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ABSTRACT 

In the modern era, organic electronics and bioelectronics go through tremendous development 

efforts to obtain novel organic materials with features usually unattainable by conventional 

silicon-based electronics. This thesis concerns the synthesis and characterization of novel 

organic materials for organic electronics. It deals with the synthesis of novel 

pentafluorosulfanylated heterocyclic building blocks, alkylated high-performance organic 

pigments, and bioinspired organic π-conjugated materials with tunable physico-chemical 

properties and rational synthetic approaches towards their preparation. 

Pentafluorosulfanyl group (SF5) is appreciated for the high electronegativity, lipophilicity, 

thermal and chemical stability. It influences positively optical and electronic properties, 

solubility, and stability to a degree often superior to more established CF3-analogues. Two types 

of derivatives of 3-SF5-substituted pyrrolidines were synthesized by six and four-step synthetic 

approaches serving as potential versatile building blocks for the incorporation into advanced 

aromatic and heteroaromatic -conjugated systems via nitrogen atoms as the fluorinated 

terminal groups. A model derivative was introduced as a terminal group in an electron-deficient 

heteroaromatic system by nucleophilic substitution. 

Hydrogen-bonded high-performance organic pigments attract a lot of attention due to their 

impressive semiconducting properties, strong 2D molecular association, high thermal, chemical 

and photochemical stability, and non-toxicity. Nevertheless, they suffer from limited solubility 

and processability which is commonly solved by the introduction of solubilizing groups. 

Moreover, particularly bulky rigid adamantyl-bearing groups are known to improve molecular 

packing, thermal stability, and resulting properties due to the self-organizing ability of 

adamantane. The adamantylmethyl and adamantylethyl groups were incorporated into selected 

hydrogen-bonded dyes and pigments from groups of carbonyl azaacenes, rylene-diimides and 

indigoids by means of nucleophilic substitution aiming towards increasing solubility and 

processability while preserving the thermal stability and favorable solid-state molecular 

packing. Physico-chemical studies of quinacridone and epindolidione series showed thermal 

stability comparable or higher than for H-bonded derivatives, good solubility in organic 

solvents, strong fluorescence in solid state and solution in VIS region and distinct molecular 

packing in single crystals as was observed from X-ray analysis. 

Flavins are ubiquitous bio-inspired organic material with indispensable biological functions, 

promising physico-chemical properties, chemical and application versatility. Consequently, the 
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focus was put on the tuning of the optical, electronic, electrochemical, thermal and other 

properties by the extension of the π-conjugated system of said materials. Initially, two 

complementary synthetic approaches were envisaged in order to provide NH-free flavin series 

which was to undergo comprehensive physico-chemical studies. Afterwards, two different 

approaches were proposed to synthesize N,N’-dialkylated flavins incorporating butyl, 

adamantylethyl and triethyleneglycol-derived substituents. The alkylation enhanced solubility 

in organic solvents and aqueous media, increased fluorescence in solid state and solutions, and 

tuned the thermal properties depending on the alkyl substitution. 

 

KEYWORDS  

Flavins, Soluble alkylated flavins, Bio-inspired materials, Side-chain engineering, Riboflavin, 

Organic pigments, Fluorine, Pentafluorosulfanyl group, Organic electronics 
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ABSTRAKT 

Organická elektronika a bioelektronika zažívá v moderním věku obrovskou snahu o vývoj 

nových organických materiálů s vlastnostmi, které běžná elektronika na bázi křemíku obvykle 

nedosahuje. Tato práce se zabývá syntézou a charakterizací nových organických materiálů pro 

organickou elektroniku. Zaobírá se přípravou nových pentafluorsulfanylových 

heterocyklických stavebních bloků, alkylovaných vysokoúčinných organických pigmentů a 

bioinspirovaných organických π-konjugovaných materiálů s modifikovatelnými fyzikálně-

chemickými vlastnostmi a racionálními syntetickými přístupy k jejich přípravě. 

Pentafluorsulfanylová skupina (SF5) je ceněna pro svou vysokou elektronegativitu, lipofilitu, 

tepelnou a chemickou stabilitu. Pozitivně ovlivňuje optické a elektronické vlastnosti, 

rozpustnost a stabilitu v často lepší míře než u zavedených CF3-analogů. Šesti a čtyřkrokovou 

syntézou byly připraveny dva typy derivátů 3-SF5-substituovaných pyrrolidinů, které mohou 

sloužit jako všestranné stavební jednotky pro začlenění do pokročilých aromatických a 

heteroaromatických -konjugovaných systémů prostřednictvím atomů dusíku jako fluorované 

terminální skupiny. Modelový derivát byl zaveden jako terminální skupina do elektronově 

chudého heteroaromatického systému nukleofilní substitucí. 

Vodíkovými můstky vázané vysokovýkonné organické pigmenty přitahují velkou pozornost 

díky svým působivým polovodivým vlastnostem, silné 2D molekulární asociaci, vysoké 

tepelné, chemické a fotochemické stabilitě a nízké toxicitě. Přesto jsou pouze omezeně 

rozpustné a zpracovatelné, což lze vyřešit zavedením solubilizačních skupin. Je známo, že 

obzvláště objemné rigidní skupiny nesoucí adamantyl zlepšují uspořádání molekulární 

struktury a tepelnou stabilitu a výsledné vlastnosti díky samoorganizační schopnosti 

adamantanu. Adamantylmethylová a adamantylethylová skupina byla zavedena do vybraných 

barviv a pigmentů ze skupiny karbonylových azaacenů, rylen-diimidů a indigoidů pomocí 

nukleofilní substituce se zaměřením na zvýšení rozpustnosti a zpracovatelnosti při zachování 

tepelné stability a efektivní molekulární organizaci v pevné fázi. Fyzikálně-chemické studie 

série derivátů quinacridonu a epindolidionu ukázaly srovnatelnou, nebo vyšší tepelnou stabilitu 

než u nesubstituovaných derivátů, dobrou rozpustnost v organických rozpouštědlech, silnou 

fluorescenci v pevné fázi a roztoku v oblasti VIS a unikátní krystalovou strukturu pozorovanou 

z RTG analýzy. 

Flaviny jsou všudypřítomné bioinspirované organické materiály s nepostradatelnými 

biologickými funkcemi, výhodnými fyzikálně-chemickými vlastnostmi, chemickou a aplikační 

všestranností. Cílem práce byla modifikace optických, elektronických, elektrochemických, 
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tepelných a dalších vlastností rozšířením -konjugovaného systému syntetizovaných materiálů. 

V první fázi byly navrženy dva syntetické přístupy pro přípravu série NH-nesubstituovaných 

flavinů, u kterých byly provedeny komplexní fyzikálně-chemické studie. Poté byly navrženy 

dva přístupy k syntéze N,N'-dialkylovaných flavinů s inkorporovaným butylovým, 

adamantylethylovým a triethylenglykolovým substituentem. Alkylací byla zvýšena rozpustnost 

v organických rozpouštědlech a vodném prostředí, zesílena fluorescence v pevné fázi a v 

roztocích a modifikovány tepelné vlastnosti v závislosti na zavedeném alkylovém substituentu. 

KLÍČOVÁ SLOVA 

Flaviny, Rozpustné alkylované flaviny, Bioinspirované materiály, Riboflavin, Organické 

pigmenty, Fluor, Pentafluorsulfanylová skupina, Organická elektronika 
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1 INTRODUCTION 

For last several decades, inorganic silicon and gallium arsenide semiconductors, silicon dioxide 

insulators, and metals such as copper and aluminum have been the backbone of the 

semiconductor industry. Nevertheless, a growing research effort has been focused on an 

alternative in organic electronics to improve the semiconducting, conducting, and light-emitting 

properties of organic materials. Modern methods of organic synthesis have enabled growth of 

the pool of suitable polymer, oligomer, small molecule, and hybrid materials. Improvement of 

performance and the ability to process these active materials at low temperatures over large 

areas on materials such as paper or plastic may provide unique solutions to address the growing 

needs in computing, enhanced connectivity, wearable electronics, smart cities, environment-

friendly energy alternatives, and its storage or advanced visualization technologies.  

Moreover, the rapid development of medicine and biology coping with challenges in these 

fields gave rise to organic bioelectronics. Organic bioelectronics is a rapidly expanding field of 

research comprising many significant advantages. As a breakthrough can be considered that 

bioelectronic devices based on organic materials like neural implants and biosensors have been 

entering the realm of bioelectronics. Due to the specific biological environment, bioelectronics 

is limited by the materials that transmit signals at the biotic/abiotic interface. Therefore, 

important conditions for potential materials are their biocompatibility, biodegradability, and 

ability not to provoke rejection or inflammation.1 A state-of-the-art solution comprises the 

application of conducting organic polymers coatings that have been shown not only to reduce 

impedance but also to enhance implant lifetime.2  

The research achievements in organic electronics have experienced remarkable growth, driven 

mainly by the development of commercially attractive flagship – organic light-emitting diodes 

(OLEDs) for mobile display applications.3 Exploiting the organic materials may benefit from 

features such as wide color tunability, unbeatable low weight, flexibility, potential low-cost 

production, simplicity of fabrication, non-toxicity, and ease of utilization that translate to a great 

extent also to applications like organic thin-film transistors (OTFTs) for flexible electronic 

circuits,4 sensors5 and organic photovoltaics (OPVs) for solar energy harvesting.6 In addition, 

organic bioelectronics operates with organic mixed conductors which combine electron/hole 

conductivity with ionic conductivity.7–9 Hence, devices bridging abiotic and biotic interface like 

organic electrochemical transistors (OECTs), organic electronic ion pumps, ionic transistors or 

diodes can be constructed.2 Organic electronic ion pumps were used to transport biologically 

relevant ions (Ca2+, Na+)10,11 or small-size charged biomolecules (acetylcholine,12 GABA13). 
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On the other hand, OECTs in combination with selective receptor or membrane were employed 

to monitor and detect important biomolecules like dopamine,14 ascorbic acid15 or glutamate.16 

Naturally occurring or nature-inspired materials have been subject to intensive research due to 

their abundance, structural and property variability and in many cases inherent nontoxicity with 

a vision of green and sustainable electronics. In this context, flavins and hydrogen-bonded 

pigments belong to the pool of promising active materials for organic electronic and 

bioelectronic devices. Flavins can be regarded as riboflavin (vitamin B2) analogs. They have 

vital biological functions given their capability to act as reversible one or two-electron redox 

systems. Simple structural analogues of riboflavin were employed in organic photovoltaics, 

memory logic gates, energy storage systems, or microbial electrochemical systems. Hydrogen-

bonded pigments belong to a group of stable natural colorants with efficient molecular packing 

modes, promising electrical and optical properties which enable their use as organic 

semiconductors.  

The thesis deals with the design of synthetic approaches and preparation of novel derivatives 

of riboflavin aiming towards an extension of the π-conjugated backbone, tuning a D-A character 

and solubility through N,N’-alkylation by solubilizing groups with structurally dissimilar 

character. Besides, the thesis focuses on the synthesis of bioinspired N,N’-alkylated high-

performance pigments incorporating bulky rigid adamantane-bearing solubilizing groups. The 

target molecules underwent complex physico-chemical studies involving the characterization 

of their electronic, optical, electrochemical, thermal, structure and biocompatibility properties. 

Moreover, synthesis and post-functionalization of novel pentafluorosulfanylated pyrrolidines 

are presented to serve as potential polar lipophilic fluorinated building blocks for incorporation 

into π-conjugated systems. 
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2 THEORETICAL PART 

2.1 Organic electronics 

2.1.1 Preface to organic semiconductors 

The function of organic electronic devices derives from a fundamental functional ingredient 

called an organic semiconductor. The effectiveness of organic semiconductors is closely linked 

with charge transport defined, as the charge carrier mobility (either of holes or electrons) 

through a bulk material (charge carrier mobility μ measured in units of cm2/Vs). Increasing the 

charge transport velocity leads to decreased amount of time charge carriers spend in the bulk 

material, therefore promoting the efficiency of a device. For instance, a solar cell or OLED 

would not operate properly if charge continues to develop at one electrode due to the inferior 

charge transporting properties of a conducting material. The charge transport ability depends 

on several crucial parameters that can be hard to modulate. The parameters include crystallinity, 

temperature and content of impurities.17,18 The easiest and cheapest to obtain are generally 

disordered or amorphous semiconductors. As a trade-off, amorphous or disordered 

semiconductors provide only low charge transport (e.g., < 1 cm2/Vs).18 Amorphous material 

can contain some localized crystalline regions whereby charge transport properties may be 

improved depending on the fabrication conditions of the device. Extraordinarily high charge 

transporting ability (e.g. >> 1 cm2/Vs) can be reached with materials containing mostly ordered 

crystalline regions in the bulk phase, providing the best candidates for device applications.19–22 

On the other hand, impurities can dramatically influence the charge transport properties of an 

organic semiconductor through charge trapping mechanisms by providing unfavorable energy 

wells where the charge carriers become trapped. As a result, they complete the electric circuit 

more slowly or not at all.17,23,24 Moreover, impurities can also compromise the crystallinity of 

thin films. Finally, charge transport in disordered organic semiconductors25 can be improved 

by increasing the temperature as a consequence of quantum statistical formulation.26 Even 

though technological advancement in electronics has allowed semiconductor materials to be 

fabricated from both inorganic and organic sources, this thesis deals solely with the preparation 

of new organic materials for possible applications in organic electronics. 

2.1.2 Significance of elements in electronics 

2.1.2.1 Silicon-based semiconductors 

Silicon is the main element of focus when referring to inorganic semiconductors. Silicon 

belongs to the metalloid set of elements which occur somewhere in between elements 

considered as metallic and non-metallic in terms of physical properties (e.g. electrical and 
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thermal conductance, metallic luster or shine etc.) One of the main physical properties that 

distinguishes the metalloid set from metals is their poor electrical conductance. These 

semimetal elements reside predominantly in groups 3–6 and include silicon, germanium, 

arsenic and antimony. These elements possess intrinsically lower conductivity (higher 

resistance).27 Consequently, these materials are also commonly referred to as semiconductors 

to express their slight electrical conduction. Current semiconductors are based on an advanced 

silicon (and to certain extent germanium) technology which is essential for diverse 

technological advancements in consumer electronics (LED, photovoltaics, computer chips, 

hand-held portable devices etc.)28,29 

 

Figure 1: Simplified cross section of the crystalline lattice of silicon (silicon adopts a diamond-like 

lattice) and projection of the function under an applied electric field along the horizontal plane. Electrons 

are depicted as black circles; positive holes are white. Black arrows denote electron flow; dashed arrows 

depict the flow of holes.  

Pure silicon is composed of a tetravalent silicon atom which is attached to four other silicon 

neighboring atoms at any given point (i.e. octet stable) and each of those is expanding with four 

more partners (Figure 1). The silicon atoms are bound together by covalent bonds. Coming 

from the Fermi-Dirac Distribution (Eqn. 1, where E = energy state of an electron, Ef = Fermi 

energy of electron, k = Boltzmann constant and T = absolute temperature), some of the electrons 

comprising the covalent bonds of the silicon network can be considered as distributed into 

different energy states as a function of absolute temperature.  
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𝑓 (𝐸) =  
1

𝑒
(𝐸−𝐸𝑓)/𝑘𝑇

+1
                                            (Eqn. 1) 

The electrons found in the so called charge-separated state, that is separated from their positive 

hole partners, can be thought as “moving” in the presence of an electric field and thus 

contributing to electrical conduction. The “movement” of charge carriers is bound to the notion 

of charge transport (μ) which reflects the efficient functioning of a silicon-based semiconductor. 

The propensity of silicon for practical applications in electronics can be explained using the 

band theory of solids (Figure 2).  

 

Figure 2: Band theory of solids for different types of materials.  

In the presence of applied voltage, a solid material can be thought of as conducting electricity 

via two bands, that is a valence band and a conduction band (Figure 2). The valence band 

comprises the energies that are occupied by ground state electrons of the solid material. The 

conduction band is included into the band theory to explain conductivity. Conduction is 

conditional on the presence of electrons in the conduction band which is attained by electrons 

crossing from the valence band into the conduction band via thermal excitation (Eqn. 1) or 

absorption of a photon. The relative rate of transfer of the electrons from the valence band to 

the conduction band depends on the energy of the band gap. For instance, the band gap for 

metal materials is effectively 0 eV, meaning there exists an overlap between the conduction and 

valence band which provides metals with high electrical (and thermal) conductance. On the 
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other hand, insulators possess a conduction band lying far enough from the valence band (i.e. 

band gap over 4 eV) that no external stimulus can affect the conduction properties. Moreover, 

insulators are expected to be colorless or transparent. Semiconductors are materials whose band 

gap lies between that of metals and insulators with energy approximately between 1–4 eV 

(Figure 2). Silicon has a band gap with energy about 1.1 eV at 300Kref.30 making it a great 

semiconductor and hence a convenient candidate for electronic applications. In practice, silicon 

is often doped with impurities like elements from group 3 (p-type) or 5 (n-type) to increase the 

intrinsic conductivity. They can be also combined together as the basis of p-n junction 

electronics.28 The semiconducting properties of silicon have allowed for the engineering of 

complex circuitry that would otherwise not be possible with solely metallic sources. Moreover, 

the electrical properties of silicon can be tuned via doping since it is neither a metal nor an 

insulator. Silicon-based technology still composes around 90% of electronics31 which is also 

given by the high abundance of silicon in the crust of Earth (around 27.7%). However, silicon 

has several shortcomings in terms of the processing requirements to transform sand to various 

forms of silicon (amorphous, crystalline, poly-crystalline) that are technologically demanding 

and expensive.3 For instance, production of state-of-the-art functional electronics based on 

silicon requires purity levels of 99.999+ %25 which are achievable via difficult and expensive 

chemical vapor deposition (CVD) techniques resulting in low economic and sustainable 

feasibility of certain electronic applications.27 Notable commercial limitations can be found in 

the mass production of specialized electronic equipment for large surface area applications like 

LED TVs, roof-top solar cells etc.) This can be ascribed to expensive processing techniques, 

the rigid but brittle nature of silicon and its large material weight. Consequently, silicon has 

limited applicability in electronics requiring interfacing with objects of irregular shapes such as 

clothes, retractable displays and so forth.29 In the end, the bulk state of silicon cannot be 

modified by chemical means besides introducing dopant impurities to increase the conductivity. 

Due to the absence of this tunability, the optical properties of silicon are mainly unchanged. 

Therefore, there are applications in which silicon can be essentially completely replaced due to 

its shortcomings, or at least provided with attractive competitors, i.e. with carbon-based organic 

electronics. 

2.1.2.2 Carbon-based semiconductors 

Unlike their inorganic counterparts, organic semiconducting materials can more easily take 

advantage from individual molecular design and self-assembly principles. The chemical 
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composition of organic semiconductors follows the elements considered classically organic 

ones involving carbon, hydrogen, nitrogen, oxygen, and sulfur.  

Organic semiconductors entered the realm of electronics with pioneering work by Heeger 

discovering the highly conductive polymer polyacetylene.32 Other conductive polymers based 

on carbon include polyanilines,33 polythiophenes34 and polypyrroles.35 Carbon is set directly 

above silicon in group 4 of the periodic table. Despite the small shift in the position on the 

periodic table, the two elements are rather different. For instance, diamond as an allotrope of 

carbon, that features a silicon-like crystal lattice, is an insulator. However, other allotropic 

modifications of carbon like fullerenes, graphene and carbon nanotubes possess often great 

semiconducting properties.36–38 The excellent electrical properties of such materials arise from 

the presence of multiple bonds which promote molecular properties very different from single-

bonded atomic networks. The desirable optical and semiconducting properties of organic 

semiconductors are linked to their π-conjugated structure where the π-electrons are delocalized 

over the specific length of the conjugation (e.g. short or long linear chains, short or long fused 

ring systems, or their combination) (Figure 3). 

 

Figure 3: Depiction of ability of carbon to form double (a) and triple (b) bonds; white circles show 

electrons.  

The π-electrons of a double bond are delocalized into neighboring p-orbitals (Figure 3a), while 

triple bonds introduce an additional dimension of the orthogonally-oriented p-orbitals (in red, 

πy). The π-electrons in conjugated systems have a significant impact on the optoelectronic 

properties of organic materials. Organic solids can be also explained utilizing band theory 

(Figure 4). 
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Figure 4: Band gap theory broadened to organic solids.  

Band theory applied to organic materials operates with the notion of frontier molecular orbitals. 

The valence band is rationalized as the highest occupied molecular orbital (HOMO), while the 

conduction band is associated with the lowest unoccupied molecular orbital (LUMO). The 

difference between HOMO and LUMO energy is usually referred to as the energy gap. The 

magnitude of the energy gap decides the type of material (i.e. semiconductor or insulator) and 

its color. The proximate π-conjugated molecules may experience p-p orbital interactions 

through π–π stacking (Figure 5) which eventually directs organic materials into crystalline 

solid-state aggregates. From a practical point of view, the maximization of this interaction and 

its directionality is crucial for devices with good charge transport properties.39–41 As concerns 

the organic materials, effective charge transport is diminished by amorphicity of the bulk phase, 

while it is enhanced in the crystalline phase because charge hopping mechanisms are usually 

inefficient for amorphous cases. Similarly to inorganic semiconducting materials, purity levels 

are important to maintain trap states at minimum. 
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Figure 5: Depiction of π–π interactions in benzene; a) face-to face, b) slipped-stack and c) edge-to face. 

White circles show six ground state electrons of benzene.  

Unlike inorganic materials, organics can take advantage of being synthetic tailored for band 

gap energy tuning as a prominent feature when designing novel semiconducting materials. The 

immense possibilities of organic synthesis propose access to a plethora of novel materials with 

distinct and tunable electronic properties. Band gap energies of organic materials can be 

adjusted by delocalization length (small molecules or oligomers/polymers, Figure 5), 

incorporation of the functional groups influencing charge distribution (electron-donating or 

electron-withdrawing groups) and non-covalent interactions (hydrogen-bonding, π–π stacking 

etc.)42,43 Another advantage of the organic materials over their inorganic counterparts is the 

cheaper processability through solution processing techniques (spin-coating, spin-casting, roll-

to-roll or ink-jet printing etc.)23 Organic materials with sufficient thermal stability can also 

undergo vacuum deposition techniques at much lower temperatures than silicon which saves 

potential costs. Moreover, they are resilient to physical stresses due to their mechanical 

pliability and thus making the operation of a device possible even under flexion. Owing to the 

discussed advantages, π-conjugated organic materials have become a new wave in the design 

of electronic materials. Progressive research has led to their integration in organic light-emitting 

diode (OLED) devices,44–46 organic photovoltaics (OPVs),47–50 organic field-effect transistors 

(OFETs)51–55 or organic memory devices (OMDs).56–58 On the other hand, organic electronics 

has yet to reach its commercial potential. The aforementioned approaches of tuning molecular 

properties such as band gap energy can have a negative impact on solid-state properties such as 

crystallinity or charge carrier mobility. In addition, the organics-based devices may exhibit 

impaired operation over time because of instability to oxygen, moisture, heat or light.59–61 As a 

result, it is often challenging to design new π-conjugated materials or optimize already existing 

ones and preserve a delicate balance between all the essential factors required for optimal 
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properties of the device (optical, electrical, morphological, electrochemical, thermal etc.) at the 

same time. For instance, even though there exist organics-based solar cells with efficiencies 

and charge transport properties comparable or superior to that of amorphous silicon (μ = 3–

10 cm2/Vs),62 their practical use remains very limited due to high expenses linked to 

complicated device architecture.63 Organic semiconductors still somewhat lag behind silicon-

based technology. In order to make organic semiconducing materials a competitive technology, 

they should consistently approach the charge carrier mobilities of e.g. α-silicon (μ = 1 cm2/Vs) 

without the necessity of extensive optimization with the notion of a complexity of parameters 

impacting the charge transport properties and device performance.  

2.1.2.3 Closer view of the organic semiconductors  

As previously stated, non-covalent π–π interactions between small organic molecules or 

polymers are considered one of the drivers for the formation of ordered solid-state networks 

required for effective device performance. Organic crystalline materials should theoretically 

exhibit better charge transporting properties in contrast to amorphous or disordered materials 

(Figure 6).64–66  

 

Figure 6: Simplified sketch depiction of facile charge transport in a crystalline organic material and 

impeded charge transport in a disordered material. Yellow blocks depict arbitrary π-conjugated species.  

The optimization of charge transport properties is essential to the development of successful 

organic semiconductors. Efficient charge transport of holes (μh) or electrons (μe) can be directly 

connected to the molecular order in the bulk phase of the material because the charge can be 

understood to move with higher efficiency when a periodic and unhindered path is available. 

In principal, non-covalent interactions, involving π–π interactions, van der Waals interactions 

and hydrogen bonding, can provide functional materials with self-assembled aggregates (e.g. 
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π–π stacks) which provide for charge transport. The charge transporting ability may be 

negatively affected by other aspects like impurities or byproducts of the synthesis if they 

proliferate into the fabrication stages of the devices. Thus, clean and high yielding synthetic 

methodologies are desirable for the design of organic semiconducting materials. 

Molecular engineering can be exploited to design organic semiconducting materials inclined 

towards the transport of holes. Hole transporting materials generally involve π-conjugated 

backbones bearing rather electron-donating groups like alkyloxy, (di)alkylamino, alkyl or aryl. 

 

Figure 7: Overview of some commonly studied p-type organic semiconductors and their hole carrier 

mobilities.  

Amongst numerous candidates, well-known motifs include poly(3-hexylthiophene) polymers 

(P3HT)67 I-1, pentacene68 I-2, triarylamines69 I-3, poly(p-phenylene vinylene)70,71 polymers 

(PPV) I-4, phthalocyanines72,73 I-5 and rubrene74–76 I-6 (Figure 7).On the other hand, electron-

transporting organic semiconducting materials are less common and typically require 

energetically low-lying LUMO levels to support facile reduction of the molecules. Therefore, 

they usually contain electron-withdrawing substituents attached to the π-conjugated backbone, 

for instance nitro, cyano, carbonyl groups etc. Examples of electron-transporting materials may 

include naphthalene and perylene diimides77–79 (I-7 and I-9, respectively), quinacridone80 I-8, 

classes of nitrogenous acenes (e.g. pentacene)81,82 or N-heteroacenes I-10 or fullerenes83,84 (C60 

and C70) I-11 (Figure 8).  
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Figure 8: Overview of some commonly studied n-type organic semiconductors and their electron carrier 

mobilities. 

Due to the fact that π–π interactions are sometimes the only form of van der Waal forces in 

frequently employed planar systems, the tendency for aggregation may be high. This tendency 

can render π-conjugated materials, in particular ones that are extended (like polymers), 

considerably insoluble for the processing techniques described above. Synthetic modifications 

allow the installation of solubilizing groups, usually alkyl chains, which improves the 

processability due to increased solubility. Nevertheless, solubilizing groups have to be chosen 

carefully in order not to deteriorate the delicate crystalline interactions that may take place.85–

88 Apart from solution techniques, small molecules may be vacuum deposited (sublimed) to 

produce thin films of higher purity and crystalline uniformity often hard to obtain with solution 

processing techniques.85,86 Despite a remarkable account of classes of π-conjugated materials 

with extraordinarily high charge transport characteristics, some of the reported mobilities 

calculated from transfer and output characteristics were questioned by certain experts.89–91 In 

addition, many of the compounds have had a long history of device optimization (e.g. 

pentacene, NDI, rubrene, etc.) and have been primarily tested in single-crystal devices for 

fundamental investigations on intrinsic charge mobilities in organic semiconductors (i.e., not 

ideal, small size and friable).92 In the following sections, a brief overview of basic devices and 
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their function including OLED, OSC and OFET where the organic semiconductors play a 

central role will be given. 

2.1.3 Organic light-emitting diodes 

The discovery of the electroluminescence (emission of photons under an applied electric field) 

of organic compounds is dated to the early 1950’s when Bernanose et al.93 observed the 

electroluminescence of acridine orange. The first reports on electroluminescent organic 

materials dealt with light emission from single crystals as the organic material (anthracene94 

etc.) comprising the emission layer, thus constituting a simple OLED with a single layer of the 

organic material. The devices studied showed reasonable quantum efficiencies but suffered 

from a low power conversion efficiency due to the need for a high applied voltage to drive 

reasonable current through organic crystals. In 1987, Tang and Vanslyke95 discovered the 

double layer green thin film OLED with high efficiency and a low operating voltage, 

incorporating a bilayer structure of hole-transporting material and emission material layers. In 

the early 1990’s, poly(phenylene-vinylene) (PPV) based OLED devices were fabricated as the 

first example of polymer OLEDs (PLEDs) by Friend et al.96 Soon after, the solution 

processability during PLED preparation was improved by Heeger and Braun who prepared a 

soluble derivative of PPV, 2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene-vinylene (MEH-

PPV).97 OLED research using π-conjugated organic molecules points towards a novel viable 

solid-state lighting technology in displays and back-lighting sources for liquid crystal displays. 

Modern OLED technology can draw from peculiar properties such as high contrast, high 

luminescence, lightweight, fast response, wide view-angle, low power consumption, high Color 

Rendering Index or thin film formation.98 In order to reach the maximal commercial potential, 

researchers strive for improving key device properties including maximum brightness, high 

power efficiency and extended lifetimes in order to attain appreciable device efficiency and 

long-term stability under electrical operation. 
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Figure 9: The working principle of a simple OLED device. Holes and electrons are injected at the anode 

and cathode, respectively. Under an applied electric field, the charge carriers drift to the middle part of 

the device, recombine and emit light. 

The function of an OLED can be explained by a simple OLED setup composed of a single layer 

of organic material between a cathode and an anode. The electrodes comprise materials with 

appropriate work functions, the anode being usually made from a transparent conductive oxide 

(e.g. indium tin oxide, ITO) and the cathode formed by a thin metal film (e.g. aluminium), 

deposited onto glass substrate. The actual energy levels are depicted in Figure 9. The organic 

layer is characterized by the HOMO and LUMO energies while electrodes by their work 

function. When voltage is administered to the electrodes, the energy of the cathode increases 

and the gradient of the electric potential in the organic layer is established. Affected by the 

electric field, holes are injected into the HOMO at the anode and electrons at the anode. Holes 

and electrons drift through the layer by successive hops from molecule to molecule into the 

centre of the OLED device. When holes and electrons meet in the so-called recombination zone, 

they form hole-electron pairs (excitons). The excitons relax into the ground state and emit a 

photon with a colour corresponding to the energy (wavelength) difference of HOMO–LUMO 

(energy gap). Even though the working principle of the single-layer OLED is simple, it lacks 

sufficient efficiency, therefore practical application often requires addition of one or more 

transporting layers into the device architecture. 
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2.1.4 Organic solar cells 

Photovoltaics represent a promising route to harness ubiquitous solar energy. The energy of 

incident photons is converted into electricity due to the photovoltaic effect first observed by 

Becquerel in 1839. It was not until 1954 that Chapin reported p-n junction-based solar cells in 

single crystal silicon with power conversion efficiencies of 5–6%.99 Since then, solar cells have 

been spreading as an alternative energy source involving the so-called first to third generation 

solar cells. Specifically, the third generation solar are based on devices that can surpass the 

Shockley-Queisser limit and comprise expensive high-performance tandem solar cells, 

perovskite solar cells (PSC), dye-sensitized solar cells (DSSC), quantum dots solar cells 

(QDSC) and organic solar cells (OSC). Tandem solar cells hold the highest performance 

expressed as power conversion efficiency with values of 47%,100,101 whereas the emerging 

photovoltaic technologies have reached 25.2% for PSC, 12.3% for DSSC, 16.6% for QDSC 

and 17.4% for OSC. These emerging technologies may be advantageous over silicon-based 

devices due to their preparation by solution-processing techniques, fabrication on flexible 

substrates, transparency and light weight. 

An organic solar cell device is typically composed of electron donor and electron acceptor 

organic materials sandwiched between an anode and a cathode. The large breakthrough since 

the discovery of the photovoltaic effect and photoconductivity in organic molecules was 

accomplished by the establishment of the bilayer heterojunction concept, where two layers of 

organic materials with specific electron or hole transporting character were wedged between 

the electrodes.102 Tang reported a bilayer device consisting of two vacuum-deposited organic 

materials (a small molecule derivative of phthalocyanine as a p-type semiconductor and a 

derivative of perylene as an n-type semiconductor) sandwiched between a semi-transparent 

metal electrode and a transparent conductive oxide.103 Meanwhile, conjugated polymers were 

employed for the fabrication of organic solar cells with materials easily processed from solution 

in the 1990s.104 The groups of Heeger and Wudl discovered ultrafast photo-induced electron 

transfer from the conjugated p-type polymer 

poly[2-methoxy-5-(2-ethylhexyloxy)]-1,4-phenylenevinylene (MEH-PPV) to n-type fullerene 

(C60) in 1992, which indicated the application of high-purity conjugated polymers as electron 

donor materials and fullerene derivatives as electron acceptor materials in polymer solar 

cells.105 Heeger and Friend simultaneously developed the idea of the bulk heterojunction (BHJ) 

for polymer solar cells using the blended systems of conjugated polymer as a donor and 

fullerene as an acceptor and polymer donor with polymer acceptor where a large interface area 
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between donor and acceptor administers pathways for charge generation, separation and 

transport.106,107 Following this, incredible progress has been attained in the insight to the 

fundamental concepts, development of new active layer materials, control and characterization 

of the morphology, device architectures and design of the interfaces.108–110 Consequently, the 

power conversion efficiencies of organic solar cells have grown from 1% in the 1990s to over 

17% in recent times.111–114   

The working principle (photovoltaic process) of an organic solar cell essentially differs from 

that in inorganic-based devices with respect to the charge carrier photogeneration. For inorganic 

semiconductors, light absorption readily forms free charge carriers (holes and electrons) 

whereas for organic semiconductors, coulombically bound electron–hole pairs (excitons) are 

generated due to lower dielectric constants (εr ~ 2–4).115 The difference results in extra steps in 

the mechanism of the organic solar cell needed to dissociate the excitons into free carriers. The 

photovoltaic process is realized in four successive steps. Initially, light is absorbed by the active 

layer (1) which excites an electron from the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO) of the donor material and thus results in the 

generation of excitons. The excitons are neutral species with a typical binding energy ranging 

between 0.3–1 eV.110 The generated excitons further undergo exciton diffusion (2). Excitons 

are commonly considered to have diffusion lengths below 20 nm.104,108,110 The effective 

photovoltaic process requires excitons to diffuse to the interface before undergoing unwanted 

processes such as relaxation, intersystem crossing (generating triplet states) or recombination. 

Afterwards, the exciton dissociation (3) takes place when an electron shifts from the LUMO of 

the electron donor (D) to the LUMO of an electron acceptor (A). The energy difference between 

the levels of electron affinity (ΔLUMO) determines the efficiency of this process and the ideal 

energy difference for efficient charge transfer has been empirically found to be ≥ 0.3 eV.102,110 

When the charge separation at the donor-acceptor interface is complete, holes will transport to 

the anode and electrons will transport to the cathode through the interpenetrated networks of 

donor and acceptor, respectively. Eventually, the holes/electrons are collected at the 

corresponding electrodes. The operating mechanism of an organic solar cell is illustrated in 

Figure 10.  
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Figure 10: The working principle of a donor-acceptor heterojunction OSC. Photon absorption causes 

generation of excitons. The excitons can be separated at the heterojunction between two materials with 

different values of HOMO (energy EH) and LUMO (energy EL) (part I, in terms of energy in part II). 

The excitation promotes an electron from S0 to S1 that can dissociate directly or into a D+A- pair with 

rate ksep where hole and electron still attract each other. kdiss and ksep are the rate constants of separation 

of the charge carrier and of recombination, respectively. Planar (a) and bulk heterojunction (b) concept 

(part III). In the planar HJ only excitons formed within the exciton diffusion length LD,d and LA,d in 

donor and acceptor material, respectively, from the interface, can be separated efficiently. 

2.1.5 Organic field-effect transistors 

Apart from optoelectronic applications like OLEDs or OSCs, organic semiconductors have 

been found useful for information processing, namely in organic field-effect transistors 

(OFETs) as a viable alternative to silicon-based devices. The earliest OFETs were presented in 

the 1980s116,117 by Ebisawa and Kudo but the devices suffered from low modulation of the 

current between source and drain by the applied gate voltage and no saturation was observed. 

Reasonable improvement of OFET device parameters involving ON/OFF ratio, gate control 

and current saturation was achieved by Tsumara in 1986.34 However, OFET technology has 

reached industrial relevance only with equaling the charge carrier mobilities of organic 

materials with that of amorphous silicon in late 1990s.118 In recent times, the efforts to augment 

the performance of OFETs in terms of mobility provided organic materials (small molecules 

and polymers) with excellent mobilities both with p-type (hole mobilities higher than 

20 cm2/Vs)119,120 and n-type (mobilities exceeding 10 cm2/Vs)121 charge transporting character. 

Moreover, OFET technology can benefit from low cost and low temperature processing, 

exceptional mechanical flexibility and immense potential for improvement of the performance 

and functionalization through tailoring of the molecular structure, lending them certain 
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advantages over their inorganic-based counterparts. As a result, OFETs have been attracting 

great deal of interest in applications such as conformal or flexible electronics on non-flat 

surfaces, and low-cost electronic devices on the item level for the internet of things.122–124 

A simple OFET setup is depicted on Figure 11. The setup consists of source and drain electrodes 

in contact with a semiconducting layer of a suitable organic material and a gate electrode 

separated from the semiconducting layer by an insulator. An OFET device is typically set in 

one of the following geometries: a) top contact, where the source and drain electrodes are 

deposited on the top of the organic semiconductor, or b) bottom contact, where the source and 

drain contacts are deposited on the dielectric and beneath the organic semiconducting layer. 

 

Figure 11: Part I) Depiction of the working principle of a simple OFET. When a positive voltage is 

applied to the gate, negative charges accumulate at the interface of semiconductor and insulator. The 

charges generate a conductive channel and the electric current between the source and drain is turned 

on. Part II) General setup of an OFET device. (a) The bottom-contact configuration. Source and drain 

electrodes are beneath the organic semiconductor; (b) The top contact configuration. Source and drain 

are deposited on top of the organic layer. 

