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Kurzzusammenfassung 

Funktionelle Chromophore spielen aufgrund ihrer vielfältigen, stetig wachsenden Anwendungen eine zentrale 

Rolle in vielen Aspekten von Naturwissenschaft und Technologie. Im Sinne des steigenden Bewusstseins für 

Nachhaltigkeit sind die Minimierung der Umweltbelastung durch chemische Synthese sowohl im Labor- als auch 

im industriellen Maßstab, sowie die Anpassung an die Prinzipien grüner Chemie außerordentlich wichtig. 

Die Groebke-Blackburn-Bienaymé Dreikomponentenreaktion (GBB-3CR), eine isonitril-basierte 

Multikomponentenreaktion, zog in der Vergangenheit viel Aufmerksamkeit auf sich, da aus ihr 

Imidazo[1,2-a]heterocyclen hervorgehen. Während die biologischen Eigenschaften dieser privilegierte 

Gerüststruktur gut untersucht sind, bleiben Berichte über ihre Anwendung in den Materialwissenschaften rar. 

Im Zuge dieser Arbeit wurden Imidazo[1,2-a]heterocyclen für die Synthese funktioneller Fluorophore untersucht. 

Einerseits wurde die GBB-3CR für die Derivatisierung von bereits existierenden Gerüststrukturen genutzt. 

Basierend auf [2.2]Paracvclophan, einer überbrückten aromatischen Kohlenwasserstoffverbindung wurden 

strukturell vielfältige imidazo[1,2-a]heterocyclische Fluorophore synthetisiert. Ihre Fluoreszenzeigenschaften 

sowie ihre Eignung als Liganden für katalytisch aktive N,C-Palladacyclen mittels einer regioselektiven ortho-

Palladierung wurden erforscht. Außerdem wurde eine Bibliothek an fluoreszenten Derivaten des marinen 

Steroids Gorgosterol synthetisiert um Imidazo[1,2-a]heterocyclen als fluoreszente Lable für Biomoleküle in 

Bioimaging Experimenten zu etablieren. Die gelabelten Steroide wurden in einem Zytotoxizitätsassay und in 

Co-Lokalisationsstudien an HeLa Zellen untersucht.  

Andererseits wurden sequenzielle Syntheserouten für die Postmodifizierung von GBB-Produkten erforscht. 

Dabei wurde aus Imidazo[1,2-a]pyridinbausteinen eine Serie an Donor Akzeptor-Chromorophore hergestellt und 

photophysikalisch charakterisiert. Mittels einer zweistufigen Synthesesequenz bestehend aus einer GBB-3CR 

gefolgt von einer intramolekularen imidoylativen Hartwig-Buchwald Aminierung wurden GBB-Produkte zu 

polyheterocyclischen Strukturen cyclisiert. Die Interaktionen dieser Substanzen mit doppelsträngiger DNA 

wurden in einem neu dafür etablierten pUC19 Gel Elektrophorese Mobilitätsshiftassay untersucht. 

Ein weiterer Aspekt dieser Arbeit war der Transfer modularer Synthesen auf das von der BREITLING Gruppe 

entwickelte nano3D Druck System, um dessen Potential für die miniaturisierte Synthese dichter Molekül Arrays 

zu zeigen. Um außerdem die Möglichkeit der CO2-Umwandulung demonstrieren zu können wurde eine 

fluoreszente Sonde entwickelt. 

Darüber hinaus wurde in Zusammenarbeit mit der SYMRISE AG ein verbesserter Syntheseansatz für den 

kommerziellen UV-Absorber und Sonnencreme Inhaltsstoff Bemotrizinol, einem unsymmetrischen 1,3,5-Triazin, 

erarbeitet. Synthetische Schritte wurden unternommen, um abfallreiche Reaktionen zu ersetzen. Eine neuartige 

Methode für de nukleophile Aromatensubstitution an Chloro-1,3,5-triazinen mit Enolaten als 

Kohlenstoffnukleophile wurde entwickelte. Ein intermediärer Bemotrizinol-Vorläufer, genannt Tetrahydro-

Bemotrizinol wurde genau charakterisiert. Abschließend wurde Tetrahydro-Bemotrizinol in einem neuartigen 

Elektro chemischen oxidativen Aromatisierungsprotokoll zum Zielprodukt Bemotrizinol umgesetzt. 
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Abstract 

Due to their vast, ever-growing application perspectives, functional chromophores play a pivotal role in many 

aspects of both life sciences and technology. Accounting for the increasing awareness for sustainability, the 

minimization of the overall environmental impact of chemical synthesis on both a laboratory and an industrial 

scale, as well as conforming to the principles of green chemistry are imperative. Diversity-oriented and modular 

synthesis methods, and the implementation of greener, less waste-intense procedures are important tools to 

improve chemical syntheses.  

The GROEBKE-BLACKBURN-BIENAYMÉ three-component reaction (GBB-3CR), an isonitrile-based three component 

reaction, has drawn a lot of attention since it furnishes imidazo[1,2-a]heterocycles. The biological properties of 

this privileged heterocyclic scaffold are well investigated, while reports of their application in material science 

remain scarce. In this dissertation, imidazo[1,2-a]heterocycles were explored in the synthesis of functional 

fluorophores. 

On one side, GBB-3CR was employed for the derivatization of existing scaffolds. Based on [2.2]paracyclophane, 

a π-stacked hydrocarbon scaffold, skeletally diverse imidazo[1,2-a]heterocyclic fluorophores were synthesized. 

Their fluorescent properties and pH dependency were investigated and their suitability as ligands for catalytically 

active N,C-palladacycles was demonstrated through regioselective ortho-palladation. 

Moreover, a library of fluorescent derivatives of the marine steroid Gorgosterol was synthesized to establish the 

imidazo[1,2-a]pyridine as a fluorescent tag for the labeling of biomolecules in imaging studies. The tagged steroid 

derivatives were investigated in an MTT-assay and colocalization studies in HeLa cells. 

Sequential synthesis routes for the post modification of GBB-scaffolds were explored. Therefore, 

imidazo[1,2-a]pyridine building blocks were used to synthesize a series of donor-acceptor chromophores that 

were photophysically characterized. 

Through a two-step reaction sequence comprising a GBB-3CR, followed by an intramolecular imidoylative 

amination, the GBB-scaffold was cyclized to furnish polyheterocycles. Their interactions with double-stranded 

DNA were evaluated in a newly established pUC-19 gel electrophoresis mobility shift assay. 

Another aspect was the transfer of modular syntheses to a nano3D printing system developed by the BREITLING 

group, demonstrating the system’s potential in the parallel miniaturized synthesis of highly dense molecular 

arrays. To also showcase the possibility of CO2 conversion, a fluorescent probe was developed. 

Furthermore, in cooperation with SYMRISE AG, an improved synthetic approach to the commercial UV-absorber 

and sunscreen ingredient Bemotrizinol, an unsymmetric triaryl-1,3,5-triazine, was developed. Synthetic efforts 

were made to replace waste-intensive reaction steps. A novel method for the nucleophilic aromatic substitution 

of chloro-1,3,5-triazines with enolates as carbon nucleophiles was developed. An intermediate Bemotrizinol 

surrogate, termed tetrahydro Bemotrizinol, was characterized thoroughly. Finally, tetrahydro-Bemotrizinol was 

converted to the target Bemotrizinol through an unprecedented electrochemical oxidative aromatization 

protocol. 
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1 Introduction 

The conception of color is one of the essential factors in how we perceive our environment. Scientifically, 

this effect stems from the absorption, emission, and reflection of electromagnetic radiation in a specific range 

of wavelength by objects (visible spectrum) that can be perceived by our visual receptors. On a chemical level, 

molecules capable of interacting with light are called chromophores. Structural features of chromophores are 

commonly small molecular structures with conjugated π-electron systems, like polyenes or (hetero-)aromatic 

scaffolds, or transition metal complexes.[1]  

As color is such an integral element of our lives and culture, it is not without reason that there has been a steady 

commercial interest for developing novel chromophores ever since the synthesis of the first artificial dye 

mauveine by PERKIN in 1860.[2] Over the course of the last century, dyes evolved beyond having a solely aesthetic 

purpose, but instead are now specifically tailored for a defined function or application. Chromophores can be 

classified by their functions, such as light absorption, light emission, photochemical or photoelectric activity, or 

polarization (see Figure 1).[3] These functional dyes are molecular systems capable of absorbing light 

accompanied by the excitation of electrons and exerting a specific function upon irradiation.[4] One of the best 

examples is certainly the natural chromophore chlorophyll, serving the purpose of a sensitizer for 

photosynthesis. 

 

Figure 1. Classification of functional chromophores according to their properties and applications. 
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1.1.1 Luminescence 

From glowing plants and insects to the pigments in the displays of digital devices, the occurrence and applications 

of luminescence are manifold, as are the mechanisms leading to luminescence phenomena. In general, 

luminescence describes the spontaneous emission of light upon the external excitation of certain materials. 

While there is a wide variety of types of luminescence depending on the external stimuli causing the emission of 

radiation, the most common type is certainly photoluminescence in which the excitation energy is provided in 

the form of photons. Photoluminescence itself can be subdivided into fluorescence and phosphorescence. These 

processes are displayed in the JABLONSKI diagram (Figure 2).[5] 

 

Figure 2. JABLONSKI diagram of fluorescence (left) and phosphorescence (right). 

 

Excitation of a molecule from its electronic ground state (S0) into an excited state (S1) occurs vertically according 

to the FRANCK-CONDON principle. Since the electron density distribution is different in the S1-state but the positions 

of the cores remain steady during the transition, the molecule excited into a higher vibrational level of the 

S1-state. This additional energy is dissipated through vibrational relaxation, and the cores relocate to reach the 

vibrational ground state of the S1-state. After a lifetime of 10-9 to 10-7 seconds, the excited molecule relaxates 

back to the electronic ground state by the emission of radiation observed as fluorescence. Due to the decreased 

energy gap between S1 and S0 in the altered geometry, the wavelength of the emitted radiation is commonly 

larger than the excitation resulting in the emission of red-shifted light, also referred to as STOKES shift.  

In contrast, phosphorescence involves another excited state aside from the S1-singlet state. Ordinarily, 

transitions from singlet states to the T1-triplet state are spin-forbidden. However, by implementing heavier 

atoms or specific geometries, these strict rules do not apply anymore, resulting in an intersystem crossing (ISC) 

from S1 to T1. Relaxation from T1 to S0 will result in the emission of radiation. As this transition is technically also 

spin-forbidden, this process is slower. Phosphorescence's lifetimes can last from several milliseconds up to a few 

seconds. 
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The fluorescence at a specific wavelength (ν) is characterized by three parameters: intensity (IF), lifetime (τ) and 

quantum efficiency or yield (QE, Φ).[6] These variables are connected as follows. 

 

(1) 𝑄𝐸 =
𝑛 (emitted Photons)

𝑛(absorbed Photons )
=

𝑘𝐹

𝑘𝐹+Σ𝑘𝑛𝑟
 

(2) 𝑘𝐹 =  
1

𝜏
= 𝐴21 

(3) 𝐴21 =  
8𝜋ℎ𝜈3

𝑐3 𝐵12  with 𝐵12 =  
𝑒2

6𝜀0ℎ3  |𝑅12|2 

(4) 𝐴21 ∝ 𝜀(𝜈) 

(5) 𝐸𝜈 = 𝑙𝑜𝑔 
𝐼

𝐼0
 = ∫ 𝜀(𝜈) 𝑙 𝑐 𝑑𝜈  

(6) 𝜀(𝜈) ∝  𝑓 𝑜𝑟 |𝑅12|2  

QE – quantum efficiency; n – number; kF – rate constant of fluorescence; knr – rate constant of non-radiative 

pathways; τ – fluorescence lifetime; A21 – Einstein coefficient of spontaneous emission; B12 – Einstein 

coefficient of induced absorption; e – elementary charge; h – Planck constant; c – speed of light; ε – vacuum 

permittivity; |R12| – transition dipole moment; ε(ν) – extinction coefficient; ν – wavelength;  

Eν – absorbance/extinction; I – intensity of transmitted light; I0 – irradiation intensity; l – path length;  

c – concentration; f – oscillator strength. 

 

QE is proportional to the fluorescence rate kF (Eqn. 1) which is reciprocal to the lifetime (Eqn. 2).[6] The rate kF is 

derived from the transition probability for spontaneous emission. Einstein postulated the connection of the 

transition probabilities for induced absorption B12 and spontaneous emission A21 (Eqn. 3).[7] According to the 

STRICKLER and BERG or BIRKS and DYSON relationship derived from the EINSTEIN coefficient, the excited state or 

fluorescence lifetime is proportional to the absorption intensity (Eqn. 4),[8] defined by LAMBERT-BEER’s law 

(Eqn. 5).[5] In the equation for absorption intensity, the wavelength-dependent extinction coefficient ε is related 

to the oscillator strength f, a dimensionless constant corresponding to the transition dipole moment (Eqn. 6).[7] 

To put it simply, the transition dipole moment describes a molecule's ability to absorb and emit electromagnetic 

radiation. It depends on the orbital overlap of the involved states and, in turn, on the transferred charge over 

distance. Thus, oscillator strength is a critical parameter to assess fluorophore efficiency. From a structural point, 

maintaining good transition dipole moment and oscillator strength values, e.g., via extensive π-systems with a 

substantial frontier molecular orbital overlap and charge distribution, therefore is a key design element for 

fluorophores. 

The absorption and emission wavelength can be shifted by altering the gap between the ground and the 

respective excited state. Typically, larger π-systems correspond to longer wavelengths. 
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1.1.2 Advanced Fluorescence Mechanisms 

In reality, the general mechanisms of fluorescence and phosphorescence rarely apply. Instead, more complex 

processes occur when molecules are irradiated, depending on their molecular structure and electronic 

properties. Additionally, as the molecules cannot be observed individually, environmental influences such as 

solvent effects, intermolecular and bulk interactions or external quenching pathways must be considered.[9] 

Commonly observed effects include solvatochromism, in which the stabilization of the excited species by the 

solvent leads to shifting of the emission wavelength depending on solvent polarity.[10] Aside from this, several 

special mechanisms apply depending on the molecular structure itself, of which some will be discussed in detail. 

 

ESIPT. Certain molecules can undergo photoreactions when irradiated, such as excited state intramolecular 

proton transfer (ESIPT).[11] This four-level process (Figure 3-left) is an example of phototautomerizations which 

occurs when different tautomers are stabilized in the ground and excited state. Most ESIPT-fluorophores rely on 

photo-induced keto-enol tautomerism.[12] Selected, commonly used ESIPT scaffolds are depicted in 

Figure 3-right. In the ground state, the enol is usually more stable. Upon excitation, the charge distribution 

throughout the molecule is altered, stabilizing the keto form. From there, the molecule relaxates to the keto 

ground state. The decreased energy gap between S1 and S0-state thus results in a significantly increased STOKES 

shift for the keto emission. In the ground state, tautomerization to the more stable enol form occurs via a reverse 

proton transfer. 

 

Figure 3. Simplified JABLONSKI diagram illustrating the ESIPT process (left) and examples for ESIPT fluorophores (right).  

 

This effect can be used to design molecular switches and sensors.[13] By implementing a capping mechanic or a 

protecting group to suppress the ESIPT-process, the sensor is switched off. The sensor is switched on by removing 
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this group, leading to a significant shift in fluorescence color, thus indicating the presence of the deprotecting 

species. 

This design principle has also been exploited for the development of optical filters. In this case, the transition to 

the tautomeric ground state is not accompanied by light emission. Instead, deactivation occurs via radiation 

emission outside of the visible range (e.g., infrared) and the energy is dissipated thermally.[14] One of the most 

prominent examples is certainly the UV-absorber Bemotrizinol (1). 

 

TADF. Another mechanism that has been discussed in terms of OLEDs is thermally activated delayed 

fluorescence (TADF).[15] Figure 4 depicts the differences between the TADF effect and the other luminescence 

phenomena. In real systems, the excited states are not entirely decoupled. Hence, when molecules are excited, 

singlet and triplet states are populated according to spin-statistics, resulting in a distribution of 1:3.However, 

fluorescence, only occurs from the singlet state which means only one-fourth of the excitons can be harvested. 

The internal quantum efficiency (IQE) is thus capped at 25%. In phosphorescent emitters, the emission occurs 

from the triplet state, which is constantly repopulated from singlet excitons via intersystem crossing. Therefore, 

the IQE is not limited by spin statistics. Despite this, phosphorescent emitters pose several disadvantages, as 

they are commonly made up of transition metal complexes with either expensive, rare or toxic heavy metal 

atoms like iridium or platinum.  

 

 

Figure 4. Simplified JABLONSKI diagrams for the three generations of OLED emitter design. 

 

In contrast, TADF fluorophores are organic compounds designed to have a small energy gap between the S1 and 

T1 state enabling excitons to transit this gap by reverse intersystem crossing to populate the S1 state. The width 

of ΔEST needs to be lower than 0.2 eV for thermal energy to enable the RISC. The repopulated S1 state can be 

harvested to achieve efficient emission. The RISC process occurs over a timespan of milliseconds, resulting in an 

extended fluorescence lifetime, the delayed fluorescence. In transient photoluminescence (PL) decay 

measurements, TADF emitters show both a prompt decay in the order of nanoseconds which can be attributed 
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to the S1 to S0 transition, and a delayed decay in the microsecond range corresponding to the TADF effect. At 

lower temperatures, the lifetime is not prolonged, which serves as proof of the TADF effect.  

Historically, the TADF behavior was first observed for Eosin in an ethanolic solution at elevated temperatures.[16] 

Acetophenone, thioketones and fullerene also exhibit this effect.[17] The first compounds of a novel generation 

of emitters based on the TADF principle were developed by ADACHI et al.,[18] and since then, several emitter 

designs have been established, including dinuclear copper complexes, borine-based compounds or purely 

organic molecules. A selection of relevant TADF emitters is shown in Figure 5.  

 

Figure 5. Selected examples for copper-, borine-based and organic emitters. 

 

The underlaying design principles originate from theoretical considerations (see Eqn. 7 – 9).[19] The rate of 

RISC (kRISC) is proportional to ΔEST which is, in turn, proportional to the exchange integral of HOMO and LUMO, 

J12. Consequently, a small spatial overlap (i.e., exchange integral approaching zero) of the frontier orbitals leads 

to a small ΔEST (< 0.1 eV), enabling the TADF effect.  
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(7) 𝑘𝑅𝐼𝑆𝐶 ∝  ⅇ
−

𝛥𝐸𝑆𝑇
𝑘𝐵𝑇   

(8) 𝛥𝐸𝑆𝑇 = 𝐸𝑠 − 𝐸𝑇 = 2𝐽12 

(9) 𝐽12 = ∬ 𝜙𝐻𝑂𝑀𝑂(𝑟1) 𝜙𝐿𝑈𝑀𝑂(𝑟2)
1

|𝑟2−𝑟1|
𝜙𝐿𝑈𝑀𝑂(𝑟1)𝜙𝐻𝑂𝑀𝑂(𝑟2)𝑑𝑟1𝑑𝑟2 

kRISC –RISC rate constant; kB – Boltzmann constant; T – temperature; ΔEST – singlet-triplet energy gap;  

ES / ET – singlet/triplet energy level; J12 – exchange integral; ϕ – wave function, r – position vector. 

 

This spatial separation can be accomplished by installing a bridge between donor and acceptor moiety that 

induces a twist to minimize the overlap. Alternatively, spiro junctions and through-space bridges have been 

demonstrated to introduce a minimal overlap between the frontier orbitals. An overview of common 

TADF-building blocks is given in Figure 6.[20]  

 

Figure 6. Design principle and exemplary donor, acceptor, and bridge building blocks for organic TADF emitters. 

 

However, minimizing spatial separation also decreases S1-S0 overlap and therefore the transition dipole moment, 

oscillator strength and radiative decay rate, thus rendering the emitters less efficient. An alternative method to 

increase oscillator strength is large delocalization of the frontier orbitals. Balancing orbital overlap to obtain low 

ΔEST values while retaining a reasonably high oscillator strength is crucial for the design of efficient TADF emitters.  
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FRET. The FÖRSTER resonance energy transfer describes a common bimolecular fluorescence mechanism. In 

this process, one molecule is excited by absorbing light, and instead of deactivation via emission, the energy is 

transferred through nonradiative dipole-dipole coupling from this donor molecule to an acceptor, which, in turn, 

is excited and then able to emit radiation itself (Figure 7).[21]  

 

Figure 7. Simplified JABLONSKI diagram (left) and schematic illustration of the FRET process (right). 

 

This effect is proximity-dependent and requires donor and acceptor to be located within the so-called FÖRSTER 

radius. Consequently, this mechanism is often used for designing fluorescent probes to investigate spatial 

interactions.[22] For instance, FRET pairs can be attached to different sites within a molecule to monitor 

conformational changes. Attaching donors and acceptors to different substrates allows us to study the 

interactions of these substrates. 

 

1.1.3 Applications of Functional Chromophores 

Since the introduction of microscopic analysis methods, the request for special purpose fluorophores has 

increased steadily.[23] Moreover, outside of biochemistry, there is a high demand for functional fluorophores and 

chromophores in, for instance, material science applications as part of OLEDs,[24] lasers,[25] solar cells,[26] or data 

storage,[27] and in cosmetics[28] and art[29] as optical brighteners, UV-absorbers, highlighters, or reactive dyes.[30] 

Therefore, sophisticated fluorophores are needed, which are custom designed to fit increasingly complex 

prerequisites. Modular design strategies enable facile tuning of the properties by variation of the individual 

building blocks. In general, one of the main goals is designing more efficient fluorophores by increasing quantum 

yield, minimizing non-radiative deactivation pathways, and preventing photobleaching. Aside from this, other 

tunable properties depend on the application, of which some are discussed hereinafter. 
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Bioimaging. The development of fluorescence microscopy constitutes a big milestone for the high-resolution 

elucidation of small cellular structures, even beyond the limits of conventional microscopy. Some biomolecules 

exhibit intrinsic fluorescence, e.g., aromatic amino acids like tryptophane. To investigate structures without 

intrinsic fluorescence (lipids, steroids, nucleic acids, etc.), extrinsic fluorophores have to be introduced to stain 

the respective compartments.[31] 

The specific purpose, however, demands a careful fluorophore selection. For instance, the compatibility of the 

fluorophore and the investigated environment must be considered.[32] Solubility in the respective (mainly 

aqueous medium) and cellular uptake are crucial parameters that can be managed by introducing polar residues, 

molecular carriers, or encapsulation. For in vivo experiments, low toxicity is preferable.[33] Moreover, the 

absorption and emission profile of the fluorophore are an important factor as irradiation of cell or tissue samples 

with UV-light promotes UV-induced DNA-damage and thus apoptosis. Therefore, shifting the fluorophore’s 

absorption to the visible range is beneficial as irradiation with visible light is less harmful, reduces the 

autofluorescence of surrounding compartments, and is able to transverse deeper into the tissue.[34] 

For the target-oriented staining of specific compartments, it is important to manage the fluorophore’s affinity to 

the structure of interest. Fluorophores can either be designed to exhibit properties that enhance their affinity to 

the target biomolecules, e.g., flat, polar molecules for nucleic acids or lipophilic structures for lipid membranes 

or attached to a carrier that is known to locate at or bind to the respective target.[35] In turn, fluorophores can 

also be employed as fluorescent tags which are covalently bound to a carrier molecule or bigger structures to 

visualize them in experimental setups and investigate their behavior ( e.g., localization) within cells.[36] For this, 

the fluorophore’s properties are required not to influence the behavior of the analyte molecule. Therefore, 

comparably small fluorophores are needed in localization studies of small molecule analytes.[37]  

Aside from in vivo analysis, fluorescent or chromophoric tags are also employed as stains in in vitro assays, such 

as nucleic acid or protein stains in gel electrophoresis, or tagged antibodies and enzymes in ligand binding or 

immunological assays.[38] Alternatively, detection is also possible through external fluorescent probes which are 

switched on in the presence of certain enzymes. 

 

Fluorescent Probes. Aside from visualizing the presence of proteins, enzymes, antibodies, or other 

biomolecules, fluorescent probes can also be used as chemosensors to detect other species like certain ions, 

molecules, or functional groups. They rely on a switching mechanism resulting in an optical signal only triggered 

by the analyte. Commonly used design strategies are the coordination of metal ions to the probe or certain 

functionalities that induce intramolecular reactions or cleave off protecting groups or quenchers, thus enabling 

fluorescence. Aside from conventional fluorophores, ESIPT and FRET probes are often chosen due to their 

inherent switching method.[13b, 22]  
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OLEDs. In contrast to the applications discussed above, OLED chromophores rely on electroluminescence 

instead of photoluminescence.[39] In an OLED device, the emissive dye layer is embedded between two electrode 

layers separated by injection and conductive layers (Figure 8).[24b, 40]  

 

Figure 8. Schematic representation of a multilayer OLED. 

 

Through applying an external voltage, electrons are injected into the LUMO of the dye molecules while holes are 

injected into the HOMO by the anode. These charge carriers migrate through the dye layer towards the opposite 

electrode until they recombine under the formation of excitons. These excited dye molecules relaxate under the 

emission of radiation. The anode is commonly made of transparent material like indium tin oxide (ITO) to allow 

the light to leave the device. Metallic cathodes and the conductive layers are made of large, conjugated 

molecules to enable good electron mobility, such as electron-rich conjugated nitrogen-heterocyclic systems for 

hole transport or electron-deficient borine-based substrates for electron transport. The injection layers consist 

of materials that mediate and facilitate the electron induction or abstraction processes, e.g., polymers for holes, 

and metals or alkali metal fluorides for electrons. The core of the OLED, the emissive layer consists of the dye 

which can also be surrounded by host material. The dyes have evolved throughout the history of OLEDs to be 

more efficient and environmentally benign as discussed in Chapter 1.2 – TADF. However, there is still room for 

optimization as currently, especially blue OLEDs are still lacking in terms of efficiency.[41]  

In 2021, ADACHI and co-workers exploited the FRET-mechanism to develop hyperfluorescent, deep-blue OLEDs.[42] 

By employing a TADF molecule as FRET-donor, an efficient energy transfer of all singlet and triplet excitons to 

the acceptor can be achieved. The acceptor then emits light of a specific wavelength. By exchanging the FRET 

acceptor, different emission wavelengths are accessible. The major advantage of this hyperfluorescence 

approach is the decoupling of the TADF effect and emission wavelength, enabling the fabrication of 

unprecedented efficient OLEDs of previously inaccessible colors. 
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Optical and UV-Filters. Depending on their excitation profile, organic chromophores can selectively filter light 

of a certain wavelength by absorbing and then dissipating the energy while other light is unaffected. Due to their 

well-defined and easily adjustable absorption bands, absorptive organic compounds either in solution or 

embedded in a solid matrix can be applied as optical filters which are used in, for instance, colorimeters. Aside 

from absorptive materials, other optical filters rely on light reflection, polarization, or interference.[14] 

A special class of optical filters are UV-filters. The exposure of human skin to UV radiation causes tremendous 

damage, leading to various kinds of diseases including skin cancer. Similarly, outdoor surfaces often suffer from 

photodegradation upon extended irradiation with sunlight. As shown in Figure 9, UV-radiation is divided into 

three categories with increasing energy: UV-A (400 – 315 nm), UV-B (315 – 280 nm) and UV-V (280 – 100 nm). 

 

Figure 9. Cut-out of the electromagnetic spectrum. 

 

The main part of UV-rays is already blocked by the earth's atmosphere, so the UV-portion of terrestrial sunlight 

is reduced to about 3%.[43] To protect human skin as well as outdoor surfaces and coatings against this remaining 

UV-radiation, several types of UV-filtering substances have been developed. UV-filters and their formulations 

are characterized depending on their absorption profile as UV-A, UV-B, or broad band filters, and by their sun 

protection factor (SPF).[44] The SPF describes the extension of exposure time to UV-B-radiation in which no 

damage is inflicted on the skin or surface. It is calculated according to Eqn. 10 as a function of the spectrum of 

sunlight E (ν), the erythemal action spectrum A (ν) and the monochromatic protection factor MPF (ν) which 

depends on the transmission. Additionally, the UV-A-protection factor describes the efficiency against UV-A rays. 

(10) 𝑆𝑃𝐹 =  
∫ 𝐴(𝜈)𝐸(𝜈)𝑑𝜈

∫ 𝐴(𝜈)𝐸(𝜈)𝑀𝑃𝐹(𝜈)𝑑𝜈
 

SPF – sun protection factor; A – erythemal action spectrum; ν – wavelength; E – spectrum of sunlight;  

MPF – monochromatic protection factor. 

 

Inorganic compounds like titanium dioxide, certain iron oxides or zinc oxide nanoparticles either absorb UV-

radiation due to their band gap or scatter the light as a result of their particle size.[45] Organic UV-filters, on the 

other hand, operate by absorbing the UV-light and re-emitting the energy in the form of lower energy 

radiation.[46] For this, large STOKES shifts are necessary to efficiently dissipate the energy. ESIPT-type absorbers 

are therefore ideal as they possess inherently large STOKES shifts. Common ESIPT-scaffolds are hydroxyphenyl 

triazines (Bemotrizinol, 1), hydroxyphenyl triazoles (Bisoctriazole, 11), hydroxy benzophenones 
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(Sulisbenzone, 12 or Uvinul A+, 13), salicylates (Homosalate, 15) or 1,3-diketones (Avobenzone, 14). Other UV-

filter types include alkenes like camphor derivatives (Enzacamene, 17) or cinnamates (Octinoxate, 16), and 

extensive π-scaffolds (Isoctrizinol, 18). Some of the most prominent commercial organic UV-absorbers are 

depicted in Figure 10.[21a, 47] 

 

Figure 10. Structures of selected commercially available UV-absorbers. 

 

In sunscreens, mixtures of these absorbers are employed to further improve their performance due to synergistic 

effects. However, some small molecule organic UV-absorbers have severe drawbacks, exhibiting unwanted 

bioactivities. Some substances, especially of the benzophenone type, show estrogenic effects, hinting towards 

genotoxicity. Accumulation in the environment has been observed, posing a threat to aquatic ecosystems. 

Additionally, some are lacking in terms of photostability, showing degradation upon extended irradiation times. 

Hence, novel, non-toxic and environmentally benign UV-absorbers are sought after. Over the last decade, 

progress in the development and commercialization of UV-absorbers has been delayed as the US market was 

inaccessible which was caused by restrictions in the FDA approval of new compounds. In 2014, the Sunscreen 

Innovation Act was passed to improve revision of UV-absorbers already approved in e.g., Europe and Australia.[48]   
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1.2 Multicomponent Reactions 

Among the vast variety of chemical transformations, the reaction class of multicomponent reactions (MCRs) 

stands out thanks to their unmet variability and diversity.[49] In contrast to conventional multistep synthesis 

approaches, MCRs describe the transformation of three or more starting materials to a complex product 

molecule in which the majority of the starting materials’ atoms are incorporated. Consequently, the number of 

by-products is quite low, and the overall atom economy is excellent. Thus, MCRs offer convenient shortcuts for 

the assembly of sophisticated structures, also cutting down on the overall number of reaction and purification 

steps needed to achieve a certain degree of complexity.[50] Since most MCRs rely on condensation chemistry, 

they are operationally simple one-pot procedures and usually do not demand harsh or inert reaction conditions 

while having a high functional group tolerance. Hence, MCR methodologies are often regarded as sustainable 

tools meeting the criteria of green chemistry.[51] Due to these advantages, MCRs nowadays find widespread 

application across many different disciplines of organic,[52] medicinal,[53] and polymer chemistry.[54] A schematic 

comparison of multistep synthesis and MCR methodology is shown in Scheme 1. 

 

Scheme 1. Comparison of multistep synthesis and MCR methodology.[55] 

 

Some noteworthy examples are shown in Scheme 2. Historically, the first MCR was the STRECKER reaction, a 

racemic method for the synthesis of α-amino acids (22) from aldehydes (19), a cyanide (20) and ammonia (21).[56] 

Another prominent example is the MANNICH aminomethylation of ketones (23) using formaldehyde (25) and 

amines (24).[57] In contrast to this, the HANTZSCH dihydropyridine synthesis[58] and the BIGINELLI dihydropyrimidone 

synthesis[59] afford heterocyclic structures, giving access to more drug-like scaffolds. Similarly, in the GEWALD 

reaction 2-amino thiophenes (33) are synthesized from ketones (23), nitriles (31), and elemental sulfur (32).[60] 
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In the PETASIS reaction, an aldehyde (19), a boronic acid (34) and an amine (24) are coupled to diversely 

substituted tertiary amines (35).[61] 

 

Scheme 2. Overview of historically relevant MCRs. 

 

Granting facile access to a vast chemical space, MCRs are the prime examples of modular, yet straightforward 

diversity-oriented synthesis methods. Thus, they are ideally suited for the rapid generation of extensive 

compound libraries meeting the demand of high throughput screening platforms in medicinal and 

pharmaceutical chemistry.[62] Estimates show that at least 5% of the small molecular drugs sold in 2019 could be 

accessed through MCR-based synthesis routes.[63] Selected examples for marketed drugs accessible via 

MCR-methodologies are presented in Figure 11, including the calcium channel blocker Nifedipine (36), the 

antipsychotic Olanzapine (37), the local anesthetic Lidocaine (38), the antiviral HIV-medication Indinavir (39) and 

the statin Atorvastatin (40). 
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Figure 11. Examples for marketed drugs accessible via MCR methodologies. The MCR involved in the synthetic route is 
indicated in parentheses. 

 

1.2.1 Isonitriles and IMCRs 

In the context of multicomponent reactions, the substance class isonitriles, frequently also referred to as 

isocyanides, is of particular importance. That is not without reason, as isonitrile-based multicomponent reactions 

constitute their own category within the field of MCR transformations.[64] Isonitriles have attracted attention in 

view of their peculiar, multi-facetted reactivity, but at the same time, they are notorious for their repugnant, yet 

unique smell.[65] However, aside from a few exceptions, they do not exhibit any notable toxicity to mammals as 

investigated by the BAYER AG in the 1960s.[66] There are even plenty of naturally occurring isonitriles, some 

examples are depicted in Figure 12, top. Natural products like the antibiotic xanthocillin or the antifungal agent 

welwitindolinone A have been discovered in (cyano-)bacteria, fungi, or marine sponges, exhibiting a variety of 

bioactive properties.[67] Recently, isonitriles thus gained attention as potential pharmacophores despite having 

been disregarded due to their potentially limited metabolic stability for a long time.[68] A few artificial isonitrile-

based substances have also been investigated as potential drugs (Figure 12, bottom), e.g. 1-adamantyl isonitrile 

as an antiviral agent,[69] or are already marketed like the nuclear imaging agent Tc-MIBI (Cardiolite). 
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Figure 12. Natural products containing an isonitrile moiety (top) and isonitrile drugs (bottom). 

 

The isonitrile group can be described by the resonance structures depicted in Figure 13. The carbenoid 

structure 46’ is more stable, thus dominating the electronic properties. On the other hand, the zwitterionic 

resonance formula 46 is more appropriate to explain their linearity. This extraordinary electronic structure 

results in the broad variety of reactivity of isonitriles.[70] 

 

Figure 13. The zwitterionic (left) and the carbenoid (right) resonance structure of the isocyano group. 

 

Along with N-heterocyclic carbenes and carbon monoxide, isonitriles are amongst the few stable organic 

substance classes with a formally divalent carbon atom. Consequently, they are quite reactive since isonitrile 

transformations are driven by the exothermic and practically irreversible oxidation of CII to CIV. Hence, short 

reaction times and high yields can be achieved even at ambient temperatures. Moreover, considering their 

ambiphilic carbon atom, isonitriles possess the unique ability to perform α-addition reactions. In this process, a 

reaction with a nucleophile and an electrophile takes place on the same atom simultaneously rather than on 

different reaction sites. which is commonly exploited in IMCRs enabling cascade reactions. Owing to these 

properties, isonitriles offer great synthetic possibilities and play a key role in the field of MCRs. Aside from this, 

isonitriles also possess a quite pronounced α-acidity due to the strong electron-withdrawing nature of the 

isocyano group.[71] As they are isoelectronic to carbon monoxide, isonitriles can also serve as ligands for transition 

metals in a similar way.[72] Their ability to coordinate to palladium also allows them to insert into newly formed 

C-C-or C-X-bonds in cross coupling reactions. In analogy to carbonylation reactions through CO insertion 

affording ketones, these transformations are referred to as imidoylation reactions (Scheme 3).[73]  
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Scheme 3. Comparison of Pd-catalyzed imidoylative and carbonylative cross coupling reactions.  

 

Synthetically, isonitriles are accessible via a variety of different routes as shown in Scheme 4.[8]  

 

Scheme 4. Synthetic routes towards isonitriles. 
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In 1859, the first ever route towards isonitriles was reported by LIEKE.[74] Mistakenly published as a synthesis of 

allyl cyanide, allyl iodide (54) was reacted with silver cyanide in an SN2 reaction. The silver cation acts as a 

protecting group, masking the cyanide’s carbon atom and enabling the nucleophilic attack of the nitrogen atom. 

While historically relevant, nowadays this reaction is rather a synthetic curiosity due to its limited scope and 

applicability. A more practical approach was first published by HOFFMANN in 1867, in which primary amines (24) 

are reacted with dichlorocarbene (55) generated from chloroform and potassium hydroxide.[75] A similar method 

was reported in 2020 by SI et al. employing difluorocarbene.[76] The most popular route towards isonitriles, 

however, is the dehydration of formamides (59). The first method by UGI and MEYER from 1958 employs 

phosphoryl chloride as dehydrating agent and pyridine as the base.[77] Since then, several similar reactions of 

dehydrating agents and bases have been developed, especially focusing on improving the sustainability of 

isonitrile synthesis.[78] Aside from these, other approaches include the conversion of tertiary alcohols (56) or 

epoxides,[79] as well as the reduction of isocyanates or isothiocyanates (58).[80] Recently, LAM et al. reported an 

entirely novel route towards isonitriles in which tetrazoles (57) are electrochemically converted under the 

evolution of nitrogen.[81]  

One of the main applications of isonitriles are isonitrile based multicomponent reactions (IMCRs). The 

PASSERINI-3CR published in 1921 constituted the first example for the subclass of IMCRs.[82] However, IMCRs did 

not receive much attention until the discovery of the UGI-4CR in 1959 by IVAR UGI.[83] In the classical PASSERINI-3CR 

and UGI-4CR, carboxylic acids (63), aldehydes (19) and isonitriles (46) (and an amine 24 in the UGI-4CR) are 

transformed into α-acyloxy amides (64) or bis-amides (65), respectively. The general reactions are depicted 

in Scheme 5. 

 

Scheme 5. The PASSERINI and UGI reactions. 

 

Over the years, the acid component has been substituted by a variety of other reagents to develop different 

variations of the original reactions, e.g., PASSERINI- or UGI-SMILES reactions with phenols.[84] Furthermore, 

variations using multifunctional components also increase the accessible substrate scope and enable possibilities 

for the post-modification of these linear scaffolds. 

In terms of variety, the isonitrile component is often quite limiting due to the scarce availability of commercial 

isonitriles. Thus, more complex, custom isonitriles have to be synthesized in a separate procedure. However, as 

their limited stability, as well as the obnoxious smell, pose quite a big challenge for synthesis and purification, 
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avoiding the isolation of the isonitrile is preferable. For instance, in a procedure developed by DÖMLING et al. the 

isonitrile is formed in situ from the respective formamide by dehydration using triphosgene and consecutively 

mixed with the other MCR components.[85] This allows for a facile introduction of novel isonitrile-derived residues 

into MCR-scaffolds and enlarging the overall scope of isonitrile components while circumventing the 

inconvenient separate dehydration and isolation of the possibly sensitive isonitrile itself. 

 

1.2.2 MCR-based Strategies in chromophore Synthesis and Bioconjugation 

Due to their broad, yet unique reactivity, MCRs have been applied for the conjugation or labeling of biological 

compounds.[86] For instance, MCRs have already been employed for the bioconjugation or immobilization of 

lipids, carbohydrates, oligosaccharides, steroids, peptides, enzymes, and antibodies. Aside from MCRs, isonitriles 

are also employed in coordination ligation for transition metal complexes. 

Regarding the combinatorial synthesis of functional chromophores, both for the design of tailored pigments, 

emitters, and sensors, as well as the introduction of chromophore tags to biomolecules, two concepts have 

emerged: scaffold approach and chromophore approach (Figure 14).[87]  

 

Figure 14. Comparison of the scaffold and chromophore approach for the combinatorial synthesis of chromophores. 

 

In the first one, an existing chromophore bearing one of the components is functionalized in an MCR. Isonitriles, 

in particular, are well suited as biorthogonal handles because of their distinct reactivity. In the latter, a 

chromophore is generated in an MCR from non-luminescent components. Among these, classical MCRs are less 

prominent as they mainly afford partially saturated rather than conjugated structure. Instead, transition metal 

catalyzed tandem cyclization which form (hetero-)aromatic or polyene core structures are more representative 

for this concept. 
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1.2.3 The GBB-3CR and its Imidazo[1,2-a]pyridines 

In 1998, three independent research groups published a method for the synthesis of fused imidazo heterocycles 

using aromatic amidines, aldehydes and isonitriles under LEWIS acid catalysis.[88] Formally, the GROEBKE-BLACKBURN-

BIENAYMÉ three component reaction (GBB-3CR) is a variant of the UGI reaction, in which the carboxylic acid and 

the amine component are combined in the amidine. However, instead of linear structures, the GBB-3CR furnishes 

heterocyclic scaffolds. Due to the biological relevance of these, the GBB-3CR has emerged as a valuable tool in 

the discovery of novel bioactive compounds. The general reaction, as well as the widely accepted mechanism 

originally proposed by BIENAYMÉ and BOUZID, are depicted in Scheme 6.[88a] 

 

 

Scheme 6. The GBB-3CR (top) and the generally accepted mechanistic rationale proposed by BIENAYMÉ  and BOUZID.[88a] 

 

At first, the iminium ion is formed through the acid catalyzed condensation of the aldehyde and the amino group 

of the amidine. The following step is the concerted [4+1]-cycloaddition of the isonitrile furnishing the 

intermediate imine. Subsequently, this imine is converted into the final aromatic 3-aminoimidazole via a 

1,3-H-shift. The reaction is commonly performed in polar, protic solvent like methanol or water with catalytic 

amounts of acid (e.g., protic acids like glacial acetic acid, perchloric acid, or LEWIS acids like Sc(OTf)3). This 

mechanism is generally agreed upon; however, similar to the UGI reaction, it is questionable whether the α-

addition of the isonitrile is, in fact, concerted. Furthermore, other mechanistic pathways might also be relevant, 

since small amounts of other regioisomers can be formed.[89] The scope of the individual components is quite 

diverse and has recently been reviewed by BOLTJES and DÖMLING.[63a]  

To this date, the GBB-3CR sparks most interest due to the widespread biological activities of its products as 

imidazo[1,2-a]pyridines belong to the class of privileged scaffolds.[90] The term privileged structure was coined 
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by EVANS in 1988, who defined them as simple structural subunits shared by different pharmaceutically relevant 

molecules with distinctive therapeutic applications being recognized as a ligand by several types of receptors.[91]  

In medicinal chemistry, privileged scaffolds can serve as templates for derivatization in order to find novel 

bioactive compounds, receptor-affine ligands and ultimately new drugs. Regarding this, facile derivatization of 

basic frameworks through combinatorial approaches is highly advantageous. Among these, the majority are 

N-heterocyclic scaffolds of which the class of imidazo[1,2-a]pyridines and related structures is highlighted here 

in anticipation of the substances synthesized within the context of this dissertation. 

Figure 15 and Figure 16 show the most important marketed imidazo[1,2-a]pyridine-derived drugs.[92] Among 

those, Zolpidem (70) is probably the most prominent example. As a member of the so-called Z-drugs, a group of 

non-benzodiazepines GABAA receptor agonists exhibiting sedative and anxiolytic effects used to treat 

insomnia.[93] Other commercial GABAA modulators are the psychopharmaceuticals Alpidem (71), Divaplon (72), 

Necopidem (73), Saripidem (74) and DS-1 (75). Aside from their psychoactive properties, several 

imidazo[1,2-a]pyridine-related drugs have also been marketed, for instance, the gastroprotective agent 

Zolimidine (77), the anti-inflammatory Miroprofen (76), anti-rheumatic Upadacitinib (80) or 

Minodronic acid (78)against osteoporosis. A saturated imidazo[1,2-a]pyrazine-derived substrate is 

Ganaplacide (81), an experimental malaria drug.[94] The development of novel drugs based on the 

imidazo[1,2-a]pyridine scaffold is still ongoing. The autotaxin inhibitor Ziritaxestat (79) was in late-stage clinical 

trials for the treatment of idiopathic pulmonary fibrosis and systemic sclerosis but was discontinued in 2021.[95] 

 

 

Figure 15. Selected examples for marketed drugs based on imidazo[1,2-a]pyridines, -pyrimidines, and -pyrazines. 
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Figure 16. Selected examples for marketed drugs based on imidazo[1,2-a]pyridines, -pyrimidines, and -pyrazines. 

 

Arguably, the obvious structural difference between most of the aforementioned drugs and the GBB-scaffolds is 

the secondary amine originating from the isonitrile component. As this amine can also interact with proteins and 

receptors, it might alter the biological profile of the scaffold. However, a variety of different strategies have been 

reported to remove or convert the 3-amino residue. Nevertheless, the biological activity of 

3-aminoimidazopyridines is also interesting and can serve as a platform for the discovery of novel drugs, possibly 

also addressing different targets. The effects of various substances directly accessible via the GBB-3CR have been 

studied in a variety of different assays revealing a broad spectrum of biological activities including 

anti-bacterial,[96] anti-viral,[97] and anti-cancer properties.[98] Currently, the first promising drug candidates that 

involved a GBB-3CR-step at some point within their development have entered clinical trials. Hence, the GBB-

3CR has emerged as a valuable tool in medicinal chemistry and pharmaceutical science over the last 20 years 

since its discovery.[99]  

Despite being well-established in this field, however, other possible applications of the and its products have not 

been explored thoroughly. One of the few examples for the synthesis of chromophore based on the GBB-3CR 

was reported by BURCHAK et al. in 2011 (Scheme 7-top).[100] In a surface tension microarray format, a set of 

imidazo[1,2-a]heterocycles were synthesized in a combinatorial manner from twelve amidine components, 

40 aldehydes and eight isonitriles. The fluorescence spectra of thirty-five selected substrates were recorded and 

the potential as autofluorescence zolpidem analogs in bioimaging experiments was investigated. Aside from this, 

SHAHRISA et al. reported a library of donor-acceptor fluorophores consist of imidazo[1,2-a]pyridines as donors in 

combination with tetrazole, dihydropyridine or dihydropyrimidones acceptor via sequential GBB-3CR-

UGI-Azide-4CR/HANTZSCH-4CR/BIGINELLI-3CR syntheses (Scheme 7-middle).[101] BALIJAPALLI and IYER also designed 

imidazo[1,2-a]pyridine fluorophore exhibiting ESIPT properties, however, in a copper-catalyzed three 

component reaction rather than a GBB-3CR (Scheme 7-bottom).[102]  
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Scheme 7. Synthetic approaches towards imidazo[1,2-a]pyridine-based chromophores. 

 

In terms of functional materials or polymers, the GBB-3CR is underrepresented compared to other IMCRs like 

PASSERINI and UGI reactions, which have been extensively explored, e.g., for the synthesis of sequence-defined 

macromolecules.[103] The only application example for the GBB-3CR-is the synthesis of covalent organic 

frameworks by employing multifunctional building blocks reported by LIU et al. in 2020 (Scheme 8).[104]  



36 
 

 

Scheme 8. Synthesis of imidazo[1,2-a]pyridine-based COFs via GBB-3 CR. 

 

In particular, the intrinsic fluorescence of imidazopyridines and related fused systems is quite intriguing and 

could be very promising for the development of novel fluorophores.[15] The modular nature of multicomponent 

reactions would also allow for an easy assembly, customization and fine-tuning of the fluorophores' properties. 

In their recent review, BOLTJES and DÖMLING also described the current lack of research efforts towards GBB-3CR-

based materials. 

“Currently still underdeveloped are materials science application of the GBB-3CRs, such as functional polymers 

or organic conductors or light to energy transformers. Clearly the GBB scaffold has the potential that many 

interesting electronic and optical applications will be described in the future.”—ALEXANDER DÖMLING [63a] 
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2 Objective 

Due to the ever-growing demand for functional chromophores, which are specifically tailored for a certain 

purpose, the development of methods to synthesize novel chromogenic structures are constantly sought after. 

In respect of the increasing awareness of environmental concerns, research should also focus on improving the 

overall sustainability of synthetic methods for functional materials. Hence, the research of this thesis focuses on 

the investigation of novel scaffolds in chromophore design and the improvement of their synthetic routes in 

terms of sustainability. Inspired by the unexplored, yet vast potential of the GBB-3CR in material science, this 

thesis aimed to develop novel synthesis strategies around this reaction and its product scaffolds, the 

imidazo[1,2-a]pyridines, and investigate application perspectives as luminescent compounds (Figure 17). 

 

Figure 17. Projects of this thesis for the development of novel imidazo[1,2-a]heterocyclic functional fluorophores. 

 

In the first part of this thesis, functional fluorophores for material science applications were designed by the 

modification of the [2.2]paracyclophane scaffold, and by the post-modification of GBB-based building blocks to 

donors. The fluorophore properties of these compounds were investigated thoroughly.  

The second part of this thesis aimed to develop novel fluorophores for the in vitro and in vivo staining of 

biomolecules. On the one side, the GBB-3CR was employed to modify a bioactive steroid by adding an 

imidazo[1,2-a]pyridine fluorescent tag. These fluorophore-steroid conjugates were examined in cytotoxicity and 

cell localization studies. Moreover, GBB-scaffolds were post-civilized via an intramolecular HARTWIG-BUCHWALD 
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amination to afford highly fluorescent polyheterocycles. The interaction potential of these substrates with 

double-stranded DNA was assessed in a newly established pUC19 DNA gel electrophoresis mobility shift assay. 

The miniaturization of chemical reactions constitutes a promising technique for the parallelization and 

high-throughput screening of compounds and is simultaneously environmentally benign due to the inherently 

reduced demand for material and solvents. One particular method the synthesis of highly dense molecular arrays 

via nano-3D printing (Figure 18). In cooperation with the BREITLING group, the scope of reactions which can be 

implemented into the nano-3D printing system should be increased and investigated by the means of fluorescent 

spectroscopy. Moreover, to prove the applicability of this method for the parallel screening of CO2 converting 

reagents, a model reaction for the incorporation of CO2 into fluorescent scaffolds should be designed. 

 

Figure 18. Schematic representation of the synthesis of molecular microarrays via nano3D printing. 

 

In cooperation with the SYMRISE AG, the goal was to develop a novel, environmentally benign route towards the 

commercially available UV-absorber Bemotrizinol, meeting the ecological and safety prerequisites for large-scale 

industrial synthesis (Figure 19). Specifically, the reaction steps which produce large amounts of waste should be 

replaced by the implementation of more sustainable synthesis methodologies. 

 

 

Figure 19. Structure of Bemotrizinol and aspects of the synthesis to improve.  
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3 Main Section 

3.1 PCP-based Imidazo[1,2-a]heterocycles as Fluorophores and Ligands 

Preface. Parts of the following chapter were published in Chemistry – A European Journal (Wiley-VCH). 

M. Stahlberger, N. Schwarz, C. Zippel, J. Hohmann, M. Nieger, Z. Hassan, S. Bräse, Diversity-Oriented Synthesis 

of [2.2]Paracyclophane-derived Fused Imidazo[1,2-a]heterocycles by Groebke-Blackburn-Bienaymé Reaction: 

Accessing Cyclophanyl Imidazole Ligands Library, Chem. Eur. J., 2022, 28, e202103511. 

 

Introduction. [2.2]Paracyclophane is an aromatic hydrocarbon with unique structural features. The short 

ethylene bridges connecting the benzene rings in the para-positions results in both a highly rigid as well as 

strained and deformed geometry (Figure 20). 

 

Figure 20. Structure and geometry of [2.2]paracyclophane (left) and planar chirality of mono-substituted 
PCP-derivatives.[105] 

 

The close proximity of the benzene rings enables transannular communication between the non-conjugated π-

systems.[106] Introducing substituents on the benzene decks leads to an inherent planar chirality making it an 

interesting synthetic platform. Derivatization of this scaffold allows application in catalysis and asymmetric 

synthesis,[107] material science and polymer chemistry. Thus, continuous efforts to further enlarge the accessible 

chemical space around the PCP-core were made.[108] For instance, through-space TADF-emitters were designed 

exploiting the transannular interactions.[109] To explore the effects of the transannular communication on 

cooperative catalysis, chimeric photoredox catalysts consisting of a PCP-core bearing both a Ru(bpy)3 moiety as 

well as a gold complex were synthesized and employed for AuRu-catalyzed MEYER-SCHUSTER rearrangement.[110] 

Literature-known synthesis strategies, however, cannot be easily transferred to the PCP-scaffold due to the 

extraordinary reactivity originating from its unique structure. The attachment of aromatic or heteroaromatic 

residues, in particular, pose a bigger challenge.[111] Hence, novel methods to functionalize the PCP-core are 

constantly sought after. One methodology that has not yet been explored in this regard, is MCR-chemistry. The 

development of MCR-based protocols would give access to a broad spectrum of unprecedented residues for PCP 

in a combinatorial manner. Applying PCP-components in the GBB-3CR would furnish imidazo[1,2-a]pyridyl-

substituted PCPs. As the PCP-building blocks are planar chiral elements, these imidazopyridines could serve as 

chiral fluorophores. These are particularly interesting for non-linear optical properties and chiroptical 

applications.[112] Thus, combining the GBB-approach and the PCP scaffold allows facile introduction of both a 
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sophisticated residue to the PCP-core as well as a chiral element into the non-chiral imidazo[1,2-a]pyridine-based 

fluorophores. 

 

Synthesis. Evaluation of the optimal reaction conditions for the GBB-3CR of 4-formyl-PCP (91), 

2-aminopyridine (66a), and tert-butyl isonitrile (46a) revealed a similar performance of the two commonly used 

catalysts, glacial acetic acid and perchloric acid for our model system. Due to the low solubility of 91 in methanol, 

a mixture of methanol and dichloromethane was used. Through the GBB-3CR of 4-formyl-PCP with 

2-aminopyridine, 2-aminopyrazine and various isonitriles (46), a library of nine PCP-derived 3-amino-

imidazo[1,2-a]pyridines (92a-f) or -pyrazines (93a-c) was synthesized in 42-87% yields (Scheme 9). 

 

Scheme 9. Synthesis of PCP-derived imidazo[1,2-a]pyridines 4a–f and imidazo[1,2-a]pyrazines 5a–c via GBB-3CR 
through varying isocyanide and amidine components. 

 

Aromatic and aliphatic isonitrile variants were compatible, corresponding to the expected reactivity. As noted in 

Chapter 1.2.3, the yields of the imidazo[1,2-a]pyrazines (93a-c) are lower (12-48%) since 2-aminopyrazine is less 

nucleophilic. The structure of imidazo[1,2-a]pyridine 92d was verified unambiguously by single crystal X-ray 

analysis. From 93a, a single crystal X-ray structure was obtained. However, this structure corresponds to the 

imine compound 93a’, probably due to an oxidation process (Figure 21). 
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Figure 21. Single-crystal X-Ray structure of 92d (left) and 93’ (right) (one of the crystallographic independent molecules 
is shown, displacement parameters are drawn at 50% probability level).  

 

Apart from the 4-formyl[2.2]paracyclophane, difunctionalized-PCP aldehyde 95 bearing additional formyl moiety 

was also investigated to prepare pseudo para-cyclophanyl bis-imidazo[1,2-a]heterocycles. As two reaction 

centers are present in 95, the reaction time was extended to six days. Afterwards, 96 was obtained in a yield of 

43% (Scheme 10). The structure of 96 was confirmed through single crystal X-ray analysis (see Page 189). For 

2-aminopyrazine, the bis-imidazo[1,2-a]pyridine could not be obtained due ti the decreased reactivity of 

2-aminopyrazine. Instead, the mono-imidazo[1,2-a]pyrazine 97 was isolated.  

 

Scheme 10. Synthesis of PCP-derived mono- and bis-imidazo[1,2-a]heterocycles via GBB-3CR. 

 

To further expand the structural diversity of motives around the PCP core, PCP-isonitrile from the corresponding 

4-formamido[2.2]paracyclophane was synthesized and according to a modified procedure by CLÉMENT et al.and 

utilized in a GBB-3CR.[113] PCP-formamide 100 was synthesized starting from PCP. First, PCP was converted to 

4-nitro-PCP (98). The reduction of 98 usually is reported using iron as a reducing agent. However, as this method 
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is rather impractical, Pd-catalyzed hydrogenation using a pressure reactor was employed. The obtained 4-amino-

PCP was then converted into the formamide in a modified procedure originally reported by LYGIN and DE 

MEIJRE.[114] Despite being already reported in literature, PCP isonitrile has not been applied in any IMCR, yet. 

Instead, reports only focus on its application as a ligand for transition metal complexes.[113, 115] To avoid isolating 

the sensitive isonitrile intermediate, an isonitrile-free variant of the GBB-3CR according to DÖMLING et al. was 

performed in which the isonitrile is generated in situ through dehydration of the formamide using triphosgene 

and triethylamine and subsequent addition of the remaining components.[85] The synthesis route is displayed in 

Scheme 11. 

 

 

Scheme 11. Preparation of PCP-formamide and its utilization in an isonitrile-free GBB-3CR. 

 

Since the synthesized substrates exhibited a bright blue fluorescent in solution and solid-state, their fluorescence 

properties were investigated. The normalized emission spectra of selected compounds are displayed in Figure 22 

and the maximum wavelengths are listed in Table 1. The fluorescence emission wavelengths could be tuned by 

variation of the individual precursor components. 
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Figure 22. Normalized emission spectra of selected compounds in ethyl acetate, λexc = 345 nm. 

Table 1. Maximum absorption and emission wavelength of selected compounds in ethyl acetate, λexc = 345 nm. 

entry λabs [nm] λem [nm] STOKES Shift [nm] entry λabs [nm] λem [nm] STOKES Shift [nm] 

92a 343 471 128 93a 350 469 119 

92b 335 464 129 93b 340 464 124 

92d 334 473 139 93c 350 471 121 

92e 343 476 133 102a 319 449 130 

92f 356 456 100 102b 328 447 119 

96 351 483 132 - - - - 

 

The amidine component does not substantially influence the emission wavelength, whereas the STOKES shift was 

reduced slightly for the pyrazine derivatives. Strongly electron-donating isonitrile residues like 

4-methoxyphenyl (92f) also decrease emission wavelength and STOKES shift. Bis-imidazo[1,2-a]pyridine 96 shows 

a similar absorption and emission profile, with slightly increased emission wavelength and Stokes shift and 

broadening of the emission peak. The PCP-isonitrile-derived imidazo[1,2-a]pyridines 102a  and 102b exhibit a 

lower emission wavelength. By employing different π-extended or substituted components, the fluorescence 

properties of the GBB-products could be varied even more. Functionalization of the other deck could lead to 

interesting effects due to the transannular communication.  

