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Abstract 

The central goal of the work presented in this doctoral dissertation was to 

showcase multicomponent reactions and catalytic processes as sustainable tools for the 

efficient synthesis of structurally diverse libraries with potential biological activity and 

promising druglike properties. This approach is particularly valuable when privileged 

scaffolds are used as starting materials of the multicomponent reactions. Isatin and 

tryptanthrin are two related compounds, known for possessing great interest in the fields 

of medicinal chemistry and drug discovery and were selected as key components for 

library generation. 

Among the various multicomponent reactions described in the literature, the Ugi 

reaction is known for being widely applied in the synthesis of active pharmaceutical 

ingredients and other biologically active compounds. The interest on this reaction is 

motivated by its robustness, reliability, and for the ability to generate, in one single step, 

two new amide bonds, a functional group known to be present in several 

pharmacologically active compounds. 

The Ugi four component reaction, its most classic version, was applied for the 

synthesis of new oxindole derivatives bearing two linear amides (Library I). Thorough 

optimization of the synthetic methodology enabled us to select the Lewis acid indium (III) 

trichloride as a safe, easy to use, cheap, and green catalyst. This approach, the first to 

be reported on an isatin-based Ugi four component reaction, was suitable for a wide 

range of substrate scope, allowing the preparation of new compounds with considerable 

structural diversity. Limitations for the methodology were also identified, such as the 

relevance of the carboxylic acid component pKa for reaction selectivity. Library I was 

evaluated in vitro against several tumor cell lines, with promising results, including low 

and sub-micromolar range of antiproliferative activity. In silico druglikeness evaluation of 

this library also validated the potential of this molecules as drug candidates. 

Using another version of the Ugi reaction, the Ugi four-center three component 

reaction, a molecular hybridization approach was considered for the synthesis of a library 

of oxindole-lactam hybrids (Library II). Using isatin as starting material, a series of 

oxindole-lactam hybrids was obtained, aiming to inhibit cholinesterases, relevant 

therapeutic targets in Alzheimer’s disease. The resulting library proved to be selective 

inhibitors of butyrylcholinesterase, with three compounds presenting inhibition values 

below 10 micromolar. The druglikeness evaluation of Library II in silico indicate the ability 

of two of these most active compounds to cross the blood-brain barrier by passive 

diffusion, and therefore might be an excellent point for the development of selective 
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butyrylcholinesterase inhibitors, a therapeutic option so far unavailable in clinical 

practice. This catalyst-free approach proved to be suitable for a wide range of substrates 

and therefore enabled great structural diversity. 

The serendipity discovery of a new synthetic methodology to prepare the valuable 

alkaloid tryptanthrin from isatin and indigo, using I2/NaH/DMF as oxidant trio, is also 

reported. This approach, promoted under microwave irradiation, proved to be time-

efficient and a green alternative for the synthesis of tryptanthrin. Next, we decided to 

engage this tetracyclic bioactive compound in multicomponent reactions, a poorly 

explored research field. Our first efforts focused on the Ugi reaction, however all the 

attempts performed were unsuccessful. Computational studies were performed in order 

to understand the reactivity differences between isatin and tryptanthrin. Indeed, in the 

first step of the Ugi reaction (imine formation), the process is favored when using isatin, 

whereas the energetic barrier is higher when tryptanthrin is applied as starting material. 

Then, the Petasis multicomponent reaction was selected as model reaction, in order to 

further explore the reactivity of this molecule (namely, its aryl bromide derivatives). The 

tryptanthrin derivatives (Library III) were successfully prepared using BINOL as 

organocatalyst, and an asymmetric version using (R)-BINOL lead to excellent 

enantioselectivity. The Petasis adducts were then evaluated for their antimicrobial 

activity, and one compound exhibited moderate fungicidal activity, selective against 

dermatophyte fungal strains.  

The outputs of the work presented in this doctoral dissertation corroborate the 

impact of multicomponent reactions in the field of sustainable drug discovery and 

medicinal chemistry, especially when privileged scaffolds are employed. Several 

bioactive compounds were identified, targeting pathologies with great public health and 

socio-economic impact, such as cancer, neurodegenerative diseases and infectious 

diseases. 

 

 

Keywords: Isatin, Tryptanthrin, Multicomponent reactions, Ugi reaction, Petasis reaction, 

Oxindole hybrids, Sustainable Green Chemistry 
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Resumo 

O principal objetivo do trabalho apresentado nesta dissertação de doutoramento 

visa demonstrar a relevância das reações multicomponente e de processos catalíticos 

enquanto ferramentas para a síntese sustentável de bibliotecas de compostos com 

diversidade estrutural, com potencial atividade biológica e propriedades druglike 

promissoras. Esta abordagem é particularmente relevante quando estruturas 

privilegiadas são usadas como materiais de partida das reações multicomponente. A 

isatina e a triptantrina são dois compostos conhecidos por terem um grande interesse 

para as áreas da química medicinal e de descoberta de fármacos, e foram por isso 

selecionadas como componentes-chave para a preparação de bibliotecas de 

compostos. 

Entre as várias reações multicomponente descritas na literature, a reação de Ugi 

é conhecida por ser abundantemente utilizada na síntese de substâncias ativas e de 

outros compostos com atividade biológica. O interesse nesta reação é amplamente 

motivado pela sua robustez, segurança e pela sua capacidade de gerar, num só passo 

reacional, duas novas ligações amida, um grupo funcional amplamente presente em 

compostos com atividade farmacológica. 

A reação de Ugi quatro componentes, a versão mais clássica desta reação, foi 

usada para a síntese de derivados oxindólicos com amidas lineares (biblioteca I). Uma 

otimização cuidada da metodologia de síntese levou-nos a selecionar o ácido de Lewis 

tricloreto de índio (III) enquanto catalisador seguro, fácil de utilizar, barato e amigo do 

ambiente. Esta abordagem, que constitui o primeiro exemplo de reação de Ugi quatro 

componentes usando isatina como material e partida, permitiu a utilização de vários 

substratos para a síntese de novos compostos, com elevado grau de diversidade 

estrutural. Limitações a esta metodologia também foram identificadas, nomeadamente 

no que diz respeito aos requisitos do pKa do ácido carboxílico para que a reação seja 

seletiva. A biblioteca I foi avaliada in vitro contra várias linhas celulares tumorais, com 

resultados promissores, incluindo atividade antiproliferativa em concentrações sub-

micromolares. Avaliação in silico das propriedades de druglikeness da biblioteca 

também validam o seu potencial enquanto candidatos a fármacos. 

Usando uma outra versão da reação de Ugi, a reação de Ugi de quatro-centros 

três componentes, uma abordagem de hibridização molecular foi aplicada para a síntese 

de uma biblioteca de híbridos oxindole-lactama (biblioteca II). Através da utilização de 

isatina enquanto material de partida, vários híbridos oxindole-lactâmas foram obtidos, 

com o objetivo de inibir colinesterases, importantes alvos terapêuticos para a doença de 
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Alzheimer. Os híbridos demonstraram possuir capacidade de inibição seletiva da 

butirilcolinesterase, com três dos compostos a apresentar atividade menor que 10 

micromolar. A avaliação in silico das propriedades druglike demonstraram que dois dos 

três compostos mais ativos apresentam potencial para atravessar a barreira 

hematoencefálica por difusão passiva, e por estes motivos podem ser um excelente 

ponto de partida para o desenvolvimento de novos inibidores seletivos da 

butirilcolinesterase, uma opção terapêutica ainda não disponível na prática clínica. A 

metodologia sintética, que ocorre na ausência de catalisador, demonstrou ser suscetível 

de ser aplicada a um vasto número de reagentes e, assim, permitir uma grande 

diversidade estrutural. 

A descoberta por serendipismo de uma nova rota sintética para a obtenção do 

alcaloide triptantrina a partir de isatina ou indigo, usando I2/NaH/DMF como trio 

oxidativo, é também aqui descrita. Este processo, promovido por radiação micro-ondas, 

demonstrou permitir poupanças em tempo de reação e constituir uma alternativa 

sustentável para a síntese de triptantrina. De seguida, decidimos utilizar este composto 

tetracíclico, que apresenta várias atividades biológicas, em reações multicomponente, 

uma vez que esta área de investigação se encontra subexplorada. Os nossos primeiros 

esforços foram focados na reação de Ugi, mas sem sucesso. Estudos computacionais 

permitiram perceber as diferenças de reatividade entre isatina e triptantrina, 

demonstrando que o primeiro passo reacional da reação de Ugi (formação da imina) é 

favorecido com a isatina, enquanto que uma maior barreira energética é descrita quando 

triptantrina é usada como material de partida. Assim, selecionamos a reação de Petasis 

para novos estudos, de modo a explorar a reatividade desta molécula de novas formas. 

A biblioteca de derivados da triptantrina (biblioteca III) foi sintetizada utilizando BINOL 

como organocatalisador, e uma versão assimétrica com recurso ao (R)-BINOL foi 

também desenvolvida com sucesso, apresentando excelente enantiosseletividade. Os 

produtos da reação de Petasis foram avaliados quanto à sua atividade antimicrobiana, 

sendo que um dos novos derivados possuí atividade fungicida moderada, seletiva contra 

dermatófitos. 

Os resultados obtidos nesta dissertação de doutoramento permitem corroborar a 

importância das reações multicomponente na área da descoberta sustentável de novos 

fármacos e da química medicinal, em particular quando têm por base estruturas 

privilegiadas. Foram identificados vários novos compostos com atividade biológica, 

visando patologias com grande impacto socioeconómico e na saúde pública, como o 

cancro, as doenças neurodegenerativas e as doenças infeciosas. 

Palavras-chave: Isatina, Triptantrina, Reações multicomponente, Reação de Ugi, 

Reação de Petasis, Híbridos oxindólicos, Química verde sustentável 
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3 

1.1. Getting Inspired by History and Nature in the Quest for New Drug 

Candidates 

 

“You have to know the past to understand the present.” 

Carl Sagan 

 

Since antiquity, mankind evolution has been intertwined with its social behavior. 

As recent evidence show, since prehistoric times, individuals and groups make efforts to 

treat and heal their peers in need, instead of looking to injured or sick individuals as 

liabilities.1  Over the millennia, folk medicine was an always evolving field, highly 

dependent on information passed throughout generations, trial and error, and even 

trends which emerged through times. Although some practices can now be considered 

as bizarre or torture under 21st century scientific knowledge, there is evidence of how the 

social behavior of helping those in need is a crucial part of what makes us humans. 

These practices were also important to develop the scientific method and knowledge that 

we continue to implement and improve in the present times, and for the continuous 

improvement in the drug discovery field.2, 3 

Over the centuries, the use of plant extracts or crude medicines isolated from 

naturally occurring sources was the common practice in therapeutics. These practices 

often led to relevant scientific breakthroughs, e.g., bark extracts were used for its 

antipyretic properties in Europe since the early of the 17th century, but its active 

substance, quinine, was only isolated and used in its pure form for the treatment of 

malaria in the 19th century.4-6 Inorganic compounds, such as arsenic trioxide (Figure 

1.1), used in folk Chinese medicine for over 5000 years, is now approved for the 

treatment of leukemia, with its mechanism of action only being unveiled in the turn of this 

century.7-10 These are classic examples of empirical use of natural products to treat a 

pathology through the centuries, despite the lack of knowledge of how the disease or the 

treatment actually work.  

The shift of mindset from the use of extracts to pure compounds was driven by 

Swiss physician Paracelsus in the early 16th century. The evolution of chemical 

knowledge, in particular focused on natural products, techniques of extraction and 

isolation of pure compounds from natural sources, exponentially increased the 

availability of drugs which are still used today in clinical practice, such as morphine and 

caffeine. This burst of knowledge emerged in the 19th century. At the same time, another 

important field emerged, which was going to revolutionize therapeutics – synthetic 

organic chemistry. This scientific breakthrough was carried by the German chemist 
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Friedrich Wöhler, who reported the first synthesis of an organic molecule, urea.11, 12 With 

such a discovery, a new door for the development of new therapeutic alternatives was 

open. The evolution of chemical knowledge allowed drug preparation to grow from local 

apothecaries and magistral formulations of medicines to large-scale pharmaceutical 

production of drugs, making them more accessible for a larger portion of the 

population.13, 14 A good example to illustrate the synergic effect between chemical 

knowledge of natural products and synthetic organic chemistry is the case of salicylic 

acid (Figure 1.1). It was known that the extract of Salix alba (willow) bark possesses 

antipyretic properties. Further studies led to the isolation of salicylic acid as the 

compound responsible for this relevant bioactivity. However, this compound, due to its 

acid nature, was also corrosive and irritating to the gastric mucosa when swallowed. 

Synthetic organic chemistry provided an alternative, by leading to the synthesis of 

acetylsalicylic acid in 1897, commercialized as Aspirin®, a non-steroid anti-inflammatory 

drug (NSAID) possessing antipyretic and analgesic properties, without the undesired 

gastric effects in short-term treatments. Nevertheless, salicylic acid is still used 

nowadays in several dermatological formulations, due to its keratolytic properties, 

showcasing the versatility and importance of the concomitant use of synthetic organic 

chemistry and natural product chemistry knowledge in present clinical practice.15, 16 

 

 

Arsenium trioxide 

Salicylic acid 

Morphine 

Galantamine Paclitaxel Artemisin 

Azithromycin 

Figure 1.1. Examples of bioactive compounds obtained from natural sources. 
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With the development of scientific knowledge, many other natural products gained 

the status of commercial drugs, including morphine, galantamine, paclitaxel, artemisin, 

azithromycin, just to name a few (Figure 1.1). However, the complexity of some of these 

structures, makes their total synthesis a big challenge to synthetic organic chemists, and 

often it takes decades to achieve a synthetic route to achieve the desired drug. 

Nonetheless, the synthetic pathways developed are often very extensive, tedious, and 

not as straightforward as desirable for a commercial product. This often leads to very 

expensive drugs or for the need of using a natural product with a high level of complexity 

as starting material (semi-synthetic drugs). However, many times these starting 

materials, by being natural sources, are available at specific geographical locations, with 

interruptions in the supply chain or price fluctuations becoming a possibility at any point 

due to multiple factors (political tensions, natural disasters, wars, etc.). This might 

constitute an attrition cause for the investigation of natural products as drugs, but several 

alternatives are available in the medicinal and synthetic organic chemists’ toolbox.17-21 

 

 1.2. Selecting Privileged Scaffolds as Starting Point for Drug Discovery 

 

“I consider nature a vast chemical laboratory in which all kinds of 

composition and decompositions are formed.” 

Antoine-Laurent de Lavoisier 

 

In 1988, Evans et al. developed a research work through chemical modifications 

of benzodiazepines, known for their anxiolytic activity. Classically, benzodiazepines 

exert their therapeutic effect by interacting with γ-aminobutyric acid type A (GABAA) 

receptors in the central nervous system.22, 23 But in their innovative work, potent and 

selective cholecystokinin antagonists were achieved, targeting peripheral receptor 

CCK1,24 a receptor present in the gastrointestinal tract and mediating a series of 

physiological processes.25 The presence of the benzodiazepine heterocycle in different 

compounds exhibiting significantly different pharmacological effects in different targets, 

led the authors to introduce the concept of “privileged structures”, as chemical motifs 

which “are capable of providing useful ligands for more than one receptor and that 

judicious modifications of such structures could be a viable alternative in the search for 

new receptor agonists and antagonists”.24 

The concept of privileged structure should not be confused with other concepts 

commonly used in the field of medicinal chemistry, such as frequent hitters,26, 27 
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promiscuous binders,28, 29 or pan-assay interference compounds (PAINS)30, 31 (Scheme 

1.1).32 

 

Drug discovery programmes based on the development of novel bioactive small 

molecules often use privileged scaffolds as starting point for library generation. This 

choice is due to the higher chances of success which can be attained by introducing 

these chemical motifs in frameworks of new drug candidates.33, 34 Besides the 

established potential to interact with biological targets, privileged scaffolds often bring to 

the table a set of physico-chemical features which might be determinant for the success 

of the novel molecules pharmacodynamic and pharmacokinetic profiles.35, 36 The 

selection of the appropriate privileged structure can be a pivotal task for new drug 

candidates design, as it might determine if the library to be synthesized can actually 

stand a chance in moving on in the drug discovery and development pipeline. Several 

methodologies to help in this selection have been developed throughout the years. 

Recently, technologies involving machine learning and artificial intelligence started to 

operate in the detection and evaluation of privileged scaffolds and decision-making of 

Scheme 1.1. Concepts in medicinal chemistry: privileged scaffold, frequent hitters, 

promiscuous compounds and PAINS. 
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which molecules should be evaluated for their pharmacological interest.37, 38 More classic 

approaches for the identification and selection of privileged scaffolds involve the analysis 

of the chemical structures of marketed drugs,39-42 and bioactive natural products.17, 43, 44 

Indeed, the structural diversity and remarkable pharmacological potential of natural 

products make this collection of compounds a great starting-point for hand-picking 

privileged scaffolds.45 Among the numerous families of natural products, alkaloids can 

be a great family for the development of new drug candidates.46-49 In this work, two 

alkaloids will take center stage for the development of new drug candidates, isatin and 

tryptanthrin (Figure 1.2). The reasons behind their choice, as well as their properties and 

pharmacological relevance will be addresses in the next sections. 

 

1.2.1. From Bacteria to Humans: Isatin is Ubiquitous in Nature 

 

Isatin was first reported in 1840, by the German chemist Otto Linné Erdmann and 

by the French chemist Auguste Laurent, while developing work with the dye indigo 

(Figure 1.2).50-53 Their work reveals that there is a powerful connection between these 

three key molecules - isatin, tryptanthrin and indigo.  

 

Despite its discovery being made through a chemical reaction, isatin (chemically, 

indoline-2,3-dione) occurs in many natural sources, including bacteria where it is a 

biosynthetic metabolic intermediate or decomposition product of other valuable natural 

organic molecules, such as violacein (produced by Chromobacterium violaceum),54 

indirubin (produced by Comamonas sp. from indole),55 and indigo (produced by 

Pseudomonas sp. and Acinetobacter sp., using indole as metabolic precursor).56  

In the kingdom Plantae, isatin is also a relevant biosynthetic intermediate for the 

synthesis of multiple pigments, such as indigo, indirubin, isoindirubin and isoindigo. 

Plants from the Isatis genus are the most prominent examples of isatin sources in the 

Plantae kingdom.57 Isatin was also isolated from Calanthe species (Orchidaceae 

family),58 and from Couroupita guianensis (Lecythidaceae family).59 

Isatin Tryptanthrin Indigo 

Figure 1.2. Chemical structures of isatin, tryptanthrin, and indigo. 
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Despite plants being the main origin for traditional folk medicine preparations, 

some animal-based products were also used over the centuries. The dried venom of the 

parotoid glands of Bufo toads, namely the Bufo bufo gargarizans, is used in Asian folk 

medicine since almost one millennium B.C., under the names of Chansu (Chinese 

traditional medicine) and Senso (Japanese traditional medicine), for the treatment of pain 

and inflammatory diseases. In this complex mixture, isatin was also identified as one of 

its components.60, 61 

In the late 1980’s, a new biomarker for anxiety and stress in humans was reported 

under the name of tribulin, possessing endogenous monoamine oxidase inhibitory 

activity, as well as the ability to bind to the benzodiazepine receptors. While some 

authors use the name tribulin and isatin interchangeably, for others isatin is just the main 

component of a more complex mixture.62-64 There are multiple possibilities for the origin 

of isatin in humans, as this heterocycle was already found in the brain tissue (showing 

ability to cross the blood-brain barrier (BBB)), with non-homogenic distribution,65 and also 

in the heart, peripheral tissues, serum and urine. It is hypothesized that isatin can be a 

metabolic product of phenylalanine,66 adrenaline,63, 64 or L-tryptophan (Figure 1.3).67-72 

Figure 1.3. Endogenous production of isatin from dietary L-tryptophan ingestion, via 

gut flora conversion to indole and hepatic oxidation to oxindole and isatin. 
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Isatin endogenous roles appear to be multifactorial and complex, interacting with 

multiple intracellular isatin-binding proteins, and therefore it is likely responsible to 

operate as a regulator of complex protein networks in both physiological and pathological 

conditions. At physiological concentrations, it is known that isatin inhibits monoamine 

oxidase B (MAO-B) and atrial natriuretic peptide (ANP) receptors, preventing the 

generation of a second messenger, cyclic guanosine monophosphate (GMP). At higher 

concentrations, isatin increases the levels of monoamine neurotransmitters and it 

appears to interact with NO signaling pathways. It possesses anxiogenic properties, 

attenuates parkinsonism induced by neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), and it can also influence certain apoptosis-related genes.72-

75 This endogenous role of isatin shows the existence of potential targets to this 

compound, as well as its analogues and/or derivatives. 

The vast potential pharmacological activities displayed by oxindole-containing 

alkaloid compounds range from antimicrobial, antioxidant, immunomodulatory, 

antiproliferative, central nervous system (CNS) (including sedative, hypnotic, anti-

ischemic, anti-dementia, and neuroprotective effects), cardiovascular (including 

antihypertensive, antiarrhythmic, and antithrombotic effects), and anti-inflammatory 

activities (Figure 1.4), with several compounds presenting more than one bioactivity, 

Figure 1.4. Examples of bioactive natural oxindole alkaloids and respective 

biological activities. 
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indicating the potential of oxindole-bearing compounds to bind to multiple targets, in 

significant contexts of polypharmacology.76-81 

 

1.2.1.1. Oxindole Derivatives: From Drug Discovery to Clinical Practice 

 

The potential of the oxindole and the isatin scaffolds to operate as versatile starting 

materials for several chemical transformations, makes them valuable candidates to play 

a central role in drug discovery programmes. Furthermore, several compounds bearing 

the oxindole scaffold reached clinical trials and/or are currently commercialized, 

showcasing the interest of performing chemical transformations on the isatin core to 

discover new drug candidates. 

 

1.2.1.1.1. Oxindole-Based Drugs Reaching Clinical Trials: Successes and 

Failures 

 

A total of 15 molecules bearing the oxindole scaffold reached humans. This puts 

into evidence the privileged nature of this bicyclic chemical moiety, especially because 

these compounds were introduced for multiple therapeutic applications (Figure 1.5). The 

outcomes are quite variable with some being widely used in therapeutics, while others 

have been removed due to lack of therapeutic efficacy, toxicity issues, or even because 

they became unnecessary.  

Methisazone was one of the first oxindole based drug candidates to reach clinical 

trials. Developed in the 1960s, methisazone was used in clinical practice for smallpox 

prophylaxis.82-84 Due to the success of vaccination programmes which lead to the 

eradication of smallpox in 1980, it became redundant in the clinical practice context.85 

Nowadays, bioterrorism and the emergence of poxviruses able to cause human disease, 

combined with the loss of protection against smallpox by the community, places this 

molecule at the center of the development of new agents for prophylaxis and treatment 

of these viral diseases.86-89 

Oxyphenisatin and related compounds were widely used as laxative/purgative 

agent. Severe hepatoxicity led regulatory authorities to withdraw this molecule from the 

market,90, 91 being now included in the list of “do not compound” drug products by the 

Food and Drug Administration (FDA) and other regulatory authorities.92, 93 Tenidap, 

designed as a NSAID for the treatment of rheumatoid arthritis, had its approval rejected 

by FDA due to toxic effects.94-96 Indolidan, evaluated for the treatment of congestive heart 
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failure (phosphodiesterase IV inhibitor) proved to be effective only in acute 

administration, but not during chronic therapeutic treatments. Furthermore, arrhythmias 

were identified as an undesired side-effect, especially harmful in the target population.97, 

98 The other drug developed for cardiovascular pathologies, adibendan, was 

experimentally used in the late 1980s and early 1990s in patients with severe congestive 

heart failure, due to its activity as a positive inotropic phosphodiesterase III inhibitor.99-102 

Satavaptan, a vasopressin receptor-2 antagonist, reached Phase III clinical trials 

for the treatment of hyponatremia and ascites.103-105 Approval was not granted, as the 

overall risk benefit balance was negative.106 

Some of best examples of success of oxindole-based drugs can be observed in 

pathologies affecting the CNS. Flindokalner is a potent opener of the large conductance 

calcium-activated K+ channels and applied in clinical trials for the treatment of cerebral 

ischemia/stroke. Despite no significant toxicity was observed for this drug candidate, its 

Figure 1.5. Oxindole-based drugs reaching clinical trials. 
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development was stopped due to lack of efficacy when compared with placebo. 

Nevertheless, it is currently in preclinical studies for other pathologies, including clinical 

manifestations affecting the CNS (anxiety, migraine, depression), smooth muscle 

(preterm labor, constipation, bladder instability, angina pectoris), as well as ear 

pathologies (such as tinnitus or salicylate-induced ototoxicity).107-109 Ropinirole, on the 

other hand, is widely used in the therapeutics of Parkinson’s disease, since it is a 

dopamine receptor agonist. It is also approved for the treatment of restless legs 

syndrome (RLS) and some evidence exists on its potential to treat psychiatric disorders, 

tremor, Tourette’s syndrome, and amyotrophic lateral sclerosis (ALS).110-112 The third 

molecule, ziprasidone, is an atypical antipsychotic drug, used worldwide for the treatment 

of schizophrenia, bipolar disorder and acute mania. Its mechanism of action is 

multifactorial, binding to several receptors present in the CNS.113-115 

The largest number of oxindole derivatives reaching clinical trials is observed for 

anticancer agents. SAR405838 is a new orally bioavailable HDM2 antagonist, disrupting 

the p53-HDM2 interaction, leading to p53-dependent cell cycle arrest and apoptosis. It 

recently reached phase I clinical trials with promising results in combination therapy to 

treat solid tumors.116-118 The remaining five molecules are tyrosine-kinase inhibitors, 

exhibiting different levels of selectivity towards different kinases, as there are over 90 

tyrosine kinases reported in humans.119 SU-14813 was used in phase I clinical trials for 

the treatment of advanced solid malignancies and moved on to phase II for the treatment 

of metastatic breast cancer. This molecule also displays anti-angiogenic potential, and 

therefore might be a useful therapeutic option.120-122 Semaxanib reached phase III clinical 

trials, for the treatment of advanced colorectal cancer, but further development was 

dropped due to discouraging results, combined with the emergence of more promising 

tyrosine kinase inhibitors.123, 124 Orantinib also reached phase III clinical trials for the 

treatment of unresectable hepatocellular carcinoma recently, however the results shown 

no significant improvement in the overall survival of the patients.125-127  

Nintedanib and sunitinib are two marketed drugs bearing the oxindole unit used in 

clinical practice. They are both orally available, improving therapeutic compliance and 

patients’ comfort. However, their therapeutic applications are quite different. Sunitinib is 

approved for the treatment of renal cell carcinoma and gastrointestinal stromal tumors. 

In addition, several clinical trials are currently underway to study the effect of this drug, 

isolated or in combination therapy, in other cancer types,128-131 despite some toxicity 

concerns.132, 133 Nintedanib is used as anticancer agent in non-small cell lung cancer,134, 

135 but it is also approved for the treatment of idiopathic pulmonary fibrosis. It is one of 

the few pharmacological therapeutic options available for patients suffering of this 

condition, which evidences the relevance of this oxindole-based drug. It is currently 
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under numerous clinical trials for further therapeutic uses, including for advanced 

pancreatic cancer and fibrotic lung disease after severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) related pneumonia.136-138 

Another molecule worth mentioning is toceranib, relevant in veterinary medicine. It 

is also a tyrosine kinase inhibitor and used to treat mastocytoma in dogs. This molecule 

was developed in parallel with sunitinib, but ended up being approved for veterinary use, 

being one of the few examples of dog-specific anticancer agents.139, 140 

 

1.2.1.1.2. Oxindole-Based Drug Candidates: A Clear Trend 

 

Over the past two decades, the number of publications reporting oxindole and 

isatin-based derivatives with a wide range of biological activities has been increasing 

(Figure 1.6). Among the most commonly reported bioactivities, anticancer, antimicrobial, 

antiviral, antioxidant and anti-inflammatory are the most relevant. The already mentioned 

isatin scaffold potential to undergo multiple chemical transformation in various positions, 

as well as the considerable number of bioactive oxindole-derived natural products and 

drugs, inspired several research groups to develop drug discovery research and 

development projects around this family of compounds.141-148 It is therefore expected that 

more molecules bearing this scaffold will reach clinical trials in the upcoming years. 

Notoriously inspired by the structures of oxindole-based natural products, several 

efforts have been made in the synthesis and biological activity evaluation of novel 

spirooxindole derivatives.149-151 Several approaches were also established to promote 

asymmetric version to access enantioselectivity, usually at position 3 of the oxindole 

unit.152, 153 Less common, but also gaining attention in several fronts is the synthesis of 

3,3-disubstituted oxindole derivatives. These compounds, from both natural (e.g., 

maremycins, TMC-95A-D) or synthetic (e.g., flindokalner) origins, also exhibit relevant 

pharmacological properties, and more attention has been provided for these compounds, 

from the synthetic and medicinal chemistry point of view.154-156 The asymmetric catalytic 

synthesis of 3,3-disubstituted oxindole derivatives was recently reviewed by us (see 

Appendix 1).157 

The biological activity reported by oxindole based drug candidates is highly 

dependent on the isatin inherent reactivity, as well as the availability of commercially 

available isatin building blocks. The unique reactivity displayed by the carbonyl group at 

position 3 of isatin, as well as the wide availability of commercial 5-substituted isatins 

explain that these two positions are the most widely explored in the generation of new 

libraries in drug discovery context. Several molecules are currently under preclinical 
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development due to their pharmacological potential, and the wide diversity of biological 

activities reported put in evidence the privileged nature of the oxindole scaffold (Figure 

1.7).158, 159 

It is noteworthy that due to the importance of the oxindole scaffold, several of these 

new derivatives first undergo phenotypic assays, and then the most promising 

A 

B 

Figure 1.6. Evolution of the number of publications in the last two decades 

concerning bioactive isatin/oxindole derivatives (data was collected using Web of 

Science, with keywords “isatin” or “oxindole” combined with “medicinal chemistry” or 

“drug”) (A). Most common bioactivities reported for isatin (left) and oxindole (right) 

derivatives in the same time period (B). 
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compounds are evaluated in what concerns their mechanism of action and molecular 

target.158, 159 Indeed, phenotypic drug discovery is regaining relevance over target-based 

screening, which became the “golden-rule” with the advent of computational docking 

studies. Phenotypic assays can help to overcome constraints caused by the complexity 

of the disease when appropriate disease models are employed (it can provide a more 

holistic and complete approach of the physiopathological process of the disease, while 

target-based screening can be too simplistic) and help to unveil new possible targets and 

mechanisms of action (allosteric binding sites, for example). Phenotypic drug discovery 

also possesses some drawbacks, since it can make it harder to properly identify hit 

compounds, as well as to determine the drug target and mechanism of action.160, 161 

The endogenous presence of oxindole and isatin related to physiological 

processes, combined with the pharmacological activity displayed by several of its natural 

and synthetic derivatives, including several compounds reaching clinical practice, makes 

isatin a valuable starting point for chemical library design and oxindole a privileged 

structure in drug discovery. 

 

1.2.1.2. From Nature to the Laboratory: Isatin in Synthetic Organic 

Chemistry 

 

Over recent years, a lot of attention has been given to the synthesis of novel 

oxindole derivatives from isatin. Despite its current widely commercial availability, 

several efforts have been developed for the preparation of isatin in synthetic organic 

chemistry laboratories, since these methodologies are able to unlock new substitution 

patterns in the isatin core. Common approaches are the oxidation of indole derivatives 

(using iodine oxidants, ruthenium-catalyzed oxidation reactions, among others), the 

Figure 1.7. Explored pharmacological activities of the oxindole core. 
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oxidation of oxindoles, 2-alkynyl or 2-alkenyl-anilines, the cyclization of o-

aminoacetophenones or N-acylanilines, and direct carbonylation of anilines (Scheme 

1.2).162  

 

The oxindole core can be also prepared via a wide range of chemical 

transformations, including using isatin as starting point. Shortly after the laboratorial 

synthesis of isatin in 1840, Bayer and Knop used this compound for the preparation of 

oxindole, via reduction reaction with sodium amalgam in the presence of a base, followed 

by treatment with tin and mineral acids. Several other chemists followed this path, and 

different reductive conditions were successfully employed to convert isatin to oxindole. 

Alternative commonly used methods to afford the oxindole core require 2-nitro-

phenylacetic acid (in the presence of tin and hydrochloric acid as reducing agents), 2-

acetaminomandelic acid, β-acetylphenyl hydrazine, α-halogenated acid chloride 

condensation with aniline, and o-chloro-phenylacetic acid (heated in the presence of 

concentrated ammonium hydroxide and copper powder). All these methods were 

developed throughout the 19th century until the early 1950s, showing the relevance of 

the oxindole core in synthetic organic chemistry since its early years. More recent 

developments comprise the Gassman and Wright methodologies from aniline, the Wolfe 

method involving photoinduced cyclization of N-acyl-o-chloroanilines, and the Beckwith 

method from o-bromo-N-methylanilides (Scheme 1.3).163-174  

Both the oxindole and the isatin scaffolds can undergo a wide variety of chemical 

transformations, creating high added-value molecules (Figure 1.8). In the isatin case, its 

unique reactivity at the carbonyl at position C3 is of great interest for the generation of 

Scheme 1.2. Main synthetic routes for the synthesis of the isatin scaffold. 
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new libraries, withstanding a considerable range of modifications. Imine derivatives, 

thiosemicarbazones, spirooxindoles, 3,3-disubstituted oxindoles, as well as different 

heterocyclic families can be synthesized, the late one based on isatin ring-opening 

reactions. Substitutions in the aromatic ring, at position 1 (NH group) are also common 

strategies explored by several research groups. Reactivity of the amide carbonyl group 

at position C2 can lead to the preparation of relevant molecules, such as indigo and 

indirubin, as well as to some spiro compounds.175-178 

Scheme 1.3. Common methods for the preparation of the oxindole nucleus. 

 

N-alkyl, aryl, acyl substitution; 

Commonly required for ring-

opening transformations 

Spiro, indigo 

and indirubin 

derivatives 

Imine, hydrazone, 

spirooxindole, 3,3-disubstituted 

oxindole derivatives 

Multiple possible 

substitution sites in the 

aromatic ring 

Figure 1.8. Chemical transformations of the isatin scaffold. 

 



General Introduction 

 

 
18 

1.2.2. Tryptanthrin: the Golden-Yellow Alkaloid 

 

Tryptanthrin (indolo[2,1-b]quinazoline-6,12-dione) is a indoloquinazoline alkaloid 

which has been around organic chemists labs since the beginning of its days, back in 

the 19th century. While its laboratorial preparation can date back to 1822, its presence 

has been indicated in multiple occasions throughout the 19th century and the early 20th 

century by chemists working with indigo, who often described golden-yellow 

needles/crystals as a product of indigo oxidation.179, 180 However, the tryptanthrin 

structure was only proposed in 1915, by Friedländer and Roschdestwensky, who 

prepared this alkaloid from air oxidation of indigo at high temperatures and also from the 

chemical reaction between isatin and anthranilic acid. At this stage, the name given to 

this tetracyclic alkaloid was anhydro-α-isatinanthranilide.181 The name tryptanthrin was 

later coined in 1971, when the compound was isolated from the culture of the yeast 

Candida lipolytica grown in the presence of high concentrations of tryptophan.182 The 

crystal structure was confirmed a few years later.183  

In the same decade, tryptanthrin was isolated from different natural sources, 

including the leaves of Strobilanches cusia, used in asian folk medicine for multiple 

purposes,184 including tinea pedis, widely known as athlete’s foot disease.185 At this 

stage, the alkaloid was screened against a wide range of microorganisms, demonstrating 

specificity against dermatophytes as a fungistatic agent.186 Later on, tryptanthrin was 

isolated from other plant species, including Persicaria tinctoria (commonly known as 

Chinese or Japanese indigo), Isatis tinctoria (also referred as Isatis indigotica, commonly 

named woad), Couroupita guianensis (commonly known as cannonball tree), Wrightia 

spp. and Calanthe spp., indicating a wide natural distribution of the compound across 

different genus of the kingdom Plantae, as well as in different geographical regions. In 

some of the cases, however, tryptanthrin might be formed during the treatment of the 

natural sources (drying, fermentation, oxidation) rather than existing in big quantities in 

the natural sources.58, 59, 187-189  

The exact biosynthetic pathway of tryptanthrin in plants remains unknown.190 

Studies performed in microorganisms which produce tryptanthrin, namely Candida 

lipolytica and Pseudomonas aeruginosa UWI-1, indicate its biosynthesis occurs from 

anthranilic acid and tryptophan,191, 192 or from anthranilic acid (generated from chorismic 

acid) and isatin (generated from oxidation of indole, a product from the metabolism of 

indole-3-glycerol-phosphate), respectively.193 Further studies performed in leaves of 

Isatis tinctoria based on the incorporation of isotopically labeled compounds suggest 

anthranilic acid and N-formylanthranilic acid as the primary biosynthetic precursors of 

tryptanthrin (Scheme 1.4). Its presence in plants can be triggered by external 
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aggression, suggesting an ecological role, as it seems that tryptanthrin production is 

induced by contact with microorganisms, namely fungi, working as a phytoalexin (i.e., a 

compound produced by a plant as a mechanism of defense against parasites).194 

 

 

Tryptanthrin has also been isolated from other microorganisms, including 

alphaproteobacterium Oceanibulbus indolifex, isolated from the north sea,195 Cytophaga 

sp. strain AM13.1,196 and fungi Schizophyllum commune (isolated from a patient with 

allergic bronchopulmonary mycosis)197 and Leucopaxillus cerealis.198 There are also two 

accounts indicating the presence of tryptanthrin in mammals, namely in the urine of 

Elephas maximus (Asian elephant),199 and in the wing sac liquids of Saccopteryx 

bilineata (greater sac-winged bat).200 

The presence of tryptanthrin in folk medicine formulations, as well as the early 

reports on its pharmacological relevance, led to several studies being conducted in order 

to explore the potential of this alkaloid as a drug candidate. Tryptanthrin has shown to 

exhibit several relevant biological activities, in silico, in vitro and in vivo (Figure 1.9).  

Leaves of Isatis 

tinctoria 

Candida lipolytica 

Pseudomonas aeruginosa 

UWI-1 

N-formylanthranilic 

acid 

Anthranilic acid 

Tryptophan Anthranilic acid 

Anthranilic acid 

Chorismic acid 

Indole-3-glycerol-phosphate 

Indole 

3-oxindole 

Isatin 

Tryptanthrin 

Scheme 1.4. Possible biosynthetic pathways for tryptanthrin in different organisms. 
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The antibacterial properties of tryptanthrin have been explored against several 

bacteria strains. Docking studies indicate the potential of this alkaloid to inhibit the enoyl-

acyl carrier protein reductase (InhA) of Mycobacterium tuberculosis, the target of drugs 

such as isoniazid, which is facing growing drug resistance.201 In vitro, it has shown 

moderate to good antibacterial activity against both Gram positive, including methicillin-

resistant Staphylococcus aureus (MRSA), and Gram negative bacteria.193, 202 Its activity 

has also been assessed against Helicobacter pylori, both in vitro and in vivo (using 

infected Meriones unguiculatus, commonly known as Mongolian gerbils), with promising 

results.203 Tryptanthrin has very recently been described as a potential antiviral agent, 

namely against Influenza A virus and coronavirus (HCoV-NL63).204-206 

The previously discussed antifungal activity, namely against dermatophyte 

pathogens, has been recently further explored in vitro, in order to better understand the 

mechanism of action (using fibroblasts and keratinocytes infected with Trichophyton 

benhamiae). Tryptanthrin was capable to fully prevent fungi-induced damage to dermal 

fibroblasts, and considerably reduced it in epidermal keratinocytes, via down-regulation 

of pro-inflammatory cytokines and antimicrobial peptides (AMP) expression promotion, 

being a good indicator of the dual activity of tryptanthrin, as a strong antifungal compound 

and as an innate immune response modulator.207 

Tryptanthrin also exhibits a remarkable anti-inflammatory activity, in an ideal 

polypharmacology context, as it can interact with multiple targets linked with the 

inflammation process. This alkaloid is able to inhibit prostaglandin synthesis, being 

selective against cyclooxygenase-2 (COX-2), as well as to inhibit leukotriene synthesis 

by 5-lipoxygenase (5-LOX).208, 209 Other pro-inflammatory factors, such as cytokine IL-6 

Figure 1.9. Main biological activities and pharmacokinetic profile features of 

tryptanthrin. 
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and tumor necrosis factor-α (TNFα), can also get their signaling pathways interrupted by 

the administration of tryptanthrin.210 This anti-inflammatory activity has been explored in 

vivo, using disease models of colitis and pleurisy, with the advantage that tryptanthrin 

was active even after oral administration.211, 212 Tryptanthrin has also shown activity 

against neuroinflammatory conditions in vivo, using BV2 microglial cell line, and therefore 

present potential to treat neurodegenerative and other neuropathological processes, 

such as those which tend to occur after ischemic stroke. This activity is mediated via 

suppression of pro-inflammatory cytokines, namely via suppression of the nuclear factor 

erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1), NF-κB, and p38 signaling 

pathways.213-215 Recent studies also reported tryptanthrin as a useful regulator of the toll-

like receptor 3 (TLR3)-mediated vascular inflammation.216 

The anti-inflammatory properties of tryptanthrin can also be employed in the 

treatment of skin diseases involving pro-inflammatory processes, such as atopic 

dermatitis and psoriasis. This effect can be translated in the down-regulation of thymic 

stromal lymphopoietin (TSLP), via MDM2 expression inhibition and p38 expression 

promotion, as well as several other regulators of this skin diseases, including histidine 

decarboxylase, IL-1β, IL-4, IL-6, and TNFα.217-219 Tryptanthrin also down-regulates 

apelin promoter activity, an angiogenic factor, leading to an antiangiogenic effect in 

endothelial cells, a key pathological step of psoriasis.220 

Tryptanthrin interferes with the production of cytokine IL-4, as well as prevents IgE-

mediated degranulation in vitro, indicating its potential to inhibit type I allergic events.221 

The interaction of tryptanthrin with the immune system also makes it a great 

anticancer drug candidate. Positively, several examples can be found in the literature 

reporting tryptanthrin effectiveness against several solid tumors, and leukemia. Among 

the tumors evaluated, non-melanoma skin cancer, breast adenocarcinoma, gastric 

cancer, lung cancer, and neuroblastoma are some of those displaying more relevant 

results. The mechanism of antitumoral activity is correlated with tryptanthrin anti-

inflammatory, antiangiogenic, and antioxidant activities, as it can suppress 

carcinogenesis and cell growth, and induce cell differentiation and apoptosis.190, 222-227 

The pharmacological potential of tryptanthrin already led to more detailed 

pharmacokinetic studies on this quinazoline alkaloid, using Sprague-Dawley rats and 

Kunming mice, exploring intravenous and oral administration route, respectively. The 

results show a good pharmacokinetic profile, being well distributed in the plasma after 

oral administration, indicating good oral absorption, and it tends to be found in higher 

concentrations in the liver, kidney, and lung. Lower concentrations were attained in 

spleen, heart, and brain. Nevertheless, the ability of tryptanthrin to reach the brain is also 

confirmed by several in vitro models indicating the potential to cross the BBB. In vitro 
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evaluation also showed that tryptanthrin is not a substrate of P-glycoprotein (P-gp), an 

efflux pump highly correlated with drug resistance in chemotherapy.228, 229  

The therapeutic potential and the promising pharmacokinetic profile of tryptanthrin, 

places this molecule well ahead in the pre-clinical pipeline, and might in the near future 

start to be used in human clinical trials.  

 

1.2.2.1. Tryptanthrin Derivatives in Drug Discovery 

 

The privileged nature of the tryptanthrin scaffold is put into evidence with the wide 

variety of recent reports on novel tryptanthrin derivatives bearing various bioactivities 

(Figure 1.10). Anticancer activity has been reported for several tryptanthrin 

derivatives,230, 231 and several potential targets and mechanisms of action have been 

identified, including inducing caspase dependent apoptosis through extracellular-signal-

regulated kinase (ERK) up regulation,232 topoisomerases I and II inhibition,233-235 

multidrug resistance protein 1 (MDR1) down-regulation,234 and indoleamine 2,3-

dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase (TDO) inhibition.236-239  

Other derivatives displayed relevant potential as new antimicrobial agents, 

including against MRSA and Mycobacterium tuberculosis.240-242 Antiparasitic activity 

against Plasmodium falciparum and Toxoplasma gondii has also been reported for 

tryptanthrin derivatives.243-245  

Tryptanthrin-6-oxime derivatives showed great potential as anti-inflammatory 

agents, operating as c-Jun N-terminal kinase inhibitors.246 Recent in vitro and in vivo 

Figure 1.10. Examples of recently reported bioactive tryptanthrin derivatives. 
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studies indicate the potential of these derivatives to be suitable drug candidates for 

complex auto-immune and pro-inflammatory pathologies, such as rheumatoid arthritis.247   

Also worth mentioning is a recent example where tryptanthrin derivatives were 

studied in what concerns their potential application as agrochemicals. Some of these 

derivatives exhibited good potential against plant pathogens, including tobacco mosaic 

virus (TMV) and the fungus Physalospora piricola.248 These findings open the door for 

further potential applications of tryptanthrin and its derivatives for the protection and 

quality improvement of crops. For more detailed information, the review “Triptantrina: da 

Natureza ao Laboratório” can be consulted, as it explores the potential applications of 

tryptanthrin and its derivatives (see Appendix 2).249 

 

1.2.2.2. Synthesis and Chemical Transformations of the Tryptanthrin 

Scaffold 

 

The potential applications of tryptanthrin got the attention of several research 

groups, which developed several synthetic methodologies to attain this tetracyclic 

alkaloid. These approaches can be divided into two main groups, the condensation 

reactions and the oxidation reactions. In the first case, the condensation between isatin 

or oxindole derivatives with anthranilic acid derivatives, namely isatoic anhydride, is 

widely explored, with a wide range of catalysts and reaction conditions reported in the 

literature. The oxidation reactions usually require indigo or isatin as starting materials in 

the presence of strong oxidants, but other reaction conditions have also been described. 

These processes usually start by oxidizing indigo to isatin and isatoic anhydride (or isatin 

to isatoic anhydride), followed by their respective condensation.179, 250, 251 Scheme 1.5 

summarizes some of these approaches, as well as some of the reaction conditions 

required for the synthesis of tryptanthrin. 

The development of tryptanthrin derivatives is also a growing field in synthetic 

organic chemistry, in the quest for new molecules with different potential applications 

(dyes, bioactive products) and the development of synthetic routes for the preparation of 

tryptanthrin-based natural products, such as phaitantrins A-E, methylisatoid, 

candidine252,  and ophiuroidine.253 Among the most explored synthetic methodologies 

applied to modify the tryptanthrin core, aromatic substitutions and reactions involving the 

carbonyl group at position 6 are the most commonly reported and are summarized in 

Figure 1.11.  

At this point, the selection of isatin and tryptanthrin as privileged structures and 

starting points for the synthesis of new molecules with potential biological activity 
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emerges as a promising approach. In the next section, the tools used to achieve these 

molecules will be discussed.  

 

 

1.3. Selecting Tools for the Discovery of New Potential Bioactive Molecules 

 

“Equipped with his five senses, man explores the universe around him and 

calls the adventure Science.” 

Edwin Powell Hubble 

 

1.3.1. Green Chemistry and Sustainable Chemistry: are They Synonyms? 

Scheme 1.5. Common methodologies for the preparation of tryptanthrin. 

 

Figure 1.11. Chemical transformations performed in the tryptanthrin scaffold. 
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As highlighted in the first paragraphs of this introduction, mankind has always 

devoted attention to the health and well-being of its communities. Nowadays, it became 

clear that the efforts made to develop new therapeutic options need to take into account 

the impact on ecosystems and environment of such actions, in a true One-Health 

approach.254, 255 This has been translated to the attention given by regulatory authorities 

and the pharmaceutical industry to develop guidelines to help to put into practice green 

chemistry and sustainable chemistry approaches. Although often used interchangeably, 

it is becoming more prominent the assumption that these two fields, despite highly 

overlapped, represent two different things.  

Out of the two, green chemistry emerges has the one having a more solid 

definition. One of the possibilities, shared by the European Environment Agency (EEA)256 

and the United States Environmental Protection Agency (EPA),257 defines green 

chemistry as the “design of chemical products and processes that reduce or eliminate 

the use and generation of hazardous substances”, a definition based on the work 

developed by Paul T. Anastas and co-workers in the turn of the century.258, 259 However, 

EPA also enunciates that “green chemistry is also known as sustainable chemistry”.257 

In the year 2000, the Working Party on Synthetic  Pathways and Processes in Green 

Chemistry of the IUPAC (International Union of Pure and Applied Chemistry) presented 

an alternative definition, stating that green chemistry is “the invention, design, and 

application of chemical products and processes to reduce or to eliminate the use and 

generation of hazardous substances”.260, 261 The two definitions are very similar, although 

the second becomes more embracing, by including the invention and application steps 

into the definition. A clearer picture of what green chemistry comprises is given by its 

twelve principles, depicted in Figure 1.12 – top. 

