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Kurzzusammenfassung 

Ein Faktor der unsere moderne Welt auszeichnet, ist die Allgegenwertigkeit von elektrischen Geräten 

und Licht. Diese Leuchtmittel hängen 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 Beständigkeit. 

Hauptgrund dafür sind die eingesetzten blauen Emitter, die die Lebenszeit-limitierende Komponente 

der OLED darstellen. Die benötigte weite Bandlücke für eine blaue Emission führen zu ebenso starker 

Energieaufnahme und sogenannten heißen angeregten Energiezuständen. Dies führt zu einer 

Degeneration des blauen Emittermaterials aber auch anderer Bauteile. Eine Klasse von blauen 

organischen Emittermolekülen sind die Imidazo[1,5-a]quinoline, die sich durch oxidative Stabilität und 

struktureller Simplizität auszeichnen.  

Ein zentrales Ziel jedes Emittermaterials ist eine möglichst hohe Quanteneffizienz zu erreichen. In den 

Publikationen dieser Arbeit konnte gezeigt werden, dass eine starke Abhängigkeit 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 größte QY. Andere physikalische 

Eigenschaften wie Extinktionsmaxima, Emissionsmaxima, HOMO und LUMO-Energien hingegen zeigen 

eine untergeordnete Abhängigkeit von den Substituenten. Weiterführende Untersuchungen befassten 

sich mit der Transferierbarkeit der QY in Lösung in die Festphase. Hierbei konnte eine erhebliche 

Verringerung festgestellt werden, sobald in kristalliner Form gemessen wurde. Dennoch konnten 

Moleküle identifiziert werden, die eine vergleichbare QY in Festphase aufweisen, wie bereits technisch 

eingesetzten Emittermaterialien.  

Zudem konnte durch weiterführende Untersuchungen festgestellt werden, dass Imidazo[1,5-

a]quinoline eine biologische Aktivität gegen Myobacterium tuberculosis (Mtb) aufzeigen. Der 

Haupterreger der bakteriellen Infektionserkrankung Tuberkulose ist ein wichtiges medizinisches Ziel, 

da immer mehr resistente Stämme aufkommen. Erreger die nicht nur resistent gegen zwei, sondern 

drei der Standardpräperate immun sind, werden immer häufiger nachgewiesen. Chelatisierende 

Imidazo[1,5-a]quinoline konnten ein gute Aktivität zeigen, die durch Einbindung in einen Zinkkomplex 

erheblich gesteigert werden konnte. Besonders Moleküle mit einem sterisch anspruchsvollen Rest in 

erster Position und einem 2-Pyridylrest in dritter Position der Imidazolringes zeigten eine hohe 

Aktivität. Ein weiterer Vorteil dieser Verbindungsklasse ist eine mangelnde Toxizität gegenüber Lungen 

und Leberzelllinien, was sie zu möglichen Therapeutika qualifizieren könnte.  
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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-a]quinoline 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-a]quinolines 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. 
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Preface 

This scientific work was written in the style of a cumulative dissertation and includes the scientific 
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working group Göttlich at the Justus-Liebig-University Gießen. 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.1 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 

antibacterial2, antifungal3, antiparasitic4, antiviral5, antitumoral6, agonistic7, flourescent8 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. 

 

Scheme 1. All possible ring fusions between imidazole and quinoline. 
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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-

a]quinolines.9 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 I1 with two 2-halogenbenzaldehyde I2, 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 I3 (scheme 2 (1)).10 In a less limited procedure, Chen et al. were 

able to utilize a rhodium(III) catalyzed C-5 oxidative annulation to prepare various 1-substituted 4,5-

diphenylimidazo[1,5-a]quinoline derivatives I6 in up to very good yields (scheme 2 (2)).11 However, 

both processes are severely limited by their substrates, especially in the substitution of the imidazole 

ring. 

 

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.12,13,14 The two most frequent among these reactions are Vilsmeier-type reactions and 

C(sp3)-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).15,16 

However, this approach is one of the more complex, since I7 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).17,18 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.  

 

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)).19,20 However, 

it is also possible to use an h-amino acid as reaction partner (scheme 5 (3)).21 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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Scheme 5. Direct copper-catalyzed oxidative C(sp3)-H amination of 2-methylcarbonyl quinoline I13. (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 I15 into an Neurokinin-1 (NK1) 

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-

a]quinolines to benzodiazepines.12 They synthesized a wide range of different compounds I16 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.23 For example, complex I17 was a suitable catalyst 

for the ethylene and propylene copolymerization.24 But there is a wide range of other complexes with 

such imidazo[1,5-a]quinolines ligands for this type of reaction.25 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.18,26 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-a]quinolines to evaluate their optical and medical 

properties. 

 

Scheme 6. Examples of imidazo[1,5-a]quinolines with versatile biological and physical properties. 
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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 1987.27 It is 

expected that the market value of OLEDs will rise to over USD 344.58 billion by 2034.28 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.29  

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.30 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).31 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).32 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.33 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.  