Moreover, the pH-dependency of the fluorescence exemplary for the PCP-derived imidazo[1,2-a]pyridine 92f 

was investigated(Figure 23). Compared to the spectra recorded in ethyl acetate, a bathochromic shift of 16 nm 
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is observed in water at pH = 7. This solvatochromic effect suggests a larger charge separation in the excited state 

which is stabilized in more polar solvents. In acidic solution, however, the fluorescence intensity is significantly 

decreased. Presumably, the protonation of the nitrogen atom of the imidazole ring leads to fluorescence 

quenching. In contrast, the fluorescence intensity increases in basic solutions, which is also accompanied by a 

hypsochromic shift. One possible explanation for this could be the decreased stabilization of the excited state in 

basic media. 

 

Figure 23. Quantitative emission spectra of 92f in aqueous solutions of different pH values (8 µM), λexc = 345 nm- 

 

To demonstrate the utilization of the cyclophanyl imidazole ligands, an exemplary N,C-palladacycle was 

synthesized using a regioselective ortho-palladation method for amine-functionalized [2.2]paracyclophanes 

reported by ZIPPEL et al. in 2021.[116] Palladacycle-directed various synthetic transformations to control 

regioselectivity are well documented, and could overcome certain synthetic hurdles and drawbacks associated 

with conventional approaches for regioselective transformations.[117] Through treatment with palladium acetate, 

followed by lithium chloride and triphenylphosphine, N,C-palladacycle 103 was obtained in 37% yield. The 

regioselectivity of ortho-palladation was examined via NMR spectroscopic techniques, confirming the 

coordination of the secondary amine to the palladium rather than the nitrogen of the imidazole ring.  

The catalytic reactivity of PCP-derived palladacycle 103 was examined in a SUZUKI-MIYAURA cross-coupling reaction 

using 4-halotoluenes (104) and phenylboronic acid (105) as reaction components under standard reaction 

conditions (Scheme 12). 
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Scheme 12. Synthesis of PCP-derive N,C-palladacycle 103 and its synthetic application in a SUZUKI-MIYAURA reaction. 

 

4-Methyl biphenyl 106 was obtained in good yields from 19% to 58% (I>Br>Cl). The preliminary results obtained 

for the biaryl coupling product suggest potential applications of PCP-palladacycle 16 as a catalyst. To identify the 

specific role of the substituents grafted onto the imidazo[1,2-a]heterocycles for chelating ability or enabling 

higher stability and exploring their catalytic utility in other synthetic transformations, some further studies are 

certainly needed. 
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3.2 Design of Imidazo[1,2-a]pyridine-based Donor-Acceptor Chromophores 

Preface. The synthesis and characterization of all precursors and emitters were done by the author and 

M. Mergel in the context of her Bachelor thesis. The DFT calculations and the following characterization were 

performed by J. M. Dos Santos who also provided the corresponding images. 

 

Introduction. Although imidazopyridines are well-explored substrates in medicinal chemistry, examples for 

their application in material science remain relatively scarce. However, due to their strong luminescent 

properties, we aimed to explore their potential as potent fluorophores and eventually TADF-emitters. 

In 2020, LEE et al. reported on the first series of TADF-emitters containing the imidazopyridine motif.[118] Nitrile 

groups were grafted onto the scaffold to enhance the electron withdrawing properties and combined it as an 

acceptor with two different donors (Figure 24). 

 

Figure 24. TADF emitters reported by LEE et al. containing a nitrile-substituted ImPy-acceptor. 

 

As this demonstrates the suitability of imidazo[1,2-a]pyridines for the design of TADF-emitters, we planned to 

further explore this scaffold. Grafting the ImPy-moiety via a GBB-3CR-based synthesis strategy onto other TADF 

building blocks would also provide a facile, modular access to a variety of different TADF-architectures. The 

secondary amino substituent originating from the isonitrile employed in the GBB-3CR increases the electron 

density of the imidazopyridine. Thus, it might very well be also suited as a TADF-donor rather than an acceptor. 

Based on these considerations, we aimed to design novel TADF-emitters featuring an ImPy-based donor proofing 

the chimeric nature of this scaffold. 

 

Theoretical considerations. Prior to synthesis, the general feasibility of the 3-amino imidazo[1,2-a]pyridine 

moiety for TADF-emitters was evaluated. Therefore, DFT calculations were performed in cooperation with the 

University of St. Andrews by DR. JOHN MARQUES DOS SANTOS. For an initial overview, a set of potential structures 

were calculated with 3-tert-butyl imidazo[1,2-a]pyridine as the donor, a mesitylene bridge and several donors of 

different strengths. The results are listed in Table 2. 
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Table 2. DFT-calculations of ImPy donors with different acceptor types. 

 

ImPy-CN ImPy-NPI ImPy-Ph.Bs. ImPy-Baz ImPy-Try ImPy-Aq  

0.92 eV 0.73 eV 0.65 eV 0.63 eV 0.40 eV 0.18 eV  

389 nm (UV) 389 nm(UV) 343 nm (UV) 339 nm (UV) 361 nm (UV) 450 nm  

Top row: ΔEST, bottom row: gem 

 

According to these calculations, the lowest ΔEST value was obtained for the combination of ImPy and 

anthraquinone. The ImPy-group seems to be a relatively weak donor, thus pairing it with a strong acceptor gave 

the best results. Additionally, most of the valuated structures showed emission maxima located in the UV-region. 

Expanding the imidazo[1,2-a]pyridine to an imidazo[1,2-a]quinoline shifted the emission wavelength above 

400 nm. However, the ΔEST value increased simultaneously. 

Based on these results, we tried to improve the donor strength by attaching two ImPy residues to a central phenyl 

spacer. A series of target emitters with different geometries was designed: ortho-, meta- and para-ImPyAq. For 

the para-emitter, the location of the methyl groups on the phenyl spacer was inverted because the respective 

aldehyde component for the GBB-3CR synthesis of this building block is more easily available. 

The energy levels of the frontier orbitals of the three isomers and their localization on the optimized structures 

are presented in Figure 25.  
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Figure 25. DFT calculations of p-ImPyAq* (108*), m-BisImPyAq (109) and o-BisImPyAq; results provided by J. M. DOS 

SANTOS, St. Andrews University.  

 

For all the proposed compounds, the estimated ΔEST values are in range for possible TADF effects, with p-ImPyAq 

exhibiting the largest ΔEST with 0.18 eV The bis-ImPyAq isomers both show a ΔEST of 0.10 eV. The LUMOs of all 

structures are almost exclusively located on the anthraquinone acceptor, while the HOMOs span over the 

imidazo[1,2-a]pyridine moiety and the central phenyl ring. In the case of p-ImPyAq, the biggest extension of the 

LUMO onto the saver is observed, corresponding to its comparably high ΔEST. For the o-bisImPyAq, the HOMO 

spans over both imidazo[1,2-a]pyridine residues, whereas for the meta-isomer, the HOMO is located on only one 

of the imidazo[1,2-a]pyridines and the central phenyl ring instead of being delocalized over both donors, whereas  

The HOMO-LUMO gaps was calculated to range from 2.78 eV to 3.11 eV, resulting in a cyan to green emission 

profiles. However, the singlet oscillator strength of all compounds is relatively low. 
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Synthesis. To access the proposed structures starting from a set of donors and acceptors, a modular 

synthesis approach was developed by dissecting the emitters into individual building blocks. The donor building 

blocks, comprising the ImPy moiety and the phenylene spacer, were prepared via a GBB-3CR from the respective 

brominated benzaldehydes (Scheme 13). 

 

Scheme 13. Synthesis of the ImPy-donor building blocks via GBB-3CRs. 

 

The yields of the mono-imidazo[1,2-a]pyridine donor 112a was significantly better than for the 

bis-imidazo[1,2-a]pyridines due to their additional reactive site and the steric congestion in case of 112c. 

The donor building block, anthraquinone pinacol borate was prepared via MIYAURA borylation according to a 

procedure by LIU et al. using a Pd(dppf)Cl2 catalyst and potassium acetate as base.[119] The desired product was 

obtained in quantitative yield (Scheme 14). 

 

Scheme 14. Synthesis of anthraquinone pinacol borate via MIYAURA borylation. 

 

After obtaining the individual building blocks, they should be connected via SUZUKI-MIYAURA coupling. To find the 

best reaction conditions for this key step an optimization was performed using the synthesis of p-ImPyAq as a 
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model system. The conversion was determined via NMR analysis by comparison of the integrals of characteristic 

signals. The results are displayed in Table 3. 

Table 3. Optimization of the reaction condition for the SUZUKI-MIYAURA coupling of 112a and 114. 

 

entry catalyst mol% ligand mol% base conversion (%)a 

1 Pd(dba)2 5 XPhos 10 K2CO3 53 

2 Pd2(dba)3 5 XPhos 10 K2CO3 44 

3 Pd(PPh3)4 5 XPhos 10 K2CO3 62 

4 Pd-Peppsi-iPr 5 XPhos 10 K2CO3 24 

5 Pd(OAc)2 5 XPhos 10 K2CO3 64 

6 Pd(OAc)2 10 XPhos 20 K2CO3 55 

7 Pd(OAc)2 2 XPhos 4 K2CO3 25 

8 Pd(OAc)2 5 XPhos 10 KOAc 39 

9 Pd(OAc)2 5 SPhos 10 KOAc 51 

10 Pd(OAc)2 5 CataCXium A 10 KOAc 36 

11 Pd(OAc)2 5 RuPhos 10 KOAc 51 

13 Pd(OAc)2 5 none - KOAc 3 

14 Pd(OAc)2 5 RuPhos 10 KOtBu >99 

15 Pd(OAc)2 5 RuPhos 10 KOH >99 

16 Pd(OAc)2 5 RuPhos 10 Cs2CO3 >99 

112a (1.00 equiv), 114 (1.10 equiv), catalyst, ligand, base (3.00 equiv), solvent: toluene/water (4:1), 110 °C, 
16 h.  

a determined via NMR. 

 

Among the tested Pd sources, palladium acetate performed best. For the optimization of the ligand, potassium 

acetate was used as a base instead of potassium carbonate due to the better functional group tolerance. The 

best results were obtained from RuPhos and SPhos (Entries 9, 11). Without any ligand, only traces of the product 

could be detected (Entry 13). Using stronger bases like potassium tert-butoxide, potassium hydroxide or cesium 

carbonate led to a significantly improved conversion as in all three cases, no residual starting material was 

present (Entries 14-16). Considering the overall purity of the 1H NMR spectra, cesium carbonate was chosen. 

 

Using these optimized conditions, the target ortho-, meta- and para-emitters were synthesized from the 

respective building blocks (Scheme 15). 
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Scheme 15. Synthesis of the ortho- meta- and para-ImPyAq through SUZUKI-MIYAURA coupling of the donor and acceptor 
building blocks. 

 

After flash chromatography, p-ImPyAq (108) was obtained in a good yield of 61%. For m-BisImPyAq (109), the 

yield was even better with 95%, most likely due to the reduced steric hindrance of the bromide. The structure of 

109 could be verified unambiguously through single crystal X-ray crystallography (Figure 26).  

 

Figure 26. Single-crystal X-Ray structure of 4b (displacement parameters are drawn at 50% probability level). 
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On the other hand, o-BisImPyAq (110) could not be obtained. Instead, protodeboronation of the anthraquinone 

pinacol borate was observed while the ImPy building block remained unconverted. Addressing positions between 

sterically hindered residues is quite challenging and only a few procedures have been reported, e.g., using 

AntPhos as a ligand.[25] While this catalytic system is feasible for adjacent phenyl substituents, no reaction was 

observed for imidazo[1,2-a]pyridines. Hence, o-BisImPyAq needed to be accessed via a different route. 

Therefore, the acceptor unit was attached to the bridging aldehyde prior to the synthesis of the imidazo[1,2-

a]pyridine moieties. The synthetic approach is depicted in Scheme 16. 

 

 

Scheme 16. Synthesis of 115 (top) and110 and 110’ (bottom). * The reaction was performed in MeOH at r.t. for 3 d. 

 

2-Bromoisophthalaldehyde 111c was coupled to anthraquinone pinacol borate 114 in a SUZUKI-MIYAURA reaction. 

The desired coupling product 115 was obtained in a yield of 19%. Presumably, the losses are due to side reactions 

like decarbonylation of the neighboring formyl groups as a significant evolution of gas was observed during the 

reaction. Subsequently, the formyl groups were transformed into 3-amino imidazo[1,2-a]pyridines in a GBB-3CR. 

Initially, standard conditions were applied. However, even after a prolonged reaction time of ten days, the 

conversion remained incomplete. Thus, the solvent was changed to chloroform and the temperature was 

elevated to 60 °C to accelerate the reaction. Through this, an excellent yield of 92% for 110 could be achieved.  
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Photophysical Properties. The synthesized compounds were measured by DR. J. M. DOS SANTOS to assess their 

photophysical properties and evaluate whether the emitters exhibit TADF properties. For this, absorption and 

emission spectra of the compounds were recorded at ambient temperature (Figure 27, Table 4), and at 77 K over 

different time scales (Figure 28). 

 

Figure 27. Normalized absorption (black) and emission spectra (red) of 110, 109 and 108 (from left to right) measured in 
toluene (10 µM) at r.t. 

 

 

Figure 28. Normalized emission spectra of 110, 109 and 108 (from left to right) measured in toluene (10 µM) at different 
time scales and temperatures: 1 – 100 ns at 77 K (black), 1 – 9 ms at 77 K (blue), 1 – 100 ns at r.t. (green). 

 

Overall, the samples are not very emissive, resulting in spectra with poor signal-to-noise ratios. The small peaks 

at around 375 nm in Figure 27 stem from reabsorption processes. In o-ImPyAq 110, the reabsorption peak is very 

intense compared to the emission band due to the low intensity of the emission of this sample.  

Low temperature measurements were performed to investigate the fundamental luminescent mechanisms of 

the samples. For o-ImPyAq 110, the signal-to-noise ratio remained poor, showing almost no emission at all. For 

m-ImPyAq 109, a bathochromic shift was observed for the prompt fluorescence at 77 K. No delayed 

luminescence was observed.  

In contrast to this, the emission intensity of p-ImPyAq 108 was significantly increased upon cooling to 77 K. Aside 

from the prompt fluorescence, a delayed luminescent was also observed. Surprisingly, the maximum emission 

wavelength of the delayed fluorescence shows a hypsochromic shift. A potential reason might be that the sample 

was flash-frozen, thus the conformations of the individual molecules are not in an equilibrium. Presumably, while 

the singlet emission from all molecules, whereas triplet emission might only occur from certain geometries, 
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resulting in an unexpected emission profile. Further studies are needed to clarify the underlaying complex 

phosphorescence mechanism. 

Table 4. Photophysical properties of the synthesized emitters. 

entry l max/abs   (nm)a emax (M-1 cm-1)a lmax/emi(nm)a 

o-BisImPyAq 110 285 / 335 27,828 / 13,664 463 

m-BisImPyAq 109 285/340 32,545 / 15,717 460 

p-ImPyAq 108 283 / 332 18,432 / 11,424 455 

a Measured in Toluene. 

 

Cyclic Voltammetry. To calculate the energies of the frontier molecular orbitals, cyclic voltammetry 

measurements were performed. The cyclovoltagrams are displayed in Figure 29 against the 

ferrocene/ferrocenium (Fc/Fc+) redox couple, and in Figure 30 against standard calomel electrode (SCE). The 

energy levels of the frontier molecular orbitals (FOMOs) were calculated from the redox potentials (Table 5 and 

Table 6). 

 

Figure 29. Cyclic voltammetry measurements of 108, 109 and 110 in dichloromethane and calibrated versus the 
ferrocene/ferrocenium (Fc/Fc+) redox couple (DPV in red). 

Table 5. FOMO energy levels were calculated from the redox potentials against the ferrocene/ferrocenium (Fc/Fc+) 

redox couple. 

entry E1/2 ox (V)a E1/2 red (V)a HOMO (eV)b LUMO (eV)c Egap (eV)d 

o-BisImPyAq 110 0.31 -1.36 -5.11 -3.44 1.67 

m-BisImPyAq 109 0.25 -1.36 -5.05 -3.44 1.61 

p-ImPyAq 108 0.24 -1.40 -5.04 -3.40 1.64 

a Measured in dichloromethane and calibrated versus the ferrocene/ferrocenium (Fc/Fc+) redox couple. b Calculated using the formula 

HOMO = -[Eox + 4.8] eV. c Calculated using the formula LUMO = [Ered + 4.8] eV. d Calculated using the formula Egap = [HOMO – LUMO] eV. 
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Figure 30. Cyclic voltammetry measurements of 108, 109 and 110 in dichloromethane and calibrated versus standard 
calomel electrode (SCE) (DPV in red). 

Table 6. FOMO energy levels were calculated from the redox potentials standard calomel electrode (SCE). 

entry E1/2 ox (V)a E1/2 red (V)a HOMO (eV)b LUMO (eV)c Egap (eV)d 

o-BisImPyAq 110 0.77 -0.90 -5.11 -3.44 1.67 

m-BisImPyAq 109 0.71 -0.90 -5.05 -3.44 1.61 

p-ImPyAq 108 0.70 -0.92 -5.04 -3.40 1.64 

a Measured in dichloromethane and calibrated versus standard calomel electrode (SCE). b Calculated using the formula 

HOMO = -[Eox + 4.8] eV. c Calculated using the formula LUMO = [Ered + 4.8] eV. d Calculated using the formula Egap = [HOMO – 

LUMO] eV. 

 

Figure 31. Cyclic voltammetry measurements of 108, 109 and 110 in dichloromethane over multiple sweeps. 

 

Upon the first oxidation event taking place, a cathodic peak at circa 0.1 V for the three samples can be observed, 

even when recording on a reversed scan. Potential reasons could be the formation of new species, e.g., dimers 

or polymers, or decomposition. However, this is unlikely, as recording multiple sweeps did not change the peaks 

considerably (Figure 31), hinting towards a reversible event. Changing the scan rate also does not change the 

profile or make the oxidation more reversible. Cleaning the surface of the electrode does not influence the 

measurements either, which means that there is no adsorption taking place. Hence, the peaks originate from the 

compounds themselves. 

Overall, the series of ImPyAq compounds exhibits unusual spectroscopic and electronic properties. The origin of 

this behavior could not be identified within the context of this work, but will be subject of further studies.   



56 
 

3.2 Imidazo[1,2-a]pyridines as Fluorophore Tags for Bioimaging of Steroids 

Preface. A manuscript for the following chapter is currently in preparation. The project was done in 

collaboration with N. Rosenbaum, who also discussed parts of it in his dissertation.[120] The synthesis and 

characterization of all precursors were done by N. Rosenbaum and the author. Synthesis and characterization of 

the fluorophore-steroid conjugates were done by N. Rosenbaum, J. Hohmann and the author. UV/Vis-absorption 

and fluorescence emission spectra were recorded by the author. Cytotoxicity assay and co-localization studies 

were performed by D. Feser. Cell experiments are currently performed by the Guse Group at the University of 

Heidelberg. 

 

Introduction. Gorgosterol (116), first isolated by BERGMANN et al. in 1943, belongs to the class of marine 

steroids found in the soft coral plexaura flexosa and its symbionts (Figure 32).[121] Exploring the yet unknown role 

of Gorgosterol in the symbiosis of corals and algae can help elucidate relationships between them. This is crucial 

for the protection of marine wildlife, especially in respect of the growing stress on marine ecosystems through 

the effects of climate change. In cooperation with the GUSE group at the University of Heidelberg, we aimed to 

perform cell localization studies of Gorgosterol-derived steroids to gain insight into the relevance of these 

substances for different metabolic processes. Since steroids do not exhibit any intrinsic luminescence, 

conjugation of a fluorophore tag is necessary to visualize them in fluorescence microscopy. 

 

Figure 32. Molecular structure of Gorgosterol and Demethylgorgosterol. 

 

Commercial dyes commonly employed in the fluorescent labeling of biomolecules (e.g., proteins) like rhodamine 

or fluorescein were not found suitable for the labeling of the present compounds due to their size compared to 

the relatively small steroid scaffold. Additionally, most dyes are highly polar or ionic. These factors could alter 

the conjugate properties and behavior. Therefore, size, polarity and fluorescence profile must be carefully 

balanced to prevent the falsification of intercellular localization and ligand binding.[37b] In contrast to this, the 

imidazo[1,2-a]pyridine moiety is comparably small, thus reducing the risk of dominating the conjugate’s 

properties. Moreover, a steroidal aldehyde intermediate, formed during the semisynthesis of 

Demethylgorgosterol,[122] lends itself perfectly for the facile assembly of an imidazo[1,2-a]pyridine via a GBB-3CR. 

This de novo synthesis strategy of the tag can be considered a fluorophore approach (cf. Chapter 1.2.2). 
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Synthesis. The steroidal aldehyde intermediate 117, provided by Dr. N. ROSENBAUM, was transformed in a 

GBB-3CR with different amidines and isonitriles. To maximize the conversion of the aldehyde component, an 

excess of the other components was employed. The reaction was performed using a 1 M solution of perchloric 

acid in methanol as the catalyst in a mixture of dichloromethane and methanol to synthesize a small library of 

five steroid-fluorophore conjugates (Scheme 17). 

 

Scheme 17. Side-chain functionalized imidazo[1,2-a]heterocyclic Demethylgorgosterol derivatives synthesized via GBB-
3CR and Single-crystal X-Ray structure of 4b (displacement parameters are drawn at 50% probability level).  

 

The desired conjugates were isolated in yields of up to 72%. No epimerization was observed. The structure of 

conjugate 118d was verified via single crystal X-Ray analysis. 

To retain the characteristic aliphatic cyclopropyl sidechain of the Gorgosterol family, another derivative, termed 

“inverse” fluorophore-steroid conjugate, was synthesized in a GBB-3CR (Scheme 18). The fluoro-tag was 

attached through a methylene linker. The inverse conjugate 120 was obtained in an excellent yield of 89%. 

 

Scheme 18. Scaffold functionalized imidazo[1,2-a]heterocyclic Demethylgorgosterol derivatives synthesized via 
GBB-3CR. 
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Fluorescence properties. UV/Vis absorption and fluorescence emission spectra of the synthesized conjugates 

were recorded in chloroform. The normalized spectra are depicted in Figure 33. Upon prolonged irradiation, 

some of the compound solutions turned brown. This could either indicate a reduced photostability of the 

compounds or originate from the photo-induced generation of phosgene from chloroform. 

 

Figure 33. Normalized absorption and emission spectra of the synthesized fluorophore-steroid conjugates measured in 
CHCl3. 

 

Table 7. Maximum absorption and emission wavelength of the conjugates in chloroform. 

entry λabs [nm] λem [nm] Stokes Shift [nm] 

118a 330 480 150 

118b 400 474 / 502 74 / 102 

118c 333 467 134 

118d 332 435 103 

120 327 458 132 

 

All fluorophore-steroid conjugates show two distinct absorption bands around 250 nm and 330 nm. For the 

methyl picolinate-derived compound 118b, a significant bathochromic shift of the second absorption maximum 

to 400 nm was observed. The emission maxima range from 410 nm to 510 nm. The pyridine derivate 118a shows 

the lowest emission wavelength while the pyrazines 118b and 118c exhibit a slight bathochromic shift. A similar 

trend was also observed for the PCP-derived imidazo[1,2-a]heterocycles (see Chapter 3.1). The picolinate is 
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significantly red-shifted and shows a shoulder peak at 490 nm. This could indicate an underlaying ESIPT 

mechanism between the secondary amine proton and the carbonyl oxygen atom of the adjacent methyl ester.  

Cytotoxicity. The synthesized compounds were evaluated in an MTT-assay to determine their cytotoxicity. 

The results are shown in Figure 34.  

 

 

Figure 34. Cytotoxicity studies of the fluorophore-steroid conjugates in HeLa cells. The cells were incubated with solutions 
of different analyte concentrations. The viability was calculated through the comparison with untreated cells. 
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Among the synthesized fluorophore-steroid conjugates, 118a shows the highest cytotoxicity, reducing the cell 

viability to 40% at the lowest tested concentration of 5 µM, followed by 118b and 118c, which at 5 µM reduce 

the viability to around 80%. 118a, 118b and 118dc bear a phenyl ring in the 3-amino side chain derived from 

benzyl isonitrile and α-methyl benzyl isonitrile, respectively. The aromatic 3-amino side chain is integral for the 

cytotoxicity of the conjugates. The compounds 118c and 120, which do not bear this side chain, exhibit 

significantly lower toxicity, reducing the viability to around 50% at 50 µM. 118d bears a tert-butyl side chain and 

is, apart from this, identical to 118c. This further supports the assumption that the aromatic isonitrile-derived 

residue has a significant influence on the cytotoxic profile. The comparably low toxicity of the inverse 

fluorophore-steroid conjugate 120, which has a cyclohexyl amino residue, could also be attributed to the missing 

aromatic side chain. The position of the fluorescence tag is seemingly less important to the cell viability. 

To determine the overall influence of the imidazo[1,2-a]heterocyclic tag on the cytotoxic profile, complementing 

studies of differently substituted Gorgosterol derivatives should be conducted. 

 

Bioimaging Studies. The fluorophore-steroid conjugates were investigated in cell co-localization studies in 

cooperation with DOMINIK FESER from the SCHEPERS group. HeLa cells were treated with 5 µM solutions of the 

compounds. Mitotracker Red was used as a counter stain for mitochondria. The images are displayed in 

Figure 35. 

In the blue channel, signals are observed for conjugates 118b and 118c, with 118c showing the brightest 

fluorescence. Conjugates 118a, 118d and 120, unfortunately, did not show any considerable signals. Structurally, 

the imidazo[1,2-a]heterocyclic moieties of the visible compounds both bear a benzyl or methyl benzyl side chain 

in the 3-position. Concerning the amidine component, 118b is derived from 6-amino methyl picolinate, whereas 

the brighter 118c bears an imidazo[1,2-a]pyrazine. The other 2-aminopyrazine derived conjugate 118d, however, 

was not fluorescent enough. Hence, the pyrazine ring is not the solely decisive structural feature for the in vivo 

visibility. An aromatic side chain seems to also be important for the fluorescence of the compounds. The 

imidazo[1,2-a]pyridines 118a and 120 did not give any signals at all, thus this scaffold is not suitable as a 

fluorescent tag.  

The overlay of the blue and red channels suggests an accumulation of the compounds in the mitochondria, 

regardless of the residues. This result is supported by reports describing mitochondrial accumulation for similar 

hydrophobic small molecules.[123]  

These results showcase the suitability of the imidazo[1,2-a]heterocyclic fluorescent tag for the labeling of 

bioactive small molecule analytes. Namely, the 3-(methylbenzyl)amino imidazo[1,2-a]pyrazine tag can be 

employed as a blue dye. Currently, the respective fluorophore-steroid conjugate 118c is investigated in other 

in vivo assays using corral cells instead of human cell lines like HeLa. Due to the visibility of the conjugate, these 

studies should reveal more about the cellular mechanisms in which Gorgosterol-derived steroids are involved.  
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Figure 35. Localization study of the fluorophore-steroid conjugates in HeLa cells using 5 µM solutions of the analytes. The 
cells were incubated for 5 h. Left: Luminescence of the analytes; middle: counter staining of mitochondria with 
Mitotracker Red; right: merge of the channels.  
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3.3 Flat N-rich Heterocycles as DNA-Intercalating Agents 

Preface. Parts of the following chapter were published in Organic and Biomolecular Chemistry 

(RSC Publishing). 

M. Stahlberger, O. Steinlein, C. R. Adam, M. Rotter, J. Hohmann, M. Nieger, B. Köberle and S. Bräse, Fluorescent 

Annulated Imidazo[4,5-c]isoquinolines via a GBB-3CR/Imidoylation Sequence – DNA-Interactions in pUC-19 Gel 

Electrophoresis Mobility Shift Assay, Org. Biomol. Chem. 2022, 20, 3598. 

 

3.3.1 Post-Modification of GBB-Scaffolds via Imidoylative Amination Reactions 

Motivation. Regarding the development of new bioactive structures, MCRs excel due to their unmatched 

potential in establishing large and diverse compound libraries. However, medicinal chemistry, in particular, 

demands an even higher level of variability, e.g., for high throughput screenings and lead structure optimization. 

To achieve an even higher degree of diversification, post-modification strategies have been developed to convert 

MCR products into various kinds of more drug-like, heterocyclic scaffolds.[124] Post-MCR transformations are 

quite elegant since they offer short synthetic pathways to complex structural motifs and enlarge the accessible 

chemical space. Due to its widespread applications and high functional group tolerance, most post-MCR 

strategies have emerged around the UGI-4CR.[125] Among these, ring closure via palladium-catalyzed cross 

coupling reactions are quite prominent.[125j] Ring expansion can be achieved by inserting C1-synthons like carbon 

monoxide or isonitriles into the newly coupled bond.[73c-g, 126] CHAUHAN et al. applied this methodology to post-

modify UGI scaffolds and converted these into isoquinolin-1(2H)-ones.[127] However, post-cyclization strategies 

of the imidazo[1,2-a]pyridine scaffolds accessible via the GBB-3CR remain scarce, despite their biological 

relevance. Reported post-modification procedure of GBB-scaffolds include N-arylations (e.g. ULLMAN 

coupling),[128] PICTET-SPENGLER reactions,[128b] STRECKER-type cyclizations,[129] oxidative ring closures[130] or simple 

intramolecular condensation reactions.[131] An overview of the accessible scaffolds is presented in Scheme 19. In 

most reports, no further studies of these compound classes were conducted to investigate possible bio-

applications. Polyheterocycles are promising scaffolds showing various bioactive properties such as anticancer 

or DNA-intercalation activity.[132] 
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Scheme 19. Selected post-cyclization methods of imidazo[1,2-a]scaffolds accessible through the GBB-3CR. 

 

Thus, we aimed to develop a novel sequential synthesis route to convert the GBB-3CR products into more 

sophisticated, polycyclic systems. Inspired by the sequential UGI-4CR/imidoylation reaction by CHAUHAN et al.,[127] 

we planned to synthesize polyheterocycles via a GBB-3CR/imidoylation sequence.  

It should be noted that nomenclature concerning such sequential reaction processes is not used consistently in 

literature and the terms sequential or consecutive transformation and tandem, domino or cascade reaction are 

often confused. Hence, TIETZE proposed the following definitions to classify chemical reaction sequences.[133] 

A tandem reaction is considered a one-pot process involving two or more individual reactions taking place under 

the same reaction conditions. However, these reactions do not occur in parallel, but rather in a linear fashion 

with the subsequent reaction resulting from the functionalities formed in the previous reaction. Also, the terms 

domino and cascade reaction describe this case and are thus used synonymously. In a consecutive reaction, on 

the other hand, the following reaction requires the addition of a catalyst, a mediator, or another reagent. Hence, 

the whole process remains a one pot-procedure with individual reactions taking place after another while the 

reaction conditions change throughout the procedure. Sequential reactions form the third reaction class. In 

contrast to tandem and consecutive reactions, these cannot be conducted as one-pot procedures and require 

the isolation of the intermediate product.  
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Synthesis. The precursors were synthesized in a GBB-3CR using perchloric acid or glacial acetic acid as the 

catalyst. In total, a set of seven GBB-precursors were obtained (Scheme 20). Overall, the 

3-(o-bromophenyl)imidazo[1,2-a]heterocycle precursors 128a-g were obtained in moderate to excellent yields, 

ranging from 19% to 96%. Considering the mechanism of the GBB-3CR discussed in Chapter 1.2.3, the yields of 

the aminopyridine reactions are significantly lower as the electron-withdrawing nature of the additional nitrogen 

atom decreases the nucleophilicity of the amine, thus hampering the imine formation. Similarly, electron-

donating substituents on the aldehyde component also decrease the yields due to the reduced electrophilicity 

of the carbonyl carbon atom. Moreover, electron-donating substituents on the amidine component increase the 

nucleophilicity of the amine, leading to higher yields. 

 

Scheme 20. Synthesis of the 3-(o-bromophenyl)imidazo[1,2-a]heterocyclic precursors via a GBB-3CR. *2.00 equiv of 
glacial acetic acid were used instead of perchloric acid.  

 

Subsequently, these precursors should be intramolecularly cyclized in an imidoylative HARTWIG-BUCHWALD 

amination reaction to form annulated imidazo[4,5-c]isoquinoline ring systems. In this process, another isonitrile 

component is inserted between the bromide and the secondary amine. The resulting imine could not be isolated 

as it immediately undergoes an imine-enamine tautomerization and aromatization overpaid by the elimination 

of gaseous iso-butene. Thereby, the π-system is extended to span over the four rings. A mechanistic rationale is 

described in Scheme 21. 
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Scheme 21. Proposed mechanistic rationale for the formation of 129. 

 

The proposed structure of the insertion products 129ad and 129ba were verified through single crystal X-Ray 

analysis (Figure 36). 

                

Figure 36. Single-crystal X-Ray structure of 129ad and 129ba (displacement parameters are drawn at 30% probability 
level for 120ad and 50% probability level for 129ba). 

 

To optimize this reaction step, several conditions were screened for the insertion of cyclohexyl isonitrile into 

128a. (Table 8). The desired insertion product was obtained in 83% yield under imidoylation conditions first 

reported by Orru et al. for the synthesis of 4-amino quinazolines.[134] Using Pd-Peppsi-iPr as the pre-catalyst, the 

yield was increased to 94%. Under ligand-free conditions, the yield decreased significantly. In most reactions, 

potassium acetate was used as the base. Stronger bases were not employed as these would accelerate the 

addition of the amine to the intermediate palladium complex which would compete with the insertion of the 

isonitrile into the carbon-palladium bond, leading to a non-imidoylative Hartwig-Buchwald amination process 

affording the respective five-membered ring. 
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Table 8. Optimization of the intramolecular imidoylative HARTWIG-BUCHWALD coupling using cyclohexyl isonitrile. 

 

entry catalyst ligand base solvent T (°C) yield (%)c 

1 Pd(OAc)2 none Cs2CO3 DMF 80 0 

2 Pd2(dba)3 PPh3 KOAc DMF 120 0 

3 Pd(dba)2 XPhos KOAc DMF 120 83 

4 Pd-Peppsi-iPr XPhos KOAc DMF 120 94 

5 Pd-Peppsi-iPr none KOAc DMF 120 38 

128a (1.00 equiv), RNC isonitrile (1.3 equiv), ligand (5 mol%), ligand (10 mol%). 

 

Using the optimized reaction conditions, the p-bromophenyl imidazopyridines were subjected to imidoylation 

with various aliphatic isonitriles. The results are depicted in Scheme 22. 

The insertion products were obtained in moderate to excellent yields, ranging from 20% to 94%. The best results 

were obtained with precursor 128a. The more electron-poor pyrazine analogue 128b was less reactive, resulting 

in lower yields for 129ba and 129bb. This trend was also observed for the methoxy-substituted precursors 128e 

and 128f. The yield is decreased for 128c, probably because of the slightly basic pyridine nitrogen atom which is 

easily protonated by silica during chromatographic work-up. Similarly, the benzannulated precursor 128g was 

challenging in purification due to π–π stacking, leading to tailing effects. 

Among the aliphatic isonitriles inserted into 128a, cyclohexyl isonitrile performed best, followed by pentyl and 

1-adamantyl isonitrile while tert-butyl isonitrile afforded the respective insertion product 129ab in only 24% 

yield. Presumably, this could be due to the increased steric demand of the tert-butyl residue whereas the 

1-adamantyl residue is more rigid. Attempts to incorporate aromatic isonitriles were mostly unsuccessful, except 

for 2,6-dimethylphenyl isonitrile (129ag). A plausible reason for the reduced reactivity of aromatic isonitriles is 

the formation of more stable palladium complexes. Due to the stronger donating character of aromatic 

isonitriles, these have a stronger affinity to palladium leading to the formation of cationic species with multiple 

isonitrile ligands.[135] Additionally, their ability for π-stacking adds to this effect. This leads to deactivation of the 

catalytically active species, reducing the overall reactivity. On the other side, these multiply coordinated 

complexes can engage in insertion reactions, affording multiple insertion products or isonitrile polymers.[136] 

Another trend is polarity, resulting in a more difficult purification due to tailing effects during column 

chromatography. Especially using 2-morpholinoethyl isonitrile, a significant amount of the product could only be 

obtained in mixed fractions, thus reducing the overall yield of 129ae. 
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Scheme 22. Synthetic scope of the post-modification of GBB-scaffolds via an imidoylative Hartwig Buchwald amination. 
Reaction conditions: 128 (1.00 equiv), RNC (1.30 equiv), Pd-Peppsi-iPr (5 mol%), XPhos (10 mol%), base (3.00 equiv). 
*Pd(dba)2 (5 mol%) was used as the Pd-source. 

 

Fluorescence Properties. The insertion products exhibit a strong blue fluorescent under irradiation with 

UV light. Thus, the fluorescent properties of the insertion products were investigated. UV/Vis absorption and 

fluorescence emission spectra were recorded. The normalized spectra are shown in Figure 37 and the maximum 

absorption and emission wavelengths are listed in Table 9. 
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Figure 37. Normalized absorption and emission spectra of selected compounds in CHCl3. λexc = 395 nm. 

 

Table 9. Maximum absorption and emission wavelength of selected compounds in CHCl3. λexc = 345 nm. 

entry λabs [nm] λEm [nm] Stokes 
Shift [nm] entry λabs [nm] λem [nm] Stokes 

Shift [nm] 

129aa 257/272 
404 471 67 129ad 257/271 

403 468 65 

129ab 254/272 
401 467 66 129ea 265/285 

403 473 70 

129ac 253/271 
403 468 65 129fa 268/298 

412 476 64 

 

The insertion products exhibit a strong blue fluorescence under irradiation with UV light. The normalized spectra 

are shown in Figure 37. The selected compounds show similar absorption profiles with two bands at around 

250 – 280 nm and 375 – 430 nm, which consist of several overlapping bands. The emission spectra all show a 

maximum emission at around 475 nm. Both absorption and emission profiles are slightly bathochromically 

shifted for the methoxy substituted substrates.  

Unlike the imidazo[1,2-a]pyridine system investigated in Chapter 3.1, the annulated imidazo[4,5-c]isoquinolines 

do not exhibit significant shifts in absorption and emission wavelengths upon the introduction of substituents or 

additional nitrogen atoms within the scaffold. Generally, substituent effects seem to have a smaller influence on 

the fluorescence properties of this system. 
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ESIPT Side Product. Performing the insertion reaction with GBB-precursor 128d afforded an unexpected 

insertion product, an 11-amino-6-imino pyrido[2',1':2,3]imidazo[5,1-a]isoindol-1-one (130, Scheme 23). 

 

Scheme 23. Imidoylative amination of 128d affording an unexpected demethylated insertion product. 

 

NMR analysis indicated that the tert-butyl residue was not removed and, instead, both isonitrile derived residues 

are present in the product while cleavage of the methoxy ether was observed. The proposed structure could be 

verified via single crystal X-ray analysis (Figure 38). 

 

Figure 38. Molecular structure of 130 (displacement parameters are drawn at 50% probability level). 

 

A proposed mechanistic rationale for the formation of the unexpected insertion product 130 is shown in 

Scheme 24. Upon cleavage of the methyl ether, the 4-hydroxy imidazo[1,2-a]pyridine 131 tautomerizes to 132. 

The secondary amine in the 9-position is then able to nucleophillically attack the intermediary palladium imidoyl 

in species in 133 to give 130.  

 

Scheme 24. Mechanistic rationale for the formation of the unexpected insertion product 130. 
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Absorption and emission spectra of the 11-amino-6-imino pyrido[2',1':2,3]imidazo[5,1-a]isoindol-1-one reveal a 

strong bathochromic shift of both absorption and emission maxima, indicating an ESIPT process (Figure 39). 

Compared to the imidazo[4,5-c]isoquinolines 129, the unexpected insertion product 130 exhibits a strong 

bathochromic shift of both absorption and emission, showing a bright green fluorescence upon irradiation. The 

emission profile shows two overlapping emission bands, which suggests two underlaying fluorescence 

mechanisms. Due to the proximity of the carbonyl oxygen and the secondary amine in 130, an ESIPT process may 

be a plausible cause for the dual emission.[137] 

 

 

Figure 39. Normalized absorption and emission spectra of 130 measured in CHCl3. 

 

Overall, this unexpected reaction gives facile access to the pyrido[2',1':2,3]imidazo[5,1-a]isoindol-1-one ring 

system. Thus, future studies will aim towards expanding the scope of this imidoylative cyclization reaction and 

establishing of a compound library to further investigate the putative ESIPT properties and assess possible 

applications as fluorophores. 
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3.3.2 Investigation of DNA-Interaction 

DNA-Binding. The interaction of small molecules with DNA is one of the most important targets for the 

development of novel chemotherapeutic drugs. Depending on drug’s properties, there are different modes of 

non-covalent DNA binding, for instance, major or minor groove binding, unspecific binding to the phosphate 

backbone, or DNA-intercalation (Figure 40). Flat conjugated molecules, in particular, are often capable of sliding 

in between the base pairs of double-stranded nucleic acids through π-stacking. Most intercalators are – at least 

to some extent – sequence-specific. The intercalation results in an unwinding, elongation and rigidification of the 

double-strand and consequently in a change in the physical properties of the DNA, such as melting point or 

viscosity. Moreover, these structural changes interfere with the transcription and replication processes, 

specifically by inhibiting topoisomerase activity.[138] This makes DNA-intercalators both possible mutagens and 

potentially cytostatic compounds for inhibiting cell growth in tumors. Marketed chemotherapeutics like the 

anthracyclines doxorubicin and daunorubicin (140) rely on this effect. This group of drugs is also referred to as 

cytostatic antibiotics or tumor antibiotics due to their antibiotic properties. Moreover, the ability to intercalate 

DNA has been discussed in the context of antiviral drugs to combat diseases like Covid-19.[139] 

 

Figure 40. DNA-binding modes and selected examples of the three binder types.  

 

Another widespread application of DNA-intercalating agents is as DNA-affine stains for the detection and 

visualization of nucleic acids in gel-electrophoresis, real-time quantitative PCR, or the microscopic imaging of 

cells.[140] Prominent examples of ds-DNA binding stains include the intercalators ethidium bromide (138 and 

derived structures, e.g., GelRed) and SYBR Green (139), as well as the major groove binder methyl green (137). 
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Since X-ray single crystal analysis revealed a flat geometric structure for the synthesized poly heterocycles, we 

planned to investigate their DNA-binding properties and identify possible trends in structure-activity 

relationships. In cooperation with DR. BEATE KÖBERLE and OSKAR STEINLEIN, a selection of the synthesized 

compounds was investigated (Figure 41).[141] Additionally, GBB-precursor 128a, as well as the PCP-derived 

compounds 92b and 92f were selected as a comparison to assess the interactions of non-cyclized 

imidazo[1,2-a]pyridines. Ethidium bromide (138) was chosen as a positive control in the following assay due to 

its thoroughly studied mode of DNA intercalation.[142] Cisplatin (141), a common chemotherapeutic, was used as 

a negative control as it does not intercalate between base pairs. Instead, cisplatin covalently binds to guanine or 

adenine by crosslinking the strands, thus interfering with DNA-replication, and inducing apoptosis in fast growing 

cells.[143]  

 

Figure 41. Substances evaluated in electrophoresis mobility shift assays. 

 

DNA Staining. Commonly, ethidium bromide is replaced by other fluorescent stains in agarose or 

polyacrylamide gel electrophoresis experiments to visualize DNA-bands due to its alleged toxicity.[142, 144] For 

instance, the GelRed stain is an ethidium bromide analog containing two ethidium bromide moieties while 

exhibiting fewer toxic effects. The synthesized polyheterocycles were evaluated in a gel electrophoresis 

experiment without any additional stain to investigate their DNA-affinity and assess their suitability as DNA-

stains. A selection of the synthesized compounds was incubated with pUC-DNA and applied onto a gel containing 

no DNA-stain like ethidium bromide or GelRed. The result is depicted in Figure 42. In lanes 3, 5, 7, 9, 11 and 12, 

the DNA bands could be visually stained. Lanes 2, 4, 6, 8 and 10, which do not contain DNA did not show any 

band. Thus, the band is unambiguously attributed to the pUC-DNA. Interestingly, lane 1 also shows a band even 

though the DNA in this lane was not treated with any dye. Potentially, the synthesized dyes can diffuse within 

the gel and small amounts of diffusing dye suffice to visibly stain DNA bands at other locations. 
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Figure 42. Staining of DNA with selected substrates. pUC19 DNA was treated with 2 mM of selected substrates in. sc and 
oc pUC DNA were detected by agarose gel electrophoresis. 

 

pUC19-DNA Electrophoretic Mobility Shift Assay. A selection of the synthesized compounds was tested as 

dyes in an electrophoretic mobility shift assay (EMSA) to assess their effect on the properties of plasmid DNA. 

Previously, this assay has been established to investigate the strand-break induction capacity of DNA-damaging 

substances like transition metal compounds. In principle, plasmids of supercoiled DNA are subjected to the 

substance of interest.[145] Induction of single strand breaks converts the supercoiled (sc) plasmid DNA into open 

circular (oc), double strand breaks lead to the formation of linear DNA, which can both be separated from sc DNA 

by gel electrophoresis (Scheme 25).[146] In recent reports, this assay is performed with PM2-DNA, a 10 kbp 

plasmid isolated from the PM2-bacteriophage.[147] However, as the isolation of PM2-DNA is a more elaborate 

process, using different, more easily accessible plasmids would simplify this assay. For example, pUC19 DNA, a 

small E. coli plasmid of only 2686 bp in length, could provide a more inexpensive and easily obtainable alternative 

to PM2-DNA. The presented experiments are part of investigations by KÖBERLE and STEINLEIN aiming to establish 

the use of pUC19 DNA in electrophoretic mobility shift assays and expand the scope of this assay to intercalating 

substances. 
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Scheme 25. Influence of DNA single and double strand breaks on the 3D structure of plasmids. 

 

Figure 43 shows the results of treatment of pUC19 DNA with NiCl2/H2O2 as DNA strand break inducing agent.[148] 

DNA intercalating agent ethidium bromide was used as a positive control, which on its own did not affect the 

migration of pUC19 DNA (Figure 43, lane 3). However, in combination with NiCl2/H2O2 ethidium bromide affected 

the formation of oc DNA. Pre-incubation of pUC19 DNA with ethidium bromide for 1 hour and subsequent 

treatment with NiCl2/H2O2 for 1 hour reduced the amount of oc DNA dose-dependently (Figure 43, lanes 7-9), 

while post-incubation with ethidium bromide did not influence the formation of oc DNA (Figure 43, lanes 4-6).  

 

Figure 43. Treatment of pUC19 DNA with NiCl2/H2O2 and EtBr. sc and oc pUC DNA were detected by agarose gel 
electrophoresis. Lane 1: untreated pUC19 DNA; lane 2: pUC19 DNA treated with 50 µM NiCl2 and 0.5 mM H2O2 for 1 h; 
lane 3: pUC19 DNA treated with 1 mM EtBr for 1 h; lanes 4-6: pUC19 DNA treated with 50 µM NiCl2 and 0.5 mM H2O2 for 
1 h, followed by 1 h treatment with the indicated concentrations of EtBr; lanes 7-9: pUC19 DNA treated with the indicated 
concentrations of ethidium bromide for 1 h, followed by 1 h treatment with 50 µM NiCl2 and 0.5 mM H2O2. 

 

This suggests that the intercalating ethidium bromide prevents the generation of DNA strand breaks. 

Consequently, the DNA intercalating potential of similar compounds could be assessed in this pUC assay by 

quantifying their strand break inhibition potential. 

pUC19 DNA was treated with 2 mM solutions of the compounds of interest. Similar to the treatment with 

ethidium bromide, pre-incubation with the compounds prevented the generation of strand breaks, resulting in 

reduced amounts of oc DNA (Figure 44, lanes 5, 7, 9), while post-incubation with the compounds had only little 

effect on the generation of oc DNA (Figure 44, lanes 6, 8, 10).  
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Figure 44. Intercalation of substrates in DNA. pUC19 DNA was treated with 2 mM of selected substrates in combination 
with NiCl2/H2O2. sc and oc pUC DNA were detected by agarose gel electrophoresis. (I): 1 h pre-treatment of pUC19 DNA 
with substrate, followed by incubation with NiCl2/H2O2 for 1 h (lanes 5, 7, 9). (II): 1 h post-treatment of pUC19 DNA with 
substrate, following incubation with NiCl2/H2O2 for 1 h (lanes 6, 8, 10). EtBr was used as a positive control for DNA 
intercalation. 

 

Pre-treatment of pUC19 DNA with 0.5 mM solutions of the compounds for 1 hour, followed by post-incubation 

with NiCl2/H2O2 for 1 hour prevented strand breaks and the formation of oc DNA (Figure 45, lanes 6-10). 

However, the negative control cisplatin showed only a small effect on the formation of oc DNA (Figure 45, lane 

5). 

 

Figure 45. Intercalation of compounds into DNA. pUC19 DNA was pre-treated with 0.5 mM solutions of selected 
compounds, followed by incubation with NiCl2/H2O2. Supercoiled sc and oc pUC19 DNA were detected by agarose gel 
electrophoresis. I: pre-treatment. EtBr was used as a positive control for DNA intercalation. Cisplatin was used as negative 
control. 
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The formation of oc DNA by treatment with NiCl2/H2O2 and its inhibition by the polyheterocyclic compounds was 

evaluated through semi-quantification of the agarose gel DNA bands (Figure 46). The positive intercalating 

control ethidium bromide prevented the formation of oc DNA by 50% while treatment with the negative control 

cisplatin resulted in a small reduction of the amount of oc DNA. The synthesized compounds showed scission 

inhibition of 60 % for 92b and up to 80% for 129ea. These results suggests that the synthesized compounds are 

strong DNA intercalating agents. Surprisingly, the PCP-derived imidazo[1,2-a]pyridines show similar strand-

breaking inhibition potential despite their sterically demanding, voluminous residues. This could be rationalized 

by intercalation of the imidazo[1,2-a]heterocycle part while PCP-residue is located in the major or minor groove. 

 

 

Figure 46. Results of the semi quantification of the agarose gel bands. All compounds were analyzed in three independent 
experiments, the results are shown as mean values ± standard deviation.  

 

Molecule modelling studies or co-crystallization of DNA-complexes are needed to further elucidate DNA-binding 

modes. Additionally, cytotoxicity assays should be performed to assess the viability of the compounds for in vitro 

applications.  



77 
 

3.4 Miniaturized Synthesis of Fluorophore Arrays via nano3D Printing 

Motivation. Extremely miniaturized synthesis, in which reactions are performed on a nanomolar scale in 

densely packed, confined spaces, allow for facile parallelization of experiments. Currently, most parallelized 

screening set-ups are using 96- or 384-micro wellplates. A variety of novel concepts and methods for the 

miniaturized high through-put screening of chemical reactions have been developed, for instance, organic 

droplet microarrays.[149] Another approach based on nano 3D-printing is currently developed in the Breitling 

research group. This concept is derived from laser-induced forward transfer (LIFT), a direct laser writing 

technique, which allows material transfer in defined areas on a surface (Figure 47). If different materials are 

transferred in a consecutive manner, combinatorial stacking patterns can be achieved. Through incubating the 

surface at elevated temperatures, the transferred materials are able to diffuse and can thus be transformed in a 

chemical reaction.  

 

Figure 47. Principle of laser-induced nano3D printing. 

 

In 2017, the BREITLING group first reported the application of the LIFT-method for the synthesis of peptide 

arrays.[150] By consecutively coupling different activated amino acids to a PEGMA-coated acceptor slide, they 

managed to synthesize up to nonameric peptides via a MERRIFIELD-peptide synthesis protocol. Through either 

binding of antibodies bearing a fluorescent tag, incorporation of a rhodamine-tagged amino acid or post 

modification of a propargyl residue via 1,3-dipolar cycloaddition with an azide-functionalized dye, the individual 

peptide spots could be visualized and evaluated using a fluorescence scanner. A density of up to 50.000 material 

spots on one glass slide was achieved. Since then, continuous efforts were made to further develop the nano 3D-
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printing technique and extend its applicability from peptide synthesis to more complex chemical 

transformations.[151] DR. ANDREAS KLINKUSCH and ROBIN RASTETTER already established the feasibility of this method 

for KNOEVENAGEL condensations.[152] The evaluation of the reactions was performed via fluorescence read-out as 

well as MALDI-imaging. To prove the generality of the nano3D printing technique for the combinatorial 

generation of compound libraries and in situ synthesis of ultra dense molecule arrays, the method scope must 

be extended to include a wider variety of transformations. Thus, the objective was to optimize the procedure for 

more reactions.  

 

Principle. The general idea of nano 3D printing is based on the LIFT concept that revolves around the material 

transfer from one or more donor slides to an acceptor slide in a specific area.[153] The donor slides are covered 

with an adhesive polyimide foil. Through spin or blade coating, the polyimide layer is coated with the transfer 

material layer which is composed of a styrene acrylic copolymer containing 10 wt.-% of the transfer substrate. 

The acceptor slide is also coated with the polymer matrix. For the automation and a more precise placement of 

the different donor slides on the acceptor, a robot arm was implemented. 

Upon local irradiation with a laser (405 nm), the light energy is absorbed by the Kapton foil, causing it to expand 

and form a bubble at the interface of the glass slide and the transfer layer. The bubble further expands into the 

space between donor and acceptor slide, which upon contact results in the deposition of pico- to femtomolar 

amounts of the transfer substrate on the latter.[154] The laser pattern is provided in the form of Excel files via a 

custom user interface. Usually, the substances are printed in blocks with a gradient of both laser strength and 

pulse duration in orthogonal directions. Other patterns are also possible by adjusting the laser files. This way, 

complex patterns can be printed on the microscope slides. 

Commonly, the time and thermal energy during the laser impact do not suffice to initiate the reaction of the 

transferred starting materials. Thus, a separate coupling step is necessary. For this, the slide is incubated in an 

oven at up to 90 °C under argon atmosphere for a specific period to both provide the activation energy as well 

as to allow the polymer matrix to become viscous enabling diffusion of the different starting materials. 

Evaluation of the reaction outcome is currently mainly performed by fluorescence read-out in the scanner for 

microscope slides with different channels (488, 532, 635 nm) and cut-off filters that can be fitted to the 

absorption and emission wavelength of reference material. However, as this hardly suffices as proof for the 

success of a reaction, further methods are currently implemented, one of them being MALDI-imaging. This 

technique is usually used for the 2D-analysis of tissue in medical diagnostics. In cooperation with the HOPF group 

at Hochschule Mannheim, MALDI-imaging analysis of the microscope slides allows for local mass spectrometric 

evaluation of the compound arrays. Together with the fluorescence results, the reactions on the slides can be 

monitored and judged thoroughly. 
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3.4.1 Generation of Fluorophore Libraries 

Introduction. The combinatorial generation of compound libraries on a miniature scale is extremely 

attractive for high throughput screening of reaction conditions, catalysts or properties and can be used for the 

lead optimization of drugs, pigments, or catalysts. To establish the LIFT method in combinatorial chemistry, we 

aimed to optimize the procedure for different reaction types and synthesize large compound libraries on the 

microscope slides. However, there are several prerequisites to be considered when choosing a reaction type. 

First, as fluorescence read-out is still the main analysis method, the product must be a fluorophore with its 

absorption maximum being close to the excitation wavelengths of the scanner. Simultaneously, the starting 

materials should not be fluorescent to avoid overlapping signals. The starting materials should not be sensitive 

to air and moisture to ensure facile processability. Similarly, the reaction conditions should be relatively mild and 

not require any sensitive catalysts or additives, low temperatures or protecting gasses. As KNOEVENAGEL reactions 

could already be successfully performed, other simple chemical transformations like condensation reactions 

could also be feasible. In addition to this, the reaction should furnish fluorescent products, therefore we chose 

to evaluate a synthesis method towards flavins. Therefore, a library of reference materials should be synthesized. 

 

Flavins. Flavins are pigments based on the isoalloxazine scaffold. In biological systems, flavins are very 

abundant, occurring in the form of riboflavin (vitamin B2, 143), or as the redox active cofactors flavin 

mononucleotide (FMN, 144) and flavin adenine dinucleotide (FAD, 145). These participate in various metabolic 

processes, such as the citric acid cycle which is an essential element of the respiratory chain.[155] As a result of its 

reversible redox behavior, the flavin prosthetic group is responsible for enabling enzymatic oxidation and 

reduction processes. These redox properties have also been exploited in synthetic organic chemistry as redox 

mediators or sensitizers.[156] In Figure 48, the flavin redox behavior and prominent flavins are shown. 

 

Figure 48. Redox behavior of the flavin group (top) and representative naturally occurring flavins (bottom). 
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Synthetically, flavins are accessible via the acid catalyzed condensation of alloxan and 

o-phenylenediamines. (Scheme 26).[157]  

 

Scheme 26. Flavin synthesis via acid-catalyzed condensation of o-phenylene diamines and alloxan. 

 

Phenanthrene diamine was synthesized according to a procedure by COLAK et al. from phenanthrene dione 

through conversion to the dioxime and subsequent reduction with hydrazine (Scheme 27).[158]  

 

Scheme 27. Synthesis of phenanthrene diamine from phenanthrene dione. 

 

Three diamines were priorly synthesized in two-step procedure (Scheme 28). First, the respective amine is 

coupled to 2-nitro fluorobenzene in a nucleophilic aromatic substitution. The obtained 2-nitro anilines are 

subsequently reduced to the N-alkylated o-phenylene diamines. 

 

Scheme 28. Synthesis of N-substituted o-phenylene diamines via SNAr of 2-nitro fluorobenzene and subsequent 
reduction.  

Table 10.  

entry R =  yield (152) yield (146) 

a 4-Methylphenyl 42% 58% 

b 1,1’-Biphenyl 19% 72% 

c 1-Adamantyl 78% 93% 

d 3,5-Dimethylphenyl 33% 86% 

 

A library of flavins from different, mostly commercially available o-phenylenediamines was synthesized as 

reference material to characterize their fluorescent properties (Scheme 29).  

Over the course of the reaction, the product precipitated and was filtered off. The isolated yields are higher for 

the small derivatives while the N-arylated substrates were obtained in significantly lower yields. Presumably, 
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based on the reduced nucleophilicity of the secondary amine as well as an increased solubility due to the unpolar 

substituents, not all the product precipitates and the majority remains in solution. Through alternative 

purification methods, e.g., phase separation, more of the flavin product could potentially be recovered. The N-

1-adamantyl substituted o-phenylenediamine did not afford any flavin as steric hindrance further decreases the 

reactivity. 

 

Scheme 29. Synthesis of a library of flavin derivatives. 

 

All flavins were fluorescent upon irradiation. To estimate their emission profiles under the scanner wavelengths, 

fluorescent spectra were recorded with an excitation wavelength of 350 nm (Figure 49). Most flavins show 

similar absorption and emission profiles with absorption bands from 250 – 300 nm and 350 – 430 nm and an 

emission band at around 450 nm. Some derivatives, however, differ from this trend. 142b shows dual emission 

with a second emission band at around 600 nm. 142h and 142i exhibit a strong bathochromic shift in their 

absorption, and especially in their emission, shifting the emission maxima to around 500 nm. Based on these 

results, 142b, 142h and 142i were selected for further experiments as their absorption at the scanner excitation 

wavelength of 488 nm is sufficient and their emission is within the range of the scanner filters. To prove that the 

fluorescence signals can be unambiguously attributed to the product flavines, the starting materials were 

transferred individually to a slide and scanned. Unfortunately, in the green channel all three diamines showed 

signals. Supposedly, this can be rationalized by the photo-induced dimerization of o-phenylenediamines. In the 

blue channel, only diamine 146b did not show a signal, thus, the reaction to 142i was selected for an on-slide 

synthesis. The result is displayed in Figure 50. 
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Figure 49. Normalized absorption and emission spectra of selected compounds in DMSO. λexc = 350 nm. 

