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Abstract 
 

Indoles are present in several biologically active natural and synthetic compounds, 

displaying activities such as antimicrobial, anti-inflammatory, and antitumour, making 

the indole core a relevant scaffold for drug discovery. Thus, the development of efficient 

synthetic routes for the assembly of functionalised indoles has been widely explored and 

continues to attract great attention. Our contribution involved the development of an 

unprecedented approach to bis(indolyl)methanes (BIMs) via bis-hetero-Diels-Alder 

reaction of nitroso- and azoalkenes with indoles using dichloromethane (DCM) or the 

H2O:DCM system as solvents. The methodology proved to be versatile and with broad 

scope, leading to a library of new BIMs bearing oximes and hydrazones substituted at the 

methylene bridge. Furthermore, the novel BIMs showed relevant in vitro anticancer 

activity and a promising scaffold has been identified.   

In fact, the exciting biological activity of our lead molecule, [(E)-1-((4-

bromophenyl)-1-hydroxyiminomethyl)bis(1H-indol-3-yl)methane], particularly against 

leukaemia and lymphoma cell lines, led us to build a library of new derivatives in order 

to establish struture-activity relationships and eventually to find an even better anticancer 

agent. 

The synthesis of BIMs was also explored using Natural Deep Eutectic Solvents 

(NADESs), an emerging class of nonconventional and “green” solvents, in order to 

develop a more sustainable approach.  

After testing several NADES, the best results were obtained when a NADES 

based on choline chloride:glycerol was used. The results were very exciting, since, 

besides achieving the initial goal, the BIMs were obtained in much shorter reaction times, 

an improvement of the yields was also observed when arylhydrazones were used. 

Furthermore, we were also pleased to develop a novel strategy for the preparation of 

carbonyl-BIMs via one pot procedure using natural deep eutectic solvents.   

Several methodologies using organic solvents were also tested in order to obtain 

carbonyl-BIMs via hydrolysis of the isolated BIM oximes or hydrazones. However, these 

compounds were only achieved by methodologies consisting in the treatment with sodium 

bisulfite or paraformaldehyde in the presence of amberlyst-15 in acetone/H2O. 

The synthetic strategy approach to bis(heterocycle)methanes was extended to the 

synthesis of bis- and tris(pyrazolyl)methanes (BPMs and TPMs) through the bis-1,4-
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conjugated addition reaction of pyrazoles to nitroso- and azoalkenes. This reaction was 

carried out under mild and simple reaction conditions, giving bis(pyrazolyl)methane 

derivatives which are difficult to obtain by other methods. The ready access to a wide 

diversity of the starting oximes, hydrazones, and pyrazoles allowed simple modulation of 

the bis(pyrazolyl)methane’s structure. The possibility of producing 

tris(pyrazolyl)methanes following the same methodology was also disclosed. 

One strategy to find new compounds with biological activity is to explore the 

carboxylic acid/tetrazole bioisosterism. Therefore, a synthetic approach to 3-(1H-

tetrazol-5-yl)-indole derivatives, bioisosters of 1H-indole-3-carboxylic acids, was 

developed. Arynes, generated in situ from 2-(trimethylsilyl)aryl triflates and KF, reacted 

smoothly with 2-(4-nitrobenzyltetrazolyl)-2H-azirines to give 3-(4-

nitrobenzyltetrazolyl)-indole derivatives with high selectivity and in good yields. 

Deprotection of the tetrazole moiety of indole gave access to a new class of indole 

derivatives bearing a tetrazole moiety. 

In summary, the work developed during this PhD thesis led to the development of 

new synthetic methodologies for an extensive library of new indole derivatives. 

 

 

Keywords: Nitrosoalkenes, Azoalkenes, Bis(indolyl)methanes, Bis(pyrazolyl)methanes, 

Tetrazolyl-2H-azirines, 3-Tetrazolyl-indoles, Natural Deep Eutectic Solvents. 
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Resumo 
 

Os indóis estão presentes em vários compostos naturais e sintéticos biologicamente 

ativos, exibindo atividade antimicrobiana, anti-inflamatória e antitumoral, o que torna o 

núcleo indólico um elemento estrutural relevante em química medicinal. Assim, o 

desenvolvimento de vias sintéticas eficientes para a construção de indóis funcionalizados 

tem sido amplamente explorado e continua a atrair grande atenção. Desta forma, a 

presente tese de Doutoramento centrou-se no desenvolvimento de uma nova estratégia 

sintética para a obtenção de bis(indolil)metanos (BIMs) através da reação bis-hetero-

Diels-Alder de nitroso- e azo-alquenos e indóis utilizando diclorometano (DCM) ou o 

sistema H2O:DCM como solventes. A metodologia provou ser versátil tendo permitido a 

obtenção de uma biblioteca de BIMs meso-substituídos com grupos oxima e hidrazona. 

Os novos BIMs apresentaram atividade anticancerígena relevante in vitro, tendo sido 

identificado um composto com propriedades particularmente promissoras.  

De facto, a surpreendente atividade biológica do composto líder, [(E)-1-((4-

bromofenil)-1-hidroximinometil)bis(1H-indol-3-il)metano], em particular contra linhas 

celulares de leucemia e linfoma, levou-nos à construção de uma biblioteca de novos 

derivados com o objetivo de estabelecer relações de estrutura-atividade e eventualmente 

encontrar um potencial agente anticancerígeno ainda mais eficaz. 

A síntese de BIMs foi também explorada utilizando Solventes Eutéticos Naturais 

Profundos (NADES), uma classe emergente de solventes verdes não convencionais, com 

o objetivo de desenvolver uma abordagem mais sustentável. Após o estudo de vários 

NADESs, os melhores resultados foram obtidos aquando da utilização de um NADES à 

base de cloreto de colina:glicerol. Os resultados foram extremamente satisfatórios, uma 

vez que, além de se atingir o objetivo inicial, os BIMs foram obtidos com tempos de 

reação muito mais curtos e observou-se também uma melhoria dos rendimentos quando 

hidrazonas arílicas foram utilizadas como precursores. Além disso, o uso destes solventes 

permitiu o desenvolvimento de uma nova estratégia  para a obtenção de BIMs 

carbonílicos.  

Várias metodologias convencionais, usando solventes orgânicos, foram estudadas a 

fim de se obterem BIMs carbonílicos via hidrólise das correspondentes oximas ou 

hidrazonas. No entanto, estes compostos só foram sintetizados a partir de metodologias 
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que consistiram no tratamento com bissulfito de sódio ou com paraformaldeído na 

presença de amberlyst-15 em acetona/H2O. 

A estratégia sintética para a obtenção de bis(heterociclo)metanos foi alargada à 

síntese de bis- e tris(pirazolil)metanos (BPMs e TPMs) via bis-adição conjugada-1,4 de 

pirazóis e nitroso- e azo-alquenos. Esta transformação foi realizada em condições de 

reação suaves e simples, tendo-se obtido derivados de bis(pirazolil)metano difíceis de 

obter por outros métodos. A facilidade de acesso a uma grande diversidade de oximas, 

hidrazonas e pirazóis, permitiu a modulação da estrutura do bis(pirazolil)metano. A 

síntese de um tris(pirazolil)metano seguindo a mesma metodologia foi também 

conseguida com sucesso. 

Uma estratégia para encontrar novos compostos com atividade biológica consiste em  

explorar o bioisosterismo do ácido carboxílico/tetrazol. Neste contexto, foi desenvolvida 

uma estratégia sintética para a obtenção de derivados de 3-(1H-tetrazol-5-il)-indol, 

bioisósteros de ácidos 1H-indol-3-carboxílicos. Assim, arinos gerados in situ a partir de 

2-(trimetilsilil)aril triflatos e KF, reagiram em condições suaves com 2-(4-

nitrobenziltetrazolil)-2H-azirinas originando derivados de 3-(4-nitrobenziltetrazolil)-

indol, com elevada seletividade e bons rendimentos. A desproteção do grupo tetrazol 

presente nestes compostos levou à obtenção de uma nova classe de derivados de indol 

contendo um grupo de tetrazol como substituinte. 

Em resumo, o trabalho desenvolvido durante esta tese de doutoramento levou ao 

desenvolvimento de novas metodologias sintéticas para obtenção de uma extensa 

biblioteca de novos derivados do indol. 

 

Palavras-Chave: Nitrosoalquenos, Azoalquenos, Bis(indolil)metanos, 

Bis(pirazolil)metanos, Tetrazolil-2H-azirinas, 3-Tetrazolil-indóis, Solventes Eutéticos 

Naturais Profundos. 
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Abbreviations, Acronyms and Symbols 

 

Ac                 Acetyl 

aq.                 Aqueous 

Ar                 Aryl 

BIM              Bis(Indolyl)Methane 

Bn                 Benzyl 
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Chapter 1 

General Introduction 

 

 

 

 

Abstract 

Indole ring system is the most important heterocycle available in natural compounds. 

Owing to great structural diversity, the indole ring system has become an important 

structural requirement in many pharmaceutical agents. Due to their wide range 

applications, BIMs and their derivatives have become interesting targets for organic 

chemists. As a result, many synthetic methods for their preparation have been reported. 

However, given the extent of the studies conducted, it was decided to present the most 

relevant, covering their great diversity. 
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1. Introduction 

The chemistry of heterocyclic compounds plays a particularly important role in the 

progress and development of modern organic chemistry. Heterocycles can be found in a 

very large proportion of natural compounds. The study of these compounds occupies a 

notorious place in chemistry with an enormous range of applications in the fields of 

pharmaceutical science, agrochemicals, photochemistry, dyes and so on. Heterocyclic 

systems are also very important building-blocks for new materials having interesting 

electronic, mechanical, or biological properties.1 Within this important group of 

compounds, are the nitrogen-based heterocycles. Nitrogen-based heterocyclic chemistry is 

an important and unique area among the applied fields of organic chemistry, with a 

considerable amount of research contributing to the development of novel molecules. 

Numerous N-heterocyclic compounds are widely distributed in nature, having also 

important physiological and pharmacological properties. These nitrogen-containing 

heterocyclic molecules have shown diverse applications gaining notoriety in the fields of 

organic chemistry as well as in the pharmaceutical industry.2 Moreover, FDA databases 

reveal that almost 75 per cent of single small molecule drugs contain a nitrogen 

heterocycle.3 Due to the ability of the nitrogen atom to easily form hydrogen bonding with 

biological targets, N-heterocyclic cores present numerous therapeutic applications and are 

used as building blocks of several of new drug candidates.1, 2 

 

1.1. Indole scaffold 

Indole 1.1 or benzo[b]pyrrole (figure 1.1) is a planar heteroaromatic bicyclic molecule 

in which a six-membered benzene ring is fused to a five-membered pyrrole ring. 

 

Figure 1.1 Chemical structure of Indole. 

 

The origin of the name “Indole”, derived from the word India, as the heterocycle was 

first isolated from a blue “Indigo” produced in India. Since its first isolation by Adolf Von 

Baeyer in 18664, indole is often considered to be the most important heterocyclic molecular 

scaffold.  
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Indole appears in a significant number of natural products and across the entire 

chemical industry in fields such as agriculture, animal health, dyes and pigments, 

nutraceuticals and dietary supplements, flavours enhancers and perfumes. 1 However, it is 

in the pharmaceutical industry that its importance becomes crucial. Indole is probably the 

most important structure in drug discovery. Depending on substituents indole derivatives 

may have a range of biological activities such as anti-microbial, anti-inflammatory, anti-

tumour, anti-diabetic, anti-parkinsonian, anti-viral, anti-histamines and anti-oxidants.5-14 

Some naturally occurring indoles derivatives are shown in Figure 1.2. One of the most 

known is Tryptophan (Trp) 1.2, an amino acid used as building block in the biosynthesis 

of proteins. This indole derivative cannot be synthesised by animals, including humans, 

being only obtained through the diet, making it an essential amino acid. Trp 1.2 is also a 

biochemical precursor of other important compounds, such as the neurotransmitters 

serotonin 1.3 and tryptamine 1.4  as well as the neurohormone melatonin 1.5.15 

Other relevant naturally occurring indole derivative is indole-3-acetic acid 1.6, the 

most common naturally occurring plant hormone of the auxin class.16 

 

 

Figure 1.2 Examples of naturally occurring indole derivatives. 

 

Thus, it is expected that many marketed drugs also present the indole core in their 

chemical structure. Among others,  Fluvastatin 1.7, is a HMG-CoA reductase inhibitor, 

which is used to prevent cardiovascular diseases as well as cholesterol-lowering agent;17 

Indomethacin 1.8 (cyclooxygenase antagonists), is a non-steroidal anti-inflammatory 

drug18; Tadalafil 1.9, is a selective inhibitor of phosphodiesterase type-5 used in the 

treatment of pulmonary arterial hypertension and also for erectile dysfunction19; 

Ondansetron 1.10, is a serotonin (5HT3) receptor antagonist, a drug used to avoid nausea 
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and vomiting caused by cancer chemotherapy, radiation therapy, or surgery20; the 

hypertensive drug Pindelol 1.11, is a nonselective beta blocker and  also an antagonist of 

the serotonin 5-HT1A receptor  and in the last few years has been receiving the attention 

of researchers for the potential treatment of depression21, 22 and Vinblastine 1.12, is a 

chemotherapy medication used in the treatment of a number of types of cancers such as 

Hodgkin´s lymphoma, lung, brain, melanoma and testicular cancer (Figure 1.3).23 

 

 

Figure 1.3 Examples of marketed drugs containing the indole core. 

 

1.2 Bis(indolyl)methanes 

The constant search to establish easy and environmental benign strategies for the 

synthesis of indole derivatives, is one of the goals of the scientific community. Particularly 

interesting are the molecules carrying the bis-indolyl skeleton which have gained 

substantial attention due to their powerful biological activities. Bis(indolyl)methanes  

(BIMs) are an important group of alkaloids commonly found in both marine and terrestrial 

sources exhibiting a broad range of biological activities including anticancer  against 

several types of human tumour cells (Figure 1.4).24-26 There are distinct classes of BIMs 

according to the way the two indoles are connected. The most common structures are the 

3,3’-BIMs, where the indoles are connected through their most reactive position, C-3, 

which will be the focus of this thesis. 

Naturally occurring BIMs such as Streptindole 1.13, a genotoxic metabolite of human 

intestinal bacteria Streptococcus faecieum IB 37, isolated by Osawa an Nakimi in 1983, 

was found to have good antiviral activity against tobacco mosaic virus (TMV) and 
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fungicidal activity against 14 kinds of phytopathogenic fungi; 26-28  Vibroindole 1.14, 

isolated from the marine bacterium Vibrio parahaemolycitus, is useful in the treatment of 

chronic fatigue, fibromyalgia and irritate bowel syndrome;26, 29-31 Arundine 1.15, isolated 

by Khuzhaev and co-workers in 1994, from the roots of Arunto donax, present protective 

cancer activity, particularly against mammary and prostate tumour cells;26, 32, 33 Arsindoline 

A 1.16 and B 1.17, both isolated from a marine bacterial strain CB101 ( Aeromonas sp.), 

showed cytotoxicity against K562, a human erythroleukemic cell line ( Figure 1.4).26 

 

 

Figure 1.4 Selected natural occurring BIMs. 

 

Furthermore, synthetic BIM derivatives also exhibit a wide range of biological activities 

including anti-cancer (e.g. 1.18 and 1.19),34, 35 anti-bacterial (e.g.1.20),36 anti-inflammatory 

(e.g. 1.21),37 anti-proliferative (e.g. 1.22),38 anti-antioxidant (e.g. 1.23),39 analgesic (e.g. 

1.24),40 they can act as histone deacetylase inhibitors (e.g. 1.25)41and carbonic anhydrase 

II inhibitor (e.g. 1.26) (Figure 1.5). In addition to their wide biological applications, BIMs 

have also been used as dyes and colorimetric sensors.42-46 
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Figure 1.5 Selected bioactive synthetic BIM derivatives. 

 

1.2.1 Synthesis of  bis(indolyl)methanes 

 Due to their wide range applications, BIMs and their derivatives have become 

interesting targets for organic chemists. As a result, many synthetic methods for their 

preparation have been reported.26, 47-54 However, given the extent of the studies conducted, 

it was decided to present the most relevant, covering their great diversity. 

 

1.2.1.1 Synthesis of bis(indolyl)methanes from indoles and carbonyl compounds  

BIMs were first prepared by Fischer in 1886 from a substituted phenylhydrazine and 

an aldehyde or ketone under acidic conditions.55 Later, Walther and Clemen reported the 

synthesis of BIMs by using formaldehyde and different indoles in an ethanol-water 

solution.56 In the earlier of 60´s, Kamal and Qureshi synthesised several BIMs by 

condensation of several aliphatic, aromatic, and heterocycle aldehydes with indoles in 

water under various pH conditions.57 Since then, the Friedel-Crafts alkylation of aldehydes 

or ketones under protic and/or Lewis acid catalysis become the most common route for the 

synthesis of BIMs. Factors such as the type of catalysts, the search for milder reaction 
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conditions, the reusability of catalysts, the efficiency of the reaction, easier workups or 

environmental benign procedures led to the development of new methods for the synthesis 

of BIMs. Lewis acids,36, 58-69 protic acids,70-78 solid acids79-85  including nanocatalysts86-101 

and zeolites,102, 103 resins,104-106 transition metal-based catalysts,107-115 heteropoly acids,116-

118, supramolecular catalysts,119 biocatalysts,120-125 natural juices,126, 127 ionic liquids,128-135 

deep eutectic solvents,136, 137 under non-conventional methods  such as microwave 

radiation,138-141 ultrasound, visible light radiation,142 flow chemistry,143, 144 

mechanosynthesis,145 have been  widely used in the synthesis of BIMs. Additionally, in 

order to develop more environmentally safe processes, green solvents have also been 

commonly used in these reactions.54, 146, 147  

The general mechanism for the formation of 3,3'-BIMs in the presence of acids is 

described in Scheme 1.1. The Friedel-Crafts pathway leads to the formation  of 

azafulvenium III, that undergo further addition on reacting with a second molecule of 

indole affording the intermediate IV, which after rearomatisation leads to the target BIMs. 

 

Scheme 1.1 The Friedel-Crafts alkylation of indole with aldehydes or ketones in the 

synthesis of BIMs. 
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An interesting example of this reactivity is the recently reported synthesis of BIMs 

starting from isatins 1.30 and acenaphthaquinone 1.32 (Scheme 1.2).119, 148, 149  

Sulfamic acid in EtOH:H2O (method A), p-toluene sulfonic acid (PTSA) in DCM 

(Method B), sulfonated β-cyclodextrin (β-CD) in H2O (Method C), at room temperature 

were used in the synthesis of BIMs 1.31, while the BIMs 1.33 were synthesised  using the 

method A and B. The reactions proved to be very efficient, as the target BIMS were 

obtained in very good yields regardless of the method used. However, under the optimal 

conditions, when 5-cyanoindole or 5-nitroindole were used, no products were isolated, 

probably due to the strong electron-withdrawing effect of these substituents (Scheme 1.2). 

 

 

Scheme 1.2 Synthesis of BIMS starting from isatins and acenaphthaquinone. 

 

Some variations of these methods can be also found in the literature. For example, the 

synthesis of natural BIMs and its derivatives following a decarboxylative and deaminative 

dual coupling reaction of α-amino acids 1.34 with indoles 1.27, promoted by alloxan 

monohydrate through  a tandem reaction, was reported by Xiang et al (Scheme 1.3a).150 

The reactions were carried out using the strong solid phosphotungstic acid 44-hydrate 

(PTA) as catalyst, at 110 ºC during 4 h, affording the target BIMs 1.29 in good to excellent 

yields (41-88%). The efficiency of the reaction was shown to be dependent on the 

substituent pattern of the indole core, since the presence of neutral or electron-donating 

groups led to the desired products in excellent  yields, whereas  with electron-withdrawing 

groups the target compounds were obtained in good yields. Aromatic and aliphatic chain 

α-amino acids were also used, leading to lower conversions, suggesting that the electronic 

nature of the amino acids α-carbon has a considerable effect on the transformation.150 
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Natural occurring BIMs such as Streptindole 1.13 (82%) , Arsindoline B 1.17 (84%)  

and Arundine 1.15 (86%) could also be obtain in very good yields, starting from  alkyl 

amino acid hydrochlorides. Amino acids such as phenylalanine, tyrosine, and tryptophan  

led to the desired BIMs 1.35 - 1.37 in yields ranging from 39 to 52% (Scheme 1.3b).150  

 

 

Scheme 1.3 Synthesis of natural BIMs and  its derivatives following a decarboxylative and 

deaminative dual coupling reaction of  α-amino acids with indoles. 

 

The proposed mechanism for this one-pot reaction is outlined in Scheme 1.4. The 

alloxan monohydrate promoted the in situ transformation of α-amino acids 1.34 into the 

corresponding aldehydes I,  through a sequential condensation/hydrolysis process, which 

then reacted with the first molecule of indole 1.27 leading to the intermediate II. Finally, 

cation II alkylates another indole molecule affording the desired BIMs 1.29 (Scheme 

1.4).150  
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Scheme 1.4 Proposed mechanism for the synthesis of BIMs 1.29. 

