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ABSTRACT 

Natural Products (NPs) represent an important origin of inspiration in drug discovery. Historically 

the most productive source, NPs remain highly relevant for the treatment of human disease and 

for chemical biology studies investigating biological coherences. Their privileged molecular 

scaffolds constitute ñprevalidatedò representations of natureôs exploration of biologically relevant 

chemical space. Therefore, NPs have served as inspiration for many design approaches for small 

molecule collections. Likewise, the recently proposed pseudo-Natural Product (pseudo-NP) 

concept has recourse to the biological relevance of NPs. In this concept, novel scaffolds are 

generated by merging biosynthetically unrelated NP fragments. Pseudo-NPs resemble NPs but 

the unprecedented combinations may provide compounds that are chemically and biologically 

significantly different from NPs. 

Herein, the design and synthesis of new pseudo-NPs compound classes accessible through the 

oxa-Pictet-Spengler reaction are described. Triflic acid immobilized on silica as a catalyst enabled 

the reaction of complex cyclic ketones with several different annulation partners, including multiple 

isomeric variants. The simple reaction conditions and broad substrate scope allowed for the rapid 

synthesis of a diverse compound collection. A further degree of derivatization was achieved by 

indole dearomatization. ɔ-Pyrone annulation of indole compounds derived from the oxa-Pictet-

Spengler reaction as well as the Fischer indole reaction gave efficient access to novel classes of 

pseudo-NPs. Cheminformatic analyses characterized the pseudo-NP libraries with both NP- and 

drug-like characteristics, suggesting the resemblance of NPs while expanding natureôs chemical 

space. In a target-agnostic cell-based assay, indofulvins were found to have a new bioactivity as 

potent autophagy inhibitors (Figure 1). Further investigations identified mitochondrial respiration 

as a potential target. The simultaneous gain in new bioactivity while losing one of the fragmentôs 

original activities provides a proof of concept of the pseudo-NP method as a viable design 

principle for bioactive small molecules. 

To characterize the pseudo-NP in a broader biological context, all classes were screened in the 

cell painting assay. Morphological profiling evaluates phenotypic changes in cells upon compound 

treatment and condenses them into characteristic ñfingerprintsò. The indofulvins appeared to show 

morphological changes that are similar to the ones induced by oligomycin, a known inhibitor of 

mitochondrial respiration. On the other hand, the indofulvins had a low biosimilarity to the parent 

NP griseofulvin, which demonstrates the loss of the fragmentôs original activity on phenotype level.  
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Additionally, morphological profiling enabled an evaluation of chemically relevant features for the 

phenotype by comparing a large compound collection with more than 240 compounds. The 

investigation revealed the combination of two fragments can lead to a new morphological effect. 

From the analyses, it was concluded that both fragments of the indofulvins, indole and 

griseofulvin, are not dominating the fingerprint.  The connection type between the two fragments, 

as well as different regioisomers can also result in scaffold dependent biological effects.  

These results suggest that the pseudo-NP concept in combination with the cell painting assay 

may be able to be used to rationally design new compound classes and therefore further explore 

chemical space with biological relevance.  

 

Figure 1: Conceptional overview of the pseudo-natural product indofulvin and its bioactivity. 
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KURZZUSAMMENFASSUNG 

Naturstoffe (NPs) stellen einen wichtigen Ursprung von Leitstrukturen in der Arzneimittel-

forschung dar. Historisch sind sie eine der ergiebigsten Quellen der Medizinalchemie und auch 

heute haben NPs für die Behandlung von Krankheiten und für die Untersuchung biologischer 

Zusammenhänge eine hohe Bedeutung. Ihre privilegierten molekularen Strukturen 

reprªsentieren Ăprªvalidierteñ Vertreter von biologisch relevanten chemischen Raum. Damit 

dienten NPs bereits häufig als Inspiration für neue Designansätze von Substanzbibliotheken. 

Auch das kürzlich veröffentlichte Pseudo-Naturstoff-Konzept greift auf die biologische Relevanz 

von NPs zurück. Bei diesem Konzept werden neuartige Molekülgerüste durch die Fusion von 

biosynthetisch nicht verwandten NP-Fragmenten erzeugt. Zwar ähneln Pseudo-NPs NPs in 

vielen Eigenschaften, können durch die beispiellose Kombination jedoch vollkommen neue 

Verbindungen ergeben, die sich chemisch sowie biologisch signifikant von NPs unterscheiden. 

Im Folgenden werden das Design und die Synthese neuer Pseudo-NP Klassen, die durch die 

Oxa-Pictet-Spengler Reaktion zugänglich sind, vorgestellt. Auf Kieselgel immobilisierte 

Trifluormethansulfonsäure ermöglichte als Katalysator die Reaktion komplexer zyklischer Ketone 

mit mehreren verschiedenen Anullierungspartnern, einschließlich isomerer Varianten. Die 

einfachen Reaktionsbedingungen und breite Substrattoleranz erlaubten die schnelle Synthese 

einer vielfältigen Substanzbibliothek. Ein höherer Grad der Derivatisierung wurde durch die 

Dearomatisierung von Indolen erreicht. Die ɔ-Pyron-Anullierung von Indolverbindungen, die 

sowohl von der Oxa-Pictet-Spengler-Reaktion, als auch von der Fischer-Indol-Reaktion abgeleitet 

sind, lieferte einen effizienten Zugang zu neuen Pseudo-NP Klassen. Cheminformatische 

Analysen wiesen den Pseudo-NPs NP- und medikamentenähnliche Charakteristika zu, was auf 

eine Ähnlichkeit zu NPs bei gleichzeitiger Erweiterung des chemischen Raumes schließen lässt. 

In einem zellbasierten Assay wurde eine neue Bioaktivität der Indofulvine als potente Inhibitoren 

der Autophagie nachgewiesen (Abbildung 1). Weitere Untersuchungen identifizierten die 

mitochondriale Atmung als ein potentielles Target. Der gleichzeitige Verlust der ursprünglichen 

Fragmentaktivität liefert als Machbarkeitsnachweis einen Erfolg für das Pseudo-NP-Konzept. 

Um das Pseudo-NP Konzept in einem breiteren biologischen Kontext zu evaluieren, wurden alle 

Klassen im Cell Painting Assay untersucht. Diese morphologische Analyse bewertet die 

phänotypischen zellulären Veränderungen nach der Zugabe einer Verbindung und überführt sie 

in charakteristische "Fingerabdrücke". Die Indofulvine wiesen ähnliche morphologische 

Veränderungen wie von Oligomycin, einem bekannten Inhibitor der mitochondrialen Atmung, 

induziert auf. Weiter war die biologische Ähnlichkeit der Indofulvine zum Ausgangs-NP 
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Griseofulvin gering, was den Verlust der ursprünglichen Fragmentaktivität auf morphologischer 

Ebene zeigt.  

Zusätzlich ermöglichte die morphologische Analyse einer Substanzbibliothek von mehr als 240 

Verbindungen eine Bewertung chemischer Merkmale, die relevant für den Phänotyp scheinen. 

Die Untersuchung ergab, dass die Kombination von zwei Fragmenten zu einem neuen 

morphologischen Effekt führen kann, da Fragmente wie Indol und Griseofulvin, den Fingerab-

druck nicht zu dominieren scheinen. Die Art der Kombination sowie Regioisomere können 

ebenfalls zu klassenabhängigen biologischen Effekten führen.  

Diese Ergebnisse deuten darauf hin, dass das Pseudo-NP-Konzept in Kombination mit der 

morphologischen Analyse in der Lage sein könnte, neue Verbindungsklassen rational zu 

entwerfen und damit den biologisch verwendeten chemischen Raum zu erweitern.  

 

Abbildung 1: Konzeptioneller Überblick über den pseudo-NP Indofulvin und seine biologische Bedeutung. 
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1. INTRODUCTION 

1.1.  DESIGN APPROCHES FOR SMALL MOLECULE LIBRARIES 

Small molecules are excellent tools for the study of complex biological networks and the 

development of new drugs. Compared to genetic approaches, the usage of small molecules is 

beneficial as they can show a rapid effect that is dose-dependent and reversible.[1] However, the 

supply of selective, bioactive molecules is often limited. The identification of chemical space in 

order to guide the design of compounds with biological relevance remains one of the greatest 

challenges. The potential number of small molecules is over 1060 which is too high to synthesize 

or biologically evaluate.[2] In this context, diversity within biologically relevant chemical space is 

more important than library size. It is crucial to focus on approaches that significantly increase the 

chance of bioactivity.  

 

Figure 2: Pie chart of all 1394 small molecule approved drugs from 1981 to 2019 sorted by their sources.[3] 

N: unaltered natural product, NB: botanical drug, ND: natural product derivative, S: synthetic drug, S*: 

synthetic drug (NP pharmacophore), /NM: mimic of natural product. 

Natural products show a distinct advantage, as they inherently cover areas of biologically relevant 

chemical space.[4] They have served as therapeutics and as fruitful inspirations for valuable NP 

derivatives over the last decades. 32% (441out of 1394) of small molecules approved by the US 

Food and Drug Administration (FDA) between 1981 and 2019 that were based on small molecules 

were NPs or direct derivatives (Figure 2).[3] NPs are often endowed with inherent bioactivity that 

cover a broad range of effects: anti-cancer, anti-infective, anti-diabetic, among others. Beyond 

their bioactivity, NPs show an improved delivery to their intracellular site of action as they are 

compared to synthetic drugs more likely to be substrates for transporter systems. NPs represent 

a great diversity of chemical structures with high complexity and a high degree of stereochemistry. 

As NPs co-evolved with their interaction partners, relevant structural parameters for binding to 

conserved proteins may be deposited in them. Consequently, their scaffolds may not only be 
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prevalidated for their targets, but also privileged representations of Natureôs exploration of 

biologically relevant chemical space.[5]  

Despite immense interest in NPs, the availability of NPs can be problematic as these complex 

structures often require multistep syntheses or time-consuming isolations.[6] The difficult access 

can have a major influence on following studies including the synthesis of a broad structure-

activity-relationship (SAR). To address this restriction, several NP-inspired design principles have 

been employed, including the diversity-oriented synthesis (DOS), ring distortion strategy (CtD) 

and biology-oriented synthesis. 

DIVERSITY-ORIENTED SYNTHESIS (DOS) 

The DOS approach is aiming to explore chemically underrepresented space with small but highly 

diverse chemical libraries. By systematic mixing and matching of various chemical building blocks 

the diversity of compound libraries is maximized. Synthesis pathways are therefore compared to 

target-oriented synthesis approaches not linear but branched and divergent (Figure 3).[7] 

 

Figure 3: Synthetic strategy in target-oriented synthesis approaches (left) compared to diversity-oriented 

synthesis approaches (right).[7a] 

The DOS approach is pursuing two concepts: From simple starting materials to complex products 

and from similar starting materials to diverse products. The forward-synthetic planning has to fulfill 

the requirements of increasing complexity and diversity and can be divided in a build-, couple and 

pair-phase (Figure 4). Initially, multifunctional building blocks (1) are generated by robust 

asymmetric reactions. The following couple phase is increasing complexity by combining various 

building blocks (2) and diversifying them ideally under full stereo control (3a-c). The pair-phase is 

transforming the collection of relatively similar substrates into a collection of more diverse 

products by intramolecular coupling reactions (4a-c). The resulting small molecule libraries, 

similar to NPs are enriched in bioactivity and sp3-hybridised centers.[7b, 8]  
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Figure 4: DOS approach: simple staring materials 1 are transformed in complex structures 4a-c while 

simultaneously increasing diversity.[7a]  

RING DISTORTION STRATEGY (CTD) 

The ring distortion strategy is inspired by nature, where common intermediates are used for the 

synthesis of various NPs. Instead of directly aiming for an improvement in potency or 

pharmacokinetics, this concept pursues the goal to generate highly diverse scaffolds from a 

structurally complex NP and can therefore also be termed as the complexity-to-diversity (CtD) 

strategy. In contrast to other approaches, NPs are not simplified or reduced to smaller fragments 

but significantly modified to change its overall topology. While aiming for a high degree of diversity, 

different reaction types, such as ring-cleavage, ring-expansion or -contraction, ring-fusion, and 

ring-rearrangements, can be applied.[9]   

Examples including gibberellic acid, adrenosterone, quinine, abietic acid, and yohimbine among 

others proved its application in a diverse library synthesis.[9-10] The recently published 

derivatization of pleuromutilin demonstrates proof of concept for generating bioactive molecules 

(Figure 5). A highly complex ring-contraction product was identified as having anticancer activity. 

A subsequent modification of the primary hit resulted in ferroptocide, a potent inhibitor of 

thioredoxin and therefore rapid inducer of ferroptotic cell death.[11]  
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Figure 5: Ring distortion strategy on pleuromutilin yielding ferroptocide after diversification and 

modification.[11]  

While this strategy opens up many possibilities to synthesize structurally challenging compound 

libraries, it is highly dependent on the access to the guiding natural products. The complex 

derivatization requires sufficient amounts of starting materials, which limits its application.[12] 

Additionally, the modification of complex NPs can be challenging in terms of many possible side 

reactions. In this context, it is essential to focus on starting materials with orthogonal functional 

groups for selective derivatization. Furthermore, a considerable practical expenditure can be 

necessary for the search of suitable reaction conditions and restrict the approach opportunities.   

BIOLOGY-ORIENTED SYNTHESIS (BIOS) 

Another way to use the structural information from NPs to focus on biological relevant areas of 

chemical space is the BIOS concept. For this method, NPs are used as prevalidated starting 

points and are reduced to simplified core scaffolds.[5] The simplification is based on 

chemoinformatic structural analysis of NPs and visualized in a tree-like structural classification of 
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NPs (SCONP).[13] The smaller fragments are likely to constitute biological relevance and allow an 

easy selection of related structures to base the library synthesis on. The simplified NP core stays 

conserved whereas the surrounding substitution pattern can be highly diverse.[5] The 

derivatization can optimize the NPs original bioactivity in terms of potency and pharmacodynamic 

properties and lead to highly selective compounds. The BIOS approach proved its success in 

many examples, such as in the development of a neurite growth promoter (Figure 6). The NP 

rychnophyllineôs known bioactivity is the promotion of neurite growth.[14] After the simplification to 

the spiro-core structure followed by a diverse modification, five derivatives with activity in neurite 

growth assays were identified.[15] 

 

Figure 6: Visualization of the BIOS approach covering simplification and modification of natural products to 

yield optimized derivatives. Example: Rychnophylline, which provided active neurite growth promotors.[15] 

However, the focus on selected NPs and their scaffolds restricts the exploration of chemical and 

biological space. Although NPs are chemically highly diverse, the chemical space is larger and 

cannot be significantly extended by this approach. On the biological side, the resulting compound 

library may retain similar biological effects to structurally related NPs rather than showing new 

bioactivity.[12]  

FRAGMENT-BASED DRUG DESIGN (FBDD) 

Fragment-based drug design (FBDD) describes the screening of small fragments to find low-

affinity binders and combine them to provide potent interaction partners. Known ligands of 

interesting target proteins or other known drugs or drug candidates provide the conceptôs starting 

point. They can be fragmented into smaller scaffolds that fulfill the rule-of-three for their lead-

likeness. Additionally, the fragmentsô solubility, and structural diversity are of great importance to 

avoid accumulating and cover broad chemical space.[16] Relatively weak interactions can be 

identified with biophysical techniques like target-based NMR, mass spectrometry, and thermal 

shift assay. The following optimization of each interaction in the binding site and reconstruction 
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into a single molecule results in a potent compound with high binding affinity as sum of the 

fragments individual interaction.[17]  

Guided by this concept, the new glucokinase activator 5 were rationally designed and resulted in 

a five times increased activity. The analysis identified benzamide as key fragment of GKA50 and 

the cyclopropylsulfonyl and aminothiazolyl moieties as beneficial from the clinical candidate PSN-

GK1 (Figure 7).[18] 

 

Figure 7: Fragment-based drug design with the glucokinase activator using the deconstruction-

reconstruction approach through a privileged fragment-merging strategy.[18] 

However, FBDD mainly focus on flat, sp2-rich fragments and are derived from known chemical 

space. Over et al.[19] addressed this limitation by analyzing >180,000 natural products in order to 

gain fragments with high three-dimensional character. 2,000 clusters of natural-product-derived 

fragments were identified which were not only structurally diverse and readily accessible but also 

cover different chemical space than the six times larger commercially available fragment subset 

annotated in the ZINC database. The number of sp3-hybridized centers is significantly increased 

compared to synthetic scaffolds and provides a high three-dimensional character for the NP-

fragments. A high potential of NP-structures in the FBDD is suggested as their fragments appear 

to sufficiently represent NPs in complexity and diversity.[17, 19] Its application in drug discovery 

demonstrated by the development of novel fragment-sized p38aMAP kinase inhibitors and new, 

unprecedented phosphatase inhibitors.  
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1.1.1. PSEUDO-NATURAL PRODUCTS 

While the guiding strategies to generate biologically relevant small-molecule libraries above show 

successful applications, they may also be restricted by limitations. A high structural diversification 

generated in the DOS covers a broad chemical space, but biological relevance and synthetic 

strategies constitute a great challenge. The Ctd strategy uses NPs as starting points to rapidly 

access complex scaffolds and are therefore highly dependent on the NPs availability. The 

simplification and derivatization of NPs in the BIOS approach usually results in compounds 

covering similar chemical and biological space relative to their parent NP. Consequently, an 

interaction with similar targets may be more presumable than novel bioactivity. FBDD identifies 

low-binding fragments for biological relevant targets and extends them to potent interaction 

partners. However, this approach requires a known target and predominantly employs sp2-rich 

compounds, leaving out the biological relevant, high sp3 fraction represented by NPs.[12] 

More recently, a new design approach based on the NP-fragment classes[19] was introduced to 

increase discovery productivity. As the NP-like chemical space appears to be larger than covered 

by nature, the guiding strategy is to synthetically combine unrelated NP building fragments to 

provide novel scaffolds. These compounds are called pseudo-NPs as they share structural 

features but are not accessible through existing biosynthetic pathways. The resulting chemotypes 

are suggested to explore new chemical space while simultaneously resembling the complexity of 

NPs. Thereby, pseudo-NPs may retain biological relevance of the NPs, but have the chance to 

reveal unknown bioactivity and lead to the identification of new targets. Compound libraries 

derived from this approach are in contrast to the relatively flat molecular skeletons from 

combinatorial chemistry.[12, 20] 

One of the first examples for this design approach are the chromopynones derived from the fusion 

of chromanes to tetrahydropyrimidinones (Figure 8a).[21] Both fragments can be found in nature, 

where chromans cover a broad range of bioactivities and tetrahydropyrimidinones represent a 

natural product class of antibiotics. The combination of the two fragments to a pseudo-NP 

revealed the expansion of chemical space, as well as a new bioactivity in glucose uptake 

inhibition. The compounds selectively target both glucose transporters GLUT-1 and -3 and 

thereby reduce tumor cell growth. Interestingly, this bioactivity appears to truly be the result of the 

fragment combination as neither the chromane nor tetrahydropyrimidinones substructures show 

any glucose uptake inhibition. 