On the other hand, the definition of sustainable chemistry is often more “loosely” 

given and remains somehow unclear. Different authors, policy makers, and regulatory 

authorities tend to use their self-made definition of sustainable chemistry, which even 

gave rise to recent political actions by the United States Congress.262 Although as 

mentioned before, the EPA uses the two terms as synonyms, the Congress hearing on 

the topic indicates that sustainable chemistry should be considered as a wider field, 

although green chemistry remains as a core component of it.263, 264 This broader sense 

of sustainable chemistry is translated into one of its definitions, provided by OECD 

(Organization for Economic Co-operation and Development), which defines sustainable 

chemistry as “a scientific concept that seeks to improve the efficiency with which natural 

resources are used to meet human needs for chemical products and services.” It 

“encompasses the design, manufacture and use of efficient, effective, safe and more 

environmentally benign chemical products and processes", being also a “process that 
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stimulates innovation across all sectors to design and discover new chemicals, 

production processes, and product stewardship practices that will provide increased 

Figure 1.12. Twelve principles of green chemistry (top) and United Nations’ 

Sustainable Development Goals (bottom). 
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performance and increased value while meeting the goals of protecting and enhancing 

human health and the environment”.265 In 2018, Paul T. Anastas and Julie B. Zimmerman 

published another possible definition, more simplistic, for sustainable chemistry, as 

something that “promotes, advances, enables, and empowers the implementation of the 

chemistry of sustainability”.266 

The differences between green chemistry and sustainable chemistry can be 

pictured this way: while the first is a fast-growing scientific field, guided by scientific 

principles focused on chemical innovation, the second provides a more holistic 

interpretation, which takes into consideration other dimensions, such as the economic 

and social impact of sustainable practices. The United Nations’ Sustainable 

Development Goals (SDGs) (Figure 1.12- bottom) are, at least in part, intrinsically 

connected to the principles of green chemistry and the vision of sustainable chemistry. 

This is put into evidence by the United Nations Environment Programme, which 

developed important guidelines for countries, policy makers, regulatory agencies, 

industries, and other relevant stakeholders, to better understand and facilitate the 

advance of green and sustainable chemistry.267 Out of the seventeen SDGs, green and 

sustainable chemistry can have an impact on eleven of them, directly or indirectly (SDGs 

1, 2, 3, 6, 7, 8, 11, 12, 14, 15, and 17).268, 269 Green and sustainable chemistry are also 

highly connected with other relevant concepts, such as circular economy.270 

 

1.3.1.1. How to Measure the Sustainability of a Chemical Process? 

 

As a relatively new scientific field, green chemistry, due to its urgent need, is rapidly 

growing in the past 30 years. Several approaches emerged to transmit the relevant 

information comprised in green chemistry and its twelve principles, dissecting each one 

of them into its different tools, outputs, challenges, etc. Two great examples are the 

“Green ChemisTREE”, developed by Anastas and co-workers,271 and the “periodic table 

of the elements of green and sustainable chemistry”, reported by Anastas and 

Zimmerman.272 At the same time, measuring the greenness of a chemical process can 

be quite challenging. Different metrics have been developed in order to verify the 

compliance of chemical transformations with the twelve principles of green chemistry. 

The selection of appropriate metrics to identify and describe a given chemical process, 

in a “real-world” context, is very important and a very complex decision, as no single 

metric can provide the entire context of synthetic greenness and efficiency.273-275 In this 

work, attention will be given to three different metrics: E-Factor, Atom Economy and 

EcoScale. 
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One of the first metrics to have an impact on industrial waste reduction was the 

Environmental Factor, commonly known as E-Factor, developed by Roger Sheldon.276  

This metric quantifies the amount of waste produced in a chemical process, with waste 

being defined as everything involved in the chemical process which is not the desired 

product. It is calculated as the ratio between the mass of waste residues and the mass 

of product: 

 

𝐸 − 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑚 (𝑤𝑎𝑠𝑡𝑒) (𝑘𝑔)

𝑚 (𝑝𝑟𝑜𝑑𝑢𝑐𝑡) (𝑘𝑔)
 

 

and therefore, despite leading the way for several industries, in particular fine chemicals 

and pharmaceutical industry to pay more attention to the generated waste in each 

chemical process, it has a major drawback, as it does not take into account the nature 

of the waste produced.277, 278  

 Also in the early 1990s, Barry M. Trost developed another important concept, 

Atom Economy.279 This metric system is crucial to evaluate what happens at a molecular 

level during a synthetic process, as it measures how much of the reactants are converted 

into the final product, and can be calculated by determining the molecular weight ratio of 

the final product divided by the sum of all reactants: 

 

𝐴𝑡𝑜𝑚 𝐸𝑐𝑜𝑛𝑜𝑚𝑦 =
𝑀𝑊 (𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

𝛴 𝑀𝑊 (𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)
 

 

where it is considered as reactant every material that is incorporated into an intermediate 

or product during the synthetic process. Solvents, reagents or materials used in catalytic 

quantities are not considered. However, the simplicity of atom economy might not mirror 

other important synthetic procedures components and their impact, namely solvent, 

catalyst recovery, energy use, toxicity, etc.280, 281 

Already in the 2000s, Van Aken and co-workers introduced EcoScale as a post-

synthetic metric, which is more qualitative in nature. This post-synthetic semi-quantitative 

tool evaluates the quality of the organic preparation based on different parameters, 

namely yield, cost, safety, conditions, and ease of workup and purification. This tool is 

more versatile, as chemists can assign different relative penalty points to certain 

parameters. It provides a more holistic measurement of the synthetic process greenness 

and is ideal for comparison of different approaches to obtain the same molecule, as it 

evaluates the safety, economical, and ecological features of such processes.282-284 
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The wide application of the described metrics, as well as others already described 

or to emerge in the future, will influence decision making processes and will help to 

assess the economic viability of different products and processes. Ultimately, science 

and innovation are now establishing a new approach on research and development, 

where a green by design outlook starts at the molecular level and leads to a positive 

impact on the global scale.285-288 

 

1.3.1.2. Green Chemistry in Drug Discovery and Development 

 

Green chemistry plays a central role in the 21st century chemistry landscape, 

embracing areas such as analytical chemistry, materials chemistry, food chemistry, and 

organic and medicinal chemistry, which means different researchers, often with very 

distinct mindsets, tackle green chemistry and its principles, as well as its challenges, in 

a different perspective. The current society perception of climate change also took the 

public perception and awareness on sustainable chemistry to a new level, pressuring 

regulatory authorities and political players to have a stronger position in such matters.289 

The pharmaceutical industry, as one of the most highly regulated productive areas, 

had to adapt and evolve into more sustainable practices and develop systems and 

approaches to overcome different challenges they face during the discovery and 

development of new drugs under sustainable conditions. This is of major importance, as 

fine chemical industries are among those which produce more waste per ton of product. 

This implies an ongoing cooperation between Research and Development (R&D) 

laboratories, regulatory authorities, policy makers and the pharmaceutical industry itself 

(Figure 1.13). In order to make the drug discovery and development pipeline more 

sustainable, research institutions and the pharmaceutical industry cooperate for the 

development of new innovative approaches to increase their processes eco-

friendliness.290 One great example of such cooperation is the American Chemical Society 

Green Chemistry Institute Pharmaceutical Roundtable (ACS GCIPR), where several 

stakeholders from the pharmaceutical industry and academia encourage innovation for 

the integration of green chemistry and green engineering into the pharmaceutical 

industry.291, 292 In Europe, the Innovative Medicines Initiative (IMI), comprises six 

pharmaceutical companies, ten universities and five small to medium enterprises, and 

aims to support sustainable projects and train future generations of scientists for 

sustainability goals.293-295 

Over recent years, several outputs have been reported from the efforts undertaken 

by academia and industry. The percipient selection of solvents through selection guides, 
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supporting the use of less harmful solvents in both lab scale and industrial scale 

processes;296-298 the development of more sustainable and efficient catalytic processes, 

supporting the use of non-toxic and recyclable catalysts;299, 300 the application of new 

activation techniques and reactor setups, where mechanochemistry301-304 and flow 

chemistry305-308 have shown an exponential growth in the past few years; waste 

minimization, monitoring, management and the creation of environmental remediation 

facilities309, 310 are some of the recent developments towards sustainability in drug 

discovery and development.311, 312 

Reaction telescoping or the use of multicomponent reactions (MCRs) in medicinal 

chemistry is also a very desirable approach for the generation of libraries of new 

molecules in a sustainable fashion. This type of reaction often improves synthetic 

pathways sustainability, by reducing reaction steps, derivatization processes 

(protection/deprotection), use of auxiliaries, energy requirements, and solvent use in 

both reaction and workup processes and, at the same type, allows the generation of 

structurally diverse libraries, a cornerstone of medicinal chemistry.313 Nevertheless, as 

the sustainable toolkit expands, often the amount of compounds that can be obtained 

also expands, which might have a negative impact on sustainability. Nowadays, one of 

Figure 1.13. Overview of the main stakeholders and respective contributions to 

make the drug discovery and development process more sustainable. 
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the biggest challenges is medicinal chemistry is to refine and select from what can be 

made to what should be made. Reducing the number of compounds to be synthesized, 

as well as the number of steps required for their preparation, in order to reduce the 

resources, time, and workforce invested to achieve a new drug candidate is therefore an 

ongoing challenge in sustainable medicinal chemistry.314 

 

1.3.2. Druglikeness in Drug Discovery 

 

Druglikenessa plays a central role in drug discovery. Any given drug presents 

several features, which can be divided into structural, physicochemical, biochemical, 

pharmacokinetic, and toxicity features. These features will determine the way the drug 

will interact with the organism, from the absorption, distribution, metabolism, excretion, 

and toxicity (ADMET) profile (pharmacokinetic profile) to the drug-target interaction and 

consequent pharmacological activity (pharmacodynamic profile). While a clear definition 

of druglike or druglikeness remains elusive,315 the one provided by Cristopher A. Lipinski 

is worth mentioning. He states that druglike molecules are “defined as those compounds 

that have sufficiently acceptable ADMET properties and sufficiently acceptable toxicity 

properties to survive through the completion of human phase I clinical trials”,316 and 

therefore druglikeness “is defined by a range of molecular properties and descriptors that 

can discriminate between drugs and non-drugs for such characteristics”.317  

While traditionally the drug discovery phase was highly focused on discovery of 

new molecules with the ability to exert a pharmacological activity by interacting with a 

certain target, with pharmacokinetic parameters being evaluated and optimized in later 

stages, during drug development, in the 1990s there was a shift in this mindset, giving 

this task for medicinal chemists during the drug discovery process, and therefore 

enhance the druglike properties of new drug candidates at an earlier stage of the drug 

discovery and development pipeline, which is in line with a green by design strategy and 

sustainable practices in medicinal chemistry.314, 318 This was highly driven by the 

development of druglikeness evaluation tools, conceived through the thorough analysis 

of drug databases in order to find common key descriptors to develop rules to apply in 

early drug discovery context, reducing attrition rates, and R&D time and costs.319 It was 

verified that the pharmaceutical industry could profit from this change of mindset, as in 

the late 1980s the attrition rates due to pharmacokinetic and bioavailability issues were 

 
a This concept can be found in the literature in two forms: druglike and drug-like (as well as their derivatives 
druglikeness and drug-likeness). It was decided to employ “druglike/druglikeness”, as the suffix “-like” is 
hyphenated only when a) the root word is three or more syllables; b) the root word ends with double “L”; or 
c) the root word is a proper noun. 
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up to 39% and by the 2000 it had declined to 10%.320 In the decade 2000-2010, the 

percentage of compounds halted due to pharmacokinetic and bioavailability causes was 

5%. These approaches translated to a decrease in failure rates at later stages of drug 

development, including in clinical trials.321 

An analysis of data collected from several programmes developed at Pfizer for 

phase II drug candidates, led to the development of the concept of “three pillars of 

survival” for drug candidates undergoing phase II clinical trials. The pillars are: 1) 

exposure at the target site of action, 2) binding to the pharmacological target as expected 

for its mode of action, and 3) expression of pharmacological activity commensurate with 

the demonstrated target and exposure and target binding.322 The compliance with these 

pillars, as well as the bidirectional development of drug candidates in both the 

pharmacodynamic (activity) and pharmacokinetic (druglike) profiles is of utmost 

importance for the chances of success in introducing a new drug in the market (Figure 

1.14).322-324  

Molecules displaying good druglike properties bring several benefits to drug 

discovery and development programmes (Figure 1.15). Therefore, druglikeness 

concepts, and in particular druglikeness filters, are very important at early stages of 

research and in decision making in medicinal chemistry.324-326 

There are multiple features of interest for organic and medicinal chemists working 

in drug discovery: a) structural properties, which are inherent to the compound 

(lipophilicity, topological polar surface area (TPSA), number of hydrogen bond acceptors 

(HBA) and donors (HBD), ionization constant, molecular weight (MW), 3D structure, 

molar refractivity (MR), and reactivity); b) physicochemical properties, related to the 

behaviour of the compound in the media where it is placed (solubility, permeability, and 

chemical stability); c) biochemical properties, corresponding to the way the compound 

interact with a living organism (metabolic stability, substrate of transporters, permeation 

to barriers (namely BBB), and plasma stability); d) safety, concerning potential 

drawbacks of the interaction of the compound with the organism (possibility of drug-drug 

interactions, existence of reactive metabolites, mutagenicity, cytotoxicity, and 

teratogenicity); and more classic e) pharmacokinetic parameters, including 

measurements that can be performed in what concerns the route the drug takes in the 

organism (clearance, volume of distribution, area under the curve (AUC), half-life, and 

bioavailability).324 

The experimental determination of each of these properties for each compound 

developed in a drug discovery programme would be quite time- and resources-

consuming, and therefore the development of tools that can estimate druglikeness in 

early stages of drug discovery are of utmost relevance, as they can filter out molecules 
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with potential to display undesirable properties and bring forward the molecules with 

more likelihood for success and, at the same time, improve sustainability, by promoting 

the rational use of resources.327 Considering the vast diversity of chemical space, and 

knowing that not all the theoretically postulated compounds can be synthetically attained 

with contemporary knowledge, it is also highly considered that bioactive compounds, as 

well as druglike compounds, are present in specific regions of the chemical space, and 

ideal drugs are likely to be located in regions of intersection of the ADMET region and a 

certain bioactivity region.317 

 Most of druglikeness evaluation tools were developed to be applied in small 

molecule-based drug discovery platforms, which are still the most common class of drugs 

reaching market approval.42 The most popular example of a druglikeness filter is the one 

Figure 1.14. Pharmacodynamic and pharmacokinetic potential of drug candidates 

as equally determinant for clinical application success. 
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developed by Lipinski and co-workers, at Pfizer, which become known as Lipinski’s rule, 

or Lipinski’s rule of 5.328 But since then, several other researchers in the pharmaceutical 

industry and academia attempted to develop other filters, often to try to simplify as much 

as possible the rules to be complied by the drug candidate (Figure 1.16)328-334 

Recent efforts in simplifying the rules, or constraining the chemical space to 

explore, have been made, such as the GSK 4/400 filter (MW < 400 Da and cLogP < 4),335 

the Pfizer 3/75 filter, the golden triangle filter, or the fraction of sp3 carbon atoms (Fsp3), 

as a good indicator of molecular 3D complexity.335-341 Researchers also focused their 

attention in developing rules to evaluate compounds which do not fall within the 

boundaries of the Lipinski filter, namely macrocycles and other high molecular weight 

drug candidates.342-345 Another approach is to address the target organ as the focus of 

Figure 1.16. Main descriptors of five of the most relevant druglikeness filters. 

 

Figure 1.15. Advantages of using druglikeness in drug candidates’ selection during 

the drug discovery and development process. 
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the filter, which is particularly interesting for compounds targeting the CNS, which usually 

present lower MW that the average MW of drugs, and higher lipophilicity, required to 

cross the BBB.346, 347 New trends are also emerging to shift the chemical areas covered, 

by using deep learning and artificial intelligence to generate druglikeness filters,348 or 

even to generate target-specific druglikeness filters, in order to improve the outputs of 

target-based drug discovery programmes.349 

Despite the inherent advantages of druglikeness filters, they also present some 

limitations. It is important to take into consideration that most of the rules contained in 

these filters are based on statistics, and therefore they must be evaluated as a 

probability, and not as a dogma. Active management of the druglike properties of drug 

candidates since the early stages of drug discovery is an essential step to reduce 

attrition. But molecules that do not comply with druglikeness filters should not be 

removed from the pipeline, especially when alternatives are not found, keeping in mind 

that if the pipeline is highly populated with these “exception” molecules, the risk of failure 

is also expected to increase proportionally. Furthermore, several molecules, namely 

natural products (e. g. cyclosporin, steroids, vitamins) are located in a chemical space 

region different than orally bioavailable synthetic drugs, and still remain suitable for oral 

administration. Furthermore, compounds displaying poor gastrointestinal absorption, for 

example, can be suitable for oral administration if properly formulated, and the drug 

delivery systems research field is also an expanding field of knowledge.315, 350-352    

In order to make the determination of the different parameters and verify the 

compliance with different filters, chemoinformatics has developed several in silico tools 

to assist researchers in these tasks, including web-based free tools, which are user 

friendly and can screen a wide number of molecules, based on their structures or using 

the simplified molecular-input line-entry system (SMILES).353-355 Popular examples of 

these tools are DrugMint,356 FAF-Drugs4,357 ADME-Space,358, ADMETlab,359 

admetSAR,360 DRUDIT,361 and SwissADME.362 For this work, and based in recent 

comparative studies on different tools available,354 focus is given to SwissADME, since 

it is a robust tool that provides a wide range of physicochemical properties calculations, 

ADMET evaluations, druglikeness filters compliance, as depicted in Figure 1.17, in 

which isatin was used as an example.  

Among the different properties predicted by this tool, in the druglikeness section, 

besides the five filters already described in Figure 1.16, it also displays a value 

designated as the bioavailability score. This filter was developed in the Abbott 

Laboratories, with the goal of predicting the probability of a compound to display at least 

10% oral bioavailability. The bioavailability score takes into account the charge at 

physiological pH and the TPSA value. In the example shown, as isatin is compliant with 
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the Lipinski filter, it automatically gets a score of 0.55. Anions with high TPSA (> 150 Å2) 

exhibit the lower score (0.11), whereas the highest score (0.85) is attributed to molecules 

exhibiting lower TPSA (< 75 Å2).363 

In the medicinal chemistry section, two relevant outputs is the PAINS alert30 and 

the Brenk alert,364 both aiming to highlight the presence of unwanted groups which might 

hinder further development of a given drug candidate, due to their likelihood to generate 

pharmacokinetic development attrition, or pharmacodynamic concerns, due to 

promiscuous binding to multiple targets, or biological activity screening problems (see 

Scheme 1.1).365-368 

Besides the bioavailability radar, which provides a good visual clue on the 

druglikeness potential of a drug candidate, another visual output can be obtained using 

SwissADME, namely a Brain Or Intestinal EstimateD permeation method (BOILED-Egg 

model). This consists on a graphic representation of the relationship between lipophilicity 

(the value WLogP, obtained using the Wildman and Crippen methodology)369 and TPSA 

(calculated using the method reported by Ertl and co-workers),370 where the placement 

of the drug candidate within the yellow region (“egg yolk”) represents potential to cross 

the BBB by passive diffusion, while the placement in the white region of the graphic (“egg 

white”) indicates passive gastrointestinal absorption. A compound located outside these 

Figure 1.17. Outputs of the SwissADME web-based tool. 
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regions indicates poor potential for oral administration.371 Figure 1.18 shows the 

example of the BOILED-Egg model for isatin and tryptanthrin. 

 

As supported by scientific evidence and previously discussed in section 1.2.2, 

tryptanthrin is correctly predicted to cross the BBB. In the case of isatin, although it falls 

within the white region, it is very close to the BBB permeation parameters. It is known 

that isatin reaches the brain,372 but in this case the possibility for active transport to cross 

the BBB cannot be excluded. 

 

1.3.3. Multicomponent Reactions: Conscientious Fast-Track for Structural 

Diversity and Sustainability 

 

MCRs are usually described as reactions in which three or more components are 

added simultaneously to one reaction vessel, leading to a final product that contains 

most of the atoms present in the starting reagents. This type of reaction encloses, from 

the mechanistic perspective, a sequence of more than one chemical transformation 

without the need to change reaction conditions after each chemical transformation. 

These features put in center stage two main advantages of multicomponent reactions: 

1) easy access to structural diversity; and 2) less time and effort required to attain small 

molecule libraries when compared with step-by-step approaches.373 However many 

Figure 1.18. BOILED-Egg model of tryptanthrin and isatin. 
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more advantages can be listed from the use of MCRs, especially for sustainable drug 

discovery purposes, as it will be further addressed in this section. 

Although MCRs have been around since the 19th century, their role in organic 

synthesis, and in particular in drug discovery and development has been growing more 

significantly since the turn to the 21st century. Indeed, looking to the publications made 

in this field in the last two decades, a 10-fold increase can be observed, as depicted in 

Figure 1.19 A. MCRs have in common the fact that they get the name of the 

researcher(s) who first reported them. One of the first MCRs described was the Strecker 

reaction (1850),374 followed by the Hantzsch reaction (1882)375 and the Biginelli reaction 

(1893)376 still in the 19th century. In the 20th century, one of the first MCRs reported was 

the Mannich reaction (1912).377 Remarkably, these four MCRs are in the top 5 of most 

commonly used MCRs in the first two decades of the 21st century (Figure 1.19 B). 

Several other reactions followed,378-383 until the Ugi reaction was first reported in 1959,384 

and it still remains in the present as one of the most explored, especially in medicinal 

chemistry context. The next decades, all the way until the 21st century, continued to 

provide new MCRs,385-393 as presented chronologically in Figure 1.19 C. 

Despite MCRs being around for over a century, the majority of contemporary 

organic chemistry textbooks and teaching programmes focus their attention on one- and 

two-component reactions, as well as in polymerization reactions. Therefore, the high 

value of MCRs is not adequately represented in the vast majority of academic settings, 

despite their remarkable applications in chemistry.394 However, a clear trend is gaining 

momentum, with academic chemists renewing their interest in MCRs, highly driven by 

pharmaceutical industry, which has fueled this resurgence due to the increasing need to 

assemble libraries of structurally complex molecules for drug discovery purposes in a 

sustainable way.395 

Notwithstanding the wide diversity of MCRs, they share some common features. 

For example, MCRs are convergent, as several starting materials are combined in one 

reaction to achieve one product, an integrative nature which is very attractive when an 

increase in molecular diversity is required/desired. MCRs also exhibit a high bond-

forming-index, with several bonds being formed in one synthetic transformation.396, 397 

But how do MCRs correlate with sustainability? The typical convergence MCRs 

display, as well as their time and resources savings are good indicators of MCRs inherent 

sustainability. But a more detailed analysis between MCRs features and green chemistry 

twelve principles can help to illustrate this relationship in a more efficient manner (Figure 

1.20). Principles 1 and 2 are by far the ones which are more inherently correlated with 

MCRs sustainability. By allowing shorter synthetic routes and inducing great levels of 

chemo- and regioselectivity, with the production of few to no by-products (and often 
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innocuous, such as water), MCRs display a great deal of atom economy and waste 

Figure 1.19. Evolution of the number of publications on MCRs between 2000-2020 

(A) and popular MCRs reported between 2000-2020 (B) and timeline of the 

discovery of some MCRs (C). (A was obtained in Web of Science (25/09/2021) and 

“multicomponent reaction” as topic; B was obtained in Web of Science (25/09/2021) 

using the MCR name as topic). 
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prevention. High yields and simple work-up procedures (chromatography-free protocols) 

give a valuable contribution to reduce solvent requirements as well. In what concerns 

principle 3, most starting material employed in MCRs are not particularly hazardous and 

tend to be stable. Moisture and air sensitivity are also not typical concerns of MCRs, 

helping to comply with the less hazardous synthesis green chemistry principle 

(isocyanide-based MCRs can often be viewed as an exception for this trend, but as will 

be discussed later in the section, it is not necessarily true). Principle 4, as well as principle 

10, are more oriented to the final product than the synthetic process itself, and therefore 

it is harder to draw conclusions correlating MCRs with these two principles. However, as 

MCRs are often used in drug discovery process, and drug candidates are thoroughly 

evaluated in what concerns their toxicity, it can be inferred that MCRs are indirectly safe 

by design. In what concerns the degradation of the final MCR products, as most bonds 

generated are carbon-heteroatom bonds, they are more prone for microorganism 

degradation.398 

Figure 1.20. MCRs compliance with green chemistry principles. 
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In what concerns principle 5, besides the aforementioned solvent savings allowed 

by MCRs due to their step economy and simple work-up procedures, recent advances 

have shown that several MCRs can be performed using eco-friendly solvent options 

(including water, ionic liquids, deep-eutectic solvents (DESs), polyethylene glycol 

polymers (PEGs), supercritical carbon dioxide (scCO2), bio-derived solvents) or even 

under neat conditions.399-401 Compliance with principle 6 is accomplished by MCRs per 

si, since most MCRs proceed under mild reaction conditions (ambient temperatures and 

pressures), but also due to their great capability to be coupled with other valuable 

sustainable tools, such as continuous flow chemistry,402, 403 microwave irradiation,404, 405 

ultrasound irradiation,406-408 and mechanochemistry.409 In what concerns the compliance 

of MCRs with principle 7, it is a growing area of expertise. As the output of circular 

economy approaches and biomass introduces more molecules as promising starting 

materials, with more suitable functional groups, more can be applied in MCRs.410, 411 The 

overall high tolerance to different functional groups and high chemoselectivity makes 

MCRs less prone to the use of protecting groups, making them highly adaptable to green 

chemistry principle 8. Catalysis plays a key role in green chemistry and, although many 

MCRs occur under catalyst-free conditions, several examples can be found in the 

literature on advantages of use of different catalysts in different MCRs. Among the most 

commonly applied catalysts in MCRs, Brønsted and Lewis acids, organocatalysts, metal 

complexes, heterogeneous catalysts,412 biocatalysts,413 and nanoparticles414 proved to 

be sustainable catalytic options for several MCRs and, therefore, demonstrate the 

compliance with green chemistry principle 9.398 The compliance with green chemistry 

principles 11 and 12 have a great application for industrial settings, and MCRs proved to 

be suitable to comply with these principles, as they tend to be robust, scalable, and 

operationally simple, as they usually do not require high temperature or pressure setting 

and corrosive/toxic reagents are not commonly applied. Runaway reactions are also not 

commonly associated with MCRs. The opportunity to associate MCRs with automation 

and flow processes help to improve the success of compliance with these two 

principles.398 

As previously discussed, MCRs are a fast-track to attain structural diversity. In 

other words, MCRs allow the synthesis of the highest number of compounds for the least 

synthetic effort. These features, place MCRs in the core of diversity-oriented synthesis 

(DOS), a common strategy in medicinal chemistry to find new drug candidates and 

selective biological probes.415 This concept was first introduced by Stuart L. Schreiber in 

2000,416 as an alternative to target-oriented synthesis (TOS) and as a way to overcome 

combinatorial chemistry drawbacks. The differences between these three approaches 
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are depicted in Figure 1.21. TOS is used in drug discovery mainly in target-based drug 

discovery. The synthetic efforts are undertaken in order to produce a molecule which will 

effectively interact with a preselected protein target, and for this reason, it comprises a 

great deal of retrosynthetic planning. Combinatorial chemistry explores a dense region 

of the chemical space in the vicinity of the chemical space occupied by a known molecule 

of interest. Hence, retrosynthetic analysis plays a key role in this approach.417 In DOS, a 

forward synthetic analysis is undertaken to achieve structural diversity. The main goal is 

to use simple starting materials and transform them, in an efficient manner, to structurally 

diverse and more complex molecular structures and therefore explore a wider region of 

the chemical space.418, 419 For these reasons, DOS is a suitable approach to apply in 

high-throughput screening (HTS) and phenotypic assay drug discovery programmes, 

facilitating the discovery of new hit compounds, and even potentially the discovery of 

new therapeutic targets and mechanisms of action.420, 421 While DOS can be attained in 

stepwise synthetic routes, it became clear that MCR can play a major role in generating 

DOS libraries with remarkable structural diversity in an efficient, sustainable and time- 

and cost-saving way.422-424 

The application of MCRs in drug discovery and development programmes caught 

the attention of several researchers, in both academia and industry. Besides the 

described impact in achieving structurally diversity and therefore being a great tool for 

the generation of complex molecular libraries, allowing the preparation of numerous new 

Figure 1.21. Comparison between TOS, combinatorial chemistry and DOS. 
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compounds using minimum costs and efforts, MCRs can also be easily employed for hit-

to-lead optimization purposes, and even to improve the sustainability of synthetic routes 

to achieve known molecules, including active pharmaceutical ingredients (APIs).425-427 

As shown in Figure 1.22 several examples of APIs, with a wide range of structural 

complexity, have been prepared using one (or more) MCR(s) in their synthetic 

pathway.428-437 Indeed, the Ugi MCR is one of the most versatile reactions to be applied 

in drug discovery and pharmaceutical production, as will be further discussed in this 

work. Its value for APIs production is demonstrated in the number, structural diversity, 

and complexity of molecules depicted in Figure 1.22.436, 438-447 

 

The fast generation of structurally diverse compounds allowed by MCRs makes 

them a valuable tool for synthetic organic chemists and medicinal chemists working in 

the quest for new bioactive drug candidates.448-450 The application of MCRs in the 

synthesis of APIs and in medicinal chemistry has been reviewed by us in 2020 (see 

Appendix 3).451 

 

Figure 1.22. Examples of APIs obtained using MCRs. 
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1.3.3.1. Ugi Reaction: A Versatile Isocyanide-Based MCR 

Isocyanides play a central role in MCRs (Figure 1.23). The Passerini 3 component 

reaction (P3CR), the Ugi four component reaction (U4CR), the Groebke-Blackburn-

Bienaymé 3 component reaction (GBB3CR), and the Orru three component reaction 

(O3CR) are some examples of isocyanide-based MCRs (IMCRs), although new 

reactions continue to emerge in the literature showcasing the versatility of isocyanides 

for MCR chemistry.452-455 This research field his highly prolific, as the design of novel 

MCRs, the development of experimental improvements (new catalysts, 

enantioselectivity, etc.), the exploration of mechanistic insights, and possible 

applications (drug discovery, material science, agrochemicals development, 

bioconjugates synthesis) is quite challenging.456  

The unique and chameleonic chemistry displayed by the isocyanide functional 

group is the main reason for the versatility of this type of reagent in MCRs. Isocyanides 

can act as nucleophiles (attacking activated electrophiles), as an electrophile (being 

intercepted by nucleophiles), as a carbene (taking part in formal [4+1] cycloaddition), and 

as a radical acceptor (generating imidoyl radical reaction intermediates). The lone pair 

Figure 1.23. Examples of IMCRs. 
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of electrons present in the terminal carbon also explain the strong metal coordinative 

properties displayed by isocyanides. Their chemistry and reactivity are also explained by 

this functional group resonance structures, one bearing a triple bond between the 

nitrogen and carbon (and respective formal charges), and one with a double bond 

between the two atoms. This linear functional group acts as a potential dipole, but it can 

also form hydrogen bonds at the carbon terminal atom, although these types of bond do 

not activate the functional group for a nucleophilic attack.457, 458 Despite their versatility, 

the number of cheap commercially available isocyanides is somehow underwhelming, 

which explains the growing interest in discovering new synthetic methodologies to give 

these valuable building blocks for MCRs.440, 459 

Nevertheless, and despite their remarkable value for drug discovery programmes, 

concerns on isocyanides safety and sustainability are often raised. One of the most 

easily recognized drawbacks of working with isocyanides is their atrocious smell, mostly 

displayed by low molecular and volatile isocyanides. Higher molecular weight or sterically 

hindered isocyanides tend to be odorless and chemically stable.458 The unpleasant 

odour, as well as the name of this family of compounds (similar to cyanides and nitriles), 

tend to give a bad reputation to isocyanides.398 However, most isocyanides do not 

deserve to be associated with toxicity. Ugi and co-workers, while working in Bayer in the 

1960’s, performed a comprehensive investigation on isocyanide safety, and verified that 

most isocyanides do not display appreciable toxicity for mammals after oral and 

subcutaneous administration (in doses as high as up to 5 g/kg in mice).460 From the 

operational point of view, this class of compounds also display hazard concerns within 

the reasonable limits, and comparable to several other categories of chemicals, with no 

particular demands in what concerns transportation, storage and handling. Their 

destruction can also be easily achieved via acid work-up procedures.398 

As previously stated, the Ugi reaction plays a prominent role among the different 

IMCRs, especially in what concerns drug discovery programmes. Its potential of 

application in the pharmaceutical industry is undeniable, with so many APIs synthesized 

using this reaction as a key step, but its advantages for early-stage drug discovery 

programmes is also well documented. The already mentioned structural diversity and the 

inherent sustainability are unspecific advantages of MCRs. But the Ugi reaction unveils 

specific advantages, including i) high flexibility, since it is suitable to be performed using 

different functional groups, ii) high versatility, since the different components of the U4CR 

can be replaced by different functional groups with similar reactivity, allowing a fine 

tuning of the structures achieved, iii) generating libraries which are prone to post-Ugi 

modifications, increasing the number and scaffold diversity of the structures which can 

be synthesized.461 The most remarkable advantage of the Ugi reaction in medicinal 
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chemistry might as well be the type of bonds formed during this reaction – two new amide 

bonds are present in the final α-aminoacyl amides. Indeed, the amide functional group 

plays a pivotal role in drug discovery and development, as showcase in Figure 1.24. 

 The previously mentioned ACS GCIPR, back in 2007, voted amide bond 

formation – a reaction that avoids poor atom economy reagents - as the top priority 

transformation used by pharmaceutical companies, although better reagents are still 

required.291 Recently, the key green chemistry research areas have been revisited, and 

a new (and reshaped) voting system (where no distinction between “current issues” and 

“desired, enabling transformations” was made) still place amide bond formation a top 10 

key green chemistry research area, displayed as “general methods for 

catalytic/sustainable (direct) amide or peptide formation”.462 A great deal of research and 

innovation has been made in developing new and more sustainable stoichiometric and 

catalytic methods for amide bond formation,463-467 galvanized by the fact that amide bond 

formation still remains the most popular reaction in medicinal chemistry and drug 

discovery.468 The interest in this type of reaction is easily understood, if we consider that 

the amide functional group is present in up to 54.5% of bioactive compounds and in 

about 2/3 of drug candidates.466, 469 In the last three decades, “amide” has been 

constantly ranked in the top 2 of the popularity of functional groups, spending most of 

the time as number 1, although in some years it was surpassed by the ether functional 

Figure 1.24. Central role of amide functional group in drug discovery and 

development. 
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group.470 For all these reasons, and although a plethora of synthetic methods for 

accessing amide bonds are now available, including several reported coupling reagents, 

the Ugi reaction has emerged as a viable sustainable alternative, often overlooked in 

reviews on amide bond synthesis, even though two new amide bonds are formed in a 

single step.398 

Nevertheless, the Ugi reaction still presents some challenges. One of these 

challenges, shared with several other MCRs, is the limited information of their reaction 

mechanism. If compared to traditional reactions, the existence of two or more concurrent 

reaction pathways, as well as the greater number of possible intermediates in MCRs, 

make the study of their reaction mechanisms a trickier task and more open to debate, 

and therefore might constrain the development of more efficient MCRs.471-473 Ivar Karl 

Ugi himself recognized this challenge in the early 2000s, over forty years after he first 

reported the now known as Ugi reaction, stating that “the reaction mechanisms of the 

MCRs cannot be investigated by the usual methods. Some essential mechanistic 

information of a MCR can be obtained from combinations of several methods, but not all 

of the usual detailed information can be expected”.474 Nevertheless, the synthetic value 

of MCRs continue to be praised due to their ability to afford a major final product, even 

if, mechanistically, they proceed in an “all roads lead to Rome” fashion, as recently 

reviewed by A. D. Neto and co-workers.472 

The U4CR also shows great uncertainty like the other common MCRs from a 

mechanistic point of view. It is widely accepted that the first step consists in the formation 

of an imine, from the reaction between the carbonyl compound (usually an aldehyde, 

although ketones can also be employed) and the primary amine. After this stage, two 

possible pathways are currently viable. In the classical route, established when the 

reaction was first discovered, and highly supported by recent mass spectrometry 

investigations,475 the imine is protonated to generate the iminium ion, followed by 

isocyanide addition to afford the nitrilium ion which, after carboxylic acid addition, affords 

the imidate intermediate. Computational studies challenged this pathway, suggesting an 

alternative path via the formation of an hemiaminal intermediate after the proton transfer, 

which is then followed by isocyanide insertion, converging to the same imidate 

intermediate.476 The imidate intermediate then undergoes Mumm rearrangement to 

afford the final U4CR adduct.477 The overall mechanistic approach of a classic U4CR, 

including the two possible paths currently being debated, is depicted in Scheme 1.6. 
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The complexity of the reaction mechanism allows us to understand one of the 

biggest challenges faced by academia and industry in what concerns the Ugi reaction – 

enantioselectivity.478 Indeed, there is only one very recent example of enantioselective 

U4CR, using chiral phosphoric acid organocatalysts. Surprisingly, this approach required 

atypical solvents for the Ugi reaction (cyclohexane and dichloromethane), which is 

usually promoted in the presence of polar protic solvents, such as methanol, ethanol, or 

trifluoroethanol.479 This discovery is a milestone in IMCRs research area, and might 

unlock several future applications of the U4CR in the fields of medicinal chemistry and 

chemical biology.480, 481 

But despite the novelty that asymmetric catalytic Ugi reaction affords, catalytic 

transformations have been developed in order to further expand the scope, sustainability, 

and efficiency of the Ugi reaction. A review (divided into two parts) on the recent 

developments in the catalytic Ugi reaction was published during this PhD (see 

Appendices 4 and 5).482, 483 Among the most popularly used catalysts are Lewis acids, 

such as indium(III) 484-487 and zinc488-491 salts. Phosphorous-based catalysts,492-495 

surfactant catalysts,496 metal-organic frameworks (MOFs) catalysts,497 nanocatalysts,498 

and even biocatalysts,499-501 are among some of the new trends observed for catalytic 

Scheme 1.6. Classic U4CR mechanism. 
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Ugi transformations. Amid these catalysts, indium has to be highlighted, as this catalyst 

will play a central role in Chapter 2. As widely revised in the scientific literature, indium 

is a very versatile post-transition metal, widely used in the field of organic synthesis and 

catalysis due to the Lewis acidity of its metal complexes and salts.502-506 However, some 

of its most recent synthetic applications are in the field of MCRs, as reviewed during the 

development of the work reported in this thesis (see Appendix 6).507 What makes indium 

a multifaceted catalyst is its stability to air and moisture (it can be used in reactions in 

the presence of water), its safety, and the fact that it is very easy-to-handle.507 The main 

downfall of the use of indium is actually its abundance on Earth. Often collected as a by-

product of zinc mining, indium demand has increased over recent years due to its 

application in the construction of solar panels and touchscreens. Indeed, indium is 

considered to be an “endangered” element, and therefore appropriate disposal and 

recyclability of electronic components containing indium, as well as the development of 

alternative technologies “indium-free” might improve the sustainability of its use (Figure 

1.25).269, 508-510 

 

Besides the mentioned efforts in developing new and more efficient catalytic 

systems for the Ugi reaction, a clear trend for improving the sustainability of the chemical 

processes is to perform the reaction using eco-friendly activation techniques, such as 

microwave irradiation,485 and mechanochemistry,409, 486 green solvents, namely water511 

or DESs,512 or even to perform the Ugi reaction under continuous flow.513-515  

Nevertheless, the nature of the components themselves have an impact on the 

reaction outcome, especially in what concerns yields and reaction times. With regard to 

Figure 1.25. Catalytic Ugi reaction and indium catalysis advantages and 

disadvantages. 
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the amine component, higher basicity and nucleophilicity usually improve the reaction 

outcome, as it facilitates the formation of the iminium ion. The carbonyl component is 

often depicted as an aldehyde, as both aliphatic and aromatic aldehydes easily react in 

the U4CR. Aliphatic ketones, although less reactive than aldehydes, work better than 

aryl ketones. For the acid component, higher acidity leads to higher yields and shorter 

reaction times, as the protonation of the imine to afford the iminium intermediate is 

facilitated.516 

Advances in the studies of the Ugi reaction take the exploration of the components 

out of the conventional approach model. While the isocyanide is a constant, and the 

scope of the carbonyl compound is restricted to aldehydes and ketones, the carboxylic 

acid component and the primary amine component can be replaced by other isosteres, 

as depicted in Figure 1.26.457, 491, 517 

 

Noteworthy, while most of the variations did not acquire a specific name, the 

replacement of the carboxylic acid by a phenol acquired the name Ugi-Smiles reaction, 

as the final step consists in the Smiles rearrangement, instead of the Mumm 

rearrangement which occurs in the classic U4CR.518  

Figure 1.26. Variations of the U4CR. 
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Alternatively, Ugi 3 component reactions (U3CRs), can also constitute an effective 

way to achieve structural diversity. In its classic version, an U3CR comprises the reaction 

between a carbonyl component, an isocyanide, and a primary amine, affording an α-

aminoamide. An acid is required as a catalyst, to promote the protonation of the imine to 

iminium, while the water released in the formation of the imine is later in the mechanism 

required to trap the nitrilium ion, with a proton transfer determining the formation of the 

final product (Scheme 1.7).519, 520 

Similarly to U4CRs, a myriad of U3CR have been described, according to different 

features and dependent on the starting building blocks features (Figure 1.27).393, 519-527 

One U3CR in particular, which mechanistically undergoes the U4CR path, is the Ugi 4 

center 3 component reaction (U4c3CR). In this approach, the four moieties required for 

the U4CR are present in three starting materials, and therefore requires the use of amino 

acids, oxoacids, isocyanoaldehydes, or isocyanoacids as starting material. The U4c3CR 

proved to be suitable to attain several valuable heterocycles,528 and this approach will be 

focus of further exploration in Chapter 3. 

The use of reagents bearing functional groups that can undergo further chemical 

transformations, in a sequential or tandem manner open the door for post-Ugi chemical 

transformations and allow to attain even greater structural diversity. Other alternatives 

that also showcase the versatility of the Ugi reaction in organic synthesis is, similarly to 

what occurs with the GBB3CR, to use structural motifs in the starting materials that, upon 

formation of the nitrilium intermediate, will intercept/trap it, evading the attack by the 

carboxylate and leading to a thriving research field, the interrupted Ugi reaction.519, 529 

Polyfunctionalized starting material employed in the Ugi reaction can also promote the 

formation of complex structures, such as the ones occurring using the Ugi 5 center 4 

component reaction (U5c4CR),530 or even polymers.531, 532 

 

Scheme 1.7. Classic U3CR mechanism. 
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1.3.3.2. Petasis Reaction: Organoboron Reagents in MCRs 

 

The Petasis MCR, also known as Petasis Borono-Mannich MCR, was first reported 

by Nicos A. Petasis and I. Akritopoulou in 1993 and it showed applicability for drug 

discovery and development since the beginning, as one of the compounds synthesized 

in this first report was naftifine (Figure 1.28),389 commercialized in several countries as 

a topical antifungal agent.533 And even more recently, besides the application of the 

Petasis MCR in the synthesis of APIs fingolimod and zanamivir (see Figure 1.22), it also 

proved to be of valuable interest for the synthesis of acalabrutinib (Figure 1.28), a drug 

approved in 2017 by FDA for the treatment of mantle cell lymphoma in adults.534 

At the first approach, Petasis reported this reaction as a versatile and efficient way 

to afford allylamines, as vinyl boronic acids can participate as nucleophiles in the 

Mannich reaction involving formaldehyde and secondary amines, as using primary 

Figure 1.27. Examples of variations of the U3CR. 
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amines led to lower yields. The authors also reported preliminary studies with aryl 

boronic acids showing that these could also be employed to afford benzylamines, but in 

a less efficient manner under the explored conditions (dioxane or toluene as solvent, at 

90 ºC).389 Later, in 2001, Petasis and Boral reported the construction of a library using 

several boronic acids (alkenyl, aryl, and heteroaryl), amines and salicylaldehydes.535 

Nowadays, most examples of the application of the Petasis 3CR involve aldehydes with 

a heteroatom (hydroxy, phenol, or carboxylic acid) adjacent to the functional group (e.g. 

glyoxylic acid, salicylaldehydes, α-hydroxyaldehydes) to achieve good results; 

secondary and primary amines are suitable for the chemical transformation, although the 

first ones usually lead to better results; vinyl and aryl boronic acids appear as the most 

efficient for the MCR.536  

Mechanistically, it shares with the Ugi reaction the fact that it evolves through 

several reversible steps in equilibrium, ending in an irreversible step, which drives the 

reaction to completion. But, similarly to several MCRs, the full reaction mechanism is not 

totally known. To the best of contemporary knowledge, and based on experimental and 

theoretical data, an iminium ion is attained by reacting the aldehyde and the amine 

components (to illustrate, a salicylaldehyde derivative and a secondary amine will be 

used in Scheme 1.8). Then, the phenol functional group activates the boronic acid, 

forming a tetrahedral boronate salt, usually designated as “ate complex”, which is 

capable of transferring the boron substituent to the iminium moiety, affording the final 

Petasis adduct (Scheme 1.8).537-539 

The Petasis MCR possesses several advantages, which includes a) requiring mild 

reaction conditions and being robust (it is not air or moisture sensitive); b) easy access 

to a wide range of reaction substrates; c) not requiring the use of protecting groups in 

most cases; d) often occurring under catalyst-free conditions; e) being suitable for 

catalytic asymmetric transformations; and f) allowing the preparation of high-added value 

products, such as APIs, drug candidates, and natural products. On the other hand, some 

limitations can also be drawn for the Petasis MCR, namely the need for activated 

Naftifine Acalabrutinib 

Figure 1.28. Examples of APIs synthesized using Petasis MCR. 
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carbonyl components, or carbonyls bearing a suitable boron-activating group, and the 

fact that only vinyl or arylboronic acids tend to provide high reaction yields.540 The scope 

and applicability of the Petasis MCR has also expanded over recent years, especially 

due to the development of Petasis-type cascade reactions (usually involving 

intramolecular Diels-Alder or ring-closing metathesis reactions) and the four component 

Petasis-type reaction (which affords organoboron products, with an alcohol intervening 

as the fourth component).541 

While for the U4CR, despite being described decades earlier than the Petasis 

MCR, it is still finding its path to develop efficient asymmetric catalytic versions, several 

examples can be found in the literature concerning enantioselective versions of the 

Petasis MCR. Among the reports, a clear trend can be established, with organocatalysts 

playing a major role in the success of the enantioselectivity. This field has a remarkable 

impact in drug discovery and development, as recently shown by the attribution of the 

Nobel Prize in Chemistry 2021 to Benjamin List and David MacMillan “for the 

development of asymmetric organocatalysis”.542 For the Petasis MCR, chiral diols, 

especially the derivatives of chiral 1,1’-bi-2-naphthol (BINOL), are among the most 

commonly reported to attain great results in what concerns enantioselectivity and yields 

(Figure 1.29).543-547 The applicability of these catalysts in this asymmetric chemical 

transformation is based on the ability of the phenolic hydroxyl groups to coordinate with 

the Lewis acidic sites of reagents or substrates (in the case of the Petasis MCR, it can 

coordinate with the iminium ion and, at the same time, help to transfer the boronic acid 

substituent), creating a chiral environment for the asymmetric transformation.548-550 

 

Scheme 1.8. Petasis 3CR mechanism. 
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1.4. Bringing Together Privileged Scaffolds and Sustainable Tools: State of 

the Art and Setting Up the Goals 

 

“A scientist in his laboratory is not a mere technician: he is also a child 

confronting natural phenomena that impress him as though they were fairy 

tales.” 

Marie Skłodowska Curie 

 

In this work, isatin and tryptanthrin take center stage as privileged scaffolds in drug 

discovery. Making medicinal chemistry greener depends on the thorough selection of the 

appropriate sustainable tools. MCRs are valuable tools to generate libraries of 

compounds for screening in a fast, efficient, and sustainable manner. 

Taking a closer look to the state of the art in what concerns engaging isatin in 

MCRs, it is noteworthy the remarkable application of this heterocycle to attain structural 

diverse libraries. A thorough review on this topic was recently published, addressing the 

developments on this topic between 2013-2019 (see Appendix 7).551 Two main 

observations could be drawn from this systematic analysis (Figure 1.30): a) the vast 

majority of approaches comprise the generation of spirooxindole-based libraries (>78%); 

b) IMCRs, despite their high-value in medicinal chemistry and drug discovery, remain 

considerably unexplored (only 3.7% of the MCRs consisted of IMCRs). 

And while in many of these reports, the challenge relies on the synthetic organic 

chemistry development (unlock the synthesis of new compounds, develop new catalysts, 

(R)-BINOL 

Figure 1.29. BINOL and BINOL derivatives applied as efficient asymmetric Petasis 

MCR. 
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explore new reaction media, etc.), in some cases the biological activity of the synthesized 

libraries was also evaluated. A review on the recent developments reported in the 

literature on this topic was made during the development of this work and recently 

published (see Appendix 8). The application of isatin-based MCRs proved to be suitable 

for the development of bioactive molecules.552 However, while most of the bioactive 

compounds result of chemical modifications at the C3 position of the isatin scaffold, the 

vast majority are spirooxindole derivatives, with the remaining chemical space, 

especially regions occupied by 3,3-disubstituted oxindoles which can be attained via 

MCR, remaining fairly unexplored. Furthermore, as depicted in Figure 1.30, isatin-based 

IMCRs are also sparsely reported. While checking for the application of isatin in the 

Passerini and Ugi reactions, two of the most explored IMCRs in drug discovery, we could 

find out that they were poorly explored, with only two examples, published in 2013, of 

the isatin-based Passerini-reaction,553, 554 and two examples concerning the use of the 

Ugi reaction,555, 556 which will be further discussed in Chapter 2.  

Shifting the attention to the tryptanthrin scaffold, its application in MCRs is rare, 

with only few recent examples being reported557-560 as will be further discussed in 

Chapter 4. 

The chemical space occupied by 3,3-dissubstituted oxindole derivatives with 

potential bioactivity remains underexplored, especially those concerning Ugi-based 

approaches. In the case of tryptanthrin, it is clear that this molecule is just starting to be 

used as starting point for MCRs. As delineated in the title of this PhD thesis, the main 

goal of this work is the sustainable development of isatin and tryptanthrin bioactive 

derivatives, using green by design strategies. As part of the CATSUS PhD Programme, 

catalysis and sustainability played a central role in experimental design and reaction 

optimization, in an effort to improve the approaches efficiency and eco-friendliness. The 

outline of thesis is summarized in Figure 1.31.  