 

The laser pattern for one block in which the materials are transferred is presented in Figure 50. One block 

consists of squares of 16 dots. Laser power is increased horizontally from 130 – 200 mW, and pulse duration 

vertically from 6 – 10 ms. 

 

Figure 50. Schematic representation of the laser pattern in which the individual blocks are printed onto the glass slides. 
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Figure 51. Fluorescence image of an array of flavin 142i synthesized on a microscope slide after material transfer via 
nano3D printing. Row A: 146b; row B: alloxan; row C: reference material; row B: 146b, alloxan; row D: alloxan, 146b; row 
E: 146b, alloxan. Row 1 also contains boric acid. Image acquisition parameters: λexc = 488 nm; emission filter (504 +- 12), 
resolution 5 µm. The image’s brightness and contrast were adjusted. 

While the starting materials printed in the A and B rows do not show any signal in the blue channel, the blocks 

where flavins are formed are clearly visible. Due to the poor solubility, no reference material of 142i could be 

transferred via nano3D printing, thus, no comparison can be depicted. However, as  none of the starting 

materials and possible side-products show any fluorescence in the blue channel, the signal most likely stems 

from the desired flavin. 

Thus, the synthesis of a flavin derivative via the nano 3D printing method could be demonstrated. Based on these 

results, a combinatorial library will be synthesized by derivatization of 142i. Overall, this is a step towards 

combinatorial assembly of different kinds of fluorophores. The inherent redox activity of flavins could further be 

exploited in the screening of reaction conditions of photo redox transformations and towards the long-term goal 

of the photocatalytic reduction of CO2. and the on-slide assembly of an artificial photosystem. 

 

GBB-3CR. Multicomponent reactions stand out for their unmet potential in generating large numbers of 

combinations through the variation of the individual components as well as their facile handling and mild 

reaction conditions. Additionally, the GBB-3CR furnishes fluorescent imidazo[1,2-a]heterocycles from non-

fluorescent starting materials. Heaven, by implementation of this reaction in the nano3D printing approach, a 

high degree of diversification of the combinatorial molecular arrays could be achieved. 

A model reaction of 2-aminopyrazine (66a), N,N-dimethylamino cinnamaldehyde (153) and 1-adamantyl 

isonitrile (44) was selected because of the intense fluorescence of the respective imidazo[1,2-a]pyrazine and the 

facile handling of the solid starting materials. Before evaluating the model reaction on the slide, the 

transformation was conducted in solution to assess its performance and obtain reference material. Normally, 

BRØNSTED acids like glacial acetic acid or perchloric acid would be applied as catalysts. In the nano 3D-printer, 

however, liquids are difficult to process. Thus, different catalysts are necessary. The also commonly used Lewis 

acidic rare earth triflates are also not applicable as inorganic salts do not transfer in nano 3D printing. Therefore, 

trichloroacetic acid was used as the catalyst in sub-stoichiometric amounts (Scheme 30). GBB-product 154 was 

obtained in a good yield of 82%. 
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Scheme 30. Synthesis of reference material via a 2,2,2-trichloroacetic acid -catalyzed GBB-3CR. 

 

The absorption and emission spectra of the obtained reference material 154 were measured (Figure 52). While 

the emission fits into the desired range for detection of the fluorescence signal with the slide reader, the 

absorption at 488 nm is quite low, thus, hampering detection with the slide reader. Therefore, an alternative 

camera setup had to be used for the image acquisition. 

 

Figure 52. Normalized absorption and emission spectra of 154 in CH2Cl2 (λexc = 395 nm). 

 

The starting materials and reference material of 154  was printed on to the slide and the slide was incubated at 

98 °C for 24 hours. The images of the slide under irradiation with 360 nm (top), 488 nm (middle) and 532 nm 

(bottom) are displayed in Figure 53. As the UV-pictures were recorded in a different camera setup instead of the 

slide reader, thus, only cut outs of the laser pattern can be displayed. 
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Figure 53. Fluorescence images of an array of 154 synthesized on a microscope slide after material transfer via nano3D 
printing. A1: N,N-dimethylamino cinnamaldehyde, A2: trichloro acetic acid, B1: 1-adamantyl isonitrile, B2: 
2-aminopyrazine C1: reference material; C2: N,N-dimethylamino cinnamaldehyde, trichloro acetic acid, 1-adamantyl 
isonitrile, 2-aminopyrazine; D1: N,N-dimethylamino cinnamaldehyde, trichloro acetic acid, 1-adamantyl isonitrile, 
2-aminopyrazine; D2: 1-adamantyl isonitrile, 2-aminopyrazine; E1: N,N-dimethylamino cinnamaldehyde, trichloro acetic 
acid, 1-adamantyl isonitrile; E2: N,N-dimethylamino cinnamaldehyde, 1-adamantyl isonitrile. Image acquisition 
parameters: λexc = 360 nm (top), 488 nm (middle), 532 nm (bottom); emission filter (blue: 504 ± 12; green: 582 ± 75), 
resolution 5 µm. The image’s brightness and contrast were adjusted. 

 

The starting materials were printed in the four left squares (A1, A2, B, and B2). Under all wavelengths, no 

luminescence of the starting materials was observed. In position C1, the reference GBB-product 154 was printed, 

which is only visible under UV-irradiation. Combinations of the starting materials were printed in the remaining 

positions. D1 and D2 both contain three component mixtures of amidine, aldehyde and isonitrile without any 

acidic catalyst. Under UV-light, a similar blue fluorescence to C1 is observed. The four-component mixture in C2 

additionally contains trichloro acetic acid as a catalyst. Compared to the reference in C1, the mixture shows a 

significantly altered fluorescence which is very intense and visible under all wavelengths. The combination in 

position E1 exhibits the same fluorescence, which is unexpected as it only contains acid, aldehyde and isonitrile. 

These observations suggest the occurrence of a different reaction instead of the desired GBB-3CR. 

One reason for the side reactions which are observed on the slide but not in the bulk reaction could be that in 

nano3D printing, there is no control over the transferable amount. Thus, trichloro acetic acid is also transferred 
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in stoichiometric rather than catalytic amounts. So far, identification of the side-product was not possible. In the 

future, with the implementation of MALDI analysis, it should be possible to thoroughly investigate competing 

processes. 

 

3.4.2 Development of a Fluorescent CO2-Probe 

Introduction. The rapid generation of compound libraries is perfectly suited for high-throughput screening 

setups.[159] One of our goals with the LIFT method is to scout for reaction conditions to convert CO2 into value-

added chemicals by either incorporating CO2 into more complex product molecules or by the reduction to CO, 

formic acid, or formaldehyde. CO2 is the most prevalent human greenhouse gas, and its emissions predominantly 

contribute to the rapid climate change. Thus, the development of new methods to synthetically access 

atmospheric CO2 and upconvert it to recycled chemical feedstock can contribute to the overall reduction of air 

pollution as well as creating a more sustainable industry and closed-loop production cycles.[160]  

To reduce CO2 to more valuable base chemicals, a wide variety of concepts exists and is currently in the focus of 

global research efforts including photocatalytic and electrochemical reduction, artificial photosynthesis,  

reduction or the incorporation of CO2 in organic syntheses as a C1 synthon.[161] One way to contribute to these 

efforts with the nano 3D printing method could be the screening of possible catalysts or reaction conditions for 

CO2 conversion in a microarray format by incubating slides bearing a variety of possible reagents under CO2 

atmosphere. However, due to the current limitation in analytical methods, especially in quantification, this 

undergoing can not be realized quite yet. 

To reach this goal overall, we needed to prove the feasibility of the nano 3D printing method and the possibility 

of reacting surface-mounted substrates with gaseous CO2. The idea is to find a reaction in which CO2 is converted 

into a product that can be evaluated by the already established methods of fluorescence read-out or 

MALDI-imaging. For fluorescence, the ideal solution would be a reaction in which CO2 is incorporated into a newly 

built fluorescent scaffold to meet the prerequisite of having non-fluorescent starting materials. In literature, 

several reaction types have been reported. However, most of them are not feasible as they require sensitive 

metalorganic reagents or catalysts which are not compatible with the nano 3D printing procedure. The most 

promising reaction is the synthesis of phthalimides (157) from an aryne precursor (155), an isonitrile (46) and 

CO2, reported by KAICHARLA et al. in 2014.[162] This transformation is illustrated in Scheme 31.  



87 
 

 

Scheme 31. 3-Component reaction of a KOBAYASHI aryne precursor, an isonitrile and CO2 furnishing phthalimides. 

 

In this approach, a KOBAYASHI aryne precursor,[29] an o-trimethylsilyl phenyl triflate (155), is deprotected using 

cesium fluoride to generate the aryne (158) in situ. Subsequently, the isonitrile attacks the aryne, which in turn 

attacks CO2, affording an intermediate N-alkyl isoimide (161) upon ring closure. Through a fluorine-mediated 

rearrangement, the phthalimide 157 is formed. According to ORITA et al., unsubstituted N-alkyl phthalimides do 

not exhibit any emission, but substitution with an electron-donating residue such as pyrrolidinyl or piperidyl in 

the 3- or 4-position leads to strong blue fluorescence in the range of 425 to 550 nm, depending on the solvent 

polarity.[163] To apply in nano 3D printing, the residue must not be grafted onto the phthalimide core in a post-

modification step as described by ORITA et al. Instead, it should already be present in the respective starting 

materials, in this case, the modified aryne precursor. The synthetic idea is depicted in Scheme 32.  

 

Scheme 32. Synthesis strategy for donor-substituted phthalimides via HARTWIG-BUCHWALD amination (top) and CO2-based 
3CR. 

 

Synthesis. The piperidyl-substituted aryne precursor was synthesized in three steps according to modified 

literature procedures by FUKINO et al., and HALLANI et al. (Scheme 33).[164] 
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Scheme 33. Synthesis of KOBAYASHI aryne prevursor 167 from 2-bromo-4-amino phenol. 55% yield! 

 

Initially, 2-bromo-4-amino phenol (165) was reacted with 1,5-dibromohexane to build up the piperidyl residue, 

affording 2-bromo-4-(piperidin-1-yl)phenol (166) in 77% yield. Subsequently, 166 was subjected to a three-step 

transformation to synthesize the desired aryne precursor, 167. First, the phenolic hydroxy function was 

protected with a TMS-group using HMDS in THF at 60 °C. Afterwards, the TMS-group was transferred to the 

adjacent position by lithiation using tBuLi. Finally, the hydroxy function was converted into a triflate with triflic 

anhydride. The desired aryne precursor was isolated in 42% yield over the two separate steps.  

Currently, no reliable analysis method for nano3D printed compounds excited at under 400 nm is available. Thus, 

further experiments are postponed until the implementation of the appropriate analysis tools. 
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3.5 Development of a Novel Route towards Bemotrizinol 

Preface. Parts of the following chapter were published in a patent submitted to the German patent office.  

 

Motivation. To protect human skin as well as outdoor surfaces and coatings, a variety of UV-absorbing 

substances have been developed for sunscreen applications (cf. Chapter 1.3 – Optical and UV-Absorbers). 

However, as new UV-absorbers rarely get approved by the FDA and related authorities, research nowadays has 

shifted from the development of novel substances to improving the synthesis of existing, marketed products.  

Several compound classes, especially hydroxy benzophenones, pose severe drawbacks in terms of efficacies or 

photostability, as well as their similarity to estrogen, rendering them endocrine disruptors.[47b] One design 

particularly well-suited to circumvent these issues is the class of ortho-hydroxyphenyl-1,3,5-triazines.[165] In 1996, 

bis-resorcinyl triazines were first patented as UV-absorbing substances, one of which is Bemotrizinol (1, BMT or 

BEMT, also Tinosorb S, Neoheliopan, Figure 54).[166] Since then, it is widely used in sunscreen formulations as a 

broad band UV-filter, as well as to prevent photodegradation of other UV-absorbers.[46] 

 

        

Figure 54. Structure of Bemotrizinol 1 (left) and its ESIPT behavior (right).  

 

Their UV-absorbing properties originate from the ESIPT occurring after irradiation with UV-light.[167] In the excited 

state, a proton is shifted from the phenolic hydroxy group to the neighboring triazine nitrogen atoms. Via vibronic 

relaxation, the energy is again released in the form of thermal energy followed by the back transfer of the proton 

to its original position. The other structural features of BMT contribute to its absorption wavelength and its 

solubility in oil, respectively.  



90 
 

Synthetically, Bemotrizinol is accessible through the three-step route depicted in Scheme 34. 

 

Scheme 34. Established three-step synthetic route towards Bemotrizinol. R = isooctyl 

 

Initially, the 4-methoxyphenyl moiety is attached to cyanuric chloride (168) in a GRIGNARD reaction with 4-bromo 

anisole (169). The resulting intermediate 170 is employed in a double FRIEDEL-CRAFTS acylation of two equivalents 

of resorcinol (171). In the final step, the para-hydroxy groups are etherificated with an iso-octyl halide to furnish 

Bemotrizinol. 

While linear and concise, this route poses several drawbacks. For instance, the initial GRIGNARD reaction is 

considered a safety concern as the reactive intermediates might react heavily with water. This is highly 

unfavorable, particularly for industrial scale processes. In 2008, JIANG et al. reported a slightly modified route in 

which the GRIGNARD step is replaced by a FRIEDEL-CRAFTS acylation of cyanuric chloride and anisole using aluminum 

chloride as the Lewis acid catalyst.[168] While this route poses fewer safety concerns, the need for stoichiometric 

amounts of catalyst results in large amounts of aluminum salt waste which is both environmentally hazardous 

and expensive in disposing of. Another problem arising from the established synthesis route is the low solubility 

of the bis-resorcinyl triazine intermediate, termed diopat (di-ortho-hydroxyphenyl asymmetric triazine) in 

conventional solvents. Thus, high boiling polar solvents like methylcellosolve are needed for further processing, 

decreasing the overall sustainability of the entire synthesis even more. 

In particular, considering the increasingly more important aspect of sustainability in research and industry, 

redesigning the synthesis is desirable from both an ecological as well as an economic perspective. Key points to 

improve upon are the substitution of potentially dangerous reaction steps, reducing the amounts of catalyst 

needed for the respective transformations or replacing these entirely and switching to more environmentally 

benign reagents and solvents throughout the whole process. The different approaches developed to meet these 

objectives are presented in the following chapters. 
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3.5.1 FRIEDEL-CRAFTS Acylation of Cyanuric Chloride: LEWIS Acid Screening 

FRIEDEL-CRAFTS Acylation. The first step towards BMT is the synthesis of 2,4-dichloro-

6-(4-methoxyphenyl)triazine (170). To realize this without resorting to GRIGNARD reagents, FRIEDEL-CRAFTS 

acylation was chosen. A set of LEWIS acids was screened for their catalytic activity.[169] To avoid over acylation, 

the reactions were conducted at ambient temperature and with one equivalent of anisole (173). The results are 

listed in Table 11. 

Table 11: Results of the LEWIS-acid screening. 

 

LEWIS acid solvent resulta LEWIS acid solvent resulta 

AlCl3b CH2Cl2 10% Sc(OTf)3 MeCN + 

AlCl3b toluene 21%c Y(OTf)3 MeCN n.d. 

AlCl3 CH2Cl2 n.d. La(OTf)3 MeCN n.d. 

FeF3
b CH2Cl2 + Fe(OTf)3 MeCN n.d. 

FeCl3b CH2Cl2 69% Zn(OTf)2 MeCN n.d. 

FeBr3
b CH2Cl2 +c Cu(OTf)2 MeCN n.d. 

FeI3
b CH2Cl2 + In(OTf)3 MeCN n.d. 

CeCl3 CH2Cl2 n.d. Fe(acac)3 CH2Cl2 n.d. 

TiCl4 CH2Cl2 23% BF3·OEt2 CH2Cl2 n.d. 

CuCl2 CH2Cl2 n.d. TfOH CH2Cl2 + 

ZnCl2 CH2Cl2 n.d. Nafion™ DCB 30% 

ZrCl4 CH2Cl2 n.d. Zeolithe-Hβ CH2Cl2 + 

SnCl2 CH2Cl2 n.d. Mont. KSF CH2Cl2 + 

a The conversion was monitored via HPLC analysis. Percentages indicate isolated yields. 

b Catalyst was used in stoichiometric amounts. 

c Side reactions were observed.  

n.d.: not detected 

 

Aluminum chloride only afforded the acylation product when used in stoichiometric amounts. Considering the 

low yields, optimizations regarding solvents and reaction conditions are necessary to further improve this 

catalytic system. When the reaction was performed in toluene, competing acylation of the solvent was observed. 
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Similarly, iron salts were also successful if used in stoichiometric amounts. With iron chloride, a good yield of 

69% was obtained. The stronger Lewis acid iron bromide even resulted in full conversion of anisole; however, 

over-substitution of cyanuric chloride was observed. Other chlorides did not show any conversion except for 

titanium chloride which was not pursued further due to the challenging handling. In literature, triflate LEWIS acids 

are often reported as efficient FRIEDEL-CRAFTS catalysts that are effective even in sub-stoichiometric amounts.[170] 

However, most triflates evaluated were not successful in the target system. Applying these catalysts in 

stoichiometric amounts was not investigated owing to their costs.  

Among the heterogeneous catalysts,[171] Zeolithe-Hβ and montmorillonite KSF showed the formation of small 

amounts of the acylation product, however, even after a prolonged reaction time of three days, the conversion 

was still too low to further pursue these attempts. Different solvents and elevated temperatures would be 

subjects of further optimization studies to increase the catalytic activity. 

Beads of the acidic, perfluorinated polymer Nafion™ were also employed, affording the product in 30% yield. 

The use of Nafion could be beneficial since it enables facile removal and recycling of the catalyst. However, due 

to the high proof of Nafion™, the reaction needs to be optimized to produce higher yields in order to ensure 

good rentability. For instance, continuous flow reactions using Nafion™ membranes could improve the overall 

process.[172] 

Since substoichiometric catalytic systems are not suitable for the present system, resorting to stochiometric 

catalysts is necessary. Among these, aluminum and iron chloride performed best. The heterogeneous Nafion 

might provide a more benign alternative upon further optimization. 
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3.5.2 Selective Synthesis of Resorcinol Monoether and Cyclohexenone Route 

Introduction. Moreover, the synthesis of isooctyloxy resorcinol itself also proves to be challenging. 

Economically, resorcinol would be an ideal starting material as it is relatively cheap. However, the 

desymmetrization of resorcinol is not trivial.[173] The most obvious route, the etherification of resorcinol with one 

equivalent of either isooctanol or the respective halide, always leads to mixtures of resorcinol, its desired 

monoether as well as the diether. Isolation of the monoether from these mixtures in an industrial scale is difficult 

because during distillation, resorcinol is prone to sublime and crystallize in the distillation column.  

Thus, we aimed to find a more selective route towards the monoether. To circumvent the selectivity issues 

arising from the desymmetrization of resorcinol, the conversion of unsymmetric starting materials seemed 

favorable. Thus, two-step synthetic routes were explored in which at first isooctyloxy precursor 176 was 

synthesized from a 3-substituted phenol (174). Subsequently, the functional group in the 3-position needed to 

be converted into a hydroxyl group. 

 

Hydroxylation. The respective precursor was synthesized in a WILLIAMSON ether synthesis starting from 

3-bromophenol (174) and isooctanol (175), affording 3-bromo isooctyloxy benzene (176) in an excellent yield 

of 91% (Scheme 35). 

 

Scheme 35. WILLIAMSON ether synthesis of 3-bromo isooctyloxy benzene. 

´ 

Next, the hydroxy group should be installed in a metal-catalyzed hydroxylation reaction. Several literature-known 

protocols were applied to the present system. The results are listed in Table 12. 

Table 12. Metal-catalyzed hydroxylation protocols tested for the hydroxylation of 3-bromo isooctyloxy benzene. 

 

entry catalyst ligand Additive solvent T / °C yield / % 

1 Cu(OAc)2 - Glucose DMSO/H2O (1:1) 130 n.d. 

2 CuI DMEDA NaI 1,4-Dioxane/H2O (4:1) 120 n.d. 

3 CuI L-Proline Bu4NBr H2O 120 n.d. 

4 Pd2dba3. XPhos - 1,4-Dioxane/H2O (4:1) 100 75 
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In most cases, the desired phenol 177 was not formed, and no conversion of the starting material was observed. 

Only through a method originally reported by BUCHWALD et al. the resorcinol monoether 177 would be obtained 

in a good yield of 75%. 

However, the need for both expensive palladium catalysts as well as sophisticated phosphine ligands significantly 

hamper the feasibility of this approach. Applying this method to the less expensive, more benign 3-chloro 

isooctyloxy benzene did not afford the desired phenol as no conversion of the starting material was observed. 

Direct O-arylation of isooctanol using transition-metal catalyzed methods was not possible. As a result of the 

increased nucleophilicity of the phenolic hydroxyl group, only dimerization and oligomerization of the 

3-bromophenol was observed. Protecting group strategies were generally ruled out for their low atom economy. 

As most of the unsymmetric approaches towards the resorcinol monoether either did not work at all or were 

laving in terms of economic efficiency, a different route was pursued. 

 

Cyclohexenone Route. To provide a more easily obtainable, O-alkylated resorcinol surrogate, a saturated 

cyclohexenone monoether system (180) was taken into consideration. Cyclohexanedione (178) can be easily 

desymmetrized through the acid catalyzed etherification on one of the carbonyl oxygen atoms while the other 

carbonyl oxygen stays intact. The enol ether can also be interpreted as a vinylogous ester. For the synthesis of 

the enol ether 180, methanesulfonic acid was employed as the catalyst (Scheme 36). 

 

Scheme 36. Synthesis 3-isooctyloxy cyclohexenone via an acid-catalyzed condensation. 

 

The desired isooctyloxy cyclohexenone 180 was obtained in a maximum yield of 70%. The reaction could be 

scaled up to a multigram scale. Facile purification is possible via distillation under reduced pressure to remove 

residual starting material.  

With the cyclohexenone monoether at hand, two possible routes open towards the target BMT. The 

cyclohexenone monoether can either be oxidized to the 3-isooctyloxy phenol building block (177) or attached to 

the triazine core prior to oxidation of the entire system. 
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3.5.3 Alternative Methods for C-C-Bond Formation on the Triazine Core 

Introduction. For the synthesis of triaryl triazines (181), different concepts exist (Scheme 37). On the one 

hand, the triazine core can be synthesized de novo through the Lewis-acid catalyzed trimerization of 

nitriles (182).[174] However, as this process is statistical, the selective one-pot synthesis of differently substituted 

triazines with a distinct substitution pattern is not possible. Switching to a consecutive reaction method, AB2-

triazines can be synthesized by modifying one of the nitriles with triflic anhydride and, subsequently, adding the 

other nitrile component.[175] For the synthesis of BMT, however, the de-novo route was not considered as the 

synthesis of the individual nitrile precursors itself would have already been too elaborate. 

Alternatively, triaryl triazines are accessible via nucleophilic substitution of the chlorine atoms of cyanuric 

chloride (168).[176] Depending on the degree of substitution, the reactivity of the chlorine atom varies. Thus, each 

chlorine is substituted under increasingly harsh conditions, with the first one reacting at 0 °C, the second one at 

ambient temperatures and the third substitution occurring above 60 °C. Commonly used carbon nucleophiles 

used in the SNAr of chlorotriazines are GRIGNARD reagents or electron-rich aromatic compounds in FRIEDEL-CRAFTS 

reactions.[177]  

 

Scheme 37. Synthesis strategies towards triaryl sym-triazines. 

 

Li-Enolates. In the original BMT-synthesis, the second step would be another FRIEDEL-CRAFTS acylation of 

resorcinol with 2,4-dichloro-6-(4-methoxyphenyl)triazine (170) obtained from step one. Aside from the 

aforementioned issues arising from the utilization of stoichiometric amounts of LEWIS acid catalyst, this strategy 

poses several disadvantages. For instance, the resulting diopat (172) is practically insoluble in most solvents and 

the subsequent alkylation to BMT is therefore performed in extremely polar, possibly toxic solvents like 

methylcellosolve, thus significantly hampering the processability and purification. Additionally, the poor 

solubility of diopat leads to residues of this strongly colored intermediate in industrial apparatuses. Hence, we 

aimed to synthetically bypass the intermediate diopat. One approach would be to attach the isooctyl residues to 

the resorcinol prior to the FRIEDEL-CRAFTS acylation. However, applying the acylation conditions tested for step 

one to this system lead to no conversion in every case except for aluminum chloride. 

Thus, we aimed to explore different methods for the C-C-bond formation between the triazine core and 

resorcinol or its surrogates. Among the possible carbon nucleophiles to attach to the triazine ring via nucleophilic 

aromatic substitution, enols or enolates have not been explored yet. To investigate this approach, test reactions 

were performed using 2-chloro-4,6-diphenyltriazine (183) and the commercially available 4-methoxy 

acetophenone (184a) and 3-ethyloxy-2-cyclohexenone (184b) (Scheme 38). 
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Scheme 38. Reaction of 2-chloro-4,6-diphenyltriazine with different lithium enolates. 

 

First, the ketone was treated with a set of different strong bases (LDA, LiHMDS, NaNH2 and KOtBu) at –78 °C in 

anhydrous THF to generate the enolate. Upon addition of the base, the solution turned a yellow color. 

Subsequently, the triazine was added and the now orange colored mixture was stirred at room temperature for 

another 16 to 24 hours. Among the strong bases tested in this reaction, only LDA, which is commonly the base 

of choice for enolate reactions, afforded the desired enol addition product 185a and 185b in yields of 47% and 

54%, respectively. Possible side products reducing the yields may arise from aldol reaction or condensation. 

To investigate the keto-enol tautomerism of the obtained α-triazinyl carbonyl compounds,[178] 1H NMR spectra 

were recorded in solvents of different polarity. In Figure 55 and Figure 56, the 1H NMR spectra of 185a and 185b 

in benzene-d6, chloroform-d1, tetrahydrofuran-d8, methanol-d4 and dimethylsulfoxide-d6 are presented. For both 

compounds, two tautomers are visible in the less polar solvents. The signals at around 13 ppm can be attributed 

to the hydrogen bridge of the enol tautomer. Transitioning towards more polar solvents, the amount of enol 

decreases significantly. In THF and DMSO, only small amounts of enol are observed while the ketone form 

dominates. The enol form is not present in methanol as protic solvents are also able to form hydrogen bridges, 

thus further stabilizing the ketone form. With increasing polarity, the overall signal-to-noise ratio decreased due 

to the reduced solubility of the compounds in more polar solvents. 

Comparing the proton spectra, conclusions about the keto enol equilibrium can be drawn. In highly polar solvents 

like DMSO or methanol, only little to no hydrogen bridges can be observed in the range from 12 ppm to 16 ppm. 

In apolar solvents, However, the signals of the hydrogen bridges increase with decreasing polarity. By integration 

of the signals, the ratio of keto- to enol-tautomer can be calculated. In apolar solvents, the enol-form is present 

in up to 60%, whereas in polar solvents, the keto-form is predominant. Solvent molecules capable of coordinating 

to the carbonyl group and the triazine nitrogen intercept the formation of hydrogen bond bridges.  
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Figure 55. Comparison of th 1H NMR spectra of 185a in benzene-d6, chloroform-d1, tetrahydrofuran-d8, 
dimethylsulfoxide-d6, and methanol-d4 (top to bottom). 

 

Figure 56. Comparison of th 1H NMR spectra of 185b in benzene-d6, chloroform-d1, tetrahydrofuran-d8, 
dimethylsulfoxide-d6, and methanol-d4 (top to bottom). 
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The enolate addition conditions were then applied to the BMT building blocks (Scheme 39). Initially, 

3-isooctyloxy cyclohexenone (180) was treated with LDA and subsequently, 2,4-dichloro-6-(4-

methoxyphenyl)triazine (168) was added. The desired double adduct 186, termed tetrahydro-Bemotrizinol, was 

isolated in 28% yield. 

 

Scheme 39. Reaction of 2-chloro-4,6-diphenyltriazine with a Li-enolate derived from 3-isooctyl oxy cyclohexenone. 
R = isooctyl. 

 

The losses may be attributed to side reactions like aldol addition or condensation, as well as the formation of 

regio- and stereoisomers. Complete removal of any excess starting material from the cyclohexenone ether is 

crucial as residual isooctanol will react with the triazine faster than the enolate, leading to O-alkylated side 

products. 

Tetrahydro-BEMT was characterized thoroughly using various spectroscopic and spectrometric methods, 

proofing the proposed structure. In FAB mass spectrometry, the exact mass of the oxidized BMT is found instead 

of THBMT, suggesting autoxidation of THBMT under ionizing conditions.  

In Figure 57, the 1H NMR spectra of BMT (1) and tetrahydro-BMT (186) are displayed. According to the 

1H spectrum, tetrahydro-BMT is not a single substance and instead consists of a mixture of different isomers. On 

the one hand, there are diastereomers present due to the chiral isooctyl residues and the newly formed 

stereogenic center on the α-position of the ketone. On the other hand, the equilibrium of the keto-enol-

tautomerism is shifted significantly towards the enol, resulting in the formation of tautomers (4:1 ketone/enol). 

In the lowfield region, signals corresponding to the hydrogen bridge between the triazine nitrogen, and the enol-

hydroxy group can be observed. FAB-MS analysis, however, did not show the exact mass of tetrahydro-BEMT but 

of BEMT. This hints towards facile oxidation under ionizing conditions. Possibly, this effect could be exploited for 

aerobic oxidation of tetrahydro-BMT to BMT.  
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Figure 57. Comparison of the 1H NMR spectra of BMT (top) and THBMT (bottom) In CDCl3. 

 

The effect of the keto enol tautomerism on the photophysical properties was investigated by measuring 

UV/Vis spectra of THBMT and BMT in different solvents (Figure 58). 

 

Figure 58. Normalized absorption spectra of THBMT (left) and BMT (right) in ethanol and dichloromethane.  

 

The absorption profiles of tetrahydro-BMT in ethanol and dichloromethane are quite similar and no pronounced 

solvatochromic shift can be observed. In both spectra, there are two absorption bands at 300 nm and 400 nm. 
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In dichloromethane, the band at 300 nm is more intense than the band at 400 nm. In ethanol the 300 nm band 

intensity is decreased while the band intensity at 400 nm is increased. These results can be rationalized by taking 

the results of the NMR studies into account. According to this, in less polar, aprotic solvents like dichloromethane 

the enol form is dominant while in protic solvents, the equilibrium is exclusively shifted to the ketone form. Both 

tautomer forms exhibit different absorption profiles. In contrast to tetrahydro-BMT, the spectra of BMT in these 

solvents are almost identical (Figure 58) since the structure is not able to perform tautomerism in the different 

solvents. A direct comparison of the UV/Vis spectra of tetrahydro-BMT and BMT in ethanol is shown in Figure 59. 

The commercial UV-filter BMT shows two absorption bands in the UV range between 250 nm and 400 nm and is 

thus an efficient filter for both the UV-A and UV-B range. Thus, it is considered a broad-band UV-filter. In the 

UV-B region of 280 – 315 nm, tetrahydro-BMT also shows an absorption band. However, tetrahydro-BMT is 

missing the absorption band in the UV-A region of 315 – 400 nm. 

 

Figure 59. Comparison of the normalized absorption spectra of THBMT (blue) and BMT (red) in ethanol. 

 

As a result, tetrahydro-BMT, unlike BMT, cannot be applied as a broad-band UV-filter. However, its absorption 

in the UV-B region is quite pronounced, rendering it an interesting candidate for UV-absorbing compounds. 

Additionally, its suggested autoxidation behavior renders tetrahydro-BMT a potential BMT surrogate converted 

through in situ oxidation in sunscreen formulations. Determination of the sun protection factor of tetrahydro-

BMT and photostability measurements are necessary to assess its viability as a sunscreen ingredient. 

In the following chapter, the oxidation behavior of tetrahydro-BMT to BMT is investigated in more detail. 
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3.5.4 Desaturation of Cyclohexenone Monoether 

Introduction. Methods to synthesize meta-substituted phenols are sought after because, in contrast to 

ortho- and para-substitution, the reactivity of electron-rich aromatics disfavors meta-substitution. Thus, 

alternative routes have been developed in which the desired residues are attached to cyclohexanones or 

cyclohexenone which are subsequently desaturated and oxidatively aromatized to substituted phenols 

(Scheme 40). For the oxidative aromatization of such systems, several different methodologies have been 

reported. Stoichiometric oxidants like iodine or iodine-DMSO systems,[179] DDQ,[180] IBX[181] have been employed. 

In terms of catalytic oxidative aromatization, the STAHL group investigated several Pd-based catalytic systems.[182] 

However, all these reactions do not include substrates in which the cyclohexenone double bond bears an ether 

substituent. Similar concepts have been developed for dihydropyridines, including photocatalytic oxidation 

methods using oxygen in combination with photosensitizers. 

 

 

Scheme 40. Oxidative aromatization of cyclohexenone monoethers. 

 

Oxidative Aromatization. In order to oxidize the cyclohexenone monoether to the resorcinol monoether, a 

variety of different methods were explored. An overview is given in Table 13. The methods can be categorized 

as conventional methods in which the oxidant is applied in stochiometric amounts in excess, or catalytic methods 

in waive oxygen or hydrogen are used as the oxidizing agent in combination with a transition metal catalyst. 

Moreover, photocatalysis via photosensitizers was explored.  

Out of the stochiometric methods, full conversion to the resorcinol monoether was achieved using iodine or 

IBX. For the oxidation with iodine, water was chosen as the solvent to avoid the formation of unsymmetric 

resorcinol dieters. Additionally, a system in which DMSO is used as a sacrificial co-solvent to regenerate iodine 

in situ, enabling the use of substoichiometric amounts of iodine, was evaluated. However, only incomplete 

conversion was observed corresponding to the actual amount of iodine used. Other oxidants did not convert the 

cyclohexanone monoether. 

Catalytic conditions reported by STAHL et al. were also evaluated. Unfortunately, these methods could not be 

applied to the present system. While the scope of these methods does include cyclohexenone substituted in the 

3-position, alkoxy substituents were never mentioned. Hence, it is plausible, that the ether residue in this 

position inhibits the desaturation. A different catalytic system by KIKUSHIMA and NISHINA using copper or iron 

halides in combination with hydrochloric or hydrobromic acid was also evaluated.[183] Mechanistically, bromine 

is generated in situ and adds to the double bond. Upon double elimination of HBr, the desaturated product is 

formed. Applying this method to the cyclohexenone monoether, only resorcinol could be detected. While the 

aromatization did take place, the isooctyl ether was cleaved during the reaction. 
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Photocatalytic methods with different photosensitizers did not show any conversion, independent of the 

sensitizers, additives or solvents employed. 

 

Table 13: Oxidative aromatization methods tested for 3 isooctyloxy cyclohexenone. 

                                                

 

method oxidant additive base solvent T / °C result* 

Stoichiometr.  
[179b, 179d] 

I2  (1.2 eq.) - - H2O 100 Full conversion  

Stoichiometr.[179c]  I2  (0.2 eq.) DMSO (1.2 eq.) - H2O 120 Incomplete 
conversion 

Stoichiometr.[181]  IBX (4.0 eq.) - - DMSO/PhF  
(1:1) 

85 Full conversion 

Stoichiometr.[180] DDQ (3.3 eq.) - - 1,4-Dioxane 100 No conversion 

Stoichiometr. H2O2 - - H2O 100 No conversion 

Catalyt.[184] Pd/C H2/Ar  
(1 atm,1:3) 

K2CO3 DMF 120 No conversion 

Catalyt. Pd(OAc)2  - K2CO3 MeCN 85 Traces 

Catalyt. Pd(TFA)2 - Pyridine EtOAc 80 Traces 

Catalyt.[183] CuX 
(0.1 eq.) 

HX (0.4 eq.) 
X = Cl, Br 
O2  (1 atm) 

- Dioxan 100 Ether cleavage 

Photo. Rose Bengal / 
Eosin Y / 
Riboflavin 

O2  (1 atm) - MeCN  r.t. No conversion 

* Conversion was monitored by GC/MS 

 

In general, cyclohexenone monoethers are not easily oxidized. Only two methods were successful. Since both 

approaches require stoichiometric amounts of halogen-based oxidants, these methods are not feasible for an 

application on an industrials scale. Consequently, we decided to explore different methods. 
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Electrochemically Driven Desaturation. Electrochemical methods like electrolysis pose one of the simplest, 

yet most efficient approaches to perform redox transformations as no additional oxidizing or reducing agents 

are needed. Harnessing the unexplored potential of electrochemical transformations for industrial chemical 

synthesis would pose several advantages.[185]  

In 2020, BARAN et al. reported on a versatile and robust electrochemically driven desaturation (EDD) of 

TMS-protected carbonyl compounds including cyclohexanone substrates.[186] Previously, similar approaches 

have been described by SHONO et al. and MOELLER et al.[187]  

The application of electrochemical methods in organic chemistry is not overly common. Unpredicted reactivity, 

as well as specialized and DIY equipment have hampered its applicability and made many chemists refrain from 

diving into this field. However, recently the launch of commercial electrochemistry systems like the IKA 

Electrasyn, co-developed by PHIL BARAN, made electrochemistry more accessible for organic chemists and 

resulted in a surge of novel methodologies. In a recent guide, BARAN et al. gave a comprehensive overview on 

general considerations for experimental setups.[188] In general, there are always two reactions occurring in an 

electrochemical cell, an oxidation taking place at the anodes and a reduction at the cathode. The electrode on 

which the desired reaction occurs is also called a working electrode, the other one a counter electrode. If the 

reactions on both electrodes are desired, it is a paired electrolysis. The experiment can be performed in an 

undivided cell or a divided cell in which the half cells are connected through a semipermeable membrane or a 

salt bridge to enable ion mobility and close the electrochemical cycle. Other parameters to adjust to every 

experiment are electrode material, solvent and voltage or current. In case of a constant cell volatge, the 

electrolysis is performed under potentiostatic conditions, and under galvanostatic conditions in case of constant 

current. To improve the conductivity, an electrolyte is added to the organic solvent, for instance insert salts like 

tetrafluoroborates or hexafluorophosphates. Electrolysis is either potentiostatic or galvanostatic. Redox 

potential of substrates can be obtained from cyclic voltammetry measurements.  

Initially, cyclic voltammetry measurements were performed by DR. PHILIPP RÖSE to assess the redox potential 

of both the cyclohexenone monoether 180 and tetrahydro-BMT (186). Results are displayed in Figure 60 for 

cyclohexenone monoether and Figure 61 for THBMT. 
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Figure 60. Cyclic voltammetry measurements of cyclohexenone monoether 180 in dichloromethane and calibrated versus 
a Ag/AgCl (KClsat in water) reference electrode. 

 

Each maximum corresponds to oxidation processes occurring at the indicated voltage. The incline of the curve 

towards higher voltage is caused by the oxidation of the solvent. As no minima occur during the back cycle, the 

oxidation process is irreversible. Upon repeated cycles, passivation of the electrodes is observed, decreasing 

intensity over multiple cycles. The highest intensity was observed using glassy carbon electrodes, however, they 

also showed the most pronounced passivation after the first cycle. In the case of the platinum electrode, the 

intensity of the oxidation is lower, and a second oxidative process arises. For both peaks, passivation is observed 

after one cycle. Almost no passivation occurs using gold electrodes. 
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Figure 61. Cyclic voltammetry measurements of tetrahydro-BMT 186 in dichloromethane and calibrated versus a Ag/AgCl 
(KClsat in water) reference electrode. 

 

The cyclic voltammetry results for tetrahydro-BMT show significantly different redox behavior for different 

electrode materials. For glassy carbon, the overall intensity is quite low compared to the spectra of 

cyclohexenone monoether. Additionally, a strong passivation is observed after the first cycle. For gold, the overall 

intensity is also relatively low, and no distinct oxidation peak occurs. In the case of a platinum electrode, a 

significant maximum at 1.8 V with a relatively highest intensity of up to 30 mA/cm2 is present. After the first 

cycle, the intensity is reduced due to passivation, however, remaining constant over the following cycles. 

According to these results, preliminary experiments were performed in a potentiostatic system using a platinum 

anode and a graphite cathode. Electrolyte was a 0.1 M solution of tetrabutylammonium tetrafluoroborate. 

Formation of the target BMT (1) was only observed using dichloromethane as solvent. Presumably, this is due to 
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the reduction of dichloromethane which functions as an electron sink. Plausible half reactions for anode and 

cathode are displayed in Scheme 41. 

 

Scheme 41. Proposed electrode processes for the oxidative aromatization of THBMT. 

 

The proposed mechanism for the two-electron oxidative aromatization process of one cyclohexenone moiety 

involves an initial keto-enol tautomerization. The resulting enol is then oxidized at the anode to a radical cation, 

followed by the loss of a proton to give a radical. After another oxidation step, a second proton is abstracted to 

enable aromatization to the desired phenol. On the counter electrode, a one-electron reduction of 

dichloromethane to chloromethane likely takes place. In this process, chloride anions are generated. This 

hypothesis is supported by the decreasing cell resistance over the course of the reaction due to the increasing 

presence of ions. However, the generation of chloride anions poses a major drawback. Reaction progress leads 

to corrosion of the platinum electrode. Chloride ions lower the redox potential of platinum and enable concurring 

anodic oxidation under the formation of chloroplatinate species. This is highly disadvantageous considering the 

costs of platinum electrodes. Additionally, undesired side-reactions were observed during the reaction as 

indicated by the formation of highly polar side products. Therefore, further optimization and adjustments are 

necessary to minimize side reactions and increase the yield of the desired oxidative aromatization. Scavenging 

or masking of the chloride ions would be a possible solution, however, not feasible in an industrial context as 

stoichiometric amounts of silver salts would be necessary. Instead, performing the reaction in a divided cellular 

setup could help circumvent unwanted redox processes (Figure 62).  
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Figure 62. Undivided cell setup (left), divided cell setup (right). 

 

While there certainly is still room for optimizations and improvements, these results indeed prove the feasibility 

of the transformation. Compared to the method by BARAN et al., no preceding formation TMS-enol ether is 

needed as hydrogen bonding between the carbonyl and the adjacent triazine promotes enolization. Thus, the 

herein developed method could complement existing approaches to the electrochemical desaturation of 

carbonyl compounds.  
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3.5.5 Summary 

Synthesis. To sum up all synthetic efforts of the previous chapters, the improved synthesis route towards 

Bemotrizinol is depicted in Scheme 42. In contrast to the linear state-of-the-art method, the newly developed 

process presents a convergent approval in which the triazine core and substituted resorcinol or its surrogate are 

synthesized separately and then combined to the AB2-triazine scaffold.  

 

 

Scheme 42. Overview of the developed synthetic routes towards Bemotrizinol. 

 

For the coupling of cyclohexenone monoethers as resorcinol surrogates to chlorotriazines, a novel protocol was 

established. The cyclohexenone is converted into an enolate through a strong base which then engages in a 

nucleophilic substitution. The transfer of this method to other ketones was demonstrated. The resulting 

α-triazinyl carbonyl compounds are interesting intermediates exhibiting a solvent-dependent tautomerism 
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which influences their absorption and emission profiles. Tetrahydro-BMT. The target BMT is then obtained 

through an electrochemical oxidative aromatization of the tetrahydro-BMT intermediate.  

The cyclohexenone monoether can also be oxidized to the resorcinol monoether prior to attachment to the 

triazine core. Among the tested oxidants, only iodine in stochiometric amounts proved to be suitable. 

Alternatively, the resorcinol monoether is accessible through the palladium catalyzed hydroxylation of 3-bromo 

phenol ethers.  

The resorcinol monoether can either be attached to 2,4-dichloro-6-(4-methoxyphenyl)triazine in a FRIEDEL-CRAFTS 

acylation, leading directly to BMT. Alternatively, the resorcinol monoether and the triazine can be connected via 

a nucleophilic substitution to obtain an O-arylated intermediate. Potentially, this could be converted to BMT in 

a photo-FRIEß rearrangement. However, selectivity issues arise upon irradiation with UV-light and BMT was only 

formed in trace amounts. Through optimization and fine-tuning of the reaction conditions, this route could be 

improved in the future. 

Overall, the individual routes offer various advantages over the existing method. However, further optimization 

is certainly needed to ensure a good rentability of the entire process. 
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4 Summary and Outlook 

In this thesis, a set of methodologies revolving around the imidazo[1,2-a]heterocyclic scaffold accessible via the 

GBB-3CR were developed (Figure 63). In this context, the GBB-3CR was used for the modification of both 

[2.2]paracyclophane scaffolds, as well as steroidal aldehydes derived from the marine steroid Gorgosterol. The 

obtained fluorophores were investigated as pH-sensitive probes and in bio-imaging experiments. 

Moreover, sequential synthesis strategies for the modification of the imidazo[1,2-a]pyridine scaffold itself were 

explored. Through intramolecular cross coupling reactions of ImPy building blocks, donor-acceptor fluorophores 

were synthesized and investigated for potential TADF properties. In an intramolecular imidoylative coupling 

reaction, the imidazo[1,2-a]pyridines were post-cyclized to afford fused polyheterocyclic systems capable of 

interacting with double-stranded DNA. 

 

Figure 63. Finished projects for the development of novel imidazo[1,2-a]heterocyclic functional fluorophores. 

 

The GBB-3CR was explored in combinatorial 3D-printing to enlarge the scope of reactions. Moreover, flavin 

synthesis was explored. To prove the feasibility of on-slide transformations of CO2, a fluorescent probe for CO2 

was developed. 

An alternative synthesis route for the commercial UV-filter Bemotrizinol was established, improving the overall 

sustainability of the process. Key step is the nucleophilic aromatic substitution of chloro-1,3,5-triazines with 

lithium enolates, followed by an electrochemical oxidative aromatization.   
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4.1 PCP-based Imidazo[1,2-a]heterocycles as Fluorophores and Ligands 

A facile, modular method for the modification of the [2.2]paracyclophane scaffold was developed, affording 

PCP-based mono- and bis-imidazo[1,2-a]pyridines and -pyrazines. For this, PCP-aldehydes, as well as isonitrile 

were utilized, marking its first application in IMCRs (Figure 64). 

The fluorescence properties of these substrates have been studied thoroughly, exploring the effect of varying 

the individual components as well as the pH-dependence of the fluorescence. Moreover, their applicability as 

ligands for palladium complexes was established and their catalytic activity was assessed in a SUZUKI-MIYAURA 

cross coupling reaction. 

 

 

Figure 64. Overview of the PCP-based imidazo[1,2-a]heterocycles accessed via GBB-3CR. 

 

This methodology gives access to an interesting substituent motive for the PCP-scaffold, as well as enabling facile 

introduction of chiral elements into imidazo[1,2-a]heterocyclic fluorophores which could be interesting for 

non-linear optics. Through the combination of the MCR approach and other modifications of the PCP scaffold, 

diversely substituted [2.2]paracyclophanes could be accessed. 
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4.2 Design of Imidazo[1,2-a]pyridine-based Donor-Acceptor Chromophores 

A series of donor-acceptor chromophores were synthesized bearing a 3-amino imidazo[1,2-a]pyridine donor 

motive. The emitters were designed to complement a study by LEE et al. showing the chimeric nature of 

imidazo[1,2-a]pyridines (Figure 65). 

Through DFT-Calculations, different combinations of the ImPy donor motive and different acceptor were 

assessed. In combination with anthraquinone acceptor, the calculated ΔEST values were in range for possible 

TADF effects. Based on these findings, a series of ImPy-Aq emitters were synthesized with different geometries 

and substitution patterns.  

 

Figure 65. Overview of the imidazo[1,2-a]pyridine donor-acceptor chromophore series  

 

The photophysical properties are currently investigated by the ZYSMAN-COLMAN group at the University of 

St. Andrews. According to preliminary experimental data, the compounds were only slightly emissive at ambient 

temperatures due to a low oscillator strength and possible competing non-radiative deactivation pathways. 

Further photophysical characterizations will be performed to investigate the underlaying luminescence 

mechanism. 

To improve the performance of the emitters, adjustments and optimizations of the structures are necessary to 

suppress non-radiative effects and improve oscillator strength. Moreover, different combinations of donor and 

acceptor motives need to be assessed.  

Inspired by the work of SPULING et al., the combination of the ImPy-donor motive and the MCR-based concept for 

the functionalization of the PCP scaffold would provide a versatile synthetic platform for the development of 

novel through space emitters.  
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4.3 Imidazo[1,2-a]pyridines as Fluorophore Tags for Bioimaging of Steroids 

The imidazo[1,2-a]heterocyclic scaffold was established as a covalent fluorescent tag for the bioimaging of 

steroids. Aldehyde-functionalized derivatives of the marine steroid Demethylgorgosterol were reacted in a 

GBB-3CR in a fluorophore approach. A small library of five fluorophore-steroid conjugates was synthesized and 

spectroscopically characterized. The compounds showed mediocre cytotoxicity in an MTT-assay. Two derivatives 

were investigated in co-localization studies using HeLa cells, showing good visibility. Localization of the steroids 

in the mitochondria was observed (Figure 66). 

 

 

Figure 66. Overview of the fluorophore-steroid conjugates investigated in bioimaging experiments. 

 

The GBB-3CR was established as an efficient method for fluorescent labeling, offering a plethora of advantages 

like the facile attachment of the tag through mild reaction conditions without the need for additional coupling 

agents, and facile purification as no fluorescent by-products arise. Due to its broad functional group tolerance, 

the reaction is orthogonal and could easily be transferred to other analytes. The ImPy tag itself is a blue dye of 

compact size and thus ideal for the labeling of small molecules to avoid falsification of ligand binding and 

intracellular affinity. 

Currently, the fluorophore-steroid conjugates are investigated in in vivo experiments with corral cells by the Guse 

group at the University of Heidelberg. In future studies, the ImPy tag could be employed in bioimaging studies of 

other compound classes to prove its general applicability.  
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4.4 Flat N-rich Heterocycles as DNA-Intercalating Agents 

A sequential synthesis strategy comprising a GBB-3CR and an intramolecular imidoylative HARTWIG-BUCHWALD 

coupling was developed and the resulting polyheterocycles were investigated for their DNA-intercalating 

properties (Scheme 43). 

 

 

Scheme 43. Synthesis of flat N-rich heterocycles via reaction sequence of GBB-3CR and imidoylative amination. 

 

A set of GBB-precursors were synthesized in excellent yields and different aliphatic and aromatic isonitriles were 

inserted, affording a library of isoquinolinones. Their absorption and fluorescence spectra were evaluated, 

revealing a bright blue fluorescence.  

In one case, the formation of an unusual demethoxylated coupling product was observed. The obtained highly 

fluorescent compound exhibits a pronounced bathochromic shift, most likely originating from an ESIPT process. 

To investigate this unexpected scaffold, the scope of this reaction will be expanded in future studies.  

Selected compounds were examined for their interaction with double strand DNA in a pUC-19 electrophoresis 

mobility shift assay which was established as a method to quantify ds-DNA scission inhibition. For the 

investigated compounds, a stabilizing effect on the double strand against oxidative conditions was observed, 

hinting towards DNA-intercalating properties. DNA-intercalating agents often exhibit antiproliferative effects 

due to their inhibition of replication mechanisms. Thus, further investigations of potential cytostatic properties 

should be pursued. 
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4.5 Miniaturized Synthesis of Fluorophore Arrays via nano3D Printing 

In a set of experiments, the practicability of different aspects of the miniaturized reaction screening via the nano 

3D-printing method has been demonstrated. The miniaturized synthesis of both flavins and imidazo[1,2-

a]pyridines was achieved (Figure 67). Aiming towards the surface-based conversion of CO2, a fluorescent probe 

was synthesized which can contribute to developing a screening setup for the photocatalytic conversion of 

chemicals including CO2. 

 

 

Figure 67. Overview of the miniaturized GBB-3CR and flavin array synthesis via nano3D printing. 

 

With the GBB-3CR and a flavin synthesis, two new reaction types were successfully implemented in combinatorial 

nano3D printing. To fully demonstrate the parallelization potential, libraries of imidazo[1,2-a]pyridines and 

flavins will be synthesized in further experiments. For this, more reference material will be synthesized via 

conventional methods on a milligram scale and spectroscopically characterized. For the characterization of the 

individual compounds on the slide aside from fluorescent spectroscope, more conclusive, unambiguous analysis 

should be implemented. Currently, efforts are working to establish MALDI and MALDI-imaging methods. 

As all reaction types that are now established for 3D-nano printing are based on condensation reactions, other 

types have to be explored to enlarge the scope of the method and improve its applicability. Possible alternative 

transformations could be nucleophilic substitutions, cycloadditions, alkene/alkyne additions, or possibly even 

robust, non-sensitive cross coupling protocols. 

A novel fluorescent chemical probe for CO2 was designed. The sensor is based on a three-component reaction of 

an aryne, an isonitrile and CO2 furnishing N-alkyl phthalimides. Therefore, a Kobayashi aryne precursor with an 

electron-donating piperidyl residue was synthesized. As soon as suitable analysis methods are implemented, the 

on-slide reaction of the probe with CO2 will be investigated.  
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4.6 Development of a Novel Route towards Bemotrizinol 

An alternative, convergent synthesis route towards the UV-absorber and sunscreen ingredient Bemotrizinol was 

developed. By substituting waste-intense and potentially hazardous reaction steps and implementing greener 

methodologies, the sustainability and rentability of the overall process were improved (Figure 68). 

 

Figure 68. Overview of the improved synthesis method towards Bemotrizinol. 

 

In the first step, a Friedel-Crafts protocol was investigated for the monoacylation of cyanuric chloride using a 

variety of different LEWIS acid catalysts. Furthermore, a new approach for the synthesis of α-triazinyl carbonyl 

compounds via nucleophilic aromatic substitution utilizing lithium enolates as carbon nucleophiles was 

developed (Scheme 44). Through NMR studies, the solvent-dependent equilibrium of the ketone enol 

tautomerism was investigated. In further studies, the substrate scope of this method will be expanded. 

 

Scheme 44. Synthesis of α-triazinyl carbonyl compounds via nucleophilic aromatic substitution with Li-enolates. 

 

The resulting Bemotrizinol surrogate, termed tetrahydro-Bemotrizinol, was characterized intensively, revealing 

strong UV-B absorption properties and potential autoxidative behavior. Therefore, tetrahydro-Bemotrizinol itself 

will also be assessed as a potential UV-absorber and sunscreen ingredient. The saturated THBMT intermediate 

was converted to the target BMT via an unprecedented electrochemical oxidative aromatization protocol. 
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5 Experimental Section 

5.1 General Remarks 

Parts of the general information are standardized descriptions and were adapted from previous group 

members.[120, 152, 189]  

Materials and Methods 

The starting materials, solvents and reagents were purchased from ABCR, ACROS, ALFA AESAR, APOLLO SCIENTIFIC, 

CARBOLUTION, CHEMPUR, FLUKA, FLUOROCHEM, MERCK, RIEDEL-DE HAЁN, SIGMA ALDRICH, STREM, TCI, OR THERMO FISHER 

SCIENTIFIC and used without further purification unless stated otherwise.  

Solvents of technical quality were purified by distillation or with the solvent purification system MB SPS5 

(acetonitrile, dichloromethane, diethyl ether, tetrahydrofuran, toluene) from MBRAUN. Solvents of p.a. quality 

were purchased from ACROS, FISHER SCIENTIFIC, SIGMA ALDRICH, Roth or RIEDEL-DE HAËN and were used without further 

purification. n-Pentane was distilled over sodium and benzophenone. Other solvents were obtained from 

commercial suppliers: anhydrous benzene (SIGMA ALDRICH, <0.005% water), anhydrous N,N-dimethylformamide 

(SIGMA ALDRICH, <0.005% water), anhydrous 1,4-dioxane (SIGMA ALDRICH, <0.005% water), anhydrous dimethyl 

sulfoxide (SIGMA ALDRICH, <0.005% water), anhydrous ethanol (SIGMA ALDRICH, <0.005% water), anhydrous 

methanol (SIGMA ALDRICH, <0.005% water), anhydrous isopropanol (SIGMA ALDRICH, <0.005% water). 

Oxygen-free solvents were obtained by freeze-pump-thaw (three cycles) technique.  

Air- and moisture-sensitive reactions were carried out under argon atmosphere in oven-dried glassware using 

standard Schlenk techniques.  

For reaction set-ups under high pressure, a BERGHOF BR100 pressure reactor was used. 

For certain reactions, flat-bottom crimp neck vials from CHROMAGLOBE with aluminum crimp caps were used.  

Liquids were added with a stainless-steel cannula and solids were added in powdered shape. 

Reactions at low temperature were cooled using flat dewars produced by ISOTHERM (Karlsruhe) with water/ice or 

isopropanol/dry ice mixtures. 

Solvents were evaporated under reduced pressure at 45 °C using a rotary evaporator. For solvent mixtures, each 

solvent was measured volumetrically. 

Flash column chromatography was performed using MERCK silica 60 (0.040 × 0.063 mm, 230–400 mesh ASTM) 

and quartz sand (glowed and purified with hydrochloric acid).  

The RAYONET reactor Model RPR-100 with (16) 14W light bulbs (254 nm) was used for the irradiation with UV 

light. 

Visible-light catalysis was run in a photoreactor made from LED strips (RGB LEDs, 30 W) with an adhesive back, 

attached to a crystallization dish (190 × 90 mm). Cooling was provided by a fan powered by a battery pack placed 
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on the bottom of the crystallization dish. Reactions were run with green LEDs at 524 nm (peak wavelength) and 

blue LEDs at 471 nm (peak wavelength). 

For the irradiation with LED UV light (385 nm, 8 × 8 W), an LZC-ICH2 photoreactor from LUZCHEM was used. 

Reaction Monitoring 

All reactions were monitored by thin-layer chromatography (TLC) using silica coated aluminum plates (MERCK, 

silica 60, F254). UV active compounds were detected with a UV-lamp at 254 nm and 366 nm excitation. When 

required, vanillin, basic potassium permanganate, ninhydrin or Seebach solution was used as TLC-stain.  

GC-MS (gas chromatography–mass spectrometry) measurements were performed on an AGILENT TECHNOLOGIES 

model 6890N (electron impact ionization), equipped with an AGILENT 19091S-433 column (5% phenyl methyl 

siloxane, 30 m, 0.25 μm) and a 5975B VL MSD detector with a turbo pump. Helium was used as a carrier gas. 

Melting Point  

Melting points were detected on an OptiMelt MPA100 device from STANFORD RESEARCH SYSTEM. 

Optical Rotation 

Optical rotation was measured with a PERKIN ELMER 241 Polarimeter using a 100 mm glass cell and a suitable 

solvent, at the sodium-D-lines (589.0 and 589.6 nm) and a constant temperature of 20 °C. 

Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR spectra were recorded on a BRUKER Avance 400 NMR instrument at 400 MHz for 1H NMR, 101 MHz for 

13C NMR, 376 MHz for 19F NMR and 162MHz for 31P NMR, or a BRUKER Avance 500 NMR instrument at 500 MHz 

for 1H NMR, 126 MHz for 13C NMR and 470 MHz for 19F NMR and 202 MHz for 31P NMR. 

