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Summary

This thesis regards the synthesis, characterization and investigation of the properties of novel
ullazine derivatives. The initial focus was on the synthesis of the molecules and the optimization
of the individual synthesis steps. Various modifications such as substitution, m-expansion and
nitrogen doping were used. The new structures were examined using UV-vis spectroscopy,
cyclic voltammetry and calculations via density functional theory. On the one hand, the focus
was on evaluating the substitution pattern of the final products. On the other hand, the influence
of the modifications was assessed and compared with ullazine structures already known from

the literature.

Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit der Synthese, Charakterisierung und Untersuchung
der Eigenschaften neuartiger Ullazin-Derivate. Der Schwerpunkt lag zunéchst auf der Synthese
der Molekiile sowie der Optimierung der einzelnen Syntheseschritte. Dabei kamen
verschiedene Modifikationen wie Substitution, m-Expansion und Stickstoffdotierung zum
Einsatz. Die neuen Strukturen wurden mit Hilfe von UV-vis-Spektroskopie, Zyklovoltammetrie
und Berechnungen mittels Dichtefunktionaltheorie eingehend untersucht. Dabei lag der
Schwerpunkt einerseits auf der Bewertung des Substitutionsmusters der Endprodukte,
anderseits wurde der Einfluss der Modifikationen eingehend mit bereits aus der Literatur

bekannten Ullazin- Strukturen verglichen und analysiert.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) constitute a class of organic compounds prevalent
in the environment due to natural and anthropogenic activities.'"*) Natural sources include
combustion processes, such as wild fires and volcanic eruptions, while anthropogenic sources
are combustion processes during waste incineration, fuel combustion or other industrial

processes, which is why they are often regarded as environmental pollutants.['>]

In recent decades, PAHs have garnered substantial interest in materials science.l®® The
compounds are characterized by multiple fused aromatic rings, forming planar structures with
delocalized m-electrons. This unique feature imparts PAHs with high thermal stability, strong
UV and visible light absorption, and distinct electronic properties.”'!! Consequently, PAHs
are highly demanded for applications in organic electronic devices such as organic light
emitting diodes (OLEDs)®!213] organic field effect transistors (OFETs)!®!*!151 and organic

photovoltaics.[®1316]

Organic synthesis focuses intensively on preparing these systems and precisely modifying their
optoelectronic properties through methods like substitution or expansion.'®!”l Another
effective approach to customize their optical and electronic characteristics involves
incorporation of heteroatoms such as nitrogen, oxygen, boron, and sulfur.!2% This
modification can control the energy levels of frontier orbitals, stabilize charges and radicals,

r. 171921221 Nitrogen is

impact the energy gap, optical characteristics, and redox behavio
particularly effective as a dopant due to the ease of synthesis and the resulting chemical stability
of N-doped PAHs.!**%}] Furthermore, nitrogen doping enhances electron features such as charge
transfer properties, while the molecular structure of the PAH can be preserved .['8 Therefore,
nitrogen-containing PAHs are highly demanded for applications in organic electronic

devices.[*4]



1.1 Ullazine

Indolizino[6,5,4,3-ija]quinoline (ullazine) is such a representative of a nitrogen doped hetero-
PAH, that consists of four condensed rings with 16-r electrons, thus it is isoelectronic to pyrene
(Figure 1).* Unlike pyrene, ullazine contains an internal, iminium like nitrogen which leads
to structural modification.!*’! Instead of a benzene ring, ullazine has a five-membered pyrrole
ring in its backbone. Besides the structural alteration, the nitrogen donates electron density,
forming an electron-accepting iminium center surrounded by an electron-donating annulene. >
The planar m-system with push-pull properties, which are extensively modifiable, makes
ullazine highly attractive for use in organic electronic devices, particularly in dye-sensitized

solar cells (DSCs).[2+23]

ullazine 14-n-elctron
annulene

Figure 1: Ullazine with the 14-n resonance structure.

1.1.1 Synthesis

Balli and Zeller first synthesized ullazine in 1983 while searching for new donor systems for
organic dyes (Scheme 1).[2°) Starting from known Ester 1 they carried out a CLAUSSON-KAAS
reaction to form a pyrrole-ring (2).2”] Reduction of the Ester (2) with LiAlH4 followed by a
reaction with PBr3 gave brominated 4. Nucleophilic acylation with various substituted 1,3-
dithianes gave compound 5, which was hydrolyzed with HgCl> in MeOH/H;O, resulting in
double ring closure to form ullazines (6). The yields depended highly on the introduced residue.
While the unsubstituted product was obtained in 30% yield, the introduction of an alkyl chain
led to lower yields. Best result gave Ph-substituted 6 with 75%. Due to the fact that 1 is not
commercially available nowadays, the sequence would be extended to nine reaction steps with

an expected total yield of 19%.24



0y 0

O NH, O N N
2 Meo/D\ LiAlH,, PBr;,
—> —> —>
MeO OMe  AcOH, OMe Et,0, OH Et,0
reflux, 2 h reflux, reflux

24 h
1
oo A
R
/ \ / \
N n- BULI N HgCI2
Br Br THF MeOH/HZO
-40 °C reflux, 24 h
4 6

R = H (30%), Me (21%),
tBu (6%), Ph (75%)

Scheme 1: Initial synthesis of ullazine by Balli and Zeller.

The approach of Takashi's working group from 2005 involves a stepwise construction of the
ullazine scaffold. First, a lithiation of the phenylpyrrole (7) with a subsequent benzannulation
reaction with hex-3-yne and CrCl; was performed to synthesize the pyrroloquinoline 8
(Scheme 2).281 The transformation into the ullazines (9) was achieved in a similar manner using
a variety of alkynes. The yields ranged from 39% for tetra-ethyl-ullazine to the best yield of
55% for the Ph-substituted derivative.

1) n-Buli,
U TMEDA, 1) n-BulLi,
hexane, THF,
N 0°C, 1h -78 °C, 1h
2) Et%Et Et 2) R
CrCls, CrCI3,
hexane, hexane,
7 50 °C, 12h 50 °C, 12h

R =Et (39%), Ph (55%),
p-Tol (49%), 2-thienyl (24%)

Scheme 2: Synthesis of ullazines by the working group of Takahashi in 2005.

A more convenient method with a good overall yield of 55% was established by the Grézel
group in 2013.%¥ First, dibromoaniline (10) was converted into 11 via CLAUSSON-KAAS
reaction, followed by functionalization with terminal alkynes using SONOGASHIRA reaction. The
final step was promoted by LEWIS-acid mediated intramolecular cycloisomerization, forming
13 in 80% yield. The simple implementation is the reason why this method has since become
5 [29-33]

the predominant approach for synthesizing ullazine structures.
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U :—@—OCSHB,

NH»> N
PdClz(CH:aCN)Z! CUl,
Br Br MeO/Q\OMe Br. Br P(tBU)3! HNiPrz,
DCE, AcOH, dioxane, o
reflux, 2 h rt, 18 h
10 11
OCGH13 C6H13O O O OCGH13
InCl3
B e
toluene,
100 °C, 24 h
12 13
(80%)

Scheme 3: Synthetic approach by the working group of Gritzel.

You's group and the group of Konig independently reported a one pot synthesis of ullazines
starting from 11 in 2016, since Gritzel's methodology requires an additional reaction step
(SONOGASHIRA reaction).***3 You’s approach employed Pd-catalyzed direct C-H cyclization
with diverse alkynes (Scheme 4).4 Remarkably, this reaction exhibits tolerance towards a
diverse array of functional groups, yielding ullazines in the range between 27% and 80% (some

examples are displayed in Scheme 4).

R R
o O0=0 "CL_o 0
N PA(TFA),, tBug-HBF,,
Br Br Y(OTf)& K2003,
raend DRGNS
R R

120 °C, 24 h
11 14
R =H (72%), Me (65%), tBu (67 %),
CF3 (55%), F (75%), Cl (63%),
OCgH13 (35%)

Scheme 4: Palladium-catalyzed direct C—H cyclization by the working group of You.

Moreover, Konig and colleagues pioneered the first photocatalytic synthesis of ullazines,
employing Rho-6G as the photocatalyst (Scheme 5).°! Despite yielding 15 at a moderate range
of 30% - 45%, the synthesis stands out for the absence of transition metal catalysts, strong

bases, ligands and high temperatures.



N Rho-6G, DIPEA,
Br Br  LED 455 nm,
DMSO, O
25°C. 24 h
1 15

R =H (45%), Me (30%), OMe (30%)

Scheme 5: Photocatalytic synthesis of ullazines by the working group of Konig.

Recently, the working group of Zhou demonstrated a Rh-catalyzed synthesis.[**! Similar to the
approach of Takahashi, the ullazine is assembled in two steps. Initially, a Rh-catalyzed
intramolecular annulation of aromatic o-alkynyl amino ketones (16) was executed, yielding the
intermediate pyrroloquinoline (17). The ullazine core (21) was completed through a
Rh-catalyzed oxidative annulation of diphenylacetylene, demonstrating good yields regardless

of the substituents on the pyrroloquinoline (17).

R'  [Cp"RhCly],, R! [Cp*RhCly]y, Ph R
NH O Cu(OAc);H0, N | Cu(OAc), H,0,
R2 DCE, - R2 toluene, o Ph R2
100 °C, 12 h 130 °C, 12 h O
16 17 18

R' = Ph, R? =Me (74%)
R' = 4-Br-Ph, R? =Me (70%)
R' = 4-COOEt-Ph, R? =Me (67%)

Scheme 6: Rhodium catalyzed synthesis of ullazines by the working group of Zhou.

In 2024, the working group of Saa developed a Rh-catalyzed construction of ullazines in one
step starting from phenyl-pyrroles (19) (Scheme7).*”! Twofold CH-activation/oxidative
annulation of 19 provides the ullazines (20) in yields around 60%, a remarkable efficiency for

constructing the ullazine core in one step starting from phenylpyrroles.



Ph—=—Ph,
2/ \; [Cp*RNCly],,
N Cu(OAc),H,0,  Ph Ph
toluene,
135°C,72h Ph O Ph
19 20

R = CO,Me (64%), CO,Et (62%),
CONHMe (55%)

Scheme 7: Rhodium catalyzed synthesis of ullazines by the working group of Saa.



1.1.2 Properties

Among all ullazines, 3,9-diphenylullazine (21) is characterized by a minimal degree of
substitution and it’s properties have been extensively investigated (Figure 2).1262%3238] Eagy

accessible via the synthesis route of Gritzel, the final cyclization is promoted in up to 90%

yield.[29’32’38]

21
Figure 2: 3,9-diphenylindolizino[6,5,4,3-ija]quinoline (3,9-diphenylullazine)
Investigation on the optoelectronic properties of 21 with UV-vis and PL spectroscopy as well

as CV measurements were performed by the groups of Nazeerudin!®!, Gros?! and LiuP*®!. The

combined data are provided in Table 1.

Table 1: Combined spectroscopic data of 21.

compound | UV-vis/fluorescence Cv
}babs.a 7\43m,a @PLC Eox. ERred.
[nm] [nm] [V] [V]
21 291, 478", 0.19 0.75 -2.22
374", 513,
391, 553°
440°
“measured in cyclohexane; ° indicated as shoulder; ¢ measured in DCM

The absorption of 21 is characterized by a strong absorption band in the range of 250-300 nm,
which is attributed to a m-n -transition.[*”) Furthermore, a more structured low-energy band is
apparent at 350-400 nm. Gros’s working group performed DFT calculations on the
transitions.[*” The associated NTOs reveal that this So — S, excitation is a local n-n"-transition
as well. However, the So — Si, indicated as shoulder at 440 nm, featuring a rearrangement of
the electron density and a very low oscillator strength, which reflects the low absorption very

7



well. Furthermore, the HOMO of 21 is delocalized around the periphery, whereas the LUMO
is located on the central nitrogen and carbon atoms./**¥?] The emission spectrum of 21 exhibits
a structured profile, which is corresponding to the S; — So transition.*?! The quantum yield is
rather moderate with 19%.8] Nazeerudin’s working group furthermore studied the
solvatochromic properties of 21 and found that no significant effects, such as
bathochromic/hypsochromic shifts and change in fine structure, occurred with increasing
polarity of the solvents (cyclohexane, THF and acetonitrile) (Figure 3).*°! During CV
measurements 21 shows a distinct oxidation peak at 0.75 V as well as a reduction peak

at -2.22 V.[%I

U 5b abs in cyclohexane
——bb abs in THF
—— 5b abs in acetonotrile
1,0 |- . 5b PL in cyclohexaned
- - -5bPLin THF
" - - - 5b PL in acetonitrile

Absorbtion intensity, a.u.
o
(4]
Photoluminescence intensity, a.u.

| L 1 g,

00L— .
250 300 350 400 450 500 550 600 650 700 750
Wavelength, nm

Figure 3: UV-vis (solid) and fluorescence (dashed) spectra normalized at peak value of 21 (equals 5b) in
cyclohexane, THF and acetonitrile. Reprinted from supporting information of Ref. [29] with permission from Prof.

Nazeerudin.



1.2 Modifications of Ullazine

The ullazine core itself provides fascinating properties, in the last decade modifications of this
hetero-PAH gained interest, since the possibility of application in organic electronics was
reported in 2013 by Gritzel’s group.?*! Various molecular designs of ullazines are accessible
through different synthetic strategies, resulting in diverse modification possibilities that lead to

an improvement of the optoelectronic properties and various applications.!>’!

1.2.1 Substitution pattern

Most ullazines are constructed starting from phenylpyrroles.[2+26-2834351 Dye to benzannulation
reactions in the final step, substitution with aryl residues in 3,9- or/and 4,8-position are
common. Those substituents hardly effect the properties of the ullazine core. However,
substitution in 3,9-position increases the stability of the molecules as shown by Gerson and

Metzger.*”! The nomenclature of the substitution positions is displayed in Figure 4.

ullazine

Figure 4: Substitution positions on the ullazine core.

Moreover, simple functionalization can be implemented through the use of substituted

30.321 Thus, substitutions in position 6 are easy accessible by using para-

phenylpyrroles.|
substituted phenylpyrroles.?%3%3234 In addition to various substituents such as Ph, Me, OMe,
CN, CF3, and others, halogens can be introduced in this position, allowing for subsequent cross-
coupling reactions.[***3234 Dye to the fact that position 6 lies in the nodal plane of the ullazine,
the introduced residues only have a minimal influence on the properties, making this type of

substitution less significant.!242%-30-32]

Utilizing substituted 2,5-dimethoxytetrahydrofuran offers the possibility to functionalize the

pyrrole unit during the CAUSSON-KAAS reaction. In this way 1-formyl-ullazine (24) can be

isolated after the final cyclization in good yield (Scheme 8).["]



o) o)
o / /
/
i—)\ ® Ph Ph
Ph “ NH, P Ph Meo—~g~~0Me Ph S N P Ph InCls
' B
N Z DCE, AcOH, N Z o-xylene,
reflux, 4 h reflux, 24 h
22 23 24 (73%)

Scheme 8: Synthesis of 1-formyl substituted ullazine.

In addition to pre-functionalization, it’s possible to functionalize the existing ullazine core
through the reaction with electrophiles. Using the VILSMEIER-HAACK reaction, substitutions in
the 1-, 4- and 5-position can be achieved.?*?°3# The reaction produces a mixture of three
isomers in which the 5-formyl-ullazine (26) is the major product (Scheme 9).1*”) Additionally,

isomer 24 is obtained in moderate yields.

Ph Ph POCIj, Ph Ph Ph Ph
DMF
DCE
rt, 2.5 h

21 4 (32%) 5 (6%) 26 (56%)

Scheme 9: Isomers of VILSMEIER-HAACK reaction for 21.

Isomer 25, on the other hand, delivers a very unsatisfactory yield, therefore the synthesis can
be carried out by means of an iodocyclization yielding 28, which is transformed into the
formylated 29 and then cyclized to 4-formyl-ullazine (26) in very good yield
(Scheme 10).12%39401 Tn addition to conversion into a formyl group, the iodine can be replaced
by acceptor- or donor-bearing aryl and aryl-ethynyl moieties by cross-coupling reactions, such
as SONOGASHIRA and SUZUKI-MIYAURA, as well as into a cyano-group via ROSENMUND-VON-

BRAUN reaction as shown by the group of Chan.%

10



3\ 1. n}iull_,i, A\

l2, Ph Ph
Ph S N _ Ph NaHCO,, Ph S N ‘ -78°c Ph S N ’
—_— > — >
oS 7 DCM, 0 °C oS | 2. DMF, oS I
THF,
-78 °C, ©
27 28 30 min 29
Ph Ph
InCls,
toluene, o I
reflux, 24 h o
25 (91%)

Scheme 10: Synthesis of 4-formyl substituted ullazine.

The group of Nazeerudin analyzed the impact of the substitution positions on the ullazine core
in detail. For this purpose, they converted the isomers 24-26 into the acceptor-substituted
products 30-32 via KNOEVENAGEL condensation (Scheme 11).1*) The Ullazine 31 shows
similar absorption bands as 21, however the ICT shoulder has stronger absorption values. Dyes
30 and 32 have weaker m-mt*-transitions and a stronger and broadened ICT band, bathochromic
shifted by 30 nm (30) and 80 nm (32) respectively. The energies of the ICT bands are in
accordance with the expected electron donation strength on the different peripheral sites of the
ullazine core, with position 5 being the strongest, followed by 1-, 4- and 6-position.[?*?°! PL
spectra revealed vibronic structures for 30 and 32 similar to 21, however 31 is broadened. While
the maxima of 31 and 32 are red shifted compared to 21 (~15 nm), the maximum of 30 is blue
shifted by 10 nm. Electrochemically, attachment of the acceptor stabilizes the HOMO level of
30-32 by 100-200 mV, correlating with their photophysical data.[*”]

CH,(COOCgH3),,
pyridine, TiCly, COOCgH,3
R™™0 - RS

DCM, COOCgH3

.. WA8h .
R= N

Ph Ph Ph Ph Ph Ph

30 31 32

Scheme 11: Synthesized substituted ullazine dyes by the group of Nazeerudin.
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These investigations demonstrate how substitution patterns influence the optical and electronic
properties of ullazine, highlighting the potential for acceptor substitution in 5-position of the
ullazine. Therefore, this position is widely used to modify the properties of ullazine.?#3441-43]

Examples of those are displayed in Figure 5.

The absorption spectra of the 5-substituted-ullazines with the residues 33-37 show a strong
absorption band similar to 21 in the range of approx. 300 nm, which can be attributed to a mt-r*
transition.[*”) Moreover, all spectra display a lower energy band between 400 and 600 nm
(Aabs = 530 nm (33); Aabs = 480 nm (34); Aavs = 490 nm (35)), attributable to an ICT between the
ullazine donor and the respective acceptor. The hypsochromic shift of 34 and 35 compared to
33 was explained by the double bonds within the w-spacers (thiophene and benzene) as well as
the weaker acceptor properties of the carboxylic acid compared to the cyanoacrylic acid.
Notably, compared to 21, the absorption maxima experience a bathochromic shift, furthermore
all compounds exhibit a distinct red shift of the PL maxima (Aabs = 638 nm (33); Aavs = 583 nm
(34); Aabs = 614 nm (35)). Ullazine with residue 36 exhibits analogous characteristics. In
contrast to compound 33, the introduction of alkyne-cyclopentadithiophene moieties resulted
in broadened and bathochromic shifted absorption spectra with particularly strong absorption
in the high energy region. Again, the first transition is described by an ICT between donor and

acceptor entities with a maximum at 549 nm.*!

The characteristic of the absorption spectrum of the molecule with the porphyrin substituent
(37) is rather characterized by the absorption of the porphyrin itself, a comparison with 21 is
therefore difficult.*!! However, the ullazine donor showed an improvement in visible light

absorption compared to a related porphyrin structure.

12
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i 33
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O ! \ / COOH
R 34
)
| COOH
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Figure 5: Examples of substituents in position 5 of the ullazine for the application in organic devices.

Based on these optical properties, such donor-acceptor molecules are of great interest for
applications in organic electronic devices.*>* These push-pull systems exhibit unique
optoelectronic properties due to their low energy charge transfer.*’ Accompanied by
bathochromic shifts, the increased light-harvesting efficiency is particularly valuable for
applications in DSCs.***! In this manner these ullazines are of high interest for such
applications, as the introduction of acceptor in 5-position is easily accessible,[2423:34:41-43:46.47]
Some of the presented examples in Figure 5 show great performance in DSCs (33, 36 and 37)

(Table 2).[244143]

Besides several theoretical studies on the DSC performance of ullazine based dyes,*3" the
working group of Gritzel was the first to use ullazines as dyes for DSCs.[** Despite testing 4-,
5-, and 6-substituted ullazines, the 5-substituted ullazines proved to be the most promising. On
the one hand, 4-substituted ullazines have a significantly decreased ICT band which was
attributed to the loss of planarity due to the substituent in this position. On the other hand,
substitution at the 6-position has a negligible effect due to the nodal plane, as discussed earlier.
In Gritzel's study dye 33 achieved the best performance among the 5-substituted ullazines with
an incident photon-to-electron conversion efficiency (IPCE) ranging from 400 nm to 730 nm
with a maximum of 95% at 520 nm. However, the IPCE range of 33 is broader compared to its
absorption in dichloromethane, suggesting aggregation within the device. The performance of

dye 33 is characterized by a power conversion efficiency (PCE) of 8.4%, a short circuit current
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density (Jsc) of 15.4 mA cm™, an open-circuit voltage (Voc) of 730 mV, and a fill factor (FF) of
0.75 (Table 2). Furthermore, the performance of dye 33 was tested in a solid-state DSC.[4¢]

However, the PCE only achieves a value of 4.2% in this case.

Delcamp’s group synthesized a variety of novel ullazine-based dyes featuring an alkyne linker
between the donor and acceptor, forming D-n-A-systems.[*}]. The stronger absorption in the
high energy bands are of particular interest, as improved DSC performance can be attributed to
the enhanced absorption.’!! Among the studied dyes, 36 demonstrated the best performance.
Achieving a broad IPCE spectrum between 350 nm and 800 nm with a peak value of 65% at
approximately 530 nm. The PCE was determined at 5.6%, with a Vo of 559 mV, a Js of
14.1 mA cm™and a FF of 0.67.

As previous mentioned, the group of Gritzel worked on an ullazine-porphyrin dye 37.4! The
dye exhibits improved absorption of green (~550 nm) and red (>700 nm) light compared to
other D-n-A-porphyrin dyes, highlighting the significant impact of the ullazine moiety. Thus,
the IPCE is at 60-65% between 360 nm and 760 nm with a dip to 55% at 600 nm. The DSC
performance showed slightly diminished PCE of 7.4% compared to a dimethylaniline-
porphyrin dye (PCE = 8.5%). This reduction was attributed to significant aggregation in

solution due to its large aromatic structure.

Table 2: DSC performance of selected ullazine dyes.

Compound Voc [mV] | Jsc[mA ecm?] | FF PCE [%]
3304 730 15.4 0.75 8.4
33 (solid-state) ] | 743 8.5 0.66 4.2
36!+ 559 14.1 0.67 5.6
37141 700 14.4 0.73 7.4
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1.2.2 Heteroatom doping

Heteroatom doping is a common tool for modification of PAHs. In this context nitrogen is by

(18.20.52] Egpecially, pyridine-like nitrogen is of interest

far the most commonly used heteroatom.
because it can be introduced into the molecules without changing the structure, but improves
the optical and electronical properties.l'®233>4 Consequently, nitrogen is the most common
heteroatom incorporated into the ullazine backbone (Figure 6).3!7335-62 For the sake of clarity,
only the synthesis of the Ph-derivatives is presented below, although significantly more

derivatives were produced.

N
I\ o\
R|N|RR|N R
N N §
L N
38 39 42
Hﬁi
43

Figure 6: Overview of heteroatom-doped ullazines.

Balli and his coworker Hou were the first, who synthesized a nitrogen doped ullazine (38) in
1992 (Scheme 12).1°%) Starting from 46 they performed CLAUSSON-KAAS reaction to form 1-
(2,6-dinitrophenyl)-1H-pyrrole (47). The nitro-groups were converted into amines using
RANEY-nickel and hydrazine hydrate. The amide 49 was then synthesized through the
conversion with benzoyl chloride and pyridine. Cyclization was achieved with polyphosphoric

acid in the final step with moderate yields of the 4,8-diazaullazine (50).
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Scheme 12: Synthesis of 4,8-diazaullazine by Balli and Hou.

As the reaction gave an overall yield of 14% for 50, Sanz and coworkers in 2017 reported an
improved synthesis (Scheme 13).1°%*1 Using the same starting material as Balli, the conversion
of 47 into 50 was performed with secondary glycol (51) under Mo-catalysis in one step with a
yield of 50%. However, the influence of nitrogen doping on the optoelectronic properties was

not investigated by either group.

MoO,Cl,(DMF),,
Q Ph  OH pTsOH, P | /N\ | o
0N NO, * DMA, - N N
HO Ph microwave,
180 °C, 30 min
47 51 50 (50%)

Scheme 13: Synthesis of 4,8-diazaullazine by the group of Sanz.

With the use of phenyl-imidazole (52), the groups of Tang and Wang implemented a nitrogen
in 1-position of the ullazine (Scheme 14). Therefore, they used a Rh-catalyzed CH-activation
similar to Saa’s approach (Scheme 7).°7%1 1-Azaullazine (53) has quiet similar optical
properties as 21.°7] Thus, the quantum yields have the same value (®pL=0.19 (53)), the
emission and absorption spectra exhibit similar fine structures only with a small blue shift of
about 10 nm for 53. Furthermore, the researchers explored the potential impact on optical
properties through protonation of the peripheral nitrogen, resulting in a blue shift of absorption
and emission spectra (~30 nm). Additionally, structures featuring imidazolium salts and

polymers containing this structural motif are documented.>%:60-62]
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Scheme 14: Synthesis of 1-azaullazine by the groups of Tang and Wang.

The groups of Macgregor and Davies investigated the synthesis of cationic ullazine 55
(Scheme 15).19] Therefore, they extended the synthesis of pyrazoloquinoline 54, which was
already synthesized by the groups of Sato and Miura, by a Rh-catalyzed oxidative coupling of
phenylpyrazole (54) with diphenylethyne.!® The construction of the ullazine core in the final
step was accomplished through the same method: a Rh-catalyzed CH-activation of
diphenylethyne incorporating a C-N-coupling. In the final step 56 was produced in moderate
yields. However, studies on the properties were not conducted.

Ph—=—Ph, Ph—=—Ph,

/R [Cp*RACly]5, [Cp*Rh(NCMe)s](PF)y,
N Cu(OAc), H,0, Cu(OAc);'H,0, KPFg,

N Na,CO; 1,3,5 -trimethoxybenzene
>
o-xylene, EtOH,
150°C,2h 83°C,16 h
54 55 56 (39%)

Scheme 15: Synthesis of cationic azaullazine by the groups of Macgregor and Davies.

The groups of Langer (41 and 42) and Gros (41) were able to introduce an additional nitrogen
into the ullazine backbone by starting with halogenated amino-pyridines (57).531733:6%]
Synthesis-wise they used the protocol of Gritzel (Scheme 3), however the group of Langer used
BRONSTED- instead of LEWIS-acids in the final step (Scheme 16).*!33] Furthermore, they were
able to synthesize asymmetrically substituted 61 by means of an ACM reaction in the final
step.[%°] Compared to 21, the introduction of nitrogen in position 6, as in 59, has hardly any
effect on the optical properties as the nitrogen is located in the existing nodal plane. However
the quantum yield is remarkably lower (@p.=0.07).**) Computational studies revealed
stabilization of the HOMO and LUMO energies with introduction of nitrogen.*3! This
stabilization is even more enhanced when introducing the nitrogen in 5-position. Moreover,
there is a greater influence on the optical properties. Thus, 60 has a blue shifted and different
shaped emission as well as higher quantum yield (®pL=0.27) than 21 and 59.B1:31 The

asymmetrically substituted 6-azaullazine (61) exhibit a similar quantum yield (®pr = 0.08) but
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red shifted emission compared to its symmetrical counterpart 60 and undoped ullazine 21.
Nitrogen doping in the 6-position, like substitution, has only a minor influence on the optical
properties, whereas a change in the nodal plane due to non-symmetric substitution or the

incorporation of a nitrogen outside this plane leads to a significant alteration of the properties.

NH,
X | X
=Y
Y
57 X = Br, Cl Ph Ph Ph Ph
Y =CH, N
u pTSOH-H,0 | N & | X
xylene, - NZ _N
( \ 120-140 °C,
» 6-24 h 59 (90%) 60 (70%)
Ph N Ph— |
A = TFAA,
| ~ Cu,CO3(OH), Ph CF4
//Y KzCO3
Y > Ph
C6H4C|2a | N
58 170 °C, 1 h J 8
N
61 (68%)

Scheme 16: Synthesis of N-doped ullazines by the group of Langer.

Additionally, the group of Gros investigated the bromination of 6-azaullazine with NBS and
was able to isolate 5-bromo-6-azaullazines which can react further with NBS in a second
bromination to 5,7-dibromo-6-azaullazine.[®®! Functionalization with SUZUKI-MIYAURA and
SONOGASHIRA reaction showed great potential with optimized photophysical properties

especially for the 5-substituted derivatives similar to substitution of undoped ullazines.

In addition to the use of nitrogen, several examples are known in which a combination of
different heteroatoms (boron, oxygen, nitrogen) is used (Scheme 17).3%¢7 Liu's research group
has been investigating this topic. In 2018, they successfully demonstrated the synthesis of BN-
ullazines (64).%! The isoelectronic BN-ullazine is formed by exchanging the C=C bond with a
B-N unit. Synthesis wise they obtained 64 through two-fold borylative cyclization of 1,3-
diamino-phenylpyrroles (62). The molecule exhibits an intense blue shift compared to 21 with
approx. 100 nm for both the absorption and emission spectra, along with a slightly lower
quantum yield (®pL = 0.14). Furthermore, this modification results in a notable stabilization of
the HOMO energy, while the LUMO remains largely unaffected. With the successful synthesis
of 65 and 66 they expanded their research in 2021.7! They formed either BN/BO-ullazine (65)

or BO-ullazine (66) through borylative cyclization by replacing either one or two amino groups

18



with a methoxy group in the starting material (62). The incorporation of an oxygen atom leads
to further small blue shifts in the absorption and emission spectra of approx. 10 nm for 65 and
66, along with increased quantum yields (®pL= 0.29 (65); @pL= 0.27 (66)) compared to BN-
ullazine (64). Furthermore, this modification achieved stabilization of both HOMO and LUMO.

