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Kurzzusammenfassung

Ein Faktor der unsere moderne Welt auszeichnet, ist die Allgegenwertigkeit von elektrischen Geraten
und Licht. Diese Leuchtmittel hdangen immer mehr mit der Einbindung von organischen
Leuchtdiodenmaterialien (organic light-emitting diode (OLED)) zusammen und werden aufgrund ihrer
Farbreinheit, ihres Farbvolumens und Kontrastes weiter an Bedeutung gewinnen. Eine
Herausforderung dieser Emittermaterialien ist dabei oftmals die Lebensdauer und Bestandigkeit.
Hauptgrund dafir sind die eingesetzten blauen Emitter, die die Lebenszeit-limitierende Komponente
der OLED darstellen. Die benétigte weite Bandliicke fiir eine blaue Emission fliihren zu ebenso starker
Energieaufnahme und sogenannten heillen angeregten Energiezustanden. Dies fihrt zu einer
Degeneration des blauen Emittermaterials aber auch anderer Bauteile. Eine Klasse von blauen
organischen Emittermolekiilen sind die Imidazo[1,5-a]quinoline, die sich durch oxidative Stabilitdt und

struktureller Simplizitat auszeichnen.

Ein zentrales Ziel jedes Emittermaterials ist eine moglichst hohe Quanteneffizienz zu erreichen. In den
Publikationen dieser Arbeit konnte gezeigt werden, dass eine starke Abhédngigkeit der
Quantenausbeute (QY) von dem Substitutionsmuster am Imidazolring besteht. Die Kombination eines
sterisch anspruchsvollen elektronenschiebenden Rest in Position 1 des Imidazolringes und eines
elektronenarmen 2-N-Heteroaromaten in Position 3 zeigte grofte QY. Andere physikalische
Eigenschaften wie Extinktionsmaxima, Emissionsmaxima, HOMO und LUMO-Energien hingegen zeigen
eine untergeordnete Abhdngigkeit von den Substituenten. Weiterfiihrende Untersuchungen befassten
sich mit der Transferierbarkeit der QY in Losung in die Festphase. Hierbei konnte eine erhebliche
Verringerung festgestellt werden, sobald in kristalliner Form gemessen wurde. Dennoch konnten
Molekiile identifiziert werden, die eine vergleichbare QY in Festphase aufweisen, wie bereits technisch

eingesetzten Emittermaterialien.

Zudem konnte durch weiterfiihrende Untersuchungen festgestellt werden, dass Imidazo[1,5-
a]quinoline eine biologische Aktivitdit gegen Myobacterium tuberculosis (Mtb) aufzeigen. Der
Haupterreger der bakteriellen Infektionserkrankung Tuberkulose ist ein wichtiges medizinisches Ziel,
da immer mehr resistente Stamme aufkommen. Erreger die nicht nur resistent gegen zwei, sondern
drei der Standardprdperate immun sind, werden immer haufiger nachgewiesen. Chelatisierende
Imidazo[1,5-a]quinoline konnten ein gute Aktivitat zeigen, die durch Einbindung in einen Zinkkomplex
erheblich gesteigert werden konnte. Besonders Molekiile mit einem sterisch anspruchsvollen Rest in
erster Position und einem 2-Pyridylrest in dritter Position der Imidazolringes zeigten eine hohe
Aktivitat. Ein weiterer Vorteil dieser Verbindungsklasse ist eine mangelnde Toxizitdt gegenlber Lungen

und Leberzelllinien, was sie zu moglichen Therapeutika qualifizieren kénnte.



Abstract

One factor that characterizes our modern world is the ubiquity of electrical devices and light. These
light sources are increasingly linked to the integration of organic light-emitting diode (OLED) materials
and will continue to gain in importance due to their color purity, color volume and contrast. One
challenge of these emitter materials is often their service life and durability. The main reason for this
is the blue emitters used, which represent the lifetime-limiting component of the OLED. The wide band
gap required for blue emission leads to equally high energy absorption and so-called hot excited energy
states. This results in degeneration of the blue emitter material as well as other components. One class
of blue organic emitter molecules are imidazo[1,5-a]quinolines, which are also characterized by

oxidative stability and structural simplicity.

A central objective of every emitter material is to achieve the highest possible quantum efficiency. The
publications in this work have demonstrated that a strong dependence of the quantum yield (QY) on
the substitution pattern on the imidazole ring can be observed. The combination of a sterically
demanding electron-donating moiety in position 1 of the imidazole ring and an electron-poor 2-N-
heteroaromatic in position 3 showed the highest QY. However, other physical properties such as
extinction maxima, emission maxima, HOMO and LUMO energies showed minimal dependence on the
substituents. Further investigations focused on the transferability of QY in solution to the solid phase.
A considerable reduction was observed as soon as measurements were made in crystalline form.
Nevertheless, molecules were identified that exhibit a comparable QY in the solid phase to the emitter

materials already in technical use.

In addition, further investigations revealed that imidazo[1,5-alquinoline showed biological activity
against Myobacterium tuberculosis (Mtb). Tuberculosis, the main bacterial infectious disease agent, is
an important medical target because of the emergence of resistant strains. Pathogens that are not
only resistant to two, but three of the standard preparations are being detected more frequently.
Chelating imidazo[1,5-alquinolines have shown good activity, which could be significantly increased
by incorporation into a zinc complex. Molecules with a sterically demanding residue in the first position
and a 2-pyridinyl moiety in the third position of the imidazole ring were particularly active. Another
advantage of this class of compounds is a lack of toxicity towards lung and liver cell lines, which could

qualify them as potential therapeutics.



Preface

This scientific work was written in the style of a cumulative dissertation and includes the scientific
publications in the field of organic chemistry that | was able to obtain during my doctoral work in the
working group Gottlich at the Justus-Liebig-University Giellen. The first part of this work will set out
the theoretical background and clarify the thesis and challenges. This is intended to show the
connection between the state of research and the personal contributions to this field. These
contributions are briefly discussed in the second part of this work in relation to leading scientific
publications. In the last part, all peer-reviewed publications are reprinted with the permission of the
publisher. Additional material on the individual publications (SI and crystal structures) can be found

online on the publisher's website.
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1. Introduction

The most stunning aspect of organic chemistry is the near infinite number of possible molecules.
Moreover, each of these molecules has its own unique and often unexpected properties. It must have
been exciting to discover, for example, that diazo dyes are not only versatile pigments, but can also be
employed as antibiotics in the form of sulfamidochrysoidine.! The focus of this work was on the class
of organic molecules known as aromatics, specifically the combination of two heteroaromatics,
imidazole and quinoline (scheme 1). These two building blocks can be fused along different bonds of
quinoline, eight of which are particularly stable and well-known in the literature. These eight classes
extended the properties of the basic bodies, due to the alteration of the electronic environment. A
wide range of biological and physicochemical properties are achieved by these molecules, including
antibacterial?, antifungal®, antiparasitic®, antiviral®, antitumoral®, agonistic’, flourescent® and others.
The large variety of attributes and relatively simple preparation makes them a good starting point for
the design of molecules with specific properties. In the following, we will focus in particular on the

properties of the least researched imidazo[1,5-a]quinoline class.
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Scheme 1. All possible ring fusions between imidazole and quinoline.



1.1 Synthesis of imidazo[1,5-a]quinolines

Since the first preparation of an imidazo[1,5-a]quinoline derivative by v. Bidder and Rupe in 1939, many
more modern strategies have been developed to synthesize the fused ring system of imidazo[1,5-
alquinolines.’ Two different approaches are conceivable for the formation of the rings. Either an
imidazole ring can be utilized to construct the fused quinoline ring, or the quinoline ring can be
employed as a starting point and the imidazole ring can be formed. The first strategy is less popular
because it is usually easier to specifically substitute a quinoline than an imidazole ring. Nevertheless,
Cei et al. were able to react 2-(1H-imidazol-5-yl)acetonitrile 11 with two 2-halogenbenzaldehyde 12, in
the presence of copper iodide as catalyst, L-proline as a ligand and an inorganic base to form 4-
carbonitrile imidazo[1,5-a]quinoline 13 (scheme 2 (1)).1° In a less limited procedure, Chen et al. were
able to utilize a rhodium(lll) catalyzed C-5 oxidative annulation to prepare various 1-substituted 4,5-
diphenylimidazo[1,5-a]quinoline derivatives 16 in up to very good yields (scheme 2 (2)).}! However,
both processes are severely limited by their substrates, especially in the substitution of the imidazole

ring.
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Scheme 2. Imidazo[1,5-a]quinoline synthesis strategies starting from the imidazole ring.

Quinoline, on the other hand, is more commonly the starting point. This approach offers more
flexibility and has therefore led to significantly more diverse procedures for the formation of the
imidazole ring.2#13* The two most frequent among these reactions are Vilsmeier-type reactions and
C(sp®)-H amination methods. The Vilsmeier-type reactions are usually performed with the assistance
of phosphorus oxychloride, with triflic anhydride representing a milder variant (scheme 3).1>1®
However, this approach is one of the more complex, since 17 has to be synthesized from 2-

cyanoquinoline in two additional steps.
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Scheme 3. Different Vilsmeier-type reactions with 2-methylcarbonyl quinolines.

A simpler process is the reaction of 2-methylquinoline derivatives with benzylamines under the
influence of copper salts and an oxidant (scheme 4).2'® The imidazo[1,5-a]quinolines are formed
directly over sequential double oxidative C-H amination and aromatization. This reaction has the added
benefit of also having direct access to a large selection of 3-bromo-imidazo[1,5-a]quinolines (scheme

4 (2)), which could be further functionalized in the following steps.
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Scheme 4. Double oxidative C-H amination for direct excess to imidazo[1,5-a]quinolines.

Another direct approach is the copper-catalyzed oxidative C(sp3)-H amination. This reaction can
involve an aldehyde or ketone in combination with benzylamine (scheme 5 (1) and (2)).1°%° However,
it is also possible to use an a-amino acid as reaction partner (scheme 5 (3)).2! Only imidazo[1,5-
a]pyridine have been described in detail in this reaction and only a few imidazo[1,5-a]quinolines are

known.
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(1): CuBr (20 mol%), BnNH,, O,, MeCN, 80°C, 24h, R* = H (1): 87%
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Scheme 5. Direct copper-catalyzed oxidative C(sp3)-H amination of 2-methylcarbonyl quinoline 113. (DTPB = Di-tert-

butylperoxide)

1.2 Applications of imidazo[1,5-a]quinolines

Compounds containing the imidazo[1,5-a]quinolines fused ring system show a wide range of physical
and biological properties. Cappelli et al. was able to functionalise 115 into an Neurokinin-1 (NK;)
receptor antagonist, for the possible treatment of chemotherapy-induced nausea and vomiting (CINV)
(scheme 6).22 His group was also successful in utilizing the structural similarity of imidazo[1,5-
alquinolines to benzodiazepines.!? They synthesized a wide range of different compounds 116 that
displayed high affinity to the gamma-aminobutyric acid (GABA) receptor. These compounds displayed
pain-relieving properties comparable to benzodiazepines. Another important application utilizes the
structure of imidazo[1,5-a]quinolines, in particular the formation of an Arduengo carbene after
deprotonation on the imidazole ring. The application as carbene ligands in palladium complexes
demonstrated an increase in catalytic performance.” For example, complex 117 was a suitable catalyst
for the ethylene and propylene copolymerization.?* But there is a wide range of other complexes with
such imidazo[1,5-a]quinolines ligands for this type of reaction.?® In addition, some imidazo[1,5-
a]quinolines derivatives have strong fluorescence and remarkable thermal and oxidative stability,
which renders them suitable materials for optoelectrical components.®%¢ However, it is also evident
that all these different properties are rather unexplored. The aim of this work was therefore the
synthesis and investigation of novel imidazo[1,5-alquinolines to evaluate their optical and medical

properties.

115 116 117

Scheme 6. Examples of imidazo[1,5-a]quinolines with versatile biological and physical properties.

4



1.3 Organic Emitter Materials

Electronic lighting sources and devices have changed the world so much that a future without them is
no longer imaginable or desirable. Recently, more and more electronic devices have been utilizing
organic light-emitting diodes (OLEDs) for their electroluminescent capabilities. These have grown to a
market size of USD 56.37 billion since they were first described by Tang and VanSlyke in 1987.7 It is
expected that the market value of OLEDs will rise to over USD 344.58 billion by 2034.2 The main focus
for these materials is on increasing the efficiency, with OLEDs already offering better color authenticity,

cheaper production and better contrast than other materials.?®

Luminescence in organic materials is induced by the relaxation of excited states to the ground state
through photon emission. These excited states are formed by a bound electron-hole pair, also known
as an excitons, which can be generated through various strategies.3® Two of which are particularly
important for this work. On the one hand, the absorption of light can split charge carriers, which forms
excitons after association with each other (figure 1 left).3! This, also called photoluminescence, is the
basis for all photophysical measurements and results in this work. In OLEDs, on the other hand, the
formation of excitons is achieved directly by electroluminescence. Whereby the applied electrical
voltage results in a merging of the charge carriers in the emitter layer (figure 1 right).3? Independently
of the formation mechanism of the excitons, they can adopt four different excited states. One singlet
state in which the spins are exactly opposite or one of three triplet states in which the spins are
parallel.3 This formation of 25% singlet and 75% triplet states limits the efficiency of luminescent

materials, depending on which excitons can be utilized for photoemission relaxation.
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Figure 1. Exciton formation after light-induced charge carrier separation and in the emitting layer of OLEDs.



The first generation of OLED materials primarily relied on the allowed singlet relaxation (fluorescence)
(figure 2 left).>* Because the triplet relaxation (phosphorescence) is spin-forbidden due to the same
orientation of the spins. As a result, earlier pure fluorescent OLEDs of the first generation have only a
theoretical internal quantum efficiency (IQE) of 25%. The enhancement of this efficiency can only be
achieved if more of the spin-forbidden triplet states are utilized. Different strategies were pursued to
include these in the emission process. On the one hand, triplet fusion (TF) or triplet—triplet annihilation
(TTA) can convert two T; into one S1, which increases the IQE to 62.5%.%° The requirement for this is a
high molecular packing density between host and dopant, because TF is a bi-molecular process.?®
Another strategy is to enable the forbidden phosphorescence process by providing additional energy
levels for a radiative relaxation from T; to So through the introduction of heavy metals. This could bring
the IQE to 100%, but it usually requires the use of precious metals such as iridium and platinum.%
However, newer materials pursue the targeted reversal of the intersystem crossing (ISC) by raising T,
(figure 2 right). The target is a difference between Ty and S; of less than 0.1 eV. This allows the reversed
intersystem crossing (RISC) to be performed using thermal energy and reaching an IQE of 100%, a
process also known as thermally activated delayed fluorescence (TADF). To obtain such a TADF emitter,
electron donor and acceptor moieties are chosen so that their HOMO/LUMO wave functions create an

small overlap.3®
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75% Electrical recombination

o —— Sy G —
\:— ‘\k 1 | —> Flourescence
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—> Triplet fusion

Reverse intersystem crossing

s ‘ S Vibrational relaxation
0 0

General Scheme TADF

Figure 2. Jablonski diagram for optical excitation of organic molecules.