Introduction 

14 

 

 

Figure 8: Pseudo-natural product approach[12] with a) chromopynones revealed a new glucose uptake 

inhibitor[21], b) indotropanes as MLCK1 inhibitors[22] and c) azaquindoles as VSP34 kinase inhibitors[23]. 
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Furthermore, indotropanes structurally combine the ubiquitous NP-fragment indole and a tropane 

via copper-catalyzed 3+2 cycloaddition reaction (Figure 8b).[22] Members of the complex pseudo-

NP library showed an interesting multinucleated phenotype. Target identification revealed an 

inhibition of myosin light chain kinase 1 (MLCK1), which was isoform-specific. The fragment-sized 

cinchona alkaloids and indoles comprise several unique structures and biological activities. The 

fusion of both fragments in a Pd-catalyzed Heck coupling led to a complex pseudo-NP library 

(Figure 8c).[23] The azaindole derivative Azaquindole-1 represents a very potent autophagy 

inhibitor, which interacts with the VSP34 kinase and therefore suppresses the lipidation of the 

phagophore inducer LC3.  

Three-dimensionality is of major importance for spatial binding to proteins[24] and to resemble NPs 

complexity, the fragment combination ideally generates stereogenic centers. Therefore, different 

connection types can be found in NPs and is used in pseudo-NP collections. A connectivity of two 

fragments in just one point generate a complex spiro center like in (-)-horsfiline (Figure 9a). A 

monopodal or linear connection is shown in tambjamine A (Figure 9b), where the pyrrole is 

attached to the cyclopentadiene via a simple bond. A connection in two points can be achieved 

through an edge fusion (Figure 9c) for example in murraya alkaloids. Additional complexity can 

be generated by the fusion of two fragments with three atoms shared (Figure 9d). The bridged 

fusion can be found in sespenine. A connection of two fragments in four points is called bipodal 

connection (Figure 9e) or bridged bipodal connection (Figure 9f).[20] In this case two connection 

points can be linked through either one or multiple bonds and introduce a third fragment. The size 

and functionalities of the newly generated fragment may influence the properties of the resulting 

pseudo-NP library and has to be considered carefully. 
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Figure 9: Different connection types for the fusion of two fragments including one NP example for each 

connectivity.[20] 
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1.2. COMPLEXITY-GENERATING REACTIONS 

Since NPs have a high structural complexity which can be attributed to target interaction and 

specificity, our goal is to access small molecules with more globular or spherical molecular 

skeletons. Whereas the percentage of sp3-hybridized carbons in NPs is high at around 68%, the 

fraction of sp3 carbons in synthetic and commercially available compounds is significantly lower 

at 37%.[25] Complexity-generating reactions, for example cycloadditions and multicomponent 

reactions, are valuable for accessing three-dimensionality in an efficient manner. Nevertheless, 

medicinal chemistry is dominated by a small set of standard reactions falling into few different 

categories. More than 80% of the performed synthetic steps can be assigned to either amide 

formation, Suzuki-Miyaura reaction, aromatic nucleophilic substitution, amine Boc-deprotections, 

or electrophilic reactions of amines (Figure 10)[26]. Reasons for the limited diversity are the 

availability of starting materials, the desired robustness of the reactions regarding their velocity, 

efficiency, and reliability, as well as the introduction of unfavored for example lipophilic moieties 

through some other reactions. Furthermore, the functional group tolerance of new methodologies 

usually requires protecting groups. Accordingly, these complex reactions prove to not be efficient 

and applicable to medicinal chemistry when they require multiple steps of protection and 

deprotection.  As a consequence of the dominance of amide bonds and reactions including 

aromatic scaffolds, the resulting molecules have an increased linear and sp2 character. 

Additionally, nitrogen is more represented than oxygen in synthetic compounds which also does 

not reflect NPs.[20]    

 

Figure 10: Dominant reaction types in medicinal chemistry in a pie chart[26]: The five widely used reactions 

are amide formation, Suzuki-Miyaura reactions, aromatic nucleophilic substitutions, Boc-deprotections and 

electrophilic reactions of amines. 
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To best depict natureôs complexity an expansion of the synthetic toolbox in medicinal chemistry 

is required.[27] Ideal reactions for the library synthesis of complex molecules therefore must be 

efficient, tolerant of diverse functional groups, robust, reproducible, operationally simple 

operational procedure without high-risk or sensitive materials, and have facile access to starting 

materials.  

1.2.1. PICTET-SPENGLER REACTION 

In 1911 Amè Pictet and Theodor Spengler described a cycloaddition after heating ɓ-

phenylethylamine and formaldehyde dimethylacetal under hydrochloric acid catalysis.[28] Due to 

its value in alkaloid synthesis and its broad applicability to pharmaceuticals, the Pictet-Spengler 

reaction has been developed into a powerful synthetic strategy over the last 100 years.[29] 

Thereby, the method underwent constant advancements, such as a broader substrate scope, 

identification of correlating enzymes in 1977[30], and stereoselective methods.  Furthermore, a 

modification of the Pictet-Spengler reaction led to its oxygen variant, in which aryl alcohols and 

carbonyl functionalized components generate 1, (1ô-di)-substituted pyrans. Just as for the amino 

version, the oxa-Pictet-Spengler reaction is promoted by Lewis or Br nstedt acids, such as boron 

trifluoride etherate and trifluoroacetic acid.[31] The resulting pyrans fused to an aromatic ring 

system can be found in many NPs. One of the most famous representatives is the isochromane 

framework, which has attracted attention over the last few decades. Examples include Penicillium 

PSU-F40 isolated penicisochromane D[31], the alkaloid excentricine[32] from the roots of Stephania 

excentrica and the structurally complex cytosporolides A[33] which was obtained from Cytospora 

sp (Figure 11).[31] 

 

Figure 11: Selected NPs bearing the isochromane scaffold.[31] 
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More recently, asymmetric variants of the oxa-Pictet-Spengler reaction were developed. For a 

long time, the control of the enantioselective addition to oxacarbenium ions provided a 

challenge.[34] Chiral amine/hydrogen bond donors and bifunctional Br nstedt acids[35], similarly to 

imidodiphosphate catalysts[36] proved to efficiently affect the products enantioselectivity. The 

substrate scope of these reactions is comprised of different aryl alcohols including indoles, 

benzofurans, and thiophenes, as well as a wide range of aldehydes, ketones, or their masked 

derivatives. However, the oxa-Pictet-Spengler reaction with more complex cyclic ketones remains 

a challenge.  

1.2.2. DEAROMATIZATION  

Dearomatization reactions proved to be an excellent tool in the synthesis of polycyclic scaffolds 

of various complex NPs including salvileucalin B, (-)-acutumine, (+)-fendleridine and (+)-

cannabisativine (Figure 12a). The overcoming of aromatic stabilization results in highly reactive 

intermediates, which subsequently enable carbon-carbon and carbon-heteroatom bond 

formation, as well as cycloadditions and other cascade reactions. The vast majority of 

dearomatization reactions are represented by phenols as substrates.[37] The NP (±)-cleroindicin 

D for example is synthesized by oxidative dearomatization of a phenol starting material 6 (Figure 

12b). The first step uses oxone and leads to the corresponding para-peroxyquinol 7, which 

cyclizes under acidic conditions (8) and yields the natural product after diastereoselective 

rearrangement. The dearomatization of electron-rich heteroarenes including furans pyrroles and 

benzofurans constitutes often a key step in total synthesis. Especially the dearomative Diels-Alder 

reaction with furans is described extensively in the literature to generate complex structures. 

Electron-rich indoles also proved to be excellent starting materials for dearomatization reactions. 

Indolic alkaloid frameworks either react via Diels-Alder cycloaddition or a stepwise Michael-

Mannich sequence to give their indoline analogs. Porco et al.[38] described the synthesis of 

pleiomaltinine through an Һ-pyrone annulation with maltol derivative 10 in the last step (Figure 

12c). The method for the access to unusual alkaloid-pyrone structures has been extended by an 

asymmetric version using a chiral thiourea catalyst.[39] Although asymmetric dearomatization 

strategies have a high potential for chemical synthesis, they still remain underdeveloped. 
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Figure 12: Dearomatization in natural product total synthesis. a) Selected syntheses through 

dearomatization. The former aromatic ring is colored in magenta.[37] b) Total synthesis of (±)-cleroindicin D 

involving an oxidative dearomatization through oxone.[40] c) Dearomative alkaloid-pyrone annulation in the 

synthesis of pleiomaltinine.[38] 
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1.3. BIOLOGICAL EVALUATIO N 

To support the identification of bioactive molecules, methodologies that allow a fast and 

meaningful analysis of compound libraries are required. A major contributory factor to be able to 

test a large number of molecules is automated image acquisition in a high-throughput manner. 

Most target-based assays need to test relatively large compound (>100,000) libraries to generate 

a satisfactory hit rate. With an increased quality of prevalidated NP-inspired collections, less than 

1,000 compounds are sufficient.[41] However, compounds might address different targets of a 

similar process. In order to enable a comprehensive biological analysis, assays which cover a 

broad range of bioactivities are beneficial. In contrast to the reverse chemical genetic approach, 

which searches for interaction partners for a known target, discovery in forward chemical genetics 

can be based on a phenotype of interest. Comparable to mutants in classical genetics, compound 

libraries are investigated regarding their phenotypic effects in cells or their extracts. However, 

instead of acting on gene level by deleting or impairing protein function, small molecules can 

inhibit or activate proteins by direct interaction. The forward chemical genetics can be divided into 

three inevitable components: a compound collection, a biological assay with the ability of 

detecting the phenotype of interest, and a target identification strategy.[42] The least systematic 

target identification usually includes methods such as proteomic hit identification strategies, 

cellular thermal shift assays, thermal proteome profiling as a combination of both, and genetic hit 

identification.[43] Thereby, the forward chemical genetic approach may not only deliver proteins 

that regulate distinct cellular processes, but also increase the number of relevant tool 

compounds.[42] Interestingly, approved drugs identified through phenotypic assays appear to 

attain a greater success over target-based approaches. About 37% of clinically approved 

compounds from 1999 to 2008 were identified via forward chemical genetics, where just 23% 

were derived from the reverse chemical genetics.[44] 

1.3.1. PHENOTYPIC SCREENING 

Phenotypic screening may allow an unbiased identification of bioactive molecules by translating 

phenotypic changes into physiologically relevant results. Therefore, it can be especially beneficial 

for the identification of novel targets as multiple possible interactions are covered in a phenotypic 

response. Recent advances in technology and robotics allow parallel screening of various 

compounds and is increasing its efficiency. Usually these biological assays are performed in cells 

where complex cellular extracts or organelles and fluorescently labeled proteins or antibodies are 

used for quantification of the phenotypic output.[42, 45] Due to the usage of phenotypic assays on 
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cells or model organisms, the compoundôs bioavailability plays an earlier role compared to primary 

assays with isolated proteins.[46] 

The phenotype for pathways or cellular processes, including mitosis, is specific and can be used 

for the investigation of novel interactors. Cell division involves large structural rearrangements 

which can, for example, be visualized by a fluorescent antibody against phosphorylated histone 

H3. This prometaphase marker selectively labels mitotic cells and can therefore identify inhibitors 

of this cellular process.[47] 

Furthermore, autophagy as catabolic process in correlation with the recovery of cellular building 

blocks can be investigated via phenotypic screening. A relevant autophagy marker of 

autophagosomes, protein microtubule associated light chain 3 (LC3), is tagged with the enhanced 

green fluorescent protein (eGFP).[48] Once autophagy is induced, LC3 localizes in the 

autophagosome membrane and is subsequently degraded. The labeling allows the tracking and, 

in addition with the degradation inhibitor chloroquine, autophagosome quantification for the 

identification of autophagy inhibitors. The resulting signal directly correlates with the pathway 

activity. While autophagy induces the formation of autophagosomes, autophagy inhibitors are 

supposed to show a reduced signal correlating with fewer autophagosomes. [45]  

The cell viability can also be investigated by fluorescent dyes including propidium iodide. This 

intercalating agent stains nucleic acids, but is not membrane permeable. As distinct from living 

cells, dying or dead cells have a damaged membrane, which can be overcome by propidium 

iodide. Therefore, it can be used as viability marker as it selectively stains dead cells.[49] 

1.3.2. MORPHOLOGICAL PROFILING: CELL PAINTING ASSAY 

Morphological profiling is advancing phenotypic screening to the next level. Instead of screening 

for a specific phenotype, multiparameter investigations enable access to diverse bioactivities and 

many potential targets.[50] Technological advancements in microscopy, robotics, and computer 

analysis has enabled the coverage of a broad phenotypic spectrum in a high-through put manner. 

The phenotypic traits of cells can be described by hundreds of parameters. A perturbation through 

compound treatment may involve morphological changes, which can be extracted during image 

analysis and transformed into specific morphological profiles.[46, 51] Upon comparison with 

reference compounds or other research molecules, these data can be used to generate a target 

or mode-of-action hypothesis[23, 52], SAR analysis[53], and to investigate the influence of chemical 

differences on a biological level.[50, 54] Furthermore, a broad clustering of reference compounds 

with a common mode-of-action but different targets enables the identification of so far 
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uncharacterized small molecules predicted to share the same mode-of-action. A defined cluster 

of structural unrelated iron chelators and cell cycle modulators were shown to share a common 

mode-of-action and enabled the identification of three new representatives of this bioactivity.[55] 

Morphological profiling, for example the cell painting assay, is especial powerful for the 

investigation of compound libraries with unknown biological effects including molecules from the 

pseudo-NP approach. The unbiased way of investigating the perturbed biological system and 

wide range of covered bioactivities potentially allows the identification of unexpected or 

unprecedented bioactivity.[56] In contrast to commonly used target identification methods, the 

morphological profiling is potential capable to reveal non-protein targets.[52] In the cell painting 

assay, human osteosarcoma (U-2OS) cells are treated with research compounds, as well as 

annotated references (Figure 13). Six dyes are multiplexed to stain different cellular 

compartments (nuclei, endoplasmic reticulum, nucleoli, RNA, actin, Golgi apparatus and 

mitochondria), followed by image analysis and feature extraction to generate morphological 

fingerprints, that represent changes induced by the compound collection compared to the DMSO 

control.[57] The comparison to other profiles, for example from references with known target, target 

hypothesis can be deduced.    

 

Figure 13: Overview of the cell painting assay. 