1) BCly, EtsN, /@\

PhCI

130 °C, 48 h

2) MesMgBr,

Y =0Me,NH;  rt,5-24h Z=0,NH
T N AN
Mes . , N I,Mes Mes . | N I,Mes Mes . , N | _Mes
HN\©/NH HN\©/O o\©/o
64 65 66

Scheme 17: Synthesis of B-, N- and O-doped ullazines by the working group of Liu.
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1.2.3 m-Expansion

Expansion of the n—system of PAHs offers a powerful tool to alter their properties.[%® 7"

Enhanced electronic conductivity, intensified absorption and emission within the visible and
near-infrared spectrum make this modification compelling for applications in optoelectronic

devices. m-Expansions of ullazines are easily accessible through a variety of reactions.”! 7!

In 2012 the first m-expansion of ullazines was published by Ren and coworkers (Scheme 18).[7!]
The strategy is based on an intramolecular FRIEDL-CRAFTS-arylation of aryl-triazene (67) to
form the dibenzoullazine 68. Herein, 67 is easily accessible through a Suzuki-Miyaura reaction

of the dibromo-phenylpyrrole precursor. However, the impact on the properties was not studied.

BF5-OEt, O
— >
EtO,C

‘ CO,Et

DCM, O
rt, 30 min
CO,Et
68

Scheme 18: First synthesis of n-expanded ullazine by Ren.

The most common way to extend the m-system is a strategy based on azomethine ylides
(Scheme 19).7°81 With dipolarophiles they undergo 1,3-dipolar cycloaddition to form
dihydropyrroles. To convert these structures into the m-expanded ullazines oxidative
dehydrogenation is performed, most commonly with DDQ.%771 The expansion occurs at the
3,4- and 8,9-positions of the ullazine due to the azomethine ylide precursors, forming

dibenzoullazines, for example 71-76.17>4

Despite being rare, some examples are known using varying azomethine ylides. The research
group of Wang revealed a method to synthesize aryl-substituted benzoullazines (69).1°%! Stupp's
research group introduced a method to synthesize dithienoullazine (70) by incorporating

(%] The incorporation of the thieno-units result in

thiophene moieties into the azomethine ylide.
a bathochromic shifted absorbance compared to its dibenzoullazine derivative which has also
been synthesized by the same group. Furthermore, a high fluorescence quantum yield
(®pL=0.58) was determined making it promising for diverse photophysical applications. In

comparison to 21 it reveals only a slight shift of the lowest energy band by 9 nm however the
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intensity is way more pronounced for 70, whereby the higher quantum yield could be explained.
Additionally, they investigated the photocatalytic reduction of COzto CO and CHs using the
supramolecular n-extended ullazines 70 and its dibenzoullazine derivative. The acids undergo
aqueous self-assembly by treatment with NaOH and NaCl, forming ullazine hydrogels. These
hydrogels serve as photosensitizers, absorbing light and transferring electrons to a Co-complex
catalyst which then reduces CO; to CO and CHa. The efficiency of ullazine-based sensitizers is
comparable to that of precious metal complexes in mixed organic-aqueous solutions.
Remarkably, compared to a Ru-based sensitizer in aqueous media, the turnover rate is even

higher. Moreover, these sensitizers maintained their activity for more than six days.

Furthermore, the implemented dipolarophiles have the potential to extend or modify the system
in the 1,2-positions. The groups of Miillen and Feng synthesized a variety of m-expanded
ullazines (71-73).®! By employing various substituted alkynes they were able to synthesize
diverse 1,2-substituted dibenzo-ullazines (71). More interestingly, with using benzoquinone
they were able to generate both the monomer 72 and, with modified reaction conditions, the
dimer 73. These compounds display a bathochromically shifted absorption compared to 21,
with 72 exhibiting a loss of fine structure. Additionally, the emission spectra of 72 reveal a blue
shift in contrast to 73, which, although unshifted, displays a distinctly different structure

compared to 21.

Further interesting n—expanded dibenzo-ullazines were synthesized utilizing this approach with

[77,90] [88] [76.80.81.85] AL

the use of dipolarophiles like corannulene pyrene'®®, naphtoquinones
phenylmaleimide!’®!, and acenaphthylenes!’). The use of nitriles as dipolarophiles makes it
possible to combine the m-extension with nitrogen doping to form an imidazole unit

incorporated into the ullazine backbone.[8*84
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Scheme 19: Examples of n-expanded ullazines trough 1,3-dipolar cycloaddition.

Nozaki’s research group combined the strategy of 1,3-dipolar cycloaddition with a subsequent
Pd-catalyzed intramolecular arylative cyclization.’®! To introduce chlorine atoms during the
1,3-dipolar cycloaddition, they utilized 2,2’,6-trichlorodiphenylethyne. Bowl shaped 74 was
produced with three-fold intramolecular cyclization in the final step. This molecule exhibits

weak and broadened absorption within the range of 300 nm to 500 nm, with the lowest energy
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band at 466 nm showing a slight bathochromic shift compared to 21. Conversely, the
fluorescence spectrum displays a slight blue shift (~25 nm). Moreover, a quantum yield of
®p1= 0.24 was determined. In the same manner, the groups of Yasuda and Ito prepared the n-
expanded ullazines 75 and 76 and investigated their OFET performance.®®! They fabricated
single crystal OFETs from both compounds. The oxygen-containing molecule (75) revealed
poor OFET performance with a maximum hole mobility (pmax) of 0.002 cm?V-!s!. Crystal
diffraction analysis attributed this poor performance to the slipped n-r stacking in the crystal.
However, ullazine 76 achieved a promising pimax of 1.05 cm?V-'s™! with an on/off current ratio
of 10°. This performance is significantly higher than other reported thiepine OFETs and is
comparable to other organic semiconductors and amorphous silicon.’’°! Similar to these
examples the combination of 1,3-dipolar cycloaddition with subsequent reactions is extensively

utilized to further extend the mt-system of ullazines.[30 8487941

In addition to being used to further expand the n-system following a 1,3-dipolar cycloaddition,
Pd-catalyzed reactions are used to create such systems.[’>7>100-102] particularly, the method of
Gao's working group is noteworthy. They developed a Pd-catalyzed annulation of arynes with
dibromo phenyl-pyrroles (77) (Scheme 20)."? Initially, the arynes are generated in situ from
2-(trimethylsilyl)aryl triflates (78) using fluorine anions. Subsequent oxidative addition of the
aryne and dibromo phenyl-pyrroles (77) on the Pd-catalyst, followed by intramolecular CH-
activation and reductive elimination, resulted in the formation of products 79. In particular, the
variety of substitution on 78 has the potential to introduce different substituents, for example
81 and 82. Furthermore, this method is able to produce unsubstituted dibenzo-ullazine (80).
The investigated optical properties demonstrate a subtle impact of the substituents in 81 in
contrast to the unsubstituted 80. However, the extension of the n-system (82) induces a notable
bathochromic shift and increased absorption. Additionally, the emission is red shifted by 53 nm
(Aem =497 nm) in comparison to 80 (Aem =444 nm). Nevertheless, in comparison to the
reference substance 21 the maxima of 80 and 81 are relatively similar, merely 82 exhibits a red
shift. The emission of 80 and 81 are blue shifted by approx. 65 nm, 16 nm for 82. Moreover,
the determined quantum yields (®pL = 0.25-0.35) of the m-expanded ullazines surpass those of
21.
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Scheme 20: Examples of n-expanded ullazines through Pd-catalyzed CH-activation by the group of Gao.

A photochemical strategy was introduced by the research group of Morin (Scheme 21).[74103]
The precursors (83) were easy accessible through a SUZUKI-MIYAURA coupling with differently
halogenated thiophenes, pyridines or benzene. In the final step a photochemical
cyclodehydrochlorination achieved yields above 90% for all derivatives (85-89). Besides the
expansion of the ullazine, the use of thiophene and pyridine made it possible to dope the -
expanded ullazines with either nitrogen or sulfur atoms.! However, the influence on the

optical properties of heteroatoms in these positions are rather small.
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Scheme 21: Photochemical synthesis of n-expanded ullazines by the research group of Morin.

Ullazine typically undergoes expansion in the 3,4- and/or 8,9-positions, as exemplified.
Additionally, combinations with expansion in the 1,2-position have been documented.

Nevertheless, selective expansions in the 1,2-positions are uncommon,!!%410]

The groups of Li and Miillen synthesized carbonyl functionalized or dicyanomethylene
substituted n-extended ullazines (91 and 92) (Scheme 22).11% First, 90 was synthesized through
imidization between the respective anhydride and dibromo-aniline followed by a STILLE
coupling to introduce acetyl groups. In the key step, intramolecular aldol-condensations were
performed to create the ullazine core (91). Further functionalization was achieved through a
KNOEVENAGEL reaction using malononitrile replacing either one (94) or two (95 and 96) oxygen
atoms with a dicyanomethylene group. In the same manner, the w-system could be extended by

a naphthalene unit (96).

The emission spectra of 93-95 exhibit a pronounced influence of the different substituents. For
93 the lowest energy absorption is at 449 nm. With introduction of one cyanomethylene group
the maximum gets bathochromically shifted to 553 nm and a second cyanomethylene (95) shifts

the maximum to 629 nm. Additionally, the absorption is significantly enhanced, and the fine
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structure is intensified. Unlike most ullazines, these derivatives do not exhibit fluorescence.
However, the expansion with a naphthalene group (96) instead of a phenyl ring has only

marginal effects on the optical properties.

Nevertheless, compound 96 is noteworthy as the authors observed two reversible reduction
waves and one oxidation wave during CV measurements, with LUMO levels around -4 eV for
molecules 95 and 96, making them promising for application in n-channel thin film transistors
(TFTs). The TFT device based on compound 95 achieved electron mobilities of 0.02 cm?V~'s™
immediately after fabrication, decreasing to 0.006 cm?V~'s™' after 30 months in air.
Remarkably, the TFT based on compound 96 exhibited stability, maintaining electron
mobilities of 0.06 cm?V~'s™! immediately after fabrication as well as after 30 months in air.
Compared to other organic n-type TFT devices, this durability is notable, as most values

significantly reduce after prolonged exposure to ambient air.!%!

PR - = -
’

.’Ar\‘ uAr' U A
|m|dazole malononitrile,
o 120°C,2h O AcOH,Ac,0, R R
120 °C, 16 h
R =0, C(CN),
tBu
20 91 92

o o NC _ o NC _ N CN NC _ N CN
CN CN CN CN CN

tBu tBu tBu tBu
93 94 95 96

Scheme 22: Synthesis of 1,2-n-expanded ullazines by the groups of Li and Miillen.

Just recently, Matsumoto's and Funabiki’s research groups also succeeded in synthesizing 1,2-
expanded ullazines (Scheme 23).1'%] They began with a DESS-MARTIN oxidation followed by
an intramolecular aldol condensation to form 98. The 1,2-n-extended ullazines were generated
through reductive ring closure reaction with hydrazine hydrate and were able to extend the

system by a benzene (100) or a thiophene (101). They studied the impact of benzene fusion by
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measuring absorption and emission spectra. Fusion of a benzene ring in 1,2-position (100) leads
to an augmented absorption with a similar fine structure compared to 21. However, the peaks
of absorbance exhibit a red shift of approx. 50 nm. Similar results can be inferred from the PL
spectrum. Thus, the fine structure closely resembles that of 21. Nonetheless, the emission
spectrum demonstrates broadening and a red shift exceeding 100 nm. Conversely, the quantum

yield is notably low (®pr = 0.03).

."Ar\,‘ .'/Ar\) ."Ar\,‘
R Res /a /)
Ph DCM, Ph
TN CO,Et t 141 TN | CO,Et NH,NH,H,0. Ph CO,Et
S
OHC oy 2 BN oHc ACOH,
DCM, 80 °C, 10 min
rt, 30 min
97 98 99
NS
Ph CO,Et Ph CO,Et
100 101

Scheme 23: Synthesis of 1,2-n-expanded ullazines by the groups of Matsumoto and Funabiki.

Also noteworthy is the innovative approach of Langer's research group, who extended
aza-doped ullazines to the 6,7-position (Scheme 24).13! First, they generated alkynylated
pyrrolo-quinolines (103) from chlorinated amino-quinoline (102) with CLAUSSON-KAAS and
SONOGASHIRA reactions. The synthesis of 104 was achieved via BRONSTED-acid mediated
cycloisomerization reaction in the final step similar to their approach for the synthesis of 5- and

31331 Compared to the 5-azaullazine (60) m-expanded 95 has a

6-azaullazines (Scheme 16).!
notably finer structured absorption for the low energy band with a bathochromic shift of 65 nm.
95 features a red shift in the PL spectrum compared to the non-expanded azaullazines, but in
comparison to 21 a blue shift. Additionally, quantum yields between 0.14 and 0.43 were

determined.
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Scheme 24: Synthesis of N-doped and m-expanded ullazines by the working group of Langer.
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2 Results and Discussion

In this chapter, the results of the publications are briefly summarized, and key findings are
presented to provide an overview of the respective work. The detailed results, such as
optimization tables, graphics, synthesized derivatives, X-Ray structures, and more, can be

found in the respective publications (chapter 4).

2.1 Synthesis and Properties of 5,7-Diazaullazines

In this publication we first focused on the synthesis of novel nitrogen-doped 5,7-diazaullazines
(108) (Scheme 25). Therefore, we started with a CLAUSSON-KAAS reaction of commercially
available 105 to form chlorinated pyrrolo-pyrimidine (106) in excellent yield. Following this,
we performed an optimization of the SONOGASHIRA reaction and were able to synthesize five
differently substituted derivates (107). In the final step we used a BRONSTED-acid mediated
cycloisomerization reaction to generate the N-doped ullazine core (108). Through optimization
of the reaction conditions, we were able to carry out the assembly in good to excellent yields

depending on the residues on the alkynes.

I\ I\
NH, _ N R “ N P R . R R
I il
C|W0|—>C|WC|_> W — N
N\¢N N\?N N\¢N N\7N

105 106 107 108
95% 5 examples 5 examples
71-96% 55-89%

Scheme 25: Synthesis of 5,7-diazaullazines. i: 2,5-dimethoxytetrahydrofuran (1.05eq.), AcOH, 1,2-
dichloroethane, reflux, 3 h. ii: alkyne (3 eq.), PA(CH3CN),Cl, (6 mol%), XPhos (12 mol%), Cul (4 mol%), 1,4-
dioxane, HN'Pr,, 90 °C, 24 h . iii: p-TsOH-H,0 (30 eq.), xylene, 140 °C, 6 h.

We investigated the optical properties of three derivatives, noting that the influence of the
substituents is rather small, except for the introduction of a dimethylaniline (DMA) group. The
DMA derivative displays pronounced solvatochromism, unlike the phenyl derivative.
Interestingly, the quantum yield (®pL =0.56) is significantly higher than that of the Ph-
derivative (®pr = 0.35). Furthermore, CV measurements revealed earlier oxidation due to the

attached donor-group.

Additionally, we thoroughly examined the incorporation of two nitrogen atoms into the ullazine
framework and compared it with 3,9-diphenylullazine (21), 3,9-diphenyl-6-azaullazine (59),
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and 3,9-diphenyl-5-azaullazine (60). DFT studies revealed a stabilization of the HOMO and
LUMO energies depending on the number and position of the nitrogen atoms, with the most
pronounced stabilization observed for 5,7-diazaullazine, followed by 5- and 6-azaullazines,
with unmodified ullazine (21) exhibiting the least stabilization. Experimentally, we investigated
the azaullazines by comparing UV-vis and PL spectra (as mentioned earlier the optical
properties of 6-azaullazine and 21 are nearly the same), as well as fluorescence lifetime
measurements. 108 shows a bathochromic shift in both the short and long wavelength regions
with the highest molar absorption for the lowest energy band. The lowest energy band for both
6- and 5-azaullazines, on the other hand, is characterized as a shoulder. Additionally, the
compounds exhibit a blue shift in emission spectra with 108 having the most impact and 6 aza-
ullazine (59) the least. Consequently, there is a decrease in the stoke shift from 6-azaullazine to

5-azaullazine to 5,7-diazaullazine.

Furthermore, the fluorescence lifetime measurements revealed a long natural lifetime (to~
129 ns) and the slowest radiative decay for 6-azaullazine, typical for a forbidden transition. A
shorter lifetime was determined for 5-azaullazine (to~ 24 ns) and the shortest for 5,7-
diazaullazine (to~ 11 ns), which on the other hand exhibits the highest radiative decay rate.
These differences clarify the lower absorption values for the first transition and the increasing
quantum yields of 6-azaullazine (®pL = 0.07), 5-azaullazine (®Opr = 0.23) and 5,7-diazaullazine

(®pL = 0.35).

We further examined the transitions of the lowest energy band using electron-hole maps. The
illustrations revealed an excited-state electron density rearrangement for ullazines 21, 59, and
60. The density shifts from the periphery to the inner rings and the internal nitrogen atom, which
indicates a short-range charge transfer. However, the novel 5,7-diazaullazine does not exhibit
this rearrangement. Instead, the electron-holes remain exclusively delocalized along the
diazaullazine perimeter. These findings strongly supported the results of the experimental
comparison and further explained the solvatochromic properties of the DMA derivative, which
on the other hand were not observed for the DMA derivatives of 6- and 5-aza ullazine. The
incorporation of two nitrogen atoms in the 5- and 7-positions changes the donor ability in the
excited state (as seen in 21, 59, and 60) into an acceptor, a phenomenon also reflected by the

CV measurements.
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2.2 m-Expanded Azaullazines: Synthesis of Quinolino-
Azaullazines by Povarov Reaction and

Cycloisomerisation

In this publication, we combined the modification of nitrogen doping, which we examined in
previous publications with m-expansion of the ullazine core (Scheme 26). Therefore, we
employed two synthetic strategies: the cycloisomerization reaction and the POVAROV reaction,
which has never been used in the construction of ullazines. Starting with the literature-known
compound 109, we performed a VILSMEIER-HAACK reaction to introduce an aldehyde at the 2-
position of the pyrrole unit (110). Subsequently, we optimized the SONOGASHIRA reaction to
establish favorable conditions, successfully synthesizing five derivatives (111) in good to very
good yields. The combination of the two different reactions required optimization and was
carried out in two independent steps, leading to the construction of novel quinolino-6-

azaullazines (112) in moderate to good yields.

0 D [y o

N N R1 S N / R1
Br N Br—=Br B A N =
| » B
N N N
109 110 111 112
(33%) 5 examp|es 11 examples
(45-87%) (21-65%)

Scheme 26: Synthesis of quinolino-6-azaullazines. i: POCl; (2 eq.), DMF, 100 °C, 3 h. ii: alkyne (3 eq.),
PdCIx(PPhs); (5 mol%), cataCXium A (10 mol%), Cul (5 mol%), 1,4-dioxane, HN'Pr,, 90 °C, 24 h. iii: 1) FeCls
(10 mol %), aniline (1.2 eq.), toluene, 100 °C, 2 h. 2) p-TsOH-H>0 (20 eq.), xylene, 120 °C, 6 h.

We conducted a detailed study on the optical properties by measuring absorption and emission
spectra, as well as investigated solvatochromism and acidochromism for selected compounds.
It became evident that the aryl residues (R') introduced during the SONOGASHIRA reaction
have almost no influence on the optical properties. However, the introduction of a DMA unit
significantly alters the spectra, causing a bathochromic shift and a loss of fine structure. The
substituents directly attached to the aromatic skeleton through employed anilines (R?) have a
much stronger influence. All derivatives exhibit moderate quantum yields between 0.19 and
0.35. Compared to known m-expanded ullazines, this novel heterocycle shows significantly red

shifted absorption and emission with comparable quantum yields.
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Solvatochromic investigations revealed similar behavior regardless of the substituents. A loss
of fine structure was observed in more polar solvents, accompanied by a red shift of the
emission. However, DMA-substituted compound additionally showed strong fluorescence
quenching, which potentially could be attributed to a twisted intramolecular charge transfer
(TICT). These observations were further supported by DFT calculations, revealing enhanced
dipole moments in the excited state for the investigated compounds, with the highest
enhancement determined for the DMA-substituted derivative. The ground state dipole moment

is uso = 4.4193 D and the excited state dipole moment is pusi = 26.2043 D.

Protonation studies with TFA in DCM demonstrated the possibility of nitrogen protonation,
which further modifies the optical properties. This results in a red shift of the absorption
maxima (~63 nm) and emission maxima (~71 nm), along with simultaneous quenching of the

fluorescence intensity.

In addition, we investigated the aromaticity of the quinolino-6-azaullazine by calculation of
nuclear-independent chemical shift (NICS) values and the bond currents. The aromaticity is
divided into two parts: the quinoline unit and the pyrroloquinoline moiety which are connected

by a benzene ring exhibiting non-aromaticity.
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2.3 Divergent Synthesis of 5,7-Diazaullazines Derivatives
through a Combination of Cycloisomerization with

Povarov or Alkyne—Carbonyl Metathesis

Based on the previous publications, we decided to combine the efficient modification of the
5,7-diazaullazines (108) with the m-expansion shown in the synthesis of quinolino-6-
azaullazines (112) (Scheme 27). We knew from previous publications that the starting materials
(114) for the POVAROV/cycloisomerization reaction, could also undergo an ACM reaction to
form non-symmetrically substituted 5,7-diazaullazines (116). We began our synthetic strategy
with chlorinated pyrrolo-pyrimidine (106), which we already had in hand, and performed a
VILSMEIER-HAAK reaction to introduce an aldehyde on the pyrrole moiety. The introduced
aldehyde did not significantly affect the yields of the products 114 during SONOGASHIRA
reaction, so we decided to use the same conditions as previously employed for the synthesis of
products 107. Subsequently, we optimized the final reactions: the combination of
POVAROV/cycloisomerization and ACM/cycloisomerization. The optimized conditions were
sufficient to produce ten examples of the quinolino-5,7-diazaullazines (115) in poor to moderate

yields and six examples of the non-symmetrically 3,8-substituetd-5,7-diazaullazines (116) in

good yields.
iii
1
I\ / \ 0O / \ 0 NN R
N N R “ N P R’ 115
CI\H\(CI i CH)\/Cl ii A ~7 | 10 examples
I | | 8-55%
NN NN NN
106 113 114 W R
41% 6 examples — > ]
45-79% N R
N\7N O
116
6 examples
51-71%

Scheme 27: Synthesis of quinolino-5,7-diazaullazines and asymmetrically substituted 5,7-diazaullazines. i: POCl3
(2 eq.), DMF, 100 °C, 3 h. ii: alkyne (3 eq.), Pd(CH3CN),Cl, (6 mol%), XPhos (12 mol%), Cul (4 mol%), 1,4-
dioxane, HN'Pr,, 90 °C, 24 h . iii: 1) FeCl; (1 eq.), aniline (1.2 eq.), xylene, 140 °C, 3 h. 2) p-TsOH-H,O (30 eq.),
xylene, 140 °C, 6 h. iv: p-TsOH-H,O (20 eq.), xylene, 120 °C, 6 h.
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During UV-vis and PL measurements, we focused on the investigation of differently substituted
quinolino-5,7-diazaullazines directly attached on the core structure (R?), as the effect of the
SONOGASHIRA residues (R') was negligible in the previous study. It was found that only the
introduction of a dimethylamino group has a significant impact, resulting in a broadened,
unstructured, and bathochromically shifted absorption with dramatically lower extinction
coefficients, as well as a red shifted emission compared to the other derivatives. This particular
derivative also exhibits a remarkably low quantum yield of 0.29 compared to the other
derivatives (OpL = 0.52-0.53). Compared to the previous publication, the introduced pyrimidine
moiety alters the properties of the quinolino-ullazine core, resulting in higher oxidation

potential, quantum yield, and red shifted absorption and emission spectra (Table 3).

On the other hand, the absorption and emission of compound 116 is clearly blue shifted in
comparison to compound 115, with higher extinction coefficients for the lowest energy band.
However, a significantly lower quantum yield was determined (®pr = 0.10). The properties of
compound 116 are very similar to its symmetrically substituted derivatives (108). However, the
introduction of a benzoyl group leads to the stabilization of HOMO and LUMO energies, a

slight red shift in fluorescence, and lower quantum yields.

Table 3: Comparison of properties of the three publications.

e

NN

108a
M abs [nm] 422
gu [10* L-mol'em™] 1.7
M.em [nm] 439
OpL 0.35
Eox. [V vs. Fc/Fc'] 1.00
Enomorcv [eV] -5.69
Enomomrr [€V] -5.60
Erumomrt [eV] -1.90
Egap [eV] 3.69
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B INTRODUCTION / \

Over the last decades, polycyclic aromatic hydrocarbons | I

(PAHs) as well as hetero-PAHs have emerged as a promising 1 \©/ ‘ =

field of organic chemistry. After initial attention on the . N7

synthesis, the fascinating and well-studied properties of these , : Balli (1992) Wang (2016) Langer (2017),
Gros (2017)

compounds came into focus, which is due to their wide range
of applications as organic electronics.’" A well-described N . /@\ “
example is ullazine, first synthesized by Balli in 1983.** This Balli (1983 1
16-n-conjugated hetero-PAH, isoelectronic to pyrene, shows \©/ | X
interesting electronic and photophysical properties, which are ‘ X=NH. O
the reason for applications in organic light-emitting diodes ¢ Liu (2018, 2021) Langer (2023) this work
(OLEDs),>* organic photovoltalc cells (OPVs),>® organic
field-effect transistors (OFETs),”” and other applications.
Modifying the ullazine backbone by introducing additional
heteroatoms leads to variations of the optoelectronic proper-
ties.”®” Particularly, nitrogen-doping has proven to be a
powerful tool for the modification of the properties due to its
ability to be added into the framework without changing the
structure.*'”'" Furthermore, the combination of boron with
nitrogen and oxygen atoms has been reported (Figure 1).*’
In addition to the structural advantages, imine-like nitrogen
atoms, as in pyridine, have the ability to reduce the LUMO
level and HOMO—-LUMO gap of hetero-PAHs and amplify
the electron-accepting properties.'” Besides the use of pyridine
subunits, the use of pyrimidine units for pyrene-like structures
is promising. For example, the group of Gade has shown that
tetraazapyrenes, containing two pyrimidine subunits, can
potentially act as n-type semiconductors.'” Moreover, it is
known that pyrimidine-containing molecules can exhibit
efficient deep blue emission as well as other interesting
photophysical properties, such as solvatochromism, and are
also suitable for applications as thermally activated delayed
fluorescence emitters.'*

Figure 1. Examples of N-doped ullazine structures.

In order to prepare the core structure of ullazines, several
strategies have been described in the literature. The first
approach by Balli (1983) used hydrolysis of dithianes in
MeOH/H,0 with HgCl, which resulted in double ring
closure.” In 2005, Takahashi reported a chromium-mediated
[4 + 2] cycloaddition of lithiated 1-phenylpyrrole with
alkynes."> The palladium-catalyzed annulation of 1-(2,6-
dibromophenyl)-1H-pyrrole with internal alkynes to form
various substituted ullazines was shown by You in 2016."°
Moreover, a photochemical pathway was described by Konig in
2016 using blue light irradiation in the presence of catalytic
amounts of rhodamine 6G and N,N-diisopropylethylamine, 1-

Received: August 7, 2023
Revised:  November 22, 2023
Accepted: January 17, 2024
Published: January 29, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.joc.3c01772

W ACS Publications 2169 J. Org. Chem. 2024, 89, 2169-2181


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Polkaehn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricardo+Molenda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+A.+Cordero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Lochbrunner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Boldt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Ehlers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Ehlers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Villinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Langer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.3c01772&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/joceah/89/4?ref=pdf
https://pubs.acs.org/toc/joceah/89/4?ref=pdf
https://pubs.acs.org/toc/joceah/89/4?ref=pdf
https://pubs.acs.org/toc/joceah/89/4?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01772?fig=fig1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.joc.3c01772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

(2,6-dibromophenyl)-1H-pyrrole, and aromatic alkynes to
produce substituted ullazines. Another possibility, which was
described by Gritzel in 2013, relies on cycloisomerization.”
The key intermediates are prepared by the Sonogashira
reaction and subsequently cyclized by a Lewis acid. Using a
Bronsted acid-mediated cycloisomerization reaction, in 2017,
we reported the synthesis of 6-azaullazines.” Recently, we
studied the synthesis of S-azaullazines and the effect of the
position of the nitrogen on the optoelectronic properties of the
azaullazine system.'” Herein, we report the first synthesis of
various substituted pyrimido[4,S,6-ij]pyrrolo[2,1,5-de]-
quinolizines (S,7-diazaullazines), in which we combined the
excellent electronic properties of ullazine with those of
electron-deficient pyrimidine. In addition, we have investigated
photophysical and electrochemical properties as well as density
functional theory (DFT) studies of selected products.

B RESULTS AND DISCUSSION

Synthesis. Our synthetic approach started from commer-
cial 4,6-dichloropyrimidin-S-amine (1). Known Clauson-Kaas
conditions could be successfully transferred to our synthesis,
producing starting material 2 in an excellent yield of 95%
(Scheme 1)."7

Scheme 1. Synthesis of Starting Material 2; (i): 2,5-
Dimethoxytetrahydrofuran, Acetic Acid, 1,2-
Dichloroethane, Reflux, 3 h

U\

NH, N
ClW)\VCI i me
N__N NN

1 2,95%

Subsequently, an optimization of the 2-fold Sonogashira
reaction was studied for the synthesis of 3a (Table 1). For the
initial test reaction, we used the conditions previously applied
during the synthesis of S-azaullazine, providing 3a in 82%
yield.'” The yield of 3a was improved by performing the
reaction in 1,4-dioxane at an elevated temperature of 90 °C
after 24 h. A shorter reaction time of 12 h caused a diminished
yield.

With the conditions of entry 2, various 4,6-bis(arylethynyl)-
S-(1H-pyrrol-1-yl)pyrimidines 3a—e were synthesized in good
to excellent yields (Table 2).