Using these strategies, many red and green organic emitter materials with good IQEs and stabilities
have been developed.?® However, blue emitters are a challenge regardless of the strategy pursued.
Their wide bandgap (~ 3 eV) needed for blue emission is a major impairment for the material. As a
result, exciton lifetime is much longer (~ ps). This leads to the formation of hot excited states (~ 6 eV),
which degrade the material and limit the lifetime of the material.® This is why new materials with blue

emission are becoming increasingly important and sought after.



2. Investigation of photoluminescent properties of imidazo[1,5-

alquinolines

The properties of imidazo[1,5-a]quinolines are not the focus of many scientific studies and therefore
this class is quite unknown. However, one known property stands out directly and that is a strong blue
emission under UV excitation. In our working group, we found out that imidazo[1,5-a]quinolines have
a stronger blue emission and higher quantum yield (QY) than imidazo[1,5-a]pyridines.** In addition,
they possessed high stability under oxidative conditions. Since this class of molecules is also quite
simple in structure, it would be an excellent emitter material. The integration into an OLED was also
successfully carried out and it was observed that the increased melting point compared to imidazo[1,5-
alpyridines is a further advantage.*® This makes it easier to apply the materials via vapor deposition.
However, it was also shown in this preceding work that substitution on the imidazole ring has a strong
influence on the QY, with the highest being only 40%.** To further investigate the influence of the
substitution pattern, we developed a new synthetic strategy and studied the effects of the substituents
on QY in detail.** With these findings, we were able to further optimize the QY and investigate how
the emission of these new molecules perform in the solid phase,* with an overarching goal to develop
an efficient OLED. This paper will first discuss the synthesis strategy developed and then examine the

photoluminescent properties of these molecules in more detail.

2.1 Developed synthetic route

A flexible synthetic strategy was required to investigate the influence of substituents on emissions.
The substitution at the imidazole ring in position 1 and 3 was our primary goal. This means that we
required a synthesis that allowed easy access to these two positions and additionally a wide spectrum
of substrates. Among the strategies already discussed in Chapter 1.1 are some very simple and efficient
approaches, but not all of these strategies suit our requirements. Using the imidazole ring as a starting
material always leads to a substituted quinoline nucleus, since this is not a requirement, the quinoline

ring must be used as the starting material.1>!! However, the C(sp3)-H amination of 2-methylcarbonyl

14,19-21 17,46

quinoline or 2-methyl quinoline with benzylamines or benzylamino acids is limited to
substituted aryl moieties and simple alkyl chains. For this reason, only the Vilsmeier approach can be
considered, as a wide substrate range is possible here.’®*” A C-C coupling would be suitable for the
separate introduction of groups in position 3, this allows the synthesis to be branched in contrast to

sequential approaches.

In order to prepare the desired 2-aminomethyl quinoline 3 as efficiently as possible and in large
guantities, N-oxide 1 was selected as a relatively cheap starting material (scheme 7). Cyanation with

trimethylsilyl cyanide and triethylamine as the base was considered, but rejected as it did only provide

7



a low yield and was not economically advantageous.*® More beneficial was the selective cyanation at
position 2 by means of a classic Reissert-Henze reaction with potassium cyanide and benzoyl chloride.*
The subsequent reduction of nitrile 2 with sodium borohydride led to a large number of by-products
in which the aromatic ring was also reduced.>® Therefore, nitrile 2 was reduced with Pd/C and hydrogen
to the primary amine 3 and precipitated as a hydrochloride salt to increase the stability.®>*! The first
moiety group R? was introduced by an Einhorn acylation in very good vyields for a large variety of
compounds.®? The formation of the imidazole ring from this amid 4 via a classic Vilsmeier intermediate
showed only a poor tolerance to many moieties and low yields.'>>3 In contrast, the utilization of milder
triflic anhydride and 2-methoxypyridine yielded the cyclized imidazo[1,5-a]quinoline 5 in up to very
good yields.'® For the preparation of bromide 6, two different strategies were already known for
comparable compounds that could selectively substitute in position 3 of the imidazole ring. As
described by Tan et al, first attempts with lithium bromide and copper dibromide could not be
replicated, and bromine, as reported by Shibahara et al., also produced only a low yield.!®%* The use
of N-bromosuccinimide (NBS) instead of bromine and an additional reduction of the reaction
temperature suppressed the double bromination overreaction and led to excellent yields.* In addition,
a high tolerance for a wide range of moieties was observed, which could not be achieved with bromine.

This route for the first coupling component 6 yielded good to excellent yields for 10 different R2.444%55

10% Pd/C H,, N 2 Hel
©\/j Bzcl, ke ©\/j\ ©\/j\/NH
—
N@ TH,0,1t, 2h CN "MeOH, rt, Th N 2

82% 95%
2 3
DCM, 0°C | RZcOcl,
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R - H
N P N, <2 MeOPyr ©\/ij R?
DCM, -20°C, 4h . DCM, 0°C - N \n/
R? N 35, 20h o)
6 5 a4

Scheme 7. Introduction of the first selectable moiety R? using an Einhorn acylation. Subsequent bromination of the cyclized

imidazo[1,5-a]quinoline 5 with NBS to obtain the first coupling component.

A Negishi coupling was selected for the final coupling reaction (scheme 8 (a)). The reason for this is
that possible 2-boronic acids of N-heteroaromatics are unstable.’®>” Employing a Suzuki coupling
would therefore unnecessarily limit the possible combinations of substrates. Especially with a class of
molecules that have already shown a positive influence on the QY.** Due to its stannyl

N-heteroaromatics, the Stille coupling offers a more stable but also toxic coupling component.>®8 This
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disadvantage is overcome by utilizing organozinc components. However, the stability of the desired
coupling components was also found to be limited and it was decided to transform 6 into the
organozinc component. This strategy led to much more consistent yields for a large variety of coupling
combinations performed.***>>5 A limitation of the applied transmetallation with lithiated 6 was found,
when an N-heteroaromatic is present as R2. In these cases, alkylation of the nitrogen present in R? is
observed. We eliminated the presence of alkyl bromide in solution by using 2 equivalents of t-BulLi.>®
Nevertheless, the yields in these cases could only be increased to an acceptable level.>> A special case
was the coupling with s-triazine, because none of the mono halogens of this N-heteroaromatic
compound could be acquired commercially or were ever synthesized (scheme 8 (b)).%° Instead of
coupling, the s-triazine was directly combined with lithiated 6 in an addition reaction and the resulting
1,4-dihydrotriazine compound was oxidized to 8 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ).%+%2 This is possible because in some cases the s-triazine behaves like an HCN synthon.5%63

1. n-Buli (1.6 M), THF,

-78°C, 30 min A
2. chlz, THF, rt, 1h NN R']
(a) -
3. BrRY, [Pd,(dba),] - CHCl,, J=N
N P(t-Bu),, THF, 70°C, 20h R?
7
\N—Br
'\i: 1. n-Buli (1.6 M),
R? N THF/Et,0 (1:1), -78°C, A N
i N
6 (b) 30 min NN S J/
2. s-Triazine, THF/Et,0 (1:1), ):N N
rt, 20h R?
3.DDQ, DCM, 0°C - rt, 20h 8

Scheme 8. General coupling strategies for the final products.

For the investigation of their biological properties, some of the synthesized imidazo[1,5-a]quinolines
were inserted as ligands in zinc, copper and iron complexes by simple reaction of the metal salt in
refluxing THF.%® It is worth noting that this also occurs in the coupling step. The complexes formed are
usually only slightly soluble in organic solvents and crystallize out. The separation of this precipitate by
simple filtration led in many cases to pure products after reaction with concentrated ammonia solution

and represents an advantage.***5°°

A large number of products were synthesized via this six-step procedure, with some special exceptions
mentioned above. The obtained imidazo[1,5-a]quinolines were then analyzed for their
photoluminescent activity in solution and in solid state. This will be the subject of the following two

chapters.



2.2 Physical properties of imidazo[1,5-a]quinolines

The main focus of this work was on optimizing the QY. In order to gain a better understanding of the
influence of imidazole ring substitution on QY, different moieties R! were first combined with
substituted Ph as R2. The knowledge gained from this was then followed up by an extension of the
moieties in R2. For rapid evaluation, the initial focus was on investigating the photoluminescence
properties in solution, but was later expanded to the measurement in solid phase and of the cyclic
voltammetry (CV) data. The QY was calculated as described in the literature, using 0.1 UM quinine

sulfate in 0.5 M H,SO; as a reference.®

Measurements of the extinction showed no great dependence on the residues in R? for many
combinations, as a similar extinction was measured for the respective substituents in R! in most
combinations (figure 3). An exception here are all combinations of FsC-Ph in R? and electron-deficient
substituents as R?, which showed a shorter extinction wavelength. A reverse effect was observed for
PhO and electron-deficient substituents as R, as all combinations required significantly higher
extinction wavelengths. The specific combination with a nitro substituent showed the highest
extinction of all measured systems, while the compound of 2-Me;N-Ph and 4-MeO-Ph oxidized slowly

in air and an accurate measurement was not possible.

The low dispersion of the measured values became even clearer with the emission (figure 4). Most of
the measured values were in the range of 440 - 480 nm and increased on average only slightly for
electron-rich substituents in R%, while 2-propen-1-yl resulted in lower emissions in this position. This
range is the characteristic spectrum of blue and therefore almost all compounds hit our target area.
Individually, a greater separation of the emission can be recognized for 2-pyrimidinyl, as very different
emissions were measured here depending on R%. An exception here is again the nitro substituent with
the highest emission of all measured values. However, it can be recognized that almost independently
of the substituents on the imidazole ring, the imidazo[1,5-a]quinolines consistently show a blue
emission. This is a great advantage for the development of a blue emitter material on their basis, as a
substitution on the imidazole ring of an imidazo[1,5-a]pyridine results in a wide spectrum of emission
wavelengths.>* The reason for this independence could be that most physical properties such as
emission or HOMO/LUMO of aromatic molecules are only dependent on the longest linear conjugated
segment.®>®7 |n the case of imidazo[1,5-a]quinolines, this is probably the quinoline core, which is not
directly substituted and therefore not directly influenced. Whereas in the case of imidazo[1,5-

a]pyridine, the longest linear segment is the imidazo[1,5-a]pyridine core itself.
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Initial calculations of the QY compared to Ph in R? showed that substitution with an electron-
withdrawing group reduces the QY in all combinations, whereas substitution with an electron-donating
group results in either the same or lower QY in most cases (figure 5). In contrast, the introduction of a
methyl in the ortho position of the Ph led to a consistent increase in QY. A further observation was that
electron-poor substituents in R! always had a higher QY than electron-rich ones, and here it was also
evident that the ortho position of R! should not be substituted. In particular, N-heteroaromatics
showed a strong influence on the QY. It was therefore assumed that a sterically demanding electron-
donating moiety in R? and an electron-poor para substituted residue in R! is the most influential
combination. In a broader study with 2-pyrimidinyl in R%, simple sterically large groups such as 9-
-anthryl and 1-naphthyl showed only a minor influence on the QY, while moieties that were
additionally more electron-donating led to a strong increase in QY. In particular, PhO and
carbazole-9-yl showed very high liquid phase QY of 85% and 81%. This is a significantly higher QY than
for imidazo[1,5-a]pyridines®®®®, more than twice as high for some comparable systems, and
imidazo[1,5-a]quinolines investigated previously also exhibited a QY only up to 39%.%54** However,
further investigations with PhO in R? showed that combinations with electron-deficient aromatics in
R! did not exceed a QY of 54% and even the introduction of more nitrogen into the aromatic ring in
the case of 2-s-triazine did not achieve any further increase. The only exception is again the nitro

substituent, which is known to quench emissions from 450-630 nm.”®
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Figure 5. Calculated QY for all measured systems in proportion to quinine sulfate.

12



A further investigation of the PhO system by CV showed that no combination with electron-deficient
substituents or Ph in R! showed a reduction. Only 4-Me;N-Ph showed a reduction, which could explain
why it is the only electron-rich substituent that leads to high QYs. Non-reversible oxidation is a property
for the imidazo[1,5-a]quinolines that has already been observed by us.2® However, it is very interesting
that in this system it seems to be dependent on the substituents. While IPs typically show reversible
reduction for both electron-poor and rich substituents.***®* HOMO and LUMO energies were also
calculated from the measured CV data (figure 6). The calculations were conducted according to the
literature, with ferrocene as standard.”® It was observed that HOMO and LUMO did not differ greatly
for the individual systems and in all cases was approximately -5 eV for the HOMO and -2.5 eV for the
LUMO. This also results in a constant band gap of about 3 eV, which is typical for blue emitters.
Standard DFT calculations also showed no strong deviation for the measured HOMO energies.”? The
constantly increased LUMO energies can be attributed to the calculation method applied.” As already
mentioned in the emission section, the HOMO/LUMO energies could be dependent on the longest
linear segment in the molecule. %% Since this segment is not directly substituted, the orbital energies

are not directly affected.
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Figure 6. Calculated HOMO/LUMO energies for the PhO system in proportion to ferrocene from the measured CV data and
from a DFT approach.
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Due to the complexity of measuring QY in solid phase (QY (s)), only four compounds were measured
as they already showed sufficient emission in the crystalline state under a UV lamp. The investigation
was carried out on the basis of literature specifications, with magnesium oxide as reference material.”
The first observation is that both extinction and emission maxima shift bathochromically by about 50
nm, with the pattern of the spectrum being similar to that in solution. However, the QY (s) decreased
considerably, so that the combination of PhO and 2-s-triazinyl and 4-MeQO,S-Ph could not exceed a QY
(s) of 15%. This reduction in QY (s) was even greater for the combination of PhO and 2-pyrimidinyl,
which decreased from 85% in solution to only 21% in solid state. Surprisingly, the combination of Ph;N
and 2-pyrimidinyl only showed a halving from 66% to 32%. A possible explanation for this can be
identified in the spectra, since the combination of Ph;N and 2-pyrimidinyl is the only one that has only
a small overlap of extinction and emission (figure 7). The other systems potentially lose far more QY
(s) through re-absorption of emitted photons. In solution, the Stoke shift for each of the measured
compounds was large enough to prevent this. Nevertheless, a QY (s) of 31% is higher than that of many
imidazo[1,5-a]pyridines based materials” and comparable with more established emitter materials.”®
This could form a foundation for the future integration of imidazo[1,5-a]quinolines as emitter materials

in OLEDs.
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Figure 7. Measured extinction spectra (left) and emission spectra (right) for the selected systems.
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3. Tuberculosis

Among the communicable infectious diseases that affect the human, Tuberculosis (TB) has a special
place. Even with global efforts and modern medicine, it remained one of the world’s deadliest diseases
of the past two decades.”” New infections reached 10.6 million and deaths with TB infection were
reported at 1.3 million in 2023 worldwide, according to the World Health Organization (WHOQ).”® The
main pathogen of TB is Mycobacterium tuberculosis (Mtb) and although it is mainly pulmonary, it can
cause diseases throughout the body. In addition, TB as a disease must be considered on a spectrum
from asymptomatic infection to life-threatening disease.” This spectrum consists of four stages
between which the infection can shift, depending on the host immunity and comorbidities (figure 8).8°
When exposed to Mtb, the pathogen can either be completely neutralized by the immune system or
the bacterium reaches a quiescent or latent state. In this latent TB infection (LTBI) state, the patient is
completely asymptomatic and non-infectious, because bacterial growth is completely suppressed by
persistent immune response. Just 5% to 15% of those LTBI develop an active TB disease within a few
months or years.®! This active TB disease can be either symptomatic or asymptomatic, in which case it
is classified as subclinical. Ssymptoms may include, among others fever, fatigue, loss of appetite, weight
loss, persistent cough and, if the infection reaches a large extent pulmonary necrosis, haemoptysis and

cavitary lesions.®?