The NMR spectra were recorded at room temperature in deuterated solvents acquired from EURISOTOP, SIGMA 

ALDRICH or DEUTERO. The chemical shift δ is displayed in parts per million [ppm] and the references used were the 

1H and 13C peaks of the solvents themselves: 

d1-chloroform (CDCl3): 7.26 ppm for 1H and 77.16 ppm for 13C 

d6-dimethyl sulfoxide (DMSO-d6): 2.50 ppm for 1H and 39.52 ppm for 13C  

d6-benzene (C6D6): 7.16 ppm for 1H and 128.06 ppm for 13C. 

d8-toluene: 2.08 ppm for 1H and 137.48 ppm for 13C 

d4-methanol (CD3OD): 3.31 ppm for 1H and 49.00 ppm for 13C 

d8-tetrahydrofuran (THF-d8): 1.73 ppm for 1H and 67.57 ppm for 13C 

d3-acetonitrile (CD3CN): 1.94 ppm for 1H and 118.26 ppm for 13C 

d6-acetone: 2.05 ppm for 1H and 206.26 ppm for 13C 

For the characterization of centrosymmetric signals, the signal’s median point was chosen, for multiplets the 

signal range. The following abbreviations were used to describe the proton splitting pattern: d = doublet, 
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t = triplet, m = multiplet, dd = doublet of doublet, ddd = doublet of doublet of doublet, dddd = doublet of 

doublet of doublet of doublet, dt = doublet of triplet. Absolute values of the coupling constants “J” are given in 

Hertz [Hz] in absolute value and decreasing order. Signals of the 13C spectrum were assigned by phase edited 

heteronuclear single quantum coherence (HSQC) and were specified in the following way: Cq = quaternary 

carbon atoms (no signal). 

Infrared Spectroscopy (IR) 

The infrared spectra were recorded with a BRUKER, Alpha P instrument. All samples were measured by attenuated 

total reflection (ATR). The positions of the absorption bands are given in wavenumbers ṽ in cm–1 and were 

measured in the range from 3600 cm–1 to 500 cm–1. 

Characterization of the absorption bands was done in dependence of the absorption strength with the following 

abbreviations: vs (very strong, 0−9%), s (strong, 10−39%), m (medium, 40−69%), w (weak, 70−89%), vw (very 

weak, 90−100%). 

Mass Spectrometry (MS) 

Electron ionization (EI) and fast atom bombardment (FAB) experiments were conducted using a FINNIGAN, MAT 

90 (70 eV) instrument, with 3-nitrobenzyl alcohol (3-NBA) as matrix and reference for high resolution. For the 

interpretation of the spectra, molecular peaks [M]+, peaks of protonated molecules [M+H]+ and characteristic 

fragment peaks are indicated with their mass-to-charge ratio (m/z) and their intensity in percent, relative to the 

base peak (100%) is given. In case of high-resolution measurements, the maximum tolerated error is ±5 ppm. 

ESI experiments were recorded on a Q-Exactive (Orbitrap) mass spectrometer (THERMO FISHER SCIENTIFIC, San Jose, 

CA, USA) equipped with a HESI II probe to record high resolution. The tolerated error is ±5 ppm of the molecular 

mass. The spectra were interpreted by molecular peaks [M]+, peaks of protonated molecules [M+H]+ and 

characteristic fragment peaks and indicated with their mass-to-charge ratio (m/z). 

Elemental Analysis (EA) 

Elemental analysis was done on an ELEMENTAR vario MICRO instrument. The weight scale used was a SARTORIUS 

M2P. Calculated and found percentage by mass values for carbon, hydrogen, nitrogen, and sulfur are indicated 

in fractions of 100%. 

High Performance Liquid Chromatography (HPLC) 

Analysis of the enantiomeric excess was conducted using an AGILENT HPLC 1100 series system with a G1322A 

degasser, a G1211A pump, a G1313A autosampler, a G1316A column oven and a G1315B diode array system 

using a DAICEL Chiralpak® AD-H (4.6 × 250 mm, 5 µm particle size), DAICEL Chiralpak® OD-H (4.6 × 250 mm, 5 µm 

particle size), DAICEL Chiralpak® OJ‑H (4.6 × 250 mm, 5 µm particle size), or YMC CHIRAL ART Amylose-SA column 

(4.6 × 250 mm, 5 µm particle size) columns were used with HPLC-grade n-hexane/isopropanol as mobile phase, 

respectively.  
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X-Ray Analysis 

X-Ray analysis of single crystals were performed by DR. MARTIN NIEGER (University of Helsinki, Finland) on a 

KAPPA-CCD-diffractometer by BRUKER-NONIUS at 123(2) K using MoKα-radiation (λ = 0.71073 Å) or on a SUPERNOVA 

dual X-ray diffractometer by AGILENT at 120(2) K using CuKα-radiation (λ = 1.54178 Å). 

Cyclic Voltammetry 

Cyclic voltammograms (CVs) Cyclic voltammetry measurements were carried out on a GAMRY 600+ and a 

GAMRY 3000 potentiostat (GAMRY INSTRUMENTS) using a Teflon cell and an MSR electrode rotator (PINE RESEARCH) 

equipped with a disc electrode (Pt, Au or glassy carbon, 0.5 mm diameter) and a platinum wire counter electrode. 

The potentials were normalized to a Ag/AgCl (KClsat in water) reference electrode (MEISENBERGER GmbH). A 1.0 M 

Bu4NBF4 in CH2Cl2 electrolyte was used for all electrochemical experiments. Before each measurement, the 

solution was purged with argon (99.999%, AIR LIQUIDE). Cyclic voltammetry experiments were carried out at 

ambient temperature. The potential window ranged from 0.05 to 1.6 V vs Ag/AgCl. Measurements were 

performed sequentially at scan rates of 200, 100, 50, 25, and 200 mV s-1, with three cyclic voltammograms per 

scan rate. were recorded under argon atmosphere using a GAMRY INSTRUMENT Interface 1010B potentiostat. 

The CV measurements in Chapter 3.2 were performed on an Electrochemical Analyzer potentiostat model 620D 

from CH INSTRUMENTS. The samples were prepared in CH2Cl2 solutions. All measurements were performed using 

0.1 M Bu4NPF6 in CH2Cl2. An Ag/Ag+ electrode was used as the reference electrode, a platinum electrode (active 

diameter of 2 mm) was used as the working electrode and a platinum wire electrode was used as the counter 

electrode. 

Electrochemistry 

All the electrochemical oxidations were performed in an IKA ElectraSyn 2.0 equipped with electrodes 

(each 0.8 × 3.0 cm2). Electrodes were purchased from IKA and used as received. Reference electrodes were filled 

with fresh 3 M aqueous KCl solution. 

Absorption Spectroscopy 

UV/Vis spectra were recorded either on an ANALYTIK JENA Specord 50/plus or on a PERKIN-ELMER Lambda 650 

spectrometer.  

Emission Spectroscopy 

Emission spectra were recorded on a HORIBA SCIENTIFIC fluoromax-4 spectrofluorometer or AGILENT Cary Eclipse 

fluorescent spectrometer both equipped with a CZERNY-TURNER-type monochromator and an R928P PMT 

detector. 

Advanced Photophysical Characterization 

Optically dilute solutions of concentrations on the order of 10-5-10-6M were prepared in HPLC grade solvent for 

absorption and emission analysis. Absorption spectra were recorded at room temperature on a SHIMADZU UV-

1800 double beam spectrophotometer. Aerated solutions were bubbled with compressed air for 5 min, whereas 

degassed solutions were prepared via three freeze-pump-thaw cycles prior to emission analysis using an in-house 
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adapted fluorescence cuvette, itself purchased from STARNA. Steady-state emission and time-resolved emission 

spectra were recorded at 298 K using an EDINBURGH INSTRUMENTS FLS980 fluorimeter. Samples were excited at 

360 nm for steady-state measurements and at 378 nm for time-resolved measurements. Time-resolved spectra 

were obtained from dilute solutions of samples in toluene using a gated intensified charge coupled device (iCCD 

camera) from Stanford Computer Optics under laser excitation at 343 nm (100 Hz) at 77 K. For ΔEST 

measurements prompt emission spectra were collected using 1 ns time delay and 100 ns integration time 

window, while phosphorescence spectra were collected using 1 ms time delay and 9 ms integration time window.  

DFT Calculations 

DFT calculations were performed with the GAUSSIAN 09 revision D.018 suite. Initially the geometries of both 

emitters in the ground state in the gas phase were optimized employing the PBE0 functional with the standard 

Pople 6-31G(d,p) basis set. Time-dependent DFT calculations were performed using the TAMM–DANCOFF 

approximation (TDA). The molecular orbitals were visualized using GAUSSVIEW 5.0 software. 

 

5.2 Biological Methods and Assays 

pUC-DNA Relaxation Assay 

DNA intercalation was assessed using the pUC-DNA relaxation assay. Briefly, 500 ng pUC19 DNA was dissolved 

in enzyme buffer (40 mM sodium phosphate, 100 mM NaCl, pH 7.4) and incubated with the respective compounds 

for 1 h at 37 °C in the dark. Supercoiled (sc) and open circular (oc) forms of pUC19 DNA were separated by 

electrophoresis in a 1% agarose gel containing GelRed (1/10 000) for 2.5 h at 90 V. The density of the bands was 

quantified using a HEROLAB gel detection system (EASY win 32).  

MTT-Assay 

Cytotoxicity was assessed in an MTT-Assay (PROMEGA) in 96-well plates using human cervix carcinoma epithelial 

cell (HeLa cells). The intracellular reaction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenoltetrazoliumbromide (MTT) 

was monitored with a SPECTRAMAX ID3 at 595 nm. As the reaction only occurs in living cells, the absorption 

intensity is proportional to cell viability. 

A 5 mM solution of the compounds in DMSO was diluted with culture medium (DMEM + 10% FBS buffer + 1% P/s) 

to concentrations from 5 µM to 100 µM to not exceed a DMSO concentration of 0.05%.  

1.0 x 104 HeLa-cells per well were cultivated in 100 µl DMEM and incubated for 24 h at 37 °C and 5% CO2. The 

cells were treated with the test solutions by removal of the incubation medium and addition of the compound 

solutions in DMEM. The cells were incubated at 37 °C and 5% CO2 for 72 h. The dead control was treated with 

5 µl Triton-X100 (20% in ddH2O). 15 µl of MTT per well were added. The cells were incubated another 3 h. 

Afterwards, 100 µl of stop solution were added and the cells were again incubated for 24 h. The absorption was 

measured at 595 nm in a SPECTRAMAX ID3. 
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Intracellular Co-Localization Studies and Microscopy 

The intracellular localization in HeLa cells was evaluated with a confocal fluorescence microscope (STELLARIS 5). 

For the staining of the mitochondria, Mitotracker™ Red CMXRos was used 

1.5 x 104 HeLa-cells per well were cultivated in 200 µl DMEM on an 8 well IBIDI µ-slide for 24 h at 37 °C and 

5% CO2. The cells were treated with 5 µM solutions of the compounds by removal of the incubation medium and 

addition of the compound solutions in DMEM. The cells were incubated at 37 °C and 5% CO2 for 24 h. The medium 

was removed and 200 µl fresh DMEM solution with 125 nm of Mitotracker™ Red CMXRos (1 µL of a 25 µM stock 

solution). The cells were incubated another 30 min. Afterwards, the cells were washed three times with 

DBPS buffer. Images were recorded with a STELLARIS 5. 

 

5.3 nano3D Printing 

nano3D Printer 

The laser apparatus was constructed by DR. LAURA WEBER (IMT/Karlsruhe) and is based on the cLift-system by 

DR. TOBIAS FOERTSCH and DR. FELIX LÖFFLER. It contains a 405 nm laser (300 mW, IBEAM-SMART-405-S-HP, TOPTICA 

PHOTONICS), which is deflected to the laser stage via a scan head (intelliSCAN III 10, SCANLABS) and focused via a 

FΘ-lense (S4LFT5110/322, SILL OPTICS). The donor slides can be automatically transferred onto the acceptor slide 

using a robot arm (SCARA Robot SR-6iA, FANUC). 

Laminator 

The donor slides were covered with the Kapton-foil using a LM 330 Laminator by VOGT PAPIERTECHNIK (Böblingen-

Altdorf/Germany). 

Blade Coating 

The automatic blade coating device AB3655 was purchased from TQC SHEEN (Hilden/Germany).  

Slide Readout via Fluorescence Scanner 

Fluorescence read-out of the slides were performed using an InnoScan1100-AL by INNOPSYS (Carbonne/France). 

For the excitation, 488 nm, 532 nm, or 635 nm lasers were used. The slides were read out using the simultaneous 

scan mode. The scan resolution was 5.00 µm. The fluorescence images were edited and analyzed by Mapix 

software. 

Polymer Matrix 

The matrix (S-LEC-P LT 7552) was purchased from SEKISUI CHEMICAL Co. Ltd. (Osaka/Japan). 

Glass Slides 

The microscope slides were purchased from PAUL MARIENFELD GmbH & Co. KG (Lauda-Königshafen/Germany). 
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Polyimide Foil 

The Kapton® foil (polyimide) type 70110 (25,0 μm carrier material; 60,0 μm overall thickness) was purchased 

from CMC Klebetechnik GmbH (Frankenthal/Germany). 

 

General Procedure for nano3D Printing 

Preparation of donor slides: Standard microscope glass slides were sonicated for 5 min in a soap solution, 

deionized water, isopropanol, and acetone. Subsequently, the slides were dried in an argon stream. The cleaned 

slides were then laminated with an adhesive Kapton foil. Blade-Coating: The Kapton-slides were mounted on the 

blade coating device, 70 µL of the coating solution were pipetted under the doctor’s blade (Hight: 1500 µm) and 

the surface was coated with a blade speed of 10 mm/s. 

Preparation of the coating solution: 15 mg of the transfer substance and 135 mg S-LEC polymer matrix were 

dissolved in 1 ml of dichloromethane. 

Preparation of acceptor slides: Standard microscope glass slides were sonicated for 5 min in a soap solution, 

deionized water, isopropanol, and acetone. Subsequently, the slides were dried in an argon stream. The cleaned 

slides were stored in a dust-free container. For coated, the slides were mounted on the blade coating device, 

70 µL of a 10 – 100 mg/mL solution of S-LEC polymer matrix in dichloromethane were pipetted under the doctor’s 

blade (Height: 1500 µm) and the surface was coated with a blade speed of 10 mm/s.  

Laser Transfer via nano3D-printing: First, the acceptor slide was mounted on the laser stage and fixated. The 

donor slide was put on top of the acceptor slide with the coated side facing downwards. The desired laser pattern 

was entered through a custom software in form of an Excel table. After the transfer, the used donor was 

removed, and the process was repeated for different donors until all materials were transferred in the desired 

combination. Lastly, the acceptor slide was removed and stored in a dust-free container until further processing. 

Reaction coupling: After the material transfer, the acceptor slides were put into a container and incubated in an 

oven at 90 °C for 1 d. 
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5.4 Syntheses and Spectroscopic Characterization 

Parts of the were published in the Bachelor theses and Vertieferarbeiten of M. ROTTER, N. SCHWARZ, C. R. ADAM. 

A. VRANIĆ AND M. MERGEL. The experiments were performed according to procedures developed by the author 

and carried out under the supervision of the author. The fluorophore-steroid conjugates in Chapter 5.4.3 were 

synthesized in cooperation with N. Rosenbaum who also published their synthesis and spectroscopic 

characterization in his dissertation. 

 

5.4.1 PCP-based Imidazo[1,2-a]heterocycles as Fluorophores and Ligands 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-benzylimidazo[1,2-a]pyridin-3-amine (92a) 

2-Aminopyridine (100 mg, 1.06 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(251 mg, 1.06 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of dichloromethane 

and 4 mL of methanol. Subsequently, a 1 M solution of perchloric acid in methanol (10.7 

mg, 106 μL, 106 μmol, 0.10 equiv) and benzyl isonitrile (124 µL, 124 mg, 1.06 mmol, 

1.00 equiv) were added. The mixture was stirred at r.t. for 72 h. The solvent was 

removed under reduced pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

4:1:0.01 to 1:1:0.01). 92a was isolated as a yellow solid (311 mg, 724 µmol, 68%).  

Rf (SiO2, CH/EtOAc 1:1) = 0.45. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.08 (dt, J = 6.8, 1.3 Hz, 1H, CHAr), 7.72 (d, J = 9.0 Hz, 1H, CHAr), 7.25 – 7.14 

(m, 6H, CHAr), 6.99 (d, J = 1.9 Hz, 1H, CHAr), 6.81 (td, J = 6.8, 1.1 Hz, 1H, CHAr), 6.72 (dd, J = 7.9, 1.7 Hz, 1H, CHAr), 

6.68 (dd, J = 7.8, 1.8 Hz, 1H, CHAr), 6.63 (dd, J = 7.7, 1.7 Hz, 1H, CHAr), 6.60 – 6.54 (m, 2H, CHAr), 6.51 (dd, J = 7.8, 

1.9 Hz, 1H, CHAr), 3.97 – 3.86 (m, 2H, CH2-Ph), 3.58 (t, J = 6.5 Hz, 1H, NH), 3.38 – 3.28 (m, 1H, CH2-PCP), 3.26 – 2.98 

(m, 5H, CH2-PCP), 2.94 – 2.81 (m, 2H, CH2-PCP). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 141.5 (Cq), 140.1 (Cq), 139.6 (Cq), 139.5 (Cq), 139.0 (Cq), 137.4 (Cq), 136.9 

(Cq), 135.4 (CHAr), 133.5 (CHAr), 133.2 (CHAr), 133.0 (CHAr), 132.7 (CHAr), 132.3 (CHAr), 132.1 (CHAr), 128.6 (CHAr), 

128.1 (CHAr), 127.9 (Cq), 127.6 (CHAr), 126.5 (Cq), 123.3 (CHAr), 122.6 (CHAr), 117.8 (CHAr), 111.7 (CHAr), 52.2 (CH2, 

CH2-Ph), 35.5 (CH2, CH2-PCP), 35.5 (CH2, CH2-PCP), 35.4 (CH2, CH2-PCP), 34.3 (CH2, CH2-PCP). 

IR (ATR) ῦ [cm-1] = 3026 (vw), 3005 (vw), 2922 (w), 2850 (vw), 1628 (vw), 1539 (vw), 1501 (w), 1435 (w), 1346 

(w), 1234 (w), 1198 (w), 1095 (vw), 1027 (vw), 900 (w), 866 (vw), 808 (vw), 794 (vw), 773 (vw), 755 (m), 739 (w), 

725 (w), 701 (w), 607 (w), 513 (w), 483 (w), 442 (w). 

FAB-MS m/z (%): 430 [M + H]+ (100), 429 [M]+ (53), 338 [M – C7H7]+ (36), 91 [C7H7]+ (91). 

HRMS-FAB (m/z): [M + H]+ calcd. for C30H28N3, 430.2283; found, 430.2285. 
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2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-(tert-butyl)imidazo[1,2-a]pyridine-3-amine (92b) 

2-Aminopyridine (150 mg, 1.59 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(377 mg, 1.59 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of dichloromethane 

and 4 mL of methanol. Subsequently, a 1 M solution of perchloric acid in methanol (10.7 

mg, 106 μL, 106 μmol, 0.10 equiv) Subsequently, glacial acetic acid (0.18 mL, 191 mg, 

3.19 mmol, 2.00 equiv) and tert.-butyl isonitrile (0.18 mL, 133 mg, 1.59 mmol, 1.00 equiv) was added. The 

mixture was stirred at r.t. for 72 h. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (SiO2, CH/EtOAc/NEt3 8:1:0.01 to 2:1:0.01). 92b was isolated as a beige solid 

(241 mg, 604 µmol, 38%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.57. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.27 (d, J = 6.9 Hz, 1H, CHAr), 7.68 (d, J = 9.1 Hz, 1H, CHAr), 7.15 (ddd, J = 9.1, 

6.6, 1.3 Hz, 1H, CHAr), 7.04 (d, J = 1.8 Hz, 1H, CHAr), 6.80 – 6.75 (m, 2H, CHAr), 6.73 (dd, J = 7.8, 1.8 Hz, 1H, CHAr), 

6.62 (dd, J = 7.8, 1.8 Hz, 1H, CHAr), 6.57 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.50 (d, J = 7.8 Hz, 1H, CHAr), 6.47 (dd, J = 7.8, 

1.9 Hz, 1H, CHAr), 3.27-2.84 (m, 8H, CH2-PCP), 0.77 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 142.5 (Cq), 140.1 (Cq), 139.6 (Cq), 139.3 (Cq), 136.9 (Cq), 135.0 (CHAr), 134.7 

(Cq), 134.0 (CHAr), 133.3 (Cq), 133.2 (CHAr), 132.8 (CHAr), 132.5 (CHAr), 131.8 (CHAr), 124.4 (CHAr), 123.8 (CHAr), 123.3 

(CHAr), 121.0 (Cq) 117.6 (CHAr), 111.0 (CHAr), 56.4 (Cq), 35.6 (CH2, CH2-PCP), 35.6 (CH2, CH2-PCP), 35.4 (CH2, 

CH2-PCP), 33.9 (CH2, CH2-PCP), 29.9 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3353 (vw), 2850 (vw), 2952 (w), 2925 (w), 1628 (vw), 1594 (vw), 1541 (vw), 1500 (w), 1412 

(vw), 1362 (w), 1341 (w), 1271 (vw), 1200 (w), 1093 (vw), 937 (vw), 900 (w), 863 (vw), 806 (w), 757 (w), 736 (w), 

711 (w), 666 (w), 632 (vw), 606 (vw), 585 (vw), 511 (w), 449 (vw), 428 (vw). 

FAB-MS m/z (%): 396 [M + H]+ (100), 395 [M]+ (73), 338 [M – C4H9]+ (26), 291 [M – C8H8]+ (7). 

HRMS-FAB (m/z): [M + H]+ calcd. for C27H30N3, 396.2440; found, 396.2440. 

 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-(adamantyl)imidazo[1,2-a]pyridine-3-amine (92c) 

2-Aminopyridine (100 mg, 1.06 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(251 mg, 1.06 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of 

dichloromethane and 4 mL of methanol. Subsequently, a 1 M solution of perchloric 

acid in methanol (0.11 mL, 10.7 mg, 0.11 mmol, 0.10 equiv) and adamantane-1-

isonitrile (171 mg, 1.06 mmol, 1.00 equiv) were added. The mixture was stirred at r.t. 

for 72 h. The solvent was removed under reduced pressure and the residue was purified via flash 

chromatography (SiO2, CH/EtOAc/NEt3 8:1:0.01 to 2:1:0.01). 92c was isolated as a beige solid (436 mg, 922 µmol, 

87%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.50. 
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1H NMR (500 MHz, CDCl3) δ [ppm] = 8.32 (dd, J = 6.8, 1.5 Hz, 1H), 7.68 (d, J = 9.0 Hz, 1H), 7.15 (t, J = 7.9 Hz, 1H), 

7.04 (d, J = 2.0 Hz, 1H), 6.78 (t, J = 6.8 Hz, 2H), 6.69 (dd, J = 7.8, 1.9 Hz, 1H), 6.62 (dd, J = 7.8, 1.9 Hz, 1H), 6.56 (dd, 

J = 7.7, 1.9 Hz, 1H), 6.50–6.44 (m, 2H), 3.24 (ddd, J = 12.9, 9.3, 4.1 Hz, 1H, NH), 3.16–3.09 (m, 2H), 3.09–3.00 (m, 

2H), 2.99–2.92 (m, 2H), 2.84 (t, J = 7.2 Hz, 2H), 1.79 (p, J = 3.0 Hz, 3H), 1.43 (s, 6H), 1.37–1.29 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 142.3 (Cq), 139.9 (Cq), 139.6 (Cq), 139.3 (Cq), 136.8 (Cq), 135.0 (CHAr), 

134.5 (Cq), 134.0 (CHAr), 133.4 (CHAr), 133.3 (CHAr), 132.7 (CHAr), 132.6 (CHAr), 131.8 (CHAr), 124.0 (CHAr), 

123.4 (CHAr), 123.2 (Cq), 123.2 (Cq), 117.5 (CHAr), 111.0 (CHAr), 56.6 (Cq), 43.4 (CH2), 36.2 (2C, CH2), 35.6 (CH2, 

CH2-PCP), 35.6 (CH2, CH2-PCP), 35.5 (CH2, CH2-PCP), 34.0 (CH2, CH2-PCP), 29.7 (3C, CH), 27.1 (3C, CH2). 

IR (ATR) ῦ [cm-1] =2904 (vs), 2849 (s), 1663 (s), 1622 (m), 1591 (m), 1547 (m), 1502 (m), 1480 (m), 1452 (m), 1429 

(m), 1358 (m), 1305 (m), 1261 (vs), 1204 (s), 1089 (vs), 1018 (vs), 938 (w), 902 (m), 863 (m), 799 (vs), 755 (vs), 

735 (vs), 718 (vs), 674 (s), 629 (s), 569 (s), 511 (vs), 496 (s), 442 (s), 384 (s). 

FAB-MS m/z (%): 475 (32), 474 [M + H]+ (100), 473 [M]+ (19), 207 (22), 154 (23), 149 (26), 147 (49), 136 (36), 135 

(32), 133 (94), 91 (32), 90 (22), 89 (30). 

HRMS-FAB (m/z): [M + H]+ calcd. for C33H36N3, 474.2904; found, 474.2904. 

 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-cyclohexylimidazo[1,2-a]pyridin-3-amine (92d) 

2-Aminopyridine (100 mg, 1.06 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(251 mg, 1.06 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of 

dichloromethane and 4 mL of methanol. Subsequently, a 1 M solution of perchloric acid 

in methanol (10.7 mg, 106 μL, 106 μmol, 0.10 equiv) and cyclohexyl isonitrile (132 µL, 

116 mg, 1.06 mmol, 1.00 equiv) were added. The mixture was stirred at r.t. for 72 h. 

The solvent was removed under reduced pressure and the residue was purified via flash chromatography (SiO2, 

CH/EtOAc/NEt3 4:1:0.01 to 2:1:0.01). 92d was isolated as a yellow solid (321 mg, 761 µmol, 72%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.28. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.07 (d, J = 6.8 Hz, 1H, CHAr), 7.70 (d, J = 9.1 Hz, 1H, CHAr), 7.14 (ddd, J = 9.0, 

6.7, 1.3 Hz, 1H, CHAr), 7.06 (d, J = 1.9 Hz, 1H, CHAr), 6.83 – 6.76 (m, 2H, CHAr), 6.69 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 

6.63 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.57 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.53 (d, J = 7.9 Hz, 1H, CHAr), 6.48 (dd, J = 

7.8, 1.9 Hz, 1H, CHAr), 3.30 – 2.96 (m, 6H, CH2-PCP), 2.92 – 2.79 (m, 2H, CH2-PCP), 2.65 – 2.53 (m, 1H, CH), 

1.80 – 1.70 (m, 1H, CH2), 1.66 – 1.52 (m, 1H, CH2), 1.45 – 1.28 (m, 3H, CH2), 1.16 – 0.82 (m, 4H, CH2), 0.71 – 0.58 

(m, 1H, CH2). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 141.7 (Cq), 140.0 (Cq), 139.6 (Cq), 139.3 (Cq), 136.7 (Cq), 135.7 (Cq), 135.2 

(CHAr), 133.9 (Cq), 133.8 (CHAr), 133.1 (CHAr), 133.1 (CHAr), 132.6 (CHAr), 132.5 (CHAr), 131.9 (CHAr), 125.9 (Cq), 122.9 

(CHAr), 122.8 (CHAr), 117.7 (CHAr), 111.4 (CHAr), 56.2 (CH), 35.6 (CH2, CH2-PCP), 35.5 (CH2, CH2-PCP), 35.4 (CH2, 

CH2-PCP), 34.3 (CH2, CH2-PCP), 34.1 (CH2), 33.6(CH2), 25.7 (CH2), 25.0 (CH2), 24.6 (CH2). 
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IR (ATR) ῦ [cm-1] = 3287 (vw), 3017 (vw), 2923 (w), 2846 (w), 1740 (vw), 1633 (vw), 1589 (vw), 1559 (w), 1536 

(w), 1448 (w), 1362 (w), 1284 (w), 1232 (w), 1184 (w), 1145 (w), 933 (w), 899 (w), 862 (vw), 811 (w), 774 (vw), 

748 (m), 729 (w), 712 (w), 674 (w), 644 (w), 593 (w), 512 (w), 442 (w). 

FAB-MS m/z (%): 422 [M + H] (100), 421 [M]+ (75), 318 (11). 

HRMS-FAB (m/z): [M + H]+ calcd. for C29H32N3, 422.2596; found, 422.2595. 

 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-pentylimidazo[1,2-a]pyridin-3-amine (92e)[190] 

2-Aminopyridine (150 mg, 1.59 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(376 mg, 1.59 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of 

dichloromethane and 4 mL of methanol. Subsequently, glacial acetic acid (0.18 mL, 

191 mg, 3.19 mmol, 2.00 equiv) and 1-pentyl isonitrile (0.20 mL, 155 mg, 1.59 mmol, 

1.00 equiv) were added. The mixture was stirred at r.t. for 72 h. The solvent was 

removed under reduced pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

4:1:0.01 to 1:1:0.01). 92e was isolated as a yellow solid (400 mg, 970 µmol, 61%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.48. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.05 (d, J = 6.8 Hz, 1H, CHAr), 7.77 (d, J = 9.1 Hz, 1H, CHAr), 7.17 (ddd, J = 9.1, 

6.6, 1.4 Hz, 1H, CHAr), 7.03 (d, J = 1.8 Hz, 1H, CHAr), 6.84 (td, J = 6.8, 1.1 Hz, 1H, CHAr), 6.78 (dd, J = 7.8, 1.9 Hz, 1H, 

CHAr), 6.68 – 6.61 (m, 2H, CHAr), 6.58 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.55 (d, J = 7.8 Hz, 1H, CHAr), 6.49 (dd, J = 7.8, 

1.9 Hz, 1H, CHAr), 3.29 – 3.18 (m, 2H, CH2-PCP), 3.18 – 2.96 (m, 4H, CH2-PCP), 2.93 – 2.82 (m, 2H, CH2-PCP), 2.82 

– 2.70 (m, 2H, CH2) , 1.40 – 1.21 (m, 2H, CH2), 1.21 – 1.05 (m, 4H, CH2), 0.81 – 0.73 (m, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 141.4 (Cq), 140.2 (Cq), 139.6 (Cq), 139.4 (Cq), 137.1 (Cq), 135.4 (CHAr), 135.0 

(Cq), 133.6 (CHAr), 133.3 (Cq) 133.2 (CHAr), 133.0 (CHAr), 132.6 (CHAr), 132.3 (CHAr), 132.1 (CHAr), 127.2 (Cq), 123.4 

(CHAr), 122.6 (CHAr), 117.6 (CHAr), 111.8 (CHAr), 47.9 (CH2), 35.6 (CH2, CH2-PCP), 35.5 (CH2, CH2-PCP), 35.4 (CH2, 

CH2-PCP), 34.2 (CH2, CH2-PCP), 30.1 (CH2), 29.1 (CH2), 22.5 (CH2), 14.1 (CH3). 

IR (ATR) ῦ [cm-1] = 3326 (vw), 2925 (w), 2853 (w), 1627 (vw), 1588 (vw), 1555 (w), 1500 (vw), 1441 (vw), 1411 

(vw), 1345 (w), 1272 (vw), 1186 (w), 1116 (vw), 937 (vw), 905 (vw), 860 (vw), 805 (w), 744 (w), 729 (w), 715 (w), 

648 (w), 613 (vw), 590 (vw), 513 (w), 442 (vw), 385 (vw). 

FAB-MS m/z (%): 410 [M + H]+ (100), 409 [M]+ (69), 352 [M – C4H9]+ (13), 306 [M – C8H8 + H]+ (13). 

HRMS-FAB (m/z): [M + H]+ calcd. for C28H32N3, 410.2596; found, 410.2566. 
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2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-(4-methoxyphenyl)imidazo[1,2-a]pyridin-3-amine (92f)[190] 

2-Aminopyridine (150 mg, 1.59 mmol, 1.00 equiv) and 

4-formyl[2.2]paracyclophane (377 mg, 1.59 mmol, 1.00 equiv) were dissolved in a 

mixture of 6 mL dichloromethane of and 4 mL of methanol. Subsequently, glacial 

acetic acid (0.18 mL, 191 mg, 3.19 mmol, 2.00 equiv) and 

4-methoxyphenylisonitrile (212 mg, 1.59 mmol, 1.00 equiv) were added. The 

mixture was stirred at r.t. for 72 h. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (SiO2, CH/EtOAc/NEt3 8:1:0.01 to 1:1:0.01). 92f was isolated as a brown solid 

(295 mg, 668 µmol, 42%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.43. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.78 – 7.71 (m, 2H, CHAr), 7.23 (ddd, J = 9.0, 6.7, 1.4 Hz, 1H, CHAr), 6.95 (d, J 

= 1.9 Hz, 1H, CHAr), 6.81 – 6.75 (m, 3H, CHAr), 6.61 – 6.58 (m, 3H, CHAr), 6.57 – 6.53 (m, 1H, CHAr), 6.52 – 6.48 (m, 

2H, CHAr), 6.47 (d, J = 2.3 Hz, 1H, CHAr), 6.44 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 5.52 (s, 1H, NH), 3.75 (s, 3H, OCH3), 

3.63 – 3.53 (m, 1H, CH2-PCP), 3.21 – 2.77 (m, 7H, CH2-PCP). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 153.6 (Cq), 142.5 (Cq), 139.9 (Cq), 139.6 (Cq), 139.5 (Cq), 139.1 (Cq), 138.6 

(Cq), 137.9 (Cq), 135.7 (CHAr), 133.4 (Cq), 133.1 (CHAr), 133.0 (CHAr), 133.0 (CHAr), 132.76 (CHAr), 132.4 (CHAr), 131.8 

(CHAr), 124.1 (CHAr), 123.4 (CHAr), 120.0 (Cq), 118.0 (CHAr), 115.3 (CHAr), 115.0 (CHAr), 111.9 (CHAr), 55.8 (CH3, 

OCH3), 35.6 (CH2, CH2-PCP), 35.4 (CH2, CH2-PCP), 35.4 (CH2, CH2-PCP), 34.7 (CH2, CH2-PCP). 

IR (ATR) ῦ [cm-1] = 2922 (w), 2890 (w), 2849 (w), 1629 (vw), 1594 (vw), 1565 (w), 1506 (vs), 1462 (w), 1451 (w), 

1441 (w), 1411 (w), 1370 (w), 1346 (m), 1283 (w), 1231 (vs), 1177 (m), 1109 (w), 1033 (s), 1007 (w), 901 (w), 868 

(w), 822 (s), 803 (m), 754 (s), 734 (vs), 714 (s), 677 (w), 656 (w), 637 (m), 609 (w), 592 (w), 571 (m), 545 (w), 513 

(vs), 493 (m), 460 (w), 441 (m), 424 (m), 408 (w), 392 (w), 384 (w). 

FAB-MS m/z (%): 446 [M + H]+ (100), 445 [M]+ (89), 342 [M – C8H8H]+ (19), 311 (13), 207 (15). 

HRMS-FAB (m/z): [M + H]+ calcd. for C30H27N3O, 446.2232; found, 446.2234. 

 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-benzylimidazo[1,2-a]pyrazin-3-amine (93a)[190] 

2-Aminopyrazine (150 mg, 1.58 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(373 mg, 1.58 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of dichloromethane 

and 4 mL of methanol. Subsequently, glacial acetic acid (0.18 mL, 189 mg, 3.15 mmol, 

2.00 equiv) and benzyl isonitrile (0.19 mL, 185 mg, 1.58 mmol, 1.00 equiv) were added. 

The mixture was stirred at r.t. for 72 h. The solvent was removed under reduced pressure 

and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 1:1:0.01). 93a was 

isolated as a yellow solid (325 mg, 758 µmol, 48%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.14. 
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1H NMR (400 MHz, CDCl3) δ [ppm] = 9.10 (d, J = 1.5 Hz, 1H, CHAr), 7.90 (dd, J = 4.7, 1.5 Hz, 1H, CHAr), 7.82 (d, J = 

4.6 Hz, 1H, CHAr), 7.26 – 7.18 (m, 3H, CHAr), 7.13 (dd, J = 6.7, 2.9 Hz, 2H, CHAr), 6.88 (d, J = 1.7 Hz, 1H, CHAr), 6.71 

– 6.60 (m, 3H, CHAr), 6.60 – 6.53 (m, 3H, CHAr), 4.05 – 3.91 (m, 2H, CH2-Ph), 3.75 (t, J = 6.5 Hz, 1H, NH), 3.31 – 2.83 

(m, 8H, CH2-PCP). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 161.0 (Cq) 143.5 (CHAr), 140.4 (Cq), 139.6 (Cq), 139.4 (Cq), 138.6 (Cq), 138.4 

(Cq), 137.8 (Cq), 136.9 (Cq), 135.5 (CHAr), 133.7 (CHAr), 133.4 (CHAr), 133.3 (CHAr), 132.8 (CHAr), 132.6 (CHAr), 132.2 

(CHAr), 132.1 (CHAr), 128.9 (Cq), 128.8 (CHAr), 128.8 (CHAr), 128.2 (CHAr), 127.9 (CHAr), 127.8 (CHAr), 115.4 (CHAr), 

51.6 (CH2, CH2-Ph), 35.5 (CH2, CH2-PCP), 35.5 (CH2, CH2-PCP), 35.4 (CH2, CH2-PCP), 34.2 (CH2, CH2-PCP). 

IR (ATR) ῦ [cm-1] = 3219 (w), 3021 (w), 2923 (w), 1666 (w), 1540 (w), 1494 (w), 1430 (w), 1383 (w), 1348 (w), 1288 

(w), 1181 (w), 1059 (w), 1013 (w), 936 (w), 900 (w), 868 (w), 809 (w), 778 (w), 732 (m), 696 (m), 604 (w), 512 (w), 

496, (w) 467 (w), 420 (w). 

FAB-MS m/z (%): 431 [M + H]+ (100), 430 [M]+ (46), 339 (16), 327 (11), 235 (11), 91 (19). 

HRMS-FAB (m/z): [M + H]+ calcd. for C29H27N4, 431.2236; found, 431.2238. 

 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-(tert-butyl)imidazo[1,2-a]pyrazin-3-amine (93b)[190] 

2-Aminopyrazine (150 mg, 1.58 mmol, 1.00 equiv) und 4-formyl[2.2]paracyclophane 

(373 mg, 1.58 mmol, 1.00 equiv) was dissolved in a mixture of 6 mL of dichloromethane 

and 4 mL of methanol. Subsequently, glacial acetic acid (0.18 mL, 189 mg, 3.15 mmol, 

2.00 equiv) und tert.-butyl isonitrile (0.18 mL, 131 mg, 1.58 mmol, 1.00 equiv) was added. 

The mixture was stirred at r.t. for 72 h. The solvent was removed under reduced pressure 

and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 1:1:0.01). 93b was 

isolated as a beige solid (73 mg, 190 µmol, 12%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.24. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.13 (d, J = 1.5 Hz, 1H, CHAr), 8.16 (dd, J = 4.6, 1.5 Hz, 1H, CHAr), 7.86 (d, J = 

4.6 Hz, 1H, CHAr), 6.97 (d, J = 1.4 Hz, 1H, CHAr), 6.71 (s, 2H, CHAr), 6.64 – 6.55 (m, 2H, CHAr), 6.53 (s, 2H, CHAr), 3.27 

– 2.83 (m, 8H, CH2-PCP), 0.77 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 143.5 (CHAr), 142.9 (Cq), 140.4 (Cq), 139.6 (Cq), 139.2 (Cq), 137.9 (Cq), 137.1 

(Cq), 135.1 (CHAr), 133.8 (CHAr), 133.8 (CHAr), 133.6 (CHAr), 133.5 (Cq), 132.7 (CHAr), 132.5 (CHAr), 132.0 (CHAr), 128.7 

(CHAr), 126.1 (Cq), 116.7 (CHAr), 57.0 (Cq), 35.6 (CH2, CH2-PCP), 35.5 (CH2, CH2-PCP), 35.4 (CH2, CH2-PCP), 33.8 (CH2, 

CH2-PCP), 29.9 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3351 (vw), 2952 (w), 2927 (w), 1685 (vw), 1594 (vw), 1523 (w), 1476 (w), 1419 (w), 1379 (w), 

1362 (w), 1341 (w), 1285 (w), 1198 (w), 1012 (vw), 934 (vw), 903 (w), 863 (vw), 809 (w), 712 (w), 669 (w), 639 

(w), 617 (w), 550 (vw), 512 (w), 450 (vw), 416 (w), 384 (vw). 

FAB-MS m/z (%): 397 [M + H]+ (100), 396 [M]+ (54), 340 [M + H – C4H9]+ (28), 339 [M – C4H9]+ (12). 

HRMS-FAB (m/z): [M + H]+ calcd. for C26H29N4, 397.2392; found, 397.2394. 
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2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-isopropylimidazo[1,2-a]pyrazin-3-amine (93c)[190] 

2-Aminopyrazine (150 mg, 1.58 mmol, 1.00 equiv) and 4-formyl[2.2]paracyclophane 

(373 mg, 1.58 mmol, 1.00 equiv) were dissolved in a mixture of 6 mL of dichloromethane 

and 4 mL of methanol. Subsequently, glacial acetic acid (0.18 mL, 189 mg, 3.15 mmol, 

2.00 equiv) and isopropyl isonitrile (0.15 mL, 109 mg, 1.58 mmol, 1.00 equiv) were added. 

The mixture was stirred at r.t. for 72 h. The solvent was removed under reduced pressure 

and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 1:1:0.01). 93c was 

isolated as a yellow solid (208 mg, 553 µmol, 35%).  

Rf (SiO2, CH/EtOAc 1:1) = 0.16. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.12 (d, J = 1.4 Hz, 1H, CHAr), 7.97 (dd, J = 4.6, 1.5 Hz, 1H, CHAr), 7.86 (d, J = 

4.6 Hz, 1H, CHAr), 6.99 (d, J = 1.7 Hz, 1H, CHAr), 6.74 – 6.67 (m, 2H, CHAr), 6.63 (dd, J = 7.8, 1.7 Hz, 1H, CHAr), 6.57 

(dd, J = 7.8, 1.7 Hz, 1H, CHAr), 6.56 – 6.52 (m, 2H, CHAr), 3.28 – 2.80 (m, 9H, CH2-PCP, CH), 0.95 (d, J = 6.3 Hz, 3H, 

CH3), 0.71 (d, J = 6.2 Hz, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 143.6 (CHAr), 140.4 (Cq), 139.7 (Cq), 139.6 (Cq), 139.2 (Cq), 137.2 (Cq), 137.2 

(Cq), 135.3 (CHAr), 133.7 (CHAr), 133.6 (CHAr), 133.5 (CHAr), 132.9 (Cq), 132.7 (CHAr), 132.3 (Cq), 132.1 (CHAr), 128.8 

(CHAr), 127.7 (CHAr), 115.6 (CHAr), 49.1 (CH), 35.6 (CH2, CH2-PCP), 35.4 (CH2, CH2-PCP), 34.7 (CH2, CH2-PCP), 34.1 

(CH2, CH2-PCP), 23.6 (CH3), 23.3 (CH3). 

IR (ATR) ῦ [cm-1] = 3316 (vw), 2966 (w), 2923 (w), 1655 (w), 1529 (m), 1496 (w), 1428 (w), 1377 (w), 1352 (m), 

1290 (w), 1227 (w), 1170 (w), 1013 (vw), 933 (w), 902 (w), 867 (w), 815 (w), 789 (w), 752 (w), 716 (w), 680 (vw), 

635 (w), 606 (w), 588 (w), 512 (w), 443 (vw), 415 (w), 386 (w). 

FAB-MS m/z (%): 383 [M + H]+ (100), 382 [M]+ (47), 339 [M – C3H7] (9), 279 [M – C8H8 + H]+ (18), [M – C8H8]+ (7). 

HRMS-FAB (m/z): [M + H]+ calcd. for C25H27N4, 383.2236; found, 382.2237. 

 

1,4(1,4)-Dibenzenacyclohexaphane-12,43-dicarbaldehyde (95) 

trans-Dibromo[2.2]paracyclophane (5.00 g, 13.7 mmol, 1.00 equiv) was dissolved in anhydrous 

THF (400 mL) under an argon atmosphere. The solution was cooled to -78°C. A 1.6 M solution 

of tBuLi in hexane (3.50 g, 34.1 mL, 54.6 mmol, 1.60M, 4.00 equiv) was added, and the solution 

was stirred for 1 h. Subsequently, it was allowed to warm up to 0°C and stirred for 1 h. 

Afterwards, N, N-dimethylformamide (9.98 g, 10.5 mL, 137 mmol, 10.0 equiv) was added in one portion, and the 

solution was stirred for 16 h. The mixture was quenched with an aqueous NH4Cl solution, extracted with 

dichloromethane, and dried over Na2SO4. The residue was purified via flash chromatography (SiO2, CH/EtOAc 

20:1 to 4:1). 95 was isolated as a beige solid (2.20 g, 8.32 mmol, 61%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.45. 
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1H NMR (400 MHz, CDCl3) δ [ppm] = 9.94 (s, 2H), 7.05 (d, J = 2.0 Hz, 2H), 6.63 (dd, J = 7.8, 2.1 Hz, 2H), 6.52 (d, J = 

7.8 Hz, 2H), 4.13 (ddd, J = 13.1, 10.5, 2.4 Hz, 2H), 3.29 (ddd, J = 13.2, 10.6, 2.4 Hz, 2H), 3.16 (ddd, J = 13.4, 10.5, 

5.9 Hz, 2H), 3.01 (ddd, J = 13.3, 10.7, 5.8 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 192.1 (2C, CH, CHO), 143.1 (2C, Cq), 140.7 (2C, Cq), 137.1 (2C, CHAr), 136.9 

(2C, Cq), 136.7 (2C, CHAr), 135.4 (2C, CHAr), 34.5 (2C, CH2, CH2-PCP), 33.0 (2C, CH2, CH2-PCP). 

IR (ATR) ῦ [cm-1] = 2925 (w), 2854 (w), 2826 (w), 2748 (w), 1670 (vs), 1587 (s), 1550 (m), 1485 (w), 1451 (w), 1436 

(w), 1411 (w), 1394 (w), 1281 (w), 1248 (w), 1224 (s), 1200 (m), 1181 (m), 1163 (w), 1137 (s), 1086 (w), 970 (w), 

945 (m), 901 (m), 880 (m), 863 (m), 789 (m), 747 (m), 721 (s), 698 (w), 649 (vs), 616 (s), 526 (m), 497 (w), 486 (w), 

448 (m), 388 (w). 

FAB-MS m/z (%):265 (29), 155 (39), 154 (100), 139 (30), 138 (43), 137 (68), 136 (81), 131 (34), 119 (28), 109 (45), 

107 (42), 105 (43), 97 (44), 95 (68), 93 (30), 91 (54). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H17O2, 265.1223; found, 265.1221. 

 

2,2’-(1,4(1,4)-Dibenzenacyclohexaphane-12,43-diyl)bis(N-pentylimidazo[1,2-a]pyridin-3-amine) (96) 

2-Aminopyridine (142 mg, 1.51 mmol, 2.00 equiv) and 95 (200 mg, 757 

μmol, 1.00 equiv) were dissolved in a mixture of 6 mL of dichloromethane 

and 4 mL of methanol. Subsequently, a 1 M solution of perchloric acid in 

methanol (15.2 mg, 151 μL, 151 μmol, 0.20 equiv) and pentyl-1-isonitrile 

(147 mg, 147 μL, 1.51 mmol, 2.00 equiv) were added. The mixture was 

stirred at r.t. for 6 d. The solvent was removed under reduced pressure and the residue was purified via flash 

chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 1:1:0.01). 96 was isolated as an orange solid (200 mg, 

326 µmol, 43%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.10. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.09 (d, J = 6.8 Hz, 2H, CHAr), 7.79 (d, J = 9.1 Hz, 2H, CHAr), 7.20 (t, J = 8.0 Hz, 

2H, CHAr), 7.13 (d, J = 2.0 Hz, 2H, CHAr), 6.92 (d, J = 7.9 Hz, 2H, CHAr), 6.86 (t, J = 6.7 Hz, 2H, CHAr), 6.70 (dd, J = 7.8, 

2.0 Hz, 2H, CHAr), 3.37 (t, J = 6.8 Hz, 2H, NH), 3.19 (pt, J = 9.3, 5.1 Hz, 4H, CH2-PCP), 2.95 (qdd, J = 13.5, 8.9, 5.1 

Hz, 4H, CH2-PCP), 2.78 (ddp, J = 18.7, 12.5, 6.5 Hz, 4H, CH2), 1.36–1.23 (m, 4H, CH2), 1.13 (tq, J = 8.4, 5.2, 4.0 Hz, 

8H, CH2), 0.80–0.73 (m, 6H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 141.2 (2C, Cq), 139.9 (2C, Cq), 136.8 (2C, Cq), 135.8 (2C, CHAr), 134.9 (2C, Cq), 

132.9 (2C, CHAr), 132.5 (2C, CHAr), 127.3 (2C, Cq), 123.6 (2C, CHAr), 122.7 (2C, CHAr), 117.5 (2C, CHAr), 111.9 (2C, 

CHAr),111.8 (2C, Cq), 47.9 (2C, CH2), 35.3 (2C, CH2, CH2-PCP), 33.5 (2C, CH2, CH2-PCP,), 30.1 (2C, CH2), 29.1 (2C, 

CH2), 22.5 (2C, CH2), 14.1 (2C, CH3). 

IR (ATR) ῦ [cm-1] = 3370 (vw), 3012 (vw), 2949 (m), 2925 (s), 2853 (m), 1628 (w), 1591 (w), 1558 (m), 1500 (w), 

1465 (w), 1426 (w), 1374 (w), 1344 (s), 1266 (m), 1235 (m), 1193 (m), 1146 (w), 1123 (w), 1105 (m), 1065 (w), 
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1041 (w), 1001 (w), 907 (m), 878 (w), 860 (w), 827 (w), 802 (m), 749 (vs), 735 (vs), 674 (s), 626 (w), 602 (m), 574 

(w), 510 (vs), 456 (m), 441 (m), 424 (w), 411 (w), 398 (m), 390 (w), 380 (m). 

FAB-MS m/z (%): 612 (40), 611 (100), 610 (49), 609 (17), 553 (12), 539 (12), 512 (15), 307 (13), 306 (53), 305 (15), 

235 (13), 234 (17), 233 (16), 219 (16), 209 (13), 208 (20), 207 (30), 154 (17), 136 (15), 95 (12), 91 (14). 

HRMS-FAB (m/z): [M + H]+ calcd. for C40H47N6, 611.3857; found, 611.3856. 

 

43-(3-(Pentylamino)imidazo[1,2-a]pyrazin-2-yl)-1,4(1,4)-dibenzenacyclohexaphane-12-carbaldehyde (97) 

2-Aminopyrazine (53 mg, 567 µmol, 1.00 equiv) and 95 (150 mg, 567 μmol, 1.00 

equiv) were dissolved in a mixture of 24 mL of dichloromethane and 16 mL of 

methanol. Subsequently, a 1 M solution of perchloric acid in methanol (5.7 mg, 57 

μL, 57 μmol, 0.10 equiv) and pentyl-1-isonitrile (55 mg, 55 μL, 567 µmol, 2.00 equiv) 

were added. The mixture was stirred at r.t. for 6 d. The solvent was removed under 

reduced pressure, and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 

1:1:0.01). 97 was isolated as an orange solid (33 mg, 75 µmol, 13%). 

Rf (SiO2, Cyclohexane/EtOAc 1:2) = 0.15. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 10.05 (s, 1H, CHO), 9.11 (d, J = 1.4 Hz, 1H, CHAr), 7.92 (dd, J = 4.6, 1.4 Hz, 1H, 

CHAr), 7.87 (d, J = 4.6 Hz, 1H, CHAr), 7.11 (d, J = 1.8 Hz, 1H, CHAr), 7.01 (d, J = 1.8 Hz, 1H, CHAr), 6.93 (dd, J = 7.7, 1.8 

Hz, 1H, CHAr), 6.83 (d, J = 7.7 Hz, 1H, CHAr), 6.52 (d, J = 7.9 Hz, 1H, CHAr), 6.43 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 4.20–

4.10 (m, 1H, CH2-PCP), 3.34 (t, J = 6.6 Hz, 1H, NH), 3.32–3.23 (m, 2H, CH2-PCP), 3.11 (dddd, J = 13.0, 9.1, 6.2, 4.0 

Hz, 4H, CH2-PCP), 3.04–2.90 (m, 2H, CH2-PCP), 2.83 (dp, J = 19.0, 5.9 Hz, 2H, CH2), 1.34 – 1.22 (m, 2H, CH2), 

1.18 – 1.05 (m, 4H, CH2), 0.79–0.67 (m, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 192.2 (CH, CHO), 143.8 (CHAr), 143.5 (Cq), 140.4 (Cq), 140.3 (Cq), 137.6 (CHAr), 

137.6 (Cq), 137.4 (Cq), 137.0 (Cq), 136.6 (CHAr), 136.4 (Cq), 136.0 (CHAr), 134.4 (CHAr), 133.7 (CHAr), 133.3 (Cq), 133.0 

(CHAr), 129.0 (Cq), 128.9 (CHAr), 115.4 (CHAr), 47.5 (CH2), 35.2 (CH2), 35.1 (CH2, CH2-PCP), 33.3 (CH2, CH2-PCP), 33.0 

(CH2), 30.1 (CH2), 28.9 (CH2), 22.4 (CH2), 14.0 (CH3). 

IR (ATR) ῦ [cm-1] = 3325 (w), 2952 (s), 2924 (vs), 2853 (vs), 2727 (w), 1680 (vs), 1611 (m), 1591 (m), 1538 (vs), 

1486 (s), 1462 (s), 1453 (s), 1435 (s), 1354 (vs), 1286 (vs), 1225 (vs), 1190 (vs), 1157 (vs), 1145 (vs), 1125 (vs), 

1079 (s), 1051 (s), 1013 (s), 973 (s), 931 (s), 907 (vs), 881 (vs), 781 (vs), 720 (vs), 650 (vs), 606 (vs), 518 (vs), 490 

(vs), 445 (vs), 416 (vs), 405 (vs). 

HRMS-ESI (m/z): [M + H]+ calcd. for C28H31N4O1, 439.2492; found, 439.2493. 

 

 

 

 



133 
 

4-Nitro[2.2]paracyclophane (98)  

[2.2]Paracyclophane (10.0 g, 48.0 mmol, 1.00 equiv) was dissolved in 

dichloromethane (950 mL) and cooled to 0 °C. A mixture of sulfuric acid (95% aq. solution, 

10.8 mL, 192 mmol, 4.00 equiv) and nitric acid (70% aq. solution, 6.65 mL, 96.0 mmol, 

2.00 equiv) was slowly added. The mixture was warmed to room temperature. After 16 h, the 

reaction mixture was decanted onto ice, leaving any dark orange tar in the reaction vessel. The biphasic mixture 

was stirred for 15 min and the layers were separated. The aqueous phase was extracted with dichloromethane 

(3 × 100 mL). The combined organic layers were dried over Na2SO4, and the solvent was removed under reduced 

pressure. The residue was purified by flash column chromatography (SiO2, PE40/60/ EtOAc, 10:1). 98 was obtained 

as an orange solid (5.20 g, 20.5 mmol, 43%). 

Rf (SiO2, n-pentane/EtOAc, 10:1) = 0.45. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.22 (d, J = 1.9 Hz, 1H, CHAr), 6.79 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.65 – 6.60 

(m, 2H, CHAr), 6.58 (dd, J = 7.9, 1.9 Hz, 1H, CHAr), 6.56 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.48 (dd, J = 7.9, 1.8 Hz, 1H, 

CHAr), 4.03 (ddd, J = 13.3, 9.5, 2.0 Hz, 1H, CH2-PCP), 3.27 – 3.12 (m, 4H, CH2-PCP), 3.12 – 3.03 (m, 2H, CH2-PCP), 

2.90 (ddd, J = 13.3, 10.0, 7.2 Hz, 1H, CH2-PCP). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 149.4 (Cq), 142.2 (Cq), 139.9 (Cq), 139.4 (Cq), 137.9 (CHAr), 137.5 (CHAr), 136.6 

(Cq), 133.3 (CHAr), 133.2 (CHAr), 132.5 (CHAr), 130.1 (CHAr), 129.7 (CHAr), 36.2 (CH2, CH2-PCP), 35.1 (CH2, CH2-PCP), 

34.9 (CH2, CH2-PCP), 34.6 (CH2, CH2-PCP). 

IR (ATR) ῦ [cm-1] = 3058 (w), 2924 (w), 2853 (w), 1601 (w), 1591 (w), 1550 (w), 1514 (vs), 1482 (m), 1451 (m), 

1436 (m), 1411 (w), 1402 (w), 1333 (vs), 1300 (vs), 1261 (m), 1242 (m), 1201 (m), 1179 (m), 1132 (w), 1095 (m), 

1026 (w), 931 (w), 904 (s), 882 (w), 870 (s), 843 (w), 805 (vs), 789 (s), 768 (w), 758 (m), 722 (m), 703 (s), 694 (s), 

673 (s), 633 (vs), 582 (m), 564 (w), 509 (vs), 465 (w), 425 (w), 415 (w), 398 (w), 384 (w). 

EI-MS m/z (%) = 253 [M]+ (12), 104 [C8H9]+ (100). 

HRMS-EI (m/z): [M]+ calcd. for C16H15O2N, 253.1097, found: 253.1097. 

 

4-Amino[2.2]paracyclophane (99)  

According to a procedure by ZIPPEL,[189B] pressure reactor was charged with 4-

nitro[2.2]paracyclophane (3.00 g, 11.8 mmol, 1.00 equiv) and palladium on carbon (10 wt.%, 

126 mg, 1.18 mmol, 0.10 mol%). Methanol (40 mL) was added, and the reactor was 

pressurized with hydrogen (50 bar). The mixture was vigorously stirred (750 rpm) at room 

temperature for 16 h. The mixture was filtered through a pad of Celite®, and the solvent was removed under 

reduced pressure. The residue was purified by flash column chromatography (SiO2, n-pentane/EtOAc, 4:1). 99 

was obtained as a yellow solid (2.60 g, 11.6 mmol, 99%).  

Rf (SiO2, CH/EtOAc 6:1) = 0.26. 



134 
 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.18 (dd, J = 7.8, 2.0 Hz, 1H, CHAr), 6.59 (dd, J = 7.9, 2.0 Hz, 1H, CHAr), 6.40 

(dt, J = 7.8, 1.8 Hz, 2H, CHAr), 6.27 (d, J = 7.7 Hz, 1H, CHAr), 6.14 (dd, J = 7.6, 1.8 Hz, 1H, CHAr), 5.38 (d, J = 1.8 Hz, 

1H, CHAr), 3.46 (s, 2H, NH2), 3.16 – 3.07 (m, 3H, CH2-PCP), 3.07 – 2.92 (m, 3H, CH2-PCP), 2.87 – 2.79 (m, 1H, 

CH2-PCP), 2.72 – 2.62 (m, 1H, CH2-PCP). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 145.1 (Cq), 141.2 (Cq), 139.1 (Cq), 139.0 (Cq), 135.4 (CHAr), 133.6 (CHAr), 132.5 

(CHAr), 131.6 (CHAr), 126.9 (CHAr), 124.6 (Cq), 122.9 (CHAr), 122.4 (CHAr), 35.5 (CH2), 35.1 (CH2), 33.1 (CH2), 32.4 

(CH2). 