Based on the successful synthesis of precursors 3a—e, it was
possible to optimize the final step, i.e., the cycloisomerization
(Table 3). The optimization was carried out using derivative
3a. First, the reaction was performed in the presence of p-
TsOH-H,0 (30 equiv) at 120 °C in xylene as a solvent.
Similar reaction conditions showed good to excellent results in
related molecular structures previously published by our
group.g’18 The desired 5,7-diazaullazine (3a) could be
successfully obtained under these conditions, albeit, in only
38% yield. An increase of the temperature to 140 °C resulted
in a better yield of 55% (entry 2). Changing the acid to MsOH
(30 equiv) resulted in a lower yield of 34%. The use of TfOH
(5 equiv) led to significant decomposition. A further
improvement was not achieved using Lewis acids, like
Bi(OTf); and In(OTf);. In the case of In(OTf),, the reaction
time had to be increased to 20 h since, after 6 h, the starting
material was still present (TLC control). Increasing the
temperature to 170 °C using 1,2-dichlorobenzene as a solvent
yielded 3a in 57%. However, the slightly improved yield, as
compared to entry 2, does not justify the significantly
enhanced temperature. Therefore, the scope was studied
using reaction conditions: p-TsOH-H,O (30 equiv) in xylene
at 140 °C for 6 h.

The optimized reaction conditions were applied for the
conversion of 4,6-bis(arylethynyl)-S-(1H-pyrrol-1-yl)-
pyrimidines 3a—e to the desired S§,7-diazaullazines 4a—e.
The reaction tolerates various functional groups and produces
the products in good to very good yields (Table 4). Thereby,
electron-donating substituents (4c and 4e) gave better yields
compared to those of electron-withdrawing groups like 4b and
4d. This can be explained by the stabilization of the cationic
transition state (Figure Sl).19

The structure 4c was independently confirmed by X-ray
crystal structure analysis. Crystallization was performed from a
mixture of heptane and EtOAc. The cocrystallized heptane is
removed in Figure 2. The phenyl rings are twisted out of the
plane of the core structure by dihedral angles of 35°.
Furthermore, the crystal lattice exhibits an antiparallel face-
to-face 7—r-stacking with a spacing of 3.556 A.

Photophysical Properties. UV—vis absorption and
photoluminescence (PL) spectra of S,7-diazaullazines 4 were
measured in dilute dichloromethane (DCM) solutions (Figure
3 and Table 5). Previous studies have shown that function-
alized aryl groups at the 3,9-positions of the (aza)ullazine core
generally induce minor spectral changes.”®'”*® Therefore,
only compounds 4b and 4c with more potent donor and

Table 1. Optimization of the Sonogashira Reaction for 3a

phenylacetylene 3 eq.,

[Pd] 0.06 eq.,
Cul 0.04 eq.,

iPr

O PCy,
Py (XPhos) 0.12 eq., O
- %

solvent, HN'Pr,

0
N
2

T, t
acid (3 equiv) ligand
1 PdCL,(CH,CN), XPhos
2 PdCL(CH,CN), XPhos
3 PdCL,(CH,CN), XPhos

“Isolated yield.

N
| N
N__N
3a
solvent T [°C] t [h] yield” [%]
MeCN 70 24 82
1,4-dioxane 90 24 96
1,4-dioxane 90 12 79
2170 https://doi.org/10.1021/acsjoc.3c01772
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Table 2. Synthesis of 3a—e”

O ) O

NN

3a, 96%

Me,N NMe,
I\
. @
R L Z
|

NN

3¢, 91%

Me Me
a8 O
N
A Q =

|
N N

3e, 71%

F,C CF3
7\
&
A Q =

N.__N

&~

3b, 75%

N
X =Z
l\

N.__N

A

3d, 72%

“Conditions: alkyne (3 equiv), Pd(CH;CN),Cl, (6 mol %), XPhos (12 mol %), Cul (4 mol %).

Table 3. Optimization of the Synthesis of 4a

O Q O acid, O O

A = —
[ solvent, N
N =N T.t N. 2N
3a 4a
yield”
acid (eq) solvent T [°C] t[h] [%]
1 p-TsOH-H,0 xylene 120 6 38
(30)
2 p-TsOH-H,O0 xylene 140 6 SS
(30)
3 MsOH (30) xylene 140 6 34
S TfOH (5) xylene 140 6 17
4 In(OTf); (2) xylene 140 20 27
3 Bi(OT), (2) xylene 140 6 30
6 1,2-dichlorobenzene 170 6 57

p-TsOH-H,0
(30)

“Isolated yield.

acceptor groups were studied in addition to the diphenyl
derivative 4a.

As shown in Figure 3, the absorption spectrum of 4a exhibits
well-resolved bands resulting from the rigid S,7-diazaullazine
core. Three prominent absorption bands with maxima at 422
nm (¢ =17,328 M~ cm™), 338 nm (& = 11,150 M~! ecm™),
and 290 nm (g = 47,811 M™! cm™) can be observed. The
corresponding extinction coefficients indicate that these are
optically allowed transitions and therefore assigned to 7—r*
transitions. The emission spectrum with a maximum at 439 nm
shows mirror symmetry with respect to the lowest energy
absorption band, indicating that the band corresponds to the
S, state. The intensity distribution of the vibronic sub-bands
and the small Strokes shift (A1) of 17 nm further suggest only
a slight displacement between the ground (S,) and first excited
(S;) state potential energy surfaces (PES) and thus a small
reorganization energy.

Fluorinated 4b shows an absorption and emission profile
comparable to 4a with lower molar absorptivity and a slight red

2171

shift of the absorption and emission maxima by 4 and 10 nm,
respectively. In contrast, the introduction of dimethylamino
donor moieties at the peripheral phenyl groups leads to
remarkable changes in the optical properties. For instance, the
lowest energy absorption band of 4c increases in intensity with
respect to 4a, while A ™) remains at 422 nm (e = 23,805
M~ cm™"). Moreover, broad absorption bands in the range of
~411 to 330 nm with peaks around 395 and 372 nm are
observed. These bands are absent in 4a and 4b and are
therefore associated with transitions involving the amino
substituents, for which charge transfer (CT) character can be
expected. In addition, the maxima of the higher energy
absorption bands show a blue shift relative to 4a and 4b along
with a significant decrease in molar absorptivity for the high
energy band at 4 = 285 nm (& = 27,365 M~ cm™). Thus, a
strong modulation of the electronic transitions with distinct
solute—solvent interactions by the introduction of amino
donor groups becomes apparent. This is even more evident in
the PL spectrum, which displays a broadened unstructured
emission band with a maximum at 480 nm, corresponding to a
red shift of 41 nm with respect to 4a. These spectral features
indicate an intramolecular charge transfer (ICT) for 4c upon
photoexcitation.

All three §,7-diazaullazine derivatives exhibit distinct
fluorescence in DCM solution with fluorescence quantum
yields (®g) in the range of 33—56% using coumarin 153 in
cyclohexane as a reference.”” Compounds 4a and 4b emit
fluorescence in the deep blue region of the electromagnetic
spectra with similar quantum yields of 35 and 33%,
respectively, while 4c emits blue-cyan fluorescence with an
enhanced quantum efficiency of ®g 56%. The optical
bandgaps determined from the intersection of the normalized

absorption and emission spectra are similar and range between
2.84 and 2.88 eV, with the lowest being determined for 4c
(Table 5).

To confirm the ICT nature of the lowest energy excited state
of 4c, solvatochromic studies were performed and compared
with 4a (Figure 4). As can be seen in the spectra of 4a in
various solvents, the solvent polarity shows a negligible effect
on the position of the maxima and the fine structure of the

https://doi.org/10.1021/acs.joc.3c01772
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Table 4. Synthesis of 4a—e”

N N

~~
4e, 87%

F3C Eiln

4d, 54%

“Conditions: p-TsOH-H,0 (30 equiv), xylene, 140 °C, 6 h.

Figure 2. X-ray structure of 4c. Left: top view. Right top: top view of the packing structure. Right bottom: side view of the packing structure.
Thermal ellipsoids are drawn at the 50% probability level.

absorption and emission bands. Therefore, it can be concluded
that the dipole moment of 4a does not change significantly
upon excitation, which is supported by the time-dependent
DFT (TD-DFT) calculated change of the dipole moment
between the S, and S, states (4a: ugy = 6.1846 D ug =
7.6453). In contrast, 4c shows pronounced solvatochromic
behavior. For instance, the extinction coeflicient of the lowest
energy transition is significantly higher in more polar solvents
(DCM: € = 23,805 M~ cm™!, MeCN: € = 21,084 M~} cm™},
ethanol: &£ = 33,000 M~ cm™") as compared to that of toluene
(e = 15,724 M™! cm™), and polarity-specific solute—solvent
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effects on the absorption profiles at shorter wavelengths
become apparent. However, the energy of the S, transition
changes only marginally in the different solvents, implying that
solvent-mediated stabilization of the S state is not significant.

In the emission spectra, a gradual red shift of the emission
band with inhomogeneous broadening is observed with
increasing solvent polarity. The emission maximum shifts
bathochromically from 434 nm in toluene to 542 nm in
ethanol along with a large Stokes shift of Al = 118 nm,
resulting in a modulation of the emission color from deep blue
to yellow. This confirms the ICT character of the lowest

https://doi.org/10.1021/acs.joc.3c01772
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Figure 3. UV/vis (left) and PL spectra (right, A, = 400 nm) of 4a—c in DCM (c = 107> M) at 20 °C.

Table 5. Spectroscopic Data of 4a—c in DCM (c = 107> M)

at 20 °C
4a 4b 4c

Awst [nm] (g [10* M~'em™]) 290 (4.8) 290 (3.6) 285 (2.7)
Awsz [nm] (g, [10* M~'em™]) 311 (0.9) 311 (0.7) 317 (2.0)
Awss [nm] (g5 [10* M~'em™]) 338 (1.1) 338 (0.9) 372 (2.5)
Aavss [nm] (g, [10* M~'em™]) 402 (1.7) 405 (0.9) 395 (2.5)
Awss [nm] (g5 [10* M~'em™]) 422 (1.7) 426 (1.4) 422 (24)
Aemi [nm] 439 449 480
Aem [nm] 462° 473"
Eg(opt.) [eV] 2.88 2.86 2.84
D5 [%] 33 33 56

“Fluorescence standard: coumarin 153 in cyclohexane (® = 0.9).*°
“Indicates a shoulder.

electronic transition in 4c, driven by a large, enhanced dipole
moment in the excited state (p ., (4¢c): ugy = 9.9618 D, pg; =
18.3813 D) and an associated stabilization of the 'CT state by
the solvent polarity.”" In this context, the vibrationally resolved
PL spectrum in toluene with a small Stokes shift of A1 = 14
nm indicates that the 'CT state is not sufficiently stabilized in
low-polar solvents so that emission in toluene arises from the
locally excited ('LE) state.

The determined quantum yields in different solvents using
coumarin 153 in cyclohexane as ref 20 gave similar values for
4a: toluene (®p = 40%), DCM (®p = 35%), MeCN (®g =
32%), and ethanol (®y = 39%), with the increase of the latter
possibly due to hydrogen bonding effects. On the other hand,
the quantum yields for 4c: toluene (®@p = 44%), DCM (®@y =
56%), MeCN (@ = 29%), and ethanol (®y = 18%) show a
significant decrease for more polar solvents, as is common for
CT states. However, the improved quantum efficiency in
CH,Cl, and the relatively high ®; values retained in
acetonitrile and ethanol render 4c with interesting CT
properties, and, to the best of our knowledge, a donor-
substituted (aza)ullazine with such CT features has not been
reported before.

Next, the redox properties of 4a and 4c were explored by
means of cyclic voltammetry (CV) (Figure S). Measurements
were carried out in DCM with 0.1 M n-Bu,NPF; as a
supporting electrolyte, a glassy carbon working electrode, a
platinum counter electrode, ferrocene as a standard, and a scan
rate of 100 mV/s. Thereby, 4a shows a distinct oxidation
potential at 1.00 V vs Fc*/Fc with an onset potential of 0.85 V
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vs Fc'/Fc, whereas 4c shows a rather broadened oxidation
potential with a peak at 0.89 V vs Fc'/Fc and an onset
potential of 0.40 V vs Fc"/Fc. The voltammograms reveal that
these are irreversible oxidation processes. In comparison, the
onset potential of 4c is significantly lower than that of 4a and
most likely attributed to the oxidation of the amino donor
moieties. Using the determined onset potentials, the HOMO
level of 4a and 4c was calculated. Thereby, the HOMO level of
ferrocene is considered to be 4.80 eV below the vacuum
level.”* The calculated HOMO energies are —5.69 eV (4a) and
—5.20 eV (4c).

To gain further insight into the electronic properties and
transition characters, DFT and TD-DFT calculations were
performed with Gaussian09”° at the B3LYP/6-31G(d,p) level
of theory in combination with a polarizable continuum model
(PCM) of dichloromethane using the integral equation
formalism variant (IEFPCM) to include solvent effects. As
depicted in Figure 6, the HOMO and LUMO of 4a are mainly
distributed along the diazaullazine periphery, with the LUMO
extending further into the aryl side groups. In contrast, the
HOMO of 4c is predominantly located at the N,N-
dimethylaniline units, while the LUMO is primarily located
at the central diazaullazine core, thus showing the spatial
separation between the donor and acceptor. Additionally,
compound 4a shows lower HOMO and LUMO energy levels
and a larger band gap compared to those of 4c. The energies
and trends from the calculations are in very good agreement
with the experimental results from the UV/vis and CV
measurements.

Comparison of the HOMO and LUMO energies and band
gaps of ullazine () with those of singly N-doped 6-azaullazine
(6) and S-azaullazine (7) further demonstrate that the
introduction of nitrogen atoms leads to considerable
stabilization of the HOMO and LUMO energy levels with
respect to ullazine 5. The band gap, on the other hand, is
hardly affected. Furthermore, the stabilization is significantly
stronger when nitrogen is introduced in the S-position than in
the 6-position. This can be explained by the larger orbital
coeflicients in the S-position compared to those in the 6-
position, which is placed on the nodal planes of both the
HOMO and LUMO of ullazine. Consequently, the doping of
nitrogen in both the S- and 7-positions results in the largest
stabilization effect on the HOMO and LUMO energies with a
slightly larger band gap.

https://doi.org/10.1021/acs.joc.3c01772
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Figure 5. Cyclic voltammograms of 4a and 4c, which were measured in DCM (¢ = 107> M) with 0.1 M n-Bu,NPF as a supporting electrolyte, a
glassy carbon working electrode, and a Pt counter electrode with ferrocene as a standard at a scan rate of 100 mV/s. The direction of the scan is
reductive with a starting potential of 1.5 V and a switching potential of —1.5 V. CVs are plotted using the IUPAC convention and shown in the

anodic range between —0.5 and 1.5 V.

The calculated S, < S excitation energies of 4a and 4c gave
excellent agreement for 4c (1 = 424 nm, A, = 422 nm),
while the B3LYP functional significantly overestimates the
experimental value for 4a (., = 422 nm) by 0.31 eV (4, =
381 nm). Better agreement with the experiment is obtained
with the PBE functional predicting the S, transition of 4a at
413 nm, which reduces the error to 0.06 eV. Regardless of the
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accuracy of the excitation energy, both functionals provide the
same qualitative result for the S; « S, transition of 4a, which is
predicted to be dipole-allowed and dominated by the HOMO
— LUMO excitation (Tables 14 and 17). The same dominant
MO contribution is given for 4c (f = 0.6870), thus confirming
the LE character in 4a and the ICT in 4c (Table S16). In
addition, the higher energy transitions of 4c are also predicted
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Figure 6. Frontier molecular orbitals, energy levels, and corresponding energy gaps of ullazine (5) and various aza-ullazines calculated at the
B3LYP/6-31G(d,p) level of theory in DCM.

Table 6. Photophysical, Electrochemical, and Theoretical Data of 6-Azaullazine (6), 5-Azaullazine (7), and $,7-Diazaullazine
(4a) in DCM

UV—vis/fluorescence CcvV DFT’
Abe AL EP  @oed g d k [107  k,[107 HOMO" E,,  HOMO LUMO E8
[om] A, “[nm]  [nm] fev] (%] [ns] 7y [ns] s~ s7'] [eV] [Vj [eV] [eV] [eV]
430 487 57 2.75 78 9.0° 128.6% 0.7 10.3 —5.26 0.46° -5.07 —1.48 3.59
7 443 469 26 2.76 23 5.6 24 4.1 13.7 —5.36 0.56"7 —-521 —-1.62 3.59
4 422 439 17 2.88 35 37 11 9.5 17.6 —5.69 1.00 —5.60 -1.91 3.69

“Excited at A = 400 nm. “Determined from the intersection of the normalized absorption and emission spectra. “Fluorescence standard: coumarin
153 in cyclohexane.” dMeasurgd in air. “Amplitude-weighted average lifetime (z,,). Natural lifetime. SEstimated using 7. hEstimated from
E(nomoy = —e(4.8 + E, oY), "Potential vs Fc'/Fc. /Calculated at the B3LYP/6-31G(d,p) level of theory in CH,Cl,.
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Figure 7. Comparison of UV/vis (left) and PL spectra (right, 4., = 400 nm) of 4a, 6, and 7 in DCM (c = 107> M) at 20 °C. Inset in UV/vis
spectra: lowest energy absorption bands of 4a, 6, and 7 in logarithmic scale.

with CT properties, of which the S, < Sy (f= 0.1945) and S; properties, singly doped ullazines 6, 7, and diazaullazine 4a

« Sy (f = 0.2904) transitions are dipole-allowed at 400 and were compared. The corresponding photophysical, electro-
362 nm, respectively, which is in good agreement with the chemical, and theoretical data are summarized in Table 6. The
experimentally observed absorption bands at 395 and 372 nm. absorption and PL spectra of the three aza-ullazine derivatives
To illustrate the impact of the position and number of in CH,Cl, are depicted in Figure 7. Compared to 6-azaullazine
nitrogen atoms in the ullazine backbone on the optoelectronic 6, which has been shown to have nearly identical spectral
2175 https://doi.org/10.1021/acsjoc.3c01772
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Figure 8. Top: structures of ullazine (5), 6-azaullazine (6), S-azaullazine (7), and S,7-diazaullazine (4a) with point group symmetry and transition
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distributions, respectively (isovalue 0.003 au).

properties to ullazine 5,%'"*” 5-azaullazine 7 exhibits red shifts

in the long wavelength region with a decrease in molar
absorptivity, while the positions of the short wavelength
absorption bands change only marginally. S,7-diazaullazine 4a,
on the other hand, shows red shifts in both the short- and long-
wavelength regions of the absorption spectrum and the highest
molar absorptivity for the lowest energy absorption band
among the nitrogen-doped ullazines. Accordingly, the S; « S,
absorption in 4a (A4, = 422 nm, £ = 17,328 M~ em™) is
intense, while weak bands are seen for the singly doped
ullazines, with extinction coefficients increasing from 6 (A, =
~ 430 nm, £ = 1781 M~ ecm™) to 7 (A = ~ 443 nm, & =
3024 M~! cm™). The Stokes shift decreases from a relatively
large value for 6 (57 nm) to 7 (26 nm) to 4a (17 nm) with a
gradual blue shift of the emission maxima and a change in the
vibronic intensity distribution with a narrowing of the emission
bands. This leads to an emission color change from green for 6
to deep blue for 4a and shows the strong impact on the optical
properties by the position and the number of nitrogen atoms
within the ullazine backbone.

This is further elucidated by time-resolved measurements
(for details, see Supporting Information), which show that the
radiative decay rate (k, = 1/(z5 X ®)) for 6 determined from
the fluorescence lifetime 73 and quantum yield @y (see Table
6) is fairly slow (k, = 0.7 X 107 s™') and thus typical of a
forbidden transition by the Strickler—Berg relation, which is
also fully in line with the long natural lifetime of 7, ~ 129 ns.*
Compared to 6, lower-symmetry S-azaullazine 7 shows a more
than S times shorter lifetime (7, 24 ns) with an
approximately 6-fold increase of the radiative decay rate (k,
= 41 X 107 s7'). These values are similar to those of
isoelectronic 2-azapyrene (7, = ~ 28 ns, k, = 3.6 X 10’ s™! in
DCM), for which the weak S; < S, absorption band increases
in intensity due to the symmetry-lowering by nitrogen doping
of pyrene.”’ On the other hand, the incorporation of nitrogen
in positions 5 and 7 of the ullazine core (4a) results in the
shortest lifetime (7, = 11 ns) and the highest radiative decay
rate (k, = 9.5 X 107 s7') among the three aza-ullazine
derivatives.
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Consequently, the intensities of the S, < S, absorption
should be weak for 6 and 7 and increase in the order 6 < 7 <
4a, which fully agrees with that of the extinction coefficients of
the lowest energy absorption bands in the UV—vis spectra.
Thus, the position and number of nitrogen atoms in the
ullazine backbone determine how allowed the S; « S,
transition is, which also explains the increasing quantum yields
from 6 (7%%) over 7 (23%) to 4a (35%). Nevertheless, the @y,
value remains moderate even for 4a as the nonradiative decay
rates (k,,) are higher than the k, rates in all aza-ullazines (Table
6). Moreover, from the above results, it is further derived that
the A, values of 6 (391 nm, € = 12,571 M~ cm™) and 7
(405 nm, € = 9450 M cm_l) for the low-energy absorption
bands must correspond to the S, « S, transition, as was
previously suggested for 6."'

These results are fully consistent with TD-DFT calculations,
which are in accordance with ullazine § the S; « S, transition
of 6-azaullazine (6) with vanishing oscillator strength (f =
0.0000) polarized along the short molecular axis and nearly
fully represented by the singly excited configuration of HOMO
— LUMO + 1 (95.9%), while the long axis polarized dipole-
allowed HOMO — LUMO excitation (f = 0.2800)
corresponds to the S, « S, transition (Tables S18 and S19).
Incorporation of nitrogen in position 5 of the ullazine core
adds a HOMO — LUMO contribution to the S; « S,
transition, and the lowest energy electronic transition in 7 is
described by a combination of HOMO — LUMO + 1 (59.7%)
and HOMO — LUMO (36.4%) excitations with a slightly
increased oscillator strength (f = 0.0265) as compared to that
of 6. Upon doping of nitrogen in the 5- and 7-position, the two
lowest singlet excited states in ullazine switch the energetic
order, and the S; « S transition of 4a corresponds to the long
axis polarized dipole-allowed HOMO — LUMO excitation
(90.3%) (f = 0.1564).

The electron—hole maps™* of the corresponding S; « S,
transitions (Figure 8) illustrate that the excited-state electron
density rearrangement in S, 6, and 7 leads to electron-rich
regions within the two central rings of the short molecular axis
including the inner nitrogen. However, compared to 5 and 6,
an asymmetry in the electron density reorganization and the
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resulting spatial distribution of hole-rich and electron-rich
regions is shown for 7, which can be attributed to the mixed
double excitation character with the HOMO — LUMO
contribution as a result of the lower molecular symmetry. In
contrast to the excited-state electron density rearrangement in
S, 6, and 7, the electron—holes in 4a are exclusively delocalized
along the diazaullazine perimeter, without the participation of
the central nitrogen and carbon atoms localized in the nodal
plane.

Consequently, the S; « S, transition of S, 6, and 7 is
interpreted as a short-range CT (SRCT)-like excitation of the
zm* character. Since electron redistribution occurs within short
distances, the SRCT retains the local emission nature and thus
differs strongly from the long-range charge transfer (LRCT)
observed for 4c with pronounced solvatochromism. This is
nicely illustrated by comparing the dimethylaniline derivatives
of 6-azaullazine (8) and S-azaullazine (9) with §5,7-
diazaullazine 4c, where the SRCT (HOMO — LUMO+1 for
8§, HOMO — LUMO+1/HOMO — LUMO for 9) is
predicted to dominate over the LRCT (HOMO — LUMO)
in the S state for 8 and 9, while the reverse order applies to 4¢
(Tables S21—22). These predictions are in full agreement with
the experimental results of the solvatochromic studies, which
confirm that, unlike 4c, the emission wavelengths of 8 and 9
are virtually independent of the solvent polarity (Figures SS—
6).

From the combined experimental and theoretical studies, the
change in the vibronic intensity distribution with narrowing of
the emission bands can be rationalized by the different
transition characteristics of the S; « S transition, for which
the relaxation energy, and thus, the relative shift of the
potential energy surface (PES) between the S, and S, states
decrease in the order 6 > 7 > 4a. Comparative results from the
dimethylaniline donor derivatives of the different aza-ullazines
further highlight the intriguing changes of the photophysical
properties caused by the doping of nitrogen in the §,7-
positions, switching the ullazine donor moiety’ into an
acceptor unit in the excited state. This is also reflected in the
CV data, where the typical donor strength of ullazine 5 (E;/, =
0.38 V vs Fc*/Fc)?" is less affected in 6 (0.46 V vs Fc*/Fc) and
7 (0.56 V vs Fc*/Fc), while the donating properties strongly
decrease in 5,7-diazaullazine 4a (1.00 V vs Fc*/Fc), as shown
by the more than 2-fold higher oxidation potential as
compared to that of ullazine S.

Finally, an investigation of the magnetic behavior was
performed using the nuclear-independent chemical shift
(NICS) method as a criterion of aromaticity.”>*® The
calculations were performed at the GIAO/B3LYP/6-311+G-
(d,p) level of theory with the B3LYP/6-311G(d,p) gas-phase
optimized ground-state structures. NICS(1.25),, values were
determined to describe the “local aromaticity”.”> Additionally,
the ring currents were calculated and visualized to perform a
more detailed analysis of the aromaticity. Visualization of the
bond current (NICS2BC) was 6perf0rmed using the BC-Wizard
program (Figures 9 and 10).2

5,7-Diazaullazine (4") has negative NICS(1.7),; values in all
rings, with a stronger aromaticity predicted for the pyrrole
moiety (Figure 9). This is also reflected in the ring current
map, where a clear local diatropic ring current can be seen in
the pyrrole unit, whereas the other rings do not exhibit any
local ring currents. However, a global diatropic ring current is
shown along the perimeter of 4’, which also displays a stronger
current strength in the pyrrole moiety. From the X-ray
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Figure 9. NICS calculations and bond current map for S,7-
diazaullazine (4'). Top left: structure of 4’ with respective
NICS(1.7); values in the center of each ring. Top right: NICS2BC
bond current graph (current was calculated from NICS(1.25)z,,
strength relative to I (ring current of benzene, 11.5 nA T™')).
Bottom center: crystal structure of 4c and bond lengths. Peripheral
aryl groups and hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are drawn at the 50% probability level.
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Figure 10. NICS and bond current maps for ullazine (5'), 6-
azaullazine (6’), and S-azaullazine (7’); left: structures of §’, 6, and
7' with respective NICS(1.7),; values in the center of each ring.
Right: NICS2BC bond current graphs (currents were calculated from
NICS(1.25),,, strength relative to I (ring current of benzene, 11.5
nA T7Y)).

structure, it can be deduced that the longest C—C bonds
(marked in red) as well as the shortest C—C bond (marked in
blue) are located in the central ring. These results indicate the
lower conjugation/aromaticity in these rings, which also
emerge from the calculations.

For comparison, the NICS(1.7),; values and bond currents
of ullazine (5), 6-azaullazine (6’), and S-azaullazine (7’) were
calculated. Herein, both 5’ and 6’ show identical NICS(1.7),;
values and bond currents, highlighting that the introduction of
nitrogen in the 6-position does not alter the aromaticity of the
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ullazine core. Moving the nitrogen to the S-position leads to
slightly increased aromaticity in the central rings, as indicated
by the NICS(1.7),;, values, while the pyridine and pyrrole
rings are hardly affected. Moreover, the ring currents of 7’
differ from those of §” and 6’ in which a decrease of the local
ring current is observed in the pyridine unit, while the global
ring current is more pronounced. This trend continues for 4/,
leading to an even stronger effect on the global ring current
and comparable NICS values in the central rings and the
pyrimidine moiety. Overall, doping by nitrogen in the 5- and 7-
positions leads to an enhanced global diatropic ring current.
Thus, the aromaticity of 4’ differs from the other (aza)ullazine
core structures, which emphasizes the modification potential
by the introduction of nitrogen in the 5,7-positions.

B CONCLUSIONS

A series of diversely functionalized §,7-diazaullazines were
synthesized via a three-step synthesis consisting of Clauson-
Kaas, Sonogashira, and Brensted acid-mediated cycloisomeri-
zation reactions in good yields. The electrochemical and
photophysical behavior due to the introduction of nitrogen
atoms in the 5,7-positions of the ullazine core is remarkable
and differs strongly from that of singly doped S- and 6-
azaullazines. In evaluation of the excited-state dynamics, the
natural lifetimes decrease from a quite long lifetime in 6-
azaullazine 6 (7, ~ 129 ns) to S-azaullazine 7 (7, = 24 ns) to
S,7-diazaullazine 4a (7, = 11 ns), while the k, and ®y values
increase steadily. TD-DFT calculations indicate that the energy
of the “dark” S, state in ullazine, originating from a zz*
transition with the expected local short-range charge transfer
character, becomes destabilized as a function of the position
and number of nitrogen atoms in the ullazine backbone and
finally switches the energetic order with the “bright” 7z*-state
in 5,7-diazaullazine. DFT calculations and electrochemical
measurements further show that the HOMO and LUMO
energies are successively stabilized depending on the position
and number of nitrogen atoms and are most pronounced by
the incorporation of nitrogen atoms in the 5,7-positions. As a
result, the usually strong donor properties of ullazine are
strongly reduced in S,7-diazaullazine, turning the ullazine
donor into an acceptor in the excited state, as demonstrated by
the strong ICT with pronounced solvatochromism of donor-
substituted diazaullazine 4c. Aromaticity investigations also
reveal improved global ring currents by the doping of nitrogen
in the 5,7-positions of the ullazine scaffold. Thus, the
incorporation of a pyrimidine unit into the ullazine backbone
gives rise to strongly modulated optoelectronic properties.