 

Recently, potassium tert-butanolate promoted synthesis of symmetrical BIMs from 

aromatic aldehydes 1.38  and indoles 1.27 was reported by Chong et al..151 Substrates 

bearing different functional groups, susceptible to acidic media, were well tolerated under 

the optimal conditions, and BIMs 1.39 were obtained in good to excellent yields (76-93%) 

(Scheme 1.5).  

 

 

Scheme 1.5 Synthesis of symmetrical BIMs from aromatic aldehydes and indoles mediated 

by alkaline reagent. 

 

In order to try to shed some light on the mechanism for the formation of  BIMs 1.39, 

control experiments were carried out. First, the reaction between aldehyde and indole was 

performed in absence of base and the target BIM was not obtained, indicating that 

potassium tert-butanolate (tBuOK)  is essential for the reaction take place. On other hand, 

they found that the yield of BIMs 1.39 decreased significantly when the reaction was 
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performed at room temperature, and compound 1.40 become the major product. The result 

suggests that 1.40 might be an important intermediate in the overall transformation and, as 

expected, the target BIMs 1.39 were obtained from this intermediate under the optimal 

reaction conditions. Therefore, based on these results the proposed the mechanism by 

authors is outlined in Scheme 1.6. After treatment of indole with base, the intermediate 

1.40 was generated and underwent dehydration to produce the intermediate IV. Addition 

of a second indole molecule to the latter led to the formation of BIM 1.39 (Scheme 1.6). 

 

 

 

Scheme 1.6 Proposed mechanism for the synthesis of indoles 1.39. 

 

Deb and co-workers152 reported the first base-catalysed three-component cascade 

approach to unsymmetrical BIMs. In these transformations, mediated by NaOH  in EtOH-

H2O (1:1) at 90 °C, unsymmetrical BIMs 1.41 were obtained in yields ranging from 68% 

to 90% (Scheme 1.7). The efficiency of the reactions was dependent on the starting 

aldehyde since electron-rich aldehydes led to target BIMs in lower yield, producing also 

minor amount of symmetrical BIM, whereas electron-deficient aldehydes allowed for a 

more efficient synthesis of BIMs 1.41. Both electron-donating and electron-withdrawing 

groups on the phenyl ring of the aldehydes such as –Me, –OMe, –NO2, –Br, were well 

tolerated.  The proposed mechanism  is very similar to the one presented in Scheme 1.7. In 

fact, the  reaction also proceeds via 3-indolylalcohol 1.40, which was confirmed through 

isolation.  
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Scheme 1.7 Base-catalysed three-component cascade approach to unsymmetrical BIMs. 

 

Another interesting strategy involves the in situ transformation of primary alcohols 

1.42  into aldehydes or ketones. Cooper-,153 iron-,154 iridium-155 manganese-156 or 

ruthenium-based157-159 catalysts in presence of acid or base have been used for this type of 

transformation (Scheme 1.8).   

 

 

Scheme 1.8 Overview of  synthetic strategy towards BIMs starting from primary alcohols 

and indoles. 

 

An example of this type of reactivity is outlined in Scheme 1.9. In this study, the 

reactions between indoles 1.27 (1.0 equiv.) and benzylic alcohols 1.43 (0.5 equiv.) were 

carried out in presence of  RuCl2
.H2O (5 mol%) and dicyclohexylamine (DCHA), in 

ethylene glycol dimethyl ether  (GDE), at room temperature during 48 h. Then, after adding  

PTSA, the corresponding BIMs 1.44 were obtained  in moderate to excellent yields (30-

88%). The authors also disclosed that the use of 1.0 equiv. of DCHA had a significant 

impact on the efficiency of the reactions, since any decrease or increase in the amount of 

this amine led to a sharp decrease in yields. The substitution pattern at the benzyl alcohols 

also proved to have influence on the yield. Thus, benzylic alcohols with electron-donating 
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groups led to an improvement on the yield (65-83%), while the opposite was found when  

benzyl alcohols carrying electron-withdrawing groups were used (30-36%). The presence 

of halogens such as bromine or chlorine on the phenyl moiety of the alcohol, gave rise to 

the desired products in good to excellent yields (67-88%) (Scheme 1.9). According to the 

authors' proposal, the ruthenium-based catalyst promotes the in situ oxidation of the 

benzylic alcohols to aldehydes forming the ruthenium hydride which in turns reacts with 

molecular oxygen to regenerate the catalyst. After the formation of the aldehydes, the 

reaction follows the general mechanism shown in scheme 1.1 (Scheme 1.9).157 

 

 

Scheme 1.9 Reactions between indoles and benzylic alcohols towards BIMS. 

 

 In addition to these methods, an interesting route for electro-oxidative synthesis of 

nanosized BIM nanoparticles, via controlled-potential coulometry in an undivided cell, 

using acetonitrile (MeCN) as solvent was described by Nikoofar and Ghambari.160 (Scheme 
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1.10). The electro-chemical condensation of primary alcohols 1.42 and indoles 1.27, in 

presence of LiClO4 as electrolyte in MeCN at room temperature, gave rise to the desired 

products 1.29 in good to very good yield (70-80%). Experimental data showed that aryl 

alcohols and derivatives with electron-donating and electro-withdrawing substituents, 

reacted efficiently with indoles, since the corresponding BIMs were obtained  in high 

yields. The results also showed that the reaction with aliphatic and allylic alcohols were 

well tolerated, but the condensation between indoles and aliphatic alcohols proceeded more 

slowly than the corresponding reaction with allylic alcohols (Scheme 1.10).160 

 

Scheme 1.10 Electro-chemical condensation of terminal alcohols and indoles towards 

BIMs. 

 

Although the mechanism has not been proven, the authors consider that the reaction 

follows the pathway shown in Scheme 1.11. First,  the in situ generation of the aldehyde 

1.38a by oxidation of the benzylic alcohol 1.42a and formation of the indole anion 1.45 

occur at the anode and cathode, respectively. Then, the nucleophilic attack of the indole 

anion to the aldehyde leads to the formation of the intermediate I. This is then stabilised by 

an H-shift leading to intermediate II which is in equilibrium with III.  After the release of 

the hydroxyl ion and a second nucleophilic attack of another indole anion 1.45, 

intermediate IV is obtained, which in turn undergoes protonation by the in situ produced  

H+, generated from the hydroxyl oxidation at the anode, leading to the desired BIM 1.29a. 
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Scheme 1.11 Proposed mechanism for the synthesis of BIMs 1.29. 

 

A radical pathway to synthesise BIMs, using  potassium peroxodisulfate (K2S2O8) as 

catalyst, was reported by Konwar and Bora.161 Starting from a range of  aromatic aldehydes 

1.38  and indoles 1.27, in ethanol at 80 ºC, during 7 h, BIMs 1.44 were obtained in moderate 

to excellent yields. Reactions between 1-methyl-1H-indole and electron deficient 

aldehydes (R1 = Br, R1 = Cl, R2 = NO2) were more efficient affording BIMs in higher yields 

(90%, 95% and 80%, respectively) than when electron-rich aldehydes were used. A 

moderate yield was observed when 2-iodobenzaldehyde was used, which can be 

rationalised considering the bulkiness of iodine (Scheme 1.12). 
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Scheme 1.12 Synthesis of BIMs, using  potassium peroxodisulfate as catalyst. 

 

The experimental data suggested that the reaction follows a free radical pathway in 

presence of K2S2O8, a known free radical initiator, as shown in the proposed catalytic cycle 

outlined in Scheme 1.13. In the first step, K2S2O8  generates the KSO4 radical which can 

react with the aldehyde 1.38 to form carbonyl radical I. This interacts with indole to form 

oxygen radical III via intermediate II.  From the reaction of III with the species •H the 

intermediate IV is obtain. Subsequent attack by a second molecule of indole led to V which 

in turn loses a water molecule to form VI. Next, other KSO4  radical removes a hydrogen 

from VI in order to stabilize the indole molecule and generating the tertiary radical VII 

along with KSO4H. The abstraction of the hydrogen from KSO4H led to the desired BIM 

1.44 regenerating the KSO4 radical which again participates in another catalytic cycle 

(Scheme 1.13). 
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Scheme 1.13 Proposed mechanism for the K2S2O8-promoted synthesis of BIMs 1.44. 

 

More recently, a one-step CF3SO2Na-mediated UV-light-induced Friedel−Crafts 

alkylation of indoles 1.27 with  ketones  (alkyl and aromatic) and aromatic aldehydes 1.28 

was disclosed by Yang et al..162 The reactions were carried out in toluene at room 

temperature under UV radiation, during 24 h in an oxygen/air atmosphere (Scheme 1.14).  

Both electron-donating and electron-withdrawing groups on the indole moiety were 

screened, influencing the efficiency of the reaction with alkyl ketones 1.46. For example, 

the presence of a cyano group at C-5 position  resulted in the synthesis of the corresponding 

BIMs in very good yield (84%), whereas starting from 5-methoxy-indole, the efficiency of 

the reaction decreased, leading to the corresponding BIM 1.47 in  49% yield. More, starting 
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from 5-fluoroindole, the yield has fallen sharply with the corresponding BIM obtained in 

17% yield . On the other hand, when aromatic ketones 1.28 (R1 and R2 ≠ H) were tested in 

the reaction with 1H-indole, BIMs 1.29 were obtained in 26-62% yield. The highest yield 

was obtained when p-bromoacetophenone was used and the lowest yield using a ketone 

with a naphthyl group. Furthermore, compared to aromatic ketones, aromatic aldehydes 

1.28 (R2 = H) showed much higher efficiency, regardless of whether they had electron-

donating or electron-withdrawing groups on the aromatic ring (43%-89%). The great 

advantage of the described method is the non-use of acid, base, transition metal or 

photocatalysts, showing a wide substrate range and scale-up capability. According to the 

mechanistic proposal, upon UV radiation and under O2 atmosphere, the salt CF3SO2Na is 

oxidised generating in situ the radical •CF3. These radical attacks the amine hydrogen of 

the first molecule of indole 1.27 to form the radical I, which easily isomerises to carbon 

radical II (1,3-H shift). The latter reacts with ketone (e.g. acetone) or an aldehyde 

generating an oxygen radical III, which in turns reacts with the salt and H2O to generate 

again the radical •CF3 and indole IV. Following  a β-elimination and  consequent 

generation of V, a second molecule of indole attacks the intermediate V which after 

rearomatization gives the target BIM (Scheme 1.14).162 
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Scheme 1.14 One-step CF3SO2Na-mediated, UV-light-induced Friedel−Crafts alkylation 

of indoles. 

 

A Ga(OTf)3-catalysed Friedel-Crafts alkylation between di- or trifluoromethylated 3-

indolylmethanols 1.48 and indoles 1.27 for the synthesis of unsymmetric BIMs 1.49 was 

also developed.163  In this transformation, considering one representative example (reaction 

of 148a with 1.27b),  after an initial activation of  the alcohol  substrate 1.48a by the catalyst 

followed by elimination, carbocation I is generated. A subsequent Friedel-Crafts alkylation 

with indole 1.27, led to the correspondent unsymmetric BIM (Scheme 1.15).  
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Scheme 1.15 Ga(OTf)3-catalysed Friedel-Crafts alkylation between di- or 

trifluoromethylated 3-indolylmethanols and indoles for the synthesis of unsymmetric 

BIMs. 

 

1.2.1.2 Synthesis of bis(indolyl)methanes from indoles and alkynes,  alkenes and 

allenes 

Catalytic hydroindolation using alkynes as easily available substrates became a 

powerful approach for BIM synthesis. The great advantage of this method is that it does 

not require pre-functionalisation of the reaction partners, which makes it one of the most 

efficient synthetic routes for the synthesis of symmetrical and unsymmetrical BIMs. To 

date, various metal-based catalysts (cooper-, gold- , mercury-, ruthenium-, rhenium-, 

palladium- and platinum) for the hydroindolation reaction between indoles and terminal 

alkynes have been reported.164-172 In contrast, metal-free catalytic hydroindolation is 

scarce, with only one single literature report.173 
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The control of the regioselectivity during the addition of indoles to terminal alkynes is 

still a challenge. The electronic imbalance of the triple bond in key transition metal-alkyne 

complex, results in the regioselective attack of indoles at the internal C atom of unactivated 

terminal alkynes, resulting in Markovnikov’s adducts (Scheme 1.16a).164-168, 173, 174 On the 

contrary, for the selective intermolecular anti-Markovnikov addition is necessary to create 

an electronic bias in the triple bond, in order to facilitate the indole addition at the terminal 

carbon of the alkyne. Therefore, activated alkynes containing electron-withdrawing groups 

such as sulfone, ester, and amide have been employed.121, 175  However and despite being 

scarce, studies of a direct intermolecular anti-Markovnikov addition of indoles to 

unactivated terminal alkynes started to be carried out successfully (Scheme 1.16b).168, 170 

 

 

Scheme 1.16 a) Overview of method for Markovnikov and b) anti-Markovnikov 

hydroindolation. 

 

Among the various studies carried out on this topic, a particularly interesting one 

reported by Xia et al., showed that by making slight changes to the method selectivity can 

be controlled.168 According to the authors, the regioselectivity of rhenium-catalysed  

regiodivergent addition of indoles to unactivated terminal alkynes  can be orientated 

towards a  Markovnikov or anti-Markovnikov addition when the reaction is carried out 

under neat conditions or using toluene as solvent, respectively (Scheme 1.17). Therefore, 

the reactions between indoles 1.27 and terminal alkyl or aryl alkynes 1.50, using 

Re(CO)5Br as catalyst, in neat conditions, during 24 h gave rise to the Markovnikov 
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adducts BIMs 1.51 in good to excellent yields (71-96%), whereas in toluene at 90 ºC for 

24 h the anti-Markovnikov adducts BIM 1.52 were obtain in similar yields (68-92%). In 

both cases, N-substituted  indoles proved to be suitable substrates for these transformations. 

In general, either electron-donating or electron-withdrawing substituent groups on the 

indole nuclei were well tolerated. However, reactions performed with phenylacetylene 

derivatives proved to be more complex, requiring the use of a di-tert-butyl peroxide 

additive (Scheme 1.17).168 

 

 

Scheme 1.17 Rhenium-catalysed regiodivergent addition of indoles to terminal alkynes. 

 

In order to investigate the reaction mechanism, reactions were carried out in absence 

of catalyst and no product was obtained, indicating that its use is essential in the 

hydrolindolation step. Reactions between deuterium-labeled 4-chlorophenylacetylene and 

indole were also performed. Based on the experimental data, the authors proposed a 

plausible mechanism  shown in Scheme 1.18.168 Thus, under neat conditions, coordination 

of the Re-based catalyst with the deuterated alkyne D-1.50 afforded intermediate I (path 

A). Direct nucleophilic attack of the first molecule of N-substituted indole on the internal 

carbon of the C-C triple bond led to the 3-alkenylindole IV. Subsequently, the second 

hydroindolation gives rise to the Markovnikov product D-1.51 The 1,2- or 1,3-D shift of 

intermediates I or II, respectively, could occur when the reaction was carried out in toluene 

leading preferentially to Re-vinylidene III (path B). Therefore, the nucleophilic attack of 

N-substituted indole on the carbon α to the Re center of intermediate III followed by 

protonolysis led to intermediate V. Similarly, the second Re-catalysed hydroindolation 

affords the anti-Markovnikov product D-1.52 (Scheme 1.18).168 
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Scheme 1.18 Proposed mechanism for the synthesis of BIMs 1.51 and 1.52. 

 

More recently, the first and only metal- and solvent-free catalytic intermolecular 

Markovnikov addition of indoles to aryl alkynes was reported by Ling and co-workers.173 

The reactions between indoles 1.27 and aryl terminal alkynes 1.50, were carried out in the 

presence of B(C6F5)3 as catalyst affording the target BIMs in moderate to good yields (42-

89%). The study showed that the substitution pattern in the indole core affected the 

efficiency of the transformation. In fact, indoles bearing electron-donating or electron-

withdrawing groups at C-5 and C-7 positions reacted smoothly with 1.50  giving the desired 

BIMs 1.51 in moderate to good yields (65-91%) whereas with indoles bearing those groups 

in C-6 position, lead to the target BIMs 1.51 in relatively higher yields. The methodology 

worked with both N-unsubstituted and N-substituted indoles, selectively providing  a large 

library of BIMs (Scheme 1.19). 173 
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Scheme 1.19 Metal- and solvent-free catalytic intermolecular Markovnikov addition of 

indoles to aryl alkyne. 

 

According to the mechanism proposed by the authors, the first step is the coordination 

of the catalyst to the terminal alkyne 1.50 affording the intermediate I.  This follows a 

nucleophilic attack of indole on the internal carbon of the C-C triple bond to yield the 

zwitterionic boron derivative II, which after a subsequent protodeborylation and 

aromatization gives rise to the intermediate 1.53 with the regeneration of the catalyst. Next, 

the catalyst coordination with the latter affords the intermediate III. After the reaction with 

a second molecule of indole the target Markovnikov adduct 1.51 is obtained (Scheme 

1.20).173 

  

Scheme 1.20 Proposed mechanism for the synthesis of BIMs 1.51. 

 

Another interesting example of this type of reactivity was described by Zeng et al..172 

In this study, BIMs were synthesised through decarboxylative addition of propiolic acid 
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derivatives 1.54 to indoles 1.27 in presence of a Pd(II)/Lewis acid catalyst (Scheme 1.21). 

The use of a Lewis acid is required for the success of the transformation since no product 

was obtained when the reaction was carried out in the presence of the Pd-based catalyst. 

Within the Lewis acids screened,  Sc(OTf)3,  was the one that led to BIMs 1.51 in higher 

yields. The reaction proved to be regioselective as the BIMs 1.51 resulting from the 

Markovnikov addition were obtained as major products. However, anti-Markovnikov 

adducts were also obtained in lower yield. 

In view of these results, the proposed mechanism involves the in situ generation of 

hetero-bimetallic Pd(II)/Sc(III) I as the key species for the decarboxylative addition 

reaction. Subsequently, the nucleophilic attack of the indole molecule leads to the 

intermediate II, which is converted into intermediate 1.53 with the regeneration of the 

catalyst. The reaction of 1.53 with a second molecule of indole affords the target BIM 1.51 

(Scheme 1.21).172 

 

Scheme 1.21 Pd(II)/Lewis acid-catalysed decarboxylative addition of propiolic acid 

derivatives to indoles for the synthesis of BIMs. 
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Although most of the methods reported for the reaction of indoles with unactivated 

alkynes produced symmetric BIMs, the development of methods to selectively obtain 

unymmetric BIMs has proved to be more challenging. Nevertheless, McLean et al 

described a selective one-pot gold-catalysed hydroindolation of indoles with terminal 

alkynes affording unsymmetrical BIMs via vinyl indoles.171 In this study, 2-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indoles 1.55 reacted with phenylacetylene 1.50a, 

using PPh3AuNTf3 as catalyst, to give the vinylindoles 1.56 which were used in the next 

step without further purification. Next, these intermediates reacted with indoles 1.57 via  a 

Lewis acid-catalysed reaction leading to the target BIMs 1.59 in good yields (50-68%) 

(Scheme 1.18). Surprisingly, starting from 2-phenyl-1H-indole the unwanted less sterically 

bulky symmetrical BIM was obtained. However, the use of a labile bulky group such as 

Bpin at C-2 position of the first indole allowed the formation of vinylindoles 1.56 and 

consequently, the formation of the unsymmetrical BIMs (Scheme 1.22). 

 

Scheme 1.22 Selective one-pot gold-catalysed hydroindolation of indoles with terminal 

alkynes. 

  

Reports on the synthesis between indoles and alkenes are scarce, with few studies been 

conducted.176-178   

Jori and co-workers reported an efficient “on water” methodology for the synthesis of 

bis(indole) derivatives via Michael addition reaction of indole with electron-deficient 
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alkenes. The advantages of this approach to BIMs are the simplicity of the experimental 

procedure, high yields and the use of environmentally benign catalysts and solvents. 

Therefore, the reaction between 1H-indole (1.27a) and alkene 1.60 using ZrOCl2
.SiO2 as 

catalyst,  in water under reflux conditions, gave BIMs 1.61 in very good to excellent yields 

(80-92%). Both electron-donating and electron-withdrawing substituents in the phenyl 

moiety (R1) were well tolerated (Scheme 1.23).176 

 

Scheme 1.23 Michael addition reaction of indole with electron-deficient alkenes. 

 

 Zhang and co-workers described the first synthesis of BIMs via oxidative coupling of 

indoles with alkenes in the presence of a Pd(II)/Lewis acid-catalyst.178 The optimal 

conditions were achieved by reacting indoles 1.27 with acrylates 1.62, using 10 mol% of 

Pd(OAc)2  and 20 mol% of Sc(OTf)3, in acetonitrile at 30 ºC for 12 h and using O2 as 

oxidant, leading to the target BIMs 1.63 in moderate to good yields (54-77%) (Scheme 

1.24). Starting from N-unsubstituted indoles, the yield of the corresponding BIMs was 

higher starting from acrylates 1.62 with bulky alkyl groups (R3) whereas with N-substituted 

indoles the efficiency decreased with the bulkiness of the protecting group. However, either 

electron-donating groups or bromine in the indole moiety were well tolerated (Scheme 

1.24). 