The working principle of a simple OFET can be explained such that the semiconducting layer, 

the dielectric and the gate electrode stack forms a capacitance (Figure 11).125 When voltage is 

applied to the gate electrode having a source electrode connected to ground, charges acumulate 

at the interface of the organic semiconductor and the dielectric and the conductivity between 

the source and drain electrode improves. As a consequence, the conductance between the source 

and gate electrodes can be modulated by the potential at the gate electrode with the OFET 

behaving like an electronic switch. There exist two different types of OFETs, i.e. p-channel and 

n-channel transistors according to the employment of a p-type or n-type semiconductor, 

respectively. In order to switch a p-channel transistor on, a negative voltage has to be applied 

to the gate electrode, while a positive voltage has to be applied to the gate for an n-channel 
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OFET to accumulate electrons at the dielectric/semiconductor interface and to establish a 

conductive channel of electrons above the dielectric layer. 

2.1.6 Notion of organic bioelectronics 

Bioelectronics represents a rapidly growing field with a practical role in medicine. Examples 

of medical applications include vestibular and cochlear implants for balance and sense of 

hearing,126,127 deep-brain stimulations to cure Parkinson’s disease,128 artificial retina to treat 

vision loss or blindness,129 and neural stimulation to treat muscular paralysis or epilepsy.130 

Furthermore, even more advanced applications like regulating electrical appliances by neuronal 

read-out have been proposed.131 

A significant requirement of bioelectronics to create a stable communication channel between 

the artificial device and the neural system. Common materials used to establish an interface 

between living tissue and artificial electronics are hydrogels exhibiting electrical conductivity 

and a low Young modulus of elasticity, however thses suffer from a lack of semiconducting 

ability and thus have limited bioelectronics applications.2 Further, conventional inorganic 

electronic materials benefit from a wide range of available devices and established 

infrastructure. Nevertheless, they have serious drawbacks involving the durability of the 

interface due to their rigidity,132 surface/biofouling oxides,133 character of charge transport,134 

limited number of biocompatible materials135 or surface structure.136 

Organic semiconductors offer a promising strategy thanks to their unique properties,137,138 

benefitting from mechanical flexibility,132 tunable surface structure136,139 and processability.140 

Furthermore, organic semiconductors can facilitate both ionic and electronic charge transport 

mechanisms, thus providing an optimal interface for biotic and abiotic signal 

transduction.9,134,136 Additionally, their soft nature is thought to reduce inflammation due to the 

reduced strain between bioelectronic implants and living tissue.141  

Organic semiconducting materials successfully employed in bioelectronic devices have to be 

biocompatible. In an ideal case, a device is biologically inert and does not provoke an 

immunological response, but allows target cells to assimilate with the bioelectronic application. 

If an immunological response is evoked, the device may undergo encapsulation into fibrous 

tissue, thus jeopardizing the biotic/abiotic interface.  

Organic semiconductors with confirmed biocompatibility include poly-3-hexylthiophene 

(P3HT, I-1),138,142 phenyl-C61-butyric-acid-methyl ester (PCBM I-14),138,142 quaterthiophene 
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I-13,143 polypyrrole I-12,144 PEDOT I-15 and PEDOT:PSS I-16,145,146 N,N’-bis(tridecyl)PDI 

I-9,147 C60 I-11,148 pentacene149 I-2 or graphene150 (Figure 12). 

 

Figure 12: Examples of biocompatible organic semiconducting materials. 

In addition, exploiting sources from nature may extend the pool of applicable organic materials. 

Natural and bioinspired molecular materials with intrinsic semiconducting properties can 

benefit from their biocompatibility and natural abundance. On the other hand, their operational 

stability in devices may differ strongly depending on the structure. These materials comprise 

porphyrins I-17, chlorophyll a I-18, beta-carotene I-19 or indigoid derivatives, but the research 

still heads towards exploiting new classes of bioinspired materials and their synthetic 

modifications in order to tune the desired properties for the applications in organic electronics 

and bioelectronics.151 

The following chapters will cover basic notions of bioinspired materials from classes of flavins 

and hydrogen-bonded pigments which were subject of the thesis. Further, the strongly electron-

withdrawing and yet lipophilic pentafluorosulfanyl group and the chemistry of selected 

heterocyclic derivatives will be discussed as a prelude to the synthetically targeted 

SF5-pyrrolidines. 
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2.2 Flavins 

2.2.1 Biological role of flavins 

Flavins are essential biomolecules based on the structure of the heterocycle pteridine. In 1879, 

their most frequent representative, riboflavin, was first described by Blyth152 as a yellow 

pigment that was isolated from cow milk. Later on in the 1920s and 1930s, interest started to 

grow due to the isolation of a molecule with the same structure from numerous natural products, 

realizing that riboflavin comprised vitamin B2.153 The structure of riboflavin was confirmed by 

Kuhn in 1934 after it had been synthesized for the first time.154 A group of molecules derived 

from riboflavin was named “flavins”, coming from Latin word for the yellow color (“flavus”) 

observed in numerous flavin derivatives due to their isoalloxazine core. 

Flavins belong to the group of redox coenzymes that are able to act as efficient one or two 

electron redox systems within a variety of enzymatic redox reactions.155 For instance, riboflavin 

takes part in photolyase-assisted DNA repair,156 the photoresponse photoresponse of fungal 

sporangiophores,157 bacterial luciferase158 and serves as a photoreceptor pigment.159 Riboflavin 

is a key structural component of two important coenzymes, flavin mononucleotide (FMN; also 

known as riboflavin-5’-phosphate) and flavin adenine dinucleotide (FAD) (Figure 13). 

These coenzymes play major roles in energy production (metabolism of fats, steroids, 

drugs),160,161 cellular function, growth and development, photosynthesis,162 sulfur respiration or 

denitrification processes,163 comprising hundreds of up-to-date known flavoenzymes with 

mostly non-covalently bound FMN or FAD.164 

Figure 13: Structures of riboflavin, FMN and FAD with isoalloxazine core marked by black box. 

Riboflavin and its related natural analogues can absorb visible light with an absorption 

maximum in the blue region.165 Flavins have an advantage in their chemical stability over a 

wide potential range166,167 (> 500 mV) and they can actually exist in three redox forms: fully 
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oxidized (quinone), one-electron reduced (semiquinone) and fully two-electron reduced 

(hydroquinone), each of these forms having three different protonation states in protic media.157 

The redox processes take place in the central diazabutadiene moiety of the isoalloxazine ring. 

An illustrative depiction is presented in Figure 14 where FAD, as the integral part of the 

oxidoreductase enzyme ferredoxin-NADP reductase participating in photosynthesis,162 is 

responsible for two single-electron-transfer steps within the light-driven electron transport 

chain. 

 

Figure 14: Structure of flavin adenine dinucleotide (FAD), the cofactor for ferredoxin-NADP reductase. 

The oxidized quinone (FAD), partially reduced semiquinone (FADH∙), and fully reduced hydroquinone 

(FADH2) forms are shown. The redox-active part of the isoalloxazine ring is boxed in blue. 

The redox properties and likewise the photophysical properties and chemical reactivity of 

flavins can be tuned by functionalizing the positions N(3) and N(10), as well as the substitutions 

on the aromatic phenyl ring. These properties can be also influenced by metal 

coordination,168,169 hydrogen-bonding,170,171 local environment172 or by π–π stacking.173 

2.2.2 Flavins in artificial applications 

The ubiquity of flavins in nature originates from a wide spectrum of attributes including their 

photostability, tunability of the optical, electronic and redox properties and their reversible 

electrochemical behavior. Abreast of the importance for the biological function of flavins, these 

properties significantly contribute to their application potential in organic photocatalysis and 

organic electronics. 

Early examples of the applications of flavins began in organic photocatalysis. In the late 1930s, 

Lipmann investigated the application of flavins in biochemistry as autooxidisable compounds 

for the catalysis of oxidation of pyruvic acid via thiamine oxidation. Later in 1948, Krasnovsky 

et al. investigated the employment of riboflavin as a photocatalyst for the oxidation of ascorbic 
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acid. The mechanism of the photocatalytic cycle begins by the irradiation of the oxidized form 

of flavin (FlOX) with blue light and the excitation into the singlet state (Figure 15). 

Subsequently, the singlet state undergoes rapidly intersystem crossing (ISC) to the triplet state 

(3[FlOX]*) within a few nanoseconds (13.5 ns for riboflavin).174 3[FlOX]* acts as the active 

species and key intermediate in the catalytic process.175 It can be reduced by a suitable substrate 

to the radical anion (Fl.–) that is subsequently protonated (pKa value 8.3)176 and further reduced 

to the flavohydroquinone anion (HFlRED
–). The different redox states of riboflavin are easily 

identified by UV/VIS spectroscopy. In essence, the redox cycle of flavin can be applied for 

reductions as well as for oxidations. For oxidations of substrates, ambient oxygen is sufficient 

to reoxidize the flavin157 while for the reduction a sacrificial electron donor (typically EDTA, 

triethylamine or triethanolamine)177 is required.  

 

Figure 15: Catalytic cycle of flavin redox reactions in the example of benzyl alcohol oxidation; air is 

used for the dark reoxidation of the catalyst. 

The interest in flavins as possible materials for organic electronic applications has grown over 

last two decades. In the late 1990s, Rotello et al.178 studied π-stacking in flavoenzymes on a 

model system based on xanthene with a notion on the role of hydrogen bonding versus 

π-stacking, donor atom – π interaction, redox stabilization versus π-stacking and intramolecular 
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hydrogen bonding and π-stacking interactions. The investigation of the hydrogen bonding 

versus π-stacking in the xanthene model systems containing diaminotriazine (DAT, II-4) 

moiety showed that hydrogen bonding would orient the flavin over an aromatic surface that 

forms the aromatic side chain of the flavoenzyme (Figure 16). 

Figure 16: Schematic depiction of flavin binding to xanthene receptors. 

Modulation of the receptor design allowed parametrical variations of the aromatic surface while 

hydrogen bonding interactions were held constant, permitting systematic investigation of the 

effect of different aromatic motifs on flavin redox properties. The π-stacking interactions 

between the different aromatic side groups and the flavin were determined by NMR titration. 

The NMR titrations demonstrated that there was a strong correlation between the binding 

energy, association constant, and the π-overlap between the two moieties. The experiments 

were repeated by introducing various donor groups to the aromatic side chains which resulted 

in a significant increase of the association constants. It was also shown that incorporating a 

diaminopyridine (DAP, II-5) moiety in place of DAT resulted in a rise in the association 

constant by two thirds with respect to the same DAT systems (Figure 16). The authors 

hypothesised that flavins could be used in optoelectronic inorganic electronic devices such as 

OLEDs, OFETs and OPVs because of their electron deficiency along with the ease of tunability 

and photostability. 

Rotello et al. also conducted a study of energy and photo-induced electron transfer processes 

in an oligothiophene-flavin dyad using flavin as a photo-active acceptor.179 The donor-acceptor 

system composed of an oligothiophene and flavin covalently linked together by an inert triazole 

linker. Photophysical studies indicated very high efficiencies of photo-induced excitation 

energy and charge transfer from the oligothiophene donor to the flavin acceptor which 

effectively led to a charge transfer state formed in the oligothiophene-flavin dyad. The authors 

assumed that the photo-activity of flavin had a significant role in the effective formation of the 
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charge transfer state via combined ET and CT processes and a secondary hole transfer process. 

The results suggested that flavins could be promising candidates for photo-active acceptors for 

solar energy conversion and storage. 

An important property of flavins is their ability to selectively self-assemble into defined 

structures through intermolecular non-covalent interactions. In 2008, Rotello180 published the 

synthesis of two flavin derivatives (ABFL II-6 and MABFL II-7, Figure 17) varying in the 

substitution of the nitrogen atom N3, and able to self-assemble into two distinct patterns. 

Contrary to the flavin ABFL forming nanowires, MABFL was incapable of self-assembling via 

hydrogen bonding which resulted in the formation of hexagonal platelets. The driving force for 

the formation of the nanostructures were large dipole moments of the two molecules caused by 

their push-pull character. It was also reported that the morphology of the nanostructures can be 

tuned by changing the ratio of the ABFL to MABFL. Later in 2013, the excited state charge 

redistribution and dynamics of ABFL flavin dyad in a low-dielectric, non-hydrogen bonding 

solvent were further investigated by femtosecond optical transient absorption and steady-state 

Stark spectroscopies.181 It was shown that the lowest excited state corresponded to 

intramolecular charge transfer and that the electron density moved from the diethylaniline donor 

to the flavin acceptor moiety in the excited state with a large difference in dipole moment. 

Consequently, high hyperpolarizability value of β0 = 720 × 10–30 esu was estimated. Together 

with reversible redox character of the ABFL flavin dyad, the material was proposed for 

applications such as nonlinear optical devices, dye-sensitized solar cells or molecular 

electronics.  
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Figure 17: Structures of flavin derivatives ABFL (II-6) and MABFL (II-7). On the right, 

Transformation from nanowire to hexagonal platelet morphology with increased MABFL (II-7) % 

doping at a) 0%, b) 3%, c) 5%, and d) 10%, compared to original (e) 100% MABFL (II-7) platelet 

morphology is depicted. f) Aspect ratios plotted against % MABFL (II-7) doping. Reproduced from 

ref. 180 with the permission of Wiley‐VCH Verlag GmbH & Co. KGaA. 

The strong electron-accepting character of the isoalloxazine moiety was further used in the 

synthesis of a series of organic push-pull systems for applications in non-linear optical devices. 

In 2017, Cooke et al.182 reported a study of three D-π-A flavin dyes where the push-pull 

character was modulated by attaching donor groups with different electron-donating ability to 

the flavin unit in position C8 through the π-conjugated bridge (Figure 18). The non-linear 

optical properties in terms of hyperpolarizability were investigated by hyper-Rayleigh 

scattering showing that red-shifted absorption maxima and nonlinearities followed the donor 

strengths of the substituents (ferrocenyl- II-10 < 4-N,N-diphenylaniline- II-9 < 

4-N,N-dimethylaniline- II-8) with the highest hyperpolarizability measured for derivative II-8 

bearing the strongest electron-donor group (β0 = 1220 x 10−30 esu). Moreover, all studied dyes 

exhibited excellent thermal stabilities defined by their decomposition temperatures in range 

312–329 °C which enhances their potential for future applications in NLO devices.  
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Figure 18: Structures of studied flavin push-pull dyes. 

Flavin cofactors take part in the redox processes within energy transduction and storage in 

biological systems. On the basis of the analogy to their biological function, flavins have been 

used as key components for rechargeable batteries. For instance, in 2013, the study on using 

the energy-storage mechanism of riboflavin redox cycling in mitochondria for lithium 

rechargeable batteries was reported.183 It was shown that the riboflavin electrodes were capable 

of storing and releasing reversibly two lithium ions and two electrons per riboflavin unit 

(Figure 19). During battery operation, the redox reactions occurred at the nitrogen atoms of the 

diazabutadiene moiety of the flavin structure via two successive single-electron transfer steps. 

Molecular tuning of the riboflavin structure allowed both to significantly improve properties of 

the cathode flavin material.184 For instance, substituting the methyl groups of riboflavin by 

incorporation of electron-withdrawing groups, either chlorine atoms in positions C7 and C8, or 

bromine in position C8, raised the operating voltage of flavin electrodes. Moreover, changing 

ribityl group of riboflavin for the simpler methyl group of lumiflavin promoted an increase in 

gravimetric capacity which resulted in a high-energy density to that of the well-known 

inorganic cathode material LiFePO4. Further molecular simplification studies revealed that the 

energy-storage ability was also preserved at the structurally simpler derivatives lumazine and 

pteridine (Figure 19), pronouncing a pivotal role of the diazabutadiene moiety during the 

charge-transduction processes. Moreover, pteridine-based organic electrodes were capable of 

reversible uptake and release of two sodium ions. Despite somewhat lower specific capacity 

compared to lithium-based systems, the performance was improved by incorporating carbon 

nanotubes during electrode preparation. Consequently, a sodium-organic battery system may 

offer a promising alternative for sustainable energy storage systems due to the rich abundance 

of sodium and moreover the natural character of flavin derivatives.  
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Figure 19: Redox mechanism of flavins inspired by biological energy transduction. Molecular 

structures of pteridine and flavin-based derivatives as bioinspired redox compounds for energy storage. 

Flavins were proposed as suitable materials for the biotic/abiotic interface in microbial 

electrochemical systems (MESs). MESs obtain a lot focus owing to their potential to attain 

sustainable resources like bioelectricity or biofuels from inorganic or organic waste. In MESs, 

electrochemically active microorganisms function as biocatalysts to convert chemical to 

electrical energy and vice versa. The conversion is realized by their extracellular electron 

transfer (EET) ability to donate or accept electrons to or from an electrode through the biotic-

abiotic interface. As the electron exchange process is regarded as the rate-limiting step for 

overall performance, effort has been put into its improvement besides other things by tailoring 

the electrodes by efficient redox mediators. In this context, flavins can benefit from their 

inherent biocompatibility and high electron transfer capacity. For instance, riboflavin was used 

to modify an electrochemically exfoliated graphene electrode by physical adsorption.185 The 

modified electrode achieved an improved microbial fuel cell power output. Increased 

bioelectrocatalytic activity was also reported for an electrode modified with peptide nanotubes 

encapsulating riboflavin when employed as a bioanode and biocathode.186,187 Moreover, 

electrochemical polymerization of riboflavin provided stable polyriboflavin-functionalized 

carbon electrodes leading to 4.3–fold enhancement of the output power density in microbial 

fuel cells and 3.7–fold in cathodic current density for the reduction of fumarate compared to 

the control.188 Thus, a significant increase of EET was shown outlining a potential strategy in 

further MESs development.  

Flavins, specifically flavin mononucleotide (FMN), were employed as a dopant in a 

potentiometric sensor for taurine.189 Taurine is a biological compound regulating intracellular 

Ca2+ and acting as neuromodulator and neuromediator.190 A sensor for taurine was constructed 
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using molecularly imprinted conducting polymer films. The film was prepared by the 

electrochemical polymerization of a 3,4-ethylenedioxy-thiophene/3-acetic acid thiophene 

(EDOT/AAT) copolymer film doped with FMN. PEDOT acted as a cross-linker, AAT as the 

monomer generating the polymeric matrix, FMN as the dopant, and taurine was the target 

molecule. A linear cationic response toward the protonated form of taurine was found for 

concentrations from 10−2 to 10−4 M. Besides, the sensor was not sensitive for cations of Ca, Mg, 

Na and K. 

2.3 Alkylated hydrogen-bonded pigments 

Hydrogen-bonded pigments encompass colorants belonging to various classically established 

colorant families including e.g. phthalocyanines, quinacridones or azocompounds where 

hydrogen-bonded groups are introduced in order to promote stability and to allow control of 

aggregation behavior (i.e. crystallochromy and polymorphism). Most hydrogen-bonded 

pigments are considered nontoxic and thus biocompatible due to their intense lack of solubility 

and thus bioavailability. In the context of organic electronics and bioelectronics, there has been 

growing interest in their use as high-performance pigment-based organic semiconductors given 

their promising optical and electrical properties, stability, favorable solid-state molecular 

packing, nontoxicity and often already established industrial production infrastructure. On the 

other hand, their limited solubility impedes their processability through solution deposition 

techniques. The limited solubility can be overcome by the introduction of solubilizing groups 

together with implications for other physico-chemical properties and solid-state organization 

properties, making the careful choice of an introduced solubilizing group an important 

parameter for the potential of future applications. 

2.3.1 Implications of hydrogen-bonding  

Hydrogen-bonding is an electrostatic interaction that results from locating a hydrogen atom 

between two electronegative atoms (e.g. O, N). Hydrogen bonds are typically weaker than 

covalent bonds (5–65 kcal mol-1) but stronger than van der Waals interactions including π–π 

stacking (with energies less than 5 kcal mol-1).191 The high directionality and relative strength 

of the hydrogen bonding transposes to a formation of information rich, complex and functional 

biological systems via self-assembling ability. An illustrative example of the biological role of 

intermolecular hydrogen-bonding is the pairing of nucleobases in DNA, in which the two 

strands are carefully interconnected by amine proton donors (e.g. —NH2 or —NH) and 

carbonyl (e.g. C=O) acceptors of the nitrogen bases. The omnipresent NH∙∙∙O=C interactions 

direct the structures of many other biomolecules such as the α-helix or β-sheet forms of proteins. 
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As previously pointed out, hydrogen-bonding interactions are able to stabilize complex natural 

systems and preserve a level of order and uniformity vital for their function at the same time. 

Consequently, H-bonding is of great importance in other areas such as organic semiconducting 

materials, particularly because efficient solid-state organization is essential to successful 

charge-transport properties. Despite the ubiquity of H-bonding interactions found in nature, 

particularly poorly understood is the interplay between π–π stacking, H-bonding, and charge 

transport behavior in many π-conjugated systems. One of the earliest examples that investigated 

the complementarity of H-bonding and π–π interactions in the context of materials was reported 

in 2006. Charge transport in ambipolar thin film architectures, specifically, 

oligo(phenylenevinylene)s and perylene bisimides (Figure 20) was probed.192 OFET films of 

compounds III-1 and III-2 were prepared by dissolving each molecule in solvents, separately 

and together, respectively. Films of the bipolar mixture displayed rather poor electron mobility 

(μe = 1.5 x 10-7 cm2/Vs), nonetheless thin films containing only unipolar films showed no FET 

characteristics at all. The operation of the OFET films in complex of III-1 and III-2 was 

attributed to the improvement of morphology caused by H-bonding. This was one of the first 

published works to employ hydrogen-bonding in functioning organic semiconductor devices. 

 

Figure 20: Structure of hydrogen-bonded complex of III-1 and III-2. 

Later on, hydrogen-bonding in the context of functional organic semiconductors has been 

investigated in several classes of hydrogen-bonded pigments, e.g. quinacridones III-3, 

epindolindiones III-4, rylene-diimides (naphthalenediimides III-5 and perylenediimides III-6) 

and derivatives of indigo (indigo III-7 and Tyrian purple III-8) (Figure 21).  
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Figure 21: Overview of selected hydrogen-bonded pigments. 

2.3.2 Hydrogen-bonded pigments in organic electronics 

The organic pigments classified above have been widely applied in various inks and paints in 

the form of sub-micron size particles mixed with dispersing agents. In all cases, industrial 

organic pigments are poorly soluble compounds due to strong intermolecular interactions. The 

interactions often involve interplay of strong π–π stacking and hydrogen bonding. The hydrogen 

bonding in the corresponding pigments features interactions of N-H groups as the hydrogen-

bond donors and oxygen atoms of C=O groups as the hydrogen-bond acceptors. The strong 

intermolecular non-covalent interactions results in high lattice energies which is reflected in the 

substantial thermal stability of the above-mentioned H-bonded pigments (sublimation 

temperatures and TGA decomposition). The presence of amino and carbonyl groups in the 

molecular structure is regarded as an interruption of the π-conjugation as their enol and imine 

tautomeric forms are energetically unfavorable. On the other hand, the listed H-bonded 

pigments tend to self-organize into highly ordered solid state frameworks owing to the 

cooperative effect of π-stacking and intermolecular hydrogen-bonding. Moreover, the mutual 

modes of orientation of the molecules and the mode of hydrogen bonding is often rich and 

results in polymorphism of these pigments.193–198 Molecules of hydrogen-bonded pigments 

strongly aggregate and form pigment particles with considerably different optical properties 

than isolated molecules. Widely studied pigments such as indigo and quinacridone having small 

molar masses of 262 and 292, respectively, exhibit a red or blue color in the solid state, whereas 

their solutions all have nearly the same yellowish color. Moreover, a variety of shades are 

characteristic for different polymorphs of the same solid pigment. A strong bathochromic shift 

of the long-wavelength maximum in the aggregated state signals the involvement of strong 

intermolecular electronic coupling providing head-to-tail arrangement of the transition dipoles 

of neighbouring molecules.199,200 Moreover, the observed bathochromic shift is contributed to 
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by a phenomenon of solid-state mesomerism caused by the sharing of a proton participating in 

hydrogen bonding between adjacent molecules, i.e. N-H…C=O groups.198 The consequent 

change in the electronic structure of the individual molecules can be regarded as the 

strengthening the resonance contribution of the iminium and enolate mesomers, thus adding to 

the π-conjugation of the individual chromophores.  

Quinacridone III-3 and epindolidione III-4 can be described as heterocyclic analogues of 

pentacene and tetracene (Figure 21). In addition, they are considered to be non-toxic, so these 

already mass-produced and cheaply available materials could enable low-cost large-area 

organic electronic devices. They are employed as high-performance outdoor paints and in inkjet 

toner formulations. Both quinacridone and epindolindione have been applied as the active 

materials in organic thin-film transistors.80 An epindolidione-based OFET device afforded a 

significantly higher hole mobility than a tetracene-based device, 1.5 cm2/Vs vs. 0.1 cm2/Vs, and 

the epindolidione-based devices were highly stable in air for over 100 days, whereas tetracene 

ones degraded immediately. A quinacridone-based device exerted a hole mobility of 

0.2 cm2/Vs, lower than pentacene, yet the quinacridone OFET devices were highly stable under 

operation for more than 140 days in air while pentacene was considerably less stable (less than 

35 days). Quinacridone also could support ambipolar transport with suitable source–drain 

contact metals with mobilities of ∼ 0.01 cm2/Vs for both carriers. This observed air stability 

stems from the significantly more stable HOMO levels relative to the corresponding acenes.80 

Quinacridone was also used as the active material in a metal-insulator-metal diode showing a 

photovoltaic effect with external quantum efficiency of 10% that is 3 orders of magnitude 

higher than for pentacene and most organic conjugated materials lacking a donor-acceptor 

junction.201 The pronounced efficiency of the quinacridone-based device was ascribed to a 

formation of dissociative excimeric states in quinacridone thin films that can be easily polarized 

into free charge carriers. Furthermore, quinacridone was employed as a material constituting a 

biocompatible electronic interface between a living cell and a semiconductor.202 The 

morphology of the interface was tunable given the controllable size and shape of the 

quinacridone-formed nanocrystalline three-dimensional arrangements. Excitation of such 

electronic interfaces with light may provide effective cellular photostimulation. 

The promising semiconducting properties of quinacridone and epindolidione are closely related 

to their solid-state crystalline structure. Despite their polymorphism, epindolidione and 

quinacridone thin layers prepared by physical vapor deposition tend to crystallize in a linear 

chain hydrogen-bonding lattice featuring two-dimensional π–π stacking (Figure 22). Molecules 
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are H-bonded to two neighbors, thus forming infinite linear chains which are parallel to each 

other. These linear chains are π–π stacked on top of each other in a brick-wall pattern.80,199 

When the direction of the π-stacks are perpendicular to the source and drain contacts (parallel 

to the gate electrode) in an OFET device, high charge carrier mobilities are achieved. 

 

Figure 22: (a) Crystal packing in β-quinacridone – infinite linear chains of H-bonded molecules. (b) 

Quinacridone H-bonding mode in the linear-chain polymorphs. (c) Scheme of the “bricks-in-a-wall” 

crystal packing present in many H-bonded pigments. Linear chains of H-bonding propagate along one 

direction, π–π stacking is perpendicular to the H-bonding direction. Reproduced from ref. 203 with 

permission from Elsevier. 

Indigos belong to long-used natural hydrogen-bonded dyes, particularly indigo and 

6,6’-dibromoindigo III-8, also known as Tyrian purple. The structure of indigos embodies 

dimers of indole which derive from the amino acid tryptophan. From a biological point of view, 

indigo III-7 is formed in various plants of the genus of Indigofera,204 while Tyrian purple comes 

from shellfish. It was shown that both indigo and 6,6‘-dibromoindigo function as 

semiconductors in organic field-effect transistor devices (OFETs).205 Indigo performed as an 

ambipolar transporting material with a balanced hole and electron mobility of 0.01 cm2/Vs in 

an entirely biodegradable-material OFET device.206  The ambipolar character was correlated 
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with electrochemical properties whereby reversible oxidation and reduction at relatively low 

potentials were observed. The low band-gap of 1.7 eV facilitated the injection of holes and 

electrons from a single source–drain gold electrode contact. Tyrian purple III-8 was also found 

to be an ambipolar transporting material and demonstrated comparably higher mobility of 

0.4 cm2/Vs for both electrons and holes.207,208 Similarly to the azaacenes, the carrier mobility 

in the indigo derivatives is correlated with their crystal structure. In most indigos, individual 

molecules form hydrogen-bonds between adjacent amino and carbonyl groups along one 

crystallographic axis. Indigo molecules interact via π–π stacking along the perpendicular axis. 

This π–π stacking is close and almost cofacial with an interplanar distance of 3.4 Å and the 

distance between equivalent positions on adjacent molecules of 3.6–5 Å. The solid state 

organization and carrier mobility can be altered by substitution of the phenyl groups of indigo. 

The bromine atoms in Tyrian purple induce stronger mutual van der Waals interactions which 

consequently promote enhanced π–π stacking in Tyrian purple leading to higher mobilities 

compared to indigo. The favorable orientation of the π-stacking axis in the direction of charge 

transport for OFET devices can be accomplished by modifying the gate dielectric with a 

hydrophobic layer (such as tetratetracontane209 or polyethylene208). 

The third class of the hydrogen-bonded materials represents rylene-diimides, specifically 

naphthalenediimide III-5 and perylenediimide III-6 derivatives. These aromatic diimides are 

thermally stable and strongly electron deficient due to the presence of two electron-withdrawing 

carboxylic imide rings, providing high electron affinities and promising stabilities. 

Unsubstituted naphthalenediimide performed as a transparent n-type charge transporting 

material. And FET device prepared by vacuum deposition of NDI showed moderate in-plane 

electron mobility on the order of 10-4 cm2/Vs. The low mobility was attributed to the modest 

overlap between molecules in the direction of the flow of the current in the transistor 

geometry.210 It was shown that thin films prepared from the “latent” form of NDI, i.e. 

substituted by thermally cleavable t-Boc groups, by thermal annealing had slightly increased 

photoconductivity compared to vacuum-deposited films due to higher crystallinity of the 

film.211 The physico-chemical properties of rylene-diimides were often tuned by substitution of 

the aromatic system by electron-withdrawing atoms or groups. For instance, 

octachlorosubstituted PDI showed significantly low LUMO (−4.23 eV).212 OFET device based 

on octachlorinated PDI exhibited electron mobilities of 0.91 cm2/Vs when measured in vacuum 

and 0.82 cm2/Vs in ambient air. It is notable that electrical parameters were almost unchanged 

even after 20-month exposition in the air. The high stability was also attributed to the low-lying 
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LUMO energy level and high packing density. Despite considerable molecular twisting induced 

by chlorine atoms, the intermolecular H-bonding enforces a “bricks in a wall” crystal structure 

with a good intermolecular π–π overlap. Moreover, interrupting hydrogen-bonded molecular 

packing by replacing the imides with anhydrides resulted in a three-order-of-magnitude 

decrease in field-effect mobility. 

2.3.3 Effects of the alkylation and incorporation of adamantane 

Conjugated organic electronic materials involving the previously mentioned hydrogen bonded 

pigments, are often modified by alkyl solubilizing chains which grants them increased solubility 

in organic solvents and consequently processability by solution deposition techniques.213 It was 

shown that the alkyl chains not only enhance solubility, but also affect the intermolecular 

packing and thus the optoelectronic performance of organic semiconductors. 

Alkyl chains are widely used solubilizing groups in organic electronic materials.214 The 

solubilization is contributed by two factors when alkyl chains are attached. First, the total 

interaction energy between molecules of organic material and solvent is increased due to the 

presence of additional van der Waals interactions between alkyl chains and solvent. Second, 

the favorable molecular arrangement in the solid phase may be destroyed by the vibrational 

motions of alkyl chains leading to decreased interactions between π-conjugated systems. The 

equilibrium between dissolution and crystallization is determined by the competition between 

solute-solvent and solute-solute interactions, controlling the self-assembly of organic 

semiconductors and their properties.  

The solid-state organization and other physico-chemical properties of the alkylated organic 

electronic materials depends on various factors involving both the position of the attached alkyl 

chain on a π-conjugated molecule and on the structure of the alkyl chain. Modulation of the 

structure of the alkyl chain such as different chain lengths, branching positions and size can 

significantly change the intermolecular interactions, thin film morphology, molecular packing 

and thus the charge carrier mobility and device performance. For instance, a study of three 

N-alkylated derivatives of NDI III-9–III-11 (Figure 23) with comparable side-chain length 

showed that slight changes in the position of the branching point at the N-alkyl substituent led 

to significant differences in both film morphology and molecular packing which resulted in 

variation in electron mobility of 3 orders of magnitude.215 It was proposed that the differences 

in molecular packing stem from a competition among hydrophobic interactions between the 

alkyl chains, the steric effect of the N-alkyl substituents and strong π–π stacking interactions. 

A larger distance of the branching point from the backbones promoted a diminishing of the 
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steric hindrance of the branched alkyl chains and thus closer π–π stacking. For molecule III-9 

with two-branched side chains, the steric effect limited close π–π stacking. In contrast, the three-

branched N-alkyl chains of the derivative III-10 facilitated a decrease of steric hindrance 

improving π–π interactions. Extending the distance of the branching position of the alkyl chains 

of the molecule III-11 promoted lateral molecular dislocation of the π-systems leading to 

reduced molecular overlap which weakened effective charge transport in the thin film and 

resulted in a considerable decrease in mobility. Consequently, thin films of the derivative III-10 

possessed large grain sizes and efficient in-plane molecular packing enabling an impressive 

electron mobility of up to 3.50 cm2/Vs. 

Figure 23: Studied derivatives of NDI with differently branched alkyl side chains. 

The introduction of alkyl substituents may also affect the interaction with living cells, 

permeability and thus potential to interact with target cellular structures. For instance, alkylated 

quinacridone III-12 (Figure 24) was reported to permeate living cells, specifically lysozymes, 

while unsubstituted quinacridone did not exceed intracellular permeability.216 Moreover, the 

alkylated quinacridone selectively bound to the G-quadruplexes of DNA. The material III-12 

preserved low cytotoxicity and exerted absorption and emission spectral changes upon binding 

to DNA, suggesting potential to act as a molecular fluorescence probe for in vivo applications. 

 

Figure 24: Structure of studied alkylated quinacridone III-12. 
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A group of relatively unconventional solubilizing moieties are the adamantane-derived alkyl 

chains. A study by Krajcovic et al. investigated the role of side-chain character and size on the 

physico-chemical properties of dithiophene-diketopyrrolopyrrole (DPP) derivatives III-13–III-

15 (Figure 25) with an emphasis on the electrical properties.217 The alkyl side-chains involved 

common 2-ethylhexyl and relatively novel adamantylethyl substituents. The adamantyl moiety 

has specific rigid but strain-free structure. Adamantane itself crystallizes in a face-centred cubic 

lattice,218 i.e. molecules perfectly fit one another constituting a stable and rigid crystal. 

Consequently, the relatively small molecule of adamantane has one of the highest melting 

points among hydrocarbons. The ability to self-organize into crystals with a remarkably high 

melting point219 was used to strengthen the molecular packing of π-conjugated dyes in the solid 

state. Regarding the electrical properties, the adamantylethyl-substituted DPP derivative 

showed an ambipolar charge transport with both hole and electron mobilities considerably 

higher than the derivatives III-13 and III-14, i.e. μe = 0.2 cm2/Vs and μh = 0.05 cm2/Vs for 

III-15.  

 

Figure 25: Structures of studied dithiophene-DPP dyes III-13–III-15. 

The higher field-effect mobilities observed for vacuum-deposited DPP III-15 were ascribed to 

shorter distances between π-conjugated cores due to adamantyl–adamantyl aggregation 

provided by effective van Der Waals interactions (see X-ray structures on Figure 26). As 

deduced from the X-ray diffraction analysis, the self-organizing effect of adamantyl groups 

supported the packing of the molecules of III-15 in the crystal structure in plane-to-plane 

orientation with a herringbone motif which resulted in shorter π–π stacking distances (3.37 Å 

for III-15 compared to 3.80 Å for III-13 or 3.785 Å for III-14).220 Moreover, the AFM study 

of the vacuum-deposited thin film of III-15 showed a distinct well-defined structure with large 

branch-like crystallites. To conclude, as long as the π–π interaction is considered as a dominant 



52 

 

charge-hopping pathway for diketopyrrolopyrroles,220,221 the adamantylethyl derivative 3 was 

proposed as a potentially attractive material for electronic applications. 

  

 

 

Figure 26: Plane-to-plane stacking and adamantyl-induced packing (in red circles) of the DPP III-15 

determined by X-ray diffraction analysis. Reproduced from ref. 222 with permission from The Royal 

Society of Chemistry. 

The incorporation of an adamantyl moiety, specifically the adamantylethyl substituent, into π-

conjugated organic materials, was also suggested to improve the luminescent properties for 

optical applications such as efficient blue solid-state dyes for OLEDs with long lifespan. A 

study of adamantylethyl-substituted para-bis(2-thienyl)phenylene trimer III-16 (Figure 27) 

showed a positive effect of the incorporation of the bulky solubilizing group on the 

augmentation of the blue solid-state fluorescence compared to similar derivatives containing 

linear alkyl groups instead.223 The observed solid state fluorescence stems from preventing the 

π–π stacking and thus reducing the intermolecular charge transfer as a competitive non-

radiative process. The π–π stacking is hindered due to high torsion angles between thienyl and 

phenylene units induced by the presence of longer alkyl groups and particularly the sterically 

demanding adamantylethyl moiety, as determined both by XRD analysis and quantum chemical 

calculations of the molecular geometry in the ground and excited state. Thus, for instance, the 

solid-state fluorescence quantum yield of the thin films of the hexyl-substituted derivative 

III-17 reached 32%, while ϕSSF for the adamantylethyl analogue III-16 attained even 48%. 

Besides boosting the fluorescent properties, the adamantyl side group of III-16 promotes highly 

organized crystal structures due to molecular pairing of adamantanes and intermolecular 

hydrogen bonding between sulfur and the hydrogen of the adjacent adamantyl group, thus 

lending the material excellent thermal properties with a melting point of 248–252 °C.  
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Figure 27: Structures of the in-alkylated para-bis(2-thienyl)phenylene trimers III-16 and III-17. 