B EXPERIMENTAL SECTION

General Information. The nuclear magnetic resonance spectra
(IH/13C/19F NMR) were recorded on a Bruker AVANCE 300 III,
250 II, or 500. The analyzed chemical shifts 6 are referenced to the
residual solvent signals of the deuterated solvent CDCl; (6 = 7.26
ppm/77.0 ppm). Multiplicities due to spin—spin correlation are
reported as follows: s = singlet, d = doublet, dd = double doublet, t =
triplet, m = multiplet, and further described through their coupling
constants J. Infrared spectra (IR) were measured as attenuated total
reflection (ATR) experiments with a Nicolet 380 FT-IR spectrometer.
The signals were characterized through their wavenumbers o and their
corresponding absorption as very strong (vs), strong (s), medium
(m), or weak (w). UV/vis spectra were recorded on a Cary 60 UV—
vis spectrophotometer and emission spectra with an Agilent Cary
Eclipse fluorescence spectrophotometer. Time-resolved fluorescence
signals were recorded with a streak camera (Streakscope C10627,
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HAMAMATSU PHOTONICS). The excitation pulses with a
wavelength of ~380 nm were generated with a noncollinear optical
parametric amplifier (NOPA). The NOPA was pumped with laser
pulses at 775 nm from a Ti:sapphire laser system (CPA 2001, CLARK
MXR, INC.) with a repetition rate of 1 kHz. Cyclic voltammograms
were measured at room temperature in DCM (¢ = 107> M) with 0.1
M n-Bu,NPF as a supporting electrolyte, a glassy carbon working
electrode, ANE2 (Ag/AgNO; 0.01 M in CH;CN) as a reference
electrode, and a Pt counter-electrode (0.5 mm diameter platinum
wire) with ferrocene (¢ = 107> M in CH;CN) as an external standard
at a scan rate of 100 mV/s. The potentiostat used was an EmStat 3
blue from PalmSense. The working electrode was a 3 mm diameter
(length 80, 6.35 mm outer diameter) glassy carbon disk electrode in a
Kel-F coating that was polished on a polishing pad in aqueous
alumina slurry (0.03 pm alumina powder). The solvents were
deoxygenated by purging them with argon. The potential was given vs
Fc/Fc+. The direction of the scan was reductive with a starting
potential of 1.5 V and a switching potential of —1.5 V. Cyclic
voltammograms were plotted using the ITUPAC convention and are
shown in the anodic range between —0.5 and 1.5 V. Basic and high-
resolution mass spectra (MS/HRMS) were measured on instruments
which were paired with a preceding gas chromatograph or liquid
chromatograph. The samples were ionized through electron impact
ionization (EI) on an Agilent 6890/5973 or Agilent 7890/5977 GC—
MS system equipped with a HP-S capillary column using helium
carrier gas or by applying electron spray ionization (ESI) on an
Agilent 1200/6210 Time-of-Flight (TOF) LC—MS spectrophotom-
eter. Melting points (mp) were determined by Micro-Hot-Stage
GalenTM III Cambridge Instruments and are not corrected. X-ray
single-crystal structure analysis was performed on a Bruker Apex
Kappa-II CCD diffractometer.

Analytical Data. 4,6-Dichloro-5-(1H-pyrrol-1-yl)pyrimidin (2).
One equiv (30.5 mmol, S g) of 4,6-dichloropyrimidin-S-aminen (1)
was dissolved in 25 mL of acetic acid and 25 mL of 1,2-
dichloroethane. Then, 2,5-dimethoxy-tetrahydrofuran (1.05 equiv,
32 mmol, 4.2 mL) was added. The solution was heated for 3 h under
reflux in an oil bath. After cooling to room temperature, the reaction
solution was extracted three times with dichloromethane. The
combined organic phases were dried over Na,SO,, the solvent was
distilled off in vacuo, and the residue was purified by column
chromatography (heptane/EtOAc $:1) to give the colorless product
in 95% (28.9 mmol, 6.18 g) yield. The NMR data agree with the
already published NMR data.”” 'H NMR (300 MHz, CDCL,): § =
8.79 (s, 1H), 6.75—6.72 (m, 2H), 6.45—6.43 (m, 2H). *C{'H} NMR
(75 MHz, CDCL): & = 1602, 156.3, 132.7, 121.5, 111.0.

General Procedure A for the Synthesis of 4,6-Bis(phenylethynyl)-
5-(1H-pyrrol-1-yl)pyrimidine (3a—e). In a pressure tube, 1 equiv
(0.94 mmol, 200 mg) of 4,6-dichloro-5-(1H-pyrrol-1-yl)pyrimidine
(2), 0.06 equiv (0.06 mmol, 15 mg) of PdCL,(CH;CN),, 0.04 equiv
(0.04 mmol, 7 mg) of Cul, and 0.12 equiv (0.11 mmol, 54 mg) of
XPhos were dissolved in HN'Pr, (1 mL/200 mg) and 1,4-dioxane (2
mL/200 mg) under argon counter current. Then, 3 equiv (2.82
mmol) of the respective alkyne was added to the solution with
stirring. The pressure tube was sealed with a Teflon cap, and the
solution was stirred for 24 h at 90 °C in a heating block. The reaction
solution was cooled to room temperature, quenched with distilled
water, and extracted three times with ethyl acetate. The combined
organic phases were dried over Na,SO,, the solvent was distilled off in
vacuo, and the residue was purified by column chromatography
(Hep/EtOAc) to give the desired products (3a—e).

4,6-Bis(phenylethynyl)-5-(1H-pyrrol-1-yl)pyrimidine (3a). Ac-
cording to general procedure A, title compound 3a was obtained as
a brown solid in 96% (0.90 mmol, 311 mg) yield. mp 103—10S °C.
= 0.39 (Hep/EtOAc 3:1). '"H NMR (300 MHz, CDCl,): § = 9.09 (s,
1H), 7.47-7.31 (m, 10H), 7.11-7.09 (m, 2H), 6.49—6.47 (m, 2H).
BC{'H} NMR (75 MHz, CDCL;): § = 156.7, 147.7, 137.5, 132.6,
130.3, 128.5, 122.5, 120.8, 109.9, 99.2, 84.3. IR (ATR, cm™): 7 =
2213 (s), 1539 (s), 1492 (s), 1484 (s), 1440 (s), 1409 (s), 1348 (s),
962 (m), 917 (m), 752 (s), 727 (vs), 684 (vs). MS (EI, 70 eV): m/z
(%) = 345 (100, M*), 344 (75), 343 (22), 342 (10), 319 (6), 318
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(16), 317 (14), 316 (16), 315 (6), 268 (5), 158 (5), 144 (6). HRMS
(ESI-TOF): caled for CyHiN; ([M + HJ*), 346.1344; found,
346.1352.
5-(1H-Pyrrol-1-yl)-4,6-bis((4-(trifluoromethyl)phenyl)ethynyl)-
pyrimidine (3b). According to general procedure A, title compound
3b was obtained as a yellow solid in 75% (0.70 mmol, 339 mg) yield.
mp 149—151 °C. R; = 0.45 (Hep/EtOAc 2:1). '"H NMR (300 MHz,
CDCLy): 6 = 9.15 (s, 1H), 7.64—7.53 (m, 8H), 7.10~7.07 (m, 2H),
6.51-6.47 (m, 2H). BC{'H} NMR (126 MHz, CDCl,): § = 157.0,
147.5, 138.2, 132.8, 131.9 (q, J = 33.0 Hz), 125.5 (q, ] = 3.7 Hz),
124.4,123.6 (q, ] = 272.5 Hz), 122.5, 110.3, 97.1, 85.7. F{'H} NMR
(282 MHz, CDCl;): § = —63.16. IR (ATR, cm™): ¥ = 2213 (m),
1319 (vs), 1164 (s), 1123 (s), 1107 (vs), 1065 (vs), 1012 (s), 962 (s),
843 (vs), 734 (vs), 723 (s). MS (EI, 70 eV): m/z (%) = 481 (100,
MY), 480 (50), 479 (8), 454 (11), 412 (8), 411 (9), 410 (5), 384 (6),
206 (S), 192 (6), 182 (6). HRMS (ESI-TOF): calcd for C,H,,F¢N,
([M + H]"), 482.1092; found, 482.1098.
4,4’-((5-(1H-Pyrrol-1-yl)pyrimidine-4,6-diyl)bis(ethyne-2, 1-diyl))-
bis(N,N-dimethylaniline) (3c). According to general procedure A,
title compound 3c was obtained as an orange solid in 91% (0.86
mmol, 371 mg) yield. mp 198—201 °C. R, = 0.38 (Hep/EtOAc 1:1).
'H NMR (250 MHz, CDCL): & = 8.95 (s, 1H), 7.35—7.28 (m, 4H),
7.11=7.07 (m, 2H), 6.64—6.56 (m, 4H), 6.46—6.42 (m, 2H), 3.00 (s,
12H). BC{'H} NMR (63 MHz, CDCL;): § = 156.6, 151.3, 147.8,
136.0, 1342, 122.5, 111.5, 109.2, 107.0, 102.3, 84.1, 40.0. IR (ATR,
cem™Y): U = 2188 (s), 2174 (s), 1601 (s), 1527 (vs), 1362 (vs), 1350
(vs), 1230 (s), 1183 (s), 1160 (vs), 1094 (s), 1067 (s), 964 (vs), 921
(s), 818 (vs), 795 (s), 727 (vs). MS (EI, 70 eV): m/z (%) = 431 (100,
M"), 430 (31), 381 (30), 216 (40), 215 (44), 208 (23), 207 (26), 185
(29), 147 (20), 134 (22), 109 (22), 107 (20). HRMS (ESI-TOF):
caled for CogH N ([M + H]*), 432.2188; found, 432.2184.
4,6-Bis((4-fluorophenyl)ethynyl)-5-(1H-pyrrol-1-yl)pyrimidine
(3d). According to general procedure A, title compound 3d was
obtained as a brown solid in 72% yield (0.68 mmol, 258 mg) mp
129-133 °C. Ry = 0.38 (Hep/EtOAc 3:1). '"H NMR (300 MHz,
CDCLy): 6 = 9.09 (s, 1H), 7.47—7.40 (m, 4H), 7.09—7.00 (m, 6H),
6.49—6.45 (m, 2H). ¥ C{'"H} NMR (75 MHz, CDCl,): § = 163.7 (d,
J=253.3 Hz), 156.8, 147.7, 137.5, 134.8 (d, ] = 8.9 Hz), 122.5, 116.9
(d, J = 3.5 Hz), 116.0 (d, J = 22.3 Hz CH), 110.0, 98.2, 84.0 (d, ] =
1.6 Hz). YF{'H} NMR (282 MHz, CDCl,): § = —106.70. IR (ATR,
em™): U = 2215 (m), 1537 (s), 1506 (s), 1484 (s), 1230 (s), 1222
(s), 1156 (s), 832 (vs), 800 (s), 719 (s), 530 (s), 501 (s). MS (EI, 70
eV): m/z (%) = 381 (100, M"), 380 (98), 379 (55), 378 (12), 355
(13), 354 (32), 353 (25), 352 (31), 290 (13), 180 (14), 176 (21).
HRMS (ESI-TOF): caled for Cp,H,,F,N; ([M + H]*), 382.1156;
found, 382.1165.
5-(1H-Pyrrol-1-yl)-4,6-bis(p-tolylethynyl)pyrimidine (3e). Accord-
ing to general procedure A, title compound 3e was obtained as a
yellow solid in 71% (0.67 mmol, 250 mg) yield. mp 94—97 °C. R; =
0.39 (Hep/EtOAc 3:1). 'H NMR (250 MHz, CDCL): 6 = 9.06 (s,
1H), 7.39-7.31 (m, 4H), 7.17—7.12 (m, 4H), 7.11-7.08 (m, 2H),
6.49—6.42 (m, 2H), 2.36 (s, 6H). *C{"H} NMR (63 MHz, CDCl,):
6 = 156.7, 147.7, 140.9, 137.2, 132.5, 129.2, 122.4, 117.7, 109.8, 99.7,
84.0, 21.7. IR (ATR, cm™): & = 2209 (s), 1541 (s), 1510 (s), 1482
(s), 1418 (s), 1348 (s), 816 (vs), 729 (vs), 532 (vs), 503 (s). MS (EI,
70 eV): m/z (%) = 373 (100, M*), 371 (5), 370 (4), 358 (3), 357
(5), 356 (3), 186 (4), 185 (12), 178 (10), 171 (3). HRMS (ESI-
TOF): caled for CpH,oN; ([M + H]*), 374.1657; found, 374.1665.
General Procedure B for the Synthesis of 4,6-Bis(phenylethynyl)-
5-(1H-pyrrol-1-yl)pyrimidine (4a—e). In a pressure tube, 1 equiv
(100 mg) of 4,6-bis(phenylethynyl)-S-(1H-pyrrol-1-yl)pyrimidine
(3a—e) and 30 equiv of p-TsOH-H,O were dissolved in xylene (3
mL/100 mg). The pressure tube was sealed with a Teflon cap, and the
solution was stirred for 6 h at 140 °C in a heating block. The reaction
solution was cooled to room temperature, neutralized with saturated
NaHCOj; solution, and extracted three times with DCM. The
combined organic phases were dried over Na,SO,, the solvent was
distilled off in vacuo, and the residue was purified by column
chromatography (Hep/EtOAc) to give the desired products (4a—e).
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mmol-Scale Procedure for the Synthesis of 5,8-
Diphenylpyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizine (4a). In a
round-bottom flask, 355 mg (1.03 mmol) of 4,6-bis(phenylethynyl)-
S-(1H-pyrrol-1-yl)pyrimidine (3a) and 30 equiv (30.9 mmol, 3.88 g)
of p-TsOH-H,O were dissolved in 10.7 mL of xylene. The solution
was stirred for 6 h at 140 °C in an oil bath. The reaction solution was
cooled to room temperature, neutralized with saturated NaHCO;
solution, and extracted three times with DCM. The combined organic
phases were dried over Na,SO,, the solvent was distilled off in vacuo,
and the residue was purified by column chromatography (R = 0.24,
Hep/EtOAc 1:5) to give title compound $,8-diphenylpyrimido[4,5,6-
ij]pyrrolo[2,1,5-de]quinolizine (4a) as a yellow solid in 43% (0.44
mmol, 153 mg) yield.

5,8-Diphenylpyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizine (4a).
According to general procedure B, title compound 4a was obtained
as a yellow solid in 55% (0.16 mmol, 55 mg) yield. mp 234—236 °C.
Ry = 0.24 (Hep/EtOAc 1:5). '"H NMR (500 MHz, CDCL,): & = 9.16
(s, 1H), 7.88—7.85 (m, 4H), 7.84 (s, 2H), 7.67 (s, 2H), 7.63—7.54
(m, 6H). BC{'H} NMR (126 MHz, CDCl,): § = 155.3, 146.7, 140.4,
137.3, 129.4, 129.1, 129.0, 127.0, 124.1, 118.5, 112.1. IR (ATR,
em™!): U = 1504 (m), 1449 (s), 1344 (s), 1321 (s), 1045 (m), 773
(s), 754 (m), 690 (vs), 674 (s), 612 (s), 560 (s). MS (EI, 70 eV): m/
z (%) = 345 (100, M*), 344 (18), 343 (10), 342 (5), 316 (5), 267
(3), 173 (4), 77 (5), 51 (4). HRMS (ESI-TOF): calcd for C,,H (N,
([M + H]"), 346.1344; found, 346.1339.

5,8-Bis(4-(trifluoromethyl)phenyl)pyrimido[4,5,6-ijlpyrrolo[2,1,5-
de]quinolizine (4b). According to general procedure B, title
compound 4b was obtained as a yellow solid in 62% (0.13 mmol,
62 mg) yield. mp 192—194 °C. R;= 0.26 (Hep/EtOAc 1:5). '"H NMR
(300 MHz, CDCly): 6 = 9.21 (s, 1H), 8.01—7.97 (m, 4H), 7.91-7.87
(m, 6H), 7.65 (s, 2H). *C{'H} NMR (75 MHz, CDCl,): § = 155.5,
146.7, 140.7, 139.0, 131.6 (q, ] = 32.9 Hz), 129.3, 126.8, 126.2 (q, ] =
3.7 Hz), 124.5, 123.9 (q, ] = 272.4 Hz), 119.3, 112.0. YF{'"H} NMR
(282 MHz, CDCL,): 6 = —62.69. IR (ATR, cm™"): & = 1317 (vs),
1183 (s), 1170 (s), 1125 (s), 1113 (s), 1100 (vs), 1069 (vs), 1055
(s), 1016 (s), 851 (s), 837 (vs), 779 (s), 624 (s). MS (EL 70 eV): m/
z (%) = 481 (100, M*), 480 (14), 462 (5), 412 (4), 411 (5), 240 (3),
231 (3), 196 (3). HRMS (ESI-TOF): calcd for C,sH ,FsN; ([M +
H]*), 482.1092; found, 482.1092.
4,4’-(Pyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizine-5,8-diyl)bis-
(N,N-dimethylaniline) (4c). According to general procedure B, title
compound 4c was obtained as an orange solid in 89% (0.21 mmol, 89
mg) yield. mp 135—137 °C. R;= 0.17 (EtOAc + 1% NEt;). '"H NMR
(300 MHz, CDCl,): 6 = 9.08 (s, 1H), 7.82—7.76 (m, 6H), 7.73—7.71
(m, 2H), 6.93-6.86 (m, 4H), 3.08 (s, 6H), 3.08 (s, 6H). BC{'H}
NMR (75 MHz, CDCL,): § = 155.1, 151.1, 146.5, 140.4, 129.9, 127.1,
124.9, 116.8, 112.4, 112.0, 40.3. IR (ATR, cm™"): & = 1515 (vs), 1436
(s), 1348 (s), 1317 (vs), 1230 (s), 1193 (s), 1173 (s), 822 (vs), 806
(vs), 556 (s). MS (EI, 70 eV): m/z (%) = 431 (100, M*), 415 (12),
215 (23), 214 (14), 193 (10), 78 (11), 63 (12), 57 (14), 55 (10), 44
(40), 43 (13). HRMS (ESI-TOF): calcd for CogHyeNy ([M + H]Y),
432.2188; found, 432.2192.
5,8-Bis(4-fluorophenyl)pyrimido[4,5,6-ijlpyrrolo[2,1,5-de]-
quinolizine (4d). According to general procedure B, title compound
4d was obtained as a yellow solid in 54% (0.14 mmol, 54 mg) yield.
mp 332—334 °C. R; = 0.32 (Hep/EtOAc 1:10). '"H NMR (300 MHz,
CDCl,y/TFA): § =9.22 (s, 1H), 8.50 (s, 2H), 8.39 (s, 2H), 7.96—7.89
(m, 4H), 7.50—7.39 (m, 4H). BC{'"H} NMR (75 MHz, CDCl,): § =
165.0 (d, J = 254.7 Hz), 147.3, 144.2, 137.6, 132.0 (d, ] = 9.0 Hz),
130.9, 130.4 (d, J = 3.4 Hz), 121.1, 117.5 (d, J = 22.3 Hz), 116.6.
YE{'H} NMR (282 MHz, CDCL;): 6 = —107.4. IR (ATR, cm™!): ' =
1506 (vs), 1438 (s), 1346 (s), 1323 (s), 1226 (vs), 1164 (s), 1049
(s), 832 (vs), 804 (s), 773 (s), 729 (s), 622 (s), 556 (s), S07 (s). MS
(EL 70 eV): m/z (%) = 381 (100, M*), 380 (17), 379 (8), 352 (4),
190 (14), 189 (4), 180 (4). HRMS (ESI-TOF): caled for C,,H,,F,N,
(IM + H]*), 382.1156; found, 382.1158.
5,8-Di-p-tolylpyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizine (4e).
According to general procedure B, title compound 4e was obtained
as a yellow solid in 87% (0.23 mmol, 87 mg) yield. mp 283—285 °C.
Ry = 0.33 (Hep/EtOAc 1:4). "H NMR (300 MHz, CDCL): & = 9.14
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(s, 1H), 7.81 (s, 2H), 7.76 (d, ] = 7.9 Hz, 4H), 7.66 (s, 2H), 7.40 (d, ]
= 7.8 Hz, 4H), 2.49 (s, 6H). *C{'H} NMR (75 MHz, CDCL,): § =
155.2, 146.7, 140.3, 139.5, 134.5, 129.8, 128.8, 127.0, 124.0, 118.2,
112.1, 21.4. IR (ATR, cm™): & = 1611 (s), 1587 (s), 1508 (s), 1434
(s), 1348 (s), 1321 (vs), 814 (s), 806 (s), 767 (s), 748 (vs), 721 (s),
624 (s), 596 (s), 560 (s), 484 (s). MS (EI, 70 eV): m/z (%) = 373
(100, M*), 372 (49), 371 (10), 370 (7), 358 (13), 357 (15), 356 (6),
346 (12), 345 (7), 343 (6), 179 (6), 158 (6). HRMS (ESI-TOF):
caled for CpgHyoN; ([M + H]*Y), 374.1657; found, 374.1659.

4,4’-((4-(1H-Pyrrol-1-yl)pyridine-3,5-diyl)bis(ethyne-2, 1-diyl))bis-
(N,N-dimethylaniline) (8-pcr). According to a previously described
literature method,® unknown compound 8-pcr was obtained as a
yellow solid in 81% (0.54 mmol, 233 mg) yield. mp 166—176 °C. 'H
NMR (300 MHz, CDCL,): § = 8.65 (s, 2H), 7.35—7.28 (m, 6H),
6.66—6.59 (m, 4H), 6.42—6.37 (m, 2H), 2.99 (s, 12H). C
NMR{'H} (75 MHz, CDCl): 6§ = 151.6, 150.5, 146.8, 132.8,
122.1, 116.8, 111.6, 109.0, 108.8, 98.4, 81.7, 40.1. IR (ATR, cm™):
=2916 (m), 2811 (w), 2199 (m), 1607 (s), 1484 (s), 1360 (s), 1222
(m), 1183 (s), 1061 (s), 814 (vs), 719 (s). MS (EI, 70 eV): m/z (%)
=430 (M, 100), 429 (13), 415 (12), 414 (36), 398 (14), 215 (25),
214 (37), 192 (16), 171 (12), 170 (13). HRMS (ESI-TOF): calcd for
CyoHyN, ([M + H]*), 431.2236; found, 431.2242.

4,4’-(Indolizino[6,5,4,3-ija][1,6]naphthyridine-5,8-diyl)bis(N,N-
dimethylaniline) (8). According to a previously described literature
method,® unknown compound 8 was obtained as a greenish solid in
57% (0.13 mmol, 57 mg). mp 260—265 °C. '"H NMR (300 MHz,
CDCL): 6 = 8.72 (s, 2H), 7.78—7.66 (m, 4H), 7.24 (s, 2H), 7.22 (s,
2H), 6.95—6.80 (m, 4H), 3.05 (s, 12H). “C{'H} NMR (75 MHz,
CDClLy): § = 150.7, 138.9, 134.9, 134.6, 129.0, 127.1, 126.0, 120.9,
114.3, 112.3, 107.6, 40.4. IR (ATR, cm™): ¥ = 2920 (m), 2852 (m),
2800 (m), 1603 (s), 1502 (s), 1354 (s), 1195 (s), 1053 (s), 880 (s),
820 (vs), 793 (vs), 713 (s), 517 (s). MS (EI, 70 eV): m/z (%) = 430
(M*, 100), 414 (31), 398 (15), 215 (19), 214 (28), 206 (13). HRMS
(ESI): caled for CooH,N, ([M + H]*), 431.2236; found, 431.2234.

4,4’-(Indolizino[6,5,4,3-ija][1,5]naphthyridine-5,8-diyl)bis(N,N-
dimethylaniline) (9). The title com_})ound was synthesized according
to a previously described method."
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Doping and extension of polycyclic aromatic hydrocarbons (PAHs) by simple and efficient synthetic

methods is of increased demand for the development of novel and improved organic electronics.
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Introduction

Indolizino[6,5,4,3-ja]quinolines (ullazines), first synthesized
and studied by Balli et al. in 1983," are of considerable current
interest in the field of materials science, due to their appli-
cation as organic light emitting diodes (OLEDs), organic field-
effect transistors (OFETs) or dye-sensitized solar cells
(DSSC).>* Due to the electronic influence of the pyrrole
moiety, ullazines represent electron-rich molecules that exhibit
strong intramolecular charge transfer (ICT).> Several synthetic
methods have been developed in recent decades to further
modify the properties of ullazines. Various approaches are
based on the modification of the ullazine core structure by
doping with heteroatoms.*® Other methods are focused on the
variation of the substitution pattern and substituents.®
Furthermore, the expansion of the n-system represents a prom-
ising approach to modify the optical and electronic properties
of ullazines (Fig. 1).”*"® In 2012, Ren and co-workers pub-
lished the synthesis of dibenzoullazines by Friedel-Crafts ary-
lation of aryl triazenes.® Similarly substituted dibenzoullazines
were obtained by Pd-catalyzed twofold annulation reactions of
arynes in 2021.° Miillen et al. and Nozaki et al. reported in
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combination of Pd catalyzed cross-coupling with Povarov and cycloisomerisation reactions. The products
contain an electron-rich ullazine and an electron-poor quinoline moiety and show intramolecular charge
transfer properties that can be tuned by the substitution pattern. The optical properties were studied
experimentally and further elaborated by (TD)DFT calculations.

2015 the synthesis of n-extended ullazines by cycloaddition of
polycyclic aromatic azomethine ylides.'”'" The most common
strategy for the synthesis of n-expanded ullazines is based on
employment of azomethine ylides. Other examples have been
reported by Feng et al.,'*> Nozaki et al.'® and Stepien et al.'*
Moreover, Stepien et al. were able to synthesize such com-
pounds by cyclodehydrohalogenation of a,a-disubstituted
N-arylpyrroles.'* Using photochemical cyclodehydrochlorina-
tion, Morin and coworkers synthesized m-extended ullazines
annulated to two pyridine or two thiophene moieties in 3,4-
and 8,9-position.*®

A well-known methodology for the preparation of polycyclic
aromatic heterocycles is the Povarov reaction, a hetero-Diels-
Alder reaction that was developed in 1967.'° In recent years,
there has been renewed interest in this methodology.'” In
2020, Jana et al. reported the application of the Povarov reac-
tion for the synthesis of dibenzo[a,cJacridines from 2’-alkynyl-
biaryl-2-carbaldehydes using catalytic amounts of FeCl;
(Fig. 2).'® Recently, we reported the synthesis of benzo[j]
naphtho[2,1,8-def][2,7]phenanthrolines, = m-expanded  aza-
pyrenes, by combination of a Povarov with a cycloisomeriza-
tion reaction.'® Herein, we wish to report the synthesis of what
are, to the best of our knowledge, hitherto unknown diarylin-
dolizino[6,5,4,3-ijja]lquinolino[2,3-c|[1,6naphthyridines by com-
bination of Povarov and cycloisomerization reactions. The
incorporation of an electron-rich, five-membered pyrrole ring
will alter the optoelectronic properties of this polycyclic aro-
matic scaffold and will be studied in detail by experimental
and theoretical methods. In addition, the non-symmetric
n-expansion of azaullazines will be studied in comparison to
previously reported symmetric dibenzoullazines.
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Synthesis

Vilsmeier-Haack reaction of 3,5-dibromo-4-(1H-pyrrol-1-yl)pyri-
dine (1)° afforded formylated products 2a and 2b in 33% and
62% isolated yields, respectively (Scheme 1). During the optim-
ization of, different reaction conditions were tested (ESI,
Table 17). It turned out that the use of 2 eq. of POCl; in DMF
at 100 °C and 3 h reaction time provided the best results. The
regiosiomeric mixture could be readily separated by column
chromatography. Therefore, although the desired regioisomer
2a was formed as the minor product, the method was useful in
our hands to prepare sufficient material to continue the
synthesis.

With 2a in hand, an optimization of the following double
Sonogashira reaction was carried out for the synthesis of 3a
(ESI, Table 2}). The best yields were obtained by using

0
\
U \§

!\ / \_ 0O
N i N N
—_— +
Br. N Br Br. N Br Br. N Br
| Z | Z | Z
N N N
1 2a (33%) 2b (62%)

Scheme 1 Synthesis of 2a and 2b; (i): POCls (2.0 eq.), DMF, 100 °C, 3 h.

View Article Online
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PdCl,(PPh;), (0.05 eq.) as the catalyst and cataCXium A (0.1
eq.) as the ligand. These conditions were then applied for the
synthesis of Sonogashira products 3a-e were obtained in mod-
erate to very good yields (Scheme 2).

Subsequently, the Povarov reaction of 3a with aniline was
studied to give product 4 (Table 1). We initially applied the
conditions reported by Jana et al. (FeCls, toluene, 100 °C) and
obtained 4 in a very good yield of 86%.'® In contrast, employ-
ment of In(OTf); gave a diminished yield (41%) and Brensted
acids were completely ineffective for this reaction.

Subsequently, we studied the cycloisomerization of 4 to give
quinolino-azaullazine 5a and tested p-toluenesulfonic acid
(p-TsOH) and methanesulfonic acid (MsOH) which were pre-
viously used for related reactions (Table 2).>*° Employment of
p-TsOH gave a better yield of 62% as compared to MsOH under
the same concentration of acid (30 eq.). Reducing the amount
of acid from 30 to 20 equivalents resulted in a slightly improved
yield of 67%, further reduction to 10 equivalents resulted in
diminished yield (43%). During the purification of 4, we
observed an alkyne-carbonyl-metathesis (ACM) reaction as com-
petitive side reaction of the Povorav reaction.”’ Purification
from this side-product was very difficult and, hence, we
attempted to directly convert 3b to 5a in a one-pot procedure
without isolation of Povarov product 4. To our delight, this idea
proved to be successful and allowed to isolate the desired quino-
lino-azaullazine 5a in 47% overall yield.

Next, we were interested in the preparative scope of our
methodology. Hence, the substitution pattern of the arylacety-

3aR'=H 81%
3bR'=Me 76%
3cR'=F 87%
3dR'=CF; 74%
3e R" = NMe, 45%

Scheme 2 Synthesis of 3a—e; (i): alkyne (3 eq.), PdCly(PPhs), (0.05 eq.), cataCXium A (0.1 eq.), Cul (0.05 eq.), HN'Pr,, 1,4-dioxane, 90 °C, 24 h.