 

Scheme 1.24 Synthesis of BIMs via oxidative coupling of indoles with alkenes in the 

presence of a Pd(II)/Lewis acid-catalyst. 
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Based on the experimental data, NMR studies and DFT calculations, the  authors 

proposed the mechanism outlined in Scheme 1.25. First, the  heterobimetallic Pd2+/Sc3+ 

catalyst  was generated in situ acting as the key species for the oxidative coupling of indoles 

1.27 with acrylates 1.62. The activation of the C-3 of the indole core by  Pd2+/Sc3+ generates 

intermediate I, which in turn coordinates with the acrylates to give the intermediate II.  

Next, II is converted into the coupling intermediate III following by a β-hydrogen 

elimination releasing indole 1.64, which then undergoes indole addition catalysed by the 

cation Sc3+ to afford the desired product 1.63 (Scheme 1.25).178 

  

Scheme 1.25 Proposed mechanism for the synthesis of BIMs 1.63. 

 

The search for non-conventional methods in the synthesis of BIMs, has also received 

great attention from the scientific community. An interesting example was the 

mechanochemically activated oxidative coupling of indoles with acrylates through C−H 

functionalization  reported by Jia et al.177 In this study, indoles 1.27 and  acrylic esters, in 

presence of PdCl2, using magnesium oxide (MnO2) as oxidant agent and silica gel, were 

placed in a stainless-steel vessel with two stainless-steel balls at 25 Hz during 20 min. N-

Methylindoles  reacted with acrylates 1.62a (R3 = Et) and 1.62b (R3 = Bn) to afford BIMs  

1.63a,b along with the corresponding 3-vinylindoles 1.64a,b in overall yields of 87% and 

82%, respectively. Indoles bearing either electron-donating or electron-withdrawing 

groups on the indole core were well tolerated and their reaction with acrylate 1.62a (R3 = 

Et)  led to the target BIMs 1.63c-g as the main products in moderate to good yields (Scheme 

1.26).177 
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Scheme 1.26 Mechanochemically activated oxidative coupling of indoles with acrylates 

through C−H functionalization.   

 

Based on an electrospray ionization (ESI-MS) spectrometry study the authors 

proposed a mechanism for the PdCl2-catalysed reactions (Scheme 1.27). First, the 

transformation started with palladation at the C-3 position of the indole core, followed by 

intermolecular coordination to give the dimeric palladium complex I. This intermediate is 

common to both catalytic cycles. In path A (in red), another palladation occurs to give the 

intermediate II which is followed by olefin complexation and syn-insertion, producing 

intermediate V. Since the possibility of catalytic hydroarylation was ruled out after a 

control experiment, it was suggested that the intermediate V undergoes a palladium chain-

walking/allylic cross-coupling pathway. A reductive elimination affords BIM 1.63a, with 

the regeneration of the catalyst. In path B (in blue), an olefin complexation and syn-

insertion affords intermediate III which after a β-hydrogen elimination gives the 

vinylindole 1.64a concomitant with the regeneration of the palladium-based catalyst 

(Scheme 1.27).177  
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Scheme 1.27 Proposed mechanism for the synthesis of BIMs via PdCl2-catalysed reactions. 

 

Allenes are singular structures in which one carbon atom has double bonds with each 

of its two adjacent carbon atoms. The synthetic utility of allenes is vast and new chemo-, 

regio- and stereo-selective transformations have been developed over the past years by 

exploring allenes chemistry. The reactivity of this class of compounds with indoles was 

also explored to obtain 3,3’-BIMs.179-181  

A Sc(OTf)3-catalysed bisindolylation of 1,2-allenic ketone 1.65 was disclosed by Ma 

and co-workers.179 The described method allowed the synthesis of symmetric and 

unsymmetric BIMs. Therefore, the one-pot reaction between indole 1.27 (2.5 equiv.) and 

1,2-allenic ketones 1.65 (1 equiv.) in presence of catalytic Sc(OTf)3 afforded symmetrical 

BIMs 1.66 in good yields. The substitution pattern in the indole core did not show to have 

great influence on the efficiency of the reaction (with the same 1,2-allenic ketone (R3 = n-

C7H15)), since very similar yields were obtained whether electron-donating or electron-
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withdrawing groups were present (51-56%). The highest yield was obtained from the  

reaction between 1H-indole and allenic ketone with a benzyl  substituent (78%) (Scheme 

1.28a). Additionally, unsymmetrical BIMs could be effectively prepared when a stepwise 

double addition of indoles with 1,2-allenic ketone (R3 = n-C7H15) was performed. Thus, 

the reaction between 1H-indole  (1.27a) (1 equiv.) and 1,2-allenic ketone 1.65 (R3 = n-

C7H15) (1.5 equiv.), under the optimal conditions, led to the corresponding β-indolyl-α,δ-

unsaturated(E)enone 1.67 which reacted with 1-methyl-indole (1.27b) (1 equiv.) or 5-

methyl-indole (1.27c) (1 equiv.) to give the corresponding BIMs in 64% and 78% yield, 

respectively (Scheme 1.28).179 

 

 

Scheme 1.28 A Sc(OTf)3-catalysed bisindolylation of 1,2-allenic ketone. 
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Munõz et al. described a platinum-catalysed bisindolylation of allenes. Under the 

optimal conditions (5 mol% of PtCl2  as catalyst, methanol as additive, in THF, at 70 ºC, 

during 20 h), the reaction between allenes 1.70 and indoles 1.27 led to the desired BIMs in 

low to very good yield (Scheme 1.29).180, 181 The use of methanol was a key feature for the 

effectiveness of these transformations. For example, an increase of yield from 23% to 62% 

of BIM 1.71a  was observed, when three equivalents of MeOH were added. The influence 

of the substitution on the indole core and the allene were also investigated. Experimental 

data showed that these transformations in general, under optimal conditions, work well 

whether the reaction is carried out with N-protected or N-unprotected indole, although the 

reaction with N-protected indoles were more efficient (synthesis of 1.71a vs 1.71b). When 

the reactions between 2-(propa-1,2-dien-1-yl)isoindoline-1,3-dione and 2-methyl-1H-

indole and 5-hydroxy-1H- indole were carried out, in addition to the expected products 

1.71e (44%) and 1.71f (33%),  the corresponding 3-allyl-indoles 1.72 were also obtained. 

In one case, indole 1.72e was even the major product (51%), showing that the substituent 

group on the indole nuclei has a significant influence on the reactivity. Additionally, this 

protocol also proved to be effective at unsymmetric BIMs synthesis. In  fact, starting from 

(3-cyclohexylpropa-1,2-dien-1-yl)benzene by addition of 3 equivalents of 1H-indoles and 

3 equivalents of 1-benzyl-indoles, the corresponding unsymmetric BIM 1.71i was obtained 

in 21% yield. However, the corresponding symmetrical BIM was also isolated in similar 

yield (Scheme 1.29).180, 181  
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Scheme 1.29 Platinum-catalysed bisindolylation of allenes. 

 

According to the authors, deuteration studies supported the hypothesis of a zwitterionic 

Pt carbene intermediate stabilised by a polar environment as the key step (Scheme 1.30). 

However, other possible intermediate, namely insertion of platinum into the C3-H of the 

indole, a reversible reaction involving vinyl indole intermediates or a gold-type-catalysed 

reaction, in which allyl-indoles are obtained, could not be ruled out.181 
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Scheme 1.30 Proposed mechanism for the synthesis of BIMs 1.71. 

 

1.2.1.3 Synthesis of bis(indolyl)methanes from indoles and amines 

Within the several approaches that have been investigated to achieve BIMs, the 

oxidative coupling of amines with indoles has also attracted the attention of researchers.  

The first example of the synthesis of BIMs derived from this type of reactivity was 

described by Gopalaiah et al. in which an iron-catalysed oxidative coupling of  several 

amines 1.73 (benzylamines, heteroarylmethylamines and aliphatic amines) and indoles 

1.27, in chlorobenzene at 110 ºC, under an atmosphere of molecular oxygen, led to the 

corresponding BIMs 1.29 in moderate to excellent yields (48-97%) (Scheme 1.31).182 In 

general, benzylamines reacted smoothly with 1H-indole. The substituent group on 

benzylamines did not significantly influence the reactivity, both electron-donating and 

weakly electron-withdrawing substituents leading to the corresponding products in high 

yields (84-97%). Furthermore, the strategy was also extended to heteroarymethylamines 

such as pyridin-4-ylmethanamine and 2-thienyl-methylamine with 1H-indole. In both 

cases, the corresponding BIMs were obtained in very good yields (79% and 87%, 
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respectively). Moreover, aliphatic amines such as hexylamine and octylamine also reacted 

smoothly with 1H-indole, to give the desired coupling products in 48% and 55% yields, 

respectively. Different substituents groups in C-2 and C-5 of indole also showed no 

substantial impact on the efficiency of the process since the desired BIMs were formed in 

high yields (76-90%). Moreover, N-protected indoles were also employed affording the 

corresponding BIMs in excellent yields (75-81%) (Scheme 1.31).182  

The proposed mechanism suggests as starting point the oxidative addition of the 

catalyst to the amines 1.73 leading to intermediate I. Further oxidation of I generates 

intermediates II which in turn react with a second molecule of 1.73 producing imines III. 

Then, the electrophilic substitution of indole with III occurs in the presence of the catalyst 

giving the 3-alkyl-indoles/iron complexes IV which leads to intermediate V with the 

concomitant regeneration of  complex I. Finally, the desired BIMs 1.29 are obtained from 

intermediates V upon reaction with a second molecule of indole (Scheme 1.31).182 
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Scheme 1.31 Iron-catalysed oxidative coupling of  amines and indoles. 

 

Similar studies were recently reported, namely the oxidative coupling of benzylamines  

and indoles catalysed by TEMPO/CuI disclosed by Yue and co-workers,183 in which BIMs 

were obtained in good to excellent yields (75-93%). The 3,3’-BIMs’ yield was influenced 

by electronic factors to some level, where the benzylamines having electron-donating 

groups furnished BIMs in slightly lower yields than benzylamines with electron-

withdrawing groups. For the indole core, both N-unsubstituted and N-substituted indoles 

were well tolerated. However, the latter led to the target compounds in marginally higher 

yields.183  

 A water-soluble cobalt complex Co(bpb),  was also found to be an efficient catalyst 

for the oxidative coupling of benzylamines with indoles to bis-(indolyl)methanes. 184  
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Godage and co-workers also developed a straightforward  iodine-catalysed C(sp3)-H 

bond functionalization of arylmethylamines leading to the synthesis of 

bis(indolyl)methanes.185 In both studies, the arylamines were efficiently converted into the 

desired BIMs with yields up to 85%. 

Additionally, BIMs were also synthesised by an efficient metal-free oxidative coupling 

of arylmethylamines with indoles, using molecular oxygen as oxidant and acetic acid as 

catalyst, providing the desired products in good to excellent yields (75-95%).186 

A different approach to 3,3’-BIMs was reported by Chen et al, in which a visible-light 

induced ring-opening bisindolation of tetrahydroisoquinolines 1.74 occurred (Scheme 

1.32).187 The catalytic protocol involved a mixture of tetrahydroisoquinoline, ruthenium-

based catalyst [Ru(bpy)3Cl2
.H2O (1 mol%)] and bromotrichloromethane (3 equiv, BrCCl3), 

in N,N-dimethylformamide or acetonitrile, at room temperature, was irradiated with a strip 

of blue LEDs for 2 h or 6 h, depending on the solvent used (MeCN and DMF, respectively). 

Then, 5 equivalents of the appropriate indole were added, and the solution was stirred in 

the dark, during the appropriate time, to give the desired BIMs 1.75 in low to excellent 

yields (11-90%). Surprisingly, some reactions gave better results in MeCN and others in 

DMF. Which can be explained to differences in solubility of the reactants and 

intermediates. For example, the reaction carried out between 2-(4-methoxyphenyl)-1,2,3,4-

tetrahydroisoquinoline and 6-methoxy-1H-indole in MeCN and DMF gave rise the 

corresponding BIM in 48 and 85% yield, respectively. 

The highest yield, in both solvents, was achieved when 2-(2-methoxyphenyl)-1,2,3,4-

tetrahydroisoquinoline reacted with 1H-indole, affording the desired BIM in 90% (MeCN) 

and 89% (DMF). On the other hand, the less efficient synthesis was observed starting from 

6,7-dimethoxy-2-(2-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline and 1H-indole, 

leading to the product in 21% (MeCN) and 11% (DMF) yield.187 
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Scheme 1.32  Oxidative coupling of benzylamines with indoles to BIMs, using a water-

soluble cobalt complex. 

 

The mechanistic proposal for this photocatalysed cascade reaction, using 

tetrahydroquinoline 1.74a and 1H-indole, is outlined in Scheme 1.33. The Ru2+ was excited 

to Ru2+*, by blue LEDs irradiation and reductively quenched by tetrahydroisoquinoline to 

Ru+, which then promotes the amine oxidation of 1.74a affording intermediate I. Next, 

intermediate II can be obtained from I, following two different routes: by elimination of 

the hydrogen atom or by elimination of a proton, which after oxidation is transformed into 

iminium intermediate III. After the nucleophilic attack of indole 1.27a, intermediate IV is 

formed which  isomerises to V. After protonation, V is activated to undergo the C-N 

fragmentation leading to intermediate VI, which through Friedel-Craft alkylation with a 

second molecule of indole gives rise to the target BIM 1.75a (Scheme 1.33).187 
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Scheme 1.33 Proposed mechanism for the synthesis of BIMs 1.75. 

 

More recently, 1-cyano-BIMs  were successfully synthesised from the tandem 

coupling  reaction between indoles and N,N-disubstituted aminonitriles catalysed by 

Al(OTf)3.
188 Using aminonitrile 1.76a and indole 1.27a as model substrates, the proposed 

mechanism for this transformation starts with a monodecyanation of the aminonitrile 1.76a 

promoted by the catalyst affording intermediate I, which reacts with the first molecule of 

indole 1.27a giving intermediate II. After a formal 1,3-H shift, III is formed and  

subsequent deamination/coupling reactions with a second molecule of indole leads to the 

target BIM 1.77a (Scheme 1.34). 
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Scheme 1.34 The tandem coupling  reaction between indoles and N,N-disubstituted 

aminonitriles. 
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1.2.1.4 Synthesis of bis(indolyl)methanes from indoles and ethers 

In recent decades, obtaining 3,3'-bis(indolyl)methanes through reactions of indoles 

with ethers has also been explored. Traditional chemistry, photoredox catalysis and 

electrochemical synthesis have been investigated for that propose (Figure 1.6).189-191 

 

 

Figure 1.6 Traditional chemistry, photoredox catalysis and electrochemical towards BIMs. 

 

An efficient one-pot synthesis of either symmetrical or unsymmetrical BIMs via iron-

catalysed C-H bond oxidation  and C-O bond cleavage was reported by Guo et al (Scheme 

1.35).189  The reaction between ethers 1.78 and indoles 1.27, under method A, gave the 

symmetrical BIMs 1.79 in good to excellent yields (62-90%). The highest yield was 

obtained between 1H-indole and 2,3-dihydrobenzofuran (90%) whereas the lowest one, 

was obtained in the reaction of 5-bromo-indole with isochromane (62%). Surprisingly, 

when the reaction between indoles such as methyl 1H-indole-5-carboxylate, 5-nitro-1H-

indole or 1H-indole, and 1,3-dihydroisobenzofuran was carried out,  the monoindolation 

product was also obtained together with the target BIMs 1.79. Following method B, was 

possible to extend this strategy to the synthesis of unsymmetric BIMs 1.80 in 54-76% yield, 

by adding a  different indole derivative into the final step of the reaction (Scheme 1.35).189 
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Scheme 1.35 One-pot synthesis of either symmetrical or unsymmetrical BIMs via iron-

catalysed C-H bond oxidation  and C-O bond cleavage. 

 

Based on the experimental data and some control experiments, namely reactions 

between deuterium-labeled indole and tetrahydrofuran, and competition experiments (in 

order to investigate the influence of the substitution pattern of the indoles), the authors 

proposed the mechanistic pathway (using 1H-indole and tetrahydrofuran as templates) 

depicted on Scheme 1.36. Thus, H-abstraction gave rise to intermediate I which, through a 

radical addition originated intermediate II. Further oxidation led to the oxidative coupling 

product 1.81 which following a Friedel-Craft alkylation produced 1.79. The first indolation 

step of the reaction (C-C formation) was considered a radical process instead of an ionic 

one. In fact, this proposal was in line with the findings that the reaction was completely 

suppressed when 1.0 equiv. of TEMPO, a radical trapping reagent, was added (Scheme 

1.36).189 
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Scheme 1.36 Proposed mechanism for the synthesis of BIMs 1.79 using 1H-indole and 

tetrahydrofuran as templates. 

 

 A similar study was disclosed by Ye et al in which a visible-light-induced synthesis 

of symmetric BIMs was reported.190 In this investigation, reactions between several N-

substituted indoles 1.27 and ethers 1.78 were carried out at room temperature, under argon 

atmosphere, using Ru(bpy)3(PF6)2 as photocatalyst, methoxybenzenediazonium 

tetrafluoroborate as oxidant and 1,2-dichloroethane as solvent, furnishing the 

corresponding BIMs 1.79 in low to excellent yields (23-94%).  The experimental results 

indicate a sequential photoredox catalysis induced radical addition and Friedel-Crafts 

proton-mediated alkylation mechanism as presented in the following Scheme 1.37. 
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Scheme 1.37 Visible-light-induced synthesis of symmetric BIMs from indoles and ethers. 

 

Although these procedures have proven to be quite efficient for the synthesis of BIMs, 

they showed several disadvantages, namely the use of an external oxidant, the need for 

high temperatures, the use of expensive catalysts and a stoichiometric amount of a single-

electron-transfer reagent (SET). In attempt to overcome these disadvantages, Du and Hang 

developed an efficient synthesis of BIMs (up to > 92%), from indoles and ethers through 

an electrochemical method in presence of LaCl3 catalyst. The great advantage of the 

method is that dangerous and toxic redox agents can be replaced by an electric current or 

can be generated in situ (Scheme 1.38).191 In this study, the authors cctwo possible 

pathways for the reaction. In the main path, the formation of 1.81b via intermediate III was 

considered. However, they don´t exclude the possibility of the monoindolylated product 

could be obtained through the reaction of indole with the alkoxycarbenium ion IV, 

produced by the anodic oxidation of the tetrahydrofuran 1.78a. 
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Scheme 1.38 Synthesis of BIMs from indoles and ethers through an electrochemical 

method. 

 

1.2.1.5 Enantioselective synthesis of  bis(indolyl)methanes  

Methodologies based on enantioselective Friedel-Crafts reaction of 

indolylmethanol,192 3-hydroxy-indolyloxindoles,193 indolylmethanamine194 or 3-

indolylsulfanamide195 derivatives with indoles have been also explored to the synthesis of 

unsymmetrical BIMs.  

An enantioselective synthesis of unsymmetrical BIMs obtained from the reaction 

between indolylmethanol derivatives 1.82 with indoles 1.27, catalysed by a chiral binol 

imidodiphosphoric acid PA1 was disclosed by Zhuo and co-workers.192 The substitution 

pattern at the phenyl group (R2) of 1.82 or at the indole (R3) 1.27 did not show to have great 

influence in the results, since very similar yields were obtained whether electron-donating 
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or electron-withdrawing groups were present. Therefore, this Friedel-Crafts alkylation 

process led to BIMs 1.83 in high yields (62-99%) and enantioselectivities (74-95% ee) 

(Scheme 1.39).192 

 

Scheme 1.39 Enantioselective synthesis of unsymmetrical BIMs obtained from the 

reaction between indolylmethanol derivatives with indoles. 

 

 Zhuo and co-workers developed an enantioselective synthesis of 3,3-bis-(indol-3-

yl)oxindoles using a similar strategy.193 Thus, the Friedel-Crafts reaction between 3-

hydroxy-3-indolyloxindoles and indoles, using a chiral imidodiphosphoric acid PA2 (0.5 

or 2.5 mol %), in toluene at 55 ºC, in presence of 5 Ǻ molecular sieves (MS), gave rise to 

the target BIMs 1.85 in high yields (up to > 99%) with excellent enantioselectivity (up to 

98% ee). In this transformation, the cationic vinyl intermediate I derived from 3-hydroxy-

3-indolyloxindole 1.84 and the chiral Bronsted acid PA2 produced a stable chiral ion pair, 

which suffers subsequent attack by an indole molecule 1.27 in a regio- and stereoselective 

fashion (Scheme 1.40). 
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Scheme 1.40 The enantioselective synthesis of 3,3-bis-(indol-3-yl)oxindoles. 