2.4 SF5-substituted organic building blocks 

2.4.1 Physico-chemical properties of the pentafluorosulfanyl group 

The organic chemistry of pentafluorosulfanyl (SF5) has been progressively studied for over 50 

years. Given the unique properties of the SF5 group, the SF5-substituted compounds have found 

applications in medicinal and material chemistry. Often called the “super-trifluoromethyl” 

group, it has been studied as the complement and alternative to similar CF3-substituted 

materials.224,225 

The pentafluorosulfanyl compounds are considered as organic derivatives of sulfur 

hexafluoride (SF6). Thus, both exceed octahedral geometry around the sulfur atom.226 Fluorine 

atoms of the SF5 group constitute a typical AB4 system with one fluorine atom in the axial and 

four fluorine atoms in the equatorial positions. The typical square pyramidal system provides 

the SF5 substituent with a lower energy barrier of rotation allowing for better interactions with 

receptors. This geometry is in contrast with the tetrahedral geometry presented by the CF3-

group. The steric hindrance of the pentafluorosulfanyl group is often compared with that of the 

tert-butyl group. The steric demands or “volumes” of the SF5- and CF3- relative to 

t-Bu-substituents were calculated (ΔV = Vsubstituent – Vt-Bu) and are as follows: ΔV (CF3) =  

–34.9 Å3 < ΔV (SF5) = 11.1 Å3 < ΔV (t-Bu) = 0 Å3.227 The pentafluorosulfanyl group is therefore 

much bigger than the trifluoromethyl one, but smaller than the tert-butyl one.  

The electrostatic surface of the SF5-group is comparable to that of the CF3-group, both 

representing highly fluorinated species (Figure 28).228  Considering the electronegativities of 

both moieties, SF5 is slightly more electronegative than CF3 (X = 3.65 and 3.36, respectively), 

making it a strongly electronwithdrawing group approaching the nitro group in its inductive 

power (σ1 (SF5) = 0.55 and σ1 (CF3) = 0.3).229  The high electronegativity of the SF5-substituent 

is mostly granted by its strong inductive contribution, while the resonance contributes to a lesser 

extent.230 As a consequence, the SF5-group influences the acidity of the molecule stronger than 

CF3. The presence of two additional fluorine atoms in SF5 also enhances the dipole moment of 

the corresponding derivatives (μ = 3.44 D for Ph-SF5, compared to μ = 2.60 D for Ph-CF3).
229  
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Figure 28: Electrostatic potential maps for CF3-Ph (left) and SF5-Ph (right). Adapted with permission 

from ref. 228. Copyright 2020 American Chemical Society. 

The pentafluorosulfanyl group is considered both highly lipophilic, as measured by Hansch 

hydrophobicity (π (SF5) 1.51), and highly electronegative.231 This imparts the SF5 with two 

properties that are generally in conflict making it possible to tune the recognizing abilities of 

the SF5-substituted molecules in the complex supramolecular environment. Moreover, 

SF5-substitution improves the solubility of organic materials in common organic solvents 

allowing for easier processability and purification.  

The SF5-substituent is a highly stable functional group towards hydrolysis and other kinds of 

synthetic transformations.232  The stability of an aromatically bound SF5-group towards 

hydrolysis equals or exceeds that of CF3.
229,233  Besides, the SF5 group resists the attack of 

Brønsted acids and bases and is stable under reaction conditions applied for Pd, Ni or Pt 

catalytic hydrogenation. On the other hand, it falls behind in stability towards alkyllithiums 

such as n-butyllithium, however being comparable to reagents like tert-butyllithium. Moreover, 

the environmental studies of various SF5-substituted molecules proved degradation to 

environmentally benign products.234  

2.4.2 Introduction of the SF5-group into aromatic compounds 

This chapter will present the methods for the synthesis of the pentafluorosulfanylated aromatic 

derivatives that are the most common species incorporated into organic electronic functional 

molecules. The SF5-substituent can be introduced into aromatic compounds using three general 

approaches. The first approach consists of the fluorination reactions of various sulfur-

containing substrates, such as aryl thiols or diaryl disulfides. The second one is based on the 

introduction of the SF5-group into alkynes or cycloalkenes, using the addition of halogenides 

of the type SF4X followed by cycloaddition or aromatization reactions of these 

pentafluorosulfanylated building-blocks. The last strategy for the preparation of SF5-substituted 

aryl compounds is the approach based on the transformations of benzene derivatives, already 

containing the SF5-substituent.  
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2.4.2.1 Fluorination of sulfur containing aromatic compounds 

Early attempts for the preparation of pentafluorosulfanylated aromatic compounds relied on the 

fluorination of diaryl disulfides IV-1 with silver difluoride.235  For instance, Sheppard reported 

the first synthesis of phenylsulfur pentafluoride IV-2 in 1962 (Scheme 1).229  

 

Scheme 1: First published synthesis of Ph-SF5. 

However, the approach suffered from low yields and required an excess of the expensive AgF2. 

Later, the direct fluorination of diaryl disulfides using molecular fluorine to afford 

pentafluorosulfanylated aromates was reported.236 The drawbacks of this method were low 

yields, the use of the explosive and toxic gaseous fluorine and the scope limited to only strongly 

electron-deficient aromatic substrates.  

The Umemoto group
 
developed a new practical and economical two-step procedure providing 

pentafluorosulfanylated aromatic derivatives.237 Arylsulfur chlorotetrafluorides IV-4 were first 

prepared in high yields by the reaction of diaryldisufides IV-3 with chlorine, in the presence of 

a fluoride source (KF or CsF) (Scheme 2).  

 

Scheme 2: Synthesis of arylsulfurchlorotetrafluorides IV-4 from the corresponding disulfides IV-3. 

Many SF4Cl- substituted aromatic derivatives, bearing different electron-donating and electron- 

withdrawing substituents on the aryl moiety, were prepared by this method in moderate to good 

yields. In order to transform the SF4Cl intermediates into the corresponding 

pentafluorosulfanylated derivatives, various conditions were screened. Reaction with the 

inexpensive ZnF2 afforded the desired products with good yields. It was reported that the 

electron-withdrawing substituents on the aryl ring increased the reactivity of Ar-SF4Cl IV-4 
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derivatives under these conditions, whereas the electron-donating groups decreased it. Other 

fluoride sources, such as HF, HF-pyridine, SbF3 or SbF5 were also reported to react efficiently 

with the SF4Cl-intermadiates, leading to pentafluorosulfanylated products with good yields 

(Scheme 3).  

 

Scheme 3: Synthesis of aryl-pentafluorosulfanylated compounds (IV-5) from the corresponding 

arylsulfurchlorotetrafluorides IV-4, example of zinc(II) fluoride. 

2.4.2.2 Approach based on the SF5X addition to unsaturated compounds  

This approach to pentafluorosulfanylated aromatic compounds includes two methodologies, 

both based on the radical addition of SF5X to unsaturated compounds, and their further 

transformations (Diels-Alder reactions or aromatizations).  

As an alternative to the insufficient direct fluorination, the Diels-Alder cycloaddition reaction 

of SF5-acetylene IV-6 with buta-1,3-diene or 2,3-dimethylbuta-1,3-diene, followed by the 

dehydrogenation of the corresponding cycloadducts, leading to corresponding phenylsulfur 

pentafluoride derivatives was reported (Scheme 4).238 

 

Scheme 4: Diels-Alder reaction of SF5-acetylene IV-6 and further dehydrogenation.  

On the other hand, the second approach comprises addition of SF5X to unsaturated cyclic 

compounds and their further aromatization. Correspondingly, the addition of SF5Cl to 

4,5-dichlorocyclohexene followed by HCl elimination allowed the synthesis of phenylsulfur 

pentafluoride IV-2 in high overall yield (> 70%).239  
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2.4.2.3 Approach based on the reactions of novel Ar-SF5 building-blocks  

A more modern pathway for the introduction of the pentafluorosulfanyl group into aromatic 

compounds is the use of aromatic derivatives, already bearing the SF5-group. In this subsection, 

a few selected examples of reactions engaging the Ar-SF5 building-blocks will be briefly 

presented.  

Access to the novel SF5-aryl building-blocks can be obtained via nucleophilic aromatic 

substitution reactions of SF5-benzene derivatives. For instance, nucleophilic substitution of p- 

or m-nitro(pentafluorosulfanyl)benzene IV-8 with alkoxides or thiolates provided the 

corresponding ethers or sulfides.240 Further, the direct amination of p- and 

m-nitro(pentafluorosulfanyl)benzene IV-9 was achieved by vicarious nucleophilic aromatic 

substitution with 1,1,1-trimethylhydrazinium iodide in the presence of potassium t-butoxide 

(Scheme 5).241 The same approach was employed in reactions with carbon or oxygen 

nucleophiles.242,243 

 

Scheme 5: Example of the nucleophilic aromatic substitution of Ar-SF5. 

Access to the more structurally advanced aromatic SF5 scaffolds can be provided by Pd- and 

Cu-catalyzed coupling reactions. The Pd-catalyzed Suzuki-Miyaura coupling of SF5-aryl 

trifluoroborates or boronates with various aryl halides provided corresponding SF5-biaryl 

products in moderate to good yields.244,245 The Cu-catalyzed reaction of SF5-aryl 

trifluoroborates with amines or alcohols afforded the original 3-SF5-substituted anilines and 

aryl ethers.246 

The direct arylation Pd-catalyzed reactions of nitro(pentafluorosulfanyl)benzenes with aryl 

bromides was reported as well.247 The approach provided a variety of SF5-substituted aromates 

in high yields and with good regioselectivities. 

2.4.2.4 Heterocyclic derivatives bearing the SF5-group  

The examples of the syntheses of pentafluorosulfanylated heterocycles are quite limited. The 

main methodology for the introduction of the SF5-group into heterocyclic compounds takes 
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advantage of the cycloaddition reactions of SF5-alkynes with various partners. The 

cycloaddition approach provided several sulfur-,248 oxygen-,249 or nitrogen-containing248,250  

five-membered unsaturated heterocycles.  

The preparation of pentafluorosulfanylated thiophenes IV-12 using the dipolar cycloaddition 

was reported.248 The cycloaddition of aryl-substituted alkynes IV-6 with an in-situ generated 

thiocarbonyl ylide provided pentafluorosulfanylated 2,5-dihydrothiophenes IV-11 in good 

yields. Their subsequent aromatization with sulfuryl chloride gave access to the corresponding 

thiophenes IV-12 (Scheme 6).  

 

Scheme 6: Synthesis of selected 3-SF5-thiophenes IV-12. 

Dolbier reported the preparation of 3-pentafluorosulfanylated furan via tandem 

cycloaddition/retrocycloaddition reactions.249 The 1-pentafluorosulfanylhex-1-yne IV-6 was 

shown to be a good dienophile that reacted with 4-phenyloxazole IV-13 leading to the 

corresponding cycloadduct obtained as one regioisomer. The cycloadduct subsequently 

underwent retro-Diels-Alder reaction to form the desired product IV-14 in a good yield 

(Scheme 7). 

 

Scheme 7: Synthesis of 3-SF5-furan IV-14. 

1,3-Dipolar cycloadditions of SF5-acetylenic derivatives with two different azomethine ylide 

precursors were reported as well. Both reactions allowed the synthesis of a few 

pentafluorosulfanylated pyrroles in moderate to high yields.  
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Pentafluorosulfanylated pyrroles were synthesized in good yields from the SF5-alkynes IV-6 

and N-(methoxymethyl)-N-[(trimethylsilyl)methyl]-N-benzylamine IV-15, as a dipole 

precursor IV-15 (Scheme 8).248 The SF5-pyrrolines, obtained from 1,3-dipolar cycloaddition 

reactions of azomethine ylide and SF5-alkynes, were converted in-situ to the corresponding 

pyrroles IV-16, using DDQ as an oxidizing reagent. When the triisopropyl substituted 

SF5-alkyne was used as the starting material, the pyrrole could be easily desilylated by the use 

of TBAF.  

Scheme 8: The synthesis of 3-SF5-pyrroles via Diels-Alder reaction. 

Additionally, several examples of 4-SF5-substituted 1,2,3-triazoles IV-19 were reported. Such 

heterocycles were prepared from pentafluorosulfanylacetylene IV-6 and various azides IV-18, 

in the presence of Cu(I) catalyst, formed in-situ from CuSO4/sodium ascorbate (Scheme 9). 

These typical “click chemistry” conditions allowed a straightforward synthesis of the 

4-pentafluorosulfanylated 1,2,3-triazoles IV-19 in moderate to good yields.250 

 

Scheme 9: Synthesis of 4-SF5-substituted 1,2,3-triazoles IV-19 by the “click-chemistry”. 
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2.4.3 SF5-containing organic materials in organic electronics 

Due to their favorable and unique properties, pentafluorosulfanyl-bearing derivatives have been 

implemented in numerous areas of organic electronic materials. One of the earliest appearances 

of the SF5 group was in the field of liquid crystals. The group imparts higher Δε based on its 

large dipole moment, and considerable chemical and photochemical stability, which are 

important considerations for display applications. Due to the unique combination of high 

polarity, hydrophobicity, and chemical stability of SF5, Kirsch et al. reported a series of 

pentafluorosulfanylated liquid crystal molecules with Δε values as high as 22.3, extrapolated 

clearing points that were sufficiently high (e.g., 132.9 °C) and high rotational viscosities (γ1).
251 

Moreover, the polarity of such systems was increased in the subsequent work by ortho-

monofluorination with respect to the SF5-group.252 

The SF5 group has seen a point of interest in the design and synthesis of luminescent metal–

ligand complexes for optoelectronic applications like emissive materials in OLEDs and 

phosphorescent light-emitting devices, taking advantage of the propensity of the SF5 group to 

increase chemical and thermal stability, improve solubility and processability, and decrease 

aggregation in the solid-state.253 For example, the pentafluorosulfanyl group has been used 

frequently as a tool to fine-tune the optoelectronic character of ligands, which subsequently 

modulate the absorption and emission properties of the target metal complexes. The research 

of Shibata et al. dealt with SF5 incorporation into phthalocyanines providing, at the end, various 

optoelectronically-active metallocycles (for instance IV-20 in Figure 13).253,254 Syntheses of 

phthalocyanines that were bearing four and eight SF5 groups on the macrocycle periphery were 

reported, with the purposes of using the high electronegativity and chemical robustness of SF5 

to stabilize the metallocycles against oxidation and to increase the solubility in organic 

solvents.253 Additionally, the SF5 groups enabled tuning of the absorption characteristics 

(λmax ≈ 660–670 nm) of the phthalocyanines without negatively affecting their fluorescence 

quantum yields. Finally, the aggregation behavior of the phthalocyanines could be tailored 

based on the positions the sterically-demanding SF5 groups were installed on the macrocycle. 

Furthermore, Golf, Reissig, and Wiehe provided the synthesis of various SF5-functionalized 

corroles, boron-dipyrromethenes (BODIPYs), and metalloporphyrins (IV-21, Figure 29).255 In 

their study, the stereoelectronic properties of pentafluorosulfanyl group were used to make the 

precursor structures electron-deficient in order to tune the reactivities to avoid undesirable side-

reactions, polymerization, and decomposition. 
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Figure 29: Representative structures of studied SF5-substituted metallocycles (phthalocyanine IV-20 

and porphyrin IV-21). 

Pentafluorosulfanyl group have been effectively used by the Zysman-Colman group to shape 

the optoelectronic properties of smaller ligands in luminescent transition metal complexes.256–

258 A series of green-emitting phosphorescent and electroluminescent SF5-functionalized 

heteroleptic cationic Ir(III) complexes were reported,256 wherein the SF5 groups were used as 

strongly electron-withdrawing substituents on bidentate cyclometalating ligands (for instance 

complex IV-22 in Figure 30). The approach was found to heighten the oxidation potentials and 

redox gaps while hypsochromically shifting the phosphorescent emissions more significantly 

than with either F or CF3 substituents by almost 100 nm, also providing improved solubilities 

and minimizing disadvantageous intermolecular interactions in the solid-state.259,260 

Besides SF5-functionalized iridium-based complexes, phosphorescent Pt(II) complexes were 

reported. Like in the case of Ir analogues, SF5 substitution proved to be a highly effective 

strategy for tuning the optoelectronic character of the bidentate C^N-type 2-phenylpyridinato 

ligands (for instance complex IV-23 in Figure 30). Two isomeric [Pt(C^N)(pivacac)] 

complexes were developed, both exhibiting blue-green to green light emission (i.e., λem ≈ 470–

490 nm, 500–525 nm, in acetonitrile) depending on the position of the SF5 group relative to the 

Pt–CC^N bond.258 
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Figure 30: Examples of investigated Ir and Pt complexes with SF5-substituted ligands. 

The pentafluorosulfanyl group is not limited to the role of ligand modifier in organic–inorganic 

systems. Recently, it has been used as strong electron acceptor in all-organic luminescent 

materials and push-pull organic dyes. For instance, six new donor–acceptor dyad bearing SF5 

groups as potent electron acceptors were reported in 2017 (e.g. dyes IV-24 and IV-25 in 

Figure 31).261  When coupled to amine donors through π-conjugated linkers, large Stokes shifts 

ranging from 117–150 nm were observed, while their fluorescence quantum yields remained 

relatively high between 0.24 to 0.49, in contrast with using an acceptor of comparable strength 

like a nitro group, providing dramatic fluorescence quenching as well as lower solubility, 

processability and lower biocompatibility.262–264 Moreover, substitution with an SF5 group 

tends confer thermal stability and excellent chemical compatibility compared to derivatives 

bearing relatively reactive NO2 groups that are incompatible with many chemical reagents (e.g. 

alkyllithiums and Grignard reagents),265 which limits synthetic options for further 

functionalization, similarly to cyano-group-containing materials.266  In contrast, SF5 has proven 

to be stable against Grignard reagents229 and even tert-butyllithium.251 On the whole, 

fluorophores with such significant Stokes shift, but yet high chemical stability, are potentially 

useful for imaging applications.267 Moreover, the investigated SF5-substituted push-pull 

systems exhibited a prominent mechanofluorochromic effect, being of interest as the materials 

for smart inks, mechanical sensors, memory materials, and deformation detectors. 

The SF5-substituted push-pull systems have also been proposed as two-photon fluorophores 

(e.g. push-pull system IV-26 in Figure 31). Based on the large acceptor strength of SF5 and the 

negative hyperconjugation effect that result in a quasi-cationic sulfur,268 SF5 incorporation into 

quadrupolar and octupolar chromophores afforded materials with large two-photon absorption 

cross-sections. The technological applications of two-photon-absorbing materials are extensive, 
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for instance optical data storage, upconverted lasing, 3D microfabrication, optical power 

limiters, and lithography.269 

 

Figure 31: Structures of SF5-bearing organic dyes IV-24–IV-26. 

Aside from the application of the SF5 group in the design and synthesis of fluorophores, it has 

also been implemented into small-molecule fullerene-based acceptors in organic solar cells.270 

Synthetic modification was carried out via pentafluorosulfanylation of the C60 fullerene under 

heating.  The resulting pentafluorosulfanyl moiety containing fullerenes were found to exhibit 

superior solubility than previously reported perfluoroalkylated fullerenes,271 making them more 

amenable to solution processing. 
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3 EXPERIMENTAL PART 

3.1 General remarks 

Solvents and commercially available chemicals were obtained from Sigma-Aldrich, Acros, 

Fluorochem, Alfa Aesar, Penta, Lach-Ner, Fischer-Scientific and were used as received unless 

stated otherwise. All moisture-sensitive reactions were performed in dry flasks fitted with glass 

stoppers or rubber septa under a positive pressure of argon or nitrogen. Air- and moisture-

sensitive liquids and solutions were transferred by syringe or stainless steel cannula. Anhydrous 

Na2SO4 or MgSO4 were used to dry organic solutions during workup, and evaporation of the 

solvents was performed under reduced pressure using a rotary evaporator. Flash column 

chromatography was performed using 220–440 mesh silica gel. Thin-layer chromatography 

was conducted on Supelco 60 TLC plates (Sigma Aldrich, St. Louis, MO, USA) with 254 nm 

fluorescent indicator. Spots were observed under UV irradiation (254 nm or 354 nm). 1H, 13C, 

19F NMR spectra were recorded in CDCl3 or DMSO-d6 using Bruker Avance III 500 MHz with 

working frequencies of 500 MHz and 125 MHz, respectively, or Avance III 300 MHz 

spectrometer with working frequencies of 300 MHz and 75 MHz for 1H and 13C, respectively, 

and 282 MHz for 19F, at 30 °C. Chemical shifts (δ) are quoted in ppm relative to TMS (1H), 

CDCl3/DMSO-d6 (
13C) and CFCl3 (

19F) as references. Coupling constants (J) are given in Hz 

with coupling expressed as s – singlet, bs – broad singlet, d – dublet, dd – doublet of doublet, 

dm – doublet of multiplet, t – triplet, tdd – doublet of triplet of doublets, ddd – doublet of 

doublet of doublets, m – multiplet, dm – doublet of multiplet. Elemental analysis was performed 

using EuroEA3000 Elemental Analyser (Eurovector, Pavia, Italy). Melting points were 

determined using a Kofler apparatus equipped with a Nagema PHMK 05 microscope (Nagema, 

Dresden, Germany) and the temperatures were not corrected. Thermogravimetric analysis was 

performed using TGA Q50 instrument (TA Instruments, New Castle, DE, USA) with nitrogen 

as the carrier gas. Mass spectra were recorded on a GC–MS spectrometer ITQ 700 (DEP) 

(Thermo Fisher Scientific, Waltham, MA, USA). High-Resolution Mass Spectra (HRMS) were 

recorded on Waters LCT Premier.  IR spectra were recorded on Bruker ALPHA FT-IR 

Spectrometer or Perkin Elmer FT-IR spectrometer Paragon 100 (ATR). XRD data were 

collected by the ω-scan technique on a Rigaku Saturn724+CCD diffractometer equipped with 

an Oxford Cryosystem low temperature device at 120 K, using rotating anode MoKα radiation. 

The diffraction intensities were corrected for Lorentz and polarization effects and an analytical 

method of absorption was used. 
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3.2 SF5-substituted pyrrolidine building blocks 

3.2.1 Synthesis of SF5-allylic acetate (2) 

 

Alcohol 1 (0.80 g, 1.0 eq., 4.39 mmol) was dissolved in dry DCM (12 mL) and it was cooled 

to 0 °C. Acetyl chloride (0.36 mL, 1.15 eq., 5.05 mmol) and ExtraDry pyridine (0.41 mL, 

1.15 eq., 5.05 mmol) were added dropwise to this solution and the reaction mixture was stirred 

at 0–15 °C for 4 h. Water (10 mL) was then added to the reaction mixture and the phases were 

separated. Aqueous phase was extracted with DCM (15 mL). Joint organic phase was washed 

with water (3x10 mL), brine (15 mL), dried over MgSO4 and concentrated under reduced 

pressure to afford the crude product (1.1 g) 2 as yellowish oil. The crude product was purified 

by flash column chromatography on short silica gel column (5 g of silica gel) using elution 

mixture cyclohexane/EtOAc (80/20). The fractions with product (Rf ~ 0.6 in 

cyclohexane/EtOAc 70/30; visualized by KMnO4 stain) were evaporated in vacuo to yield 2 as 

colourless oil (0.73 g, 74%). 

(E)-3-(pentafluorosulfanyl)allyl acetate 

 

Rf = 0.6 (Cyclohexane/EtOAc 70/30) 

1H NMR (CDCl3, 300 Hz): δ 6.71–6.65 (m, 1H), 6.60–6.47 (m, 1H), 4.74 (m, 2H), 2.15 (s, 

3H). 

19F NMR (CDCl3/CFCl3, 282 Hz): δ 62.4 (dm, 4F, 2JF,F = 149.2 Hz), 82.0 (m, 1F). 

3.2.2 Synthesis of SF5-substituted pyrrolidine acetate (4) 
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To a stirred solution of allylic acetate 2 (0.60 g, 1.0 eq., 2.63 mmol) in dry DCM (13 mL) under 

nitrogen, was added the dipole precursor 3 (1.25 g, 2 eq., 5.26 mmol). The mixture was cooled 

to 0°C and 1 M TFA solution (0.1 equiv, 0.26 mmol) in DCM (0.26 mL) was added at this 

temperature. The solution was stirred for 60 h at r.t., followed by addition of dipole precursor 

3 (0.63 g, 1 eq., 2.63 mmol) and 1 M TFA solution (0.1 equiv, 0.26 mmol) in DCM (0.26 mL) 

and continuous stirring at r.t. After 69 h, another portion of dipole precursor 3 (0.63 g, 1 eq., 

2.63 mmol) was added. The full conversion was reached after 94 h. Saturated NaHCO3 aq. 

solution (~15 mL) was added to the reaction mixture until pH = 7. Two phases were separated 

and the aqeuous phase was extracted with DCM (15 mL). The joint organic phase was washed 

with brine (15 mL) and dried over MgSO4. After removal of solvent under reduced pressure, 

the crude product 4 was obtained as yellowish oil (2.13 g). The crude product was purified by 

silica gel column chromatography (~ 100 g of silica gel) using elution mixture 

cyclohexane/EtOAc (85/15) to yield 4 as colourless oil (0.76 g, 80%). 

((±)-1-benzyl-4-(pentafluorosulfanyl)pyrrolidin-3-yl)methyl acetate 

 

Rf = 0.2 (cyclohexane/EtOAc 92/8) 

1H NMR (CDCl3, 300 Hz): δ 7.5–7.3 (m, 5H, Ph), 4.1 – 4.2 (m, 3H), 3.65 (d, 1H, J = 12.8 Hz), 

3.57 (d, 1H, J = 12.8 Hz), 3.2–3.1 (m, 2H), 2.89 (m, 1H), 2.62 (d, 2H, J = 5.6 Hz), 2.07 (s, 3H). 

19F NMR (CDCl3/CFCl3, 282 Hz): δ 59.2 (dm, 4F, 2JF,F = 144.8 Hz, 2JF,H = 6.1 Hz), 85.6 (m, 

1F). 

HRMS (ESI+): calcd for C14H19F5NO2S (m/z) 360.1057 [M+H]+, found 360.1053. 

3.2.3 Synthesis of SF5-substituted pyrrolidine alcohol (5) 

 

The pyrrolidine acetate 4 (0.76 g, 1.0 eq., 2.1 mmol) was dissolved in mixture of MeOH/H2O 

(45 mL/0.6 mL) and grinded potassium carbonate (5.82 g, 20.0 eq., 42.1 mmol) was added. The 
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reaction mixture was stirred in a sealed flask at room temperature for 18 h. The reaction mixture 

was filtered through Celite and the Celite pad was washed with Et2O (35 mL). The filtrate was 

concentrated in vacuo and the residue was extracted between DCM and water (30 and 30 mL). 

Two phases were separated and the aqueous phase was further extracted with DCM (10 mL). 

The joint organic phase was washed with water (20 mL), brine (20 mL), dried over MgSO4 and 

evaporated in vacuo to yield crude 5 as yellow oil (0.76 g). The crude product was purified by 

column chromatography using 30 wt. eq. of silica gel to the amount of crude product and the 

mixture of cyclohexane/EtOAc (70/30) as the eluent. The purified product 5 was obtained as 

colourless oil (0.59 g, 89%, purity ~ 95% by NMR) identified by TLC as spot with Rf ~ 0.3 

(cyclohexane/EtOAc 70/30, UV 254 nm). 

((±)-1-benzyl-4-(pentafluorosulfanyl)pyrrolidin-3-yl)methanol 

 

Rf = 0.12 (PE/EtOAc 90/10) 

1H NMR (CDCl3, 300 Hz): δ 7.4–7.3 (m, 5H), 4.45 (m, 1H), 3.80–3.76 (m, 1H), 3.8–3.7 (m, 

1H), 3.7–3.6 (m, 1H), 3.33 (m, 1H), 3.07 (m, 1H), 2.97 (m, 1H), 2.90–2.81 (m, 2H), 2.66 (m, 

1H).  

19F NMR (CDCl3/CFCl3, 282 Hz): δ 59.3 (dm, 4F, 2JF,F = 143.9 Hz), 85.8 (m, 1F).  

13C NMR: δ 137.1, 128.7, 128.6, 127.7, 84.1, 64.8, 59.6, 57.1, 56.3, 43.5. 

HRMS (ESI+): calcd for C12H17F5NOS (m/z) 318.0951 [M+H]+, found 318.0955. 

3.2.4 Synthesis of SF5-substituted pyrrolidine nitrile (6) 

 

The pyrrolidine mesylate 7 (0.36 g, 1.0 eq., 0.90 mmol) was dissolved in anhydrous DMSO 

(10 mL) and NaCN (0.16 g, 3.5 eq., 3.16 mmol) was added. The reaction mixture was sonicated 
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for 3 min and stirred at 45 °C under nitrogen atmosphere for 20 h. Reaction mixture was poured 

to water (70 mL) and extracted by EtOAc (2x30 mL). The joint organic phase was washed with 

water (30 mL), brine (4x30 mL), dried over MgSO4 and evaporated in vacuo to yield crude 

nitrile 6 as yellowish semisolid (0.39 g). The crude product was purified by column 

chromatography using cyclohexane/EtOAc (70/30) as the elution mixture to yield purified 6 as 

colorless oil (0.25 g, 84%). 

2-((±)-1-benzyl-4-(pentafluorosulfanyl)pyrrolidin-3-yl)acetonitrile 

 

Rf = 0.17 (PE/Et2O 90/10) 

1H NMR (CDCl3, 300 Hz): δ 7.4–7.3 (m, 5H), 4.15 (m, 1H), 3.62 (d, J = 13.0 Hz, 1H), 3.61 

(d, J = 13.0 Hz, 1H), 3.23 (m, 1H), 3.11 (m, 1H), 2.95 (m, 1H), 2.81–2.56 (m, 4H).  

19F NMR (CDCl3/CFCl3, 282 Hz): δ 59.6 (dd, 4F, 2JF,F = 143.9 Hz, 3JF,H = 5.2 Hz), 84.7 (m, 

1F).  

13C NMR: δ 137.4, 128.5, 127.5, 117.5, 86.7, 59.1, 57.2, 57.1, 38.5, 22. 

HRMS (ESI+): calcd for C13H16F5N2S (m/z) 327.0955 [M+H]+, found 327.0954. 

3.2.5 Synthesis of SF5-substituted pyrrolidine mesylate (7) 

 

The compound 5 (53 mg, 1.0 eq., 0.167 mmol) was dissolved in dry DCM (0.7 mL) at r.t. under 

nitrogen atmosphere. Under stirring, drop-wise added Et3N (33 μL, 2.5 eq., 0.42 mmol) 

followed by the addition of MsCl (58 μL, 2.5 eq., 0.42 mmol). The reaction mixture was stirred 

at r.t. for 15 h. Afterwards, the water (10 mL) was added and the mixture was diluted with DCM 

(10 mL). Two phases were separated and the aqueous phase was extracted by DCM (10 mL). 

The joint organic phase was washed with NH4Cl (sat., 15 mL), mixture of NaHCO3 (sat., 

15 mL) and water (10 mL), brine (20 mL), dried over MgSO4 and evaporated in vacuo to yield 
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crude 7 as light yellowish oil (0.095 g). The crude product was purified by silica gel column 

chromatography (~ 5 g of silica gel) using cyclohexane/EtOAc 75/25 as the elution mixture. 

The purified mesylate 7 was obtained as colorless oil (59 mg, 89%). 

((±)-1-benzyl-4-(pentafluorosulfanyl)pyrrolidin-3-yl)methyl methanesulfonate 

 

Rf = 0.32 (Cyclohexane/EtOAc 70/30) 

1H NMR (CDCl3, 300 Hz): δ 7.22–7.06 (m, 5H), 4.19–3.94 (m, 3H), 3.24–3.05 (m, 2H), 2.97 

(s, 3H), 2.90–2.80 (m, 1H), 2.75–2.55 (m, 2H).  

19F NMR (CDCl3/CFCl3, 282 Hz): δ 59.3 (dm, 4F, 2JF,F = 145.0 Hz), 85.0 (m, 1F).  

13C NMR: δ 137.4, 128.7, 128.6, 127.7, 83.7, 69.4, 59.2, 56.9, 55.0, 41.6, 37.5. 

IR: ν (cm-1) 3031, 2925, 2808, 1496, 1455, 1358, 1174, 1109, 1028, 956, 897, 817, 757, 733, 

699, 648, 592, 560, 526, 467. 

HRMS (ESI+): calcd for C13H19NO3F5S2 (m/z) 396.0727 [M+H]+, found 396.0734. 

3.2.6 Synthesis of SF5-pyrrolidine amine (8) 

 

The pyrrolidine nitrile 6 (38 mg, 1.0 eq., 0.12 mmol) was dissolved in MeOH (2.5 mL) and 

anhydrous CoCl2 (24 mg, 1.6 eq., 0.19 mmol) was added at r.t. Subsequently, NaBH4 (36 mg, 

8 eq., 0.19 mmol) was added and the reaction mixture was stirred at r.t. for 4 h. The reaction 

mixture was poured to 15% HCl (15 mL) so that the black suspension dissolved. Afterwards, 

the mixture was alkalized by 20% NH4OH (aq.) until pH ~ 10 – 11 and extracted by diethylether 

(3x15 mL). The joint organic phase was washed with brine, dried over MgSO4, filtered and 

evaporated in vacuo to yield crude material as white semisolid. The crude product was adsorbed 
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on the Celite and purified by semipreparative chromatography (C18-silica gel stationary phase, 

“middle-size” column). The chromatography was run with gradient elution using mixture 

water/MeCN (method: 0  2 min: 5% MeCN; 2  30 min: 100% MeCN; 30  43 min: isocratic 

100% MeCN). The product was identified in fractions 21–24 (retention time = 10 min). 

Corresponding fractions were evaporated to yield amine 8 as colourless oily compound (8 mg, 

20%). 

(±)-2-(1-benzyl-4-(pentafluorosulfanyl)pyrrolidin-3-yl)ethan-1-amine 

 

Rf = 0.14 (DCM/MeOH 90/10) 

1H NMR (CDCl3, 300 Hz): δ 1.59–1.88 (m, 2H), 1.93–2.10 (m, 1H), 2.24–2.55 (m, 2H), 2.56–

3.06 (m, 6H), 3.37–3.63 (m, 2H), 3.99–4.23 (m, 1H), 7.22–7.35 (m, 5H).  

19F NMR (CDCl3/CFCl3, 282 Hz): δ 59.2 (dm, 4F, 2JF,F = 144.2 Hz), 86.6 (m, 1H).  

IR: ν (cm-1) 2922, 2852, 1673, 1460, 1374, 1261, 1200, 1094, 840, 800, 721, 702, 600. 

HRMS (ESI+): calcd for C13H20N2F5S (m/z) 331.1267 [M+H]+, found 331.1266. 

3.2.7 Synthesis of SF5-acrylic acid (9) 

 

CrO3 (4.62 g, 48.0 mmol, 4 eq.) was dissolved in glacial acetic acid (42 mL, 0.72 mol, 63 eq.) 

and water (4.7 mL) and the mixture was cooled to 5°C. Allylic alcohol 1 (2.13 g, 12.0 mol, 

1 eq.) was added dropwise to this solution. The reaction mixture was stirred at 5–9°C for 2 h 

and then it was left at room temperature overnight. The reaction mixture was then diluted with 

water (40 mL) and extracted with Et2O (5 x 20 mL). The combined organic phase was washed 

with brine (20 mL), dried over Na2SO4 and concentrated under reduced pressure. The crude 

product was purified by Kugelrohr distillation (65–70°C, 2 mbar) to afford the desired product 

9 as a colourless solid with a low melting point (25–27°C) (1.26 g, 65%). 
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(E)-3-(pentafluorosulfanyl)acrylic acid 

 

1H NMR (CDCl3, 300 Hz): δ 10.61 (br s, 1H), 7.53 (dm, J = 14.7 Hz), 6.61 (d, J = 14.7 Hz, 

1H). 

19F NMR (CDCl3/CFCl3, 282 Hz): δ 62.3 (dm, 4F, 2JF,F = 150.9 Hz), 78.0 (m, 1F). 

M.P.: 25–27 °C 

3.2.8 Synthesis of SF5-acrylic amide (10) 

 

To a stirred solution of acid 9 (0.31 g, 1.57 mmol, 1 eq.) in dry DCM (7 mL) under argon 

at 5 °C, there was added Et3N (440 μL, 3.14 mmol, 2 eq.) and T3P (1.50 g, 2.36 mmol, 1.5 eq., 

50 wt% in DMF) and the solution was stirred at that temperature for 40 min. Subsequently, 

dibenzylamine (0.34 g, 3.14 mmol, 2 eq.). The reaction mixture was stirred at that temperature 

for another 3 h. The resulting mixture was diluted with DCM (20 mL) and washed with water 

(2x10 mL). The organic layer was dried over Na2SO4 and evaporated in vacuo. The crude 

product was purified by column chromatography using elution mixture PE/EtOAc (98/2) to 

yield amide 10 as yellow oil (0.40 g, 67%). 

(E)-N,N-dibenzyl-3-(pentafluorosulfanyl)acrylamide 

 

Rf = 0.38 (PE/EtOAc 90/10) 

1H NMR (CDCl3, 300 Hz): δ 7.50 (m, 1H), 7.4–7.0 (m, 10H), 7.05 (d, J = 14.3 Hz, 1H), 4.67 

(s, 2H), 4.50 (s, 2H). 

19F NMR (CDCl3/CFCl3, 282 Hz): δ 62.7 (dm, 4F, 2JF,F = 150.9 Hz), 80.0 (m, 1F). 
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HRMS (ESI+): calcd for C17H17F5NOS (m/z) 378.0951 [M + H]+, found 378.0947. 

3.2.9 Synthesis of SF5-pyrrolidine amide (11) 

 

To a stirred solution of amide 10 (0.412 g, 1.1 mmol, 1.0 eq.) in dry DCM (6 mL) under argon, 

the dipole precursor 3 (0.52 g, 2.2 mmol, 2 eq.) The mixture was cooled to 0 °C and 1 M 

TFA solution (0.110 mL, 0.11 mmol, 0.1 eq.) in DCM (1 mL) was added at this temperature. 