Table 1 Optimization of the synthesis of 4

Me
NH,
acid, aniline
+ —_—

solvent,

t.T
Entry Reagent (eq.) Eq. aniline Solvent T [°C] t [h] Yield® [%]
1? FeCl, (0.1) 1.2 Toluene 100 2 86
2 In(OTf); (0.1) 1.2 Toluene 100 3 41
3 p-TsOH-H,0 (0.1) 1.2 Toluene 100 3 0
4 TfOH (0.1) 1.2 Toluene 100 24 0

“Isolated yield. ” Conditions of Jana et al.'®

This journal is © The Royal Society of Chemistry 2024
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acid,
—_—

solvent,

T, t
Entry Reagent (eq.) Solvent T [°C] t [h] Yield® [%]
1 p-TSOH-H,0 (30) Xylene” 120 6 62
2 MsOH (30) Xylene? 120 6 40
3 p-TsOH-H,0 (20) Xylene” 120 6 67
4 p-TsOH-H,0 (10) Xylene? 120 6 43

“Isolated yield. ” Isomeric mixture.

lene and of the aniline were varied (Table 3). The reaction of
3a-e with various anilines afforded quinolino-azaullazines 5a-
f,h-1 in mostly moderate to good yields. All yields refer to a
one-pot process in which four new bonds were formed in a
single step without the need of purification of intermediates
(formation of the imine, Povarov reaction and cycloisomeriza-
tion). The reaction of aniline with 3e, containing the strongly
electron donating NMe, substituent, gave product 5c¢ in a
reduced yield of 21%. However, the reaction of 3e with reaction
with 4-fluoroaniline afforded the corresponding product 5k
in a better yield of 39%. The best yield (product 51, 65%)
was observed for the reaction of 3¢, containing an electron-
withdrawing fluoride substituent, with 4-fluoroaniline.
Heterocyclic 4-aminopyridine did not undergo a Povarov reac-
tion (5g). The use of 1-naphthylamine provided product 5h in
good yield. Comparison of the yields of products derived from
different substituents attached to the alkyne (5a, 5j and 5k)
did not reveal a significant influence of the substitution
pattern, except from the fact that the reaction of 4-fluoroani-
line with 3d, containing a trifluoromethyl group, proved to be
entirely unsuccessful. In summary, the aniline has a higher
influence on the yield that the substituent attached to the
alkyne.

The structure of 5d was independently confirmed by X-ray
crystal structure analysis (Fig. 3). Crystallization was carried
out in a mixture of heptane and dichloromethane (DCM). For
a better visualization, the co-crystallized DCM has been
removed. Both p-tolyl residues are twisted out of plane of the
core structure by dihedral angles of 45° and 78°. Moreover, the
crystal lattice shows a slipped antiparallel n—r-stacking with a
spacing of 3.44 A and 3.41 A between the core structures,
respectively.

Physical properties

The photophysical properties of selected derivatives were
determined by steady-state absorption and photoluminescence

2030 | Org. Biomol. Chem., 2024, 22, 2027-2042

spectra (PL) (Fig. 4). The UV/VIS-spectra indicate strong
absorption bands at approx. 250-300 nm and weaker bands at
approx. 450-500 nm for all compounds. Comparing the
different aniline-derived moieties, a slight influence of the
substituents is evident. Thus, 5a and 5d show very similar
absorption values and shapes of the absorption bands while
n-extended compound 5h exhibits somewhat higher extinction
coefficients. In contrast, 5¢ has a visibly lower absorption
intensity accompanied with loss of fine structure. Additionally,
a red shift of the maxima is observed, which can be attributed
to the strong donor properties of the N,N-dimethylamio unit.
Compounds 5d, 5j and 5k provide almost identical absorption
spectra, due to the twisted orientation of the phenyl rings.
Incorporation of a strong donor substituent, as present in 5k,
leads to an altered absorption spectrum as well as loss of fine
structure. The redshift, on the other hand, is not as pro-
nounced as for 5c.

The PL-spectra, 5d, 5j and 5k also show identical band
structures and an emission maximum at 525 nm. Only donor-
substituted derivative 5k exhibits a red shift by 14 nm as com-
pared to the other derivatives. Similar to the absorption pro-
perties, variation of the substituents directly attached to the
heterocyclic core structure alters the PL-spectra to a greater
extent. Compared to unsubstituted derivative 5a (e =
515 nm), N,N-dimethylamino-substituted compound 5¢ shows
the strongest red shift (Ae,, = 539 nm), followed by fluorine-
substituted 5d (Aey, = 525 nm), while the strongest blue shift
occurs for 5h (Aep, = 505 nm).

Most compounds show quantum yields between 19% and
28%. The highest value was determined for 5h (& = 0.35). In
contrast, the two N,N-dimethylamino-compounds 5¢ (& = 0.19)
and 5k (@ = 0.20) show the lowest quantum yields. The spec-
troscopic data are presented in Table 4.

Since the absorption and emission spectra of 5¢ and 5k
indicated the strongest influence of the substituents on the
core structure, these compounds as well as reference com-
pound 5a were additionally investigated by time-dependent
density functional theory (TD-DFT) calculations using

This journal is © The Royal Society of Chemistry 2024
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Table 3 Synthesis of 5a—m
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5aR=H 47% 5e 46% 5f 41%

50 R=Me 44%
5¢ R = NMe, 21%°
5dR=F  50%

55 R=H  35%
5k R = NMe, 39%
51 R=F  65%
5mR=CF; 0%

5h 46% 5i 32%°

(i): FeCl; (0.1 eq.), corresponding aniline (1.2 eq.), toluene, 100 °C, 2 h; (if): p-TsOH-H,O (20 eq.), xylene, 120 °C, 6 h. *(i): FeCl; (1.0 eq.); (ii):

20 h. ® Longer reaction time: (i): 4 h; (ii): 20 h.

Gaussian 09 to get insight into transition characters.”® The
results show that the S; « S, excitation for 5a and 5c is
described by a HOMO — LUMO transition with high oscillator
strength. The same applies to 5k, but with additional minor

This journal is © The Royal Society of Chemistry 2024

contribution of HOMO-1 — LUMO and lower oscillator
strength for this transition. However, the S, < S, transition,
which for 5k again consisted of a HOMO — LUMO and
HOMO-1 — LUMO transition, has a significantly higher oscil-
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A: Ortep Plot of 5d

Fig. 3 X-ray structures of 5d.

lator strength as compared to 5a and 5c. Hence, the orbital
contribution of these transitions is reversed. In agreement
with the experimental results, TD-DFT calculations reveal the
greatest impact for derivative 5k, containing a strong n-donor
attached to the heterocyclic core structure.

Comparison of non-symmetric quinolino-azaullazine 5a
with symmetric dibenzoullazines of Gao and Morin and of
isoelectronic quinolino-azapyrene reveal further insights into
the optical properties of 5a (Table 5).>'>'® Absorption and
emission maxima of 5a are both strongly, bathochromically
shifted compared to all three structurally related com-
pounds. The quantum yield of 5a is reduced to approxi-
mately half of the value of quinolino-azapyrene, while extinc-
tion coefficients are rather similar for both compounds. A
similar trend is observed for 2-aza-pyrene and 2-aza-ullazine
without fused quinoline moieties.>>° In a smaller extend,
quantum yield of 5a is also reduced compared to symmetric
dibenzoullazine reported by Gao and co-workers.® However,
in impact on the quantum yield of 5a by the presence of
additional tolyl groups and hence increased non-radiative
decay compared to dibenzoullazine can currently not ruled
out.

To get an understanding of the redox properties, compound
5a was studied by cyclic voltammetry (CV) (Fig. S1 and S27).
Compound 5a possesses an irreversible oxidation potential at
0.72 V with an onset potential of 0.61 V, as well as a quasi-
reversible oxidation potential at 1.09 V. An irreversible
reduction potential was detected at —2.09 V with an onset
potential of 1.90 V and a second reduction potential at 3.11
V. The HOMO energy was calculated from the onset potential
and is with —5.41 eV somewhat higher than that of previously
reported quinolino-azapyrene 6 which is a result of the donor-
capacity of the ullazine substructure of 5a."° The determined
LUMO energy is —2.90 €V.

We performed density functional theory (DFT) calcu-
lations to obtain further insights into the electronic struc-
tures and transition characters. The calculations were per-
formed for compounds 5a, 5¢, 5i and 5k. Quinolino-azapyr-
ene 6 and quinolino-ullazine 7 were additionally studied to
compare the impact of different core structures (Fig. 5). The

2032 | Org. Biomol. Chem., 2024, 22, 2027-2042

B: Side-view of the crystal packing of 5d

calculated HOMO-LUMO gap of the quinolino-azapyrene
system is considerably larger, which is mainly due to
increased HOMO energies, whereas the LUMO-energies are
largely unchanged, highlighting the donating ability of the
involved ullazine and azaullazine moiety. Similar HOMO-
LUMO-gap energies were determined both for ullazine and
azaullazine based structures 5a, 5i and 7. However, an
improved stabilization of both HOMO and LUMO orbitals is
observed in case of azaullazines 5a and 5i with respect to
ullazine 7, which is obviously a result of the presence of the
additional nitrogen atom. The NMe,-groups attached to the
heterocyclic core structure (5¢) as well as the NMe,-groups
attached to the phenyl ring (5k) lead to reduced band gaps
and elevated HOMO and LUMO energies. A more distinct
effect is observed for 5c as compared to 5k. However,
HOMO and LUMO energies are more destabilized by incor-
poration of one NMe,-group directly to the core structure
(5¢) than it does for 5k with NMe,-groups attached to each
of the two phenyl rings. Furthermore, an ICT character for
5k can be assumed from its frontier orbitals, derived from
its certain push-pull substitution pattern and its optical
properties.

The potential occurrence of ICT properties was further
validated by solvatochromic studies. Hence, the optical pro-
perties in solvents of different polarity were studied for
NMe,-containing compounds 5c¢ and 5k, as well as for 5a
(Fig. 6). All absorption spectra show similar behavior in non-
polar cyclohexane. A definite fine structure of the absorption
bands, as typical for various acenes>* and acridines,?> can be
observed for all investigated derivatives. This fine structure is
lost when the polarity of the solvents increases. This indicates
the presence of an ICT effect in all three derivatives 5a,c,k
and suggests that the ICT character is already present in the
heterocyclic core structure, regardless of the substituent. This
assumption is supported by the emission spectra, in which
all compounds show two maxima and one shoulder at higher
wavelength in cyclohexane. In more polar solvents, the emis-
sions appear broadened with a single
Furthermore, a bathochromic shift of emission maxima is

maximum.

visible for these solvents. The shift is ~40 nm for 5a and for

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 UV/Vis- (top/bottom, left) and PL-spectra (top/bottom, right, i, = 450 nm) of shown compounds in DCM (c = 107> M) at 20 °C.

Table 4 Spectroscopic data of 5a, 5¢c, 5d, 5h, 5j, 5k and 5l in DCM (c =

1075 M) at 20 °C

5a 5¢ 5d 5sh 5§ 5k 51
J1,abs [NM] 471 503 477 470 477 482 480
€,[10°Lmol'em™ 11 07 08 1.6 08 07 09
J2,abs [NM] 448 480 454 447 477 455 455
€,[10°Lmol'em™] 10 07 08 1.3 08 07 09
J1.em [nm] 515 539 525 505 524 539 524
E%}" “ev] 2.56 242 253 259 253 250  2.53
@ 026 0.19 0.27 035 025 020 0.28

“ Determined from the intersection of the normalized absorption and emis-
sion spectra. ? Fluorescence standard: quinine hemisulfate monohydrate in
0.05 M H,SO, (® = 0.52).*

This journal is © The Royal Society of Chemistry 2024

5c between cyclohexane and ethanol, indicating that the
NMe,-group of 5c has only negligible effect on the ICT char-
acter of the core structure. In contrast, a stronger shift of
59 nm can be observed for 5k. For all compounds, a decrease
of the emission in more polar solvents is observed and
accompanied by a reduction of their quantum yields (ESI,
Table 51). However, 5k again behaves quite differently from
5a and 5c and shows only very weak fluorescence in aceto-
nitrile and ethanol with quantum yields < 1%, what might be
explained by the occurrence of a twisted intramolecular
charge transfer (TICT). This effect appears in polar aceto-
nitrile and ethanol, suggesting that the polarity of the solvent
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Table 5 Comparison of optical properties with related molecular structures

O CiqH29

Quinolino-azapyrene'’ 5a Dibenzo-ullazine® Dipyrido-ullazine'®
/11 abs [nm] 415 471 ~420% ~425%
mo . . — —
4, [10° L mol ™" em™] 1.0 1.1
/ll,em [nm] 430 515 444 ~450%
] 0.47 0.26 0.35 —

“Estimated from the graphs.

LUMO (eV)

Egap (eV)

HOMO (eV)

-4.83

Fig. 5 Frontier orbitals of selected compounds and energy levels calculated at the B3LYP/6-31G(d,p) level of theory within IEFPCM in DCM.

may sufficient to stabilize a TICT. This twisted structure may
explain the quenching of the fluorescence through the radi-
ation-free TICT-relaxation.>®

Further investigations of the ICT-character were performed
by calculations of the dipole moments of the ground (S,) and
excited state (S;) of 5a, 5¢ and 5k. These calculations confirm
the results of the studies related to solvatochromism.
Compound 5k (us, = 4.4193; s, = 26.2043) indicates the stron-
gest increase in the dipole moment, followed by 5a (us,
1.0280; s, = 10.6564) and 5¢ (s, = 4.1596; us, = 6.0825).

In addition, we performed protonation studies with tri-
fluoromethanesulfonic acid (TFA) in DCM for compound 5a.
As shown in Fig. 7, protonation of 5a results in a bathochromic
shift in the absorption and emission spectra. The first absorp-
tion maximum shifts from 471 nm for the free base 5a to
534 nm for protonated species and an isosbestic point at a
wavelength of 482 nm can be detected. The PL-spectra show
similar results: the emission maximum shifts from 515 nm to
586 nm, with the first emission maximum decreasing and the

2034 | Org. Biomol. Chem., 2024, 22, 2027-2042

second increasing simultaneously. In addition, protonation
results, beside the bathochromic shift, also in a decrease of
fluorescence. However, changes and shapes of the absorption
and PL spectra during the protonation experiments prohibit
conclusion whether only one or both pyridinic nitrogen are
protonated.

Finally, we performed nuclear-independent chemical shift
(NICS) calculations for the quinolino-azaullazine core structure
(5') to gain insight into the aromatic behavior of the com-
pound. Therefore, NICS(1.25),, values were calculated for each
ring to investigate the local aromaticity.”” Furthermore, ring
currents were calculated using the BC-Wizard program devel-
oped by Gershoni-Poranne et al.>® The calculations were per-
formed in comparison to quinolino-azapyrene 6’ and quino-
lino-ullazine 7' (Fig. 8)."° All three compounds display a global
diatropic ring current, as well as negative NICS,, values in all
rings. In addition, all studied compounds exhibit two semiglo-
bal ring currents, one in the quinoline moiety, the other in the
benzo-isoquinoline or pyrrolo-quinoline moiety. However, the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Absorption and PL spectra of 5a in dependence of the TFA concentration.

connecting ring of both moieties is not involved in any semi-
global ring current, thus the molecules consist of two aromatic
subunits connected by a ring with non-aromaticity in case of 5’
and 7', and low aromaticity for 6’, which is confirmed by the
NICS,, values. In the two ullazine structures, this ring shows
even lower aromaticity than in the aza-pyrene structure. In
addition, the ring current maps show that there is a difference
mainly in the benzoisoquinoline or pyrroloquinoline moiety,
which is due to the different molecular structure. Thus, 6’

This journal is © The Royal Society of Chemistry 2024

shows a stronger semiglobal current, whereas 5’ and 7' exhibit
a stronger local ring current focused on the pyrrole unit.
Comparing the structures of ullazine 7' and azaullazine 5,
only negligible differences are noticed, as both have almost
the same ring currents and similar NICS,, values. Hence, the
impact on aromaticity by the presence of an additional nitro-
gen of 7' as compared to 5’ is very small. However, a pro-
nounced influence is observed by incorporation of an ullazine
as compared to a related azapyrene sub-structure.
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Fig. 8 NICS calculations for benzo[jlnaphthol2,1,8-def][2,7]phenanthroline (6°); indolizino[6,5,4,3-ijalquinolino[2,3-c]lquinoline (7’); indolizino
[6,5,4,3-ijalquinolino[2,3-c][1,6]naphthyridine (5'). Top: Scheme of molecule with respective NICS(1.25),, values in the center of each ring. Bottom:

NICS2BC graphs (current was calculated form NICS(1.25),, strength relative to /.. (ring current of benzene, 11.5 NAT

Conclusion

Hitherto unknown quinolino-azaullazines were prepared by com-
bination of Pd catalyzed cross-coupling with Povarov reactions.
The synthetic strategy provides a convenient access to various
functionalized molecules, which allowed for a fine-tuning of the
optical properties. Especially the variation of the aniline com-
ponent in the Povarov reaction has an important impact on the
optoelectronic properties of the products. All investigated com-
pounds exhibit strong absorption in visible light as well as green-
ish fluorescence with quantum yields between 19% and 35%.
Noteworthy is the introduction of strongly donating NMe,-substi-
tuents, which cause extensive alternation of the optical properties
not only attached to the core structure, but also on the phenyl
substituents. Solvatochromism studies revealed that an ICT char-
acter is already present in the core structure, independently from
the substitution pattern. However, the presence of a NMe,-group
at the phenyl groups even improved the ICT properties, which
suggests the presence of TICT. Further modification of the optical
properties was achieved by protonation, which causes a red shift
of both absorption and emission. Cyclic voltammetry investi-
gation revealed a more facile oxidation as compared to quinolino-
azapyrenes, due to the strong donor capacity of the azaullazine
core structure. These observations were confirmed by DFT calcu-
lations. NICS calculations disclosed that the novel aza-PAHs pre-
pared have a weak global ring current and can be best described
by the presence of two independent aromatic systems consisting
of a pyrroloquinoline and a quinoline unit connected by a non-
aromatic ring. Further studies will focus on the synthesis of
related heteroatom doped PAHs by means of the Povarov reaction.

Experimental section
General information

The nuclear magnetic resonance spectra (*H/**C/'°F NMR)
were recorded on a Bruker AVANCE 300 III, 250 II, or 500. The

2036 | Org. Biomol Chem., 2024, 22, 2027-2042

—1))_28

analyzed chemical shifts § are referenced to residual solvents
signals of the deuterated solvents CDCl; (§ = 7.26 ppm/
77.0 ppm). Multiplicities due to spin-spin correlation are
reported as follows, s = singlet, d = doublet, dd = double
doublet, ddd = doublets of doublets, m = multiplet, and
further described through their coupling constants J. Infrared
spectra (IR) were measured as attenuated total reflection (ATR)
experiments with a Nicolet 380 FT-IR spectrometer. The
signals have been characterized through their wave numbers o
and their corresponding absorption as very strong (vs), strong
(s), medium (m) or weak (w). UV/Vis spectra were recorded on
a Cary 60 UV-vis spectrophotometer and emission spectra with
an Agilent Cary Eclipse fluorescence spectrophotometer. Cyclic
voltammograms were measured at room temperature in DCM
or THF (¢ = 10~ M) with 0.1 M n-Bu,NPFg as a supporting elec-
trolyte, glassy carbon working electrode, ANE2 (Ag/AgNO; 0.01
M in CH3CN) as reference electrode and Pt counter-electrode
(0.5 mm diameter platinum wire) with ferrocene (¢ = 107> M,
in CH3CN) as an external standard at a scan rate of 100 mV s~
or 200 mV s~ ', The potentiostat used was a PalmSense EmStat
3 blue or a Parstat 4000 from Ametek. The working electrode is
a 3 mm diameter (length 80, 6.35 mm outer diameter) glassy
carbon disk electrode in a Kel-F coating that was polished on a
polishing pad in aqueous alumina slurry (0.03 pm alumina
powder). The solvents were deoxygenated by purging with
argon. The potential is given vs. Fc/Fc'. The direction of scan
is reductive with a starting potential of 1.5 V and a switching
potential of —1.5 V for DCM and for THF a starting potential
of 0 V and a switching potential of —3.2 V. CVs are plotted
using the IUPAC. Basic and high-resolution mass spectra (MS/
HRMS) were measured on instruments which are paired with a
preceding gas chromatograph (GC) or liquid chromatograph
(LC). The samples have been ionized through electron impact
ionization (EI) on an Agilent 6890/5973 or Agilent 7890/5977
GC-MS equipped with a HP-5 capillary column using helium
carrier gas or by applying electron spray ionization (ESI) on an
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Agilent 1200/6210 Time-of-Flight (TOF) LC-MS. Melting points
(mp) were determined by a Micro-Hot-Stage GalenTM III
Cambridge Instruments and are not corrected. X-ray single-
crystal structure analysis was performed on a Bruker Apex
Kappa-II CCD diffractometer.

Analytical data

3,5-Dibromo-4-(1H-pyrrol-1-yl)pyridine (1). Starting from
4-aminopyridine, 1 could be synthesized according to the lit-
erature-known procedure in a yield of 77% (5.14 g) yield.” The
NMR data agree with the published NMR data. '"H NMR
(250 MHz, CDCl;) 6 = 8.77 (s, 2H), 6.74-6.72 (m, 2H), 6.47-6.38
(m, 2H). *C NMR (63 MHz, CDCl;) 6 = 151.7 (CH), 146.5, 121.0
(C), 120.9, 110.3 (CH).
1-(3,5-Dibromopyridin-4-yl)-1H-pyrrole-2-carbaldehyde (2a).
3,5-Dibromo-4-(1H-pyrrol-1-yl)pyridine (1, 1.00 g, 3.31 mmol)
was suspended in 5 ml DMF in a Schlenk flask under an argon
atmosphere. 2 eq. POCl; (6.62 mmol, 0.63 ml) were added
dropwise at 0 °C. The solution was stirred at 100 °C for 3 h,
cooled to room temperature, neutralized with NaHCO; and
extracted with DCM. The combined organic phases were dried
with Na,SO,, the solvent was removed in vacuo and the residue
was purified by column chromatography to give 2a as a colour-
less solid (0.364 g, 33%). Mp 129 °C. R¢ 0.22 (heptane/ethyl
acetate 3:1). "H NMR (300 MHz, CDCl;) 6 = 9.49 (d, ¥/ = 1.0
Hz, 1H), 8.69 (s, 2H), 7.09 (dd, *] = 3.9 Hz, ¥ = 1.6 Hz, 1H),
6.81 (ddd, *] = 2.7 Hz, *J = 1.6 Hz, ] = 1.0 Hz, 1H), 6.49 (dd, %/
= 4.0 Hz, ’J = 2.7 Hz, 1H). *C NMR (75 MHz, CDCl;) § = 178.2
(CHO), 151.3 (CH), 145.9, 131.7 (C), 129.1, 123.6 (CH), 121.2
(C), 112.3 (CH). IR (ATR, cm™'): & = 1661 (s), 1484 (m), 1399
(m), 1356 (s), 1199 (m), 1037 (m), 999 (m), 886 (m), 779 (s), 750
(s), 715 (m), 610 (m), 577 (s). MS (EIL, 70 eV): m/z (%) = 330
(IM]4, 1), 252 (11), 251 (98), 250 (15), 249 (100), 170 (21), 142
(8), 130 (5), 115 (9), 114 (7). HRMS (EI): calculated for
C1oHg °Br,N,O ([M]") 327.88414, found 327.88451; calculated
for C1oHg °Br*'BrN,O ([M]") 329.88209, found 329.88255; cal-
culated for C;,He*"Br,N,O ([M]") 331.88005, found 331.88075.
1-(3,5-Dibromopyridin-4-yl)-1H-pyrrole-3-carbaldehyde (2b).
Using the reaction conditions as for 2a, the main product 2b
was obtained after column chromatography (3:1 heptane:
ethyl acetate) as a colourless solid (0.673 g, 62%). Mp
100-110 °C. R¢ 0.14 (heptane/ethyl acetate 3:1). "H NMR
(300 MHz, CDCl;) 6 = 9.89 (dd, %7 = 0.4 Hz, 1H), 8.81 (s, 2H),
7.34 (dd, %] = 2.1 Hz, ¥J = 1.6 Hz, 1H), 6.87 (ddd, */ = 3.1 Hz, VJ
=1.6 Hz, J = 0.4 Hz, 1H), 6.74 (ddd, */ = 3.0 Hz, ¥J = 2.1 Hz, ¥J
= 0.7 Hz, 1H). C NMR (75 MHz, CDCl;) § = 185.2 (CHO),
152.0 (CH), 145.1 (C), 128.9 (CH), 128.3 (C), 123.6 (CH), 120.5
(C), 109.3 (CH). IR (ATR, cm™'): & = 1675 (s), 1508 (s), 1467 (s),
1294 (m), 1257 (m), 1210 (m), 1152 (m), 1084 (m), 1041 (s), 816
(m), 732 (s), 618 (m), 591 (m). MS (EI, 70 eV): m/z (%) = 332
(34), 331 (54), 330 ([M]", 69), 329 (100), 328 (36), 327 (50), 142
(7), 141 (10), 130 (6), 128 (6), 114 (7). HRMS (ESI-TOF): calcu-
lated for C;oH,Br,N,O ([M + H]") 328.8925, found 328.8931.
General procedure A for the synthesis of 1-(3,5-bis(arylethy-
nyl)pyridin-4-yl)-1H-pyrrole-2-carbaldehyde (3a-e). In a
pressure tube, 200 mg of 1-(3,5-dibromopyridin-4-yl)-1H-
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pyrrole-2-carbaldehyde (2a), 0.05 eq. PdCl,(PPh;),, 0.05 eq.
Cul, 0.1 eq. cataCXium A were dissolved in 0.5 ml HN'Pr, and
3 mL of 1,4-dioxane under argon counter current. Then, 3 eq.
of the respective alkyne was added to the solution with stir-
ring. The pressure tube was sealed with a Teflon cap and the
solution was stirred for 24 h at 90 °C. The reaction solution
was cooled to room temperature, quenched with distilled
water and extracted three times with DCM. The combined
organic phases were dried over Na,SO,, the solvent was dis-
tilled off in vacuo, and the residue was purified by column
chromatography (Hep/EtOAc) to give the desired products (3a-
e).

1-(3,5-Bis( phenylethynyl)pyridin-4-yl)-1H-pyrrole-2-carbalde-
hyde (3a). According to general procedure A, the title com-
pound 3a was obtained as a yellow-orange solid in 80% yield
(181 mg). Mp 118-122 °C. Ry 0.14 (heptane/ethyl acetate 5:1).
H NMR (300 MHz, CDCl;) 6 = 9.60 (d, *J = 0.8 Hz, 1H), 8.80 (s,
2H), 7.34-7.28 (m, 10H), 7.24 (dd, *J = 3.9 Hz, ¥J = 1.6 Hz, 1H),
7.19 (ddd, *J = 2.6 Hz, % = 1.6 Hz, ¥J = 0.9 Hz, 1H), 6.58 (dd, %/
= 3.9 Hz, ] = 2.7 Hz, 1H). *C NMR (75 MHz, CDCl;) § = 178.2
(CHO), 151.8 (CH), 148.2, 132.9 (C), 131.6, 130.5, 129.2, 128.3,
122.4 (CH), 121.7, 118.8 (C), 111.3 (CH), 97.2, 81.6 (C=C). IR
(ATR, cm™): § = 1659 (s), 1480 (m), 1403 (m), 1354 (m), 1036
(m), 890 (m), 781 (s), 748 (s), 686 (s), 573 (m), 548 (m). MS (EI,
70 eV): m/z (%) = 372 ((M]", 19), 345 (25), 344 (100), 343 (47),
342 (40), 341 (11), 340 (14), 316 (8), 315 (9), 266 (10), 171 (5),
158 (4). HRMS (ESI-TOF): calculated for C,6H;,N,O ([M + H]")
373.1341, found 373.1349.

1-(3,5-Bis(p-tolylethynyl)pyridin-4-yl)-1H-pyrrole-2-carbalde-
hyde (3b). According to general procedure A, the title com-
pound 3b was obtained as a yellow-orange solid in 76% yield
(193 mg). Mp 123-125 °C. R¢ 0.21 (heptane/ethyl acetate 5: 1),
"H NMR (500 MHz, CDCl;) 6 = 9.59 (d, ¥/ = 0.8 Hz, 1H), 8.77 (s,
2H), 7.23 (dd, *J = 4.0 Hz, ¥J = 1.6 Hz, 1H), 7.20 (d, *J = 8.2 Hz,
4H), 7.18-7.17 (m, 1H), 7.11 (d, *] = 7.9 Hz, 4H), 6.56 (dd, ] =
4.0 Hz, *] = 2.7 Hz, 1H), 2.34 (s, 6H). >C NMR (126 MHz,
CDCl;) 6 = 178.2 (CHO), 151.5 (CH), 147.9, 139.5 (C), 132.9,
131.5, 130.4, 129.1 (CH), 119.0, 118.7 (C), 111.2 (CH), 97.6,
81.1 (C=C), 21.5 (CH3). IR (ATR, cm™'): & = 1657 (s), 1508 (m),
1484 (m), 1407 (s), 1356 (m), 1030 (m), 886 (m), 814 (s), 785 (s),
754 (s), 743 (s), 577 (s), 528 (s). MS (EI, 70 eV): m/z (%) = 400
(IM]', 14), 373 (29), 372 (100), 371 (23), 370 (11), 369 (9), 357
(10), 356 (17), 178 (9), 177 (9). HRMS (ESI-TOF): calculated for
C,5H,1N,0 ([M + H]') 401.1654, found 401.1643.

