) Synthesis of BN/BO-doped ullazines 130
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B) Synthesis of BN/BO-doped ullazines 132
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132c R = Ph (C: Failed)

Scheme 36 Synthesis of BN/BO-doped ullazines. Method A (R = Mes,
Tip): BCls, EtsN, BusNI, PhCL, 135 °C, 24 h. Then RMgBr, r.t., 5-24 h;
method B (R = Mes, Tip): BBrs, 0-DCB, r.t., 20 h. Then TMP, 180 °C,
18 h. Then RMgBr, r.t., 4—24 h; method C (R = Ph): PhBCl,, EtsN, BuyNI,
PhCl, 135 °C, 24 h.

reaction between 2-methoxy-6-nitroaniline and 2,5-di-
methoxytetrahydrofuran, followed by a reduction of the nitro
group using iron. Nitrogen-directed demethylation and bor-
ylation proceeded smoothly to yield the BN/BO-doped ullazines
(Scheme 36A). However, a phenyl substituent on boron was not
effective to afford 130c, while stable BN/BO-ullazines 130a and
130b were isolated and purified with the Mes (mesityl) or Tip
(triisopropylphenyl) Grignard reagent as nucleophile. Bis-BO-
ullazines 132 were prepared using 1-(2,6-dimethoxyphenyl)-
1H-pyrrole 131 as the main borylation precursor (Scheme 36B).
Obtained by Clauson-Kaas reaction between 2,6-di-
methoxyaniline and 2,5-dimethoxytetrahydrofuran. Similarly,

132¢ could not be obtained, while 132a and 132b are stable
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enough for chromatography on neutral alumina but not stable
on silica gel. The synthesized compounds exhibit structural
planarity, tunable aromaticity, and favorable frontier energy
levels for n-type semiconductor materials. Additionally, they
demonstrate UV-region emission with significant quantum
yields, making them promising candidates for use in UV-
OLEDs. The study also explores the influence of BO doping on
electronic and photophysical properties, laying the groundwork
for future applications in organic electronics and photonic
devices.

Recently, Popp and coworkers,** described the synthesis of
a novel bis-boron/sulfur-doped ullazine (Bis-BS-U), contributing
to the growing interest in heteroatom-doped m-conjugated
systems for optoelectronic applications. The synthetic strategy
was designed to build the B,S-doped framework through
a sequence of well-defined steps, beginning with a nucleophilic
aromatic substitution between commercially available 2,6-di-
fluoronitrobenzene 133 and 1,2-dimethyldisulfane. This reac-
tion yielded (2-nitro-1,3-phenylene)bis(methylsulfane), which
was then reduced using iron powder under acidic conditions to
furnish 2,6-bis(methylthio)aniline 134. The resulting aniline
derivative underwent a Clauson-Kaas pyrrole-forming reaction
with 2,5-dimethoxytetrahydrofuran, affording the key ullazine
precursor in excellent yield (82%). The final step involved
a three-part sequence: demethylation, borylation, and nucleo-
philic substitution, which introduced two boron centers flanked
by mesityl groups. Boron tribromide (BBr;) served as both the
demethylating and borylating agent. Without additives (Method
A), the reaction proceeded at 180 °C and yielded Bis-BS-U in
22% after trapping with mesityl Grignard reagent. In the opti-
mized procedure (Method B), the addition of tetra-
butylammonium iodide allowed the reaction to proceed at
a lower temperature (135 °C), increasing the yield to 26%
(Scheme 37). The final compound exhibited excellent chemical
and thermal stability, withstanding air and moisture, and was
readily purified by flash chromatography. Thermogravimetric
analysis (TGA) revealed a 5% mass loss only at 282 °C,

Fe (4 equiv)

NOz Me-S-S-Me (3.0 equiv) NO2 NH,CI (7 equiv) NHz
F Y hacs SCH, 17 ea HyCS SCHa
DMF, 0 °C-tt, 8 h EtOH:H,0 = 1:1, 100 °C, 8 h
133 134 (67%) 135 (64%)
0
MeO OMe I\
©r L s Do
135 (1.5 equiv) H4CS SCH,4 conditions é é

DCE, AcOH, 118 °C, 6 h

136 (82%)

Method A: 137a (22%)
Method B: 137a (26%)

A) BBr3, 0-DCB, 180 °C; Et;N, 180 °C, 24 h, Then RMgBr, rt, 12 h
B) BBr3 Et;N, BuyNI, PhC, 135 °C, 24 h, Then RMgBr, rt, 12 h

Scheme 37 Synthesis of BS-doped ullazines 137a.
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highlighting the thermal robustness of Bis-BS-U. These prop-
erties, along with its unique BS doping pattern, support its
potential for use in organic electronics.