 

Figure 1. Exciton formation after light-induced charge carrier separation and in the emitting layer of OLEDs. 
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The first generation of OLED materials primarily relied on the allowed singlet relaxation (fluorescence) 

(figure 2 left).34 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 tripletςtriplet annihilation 

(TTA) can convert two T1 into one S1, which increases the IQE to 62.5%.35 The requirement for this is a 

high molecular packing density between host and dopant, because TF is a bi-molecular process.36 

Another strategy is to enable the forbidden phosphorescence process by providing additional energy 

levels for a radiative relaxation from T1 to S0 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.37 

However, newer materials pursue the targeted reversal of the intersystem crossing (ISC) by raising T1 

(figure 2 right). The target is a difference between T1 and S1 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.38  

 

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.39 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 (  ͯµs). This leads to the formation of hot excited states (  ͯ6 eV), 

which degrade the material and limit the lifetime of the material.40 This is why new materials with blue 

emission are becoming increasingly important and sought after. 
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2. Investigation of photoluminescent properties of imidazo[1,5-

a]quinolines 

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.41 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-

a]pyridines is a further advantage.42 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%.43 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.44 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,45 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.10,11 However, the C(sp3)-H amination of 2-methylcarbonyl 

quinoline14,19ς21 or 2-methyl quinoline17,46 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.16,47 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 

quantities, 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 
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a low yield and was not economically advantageous.48 More beneficial was the selective cyanation at 

position 2 by means of a classic Reissert-Henze reaction with potassium cyanide and benzoyl chloride.49 

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.50 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.15,51 The first 

moiety group R2 was introduced by an Einhorn acylation in very good yields for a large variety of 

compounds.52 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.15,53 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.16 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.18,54 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.44 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 R2.44,45,55 

 

Scheme 7. Introduction of the first selectable moiety R2 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.56,57 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.41 Due to its stannyl 

N-heteroaromatics, the Stille coupling offers a more stable but also toxic coupling component.56,58 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.44,45,55 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 R2 is 

observed. We eliminated the presence of alkyl bromide in solution by using 2 equivalents of t-BuLi.59 

Nevertheless, the yields in these cases could only be increased to an acceptable level.55 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)).60 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).61,62 This is possible because in some cases the s-triazine behaves like an HCN synthon.62,63  

 

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.55 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.44,45,55  

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. 
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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 R1 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 µM quinine 

sulfate in 0.5 M H2SO4 as a reference.64  

Measurements of the extinction showed no great dependence on the residues in R2 for many 

combinations, as a similar extinction was measured for the respective substituents in R1 in most 

combinations (figure 3). An exception here are all combinations of F3C-Ph in R2 and electron-deficient 

substituents as R1, which showed a shorter extinction wavelength. A reverse effect was observed for 

PhO and electron-deficient substituents as R1, 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-Me2N-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 R1, 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 R2. 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.54 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.65ς67 In 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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Figure 3. Extinction ƳŀȄƛƳŀ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ƳƻƛŜǘȅ ŎƻƳōƛƴŀǘƛƻƴǎΦ aŜŀǎǳǊŜŘ ŀǘ нрϲ/Σ ǳƴŘŜǊ ŀƛǊΣ лΦм ˃a ǎƻƭǳǘƛƻƴ ƛƴ /I/ƭ3. 

 

 

Figure 4. 9Ƴƛǎǎƛƻƴ ƳŀȄƛƳŀ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ƳƻƛŜǘȅ ŎƻƳōƛƴŀǘƛƻƴǎΦ aŜŀǎǳǊŜŘ ŀǘ нрϲ/Σ ǳƴŘŜǊ ŀƛǊΣ лΦм ˃a ǎƻƭǳǘƛƻƴ ƛƴ /I/ƭ3 and 

with the extinction maxima as excitation wavelength. 
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Initial calculations of the QY compared to Ph in R2 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 R1 always had a higher QY than electron-rich ones, and here it was also 

evident that the ortho position of R1 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 R2 and an electron-poor para substituted residue in R1 is the most influential 

combination. In a broader study with 2-pyrimidinyl in R1, 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]pyridines68,69, 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%.26,41,43 However, 

further investigations with PhO in R2 showed that combinations with electron-deficient aromatics in 

R1 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.70  

 

Figure 5. Calculated QY for all measured systems in proportion to quinine sulfate. 
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A further investigation of the PhO system by CV showed that no combination with electron-deficient 

substituents or Ph in R1 showed a reduction. Only 4-Me2N-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.26 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.41,69 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.71 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.72 The 

constantly increased LUMO energies can be attributed to the calculation method applied.73 As already 

mentioned in the emission section, the HOMO/LUMO energies could be dependent on the longest 

linear segment in the molecule. 65ς67 Since this segment is not directly substituted, the orbital energies 

are not directly affected. 

 

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.74 

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-MeO2S-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 Ph2N 

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 Ph2N 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 materials75 and comparable with more established emitter materials.76 

This could form a foundation for the future integration of imidazo[1,5-a]quinolines as emitter materials 

in OLEDs.  