Exposure to Mtb Aktive cavitary

Uninfected I Latent TB infection Subclinical TB disease Aktive TB disease TB disease

Granuloma

Figure 8. Spectrum of TB from infection to outbreak of the fully active disease.

The prescribed treatment for active TB disease involves the administration of a combination of
isoniazid, rifampicin, pyrazinamide and ethambutol over several months.2 This therapy is complicated
by the emergence of rifampicin-resistant TB (RR-TB), multidrug-resistant TB (MDR-TB) and even
extensively drug-resistant TB (XDR-TB). In these cases, even second-line antibiotics such as
aminoglycosides and fluoroquinolones can often only achieve limited treatment success.”® The WHO

reports that 3.6% of new TB cases and 20.2% of previously treated cases are estimated to have MDR-
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TB and it has been a growing concern for a long time.®* Contributions to the battle against TB are
therefore of great importance. As a large number of new molecules were synthesized, it was also
sensible to test their biological properties. This led to the discovery of activity against Mtb and further
characterization of this class of molecules through extended investigations.>® These results will be the

subject of the following sections, starting with our synthetic approach.

3.1 Biological properties of imidazo[1,5-a]quinolines

Antibacterial properties of imidazo[1,5-a]quinolines were not described in the literature for any
system. Consequently, we were surprised that they showed good activity against Mtb in a small
screening. As already described in the introduction the class of imidazoquinolines shows antibacterial
properties, but only one case of antimycobacterial activity of an imidazo[4,5-c]quinoline is known.®

This discovery was therefore not only unexpected, but also improbable.

In an initial study, the Minimum inhibitory concentration (MIC) was determined on a selection of four
microbial indicator strains and cytotoxicity was evaluated using an epithelia cell line from human lung
carcinoma (Calu-3) applying procedures described in the literature.>>® The selected strains were
Escherichia coli (Ec) ATCC35218, Staphylococcus aureus (Sa) ATCC33592, Septoria tritici (Str)
MUCLA45408 and Mycobacterium tuberculosis (Mtb) H37Ra. For the activity, a strong dependence on a
nitrogen in ortho position in R! and the size of this moiety can be observed (table 1). While pyridine 11
shows only a low activity, this can be increased by introducing more nitrogen atoms in ortho position
(13 and 16), but an increase to a quinoline 12 or extension with Ph 14 leads to a reduction. Whereby
an isoquinoline 15 in R! and 1-napthyl 20 in R? also exhibited a strong increase in activity, which
indicates a required specific orientation of the moiety in R* and R2. The activity could also be increased
by chelation with Zn%, Fe** and Cu?* for all ligands, so that C5 and C3 even displayed minor activity
against Sa and Str. These MICs of 1 - 2 uM are comparable with those of the reference drugs used (MIC
of gentamicin = 4 uM and rifampicin = 0.07 uM) and other drugs known from the literature (MIC of
isoniazid = 0.3 - 1.4 uM, levofloxacin = 0.8 - 1.4 uM, amikacin = 0.4 - 1.7 uM, bendaquiline = 0.03 - 1
uM, ethambutol = 0.3 - 3 uM or ethionamide = 10 puM).2” However, some of these compounds also

exhibit cytotoxicity and are therefore of no interest for further consideration.

In a second study, inhibition against the virulent wild-type Mtb ATCC 35801 was observed at 20 uM
and if the value was above 80%, the inhibitory concentration (ICsoe0) Was also determined. The
inhibition step was skipped for some complexes. The cytotoxicity was also re-evaluated with a human
liver cancer cell line HepG2. Of the most promising non-toxic compounds 15, C1, C2 and C7, only C1
and C7 were able to transfer their activity against Mtb H37Ra to the wild-type. Compound 15 was no
longer active against the wild-type and C2 did not show inhibition. While the low cytotoxicity was

maintained for all four compounds. The influence of Zn%, Cu?** and others like V**/>* or Co?* on anti-
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mycobacterial activity is known from literature for many complexes.® Nevertheless, it is unexpected
that chelation with Zn?* would demonstrate such a strong influence on activity, even compared to the

wild-type.

Table 1. Minimum inhibitory concentration (MIC) and inhibition percentage and inhibitory concentration (1Cso/e0) against
wild-type Mtb ATCC 35801 of investigated imidazo[1,5-a]lquinolines. Epithelia cell line from lung carcinoma (Calu-3), “-“
indicates no effect at 100 uM and “+” toxic effects at 100 uM. Further cytotoxicity investigation on human liver cancer cell

line HepG2. All MICs and ICs values are in pM.

Nr. | R2/Rt MIC in uM Calu-3 ‘ Mtb ATCC 35801 ‘ HepG2
Ec ‘ sa | str | mt ‘ Inhibition at 20 uM H ICso | 1Co0 | ICso ‘

9 Ph / 2-Thiophenyl >196 | >196 | >196 | >196 - 17% n.d. n.d. n.d.
10 | Ph/Ph >200 | >200 | >200 | >200 - 2% n.d. n.d. n.d.

11 | Ph/2-Pyridinyl ‘ >199 | >199 | >199 25 + 21% n.d. n.d. n.d.
12 | Ph/2-Quinolinyl >172 | >172 | >172 | 86-43 - 1% n.d. n.d. n.d.
13 | Ph/2-Pyrimidinyl >148 | >148 | >148 n.d. n.d.
14 | Ph/2-(5-Ph-pyridiny) RSETRBSERESED .| nd | nd
| 15 | Ph/ 2-Isoquinolinyl ‘ >144 | >144 | >144 E-l
16 | Ph/2-Me,N-Ph ‘ >127 | >127 | >127 d | nd | nd
17 | Ph / MeO-Ph >183 | >183 | >183 46 - 15% n.d. n.d. n.d.
? PRGNV RS IGIY/I >198 | >198 | >198 | 12-6 - 41% n.d. n.d. n.d.
? 2-Pyridinyl / Ph >199 | >199 | >199 | 50-25 + 40% n.d. n.d. n.d.
p IR ENET LI W W RV >172 | >172 | >172 28.2
21 | NPh;/ 2-Pyridinyl >155 | >155 | >155 | >155 - 2% nd. | n.d. n.d.

Nr. | Complex formula

Cl | [ZnClx11] >140 | >140 | >140

>132 | >132 | >132

C3 | [Cu(OAc),11] >127 | >127 | 16-8

C4 | [ZnCl,20] >126 | 315 63

C5 | [ZnCl»13] >140 | 17-9 17

C6 | [ZnCl14] >120 | >120 | >120

€7 | [ZnCh15] >126 | >126 | >126

>117 | >117 | >117

C2 | [FeCly(11),]FeCl, ‘

C8 | [znCh21]

4. Summary and Perspective

The main focus of this work was to investigate the photoluminescent and biological properties of
imidazo[1,5-a]quinolines. Previous photophysical measurements have shown that imidazo[1,5-
a]quinolines exhibit strong blue emission and have acceptable QY, paired with exceptional oxidative
stability. These properties characterize these materials particularly in relation to visual applications
and it has been demonstrated that imidazo[1,5-alquinolines are suitable as emitter materials in OLEDs.

In the course of this, a dependence of the QY and the substitution pattern on the imidazole ring was
17



observed. Particularly noteworthy is a strong increase in QY upon substitution with 2-N-
heteroaromatics. Strong deviations in QY depending on the selected combination of substituents could
not be converted into an exact pattern. Nevertheless, the significance of the substitution pattern was
clearly recognizable and became the central topic of this work. A secondary subject was the expansion

of the understanding of the less researched biological characteristics of imidazo[1,5-alquinolines.

In order to investigate the dependence of the photoluminescent properties on the substitution pattern
on the imidazole ring, a versatile synthesis was required. Our developed synthesis provides access to
a wide variety of substituent combinations in a high efficiency. Starting with quinoline N-oxide, the 2-
methylamine was obtained in excellent yields in two steps (compare scheme 7 and chapter 4.1). From
this starting material, the first substituent was introduced as an acid chloride in an Einhorn acylation.
After a Vilsmeier-type ring closure, the imidazole ring could be selectively brominated in high yield.
This bromide was used as a coupling partner in a Negishi coupling to produce a wide range of products
in very good yields. In addition, a selective and high-yield substitution with s-triazine was achieved
(compare scheme 8 and chapter 4.3). To explore the effects of substitution patterns, various
combinations of electron-rich and electron-poor moieties, both individually and in conjunction with

each other, were synthesized.

It could be proven that the basic properties of the investigated IQs are only slightly dependent on the
substitution pattern at the imidazole ring. While the extinction maximum of these compounds still
shows a fairly wide range between about 350 - 400 nm, they only emit in a narrow range of 440 -
480 nm (figure 3 and 4). In a CV measurement it could also be shown that the HOMO for all measured
compounds is around -5.5 eV and the LUMO is -2.5 eV (figure 6). This relative independence from the
substitution pattern may be related to the fact that the quinoline ring is the structural element of the
imidazo[1,5-a]quinolines that determines these properties. Since only the imidazole ring is substituted,
these properties are not directly affected. However, a strong dependence of the QY on the chosen
combination of substituents was observed (figure 5). In particular, the combination of an electron-
donating residue in position 1 of the imidazole ring and an electron-withdrawing 2-N-heteroaromatic
in position 3 showed a strong increase in the QY. The substitution of a phenyl ether as electron donor
and 2-pyrimidinyl as electron acceptor could increase the QY up to 86%. This represents a more than
twofold increase of the QY compared to previous compounds. Further investigation of the behavior of
these compounds in the solid phase showed that the extinction and emission maxima shift
bathochromically by approximately 50 nm (compare figure 7 and chapter 4.3). In addition, the QY (s)

dropped sharply, although an appropriate value of 31% was still reached.

During the evaluation of the biological activity against selected strains of different pathogens, a strong
impact against Mtb was observed. Especially, chelating compounds showed good MICs of 1 - 2 uM.
18



Subsequent investigation of Zn?*, Fe** and Cu?* complexes with these ligands showed that the activity
can be conferred not only against the non-virulent variant but also against the infectious wild-type.
Structurally, a combination of a sterically demanding substituent in position 1 and a 2-pyridinyl moiety
in position 3 showed the highest activity. Which could be further increased by incorporation into a zinc
complex, while retaining no toxicity in human lung and liver cancer lines. These properties could make

imidazo[1,5-a]quinolines a potential target for further drug development against Mtb.

In summary, we have developed a versatile and productive synthetic route through which we were
able to identify a favorable substitution pattern on the imidazole ring to optimize the
photoluminescent properties of imidazo[1,5-a]quinolines. In addition, the transition from
photoluminescence in solution and in the solid state could be investigated and demonstrated in more
detail. This would pave the way for possible integration as emitter materials in an OLED. Additionally,
our research provides important foundational insights into the biological properties of imidazo[1,5-

a]quinolines, particularly in relation to the activity against Mtb.
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In this work we show a robust and versatile procedure for the synthesis of substituted imidazo[1,5-
a]quinolines and examine the influence of this substituents on the photophysical properties of this

system.
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In this work, we describe a simple and robust synthetic
approach for the formation of 1,3-substituted imidazo[1,5-
alquinolines. This was achieved by developing a mild and
selective bromination with N-bromosuccinimide (NBS) in 3-
position of the imidazole ring. This was followed by a Negishi
coupling, which we performed with various coupling partners,

Introduction

Since their introduction in 1987 by Tang and VanSlyke, organic
light-emitting diodes (OLEDs) have become a fundamental part
of the modern lighting industry." To this day, there have been
several OLED generations produced utilizing different strategies
to improve the internal quantum efficiency (IQE).?’ Regardless
of the generation, blue OLED emitter materials are particularly
challenging, due to a band gap of around 3 eV and long exciton
lifetime (us), which are higher than for green or red OLED
emitter materials. The interaction of excitons and polarons
creates hot exciton states that can lead to decomposition of the
material. This means that the lifetime of blue emitters is more
limited, which makes materials with blue emission and high
stability very important.”!

Imidazo[1,5-a]N-heteroaromatic ring systems are a common
structural motif in pharmacologically and biologically active
agents” This important class also includes imidazo[1,5-
alpyridines and imidazo[1,5-a]quinolines, which are of particular
interest because these compounds possess interesting photo-
physical properties. The simple and small imidazo[1,5-
alpyridines show blue emission with good quantum yields
(QYs) in combination with a large Stokes shift, qualifying them
as emitter materials for OLED application.”’ They can also be
used as ligands with various central atoms, without losing their
characteristic photoluminescent properties.® Weber et al. suc-
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resulting in a wide range of different combinations, usually
unattainable by other approaches and similar coupling reac-
tions. Fluorescence measurements identified beneficial substitu-
tion patterns for the future use of imidazo[1,5-alquinolines in
optical applications, such as organic light-emitting diodes
(OLEDs).

cessfully implemented an imidazo[1,5-alpyridine complex into
an optical device.”

While the synthesis of imidazo[1,5-alpyridines and recently
imidazo[5,1-alisoquinolines were the main topic of many
studies, imidazo[1,5-alquinolines have been examined less.®”
Classically, approaches to the preparation of imidazol[1,5-
alquinolines involve ring closure of a carbonyl species. This
could be achieved via a Vilsmeier-type reaction starting from an
amide, but in the modern variant by Pelletier etal., the
cyclization can occur under milder conditions (Scheme 1a)."*""
Wang and Xu et al. prepared imidazo[1,5-alquinolines using a
copper-catalyzed decarboxylative cyclization of ketones or
aldehydes with primary amines and amino acids (Scheme 1b)."?
Wu et al. formed the carbonyl species in situ, using a copper-
promoted oxidative amination (Scheme 1c)."¥
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Scheme 1. Known strategies for direct formation of imidazo[1,5-alquinolines
using various carbonyl compounds. Di-t-butyl peroxide (DTBP).