In chapter 2, the aim is to obtain a structurally diverse library based from isatin 

(library I), in a sustainable fashion. By engaging isatin in a catalytic U4CR, the chemical 

space of 3,3-disubstituted oxindole derivatives can be expanded, based on sustainable 

Figure 1.30. Trend on isatin-based MCRs. 
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methodologies. The obtained library is evaluated in what concerns its druglikeness 

properties and antiproliferative activity.  

In chapter 3, the goal was to develop a library of oxindole-lactam hybrids (library 

II), based on the U4c3CR, with potential bioactivity. In this case, a rational drug design 

based on molecular hybridization was performed, to attain compounds to inhibit specific 

targets – cholinesterases – which are key players in Alzheimer’s disease 

pathophysiology. Druglikeness of the resulting compounds was also evaluated, in order 

to determine the potential of these hybrids to be further studied.  

A different approach was used in Chapter 4. Starting from the discovery and 

optimization of novel synthetic routes to attain tryptanthrin, followed by the exploration of 

its potential to be used as substrate of MCRs, to the organocatalyzed synthesis of library 

III, using a tryptanthrin-based Petasis MCR. The new derivatives were screened for their 

antimicrobial activity, namely antibacterial and antifungal.  

 

 

 

 

 

 

 

Figure 1.31. Thesis outline (C2=chapter 2; C3=chapter 3; C4=chapter 4). 
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2.1. Introduction 

 

MCRs are a valuable tool for the diversity-oriented synthesis of bioactive and 

druglike compounds. This approach, which allows high structural diversity in short 

synthetic pathways, make them a highly endorsed methodology in drug discovery for the 

generation and identification of hit compounds, as well as for hit-to-lead optimization 

processes, and even for the synthesis of APIs. They present several advantages, since 

the synthesis of new molecules occurs at a fast pace, and often at a lower cost when 

compared to more time-consuming and more laborious (and often troublesome) 

synthetic routes.1-3 Several bioactive molecules have been synthesized using different 

MCRs, or even combination of different MCRs, highlighting their relevance for the 

discovery of new potential drug candidates, as recently reviewed in the literature.4, 5 

Another feature of MCRs that intensifies their interest in modern medicinal and organic 

chemistry, is their inherent sustainability, since the green chemistry principles are 

intrinsically fulfilled in the vast majority of these reactions.6 

Among the different MCRs available in the synthetic chemists toolbox, isocyanide-

based MCRs play a pivotal role in several synthetic approaches. The Ugi reaction 

emerges of this class of MCRs as one of the most versatile examples. As already 

explored in Chapter 1, the Ugi reaction, classically involving aldehydes (although it can 

be replaced by other carbonyl compounds), a primary amine, a carboxylic acid and an 

isocyanide, leads to the formation of α-amino acyl amide derivatives, often designated 

as Ugi adducts or peptoids, due to the generation of two new amide bonds in the final 

product.7, 8 

Isatin, a key building block for the synthesis of compounds bearing the oxindole 

core, a known privileged structure in medicinal chemistry, is the central focus of attention 

of this Chapter. Despite the vast number of publications reporting the synthetic relevance 

and versatility of isatin,9, 10 including its use as starting material in MCRs,11-13 there are 

only two very recent examples of isatin-based Ugi reaction, reported by the group of 

Silvani and co-workers. In the first example, a stereoselective U3CR was carried out 

using a chiral isatin-derived ketimine as starting material, and combining it with 

isocyanides and carboxylic acids (Scheme 2.1 a).14 In the second example, a Ugi four-

center three component reaction (U4c3CR) was established, using isatin, isocyanides 

and β-amino acid reagents (Scheme 2.1 b).15 More attention will be given to this second 

approach in Chapter 3. Despite the interest of oxindole derivatives in the field of 

medicinal chemistry and drug discovery, for the library achieved using U3CR no 

biological activity was reported, whereas the oxindole-β-lactam derivatives obtained 

using U4c3CR was evaluated in what concerns their antibacterial activity, but no relevant 
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effect was observed. These results are quite underwhelming, considering the privileged 

structure nature of the oxindole core. 

 

Scheme 2.1. Reported examples of isatin-based U3CR (a) and U4c3CR (b). 

 

 Furthermore, no examples of isatin-based U4CR were found in the literature, 

despite this scaffold being widely applied in diverse MCRs in the quest for new bioactive 

compounds, as recently reviewed by our group.12, 13 With this in mind, we decided to 

explore the possibility to apply isatin in the U4CR, with the goal to achieve new druglike 

compounds with relevant biological activity. 

 

 

2.2. Isatin-Based U4CR  

 

2.2.1. Reaction Conditions Optimization 

 

The U4CR is a very complex MCR, as already thoroughly described and discussed 

in Chapter 1. Initially, the isatin-based U4CR was optimized by investigating the effect of 

several variables, such as solvent, catalyst, activation technique, stoichiometry, and 

temperature. To explore the impact of these variables, the reaction involving N-

methylisatin (I.1a), n-butylamine (I.2a), chloroacetic acid (I.3a), and tert-butyl isocyanide 

(I.4a) was selected as the model reaction. The tested conditions are summarized in 

Table 2.1. 

 

a) U3CR 

b) U4c3CR 
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Table 2.1. Optimization of the U4CR conditions. 

 

 

aReaction conditions: 1a (200 mg, 1.24 mmol, 1 equiv) was dissolved in 1 mL of solvent in the presence of 

150 mg of molecular sieves (MS) 3Å and the remaining components (2a, 3a and 4a) were added to the 

reaction vessel and allowed to stir at the indicated condition for 48 h. bIsolated yield. cThe reaction was 

allowed to proceed for 72 h. d20 mol% of InCl3 were used. eMolecular sieves were not used in the HSBM 

experiments. f100 μL of MeOH were added to the reactor. gIn the presence of Na2SO4. hThe reaction was 

allowed to proceed for 72 h.  DES=deep eutectic solvent urea:choline chloride. LAG=liquid-assisted grinding. 

MAOS=microwave-assisted organic synthesis. HSBM=high-speed ball-milling. 

 

In the first attempt, classic Ugi reaction conditions were applied (Table 2.1, entry 

1), using methanol as solvent at room temperature, and equimolar quantities of the four 

components. The expected Ugi product I.5aaaa was obtained, however in low yield 

(15%). Next, an experiment at higher temperature was performed, but no improvement 

Entrya Solvent 
Catalyst 

(10 mol%) 

Activation 

technique 

Stoichiometry 

(I.1a:I.2a:I.3a:I.4a) 

Temp. 

(ºC) 

Yieldb 

(%) 

1 MeOH - Stirring 1:1:1:1 rt 15 

2 MeOH - Stirring 1:1:1:1 70 <15 

3 DES - Stirring 1:1:1:1 rt Trace 

4 DES - Ultrasounds 1:1:1:1 rt Trace 

5 DES - Ultrasounds 1:1:1:1 70 Trace 

6 MeOH InCl3 Stirring 1:1:1:1 rt 19 

7 MeOH InCl3 Stirring 1:1.2:1:1.2 rt 47 

8 ACN InCl3 Stirring 1:1.2:1:1.2 rt 37 

9 2-MeTHF InCl3 Stirring 1:1.2:1:1.2 rt 32 

10 CH2Cl2 InCl3 Stirring 1:1.2:1:1.2 rt 17 

11 TFE InCl3 Stirring 1:1.2:1:1.2 rt 50c 

12 MeOH ZnCl2 Stirring 1:1.2:1:1.2 rt 44 

13 MeOH K3PO4 Stirring 1:1.2:1:1.2 rt 21 

14 MeOH H3PO4 Stirring 1:1.2:1:1.2 rt 45 

15 MeOH - MAOS 1:1.2:1:1.2 70 <15 

16 MeOH - MAOS 1:1.2:1:1.2 100 Trace 

17 MeOH InCl3 MAOS 1:1.2:1:1.2 70 15 

18 MeOH InCl3d MAOS 1:1.2:1:1.2 70 15 

19 - InCl3 HSBMe 1:1.2:1:1.2 rt Trace 

20 LAGf InCl3 HSBMe 1:1.2:1:1.2 rt Trace 

21 -g InCl3 HSBMe 1:1.2:1:1.2 rt <15 

22 MeOH InCl3 Stirring 1:1.5:1.5:1.5 rt 65 

23 MeOH - Stirring 1:1.5:1.5:1.5 rt 34h 
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in the reaction yield was observed (Table 2.1, entry 2). Recent reports explored the utility 

of DESs in MCRs,16 including in the Ugi reaction.17 For this reason, it was decided to 

include de DES urea:choline chloride in the reaction conditions screening. Unfortunately, 

only trace amounts of the Ugi reaction product were detected (Table 2.1, entry 3). Due 

to the poor solubility of I.1a in the selected DES, a different activation technique was 

evaluated, by attempting to perform the reaction under sonication at both room 

temperature and 70 ºC, but similar results were achieved (Table 2.1, entries 4 and 5, 

respectively).  

Due to this failure in promoting the reaction using DES, we looked to recent 

application of catalysts in the Ugi reaction reported in the literature.18, 19 For catalyst 

screening, methanol under conventional stirring at room temperature were selected as 

reaction conditions. First, indium(III) trichloride was selected for initial assessment, as 

this Lewis acid is easy to handle, cheap, safe, stable to air and moisture, and already 

proved to be very useful in a wide range of MCRs.20 In equimolar conditions for the four 

components, a slight improvement in reaction yield (19%) was observed (Table 2.1, 

entry 6). However, as in every reaction condition tested until this point, the reaction 

reached steady state without total consumption of I.1a. For this reason, an attempt was 

performed using slight excess of the amine and isocyanide components (Table 2.1, entry 

7), and a considerable improvement in the observed yield was attained (47%).  

With these conditions in hand, a solvent screening study was performed, using 

solvents with different polarities and properties. As expected for the Ugi reaction, polar 

protic solvents such as 2,2,2-trifluoroethanol (TFE) (Table 2.1, entry 11) afforded better 

results than polar aprotic and non-polar solvents, such as acetonitrile, 2-

methyltetrahydrofuran and dichloromethane (Table 2.1, entries 8-10, respectively). To 

further proceed with exploring the reaction conditions, methanol was chosen over TFE, 

because the reaction was faster in this solvent. 

The catalyst screening proceeded with other Lewis acids, as well as other 

commonly used catalysts in the Ugi reaction, being evaluated. Despite improvements 

being observed with all of them (Table 2.1, entries 12-14) when comparing with the 

catalyst-free procedure, InCl3 emerged as the best option.  

In order to consolidate the sustainability aspect of this MCR process, it was decided 

to explore eco-friendly activation techniques, namely microwave-assisted organic 

synthesis (MAOS) (Table 2.1, entries 15-18) and high-speed ball-milling (HSBM) (Table 

2.1, entries 19-21), but only trace amounts and low yields of the desired compound 

I.5aaaa were observed. 

Finally, an excess of the amine, carboxylic acid and isocyanide components was 

tested, with considerable improvement in the yield being achieved (Table 2.1, entry 22). 
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This reaction condition was considered as a good compromise between reaction 

performance and process sustainability, and therefore used for substrate scope 

screening. Performing the reaction in the absence of the catalyst significantly dropped 

the reaction yield (Table 2.1, entry 23). 

 

2.2.2. Library I Synthesis  

 

With the optimized reaction conditions in hands, efforts were made to study the 

substrate scope, in order to generate a structurally diverse library (Figure 2.1). Several 

N-substituted and N-unsubstituted isatins were screened (I.1a- I.1j), as well as different 

primary amines (I.2a- I.2i), carboxylic acids (I.3a- I.3i) and isocyanides (I.4a- I.4e). 

Figure 2.1. Reagent scope for the U4CR. 

 

A total of 37 derivatives were obtained, showcasing the versatility of this approach 

to efficiently attain structural diversity (Figure 2.2). The following code was developed to 

identify the compounds: I.5 indicates Ugi adduct, the first letter corresponds to the isatin 

reactant, the second to the amine precursor, the third letter indicates the carboxylic acid 
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and the fourth letter the isocyanide component. The developed methodology could 

accommodate N-substituted and N-unsubstituted isatins, with different substitution 

patterns, with success. Another advantage found with this approach was that, for some 

of the synthesized compounds, the pure final Ugi reaction product could be isolated in a 

simple, chromatography-free process, with considerable impact on the sustainability of 

the process. 

Figure 2.2. Library of oxindole derivatives obtained via U4CR. 
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Concerning the isatin scope, it was noticeable that when using isatins I.1f, I.1g and 

I.1j, a considerable decrease in yield was observed. This can be explained by the poor 

solubility exhibited by I.1f and I.1g in methanol, as well as in the other evaluated Ugi 

reaction solvents, namely TFE whereas I.1j displayed a polarity similar to the one 

displayed by the Ugi adduct, making the purification process more challenging. 

Analyzing the amine scope, linear aliphatic primary amines (I.2a- I.2c) and 

branched aliphatic amines (I.2d) were successfully used in this approach, achieving the 

desired U4CR products with moderate to very good yields. However, the presence of an 

aromatic moiety (I.2e, I.2h, and I.2i) led to a relevant decrease in the observed yields. It 

is hypothesized that this occurs due to steric effects, or even electronic effects, such as 

possible π-π interaction between the aromatic ring of the amine component and the isatin 

core. Aniline I.2f led to the lowest isolated yield of the library (I.5faaa). In this case, the 

U4CR is not the most promoted reaction, as two other products were successfully 

isolated from the reaction: (E)-3-(phenylimino)indolin-2-one (I.6a) was isolated as the 

main product, indicating that the imine intermediate was highly stable and therefore the 

progress of the U4CR was considerably halted at this stage; and 2-chloro-N-

phenylacetamide (I.6b), another secondary product, with its formation leading to the 

consumption of two components in this secondary reaction (Scheme 2.2). When I.2j was 

employed as the primary amine, no reaction occurred and therefore we could not 

introduce the morpholine unit into the U4CR products using this methodology. 

Scheme 2.2. Side-products attained when aniline is used in this isatin-based U4CR. 

 

Another attempt to include the morpholine moiety in the U4CR was performed 

using isocyanide I.4e. The reaction did not occur, indicating that the morpholine unit 

might prevent the U4CR. This might be due to the basic nature of this heterocycle, as 

the pH of the reaction media can play a crucial role in this chemical transformation, as 

will be discussed later in this work. In what concerns the remaining isocyanides screened 

(I.4a-I.4d), all of them were successfully employed in the U4CR, with aliphatic 

isocyanides (I.4a-I.4c) generating overall good yields, whereas benzyl isocyanide (I.4d) 

leads to a considerable decrease in the reaction yield. 
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The impact of the carboxylic acid component in the U4CR outcome was greater 

than the one observed for any other component. Monohaloacetic acids I.3a-I.3c proved 

to be suitable to be applied for this reaction under our standard conditions. The size of 

the halogen atom might contribute to the reaction success, as bromoacetic acid (I.3b) 

led to overall lower yields than the chloro- and fluoroacetic acid counterparts. 

Trihaloacetic acids I.3d and I.3e were also successfully used in the developed U4CR. 

For example, using trifluoroacetic acid (I.3d) allowed improved yields, even when amines 

bearing aromatic rings were employed as substrates. Next, we attempted to introduce 

an aromatic ring in the carboxylic acid moiety of this U4CR, using benzoic acid (I.3g). 

Surprisingly, instead of an Ugi adduct, a Passerini adduct (I.7a) (product resulting from 

the reaction between a carbonyl component, a carboxylic acid and an isocyanide) was 

obtained from this reaction (Scheme 2.3 a). Initially, the hypothesis that this outcome 

was due to steric effects created by the proximity of the aromatic ring with the carboxylic 

acid functional group was explored, and the use of phenylacetic acid (I.3h) and cinnamic 

acid (I.3i) was evaluated, in order to increase this distance. However, the outcome was 

similar, with the formation of the Passerini reaction products I.7b and I.7c (Scheme 2.3 

b and c). 

Scheme 2.3. Passerini adducts obtained when screening benzoic acid, phenylacetic 

acid and cinnamic acid as carboxylic acid component of the U4CR. 

 

With these intriguing findings, it was important to further explore what was the 

cause for this change in the reactivity in what concerns the carboxylic acid component. 

As detailed previously, a remarkable improvement in yield was observed when 
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trihaloacetic acids were used as the carboxylic acid component. Since these trihaloacetic 

acids display a very low pKa value, it was hypothesized that this property of the carboxylic 

acid component could effectively be relevant for the U4CR outcome. To evaluate this 

hypothesis, p-chlorobenzoic acid (I.3f) was selected, as it keeps the close proximity 

between the carboxylic acid functional group but, at the same time, presents a lower pKa 

value than I.3g-I.3i. Interestingly, in this reaction, both the Ugi adduct (I.5bafb) and the 

Passerini product (I.7d) were successfully isolated, with the former being produced in 

higher yield (Scheme 2.4). 

Scheme 2.4. Exploring the U4CR using p-chlorobenzoic acid achieves both the Ugi 

and Passerini adducts of isatin. 

 

Gathering all this information together, it is noteworthy that for the reaction 

conditions explored, isatin-based Ugi adduct formation is modulated by the pKa of the 

carboxylic acid component, with less acidic carboxylic acids leading to the formation of 

the corresponding Passerini adducts, whereas highly acidic carboxylic acids generate 

exclusively the Ugi adducts. The experiments with p-chlorobenzoic acid, which displays 

a pKa of 3.98 and affords both adducts, indicate that carboxylic acid components with 

pKa around 4 will enable the formation of both the Ugi and Passerini adducts, whereas 

less acidic compounds will form the Passerini adduct exclusively, and more acidic 

compounds will generate the Ugi adduct (Figure 2.3). This finding might also explain the 

failure to accomplish this reaction with components bearing the morpholine unit, due to 

its basic nature. 

 

 

 

 

Figure 2.3. pKa scale of the carboxylic acid components21 used in the screening of the 

U4CR (the darker area indicates the potential region where both Ugi and Passerini 

adducts are formed). 
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It is well established that the carboxylic acid component plays a crucial role in the 

Ugi reaction mechanism, including in the activation of the imine intermediate, the 

reversible addition to the nitrilium ion, and also for the success of the irreversible Mumm 

rearrangement.22 However, taking a look to recent literature exploring this effect of the 

pKa on the Ugi reaction, only one example could be considered as slightly related. 

Okandeji and Sello, while exploring the Passerini reaction, noticed that when strong 

carboxylic acids were employed (pKa < 2), instead of observing the formation of the 

expected α-acyloxyamide Passerini derivatives, α-aminoacyl amide derivatives (typical 

Ugi reaction products) were observed in higher yields. This would result of the in situ 

Brønsted acid-catalyzed reaction between the isocyanide and the aldehyde components, 

affording an imine that would undergo the typical Ugi reaction.23 In the case reported in 

this work, such reaction was not observed, otherwise two units of the isocyanide 

component would be present in the final product isolated, which is not supported by the 

structural elucidation of the isolated compounds. This might also be due to isatin unique 

structural features, that despite allowing the carbonyl at position 3 to undergo Passerini 

or Ugi transformations, it does not possess the same reactivity as aldehydes and simpler 

ketones more commonly explored in the U4CR. 

 

2.2.3. Theoretical Study: Insights into Isatin-Imine Formation 

 

As highlighted in Chapter 1, there is a vast number of reports on the application of 

isatin-based MCRs.12 However, the information about the isatin-based Ugi reaction is 

scarce.14, 15 Therefore, we decided to investigate the reactivity of isatin in this process at 

the C3 position. While in the classical approaches, the Ugi reaction uses an aldehyde, in 

our approach we explored the reactivity of the C3 carbonyl group of the isatin scaffold, 

vicinal to the carbonyl group of the cyclic amide. Expecting to understand the reactivity 

of isatin towards the primary amine in the isatin-imine formation process, theoretical 

density functional theory (DFT) calculations were performed for the first step of the Ugi 

reaction (i.e., condensation of n-butylamine with isatin to attain 3-(butylimino)indolin-2-

one). 

The analysis started with the formation of a pre-reaction orientation complex (OC), 

involving isatin, n-butylamine and two methanol molecules interconnected via hydrogen 

bonds and van der Walls interactions. Previously, it has been reported that two solvent 

molecules (methanol in our case) are crucial for the correct description of the mechanism 

of imine formation from amines and carbonyl compounds.24 In the first step of the 

reaction, a new C–N bond is formed between the C3 carbonyl atom of isatin and the 
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amine, to give a zwitterionic intermediate (INT1) via transition state TS1 (Figure 2.4). 

The distance between C3 and the nitrogen atom of n-butylamine is 2.480 Å for OC, and 

reduces to 1.878 Å in TS1, reaching 1.608 Å in TS1, when C3 assumes a quaternary 

conformation. The formation step of TS1 is virtually barrierless. A slightly lower Gibbs 

free energy of TS1 relative to OC (by 0.5 kcal/mol) may be explained by the fact that the 

optimization of geometry was carried out on the total energy surface rather than on the 

Gibbs free energy surface. The formed zwitterionic intermediate INT1 is exergonic by 3.7 

kcal/mol relative to OC (Scheme 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.5. Ball-and-stick representation of OC, transition states, intermediaries and 

F. 

 

Next, a hydrogen transfer from the amino group to the carbonyl in INT1 leads to 

the formation of carbinolamine (INT2a) through transition state TS2. This transfer is 

indirect, as the two methanol molecules play the role of a proton shuttle significantly 

facilitating the hydrogen transfer compared to the process without any assistance from 

the solvent molecules.24 It is noticeable for the fact that in TS2 the protons promoting the 

hydrogen bonds are located almost halfway between the oxygen atoms or the oxygen 

and nitrogen atoms. Intermediate INT2a is quite stable being 10.8 kcal/mol lower in 

energy than initial orientation complex OC and its formation occurs with a very low 
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activation barrier of only 1.1 kcal/mol. At this intermediate, the distance between C3 and 

the oxygen and nitrogen atoms is now very similar (1.389 Å and 1.462 Å, respectively) 

and the first proton transfer is completed. 

The final step includes the generation of complex INT2b which is isomeric with 

INT2a but with a different H-bond network, allowing the second methanol-assisted proton 

transfer from the imine moiety to the OH group via TS3 to provide the final product F. 

This proton transfer is accompanied by the C3–O bond cleavage and elimination of a 

water molecule. At this stage, the C-N distance is established at 1.271 Å, with the double 

bond being formed and C3 returns to its planar configuration. The third reaction step is 

the rate-limiting one with an activation barrier of 27.5 kcal/mol, which qualitatively 

correlates with the experimental conditions used in this experiment. This information will 

be of great interest in Chapter 4, where it will be clear the importance of the unique 

reactivity displayed by isatin’s C3 carbonyl group. The 3-(butylimino)indolin-2-one 

intermediate further reacts with chloroacetic acid and tert-butyl isocyanide to yield the 

final Ugi reaction product. 

 

Figure 2.4. Energy profile of imine formation (relative Gibbs free energies are indicated 

for each level in kcal/mol). 

 

 

2.2.4. Druglikeness Evaluation 

 

With the library of U4CR products in hand, in silico evaluation of the druglikeness 

profiles of these new oxindole derivatives was performed using SwissADME®. This 

evaluation is relevant in early stages of drug discovery, because despite not being golden 
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rules, they remain good statistical indicators, as proved by the fact that most small-

molecule drugs approved over the past decade fit within the parameters established by 

these druglikeness filters.25-27 

Three important descriptors for druglikeness compliance are the number of 

hydrogen bond acceptors and donnors (HBA and HBD, respectively) and the number of 

rotatable bonds (RB). These parameters are considered (totally or partially) in the 

Lipinski (HBA≤10, HBD≤5), Muegge (HBA≤10, HBD≤5, and RB≤15) and Veber (RB≤10) 

filters. All our synthesized compounds comply with the Lipinski and Muegge filters in 

what concerns their parameters, whilst compounds I.5daaa and I.5aaac were non-

compliant with the Veber filter, as both possess 11 RBs (Figure 2.5). 

 

 

Figure 2.5. Calculated HBA, HBD and RB for the new oxindole-peptoid hybrids. 

 

MW and lipophilicity (considering the value calculated by SwissADME® for 

consensus partition coefficient, CLogP, which takes into account five different LogP 

calculations – iLogP, XLogP3, WLogP, MLogP, SILICOS-IT) are two other physical-

chemical properties taken in consideration by several of the druglikeness filters, including 

the Lipinski filter (MW≤500 Da, MLogP≤5), the Ghose filter (160≤MW≤480 Da, -

0.4≤WLogP≤5.6), the Muegge filter (200≤MW≤600 Da, -2≤XLogP≤5), and the Egan filter 

(WLogP≤5.88). Figure 2.6 correlates these two properties for the newly synthesized 

compounds which, with rare exceptions, comply with the druglikeness limits established 

by the mentioned filters. Exception for compound I.5gaaa, which displays a MW slightly 

superior to the upper limit of the Ghose and Lipinski filters, and compounds I.5aaac and 

I.5bafb, which although presenting a XLogP3 slightly above the limit established for the 

Muegge rule (WLogP3 for both compounds is 5.08), their CLogP, is within the desired 

interval. 
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Figure 2.6. Correlation between MW and CLogP of the synthesized compounds. 

 

The BOILED-Egg model for the synthesized library is shown in Figure 2.7, and 

takes into account, as more detailed explained in the introduction of this work, the 

lipophilicity and TPSA displayed by the compounds. TPSA is a very important feature in 

drug design, and it is taken in consideration in three of the evaluated filters (Veber filter 

- TPSA≤140 Å2; Egan filter - TPSA≤131.6 Å2; and Muegge filter - TPSA≤150 Å2). As 

shown in Figure 2.7, all the synthesized new oxindole derivatives predictably exhibit 

good gastrointestinal absorption, being good candidates for oral administration. Out of 

the 37 synthesized compounds, 15 exhibit potential to cross the BBB, making them 

suitable drug candidates to reach CNS targets (the compound codes displayed in Figure 

2.7 correspond to those which are predictably capable of crossing the BBB). As 

expected, N-substituted oxindole derivatives show greater probability for BBB 

permeation, with only two N-unsubstituted oxindole derivatives (I.5babb and I.5bacb) 

showing such potential, mostly driven by the increase of WLogP determined by the 

cyclohexyl moiety and the halogen atoms of bromine and fluorine, respectively. Two N-

substituted oxindole derivatives (I.5ahda and I.5aida) do not display this potential either, 

probably due to the heterocycles introduced in the primary amine component of the Ugi 

4 component reaction. 
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Figure 2.7. BOILED-Egg model for the oxindole derivatives obtained via U4CR. 

 

Table 2.2 summarizes the overall compliance of the 37 synthesized oxindole 

derivatives with the five filters evaluated. A green color was attributed to total compliance 

with the rule and a red color to compounds which were non-compliant with a given rule. 

In the last case, the number within the red square indicates the number of violations for 

the rule. Remarkably, despite the vast structural diversity of this library, all the 

compounds are compliant with Lipinski’s rule of five, as well as with Egan filter. In the 

case of the Ghose filter, there are 5 exceptions (compounds I.5caaa, I.5daaa, I.5gaaa, 

I.5aafa, and I.5bafb), each with one violation. In the case of compound I.5gaaa, this 

violation is due to the high MW displayed by this derivative (505.78 Da, when the filter 

upper limit is set at 480 Da), which is still not far from the desirable range. In the case of 

the remaining four compounds, their violations are due to molecular refractivity, which 

for this filter should be up to 130, and these compounds range from 130.57-134.81, which 

indicates that, even when the parameters are not entirely fulfilled, they remain close to 

the established limits. In the case of the Veber filter, compliance is only unachieved for 

compounds I.5daaa and I.5aaac, due to the number of rotatable bonds. The Muegge 

filter is partially unfulfilled by compounds I.5aaac and I.5bafb, due to their LogP value. 

These compounds possess XLogP3 values of 5.04 and 5.08, respectively. These values 
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are very close to the upper limit established by the filter, and furthermore, all the 

remaining LogP calculation methodologies display values well within this range. 

 

Table 2.2. Compliance of the synthesized oxindole derivatives with the five evaluated 

druglikeness filters (green color means full compliance with the filter, while red color 

determines a non-compliance, with the number representing the number of violations). 
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The identification of PAINS in the synthesized library was also performed. None of 

the new compounds displayed alerts for PAINS, and therefore the exploration of their 

bioactive potential became of utmost importance. 

 

2.2.5. Biological Activity Evaluation 

 

Natural and synthetic oxindole derivatives are known for their wide potential as 

bioactive agents, as detailed in Chapter 1. Due to the intrinsic nature of oxindoles as 

privileged structures, our approach consisted in the use of a phenotypic assay to 

determine their potential as antiproliferative agents. These tests were performed by 

Professor José Padrón group, at the BioLab, Universidad de La Laguna, Spain. 

Six tumor cell lines were selected for the screening, namely two breast cancer cell 

lines (HBL-100 and T-47D), one lung cancer cell line (A549), one colon cancer cell line 

(WiDr), one brain cancer cell line (SH-SY5Y), and one cervical cancer cell line (HeLa). 

The concentration to inhibit 50% of cell growth (GI50) was determined and the obtained 

values are depicted in Table 2.3, and the range of antiproliferative activity shown in 
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Figure 2.8. The anticancer drugs cisplatin (CDDP) and paclitaxel (PTX) were used as 

reference standards for comparison purposes. 

 

Table 2.3. GI50 obtained for the new oxindole derivatives obtained via U4CR  

(n.t.=not tested). 

 

GI50 (μM) 

 A549 HBL-100 HeLa SH-SY5Y T-47D WiDr 

I.5aaaa 3.0±0.5 1.4±0.3 1.7±0.4 1.1±0.2 3.3±0.6 2.3±0.1 

I.5baaa 2.1±0.6 0.75±0.26 0.20±0.04 0.18±0.03 1.6±0.5 0.33±0.05 

I.5caaa 2.7±0.5 2.1±0.7 1.8±0.3 1.3±0.01 2.4±0.4 2.0±0.4 

I.5daaa 1.9±0.4 0.93±0.09 0.86±0.27 0.36±0.14 1.8±0.3 2.1±0.5 

I.5eaaa 2.9±0.3 2.3±0.2 1.8±0.1 1.3±0.2 3.4±0.5 1.7±0.2 

I.5faaa 1.2±0.4 0.19±0.04 
0.0063± 

0.0010 
0.12±0.02 

0.0094± 

0.0035 
0.014±0.003 

I.5gaaa 1.0±0.2 
0.000097± 

0.000012 

0.0065± 

0.0031 
0.052±0.019 1.4±0.2 

0.0054± 

0.0010 

I.5haaa 1.4±0.4 0.69±0.10 0.23±0.01 0.16±0.04 1.3±0.6 0.30±0.09 

I.5iaaa 1.0±0.4 0.029±0.012 0.023±0.003 0.17±0.05 0.066±0.023 0.054±0.020 

I.5jaaa 2.2±0.3 1.3±0.4 1.0±0.01 0.50±0.18 2.7±0.7 0.41±0.13 

I.5aaab 2.7±0.5 1.1±0.2 1.1±0.2 1.5±0.1 1.5±0.4 2.4±0.3 

I.5baab 1.4±0.7 0.82±0.26 0.13±0.06 0.16±0.03 1.3±0.2 0.27±0.04 

I.5aaac 2.0±0.1 0.82±0.32 0.30±0.12 0.22±0.04 1.5±0.5 0.22±0.10 

I.5baad 2.8±0.9 0.74±0.23 0.33±0.04 0.26±0.05 2.1±0.5 0.16±0.03 

I.5bbab 1.6±0.4 0.20±0.06 0.25±0.10 0.29±0.05 0.21±0.08 0.13±0.01 

I.5abaa 4.6±1.0 2.8±1.0 2.4±0.5 1.2±0.1 3.3±0.7 2.1±0.5 

I.5bcab 1.8±0.3 0.43±0.13 0.57±0.18 0.20±0.01 1.4±0.3 0.27±0.09 

I.5bdab 3.3±0.8 0.45±0.22 0.88±0.27 1.8±0.3 2.2±0.8 0.30±0.13 

I.5bdaa 16±1.0 0.63±0.25 4.5±0.9 1.9±0.9 3.4±0.5 2.0±0.2 

I.5aeaa 2.7±0.8 2.4±1.0 1.6±0.5 1.3±0.1 2.6±0.7 2.0±0.3 

I.5beaa 2.1±0.4 0.70±0.12 0.28±0.07 0.71±0.31 2.1±0.5 0.39±0.15 

I.5bfaa 1.6±0.5 0.16±0.06 0.29±0.11 0.23±0.05 0.72±0.34 0.27±0.08 

I.5bhab 3.1±0.6 0.89±0.42 0.60±0.19 1.2±0.01 0.80±0.23 0.21±0.02 

I.5biab 2.0±0.4 1.2±0.4 0.40±0.05 0.68±0.03 2.2±0.1 0.19±0.04 

I.5aaba 1.9±0.7 0.78±0.27 0.84±0.32 0.18±0.05 2.7±0.9 1.9±0.1 

I.5baba 1.6±0.1 0.24±0.08 0.18±0.08 0.18±0.02 1.4±0.1 0.21±0.01 

I.5babb 2.2±0.3 0.89±0.27 0.13±0.01 0.31±0.10 1.4±0.5 0.029±0.004 

I.5bbba 1.7±0.2 0.29±0.07 0.23±0.10 0.18±0.01 0.97±0.47 0.16±0.08 

I.5bacb 4.4±0.9 78±33 4.4±0.04 27±8.7 32±13 28±8.6 

I.5aada 65±23 91±13 54±21 23±0.3 80±24 51±1.3 

I.5badb 8.1±2.8 16±3.9 8.1±2.7 16±0.2 11±4.7 4.8±1.4 

I.5agda >100 >100 >100 n.t. >100 >100 

I.5ahda 81±32 >100 91±15 n.t. >100 99±1.6 

I.5aida 85±13 >100 68±16 n.t. >100 93±12 

I.5baeb 5.0±2.0 15±5.4 9.2±3.4 3.8±0.7 10±3.9 8.0±2.3 

I.5aafa 25±1.3 33±0.7 23±1.8 n.t. 25±0.4 20±2.9 

I.5bafb 2.5±0.6 10±3.8 4.9±2.3 8.0±0.4 7.0±2.2 3.2±1.2 

CDDP 4.9±0.2 1.9±0.2 1.8±0.5 n.t. 17±3.3 23±4.3 

PTX n.t. 
0.000015± 

0.000004 

0.0023± 

0.0003 
n.t. 

0.00015± 

0.00002 

0.00032± 

0.00002 
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Figure 2.8. GI50 range plot against human solid tumor cell lines. Green bars indicate 

the most active compounds, whilst red bars point the less active derivatives. 

 

The overall results show great potential of these compounds as antiproliferative 

agents. Compound I.5gaaa exhibited a GI50 value as low as 97 picomolar against HBL-

100 cell line and in the low nanomolar range against HeLa and WiDr cell lines (6.5 nM 

and 5.4 nM, respectively). It appears that the iodine atom at position 5 of the oxindole 

core can be responsible for this high antiproliferative effect, since replacing it with other 

halogen, bromine, in compound I.5faaa, also led to considerable biological activity but 

with a different pattern. While I.5gaaa showed higher activity against HBL-100 cell line, 

I.5faaa displayed the weaker activity against this cell line (although still reaching a good 
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result of 0.19 μM), exhibiting better results against the other three cell lines, at the low 

nanomolar range (6.3 nM, 9.4 nM and 14 nM against HeLa, T-47D, and WiDr cell lines, 

respectively).  

On the other end of the biological activity evaluation, compound I.5agda exhibited 

no relevant antiproliferative activity against the five cell lines tested (>100 μM). Two other 

compounds, I.5ahda and I.5aida, also exhibited no activity against the two breast cancer 

cell lines tested, and very week antiproliferative activity against the other three cell lines 

evaluated (>68 μM). Other compound with weak antiproliferative activity is I.5aada, 

displaying antiproliferative activity in the ranges of 51-91 μM. These four compounds 

share structural similarities, and the presence of the trifluoromethyl group, provided by 

the use of trifluoroacetic acid as the carboxylic acid component of the U4CR, might be a 

good indicator for this poor antiproliferative activity. The compound bearing this structural 

motif displaying higher potential is I.5badb, which possesses antiproliferative activity 

against the six tested cell lines in the range 4.8-16.0 μM.  

This allows to introduce a new level in the structure-activity relationship of the 

synthesized library. Direct comparison between I.5badb and I.5aada, which both 

possess the trifluoroacetic and n-butyl groups introduced in the U4CR, present a 

considerable different antiproliferative activity, with both compounds being most active 

against WiDr cell line, but the first exhibiting a higher activity by more than 10-fold. This 

difference can be induced by two structural features a) the methyl group at position 1 of 

the oxindole core, present in I.5aada but absent in I.5badb and/or: b) the presence of 

the cyclohexyl group versus the tert-butyl group. Other pairs of compounds that can be 

included in this comparison are I.5aafa and I.5bafb, with antiproliferative activities 

ranging between 20.0-33.0 μM and 2.5-10.0 μM, respectively, and I.5abaa and I.5bbab 

(2.1-4.6 μM and 0.13-1.60 μM, respectively). The antiproliferative activity of these 

compounds indicate that the methyl group at position 1 of the oxindole core, as well as 

tert-butyl group (versus cyclohexyl group) introduced by the isocyanide component of 

the U4CR tend to lead to less active compounds. Direct comparison between the pairs 

I.5aaaa and I.5baaa, I.5aaab and I.5baab, I.5aaba and I.5baba, help to consolidate the 

observation of N-unprotected oxindole derivatives display more potent antiproliferative 

activity than their N-methyl counterparts. Indeed, in a broader perspective, when N-

unsubstituted isatins were used in the U4CR, more active compounds were achieved. 

Checking with more detail the effect of the isocyanide component in the 

antiproliferative activity of the U4CR adducts, three pairs of compounds can be selected 

to establish this direct comparison, I.5baab and I.5baaa, 5bdab and I.5bdaa, and 

I.5babb and I.5baba. With few exceptions, the derivative bearing the cyclohexyl exhibits 

higher antiproliferative in the six tested cell lines than its counterpart bearing the tert-
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butyl moiety. The tert-octyl group present in compound I.5aaac seems to lead to more 

active compounds, in direct comparison with derivatives I.5aaaa and I.5aaab. On the 

other hand, the introduction of the benzyl group in the isocyanide component (I.5baad) 

of the U4CR leads to compounds slightly less active (when compared to I.5baaa and 

I.5baab), except for HBL-100 and WiDr cell lines, although we need to take into account 

that the compounds are highly active and for these three derivatives, antiproliferative 

activity under 1 μM was observed for these two cell lines. 

Considering the evaluated substituents in the aromatic ring of the oxindole core, 

and besides the already mentioned two most active compounds bearing the iodine 

(I.5gaaa) and bromine (I.5faaa) atom at position five, it is noticeable that compound 

I.5iaaa displays antiproliferative activity in the nanomolar range for five of the six cell 

lines screened, ranging between 23-170 nM. These results indicate the potential of the 

application of the 5,7-dimethylisatin in the U4CR to attain drug candidates with good 

antiproliferative profile. The nitro group at position 5 displayed by compound I.5haaa 

tends to lead to compounds with slightly more activity that the unsubstituted oxindole 

counterpart (I.5baaa), whereas compound I.5jaaa, bearing the trifluoromethyl group at 

position 7 of the oxindole core, appears to be less active than all the other N-

unsubstituted oxindole counterparts. 

Analyzing the impact of the amine component used in the U4CR, when linear alkyl 

amines are used, no significant change is observed, although smaller chain introduced 

by ethylamine (I.5bcab) appearing to exhibit less activity than the longer n-butyl chain 

(I.5baab). Ramified alkyl chains (I.5bdab) seem to slightly decrease the antiproliferative 

activity, similarly to what occurs when heteroaromatic groups are introduced (I.5bhab 

and I.5biab). Comparing the n-butyl group (I.5baaa) with benzyl or phenyl groups 

(I.5beaa and I.5bfaa, respectively), it is noticeable that when benzylamine was used in 

the U4CR, similarly or slightly less active compounds were achieved, whereas when 

aniline was used, slightly more potent compounds were found. However, taking into 

account the already described synthetic constrains of using aniline in the reported U4CR, 

more effective synthetic pathways might be required in the future, to further explore this 

potential.  

To assess the effect of the carboxylic acid component of the U4CR in the 

antiproliferative activity of the reaction products, a comparison between compounds 

I.5baab, I.5babb, I.5bacb, I.5badb, and I.5bafb is established. The three 

monohaloacetic acids tested led to the generation of bioactive compounds, but while 

chloroacetic acid and bromoacetic acid formed products with similar bioactivities 

(I.5baab exhibits GI50 in the range 0.13-1.40 μM, and I.5babb in the range 29.0 nM-2.20 

μM), fluoroacetic acid led to less antiproliferative effect (I.5bacb, 4.40 μM against A549 
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and HeLa cell lines, and >27 μM against the remaining four cell lines screened). When 

using trifluoroacetic acid and p-chlorobenzoic acid for the U4CR, the products (I.5badb 

and I.5bafb, respectively) presented good antiproliferative activity, but were less potent 

than the compounds bearing the chloromethyl and bromomethyl groups. Trichloroacetic 

acid afforded compound I.5baeb which is significantly less active than its counterpart 

I.5baab. 

Figure 2.9 shows some of the most interesting findings for the synthesized library 

of Ugi adducts of isatin in what concerns the structure-antiproliferative activity 

relationship, as well as the bioavailability radars for some of the most active compounds. 

These results have been published in the Asian Journal of Organic Chemistry (Appendix 

9).28 

 

Figure 2.9. Structure-activity relationship for the synthesized library obtained via U4CR 

and bioavailability radar of the most active compounds. 

 

The remarkable antiproliferative activity exhibited by the vast majority of the newly 

described oxindole derivatives, and even the structure-activity relationship discussed, 

needs to be considered carefully. First, we performed a phenotypic assay, which does 

not provide information in what concerns the type and number of targets the compound 

is interacting with. It also does not provide information about possible mechanism of 

action, cell death type, etc., and therefore, and due to the wide structural diversity, we 

need to keep in mind that different compounds might be interacting with different targets, 

which are expressed at different rates by the different cell lines evaluated. Further studies 

are required to have a more reliable knowledge of the potential of these new U4CR 

adducts as anticancer drug candidates, including their selectivity towards tumor cell lines 

I.5faaa I.5gaaa I.5iaaa I.5babb 
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versus healthy cells. The chloroacetamide moiety, present in several compounds 

displaying higher activity, are electrophiles known for interacting selectively with cysteine 

residues of proteins, due to its strongly nucleophilic thiol side chain.29 While on one hand 

the presence of the chloroacetamide moiety can lead to lack of selectivity towards 

different cysteine containing proteins, the tridimensional structure of the compounds can 

determine selectivity towards selective targets, as the cysteine residue is not abundant 

in the proteome and therefore covalent chemical modifications can be oriented to a single 

cysteine residue at a predetermined site.30 For these reasons, chloroacetamide-bearing 

compounds continue to be explored over recent years as potential molecular probes and 

covalent drug candidates.31-34  

But considering the widespread presence of halogens in the library, and I, Br, and 

Cl in particular, might be of great value for further development of these molecules as 

drug candidates due to the ability for these three halogen atoms to engage in halogen 

bonding with therapeutic targets.35-37 And while organofluorine compounds are widely 

known for their potential in drug discovery programs38 (hence the importance for us to 

also explore fluorine-bearing compounds) the impact of the other halogens should not 

be overlooked. Not only the percentage of drugs lunched in the market bearing an 

halogen atom is as high as 25%, it is also remarkable that heavier halogens tend to be 

resilient through the drug discovery and development pipeline, with the ratio X/F (with 

X=Cl, Br or I) increasing from 0.9 at preclinical stages to 1.7 in launched drugs. Among 

the halogens, chlorine takes over fluoride only after Phase III clinical trials as the most 

popular halogen.39 The inclusion of halogen atoms during hit or lead optimization used 

to be highly focused on potential steric effects, changing the ability for small molecules 

to interact with certain binding pockets of the target. However, the ability to generate 

intermolecular halogen bonds in the ligand-target interaction, made the inclusion of 

halogens in drug discovery libraries more rational and intentional, since these 

interactions can often improve binding affinity and even influence binding selectivity.37, 

40, 41 

This knowledge will therefore be needed to take in consideration, when further 

exploring the potential mechanism of action underlying the antiproliferative activity of 

several compounds in Library I.  

  

2.2.6. The Passerini Adducts – Druglikeness and Biological Activity 

 

As discussed in section 2.2.2 of this Chapter, four Passerini adducts (I.7a- d) were 

successfully isolated while screening carboxylic acids for the U4CR. These compounds 
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were also evaluated in what concerns their antiproliferative activity, as shown in Table 

2.4. 

Table 2.4. GI50 obtained for the Passerini adducts isolated. 

 

The best result was observed for compound 7a against A549 cell line, with the 

remaining compounds exhibiting moderate to no antiproliferative activity against the cell 

lines screened. These compounds are significantly less potent than most of the 

compounds prepared via U4CR. Isatin has been previously engaged in the Passerini 

reaction,42 although no bioactivity has been reported in literature to date about these 

derivatives. For this reason, a SwissADME® evaluation was performed for these four 

derivatives, in order to evaluate their druglike potential. The four compounds were 

compliant with the five druglikeness filters evaluated and do not exhibit PAINS alerts. 

Figure 2.10 shows the BOILED-Egg model for these four Passerini derivatives, as well 

as the bioavailability radar for compound I.7a, which displays excellent physico-chemical 

properties for a drug candidate.  

Figure 2.10. BOILED-Egg model of Passerini adducts I.7a-d and bioavailability radar 

of compound I.7a. 

 

As shown in Figure 2.10, derivatives I.7a and I.7b are predictably capable of 

crossing the BBB, whereas the other two are not. Nevertheless, the four compounds are 

placed within the yellow and white areas, being good drug candidates for oral 

 GI50 (μM) 

 A549 HBL-100 HeLa T-47D WiDr 

I.7a 6.80±0.53  14.0±2.1 19.0±4.8 28.0±4.3 30.0±4.0 

I.7b >100 >100 88.0±21.0 98.0±3.7 90.0±16.0 

I.7c 23.0±0.36 30.0±0.98 27.0±4.2 35.0±2.0 47.0±1.3 

I.7d 33.0±9.0 70.0±27.0 30.0±5.4 39.0±11.0 39.0±10.0 
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administration. This might indicate that Passerini adducts of isatin might constitute a 

relevant focus for further studies in drug discovery. 

 

2.3. Conclusions 

 

In this Chapter, the first example of an isatin-based U4CR has been developed 

and reported. The main conclusions that can be drawn from the findings herein 

presented (Figure 2.11) are: 

- The synthesis of a library of new oxindole derivatives was successfully achieved, 

using InCl3 as an efficient catalyst and methanol at room temperature. 

- The synthetic methodology proved to be suitable for a wide diversity of substrate 

scope for the four components taking part in this complex chemical transformation. It 

was observed that for the isatin component, a wide range of N-unsubstituted, N-

substituted and aryl substituted isatins could be employed in the U4CR successfully. 

Several primary amines were also suitable for the chemical transformation, including 

linear and ramified aliphatic amines, (hetero)aromatic amines and even aniline, despite 

poor yields were observed in this last example. Primary amines carrying the morpholine 

unit failed to achieve an U4CR adduct. The same was observed for isocyanides bearing 

this moiety, nevertheless, other commercially available isocyanides afforded the desired 

compounds. The carboxylic acid component scope proved to be more limited for the 

explored chemical transformation, with the outcome being dependent on the pKa – 

carboxylic acids with low pKa afforded the desired U4CR adducts, whereas higher values 

of pKa led to Passerini adducts. Intermediate pKa values led to the isolation of both 

products, showcasing a limitation of this synthetic procedure. 

- Computational studies indicate the relevance of the imine intermediate formation 

to achieve a successful U4CR using isatin as starting material. The mechanism of imine 

formation is stepwise involving a zwitterionic adduct and carbinolamine as intermediates. 

The rate limiting step of this process is the transformation of carbinolamine into imine via 

the hydrogen transfer which is facilitated by direct participation of the solvent (MeOH) 

molecules playing the role of a proton shuttle. 

- The synthetic process herein reported allowed the preparation of structurally 

diverse new oxindole derivatives, bearing three amide groups, which possess relevant 

antiproliferative activity against six tumor cell lines (two breast cancer cell lines - HBL-

100 and T-47D; one lung cancer cell line - A549; one colon cancer cell line – WiDr; one 

brain cancer cell line – SH-SY5Y; and one cervical cancer cell line – HeLa).  
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- The new library also exhibits overall good druglike properties and predictably 

favorable physico-chemical properties, which makes these compounds good candidates 

for further studies. 

 

Figure 2.11. Summary of the main results of this Chapter. 
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3.1. Introduction 

 

An important approach used in medicinal chemistry is molecular hybridization, 

which consists in combining two or more drugs, or pharmacophores present in bioactive 

scaffolds into one single chemical framework, which displays improved therapeutic 

efficacy and activity. Several advantages can emerge from this approach. The new 

molecular architecture can i) interact with different binding pockets of the therapeutic 

target, or even interact with different targets (multitarget) increasing the efficacy and 

activity of the drug; ii) improve the safety profile of the drug candidate, by decreasing the 

side-effects; iii) improve therapeutic compliance, by reducing the number of medicines 

taken by patients; iv) generate molecules with improved pharmacokinetic and 

pharmacodynamic profiles (Figure 3.1). This approach is, therefore, a cornerstone of 

polypharmacology and multitarget drug discovery.1-6 

Figure 3.1. Examples of advantages of the application of molecular hybridization in 

drug discovery. 

 

Several new drug candidates successfully emerged from this approach. Their 

application has been reported for the potential treatment of several complex pathologies, 

such as cancer, infectious diseases, and CNS diseases, including Alzheimer’s disease.7-

14 

Alzheimer’s disease is a very complex and multifactorial pathology with a heavy 

socio-economic burden associated. Being the most common cause of dementia (60-80% 

of cases), combined with ageing populations and improvement in the life expectancy, it 

is desirable, and expected, that a great deal of effort is being placed to treat this disease. 