Thus, the incorporation of BN, BO, and BS units into ullazine
frameworks offers a powerful strategy to modulate their elec-
tronic structure, photophysical behavior, and stability, enabling
access to materials with tunable properties for optoelectronic
applications. These methodologies generally exhibit good
functional group tolerance, allow structural diversification, and
in many cases avoid the need for metal catalysts, aligning with
green chemistry principles. However, some derivatives display
limited stability, particularly toward silica gel chromatography,
and certain substitution patterns remain inaccessible, leading
to reduced yields or complete reaction failure. Additionally, the
multi-step synthetic sequences and moderate overall yields for
specific doped systems highlight the need for further optimi-
zation to improve scalability and broaden substrate scope.

6. Ullazines fused to another
heterocycle

In addition to the methods already described throughout this
review, some researchers have reported synthesis protocols for
ullazine scaffolds containing heterocycles in different portions
of the core. In 2019, Miao and coworkers* described an
approach for the synthesis of ullazine derivatives that involved
the photochemical cyclodehydrochlorination (CDHC) reaction
as the main step (Scheme 38). For this, compound 138 was
obtained by the following steps: iodination at 2- and 6-positions
of 4-tetradecylaniline using iodine monochloride in a mixture
of water and hydrochloric acid; and formation of pyrrole by
Clauson-Kass reaction and 2,5-dimethoxytetrahydrofuran in
the mixture of AcOH and 1,2-dichloroethane. Then, the ob-
tained compound 138 was subjected to a double borylation
reaction using copper iodide (Cul) as catalyst to give compound
139 in 75% yield. Finally, it was subjected to a coupling reaction
with 2-bromo-3-chloropyridine and 3-bromo-2-chloropyridine
using Pd(dppf)Cl, as catalyst to give compounds 140 and 142
in good yields (81 and 88%). Similarly, coupling with 2-bromo-3-
chlorothiophene and  3-bromo-2-chlorothiophene using
PdCl,(PPh;), as catalyst was carried out to give compounds 144
and 146 in 89 and 86% yield, respectively. These obtained
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O cl cl
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Scheme 38 Synthetic routes of ullazine derivatives.
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derivatives were subjected to a photochemical cyclo-
dehydrochlorination (CDHC) reaction using the chlorinated
precursors dissolved in degassed decahydronaphthalene at
a concentration of 0.001 M and the solutions were irradiated
under UV light (16 x 7.2 W low-pressure mercury lamps, A = 254
nm) at 100 °C for 2 h under a continuous flow of argon. By this
method, the photocyclized compounds 141, 143, 145 and 147
were obtained in excellent yields (94-96%). Furthermore, one of
the thiophene-fused 147 was copolymerized with different
electron-deficient moieties obtaining 149a-c in excellent yields
(89-92%, Scheme 39). According to the authors, these D-A
conjugated polymers were reported for the first time and tested
in bulk heterojunction solar cells with promising results.

The most electron-donating compound was copolymerized
with acceptor units - thienopyrroledione (TPD), isoindigo (IID)
and diketopyrrolopyrrole (DPP) - to form donor-acceptor (D-A)
conjugated polymers. These polymers exhibited broad UV-vis-
NIR absorption bands, with optical gaps ranging from 1.24 eV
to 1.58 eV, suitable for solar cell applications. Bulk hetero-
junction photovoltaic devices (BHJ-PSCs) were fabricated,
achieving a PCE of up to 2.23%. The work demonstrates the
potential of ullazine derivatives as efficient building blocks for
organic semiconductor materials in solar energy, highlighting
their versatility and tunable electronic properties.

In a more recent protocol, Dumele and coworkers*
described the synthesis of supramolecular polymer scaffolds
that integrate light-absorbing chromophores and catalysts into
materials for light-driven CO, reduction. The authors reported
that this was a groundbreaking study of the self-assembly of
ullazine derivatives into supramolecular structures. Specific
modifications were introduced to optimize the performance of
the ullazine core. A chromophore amphiphile was created by
attaching a mono-imide group with carboxylic acid via a five-
carbon linker. This imide group conferred a dipole moment
to the m-extended core, while the carboxylate functioned as an
ionizable hydrophilic head in water. Also, the ullazine core was
extended laterally to enhance visible light absorption. Finally,
an n-pentyl group was added on the side opposite the hydro-
philic vector to increase molecular solubility during synthesis
and support further hydrophobic self-assembly.