IR (ATR) ῦ [cm-1] = 3472 (w), 3383 (w), 3007 (w), 2919 (vs), 2891 (s), 2850 (s), 1884 (vw), 1693 (vw), 1612 (vs), 

1592 (s), 1565 (s), 1497 (vs), 1451 (w), 1438 (m), 1424 (vs), 1322 (w), 1285 (s), 1203 (w), 1183 (w), 1160 (w), 1128 

(w), 1095 (w), 980 (w), 938 (w), 922 (vw), 897 (w), 863 (m), 795 (s), 759 (w), 715 (vs), 659 (vs), 586 (m), 557 (w), 

530 (w), 510 (vs), 490 (s), 455 (m), 435 (w), 392 (w). 

EI-MS m/z (%) = 223 [M]+ (36), 119 [M – C8H8]+ (100). 

HRMS-EI (m/z): [M]+ calcd. for C16H17N, 223.1356, found: 223.1354. 

 

4-Formamido[2.2]paracyclophane (10)  

A solution of 4-amino[2.2]paracyclophane (258 mg, 1.15 mmol, 1.00 equiv) and ethyl formate (1.40 mL, 1.28 g, 

17.3 mmol, 15.0 equiv) in anhydrous THF (25 mL) was added dropwise to a suspension of 

NaH (60% in mineral oil, 215 mg, 5.37 mmol) in 25 mL of anhydrous THF. The resulting 

mixture was stirred at r.t. for 24 h, then the reaction was quenched with water (10 mL). 

The solvents were removed under reduced pressure, and the residue was dissolved in ethyl 

acetate/water (400/100 mL). The aqueous phase was extracted with ethyl acetate (2 × 100 mL), the combined 

organic extracts were dried over Na2SO4, and the solvent was removed under reduced pressure. The residue was 

purified by flash column chromatography (SiO2, CH/EtOAc, 4:1). 100 was obtained as a brown solid (281 mg, 

1.15 mmol, 98%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.25. 

1H NMR (500 MHz, DMSO) δ [ppm] = 9.73 (d, J = 10.9 Hz, 0.35H, NH), 9.50 (s, 0.65H, NH), 8.48 (d, J = 10.9 Hz, 

0.33H), 8.27 (d, J = 2.0 Hz, 0.67H), 6.82 (d, J = 1.7 Hz, 0.70H), 6.73 (dd, J = 7.7, 1.9 Hz, 0.70H), 6.69 (dd, J = 7.8, 2.0 

Hz, 0.30H), 6.55 (dd, J = 7.8, 1.9 Hz, 0.30H), 6.51 (dd, J = 7.8, 1.9 Hz, 0.72H), 6.48 (d, J = 1.6 Hz, 0.28H), 6.47–6.45 

(m, 1H), 6.45–6.43 (m, 0.7H), 6.42–6.41 (m, 0.7H), 6.39 (t, J = 2.3 Hz, 0.62H), 6.37 (t, J = 2.3 Hz, 0.60H), 6.21 (d, J 

= 1.7 Hz, 0.38H), 3.42–3.27 (m, 1H, CH2), 3.06–2.85 (m, 6H, CH2), 2.73–2.62 (m, 1H, CH2). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 159.0 (CH, CHO), 140.2 (Cq), 138.8 (Cq), 138.7 (Cq), 136.5 (Cq), 134.9 (CHAr), 

133.0 (CHAr), 132.9 (CHAr), 132.0 (CHAr), 130.1 (Cq), 128.4 (CHAr), 128.3 (CHAr), 126.4 (CHAr), 34.7 (CH2), 34.5 (CH2), 

33.0 (CH2), 32.6 (CH2).  
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Minor Isomer: 13C NMR (126 MHz, DMSO) δ [ppm] = 164.0 (CHO), 140.9 (Cq), 139.1 (Cq), 138.8 (Cq), 136.6 (Cq), 

135.7 (CHAr), 133.1 (CHAr), 132.9 (CHAr), 131.8 (CHAr), 130.4 (Cq), 130.1 (CHAr), 128.0 (CHAr), 123.7 (CHAr), 34.6 

(CH2), 34.3 (CH2), 33.3 (CH2), 32.1 (CH2). 

IR (ATR) ῦ [cm-1] =3153 (w), 3065 (w), 3031 (w), 3006 (w), 2927 (m), 2900 (w), 2853 (w), 1689 (vs), 1649 (m), 

1595 (m), 1568 (w), 1497 (w), 1455 (w), 1445 (w), 1422 (w), 1411 (w), 1385 (w), 1309 (s), 1281 (vs), 1241 (m), 

1086 (w), 1038 (w), 945 (w), 898 (m), 878 (m), 830 (w), 805 (vs), 783 (m), 721 (s), 696 (w), 671 (s), 646 (m), 591 

(s), 520 (m), 500 (m), 482 (vs), 466 (w), 425 (m). 

FAB-MS m/z (%) = 252 [M + H]+ (27), 251 [M]+ (25), 155 (34), 154 (100), 139 (15), 138 (38), 137 (66), 136 (62), 

120 (11), 107 (18), 91 (12), 90 (11), 89 (18). 

HRMS-FAB (m/z): [M]+ calcd. for C17H17NO, 251.1305, found: 251.1306. 

 

N-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-3-amine (102a)[190]  

4-Formamido[2.2]paracyclophane (200 mg, 0.80 mmol, 1.00 equiv) was dissolved 

in dichloromethane (6 mL). At 0 °C, triphosgene (95 mg, 0.32 mmol, 0.40 equiv) 

and triethylamine (0.26 mL, 193 mg, 1.91 mmol, 2.40 equiv) were added. The 

reaction mixture was stirred for 30 min. Subsequently, methanol (4 mL), 

2-aminopyridine (27 mg, 0.80 mmol, 1.00 equiv), p-methoxy benzaldehyde 

(0.10 mmol, 110 mg, 0.80 mmol, 1.00 equiv), and glacial acetic acid (0.09 mL, 

96 mg, 1.59 mmol, 1.00 equiv) were added. The mixture was stirred at r.t. for 72 h. The solvent was removed 

under reduced pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 

1:1:0.01). 102a was obtained as a yellow solid (165 mg, 376 µmol, 47%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.21. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.08 – 7.99 (m, 2H, CHAr), 7.62 – 7.53 (m, 2H, CHAr), 7.13 (ddd, J = 9.0, 6.8, 

1.4 Hz, 1H, CHAr), 7.03 – 6.95 (m, 2H, CHAr), 6.79 (dd, J = 7.9, 1.9 Hz, 1H, CHAr), 6.62 (td, J = 6.7, 1.2 Hz, 1H, CHAr), 

6.56 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.45 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.34 (d, J = 7.7 Hz, 1H, CHAr), 6.11 (ddd, J = 

15.7, 7.8, 1.8 Hz, 2H, CHAr), 5.52 (s, 1H, NH), 5.10 (d, J = 1.8 Hz, 1H, CHAr), 3.82 (s, 3H, OCH3), 3.21 – 3.03 (m, 3H, 

CH2-PCP), 2.93 – 2.74 (m, 4H, CH2-PCP), 2.65 – 2.51 (m, 1H, CH2-PCP). 

13C NMR (101 MHz, CDCl3) δ [ppm] =159.6 (Cq), 143.4 (Cq), 142.4 (Cq), 142.0 (Cq), 139.7 (Cq), 139.1 (Cq), 139.0 (Cq), 

136.1 (CHAr), 133.0 (CHAr), 132.96 (CHAr), 131.9 (CHAr), 129.2 (CHAr), 128.4 (CHAr), 126.4 (Cq), 124.6 (CHAr), 124.6 

(CHAr), 124.3 (Cq), 123.1 (CHAr), 119.5 (CHAr), 118.8 (Cq), 117.4 (CHAr), 114.0 (CHAr), 111.81 (CHAr), 55.4 (CH3, OCH3), 

35.3 (CH2, CH2-PCP), 35.1 (CH2, CH2-PCP), 33.9 (CH2, CH2-PCP), 32.0 (CH2, CH2-PCP). 

IR (ATR) ῦ [cm-1] = 3275 (vw), 2919 (vw), 1614 (vw), 1568 (w), 1499 (w), 1467 (w), 1416 (w), 1398 (w), 1343 (w), 

1293 (w), 1246 (w), 1173 (w), 1108 (vw), 1030 (w), 877 (vw), 836 (w), 798 (w), 750 (w), 736 (w), 717 (w), 652 

(vw), 592 (vw), 560 (w), 514 (w), 492 (w), 449 (vw), 400 (vw). 

FAB-MS m/z (%): 446 [M + H]+ (100), 445 [M]+ (79), 341 (14), 211 (37). 
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HRMS-FAB (m/z): [M + H]+ calcd. for C30H28O1N3, 446.2232; found, 446.2234. 

 

N-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-2-(tert.-butyl)imidazo[1,2-a]pyridin-3-amine (102b)[190] 

4-Formamido[2.2]paracyclophane (200 mg, 0.80 mmol, 1.00 equiv) was dissolved in 

dichloromethane (6 mL). At 0 °C, triphosgene (95 mg, 0.32 mmol, 0.40 equiv) and 

triethylamine (0.26 mL, 193 mg, 1.91 mmol, 2.40 equiv) were added. The reaction 

mixture was stirred for 30 min. Subsequently, methanol (4 mL), 2-aminopyridine 

(27 mg, 0.80 mmol, 1.00 equiv), pivaldehyde (0.09 mL, 69 mg, 0.80 mmol, 

1.00 equiv), and glacial acetic acid (0.09 mL, 96 mg, 1.59 mmol, 1.00 equiv) were 

added. The mixture was stirred at r.t. for 72 h. The solvent was removed under reduced pressure and the residue 

was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 1:1:0.01). 102b was obtained as a yellow 

solid (250 mg, 632 µmol, 79%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.11. 

1H NMR (300 MHz, CDCl3) δ [ppm] = 7.98 (s, 1H, CHAr), 7.61 – 7.51 (m, 1H, CHAr), 7.22 (dd, J = 7.9, 1.9 Hz, 1H, 

CHAr), 7.19 – 7.11 (m, 1H, CHAr), 6.74 (s, 1H, CHAr), 6.67 (dd, J = 7.8, 1.9 Hz, 1H, CHAr), 6.56 (dd, J = 7.8, 1.9 Hz, 1H, 

CHAr), 6.40 (dd, J = 7.9, 1.9 Hz, 1H, CHAr), 6.35 (d, J = 7.7 Hz, 1H, CHAr), 6.13 (dd, J = 7.7, 1.8 Hz, 1H, CHAr), 5.16 (s, 

1H, NH), 5.11 (s, 1H, CHAr), 3.25 – 3.11 (m, 3H, CH2-PCP), 3.02 – 2.84 (m, 4H, CH2-PCP), 2.68 – 2.51 (m, 1H, 

CH2-PCP), 1.40 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 149.3 (Cq), 145.1 (Cq) 142.0 (Cq), 141.3 (Cq), 139.4 (Cq), 139.1 (Cq), 135.9 

(CHAr), 133.4 (CHAr), 133.0 (CHAr), 131.8 (CHAr), 128.3 (CHAr), 124.3 (CHAr), 123.9 (CHAr), 123.5 (Cq), 122.3 (CHAr), 

119.3 (CHAr), 119.0 (Cq) 117.5 (CHAr), 111.6 (CHAr), 35.5 (CH2, CH2-PCP), 35.2 (CH2, CH2-PCP), 34.3 (CH2, CH2-PCP), 

33.1 (Cq), 31.5 (CH2, CH2-PCP), 30.3 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3366 (vw), 2929 (vw), 1631 (vw), 1567 (w), 1546 (w), 1498 (w), 1411 (w), 1372 (vw), 1347 (w), 

1271 (w), 1230 (vw), 1192 (vw), 1166 (vw), 931 (vw), 874 (vw), 824 (vw), 796 (w), 755 (w), 738 (w), 715 (w), 654 

(w), 588 (vw), 532 (vw), 513 (vw), 413 (w), 386 (vw). 

FAB-MS m/z (%): 396 [M + H]+ (100), 395 [M]+ (88), 105 [C8H8 + H]+ (20). 

HRMS-FAB (m/z): [M + H]+ calcd. for C27H30N3, 396.2440; found, 396.2441. 
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Chloro(rac-3-(cyclohexylamino-κN-)-2-([2.2]paracyclophan-4-yl-κC5-)limidazo[1,2-a]pyridino) 

(triphenylphosphine)palladium(II) (103) 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-cyclohexylimidazo[1,2-a]pyridine-3-

amine (84.0 mg, 199 μmol, 1.00 equiv) and palladium(II) acetate (47.0 mg, 209 μmol, 

1.05 equiv) were dissolved in anhydrous toluene (1.6 mL) and heated to 90 °C for 

20 min. The solvent was removed under reduced pressure, and the residue was 

suspended in anhydrous acetone (2.1 mL). Lithium chloride (25.3 mg, 598 μmol, 3.00 equiv) was added. After 

stirring at r.t. for 16 h, triphenylphosphine (52.3 mg, 199 μmol, 1.00 equiv) was added. After another 16 h, the 

solvent was removed under reduced pressure, and the residue was purified via flash chromatography (SiO2, 

n-pentane/EtOAc 2:1). Compound 103 was isolated as a yellow solid (60 mg, 72.8 µmol, 37%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.11. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.79 (dt, J = 9.0, 1.1 Hz, 1H), 8.24 (dt, J = 6.9, 1.2 Hz, 1H), 7.61 (ddd, J = 11.3, 

8.3, 1.3 Hz, 6H), 7.35–7.28 (m, 4H), 7.21 (td, J = 7.7, 2.2 Hz, 6H), 7.01–6.91 (m, 2H), 6.48–6.41 (m, 2H), 6.03 (d, 

J = 7.8 Hz, 1H), 5.83 (dd, J = 7.8, 1.7 Hz, 1H), 5.59 (dd, J = 7.8, 1.7 Hz, 1H), 3.41 (ddd, J = 13.6, 9.4, 4.6 Hz, 1H), 

3.32 (ddd, J = 12.8, 10.1, 5.4 Hz, 1H), 3.11–3.04 (m, 1H), 3.01–2.95 (m, 2H), 2.94–2.85 (m, 2H), 2.80 (ddd, J = 13.7, 

9.4, 4.5 Hz, 1H), 2.65 (ddd, J = 13.5, 9.2, 5.1 Hz, 1H), 2.09–2.00 (m, 1H), 1.87–1.79 (m, 1H), 1.75–1.63 (m, 2H), 

1.50 (dd, J = 8.8, 4.3 Hz, 1H), 1.28–1.07 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 162.7 (d, J = 6.4 Hz, Cq), 145.2 (d, J = 6.8 Hz, Cq), 144.8 (d, J = 2.7 Hz, Cq), 

143.8 (d, J = 6.0 Hz, 3C, Cq), 141.0 (Cq), 140.0 (Cq), 138.4 (Cq), 135.5 (d, J = 11.1 Hz, 6C, CHAr), 134.5 (Cq), 

133.6 (CHAr), 132.6 (d, J = 2.7 Hz, Cq), 132.6 (CHAr), 132.2 (d, J = 5.8 Hz, CHAr), 132.1 (CHAr), 131.0 (CHAr), 130.0 (d, 

J = 2.3 Hz, 3C, CHAr), 129.8 (CHAr), 127.6 (d, J = 10.6 Hz, 6C, CHAr), 126.0 (CHAr), 122.6 (CHAr), 121.6 (Cq), 118.7 (CHAr), 

113.1 (CHAr), 55.3 (CH), 41.7 (d, J = 9.4 Hz, CH2, CH2-PCP), 36.4 (CH2, CH2-PCP), 35.1 (CH2, CH2-PCP), 35.0 (CH2, 

CH2-PCP), 33.6 (CH2), 33.3 (CH2), 25.9 (CH2), 24.5 (2C, CH2). 

31P NMR (202 MHz, CDCl3) δ [ppm] = 31.38 (d, J = 12.3 Hz). 

IR (ATR) ῦ [cm-1] = 3278 (w), 3053 (w), 2922 (s), 2850 (m), 1632 (w), 1589 (w), 1499 (m), 1480 (w), 1434 (s), 1363 

(w), 1349 (w), 1203 (w), 1188 (w), 1094 (m), 905 (w), 741 (vs), 691 (vs), 530 (vs), 511 (vs), 496 (s), 453 (w), 422 

(w). 

FAB-MS m/z (%):823 (19), 792 (25), 791 (23), 790 (47), 789 (35), 788 (78), 787 (45), 786 (26), 731 (24), 664 (30), 

663 (69), 662 (40), 648 (22), 647 (48), 563 (20), 561 (20), 530 (28), 529 (33), 528 (51), 527 (53), 526 (71), 525 (69), 

524 (55), 523 (28), 442 (20), 441 (38), 422 (41), 421 (52), 420 (100), 419 (28), 418 (37), 417 (21), 416 (19), 339 

(23), 338 (26), 336 (30), 323 (20), 317 (20), 316 (22), 314 (24), 312 (22), 311 (50), 309 (25), 307 (22), 263 (26), 262 

(26), 246 (19), 235 (21), 234 (41), 233 (27), 232 (25), 219 (40), 217 (19), 208 (21), 207 (38), 205 (20), 191 (24), 183 

(25), 155 (27), 154 (79), 147 (42), 138 (24), 137 (28), 136 (37), 131 (25), 129 (21), 117 (19), 115 (24), 107 (23), 105 

(30), 95 (25), 91 (39). 

HRMS-FAB (m/z): [M + H]+ calcd. for C47H45N3
35ClP106Pd, 823.2069; found, 823.2070. 
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4-Methyl-1,1’-biphenyl (106) 

A 4-halotoluene (1.09 mmol, 1.00 equiv), phenylboronic acid (199 mg, 1.63 mmol, 1.50 

equiv), palladacycle 16 (9.00 mg, 10.9 µmol, 0.01 equiv) and potassium phosphate 

(463 mg, 2.18 mmol, 2.00 equiv) were dissolved in anhydrous toluene (5.5 mL). and heated 

to 110 °C for 1 d. The solvent was removed under reduced pressure, and the residue was 

purified via flash chromatography (SiO2, n-pentane/EtOAc 100:1). Biaryl 106 was isolated as a colorless solid. 

4-Chlorotoluene (138 mg, 127 µL, 1.09 mmol, 1.00 equiv) Yield: 35 mg, 208 µmol, 19% 

4-Bromotoluene (186 mg, 1.09 mmol, 1.00 equiv)  Yield: 80 mg, 476 µmol, 44% 

4-Iodotoluene (238 mg, 1.09 mmol, 1.00 equiv)  Yield: 106 mg, 630 µmol, 58% 

The analytical data is in agreement with literature.[117c] 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.62 (dd, J = 7.2, 1.3 Hz, 2H, CHAr), 7.53 (d, J = 7.9 Hz, 2H, CHAr), 7.46 (t, J = 7.5 

Hz, 2H, CHAr), 7.42 – 7.31 (m, 1H, CHAr), 7.29 (d, J = 7.2 Hz, 2H, CHAr), 2.43 (s, 3H, CH3). 
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5.4.2 Design of Imidazo[1,2-a]pyridine-based Donor-Acceptor Chromophores 

2-(4-Bromo-3,5-dimethylphenyl)-N-(tert-butyl)imidazo[1,2-a]pyridin-3-amine (112a) 

2-Aminopyridine (662 mg, 7.04 mmol, 1.00 equiv), 4-bromo-3,5-dimethylbenzaldehyde 

(1.50 g, 7.04 mmol, 1.00 equiv), tert-butyl isonitrile (585 mg, 802 µL, 7.04 mmol, 

1.00 equiv) and a 1M solution of perchloric acid in methanol (70.7 mg, 704 µL, 704 µmol, 

0.10 equiv) were dissolved in methanol (15 mL) and stirred at r.t. for 3 d. The solvent was 

removed under reduced pressure, and the residue was purified via flash chromatography (SiO2, CH/EE 10:1 to 

2:1). 112a was isolated as a colorless solid (2.24 g, 6.02 mmol, 86%). 

Rf (CH/EtOAc 1:1) = 0.57. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.19 (dt, J = 7.0, 1.2 Hz, 1H), 7.70 (s, 2H), 7.52 (dt, J = 9.0, 1.1 Hz, 1H), 7.12 

(ddd, J = 9.1, 6.6, 1.3 Hz, 1H), 6.76 (td, J = 6.8, 1.2 Hz, 1H), 3.01 (s, 1H), 2.47 (s, 6H), 1.06 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 142.1 (Cq), 138.5 (Cq), 138.2 (2C, Cq), 133.6 (Cq), 127.8 (2C, CHAr), 126.8 (Cq), 

124.4 (CHAr), 123.6 (Cq), 123.5 (CHAr), 117.4 (CHAr), 111.6 (CHAr), 56.6 (Cq), 27.1 (3C, CH3), 24.0 (2C, CH3). 

IR (ATR) ṽ [cm-1] = 3329 (w), 2969 (w), 2956 (w), 2927 (w), 1537 (w), 1504 (w), 1462 (m), 1442 (m), 1385 (m), 

1373 (w), 1360 (vs), 1341 (vs), 1283 (w), 1213 (m), 1200 (m), 1181 (s), 1028 (s), 1014 (m), 941 (w), 884 (m), 786 

(m), 749 (vs), 730 (vs), 717 (w), 698 (w), 674 (w), 606 (s), 569 (m), 486 (w), 455 (w), 442 (m), 384 (w). 

FAB-MS m/z (%): 375 (20), 374 (93), 373 (59), 372 (100), 371 (37), 370 (5), 318 (12), 317 (29), 316 (48), 315 (28), 

314 (39), 291 (13), 290 (5), 289 (30), 288 (5), 287 (16), 154 (6), 105 (6), 95 (7), 91 (6). 

HRMS-FAB (m/z): [M + H]+ calcd. for C19H23N3Br, 372.1070; found, 372.1069. 

 

2,2'-(2-Bromo-1,3-phenylene)bis(N-(tert-butyl)imidazo[1,2-a]pyridin-3-amine) (112b) 

2-Aminopyridine (884 mg, 9.39 mmol, 2.00 equiv), 2-bromobenzene-1,3-

dicarbaldehyde (1.00 g, 4.69 mmol, 1.00 equiv), tert-butyl isonitrile (781 mg, 

1.06 mL, 9.39 mmol, 2.00 equiv) and a 1M solution of perchloric acid in methanol 

(94.3 mg, 939 µL, 939 µmol, 0.20 equiv) were dissolved in methanol (15 mL) and 

stirred at r.t. for 3 d. The solvent was removed under reduced pressure, and the 

residue was purified via flash chromatography (SiO2, CH/EE 10:1 to 2:1). 112b 

was isolated as a colorless solid (600 mg, 1.13 mmol, 24%). 

Rf (CH/EtOAc 1:1) = 0.19. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.30 (dt, J = 7.0, 1.2 Hz, 2H), 7.67 (d, J = 7.6 Hz, 2H), 7.56 (dt, J = 9.1, 1.1 Hz, 

2H), 7.51 (t, J = 7.6 Hz, 1H), 7.17 (ddd, J = 9.1, 6.6, 1.3 Hz, 2H), 6.80 (td, J = 6.7, 1.2 Hz, 2H), 3.11 (s, 2H), 0.96 (s, 

18H).  
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13C NMR (126 MHz, CDCl3) δ [ppm] = 142.1 (2C, Cq), 139.9 (Cq), 137.8 (2C, Cq), 133.0 (2C, CHAr), 127.5 (CHAr), 

124.9 (2C, Cq), 124.2 (2C, CHAr), 123.8 (2C, CHAr), 123.6 (2C, Cq), 117.6 (2C, CHAr), 111.5 (2C, CHAr), 56.1 (2C, Cq), 

30.3 (6C, CH3).  

IR (ATR) ṽ [cm-1] = 3336 (w), 2962 (w), 2929 (w), 2866 (w), 1626 (w), 1550 (w), 1494 (w), 1472 (w), 1453 (w), 1363 

(vs), 1334 (s), 1272 (w), 1239 (w), 1220 (m), 1210 (vs), 1174 (m), 1150 (w), 1129 (w), 1103 (w), 1020 (w), 1000 

(w), 833 (w), 809 (w), 783 (w), 758 (vs), 737 (m), 722 (s), 713 (w), 696 (m), 666 (w), 622 (m), 612 (m), 596 (s), 584 

(m), 571 (w), 533 (w), 517 (w), 482 (w), 456 (w), 446 (w), 428 (w), 409 (w), 397 (w), 375 (w). 

FAB-MS m/z (%): 534 (32), 533 (98), 532 (59), 531 (100), 530 (31), 476 (15), 475 (25), 474 (15), 473 (20), 420 (9), 

419 (8), 418 (9), 417 (7), 337 (7), 310 (6), 233 (6), 154 (10), 136 (7). 

HRMS-FAB (m/z): [M + H]+ calcd. for C28H32N6
79Br, 531.1866; found, 531.1867. 

 

2,2’-(5-Bromo-1,3-phenylene)bis(N-(tert-butyl)imidazo[1,2-a]pyridin-3-amine) (112c) 

2-Aminopyridine (2.21 g, 23.5 mmol, 2.00 equiv), 5-bromobenzene-1,3-

dicarbaldehyde (2.50 g, 11.7 mmol, 1.00 equiv), tert-butyl isonitrile (1.95 g, 

2.67 mL, 23.5 mmol, 2.00 equiv) and a 1M solution of perchloric acid in 

methanol (235 mg, 2.35 mL, 2.35 mmol, 0.20 equiv) were dissolved in methanol 

(25 mL) and stirred at r.t. for 3 d. The solvent was removed under reduced 

pressure, and the residue was purified via flash chromatography (SiO2, 

CH/EE/NEt3 7:1:0.02 to 1:3:0.02). 112c was isolated as a colorless solid (2.07 g, 8.89 mmol, 33%). 

Rf  (SiO2, CH/EtOAc 1:1) = 0.11. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.52 (t, J = 1.5 Hz, 1H), 8.26 (dt, J = 6.9, 1.2 Hz, 2H), 8.11 (d, J = 1.5 Hz, 2H), 

7.57 (dt, J = 9.0, 1.1 Hz, 2H), 7.19 (ddd, J = 9.0, 6.6, 1.3 Hz, 2H), 6.82 (td, J = 6.8, 1.2 Hz, 2H), 3.32 (s, 2H), 1.08 (s, 

18H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 141.7 (2C, Cq), 136.8 (2C, Cq), 130.0 (2C, CHAr), 126.5 (CHAr), 125.0 (2C, CHAr), 

124.2 (2C, Cq), 124.2 (Cq), 123.8 (2C, CHAr), 122.5 (2C, Cq), 117.3 (2C, CHAr), 112.0 (2C, CHAr), 56.6 (2C, Cq), 30.4 

(6C, CH3). 

IR (ATR) ṽ [cm-1] = 3353 (w), 2961 (m), 1562 (w), 1503 (w), 1361 (s), 1337 (s), 1204 (s), 1128 (m), 1077 (s), 878 

(w), 766 (s), 752 (vs), 738 (vs), 707 (w), 690 (m), 622 (s), 438 (m). 

FAB-MS m/z (%): 633 (7), 631 (5), 534 (27), 533 (83), 532 (40), 531 (100), 530 (13), 477 (7), 476 (13), 475 (27), 

474 (12), 473 (17), 421 (6), 420 (17), 419 (21), 418 (17), 417 (18), 392 (9), 390 (6), 313 (6). 

HRMS-FAB (m/z): [M+H]+ calcd. for C28H32N6
79Br, 531.1866; found, 531.1866. 
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2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)anthraquinone (114) 

2-Bromoanthraquinone (5.00 g, 17.4 mmol, 1.00 equiv), bis(pinacol)diboron (5.75 g, 

22.6 mmol, 1.30 equiv), Pd(dppf)Cl2 CH2Cl2 (711 mg, 0.87 mmol, 5 mol%) and K2CO3 

(6.84 g, 69.6 mmol, 4.00 equiv) were dissolved in 1,4-dioxane (125 mL). The mixture 

was heated to 84 °C for 41 h. Subsequently, the reaction was quenched with water. 

The resulting mixture was extracted with ethyl acetate and the combined organic phases were dried over Na2SO4. 

The solvent was removed under reduced pressure, and the residue was purified via flash chromatography (SiO2, 

CH/CHCl3 10:1 to 4:1). 114 was isolated as a yellow solid (5.80 g, 17.3 mmol, quant.). 

Rf  (SiO2, CH/EtOAc 4:1) = 0.53. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.75 (d, J = 1.2 Hz, 1H, CHAr), 8.36–8.29 (m, 2H, CHAr), 8.29–8.27 (m, 1H, 

CHAr), 8.20 (dd, J = 7.7, 1.2 Hz, 1H, CHAr), 7.85–7.74 (m, 2H, CHAr), 1.38 (s, 12H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 183.6 (Cq, CO), 183.3 (Cq, CO), 140.2 (CHAr), 135.2 (Cq), 134.3 (CHAr), 

134.2 (CHAr), 133.9 (CHAr), 133.7 (Cq), 133.7 (Cq), 132.6 (Cq), 127.4 (CHAr), 127.4 (Cq), 127.3 (CHAr), 126.3 (CHAr), 

84.7 (2C, Cq), 25.1 (4C, CH3). 

IR (ATR) ṽ [cm-1] = 2979 (w), 2965 (w), 2928 (w), 1673 (vs), 1591 (m), 1489 (m), 1375 (m), 1360 (s), 1332 (vs), 

1310 (s), 1276 (vs), 1213 (m), 1169 (s), 1149 (vs), 1125 (vs), 1111 (vs), 1078 (s), 1034 (w), 976 (w), 955 (s), 939 

(w), 929 (s), 860 (vs), 840 (m), 826 (m), 789 (w), 775 (w), 707 (vs), 691 (s), 680 (vs), 640 (m), 632 (s), 579 (w), 526 

(w), 452 (w), 407 (w), 391 (s). 

FAB-MS m/z (%): 336 (37), 335 (100), 334 (20), 307 (20), 155 (22), 154 (70), 139 (21), 138 (29), 137 (61), 136 (53), 

107 (18). 

HRMS-FAB (m/z): [M + H]+ calcd. for C20H20O4B, 335.1449; found, 335.1449. 

 

2-(9,10-Dioxo-9,10-dihydroanthraquinone-2-yl)isophthalaldehyde (115)  

2-Bromobenz-1,3-dialdehyde (1.50 g, 7.04 mmol, 1.00 equiv), anthraquinone-2-

pinacol borate (2.59 g, 7.75 mmol, 1.10 equiv), Pd(PPh3)4 (407 mg, 352 µmol, 5 mol%) 

und K2CO3 (4,87 g, 35.2 mmol, 5.00equiv) were dissolved in a 5:2:1 mixture of toluene, 

ethanol, and water (120 mL). The solution was reacted at 110 °C under argon 

atmosphere for 24 h. Subsequently, the solution was extracted with dichloromethane. 

The combined organic phases were dried over Na2SO4. The solvent was removed under reduced pressure, and 

the residue was purified via flash chromatography (SiO2, CH/EE 10:1 to 3:1). 115 was obtained as a yellow solid 

(456 mg, 1.34 mmol, 19%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.69. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 9.83 (d, J = 0.7 Hz, 2H, CHO), 8.49 (d, J = 7.9 Hz, 1H, CHAr), 8.39 – 8.30 (m, 

5H, CHAr), 7.89 – 7.74 (m, 4H, CHAr). 
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13C NMR (126 MHz, CDCl3) δ [ppm] = 189.9 (2C, CH, CHO), 182.8 (Cq, CO), 182.6 (Cq, CO), 145.5 (2C, Cq), 139.6 (Cq), 

135.8 (2C, CHAr), 134.7 (Cq), 134.7 (2C, CHAr), 133.8 (2C, CHAr), 133.6 (Cq), 133.3 (2C, CHAr), 129.7 (Cq), 129.0 (Cq), 

127.7 (Cq), 127.6 (2C, CHAr). 

IR (ATR) ṽ [cm-1] = 1721 (w), 1672 (vs), 1589 (s), 1572 (m), 1323 (s), 1290 (s), 1230 (vs), 1177 (w), 1164 (m), 949 

(m), 919 (s), 854 (m), 813 (m), 803 (s), 793 (m), 703 (vs), 671 (m), 635 (m), 626 (m), 540 (m), 487 (m), 378 (s). 

FAB-MS m/z (%): 341 (11), 307 (22), 289 (13), 219 (9), 191 (9), 167 (9), 155 (30), 154 (100), 153 (10), 152 (10), 

149 (9), 147 (13), 139 (17), 138 (37), 137 (65), 136 (71), 135 (9), 131 (10), 124 (11), 121 (11), 120 (12), 119 (13), 

117 (9), 115 (10), 107 (24), 105 (13), 97 (11), 95 (13), 91 (23), 90 (10), 89 (18). 

HRMS-FAB (m/z): [M + H]+ calcd. for C22H13O4, 341.0808; found, 341.0807. 

 

2-(4-(3-(tert-Butylamino)imidazo[1,2-a]pyridin-2-yl)-2,6-dimethylphenyl)anthraquinone (108) 

112a (111 mg, 29 µmol, 1.00 equiv), 114 (100 mg, 29 µmol, 1.00 equiv), 

Pd(OAc)2 (3.36 mg, 14 µmol, 5 mol%), RuPhos (14 mg, 29 µmol, 1.00 equiv) 

and Cs2CO3 (293 mg, 89 µmol, 3.00 equiv) were dissolved in a mixture of 

toluene and water (4 mL). The mixture was stirred argon atmosphere for 

24 h at 110 °C. The solvent was removed under reduced pressure, and the 

residue was purified via flash chromatography (SiO2, CH/EE 7:1 to 1:1). 108 was obtained as an orange solid 

(91 mg, 18 µmol, 61%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.43. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.39 (d, J = 7.9 Hz, 1H, CHAr), 8.35–8.31 (m, 2H, CHAr), 8.23 (dt, J = 6.9, 1.2 Hz, 

1H, CHAr), 8.17 (d, J = 1.7 Hz, 1H, CHAr), 7.82–7.78 (m, 2H, CHAr), 7.76 (s, 2H, CHAr), 7.65 (dd, J = 7.9, 1.7 Hz, 1H, 

CHAr), 7.55 (dt, J = 9.0, 1.2 Hz, 1H, CHAr), 7.13 (ddd, J = 9.0, 6.6, 1.3 Hz, 1H, CHAr), 6.77 (td, J = 6.8, 1.2 Hz, 1H, CHAr), 

3.12 (br, 1H, NH), 2.10 (s, 6H, CH3), 1.11 (s, 9H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 183.5 (Cq, CO), 183.2 (Cq, CO), 148.0 (Cq), 142.2 (Cq), 139.1 (Cq), 139.0 (Cq), 

135.5 (Cq), 135.4 (CHAr), 134.9 (Cq), 134.3 (Cq), 134.2 (CHAr), 134.2 (CHAr), 133.7 (2C, Cq), 132.2 (Cq), 128.3 (CHAr), 

127.7 (CHAr), 127.4 (CHAr), 127.4 (CHAr), 127.3 (CHAr), 127.3 (2C, CHAr), 124.1 (CHAr), 123.7 (Cq), 123.6 (CHAr), 117.5 

(CHAr), 111.4 (CHAr), 56.3 (Cq), 30.4 (3C, CH3), 20.8 (2C, CH3). 

IR (ATR) ṽ [cm-1] = 2965 (w), 2921 (w), 1666 (vs), 1588 (s), 1445 (w), 1363 (w), 1343 (m), 1323 (s), 1299 (s), 1286 

(s), 1268 (s), 1241 (s), 1214 (m), 1183 (m), 1159 (m), 1037 (w), 1031 (w), 1004 (w), 959 (w), 929 (s), 895 (w), 882 

(m), 858 (m), 841 (w), 817 (w), 789 (w), 762 (vs), 741 (w), 731 (m), 710 (vs), 674 (m), 636 (w), 625 (w), 606 (w), 

588 (m), 561 (w), 524 (w), 436 (m), 407 (m), 382 (m). 

FAB-MS m/z (%): 500 (53), 155 (33), 154 (100), 138 (43), 137 (69), 136 (80), 107 (34), 95 (28), 91 (42). 
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2-(3,5-Bis(3-(tert-butylamino)imidazo[1,2-a]pyridin-2-yl)phenyl)anthraquinone (109)[191] 

112b (159 mg, 290 µmol, 1.00 equiv), 114 (100 mg, 290 µmol, 1.00 equiv), 

RuPhos (14.3 mg, 29 µmol, 0.10 equiv), K2CO3 (124 mg, 890 µmol, 3.00 equiv) 

and Pd(OAc)2 (3.36 mg, 14 µmol, 0.05 equiv) were dissolved under argon 

atmosphere in a mixture of toluene and water (25 mL) and stirred for 24 h at 

110 °C. The solvent was removed under reduced pressure, and the residue was 

purified via flash chromatography (SiO2, CH/EE 7:1 to 1:10). 109 was isolated 

as a red solid (656 mg, 995 µmol, 95%). 

Rf (SiO2, CH/EtOAc 1:6) = 0.16. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.71 (d, J = 1.9 Hz, 1H, CHAr), 8.64 (t, J = 1.6 Hz, 1H, CHAr), 8.41 (d, J = 8.1 Hz, 

1H, CHAr), 8.39 – 8.31 (m, 4H, CHAr), 8.31 – 8.20 (m, 2H, CHAr), 7.87 – 7.77 (m, 2H, CHAr), 7.57 (dt, J = 9.0, 1.1 Hz, 

2H, CHAr), 7.17 (ddd, J = 9.0, 6.6, 1.4 Hz, 2H, CHAr), 6.81 (td, J = 6.8, 1.2 Hz, 2H, CHAr), 3.34 (s, 2H, NH), 1.11 (s, 18H, 

CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 183.4 (2C, Cq, CO), 183.2 (2C, Cq, CO), 147.2 (Cq), 142.3 (2C, Cq), 139.2 (2C, 

Cq), 139.1 (Cq,), 136.4 (2C, Cq), 134.3 (CHAr), 134.2 (CHAr), 134.0 (Cq), 133.9 (Cq), 132.8 (CHAr), 132.3 (Cq), 

128.5 (CHAr), 128.2 (CHAr), 127.4 (CHAr), 126.3 (2C, CHAr), 125.8 (CHAr), 124.3 (2C, CHAr), 124.1 (2C, Cq), 123.7 (2C, 

CHAr), 117.5 (2C, CHAr), 111.6 (2C, CHAr), 56.8 (2C, Cq), 30.6 (6C, CH3). 

IR (ATR) ṽ [cm-1] = 2965 (m), 2929 (w), 2904 (w), 2868 (w), 1732 (w), 1672 (vs), 1632 (w), 1591 (vs), 1504 (w), 

1473 (w), 1460 (w), 1441 (w), 1390 (w), 1361 (vs), 1323 (vs), 1296 (vs), 1239 (s), 1215 (vs), 1201 (vs), 1162 (m), 

1112 (m), 1044 (m), 975 (m), 931 (s), 887 (m), 853 (m), 795 (w), 754 (vs), 732 (vs), 711 (vs), 670 (s), 639 (s), 633 

(s), 605 (s), 483 (s), 448 (s), 404 (s), 392 (s), 381 (s). 

FAB-MS m/z (%): 661 (19), 660 (55), 659 (100) [M + H]+, 658 (30), 602 (30), 601 (39), 546 (26), 545 (27), 484 (25), 

483 (73), 441 (26). 

HRMS-FAB (m/z): [M + H]+ calcd. for C42H39O2N6, 659.3129; found, 659.3130. 

 

2-(2,6-Bis(3-(tert-Butylamino)imidazo[1,2-a]pyridin-2-yl)phenyl)anthraquinone (110)[191] 

2-Aminopyridine (41.5 mg, 440 µmol, 2.00 equiv), 115 (75 mg, 220 µmol, 

1.00 equiv), tert-butyl isonitrile (36.6 mg, 50 µL, 440 µmol, 2.00 equiv) and a 

1 M solution of perchloric acid in methanol (4.42 mg, 44 µL, 44.0 µmol, 

0.20 equiv) were dissolved in Chloroform and stirred at 60 °C for 1 d. The solvent 

was removed under reduced pressure, and the residue was purified via flash 

chromatography (SiO2, CH/EE 5:1 to 1:10). 110 was isolated as an orange solid 

(134 mg, 203 µmol, 92%). 

Rf (SiO2, CH/EtOAc 1:6) = 0.06. 
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1H NMR (500 MHz, CDCl3) δ [ppm] = 8.71 (d, J = 1.9 Hz, 1H, CHAr), 8.64 (t, J = 1.6 Hz, 1H, CHAr), 8.39 – 8.31 (m, 4H, 

CHAr), 8.30 – 8.17 (m, 4H, CHAr), 7.87 – 7.78 (m, 2H, CHAr), 7.57 (dt, J = 8.9, 1.1 Hz, 2H, CHAr), 7.25 – 7.13 (m, 2H, 

CHAr), 6.80 (td, J = 6.8, 1.2 Hz, 2H, CHAr), 3.35 (s, 2H, NH), 1.10 (s, 18H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 182.9 (Cq, CO), 181.9 (Cq, CO), 147.0 (Cq), 142.6 (2C, Cq) 139.3 (Cq), 137.7, 

136.2 (CHAr), 135.2 (2C, Cq), 134.2 (2C, Cq), 133.2 (2C, CHAr), 133.7 (CHAr), 133.5 (Cq), 133.1 (Cq), 132.5 (2C, Cq), 

131.7 (CHAr), 129.1 (CHAr), 128.9 (CHAr), 127.5 (CHAr), 127.3 (CHAr), 127.0 (CHAr), 124.6 (Cq), 124.4 (2C, CHAr), 123.5 

(2C, CHAr), 117.4 (2C, CHAr), 111.4 (2C, CHAr), 56.7 (2C, Cq), 30.6 (6C, CH3). 

IR (ATR) ṽ [cm-1] = 3369 (w), 2958 (w), 2924 (w), 2854 (w), 1672 (vs), 1630 (w), 1591 (m), 1554 (w), 1550 (w), 

1500 (w), 1473 (w), 1455 (w), 1441 (w), 1388 (w), 1364 (m), 1339 (m), 1322 (s), 1299 (vs), 1266 (m), 1242 (m), 

1221 (s), 1211 (s), 1198 (s), 1173 (m), 1146 (w), 1135 (w), 1081 (w), 972 (w), 962 (w), 952 (w), 931 (m), 907 (w), 

857 (m), 817 (m), 756 (vs), 737 (vs), 710 (vs), 673 (m), 646 (w), 633 (w), 612 (w), 572 (w), 458 (w), 428 (w), 401 

(w), 382 (s). 

FAB-MS m/z (%): 665 (43), 664 (100), 662 (42), 661 (31), 660 (46), 659 (85), 658 (30), 648 (31), 647 (67), 530 (73), 

219 (83), 191 (33), 163 (31), 161 (32), 159 (30), 154 (41), 149 (32), 147 (61), 136 (41), 131 (38), 119 (34), 107 (37), 

105 (43), 97 (38), 95 (53), 91 (71). 

HRMS-FAB (m/z): [M + H]+ calcd. for C42H39O2N6, 659.3129; found, 659.3127. 

 

2-(2,6-Bis(3-(Cyclohexylamino)imidazo[1,2-a]pyridin-2-yl)phenyl)anthraquinone (110’)[191]  

2-Aminopyridine (41.5 mg, 440 µmol, 2.00 equiv), cyclohexyl isonitrile 

(48.1 mg, 55 µL, 440 µmol, 2.00 equiv), 115 (75 mg, 220 µmol, 1.00 equiv) 

and a 1M solution of perchloric acid in methanol (4.43 mg, 44 µL, 44 µmol, 

0.20 equiv) were dissolved in methanol (5 mL) and stirred at r.t. for 10 d. The 

solvent was removed under reduced pressure, and the residue was purified 

via flash chromatography (SiO2, CH/EE 7:1 to 1:10). 110’ was isolated as a deep 

red solid (76 mg, 0.1 mmol, 49%). 

Rf (SiO2, CH/EtOAc 1:6) = 0.06. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.30 – 8.20 (m, 2H, CHAr), 8.17 – 8.11 (m, 1H, CHAr), 8.09 (d, J = 1.8 Hz, 1H, 

CHAr), 7.95 (d, J = 8.0 Hz, 1H, CHAr), 7.89 – 7.66 (m, 6H, CHAr), 7.63 (dd, J = 8.1, 7.3 Hz, 2H, CHAr), 7.56 – 7.46 (m, 

3H, CHAr), 7.10 (ddd, J = 9.1, 6.6, 1.3 Hz, 2H, CHAr), 6.65 (td, J = 6.7, 1.1 Hz, 2H, CHAr), 2.47 (s, 2H, NH), 1.53 – 0.66 

(m, 22H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 183.0 (Cq, CO), 181.1 (Cq, CO), 146.9 (Cq), 141.9 (2C, Cq) 138.2 (Cq), 137.0, 

136.3 (CHAr), 134.7 (2C, Cq), 134.4 (2C, Cq), 134.2 (2C, CHAr), 134.1 (CHAr), 133.6 (Cq), 133.1 (Cq), 132.1 (2C, Cq), 

131.6 (CHAr), 128.9 (CHAr), 128.8 (CHAr), 127.4 (CHAr), 127.2 (CHAr), 126.9 (CHAr), 125.7 (Cq), 123.8 (2C, CHAr), 

122.8 (2C, CHAr), 117.5 (2C, CHAr), 111.6 (2C, CHAr), 56.0 (2C, CH), 33.4 (4C, CH2), 25.4 (2C, CH2), 24.3 (4C, CH2). 
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IR (ATR) ṽ [cm-1] = 2924 (m), 2850 (w), 1670 (s), 1589 (s), 1558 (w), 1500 (w), 1448 (w), 1347 (m), 1322 (s), 

1296 (vs), 1269 (s), 1244 (s), 1160 (w), 1146 (w), 1111 (w), 952 (w), 929 (m), 857 (w), 816 (w), 752 (vs), 738 (vs), 

708 (vs), 670 (s), 635 (m), 381 (vs). 

FAB-MS m/z (%): 713 (13), 712 (43), 711 (100) [M + H]+, 710 (54), 709 (10), 137 (11), 136 (13), 95 (22) 

HRMS-FAB (m/z): [M + H]+ calcd. for C46H43O2N6, 711.3442; found, 711.3442. 
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5.4.3 Imidazo[1,2-a]pyridines as Fluorophore Tags for Bioimaging of Steroids 

(20R)-20-((1R,2S)-2-(3-(Benzylamino)imidazo[1,2-a]pyridin-2-yl)cyclopropyl)pregn-5-en-3β-ol (118a)[120] 

Steroidal aldehyde 117 (52.0 mg, 140 μmol, 1.00 equiv), 2-aminopyridine 

(26.4 mg, 281 μmol, 2.00 equiv), benzyl isonitrile (32.9 mg, 34.2 μL, 

281 μmol, 2.00 equiv) and a 1 M solution of perchloric acid in methanol 

(14.0 μL, 14.0 μmol, 0.10 equiv) were reacted in 2:1 mixture of MeOH and 

CH2Cl2 (1.5 mL) for 3 d. The solvent was removed under reduced pressure 

and the residue was purified via flash chromatography (SiO2, n-hexane/EtOAc:NEt3 2:1:0 to 1:2:0.01) and 

subsequent by recrystallization from iPrOH/water. 118a was obtained as a yellow solid (40.3 mg, 71.5 μmol, 

51%). 

Rf (SiO2, n-pentane/EtOAc 1:2 + 1% NEt3) = 0.43. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.91 (d, J = 6.8 Hz, 1H, CHAr), 7.41 (d, J = 8.1 Hz, 1H, CHAr), 7.41 – 7.31 (m, 

4H, CHAr), 7.33 – 7.26 (m, 1H, CHAr), 7.03 (t, J = 7.9 Hz, 1H, CHAr), 6.67 (t, J = 6.8 Hz, 1H, CHAr), 5.31 (dt, J = 5.4, 

2.3 Hz, 1H), 4.19 (d, J = 4.0 Hz, 2H, CH2), 3.52 (tt, J = 11.1, 4.7 Hz, 1H), 3.27 (t, J = 6.3 Hz, 1H, NH), 2.30 – 2.18 (m, 

2H, CH2), 2.01 (dt, J = 12.7, 3.5 Hz, 1H), 1.96 – 1.89 (m, 1H), 1.89 – 1.80 (m, 3H), 1.78 (dt, J = 9.0, 4.7 Hz, 1H), 1.69 

(s, 1H, OH), 1.56 – 1.38 (m, 7H), 1.37 – 1.24 (m, 2H), 1.18 (td, J = 12.7, 4.5 Hz, 1H), 1.13 – 0.82 (m, 12H, contains: 

1.08 (d, J = 6.7 Hz, 3H, CH3), 1.00 (s, 3H, CH3)), 0.67 (s, 3H, CH3), 0.68 – 0.62 (m, 1H, CH2). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 141.3 (Cq), 140.8 (Cq), 140.5 (Cq), 139.6 (Cq), 128.7 (2C, CHAr), 128.3 (2C, 

CHAr), 127.6 (CHAr), 125.2 (Cq), 122.9 (CHAr), 121.7 (CHAr), 121.6 (CH), 116.7 (CHAr), 111.0 (CHAr), 71.8 (CH), 58.0 

(CH), 56.4 (CH), 53.5 (CH2), 50.2 (CH), 42.4 (Cq), 42.3 (CH2), 40.5 (CH), 39.6 (CH2), 37.3 (CH2), 36.5 (Cq), 31.9 (CH), 

31.8 (CH2), 31.7 (CH2), 29.9 (CH), 28.4 (CH2), 24.2 (CH2), 21.1 (CH2), 19.6 (CH3), 19.4 (CH3), 17.6 (CH), 13.2 (CH2), 

11.9 (CH3). 

IR (ATR) ṽ [cm–1] = 3366 (w), 3312 (w), 3070 (vw), 3020 (vw), 2959 (m), 2949 (m), 2929 (m), 2884 (w), 2847 (m), 

1635 (vw), 1579 (m), 1451 (m), 1349 (s), 1232 (w), 1176 (w), 1119 (w), 1058 (s), 1027 (m), 952 (w), 882 (w), 875 

(w), 759 (vs), 737 (vs), 694 (s), 459 (m), 411 (w). 

FAB-MS m/z (%) = 564 (100) [M+H]+, 563 (46) [M]+, 562 (31) [M–H]+, 546 (7) [M–OH]+, 515 (7), 472 (21), 307 (7), 

290 (7). 

HRMS-FAB (m/z): [M+H]+calcd. for C38H50N3O, 564.3948; found: 564.3947. 

EA: calcd. for C38H49N3O, C 80.95, H 8.76, N 7.45; found: C 79.71, H 8.90, N 7.03. 

Specific rotation: [𝛼]𝐷
20 = –13.1° (c = 0.26, CHCl3). 
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Methyl 3-(benzylamino)-2-((1S,2R)-2-(3β-hydroxypregn-5-en-20R-yl)cyclopropyl)imidazo[1,2-a]pyridine-5-

carboxylate (118b)[120] 

Steroidal aldehyde 117 (95.0 mg, 256 μmol, 1.00 equiv), 

methyl 6-aminopicolinate (78.0 mg, 513 μmol, 2.00 equiv), 

benzyl isonitrile (60.1 mg, 62.4 μL, 513 μmol, 2.00 equiv) 

and a 1 M solution of perchloric acid in methanol (25.6 μL, 

25.6 μmol, 0.10 equiv) was reacted in a 2:1 mixture of MeOH 

and CH2Cl2 (1.5 mL). The solvent was removed under 

reduced pressure and the residue was purified via flash chromatography (SiO2, n-hexane/EtOAc/NEt3 2:1:0 to 

1:2:0.01), and subsequent recrystallization from iPrOH/water. 118b was obtained as a bright orange solid 

(115 mg, 184 μmol, 72% yield).  

Rf (SiO2, cyclohexane/EtOAc 1:1) = 0.49. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.60 (dd, J = 8.8, 1.2 Hz, 1H, CHAr), 7.25 – 7.21 (m, 4H, CHAr), 7.16 (dd, J = 7.5, 

2.0 Hz, 2H, CHAr), 7.01 (dd, J = 8.8, 7.0 Hz, 1H, 6-HHet), 5.30 (d, J = 4.9 Hz, 1H, 6-H), 4.12 – 4.00 (m, 2H, CH2Ar), 3.88 

(s, 3H, OCH3), 3.91 – 3.82 (m, 1H, NH), 3.52 (tt, J = 10.6, 4.7 Hz, 1H, 3-H), 2.30 – 2.18 (m, 2H, 4-CH2), 2.13 (dt, J = 

9.0, 4.7 Hz, 1H), 2.02 (dt, J = 12.7, 3.6 Hz, 1H), 1.95 – 1.77 (m, 4H), 1.59 – 1.39 (m, 8H), 1.35 (q, J = 9.7 Hz, 1H), 

1.19 (td, J = 12.9, 4.6 Hz, 1H), 1.13 – 0.86 (m, 12H, contains: 1.10 (d, J = 6.5 Hz, 3H, CH3), 1.00 (s, 3H, CH3)), 0.74 

(ddd, J = 8.7, 6.0, 4.1 Hz, 1H, 3-CH2), 0.67 (s, 3H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 163.6 (Cq), 143.8 (Cq), 142.3 (Cq), 140.9 (Cq), 140.0 (Cq), 128.6 (2C, CHAr), 

128.6 (Cq), 128.1 (2C, CHAr), 127.4 (CHAr), 126.4 (Cq), 121.8 (CHAr), 120.9 (CHAr), 120.6 (CHAr), 117.5 (CHAr), 

71.9 (CH), 58.1 (CH), 56.6 (CH), 53.8 (CH2), 53.0 (CH3), 50.3 (CH), 42.6 (Cq), 42.5 (CH2), 40.4 (CH), 39.8 (CH2), 

37.4 (CH2), 36.6 (Cq), 32.1 (CH), 32.0 (CH2), 31.8 (CH2), 29.9 (CH), 28.4 (CH2), 24.4 (CH2), 21.2 (CH2), 19.7 (CH3), 

19.5 (CH3), 17.9 (CH), 14.1 (CH2), 12.0 (CH3). 

IR (ATR) ṽ [cm–1] = 3376 (w), 3251 (w), 2962 (m), 2924 (s), 2854 (m), 1706 (vs), 1565 (m), 1449 (s), 1434 (s), 1327 

(s), 1281 (vs), 1245 (s), 1204 (vs), 1140 (vs), 1072 (vs), 1024 (s), 863 (m), 795 (s), 742 (vs), 694 (s). 

HRMS-ESI (m/z): [M + H]+ calcd. for C40H52N3O3, 622.4003; found: 622.3996. 

Specific rotation: [𝛼]𝐷
20 = –13.5° (c = 0.51, CHCl3). 
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(20R)-20-((1R,2S)-2-(3-(((S)-1-Phenylethyl)amino)imidazo[1,2-a]pyrazin-2-yl)cyclopropyl)pregn-5-en-3β-ol 

(118c)[120] 

Steroidal aldehyde 117 (100 mg, 270 μmol, 1.00 equiv), 2-aminopyrazine 

(51.3 mg, 540 μmol, 2.00 equiv), (S)-methyl benzyl isonitrile (70.8 mg, 

73.0 μL, 540 μmol, 2.00 equiv) and a 1 M solution of perchloric acid in 

methanol (27.0 μL, 27.0 μmol, 0.100 equiv) were reacted in a 2:1 mixture 

of MeOH and CH2Cl2 (3 mL). The solvent was removed under reduced 

pressure and the residue was purified by flash column chromatography (SiO2, n-hexane/EtOAc 2:1 to 1:2 + 1% 

NEt3), and subsequent recrystallization from iPrOH/water. 118c was obtained as an off-white crystalline solid 

(35.0 mg, 60.5 μmol, 22% yield). 

Rf (SiO2, n-pentane/EtOAc 1:2 + 1% NEt3) = 0.31. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.79 (d, J = 1.5 Hz, 1H, CHAr), 7.79 (dd, J = 4.6, 1.5 Hz, 1H, CHAr), 7.70 (d, 

J = 4.5 Hz, 1H, CHAr), 7.40 – 7.36 (m, 2H, CHAr), 7.35 – 7.30 (m, 2H, CHAr), 7.30 – 7.24 (m, 1H, CHAr), 5.32 (dt, J = 5.7, 

1.9 Hz, 1H, 6H), 4.40 (qd, J = 6.6, 4.0 Hz, 1H, CH), 3.57 – 3.43 (m, 1H), 3.30 (d, J = 4.2 Hz, 1H, NH), 2.31 – 2.18 (m, 

2H, CH2), 2.02 (dt, J = 12.7, 3.5 Hz, 1H), 1.94 (dtd, J = 16.7, 4.8, 2.3 Hz, 1H), 1.89 – 1.74 (m, 4H), 1.68 (s, 1H, OH), 

1.57 – 1.34 (m, 12H, contains: 1.48 (d, J = 6.6 Hz, 3H, CH3), 1.34 (q, J = 9.5 Hz, 1H)), 1.20 (td, J = 12.8, 4.5 Hz, 1H), 

1.13 – 0.89 (m, 12H, contains: 1.09 (d, J = 6.6 Hz, 3H, CH3), 1.01 (s, 3H, CH3)), 0.77 (ddd, J = 8.5, 6.1, 4.1 Hz, 1H, 

CH2), 0.68 (s, 3H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 145.0 (Cq), 144.3 (Cq), 142.2 (CHAr), 141.0 (Cq,), 136.9 (Cq), 128.9 (2C, CHAr), 

128.8 (CHAr), 127.9 (CHAr), 126.6 (2C, CHAr), 126.0 (Cq), 121.7 (CHAr), 115.1 (CHAr), 71.9 (CH), 58.8 (CHAr), 58.0 (CH), 

56.5 (CH), 50.3 (CH), 42.6 (Cq), 42.4 (CH2), 40.4 (CH), 39.7 (CH2), 37.4 (CH2), 36.6 (Cq), 32.1 (CH), 32.0 (CH2), 

31.8 (CH2), 30.4 (CH), 28.4 (CH2), 24.4 (CH2), 23.2 (CH3), 21.2 (CH2), 19.6 (CH3), 19.5(CH3), 17.8 (CH), 14.2 (CH2), 

12.0 (CH3). 

IR (ATR) ṽ [cm–1] = 3309 (w), 3235 (w), 3030 (vw), 2963 (w), 2945 (m), 2924 (m), 2863 (m), 2827 (w), 1550 (s), 

1493 (m), 1455 (m), 1350 (s), 1224 (m), 1179 (m), 1157 (m), 1061 (vs), 1023 (m), 914 (m), 788 (vs), 762 (s), 698 

(vs), 541 (m), 407 (m). 