After 19 h of stirring at reflux, sat. NaHCO3 solution (15 mL) was added to the reaction mixture 

until pH ~ 7 and the mixture was diluted with DCM (15 mL). The organic phase was separated, 

washed with brine (15 mL), dried over Na2SO4 and evaporated in vacuo. The crude product was 

purified by silica gel column chromatography using elution mixture PE/EtOAc 88/12 to yield 

11 as white solid (0.471 g, 84%). 

(±)-N,N,1-tribenzyl-4-(pentafluorosulfanyl)pyrrolidine-3-carboxamide 

 

Rf = 0.16 (PE/EtOAc 90/10) 

1H NMR (CDCl3, 300 Hz): δ 7.4–7.3 (m, 10H), 7.2–7.1 (m, 5H), 5.48 (m, 1H), 4.89 (d, J = 

14.7 Hz, 1H), 4.50–4. 30 (m, 3H), 3.88 (m, 1H), 3.71 (d, J = 13.3 Hz, 1H), 3.53 (d, J = 13.3 Hz, 

1H), 3.17 (m, 2H), 2.80 (m, 1H), 2.64 (m, 2H). 

19F NMR (CDCl3/CFCl3, 282 Hz): δ 59.6 (dm, 4F, 2JF,F = 145.7 Hz, 3JF,H = 5.2 Hz), 85.6 (m, 

1F). 

13C NMR (CDCl3, 75 MHz): δ 171.4 (s), 137.5 (s), 136.8 (s), 135.7 (s), 129.0 (s), 128.7 (s), 

128.4 (s), 128.0 (s), 127.9 (s), 127.5 (s), 127.3 (s), 126.4 (s), 84.3 (qt, 
2JC,F = 10.3 Hz), 59.0 (s), 

56.4 (s), 56.2 (qt, 
3JC,F = 5.0 Hz), 49.7 (s), 48.7 (s), 44.7 (qt, 

3JC,F = 5.0 Hz). 

HRMS (ESI+): calcd for C26H28F5N2OS (m/z) 511.1843 [M+H]+, found 511.1837. 
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3.2.10 Synthesis of deprotected SF5-pyrrolidine amide (12) 

 

The benzylated pyrrolidine 11 (58 mg, 1.0 eq., 0.113 mmol) was dissolved in dry DCM 

(0.70 mL) in a MW-reaction vessel under nitrogen atmosphere. Subsequently, drop-wise added 

1-chloroethyl-chloroformate 13 (0.017 mL, 1.3 eq., 0.16 mmol) and stirred at reflux for 3 h. 

Afterwards, the reaction mixture was evaporated in vacuo and dry methanol (0.70 mL) was 

added to the residue under nitrogen atmosphere. The mixture was heated to reflux for additional 

14 h. The mixture was evaporated in vacuo, redissolved in DCM (5 mL) and TFA was added 

(0.02 mL, 2 eq., 0.23 mmol). The solution was evaporated in vacuo and the residue was dried 

under high vacuum (oil pump) to yield the crude product 12 as brownish viscous oil (73 mg). 

The crude product was adsorbed on Celite and purified by semipreparative chromatography 

(reverse phase silica gel stationary phase). The chromatography was run with gradient elution 

using mixture water/MeCN (method: 0  2 min: 5% MeCN; 2  30 min: 100% MeCN; 30  

43 min: isocratic 100% MeCN). The major component eluting in front fractions was identified 

as neutral pyrrolidine 12 (36 mg, 70%). 

(±)-N,N-dibenzyl-4-(pentafluorosulfanyl)pyrrolidine-3-carboxamide 

 

Rf = 0.46 (DCM/MeOH 95/5) 

1H NMR: (CDCl3, 300 MHz): δ 2.86–3.10 (m, 2H, CHAHBCHCONBn2 + 

CHAHBCHCONBn2), 3.20–3.34 (m, 1H, CHAHBCHSF5), 3.53–3.65 (m, 1H, CHAHBCHSF5), 

3.70–3.83 (m, 1H, CHCONBn2), 4.47 (s, 2H, NCH2Ph), 4.68 (s, 2H, NCH2Ph), 5.07–5.20 (m, 

1H, CHSF5), 7.10–7.44 (m, 10H, 2xPh). 
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19F NMR (CDCl3/CFCl3, 282 MHz): δ 62.0 (dm, 4F, 2JF,F = 144.5 Hz), 86.0 (m, 1H).  

13C NMR (CDCl3, 75 MHz): δ 45.7 (qt, 
3JC,F = 2.3 Hz, CHCONBn2), 49.3 (s, CONCH2Ph), 

50.3 (s, CONCH2Ph), 51.9 (qt, 
3JC,F = 4.5 Hz, CH2CHSF5), 52.3 (s, CH2CHCONBn2), 87.9 (qt, 

2JC,F = 15 Hz, CHSF5), 126.5 (s, 2 x CH Ph), 127.8 (s, CH Ph), 128.1 (s, 3 x CH Ph), 128.9 (s, 

2 x CH Ph), 129.3 (s, 2 x CH Ph), 136.1 (s, Cq Ph), 136.9 (s, Cq Ph), 173.4 (s, C=O).  

IR: ν (cm-1) 3322, 2946, 2879, 1632, 1494, 1447, 1359, 1216, 1080, 1028, 955, 864, 844, 820, 

736, 700, 645, 615, 593, 567, 530, 454.  

HRMS (ESI+): calcd for C13H20N2F5S (m/z) 331.1267 [M+H]+, found 331.1266. 

3.2.11 Synthesis of N-Boc protected SF5-pyrrolidine (14) 

 

The compound 12 (91 mg, 1.0 eq., 0.216 mmol) was dissolved in DCM (4 mL). Drop-wise 

added Boc2O (0.15 mL, 3.0 eq, 0.65 mmol) and the solution was stirred at r.t. for 3 h. The 

reaction mixture was diluted with DCM (10 mL) and the organic phase was successively 

washed with water (2x15 mL), 10% aq. citric acid (2x15 mL), sat. aq. NaHCO3 (15 mL), brine 

(15 mL), dried over MgSO4 and evaporated in vacuo to yield crude product (0.30 g). The crude 

product was purified by column chromatography using PE/Et2O (70/30) as the elution mixture 

to yield 14 as colorless (93 mg, 82%). 

tert-butyl (±)-3-(dibenzylcarbamoyl)-4-(pentafluorosulfanyl)pyrrolidine-1-carboxylate 

 

Rf = 0.35 (PE/Et2O 70/30) 

1H NMR: (CDCl3, 300 MHz): δ 7.6–7.2 (m, 10H), 5.42 (m, 1H), 5.2–4.2 (m, 4H), 4.3–4.1 (m, 

1H), 4.1–3.7 (m, 3H), 3.6–3.2 (m, 1H), 1.58 (s, 9H). 

19F NMR (CDCl3/CFCl3, 282 MHz): δ 59.6 (dm, 4F, 2JF,F = 143.9 Hz), 83.8 (m, 1F).  
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13C NMR (CDCl3, 75 MHz): δ 170.1, 153.3, 136.5, 135.6, 129.2, 128.8, 128.2, 128.1, 127.8, 

126.3, 82.6, 80.7, 50.1, 49.9, 48.9, 48.5, 43.8, 28.3. 

HRMS (ESI+): calcd for C24H29F5N2O3SNa (m/z) 543.1720 [M+Na]+, found 543.1717. 

3.2.12 Synthesis of N-nitropyridil SF5-pyrrolidine (16) 

 

The compound 15 (2 mg, 1.0 eq., 0.013 mmol) and 12 (6 mg, 1.0 eq., 0.013 mmol) were 

dissolved in dry acetonitrile (0.40 mL) and heated to 60 °C under nitrogen atmosphere. After 

96 h, monitoring of the reaction progress showed not fully consumed compound 12. The 

compound 15 (2 mg, 1.0 eq., 0.013 mmol) was added. After 6 days, the reaction mixture was 

evaporated and the residue was extracted between DCM (5 mL) and saturated NH4Cl (5 mL). 

Two phases were separated and organic phase was washed with brine, dried over MgSO4 and 

evaporated in vacuo to yield crude product 16 as yellow solid (12 mg). The crude product was 

purified by column chromatography using the mixture PE/EtOAc (90/10) as the eluent. The 

product 16 was obtained as yellowish solid (1 mg, 14%). 

(±)-N,N-dibenzyl-1-(5-nitropyridin-2-yl)-4-(pentafluorosulfanyl)pyrrolidine-3-carbox-

amide 

 

Rf = 0.28 (Cyclohexane/EtOAc 70/30) 

1H NMR: (CDCl3, 300 MHz): δ 8.82 (d, J = 2.78 Hz, 1H), 8.12 (dd, J = 9.30, 2.82 Hz, 1H), 

7.49–7.12 (m, 10H), 6.52 (d, J = 9.38 Hz, 1H), 5.21–5.09 (m, 1H), 4.72 (s, 2H), 4.50 (s, 2H), 

3.85–3.72 (m, 1H), 3.68–3.55 (m, 1H), 3.38–3.22 (m, 1H), 3.11–2.87 (m, 2H). 

19F NMR (CDCl3/CFCl3, 282 MHz): δ 59.8 (dm, 4F, 2JF,F = 145.1 Hz), 83.4 (m, 1F).  



76 

 

IR: ν (cm-1) 2920, 2851, 1735, 1650, 1596, 1514, 1495, 1464, 1426, 1329, 1292, 1260, 1225, 

1079, 1020, 963, 873, 831, 730, 698, 651, 599, 531, 500, 456.  

HRMS (ESI+): calcd for C24H24N4O3F5S (m/z) 543.1489 [M+H]+, found 543.1483. 

3.2.13 Synthesis of double N-Boc protected SF5-pyrrolidine (8b) 

 

The compound 6 (59 mg, 1.0 eq., 0.180 mmol) was dissolved in MeOH (3.5 mL) and 35% HCl 

was added (0.15 mL). Added Pd/C (10% Pd basis, 45 mg, 0.2 eq., 0.4 eq.) Reaction mixture 

was evacuated, purged with H2 (1 atm.) and the cycle was repeated 1x. After bubbling the 

mixture with H2 for 5 min, the reaction mixture was stirred under H2 atmosphere (1–2 atm.) at 

r.t. for 43 h. The reaction mixture was filtered through Celite pad that was subsequently washed 

with hot chloroform/ethanol (50/50 v/v, 50 mL). Filtrate was evaporated in vacuo. The residue 

in form of yellow semisolid (not dissolved in DCM, THF, MeCN) was redissolved in EtOH 

(3 mL). Added Boc2O (0.12 g, 0.51 mmol), Et3N (47 μL, 0.34 mmol) and stirred at r.t. under 

N2 atmosphere for 18 h. Afterwards, another Boc2O (0.12 g, 0.51 mmol) and Et3N (47 μL, 

0.34 mmol) and stirred for another 90 min. The TLC showed almost full conversion, the 

reaction mixture was evaporated in vacuo and the residue was extracted between DCM (15 mL) 

and NaHCO3 (sat., 15 mL). Organic phase was washed with NaHCO3 (sat., 15 mL), citric acid 

(15% aq., 10 mL), brine, dried over MgSO4 and evaporated in vacuo to yield crude product of 

8b (0.14 g). The crude was purified by silica gel column chromatography (elution by gradient 

pentane/EtOAc 90/10  65/35) to yield colourless oil of 8b (10 mg, 11%). 
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tert-butyl (±)-3-(2-((tert-butoxycarbonyl)amino)ethyl)-4-pentafluorosulfanyl)pyrrolidi-

ne-1-carboxylate 

 

Rf = 0.3 (Cyclohexane/EtOAc 70/30) 

1H NMR: (CDCl3, 300 MHz): δ 1.37–1.51 (m, 18H), 1.88–2.04 (m, 1H), 2.68–2.89 (m, 1H), 

2.96–3.35 (m, 3H), 3.60–3.85 (m, 1H), 3.86–4.02 (m, 1H), 4.05–4.21 (m, 1H), 4.57 (s, 1H). 

19F NMR (CDCl3/CFCl3, 282 MHz): δ 58.1–59.2 (m, 4F), 83.4–85.7 (m, 1F). 

HRMS (ESI+): calcd for C16H30N2O4F5S (m/z) 441.1836 [M+H]+, found 441.1846. 

3.3 Alkylated H-bonded pigments 

3.3.1 Synthesis of adamantylethyl tosylate (21) 

 

Compound 20 (9.60 g, 53.2 mmol, 1 eq.) was dissolved in pyridine (50 mL), cooled to 0 °C in 

ice bath and p-toluenesulfonyl chloride (16.74 g, 87.8 mmol) was portionwise added to the 

solution. The reaction mixture was allowed to warm and stirred at room temperature for 16 h. 

The solvent was evaporated under reduced pressure and the product was redissolved EtOAc 

(200 mL). The organic layer was washed with saturated NaHCO3 (2x75 mL) and brine 

(2x50 mL), dried over Na2SO4 and evaporated under reduced pressure. The crude product was 

purified by filtration through a silica pad (PE/EtOAc 96/4 v/v) to yield 15.8 g (87%) of 21 as a 

white solid.  
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2-((3R,5S)-adamantan-1-yl)ethyl 4-methylbenzenesulfonate 

 

1H NMR (DMSO-d6, 500 MHz): δ 7.79 (d, J = 7.5 Hz, 2H), 7.48 (d, J = 7.5 Hz, 2H), 4.01 (t, 

J = 7.2 Hz, 2H), 2.41 (s, 3H), 1.88 (s, 3H), 1.45–1.70 (m, 6H), 1.30–1.42 (m, 8H). 

13C NMR (DMSO-d6, 126 MHz): δ 144.5, 140.1, 131.1, 128.2, 65.5, 43.9, 40.2, 36.7, 28.2, 

21.2. 

Elemental analysis: calcd (%) for C19H26O3S: C 68.23, H 7.84, S 9.59; found: C 68.25, H 7.88, 

S 9.53. 

3.3.2 Synthesis of adamantylethyl azide (22) 

 

Compound 21 (7.99 g, 23.8 mmol, 1.0 eq.) was dissolved in DMSO (75 mL) and NaN3 (5.42 g, 

83.3 mmol, 3.5 eq.) was added. The reaction mixture was stirred at 80 °C for 45 h. 

Subsequently, water (270 mL) was added to quench the reaction. After cooling down to room 

temperature, the mixture was extracted with EtOAc (600 mL). The organic phase was washed 

with water (4x250 mL), brine (150 mL), dried over Na2SO4 and evaporated under reduced 

pressure to yield 3.75 g (76%) of 22 as yellowish oil. 

(3R,5S)-1-(2-azidoethyl)adamantane 

 

1H NMR (CDCl3, 500 MHz): δ 3.27 (t, J = 8.0 Hz, 2H), 1.97 (s, 3H), 1.72–1.61 (m, 6H), 1.70–

1.57 (m, 6H), 1.42 (t, J = 8.0 Hz, 2H). 

13C NMR (CDCl3, 126 MHz): 46.7, 42.4, 42.3, 37.1, 31.6, 30.4, 28.2. 
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3.3.3 Synthesis of N-adamantylethyl-phthalimide (18) 

 

Compound 17 (2.25 g, 9.25 mmol, 1.0 eq.) was dissolved in the mixture of DMSO (40 mL) and 

DMF (5 mL) and potassium phthalimide (2.58 g, 13.9 mmol, 1.5 eq.). The reaction mixture was 

heated to 100 °C for 16 h. Subsequently, the reaction mixture was poured to water (100 mL) 

extracted with EtOAc (2x50 mL) and toluene (50 mL). Joint organic phase was washed with 

water (5x50 mL) and brine (50 mL), dried over MgSO4 and evaporated in vacuo to yield crude 

18. The crude product was purified by silica gel column chromatography (PE/EtOAc 75/25 v/v) 

to yield 1.51 g (53%) of 18 as a white solid. 

2-(2-((3R,5S)-adamantan-1-yl)ethyl)isoindoline-1,3-dione 

 

Rf = 0.7 (PE/EtOAc 75/25) 

1H NMR (CDCl3, 500 MHz): δ 7.81 (m, 4H), 3.21 (t, J = 7.7 Hz, 2H), 2.42 (t, J = 7.7 Hz, 2H), 

1.87 (s, 3H), 1.46–1.58 (m, 12H). 

13C NMR (CDCl3, 126 MHz): 168.1, 132.5, 132.1, 124.0, 42.3, 38.3, 35.0, 37.1, 31.7, 30.9, 

29.1. 

Elemental analysis: calcd (%) for C20H23NO2: C 77.64, H 7.49, N 4.53; found: C 77.69, H 

7.53, N 4.57. 

3.3.4 Synthesis of adamantylethylamine (19) 
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To a solution of 22 (1.48 g, 7.21 mmol, 1.0 eq.) in dry THF (20 mL) cooled to –10 °C, the 1M 

solution of LiAlH4 was dropwise added (7.2 mL, 1 eq.) and the solution was kept stirred at that 

temperature for 1 h under argon atmosphere. The reaction was let warm to room temperature 

and stirred for another 1 h. The reaction mixture was cooled to 0 °C, quenched by slow addition 

of 10% NaOH (aq., 50 mL) and stirred for 30 min. The mixture was filtered through Celite pad 

that was washed with diethylether (75 mL). The aqueous phase was separated and extracted 

with diethylether (3x75 mL). Organic phase was washed with brine, dried over Na2SO4 and 

evaporated in vacuo. The residue was treated with saturated etheric solution of HCl (20 mL) 

providing formation of white solid. Subsequently, the solid fraction was filtered, washed with 

cold diethylether (15 mL) and dried under vacuum to yield 19.HCl as white crystalline solid 

(1.18 g, 76%). 

2-((3R,5S)-adamantan-1-yl)ethan-1-amine hydrochloride 

 

1H NMR (DMSO-d6, 500 MHz): δ 7.90 (s, 3H), 2.78–2.71 (m, 2H), 1.92 (s, 3H), 1.73–1.56 

(m, 6H), 1.50–1.43 (m, 6H), 1.37–1.31 (m, 2H). 

13C NMR (DMSO-d6, 126 MHz): δ 41.5, 40.9, 39.5, 36.3, 34.1, 31.1, 27.8. 

3.3.5 Synthesis of dimethyl 2,3-dihydroxyfumarate (29) 

 

To a solution of dihydroxyfumaric acid 28 (13.30 g, 89.55 mmol, 1 eq.) in dried methanol 

(70 mL) kept under stirring at 0°C, thionyl chloride (13.7 mL, 184 mmol, 2.1 eq.) was slowly 

added dropwise within 15 min. Subsequently, the mixture was allowed to reach room 

temperature and kept under vigorous stirring for 4.5 days. The precipitation of an off-white 

solid was observed. The solid was collected on a sinter (S4) and was washed with cold methanol 

(20 mL) then with water (100 mL) and finally dried under vacuum to yield 29 (12.87 g, 82%) 

as a white solid. 
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dimethyl 2,3-dihydroxyfumarate 

 

1H NMR: (CDCl3, 300 MHz):  9.43 (s, 2H), 3.89 (s, 6H). 

M.P.: 176–178 °C (lit. 177–179 °C).272 

3.3.6 Synthesis of dimethyl 2,3-bis(phenylamino)maleate (30) 

 

Concentrated HCl (0.65 mL, 7.8 mmol, 0.1 eq.) was added to a mixture of 29 (11.20 g, 

63.8 mmol) and aniline (13.05 g, 141.5 mmol, 2.2 eq.) in methanol (50 mL). The mixture was 

stirred under reflux. After 5 h, the reaction mixture was slowly cooled to room temperature and 

then filtered through a sinter (S4). The collected solid was washed with cold methanol (3x150 

mL) and then dried under vacuum to afford 30 (18.02 g, 86%) as white solid. 

dimethyl 2,3-bis(phenylamino)maleate 

 

1H NMR: (CDCl3, 300 MHz):  7.25–7.22 (m, 4H), 6.98–6.95 (m, 2H), 6.86 (d, J = 8.4 Hz, 

4H), 5.85 (s, 2H), 3.77 (s, 6H). 

M.P.: 188–190 °C (lit. 196−198 °C).272 
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3.3.7 Synthesis of 2-methoxycarbonyl-3-phenylamino-4-quinolone (31) 

 

In a 1-L round-bottom flask equipped with a Dean-Stark apparatus, a mixture of Dowtherm™ 

A (250 mL) and 30 (16.20 g, 49.5 mmol) was vigorously stirred and heated to reflux during 

30 min. The reaction was prolonged for further 30 min, subsequently slowly cooled to room 

temperature and decanted.The precipitation of a brownish-yellow solid product was observed. 

The solid was collected on a sinter (S4) and washed with petroleum ether (3x100 mL). The 

solid was dried under vacuum yielding 31 (9.42 g, 79 %) as yellow powder. 

2-methoxycarbonyl-3-phenylamino-4-quinolone 

 

1H NMR: (DMSO-d6, 300 MHz):  11.88 (br s, 1H), 8.14 (ddd, J = 8.2, 1.5, 0.45 Hz, 1H), 

7.86–7.84 (m, 1H), 7.64 (ddd, J = 8.6, 6.7, 1.5 Hz, 1H), 7.48 (s, 1H), 7.34–7.30 (m, 1H), 7.12–

7.07 (m, 2H), 6.74–6.68 (m, 3H), 3.70 (s, 3H). 

M.P.: 205–207 °C (lit. 201–203 °C).272 

3.3.8 Synthesis of epindolidione (26) 
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A mixture of 84.1 g of polyphosphoric acid (115% H3PO4 basis) and 31 (8.32 g, 28.3 mmol) 

was heated at 150 °C for 4.5 h under stirring. The mixture was then cooled to ~50°C and then 

water (700 mL) was slowly added, keeping the temperature almost constant until the exothermic 

process stopped. The reaction mixture was filtered on sinter (S4) and the obtained solid was 

washed with water (7x150 mL) until neutral pH reaction and subsequently with cold methanol 

(3x150 mL). The solid was dried under vacuum at 80 °C yielding epindolidione 26 (6.55 g, 

88%) as yellow-greenish powder. 

dibenzo[b,g][1,5]naphthyridine-6,12(5H,11H)-dione 

 

1H NMR: (DMSO-d6, 500 MHz):  11.95 (br s, 2H); 8.30 (ddd, J = 8.2, 1.5, 0.45 Hz, 2H), 

8.11 (ddd, J = 8.6, 1.3, 0.55 Hz, 2H), 7.74 (ddd, J = 8.6, 6.7, 1.5 Hz, 2H), 7.31 (ddd, J = 8.2 Hz, 

6.7, 1.1 Hz, 2H). 

M.P.: > 330 °C (lit. > 400 °C).272 

3.3.9 General procedure for synthesis of N,N’-dialkylated quinacridone and 

epindolidione 

A corresponding pigment (1.5 mmol, 1 eq.) was mixed with caesium carbonate (6.0 mmol, 

4 eq.) in 15 mL of dry DMF under argon atmoshphere. The mixture was stirred at 110 °C for 

2 h. Subsequently, 1-(2-bromoethyl)adamantane or 1-(bromomethyl)adamantane (6.0 mmol, 

4 eq.), respectively, was added and the reaction mixture was heated to 130 °C for 72 h. After 

cooling to the room temperature, the reaction mixture was poured to water (250 mL) and 

sonicated for 30 min. The suspension was filtered providing solid crude product that was dried 

at room temperature under high vacuum. The crude product was adsorbed on silica gel and 

purified by column chromatography followed by purification by boiling in methanol, cooling 

and filtration to yield corresponding N,N’-dialkylated pigment.  

  



84 

 

3.3.10 Synthesis of N,N’-bis(adamantylethyl)quinacridone (32) 

 

Compound 32 was synthesized according to the General Procedure. Reaction of quinacridone 

(1.50 g, 4.80 mmol) with caesium carbonate (10.43 g, 19.2 mmol) and 

1-(2-bromoethyl)adamantane 17 (4.67 g, 19.2 mmol) provided crude compound 32. The crude 

product was purified by silica gel chromatography using gradient elution by mixture of 

petroleum ether/dichloromethane (20/80  10/90  0/100). The component with Rf = 0.5 

(DCM) was subsequently boiled in methanol (50 mL), cooled and filtered to yield compound 

32 as bright orange solid (yield 1.38 g, 45%). 

5,12-bis(2-(adamantan-1-yl)ethyl)-5,12-dihydroquinolino[2,3-b]acridine-7,14-dione 

 

Rf = 0.5 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 8.84 (s, 2H), 8.61 (dd, J = 8.0, 1.7 Hz, 2H), 7.78 (ddd, J = 8.7, 

6.9, 1.8 Hz, 2H), 7.55 (d, J = 8.7 Hz, 2H), 7.26–7.31 (m, 2H), 4.58–4.65 (m, 4H), 2.13 (br s, 

6H), 1.86–1.90 (m, 10H), 1.76–1.84 (m, 14H), 1.48–1.51 (m, 4H). 

M.P.: > 330 °C. 
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Elemental analysis: calcd (%) for C44H48N2O2: C 82.98, H 7.60, N 4.40; found: C 82.96, H 

7.61, N 4.41. 

3.3.11 Synthesis of N,N’-bis(adamantylmethyl)quinacridone (33) 

 

Compound 33 was synthesized according to the General Procedure. Reaction of quinacridone 

27 (0.75 g, 2.40 mmol) with caesium carbonate (5.22 g, 9.61 mmol) and 

1-(bromomethyl)adamantane 37 (2.20 g, 9.61 mmol) provided crude compound 33. The crude 

product was purified by silica gel chromatography using dichloromethane as the eluent. The 

component with Rf = 0.5 (DCM) was subsequently boiled in methanol (30 mL), cooled and 

filtered to yield compound 33 as bright orange solid (yield 0.24 g, 16%).  

5,12-bis(adamantan-1-ylmethyl)-5,12-dihydroquinolino[2,3-b]acridine-7,14-dione 

 

Rf = 0.5 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 9.04 (s, 2H), 8.60 (dd, J = 7.7, 2.2 Hz, 2H), 7.78 (d, J = 8.8 Hz, 

2H), 7.69–7.75 (m, 2H), 7.26–7.35 (m, 2H), 4.58–4.68 (m, 2H), 4.39 (dd, J = 16.3, 8.8 Hz, 2H), 

1.87–1.97 (m, 2H), 1.55–1.77 (m, 24H). 

M.P.: > 330 °C. 

Elemental analysis: calcd (%) for C42H44N2O2: C 82.86, H 7.28, N 4.60; found: C 82.84, H 

7.25, N 4.64.  
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3.3.12 Synthesis of N,N’-bis(adamantylethyl)epindolidione (34) 

 

Compound 34 was synthesized according to the General Procedure. Reaction of epindolidione 

26 (0.70 g, 2.67 mmol) with caesium carbonate (5.80 g, 10.7 mmol) and 

1-(2-bromoethyl)adamantane 32 (2.60 g, 10.7 mmol) provided crude compound 27. The crude 

product was purified by silica gel chromatography using gradient elution by mixture of 

petroleum ether/dichloromethane (50/50  40/60). The component with Rf = 0.4 (PE/DCM 

50/50) was subsequently boiled in methanol (30 mL), cooled and filtered to yield compound 34 

as bright green-yellow solid (yield 0.13 g, 9%).  

5,11-bis(2-(adamantan-1-yl)ethyl)-5,11-dihydrodibenzo[b,g][1,5]naphthyridine-6,12-

dione 

 

Rf = 0.4 (PE/DCM 50/50) 

1H NMR (CDCl3, 500 MHz): δ 8.44 (d, J = 8.1 Hz, 2H), 7.71–7.74 (m, 4H), 7.27–7.34 (m, 

2H), 4.94–5.04 (m, 4H), 1.99 (s, 6H), 1.62–1.77 (m, 24H), 1.55–1.61 (m, 4H). 

M.P.: > 330 °C. 

Elemental analysis: calcd (%) for C40H46N2O2: C 81.87, H 7.90, N 4.77; found: C 81.85, H 

7.87, N 4.81. 
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3.3.13 Synthesis of N,N’-bis(adamantylmethyl)epindolidione (35) 

 

Compound 35 was synthesized according to the General Procedure. Reaction of epindolidione 

26 (1.00 g, 3.81 mmol) with caesium carbonate (8.28 g, 15.3 mmol) and 

1-(bromomethyl)adamantane 37 (3.50 g, 15.3 mmol) provided crude compound 35. The crude 

product was purified by three-step silica gel chromatography using elution mixture PE/DCM 

(25/75; 10/90; 10/90). The component with Rf = 0.4 (PE/DCM 25/75) was subsequently boiled 

in methanol (15 mL), cooled and filtered to yielding compound 35 as bright green-yellow solid 

(yield 0.031 g, 2%).  

5,11-bis(adamantan-1-ylmethyl)-5,11-dihydrodibenzo[b,g][1,5]naphthyridine-6,12-dione  

 

Rf = 0.4 (PE/DCM 25/75) 

1H NMR (CDCl3, 500 MHz): δ 8.32 (d, J = 8.1 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H), 7.65 (ddd, 

J = 8.7, 6.8, 1.7 Hz, 1H), 7.31 (d, J = 7.4 Hz, 1H), 5.78 (d, J = 15.4 Hz, 1H), 4.26 (d, J = 15.4 Hz, 

1H), 1.66 (br s, 6H), 1.27–1.49 (m, 12H), 1.01–1.20 (m, 12H). 

M.P.: > 330 °C. 

Elemental analysis: calcd (%) for C38H42N2O2: C 81.68, H 7.58, N 5.01; found: C 81.64, H 

7.55, N 4.98. 

  



88 

 

3.3.14 Synthesis of N,N’-bis(adamantylethyl)naphthalenediimide (43) 

 

NDA 42 (0.100 g, 0.373 mmol, 1.0 eq.) was dispersed in dried DMF (2.5 mL) under argon 

atmosphere. Subsequently, amine 19 (0.267 g, 1.492 mmol, 4.0 eq.) and Et3N (0.13 mL, 

0.932 mmol, 2.5 eq.) were added. The reaction mixture was heated to 90 °C for 2 h and 

additional Et3N (0.13 mL, 0.932 mmol, 2.5 eq.) was added. The temperature was increased to 

135 °C and the mixture was heated for another 70 h. After cooling to room temperature, the 

mixture was poured to water (30 mL). After filtration of the resulting suspension, the solid 

fraction was washed with water (30 mL), dried under vacuum, dissolved in DCM (20 mL) and 

adsorbed to silica gel. The treated crude product was purified by silica gel column 

chromatography (PE/DCM 40/60  25/75) to yield 0.185 g (84%) of NDI 43 as greenish-

yellow solid. 

2,7-bis(2-(adamantan-1-yl)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone 

 

Rf = 0.65 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 8.73 (s, 4H), 4.27–4.19 (m, 4H), 2.03–1.99 (m, 6H), 1.79–1.67 

(m, 24H), 1.52–1.46 (m, 4H). 

13C NMR (CDCl3, 126 MHz): δ 162.9, 131.5, 126.9, 126.8, 42.6, 42.4, 41.3, 37.7, 32.1, 

30.8, 28.6. 

Elemental analysis: calcd (%) for C38H42N2O4: C 77.26, H 7.17, N 4.74; found: C 77.29, H 

7.25, N 4.65. 
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3.3.15 Synthesis of N,N’-bis(adamantylethyl)-6,6’-dibromoindigo (47) 

 

6,6’-dibromoindigo (45, 0.150 g, 0.357 mmol, 1.0 eq.) was dissolved in dry NMP (5 mL) under 

argon atmosphere. Sodium hydride (60% in mineral oil, 0.060 g, 1.43 mmol, 4.0 eq.) was added 

and the reaction mixture was stirred at room temperature for 2 h. Subsequently, the solution of 

adamantylethyliodide (36, 0.315 g, 1.07 mmol, 3.0 eq.) in dry NMP (2.5 mL) was dropwise 

added. The reaction mixture was agitated at room temperature for 15 h and subsequently raised 

to 90 °C for another 8 h. After cooling to room temperature, the mixture was poured to water 

(100 mL) and extracted with EtOAc (3x40 mL). Organic phase was washed with water 

(3x75 mL), brine (100 mL), dried over Na2SO4 and evaporated in vacuo. The residue was 

purified by column chromatography with gradient elution using mixture PE/DCM (75/25  

65/35  50/50) to yield 0.027 mg (7%) of 47 as a blue solid. 

(E)-1,1'-bis(2-(adamantan-1-yl)ethyl)-6,6'-dibromo-[2,2'-biindolinylidene]-3,3'-dione 

 

Rf = 0.5 (PE/DCM 60/40) 
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1H NMR (CDCl3, 500 MHz): δ 7.69 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 1.9 Hz, 2H), 6.75 (dd, J 

= 8.6, 1.9 Hz, 2H), 4.32 (t, J = 7.2 Hz, 4H), 2.00–1.93 (m, 6H), 1.77–1.60 (m, 24H), 0.93–0.79 

(m, 4H).  

13C NMR (CDCl3, 126 MHz): δ 187.5, 156.2, 133.8, 129.9, 126.8, 120.9, 112.1, 109.2, 43.1, 

42.4, 40.9, 38.1, 31.8, 30.6, 28.1. 

3.4 Flavins 

3.4.1 Synthesis of 2,2’-thenil (48) 

 

2,2’-thenil 48 was synthesized according to modified literature protocol.273  A solution of 

thiophene-2-carbaldehyde 50 (11.2 g; 100 mmol), 

2-ethyl-5-(hydroxyethyl)-4-methylthiazolium bromide 116 (0.51 g; 2.00 mmol) and 

triethylamine (1.01 g; 9.98 mmol) in 100 mL of absolute ethanol was heated under reflux at the 

ambient atmosphere for 75 h. The reaction mixture was concentrated to ½ of the volume, cooled 

and the resulting product was filtered. The crude product was purified by crystallization from 

ethanol to yield 2,2’-thenil 48 (4.77 g, 43%). 

1,2-di(thiophen-2-yl)ethane-1,2-dione 

 

Rf = 0.5 (PE/EtOAc 70/30) 

1H NMR (CDCl3, 500 MHz): δ 8.08 (d, J = 3.9 Hz, 2H), 7.84 (d, J = 4.9 Hz, 2H), 7.21 (t, 

J = 4.3 Hz, 2H). 

M.P.: 80–81 °C (lit. 81–82 °C).273 
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3.4.2 Synthesis of 3,3’-thenil (49) 

 

3,3’-thenil (49) was synthesized according to modified literature protocol.274 A solution of 

thiophene-3-carbaldehyde 51 (2.8 g, 25 mmol), 3-ethyl-5-(hydroxyethyl)-4-methylthiazolium 

bromide 116 (0.128 g; 0.50 mmol) and triethylamine (0.25 g; 2.49 mmol) in 20 mL of absolute 

ethanol was heated under reflux at the ambient atmosphere for 78 h. The reaction mixture was 

concentrated, cooled and the resulting product was filtered. The crude product was purified by 

crystallization from ethanol to yield 3,3’-thenil 49 (1.30 g, 47%). 

1,2-di(thiophen-3-yl)ethane-1,2-dione 

 

Rf = 0.5 (PE/EtOAc 70/30) 

1H NMR (CDCl3, 500 MHz): 8.34 (s, 1H), 8.33 (s, 1H), 7.67 (d, J = 1.2 Hz, 1H), 7.68 (d, J = 

1.2 Hz, 1H), 7.66 (d, J = 2.8 Hz, 1H), 7.23 (d, J = 2.8 Hz, 1H). 

M.P.: 76–77 ºC (lit. 80 ºC).275  

3.4.3 Synthesis of 2-methyl-4-(thiophen-3-yl)but-3-yn-2-ol (58) 

 

To a mixture of PdCl2 (102 mg, 0.573 mmol), CuI (218 mg, 1.14 mmol) and triphenylphosphine 

(300 mg, 1.14 mmol) in dry DMF (9 ml) was added. Reaction mixture was stirred for 15 min 

at 45°C with simultaneous purging with argon. Then solution of 3-bromothiophene 55 (0.934 g, 

5.73 mmol) and 2-methyl-3-butyn-2-ol 56 (0.724 g, 8.60 mmol) in dry diisopropylamine 

(3.3 ml, 23.0 mmol) was added and stirring was continued at 60°C for 24 h. After cooling to 

room temperature, reaction mixture was poured into EtOAc (270 ml), washed with brine 
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(70 mL) containing NH3 (aq.) (0.5 mL) and stirred at room temperature for additional 30 min. 

Aqueous phase was separated and organic phase was washed with brine (3 × 70 mL), dried over 

sodium sulfate and evaporated in vacuo. Crude product was purified by silica gel column 

chromatography using gradient elution in PE/EtOAc (98/2  87/13) as eluent to give 58 (0.89 g) 

in 89 % yield. 

2-methyl-4-(thiophen-3-yl)but-3-yn-2-ol 

 

1H NMR (CDCl3, 500 MHz): δ 7.38–7.31 (m, 1H), 7.20–7.15 (m, 1H), 7.05–6.98 (m, 1H), 

2.21 (bs, 1H), 1.52 (s, 6H). 

13C NMR (CDCl3, 126 MHz): δ 129.7, 128.4, 125.2, 121.9, 93.6, 78.3, 65.5, 31.7. 

M.P.: 53–55 °C (lit. 54–56 °C).276 

3.4.4 Synthesis of 1,2-di(thiophen-3-yl)ethyne (59) 

 

A suspension of 3-bromothiophene 55 (0.70 g, 4.28 mmol, 1.0 eq.), 58 (0.80 g, 4.28 mmol, 

1.0-eq.), palladium(II) acetate (50 mg, 0.214 mmol), triphenylphosphine (56 mg, 0.171 mmol), 

and anhydrous potassium phosphate (2.74 g, 12.9 mmol) in dry DMSO (8 ml) was purged with 

argon and then stirred at 80 °C for 24 h. After cooling to room temperature, reaction mixture 

was quenched with ethyl acetate (240 mL) and water (65 mL) and stirred at room temperature 

for 30 min. Subsequently, aqueous phase was separated and organic phase was washed with 

brine (5x60 mL), dried over sodium sulfate and evaporated in vacuo. The crude product was 

purified by silica gel column chromatography using PE as eluent to yield 59 (0.553 g, 68%). 