Although it presents a multifactorial pathophysiology, and despite the efforts made by 

several research groups, the therapeutic options are still limited.15-17 Since multiple 

processes can be targeted, Alzheimer’s disease is a pivotal candidate for 

polypharmacology approach and hybrid drug candidates.  
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Among the hybrid drug candidates reported in the literature, most examples 

incorporate in their structure the scaffolds of known cholinesterase inhibitors, including 

tacrine. Tacrine plays an interesting role in the treatment of Alzheimer’s disease, since it 

was the first central acting cholinesterase inhibitor approved by the FDA for the treatment 

of this pathology. This molecule possesses the ability to inhibit both acetylcholinesterase 

(AChE) and butyrylcholinesterase (BuChE) and hence its therapeutic desirability. 

However, it also binds to several other targets, including CNS muscarinic receptors, brain 

histamine-N-methyltransferase, and it also inhibits the uptake of several 

neurotransmitters (noradrenaline, dopamine, and serotonine), monoamine oxidase 

activity, as well as it blocks neuronal potassium and sodium ion channels. Besides the 

possible side effects driven by all these “off-target” effects, tacrine was discontinued from 

clinical practice due to the hepatotoxicity observed at therapeutic doses.18-21 Despite 

these possible drawbacks attributed to the tacrine scaffold, recent efforts have been 

made in order to include it in hybrids for the treatment of Alzheimer’s disease. Other 

common approaches are molecular hybridization involving one of the currently approved 

drugs for the treatment of Alzheimer’s disease, donepezil, galantamine (both AChE 

inhibitors), and rivastigmine (AChE and BuChE inhibitor).22-25  

Over the past 15 years, dozens of drug candidates for the treatment of Alzheimer’s 

disease which successfully passed phase II clinical trials, failed phase III and did not 

reach the market. Several of them attempted to target different components of the 

pathophysiological process of this disease, such as amyloid-β (Aβ) aggregation, and β-

secretase inhibition.26 However, and despite cholinesterase inhibition is not capable to 

change the progression of the disease, it can ameliorate symptoms and remains a good 

therapeutic strategy. The adverse effects displayed with the current therapeutic options 

(including gastrointestinal and cardiovascular effects) however, create the need of novel 

drug candidates for this field. Moreover, increasing evidence show that BuChE levels are 

increased in patients with severe Alzheimer’s disease, while depletion of the AChE levels 

occurs with disease progression, creating the chance to develop new agents targeting 

selectively BuChE activity.27-30  

The need to look to different scaffolds which can inhibit these relevant targets, or 

even operate as multi-target agents is, therefore, of major importance. In our group, 

oxindole derivatives possessing valuable ChE inhibition activity, in particular targeting 

BuChE, have been reported in recent years (Figure 3.2).31-33 Other oxindole derivatives 

have been reported in the literature with such activity, including some obtained using 

MCRs (Figure 3.2).34, 35 On the other hand, recent accounts reporting lactam-derivatives, 

including β-lactam antibiotics, as agents for the treatment of Alzheimer’s disease, open 

new opportunities for drug development (Figure 3.2).36-43 It is also well established that 
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lactams, in particular β- and γ-lactams, display a wide diversity of biological activities and 

are present in multiple approved drugs and drug candidates.44-47 

 

Figure 3.2. Examples of oxindole and lactam derivatives with ChE inhibition activity as 

the base for the rationale of oxindole-lactam hybrids. 

 

For the synthesis of oxindole-lactam hybrids with potential cholinesterase inhibition 

activity, the use of the Ugi reaction would be of major importance. The U4c3CR in 

particular, has showed over the past two decades as a valuable tool for the synthesis of 

the lactam ring. This can be accomplished by using bifunctional components, such as β-

amino acids or β-keto acids for β-lactams,48-53 or, as described more recently, γ-amino 

acids and levulinic acid for γ-lactams.54-56 Other ketoacids have also been described for 

the synthesis of γ- and δ-lactams.57 Post-Ugi transformation can also afford lactam 

rings.58, 59 

 

3.2. U4c3CR for the Synthesis of Oxindole-Lactam Hybrids 

 

Concerning the generation of oxindole-lactam hybrids via U4c3CR a recent 

example reported by Silvani and co-workers, published while the research work herein 

described was being developed, was used as starting point. In their work, the obtained 

library was screened against four bacterial strains, with poor results (the best compound 
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displayed weak antibacterial activity against Streptococcus mutans, generating a slight 

inhibition zone at 0.81 mM). Moreover, the synthesized library was highly focused on the 

application of N-substituted isatins as starting materials.  

Using the optimized reaction conditions reported for the one-step, one-pot 

U4c3CR,52 we expanded the reaction scope for the chemical diversity of oxindole-lactam 

hybrids, especially using N-unsubstituted isatins as starting material and, at the same 

time, attempt to increase the size of the lactam ring. 

The overall synthetic approach to attain the different oxindole-lactam hybrids is 

depicted in Scheme 3.1, as well as the proposed mechanism. 

Scheme 3.1. Synthetic approach for the U4c3CR to attain oxindole-lactam hybrids. 

 

The commonly accepted mechanism comprises the condensation of the amino 

acid with the carbonyl group of isatin, affording the corresponding imine, which can be 

protonated by the acidic hydrogen. This intermediate further reacts with the isocyanide 

Mechanistic insights 
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to generate the corresponding seven-membered ring intermediate, which undergoes 

Mumm rearrangement to afford the final lactam.  

The components used as starting material are depicted in Figure 3.3. 

Figure 3.3. Isatin, isocyanide and amino acid components scope for the U4c3CR. 

 

All the isatins evaluated were suitable to undergo the U4c3CR, while in what 

concerns the isocyanide scope, 2-morpholinoethyl isocyanide (II.2e) did not enable the 

formation of the desired product. Four different amino acids were also screened, with 3-

aminopropanoic acid (or β-alanine II.3a) and 4-aminobutanoic acid (or γ-aminobutyric 

acid II.3b) affording the corresponding β- and γ-lactam rings, respectively. However, 

while attempting to generate larger lactam rings by employing 5-aminopentanoic acid (or 

5-aminovaleric acid II.3c) and 6-aminohexanoic acid (or ε-aminocaproic acid II.3d) in the 

U4c3CR, the corresponding δ- and ε-lactam derivatives were not observed. Although the 

solvent used in this approach, TFE is known as an acidic and protic solvent,60 when using 

isatin (as it is less reactive than aldehydes in the Ugi reaction), the acidity is crucial to 

promote the reaction, and whereas in the previous Chapter, the presence of a Lewis acid 

and highly acidic carboxylic acids promoted the U4CR, in the approach herein reported, 

that acidity of the reaction media was not possible to modulate. Attempts to generate the 

larger lactams in the presence of InCl3 and ZnCl2 were performed, but the same outcome 

was observed. Changing the solvent to methanol also did not afford the desired outcome. 

These findings might indicate that increasing the size of the amino acid derivative 

prevents the intramolecular cyclization, with the proton transfer being promoted only 

when smaller amino acids are used due to the proximity of the atoms during the reaction.  

The generated library and respective isolated yields are depicted in Figure 3.4. 
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Figure 3.4. Library of oxindole-β-lactam and oxindole-γ-lactam hybrids. 

 

Comparing both libraries, it is noteworthy that the overall yields attained for the 

oxindole-β-lactam hybrids are higher than the ones achieved for oxindole-γ-lactam 

hybrids. We can hypothesize, once again, that the proximity of the carboxylic acid moiety 

to the imine in the first synthetic intermediate, or even the stability/reactivity of the seven-
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membered oxazepinone synthetic intermediate, might lead to the better yields of the 

oxindole-β-lactam hybrids, lowering the yields for their oxindole-γ-lactam hybrids 

counterparts. Analyzing the influence of the different components in the reaction 

outcome, we can verify that the yield is mostly influenced by the substituents at the 

aromatic ring of isatin, while N-substituted isatins allow similar yields, comparatively to 

the ones obtained using N-unsubstituted isatin. The influence of the substituents in the 

aromatic ring might be due to electronic effects or, most likely, solubility issues of the 

reagent in the reaction media. The different alkyl isocyanides tested did not lead to 

significant differences in the yields, although aliphatic isocyanides tend to display higher 

ones. A total of 17 oxindole-β-lactam hybrids (13 of them never described in the literature 

before), and 14 new oxindole-γ-lactam hybrids were successfully prepared using this 

approach. 

 

3.3. Druglikeness Evaluation 

 

With the library of oxindole-lactams in hand, it is important to access their potential 

as drug candidates, including their druglikeness. Three important descriptors are the 

number of hydrogen bond acceptors and receptors, as well as the number of rotatable 

bonds. Figure 3.5 shows the results for all the synthesized compounds which, 

gratifyingly, fell within the specifications established by three of the key druglikeness 

filters which take these parameters into account (Lipinski, Muegge and Veber filters). 

Figure 3.5. Calculated hydrogen bond acceptors, hydrogen bond donors, and rotatable 

bonds for the synthesized library of oxindole-lactam hybrids. 

 

A series of other relevant parameters are presented in Table 3.1 for the 

synthesized library. MW, taken in consideration in the Lipinski, Ghose and Muegge filter, 

Oxindole-lactam hybrids 

# H bond acceptors and donors & # Rotatable bonds 
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ranges between 301.34-447.57 Da for the oxindole-lactam hybrids herein described, and 

therefore are in accordance with the limits established by the filters. 

 

Table 3.1. In silico calculation of several physical-chemical properties of the 

synthesized oxindole-lactam hybrids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Calculated in accordance to ref.61 

b) SwissADME provides 5 LogP values and ClogP is an average of these calculations. 

c) Calculated in accordance to ref. 62 

 

The lipophilicity of these compounds (evaluated as CLogP) is also in agreement 

with the limits established by the filters which take this parameter into consideration 

(Lipinski, Ghose, Egan, and Muegge filters). The same positive outcome is observed for 

Compounds MW (Da) MR TPSA (Å2)a) CLogPb) LogSc) 

II.4aaa 301.34 88.01 78.51 1.17 -2.22 

II.4baa 315.37 92.91 69.72 1.36 -2.22 

II.4caa 339.39 100.69 69.72 1.67 -2.34 

II.4daa 377.44 113.15 69.72 2.58 -3.84 

II.4eaa 391.46 117.40 69.72 2.58 -3.78 

II.4faa 380.24 95.71 78.51 1.76 -2.93 

II.4gaa 427.24 100.73 78.51 1.79 -2.89 

II.4haa 346.34 96.83 124.33 0.46 -3.00 

II.4iaa 329.39 97.94 78.51 1.82 -2.97 

II.4jaa 369.34 93.01 78.51 2.32 -3.13 

II.4aba 327.38 95.47 78.51 1.59 -2.50 

II.4aca 357.45 106.98 78.51 2.43 -3.99 

II.4ada 335.36 98.04 78.51 1.57 -2.75 

II.4eca 447.57 136.37 69.72 3.73 -5.55 

II.4cda 373.40 110.72 69.72 2.03 -2.87 

II.4bba 341.40 100.37 69.72 1.72 -2.51 

II.4bca 371.47 111.88 69.72 2.54 -4.00 

II.5aab 315.37 92.82 78.51 1.33 -2.59 

II.5bab 329.39 97.72 69.72 1.59 -2.59 

II.5dab 391.46 117.96 69.72 2.78 -4.21 

II.5eab 405.49 122.21 69.72 2.73 -4.14 

II.5fab 394.26 100.52 78.51 1.87 -3.31 

II.5gab 441.26 105.53 78.51 1.92 -3.26 

II.5hab 360.36 101.64 124.33 0.59 -3.37 

II.5iab 343.42 102.75 78.51 1.96 -3.34 

II.5jab 383.36 97.82 78.51 2.35 -3.50 

II.5abb 341.40 100.28 78.51 1.67 -2.87 

II.5acb 371.47 111.79 78.51 2.44 -4.36 

II.5adb 349.38 102.85 78.51 1.69 -3.12 

II.5bcb 385.50 116.69 69.72 2.73 -4.37 

II.5cdb 387.43 115.52 69.72 2.15 -3.24 
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MR and TPSA values calculated. The water solubility of the synthesized compounds, 

evaluated as LogS, ranges between -5.55 and -2.22, meaning the compounds can be 

classified as moderately soluble (-6≤LogS≤-4) or soluble (-4≤LogS≤-2). A correlation 

between the CLogP and the MW is depicted in Figure 3.6, showing the dispersion 

achieved with this structurally diverse library. 

Figure 3.6. Relation between MW and CLogP of the synthesized hybrids (red = 

oxindole-β-lactam hybrids; blue = oxindole-γ -lactam hybrids). 

Figure 3.7. BOILED-Egg model for the oxindole-lactam hybrids obtained via U4c3CR. 

 

The BOILED-Egg model,63 depicted in Figure 3.7, achieved using SwissADME®, 

is a quick way to predict new compounds ability to cross the gastrointestinal barrier 

through passive diffusion (white area), making them suitable candidates for oral 
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administration, as well as their capability to cross the BBB (yellow/yolk area), making 

them more likely to reach targets in the CNS. The fact that all the oxindole-lactam hybrids 

are placed within the area delineated by this model, indicates that all the compounds 

exhibit good predictive gastrointestinal absorption, making them suitable candidates for 

oral administration. However, BBB permeation via passive diffusion is expected only for 

some of the N-substituted oxindole derivatives, including N-phenyl (II.4daa, II.5dab), N-

benzyl-ozindole (II.4eaa, II.4eca, 4eab), and N-methyl oxindole derivatives bearing very 

hydrophobic amide side-chains, such as II.4bca and II.5bcb. Nevertheless, the close 

proximity of the vast majority of the remaining derivatives to the yellow region might 

indicate that small structural modification of these compounds can lead to a higher BBB 

permeation. 

The detection of possible PAINS, also performed by this web-based tool, did not 

detect any alert for the oxindole-lactam hybrids library, and the compliance with the five 

filters evaluated was also complete. All these results make evident the potential of the 

synthesized compounds as potential new drug candidates, and therefore their bioactivity 

evaluation could proceed for the entire library. 

 

3.4. Biological Activity Evaluation 

 

3.4.1. Cholinesterase Inhibition 

  

Since these compounds were designed to be suitable cholinesterase inhibitors 

bearing two relevant heterocyclic cores, the oxindole and the lactam units, the evaluation 

of their biological activity started using model cholinesterase, namely AChE 

(Electrophorus electricus) and BuChE (equine serum). These results were obtained by 

Professor Óscar López, at the University of Seville, and are summarized in Table 3.2. In 

what concerns AChE inhibition, only one compound, II.5hab, exhibited moderate 

inhibition (IC50= 45 μM), with the remaining compounds being inactive. More promising 

results were achieved against BuChE.  

The tested compounds can be categorized in three different groups according to 

their potency towards BuChE: inactive (IC50 > 100 µM), moderate inhibitors (18 µM < 

IC50 < 94 µM), or strong inhibitors (IC50 < 10 µM). The latter group of compounds 

(II.4eca, II.5dab, II.5acb) are the most promising ones, all of them behaving as mixed 

inhibitors, meaning they can bind both the free enzyme and the E‒I complex. 

Furthermore, compound II.4eca was slightly more potent than galantamine (IC50= 3.9 
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µM), one the current cholinesterase inhibitors in clinical use against Alzheimer’s disease, 

and used herein as a positive control (Table 3.2). 

 

Table 3.2. ChE inhibition results (IC50 and Ki for the most promising compounds). 

a[S] = 112 µM. 

bA set of 5-6 different inhibitor concentrations was used, and the data were obtained in duplicate 

and expressed as the mean ± SD. 

 

Inhibition of cholinesterases (IC50, µM)a.b 

Compound 

AChE 

(Electrophorus 

electricus) 

BuChE 

(equine serum) 
Ki (µM) 

II.4aaa 

>100 

>100 

- 

II.4baa 

II.4caa 

II.4daa 22±1 

II.4eaa 51±2 

II.4faa >100 

II.4gaa 80±1 

II.4haa >100 

II.4iaa 57±5 

II.4jaa 
>100 

II.4aba 

II.4aca 42±5 

II.4ada >100 

II.4eca 1.8±0.2 

Kia = 1.8±0.1  

Kib = 4.8±0.6  

(Mixed inhibition) 

II.4cda 

>100 

- 

II.4bba 

II.4bca 

II.5aab 54±7 

II.5bab >100 

II.5dab 6.2±0.3 

Kia = 6.1±1.1  

Kib = 18±6  

(Mixed inhibition) 

II.5eab 32±3 

- 

II.5fab >100 

II.5gab 68±13 

II.5hab 45±5 94±3 

II.5iab 

>100 

>100 
II.5jab 

II.5abb 44±2 

II.5acb 8.4±0.1 

Kia = 7.4±1.8  

Kib = 15±1  

(Mixed inhibition) 

II.5adb 71±3 

- II.5bcb 18±1 

II.5cdb >100 

Galantamine 2.7±0.2 3.9±0.3 - 
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The results displayed in Table 3.2 show a considerable selectivity of several 

compounds, towards BuChE, in particular compounds II.4eca, II.5dab and II.5acb. This 

is a very remarkable finding, as the quest for new selective BuChE inhibitors is becoming 

a popular field in drug discovery, with several efforts being undertaken in recent years 

aiming this target.64-66  

No selective inhibitor of BuChE is currently available in the market, and from the 

drugs available as therapeutic options for Alzheimer’s, only rivastigmine and, at a smaller 

extension, galantamine, work as dual inhibitor (AChE and BuChE). Furthermore, it is 

becoming clear that BuChE plays a major role in the pathophysiology of Alzheimer’s 

disease, and in other CNS diseases. Moreover, BuChE is present in high concentrations 

in severe/late stages of the Alzheimer’s disease, while AChE is depleted at this stage, 

and therefore its inhibition is more effective in the early stages of the disease, which 

sometimes are more difficult to diagnose. Hence the interest to discover these new drug 

candidates, as they can open the doors for new therapeutic options.67-71 

Taking a closer look to the structures of the synthesized library and respective 

exhibited ChE inhibition activity, a pattern can be detected. The γ-lactam derivative is 

always more active than the β-lactam counterpart, which is either less active, or inactive 

(e. g., II.5dab versus II.4daa, II.5acb versus II.4aca, II.5eab versus II.4eaa, etc.). 

Furthermore, oxindoles bearing substituents in the aromatic ring exhibit weak to no 

activity, and that alkyl isocyanides, in particular t-octyl isocyanide, tend to achieve more 

active compounds, while benzyl isocyanide leads to weak inhibitors or inactive 

compounds. The substitution at position 1 of the oxindole core is also crucial for the 

bioactivity shown by these derivatives. Propargyl and methyl derivatives leads to inactive 

compounds (except in the case of II.5bcb, which possesses good BuChE inhibition 

activity probably due to the combination of t-octyl and γ-lactam ring), whereas N-phenyl 

or N-benzyl oxindoles tend to exhibit promising activity (Figure 3.8). Integrating these 

results with the BOILED-Egg model prediction, we verify that out of the three most active 

compounds, the two most active (II.4eca and II.5dab) predictably possess activity to 

cross the BBB, which is of great importance for the treatment of Alzheimer’s disease.  

 

3.4.2. Monoamine Oxidase Inhibition 

 

In a quest to identify further potential of these new compounds, we decided to 

perform a preliminary screening on their ability to interact with monoamine oxidase 

(MAO) A and MAO B. These tests were performed by Professor Holger Stark, at the 

Heinrich-Heine-Universitaet Duesseldorf. 
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MAO inhibitors emerged in therapeutics for the treatment of depression. However, 

their side-effect profile is not ideal, and they exhibit a lot of interaction with food and with 

other drugs, and therefore currently it remains a therapeutic option for patients who are 

refractory to other available medicines. Nevertheless, these compounds are gaining 

ground in what concerns neurodegenerative diseases, and some examples (selegiline 

and rasagiline, Figure 3.9) are currently used to treat Parkinson’s disease.72-75 These 

drugs, as well as several molecules found in literature as possessing good MAO 

inhibition activity (Figure 3.9), exhibit in their structure the propargyl side-chain.76-79 

II.4eca II.5dab 

Figure 3.8. Structure-activity relationship of the oxindole-lactam hybrids as selective 

BuChE inhibitors, and bioavailability radars of the two most promising compounds. 

Figure 3.9. Structures of known MAO inhibitors. 
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Recently, sembragiline (Figure 3.9), reported as a selective MAO-B inhibitor, 

underwent Phase II clinical trials for the treatment of moderate Alzheimer’s disease. 

However, despite showing a good safety profile, the drug failed to meet the desired 

efficacy, and therefore its development was halted at this stage for this pathology.80, 81 

Interestingly, this compound possesses a lactam ring in its structure, but no propargyl 

unit. 

With this information in mind, we selected compounds which we expected would 

possess higher chances to interact with MAO: II.4caa, II.4cda, and II.5cbd. Table 3.3 

shows the results obtained for these compounds bearing the propargyl unit. 

Unfortunately, no relevant MAO inhibition was observed. The best result was achieved 

by compound II.5cdb, which inhibited 13.2% of MAO A activity, at 1 μM. This compound 

exhibits the lowest potential to inhibit MAO B activity (6.1%), comparing to the other two, 

but only by a bit over 1%. After these results, we decided to not pursuit further studies of 

these targets for the remaining oxindole-lactam hybrids, at this stage. 

 

Table 3.3. MAO A and MAO B preliminary screening for compounds II.4caa, II.4cda 

and II.5cdb. (n=4) 

 

The results herein discussed have been published in ACS Medicinal Chemistry 

Letters (see Appendix 10).82 

 

3.4.3. Antibacterial Activity 

 

Due to the well-established use of lactams as antibiotics, in particular β-lactams, 

and with the growing concerns on antibiotic resistance, side-effects and lack of 

therapeutic options, associated with a stagnant antibiotic discovery pipeline,83-85 we 

decided to perform a preliminary evaluation of some of the synthesized compounds on 

their antibacterial potential. These studies were performed in the Faculty of Pharmacy at 

the University of Coimbra, under the supervision of Professor Gabriela Jorge da Silva. 

 MAO A MAO B 

Compounds 
% remaining 

activity 
% inhibition 

% remaining 

activity 
% inhibition 

No inhibitor 100.0±0.8 0.0±0.8 100.0±2.9 0.0±2.9 

Clorgyline -0.4±0.9 100.4±0.9 71.8±14.0 28.2±14.0 

Safinamide 101.6±3.3 -1.6±3.3 3.0±0.4 97.0±0.4 

II.4caa 94.1±7.1 5.9±7.1 92.6±1.5  7.4±1.5 

II.4cda 91.1±0.7 8.9±0.7 92.4±4.7 7.6±4.7 

II.5cdb 86.8±3.8 13.2±3.8 93.9±7.0 6.1±7.0 
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The selected compounds to be evaluated were oxindole-lactam hybrids II.4aaa, 

II.4baa, II.4faa, II.4gaa, II.4haa, and II.5aab. Gram-positive bacteria (Enterococcus 

faecalis and Staphylococcus aureus) and Gram-negative bacteria (Acinetobacter 

baumanii, Escherichia coli, and Pseudomonas aeruginosa) were selected for this 

evaluation, using disc diffusion method (with bacterial dispersions of 1.5x108 CFU/mL, 

corresponding to 0.5 at the MacFarland scale) to verify the antibacterial potential of the 

selected hybrids (using a concentration of 20 μg/μL). After incubation at 37 ºC for 24 

hours, the compounds shown no inhibition against the tested bacteria, presenting same 

result as the control (DMSO), while known antibiotics (ciprofloxacin and ampicillin), 

inhibited the growth of the bacteria, as expected, validating these assays.  

 

3.5. Conclusions 

 

In this Chapter, the application of a recently reported isatin-based U4c3CR for the 

synthesis of oxindole-lactam hybrids with potential to be applied in the treatment of 

Alzheimer’s disease has been reported. Several conclusions emerge from the findings 

herein reported (Figure 3.10), such as: 

- The synthesis of several oxindole-lactam hybrids was achieved, and the 

methodology was successfully applied to a broad scope of starting materials, including 

N-unsubstituted isatins, which were poorly explored in previous reports. 

- The synthetic methodology proved to be suitable for the synthesis of not only β-

lactam ring, but also γ-lactam ring, generating the first reported library of oxindole-γ-

Figure 3.10. Summary of the main results for Chapter 3. 
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lactam hybrids. Larger lactam rings could not be synthesized under the explored reaction 

conditions, and therefore it remains a challenge for the future. 

- Herein, we describe the first relevant bioactivity results for this family of 

compounds, with potential to be applied as selective BuChE inhibitors. 

- The druglike properties of the designed compounds, especially compounds 

II.4eca and II.5dab, which predictably possess good BBB permeation, makes them great 

candidates for further development. 
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4.1. Introduction 

 

Tryptanthrin (indolo[2,1-b]quinazoline-6,12-dione)  is a tetracyclic alkaloid with 

remarkable scientific relevance. As contextualized in Chapter 1, this yellow compound 

already presents almost two centuries of history, enriching the knowledge on several 

subjects, from natural product chemistry, synthetic organic chemistry, and medicinal 

chemistry. The interest over this molecule is driven by its myriad of applications and its 

widespread presence in different sources. Having been isolated from different natural 

sources, including several different plants and fungi, it has been identified as an 

important component in several natural products used in folklore medicine. With natural 

products often being a great source of inspiration for drug discovery, the study of 

tryptanthrin and its derivatives became an important task for several research groups. 

The diversity of reactivity key-points that can be introduced in the aromatic rings of the 

quinazoline and/or indole cores, as well as the chemical transformations which can be 

undertaken in the carbonyl groups, makes tryptanthrin a great starting point for the 

discovery of new drug candidates.1-3  

In this work, tryptanthrin emerged out of serendipity, a valuable, yet polarizing topic 

in nowadays scientific context. Nevertheless, serendipity has been playing a major role 

in changing the face of Science, including in the field of drug discovery, e.g., through the 

discovery of penicillin in 1928, which enabled the antibiotic revolution and therefore 

changed the landscape of infectious disease therapeutics, a topic which is in the spotlight 

with the emergence of multi-resistant microorganisms and new pathogenic agents.4, 5  

Serendipity is much more than sheer luck, and serendipity in Science is almost a 

form of “art”. It requires the ability to keep an open mind and critical assessment over 

observation, and identifying valuable outputs out of unexpected results.6  

During the first semester of the PhD studies reported in this thesis, a small research 

project was undertaken for the curricular unit “Introduction to Interdisciplinary Research”. 

Originally, the project aimed the synthesis and photophysical characterization of cis-

N,N’-alkylindigo derivatives, obtained through a methodology adapted from one example 

reported in the literature, as discussed later in this Chapter (see section 4.2). However, 

it was observed the formation of an unexpected yellow compound while attempting to 

synthesize the aforementioned cis-N,N’-alkylindigo derivatives, which was identified as 

tryptanthrin. Out of this discovery, it was decided to further expand the scope of this work 

navigating around the potential of tryptanthrin, which is a molecule so closely related to 

isatin. 

This Chapter will address two main achievements: a) a new synthetic route to 

prepare tryptanthrin and; b) the first example of tryptanthrin-based Petasis MCR. 
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4.2. A New Route for the Synthesis of Tryptanthrin from Indigo and Isatin 

 

As mentioned in the introduction of this Chapter, the starting point was a 

methodology reported in the literature,7 for the synthesis of alkylindigos by promoting the 

reaction between indigo and a diiodoalkane in the presence of a base in 

dimethylformamide (DMF). In order to improve the sustainability of the process and 

reduce reaction times, we decided to use microwave irradiation to promote the reaction 

(50 ºC, 15 min). Different diiodoalkanes were evaluated. In our first attempt, using 

diiodomethane (Table 4.1, entry 1), trace amounts of N-iodomethylindigo were isolated, 

as well as a yellow compound. Predicting that the cis-N,N’-alkylindigo derivative could 

not be obtained due to the size of the diiodoalkane, we decided to use 1,3-diiodopropane 

in our next attempt (Table 4.1, entry 2), under the same conditions. A complex mixture 

was obtained, including the same yellow compound. When we switched the diiodoalkane 

for 1,2-diiodoethane (Table 4.1, entry 3), we observed that the yellow compound was 

the major product. This product was isolated and identified as tryptanthrin, when 

compared with nuclear magnetic resonance (NMR) data reported in the literature.8 A 

gas-chromatography-mass spectrometry (GC-MS) analysis of the reaction medium after 

15 min of microwave irradiation showed the presence of tryptanthrin, unreacted indigo, 

and two very important compounds for the understanding of the mechanism of this 

reaction, isatin and isatoic anhydride (Figure 4.1).  

As this product was unexpected, we decided to further explore this reaction. 

Conducting the reaction under conventional heating (50 ºC, 15 min), tryptanthrin was 

obtained in very low yield (5%). With this information, we decided to further optimize the 

reaction under microwave irradiation, exploring different conditions and the influence of 

different parameters. 

To verify the influence of the diiodoalkane, the reaction was performed in the 

absence of an iodine source (Table 4.1, entry 4). Under these experimental conditions, 

only indigo was observed after 15 min, showing the crucial role played by the iodine 

source for the reactivity. 

 Knowing that the reaction would involve oxidation of indigo to isatin, followed by 

its oxidative cyclization, based on the GC-MS identification of isatin and isatoic anhydride 

as synthetic intermediates, we hypothesized that atmospheric oxygen would be the 

oxidant of this reaction. To verify this premise, we performed the reaction under a 

nitrogen saturated atmosphere (Table 4.1, entry 5), which showed formation of 

tryptanthrin at similar levels as the ones observed under an atmosphere of air, thus 

showing that oxygen is not the oxidant in these conditions. 
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Table 4.1. Microwave-assisted tryptanthrin synthesis using indigoa) as starting material. 

 

Entry NaH Iodine sourcea) Solvent % Tryptanthrinb) 

1 2 equiv CH2I2 DMF (2 mL) 9 
2 2 equiv C3H6I2 DMF (2 mL) 2 
3 2 equiv C2H4I2 DMF (2 mL) 23 (22c) 
4 2 equiv - DMF (2 mL) 0 
5 2 equiv C2H4I2 DMF (2 mL) 24 
6 2 equiv C2H4I2 Cyrene (1.8 mL) + DMF (0.2 mL) Trace 
7 2 equiv C2H4I2 2-MeTHF (2 mL) 2 
8 2 equiv C2H4I2 2-MeTHF (2 mL) + DMF (58 μL) 7 
9 4 equiv C2H4I2 ThioDMF (2 mL) 0 

10 - C2H4I2 DMF (2 mL) 0 
11 4 equiv C2H4I2 DMF (2 mL) 83 
12 2 equiv I2 DMF (2 mL) 69 (64c) 

a) All reactions were performed using 100 mg (1 equiv) of indigo and 2 equiv. of iodine source. 

b) Yields determines by GC-MS. 

c) Isolated yields. 

 

As DMF is not considered the most environmentally friendly option, we decided to 

evaluate its role as oxygen source using greener options as solvents. Cyrene 

(dihydrolevoglucosenone), usually described as a good alternative to DMF, and 2-

methyltetrahydrofuran (2-MeTHF) were chosen. Due to the well-known decomposition 

of Cyrene under basic conditions,9 we performed the reaction using stoichiometric 

amount of NaH, in the presence of 200 μL of DMF, followed by the addition of 1,2-

diiodoethane in 1.8 mL of Cyrene (Table 4.1, entry 6), obtaining only trace amounts of 

tryptanthrin under these conditions. Replacing the solvent by 2-MeTHF, a small amount 

of tryptanthrin was detected (Table 4.1, entry 7), as well as traces of isatin and 

considerable quantity of 1,2-diiodoethane. With the addition of two equivalents (58 μL) 

of DMF (Table 4.1, entry 8), an increased amount of isatin and tryptanthrin were 

observed, pointing to the involvement of DMF in the indigo oxidation to isatin and 

consecutive oxidative cyclization. To verify this hypothesis, a solvent with similar 

properties and structure – dimethylthioformamide – was selected to perform the reaction 

under the optimized conditions (Table 4.1, entry 9). Under these conditions, no 

tryptanthrin was detected, only unreacted indigo, indicating that the reaction does not 

occur. This attempt allowed us to infer that dissolved oxygen, water traces or hydroxyl 

anions eventually present in the solvent are not responsible for the oxidative process. 
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When a mixture of DMF and dimethylthioformamide (1:1) was used as solvent, 

tryptanthrin was detected showing, once again, the importance of DMF as oxygen source 

under the conditions described.  

To evaluate the impact of NaH on the mechanism, two reactions were performed 

using DMF as solvent, one without the presence of NaH (Table 4.1, entry 10), and other 

with doubled equivalents (Table 4.1, entry 11). Under these reaction conditions, for the 

first case only unreacted indigo was detected in the GC-MS profile, while a dramatic 

Figure 4.1. GC-MS chromatograms of the products obtained for the synthesis of 

tryptanthrin from indigo and isatin, and the mass spectra of the four relevant 

compounds (A = isatin; B = isatoic anhydride; C = tryptanthrin; D = indigo).  
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increase in the tryptanthrin formation was verified in the second case, showcasing the 

relevance of NaH to the success of the reaction. This yield increase might be due to 

several contributions: (i) the involvement of NaH in the decomposition of the dihaloalkane 

and production of reactive oxidant species; (ii) the need to have deprotonated indigo to 

promote the reaction; (iii) to the existence of a secondary reaction that might take place 

between NaH and DMF, as described in the literature, in which DMF can be decomposed 

to a dimethylamine salt, which can be alkylated in the presence of the dihaloalkane;10, 11 

(iv) it might be involved in an acid-base reaction with isatin increasing its nucleophilicity; 

and (v) the use of excess hydride might promote this reaction that facilitates the formation 

of tryptanthrin.  

Since we observed the formation of a gas immediately after the addition of the 1,2-

diiodoethane, we conducted a headspace GC-MS analysis in the closed microwave 

reactor. The result showed the presence of ethylene, indicating the decomposition of 1,2-

diiodoethane under basic conditions. This leads to the formation of iodine or iodide 

radicals. Iodine is a universal oxidizing agent and a mild and non-toxic Lewis base 

catalyst, vastly used in the synthesis of heterocyclic compounds.12-15 For these reasons, 

we presumed it to be the oxidant in our reaction. 

To further explore this hypothesis, we conducted the same reaction using 

molecular iodine (Table 4.1, entry 12). A considerable amount of tryptanthrin was 

detected under this reaction conditions, as well as isatin and isatoic anhydride, indicating 

once again their character as reaction intermediates/side-products. This information 

allowed us to infer that the presence of iodine (molecular iodine or organic iodide), 

combined with DMF and NaH, were determinant for the formation of tryptanthrin from 

indigo.  

Since isatin and isatoic anhydride have been detected in many of the explored 

reaction conditions, we decided to verify if the reactant trio played a crucial role only in 

the oxidation of indigo to isatin/isatoic anhydride, or if it was also pivotal for the second 

step of the oxidative cyclization. To achieve this goal, we performed a series of reactions, 

but using isatin as starting material, instead of indigo (Table 4.2). The first test consisted 

of the reaction between isatin, NaH and 1,2-diiodoethane in 2 mL of DMF (Table 4.2, 

entry 1 and Figure 4.1). Tryptanthrin was formed in considerable yield, as expected, 

while this compound was not formed in the absence of iodine (Table 4.2, entry 2). This 

shows the crucial role played by iodine to not only generate isatin from indigo, but also 

to promote the oxidative cyclization to afford tryptanthrin. When switching to catalytic 

amounts of iodine (0.2 equivalents), the reaction did not occur after 15 minutes (Table 

4.2, entry 3). By using molecular iodine in excess (2 equivalents), tryptanthrin could be 

detected in moderate yields (Table 4.2, entry 4). The removal of NaH (Table 4.2, entry 
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5) or replacement of DMF by 2-MeTHF (Table 4.2, entry 6) failed to afford tryptanthrin 

after 15 minutes reaction time under microwave irradiation.  

 

Table 4.2. Microwave-assisted tryptanthrin synthesis using isatina) as starting material. 

 

Entry NaH Iodine sourcea) Solvent % Tryptanthrinb) 

1 1 equiv C2H4I2 (2 equiv) DMF  56 
2 1 equiv - DMF  0 
3 1.5 equiv I2 (0.2 equiv) DMF 0 
4 4 equiv I2 (2 equiv) DMF  39 
5 - C2H4I2 (2 equiv) DMF 0 
6 1 equiv C2H4I2 (2 equiv) 2-MeTHF 0 

a) All reactions were performed using 100 mg (1 equiv) of isatin. 

b) Yields determined by GC-MS. 

 

After gathering all this information and taking in consideration previous reports 

found in the literature on the tryptanthrin synthesis and the DMF capability to act as 

oxygen source, we proposed a mechanism for the indigo transformation to isatin and 

isatoic anhydride (Scheme 4.1). The addition of iodine to indigo double bond (I) followed 

by the addition of DMF as proposed by Sudalai and co-workers, should lead to the 

formation of intermediate II.16 The iodine atom could be further substituted by DMF, 

generating intermediate III, as proposed by Liu et al..17 At the next stage, addition-

elimination processes with hydride acting as the nucleophile,18 should form isatin 

precursors IV-VII. After the formation of isatin, this molecule could be oxidized to isatoic 

anhydride via DMF addition, intramolecular cyclization (analogous to the one reported 

for the oxidation with peroxide by Wu and co-workers19) and hydride addition-elimination 

(VIII-X). The condensation of the two detected synthetic intermediates (isatin and isatoic 

anhydride) would generate the target compound tryptanthrin through a well-established 

mechanism, via the condensation of these two molecules via intermediate XI.3, 20-22 

The developed methodology was further attested in the synthesis of bromine 

derivatives, in a collaborative work. Using two relevant dyes – 6,6’-dibromoindigo (Tyrian 

Purple) and 5,5’,7,7’-tetrabromoindigo (Tina Blue), the corresponding di- and tetra-

bromotryptanthrin derivatives were isolated in 36 and 18% yield, respectively. The lower 

yields are likely to be due to the lower solubility exhibited by these dyes in DMF, when 

compared to indigo.  
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The results herein discussed have been published in the Journal Dyes and 

Pigments (Appendix 11) (Scheme 4.2 a).23 Noteworthy, almost simultaneously, two 

other papers were published, concerning the I2 promoted synthesis of tryptanthrin and 

its derivatives, by two different research groups. Mongin and co-workers reported a room 

temperature procedure where tryptanthrin and substituted versions were obtained from 

isatin, in the presence of equimolar amounts of molecular iodine and an excess of KOH, 

in DMF (a total of 8 examples, 15-80% yield; in some examples, the procedure required 

Scheme 4.1. Proposed mechanism for the indigo transformation to isatin and 

further oxidation to isatoic anhydride. 
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a reaction time of 4-8 days at room temperature and increase in temperature to 100 ºC 

for 3 or 19 hours) (Scheme 4.2 b). In this example, no exhaustive optimization of the 

reaction conditions was reported.24 Phakhodee and co-workers reported the synthesis 

of tryptanthrin and 5 derivatives (40-84% yield), in the presence of molecular iodine, 

triphenylphosphine (Ph3P) and triethylamine in dichloromethane (Scheme 4.2 c).25 

These contemporary approaches, despite sharing the iodine promoted synthesis of 

tryptanthrin with our approach, present several differences. The main findings and 

advantages of this newly developed approach are i) different iodine sources (molecular 

iodine and organic iodine) can promote tryptanthrin synthesis; ii) considerable reaction 

time reduction (15 minutes versus hours or days); iii) the use of the sustainability inherent 

to microwave irradiation (as evidenced in the E-factor calculation) ; iv) the other 

approaches are limited to the use of isatin as starting material, whereas the procedure 

herein reported withstands indigo and isatin as starting materials and; v) it is one of the 

a) Brandão et al. 

b) Mongin and co-workers 

c) Phakhodee and co-workers 

Scheme 4.2. Contemporary iodine-promoted approaches for the synthesis of 

tryptanthrin (the yields and reaction conditions depicted are relative to the best 

reaction conditions). 
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rare examples found in literature concerning the use of DMF as a “building block 

activating agent”, playing a dual role – oxygen source and solvent.  

Taking into account the three synthetic methodologies described in Scheme 4.2, 

a comparison regarding sustainability was performed, using green metrics in order to 

evaluate the eco-friendliness of these processes. Atom economy, E-factor and 

EcoScale, discussed in Chapter 1, were the metrics selected for this evaluation.26-30  

Considering the terminology used in Scheme 4.2, the following labels were 

attributed for the different approaches: a-is for the approach reported in our work, using 

isatin as starting material; a-in for the one we reported using indigo as starting material; 

b for the protocol established by Mongin and co-workers and; c for Phakhodee and co-

workers methodology. The green metrics results are depicted in Figure 4.2. Considering 

the E-factor, where the lower the value the greener the process, the ratio between the 

mass of waste and the mass of product is evaluated (please note that the isolation was 

not considered for the calculation, since we did not possess all the required data). The 

best result was achieved in our approach, using indigo as starting material (a-in), with a 

great impact on this value being achieved by using microwave irradiation and by the 

improvement on the reaction yield. We can assume that fine-tuning of the reaction 

condition using isatin as starting material (a-is), could lead to yield improvement and 

consequent reduction on the E-factor value achieved. As regards atom economy, which 

only takes into account the molar mass of the reactants and the stoichiometry of the 

reaction, and therefore the higher the value the better, the best result was achieved by 

method b. However, it is necessary to keep in mind that for our methodology, DMF is 

taken into account in the calculation as a reactant, while its use in method b is not 

considered. For the EcoScale, the value achieved by a-is was not calculated, since the 

lower yield displayed in this not optimized approach would have a negative impact in the 

evaluation. For this metric system, isolation was taken into account, as quantities are not 

required for the assessment. Once again, method b proved to be slightly better than the 

remaining protocols. The higher yield obtained using our method was not enough to 

compensate characteristics of the selected base, with KOH being considered less 

dangerous than NaH used in our protocol. Nevertheless, the overall evaluation shows 

that our process, especially the one using indigo as starting material, possesses greater 

or comparable eco-friendliness to the ones described by the other research groups. 

Unfortunately, direct comparison with other methods using indigo as starting material to 

prepare tryptanthrin was not possible, as the original references do not provide the 

information required to thoroughly perform such an evaluation.  

This work opened the door to a series of other relevant studies on the properties 

and applications of tryptanthrin, from the synthetic and medicinal chemistry point-of-view, 
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as will be discussed in the next sections of this Chapter, but also in the studies of 

photophysical properties and potential application of tryptanthrin for energy storage 

(work developed in the Photochemistry Group@UC).31, 32  

 

4.3. What’s Next? Engaging Tryptanthrin in MCRs 

 

The developments achieved in the synthesis of tryptanthrin open the way for the 

sustainable synthesis of a new family of potentially bioactive compounds through MCRs. 

Considering the notorious knowledge already published in the literature about this 

molecule in what concerns its potential pharmacological applications, as already 

explored in the introduction of this thesis, surprisingly, tryptanthrin-based MCRs remain 

relatively unexplored. At the moment, only three examples were found. The first, reported 

by Beyrati and Hasaninejad, consists in the 3-MCR between tryptanthrin, C-H activated 

carbonyl compounds and malononitrile (Scheme 4.3 a). This solvent-free protocol, 

catalyzed by ammonium acetate, allowed the synthesis of a library of 20 spiro-

tryptanthrin derivatives in very good to excellent yields (83-96%).33 More recently, 

another example was published on a 3-MCR involving tryptanthrin, developed by Yavari 

and Askarian-Amiri. The tetracycle intercepts the Huisgen zwitterionic intermediate 

generated in situ from N-heterocycles and acetylenic esters (Scheme 4.3 b). A new 

family of spiro-tryptanthrin derivatives (10 examples) were obtained in very good yields 
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Figure 4.2. Green metrics evaluation of contemporary approaches using iodine-

promoted synthesis of tryptanthrin. 
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(70-85%) under catalyst-free conditions.34 A third example, reported by Filatov and co-

workers, consisted in the three component reaction between tryptanthrin, cyclopropenes 

and α-amino acids or simple peptides (glycine-based di- and tripeptides). The reaction 

occurs via 1,3-dipolar cycloaddition of the in situ formed azomethine ylide to 

cyclopropenes, leading to the formation of spiro analogs (25 examples) in moderate to 

very good yields (Scheme 4.3 c).35 

4.3.1. Tryptanthrin and the Ugi Reaction 

 

Taking into consideration the landscape of the state-of-the-art of tryptanthrin-based 

MCRs, we decided there was a great opportunity to further explore the potential of this 

molecule. With the expertise described in the previous Chapters, our first intention was 

to engage tryptanthrin in the Ugi reaction. It was assumed that the carbonyl group at 

b) Yavari and Askarian-Amiri 

a) Beyrati and Hasaninejad 

c) Filatov and co-workers 

Scheme 4.3. Reported examples of tryptanthrin-based MCRs. 
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position 6 of the tryptanthrin core would react in a similar fashion to the one observed 

with the carbonyl group at position 3 of the isatin core (as discussed in Chapters 2 and 

3). To achieve this goal, we started by using the best reaction conditions described in 

Chapter 2, promoting the reaction between tryptanthrin, n-butylamine, chloroacetic acid 

and tert-butyl isocyanide, in the presence of InCl3, using methanol as solvent. No reaction 

occurred at room temperature or even when the temperature was increased to 65 ºC 

(Scheme 4.4 a).  

Intrigued by this result, we decided to further explore this approach. Phaitanthrins 

are a class of natural products which can be easily obtained from tryptanthrin, via aldol 

reaction at position 6 of the tryptanthrin core. The phaitanthrins and their synthetic 

derivatives have been shown to be bioactive.3, 36-38  We decided to investigate the 

synthesis of phaitanthrin A and another phaitanthrin derivative, in order to achieve acyclic 

carbonyl groups (ketones), which could further be used as the Ugi reaction carbonyl 

component. The synthetic approach has been widely described in the literature, and 

consists in the aldol reaction between tryptanthrin and a ketone in the presence of a 

base.39-41 We selected two ketones (acetone and 4’-fluoroacetophenone), which are 

liquids at room temperature, so they could play a dual role as solvent and reagent, and 

potassium carbonate as the base. The resulting phaitanthrins were obtained in very high 

to quantitative yields. However, on attempting the Ugi reaction under the conditions 

mentioned previously, we only observed a retro-aldol reaction forming tryptanthrin in a 

quantitative yield (Scheme 4.4 b).  

To avoid the retro-aldol reaction, we performed some assays to attempt to protect 

the alcohol group with benzyl bromide. We looked at the optimizing the base/solvent 

system, and studied the following combinations: K2CO3/acetone, NaH/N-

methylmorpholine, NaH/N-methyl-2-pyrrolidine, NaH/THF, K2CO3/THF, KOH/THF, 

NEt3/THF:acetone (Scheme 4.4 c), as well as a tandem reaction, where we attempted 

to generate phaitanthrin A in situ from tryptanthrin, while promoting the consecutive 

benzyl protection of the alcohol group. None of these experiments gave the desired O-

protected derivative, with tryptanthrin being obtained in the first approach, whilst in the 

tandem reaction, phaitanthrin A was formed but the reaction did not proceed any further.  

Knowing that the Ugi reaction mechanism starts with the formation of the imine 

intermediate, and as the reaction proceeds when isatin is used as starting material, we 

decided to verify if the imine was formed with tryptanthrin, phaitanthrin A or phaitanthrin 

derivative. In order to do this study, the reaction was carried out with n-butylamine in 

methanol, in the presence and absence of the catalyst, InCl3. No imine derivative was 

observed, and both phaitanthrins were observed to revert back to tryptanthrin. As a 
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consequence, we decided to perform some computational studies, in order to understand 

the underlying mechanism for the formation of the imine intermediate.  

DFT calculation studies, already showcased in Chapter 2 for the isatin-based 

U4CR, were performed for the tryptanthrin and phaitanthrin-based imine-formation step. 

For isatin, it was found that the rate-limiting step of the imine formation is the conversion 

of a carbinolamine intermediate into imine via the second H-transfer involving transition 

a) Tryptanthrin-based Ugi reaction 

b) Phaitanthrin-based Ugi reaction 

c) OH-protection 

Scheme 4.4. Attempted approaches at performing the Ugi reaction on tryptanthrin 

and phaitanthrins. 
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state TS3 (Gs
 = 27.5 kcal/mol). Therefore, analyzing the reactivity of tryptanthrin and 

phaitanthrin, we focused our attention at this reaction step. For these two reactants, the 

carbinolamine intermediates INT2tr and INT2ph and transition states TS3tr and TS3ph 

corresponding to the formation of the imines were calculated (Scheme 4.5). 

The calculated activation barrier of imine formation for tryptanthrin is 28.6 kcal/mol 

(in terms of Gibbs free energy) that is by 1.1 kcal/mol higher than for the isatin. Note that 

this energy difference corresponds to the ratio of the reaction rates ca. 6.4 allowing the 

interpretation of the different behavior of isatin and tryptanthrin in the Ugi reaction. 

The calculated activation barrier of the imine formation for phaitanthrin A is much 

lower (Gs
 = 17.9 kcal/mol). However, due to the presence of the OH group in 

phaitanthrin, addition of a base (amine) to the reaction mixture should promote the retro-

aldol reaction leading to conversion of this reagent into tryptanthrin before the formation 

of imine species. We can also hypothesize, in the case of phaitanthrin A, that the 

presence of a intramolecular hydrogen bond between the hydroxy group and the keto 

group in the side chain can hinder the imine formation reaction. 