The high potential of the cell painting assay to investigate bioactivity was already recognized in 

the pioneering report of Carpenter et al. in 2013.[57] In addition to the supposed applications in 

identifying new targets and mode-of-actions, Clemons et al. demonstrated its application for 

compound selection in order to maximize a collections heterogeneity.[50, 58] In combination with 

other phenotypic high-through put screens, the cell painting assay delivered important information 

to enrich the collection hit rate. Furthermore, stereomeric investigations with disubstituted 

azetidines revealed morphological differences derived from different mode-of-actions.[54b]  
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1.4.  AUTOPHAGY AND ITS REGULATION 

Autophagy is a highly conserved mechanism of eukaryotic cells to maintain the organismal 

homeostasis in both physiological and pathological situations. The catabolic process accounts for 

the cellôs degradation of cytosolic components including metabolism products that are correlated 

with cytotoxicity upon accumulation, redox-active protein aggregates, pathogens, and damaged 

mitochondria.[59] The clearance of dysfunctional mitochondria prevents the release of reactive 

oxygen species and defends the cell against these toxic effects. Thereby, autophagy often 

represents a stress reaction, which is caused by intracellular or extracellular perturbations such 

as infections, starvation, or other metabolic, physical or chemical challenges.[60] Nutrient 

deprivation induces autophagy and allows a temporary compensation for the lack of extracellular 

nutrients by providing relevant building blocks through degradation.[61] A misbalance between 

formation and degradation of macromolecules is associated with various diseases as cancer[62] 

and neurodegenerative disorders including Alzheimerôs, Huntingtonôs, and Parkinsonôs 

disease.[63] Autophagyôs clinical relevance has led to a considerable attention in the past decade 

and the development of several tool compounds and pharmaceutical drugs.[64]  

Autophagy is divided into three forms depending on the delivery of substrates for degradation to 

the lysosomes: microautophagy, chaperone-mediated autophagy, and macroautophagy. The 

latter as main route to the lysosome is the best characterized and the most prominent form of 

autophagy. Upon induction via different stimuli, macroautophagy (hereafter annotated as 

autophagy) is initiated through the formation of phagophores, which are cytosolic membrane 

structures (Figure 14). Phagophores encompass the autophagic cargo consisting of various 

macromolecules targeted for degradation, as well as the autophagy receptor protein 

p62/SQSTM1[65] and elongate to double-walled vesicles called autophagosomes. After the fusion 

with the lysosome, the initially formed autolysosome contains acidic lysosomal enzymes that 

facilitate the degradation of the autophagic cargo. Additionally, the inner membrane is degraded 

and finally, permeases release the building blocks into the cytosol.[61, 64b] 

Autophagy relies on complex machinery coordinated by various regulators at numerous stages.  

The first autophagy-related gene (ATG) was published in 1997[66] and represents the start of an 

unprecedented increase in the number of papers about autophagy.[64b]  

The multistep formation of autophagosomes is mediated by complex signal transduction (Figure 

14)[64a]. Comprehensive genetic studies identified ATG1 kinase as an essential autophagy 

regulator in yeast. The mammalian homologue to ATG1 is the ULK1 complex, consisting of ULK1, 

ATG13, FIP200 and ATG101.The key energy sensor AMP activated protein kinase (AMPK) 
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phosphorylates the ULK1 complex, which subsequently regulates the class III PI3K complex and 

consequently induces autophagy. The classical mammalian autophagy regulation is via the 

mammalian target of rapamycin complex 1 (mTORC1) pathway, which has an inhibitory effect on 

the ULK1 complex and therefore on autophagy induction. Respectively, the addition of rapamycin 

as a natural mTORC1 inhibitor induces autophagy. The mTORC1-independent regulation relies 

on the intracellular levels of inositol 1,4,5-trisphosphate (IP3), Ca2+ ions and cAMP. As all second 

messengers effect autophagy negatively, reduced levels can induce the pathway.[64a]  

In mammalian autophagy, several ATG proteins are involved in the formation of key protein LC3, 

which takes an essential part in the phagophore elongation and closure. To fulfill its function, LC3 

is activated through lipidation with phosphatidylethanolamine (PE). The active form LC3-II is able 

to localize in membranes and allow its recruitment to the phagophore. LC3-II represents a marker 

for the autophagy process as it remains on the autophagosome through its whole lifespan. 

Additionally, the ATG12-ATG5-ATG16L1 complex is also located on the phagophore and plays a 

relevant role in autophagosome formation. However, upon autophagosome formation and 

following maturation, the complex dissociates. 

The late stage of autophagy is characterized by the autophagosome maturation. This process is 

mediated by diverse factors such as different SNAREs (syntaxin 17 and SNAP29 on 

autophagosomes, and VAMP8 on lysosomes), homotypic fusion and protein sorting (HOPS) 

complex, Rab7, GABARAPs, and Beclin1-interacting partners such as ATG14L, amongst 

others.[64a]  
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Figure 14: Regulation of macro autophagy in mammalian cells (adapted from [64a]). 

Due to its importance in several cellular functions, the autophagy pathway is a target of interest 

for small molecules. Over the past years, several autophagy modulators were investigated as tool 

compounds for enlightenment of the molecular mechanism of the pathway and also for clinical 

applications.[62, 64a] The mTORC1 inhibitor rapamycin is a known autophagy inducer and has 

proven to reduce accumulation of amyloid-ɓ.[67] In this context rapamycin similarly to the AMPK 

activator resveratrol has shown beneficial effects on Alzheimerôs disease in a mouse model. 

Autophagy inhibitors on the other side may apply in cancer therapy.[62] Wortmannin[68] as a rather 

unselective PI3K inhibitor and several other selective VPS34 inhibitors including VPS34-IN1[69], 

autophinib[70], and azaquindole-1[23] appear to interfere with autophagosome biogenesis. 

Chloroquine and its derivative hydroxychloroquine effect the autolysosome formation by 

preventing the autophagosome-lysosome fusion. The accumulation of autophagosomes 

negatively effects the autophagic flux.[71] Both modulators derived from quinoline represent 

important tool compounds in the study of autophagy and are employed in clinics as FDA approved 

drugs. Due to its autophagy inhibition chloroquine is used in combination with other 

chemotherapeutics for several anti-cancer treatments.  

 



Aim of the thesis 

27 

 

2. AIM OF THE THESIS 

Despite decades of research and great advances through new technologies, many diseases and 

their stimuli are still insufficiently understood for the development of effective therapeutics, not to 

mention a cure. New tool compounds have the potential to resolve biological coherences and 

close remaining gaps in knowledge.  

For this purpose, the aim of this thesis is to generate new chemical entities that can act as 

modulators of relevant biological pathways. The new compound classes are based on the 

pseudo-NP approach which is the fusion of biosynthetically unrelated NP fragments.[12, 20-23, 53] 

These fragments can be considered as prevalidated by nature and might bear biological 

relevance that enhances the hit rates in bioassays. Employing an oxa-Pictet-Spengler reaction 

as a means to merge an aryl ethanol fragment with a cyclic NP fragment having a ketone 

functionality should give access to new, complex spiro pseudo-NP classes. Beyond the three-

dimensional complexity, the diversity of the library can be increased by different fragments, both 

carbonyl-containing compounds and aromatic nucleophiles, as well as utilizing isomeric variants, 

including the unreported iso-oxa-Pictet-Spengler reaction. A further level of complexity and 

diversity is gained by the dearomatization[37, 72] of indole-containing pseudo-NP classes through 

the incorporation of an additional fragment. This approach should provide interesting indolenine 

and indoline pseudo-NP collections.  

After the establishment of the complexity generating reactions and the exploration of the scope, 

the compounds are supposed to be investigated regarding their new chemical and biological 

properties. Cheminformatic analyses should clarify the pseudo-NPs coverage in the Lipinskiôs-

like space[73], their three-dimensionality[74] and NP-likeness score[75]. Furthermore, the collections 

are evaluated in diverse phenotypic screenings including a morphological profiling assay[46, 57-58, 

76] for their potential as new tools in chemical biology and drug discovery. Novel effects can be 

investigated from the analysis of a structure-activity-relationship study to determine the most 

active compound for mode-of-action and target identification. Morphological profiling can be 

applied for a deeper analysis of structural influences on the phenotype including different 

connection types, regioisomers or fragment combinations. In addition to the investigation of new 

bioactivities, it might be interesting to evaluate the fragmentôs original activities, especially when 

they represent a relevant part of the active molecules. Analyses of the new pseudo-NP classes 

could not only generate new bioactivity, but also result in loss of the biological properties of their 

parent fragments and may provide a deeper understanding of the pseudo-NPs concept in the 

discovery of entirely novel tool compounds.  
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3. RESULTS AND DISSCUSION 

3.1.  PSEUDO-NPS VIA PICTET-SPENGLER REACTION 

3.1.1. LIBRARY DESIGN 

Based on the pseudo-NP concept (chapter 1.1.1), the compound library is supposed to have 

broad structural diversity and increased complexity through the combination of NP fragments. The 

Pictet-Spengler reaction constitutes a good opportunity to combine two fragments as it generates 

complexity to mimic the high stereogenic content observed in NPs.[20] This method can be used 

to fuse privileged aromatic fragments, such as indoles, pyrroles, or chromans which are 

ubiquitous in nature for example in the NPs yohimbine, pyrrolostatin, and blapsin B, to carbonyl-

containing fragments (Figure 15). Ketones are particularly advantageous combination partners 

as a diverse range of NPs bearing this functionality are either commercially available or readily 

accessible in a few synthetic steps, including (-)-menthone, griseofulvin, and cholestanone.  

Employing cyclic ketones yields a cyclic structure fused at a central carbon representing a new 

spirocyclic center. The spiro connection of two fragments results in sterically more demanding 

structures with a high degree of three-dimensionality. Molecular complexity has been associated 

with target selectivity, compound safety and therefore a greater chance of success in clinical 

development.[77] Furthermore, the spiro center represents a new stereogenic center and the 

asymmetric characteristics of the molecule is one important criterium of biological activities. 

Constrained spiro motifs occur in many alkaloid, lactone or terpenoid NPs fulfilling diverse 

bioactivities, including antimicrobial, antitumor, and antibiotic activity.[78] Therefore, a connection 

via spiro center may be advantageous as it increases the complexity and is present in several 

NPs constituting a broad spectrum of bioactivities. 

The combination of the two NP fragments via oxa-Pictet-Spengler reaction generates diverse 

subclasses depending on the applied aryl alcohol, for example spiro indole tetrahydropyrans, 

spiro benzofuran tetrahydropyrans, spiro pyrrole oxazines, spiro thiophene tetrahydropyrans, and 

spiro chromans, among others. 
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Figure 15: Library design based on the combination of aryl ethanols with cyclic ketone fragments via Pictet-

Spengler reaction. Three different fragment representations in nature are shown, such as for the aryl 

fragments blapsin B, pyrrolostatin, and yohimbine and griseofulvin, cholestanone, and menthone for 

carbonyl compounds. A high level of diversity is achieved by the application of diverse aromatic compounds 

including indole, benzofurans, pyrroles, thiophenes, among others to generate pseudo-NP classes as spiro 

indole/benzofuran tetrahydropyrans, spiro pyrrole oxazines, spiro thiophen tetrahydropyrans, and spiro 

chromans. 
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Structural diversity can be employed by using very diverse aryl alcohols, such as indoles, 

benzofurans, pyrroles, thiophenes, and different phenol derivatives. Additionally, diversity can be 

increased by employing different isomeric variants of the same aryl alcohol (Figure 16). For 

instance, an indole 11 can be functionalized in three positions. Tryptophol 12 with a 

functionalization in the C3 position represents the starting material for the standard oxa-Pictet-

Spengler reaction and yields ɓ-spiro indole tetrahydropyrans. The iso-oxa-Pictet-Spengler 

reaction with indoles bearing the ethanol in the C2 position (13) results in Һ-spiro indole 

tetrahydropyrans, which differ in the orientation of the indole. This iso-version and consequently 

the connection type are unknown thorough existing biosynthetic pathways and therefore, provide 

interesting, new scaffold variants. Furthermore, a functionalization on the indole nitrogen is 

conceivable (14), which leads to spiro indole oxazines. The second level of diversity is achieved 

by employing various carbonyl fragments differing from fragment-sized NPs such as griseofulvin 

to smaller building blocks, including isatin or (-)-menthone.  

 

Figure 16: Strategy to increase diversity and complexity of the compound library using the indole as an 

example by the application of different variants and carbonyl fragments while simultaneously raising 

complexity.  
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The current state of the oxa-Pictet-Spengler especially the iso-version is underdeveloped and 

many substrate combinations either result in low yields, have extensive reaction times[79] at 

elevated temperatures[80], or are not present in the literature. Our goal was to first develop a 

robust, general method that can then be applied for a diverse library synthesis. 

3.1.2. METHOD DEVELOPMENT 

As synthetic methodology often limits the complexity and diversity of compound libraries, there is 

a need for new reactions especially those that enable non-traditional connections.[27] The Pictet-

Spengler reaction (chapter 1.2.1.) was chosen to connect aryl ethanols and cyclic ketones. 

Although the reaction itself has been known for over one hundred years, itôs oxa-version with 

sterically demanding cyclic ketones and the isomeric variants still remain underdeveloped.  

To enable the oxa-Pictet-Spengler reaction with challenging starting materials, the method was 

investigated on the commercially available model substrates tryptophol 12 and (-)-menthone 15 

(Table 1). First optimization attempts with employing previously reported[31] successful Br nstedt 

acids, including para-toluene sulfonic acid (pTs) and trifluoroacetic acid (TFA), did not deliver the 

product 16 in a desired yield (Table 1, entry 1-3). The Lewis acid boron trifluoride etherate 

(BF3ÖEt2O) showed a yield of 27% of the desired product 16 after five days (Table 1, entry 4). 

However, neither further extending the reaction time nor varying the temperature and/or the 

solvent increased the yield. Also, the addition of dehydrating agents, as sodium sulfate, did not 

improve the yield to an extent which can be used for the synthesis of a compound library. After 

substantial experimentation, triflic acid adsorbed on silica gel (TfOHÖSiO2) was identified as 

suitable catalyst for the oxa-Pictet-Spengler reaction with cyclic ketones. A reaction time of just 

30 min was sufficient to deliver the desired cyclized product 16 in almost quantitative yield of 98% 

(Table 1, entry 5, hereafter referred as optimal reaction conditions). These conditions are a 

significant improvement to those currently in the literature. The triflic acid supported on silica gel 

is readily prepared, safe to handle, easily removed from the reaction mixture via filtration, and can 

even be recycled after the reaction. In literature, TfOHÖSiO2 is mainly applied for alkylation 

reactions[81] for instance of ɓ-dicarbonyl compounds trough the direct reaction with alcohols or 

alkenes[82]. Interestingly, neither triflic acid (TfOH) nor silica (SiO2) alone showed a similar effect, 

indicating the importance of the adsorption (Table 1, entry 6 and 7). 
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Table 1: Method development by screening various different reaction conditions. 

 

Entry Conditions Additives t [h] Yield* 16 [%] 

1 pTs (10 mol%), MeOH - 120 no conversion 

2 pTs (10 mol%), MeOH Na2SO4 120 7 

3 TFA (10 mol%), MeOH Na2SO4 120 11 

4 BF3ÖEt2O (10 mol%), MeCN Na2SO4 120 27 

5 TfOHÖ SiO2 (6.5 mol%), CH2Cl2 - 0.5 98 

6 TfOH (10 mol%), CH2Cl2 - 120 traces 

7 SiO2 (10 mol%), CH2Cl2 - 120 no conversion 

*Yield determined by NMR. 

Under the optimal reaction conditions one diastereomer (>20:1) was detected for the model 

reaction with (-)-menthone. It was observed that this diastereoselectivity is derived from the steric 

hindrance of the carbonyl fragment. Sterically demanding residues in the Ŭ position result in high 

selectivity during the cyclization, whereas the oxa-Pictet-Spengler reaction with 3-methyl 

cyclohexanone led to the formation of both diastereomers (further discussion in 3.1.4.).  
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3.1.3. SUBSTRATE SCOPE 

The robustness of the developed oxa-Pictet-Spengler reaction conditions was investigated for 

various aryl alcohols and carbonyl fragments while aiming for a versatile pseudo-NP library. 

STARTING MATERIALS  

For the first NP fragment, different aryl alcohols were commercially available or were obtained in 

a few synthetic steps. The starting materials for the oxa-Pictet-Spengler reaction, its iso- and N-

version were derived from the same indole derivatives (Figure 17). The functionalization was 

performed under basic conditions to some extent with a catalyst for regioselectivity. 

 

Figure 17: Isomeric variants for the enhancement of structural diversity. Three different functionalization 

positions on the indole result in two types of spiro indole tetrahydropyrans differing in the orientation of the 

indole and spiro indoles oxazines.  

The indole as planar heteroaromatic molecule shows an inconsistent distribution of the electron 

density. Whereas the heterocyclic nitrogen atom is acidic due to the delocalization of its free 

electron pair into the ́ -system, the resonance results in a relatively high electron density on C3.[83] 

Consequently, this position is nucleophilic and activated for electrophilic substitution reactions.  

In order to synthesize indole derivatives with different residues on the indole ring, the respective 

indoles were used as starting materials for the introduction of the alcohol. A functionalization in 
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C3 position requires due to its naturally nucleophilicity next to oxalyl chloride 18 no further addition 

of a base to form adduct 19 in high regioselectivity (Scheme 1). After reduction with lithium 

aluminum hydride (LiAlH4), two indole derivatives with a functionalization in C3 20 and 21 were 

generated in good yields over two steps (72-86%). 

 

Scheme 1: Two step introduction of an alcohol in the indole C3 position with oxalyl chloride. Isolated yield 

in percent (%). 