 

Similar methodology was carried out  by Sun and co-workers,194 in which a 

enantioselective synthesis of BIMs catalysed by a chiral Bronsted acid was established. In 

these enantioselective processes, the Friedel-Craft alkylation between (3-

indolyl)methamines 1.86 with indoles 1.27, catalysed by the  chiral phosphoric acid PA3, 

led to the target products 1.87 in good  to excellent yields (61-95%) in moderate 

enantioselectivity (45-68% ee) as outlined in scheme 1.41. 
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Scheme 1.41 The enantioselective synthesis of 3,3-bis-(indol-3-yl)oxindoles. 

 

More recently, a chiral BINOL-phosphoric asymmetric acid-catalysed Friedel-Crafts 

alkylation starting from 3-indolylsulfamidates 1.88 was reported by Kim et al.195 This 

methodology provided, for the first time, BIMs sulfamate derivatives 1.89 in moderate to 

good yields (44-89%) with moderate to excellent enantioselectivities (up to > 96:6 er). 

Based on experimental data the authors considered that the mechanism pathway initiated 

with a ring-opening of  3-indolylsulfamidates 1.88 promoted by the chiral PA4, generating 

intermediate II which forms a stable ion pair with BINOL-derived PA4. A subsequent 

nucleophilic attack of indole 1.27 leads to the corresponding sulfamate BIMs derivatives 

1.89 (Scheme 1.42). 
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Scheme 1.42 The chiral BINOL-phosphoric asymmetric acid-catalysed Friedel-Crafts 

alkylation between 3-indolylsulfamidates  and indoles. 

 

1.2.1.6 Miscellaneous methods 

A efficient methodology to synthesise bis(indolyl)methanes derivatives by the self-

coupling of indoles using Brønsted acidic ionic liquid (BAIL-1) as catalyst was recently 

disclosed by the Chatterjee research group.196 This methodology presentes several 

advantages, namely short reaction times, easy isolation and purification process  and being 

able to be carried out under neat conditions. BIMs 1.90 were obtained through the 
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generation of indolinium cation I followed by the reaction with another indole molecule to 

form intermediate II. Ring-opening of indole moiety of II leads to intermediate III which 

by addition of a third  molecule of indole and subsequent rearomatisation   affords the 

corresponding BIMs 1.90 ( Scheme 1.43). 

  

Scheme 1.43 The self-coupling of indoles using Brönsted acidic ionic liquid (BAIL-1) as 

catalyst. 

 

A good yielding procedure for the preparation of BIMs through a double nucleophilic 

addition of indoles to an in situ generated -iminophosphonate was recently disclosed. 38  

Using as starting substrates N-trityl substituted α-aminophosphonates, the authors found 

that the radical bromination by N-bromosuccinimide under inert atmosphere, led to α-

iminophosphonates 1.92 by a subsequent spontaneous -elimination of hydrogen bromide.  

The reaction of 1.92 with two equivalents of the appropriated indole, using phosphoric acid 

as catalyst, gave rise to the desired BIMs 1.93 in yields ranging from 53 to 72% (Scheme 

1.44). 
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Scheme 1.44 The double nucleophilic addition of indoles to an in situ generated -

iminophosphonate. 

 

BIMs have also been prepared through p-toluenesulfonic acid (PTSA)-catalysed 

Markovnikov addition and C-N bond cleavage of indoles 1.27 with  dehydroalanine esters 

1.94 (Scheme 1.45).197 Under the optimal conditions the target BIMs 1.95 were obtained 

in good to excellent yields (40-95%). The methodology provided the target compounds 

starting from indoles substituted at position 5, 6, or 7 with either electron-donating or -

withdrawing substituents. However, reactions with indoles bearing electron donating-

substituents required longer reaction times leading to lower yields than those of their 

electron-deficient counterparts. The same pattern was observed when the reaction was 

performed with N-methyl indole.  Surprisingly, the authors also reported that methylindol-

3-yl-acrylates were obtained when a bulky substituent was introduced at indole´s C-2 or C-

4. This result was explained considering  an elimination reaction after a hampered attack 

of the second indole molecule (omitted in the scheme). Therefore, using 1H-indole as 

template, the proposed mechanism suggests that after tautomerization of N-

acetylamidoacrylate (step A), the indole aza-Friedel–Crafts reaction occurs (step B) and 

through the loss of the amide leaving group (step C) the cationic alkylideneindoleninium 

IV is generated. A subsequent attack of a second molecule of indole on these electrophilic 

iminiums IV leads to the desired BIMs 1.95 (Scheme 1.45). 
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Scheme 1.45 PTSA-catalysed Markovnikov addition and C-N bond cleavage of indoles 

with dehydroalanine esters. 

 

A metal-free one-pot procedure for the preparation of BIMs via the Vilsmeier-Haack 

reaction of electron-rich aromatics compounds and indoles has also been reported.198 BIMs 

were obtained in moderate to very good yields (55-90%) after treatment of the electron-

rich aromatics with POCl3 and DMF, followed by addition of indole at room temperature 

(Scheme 1.46). The initial step of the eventual mechanism involves the Vilsmeier–Haack 

reaction in order to generate the aromatic N,N-dimethyliminium salt 1.97 which smoothly 

reacts with indole 1.27a to form the corresponding azafulvene II, which further reacts with 

another molecule of indole 1.27a to produce the corresponding BIM 1.39 (Scheme 1.46). 
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Scheme 1.46 Metal-free one-pot procedure for the preparation of BIMs from the 

Vilsmeier-Haack reaction of electron-rich aromatics compounds and indoles. 

 

A gold-catalysed oxidative coupling of indoles with a α-cyano gold carbene under 

oxidant-free conditions to form BIMs was described by Singh et al. (Scheme 1.47).199  The 

results showed  the compatibility of this gold catalysis with both N-aryl  and N-alkyl-

indoles in the reaction with diazocyanides 1.98. The scope of this catalytic transformation 

was also expanded to diverse aryl- and alkyl-substituted diazocyanides. In general, the 

BIMs were obtained in reasonable yields (42-72%). This synthetic route was also applied 

to the synthesis of unsymmetrical BIMs from the reaction between N-aryl-indoles and 

phenyl diazocyanide 1.98a. However, the correspondent adduct of N-aryl-hydroarylation 

was also obtained, as minor product. This suggested that N-aryl-indoles reacted faster with 

gold carbenes than N-alkyl-indoles. Thus, the nucleophilic addition of indole to the α-cyano 

gold carbene I led to the formation of intermediate II.  Indolyl C3–H protons of II are 
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highly acidic and easily deprotonated by ion TfO-  generating the gold-containing indole 

intermediate III which react with HOTf cleaving the Au–C bond to form the unsaturated 

iminiums IV and LAu–H. A subsequent attack of a second molecule of indole on these 

electrophilic iminiums IV leads to BIMs 1.99 (Scheme 1.47).199 

 

Scheme 1.47 Gold-catalysed oxidative coupling of indoles with a α-cyano gold carbene 

under oxidant-free conditions towards BIMs. 
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1.3 Final remarks and goals of the PhD project 

The presentation of this literature review is introductory to this PhD thesis, whose main 

objective was the development of novel synthetic methodologies for the preparation of new 

bis(indolyl)methanes with potential biological activity. 

Although several elegant, efficient and environmentally friendly methods producing 

good yields and selectivity have been reported, most of the above mentioned synthetic 

strategies still suffer from several drawbacks such as severe reaction conditions, complex 

catalyst and multi-step manipulations.  On the other hand, the resulting BIMs generally 

lacked functionalities, especially at the methylene bridge, which could allow an easy 

manipulation or conversion into more elaborate compounds, eventually of greater interest 

and value.  

Over the past decades, conjugated azo- and nitroso alkenes have been explored as 

electron-deficient heterodienes in inverse electron demand Diels-Alder reactions or as 

Michael-type acceptors in conjugate 1,4-addition reactions and emerged as powerful 

synthetic tools. The adducts and cycloadducts so formed have also been used as building 

blocks for the synthesis of a vast range of compounds with chemical and biological interest. 

Therefore, our strategy was to explore the chemistry of conjugated azo- and nitroso-alkenes 

to develop novel routes to functionalized bis(indolyl)methane oximes and hydrazones 

(Chapter 2). 

Considering the high significance of natural bis(indolyl)methanes and their synthetic 

analogues, it is particularly desirable to look for more efficient and sustainable synthetic 

approaches to this class of heterocycles. Therefore, we set out to improve the efficiency 

and sustainability of the one-pot hetero-Diels–Alder strategy to BIMs using Natural Deep 

Eutetic Solvents (NADES) as reaction media (Chapter 3).  

After the results obtained in the BIMs synthesis, we intended to extent this synthetic 

strategy to the synthesis bis- and tris(pyrazolyl)methanes (BPMs and TPMs) through the 

1,4-conjugate addition of pyrazoles to α-halogenated nitroso- and azoalkenes (Chapter 4). 

One strategy to find new compounds with biological activity was to explore the 

carboxylic acid/ tetrazole bioisosterism. Therefore, it was decided to investigate the 

reactivity of the tetrazolyl-2H-azirines towards arynes in order to obtain a new class of 

indole derivatives bearing a tetrazole moiety (Chapter 5). 
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Abstract 

In this chapter, a novel synthetic approach to bis(indolyl)methanes is presented. The 

one-pot synthetic strategy based on two consecutive hetero-Diels-Alder cycloaddition 

reactions of electrophilic conjugated nitrosoalkenes with indoles was extended to a range 

of new 1-hydroxyiminomethyl-bis(indolyl)methanes. Furthermore, a similar and broad 

range approach was applied to the synthesis of previously unknown 1-hydrazonomethyl-

bis(indolyl)methanes. The biological evaluation of the new bis(indolyl)methanes as anti-

cancer agents was investigated. 
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2.1 Introduction 

2.1.1 Diels-Alder reactions  

The Diels−Alder (DA) reaction, a versatile method to achieve structural diversity, is 

recognized as one of the most powerful reactions in modern organic chemistry for the 

preparation of carbo- and heterocyclic compounds. Discovered by Otto Diels and Kurt 

Alder in 1928, DA reaction has been intensively explored and become an important pillar 

of organic synthetic methodologies, being frequently used as key step for the construction 

of complex biologically active molecules including natural products.1-3  

The DA reaction is generally described as a concerted process, although the cycloaddition 

between asymmetrically substituted dienes or heterodienes and/or asymmetrically 

substituted dienophiles takes place through highly asymmetric transition state structures 

occurring via an asynchronous mechanism. In extreme cases where the substitution of the 

diene and/or dienophile allows the stabilization of eventual biradical or zwitterionic 

intermediates the reaction becomes stepwise, with the formation of the first σ-bond 

between the most electrophilic centre of one reagent with the nucleophilic centre of its 

counterpart as the initial step followed by the ring closure, a mechanistic pathway 

supported by DFT calculations.4-6  

 In general, DA reactions can be classified into two types of suprafacial [π4s + π2s] 

cycloadditions: (a) the normal- and (b) inverse-electron-demand DA reactions (Figure 2.2), 

according to the relative energies of the frontier molecular orbitals (FMOs) of the diene 

and the dienophile in the Huckel molecular orbital model. While in the first case electron-

donating substituents on the diene and electron-withdrawing substituents on the dienophile 

favour the reactivity, inverse-electron-demand DA reactions are favoured with  dienes 

bearing electron-withdrawing substituents and dienophiles with electron-donating 

substituents. Based on the Woodward−Hoffmann rules, both types of DA reactions are 

thermally allowed. The FMO  theory predicts that the normal [π4s + π2s] cycloaddition 

could be controlled by a HOMOdiene−LUMOdienophile interaction between electron-rich 

dienes and electron-deficient dienophiles, while the inverse-electron-demand DA reaction 

is dominated by the LUMOdiene -HOMOdienophile interaction (Figure 2.1).1, 2  
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               a)                                                       b) 

 

Figure 2.1 Classification of the main types of  Diels-Alder reactions.7 

 

 In general, both normal- and inverse-electron-demand DA reactions, are characterized 

by endo selectivity.8, 9 A classic example is the Diels-Alder reaction between 

cyclopentadiene (2.1) and maleic anhydride (2.2), described by Arrieta and Cossio 

(Scheme 2.1).8 The diene and dienophile approach each other in parallel planes and the 

most stable transition state is the one corresponding to the maximum orbital overlap. The 

endo product is less stable than the exo product yet it is the main product of the reaction, 

which can be explained by favourable secondary orbital interactions lowering the energy 

of the transition state. Thus, as in most Diels-Alder reactions, this cycloaddition is 

kinetically controlled. 

.  

Scheme 2.1 DA reaction between cyclopentadiene (2.1) and maleic anhydride (2.2). 
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The DA reaction can be classified as homo-Diels-Alder when involving only all carbon 

dienes/dienophiles and hetero-Diels-Alder (HDA) when heteroatoms are present either on 

the 4 π-component (ex. nitroso- and azoalkenes) or 2 π-component. 

Inverse-electron-demand HDA reactions of nitroso- and azoalkenes (heterodienes) is 

a synthetic strategy that allows the preparation of a wide range of adducts and cycloadducts 

with wide variety of substituents that, in addition to being highly important structures, are 

also very useful as intermediates in the synthesis of a great variety of cyclic and acyclic 

systems. 

 

2.1.2 Nitroso- and azoalkenes  

Over the past decades, conjugated nitroso- and azoalkenes emerged as powerful 

synthetic tools, particularly when carrying electron-withdrawing substituents, being used 

as intermediates, or building blocks for the synthesis of a plethora of new heterocycles 

systems with chemical and biological interest.10-19 

The general structure of nitroso- and azoalkenes is represented in Figure 2.2. 

 

Figure 2.2 Schematic representation of nitroso- or azoalkenes intermediates. 

 

 A common feature of nitroso- and azoalkenes is the highly electrophilic centre at C4, 

which allows to explore its reactivity either as electron-deficient heterodienes in HDA 

reactions, with an enormous variety of  electron-rich alkenes and  heterocycles, or as 

Michael-type acceptors in conjugate 1,4-addition reactions (Scheme 2.2).10, 11, 13, 14, 17, 20-27 

  

Scheme 2.2 Typical reactivity of azo- and nitrosoalkenes. 
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Generally, nitroso or azoalkenes are generated in situ due to their unstable 

characteristics. However, some substituted nitroso or azoalkene derivatives are very often 

stable enough to be isolated or even purified by column chromatography. The main method 

for their generation is the base-mediated dehydrohalogenation of α-halooximes or α-

halohydrazones (Scheme 2.3).11-13, 20, 21, 28  

 

 

Scheme 2.3 Main method for the azo- and nitrosoalkenes generation. 

 

The [4+2] cycloaddition reaction with alkenes is probably the most important reaction 

of nitroso- and azoalkenes. In many cases, nitroso and azoalkenes participate in this type 

of reactions as conjugated heterodienes originating 5,6-dihydro-4H-1,2-oxazine or 1,4,5,6-

tetrahydropyridazine derivatives, respectively. Besides their structural interest, these 

products are also valuable intermediates in the synthesis of various functionalised cyclic 

and acyclic compounds.10  

In the pioneering work of Gilchrist's group, in 1979, it has been shown that 

nitrosoalkene 2.6, generated in situ from the corresponding α-halooxime 2.5, reacts with 

cyclopentadiene (2.7) giving rise to 1,2-oxazine derivative 2.8 in excellent yield (Scheme 

2.4 a). A similar reactivity was observed when the study was extended to azoalkene 2.10 

that, after being generated in situ from the α-halohydrazone 2.9, afforded pyridazine 

derivative 2.8 also in excellent yield (Scheme 2.4 b).29 
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Scheme 2.4 Pioneering work of Gilchrist´s group. 

 

Conjugated nitroso and azoalkenes, unsubstituted  or bearing  either C- or P-bonded 

functional groups at C4 position, have been widely explored for the construction of  a vast 

range of new heterocycles systems.12, 17, 21, 23, 27, 30 In particular, the study of reactions 

between these reactive intermediates with heterocycles as dienophiles has been subject of  

interest.17 

 

2.1.3 Hetero-Diels-Alder versus 1,4-conjugate addition reaction 

DA reactions are characterized by  asynchronous bond formation as explained above.  

An example of this feature is the well-established reactions between conjugated 

nitrosoalkenes, generated in situ by base-mediated dehydrobromination of α-bromooximes, 

with electron rich olefins which have been explored as a general route to 1,2-oxazine 

cycloadducts.10-12, 17 

However, reaction of nucleophiles with α-halooximes may involve two different 

mechanism pathways namely the generation of nitrosoalkenes followed by 1,4-conjugate 

addition or the direct substitution of the halogen, as illustrated by Gilchrist et al. in the 

reaction between ethyl bromopyruvate oxime and imidazole. This study has shown that 

oxime 2.12a reacts with imidazole 2.13 faster than with the corresponding O-alkylated 

oxime, for which dehydrobromination is blocked. This result indicates that the reaction 

with imidazole follows an elimination-addition mechanism, while the  O-alkylated oxime 

undergoes direct substitution. Moreover, imidazole proved to be a strong enough base to 

eliminate HBr from the α-bromooxime 2.12a, generating the corresponding heterodiene 
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2.14. Furthermore, a direct halogen displacement was observed when basic azoles (e.g. 

pyrazole 2.16) were used (Scheme 2.5).31 

 

 

Scheme 2.5 Reactions between ethyl bromopyruvate with azoles. 

 

 However, some of the most pertinent questions are: which mechanism pathway takes 

place? The reaction follows a HDA cycloaddition or a 1,4-conjugate addition pathway? 

Although most studies indicate that DA reactions are involved, this has always been subject 

of discussion. 

Nitrosoalkenes 2.14a,b are known to react with electron-rich heterocycles such as 

pyrrole giving open chain oximes 2.19. The formation of these products can be rationalised 

considering a rearomatisation of the initially formed DA cycloadduct, the bicyclic 1,2-

oxazines 2.18. Oximes 2.19a,b were isolated as single stereoisomers as expected after a 

ring-opening reaction of bicyclic 1,2-oxazines. The reaction between nitrosoalkene 2.14a,b 

and 2,5-dimethylpyrrole led to 5,6-dihydro-4H-1,2-oxazines 2.20a,b (Scheme 2.6).32-34    

 

Scheme 2.6 HDA reactions between nitroalkenes 2.14a,b with pyrroles. 
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Recently, Pinho e Melo and co-workers35 demonstrated that 1-(p-

bromophenyl)nitrosoethylene (2.21) shows a different reactivity towards pyrrole since two 

isomeric oximes 2.23 and 2.27 were formed. Thus, this result cannot be explained by a 

single process involving HDA reaction but rather by a 1,4-conjugate addition reaction 

followed by a 1,5-sigmatropic hydrogen-shift as shown in Scheme 2.7. In the reaction of 

this nitrosoalkene with 2,5-dimethylpyrrole, after an initial conjugate addition, an 

intramolecular O- and N-nucleophilic addition occurs giving rise to the corresponding 

bicyclic oxazine 2.25 and five-membered cyclic nitrone 2.29, respectively. Quantum 

chemical calculations allowed to rationalize these experimental results concluding that the 

DA reaction is favoured when starting from ethyl nitrosoacrylate, while 1-(p-

bromophenyl)nitrosoethylene (2.21) an alternative mechanistic pathway, corroborated by 

quantum chemical calculations, at the DFT level, should be considered.35 

 

Scheme 2.7 Mechanism proposal for the reaction of 1-(p-bromophenyl)nitrosoethylene 

with pyrrole and 2,5-dimethylpyrrole. 

 

The HDA cycloaddition reaction of azoalkenes and heterocycles as dienophiles  was 

explored by Gilchrist et al as outlined in Scheme 2.8. The reaction between azoalkene 2.31 
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and furan (2.32a) or 2,5-dimethyl furan (2.32b), led to the corresponding cycloadducts 2.33 

in moderate to excellent yields (22%-89%).29 

 

 

Scheme 2.8 HDA cycloaddition reaction of azoalkenes and furan or 2,5-dimethylfuran. 

 

Clarke et al also described the synthesis of new tetrahydropyridazines 2.36 via hetero-

Diels-Alder of azoalkenes 2.35 bearing an ethyl ester at the C-3.36 The synthesis of these 

heterocycles 2.36 was carried out in situ, through dehydrohalogenation of α-

halohydrazones  in  presence of a molecule of furan, in yields ranging from 73 to 100%. 

When heterodyne 2.35 reacted with pyrrole, open chain hydrazones 2.37 were obtained as 

a result of cycloadduct ring-opening reaction of the HDA cycloadducts with the 

concomitant pyrrole rearomatisation (Scheme 2.9). 

 

 

Scheme 2.9 Synthesis of tetrahydropyridazines and open chain hydrazones via HDA 

reaction of azoalkenes with an ethyl ester at C-3. 