HRMS-ESI (m/z): calcd. for C38H51N4O, [M + H]+: 579.4057; found: 579.4054. 

EA: calcd. for C38H50N4O, C 78.85, H 8.71, N 9.68; found: C 77.67, H 8.51, N 9.42. 

Specific rotation: [𝛼]𝐷
20 = –20.2° (c = 0.49, CHCl3). 
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(20R)-20-((1R,2S)-2-(3-(tert-Butylamino)imidazo[1,2-a]pyridin-2-yl)cyclopropyl)pregn-5-en-3β-ol (118d)[120]  

Steroidal aldehyde 117 (95.0 mg, 256 μmol, 1.00 equiv), 2-aminopyridine 

(48.3 mg, 513 μmol, 2.00 equiv), tert-butyl isonitrile (42.6 mg, 58.0 μL, 

513 μmol, 2.00 equiv) and a 1 M solution of perchloric acid in methanol 

(14.0 μL, 14.0 μmol, 0.100 equiv) in a 2:1 mixture of MeOH/CH2Cl2 (3 mL). 

The solvent was removed under reduced pressure, and the residue was 

purified by flash column chromatography (SiO2, n-hexane/EtOAc/NEt3 2:1:0 to 1:2:0.01) and subsequent 

recrystallization from iPrOH/water. 118d was obtained as colorless crystals (64.3 mg, 121 μmol, 47% yield). 

Rf (SiO2, n-pentane/EtOAc 1:2 + 1% NEt3) = 0.42. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.12 (dt, J = 6.8, 1.3 Hz, 1H, CHAr), 7.39 (dt, J = 9.0, 1.2, 1.2 Hz, 1H, CHAr), 7.02 

(ddd, J = 9.0, 6.6, 1.4 Hz, 1H, CHAr), 6.68 (td, J = 6.8, 1.2 Hz, 1H, CHAr), 5.29 (d, J = 5.5 Hz, 1H), 3.53 (tt, J = 10.4, 

4.6 Hz, 1H), 2.78 (s, 1H, NH), 2.29 – 2.17 (m, 2H, CH2), 2.12 (s, 1H, OH), 2.01 (dt, J = 12.7, 3.4 Hz, 1H), 1.97 – 1.70 

(m, 5H), 1.56 – 1.34 (m, 9H, contains: 1.32 (q, J = 9.5 Hz, 1H)), 1.23 (s, 9H, CH3), 1.22 – 1.13 (m, 1H), 1.12 – 0.88 

(m, 12H, contains: 1.07 (d, J = 6.5 Hz, 3H, CH3), 1.00 (s, 3H, CH3)), 0.69 (ddd, J = 8.6, 6.0, 4.1 Hz, 1H, CH2), 0.67 (s, 

3H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 142.7 (Cq), 141.9 (Cq), 141.0 (Cq), 123.2 (Cq), 123.1 (CHAr), 122.9 (CHAr), 121.6 

(CHAr), 116.6 (CHAr), 110.7 (CHAr), 71.8 (CH), 58.0 (CH), 56.6 (CH), 55.8 (Cq), 50.4 (CH), 42.53 (Cq), 42.51 (CH2), 40.4 

(CH), 39.7 (CH2), 37.5 (CH2), 36.6 (Cq), 32.0 (CH), 31.9 (CH2), 31.7 (CH2), 30.6 (3C, CH3), 29.8 (CH), 28.4 (CH2), 24.4 

(CH2), 21.2 (CH2), 19.6 (CH3), 19.5 (CH3), 18.3 (CH), 13.6 (CH2), 12.0 (CH3). 

IR (ATR) ṽ [cm–1] = 3339 (w), 3201 (w), 3077 (vw), 2963 (m), 2946 (s), 2925 (s), 2884 (m), 2863 (m), 2827 (w), 

1633 (w), 1585 (w), 1506 (w), 1465 (m), 1445 (m), 1373 (m), 1356 (s), 1218 (m), 1203 (m), 1074 (m), 1065 (s), 905 

(m), 748 (s), 730 (vs), 497 (m), 458 (m). 

HRMS-ESI (m/z): [M + H]+ calcd. for C35H52N3O, 530.4105; found: 530.4098. 

Specific rotation: [𝛼]𝐷
20 = +42.3° (c = 0.57, CHCl3). 
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(20R)-3β-((3-(Cyclohexylamino)imidazo[1,2-a]pyridin-2-yl)methoxy)-20-((1S,2S)-2-propylcyclopropyl)pregn-5-

en (120)[120] 

Steroidal aldehyde 119 (52.0 mg, 122 μmol, 1.00 equiv), 

2-aminopyridine (22.9 mg, 244 μmol, 2.00 equiv), cyclohexyl 

isonitrile (26.6 mg, 29.9 μL, 244 μmol, 2.00 equiv) and a 1 M 

solution of perchloric acid in methanol (12.2 μL, 12.2 μmol, 

0.100 equiv) were reacted in a 2:1 mixture of MeOH/CH2Cl2 

(1.5 mL). The solvent was removed under reduced pressure and the residue was purified by flash column 

chromatography (SiO2, n-pentane/EtOAc/NEt3 1:1:0.01). 120 was obtained as a yellow solid (66.7 mg, 109 μmol, 

89%). 

Rf (SiO2, n-pentane/EtOAc 1:2 + 1% NEt3) = 0.25. 

1H NMR (500 MHz, CDCl3): δ [ppm] = 8.02 (dt, J = 6.9, 1.2 Hz, 1H, CHAr), 7.46 (dt, J = 9.0, 1.2 Hz, 1H, CHAr), 7.07 

(ddd, J = 9.1, 6.6, 1.3 Hz, 1H, CHAr), 6.74 (td, J = 6.7, 1.2 Hz, 1H, CHAr), 5.36 (dt, J = 5.6, 2.1 Hz, 1H, 6-H), 4.82 – 4.68 

(m, 2H, CH2), 3.35 (tt, J = 11.2, 4.5 Hz, 1H), 3.24 (s, 1H, NH), 2.97 – 2.84 (m, 1H, CH), 2.46 (ddd, J = 13.2, 4.8, 2.4 Hz, 

1H, CH2), 2.28 (tq, J = 13.4, 11.4, 2.7 Hz, 1H, CH2), 2.06 – 1.83 (m, 7H), 1.81 – 1.70 (m, 2H), 1.66 – 1.32 (m, 11H), 

1.31 – 1.13 (m, 7H), 1.12 – 0.86 (m, 13H, contains: 1.00 (s, 3H, CH3), 0.96 (d, J = 6.6 Hz, 3H, CH3), 0.89 (t, J = 7.4 Hz, 

3H, CH3)), 0.82 (dtd, J = 13.3, 8.5, 6.5 Hz, 1H), 0.70 – 0.59 (m, 1H), 0.62 (s, 3H, CH3), 0.59 – 0.52 (m, 1H), 0.19 (tt, 

J = 9.0, 4.8 Hz, 1H), 0.10 – 0.03 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ [ppm] = 141.3 (Cq), 140.9 (Cq), 134.7 (Cq), 127.0 (Cq), 123.1 (CHAr), 122.6 (CHAr), 121.7 

(CHAr), 117.6 (CHAr), 111.4 (CHAr), 78.8 (CH), 64.1 (CH2), 58.2 (CH), 57.1 (CH), 56.6 (CH), 50.3 (CH), 42.4 (Cq), 40.4 

(CH), 39.7 (CH2), 39.1 (CH2), 37.2 (CH2), 36.9 (Cq), 36.5 (CH2), 34.3 (2C, CH2), 32.0 (2C, CH2 and CH), 28.3 (CH2), 

27.8 (CH2), 26.9 (CH), 25.8 (CH2), 25.0 (2C, CH2), 24.4 (CH2), 22.4 (CH2), 21.1 (CH2), 20.5 (CH), 19.9 (CH3), 19.4 

(CH3), 14.2 (CH3), 11.9 (CH3), 9.5 (CH2). 

IR (ATR) ṽ [cm–1] = 3281 (vw), 3055 (vw), 2927 (vs), 2850 (s), 1632 (vw), 1567 (w), 1504 (w), 1452 (m), 1445 (m), 

1336 (s), 1079 (vs), 1017 (m), 803 (w), 752 (s), 735 (vs), 596 (w), 426 (w). 

HRMS-ESI (m/z): [M + H]+ calcd. for C41H62N3O, 612.4887; found: 612.4871. 

EA: calcd. for C41H61N3O C 80.47, H 10.05, N 6.87; found: C 80.11, H 9.99, N 6.73. 

Specific rotation: [𝛼]𝐷
20 = –13.2° (c = 0.33, CHCl3).  
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5.4.4 DNA Flat N-rich Heterocycles as DNA-Intercalating Agents 

2-(2-Bromophenyl)-N-(tert-butyl)imidazo[1,2-a]pyridine-3-amine (128a) 

2-Aminopyridine (300 mg, 3.19 mmol, 1.00 equiv), 2-bromobenzaldehyde (590 mg, 0.38 mL, 

3.19 mmol, 1.00 equiv), tert-butyl isonitrile (265 mg, 0.30 mL, 3.19 mmol, 1.00 equiv) and 

glacial acetic acid (383 mg, 0.37 mL, 6.37 mmol, 2.00 equiv) were reacted in methanol 

(10 mL) for 3 d. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (SiO2, CH/EtOAc/NEt3 6:1:0.01 to 0:1:0.04). GBB product 128a was obtained 

as a white solid (775 mg, 2.25 mmol, 71%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.27. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.30 (dd, J = 6.9, 1.2 Hz, 1H, CHAr), 7.64 (ddd, J = 7.8, 1.5 Hz, 2H, CHAr), 7.53 

(dd, J = 9.1, 1.1 Hz, 1H, CHAr), 7.39 (td, J = 7.5 , 1.3 Hz, 1H, CHAr), 7.28 – 7.09 (m, 2H, CHAr), 6.79 (td, J = 6.8, 1.2 Hz, 

1H, CHAr), 3.21 (s, 1H, NH), 0.92 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 157.0 (Cq), 142.1 (Cq), 139.3 (Cq), 137.1 (Cq), 133.2 (CHAr), 132.7 (CHAr), 

129.5 (CHAr), 127.6 (CHAr), 123.8 (CHAr), 122.2 (Cq), 117.5 (CHAr), 111.5 (CHAr), 101.4 (CHAr), 55.9 (Cq), 30.1 (3C, 

CH3). 

IR (ATR) ṽ [cm–1] = 3228 (w), 2962 (w), 2861 (w), 1629 (w), 1553 (w), 1500 (w), 1468 (w), 1431 (w), 1384 (m), 

1353 (m), 1337 (s), 1271 (w), 1222 (s), 1205 (m), 1197 (m), 1142 (w), 1024 (m), 946 (w), 918 (w), 809 (w), 752 

(vs), 738 (vs), 727 (s), 715 (m), 700 (s), 674 (w), 649 (m), 608 (m), 582 (w), 571 (w), 524 (w), 486 (w), 465 (w), 

416 (m). 

FAB-MS m/z (%): 290 (10), 289 (26), 288 (30), 287 (25), 286 (20), 261 (13), 259 (10), 208 (5), 181 (12), 147 (8). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H18N4, 290.1530; found, 290.1531. 

 

2-(2-Bromophenyl)-N-(tert-butyl)imidazo[1,2-a]pyrazine-3-amine (128b) 

2-Aminopyrazine (300 mg, 3.15 mmol, 1.00 equiv), 2-bromobenzaldehyde (584 mg, 0.37 mL, 

3.15 mmol, 1.00 equiv), tert-butyl isonitrile (262 mg, 0.36 mL, 3.15 mmol, 1.00 equiv) and 

glacial acetic acid (378 mg, 0.36 mL, 6.31 mmol, 2.00 equiv) were reacted in methanol 

(10 mL) for 3 d. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (SiO2, CH/EtOAc/NEt3 6:1:0.01 to 0:1:0.04). GBB product 128b was obtained 

as a white solid(134 mg, 0.39 mmol, 12%).  

Rf (SiO2, CH/EtOAc 1:2) = 0.21. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 9.00 (d, J = 1.5 Hz, 1H, CHAr), 8.21 (dd, J = 4.7, 1.5 Hz, 1H, CHAr), 7.88 (d, J = 

4.7 Hz, 1H, CHAr), 7.66 (dd, J = 8.0, 1.2 Hz, 1H, CHAr), 7.62 (dd, J = 7.7, 1.8 Hz, 1H, CHAr), 7.43 (td, J = 7.5, 1.2 Hz, 

1H, CHAr), 7.32 – 7.27 (m, 1H, CHAr), 2.97 – 2.85 (s, 1H, NH), 0.93 (s, 9H, CH3). 
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13C-NMR (101 MHz, CDCl3) δ [ppm] = 143.7 (CHAr), 142.0 (Cq), 137.4 (Cq), 135.9 (Cq), 133.1 (CHAr), 132.9 (CHAr), 

130.2 (CHAr), 129.1 (CHAr), 127.8 (CHAr), 126.3 (Cq), 122.7 (Cq), 116.7 (CHAr), 56.4 (Cq), 30.1 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3234 (w), 2962 (m), 1666 (m), 1596 (w), 1538 (w), 1488 (w), 1463 (m), 1433 (m), 1388 (m), 

1362 (m), 1343 (m), 1311 (w), 1290 (w), 1209 (m), 1160 (w), 1026 (m), 916 (w), 814 (m), 759 (m), 710 (m), 658 

(w), 607 (m), 465 (w), 438 (w), 417 (m). 

FAB-MS m/z (%): 347 [M(81Br) + H]+ (98), 346 [M(81Br)]+ (49), 345 [M(79Br) + H]+ (100), 344 [M(79Br)]+ (24), 290 

[M(81Br) ‒ tBu + H]+ (31), 289 [M(81Br) ‒ tBu]+ (24), 288 [M(79Br) ‒ tBu + H]+ (27). 

HRMS-FAB (m/z): [M + H]+ calcd. for C16H18N4
79Br, 345.0715; found, 345.0716. 

 

2-(2-Bromopyridine)-N-(tert.-butyl)imidazo[1,2-a]pyridine-3-amine (128c) 

2-Aminopyridine (300 mg, 3.19 mmol, 1.00 equiv), 2-bromo-3-pyridinecarboxaldehyde 

(593 mg, 0.38 mL, 3.19 mmol, 1.00 equiv), tert.-butyl isonitrile (265 mg, 0.36 mL, 3.19 mmol, 

1.00 equiv) and glacial acetic acid (383 mg, 0.37 mL, 6.37 mmol, 2.00 equiv) were reacted in 

methanol (10 mL) for 3 d. The solvent was removed under reduced pressure and the residue 

was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 6:1:0.01 to 0:1:0.04). 128c was obtained as a white 

solid (223 mg, 0.65 mmol, 30%).  

Rf (SiO2, CH/EtOAc 1:2) = 0.13. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.39 (dd, J = 4.7, 2.0 Hz, 1H, CHAr), 8.32 (dt, J = 6.9, 1.2 Hz, 1H, CHAr), 8.00 

(dd, J = 7.6, 2.0 Hz, 1H, CHAr), 7.52 (d, J = 9.1 Hz, 1H, CHAr), 7.38 (dd, J = 7.6, 4.7 Hz, 1H, CHAr), 7.19 (ddd, J = 9.0, 

6.6, 1.3 Hz, 1H, CHAr), 6.82 (td, J = 6.8, 1.1 Hz, 1H, CHAr), 3.22 (s, 1H, NH), 0.93 (s, 9H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 149.4 (CHAr), 142.5 (Cq), 141.7 (Cq), 141.4 (CHAr,), 137.1 (Cq), 134.8 (Cq), 

125.0 (Cq), 124.9 (CHAr), 123.9 (CHAr), 122.9 (CHAr), 117.5 (CHAr), 111.9 (CHAr), 55.9 (Cq), 30.2 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3227 (vw), 2961 (vw), 1647 (vw), 1550 (w), 1501 (w), 1398 (w), 1376 (w), 1352 (w), 1337 (w), 

1224 (w), 1201 (w), 1151 (vw), 1119 (vw), 1047 (w), 918 (vw), 841 (vw), 801 (w), 760 (w), 740 (w), 726 (w), 710 

(w), 684 (w), 611 (w), 524 (w), 444 (vw), 414 (w). 

FAB-MS m/z (%): 347 [M(81Br) + H]+ (97), 346 [M(81Br)]+ (57), 345 [M(79Br) + H]+ (100), 344 [M(79Br)]+ (39), 290 

[M(81Br) ‒ tBu + H]+ (25), 289 [M(81Br) ‒ tBu]+ (22), 288 [M(79Br) ‒ tBu + H]+ (24), 287 [M(79Br) ‒ tBu]+ (12). 

HRMS-FAB (m/z): [M + H]+ calcd. for C16H18N4
79Br, 345.0715; found, 345.0716. 

EA C16H17N4Br: calcd., C 55.66, H 4.96, N 16.23; found, C 54.28, H 4.92, N 15.01. 
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2-(2-Bromophenyl)-N-(tert-butyl)-5-methoxyimidazo[1,2-a]pyridin-3-amine (128d) 

6-Methoxy-2-aminopyridine (300 mg, 3.19 mmol, 1.00 equiv), 2-bromobenzaldehyde 

(447 mg, 0.38 mL, 3.19 mmol, 1.00 equiv), tert-butyl isonitrile (201 mg, 0.36 mL, 

3.19 mmol, 1.00 eq.) and glacial acetic acid (290 mg, 0.28 mL, 6.38 mmol, 2.00 equiv) 

were reacted in methanol (10 mL) for 3 d. The solvent was removed under reduced 

pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 6:1:0.01 to 0:1:0.04). 128d 

was obtained as a colorless solid (865 mg, 2.39 mmol, 95%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.05. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.64 (dd, J = 8.1, 1.3 Hz, 1H, CHAr), 7.59 (dd, J = 7.7, 1.8 Hz, 1H, CHAr), 7.33 

(td, J = 7.5, 1.2 Hz, 1H, CHAr), 7.20 – 7.14 (m, 2H, CHAr), 7.05 (dd, J = 9.0, 7.4 Hz, 1H, CHAr), 5.96 (dd, J = 7.4, 0.9 Hz, 

1H, CHAr), 4.03 (s, 3H, CH3), 0.88 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 152.3 (Cq), 143.6 (Cq), 138.4 (Cq), 136.9 (Cq), 133.3 (CHAr), 133.0 (CHAr), 

129.1 (CHAr), 127.1 (Cq), 126.5 (CHAr), 124.8 (CHAr), 123.9 (Cq), 111.0 (CHAr), 88.6 (CHAr), 56.0 (CH3), 56.0 (Cq), 

29.9 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3399 (vw), 2968 (w), 1637 (w), 1597 (w), 1537 (w), 1509 (w), 1439 (w), 1420 (w), 1361 (w), 

1308 (w), 1270 (w), 1202 (w), 1109 (w), 1020 (w), 972 (w), 849 (vw), 767 (m), 754 (m), 720 (w), 683 (w), 639 (w), 

541 (w), 449 (w). 

FAB-MS m/z (%): 376 [M(81Br) + H]+ (92), 375 [M(81Br)]+ (100), 374 [M(79Br) + H]+ (94), 373 [M(79Br)]+ (89), 319 

[M(81Br) ‒ tBu + H]+ (14), 318 [M(81Br) ‒ tBu]+ (36), 317 [M(79Br) ‒ tBu + H]+ (16), 316 [M(79Br) ‒ tBu]+ (34). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H21O1N3
79Br, 374.0868; found, 374.0869. 

 

2-(2-Bromo-4,5-dimethoxyphenyl)-N-(tert-butyl)imidazo[1,2-a]pyridine-3-amine (128e) 

2-Aminopyridine (300 mg, 3.19 mmol, 1.00 equiv), 2-bromo-4,5-

dimethoxybenzaldehyde (593 mg, 0.38 mL, 3.19 mmol, 1.00 equiv), tert-butyl isonitrile 

(265 mg, 0.36 mL, 3.19 mmol, 1.00 equiv) and glacial acetic acid (383 mg, 0.36 mL, 

6.37 mmol, 2.00 equiv) were reacted in methanol (10 mL) for 3 d. The solvent was 

removed under reduced pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

6:1:0.01 to 0:1:0.04). GBB product 128e was obtained as a white solid (223 mg, 0.65 mmol, 30%).  

Rf (SiO2, CH/EtOAc 1:2) = 0.21. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.30 (dt, J = 6.9, 1.2 Hz, 1H, CHAr), 7.51 (dd, J = 9.0, 1.1 Hz, 1H, CHAr), 7.17 (s, 

1H, CHAr), 7.16 – 7.11 (m, 1H, CHAr), 7.06 (s, 1H, CHAr), 6.78 (td, J = 6.7, 1.2 Hz, 1H, CHAr), 3.92 – 3.85 (m, 6H, OCH3), 

2.01 (s, 1H, NH), 0.94 (s, 9H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 149.5 (Cq), 148.6 (Cq), 142.0 (Cq), 139.2 (Cq), 129.3 (Cq), 124.6 (Cq), 124.2 

(CHAr), 123.8 (CHAr), 117.4 (CHAr), 115.1 (CHAr), 115.0 (CHAr), 112.8 (Cq), 111.4 (CHAr), 56.3 (CH3), 55.9 (CH3), 30.1 

(3C, CH3), 27.0 (Cq). 
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IR (ATR) ῦ [cm-1] = 3344 (vw), 2964 (w), 1740 (w), 1684 (w), 1631 (w), 1604 (w), 1503 (s), 1462 (m), 1440 (m), 

1405 (m), 1341 (m), 1249 (m), 1205 (s), 1172 (m), 1026 (m), 952 (w), 912 (w), 861 (w), 833 (w), 756 (m), 728 (m), 

642 (w), 599 (w), 498 (w), 418 (w). 

FAB-MS m/z (%): 406 [M(81Br) + H]+ (99), 405 [M(81Br)]+ (63), 404 [M(79Br) + H]+ (100), 403 [M(79Br)]+ (39), 349 

[M(81Br) ‒ tBu + H]+ (12), 348 [M(81Br) ‒ tBu]+ (21), 347 [M(79Br) ‒ tBu + H]+ (12), 346 [M(79Br) ‒ tBu]+ (18). 

HRMS-FAB (m/z): [M + H]+ calcd. for C19H23O2N3
79Br, 404.0974; found, 404.0972. 

 

2-(2-Bromo-4,5-dimethoxyphenyl)-N-(tert.-butyl)imidazo[1,2-a]pyrazine-3-amine (128f) 

2-Aminopyrazine (200 mg, 2.10 mmol, 1.00 equiv), 2-bromo-4,5-

dimethoxybenzaldehyde (515 mg, 0.35 mL, 2.10 mmol, 1.00 equiv), tert-butyl isonitrile 

(175 mg, 0.24 mL, 2.10 mmol, 1.00 equiv) and glacial acetic acid (253 mg, 0.24 mL, 4.21 

mmol, 2.00 equiv) were reacted in methanol (10 mL) for 3 d. The solvent was removed 

under reduced pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 6:1:0.01 to 

0:1:0.04) GBB product 128f was obtained as a white solid (312 mg, 0.77 mmol, 38%).  

Rf (SiO2, CH/EtOAc 1:1) = 0.40. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.98 (d, J = 1.5 Hz, 1H, CHAr), 8.20 (dd, J = 4.7, 1.5 Hz, 1H, CHAr), 7.87 (d, J = 

4.7 Hz, 1H, CHAr), 7.13 (s, 1H, CHAr), 7.08 (s, 1H, CHAr), 3.92 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 3.32 (s, 1H, NH), 0.94 

(s, 9H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 150.0 (Cq), 148.8 (Cq), 143.5 (CHAr), 142.1 (CHAr), 141.9 (Cq), 137.4 (Cq), 

134.4 (CHAr), 132.7 (CHAr), 129.1 (CHAr), 128.1 (Cq), 126.1 (Cq), 116.6 (CHAr), 115.2 (CHAr), 114.9 (CHAr), 112.8 (Cq), 

60.5 (Cq), 56.4 (CH3), 56.3 (CH3), 30.1 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3334 (vw), 2962 (vw), 1736 (vw), 1604 (w), 1537 (vw), 1501 (w), 1462 (w), 1441 (w), 1408 (w), 

1365 (w), 1349 (w), 1249 (w), 1203 (m), 1173 (w), 1018 (w), 952 (w), 858 (w), 823 (w), 779 (w), 699 (vw), 646 (w), 

611 (w), 584 (vw), 421 (w). 

FAB-MS m/z (%): 407 [M(81Br) + H]+ (97), 406 [M(81Br)]+ (62), 405 [M(79Br) + H]+ (100), 404 [M(79Br)]+ (43). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H22O2N4
79Br, 405.0926; found, 405.0928. 

EA C18H22O2N4Br: calcd., C 53.34, H 5.22, N 13.82; found, C 53.40, H 5.39, N 14.03. 

 

2-(2-Bromophenyl)-N-(tert.-butyl)imidazo[1,2-a]pyrazine-3-amine (128g) 

Isoquinoline-3-amine (500 mg, 3.47 mmol, 1.00 equiv), 2-bromobenzaldehyde (642 mg, 

0.40 mL, 3.47 mmol, 1.00 equiv), tert.-butyl isocyanide (288 mg, 0.39 mL, 3.47 mmol, 

1.00 equiv) and a 1 M solution of perchloric acid in methanol (34.8 mg, 0.35 mL, 

0.35 mmol, 0.10 equiv) were reacted in 10 mL methanol (10 mL) for 5 d. The solvent was 
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removed under reduced pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

6:1:0.01 to 2:1:0.04). 128g was obtained as a white solid (603 mg, 1.53 mmol, 44%).  

Rf (SiO2, CH/EtOAc 1:2) = 0.25.  

1H-NMR (500 MHz, CDCl3) δ [ppm] = 9.93 (dd, J = 8.7, 1.1 Hz, 1H), 7.73 (ddd, J = 9.9, 7.7, 1.7 Hz, 2H), 7.66 (dd, J = 

8.1, 1.2 Hz, 1H), 7.57 (ddd, J = 8.7, 7.1, 1.6 Hz, 1H), 7.48 (q, J = 9.4 Hz, 2H), 7.43 (tt, J = 7.5, 1.4 Hz, 2H), 7.24 (dd, 

J = 6.0, 1.7 Hz, 1H), 3.39 (s, 1H, NH), 0.93 (s, 9H, CH3).  

13C-NMR (126 MHz, CDCl3) δ [ppm] = 141.10 (Cq), 139.12 (Cq), 136.85 (Cq), 135.44 (Cq), 133.32 (CHAr), 132.83 

(CHAr), 130.11 (Cq), 129.53 (CHAr), 128.70 (CHAr), 127.74 (CHAr), 127.26 (CHAr), 126.67 (CHAr), 124.79 (Cq), 124.62 

(CHAr), 122.86 (Cq), 118.36 (CHAr), 117.55 (CHAr), 56.57 (Cq), 29.71 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3207, 3119, 3074, 3054, 3034, 2962, 2925, 2900, 2871, 2860, 1608, 1557, 1548, 1533, 1466, 

1442, 1432, 1385, 1360, 1349, 1324, 1256, 1221, 1210, 1167, 1157, 1135, 1115, 1021, 1009, 980, 958, 945, 897, 

803, 781, 768, 745, 715, 680, 662, 640, 615, 599, 557, 537, 523, 514, 490, 472, 459, 441, 419, 399, 385, 377.  

FAB-MS m/z (%):397 (24), 396 [M(81Br) + H]+ (97), 395 [M(81Br)]+ (51), 394 [M(79Br) + H]+ (100), 393 [M(79Br)]+ 

(30), 340 (15), 339 (34), 338 (44), 337 (34), 336 (30), 313 (12), 311 (20), 309 (8), 129 (14), 128 (35). 

HRMS-FAB (m/z): [M + H]+ calcd. for C21H21N3
79Br, 394.0919; found, 394.0921. 

EA: C21H20N3Br: calcd. C 63.97, H 5.11, N 10.66; found. C 64.05, H 5.07, N 10.55. 

 

N-(Cyclohexyl)pyrido[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129aa) 

GBB product 128a (200 mg, 0.58 mmol, 1.00 equiv), tert-butyl isonitrile (95.1 mg, 0.11 mL, 

0.87 mmol, 1.50 equiv), potassium acetate (171 mg, 1.74 mmol, 3.00 equiv), Pd-Peppsi-iPr 

(19.8 mg, 0.03  mmol, 0.05 equiv) and XPhos (27.7 mg, 0.06 mmol, 0.10 equiv) were reacted 

in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was removed under reduced 

pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

20:1:0.05 to 2:1:0.05). 129aa was obtained as a yellow solid (172 mg, 0.54 mmol, 94%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.11. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.64 (dd, J = 8.1, 1.2 Hz, 1H, CH1), 8.59 (dt, J = 6.9, 1.3 Hz, 1H, CH7), 7.89 (d, 

J = 8.3 Hz, 1H, CH4), 7.75 (ddd, J = 8.1, 7.0, 1.0 Hz, 1H, CH2), 7.73-7.70 (m, 1H, CH10), 7.52 (ddd, 

J = 8.4, 7.0, 1.3 Hz, 1H, CH3), 7.32-7.22 (m, 1H, CH9), 6.87 (td, J = 6.7, 1.1 Hz, 1H, CH8), 5.37 (d, J = 7.2 1H, NH), 

4.29 (dt, J = 7.0, 3.8 Hz, 1H, CH12), 2.27-2.21 (m, 2H, CH2), 1.84 (dt, J = 13.5, 3.9 Hz, 2H, CH2), 1.72 (dt, 

J = 12.8, 3.9 Hz, 2H, CH2), 1.58-1.47 (m, 2H, CH2), 1.38-1.34 (m, 2H, CH2).  

13C NMR (101 MHz, CDCl3) δ [ppm] = 151.5 (Cq, C5), 143.4 (Cq, C10a), 134.6 (Cq, C11a), 130.9 (Cq, C11b), 130.4 (CHAr, 

CH2), 126.3 (CHAr, CH9), 125.8 (CHAr, CH3), 124.5 (Cq, C6a), 123.3 (CHAr, CH1), 123.2 (CHAr, CH7), 122.7 (CHAr, CH4), 

119.0 (Cq, C4a), 117.3 (CHAr, CH10), 111.2 (CHAr, CH8), 50.3 (CH), 33.3 (2C, CH2), 26.1 (CH2), 25.3 (2C, CH2). 
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IR (ATR) ῦ [cm-1] = 3273 (vw), 2923 (w), 2850 (w), 1623 (w), 1583 (w), 1540 (w), 1506 (m), 1449 (w), 1420 (w), 

1378 (w), 1348 (w), 1316 (w), 1255 (w), 1144 (w), 1109 (w), 1026 (w), 922 (w), 743 (w), 729 (m), 669 (w), 642 (w), 

520 (w), 443 (vw), 420 (vw).  

FAB-MS m/z (%): 317 [M + H]+ (100), 316 [M]+ (83), 234 [M ‒ C6H11 + H]+ (13), 233 [M ‒ C6H11]+ (4). 

HRMS-FAB (m/z): [M + H]+ calcd. for C20H21N4, 317.1766; found, 317.1767. 

 

N-(tert.-Butyl)pyrido[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129ab) 

GBB product 128a (200 mg, 0.58 mmol, 1.00 equiv), tert.-butyl isonitrile (72.5 mg, 0.10 mL, 

0.87 mmol, 1.50 equiv), potassium acetate (171 mg, 1.74 mmol, 3.00 equiv), Pd-Peppsi-iPr 

(19.8 mg, 0.03  mmol, 0.05 equiv) and XPhos (27.7 mg, 0.06 mmol, 0.10 equiv) were reacted 

in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was removed under reduced 

pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

20:1:0.05 to 2:1:0.05). 129ab was obtained as a yellow solid (40.8 mg, 0.14 mmol, 24%).  

Rf (SiO2, CH/EtOAc 2:1) = 0.12. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.65 (dt, J = 8.1, 1.1 Hz, 1H, CH1), 8.60 (dt, J = 6.8, 1.3 Hz, 1H, CH7), 7.84 (dt, 

J = 8.4, 0.9 Hz, 1H, CH4), 7.78 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H, CH2), 7.70 (dt, J = 9.2, 1.1 Hz, 1H, CH10), 7.54 (ddd, 

J = 8.4, 7.0, 1.3 Hz, 1H, CH3), 7.27 (ddd, J = 9.2, 6.6, 1.3 Hz, 1H, CH9), 6.87 (td, J = 6.7, 1.1 Hz, 1H, CH8), 5.33 (s, 1H, 

NH), 1.69 (s, 9H, 3 x CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 151.3 (Cq, C5), 143.8 (Cq, C10a), 134.4 (Cq, C11a), 131.4 (Cq, C11b), 130.2 (CHAr, 

CH2), 126.0 (CHAr, CH9), 125.7 (CHAr, CH3), 125.0 (Cq, C6a), 123.3 (CHAr, CH1), 123.2 (CHAr, CH7), 122.8 (CHAr, CH4), 

119.5 (Cq, C4a), 117.7 (CHAr, CH10), 111.0 (CHAr, CH8), 52.3 (Cq), 29.2 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3312 (w), 3047 (w), 2962 (m), 2924 (m), 2870 (w), 2856 (w), 1664 (w), 1632 (w), 1621 (m), 

1582 (m), 1560 (m), 1536 (m), 1504 (vs), 1483 (m), 1449 (s), 1421 (vs), 1378 (s), 1346 (vs), 1302 (vs), 1271 (s), 

1258 (vs), 1225 (vs), 1221 (vs), 1205 (vs), 1154 (m), 1147 (s), 1123 (m), 1082 (m), 1071 (s), 1028 (s), 1004 (m), 

938 (m), 929 (m), 860 (w), 823 (m), 802 (m), 788 (m), 765 (vs), 741 (vs), 732 (vs), 707 (s), 694 (m), 669 (vs), 650 

(s), 635 (s), 611 (m), 591 (m), 565 (m), 521 (vs), 486 (m), 439 (vs), 422 (s), 404 (s), 381 (vs). 

FAB-MS m/z (%): 292 (22), 291 [M + H]+ (100), 290 (83), 289 (6), 275 (7), 236 (6), 235 (26), 234 (32), 133 (16). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H19N4, 291.1604; found, 291.1602. 
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N-(Isopropyl)pyrido[2',1':2,3]imidazo[4,5-c]isoquinolin-5-amine (129ac) 

GBB product 128a (200 mg, 0.58 mmol, 1.00 equiv), isopropyl isonitrile (60.22 mg, 0.08 mL, 

0.87 mmol, 1.5 equiv), potassium acetate (171 mg, 1.74 mmol, 3.00 equiv), Pd-Peppsi-iPr 

(19.8 mg, 0.03  mmol, 0.05 equiv) and XPhos (27.7 mg, 0.06 mmol, 0.10 equiv) were reacted 

in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was removed under reduced 

pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

20:1:0.05 to 2:1:0.05). 129ac was obtained as a yellow solid (43 mg, 0.16 mmol, 27%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.14. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.63 (dd, J = 8.4, 0.9 Hz, 1H, CH1), 8.59 (dt, J = 6.8, 1.2 Hz, 1H, CH7), 7.89 (dt, 

J = 8.4, 0.9 Hz, 1H, CH4), 7.76 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H, CH2), 7.67 (dt, J = 9.2, 1.1z Hz, 1H, CH10), 7.50 (ddd, 

J = 8.4, 7.0, 1.4 Hz, 1H, CH3), 7.23 (ddd, J = 9.2, 6.6, 1.4 Hz, 1H, CH9), 6.82 (td, J = 6.7, 1.1 Hz, 1H, CH8), 5.27 (d, 

J = 7.0, 1H, NH), 4.60 (h, J = 6.5 Hz 1H, CH12), 1.40 (d, J = 6.5 Hz, 6H, 2xCH3). –  

13C NMR (101 MHz, CDCl3) δ [ppm] = 151.3 (Cq, C5), 143.9 (Cq, C10a), 134.7 (Cq, C11a), 131.4 (Cq, C11b), 130.3 (CHAr, 

CH2), 125.7 (CHAr, CH9), 125.5 (CHAr, CH3), 125.5 (Cq, C6a), 123.2 (CHAr, CH1), 123.0 (CHAr, CH7), 122.7 (CHAr, CH4), 

118.9 (Cq, C4a), 117.6 (CHAr, CH10), 110.7 (CHAr, CH8), 43.2 (CH), 23.0 (2C, CH3). 

IR (ATR) ῦ [cm-1] = 3276 (w), 3054 (w), 2972 (w), 2953 (w), 2925 (w), 2868 (w), 1632 (w), 1622 (m), 1581 (m), 

1562 (m), 1541 (s), 1504 (vs), 1451 (m), 1438 (m), 1418 (s), 1380 (s), 1353 (s), 1316 (m), 1293 (s), 1279 (m), 1254 

(vs), 1220 (m), 1180 (m), 1167 (m), 1160 (m), 1143 (m), 1133 (m), 1120 (m), 1082 (m), 1068 (m), 1027 (m), 1000 

(w), 963 (w), 943 (w), 926 (w), 888 (w), 877 (w), 853 (w), 844 (w), 823 (w), 772 (vs), 754 (w), 739 (vs), 730 (vs), 

713 (s), 693 (m), 671 (s), 643 (s), 613 (m), 589 (m), 565 (m), 521 (vs), 506 (m), 475 (m), 453 (m), 446 (m), 433 (m), 

418 (s), 399 (s), 377 (s). 

FAB-MS m/z (%): 278 (19), 277 [M + H]+ (100), 276 (78), 275 (9), 261 (15), 235 (13), 234 (14), 233 (5), 219 (5), 154 

(14), 138 (5), 137 (7), 136 (21), 133 (12), 107 (8), 105 (5), 91 (12), 90 (9), 89 (9). 

HRMS-FAB (m/z): [M + H]+ calcd. for C17H17N4, 277.1448; found, 277.1448. 

 

N-((1s,3s)-Adamantan-1-yl)pyrido[2’1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129ad)[192] 

GBB product 128a (200 mg, 0.58 mmol, 1.00 equiv), 1-isocyanoadamantane (141 mg, 

0.87 mmol, 1.5 equiv), potassium acetate (171 mg, 1.74 mmol, 3.00 equiv), Pd-Peppsi-iPr 

(19.8 mg, 0.03  mmol, 0.05 equiv) and XPhos (27.7 mg, 0.06 mmol, 0.10 equiv) were reacted 

in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was removed under reduced 

pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 

20:1:0.05 to 2:1:0.05). 129ad was obtained as a yellow solid (144 mg, 0.16 mmol, 67%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.28. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.63 (dd, J = 8.1, 1.3 Hz, 1H, CH1), 8.53 (dt, J = 7.0, 1.3 Hz, 1H, CH7), 7.84 (d, 

J = 8.3 Hz, 1H, CH4), 7.77 (ddd, J = 8.1, 6.9, 1.0 Hz 1H, CH2), 7.68 (dt, J = 9.2, 1.3 Hz, 1H, CH10), 7.53 (ddd, 
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J = 8.4, 7.0 1.3 Hz, 1H, CH3), 7.25 (ddd, J = 9.8, 6.6, 1.4 Hz, 1H, CH9), 6.86 (td, J = 6.6, 1.1 Hz, 1H, CH8), 5.18 (s, 1H, 

NH), 2.4 (d, J = 2.9 Hz, 6H, CH2), 2.21 (s, 3H, CH), 1.86-1.78 (m, 6H, CH2). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 151.0 (Cq, C5), 143.9 (Cq, C10a), 134.3 (Cq, C11a), 131.5 (Cq, C11b), 130.1 (CHAr, 

CH2), 125.7 (CHAr, CH9), 125.5 (CHAr, CH3), 125.2 (Cq, C6a), 123.2 (CHAr, CH1), 123.1 (CHAr, CH7), 122.8 (CHAr, CH4), 

119.4 (Cq, C4a), 117.8 (CHAr, CH10), 110.9 (CHAr, CH8), 52.9 (Cq), 42.0 (3C, CH2), 37.0 (3C, CH2), 29.9 (3C, CH). 

IR (ATR) ῦ [cm-1] = 3384 (w), 3274 (w), 3080 (w), 2902 (vs), 2861 (m), 2846 (s), 1632 (w), 1623 (w), 1584 (s), 1561 

(s), 1536 (m), 1509 (vs), 1451 (m), 1421 (s), 1381 (m), 1347 (vs), 1302 (vs), 1272 (s), 1258 (m), 1241 (s), 1133 (m), 

1095 (m), 943 (w), 936 (w), 764 (s), 744 (vs), 734 (vs), 705 (m), 669 (s), 637 (m), 516 (s), 388 (m). 

FAB-MS m/z (%): 370 (23), 369 (91), 368 [M + H]+ (100), 367 (15), 234 (7), 154 (6), 135 (17), 93 (5). 

 

N-(2-Morpholinoethyl)pyrido[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129ae)[192] 

GBB product 128a (185 mg, 0.54 mmol, 1.00 equiv), 4-(2-isocyanoehtyl)morpholine 

(113.0 mg, 0.11 mL, 0.81 mmol, 1.50 equiv), potassium acetate (158.2 mg, 1.61 mmol, 

3.00 equiv), Pd-Peppsi-iPr (18.3 mg, 0.03  mmol, 0.05 equiv) and XPhos (25.6 mg, 

0.05 mmol, 0.10 equiv) were reacted in anhydrous DMF (3 mL) for 18 h at 120 °C. The 

solvent was removed under reduced pressure and the residue was purified via flash 

chromatography (SiO2, CH/EtOAc/NEt3 20:1:0.05 to 1:10:0.05). 129ae was obtained as a yellow solid (57.0 mg, 

0.16 mmol, 31%). 

Rf (SiO2, EtOAc) = 0.09. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.65 (d, J = 8.1 Hz, 1H, CH1), 8.59 (d, J = 6.8 Hz, 1H, CH7), 7.95 (d, J = 8.3 Hz, 

1H, CH4), 7.80 (t, J = 7.5 Hz, 1H, CH2), 7.69 (dt, J = 9.2 Hz, 1H, CH10), 7.58 (ddd, J = 8.0, 7.0, 1.4 Hz, 1H, CH3), 7.28-

7.25 (m, 1H, CH9), 6.86 (t, J = 6.7 Hz, 1H, CH8), 6.24 (t, J = 4.7, 1H, NH), 3.79 (dt, J = 9.1, 5.0 Hz,  6H, CH2
12+15), 2.81 

(t, J = 6.0 Hz, 2H, CH2
13), 2.59 (t, J = 4.4Hz, 4H, CH2

14). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 152.2 (Cq, C5), 144.0 (Cq, C10a), 134.7 (Cq, C11a), 131.4 (Cq, C11b), 130.5 (CHAr), 

125.8 (CHAr), 125.8 (CHAr), 123.2 (CHAr), 123.2 (Cq, C6a), 123.0 (CHAr), 123.0 (CHAr), 119.1 (Cq), 117.9 (CHAr), 111.9 

(CHAr), 67.2 (2C, CH2), 57.0 (CH2), 53.5 (CH2), 38,1 (2C, CH2). 

IR (ATR) ῦ [cm-1] = 3271 (m), 3075 (w), 2952 (m), 2942 (w), 2932 (w), 2890 (w), 2868 (w), 2851 (m), 2812 (m), 

2765 (w), 1655 (m), 1632 (s), 1625 (s), 1582 (vs), 1548 (vs), 1524 (vs), 1507 (vs), 1445 (s), 1421 (vs), 1377 (vs), 

1350 (vs), 1306 (vs), 1258 (vs), 1217 (s), 1170 (m), 1145 (s), 1116 (vs), 1068 (s), 1034 (s), 1007 (s), 950 (m), 929 

(s), 914 (s), 887 (s), 866 (s), 824 (m), 805 (m), 773 (vs), 744 (vs), 732 (vs), 711 (s), 670 (s), 636 (vs), 628 (vs), 613 

(s), 591 (s), 568 (s), 547 (s), 521 (vs), 473 (s), 438 (s), 421 (s), 402 (m), 390 (s), 382 (s). 

FAB-MS m/z (%): 349 (27), 348 [M + H]+ (100), 347 (59), 346 (18), 261 (38), 259 (14), 248 (10), 247 (31), 235 (15), 

234 (42), 233 (10), 219 (11), 149 (10), 114 (16), 100 (66), 91 (11). 

HRMS-FAB (m/z): [M + H]+ calcd. for C20H22N5O1: 348.1817; found, 348.1819. 
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(S)-N-(1-Phenylethyl)pyrido[2’,1’:2,3]imidazo[4,5-c]isoquinoline-5-amine (129af)[193]  

GBB-product 128a (100 mg, 0.29 mmol, 1.00 equiv), (S)-methyl benzyl isonitrile (41 mg, 

0.06 mL, 0.73 mmol, 1.5 equiv), potassium acetate (86 mg, 0.87 mmol, 3.00 equiv), Pd(dba)2 

(8.4 mg, 0.015 mmol, 0.05 equiv) and XPhos (14 mg, 0.029 mmol, 0.10 equiv) were reacted 

in anhydrous DMF (2 mL) for 18 h at 120 °C. The solvent was removed under reduced 

pressure and the residue was purified via preparative TLC (SiO2, CH/EtOAc/NEt3 6:1:0.04 to 

1:1:0.04). 129af was obtained as a yellow solid (53 mg, 0.14 mmol, 57%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.25. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.65 (dd, J = 8.2, 1.2 Hz, 1H, CHAr), 8.53 (d, J = 6.8 Hz, 1H, CHAr), 8.03 (d, 

J = 8.4 Hz, 1H, CHAr), 7.82 – 7.77 (m, 1H, CHAr), 7.71 (dddd, J = 8.2, 7.1, 6.0, 1.0 Hz, 1H, CHAr), 7.58 – 7.53 (m, 2H, 

CHAr), 7.38 – 7.29 (m, 4H, CHAr), 7.25 (d, J = 7.0 Hz, 1H, CHAr), 6.96 (td, J = 6.8, 1.1 Hz, 1H, CHAr), 5.99 (d, J = 6.5 Hz, 

1H, NH), 5.55 (td, J = 6.7, 1.9 Hz, 1H, CHAr), 1.76 (d, J = 6.9 Hz, 3H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 169.2 (Cq), 151.6 (Cq), 145.0 (Cq), 143.3 (Cq), 142.3 (Cq), 134.0 (Cq), 130.8 

(CHAr), 128.8 (CHAr), 128.7 (CHAr), 127.8 (CHAr), 127.5 (CHAr), 127.2 (CHAr), 126.5 (CHAr), 126.3 (CHAr), 123.5 (CHAr), 

123.4 (CHAr), 123.0 (CHAr), 119.0 (Cq), 116.5 (CHAr), 112.3 (CHAr), 51.5 (Cq), 22.8 (CH3). 

IR (ATR) ῦ [cm-1] = 3246 (w), 2970 (w), 1648 (m), 1606 (m), 1507 (m), 1447 (m), 1421 (m), 1376 (m), 1279 (m), 

1252 (m), 1209 (m), 1135 (m), 1027 (w), 908 (w), 747 (m), 730 (m), 698 (s), 674 (m), 645 (w), 540 (w), 514 (m), 

417 (w). 

FAB-MS m/z (%): 339 [M + H]+ (100), 338 [M]+ (47). 

HRMS-FAB (m/z): [M + H]+ calcd. for C22H19N4, 339.1610; found, 339.1608. 

 

N-(2,6-Dimethylphenyl)pyrido[2’1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129ag)[192] 

GBB product 128a (200 mg, 0.58 mmol, 1.00 equiv), 2-isocyano-1,3-dimethylbenzene 

(114 mg, 0.87 mmol, 1.5 equiv), potassium acetate (171 mg, 1.74 mmol, 3.00 equiv), 

Pd-Peppsi-iPr (19.8 mg, 0.03  mmol, 0.05 equiv) and XPhos (27.7 mg, 0.06 mmol, 0.10 equiv) 

were reacted in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was removed under 

reduced pressure and the residue was purified via flash chromatography (SiO2, 

CH/EtOAc/NEt3 20:1:0.05 to 2:1:0.05). 129ag was obtained as a yellow solid (21 mg, 0.06 mmol, 11%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.25. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.73 (dd, J = 8.3, 1.3 Hz, 1H, CH1), 8.31 (dt, J = 6.9, 1.3 Hz, 1H, CH7), 8.20 (d, 

J = 8.3 Hz, 1H, CH4), 7.87 (ddd, J = 8.1, 7.0, 1.0 Hz, 1H, CH2), 7.69-7.63 (m, 2H, CH3+10), 7.26-7.23 (m, 1H, CH9), 

7.21-7.17 (m, 3H, CHAr), 6.84-6.83 (m, 1H, NH), 6.75 (td, J = 6.7, 1.1 Hz, 1H, CH8), 2.29 (s, 6H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 149.8 (Cq, C5), 144.4 (Cq, C10a), 137.2 (Cq, C12), 135.7 (2C, Cq), 134.4 (Cq, C11a) 

131.6 (Cq, C11b), 130.6 (CHAr, CH2), 128.3 (CHAr), 128.1 (Cq, C6a), 126.4 (CHAr, CH3), 126.2 (CHAr, CH9), 126.1 (2C, 
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CHAr), 123.7 (CHAr, CH7), 123.3 (CHAr, CH1), 123.2 (CHAr, CH4), 118.9 (Cq, C4a), 117.6 (CHAr, CH10), 110.8 (Cq, C8), 

19.0 (2C, CH3). 

IR (ATR) ῦ [cm-1] = 3262 (w), 2962 (w), 2919 (w), 2847 (w), 1650 (w), 1625 (m), 1578 (m), 1562 (m), 1537 (m), 

1503 (vs), 1470 (vs), 1451 (s), 1417 (vs), 1377 (vs), 1347 (vs), 1300 (vs), 1281 (s), 1252 (s), 1218 (s), 1156 (m), 

1142 (m), 1095 (s), 1075 (s), 1027 (s), 986 (m), 928 (m), 899 (w), 871 (w), 840 (w), 832 (w), 813 (w), 805 (w), 765 

(vs), 748 (vs), 734 (vs), 707 (s), 681 (m), 667 (vs), 645 (vs), 611 (vs), 591 (vs), 571 (s), 548 (s), 520 (vs), 469 (s), 458 

(s), 445 (s), 421 (s), 415 (s), 399 (s), 391 (s), 380 (s). 

FAB-MS m/z (%): 339 (85), 338 [M + H]+ (82), 233 (68), 217 (57), 192 (83), 154 (95), 138 (38), 137 (57), 136 (100), 

107 (47), 105 (34), 95 (43), 91 (69), 90 (43), 89 (47). 

HRMS-FAB (m/z): [M]+ calcd. for C22H18N4, 338.1526; found, 338.1528. 

 

N-(Cyclohexylpyrazino[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129ba) 

GBB product 128b (200 mg, 0.58 mmol, 1.00 equiv), cyclohexyl isonitrile (95.2 mg, 0.11 mL, 

0.87 mmol, 1.50 equiv), potassium acetate (171 mg, 1.74 mmol, 3.00 equiv), 

Pd-Peppsi-iPr(19.8 mg, 0.03  mmol, 0.05 equiv) and XPhos (27.7 mg, 0.06 mmol, 0.10 equiv) 

were reacted in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was removed under 

reduced pressure and the residue was purified via flash chromatography (SiO2, 

CH/EtOAc/NEt3 20:1:0.05 to 2:1:0.05). 129ba was obtained as a yellow solid (124 mg, 0.39 mmol, 67%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.22. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 9.16 (s, 1H, CH10), 8.64 (d, J = 8.0, 1H, CH1), 8.43 (d, J = 4.5 Hz, 1H, CH7), 7.91-

7.88 (m, 2H,z CH8+4), 7.82 (t, J = 7.56 Hz, 1H, CH2), 7.60 (t, J = 7.7 Hz, 1H, CH3), 5.50 (d, J = 7.3 Hz, 1H, NH), 4.35-

4.28 (m, 1H, CH12), 2.25 (dd, J = 12.4, 4.4 Hz, 2H, CH2), 1.85 (dt, J = 13.5, 4.0 Hz, 2H, CH2), 1.58-1.50 (m, 2H, CH2), 

1.40-1.23 (m, 4H, CH2). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 152.6 (Cq, C5), 144.4 (Cq, C10), 138.3 (Cq, C6a), 134.6 (Cq, C10a), 131.5 (Cq, C11b), 

130.9 (CHAr, CH2), 127.8 (Cq, C11a), 127.4 (CHAr, CH8), 126.8 (CHAr, CH3), 123.3 (CHAr, CH1), 122.8 (CHAr, CH4), 

120.0 (Cq, C4a), 115.9 (CHAr, CH7), 50.3 (CH), 33.2 (CH2), 26.0 (CH2), 25.3 (CH2). 

IR (ATR) ῦ [cm-1] = 3233 (w), 2920 (w), 2851 (w), 1655 (w), 1573 (m), 1543 (m), 1493 (m), 1449 (w), 1373 (w), 

1327 (w), 1293 (w), 1253 (m), 1150 (w), 1067 (w), 1030 (w), 1005 (w), 938 (w), 890 (w), 763 (w), 711 (w), 664 (w), 

646 (w), 597 (w), 567 (w), 522 (w), 417 (w). 

FAB-MS m/z (%): 318 [M + H]+ (100), 317 [M]+ (56), 235 [M ‒ C6H11 + H]+ (24). 

HRMS-FAB (m/z): [M + H]+ calcd. for C19H20N5, 318.1719; found, 318.1717.  
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N-(tert-Butyl)pyrazino[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129bb)  

GBB product 128b (120 mg, 0.35 mmol, 1.00 equiv), tert-butyl isonitrile (43.3 mg, 0.06 mL, 

0.52 mmol, 1.50 equiv), potassium acetate (102 mg, 1.04 mmol, 3.00 equiv), Pd-

Peppsi-iPr(11.8 mg, 0.02  mmol, 0.05 equiv) and XPhos (16.6 mg, 0.03 mmol, 0.10 equiv) 

were reacted in anhydrous DMF (3 mL) for 18 h at 120 °C. The crude product was purified via 

flash chromatography (SiO2, CH/EtOAc/NEt3 20:1:0.05 to 2:1:0.05). 129bb was obtained as a 

yellow solid (20 mg, 0.07 mmol, 20%). 

Rf (SiO2, CH/EtOAc 2:1) = 0.18. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.18 (d, J = 1.5 Hz, 1H, CH10), 8.67 (d, J = 7.9 Hz, 1H, CH1), 8.43 (dd, 

J = 4.6, 1.6 Hz, 1H, CH7), 7.92 (d, J = 4.6 Hz 1H, CH8), 7.86-7.81 (m, 2H, CH2+4), 7.63-7.55 (m, 1H, CH3), 5.51 (s, 1H, 

NH), 1,7 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 152.5 (Cq, C5), 144.5 (Cq, C10), 138.4 (Cq, C6a), 134.2 (Cq, C10a), 131.7 (Cq, C11b), 

130.8 (CHAr, CH2), 127.9 (Cq, C11a), 127.2 (CHAr, CH8), 126.9 (CHAr, CH3), 123.4 (CHAr, CH1), 122.9 (CHAr, CH4), 

120.5  (Cq, C4a), 115.9 (Cq, C7), 52.6 (Cq), 29.1 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3418 (w), 2965 (m), 2918 (w), 2868 (w), 1728 (w), 1613 (w), 1608 (vw), 1572 (vs), 1538 (vs), 

1524 (s), 1496 (s), 1487 (s), 1476 (vs), 1451 (s), 1435 (m), 1421 (m), 1383 (m), 1370 (s), 1356 (m), 1346 (m), 1322 

(m), 1299 (s), 1286 (m), 1269 (s), 1256 (vs), 1213 (vs), 1179 (m), 1171 (m), 1152 (s), 1128 (m), 1102 (m), 1094 

(m), 1079 (m), 1030 (m), 1009 (m), 929 (m), 892 (w), 867 (w), 798 (m), 765 (vs), 738 (m), 711 (s), 698 (m), 670 

(vs), 656 (s), 633 (vs), 595 (vs), 561 (m), 523 (vs), 480 (m), 442 (s), 419 (m), 412 (m), 390 (s). 

FAB-MS m/z (%): 293 (26), 292 [M + H]+ (100), 291 (56), 259 (15), 237 (17), 236 (52), 235 (43), 207 (12), 189 (11), 

177 (12), 147 (29), 145 (11), 138 (11), 137 (20), 136 (48), 135 (11), 133 (12), 131 (14), 129 (12), 128 (11), 123 (13), 

121 (15), 120 (12), 119 (13), 117 (14), 115 (14), 109 (19), 107 (28), 106 (14), 105 (25), 97 (16), 95 (29), 93 (16), 91 

(46), 90 (26), 89 (21). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H19N4, 292.1557; found, 292.1559. 

 

N-Cyclohexylpyrido[1’,2’:1,2]imidazo[4,5-f][1,7]naphthyridin-5-amine (129ca)[193]  

GBB-product 128c (75 mg, 0.22 mmol, 1.00 equiv), cyclohexyl isonitrile (36 mg, 0.05 mL, 

0.33 mmol, 1.50 equiv), potassium acetate (64 mg, 0.65 mmol, 3.00 equiv), Pd(dba)2 (6.2 mg, 

0.011 mmol, 0.05 equiv) and XPhos (10 mg, 0.022 mmol, 0.10 equiv) were reacted in 2 mL 

DMF for 18 h at 120 °C. After purification via preparative TLC (SiO2, CH/EtOAc/NEt3 6:1:0.04, 

then 1:1:0.04) product 129ca was obtained as a yellow solid (18 mg, 0.06 mmol, 39%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.18. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.84 (dd, J = 8.2, 1.9 Hz, 1H, CHAr), 8.76 (dd, J = 4.4, 1.7 Hz, 1H, CHAr), 8.60 

(d, J = 6.9 Hz, 1H, CHAr), 7.68 – 7.62 (m, 1H, CHAr), 7.31 – 7.20 (m, 1H, CHAr), 7.06 (d, J = 8.1 Hz, 1H, CHAr), 6.85 (t, 

J = 6.7 Hz, 1H, CHAr), 5.49 (d, J = 60.5 Hz, 1H, NH), 4.24 (dtt, J = 10.0, 7.7, 4.0 Hz, 1H, CH), 2.38 – 2.13 (m, 2H, CH2), 
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1.85 (dt, J = 12.4, 3.8 Hz, 2H, CH2), 1.70 (ddq, J = 13.5, 8.4, 4.0 Hz, 2H, CH2), 1.59 – 1.50 (m, 2H, CH2), 1.50 – 1.41 

(m, 2H, CH2). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 152.1 (Cq), 147.0 (CHAr), 144.1 (Cq), 135.28 (Cq), 135.2 (Cq), 130.7 (CHAr), 

126.4 (Cq), 125.8 (CHAr), 125.3 (CHAr), 123.4 (CHAr), 123.4 (Cq), 117.7 (CHAr), 111.0 (CHAr), 49.6 (CH), 33.1 (2C, CH2), 

26.1 (2C, CH2), 25.3 (CH2). 

IR (ATR) ῦ [cm-1] = 3391 (w), 2923 (m), 2851 (m), 1655 (m), 1585 (m), 1520 (s), 1447 (m), 1398 (m), 1375 (m), 

1347 (m), 1303 (w), 1252 (m), 1228 (m), 1151 (w), 1112 (w), 1075 (w), 918 (w), 890 (w), 815 (w), 797 (w), 734 

(m), 668 (m), 644 (m), 424 (m), 409 (w). 