Whereas a regioselective installation of alkyl residues on the more electron-rich C3 position does 

not cause any problems[84], only few methods enable a similar functionalization on C2 by direct 

C-H substitution[85]. Inspired by the Catellani reaction[86], Bach et al. developed a process to 

access Ŭ-alkyl-substituted  indoles through palladium(II)/norbornene-cocatalysis.[87] In the first 

step, the indole interacts with the palladium(II) catalyst and norbornene 23 to give intermediate 

24 (Scheme 2). After a base-catalyzed intramolecular ortho-palladation, the resulting 

palladaheterocycle 25 reacts with the TBS protected bromoethanol 22 by oxidative addition, 

reductive elimination, followed by norbornene expulsion, and protodepalladation to give the alkyl-

substituted heterocycle 27. Norbornene 23 represents a transpositional cocatalyst that assists 

palladium in activating the Ŭ-C-H bond of NH indoles, providing excellent regioselectivities for the 

alkylation in C2.  
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Scheme 2: Proposed mechanism of the indole functionalization in the C2 position.[87] 

The method[87] was applied to various commercially available indoles 28 with different residues 

on C4-C7 yielding TBS protected indolylethanols 29. Subsequently, the adducts 29 were 

deprotected by employing tetrabutylammonium fluoride (TBAF) solution to give diverse starting 

materials for the iso-oxa-Pictet-Spengler reaction 30a-r (Scheme 3). In general different 

functionalities were well tolerated and the yields over the two-step synthesis were moderate to 

high (23-85%). Especially alkyl substituents, including methyl groups in 30b, 30c, 30d, and 30e, 

as well as isopropyl in 30f and cyclopentyl in 30g, gave high yields of the desired aryl ethanol (67-

80%). Ethers, such as a methoxy group in 30i or benzoyl groups in 30j and 30k are also well 

tolerated and result in good yields of 76-85%. A hydroxy group as in 30h and halogens (30m-30r) 

result in slightly lower yields (51-71%). A plausible reason is the potential interaction of the Pd-

catalyst with the halogens.  However, a methyl ester 30l gave the lowest yield at 23% and a 

carboxy functionality on C5 resulted in no product formation, indicating a negative influence of 

electron withdrawing groups.  
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Scheme 3: Two-step syntheses[87] of different indolylethanols functionalized in C2 position. Isolated yield in 

percent (%). 

Similar to the functionalization in the C2 position, TBS protected bromoethanol was applied for 

the synthesis of an indole-N-ethanol 14. However, no catalyst for regioselectivity and just the 
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addition of sodium hydride as base was required to yield the desired indole starting material after 

deprotection in 83% over two steps.  

2-Benzofuranoethanol 34, the oxygen analog to the iso indole starting materials, was synthesized 

through a recently reported Sonogashira coupling followed by an intramolecular cyclization of 2-

alkynyl phenols (Scheme 4).[88] Starting from 2-halophenol 31 and alkyne 32, the 2-

(phenylethynyl) phenol 33 was generated by Sonogashira coupling through Pd-catalysis. 

Commercially available copper(I) iodide enabled the mild cyclization of adduct 33 to form the 

desired 2-substituted benzofuran 34 in excellent yield (80%). 

 

Scheme 4: Synthesis of 2-benzofuranoethanol 34 through Sonogashira coupling, followed by 

intramolecular cyclization.[88] Isolated yield in percent (%). 

The access to the substituted pyrrole 2-(1H-pyrrol-1-yl)ethan-1-ol 39 was enabled by applying a 

procedure reported by Reddy et al. (Scheme 5).[89] First, the acetylenic aldehyde, phenylpropargyl 

aldehyde 35, was submitted to a Morita-Baylis-Hillman (MBH) reaction and subsequently 

acetylated to give the MBH-acetate 36.[89] A K2CO3-mediated tandem reaction involving allylic 

substitution/cycloiso-merization with 2-amino-ethanol 37 led to the formation of  2-(1H-pyrrol-1-

yl)ethan-1-ol 39. The substituted pyrrole 39 was obtained in a good overall yield of 31% over three 

steps.  

 

Scheme 5: Synthesis of the substituted pyrrole 2-(1H-pyrrol-1-yl)ethan-1-ol 39 from Morita-Baylis-Hillman 

acetates through a metal-free tandem reaction.[89-90] Isolated yield in percent (%). 

Aryl ethanols, including benzothiophen-3-ethanol 53 and the phenol derivatives 62 and 64, were 

generated in high yields (79-85%) through the reduction of their respective carboxylic acid with 

LiAlH4. 
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OXA-PICTET-SPENGLER REACTION ON INDOLES 

The substrate scope of the oxa-Pictet-Spengler reaction was investigated with 3-indolylethanol. 

The optimal reaction conditions were transferred to a number of different indoles with variations 

on the benzene ring and cyclic ketones varying in their substitution pattern (Scheme 6). 

According to expectation, the oxa-Pictet-Spengler reaction of 3-indolylethanol 12 with the simplest 

cyclic ketone, cyclohexanone, resulted in an almost quantitative conversion to the desired spiro 

product 42a (99%). The three derivatives of 3-indolylethanol with either a methoxy group, 

halogens or alkyl substitutions on the aromatic system led to a similarly high yield of 42b, 42c, 

and 42d of 93-95%. 

Cyclohexanone derivatives, including a pyran and its sulphur variant, gave the desired cyclized 

products 42e and 42f in very good yields of 83 and 98%. Alkyl substituents in the Ŭ position of the 

carbonyl function, such as in 42g, 42h, 42i, and 42j were also tolerated. The increased steric 

demand directly next to the reaction center resulted in slightly reduced yields (76-87%). The Ŭ 

position of carbonyl compounds is generally acidic and is subjected to keto-enol tautomerism, 

which usually rapidly interconvert stereoisomers. Consequently, the applied cyclic ketones, as 

well as the oxa-Pictet-Spengler products are racemic mixtures. The application of the enantiopure 

3-methyl cyclohexanone delivered besides a high yield of 42k (82%), separable diastereomers 

with a diastereomeric ratio (d.r.) of 12:1. However, for the oxa-Pictet-Spengler reaction with the 

NP (-)-menthone no formation of diastereomers was detected (42l). In comparison to a single 

methyl group in the ɓ position, the sterically demanding iso-propyl in the Ŭ position appears to 

induce diastereoselectivity. The same holds true for the bicyclic systems of norcamphor in 42m 

and (-)-camphor in 42o, where just one diastereomer was detected.  

Bridged ketones resulting in 42m and 42n were also tolerated in the oxa-Pictet-Spengler reaction 

(51-59%). Even the reaction with the NP camphor with high three-dimensional character and 

steric hinderance gave the desired spiro compound 42o, even though the yield was significantly 

reduced to 11%. Products derived from less electrophilic aromatic ketones, such as 4-

chromanone and isatin, could be obtained in moderate to good yields (42p and 42q). The 

optimized conditions were applied to the fragment-sized[19, 91] NP griseofulvin and the steroid NP 

5Ŭ-cholestan-3-one to provide 42r and 42s in excellent yield (91-94%). 
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Scheme 6: Substrate scope of the optimized reaction conditions (ketone (1.5 eq.), TfOHÖSiO2 (6.5 mol%), 

CH2Cl2, rt, 30 min) of the oxa-Pictet-Spengler reaction on 3-indolylethanols and a variety of cyclic ketones 

differing degrees of steric hindrance, functional groups, and complexities. Isolated yield in percent (%). If 

not further indicated, the diastereomeric ratio (d.r.) is above 20:1. 
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The oxa-Pictet-Spengler reaction with a substitution on the indole nitrogen was investigated for 

N-methyl 3-indolylethanol 43 and a selection of cyclic ketones (Scheme 7). Unhindered carbonyl 

compounds such as cyclohexanone, tetrahydro-4H-pyran-4-one, and 3-methyl-cyclohexanone 

reacted to give high yields between 72-92% of the desired products (44a-c). Even when more 

sterically hindered ketones were employed, moderate to high yields (46-74%) were obtained 

(44d-g). The oxa-Pictet-Spengler reaction was also tolerated with NPs or their derivatives, 

including (-)-menthone, chromanone, griseofulvin, and 5Ŭ-cholestan-3-one to provide the desired 

pseudo-NPs 44h, 44i, 44j, and 44k. Excluding 44g, all examples gave a diastereoselective ratio 

above 20:1.  

 

Scheme 7: Oxa-Pictet-Spengler reaction on N-methyl 3-indolylethanol 43. Isolated yield in percent (%). If 

not further indicated, the diastereomeric ratio (d.r.) is above 20:1. 

To generate diversity, the isomeric variant was explored by employing the iso-oxa-Pictet-Spengler 

reaction on 2-indolylethanol derivatives. The optimized reaction conditions were applicable to 

several different cyclic ketones with various degrees of steric hindrance, functional groups, and 

complexities. First, the influence of substituents on the aromatic system of the indole was 

investigated on four cyclic ketones, including cyclohexanone, 2- and 3-methyl cyclohexanone and 

the NP (-)-menthone (Scheme 8). The unsubstituted indole as well as different alkyl residues on 

the indole were tolerated over all ketones and resulted in high yields (46a-s). Chloride derivatives 



Results and Disscusion 

41 

 

showed a slightly lower yield in the iso-oxa-Pictet-Spengler reaction (46u-x). Due to its negative 

inductive effect, the halogen reduces the electron density of the aromatic system, which may 

impair the conversion. In comparison, Ŭ substituents were less tolerated, resulting in higher yields 

for (3-methyl) cyclohexanone (46k-n).  

 

Scheme 8: Iso-oxa-Pictet-Spengler reaction with diverse 2-indolylethanols with substituents on the aromatic 

system. Isolated yield in percent (%). If not further indicated, the diastereomeric ratio (d.r.) is above 20:1. 
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As observed for the 3-indolylethanol derivative, the formation of diastereomers was only detected 

for the reaction with 3-methyl cyclohexanone (46k-n). For all indole derivatives, a diastereomeric 

ratio of about 9:1 was identified, indicating still a high preference for the formation of one 

stereoisomer. Nevertheless, (-)-menthone showed a high diastereoselectivity, which appears to 

be induced by the substituent in the Ŭ position.  

Afterwards, another nine cyclic ketones with varying degrees of complexity were employed in the 

iso-oxa-Pictet-Spengler reaction on the unsubstituted indole 13 (Scheme 9). Overall, a similar 

trend as for the 3-indolylethanol was observed. Cyclic ketones with no sterically demanding 

residues resulted in high yields (47a and b), whereas substituents in Ŭ position slightly decreased 

the yield (47c and d). Bicyclic carbonyl scaffolds with a high ring strain and a high three-

dimensional character showed a moderate yield of around 60% (47e and f). The less electrophilic 

carbonyl compounds as 4-chromanone and isatin resulted in a reduced yield (47g and 47h). 

However, the complex NP 5Ŭ-cholestan-3-one reacted to give an excellent yield of 90% of the 

desired product (47i).  

 

Scheme 9: Iso-oxa-Pictet-Spengler reaction of the unsubstituted 2-indolylethanol 13 with nine cyclic 

ketones with different complexities, including the NPs norcamphor, 4-chromanone, isatin, and the steroid 

derivative 5Ŭ-cholestan-3-one. Isolated yield in percent (%). If not further indicated, the diastereomeric ratio 

(d.r.) is above 20:1. 
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The robustness of the developed oxa-Pictet-Spengler reaction conditions enabled access to 

various different indofulvins derived from the fragment-sized[19, 91] NP griseofulvin (Scheme 10).  

Different substituents varying in electronic properties on the indole provided the desired pseudo-

NPs in high yields. However, small differences were observed which corresponds to the trends 

reported before: More electron-rich aromatic systems lead to higher isolated yields. Thereby, the 

conversion of the iso-oxa-Pictet-Spengler reaction appears to be directly correlated to the 

activating or deactivating influence of substituents as electron-rich aromatic compounds promote 

electrophilic aromatic substitutions (Figure 18).[92] Beside hydrogen, all residues show a positive 

or negative inductive effect (+I or -I effect), as it is determined by the substituent's influence on the 

aromatic reactivity in comparison to benzene. However, substituents may display an additional 

mesomeric effect (+M or -M effect), which can have the same or opposite sign as its inductive 

effect. The activating or deactivating influence of a substituent results from the sum of its inductive 

and the potential mesomeric effect. Alkyl substituents, which slightly increase the electron density 

with their positive inductive effect[93], were well tolerated and provided high yields (50b-f and 50n-

o). Ethers, including the methoxy group and the benzyl ether, as well as hydroxy groups share a 

positive mesomeric effect that is considerably stronger than its negative inductive effect. 

Therefore, ethers and hydroxy groups act as activating substituents, which are beneficial for 

electrophilic aromatic substitutions and provided excellent yields in the iso-oxa-Pictet-Spengler 

reaction (50g-i). In contrast, the negative inductive effect of chlorine and bromine exceeds their 

positive mesomeric effect. Thus, the halogens are deactivating substituents, indicated by the 

slightly reduced yield (50j-l). The methyl ester represents an electron withdrawing group which is 

dominated by its negative mesomeric effect. The reduced electron density became noticeable in 

the slightly reduced yield of indofulvin 50m. 

 

Figure 18: Activating or deactivating influence of substituents in electrophilic aromatic substitutions.[92] 

Derivatization on the indole nitrogen was generally well tolerated and resulted in excellent yields 

(50n-o). The griseofulvin ketone itself was derivatized by selective demethylation of one methoxy 

group and all three variants resulted in excellent yields (50p-r). 
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Scheme 10: Substrate scope of indofulvins 50a-r derived from 2-indolylethanols and griseofulvin 

derivatives. Isolated yield in percent (%).  
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The last investigated isomeric variant of the oxa-Pictet-Spengler reaction on indoles was the N-

oxa-Pictet-Spengler. 2-(3-methyl-1H-indol-1-yl)ethan-1-ol 14 was subjected to the reaction with 

previously used cyclic ketones under the optimized reaction conditions (Scheme 11). Simple, 

unsubstituted carbonyl compounds, including cyclohexanone, tetrahydro-4H-pyran-4-one, and 

tetrahydro-4H-thiopyran-4-one, expectably provided the desired spiro compounds (51a-c) in high 

yields. Cyclic ketones with substituents in Ŭ and ɓ position, as well as the bicyclic NP norcamphor 

were also tolerated and gave moderate to excellent yields (51d-i). Experience with the other 

isomeric variants of the oxa-Pictet-Spengler reaction has shown that 4-chromanone and isatin 

had a slightly reduced yield which was also true for the reaction with 2-(3-methyl-1H-indol-1-

yl)ethan-1-ol 14 (51j and k). The reaction with the derivative of griseofulvin resulted in a good 

yield of 78% (51l). 

 

Scheme 11: N-oxa-Pictet-Spengler reaction of 2-(3-methyl-1H-indol-1-yl)ethan-1-ol 14 with a selection of 

cyclic ketones. Isolated yield in percent (%). If not further indicated, the diastereomeric ratio (d.r.) is above 

20:1. 

Altogether, indoles in several different variations turned out to be excellent coupling partners in 

the oxa-Pictet-Spengler reaction. Not only the common oxa-Pictet-Spengler reaction with 3-

indolylethanols, but also the in nature unknown iso- and N-version enabled the synthesis of small 

and diverse compound libraries in high yields. Additionally, the optimal reaction conditions 

provided the pseudo-NPs class of indofulvins.  
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OXA-PICTET-SPENGLER REACTION ON PYRROLES 

The biologically interesting[94] pyrrole oxazine framework can be constructed via an oxa-Pictet-

Spengler reaction with 2-(1H-pyrrol-1-yl)ethan-1-ol 39. The previously reported method[89b] 

involved long reaction times of more 9-12 h for cyclic ketones to generate the desired spiro 

compounds in moderate to good yields (71-86%). Employing 2-(1H-pyrrol-1-yl)ethan-1-ol 39 with 

cyclohexanone under the optimized reaction conditions enabled the formation of the desired spiro 

compound 52a in excellent yield (90%) after only 30 min at room temperature (Scheme 12). Also, 

other cyclic carbonyl scaffolds, including unsubstituted tetrahydro-4H-pyran-4-one and 

tetrahydro-4H-thiopyran-4-one, different ketones with substituents in Ŭ and/or ɓ position were 

tolerated (52b-g). NPs and their derivatives were also investigated in the oxa-Pictet-Spengler 

reaction and provided the pseudo-NPs in moderate yield (52h-l). Thus, the application of 

TfOHÖSiO2 immobilized on silica represents a significant improvement of the reaction 

conditions[89b] currently available in the literature. 

 

Scheme 12: Pyrrolooxazines 52a-l derived from the oxa-Pictet-Spengler reaction of 2-(1H-pyrrol-1-

yl)ethan-1-ol 39 with different cyclic ketones. Isolated yield in percent (%). If not further indicated, the 

diastereomeric ratio (d.r.) is above 20:1. 
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OXA-PICTET-SPENGLER REACTION ON BENZOFURANS 

Benzofuran is a privileged heterocycle in nature and for medicinal chemistry and potentially 

suitable for the Pictet-Spengler reaction. Gharpure et al.[95] reported a stepwise synthesis from 

vinylogous carbonate precursors through a oxa-Pictet-Spengler type reaction to generate C-fused 

pyranobenzofurans. However, the direct cyclization from benzofuranoethanols remain 

challenging.  