 

Palacios and co-workers37 also reported  a combined experimental and theoretical 

study regarding the reaction of electrophilic conjugate heterodienes such as phosphinyl 
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nitrosoalkenes 2.38  with  electron-rich heterocycles namely pyrrole and 2,5-

dimethylpyrrole. In this study, the quantum chemical calculations showed very good 

agreement with the experimental findings and the proposed mechanisms. In this case, the 

reaction mechanism seems to occur through a concerted asynchronous [4 + 2] 

cycloaddition process, which is kinetically favoured. Therefore, the nature of the 

nitrosoalkenes substituent at 3- and/or 4-positions has a strong influence on the reaction 

pathway and outcome of these transformations (Scheme 2.10).  

 

 

Scheme 2.10 HDA reaction of phosphinylated nitrosoalkenes with pyrrole and 2,5-

dimethylpyrrole. 

 

Further studies focused on reactions of 3-substituted nitroso- and azoalkenes 2.42 with 

indoles were also described. These heterodienes participate in HDA reaction with indole 

leading to (E)-oximes 2.44 as single products. These experimental results were also 

corroborated by quantum chemical calculations, at the DFT level of theory. In addition, 

reactions of these reactive intermediates with 3-alkylindoles gave rise to the expected 

hetero-Diels-Alder cycloadducts 2.45 (Scheme 2.11).38-41 

 

 

Scheme 2.11  HDA reactions of 3-substituted nitroso- and azoalkenes with indoles. 
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2.1.4 Hetero-Diels-Alder (HDA) reactions of nitroso- and azoalkenes with 

heterocycles 

In this section HDA reactions in which nitroso- and azoalkenes participate as 4π 

component and aromatic heterocycles as 2π component will be present and discuss. The 

most recent and relevant contributions on the subject will be presented. 

 

2.1.4.1 With furan 

The reactivity between nitroso- or azoalkenes 2.47 and 2,2-bis(furan-2-yl)propane 

(2.48) leading to the corresponding 1,2-oxazine- or 4a,7a-dihydrofuro[3,2-c]-pyridazines 

2.49 was described by Pinho e Melo et al .17, 42, 43 The 1,2-oxazines were efficiently 

converted into the corresponding open-chain oximes 2.50 by treatment with TFA, through 

ring-opening rearrangement and concomitant rearomatisation of the furan ring. Reactions 

of nitroso and azoalkenes 2.47 with furan (R2 = R3 = H), 2-methylfuran (R2 = R3 = Me) 

and 2,5-dimethylfuran (R2 = R3 = Me) were also explored giving rise to the corresponding 

cycloadducts 2.52 in low to excellent yields (Scheme 2.12). 

 

 

Scheme 2.12 Reactivity of nitroso- and azoalkenes 2.47 towards 2,2-bis(furan-2-

yl)propane, furan, 2-methylfuran and 2,5-dimethylfuran. 
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2.1.4.2 With pyrrole 

An efficient methodology for the preparation of 5-substituted-dypirromethanes 2.53 

based on two consecutive HDA reactions of azo- and nitrosoalkenes with pyrrole, was also 

stablished by Pinho e Melo research group (Scheme 2.13 a).17, 44 The  approach to these 

dipyrromethanes was carried out in dichloromethane (DCM), in absence of solvent or 

under on-water conditions. Surprisingly, the latter proved to be the most effective reaction 

media affording the target dipyrromethanes 2.53 in much shorter reaction times, higher 

efficiency, and with easier isolation and purification methods (Scheme 2.13 a).44 

This broad and versatile methodology was successfully applied to the synthesis of 

bilanes 2.54 and calix[4]pyrroles 2.55. While bilanes 2.54 were obtained from the reaction 

of monofunctionalised dipyrromethanes with another molecule of dipyrromethane, an 

initial bisfunctionalisation followed by a second DA reaction with dipyrromethane gave 

rise to calix[4]pyrroles 2.55 (Scheme 2.13 a). 19, 45 Furthermore, bilanes 2.54 (R1 = Me) 

containing an oxime functionality, prepared by two consecutive hetero-Diels−Alder 

reactions (or conjugate additions) between nitrosoalkenes and dipyrromethane, led to 

corroles 2.56 or porphyrins 2.57 and 2.58 via oxidative macrocyclization, or treatment with 

aldehydes followed by oxidation, respectively (Scheme 2.13 b). 19   
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Scheme 2.13a) HDA reactions of azo- and nitroso-alkenes with pyrroles. b) synthesis of  

corroles and porphyrins. 

 

This synthetic strategy was also applied to the synthesis of mono- or bis-functionalised 

dipyrromethanes 2.60 and 2.61, respectively,  which depending on the starting oxime or 

hydrazone, were obtained in low to excellent yields.17, 45, 46 These functionalised 



 

 
Chapter 2- Hetero-Diels-Alder Approach to Bis(indolyl)methanes  

95 

dipyrromethanes were screened for their in vitro activity as anticancer agents against 

leukemia and lymphoma. In fact, 2.60a showed high activity against Staphylococcus 

species including methicillin resistant strains. (Scheme 2.14).15 

 

 

Scheme 2.14 Functionalization of dipyrromethanes. 

 

2.1.4.3 With indole 

Reaction between nitroso-azoalkenes and indole was also explored by Pinho e Melo 

and co-workers.18, 33, 34, 47 Examples of this kind of reactivity were the generation of novel 

3-tetrazolyl-nitrosoalkenes and their reactivity towards indoles. The aim of this study was  

the synthesis of tryptophan analogues where the carboxylic group was replaced by the 

bioisosteric tetrazolyl group. The reaction of in situ generated 3-tetrazolyl-nitrosoalkenes 

2.63 with indole gave the corresponding open-chain oximes 2.65, resulting from the ring-

opening and concomitant rearomatization of the indole unit of the initially formed hetero-

Diels-Alder cycloadducts 2.64. The reduction of the oxime moiety of functionalized 
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indoles 2.65 afforded the desired tryptophan analogues 2.66 and 2.67. The deprotection of 

the tetrazolyl moiety of compound 2.67 was also carried out affording tetrazolyl-tryptamine 

2.68 (Scheme 2.15). This type of building block is a particularly interesting synthetic tool 

to explore carboxylic acid/tetrazole bioisosterism in drug discovery.18, 33, 34, 47 

 

Scheme 2.15 Synthesis of Tryptophan analogues derived from nitrosovinyltetrazoles. 

 

The synthesis of tryptophan analogues based on the chemistry of nitrosoalkenes and 

the use of these building blocks in the preparation of novel functionalized β-carbolines 2.71 

was recently reported. The structural diversity that was achieved allowed the discovery of 

interesting activities against a range of cancer cell lines with the selectivity depending on 

the type of substitution pattern of the β-carboline core. For example, compound 2.71a 

proved to be a very promising anticancer agent against breast adenocarcinoma (MCF-7), 

lung carcinoma (NCIeH460) and ovarian carcinoma (OVCAR-3) with GI50 between 1.32 

and 1.62 μM (Scheme 2.16).18  
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Scheme 2.16 Synthetic sequence to obtain 3-tetrazolyl-β-carbolines. 

 

2.2 Rationale and goals 

As part of our continuing interest and investigation on HDA reaction of electron-

deficient conjugated nitroso and azoalkenes, we envisioned that a novel methodology to 

the synthesis of new bis(indolyl)methanes (BIMs) bearing oxime or hydrazone moieties 

could be developed based on the chemistry of these heterodienes. On the other hand, this 

study could lead to a library of new BIMs with eventual interesting biological activities. 

The aim of this PhD project was to establish a one-pot synthetic strategy to these BIMs 

based on two consecutive hetero-Diels-Alder cycloaddition reactions between nitroso- and 

azoalkenes, generated in situ from the corresponding α,α’-dihalooximes or hydrazones, and 

indoles as outlined in scheme 2.17.   
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Scheme 2.17 Synthetic approach to BIMs oximes or hydrazones. 

 

2.3  Novel approach to bis(indolyl)methanes: synthesis of 1-

hydroxyiminomethyl and 1-hydrazonomethyl-bis(indolyl)methanes 

derivatives with anti-cancer properties 

 

2.3.1 Synthesis of α,α’-dihalooximes and α,α’-dihalohydrazones  

This research work began with the synthesis of the precursors, namely the preparation 

of the α,α’-dihalooximes and α,α’-dihalohydrazones. 

The α,α’-dihalooximes 2.73a-e were prepared following known procedures.44, 48 The 

experimental method consists in the  condensation between the appropriate α,α’-haloketone 

2.72 and hydroxylamine hydrochloride, as shown in Scheme 2.18.  

 

 

Scheme 2.18 .Synthesis of the  α,α’-dihalooximes. 
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α,α’-Dihalohydrazones 2.74a and 2.74b were prepared by reacting 2,2-dichloro-1-

phenylethan-1-one (2.72d) or 1,1-dichloropropan-2-one (2.72e), respectively, with tert-

butyl hydrazinecarboxylate at room temperature, as outlined in Scheme 2.19.49 

 

Scheme 2.19 Synthesis of the  α,α’-dihalohydrazones. 

 

The α,α-dichlorohydrazone 2.74c was prepared in two steps. Firstly, the hydrazone 

2.76 was synthesised by the reaction of 4-bromoacetophenone (2.75) with tert-butyl 

hydrazinecarboxylate, in refluxing hexane.50 The halogenation of 2.76 with N-

chlorosuccinimide, in the presence of a catalytic amount of benzoyl peroxide, led to the 

target hydrazone 2.74c (80%), as described by South et al.51 (Scheme 2.20). 

 

 

 Scheme 2.20 Synthesis of the  α,α’-dihalohydrazone 2.74c. 

 

Additionally, hydrazones 2.78 were also prepared following established experimental 

procedures. Carrying out the reaction of 1,1-dichloropropan-2-one (2.72e) with p-

toluenesulfonyl hydrazide 2.77 in propionic acid, at room temperature for 4 h, led to the 

desired tosylhydrazone 2.78a in very good yield ( 83%).52 The reaction of 1,1-

dichloropropan-2-one (2.72e)  with 2,4-dinitrofenylhydrazine (2.79) in diethyl 

phosphonate, afforded hydrazone 2.78b in 95% yield (Scheme 2.21).53 
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Scheme 2.21 Synthesis of the  α,α’-dihalohydrazones 2.78a,b. 

 

2.3.2 Synthesis of 1-hydroxyiminomethyl bis(indolyl)methanes  

Initially, the reactivity between transient nitrosoalkenes, generated in situ from α,α’-

dihalooximes 2.73a-f, and indoles 2.81a,b in presence of a base (Na2CO3), using  

dichloromethane (DCM) as solvent and carrying out the reaction at room temperature 

during 36 h was explored. New 1-hydroxyiminomethyl-bis(indolyl)methanes (BIMs) 2.82 

and 2.83 were obtained as outlined in Table 2.1. In general, the reaction yields were 

considered excellent (28-80%) (Table 2.1, entries 1, 3, 5, 7, 9, 11), considering that the 

synthetic approach involves two consecutive DA cycloaddition reactions. The results also 

have shown that no other products were obtained, revealing the regioselectivity of these 

reactions. On the other hand, both alkyl and aryl oximes could be used in this methodology.  

Starting from aryl oximes 2.73a-d the BIMs 2.82a-e (R and NOH in trans geometry) were 

obtained as single or major products (Table 2.1, entries 1-10), whereas the isomer 2.83f (R 

and NOH in cis geometry) was obtained  as  major product when alkyl oximes were used 

(Table 2.1, entries 11 and 12).  

Looking for more sustainable reaction media, it was decided to explore these reactions 

using water as solvent. 

The use of water as reaction medium has attracted deep interest of researchers in the 

last decades leading to unexpected results. The expected low solubility of the reagents has 

been shown not to be an obstacle, and it has also been found that both reactivity and 

selectivity of the reactions are generally improved when compared with reactions carried 

out in organic solvents.54-56 In particular, carrying out DA reactions in aqueous medium 
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has been shown to be advantageous, not only environmentally but also because  induces 

major improvements in yields, reaction times and selectivity.16, 44, 57  Thus, the reactivity of 

nitrosoalkenes 2.80a-e towards indoles 2.81a,b was also studied using water as solvent 

although the use of a co-solvent was required as previously observed for other 

nitrosoalkenes.19, 35 In fact, the DA reactions carried out using  the water/DCM solvent 

system (Table 2.1, entries 2, 4, 6, 8, 10, 12), result in significantly shorter reaction times 

(the reaction time was reduced from 36 h to 3 h) and in general gave better yields (42-73% 

overall yield) compared to those carried out in DCM (29-80% overall yield) (Figure 2.3). 

These results also clearly show that the efficiency of the reaction, using the H2O/DCM 

system, between the nitrosoalkenes bearing halogenated aryl substituents at C3 position 

and indoles increased in the order F > Cl > Br > H, which is the order  of electron 

withdrawing ability and consequently the order of expected effectiveness for an inverse-

electron-demand DA reaction (Table 2.1, entries 2, 4, 6, 8). However, this correlation could 

not be observed when reactions were carried out in DCM. In fact, the isolated yields do not 

reflect the expected reactivity and efficiency which may be explained by considering the 

differences in the  isolation and purification procedures. 
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Table 2.1 - One-pot synthesis of new 1-hydroxyiminomethyl-bis(indolyl)methanes 2.82a-

f and 2.83a-f. 

 

Entry R X R1 R2 Time (h) Solvent 
yield 

2.82 2.83 

1 p-BrC6H4 Br H H 36  DCM 2.82a 34% - 

2 p-BrC6H4 Br H H 3 H2O/DCM 2.82a 55% - 

3 p-ClC6H4 Br H H 36 DCM 2.82b 80% - 

4 p-ClC6H4 Br H H 3 H2O/DCM 2.82b 64% 2.83b 9% 

5 p-FC6H4 Br H H 36 DCM 2.82c 33% - 

6 p-FC6H4 Br H H 3 H2O/DCM 2.82c 71% - 

7 Ph Cl H H 36 DCM 2.82d 44% - 

8 Ph Cl H H 3 H2O/DCM 2.82d 42% 2.83d 12% 

9 p-BrC6H4 Br Me H 36 DCM 2.82e 63% - 

10 p-BrC6H4 Br Me H 3 H2O/DCM 2.82e 70% - 

11 Me Cl H H 36 DCM 2.82f 9% 2.83f 19% 

12 Me Cl H H 3  H2O/DCM - 2.83f 57% 

 

 
Figure 2.3 Synthesis of new 1-hydroxyiminomethyl-bis(indolyl)methanes 2.82/2.83 

(DCM versus H2O/DCM). 
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The unequivocal determination of the structure of these BIMs  was achieved by nuclear 

magnetic resonance (NMR) spectroscopy. The NMR data of compound 2.83f is discussed 

in more detail as an illustrative example. The assignment of the signals was done using 

two-dimensional techniques such as COSY, NOESY, HMQC and HMBC. Table 2.2 shows 

the assignments of the chemical shifts observed in the 1H and  13C NMR spectra. 

 

Table 2.2 1H and 13C NMR signal assignments of  BIM 2.83f. 

 

Position δ(ppm) 1H NMR δ(ppm) 13C NMR 

3 1.78 (s, 3H) 12.2 (CH3) 

1 5.38 (s, 1H) -* 

10 6.94 (pseudo t, J = 7.4 Hz, J = 7.2 Hz, 2H) 118.2 (CH, Ar) 

9 7.07 (pseudo t, J = 7.4 Hz, J = 7.2 Hz, 2H) 120.9 (CH, Ar) 

5 7.12 (d, J = 2.0 Hz, 2H) 123.4 (CH, Ar) 

8 7.37 (d, J = 8.4 Hz, 2H) 111.4 (CH, Ar) 

11 7.46 (d, J = 8.0 Hz, 2H) 118.9 (CH, Ar) 

13 10.41 (s, 1H, OH) - 

4 10.90 (br s, 2H, NH) - 

6 - 114.2 (C, Ar) 

7 - 126.8 (C, Ar) 

12 - 136.2 (C, Ar) 

2 - 156.9 (C) 

*Under DMSO-d6 signal. 

 

In the 1H NMR spectrum (Figure 2.4a) of BIM 2.83f the singlet signals corresponding 

to the [(H-4 (NH)] protons  at 10.90 ppm, the oxime moiety proton (H-13) at 10.41 ppm, 

the meso proton (H-1) at 5.38 ppm and the methyl group protons (H-3) at 1.78 ppm, are 

easily identified. The 13C NMR spectrum (Figure 2.5) shows a quaternary carbon (C-2) at 

156.9 ppm corresponding to the carbon of the C=N bond of the oxime moiety and a signal 

at 12.2 ppm corresponding to the C-3 (methyl group). 
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a) 

 

b) 

 

Figure 2.4 a) 1H NMR spectra of BIM 2.83f. b) 1H NMR expansion of  BIM 2.83f. 
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Figure 2.5 13C NMR spectrum of BIM 2.83f. 

 

The main  interactions observed in the bi-dimensional NMRs represented in Figure 

2.6,  allowed the assignment of  protons corresponding to the indole core. 

Through the analysis of the COSY spectrum (Figure 2.7)  it was possible to observe 

the correlation between the H-4 (NH) (singlet at 10.90 ppm) proton with H-5 (doublet at 

7.12 ppm) which in turn showed correlation with the meso proton H-1 (singlet at 5.38 ppm). 

On the other hand, correlation between the H-11 proton (doublet at 7.46 ppm) and the H-

10 proton (pseudo triplet at 6.94 ppm) was also identify. The latter also showed correlation 

with H-9 (pseudo triplet at 7.07 ppm) which in turn showed correlation with H-8 (doublet 

at 7.37 ppm). In the NOESY spectrum, connectivity between H-4 proton (broad singlet at 

10.90 ppm) and H-11 (doublet at 7.46 ppm) and between the latter and H-10 proton (pseudo 

triplet at 6.94 ppm) were observed. Furthermore, it was also possible to observe 

connectivities between H-11 and H-1 (singlet at 5.38 ppm), H-8 (doublet at 7.37 ppm) and 

H-9 (pseudo triplet at 7.07 ppm) and between  H-5 (doublet 7.12 ppm) and H-1 (singlet at 

5.38 ppm). 

By analysis of the NOESY spectra of 2.83f, connectivity was observed between the 

hydroxyl proton  H-13 ( singlet at 10.41 ppm) and the methyl protons H-3 (singlet at 1.78 
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ppm), which allowed the stereochemistry assignment of the BIM oxime 2.83f  (this topic 

will be further discussed). 

The carbons of the indole nuclei were identified by analysis of the HMQC (Figure  2.9) 

and HMBC (Figure 2.10) spectra. The C-8, C-9, C-10, and C-11 carbons were easily 

identified by analysis of HMQC spectra, whereas the assignment of the quaternary carbons 

was made by analysing the HMBC spectra. Therefore, the main connectivities observed in 

the latter spectrum were between the C-2 (156.9 ppm) with both H-1 and H-13 protons, C-

6 (114.2 ppm) carbon and the proton H-1 as well as with the H-4 proton, C-7 (126.8 ppm) 

with H-1 and H-8 and finally, C-12 carbon with H-4, H-9 and H-11 protons (Figure 2.10). 

 

 

Figure 2.6 Main observed connectivities in the COSY (a), NOESY (b) and HMBC (c) 

   of compound 2.83f. 
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Figure 2.7 Expansions of the COSY spectrum of BIM 2.83f. 

 

a) 
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 b) 

 

Figure 2.8 a) NOESY spectrum of BIM 2.83f  b) expansion of  the NOESY spectrum of 

BIM 2.83f. 

Figure 2.9 Expansion of the HMQC spectrum of BIM 2.83f. 
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Figure 2.10 Expansion of the HMBC spectrum of BIM 2.83f. 

 

In order to confirm the stereochemistry assignment of BIMs 2.82 and 2.83, the 1 H 

NMR (Figure 2.11) and NOESY spectra of compounds 2.82f and 2.83f as well as the ones 

corresponding to compounds 2.82d (Figure 2.12) and 2.83d (Figures 2.13 and 2.14) were 

analysed. In fact, in the NOESY spectrum of 2.82f no connectivity between the hydroxyl 

proton H-13 and the methyl group protons H-3 was observed, contrary to what was 

observed for oxime 2.83f (see Figure 2.8). Similarly, in the NOESY spectra of aryl BIM 

oximes, no connectivity was observed between the hydroxyl proton and the phenyl protons 

in 2.82d, whereas that connectivity was observed in BIM 2.83d (Figure 2.14). Moreover, 

the two isomeric-oximes 2.82 and 2.83 are also characterized by 1H NMR spectra with 

different features. The chemical shift of the meso proton H-1 appears at higher value for 

isomers 2.82 (2.82d: δ = 6.82 ppm; 2.82f: δ = 6.39 ppm) (Figures 2.12 and 2.11) than for 

the corresponding isomers 2.83 (2.83d: 5.77 ppm; 2.83f: 5.38 ppm) (Figures 2.13 and 2.4). 
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Figure 2.11 1H NMR spectrum of compound 2.82f. 

 

 

Figure 2.12 Expansion of the 1H NMR spectrum of compound 2.82d. 
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Figure 2.13 Expansion of the 1H NMR spectrum of compound 2.83d. 