1,2-di(thiophen-3-yl)ethyne 
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1H NMR (CDCl3, 500 MHz): δ 7.51–7.49 (m, 2H), 7.30–7.27 (m, 2H), 7.20–7.17 (m, 2H). 

13C NMR (CDCl3, 126 MHz): δ 129.5, 127.9, 125.1, 122.8, 83.8. 

M.P.: 75–76 °C (lit. 76–77 °C).277  

3.4.5 Synthesis of 2-(thiophen-3-ylethynyl)thiophene (60) 

 

A suspension of 2-bromothiophene 57 (1.40 g, 8.56 mmol, 1.0 eq.), 58 (1.60 g, 8.56 mmol, 

1.0 eq.), palladium(II) acetate (100 mg, 0.428 mmol), triphenylphosphine (103 mg, 

0.342 mmol), and anhydrous potassium phosphate (5.48 g, 25.8 mmol) in dry DMSO (17 ml) 

was purged with argon and then stirred at 80 °C for 24 h. After cooling to room temperature, 

reaction mixture was quenched with ethyl acetate (300 mL) and water (120 mL) and stirred at 

room temperature for 30 min. Subsequently, aqueous phase was separated and organic phase 

was washed with brine (5x100 mL), dried over sodium sulfate and evaporated in vacuo. The 

crude product was purified by silica gel column chromatography using PE/DCM 80/20 as eluent 

to yield 60 (0.683 g, 43%). 

2-(thiophen-3-ylethynyl)thiophene 

 

1H NMR (CDCl3, 500 MHz): δ 7.54 (dd, J = 3.0, 1.0 Hz, 1 H), 7.37 (dd, J = 5.0, 3.0 Hz, 1 H), 

7.29 (m, 2 H), 7.22 (dd, J = 5.0, 1.0 Hz, 1 H), 7.02 (dd, J = 5.0, 3.0 Hz, 1 H). 

13C NMR (CDCl3, 126 MHz): δ 131.4, 129.5, 128.9, 126.1, 125.4, 125.1, 122.2, 121.2, 87.1, 

81.1. 

M.P.: 73–74 °C (lit. 75–76 °C).277 
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3.4.6 Synthesis of 1-(thiophen-2-yl)-2-(thiophen-3-yl)ethane-1,2-dione (61) 

 

Compound 60 (500 mg, 2.63 mmol, 1.0 eq.) was mixed with 88% formic acid (2.7 mL), 

2.0 mmol of methanesulfonic acid (0.160 mL, 2.63 mmol, 1.0 eq.), DMSO (1.12 mL, 

15.8 mmol, 6.0 eq.) and 48% HBr (0.030 mL, 0.26 mmol, 0.1 eq.) The reaction mixture was 

heated to 110 °C using a short path to distill off the volatiles for 16 h. The reaction mixture was 

subsequently cooled to room temperature, extracted into ethyl acetate (20 mL). Organic phase 

was washed with water (3x10 mL), brine (15 mL), dried over Na2SO4 and evaporated in vacuo. 

The crude product was purified by column chromatography on silica gel using PE/EtOAc 

(80/20) as the elution mixture to yield compound 61 (0.491 g, 84%). 

1-(thiophen-2-yl)-2-(thiophen-3-yl)ethane-1,2-dione 

 

Rf = 0.4 (PE/EtOAc 70/30) 

1H NMR (CDCl3, 500 MHz): δ 8.49–8.42 (m, 1H), 7.98 (d, J = 3.8 Hz, 1H), 7.81 (d, J = 4.9 Hz, 

1H), 7.68 (d, J = 5.1 Hz, 1H), 7.32 (dd, J = 5.0, 3.0 Hz, 1H), 7.20 (t, J = 4.4 Hz, 1H). 

13C NMR (CDCl3, 126 MHz): δ 184.4, 184.0, 139.3, 138.1, 137.3, 137.1, 136.4, 129.1, 127.1, 

125.1. 

M.P.: 73–74 °C. 

3.4.7 Synthesis of 1,2-diphenylethane-1,2-dione dioxime (68) 
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The dioxime 68 was prepared using a modified literature protocol.278 The mixture of benzil 

60 (10.0 g, 47.6 mmol) hydroxylamine hydrochloride (33.1 g, 476 mmol) in pyridine (60 mL) 

and absolute ethanol (230 mL) was heated to reflux under Ar atmosphere for 4 days. Hot 

reaction mixture was filtered and the filtrate was evaporated in vacuo. The residue was mixed 

with water (150 mL) and 35% HCl (40 mL) and carefully stirred. The suspension was filtered 

and the resulting solid fraction was washed with water (5x100 mL) and dried under high 

vacuum to yield dioxime 68 as white solid (11.0 g, 96%). 

1,2-diphenylethane-1,2-dione dioxime 

 

1H NMR (DMSO-d6, 500 MHz): δ 11.44 (s, 2H), 7.54–7.32 (m, 10H).  

3.4.8 Synthesis of 1,2-diphenylethane-1,2-diamine (69) 

 

The synthesis of diamine 69 was performed according to a modified literature procedure.279 

Sodium borohydride (2.83 g, 74.9 mmol) was suspended with DME (160 mL) in a dry 3-neck 

flask under Ar atmosphere. The mixture was cooled to –10 °C and titanium (IV) chloride 

(4.1 mL, 37 mmol) was carefully added. After that mixture had been stirred at –10 °C for 

30 min, the solution of dioxime 60 (2.00 g, 8.32 mmol) in DME (60 mL) was added dropwise 

during 60 min. The mixture was stirred at room temperature for 46 h. The reaction was 

quenched by the addition of 15% NaOH (150 mL). The mixture was extracted with chloroform 

(3x150 mL) and the organic phase was dried over sodium sulphate, treated with activated 

charcoal, filtered over Celite and concentrated to volume of 15 mL. Such residue was treated 

with ethanolic HCl. Resulting hydrochloride was filtered, dissolved in water (50 mL) and the 

solution was alkalized with 10% NaOH to pH ~ 11. The mixture was extracted with diethylether 

(4x50 mL). The etheric phase was dried over sodium sulphate, treated with activated charcoal, 

filtered over Celite and evaporated to yield crude diamine 69 (1.09 g). The crude 69 was 
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recrystallized from the mixture of hexane/ethyl acetate (10/1 v/v) to yield diamine 69 as white 

crystals (0.70 g, 40%). 

1,2-diphenylethane-1,2-diamine 

 

1H NMR (DMSO-d6, 500 MHz): δ 7.28–7.16 (m, 10H), 3.90 (s, 2H). 

3.4.9 Synthesis of pyrene-4,5-dione (65) 

 

The literature procedure280 was adopted and modified. To a solution of pyrene 64 (6.00 g, 

29.2 mmol) in DCM (120 mL) and CH3CN (120 mL) were added NaIO4 (29.3 g, 137 mmol), 

H2O (144 mL) and the mixture was cooled to 5 °C in ice bath. There was added RuCl3.xH2O 

(0.090 g, 0.43 mmol). The dark brown suspension was let warm to room temperature and was 

stirred for 24 h. The RMX was poured into 300 ml of water and the flask was washed with 

50 mL of DCM. The mixture was filtered through Celite pad which was washed with 100 mL 

of DCM. Two layers were separated, aqueous phase was extracted with 3x100 ml of DCM and 

combined organic layers were washed with 3x400 ml of water, dried over Na2SO4, treated with 

activated charcoal and filtered through Celite pad, evaporated in vacuo to yield 4.89 g of dark 

orange solid. |The crude product was purified by recrystallization from 2-propanol to yield dark 

orange solid of pyrene-4,5-dione 65 (3.35 g, 49%) after drying under high vacuum.  
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Pyrene-4,5-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 8.38 (dd, J = 8.1, 1.1 Hz, 2H), 8.35 (dd, J = 7.9, 1.2 Hz, 

2H), 8.06 (s, 2H), 7.87 (t, J = 7.9 Hz, 2H).  

M.P.: 295–298 °C (lit. 302–304 °C).280 

3.4.10 Synthesis of pyrene-4,5-dioxime (70) 

 

Pyrene-4,5-dioxime 70 was synthesized according to literature protocol.281 A mixture of 

pyrene-4,5-dione 65 (2.05 g, 8.87 mmol), NH2OH.HCl (4.00 g, 47.0 mmol) and BaCO3 (4.80 g, 

24.3 mmol) in 200 mL of absolute ethanol was stirred and refluxed under Ar atmosphere for 

36 h. Reaction mixture was evaporated in vacuo. The solid residue was dispersed in 300 mL of 

0.2M HCl and vigorously stirred for 1 h. The suspension was filtered and the solid fraction was 

washed with 30 mL of water, 30 mL of cold ethanol and dried under high vacuum to yield 

yellow-green solid of pyrene-4,5-dioxime 70 (1.51 g, 64%). The pyrene-4,5-dioxime 70 was 

used for the preparation of pyrene-4,5-diamine 71 without purification. 

Pyrene-4,5-dioxime 
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3.4.11 Synthesis of pyrene-4,5-diamine (71) 

 

After two vacuum/H2 cycles to replace air inside the reaction tube with hydrogen, the mixture 

of pyrene-4,5-dioxime 70 (1.40 g, 5.34 mmol) and 10 wt % Pd/C (0.568 g, 0.534 mmol) in 

25 mL of methanol was vigorously stirred at 45 °C under 1 atm of hydrogen for 15 h. The 

reaction mixture was filtered over Celite and the filtrate was evaporated to dryness. The residue 

was adsorbed to silica gel and purified by column chromatography (petroleum 

ether/dichloromethane 50/50) to yield pyrene-4,5-diamine 71 as brick red solid (0.775 g, 63%) 

Pyrene-4,5-diamine  

 

Rf = 0.35 (PE/DCM 50/50) 

1H NMR (DMSO-d6, 500 MHz): δ 8.40–8.32 (m, 4H), 8.05 (s, 2H), 7.86 (t, J = 7.7 Hz, 2H), 

5.19 (br s, 4H). 

3.5 Synthesis of 2,3-diaminophenazine (75) 

 

2,3-diaminophenazine 75 was synthesized according to modified literature protocol.282 

o-phenylenediamine 74 (2.50 g, 23.1 mmol) was mixed with 118 mL of water and 4 mL of 35% 

HCl and the mixture was vigorously stirred at room temperature until the diamine was 

dissolved. FeCl3 (22.5 g, 139 mmol) was sonicated in 40 mL of water and resulting mixture was 

filtered over filtration paper. Such obtained solution was dropwise added to the preceding 
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mixture during 2 min. The mixture was stirred at room temperature for 16 h. The reaction 

mixture was filtered and the solid fraction was washed with 250 mL of cold 0.3M HCl. The 

solid was dissolved in 110 mL of boiling water and the solution was alkalized by 40% KOH 

until precipitate ceased to appear. Resulting suspension was filtered and the precipitate was 

washed with 30 mL of water and dried under high vacuum. The crude product was purified by 

vacuum sublimation to yield orange crystalline 2,3-diaminophenazine 75 (0.70 g, 29%).  

2,3-diaminophenazine 

 

1H NMR (DMSO-d6, 500 MHz): δ 7.88 (dd, J = 6.6, 3.6 Hz, 2H), 7.54 (dd, J = 6.6, 3.6 Hz, 

2H),), 6.91 (s, 2H), 6.21 (s, 4H). 

3.5.1 Synthesis of phenanthroline-5,6-dione (63) 

 

1,10-phenanthroline 62 (4.0 g, 22.0 mmol, 1.0 eq.) and KBr (4.1 g, 34.4 mmol, 1.6 eq.) were 

combined in a flask, and subsequently ice-cooled mixture of H2SO4 (40 mL) and HNO3 (20 mL) 

was slowly added. The mixture was heated to reflux for 3 h and then poured into 500 mL of 

ice. The yellow aqueous solution was slowly neutralized with NaOH to pH ~ 6–7, extracted 

with CHCl3 (3x100 mL). Organic phase was dried over Na2SO4 and evaporated in vacuo. The 

crude product was recrystallized from ethanol to provide 63 as pale yellow crystals (1.65 g, 

35%).  
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Phenanthroline-5,6-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 9.01 (dd, J = 4.8, 1.6 Hz, 2H), 8.40 (dd, J = 7.6, 1.6 Hz, 

2H), 7.69 (dd, J = 7.6, 4.8 Hz, 2H). 

M.P.: 259–260 °C (lit. 263–264 °C).283 

3.5.2 Synthesis of 1,10-phenanthroline-5,6-dione dioxime (72) 

 

Phenanthroline-5,6-dione 63 (2.90 g, 13.8 mmol, 1.0 eq.) was dissolved in absolute ethanol 

(150 mL). Subsequently, BaCO3 (4.08 g, 20.7 mmol, 1.5 eq.) and hydroxylamine hydrochloride 

(3.36 g, 48.3 mmol, 3.5 eq.) were added. The reaction mixture was heated to reflux for 16 h, 

evaporated in vacuo and the residue was sonicated in water (100 mL). The resulting suspension 

was filtered (sinter S3) and the solid fraction was washed with THF (40 mL) and dried under 

high vacuum to yield 72 as bright yellow solid (3.11 g, 92%). The product was used without 

further purification. 

1,10-phenanthroline-5,6-dione dioxime 

 

M.P.: 240–244 °C (lit. ~ 238 °C decomp.)284 
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3.5.3 Synthesis of 1,10-phenanthroline-5,6-diamine (73) 

 

1,10-phenanthroline-5,6-dioxime 72 (0.77 g, 3.20 mmol, 1.0 eq.) was dispersed in absolute 

ethanol (120 mL) and Pd/C (5 wt% basis, 0.91 g, 0.43 mmol, 0.13 eq.) was added. After purging 

with argon, the mixture was heated to reflux for 1 h. A mixture of ethanol (30 mL) and 

hydrazine hydrate (4.3 mL, 87.9 mmol, 27.5 eq.) was added dropwise over 3 h and the reaction 

mixture was subsequently refluxed for 21 h. The hot mixture was then filtered through Celite 

which was then washed with boiling ethanol (3x15 mL). The filtrate was concentrated in vacuo 

and the resulting solid was triturated with water (150 mL) and left overnight in the fridge. The 

suspension was then filtered and the solid washed with water (2x20 mL), dichloromethane 

(10 mL), hexane (10 mL), and dried in vacuo to provide 73 as yellow solid (0.29 g, 43%). 

1,10-phenanthroline-5,6-diamine 

 

1H NMR (DMSO-d6, 500 MHz): δ 8.78 (dd, J = 3.9, 1.5 Hz, 2H), 8.48 (dd, J = 8.4, 1.5 Hz, 

2H), 7.61 (dd, J = 8.4, 4.2 Hz, 2H), 5.20 (br s, 4H). 

3.5.4 Synthesis of 3,4-diaminothiophene (77) 

 

The 3,4-diaminothiophene 77 was synthesized according to the reported procedure.285 

Compound 76 (3.72 g, 11.21 mmol, 1.0 eq.) was dispersed in 35% HCl (47 mL) and the mixture 

was cooled in ice bath. Subsequently, 2–3 mm particles of tin (8.23 g, 69.33 mmol, 6.2 eq.) was 
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slowly added. The reaction mixture was stirred in ice bath for 26 h. The reaction mixture was 

filtered and the solid fraction was washed with acetonitrile (15 mL) and diethylether (20 mL). 

As obtained solid was dissolved in water (100 mL), alkalized by 0.1M KOH (aq.) to pH ~ 9 

and extracted with EtOAc (3x50 mL). Organic phase was dried over Na2SO4 and evaporated in 

vacuo to yield white crystalline powder of 77 (0.80 g, 63%). 

Thiophene-3,4-diamine 

 

1H NMR (DMSO-d6, 300 MHz): δ 6.20 (s, 2H), 3.39 (br s, 4H). 

M.P.: 95–96 °C (lit. 96–97 °C).285 

3.5.5 Synthesis alloxan monohydrate (78) 

 

To a solution of glacial acetic acid (81 mL, 1.41 mol, 9.2 eq.) and water (10 mL), chromium 

trioxide (15.6 g, 0.153 mol, 1.0 eq.) was added and the mixture was stirred at room temperature 

for 15 min. Subsequently, barbituric acid 119 (12.8 g, 0.153 mol, 1.0 eq.) was portionwise 

added during 25 min so that the temperature was kept at 45–50 °C. After completion of the 

addition, the reaction mixture was stirred at 50 °C for another 30 min. The mixture was cooled 

to 5 °C in an ice bath and the resulting suspension was filtered off. The solid fraction was washe 

with cold glacial acetic acid (30 mL) and diethylether (30 mL) to yield crude alloxan 78. The 

crude product was recrystallized from water to yield alloxan 78 as white crystalline solid 

(10.6 g, 67%). 
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Alloxan 

 

M.P. (alloxan monohydrate): 251–252 °C (decomp.) (lit. 254 °C–decomp.)286 

3.5.6 Synthesis 5,6-diaminouracil hydrochloride (79) 

 

5,6-diaminouracil sulphate 79 was synthesized according to the literature protocol.287 To a 

solution of sodium ethoxide prepared by dissolving sodium (5.5 g, 0.24 mol, 2.0 eq.) in absolute 

ethanol (90 mL), powdered urea 118 (7.2 g, 120 mmol, 1.0 eq.) and ethyl cyanoacetate 117 

(13.6 g, 120 mmol, 1.0 eq.) were added. The mixture was heated under reflux for two hours and 

then filtered hot. Such obtained sodium salt of 6-aminouracile was washed with cold ethanol 

(15 mL) and air dried. It was then dissolved in water (120 mL) and subsequently ice (60 g) and 

sodium nitrite (9.6 g, 239 mmol, 2.0 eq.) were added. This mixture was dropped into a mixture 

of acetic acid (28 mL, 48 mmol, 0.4 eq.), water (30 mL) and ice (90 g). Concentrated ammonia 

was then added until the pH was adjusted to 9–10. Salt of 5-nitroso-6-aminouracil was formed 

and filtered off. The salt was suspended in hot water (300 mL), sodium hydrosulfite (48 g, 

276 mmol, 2.3 eq.) was added, and the mixture was heated to boiling under stirring to form 

yellow-brown precipitate of 5,6-diaminouracil sulphate 79. The mixture was cooled in ice bath 

and filtered off. To purify the crude product, it was dissolved in 6% sodium hydroxide (120 mL) 

and the clarified solution was poured into a boiling solution of 96% sulfuric acid (12 mL) in 

water (120 mL). After cooling in ice-bath, the suspension of 5,6-diaminouracil sulfate was 

filtered and the solid fraction was washed with water and dried under vacuum at 110 °C to yield 

79 as greyish solid (15.6 g, 57%). 
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5,6-diaminouracil sulfate 

 

M.P.: > 340 °C (lit. > 330 °C).287 

Elemental analysis: calcd (%) for C8H14N8O8S: C 25.13, H 3.69, N 29.31, S 8.39; found: C 

25.01, H 3.83, N 29.19, S 8.25. 

3.5.7 Synthesis of triethyleneglycol monomethylether tosylate (121) 

 

Compound 121 was prepared according to a literature procedure.288 Triethylene glycol 

monomethyl ether (120, 11.72 g, 0.071 mol) was dissolved in THF (25 mL), and the solution 

was cooled to 0 °C. A 6 M aq NaOH (25 mL) solution was dropwise added over 15 min, 

followed by a careful addition of tosyl chloride (17 g, 0.09 mol) solution in THF (25 mL) over 

20 min. The reaction mixture was further stirred at 0 °C for 1 h, left to warm to room 

temperature and stirred for 90 min. The resulting solution was diluted with ether (170 mL) and 

1 M aq NaOH (60 mL). After the aqueous layer was separated, the organic phase was washed 

with water (30 mL), dried over anhydrous Na2SO4 and evaporated in vacuo to yield tosylate 

121 as a colorless liquid (22.0 g, 97%). 

2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 

 

1H NMR (CDCl3, 500 MHz): δ 7.82 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 4.20 (t, J = 

4.9 Hz, 2H), 3.69 (t, J = 4.9 Hz, 2H), 3.62–3.57 (m, 6H), 3.54 (m, 2H), 3.37 (s, 3H), 2.45 (s, 

3H).  

13C NMR (CDCl3, 126 MHz): δ 150.1, 133.1, 129.4, 128.2, 72.5, 70.8, 70.7, 70.6, 69.1, 68.5, 

58.5, 21.3. 
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3.5.8 Synthesis of N,N’-dibutylurea (82) 

 

Amine 80 (8.00 g, 109 mmol, 1.0 eq.) was dissolved in dry toluene (100 mL) under argon 

atmosphere. Carbonyldiimidazole 81 (9.10 g, 65.6 mmol, 0.6 eq.) was portionwise added during 

20 min. The reaction mixture was heated to 70 °C for 1 h. Afterwards, second portion of 81 

(1.72 g, 10.9 mmol, 0.1 eq.) was added and the mixture was heated to 70 °C for additional 70 h. 

The reaction mixture was cooled to room temperature, transferred to separatory funnel and 

washed with water (2x100 mL), 15% HCl (100 mL), water (100 mL), brine (100 mL), dried 

over MgSO4 and evaporated in vacuo. The oily residue was crystallized from acetone (20 mL) 

in the freezer to yield 82 as white crystalline solid (6.41 g, 68%). 

1,3-dibutylurea 

 

1H NMR (CDCl3, 500 MHz): δ 5.29 (s, 3H), 3.12 (t, J = 7.1 Hz, 4H), 1.50–1.38 (m, 4H), 1.37–

1.25 (m, 4H), 0.89 (t, J = 7.3 Hz, 6H). 

13C NMR (CDCl3, 126 MHz): δ 159.3, 40.3, 32.6, 20.2, 13.9. 

M.P.: 73–74 °C (lit. 72–73 °C).289  

3.5.9 Synthesis of N,N’- bis(adamantylethyl)urea (83) 

Amine 19 (0.898 g, 5.01 mmol, 1.0 eq.) was dissolved in dry chlorobenzene (4 mL) under argon 

atmosphere. Carbonyldiimidazole 81 (0.491 g, 3.01 mmol, 0.6 eq.) was added and the reaction 

mixture was heated to 70 °C for 1 h. Afterwards, second portion of 81 (0.082 g, 2.00 mmol, 

0.1 eq.) was added and the mixture was heated to 70 °C for additional 60 h. The reaction mixture 

was cooled to room temperature, was diluted with toluene (25 mL), transferred to separatory 
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funnel and washed with water (2x20 mL), 15% HCl (20 mL), water (20 mL), brine (20 mL), 

dried over MgSO4 and evaporated in vacuo. The residue was purified by silica gel column 

chromatography using DCM/EtOH (95/5) as the elution mixture to yield 83 as white crystalline 

solid (0.59 g, 66%). 

1,3-bis(2-(adamantan-1-yl)ethyl)urea 

 

Rf = 0.5 DCM/EtOH (95/5) 

1H NMR (CDCl3, 500 MHz): δ 4.13 (t, J = 5.3 Hz, 2H), 3.20–3.12 (m, 4H), 1.94 (s, 6H), 1.74–

1.58 (m, 14H), 1.54–1.48 (m, 12H), 1.30–1.23 (m, 4H). 

13C NMR (CDCl3, 126 MHz): δ 162.2, 47.6, 42.8, 41.5, 35.2, 31.9, 31.3, 27.5. 

Elemental analysis: calcd (%) for C25H40N2O: C 78.07, H 10.48, N 7.28; found: C 77.98, H 

10.55, N 7.22. 

3.5.10  Synthesis of N,N’-dibutylbarbituric acid (84) 

 

Compound 82 (2.00 g, 11.61 mmol, 1.0 eq.) was mixed with malonic acid (1.21 g, 11.61 mmol, 

1.0 eq.) and acetic anhydride (2.1 mL, 22.06 mmol, 1.9 eq.) in glacial acetic acid (3 mL). The 

mixture was heated to 70 °C for 26 h. Reaction mixture was neutralized with sat. NaHCO3 

(30 mL) and extracted to EtOAc (30 mL). Aqueous phase was extracted with EtOAc (2x30 mL). 

Organic phase was washed with water (2x30 mL), brine (30 mL), dried over Na2SO4 and 

evaporated in vacuo. The crude product was purified by filtration through silica pad using DCM 

as the eluent to yield 84 (2.65 g, 95%) as white crystalline solid. 
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1,3-dibutylpyrimidine-2,4,6(1H,3H,5H)-trione 

 

Rf = 0.5 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 3.91–3.82 (m, 4H), 3.65 (s, 2H), 1.66–1.54 (m, 4H), 1.43–1.29 

(m, 4H), 0.95 (t, J = 7.2 Hz, 6H). 

13C NMR (CDCl3, 126 MHz): δ 164.6, 151.3, 42.3, 41.2, 33.7, 21.9, 14.9. 

Elemental analysis: calcd (%) for C12H20N2O3: C 59.98, H 8.39, N 11.66; found: C 59.92, H 

8.48, N 11.61. 

3.5.11 Synthesis of N,N’-bis(adamantylethyl)barbituric acid (85) 

Compound 83 (0.180 g, 0.47 mmol, 1.0 eq.) was mixed with malonic acid (0.050 g, 0.47 mmol, 

1.0 eq.) and acetic anhydride (0.084 mL, 0.89 mmol, 1.9 eq.) in glacial acetic acid (0.6 mL) and 

chloroform (1.5 mL). The mixture was heated to 70 °C for 16 h. Reaction mixture was 

neutralized with sat. NaHCO3 (20 mL) and extracted to EtOAc (20 mL). Aqueous phase was 

extracted with EtOAc (2x15 mL). Organic phase was washed with water (2x20 mL), brine 

(20 mL), dried over Na2SO4 and evaporated in vacuo. The crude product was purified by silica 

gel column chromatography using PE/DCM (33/67) as the elution mixture to yield 85 (0.160 g, 

76%) as white crystalline solid. 

1,3-bis(2-(adamantan-1-yl)ethyl)pyrimidine-2,4,6(1H,3H,5H)-trione 
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Rf = 0.5 PE/DCM (33/67) 

1H NMR (CDCl3, 500 MHz): δ 3.91–3.86 (m, 4H), 3.61 (s, 2H), 2.00–1.94 (m, 6H), 1.75–1.61 

(m, 12H), 1.60–1.55 (m, 12H), 1.37–1.31 (m, 4H). 

13C NMR (CDCl3, 126 MHz): δ 164.6, 151.3, 42.3, 42.3, 41.7, 39.9, 37.7, 37.3, 37.2, 32.2, 

28.8, 28.7. 

Elemental analysis: calcd (%) for C28H40N2O3: C 74.30, H 8.91, N 6.19; found: C 74.36, H 

8.95, N 6.13. 

3.5.12 Synthesis of N,N’-dibutylalloxan (86) 

 

Compound 84 (1.23 g, 5.12 mmol, 1.0 eq.) was dissolved in a mixture of dioxane (8 mL) and 

water (0.2 mL) while stirring at room temperature. Selenium dioxide (0.68 g, 6.14 mmol, 

1.2 eq.) was added and the mixture was heated to 80 °C for 16 h. Afterwards, the reaction 

mixture was concentrated in vacuo and extracted between DCM (50 mL) and water (30 mL). 

Aqueous phase was extracted with DCM (2x10 mL). Organic phase was washed with water 

(2x30 mL), brine (20 mL), dried over Na2SO4 and evaporated in vacuo. The crude product was 

purified by silica gel column chromatography using gradient elution by mixture of 

DCM/acetone (100/0  80/20  60/40) to yield alloxan 86 (0.80 g, 61%). 

1,3-dibutyl-5,5-dihydroxypyrimidine-2,4,6(1H,3H,5H)-trione 

 

Rf = 0.3 (DCM/acetone 80/20) 

1H NMR (CDCl3, 500 MHz): δ 7.58 (s, 2H), 3.93–3.84 (m, 4H), 1.69–1.58 (m, 4H), 1.48–1.33 

(m, 4H), 1.06 (t, J = 7.4 Hz, 6H). 

13C NMR (CDCl3, 126 MHz): δ 170.7, 151.9, 86.2, 41.8, 34.5, 22.8, 16.8. 
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Elemental analysis: calcd (%) for C12H20N2O5: C 52.93, H 7.40, N 10.29; found: C 52.86, H 

8.91, N 6.18. 

3.5.13 Synthesis of N,N’-bis(adamantylethyl)alloxan (87) 

 

Compound 85 (0.420 g, 0.93 mmol, 1.0 eq.) was dissolved in a mixture of dioxane (16 mL) and 

water (0.4 mL) while stirring at room temperature. Selenium dioxide (0.154 g, 1.39 mmol, 

1.5 eq.) was added and the mixture was heated to 90 °C for 16 h. Afterwards, the reaction 

mixture was concentrated in vacuo and extracted between DCM (75 mL) and water (45 mL). 

Aqueous phase was extracted with DCM (2x15 mL). Organic phase was washed with water 

(2x45 mL), brine (30 mL), dried over Na2SO4 and evaporated in vacuo. The crude product was 

purified by silica gel column chromatography using gradient elution by mixture of PE/DCM 

(50/50  25/75  0/100) to yield alloxan 87 (0.273 g, 63%). 

1,3-bis(2-(adamantan-1-yl)ethyl)-5,5-dihydroxypyrimidine-2,4,6(1H,3H,5H)-trione 

 

Rf = 0.4 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 7.42 (s, 2H), 3.95–3.87 (m, 4H), 2.08–1.99 (m, 6H), 1.80–1.64 

(m, 12H), 1.62–1.56 (m, 12H), 1.39–1.32 (m, 4H). 

13C NMR (CDCl3, 126 MHz): δ 173.7, 155.6, 88.3, 46.7, 44.5, 42.3, 36.1, 32.5, 31.9, 28.9. 

Elemental analysis: calcd (%) for C28H40N2O5: C 69.39, H 8.32, N 5.78; found: C 69.35, H 

8.26, N 5.72. 
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3.5.14 Synthesis of the fused unalkylated flavins 95-102 by Approach A 

3.5.14.1 General procedure for the synthesis 

The corresponding diamine (1.5 mmol, 1.0 eq.) was mixed with alloxan monohydrate (0.21 g, 

1.5 mmol, 1.0 eq.) and boric acid (0.092 g, 1.5 mmol, 1.0 eq.) in glacial acetic acid (10 mL). 

The mixture was stirred under an Ar atmosphere at 60 °C for 15 h. The reaction mixture 

gradually turned into a suspension. The solid fraction was collected by filtration, washed with 

acetic acid (20 mL) and diethyl ether (20 mL). The crude product was purified by boiling in 

methanol, cooling and filtration. Pre-purified flavin derivative was further subjected to vacuum 

sublimation to yield the final target compound. 

 

Scheme 10: General approach to synthesize NH-free flavins. 

3.5.14.2 Synthesis of benzo[g]pteridine-2,4(1H,3H)-dione (95) 

Compound 95 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 82 (0.500 g, 4.62 mmol) with alloxan monohydrate 78 (0.741 g, 4.62 mmol) and boric 

acid (0.291 g, 4.62 mmol) provided compound 95 as a light green solid (yield 0.56 g, 86%).  

Benzo[g]pteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 11.92 (s, 1H), 11.73 (s, 1H), 8.17 (d, J = 4.8 Hz, 1H), 7.96–

7.91 (m, 2H), 7.81–7.73 (m, 1H). 

Elemental analysis: calcd (%) for C10H6N4O2: C 56.08, H 2.82, N 26.16; found: C 56.04, H 

2.85, N 26.12. 

M.P: > 330 °C (lit. > 400 °C).290 
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3.5.14.3 Synthesis of naphtho[2,3-g]pteridine-2,4(1H,3H)-dione (96) 

Compound 96 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 83 (0.402 g, 2.53 mmol) with alloxan monohydrate 78 (0.402 g, 2.53 mmol) and boric 

acid (0.159 g, 2.53 mmol) provided compound 2 as a red solid (yield 0.517 g, 73%).  

Naphtho[2,3-g]pteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 11.93 (s, 1H), 11.73 (s, 1H), 8.90 (s, 1H), 8.52 (s, 1H), 8.26 

(d, J = 4.8 Hz, 1H), 8.19 (d, J = 4.8 Hz, 1H), 7.70–7.65 (m, 1H), 7.63–7.58 (m, 1H). 

Elemental analysis: calcd (%) for C14H8N4O2: C 63.64, H 3.05, N 21.20; found: C 63.61, H 

2.99, N 21.25. 

M.P: > 330 °C (lit. 385 °C at 0.001 torr, decomp.)291 

3.5.14.4 Synthesis of 8,9-Difluoronaphtho[2,3-g]pteridine-2,4(1H,3H)-dione (97) 

Compound 97 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 84 (0.499 g, 3.47 mmol) with alloxan monohydrate (0.561 g, 3.47 mmol) and boric 

acid (0.211 g, 3.47 mmol) provided compound 97 as a light purple solid (yield 0.504 g, 58%). 

8,9-Difluoronaphtho[2,3-g]pteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.01 (s, 1H), 11.78 (s, 1H), 8.29 (dd, J = 10.9, 8.6 Hz, 

1H), 8.00 (dd, J = 11.4, 8.2 Hz, 1H). 

Elemental analysis: calcd (%) for C10H4F2N4O2: C 48.01, H 1.61, N 22.04; found: C 48.07, H 

1.68, N 22.09. 

M.P: 310–311 °C (lit. 310–312 °C).292 
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3.5.14.5 Synthesis of 2,4-dioxo-1,2,3,4-tetrahydropteridine-6,7-dicarbonitrile (98) 

Compound 98 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 85 (0.500 g, 4.63 mmol) with alloxan monohydrate (0.740 g, 4.63 mmol) and boric 

acid (0.291 g, 4.63 mmol) provided compound 98 as a light grey solid (yield 0.319 g, 32%).  

2,4-dioxo-1,2,3,4-tetrahydropteridine-6,7-dicarbonitrile 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.87 (br s, 1H), 12.17 (s, 1H). 

13C NMR (DMSO-d6, 126 MHz): δ 158.55, 149.98, 149.35, 134.72, 131.41, 125.39, 114.09, 

113.55. 

Elemental analysis: calcd (%) for C8H2N6O2: C 44.87, H 0.94, N 39.25; found: C 48.84, H 

1.02, N 39.21. 

M.P: > 330 °C. 

3.5.14.6 Synthesis of pyreno[4,5-g]pteridine-11,13(10H,12H)-dione (99) 

Compound 99 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 86 (0.270 g, 1.16 mmol) with alloxan monohydrate (0.186 g, 1.16 mmol) and boric 

acid (0.072 g, 1.16 mmol) provided compound 99 as a yellow solid (yield 0.293 g, 75%).  

Pyreno[4,5-g]pteridine-11,13(10H,12H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.19 (s, 1H), 11.82 (s, 1H), 9.22–9.14 (m, 2H), 8.48 (d, J 

= 7.5 Hz, 1H), 8.39 (d, J = 7.5 Hz, 1H), 8.26–8.12 (m, 4H). 

Elemental analysis: calcd (%) for C20H10N4O2: C 71.00, H 2.98, N 16.50; found: C 71.08, H 

2.95, N 16.44. 
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M.P: > 330 °C. 

3.5.14.7 Synthesis of pteridino[6,7-b]phenazine-2,4(1H,3H)-dione (100) 

Compound 100 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 87 (0.101 g, 0.480 mmol) with alloxan monohydrate (0.077 g, 0.480 mmol) and boric 

acid (0.030 g, 0.480 mmol) provided compound 100 as a dark purple solid (yield 0.080 g, 57%).  

Pteridino[6,7-b]phenazine-2,4(1H,3H)-dione 

 

Elemental analysis: calcd (%) for C16H8N6O2: C 60.76, H 2.55, N 26.57; found: C 60.74, H 

2.52, N 26.50. 

M.P: > 330 °C. 

3.5.14.8 Synthesis of pteridino[6,7-f][1,10]phenanthroline-11,13(10H,12H)-dione (101) 

Compound 101 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 88 (0.500 g, 1.58 mmol) with alloxan monohydrate (0.253 g, 1.58 mmol) and boric 

acid (0.098 g, 1.58 mmol) provided compound 101 as a brownish-green solid after boiling in 

methanol, cooling and filtering (yield 0.231 g, 46%).  

Pteridino[6,7-f][1,10]phenanthroline-11,13(10H,12H)-dione 

 

1H NMR (DMSO-d6, 300 MHz): δ 10.32 (br s, 2H), 9.34 (d, J = 8.0 Hz, 1H), 9.26 

(d, J = 8.5 Hz, 1H), 9.17 (d, J = 8.0 Hz, 1H), 9.05 (d, J = 8.0 Hz, 1H), 7.82 (t, J = 7.5 Hz, 1H), 

7.75 (t, J = 7.5 Hz, 1H). 

Elemental analysis: calcd (%) for C16H8N6O2: C 60.76, H 2.55, N 26.57; found: C 60.59, H 

2.62, N 26.68. 



114 

 

M.P.: > 330 °C 

3.5.14.9 Synthesis of thieno[3,4-g]pteridine-2,4(1H,3H)-dione (102) 

Compound 102 was synthesized according to the General Procedure, Approach A. Reaction of 

diamine 89 (0.750 g, 6.57 mmol) with alloxan monohydrate (1.052 g, 6.57 mmol) and boric 

acid (0.408 g, 6.57 mmol) provided compound 102 as a grey solid after boiling in 2-propanol, 

cooling and filtering (yield 1.16 g, 80%). 

Thieno[3,4-g]pteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 300 MHz): δ 11.33 (s, 2H, NH), 6.46 (s, 1H, Ar), 5.84 (s, 1H, Ar). 

Elemental analysis: calcd (%) for C8H4N4O2S: C 43.64, H 1.83, N 25.44, S 14.56; found: C 

43.70, H 1.78, N 25.33, S 14.62. 

M.P.: > 330 °C. 