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

26

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJOC
J doi.org/10.1002/ejoc.202301007

European Journal of Organic Chemistry

In our group we have already characterized some
imidazo[1,5-alquinoline derivatives and they possessed similar
photophysical characteristics as imidazo[1,5-alpyridines, but
with higher QY and better stability."" We observed that the QY
of imidazo[1,5-alquinolines was dependent on the residues R’
and R® (Figure 1), but we were not able to identify a clear
trend.™ In addition, we were able to successfully construct an
OLED with PCIC as the dopant, in order to show that these
compounds could be used as blue light-emitting materials
(Figure 1).1% Since imidazo[1,5-alquinolines are suitable as blue
OLED emitters, and showed interesting properties in complexes,
we wanted to investigate this system further.

The focus of this study is to examine the effects of R' and R?
residues on the emission, especially the impact of electron-rich,
electron-poor, and sterically demanding residues in these
positions. Thus, the goal is to develop a synthesis that allows
the simple preparation of imidazo[1,5-alquinolines with differ-
ent residues R' and R

Results and Discussion
Synthesis of the imidazo[1,5-a]quinolines

To achieve maximum flexibility we decided to close the
imidazole ring with a suitable amide of R* and introduce R’
separately, using a cross-coupling reaction (Scheme 2).

To obtain the required amine 3, we reduced quinolin-2-
carbonitrile 2, which was excessed from quinoline N-oxide 1,
with conditions described in literature."”

We utilized an Einhorn acylation with an excess of triethyl-
amine (TEA) to introduce R? using a variety of acid chlorides to
form the amides 4. To study the effect of R’ the chosen
residues used were a basic system with phenyl 4a, an electron-
rich aromatic group 4b, an electron-poor aromatic group 4c
and a sterically demanding group 4d. Purification of these
compounds proved to be difficult. Therefore, we used the crude
amides 4. For the ring closure, we chose the Pelletier approach
because it proved to be particularly reliable."” Following the
procedure, we obtained the desired imidazo[1,5-alquinolines 5

B O, = 7
R2COCI, Z 2-MeOP:
e
) o O _NH =N =
N NH, DCM,0°C-rt, Y DCM, 0°C - i 3
N7 X,—R' 204 R? 35°C,20h
s 3 4 5
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R2 5a, R? = Ph, 84% (2 steps)
PCIC, R? = 2-Pyridyl, R" = 2-Quinolyl a B 5b, R? = 4-MeOPh, 82% (2 steps)
NTR NBS N7N\,-Br  5c, R?=4-F,CPh, 91% (2 steps)
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g P t la = DCM, -20°C, =N 5d, R? = 2-MePh, 88% (2 steps)
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Scheme 2. General approach to the synthesis.
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in excellent yields (Scheme 3). Initially we wanted to perform a
halogenation with bromine in the 3-position of the imidazole
ring system as reported by Shibahara et al'® However, this
approach led to undesired side products, so we performed the
bromination at —20°C with NBS. This granted us the bromide 6
in excellent yields for all compounds (Scheme 3). It must be
noted that such bromides can also be accessed directly, as
shown by Sandeep and Tan et al."” These procedures were not
used because they lacked the scalability needed for our project.

2-Boronic acids of N-heteroaromatics are known to be
unstable and the boronic acid of 6 could not be isolated,
making a Suzuki coupling not possible.?” Therefore, we chose a
Negishi coupling as our final reaction. Synthesis with 6 as the
metallo-organic component resulted in better yields. Thus, in all
experiments, bromide 6 was lithiated at —78°C and trans-
metalated using an excess of ZnCl, in THF. We screened for a
suitable Pd catalyst (Table 1). Pd(ll) catalysts (entry 1-5) showed
similar activity to Pd(0) (entry 6-10). However, the yields with
Pd(ll) did not improve with the addition of ligands, while the
Pd(0) complexes led to higher yields in combination with an
electron-rich and sterically demanding ligand. The best reac-
tivity in this cross-coupling reaction was obtained with 3 mol %
[Pd,(dba);]- CHCl; and 6 mol % P(t-Bu); (entry 10). Therefore, the
conditions of entry 10 were adapted for all of the following
experiments.

It should be noted that we applied two different workups in
the following procedures. The presence of ZnCl, during the
coupling reaction led to the formation of Zn complexes for all
chelating compounds 7-10a-f, which could be simply filtered
off then treated with conc. NH, solution to isolate the products
directly. The other compounds g-p were purified by liquid
column chromatography.

We started with the coupling of 6a and the electron-poor
substrates and obtained them in very good yields (Table 2). The
only exception is 7e, which was formed in only 13% yield, a
sterically demanding substrates can be problematic for the
Negishi reaction.?” This trend continued with the ortho-
substituted aryl bromides. Thus, 7j and 7n were formed in
lower yields than their para-substituted equivalents. Surpris-

6b, R? = 4-MeOPh, 81%

6c, R? = 4-F,CPh, 96%

6d, R? = 2-MePh, 95%
Scheme 3. Introduction of the first selectable residue R? using an Einhorn
acylation. The crude amides 4 were then cyclized using triflic anhydride

(Tf,0) and 2-MeO-pyridine. After bromination with NBS the first coupling
component was obtained.
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Table 1. Screening results for the desired Negishi coupling. undefined side products. Purification was therefore challenging 5
and only 47 % of 7 p could be isolated. £
/ N The general trends observed for the phenyl system 7 largely g
Br 1) n-BuLi (1.2 eq), -78°C, 45 min. —N followed the other coupling systems (Table 3). The 1-isoquino-
N\ 2)ZnCl (25eq) 1, 1h N line substrate could only be isolated in two cases and in low
7% 8)0aL; Ligand .2 Bromonyr N ields. The sterically demandin roducts 7-10j and 7-10n
> N\< THF, 70°C, overnight N N\/< s siaded o P 3 S Al
Ph ! ’ L were formed in lower yields, and 7-101 in higher yield than
their equivalents. The allylic product was not formed for 9p and
6a 7a the other products 7p, 8p and 10p were isolated in lower
Entry Cat. Ligand Yield/% yields. Surprisingly, the products 10a-f were isolated in lower
qal Pd(0A), PPh, 69 yields. The Zn complexes for these systems are presumably
S PA(OAT), P(t-Bu), 7 more soluble in THF and could not be isolated by filtration in
the same amount as the other products.
3H [PdCI,COD] - 66
4 [PACI,(MeCN),] - 61
5" [PACI;(PPhs);] - 61 Photophysical measurements
&Y [Pd(PCys),] - 50
7% [Pd(PPh),] - 69 Optical measurements were conducted using a 0.1 mM chloro-
8 [Pd,(dba);]-CHCl, PPh, 72 form solution at room temperature. A 0.1 mM solution of
9l [Pd,(dba),]- CHCI, dppf 77 quinine sulfate in 0.5 M H,SO, was used as the reference.”? The
109 [Pd,(dba)s] - CHCl, P(t-Bu), 83 fluorescence QY was calculated as described in the literature.?”!

All measurements were performed under non-inert conditions.
The extinction and emission spectra of all measured com-
pounds are provided in the supporting information.

The measurements showed that no strong deviation of the
Table 2. Isolated products for the couplings with 6a, using the conditions eXtInCtI-On !n the |n‘dIV|duaI systems occur‘red.. HomaloF sl
of entry 109 (Table 1). the extinction maxima was observed, staying in a range of 350—
390 nm (Table 4). In addition, the molar extinction coefficient

Reaction conditions: [a] 6 mol % cat., 12 mol % ligand. [b] 6 mol % cat. [c]
3 mol % cat., 6 mol % ligand.

SUOIPUOD) pUE SWIBT 241 238 “[HTOZ/ZO/L0] U0 KILIQIT Q) K[IAY “UISSAD) 120NSIOAIA FIGOIT SMISNE £ LOOI0EZ0Z20/Z001°01/10pAwO Ko[In'A:

Nr. R? R' Yield/% o ) 3 e
g € varied at approximately 4 L-mol™'-cm™ (Table 5) and
7a Ph 2-Pyridinyl 73 matches the findings of Volpi et al. with a similar system.”
7b Ph 2-Pyrimidinyl 60
7c Ph 2-(5-Ph-Pyridinyl) 70
7d Ph 2-Quinolinyl 79
Ze Ph Tsoquinolinyl 12 Table 3. Isolated products in % for all performed coupling reactions using
7f Ph 3-Isoquinolinyl 79 the conditions of entry 10 (Table 1).
79 Ph 2-Thiophenyl 58 R' R?
7h Ph 4-F3 C-Ph 77
Ph  4-MeO-Ph  4F,C-Ph  2-Me-Ph
7i Ph Ph 84 7 8 9 10 4
:
7 £ ZHeth 2z a  2-Pyridinyl 73 76 61 52 d
7k Ph #:Mesth 78 b 2-Pyrimidinyl 60 73 65 25
Zl Bh 2MeO:Ph 2 c 2-(5-Ph-Pyridinyl) 70 89 88 45 3
Zm BR 4-MeQ-Ph 61 d  2-Quinolinyl 79 o1 76 46 ]
7n Eh 2:0e;N-Eh 40 e 1-Isoquinolinyl 13 - - 17 g
70 Ph MeM-Eh 88 £ 3dsoquinolinyl 79 o5 75 12 z
7P i Allyl 4 g 2-Thiophenyl s8 88 98 61 °
h  4FCPh 77 51 53 % £
i Ph 84 95 68 84 2
ingly 71 opposes this trend. It could be possible that the j 2-Me-Ph 52 52 27 44 2z
methoxy group stabilizes the intermediate by coordination to k 4-Me-Ph 78 69 49 56 g
the Pd. This chelation would be stronger for a dimethylamine | 2-MeO-Ph 84 97 77 77 ;
group which could inhibit the reductive elimination and hinder | . 4 veo-Ph 61 75 7 66 z
the c.ouplln‘g react|f)n, resu.{ltlng in lower yield for 7n. The n 2-Me,N-Ph i 5% & & 5
coupling with allylic bromide was also successful, but the E
. . ) ) o 4MeN-Ph 68 84 76 74
obtained mixture contained a large amount of various 5
P Allyl 47 35 = 48 &
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Table 4. M d extinction ima in nm for all isolated products. Every Table 6. Measured emission maxima for the base system 7. Every measure- =
measurement was performed using a 1 uM solution of the compound in ment was performed using a 1 uM solution of the compound in chloroform ;
chloroform at 25°C in air. at 25°C in air. The extinction maxima of the specific compound was chosen g
i 3 as the excitation wavelength.
R R
Nr. R? R' Emission/nm QY /%
Ph 4-MeO-Ph 4-F,C-Ph 2-Me-Ph
7 8 9 10 7a Ph 2-Pyridinyl 455 2835
a 2-Pyridinyl 373 374 360 373 7b Ph 2-Pyrimidinyl 447 33.23
b 2-Pyrimidinyl 369 369 364 369 7€ By 2(5-Phayndiny} 462 3827
¢ 2(sPhPyrdiny) 383 385 368 383 7d Bl 2-gRinoliny) e 2428 2
d 2-Quinolinyl 390 302 386 389 7e Ph 1-Isoquinolinyl 475 3235 g
» 1-isoquinolinyl 380 _ _ 377 7f Ph 3-Isoquinolinyl 462 35.83 §
f  3-soquinolinyl 367 368 365 368 79 ki 2-Thiophenyl 483 2416 :
g 2-Thiophenyl 375 374 368 375 7h Bl P 460 et £
h  4FCPh 359 361 354 363 o oL oA a0 2000 g
i Ph 361 362 359 360 7i Rl 2:Meeh 462 2058 g
i 2-Me-Ph 355 354 350 352 7K B 4l 403 3307 H
k  4Me-Ph 364 364 362 364 7! Ph 2:Me0-Ph 452 2610 £
I 2-MeO-Ph 355 355 356 359 m Bh aMeOEh et = E
m  4MeO-Ph 364 368 365 366 " B R 6 2673 g
n 2-MeN-Ph 360 339 357 362 70 Ph 4Me,N-Ph 475 3394 2
o 4MeN-Ph 377 377 378 381 7p Fh A 40 H2 g
z
p Allyl 349 348 = 344
F--74
~==T7b
Table 5. Calculated molar extinction coefficient log € in L-mol~'-cm™' for e ;g

all isolated products in 1 uM solution with 1 cm cuvette length.

7e

R' R? 7f
G 79

Ph 4-MeO-Ph  4-F,C-Ph  2-Me-Ph YT ===7h

SUONIPUO) PUE SULIAY Ay 32§ *[$Z0T/T0/LO] U K1eiqry 2

Photoluminescence / arb. unit

7 8 9 10
a  2-Pyridinyl 420 4m 426 426
b 2-Pyrimidinyl 427 420 432 441
¢ 2:(s-Ph-Pyridinyl) 418 423 441 438
d  2-Quinolinyl 434 4m 434 440
e 1-Isoquinolinyl 4.08 & = 423 ; . - 5
f 3-Isoquinolinyl 415 436 436 4.4 40 4% 500 550 6%
g 2-Thiophenyl 404 408 3.90 418 WavSISngih fnm 3
h  4FCPh 415 408 420 426 i ]
i Ph 408 404 4.08 4,08 i ;,'
j 2-Me-Ph 408 404 404 404 e ;:‘ -
k  4-Me-Ph 400 404 4.04 4.04 z 7m =
I 2-MeO-Ph 404 408 408 415 é - ;2
m  4-MeO-Ph 395 408 4.08 415 E 8 -=-=7p
n  2-MeN-Ph 395 378 395 404 8 e N ‘«\
o 4-MeN-Ph 400 401 411 415 g Yt X\
p Ayl 385 395 - 395 _E E e AN
s 2 p KR
o ~ *

The measured emission data for the base system 7 showed
minor red shifts for 7e, 7g and 70 compared to 7i (Table 6,
Figure 2). Lower emission wavelengths were observed for 7b
and 7p. Electron-rich and -poor systems in position R' seem to
have only small effects on the emission wavelength. Therefore,

450 500
Wavelength / nm

Figure 2. Photoluminescence spectra as 0.1 mM chloroform solution of
electron-poor (top) and electron-rich substituted (bottom) base system 7.
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all of 7 displayed a strong blue emission around 450 nm. The
QY of 7 was negatively affected by more sterically demanding
substituents R'. Compared to 7i and their para-substituted
equivalents, the ortho-substituted systems 7j, 71 and 7n
showed much lower QYs (Table 6). N-heteroaromatic substitu-

Eur. J. Org. Chem. 2024, 27, €202301007 (5 of 7)

ents showed higher QYs, which could be increased by extension
of their n-system (compare 7a to 7c¢) or introduction of more
nitrogen centers (compare 7a to 7b). This presumably coun-
tered the negative steric effect of the R'-substituent in 7d, 7e
and 7f. Thiophen 7g and the non-conjugated allyl in 7p
decreased the QY significantly.