 

Figure 2.14 Expansion of the NOESY spectrum of compound 2.83d. 
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After the cytotoxicity evaluation of some of these BIMs (see Section 2.3.5), BIM 2.82a 

was identified as promising scaffold for anticancer activity. Taking in account these results, 

reactivity studies for the synthesis of new BIM derivatives 2.82g-j and 2.83g-j were carried 

out in order to establish a structure-activity relationship. These involved the reaction 

between nitrosoalkenes, generated in situ from 2,2-dibromo-1-(4-bromophenyl)ethanone 

oxime 2.73a, and 5-substituted indoles 2.81. Reactions were carried out in DCM and in 

water using DCM as co-solvent (9:1), at room temperature, as outline in Table 2.3. As 

already observed in the previous reactions, the latter solvent system led to better or 

comparable yields (Table 2.3, entries 2, 4, 6 and 8) and shorter reaction times (36 h versus 

3 h) than when DCM was used as solvent (Table 2.3, entries 1, 3, 5 and 7) (Figure 2.15). 

Furthermore, the synthesis of BIM 2.82g, using 5-bromoindole, could only be achieved in 

H2O/DCM (Table 2.3, entries 1 and 2). The reactions were regioselective and 

stereoselective, since (E)-oximes were obtained as single or major product. Only in the 

case of the reaction with 5-bromoindole two isomeric oximes 2.82g (41%) and 2.83g (10%) 

were isolated (Table 2.3 entry 2). The efficiency of the reaction increases with the presence 

of stronger electron donating substituents on the indole, as expected for the inverse 

electron-demand DA reaction. In fact, starting from oxime 2.73a and 5-metoxy- (2.81d) or 

5-hydroxyindole (2.81f), the corresponding BIMs were obtained in 78% yield (Table 2.3, 

entries 4 and 8) while the reaction with 5-bromo- (2.81a) or 5-methylindole (2.81e) gave 

the target BIMs in 51% (overall) and 55% yield, respectively (Table 2.3, entries 2 and 6). 
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Table 2.3 – One-pot synthesis of new 1-hydroxyiminomethyl-bis(indolyl)methanes 2.82g-

j and 2.83g.  

 

 
 

Entry R1 Time (h) Solvent 
Yield (%) 

2.82 2.83 

1 Br 36  DCM - a - 

2 Br 3 H2O/DCM 2.82g 41%  2.83g 10% 

3 OMe 36 DCM 2.82h 71% - 

4 OMe 3 H2O/DCM 2.82h 78% - 

5 Me 36 DCM 2.82i 20% - 

6 Me 3 H2O/DCM 2.82i 55% - 

7 OH 36 DCM 2.82j 23% - 

8 OH 3 H2O/DCM 2.82j 78%  

   a No evidence of the target compound was observed. 

 

 
Figure 2.15 Synthesis of new 1-hydroxyiminomethyl-bis(indolyl)methanes 2.82g-j/2.83g 

(DCM versus H2O/DCM). 

 

2.3.3 Synthesis of 1-hydrazonomethyl-bis(indolyl)methanes  

The study also aimed at the synthesis of unknown 1-hydrazonomethyl-

bis(indolyl)methanes 2.85 based on a similar methodology (Table 2.4). Gilchrist et al., 
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reported  that the reaction of indole with azoalkenes, generated in situ from ethyl pyruvate 

derived α-halohydrazones, usually leads to C- and N-alkylated products.58 Thus, our first 

approach was to carried out the hetero-Diels-Alder cycloaddition reactions using N-

protected indoles as dienophiles, namely the commercially available N-methyl indole and 

N-benzylindole prepared as outline in scheme 2.22. The reaction between indole 2.81a, and 

benzyl bromide 2.84, in alkaline aqueous solution  after stirring at room temperature using 

tetrapropylammonium bromide (TPABr) as catalyst, during 2 h, led to the N-benzylindole 

2.81g in 78% yield (Scheme 2.22).59 

 

Scheme 2.22 Synthesis of N-benzylindole. 

 

Reactions between the azoalkene, generated in situ from dichlorohydrazone 2.74a with 

N-methyl- 2.81b or N-benzylindole 2.81g, using DCM or the H2O/DCM solvent system, 

led to the corresponding N-substituted BIMs hydrazones 2.85a,b in yields ranging from 27 

to 31% yield (Table 2.4 entries 1, 2, 4 and 5). The reaction of N-methylindole and 

hydrazone 2.74a was carried out in water affording BIM hydrazone 2.85a in 49% yield 

(Table 2.6, entry 3). The “on-water” conditions could only be applied in this case because 

N-methylindole is a liquid at room temperature. The use of DCM as co-solvent was 

required to improve the efficacy of reactions when all the reagents were solids, as 

previously observed.  

The first anti-tumoral activity studies showed that the presence of N-unsubstituted 

indole moieties in BIM oximes is fundamental to ensure high cytotoxicity against cancer 

cell lines (Section 6.3). Therefore, reactions of azoalkene, generated in situ, from 

dichlorohydrazone 2.74a  and N-unsubstituted indoles were carried out. This would be a 

better alternative to the use of N-protected indoles in the DA cycloaddition reaction, 

followed by deprotection reaction to obtain the target N-unprotected BIM hydrazones. 

Remarkably, the dichlorohydrazone 2.74a  reacted with N-unprotected indoles leading to 

the desired BIM hydrazones as single products (Table 2.4, entries 6-11). Reactions 

performed in H2O/DCM with indole and 5-hydroxyindole were more effective (55%) and 
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needed shorter reaction time (3 h) than those performed in DCM (22% and 21% in 24 h) 

(Table 2.4, entries 6-9). Under the optimizing reaction conditions, the reaction between 

2.74a and 5-methylindole (2.81e) and 5-bromoindole (2.81c) led to the corresponding 

BIMs in 43% and 63% yield, respectively (Table 2.4, entries 10 and 11). Particularly 

interesting was to observe the formation of a secondary product 2.86 in 17 % yield, 

apparently resulting from the hydrolysis of BIM 2.85 (Figure  2.16). The results showed 

that the substitution pattern of the starting indoles had no impact on the efficiency of the 

reaction. Furthermore, complete regioselectivity was observed in these transformations 

since the (E)-hydrazones 2.85 were obtained as single product. 

 

Table 2.4 - One-pot synthesis of new 1-hydrazonomethyl-bis(indolyl)methanes 2.85a-f. 

 

Entry R1 R2 Time (h) Solvent 
Yield (%) 

2.85 

1 Me H 24  DCM 2.85a 29% 

2 Me H 3 H2O/DCM 2.85a 27% 

3 Me H 2 H2O 2.85a 49% 

4 Bn H 24 DCM 2.85b 31% 

5 Bn H 3 H2O/DCM 2.85b 29% 

6 H H 24 DCM 2.85c 22% 

7 H H 3 H2O/DCM 2.85c 55% 

8 H OH 24 DCM 2.85d 21% 

9 H OH 3 H2O/DCM 2.85d 55% 

10 H Me 3 H2O/DCM 2.85e 43%* 

11 H Br 3 H2O/DCM 2.85f 63% 

*Compound 2.86 resulting from the hydrolysis of BIM hydrazone 2.85e, was also obtained in 17% yield. 
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Figure 2.16 Chemical structure of carbonyl BIM  derivative. 

 

 

The stereochemistry assignment of alkyl hydrazone 2.85f was confirmed by the 

analysis of the proton NMR (Figure 2.17) and NOESY (Figure 2.18) spectra. 

In the 1H NMR spectrum (Figure 2.17) of BIM 2.85f, the singlet signals corresponding 

to the proton of the hydrazone moiety (H-13) at 9.40 ppm, the protons of the indole core  

(H-4) at 11.15 ppm, the meso proton (H-1) at 5.32 ppm, the methyl group protons (H-3) at 

1.83 ppm and the signal corresponding to the tert-butyl protons (H-15) at 1.47 ppm are 

easily identified. In addition, analysing the NOESY spectrum was possible to observe the 

connectivity between HNCO2
tBu (H-13) proton and the methyl group protons (H-3). The 

same stereochemistry was assigned by analogy to compounds  2.85a-e. 

 
Figure 2.17  1H NMR of the BIM hydrazone 2.85f. 
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Figure 2.18 NOESY spectrum of BIM hydrazone 2.85f. 

 

 

The work was then extended to the reaction of azoalkenes, generated in situ from α,α-

dihalohydrazones 2.74b and 2.74c, towards indoles (Table 2.5). Under the  previous 

optimised reaction conditions (H2O/DCM), the aryl BIM hydrazones were also obtained 

albeit in lower yields and longer reaction time (12 h). Hydrazone 2.74b, in the presence of 

base, reacted with 1H-indole (2.81a), 5-bromoindole (2.81c) and 5-methylindole (2.81e) 

giving selectively the target BIMs 2.87a-c in 29%, 7 % and 11% yield, respectively (Table 

2.5, entries 1-3). Starting from α,α’-dichlorohydrazone 2.74c, BIMs 2.87d (17%) and 2.87e 

(13%) were obtained from the reaction with indoles 2.81a and 2.81c, respectively (Table 

2.5, entries 4 and 5). Moreover, from the reaction of hydrazone 2.74c with indole (2.81a), 

the (Z)-isomer hydrazone 2.88d was also obtained in 12% yield (Table 2.5, entry 4). 
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Table 2.5 - One-pot synthesis of new 1-hydrazonomethyl-bis(indolyl)methanes 2.87a-e 

and 2.88d. 

 

Entry Ar R1 
Yield (%) 

2.87 2.88 

1 Ph H 2.87a 29% - 

2 Ph Me 2.87b 7% - 

3 Ph Br 2.87c 11% - 

4 p-BrC6H4 H 2.87d 17% 2.88d 12% 

5 p-BrC6H4 Me 2.87e 13% - 

 

 

 The structure elucidation of BIM hydrazone 2.87b was based in the 1H NMR spectrum 

(Figure 2.19) in which it was possible to identify the signal corresponding to the tert-butyl 

group protons H-4 (singlet at 1.39 ppm), the methyl group protons H-6 (singlet at 2.33 

ppm), the meso proton H-1 (singlet at 5.59 ppm), the hydrazone proton H-3 (singlet at 8.21 

ppm) and  H-5 protons  (singlet at 10.69 ppm). The stereochemistry assignment of BIM 

2.87b was confirmed by the analysis of the NOESY spectrum, in which no connectivity 

was observed between the NHCO2
tBu proton and the phenyl group protons (H-Ph). The 

same stereochemistry was assigned by analogy to BIM hydrazones 2.87a and 2.87d-e. The 

observed stereoselectivity is in agreement with that obtained for the 1-

hydroxyliminomethyl-bis(indolyl)methanes synthesis, where isomers with the substituent 

group (R) in trans position relative to the oxime functionality were obtained as single or 

major products. 
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Figure 2.19 1H NMR spectrum of BIM hydrazone 2.87b. 

 

 

 

The results showed that reactions were more efficient when starting from alkyl 

hydrazone 2.74a than from aryl hydrazones 2.73b and 2.73c. Therefore, it was decided to 

explore the reactivity of alkyl hydrazones 2.78a and 2.78b derived from dichloroacetone. 

The base-induced dehydrohalogenation was carried out both in DCM and in the H2O/DCM 

solvent system as outlined in Scheme 2.23. Therefore, azoalkenes bearing tosyl and 2,4-

dinitrophenyl substituents, generated in situ from the corresponding hydrazones, reacted 

with indole leading to the target BIMs 2.89 and 2.90, respectively. As expected, the 

reactions carried out in H2O/DCM (method B) were more efficient than the ones performed 

in DCM (Method A). In fact, using the method B, the BIMs 2.89 and 2.90 were obtained 

in 41% and 87%, respectively (Scheme 2.23).  
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Scheme 2.23 One-pot synthesis of hydrazones 2.89 and 2.90. 

 

These results showed that the substitution pattern of the starting indoles has a minimal 

influence on the efficiency of these transformations, whereas it was shown that the 

hydrazone substituent plays a major role and a proper balance between electrophilicity and 

stability of the heterodienes should be achieved. The efficiency of these transformations, 

in terms of isolated products followed the order tosyl < tert-butyloxycarbonyl < 2,4-

dinitrophenyl substituent. 

 

2.3.4 Mechanistic proposal  

The one pot synthesis of bis(indolyl)methanes can be explained considering that the 

starting α,α’-dihalooximes or α,α’-dihalohydrazone, in presence of base, are converted in 

situ into the corresponding transient and reactive 4-halonitrosoalkenes or 4-

haloazoalkenes, which react as heterodienes via HDA reaction with a first molecule of the 

appropriate indole, giving the corresponding cycloadduct. The initial formed cycloadducts 

undergo ring-opening to the corresponding  3-alkylated indole under the driving force of 

indole rearomatisation. The latter undergo a subsequent dehydrohalogenation to give the 

corresponding heterodiene followed by a second HDA reaction with another molecule of 

indole affording the target bis(indolyl)methanes. 

However, the isolation of two isomeric oximes or hydrazones in some of these 

transformations cannot be explained by a process involving only HDA cycloaddition 

reactions.   

The generation of 4-haloazoalkenes from α,α’-dihalohydrazones has been proposed as 

an intermediate in various reactions.19, 44, 45, 52, 60-62 Furthermore, the unprecedent catalytic 



 

 
Chapter 2- Hetero-Diels-Alder Approach to Bis(indolyl)methanes  

121 

asymmetric inverse-electron-demand Diels Alder reaction between indole and a 4-

chloroazoalkene, generated in situ from the appropriate α,α’-dichlorohydrazones, affording 

the corresponding chiral cycloadduct was reported by Wang et al..40 On the other hand, 

similar studies in which HDA cycloadducts were isolated from the reaction of  α,α’-

dihalooximes with indoles via the generation of 4-halonitrosoalkenes, including the 

asymmetric synthesis of 4-halo-5,6-dihydro-4H-oxazines were also reported.39, 63 The 

mechanistic proposal of the first alkylation step leading to 3-alkylated indoles via HDA 

reactions is therefore corroborated by these reaction outcomes. 

However, the question is whether the reaction with the second indole molecule  occurs 

via competitive cycloaddition or conjugate addition reaction. It is well established that 

HDA reaction should lead to BIMs 2.96 as single products, whereas conjugate addition 

allows the synthesis of the two stereoisomeric BIMs  2.96 /or 2.97 (Scheme 2.24). 

The reaction of aryl α,α’-dihalooximes or α,α’-dihalohydrazones with indoles gave the 

isomer 2.96  as major products or single products. This indicate that HDA reaction must 

be the main mechanistic pathway, although in some cases the conjugate addition can also 

occur in a competitive fashion. On the other hand, starting from alkyl α,α’-dihalooximes 

or α,α’-dihalohydrazones the reaction with indoles afforded isomers 2.97 as single or major 

products. Thus, the formation of these bis(indolyl)methanes can only be explained 

considering that, in the second alkylation step, indoles participate in conjugate addition 

reactions with 3-alkylheterodienes, at the s-trans conformation, followed by 1,5-

sigmatropic hydrogen shift (Scheme 2.24). 
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Scheme 2.24 Proposed mechanism for the one-pot synthesis of BIMs. 

 

2.3.5 Anti-cancer activity of BIMs 

Initially, the cytotoxicity of compounds 2.82a, 2.82e and 2.82d was evaluated in 

different tumoral cell lines, namely HepG2 (hepatocellular carcinoma), MDA-MB-468 

(human breast carcinoma), RAW 264.7 (murine leukaemic monocyte macrophages), THP1 

(human acute monocytic leukaemia), U937 (human leukaemic monocytic lymphoma) and 

EL4 (murine T-Lymphoma). The compounds selectivity towards tumoral cells was 

assessed determining their cytotoxicity with respect to two non-tumoral derived cell lines 

S17 (murine bone marrow) and N9 cells (murine microglial). 

Results of the half maximal  inhibitory concentrations (IC50) are shown in Table 2.6 

together with the toxicity of etoposide, a known anti-tumoral drug. Compound 2.82e was 

considerably less cytotoxic against the tumoral cells than the other two compounds with 

IC50 values ranging from 35.7 (HepG2) to 124 μM (THP1) and no selectivity was observed.  

However, compounds 2.82a and 2.82d were considerably cytotoxic to all cells tested, 

with IC50 values varying from 1.62 (THP1) to 23.9 μM (RAW) and from 10.7 (MDA) to 

34.1 μM (U937), respectively.  

Surprisingly, compound 2.82a showed particularly cytotoxicity against leukaemia and 

lymphoma cell lines, showing IC50 values in range of 1.6 μM. In addition, the highest 

selectivity indexes 9.86-14.2 were also observed for compound 2.82a (Table 2.6 and Figure 

2.23). This study allowed to establish the new 1-hydroxyliminomethyl-
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bis(indolyl)methane 2.82a as the most promising scaffold for the design of new anticancer 

compounds against leukaemia and lymphoma.  

Some conclusions regarding structure-activity relationships were also redrawn based 

on the biological evaluation of these BIMs. In fact, there is a dramatic difference in the 

anticancer activity when comparing N-unsubstituted BIM 2.82a and N-methyl substituted 

BIM derivative 2.82e, since 2.82a present high IC50 values. On the other hand, the 

significantly lower IC50 values achieved for 2.82a in comparison with the ones obtained for 

2.82d demonstrate that the presence of the bromo substituent is crucial to ensure high 

cytotoxic activity (Table 2.6). 

 

Table 2.6 - Cytotoxicity of BIMs 2.82a, 2.82e and 2.82d and etoposide (positive control) 

against several tumoral and non-tumoral cell lines. Results are expressed as IC50 values 

(mean ± SEM) in μM and the selectivity index was calculated for two non-tumour cell lines 

(S17 and N9). 

 

 

Etoposide 2.82a 2.82e 2.82d 

IC50 (μM) 
SI 

(S17) 

SI 

(N9) 
IC50 (μM) 

SI 

(S17) 

SI  

(N9) 
IC50 (μM) 

SI 

(S17) 

SI 

 (N9) 
IC50 (μM) 

SI 

(S17) 

SI 

(N9) 

HepG2 1.40 ± 0.10 8.97 1.71 16.6 ± 0.07 0.98 1.38 35.7 ± 0.40 1.44 0.56 28.0 ± 0.49  0.94 1.05 

MDA 6.69 ± 0.44 3.68 0.88 22.1 ± 0.18 0.73 1.04 36.7 ± 0.57 0.81 0.31 10.7 ± 0.19 2.45 2.72 

RAW 0.82 ± 0.03 9.55 1.88 23.9 ± 0.30 0.68 0.96 42.2 ± 0.41  1.22 0.47 12.2 ± 0.05 2.16 2.40 

THP1 1.82 ± 0.06 8.55 1.81 1.62 ± 0.08 10.04 14.2 124 ± 11.5 0.41 0.16 18.1 ± 0.26 1.45 1.61 

EL4 4.90 ± 0.47 5.47 0.80 1.65 ± 0.02 9.86 13.94 106 ± 10.5 0.48 0.19 11.9 ± 0.07 2.21 2.45 

U937 1.10 ± 0.04 9.27 1.85 1.64 ± 0.08 9.92 14.02 97.0 ± 4.14  0.53 0.20 34.1 ± 0.69 0.77 0.86 

S17 10.4 ± 0.15   16.3 ± 0.14   51.4 ± 1.07   26.3 ± 0.23   

N9 1.95 ± 0.12   23.0 ± 0.34   19.8 ± 0.74   29.2 ± 0.29   
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Figure 2.20 Comparison between compounds 2.82a, 2.82e and 2.82d and etoposide 

(positive control) and cell lines. Graphical representation of table 2.6. 

 

The observed high cytotoxicity of BIM 2.82a against THP1, EL4 and U937 cell lines 

led us to extend this study to BIMs 2.82c, 2.82 and 2.83f (Table 2.7). The compound 2.82c, 

bearing a 4-fluorphenyl substituent and C-3 position, showed moderate cytotoxicity against 

the mentioned cell lines and was not selective. These results emphasize the fact that the 

presence of the 4-bromophenyl is vital to ensure low IC50 values. On the other hand, alkyl 

oximes 2.82f and 2.83f. were even less active against THP1, EL4 and U937 cell lines and 

showed no significant difference between isomeric compounds.  
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Table 2.7 Cytotoxicity of compounds 2.82c, 2.82f and 2.83f and etoposide (positive 

control) against three tumoral cell lines (THP1, EL4 and U937). Results are expressed as 

IC50 values (mean ± SEM) in μM and the selectivity index was calculated for non-tumour 

cell line S17. 