 

Scheme 4.5. Optimized structures of INT2tr, TS3tr, INT2ph and TS3ph. 
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4.3.2. Engaging Tryptanthrin in the Petasis MCR 

 

4.3.2.1. Library III Synthesis 

 

Since the attempts made to perform the Ugi reaction at the C6 position of the 

tryptanthrin scaffold failed, due to differences of reactivity when compared to the C3 

position of isatin, it was decided to evaluate alternatives to perform MCRs in the 

tryptanthrin unit. Aryl bromide derivatives emerged as a suitable candidate, in particular 

for the Petasis reaction, a versatile MCR never reported for tryptanthrin, which enables 

the formation of a C-C and a C-N bonds in a single step,42-44 and which was recently 

applied for the synthesis of new 3,3-disubstituted oxindole derivatives.45  

To achieve such a goal, a three-step pathway was established, consisting of i) 

synthesis of brominated tryptanthrins; ii) borylation of the synthesized tryptanthrins and; 

iii) Petasis MCR. For the synthesis of four different brominated tryptanthrins, we selected 

the classic condensation between isatins and isatoic anhydrides in the presence of a 

base (K2CO3), since we aimed to afford mono-brominated tryptanthrin derivatives 

(monobromo-indigo is not commercially available). The reaction proceeds smoothly, 

overnight at room temperature, and the desired brominated tryptanthrins are isolated in 

good to excellent yields (74-95%), which could be used in the next synthetic step without 

tedious work-up or purification procedures. In the next step, the brominated tryptanthrins 

were borylated using bis(neopentyl glycolato)diboron (B2NPG2), in the presence of 

PdCl2(dppf) (dppf = [1,1'‑bis(diphenylphosphino)ferrocene]) and potassium acetate, in 

toluene at 90 ºC, overnight.46 The four borylated tryptanthrin derivatives were obtained 

in very good to excellent yields (80%-quantitative) and could be used in the Petasis MCR 

without tedious work-up, relevant for the overall sustainability of the synthetic process. 

The borylation reaction is selective for the aromatic position substituted with bromine, 

with no borylation occurring at the fluorine position. The two described synthetic steps 

are depicted in Scheme 4.6. 

The Petasis reaction was fully optimized by studying different solvents, catalysts 

and temperatures. For the model reaction, borylated tryptanthrin III.2a, morpholine 

(III.3a) and salicylaldehyde (III.4a) were selected, and several reaction conditions were 

evaluated for optimization (Table 4.3). Different non-polar, polar aprotic and polar protic 

solvents were evaluated, namely those typically employed in the Petasis reaction, 

including benzotrifluoride,47 considered a green alternative for dichloromethane. 

Although acetonitrile and 1,2-dichloroethane led to slightly higher yields than chloroform, 

we chose the latter, as it allowed a more straightforward work-up, lower operating 
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temperature, and the components exhibited superior solubilities, even at room 

temperature. With the solvent selected, we attempted to improve the reactivity by 

screening different metal-based catalysts and organocatalysts. Our first attempt 

consisted in the use of CuBr/bpy (bpy = 4,4'-bipyridine) (Table 4.3, entry 8), based on a 

methodology described in the literature, which failed to afford the desired product.48 Next, 

different Lewis acids were also screened in the Petasis reaction, including Fe(OTf)2, 

Yb(OTf)3 and InCl3 (Table 4.3, entries 9-11), but no improvement in the reaction yield 

was observed.49 Moreover, N,N’-diphenylthiourea (DTPU) only allowed a modest 

improvement in the yield (Table 4.3, entry 12). The best result was achieved using 

another organocatalyst, (±)-BINOL (Table 4.3, entry 13), affording a yield of 66% for 

compound III.5aaa.  

With the best reaction conditions in hand, we moved on to study the reaction scope 

(Figure 4.3). The reactions between the four previously described borylated tryptantrins 

(III.2a-III.2d), different secondary amines (cyclic, aliphatic and disubstituted amines 

III.3a-III.3k) and aldehydes (III.4a-III.4l) were evaluated. We verified that the four 

borylated tryptanthrins were successfully converted into the corresponding Petasis 

products. Furthermore, we also verified that the multicomponent BINOL-catalyzed 

reaction is successful when ortho-hydroxybenzaldehydes are used, while it does not 

proceed with other aldehydes (III.4j-III.4l), which is in agreement with literature 

precedence.45 In the case of the amines, cyclic secondary amines (exception for III.3b), 

as well as N-substituted benzylamine III.3e could be successfully used, whereas 

aromatic amines (III.3f and III.3g) and aliphatic amines (III.3h-III.3k) failed to achieve the 

desired products.  

 

 

Scheme 4.6. Tryptanthrin synthesis from isatin and consecutive borylation. 
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Table 4.3. Optimization of the Petasis reaction conditions. 

Entrya) Catalyst Solvent Temperature (ºC) Time (h) Yield (%)b 

1 - CHCl3 70 24 24 
2 - Toluene 90 15 14 
3 - BFT 110 24 <10 
4 - CH2Cl2 50 24 0 
5 - MeOH 90 24 10 
6 - CH3CN 90 24 36 
7 - DCE 90 24 38 
8 CuBr/bpy DMF 70 36 0 
9 Fe(OTf)2 CHCl3 70 24 22 

10 Yb(OTf)3 CHCl3 70 24 23 
11 InCl3 CHCl3 70 24 22 
12 DPTU CHCl3 70 24 31 
13 BINOL CHCl3 70 24 66 

a) Reaction conditions: III.2a (0.3 mmol), III.3a (1.1 mmol), III.4a (0.9 mmol), catalyst (20 mol%), 

MS 4Å (200 mg) and solvent (3 mL) were added to a Radley’s® 12 position carousel reactor tube 

under nitrogen atmosphere and stirred at the indicated temperature for a certain time. 

b) Isolated yield. 

BTF=benzotrifluoride. DPTU=N,N’-diphenylthiourea. BINOL=(±)-1,1’-Bi-2-naphthalene-2,2’-diol. 

 

 

Figure 4.3. Reagent scope for the Petasis multicomponent reaction. 
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A library of new tryptanthrin derivatives was obtained using the BINOL-catalyzed 

Petasis MCR (Scheme 4.7). Despite the high variability observed in the yields (11-80%), 

we verified that this chemical transformation is suitable to occur in both the A and the D 

rings of the tryptanthrin core. In most cases, higher yields were observed when the 

reaction occurred at position 2 of the tryptanthrin core, as opposed to those reactions at 

position 8. The only exceptions occurred when aldehydes III.4c and III.4d were used. 

The yields observed when fluorinated tryptanthrins were used were also significantly 

 

Scheme 4.7. Library of tryptanthrin derivatives obtained via a Petasis MCR. 
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lower on maintaining the same amine/aldehyde components, which might be an 

indication of some form of deactivating effect.  

 

4.3.2.2. Enantioselective Version of the Tryptanthrin-based Petasis 

Reaction 

 

Motivated with the results obtained for the synthesis of the library of tryptanthrin-

based Petasis adducts, we decided to take this work further and explore the potential of 

an asymmetric version. Our first efforts were focused on the catalyst which already 

afforded good results in the racemic version, BINOL.50, 51 For this assay, (R)-BINOL was 

selected, affording remarkable enantioselectivity (99% ee) (Table 4.4, entry 1). Two 

other chiral BINOL organocatalysts, namely the phosphoric acid derivative (R)-BNPPA 

(Table 4.4, entry 2) and the disulfoxide derivative (M, S, S)-p-Tol-BINASO52 (Table 4.4, 

entry 3) were evaluated, as well as two other chiral diols, diisopropyl tartrate (DT) (Table 

4.4, entry 4) and 2,3-dimethoxy-2,3-dimethyl-5,6-bis(hydroxymethyl) dioxane (Diolane) 

(Table 4.4, entry 5). The hydroxyl bearing alkaloids (+)-cinchonine (Table 4.4, entry 6) 

and (-)-quinine (Table 4.4, entry 7) were also evaluated. 

Besides the excellent results attained by (R)-BINOL, it was observed that the other 

diol organocatalysts evaluated, (+)-DT and Diolane, also allowed significant 

enantioselectivities (86% and 59% respectively), which allow us to infer that these diol 

organocatalysts are the most effective in the Petasis MCR. The remaining 

organocatalysts led to no significant enantioselectivity. Using smaller amounts of the 

secondary amine and aldehyde components (Table 4.4, entry 8) generated lower yield 

and enantioselectivity. 

The stereochemical configuration of the product was assigned as S, on the basis 

of literature precedence.45, 53, 54 We hypothesize the mechanistic pathway showed in 

Scheme 4.8, in which after rapid generation of an iminium intermediate from nucleophilic 

addition of III.3a and III.4a, this ion is attacked by the in situ generated BINOL-boronic 

ester on the Re-face of the iminium intermediate. The final product is then obtained with 

the S-configuration, while the BINOL catalyst is then presumably recovered by 

hydrolysis. 
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Table 4.4. Asymmetric Petasis 3-MCR using borylated tryptanthrin (III.2a), morpholine 

(III.3a) and salicylaldehyde (III.4a): catalyst evaluation.  

 

Entrya) Catalyst Yield (%)b ee (%)c 

1 (R)-BINOL 71 99 
2 (R)-BNPPA 41 <10 
3 (M,S,S)-p-Tol-BINASO 32 <5 
4 L-(+)-DT 40 86e 
5 Diolane 32 59e 
6 (+)-Cinchonine 42 <5 
7 (-)-Quinine 29 <5 
8d (R)-BINOL 53 75 

a) Reaction conditions: III.2a (0.3 mmol), III.3a (1.1 mmol), III.4a (0.9 mmol), catalyst (20 mol%), 

MS 4Å (200 mg) and CHCl3 (3 mL) were added to a Radley’s® 12 position carousel reactor tube 

under nitrogen atmosphere and stirred at the indicated temperature for a certain time. 

b) Isolated yield. 

c) Determined by chiral HPLC (see experimental section for further details). 

d) reaction performed with 1.2 equiv of (III.3a) and 1.2 equiv of (III.4a). 

e) The major enantiomer has (R)-configuration. 

Scheme 4.8. Proposed mechanism for the (R)-BINOL-catalyzed asymmetric reaction. 
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4.3.2.3. Druglikeness Evaluation 

 

As already observed in previous Chapters of this thesis, in the context of drug 

discovery the determination of different physico-chemical properties of drug candidates, 

as well as their pharmacokinetic profile is of paramount importance. Therefore, we 

decided to study the same properties (in silico) for our newly synthesized tryptanthrin 

derivatives. 

Among the features evaluated by the five filters selected and already described in 

Chapter 1, the number of hydrogen bond acceptors, donors and the number of rotatable 

bonds are amongst the easiest to be accessed and are summarized in Figure 4.4. As 

shown, all the compounds are within the established limits by the filters which take these 

features into account in the druglikeness evaluation. 

Figure 4.4. Calculated hydrogen bond acceptors, hydrogen bond donors, and rotatable 

bonds for the synthesized tryptanthrin derivatives. 

 

Other physico-chemical properties predicted and calculated by the selected tool 

are molecular weight (MW), calculated partition coefficient (ClogP), molar refractivity 

(MR), topological polar surface area (TPSA), and water solubility (LogS). The results for 

this library are summarized in Table 4.5.  
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Table 4.5. In silico calculation of several physical-chemical properties of the 

synthesized tryptanthrin derivatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Calculated in accordance to ref. 55. 

b) SwissADME provides 5 LogP values and ClogP is an average of these calculations. 

c) Calculated in accordance to ref. 56. 

 

Checking these results in detail and keeping in mind the ranges established by the 

filters for each one of them, several conclusions can be drawn. In what concerns the 

MW, our library spanned the range 437.49≤MW≤551.68 Da. This means six of these new 

compounds are not compliant with the Lipinski parameterization. However, it is well-

established that compounds can violate one of the Lipinski’s parameters, but still be 

compliant with the Lipinski filter and even end up as a successful drug. All the compounds 

fall within the parameterization established in the Muegge filter, whereas several are not 

compliant with the Ghose filter for this property. MR is taken into account only by the 

Ghose filter (40≤MR≤130). With our library spanning in the interval 127.22≤MR≤165.80, 

it means several of these compounds are beyond the upper limit of this filter. The TPSA 

is a parameter considered in the Veber, Egan and Muegge filters. With the library 

displaying TPSAs ranging from 75.43 Å2 to 93.89 Å2, it is concluded that the compounds 

are compliant with the three filters in what concerns this parameter. Lipophilicity is 

another relevant physico-chemical property to be evaluated for new drug candidates, as 

it will determine several aspects of their pharmacokinetic behavior, especially absorption 

Compounds MW (Da) MR TPSA (Å2)a) CLogPb) LogSc) 

III.5aaa 439.46 127.26 84.66 2.79 -4.29 

III.5aca 437.49 130.98 75.43 3.65 -5.36 

III.5ada 485.53 146.01 75.43 4.20 -6.07 

III.5aac 551.68 165.80 84.66 5.13 -7.76 

III.5aad 518.36 134.96 84.66 3.34 -5.00 

III.5aaf 483.52 138.56 93.89 3.10 -4.83 

III.5aag 469.49 133.75 93.89 2.78 -4.45 

III.5aai 495.57 146.53 84.66 3.97 -6.03 

III.5baa 439.46 127.26 84.66 2.87 -4.29 

III.5bca 437.49 130.98 75.43 3.73 -5.36 

III.5bea 473.52 139.25 75.43 4.21 -6.03 

III.5bac 551.68 165.80 84.66 5.23 -7.76 

III.5bad 518.36 134.96 84.66 3.49 -5.00 

III.5baf 483.52 138.56 93.89 3.19 -4.83 

III.5bag 469.49 133.75 93.89 2.85 -4.45 

III.5caa 457.45 127.22 84.66 3.09 -4.45 

III.5cai 513.56 146.49 84.66 4.27 -6.13 

III.5daa 457.45 127.22 84.66 3.17 -4.39 

III.5dca 455.48 130.94 75.43 4.04 -5.46 

III.5dad 536.35 134.92 84.66 3.79 -5.12 
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and distribution, as it determines the rate at which a molecule crosses the cell membrane 

and distributes across different tissues. This parameter is considered by the Lipinski, 

Ghose, Egan and Muegge filters and the library of tryptanthrin derivatives was in 

accordance with the ranges established by Ghose and Egan filters. Compounds III.5aac 

and III.5bac display values slightly above the ranges established for the Lipinski and 

Muegge filters. This finding is driven by the presence of the two tert-butyl groups, which 

significantly increases the lipophilicity of these two compounds. The correlation between 

LogP and MW is often considered as a good indicator of compounds druglikeness and 

leadlikeness. Figure 4.5 displays this correlation, as well as the upper limits imposed by 

the different filters. 

The water solubility of new drug candidates, although it is not considered in any of 

the five filters evaluated, also plays a very important role in drug discovery and 

development. The library synthesized in this work display a LogS value between -7.76 

and -4.29, being classified as poorly soluble (-10≤LogS≤-6) or moderately soluble (-

6≤LogS≤-4). 

Figure 4.5. MW and CLogP correlation of the synthesized compounds and their 

placement according to the main filters upper limits. 

 

The BOILED-Egg model for the library prepared in this work is depicted in Figure 

4.6. 
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Figure 4.6. BOILED-Egg model for the new tryptanthrin derivatives. 

 

Taking into account this model, it is interesting to verify that four of the newly 

synthesized compounds (III.5dca, III.5ada, III.5aca, and III.5bca) possess, predictably, 

the ability to cross the BBB. Detailed analysis of their structural features, we can infer 

that compounds bearing a piperidine or a 1,2,3,4-tetrahydroisoquinoline moiety 

integrated as the secondary amine component have a lower TPSA value. The remaining 

derivatives are distributed in the “egg white” area, and therefore display the potential to 

cross the gastrointestinal barrier via passive diffusion, and therefore are suitable 

candidates for oral drug administration. 

Another interesting feature evaluated by the SwissADME tool is the identification 

of possible PAINS. According to the web-based tool, all our compounds display a 

phenolic Mannich base unit, which raises the PAINS flag. Even though this can become 

a drawback for further drug development of these molecules, we also need to take into 

account that several compounds bearing this structural feature exhibit significant 

bioactivity, and therefore with hindsight their early removal from the drug discovery 

pipeline would have been a gross mistake.57 This theory can be illustrated by the 

example of the drug Lurbinectedin (commercialized as Zepzelca®). This drug was 

granted an accelerated approval by the FDA in 2020 for the treatment of metastatic small 

cell lung cancer and bears a phenolic Mannich base in its structure.58, 59 In addition, 

recent studies suggest that the removal of potential-PAINS compounds from drug 

“Egg yolk” “Egg white” 
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discovery pipeline require further data than the simple presence of these structural 

features, as their PAINS influence is highly dependent on the overall molecular 

structure.60 With this knowledge, we have to admit that more studies will be required in 

order to verify if the phenolic Mannich bases present in this new library will determine 

their fate in the drug discovery pipeline.  

 

Table 4.6. Druglikeness filters compliance for the new tryptanthrin derivatives  

 (the number in the red squares indica the number of rules breached). 

 Note: A green score stipulates a compliance with the filter, while a red score means the compounds 

does not comply with the designated filter. 

 

The overall compliance of the synthesized tryptanthrin-based Petasis adducts with 

the five filters evaluated is depicted in Table 4.6. All these new compounds are compliant 

with the Lipinski, Veber, and Egan filters. With the Muegge filter, only compounds III.5aac 

and III.5bac are not compliant, due to their high lipophilicity, displayed due to the 

presence of the two tert-butyl substituents in the salicylaldehyde component. The Ghose 

filter is, by far, the one which this library is less compliant with, with only compounds 

III.5aaa, III.5baa, III.5caa, and III.5daa achieving the “green light”. The violations of the 

Ghose filter are mostly due to the high MRs (16 compounds), followed by the high MWs 

(10 compounds) and, for compounds III.5aac and III.5bac, which display three violations 

of this filter, the number of atoms is also an issue, as they are above 70. The overall 

scores showcase a good druglikeness profile for the newly synthesized library, especially 

because for the compounds not compliant with the Ghose and Muegge filters, the values 

are just outside the upper-limits.  

All the collected data, combined with the potential displayed by tryptanthrin 

derivatives, enticed us to search for possible pharmacological applications of these new 

compounds. 
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4.3.2.4. Biological Activity Evaluation 

 

As extensively discussed in the Chapter 1 of this thesis, tryptanthrin, as well as its 

derivatives, possess a wide range of interesting biological activities. Among them, 

antibacterial and antifungal activity are among the ones most commonly reported for this 

family of compounds.61-64 With this in mind, and taking into account that the synthesized 

library is the first example of tryptanthrin-based Petasis adducts to be described, and 

none of the other examples of MCR-based tryptanthrin libraries have been screened for  

biological activity, we decided to check their antibacterial and antifungal activity. This 

decision was based on the fact that from all the bioactivities commonly described for 

tryptanthrin and its derivatives, antimicrobial is one of the most described and therefore 

we expected it to be a good starting point. This work was performed via a collaboration 

established with Professor Eugénia Pinto, from the Laboratory of Microbiology, Faculty 

of Pharmacy, University of Porto.  

The antifungal activity was evaluated against nine fungal strains: two yeasts 

(Candida albicans and Candida krusei); three filamentous fungi (Aspergillus fumigatus, 

Aspergillus niger, and Mucor spp.); four dermatophyte species (Trichophyton rubrum, 

Trichophyton mentagrophytes, Microsporum canis, and Nannizzia gypsea). The 

antibacterial activity was evaluated against a Gram-negative bacteria, Escherichia coli, 

and a Gram-positive bacteria, Staphylococcus aureus. 

The minimum inhibitory concentrations (MICs) and minimal lethal concentrations 

(MLCs) were used for defining the antimicrobial activity in agreement with the references 

of the Clinical and Laboratory Standards Institute (CLSI).65 MIC was determined as the 

lowest concentration leading to 100% growth inhibition, in comparison to the sample-free 

control, and the MLC was defined as the lowest concentration required so that no 

colonies grew after incubation.  

The library of new tryptanthrin derivatives, as well as the enantiomeric pure version 

of III.5aaa, did not display antibacterial activity against the two bacterial strains 

evaluated, at 512 μg/mL. For this reason, at this stage, we decided to halt the 

antibacterial activity evaluation for these compounds. 

The evaluation of the antifungal properties gave mixed findings. While all the 

compounds were found to be inactive against the two yeasts and the three filamentous 

fungi tested, more promising results were achieved when screening the library against 

dermatophyte fungi (Table 4.7). These findings are very important, as dermatophyte are 

responsible for many infectious clinical manifestations, especially skin infections, in 

human health and veterinary settings, being often agents of zoonotic diseases. The 
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elimination of such pathogens can also be extremely challenging, due to their resistance 

mechanisms against current therapeutic options.66, 67 

 

Table 4.7. Antifungal activity (MIC and MLC) of the tryptanthrin derivatives against 

dermatophytes fungi strains. 

 

Compound III.5bea displayed moderate activity against the four dermatophytes 

tested, being the most promising derivative from the screened library. The best results 

were obtained against T. mentagrophytes and M. canis, with MIC/MLC values of 64 

μg/mL, and T. rubrum, with MIC/MLC values of 64/128 μg/mL. This indicates that, 

against these three strains, this compound possesses fungicidal activity. This compound 

was also the most active against N. gypsea, but with weak activity (256 μg/mL MIC value 

and 512 μg/mL MLC value). Compounds III.5bac, III.5bac, and III.5bca also displayed 

weak antifungal activity against these four dermatophytes, in most cases with a 

fungistatic effect. Noteworthy is also the fact that the results achieved by the racemic 

mixture III.5aaa and (S)-III.5aaa were identical. Overall, these findings indicate that our 

compounds showed some degree of selectivity, particularly III.5bea, towards 

dermatophyte fungal infections. 

 MIC / MLC (μg/mL) 

Compounds 
Trichophyton 

mentagrophytes 
Trichophyton 

rubrum 
Microsporum 

canis 
Nannizzia 

gypsea 

III.5aaa >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5aca >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5ada >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5aac 256 / 256 256 / >512 256 / >512 512 / >512 

III.5aad >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5aaf >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5aag >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5aai >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5baa >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5bca 256 / >512 512 / >512 512 / >512 >512 / >512 

III.5bea 64 / 64 64 / 128 64 / 64 256 / >512 

III.5bac 512 / 512 256 / >512 512 / >512 >512 / >512 

III.5bad >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5baf >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5bag >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5caa >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5cai >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5daa >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5dca >512 / >512 >512 / >512 >512 / >512 >512 / >512 

III.5dad >512 / >512 >512 / >512 >512 / >512 >512 / >512 

(S)- III.5aaa >512 / >512 >512 / >512 >512 / >512 >512 / >512 
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Structurally, these findings provide important information for future drug 

development and hit-to-lead optimization. One information that stands out is that the only 

example of an acyclic secondary amine translated into the most active compound against 

dermatophyte fungal strains. Those compounds based on the aldehyde III.4c unit, 

showed activity, regardless of the structure of the tryptanthrin ring (compounds III.5aac 

and III.5bac). The presence of two tert-butyl groups also seems to be conductive of 

biological activity, as compounds bearing only one tert-butyl group (III.5aai and III.5cai) 

do not display antifungal activity. By comparing compounds III.5bca and III.5aca, we see 

that the location of the MCR-formed benzylamine moiety on the tryptanthrin ring has a 

bearing on the biological activity, since III.5bca possesses some antifungal activity, and 

III.5aca none. Also comparing compounds III.5bea and III.5ada, we can also 

hypothesize that using less rigid benzylamines as starting material (III.3e versus the rigid 

III.3d), is crucial for the antifungal activity observed. 

Integrating the knowledge obtained from the druglikeness evaluation and the 

antifungal studies, we observe that the most active compound (III.5bea) complies with 

all the five rules. Compounds III.5aac and III.5bac, despite being the least compliant 

against the druglikeness filters, can still be considered for further studies, as 

dermatophyte fungal infections usually only require local/topical treatment, and therefore 

systemic pharmacokinetic behavior/oral bioavailability is not a crucial parameter to take 

into consideration. Taking a closer look to Figures 4.5 and 4.6, we can also infer that it 

appears to exist a correlation between the LogP value displayed by these new 

tryptanthrin derivatives and their antifungal activity, with the most active compounds 

being amongst those with higher LogP values. 

The results herein discussed have been published in the New Journal of Chemistry 

(Appendix 12).68 

 

4.4. Conclusions 

 

In this Chapter, through serendipity we found a new route for the synthesis of 

tryptanthrin, as well as the integration of this valuable tetracyclic alkaloid in MCRs as can 

be seen with the Petasis reaction. Several conclusions can be drawn from this work 

(Figure 4.7):  

- A new, sustainable, microwave-assisted synthetic route for the preparation of 

tryptanthrin from indigo and isatin is herein described, based on the use of 

NaH/DMF/Iodine (as oxidant) trio. 
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- Our studies show this synthetic route as one of the rare examples found in the 

literature where DMF works as an oxygen transfer reagent (oxidant).  

- Tryptanthrin and phaitanthrin A possess remarkable differences in their reactivity 

when compared to isatin, and therefore cannot undergo the Ugi reaction using the 

conditions described in Chapter 2. Computational studies combined with experimental 

evidence indicate that the imine formation step, the starting point for any Ugi reaction 

was the limiting step. In the case of tryptanthrin, it was verified the energetic barrier to 

be higher than the one observed for isatin. In the case of phaitanthrin, it was susceptible 

to undergo retro-aldol reaction, in the presence of a base. 

- A new family of tryptanthrin derivatives obtained via Petasis MCR was 

successfully synthesized. This approach is one of the few examples reported in the 

literature of tryptanthrin-based MCR and the first using the Petasis MCR, as well as the 

first leading to non-spiro derivatives. 

- A (R)-BINOL-catalyzed enantioselective version was also developed, proving to 

be suitable for attaining a Petasis adduct of tryptanthrin in excellent ee. 

- The synthesized Petasis adducts display interesting druglike properties, making 

them suitable candidates for further drug development. 

- Some of the new tryptanthrin derivatives exhibit interesting antifungal activity 

against dermatophytes fungi strains, especially compound III.5bea. 

Figure 4.7. Highlights of Chapter 4. 
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With this work, the use of isatin as a valuable starting material for MCRs in 

sustainable drug discovery takes center stage. 

In Chapters 2 and 3, the application of one of the most versatile MCRs, the Ugi 

reaction (U4CR and U4c3CR, respectively), lead to the discovery of compounds with 

potential biological activity. In Chapter 4, the transformation of isatin to tryptanthrin, an 

alkaloid with a wide range of applications, in a fast and efficient manner, is reported, as 

well as the generation of a library of Petasis adducts of tryptanthrin with prospective 

pharmacological applications. 

The novelty of this work relies not only in the preparation of new compounds with 

potential biological activity, but also in the sustainable approaches used for the 

preparation of each library. The inherent sustainability of MCRs makes the approaches 

herein reported eco-friendly and efficient ways to obtain new druglike candidates with 

promising biological activity. The use of druglikeness filters and in silico evaluation of 

several physico-chemical properties also enable a rational approach for the design of 

new molecules. 

In Chapter 2, Library I was successfully obtained by engaging isatin in the U4CR, 

which was never reported in the literature before. The selected catalyst, InCl3, as well as 

the fact that the reactions proceed at room temperature and several products were 

isolated using chromatography-free procedures, are relevant features for the overall 

process eco-friendliness. The diversity of the substrate scope for all the components, the 

identification of process limitations (namely the carboxylic acid pKa), combined with 

computational calculations, allowed to collect further information on the potential of this 

chemical transformation. In vitro evaluation of Library I antiproliferative activity, combined 

with their druglike profile, indicate great potential for these compounds as antitumor drug 

candidates. These findings open the door to new research questions, including unveiling 

the mechanism of action of these compounds at a molecular level using target-based 

screenings, studying their selectivity towards tumor cells versus healthy cells, and even 

testing the less active compounds towards different pharmacological activities. From the 

synthetic point of view, the exploration of more reaction conditions, in order to further 

expand the substrate scope, namely by allowing the selective U4CR when using 

carboxylic acids with higher pKa values, remains a challenge. The reaction mechanism 

also requires further studies to justify the observed differences in what concerns the pKa 

of the carboxylic acid component, and the absence of the reaction in the presence of 

components bearing the morpholine core. The development of an asymmetric version 

would also be desirable, as this option remains a scientific challenge at present times 

(Figure 5.1). 
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In Chapter 3, the application of the U4c3CR enabled the fast preparation of a wide 

range of oxindole-lactam hybrids (Library II), in a molecular hybridization approach to 

obtain new potential cholinesterase inhibitors for the treatment of Alzheimer’s disease. 

Two compounds in particular display great potential as selective BuChE inhibitors, with 

optimal druglike properties, including potential to cross the BBB. Hit-to-lead optimization 

of the most promising compounds, as well as their evaluation against other relevant 

targets of Alzheimer’s disease pathophysiology would be of great interest for a 

polypharmacological approach in the future. From the synthetic point of view, the main 

challenge remaining is the ability to generate larger lactam rings using this MCR 

approach (Figure 5.1). 

The discovery of a new synthetic pathway to attain tryptanthrin from indigo and 

isatin described in Chapter 4, was the driving force for the efforts therein described. The 

new synthetic route established for this valuable alkaloid is time- and cost-efficient, with 

good sustainability scores, and constitutes one of the few literature examples of the 

application of DMF as an oxygen transfer reagent. Then, the report of one of the few 

examples of tryptanthrin-based MCR, and the first using the Petasis reaction and not 

leading to spiro derivatives, led to the synthesis of Library III with good structural 

diversity. The BINOL organocatalyzed asymmetric version of the reaction was also 

successfully attained. One of the obtained tryptanthrin derivatives exhibit promising 

fungicidal activity, selective against dermatophytes, and therefore can be a good starting 

point for further development. Future endeavors can include efforts to unveil potential 

molecular targets, further exploration of the potential biological activity of the obtained 

Figure 5.1. Examples of research opportunities created by the work reported in this 

thesis. 
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derivatives, as well as to continue efforts to engage tryptanthrin in MCRs, as this field 

remains considerably unexplored and can constitute a great opportunity to expand the 

chemical space occupied by tryptanthrin-based frameworks (Figure 5.1).  

In a nutshell, the work reported in the thesis constitute a valuable effort to 

implement sustainable approaches in drug discovery and medicinal chemistry, with 

MCRs and green catalysts taking a central role. 
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6.1. General Remarks 

 

6.1.1. Solvents and reagents 

 

All the solvents used in this work were purified and dried under an inert atmosphere 

using common laboratory techniques.1 All the reagents were purchased from Sigma-

Aldrich, Merck, Fluorochem, Acros, Fluka and Alfa Aesar, and used as received. 

 

 

6.1.2. Detection, characterization and purification of the synthesized 

compounds and other relevant equipment 

 

Thin-layer chromatography (TLC) was carried out on aluminum-backed Kieselgel 

60 F254 plates (Merck and Machery Nagel). Plates were visualized either by UV light or 

with phosphomolybdic acid in ethanol.  

Melting points (m.p.) were determined using a Melting Point Device Falc R132467 

(open capillary method). 

NMR spectra were recorded with a Bruker Avance III and a Bruker DRX-400 

spectrometer, both operating at 400.13 MHz for 1H and 100.61 MHz for 13C. The 

chemical shifts (δ) were quoted in parts per million (ppm) with respect to the solvent 

(CDCl3, 1H: δ = 7.26 ppm, 13C: δ = 77.2 ppm; [d6]DMSO, 1H: δ = 2.50 ppm, 13C: δ = 39.5 

ppm; (CD3)2CO, 1H: δ = 2.05 ppm, 13C: δ = 29.84 and 206.26 ppm), using 

tetramethylsilane (TMS) as internal standard. Coupling constants (J) are reported in Hz 

and refer to apparent peak multiplicities. Splitting patterns are reported as s, singlet; d, 

doublet; dd, doublet of doublets; t, triplet; q, quadruplet; m, multiplet; br, broad.  

High-resolution mass spectra (HRMS) were recorded on a Mass spectrometer 

MICRO-MASS Q-TOF (Waters), or on a TOF VG Autospect M spectrometer with 

electrospray ionization (ESI), or on a Orbitrap Q-exactive focus (Thermo scientific) 

coupled with a HPLC vanquish (thermo scientific) with ESI. Elemental analysis was 

carried out with an Elemental Vario MicroCube analyzer. 

Gas chromatography-mass spectrometry (GC-MS) analyses were performed on a 

Hewlett-Packard 5973 MSD spectrometer, using EI (70 eV), coupled to a Hewlett-

Packard Agilent 6890 chromatographer, equipped with a HP-5 MS column (30 m x 0.25 

mm x 0.25 μm) and high-purity helium as carrier gas. 
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Fourier transform infrared spectroscopy – attenuated total reflectance (ATR-FTIR) 

spectra were recorded in a Fourier Transform spectrometer coupled with a diamond 

Attenuated Total Reflectance ATR sampling accessory (Agilent Cary 630). 

High-performance liquid chromatographic (HPLC) analysis was carried out with a 

Hitachi Primaide instrument, equipped with a 1410 series UV detector. Daicel Chiralpak 

IA column was used as stationary phase, n-hexane/ethanol as mobile phase and 254 

nm was used as wavelength in the UV light detector.  

Microwave-assisted reactions were performed in a CEM Discover S-Class single-

mode microwave reactor, featuring continuous temperature, pressure and microwave 

power monitoring. 

 

6.2. General Procedures 

 

6.2.1. General procedure for the synthesis of 3,3-disubstituted oxindoles 

obtained via Ugi four component reaction (U4CR) (Chapter 2 – Library I) 

 

 

 

 

 

To a reaction vessel charged with isatin (200 mg, 1 equiv) and InCl3 (10 mol%), 

150 mg of MS 3Å and methanol (1 mL) were added. Next, the primary amine (1.5 equiv), 

isocyanide (1.5 equiv) and carboxylic acid (1.5 equiv) components were added, and the 

reaction was allowed to stir at room temperature for 48 h. The reaction was monitored 

by TLC. Upon completion, or when no change was detected, ethyl acetate (10 mL) was 

added, and the mixture was filtered through a pad of celite. The solvent was then 

removed under reduced pressure and the purification performed as required (direct 

precipitation/crystallization of the compound, column chromatography (CC), and/or 

preparative TLC). 

 

6.2.1.1. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-1-methyl-

2-oxoindoline-3-carboxamide (I.5aaaa): 
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Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), chloroacetic acid (I.3a), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude product was crystallized from ethanol. The corresponding I.5aaaa was 

obtained as a white solid (316.8 mg, 65% yield). m.p.= 144.1-145.0 ºC. 1H NMR (CDCl3, 

400 MHz): δ 7.48 (d, J=7.0 Hz, 1H), 7.32 (td, J=7.7, 1.1, 1H), 7.18 (br s, 1H), 7.10 (td, 

J=7.6, 0.7 Hz, 1H), 6.84 (d, J=7.8 Hz, 1H), 4.09 (dd, J=13.0 Hz, 2H), 3.69-3.3.61 (m, 

1H), 3.59-3.50 (m, 1H), 3.26 (s, 3H), 1.94-1.84 (m, 1H), 1.74-1.63 (m, 1H), 1.36-1.30 (m, 

11H), 0.95 (t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 173.8, 166.7, 161.5, 143.8, 

129.4, 126.1 (2C), 123.3, 108.4, 72.0, 52.2, 47.2, 41.7, 33.8, 28.3 (3C), 27.0, 20.1, 13.6. 

HRMS (ESI) calculated for C20H29ClN3O3 [MH]+ 394.1892, found 394.1891. ATR-FTIR 

(cm-1): 3342, 2961, 2927, 2861, 1714, 1658, 1612, 1526, 1406, 1364, 1351, 1262, 1217, 

1092, 799, 756. 

 

6.2.1.2. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-2-

oxoindoline-3-carboxamide (I.5baaa): 

 

 

 

 

 

Prepared using isatin (I.1b), n-butylamine (I.2a), chloroacetic acid (I.3a), and tert-

butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the mixture 

filtered through a pad of celite. After solvent removal under reduced pressure, the crude 

product was crystallized from ethanol/diethyl ether. The corresponding I.5baaa was 

obtained as a beige solid (341.0 mg, 66% yield). m.p.= 187.2 ºC (decomp.). 1H NMR 

(CDCl3, 400 MHz): δ 8.06 (br s, 1H), 7.44 (d, J=7.5 Hz, 1H), 7.23 (td, J=7.8, 1.2 Hz, 1H), 

7.11 (br s, 1H), 7.07 (td, J=7.6, 0.9 Hz, 1H), 6.82 (d, J=7.7 Hz), 4.12 (dd, J=12.9 Hz, 2H), 

3.72-3.64 (m, 1H), 3.60-3.52 (m, 1H), 1.95-1.90 (m, 1H), 1.73-1.69 (m, 1H), 1.37, 1.31 

(m, 11H), 0.96 (t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.2, 166.9, 161.2, 

140.9, 129.4, 126.5, 126.3, 123.2, 110.2, 72.4, 52.2, 47.2, 41.6, 33.8, 28.2 (3C), 20.2, 

13.6. HRMS (ESI) calculated for C19H27ClN3O3 [MH]+ 380.17355, found 380.17242. ATR-

FTIR (cm-1): 3264, 2962, 2935, 2872, 1727, 1653, 1619, 1539, 1473, 1458, 1362, 1262, 

1222, 1202, 997, 752, 688. 
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6.2.1.3. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-2-oxo-1-

phenylindoline-3-carboxamide (I.5caaa): 

 

 

 

 

 

 

 

Prepared using N-phenylisatin (I.1c), n-butylamine (I.2a), chloroacetic acid (I.3a), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude product was crystallized from ethanol. The corresponding I.5caaa was 

obtained as a white solid (281.6 mg, 69% yield). m.p.= 145.3-146.2 ºC. 1H NMR (CDCl3, 

400 MHz): δ 7.55-7.41 (m, 6H), 7.31 (br s, 1H), 7.23 (td, J=7.8, 1.0 Hz, 1H), 7.13 (t, J= 

7.4 Hz, 1H), 6.73 (d, J=7.8 Hz, 1H), 4.12 (s, 2H), 3.76-3.59 (m, 2H), 2.04-1.92 (m, 1H), 

1.86-1.75 (m, 1H), 1.39-1.36 (m, 11H), 0.99 (t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 100 

MHz): δ 173.7, 166.8, 161.3, 144.2, 134.4, 129.7 (2C), 129.3, 128.5, 126.9 (2C), 126.3, 

125.6, 123.6, 109.5, 72.2, 52.3, 47.3, 41.5, 34.0, 28.3, 20.2, 13.7. HRMS (ESI) calculated 

for C25H31ClN3O3 [MH]+ 456.2048, found 456.2042. ATR-FTIR (cm-1): 3371, 3340, 2962, 

2929, 1731, 1664, 1518, 1498, 1365, 1206, 1107, 758, 748, 700. 

 

6.2.1.4. Synthesis of 1-Benzyl-N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-

2-oxoindoline-3-carboxamide (I.5daaa): 

 

 

 

 

 

 

 

Prepared using N-benzylisatin (I.1d), n-butylamine (I.2a), chloroacetic acid (I.3a), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude product was crystallized from ethanol/diethyl ether. The corresponding I.5daaa 

was obtained as a pale-yellow solid (233.8 mg, 59% yield). m.p.= 155.0-155.4 ºC. 1H 
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NMR (CDCl3, 400 MHz): δ 7.47 (d, J=6.8 Hz, 1H), 7.31-7.24 (m, 5H), 7.20 (td, J=7.8, 1.1 

Hz, 1H), 7.12 (br s, 1H), 7.07 (td, J=7.6, 0.6 Hz, 1H), 6.71 (d, J=7.8 Hz, 1H), 5.19 (d, 

J=15.8 Hz, 1H), 4.73 (d, J=15.8 Hz, 1H), 4.12 (s, 2H), 3.74-3.66 (m, 1H), 3.60-3.52 (m, 

1H), 1.93-1.82 (m, 1H), 1.75-1.64 (m, 1H), 1.35-1.30 (m, 11H), 0.94 (t, J=7.4 Hz, 3H). 

13C NMR (CDCl3, 100 MHz): δ 173.9, 166.8, 161.5, 142.5, 135.6, 129.3, 128.8 (2C), 

127.7, 127.1 (2C), 126.4, 125.9, 123.4, 109.2, 72.5, 52.2, 47.3, 44.3, 41.6, 33.8, 28.2 

(3C), 20.1, 13.6. HRMS (ESI) calculated for C26H33ClN3O3 [MH]+ 470.2205, found 

470.2209. ATR-FTIR (cm-1): 3366, 2959, 2932, 1698, 1680, 1610, 1516, 1464, 1453, 

1360, 1188, 1131, 799, 755, 732, 697. 

 

6.2.1.5. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-2-oxo-1-

(prop-2-yn-1-yl)indoline-3-carboxamide (I.5eaaa): 

 

 

 

 

 

 

N-propargylisatin was synthesized as described in the literature.2 Briefly, to a 

solution of isatin (I.1b, 1.0 g, 1 equiv) in DMF kept at 0 ºC, sodium hydride (1.5 equiv) 

was slowly added and allowed to stir until the gas production ceased. Then, propargyl 

bromide (1.4 equiv) was added dropwise and the mixture was allowed to proceed with 

stirring at room temperature overnight. The DMF was then removed under reduced 

pressure. Water was added and the aqueous mixture extracted with ethyl acetate (3 x 

30 mL), and the combined organic layers were washed with brine, dried with anhydrous 

Na2SO4 and evaporated to afford the desired product, which was used in the next step 

without further purification. I.5eaaa was prepared using N-propargylisatin (I.1e), n-

butylamine (I.2a), chloroacetic acid (I.3a), and tert-butyl isocyanide (I.4a). After 48 hours, 

ethyl acetate was added (10 mL) and the mixture filtered through a pad of celite. After 

solvent removal under reduced pressure, the crude mixture was purified by column 

chromatrography (hexane:AcOEt from 4:1 to 7:3). The corresponding I.5eaaa was 

obtained as a white solid (241.9 mg, 54% yield). m.p.= 164.5-164.9 ºC. 1H NMR (CDCl3, 

400 MHz): δ 7.50 (d, J=7.2 Hz, 1H), 7.34 (td, J=7.8, 1.0 Hz, 1H), 7.13 (td, J=7.7, 0.6 Hz, 

1H), 7.06 (d, J=7.8 Hz, 1H), 6.97 (br s, 1H), 4.66 (dd, J=17.7, 2.4 Hz, 1H), 4.42 (dd, J= 

17.7, 2.4 Hz, 1H), 4.08 (s, 2H), 3.72-3.64 (m, 1H), 3.59-3.47 (m, 1H), 2.26 (t, J=2.5 Hz, 

1H), 1.89-1.78 (m, 1H), 1.70-1.63 (m, 1H), 1.36-1.29 (m, 11H), 0.94 (t, J=7.3 Hz, 3H). 
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13C NMR (CDCl3, 100 MHz): δ 172.8, 166.9, 161.2, 141.9, 129.5, 126.2 (2C), 123.7, 

109.3, 76.5, 72.6, 72.2, 52.2, 47.2, 41.5, 33.6, 30.1, 28.2 (3C), 20.1, 13.6. HRMS (ESI) 

calculated for C22H29ClN3O3 [MH]+ 418.1892, found 418.1894. ATR-FTIR (cm-1): 3359, 

3249, 2959, 2930, 1729, 1674, 1654, 1612, 1526, 1468, 1354, 1269, 1199, 1177, 1112, 

934, 748, 730. 

 

6.2.1.6. Synthesis of 5-Bromo-N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-

2-oxoindoline-3-carboxamide (I.5faaa): 

 

 

 

 

 

Prepared using 5-bromoisatin (I.1f), n-butylamine (I.2a), chloroacetic acid (I.3a), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by CC (hexane:AcOEt from 4:1 to 7:3) and further purified 

by preparative TLC (hexane:AcOEt 3:5). The corresponding I.5faaa was obtained as a 

pale-yellow solid (85.6 mg, 21% yield). m.p.= 124.6-125.3 ºC. 1H NMR (CDCl3, 400 

MHz): δ 8.14 (br s, 1H), 7.52 (d, J=1.8 Hz, 1H), 7.35 (dd, J=8.3, 2.0 Hz, 1H), 7.17 (br s, 

1H), 6.69 (d, J=8.3 Hz, 1H), 4.18 (d, J=13.1 Hz, 1H), 4.10 (d, J=13.1 Hz, 1H), 3.70-3.62 

(m, 1H), 3.59-3.50 (m, 1H), 1.99-1.88 (m, 1H), 1.79-1.68 (m, 1H), 1.39-1.34 (m, 11H), 

0.99 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 167.0, 160.5, 140.0, 132.2, 

129.4, 128.3, 115.8, 111.7, 72.3, 52.4, 47.2, 41.6, 33.9, 28.2 (3C), 20.1, 13.6. HRMS 

(ESI) calculated for C19H26BrClN3O3 [MH]+ 458.0841, found 458.0840. ATR-FTIR (cm-1): 

3252, 2961, 2930, 2872, 1719, 1654, 1618, 1534, 1473, 1364, 1265, 1200, 1120, 817. 

 

6.2.1.7. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-5-iodo-2-

oxoindoline-3-carboxamide (I.5gaaa): 

 

 

 

 

 

Prepared using 5-iodoisatin (I.1g), n-butylamine (I.2a), chloroacetic acid (I.3a), and 

tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 
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mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 

7:3) and further purified by preparative TLC (hexane:AcOEt 3:5). The corresponding 

I.5gaaa was obtained as a yellow solid (102.9 mg, 28% yield). m.p.= 108.5-109.7 ºC. 1H 

NMR (CDCl3, 400 MHz): δ 8.11 (br s, 1H), 7.68 (d, J=1.6 Hz, 1H), 7.54 (dd, J=8.2, 1.7 

Hz, 1H), 7.17 (br s, 1H), 6.60 (d, J=8.2 Hz, 1H), 4.17 (d, J=13.2 Hz, 1H), 4.10 (d, J=13.1 

Hz, 1H), 3.70-3.62 (m, 1H), 3.58-3.50 (m, 1H), 1.97-1.86 (m, 1H), 1.78-1.67 (m, 1H), 

1.37-1.30 (m, 11H), 0.99 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 174.8, 167.0, 

160.5, 140.7, 138.2, 134.9, 128.6, 112.2, 85.9, 72.2, 52.4, 47.2, 41.6, 33.9, 28.2 (3C), 

20.1, 13.6. HRMS (ESI) calculated for C19H26ClIN3O3 [MH]+ 506.0702, found 506.0700. 

ATR-FTIR (cm-1): 3236, 2957, 2927, 1718, 1655, 1527, 1469, 1364, 1199, 1121, 813. 

 

6.2.1.8. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-5-nitro-2-

oxoindoline-3-carboxamide (I.5haaa): 

 

 

 

 

 

Prepared using 5-nitroisatin (I.1h), n-butylamine (I.2a), chloroacetic acid (I.3a), and 

tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 

3:2). The corresponding I.5haaa was obtained as a white solid (230.7 mg, 52% yield). 

m.p.= 179.5-179.8 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.67 (br s, 1H), 8.29 (d, J=2.2 Hz, 

1H), 8.21 (dd, J=8.6, 2.3 Hz, 1H), 7.16 (br s, 1H), 6.90 (d, J=8.6 Hz, 1H), 4.24 (d, J=13.3 

Hz, 1H),  4.12 (d, J=13.3 Hz, 1H), 3.76-3.68 (m, 1H), 3.66-3.58 (m, 1H), 2.10-1.99 (m, 

1H), 1.88-1.76 (m, 1H), 1.42 (q, J=7.4 Hz, 2H), 1.35 (s, 9H), 1.04 (t, J=7.3 Hz, 3H). 13C 

NMR (CDCl3, 100 MHz): δ 175.6, 167.5, 159.5, 146.7, 144.0, 127.1, 126.2, 122.2, 110.2, 

71.9, 52.7, 47.3, 41.4, 34.0, 28.2 (3C), 20.2, 13.6. HRMS (ESI) calculated for 

C19H26ClN4O5 [MH]+ 425.1586, found 425.1585. ATR-FTIR (cm-1): 3342, 2955, 2937, 

1744, 1646, 1606, 1515, 1450, 1331, 1191, 1123, 1073, 900, 836, 749, 669. 

 

6.2.1.9. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-5,7-

dimethyl-2-oxoindoline-3-carboxamide (I.5iaaa): 
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Prepared using 5,7-dimethylisatin (I.1i), n-butylamine (I.2a), chloroacetic acid 

(I.3a), and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) 

and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (hexane:AcOEt 

from 9:1 to 7:3). The corresponding I.5iaaa was obtained as a white solid (217.0 mg, 

47% yield). m.p.= 153.5-154.6 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.02 (br s, 1H), 7.15 (br 

s, 1H), 7.07 (s, 1H), 6.87 (s, 1H), 4.15 (d, J=13.0 Hz, 1H), 4.10 (d, J=13.0 Hz, 1H), 3.70-

3.62 (m, 1H), 3.58-3.47 (m, 1H), 2.29 (s, 3H), 2.15 (s, 3H), 1.94-1.86 (m, 1H), 1.76-1.68 

(m, 1H), 1.37-1.31 (m, 11H), 0.96 (t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.5, 

166.8, 161.5, 137.1, 132.5, 131.5, 126.2, 124.3, 118.7, 72.9, 52.2, 47.1, 41.7, 33.7, 28.2 

(3C), 21.2, 20.1, 16.1, 13.6. HRMS (ESI) calculated for C21H31ClN3O3 [MH]+ 408.2048, 

found 408.2050. ATR-FTIR (cm-1): 3238, 2959, 2933, 2876, 1714, 1654, 1540, 1482, 

1268, 1206, 1145, 866, 781, 732, 714. 

 

6.2.1.10. Synthesis of N-(tert-butyl)-3-(N-butyl-2-chloroacetamido)-2-oxo-7-

(trifluoromethyl)indoline-3-carboxamide (I.5jaaa): 

 

 

 

 

 

Prepared using 7-trifluoromethylisatin (I.1j), n-butylamine (I.2a), chloroacetic acid 

(I.3a), and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) 

and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (hexane:AcOEt 

from 4:1 to 7:3). The corresponding I.5jaaa was obtained as a beige solid (86.7 mg, 21% 

yield). m.p.= 107.3-108.5 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.86 (br s, 1H), 7.60 (d, J=7.4 

Hz, 1H), 7.46 (d, J=8.0 Hz, 1H), 7.18 (t, J=7.9 Hz, 1H), 7.12 (br s, 1H), 4.10 (dd, J=17.4, 

13.0 Hz, 2H), 3.71-3.53 (m, 2H), 2.00-1.89 (m, 1H), 1.80-1.71 (m, 1H), 1.39-1.36 (m, 

11H), 0.99 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 167.0, 160.2, 138.0, 

129.8, 128.2, 126.2, 126.2, 123.1, 112.4, 112.1, 71.4, 52.6, 47.2, 41.3, 34.1, 28.2 (3C), 
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20.1, 13.6. HRMS (ESI) calculated for C20H26ClF3N3O3 [MH]+ 448.1609, found 448.1608. 