The trends of the base system 7 persisted for 8-10 (Table 7)
and no radical changes of the spectra (Figure2) could be

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 7. Measured emission maxima in nm for all isolated products. Every < : g
measurement was performed using a 1 uM solution of the compound in observed. Comparing 7-9, the measured emission wavelengths I
chloroform at 25°C in air. The extinction maxima of the specific compound |~ were similar. Only 10 showed slightly lower emission wave- z
was chosen as the excitation wavelength. lengths. The R substituent seems to have only a limited effect 3
R R? on the emission. In general, it is notable that the imidazo[1,5- g
alquinolines maintained their blue luminescence. We expected 2
Ph 4-MeO-Ph 4-F,C-Ph 2-Me-Ph . e S
7 8 9 10 a wide range of emission colors, as observed for the g
imidazo[1,5-alpyridines measured by Shibahara et al.""® 8
a  2Pyidiny 455 462 457 a1 The trends for substitution in R' observed for the base g
b 2:Pyrimidinyl a7 w8 & 428 system 7 were also observed for the other compounds (Table 8). z
¢ 2(5Ph-Pyridiny) 462 468 461 449 The more electron-rich system 8 showed a slight reduction in :
d 2-Quinolinyl 463 456 461 452 QY for all substitutions. While the electron-poor system 9 also ;
e 1-Isoquinolinyl 475 - - 466 reduced the QY slightly for all electron-poor residues 9a-h, it g
f 3-Isoquinolinyl 462 464 463 448 showed a significant decrease for the more electron-rich %
g 2-Thiophenyl 483 477 485 473 residues 9i-o. The introduction of a sterically demanding group ?
h 4F,C-Ph 460 470 460 448 R? for system 10 led to a strong increase in QY, especially in i
! - a1 459 265 456 combination with electron-poor residues 10a-h. The nitrogen- i
) rich pyrimidyl 10b and the substituted pyridyl 10c showed a £
j 2-Me-Ph 462 453 459 454 . 2
very high QY of around 52%. 100 underwent slow decom- E
ko 4MePh a65 464 470 460 position in solution. In addition, we obtained a much lower QY %
I 2MeO-Ph 452 457 458 451 for this compound. Substitution with an electron-poor or -rich 3
m  4-MeO-Ph 467 467 479 466 aromatic group in R? led to no significant impact. But the if
n 2-Me,N-Ph 456 459 486 470 introduction of a sterically demanding group showed an impact ﬂﬁ
o 4-Me,N-Ph 475 493 493 482 on the photoluminescent properties. The combination with N- s
P Allyl 430 437 _ 442 heteroaromatics or electron-poor substituents in R' increased 5‘
the QY even further (Figure 3). N-heteroaromatic compounds E
have already shown this effect earlier." We suspect that the §:
Table 8. Calculated QYs in % for all measured systems. planar orientation of all the n-systems leads to more orbital ?
R R overlap and therefore better QYs. The substitution of a phenyl 3
at R' for pyridinyl or pyrimidyl removes hydrogen in the ortho
Ph 4-MeO-Ph  4-F;,C-Ph  2-Me-Ph positions and could create more overlap with the aromatic
7 8 9 10 Zhte: %
a 2-Pyridinyl 2835 2636 25.14 43.83 :
b 2-Pyrimidinyl 33.23 27.06 32.64 52.76 )
¢ 2-(5-Ph-Pyridinyl) 3827 3505 31.48 52,04 Conclusions 1
d  2-Quinolinyl 3424 29385 30.94 47.06 ) o ) ) 4
" -saguinoling! 3595 _ _ We were successful in designing an easy and reliable synthesis :
. to obtain large numbers of imidazo[1,5-alquinoline derivatives. ]
f 3-Isoquinolinyl 35.83 27.00 28.55 46.91 ;f
g 2-Thiophenyl 2416 2836 17.88 38,05 °
h  4FCPh 3364 3192 23.19 47.41 ;
i Ph 36.16  37.82 19.47 41.58 i
j 2-Me-Ph 2058 3043 14.43 25.50 é
kK 4MePh 3307 37.67 17.38 46.43 ;
| 2-MeO-Ph 2610  27.89 15.54 28.89 S
m  4-MeO-Ph 3358 3583 16.19 41.63 §
n  2-MeN-Ph 2673 1825 1527 33.17 g
o 4-MeN-Ph 3394 2302 16.40 27.69 5
o e o vem | uSemeilestrlos et s

asuear] suowwo) danear) a[qearidd



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJOC
J doi.org/10.1002/ejoc.202301007

European Journal of Organic Chemistry

The developed Negishi coupling conditions are widely appli-
cable for various coupling partners. Optical measurements have
identified that a combination of a sterically demanding group
in R? and an electron-withdrawing group in R' is beneficial for
the emission; especially electron-poor N-heteroaromatics im-
proved the QY significantly, with 10b showing a QY of 53% in
solution. Electron-rich residues as R' lowered the emission,
apart from dimethylamine-substituted residues. In addition, we
showed that ortho-substituted residues as R' reduce the QY
considerably.

Experimental Section

All solvents were purified by distillation prior to use. Anhydrous
solvents were used from ACROS Organics™ as AcroSeal™ bottles.
Commercially available chemicals were used as obtained from the
supplier, unless otherwise stated. Syntheses prepared under
anhydrous conditions were generally performed using standard
Schlenk technique in nitrogen atmosphere. For purification by
column chromatography, silica gel 60 (Merck) was used. 'H and ">C
NMR spectra were recorded on the Bruker Avance Il 400, the Bruker
Avance Ill 400 and the Bruker Avance Il 200 “Microbay” spectrom-
eters in deuterated solvents. 'H and "C chemical shifts were
determined by reference to the residual solvent signals. High-
resolution ESI mass spectra were recorded in methanol with an
ESImicroTOF spectrometer from Bruker Daltonics in positive ion
mode, unless otherwise stated. As a power supply, the Sky
Toppower PS1110 was used. UV-Vis extinction was measured with
an Analytik Jena Specord 200 Plus spectrometer and fluorescence
emission data were obtained from a Jasco Germany FP 8300
spectrometer. Melting points were determined with a Gallenkamp
Melting Point Apparatus.

General procedure for imidazole ring closure adapted from
Pelletier et al.""

60mL of dry DCM was added to 2-(aminomethyl)quinoline
dihydrochloride 3 (1 eq) under N, atmosphere. The suspension was
cooled to 0°C and dry TEA (3.4 eq) was added. The yellow solution
was kept at 0°C for 30 min. Acid chloride R*COCI (1.1 eq) was
added, and the solution was stirred for 20 h at room temperature.
Finally, 60 mL sat. Na,CO; solution was added, and the aqueous
phase was extracted twice with 60 mL DCM. The combined organic
phases were dried over Na,SO,, filtered, and the solvent removed in
vacuo. The crude quinoline amide 4 (1 eq) was placed in 60 mL of
dry DCM under N, atmosphere and cooled to 0°C. The solution was
first treated with 2-methoxypyridine (1.1 eq), followed by slow
addition of Tf,0 (1.2 eq). The reaction solution was stirred at 35°C
for 20 h. Then, 20 mL sat. Na,CO; solution was added slowly, and
the aqueous phase was extracted twice with 60 mL DCM. The
combined organic phases were dried over Na,SO,, filtered and the
solvent removed in vacuo. Purification was carried out by silica
chromatography.

General procedure for bromination

The imidazo[1,5-alquinoline 5 was placed in 60 mL dry DCM under
N, atmosphere and cooled to —20°C. 1.1 eq NBS was slowly added
to the solution. The reaction solution was stirred at —20°C for 4 h.
Then, 20 ml sat. Na,S,0; solution was added and the aqueous
phase extracted twice with 40 mL DCM. The combined organic
phases were dried over Na,SO,, filtered, and the solvent removed in
vacuo. Purification was carried out by silica chromatography.

Eur. J. Org. Chem. 2024, 27, €202301007 (6 of 7)

General procedure methods for the Negishi coupling

0.400 g (1 eq) 3-bromoimidazo[1,5-alquinoline 6 was dissolved in
10 mL dry THF under N, atmosphere and cooled to —78°C. 1.2 eq
of n-BuLi (1.6 M) were slowly added dropwise and the solution was
kept at —78°C for 30 min. 2.5 eq ZnCl, in dry THF (1 M) were added
at —78°C and then stirred at room temperature for 1 h. 3 mol% of
[Pd,(dba);]-CHCl;, 6 mol% of P(t-Bu); and 2eq of the chosen
coupling bromide were added and the reaction solution was stirred
at 70°C for 20 h. Depending on the compound, two different
methods for workup were applied.

Method A for 7-10a-f:

The precipitate was filtered off and washed first with THF, then
with H,0 and again with THF. The solid was treated with 15 mL
conc. NHs,, solution and the aqueous phase was extracted three
times with 20 mL DCM. The pure product was obtained after
concentration in vacuo of the combined organic phases.

Method B for 7-10 g-p:

15 mL conc. NHs,, solution was added and the aqueous phase was
extracted three times with 20 mL DCM. The combined organic
phases were concentrated in vacuo and the impure product was
purified by silica chromatography.

Supporting Information

Experimental procedures, optical values and spectra for all
measured compounds and analytical data of all compounds are
provided in the online Supporting Information. Additional
references cited within the Supporting Information (Ref. [24]).
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6.2 Design, synthesis and antimycobacterial activity of Imidazo[1,5-a]quinolines and

their Zinc-complexes

R1
5 steps
Z ,
‘ ﬁsyntheSIS == N Metal salt
NS E\g—h-_» N N\{ - =
® Lo

Bioactivity study for Imidazo[1,5-a] ‘\l /

quinolines and their complexes \ ﬁ’

In this study, we report the novel bioactivity of imidazo[1,5-a]lquinolines and their complexes against

Mycobacterium tuberculosis Mtb.
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Design, synthesis and antimycobacterial activity of
imidazo[1,5-alquinolines and their zinc-
complexest

Michael Marner, @ 12 Niclas Kulhanek,1° Johanna Eichberg,®" Kornelia Hardes, 2"
Michael Dal Molin,®" Jan Rybniker,*" Michael Kirchner,?
Till F. Schaberle ®2° and Richard Gottlich @*°

Tuberculosis has remained one of the world's deadliest infectious diseases. The complexity and numerous
adverse effects of current treatment options as well as the emergence of multi-drug resistant M.
tuberculosis (Mtb) demand research and innovation efforts to yield new anti-mycobacterial agents. In this
study, we synthesized a series of imidazol[1,5-alquinolines, including 4 new analogs, and evaluated their
activity against Mtb. Inspired by previous studies, we also designed 8 compounds featuring a coordinated
metal ion, determined their absolute configuration by single-crystal X-ray diffraction and included them in
the bioactivity study. Remarkably, the metal complexation of 5¢ with either Zn®* or Fe?* increased the Mtb
inhibitory activity of the compound 12.5-fold and reduced its cytotoxicity. Ultimately, out of the 21 analyzed
imidazo(1,5-alquinoline analogs, two zinc complexes (C1 and C7) showed the strongest, specific activity
against Mtb H37Rv in vitro (ICqq = 7.7 and 17.7 uM).

considered to have erased the progress made in the years up
to 2019.° The net reduction of the TB incidence from 2015

Tuberculosis (TB) is a communicable infectious disease
caused by Mycobacterium tuberculosis (Mtb). Despite global
efforts, TB remains one of the world's deadliest killers of the
past two decades.”™ In 2023, the World Health Organization
(WHO) reported 10.6 million new cases and 1.3 million
deaths caused by TB.” In addition, the COVID-19 pandemic is
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to 2022 was only 8.7%, missing the important key milestone
of the WHO End TB Strategy by far (50% reduction until
2025).

Recommended treatment regimens for drug-sensitive Mtb
are long and complex (high doses of 4 antibiotics over 4 to 6
months or longer).”® Non-compliance, e.g. misused or
mismanaged antibiotic therapy, facilitates the emergence
and spread of rifampicin-resistant TB, multidrug-resistant TB
and even extensively drug-resistant TB (RR-TB/MDR-TB/XDR-
TB). In 2021, the number of MDR-TB cases increased to
450 000. Chemotherapy against MDR-TB and XDR-TB is even

X O, ™
R2COC, -
e =
— N
W NHz DCMi: ’:: L3 OYNH DCM, 0°C - R?
i R 35°C,20h 3
2
DCM, -20°C,| \ oo
3a,R? = Ph, 84% (2 steps) 4h
3b, R? = Nap, 76% (2 steps) X
3c, R? = NPhj, 85% (2 steps)

N™Ny—Br
3d, R? = 2-Pyr, 27% (2 steps) S=y
4a,R?=Ph, 92% &

4

4b, R? = Nap, 95%
4c, R2 = NPhy, 75%
4d, R? = 2-Pyr, 40%

Scheme 1 General synthesis route and isolated yields.

This journal is © The Royal Society of Chemistry 2024
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1) n-BuLi (1.2 eq), -78°C, 45 min.

2)ZnCl, (2.5eq), 11, 1h

3) [Pd,(dba);], P(t-Bu);, BrR'
THF, 70°C, overnight

(a) Br

N

N N\/<N

R2

1) t-Buli (2 eq), -78°C, 30 min.
2)ZnCl, (25eq), 1, 1h
3) [Pd,(dba)s], P(t-Bu)s, BrR'

THF, 70°C, overnight

(b)
=~ =
S sN<?

N
7\

4d
Scheme 2 Employed coupling strategies for the final products.

Table 1 Yields for Negishi coupling

Number R* R' Isolated product/%
5a“ Ph 2-Thiophenyl 58
5b* Ph Ph 84
5¢¢ Ph 2-Pyridinyl 73
5d° Ph 2-Quinolinyl 79
5e” Ph 2-Pyrimidinyl 60
5 Ph 2-(5-Ph-Pyridinyl) 70
5¢” Ph 3-Isoquinolinyl 79
5h? Ph 2-Me,N-Ph 40
5i¢ Ph 2-MeO-Ph 84
6a“ 2-Pyridyl 2-Pyridinyl 26
6b° 2-Pyridyl  Ph 39
7a“ Nap 2-Pyridinyl 68
8a“ NPh, 2-Pyridinyl 66

Reaction conditions: “ Conditions shown in Scheme 2a. ” conditions
shown in Scheme 2a, products were isolated as hydrochloride salts.
¢ conditions shown in Scheme 2b.

more complicated, and the clinical outcome is generally
poor.” Therefore, continuous research and innovation
towards new and improved TB active agents is of great
importance. A promising approach to improve the potency of

View Article Online

Research Article

anti-mycobacterial agents is their combination with further
antimicrobial molecules.