3.5.15 Synthesis of the unalkylated fused flavins 81, 103–106 by Approach B 

3.5.15.1 General procedure for the synthesis 

5,6-Diaminouracil sulphate (1.31 mmol, 1.0 eq.) was suspended in water (35 mL). The mixture 

was made alkaline using a methanolic solution of NaOH (0.65M, 3.0 eq.) and heated to 90 °C 

for 15 min. A solution of diketone (1.96 mmol, 1.5 eq.) in a mixture of THF (40 mL) and water 

(15 mL) was added and the mixture was stirred at 90 °C for 45 min. The reaction mixture was 

acidified glacial acetic acid (15 mL) and heated at 90 °C for another 20 h. The reaction mixture 

was subsequently concentrated to approximately 1/3 of the volume, cooled in the freezer and 

the as-obtained suspension was filtered and the solid fraction was washed with cold water 

(30 mL) and cold ethanol (20 mL) to yield the crude flavin derivative. The crude product was 

purified by boiling in methanol, cooling and filtration. The pre-purified flavin derivative was 

further subjected to vacuum sublimation to yield the final target compound. 
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3.5.15.2 Synthesis of phenanthro[9,10-g]pteridine-11,13(10H,12H)-dione (103) 

Compound 103 was synthesized according to the General Procedure, Approach B. Reaction of 

diketone 90 (0.817 g, 3.92 mmol) with 5,6-diaminouracil sulphate (1.00 g, 2.62 mmol) provided 

compound 103 as a yellow solid (yield 0.304 g, 37%).  

Phenanthro[9,10-g]pteridine-11,13(10H,12H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.21 (s, 1H), 11.84 (s, 1H), 9.09–8.99 (m, 2H), 8.91–8.81 

(m, 2H), 7.98–7.90 (m, 1H), 7.89–7.80 (m, 3H). 

Elemental analysis: calcd (%) for C8H2N6O2: C 68.79, H 3.21, N 17.83; found: C 68.66, H 

3.11, N 17.75. 

M.P.: > 330 °C. 

3.5.15.3 Synthesis of 6,7-diphenylpteridine-2,4(1H,3H)-dione (81) 

Compound 81 was synthesized according to the General Procedure, Approach B. Reaction of 

diketone 66 (0.577 g, 2.75 mmol) with 5,6-diaminouracil sulphate (0.700 g, 1.83 mmol) 

provided compound 81 as a bright grey solid (yield 0.262 g, 30%).  

6,7-Diphenylpteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.06 (s, 1H), 11.73 (s, 1H), 7.44–7.29 (m, 10H). 

Elemental analysis: calcd (%) for C18H12N4O2: C 68.35, H 3.82, N 17.71; found: C 68.24, H 

3.74, N 17.62. 

M.P.: 321–323 °C (lit. 320–325 °C).293 
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3.5.15.4 Synthesis of 6,7-di(pyridin-2-yl)pteridine-2,4(1H,3H)-dione (104) 

Compound 104 was synthesized according to the General Procedure, Approach B. Reaction of 

diketone 92 (0.416 g, 1.96 mmol) with 5,6-diaminouracil sulphate (0.500 g, 1.31 mmol) 

provided compound 104 as a bright beige solid (yield 0.105 g, 25%).  

6,7-Di(pyridin-2-yl)pteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.11 (s, 1H), 11.73 (s, 1H), 8.31 (d, J = 4.5 Hz, 1H), 8.24 

(d, J = 4.5 Hz, 1H), 7.92 (tdd, J = 7.6, 4.2, 1.7 Hz, 2H), 7.79 (dd, J = 14.5, 7.8 Hz, 2H), 7.38 

(ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 7.31 (ddd, J = 7.4, 4.8, 1.2 Hz, 1H). 

Elemental analysis: calcd (%) for C16H10N6O2: C 60.38, H 3.17, N 24.40; found: C 60.29, H 

3.08, N 24.48. 

M.P.: 277–288 °C. 

3.5.15.5 Synthesis of 6,7-Di(furan-2-yl)pteridine-2,4(1H,3H)-dione (105) 

Compound 105 was synthesized according to the General Procedure, Approach B. Reaction of 

diketone 93 (0.373 g, 1.96 mmol) with 5,6-diaminouracil sulphate (0.500 g, 1.31 mmol) 

provided compound 105 as a yellow solid (yield 0.168 g, 43%). Purification of the crude 

product also involved flash column chromatography with gradient elution (EtOAc → 

EtOAc/MeOH 50/50 → MeOH) followed by vacuum sublimation.  

6,7-Di(furan-2-yl)pteridine-2,4(1H,3H)-dione 

 

1H NMR (DMSO-d6, 500 MHz): δ 12.05 (s, 1H), 11.65 (s, 1H), 7.95 (d, J = 1.0 Hz, 1H), 7.85 

(d, J = 1.0 Hz, 1H), 6.78–6.75 (m, 1H), 6.72–6.68 (m, 2H), 6.55 (d, J = 3.1 Hz, 1H). 
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Elemental analysis: calcd (%) for C14H8N4O4: C 56.76, H 2.72, N 18.91; found: C 56.69, H 

2.99, N 19.01. 

M.P.: 285–286 °C (lit. 285–287 °C).294 

3.5.15.6 Synthesis of 6,7-di(thiophen-2-yl)pteridine-2,4(1H,3H)-dione (106) 

Compound 106 was synthesized according to the General Procedure, Approach B. Reaction of 

diketone 94 (0.654 g, 2.94 mmol) with 5,6-diaminouracil sulphate (0.750 g, 1.96 mmol) 

provided compound 106 as a yellow solid (yield 0.264 g, 40%). 

6,7-Di(thiophen-2-yl)pteridine-2,4(1H,3H)-dione  

 

1H NMR (DMSO-d6, 500 MHz): δ 12.02 (s, 1H), 11.69 (s, 1H), 7.84 (d, J = 4.9 Hz, 1H), 7.79 

(d, J = 4.9 Hz, 1H), 7.22 (d, J = 3.5 Hz, 1H), 7.18–7.07 (m, 3H). 

Elemental analysis: calcd (%) for C14H8N4O2S2: C 51.21, H 2.46, N 17.06, S 19.53; found: C 

51.27, H 2.51, N 17.01, S 19.61. 

M.P.: > 330 °C (lit. 355–357 °C).294 

3.5.16 Synthesis of N,N’-alkylated flavins 

3.5.16.1 General procedure for the synthesis of N,N‘-dialkylated flavins 

Unalkylated flavin (1.60 mmol, 1.0 eq.) was dispersed in anhydrous DMF (25 mL) under argon 

atmosphere. Subsqeuently, potassium carbonate or caesium carbonate (6.40 mmol, 4.0 eq.) and 

corresponding alkylbromide or alkyltosylate (6.40 mmol, 4.0 eq.) were added and the mixture 

was heated to 60 °C for 16 h. Afterwards, the reaction mixture was cooled to room temperature 

and poured to water (250 mL). The suspension was sonicated for 30 min and filtered. The 

resulting solid was washed with cold methanol (20 mL) and dried under reduced pressure. The 

crude product was adsorbed to silica gel and purified by silica gel column chromatography and 

subsequent boiling of the solid in alcohol to yield target molecules. 
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Scheme 11: General approach to synthesize N,N’-alkylated flavins by direct alkylation. 

3.5.16.2 Synthesis of 1,3-dibutylbenzo[g]pteridine-2,4(1H,3H)-dione (107) 

Compound 107 was prepared according to the General procedure starting with 95 (0.23 g, 

1.08 mmol, 1 eq.), K2CO3 (0.60 g, 4.32 mmol, 4 eq.) and 1-bromobutane (0.59 g, 4.32 mmol, 

4 eq.) providing flavin 107 as light green-white in yield 0.23 g (65%) after purification of the 

crude product by column chromatography using petroleum ether/ethyl acetate (80/20) as the 

elution mixture and subsequent boiling in ethanol, cooling and filtration. 

1,3-dibutylbenzo[g]pteridine-2,4(1H,3H)-dione 

 

Rf = 0.42 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 8.32 (dd, J = 8.6, 1.4 Hz, 1H), 8.02 (dd, J = 8.6, 1.4 Hz, 1H), 

7.88 (ddd, J = 8.6, 6.8, 1.4 Hz, 1H), 7.74 (ddd, J = 8.6, 6.8, 1.4 Hz, 1H), 4.50–4.40 (m, 2H), 

4.23–4.14 (m, 2H), 1.84–1.69 (m, 4H), 1.53–1.39 (m, 4H), 1.04–0.95 (m, 6H). 

13C NMR (CDCl3, 126 MHz): δ 13.9, 14.0, 20.3, 20.3, 29.8, 30.0, 42.6, 42.7, 128.0, 129.1, 

130.0, 130.9, 133.8, 140.2, 143.6, 145.3, 150.4, 159.7. 

Elemental analysis: calcd (%) for C18H22N4O2: C 66.24, H 6.79, N 17.17; found: C 66.22, H 

6.81 N 17.19. 

M.P: 135–137 °C. 
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3.5.16.3 Synthesis of 1,3-bis(2-(-adamantan-1-yl)ethyl)benzo[g]pteridine-2,4(1H,3H)-

dione (108) 

Compound 108 was prepared according to the General procedure starting with 95 (0.30 g, 

1.40 mmol, 1 eq.), Cs2CO3 (2.28 g, 7.00 mmol, 5 eq.) and 1-(2-bromoethyl)adamantane (1.70 g, 

7.00 mmol, 5 eq.) providing flavin 108 as light green-white in yield 0.35 g (47%) after 

purification of the crude product by column chromatography using petroleum ether/ethyl 

acetate (80/20) as the elution mixture and subsequent boiling in ethanol, cooling and filtration. 

1,3-bis(2-(-adamantan-1-yl)ethyl)benzo[g]pteridine-2,4(1H,3H)-dione 

 

Rf = 0.72 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 8.31 (dd, J = 8.5, 1.3 Hz, 1H), 8.01 (dd, J = 8.5, 1.3 Hz, 1H), 

7.89–7.85 (m, 1H), 7.77–7.70 (m, 1H), 4.57–4.40 (m, 2H), 4.24–4.17 (m, 2H), 2.05–1.97 (m, 

6H), 1.62–1.80 (m, 24H), 1.80 (m, 24H), 1.58–1.44 (m, 4H). 

Elemental analysis: calcd (%) for C34H42N4O2: C 75.80, H 7.86, N 10.40; found: C 75.82, H 

7.84, N 10.42. 

M.P: 251–252 °C. 

3.5.16.4 Synthesis of 1,3-dibutylnaphtho[2,3-g]pteridine-2,4(1H,3H)-dione (109) 

Compound 109 was prepared according to the General procedure starting with 96 (0.23 g, 

1.42 mmol, 1 eq.), K2CO3 (0.98 g, 7.11 mmol, 5 eq.) and 1-bromobutane (0.98 g, 7.11 mmol, 

5 eq.) providing flavin 109 as bright red solid in yield 0.15 g (28%) after purification of the 

crude product by column chromatography using dichloromethane as the eluent and subsequent 

boiling in ethanol, cooling and filtration. 
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1,3-dibutylnaphtho[2,3-g]pteridine-2,4(1H,3H)-dione 

 

Rf = 0.43 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 8.93 (s, 1H), 8.52 (s, 1H), 8.11 (d, J = 8.1 Hz, 1H), 8.05 (d, 

J = 8.1 Hz, 1H), 7.61 (ddd, J = 8.1, 6.6, 1.3 Hz, 1H), 7.55 (ddd, J = 8.1, 6.6, 1.3 Hz, 1H), 4.50–

4.44 (m, 2H), 4.24–4.15 (m, 2H), 1.87–1.79 (m, 2H), 1.79–1.72 (m, 2H), 1.55–1.42 (m, 4H), 

1.04 (t, J = 7.4 Hz, 3H), 0.99 (t, J = 7.4 Hz, 3H). 

13C NMR (CDCl3, 126 MHz): 13.9, 14.0, 20.3, 20.3, 29.8, 30.1, 42.6, 42.8, 125.4, 126.7, 128.1, 

128.7, 129.3, 130.6, 131.7, 133.3, 136.5, 137.1, 138.9, 144.3, 150.3, 159.5. 

Elemental analysis: calcd (%) for C22H24N4O2: C 70.19, H 6.43, N 14.88; found: C 70.17, H 

6.41, N 14.91. 

M.P: 210–211 °C. 

3.5.16.5 Synthesis of 1,3-bis(2-(adamantan-1-yl)ethyl)naphtho[2,3-g]pteridine-

2,4(1H,3H)-dione (110) 

Compound 110 was prepared according to the General procedure starting with 96 (0.30 g, 

1.90 mmol, 1 eq.), K2CO3 (1.31 g, 9.48 mmol, 5 eq.) and 1-(2-bromoethyl)adamantane (2.31 g, 

9.48 mmol, 5 eq.) providing flavin 110 as yellowish solid in yield 0.35 g (31%) after purification 

of the crude product by column chromatography using dichloromethane as the eluent and 

subsequent boiling in ethanol, cooling and filtration. 
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1,3-bis(2-(adamantan-1-yl)ethyl)naphtho[2,3-g]pteridine-2,4(1H,3H)-dione 

 

Rf = 0.78 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 8.95 (s, 1H), 8.54 (s, 1H), 8.13 (d, J = 8.5 Hz, 1H), 8.09 (d, 

J = 8.5 Hz, 1H), 7.66–7.59 (m, 1H), 7.59–7.53 (m, 1H), 4.57–4.46 (m, 2H), 4.26–4.16 (m, 2H), 

2.05 (br s, 3H), 2.00 (br s, 3H), 1.82–1.64 (m, 24H), 1.61–1.56 (m, 2H), 1.54–1.47 (m, 2H). 

Elemental analysis: calcd (%) for C38H44N4O2: C 77.52, H 7.53, N 9.52; found: C 77.55, H 

7.51, N 9.50. 

M.P: 308–309 °C. 

3.5.16.6 Synthesis of 10,12-dibutylphenanthro[9,10-g]pteridine-11,13(10H,12H)-dione 

(111) 

Compound 111 was prepared according to the General procedure starting with 103 (0.25 g, 

0.80 mmol, 1 eq.), K2CO3 (0.55 g, 3.98 mmol, 5 eq.) and 1-bromobutane (0.55 g, 3.98 mmol, 

5 eq.) providing flavin 111 as yellow solid in yield 0.39 g (85%) after purification of the crude 

product by column chromatography using dichloromethane as the eluent and subsequent boiling 

in methanol, cooling and filtration. 

10,12-dibutylphenanthro[9,10-g]pteridine-11,13(10H,12H)-dione 
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Rf = 0.64 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 9.48 (dd, J = 7.7, 1.2 Hz, 1H), 9.21 (dd, J = 7.7, 1.2 Hz, 1H), 

8.34 (dd, J = 7.7, 1.2 Hz, 1H), 8.28 (dd, J = 7.7, 1.2 Hz, 1H), 8.13–8.01 (m, 4H), 4.59–4.54 (m, 

2H), 4.27–4.23 (m, 2H), 1.96–1.89 (m, 2H), 1.85–1.78 (m, 2H), 1.65–1.54 (m, 2H), 1.53–1.46 

(m, 2H), 1.08 (t, J = 7.4 Hz, 3H), 1.03 (t, J = 7.4 Hz, 3H). 

Elemental analysis: calcd (%) for C26H26N4O2: C 73.22, H 6.14, N 13.14; found: C 73.25, H 

6.17, N 13.11. 

M.P: 197–198 °C. 

3.5.16.7 Synthesis of 10,12-bis(2-(adamantan-1-yl)ethyl)phenanthro[9,10-g]pteridine-

11,13(10H,12H)-dione (112) 

Compound 112 was prepared according to the General procedure starting with 103 (0.24 g, 

0.75 mmol, 1 eq.), Cs2CO3 (1.23 g, 3.77 mmol, 5 eq.) and 1-(2-bromoethyl)adamantane (0.73 g, 

3.02 mmol, 4 eq.) providing flavin 112 as yellow solid in yield 0.11 g (23%) after purification 

of the crude product by column chromatography using gradient elution by mixture petroleum 

ether/dichloromethane (50/50  0/100) as the eluent and subsequent boiling in methanol, 

cooling and filtration. 

10,12-bis(2-(adamantan-1-yl)ethyl)phenanthro[9,10-g]pteridine-11,13(10H,12H)-dione 

 

Rf = 0.86 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 9.53 (d, J = 7.7 Hz, 1H), 9.32 (d, J = 7.7 Hz, 1H), 8.36 (d, 

J = 7.7 Hz, 1H), 8.30 (d, J = 7.7 Hz, 1H), 8.14–8.05 (m, 4H), 4.66–4.59 (m, 2H), 4.30–4.24 (m, 

2H), 2.09 (s, 3H), 2.02 (s, 3H), 1.84–1.62 (m, 24H), 1.60–1.50 (m, 4H). 
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Elemental analysis: calcd (%) for C42H48N4O2: C 78.71, H 7.55, N 8.74; found: C 78.73, H 

7.52, N 8.79. 

M.P: > 350 °C. 

3.5.16.8 Synthesis of 10,12-dibutyl-5a1,10-dihydropyreno[4,5-g]pteridine-

11,13(3a1H,12H)-dione (113) 

Compound 113 was prepared according to the General procedure starting with 99 (0.34 g, 

1.01 mmol, 1 eq.), K2CO3 (0.69 g, 5.02 mmol, 5 eq.) and 1-bromobutane (0.55 g, 4.02 mmol, 

4 eq.) providing flavin 113 as yellow-green solid in yield 0.18 g (41%) after purification of the 

crude product by column chromatography using gradient elution by mixture petroleum 

ether/dichloromethane (50/50  0/100) as the eluent and subsequent boiling in methanol, 

cooling and filtration. 

10,12-dibutyl-5a1,10-dihydropyreno[4,5-g]pteridine-11,13(3a1H,12H)-dione 

 

Rf = 0.45 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 9.30 (dd, J = 7.9, 1.4 Hz, 1H), 9.07 (dd, J = 8.2, 1.4 Hz, 1H), 

8.62 (d, J = 8.2 Hz, 1H), 8.58 (dd, J = 8.2, 1.4 Hz, 1H), 7.86 (ddd, J = 8.2, 7.0, 1.4 Hz, 1H), 

7.81–7.72 (m, 3H), 4.59–4.52 (m, 2H), 4.27–4.19 (m, 2H), 1.89 (p, 2H), 1.79 (p, 2H), 1.61–

1.44 (m, 4H), 1.06 (t, J = 7.4 Hz, 3H), 1.01 (t, J = 7.4 Hz, 3H). 

Elemental analysis: calcd (%) for C28H28N4O2: C 74.31, H 6.24, N 12.38; found: C 74.29, H 

6.21, N 12.35. 

M.P: 240–241 °C. 

3.5.16.9 Synthesis of 10,12-bis(2-(adamantan-1-yl)ethyl)-5a1,10-dihydropyreno[4,5-

g]pteridine-11,13(3a1H,12H)-dione (114) 

Compound 114 was prepared according to the General procedure starting with 99 (0.27 g, 

0.78 mmol, 1 eq.), Cs2CO3 (1.27 g, 3.92 mmol, 5 eq.) and 1-(2-bromoethyl)adamantane (0.95 g, 
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3.96 mmol, 5 eq.) providing flavin 114 as yellow-green solid in yield 0.29 g (55%) after 

purification of the crude product by column chromatography using gradient elution by mixture 

petroleum ether/dichloromethane (50/50  0/100) as the eluent and subsequent boiling in 

methanol, cooling and filtration. 

10,12-bis(2-(adamantan-1-yl)ethyl)-5a1,10-dihydropyreno[4,5-g]pteridine-

11,13(3a1H,12H)-dione 

 

Rf = 0.85 (DCM) 

1H NMR (CDCl3, 500 MHz): δ 9.28 (dd, J = 8.1, 1.6 Hz, 1H), 9.01 (dd, J = 8.1, 1.6 Hz, 1H), 

8.60 (d, J = 8.1 Hz, 1H), 8.56 (dd, J = 8.1, 1.6 Hz, 1H), 7.84 (ddd, J = 8.1, 7.0, 1.6 Hz, 1H), 

7.81–7.68 (m, 3H), 4.53–4.44 (m, 2H), 4.28–4.17 (m, 2H), 2.06 (t, J = 3.2 Hz, 3H), 2.02 (t, J = 

3.2 Hz, 3H), 1.82–1.66 (m, 24H), 1.62–1.51 (m, 4H). 

Elemental analysis: calcd (%) for C44H48N4O2: C 79.48, H 7.28, N 8.43; found: C 79.45, H 

7.29, N 8.45. 

M.P: > 350 °C. 

3.5.16.10 Synthesis of 12-((2-(2-ethoxyethoxy)ethoxy)methyl)-10-(2-(2-(2-

methoxyethoxy)ethoxy)ethyl)-5a1,10-dihydropyreno[4,5-g]pteridine-

11,13(3a1H,12H)-dione (115) 

Compound 115 was prepared according to the General procedure starting with 99 (0.35 g, 

1.04 mmol, 1 eq.), K2CO3 (0.72 g, 5.19 mmol, 5 eq.) and 2-(2-(2-methoxyethoxy)ethoxy)ethyl 

tosylate (1.65 g, 5.19 mmol, 5 eq.) providing flavin 115 as yellowish solid in yield 0.19 g (30%) 

after purification of the crude product by two cycles of column chromatography using gradient 

elution by mixture dichloromethane and methanol (100/0  96/4) as the eluent. 
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12-((2-(2-ethoxyethoxy)ethoxy)methyl)-10-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-5a1,10-

dihydropyreno[4,5-g]pteridine-11,13(3a1H,12H)-dione 

 

Rf = 0.21 (DCM/Acetone 75/25) 

1H NMR (CDCl3, 500 MHz): δ 9.47–9.33 (m, 1H), 9.16–9.03 (m, 1H), 8.31 (d, J = 7.6 Hz, 

1H), 8.26 (d, J = 7.6 Hz, 1H), 8.13–7.97 (m, 4H), 4.80–4.65 (m, 2H), 4.48 (t, J = 6.0 Hz, 2H), 

3.99–3.94 (m, 2H), 3.91 (t, J = 6.0 Hz, 1H), 3.78 (dd, J = 5.8, 3.9 Hz, 1H), 3.76–3.72 (m, 2H), 

3.68 (dd, J = 5.8, 3.9 Hz, 2H), 3.66–3.62 (m, 2H), 3.55 (dd, J = 5.8, 3.9 Hz, 2H), 3.53–3.50 (m, 

2H), 3.49–3.47 (m, 2H), 3.37–3.34 (m, 2H), 3.32 (s, 3H), 3.23 (s, 3H). 

Elemental analysis: calcd (%) for C34H38N4O8: C 64.75, H 6.07, N 8.88; found: C 64.78, H 

6.11, N 8.92. 

M.P: 85–86 °C. 
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4 RESULTS AND DISCUSSION 

4.1 SF5-substituted pyrrolidine building blocks 

4.1.1 Aims  

Despite the synthetic and technological viability of SF5-substituted aromates described in the 

introduction, there remains a less-investigated field of unsaturated nitrogen-bearing 

heterocyclic compounds, specifically pyrrolidines. Therefore, we focused on the development 

of synthetic methodologies to access various 3-SF5-substituted pyrrolidines serving as potential 

versatile building blocks for incorporation into advanced aromatic and heteroaromatic 

-conjugated systems as fluorinated terminal groups. The targeted 3-SF5-substituted 

pyrrolidines were envisaged to be incorporated either via the nitrogen atom of the side chain 

attached in position 4 or in position N1 of the pyrrolidine ring, providing two kinds of racemic 

3-SF5-substituted pyrrolidines (structures A and B in Figure 32). Consequently, two synthetic 

approaches were considered starting from E-isomers of SF5-allylic acetate and SF5-acrylic 

amides that were stepwise transformed to pyrrolidines A and B, respectively. 

 

Figure 32: General scheme of the target molecules (R = amino acid, heterocycle, etc.) 

4.1.2 Synthesis of pyrrolidines A with terminal amino group on the ring 

The targeted amines of the type A (Figure 32) were intended for the direct attachment of the 

pyrrolidine ring via the nitrogen atom to the advanced aromatic and heteroaromatic conjugated 

systems. The synthetic approach towards amines of type A, i.e. amine 8, is depicted on 

Figure 33. After initial protection of SF5-allylic alcohol 1, the acetate 2 undergoes a 

cycloaddition reaction to obtain SF5-pyrrolidine acetate 4. Subsequent deprotection of 4 

provides alcohol 5. The alkyl side chain is subsequently elongated by one carbon atom by 

transformation of alcohol 4 to nitrile 6 and its reduction to amine 8. The individual synthetic 

steps are discussed in the following subchapters. 
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Figure 33: Synthetic route towards amine 8. 

4.1.2.1 Synthesis of SF5-allylic acetate (2) 

Compound 2 was synthesized by the acetylation of 1 by acetyl chloride in milieu of pyridine 

(Scheme 12).295 The experiments are summarized in Table 1. 

 

Scheme 12: Synthesis of acetate 2. 

Table 1: Summary of syntheses of compound 2. 

Entry Eq. of AcCl Eq. of pyridine Time Yield 

1 1.1 1.1 4h30 76% 

2 1.1 1.1 3h15 63% 

3 1.1 1.1 3h20 43% 

4 1.2 1.2 4h 74% 

The acetate 2 represented a key intermediate for subsequent cycloaddition reactions and was 

isolated as volatile oily compound. Due to its relative instability on silica gel, rapid column 

chromatography on short silica gel columns (gradient elution using cyclohexane/EtOAc 90/10 

 80/20) provided the highest yields of acetate 2 (Table 1, Entries 2 and 4). 

4.1.2.2 Synthesis of SF5-substituted pyrrolidine acetate (4) 

The preparation of compound 2 allowed the synthesis of pyrrolidine 4 by the cycloaddition 

reaction of 2 with the azomethine ylide generated in situ from the precursor 3 catalyzed by TFA 

(Scheme 13).296 The performed experiments are summarized in Table 2. 

 

Scheme 13: Synthesis of pyrrolidine acetate 4. 
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Table 2: Summary of performed cycloaddition reactions to prepare acetate 4. The conversions 

were determined by 19F NMR. 

Entry Conditions Conversion Yield 

1 3 (2 eq.), TFA (0.2 eq.), DCM, 0–40 °C, 20 h 6% - 

2 3 (4 eq.), TFA (0.2 eq.), DCM, 0–40 °C, 4 days ~ 100% 62% 

3 3 (3 eq.), TFA (0.4 eq.), DCM  DCE, 0–80 °C, 66 h ~ 100% 22% 

4 3 (2+2+0.3 eq.), TFA (2x0.1 eq.), DCM, 0–45 °C, 62 h 94% 74% 

5 3 (2+2+1 eq.), TFA (3x0.1 eq.), DCM, 0–35 °C, 105 h 89% 63% 

6 3 (2+1+1 eq.), TFA (2x0.1 eq.), DCM, 0 °C–r.t., 92 h ~ 100% 80% 

7 3 (4 eq., distilled), TFA (0.2 eq.), DCE, 0–60 °C, 4 days 79% 14% 

8 3 (4 eq., commercial), TFA (0.2 eq.), DCE, 0–60 °C, 48 h ~ 100% 17% 

The reaction outcome was determined by several factors. Firstly, the yields of cycloaddition 

were shown to be higher when using purified acetate 2. Second, the quality of ylide precursor 

3 was a significant issue owing to its lower stability upon longer storage. Even though stored at 

0 °C in the inert atmosphere, i.e. one year old batch of 3 provided conversion of 2 only around 

6% (Entry 1) mostly due to the decomposed 3. In addition, even new batches of commercial 

ylide precursor 3 exhibited a certain degree of decomposition as observed by 1H NMR. To 

overcome the issue, purification of 3 by vacuum distillation was attempted. The distillation of 

~ 0.5 g of 3 on a Kugelrohr apparatus provided rather more impure 3, mostly due to thermal 

decomposition associated with insufficient vacuum. The conversions of the subsequent 

cycloaddition reactions were higher, and reaction times lower, when commercial ylide 

precursor 3 was employed (compare Entry 7 and 8). Moreover, the compound 2 belongs to 

rather deactivated dienophiles which is manifested by long reaction times (Entries 2, 4–6) and 

the necessity to use excess of 3 to obtain satisfactory conversion. Attempt to decrease the 

reaction time by increasing the temperature to 80 °C led to low yield most likely due to 

decomposition of 2 (Entry 3). The highest yields were obtained when progressive addition of 3 

and low reaction temperatures were employed (Entry 6).  

4.1.2.3 Synthesis of SF5-substituted pyrrolidine alcohol (5) 

For purposes of post-functionalization, the acetate 4 underwent deprotection to obtain alcohol 

5 (Scheme 14). The summary of performed reactions can be found in Table 3. 
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Scheme 14: Synthesis of pyrrolidine alcohol 5. 

Table 3: Summary of syntheses of alcohol 5. The conversions were determined by 19F NMR 

or estimated from TLC. 

Entry Conditions Conversion Yield 

1 KOH (2.2 eq.), H2O, 100 °C, 23 h ~ 95–100% (NMR) 62% 

2 KOH (2.2 eq.), H2O, 100 °C, 36 h 65% (NMR) 21% 

3 KOH (2.5 eq.), H2O, 100 °C, 19 h ~ 95–100% (NMR) 41% 

4 KOH (2.9 eq.), H2O, 45–110 °C, 35 h 62% (NMR) 20% 

5 K2CO3 (20 eq.), MeOH/CHCl3 3/1, r.t.–33 °C, 3h15 ~ 95–100% (NMR) 65% 

6 K2CO3 (20 eq.), MeOH/H2O 75/1, 45–80 °C, 4.5 h ~ 95–100% (TLC) 74% 

7 K2CO3 (20 eq.), MeOH/H2O 75/1, r.t., 18 h ~ 95–100% (TLC) 89% 

The deprotection of acetate 4 was exercised using two methodologies. Firstly, basic hydrolysis 

in the milieu of aqueous KOH was attempted.297 The outcome of hydrolysis of 4 by KOH/H2O 

was rather incoherent (Entries 1–4, Table 3) providing maximal yield of 62% (Entry 1). An 

attempt with increasing of the KOH concentration (Entry 4) did not provide satisfactory 

conversion and yielded significant amounts of non-isolated side products as evidenced by TLC. 

Thus, deprotection using potassium carbonate in methanol/chloroform and methanol/water 

mixtures was investigated (Entries 5–7),298 providing a high-yielding and mild deprotection 

methodology (Entry 7).  

The direct cycloaddition of alcohol 1 with ylide precursor 3 was also attempted but was not 

successful. The cycloaddition reaction was rapidly suppressed in favor of numerous side 

reactions as was observed by 19F NMR. 

4.1.2.4 Synthesis of SF5-substituted pyrrolidine nitrile (6) 

The preparation of 5 allowed for the subsequent transformation to nitrile 6. Two synthetic 

approaches were investigated. The first approach involved a Mitsunobu reaction 

(Scheme 15).299 Due to unsatisfactory results, an alternative two-step methodology employing 

classical nucleophilic substitution was successfully established.  
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Scheme 15: Synthesis of nitrile 6 via Mitsunobu reaction and via intermediary mesylate 7. 

Table 4: Summary of reactions to prepare nitrile 6 by Mitsunobu reaction. 

Entry Conditions Conversion Yield 

1 
PPh3 (4.1 eq.), DEAD (4.1 eq.), Me2C(OH)CN (1.4 

eq.), 23 h, 0 °C–r.t. 
N/A 

< 5% (traces of 

product in RMX) 

2 
PPh3 (2.5 eq.), DIAD (2.5 eq.), Me2C(OH)CN (1.7 

eq.), 23 h, 0 °C–r.t. 
N/A 

~ 55% (mixture, 

purity ~ 30%) 

3 
PPh3 (7.5 eq.), DIAD (7.5 eq.), Me2C(OH)CN (5.7 

eq.), 45 h, 0 °C–45 °C 
100% 

~ 95% (Purity 

only 50-60%) 

4 
Solid supported PPh3 (4 eq.), DIAD (4 eq.), 

Me2C(OH)CN (1.7 eq.), 87 h, r.t. 
5–10% - 

Firstly, conditions for the Mitsunobu reaction (Entry 1) were exercised.299 Acetone cyanohydrin 

was used as the source of cyano moiety due to its lower toxicity compared to inorganic cyanides. 

Reaction monitoring by TLC showed full conversion after 23 h. The product was isolated only 

as a mixture in less than 5% yield due to demanding purification involving three-step column 

chromatography. Subsequently, the DEAD was replaced by DIAD, the stoichiometric ratios of 

the reagents were diminished and the order of the addition was changed (Entry 2). The test 

reaction provided the product 6 in the mixture with (PPh3, DIAD hydrazide byproduct) with 

purity only around 30% as was determined by GC-MS. Due to unsatisfactory monitoring of 

conversion by TLC due to close Rf of 5 and 6, the reaction was repeated while monitoring the 

conversion by 19F NMR (Entry 3). Full conversion was achieved only when using a 

progressively added large excess of reagents, and was less influenced by heating from r. t. to 

45 °C. On the other hand, the large excess of reagents manifested itself by a difficult 

purification. Two-step column chromatography provided only a mixture of product with purity 

at most 60% by GC-MS. To partially overcome the problem, solid supported 

triphenylphosphine was used (Entry 4). The Mitsunobu reaction did not proceed satisfactorily 

most likely due to low quality of stored solid-state supported triphenylphosphine and the 

experiment was not repeated due to time constraints. 
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Due to problematic purification, an alternative synthetic approach was envisaged. It involved 

mesylation300 of alcohol 5 to the mesylate 7 and subsequent nucleophilic substitution yielding 

nitrile 6 (Scheme 15).301 

Table 5: Summary of reactions to prepare mesylate 7. 

Entry Conditions Conversion Yield 

1 MsCl (6.6 eq.), Et3N (2.5 eq.), DCM, 15 h, 0 °C–r.t. Full (TLC) 54% 

2 MsCl (2 eq.), Et3N (2 eq.), DCM, 16 h, 0 °C–r.t. Full (TLC) 64% 

3 MsCl (2.5 eq.), Et3N (2.5 eq.), DCM, 14 h, 0 °C–r.t. Full (TLC) 77% 

4 MsCl (2.5 eq.), Et3N (2.5 eq.), DCM, 15 h, 0 °C–r.t. Full (TLC) 89% 

The reaction (Entry 1, Table 5) was intended as a two-step preparation of nitrile 6 without 

purification of intermediate 7 (Scheme 15). After isolation of crude 7, the cyanation using 2 eq. 

of NaCN in DMF at 50 °C was attempted. Subsequent purification unfortunately afforded only 

intermediate 7 in 54% yield. Afterwards, the syntheses of 7 involving the purification were 

performed (Entries 2–4, Table 5) to obtain the desired mesylate 7 with yields 64–89 %. The 

further cyanation was performed on the purified substrates. The results of cyanation reactions 

providing nitrile 6 are summarized in Table 6. 

Table 6: Summary of cyanation reactions to prepare nitrile 6. 

Entry Conditions Conversion Yield 

1 NaCN (3 eq.), DMF, 45 °C, 16 h Full (TLC) 60% 

2 NaCN (4.5 eq.), DMSO, r.t.–40 °C, 84 h Full (TLC) 92% 

3 NaCN (3.5 eq.), DMSO, 45 °C, 20 h Full (TLC) 84% 

The cyanation was performed under classical nucleophilic substitution conditions using polar 

aprotic solvents and NaCN. The substitution carried out in DMF (Entry 1) provided a lower 

yield than the reactions performed in anhydrous DMSO (Entries 2, 3).  

The two-step synthetic approach employing transformation of alcohol 5 to nitrile 6 via mesylate 

7 was shown to be more straightforward with regard to easier purification of products and 

afforded an overall yield up to 82%.  

4.1.2.5 Attempts for synthesis of amine (8) 

Obtainment of the nitrile 6 allowed for the investigation into the reduction to the corresponding 

amine 8 (Scheme 16). The overview of investigated methods is given in Table 7. 
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Scheme 16: Reduction of nitrile 6. 

Table 7: Attempts for reduction of nitrile 6. 

Entry Conditions Conversion Yield 

1 BH3.THF (1.7 eq.), THF, 45 °C, 22 h 
~ No 

conversion ** 
- 

2 DIBAL-H (3.3 eq.), toluene, r.t., 4 h ~ 90% * - 

3 
NaBH4 (8 eq.), CoCl2 (1.6 eq.), MeOH, 

r.t.,4 h 
~ 92% * 20% 

4 
NaBH4 (1 eq.), CF3COOH (1 eq.), THF, 

r.t., 20 h 
~ 0% ** - 

5 
H2, PtO2 (0.24 eq.), CHCl3 (0.83 eq.), 1–

2 atm, r.t.–50 °C, 108 h 
~ 0% * - 

6 
H2, Pd/C (0.20 eq.), HCl, MeOH, 1–2 

atm, r.t., 48 h 
~ Full *** - 

7 
NaBH4 (16.4 eq.), CoCl2 (2 eq.), MeOH, 

r.t., 22 h 
~ Full ** 

18% 

(Purity ~ 

75%) 

*) By mass balance of the starting material set and recovered 

**) Estimated by TLC 

***) Determined from 19F NMR 

The initial experiments were carried out employing various complex metal hydrides as reducing 

agents. The components of the crude products were separated by semipreparative 

chromatography using reverse-phase silica gel as the stationary phase. The reduction of 6 by 

BH3.THF302 (Entry 1) and by in situ generated [NaBH3(O2CCF3)]
303

  (Entry 4) did not proceed 

under the given conditions and nitrile 6 was recovered. On the other hand, reduction by 

DIBAL-H304 (Entry 2) provided a complex mixture, notably of debenzylated compound and 

compound not containing the SF5 group in majority, but no desired product. The reduction by 

NaBH4 in the presence of CoCl2 (Entry 3)305 provided the desired amine in 20% yield with 4 

other by-products. An attempt to increase the conversion by increasing the stoichiometric ratio 

of the reagents and time (Entry 7) provided a complex mixture of products with yield 18% but 

only ~ 75% purity. Further optimization was not performed due to time constraint. 

The catalytic hydrogenation of nitrile 6 was also attempted. Catalytic hydrogenation using 

Adam’s catalyst (PtO2, Entry 5) was performed under 1 atm pressure. The reduction did not 
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occur even when using 0.24 eq. of Adam’s catalyst. The experiment could not have been 

performed under higher pressure of hydrogen due to lack of suitable apparatus. The second 

exercised methodology used catalytic hydrogenation on Pd/C in acidic milieu (Entry 6).306 The 

reaction mostly led to the debenzylation as was observed from the 1H NMR of the crude 

product. The crude product was submitted without further purification to protection by Boc2O 

(Scheme 17). The major product obtained after reaction was identified as the twice N-Boc 

protected pyrrolidine 8b. 