 

 

Etoposide 2.82c 2.82f 2.83f 

IC50 (μM) 
SI 

(S17) 
IC50 (μM) 

SI 

(S17) 
IC50 (μM) 

SI 

(S17) 
IC50 (μM) 

SI 

(S17) 

THP1 1.82 ± 0.06 8.55 23.9 ± 0.9   0.89 30.7 ± 0.1  0.62 57.6 ± 0.5  0.60 

EL4 4.90 ± 0.47 5.47 16.9 ± 1.6  1.47 23.9 ± 0.9  1.09 39.9 ± 3.7 0.92 

U937 1.10 ± 0.04 9.27 28.0 ± 1.6 1.08 42.5 ± 0.5  0.85 59.3 ± 0.5   0.62 

S17 10.4 ± 0.15  24.9 ± 0.1  26.1 ± 0.4   35.8 ± 0.4  

 

The cytotoxicity of BIMs 2.82g–2.82j, 2.85a–2.85d, 2.85f, 2.89 and 2.90 were also 

evaluated in the three cell lines for which BIM 2.82a (scaffold) showed significant anti-

tumoral activity. Results of IC50  for these BIMs are shown in table 2.8 together with the 

toxicity of etoposide. As with BIMs 2.82 and 2.83 , the selectivity of these compounds 

against tumour cells was evaluated by determining their cytotoxicity with respect to the 

non-tumour cell line S17.  Compounds 2.82g-j showed an interesting anti-tumoral activity 

particularly against lymphoma cell lines (EL4), with values of IC50 ranging from 3.23 μM 

to 15.6 μM. Among the studied BIMs, the most promising was BIM 2.82c with IC50 values 

of 3.23 μM (EL4), 6.34 μM (THP-1) and 9.79 μM (U-937). However, scaffold 2.82a is still 

a more efficient anti-cancer agent than BIM derivatives 2.82g-2.82j. On the other hand, 

BIM oxime 2.82a showed high selectivity whereas low selectivity was observed for 1-

hydroxyiminomethyl-bis(indolyl)methanes 2.82g-2.82j.  

The cytotoxicity of 1-tert-butoxycarbonylhydrazonomethyl-bis(indolyl)methanes 

2.85a–2.85d and 2.85f was also evaluated in the same cell lines and although the results 

indicated moderate anti-cancer activity, compound 2.85b derived from N-benzylindole, 

presented significant cytotoxic against EL4 with a IC50  of 5.56 μM (Table 2.8). However, 

this compound was less cytotoxic against THP-1 cell (IC50 = 38.8 μM) and no cytotoxic 

against U937 cell line was observed. BIM 2.85a, derived from N-methylindole was also 

active for EL4, with IC50 value of 9.99 μM. Particularly surprising was the result obtained 
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with compound 2.85c, derived from N-unsubstituted indole, showing lower activity than 

2.85a and 2.85b, which contrast with the previously results obtained for BIM oximes where 

N-unsubstituted BIMs were the most active. Regarding BIMs 2.85d and 2.85f, derived 

from 5-bromo and 5-hydroxyindole, respectively, moderate anti-cancer activity was 

observed (IC50 = 15.4 μM and 22.5 μM, respectively). Nevertheless,  BIM hydrazone 2.85d 

showed the highest selectivity (SI > 6.49). 

Finally, to explore the impact of the hydrazone moiety substituent, the cytotoxicity of 

bis(indolyl)methanes 2.89 and 2.90 was also evaluated. Compound 2.89, bearing a tosyl 

substituent did not showed significant differences in anti-cancer activity against the three 

cell lines, whereas BIM 2.90, bearing 2,4-dinitrophenyl group as substituent, showed a 

considerable cytotoxicity against EL4 with IC50 value of 5.45 μM . 
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Table 2.8 - Cytotoxicity of compounds 2.82g–2.82j, 2.85a–2.85d, 2.85f, 2.89 and 2.90 and 

etoposide (positive control) against three tumoral and one non-tumoral cell lines. Results 

are expressed as IC50 (μM). Values and the selectivity index were calculated using a non-

tumour cell line (S17).  

 

Compound/Cell lines EL4 THP-1 U937 S17 
Selectivity 

EL4 THP-1 U937 

Etoposide 4.90 1.82 1.10 10.4 5.47 8.55 9.27 

2.82g 7.65 12.2 18.6 N.D. N.D. N.D. N.D. 

2.82h 9.29 22.6 18.1 17.7 1.91 < 1 < 1 

2.82i 3.23 6.34 9.79 11.5 3.56 1.81 1.17 

2.82j 15.6 15.5 12.8 21.9 1.40 1.41 1.71 

2.85a 9.99 25.3 14.2 N.D. N.D. N.D. N.D. 

2.85b 5.56 38.8 N.A.a 7.65 1.38 < 1 < 1 

2.85c 15.3 30.0 25.0 50.0 3.27 1.67 2.00 

2.85d 15.4 28.6 156.9 N.A.b 6.49 3.50 < 1 

2.85f 22.5 36.2 28.3 41.3 1.84 1.14 1.46 

2.89 18.9 23.5 22.9 25.0 1.32 1.06 1.09 

2.90 5.45 14.0 13.3 7.92 1.45 < 1 < 1 

N.D. – not determined; N.A. – not active. 
a Cell viability: 66.6% at 100 µM. 
b Cell viability: 48.4% at 100 µM. 
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Additionally, the cytotoxicity of BIM 2.87d was evaluated in three colorectal cancer  

stem cells (CSCs) lines HT-29, SW-620, HCT116. Salinomycin (anti-CSC agent) and 5-

FU (traditional chemotherapeutic) were used as a positive control and negative control, 

respectively. In CSC-enriched spheroids derived from HT-29, HCT116 and SW-620 cell 

lines, BIM 2.87d displayed IC50 values (0.24 μM, 0.45 μM, 0.56 μM)  similar to the positive 

control salinomycin ( 0.25 μM , 0.74 μM , 0.09  μM)  (Table 2.9). 

 

Table 2.9 - Cytotoxicity of compound 2.87d, salinomycim (anti-CSC agent and positive 

control) and 5-FU (tradicional chemotherapeutic and negative control) against CSC-

enriched spheroids derived from three colorectal cancer cell lines HT-29, SW-620, 

HCT116. IC50 (μM) values and confidence intervals at 95% (CI95) are presented. 

 

3D (CSC-enriched  conditions) 

 HT-29 SW-620 HCT116 

 IC50 (μM) CI95 IC50 (μM) CI95 IC50 (μM) CI95 

Salinomycin 0.25 0.001-0.46 0.74 0.61-0.88 0.09 0.04-0.13 

5-FU 1.74 0.24-2.77 0.61 0.46-0.83 1.35 0.85-2.10 

2.87d 0.24 0.15-0.35 0.45 0.38-0.51 0.56 0.40-0.75 

 

To evaluate the potential compound toxicity, the IC50 determination in primary mouse 

hepatocytes was carried out. The results showed that the IC50 of compound 2.87d (3.02 μM 

) is higher than salinomycin (1.74 μM) (Table 2.10). 

 

Table 2.10 – IC50 determination in primary mouse hepatocytes of BIM 2.87d, salinomycim 

(anti-CSC agent and positive control) and 5-FU (traditional chemotherapeutic and negative 

control).  

 Primary mouse hapatocytes 

 IC50 (μM) 95CI 

Salinomycin 1.74 0.93-3.24 

5-FU 80.89 - 

2.87d 3.02 - 
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Finally, tumorspheres numbers were counted and spheres area was determined. 

Although BIM 2.87d reduced the tumorspheres area in all cell lines (Figure 2.21a), the 

number of HCT116-derived spheres significantly increased (Figure 2.21b). 

 

Figure 2.21 a) Determined spheres area; b) Number of tumorspheres for BIM 2.87d. 
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2.4 Conclusions 
  

In summary, two consecutive HAD reactions or a HAD followed by a 1,4-conjugate 

addition reaction of electrophilic nitroso- an azoalkenes with electron rich indoles led to a 

new class of bis(indolyl)methanes. The methodology proved to be versatile and 

characterised by a very broad scope, leading to a library of new BIM oximes and 

hydrazones. On the other hand, the substitution pattern of the starting α,α’-dihalooximes 

and α,α’-dihalohydrazones and/or indoles allowed an easy modulation of the BIM 

structure. Reactions were carried out in dichloromethane (DCM) or in water using DCM 

as co-solvent. The latter solvent system proved to be the best reaction medium for the 

synthesis of these new BIMs, affording the desired products in higher yield, shorter 

reaction time and easier isolation procedures. Also, to our delight, under this methodology, 

novel BIM oximes and hydrazones were efficiently obtained using N-unsubstituted indoles. 

Furthermore, the novel BIMs showed relevant “in vitro” anticancer activity, 

particularly against lymphoma cell lines, and a promising scaffold 2.82a has been 

identified.64, 65 

 
 

 

Etoposide

IC50 (μM)
SI

(S17)
Si

(N9)
IC50 (μM)

SI
(S17)

Si
(N9)

THP1 1,62 ± 0,08 10,04 14,20 1,82 ± 0,06 8,55 1,81

EL4 1,65 ± 0,02 9,86 13,94 4,90 ± 0,47 5,47 0,80

U937 1,64 ± 0,08 9,92 14,02 1,10 ± 0,04 9,27 1,85

2,82a
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Chapter 3 

Natural Deep Eutectic Solvents in the Hetero-Diels-Alder 

Approach to Bis(indolyl)methanes 

 

 

 

 

 

 

Abstract 

In this chapter, the use of natural deep eutectic solvents (NADES) as reaction media 

to carry out hetero-Diels-Alder reactions will be presented. This allowed to improve the 

efficiency and sustainability of the synthetic approach to bis(indolyl)methanes (BIMs) 

based on bis-hetero-Diels-Alder/conjugate addition reactions of nitroso- and azoalkenes 

with indoles. The ternary mixture of H2O with choline chloride/glycerol allowed the tuning 

of the physical properties of this NADES leading to a better solvent system, affording the 

target hydroxyiminomethyl- and hydrazonomethyl-BIMs, in much shorter reaction times, 

higher efficiency and easier isolation procedures. Furthermore, the direct access to 

carbonyl-BIMs was possible when 3-methyl-1-tert-butoxycarbonyl azoalkenes were used. 

 

 



 
 

Chapter 3 - Natural Deep Eutectic Solvents in the Hetero-Diels-Alder Approach to Bis(indolyl)methanes 

 

138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 3 - Natural Deep Eutectic Solvents in the Hetero-Diels-Alder Approach to Bis(indolyl)methanes 

 

139 

Chapter 3. Natural Deep Eutectic Solvents in the Hetero-Diels-Alder 

Approach to Bis(indolyl)methanes 

 
3.1  Deep eutectic solvents: solvents of the XXI century………………………………141 

3.1.1 Definition and classification of deep eutectic solvents………………………141 

3.2 Natural deep eutectic solvents………………………………………………………144 

3.2.1 Preparation and main properties of  NADES………………………………...144 

3.2.2 NADES in the synthesis of bis(indolyl)methanes…………………………...147 

3.2.3 NADES in cycloaddition reactions…………………………………………..152 

3.3 Rationale and goals…………………………………………………………….…...155 

3.4 Synthesis of  BIM derivatives using NADESs as solvents…………………………156 

3.5 Conclusions…………………………………………………………………………169 

3.6 References…………………………………………………………………………..170 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 3 - Natural Deep Eutectic Solvents in the Hetero-Diels-Alder Approach to Bis(indolyl)methanes 

 

140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 3 - Natural Deep Eutectic Solvents in the Hetero-Diels-Alder Approach to Bis(indolyl)methanes 

 

141 

3.1  Deep eutectic solvents: solvents of the XXI century. 

In the last decades, the pressure on the chemical industry to reduce the formation of 

waste, sewage, and toxic gases has been increasing due to the need to develop more 

sustainable processes. In this context, the scientific community has made enormous efforts 

to find more sustainable and less toxic reaction media than conventional organic solvents. 

Examples of these alternative reaction media are water, supercritical carbon dioxide, 

solvents derived from renewable resources, ionic liquids (ILs), and deep eutectic solvents 

(DESs).1  

 

3.1.1 Definition and classification of deep eutectic solvents 

 DESs are low melting point temperature solids formed by mixing two or more phase-

immiscible solid compounds, usually with higher melting points than the final eutectic 

mixture, which can become liquid, in certain ratio and at an exact temperature, the eutectic 

point. DESs are called natural deep eutectic solvents (NADES) when composed by natural 

products or therapeutic deep eutectic solvents (THEDES), when one of the components is 

an active pharmaceutical ingredient.2-5 These remarkable solvents are usually formed from 

hydrogen bond acceptors (HBA) (e.g., choline chloride) or metal halides (e.g. ZnCl2) and 

a hydrogen bond donor (HBD) (e.g. urea or carboxylic acids).2-9 A schematic 

representation of a deep eutectic solvent is shown in Figure 3.1. 

 

Figure 3.1 Schematic representation of the formation of a natural deep eutectic solvent, 

 illustrated with choline chloride and glycerol. 
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DES are generally described by the general formula Cat+X-zY, where Cat+ is any 

ammonium, phosphonium or sulfonium cation, X- is a Lewis base, a halide anion, Y is 

either a Lewis or Bronsted base and, z is the number of Y molecules.3, 5 Complex anionic 

species are formed between X- and Y, although hydrogen bonds are the main interactions 

between these components, occasionally electrostatic forces and van der Walls interactions 

can also be established.8 

Experimental and computational studies of choline chloride-based deep eutectic 

solvents were carried out by Perkins et al.10 Four hydrogen bond donors (HBD) were 

studied  in order to determine the changes in the hydrogen bonding interactions when the 

HBD is different in the DES. In this study, urea, maleic acid, ethylene glycol and glycerol 

were chosen as the HBDs of interest. The results revealed that for all systems except for 

the DES choline chloride:urea, the largest fraction of hydrogen bond interactions occur 

between the HBD and the anion, since this DES still exhibits a great amount of urea−urea 

interactions, because the oxygen atom in urea also acts as a relatively strong hydrogen bond 

acceptor. Additionally, the two polyols have similar trends for the different hydrogen bond 

types (i.e., both systems have the largest contribution from HBD−anion interactions). The 

main difference being a larger contribution from the HBD−HBD hydrogen bonds in choline 

chloride: glycerol than in choline chloride: ethylene glycol, due to the additional OH 

functional group present in glycerol. On the other hand, choline chloride:maleic acid 

exhibited an extensive amount of HBD−anion and cation−anion interactions. 

Taking into account the enormous number of different combinations of HBA and HBD 

to form the deep eutectic solvents, four types of DES have been often considered (Table 

3.1). 5, 11  

 

Table 3.1 Types of deep eutectic solvents  

DES Type Composition  

I Quaternary salt + Metal halide (MClx, M = Zn, Sn,Fe, Al, Ga, In) 

II Quaternary salt + Hydrated metal halide (MClx.yH2O, M = Cr, Co, Cu, Ni, Fe) 

III Quaternary salt + HBD (R-CONH2, R-COOH, R-OH) 

IV Metal halide + HBD  

 

 Examples of the most used components of DES (HBA and HBD) are shown in 

figure.3.2.  
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Figure 3.2 Examples of common HBA and HBD  for the synthesis of DES. 

 

DES have been extensively accepted as a new class of ionic liquids (ILs) sharing many 

characteristics and properties with them. However, DES are considered as the solvents of 

the 21st century due to their versatility, nontoxicity, biodegradability and lower costs of the 

raw materials. Additionally, the possibility of tuning their physical properties namely 

freezing point, polarity, viscosity, density, solubility, and acidity/basicity, amongst other 

properties, by the correct selection and ratio of the HBA and the HBD components makes 

them very attractive solvents.2-9, 12 Some of the differences and the similarities between 

DES and ILS are highlighted in Figure 3.3. 
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Figure 3.3 Similarities and differences of DES and ILs. 

 

3.2 Natural deep eutectic solvents  

In 2011, as a result of an attempt to explain the solubility of intracellular compounds 

that are insoluble in water and lipid phases, Choi and co-workers reported the discovery of 

a new class of DES, which were described as natural deep eutectic solvents (NADES).13 

These are mixtures containing combinations of metabolites that occur in large amounts in 

cells, with a crucial role in biological processes such as cryoprotection, drought resistance, 

germination, and dehydration. Mixtures of ChCl with a range of natural products such as 

ChCl/organic acids or alcohols or sugars, organic acids/sugars, amino acids/organic acids 

or sugars were assessed, resulting in the discovery of more than 100 NADES.13 Dai et al 

in 2013  provided additional information about NADES, by showing that they are excellent 

solvents for a wide range of metabolites of low to medium polarity that were non-soluble 

or poorly soluble in water.14 In the years that followed, a huge amount of natural 

biodegradable, bio-renewable and non-toxic products, such as sugars, amino acids, choline 

chloride, urea, among others, were tested in the production of NADES.2, 3, 5, 12, 15 

 

3.2.1 Preparation and main properties of NADES 

NADES are usually very easy to prepare, and their components are all commercially 

available. The standard preparation methods for the synthesis of NADES involves vacuum 

evaporation, freeze-drying or heating and stirring.14, 16-19 The vacuum evaporation method 

involves two steps. In the first step, the NADES components are dissolved in water, 

followed by heating (50 ºC), vortexing motion (25 ºC) and/or ultrasound (25 ºC). In the 

second step, the water is removed by rotatory evaporation or centrifugal vacuum. In the 

freeze-drying method, each component is initially dissolved in approximately 5 w/w% of 

DES

• Mixture
• More Biodegradable
• Less Expensive
• Less Hazardous
• Stable
• Hydrogen Bonds
• Easy synthesis
• No cytotoxic

• Low Volatility
• Highly Tunable
• Ability to dissolve

either organic and
inorganic compounds

• Wide liquid range

• Single Salt
• Non-Biodegradable
• Expensive
• Hazardous
• ionic Bonds
• Hard synthesis
• Cytotoxic

Similarities ILs
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water. Then, the solutions are mixed, frozen, and subsequently freeze-dried to form a clear 

and homogeneous liquid.  Finally, the most common preparation method involves the 

heating and stirring of the components under an inert atmosphere until a clear and 

homogenous liquid is formed. NADES components are commonly identified as a molar 

ratio (mol/mol), which reflects the contribution of the HBD and HBA. Examples of 

NADES obtained through these methods are presented in table 3.2. 

 

Table 3.2 Selected examples of NADES, preparation methods, and references. 

NADES Method Refª 

Choline chloride/urea (CC/U) 

 

Direct mixing and stirring at 80 ºC Abbott et al 20 

Choline chloride/glycerol (CC/Gly) 

 

Direct mixing and stirring at 300 rpm 

and 70 ºC 

Shahbaz et al 21 

   

Choline chloride/carboxylic acids 

 

Direct mixing and stirring at 100 ºC Abbott et al 18 

Choline chloride/urea (CC/U) 

 

Freezing–drying method Abbott et al 19 

Choline chloride/sucrose Vacuum evaporating method Dai et al 14 

 

The choice of the components to produce these solvents as well as its molar ratio has 

been crucial to obtain NADES with enhanced physical properties that allowed expanding 

their application in the most diverse areas. Among others, physicochemical properties such 

as freezing point (Tf), viscosity, density, ionic conductivity, and surface tension, have been 

broadly analysed.2, 4, 5, 8, 18, 20-32 Table 3.3 presents some selected properties of choline 

chloride-based NADES described in the literature. 

 

Freezing point: DES or NADES producing consists of mixing two solids able to 

generate a new liquid phase by self-association via hydrogen bonds. The new phase is 

normally characterized by a lower freezing point than that of the individual components. 

For example, when choline chloride (CC) and glycerol (Gly) are mixed in a 1:2 molar ratio, 

the freezing point (Tf) of the eutectic is -1 ºC, which is significantly lower than the ones of 

CC and Gly (Tf of CC and Gly are 302 and 17.8 ºC, respectively). The enormous decline 

of the freezing point is related to the interaction between the halide anion and the HBD 
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component. In general, NADES with a freezing point lower than 50 ºC have higher 

applicability since they can be used as low-cost and safe solvents in several fields.4, 32  

Density: This propriety is one of the most important properties when choosing a 

solvent. Although the densities of NADES range from 0.785-1.63 g/cm3 at room 

temperature, the vast majority have higher density than water (e.g. CC/U = 1.21 g/cm3). 

These values can be in general ascribed to the different molecular organization or packing 

of NADES and DES. The molar ratio also has influence on density. For instance, the 

addition of CC to glycerol results in a decrease in the density (Table 3.3, entries 1-3).8, 33 

Viscosity: Viscosity is also a parameter to be considered when choosing NADES. In 

general, these solvents have high viscosities due to their extensive network of hydrogen 

bonds, van der Walls, and electrostatic interactions. Thus, the viscosity is highly dependent 

on the nature of the HBD. The NADES formed by CC/EG show the lowest viscosity (Table 

3.3, entry 5). On the contrary, the use of sugars such as glucose (table 3.3, entry 8) or 

carboxylic acids (e.g. Maleic acid) (Table 3.3, entry 7) significantly increase the NADES 

viscosity.  The molar ratio also affects the viscosity in the same way as density (Table 3.3, 

entries 1-3). Another factor that has a strong influence on this parameter is temperature. As 

confirmed by Savi et al, in a study regarding the influence of the temperature on the 

formation, stability, and properties of functional NADES, the temperature increment 

results in a decrease in their viscosity.22  

Ionic Conductivity: Considering the values presented in Table 3.3, it is clear that 

conductivity shows an inverse correlation with viscosity. An increase in viscosity results 

in a decrease in conductivity. Similarly, the molar ratio also has an enormous influence on 

this property (Table 3.3, entries 1-3) Therefore, in line with what has already been said, 

conductivities of NADES increase significantly with the temperature due to a decrease in 

the DES viscosity. 