FAB-MS m/z (%): 318 [M + H]+ (100), 317 [M]+ (98), 235 [M ‒ C6H11 + H]+ (18), 234 [M ‒ C6H11]+ (3). 

HRMS-FAB (m/z): [M + H]+ calcd. for C19H20N5, 318.1719; found, 318.1720. 

 

N-Cyclohexyl-2,3-dimethoxypyrido[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129ea) 

GBB-product 128e (200 mg, 495 µmol, 1.00 equiv), cyclohexyl isonitrile (81 mg, 92 µL, 

741 µmol, 1.50 equiv), potassium acetate (146 mg, 1.48 mmol, 3.00 equiv), Pd-Peppsi-

iPr (16.9 mg, 24.7 µmol, 0.05 equiv) and XPhos (23.6 mg, 49.5 µmol, 0.10 equiv) were 

reacted in anhydrous 2 mL DMF (2 ml) for 16 h at 120 °C. The solvent was removed 

under reduced pressure and the residue was purified via flash chromatography (SiO2, 

CH/EtOAc/NEt3 6:1:0.01 to 1:2:0.04). 129ea was obtained as a yellow solid (113 mg, 300 μmol, 61%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.08. 

1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.60 (d, J = 6.8 Hz, 1H, CH7), 7.99 (s, 1H, CH1), 7.69 (d, J = 9.1 Hz, 1H, CH10), 

7.27 (t, J = 7.2 Hz, 1H, CH9), 7.19 (s, 1H, CH4), 6.87 (td, J = 6.8, 1.1 Hz, 1H, CH8), 5.14 (d, J = 6.3 Hz, 1H, NH), 

4.38 – 4.25 (m, 1H, CH), 4.08 (s, 3H, OCH3), 4.01 (s, 3H, OCH3), 2.28 (dd, J = 12.5, 3.9 Hz, 2H, CH2), 1.84 (dt, J = 13.6, 

3.8 Hz, 2H, CH2), 1.73 (dt, J = 12.9, 3.7 Hz, 1H, CH2), 1.59 – 1.45 (m, 2H, CH2), 1.43 – 1.26 (m, 3H, CH2). 

13C-NMR (126 MHz, CDCl3) δ [ppm] = 152.6 (Cq, C2), 150.6 (Cq, C5), 148.7 (Cq, C3), 143.3 (Cq, C10a), 134.1 (Cq, C6a), 

126.8 (Cq, C11b), 126.2 (CHAr, CH9), 124.8 (Cq, C11a), 123.4 (CHAr, CH7), 117.1 (CHAr, CH10), 113.2 (Cq, C4a), 111.0 (CHAr, 

CH8), 103.5 (CHAr, CH4), 103.0 (CHAr, CH1), 56.5 (CH3), 56.4 (CH3), 50.5 (CH), 33.5 (2C, CH2), 26.2 (CH2), 25.5 (2C, 

CH2). 

IR (ATR) ῦ [cm-1] = 3223 (w), 2999 (w), 2925 (m), 2850 (w), 1731 (w), 1621 (w), 1589 (m), 1568 (m), 1547 (s), 1520 

(m), 1503 (s), 1487 (vs), 1459 (m), 1432 (vs), 1385 (s), 1370 (m), 1351 (s), 1322 (m), 1290 (m), 1252 (vs), 1215 

(vs), 1203 (vs), 1179 (vs), 1146 (s), 1112 (m), 1067 (s), 1047 (m), 1033 (m), 1004 (m), 993 (m), 938 (w), 929 (w), 

888 (w), 864 (m), 849 (m), 824 (s), 803 (w), 779 (m), 748 (vs), 735 (s), 652 (m), 626 (s), 589 (m), 572 (m), 557 (m), 

534 (w), 513 (w), 466 (w), 452 (w), 414 (m), 388 (w), 378 (w). 

FAB-MS m/z (%): 378 (19), 377 (81), 376 [M + H]+ (100), 375 (13), 154 (14), 136 (11). 

HRMS-FAB (m/z): [M + H]+ calcd. for C22H24O2N4, 376.1894; found, 376.1893. 
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N-(tert.-Butyl)-2,3-dimethoxypyrido[2’,1’:2,3]imidazo[4,5-c]isoquinoline-5-amine (129eb) 

GBB-product 128e (100 mg, 0.25 mmol, 1.00 equiv), tert-butyl isonitrile (31 mg, 

0.04 mL, 0.37 mmol, 1.50 equiv), potassium acetate (73 mg, 0.74 mmol, 3.00 equiv), 

Pd(dba)2 (7.1 mg, 0.012 mmol, 0.05 equiv) and XPhos (12 mg, 0.025 mmol, 0.10 equiv) 

were reacted in anhydrous DMF (2 mL) for 18 h at 120 °C. The solvent was removed 

under reduced pressure and the residue was purified via preparative TLC (SiO2, 

CH/EtOAc/NEt3 6:1:0.04 to 1:1:0.04). 129eb was obtained as a yellow solid (47 mg, 0.13 mmol, 54%).  

Rf (SiO2, CH/EtOAc 1:1) = 0.45. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.56 (d, J = 6.8 Hz, 1H, CH), 7.97 (d, J = 6.7 Hz, 1H, CH), 7.65 (dd, J = 9.1, 1.1 

Hz, 1H, CH), 7.28 – 7.20 (m, 1H, CH), 7.11 (s, 1H, CH), 6.83 (td, J = 6.7, 1.1 Hz, 1H, CH), 5.04 (s, 1H, NH), 4.07 (s, 

3H, OCH3), 4.01 (s, 3H, OCH3), 1.67 (s, 9H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 152.4 (Cq), 150.3 (Cq), 148.6 (Cq), 143.6 (Cq), 133.8 (Cq), 127.0 (Cq), 125.9 

(CHAr), 125.0 (Cq), 123.2 (CHAr), 117.3 (CHAr), 113.6 (Cq), 110.7 (CHAr), 103.6 (CHAr), 102.9 (CHAr), 56.5 (CH3), 56.3 

(CH3), 52.3 (Cq), 29.3 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 2961 (vw), 2255 (w), 2172 (w), 1624 (w), 1590 (w), 1574 (w), 1538 (w), 1479 (w), 1430 (w), 

1390 (w), 1346 (w), 1310 (w), 1290 (w), 1251 (w), 1201 (m), 1180 (w), 1090 (w), 1071 (w), 1035 (w), 1005 (w), 

993 (w), 938 (w), 913 (w), 854 (w), 824 (w), 787 (w), 745 (w), 723 (m), 662 (w). 

FAB-MS m/z (%): 351 [M + H]+ (84), 350 [M]+ (100), 294 [M ‒ tBu + H]+ (15), 293 [M ‒ tBu]+ (3). 

HRMS-FAB (m/z): [M]+ calcd. for C22H22O2N4, 350.1743; found, 350.1742. 

 

N-Isopropyl-2,3-dimethoxypyrido[2’,1’:2,3]imidazo[4,5-c]isoquinoline-5-amine (129ec)[193]  

GBB-product 128e (100 mg, 0.25 mmol, 1.00 equiv), isopropyl isonitrile (26 mg, 

0.04 mL, 0.37 mmol, 1.50 equiv), potassium acetate (73 mg, 0.74 mmol, 3.00 equiv), 

Pd(dba)2 (7.1 mg, 0.012 mmol, 0.05 equiv) and XPhos (12 mg, 0.025 mmol, 0.10 equiv) 

were reacted in anhydrous DMF (2 mL) for 18 h at 120 °C. The solvent was removed 

under reduced pressure and the residue was purified via preparative TLC (SiO2, 

CH/EtOAc/NEt3 6:1:0.04 to 1:1:0.04). 129ec was obtained as a yellow solid (32 mg, 0.10 mmol, 39%).  

Rf (SiO2, CH/EtOAc 1:1) = 0.45. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.63 – 8.56 (m, 1H, CH), 8.02 – 7.94 (m, 1H, CH), 7.75 – 7.59 (m, 1H, CH), 

7.23 (d, J = 23.5 Hz, 2H, CH), 6.88 – 6.82 (m, 1H, CH), 5.10 (s, 1H, NH), 4.60 (d, J = 6.8 Hz, 1H, CH), 4.09 – 4.05 (m, 

3H, OCH3), 4.03 – 3.99 (m, 3H, OCH3), 1.48 – 1.34 (m, 6H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 152.6 (Cq), 150.6 (Cq), 148.7 (Cq), 143.6 (Cq), 134.2 (Cq), 126.9 (Cq), 125.8 

(CHAr), 125.2 (Cq), 123.3 (CHAr), 117.3 (CHAr), 113.2 (Cq), 110.8 (CHAr), 103.5 (CHAr), 103.0 (CHAr), 56.5 (CH3), 56.4 

(CH3), 43.4 (CH), 23.1 (2C, CH3). 
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IR (ATR) ῦ [cm-1] = 3419 (w), 3235 (vw), 2965 (w), 2255 (vw), 1626 (w), 1588 (w), 1573 (w), 1546 (w), 1487 (m), 

1433 (m), 1387 (w), 1349 (w), 1321 (w), 1293 (w), 1250 (m), 1204 (m), 1181 (m), 1087 (w), 1070 (w), 1034 (w), 

1005 (w), 915 (w), 850 (w), 824 (w), 783 (w), 728 (m), 656 (w), 628 (m), 571 (w). 

FAB-MS m/z (%): 337 [M + H]+ (84), 336 [M]+ (100). 

HRMS-FAB (m/z): [M]+ calcd. for C19H20O2N4, 336.1586; found, 336.1585.  

 

N- Cyclohexyl -2,3-dimethoxypyrazino[2',1':2,3]imidazo[4,5-c]isoquinolin-5-amine (129fa) 

GBB-product 128f (200 mg, 0.58 mmol, 1.00 equiv), tert-butyl isocyanide (61.5 mg, 

0.08 mL, 0.74 mmol, 1.5 equiv), potassium acetate (145 mg, 1.48 mmol, 3.00 equiv), 

Pd-Peppsi-iPr (16.8 mg, 0.02 mmol, 0.05 equiv) and XPhos (23.5 mg, 0.05 mmol, 

0.10 equiv) were reacted in 3 mL DMF for 18 h at 120 °C. After purification via flash 

chromatography (SiO2, CH/EtOAc/NEt3 20:1:0.05 to 1:2:0.05) insertion product 129fa 

was obtained as a yellow solid (77 mg, 0.20 mmol, 41%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.21. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.11 (d, J = 1.6 Hz, 1H, CHAr), 8.41 (dd, J = 4.6, 1.6 Hz, 1H, CHAr), 7.93 (s, 1H, 

CHAr), 7.87 (d, J = 4.6 Hz, 1H, CHAr), 7.20 (s, 1H, CHAr), 5.41 (d, J = 7.2 Hz, 1H, NH), 4.29 (dtd, J = 10.7, 6.9, 3.6 Hz), 

4.05 (s, 3H, OCH3), 3.98 (s, 3H, OCH3), 2.24 (dd, J = 12.4, 3.9 Hz, 2H, CH2), 1.86 – 1.80 (m, 2H, CH2), 1.71 (dt, 

J = 13.2, 3.7 Hz, 1H, CH2), 1.60 – 1.43 (m, 2H, CH2), 1.42 – 1.25 (m, 3H, CH2). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 152.7 (Cq), 151.9 (Cq), 149.4 (Cq), 143.9 (Cq), 138.1 (Cq), 134.0 (Cq), 

127.6 (CHAr), 127.4 (CHAr), 127.0 (CHAr), 115.9 (CHAr), 114.1 (CHAr), 103.8 (Cq), 103.1 (Cq), 56.5 (CH3), 56.3 (CH3), 

50.5 (CH), 33.3 (2C, CH2), 26.0 (CH2), 25.4 (2C, CH2). 

IR (ATR) ῦ [cm-1] = 3408 (w), 3312 (w), 2924 (m), 2850 (m), 1615 (w), 1574 (s), 1540 (s), 1486 (vs), 1432 (vs), 1381 

(s), 1346 (s), 1282 (s), 1248 (vs), 1205 (vs), 1180 (vs), 1069 (s), 1027 (m), 1006 (s), 999 (s), 856 (s), 826 (m), 786 

(vs), 626 (vs), 599 (s), 412 (s), 377 (s). 

FAB-MS m/z (%): 379 [M + 2H]+ (29), 378 [M + H]+ (100), 377 [M]+ (56), 376 [M – H]+ (11), 362 (7), 296 (15), 295 

(20), 280 (12), 133 (11). 

HRMS-FAB (m/z): [M + H]+ calcd. for C21H24O2N5, 378.1925; found, 378.1923. 
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N-(tert-Butyl)-2,3-dimethoxypyrazino[2’,1’:2,3]imidazo[4,5-c]isoquinolin-5-amine (129fb) 

GBB product 129f (200 mg, 0.58 mmol, 1.00 equiv), tert-butyl isonitrile (61.5 mg, 

0.08 mL, 0.74 mmol, 1.50 equiv), potassium acetate (145 mg, 1.48 mmol, 3.00 equiv), 

Pd-Peppsi-iPr (16.8 mg, 0.02 mmol, 0.05 equiv) and XPhos (23.5 mg, 0.05 mmol, 

0.10 equiv) were reacted in anhydrous DMF (3 mL) for 18 h at 120 °C. The solvent was 

removed under reduced pressure and the residue was purified via flash 

chromatography (SiO2, CH/EtOAc/NEt3 20:1:0.05 to 1:2:0.05). 129fb was obtained as a yellow solid (16 mg, 

0.05 mmol, 9%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.20. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.18 (d, J = 1.5 Hz, 1H, CH10), 8.44 (dd, J = 4.6,1.6 Hz, 1H, CH8), 8.00 (s, 1H, 

CH1), 7.93 (d, J = 4.6 Hz, 1H, CH7), 7.08 (d, J = 3.7 Hz, 1H, CH4), 5.15 (s, 1H, NH), 4.13 (s, 3H, OCH3), 4.07 (s, 3H, 

OCH3), 1,70 (s, 9H, CH3). 

13C NMR (101 MHz, CDCl3) δ [ppm] = 152.8 (Cq, C2), 151.8 (Cq, C5), 149.5 (Cq, C3), 144.0 (Cq,C10), 138.1 (Cq, C10a), 

133.7 (Cq, C6a), 127.8 (CHAr, CH7), 127.2 (Cq, C11b), 127.0 (Cq, C11a), 115.9 (CHAr, CH8), 114.6 (Cq, C4), 103.8 (CHAr, 

CH4), 103.4 (CHAr, CH1), 56.5 (CH3), 56.4 (CH3), 52.7 (Cq), 29.3 (3C, CH3). 

IR (ATR) ῦ [cm-1] = 3336 (w), 2958 (m), 2922 (m), 2859 (w), 1662 (w), 1615 (m), 1577 (m), 1540 (s), 1490 (vs), 

1463 (s), 1455 (s), 1435 (vs), 1380 (s), 1363 (s), 1349 (s), 1324 (m), 1288 (s), 1276 (s), 1252 (vs), 1217 (vs), 1203 

(vs), 1179 (vs), 1137 (vs), 1096 (vs), 1077 (vs), 1028 (vs), 1009 (vs), 999 (vs), 946 (s), 931 (s), 858 (s), 826 (s), 792 

(vs), 737 (m), 718 (s), 676 (s), 666 (m), 647 (m), 630 (vs), 599 (vs), 578 (s), 555 (s), 545 (s), 528 (s), 510 (s), 453 

(vs), 441 (vs), 426 (vs), 416 (vs), 402 (vs), 388 (vs), 381 (vs). 

FAB-MS m/z (%): 353 (24), 352 [M + H]+ (100), 351 (71), 296 (18), 295 (21), 187 (11), 171 (12), 155 (11), 154 (22), 

149 (24), 138 (10), 137 (17), 136 (23), 133 (44), 118 (30), 107 (12), 95 (11), 91 (17), 89 (12). 

HRMS-FAB (m/z): [M + H]+ calcd. for C19H22O2N4, 352.1768; found, 352.1766. 

 

11-(tert-Butylamino)-6-(isopropylimino)-1H,6H-pyrido[2’,1’:2,3]imidazo[5,1-a]isoindol-1-one (130) 

GBB-product 128d (200 mg, 495 µmol, 1.00 equiv), cyclohexyl isonitrile (81 mg, 92 µL, 

741 µmol, 1.50 equiv), potassium acetate (146 mg, 1.48 mmol, 3.00 equiv), Pd-Peppsi-iPr 

(16.9 mg, 24.7 µmol, 0.05 equiv) and XPhos (23.6 mg, 49.5 µmol, 0.10 equiv) were reacted 

in 2 mL DMF for 16 h at 120 °C. The residue was purified via flash chromatography (SiO2, 

CH/EtOAc/NEt3 6:1:0.01 to 1:2:0.04). 130 was obtained as a yellow solid (113 mg, 

300 μmol, 61%). 

Rf (SiO2, CH/EtOAc 1:2) = 0.30. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.96 (d, J = 7.9 Hz, 1H), 7.91 (d, J = 7.7 Hz, 1H), 7.50 (td, J = 7.7, 1.1 Hz, 1H), 

7.43 – 7.31 (m, 2H), 6.98 (s, 1H), 6.54 (s, 1H, NH), 6.01 (dd, J = 8.7, 1.1 Hz, 1H), 4.63 (h, J = 6.2 Hz, 1H), 1.40 (d, 

J = 6.2Hz, 6H, CH3), 1.33 (s, 9H, CH3). 
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13C-NMR (100 MHz, CDCl3) δ [ppm] = 162.6 (Cq), 145.9 (Cq), 145.2 (Cq), 139.6 (CHAr), 136.6 (Cq), 132.2 (Cq), 131.3 

(CHAr), 130.6 (Cq), 130.0 (Cq), 128.0 (CHAr), 127.4 (CHAr), 123.1 (CHAr), 107.3 (CHAr), 89.3 (CHAr), 58.2 (Cq), 49.5 (CH), 

30.0 (3C, CH3), 24.2 (2C, CH3). 

IR (ATR) ῦ [cm-1] = 3303 (w), 2963 (m), 2928 (m), 2861 (w), 1681 (s), 1657 (vs), 1608 (m), 1564 (vs), 1520 (vs), 

1497 (s), 1459 (vs), 1441 (vs), 1431 (vs), 1405 (s), 1361 (vs), 1349 (vs), 1306 (s), 1295 (s), 1261 (s), 1247 (s), 1214 

(vs), 1196 (s), 1180 (s), 1169 (vs), 1156 (vs), 1137 (vs), 1118 (vs), 1071 (s), 1030 (s), 1014 (m), 967 (m), 942 (m), 

911 (m), 866 (m), 851 (m), 796 (s), 766 (vs), 755 (vs), 728 (vs), 697 (s), 669 (s), 643 (s), 602 (s), 565 (s), 543 (s), 

521 (s), 490 (s), 475 (s), 438 (m), 416 (m). 

FAB-MS m/z (%): 349 (90), 348 (100), 293 (60), 292 (78), 291 (63), 278 (75), 214 (60), 136 (93), 107 (64), 91 (64). 

HRMS-FAB (m/z): [M + H]+ calcd. for C21H24O1N4, 348.1945; found, 348.1946. 
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5.4.5 Miniaturized Synthesis of Fluorophore Arrays via nano3D Printing 

Phenanthrene-9,10-diamine (150) 

According to a procedure by COLAK et al.,[158, 194] phenanthen-9,10-dione (2.00 g, 9.61 mmol, 

1.00 equiv), hydroxylamine hydrochloride (1.47 g, 879 μL, 21.1 mmol, 2.20 equiv), and pyridine 

(1.90 g, 1.94 mL, 24.0 mmol, 2.50 equiv) were stirred at 130°C for 3h. After cooling to r.t., the 

product was filtered off. 149 was obtained as a brown solid (1.69 g, 7.1 mmol, 74%) and used without further 

purification. 

149 (1.69 g, 7.11 mmol, 1.00 equiv), 10 wt% Pd/C (847 mg, 7.96 mmol, 1.12 equiv) and hydrazine hydrate (17 mL) 

were stirred in ethanol (85 mL) at 80°C for 24 h. The solvent was removed under reduced pressure, the product 

was poured into water (300 mL) and filtered off. 150 was obtained as green solid (949 mg, 4.56 mmol, 64%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 8.38 (dd, J = 3.1, 1.3 Hz, 2H, 2 CHAr), 8.33 (dd, J = 3.2, 1.4 Hz, 2H, 2 CHAr), 

8.15 (dd, J = 7.8, 1.5 Hz, 2H, 2 CHAr), 8.03 (dd, J = 8.3, 1.3 Hz, 2H, 2 CHAr), 4.96 (s, 4H, 2 NH2). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 137.3 (2C, Cq), 136.7 (2C, Cq), 133.3 (2C, CHAr), 129.9 (2C, CHAr), 125.0 

(2C, CHAr), 124.8 (2C, CHAr), 123.2 (2C, Cq). 

IR (ATR) ῦ [cm-1] = 3200 (w), 1674 (w), 1589 (m), 1575 (m), 1451 (m), 1422 (w), 1374 (w), 1295 (w), 1281 (m), 

1251 (m), 1224 (w), 1188 (m), 1159 (w), 1122 (w), 1096 (w), 1011 (m), 943 (w), 924 (w), 898 (w), 868 (w), 758 

(vs), 722 (s), 714 (vs), 696 (m), 681 (m), 657 (w), 633 (w), 618 (w), 585 (w), 555 (w), 534 (vs), 479 (w), 463 (w), 

448 (m), 432 (s), 422 (m), 408 (m), 388 (w), 377 (m). 

FAB-MS m/z (%): 208 [M + H]+ (18), 207 (82), 181 (9), 180 (82), 179 (100), 178 (35), 177 (16), 153 (11), 152 (34), 

151 (27), 150 (14), 76 (10). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H12N2, 207.0917; found 207.0917.  

 

N-(4-Methylphenyl)-2-nitroaniline (152a)[194] 

1-Fluoro-2-nitrobenzene (500 mg, 375 μL, 3.54 mmol, 1.00 equiv), 4-methylaniline (418 mg, 398 

μL, 3.90 mmol, 1.10 equiv) und Cs2CO3 (2.31 g, 7.09 mmol, 2.00 equiv) were stirred in DMF (20 mL) 

at r.t. for 16 h. The solvent was removed under reduced pressure and the residue was purified via 

flash chromatography (SiO2, CH/EE 20:1). 152a was obtained as a red solid (339 mg, 1.49 mmol, 

42%).  

Rf (SiO2, CH/EtOAc 4:1): 0.67. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 9.48 (s, 1H, NH), 8.21 (dd, J = 8.6, 1.6 Hz, 1H, CHAr), 7.36 (ddd, J = 8.7, 6.8, 

1.7 Hz, 1H, CHAr), 7.25 (d, J = 8.2 Hz, 2H, 2 CHAr), 7.18 (m, 3H, 3 CHAr), 6.76 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H, CHAr), 

2.41 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3): δ [ppm] = 143.7 (Cq), 135.9 (Cq), 135.7 (Cq), 135.7 (CHAr), 132.8 (Cq), 130.4 (2C, CHAr), 

126.6 (CHAr), 124.8 (2C, CHAr), 117.1 (CHAr), 116.0 (CHAr), 20.9 (CH3). 
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IR (ATR) ῦ [cm-1] = 3332 (m), 3080 (w), 3063 (w), 3041 (w), 2911 (w), 2851 (w), 1618 (m), 1608 (s), 1587 (w), 1568 

(s), 1503 (vs), 1441 (m), 1421 (s), 1350 (vs), 1323 (s), 1300 (w), 1249 (vs), 1220 (vs), 1176 (s), 1163 (s), 1145 (vs), 

1125 (s), 1109 (s), 1075 (s), 1040 (s), 1016 (s), 965 (m), 950 (m), 938 (m), 894 (m), 849 (s), 822 (m), 802 (vs), 775 

(m), 766 (m), 734 (vs), 691 (m), 673 (m), 646 (m), 618 (s), 554 (s), 513 (vs), 489 (vs), 445 (m), 394 (m). 

FAB-MS m/z (%): 228 [M]+ (100), 181 [M – NO2]+ (67), 69 (81). 

HRMS-FAB (m/z): [M + H]+ calcd. for C13H12N2O2, 228.0893; found, 228.0892. 

 

(2-Aminophenyl)-(p-tolyl)amine (146a)[194] 

152a (300 mg, 1.31 mmol, 1.00 equiv) and 10% Pd/C (30.0 mg, 282 μmol, 0.214 equiv) was stirred 

in methanol (20 mL) at r.t. for 16 h under H2 atmosphere. The mixture was filtered through a pad 

of Celite®, and the solvent was removed under reduced pressure. 146a was obtained as a red solid 

(222 mg, 1.12 mmol, 85%). 

Rf (SiO2, CH/EtOAc 4:1): 0.34. 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 6.95 (dd, J = 8.1, 6.6 Hz, 3H, CHAr), 6.79 (td, J = 7.5, 1.5 Hz, 1H, CHAr), 

6.72 (dd, J = 7.9, 1.6 Hz, 1H, CHAr), 6.67 (m, 2H, CHAr), 6.52 (td, J = 7.5, 1.6 Hz, 1H, CHAr), 4.70 (s, 2H, NH2), 2.19 (s, 

3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 143.8 (Cq), 142.3 (Cq), 129.8 (2C, CHAr), 128.8 (Cq), 126.9 (Cq), 124.0 

(CHAr), 122.6 (CHAr), 117.0 (CHAr), 115.6 (CHAr), 115.6 (2C, CHAr), 20.7 (CH3). 

IR (ATR) ῦ [cm-1] = 3427 (w), 3336 (m), 3041 (w), 3014 (w), 2914 (w), 2857 (w), 2728 (w), 1609 (vs), 1591 (m), 

1510 (vs), 1499 (vs), 1458 (m), 1439 (s), 1397 (m), 1377 (w), 1296 (vs), 1254 (s), 1218 (m), 1179 (m), 1156 (m), 

1137 (m), 1122 (m), 1047 (m), 1027 (m), 1007 (m), 926 (w), 887 (w), 866 (w), 841 (w), 807 (vs), 742 (vs), 704 (m), 

653 (s), 633 (vs), 581 (vs), 547 (vs), 496 (vs), 459 (vs), 439 (vs), 416 (vs), 384 (s). 

FAB-MS m/z (%): 198 [M]+ (100), 197 [M – H]+ (24), 183.2 [M – NH]+ (28). 

HRMS-FAB (m/z): [M + H]+ calcd. for C13H14N2, 198.1152; found, 198.1152.  

 

N-(2-Nitrophenyl)[1,1’-biphenyl]-3-amine (152b)  

1-Fluoro-2-nitrobenzene (500 mg, 375 μL, 3.54 mmol, 1.00 equiv), 3-Phenylaniline (472 mg, 

2.79 mmol, 0.79 equiv) and Cs2CO3 (2.31 g, 7.09 mmol, 2.00 equiv) was stirred in DMF 

(20 mL) at r.t. for 16 h. The solvent was removed under reduced pressure and the residue 

was purified via flash chromatography (SiO2, CH/EE 20:1). 152b was obtained as an orange 

solid (191 mg, 658 µmol, 19%).  

Rf (SiO2, CH/EtOAc 4:1) = 0.59. 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 9.46 (s, 1H, NH), 8.13 (dd, J = 8.5, 1.6 Hz, 1H, CHAr), 7.68 (m, 2H, 2 CHAr), 

7.62 (m, 1H, CHAr), 7.49 (m, 6H, CHAr), 7.38 (m, 1H, CHAr), 7.32 (m, 2H, 2 CHAr). 
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13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 142.2 (Cq), 142.1 (Cq), 140.4 (Cq), 140.1 (Cq), 136.5 (CHAr), 134.3 (Cq), 

130.5 (CHAr), 129.4 (2C, CHAr), 128.3 (CHAr), 127.2 (2C, CHAr), 126.7 (CHAr), 123.5 (CHAr), 122.8 (CHAr), 122.2 (CHAr), 

118.7 (CHAr), 117.5 (CHAr). 

IR (ATR) ῦ [cm-1] = 3347 (w), 3058 (w), 3031 (w), 1615 (s), 1595 (s), 1571 (vs), 1494 (vs), 1434 (s), 1409 (m), 1346 

(vs), 1324 (s), 1256 (vs), 1222 (s), 1160 (m), 1146 (vs), 1094 (w), 1077 (m), 1057 (m), 1038 (s), 1009 (m), 914 (w), 

890 (w), 854 (m), 819 (w), 796 (w), 779 (w), 759 (s), 739 (vs), 697 (vs), 653 (w), 616 (w), 585 (w), 537 (w), 514 (m), 

463 (w), 432 (w), 405 (vw). 

FAB-MS m/z (%): 291 [M + H]+ (82), 290.2 [M]+ (100), 154 [M – C6H6N2O2]+ (94), 136.1 [M – C12H10]+ (66). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H14N2O2, 290.1050; found, 290.1049. 

 

N1-([1,1’-Biphenyl]-3-yl)benzene-1,2-diamine (146b) 

152b (170 mg, 586 μmol, 1.00 equiv) and 10 wt% Pd/C (30.0 mg, 282 μmol, 0.21 equiv) was 

stirred in methanol (20 mL) at r.t. for 16 h under H2 atmosphere. The mixture was filtered 

through a pad of Celite®, and the solvent was removed under reduced pressure. 146b was 

obtained as a red solid (109 mg, 429 µmol, 72%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 7.53 (m, 2H, CHAr), 7.44 (dd, J = 8.4, 7.0 Hz, 2H, 

CHAr), 7.34 (m, 1H, CHAr), 7.27 (s, 1H, NH), 7.21 (t, J = 7.8 Hz, 1H, CHAr), 7.05 (dd, J = 7.8, 1.5 Hz, 1H, CHAr), 6.94 

(m, 2H, CHAr), 6.87 (td, J = 7.5, 1.5 Hz, 1H, CHAr), 6.76 (dd, J = 7.9, 1.5 Hz, 1H, CHAr), 6.71 (ddd, J = 8.1, 2.3, 1.0 Hz, 

1H, CHAr), 6.57 (td, J = 7.5, 1.5 Hz, 1H, CHAr), 4.78 (s, 2H, NH2). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 147.1 (Cq) 143.2 (Cq), 141.5 (Cq), 141.4 (Cq), 129.9 (CHAr), 129.3 (2C, 

CHAr), 127.7 (Cq), 127.7 (CHAr), 127.0 (2C, CHAr), 125.0 (CHAr), 124.3 (CHAr), 117.0 (CHAr), 116.6 (CHAr), 115.7 (CHAr), 

113.9 (CHAr), 113.1 (CHAr). 

IR (ATR) ῦ [cm-1] = 3408 (w), 3371 (w), 3363 (w), 3327 (m), 3203 (w), 3054 (w), 3024 (w), 2980 (w), 2969 (w), 

2928 (w), 2919 (w), 2897 (w), 2861 (w), 1604 (s), 1584 (s), 1570 (s), 1489 (vs), 1475 (vs), 1452 (s), 1435 (s), 1414 

(m), 1381 (m), 1334 (w), 1310 (s), 1286 (s), 1232 (s), 1200 (m), 1166 (m), 1153 (m), 1133 (m), 1088 (w), 1072 (m), 

1050 (m), 1023 (s), 1006 (m), 993 (m), 970 (w), 931 (w), 916 (w), 907 (w), 866 (s), 846 (w), 820 (w), 788 (m), 756 

(vs), 745 (vs), 697 (vs), 650 (vs), 613 (vs), 586 (s), 562 (s), 535 (vs), 523 (vs), 504 (vs), 466 (vs), 458 (vs), 439 (vs). 

FAB-MS m/z (%): 261 [M + H]+ (70), 260 [M]+ (100), 259 [M – H]+ (24). 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H16N2, 260.1308; found, 260.1309.  
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1-Adamantyl-2(nitrophenyl)amine (152c)[194] 

1-Fluoro-2-nitrobenzene (500 mg, 375 μL, 3.54 mmol, 1.00 equiv), 1-adamantylamine (590 mg, 

3.90 mmol, 1.10 equiv) und Cs2CO3 (2.31 g, 7.09 mmol, 2.00 equiv) were stirred in DMF (20 mL) at 

r.t. for 16 h. The solvent was removed under reduced pressure and the residue was purified via 

flash chromatography (SiO2, CH/EE 20:1). 152c was obtained as an orange solid (757 mg, 2.78 

mmol, 78%). 

Rf (SiO2, CH/EtOAc 4:1): 0.76. 

1H-NMR (400 MHz, CDCl3): δ [ppm] = 8.09 (dd, J = 8.7, 1.7 Hz, 1H, CHAr), 7.26 (ddd, J = 8.6, 6.8, 1.8 Hz, 1H, CHAr), 

7.12 (dd, J = 8.8, 1.2 Hz, 1H, CHAr), 6.50 (ddd, J = 8.3, 6.8, 1.2 Hz, 1H, CHAr), 2.11 (m, 3H, 3 CH), 2.04 (d, J = 2.9 Hz, 

6H, 6 CH2), 1.68 (q, J = 2.4 Hz, 6H, 6 CH2), 1.48 (s, 1H, NH).  

13C-NMR (101 MHz, CDCl3): δ [ppm] = 145.0 (Cq), 135.1 (CHAr), 132.5 (Cq), 127.6 (CHAr), 116.9 (CHAr), 114.8 (CHAr), 

52.9 (Cq), 42.5 (3C, CH2), 36.4 (3C, CH2), 29.7 (3C, CH). 

IR (ATR) ῦ [cm-1] = 3339 (w), 2945 (w), 2907 (vs), 2846 (s), 2670 (w), 2656 (w), 2574 (w), 2548 (w), 1615 (s), 1574 

(s), 1507 (vs), 1475 (s), 1453 (s), 1435 (m), 1422 (s), 1367 (m), 1354 (s), 1341 (s), 1327 (s), 1306 (s), 1292 (m), 

1275 (s), 1238 (vs), 1222 (vs), 1184 (s), 1154 (vs), 1122 (vs), 1103 (s), 1094 (s), 1061 (s), 1041 (vs), 1033 (vs), 987 

(s), 979 (s), 955 (s), 948 (s), 935 (s), 878 (m), 858 (s), 851 (s), 839 (m), 832 (m), 815 (m), 776 (m), 735 (vs), 696 (s), 

670 (s), 654 (s), 585 (m), 562 (vs), 521 (vs), 463 (s), 453 (s), 432 (m), 408 (s), 399 (m), 394 (s), 378 (m). 

FAB-MS m/z (%): 273 [M + H]+ (56), 272 [M]+ (56), 154 (99), 135 (100). 

HRMS-FAB (m/z): [M]+ calcd. for C16H20N2O2, 272.1519; found 272.1520. 

 

2-N-(1-Adamantyl)benzene-1,2-diamine (146c)[194] 

152c (700 mg, 2.57 mmol, 1.00 equiv) und 10 wt% Pd/C (30.0 mg, 282 μmol, 0.214 equiv) were 

stirred in methanol (20.0 mL) at r.t. for 16 h under a H2 atmosphere. The mixture was filtered 

through a pad of Celite®, and the solvent was removed under reduced pressure. 146c was obtained 

as a red liquid (578 mg, 2.38 mmol, 93%). 

Rf (SiO2, CH/EtOAc 4:1): 0.36. 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 6.79 (dd, J = 7.9, 1.4 Hz, 1H, CHAr), 6.63 (m, 2H, 2 CHAr), 6.46 (td, J = 7.4, 

1.9 Hz, 1H, CHAr), 4.75 (s, 2H, NH2), 2.17 (s, 1H, NH), 2.04 (m, 3H, 3 CH), 1.79 (d, J = 2.9 Hz, 6H, 6 CH2), 1.59 (dt, 

J = 11.5, 3.0 Hz, 6H, 6 CH2). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 141.8 (Cq), 123.4 (CHAr), 123.4 (CHAr), 121.5 (Cq), 117.0 (CHAr), 115.7 

(CHAr), 43.2 (Cq), 39.5 (3C, CH2), 36.6 (3C, CH2), 29.6 (3C, CH). 

IR (ATR) ῦ [cm-1] = 3393 (w), 3329 (w), 2901 (vs), 2846 (s), 2755 (w), 2679 (w), 2635 (w), 1616 (w), 1592 (m), 1503 

(vs), 1472 (m), 1448 (s), 1357 (m), 1341 (m), 1309 (m), 1286 (w), 1264 (vs), 1213 (m), 1186 (w), 1156 (w), 1133 
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(m), 1112 (w), 1095 (m), 1069 (w), 1037 (w), 979 (w), 938 (w), 905 (w), 849 (w), 815 (w), 798 (w), 779 (w), 732 

(vs), 674 (m), 642 (m), 595 (m), 550 (m), 503 (m), 492 (m), 479 (m), 449 (vs), 415 (m), 397 (m), 384 (m). 

FAB-MS m/z (%): 243 [M + H]+ (53), 242 [M]+ (100), 241 [M – H]+ (28), 93 (10). 

HRMS-FAB (m/z): [M + H]+ calcd. for C16H22N2, 242.1778; found 242.1778. 

 

3,5-Dimethyl-N-(2-nitrophenyl)aniline (152d)[194] 

1-Fluoro-2-nitrobenzene (500 mg, 375 μL, 3.54 mmol, 1.00 equiv), 3,5-dimethylaniline (472 mg, 

486 μL, 3.90 mmol, 1.10 equiv) and Cs2CO3 (2.31 g, 7.09 mmol, 2.00 equiv) were stirred in DMF 

(20 mL) at r.t. for16 h. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (SiO2, CH/EE 20:1). 152d was obtained as an orange solid (285 

mg, 1.18 mmol, 33%). 

Rf (SiO2, CH/EtOAc 4:1) = 0.62. 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 9.29 (s, 1H, NH), 8.11 (dd, J = 8.6, 1.6 Hz, 1H, CHAr), 7.51 (ddd, J = 8.7, 

6.9, 1.7 Hz, 1H, CHAr), 7.20 (dd, J = 8.6, 1.2 Hz, 1H, CHAr), 6.94 (d, J = 1.5 Hz, 2H, CHAr), 6.86 (m, 2H, 2 CHAr), 2.28 

(s, 6H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 142.7 (Cq), 139.4 (Cq), 139.2 (2C, Cq), 136.5 (CHAr), 133.70 (Cq), 127.0 

(CHAr), 126.8 (CHAr), 121.8 (2C, CHAr), 118.3 (CHAr), 116.7 (CHAr), 21.2 (2C, CH3). 

IR (ATR) ῦ [cm-1] = 3342 (m), 3315 (m), 3095 (w), 3031 (m), 2951 (m), 2915 (m), 2853 (m), 1609 (s), 1592 (s), 1571 

(vs), 1497 (vs), 1486 (vs), 1468 (s), 1460 (s), 1432 (s), 1405 (s), 1373 (m), 1350 (vs), 1324 (s), 1298 (m), 1265 (vs), 

1245 (vs), 1215 (vs), 1160 (vs), 1137 (vs), 1116 (vs), 1079 (s), 1050 (s), 1031 (vs), 996 (s), 950 (s), 888 (s), 860 (s), 

846 (vs), 819 (s), 778 (s), 741 (vs), 721 (s), 691 (s), 670 (vs), 608 (s), 585 (s), 547 (s), 523 (vs), 503 (vs), 465 (s), 431 

(m), 401 (m), 375 (m). 

FAB-MS m/z (%): 243 (81), 242 [M + H]+ (100), 209 (23), 195.1 [M – NO2]+ (10). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H14N2O2, 242.1050; found, 242.1048. 

 

2-N-(3,5-Dimethylphenyl)benzene-1,2-diamine (146d)[194] 

152d (227 mg, 937 μmol, 1.00 equiv) and 10 wt% Pd/C (23 mg, 216 μmol, 0.231 equiv) was stirred 

in methanol (20 mL) at r.t. for 16 h under H2 atmosphere. The mixture was filtered through a pad 

of Celite®, and the solvent was removed under reduced pressure. 146d was obtained as a red 

solid (172 mg, 0.81 mmol, 86%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 6.97 (dd, J = 7.8, 1.5 Hz, 1H, CHAr), 6.94 (s, 1H, NH), 6.83 (td, J = 7.5, 1.5 

Hz, 1H, CHAr), 6.72 (dd, J = 7.9, 1.5 Hz, 1H, CHAr), 6.54 (td, J = 7.5, 1.6 Hz, 1H, CHAr), 6.32 (d, J = 8.8 Hz, 3H, 3 CHAr), 

4.70 (s, 2H, NH2), 2.14 (s, 6H, CH3). 
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13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 146.5 (Cq), 143.0 (Cq), 138.1 (2C, Cq), 128.1 (Cq), 124.6 (CHAr), 124.1 

(CHAr), 120.0 (CHAr), 116.9 (CHAr), 115.6 (CHAr), 112.8 (2C, CHAr), 21.6 (2C, CH3). 

IR (ATR) ῦ [cm-1] = 3370 (m), 3298 (w), 3269 (m), 3135 (w), 3116 (w), 3029 (w), 3006 (w), 2963 (w), 2914 (w), 

2857 (w), 2758 (w), 2730 (w), 2663 (w), 2619 (w), 2584 (vw), 2560 (vw), 2469 (vw), 1608 (s), 1588 (vs), 1524 (s), 

1486 (vs), 1456 (vs), 1412 (m), 1375 (w), 1343 (vs), 1316 (s), 1269 (vs), 1259 (s), 1213 (s), 1167 (m), 1136 (s), 1075 

(w), 1035 (m), 1027 (m), 1007 (w), 953 (w), 919 (w), 875 (w), 860 (m), 832 (vs), 805 (s), 775 (vs), 738 (vs), 697 

(vs), 670 (s), 605 (s), 591 (s), 555 (vs), 537 (vs), 527 (vs), 455 (vs), 443 (s), 421 (m), 407 (m), 390 (m), 387 (m), 375 

(m). 

FAB-MS m/z (%): 213 [M + H]+ (13), 212 [M]+ (81), 211 [M – H]+ (11), 197 [M – NH]+ (54), 196 [M – NH2]+ (15) 121 

[M – C6H5N]+ (25), 66 (100). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H16N2, 212.1308;found, 212.1308. 

 

Benzo[g]pteridine-2,4(1H,3H)-dione (142a) 

o-Phenylenediamine (381 mg, 3.52 mmol, 1.00 equiv), alloxan (500 mg, 3.52 mmol, 

1.00 equiv), boronic acid (218 mg, 3.52 mmol, 1.00 equiv) were dissolved in water (20 mL). 

The mixture was stirred at r.t. for 2 h. The precipitate was filtered off and washed with 

acetic acid (30 mL), water (10 mL) and diethyl ether (30 mL). 142a was obtained as a yellow solid (597 mg, 

2.79 mmol, 79%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 11.96 (s, 1H, NH), 11.76 (s, 1H, NH), 8.17 (dt, J = 8.5, 1.1 Hz, 1H, CHAr), 

7.93 (m, 2H, 2 CHAr), 7.79 (ddd, J = 8.3, 5.3, 3.0 Hz, 1H, CHAr). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 150.6 (Cq, CO), 147.3 (Cq, CO), 143.1 (Cq), 139.7 (Cq), 133.8 (CHAr), 132.2 

(Cq), 130.7 (CHAr), 128.9 (CHAr), 127.4 (CHAr). 

IR (ATR) ῦ [cm-1] = 3197 (m), 3172 (m), 3138 (m), 3102 (m), 3084 (m), 3044 (m), 2992 (m), 2969 (m), 2929 (w), 

2868 (w), 2840 (w), 2820 (w), 2769 (w), 2727 (w), 1734 (s), 1690 (vs), 1618 (m), 1582 (vs), 1574 (s), 1504 (s), 1486 

(m), 1446 (s), 1391 (s), 1363 (vs), 1334 (vs), 1316 (s), 1307 (s), 1272 (vs), 1248 (s), 1222 (s), 1213 (s), 1176 (m), 

1153 (m), 1145 (s), 1111 (m), 1088 (w), 1061 (w), 1034 (m), 1013 (m), 989 (w), 915 (w), 894 (w), 867 (m), 810 

(m), 768 (vs), 722 (s), 704 (vs), 677 (s), 640 (m), 584 (vs), 540 (vs), 511 (vs), 428 (vs), 377 (s). 

EI-MS m/z (%): 215 (10), 214 [M + H]+ (100), 171 (13), 143 (94), 116 (23), 69 (14). 

HRMS-FAB (m/z): [M + H]+ calcd. for C10H6N4O2, 214.0485; found, 214.0484. 

EA: calcd. for C10H6N4O2, N 26.16 C 56.08 H 2.82; found, N 25.40 C 55.67 H 2.78. 
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1H-Naphtho[2,3-g]pteridine-2,4-quinone (142b) 

Naphthaleine-1,2-diamine (500 mg, 3.16 mmol, 1.00 equiv), alloxan (449 mg, 

3.16 mmol, 1.00 equiv), boronic acid (195 mg, 3.16 mmol, 1.00 equiv) were dissolved 

in water (20 mL). The mixture was stirred at r.t. for 2 h. The precipitate was filtered off 

and washed with acetic acid (30 mL), water (10 mL) and 30 diethyl ether (30 mL). 142b was obtained as an orange 

solid (491 mg, 1.86 mmol, 59%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 11.96 (s, 1H, NH), 11.76 (s, 1H, NH), 8.91 (s, 1H, CHAr), 8.52 (s, 1H, CHAr), 

8.27 (d, J = 8.4 Hz, 1H, CHAr), 8.20 (d, J = 8.5 Hz, 1H, CHAr), 7.68 (ddd, J = 8.3, 6.5, 1.3 Hz, 1H, CHAr), 7.62 (ddd, 

J = 8.0, 6.6, 1.2 Hz, 1H, CHAr). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 150.6 (Cq, CO), 146.6 (Cq, CO), 138.9 (Cq), 137.0 (2 CAr), 135.8 (Cq), 

134.5 (Cq), 132.6 (Cq), 129.9 (CHAr), 129.3 (CHAr), 128.7 (CHAr), 128.3 (CHAr), 126.7 (CHAr), 124.5 (CHAr). 

IR (ATR) ῦ [cm-1] = 3176 (w), 3105 (w), 3058 (w), 2837 (w), 1738 (vs), 1725 (vs), 1673 (vs), 1605 (m), 1574 (vs), 

1537 (m), 1421 (s), 1401 (s), 1388 (m), 1371 (vs), 1346 (s), 1323 (s), 1282 (vs), 1269 (vs), 914 (m), 891 (m), 881 

(m), 824 (s), 806 (m), 783 (m), 755 (vs), 747 (s), 674 (m), 649 (m), 632 (m), 510 (s), 492 (m), 473 (vs), 421 (vs), 407 

(vs), 375 (m). 

FAB-MS m/z (%): 265 [M + H]+ (14), 155 (31), 154 (100), 139 (15), 138 (37), 137 (68), 136 (64), 124 (10), 120 (12), 

107 (21), 91 (15), 90 (10), 89 (16). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H8N4O2, 265.0720; found 265.0721. 

 

9H-Phenanthro[9,10-g]pteridine-11,13-quinone (142c)[194] 

150 (200 mg, 0.96 mmol, 1.00 equiv), alloxan (136 mg, 0.96 mmol, 1.00 equiv), boric acid 

(59.4 mg, 0.96 mmol, 1.00 equiv) were dissolved in water (20 mL). The mixture was 

stirred at r.t. for 2 h. The precipitate was filtered off and washed with acetic acid (30 mL), 

water (10 mL) and diethyl ether (30 mL). 142c was isolated as a deep red solid (62 mg, 

197 µmol, 21%).  

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 12.19 (s, 1H, NH), 11.82 (s, 1H, NH), 9.06 (m, 2H, 2 CHAr), 8.87 (m, 2H, 2 

CHAr), 7.95 (ddd, J = 8.4, 7.1, 1.5 Hz, 1H, CHAr), 7.86 (tdd, J = 6.6, 3.7, 2.2 Hz, 3H, 3 CHAr). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 161.3 (2 CAr), 150.6 (Cq, CO), 148.3 (Cq, CO), 142.9 (Cq), 137.1 (Cq), 132.9 

(Cq), 131.8 (CHAr), 130.4 (Cq), 130.0 (Cq), 129.6 (Cq), 128.9 (CHAr), 128.8 (CHAr), 128.6 (CHAr), 126.4 (CHAr), 124.9 

(CHAr), 124.2 (CHAr), 124.1 (CHAr). 

IR (ATR) ῦ [cm-1] = 3152 (w), 3063 (w), 2941 (w), 2849 (w), 2788 (w), 1717 (m), 1698 (s), 1618 (m), 1604 (m), 1589 

(m), 1568 (s), 1540 (m), 1503 (w), 1490 (w), 1452 (m), 1405 (s), 1374 (vs), 1341 (m), 1312 (w), 1286 (m), 1222 

(w), 1154 (w), 1129 (w), 1115 (w), 1079 (w), 1065 (w), 1037 (w), 1024 (w), 989 (w), 960 (w), 860 (m), 819 (w), 803 

(w), 755 (vs), 720 (vs), 693 (m), 647 (w), 616 (w), 611 (w), 579 (w), 551 (w), 540 (vs), 526 (s), 504 (m), 489 (m), 

472 (w), 439 (s), 424 (s), 407 (m). 
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FAB-MS m/z (%): 308 [M + H]+, 307 [M]+. 

HRMS-FAB (m/z): [M + H]+ calcd. for C18H10N4O2, 315.0877; found 315.0875. 

 

7,8-Dimethyl-10H-benzo[g]pteridine-2,4-dione (142d) 

4,5-Dimethylbenzene-1,2-diamine (479 mg, 3.52 mmol, 1.00 equiv), alloxan (500 mg, 

3.52 mmol, 1.00 equiv), boronic acid (218 mg, 3.52 mmol, 1.00 equiv) were dissolved in 

water (20 mL). The mixture was stirred at r.t. for 2 h. The precipitate was filtered off and 

washed with acetic acid (30 mL), water (10 mL) and 30 diethyl ether (30 mL). 142d was obtained as a red solid 

(670 mg, 2.77 mmol, 79%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 11.85 (s, 1H, NH), 11.68 (s, 1H, NH), 7.92 (d, J = 1.4 Hz, 1H, CHAr), 7.72 

(d, J = 1.2 Hz, 1H, CHAr), 3.33 (s, 6H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 161.1 (Cq, CO), 150.6 (Cq, CO), 146.9 (Cq), 145.1 (Cq), 142.1 (Cq), 

139.4 (Cq), 138.8 (Cq), 131.2 (Cq), 129.2 (CHAr), 126.3 (CHAr), 20.7 (CH3), 20.1 (CH3). 

IR (ATR) ῦ [cm-1] = 3167 (m), 3091 (s), 3058 (m), 2987 (m), 2928 (w), 2912 (w), 2868 (w), 2834 (w), 1724 (s), 1697 

(vs), 1625 (m), 1575 (s), 1558 (s), 1483 (s), 1460 (s), 1443 (s), 1421 (vs), 1385 (s), 1356 (vs), 1337 (vs), 1279 (vs), 

1259 (s), 1252 (s), 1213 (vs), 1186 (s), 1142 (m), 1050 (w), 1024 (m), 1004 (m), 897 (w), 881 (s), 817 (vs), 793 (vs), 

769 (vs), 748 (vs), 732 (vs), 683 (s), 671 (m), 652 (s), 603 (m), 574 (vs), 548 (m), 524 (vs), 497 (m), 476 (vs), 449 

(vs), 439 (s), 414 (vs), 387 (vs). 

FAB-MS m/z (%): 243 [M + H]+ (11), 89 (100), 87 (42). 

HRMS-FAB (m/z): [M + H]+ calcd. for C12H10N4O2, 243.0877; found, 243.0877. 

 

7,8-Difluoro-10H-benzo[g]pteridine-2,4-dione (142e)[194] 

4,5-Difluorobenzene-1,2-diamine (507 mg, 3.52 mmol, 1.00 equiv), alloxan (500 mg, 

3.52 mmol, 1.00 equiv), boronic acid (218 mg, 3.52 mmol, 1.00 equiv) were dissolved in 

water (20 mL). The mixture was stirred at r.t. for 2 h. The precipitate was filtered off and 

washed with acetic acid (30 mL), water (10 mL) and diethyl ether (30 mL). 142e was obtained as a purple solid 

(603 mg, 2.41 mmol, 68%). 

1H-NMR (500 MHz, DMSO-d6): δ [ppm] = 12.02 (s, 1H, NH), 11.82 (s, 1H, NH), 8.30 (dd, J = 10.9, 8.5 Hz, 1H, CHAr), 

8.00 (dd, J = 11.3, 8.2 Hz, 1H, CHAr). 

13C-NMR (126 MHz, DMSO-d6): δ [ppm] = 155.0 (d, J = 16.7 Hz, Cq), 153.0 (d, J = 16.3 Hz, Cq), 151.6 (d, J = 16.3 Hz, 

Cq), 149.7 (d, J = 16.6 Hz, Cq), 147.7 (d, J = 3.2 Hz, Cq), 141.1 (d, J = 11.0 Hz, CHAr), 136.7 (d, J = 11.0 Hz, CHAr). , 

132.5 (d, J = 3.2 Hz, Cq), 116.5 (d, J = 17.8 Hz, Cq), 113.5 (d, J = 17.9 Hz, Cq). 

IR (ATR) ῦ [cm-1] = 3581 (vw), 3480 (vw), 3187 (w), 3053 (m), 3030 (m), 2952 (w), 2934 (w), 2890 (w), 2860 (w), 

1732 (vs), 1694 (vs), 1636 (w), 1589 (s), 1578 (m), 1509 (s), 1492 (vs), 1476 (s), 1442 (m), 1401 (m), 1346 (vs), 
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1286 (vs), 1244 (vs), 1230 (vs), 1207 (s), 1184 (m), 1159 (m), 1031 (w), 1023 (w), 916 (m), 890 (vs), 877 (vs), 844 

(m), 822 (m), 812 (s), 802 (s), 769 (s), 749 (vs), 688 (m), 657 (s), 637 (m), 589 (m), 524 (vs), 494 (vs), 456 (s), 443 

(vs), 418 (vs), 384 (s). 

FAB-MS m/z (%): 252 (25), 251 [M + H]+ (100), 138 (20), 137 (45), 136 (42), 107 (14), 89 (12). 

HRMS-FAB (m/z): [M + H]+ calcd. for C10H4F2N4O2, 251.0375; found, 251.0377. 

 

7,8-Dichloro-10H-benzo[g]pteridin-2,4-dione (142f)[194] 

4,5-Dichlorobenzene-1,2-diamine (623 mg, 3.52 mmol, 1.00 equiv), alloxan (500 mg, 

3.52 mmol, 1.00 equiv), boric acid (218 mg, 3.52 mmol, 1.00 equiv) were dissolved in 

water (20 mL). The mixture was stirred at r.t. for 2 h. The precipitate was filtered off 

and washed with acetic acid (30 mL), water (10 mL) and diethyl ether (30 mL). 142f was obtained as an orange 

solid (728 mg, 2.57 mmol, 68%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 12.12 (d, J = 2.0 Hz, 1H, NH), 11.85 (d, J = 1.9 Hz, 1H, NH), 8.52 (s, 1H, 

CHAr), 8.22 (s, 1H, CHAr). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 160.5 (Cq), 150.5 (Cq, CO), 148.2 (Cq, CO), 142.1 (CHAr), 138.4 (CHAr), 

136.4 (Cq), 133.7 (Cq),131.1 (Cq), 131.1 (Cq), 128.3 (Cq). 

IR (ATR, ṽ) = 3193 (m), 3139 (m), 3094 (m), 3043 (m), 2961 (w), 2894 (w), 2820 (w), 1747 (s), 1737 (vs), 1698 (vs), 

1606 (w), 1578 (s), 1536 (w), 1485 (w), 1448 (vs), 1417 (m), 1380 (s), 1354 (s), 1347 (s), 1334 (vs), 1288 (s), 1272 

(vs), 1222 (w), 1190 (s), 1140 (m), 1128 (m), 1106 (m), 1033 (w), 982 (w), 909 (m), 895 (w), 881 (s), 873 (s), 

812 (vs), 761 (s), 754 (s), 698 (m), 667 (w), 652 (w), 635 (s), 579 (m), 561 (s), 499 (vs), 445 (vs), 416 (vs), 388 (s), 

377 (m). 

FAB-MS m/z (%): 283 [M]+ (8), 155 (35), 154 (100), 153 (8), 152 (10), 139 (18), 138 (41), 137 (67), 136 (68), 135 (8), 

124 (11), 123 (8), 121 (9), 120 (13), 119 (8), 107 (23), 106 (8), 105 (10), 97 (12), 95 (15), 91 (18), 90 (12), 89 (18). 

HRMS-FAB (m/z): [M + H]+ ber. für C10H4Cl2N4O2, 282.9784; found 282.9783. 

EA: calcd. for C10H4Cl2N4O2 N 19.79 C 42.43 H 1.42; found N 19.23 C 42.29 H 1.63. 

 

7,8-Dibromo-10H-benzo[g]pteridine-2,4-dione (142g)[194] 

4,5-Dibromobenzene-1,2-diamine (936 mg, 3.52 mmol, 1.00 equiv), alloxan (500 mg, 

3.52 mmol, 1.00 equiv), boronic acid (218 mg, 3.52 mmol, 1.00 equiv) were dissolved in 

water (20 mL). The mixture was stirred at r.t. for 2 h. The precipitate was filtered off 

and washed with acetic acid (30 mL), water (10 mL) and diethyl ether (30 mL). 142g  was obtained as an orange 

solid (1.19 g, 3.21 mmol, 91%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 12.11 (s, 1H, NH), 11.84 (s, 1H, NH), 8.62 (s, 1H, CHAr), 8.34 (s, 1H, CHAr). 
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13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 160.5 (Cq), 150.5 (Cq, CO), 148.2 (Cq, CO), 142.4 (Cq), 138.9 (Cq), 134.3 

(CHAr), 133.7 (Cq), 131.4 (CHAr), 129.5 (Cq), 123.7 (Cq). 

IR (ATR, ṽ) = 3172 (w), 3065 (m), 3048 (m), 2982 (w), 2935 (w), 2878 (w), 2856 (m), 2764 (w), 1737 (vs), 1704 (vs), 

1606 (m), 1572 (s), 1558 (s), 1439 (vs), 1409 (s), 1373 (m), 1354 (vs), 1340 (vs), 1279 (vs), 1187 (s), 1162 (w), 1136 

(m), 1099 (m), 1048 (w), 1028 (w), 1016 (w), 948 (w), 914 (s), 880 (s), 834 (vs), 807 (s), 776 (m), 747 (s), 687 (w), 

670 (w), 635 (m), 625 (s), 562 (s), 538 (vs), 467 (vs), 445 (vs), 433 (vs), 404 (vs), 375 (s). 

FAB-MS m/z (%):371 [M]+ (11), 177 (22), 175 (13), 133 (100), 131 (20), 91 (27), 90 (19), 89 (26). 

HRMS-FAB (m/z): [M + H]* ber. für C10H4Br2N4O2, 370.8774; gef. 370.8775. 