The optimized reaction conditions for the oxa-Pictet-Spengler reaction proved to be successful 

for the synthesis of diverse spiro benzofurans derived from 3-benzofurano ethanol 53 (Scheme 

13). Both unsubstituted cyclic ketones, including cyclohexanone, tetrahydro-4H-pyran-4-one and 

tetrahydro-4H-thiopyran-4-one, and diverse ketones with alkyl residues in the Ŭ and/or ɓ position 

yielded the desired spiro compounds (54a-h). Larger residues especially in the Ŭ position, for 

instance in 54e and 54f, tended to show a slightly reduced yield of 52-63%. Bicyclic systems in 

54i and 54j were also tolerated, as well as a selection of NPs and their derivatives, such as 4-

chromanone, isatin and a griseofulvin ketone (54k-m). Overall, the yield was comparable to the 

results for the indole analogs.  

 

Scheme 13: Oxa-Pictet-Spengler reaction on 3-benzofurano ethanol 53 with a variation of cyclic ketones. 

Isolated yield in percent (%). If not further indicated, the diastereomeric ratio (d.r.) is above 20:1. 
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Similar to the iso-oxa-Pictet-Spengler reaction of indoles, an isomeric variant might be feasible 

with benzofuranoethanol 34, which is functionalized in the C2 position. The reaction conditions 

were transferred to a diverse collection of cyclic ketones with various degrees of steric hindrance 

and complexities (Scheme 14).  

The desired spiro compounds were generated in moderate to good yields depending on the steric 

demand of the ketone fragment. According to expectation, the use of simple cyclohexanone 

analogs resulted in high yields (55a-c). Cyclic ketones with various alkyl substituents showed a 

slightly reduced yield (55d-h), whereas the application of bicyclic carbonyl compounds with a high 

three-dimensional character had a significantly decreased yield of 35-39% (55i-j). 4-Chromanone 

and isatin provided the corresponding pseudo-NPs 55k and 55l in a moderate yield. The 

griseofulvin ketone as a fragment-sized[19] spiro NP gave the desired bispiro pseudo-NP 55m in 

an excellent yield of 89%. In comparison to the oxa-Pictet-Spengler reaction with 3-benzofurano 

ethanol 34, no major differences regarding yield and diastereoselectivity were detected.  

 

Scheme 14: Spiro compounds 55a-m derived from the iso-oxa-Pictet-Spengler reaction with 2-benzofurano 

ethanol 34 with diverse cyclic ketones. Isolated yield in percent (%). If not further indicated, the 

diastereomeric ratio (d.r.) is above 20:1. 
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OXA-PICTET-SPENGLER REACTION ON (BENZO)THIOPHENES 

The substrate scope of the oxa-Pictet-Spengler reaction was extended to benzothiophenes, the 

sulphur analog to benzofurans. The addition of triflic acid on silica under the optimal reaction 

conditions to 2-(benzothiophen-3-yl)ethan-1-ol 56 and cyclic ketones resulted in a diverse library 

(Scheme 15).  

The reaction with the simplest cyclic ketone, cyclohexanone, resulted in an almost quantitative 

conversion (57a). The pyran and thiopyran analog showed a slightly reduced reactivity with good 

yields (57b-c). Substituents in ɓ, as well as in Ŭ positions were tolerated and gave the desired 

spiro thiophenes in moderate yield (57d-h). Three-dimensionally demanding bicycles, including 

norcamphor and bicyclo[3.3.1]nonan-9-one, provided the corresponding Pictet-Spengler products 

in yield between 53-61% (57i-j). NP fragments, such as 4-chromanone, isatin and the more 

complex griseofulvin derivative, enabled the synthesis of different pseudo-NPs (57k-m). 

 

Scheme 15: Oxa-Pictet-Spengler reaction on 2-(benzothiophen-3-yl)ethan-1-ol 56 with various ketones. 

Isolated yield in percent (%). If not further indicated, the diastereomeric ratio (d.r.) is above 20:1. 
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Thiophenes are structurally similar to benzothiophenes and pyrroles and generate interesting 

spiro compounds in the oxa-Pictet-Spengler reaction. However, the standard reaction conditions 

showed no or very low conversion after 30 min at room temperature. A following optimization of 

the reaction conditions revealed a significant improvement upon increasing the temperature to 

50 °C. The best results were generated after a reaction time of 90 min.  

The oxa-Pictet-Spengler reaction of 2-(thiophen-3-yl)ethan-1-ol 58 with diverse cyclic ketones 

resulted in the desired spiro compounds (Scheme 16). All unsubstituted and Ŭ, ɓ-alkyl substituted 

cyclohexanone analogs of the collection of cyclic ketones were tolerated in the reaction and gave 

moderate to good yields (59a-h). Bicyclic carbonyl compounds, as well as the NP fragments 4-

chromanone, isatin, and griseofulvin, gave the desired spiro thiophenes (59i-m). 

 

Scheme 16: Oxa-Pictet-Spengler reaction on the thiophene 2-(thiophen-3-yl)ethan-1-ol 58. Isolated yield in 

percent (%). If not further indicated, the diastereomeric ratio (d.r.) is above 20:1. 
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Thiophene 60 with a functionalization in the C2 position represents an isomeric variant to 2-

(thiophen-3-yl)ethan-1-ol 58. In the oxa-Pictet-Spengler reaction, the 2-(thiophen-2-yl)ethan-1-ol 

60 appeared to be less reactive compared to the starting material functionalized in the C3 position 

58 (Scheme 17). In comparison, the yields for the cyclohexanone derivates were slightly reduced 

(60a-g). The oxa-Pictet-Spengler products 60h, 60i and 60j derived from (-)-menthone, isatin and 

griseofulvin were generated in moderate to good yield (64-85%). However, the bicyclic ketones 

norcamphor and bicyclo[3.3.1]nonan-9-one, as well as 4-chromanone showed no conversion. 

 

Scheme 17: The oxa-Pictet-Spengler reaction on 2-(thiophen-2-yl)ethan-1-ol 60 with cyclic ketones is 

yielding different spiro compounds (61a-j). Isolated yield in percent (%). If not further indicated, the 

diastereomeric ratio (d.r.) is above 20:1. 
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OXA-PICTET-SPENGLER REACTION ON PHENYLETHANOLS 

The Pictet-Spengler reaction, including the oxa-version, is well studied on phenylethanols to give 

diverse chromans. Even a reaction with cyclic ketones to generate novel ů receptor ligands is 

known in literature.[80a] However, the method only covers simple, Ŭ, ɓ-unsubstituted carbonyl 

compounds and still requires long reaction times of 6 h. 

The oxa-Pictet-Spengler reaction on 3,4-dimethoxyphenylethanol 62 under the catalysis of triflic 

acid on silica successfully delivered the desired spiro chromans in only 30 min (Scheme 18). 

Unsubstituted cyclohexanone analogs resulted in high yields (63a-c), whereas the reaction 

appeared to be more impaired by substituents in the Ŭ position. Even small residues, such as a 

methyl group, reduced the yield to 29% (63d). Cyclic ketones with sterically more demanding 

phenyl and benzyl groups showed no conversion at all. Whereas a methyl substitution in the ɓ 

position gave the spiro chroman 63e in high yield, (-)-menthone also led to a decreased yield 

compared to indoles and its analogs (63f). The NP fragments norcamphor, isatin, and griseofulvin 

resulted in the corresponding pseudo-NPs in moderate to high yields (63g-i). 

 

 

Scheme 18: Oxa-Pictet-Spengler reaction 3,4-dimethoxyphenylethanol 62 with a collection of cyclic 

ketones under the catalysis of triflic acid on silica. Isolated yield in percent (%). If not further indicated, the 

diastereomeric ratio (d.r.) is above 20:1. 
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 2-(benzo[1,3]dioxol-5-yl)ethan-1-ol 64 showed the same tendency as its derivative 3,4-

dimethoxy-phenylethanol 62 in the oxa-Pictet-Spengler reaction (Scheme 19). Unsubstituted or 

substituents in the ɓ position on the cyclic ketone were accepted and resulted in moderate to high 

yields (65a-d). Isatin and the griseofulvin ketone as NP fragments provided the respective pseudo 

NPs in good yield (65e-f). However, residues in the Ŭ position to the carbonyl were not tolerated. 

Cyclic ketones, including 2-methyl cyclohexanone, 2-phenyl cyclohexanone, 2-benzyl 

cyclohexanone and (-)-menthone, showed no conversion. All attempts to adjust the reaction 

conditions by extending the reaction time up to five days and increasing the temperature to 50 °C 

did not improve the conversion.  

 

Scheme 19: Spiro chromans 65a-f derived from the oxa-Pictet-Spengler reaction of 2-(benzo[1,3]dioxol-5-

yl)ethan-1-ol 54 with diverse cyclic ketones. Isolated yield in percent (%). If not further indicated, the 

diastereomeric ratio (d.r.) is above 20:1. 
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3.1.4. DIASTEREOSELECTIVITY 

The developed method for the oxa-Pictet-Spengler reaction on cyclic ketones showed a high 

diastereoselectivity. The applied catalyst itself does not introduce stereoselectivity. The selectivity 

is therefore substrate controlled. Out of the diverse carbonyl fragments which differ in substituents 

and complexity, for only one ketone the formation of diastereomers was detected. 3-Methyl 

cyclohexanone represents the exception over the other cyclic ketones and generated 

stereoisomers in the (iso)-oxa-Pictet-Spengler reaction (d.r. 5-15:1). In comparison, it exhibits the 

least sterically demanding substituent in proximity to the reactive center. The methyl group in ɓ 

position appears to be not effectively introduce high d.r. above 20:1. 

Determination of the stereochemistry of the novel generated stereogenic center of the spiro 

connection proved to be challenging. A direct assignment via different NMR methods could not 

deliver information about the isomer as no interaction between the pyran ring and the carbonyl 

fragment can be detected. Therefore, the method of choice for the determination of the 

stereochemistry is x-ray crystallography. The relevant indofulvin 50c was selected as model 

compound and its stereogenic center was resolved to be the (S)-enantiomer (Figure 19). Under 

the assumption of the same transition state, the stereochemistry was transferred to the other 

Pictet-Spengler products. 

 

Figure 19: Crystal structure of indofulvin 50c to determine the stereochemistry of the new stereogenic 

center. 
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3.1.5. CHEMINFORMATICS 

To gain insight into the structural and physiochemical properties of the compound library derived 

from the oxa-Pictet-Spengler reaction, cheminformatic methods were employed. The plotting of 

the pseudo-NPs regarding their Alog P values versus the molecular weight (Figure 20a)[74] 

showed them to cover a preferable chemical space for drug discovery. Most of the spiro aryl 

compounds (79%, 165 out of 210 compounds) displayed an Alog P < 5 and a molecular weight 

< 500 and therefore fell into the Lipinskiôs rule-of-five space. In addition, the pseudo-NPs three-

dimensional shape was characterized in a principal moments of inertia (PMI) plot (Figure 20b)[74]. 

The spiro aryl compounds derived from the oxa-Pictet-Spengler reaction showed a wide structural 

diversity represented by a broad distribution within the triangle, where each corner constitutes a 

different shape. The compounds showed a significant shift away from the rod/disk-like axis 

extending into a more spherical shape, which is likely due to the spirocyclic connection of the 

fragments. The abundance in three-dimensionality indicates an imitation of NPsô overall shape 

compared to synthetic compound collections and suggests the conservation of NPsô molecular 

diversities through the process of reduction into NP-fragments followed by the recombination into 

pseudo-NPs. 

In comparison to the ketone and aryl starting materials, the chemical properties of the oxa-Pictet-

Spengler products drastically changed. The lead-likeness plot determined differences regarding 

their relative molecular mass and hydrophobicity (Figure 20a). As the Pictet-Spengler reaction 

combines two fragments, the molecular weight is increased, indicated by a shift to the right 

towards higher molecular mass. Furthermore, an ethanol and a carbonyl function are converted 

to a pyran with a spiro connection to an aliphatic cycle resulting in a higher hydrophobic fraction 

which is represented by an increased Alog P value. In the investigation of the three-dimensionality 

a clear difference of the spiro compounds to their starting materials was visible (Figure 20b). 

Especially, aryl ethanols showed a limited range of three-dimensionality as they tend to be flat 

and linear. In combination with the cyclic ketones, the Pictet-Spengler products showed a 

significant increase in three-dimensionality. Thereby, the newly generated spiro center appears 

to play an important role for the more spherical shape.   
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Figure 20: Cheminformatics of oxa-Pictet-Spengler products (blue) compared to their starting materials (aryl 

ethanols (orange) and cyclic ketones (pink)). a: Lead-likeness-plot, Alog P versus the relative molecular 

mass.[74]. b: PMI plot[74] of the pseudo-NP collection displays a broad diversity of three-dimensional space 

similar to NPs. 

To chemically characterize the pseudo-NPs, indofulvins 50a-r were chemoinformatically analyzed 

using a NP-likeness score introduced by Ertl et al.[96] Comparison of the pseudo-NP library to 

compounds from the DrugBank[97] and ChEMBL NPs[98] revealed a consilience with both sets by 

falling in between them (Figure 21a)[99]. The pseudo-NP collection appears to resemble NPs and 

show drug-like characteristics. Favorable properties for drug discovery were additionally 

investigated via the quantitative estimation of drug-likeness (QED), where the pseudo-NPs 

showed a high drug-like fraction (Figure 21b). The drug-likeness could be attributed to the mixed 

heteroatom content and/or regioisomeric connections not observed in nature. 

 

Figure 21: Chemoinformatic analysis of the indofulvin pseudo-NP collection. a: NP-likeness score[96] and b: 

quantitative estimation of drug-likeness (QED). Indofulvins (blue curve) compared to the DrugBank[97] 

compound collection (orange curve) and ChEMBL NPs[98] (green curve). 
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3.2.  DEAROMATISATION 

Indoles are ubiquitous in nature and fulfill various bioactivities. Many pseudo-NP collections 

including the compound collection derived from the Fischer indole reaction and in parts the library 

via Pictet-Spengler reaction, are based on the scaffold. Additionally, the indole provides the 

opportunity for further functionalization through different reactive sites. The nucleophilicity at C3 

position results in an enamine-type reactivity that can lead to a substitution (Scheme 20a).[100] An 

alternative reaction type of indoles is the iminium type reactivity which is generated as soon as 

the scaffold cannot be rearomatized after the nucleophilic attack. The iminium ion intermediate 

can be trapped by a nucleophilic attack resulting in an indoline with contiguous stereocenters 

(Scheme 20b) or alternatively by deprotonation leading to indolenines (Scheme 20c).[72]  

 

Scheme 20: Overview of the different reactivities of indoles covering the enamine-type reactivity, which 

enables the nucleophilic attack of the C3 position and the resulting iminium intermediate, which can be 

trapped via nucleophilic attack at the C2 position to give indolines or deprotonation yielding in 

indolenines.[100] 

The wide range of reactivity enables the potential access to indoline and indolenine scaffolds. 

Both structures share therapeutically relevance for the treatments of cancer, inflammation, and 

hypertension and are therefore interesting motives for compound collections.[101] 
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3.2.1. LIBRARY DESIGN 

Pseudo-NP collections bearing a dearomatized indoline or indolenine scaffold are an asset as 

they show interesting bioactivities, provide a significantly increased complexity with the sp3 

hybridized stereocenters[72] and already existing pseudo-NP compounds can be employed as 

starting materials. NP fragments with a carbonyl functionality can first be used for the formation 

of diverse libraries through an oxa-Pictet-Spengler or a Fischer indole reaction. The complexity 

as well as the diversity is further increased by the following dearomatization of the indole. The 

incorporation of an additional NP fragment in C2/C3 position introduces further complexity 

(Scheme 21).  

 

Scheme 21: Library design based on indole containing pseudo-NP collections derived from Pictet-Spengler 

or Fischer indole reaction. A next level of complexity and diversity is introduced by the incorporation of an 

additional NP fragment in C2/C3 position of the indole resulting in indolines or indolenines. 
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3.2.2. Б-PYRONE ANNULATION  

The synthesis of the dearomatized indole compounds was realized by Joseph Hoock. The Fischer 

indole starting materials were partially provided by Dr. Michael Grigalunas. 

The incorporation of maltol as a new NP fragment through dearomative Һ-pyrone annulation can 

be performed on indoles. Maltol is known for its antineoplastic bioactivity against different cancer 

cell models via ROS induction[102] and represents an interesting NP fragment. The pioneering 

methodology was developed by Porco et. al.[38] to provide the unusual alkaloid scaffold of 

pleiomaltinine (chapter 1.2.2.). Additionally, an asymmetric version is known in the literature[39] 

that generates functionalized indolenines stereoselectively. This reaction may provide a great 

opportunity to generate a diverse cyclized indoline and open indolenine collection. 

STARTING MATERIALS 

For the Һ-pyrone annulation a reactive maltol derivative 10 was synthesized in two steps from the 

commercially available NP 66. After a TBS-protection in the first step, the literature procedure[38] 

employs the hazardous[103] and costly solvent carbon tetrachloride (CCl4) for the bromination in 

the second step. In order to replace the solvent with a less harmful alternative, different reaction 

conditions were screened (Table 2).  

Table 2: Investigation of different reaction conditions in order to replace carbon tetrachloride (CCl4) in the 

second reaction step of the synthesis of the reactive maltol species 10. 