Transition metals, such as zinc (Zn*), are involved in
many physiological processes and are appreciated for their
pharmaceutical potential. As part of the innate immune
response towards pathogens, macrophages can deploy
phagosomal intoxication ~defence mechanisms.’
Antibacteria antifungal'® and antiparasitic'*'® features
of metal-drug complexes have been observed in many
studies.

Sonawane et al. demonstrated that the activity of
rifampicin could be increased by complexing it with Zn*" and
encapsulating it into transferrin-conjugated silver quantum
dots.’® In addition, other metal complexes with Cu®" and

Vo4* showed good anti-mycobacterial activity, highlighting
17,18

zinc
1’10712

the potential use of complexes in TB treatment.

In this early discovery study, we set out to design,
synthesize and evaluate the in vitro activity of imidazo[1,5-a]
quinolines. Compounds featuring this core motif have
already been reported to exhibit diverse biological
activities.'® ' However, these scaffolds were never evaluated
for their potency towards Mtb. Hence, in the first step, we
expanded a set of literature-known imidazo[1,5-a]quinolines
(5a-i)** with four new structures (6a, 6b, 7a, and 8a) by
diversifying substitutions at R' and R*. The substitution of
the imidazole ring was selected based on its synthetic
feasibility and reaction yield. Next, we prepared metal
complexes of the most intriguing compounds and evaluated
their antimycobacterial activity.

Results and discussion
Synthesis and crystal structures

We employed our versatile synthetic route reported in an
earlier publication (Scheme 1).>* Here, we introduced R* over
an Einhorn acylation and established the imidazo ring
system by nucleophilic substitution. 3a-d was then selectively
brominated with N-bromosuccinimide at -20 °C.

Table 2 General procedure of the complexation reaction and molecular formula of synthesised complexes with yields

R1
Z N N Metal salt (3 eq)
/
i N\< THF, 70°C
R? 20 h
5
Number Ligand Metal salt Molecular formular Isolated product/%
Cc1 5¢ ZnCl, [ZnCl,5¢] 95
Cc2 5¢ FeCl; [FeCl,(5¢),]FeCly 97
Cc3 5¢ Cu(OAc), [Cu(OAc),5¢] 98
Cc4 7a ZnCl, [ZnCl,7a] 44
Cc5 5e ZnCl, [ZnCl,5€] 40
3 sf ZnCl, [ZnCl,5f] 64
c7 58 ZnCl, [ZnCl,5g] 74
(o] 8a ZnCl, [ZnCl,8a] 64

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Crystal structures for (a) C1, (b) C2, and (c) C3. Analysed by
XRD measurements, solved with ShelXL and visualized with ORTEP-3.
Hydrogen atoms are hidden for better visibility (white = carbon, blue =
nitrogen, red = oxygen, green = chlorine, cyan = zinc, orange = iron
and brown = copper).

Bromides (4a—c) were transmetalated with n-BuLi and ZnCl,
by Negishi coupling (Scheme 2a). The excess of ZnCl, in the
solution led to the formation of bidentate Zn complexes. The
transmetalation with n-BuLi resulted in the alkylation of the
nitrogen within the pyridine moity of 4d, forming
n-butylbromide. We eliminated the presence of halogenoalkanes
in the solution using 2 eq. of £-BuLi (Scheme 2b).

The majority of products were isolated in good yields of
58-84%. 6a-b and 5h were isolated in lower yields even with

1748 | RSC Med. Chem., 2024, 15,1746-1750
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Table 3 Minimum inhibitory concentration (MIC) of investigated
imidazo[1,5-alquinolines.  Ec:  Escherichia coli ATCC35218, Sa:
Staphylococcus aureus ATCC33592; Str: Septoria tritici MUCL45408, Mtb:
Mycobacterium tuberculosis H37Ra; MICs given in uM. Calu-3: epithelia
cell line from lung carcinoma, “—" indicates no effect at 100uM and “+”
toxic effects at 100 uM

Number Ec Sa Str Mtb Calu-3
5a >196 >196 >196 >196 —
5b >200 >200 >200 >200 =
5¢ >199 >199 >199 25 +
5d >172 >172 >172 86-43 —
5e >148 >148 >148 1 +
5f >136 >136 >136 34 =
58 >144 >144 >144 1-0.5 =
5h >127 >127 >127 2 +
5i >183 >183 >183 46 ==
6a >198 >198 >198 12-6 =
6b >199 >199 >199 50-25 +
7a >172 >172 >172 5-1 +
8a >155 >155 >155 >155 —
Cc1 >140 >140 >140 2 =
c2 >132 >132 >132 2 —
c3 >127 >127 16-8 2 +
c4 > 126 345: 63 2-1 +
C5 >140 17-9 17 2-1 +
C6 >120 >120 >120 8 —
Cc7 >126 126 126 2-1 —
c8 >117 >117 >117 >117 —

the improved reaction conditions. We observed a high
percentage of 3d - an effect that we could not prevent even
by longer reaction time or elevated temperature. The ligand
character of 3 might have inhibited the activity of the Pd-
catalyst. Similarly, the +M-substituent in the R' position of
5h might have resulted in a deactivating chelating effect.
5e-5g was converted into their hydrochloride salts to improve
their solubility in water (Table 1).

Chelation was performed with the listed ligands (Table 2)
in THF. Besides Zn, compound 5c¢ was also combined with
FeCl; and Cu(OAc),. The structures of C1 (Scheme 3a), C2
(Scheme 3b) and €3 (Scheme 3c) were analysed by XRD from
single crystals. The M**-central atoms showed square planar
orientation. €2 formed an octahedral complex by the
displacement of chloride, resulting in a charged complex
and, thus, good solvability in water. However, the solubility
of the complexes also influenced the isolation yield. The
most soluble complexes (C4-8) were retrieved in poor yields

Table 4 ICsq90 values of prioritized compounds against BSL-3 M.
tuberculosis ATCC 35801. Prioritization was based on primary
antimicrobial screening results. Values are given in uM

Mtb ATCC 35801 HepG2
Number Inhibition at 20 uM ICso 1Cyo ICso
5g 82% 86.5 136.2 >100
Cc1 90% 6 T >100
C2 26% n.d. n.d. n.d.
c7 n.d. il 177 83.3

This journal is © The Royal Society of Chemistry 2024
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after the washing step. The data evaluation is provided in the
supplementary information.

Antimycobacterial activity

The antimicrobial effect of the 21 synthesized compounds
was initially accessed against a panel of 4 microbial indicator
strains (Escherichia coli ATCC35218, Staphylococcus aureus
ATCC33592, Septoria tritici MUCL45408 and Mycobacterium
tuberculosis H37Ra). Cytotoxicity was investigated using an
epithelia cell line from human lung carcinoma (Calu-3). The
results are summarized in Tables 3 and S1.}

From the investigated compounds, 13 showed no
cytotoxicity at a high dose of 100 uM. Simultaneously, 4 (5g,
C1, C2, C7) of the non-toxic compounds exhibited an
intriguing MIC of <2 pM against our surrogate Mtb strain
H37Ra. These values are in range or only slightly higher than
MICs of the reference drugs used in this study (MIC of
gentamicin against H37Ra = 4 pM and MIC of rifampicin
0.07 uM; see Table S1 in ESIf) and literature reported values
against various Mtb strains (e.g. isoniazid = 0.3-1.4 uM;
levofloxacin = 0.8-1.4 pM, amikacin = 0.4-1.7 uM,
bendaquiline = 0.03-1 pM, ethambutol = 0.3-3 pM or
ethionamide = 10 pm).>*2¢

Interestingly, the low antimycobacterial activity of 5c
against H37Ra (25 uM) could be potentiated by a factor of
12.5 by complexation with either Zn** (C1), Fe3™ (C2) or Cu2*
(€3). Although the copper-acetate complex maintained the
initially observed cytotoxic properties of 5¢, we observed no
toxicity of the Zn*" and Fe** complexes towards the Calu-3
lung carcinoma cell line at 100 uM.

The inhibitory effects of 5g, C1, C2, and C7 were
specifically observed against Mtb, while the other test strains
were not affected. These 4 compounds were then screened in
a second-tier assay against wild-type Mycobacterium
tuberculosis strain ATCC 35801. After activity confirmation at
a high dose of 20 uM, the MIC values were determined.
Cytotoxicity was also revaluated in the human liver cancer
cell line HepG2 (Table 4, Fig. S1-S67).

Although the promising activity of C1 against H37Ra could
be transferred to the wild-type strain ATCC 35801 (IC50/90 = 6/
7.7 uM), C2 showed no growth inhibitory effects against this
strain. Similarly, the initially promising growth inhibitory
activity of 5g against the Mtb surrogate (1 uM) could not be
transferred to the virulent Mtb strain (ICso90 = 86.5/132.2
uM), but the potency was strongly increased (ICsgo0 = 9.14/
17.72 uM) upon Zn>" complexation (C7). The other designed
imidazo[1,5-a]quinoline-Zn>" complexes were either cytotoxic
(C4-C5) or inactive (C6, C8).

Conclusions

In summary, we synthesized a series of 21 imidazo[1,5-a]
quinolines and screened them against the surrogate strain M.
tuberculosis HR37a, as well as against Escherichia coli,
Staphylococcus aureus, the fungal plant pathogen Septoria
tritici and lung carcinoma cell line Calu-3. Inspired by

This journal is © The Royal Society of Chemistry 2024
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previous reports, we also decided to include metal-chelated
variants in the compound series. To the best of our
knowledge, the present study is the first to describe the
antimycobacterial  effects of  imidazo[1,5-a]quinolines.
Interestingly, the initially moderate antimycobacterial activity
of 5¢ against H37Ra (25 uM) could be potentiated by a factor
of 12.5 by complexation with either Zn>" or Fe*', while the
cytotoxic effect was reduced (>100 uM).

Besides compounds C1 and C2, two additional
compounds (5g and C7) exhibited specific HR37a activity (<2
pM) and were therefore followed up in a second-tier assay
against BSL-3 Mycobacterium tuberculosis ATCC 35801.
Ultimately, we identified two zinc complexes C1 and C7, with
intriguing anti-tuberculosis activity and low cytotoxicity.
Although these compounds surfaced from a relatively small
derivative library, their in vitro potency was comparable to
that of developed Mtb drugs. However, the major challenge
regarding TB is the treatment of multi-drug resistant forms
of the disease for which currently available drugs are not
effective.”” Hence, it would be of interest to profile our
candidates against RR-TB, MDR-TB and XDR-TB strains.
Additional work investigating the mode of action, frequency
of resistance, cross resistance, collateral susceptibility effects
as well as ADME Tox properties of target compounds is
crucial to evaluate their clinical potential.
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6.3 Characterization and Optimization of the Photoluminescent Properties of

Imidazo[1,5-a]quinolines
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In this work, we have investigated the relationship between imidazole ring substitution in the R*-
position and the blue photoluminescent properties of imidazo[1,5-a]quinolines in more detail. For this
purpose, a four-step synthesis was implemented and findings from previous work were extended
upon. This allowed us to identify an advantageous substitution pattern to optimize the quantum yield

in solution and in solid phase.
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Properties of Imidazo[1,5-alquinolines
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In our previous work we could show, that Imidazo[1,5-
alquinolines are compounds with interesting optical properties.
In this work, we optimized the photoluminescent properties of
imidazo[1,5-alquinolines by following outlined trends in our
previous work. By introducing electron-rich and electron-poor
residual groups on the imidazole ring, the quantum yield (QY)

Introduction

Modern display and lighting technology are increasingly
dominated by OLEDs. Since their introduction by Tang and
VanSlyke, they were developed and improved greatly in terms
of efficiency" Different strategies have been pursued to
increase the internal quantum efficiency (IQE), resulting in a
large number of green and red emitter materials with good
IQEs and stability.” The development of molecules with blue
emission was particularly challenging. Most of these blue
emitter materials have a short lifetime and lower efficiency, as
the required band gap of approximately 3 eV leads to long
exciton lifetimes (us). The resulting hot exciton states can
decompose the emitter material and thus shorten the lifetime
of the entire OLED.”' Therefore, the development of new
organic molecules with blue emission and high stability is an
important contribution to an illuminated future.”

Blue emission combined with stability is therefore rare in
organic molecules.” Imidazo[1,5-alN-heteroaromatic ring sys-
tems are a structural motif frequently incorporated in pharma-
cologically and biologically active agents and are also found in
natural products.® Imidazo[1,5-alpyridines in particular have
proven to be materials for various applications, such as in
nonlinear optics (NLO), confocal microscopy or fluorescence
sensing.”® In addition, these simple molecules have uncommon
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could be significantly increased. This indicated a clear advanta-
geous substitution pattern for this system. In addition, cyclic
voltammetric and UV/vis measurements in solid state lay the
foundation for applications, such as organic light-emitting
diodes (OLEDs).

photophysical properties. Some imidazo[1,5-alpyridines have a
strong blue emission with a good quantum yield (QY) and a
large Stokes shift.®'" Especially as ligands, they have already
been incorporated into many complexes and successfully
implemented into an optical device by Weber et al"” A less
studied but promising subclass are the imidazo[1,5-
alquinolines, which possess similar photophysical properties
and will be the focus of this work (Scheme 1).

In our group, we have already investigated some
imidazo[1,5-alquinolines and found that this class not only
showed a strong blue emission with better QY, but was also
more stable than imidazo[1,5-alpyridines (Scheme 1)."
Imidazo[1,5-alquinolines proved to have high stability under
physical vapor deposition conditions and the increase in
melting point temperature simplifies their implementation as
emitter materials in this process. We were able to successfully
integrate one of these molecules into an OLED and conse-
quently investigated the influence of various residual groups on
the QY. In a large-scale screening, we could identify a
preferred substitution pattern."® On the one hand, combina-
tions of aromatic electron-rich residues in R’-position and
electron-poor residues in R'-position lead to increased QY.
Particularly advantageous in the R'-position proved to be N-
heteroaromatic substituents, i.e. 2-pyrimidinyl in this position
lead to a very high QY. On the other hand, a slight steric
influence of groups in R*-position on the QY could be observed.
In this work, we will continue these studies towards steric
influences on the QY by introduction of sterically demanding
electron-rich residues in R* and conduct further measurements

|\ B
N XY—R' N —R'
J= b=

R? R? N
imidazo[1,5-a]pyridines imidazo[1,5-a]quinolines

Scheme 1. General structures for imidazo[1,5-alpyridines and imidazo[1,5-
alquinolines.
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to characterize this class of molecules and improve their optical
properties.