ATR-FTIR (cm-1): 3341, 2965, 2874, 1719, 1654, 1624, 1524, 1457, 1339, 1319, 1198, 

1163, 1111, 1067, 750. 

 

6.2.1.11. Synthesis of 3-(N-butyl-2-chloroacetamido)-N-cyclohexyl-1-

methyl-2-oxoindoline-3-carboxamide (I.5aaab): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), chloroacetic acid (I.3a), 

and cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and 

the mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude product was crystallized from ethanol/diethyl ether. The corresponding I.5aaab 

was obtained as a white solid (324.8 mg, 62% yield). m.p.= 186.8-187.9 ºC. 1H NMR 

(CDCl3, 400 MHz): δ 7.49 (dd, J=7.5, 0.7 Hz, 1H), 7.32 (td, J=7.8, 1.2 Hz, 1H), 7.17 (d, 

J=7.4 Hz, 1H), 7.10 (td, J=7.6, 0.8 Hz, 1H), 6.83 (d, J=7.8 Hz, 1H), 4.09 (dd, J=13.0, 14.7 

Hz, 2H), 3.75-3.64 (m, 2H), 3.55-3.46 (m, 1H), 3.26 (s, 3H), 1.96-1.59 (m, 7H), 1.38-1.15 

(m, 7H), 0.95 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 173.6, 166.6, 161.7, 143.8, 

1295, 126.0 (2C), 123.3, 108.4, 71.5, 49.3, 47.2, 41.7, 33.7, 32.3, 27.0, 25.4, 24.6, 24.5, 

20.2, 13.6. HRMS (ESI) calculated for C22H31ClN3O3 [MH]+ 420.2048, found 420.2046. 

ATR-FTIR (cm-1): 3338, 2924, 2847, 1728, 1655, 1606, 1527, 1474, 1350, 1265, 1250, 

1190, 1088, 1027, 797, 756, 729. 

 

6.2.1.12. Synthesis of 3-(N-butyl-2-chloroacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5baab): 

 

 

 

 

 

Prepared using isatin (I.1b), n-butylamine (I.2a), chloroacetic acid (I.3a), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude product was crystallized from ethanol/diethyl ether. The corresponding I.5baab 
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was obtained as a white solid (351.7 mg, 64% yield). m.p.= 110.3-111.2 ºC. 1H NMR 

(CDCl3, 400 MHz): δ 7.89 (br s, 1H), 7.47 (d, J=7.4 Hz, 1H), 7.24 (td, J= 7.7, 1.0 Hz, 1H), 

7.10-7.06 (m, 2H), 6.82 (d, J=7.7 Hz, 1H), 4.14 (d, J=12.9 Hz, 1H), 4.10 (d, J=12.9 Hz, 

1H), 3.77-3.65 (m, 2H), 3.56-3.47 (m, 1H), 1.95-1.56 (m, 7H), 1.38-1.16 (m, 7H), 0.95 (t, 

J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 174.9, 166.8, 161.5, 140.8, 129.5, 126.5, 

126.3, 123.3, 110.1, 71.8, 49.3, 47.2, 41.6, 33.7, 32.3, 25.4, 24.6, 20.2, 13.6. HRMS 

(ESI) calculated for C21H29ClN3O3 [MH]+ 406.1892, found 406.1892. ATR-FTIR (cm-1): 

3330, 2925, 2849, 1743, 1656, 1616, 1529, 1477, 1402, 1251, 1188, 1112, 757, 730. 

 

6.2.1.13. Synthesis of 3-(N-butyl-2-chloroacetamido)-1-methyl-2-oxo-N-

(2,4,4-trimethylpentan-2-yl)indoline-3-carboxamide (I.5aaac): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), chloroacetic acid (I.3a), 

and 1,1,3,3-tetramethylbutyl isocyanide (I.4c). After 48 hours, ethyl acetate was added 

(10 mL) and the mixture filtered through a pad of celite. After solvent removal under 

reduced pressure, the crude mixture was purified by column chromatography 

(hexane:AcOEt 7:3). The corresponding I.5aaac was obtained as a white solid (425.8 

mg, 76% yield). m.p.= 115.3-116.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.47 (d, J=7.4 Hz, 

1H), 7.31 (td, J=7.7, 1.1 Hz, 1H), 7.12-7.08 (m, 2H), 6.82 (d, J=7.8 Hz, 1H), 4.11 (d, 

J=12.9 Hz, 1H), 4.07 (d, J=12.9 Hz, 1H), 3.71-3.63 (m, 1H), 3.59-3.51 (m, 1H), 3.23 (s, 

3H), 1.96-1.88 (m, 2H), 1.76-1.66 (m, 1H), 1.42 (s, 3H), 1.39 (s, 3H), 1.37-1.31 (m, 3H), 

0.96 (t, J=7.3 Hz, 3H), 0.86 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 173.6, 166.6, 160.9, 

143.5, 129.4, 126.3, 125.9, 123.4, 108.2, 72.4, 56.1, 51.6, 47.2, 41.7, 33.8, 31.5, 31.1, 

28.4, 28.3, 26.7, 20.1, 13.6. HRMS (ESI) calculated for C24H37ClN3O3 [MH]+ 450.2518, 

found 450.2516. ATR-FTIR (cm-1): 3397, 3378, 2949, 2871, 1698, 1669, 1609, 1525, 

1460, 1365, 1352, 1256, 1205, 1128, 1092, 798, 778, 748, 696, 664. 

 

6.2.1.14. Synthesis of N-benzyl-3-(N-butyl-2-chloroacetamido)-1-methyl-2-

oxoindoline-3-carboxamide (I.5baad): 
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Prepared using isatin (I.1b), n-butylamine (I.2a), chloroacetic acid (I.3a), and 

benzyl isocyanide (I.4d). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 7:3 to 

1:1). The corresponding I.5baad was obtained as a pale-yellow solid (205.6 mg, 37% 

yield). m.p.= 123.0-124.4 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.28 (br s, 1H), 7.50 (d, J=7.4 

Hz, 1H), 7.42 (t, J=5.3 Hz, 1H), 7.32-7.22 (m, 6H), 7.07 (td, J=7.6, 0.8 Hz, 1H), 6.82 (d, 

J=7.7 Hz, 1H), 4.48 (dd, J=14.6, 5.9 Hz, 1H), 4.33 (dd, J= 14.6, 5.6 Hz, 1H), 4.11 (dd, 

J=19.5, 13 Hz, 2H), 3.65-3.57 (m, 1H), 3.42-3.33 (m, 1H), 1.79-1.68 (m, 1H), 1.58-1.47 

(m, 1H), 1.22-1.12 (m, 2H), 0.85 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 174.6, 

167.1, 162.9, 140.9, 137.1, 129.7, 128.8 (2C), 128.1 (2C), 127.8, 126.3 (2C), 123.4, 

110.4, 71.8, 47.2, 44.4, 41.7, 33.4, 20.0, 13.5. HRMS (ESI) calculated for C22H25ClN3O3 

[MH]+ 414.1579, found 414.1569. ATR-FTIR (cm-1): 3416, 3176, 2958, 2868, 1745, 1655, 

1618, 1510, 1469, 1421, 1399, 1198, 1126, 1109, 932, 752, 735, 693, 660.  

 

6.2.1.15. Synthesis of 3-(2-chloro-N-propylacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5bbab): 

 

 

 

 

 

Prepared using isatin (I.1b), n-propylamine (I.2b), chloroacetic acid (I.3a), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 9:1 to 

4:1). The corresponding I.5bbab was obtained as a white solid (178.5 mg, 34% yield). 

m.p.= 108.6-109.0 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.04 (br s, 1H), 7.46 (d, J=7.5 Hz, 

1H), 7.24 (td, J=7.7, 1.1 Hz, 1H), 7.09-7.05 (m, 2H), 6.82 (d, J=7.7 Hz, 1H), 4.13 (dd, 

J=18.9, 13.0 Hz, 2H), 3.77-3.71 (m, 1H), 3.70-3.62 (m, 1H), 3.52-3.44 (m, 1H), 1.96-1.88 

(m, 2H), 1.79-1.68 (m, 4H), 1.60-1.56 (m, 1H), 1.38-1.13 (m, 5H), 0.93 (t, J=7.4 Hz, 3H). 
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13C NMR (CDCl3, 100 MHz): δ 175.0, 167.0, 161.6, 140.9, 129.5, 126.4, 126.2, 123.2, 

110.2, 71.8, 49.3, 49.0, 41.6, 32.3, 25.4, 25.0, 24.6, 24.5, 11.2. HRMS (ESI) calculated 

for C20H27ClN3O3 [MH]+ 392.1735, found 392.1752. ATR-FTIR (cm-1): 3531, 3469, 3349, 

2945, 2854, 1712, 1665, 1629, 1518, 1473, 1415, 1209, 1109, 945, 828, 745, 697. 

 

6.2.1.16. Synthesis of N-(tert-butyl)-3-(2-chloro-N-propylacetamido)-1-

methyl-2-oxoindoline-3-carboxamide (I.5abaa): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-propylamine (I.2b), chloroacetic acid (I.3a), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude was crystallized from ethanol. The corresponding I.5abaa was obtained as a 

white solid (243.8 mg, 52% yield). m.p.= 146.7-148.2 ºC. 1H NMR (CDCl3, 400 MHz): δ 

7.47 (dd, J=5.0, 0.6 Hz, 1H), 7.32 (td, J=7.7, 1.2 Hz, 1H), 7.19 (br s, 1H), 7.10 (td, J=7.6, 

0.8 Hz, 1H), 6.84 (d, J=7.8 Hz, 1H), 4.09 (dd, J=15.8, 12.9 Hz, 2H), 3.66-3.58 (m, 1H), 

3.55-3.47 (m, 1H), 3.26 (s, 3H), 1.98-1.88 (m, 1H), 1.79-1.70 (m, 1H), 1.34 (s, 9H), 0.93 

(t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 173.8, 166.7, 161.4, 143.8, 129.4, 126.1, 

126.1, 123.3, 108.4, 72.0, 52.2, 48.9, 41.7, 28.2 (3C), 27.0, 25.1, 11.1. HRMS (ESI) 

calculated for C19H27ClN3O3 [MH]+ 380.1735, found 380.1740. ATR-FTIR (cm-1): 3349, 

2965, 1728, 1664, 1608, 1524, 1472, 1347, 1217, 1087, 1023, 752. 

 

6.2.1.17. Synthesis of 3-(2-chloro-N-ethylacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5bcab): 

 

 

 

 

 

Prepared using isatin (I.1b), ethylamine (I.2c), chloroacetic acid (I.3a), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt 3:2). The 
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corresponding I.5bcab was obtained as a white solid (384.7 mg, 75% yield). m.p.= 125.1-

126.6 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.93 (br s, 1H), 7.47 (d, J=7.5 Hz, 1H), 7.24 (td, 

J=7.8, 1.2 Hz, 1H), 7.11 (br s, 1H), 7.08 (td, J=7.6, 0.9 Hz, 1H), 6.82 (d, J=7.8 Hz, 1H), 

4.15 (d, J=12.9 Hz, 1H), 4.10 (d, J=12.9 Hz, 1H), 3.88-3.70 (m, 1H), 3.68-3.59 (m, 1H), 

1.96-1.93 (m, 1H), 1.80-1.77 (m, 1H), 1.72-1.63 (m, 2H), 1.58-1.55 (m, 1H), 1.41 (t, J=7.1 

Hz, 3H), 1.34-1.14 (m, 5H). 13C NMR (CDCl3, 100 MHz): δ 174.9, 166.8, 161.5, 140.8, 

129.5, 126.4, 126.2, 123.3, 110.1, 71.8, 49.3, 42.0. 41.6, 32.3, 25.4, 24.5, 17.0. HRMS 

(ESI) calculated for C19H25ClN3O3 [MH]+ 378.1579, found 378.1587. ATR-FTIR (cm-1): 

3526, 3458, 3345, 2948, 2854, 1713, 1664, 1627, 1525, 1474, 1415, 1212, 1109, 829, 

745, 694. 

 

6.2.1.18. Synthesis of 3-(2-chloro-N-isobutylacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5bdab): 

 

 

 

 

 

Prepared using isatin (I.1b), isobutylamine (I.2d), chloroacetic acid (I.3a), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 9:1 to 

7:1). The corresponding I.5bdab was obtained as a white solid (441.9 mg, 80% yield). 

m.p.= 188.8 ºC (decomp.). 1H NMR (CDCl3, 400 MHz): δ 7.88 (br s, 1H), 7.48 (d, J=7.5 

Hz, 1H), 7.25 (td, J=7.7, 1.1 Hz, 1H), 7.07 (td, J=7.6, 0.8 Hz, 1H), 6.86 (br s, 1H), 6.83 

(d, J=7.7 Hz, 1H), 4.20 (d, J=13.1 Hz, 1H), 4.16 (d, J=13.0 Hz, 1H), 3.75-3.59 (m, 2H), 

3.42-3.36 (m, 1H), 2.10-1.91 (m, 2H), 1.79-1.76 (m, 1H), 1.70-1.63 (m, 2H), 1.57-1.55 

(m, 1H), 1.39-1.28 (m, 2H), 1.26-1.10 (3H), 0.95 (d, J=6.6 Hz, 3H), 0.89 (d, J=6.6 Hz, 

3H). 13C NMR (CDCl3, 100 MHz): δ 174.5, 167.6, 161.7, 140.7, 129.5, 126.8, 126.6, 

123.3, 110.2, 71.9, 54.2, 49.3, 42.0, 32.3 (2C), 29.2, 25.4, 24.5 (2C), 19.9 (2C). HRMS 

(ESI) calculated for C21H29ClN3O3 [MH]+ 406.1892, found 406.1897. ATR-FTIR (cm-1): 

3328, 3273, 2934, 2851, 1727, 1681, 1639, 1524, 1471, 1407, 1203, 754, 743, 710. 
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6.2.1.19. Synthesis of N-(tert-butyl)-3-(2-chloro-N-isobutylacetamido)-2-

oxoindoline-3-carboxamide (I.5bdaa): 

 

 

 

 

 

Prepared using isatin (I.1b), isobutylamine (I.2d), chloroacetic acid (I.3a), and tert-

butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the mixture 

filtered through a pad of celite. After solvent removal under reduced pressure, the crude 

mixture was purified by column chromatography (hexane:AcOEt 3:2). The corresponding 

I.5bdaa was obtained as a yellow solid (328.1 mg, 64% yield). m.p.= 169.7-169.9 ºC. 1H 

NMR (CDCl3, 400 MHz): δ 8.21 (br s, 1H), 7.45 (d, J=7.5 Hz, 1H), 7.24 (td, J=7.7, 0.7 

Hz, 1H), 7.07 (td, J=7.5, 0.3 Hz, 1H), 6.92 (br s, 1H), 6.84 (d, J=7.8 Hz, 1H), 4.23 (d, 

J=13.0 Hz, 1H), 4.16 (d, J=13.0 Hz, 1H), 3.58-3.44 (m, 2H), 2.17-2.05 (m, 1H), 1.32 (s, 

9H), 0.96 (d, J=6.7 Hz, 3H), 0.89 (d, J=6.6 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 174.8, 

167.6, 161.3, 140.9, 129.4, 126.7, 126.7, 123.2, 110.4, 72.6, 54.2, 52.2, 42.1, 29.3, 28.2 

(3C), 19.9 (2C). Elemental analysis calculated for C19H26ClN3O3 C (60.07%), H (6.90%) 

and N (11.06%), found C (60.17%), H (7.26%) and N (10.87%). ATR-FTIR (cm-1): 3258, 

2958, 1726, 1687, 1643, 1619, 1538, 1471, 1203, 1134, 991, 757, 714. 

 

6.2.1.20. Synthesis of 3-(N-benzyl-2-chloroacetamido)-N-(tert-butyl)-1-

methyl-2-oxoindoline-3-carboxamide (I.5aeaa): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), benzylamine (I.2e), chloroacetic acid (I.3a), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt 7:3). The 

corresponding I.5aeaa was obtained as a white solid (125.0 mg, 24% yield). m.p.= 214.6-

215.0 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.49-7.28 (m, 7H), 7.15-7.11 (m, 2H), 6.82 (d, 

J=7.8 Hz, 1H), 5.13 (d, J=18.8 Hz, 1H), 4.97 (d, J=18.9 Hz, 1H), 3.98 (d, J=12.9 Hz, 1H), 

3.87 (d, J=12.9 Hz, 1H), 3.26 (s, 3H), 0.97 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 173.8, 
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167.6, 161.2, 143.8, 137.1, 129.6, 129.0 (2C), 127.8, 125.8 (2C), 125.6, 125.6, 123.3, 

108.4, 71.8, 52.0, 49.6, 41.8, 27.6 (3C), 27.0. HRMS (ESI) calculated for C23H27ClN3O3 

[MH]+ 428.1735, found 428.1743. ATR-FTIR (cm-1): 3360, 2984, 1699, 1670, 1612, 1532, 

1467, 1458, 1360, 1212, 1132, 974, 869, 799, 746, 729, 696. 

 

6.2.1.21. Synthesis of 3-(N-benzyl-2-chloroacetamido)-N-(tert-butyl)-2-

oxoindoline-3-carboxamide (I.5beaa): 

 

 

 

 

 

Prepared using isatin (I.1b), benzylamine (I.2e), chloroacetic acid (I.3a), and tert-

butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the mixture 

filtered through a pad of celite. After solvent removal under reduced pressure, the crude 

mixture was purified by column chromatography (hexane:AcOEt 7:3). The corresponding 

I.5beaa was obtained as a white solid (86.3 mg, 15% yield). m.p.= 187.4-188.2 ºC. 1H 

NMR (CDCl3, 400 MHz): δ 7.84 (br s, 1H), 7.50-7.41 (m, 5H), 7.32 (t, J= 7.0 Hz, 1H), 

7.26-7.23 (m, 1H), 7.12-7.08 (m, 2H), 6.80 (d, J=7.7 Hz, 1H), 5.15 (d, J=18.9 Hz, 1H), 

5.00 (d, J=18.8 Hz, 1H), 3.98 (d, J=12.9 Hz, 1H), 3.89 (d, J=12.9 Hz, 1H), 0.96 (s, 9H). 

13C NMR (CDCl3, 100 MHz): δ 175.2, 167.7, 160.9, 140.8, 137.1, 129.6, 129.2 (2C), 

127.8, 126.2, 126.0, 125.5 (2C), 123.2, 110.2, 72.1, 52.0, 49.5, 41.7, 27.6 (3C). HRMS 

(ESI) calculated for C22H25ClN3O3 [MH]+ 414.1579, found 414.1575. ATR-FTIR (cm-1): 

3329, 3251, 2953, 1722, 1661, 1620, 1551, 1463, 1391, 1221, 1199, 997, 964, 864, 797, 

756, 694. 

 

6.2.1.22. Synthesis of N-(tert-butyl)-3-(2-chloro-N-phenylacetamido)-2-

oxoindoline-3-carboxamide (I.5bfaa): 

 

 

 

 

 

Prepared using isatin (I.1b), aniline (I.2f), chloroacetic acid (I.3a), and tert-butyl 

isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the mixture 

filtered through a pad of celite. After solvent removal under reduced pressure, the crude 
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mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 7:3) and 

further purified by preparative TLC (CH2Cl2:acetone 7:1). The corresponding I.5bfaa was 

obtained as a white solid (50.0 mg, 9% yield). m.p.= 195.9-196.7 ºC. 1H NMR (CDCl3, 

400 MHz): δ 8.00 (br s, 1H), 7.70 (d, J=7.4 Hz, 1H), 7.60-7.47 (m, 5H), 7.27 (td, J=7.7, 

1.1 Hz, 1H), 7.15 (td, J=7.6, 0.7 Hz, 1H), 6.92 (br s, 1H), 6.85 (d, J=7.7 Hz, 1H), 3.78 (d, 

J=13.9 Hz, 1H), 3.68 (d, J=13.9 Hz, 1H), 0.91 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 

175.6, 166.5, 159.6, 141.0, 137.9, 131.5, 131.2, 129.9, 129.5, 129.4, 126.4, 123.3, 110.3, 

73.2, 51.7, 42.5, 27.7 (3C). HRMS (ESI) calculated for C21H23ClN3O3 [MH]+ 400.1422, 

found 400.1428. ATR-FTIR (cm-1): 3291, 2943, 1721, 1672, 1538, 1470, 1366, 1250, 

1223, 755, 700, 690. 

 

6.2.1.23. Synthesis of 3-(2-Chloro-N-(furan-2-ylmethyl)acetamido)-N-

cyclohexyl-2-oxoindoline-3-carboxamide (I.5bhab): 

 

 

 

 

 

Prepared using isatin (I.1b), 2-furfurylamine (I.2h), chloroacetic acid (I.3a), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (CH2Cl2:AcOEt 7:1). The 

corresponding I.5bhab was obtained as a white solid (96.7 mg, 17% yield). m.p.= 157.1-

157.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.68 (br s, 1H), 7.36 (d, J=1.1 Hz, 1H), 7.21 (td, 

J=7.6, 1.5 Hz, 1H), 7.00-6.91 (m, 3H), 6.79 (d, J=7.8 Hz, 1H), 6.42 (d, J=3.0 Hz, 1H), 

6.35-6.34 (m, 1H), 4.97 (d, J=17.9 Hz, 1H), 4.82 (d, J=17.9 Hz, 1H), 4.33 (s, 2H), 3.72-

3.63 (m, 1H), 1.80-1.72 (m, 2H), 1.64-1.60 (m, 2H), 1.55-1.53 (m, 1H), 1.35-1.24 (m, 2H), 

1.16-0.98 (m, 3H). 13C NMR (CDCl3, 100 MHz): δ 174.1, 167.5, 161.5, 149.8, 142.8, 

140.8, 129.6, 126.3, 126.0, 123.2, 110.8, 109.9, 109.3, 71.6, 49.2, 43.4, 42.0, 32.2, 32.0, 

25.4, 24.5, 15.3. HRMS (ESI) calculated for C22H25ClN3O4 [MH]+ 430.1528, found 

430.1531. ATR-FTIR (cm-1): 3401, 3164, 2935, 2855, 1745, 1713, 1663, 1514, 1472, 

1392, 1237, 1190, 1174, 1145, 1014, 795, 759, 724, 697. 

 

6.2.1.24. Synthesis of 3-(2-Chloro-N-(thiophen-2-ylmethyl)acetamido)-N-

cyclohexyl-2-oxoindoline-3-carboxamide (I.5biab): 
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Prepared using isatin (I.1b), 2-thiophenemethylamine (I.2i), chloroacetic acid 

(I.3a), and cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) 

and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (CH2Cl2:AcOEt from 

9:1 to 7:1). The corresponding I.5biab was obtained as a white solid (96.4 mg, 16% 

yield). m.p.= 171.1-172.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.95 (br s, 1H), 7.35 (d, J=7.5 

Hz, 1H), 7.26-7.22 (m, 2H), 7.18 (br s, 1H), 7.06 (td, J=7.6, 0.8 Hz, 1H), 6.97 (dd, J=5.0, 

3.6 Hz, 1H), 6.90 (d, J=7.4 Hz, 1H), 6.80 (d, J=7.8 Hz, 1H), 5.25 (d, J=18.2 Hz, 1H), 5.06 

(d, J=18.3 Hz, 1H), 4.17 (d, J=13.0 Hz, 1H), 4.10 (d, J=13.0 Hz, 1H), 3.59-3.52 (m, 1H), 

1.74-1.71 (m, 1H), 1.58-1.42 (m, 4H), 1.28-1.00 (m, 4H), 0.84-0.74 (m, 1H). 13C NMR 

(CDCl3, 100 MHz): δ 174.5, 167.5, 161.6, 140.9, 140.1, 129.7, 127.2, 126.2, 126.1, 

125.8, 125.5, 123.3, 110.1, 71.6, 49.3, 45.9, 41.8, 32.2, 31.5, 25.3, 24.4, 24.4. HRMS 

(ESI) calculated for C22H25ClN3O3S [MH]+ 446.1300, found 446.1307. ATR-FTIR (cm-1): 

3405, 3190, 2935, 2860, 1741, 1683, 1661, 1520, 1473, 1396, 1235, 1200, 1183, 1114, 

943, 771, 727, 695. 

 

6.2.1.25. Synthesis of 3-(2-Bromo-N-butylacetamido)-N-(tert-butyl)-1-

methyl-2-oxoindoline-3-carboxamide (I.5aaba): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), bromoacetic acid (I.3b), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 

7:3). The corresponding I.5aaba was obtained as a white solid (243.2 mg, 45% yield). 

m.p.= 120.3-121.0 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.49 (dd, J=7.5, 0.7 Hz, 1H), 7.32 

(td, J=7.8, 1.2 Hz, 1H), 7.13-7.08 (m, 2H), 6.83 (d, J=7.8 Hz, 1H), 3.86 (d, J=11.0 Hz, 

1H), 3.82 (d, J=11.0 Hz, 1H), 3.73-3.64 (m, 1H), 3.60-3.52 (m, 1H), 3.26 (s, 3H), 1.91-
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1.80 (m, 1H), 1.76-1.65 (m, 1H), 1.34-1.29 (m, 11H), 0.94 (t, J=7.3 Hz, 3H). 13C NMR 

(CDCl3, 100 MHz): δ 173.7, 167.0, 161.6, 143.8, 129.4, 126.2, 126.1, 123.3, 108.3, 72.1, 

52.1, 47.7, 33.9, 28.3 (3C), 27.0, 26.6, 20.1, 13.6. HRMS (ESI) calculated for 

C20H29BrN3O3 [MH]+ 438.1387, found 438.1381. ATR-FTIR (cm-1): 3359, 2959, 2926, 

2873, 1718, 1661, 1609, 1523, 1471, 1347, 1260, 1211, 1085, 1023, 752. 

 

6.2.1.26. Synthesis of 3-(2-Bromo-N-butylacetamido)-N-(tert-butyl)-2-

oxoindoline-3-carboxamide (I.5baba): 

 

 

 

 

 

Prepared using isatin (I.1b), n-butylamine (I.2a), bromoacetic acid (I.3b), and tert-

butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the mixture 

filtered through a pad of celite. After solvent removal under reduced pressure, the crude 

mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 7:3). The 

corresponding I.5baba was obtained as a white solid (160.5 mg, 28% yield). m.p.= 157.9 

ºC (decomp.). 1H NMR (CDCl3, 400 MHz): δ 7.79 (br s, 1H), 7.45 (d, J=7.5 Hz, 1H), 7.24 

(td, J=7.7, 1.2 Hz, 1H), 7.10-7.06 (m, 2H), 6.82 (d, J=7.7 Hz, 1H), 3.87 (s, 2H), 3.74-3.66 

(m, 1H), 3.62-3.54 (m, 1H), 1.96-1.85 (m, 1H), 1.80-1.69 (m, 1H), 1.39-1.30 (m, 11H), 

0.96 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 167.1, 161.3, 140.7, 129.4, 

126.6, 126.3, 123.2, 110.1, 72.4, 52.2, 47.7, 33.9, 28.2 (3C), 26.5, 20.1, 13.6. HRMS 

(ESI) calculated for C19H27BrN3O3 [MH]+ 424.1230, found 424.1248. ATR-FTIR (cm-1): 

3335, 2959, 2935, 2872, 1720, 1652, 1619, 1527, 1471, 1365, 1204, 1099, 887, 747, 

737, 682. 

 

6.2.1.27. Synthesis of 3-(2-Bromo-N-butylacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5babb): 

 

 

 

 

 

Prepared using isatin (I.1b), n-butylamine (I.2a), bromoacetic acid (I.3b), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 
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mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (CH2Cl2:AcOEt 4:1). The 

corresponding I.5babb was obtained as a white solid (163.2 mg, 27% yield). m.p.= 

156.6-157.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.01 (br s, 1H), 7.46 (d, J=7.5 Hz, 1H), 

7.24 (td, J=7.7, 1.0 Hz, 1H), 7.09-7.05 (m, 2H), 6.81 (d, J=7.7 Hz, 1H), 3.88 (s, 2H), 3.76-

3.68 (m, 2H), 3.58-3.47 (m, 1H), 1.95-1.55 (m, 7H), 1.38-1.15 (m, 7H), 0.95 (t, J=7.3 Hz, 

3H). 13C NMR (CDCl3, 100 MHz): δ 174.9, 167.1, 161.7, 140.9, 129.4, 126.5, 126.2, 

123.2, 110.1, 71.8, 49.3, 47.8, 47.2, 41.6, 33.7, 32.3, 26.5, 25.4, 24.6, 24.5, 20.2, 13.6. 

HRMS (ESI) calculated for C21H29BrN3O3 [MH]+ 450.1387, found 450.1397. ATR-FTIR 

(cm-1): 3320, 3261, 2930, 2853, 1726, 1643, 1618, 1438, 1199, 1100, 943, 891, 752, 

743, 687.  

 

6.2.1.28. Synthesis of 3-(2-Bromo-N-propylacetamido)-N-(tert-butyl)-2-

oxoindoline-3-carboxamide (I.5bbba): 

 

 

 

 

 

Prepared using isatin (I.1b), n-propylamine (I.2b), bromoacetic acid (I.3b), and tert-

butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the mixture 

filtered through a pad of celite. After solvent removal under reduced pressure, the crude 

mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 7:3). The 

corresponding I.5bbba was obtained as a white solid (127.4 mg, 23% yield). m.p.= 169.3 

ºC (decomp.). 1H NMR (CDCl3, 400 MHz): δ 7.95 (br s, 1H), 7.44 (d, J=7.5 Hz, 1H), 7.24 

(t, J=7.7 Hz, 1H), 7.11-7.05 (m, 2H), 6.82 (d, J=7.7 Hz, 1H), 3.88 (s, 2H), 3.71-3.60 (m, 

1H), 3.58-3.47 (m, 1H), 1.99-1.90 (m, 1H), 1.83-1.73 (m, 1H), 1.34 (s, 9H), 0.94 (t, J=7.4 

Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.1, 167.1, 161, 4, 140.8, 129.4, 126.6, 126.3, 

123.2, 110.2, 72.4, 52.2, 49.5, 28.2 (3C), 26.6, 25.2, 11.1. HRMS (ESI) calculated for 

C18H25BrN3O3 [MH]+ 410.1074, found 410.1075. ATR-FTIR (cm-1): 3288, 2963, 2931, 

1721, 1678, 1648, 1620, 1528, 1431, 1361, 1208, 1101, 854, 748, 736, 682. 

 

6.2.1.29. Synthesis of 3-(N-butyl-2-fluoroacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5bacb): 
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Prepared using isatin (I.1b), n-butylamine (I.2a), fluoroacetic acid (I.3c), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 7:3 to 

3:2). The corresponding I.5bacb was obtained as a white solid (289.3 mg, 55% yield). 

m.p.= 165.9-167.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.14 (br s, 1H), 7.48 (d, J=7.5 Hz, 

1H), 7.24 (td, J=7.7, 1.0 Hz, 1H), 7.09-7.05 (m, 2H), 6.82 (d, J=7.8 Hz, 1H), 5.05 (q, 

J=14.2 Hz, 1H), 4.94 (q, J=14.2 Hz, 1H), 3.77-3.70 (m, 1H), 3.57-3.49 (m, 1H), 3.41-3.33 

(m, 1H), 1.94-1.76 (m, 3H), 1.72-1.63 (m, 2H), 1.61-1.55 (m, 2H), 1.38-1.12 (m, 7H), 0.94 

(t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 167.1, 161.4, 140.9, 129.6, 126.4, 

126.3, 123.2, 110.2, 80.0, 78.2, 71.5, 49.3, 45.8, 33.5, 32.3, 25.4, 24.6, 24.5, 20.1, 13.6. 

HRMS (ESI) calculated for C21H29FN3O3 [MH]+ 390.2187, found 390.2187. ATR-FTIR 

(cm-1): 3349, 3178, 2929, 2858, 1711, 1664, 1619, 1520, 1470, 1227, 1211, 1073, 1046, 

761, 752. 

 

6.2.1.30. Synthesis of N-(tert-butyl)-3-(N-butyl-2,2,2-trifluoroacetamido)-1-

methyl-2-oxoindoline-3-carboxamide (I.5aada): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), trifluoroacetic acid (I.3d), 

and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt 7:3). The 

corresponding I.5aada was obtained as a white solid (452.0 mg, 88% yield). m.p.= 98.5-

99.7 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.52 (d, J=7.5 Hz, 1H), 7.35 (td, J=7.8, 0.8 Hz, 

1H), 7.16-7.12 (m, 2H), 6.86 (d, J=7.8 Hz, 1H), 3.84-3.76 (m, 1H), 3.66-3.57 (m, 1H), 

3.27 (s, 3H), 2.01-1.92 (m, 1H), 1.70-1.59 (m, 1H), 1.34-1.26 (m, 11H), 0.93 (t, J=7.3 Hz, 

3H). 13C NMR (CDCl3, 100 MHz): δ 173.1, 160.3, 157.2, 143.9, 129.8, 126.4, 125.1, 
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123.6, 120.3, 116.0, 108.5, 72.3, 52.4, 46.8, 33.6, 28.2 (3C), 27.1, 19.9, 13.5. HRMS 

(ESI) calculated for C20H27F3N3O3 [MH]+ 414.1999, found 414.1998. ATR-FTIR (cm-1): 

3335, 2975, 2881, 1751, 1218, 1085, 1047, 1020, 881. 

 

6.2.1.31. Synthesis of 3-(N-butyl-2,2,2-trifluoroacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5badb): 

 

 

 

 

 

Prepared using isatin (I.1b), n-butylamine (I.2a), trifluoroacetic acid (I.3d), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (CH2Cl2:AcOEt from 9:1 to 

7:1). The corresponding I.5badb was obtained as a white solid (137.9 mg, 24% yield). 

m.p.= 145.8-146.9 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.09 (br s, 1H), 7.30-7.24 (m, 2H), 

7.11 (td, J=7.6, 0.8 Hz, 1H), 6.80 (d, J=7.8 Hz, 1H), 5.25 (s, 1H), 3.58-3.51 (m, 1H), 3.21-

3.13 (m, 1H), 2.63-2.57 (m, 1H), 2.32-2.22 (m, 1H), 2.12-2.06 (m, 1H), 1.86-1.78 (m, 3H), 

1.70-1.67 (m, 1H), 1.62-1.59 (m, 1H), 1.32-0.96 (m, 7H), 0.64 (t, J=6.9 Hz, 3H). 13C NMR 

(CDCl3, 100 MHz): δ 175.5, 167.0, 141.2, 130.2, 126.5, 125.1, 123.9, 122.2, 111.0, 97.3, 

75.3, 58.4, 54.8, 44.3, 31.2, 29.2, 29.1, 26.1, 26.0, 25.1, 19.7, 18.3, 13.5. HRMS (ESI) 

calculated for C21H27F3N3O3 [MH]+ 426.1999, found 426.1997. ATR-FTIR (cm-1): 2936, 

2858, 1688, 1619, 1428, 1366, 1259, 1170, 1141, 943, 755, 728. 

 

6.2.1.32. Synthesis of N-(tert-butyl)-1-methyl-2-oxo-3-(2,2,2-trifluoro-N-

((tetrahydrofuran-2-yl)methyl)acetamido)indoline-3-carboxamide (I.5agda): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), 2-(aminomethyl)tetrahydrofuran (I.2g), 

trifluoroacetic acid (I.3d), and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate 

was added (10 mL) and the mixture filtered through a pad of celite. After solvent removal 

under reduced pressure, the crude mixture was purified by CC (hexane:AcOEt 7:3). The 
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corresponding I.5agda was obtained as a white solid (189.3 mg, 35% yield). m.p.= 108.2-

109.4 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.63 (dd, J=7.6, 0.7 Hz, 1H), 7.35 (td, J=7.8, 1.1 

Hz, 1H), 7.14 (td, J=7.6, 0.9 Hz, 1H), 6.86 (d, J=7.8 Hz, 1H), 6.77 (br s, 1H), 4.29-4.21 

(m, 1H), 3.90-3.83 (m 1H), 3.74-3.68 (m, 3H), 3.25 (s, 3H), 2.04-1.96 (m, 1H), 1.90-1.84 

(m, 2H), 1.48-1.41 (m, 1H), 1.30 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 172.1, 161.1, 

158.0, 144.0, 129.8, 126.9, 125.5, 123.6, 116.1, 108.4, 76.8, 72.9, 68.2, 52.2, 50.5, 29.3, 

28.2 (3C), 27.1, 25.7. HRMS (ESI) calculated for C21H27F3N3O4 [MH]+ 442.1948, found 

442.1936. ATR-FTIR (cm-1): 3422, 2969, 2876, 1704, 1688, 1613, 1510, 1360, 1196, 

1163, 1148, 1069, 953, 748. 

 

6.2.1.33. Synthesis of N-(tert-butyl)-1-methyl-2-oxo-3-(2,2,2-trifluoro-N-

(furan-2-ylmethyl)acetamido)indoline-3-carboxamide (I.ahda): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), 2-furfurylamine (I.2h), trifluoroacetic acid 

(I.3d), and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) 

and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (hexane:AcOEt 

7:3). The corresponding I.5ahda was obtained as a white solid (223.7 mg, 41% yield). 

m.p.= 126.4-126.9 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.27 (td, J=7.7, 1.3 Hz, 1H), 7.17 

(br s, 1H), 7.09 (d, J=7.3 Hz, 1H), 7.02 (td, J=7.5, 0.8 Hz, 1H), 6.73 (d, J=7.8 Hz, 1H), 

6.36 (br s, 1H), 6.21-6.18 (m, 2H), 5.03 (d, J=17.4 Hz, 1H), 4.91 (d, J=17.4 Hz, 1H), 3.18 

(s, 3H), 1.24 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 171.2, 161.0, 158.0, 148.2, 143.7, 

142.7, 129.9, 126.5, 125.1, 123.7, 116.0, 110.4, 109.8, 108.4, 72.2, 52.2, 42.9, 28.1 (3C), 

27.0. Elemental analysis calculated for C21H22F3N3O4 C (57.66%), H (5.07%) and N 

(9.61%), found C (57.44%), H (5.28%) and N (9.56%). ATR-FTIR (cm-1): 3397, 2981, 

1703, 1617, 1515, 1459, 1368, 1205, 1147, 1134, 1074, 1011, 746, 683. 

 

6.2.1.34. Synthesis of N-(tert-butyl)-1-methyl-2-oxo-3-(2,2,2-trifluoro-N-

(thiophen-2-ylmethyl)acetamido)indoline-3-carboxamide (I.5aida): 
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Prepared using N-methylisatin (I.1a), 2-thiophenemethylamine (I.2i), trifluoroacetic 

acid (I.3d), and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 

mL) and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (hexane:AcOEt 

7:3). The corresponding I.5aida was obtained as a white solid (216.9 mg, 39% yield). 

m.p.= 135.3-135.6 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.34-7.26 (m, 2H), 7.13 (dd, J=5.0, 

1.0 Hz, 1H), 7.05 (td, J=7.6, 0.8 Hz, 1H), 6.88-6.86 (m, 1H), 6.82-6.80 (m, 1H), 6.66 (d, 

J=7.8 Hz, 1H), 6.20 (br s, 1H), 5.31 (d, J=17.4 Hz, 1H), 5.10 (d, J=17.4 Hz, 1H), 3.09 (s, 

3H), 1.20 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 171.0, 161.4, 157.9, 143.7, 137.7, 130.1, 

127.6, 126.7, 126.3, 126.3, 125.6, 123.7, 117.6, 108.4, 71.9, 52.2, 45.0, 28.1 (3C), 26.8. 

Elemental analysis calculated for C21H22F3N3O3S C (55.62%), H (4.89%), N (9.27%) and 

S (7.07%), found C (55.25%), H (4.50%), N (9.23%) and S (7.06%). ATR-FTIR (cm-1): 

3354, 2979, 1722, 1675, 1609, 1523, 1473, 1352, 1212, 1183, 1149, 1128, 919, 824, 

759, 712. 

 

6.2.1.35. Synthesis of 3-(N-butyl-2,2,2-trichloroacetamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5baeb): 

 

 

 

 

 

Prepared using isatin (I.1b), n-butylamine (I.2a), trichloroacetic acid (I.3e), and 

cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) and the 

mixture filtered through a pad of celite. After solvent removal under reduced pressure, 

the crude mixture was purified by column chromatography (hexane:AcOEt from 4:1 to 

7:3). The corresponding I.5baeb was obtained as a pale-yellow solid (362.7 mg, 56% 

yield). m.p.= 106.2-107.4 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.86 (br s, 1H), 7.56 (d, J=7.6 

Hz, 1H), 7.29 (td, J=7.7, 1.0 Hz, 1H), 7.11 (td, J=7.6, 0.6 Hz, 1H), 6.86 (d, J=7.7 Hz, 1H), 

6.70 (br s, 1H), 4.17-4.09 (m, 1H), 3.99-3.91 (m, 1H), 3.77-3.70 (m, 1H), 1.96-1.62 (m, 

6H), 1.57-1.53 (m, 1H), 1.37-1.14 (m, 7H), 0.88 (t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 100 
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MHz): δ 173.7, 161.3, 161.0, 140.6, 129.8, 126.6, 126.5, 123.6, 110.3, 92.9, 73.5, 49.3, 

48.7, 32.4, 32.3, 25.4, 24.5, 24.5, 19.9, 13.6. HRMS (ESI) calculated for C21H27Cl3N3O3 

[MH]+ 474.1113, found 474.1122. ATR-FTIR (cm-1): 3229, 2931, 2854, 1724, 1672, 1619, 

1509, 1470, 1388, 1195, 1109, 838, 810, 749. 

 

6.2.1.36. Synthesis of N-(tert-butyl)-3-(N-butyl-4-chlorobenzamido)-1-

methyl-2-oxoindoline-3-carboxamide (I.5aafa): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), 4-chlorobenzoic acid 

(I.3f), and tert-butyl isocyanide (I.4a). After 48 hours, ethyl acetate was added (10 mL) 

and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (hexane:AcOEt 

from 4:1 to 7:3). The corresponding I.5aafa was obtained as a white solid (263.7 mg, 

47% yield). m.p.= 166.2-167.4 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.64 (d, J=7.5 Hz, 1H), 

7.37-7.31 (m, 5H), 7.15 (td, J=7.6, 0.7 Hz, 1H), 7.07 (br s, 1H), 6.86 (d, J=7.8 Hz, 1H), 

3.61-3.45 (m, 2H), 3.28 (s, 3H), 1.66-1.58 (m, 1H), 1.49-1.42 (m, 1H), 1.34 (s, 9H), 1.07-

0.97 (m, 2H), 0.68 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 174.0, 171.6, 161.9, 

143.9, 135.8, 134.4, 129.4, 128.7 (2C), 128.2 (2C), 126.9, 126.3, 123.4, 108.4, 71.9, 

52.1, 48.5, 33.4, 28.3 (3C), 27.0, 19.8, 13.4. Elemental analysis calculated for 

C25H30ClN3O3 C (65.85%), H (6.63%) and N (9.22%), found C (65.90%), H (6.66%) and 

N (9.22%). ATR-FTIR (cm-1): 3329, 2958, 2931, 2874, 1702, 1647, 1542, 1468, 1356, 

1235, 1091, 1012, 933, 844, 751, 697. 

 

6.2.1.37. Synthesis of 3-(N-butyl-4-chlorobenzamido)-N-cyclohexyl-2-

oxoindoline-3-carboxamide (I.5bafb): 

 

 

 

 

 

Prepared using N-methylisatin (I.1a), n-butylamine (I.2a), 4-chlorobenzoic acid 

(I.3f), and cyclohexyl isocyanide (I.4b). After 48 hours, ethyl acetate was added (10 mL) 
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and the mixture filtered through a pad of celite. After solvent removal under reduced 

pressure, the crude mixture was purified by column chromatography (hexane:AcOEt 

from 7:3 to 3:1). The corresponding I.5bafb was obtained as a beige solid (421.0 mg, 

66% yield). m.p.= 110.0-111.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.92 (br s, 1H), 7.63 (d, 

J=7.4 Hz, 1H), 7.37 (s, 4H), 7.28-7.24 (m, 1H), 7.11 (td, J=7.6, 0.5 Hz, 1H), 6.90 (d, J=7.6 

Hz, 1H), 6.82 (d, J=7.7 Hz, 1H), 3.79-3.69 (m, 1H), 3.65-3.57 (m, 1H), 3.52-3.44 (m, 1H), 

1.94-1.88 (m, 1H), 1.83-1.76 (m, 1H), 1.70-1.62 (m, 2H), 1.56-1.42 (m, 2H), 1.41-0.98 

(m, 8H), 0.68 (t, J=7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 171.8, 162.1, 140.8, 

136.0, 134.3, 129.5, 128.7, 128.3, 127.3, 126.4, 123.4, 110.1, 71.6, 49.2, 48.6, 33.4, 

32.4, 25.4, 24.6, 24.5, 19.8, 13.4. HRMS (ESI) calculated for C26H31ClN3O3 [MH]+ 

468.2048, found 468.2069. ATR-FTIR (cm-1): 3192, 2931, 2857, 1718, 1654, 1618, 1470, 

1399, 1297, 1189, 1091, 1013, 842, 751. 

 

6.2.2. Identification of side products isolated during the synthesis of I.5bfaa  

 

6.2.2.1. Side product (E)-3-(Phenylimino)indolin-2-one (I.6a): 

 

 

 

 

Compound obtained as a yellow solid (38% yield). 1H NMR (CDCl3, 400 MHz): δ 

9.28 (br s, 1H), 7.46-7.42 (m, 2H), 7.31 (td, J=7.7, 1.2 Hz, 1H), 7.28-7.24 (m, 1H), 7.05-

7.02 (m, 2H), 6.93 (d, J=7.8 Hz, 1H), 6.74 (td, J=7.7, 0.8 Hz, 1H), 6.65 (d, J=7.3 Hz, 1H). 

13C NMR (CDCl3, 100 MHz): δ 165.2, 154.6, 150.1, 145.6, 134.4, 129.5, 126.4, 125.5, 

122.8, 117.9, 116.2, 111.7. Compound previously described in the literature.3 

 

6.2.2.2. Side product 2-Chloro-N-phenylacetamide (I.6b): 

 

 

 

Compound obtained as a white solid (29% yield). 1H NMR (CDCl3, 400 MHz): δ 

8.22 (br s, 1H), 7.55 (d, J= 8.7, 2H), 7.39-7.35 (m, 2H), 7.20-7.16 (m, 1H), 4.20 (s, 2H). 

13C NMR (CDCl3, 100 MHz): δ 163.7, 136.7, 129.2, 125.3, 120.1, 42.9. Compound 

previously described in the literature.4 

 

6.2.3. Identification of Passerini adducts 
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6.2.3.1. Passerini adduct 3-(Cyclohexylcarbamoyl)-1-methyl-2-oxoindolin-

3-yl benzoate (I.7a): 

 

 

 

 

 

 

Unexpected synthesis of a Passerini adduct. Compound obtained as a white solid 

(34% yield). 1H NMR (CDCl3, 400 MHz): δ 7.98 (d, J=7.1 Hz, 2H), 7.60 (t, J=7.5 Hz, 1H), 

7.48–7.44 (m, 2H), 7.40-7.34 (m, 2H), 7.06 (t, J=7.6 Hz, 1H), 6.91 (d, J=7.8 Hz, 1H), 6.77 

(d, J=7.0 Hz, 1H), 3.86-3.79 (m, 1H), 3.32 (s, 3H), 2.03-1.19 (m, 10H). 13C NMR (CDCl3, 

100 MHz): δ 171.4, 163.7, 163.2, 145.1, 133.9, 130.7, 129.9 (2C), 128.7 (2C), 128.6, 

125.0, 124.2, 123.2, 108.8, 80.9, 48.9, 32.8, 32.6, 26.9, 25.5, 24.7, 24.6. Compound 

previously reported in the literature.5     

 

6.2.3.2. Passerini adduct 3-(tert-Butylcarbamoyl)-1-methyl-2-oxoindolin-3-

yl 2-phenylacetate (I.7b): 

 

 

 

 

 

Unexpected synthesis of a Passerini adduct. Compound obtained as a white solid 

(46% yield). m.p.= 202.9-204.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.38-7.25 (m, 6H), 

7.08-7.00 (m, 2H), 6.84 (d, J=7.8 Hz, 1H), 6.28 (br s, 1H), 3.74 (d, J=16.2 Hz, 1H), 3.70 

(d, J=16.2 Hz, 1H), 3.24 (s, 3H), 1.27 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 171.2, 167.9, 

163.2, 145.3, 133.1, 130.7, 129.3 (2C), 128.9 (2C), 127.5, 125.2, 123.0 (2C), 108.8, 81.0, 

51.9, 41.0, 28.5 (3C), 26.8. HRMS (ESI) calculated for C22H35N2O4 [MH]+ 381.1809, 

found 381.1811. ATR-FTIR (cm-1): 3383, 2972, 2937, 1760, 1726, 1671, 1607, 1540, 

1351, 1218, 1149, 1076, 1021, 1009, 750, 711. 

 

 

6.2.3.3. Passerini adduct 3-(tert-Butylcarbamoyl)-2-oxoindolin-3-yl 

cinnamate (I.7c): 
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Unexpected synthesis of a Passerini adduct. Compound obtained as a white solid 

(38% yield). m.p.= 210.2-211.6 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.75 (br s, 1H), 7.67 

(d, J=16.0 Hz, 1H), 7.53-7.50 (m, 2H), 7.42-7.38 (m, 3H), 7.31-7.27 (m, 2H), 7.05 (t, 

J=7.6 Hz, 1H), 6.89 (d, J=8.4 Hz, 1H), 6.68 (br s, 1H), 6.51 (d, J=15.9 Hz, 1H), 1.42 (s, 

9H). 13C NMR (CDCl3, 100 MHz): δ 172.7, 164.0, 163.1, 147.8, 142.1, 133.8, 131.0, 

130.6, 129.0 (2C), 128.4 (2C), 125.8, 124.0, 123.1, 115.6, 110.5, 81.1, 52.1, 28.6 (3C). 