 

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 ƻƴŜ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŘŜŀŘƭƛŜǎǘ diseases 

of the past two decades.77 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 (WHO).78 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.79 This spectrum consists of four stages 

between which the infection can shift, depending on the host immunity and comorbidities (figure 8).80 

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.81 This active TB disease can be either symptomatic or asymptomatic, in which case it 

is classified as subclinical. Symptoms 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.82  

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.83 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.78 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.84 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.55 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.85 

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.55,86 The selected strains were 

Escherichia coli (Ec) ATCC35218, Staphylococcus aureus (Sa) ATCC33592, Septoria tritici (Str) 

MUCL45408 and Mycobacterium tuberculosis (Mtb) H37Ra. For the activity, a strong dependence on a 

nitrogen in ortho position in R1 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 R1 and 1-napthyl 20 in R2 also exhibited a strong increase in activity, which 

indicates a required specific orientation of the moiety in R1 and R2. The activity could also be increased 

by chelation with Zn2+, Fe3+ and Cu2+ for all ligands, so that C5 and C3 even displayed minor activity 

against Sa and Str. These MICs of 1 - 2 µM are comparable with those of the reference drugs used (MIC 

of gentamicin = 4 µM and rifampicin = 0.07 µM) and other drugs known from the literature (MIC of 

isoniazid = 0.3 - 1.4 µM, levofloxacin = 0.8 - 1.4 µM, amikacin = 0.4 - 1.7 µM, bendaquiline = 0.03 - 1 

µM, ethambutol = 0.3 - 3 µM or ethionamide = 10 µM).87 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 µM 

and if the value was above 80%, the inhibitory concentration (IC50/90) 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 Zn2+, Cu2+ and others like V4+/5+ or Co2+ on anti-
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mycobacterial activity is known from literature for many complexes.88 Nevertheless, it is unexpected 

that chelation with Zn2+ 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 (IC50/90) against 

wild-type Mtb ATCC 35801 of investigated imidazo[1,5-a]quinolines. Epithelia cell line from lung carcinoma (Calu-оύΣ ά-ά 

ƛƴŘƛŎŀǘŜǎ ƴƻ ŜŦŦŜŎǘ ŀǘ млл ҡa ŀƴŘ άҌέ ǘƻȄƛŎ ŜŦŦŜŎǘǎ ŀǘ млл ҡaΦ Further cytotoxicity investigation on human liver cancer cell 

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

Nr. R2 / R1 MIC in µM Calu-3 Mtb  ATCC 35801 HepG2 

Ec Sa Str Mtb Inhibition at 20 µM IC50 IC90 IC50 

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 1 + 65% n.d. n.d. n.d. 

14 Ph / 2-(5-Ph-Pyridinyl) >136 >136 >136 34 - 8% n.d. n.d. n.d. 

15 Ph / 2-Isoquinolinyl >144 >144 >144 1-0.5 - 82% 86.5 132.2 >100 

16 Ph / 2-Me2N-Ph >127 >127 >127 2 + -8% n.d. n.d. n.d. 

17 Ph / MeO-Ph >183 >183 >183 46 - 15% n.d. n.d. n.d. 

18 2-Pyridinyl / 2-Pyridinyl >198 >198 >198 12-6 - 41% n.d. n.d. n.d. 

19 2-Pyridinyl / Ph >199 >199 >199 50-25 + 40% n.d. n.d. n.d. 

20 1-Naphthyl / 2-Pyridinyl >172 >172 >172 5-1 + 83% 12.7 26.8 28.2 

21 NPh2 / 2-Pyridinyl >155 >155 >155 >155 - 2% n.d. n.d. n.d. 

Nr. Complex formula  

C1 [ZnCl211] >140 >140 >140 2 - 90% 6 7.7 >100 

C2 [FeCl2(11)2]FeCl4 >132 >132 >132 2 - 26% n.d. n.d. n.d. 

C3 [Cu(OAc)211] >127 >127 16-8 2 + n.d. 9.7 14.4 4.5 

C4 [ZnCl220] >126 31.5 63 2-1 + n.d. 7.4 9.6 17.8 

C5 [ZnCl213] >140 17 - 9 17 2-1 + n.d. 3.6 7.2 >100 

C6 [ZnCl214] >120 >120 >120 8 - n.d. 44.7 80.0 >100 

C7 [ZnCl215] >126 >126 >126 2-1 - n.d. 9.1 17.7 83.3 

C8 [ZnCl221] >117 >117 >117 >117 - n.d. 98.5 >100 >100 

 

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-a]quinolines 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 
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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-a]quinolines. 

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 µM. 
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Subsequent investigation of Zn2+, Fe3+ and Cu2+ 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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6. Publications 

6.1 Highly Versatile Preparation of Imidazo[1,5-a]quinolines and Characterization of 

Their Photoluminescent Properties 

 

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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