Results and Discussion
Synthesis of the imidazo[1,5-alquinolines

On the basis of the highlighted trends, we applied a synthetic
route that we already presented in an earlier publication
(Scheme 2)."" In this route we started from 2-aminomethylqui-
nolin dihydrochloride 1, which is available via a two steps
synthesis known from literature."® Compound 1 was reacted
with acid chloride R*COCI and the resulting amides 2 were
cyclized with Tf,0."” To study steric effects, sterically large and
electron-rich aromatic systems were chosen as R%. While the
cyclization with 9-anthryl and OPh could be performed well, the
amides of 9H-carbazole-9-yl and 10H-phenothiazine-10-yl were
prone to decomposition which lead to a lower yield of cyclized
products 3c and 3 d. The subsequent bromination with NBS

fore, s-triazine was reacted directly with the lithiated bromide
4b and the resulting dihydro-s-triazine was aromatized with
DDQ to form the product 6 ¢ (Scheme 3 route 2)."®

The Negishi coupling lead in most cases to very good yields
of the desired products (Scheme 4), only sterically very demand-
ing substrates lead to reduced yields. Thus, sterically demand-
ing residues in position R” obstruct the coupling for 7-10b. To
enlarge the scope, bromides from one of our earlier works were
included."” The newly developed substitution with s-triazine
was also achieved with very good yields.
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could be achieved in excellent yields with all systems. thN g
The obtained bromides 4 were coupled with 2-bromopyr- 5blel 6al®l Gb[’*’ Z
imidine via Negishi coupling (Scheme 3 route 1) and since OPh 75% \87% 69% z
proved to be a particularly good substituent in the subsequent N °
measurements, 4b was combined with a large number of 3:: <\NJ gz\ Z
. . . N
electron-poor aromatic compounds. The introduction of a 2-s- PhO PhO g
triazinyl residue via this coupling route is impractical, as the 6l 6dle! 6eldl %
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4c, R? = 9H-Carbazole-9-yl, 83% 3c, R? = 9H-Carbazole-9-yl, 32% (over 2 steps) )=N )=N
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Scheme 2. General synthetic route for the cyclisation and bromination of the 83% 949% Bt
new imidazo[1,5-alquinolines. ° °
1. n-BuLi (1.6 M), THF, N
-78°C, 30 min
Route 1: 2.ZnClp, THF, t, 1h N, —R! ellal emlal 7blel
| 3.BrR’, [Pd,(dba)s]CHCls, J=N 93% 72% 58%
o P(t-Bu)s, THF, 70°C, 20 h R?
7 e N N LD PN LD
=N 1. n-BuLi (1.6 M), N
2 1) 78°
5 THEELO (1.1),78°C, N=\ 1- Nap 9- Carb 10- Phen
Route2: L 30min N g
2. s-Triazine, THF/Et,0 (1:1), J= N 8ble! 9l 10bta!
n,20h R? 63% 46% 61%

3.DDQ, DCM, 0°C - 1t, 20 h

Scheme 3. Subsequent reaction of the bromides 4 in a Negishi coupling via
route 1 and a substitution with s-triazine via route 2.

Eur. J. Org. Chem. 2024, 202400783 (2 of 9)

Scheme 4. Isolated Yields for all new final products. [a] Route 1 see
scheme 1, [b] Route 2 see scheme 1. (9-An=9-Anthryl, 1-Nap = 1-Naphthyl,
9-Carb = 9H-Carbazole-9-yl, 10-Phen = 10H-Phenothiazine-10-yl).
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Photophysical Measurements in Liquid Phase

Optical measurements were conducted using a 0.1 uM chloro-
form solution at room temperature. A 0.1 uM solution of
quinine sulfate in 0.5 M H,SO, was used as the reference.”” The
fluorescence QY was calculated as described in the literature.?"!
All measurements were performed under air. The extinction and
emission spectra as well as molar extinction coefficients log € of
all measured compounds are provided in the supporting
information.

The measurements of the extinction with different residues
in R*-position showed that all compounds had a maximum
around 369 nm (Scheme 5). This observation could also be
validated for the emission, as almost all systems displayed a
blue emission at about 450 nm (Figure 1 top). The only
compound that differed greatly was 7b, which had a slight
cyan coloration. Larger differences could be observed in the QY.
The increase of the residue in R? from the base system 11b to
8b and 9b first displayed an increase from 33% to 40% when
naphthyl was introduced. However, this was almost halved to
only 22% by the enlargement of the R*-position to 9-anthryl in
7b. The strongest increase was observed when an oxygen- or

=
N X—R'

J=n
R?
Nr.
Extinction / Emission / QY
[nm] [nm] %
X
N=
> N N } N \}
o~ N
PhZN 9-An

369 nm/ 455 nm/66% 369 nm /446 nm/85% 369 nm/478 nm/22%

GA D CO»@ A1

1 Nap 9- Carb 10- Phen

8b 9b 10b
368 nm /454 nm /40% 361 nm/439nm/81% 362 nm /465 nm /1%

4-MeO- Ph 4-F4C-PH

11b
369 nm /447 nm /33% 369 nm/ 458 nm/27% 364 nm /445 nm/33%

%D

2-| Me-Ph

13b
369 nm /428 nm/ 53%

Scheme 5. Extinction, Emission maximas and calculated QYs for different
rests in R>-position and 2-pyrimidinyl in R'-positions. Measured at 25 °C,
under air, 0.1 uM solution in CHCl, and with the extinction maxima as
excitation wavelength. (9-An = 9-Anthryl, 1-Nap = 1-Naphthyl, 9-Carb =9H-
Carbazole-9-yl, 10-Phen = 10H-Phenothiazine-10-yl)
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—5b |
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6c

Photoluminescence / arb. unit

T T R —
400 450 500 550 600
Wavelength / nm
Figure 1. F-Spectra for different rests in R-position and 2-pyrimidinyl in R'-
position (top) and different rests in R'-position and OPh in R-position

(bottom). Measured at 25 °C, under air, 0.1 pM solution in CHCl; and with the
extinction maxima as excitation wavelength.

nitrogen-center was introduced as a link between the residue
and the imidazole ring. Here, 5b displayed a QY of 66% and 6b
with 85% a significantly higher QY than our best compound so
far, 14b. Direct linkage of the phenyl residues in 5b to
carbazole in 9b yielded an increase of the QY to 81%, while
bridging with sulfur in 10b almost completely canceled the
emission. From these data, it is evident that a purely sterically
demanding residue in the R>-position is disadvantageous, as
none of the new compounds with solely large R’ residues
showed a significantly better QY than 14b. This changes when
a heteroatom is used as a linker, resulting in significantly
different QY.

Since the OPh residue proved to be the best group in R*
position, an attempt was made to identify other suitable
electron-poor residues in the R'-position. The extinction varied
greatly with the different residual groups (Scheme 6). The
strongly electron-withdrawing nitro group in particular resulted
in a strong bathochromic shift. In contrast, the emission of the
other studied compounds remained largely at a value of
approximately 460 nm (Figure 1 top). Likewise, the nitro group
led to a significant deviation in the emission wavelength. By
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S
J=

compounds 6m and 6k did only result in minor changes of the
QY compared to 6l. By increasing the electron-withdrawing

SN effect to a methyl ester 6j, the QY could be improved to 50%.
RNr, However, it could not be increased above this value by further
E"[‘:":ﬁ]"""'E"[‘:‘smSi]""";V increasing the electron withdrawing effect of the substituent in

N R Ny
= N= Nes
NN/ NN \} N g
J=N N J=N N J=N N
PhO PhO PhO

375nm/453 nm/42% 369 nm/446 nm/85% 389 nm/451 nm/60%*

para-position to trifluoromethyl 6i, nitrile 6 h and methylsulfon-
yl 69. Substitution with a nitro group completely extinguished
the emission. This quenching effect of photo emissions
between 450-630 nm is well known from literature.??
Increasing the electron deficiency through para-substitution
alone proved to be insufficient. The strongest improvement was

- _N X - S _— X " . g =

A7 j % %@/NOZ observed wuth the ‘substltutlonA of the ca‘rbon in 2—po§|t|9q of

J=N N J=N NN =N the phenyl ring with more nitrogen, with the 2-pyrimidinyl
PhO PhO PhO

6d
393 nm /462 nm/48% 400 nm /471 nm/38% 425nm/619nm/0.1%

6Ge 6f
> oy
PhO):N PhO):N

6g
380 nm / 461 nm / 53% 385 nm / 465 nm / 51%

residue being the best substituent in the R'-position. It is
possible that this results in a less hindered rotation of the
substituent in the R'-position leading to a better interaction
between the residue in R'-position and the imidazole ring core.

In general, it is surprising that the imidazo[1,5-alquinolines
retained their blue emission in almost all cases, while
imidazo[1,5-a]pyridines showed a wide variety of emission

O S X wavelengths due to substitutions with a wide variety of
NN O CFs NN @/COZW functional groups."" Comparable imidazo[1,5-alpyridines sys-
Pho)=N PhO):N tems achieved QYs between 7-50% and emission between

6h 6j
369 nm /458 nm/51% 384 nm / 466 nm / 50%

CA oG T o
AR

PhO
369 nm /464 nm/31% 368 nm /464 nm/34% 381 nm/457 nm/36%

Scheme 6. Extinction, Emission maximas and calculated QYs for different
rests in R'-position and OPh in R*-positions. Measured at 25 °C, under air,
0.1 uM solution in CHCI; and with the extinction maxima as excitation
wavelength. * Emission could not be fully measured. QY calculated with the
incomplete measured Emission.

substitution of the carbon in 2-position of the phenyl ring with
more nitrogen, the QY could be greatly increased compared to
61 from 34 % to 6a with 42%, up to 6 b with 85%. The influence
of the substitution pattern of the residues was demonstrated by
the introduction of 2-pyrazinyl 6d for which we observed a
decreased QY of 48% compared to 6b. Enlargement of the N-
heteroaromatic system size also resulted in a decrease in QY, as
can be observed for 6e. Showing that a sterically small
substituent is also advantageous in R'-position. Surprisingly, the
QY with a s-triazinyl residue could not be increased any further.
Although 6 ¢ had such a strong emission that it could not be
fully measured, it also had a higher molar extinction coefficient
(Figure 1 bottom). It can also be observed that all phenoxy
based systems 6 have a characteristic second weak emission
maximum before the main maximum. As the para-substitution
proved to be the most effective for phenyl, only these were
synthesized."™ The substitution with dimethylamine 6m and
fluorine 6k in para-position did not show any significant
change. Dimethylamine had proven to be the only exception
for + M substituents in our previous work." This substitution of

Eur. J. Org. Chem. 2024, 202400783 (4 of 9)

430-480 nm."*"*#  Similar  properties were  observed
forimidazol5,1-alisoquinolines, which also show an emission
range of 430-450 nm and 5-48% QY.*" While the emission
range and pattern are the same compared to imidazo[5,1-
alisoquinolines and imidazo[1,5-alpyridines, we were able to
significantly increase the QY to over 80% with the substitution
with 2-pyrimidinyl and other N-heterocycles.

Photophysical Measurements in Solid Phase

For comparison, absolute QYs (s) were determined in the solid
state under air at 25°C by measuring each sample as well as a
reference material several times (4 times sample/3 times
reference) with subsequent calculation of QY value (an average
value) and standard deviation that represents the measurement
error. Magnesium oxide was utilized as a reference material.
Due to the preparative complexity, only molecules that
already exhibited sufficient emission and QY in solution were
measured. For this reason, 5b, 6a, 6b, 6¢, 6g and 9b were
selected. Unexpectedly, despite showing strong emission in
solution, 6a and 9b did not possess a sufficiently high emission
in their solid state for the measurements and were excluded.
The UV/vis and F maxima shifted approximately 50 nm towards
the red spectrum for the measured systems (Scheme 7). Note-
worthy here is 6b, as a very strong shift in extinction and
emission was observed (Figure 2). Compound 6 b also lost over
60% of its QY (s) compared to the liquid phase, while 5b only
displayed a reduction of 30%. Molecules 6c and 6g could not
exceed 15% QY (s). The comparatively weak emission of 6 c was
particularly surprising, as it emitted exceptionally strongly in
solution. It can be concluded that 2-pyrimidinyl is a very good
substituent for the R'-position even in the solid phase. However,
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X the QY (s) loss in 5b was mitigated to a greater extent than in
KN 6b.
)=

R? A
Nr. 2 2 2 ¥
Extinction (s) / Emlss'on ©)/ QY (s) Cyclic Voltammetric Measurements and DFT-Calculations 2
[nm] [nm] £

X i Cyclic voltammetry (CV) measurements were performed with a
N\ \7 > glassy carbon electrode as working electrode, a platinum/
N titanium electrode as counter electrode and an Ag/AgCl
PhaN reference electrode. The HOMO energy was estimated by using
this literature procedure with ferrocene as standard®’ and the
AOT:0:nm 485, 0 ""‘/32 0%(+2), 4390 ""”535 0 ""‘/21 3%(£6) LUMO energy was calculated from the HOMO energy and the
SO.Me bandgap (BG) energy, which was obtained by a linear fit of the
N N—N J N 3 ? extinction edge and conversion of the intersection wavelength
into an energy value® The 5mM sample solution was
6 6 dissolved in a 0.1 M tetrabutylammonium tetrafluoroborate
c g ; ° :