 

Scheme 17: Preparation of pyrrolidine 8b. 

4.1.3 Synthesis of pyrrolidines B with terminal amino group on the side chain 

The synthetic approach towards amines of type B, for instance pyrrolidine 12, is depicted on 

Figure 34. After initial preparation of SF5-acrylic acid 9, it undergoes amidic coupling with 

dibenzylamine to obtain SF5-acrylic amide 10. Subsequent dipolar cycloaddition of 10 with 

azomethine ylide generated from ylide precursor 4 provides N-benzylated pyrrolidine 11. The 

pyrrolidine 11 is subsequently deprotected to obtain the free pyrrolidine 12 which can be 

employed as an actual building block i.e. for amidic coupling. The individual synthetic steps 

are discussed in the following subchapters. 

 

Figure 34: Synthetic approach towards amines B. 

4.1.3.1 Synthesis of SF5-acrylic acid (9) 

The SF5-acrylic acid (9) was prepared by oxidation of alcohol 1 by chromium(VI) oxide in 

milieu of acetic acid (Scheme 18).307 The purification comprised vacuum distillation using 

Kügelrohr apparatus. The performed reactions are summarized in Table 8. 
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Scheme 18: Synthesis of the SF5-acrylic acid (9). 

Table 8: Summary of the oxidation reactions to prepare acid 9. 

Entry Conditions Yield 

1 20 h, 0 °C–r.t. 33% 

2 24 h, 0 °C–r.t. 55% 

3 7 h, 0 °C–r.t. 28% 

4 6 h 30, 0 °C–r.t. 35% 

The vacuum distillation of the crude product provided the acid 9 with purity from 91% as was 

determined by 1H NMR (Entry 2) to ~ 95% (Entry 1). 

4.1.3.2 Synthesis of SF5-acrylic amide (10) 

The preparation of amide 10 comprised amidic coupling of the acid 9 with dibenzylamine using 

either DCC/HOBt308 or T3P/Et3N
309 coupling methodologies (Scheme 19). The results are 

summarized in Table 9. 

 

Scheme 19: Synthesis of amide 10 by amidic coupling. 

Table 9: Summary of amidic coupling reactions to prepare amide 10. 

Entry Conditions Yield 

1 
2 h (formation of act. ester) + 4 h, DCC (2.0 eq.), 

HOBt (1.1 eq.), Bn2NH (2 eq.) 
8% 

2 
5 min (formation of act. ester) + 4 h, DCC (2.0 

eq.), HOBt (1.2 eq.), Bn2NH (2.5 eq.) 
58% 

3 
40 min (formation of act. ester) + 3 h, T3P (1.5 

eq.), Et3N (2.0 eq.), Bn2NH (2 eq.) 
67% 

4 
30 min (formation of act. ester) + 2 h, T3P (1.5 

eq.), Et3N (2.0 eq.), Bn2NH (2.5 eq.) 
49% 

The preparation of amide 10 was initially performed using DCC/HOBt methodology reaching 

yield up to 58% (Entry 2). The yield was significantly decreased when the time of formation of 

the activated ester was prolonged to 2 h compared to 5 min, preferring formation of N-acylurea 
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side product (Entry 1). Further, experiments using T3P coupling agent were carried out (Entry 

3–4) yielding up to 67% of the amide 10. The advantage of the latter approach comprised 

avoiding formation of the rearrangement side-products and easier purification by column 

chromatography, due to removal of the T3P side products during aqueous work-up compared to 

removal of the DCC side-product (dicyclohexylurea).  

4.1.3.3 Synthesis of SF5-pyrrolidine amide (11) 

Having synthetized the amide 10, the cycloaddition reaction with the azomethine ylide 

generated in situ from the ylide precursor 3 upon acid catalysis by TFA was performed 

(Scheme 20). The outcome of the cycloaddition reactions is summarized in Table 10. 

 

Scheme 20: Synthesis of SF5-pyrrolidine amide 11. 

Table 10: Summary of cycloaddition reactions to prepare pyrrolidine amide 11. 

Entry Conditions Yield 

1 22 h, 0.1 eq. TFA, 3.0 eq. 3, 0–35 °C 78% 

2 19 h, 0.1 eq. TFA, 2.0 eq. 3, 0–35 °C 84% 

3 16 h, 0.1 eq. TFA, 2.0 eq. 3, 0 °C–r.t. 82% 

4 24 h, 0.1 eq. TFA, 2.5 eq. 3, 0–35 °C 57% 

5 1 h 30, 0.1 eq. TFA, 2.0 eq. 3, 0–35 °C 55% 

The cycloaddition reactions providing the pyrrolidine amide 11 followed the reported 

procedure.298 Owing to the fact that the starting amide 10 represents the activated dienophile 

for dipolar cycloaddition, extensive optimization of the reaction conditions was not performed. 

The performed experiments provided the product 11 in sufficient yields. 

4.1.3.4 Synthesis of deprotected SF5-pyrrolidine amide (12) 

The successful preparation of cycloadduct 11 was a key step towards the preparation of the 

desired free pyrrolidine building block 12. The debenzylation of the cycloadduct 11 was carried 

out using 1-chloroethyl-chloroformate followed by methanolysis (Scheme 21).310 The summary 

of performed reactions is mentioned in Table 11. 
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Scheme 21: Synthesis of pyrrolidine amide 12. 

Table 11: Summary of deprotection reactions to prepare pyrrolidine amide 12. 

Entry Conditions Yield 

1 13 (1.1 eq.), 1. 4 h, 2. 18 h, 3. Not performed - 

2 13 (1.1 eq.), 1. 3.5 h, 2. 2.5 h, 3. Not performed 34% (racemization) 

3 13 (1.1 eq.), 1. 4 h, 2. 3 h, 3. Not performed 42% (crude) 

4 13 (1.1 eq.), 1. 3.5 h, 2. 2.5 h, 3. TFA (excess) 57% 

5 13 (1.1 eq.), 1. 4 h, 2. 2.5 h, 3. TFA (excess) 48% 

6 13 (1.3 eq.), 1. 3 h, 2. 14 h, 3. TFA (excess) 70% 

Originally, the deprotection experiments were directly followed by N-Boc protection on the 

crude reaction mixture of 12 with 24% yield over 2 steps, without isolation of the free 

pyrrolidine 12. This motivated us to obtain the purified deprotected pyrrolidine 12, either as the 

free amine, or the salt, in order to improve the yield of the Boc-protection using the purified 12. 

The isolated 12 could be also used for further synthetic transformations, e.g. amidic coupling 

with amino-acids, nucleophilic aromatic substitution etc. Initially, purification of the crude 

product (Entry 1) by column chromatography on silica gel was attempted. Unfortunately, 

compound 12 could not be eluted from the column even by strongly polar elution mixtures 

(gradient DCM/MeOH  EtOAc/MeOH 50/50 + 1% Et3N). Subsequently, purification using 

ion-exchange chromatography (Dowex 50W8) was attempted (purification of the crude product 

of the reaction in Entry 2). The elution was performed successively by MeOH/H2O (90/10), 

MeOH/2M NH4OH (90/10) and MeOH/2M NH4OH (50/50). Unreacted compound 11 was 

eluted throughout whole separation. Moreover, the strongly basic eluent led most likely to 

racemization of 12 throughout the elution. The assumption on the racemization was based on 

the data of the 1H and 19F NMR and HRMS of the isolated sets of fractions. Along with the 

purification by the ion-exchange chromatography, part of the crude product of the reaction 

(Entry 2) was submitted to purification by crystallization. The crude product was dissolved in 

DCM, treated with an excess of TFA, evaporated in vacuo and redissolved in chloroform to 

evaporate slowly as the TFA salt at 5 °C. The crystallization by slow evaporation of the 
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chloroform solution afforded a greyish solid in ~ 20% yield compared to the amount of the 

crystallized crude, and was identified as 12.TFA by 1H and 19F NMR spectroscopy. Due to the 

unsatisfactory results of the preceding purification methods, semipreparative chromatography 

on a C18 stationary phase using gradient elution by mixture of H2O/MeCN (5% MeCN  

100% MeCN) was attempted (reactions Entries 4–6). The purification provided the desired 

product 12 as the free base in moderate to good yields (Entries 4–6). The highest yield of 70% 

was obtained when 1.3 eq. of 13 was used (Entry 6). The higher yield can most likely be 

ascribed to the augmented conversion as reactions using 1.1 eq. of 13 regularly provided 

unreacted starting material, resulting into lower conversions (e.g. ~ 90% conversion for reaction 

in Entry 4). 

4.1.3.5 Synthesis of N-Boc protected SF5-pyrrolidine (14) 

The obtainment of the pure pyrrolidine 12 prompted us to the synthesis of N-substituted 

derivatives, one of which was N-Boc protected pyrrolidine 14 (Scheme 22).311 

 

Scheme 22: Synthesis of the pyrrolidine amide 14. 

Table 12: Summary of N-Boc protection reactions to prepare pyrrolidine 14. 

Entry Conditions Yield 

1 Boc2O (3 eq.), DCM/THF 2/1, 22 h, r.t. 41% 

2 Boc2O (2 eq.), Et3N (1.2 eq.), DCM, 21 h, r.t. 42% 

3 Boc2O (3 eq.), DCM, 3 h, r.t. 82% 

The performed experiments differed except others on the form of the pyrrolidine 12 (Table 12). 

The first experiment was carried out on the crude 12 providing 41% yield of 14 (Entry 1). A 

comparable yield was obtained using purified 12 in the form of TFA salt (Entry 2). The best 

results were obtained with the neutral form of pyrrolidine 12 which reacted promptly without 

presence of base providing 82% yield (Entry 3). 

The characterization of the pyrrolidine 14 by NMR at room temperature showed the presence 

of two rotamers on the NMR time scale. Their presence was observed on 1H, 19F, 13C NMR 

spectra by two sets of signals of the corresponding atoms. The measurements at elevated 

temperature (57 °C) lead to coalescence to the one set of signals.   
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4.1.3.6 Attempt to employ SF5-pyrrolidine (12) as the building block towards advanced 

heterocycles 

The pyrrolidine 12 was also employed as the nucleophile in an SNAr reaction with 

2-chloro-5-nitropyridine (15) as the example of the preparation of the advanced heterocyclic 

scaffolds (Scheme 23).312 

 

Scheme 23: Nucleophilic aromatic substitution using pyrrolidine 12. 

The reaction was carried out without presence of base in order to avoid possible undesired 

racemization of pyrrolidine 12. On the other hand, the absence of the base most likely lead to 

slow reaction progress, requiring use of an excess of starting pyridine 15. The reaction provided 

the desired product 16 in 14% yield and the structure of the product was confirmed by HRMS 

and NMR.  

The attempts for another synthesis were not performed due to low quantity of the starting 

pyrrolidine 12. On the other hand, the literature mentions an alternative approach involving 

oxidative alkylamination, via the oxidative nucleophilic aromatic substitution of hydrogen.313 

This approach involves relatively milder conditions than e.g. Buchwald-Hartwig amination or 

Ulmann coupling, i.e. not using base and intense heating. 

4.2 Alkylated H-bonded pigments 

4.2.1 Aims 

Hydrogen-bonded dyes and pigments have been accompanying history of humankind for 

thousands of years, involving natural Tyrian purple, indigo etc. Apart from their role as stable 

dyes or pigments, these compounds have found application potential in the field of organic 

electronics. Hydrogen bonding bestows them several prominent features making them suitable 

candidates for both artistry and electronics. Among them, strong H-bonding results in high 

thermal and coloristic stability, mediates aggregation and crystallization and leads to marked 

bathochromic shifts in absorption upon aggregation. Moreover, hydrogen bonding influences 

solid state organization providing that H-bonded compounds studied in the thesis feature 

various polymorphic forms, some of which exhibit stacked two-dimensional arrangement 
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contributing to distinct charge transporting properties. On the other hand, H-bonding may 

eventuate in limited solubility and thus processability. Introduction of solubilizing alkyl groups 

is a usual strategy to address the issue, but it requires careful balance of the character of the 

alkyl substituent not to deteriorate efficient solid state organization and thus semiconducting 

properties. Therefore, we focused on the incorporation of a bulky adamantyl moiety in the form 

of a bulky rigid adamantylethyl and adamantylmethyl solubilizing groups into the structure of 

selected H-bonded dyes and pigments, taking into account the positive effect of such 

substitution on the thermal properties, molecular packing in the solid state, optical properties 

and solubility. We attempted a synthesis of 9 adamantyl-bearing dyes depicted in Figure 35. 

Besides, we also studied thermal properties and solid-state structure of selected synthesized 

derivatives. 

 

Figure 35: Overview of the target adamantyl-substituted molecules. 

4.2.2 Synthesis of adamantylethylamine (19) 

Adamantylethylamine 19 represented a key precursor for the access to the target alkylated 

pigments with the rylene-diimide structure (NDI and PDI). Two synthetic approaches were 

exercised in order to prepare the amine 19 (Scheme 24).  

The first approach comprised Gabriel’s synthesis starting with transformation of the bromide 

17 to phthalimide 18 by reaction with potassium phthalimide, with maximum 53% yield.314 

Subsequent cleavage of 18 was attained by reaction with hydrazine under reflux of a mixture 

of ethanol/chloroform yielding 19.HCl in yields 15–39%.315 As the overall yield reached at 

most 21%, an alternative approach was proposed. 
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The alternative pathway consisted of tosylation of alcohol 20 to obtain tosylate 21 in high yields 

(81–87%).316 Tosylate 21 was subsequently transformed to azide 22 by nucleophilic 

substitution with sodium azide.317 A relatively high excess of sodium azide (3.5 eq.) and long 

reaction times (2 days) at 90 °C were required to reach full conversion, providing azide 22 in 

yields reaching 76%. The reduction of azide 22 to the amine 19 was performed using either 

Staudinger reduction318 or LiAlH4.
319 The Staudinger reduction by PPh3 did not provide 

satisfactory results as it required excess of up to 3 eq. of PPh3 that led in turn to difficult 

separation not providing pure amine 19. On the other hand, reduction by LiAlH4 afforded 

19.HCl in satisfying yields (67–76%) when precipitation of the crude by etheric HCl was 

employed in the isolation step. The advantage of the latter approach was easier purification 

involving just silica pad filtration of tosylate 21 and precipitation of 19, not demanding column 

chromatography separation as in the case of the purification of phthalimide 18. Moreover, the 

total yield over three steps reached 51%. 

 

Scheme 24: Syntheses of amine 19 via Gabriel’s synthesis and via reduction of azide 22. 

4.2.3 Synthesis of epindolidione (26) 

The epindolidione 26 is a commercially hardly available H-bonded pigment, compared to 

quinacridone 27, and thus was prepared according to the literature protocol in a straightforward 

four-step synthesis (Scheme 25).320 The overall yield of the synthesis was 49% which was 

comparable to the original procedure. It is worth noting that substitution of aniline by its 

corresponding brominated derivatives enables preparation of symmetrically dibrominated 26 

with fixed regioselectivity that are not affordable by bromination of 26. 
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Scheme 25: Synthesis of epindolidione 26. 

4.2.4 Synthesis of adamantane-substituted quinacridone (27) and epindolidione (26) 

The synthesis of the alkylated H-bonded dyes quinacridone (27) and epindolidine (26) has been 

largely exercised over the last two decades. The alkylation generally involves nucleophilic 

substitution between the nucleophile formed by the deprotonation of the NH hydrogen and the 

corresponding alkyl halide, mostly bromide or iodide, in a polar aprotic solvent like DMF, NMP 

or THF.321–323 The same approach was also used in the synthesis of dyes 32–35 (Scheme 26). 

Scheme 26: General synthesis of adamantane-bearing dyes 32–35. 
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The syntheses involved firstly the formation of the nucleophilic salt by the reaction of 26 or 27 

with a suitable base (K2CO3, Cs2CO3 or NaH) at elevated temperatures (100–110 °C for DMF, 

or reflux for THF) in DMF or THF for a given time and then addition of an alkylating agent 

and stirring at the increased temperature (130–140 °C for DMF, or reflux for THF) under inert 

argon atmosphere for 2–3 days followed. 

In general, the alkylation of the conjugated dyes with two “amidic” moieties tends to suffer 

from relatively poor selectivity which arises from the possibility of nucleophilic attack of the 

O- and N-nucleophile which exist due to possible tautorism of the two forms of anions. 

Consequently, multiple O- and N-alkylated regioisomers together with monoalkylated products, 

may be formed. In case of dyes 32–35, this resulted in demanding purification procedures of 

complex mixtures of products involving often multiple column chromatography and boiling in 

lower alcohols in order to obtain materials with sufficient purity, although hand in hand with 

moderate to poor yields. Second, the particular structure of the adamantylethyl and especially 

the adamantylmethyl substituent with an electrophilic center relatively near to the “neopentyl-

type” carbon may result in decreased reactivity compared to e.g. linear alkylhalides due to steric 

hindrance. All mentioned factors contribute to the relatively low efficiency of the syntheses. 

The work started with attempting to optimize the reaction conditions for the synthesis of dye 

32. First, the alkylation was attempted using sodium hydride and adamantylethyliodide 36 in 

THF (Table 13, Entry 1) providing a complex mixture of products observed on TLC. Assuming 

the harsh reaction conditions using NaH as a very strong base, we tried potassium carbonate as 

a weaker base and the more readily available adamantylethylbromide 17 as the alkylating agent 

(Entry 2). The selectivity of the reaction increased as a significant spot of the product was 

observed on TLC and the compound 32 was isolated in 32% yield. The next attempt comprised 

changing of the base to caesium carbonate which has increased solubility in DMF, speculating 

about the inefficient formation of the nucleophile using less soluble potassium carbonate. The 

reaction (Entry 3) provided the dye 32 in 48% yield. In order to further improve the reaction 

outcome, we have also tried to change the alkylating agent to adamantylethyliodide 36 

presuming iodide as the better leaving group (Entry 4). Unfortunately, the yield of the isolated 

32 decreased to 34%. The last attempt comprised increasing the amount of alkylating agent 17 

(Entry 5). Exercising the reaction with 5 eq. of 17 contrarily resulted in lowering the yield to 

32%, which was attributed to losses during purification by column chromatography due to 
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higher amounts of unreacted 17 and side-products coming thereof, thus deteriorating the 

purification process. 

Table 13: Attempts for optimization of the synthesis of dye 32. 

Entry Conditions Observation 

1 
NaH (4 eq.), AdEtI 36 (4 eq.), THF, 

reflux, 12 h 
Poor selectivity, not isolated 

2 
K2CO3 (4 eq.), AdEtBr 17 (4 eq.), 

DMF, 130 °C, 65 h 
Improved selectivity, yield 32% 

3 
Cs2CO3 (4 eq.), AdEtBr 17 (4 eq.), 

DMF, 130 °C, 70 h 
Similar selectivity as Entry 2, yield 48% 

4 
Cs2CO3 (4 eq.), AdEtI 36 (4 eq.), 

DMF, 130 °C, 67 h 
Similar selectivity as Entry 3, yield 34% 

5 
Cs2CO3 (4 eq.), AdEtBr 17 (5 eq.), 

DMF, 140 °C, 69 h 
Similar selectivity as Entry 3, yield 32% 

Considering the results of the optimization experiments, the conditions of the alkylation in 

reaction Entry 3 were utilized for the synthesis of dyes 33–35 with yields up to 16% for 33, 9% 

for 34 and 2% for 35. It must be noted, however, that improving the yield was also attempted 

for other dyes using especially adamantylethyliodide 36 (synthesis of dye 34) and higher 

amounts of adamantylmethylbromide 37 (synthesis of 33 and 35). Unfortunately, the 

modifications did not improve yields either as in case of dye 32.  

The relatively low regioselectivity of the alkylation and the substantial extent of most likely 

monoalkylation products significantly contributed to a necessity for multi-step purification of 

the target compounds. The first stage involved silica gel column chromatography using gradient 

elution in mixtures of petroleum ether/dichloromethane, or toluene/chloroform, the latter being 

used in the case of compound 32. The first step allowed isolation of the target compounds, but 

was in all cases contaminated by undesired products with ΔRf = 0.05–0.1 relative to the 

retention factor of the target compound. Repeated column chromatography increased the purity, 

but the materials were in all cases contaminated, most likely by regioisomers of the target dyes 

as deduced from the presence of attributable signals of aromatic and α-CH2 protons with slightly 

different chemical shifts and integral intensities 5–10% relative to the signals of target 

molecules in 1H NMR spectra. Thus, the further purification comprised boiling in methanol that 

showed reasonably low solubility for target compounds, but still keeping good purification 

ability with respect to the amount of impurities. The process provided highly pure materials 32–

35 as was determined by 1H NMR and elemental analysis.  
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The structure was assigned using 1H NMR upon correlation of the signals of the aromatic 

protons with the literature data. Moreover, the structure in terms of double N-substitution was 

confirmed by X-ray diffraction analyses.  

4.2.4.1 Crystal structures of adamantane-substituted quinacridones and epindolidiones 

The single crystals of dyes 32–35 were obtained by crystallization from saturated 

chlorobenzene solutions where gradual decrease of the solution temperature from 130 °C was 

realized to induce crystallization. While the optimal geometries of H-bonded pigments 26 and 

27 are planar belonging to C2h point group, the incorporation of adamantyl-bearing substituents 

into the molecules 32–35 changes the symmetry point group to Ci. The molecular packing of 

epindolidione 26 in the X-ray structure features π–π stacking as well and hydrogen bonds 

between (N)–H∙∙∙O=(C) atoms. Moieties in crystal structure form parallel-shifted stacks with a 

π–π distance of 3.94 Å. The X-ray structures available in the literature of quinacridone 26 show 

it can possess triclinic or monoclinic space groups. The parallel-shifted stacking dimers of 26 

represent the most stable structures with centroid-to-centroid distances between 3.80 and 

3.98 Ǻ. The presence of bulky adamantyl-bearing substituents blocks the formation of planar 

dimers fixed by hydrogen bonds and the centroid-to-centroid distances are increased (compare 

Figures 37–42). Both quinacridone-based dyes 32 and 33 and adamantylmethyl-substituted 

epindolidione 35 crystallized in the triclinic space group. On the other hand, the 

adamantylethyl-substituted epindolidione 34 crystallized in the orthorombic space group. The 

incorporation of bulky adamantyl-bearing substituents impacts also molecular geometry, 

particularly in the case of smaller-sized epindolidione series. If two mean planes are projected 

through carbon atoms of two neighboring rings of epindolidione moiety (blue and pink dashed 

circles in Figure 36), then the angles between the normals of these planes can be compared. The 

angle between plane normal is increased for the substituted dyes 34 and 35 compared to 26. 

Moreover, the torsion angles between N-C-C-O (depicted in red color in Figure 36) are 

increased for the substituted dyes 34 and 35 by ~ 15° compared to 26. The presence of bulky 

and rigid adamantyl-bearing substituents close to the oxygen atom of the neighboring carbonyl 

group most likely provokes steric constraints leading to an increase of the corresponding torsion 

angles. 
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Compound 
Torsion angle between 

N-C-C-O 

Angle between plane 

normals 

26 2.45° 2.55° 

34 17.97° 9.09° 

35 17.27° 6.71° 

Figure 36: Depiction of the measured torsion angles (in red) and angles between normals perpendicular 

to the mean planes projected through carbon atoms of the epindolidione aromatic rings (blue and pink 

dashed circles). Determined angles for the corresponding derivatives are mentioned.  
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32 

(7.14 Å) 

 

 

  

32 

(11.16 Å) 

Triclinic: P1 

Cell Lengths: a 7.1360(5) Å; b 7.6300(5) Å; c 15.6993(11) Å 

Cell angles:  100.621(4)°;  92.115(8)°;  98.088(6)° 

Cell volume: 830.053 Å3 

Figure 37: Views of dimer configurations of the dye 32 selected from XRD records. The values in 

parentheses stand for the centroid-to-centroid distances. Basic crystallographic parameters are 

presented. 
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33 

(6.58 Å) 

 
 

33 

(11.91 Å) 

Triclinic: P21/a 

Cell Lengths: a 22.89231(18) Å; b 6.5806(5) Å; c 10.16825(6) Å 

Cell angles: 90°; 100.0223(5)°;  90° 

Cell volume: 1508.42 Å3 

Figure 38: Views of dimer configurations of the dye 33 selected from XRD records. The values in 

parentheses stand for the centroid-to-centroid distances. Basic crystallographic parameters are 

presented. 
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34 

(9.26 Å) 

  

34 

(11.18 Å) 

  

34 

(9.26 Å) 

Orthorhombic: Pbca 

Cell Lengths: a 13.0950(9) Å; b 13.0936(9) Å; c 18.1296(13) Å 

Cell angles:  90.0°; 90°;   90° 

Cell volume: 3108.51 Å3 

Figure 39: Views of dimer configurations of the dye 34 selected from XRD records. The values in 

parentheses stand for the centroid-to-centroid distances. Basic crystallographic parameters are 

presented.  
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35 

(8.85 Å) 

 

 

 
 

35 

(12.85 Å) 

Monoclinic: P21/a 

Cell Lengths: a 22.89231(18) Å; b 6.58061(5) Å; c 10.16825(6) Å 

Cell angles:  90°; 100.0223(5)°;   90° 

Cell volume: 1508.42 Å3 

Figure 40: Views of dimer configurations of the dye 35 selected from XRD records. The values in 

parentheses stand for the centroid-to-centroid distances. Basic crystallographic parameters are 

presented. 
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EPI (26) 

(3.94 Å) 

 

 
EPI 

(6.71 Å) 

Triclinic: P 1 

Cell Lengths: a 3.94 Å; b 5.64 Å;  c 13.09 Å  

Cell angles: α 101.7° β 96.75° γ 93° 

Cell volume: 281.99 Å3 

Figure 41: Views of dimer configurations of epindolidione (26) retrieved from literature.197 The values 

in parentheses stand for the centroid-to-centroid distances. Basic crystallographic parameters are 

presented. 

 

 

 

QA 

(3.80 Å) 

Triclinic: P1 

Cell Lengths: a 3.8017(15) Å;  b 6.6115(32) Å; c 14.485(6) Å 

Cell angles: 100.68(8)°;  94.40(6) °;  102.11(5)° 

Cell volume: 347.27 Å3 

Figure 42: Views of dimer configurations of quinacridone (27) retrieved from literature.199 The values 

in parentheses stand for the centroid-to-centroid distances. Basic crystallographic parameters are 

presented. 
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4.2.4.2 Thermal properties of adamantane-substituted quinacridones and 

epindolidiones 

The thermal properties of the alkylated dyes 32–35 were investigated by thermogravimetric 

analysis. Both quinacridone and epindolidione are known to be highly thermally stable 

H-bonded dyes with decomposition temperatures of 535 °C and 400 °C, respectively (Table 14), 

given the strong intermolecular hydrogen bonding. The TGA measurements of the dyes 32-35 

pointed out their excellent thermal stability. Both quinacridones 32 and 33 showed somewhat 

diminished decomposition temperature but still exceeding 400 °C, not often observed for small 

molecules. On the other hand, epindolidione 35 showed a decomposition temperature 

comparable to NH-free dye 26, while the compound 34 decomposed at an even higher 

temperature compared to NH-free epindolidione. An alkylation of this kind suppresses the 

hydrogen bonding which often results in lowering the thermal stability. On the other hand, we 

hypothesize that introduction of the adamantyl-containing substituents provides the molecules 

with strong molecular packing ability due to the self-organizing effect of the highly symmetrical 

and rigid adamantane moiety via van der Waals interactions, thus having a positive effect on 

the thermal stability of the target molecules.  

Table 14: TGA analyses data of the studied compounds. 

Compound 
Temperature of decomposition 

– TGA (°C) 

Quinacridone (27) 535 

32 463 

33 443 

Epindolidione (26) 400 

34 412 

35 397 

4.2.5 Synthesis of adamantane-substituted rylene-diimides 

We exercised several experiments to prepare novel rylene-diimide derivatives substituted with 

adamantane-bearing moieties, including NDI and PDI. The preparation generally involves 

transformation of a cyclic anhydride to a cyclic imide by reaction with the corresponding amine. 

First, we attempted a modification of perylenediimide (PDI, 38) by 1-adamatylamine (39) and 

adamantylethylamine (19) to provide the corresponding alkylated PDI derivatives 40 and 41.  

Initially, the synthesis of 40 was attempted (Scheme 27). Reaction of 38 with 10 mol excess of 

39 did not provide satisfactory results.324 Formation of multiple side products was observed by 
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TLC which was ascribed to the proximity of the bulky adamantane moiety to the reaction centre, 

preventing the effective cyclization to imide 40. 

 

Scheme 27: Attempts for syntheses of PDI derivatives 40 and 41. 

Next, we tried to prepare derivative 41 where the adamantane moiety would be more distant 

from the reaction centre and thus could have reacted more efficiently. The reactions were 

carried out with an excess of 19 under heating either just in (1) pure DMF, (2) DIPEA325 or in 

(3) DMF in the presence of a catalytic amount of Et3N.326 Both the reactions and post-treatment 

suffered from low solubility of 38 and the corresponding products. All reactions were 

accompanied by the formation of complex mixtures of products according to TLC. The attempts 

to separate and purifiy by column chromatography, Soxhlet extraction or boiling in ethanol or 

DMSO were not efficient due to the low solubility of the components of the crude product.  

Alongside this, we proceeded to the synthesis of alkylated naphthalenediimide (NDI 42, 

Scheme 28).326 The reaction under basic catalysis provided smoothly the target compound in 

84% yield. Compared to products of similar reaction of PDI 38, relatively smaller molecule 

NDI 43 was readily soluble in chlorinated solvents allowing efficient purification by column 

chromatography. Moreover, the increased solubility of 42 compared to 38 in DMF most likely 

also improved the reactivity towards the desired product 43. 
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Scheme 28: Synthesis of adamantylethyl-substituted NDI 43. 

4.2.6 Synthesis of adamantane-substituted indigo derivatives 

As the last class of important H-bonded pigments, we attempted N,N’-alkylation of indigo 44 

and 6,6’-dibromoindigo 45 to incorporate an adamantylethyl moiety. The alkylation generally 

involves nucleophilic substitution of the pigment in the presence of base and a corresponding 

alkylating agent in a polar aprotic solvent like DMF at an elevated temperature.327 The reactions 

suffered from poor regioselectivity arising from the presence of a pair of O- and N-nucleophilic 

sites connected through the conjugated system. 

At first, the synthesis of alkylated indigo 46 was attempted (Scheme 29). The reaction of indigo 

44 with NaH and adamantylethyliodide 36 did not provide satisfactory results. Decreasing the 

basicity using caesium carbonate also provided a complex mixture of products. Separation by 

column chromatography and further characterization afforded only one reasonably identifiable 

product, constituting most likely the undesired O,N-regioisomer of the 46 according to 1H 

NMR. As such, we have decided to change the dye for 45. 

 

Scheme 29: Attempts for synthesis of alkylated indigo 46. 

We exercised the alkylation of 6,6’-dibromoindigo 45 by adamantylethyliodide 36 using NaH 

in refluxing THF in a screening reaction to obtain derivative 47. Unfortunately, the reaction 

suffered from poor selectivity, providing multiple spots on TLC. Changing the solvent for NMP 

allowed increasing the reaction temperature to 90 °C and provided a considerably more 

selective reaction progress (Scheme 30). The subsequent purification by column 
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chromatography afforded the desired product 47 in 7% yield. Optimization of the reaction 

conditions was not further performed due to time constraint. 

 

Scheme 30: Synthesis of alkylated 6,6‘-dibromoindigo 47. 

4.3 Flavins 

4.3.1 Aims 

Natural flavins belong to redox-active coenzymes participating in various biochemical 

reactions. Based on the biological functions and chemical versatility, flavins have been 

investigated in numerous applications involving organic catalysis and also organic electronics, 

taking into account their redox-active character and chemical tunability. Despite the application 

viability of flavins, there have been few reported studies investigating the effect of enlarging 

the π-conjugated system upon the optoelectronic, electrochemical, thermal and other properties. 

Therefore, we focused on developing synthetic approaches towards variously π-extended 

flavins with fused and non-fused aromatic systems while preserving the electron-deficient 

alloxazine core. Moreover, we aimed to synthesize a series of flavins with different D-A 

character in order to perform comprehensive physico-chemical characterization. In the next 

stage, we focused on the incorporation of solubilizing groups at the nitrogen atoms of the uracil 

moiety in order to improve solubility, optical, electrical and other physico-chemical properties. 

We targeted structurally distinct solubilizing groups, a short linear butyl, a bulky rigid 

adamantylethyl and a long triethyleneglycol monomethylether group, providing increased 

solubility in both organic and aqueous media. The generalized structure of target flavin 

molecules is depicted in Figure 43. 
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Figure 43: General structure of the the target flavin derivatives. 

4.3.2 Synthesis of 1,2-diketones 

The 1,2-diketones constituted crucial intermediates for the subsequent formation of a pyrazine 

ring incorporated in the target flavin molecules by a condensation reaction with corresponding 

1,2-diamines. We investigated separately several approaches to the synthesis of non-fused and 

fused aromatic 1,2-diketones. The non-fused diketones correspond to the derivatives of 

1,2-diarylethane-1,2-dione type whereas fused comprise 1,2-diones forming an integral part of 

the fused aromatic systems, respectively. 

4.3.2.1 Synthesis of non-fused aromatic diketones 

The preparation of non-fused diketones embodies a synthetically long investigated field. For 

our purposes, we focused on the synthesis of structurally symmetrical and unsymmetrical 

derivatives of thenil. The synthetic methodologies involved Friedel-Crafts acylation,328 benzoin 

condensation,274 Sonogashira coupling followed by oxidative hydration329,330 and copper-

mediated coupling of a Grignard reagent to oxalyl chloride.331 

First, the symmetrical analogues 2,2’-thenil (48) and 3,3’-thenil (49) were prepared. Friedel-

Crafts acylation of the thiophene at the activated α-position using oxalyl chloride and AlCl3 

provided 48 in 41% yield. Alternatively, benzoin condensation of thiophene-2-carbaldehyde 

(50) or thiophene-3-carbaldehyde (51) catalysed by 

3-ethyl-5-(hydroxyethyl)-4-methylthiazolium bromide in presence of Et3N provided the 

corresponding 2-hydroxyketones 52 or 53, respectively. The 2-hydroxyketones were oxidized 

in situ by atmospheric oxygen upon prolongation of the reaction time to the desired diketones 

2,2’-thenil (48) and 3,3’-thenil (49) with 43% and 47% yield, respectively. The advantage of 

the latter approach is theregiospecificity of the reaction with respect to the position of the 

aldehyde on the aromate. Moreover, benzoin condensation can be extended to aliphatic 

aldehydes upon utilization of selected thiazolium salts.332,333 The third approach involved 

synthesis of 49 via oxidative hydration of bis(3-thienyl)acetylene 54 in the presence of MsOH, 

DMSO and HBr. Compound 54 was conveniently synthesised by a two-step Sonogashira 

coupling starting from 3-bromothiophene 55 and the masked acetylene 56 (Scheme 31). The 

overall yield of the 49 three-step synthesis was 48%. The advantage of this methodology is the 
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possibility to prepare unsymmetrically substituted 1,2-diketones. It should be stated that an 

alternative methodology involving the formation of a Grignard reagent of 2-bromothiophene 

57 and its copper-mediated coupling to oxalyl chloride was attempted, but the formation of 

2,2’-thenil 48 was not observed. 

Scheme 31: Synthesis of 3,3‘-thenil (49) and 2,3‘-thenil (61) via Sonogashira coupling and subsequent 

oxidative hydration. 

Subsequently, preparation of unsymmetrically substituted 2,3’-thenil 61 was attempted using a 

third approach (Scheme 31). The intermediate 58 was coupled with 2-bromothiophene 57 to 

yield disubstituted acetylene 60 which was finally oxidatively hydrated to obtain the desired 61 

with an overall yield of 32% over three steps.  

4.3.2.2 Synthesis of fused aromatic diketones 

The strategies to obtain fused aromatic 1,2-diketones generally involved the oxidation of 

corresponding polyaromatic derivatives (Scheme 32). First, the phenanhroline-4,5-dione 63 

was successfully prepared by oxidation of phenanthroline 62 by concentrated nitric acid in 

presence of sulphuric acid and KBr with 35% yield.334 The next attempted derivative was the 

pyrene-4,5-dione 65.280 The diketone 65 was synthesised by a milder catalytic oxidation of 

pyrene 64 using ruthenium(VIII) chloride in the presence of sodium periodate as a 

stoichiometric oxidant with a satisfactory 49% yield. 

 

Scheme 32: General scheme of the oxidation of the aromatic compounds to 1,2-diketones. 

4.3.3 Synthesis of 1,2-diamines 

The 1,2-diamines comprised valuable intermediates for the alternative complementary 

approach for the formation of pyrazine-containing flavin derivatives upon condensation of 

1,2-diamine with 1,2-diketone alloxan, especially in the case of aromatic 1,2-diamines where 
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corresponding 1,2-diketones are not available. Similarly, syntheses of non-fused and fused 

aromatic 1,2-diamines were investigated separately where non-fused corresponds to the 

derivatives of 1,2-diarylethane-1,2-diamine type and fused comprises 1,2-diamines forming an 

intergral part of the fused aromatic systems, respectively. 

4.3.3.1 Synthesis of non-fused aromatic diamines 

The synthetic approaches towards non-fused aromatic diamines consisted mostly of the 

transformation of corresponding 1,2-diketone to 1,2-dioxime and its reduction to the desired 

1,2-diamine. Besides this, one-pot methodology involving formation of 1,2-diimine and its 

reduction was investigated. The particular synthetic means were examined on the model 

diketone benzil 66. 

 

Scheme 33: Synthetic approaches towards 1,2-diamine 69 via 1,2-diimine 67 and 1,2-dioxime 68. 