HRMS (ESI) calculated for C22H23N2O4 [MH]+ 379.1652, found 379.1648. ATR-FTIR (cm-

1): 3376, 3146, 2962, 1726, 1681, 1637, 1520, 1474, 1333, 1310, 1200, 1148, 1116, 973, 

854, 767, 746. 

 

6.2.3.4. Passerini adduct 3-(Cyclohexylcarbamoyl)-2-oxoindolin-3-yl 4-

chlorobenzoate (I.7d): 

 

 

 

 

 

 

Unexpected synthesis of a Passerini adduct. Compound obtained as a white solid 

(22% yield). m.p.= 208.1-209.2 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.94-7.91 (m, 2H), 7.78 

(br s, 1H), 7.46-7.43 (m, 2H), 7.35-7.29 (m, 2H), 7.05 (td, J=7.6, 0.7 Hz, 1H), 6.91 (d, 

J=7.8 Hz, 1H), 6.66 (d, J=7.7 Hz, 1H), 3.88-3.79 (m, 1H), 2.03-1.93 (m, 2H), 1.77-1.70 

(m, 2H), 1.65-1.59 (m, 1H), 1.43-1.21 (m, 5H). 13C NMR (CDCl3, 100 MHz): δ 172.3, 

163.1, 162.8, 141.9, 140.6, 131.3 (2C), 130.8, 129.1 (2C), 126.9, 125.1, 124.7, 123.3, 

110.5, 81.0, 48.9, 32.8, 32.5, 25.4, 24.6, 24.6. HRMS (ESI) calculated for C22H22ClN2O4 

[MH]+ 413.1263, found 413.1262. ATR-FTIR (cm-1): 3341, 2928, 2858, 1743, 1731, 1657, 

1534, 1470, 1273, 1177, 1089, 1012, 848, 754. 

 

6.2.4. General procedure for the synthesis of β-lactam-oxindole hybrids 

obtained via Ugi4c3CR (Chapter 3 – Library II) 
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To a stirring solution of isatin derivative (100 mg, 1.0 equiv) and 3-aminopropanoic 

acid (1.0 equiv) in TFE (1 mL), isocyanide (1.0 equiv) was added. The reaction was 

allowed to stir at room temperature and the progress monitored by TLC. Upon 

completion, the solvent was evaporated under reduced pressure and the crude reaction 

mixture was purified by column chromatography (CC) using the eluent indicated in each 

case. 

 

6.2.4.1. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxoazetidin-1-yl)indoline-3-

carboxamide (II.4aaa): 

 

 

 

 

 

Prepared using isatin, 3-aminopropanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.4aaa was obtained as a beige solid (165.2 mg, 

81% yield). m.p.= 173.0-174.2 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.61 (br s, 1H), 7.66 (d, 

J=8 Hz, 1H), 7.35 (br s, 1H), 7.26 (t, J=8 Hz, 1H), 7.09 (t, J=8 Hz, 1H), 6.83 (d, J=8 Hz, 

1H), 3.62-3.59 (m, 1H), 3.42-3.38 (m, 1H), 2.96-2.92 (m, 2H), 1.37 (s, 9H). 13C NMR 

(CDCl3, 100 MHz): δ 172.6, 167.3, 162.1, 140.7, 130.1, 126.6, 126.0, 123.4, 110.8, 68.2, 

52.3, 39.5, 35.9, 28.5. Compound previously described in the literature.6   

 

6.2.4.2. Synthesis of N-(tert-Butyl)-1-methyl-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4baa): 

 

 

 

 

 

Prepared using N-methylisatin, 3-aminopropanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.4baa was obtained as a white solid (128.7 
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mg, 66% yield). m.p.= 117.8-119.0 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.72 (d, J=8, 1H), 

7.39-7.35 (m, 2H), 7.14 (td, J= 8, 4 Hz, 1H), 6.87 (d, J=8 Hz, 1H), 3.54-3.51 (m, 1H), 

3.35-3.31 (m, 1H), 3.27 (s, 3H), 2.90 (t, J=4 Hz, 2H), 1.37 (s, 9H). 13C NMR (CDCl3, 100 

MHz): δ 171.4, 166.9, 162.1, 143.3, 130.1, 126.7, 125.4, 123.7, 108.8, 68.0. 52.2, 39.2, 

36.0, 28.5 (3C), 26.8. Compound previously described in the literature.6 

 

6.2.4.3. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxoazetidin-1-yl)-1-(prop-2-

yn-1-yl)indoline-3-carboxamide (II.4caa): 

 

 

 

 

 

 

N-propargylisatin was synthesized as described in the literature.2 Briefly, to a 

solution of isatin (1.0 g, 1 equiv) in DMF kept at 0 ºC, sodium hydride (1.5 equiv) was 

slowly added and allowed to stir until the gas production ceased. Then, propargyl 

bromide (1.4 equiv) was added dropwise and the mixture was allowed to proceed with 

stirring at room temperature overnight. The DMF was then removed under reduced 

pressure. Water was added and the aqueous mixture extracted with ethyl acetate (3 x 

30 mL), and the combined organic layers were washed with brine, dried with anhydrous 

Na2SO4 and evaporated to afford the desired product, which was used in the next step 

without further purification. The lactam-oxindole hybrid II.4caa was prepared using N-

propargylisatin, 3-aminopropanoic acid and tert-butyl isocyanide. CC: Hexane:EtOAc 

2:1. The corresponding II.4caa was obtained as a beige solid (124.0 mg, 68% yield). 

m.p.= 130.5-131.9 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.73 (d, J=8 Hz, 1H), 7.39 (t, J=8 

Hz, 1H), 7.25 (br s, 1H), 7.17 (t, J=8 Hz, 1H), 7.09 (d, J=8, 1H), 4.54 (d, J=4 Hz, 2H), 

3.54-3.51 (m, 1H), 3.33-3.29 (m, 1H), 2.91 (t, J=4 Hz, 2H), 2.27 (t, J=4 Hz, 1H), 1.37 (s, 

9H). 13C NMR (CDCl3, 100 MHz): δ 170.4, 167.2, 162.0, 141.5, 130.2, 126.7, 125.4, 

124.0, 109.8, 76.1, 72.9, 68.3, 52.3, 39.1, 36.0, 29.9, 28.5 (3C). HRMS (ESI) calculated 

for C19H22N3O3 [MH]+ 340.1656, found 340.1653; and calculated for C19H21N3NaO3 

[MNa]+ 362.1475, found 362.1462. 

 

 

6.2.4.4. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxoazetidin-1-yl)-1-

phenylindoline-3-carboxamide (II.4daa): 
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Prepared using N-phenylisatin, 3-aminopropanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 2.5:1. The corresponding II.4daa was obtained as a white solid 

(102.8 mg, 61% yield). m.p.= 180.2-181.5 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.79 (d, J=8 

Hz, 1H), 7.57-7.53 (m, 2H), 7.49-7.43 (m, 4H), 7.28 (td, J=8, 4 Hz, 1H), 7.17 (t, J=8 Hz, 

1H), 6.81 (d, J=8 Hz, 1H), 3.64-3.60 (m, 1H), 3.45-3.41 (m, 1H), 3.00-2.90 (m, 2H), 1.39 

(s, 9H). 13C NMR (CDCl3, 100 MHz): δ 171.0, 166.8, 161.8, 143.5, 133.7, 130.0, 129.8 

(2C), 128.7, 127.0, 126.7 (2C), 125.3, 124.0, 110.0, 67.7, 52.3, 39.2, 36.1, 28.5 (3C). 

HRMS (ESI) calculated for C22H23N3NaO3 [MNa]+ 400.1632, found 400.1624. 

 

6.2.4.5. Synthesis of 1-Benzyl-N-(tert-butyl)-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4eaa):  

 

 

 

 

 

 

Prepared using N-benzylisatin, 3-aminopropanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 1.5:1. The corresponding II.4eaa was obtained as a white solid 

(125.7 mg, 76% yield). m.p.= 119.2-120.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.70 (d, J=8 

Hz, 1H), 7.35-7.21 (m, 7H), 7.10 (t, J=8 Hz, 1H), 6.71 (d, J=8 Hz, 1H), 5.03 (d, J=16 Hz, 

1H), 4.89 (d, J=16 Hz, 1H), 3.60-3.57 (m, 1H), 3.38-3.34 (m, 1H), 2.94 (t, J=4, 2H), 1.38 

(s, 9H). 13C NMR (CDCl3, 100 MHz): δ 171.6, 167.0, 162.0, 142.3, 134.9, 130.0, 128.9 

(2C), 127.8, 127.2 (2C), 126.7, 125.6, 123.7, 109.9, 68.2, 52.2, 44.3, 39.3, 36.1, 28.5 

(3C). Compound previously described in the literature.6 

 

 

6.2.4.6. Synthesis of 5-Bromo-N-(tert-butyl)-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4faa): 
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Prepared using 5-bromoisatin, 3-aminopropanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.4faa was obtained as a white solid (68.9 

mg, 41% yield). m.p.= 197.6-198.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.85 (br s, 1H), 7.78 

(d, J=2.0 Hz, 1H), 7.38 (m, 2H), 6.69 (d, J=8.3 Hz, 1H), 3.62 (m, 1H), 3.43 (m, 1H), 2.97 

(m, 2H), 1.37 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 172.2, 167.2, 161.0, 139.8, 133.0, 

129.6, 127.8, 116.1, 112.4, 67.6, 52.4, 39.6, 35.9, 28.4 (3C). HRMS (ESI) calculated for 

C16H19BrN3O3 [MH]+ 380.0604, found 360.0605. 

 

6.2.4.7. Synthesis of N-(tert-Butyl)-5-iodo-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4gaa): 

 

 

 

 

Prepared using 5-iodoisatin, 3-aminopropanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.4gaa was obtained as a white solid (75.5 mg, 

48% yield). m.p.= 204.0-205.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.58 (br s, 1H), 7.94 (d, 

J=1.7 Hz, 1H), 7.58 (dd, J=8.2 Hz, 1.8, 1H), 7.35 (br s, 1H), 6.60 (d, J=8.2 Hz, 1H), 3.62-

3.59 (m, 1H), 3.43-3.40 (m, 1H), 3.03-2.91 (m, 2H), 1.37 (s, 9H). 13C NMR (CDCl3, 100 

MHz): δ 172.0, 167.0, 161.0, 140.3, 139.0, 135.2, 128.0, 112.8, 86.1, 67.4, 52.4, 39.6, 

36.0, 28.4 (3C). HRMS (ESI) calculated for C16H19IN3O3 [MH]+ 428.0466, found 

428.0463; and calculated for C16H18IN3NaO3 [MNa]+ 450.0285, found 450.0283. 

 

6.2.4.8. Synthesis of N-(tert-Butyl)-5-nitro-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4haa): 
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Prepared using 5-nitroisatin, 3-aminopropanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.4haa was obtained as a white solid (52.0 mg, 

29% yield). m.p.= 199.2-200.7 ºC. 1H NMR ((CD3)2CO, 400 MHz): δ 8.50 (d, J=2.4 Hz, 

1H), 8.29 (dd, J=8.7, 2.4 Hz, 1H), 7.37 (br s, 1H), 7.20 (d, J=8.7, 1H), 3.64-3.60 (m, 1H), 

3.56-3.52 (m, 1H), 2.95-2.92 (m, 2H), 1.38 (s, 9H). 13C NMR ((CD3)2CO, 100 MHz): δ 

175.1, 169.3, 164.0, 150.6, 145.6, 129.9, 1247, 124.5, 112.7, 70.7, 54.2, 41.3, 38.3, 30.1 

(3C). HRMS (ESI) calculated for C16H19N4O5 [MH]+ 347.1350, found 347.1343; and 

calculated for C16H18N4NaO5 [MNa]+ 369.1169, found 369.1159. 

 

6.2.4.9. Synthesis of N-(tert-Butyl)-5,7-dimethyl-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4iaa): 

 

 

 

 

 

Prepared using 5,7-dimethylisatin, 3-aminopropanoic acid and tert-butyl 

isocyanide. CC: Hexane:EtOAc 1:1. The corresponding II.4iaa was obtained as a white 

solid (161.7 mg, 86% yield). m.p.= 179.8-181.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.37 

(br s, 1H), 7.38 (br s, 1H), 7.30 (s, 1H), 6.90 (s, 1H), 3.57-3.56 (m, 1H), 3.37-3.35 (m, 

1H), 2.94-2.92 (m, 2H), 2.31 (s, 3H), 2.12 (s, 3H), 1.37 (s, 9H). 13C NMR (CDCl3, 100 

MHz): δ 173.0, 167.1, 162.1, 136.7, 133.0, 132.1, 125.8, 1247, 119.4, 68.8, 52.2, 39.3, 

35.9, 28.5, 21.1, 16.2. HRMS (ESI) calculated for C18H23N3NaO3 [MNa]+ 352.1632, found 

352.1624. 

 

6.2.4.10. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxoazetidin-1-yl)-7-

(trifluoromethyl)indoline-3-carboxamide (II.4jaa): 

 

 

 

 

 

Prepared using 7-trifluoromethylisatin, 3-aminopropanoic acid and tert-butyl 

isocyanide. CC: Hexane:EtOAc 2:1. The corresponding II.4jaa was obtained as a white 

solid (80.4 mg, 47% yield). m.p.= 106.0-107.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.13 (br 

s, 1H), 7.88 (d, J=8 Hz, 1H), 7.52 (d, J=8 Hz, 1H), 7.23 (t, J=8 Hz, 1H), 7.18 (br s, 1H), 



Chapter 6 
 
 

 
233 

3.57-3.54 (m, 1H), 3.40-3.38 (m, 1H), 2.96 (t, J=4 Hz, 2H), 1.38 (s, 9H). 13C NMR (CDCl3, 

100 MHz): δ 172.4, 166.9, 160.8, 137.6, 130.8, 127.3, 127.0, 126.9, 123.5, 113.0, 112.6, 

67.1, 52.5, 39.4, 36.2, 28.4 (3C). HRMS (ESI) calculated for C17H18F3N3NaO3 [MNa]+ 

392.1192, found 392.1183. 

 

6.2.4.11. Synthesis of N-Cyclohexyl-2-oxo-3-(2-oxoazetidin-1-yl)indoline-3-

carboxamide (II.4aba): 

 

 

 

 

 

Prepared using isatin, 3-aminopropanoic acid and cyclohexyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.4aba was obtained as a pale yellow solid 

(152.7 mg, 69% yield). m.p.= 187.8-189.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.65 (br s, 

1H), 7.66 (d, J=8 Hz, 1H), 7.35 (d, J=4 Hz, 1H), 7.26 (t, J=8 Hz, 1H), 7.09 (t, J=8 Hz, 

1H), 6.83 (d, J=8 Hz, 1H), 3.79-3.74 (m, 1H), 3.62-3.58 (m, 1H), 3.40-3.36 (m, 1H), 2.94-

2.92 (m, 1H), 1.96-1.16 (m, 10H). 13C NMR (CDCl3, 100 MHz): δ 172.4, 167.5, 162.6, 

140.8, 130.2, 126.5, 126.0, 123.4, 110.8, 68.1, 49.1, 39.5, 35.9, 32.6, 32.4, 25.4, 24.6. 

HRMS (ESI) calculated for C18H21N3NaO3 [MNa]+ 350.1475, found 350.1467. 

 

6.2.4.12. Synthesis of 2-Oxo-3-(2-oxoazetidin-1-yl)-N-(2,4,4-

trimethylpentan-2-yl)indoline-3-carboxamide (II.4aca): 

 

 

 

 

 

 

Prepared using isatin, 3-aminopropanoic acid and tert-octyl isocyanide. CC: 

Hexane:EtOAc 1.5:1. The corresponding II.4aca was obtained as a white solid (170.7 

mg, 70% yield). m.p.= 139.8-140.7 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.51 (br s, 1H), 7.67 

(d, J=8 Hz, 1H), 7.26 (td, J=8, 4 Hz, 1H), 7.15 (br s, 1H), 7.09 (td, J=7.6, 0.9 Hz, 1H), 

6.82 (d, J= 8 Hz, 1H), 3.65-3.61 (m, 1H), 3.44-3.40 (m, 1H), 2.95-2.92 (m, 2H), 1.83 (d, 

J=15 Hz, 1H), 1.56 (d, J=15 Hz, 1H), 1.44 (s, 3H), 1.43 (s, 3H), 0.94 (9H). 13C NMR 

(CDCl3, 100 MHz): δ 172.4, 167.3, 161.8, 140.7, 130.1, 126.7, 126.0, 123.4, 110.7, 68.5, 
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56.3, 52.1, 39.6, 36.0, 31.6, 31.3 (3C), 28.6, 28.5. HRMS (ESI) calculated for 

C20H27N3NaO3 [MNa]+ 380.1945, found 380.1935. 

 

6.2.4.13. Synthesis of N-Benzyl-2-oxo-3-(2-oxoazetidin-1-yl)indoline-3-

carboxamide (II.4ada): 

 

 

 

 

 

Prepared using isatin, 3-aminopropanoic acid and benzyl isocyanide. CC: 

Hexane:EtOAc 1.5:1. The corresponding II.4ada was obtained as a white solid (131.2 

mg, 58% yield). m.p.= 172.2-173.0 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.32 (br s, 1H), 

7.69-7.66 (m, 2H), 7.34-7.26 (m, 6H), 7.10 (t, J=8 Hz, 1H), 6.84 (d, J=8 Hz, 1H), 4.56-

4.39 (m, 2H), 3.58-3.54 (m, 1H), 3.34-3.30 (m, 1H), 2.92 (t, J=4 Hz, 2H). 13C NMR 

(CDCl3, 100 MHz): δ 172.0, 167.6, 163.7, 140.6, 137.3, 130.4, 128.8 (2C), 127.8 (2C), 

127.7, 126.7, 125.8, 123.6, 110.8, 68.2, 44.2, 39.5, 36.1. HRMS (ESI) calculated for 

C19H17N3NaO3 [MNa]+ 358.1162, found 358.1153. 

 

6.2.4.14. Synthesis of 1-Benzyl-2-oxo-3-(2-oxoazetidin-1-yl)-N-(2,4,4-

trimethylpentan-2-yl)indoline-3-carboxamide (II.4eca): 

 

 

 

 

 

 

 

Prepared using N-benzylisatin, 3-aminopropanoic acid and tert-octyl isocyanide. 

CC: Hexane:EtOAc 1.5:1. The corresponding II.4eca was obtained as a white solid (80.6 

mg, 43% yield). m.p.= 113.1-113.9 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.73 (d, J=8 Hz, 

1H), 7.35-7.21 (m, 6H), 7.12-7.08 (m, 2H), 6.73 (d, J=8 Hz, 1H), 4.98 (d, J=16, 1H), 4.92 

(d, J=16, 1H), 3.63-3.60 (m, 1H), 3.39-3.36 (m, 1H), 2.93 (t, J=4 Hz, 2H), 1.83 (d, J=16 

Hz, 1H), 1.53 (d, J=16 Hz, 1H), 1.44 (s, 3H), 1.43 (s, 3H), 0.92 (s, 9H). Compound 

previously described in the literature.6  
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6.2.4.15. Synthesis of N-Benzyl-2-oxo-3-(2-oxoazetidin-1-yl)-1-(prop-2-yn-1-

yl)indoline-3-carboxamide (II.4cda): 

 

 

 

 

 

 

 

Prepared using N-propargylisatin, 3-aminopropanoic acid and benzyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.4cda was obtained as a beige solid (82.7 

mg, 41% yield). m.p.= 167.3-168.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.76 (d, J=8 Hz, 

1H), 7.58 (br s, 1H), 7.40 (td, J=8, 4 Hz, 1H), 7.35-7.26 (m, 5H), 7.18 (td, J=7.6, 0.8 Hz,  

1H), 7.08 (d, J=8 Hz, 1H), 4.58-4.39 (m, 4H), 3.53-3.49 (m, 1H), 3.27-3.24 (m, 1H), 2.93-

2.90 (m, 2H), 2.25 (t, J=2.5, 1H). 13C NMR (CDCl3, 100 MHz): δ 170.0, 167.5, 163.6, 

141.6, 137.3, 130.4, 128.8 (2C), 127.8 (2C), 127.6, 126.8, 125.1, 124.1, 109.9, 76.0, 

73.0, 68.1, 44.2, 39.2, 36.2, 29.9. HRMS (ESI) calculated for C22H19N3NaO3 [MNa]+ 

396.1319, found 396.1311. 

 

6.2.4.16. Synthesis of N-Cyclohexyl-1-methyl-2-oxo-3-(2-oxoazetidin-1-

yl)indoline-3-carboxamide (II.4bba): 

 

 

 

 

 

Prepared using N-methylisatin, 3-aminopropanoic acid and cyclohexyl isocyanide. 

CC: Hexane:EtOAc 1.5:1. The corresponding II.4bba was obtained as a white solid 

(141.6 mg, 67% yield). m.p.= 158.2-159.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.73 (d, J=8 

Hz, 1H), 7.39-7.27 (m, 2H), 7.14 (td, J=7.6, 0.9 Hz, 1H), 6.86 (d, J=8 Hz, 1H), 3.79-3.73 

(m, 1H), 3.54-3.49 (m, 1H), 3.34-3.30 (m, 1H), 3.26 (s, 3H), 2.90 (t, J=4.3, 2H), 1.97-1.94 

(m, 1H), 1.85-1.81 (m, 1H), 1.74-1.66 (m, 2H), 1.61-1.56 (m, 1H), 1.39-1.19 (m, 5H). 13C 

NMR (CDCl3, 100 MHz): δ 171.2, 167.1, 162.4, 143.3, 130.2, 126.7, 125.3, 123.7, 108.8, 

67.7, 49.1, 39.2, 16.0, 32.6, 32.4, 26.8, 25.4, 24.6. HRMS (ESI) calculated for 

C19H23N3NaO3 [MNa]+ 364.1632, found 364.1622. 
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6.2.4.17. Synthesis of 1-Methyl-2-oxo-3-(2-oxoazetidin-1-yl)-N-(2,4,4-

trimethylpentan-2-yl)indoline-3-carboxamide (II.4bca): 

 

 

 

 

 

 

Prepared using N-methylisatin, 3-aminopropanoic acid and tert-octyl isocyanide. 

CC: Hexane:EtOAc 1.5:1. The corresponding II.4bca was obtained as a white solid 

(114.2 mg, 50% yield). m.p.= 107.2-108.5 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.73 (d, J=8 

Hz, 1H), 7.36 (td, J=7.7, 1.2 Hz, 1H), 7.16-7.12 (m, 2H), 6.86 (d, J=8 Hz, 1H), 3.58-3.55 

(m, 1H), 3.36-3.32 (m, 1H), 3.25 (s, 3H), 2.90 (t, J=4.3 Hz, 2H), 1.80 (d, J=15 Hz, 1H), 

1.55 (d, J=15 Hz, 1H), 1.44 (s, 3H), 1.43 (s, 3H), 0.95 (s, 9H). 13C NMR (CDCl3, 100 

MHz): δ 171.2, 167.0, 161.8, 143.2, 130.1, 126.8, 125.5, 123.6, 108.7, 68.4, 56.2, 52.2, 

39.3, 36.0, 31.6, 31.3 (3C), 28.6, 28.4, 26.7. HRMS (ESI) calculated for C21H29N3NaO3 

[MNa]+ 394.2101, found 394.2092. 

 

 

6.2.5. General procedure for the synthesis of γ-lactam-oxindole hybrids 

obtained via Ugi4c3CR (Chapter 3 – Library II) 

 

 

 

 

 

 

 

To a stirring solution of isatin derivative (100 mg, 1.0 equiv) and 4-aminobutanoic 

acid (1.0 equiv) in TFE (1 mL), isocyanide (1.0 equiv) was added. The reaction was 

allowed to stir at room temperature and the progress monitored by TLC. Upon 

completion, or when no change was detected, the magnetic stir bar was removed, and 

the solvent evaporated under reduced pressure. The crude reaction mixture was purified 

by column chromatography (CC). 
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6.2.5.1. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxopyrrolidin-1-yl)indoline-3-

carboxamide (II.5aab): 

 

 

 

 

 

Prepared using isatin, 4-aminobutanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.5aab was obtained as a pale yellow solid (71.6 

mg, 33% yield). m.p.= 235.0 ºC (decomp.). 1H NMR (CDCl3, 400 MHz): δ 8.51 (br s, 1H), 

7.50 (d, J=7.0 Hz, 1H), 7.34 (br s, 1H), 7.22 (td, J=7.7, 1.0 Hz, 1H), 7.06 (td, J=7.6, 0.7 

Hz, 1H), 6.77 (d, J=7.8 Hz, 1H), 3.87-3.81 (m, 1H), 3.70-3.64 (m, 1H), 2.48-2.40 (m, 1H), 

2.34-2.26 (m, 1H), 2.19-2.12 (m, 2H), 1.35 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 175.1, 

174.8, 161.6, 141.2, 129.6, 126.4, 126.2, 123.1, 110.5, 67.7, 52.1, 46.7, 30.7, 28.4 (3C), 

18.8. HRMS (ESI) calculated for C17H22N3O3 [MH]+ 316.1656, found 316.1659; and 

calculated for C17H21N3NaO3 [MNa]+ 338.1475, found 338.1477. 

 

6.2.5.2. Synthesis of N-(tert-Butyl)-1-methyl-2-oxo-3-(2-oxopyrrolidin-1-

yl)indoline-3-carboxamide (II.5bab): 

 

 

 

 

 

Prepared using N-methylisatin, 4-aminobutanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.5bab was obtained as a white solid (52.9 

mg, 26% yield). m.p.= 179.2-180.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.55 (d, J=7.4 Hz, 

1H), 7.35-7.31 (m, 2H), 7.11 (t, J=7.5 Hz, 1H), 6.85 (d, J=7.8 Hz, 1H), 3.81-3.75 (m, 1H), 

3.65-3.59 (m, 1H), 3.28 (s, 3H), 2.41-2.33 (m, 1H), 2.28-2.19 (m, 1H), 2.17-2.07 (m, 2H), 

1.37 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 174.9, 173.5, 161.9, 143.9, 129.7, 1263, 

125.8, 123.3, 108.4, 67.4, 52.1, 46.4, 30.4, 28.4 (3C), 27.0, 18.8. HRMS (ESI) calculated 

for C18H23N3NaO3 [MNa]+ 352.1632, found 352.1622. 
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6.2.5.3. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxopyrrolidin-1-yl)-1-

phenylindoline-3-carboxamide (II.5dab): 

 

 

 

 

 

 

Prepared using N-phenylisatin, 4-aminobutanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.5dab was obtained as a beige solid (52.3 

mg, 30% yield). m.p.= 185.7-186.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.61 (dd, J=7.4, 0.9 

Hz, 1H), 7.56-7.41 (m, 6H), 7.24 (td, J=7.8, 1.3 Hz, 1H), 7.13 (td, J=7.6, 1.0 Hz, 1H), 

6.75 (d, J=7.8 Hz, 1H), 3.89-3.83 (m, 1H), 3.75-3.69 (m, 1H), 2.44-2.40 (m, 1H), 2.32-

2.16 (m, 3H), 1.38 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 173.2, 161.7, 144.3, 

134.4, 129.7 (2C), 129.6, 128.5, 126.9 (2C), 126.6, 125.3, 123.6, 109.6, 67.3, 52.2, 46.4, 

30.4, 28.4 (3C), 19.0. HRMS (ESI) calculated for C23H25N3NaO3 [MNa]+ 414.1788, found 

414.1779. 

 

6.2.5.4. Synthesis of 1-Benzyl-N-(tert-butyl)-2-oxo-3-(2-oxopyrrolidin-1-

yl)indoline-3-carboxamide (II.5eab): 

 

 

 

 

 

 

Prepared using N-benzylisatin, 4-aminobutanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 1.5:1. The corresponding II.5eab was obtained as a white solid (81.4 

mg, 48% yield). m.p.= 201.1-202.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.54 (dd, J=7.4, 0.8 

Hz, 1H), 7.37-7.23 (m, 6H), 7.18 (td, J=7.8, 1.2 Hz, 1H), 7.06 (td, J=7.6, 0.8 Hz, 1H), 

6.66 (d, J=7.8 Hz, 1H), 4.98 (s, 2H), 3.85-3.79 (m, 1H), 3.68-3.62 (m, 1H), 2.47-2.39 (m, 

1H), 2.34-2.25 (m, 1H), 2.19-2.10 (m, 2H), 1.37 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 

174.9, 173.6, 161.8, 142.7, 135.3, 129.5, 128.8 (2C), 1276, 127.1 (2C), 126.3, 125.9, 

123.4, 109.5, 67.9, 52.1, 46.6, 44.5, 30.5, 28.4 (3C), 18.9. HRMS (ESI) calculated for 

C24H27N3NaO3 [MNa]+ 428.1945, found 428.1936. 
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6.2.5.5. Synthesis of 5-Bromo-N-(tert-butyl)-2-oxo-3-(2-oxopyrrolidin-1-

yl)indoline-3-carboxamide (II.5fab): 

 

 

 

 

 

Prepared using 5-bromoisatin, 4-aminobutanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 1.5:1. The corresponding II.5fab was obtained as a beige solid (38.0 mg, 

22% yield). m.p.= 240.1-241.3 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.40 (br s, 1H), 7.62 (d, 

J=1.8 Hz, 1H), 7.35 (dd, J=8.3, 2.0 Hz, 1H), 7.33 (br s, 1H), 6.67 (d, J=8.3 Hz, 1H), 3.84-

3.78 (m, 1H), 3.70-3.64 (m, 1H), 2.49-2.41 (m, 1H), 2.37-2.28 (m, 1H), 2.21-2.14 (m, 2H), 

1.36 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 175.2, 174.5, 160.9, 140.2, 132.4, 129.6, 

128.0, 115.8, 111.8, 67.5, 52.3, 46.6, 30.5, 28.4 (3C), 18.8. HRMS (ESI) calculated for 

C17H21N3O3Br [MH]+ 394.0761, found 394.0756; and calculated for C17H20BrN3NaO3 

[MNa]+ 416.0580, found 416.0573. 

 

6.2.5.6. Synthesis of N-(tert-Butyl)-5-iodo-2-oxo-3-(2-oxopyrrolidin-1-

yl)indoline-3-carboxamide (II.5gab): 

 

 

 

 

 

Prepared using 5-iodoisatin, 4-aminobutanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 1.5:1. The corresponding II.5gab was obtained as a white solid (34.8 mg, 

22% yield). m.p.= 239.5-241.0 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.19 (br s, 1H), 7.78 (d, 

J=1.6 Hz, 1H), 7.55 (dd, J=8.2, 1.8 Hz, 1H), 7.31 (br s, 1H), 6.58 (d, J=8.2 Hz, 1H), 3.83-

3.77 (m, 1H), 3.68-3.63 (m, 1H), 2.48-2.40 (m, 1H), 2.36-2.28 (m, 1H), 2.21-2.13 (m, 2H), 

1.36 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 175.2, 174.3, 160.9, 140.8, 138.4,135.2, 

128.2, 112.3, 85.8, 67.4, 52.3, 46.6, 30.5, 28.4 (3C), 18.8. HRMS (ESI) calculated for 

C17H20IN3NaO3 [MNa]+ 464.0442, found 464.0436. 
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6.2.5.7. Synthesis of N-(tert-Butyl)-5-nitro-2-oxo-3-(2-oxopyrrolidin-1-

yl)indoline-3-carboxamide (II.5hab): 

 

 

 

 

 

Prepared using 5-nitroisatin, 4-aminobutanoic acid and tert-butyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.5hab was obtained as a beige solid (101.0 mg, 

54% yield). m.p.= 218.5 (decomp.). 1H NMR (CDCl3, 400 MHz): δ 9.00 (br s, 1H), 8.38 

(d, J=2.2 Hz, 1H), 8.22-8.19 (m, 1H), 7.26-7.23 (m, 1H), 6.86 (dd, J=8.6, 3.1 Hz, 1H), 

3.95-3.89 (m, 1H), 3.78-3.73 (m, 1H), 2.54-2.45 (m, 1H), 2.40-2.32 (m, 1H), 2.28-2.23 

(m, 2H), 1.36 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 175.7, 175.1, 160.0, 146.9, 143.9, 

126.9, 126.4, 122.6, 110.3, 67.2, 52.6, 46.8, 30.4, 28.3 (3C), 18.8. HRMS (ESI) 

calculated for C17H20N4NaO5 [MNa]+ 383.1326, found 383.1320. 

 

6.2.5.8. Synthesis of N-(tert-Butyl)-5,7-dimethyl-2-oxo-3-(2-oxopyrrolidin-1-

yl)indoline-3-carboxamide (II.5iab): 

 

 

 

 

 

Prepared using 5,7-dimethylisatin, 4-aminobutanoic acid and tert-butyl isocyanide. 

CC: Hexane:EtOAc 1.5:1. The corresponding II.5iab was obtained as a beige solid (73.6 

mg, 38% yield). m.p.= 231.4-232.7 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.87 (br s, 1H), 7.31 

(br s, 1H), 7.15 (s, 1H), 6.88 (s, 1H), 3.83-3.77 (m, 1H), 3.65-3.60 (m, 1H), 2.46-2.37 (m, 

1H), 2.33-2.25 (m, 1H), 2.29 (s, 3H), 2.17-2.10 (m, 2H), 2.14 (s, 3H), 1.36 (s, 9H). 13C 

NMR (CDCl3, 100 MHz): δ 175.0, 174.9, 161.9, 137.0, 132.6, 131.7, 125.9, 124.6, 118.7, 

68.2, 52.0, 46.5, 30.5, 28.4 (3C), 21.1, 18.8, 16.2. HRMS (ESI) calculated for 

C19H25N3NaO3 [MNa]+ 366.1788, found 366.1781. 
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6.2.5.9. Synthesis of N-(tert-Butyl)-2-oxo-3-(2-oxopyrrolidin-1-yl)-7-

(trifluoromethyl)indoline-3-carboxamide (II.5jab): 

 

 

 

 

 

Prepared using 7-trifluoromethylisatin, 4-aminobutanoic acid and tert-butyl 

isocyanide. CC: Hexane:EtOAc 2:1. The corresponding II.5jab was obtained as a white 

solid (72.8 mg, 41% yield). m.p.= 169.8-171.2 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.95 (br 

s, 1H), 7.68 (d, J=7.5 Hz, 1H), 7.48 (d, J=8.0 Hz, 1H), 7.20-7.17 (m, 2H), 3.83-3.77 (m, 

1H), 3.68-3.62 (m, 1H), 2.46-2.38 (m, 1H), 2.32-2.24 (m, 1H), 2.21-2.12 (m, 2H), 1.38 (s, 

9H). 13C NMR (CDCl3, 100 MHz): δ 175.2, 174.6, 160.7, 138.1, 130.2, 127.9, 126.5, 

126.4, 123.1, 112.5, 112.2, 66.7, 52.4, 46.4, 30.2, 28.4 (3C), 19.0. HRMS (ESI) 

calculated for C18H20F3N3NaO3 [MNa]+ 406.1349, found 406.1340. 

 

6.2.5.10. Synthesis of N-Cyclohexyl-2-oxo-3-(2-oxopyrrolidin-1-yl)indoline-

3-carboxamide (II.5abb): 

 

 

 

 

 

Prepared using isatin, 4-aminobutanoic acid and cyclohexyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.5abb was obtained as a white solid (65.7 mg, 

28% yield). m.p.= 214.7-215.8 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.17 (br s, 1H), 7.53 (d, 

J=7.4 Hz, 1H), 7.28-7.22 (m, 2H), 7.07 (t, J=7.6 Hz, 1H), 6.80 (d, J=7.8 Hz, 1H), 3.84-

3.72 (m, 2H), 3.64-3.58 (m, 1H), 2.45-2.38 (m, 1H), 2.35-2.26 (m, 1H), 2.17-2.09 (m, 2H), 

1.97-1.94 (m, 1H), 1.80-1.65 (m, 3H), 1.39-1.14 (m, 6H). 13C NMR (CDCl3, 100 MHz): δ 

175.1, 174.6, 161.8, 141.0, 129.6, 126.5, 126.2, 123.2, 110.3, 67.3, 49.1, 46.8, 32.6, 

32.3, 30.7, 25.4, 24.6, 24.5, 18.8. HRMS (ESI) calculated for C19H23N3NaO3 [MNa]+ 

364.1632, found 364.1623. 
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6.2.5.11. Synthesis of 2-Oxo-3-(2-oxopyrrolidin-1-yl)-N-(2,4,4-

trimethylpentan-2-yl)indoline-3-carboxamide (II.5acb): 

 

 

 

 

 

Prepared using isatin, 4-aminobutanoic acid and tert-octyl isocyanide. CC: 

Hexane:EtOAc 1.5:1. The corresponding II.5acb was obtained as a white solid (78.4 mg, 

31% yield). m.p.= 198.5-199.2 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.35 (br s, 1H), 7.51 (d, 

J=7.4 Hz, 1H), 7.25 (br s, 1H), 7.21 (td, J=7.7, 1.1 Hz, 1H), 7.06 (td, J=7.6, 0.8 Hz, 1H), 

6.76 (d, J=7.8 Hz, 1H), 3.86-3.80 (m, 1H), 3.69-3.64 (m, 1H), 2.47-2.38 (m, 1H), 2.34-

2.26 (m, 1H), 2.17-2.10 (m, 2H), 1.89 (d, J=14.9 Hz, 1H), 1.46-1.42 (m, 7H), 0.93 (s, 9H). 

13C NMR (CDCl3, 100 MHz): δ 175.1, 174.6, 161.2, 141.0, 129.5, 126.4, 126.3, 123.1, 

110.4, 68.0, 56.1, 52.2, 46.7, 31.5, 31.3 (3C), 30.7, 28.6, 28.0, 18.9. HRMS (ESI) 

calculated for C21H29N3NaO3 [MNa]+ 394.2101, found 394.2093. 

 

6.2.5.12. Synthesis of N-Benzyl-2-oxo-3-(2-oxopyrrolidin-1-yl)indoline-3-

carboxamide (II.5adb): 

 

 

 

 

 

Prepared using isatin, 4-aminobutanoic acid and benzyl isocyanide. CC: 

Hexane:EtOAc 2:1. The corresponding II.5adb was obtained as a white solid (48.7 mg, 

21% yield). m.p.= 215.8-217.1 ºC. 1H NMR (CDCl3, 400 MHz): δ 8.08 (br s, 1H), 7.57-

7.56 (m, 2H), 7.31-7.23 (m, 6H), 7.08 (td, J=7.6, 0.9 Hz, 1H), 6.81 (d, J=7.8 Hz, 1H), 4.52  

(dd, J=14.7, 5.9 Hz, 1H), 4.40 (dd, J=14.7, 5.7 Hz, 1H), 3.76-3.70 (m, 1H), 3.47-3.42 (m, 

1H), 2.44-2.26 (m, 2H), 2.11-2.04 (m, 2H). 13C NMR (CDCl3, 100 MHz): δ 175.3, 174.1, 

163.2, 140.9, 137.3, 129.9, 128.8 (2C), 127.9 (2C), 127.7, 126.6, 126.0, 123.4, 110.4, 

67.5, 46.7, 44.2, 30.6, 18.7. HRMS (ESI) calculated for C20H19N3NaO3 [MNa]+ 372.1319, 

found 372.1311. 
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6.2.5.13. Synthesis of 1-Methyl-2-oxo-3-(2-oxopyrrolidin-1-yl)-N-(2,4,4-

trimethylpentan-2-yl)indoline-3-carboxamide (II.5bcb): 

 

 

 

 

 

Prepared using N-methylisatin, 4-aminobutanoic acid and tert-octyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.5bcb was obtained as a beige solid (70.8 

mg, 30% yield). m.p.= 152.7-153.8 ºC. 1H NMR (CDCl3, 400 MHz): δ 7.55 (dd, J=7.4, 0.8 

Hz, 1H), 7.32 (td, J=7.8, 1.2 Hz, 1H), 7.29 (br s, 1H), 7.10 (td, J=7.6, 0.8 Hz, 1H), 6.83 

(d, J=7.8 Hz, 1H), 3.82-3.76 (m, 1H), 3.64-3.58 (m, 1H), 3.25 (s, 3H), 2.41-2.33 (m, 1H), 

2.29-2.20 (m, 1H), 2.15-2.09 (m, 2H), 1.89 (d, J=15.0 Hz, 1H), 1.44-1.41 (m, 7H), 0.92 

(s, 9H). 13C NMR (CDCl3, 100 MHz): δ 175.0, 173.3, 161.4, 143.7, 129.6, 126.3, 126.0, 

123.4, 108.3, 67.8, 56.0, 52.2, 46.6, 31.5, 31.2 (3C), 30.5, 28.6, 28.0, 26.8, 18.9. HRMS 

(ESI) calculated for C22H31N3NaO3 [MNa]+ 408.2258, found 408.2249. 

 

6.2.5.14. Synthesis of N-Benzyl-2-oxo-3-(2-oxopyrrolidin-1-yl)-1-(prop-2-yn-

1-yl)indoline-3-carboxamide (II.5cdb): 

 

 

 

 

 

 

Prepared using N-propargylisatin, 4-aminobutanoic acid and benzyl isocyanide. 

CC: Hexane:EtOAc 2:1. The corresponding II.5cdb was obtained as a beige solid (50.2 

mg, 24% yield). m.p.= 194.2 ºC (decomp.). 1H NMR (CDCl3, 400 MHz): δ 7.62 (dd, J=7.5, 

0.7 Hz, 1H), 7.52 (br s, 1H), 7.39-7.26 (m, 6H), 7.15 (td, J=7.6, 0.9 Hz, 1H), 7.07 (d, 

J=7.9 Hz, 1H), 4.63 (dd, J=17.7, 2.6 Hz, 1H), 4.54 (dd, J=14.8, 6.0 Hz, 1H), 4.47 (dd, 

J=17.7, 2.5 Hz, 1H), 4.39 (dd, J=14.8, 5.6 Hz, 1H), 3.72-3.67 (m, 1H), 3.42-3.37 (m, 1H), 

2.39-2.22 (m, 3H), 2.10-2.02 (m, 2H). 13C NMR (CDCl3, 100 MHz): δ 175.3, 172.0, 163.0, 

142.0, 137.3, 129.9, 128.8 (2C), 127.9 (2C), 127.7, 126.5, 125.5, 123.9, 109.5, 76.2, 

72.8, 67.3, 46.4, 44.2, 30.4, 30.1, 18.8. HRMS (ESI) calculated for C23H21N3NaO3 [MNa]+ 

410.1475, found 410.1469. 
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6.2.6. General procedure for the synthesis of tryptanthrin and brominated 

tryptanthrins using iodine/DMF/NaH trio (Chapter 4) 

 

 

 

 

 

 

 

 

In a thick-glass microwave reactor charged with a magnetic stirring bar, indigo or 

isatin (100 mg, 0.381 mmol of Indigo or 0.68 mmol of isatin, 1 equiv) and sodium hydride 

(60% dispersion in mineral oil, stored in a dry box) were dissolved in 1 mL of the 

appropriate dry solvent. The iodine source was added, and solvent was added to a total 

volume of 2 mL. The resulting mixture was heated under microwave irradiation (CEM 

Discover S-Class single-mode microwave reactor) at 50 ºC for 15 min. After cooling down 

to room temperature, a sample was collected, dissolved in 1 mL of dichloromethane and 

washed with 1 mL of water. The organic layer was analyzed by GC-MS.   

 

6.2.6.1. Synthesis of tryptanthrin 

 

 

 

The corresponding was obtained as a yellow solid. 1H NMR (CDCl3, 400 MHz): δ 

8.61 (d, J=8.1 Hz, 1H), 8.42 (dd, J=7.9 Hz, J=1.3 Hz, 1H), 8.02 (d, J=7.8 Hz, 1H), 7.90 

(d, J=7.6 Hz, 1H), 7.82-7.87 (m, 1H), 7.76-7.80 (m, 1H), 7.64-7.68 (m, 1H), 7.40-7.44 

(m, J=7.5 Hz, J=0.4 Hz, 1H); 13C NMR (CDCl3, 101 MHz) (ppm): δ 182.6 (C=O), 158.1 

(C=O), 146.6, 146.4, 144.4, 138.3, 135.1, 130.8, 130.3, 127.6, 127.2, 125.4, 123.8, 

122.0, 118.0; GC-MS: m/z [M+] = 248.0; ESI-TOF-MS: m/z [M+1]+ = 249.0659 for 

C15H9N2O2. 

 

6.2.6.2. Synthesis of 3,9-dibromo-tryptanthrin 
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The 3,9-dibromo-tryptanthrin was obtained as a yellow solid (36% yield). 1H NMR 

(CDCl3, 400 MHz) (ppm): δ 8.85 (d, J=1.5 Hz, 1H), 8.29 (d, J=8.5 Hz, 1H), 8.19 (d, J=1.8 

Hz, 1H), 7.81-7.76 (m, 2H), 7.61 (dd, J=8.1 Hz, J=1.6 Hz, 1H). 13C NMR (CDCl3, 101 

MHz) (ppm): δ 180.03, 156.44, 146.49, 145.47, 143.94, 132.73, 132.69, 132.37, 129.85, 

129.22, 127.90, 125.34, 121.26, 120.42, 119.52. HRMS (ESI-TOF-MS): (m/z) found 

404.8866, calculated for C15H7Br2N2O2 404.8869 [M+1] +. 

 

6.2.6.3. Synthesis of 2,4,8,10-tetrabromo-tryptanthrin 

 

 

 

 

The 2,4,8,10-tetrabromo-tryptanthrin was obtained as a green solid (18% yield). 1H 

NMR (CDCl3, 400 MHz) (ppm): δ 8.43 (d, J = 2.1 Hz , 1H), 8.22 (d, J=2.2 Hz, 1H), 8.15 

(d, J = 1.9 Hz, 1H), 8.03 (d, J=1.9 Hz, 1H). 13C NMR (CDCl3, 101 MHz) (ppm): δ 179.41, 

154.72, 145.73, 144.58, 144.52, 143.01, 141.39, 130.04, 127.48, 127.25, 126.67, 

126.53, 124.81, 121.96, 112.04. HRMS (ESI-TOF-MS): (m/z) found 560.7074, calculated 

for C15H5Br4N2O2 560.7079 [M+1] +. 

 

 

6.2.7. Procedures for the synthesis of precursors for the Petasis MCR 

 

6.2.7.1. General procedure for the synthesis of brominated tryptanthrins 

(III.1a-1d) 

 

 

 

 

In a round-bottomed flask placed in an ice bath, (un)substituted isatin (1 equiv) was 

dissolved in DMF (20 mL). Potassium carbonate (3 equiv) was slowly added, and allowed 

to stir, leading to a colour change and hydrogen release. Once gas production ceased, 

the suspension was kept at room temperature and (un)substituted isatoic anhydride (1.2 

equiv) was added. The reaction was allowed to proceed overnight, with stirring at room 

temperature and monitored by TLC. When the reaction was complete, the formed solid 

was washed with water (3 x 50 mL) and ethanol (2 x 20 mL) and the corresponding 

tryptanthrin used in the next step without further purification. 
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6.2.7.1.1. Synthesis of 8-Bromo-tryptanthrin (8-bromoindolo[2,1-

b]quinazoline-6,12-dione) (III.1a)7, 8 

 

 

 

 

 

5-Bromo-isatin (1.0 g, 1 equiv), isatoic anhydride (0.866 g, 1.2 equiv), K2CO3 

(1.830 g, 3 equiv) and DMF (20 mL) were used. The corresponding III.1a was obtained 

as a yellow solid (1.23 g, 85% yield). 

 

6.2.7.1.2. Synthesis of 2-Bromo-tryptanthrin (2-bromoindolo[2,1-

b]quinazoline-6,12-dione) (III.1b)7, 8 

 

 

 

 

Isatin (0.75 g, 1 equiv), 5-bromoisatoic anhydride (1.48 g, 1.2 equiv), K2CO3 (2.11 

g, 3 equiv) and DMF (20 mL) were used. The corresponding III.1b was obtained as a 

yellow solid (1.59 g, 95% yield). 

 

6.2.7.1.3. Synthesis of 8-Bromo-2-fluoro-tryptanthrin (8-bromo-2-

fluoroindolo[2,1-b]quinazoline-6,12-dione) (III.1c) 

 

 

 

 

5-Bromoisatin (1.50 g, 1 equiv), 5-fluoroisatoic anhydride (1.44 g, 1.2 equiv), 

K2CO3 (2.75 g, 3 equiv) and DMF (20 mL) were used. The corresponding III.1c was 

obtained as a yellow solid (1.69 g, 74% yield). 
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6.2.7.1.4. Synthesis of 2-Bromo-8-fluoro-tryptanthrin (2-bromo-8-

fluoroindolo[2,1-b]quinazoline-6,12-dione) (III.1d) 

 

 

 

 

5-Fluoroisatin (1.0 g, 1 equiv), 5-bromoisatoic anhydride (1.76 g, 1.2 equiv), K2CO3 

(2.75 g, 3 equiv) and DMF (20 mL) were used. The corresponding III.1d was obtained 

as a yellow solid (1.70 g, 81% yield). 

 

6.2.7.2. General procedure for the synthesis of boronate-tryptanthrins 

(III.2a- III.2d)9 

 

 

 

 

 

 

 

In a round-bottom flask or in a Radley’s® 12 position carousel reactor tube under 

nitrogen atmosphere was added the halide derivatives, B2NPG2 (1.1 equiv), PdCl2(dppf) 

(3 mol%), KOAc (3 equiv) and toluene. The reaction was stirred at 90ºC (in an oil bath 

when a round-bottom flask was used) overnight and monitored by TLC. The reaction was 

quenched with brine (30 mL) followed by extraction with CHCl3 (3 x 30 mL). The 

combined organic phases were dried with MgSO4, filtered and the solvent evaporated 

on the rotative evaporator. The crude mixture was filtered over a porous plate glass filter 

funnel packed with a layer of celite and a layer of SiO2 and eluted with CHCl3 until the 

washings became colourless. After evaporation of the solvent the corresponding product 

(2) was obtained and used in the next steps. 