439.0nm /495.0 nm / 14.1% (£ 1) 443.0 nm / 505.0 nm / 13.7% (& 1.6) DMF-solution, measured at 25 °C, under inert atmosphere.
All density functional theory computations were carried out
Scheme 7. Extinction, Emission maximas and calculated QYs (s) in solid state uisifid the OFca 5:0:3 Broaraim. packige For structiural optifmiza-

for the measured systems. Measured under air and 25 °C (5b, A, =330 nm; A 9 o p X 9 P g€ p
6, hex = 360 NM; 6C, Aoy =360 NM; 6 g, Aoy =415 Nm). tions and the acquisition of HOMO and LUMO energies, the
B3LYP hybrid functional® with the Karlsruhe basis set def2-
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TZVP® was deployed. The D3 scheme® with Becke-Johnson Z
:22 dampening®” was used to account for dispersion interactions. ;f
6c The 2-pyrimidinyl substituted systems displayed all very ;3
——6g similar results in the CV measurements. A reversible oxidation :
- could be shown for all substances without a reduction being H
S measured (Figure 3 top). Only 5b showed two oxidation %
5 maxima, but again without reduction. With OPh in R*-position, §
% two oxidation maxima were measured with 6f, 6i, 6k and 6l B
s whereas the other systems showed only one oxidation §
E maximum (Figure 3 bottom). An exception is 6m, which not Z
2 only displayed two oxidation maxima, but also two reduction Z
maxima. This could explain the unique properties of 6m, as it is 5
the only electron-rich substituent that has high QYs. :
55 P P o 2% s Non-reversible oxidation distinguishes the imidazol[1,5-
Wavelength / nm alquinolines from the imidazo[1,5-alpyridines, which typically
show reversibility of oxidation. Moreover, the potential of the
— imidazo[1,5-alquinolines at around 1.3V is considerably higher
— than that of the imidazo[1,5-a]pyridines at approximately =
— BC 04 V'ho,ﬁl
= — 6 Energy levels for HOMO is consistent at below —5 eV, with
; 2-pyrimidinyl substituted system tending more towards 3
8 <—55¢eV (Table1). Very large systems 7b and 10b and =
8 heteroatom-linked systems 5b and 6b show slightly higher ;
g HOMO energies. This trend can also be observed for LUMO ;‘
2 Energies. While most systems are around —2.5 eV, the systems ;
5—3 mentioned above show slightly higher energies. The HOMO g
§ and LUMO energies are similar to those of the imidazol[1,5- g
alpyridines."®" This results in a consistent BG of 3eV for
. . : . . : . 2-pyrimidinyl substituted systems, with the remaining systems
400 450 500 550 600 650 700 having a BG below 3 eV.
Wavelength / nm The DFT calculations showed very good agreement with

Figure 2. UV/vis (top) and F-Spectra (bottom) in solid state for the measured HOMO energies, while LUMO energies deviated strongly
systems at 25°C and under air (black 5b, A,,=330 nm; red 6b, A.,=360 nm; (Table 2). This discrepancy in the use of this approach is well
blue 65, du=360 My cyani0g, A =4150m), known in the literature.®” However, it can be observed that
these deviations are constant at around +0.6 eV. This excess
also resulted to higher values for BG energies, which remained
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0,0 012 0:4 OtG 0:8 110 1:2 114 116 18
Potential vs. Ag/AgCI / V

Figure 3. CV-Spectra for different rests in R*position with 2-pyrimidinyl in R'-
position (top) and for different rests in R'-position with OPh in R*-position

(bottom). Measured at 25 °C, under inert atmosphere, 5 mM sample-solution
dissolved in a 0.1 M tetrabutylammonium tetrafluoroborate DMF-solution, at

a scan rate of 200 mVs ™.

<
£
z All solvents were purified by distillation prior to use. Anhydrous i
2 solvents were used from ACROS Organics™ as AcroSeal™ bottles. |
3 Commercially available chemicals were used as obtained from the F
supplier, unless otherwise stated. Syntheses prepared under %
anhydrous conditions were generally performed using standard ?:‘;
Schlenk technique in nitrogen atmosphere. For purification by =
column chromatography, silica gel 60 (Merck) was used. 'H and *C g
-5 r T T r T ] NMR spectra were recorded on the Bruker Avance Il 400, the Bruker £
08 10 12 14 16 18 Avance Il 400 and the Bruker Avance Il 200 “Microbay” 2
Potential vs. Ag/AgCI/ V spectrometers in deuterated solvents. 'H and "C chemical shifts H
were determined by reference to the residual solvent signals. High- i.:f
—6a resolution ESI mass spectra were recorded in methanol with an 5
154 ——6b ESImicroTOF spectrometer from Bruker Daltonics in positive ion
_gg mode, unless otherwise stated. As a power supply, the Sky
e Toppower PS1110 was used. Melting points were determined with
104 — f a Gallenkamp Melting Point Apparatus. The CHN elemental analysis
——6g was performed using the CHN-Analysator: Thermo Flash EA-1112
< 5 ——6h Series. UV-vis extinction in solution was measured with an Analytik Z
= —6i Jena Specord 200 Plus spectrometer and fluorescence emission 2
§ :gjk data were obtained from a Jasco Germany FP 8300 spectrometer. T;:
3 0 fm— = — Cyclic voltammetry measurements were performed with a glassy S
a——— ——6m carbon electrode as working electrode, a platinum/titanium elec- ;&
trode as counter electrode and an Ag/AgCl reference electrode. g
-5 Ferrocene was used as standard and the electrochemical data were é
recorded with an e-corder 410 eDAQ (eDAQ, Colorado Springs, US) =
~10 ; and the program eChem. Solid-state photoluminescence properties %
P
F
4

constant at around 3.5 eV for all systems. An exception to this
was 6f, which also had a small BG in the CV measurement.

Conclusions

We were successful in expending on the trends we observed for
the 1,3-substitution of imidazo[1,5-alquinolines. By introduction
of sterically large heteroatom-linked residues in the R*-position
and combination with N-heteroaromatics in the R'-position. In
particular, the use of diphenylamine or phenyl ether in
conjunction with 2-pyrimidinyl increased the QY to over 80% in
solution. The best system in solution was 6b with 86% QY.
While in the solid phase 5b with 32% displayed the highest
QY (s) compared to the other systems. By CV measurements it
could also be determined that all systems possess a BG of about
3 eV, with HOMO and LUMO energies varying only slightly
between different substitutions. In summary we were able to
develop and prepare new imidazo[1,5-alquinolines that show a
high fluorescence quantum yield in solution as well as in the

Eur. J. Org. Chem. 2024, 202400783 (6 of 9)

solid state. Further experiments towards applying these new
emitter molecules for OLED applications are currently per-
formed in our group.

Experimental Section

were studied on Horiba Jobin Yvon Fluorolog 3 equipped with
450 W xenon lamp as a light source, double-grated monochroma-
tors (emission and excitation) and photomultiplier tube R928P
(Horiba). FluorEssence software by Horiba was used to carry out the
measurements. Quantum yield (QY (s)) for solid samples was
measured using previously mentioned Horiba Jobin Yvon Fluorolog
3 combined with a Quanta-Phi integrating sphere F-3029 (by
Horiba). Magnesium oxide was utilized as a reference material.

General procedure for imidazole ring closure adapted from Pelletier
etal"”:

60mL of dry DCM was added to 2-(aminomethyl)quinoline
dihydrochloride 1 (1 eq) under N, atmosphere. The suspension was
cooled to 0°C and dry TEA (3.4 eq) was added. The yellow solution
was kept at 0°C for 30 min. Acid chloride R*COCI (1.1 eq) was
added, and the solution was stirred for 20 h at room temperature.
Finally, 60 mL sat. Na,CO; solution was added, and the aqueous
phase was extracted twice with 60 mL DCM. The combined organic
phases were dried over Na,SO,, filtered, and the solvent removed in
vacuo. The crude quinoline amide 2 (1 eq) was placed in 60 mL of
dry DCM under N, atmosphere and cooled to 0°C. The solution was
first treated with 2-methoxypyridine (1.1 eq), followed by slow
addition of Tf,0 (1.2 eq). The reaction solution was stirred at 35°C
for 20 h. Then, 20 mL sat. Na,CO; solution was added slowly, and
the aqueous phase was extracted twice with 60 mL DCM. The
combined organic phases were dried over Na,SO,, filtered and the
solvent removed in vacuo. Purification was carried out by silica
chromatography.

General procedure for bromination:

The imidazo[1,5-alquinoline 3 was placed in 60 mL dry DCM under
N, atmosphere and cooled to —20°C. 1.1 eq NBS was slowly added

© 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 1. CV-Data for different rest at R? and R'-position. Measured at 25°C, under inert atmosphere, 5mM sample-solution dissolved in a 0.1 M
tetrabutylammonium tetrafluoroborate DMF-solution.
Nr. R? R' HOMO/eV LUMO/eV BG/eV
5b NPh, 2-Pyrimidinyl DT —2.30 297
6b OPh 2-Pyrimidinyl -533 937 297
7b 9-Anthryl 2-Pyrimidinyl —5.26 -2.20 3.06
8b 1-Naphthyl 2-Pyrimidinyl —5.56 —2.51 3.06
9b 9H-Carbazole-9-yl 2-Pyrimidinyl —5.59 —247 3.12
10b 10H-Phenothiazine-10-yl 2-Pyrimidinyl —5.26 -223 3.03
11b Ph 2-Pyrimidinyl —5.56 —-253 3.03
12b 4-MeO-Ph 2-Pyrimidiny! —5.45 —2.49 297
13b 4-F,C-Ph 2-Pyrimidinyl —5.64 —2.60 3.03
14b 2-Me-Ph 2-Pyrimidinyl —5.59 —2.52 3.07
6a OPh 2-Pyridinyl —-533 —-2.74 259
6¢c OPh 2-s-Triazinyl —5.26 -239 2.87
6d OPh 2-Pyrazinyl —5.26 —245 2.81
6e OPh 2-Quinolinyl -526 -2.73 253
6f OPh 4-O,N-Ph —5.36 -293 243
69 OPh 4-MeO,5-Ph —5.31 —2.48 2383
6h OPh 4-NC-Ph —533 -2.32 281
6i OPh 4-F,C-Ph «529 —-242 287
6j OPh 4-MeO,C-Ph -5.28 —2.48 2381
6k OPh 4-F-Ph =517 -2.35 2.82
6l OPh Ph -5.16 —234 2383
6m OPh 4-Me,N-Ph —4.92 =210 281
Table 2. DFT-Calculation results for HOMO/LUMO of the specific molecules.
Nr. R? R' theo. HOMO/eV theo. LUMO/eV theo. BG/eV
5b NPh, 2-Pyrimidinyl —5.21 -174 3.47
6b OPh 2-Pyrimidiny! —5.28 -1.77 351
7b 9-Anthryl 2-Pyrimidinyl —541 —2.04 337
8b 1-Naphthyl 2-Pyrimidinyl —5.41 173 3.68
9b 9H-Carbazole-9-yl 2-Pyrimidinyl —5.64 —1.85 3.79
10b 10H-Phenothiazine-10-yl 2-Pyrimidinyl —5.31 —1.80 3.51
11b Ph 2-Pyrimidiny! =539 =177 3.62
12b 4-MeO-Ph 2-Pyrimidinyl —-5.25 -1.70 3.55
13b 4-F,C-Ph 2-Pyrimidiny! —5.61 -1.97 3.64
14b 2-Me-Ph 2-Pyrimidiny! —543 —172, 3n
6a OPh 2-Pyridinyl —522 —1.58 364
6¢C OPh 2-s-Triazinyl —5.58 -2,11 347
6d OPh 2-Pyrazinyl —5.37 -1.79 3.58
6e OPh 2-Quinoliny! —5.24 =179 345
6f OPh 4-O,N-Ph —5.55 —2.50 3.05
69 OPh 4-Me0,S-Ph —5.45 -1.92 353
6h OPh 4-NC-Ph —5.47 —2.02 345
6i OPh 4-F,C-Ph —5.37 -1.82 355
6j OPh 4-MeO,C-Ph —5.28 —1.83 345
6k OPh 4-F-Ph —5.16 —1.58 3.58
6l OPh Ph -5.11 —~1.52 359
6m OPh 4-Me,N-Ph —4.66 -1.32 334
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to the solution. The reaction solution was stirred at —20°C for 4 h.
Then, 20 ml sat. Na,S,0; solution was added and the aqueous
phase extracted twice with 40 mL DCM. The combined organic
phases were dried over Na,SO,, filtered, and the solvent removed in
vacuo. Purification was carried out by silica chromatography.

General procedure for the Negishi coupling (Route 1):

0.400 g (1 eq) 3-bromoimidazo[1,5-alquinoline 4 was dissolved in
10 mL dry THF under N, atmosphere and cooled to —78°C. 1.2 eq
of n-BuLi (1.6 M) were slowly added dropwise and the solution was
kept at —78°C for 30 min. 2.5 eq ZnCl, in dry THF (1 M) were added
at —78°C and then stirred at room temperature for 1 h. 3 mol% of
[Pd,(dba),]-CHCl;, 6 mol% of P(t-Bu); and 2eq of the chosen
coupling bromide were added and the reaction solution was stirred
at 70°C for 20 h. 15 mL conc. NHy,, solution was added and the
aqueous phase was extracted three times with 20 mL DCM. The
combined organic phases were concentrated in vacuo and the
impure product was purified by silica chromatography.

Procedure for s-Triazin formation (Route 2):

0.400g (1eq, 1.18 mmol) 3-bromo-1-(phenylether)imidazol[1,5-
alquinoline 4b was dissolved in 10 mL dry THF/Et,O (1:1) under N,
atmosphere and cooled to —78°C. 0.81 mL (1.1 eq, 1.3 mmol) of n-
BuLi (1.6 M) were slowly added dropwise and the solution was kept
at —78°C for 30 min. 0.124 g (1.3 eq, 1.53 mmol) of s-Triazine was
added and the solution was warmed up to room temperature. A
yellow participate formed slowly and the solution was stirred at
room temperature overnight. 0.05 ml of dest. water was added and
the solution stirred for 30 min. Then 20 mL of dest. water and 20
DCM were added and the organic phase separated. The water
phase was extracted twice with 20 mL DCM. The combined organic
phases were concentrated in vacuo and the crude product was
dissolved in 20 of dry DCM under N, atmosphere and cooled to
0°C. To this cooled solution 0.321 g (1.2 eq, 1.42 mmol) of DDQ was
added and stirred at room temperature overnight. 20 mL dest.
water was added and the organic phase was separated. The water
phase was extracted twice with 20 mL DCM and the combined
organic phases were concentrated in vacuo. The crude mixture was
purified by silica chromatography (1:1 ethyl acetate:n-hexane). The
product was obtained as a yellow solid (0.287 g, 0.85 mmol, 72%
over 2 steps). TH NMR (400 MHz, CDCl,): 6 =8.94 (s, 2H), 8.62 (d, J=
9.06 Hz, 1H), 8.41 (d, J=9.58 Hz, 1H), 7.59 (dd, J=7.83, 1.62 Hz, 1H),
7.45 (ddd, J=8.69, 7.24, 1.60 Hz, 1H), 7.34 (td, J=7.55, 1.12 Hz, 1H),
7.31-7.20 (m, 5H), 7.11-7.05 (m, 1H) ppm; 13 C NMR (101 MHz,
CDCly): 0=167.9, 165.8, 154.4, 147.8, 132.5, 131.8, 130.2, 129.5,
128.6, 126.7, 126.3, 1254, 125.3, 122.7, 119.2, 118.7, 117.7 ppm;
HRMS(ESI): m/z calculated for CyH;sNsO {M+Na'}: 362.1012.
Found: 362.1014. Elemental Analysis theo.: N=20.64, C=70.79, H=
3.86; found: N=20.61, C=70.53, H=3.84.

Supporting Information Summary
Additional  references cited within the Supporting
Information.*? Experimental procedures, physical values and

spectra for all measured compounds and analytical data of all
compounds are provided in the online Supporting Information.
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