1-(3,5-Bis((4-fluorphenyl)ethynyl)pyridin-4-yl)-1H-pyrrole-2-
carbaldehyde (3c). According to general procedure A, the title
compound 3c was obtained as yellow solid in 87% yield
(216 mg). Mp 129-132 °C. R 0.19 (heptane/ethyl acetate 5:1).
'H NMR (300 MHz, CDCl;) 6 = 9.54 (d, %/ = 0.8 Hz, 1H), 8.73 (s,
2H), 7.27-7.17 (m, 5H), 7.12 (ddd, *J = 2.6 Hz, %] = 1.6 Hz, %] =
0.9 Hz, 1H), 6.98-6.91 (m, 4H), 6.53 (dd, *] = 3.9 Hz, *] = 2.7
Hz, 1H). **C NMR (75 MHz, CDCl;) § = 178.2 (CHO), 163.0 (d,
'J = 251.4 Hz, C), 151.7 (CH), 148.1 (C), 133.6 (d, *] = 8.6 Hz,
CH), 132.9 (C), 130.4, 122.4 (CH), 118.7 (C), 117.8 (d, ¥/ = 3.5
Hz, C), 115.8 (d, *J = 22.2 Hz, C), 111.3 (C), 96.2 (C=C), 81.4
(d, ] = 1.5 Hz, C=C). "°F NMR (282 MHz, CDCl;): § = —108.8.
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IR (ATR, cm™): 7 = 1667 (s), 1504 (s), 1407 (s), 1226 (s), 1154
(m), 1092 (m), 832 (s), 783 (m), 742 (s), 575 (m), 528 (s), 492
(s). MS (EI, 70 eV): m/z (%) = 408 ([M]', 17), 381 (26), 380 (100),
379 (43), 378 (36), 377 (7), 376 (9), 352 (6), 351 (7), 313 (4), 284
(9), 189 (4). HRMS (ESI-TOF): calculated for C,¢H;5F,N,O ([M +
HJ") 409.1152, found 409.1149.

1-(3,5-Bis((4-(trifluoromethyl)phenyl)ethynyl)pyridin-4-yl)-
1H-pyrrole-2-carbaldehyde (3d). According to general pro-
cedure A, the title compound 3d was obtained as a yellow solid
in 74% yield (228 mg). Mp 135-142 °C. R 0.10 (heptane/ethyl
acetate 10:1). "H NMR (300 MHz, CDCl;) 6 = 9.52 (d, ¥/ = 0.9
Hz, 1H), 8.75 (s, 2H), 7.48 (d, ] = 8.1 Hz, 4H), 7.30 (d, *>/ = 7.9
Hz, 4H), 7.17 (dd, *] = 3.9 Hz, *J = 1.6 Hz, 1H), 7.10 (ddd, *J =
2.6 Hz, ¥J = 1.6 Hz, %] = 0.9 Hz, 1H), 6.52 (dd, */ = 3.9 Hz, %] =
2.7 Hz, 1H). *C NMR (75 MHz, CDCl;) § = 178.2 (CHO), 152.4
(CH), 148.9, 132.9 (C), 131.9 (CH), 130.9 (q, *J = 32.8 Hz, C),
130.5 (CH), 125.4 (C), 125.3 (q, *J = 3.8 Hz, CH), 123.6 (q, J =
272.2 Hz, C), 123.0 (CH), 118.3 (C), 111.5 (CH), 95.6, 83.6
(C=C). "F NMR (282 MHz, CDCl;): § = —63.0. IR (ATR, cm ™ "):
U= 1663 (s), 1613 (m), 1484 (m), 1405 (m), 1319 (s), 1164 (s),
1102 (s), 1063 (s), 1016 (s), 839 (s), 781 (m), 740 (s), 575 (m).
MS (EI, 70 eV): m/z (%) = 508 ([M]", 23), 481 (27), 480 (100), 479
(30), 478 (13), 461 (7), 411 (9), 410 (19), 363 (5), 334 (6), 195 (7).
HRMS (ESI-TOF): calculated for C,sH;sFsN,O (M + HJ)
509.1089, found 509.1096.

1-(3,5-Bis((4-(dimethylamino)phenyl Jethynyl)pyridin-4-yl)-
1H-pyrrole-2-carbaldehyde (3e). According to general pro-
cedure A, the title compound 3e was obtained as a yellow-
brown solid in 45% yield (125 mg). Mp 175-183 °C. R; 0.13
(heptane/ethyl acetate 3:1). 'H NMR (300 MHz, CDCl;) 6 =
9.57 (d, ¥ = 0.7 Hz, 1H), 8.68 (s, 2H), 7.23 (dd, % = 3.9 Hz, ¥J =
1.6 Hz, 1H), 7.20-7.14 (m, 5H), 6.59-6.53 (m, 5H), 2.95 (s,
12H). *C NMR (75 MHz, CDCl;) § = 178.2 (CHO), 150.4 (C),
150.3 (CH), 146.4, 132.8 (C), 132.8, 132.5, 130.4 (CH), 119.5
(C), 111.5, 110.8 (CH), 108.2 (C), 99.1, 80.2 (C=C), 39.9 (CH,).
IR (ATR, cm™'): § = 1667 (s), 1603 (s), 1564 (s), 1519 (s), 1480
(s), 1360 (s), 1232 (m), 1168 (s), 806 (s), 783 (s), 740 (s), 577
(m), 523 (m). MS (EI, 70 eV): m/z (%) = 458 ([M]’, 100), 457
(23), 431 (15), 430 (57), 429 (22), 414 (22), 229 (14), 215 (12),
214 (25), 206 (12), 192 (11). HRMS (ESI-TOF): calculated for
C30H,7N,40 ([M + HJ") 459.2185, found 459.2189.

14-(p-Tolyl)-4-(p-tolylethynyl)pyrrolo[1,2-a]quinolino[2,3-c][1,6]
naphthyridine (4). 3a (150 mg) is dissolved in toluene (3.0 ml)
together with aniline (1.2 eq.), then FeCl; (0.01 eq.) was added.
The solution was stirred at 100 °C for 2 h. The reaction solu-
tion was cooled to room temperature, quenched with distilled
water and extracted three times with DCM. The combined
organic phases were dried over Na,SO,, the solvent was dis-
tilled off in vacuo, and the residue was purified by column
chromatography (Hep/EtOAc) to give the desired product 4 in
86% (153 mg). Mp > 375 °C. R¢ 0.26 (heptane/ethyl acetate
5:1). "H NMR (300 MHz, CDCl3) 6 = 9.37 (dd, */ = 3.1 Hz, ¥/ =
1.5 Hz, 1H), 8.63 (s, 1H), 8.46 (s, 1H), 8.14 (d, *J = 8.4 Hz, 1H),
7.71 (ddd, *] = 8.4 Hz, ] = 6.7 Hz, ] = 1.4 Hz, 1H), 7.66 (dd, %]
=3.8 Hz, ] = 1.5 Hz, 1H), 7.57 (dd, ] = 8.6 Hz, %] = 1.5 Hz, 1H),
7.54-7.50 (m, 2H), 7.43 (d, ] = 7.7 Hz, 2H), 7.37 (ddd, %] = 8.4
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Hz, *J = 6.7 Hz, %] = 1.3 Hz, 1H), 7.32-7.19 (m, 4H), 6.80 (dd, %/
= 3.8 Hz, ] = 3.1 Hz, 1H), 2.53 (s, 3H), 2.41 (s, 3H). **C NMR
(75 MHz, CDCl;) 6 = 153.7, 148.2, 145.6, 144.8, 139.6, 138.8,
135.2 (C), 131.3 (C), 131.3, 130.7, 130.2, 129.4, 129.2, 128.8
(CH), 127.1 (C), 126.9, 125.7, 120.3 (CH), 119.3, 115.9 (C),
113.5, 109.5 (CH), 97.9, 85.6 (C=C), 21.6, 21.5 (CH3). IR (ATR,
em™): o = 1737 (s), 1597 (s), 1504 (s), 1451 (s), 1356 (s), 1205
(s), 1028 (s), 960 (m), 812 (s), 762 (s), 690 (s), 604 (m). MS (EI,
70 eV): m/z (%) = 473 ([M]', 100), 472 (87), 471 (21), 470 (9),
459 (7), 458 (24), 457 (22), 456 (11), 229 (10), 228 (12). HRMS
(ESI-TOF): calculated for C3,H,4N; ([M + H]') 474.1970, found
474.1978.

General procedure B for the synthesis of 5,13-di-arylindoli-
zino[6,5,4,3-ijja]quinolino[2,3-c][1,6]Jnaphthyridines (5a-1).
150 mg of 3a-e together with 1.2 eq. of corresponding aniline
and 0.1 eq. FeCl; (1 eq. for 5¢) were suspended in 3 ml toluene
and stirred at 100 °C for 2 h (4 h for 5i). Subsequently, the
solution was diluted with water and extracted with DCM. The
combined organic phases were dried over Na,SO,, the solvent
was distilled off in vacuo. The crude product was dissolved in
xylene and 20 eq. p-TsOH-H,O were added. The solution was
stirred at 120 °C for 6 h (20 h for 5i and 5k). The reaction was
quenched with NaHCOj;-solution, extracted with DCM and
dried over Na,SO,. The solvent was distilled off in vacuo and
the residue was purified by column chromatography (Hep/
EtOAc) to give the desired products (5a-1).

mmol-scale procedure for the synthesis 5,13-di-p-tolylindoli-
zino[6,5,4,3-fjalquinolino[2,3-c|[1,6]naphthyridine (5a). 480 mg
(1.2 mmol) of 3a together with 1.2 eq. aniline (131 pl) and 0.1
eq. FeCl; (19 mg) were suspended in 10 ml toluene and stirred
at 100 °C for 2 h. Subsequently, the solution was diluted with
water and extracted with DCM. The combined organic phases
were dried over Na,SO,, the solvent was distilled off in vacuo.
The crude product was dissolved in xylene and 20 eq.
p-TsOH-H,0 (4.55 g) were added. The solution was stirred at
120 °C for 6 h. The reaction was quenched with NaHCO;-solu-
tion, extracted with DCM and dried over Na,SO,. The solvent
was distilled off in vacuo and the residue was purified by
column chromatography (Hep/EtOAc) to give desired products
5a in 47% (224 mg) yield.

5,13-Di-p-tolylindolizino[6,5,4,3-ja]quinolino|2,3-c][1,6 jnaphthyr-
idine (5a). According to general procedure B, the title com-
pound 5a was obtained as a orange solid in 47% yield (83 mg).
Mp 242-247 °C; R¢ 0.29 (heptane/ethyl acetate 2:1). '"H NMR
(300 MHz, CDCl;) 6 = 8.74 (s, 1H), 8.13 (ddd, *J = 8.5 Hz, ] =
1.3 Hz, °J = 0.6 Hz, 1H), 8.03 (s, 1H), 7.95 (d, ’J = 4.2 Hz, 1H),
7.73-7.64 (m, 3H), 7.52-7.46 (m, 3H), 7.39-7.27 (m, 5H), 7.14
(s, 1H), 7.09 (d, %] = 4.2 Hz, 1H), 2.57 (s, 3H), 2.47 (s, 3H). *C
NMR (75 MHz, CDCl;) § = 148.1, 146.4 (C), 145.0, 144.8 (CH),
144.8, 138.9, 138.7, 135.3, 134.8, 134.3, 134.0 (C), 130.9, 130.3,
129.5 (CH), 129.2 (C), 128.6, 128.0 (CH), 127.3 (C), 127.0 (CH),
126.2 (C), 125.7 (CH), 119.8, 117.5, 117.2 (C), 115.3, 111.2,
107.1 (CH), 21.6, 21.3 (CH;). IR (ATR, cm™'): 7 = 2920 (m),
1539 (m), 1502 (m), 1445 (m), 1358 (m), 1179 (m), 1109 (m),
1041 (m), 892 (m), 816 (s), 758 (s), 734 (s), 610 (m), 490 (s). MS
(EI, 70 eV): m/z (%) = 473 ([M]", 100), 472 (69), 471 (72), 470
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(17), 457 (17), 456 (18), 236 (46), 235 (16), 228 (37), 227 (24),
226 (12), 220 (12). HRMS (ESI-TOF): calculated for Cs;,H,4N3
(IM + H]") 474.1970, found 474.1977.
11-Methyl-5,13-di-p-tolylindolizino[6,5,4,3-jja]quinolino[2,3-
c][1,6]naphthyridine (5b). According to general procedure B,
the title compound 5b was obtained as a yellow solid in 44%
yield (82 mg). Mp 271-275 °C; R¢ 0.34 (heptane/ethyl acetate
2:1). "H NMR (300 MHz, CDCl;) 6 = 8.74 (s, 1H), 8.05 (d, ’J =
8.6 Hz, 1H), 7.99 (s, 1H), 7.95 (d, ] = 4.2 Hz, 1H), 7.71-7.66
(m, 2H), 7.54 (dd, *J = 8.6 Hz, *J = 2.0 Hz, 1H), 7.52-7.47 (m,
2H), 7.37-7.32 (m, 2H), 7.32-7.27 (m, 2H), 7.24-7.22 (m, 1H),
7.15 (s, 1H), 7.10 (d, *J = 4.1 Hz, 1H), 2.58 (s, 3H), 2.47 (s, 3H),
2.41 (s, 3H). "*C NMR (75 MHz, CDCl;) § = 146.8, 145.7 (C),
145.0, 144.7 (CH), 144.1, 138.8, 138.7, 135.7, 135.5, 134.9,
134.3, 134.0 (C), 132.7, 130.9, 129.6 (CH), 129.0 (C), 128.7,
128.4, 128.0 (CH), 127.3, 126.3 (C), 125.6 (CH), 119.8, 117.7,
117.2 (C), 115.2, 110.8, 107.0 (CH), 21.9, 21.6, 21.4 (CH,). IR
(ATR, em™"): & = 1502 (m), 1354 (m), 1183 (m), 1109 (m), 1036
(m), 884 (m), 814 (s), 802 (s), 781 (s), 711 (m), 602 (m), 488 (s).
MS (EI, 70 eV): m/z (%) = 487 ([M]", 100), 486 (55), 485 (11), 472
(18), 471 (24), 470 (11), 457 (6), 244 (9), 236 (23). HRMS (EI):
calculated for C35H,5N; ([M]") 487.20430, found 487.20439.
N,N-Dimethyl-5,13-di-p-tolylindolizino[6,5,4,3-jja]quinolino
[2,3-c][1,6]naphthyridin-11-amine (5c). According to modified
general procedure B the title compound 5c¢ was obtained as a
red solid in 21% yield (40 mg). Mp 272-277 °C; Ry 0.26
(heptane/ethyl acetate 2:1). 'H NMR (500 MHz, CDCl;) 6 =
8.73 (s, 1H), 8.05 (d, *J = 9.3 Hz, 1H), 8.03 (s, 1H), 7.90 (d, %] =
4.1 Hz, 1H), 7.70 (d, *J = 8.0 Hz, 2H), 7.47 (d, ] = 7.7 Hz, 2H),
7.40 (dd, *J = 9.3 Hz, ¥J = 2.8 Hz, 1H), 7.34 (d, *] = 7.7 Hz, 2H),
7.31 (d, *J = 8.0 Hz, 2H), 7.13 (s, 1H), 7.11 (d, *J = 4.1 Hz, 1H),
6.43 (d, *J = 2.8 Hz, 1H), 2.91 (s, 6H), 2.56 (s, 3H), 2.47 (s, 3H).
3C NMR (126 MHz, CDCl3) 6 = 147.9 (C), 144.9, 144.4 (CH),
143.6, 142.8, 141.4, 138.6, 138.4, 136.1, 135.0, 134.2, 134.1 (C),
130.9, 129.5, 129.4 (CH), 128.9 (C), 128.6 (CH), 128.5 (C), 128.0
(CH), 126.8 (C), 120.7 (CH), 119.9, 117.9, 117.3 (C), 114.6,
109.6, 106.8, 104.1 (CH), 40.5, 21.6, 21.3 (CH3). IR (ATR, cm™'):
7 = 1613 (s), 1504 (m), 1440 (m), 1341 (m), 1055 (m), 892 (m),
814 (s), 800 (s), 781 (s), 587 (m), 495 (m). MS (EI, 70 eV): m/z
(%) = 516 ([M]", 100), 501 (6), 500 (7), 486 (11), 472 (10), 471
(14), 400 (11), 258 (22), 257 (8). HRMS (EI): calculated for
Ci6HsN, ([M]") 516.23085, found 516.23130.
11-Fluoro-5,13-di-p-tolylindolizino[6,5,4,3-ja]quinolino[2,3-
c][1,6]naphthyridine (5d). According to general procedure B,
the title compound 5d was obtained as a red solid in 50%
yield (87 mg). Mp 275-280 °C; R¢ 0.37 (heptane/ethyl acetate
2:1). "H NMR (300 MHz, CDCl;) 6 = 8.75 (s, 1H), 8.14-8.07 (m,
1H), 8.03 (s, 1H), 7.91 (d, *J = 4.2 Hz, 1H), 7.71-7.64 (m, 2H),
7.54-7.41 (m, 3H), 7.38-7.32 (m, 2H), 7.31-7.27 (m, 2H), 7.14
(s, 1H), 7.11-7.03 (m, 2H), 2.57 (s, 3H), 2.47 (s, 3H). *C NMR
(75 MHz, CDCl3) 6 = 160.0 (d, 'J = 246.9 Hz, C), 145.7 (d, *J =
6.1 Hz, C), 145.1 (d, *] = 6.7 Hz, CH), 144.3 (d, J = 2.6 Hz, C),
139.2, 138.8, 134.9, 134.7, 134.3, 134.0 (C), 131.1, 131.1, 131.0,
129.6 (CH), 129.2 (C), 128.5 (CH), 128.1 (C), 128.0 (CH), 126.0
(C), 120.7 (d, %] = 26.3 Hz, CH), 119.8, 117.7, 117.2 (C), 115.3,
111.1 (CH), 110.1 (d, */ = 23.8 Hz, CH), 107.1 (CH), 21.6, 21.3
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(CH3). "F NMR (282 MHz, CDCl;): § = —113.0. IR (ATR, cm™"):
¥ = 1735 (m), 1541 (m), 1457 (s), 1339 (m), 1230 (m), 1166 (s),
1041 (m), 822 (s), 800 (s), 734 (s), 600 (s), 490 (s). MS (EI, 70
eV): m/z (%) = 491 ([M]", 100), 490 (71), 489 (18), 487 (13), 476
(18), 475 (19), 245 (10), 238 (18), 237 (10). HRMS (EI): calcu-
lated for C34H,,N3F ((M]) 491.17923, found 491.18050.
10,12-Difluor-5,13-di-p-tolylindolizino[6,5,4,3-jja]quinolino
[2,3-c][1,6]naphthyridine (5e). According to general procedure
B, the title compound 5e was obtained as a red solid in 46%
yield (78 mg). Mp 283-293 °C; R¢ 0.30 (heptane/ethyl acetate
2:1). "H NMR (300 MHz, CDCl;) 6 = 8.69 (s, 1H), 7.86 (d, J =
4.2 Hz, 1H), 7.73 (s, 1H), 7.66-7.60 (m, 2H), 7.54-7.48 (m,
1H),7.47-7.41 (m, 2H), 7.36-7.30 (m, 4H), 7.12 (s, 1H), 7.02 (d,
3] = 4.2 Hz, 1H), 6.83-6.73 (m, 1H), 2.56 (s, 3H), 2.47 (s, 3H).
BC NMR (126 MHz, CDCl;) 6 = 162.6 (dd, 'J = 252.0 Hz, %] =
14.2 Hz, C), 159.8 (dd, J = 264.4 Hz, *] = 14.4 Hz, C), 149.4 (dd,
3] =14.7 Hz, %] = 1.8 Hz, C), 146.0 (C), 145.3, 145.1 (CH), 144.7,
138.8 (C), 136.8 (d, YJ = 4.4 Hz), 134.4, 134.0, 133.9 (C), 130.5
(CH), 129.7 (C), 129.6, 127.9 (CH), 127.3 (d, ¥ = 4.1 Hz, CH),
125.3, 119.6 (C), 117.9, 117.2 (C), 115.8 (CH), 114.7 (dd, */ = 6.1
Hz, ] = 2.0 Hz, C), 112.2 (CH), 108.6 (dd, %/ = 20.1 Hz, ¥J = 4.9
Hz, CH), 107.3 (CH), 102.9 (pt, >/ = 28.4 Hz, CH), 21.6, 21.3
(CH;). 'F NMR (282 MHz, CDCL,): § = —106.5 (d, ‘g5 = 9.0
Hz), —99.9 (d, “/gr = 9.0 Hz). IR (ATR, cm™"): 7 = 1632 (s), 1543
(s), 1399 (m), 1339 (s), 1205 (s), 1135 (s), 1041 (m), 997 (m),
845 (s), 818 (s), 787 (s), 732 (s), 558 (s), 492 (m). MS (EIL, 70 eV):
mlz (%) = 509 ([M]", 100), 508 (84), 507 (12), 494 (21), 493 (29),
420 (6), 329 (7), 247 (13). HRMS (EI): calculated for C3,H,;N3F,
(IM]") 509.16981, found 509.17052.
9-Fluor-5,13-di-p-tolylindolizino[6,5,4,3-jja]quinolino[2,3-c][1,6]
naphthyridine (5f). According to general procedure B, the title
compound 5f was obtained as an orange solid in 41% yield
(67 mg). Mp 284-286 °C. Ry 0.28 (heptane/ethyl acetate 2:1);
H NMR (500 MHz, CDCl;) 6 = 8.70 (s, 1H), 7.97 (d, *J = 4.2 Hz,
2H), 7.69-7.64 (m, 2H), 7.50 (d, *J = 7.7 Hz, 2H), 7.37-7.30 (m,
5H), 7.25-7.20 (m, 2H), 7.11 (s, 1H), 7.05 (d, *] = 4.1 Hz, 1H),
2.57 (s, 3H), 2.47 (s, 3H). "*C NMR (126 MHz, CDCl;) § = 157.3
(d, 'J = 256.6 Hz, C), 146.3 (d, *J = 2.6 Hz, C), 145.1, 145.0 (CH),
144.8, 139.1, 138.8 (C), 138.5 (d, %/ = 11.9 Hz, C), 135.1, 134.6,
134.2, 133.9 (C), 131.0, 129.6 (CH), 129.3 (C), 128.9 (d, °J = 1.7
Hz, C), 128.5, 128.0 (CH), 125.9 (C), 124.7 (d, ] = 7.8 Hz, CH),
122.7 (d, ¥J = 4.5 Hz, CH), 119.7, 117.9, 117.1 (C), 115.4 (CH),
113.9 (d, %/ = 18.6 Hz, CH), 112.1, 107.3 (CH), 21.6, 21.3 (CH).
F NMR (282 MHz, CDCl;): § = —-126.0. IR (ATR, cm™):
7 =1537(m), 1445 (m), 1339 (m), 1241 (m), 1119 (m),
1041 (m), 892 (m), 816 (s), 760 (s), 579 (m), 486 (m). MS (EI, 70
eV): m/z (%) = 491 (M]", 100), 474 (9), 473 (45), 229 (1). HRMS
(ED): calculated for CsHN3F ([M]Y) 491.17923, found
491.17838.
5,15-Di-p-tolylbenzo[7,8]quinolino[2,3-c]indolizino[6,5,4,3-ija]
[1,6]naphthyridine (5h). According to general procedure B, the
title compound 5h was obtained as an orange solid in 41%
yield (81 mg). Mp 334-339 °C; Ry 0.42 (heptane/ethyl acetate
2:1). "H NMR (300 MHz, CDCl;) 6 = 9.47-9.43 (m, 1H), 8.65 (s,
1H), 7.99 (d, *J = 4.1 Hz, 1H), 7.90 (s, 1H), 7.76-7.70 (m, 1H),
7.70-7.60 (m, 4H), 7.51-7.41 (m, 3H), 7.37-7.27 (m, 4H),
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7.25-7.21 (m, 1H), 7.08 (d, *J = 4.1 Hz, 1H), 7.07 (s, 1H), 2.58
(s, 3H), 2.47 (s, 3H). **C NMR (75 MHz, CDCl;) § = 146.4, 145.8
(C), 144.1, 143.9 (CH), 143.2, 138.7, 138.6, 135.6, 134.8, 134.1,
134.0, 133.6 (C), 130.8 (CH), 130.7 (C), 129.5, 128.7 (CH), 128.6
(C), 128.0, 127.4, 126.8 (CH), 126.6 (C), 126.5, 125.2 (CH),
124.7 (C), 123.6 (CH), 119.9, 117.5, 117.1 (C), 115.1, 110.4,
106.9 (CH), 21.6, 21.3 (CHj3). IR (ATR, cm™"): & = 1533 (m),
1459 (m), 1356 (m), 1179 (m), 1111 (m), 1039 (m), 882 (m), 820
(s), 795 (s), 762 (s), 719 (m), 488 (m). MS (EI, 70 eV): m/z (%) =
523 ([M]", 100), 522 (44), 521 (15), 516 (10), 508 (12), 507 (14),
262 (14), 261 (13), 254 (19), 253 (11). HRMS (EI): calculated for
C35H,5N; ([M]7) 523.20430, found 523.20496.
5,13-Diphenylindolizino[6,5,4,3-ja]quinolino|2,3-c][1,6naphthyri-
dine (5i). According to modified general procedure B ((1) ¢ =
4 h; (2) t = 24 h), the title compound 5i was obtained as an
orange solid in 32% yield (57 mg); Mp 297-299 °C. R¢ 0.43
(dem/ethyl acetate 15:1). "H NMR (300 MHz, CDCl;) § = 8.73
(s, 1H), 8.16-8.10 (m, 1H), 7.96-7.92 (m, 2H), 7.81-7.75 (m,
2H), 7.73-7.65 (m, 4H), 7.59-7.47 (m, 3H), 7.47-7.39 (m, 3H),
7.39-7.31 (m, 1H), 7.16 (s, 1H), 7.08 (d, *J = 4.2 Hz, 1H). *C
NMR (75 MHz, CDCl;) § = 148.1, 146.1 (C), 145.1, 145.0 (CH),
144.7, 138.3, 137.6, 134.3, 134.0 (C), 130.3, 130.2 (CH), 129.1
(C), 129.1, 128.9, 128.8, 128.7, 128.6, 128.1 (CH), 127.1 (C),
126.9 (CH), 126.2 (C), 125.8 (CH), 119.7, 117.4, 117.0 (C),
115.7, 111.3, 107.1 (CH). IR (ATR, cm™'): = 1541 (m), 1337
(m), 1311 (m), 1183 (m), 1105 (m), 1034 (m), 888 (m), 849 (m),
808 (m), 760 (s), 701 (s), 649 (m), 474 (m). MS (EI, 70 eV): m/z
(%) = 445 ([M], 100), 444 (80), 443 (43), 442 (20), 441 (15), 418
(8), 367 (8), 223 (10), 222 (22), 221 (14), 207 (7). HRMS
(ESI-TOF): calculated for C3,H,oN;3 ([M + H]') 446.1657, found
446.1656.
11-Fluor-5,13-diphenylindolizino[6,5,4,3-jja]quinolino[2,3-c]
[1,6]naphthyridine (5j). According to modified general pro-
cedure B ((2) 24 h reaction time) the title compound 5j was
obtained as an orange solid in 35% yield (56 mg); Mp
275-283 °C. Ry 0.33 (dem/ethyl acetate 15:1). 'H NMR
(300 MHz, CDCl3) 6 = 8.77 (s, 1H), 8.13 (dd, >/ = 9.2 Hz, ¥/ = 5.5
Hz, 1H), 7.94 (d, *J = 4.2 Hz, 1H), 7.82-7.76 (m, 2H), 7.73-7.66
(m, 3H), 7.59-7.47 (m, 4H), 7.46-7.39 (m, 3H), 7.18 (s, 1H),
7.10 (d, ] = 4.2 Hz, 1H), 7.07-7.01 (m, 1H). **C NMR (75 MHz,
CDCI3/TFA) 6 = 162.1 (d, 'J = 257.8 Hz, C), 158.2 (d, *J = 5.8 Hz,
C), 139.7 (C), 138.5 (CH), 137.6 (d, *J = 2.0 Hz, C), 137.1, 135.2,
134.9 (C), 134.8 (CH), 134.1, 133.5 (C), 132.4, 131.1, 129.8
(CH), 128.7 (d, ] = 8.7 Hz, C), 128.5 (d, *J = 25.6 Hz, CH),
128.3, 126.7 (CH), 122.5 (C), 122.4 (d, %] = 9.3 Hz, CH), 120.5,
118.6 (CH), 118.6, 118.3, 116.3 (C), 114.6 (CH), 113.1 (d, *J =
25.1 Hz, CH). "F NMR (282 MHz, CDCl;): § = —112.8. IR (ATR,
em™Y): 7 = 1539 (m), 1459 (m), 1434 (m), 1356 (m), 1232 (m),
1175 (m), 1107 (m), 828 (m), 800 (m), 725 (m), 696 (s), 604 (m),
565 (m), 474 (m). MS (EL, 70 eV): m/z (%) = 463 ([M]", 100), 462
(78), 461 (43), 460 (13), 459 (13), 436 (5), 385 (9), 232 (11), 231
(26), 230 (12), 217 (5). HRMS (ESI-TOF): calculated for
C3,H1oFN; (M + H]") 464.1563, found 464.1554.
4,4'(11-Fluorindolizino[6,5,4,3-ja]quinolino|2,3-c][1,6naphthy-
ridine-5,13-diyl)bis(V,N-dimethylaniline) (5k). According to
modified general procedure B ((2) 8 h reaction time) the title
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compound 5k was obtained as an orange solid in 39% yield
(95 mg); mp 301-305 °C. R¢ 0.34 (dcm/ethyl acetate 3:1). 'H
NMR (500 MHz, CDCl;) & = 8.76 (s, 1H), 8.21 (s, 1H), 8.14 (dd,
3] =9.2 Hz, ¥J = 5.5 Hz, 1H), 7.95 (d, *J = 4.1 Hz, 1H), 7.73-7.68
(m, 2H), 7.51-7.46 (m, 1H), 7.27-7.23 (m, 1H), 7.22-7.19 (m,
2H), 7.17 (d, *J = 4.1 Hz, 1H), 7.14 (s, 1H), 6.99-6.95 (m, 2H),
6.89-6.86 (m, 2H), 3.12 (s, 6H), 3.06 (s, 6H). *C NMR
(126 MHz, CDCl;) 6 = 160.0 (d, 'J = 246.4 Hz, C), 150.8, 150.7
(C), 146.6 (d, ¥J = 6.0 Hz, C), 145.3 (C), 145.1, 144.7 (CH), 144.6
(d, ¥ = 2.4 Hz, C), 134.4, 133.9 (C), 130.9 (d, ] = 8.9 Hz, CH),
129.5 (C), 129.4, 128.9 (CH), 128.8 (d, %/ = 9.2 Hz, C), 126.0,
125.4, 124.8 (C), 120.5 (d, *J = 26.5 Hz, CH), 120.1, 118.3, 117.5
(C), 114.0, 113.5, 112.3, 110.9 (CH), 110.4 (d, *J = 23.5 Hz, CH),
107.2 (CH), 40.4, 40.3 (CH;). °F NMR (282 MHz, CDCl,): § =
-113.6. IR (ATR, cm™"): & = 1607 (s), 1523 (s), 1508 (s), 1428
(m), 1360 (s), 1335 (s), 1230 (m), 1191 (s), 1164 (s), 816 (s), 804
(s), 793 (s), 729 (m), 600 (m). MS (EI, 70 eV): m/z (%) = 550
(IMT", 62), 549 (100), 548 (19), 535 (15), 534 (32), 520 (15), 518
(11), 479 (19), 274 (18), 252 (12). HRMS (EI): calculated for
C36H,5FN; ([M]") 550.2407, found 550.2407.
11-Fluor-5,13-bis(4-fluorphenyl)indolizinol 6,5,4,3-ijja]quino-

lino[2,3-c][1,6]naphthyridine (51). According to modified
general procedure B ((2) 24 h reaction time) the title com-
pound 51 was obtained as a yellow solid in 65% yield (119 mg);
mp 318-323 °C. Rf 0.50 (dem/ethyl acetate 15:1). "H NMR
(300 MHz, CDCl;) & = 9.40 (s, 1H), 8.77 (d, *J = 4.7 Hz, 1H),
8.51 (dd, *J = 9.4 Hz, ¥J = 4.5 Hz, 1H), 8.05-7.97 (m, 2H), 7.84
(s, 1H), 7.82~7.75 (m, 2H), 7.71 (d, *] = 4.7 Hz, 1H), 7.64-7.56
(m, 2H), 7.50-7.43 (m, 2H), 7.40-7.31 (m, 3H). *C NMR
(75 MHz, CDCl3) § = 164.7 (d, 'J = 256.9 Hz, C), 164.3 (d, J =
252.6 Hz, C), 162.0 (d, 'J = 258.1 Hz, C), 156.7 (d, *J = 5.8 Hz,
C), 138.8 (CH), 138.2 (C), 137.4 (d, ¥J = 2.0 Hz, C), 137.0, 135.2
(C), 134.7 (CH), 134.4 (C), 130.2 (d, *J = 8.8 Hz, CH), 130.2 (C),
129.2 (d, ] = 8.3 Hz. CH), 129.1 (d, %/ = 4.2 Hz, C), 128.7 (d, *J
= 9.8 Hz, C), 128.4 (d, *J = 26.7 Hz, CH), 122.7 (d, %] = 9.2 Hz,
CH), 122.3 (C), 120.8 (CH), 119.9 (d, % = 22.3 Hz, CH), 118.6
(CH), 118.3, 118.3 (C), 117.0 (d, *J = 22.1 Hz, CH), 116.5 (C),
114.3 (CH), 112.7 (d, %/ = 24.9 Hz, CH). °F NMR (282 MHz,
CDCly): 6 = -102.9, -105.2, —108.5. IR (ATR, cm ')
7= 1502 (s), 1461 (m), 1339 (m), 1224 (s), 1158 (m), 828 (s),
802 (s), 779 (m), 725 (m), 587 (m), 560 (s), 540 (s), 505 (s). MS
(EL, 70 eV): m/z (%) = 499 ([M]", 100), 498 (61), 497 (31), 459
(43), 458 (86), 457 (13), 250 (44), 249 (20), 248 (17), 239 (18),
229 (24). HRMS (ESI-TOF): calculated for Cs;,H;,F;N; ([M +
HJ") 500.1375, found 500.1377.
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Abstract: Ullazines and their -expanded derivatives have gained much attention as active compo-
nents in various applications, such as in organic photovoltaic cells or as photosensitizers for CO;
photoreduction. Here, we report the divergent synthesis of functionalized diazaullazines by means of
two different domino-reactions consisting of either a Povarov/cycloisomerization or alkyne—carbonyl
metathesis/cycloisomerization protocol. The corresponding quinolino-diazaullazine and benzoyl-
diazaullazine derivatives were obtained in moderate to good yields. Their optical and electronic
properties were studied and compared to related, literature-known compounds to obtain insights
into the impact of nitrogen doping and m-expansion.