 

6.2.7.2.1. Synthesis of 8-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)indolo[2,1-

b]quinazoline-6,12-dione (III.2a) 
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8-Bromoindolo[2,1-b]quinazoline-6,12-dione (III.1a) (301.7 mg, 0.92 mmol), 

B2NPG2 (228 mg, 1.0 mmol, 1.1 equiv), PdCl2(dppf) (20.1 mg, 0.028 mmol, 3 mol%), 

KOAc (270 mg, 2.8 mmol, 3 equiv) and toluene (4 mL) were used. The corresponding 

III.2a was obtained as a yellow-green solid (275.2 mg, 87% yield). m.p.= >220°C. 1H 

NMR (CDCl3, 400 MHz): δ 1.04 (s, CH3, 6H), 3.79 (s, CH2, 4H), 7.63-7.67 (t, J= 8 Hz, Ar, 

1H), 7.81-7.85 (t, J= 8 Hz, Ar, 1H), 8.00-8.02 (d, J= 8 Hz, Ar, 1H), 8.18-8.20 (d, J= 8 Hz, 

Ar, 1H), 8.34 (s, Ar, 1H), 8.41-8.43 (d, J= 8 Hz, Ar, 1H), 8.53-8.55 (d, J= 8 Hz, Ar, 1H). 

13C NMR (CDCl3, 100 MHz): δ 22.00, 32.08, 72.57, 117.02, 121.42, 123.84, 127.67, 

130.24, 130.80, 131.27, 135.21, 144.21, 146.78, 147.90, 158.25, 182.80. HRMS (ESI-

TOF) m/z: calcd. for C20H18BN2O4 [M]+ 361.1760, found 361.0960. 

 

6.2.7.2.2. Synthesis of 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)indolo[2,1-

b]quinazoline-6,12-dione (III.2b) 

 

 

 

 

2-Bromoindolo[2,1-b]quinazoline-6,12-dione (III.1b) (373 mg, 0.9 mmol), B2NPG2 

(228 mg, 1.0 mmol, 1.1 equiv), PdCl2(dppf) (20.1 mg, 0.028 mmol, 3 mol%), KOAc (270 

mg, 2.8 mmol, 3 equiv) and toluene (4 mL) were used. The corresponding III.2b was 

obtained as a yellow solid (369.6 mg, >99% yield). m.p.= >220°C. 1H NMR (CDCl3, 400 

MHz): δ 1.05 (s, CH3, 6H), 3.83 (s, CH2, 4H), 7.39-7.43 (t, J= 8 Hz, Ar, 1H), 7.76-7.80 (t, 

J= 8 Hz, Ar, 1H), 7.90-7.91 (d, J= 8 Hz, Ar, 1H), 7.96-7.98 (d, J= 8 Hz, Ar, 1H), 8.22-8.24 

(d, J= 8 Hz, Ar, 1H), 8.64-8.66 (d, J= 8 Hz, Ar, 1H), 8.88 (s, Ar, 1H). 13C NMR (CDCl3, 

100 MHz): δ 22.03, 32.11, 72.62, 118.18, 122.05, 122.91, 125.48, 127.20, 129.76, 

133.75, 138.39, 140.28, 144.80, 146.60, 148.24, 158.44, 182.87. HRMS (ESI-TOF) m/z: 

calcd. for C20H18BN2O4 [M]+ 361.1760, found 361.0957. 

 

6.2.7.2.3. Synthesis of 8-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-2-

fluoroindolo[2,1-b]quinazoline-6,12-dione (III.2c) 

 

 

 

 

8-Bromo-2-fluoroindolo[2,1-b]quinazoline-6,12-dione (III.1c) (332 mg, 0.8 mmol), 

B2NPG2 (216 mg, 0.9 mmol, 1.1 equiv), PdCl2(dppf) (19.1 mg, 0.026 mmol, 3 mol%), 
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KOAc (256 mg, 2.6 mmol, 3 equiv) and toluene (4 mL) were used. The corresponding 

III.2c was obtained as a yellow solid (292.8 mg, 80% yield). m.p.= >220°C. 1H NMR 

(CDCl3, 400 MHz): δ 1.04 (s, CH3, 6H), 3.80 (s, CH2, 4H), 7.55-7.58 (m, Ar, 1H), 8.02-

8.09 (m, Ar, 2H), 8.20-8.22 (d, J= 8 Hz, Ar, 1H), 8.36 (s, Ar, 1H), 8.54-8.56 (d, J= 8 Hz, 

Ar, 1H). 13C NMR (CDCl3, 100 MHz): δ 22.01, 32.11, 72.60, 113.27, 113.55, 117.08, 

118.17, 121.50, 123.37, 123.61, 125.65, 127.61, 131.37, 133.26, 138.48, 143.43, 

144.27, 147.66, 157.34, 182.31. HRMS (ESI-TOF) m/z: calcd. for C20H17BFN2O4 [M]+ 

379.1740, found 379.0864. 

 

6.2.7.2.4. Synthesis of 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-8-

fluoroindolo[2,1-b]quinazoline-6,12-dione (III.2d) 

 

 

 

 

2-Bromo-8-fluoroindolo[2,1-b]quinazoline-6,12-dione (III.1d) (297 mg, 0.8 mmol), 

B2NPG2 (216 mg, 0.9 mmol, 1.1 equiv), PdCl2(dppf) (19.1 mg, 0.026 mmol, 3 mol%), 

KOAc (256 mg, 2.6 mmol, 3 equiv) and toluene (4 mL) were used. The corresponding 

III.2d was obtained as a yellow solid (302 mg, 93% yield). m.p.= >220°C. 1H NMR 

(CDCl3, 400 MHz): δ 1.05 (s, CH3, 6H), 3.83 (s, CH2, 4H), 7.46-7.50 (t, J= 8 Hz, Ar, 1H), 

7.56-7.58 (d, J= 8 Hz, Ar, 1H), 7.96-7.98 (d, J= 8 Hz, Ar, 1H), 8.23-8.25 (d, J= 8 Hz, Ar, 

1H), 8.65-8.66 (m, Ar, 1H), 8.87 (s, Ar, 1H). 13C NMR (CDCl3, 100 MHz): δ 22.03, 32.11, 

72.62, 118.18, 122.05, 122.91, 124.31, 125.48, 127.20, 129.76, 132.72, 133.75, 138.39, 

140.28, 144.80, 146.60, 148.24, 158.44, 182.87. MS (ESI) m/z: 333.09 (M-OHNa)+.  

 

6.2.8. General procedure for the synthesis of tryptanthrin-based Petasis 

adducts (Chapter 4 – Library III) 

 

 

 

 

 

 

 

 



 Experimental Section 

 
250 

In a round-bottom flask or in a Radley’s® 12 position carousel reactor tube was 

added the borylated tryptanthrin derivatives (2) (0.3 mmol, 1.0 equiv), the amine (3.9 

equiv), the aldehyde (3.3 equiv), BINOL (20 mol%), MS 4Å (200 mg) and CHCl3 (3 mL). 

The reaction was stirred at 70 ºC for 24 hours. After cooling down, the reaction mixture 

was filtered with a porous plate glass funnel packed with a celite layer and washed with 

CHCl3. The solvent was evaporated under reduced pressure and the crude product 

purified by silica gel flash chromatography using hexane/AcOEt from (5:1) to (1:1) as 

eluents. 

 

6.2.8.1. Synthesis of 8-((2-hydroxyphenyl)(morpholino)methyl)indolo[2,1-

b]quinazoline-6,12-dione (III.5aaa) 

 

 

 

 

 

III.2a (112 mg, 0.3 mmol, 1 equiv), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 

mL, 0.9 mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg)  and 

CHCl3 (3 mL) were used to obtain the corresponding III.5aaa as a yellow solid (89.9 mg, 

66% yield). m.p.= >220°C. 1H NMR (CDCl3, 400 MHz): δ 2.48-2.51 (m, CH2, 2H), 2.65 (s 

br, CH2, 2H), 3.79 (s, CH2, 4H), 4.50 (s, CH, 1H), 6.74-6.78 (t, J= 8 Hz, Ar, 1H), 6.88-

6.90 (d, J= 8 Hz, Ar, 1H), 6.95-6.97 (d, J= 8 Hz, Ar, 1H), 7.14-7.18 (t, J= 8 Hz, Ar, 1H), 

7.63-7.66 (t, Ar, 1H), 7.81-7.85 (t, J= 8 Hz, Ar, 1H), 7.87-7.89 (m, Ar, 1H), 7.96-8.00 (m, 

Ar, 2H), 8.38-8.40 (d, J= 8 Hz, Ar, 1H), 8.54-8.56 (d, J= 8 Hz, Ar, 1H), 11.29 (s br, OH, 

1H). 13C NMR (CDCl3, 100 MHz): δ 52.47, 66.86, 76.15, 117.12, 118.66, 120.21, 122.53, 

123.70, 125.30, 127.71, 129.22, 129.52, 130.52, 130.92, 135.35, 138.36, 139.26, 

144.39, 145.98, 146.63, 155.91, 157.99, 182.23. HRMS (ESI-TOF) m/z: calcd. for 

C26H22O4N3 [M]+ 440.16048, found 440.1597. 

 

6.2.8.2. Synthesis of 8-((2-hydroxyphenyl)(piperidin-1-yl)methyl)indolo[2,1-

b]quinazoline-6,12-dione (III.5aca) 

 

 

 

 

 



Chapter 6 
 
 

 
251 

III.2a (100 mg, 0.3 mmol, 1 equiv), III.3c (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 

mL, 0.9 mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and 

CHCl3 (3 mL) were used to obtain the corresponding III.5aca as a green solid (32.1 mg, 

26% yield). m.p.= 216.8°C decomp. 1H NMR (CDCl3, 400 MHz): δ 1.49-1.67 (m, CH2, 

6H), 2.37-2.44 (m, CH2, 4H), 4.55 (s, CH, 1H), 6.70-6.73 (t, Ar, 1H), 6.86-6.89 (m, Ar, 

2H), 7.11-7.15 (t, J= 8 Hz, Ar, 1H), 7.61-7.64 (t, Ar, 1H), 7.79-7.84 (m, Ar, 2H), 7.92 (s, 

Ar, 1H), 7.97-7.99 (d, J= 8 Hz, Ar, 1H), 8.36-8.38 (d, J= 8 Hz, Ar, 1H), 8.51-8.53 (d, J= 8 

Hz, Ar, 1H), 12.06 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 24.08, 26.08, 52.84, 

75.85, 117.51, 118.44, 119.62, 122.33, 123.71, 124.44, 125.47, 127.66, 128.96, 129.10, 

130.42, 130.86, 135.27, 138.57, 139.57, 144.48, 145.81, 146.65, 156.86, 157.96, 

182.43. HRMS (ESI-TOF) m/z: calcd. for C27H24O3N3 [M]+ 438.18122, found 438.1803. 

 

6.2.8.3. Synthesis of 8-((3,4-dihydroisoquinolin-2(1H)-yl)(2-

hydroxyphenyl)methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5ada) 

 

 

 

 

 

 

III.2a (122 mg, 0.3 mmol), III.3d (0.14 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5ada as a yellow solid (19.1 mg, 12% 

yield). m.p.= 215°C decomp. 1H NMR (CDCl3, 400 MHz): δ 2.82-3.10 (m, CH2, 4H), 3.71 

(s, CH2, 2H), 4.71 (s, CH, 1H), 6.76-6.80 (t, J= 8 Hz, Ar, 1H), 6.90-6.92 (m, Ar, 2H), 6.99-

7.00 (m, Ar, 1H), 7.09-7.21 (m, Ar, 4H), 7.63-7.67 (t, J= 8 Hz, Ar, 2H), 7.81-7.85 (t, J= 8 

Hz,  Ar, 1H), 7.96-8.02 (m, Ar, 3H), 8.39-8.41 (d, J= 8 Hz, Ar, 1H), 8.56-8.58 (d, J= 8 Hz, 

Ar, 1H), 11.49 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 28.59, 49.23, 54.62, 75.16, 

117.81, 118.70, 119.98, 122.51, 123.74, 124.34, 125.22, 126.27, 126.92, 127.02, 

127.71, 128.78, 129.05, 129.38, 130.48, 130.92, 132.94, 133.44, 135.32, 138.24, 

139.93, 144.47, 145.99, 146.67, 156.47, 158.01, 182.38. HRMS (ESI-TOF) m/z: calcd. 

for C31H24O3N3 [M]+ 486.18122, found 486.1805. 
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6.2.8.4. Synthesis of 8-((3,5-di-tert-butyl-2-

hydroxyphenyl)(morpholino)methyl)indolo[2,1-b]quinazoline-6,12-dione 

(III.5aac) 

 

 

 

 

 

 

III.2a (88 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4c (215 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5aac as a yellow solid (60.5 mg, 45% 

yield). m.p.= 217.2°C decomp. 1H NMR (CDCl3, 400 MHz): δ 1.21 (s, CH3, 9H), 1.44 (s, 

CH3, 9H), 2.50-2.60 (m, CH2, 4H), 3.79 (s, CH2, 4H), 4.46 (s, CH, 1H), 6.80 (s, Ar, 1H), 

7.20 (s, Ar, 1H), 7.63-7.67 (t, J= 8 Hz, Ar, 1H), 7.81-7.85 (t, J= 8 Hz, Ar, 1H), 7.95-8.02 

(m, Ar, 3H), 8.40-8.42 (d, J= 8 Hz, Ar, 1H), 8.54-8.56 (d, J= 8 Hz, Ar, 1H), 11.45 (s br, 

OH, 1H).  13C NMR (CDCl3, 100 MHz): δ 29.68, 31.72, 34.33, 35.23, 66.82, 77.05, 

118.69, 122.45, 122.83, 123.76, 125.46, 127.74, 130.46, 130.93, 135.31, 137.08, 

138.44, 139.79, 141.72, 144.51, 145.92, 146.71, 152.35, 158.03, 182.44. HRMS (ESI-

TOF) m/z: calcd. for C34H38O4N3 [M]+ 552.2857, found 552.2850. 

 

6.2.8.5. Synthesis of 8-((5-bromo-2-hydroxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5aad) 

 

 

 

 

 

III.2a (177 mg, 0.5 mmol), III.3a (0.17 mL, 1.9 mmol, 3.9 equiv), III.4d (332 mg, 1.7 

mmol, 3.3 equiv), BINOL (28.6 mg, 0.1 mmol, 20 mol%), MS 4Å (300 mg) and CHCl3 (5 

mL) were used to obtain the corresponding III.5aad as a green solid (147.4 mg, 58% 

yield). m.p.= 170°C decomp. 1H NMR (CDCl3, 400 MHz): δ 2.29-2.62 (m, CH2, 4H), 3.77 

(s br, CH2, 4H), 4.45 (s, CH, 1H), 6.77-6.79 (d, J= 8 Hz, Ar, 1H), 7.07 (s, Ar, 1H), 7.23-

7.26 (m, Ar, 1H), 7.62-7.66 (t, J= 8 Hz, Ar, 1H), 7.82-7.84 (m, Ar, 2H), 7.93 (s, Ar, 1H), 

7.97-7.99 (d, J= 8 Hz, Ar, 1H), 8.36-8.38 (d, J= 8 Hz, Ar, 1H), 8.55-8.57 (d, J= 8 Hz, Ar, 

1H), 11.47 (s br, OH, 1H).  13C NMR (CDCl3, 100 MHz): δ 66.77, 75.64, 111.78, 118.79, 
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119.66, 122.64, 123.68, 125.24, 125.73, 127.74, 130.58, 130.95, 131.73, 132.32, 

135.41, 138.28, 138.45, 144.31, 146.16, 146.61, 155.18, 158.00, 182.23. HRMS (ESI-

TOF) m/z: calcd. for C26H21O4N3Br [M]+ 518.0710, found 518.0701. 

 

6.2.8.6. Synthesis of 8-((3-ethoxy-2-hydroxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5aaf) 

 

 

 

 

 

 

III.2a (93 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4f (152 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5aaf as a yellow solid (13.6 mg, 11% 

yield). m.p.= 137.5-138.2°C. 1H NMR (CDCl3, 400 MHz): δ 1.47-1.50 (t, CH3, 3H), 2.48-

2.62 (m, CH2, 4H), 3.77 (m, CH2, 4H), 4.05-4.12 (q, CH2, 2H), 4.58 (s, CH, 1H), 6.67-

6.77 (m, Ar, 3H), 7.62-7.66 (t, J= 8 Hz, Ar, 1H), 7.80-7.84 (t, J= 8 Hz, Ar, 1H), 7.90-8.00 

(m, Ar, 3H), 8.37-8.39 (d, J= 8 Hz, Ar, 2H), 8.51-8.53 (d, J= 8 Hz, Ar, 1H), 10.27 (s br, 

OH, 1H).  13C NMR (CDCl3, 100 MHz): δ 15.01, 52.48, 64.40, 66.96, 73.93, 111.84, 

118.54, 119.91, 120.47, 122.35, 123.70, 124.51, 125.31, 127.67, 130.45, 130.87, 

135.30, 138.35, 139.97, 144.44, 145.05, 145.80, 146.61, 147.62, 157.95, 182.42. HRMS 

(ESI-TOF) m/z: calcd. for C28H26O5N3 [M]+ 484.1867, found 484.1858. 

 

6.2.8.7. Synthesis of 8-((2-hydroxy-3-methoxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5aag) 

 

 

 

 

 

 

III.2a (121 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4g (140 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5aag as a yellow solid (18.0 mg, 11% 

yield). m.p.= 165.2-167°C. 1H NMR (CDCl3, 400 MHz): δ 2.49-2.64 (m, CH2, 4H), 3.78 (s 
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br, CH2, 4H), 3.88 (s, OMe, 3H), 4.57 (s, CH, 1H), 6.66 (m, Ar, 1H), 6.74-6.78 (t, J= 8 

Hz, Ar, 2H), 7.62-7.66 (t, J= 8 Hz, Ar, 1H), 7.80-7.84 (t, J= 8 Hz, Ar, 1H), 7.89-8.00 (m, 

Ar, 3H), 8.36-8.38 (d, J= 8 Hz, Ar, 1H), 8.51-8.53 (m, Ar, 1H), 10.75 (s br, OH, 1H). 13C 

NMR (CDCl3, 100 MHz): δ 52.45, 56.00, 66.94, 74.51, 110.81, 118.61, 119.98, 120.63, 

122.37, 123.68, 125.32, 127.68, 130.48, 130.88, 135.32, 138.36, 144.39, 145.00, 

146.60, 157.95, 182.36. HRMS (ESI-TOF) m/z: calcd. for C27H24O5N3 [M]+ 470.1711, 

found 470.1702. 

 

6.2.8.8. Synthesis of 8-((3-(tert-butyl)-2-hydroxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5aai) 

 

 

 

 

 

 

 

III.2a (102 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4i (163 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5aai as a yellow solid (50 mg, 36% 

yield). m.p.= 254°C decomp. 1H NMR (CDCl3, 400 MHz): δ 1.43 (s, CH3, 9H), 2.45-2.70 

(m, CH2, 4H), 3.80 (s, CH2, 4H), 4.49 (s, CH, 1H), 6.68-6.72 (t, J=8 Hz, Ar, 1H), 6.82-

6.84 (d, J= 8 Hz, Ar, 1H), 7.17-7.19 (d, J= 8 Hz, Ar, 1H), 7.65-7.69 (t, J= 8 Hz, Ar, 1H), 

7.83-7.87 (t, J= 8 Hz, Ar, 1H), 7.92-8.03 (m, Ar, 3H), 8.41-8.43 (d, J= 8 Hz, Ar, 1H), 8.55-

8.57 (d, J= 8 Hz, Ar, 1H), 11.73 (s, OH, 1H).  13C NMR (CDCl3, 100 MHz): δ 29.40, 34.91, 

66.68, 76.51, 118.54, 119.23, 123.54, 123.63, 125.25, 126.53, 127.08, 127.61, 130.35, 

130.82, 135.20, 137.97, 138.16, 139.29, 145.82, 154.94, 163.24, 182.23. HRMS (ESI-

TOF) m/z: calcd. for C30H29O4N3Na [M]+ 518.2050, found 518.2042. 

 

6.2.8.9. Synthesis of 2-((2-hydroxyphenyl)(morpholino)methyl)indolo[2,1-

b]quinazoline-6,12-dione (III.5baa) 
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III.2b (103 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5baa as a yellow solid (100.9 mg, 80% 

yield). m.p.= 211.5°C decomp. 1H NMR (CDCl3, 400 MHz): δ 2.45-2.65 (m, CH2, 4H), 

3.71-3.76 (m, CH2, 4H), 4.60 (s, CH, 1H), 6.71-6.74 (t, Ar, 1H), 6.85-6.87 (d, J= 8 Hz, Ar, 

1H), 6.97-6.99 (m, Ar, 1H), 7.10-7.14 (t, J= 8 Hz, Ar, 1H), 7.37-7.41 (t, J= 8 Hz, Ar, 1H), 

7.73-7.77 (t, J= 8 Hz, Ar, 1H), 7.85-7.87 (d, J= 8 Hz, Ar, 1H), 7.93-7.95 (d, J= 8 Hz, Ar, 

2H), 7.99 (m, Ar, 1H), 8.39 (s, Ar, 1H), 8.55-8.58 (d, J= 8 Hz, Ar, 1H), 11.37 (s br, OH, 

1H). 13C NMR (CDCl3, 100 MHz): δ 52.55, 66.86, 76.41, 117.64, 118.08, 120.20, 122.06, 

123.71, 124.02, 125.62, 127.47, 127.51, 129.45, 129.53, 131.87, 134.87, 138.48, 

142.37, 144.62, 146.31, 146.52, 155.94, 157.95, 182.46. HRMS (ESI-TOF) m/z: calcd. 

for C26H22O4N3 [M]+ 440.1605, found 440.1598. 

 

6.2.8.10. Synthesis of 2-((2-hydroxyphenyl)(piperidin-1-yl)methyl)indolo 

[2,1-b]quinazoline-6,12-dione (III.5bca) 

 

 

 

 

 

 

III.2b (85 mg, 0.3 mmol), III.3c (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5bca as a green solid (61.8 mg, 60% 

yield). m.p.= 197.8°C decomp. 1H NMR (CDCl3, 400 MHz): δ 1.48 (s br, CH2, 2H), 1.65 

(s br, CH2, 4H), 2.42-2.62 (m, CH2, 4H), 4.65 (s, CH, 1H), 6.68-6.71 (t, Ar, 1H), 6.85-6.87 

(d, J= 8 Hz, Ar, 1H), 6.90-6.92 (d, J= 8 Hz, Ar, 1H), 7.09-7.13 (t, J= 8 Hz, Ar, 1H), 7.35-

7.39 (t, J= 8 Hz, Ar, 1H), 7.70-7.74 (t, J= 8 Hz, Ar, 1H), 7.84-7.85 (d, J= 4 Hz, Ar, 1H), 

7.92-7.97 (m, Ar, 2H), 8.36 (s, Ar, 1H), 8.54-8.56 (d, J= 8 Hz, Ar, 1H), 11.90 (s br, OH, 

1H). 13C NMR (CDCl3, 100 MHz): δ 24.06, 26.06, 76.10, 117.38, 117.93, 119.53, 121.97, 

123.75, 124.51, 125.45, 127.34, 127.44, 129.01, 129.14, 131.50, 138.32, 142.80, 

144.40, 146.21, 146.22, 156.83, 157.95, 182.40. HRMS (ESI-TOF) m/z: calcd. for 

C27H24O4N3 [M]+ 438.1812, found 438.1802. 
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6.2.8.11. Synthesis of 2-((benzyl(methyl)amino)(2-hydroxyphenyl)methyl) 

indolo[2,1-b]quinazoline-6,12-dione (III.5bea) 

 

 

 

 

 

 

III.2b (107 mg, 0.3 mmol), III.3e (0.14 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 

0.9 mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5bea as a yellow solid (21.4 mg, 15% 

yield). m.p.= 194°C decomp. 1H NMR (CDCl3, 400 MHz): δ 2.21 (s, CH3, 3H), 3.56-3.79 

(m, CH2, 2H), 4.86 (s, CH, 1H), 6.74-6.78 (t, J= 8 Hz, Ar, 1H), 6.93-6.99 (m, Ar, 2H), 

7.15-7.19 (t, J= 8 Hz, Ar, 1H), 7.27-7.37 (m, Ar, 5H), 7.39-7.43 (t, J= 8 Hz, Ar, 1H), 7.75-

7.79 (t, J= 8 Hz, Ar, 1H), 7.88-7.90 (d, J= 8 Hz, Ar, 1H), 7.99-8.01 (m, Ar, 1H), 8.09-8.11 

(m, Ar, 1H), 8.46 (s, Ar, 1H), 8.59-8.61 (d, J= 8 Hz, Ar, 1H), 11.95 (s br, OH, 1H). 13C 

NMR (CDCl3, 100 MHz): δ 39.67, 60.01, 75.32, 117.60, 118.06, 119.83, 122.05, 123.94, 

124.51, 125.58, 127.45, 127.63, 127.95, 128.85, 129.13, 129.40, 129.46, 131.69, 

135.16, 138.52, 138.44, 142.49, 144.56, 146.31, 146.44, 156.63, 158.01, 182.48. HRMS 

(ESI-TOF) m/z: calcd. for C30H24O3N3 [M]+ 474.1812, found 474.1804. 

 

6.2.8.12. Synthesis of 2-((3,5-di-tert-butyl-2-hydroxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5bac) 

 

 

 

 

 

 

III.2b (96 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4c (215 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5bac as a yellow solid (20.3 mg, 14% 

yield). m.p.= 115.3-117°C. 1H NMR (CDCl3, 400 MHz): δ 1.20 (s, CH3, 9H), 1.45 (s, CH3, 

9H), 2.46-2.47 (m, CH2, 4H), 3.74-3.78 (m, CH2, 4H), 4.57 (s, CH, 1H), 6.83-6.84 (d, J= 

8 Hz, Ar, 1H), 7.19-7.20 (d, J= 8 Hz, Ar, 1H), 7.38-7.41 (t, Ar, 1H), 7.72-7.77 (m, Ar, 1H), 

7.87-7.88 (d, J= 4 Hz, Ar, 1H), 7.93-7.95 (d, J= 8 Hz, Ar, 1H), 8.05-8.09 (m, Ar, 1H), 8.46 
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(s br, Ar, 1H), 8.57-8.59 (d, J= 8 Hz, Ar, 1H), 11.60 (s br, OH, 1H). 13C NMR (CDCl3, 100 

MHz): δ 29.67, 31.70, 34.29, 35.22, 66.83, 77.30, 118.04, 122.01, 122.81, 123.70, 

123.91, 124.00, 125.55, 127.41, 127.59, 129.60, 131.74, 135.11, 136.95, 138.42, 

141.55, 142.95, 144.48, 146.28, 146.31, 152.42, 158.01, 182.52. HRMS (ESI-TOF) m/z: 

calcd. for C34H38O4N3 [M]+ 552.2857, found 552.2844. 

 

6.2.8.13. Synthesis of 2-((5-bromo-2-hydroxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5bad) 

 

 

 

 

 

 

 

III.2b (95 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4d (184 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5bad as a green solid (80.3 mg, 59% 

yield). m.p.= 179.1-183°C. 1H NMR (CDCl3, 400 MHz): δ 2.45-2.64 (m, CH2, 4H), 3.77 

(m, CH2, 4H), 4.55 (s, CH, 1H), 6.77-6.79 (d, J= 8 Hz, Ar, 1H), 7.09-7.10 (d, J= 4 Hz, Ar, 

1H), 7.22-7.24 (d, J= 8 Hz, Ar, 1H), 7.40-7.44 (t, J= 8 Hz, Ar, 1H), 7.76-7.80 (t, J= 8 Hz, 

Ar, 1H), 7.88-7.90 (d, J= 8 Hz, Ar, 1H), 7.97-7.99 (m, Ar, 2H), 8.39 (s, Ar, 1H), 8.58-8.60 

(d, J= 8 Hz, Ar, 1H), 11.56 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 66.78, 75.91, 

117.71, 118.06, 119.57, 121.99, 124.11, 125.63, 125.76, 127.45, 127.55, 131.89, 

131.95, 132.27, 134.73, 138.52, 141.55, 144.71, 146.24, 146.68, 155.19, 157.83, 

182.40. HRMS (ESI-TOF) m/z: calcd. for C26H21O4N3Br [M]+ 518.0710, found 518.0701. 

 

6.2.8.14. Synthesis of 2-((3-ethoxy-2-hydroxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5baf) 
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III.2b (99 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4f (152 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5baf as a yellow solid (47.7 mg, 36% 

yield). m.p.= 99.8-101.2°C. 1H NMR (CDCl3, 400 MHz): δ 1.44-1.48 (t, J= 8 Hz, CH3, 3H), 

2.44-2.63 (m, CH2, 4H), 3.71-3.80 (m, CH2, 4H), 4.02-4.07 (q, CH2, 2H), 4.67 (s, CH, 

1H), 6.68-6.75 (m, Ar, 3H), 7.34-7.38 (t, J= 8 Hz, Ar, 1H), 7.70-7.74 (t, J= 8 Hz, Ar, 1H), 

7.82-7.84 (d, J= 8 Hz, Ar, 1H), 7.90-7.92 (d, J= 8 Hz, Ar, 1H), 8.02-8.06 (m, Ar, 1H), 8.38 

(s, Ar, 1H), 8.52-8.54 (d, J= 8 Hz, Ar, 1H), 10.61 (s br, OH, 1H). 13C NMR (CDCl3, 100 

MHz): δ 14.95, 52.45, 64.29, 66.87, 74.51, 111.87, 117.90, 119.77, 120.71, 121.92, 

123.73, 124.39, 125.44, 127.30, 127.33, 131.63, 134.75, 138.31, 142.93, 144.36, 

145.09, 146.15, 146.20, 147.60, 157.86, 182.36. HRMS (ESI-TOF) m/z: calcd. for 

C28H26O5N3 [M]+ 484.1867, found 484.1859. 

 

6.2.8.15. Synthesis of 2-((2-hydroxy-3-methoxyphenyl)(morpholino) 

methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5bag) 

 

 

 

 

 

 

III.2b (94 mg, 0.3 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4g (140 mg, 0.9 

mmol, 3.3 equiv), BINOL (15.9 mg, 0.06 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5bag as a yellow solid (22.3 mg, 18% 

yield). m.p.= 133.8-135°C. 1H NMR (CDCl3, 400 MHz): δ 2.46-2.66 (m, CH2, 4H), 3.77-

3.81 (m, CH2, 4H), 3.87 (s, OMe, 3H), 4.67 (s, CH, 1H), 6.66-6.77 (m, Ar, 3H), 7.38-7.42 

(t, J= 8 Hz, Ar, 1H), 7.74-7.78 (t, J= 8 Hz, Ar, 1H), 7.86 (m, Ar, 1H), 7.93-7.95 (d, J= 8 

Hz, Ar, 1H), 8.03-8.08 (m, Ar, 1H), 8.39-8.40 (m, Ar, 1H), 8.57-8.59 (d, J= 8 Hz, Ar, 1H), 

11.04 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 52.50, 55.96, 66.92, 75.11, 110.83, 

118.00, 119.90, 120.90, 121.99, 123.84, 124.24, 125.55, 127.41, 127.43, 129.57, 

134.79, 138.42, 142.68, 144.48, 145.07, 146.24, 146.36, 148.42, 157.93, 182.44. HRMS 

(ESI-TOF) m/z: calcd. for C27H24O5N3 [M]+ 470.1711, found 470.1702. 
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6.2.8.16. Synthesis of 2-fluoro-8-((2-hydroxyphenyl)(morpholino)methyl) 

indolo[2,1-b]quinazoline-6,12-dione (III.5caa) 

 

 

 

 

 

III.2c (108 mg, 0.26 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 

0.9 mmol, 3.3 equiv), BINOL (14.9 mg, 0.05 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5caa as a yellow solid (12.7 mg, 10% 

yield). m.p.= 210.3°C decomp. 1H NMR (CDCl3, 400 MHz): δ 2.48-2.51 (m, CH2, 2H), 

2.65 (m, CH2, 2H), 3.79 (m, CH2, 4H), 4.51 (s, CH, 1H), 6.75-6.78 (t, Ar, 1H), 6.88-6.90 

(d, J= 8 Hz, Ar, 1H), 6.96-6.98 (d, J= 8 Hz, Ar, 1H), 7.14-7.18 (t, J= 8 Hz, Ar, 1H), 7.52-

7.57 (m, Ar, 1H), 7.89-7.91 (d, J= 8 Hz, Ar, 1H), 7.97-8.05 (m, Ar, 3H), 8.53-8.55 (d, J= 

8 Hz, Ar, 1H), 11.29 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 52.50, 66.84, 76.13, 

113.36, 113.60, 117.75, 118.73, 120.26, 122.63, 123.48, 123.64, 123.72, 125.39, 

125.56, 125.65, 129.11, 129.58, 133.31, 133.40, 138.39, 139.54, 143.25, 143.93, 

145.73, 155.89, 157.13, 162.07, 164.60, 182.00. HRMS (ESI-TOF) m/z: calcd. for 

C26H21O4N3F [M]+ 458.1511, found 458.1503. 

 

6.2.8.17. Synthesis of 8-((3-(tert-butyl)-2-hydroxyphenyl)(morpholino) 

methyl)-2-fluoroindolo[2,1-b]quinazoline-6,12-dione (III.5cai) 

 

 

 

 

 

 

III.2c (100 mg, 0.26 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4i (155 mg, 

0.9 mmol, 3.3 equiv), BINOL (14.9 mg, 0.05 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5cai as a yellow solid (21 mg, 16% 

yield). m.p.= 253°C decomp. 1H NMR (CDCl3, 400 MHz): 1H NMR (CDCl3, 400 MHz): δ 

1.43 (s, CH3, 9H), 2.51-2.66 (m, CH2, 4H), 3.80 (s, CH2, 4H), 4.49 (s, CH, 1H), 6.68-6.72 

(t, J= 8 Hz, Ar, 1H), 6.81-6.83 (d, J= 8 Hz, Ar, 1H), 7.17-7.19 (d, J= 8 Hz, Ar, 1H), 7.53-

7.57 (t, J= 8 Hz, Ar, 1H), 7.93-8.07 (m, Ar, 4H), 8.54-8.56 (d, J= 8 Hz, Ar, 1H), 11.71 (s, 

OH, 1H).  13C NMR (CDCl3, 100 MHz): δ 29.39, 34.91, 66.67, 76.51, 113.23, 113.48, 
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118.58, 119.25, 123.32, 123.50, 123.56, 125.32, 126.56, 127.07, 133.18, 133.27, 

138.01, 138.18, 139.61, 143.19, 143.81, 143.84, 145.54, 154.93, 181.90. HRMS (ESI-

TOF) m/z: calcd. for C30H27O4N3F [M]- 512.1991, found 512.1990. 

 

6.2.8.18. Synthesis of 8-fluoro-2-((2-hydroxyphenyl)(morpholino)methyl) 

indolo[2,1-b]quinazoline-6,12-dione (III.5daa) 

 

 

 

 

 

III.2d (90 mg, 0.26 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 0.9 

mmol, 3.3 equiv), BINOL (14.9 mg, 0.05 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5daa as a yellow solid (22.1 mg, 20% 

yield). m.p.= 193.5°C decomp. 1H NMR (CDCl3, 400 MHz): δ 2.52-2.69 (m, CH2, 4H), 

3.80 (m, CH2, 4H), 4.68 (s, CH, 1H), 6.74-6.78 (t, J= 8 Hz, Ar, 1H), 6.88-6.90 (d, J= 8 Hz, 

Ar, 1H), 7.05 (s, Ar, 1H), 7.13-7.17 (t, J= 8 Hz, Ar, 1H), 7.44-7.49 (m, Ar, 1H), 7.53-7.56 

(m, Ar, 1H), 7.94-7.96 (d, J= 8 Hz, Ar, 1H), 8.07 (s, Ar, 1H), 8.41 (s, Ar, 1H), 8.57-8.60 

(m, Ar, 1H), 11.45 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 52.52, 66.64, 112.15, 

112.40, 117.59, 119.71, 119.79, 120.28, 123.41, 123.49, 123.94, 124.89, 125.12, 

127.46, 129.40, 129.61, 131.96, 134.98, 142.39, 144.56, 146.34, 155.82, 157.66, 

160.04, 162.54, 181.54. HRMS (ESI-TOF) m/z: calcd. for C26H21O4N3F [M]+ 458.1511, 

found 458.1501. 

 

6.2.8.19. Synthesis of 8-fluoro-2-((2-hydroxyphenyl)(piperidin-1-

yl)methyl)indolo[2,1-b]quinazoline-6,12-dione (III.5dca) 

 

 

 

 

 

III.2d (77 mg, 0.26 mmol), III.3c (0.1 mL, 1.1 mmol, 3.9 equiv), III.4a (0.1 mL, 0.9 

mmol, 3.3 equiv), BINOL (14.9 mg, 0.05 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5dca as a yellow solid (32 mg, 34% 

yield). m.p.= 209.9°C decomp. 1H NMR (CDCl3, 400 MHz): δ 1.49-1.67 (m, CH2, 6H), 

2.45 (m, CH2, 4H), 4.69 (s, CH, 1H), 6.69-6.73 (t, J= 8 Hz, Ar, 1H), 6.86-6.88 (d, J= 8 Hz, 
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Ar, 1H), 6.95 (s, Ar, 1H), 7.10-7.14 (t, J= 8 Hz, Ar, 1H), 7.43-7.48 (m, Ar, 1H), 7.53-7.55 

(m, Ar, 1H), 7.93-7.95 (d, J= 8 Hz, Ar, 1H), 8.02 (s, Ar, 1H), 8.37 (s, Ar, 1H), 8.57-8.61 

(m, Ar, 1H), 12.13 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 24.02, 25.94, 52.97, 

75.89, 112.09, 112.34, 117.44, 119.70, 119.77, 113.43, 123.51, 123.78, 124.35, 124.83, 

125.07, 127.47, 129.16, 131.73, 135.22, 142.41, 142.43, 143.06, 144.41, 146.16, 

156.74, 157.78, 160.00, 162.49, 181.58. HRMS (ESI-TOF) m/z: calcd. for C27H23O3N3F 

[M]+ 456.1718, found 456.1709. 

 

6.2.8.20. Synthesis of 2-((5-bromo-2-hydroxyphenyl)(morpholino) methyl)-

8-fluoroindolo[2,1-b]quinazoline-6,12-dione (III.5dad) 

 

 

 

 

 

 

III.2d (75 mg, 0.26 mmol), III.3a (0.1 mL, 1.1 mmol, 3.9 equiv), III.4d (172.5 mg, 

0.9 mmol, 3.3 equiv), BINOL (14.9 mg, 0.05 mmol, 20 mol%), MS 4Å (200 mg) and CHCl3 

(3 mL) were used to obtain the corresponding III.5dad as a yellow solid (16.5 mg, 16% 

yield). m.p.= 192.2-194°C. 1H NMR (CDCl3, 400 MHz): δ 2.54-2.69 (m, CH2, 4H), 3.81 

(s, CH2, 4H), 4.62 (s, CH, 1H), 6.81-6.83 (d, J= 8 Hz, Ar, 1H), 7.17 (s br, Ar, 1H), 7.24 

(s, Ar, 1H), 7.48-7.52 (m, Ar, 1H), 7.56-7.58 (m, Ar, 1H), 7.97-8.03 (m, Ar, 2H), 8.42 (s, 

Ar, 1H), 8.59-8.62 (m, Ar, 1H), 11.62 (s br, OH, 1H). 13C NMR (CDCl3, 100 MHz): δ 52.53, 

66.58, 75.71, 111.87, 112.26, 112.50, 119.60, 119.79, 119.87, 123.41, 123.49, 124.13, 

125.01, 125.25, 127.51, 131.92, 132.15, 132.47, 142.39, 144.71, 146.61, 155.11, 

157.61, 160.12, 162.61, 181.57. HRMS (ESI-TOF) m/z: calcd. for C26H20O4N3BrF [M]+ 

536.0616, found 536.0609. 

 

6.2.9. General procedure for the asymmetric version of the tryptanthrin-

based Petasis adducts (Chapter 4 – (S)- III.5aaa) 
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In a round-bottom flask or in a Radley’s® 12 position carousel reactor tube was 

added (III.2a) (0.3 mmol, 1.0 equiv), (III.3a) (3.9 equiv), (III.4a) (3.3 equiv), chiral 

organocatalyst (20 mol%), MS 4Å (200 mg) and solvent (3 mL). The reaction was stirred 

at the indicated temperature and monitored by TLC. After cooling down, the reaction 

mixture was filtered with a porous plate glass funnel packed with a celite layer and 

washed with CHCl3. The solvent was evaporated under reduced pressure and the crude 

product purified by silica gel flash chromatography using hexane/AcOEt (5:1) to (1:1) as 

eluents. The product was analyzed by HPLC, using a Daicel Chiralpak IA column, using 

n-hexane/ethanol 70:30 as mobile phase, with a flow rate of 0.8 mL/min. The detector 

was set at 254 nm and the enantiomers were detected at 129.44 minutes ((R)-

enantiomer, minor) and 142.827 minutes ((S)-enantiomer, major). 

 

 

6.3. Biological activity assays 

 

6.3.1. Antiproliferative activity evaluation 

 

These assays were performed by Professor José Padrón and his team at the 

BioLab, Instituto Universitario de Bio-Orgánica Antonio González (IUBO-AG), 

Universidad de La Laguna, Spain. 

Cells were seeded onto 96 well plates at a density of 2500 (A549, HBL-100, HeLa, 

and SH-SY5Y) or 5000 (T-47D and WiDr) cells/well. Stock solutions of Library I were 

prepared in DMSO at 40 mM (400 times the desired maximum test concentration, i.e. 

100 μM). Compounds were tested at decimal dilutions starting at 100 μM. Control cells 

were exposed to an equivalent amount of DMSO (0.25% v/v, negative control). Cells 

were incubated with the test compounds for 48 h, after which time the SRB protocol was 

applied.10 Finally, in each well, the optical density (OD) was measured at 530 nm using 

the BioTeK Power Wave XS absorbance microplate reader. Values were corrected with 

the background OD of the wells containing the control. The antiproliferative activity of the 

extracts was expressed as the 50% reduction in cancer cell growth (GI50). 

 

6.3.2. Cholinesterase inhibition evaluation 

 

These assays were performed by Professor Óscar López at the Departamento de 

Química Orgánica, Facultad de Química, Universidad de Sevilla, Spain.  
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Inhibition of AChE (electric eel) and BuChE (equine serum) was meaured using 

the Ellman’s cholorimetric assay,11 with the minor modifications reported by us.12 DMSO 

(1.25% final concentration in cuvette) was used for preparing the stock inhibitor solutions. 

Enzymatic kinetics were monitored by UV–Vis spectroscopy using DTNB (5,5′-

dithiobis(2-nitrobenzoic acid), 0.975 mM) as the chromogenic agent. Reaction took place 

in a buffered medium (50 μM phosphate buffer, pH 8.0), T = 25 °C, being monitored for 

125 s at 405 nm. 

For determining the percentage of inhibition, the substrate concentration 

(acetylthiocholine iodide for AChE; S-butyrylthiocholine iodide for BuChE) was fixed at 

121 μM for AChE and 112 μM for BuChE. IC50 values were calculated by plotting the 

percentage of inhibition vs. log[I] using 5-7 different inhibitor concentrations, and 

adjusting to a second-order equation. Cornish-Bowden plots (1/V vs. [I] and [S]/V vs. [I]) 

were used for estimating the mode of action, and the kinetic parameters (KM, KM,app, Vmax, 

Vmax,app) were calculated using non-linear regression analysis (least squares fit) 

implemented in GraphPad Prism 8.01 software. Inhibition constants (Ki) were calculated 

using the same equations as previously.12 

 

6.3.3. Monoamine oxidase inhibition evaluation 

 

These studies were conducted by Professor Holger Stark at the Institute of 

Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, 

Germany. 

Assessment of potential MAO A and B inhibition was conducted. One-point 

screening of compounds were carried out for both isoforms using a discontinuous 

fluorimetric assay as described previously.13 In brief, MAO inhibition assay was 

conducted using recombinant membrane-bound MAO A and MAO B (Sigma-Aldrich, 

MO, USA), Kynuramine was used as substrate in 2-fold KM concentrations (KM = 30 µM 

for MAO A and KM = 20 µM for MAO B). After initiation of enzyme reaction by addition of 

kynuramine, mixture was incubated (20 min, 37 °C) and stopped by adding 35 µL sodium 

hydroxide (2 N). Enzyme activity was measured by detection of 4-hydroxyquinoline 

(λEx = 320 ± 20 nm, λEm = 405 ± 20 nm) using an infinite M1000 Pro microplate reader 

(Tecan Trading AG, Switzerland). Data of one-point measurements were calculated as 

percentage of control (product formation in absence of inhibitor) and expressed as mean 

± standard deviation (%) performing at least two independent experiments in duplicates. 

Clorgyline and Safinamide were used as references.  
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6.3.4. Antimicrobial activity evaluation 

 

The antimicrobial activity studies were performed by Professor Eugénia Pinto at 

the Laboratório de Microbiologia, Departamento de Ciências Biológicas, Faculdade de 

Farmácia, Universidade do Porto, Portugal. 

MICs and MLCs were used for defining the antimicrobial activity in agreement with 

the references of the Clinical and Laboratory Standards Institute (CLSI) for broth 

microdilution tests, with minor modifications:14 M27-A3 for yeasts, M38-A2 for 

filamentous fungi and dermatophytes and M100-A25 for bacteria. 

A stock solution of the tryptanthrin derivatives was prepared in dimethylsulfoxide 

(DMSO, Sigma-Aldrich, St. Louis, MO, US). Two-fold serial dilutions in RPMI for fungi 

and in MHB2 for bacteria were prepared (concentration range 512–32 µg/mL) and 

distributed in sterile and disposable 96 flat bottom wells microtiter plates. The final 

concentration of DMSO, used in growth control, did not interfere on the bacterial/fungal 

growth. Furthermore, other two controls were performed: a sterility control and a quality 

control, performed with an ATCC reference strain, bacteria with gentamicin (Sigma-

Aldrich, Seelze, Germany) and yeast with voriconazole (kindly provided by Pfizer). Equal 

volumes of cell suspension and sample dilutions were added in the wells. 

MICs were determined as the lowest concentrations resulting in 100% growth 

inhibition, in comparison to the sample-free controls. From wells showing no visible 

growth, 10 µL of culture were collected and deposited on MHA plates (for bacteria) and 

SDA (for fungi) to evaluate the MLC, defined as the lowest concentration at which no 

colonies grew after an incubation of 16–18 h/35 °C for bacteria, 48 h/35 °C for yeasts, 

Aspergillus and Mucor, and 5 days/25 °C for dermatophytes. 

The 20 new tryptanthrin-based Petasis adducts (Library III), as well as the 

enantiomeric pure version of (S)- III.5aaa were tested at least two times against bacterial 

and fungal strains. 

 

 

6.4. Computational details 

 

The full geometry optimization of all structures and transition states has been 

carried out at the DFT level of theory using the M06-2X functional15 and the 6-31G* basis 

set with the help of the Gaussian-09 program package.16 Single point calculations were 

performed on the basis of the equilibrium geometries found by using the 6-311+G** basis 

set. Cartesian d and f basis functions (6d, 10f) were used in all calculations. Ultrafine 
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integration grid was used for numerical integrations. No symmetry operations have been 

applied for any of the calculated structures. 

The Hessian matrix was calculated analytically for the optimized structures to 

prove the location of correct minima (no imaginary frequencies) or saddle points (only 

one imaginary frequency), and to estimate the thermodynamic parameters, the latter 

being calculated at temperature 298.15 K. The nature of all transition states was 

investigated by the analysis of vectors associated with the imaginary frequency and by 

the calculations of the intrinsic reaction coordinates (IRC) using the Gonzalez-Schlegel 

method.17-20 

The total energies corrected for solvent effects (Es) were estimated at the single-

point calculations on the basis of gas-phase geometries at the SMD-M06-2X/6-

311+G**//gas-M06-2X/6-31G* level of theory using the polarizable continuum model in 

the SMD version21 with methanol as solvent. The entropic term in methanol solution (Ss) 

was calculated according to the procedure described by Wertz22 and Cooper and 

Ziegler23 using eqs. 1–4: 

 

S1 = R ln Vs
m,liq/Vm,gas                          (1) 

S2 = R ln V°m/Vs
m,liq                         (2) 

α = [S°,s
liq – (S°,s

gas + S1)]/[S°,s
gas + S1]    (3)

 Ss = Sg + Ssol = Sg + [S1 + (Sg + S1) + S2] = 

Sg + [(–12.72 cal/mol•K) – 0.32(Sg – 12.72 cal/mol•K) + 6.37 cal/mol•K]  (4) 

 

where Sg is the gas-phase entropy of solute, ΔSsol is solvation entropy, S°,s
liq, S°,s

gas, and 

Vs
m,liq are standard entropies and the molar volume of the solvent in liquid or gas phases 

(127.2 and 239.9 J/mol•K and 40.46 mL/mol, respectively, for MeOH), Vm,gas is molar 

volume of the ideal gas at 25 °C (24450 mL/mol), V°m is molar volume of the solution 

corresponding to the standard conditions (1000 mL/mol). The enthalpies (Hs) and Gibbs 

free energies (Gs) in solution were estimated using the equations 5 and 6: 

 

Hs = Es(6-311+G**) – Eg(6-311+G**) + Hg(6-31+G*)                                (5) 

Gs = Hs – TSs       (6) 

 

where Es and Eg are the total energies in solution and the gas phase, and Hg is the gas-

phase enthalpy calculated at the corresponding level. The Gibbs free energies in solution 

are discussed in this work. 
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