 

10-(p-Tolyl)-10,10a-dihydrobenzo[g]pteridine-2,4(1H,3H)-dione (142h)[194] 

(2-Aminophenyl)-(p-tolyl)amine (50 mg, 252 µmol, 1.00 equiv), alloxan (35.8 mg, 252 µmol, 

1.00 equiv), boric acid (59.4 mg, 252 µmol, 1.00 equiv) were dissolved in water (20 mL). The 

mixture was stirred at r.t. for 2 h. The precipitate was filtered off and washed with acetic 

acid (30 mL), water (10 mL) and diethyl ether (30 mL). 142h was obtained as a yellow solid 

(25 mg, 81.6 µmol, 16%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 11.96 (s, 1H, NH), 11.41 (s, 1H, NH), 8.19 (dd, J = 8.1, 1.5 Hz, 1H, CHAr), 

7.75 (ddd, J = 8.7, 7.1, 1.6 Hz, 1H, CHAr), 7.62 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H, CHAr), 7.52 (d, J = 8.1 Hz, 2H, 2 CHAr), 

7.31 (m, 2H, 2 CHAr), 6.81 (dd, J = 8.6, 1.2 Hz, 1H, CHAr), 1.92 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 160.6 (Cq, CO), 156.0 (Cq, CO), 139.7 (Cq), 139.7 (Cq), 135.5 (Cq), 

135.4 (CHAr), 134.6 (Cq), 134.0 (Cq), 132.1 (Cq), 131.5 (CHAr), 130.8 (2C, CHAr), 128.0 (2C, CHAr), 126.5 (CHAr), 

117.3 (CHAr), 21.3 (CH3). 

IR (ATR, ṽ) = 3173 (w), 3098 (w), 3060 (m), 2978 (w), 2953 (w), 2934 (w), 2904 (w), 2888 (w), 2833 (w), 1724 (s), 

1674 (vs), 1612 (m), 1582 (m), 1531 (vs), 1507 (vs), 1486 (vs), 1459 (vs), 1419 (vs), 1397 (s), 1361 (m), 1307 (m), 

1268 (vs), 1211 (s), 1188 (vs), 1169 (m), 1129 (m), 1109 (vs), 1052 (m), 1030 (m), 1001 (m), 962 (w), 941 (m), 912 

(w), 897 (w), 882 (m), 847 (m), 830 (s), 813 (m), 806 (m), 773 (vs), 766 (s), 751 (vs), 737 (m), 720 (s), 691 (vs), 671 

(m), 662 (s), 640 (m), 622 (s), 615 (s), 602 (s), 550 (m), 533 (vs), 493 (m), 462 (s), 435 (vs), 408 (s), 394 (s), 381 (m). 

FAB-MS m/z (%): 307 [M + H]+ (17), 306 [M]+ (51), 305 (100), 154 (33), 136 (23). 

HRMS-FAB (m/z): [M + H]+ calcd. for C17H14N4O2, 306.1111; found, 306.1114. 
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10-([1,1’-Biphenyl]-3-yl)-2,3,10,10a-tetrahydrobenzo[g]pteridin-4(1H)-one (142i)[194]  

N1-([1,1’-Biphenyl]-3-yl)benzene-1,2-diamine (95 mg, 365 µmol, 1.00 equiv), alloxan 

(51.8 mg, 365 µmol, 1.00 equiv), boric acid (22.6 mg, 365 µmol, 1.00 equiv) were dissolved 

in water (20 mL). The mixture was stirred at r.t. for 2 h. The precipitate was filtered off and 

washed with acetic acid (30 mL), water (10 mL) and 30 diethyl ether (30 mL). 142i was 

isolated as a red solid (11 mg, 29.9 µmol, 8%). 

1H-NMR (400 MHz, DMSO-d6): δ [ppm] = 11.46 (s, 2H, NH), 8.22 (dd, J = 8.1, 1.5 Hz, 2H, CHAr), 8.00 (ddd, J = 7.9, 

1.9, 1.0 Hz, 2H, CHAr), 7.64 (ddd, J = 8.2, 7.1, 1.2 Hz, 2H, CHAr), 7.51 (dd, J = 8.4, 7.0 Hz, 4H, CHAr), 7.45 (m, 3H, 

CHAr). 

13C-NMR (101 MHz, DMSO-d6): δ [ppm] = 160.0 (Cq), 156.1 (Cq, CO), 152.3 (Cq, CO), 142.7 (Cq), 139.9 (Cq), 

139.1 (Cq), 137.3 (Cq), 135.4 (CHAr), 135.3 (Cq), 134.5 (Cq), 131.5 (CHAr), 131.2 (CHAr), 129.9 (2C, CHAr), 128.3 (CHAr), 

128.6 (CHAr), 127.2 (CHAr), 127.2 (2C, CHAr), 126.4 (CHAr), 126.4 (CHAr), 117.3 (CHAr). 

IR (ATR, ṽ) = 3173 (w), 3098 (w), 3060 (m), 2978 (w), 2953 (w), 2934 (w), 2904 (w), 2888 (w), 2833 (w), 1724 (s), 

1674 (vs), 1612 (m), 1582 (m), 1531 (vs), 1507 (vs), 1486 (vs), 1459 (vs), 1419 (vs), 1397 (s), 1361 (m), 1307 (m), 

1268 (vs), 1211 (s), 1188 (vs), 1169 (m), 1129 (m), 1109 (vs), 1052 (m), 1030 (m), 1001 (m), 962 (w), 941 (m), 912 

(w), 897 (w), 882 (m), 847 (m), 830 (s), 813 (m), 806 (m), 773 (vs), 766 (s), 751 (vs), 737 (m), 720 (s), 691 (vs), 671 

(m), 662 (s), 640 (m), 622 (s), 615 (s), 602 (s), 550 (m), 533 (vs), 493 (m), 462 (s), 435 (vs), 408 (s), 394 (s), 381 (m). 

FAB-MS m/z (%):  368 [M + H]+ (7), 367 (14), 307 (26), 289 (12), 155 (33), 154 (100), 139 (16), 138 (39), 137 (62), 

136 (64), 105 (11), 97 (16), 95 (18), 91 (20), 90 (13), 89 (18).  

HRMS-FAB (m/z): [M + H]+ calcd. for C22H16N4O2, 368.1268; found 368.1269.  

 

N-((1s,3s)-adamantan-1-yl)-2-((E)-4-(dimethylamino)styryl)imidazo[1,2-a]pyrazin-3-amine (154) 

2-Aminopyrazine (200 mg, 2.10 mmol, 1.00 equiv), N,N-dimethylamino 

cinnamic aldehyde (369 mg, 2.10 mmol, 1.00 equiv), 1-adamantyl isonitrile 

(339 mg, 2.10 mmol, 1.00 equiv) and 2,2,2-trichloro acetic acid (17 mg, 

105 µmol, 0.05 equiv) were dissolved in a mixture of in methanol (10 mL). The 

mixture was stirred at r.t. for 72 h. The solvent was removed under reduced 

pressure and the residue was purified via flash chromatography (SiO2, CH/EtOAc/NEt3 4:1:0.01 to 1:1:0.01). 

154 was isolated as a yellow solid (710 mg, 1.72 mol, 82%). 

Rf (SiO2, CH/EtOAc 1:1) = 0.44. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.91 (d, J = 1.4 Hz, 1H, CHAr), 8.10 (dd, J = 4.5, 1.5 Hz, 1H, CHAr), 7.78 (d, 

J = 4.6 Hz, 1H, CHAr), 7.63 (d, J = 15.9 Hz, 1H, CHDB), 7.53 – 7.45 (m, 2H, CHAr), 6.98 (d, J = 15.9 Hz, 1H, CHDB), 

6.77 – 6.70 (m, 2H, CHAr), 3.00 (s, 6H, CH3), 2.09 (d, J = 4.4 Hz, 4H), 1.77 (d, J = 2.9 Hz, 7H), 1.69 – 1.54 (m, 8H). 
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13C NMR (101 MHz, CDCl3) δ [ppm] = 150.6 (Cq), 142.5 (CHAr), 141.7 (Cq), 138.0 (Cq), 132.1 (CHAr), 128.7 (CH), 

128.1 (2C, CHAr), 125.6 (Cq), 124.5 (Cq), 116.2 (CHAr), 113.7 (CH), 112.5 (2C, CHAr), 56.5 (Cq), 44.2(CH2), 40.6 (CH), 

36.3 (CH2), 29.8 (CH). 

IR (ATR) ῦ [cm-1] = 3197 (m), 2901 (s), 2843 (s), 2820 (m), 1599 (vs), 1555 (w), 1524 (vs), 1516 (vs), 1446 (m), 1431 

(m), 1417 (m), 1357 (vs), 1344 (vs), 1306 (m), 1282 (vs), 1256 (w), 1224 (s), 1207 (s), 1180 (vs), 1164 (vs), 1147 

(vs), 1119 (s), 1089 (s), 1064 (m), 1041 (m), 1017 (m), 990 (m), 970 (vs), 946 (s), 929 (m), 916 (m), 897 (m), 819 

(vs), 802 (vs), 773 (s), 747 (m), 730 (m), 705 (s), 694 (s), 650 (w), 633 (m), 616 (s), 601 (s), 578 (m), 561 (m), 524 

(s), 511 (s), 486 (m), 465 (m), 458 (w), 441 (m), 422 (w), 399 (m), 390 (m), 380 (w). 

FAB-MS m/z (%): 414 [M + H]+ (93), 413 [M]+ (100). 

HRMS-FAB (m/z): [M + H]+ calcd. for C26H31N5, 413.2574; found, 413.2572. 

2-Bromo-4-(piperidin-1-yl)phenol (166) 

According to a modified procedure by FUKINO et al.,[164a] a mixture of 4-amino-2-bromophenol 

(2.00 g, 10.6 mmol, 1.00 equiv), 1,5-dibromopentane (2.69 g, 1.59 mL, 11.7 mmol, 1.10 

equiv), N-ethyl-N-propan-2-ylpropan-2-amine (3.16 g, 4.16 mL, 24.5 mmol, 2.30 equiv) in 

toluene (25 mL) was heated to 110 °C for 24 h. After cooling to r.t., the solution was 

neutralized with 1M NaOH. The resulting solution was extracted with ethyl acetate, and combined organic phases 

were separated, dried over Na2SO4 and evaporated to give the crude product. The solvent was removed under 

reduced pressure and the residue was purified by column chromatography (SiO2, CH/EE 4:1 to 2:1). 166 was 

obtained as a colorless solid (2.10 g, 8.19 mmol, 77%). 

Rf (SiO2, CH/EtOAc, 2:1) = 0.60. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.15–7.10 (m, 1H, CHAr), 6.97–6.90 (m, 2H, CHAr), 5.63 (br, 1H, OH), 3.05 (t, 

J = 5.5 Hz, 4H, CH2), 1.77 (p, J = 5.5 Hz, 4H, CH2), 1.60–1.53 (m, 2H, CH2). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 147.1 (Cq), 146.2 (Cq), 121.2 (CHAr), 119.5 (CHAr), 116.4 (CHAr), 110.4 (CHAr), 

52.8 (2C, CH2), 25.7 (2C, CH2), 23.9 (CH2). 

IR (ATR) ṽ [cm-1] = 3218 (w), 2990 (w), 2936 (m), 2918 (w), 2851 (w), 2816 (w), 1564 (w), 1494 (vs), 1463 (m), 

1448 (s), 1411 (w), 1384 (w), 1357 (w), 1326 (w), 1293 (m), 1279 (w), 1254 (w), 1227 (vs), 1211 (vs), 1167 (vs), 

1145 (s), 1120 (vs), 1109 (vs), 1069 (m), 1048 (m), 1026 (vs), 963 (w), 924 (vs), 857 (s), 832 (vs), 806 (s), 721 (vs), 

671 (m), 602 (m), 567 (m), 520 (s), 480 (m), 446 (m), 419 (s), 398 (s). 

FAB-MS m/z (%): 258 (33), 257 (98), 256 (80), 255 [M + H]+ (100), 254 (52), 154 (13). 

HRMS (FAB) m/z: [M + H]+ calcd. for C11H14O1N1
79Br1, 255.0253; found, 255.0255. 
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5-(Piperidin-1-yl)-2-(trimethylsilyl)phenyl trifluoromethanesulfonate (167) 

According to a modified procedure by HALLANI et al. et al.,[164b] 166 (500 mg, 1.95 mmol, 

1.00 equiv) was dissolved in dry THF (5 mL). To this solution, hexamethyldisilazane (630 mg, 

808 µL, 3.90 mmol, 2.00 equiv) was added dropwise, and the resulting reaction mixture 

was heated to 65 °C for 30 min. The solvent was removed under reduced pressure and the 

crude material was used in the next step without any purification. The residue was dissolved in dry THF (10 mL). 

The solution was cooled to –78 °C and a 1.6 M solution of tBuLi in hexane (313 mg, 3.05 mL, 4.88 mmol, 

2.50 equiv) was added dropwise and the reaction was stirred for 1 h. The reaction was quenched by the addition 

of water (1 mL). The solvent was removed under reduced pressure. The crude product was employed in the next 

step without any further purification. The residue was dissolved in dry CH2Cl2 (10 mL). The mixture was cooled 

to 0 °C, triflic anhydride (661 mg, 393 µL, 2.34 mmol, 1.20 equiv) and triethylamine (415 mg, 568 µL, 4.09 mmol, 

2.10 equiv) were added and the reaction was stirred for 2 h at. The solvent was removed under reduced pressure 

and the residue was purified by flash column chromatography (SiO2, CH/EE 8:1 to 2:1). 167 was obtained as a 

colorless oil (975 mg, 2.56 mmol, 33%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.76. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.17 (d, J = 9.1 Hz, 1H, CH6), 7.00 (d, J = 3.0 Hz, 1H, CH3), 6.89 (dd, J = 9.2, 

3.1 Hz, 1H, CH5), 3.18–3.12 (m, 4H, CH2), 1.71 (h, J = 5.7 Hz, 4H, CH2), 1.63–1.53 (m, 2H, CH2), 0.35 (s, 9H, CH3). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 151.12 (Cq, C4), 147.60 (Cq, C1), 132.99 (Cq, C2), 123.29 (CH), 120.40 (CH), 

118.7 (Cq, J = 320.1 Hz, CF3), 118.13 (CH), 50.68 (2C, CH2), 25.90 (2C, CH2), 24.22 (CH2), 0.60 (3C, CH3). 

19F NMR (471 MHz, CDCl3) δ [ppm] = – 74.01. 

IR (ATR) ṽ [cm-1] = 2936 (w), 2856 (w), 2809 (w), 2798 (w), 1571 (m), 1477 (m), 1452 (w), 1415 (vs), 1397 (s), 1343 

(w), 1290 (w), 1248 (s), 1237 (s), 1205 (vs), 1167 (m), 1140 (vs), 1130 (vs), 1054 (m), 1037 (s), 941 (w), 885 (vs), 

839 (vs), 813 (s), 793 (s), 758 (s), 693 (m), 679 (m), 646 (m), 623 (s), 602 (vs), 524 (m), 494 (m), 466 (m), 446 (m), 

425 (m), 415 (m), 397 (w). 

FAB-MS m/z = (%): 382 (30), 381 [M + H]+ (65), 380 (38), 250 (12), 249 (47), 248 (100), 246 (13), 233 (26), 232 

(38), 177 (11), 133 (33), 89 (92), 87 (44). 

HRMS (FAB) m/z: [M + H]+ calcd. for C15H22O3N1F3
32S1

28Si1, 381.1036; found, 381.1038. 
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5.4.6 Development of a Novel Route towards Bemotrizinol 

2,4-Dichloro-6-(4-methoxyphenyl)-1,3,5-triazine (170) 

Grignard Route 

Magnesium turnings (729 mg, 30.0 mmol, 1.00 equiv) was suspended in anhydrous THF (60 mL). 

4-Bromoanisole (5.61 g, 3.75 mL, 30.0 mmol, 1.00 equiv) dissolved in anhydrous THF (100 mL) 

was added dropwise to the mixture while heating to 60 °C. The solution was stirred for 1.5 h. 

Subsequently, the mixture was added dropwise to a solution of cyanuric chloride (5.53 g, 30.0 mmol, 1.00 equiv) 

in anhydrous THF (100 mL) at 0 °C over 30 min. The solvent was removed under reduced pressure and the residue 

was washed with isopropanol and recrystallized from a mixture of toluene and hexane (1:1). 170 was obtained 

as an off-white solid (4.40 g, 17.2 mmol, 57%). 

Friedel Crafts Acylation Route 

Cyanuric chloride (100 mg, 542 µmol, 1.00 equiv) was dissolved in dichloromethane or chlorobenzene (10 ml). 

Nafion beads (40 mg) and anisole (59 µL, 58.6 mg, 542 µmol, 1.00 equiv) were added and the solution was stirred 

at r.t. for 18 h.  

Rf (SiO2, CH/EtOAc, 4:1) = 0.66. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 8.40 (dd, J = 8.9, 3.0 Hz, 2H), 6.96 (dd, J = 9.1, 2.2 Hz, 2H), 3.89 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ [ppm] = 174.2 (Cq, Cp), 171.7 (2C, Cq), 165.3 (Cq, COMe), 132.3 (2C, CHAr), 125.1 (Cq, 

CN), 114.5(2C, CHAr), 55.7 (CH3). 

IR (ATR) ṽ [cm–1] = 2975 (w), 2936 (w), 2901 (w), 2844 (w), 1604 (w), 1577 (w), 1514 (s), 1476 (vs), 1455 (s), 1442 

(s), 1418 (m), 1388 (s), 1332 (w), 1317 (m), 1302 (m), 1256 (vs), 1244 (vs), 1180 (s), 1167 (s), 1152 (s), 1108 (s), 

1016 (s), 975 (m), 902 (m), 844 (vs), 813 (s), 795 (vs), 776 (vs), 670 (s), 635 (m), 589 (vs), 547 (s), 510 (vs), 482 (s), 

469 (s), 395 (m). 

FAB-MS m/z (%): 259 (10), 258 (8), 257 (70), 256 (12), 255 [M + H]+ (100), 159 (43), 133 (21), 118 (7), 103 (8), 90 

(26), 89 (5), 87 (18), 69 (5), 63 (5). 

HRMS-FAB (m/z): [M + H]+ calcd. for C10H7O1N3
35Cl2, 254.9961; found, 254.9962. 
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1-Bromo-3-((2-ethylhexyl)oxy)benzene (176) 

To a solution of 3-bromophenol (4.00 g, 23.1 mmol, 1.00 equiv) and isooctyl bromide (5.36 g, 

27.7 mmol, 1.20 equiv) in DMF (100 mL) was added potassium carbonate (4.79 g, 34.7 mmol, 

1.50 equiv) and the mixture was stirred at 110 °C for 12 h. After cooling to r.t., water (40 mL) 

was added, and the mixture was extracted with ethyl acetate (50 mL). The combined organic 

layers were dried over Na2SO4. The solvent was removed under reduced pressure. and the residue was purified 

via flash chromatography (SiO2, CH/EE 40:1). 176 was obtained as a pale-yellow oil (5.32 g, 18.7 mmol, 81%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.81. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.13 (t, J = 8.3 Hz, 1H), 7.08 – 7.03 (m, 2H), 6.83 (ddd, J = 8.2, 2.4, 1.2 Hz, 

1H), 3.87 – 3.76 (m, 2H, CH2), 1.71 (hept, J = 6.1 Hz, 1H, CH), 1.55 – 1.36 (m, 4H), 1.35 – 1.26 (m, 5H), 0.97 – 0.84 

(m, 6H, CH3). 

13C NMR (100 MHz, CDCl3) δ [ppm] = 160.4 (Cq, C1), 130.6 (CHAr), 123.6 (CHAr), 122.9 (Cq, C3), 117.9 (CHAr), 

113.7 (CHAr), 70.9 (CH2), 39.5 (CH), 30.6 (CH2), 29.2 (CH2), 24.0 (CH2), 23.2 (CH2), 14.2 (CH3), 11.2 (CH3). 

IR (ATR) ṽ [cm–1] = 2958 (s), 2925 (s), 2871 (m), 2859 (m), 1588 (vs), 1572 (vs), 1465 (vs), 1434 (m), 1424 (m), 

1381 (m), 1323 (m), 1302 (m), 1283 (vs), 1242 (vs), 1227 (vs), 1166 (w), 1156 (m), 1119 (w), 1089 (m), 1064 (s), 

1031 (vs), 1016 (vs), 992 (vs), 973 (m), 929 (m), 860 (vs), 837 (s), 764 (vs), 728 (m), 680 (vs), 603 (w), 601 (w), 441 

(m). 

FAB-MS m/z (%): 287 (61), 286 (65), 285 (100) [M + 2 H]+, 284 (56), 283 (49), 187 (19), 185 (19), 175 (54), 174 (26), 

173 (54), 172 (22), 154 (29), 89 (78), 87 (33). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H21O1
79Br1, 284.0770; found, 284.0772. 

 

3-((2-Ethylhexyl)oxy)phenol (177) 

176 (700 mg, 2.45 mmol, 1.00 equiv), Pd2dba3 (45 mg, 49.1 µmol, 0.02 equiv), XPhos (94 mg, 

196 µmol, 0.08 equiv) and JOJ (303 mg, 5.40 mmol, 2.20 equiv) were dissolved in a 4:1 

mixture of 1,4-dioxane and water (5 mL) under an argon atmosphere. The mixture was 

heated to 100 °C for20 h. After cooling to room temperature, the solution was neutralized 

with 1 M HCl. The mixture was extracted with EtOAc, and the combined organic layers were 

dried over Na2SO4. The solvent was removed under reduced pressure and the residue was purified via flash 

chromatography (SiO2, CHCl3). 177 was obtained as a red oil (408 mg, 1.84 mmol, 75%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.52. 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.16 – 7.07 (m, 1H, CHAr), 6.53 – 6.45 (m, 1H, CHAr), 6.44 – 6.35 (m, 2H, CHAr), 

4.66 (s, 1H), 3.81 (dd, J = 5.7, 1.3 Hz, 2H), 1.71 (hept, J = 6.2 Hz, 1H), 1.50 – 1.35 (m, 2H), 1.35 – 1.29 (m, 4H), 0.99 

– 0.85 (m, 6H). 

13C NMR (100 MHz, CDCl3) δ [ppm] = 161.0 (Cq), 156.7 (Cq), 130.2 (CHAr), 107.5 (CHAr), 107.3 (CHAr), 102.2 (CHAr), 

70.6(CH2), 39.5 (CH), 30.7(CH2), 29.2 (CH2), 24.0 (CH2), 23.2 (CH2), 14.2(CH3), 11.2 (CH3). 
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IR (ATR) ṽ [cm–1] = 3376 (w), 2958 (m), 2927 (s), 2871 (m), 2860 (m), 1591 (vs), 1530 (m), 1494 (vs), 1458 (vs), 

1371 (m), 1353 (s), 1327 (m), 1306 (m), 1282 (s), 1251 (s), 1232 (s), 1171 (vs), 1145 (vs), 1101 (s), 1028 (s), 1021 

(s), 994 (m), 977 (m), 960 (m), 832 (vs), 796 (s), 765 (s), 728 (m), 684 (s), 642 (m), 629 (m), 622 (m), 596 (s), 528 

(m), 511 (m), 460 (m). 

FAB-MS m/z (%): 222 (27), 111 (18), 110 (100). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H22O2, 222.1614; found, 222.1616.  

 

3-((2-Ethylhexyl)oxy)cyclohex-2-en-1-one (180) 

To a stirred solution of cyclohexane-1,3-dione (5.00 g, 44.6 mmol, 1.00 equiv) and 2-ethyl-

1-hexanol (10.5 mL, 8.71 g, 66.9 mmol, 1.00 equiv) in toluene (50 mL) was added methane 

sulfonic acid (87 µL, 129 mg, 1.34 mmol, 0.03 equiv). The mixture was heated to 110 °C 

for20 h. After cooling to room temperature, the solution was neutralized with aqueous 

Na2CO3 solution. The organic layer was separated, washed with water and brine dried over 

Na2SO4. The solvent was removed under reduced pressure. The crude product was purified via vacuum 

distillation: removal of residual isooctanol at 450 mbar and 80 °C, then distillation of product at 10 mbar and 

200 °C. 180 was obtained as a pale-yellow oil (6.90 g, 30.8 mmol, 69%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.76. 

1H NMR (500 MHz, CDCl3) δ [ppm] = 5.35 (s, 1H), 3.75 – 3.66 (m, 2H), 2.40 (t, J = 6.3 Hz, 2H), 2.34 (dd, J = 7.3, 6.0 

Hz, 2H), 1.97 (p, J = 6.5 Hz, 2H), 1.70 – 1.61 (m, 2H), 1.40 (tdd, J = 7.5, 6.1, 3.8 Hz, 2H), 1.36 – 1.21 (m, 5H), 0.89 

(td, J = 7.1, 3.0 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 200.0 (Cq, CO), 178.4 (Cq), 102.8 (CH), 71.2 (CH2), 38.9 (CH), 36.9 (CH2), 30.5 

(CH2), 29.2 (CH2), 29.1 (CH2), 23.9 (CH2), 23.1 (CH2), 21.4 (CH2), 14.2 (CH3), 11.1 (CH3). 

IR (ATR) ṽ [cm–1] = 2955 (m), 2928 (m), 2871 (w), 2860 (w), 1727 (vw), 1652 (vs), 1602 (vs), 1458 (m), 1428 (w), 

1400 (w), 1368 (s), 1349 (m), 1326 (m), 1310 (w), 1237 (m), 1217 (vs), 1181 (vs), 1133 (s), 1058 (w), 1003 (m), 

958 (m), 931 (w), 905 (w), 863 (m), 823 (m), 772 (w), 759 (w), 728 (w), 662 (w), 606 (w), 535 (w), 460 (w), 446 

(w), 425 (w), 384 (w). 

FAB-MS m/z (%): 224 [M+H]+ (39), 181 (66), 131 (71), 113 (86), 112 (30), 100 (18), 84 (26), 71 (42), 70 (30), 

69 (100), 57 (43). 

HRMS-FAB (m/z): [M + H]+ calcd. for C14H24O2, 224.1771; found, 224.1770. 
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2-(4,6-Diphenyl-1,3,5-triazin-2-yl)-1-(4-methoxyphenyl)ethan-1-one (185a) 

To a solution of 4-methoxyacetophenone (309 mg, 2.05 mmol, 1.10 equiv) in 

anhydrous THF (15 mL) under argon was added a 2 M solution of LDA in THF 

(240 mg, 1.12 mL, 2.24 mmol, 1.20 equiv) at –78°C. The solution was stirred 

for 30 min. Subsequently, the cooling was removed and 2-chloro-4,6-

diphenyl-1,3,5-triazine (500 mg, 1.87 mmol, 1.00 equiv) dissolved in 

anhydrous THF (5 mL) was added dropwise to the reaction mixture and the 

resulting yellow solution was stirred for 15 h at 65°C. The solvent was removed under reduced pressure, and the 

residue was purified via flash chromatography (SiO2, CH/EE 10:1). 185b was isolated as an orange solid (334 mg, 

874 µmol, 47%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.51. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 15.03 (s, 1H, OH), 8.77 – 8.30 (m, 4H, CHAr), 7.98 – 7.88 (m, 2H, CHAr), 

7.67 – 7.45 (m, 6H, CHAr), 7.04 – 6.94 (m, 2H, CHAr), 6.35 (s, 1H, CH), 3.88 (s, 3H, OCH3). 

13C-NMR (100 MHz, CDCl3) δ [ppm] = 172.6 (Cq, CO), 171.7 (2C, Cq), 162.2 (Cq, COMe), 136.3 (Cq), 135.0 (Cq), 

132.9 (CHAr), 132.7 (CHAr), 129.2 (2C, CHAr), 129.0 (2C, CHAr), 128.8 (2C, CHAr), 128.2 (2C, CHAr), 127.4(2C, CHAr), 

114.1 (2C, CHAr), 93.9 (CH), 55.6 (CH3). 

IR (ATR) ṽ [cm–1] = 3067 (w), 2936 (w), 2834 (w), 1628 (w), 1605 (w), 1591 (w), 1531 (vs), 1504 (vs), 1494 (vs), 

1456 (s), 1434 (s), 1411 (s), 1380 (s), 1327 (s), 1305 (m), 1292 (m), 1258 (s), 1239 (vs), 1171 (vs), 1152 (m), 1116 

(m), 1061 (m), 1037 (m), 1028 (s), 1001 (w), 990 (m), 943 (w), 871 (w), 851 (w), 830 (vs), 792 (vs), 754 (m), 732 

(w), 693 (vs), 683 (vs), 662 (s), 646 (s), 635 (m), 618 (w), 579 (m), 562 (m), 511 (w), 501 (w), 470 (m), 452 (w), 419 

(w), 375 (w). 

FAB-MS m/z (%): 382 [M + H]+ (62), 381 (32), 155 (34), 154 (100), 138 (39), 137 (62), 136 (94), 135 (80), 121 (29), 

109 (49), 107 (50), 105 (44), 104 (67), 97 (49), 95 (85), 93 (44), 91 (61), 89 (30). 

 

6-(4,6-Diphenyl-1,3,5-triazin-2-yl)-3-ethoxycyclohex-2-en-1-one (185b) 

To a solution of 3-ethoxycyclohexenone (262 mg, 272 µL, 1.87 mmol, 1.00 equiv) 

in anhydrous THF (15 mL) under argon was added a 2 M solution of LDA in THF 

(400 mg, 1.87 mL, 3.73 mmol, 2.00 equiv) at –78 °C. The solution was stirred for 

30 min. Subsequently, the cooling was removed and 2-chloro-4,6-diphenyl-1,3,5-

triazine (500 mg, 1.87 mmol, 1.00 equiv) dissolved in anhydrous THF (5 mL) was 

added dropwise to the reaction mixture and the resulting yellow solution was stirred for 15 h at 65°C. The solvent 

was removed under reduced pressure, and the residue was purified via flash chromatography (CH/EE 10:1). 185b 

was isolated as an orange solid (375 mg, 1.01 mmol, 54%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.26. 
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1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.68 – 8.58 (m, 4H, CHAr), 7.61 – 7.54 (m, 2H, CHAr), 7.54 – 7.49 (m, 4H, CHAr), 

5.54 (s, 1H, CH2), 4.06 – 3.91 (m, 3H, CH2 + CH6), 2.84 – 2.73 (m, 1H), 2.68 – 2.55 (m, 2H), 2.39 (dq, J = 13.2, 5.2 Hz, 

1H), 1.47 – 1.35 (m, 3H, CH3). 

13C-NMR (126 MHz, CDCl3) δ [ppm] = 196.7 (Cq, C1), 177.8 (2C, Cq), 177.7 (Cq, C3), 171.6 (Cq), 136.0 (2C, Cq), 132.6 

(2C, CHAr), 129.2 (4C, CHAr), 128.7 (4C, CHAr), 102.9 (CHAr), 64.6 (CH2), 55.4 (CH), 28.0 (CH2), 26.4 (CH2), 14.3 (CH3). 

IR (ATR) ṽ [cm–1] = 3067 (w), 2979 (w), 2939 (w), 1653 (w), 1601 (s), 1587 (m), 1510 (vs), 1438 (s), 1424 (s), 1377 

(vs), 1370 (vs), 1332 (vs), 1313 (s), 1276 (s), 1249 (s), 1187 (vs), 1159 (s), 1112 (m), 1023 (vs), 999 (m), 980 (m), 

935 (w), 909 (m), 894 (m), 846 (m), 837 (m), 822 (m), 796 (s), 762 (s), 748 (s), 718 (s), 683 (vs), 662 (s), 643 (s), 

619 (m), 609 (m), 598 (s), 574 (m), 550 (w), 517 (w), 472 (m), 453 (m). 

FAB-MS m/z (%): 373 (28), 372 [M + 2 H]+ (100), 371 (22), 370 (10), 343 (11), 307 (35), 289 (22), 155 (26), 154 (92), 

152 (11), 139 (14), 138 (28), 137 (50), 136 (58), 120 (10), 107 (19), 105 (11), 104 (19), 91 (15), 90 (12), 89 (21). 

HRMS-FAB (m/z): [M + H]+ calcd. for C23H22O2N3, 371.1707; found, 372.1707. 

EA: C23H21N3O2: calcd. C 74.37, H 5.70, N 11.31; found. C 74.59, H 5.63, N 11.13. 

 

6,6’-(6-(4-Methoxyphenyl)-1,3,5-triazine-2,4-diyl)bis(3-((2-ethylhexyl)oxy)cyclohex-2-en-1-one) (186) 

To a solution of 180 (876 mg, 3.90 mmol, 2.00 equiv) in 

anhydrous THF was added a 2 M solution of LDA in THF 

(2.44 mL, 523 mg, 4.88 mmol, 2.50 equiv) at –78 °C under 

argon atmosphere. The solution was stirred for 30 min. 

Subsequently, the cooling was removed and 170 (500 mg, 

1.95 mmol, 1.00 equiv) dissolved in anhydrous THF (10 mL) 

was added dropwise to the reaction mixture and the 

resulting yellow solution was stirred for 16 h at 60 °C. The solvent was removed under reduced pressure, and the 

residue was purified via flash chromatography (SiO2, CH/EtOAc 20:1). 186 was isolated as a yellow resin (350 mg, 

554 µmol, 28%).  

Rf (SiO2, CH/EtOAc, 4:1) = 0.46. 

1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.45 (d, J = 9.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 5.50 (s, 2H), 3.91–3.86 (m, 

1H), 3.89 (s, 3H), 3.86–3.70 (m, 4H), 2.83 (t, J = 8.4 Hz, 1H), 2.73– 2.62 (m, 1H), 2.61–2.53 (m, 2H), 2.45 (td, J = 

8.4, 3.0 Hz, 1H), 2.40 (t, J = 6.3 Hz, 1H), 2.37–2.27 (m, 2H), 1.98 (p, J = 6.5 Hz, 1H), 1.75–1.60 (m, 2H), 1.48–1.21 

(m, 16H), 0.97–0.77 (m, 12H). Minor signals at 15.28 (s), 13.59 (s). 

13C-NMR (126 MHz, CDCl3) δ [ppm] = 195.5 (2C, Cq, CO), 179.4 (2C, Cq, CN), 178.1 (2C, Cq, COR), 172.9 (Cq), 

164.4 (Cq), 131.8 (2C, CHAr), 126.6, 114.3 (2C, CHAr), 102.7 (2C, CHDB), 71.6 (2C, CH2), 55.7 (CH3), 55.3 (2C, CH), 

38.9 (2C, CH), 30.5 (2C, CH2), 29.1 (2C, CH2), 28.1 (2C, CH2), 26.2 (2C, CH2), 23.9 (2C, CH2), 23.1 (2C, CH2), 14.2 (2C, 

CH3), 11.1 (2C, CH3). 
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IR (ATR) ṽ [cm–1] = 2956 (w), 2928 (w), 2871 (w), 2859 (w), 1728 (vw), 1655 (w), 1636 (w), 1604 (s), 1579 (m), 

1503 (vs), 1462 (vs), 1402 (vs), 1375 (vs), 1327 (vs), 1312 (vs), 1281 (s), 1255 (vs), 1222 (vs), 1184 (vs), 1166 (vs), 

1123 (s), 1113 (s), 1064 (s), 1028 (s), 1006 (s), 975 (m), 965 (m), 935 (m), 909 (m), 851 (s), 820 (s), 813 (s), 792 

(m), 732 (s), 680 (m), 666 (m), 636 (m), 591 (s), 511 (m), 456 (w). 

FAB-MS m/z (%): 

HRMS-FAB (m/z): [M + H]+ calcd. for C38H50O5N3, 628.3745; found, 628.3747. 

 

6,6’-(6-(4-Methoxyphenyl)-1,3,5-triazine-2,4-diyl)bis(3-((2-ethylhexyl)oxy)phenol) – Bemotrizinol (1) 

In a 10 mL ElectraSyn vial, THBMT (20.0 mg, 31.7 μmol, 

1.00 equiv), Bu4NBF4 (208 mg, 633 μmol, 20.0 equiv), were 

dissolved in anhydrous CH2Cl2 (7 mL). The solution was 

electrolyzed under a constant voltage of 2.0 V for 4.2 F/mol 

using a platinum anode and a graphite cathode. After 

completion of the electrolysis, the solvent was removed 

under reduced pressure, and the residue was purified via 

flash chromatography (SiO2, CH/EtOAc 20:1). 1 was isolated as a yellow resin (2.00 mg, 3.19 μmol, 10%). 

Rf (SiO2, CH/EtOAc, 4:1) = 0.70. 

1H-NMR (500 MHz, CDCl3) δ [ppm] = 13.40 (s, 2H), 8.53 – 7.86 (m, 4H), 6.93 (d, J = 8.9 Hz, 2H), 6.49 (dd, J = 8.9, 

2.5 Hz, 2H), 6.42 (d, J = 2.5 Hz, 2H), 3.88 (dd, J = 5.9, 2.1 Hz, 4H), 3.85 (s, 3H), 1.76 (h, J = 6.2 Hz, 2H), 1.60 – 1.39 

(m, 6H), 1.39 – 1.31 (m, 2H), 1.00 – 0.90 (m, 12H). 

13C-NMR (126 MHz, CDCl3) δ [ppm] = 170.0 (2C, Cq, CN), 167.4 (Cq, CN), 165.5 (2C, Cq), 164.7 (2C, Cq), 163.9 (Cq), 

131.2 (2C, Cq), 130.6 (2C, CHAr), 126.6 (Cq), 114.3 (2C, CHAr), 110.1, 108.5 (2C, CHAr), 101.8 (2C, CHAr), 70.9 (2C, 

CH2), 55.5 (CH3), 39.3 (2C, CH), 30.6 (2C, CH2), 29.2 (2C, CH2), 23.9 (2C, CH2), 23.2 (2C, CH2), 14.2 (2C, CH3), 11.2 

(2C, CH3). 

IR (ATR) ṽ [cm–1] = 2956 (w), 2924 (m), 2868 (w), 2859 (w), 1628 (m), 1585 (vs), 1530 (vs), 1502 (vs), 1451 (s), 

1439 (s), 1422 (s), 1414 (s), 1390 (m), 1370 (vs), 1353 (vs), 1319 (m), 1306 (m), 1249 (vs), 1232 (vs), 1186 (vs), 

1170 (vs), 1159 (vs), 1119 (s), 1099 (vs), 1050 (m), 1020 (vs), 973 (m), 851 (w), 832 (vs), 796 (vs), 747 (m), 718 

(m), 642 (m), 629 (m), 622 (s), 596 (vs), 510 (m), 462 (m), 411 (w). 

FAB-MS m/z (%): 630 (14), 629 (27), 628 (51), 627 (14), 446 (33), 445 (48), 444 (100), 443 (70), 373 (18), 334 (11), 

333 (14), 332 (44), 331 (29), 330 (37), 261 (10), 220 (29), 136 (13), 134 (33). 

HRMS-FAB (m/z): [M + H]+ calcd. for C38H50O5N3, 628.3745; found, 628.3747. 
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5.5 Crystallographic Data 

Crystal structures in this section were measured and solved by Dr. MARTIN NIEGER at the University of Helsinki. 

Table 1. Overview over the numbering and sample code of crystals.  

Entry Compound Internal ID 

1 2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-

(tert-butyl)imidazo[1,2-a]pyridin-3-amine 

92b SB1178_HY 

2 (E)-N-(2-(1,4(1,4)-Dibenzenacyclohexaphane-12-
yl)imidazo[1,2-a]pyrazin-3-yl)-1-phenyl 
methanimine 

93a’ SB1143_HY 

3 2,2'-(1,4(1,4)-Dibenzenacyclohexaphane-12,43-
diyl)bis(N-pentylimidazo[1,2-a]pyridin-3-amine) 

96 SB1447_HY 

4 2-(3,5-bis¬(3-(tert-butylamino)imidazo[1,2-a] 

pyridin-2-yl)phenyl)anthracene-9,10-dione 

109 SB1468_HY 

5 17-((E)-5-Ethyl-6-methylhept-3-en-2-yl)-10,13-

dimethyl-3-(tosylmethyl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthrene 

118d SB1398_HY 

6 N-(Adamantan-1-yl)pyrido[2’,1’:2,3]imidazo[4,5-
c]isoquinolin-5-amine 

129ad SB1335_HY 

7 N-Cyclohexylpyrazino[2’,1’:2,3]imidazo[4,5-c] 

isoquinolin-5-amine 

129ba SB1132_HY 

8 (E)-11-(tert-Butylamino)-6-(isopropylimino)-

1H,6H-pyrido[2’,1’:2,3]imidazo[5,1-a]isoindol-1-

one 

130 SB1161_HY 
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SB1178_HY 

 

 

 

4 crystallographic independent 
molecules 

one CH2 group in a C2H4 bridge 
disordered 

 

 

2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)-N-(tert-butyl)imidazo[1,2-a]pyridin-3-amine (92b) 

Crystal data 

 C27H29N3 F(000) = 3392 

Mr = 395.53 Dx = 1.240 Mg m-3 

Monoclinic, P21/c (no.14) Cu K radiation,  = 1.54178 Å 

a = 25.0296 (7) Å Cell parameters from 9635 reflections 

b = 30.8444 (9) Å  = 3.3–72.0° 

c = 11.0646 (3) Å  = 0.56 mm-1 

 = 97.162 (1)° T = 123 K 

V = 8475.5 (4)  Å3 Plates, yellow 

Z = 16 0.20 × 0.16 × 0.10 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  14959 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.039 

rotation in  and , 1°, shutterless scans max = 72.3°, min = 2.3° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -29→30 

Tmin = 0.861, Tmax = 0.929 k = -38→38 

153306 measured reflections l = -13→11 

16694 independent reflections  

Refinement 

 Refinement on F2 Primary atom site location: dual 

Least-squares matrix: full Secondary atom site location: difference Fourier map 

R[F2 > 2(F2)] = 0.045 Hydrogen site location: mixed 

wR(F2) = 0.122 H atoms treated by a mixture of independent and constrained refinement 

S = 1.02  w = 1/[2(Fo
2) + (0.0597P)2 + 4.3609P]   

where P = (Fo
2 + 2Fc

2)/3 

16694 reflections (/)max = 0.001 

1092 parameters max = 1.09 e Å-3 

1175 restraints min = -0.43 e Å-3 
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SB1143_HY 

 

imine instead of amine 

 

 

 

 

 

 

(E)-N-(2-(1,4(1,4)-Dibenzenacyclohexaphane-12-yl)imidazo[1,2-a]pyrazin-3-yl)-1-phenyl 

methanimine (93a’) 

Crystal data 

 C29H24N4 F(000) = 1808 

Mr = 428.52 Dx = 1.315 Mg m-3 

Monoclinic, Cc (no.9 Cu K radiation,  = 1.54178 Å 

a = 7.8586 (4) Å Cell parameters from 4960 reflections 

b = 12.3823 (7) Å  = 3.9–72.2° 

c = 44.509 (2) Å  = 0.61 mm-1 

 = 91.100 (3)° T = 123 K 

V = 4330.2 (4)  Å3 Blocks, colourless 

Z = 8 0.06 × 0.04 × 0.02 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  6765 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.058 

rotation in  and , 1°, shutterless scans max = 72.5°, min = 4.0° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -9→9 

Tmin = 0.782, Tmax = 0.971 k = -15→13 

15284 measured reflections l = -52→54 

7922 independent reflections  

Refinement 

 Refinement on F2 Secondary atom site location: difference Fourier map 

Least-squares matrix: full Hydrogen site location: inferred from neighbouring sites 

R[F2 > 2(F2)] = 0.079 H-atom parameters constrained 

wR(F2) = 0.208  w = 1/[2(Fo
2) + (0.090P)2 + 10.P]   

where P = (Fo
2 + 2Fc

2)/3 

S = 1.05 (/)max < 0.001 

7922 reflections max = 0.38 e Å-3 

593 parameters min = -0.26 e Å-3 

62 restraints Absolute structure:  Flack x determined using 2333 quotients [(I+)-(I-

)]/[(I+)+(I-)]  (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-

259). 

Primary atom site location: dual Absolute structure parameter: -0.3 (7) 
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SB1447_HY 

 

poor crystal, incomplete data, one n-pentyl 
moiety disordered 

Ci symmetry, 2 x 0.5 molecules per asymmetric 
unit 

Only proof of the structure and the conformation 

 

 

2,2'-(1,4(1,4)-Dibenzenacyclohexaphane-12,43-diyl)bis(N-pentylimidazo[1,2-a]pyridin-3-amine) 

(96) 

Crystal data 

 C40H46N6 Z = 4 

Mr = 610.83 F(000) = 1312 

Monoclinic, P21/c (no.14) Dx = 1.207 Mg m-3 

a = 20.873 (4) Å Cu K radiation,  = 1.54178 Å 

b = 8.583 (2) Å  = 0.56 mm-1 

c = 20.676 (4) Å T = 298 K 

 = 114.84 (1)° 0.18 × 0.12 × 0.03 mm 

V = 3361.5 (12)  Å3  
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SB1468_HY 

 

poor crystal quality, high displacement parameters, 
0.5 MeOH and one water solvent found per formula 

moiety 

constitution and conformation determined 

 

in two voids one diffuse water per void found, squeezed out 

 

2-(3,5-Bis(3-(tert-butylamino)imidazo[1,2-a] pyridin-2-yl)phenyl)anthracene-9,10-dione (109) 

Crystal data 

 C42H38N6O2·1.5(H2O)·0.5(CH4O) F(000) = 1488 

Mr = 701.83 Dx = 1.233 Mg m-3 

Monoclinic, P21 (no.4) Cu K radiation,  = 1.54178 Å 

a = 10.1391 (8) Å Cell parameters from 9944 reflections 

b = 18.3961 (15) Å  = 2.1–71.0° 

c = 20.2654 (16) Å  = 0.65 mm-1 

 = 91.066 (5)° T = 298 K 

V = 3779.2 (5)  Å3 Blocks, orange 

Z = 4 0.24 × 0.06 × 0.03 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  10186 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.078 

rotation in  and , 1°, shutterless scans max = 85.9°, min = 2.2° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -12→10 

Tmin = 0.705, Tmax = 0.971 k = -23→20 

45175 measured reflections l = -24→24 

14106 independent reflections  

Refinement 

 Refinement on F2 Hydrogen site location: mixed 

Least-squares matrix: full H-atom parameters constrained 

R[F2 > 2(F2)] = 0.093  w = 1/[2(Fo
2) + (0.155P)2 + 0.9P]   

where P = (Fo
2 + 2Fc

2)/3 

wR(F2) = 0.269 (/)max = 0.009 

S = 1.06 max = 0.38 e Å-3 

14106 reflections min = -0.29 e Å-3 

940 parameters Extinction correction: SHELXL2014/7 (Sheldrick 2014), 

Fc*=kFc[1+0.001xFc23/sin(2)]-1/4 

2677 restraints Extinction coefficient: 0.0035 (5) 

Primary atom site location: dual Absolute structure:  Flack x determined using 3355 quotients [(I+)-(I-

)]/[(I+)+(I-)]  (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-

259). 

Secondary atom site location: difference Fourier map Absolute structure parameter: -0.1 (3) 
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SB1398_HY 

 

 

 

absolute configuration determined 
crystallographically and from an 

unchanged chiral center 

 

 

17-((E)-5-Ethyl-6-methylhept-3-en-2-yl)-10,13-dimethyl-3-(tosylmethyl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene (118d)[120] 

Crystal data 

 C35H51N3O F(000) = 580 

Mr = 529.78 Dx = 1.145 Mg m-3 

Monoclinic, P21 (no.4) Cu K radiation,  = 1.54178 Å 

a = 9.6804 (3) Å Cell parameters from 9933 reflections 

b = 7.6297 (2) Å  = 4.2–72.1° 

c = 21.3249 (6) Å  = 0.52 mm-1 

 = 102.664 (1)° T = 173 K 

V = 1536.71 (8)  Å3 Plates, colourless 

Z = 2 0.16 × 0.12 × 0.04 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  5619 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.027 

rotation in  and , 1°, shutterless scans max = 72.2°, min = 2.1° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -11→11 

Tmin = 0.891, Tmax = 0.971 k = -8→9 

22228 measured reflections l = -25→26 

5825 independent reflections  

Refinement 

 Refinement on F2 Secondary atom site location: difference Fourier map 

Least-squares matrix: full Hydrogen site location: difference Fourier map 

R[F2 > 2(F2)] = 0.031 H atoms treated by a mixture of independent and constrained refinement 

wR(F2) = 0.080  w = 1/[2(Fo
2) + (0.0406P)2 + 0.2819P]   

where P = (Fo
2 + 2Fc

2)/3 

S = 1.03 (/)max < 0.001 

5825 reflections max = 0.18 e Å-3 

358 parameters min = -0.15 e Å-3 

3 restraints Absolute structure:  Flack x determined using 2391 quotients [(I+)-(I-

)]/[(I+)+(I-)]  (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-

259). 

Primary atom site location: dual Absolute structure parameter: -0.15 (10) 
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SB1355_HY 

 

 

 

 

 

 

 

 

 

 

N-(Adamantan-1-yl)pyrido[2',1':2,3]imidazo[4,5-c]isoquinolin-5-amine (129ad) 

Crystal data 

 C24H24N4 F(000) = 784 

Mr = 368.47 Dx = 1.278 Mg m-3 

Monoclinic, P21/n (no.14) Cu K radiation,  = 1.54178 Å 

a = 6.5540 (6) Å Cell parameters from 9929 reflections 

b = 12.6859 (12) Å  = 3.8–72.1° 

c = 23.2169 (21) Å  = 0.60 mm-1 

 = 97.357 (4)° T = 298 K 

V = 1914.4 (3)  Å3 Plates, yellow 

Z = 4 0.24 × 0.12 × 0.03 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  3445 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.029 

rotation in  and , 1°, shutterless scans max = 72.1°, min = 3.8° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -7→8 

Tmin = 0.831, Tmax = 0.971 k = -15→15 

26584 measured reflections l = -28→28 

3764 independent reflections  

Refinement 

 Refinement on F2 Primary atom site location: dual 

Least-squares matrix: full Secondary atom site location: difference Fourier map 

R[F2 > 2(F2)] = 0.039 Hydrogen site location: difference Fourier map 

wR(F2) = 0.097 H atoms treated by a mixture of independent and constrained refinement 

S = 1.03  w = 1/[2(Fo
2) + (0.0382P)2 + 0.5418P]   

where P = (Fo
2 + 2Fc

2)/3 

3764 reflections (/)max = 0.001 

256 parameters max = 0.18 e Å-3 

0 restraints min = -0.18 e Å-3 

  



193 
 

SB1132_HY 

 

 

 

 

 

 

 

 

 

 

N-Cyclohexylpyrazino[2',1':2,3]imidazo[4,5-c]isoquinolin-5-amine (129ba) 

Crystal data 

 C19H19N5 F(000) = 672 

Mr = 317.39 Dx = 1.363 Mg m-3 

Monoclinic, P21/c (no.14) Cu K radiation,  = 1.54178 Å 

a = 7.7193 (2) Å Cell parameters from 9962 reflections 

b = 19.0741 (6) Å  = 4.8–72.2° 

c = 10.7854 (3) Å  = 0.67 mm-1 

 = 103.055 (1)° T = 123 K 

V = 1546.98 (8)  Å3 Plates, yellow 

Z = 4 0.30 × 0.18 × 0.12 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  2978 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.026 

rotation in  and , 1°, shutterless scans max = 72.3°, min = 4.8° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -9→9 

Tmin = 0.815, Tmax = 0.815 k = -23→23 

27211 measured reflections l = -13→13 

3049 independent reflections  

Refinement 

 Refinement on F2 Primary atom site location: dual 

Least-squares matrix: full Secondary atom site location: difference Fourier map 

R[F2 > 2(F2)] = 0.034 Hydrogen site location: difference Fourier map 

wR(F2) = 0.085 H atoms treated by a mixture of independent and constrained refinement 

S = 1.03  w = 1/[2(Fo
2) + (0.0391P)2 + 0.6426P]   

where P = (Fo
2 + 2Fc

2)/3 

3049 reflections (/)max < 0.001 

220 parameters max = 0.27 e Å-3 

1 restraint min = -0.21 e Å-3 
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SB1161_HY 

 

 

 

 

 

 

 

 

(E)-11-(tert-Butylamino)-6-(isopropylimino)-1H,6H-pyrido[2',1':2,3]imidazo[5,1-a]isoindol-1-one 

(130) 

Crystal data 

 C21H24N4O Z = 2 

Mr = 348.44 F(000) = 372 

Triclinic, P-1 (no.2) Dx = 1.303 Mg m-3 

a = 9.3835 (3) Å Cu K radiation,  = 1.54178 Å 

b = 10.5528 (3) Å Cell parameters from 9882 reflections 

c = 11.1436 (3) Å  = 4.9–72.1° 

 = 113.802 (1)°  = 0.65 mm-1 

 = 114.890 (1)° T = 123 K 

 = 91.828 (1)° Blocks, yellow 

V = 888.36 (5)  Å3 0.18 × 0.14 × 0.06 mm 

Data collection 

 Bruker D8 VENTURE diffractometer with PhotonII CPAD detector  3337 reflections with I > 2(I) 

Radiation source: INCOATEC microfocus sealed tube Rint = 0.020 

rotation in  and , 1°, shutterless scans max = 72.2°, min = 4.9° 

Absorption correction: multi-scan  

SADABS (Sheldrick, 2014) 
h = -11→11 

Tmin = 0.901, Tmax = 0.958 k = -12→13 

13276 measured reflections l = -13→13 

3476 independent reflections  

Refinement 

 Refinement on F2 Primary atom site location: dual 

Least-squares matrix: full Secondary atom site location: difference Fourier map 

R[F2 > 2(F2)] = 0.035 Hydrogen site location: difference Fourier map 

wR(F2) = 0.094 H atoms treated by a mixture of independent and constrained refinement 

S = 1.04  w = 1/[2(Fo
2) + (0.0459P)2 + 0.3211P]   

where P = (Fo
2 + 2Fc

2)/3 

3476 reflections (/)max < 0.001 

238 parameters max = 0.28 e Å-3 

1 restraint min = -0.20 e Å-3 
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6 Abbreviations and Units 

6.1 List of Abbreviations  

δ Chemical Shift (NMR) 

ΔEST Singlet-Triplet Energy Gap 

ῦ Wavenumber (IR) 

aq. aqueous 

Ar Aromatic 

Aq Anthraquinone 

ATR Attenuated Total Reflection 

BMT/BEMT Bemotrizinol 

bp Base Pairs 

bpy Bis-pyridyl 

Bz Benzoyl 

Calcd. Calculated 

cf. confer lat.: compare 

CH Cyclohexane 

cLIFT Combinatorial Laser-induced Forward Transfer 

COF Covalent Organic Framework 

COSY Correlation Spectroscopy 

CV Cyclovoltammetry 

DBPS DULBECCO's phosphate-buffered saline 

ddH2O Deionized Distilled Water 

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DFT Density Functional Theory 

Diopat di-ortho-Hydroxyphenyl Asymmetric Triazine 

DIY Do it yourself 

DMEM Dulbecco’s Modified Eagle Medium 

DMF N,N-Dimethylformamide 

DMSO Dimethylsulfoxide 

DNA Desoxyribonucleic Acid 

dppf 1,1‘-Bi(diphenylphosphino)ferrocene 

DPV Differential Pulse Voltammetry 

ds-DNA Double-stranded Desoxyribonucleic Acid 

E. coli Escherichia coli 

EDD Electrochemically Driven Desaturation 

e.g. exempli gratia lat.: for example 

EMSA Electrophoresis Mobility Shift Assay 

equiv Equivalents 
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ESI-MS electrospray Ionization Mass Spectrometry 

ESIPT excited State Intramolecular Proton Transfer 

et al. et alii/aliae/alia lat.: and others 

etc. et cetera lat.: and so forth 

FAB-MS Fast Atom Bombardment Mass Spectrometry 

FAD Flavin-Adenine Dinucleotide 

FBS Fetal bovine serum 

FCA FRIEDEL-CRAFTS Acylation 

FDA Food and Drug Administration 

FID Fluorescent Intercalator Displacement 

FMN Flavin mononucleotide 

FRET FÖRSTER Resonance Energy Transfer 

FOMO Frontier Molecular Orbital 

GABA Gamma-Butyric Acid 

GBB GROEBKE-BLACKBURN-BIENAYMÉ 3-Component Reaction 

GC/MS Gas Chromatography 

HeLa Human cervical cancer cell line originating from patient Henrietta Lacks 

HIV Human Immunodeficiency Virus 

HMBC Heteronuclear Multiple Bond Correlation 

HMDS Hexamethyldisilazane 

HOMO Highest Occupied Molecular Orbital 

HSQC Heteronuclear Single Quantum Coherence 

IBX Iodobenzoic acid 

i.e. id est lat.: that is to say 

ImPy Imidazo[1,2-a]pyridine 

IOC Institute of Organic Chemistry 

IR Infrared Spectroscopy 

ISC Intersystem Crossing 

J Coupling constant (NMR) 

KIT Karlsruhe Institute of Technology 

LDA Lithium diisopropyl amide 

LIFT Laser-induced Forward Transfer 

lig Ligand 

LiHMDS Lithium hexamethyldisilazane 

LUMO Lowest Unoccupied Molecular Orbital 

M molar 

m/z Mass-to Charge ratio 

MALDI Matrix-Assisted Laser Desorption Ionization 

MCR Multicomponent Reaction 

m.p. Melting Point 
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MS Mass Spectrometry 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MW Microwave 

3-NBA 3-Nitrobenzyl Alcohol 

NMR Nuclear Magnetic Resonance Spectroscopy 

NPI N-substituted benzo[de]isoquinoline-1,3-dione 

oc-DNA Open Circular DNA 

OLED Organic Light Emitting Diode 

PBS Phosphate-buffered Saline 

PCP [2.2]Paracyclophane 

Pd/C Palladium on activated Charcoal 

Pd-Peppsi iPr Pyridine-Enhanced Pre-Catalyst Preparation Stabilization and Initiation 

PE40/60 Petrol ether 

PEGMA Poly(ethylene glycol) methacrylate 

PM2 Pseudoaltermonas Virus 2 

ppm parts per million 

pUC19 Plasmid  

quant. quantitative 

R Residue 

RISC Reverse Intersystem Crossing 

Rf Retardation factor 

rpm Revolutions per minute 

r.t. Room Temperature 

S0 Ground State 

S1 1st Excited Singlet State 

sat. saturated 

sc-DNA Supercoiled DNA 

SCE Standard Calomel Electrode 

SNAr Nucleophilic aromatic substitution 

T1 1st Excited Triplet State 

TADF Thermally Activated Delayed Fluorescence 

Tc-MIBI Technetium Methyl iso-Butyl Isonitrile 

THBMT Tetrahydro Bemotrizinol 

THF Tetrahydrofuran 

TMS Trimethylsilyl 

TLC Thin Layer Chromatography 

Trz Diphenyl-1,3,5-triazine 

UV Ultraviolet Light 

Vis Visible 
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6.2 List of Units 

A Ampere 

°C Degrees Celsius 

cm Centimeter 

d Days 

eV Electron Volt 

F Farraday 

g Gram 

h Hours 

Hz Hertz 

K Kelvin 

L Liters 

mbar Millibar 

mg Milligram  

µg Microgram 

MHz Megahertz 

min Minutes 

mL Milliliter 

µL Microliter 

mmol Millimole 

µmol Micromole 

mol Mole 

mV Millivolt 

nm Nanometer 

ns Nanoseconds 

s Seconds 

V Volt 

W Watt 
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