Keywords: alkyne-carbonyl-metathesis; cycloisomerisation; polycyclic heteroaromatic hydrocarbons;

Povarov reaction; ullazines

1. Introduction

Ullazine contains 16-m-electrons, is isoelectronic to pyrene, and is a representative
of polycyclic heteroaromatic hydrocarbons (PAHs) [1]. It has been known since its first
synthesis in 1983 [2], but has gained much interest for applications in organic electronics
during the last decade [1,3-7] since Grétzel et al. disclosed its promising application
in dye-sensitized solar cells in 2013 [1]. The aromatic 14-7-electron resonance structure
is a key factor, consisting of an electron-accepting iminium center surrounded by an
electron-donating annulene. Hence, in the following years, several approaches, such as
substitution, 7-extension or heteroatom doping, were employed to modify the properties
of various applications. Substitutions on the ullazine core are known in each position
(1-9) of the ullazine core (Figure 1) [1,2,8-12]. Positions 4, 5, and 7 can be addressed by
electrophilic substitution, whereas position 5 is the most active of these three [1,13,14].
Functionalization on the other positions can be achieved through the employment of
suitable precursors during ullazine formation, for example, by the double benzannulation
of N-phenylpyrroles [1,2,8,9]. The expansion of the 7-systems is mainly executed by 1,3-
dipolar cycloaddition with azomethine ylides, which leads to symmetrical dibenzoullazines
with functionalization of positions 1 and 2 [15-20]. Fused dithieno- and dipyridoullazines
are obtained by the photochemical cyclization of 3,9-diarylullazines [21]. In addition to
the extension of the 7-system and variations in the substitution pattern, doping of the
scaffold by heteroatoms has been used to alter the inherent properties of ullazines. Several
examples of N-, O-, and B-doped ullazines are known in the literature [9,22-29].

Recently, we studied the synthesis of 5,7-diazaullazines [29]. The incorporation of
a pyrimidine ring into the ullazine scaffold leads to strongly altered optical properties
through the stabilization of the HOMO and LUMO energies with strong intramolecular
charge transfer (ICT) properties and improved quantum yields. Moreover, we reported
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https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules29092159
https://doi.org/10.3390/molecules29092159
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-6444-7563
https://orcid.org/0000-0002-0868-9987
https://doi.org/10.3390/molecules29092159
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29092159?type=check_update&version=2

Molecules 2024, 29, 2159

20f 18

the synthesis of quinolino-azaullazines, which show bathochromically shifted absorp-
tion and emission features compared to their azaullazine subunit or related dibenzoul-
lazines [30]. Hence, we were interested in combining these two approaches, m-expansion
and increased N-doping of the ullazine structure, to study the impact of these struc-
tural modifications on the photophysical properties. Retrosynthetic analysis revealed
that respective quinolino-diazaullazines are accessible by a combination of the Povarov
reaction and cycloisomerization, similarly to the synthesis of quinolino-azapyrenes and
quinolino-azaullazines [30,31]. Interestingly, the same starting material might also undergo
alkyne—carbonyl metathesis (ACM) followed by cycloisomerization for the construction
of novel benzoyl-diazaullazine derivatives. Hence, we report a divergent synthesis of
quinolino-diazaullazines and benzoyl-diazaullazine from the same precursor through care-
ful choice of the employed reaction conditions. During our studies, the group of Chen
reported a related approach for the selective synthesis of pharmaceutically relevant naph-
thyridinones and quinolinones via either Povarov or ACM reaction, respectively, starting
from formyl-phenylpropialamide (Scheme 1) [32].

substitution expansion N-doping
F1,2 0

1.2 W ; X
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{89 34 | N
oo oy
7 5 X..,-.X
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Figure 1. Potential modifications to ullazine.
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Scheme 1. Divergent synthesis of Chen and our approach with the synthesis quinolino-diazaullazines
and benzoyl-diazaullazines.
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1.1. Synthesis

Our synthetic methodology started with the synthesis of an eligible pyrrolopyrimi-
dine 4, which can undergo ACM and Povorav reactions followed by cycloisomerization.
Starting from commercially available 4,6-dichloropyrimidin-5-amine (1), the Clausson—
Kaas reaction gave pyrrolopyrimidine 2 in excellent yield. Subsequent Vilsmeier-Haak
reaction proceeded selectively on the pyrrole ring, resulting in a mixture of the 2- and
3-formylpyrrole derivatives from which the respective precursor 3, with aldehyde function
in position 2, was separated in 41% yield. Finally, the desired precursors 4a—f were obtained
by two-fold Sonogashira reaction in good yield (Scheme 2) [29,30].
R' 4aR'=H  79%
NH, ' Q 4bR'=Me 75%

Cha A Cl 1 . o ", o 4cR'=F  74%
| X 4d R' = NMe, 77%
NN |
N._N 4e R'=CF; 63%
1 1=
2 (95%) 4f R'=OMe 45%

Scheme 2. Synthesis of ACM and Povarov precursors 4a—f; i: 2,5-dimethoxytetrahydrofuran, acetic
acid, 1,2-dichloroethane, reflux, 3 h. ii: POCl3 (2.0 eq.), DME, 100 °C, 3 h. iii: alkyne (3 eq.),
PdCl,(CH3CN), (0.06 eq.), XPhos (0.12 eq.), Cul (0.04 eq.), HN'Pr,, 1,4-dioxane, 90 °C, 24 h.

Starting material 4a was chosen as the model substrate to study the divergent synthesis
of quinolino-diazapyrene 5a and benzoyl-diazaullazine 6a. At first, we focused on the
optimization of the Povarov reaction with subsequent cycloisomerization in a one-pot
protocol, as both reactions are typically mediated by strong acids. In particular, product 5a
derives from three individual reaction steps: Schiff-base formation, Povarov reaction and
cycloisomerization.

The synthesis of 5a is initially based on the addition of aniline and FeCls [33]. FeCl;3
has proven to be a powerful catalyst for the synthesis of PAHs via Povarov reaction [30-33].
After the Povarov reaction has ceased, p-TsOH, as a Bronsted acid, is added to the reaction
mixture, which initiates the final ring closure through the activation of the second triple
bond. As a starting point, we tested the reaction conditions that were recently employed
for the synthesis of related quinolino-azaullazine derivatives, but only traces of the desired
product 5a were obtained (Table 1) [30]. Since starting material 4a was still detected by TLC
control, we decided to focus on the first reaction step—the Povarov reaction. The elevation
of the reaction temperature and the amount of FeCls led to an improvement of 38% in the
yield of final product 5a using 1 eq. of FeClj at 140 °C. Interestingly, the formation of 5a
was detected by the TLC control before the addition of Brensted acid. However, 5a was
isolated in a reduced 21% yield even when access of FeCl; was employed. Hence, a strong
Bronsted acid is required to drive the reaction to completion. Next, we turned our attention
to the final cyclization step. The application of p-TsOH-H,O proved to be superior to the
employment of methanesulfonic acid (MsOH). Different amounts of p-TsOH-H,O and an
increased reaction time improved the overall product yield to 45%, which corresponds to a
theoretical yield of more than 75% for each reaction step in this one-pot process.

In the following, we analyzed the synthesis of 6a. It is known from the literature that
both cycloisomerization and the ACM reaction are promoted efficiently by Brensted acids
(Table 2) [24,34]. Hence, we first tested similar conditions as for the Povarov but without
the addition of aniline [32]. To our delight, product 6a was isolated in 59% after 16 h.
Reducing the amount of p-TsOH to 20 eq. and lowering the reaction temperature to 120 °C
gave an improved yield of 68%, while the use of less acid or the employment of MsOH led
to inferior results. Finally, we reduced the reaction time to 6 h without compromising the
isolated yield.
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Table 1. Optimization of one-pot reaction for the synthesis of 5a consisting of the Schiff base formation,
Povarov reaction and cycloisomerization.

h
QG20 0 820
N i N
A

A Z > X A Z
NN N
4a
Entry eq. FeCl; Acid (eq.) Solvent T [°C] t7 [h] tp [h] Yield @1 [%]

1 0.1 p-TsOH-H, 0O (30) toluene 100 3 2 traces
2 0.3 p-TsOH-H,O (30) xylene 140 3 2 29
3 0.6 p-TsOH-H, O (30) xylene 140 3 2 34
4 1 p-TsOH-H, 0O (30) xylene 140 3 2 38
5 4 - xylene 140 3 - 21
6 1 p-TsOH-H,O (10) xylene 140 3 2 23
7 1 p-TsOH-H, O (20) xylene 140 3 2 27
8 1 p-TsOH-H,0 (30) xylene 140 3 6 45
9 1 p-TsOH-H, O (30) xylene 140 3 16 45
10 1 p-TsOH-H, O (40) xylene 140 3 6 43
11 1 MsOH (30) xylene 140 3 6 40

i: aniline (1.2 eq.), FeCl3, T, t;. ii: acid, T, t5. [a] jsolated yield (bold highlighted line indicates used conditions for
scope analysis).

Table 2. Optimization of cycloisomerization and ACM reaction for 6a.

(3 O
N i
= —
P
N._N O

| A
NN
4a 6a
Entry Acid (eq.) Solvent T[°Cl t [h] Yield 21 [%]
1 p-TsOH-H,O (30) - 120 16 57
2 p-TsOH-H,O (30) xylene 120 16 68
3 p-TsOH-H,O (30) xylene 140 16 59
4 p-TsOH-H,O (20) xylene 120 16 67
5 p-TsOH-H,O (10) xylene 120 16 53
6 MsOH (20) xylene 120 16 27
7 p-TsOH-H,0 (20) xylene 120 6 68

i: acid, solvent, T, t. [l isolated yield (bold highlighted line indicates used conditions for scope analysis).

With optimized reaction conditions for both reactions, we studied the scope and limi-
tations of our developed methodologies through an examination of different precursors,
4a—f and the employed anilines (Scheme 3). Similar yields of the respective quinoline-
diazaullazine (5a—c) were obtained for weak sigma donors or acceptors on the aryl alkyne
moiety. However, stronger donors and acceptors led to inferior results (5d—f). One ex-
planation for this could be the competitive reaction (ACM), as only the product 6d was
obtained during the synthesis of 5d. In particular, 4d did not react to product 5d, and
instead ACM product 6d was detected as the only product. However, whether strong
donors/acceptors lead to an enhancement of the ACM or to an inhibition of imine forma-
tion/[4 + 2]-cycloaddition cannot be clarified conclusively. Similar effects were observed
by changing the substitution pattern of the employed aniline. While 4-methyl or 4-F sub-
stituents gave good yields (5g, 5j), the yield dropped when CF; or NMe, groups were
present. Moreover, sterical effects lead to reduced yield (5h, 5i).
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5a R'=H  45% 59 R?=4-Me 48% 6a R'=H  68%
50 R'=Me 42% 5h R2 = 2-Me 38% 6b R'=Me  54%
5c R'=F 38% 5i R%=35-Me 26% 6c R'=F 71%
54 R'=NMe, 0% 5 R?=4-F 55% 6d R'=NMe, 54%
5 R'=OMe 14% 5k R?=4-NMe, 8% 6e R'=0OMe 51%
5f R'=CF; 0% 5| R?=4CF; 28% 6f R'=CFy;  62%

Scheme 3. Synthesis of final products 5a-1 by Povarov/cycloisomerization and 6a—f by
ACM/cycloisomerization. (a) 1. FeCls (1 eq.), corresponding aniline (1.2 eq.), xylene, 140 °C,
3 h; 2. p-TsOH-H,0 (30 eq.), xylene, 140 °C, 6 h. (b) p-TsOH-H,O (20 eq.), xylene, 120 °C, 6 h.

The ACM reaction seems to be less sensitive to functional groups and compounds
6a—f were isolated in moderate to good yields independently from the substitution pattern.
However, donor-substituted products (6b, 6d, 6e) were obtained in slightly lower yields.

Crystals of 5¢ were grown via the slow evaporation of its chloroform solution, making
them suitable for X-ray crystal structure analysis (Figure 2) [35]. The obtained crystal struc-
ture contained two co-crystallized CHCl3 molecules per unit cell, which were omitted for
better illustration. Both p-tolyl residues were twisted out of plane from the core structure by
dihedral angles of 40° on the diazaullazine moiety and 84° on the quinoline part. Moreover,
the crystal lattice showed a slipped antiparallel 7t-7-stacking with a spacing of 3.43 A and
3.41 A between the quinoline and diazaullazine entities, respectively. Different stacks
within the crystal lattice were stabilized by close F-m (3.14 A) and F-HC (2.52 A) contacts.

A: Ortep of 5¢ - B: Side-view of the crystal packing of 5¢

Figure 2. X-ray structures of 5c.
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NICS(1.7)zz, as a criterion of the local aromaticity, and bond currents, using the
BC-Wizard by Gershoni-Poranne et al., were calculated to obtain detailed insights into
the aromatic behavior of 5 (Figure 3) [36,37]. A global diatropic ring current is apparent,
accompanied by two local diatropic ring currents within the pyrrole and the pyrimidine
rings. Furthermore, two diatropic semi-global currents are identifiable for the quinoline and
the pyrimido-indolizine units. The central benzene ring connecting both moieties possesses
the lowest NICS(1.7)zz values of the entire molecule. This observation coincides with the
experimentally measured bond lengths. The C-C bond lengths between the quinoline and
pyrimido-quinoline moieties are the longest within the molecular scaffold (1.45-1.47 A;
marked in red), indicating a reduced delocalization of m-electrons and leading to a slight
curvature between the pyrimido-indolizine and the quinoline moieties by 8.2°. Similar
results were observed for the related quinolino-azapirone and quinolino-azaullazine [30,31].

A: NICS calculations

NICS(1.7),,

B: Ortep of 5¢ with C-C bondlength (left) and planeangle (rigth)

Figure 3. (A) NICS calculations for pyrimido[4’,5,6":9,1]pyrrolo[2’,1’,5":4,5,6]quinolizino[3,2-
b]quinoline: NICS2BC graphs (current was calculated from NICS(1.25)z7 strength relative to Io¢
(ring current of benzene, 11.5 nA T~1)). In the center of each ring are the respective NICS(1.7)zz
values. (B) Ortep of 5¢ with C-C bond length of the core structure (left) and plane angle between the
pyrimido-indolizine and the quinoline moieties.

1.2. Photophysical Properties

The optical properties were studied via steady-state absorption- and emission spec-
troscopy (Figure 4). We focused on products 5a, 5k, and 51, which differ from the substitu-
tion pattern directly on the polycyclic scaffold. The impact of the attached phenyl rings
on the optical properties is known to be limited due to its twisted orientation, and will
not be further analyzed [30,31]. The results will be compared with ACM product 6a. The
spectroscopic data are shown in Table S2.

Only slight differences between 5a and 51 containing an electron-withdrawing CFs-
group are evident. Thus, both exhibit similar extinction coefficients and a fine structure
of the absorption spectra, with slightly red-shifted absorption and emission maxima of 5L
The fluorescence quantum yields of both compounds are also very similar and relatively
high, at 53% and 52%, respectively [38]. Compound 5k displays a broadened, unstructured
absorption with smaller extinction coefficients over the entire spectrum, with significantly
red-shifted absorption and emission maxima and noticeably reduced quantum yields (29%).
These observations could indicate an ICT for compound 5k.
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Figure 4. UV /Vis (left) and PL spectra ((right), Aex = 480 nm (5a,k,1), Aex = 400 nm (6a)) of the
compounds shown in CH,Cl, (c = 1075 M) at 20 °C.

To investigate its potential ICT character, we performed solvatochromic studies with 5a
and 5k and compared the calculated dipole moments of their Sy and the S transition states.
Only minor changes in the calculated dipole moments, as well as in the absorption and
emission features, in solvents of different polarities (toluene, CH,Cl,, acetonitrile, ethanol)
were determined for both compounds (Figure S1, Supplementary Materials). Hence, the
occurrence of ICT properties due to the presence of the NMe, group can be neglected.

In contrast, 6a features a completely different structure of the absorption spectrum and
strongly blue-shifted absorption and emission spectra with higher extinction coefficients
of the lowest energy band (Figure 4). The fine structure and the location of the lowest
energy band is very similar to that of the symmetrically 3,9-substituted 5,7-diazaullazines
(8) [29]. However, 6a has a much lower fluorescence quantum yield compared to 8. A
similar impact of benzoyl groups was previously observed for benzoyl functionalized aza-
pyrene derivatives [39,40]. Interestingly, the quantum yield is comparable to 2-azaullazines,
containing a benzoyl group and an additional CF; group, whereby the emission maxima of
5a are significantly blue-shifted by ~140 nm [41].

To gain insights into the redox properties of the different core structures, 5a and 6a,
we performed cyclic voltammetry (CV) measurements in dichloromethane (Figure 5). Both
compounds exhibit an irreversible oxidation potential, while 5a is slightly more easily
oxidized (0.95 V; onset potential of 0.85 V) than compound 6a (1.08 V; onset potential of
0.96 V), which corresponds to the experimentally deduced HOMO energies of —5.65 eV
(5a) and —5.76 eV (6a) [42]. As expected, the presence of a withdrawing benzoyl group on
the ullazine scaffold leads to a lower oxidation potential compared to diazaullazine 8 [29].
Similarly, the exchange of a pyridine ring of 7 with a more electron-poor pyrimidine ring
(5a) leads to a reduced oxidation potential (Table 3) [30]. No reduction event is observed
within the analyzed potential window of dichloromethane.

Density functional theory (DFT) calculations were performed for 5a, 5k, 51, and 6a to
obtain an improved understanding of the electronic properties and to disclose the impact
of N-doping (Figure 6) [43]. The frontier orbitals of all three quinolino-diazaullazines are
very similar and are mainly located on the core structures, with no contribution of the aryl
substituents. Localization of the frontier orbitals, as well as the HOMO-LUMO gap, is
comparable, as could be assumed from their previously discussed optical properties. The
depiction of the HOMO and LUMO reveals no additional contribution by the CF; group to
either of the frontier orbitals. In contrast, a pertinent contribution by the NMe, group of
5k to the HOMO and, to a lesser extent, to the LUMO is apparent, leading to destabilized
HOMO and LUMO energies, with a greater impact on the former. A comparison of 5a with 7
shows the stabilization of both the HOMO and LUMO by ~0.30 eV due to the incorporation
of a pyrimidine instead of a pyridine ring within the ullazine scaffold (Table 3) [30].
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Figure 5. Cyclic voltammograms of 5a and 6a. Measured in CH,Cl, (0.001 M) with 0.1 M n-BugNPFg
as a supporting electrolyte, glassy carbon working electrode, and Pt counter-electrode, with ferrocene
as a standard, at a scan rate of 100 mV/s.

Table 3. Comparison of properties with related molecular structures.

Me
&N\
o PP Oy
S lN/ S
NN
Me

NN O

5a 6a 7 [30] 8[29]

A1,abs [Nm] 497 420 471 422

ex1 [10* L-mol~lem™1] 0.8 2.0 1.1 1.7

AMem [Nm] 530 462 515 439

(O] 0.52 0.10 0.26 0.35

Eox. [V vs. Fc/Fc*] 0.95 1.08 0.72 1.00
Enomoycv [eV] —5.65 —5.76 —-5.41 —5.69
Epomo,prr [eV] —5.53 —-5.73 —5.22 —5.60
ELUMO/DFT [eV] —2.43 —2.04 —2.09 —1.90

Egap [eV] 3.10 3.69 3.13 3.69

6a has an increased HOMO-LUMO gap (3.69 eV), which is due to a destabilized
LUMO and a stabilized HOMO compared to product 5. Interestingly, the HOMO-LUMO
gap is exactly the same as for 3,9-substituted 5,7-diazaullazine (8), with both the HOMO
and LUMO energies stabilized by 0.13 eV [29]. However, both compounds show different
contributions to their respective frontier orbitals. While the HOMO and LUMO of 8 are
mainly localized on the ullazine core structure, the strong participation of the benzoyl
substituent of 6a is observed on the LUMO.

A comparison of symmetrical (8) and unsymmetrical (6a) substituted diazaullazines,
as well as -expanded aza-(7) and diazaullazines (5a), reveal the impact of nitrogen doping,
m-expansion, and the substitution pattern on the properties of these ullazine derivatives
(Table 3) [29,30].

The absorption and emission properties of 5a are comparable to those of quinolino-
azaullazine (7) However, the installment of a pyrimidine moiety instead of a pyridine unit
leads to red-shifted absorption and emission spectra. 5a exhibits the highest quantum
yields of the compared substances, which are twice as high as for related compound 7. The
HOMO and LUMO energies are stabilized by ~0.30 eV. Comparing compounds 5a and
8 reveals significantly red-shifted absorption and emission spectra. The annulation of a
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quinoline moiety on the diazaullazine moiety leads to a bathochromical shift of 75 nm for
the absorption and 91 nm for the emission spectrum.
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Figure 6. Frontier orbitals of 5a, 5k, 51, and 6a, and energy levels calculated at the B3LYP/6-31G(d,p)
level of theory within IEFPCM in CH,Cl,.

The differences between 6a and 8 are rather small. Both have similar absorption
and emission spectra, as well as similar HOMO and LUMO energies, which differ by
0.13 eV. This can be explained by the fact that these properties are mainly specified by
the core structure and the substituents only have a minor influence on this. However, the
introduction of a benzoyl function results in a noticeable quenching of the fluorescence and
thus 8 has a 3.5 times higher quantum yield than 6a.

2. Conclusions

We developed a divergent synthesis of m-expanded diazaullazine (quinolino-
diazaullazines) and 9-benzoyl-diazaullazines through a one-pot multi-step procedure con-
sisting of a Povarov/cycloisomerization or ACM/cycloisomerization protocol, respectively.
Moderate to good yields of the desired products were obtained and selected compounds
were studied by UV /Vis, fluorescence, and cyclovoltammetric measurements, which have
been underpinned by DFT calculations. A comparison with related compounds offered
insights into the impact of the substitution pattern and degree of N-doping on the optical
and electrochemical properties. In particular, m-expansion by the fusion of a quinoline
moiety leads to bathochromically shifted absorption and emission spectra accompanied by
improved quantum yields, while benzoyl substituents lead to blue-shifted absorption and
emission bands and reduced quantum yields.

3. Materials and Methods
3.1. General Information

The nuclear magnetic resonance spectra ('H/BC/1F NMR) were obtained using a
Bruker AVANCE 300 III, 250 II, or 500. Chemical shifts (8) were calibrated with respect
to residual solvent signals of deuterated solvents CDCl3 (8 = 7.26 ppm/77.0 ppm). Spin—
spin correlation-induced multiplicities were denoted as follows: s = singlet; d = doublet;
dd = double doublet; ddd = doublets of doublets; pt = pseudo triplet; m = multiplet, ac-
companied by their coupling constants (J). Infrared spectra (IR) were measured using
attenuated total reflection (ATR) with a Nicolet 380 FT-IR spectrometer. Signal character-
istics were described in terms of wavenumbers (7) and absorption strengths, categorized
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as very strong (vs), strong (s), medium (m), or weak (w). UV /Vis spectra were acquired
using a Cary 60 UV —vis spectrophotometer, and emission spectra were obtained with
an Agilent Cary Eclipse fluorescence spectrophotometer. Cyclic voltammograms (CVs)
were conducted at room temperature in CH,Cl, (c = 1072 M) with 0.1 M n-BuyNPFg as the
supporting electrolyte, a glassy carbon working electrode, ANE2 (Ag/AgNO3 0.01 M in
CH3CN), as a reference electrode, and Pt as a counter-electrode (0.5 mm diameter platinum
wire). Ferrocene (c = 1073 M, in CH3CN) served as an external standard at a scan rate of
100 mV/s. The voltammograms were recorded on a PalmSense EmStat 3 blue potentiostat.
The working electrode is a 3 mm diameter, glassy, carbon disk electrode coated with Kel-F,
polished using aqueous alumina slurry (0.03 um alumina powder) on a polishing pad.
Solvents were deoxygenated by argon purging. Potentials were referenced to as Fc* /Fc,
with a reductive scan direction starting at 1.5 V and a switching potential of —1.5 V, plotted
using the IUPAC conventions. Mass spectra (MS/HRMS) were acquired using instruments
coupled with preceding gas chromatography (GC) or liquid chromatography (LC). The
samples were ionized either by electron impact ionization (EI) using an Agilent 6890/5973
or Agilent 7890/5977 GC-MS with a HP-5 capillary column and helium carrier gas, or by
electron spray ionization (ESI) using an Agilent 1200/6210 Time-of-Flight (TOF) LC—MS.
Melting points (mp) were determined using a Micro-Hot-Stage GalenTM III Cambridge
Instruments without correction. X-ray single-crystal structure analysis was performed
using a Bruker Apex Kappa-II CCD diffractometer.

3.2. Analytical Data
3.2.1. General Procedure A for the Synthesis of 5,13-Diphenylpyrimido[4’,5,6":9,1]
pyrrolo[2’,1’,5':4,5,6]quinolizino[3,2-b]quinoline (5a-1)

A total of 100 mg of 4a—f, 1.2 eq. of the corresponding aniline and 1 eq. FeCl3 were
suspended in 4 mL xylene and stirred at 140 °C for 3 h. Subsequently, 20 eq. p-TsOH-H,O
were added to the reaction mixture and the solution was stirred at 140 °C for another
6 h. The reaction was quenched with NaHCO3-solution, extracted three times with 50 mL
CH,Cl, and dried over NaySOy. The solvent was distilled in vacuo and the residue was
purified by column chromatography (CH,Cl, /EtOAc) to yield the desired products (5a-1).