We first investigated the reductive amination of 66 involving the synthesis of diimine 67 by 

reaction with ammonia and the subsequent reduction by NaBH4 (Scheme 33).335,336 Formation 

of the diimine 67 was not observed by TLC even when using a 12 mol excess of ammonia 

solution in MeOH and when shifting the equilibrium of imine formation towards products by 

activated molecular sieves (A3) to adsorb water formed during the reaction. Further, we 

modified the approach to a one-pot synthesis under microwave irradiation. Initially, the diimine 

67 was supposed to be formed by a reaction of 66 with NH4OAc (30 eq.) and then in situ 

reduced by NaBH3CN (2.5 eq.)337 However, the series of reactions with prolonging the reaction 

time from 2 to 10 min in anhydrous ethanol at 130 °C provided complex mixtures of 6–7 

components observed by GC-MS while the diamine 69 was not detected.  

Consequently, we envisaged another strategy comprising a synthesis of dioxime 68 by reaction 

of 66 with hydroxylamine and the following reduction to diamine 69 (Scheme 33). The dioxime 

68 was successfully synthesized by the reaction of 66 with hydroxylamine in the presence of 

pyridine with yields 91–96%.278 Further reduction of 68 employing several reduction agents 

was studied with monitoring by GC-MS and TLC. Initially, the reduction by LiAlH4 in THF 
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was attempted.338 The reactions with 1.0–2.0 eq. of LiAlH4 at –20–0 °C showed poor selectivity 

on TLC, providing multiple products that were not isolated. Unsatisfactory selectivity of the 

reduction was also observed for Red-Al.339 Therefore, catalytic hydrogenation was exercised 

using Pd/C and hydrazine as the reducing agent in refluxing ethanol.281 Similarly, the reduction 

showed to be unselective, providing 5 products as observed from TLC. 

Due to the mediocre results of the above-mentioned methodologies, we exercised the reduction 

of 68 via SnCl2/HCl.340 The approach suffered from concurrent hydrolysis of 68 back to 

diketone 66 and formation of other side-products like condensation products of 66 and 69. As 

such, the crude products contained 5 components as observed by GC-MS with at most 49% 

content of 69 upon basic optimization. The subsequent isolation of 69 in the form of free base 

by acid-base aqueous workup was not successful most likely due to presence of other co-

extracted amine-like side products and the methodology was not further developed. 

We further tried to decrease the strength of the reducing agent and employed NaBH4 with NiCl2 

that serves to enhance the electrophilicity of the sp2 carbon atoms of the imine functions of 68 

by coordination of Ni2+ to the OH groups for the efficient nucleophilic attack of the hydride.341 

Nevertheless, the NiCl2 suffered from poor solubility in methanol and the reaction was not 

successful as only the unreacted dioxime 68 was observed. Thus, we have changed the 

conditions to NaBH4/TiCl4 in THF or DME.279 The reaction milieu showed to be rather 

homogeneous and we followed the formation of the desired diamine 69. The reaction conditions 

were optimized and are summed up in Table 15 with the most promising results having 

employed reaction conditions Entries 4–5. 

Table 15: Optimization of the synthesis of 69 by NaBH4/TiCl4. 

Entry Solvent 

RXN 

time 

(h) 

T (°C) 
C68 

(mg/ml) 

Eq. 

NaBH4 

Eq. 

TiCl4 
Observation 

1 THF 20 0–r.t. 15 6 4.2 Only SM 

2 DME 21 –4–r.t. 37 12 6 Yield 4%* 

3 DME 45 –4–r.t. 30 16 8 Yield 30% 

4 DME 26 –4–r.t. 33 9 4.5 Yield 67% 

5 DME 21 –4–r.t. 34 9 4.5 Yield 45%* 

*) Yield after recrystallization of 69. 

The reduction by NaBH4/TiCl4 provides 1,2-diamines in rac and meso configurations 

depending on the chelating mode of the titanium atom to a 1,2-dioxime. We observed formation 
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of the diastereomeric mixture of the diamine 69 in ratio rac/meso ~ 9/1 as was determined from 

the 1H NMR data coupled with GC-MS analyses of the recrystallized 69. 

Having in hand the procedure for the synthesis of non-fused aromatic diamines, we have 

focused on the preparation of selected fused aromatic diamines. 

4.3.3.2 Synthesis of fused aromatic diamines 

In order to gain access to the variously expanded fused π-conjugated flavins, we decided on the 

synthesis of intermediary pyrene-4,5-diamine 71, phenanthroline-5,6-diamine 73, 

2,3-diaminophenazine 75 and 3,4-diaminothiophene 77. 

The preparation of pyrene-4,5-diamine 71 comprised a two-step synthesis involving the 

formation of the dioxime 70 followed by the reduction to the diamine 71 (Scheme 34).281,342 

 

Scheme 34: Synthetic approach towards diamine 71. 

First, the dioxime 70 was prepared by the reaction of diketone 65 with hydroxylamine 

hydrochloride in the presence of pyridine or BaCO3 in refluxing ethanol with yields 75-80%. 

The purity of the crude products was determined by RP-HPLC-DAD to be at least 90% in all 

cases and thus the crude 70 was used without further purification. Subsequent reduction 

comprised either SnCl2/HCl343 or catalytic hydrogenation using Pd/C/N2H4
281 or Pd/C/H2

342 and 

is summed up in Table 16. 

Table 16: Selected reduction experiments towards 71. 

Entry Conditions Time Yield 

1 SnCl2 (41 eq.)/HCl, EtOH, reflux 15 h 3% 

2 Pd (0.15 eq.)/C/N2H4 (30 eq.), EtOH, reflux 22.5 h 2% 

3 Pd (0.15 eq.)/C/N2H4 (41 eq.) EtOH, reflux 25 h 5% 

4 Pd/C/H2 (1 atm.) MeOH, 45 °C) 15 h 63% 

Apparently, the reactions Entries 1-3 (Table 16) did not provide satisfactory yields of 71. Both 

approaches using SnCl2/HCl and catalytic hydrogenation by Pd/C/N2H4 suffered from very 

poor selectivity as was observed by TLC. Consequently, stepwise purification was necessary, 

involving column chromatography (gradient of PE/DCM), subsequent crystallization from 

ethanol and lastly the acid-base workup of the crystallized product (i.e. transfer to the 
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ammonium salt and back to the free base), or alternatively precipitation of the product as the 

hydrochloride from an ethanolic solution. As a result, diamine 71 was obtained in ~ 95% purity 

but with insufficient yields. Hence, catalytic hydrogenation using Pd/C/H2 (Entry 4) was 

exercised. It provided better selectivity for 71 with 63% yield after one cycle of column 

chromatography.  

Using a similar two-step approach, we synthesized the phenanthroline-5,6-diamine 73.284 

Initially, the diketone 63 was transformed to the corresponding dioxime 72 that was 

subsequently reduced to diamine 73 using Pd/C/N2H4 as the reducing system, in overall yield 

40%. Interestingly, the selectivity of the reduction for the target product was highly improved 

compared to the analogous reduction of 70 to 71, thus not requiring further purification. 

Besides this, the 2,3-diaminophenazine 75 was synthesized by oxidative coupling of the 

o-phenylenediamine 74 in the presence of FeCl3 as the strong Lewis acid in yields 29–35%.282 

Lastly, the 3,4-diaminothiophene 77 was synthesized by the reduction of 

2,5-dibromo-3,4-dinitrothiophene 76 by Sn/HCl reduction system in 63% yield.285  

4.3.4 Synthesis of uracil-type precursors 

The successful preparation of target flavin derivatives by the formation of the central pyrazine 

moiety of flavins required key uracil-type synthons, i.e. alloxan286 78 and 5,6-diaminouracil344 

79 that were synthesized by reported procedures with yields 60–67% and 45–57%, respectively. 

One of the approaches towards N,N’-alkylated flavins encompasses multi-step synthesis using 

N,N’-alkylated alloxans in the last synthetic step. The route towards alkylated alloxans starts 

with the preparation of N,N’-dialkylurea that is further condensed with malonic acid to an 

N,N’-dialkylbarbituric acid. Lastly, the N,N’-dialkylbarbituric acid is oxidized to the 

corresponding N,N’-dialkylalloxan (Scheme 35). 

Scheme 35: Step-wise synthesis of alkylated alloxans. 

Initially, we focused on the syntheses of N,N’-dialkylureas. The ureas 82 and 83 were 

synthesized by reactions of the corresponding amines 80 and 17, respectively, with CDI (81) in 
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toluene.345,346 Progressive addition of CDI to the reaction mixture up to 0.7 eq. provided the 

corresponding ureas 82 and 83 with yields 54–66% and 42–68%, respectively. 

The second step consisted of cyclization reactions of ureas 82 and 83 with malonic acid in the 

presence of Ac2O and AcOH to form alkylated derivatives of barbituric acids 84 and 85.347 The 

synthesis of derivative 85 required the addition of chloroform into the reaction mixture as the 

formed intermediate immediately solidified in the AcOH/Ac2O milieu and lessened the 

efficiency of the condensation reaction. The barbituric acids 86 and 87 were obtained with 

yields 74–95% and 57–76%, respectively.  

The final step of the synthesis involved oxidation of the barbituric acids 84 and 85 by 

selenium(IV) oxide in mixture of dioxane/water (40/1 v/v) to provide the corresponding 

alkylated alloxans 86 and 87 obtained in the form of the hydrates with yields 42–61% and 34–

63%, respectively.348 Having in hand the precursors, we approached the preparation of target 

flavin derivatives. 

4.3.5 Synthesis of NH-unsubstituted flavin derivatives 

In order to access basic NH-unalkylated flavin derivatives, we have proposed two 

complementary synthetic approaches comprising the condensation of 1,2-diketone with 1,2-

diamine to form the pyrazine-type core of the target flavin derivative (Scheme 36).349  

 

Scheme 36: Synthetic approaches A and B towards NH-unalkylated flavin derivatives. 

The synthetic approaches denoted as A and B differ by the source of the uracil moiety 

represented by alloxan 78 and 5,6-diaminouracil 79, respectively. Consequently, by choice of 

the appropriate approach with regard to the availability of the starting diketone or diamine, there 

were synthesized 13 flavin derivatives with fused and non-fused aromatic parts. In the next 

chapters. Both synthetic approaches A and B will be discussed in detail. 

4.3.5.1 Synthesis of non-fused NH-free flavins by Approach A 

We initially focused on the application of Approach A (Scheme 36) to a preparation of model 

flavin 81 in a two-step synthesis comprising the formation of 2,3-dihydropyrazine 80 and its 

subsequent oxidation to the desired flavin 81 (Scheme 37).350 
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Scheme 37: Attempted synthesis of a model flavin 81 by the approach A. 

Table 17: Performed condensation reactions of diamine 69 with alloxan 78. 

Entry Conditions Yield 

1 78 (1 eq.), EtOH, reflux, 2 days - 

2 78 (1 eq.), AcOH, 100 °C, 22 h - 

In the beginning, reaction in neutral conditions inrefluxing ethanol (Table 17, Entry 1) was 

carried out.351 The reaction was monitored by TLC and showed the almost constant presence 

of 5 components visible under UV 254 nm that were not further isolated. We hypothesized that 

the presence of 2 pairs of stereoisomers (rac, meso) of the maternal diamine 69 would also be 

translated to the structure of dihydropyrazine 80 and inefficient cyclization could be the cause 

of the observed mixture of products. Afterwards, we modified the conditions by involving acid 

catalysis by AcOH in order to promote condensation reaction (Entry 2). The monitoring by 

TLC showed gradual formation of 4 components that were not further isolated. Given the 

developing of the alternative Approach B for the synthesis of non-fused flavin derivatives, we 

have not investigated the reaction further. 

4.3.5.2 Synthesis of fused NH-free flavins by Approach A 

Further, we aimed to access the planar fused NH-unsubstituted flavins. The synthesis 

encompassed condensation reactions of suitable aromatic 1,2-diamines with alloxan in AcOH 

in the presence of boric acid according to the reported procedure.292 In cases of the rather 

unstable diamines 71, 73 and 77, the condensation reactions were performed right after the 

preparation of the diamine. The target flavin derivatives were obtained in good to excellent 

yields. 
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Figure 44:  The overview of the synthesized fused NH-unsubstituted flavin derivatives using Approach 

A. Yields after vacuum sublimation for flavins 95–100 and after boiling in lower alcohol for flavins 

101, 102 are reported. 

The isolation and purification of the target flavins was based on their low solubility in common 

organic solvents caused by strong intermolecular hydrogen bonding. The solubility of fused 

flavins generally decreased with extension of the π-conjugated system and increased with the 

polarity of the solvent. Most flavins except for the azapentacene-type derivative 100 showed 

reasonable solubility in DMSO. Consequently, crude products were purified by boiling in lower 

alcohols, i.e. ethanol or 2-propanol, to remove any soluble starting materials or other impurities. 

For the purposes of precise physico-chemical characterizations for publication, flavin 

derivatives 95–100 were further purified by careful vacuum sublimation at 10-1 Pa (Figure 44).  

4.3.5.3 Synthesis of fused and non-fused NH-free flavins by Approach B 

After preparation of the series of fused flavin derivatives, we turned to the syntheses of a series 

of one fused and four non-fused flavins employing approach B (Scheme 36). The approach 

consisted of condensation reactions of suitable 1,2-diketones with 5,6-diaminouracil sulphate 

under acidic catalysis of AcOH according to the modified literature protocol.352 In order to 

increase the solubility of the starting materials, we employed the binary solvent system 
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THF/water as the reaction milieu. The reactions provided target flavin derivatives 81, 103–106 

in satisfactory yields (Figure 45). 

 

Figure 45: The overview of the synthesized fused and non-fused NH-unsubstituted flavin derivatives 

using Approach B. Yields after vacuum sublimation are reported. 

Compared to the fused flavin derivatives, the solubility of the non-fused NH-unsubstituted 

flavins 81, 104–106 was improved, probably due to the breaking of the planarity of the 

molecules. The flavins 81, 104-106 showed reasonable solubility in DMSO, hot lower alcohols, 

EtOAc or THF. Thus, crude products were purified by boiling in lower alcohols, i.e. methanol 

or ethanol, and in the case of flavin 105 by column chromatography. The second purification 

step comprised careful vacuum sublimation at 10-1 Pa (Figure 45).  

4.3.5.4 Thermal properties of NH-free flavins 

Thermogravimetric analysis demonstrated the high thermal stability of the NH-unsubstituted 

flavin derivatives reaching 450 °C for flavin 100. The series of fused flavin derivatives 

(compounds 95–100, 103) exhibited a progressive increase in the decomposition temperature 

with the increasing number of fused aromatic rings (from 277 °C for compound 97 to 454 °C 

for the compound 100, see Table 18). On the other hand, the series of non-fused flavin 

derivatives (compounds 81, 104–106) exhibited decomposition temperatures in the range of 

306 °C (compound 105) to 354°C (compound 106). It should be stated that most of the 
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derivatives are stable to temperatures higher than 300 °C and compounds 99 and 100 even more 

than 400 °C. 

Table 18:  Data from TGA measurements and melting points for the NH-unsubstituted flavins. 

The decomposition temperature is reported as the temperature at the steepest point (1st 

derivation) of the TGA curve. 

Flavin 95 96 97 98 99 100 101 

Decomposition 

temperature 

(°C) 

376 393 326 277 422 454 N.M. 

Melting point 

(°C) 
> 330 > 330 

310–
311 

> 330 > 330 > 330 > 330 

Flavin 102 103 81 104 105 106 

Decomposition 

temperature 

(°C) 

N.M. 376 353 353 334 371 

Melting point 

(°C) 
> 330 > 330 

321–
323 

277–
288 

285–286 > 330 

4.3.5.5 Biocompatibility of NH-free flavins 

Relevance of a material to serve for potential biological applications, e.g. in organic 

bioelectronics, closely relates to its non-toxicity or biocompatibility. The biocompatibility of a 

series of eight NH-unsubstituted flavin derivatives (flavins 97, 81, 98, 101, 100, 106, 104, 105) 

was assessed at the Institute of Biophysics in Brno in terms of contact angle, MTT test of 

cytotoxicity, a test of indirect cytotoxicity and adhesion of the cells to the surface of 

materials.353 

The contact angle refers to the character of a studied material towards liquid (distilled water).354 

In general, cells may adhere to a surface with contact angle 30–110° with optimal adhesion at 

contact angles 40–65°.355 On the contrary, contact angles below 30° (strongly hydrophilic 

character) or above 110° (hydrophobic character) signify inconvenient environment for the 

adhesion.356 The highest contact angle exerted flavin 106 (112°) while the lowest was found for 

101 (30°) employing cover glass as the reference (contact angle 79°). The optimal contact angle 

for cellular adhesion showed materials 100, 104 and 105.353 

The adhesion of the cells was tested using 3T3 cell lines (murine embryonic fibroblasts).357 The 

ability of the cells to adhere to the surface depends on the interactions of the cell and the surface 

and corresponded to the measurements of the contact angle.  By attaching cells to the surface 

of natural or artificial material, a biophysical reaction in the cell is triggered. For this reason, 
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these tests are important in bioengineering in the preparation of biosensors, artificial tissues, 

etc. The cells were incubated for 48 h on the surface of flavin materials. The adhesion was 

determined in terms of morphology and quantity of cells observed after the incubation. The 

adhesion of cells on the surface of flavin materials 97, 81, 98, 100, 104, 105 was comparable to 

glass and plastic references which makes them suitable candidates for the cultivation of the 

cells. On the other hand, very limited adhesion was observed for the materials 106 and 101 

which corresponded to their highly hydrophobic and hydrophilic character, respectively, 

making the materials unsuitable for cell adhesion and leading to a considerable extent of death 

of cells therein.353 

The cytotoxicity of the studied flavin derivatives was assessed by MTT tests on 3T3 cell lines 

incubated at 37 °C for 48 h. The relative cell viabilities are depicted in Figure 46. Cells 

cultivated on 97, 81, 98, 100, 104 and 105 were found to achieve comparable relative viability 

as those cultivated on a cover glass, in the range of 70–90% in the MTT assay. The diminished 

cell viabilities were observed for flavins 101 and 106. These results corresponded to the contact 

angle measurement test. Further, tests of indirect toxicity were performed in order to assess the 

viability of cells that are not in contact with flavin materials. It also reflected a tendency of the 

studied flavins to release toxic components in the environment. It was shown that the release of 

toxic substances into the environment also contributes to the reduced biocompatibility of flavins 

101 and 106.353 

The results showed that the flavin materials had good biocompatibility, which was comparable 

to the control glass, except for flavins 101 and 106 that were found cytotoxic. The 

biocompatibility assays of other flavin derivatives are subject to ongoing research in order to 

provide complex information about the potential for bioelectronic applications of these 

materials. 
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Figure 46: Relative viability of cells incubated on flavin materials determined by MTT test and indirect 

toxicity test. Incubation was for 48 h at 37 ° C. Cell culture of 3T3 mouse fibroblasts was used. Data are 

presented as relative values of 100% represent the analytical signal for cells on standard culture plastic. 

Values are expressed as mean ± standard deviation, N = 2. Adapted from ref. 353. 

4.3.6 Synthesis of N,N’-alkylated flavins 

As discussed before, NH-unsubstituted flavin derivatives suffer from poor solubility in 

common organic solvents due to strong intermolecular hydrogen-bonding which limits their 

technological processability. Therefore, we focused on overcoming the issue of limited 

solubility and consequently processability by introducing alkyl substituents at the nitrogen 

atoms in positions N1 and N3 of the alloxazinic core, which would prevent intermolecular 

hydrogen bonding. Furthermore, the quality of the alkyl substituent can significantly alter other 

physico-chemical properties like thermal stability and molecular organization in the solid state. 

We envisaged two synthetic approaches towards the desired alkylated flavins (Scheme 38). 

Scheme 38:  Depiction of the two approaches towards N,N’-alkylated flavins – direct alkylation and 

multi-step synthesis from alkylated precursors. 

The first approach encompassed direct alkylation of the NH-unsubstituted flavins and 

conveniently provided 9 symmetrically dialkylated flavins. The second approach comprised a 

multi-step synthesis of N,N’-dialkylated key precursors that were condensed with the 

corresponding 1,2-diamine in the final step to provide symmetrically dialkylated flavins. 
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Moreover, the second approach opens the possibility to synthesize unsymmetrically dialkylated 

flavin derivatives. 

4.3.6.1 Synthesis of N,N’-alkylated flavins by direct alkylation  

The synthesis of symmetrically N,N’-dialkylated flavins via direct alkylation was performed by 

alkylation of the corresponding NH-unsubstituted flavin derivatives (107–115), see Scheme 39 

and Figure 47.292 The alkylation was realized by nucleophilic substitution at the activated 

amidic nitrogen atoms of the uracil moiety using cesium or potassium carbonate as a base and 

the corresponding alkyl bromide (for flavins 107–114) or tosylate (for flavin 115) as an 

alkylating agent in DMF as polar aprotic solvent. The alkylation reactions provided desired 

flavins 107–115 in poor to very good yields (Figure 47). The reaction conditions were not 

optimized. 

 

Scheme 39: General synthesis of the N,N’-alkylated flavins by direct alkylation (X = Br, OTs; R = Bu, 

AdEt, TEG). 

Flavin 

 

Alkyl substituent 

    

 

107 (50–65%) 

 

108 (32–47%) 

 

 

109 (20–28%) 

 

110 (22–31%) 

 

 

 

111 (85%) 

 

112 (23%) 

 

 

 

 

113 (34–41%) 

 

114 (45–55%) 

 

115 (30%) 

 

Figure 47: Overview of the synthesized N,N’-alkylated flavins with yields. 

The alkylations performed in the given conditions (Scheme 39) showed different selectivities 

for the desired products, with the most prominent being for flavins 107 and 111 (Figure 47). 

Otherwise, the reactions were accompanied by the formation of side-products often with close 

retention characteristics on normal-phase silica gel, as was observed by TLC. The alkylated 
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derivatives were purified stepwise. Given the increased solubility compared to NH-unalkylated 

derivatives, the alkylated flavins were conveniently purified by silica gel column 

chromatography, often involving multi-step purification. The purification of the crude product 

by column chromatography was followed by boiling of the prepurified product in lower 

alcohols, i.e. methanol and ethanol, to remove any residual impurities. The structure and purity 

of the target flavin derivatives was characterized by 1H NMR and elementary analysis.  

The alkylated flavins 107–115 were soluble in common organic solvents (DCM, EtOAc, 

toluene, acetone etc.) Moreover, the glycol-based flavin 115 showed good solubility in pure 

water at due to the presence of two TEG units. The alkylated flavins 107–115 exerted strong 

solid-state fluorescent behavior up to the yellow-orange emission for the pyrene-derived flavins 

113–115. 

4.3.6.2 Synthesis of N,N’-alkylated flavins by multi-step approach 

We also further investigated a second approach comprising a multi-step synthesis involving 

condensation of the N,N’-dialkylated alloxans with a suitable 1,2-diamine (Scheme 40). The 

approach makes possible the synthesis of unsymmetrically N,N’-dialkylated flavins, thus 

offering higher synthetic versatility compared to the direct alkylation of NH-unsubstituted 

flavins. However, we primarily focused on the synthesis of symmetrically dialkylated flavins 

in order to prove the synthetic concept. 

 

Scheme 40:  Last step of the synthesis of the N,N’-alkylated flavins by the multi-step synthesis (R’ = 

Bu, AdEt). 

We investigated the multi-step synthesis approach on the preparation of flavins 107, 109 and 

110 with butyl and adamantylethyl side chains. The condensation reactions of the selected 

aromatic 1,2-diamines were carried out using 1.5 mol excess of the corresponding 

N,N’-dialkylated alloxan in the milieu of glacial acetic acid at 60 °C. Compared to the direct 

alkylation reactions, the condensation reactions provided better selectivity for the target 

alkylated flavin derivatives as was observed by TLC. Consequently, the purification generally 

involved only one cycle of column chromatography. The desired derivatives were obtained with 

modest yields but the reaction conditions were not further optimized (Figure 48). 
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Figure 48: Overview of the N,N’-dialkylated flavins prepared by multi-step synthesis. 

4.3.6.3 Thermal properties of N,N’-alkylated flavins 

Thermogravimetric analyses have proved high thermal stability of the flavin derivatives, 

attaining 475 °C for compounds 112 and 114 (see Table 19). The thermal stability depends on 

the size of the π-conjugated system and on the nature of the alkyl substituents. The thermal 

stability of alkylated flavins generally increases with expansion of the π-conjugated system, 

reflecting the same trend as for the NH-unsubstituted flavins 95, 96, 103 and 99 (Figure 47). 

Comparing the influence of the alkyl substitution, the thermal stability of the butyl-substituted 

flavins (compounds 107, 109, 111 and 113) is lower relative to the adamantylethyl-substituted 

derivatives (compounds 108, 110, 112 and 114). We presume that this observation can be 

reasoned by the effect of bulky rigid adamantylethyl groups that can contribute to thermal 

stability by stronger intermolecular Van der Waals interactions in the solid state relative to short 

linear butyl groups at both the higher melting points and decomposition temperatures.223,358 The 

effect of adamantylethyl substitution is even more noteworthy when compared with the 

decomposition temperatures of the NH-unsubstituted flavins with dominant strong 

intermolecular hydrogen bonding. The decomposition temperatures are comparable or even 

higher for alkylated flavins than the NH-unsubstituted derivatives (e.g. 398 °C and 475 °C for 

flavins 103 and 112, respectively). Likewise, the melting points of the adamantylethyl-

substituted flavins (compounds 108, 110, 112 and 114) are far higher than those measured for 

butyl-substituted derivatives (compounds 107, 109, 111 and 113). The incorporation of glycol 

units in the flavin 115 led to considerable decrease in the melting point (85–86 °C) compared 

to pyrene-based flavins 113 and 114. On the other hand, the decomposition temperature of 115 

attained 434 °C. It should be noted that most of the alkylated flavins are stable up to 

temperatures exceeding 300 °C and derivatives 110, 112 and 114 even higher than 400 °C. Such 

thermal stability is not common for such alkyl-substituted organic small molecules, which can 

largely contribute to applications requiring high temperature processing. 
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Table 19:  Data from TGA measurements and melting points for the alkylated flavins (107–

115) and the unsubstituted derivatives (95, 96, 103, 99). The decomposition temperature is 

reported as the temperature at the steepest point (1st derivation) of the TGA curve. 

Flavin 107 108 109 110 111 112 113 

Decomposition 

temperature 

(°C) 

274 380 338 422 385 475 364 

Melting point 

(°C) 

135–
137 

251–
252 

210–
211 

308–
309 

197–
198 

> 350 
240–
241 

Flavin 107 114 115 95 96 103 99 

Decomposition 

temperature 

(°C) 

274 475 434 377 393 398 421 

Melting point 

(°C) 

135–
137 

> 350 85–86 > 350 > 350 > 350 > 350 
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5 CONCLUSION 

In the recent era, organic electronics and bioelectronics have established a solid place as viable 

completion or alternative to silicon-based electronics in numerous fields of human life. The 

potential for low-cost production, high flexibility, easy processing, large-area fabrication, and 

tailorability of the desired properties by modern synthetic methodologies to address the needs 

of a specific application have motivated synthetic chemists to progressively broaden the 

spectrum of suitable organic materials. In this context, natural or nature-inspired materials may 

offer service given their abundance, vast spectrum of molecular structures, unique biological 

functions, and often low toxicity. The thesis dealt with the synthesis and characterization of 

novel bioinspired organic materials from classes of alkylated hydrogen-bonded pigments and 

flavins. Moreover, the synthetic accessibility of unique pentafluorosulfanylated pyrrolidines as 

promising building blocks was explored. 

Pentafluorosulfanyl group (SF5) is renowned for the unique combination of high 

electronegativity and lipophilicity and moreover for the thermal and chemical stability. 

Incorporation of SF5-group influences positively optical and electronic properties, solubility, 

and stability in often a greater degree than observed for more common CF3-analogues. Two 

types of derivatives of 3-SF5-substituted pyrrolidines were synthesized by six and four-step 

synthetic approaches. Selected reaction steps were optimized. The synthesized derivatives were 

characterized by 1H, 13C and 19F NMR, HRMS, and IR spectroscopy. The prepared 

3-SF5-pyrrolidines were envisaged as potential versatile building blocks for an introduction into 

advanced aromatic and heteroaromatic -conjugated systems via nitrogen atoms as the 

fluorinated terminal groups. In the context of post-functionalization, a model derivative was 

introduced as a terminal group in an electron-deficient pyridine by the nucleophilic aromatic 

substitution. Further research on the post-functionalization reactions and enantioselective 

synthesis is continuing. 

Hydrogen-bonded organic pigments receive a great deal of attention owing to their promising 

semiconducting properties, strong 2D molecular association, high thermal, photochemical and 

chemical stability, and non-toxicity. Nevertheless, they possess only very limited solubility and 

processability which may be overcome by the introduction of solubilizing groups. Therefore, 

incorporation of alkyl substituents bearing adamantyl moiety at nitrogen atoms of six hydrogen-

bonded pigments was proposed. Moreover, bulky rigid adamantyl-bearing groups are known to 

improve molecular packing, thermal stability, and resulting properties due to the self-organizing 

ability of adamantane. The adamantylmethyl and adamantylethyl groups were incorporated into 
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selected hydrogen-bonded pigments, namely quinacridone, epindolidione, perylenediimide, 

naphthalenediimide, indigo, and 6,6’-dibromoindigo by means of nucleophilic substitution. The 

intention was to increase the solubility and processability while preserving the thermal stability 

and favorable solid-state molecular packing. In general, the alkylation reactions suffered from 

relatively poor selectivity. Initially, conditions of the alkylation reactions for epindolidione and 

quinacridone series were optimized on the preparation of 32. The syntheses provided four target 

derivatives 32–35 in low to moderate yields depending on the distance of the sterically 

demanding adamantane to nucleophilic center. Physico-chemical studies of quinacridone and 

epindolidione series showed thermal stability comparable or higher than for H-bonded 

derivatives (397–463 °C), good solubility in organic solvents, strong fluorescence in the solid 

state and solution in the visible region of light. Besides this, change of molecular packing mode 

in single crystals of 32–35 compared to unsubstituted pigments was observed. The introduction 

of adamantyl-based substituents into perylenedianhydride was not successful most likely due 

to poor solubility and steric hindrance. On the other hand, alkylation of more soluble 

napthalenedianhydride provided NDI 43 with good yield. Finally, the alkylation of indigo was 

not successful while the alkylated derivative of 6,6’-dibromoindigo afforded 47 in low yield.  

Flavins are omnipresent nature-inspired organic materials with vital biological roles, 

encouraging physico-chemical properties, chemical and application versatility. Therefore, the 

synthetic work was focused on tuning the optical, electronic, thermal, electrochemical, and 

other properties by the extension of the π-conjugated system of these materials. At first, two 

complementary synthetic approaches were proposed to access NH-free flavins comprising 

condensation reactions of 1,2-diketones with 1,2-diamines to form central pyrazine ring of the 

alloxazine moiety. These versatile approaches provided series of 13 NH-free flavin derivatives 

81, 95–106 with different degrees of planarity and D-A character in moderate to good yields 

after multi-step purification. The evaluation of physico-chemical properties was performed. 

The fused flavin systems showed high thermal stability which increased with the number of 

fused rings, reaching thermal decomposition at 454 °C for flavin 100, while it was lowered 

upon breaking planarity. The thermal stability in almost all derivatives exceeded 350 °C. 

Further, fused flavins showed reasonable solubility only in polar solvents which decreased with 

extension of the π-system and increased with breaking the planarity. The high thermal stability 

and low solubility was ascribed to strong intermolecular interactions combining hydrogen-

bonding and π-stacking. Biological assays of selected NH-free flavins proved a high degree of 

biocompatibility of the most studied materials, opening potential for applications in 
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bioelectronics. The work resulted in the first-authored publication in Molecules. Afterwards, 

two different approaches were proposed to synthesize N,N’-dialkylated flavins aiming towards 

increasing the solubility and tuning other physico-chemical properties. The choice of alkyl 

solubilizing groups involved short linear (butyl), bulky rigid (adamantylethyl) and 

triethyleneglycol-derived substituents. The synthesis provided 9 target alkylated flavin 

derivatives 107–115 where the nature of alkyl substituent and size of π-conjugated system were 

varied. The alkylation enhanced solubility in organic solvents. Moreover, the neutral glycolated 

flavin 115 showed good solubility in aqueous media. The alkylation strongly increased 

fluorescence in solid state and solutions and tuned the thermal properties depending on the alkyl 

substitution, sometimes being higher than observed for mother NH-free flavins. Specifically, 

substitution by the butyl group significantly decreased both melting points and decomposition 

temperatures compared to mother flavins. The incorporation of adamantylethyl group has led 

to considerable enhancement of both values, reaching decomposition temperatures up to 475 

°C for flavins 112 and 114. This was attributed to the contribution of the adamantyl moieties to 

strong molecular pairing in the solid state. The synthesis is currently aiming towards a synthesis 

of unsymmetrically N,N’-dialkylated flavins by multi-step synthetic approach to evaluate 

possible influence on the solid state structure and resulting physico-chemical properties. 

From a perspective, the presented nature-inspired organic materials, fluorinated building 

blocks, and the approaches towards their synthesis and post-functionalization may provide a 

way to address the needs of specific applications in the field of organic electronics and 

bioelectronics. Moreover, the rational synthesis design enables the preparation of processable 

bioinspired materials with finely tuned, optical, electronic, thermal, and morphological 

properties. 
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6 LIST OF SYNTHESIZED COMPOUNDS 
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7 LIST OF SYMBOLS AND ABBREVIATIONS 

A acceptor 

AAT acetic acid thiophene monomer 

ABFL azobenzylflavin 

Ac acetyl 

Ad adamantan-1-yl 

AdEt 2-(adamantan-1-yl)ethyl 

AdMe adamantan-1-ylmethyl 

ADP adenosine-diphosphate 

AFM atomic force microscopy 

Ar aryl 

BHJ bulk heterojunction 

Bn benzyl 

Boc tert-butoxycarbonyl 

BODIPY boron-dipyrromethenes 

Bu butyl 

C60 [60]fullerene 

C70 [70]fullerene 

CDI 1,1'-carbonydiimidazole 

CT charge transfer 

CVD chemical vapor deposition 

D donor 

D-A donor-acceptor 

DAD diode array detector 

DAP diaminopyridine 

DAT diaminotriazine 

DCC N,N'-dicyclohexylcarbodiimide 

DCE 1,2-dichloroethane 

DCM dichloromethane 

DEAD diethyl azodicarboxylate 

DIAD diisopropyl azodicarboxylate 

DIBAL-H diisobutylaluminium hydride 

DIPEA diisopropylethylamine 

DME 1.2-dimethoxyethane 

DMF N,N'-dimethylformamide 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 
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DPP diketopyrrolopyrrole 

DSSC dye-sensitized solar cell 

EDOT 3,4-ethylenedioxythiophene 

EDTA ethylenediaminetetraacetic acid 

EET extracellular electron transfer 

Egap energy band gap 

EH energy of HOMO orbital 

EL energy of LUMO orbital 

EPI epindolidione 

eq. molar equivalent 

Eqn. equation 

ET energy transfer 

Et ethyl 

Et2O diethylether 

EtOAc ethyl acetate 

FAD flavin adenine dinucleotide 

FADH semiquinone form of flavin adenine dinucleotide 

FADH2 reduced form of flavin adenine dinucleotide 

FET field-effect transistor 

ϕA anodic workfunction 

ϕC cathodic workfunction 

FlOX oxidized form of flavin 

FMN flavin mononucleotide 

GABA gamma-aminobutryric acid 

GC-MS gas chromatography - mass spectrometry tandem 

H-bonding hydrogen bonding 

HFlRED
– flavohydroquinone anion 

HJ heterojunction 

HOBt hydroxybenzotriazole 

HOMO highest occupied molecular orbital 

HPLC high-performance liquid chromatography 

HRMS high resolution mass spectrometry 

IR infrared spectroscopy 

ISC intersystem crossing 

ITO indium tin oxide 

J spin-spin coupling constant 

Ld,A  exciton diffusion length in acceptor material 
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Ld,D exciton diffusion length in donor material 

LED light-emitting diode 

LUMO lowest unoccupied molecular orbital 

M.P. melting point 

MABFL 1-methylazobenzylflavin 

MeCN acetonitrile 

MEH-PPV 2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene-vinylene 

MeOH methanol 

MES microbial electrochemical systém 

Ms mesyl 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 

NDA 1,4,5,8-naphthalenetetracarboxylic dianhydride 

NDI naphthalenediimide 

NLO nonlinear optics 

NMP N-methylpyrrolidone 

NMR spectroscopy of nuclear magnetic resonance 

OECT organic electrochemical transistor 

OFET organic field-effect transistor 

OLED organic light-emitting diode 

OMD organic memory device 

OPV organic photovoltaics 

OSC organic solar cell 

OTFT organic thin-film transistor 

P3HT poly(3-hexylthiophene) 

PCBM phenyl-[60]fullerene-butyric-acid-methyl ester 

PDI perylenediimide 

PE petroleum ether 

PEDOT poly(3,4-ethylenedioxythiophene) 

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

PG protecting group 

Ph phenyl 

pivacac 2,2',6,6'-tetramethylheptane-3,5-dionate 

PLED polymer organic light-emitting diode 

PPV poly(p-phenylene vinylene) 

PSC perovskite solar cell 

QA quinacridone 
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QDSC quantum dots solar cell 

r.t. room temperature 

Red-Al sodium bis(2-methoxyethoxy)aluminium hydride 

Rf retention factor 

RMX reaction mixture 

RP reverse phase 

Rxn reaction 

SM starting material 

T3P propylphosphonic anhydride 

TBAF tetrabutylammonium fluoride 

t-Boc tert-butoxycarbonyl 

t-Bu tert-butyl 

TEG triethylene glycol monomethylether substituent 

TFA trifluoroacetic acid 

TFT thin-film transistor 

TGA thermogravimetric analysis 

THF tetrahydrofuran 

TIPS triisopropyl 

TIPS triisopropylsilyl 

TLC thin-layer chromatography 

TMS trimethylsilyl 

Ts tosyl 

UV/VIS ultraviolet–visible spectroscopy 

XRD X-ray diffraction analysis 

β0 hyperpolarizability 

μ charge carrier mobility / dipole moment (units of cm2/Vs or 

D, respectively) 

μe electron mobility 

μh hole mobility 

ϕSSF quantum yield of solid-state fluorescence 
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