 

Entry Reagents Solvent T [°C] t [min] Yield* [%] 

1 NBS (1.05 eq.), AIBN (0.13 eq.) CCl4 105 60 32 

2 NBS (1.05 eq.), AIBN (0.13 eq.) CHCl3 85 60 7 

3 NBS (1.05 eq.), AIBN (0.13 eq.) DCE 105 60 5a 

4 NBS (1.05 eq.), AIBN (0.13 eq.) DMC 105 120 15a 

5 DBDMH (1.05 eq.), AIBN (0.13 eq.) DMC 105 120 - 

6 NBS (1.05 eq.), AIBN (0.13 eq.) DMC 105 60 66b 

7 NBS (1.05 eq.), AIBN (0.13 eq.), mw DMC 105 1 75b 

*Yield determined by NMR. After isolation a via silica flash chromatography or b aqueous work up. 
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The original literature procedure[104] was tested and gave a yield of 32% (Table 2, entry 1), 

whereas the application of other chlorinated solvents including chloroform and dichloroethane 

(DCE) was not successful. Dimethyl carbonate is reported as alternative to halogenated solvents 

with similar physical properties as the boiling temperature is 90 °C.[105] However, stability issues 

resulted in a relatively low yield of 15% after purification via flash column chromatography (Table 

2, entry 4). An adjusted purification via aqueous work-up led to a significant improvement of the 

yield (66%, table 2, entry 6). The transfer to the microwave gave a good yield of 75% as well as 

excellent reaction conditions with a reaction time of just 1 min (Table 2, entry 7). Thereby, these 

optimized reaction conditions are not only replacing the toxic CCl4, but also nearly doubling the 

yield with a significant shorter reaction time. 

METHOD OPTIMIZATION 

The reliable synthesis of the activated maltol 10, enabled the start of the method development for 

the Һ-pyrone annulation itself. Ideally, the reaction can give access to both dearomatized 

scaffolds: the closed, sterically demanding indoline 68 and the open indolenine 69. The 

reproducibility of the reaction conditions published in literature[38] was confirmed on the simple 

2,3-dimethyl indole by NMR.  

The investigation of different reaction conditions was performed on the sterically least hindered 

spiro indolyl tetrahydropyran 42a derived from the Pictet-Spengler reaction. The brominated 

maltol 10 was freshly generated before each experiment to avoid effects due to its instability. The 

literature procedure[38] using an excess of hydrochloric acid in dioxane gave a low yield of 11% 

separated on the two products in a ratio of 3:1 for the indolenine (Table 3, entry 1). A fast 

decomposition of the brominated maltol 10 was observed upon acid addition, leaving no active 

species after 5 min. Therefore, the influence of the acid was investigated by the addition of 

TfOHÖSiO2 as an alternative and no addition of acid in different solvents. Whereas the addition of 

TfOHÖSiO2 and pure acetonitrile (MeCN) resulted in only traces of product formation (Table 3, 

entry 2 and 3), the Һ-pyrone annulation in methanol afforded 40% conversion (Table 3, entry 4). 

However, the major product formed was the open indolenine 69 over the closed indoline 68 (3:1).  
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Table 3: Screening of different reaction conditions for the investigation of the Һ-pyrone annulation on the 

sterically least demanding pseudo-NP 42a derived from the Pictet-Spengler reaction. The brominated 

maltol 10 was freshly prepared with NBS and AIBN in DMC in the microwave at 105 °C for 1 min. 

 

Entry Reagents Solvent Ratio 68:69 t [min] Yield [%] 

1 HCl in dioxane(3.0 eq.) MeCN 1:3 60 11b 

2 TfOH ÖSiO2 CH2Cl2 - 60 tracesa 

3 - MeCN - 180 tracesa 

4 - MeOH 1:3 60 40b 

aObseravtion determined by uHPLC. bAfter isolation via silica flash chromatography. 

Further structure elucidations revealed the indolineôs instability and decomposition to the starting 

material and the maltol dimer or maltol. The mechanism of decomposition was proposed to be 

initiated by the free electron pair of the indolineôs nitrogen resulting in the deconstruction of the 

hemiaminal and C-O bond cleavage at C2 (Scheme 22). The iminium intermediate 70 performs 

a retro-cycloaddition to give the starting material 42a and a reactive maltol species 71, which 

undergoes dimerization. A similar decomposition is reported in the presence of Lewis acid or after 

heating the product.[38] 

  

Scheme 22: Proposed decomposition of the indoline scaffold 68. 
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To prevent the indoline decomposition, a stabilization of the hemiaminal through in-situ acetylation 

of the nitrogen was proposed. The most efficient acetylation conditions employed acetic anhydride 

((Ac)2O), triethylamine (Et3N) and dimethylamino-pyridine (DMAP) showing a quantitative 

conversion after 30 min. Although the acetylation was supposed to functionalize and stabilize the 

indolenine, 2D NMR data and x-ray crystallography revealed an acetylation of the free maltol 

hydroxy group of the open indolenine 69. The crystal structure shows the (S)-enantiomer of the 

racemic indolenines 74a (Figure 22). 

 

Figure 22: The x-ray crystallography confirmed the acetylated indolenine structure. 

In advanced investigations an equilibrium between the closed indoline and open indolenine 

scaffold was determined, which is dependent on the residues in the new stereocenter of the Pictet-

Spengler reaction. The more sterically demanding the ketone, the more the equilibrium is shifted 

towards the open indolenine scaffold. Spiro compounds derived from cyclic ketones favor the 

open indolenine scaffold over the closed indoline scaffold as the total energy is significantly lower 

for the indolenines (Scheme 23). Two sp3 hybridized, tetrahedral centers and the spiro center in 

close proximity appear to be disadvantageous for the indoline formation. All experiments trying to 

stabilize the closed indoline form and shift the equilibrium towards this scaffold remained 

unsuccessful (Scheme 23). Neither the treatment with a stronger base like potassium tert-

butoxide (tBuOK) to increase the hydroxy groupôs nucleophilicity for the attack on the iminium ion 

followed by different protecting groups for the indolineôs nitrogen nor the waiver of base to 

circumvent a benefited retro-cycloaddition by deprotonating the nitrogen yielded in the desired 

product. The reaction always resulted in the formation of the opened indolenine scaffold.  
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Scheme 23: Efforts to access the closed indoline structure via Һ-pyrone annulation resulted in only the 

formation of the open indolenine scaffold. 

INDOLENINES 

As the indolenine scaffold is still an interesting motif, the reaction conditions were optimized for 

the open version 74 (Table 4). The Һ-pyrone annulation is also followed by an acetylation with 

acetic anhydride((Ac)2O), triethylamine (Et3N) and dimethylamino-pyridine (DMAP) as the 

acetylation appeared to deliver more stable compounds.  

The reaction without reagents in methanol resulted in a moderate yield of 40% after 30 min and 

constituted a good basis for further optimization (Table 4, entry 1). The substitution of the solvent 

to a solvent system of methanol with dichloromethane (3:1) significantly improved the yield to 

70%. Presumably, as the polarity of the starting materials vary widely, a solvent mixture created 

an advantage for the solubility of both components. The solvent system between acetonitrile 

(MeCN) and dichloromethane (3:1) resulted in a reduced conversion to the desired product (Table 
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4, entry 3). However, a mixture of trifluoroethanol (TFE) with dichloromethane (3:1) generated the 

best results with a yield of 86% after 30 min at room temperature and even quantitative conversion 

in the microwave (50 °C for 10 min, Table 4, entry 4 and 5).  

Table 4: Optimization of the reaction conditions for acetylated indolenines. 

 

Entry Solvent system T [°C] t [min] Yield* [%] 

1 MeOH 22 30 40 

2 MeOH/CH2Cl2 (3:1) 22 30 70 

3 MeCN/ CH2Cl2 (3:1)  22 30 5 

4 TFE/CH2Cl2 (3:1) 22 30 86 

5 TFE/CH2Cl2 (3:1) 50 (mw) 10 quant. 

*Yield determined by NMR.   

Depending on the substituents on the indole and the carbonyl fragment, the acetylated Һ-pyrone 

product shares a similar polarity to maltol and its dimer. Consequently, the application of silica 

flash column chromatography led to a problematic purification of the desired products. 

Additionally, decomposition on the column was observed for pseudo-NPs, including 74a. By 

employing a purification via gel perfusion chromatography (GPC) the yield of the acetylated Һ-

pyrone product 74a was improved from 25% after silica chromatography to 78% after GPC. GPC 

systems function as a size exclusion chromatography, separating compounds by their molecular 

weight. Maltol compared to the pseudo-NP is significantly lighter in molecular weight and size, 

resulting in an ideal separation from the desired product. No decomposition of the pseudo-NP 

was observed, leading to the high isolated yield of 78% after 2 reactions. 

The optimal reaction conditions and purification methods enabled the synthesis of a spiro 

indolenine based on pseudo-NPs derived from the Pictet-Spengler reaction (Scheme 24). The 

vast majority of the spiro starting materials gave good yields (55-79%) after two reaction steps. 

Only the sulphur derivative 74c and the sterically demanding menthone derivative 74d led to a 

moderate yield of 26 or 36%. Interestingly, purification of derivative 74b, 74g and 74h via silica 
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flash column chromatography resulted in a good separation from the starting materials and 

therefore, yields above 68%. The griseofulvin derivative 74h was obtained as diastereomeric 

mixture (0.85:0.15). All other compounds were formed as racemic mixture which was confirmed 

via optical rotation measurements. Although the method was transferable to all ɓ-indole 

tetrahydropyrans and gave overall good yields, Һ-derivatives derived from indoles functionalized 

in the C2 position of the indole did not lead to the desired product formation. 

 

Scheme 24: Substrate scope for the Һ-pyrone annulation followed by acetylation of different spiro indole 

tetrahydropyrans derived from the oxa-Pictet-Spengler reaction. Isolated yield in percent. Purification via 

aGPC or bflash column chromatography.  



Results and Disscusion 

66 

 

Additionally, the Һ-pyrone annulation was performed on multiple griseofulvin indoles 76 derived 

from the Fischer indole reaction (Scheme 25). The method of the acetylation was slightly adjusted 

by repeatably adding the equivalent portion of acetic anhydride and triethylamine after 15 min.  

 

Scheme 25: Substrate scope for the Һ-pyrone annulation followed by acetylation on griseofulvin indoles 

derived from the Fischer indole reaction. Isolated yield in percent. Purification via aGPC or bflash column 

chromatography. Residue R corresponds to the acylated maltol moiety. 

The Һ-pyrone annulation was suitable for all griseofulvin indoles 76 and resulted in good to 

excellent yields (47-95%) over two steps. All different substituents on the indole from various alkyl 
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residues, ethers and halogens were tolerated (78c-o). Even the triple halogenated derivative 

which is reduced in aromatic electron density gave a moderate yield of 47% of the desired product 

78o. However, the reaction conditions were not applicable to different sinomenine indoles and 

quinine indoles. 

The stereochemistry of the newly generated stereocenter of the annulated griseofulvin indoles 

was determined as (S)-enantiomer by x-ray crystallography of compound 78l (Figure 23). Only 

one diastereomer of the reaction was observed, indicating a substrate-induced selectivity. The 

molecular shape of the chiral indoles appears to shield the si-side of the molecule, which favors 

an attack from the re-side. 

 

Figure 23: Crystal structure of the acetylated Һ-pyrone annulation product 78l identified the stereochemistry 

of the new stereogenic center as (S)-enantiomer. 

Although the acetylation of the Һ-pyrone annulation products improved their stability, 

decomposition of some compounds was observed after a few days in chloroform. Therefore, a 

comprehensive stability analysis was performed to identify compounds which could decompose. 

The compounds were dissolved in deuterated chloroform, DMSO, and DMSO with the addition of 

hydrochloric acid and was analyzed by 1H NMR. Satisfyingly, the vast majority of the compounds 

appeared to be stable without showing decomposition for up to five weeks. However, different 

electronic effects on the indole could influence the compounds stability (Figure 24). Pseudo-NPs 

with residues that result in a negative inductive effect (-I), including -OCF3, -CF3, and halogens, 

showed no decomposition and are considered stable. Compounds having a positive inductive 

effect (+I), such as methyl- or phenyl groups, appeared to show minor decomposition after two 

months. Compounds with a strong positive inductive effect (+I) as the naphthyl derivative 78g or 
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with a positive mesomeric effect (+M), including ethers, exhibited decomposition after a few days. 

Consequently, the three compounds 78g, 78h, and 78i were excluded from biological 

investigations. 

 

Figure 24: Stability trend of annulated griseofulvin indoles. 

INDOLINE 

Closed indolines appeared to not be directly accessible though Һ-pyrone annulation. However, 

indolines can also be generated via the reduction of the imine functionality of indolenines.[37] 

Different reducing agents including the triacetoxyborohydride (STAB-H)[106] and the less sterically 

demanding sodium cyanoborohydride (NaBH3CN) were used on the Һ-pyrone annulation product 

74a (Table 5). Both reagents selectively reduced the indolenine in the desired indoline 79a. The 

highest yield with almost quantitative conversion was observed employing NaBH3CN in methanol 

after 15 min. The isolated yield of spiro compound 79a derived from the Pictet-Spengler reaction 

over three reaction steps amounted to 40%. 

Table 5: Optimization of the reaction conditions for the reduction of the indolenines to indolines on the 

unfunctionalized Pictet-Spengler product with cyclohexanone 74a. 

 

Entry Reducing agent Solvent t [min] Yield* [%] 

1 STAB-H (4 eq.) DCE 30 87 

2 NaBH3CN (2 eq.) MeOH 30 98 

5 NaBH3CN (1.5 eq.) MeOH 15 99 

*Yield determined by NMR.   
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The three-step synthesis of Һ-pyrone annulation followed by acetylation and reduction enabled 

access to a small collection of indolines 82a-g (Scheme 26). As expected, the isolated yields were 

relatively low (7-52%) as they involved two purification steps. The purification of the chlorine 

substituted indole 82f gave problems due to mixed fractions with maltol that led to the reduced 

yield of 7% over three steps. However, overall all substituents from halogens and alkyl residues, 

among others were tolerated in the complete sequence and resulted in stable indolines 82a-g. 

 

Scheme 26: Substrate scope for the Һ-pyrone annulation followed by acetylation and reduction to indolines 

82a-g. Isolated yield in percent over three steps. Purification via aGPC. Residue R corresponds to the 

acylated maltol moiety. 1. Һ-pyrone annulation: 10 (2.0 eq.), TFE, 50 °C, 30 min, 2. acetylation: (Ac)2O (2.4 

eq.), Et3N (3.0 eq.), DMAP (cat.), CH2Cl2, 22 °C, 30 min, 3. reduction: NaBH3CN (1.5 eq.), MeOH, 22 °C, 

15 min.  

In summary, a Һ-pyrone annulation method for the dearomatization of indole-containing pseudo-

NP was developed. The equilibrium is shifted to the open indolenine with a lower energy than to 

the closed indoline version. Based on this hypothesis, it was not possible to stabilize the closed 

indoline form. Nevertheless, a diverse indolenine collection was synthesized and stabilized via 

acetylation. Without this stabilization the Һ-pyrone products slowly decomposed to their starting 

materials. The indolenines could furthermore be reduced to stabile indolines. 
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3.2.3. CHEMINFORMATICS 

The new classes of dearomatized pseudo-NPs were evaluated regarding their physicochemical 

properties by employing cheminformatics.  

The lead-likeness plot assigns compounds regarding their hydrophobicity and molecular weight 

with drug-like properties (Figure 25a). The plot indicated that the dearomatized compounds mostly 

share a beneficial AlogP value as parameter for hydrophobicity. However, due to the addition of 

another fragment the pseudo-NPs have a relatively high molecular weight which shifts the majority 

of the compounds out of the Lipinskiôs rule of five space. The original guideline for Lipinski's rule 

of drug-likeness was proposed in the early 1990s.[73] The concept should to some extent not be 

overemphasized as many natural products or biologicals do not fall into the required limits and 

can therefore not be included.[75] 

Characterization of shape by a principal moments of inertia plot[74] (Figure 25b) revealed that both 

the indolenines and the indolines are shifted away from the rod/disk-like axis towards a more 

spherical shape. Compared to the indole starting materials, the dearomatized compounds showed 

even higher three-dimensional character. This indicates a three-dimensionality that coincides 

more closely to the shape of NPs than synthetic drug-like compounds. 

 

Figure 25: Cheminformatics of dearomatized indoles in comparison to the pseudo-NP starting materials 

(indole pseudo-NPs (blue), indolenine pseudo-NPs (red), indoline pseudo-NPs (green)). a: Lead-likeness 

plot, Alog P versus the relative molecular mass.[74]. b: PMI plot[74] of the pseudo-NP collection displays a 

broad diversity of three-dimensional space similar to NPs. 
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Atom connectivity was evaluated by a NP-likeness score[96] (Figure 26) and compared to NPs in 

the ChEMBL database[98] and compounds in the DrugBank[97], which characterizes marketed and 

experimental drugs. The pseudo-NP collection is represented by the area where drugs and NPs 

intersect, indicating that some NP-identity is conserved while also suggesting the fragment 

combinations do not occur in nature. 