5,13-diphenylpyrimido[4',5',6':9,11pyrrolo[2',1',5' :4,5,6 lquinolizino[ 3,2-b]quinoline (5a)

According to general procedure A, the title compound 5a was obtained as an orange solid
in 45% yield (54 mg, 0.121 mmol). R¢ 0.50 (CH,Cl, /EtOAc 10:1). Mp. 284-286 °C. 'H NMR
(500 MHz, CDCl3) b = 8.83 (s, 1H), 8.31-8.27 (m, 1H), 8.24 (d, ] = 4.3 Hz, 1H), 7.89-7.86 (m,
2H),7.84(ddd, ] =83 Hz, J=6.6 Hz, ] =14 Hz, 1H), 7.66 (dd, ] = 8.6 Hz, | = 1.4 Hz, 1H),
7.63-7.54 (m, 7H), 7.46 (ddd, ] =8.3 Hz, | =6.7 Hz, | = 1.2 Hz, 1H), 7.42 (d, ] = 4.3 Hz, 1H),
7.40-7.37 (m, 2H). 13C NMR (126 MHz, CDCl;) 5 = 153.4, 150.2, 149.6, 146.9, 146.8, 144.5,
140.9, 138.7, 137.3, 131.5, 129.4, 129.1, 128.9, 128.7, 128.2, 127.9, 127.6, 127.5, 127.2, 126.3,
126.1,122.1,117.5,116.8, 112.2, 109.1. IR (ATR, cm~'): ¥ = 1605 (s), 1578 (m), 1500 (m), 1449
(m), 1405 (m), 863 (m), 777 (s), 734 (s), 705 (vs), 612 (s), 554 (s). MS (EI, 70 eV): m/z (%) = 446
(86, M), 445 (92), 444 (28), 382 (56), 381 (100), 380 (89), 379 (28), 354 (26), 223 (49), 222 (52),
208 (31). HRMS (ESI-TOF): calculated for C31Hy9Ny ([M + HJ*) 447.1609, found 447.1602.
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5,13-di-p-tolylpyrimido[4',5',6':9,11pyrrolo[2',1' 5':4,5,6 Jquinolizino[ 3,2-blquinoline (5b)

According to general procedure A, the title compound 5b was obtained as an orange solid
in 42% yield (50 mg, 0.105 mmol). R 0.78 (CH,Cl, /EtOAc 15:1). Mp. 303-306 °C. 'H NMR
(250 MHz, CDCl) & = 8.83 (s, 1H), 8.22-8.16 (m, 1H), 8.13 (d, ] = 4.3 Hz, 1H), 7.79-7.69 (m,
3H),7.64 (ddd, ] =8.7Hz, ] =1.5Hz, ] = 0.7 Hz, 1H), 7.49 (s, 1H), 7.44-7.35 (m, 5H), 7.33
(d, ] =4.3 Hz, 1H), 7.32-7.21 (m, 2H), 2.60 (s, 3H), 2.48 (s, 3H).!3C NMR (63 MHz, CDCl;)
5=153.3,150.4, 149.4, 146.8, 146.7, 144.4, 140.7, 139.5, 137.0, 135.6, 134.4, 131.3, 129.7, 128.8,
128.8,128.6, 128.5, 127.9, 127 .4, 127.3, 126.1, 125.8, 121.9, 117.0, 116.7, 112.0, 108.9, 21.5, 21.4.
IR (ATR, cm™1): ¥ = 1603 (s),1498 (m), 820 (s), 771 (m), 748 (vs), 734 (s), 725 (s), 612 (s), 556
(s). MS (EL 70 eV): m/z (%) = 474 (92, M*), 473 (100), 472 (7), 238 (6), 237 (28), 236 (10), 230
(21), 229 (13), 228 (7), 222 (7), 215 (7). HRMS (ESI-TOF): calculated for C33Hp3Ny ([M + HJ*)
475.1923, found 475.1926.

5,13-bis(4-fluorophenyl)pyrimido[4',5',6':9,11pyrrolo[2’,1',5':4,5,6]Iquinolizino[ 3,2-blquinoline (5¢)

According to general procedure A, the title compound 5¢ was obtained as an orange solid
in 38% yield (44 mg, 0.091 mmol). R¢ 0.78 (CH,Cl, /EtOAc 15:1). Mp. 318-320 °C. 'H NMR
(500 MHz, CDCl3) 6 = 8.86 (s, 1H), 8.32 (d, ] = 8.5 Hz, 1H), 8.27 (d, ] = 4.3 Hz, 1H), 7.89-7.84
(m, 3H), 7.68-7.65 (m, 1H), 7.54 (s, 1H), 7.50 (ddd, ] = 8.3 Hz, ] = 6.6 Hz, ] = 1.2 Hz, 1H), 7.38
(d, ] = 4.3 Hz, 1H), 7.36-7.28 (m, 6H). 1*C NMR (126 MHz, CDCl3) & = 163.5 (d, ] = 250.0
Hz), 162.6 (d, ] = 246.3 Hz), 153.4, 149.5, 149.3, 146.8, 146.7, 1444, 139.9, 134.3 (d, ] = 3.6 Hz),
133.3(d,J =3.2 Hz), 131.7,130.4 (d, ] = 8.7 Hz), 130.4 (d, | = 8.6 Hz),129.0, 127.6, 127.5, 127 .2,
126.3,126.3,122.1,117.5,116.9, 116.2 (d, ] = 21.8 Hz), 115.3 (d, ] = 21.6 Hz), 112.4, 109.0. '°F
NMR (471 MHz, CDCl3) § = —111.4, —114.7. IR (ATR, cm~'): ¥ = 1603 (vs),1502 (vs), 1228
(vs), 1158 (s), 835 (vs), 802 (s), 769 (s), 748 (s), 736 (s), 610 (s), 563 (vs). MS (EI, 70 eV): m/z
(%) = 482 (67, M), 481 (100), 480 (42), 453 (13), 241 (27), 240 (71), 231 (16), 226 (37), 225
(32), 217 (16), 216 (17), 213 (14). HRMS (ESI-TOF): calculated for C31H;;FoNy (IM + HJ*)
483.1421, found 483.1425.

5,13-bis(4-methoxyphenyl)pyrimido[4' 5 ,6':9,1]pyrrolo[2,1',5':4,5,6 lquinolizino[ 3,2-b]quinoline (5e)

OMe

According to general procedure A, the title compound 5e was obtained as an orange solid
in 14% yield (16 mg, 0.032 mmol). R 0.85 (CH,Cl, /EtOAc 15:1). Mp. 298-301 °C. 'H NMR
(250 MHz, CDCl3/TFA) 6 =9.05 (d, ] = 4.9 Hz, 1H), 8.92 (s, 1H), 8.61 (d, ] = 8.6 Hz, 1H), 8.44
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(ddd, ] = 8.6 Hz, | = 6.9 Hz, | = 1.4 Hz, 1H), 8.31-8.18 (m, 3H), 8.03-7.90 (m, 3H), 7.39-7.21
(m, 6H), 4.06 (s, 3H), 4.01 (s, 3H). 13C NMR (63 MHz, CDCls/TFA) & = 166.0, 163.3, 161.4,
148.6, 146.7, 145.3, 140.6, 140.3, 138.4, 136.1, 131.4, 131.3, 130.8, 130.1, 129.6, 128.1, 127.0,
126.6,119.9,119.7,119.4, 118.4, 116.0, 115.9, 115.1, 111.1, 55.8, 55.7. IR (ATR, cm~1): ¥ = 1601
(5),1498 (s), 1243 (vs), 1175 (vs), 1158 (s), 1024 (vs), 835 (s), 785 (s), 762 (vs), 736 (s), 573 (s),
558 (vs). MS (EL 70 eV): n1/z (%) = 506 (100, M*), 505 (99), 463 (5) 462 (13), 420 (4), 419 (8),
254 (7), 253 (19), 232 (8), 231 (5), 210 (9), 197 (5), 196 (5). HRMS (ESI-TOF): calculated for
C33HpN4O, ([M + HJ) 507.1821, found 507.1828.

11-methyl-5,13-diphenylpyrimido[4',5',6':9,1Ipyrrolo[2,1',5':4,5,6]lquinolizino[3,2-blquinoline (5g)

According to general procedure A, the title compound 5g was obtained as an orange solid
in 48% yield (59 mg, 0.128 mmol). R¢ 0.75 (CHCl, /EtOAc 15:1).Mp. 319-322 °C. 'H NMR
(500 MHz, CDCl3) 6 =8.80 (s, 1H), 8.17 (d, ] = 4.3 Hz, 1H), 8.14 (d, ] = 8.6 Hz, 1H), 7.87-7.84
(m, 2H), 7.64-7.54 (m, 7H), 7.53 (s, 1H), 7.40-7.36 (m, 4H), 2.4 (s, 3H). 13C NMR (126 MHz,
CDCls) 6 = 153.3, 149.2, 148.2, 146.7, 143.7, 140.7, 138.8, 137.3, 136.1, 134.0, 129.4, 129.0,
128.7,128.6,128.6, 128.1, 127.4,127.3,127.1, 126.2, 126.2, 122.0, 117.2, 116.7, 111.8, 109.0, 22.0.
IR (ATR, cm ™ 1): ¥ = 1607 (s),1554 (m), 1492 (m), 1449 (m), 1403 (m), 1325 (m), 814 (m), 777
(vs), 754 (m), 703 (vs), 596 (m), 556 (s). MS (EI, 70 eV): m/z (%) = 460 (91, M*), 459 (100), 458
(11), 457 (7), 230 (28), 229 (29), 228 (15), 222 (18), 215 (8), 214 (13), 208 (7). HRMS (ESI-TOF):
calculated for C3,Hy1 Ny (IM + HJ*) 461.1766, found 461.1771.

9-methyl-5,13-diphenylpyrimido[4',5',6':9,1]pyrrolo[2',1',5':4,5,6]quinolizino[ 3,2-b]quinoline (5h)

According to general procedure A, the title compound 5h was obtained as an orange solid
in 38% yield (34 mg, 0.074 mmol). R¢ 0.80 (CH,Cl,/EtOAc 15:1). Mp. 256-259 °C. TH NMR
(300 MHz, CDCl3) 6 = 8.83 (s, 1H), 8.26 (d, ] = 4.3 Hz, 1H), 7.92-7.85 (m, 2H), 7.69 (ddd,
J=6.8Hz, ] =15Hz, ] =1.0Hz, 1H), 7.65-7.55 (m, 7H), 7.50 (ddd, ] =8.7 Hz, [ = 1.5 Hz, |
= 0.7 Hz, 1H), 7.43 (d, ] = 4.3 Hz, 1H), 7.38-7.32 (m, 3H), 3.0 (s, 3H). 3C NMR (75 MHz,
CDCl3) & = 153.4, 150.1, 148.8, 146.9, 146.8, 143.4, 140.9, 139.1, 137.4, 136.9, 131.3, 129.4,
129.1,128.7,128.7,128.1, 127.4,127.1, 126.9, 125.8, 125.8, 122.2, 117.2, 116.4, 111.8, 109.0, 18.2.
IR (ATR, em™!): ¥ = 1601 (m),1552 (m), 1447 (m), 1428 (s), 1339 (m), 1323 (m), 781 (s), 762
(vs), 701 (vs), 604 (m), 567 (m), 556 (s). MS (EL 70 eV): m/z (%) = 460 (81, M™), 459 (100), 458
(6), 457 (6), 445 (7), 230 (16), 229 (18), 228 (8), 222 (10), 214 (8). HRMS (ESI-TOF): calculated
for C3yHo1 Ny ([M + HJ*) 461.1766, found 461.1775.
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10,12-dimethyl-5,13-diphenylpyrimido[4',5',6':9,1Ipyrrolo[2',1',5':4,5,6 lquinolizino| 3,2-b]lquinoline
(51)

According to general procedure A, the title compound 5i was obtained as an orange solid
in 26% yield (34 mg, 0.072 mmol). R¢ 0.82 (CH,Cl, /EtOAc 15:1). Mp. 317-320 °C. 'H NMR
(500 MHz, CDCl3/TFA) 6 =9.12 (d, ] = 4.9 Hz, 1H), 8.84 (s, 1H), 8.36 (s, 1H), 8.25 (s, 1H),
8.16 (d, ] = 4.9 Hz, 1H), 7.95-7.87 (m, 2H), 7.76-7.64 (m, 6H), 7.58 (s, 1H), 7.40-7.35 (m, 2H),
2.77 (s, 3H), 2.15 (s, 3H). 13C NMR (126 MHz, CDCl;/TFA) & = 165.2, 154.1, 147.5, 147 4,
145.6, 142.6, 142.0, 138.9, 137.5, 136.7, 135.2, 134.2, 132.1, 130.9, 130.4, 130.0, 129.4, 129.3,
127.1,125.2,121.3,119.5,119.2, 118.1, 117.3, 115.7, 112.8, 25.2, 22.8. IR (ATR, cm ™ !): ¥ = 1605
(s),1578 (m), 1550 (m), 1504 (m), 1451 (s), 1325 (m), 857 (m), 777 (s), 725 (s), 703 (vs), 558 (m).
MS (EI, 70 eV): m/z (%) = 474 (89, M*), 473 (100), 471 (5), 470 (5), 399 (7), 237 (10), 236 (6),
229 (15), 228 (12), 214 (6). HRMS (ESI-TOF): calculated for C33H» Ny ([M + H]*) 475.1923,
found 475.1934.

11-fluoro-5,13-diphenylpyrimido[4',5' ,6':9,1]pyrrolo[2',1',5':4,5,6]quinolizino[ 3,2-blquinoline (5j)

According to general procedure A, the title compound 5j was obtained as an orange solid
in 55% yield (69 mg, 0.148 mmol). R¢ 0.79 (CH,Cl,/EtOAc 15:1). Mp. 348-350 °C. TH NMR
(500 MHz, CDCl3) 5 = 8.85 (s, 1H), 8.32 (dd, ] =9.3 Hz, ] =5.5 Hz, 1H), 8.24 (d, ] =4.3 Hz,
1H), 7.91-7.86 (m, 2H), 7.67-7.55 (m, 8H), 7.44 (d, ] = 4.3 Hz, 1H), 7.38-7.35 (m, 2H), 7.26 (dd,
J =10.3 Hz, ] = 2.8 Hz, 1H). *C NMR (126 MHz, CDCl3) § = 160.1 (d, ] = 248.7 Hz), 153.5,
149.5,149.5,147.0, 146.8, 146.4, 144.1 (d, ] = 1.9 Hz), 141.1, 138.3, 137.3, 131.5 (d, ] = 8.9 Hz),
129.5,129.1,128.7,128.5,128.4, 1279 (d, ] = 9.5 Hz), 127.8, 127.6, 126.2,122.4 (d, | = 26.2 Hz),
117.5,117.2,112.0,110.7 (d, ] = 23.6 Hz), 109.2. ’F NMR (471 MHz, CDCl3) § = —111.7. IR
(ATR, cm™1): ¥ = 1488 (s),1175 (s), 830 (s), 777 (vs), 725 (s), 705 (vs), 593 (s), 552 (s), 474 (s),
460 (s), 443 (s). MS (EI, 70 eV): m/z (%) = 464 (89, M), 463 (100), 462 (25), 435 (12), 232 (41),
231 (42), 230 (10), 218 (11), 217 (19). HRMS (ESI-TOF): calculated for C3;HigFNy ([M + H]")
465.1516, found 465.1524.

N,N-dimethyl-5,13-diphenylpyrimido[4’,5',6':9,1Ipyrrolo[2',1',5' :4,5,6 lquinolizino[ 3,2-b]quinolin-
11-amine (5k)

According to general procedure A, the title compound 5k was obtained as an orange solid
in 8% yield (11 mg, 0.021 mmol). R¢ 0.82 (CH,Cl,/EtOAc 15:1). Mp. 130-134 °C. 'H
NMR (500 MHz, CDCl3) 6 = 8.81 (s, 1H), 8.25 (s, 2H), 7.91-7.88 (m, 2H), 7.62-7.57 (m, 5H),
7.57-7.55 (m, 3H), 7.45 (d, | = 4.3 Hz, 1H), 7.41-7.35 (m, 2H), 6.55 (d, | = 2.8 Hz, 1H), 2.96
(s, 6H). 13C NMR (126 MHz, CDCl;/TFA) 6 = 148.3, 146.8, 146.7, 145.8, 138.9, 137.4, 134.9,
134.2, 134.0, 132.2, 130.8, 130.3, 130.1, 130.0, 129.8, 129.6, 129.3, 126.8, 122.4, 121.5, 120.4,
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118.8,117.8, 116.6, 112.0, 42.9. IR (ATR, cm~1): ¥ = 2920 (s),1607 (s), 1492 (s), 1449 (s), 1323
(s), 1123 (s), 775 (s), 699 (vs), 591 (s), 554 (s).MS (EL 70 eV): m/z (%) = 489 (40, M), 488 (24),
207 (14), 57 (25), 55 (20), 44 (100), 43 (28), 41 (23). HRMS (ESI-TOF): calculated for C33Hp4 N
(IM + HJ*) 490.3032, found 490.2031.

5,13-diphenyl-11-(trifluoromethyl)pyrimido[4’,5',6':9,1]pyrrolo[2',1',5':4,5,6 lquinolizino[ 3,2-b]
quinoline (51)

According to general procedure A, the title compound 51 was obtained as an orange solid
in 28% yield (38 mg, 0.075 mmol). R 0.85 (CH,Cl,/EtOAc 15:1). Mp. 311-313 °C. 'H
NMR (500 MHz, CDCl3/TFA) 6 = 9.10 (d, ] = 4.9 Hz, 1H), 8.96 (s, 1H), 8.77 (d, ] = 8.9
Hz, 1H), 8.56 (dd, ] = 9.1 Hz, | = 1.8 Hz, 1H), 8.37 (s, 1H), 8.31 (s, 1H), 8.28 (d, ] = 4.9 Hz,
1H), 7.95-7.89 (m, 2H), 7.86-7.82 (m, 1H), 7.81-7.71 (m, 5H), 7.41-7.37 (m, 2H). 3C NMR
(126 MHz, CDCl3/TFA) 6 = 167.4,149.3, 147.4, 145.8, 141.4, 138.6, 137.3, 135.9 (q, ] = 3.1 Hz),
133.8,133.8,132.7, 132.2, 132.1 (q, ] = 34.7 Hz), 131.2,130.3, 129.8, 129.4, 128.2 (q, | = 4.1 Hz),
127.1,127.0, 122.4 (q, ] = 273.1 Hz), 121.9, 121.5, 120.6, 119.7, 118.8, 116.9, 113.0. ’F NMR
(471 MHz, CDCl3/TFA) § = —63.8. IR (ATR, cm™!): ¥ = 1609 (m), 1311 (s), 1298 (s), 1117
(vs), 1067 (s), 985 (m), 837 (s), 779 (s), 701 (vs), 589 (s), 556 (s). MS (EI, 70 eV): m/z (%) = 514
(86, M*), 513 (100), 512 (5), 485 (5), 445 (4), 257 (11), 256 (14), 223 (4), 222 (13), 221 (4), 208 (5),
207 (4). HRMS (ESI-TOF): calculated for C3,H;gF3Ny ([M + H]*) 515.1483, found 515.1495.

3.2.2. General Procedure B for the Synthesis of Aryl(8-arylpyrimido[4,5,6-ij]pyrrolo[2,1,5-de]
quinolizin-4-yl)methanone (6a—f)

In a pressure tube, 100 mg of 4a—f and 20 eq. of p-TsOH-H,O were dissolved in 4 mL of
xylene. The pressure tube was sealed with a Teflon cap and the solution was stirred for 6 h
at 120 °C. The reaction mixture was cooled to room temperature, quenched with saturated
NaHCOj; solution and extracted three times with 50 mL CH,Cl,. The combined organic
phases were dried over NaySOy; the solvent was distilled off in vacuo. The residue was
purified by column chromatography (heptane/EtOAc) to yield the desired products (6a—f).

Phenyl(8-phenylpyrimido[4,5,6-ijlpyrrolo[2,1,5-delquinolizin-4-yl)methanone (6a)

X !

N N O

~~
According to general procedure B, the title compound 6a was obtained as a yellow solid in
68% yield (68 mg, 0.182 mmol). R 0.48 (heptane/EtOAc 1:2). Mp. 266-269 °C. 'H NMR
(250 MHz, CDCl3) 6 = 9.14 (s, 1H), 8.52 (s, 1H), 7.99-7.94 (m, 2H), 7.93 (s, 1H), 7.90-7.84 (m,
2H), 7.75-7.69 (m, 2H), 7.67-7.57 (m, 4H), 7.52-7.44 (m, 2H). '3C NMR (63 MHz, CDCl;)
5=194.4,155.1, 147.2,144.9, 140.6, 137.2, 136.9, 133.5, 130.1, 129.6, 129.2, 128.9, 128.6, 128.1,
127.7,126.3,126.3,124.7,119.8, 113.9, 113.2. IR (ATR, cm ™ !): ¥ = 1644 (m), 1609 (s), 1455 (s),
1261 (s), 1238 (s), 1045 (s), 795 (s), 779 (s), 684 (vs), 637 (vs), 563 (vs). MS (EI, 70 eV): m/z (%)
=373 (16, M), 372 (29), 346 (7), 345 (28), 344 (100), 316 (5), 240 (10), 187 (16), 172 (8). HRMS
(ESI-TOF): calculated for C25H15N30 ([M + H]*) 374.1293, found 374.1294.



Molecules 2024, 29, 2159

15 of 18

p-tolyl(8-(p-tolypyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizin-4-yl)methanone (6b)

Me!
& s
|\
(0]

o

According to general procedure B, the title compound 6b was obtained as a yellow solid in
54% yield (54 mg, 0.135 mmol). R¢ 0.52 (heptane/EtOAc 1:2). Mp. 258-261 °C. 'H NMR
(300 MHz, CDCl3) 6 =9.12 (s, 1H), 8.47 (s, 1H), 7.88 (s, 1H), 7.86 (d, | = 8.3 Hz, 2H), 7.76 (d,
J =8.1 Hz, 2H), 7.73-7.66 (m, 2H), 7.45-7.39 (m, 2H), 7.30-7.21 (m, 2H), 2.50 (s, 3H), 2.43
(s, 3H). 3C NMR (75 MHz, CDCl3) § = 194.0, 155.1, 147.2, 144.8, 144.5, 140.5, 139.8, 134.6,
134.0,130.3,129.9,129.2, 128.8, 128 .4, 127.6, 126.2, 125.9, 124.6, 119.4, 113.6, 113.1, 21.7, 21.3.
IR (ATR, cm™1): ¥ = 1607 (s), 1457 (s), 1344 (vs), 1267 (s), 1251 (s), 1043 (s), 903 (s), 824 (s),
777 (vs), 756 (s), 723 (s), 563 (vs). MS (EI, 70 eV): m/z (%) = 401 (19, M*), 400 (28), 373 (31),
372 (100), 371 (9), 201 (12), 186 (8), 179 (6), 178 (11), 91 (7). HRMS (ESI-TOF): calculated for
Cp7H19N30 ([M + H]*) 402.1606, found 402.1602.

(4-fluorophenyl)(8-(4-fluorophenyl)pyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizin-4-yl)methanone (6¢c)

F
& 9y
X
NN O

According to general procedure B, the title compound 6¢ was obtained as a yellow solid in
71% yield (71 mg, 0.173 mmol). R¢ 0.48 (heptane/EtOAc 1:2). Mp. 317-320 °C. H NMR
(500 MHz, CDCl3/TFA) 6 =9.25 (s, 1H), 9.17 (s, 1H), 8.63 (s, 1H), 8.41 (d, ] = 5.0 Hz, 1H),
8.35(d, ] = 5.0 Hz, 1H), 8.00-7.87 (m, 4H), 7.44 (pt, | = 8.3 Hz, 2H), 7.30 (pt, ] = 8.3 Hz, 2H).
13C NMR (126 MHz, CDCl3/TFA) & = 193.9, 166.6 (d, | = 258.6 Hz), 164.9 (d, ] = 254.6 Hz),
146.3, 144.6, 143.6, 136.7, 132.8 (d, ] = 9.7 Hz), 131.9 (d, ] = 8.9 Hz), 131.7, 130.6, 130.4, 130.3,
129.9,122.9,121.9,121.2,118.2, 117.5 (d, ] = 22.1 Hz), 116.7 (d, ] = 22.3 Hz). ’F NMR (471
MHz, CDCl3/TFA) § = —101.5, —107.3. IR (ATR, cm~1): ¥ = 1609 (s), 1599 (s), 1589 (s), 1508
(s), 1453 (s), 1267 (s), 1243 (vs), 1232 (s), 1158 (s), 847 (s), 837 (s), 783 (vs), 563 (s). MS (EI,
70 eV): m/z (%) = 409 (14, M™*), 408 (17), 382 (4), 381 (27), 380 (100), 379 (7), 259 (4), 258 (10),
205 (7), 190 (4), 95 (9). HRMS (ESI-TOF): calculated for Co5H14FoN3O ([M + H]*) 410.1105,
found 410.1113.

(4-(dimethylamino)phenyl)(8-(4-(dimethylamino)phenyl)pyrimido[4,5,6-ij]pyrrolo[2,1,5-delquinolizin-
4-yl)methanone (6d)

MezN
J & oA
X

NN o
According to general procedure B, the title compound 6d was obtained as a yellow solid
in 54% yield (54 mg, 0.118 mmol). R¢ 0.29 (EtOAc). Mp. 255-258 °C. 'H NMR (500 MHz,
CDCl3) 6 =9.11 (s, 1H), 8.39 (s, 1H), 7.91-7.75 (m, 6H), 7.63 (d, ] = 4.6 Hz, 1H), 6.94-6.88
(m, 2H), 6.67-6.61 (m, 2H), 3.09 (s, 6H), 3.07 (s, 6H). '>*C NMR (126 MHz, CDCl3) = 192.2,
155.0, 153.9, 151.2, 147.2, 144.6, 140.8, 132.7, 130.0, 129.7, 127 .4, 126.4, 124.8, 124.7, 124.3,
124.3,117.5, 113.1, 112.8, 112.4, 110.6, 40.3, 40.0. IR (ATR, cm™!): ¥ = 1597 (vs), 1523 (s),
1346 (s), 1284 (s), 1271 (s), 1261 (s), 1189 (s), 1179 (s), 1168 (s), 818 (s), 779 (s), 771 (s), 560 (s).
MS (EL 70 eV): m/z (%) = 459 (53, M*), 458 (39), 445 (22), 444 (28), 431 (34), 430 (100), 416
(35), 414 (16), 230 (18), 215 (13). HRMS (ESI-TOF): calculated for Co9HpsN50 ([M + HJ*)
460.2137, found 460.2148.
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(4-methoxyphenyl)(8-(4-methoxyphenyl)pyrimido[4,5,6-ijlpyrrolo[2,1,5-de]quinolizin-4-yI)
methanone (6e)

MeO
= & ol
]\
(0]

NN

According to general procedure B, the title compound 6e was obtained as a yellow solid in
51% yield (51 mg, 0.118 mmol). R¢ 0.29 (heptane/EtOAc 1:3). Mp. 265-267 °C. 'H NMR
(300 MHz, CDC13) & = 9.27 (s, 1H), 9.14 (s, 1H), 8.64 (s, 1H), 8.46-8.40 (m, 2H), 7.96-7.84
(m, 4H), 7.26 (d, ] = 8.9 Hz, 2H), 7.10 (d, ] = 8.3 Hz, 2H), 3.99 (s, 3H), 3.95 (s, 3H). 1*C NMR
(75 MHz, CDCl3) 6 =194.3,165.4, 162.7, 146.3, 145.8, 143.0, 135.7, 133.1, 131.8, 131.7, 130.5,
130.1,127.8, 126.6,123.1, 122.9, 122.0, 121.1, 118.1, 115.8, 114.9, 55.8, 55.7. IR (ATR, cm~1):
¥ =1597 (s), 1455 (s), 1253 (vs), 1166 (vs), 1041 (s), 1020 (s), 832 (s), 775 (s), 604 (s), 575 (s),
560 (s), 536 (s). MS (EL 70 eV): m/z (%) = 433 (16, M*), 432 (20), 405 (26), 404 (100), 389 (11),
361 (13), 217 (26), 180 (9), 265 (7). HRMS (ESI-TOF): calculated for CoyHpoN303 ([M + H]*)
434.1505, found 434.1518.

(4-(trifluoromethyl)phenyl)(8-(4-(trifluoromethyl)phenyl)pyrimido[4,5,6-ijlpyrrolo[2,1,5-de]
quinolizin-4-yl)methanone (6f)

F3C
= & S
|\
0)

N N

According to general procedure B, the title compound 6f was obtained as a yellow solid in
62% yield (62 mg, 0.121 mmol). R; 0.52 (heptane/EtOAc 1:2). Mp. 309-311 °C. 'H NMR
(500 MHz, CDCl3/TFA) 6 =9.23 (s, 1H), 9.18 (s, 1H), 8.66 (s, 1H), 8.41 (d, ] = 5.0 Hz, 1H),
8.30 (d, ] = 5.0 Hz, 1H), 8.04 (d, ] = 8.1 Hz, 2H), 8.02-7.94 (m, 4H), 7.85 (d, ] = 7.9 Hz,
2H). 3C NMR (126 MHz, CDCl3) § = 194.3, 146.2, 144.1, 143.8, 138.8, 137.6, 137.0, 135.3 (q,
J=33.0Hz), 133.4 (q, ] = 33.3 Hz), 131.7, 130.9, 130.2, 130.0, 129.9, 126.9 (q, ] = 3.8 Hz), 126.2
(q,] =3.8 Hz), 123.6, 123.5 (q, | = 272.7 Hz), 123.3, 123.3 (q, ] = 272.9 Hz), 122.6, 120.8, 117.8.
19F NMR (471 MHz, CDCl3) § = —63.2, —63.5. IR (ATR, cm™!): ¥ = 1325 (vs), 1166 (s), 1109
(vs), 1067 (s), 1057 (s), 1049 (s), 1018 (s), 845 (m), 787 (s), 670 (m), 563 (m). MS (EL, 70 eV):
m/z (%) =509 (12, M*), 508 (20), 482 (5), 481 (28), 480 (100), 255 (7), 240 (8), 145 (9). HRMS
(ESI-TOF): calculated for Co7H14FsN3O (IM + H]*) 510.1041, found 510.1055.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29092159/s1, containing analytical data of starting
materials, X-ray chrystallograpfic, UV-Vis data (solvatochromism), Cartesian Coordinates from
DEFT calculations and NMR-spectra of final products. Reference [44] is cited in the Supplementary
Materials.
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