For the synthesis of compounds 153 and 157 the authors

described an adaptation of the selective 1,3-dipolar
CiaHag
A,

N, Ci4H2o
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Scheme 39 Synthetic routes to the D—A polymers.

cycloaddition reaction between azomethine ylide and di-
polarophile tert-butyl 6-maleimidohexanoate. Initially, diol 150
was subjected to HCl-induced microwave-assisted cyclization
and oxidation by trityl tetrafluoroborate. According to the
authors, for dithienoazomethine ylide 155, the preparation of
diol 154 had to account for the inherent instability of 2-thie-
nylboronic acid by exploiting its in situ slow-release cross-
coupling of the corresponding trivalent N-methyliminodiacetic
acid (MIDA) boronate. These two azomethine ylide precursors
(151 and 155) were subjected to one-pot 1,3-dipolar cycloaddi-
tion reactions with tert-butyl 6-maleimidohexanoate, followed

0y @

OH OH
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OH OH B,§4
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7 N2 TN a N
S S
C5H11 CsHq1
154 155 (90%)

149¢ (89%)

by oxidation/rearomatization of the cycloaddition intermedi-
ates with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). By
this method, the tert-butyl esters were obtained and quantita-
tively deprotected using trifluoroacetic acid. In summary,
monomers amphiphilic chromophores with a diarene-fused
ullazine core that self-assemble into supramolecular polymers
in water, forming entangled nanoscale fibers. When exposed to
visible light at 450 nm, these fibers activate a dinuclear cobalt
catalyst for the photoreduction of CO,, producing carbon
monoxide and methane with the help of a sacrificial electron
donor. This supramolecular photocatalytic system achieves CH,

f
Bu‘o OH
CsH1q CsHi4
152 (71%) 153 (quant)
t
Bu\o OH
o) )
O Nao0
/ | | \ / | | \
CsH1y CsH1q
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Scheme 40 Synthesis of supramolecular polymer scaffolds. Conditions: (a) (step i) HCL (4 M in 1,4-dioxane), MW, 130 °C, N,; (step ii) CPhzBF,,
CH3sCN/toluene, 90 °C, N,; (b) (step i) tbutyl 6-maleimidohexanoate, EtsN, CH,Cl,, 25 °C, Ny; (step ii) DDQ, CH,Cly/toluene, 25 °C, Ny; (c)

CF3COzH, CH,Cl,, 25 °C.
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yields comparable to those from the precious metal-based
[Ru(phen);](PFe), sensitizer and, in contrast to Ru-based cata-
lysts, maintains photocatalytic performance in aqueous envi-
ronments for over six days (Scheme 40).

These compounds self-assemble into nanofibers that, upon
visible light irradiation (450 nm), sensitize dinuclear cobalt
catalysts (CoCo-1 and CoCo-2), enabling the conversion of CO,
into CO and CH, with efficiencies comparable to those of
ruthenium (Ru)-based systems. Notably, the supramolecular
polymers exhibited prolonged stability (up to 6 days) and sus-
tained activity in fully aqueous media, addressing key limita-
tions of conventional metal-based photosensitizers. This work
underscores the potential of these materials as sustainable
alternatives for solar fuel production and CO, mitigation, with
promising applications in renewable energy and carbon capture
and conversion technologies.

In summary, these methodologies highlight the versatility of
ullazine derivatives as building blocks for advanced functional
materials, offering high synthetic yields, structural tunability,
and compatibility with diverse heterocyclic units. Photochem-
ical strategies enable efficient and catalyst-free cyclizations,
while supramolecular self-assembly approaches expand their
applicability to sustainable photocatalysis and solar energy
conversion. Advantages include broad optoelectronic tunability,
high performance in aqueous media, and potential for renew-
able energy applications. However, certain protocols require
multi-step reactions, specialized photochemical setups, or
sensitive intermediates, which may limit scalability.

7. Conclusion

Recent advances in the synthetic chemistry of ullazines have led
to a broad spectrum of structurally diverse and electronically
tunable derivatives. The development of modular and efficient
methods, including InCl;-promoted annulations, photochem-
ical cyclizations, and metal-catalyzed C-H activation, has
enabled access to m-extended frameworks with high regio-
selectivity and functional group tolerance. Emerging strategies,
such as visible-light photocatalysis and cascade cyclizations,
further expand structural diversity and allow precise hetero-
atom incorporation (e.g., N, B, O, S). These innovations have
positioned ullazine-based systems as versatile platforms for the
design of functional materials in organic electronics, particu-
larly in light-harvesting applications such as DSSCs, PSCs, and
photocatalytic systems. The continued evolution of synthetic
approaches is expected to unlock new opportunities in the
development of high-performance optoelectronic devices.
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