 

Figure 26: NP-likeness score[96] of the dearomatized indoles and indolenines. Dearomatized pseudo-NPs 

(blue curve) compared to the DrugBank[97] compound collection (orange curve) and ChEMBL NPs[98] (green 

curve). 
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3.3.  BIOLOGICAL EVALUATI ON  

The identification of specific modulators is highly important for the study of biological phenomena 

and is a basis for the development of effective therapeutics. Given the unprecedented structures, 

the pseudo-NP library was biologically investigated in multiple phenotypic assays covering 

different relevant pathways including glucose uptake, reactive oxygen species (ROS) formation, 

kynurenine pathway, osteogenesis, and autophagy modulation. Additionally, unbiased 

morphological profiling was employed to investigate potential bioactivity. All initial assays and 

their half maximal inhibitory concentration (IC50) calculation were performed by the Compound 

Management and Screening Center (COMAS) of the Max Planck Institute of Molecular Physiology 

in a medium- or high-throughput manner.   

3.3.1. INDOFULVINS: NEW BIOACTIVITY  

AUTOPHAGY INHIBITION THROUGH INDOFULVINS 

The phenotypic autophagy assay identifies new inhibitors of this pathway based on the procedure 

established by Balgi et al.[107] Thereby, human MCF7 breast carcinoma cells are stably transfected 

with a plasmid bearing an eGFP-LC3 conjugate and therefore express fluorescently labeled LC3. 

The basal autophagy level is depicted by cells under fed conditions. The marker protein is present 

in the non-membrane bound LC3-I version, which is equally distributed throughout the cytoplasm. 

Therefore, the fluorescence comprises the complete cells under the microscope (Figure 27). 

Autophagy is artificially induced by either the application of Earleôs balanced salt solution (EBSS) 

representing an amino acid starvation or the addition of the mTOR inhibitor rapamycin.[67a] The 

lipidation of LC3-I to LC3-II and its following localization in the autophagosome membrane is 

visualized as green puncta. Chloroquine as an inhibitor of the autophagosome-lysosome fusion 

prevents the autophagosome degradation and consequently enhances the fluorescent signal.[71] 

The number puncta, which is representing the autophagosomes, is a direct measurable 

parameter for a functional autophagy. Autophagy inhibitors are supposed to reverse this 

phenotypic effect and thereby, reduce the puncta formation.    

The investigation of two different induction methods allows to draw conclusions about the 

compoundôs mode-of-action relative to the autophagy pathway. An inhibition upon both conditions 

suggests an interference downstream of mTOR. A reduced signal only under amino acid 

starvation indicates an inhibition upstream or independently of mTOR.[107]  
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Initially, the pseudo-NPs were tested at a single concentration of 10 µM in the autophagy assay. 

An inhibition of the pathway by Ó70% qualifies them for retesting. A confirmation in activity results 

in the dose-dependent investigation and the determination of the IC50. Compounds with IC50 below 

10 µM in at least one of the induction methods are considered to be active.  

 

Figure 27: Cell-based assay to monitor autophagy in MCF7 cells using with eGFP-labelled LC3 for 

microscopic readout. (Scheme adapted from [63]) Before autophagy induction eGFP labelled LC3-I is equally 

distributed throughout the cytoplasm. Upon autophagy induction via amino acid starvation or addition of 

rapamycin, LC3-II is generated by the lipidation of LC3-I and relocated to the phagophore membrane. The 

addition of chloroquine prevents the fusion with the lysosome and therefore stops the autophagy process 

on the level of the autophagosome. Due to the eGFP labelling of LC3-II, the autophagosomes are visualized 

as green puncta. Autophagy inhibitors are supposed to reverse this effect and lead to a diffuse fluorescence 

signal. 

This phenotypic screen identified the indofulvins as a promising new chemotype of autophagy 

inhibitors. The unsubstituted Һ-indofulvin 50a showed an inhibitory effect with an IC50= 3.39 ± 

0.38 µM and served as starting point for the synthesis of a small SAR collection varying in the 

substitution of the indole in different positions including the indole nitrogen, as well as one 

methoxy group and the chlorine of the griseofulvin moiety (Table 6). For the diverse 

functionalization of the C4-7 position of the indole, the respective indole was functionalized on C2 

through regioselective Pd-catalysis. The subsequently performed Pictet-Spengler reaction gave 

high to excellent yields for all derivatives (50a-m, 79-94%). Small residues including fluorine and 

a methyl group were broadly tolerated on the indole (50b-e, 50j). The introduction of a methyl 

group in the C5 position improved the autophagy activity to an IC50= 0.82 ± 0.20 µM (50c). 
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Sterically more demanding residues such as a benzyl group and methyl ester lead to a loss of 

bioactivity (50i and 50m). A hydroxy group as well as a methoxy group were also not tolerated 

and caused a significant drop in activity to a more than ten times higher IC50 (50g-h). 

A derivatization on the indole nitrogen with a methyl or benzyl group resulted in a significant 

reduction of bioactivity (50n-o). A benzofuran moiety instead of an indole also showed no 

improvement in bioactivity (55m). 

Furthermore, the griseofulvin part was derivatized by removing regioselective the methoxy group 

in close proximity to the carbonyl function with magnesium iodide and subsequent submitting it 

for nucleophilic substitution with organo halide compounds (50p-r). However, different residues 

on R6 did not give more active inhibitors of autophagy, the Pictet-Spengler reaction gave excellent 

yields of the desired compounds. Lastly, the griseofulvin chlorine was substituted by hydrogen, a 

methyl and benzyl group through Pd-catalyzed cross coupling (50s-u). The potency in the 

autophagy assay of the resulting derivatives was lower than of indofulvin 50c. 

Table 6: Structure-activity-study of indofulvins in autophagy inhibition. 
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Indofulvin 50c (COMAS ID= 409328) showed the strongest inhibitory effect in autophagy with an 

IC50= 0.82 ± 0.20 µM upon amino acid starvation (Figure 28a). The images indicated a reversal 

effect: After compound treatment, the staining was distributed throughout the cell and resembled 

the phenotype under fed conditions (Figure 28b).[107] The green puncta representing the 

autophagosomes, which are visible upon amino acid starvation with EBSS and CQ, could not be 

found upon addition of indofulvin 50c. As the addition of indofulvin 50c showed no inhibitory effect 

on the autophagy activity induced by rapamycin, the compound is likely to act either downstream 

or independently of mTOR.     

 

Figure 28: Influence of indofulvin 50c on the autophagic flux. a) Dose dependency of indofulvin 50c on 

autophagy inhibition in the phenotypic assay quantified by the number of autophagosomes per cell. 

IC50=0.82 ± 0.20 µM, (n=3). b) Resulting microscopic pictures from the screening with media MEM for the 

basal level of autophagy, EBSS+CQ as negative control and after compound treatment. Nuclear DNA was 

stained with Hoechst, the green color is attributable to eGFP labeled LC3. 
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VALIDATION OF THE INDOFULVINS AS AUTOPHAGY INHIBITORS ON PROTEIN LEVEL 

The indofulvins as new chemotype of autophagy inhibitors required further validation. However, 

phenotypic investigations based on GFP-conjugates involve limitations such as its proteolytic 

degradation by the lysosome.[108] As a consequence, a reduced fluorescence signal can arise 

from an increased autophagosome-lysosome fusion and can lead to false positive hits.[109] 

Additionally, the conjugation to GFP might influence the activity of LC3 due to its size. The GFP 

signal might also be reduced due to its increased proteasomal degradation as non-native 

protein.[108] Therefore, indofulvins were further evaluated in a GFP-independent assay. 

A GFP-LC3 independent investigation of autophagy is the quantification of relevant autophagy 

proteins including the native proteins LC3-I, LC3-II and p62 using immunoblotting methodology. 

As upon autophagy induction the level of LC3-II is increased via lipidation, inhibitors are supposed 

to show the opposite effect and reduce the phosphatidylethanolamine adduct.[61] Under starved 

conditions with EBSS, a slight difference between the DMSO control and indofulvin 50c at 10 µM 

was visible indicating a higher level of LC3-II in the negative control (Figure 29). The treatment 

with chloroquine (CQ) showed a significantly higher amount of LC3-II for the autophagy induced 

cells. As CQ is inhibiting the autophagosome-lysosome fusion, but not the autophagosome 

formation, an enrichment in LC3-II meets the expectations. The other autophagy marker, protein 

p62 (Ḭ sequestosome-1), is degraded upon pathway activation.[65] In comparison to modified 

eagle medium (MEM), the negative control with DMSO under starvation showed a lower level of 

p62. However, with increasing concentration of indofulvin 50c the amount of p62 raised 

suggesting an inhibition of autophagy. Therewith, both markers showed the expected effect for 

autophagy inhibition on protein level and confirmed the compoundôs bioactivity.  

 

Figure 29: Immunoblot of indofulvin 50c for the autophagy marker LC3-II and p62 with vinculin as control. 

Upon autophagy induction the level of LC3-II is slightly reduced after compound treatment compared to the 

DMSO control. The indofulvin 50c significantly inhibits the degradation of p62. Representative immunoblot, 

n=4. 
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GLUCOSE-DEPENDENT VIABILITY INVESTIGATIO NS 

Examination of a compoundôs potential cytotoxicity is important as it can produce false positive 

hits and therefore needed to be excluded for further investigations. In addition to the analysis 

under fed conditions, the exploration of the cell viability under starved conditions provides further 

validation of autophagy inhibitors. Without autophagy, starved cells fail to gain energy for 

homeostasis and are unfit to compensate the lack of nutrition.[61] Consequently, autophagy 

inhibitors are supposed to show a selective viability such as inducing apoptosis under starved 

conditions, but ideally causing no cell death under nutrient rich conditions.  

A viability assay under fed and starved conditions for nine different concentrations (0.39-10 µM) 

and over a period of 72h was performed with an IncuCyte Zoom® analysis system (Figure 30). 

This live-cell imaging and analysis platform allowed a time-resolved quantification of cell viability. 

Propidium iodide was employed as fluorescent agent for the selective staining of dead cells.[49] 

The tubulin binder nocodazole was used as positive control and the negative control is 

represented by MCF7 cells treated with DMSO.[110] 

At 10 µM indofulvin 50c showed a slightly increased fraction of dead cells of almost 4% after 72 h 

(Figure 30a). A concentration of 6.67 µM resulted in no increased cell death relative to DMSO, 

suggesting indofulvin 50c is not toxic in its relevant concentration. Conversely, under starved 

conditions, the pseudo-NP appeared to have a significant influence on the cell viability (Figure 

30b). Concentrations of 0.88 µM and higher showed a distinctly higher fraction of dead cells. 

Without glucose, the percentage number of dead cells was between 50-80% after 72 h. Indofulvin 

50c induced cell death under starved conditions in a dose-dependent manner with an EC50=1.38 

± 0.45 µM (Figure 30c). These results suggest a nutrient-dependent toxicity of indofulvin 50c by 

autophagy inhibition, but no toxic effects for the relevant concentrations below 10 µM on MCF7 

cells under fed conditions. 
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Figure 30: Influence of indofulvin 50c on the selective viability of MCF7 cells. Staining of dead cells with 

propidium iodide. Representative graph of three independent replicates shown. (n= 3, N=3) Cell viability 

under a) fed conditions and b) starved conditions. c) Fraction of dead cells for both conditions.  



Results and Disscusion 

79 

 

MORPHOLOGICAL PROFILING FOR TARGET HYPOTHESIS  

Unbiased morphological profiling was employed as a means to investigate a wide range of 

biological space for target identification. In a single experiment a large number of phenotypic 

features are deduced from image analysis and can be used to evaluate bioactivity and generate 

a target hypothesis by the comparison to annotated references.[46] 

The COMAS established the cell painting assay based on the pioneering work of the Carpenter 

group.[46, 76] After treatment of cells with a compound collection, six dyes are employed to 

selectively stain different cell components. Subsequent automated image acquisition of the cells 

allows the extraction of 579 morphological features. The quantification of the phenotypic change 

of each feature can be translated into a characteristic fingerprint that represents the compoundôs 

bioactivity. Induction determines the fraction of significantly changed features in percent relative 

to the DMSO control and thereby represents a unit for bioactivity in the cell painting assay. A 

morphological change is considered to be significant once its difference is +/- three-fold of the 

median for the negative control. A low induction below 5% indicates that less than 29 features are 

significantly changed. These low inducing compounds reflect a low bioactivity in the cell painting 

assay and are not further analyzed. A high induction indicates major morphological differences 

relative to DMSO. High inducing compounds may interact with multiple targets or have pleiotropic 

activity. Additionally, compounds with very high induction values appear to share a high similarity 

in their profiles. As overactivity might no longer be related to the compoundôs primary bioactivity, 

compounds with inductions above 70% were excluded from the analyses. This overactivity profile 

is not yet completely understood and is still under investigation. Consequently, compounds with 

an induction greater than 5%, but below 70% were used for further investigations such as the 

comparison to other compounds. If necessary, compounds were screened at additional 

concentrations to deliver fingerprints that are within the desired induction window.[53] 

The similarity of two morphological profiles is specified as one minus the correlation distances 

between the profiles. Empirically, biosimilarities greater 75% are considered biosimilar whereas 

a percentage below indicates a relevant difference between the compounds and is therefore 

considered as dissimilar. For the comparison of more than two profiles the cross-similarity, which 

describes the median biosimilarity percentage (MBP) for larger compound sets, was introduced. 

In addition, a dimension reduction analysis (Principal Component Analysis, short PCA) was 

employed for the evaluation of compound sets in which all morphological information from the 

profiles are reduced and arranged in three-dimensional space. Each spot represents one 

morphological profile from the CPA. The similarity of profiles is depicted by the distance between 
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spots. A close proximity represents a high biological similarity, whereas a greater distance 

between compounds is translated to differences in the morphological profiling.  

For a meaningful comparison and to avoid false positive matching in phenotypic similarity, it 

appeared to be important to compare compounds in a certain induction window. While comparing 

classes with broad induction ranges, compounds were found to form clusters due to similar 

induction rather than true biosimilarity.[111] In the PCA analysis component 1 is especially 

induction-dependent if a wide induction range is employed (Figure 31). Based on experience, 

induction ranges below 25% showed sufficient mixing relative to the induction. However, some 

data sets required smaller induction windows while others tolerated large ranges with adequate 

mixing. Therefore, it is necessary to compare compounds in a variety of induction ranges.  

 

Figure 31: Induction effect on component 1. a) PCA plot with a broad induction range from 6.6% to 69.8% 

and b) a defined induction window of 20-45% (right). Induction is represented by color. Component 1 is 

heavily influenced by the induction unless reducing the induction range to 25%.[111] 

For the first analysis, the phenotypic profiles from the pseudo-NP were compared to the known 

autophagy inhibitors chloroquine[71], aumitin[112], autophinib[70], autogramin[113], azaquindole[23] and 

wortmannin[68] (Figure 32). All modulators shared at least one concentration in a comparable 

induction window to indofulvin 50c. However, the biosimilarity was overall low compared to the 

references (Ò 55%), indicating a dissimilar mode-of-action. 
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Figure 32: Morphological fingerprint comparison of indofulvin 50c to the known autophagy inhibitors 

chloroquine, aumitin, autophinib, autogramin, azaquindole and wortmannin (W). Biological similarity (Bio. 

Sim) was calculated to the first entry (indofulvin 50c). 

Although the biosimilarity to the known complex I inhibitor of the mitochondrial respiration 

aumitin[112] was with maximal 55% relatively low (Figure 32), especially the features connected 

with the mitochondria were affected by the indofulvin 50c. The mitochondria showed significant 

differences to the DMSO control (Figure 33a). These morphological changes might indicate an 

interference with the mitochondrial metabolism, such as mitochondrial respiration. The 

morphological biosimilarity of indofulvin 50c to four known interactors[112] with the mitochondrial 

respiration was analyzed (Figure 33b). Rotenone, oligomycin, and carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP) induced sufficient morphological changes with an 

induction range of 33-52% that is comparable to the 36% induction of indofulvin 50c. Antimycin A 
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appeared to be a low inducing compound with a maximal induction of 23% that could be used for 

the comparison. The similarity of the morphological profiles of indofulvin 50c was extremely low 

to rotenone, antimycin A and FCCP (0-25%). However, the pseudo-NP showed a significantly 

higher biosimilarity of 87% to oligomycin. Consequently, indofulvin 50c was hypothesized to share 

a similar mode-of-action by targeting mitochondrial respiration.  

 

Figure 33: Influence of indofulvin 50c on mitochondrial phenotype. a) Representative cell painting images 

of the stained organelles revealed significant morphological changes on mitochondria after compound 

treatment with indofulvin 50c relative to DMSO. b) Morphological fingerprint comparison between indofulvin 

50c and known interactors of the mitochondrial respiration: rotenone, antimycin A, oligomycin, and FCCP. 

Biological similarity (Bio. Sim) was calculated to the first entry (indofulvin 50c). 
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INDOFULVINS INFLUENCE ON MITOCHONDRIAL RESPIRATION 

As autophagy regulates the degradation of damaged or nonfunctional mitochondria, a correlation 

between the interference in mitochondrial metabolism and autophagy inhibitors has been reported 

before.[112, 114] Moreover, an inhibitory effect on mitochondrial respiration affects the autophagic 

flux.[115] Potent inhibitors of the mitochondrial metabolism including rotenone, oligomycin, and 

FCCP show simultaneously an inhibitory effect on autophagy and demonstrate the close interplay 

of both pathways.[112, 116] Due to the high biosimilarity of indofulvin 50c to complex V inhibitor 

oligomycin[117], the influence of the pseudo-NP on the mitochondrial respiration was investigated 

in the Seahorse XF Extracellular Flux Analyzer. 

The Mito Stress Test[53, 112] investigates the mitochondrial respiration by the time-dependent 

measurement of the oxygen consumption rate (OCR) and the extracellular acidification rate 

(ECAR) of cells with two fluorophores.[118] The OCR is a direct parameter for mitochondrial 

respiration as oxygen is converted to water through complex IV (Figure 34a). The extracellular 

acidification indicates the cells anaerobic glycolysis level as alternative energy source once the 

mitochondrial respiration is inhibited. By the addition of known inhibitors, key parameters of 

mitochondrial function can be investigated (Figure 34b). Initially, a base line without chemical 

perturbation representing the basal respiration is recorded. The subsequent addition of the 

complex V inhibitor oligomycin inhibits the ATP-linked respiration[117] and therefore reduces the 

OCR. The difference to the non-mitochondrial oxygen consumption exist due to the remaining 

basal respiration, which is not coupled to ATP production. FCCP as uncoupling agents disrupts 

the mitochondrial membrane potential and results in the maximal level of the OCR indicating the 

maximal respiration. The higher potential compared to the basal respiration terms as spare 

capacity. The final addition of the complex I and III inhibitors rotenone and antimycin A completely 

shuts down mitochondrial respiration resulting in the minimal oxygen level.[118]  

An inhibitor of mitochondrial respiration is supposed to affect both the OCR and the ECAR. Upon 

compound treatment, the OCR was reduced in a dose-dependent manner (Figure 34c). The 

ECAR on the other side increased as the cells are shifting their energy metabolism towards 

anaerobic glycolysis.   
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Figure 34: Mitochondrial respiration and its measurement via the Mito Stress Test. a) Scheme of the 

process of mitochondrial respiration including the known inhibitors rotenone, antimycin A, oligomycin, and 

FCCP with their targets. Initially, complex I of the electron transport chain utilizes the product from the 

tricarboxylic acid cycle (TCA) NADH +H+ and complex II FADH2 to transfer an electron each onto ubiquinone 

(CoQ). CoQ passes the electron to complex III, which subsequently transfers them to complex IV. Complex 

IV reduces oxygen to water. During this process complex I, III, and IV transfer protons to the intermembrane 

space and consequently decrease the pH of the mitochondrial matrix. The proton gradient is used by 

complex V to generate ATP. b) Mito Stress Test profile of the oxygen consumption rate (OCR) including 

the key parameters of the mitochondrial respiration. c)  Mito Stress Test profile of the oxygen consumption 

rate (OCR) with an inhibitor.[118] 
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Indofulvin 50c was analyzed for its influence on the mitochondrial respiration employing a Mito 

Stress Test in two cell lines (Figure 35). Upon compound treatment after 30 min, the OCR was 

significantly reduced for concentrations greater than 1 µM in Hela cells (Figure 35a). At the highest 

concentration of 30 µM, the OCR dropped to 35%, which is almost the same level as after the 

addition of oligomycin. The ECAR simultaneously was dose-dependently increased up to 135%, 

indicating the alternative energy gain via anaerobic glycolysis due to the blocked mitochondrial 

respiration (Figure 35b). In MCF7 cells a similar effect was observed showing slightly less 

sensitivity (Figure 35c and d). This analysis revealed indofulvin 50c as an inhibitor of 

mitochondrial respiration. 

 

Figure 35: Influence of indofulvin 50c on mitochondrial respiration in HeLa (a and b) and MCF7 cells (c and 

d). The oxygen consumption rate (OCR, a and c) and extracellular acidification rate (ECAR, b and d) are 

measured over time. Addition of indofulvin 50c in six concentrations varying from 0.1 to 30 µM. Subsequent 

injection of oligomycin (1 µM), FCCP (0.25 µM) and rotenone/antimycin A (0.5 µM). (n=3, N=2) 

The correlation of the indofulvins activity in autophagy inhibition and the interference with the 

mitochondrial respiration was investigated by analyzing the most active autophagy hit indofulvin 

50c, a less active derivative 65f, and an inactive derivative 50o as well as the parent NP 

griseofulvin in the Mito Stress Test (Figure 36). The most active compound in the autophagy 
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assay also showed the strongest effect on mitochondrial respiration. The chroman derivative 65f 

(Figure 36a, blue) had a moderate IC50= 4.00 ± 0.29 µM in autophagy inhibition and also showed 

a reduced OCR and therefore an inhibitory effect on the mitochondrial metabolism. The 

griseofulvin indole with a benzyl-group on the indole nitrogen 50o (Figure 36a, orange), similar to 

griseofulvin (Figure 36a, violet), was inactive in the autophagy assay and showed no significant 

impact on mitochondrial respiration relative to DMSO. Consequently, this trend not only confirms 

a correlation between the activity in autophagy and mitochondrial respiration of the pseudo-NPs, 

but also proved the generation of new bioactivity of griseofulvin-based pseudo-NPs, whereas 

griseofulvin showed no effect on both pathways. 

 

Figure 36: The bioactivity of different pseudo-NPs and griseofulvin revealed a clear correlation between the 

activity in the autophagy assay and the Mito Stress Test. The most potent inhibitor of autophagy, indofulvin 

50c (green), had the highest effect on the mitochondrial metabolism. The chromane derivative 65f (blue) 

showed a moderate effect in both assays and both the benzylated pseudo-NP 50o (orange) and NP 

griseofulvin (violet) were inactive for autophagy inhibition and showed no interference with mitochondrial 

respiration. a) Overview of the investigated compounds and their bioactivities. b) Mito Stress Test of the 

three pseudo-NPs and griseofulvin including the addition of oligomycin (1 µM), FCCP (0.25 µM), rotenone/ 

antimycin A (0.5 µM). (n=3, N=2) 
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INVESTIGATION FOR LYSOSOMOTROPISM  

One mode-of-action of autophagy inhibitors is the prevention of the autophagosome-lysosome 

fusion. Lysosomotropic compounds, including chloroquine and autoquin interfere with the 

lysosome and act therefore mTOR-independently.[52] A biosimilarity to the overactive profile may 

be related to lysosomotropism as is a common effect for compounds. A morphological similarity 

to the reference smoothened agonist (SAG)[119] above 70% suggested a potential accumulation 

in the lysosome and was further analyzed in the LysoTrackerTM Red DND-99 assay in MCF7 

cells.[120]  The assay employs a fluorescent dye that is enriched in the acidic lysosome. After 

addition of a lysosomotropic compound, the pH of the lysosome is increased to release the 

LysoTrackerTM Red DND-99 staining. The negative controls with DMSO and water showed the 

characteristic red color under the microscope, whereas the lysosomotropic compounds CQ 

(50 µM) and chlorpromazine (5 µM) had a reduced signal (Figure 37a). The treatment with 

indofulvin 50c gave a similar picture under the microscope compared to the DMSO control without 

any reduction in the LysoTrackerTM Red DND-99 staining (Figure Xa). After quantification of the 

dyeôs intensity, indofulvin 50c exhibited the same level of LysoTrackerTM Red DND-99, whereas 

the positive controls showed a dose-dependent effect (Figure 37b). These results suggest that 

indofulvin 50c is not lysosomotropic and likely does not interfere with the lysosomeôs function.  

 

Figure 37:  Investigation regarding the lysosomotropism of indofulvin 50c via LysoTrackerTM Red DND-99 

assay.[120] a) Representative microscope pictures of the negative controls DMSO and water, as well as the 

positive controls chloroquine and chlorpromazine and indofulvin 50c. b) Quantification of the LysoTrackerTM 

Red DND-99 assay showing the integrated intensity (in %) for each sample. (n=3, N=3)  
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3.3.2. INDOFULVINS: FRAGMENT BIOACTIVITY  

Griseofulvin represents a major moiety of the bioactive pseudo-NP indofulvin 50c. The fragment-

sized[19] NP is known for its tubulin binding and is used for several applications including antifungal 

medication.[121] This raises the question, if the new pseudo-NP is still interacting with tubulin or 

the fragmentôs original activity has been lost. Ideally, the bioactivity of the indofulvin 50c is derived 

from the combination of the griseofulvin fragment with an indole and not from the original fragment 

alone. This analysis extends to an evaluation of the pseudo-NP approach as the concept that 

aims to overcome the limitation of BIOS in which compounds interact with similar targets. In order 

to answer the question, a biochemical and a cell-based tubulin-binding assay were performed.  

TUBULIN-BINDING ASSAYS 

The in-vitro assay follows the tubulin polymerization upon GTP addition by the measurement of 

the absorbance at 340 nm.[122] A direct interference with tubulin is supposed to result in either 

stabilization or destabilization of tubulin polymerization leading to a deviation in the course of the 

curve compared to the DMSO control. Taxol showed an enhancement in tubulin polymerization 

while nocodazole and griseofulvin inhibited tubulin polymerization (Figure 38a).[110, 121b, 123] In the 

presence of indofulvin 50c, no interference with tubulin was detected at concentrations up to 

50 µM as the polymerization curve showed no difference relative to the DMSO control. 

To investigate potential tubulin interaction of the compound in a cellular context in which tubulin 

associated proteins are also involved, a histone staining for the detection of mitotic cells was 

performed.[47] Compounds which interfere with tubulin are known to prevent cell division and 

induce mitotic arrest. Consequently, tubulin interactors, for example taxol and nocodazole, 

increased the percentage of mitotic cells compared to the negative control DMSO (Figure 38b). 

The parent NP griseofulvin also showed a dose-dependent higher fraction of cells in mitotic arrest. 

At a concentration of 20 µM, griseofulvin led to > 30% mitotic cells, a value six times higher than 

the DMSO control. However, indofulvinôs 50c percentage of mitotic cells was comparable to 

DMSO for concentrations up to 30 µM. The pseudo-NP therefore could not be associated with 

tubulin interaction in the in-vitro and in-cell assay, suggesting a loss of griseofulvinôs original 

tubulin-binding activity. 
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Figure 38: Investigation of indofulvinôs 50c potential interaction with tubulin due to its relationship to the 

known tubulin binder griseofulvin. a) In-vitro assay[122] analyzing the tubulin polymerization upon addition of 

GTP via absorbance at 340 nm, suggesting no tubulin interaction due to no significant deviation from the 

DMSO control.  Representative graph shown. (n=3, N=2) b) Influence of indofulvin 50c on the number of 

mitotic cells in MCF7 cells assessed by phospho-Histone 3 staining revealed no tubulin interference 

(green). Positive controls: N= Nocodazole (orange), T= Taxol (red) and griseofulvin. (n=3, N=3).[47] 

 

COMPARISON ON A MORPHOLOGICAL LEVEL 

The cell painting assay affords the opportunity to compare pseudo-NPs with their parent NPs on 

a morphological level.[51] Clusters in the PCA demonstrate phenotypic differences between 

compound classes, whereas no clusters, for example in a scatter plot, are considered to cover a 

biological space, which is not scaffold dependent.  
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Via PCA analyses all Һ-indofulvins were plotted against four different concentrations of their 

parent NP griseofulvin (Figure 39a). The indofulvins formed a clear cluster that appeared to be 

morphologically significantly different to griseofulvin. This is also represented by a low MBP of 

30% between the two compound classes. The analysis of morphological fingerprints from 

indofulvin 50c and griseofulvin also possessed a low biosimilarity of 34% by few shared features 

(Figure 39b). The PCA analysis of the Һ-indofulvins and representative tubulin interactors from 

the reference compound set revealed clear scaffold-dependent clustering. Although the distance 

between both clusters is closer, the investigation indicated phenotypic differences between 

indofulvins and tubulin-binders. In conclusion, the cell painting assay was able to identify 

biological distinctions on a morphological level between the indofulvins and their fragment-sized 

parent NP griseofulvin.  

 

Figure 39: Morphological investigation of indofulvins regarding their parent NP bioactivity of tubulin binding. 

a) PCA plot of indofulvins and griseofulvin showed clear scaffold-dependent clustering. Induction window: 

20-45, Expl. Var.: PC1 (69.2%), PC2 (12.7%), PC3 (5.6%).  b) Morphological profile of indofulvin 50c in 

comparison to griseofulvin with a biosimilarity of 34% representing differences between the two profiles. c) 

PCA plot of indofulvins and references with annotated tubulin interaction resulting in clear scaffold-

dependent clusters. Induction window: 20-45%, Expl. Var.: PC1 (45.0%), PC2 (20.8%), PC3 (7.1%).   
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3.3.3. MORPHOLOGICAL PROFILING OF INDOLENINES 

Similar to the indofulvins, the dearomatized indolenines are based on griseofulvin indoles that are 

derived from the Fischer indole reaction and can be compared to related compounds employing 

the cell painting assay. The indolenines are also bearing parts of the fragment-sized NP 

griseofulvin and are closely related to griseofulvin indole pseudo-NPs from which the product is 

derived. To investigate whether the Һ-pyrone annulation results in a different bioactivity, the 

compound classes were analyzed on morphological level. The PCA plot of the indolenines in 

comparison to their direct parent molecules from the Fischer indole reaction revealed clear 

clusters (Figure 40). Although the compound classes showed no overlap, the compound classes 

shared compounds with higher biosimilarity, which is also represented by a MBP of 72%. In 

comparison to the griseofulvin indoles, the indolenines shared a higher intraclass similarity 

demonstrated by the less widespread cluster. Consequently, different substitutions on the indole 

might have a greater influence on the griseofulvin indoles than on the indolenines. Overall, the 

addition of the Һ-pyrone fragment seems to have an influence on the bioactivity and appears to 

change the phenotypic profile compared to their aromatized starting materials. 

 

Figure 40: Comparison of the indolenines based on griseofulvin indoles via Fischer indole reaction (red) to 

their dearomatized starting materials (green) shows clear clusters in morphological profiling. Induction 

window: 20-45%, Expl. Var.: PC1 (56.5%), PC2 (10.6%), PC3 (7.7%).   
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Moreover, the indofulvins have a significant part in common with the NP griseofulvin, which 

possesses annotated tubulin-binding activity. Morphological profiling enabled the investigation if 

next to their structural features the pseudo-NPs also share griseofulvinôs bioactivity. The PCA plot 

indicated a compound class-dependent clustering with griseofulvin falling into the expected 

cluster of tubulin interactors (Figure 41). These phenotypic differences suggested a bioactivity 

that differs from an interference with tubulin. Thereby, not only the indofulvins, but also the 

indolenines derived from griseofulvin indoles seem to have lost their ability to bind tubulin.  

 

Figure 41: Comparison of the indolenines based on griseofulvin indoles via Fischer indole reaction (red) to 

griseofulvin and other references annotated with tubulin interaction activity indicates phenotypic differences 

between the compound classes. Induction window: 20-45%, Expl. Var.: PC1 (43.0%), PC2 (16.3%), PC3 

(13.4%).   
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3.3.4. PSEUDO-NPS IN BIOLOGICAL SPACE 

The referenceôs target assignment and composition of relevant representations was performed 

by Dr. Slava Ziegler. 

The unprecedented scaffolds of pseudo-NP provide an opportunity to interact with new, currently 

maybe even unknown targets and thereby expand known biological space. The morphological 

profiling may give insights whether the pseudo-NPs share a phenotype with known references or 

occupy areas of biological space that are underexplored. Relevant representations with annotated 

bioactivities of eight pathways or targets serve as biological clusters[55] to determine and extent 

the pseudo-NPs relate. The PCA plot of the indofulvins in comparison to the references showed 

a complex cluster formation with differences in the range of distribution and a degree of 

overlapping between clusters (Figure 42a). For instance, representatives involved in the DNA 

synthesis formed a clear and isolated cluster, whereas references annotated with activity against 

histone deacetylases (HDAC) spread out more broadly and slightly overlapped with 

lysosomotropic compounds. The indofulvins formed a cluster that differs from the eight other 

clusters indicating a different bioactivity on morphological level. The PCA plot of the indolenines 

and the eight reference classes revealed a new cluster that is separated from the others and 

therefore could interact with other targets (Figure 42b).  

Both pseudo-NP classes, the indofulvins and the indolenines, showed phenotypical differences 

to the eight reference clusters and occupy areas, which are not covered by their representatives. 

These results suggest that the pseudo-NPs may extend into new areas of the biological space. 
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Figure 42: Comparison of morphological changes of pseudo-NPs to eight reference clusters. a) Indofulvins 

(pink) form a new cluster, which is not overlapping with the pathway-dependent clusters derived from the 

references. Induction window: 20-45%, Expl. Var.: PC1 (47.9%), PC2 (18.9%), PC3 (9.2%). b) Indolenines 

(dark red) build a cluster by extending into uncovered biological space. Induction window: 20-45, Expl. Var.: 

PC1 (50.1%), PC2 (21.7%), PC3 (7.3%).     














































































































































































































































































































