Surface tension: The strength of intermolecular interaction that controls the formation 

of DESs influences this property. It is expectable that the surface tension also increases 

with the increment of the molar composition of CC, as observed with viscosity. The 

addition of CC causes a cleavage of the hydrogen bonds between the glycerol molecules 

which results in a less ordered system and therefore less surface tension. Therefore, as well 

as the other cited properties, surface tensions of  CC-based NADESs showed a linear 

correlation with temperature as demonstrated by Abbott et al. 34  
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 Table 3.3 Selected physicochemical properties of some NADES, reported in literature 

Entry NADES Tf   

(ºC) 

Density 

 (g/cm3) 

Viscosity 

 (cP) 

Conductivity  

(mS/cm) 

Surface tension 

 (mN/m-1) 

1 CC/Gly (1:2) -1 26 1.18 (20 ºC) 26 376 (20 ºC) 26 1.05 (20 ºC) 26 55.8 (20 ºC) 26 

2 CC/Gly (1:3) 1.7 26 1.20 (20 ºC) 26 450 (20 ºC) 26 0.85 (20 ºC) 26 50.8 (20 ºC) 26 

3 CC/Gly (1:4) 2 26 1.21 (20 ºC) 26, 27 503 (20 ºC) 26 0.58 (20 ºC) 26 57.4 (20 ºC) 26 

4 CC/U (1:2) 12 28 1.25 (25 ºC) 28 750 (25 ºC) 28 0.199 (40 ºC) 28 66 (*) 29 

5 CC/EG (1:2) -66 21 1.12 ( 20 ºC) 21, 26 36 (20 ºC) 26 7.61 (20 ºC) 26 49 (20 ºC) 26 

6 CC/CA (1:1) 69 18 1.33 (30 ºC) 18 289 (75 ºC) 18 0.018 (30 ºC) 18 -* 

7 CC/MA (1:1) 10 31 1.25 (25 ºC) 31 1124 (25 ºC) 8 0.36 (25 ºC) 8 64.4 (50 ºC) 30  

8 CC/Glu (1:2) 14 35 1.21 (85 ºC) 35 8045 (25 ºC)35 -* 71.7 (25 ºC) 35 

CC = Choline Chloride; Gly = Glycerol; U = Urea; EG = Ethylene glycol; CA = Citric acid; MA = Malonic 

acid; Glu = Glucose;  * Data not available.  

  

Due to their unique proprieties, NADES have attracted growing interests as solvents 

and/or organocatalysts in the fields of food processing, electrodeposition, biocatalysis, and 

organic synthesis.5, 7, 23, 24, 32, 36-42 In addition, several studies demonstrated that some 

NADES can improve the solubility of poorly water-soluble drugs, increase drug delivery 

rates as well as skin and membrane permeation, which has raised the interest of researchers 

and professionals of biomedical and pharmaceutical areas.15, 43-47 

 

3.3.2 NADES in the synthesis of bis(indolyl)methanes 

As already mentioned, bis(indolyl)methanes (BIMs) are considered a very important 

family of heterocyclic compounds present in various natural products having relevant 

biological activities (see Chapter 1). Thus, even though an enormous panoply of synthetic 

methods for the preparation of BIMs derivatives has been reported, the most explored so 

far has been the catalysed reaction of indoles with carbonyl compounds or their synthetic 

equivalents.  Synthetic routes to BIMs involving NADES, acting as green solvents as well 

as organocatalysts, have also been reported.42, 48-50  

Bafti et al reported an eco-friendly and efficient method for the electrophilic 

substitution reaction of indoles 3.2 with aldehydes 3.1 using dimethylurea/citric acid 

(DU/CA) (6:4) as NADES (Scheme 3.1).51 This environmentally friendly procedure gave 

rise to BIMs in excellent yields with a short reaction time (2-6 min). The scope of the 

method includes aromatic aldehydes with electron-withdrawing or electron-donating 

groups and heterocyclic aldehydes. 
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.  

Scheme 3.1 Synthesis of BIMs using dimethylurea/citric acid as NADES. 

 

Choline chloride/urea (CC/U) was also used as solvent/organocatalyst for the 

condensation of indole and alkenyl or aryl aldehydes to obtain the target BIMs (Scheme 

3.2).49 Under CC/U reaction medium, arylaldehydes 3.4 reacted with indole (3.2a) at 70 ºC 

for 4 h, giving rise to BIMs 3.5 in excellent yields (75-99%). However, when the same 

reaction conditions were applied to alkenyl aldehydes or ketones the method failed to 

afford the target BIMs.49 

 

Scheme 3.2 Synthesis of BIMs using choline chloride/urea as NADES. 

 

Regarding the mode of action of the NADES, the authors proposed that the CC/U 

binary system can act as an organocatalytic solvent via hydrogen-bonding activation of the 

starting aldehyde (Figure 3.4).49 Furthermore, when choline chloride/glycerol (CC/Gly) 

system was used, the reaction failed. This result was surprising since Li et al reported that 

glycerol, in the absence of any catalyst, was an effective medium to promote the 

electrophilic reactivity of aldehydes towards indoles affording the corresponding BIM 

derivatives.52 In addition, the authors also reported very interesting results regarding the 

recyclability and reusability of NADES, tested in the reaction between p-

methoxybenzaldehyde and indole. In fact, after recycling and reusing NADES four times, 

no considerable decrease in the reaction yield was observed.49 
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Figure 3.4 Hydrogen-bonding activation of the starting aldehyde.  

 

In fact, in most of the reported cases, the use of these solvents leads to a better 

efficiency of the reactions, namely increase yields and shorter reaction times, than using 

conventional solvents (Table 3.4). 

 

Table 3.4 Comparison between the use of NADES and other reported methods for the 

synthesis of BIMs. 

Product Conditions Catalyst Solvent Time Yield (%)refª 

 

 

rt --- MeOH 18 h 75 53 

75 ºC FePO4 Glycerin 8 h 85 54 

rt --- H2O 5 h 55 53 

rt Fe(HSO4)3 CH2Cl2 30 min 80 55 

80 ºC --- Choline chloride/urea 4 h 93 49 

100 ºC --- Dimethylurea/citric acid 2 min 95 51 

rt/US --- ZnCl2/Urea 10 min 90 50 

 

rt --- MeOH 12 h 70 53  

MW [bnmim][HSO4 ]* Solvent-free 5 min 93 56 

rt ZrOCl2 CH3CN 35 min 93 57 

100 ºC --- Dimethylurea/citric acid 2 min 90 51 

rt --- ZnCl2/Urea 10 min 92 50 

rt --- Choline chloride/SnCl2 60 min 97 48 

*[bnmim] [HSO4] = 1-benzyl-3-methyl-imadazolium hydrogen sulphate 

 

 A synthesis of BIMS alkaloids arsindoline A, arsindoline B (natural bioactive 

products) and their analogues using L-(+)-tartaric acid/dimethyl urea as NADES was 

reported by Jella and Nagarajan (Scheme 3.3).58 Under the optimised conditions, the 

reactions between indoles 3.2 and quinoline 4-aldehyde (3.6) afforded arsindoline A and 

their analogues 3.7  in excellent yields (80-90%). Similarly, arsindoline B derivatives 3.9 

were also obtained in very good yields (76-85%) when indoles reacted with 2-oxoethyl 

butyrate (3.8). Finally, the strategy was efficiently applied in the synthesis of 1-(2,2-bis(6-

bromo-1H-indol-3-yl)ethyl)indoline-2,3-dione (3.11) (85%).  
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Scheme 3.3 Synthesis of BIMS using L-(+)-tartaric acid/dimethyl urea as NADES. 

 

The reaction between indoles 3.2 and 1,3-dicarbonyl 3.12 compounds using the NADES 

choline chloride/oxalic acid (CC/OA) as solvent was reported by Sanap and Shankarling 

.59 The authors found that C3 alkenylation/alkylation of indoles required a substituent at 

indole C2 position giving products 3.13, whereas C2-unsubstituted indoles gave indole 

derivatives 3.14 in good yields (Scheme 3.4). 
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Scheme 3.4 Synthesis of BIMs and C-3 alkenylated indoles using choline chloride/oxalic 

acid as NADES. 

 

According to the authors, the electrophilicity of carbonyl carbon is increased by 

hydrogen-bonding activation, allowing the attack of indole. Subsequently, the hydroxyl 

group forms a hydrogen bond with DES eliminating water to form the intermediate I. In 

the reaction with 1,2-substituted indoles, the mechanism proceeds to form the C3-

alkenylated derivatives 3.13 whereas, starting from unsubstituted indole the intermediate I 

is prone to be attacked by another indole molecule giving the target BIM 3.14. At the end 

of the process, NADES was recovered and reused for several runs with no significant loss 

of the catalytic activity (Scheme 3.5).59 

 

Scheme 3.5 Proposed mechanism for the synthesis of BIMs and C-3 alkenylated indoles 
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 A fast and efficient synthetic approach towards 3,3-diaryloxindole and chromone 

based bis(indolyl)alkanes 3.16 and 3.18, respectively, using oxalic acid/proline as NADES 

was reported by Chandam et al in 2015 (Scheme 3.6).60 The reaction between  indoles 3.2  

and isatins 3.15, in oxalic acid dihydratate/proline (1:1)  as NADES afforded  3.16 in yields 

ranging from 80 to 93%. This methodology was further extended to the synthesis of 

chromone-base BIMs 3.18 which were also obtained in excellent yields (81-92%). 

Recycling and reusability studies were also carried out and indicated that the NADES 

remains with high catalytic activity even after four successive runs. 

 

 

Scheme 3.6 Synthesis of BIMs 3,3-diaryloxindole and chromone-based BIMS using oxalic 

acid dihydrate/proline as NADES. 

 

3.2.3 NADES in cycloaddition reactions 

Diels–Alder reactions are some of the most effective carbon-carbon bond-forming 

reactions in organic synthesis being used in the synthesis of several natural products and 

biologically active molecules. The effects of conventional organic solvents on the rate and 

selectivity of Diels–Alder reactions are well established. However, due to environmental 

cautions, the search for alternate benign solvents and techniques to carry out this type of 

reaction has been growing in the last decades.  

Although NADES have been widely used as solvents in numerous chemical 

transformations,2-6, 15, 23, 32, 34, 36, 38-42, 61-64 there are few studies reporting  their use in Diels-

Alder reactions.65-70  

One of these studies was reported by Imperato and co-workers who tested a new class 

of natural eutectic mixture of carbohydrates with urea or methylated urea (DMU) in the 

Diels-Alder reaction of cyclopentadiene (3.19) with methyl 3.20a and n-butyl acrylate 
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3.20b. The reaction medium allowed a very efficient cycloaddition, leading to a good endo-

exo selectivity.66 The highest selectivity was obtained with the mixture 

sorbitol/DMU/NH4Cl (5.0:1). The use of Lewis acid as catalyst in Diels-Alder reactions in 

organic solvents is well established 71 and can also improve the rate and selectivity in 

alternative reaction media such as supercritical carbon dioxide 72 or water.73 Indeed, carry 

out the cycloaddition in sorbitol/DMU/NH4Cl in presence of 10 mol% of Sc(OTf)3 led to 

an improvement of the endo-exo selectivity to 6:1 and 10:1 when the reaction was 

performed using the acrylates 3.20a and 3.20b, respectively (Scheme 3.7). 

 

Scheme 3.7 Diels-Alder reactions between cyclopentadiene and acrylates in 

carbohydrates-urea-salt based NADES. 

 

Nagare and Kumar also reported a similar study in which a eutectic mixture of 

carbohydrates with urea or methylated urea was used as the reaction media to perform the 

Diels-Alder reaction of cyclopentadiene with methyl acrylate. The authors proved that 

these reaction media can be very effective in increasing reaction rates.68 

 A one-pot tandem cycloisomerisation/Diels–Alder reaction in NADES for the 

selective synthesis of 7-oxanorbornadienes 3.25  and 7-oxanorbornenes 3.27 and 3.29 was 

described by Vidal et al (Scheme 3.8).70 In this work, the treatment of the (Z)-enynols 3.23 

with a slight excess of activated alkynes 3.24 gave rise to 7-oxanorbornadienes 3.25 in 

excellent yields (Scheme 3.8). Different reactive olefins (like maleic anhydride 3.26 or N-

methylmaleimide 3.28) were also active in the tandem cycloisomerisation/Diels–Alder 

reaction under the optimised conditions and led to the corresponding exo-regioisomers of 

the desired 7-oxanorbornenes 3.27 and 3.29 in good yields. In order to gain some insight 

into the role of the catalyst in the Diels–Alder cycloadditiom step, a new strategy involving 

the rection between 3.30 [isolated from the cycloisomerisation reaction of (Z)-3-methyl-2-
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penten-4-yn-1-ol (3.23)] and the activated alkyne diethyl acetylenedicarboxylate (3.24) (R1 

= Et), in the absence of the catalyst was carried out affording the 7-oxanorbornadiene 3.25a 

in similar yields and reaction times. This result leading the authors to conclude that the 

catalyst is not active in the cycloaddition step (Scheme 3.8).70 

  

 

Scheme 3.8 A One-pot tandem cycloisomerization/Diels–Alder reaction in the NADES for 

the selective synthesis of 7-oxanorbornadienes  and 7-oxanorbornenes. 

 

More recently, the Diels-Alder reaction using N-ethylmaleimide (3.32) as dienophile 

and 9-anthracenemethanol (3.31) as diene in NADES under conventional heating and 

ultrasonic activation was reported by Marullo et al.67 In this study, NADES proved to be a 

suitable solvent for the purpose reaction, affording the target product 3.33 in yields higher 

than 60% when compared with the conventional organic solvents. However, the most 

impressive result was the significant decrease of the reaction times (conventional heating 

vs ultrasonic) when ultrasonic activation was tested (t = 70 min) (Scheme 3.9). 
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Scheme 3.9 Diels-Alder reaction between 9-anthracenemethanol and N-ethylmaleimide at 

40 ºC and ultrasonic activation in NADES. 

 

This methodology was also extended using, 1,3-cyclohexadiene (3.34) and 2,3-

dimethyl-1,3-butadiene (3.35) as dienes in CC/EG as NADES at 40 ºC. The results were 

analogous to the ones mentioned above and the products 3.36 and 3.37 were obtained in 

good yields (Scheme 3.10).67  

 

Scheme 3.10 Diels-Alder reaction between N-ethylmaleimide, 1,3-cyclohexadiene and 

2,3-dimethyl-1,3-butadiene as dienes in CC/EG under conventional heating. 

 

3.3 Rationale and goals 

The unprecedented approach to BIMs via bis-hetero-Diels–Alder reaction of azo- and 

nitrosoalkenes with indoles was described in Chapter 2 (Scheme 3.11a). Reactions between 

indoles and nitroso- or azoalkenes in dichloromethane (DCM) or water using DCM as co-

solvent, were carried out. To our delight, the solvent system water/DCM led to significant 

decrease in reaction times. The described methodology proved to be versatile with a broad 

scope, leading to a library of new BIMs oximes and hydrazones. Additionally, the novel 

BIMs showed relevant “in vitro” anticancer activity and a promising scaffold was identified 

(see Chapter 2). Considering the high importance of bis(indolyl)methanes and their 

derivatives, it was particularly desirable to search for more efficient and sustainable 

synthetic strategies for this class of heterocycles. In continuation of our interest and 

investigation on the chemistry of BIMs, we decided to improve the efficiency and 



 
 

Chapter 3 - Natural Deep Eutectic Solvents in the Hetero-Diels-Alder Approach to Bis(indolyl)methanes 

 

156 

sustainability of the one-pot hetero-Diels–Alder strategy by exploring NADESs as reaction 

media. Moreover, it was also our goal the conversion of the hydrazone and oxime moiety 

into carbonyl BIMs, originating new derivatives, opening the possibility to other synthetic 

transformations and reactivities (Scheme 3.11b). 

 

Scheme 3.11 Synthetic approach to BIMS using NADES. 

 

3.4 Synthesis of BIM derivatives using NADESs as solvents 

The starting α,α’-dihalooximes or hydrazones were the same as those used in the study 

described in Chapter 2. The NADES used in this study were kindly provided by Professor 

Amadeus Brigas from the Department of Pharmacy and Chemistry, University of Algarve. 

First, we decided to determine the best experimental conditions to carry out the 

reactions between alkyl α,α-dihalohydrazones 3.38a, 3.38b and oxime 3.39a towards 

indole 3.2a using pure NADES as solvents (Table 3.5). The NADES chosen for the 

screening included the mixture of choline chloride (CC) as HBA with glycerol (Gly), urea 

(U), or aspartic acid as the HBD as well as the mixture tetra-n-butylammonium bromide 
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(TBAB)/Gly. The reactions were carried out at room temperature for 3 h. Unfortunately, 

the reactions of alkyl α,α-dihalohydrazones 3.38a, 3.38b or oxime 3.39a with indole 3.2a 

using these NADES as solvents showed to be less efficient than under the previously 

optimised conditions presented in Chapter 2 (Table 3.5). Nevertheless, we observed that 

the highest yields were obtained with NADES based on CC:Gly (2:1) (Table 3.5, entries 1, 

4, and 5).  Surprisingly, it turned out that the isolation of the reaction products was 

extremely easy, as they were obtained by simple filtration, after dilution of the reaction 

with water, followed by crystallization. 

 

Table 3.5 Initial screening of NADES for the synthesis of bis(indolyl)methanes. 

 

Entry Y NADES Product, Yield % Previous work 

H2O/DCM (3 h) 

1 NTs CC/Gly (2:1) 3.40a 24% 3.40a 41% 

2 NTs CC/U (1:1) 3.40a 16%  

3 NTs CC/Aspartic acid (1:1) --  

4 NBoc CC/Gly (2:1) 3.40b 22% 3.40b 55% 

5 O CC/Gly (2:1) 3.41a 28% 3.41a 57% 

6 O CC/U (1:1) 3.41a 14%  

7 O TBAB/Gly (1:10) 3.41a 12%  

 

Choline chloride:glycerol is probably the most studied and interesting eutectic system 

in the framework of green and sustainable chemistry. Choline chloride occurs naturally, is 

a white and water-soluble salt used mainly in animal feed particularly as an additive in 

chicken food to accelerate their growth. Glycerol is a colourless, odourless, and viscous 

liquid that is sweet-tasting and non-toxic and is a by-product of a range of hydrolysis and 

trans-esterification processes of oils and fats.3, 32, 34 One of the major disadvantages of its 

use as a solvent itself is its high viscosity and high boiling point. However, the combination 

of choline chloride with glycerol significantly minimises these drawbacks. Some studies 

have shown that by adding CC to glycerol, a clear reduction of the viscosity is observed, 
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which can be explained by the broke of the 3D intermolecular H-bond interactions in 

glycerol by the addition of CC, resulting in a less ordered system. However, the CC:Gly 

mixture still presents a high degree of viscosity. 

Recent studies have shown that the addition of water at low mole fractions to form a 

ternary mixture, allowed the possibility of tuning proprieties of NADES reducing their 

viscosity and increasing their conductivity. However, at higher mole fractions the presence 

of water weakens the hydrogen-bonding interactions of the two components of NADES 

leading to a severe change of their properties. Water acts as an additional H-bond donor 

and acceptor, which participates in the intermolecular network and gradually weakens the 

intermolecular interactions between all ionic and neutral species until all NADES 

components are entirely solvated at high dilutions.74-78 

In this context, we decided to investigate the use of the ternary mixture H2O/NADES to 

verify if this solvent system had a positive effect on the reaction under study. Thus, 

reactions between alkyl hydrazones 3.38a, 3.38b and indoles 3.2a-d were carried out using 

two different solvent systems H2O/[CC/Gly (2:1)] (3:1) and H2O/[CC/Gly (2:1)] (1:3). We 

were delighted to observe that under both conditions the target BIMs 3.40 were obtained 

in good to excellent yields (50-80%) (Table 3.6). Further, we also verify a slight 

improvement in yields when the solvent system H2O/[CC/Gly (2:1)] (3:1) was used when 

comparing with the ones obtained with the solvent system H2O/DCM (Table 3.6, entries 

1,3,5 and Figure 3.5). However, the most impressive result was the significant decrease of 

the reaction times being more significant when the solvent system H2O/[CC/Gly (2:1)] 

(1:3) was used (10 min) (Table 3.6 entries 2, 4, 6, 8, 10).  It was also observed that under 

both reaction conditions the E isomer was obtained as single product. 

Regarding the isolation and purification process, it was found that the BIMs 

synthetized using the solvent system H2O/[CC/Gly (2:1)] (3:1) had to be isolated by 

extraction with dichloromethane, whereas BIMs prepared with the ternary mixture H2O/ 

[CC/Gly (2:1)] (1:3) precipitated in the reaction media and were isolated by a simpler 

filtration and further purified by crystallization.  
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Table 3.6 Synthesis of bis(indolyl)methanes derived from alkylhydrazones using the 

ternary mixture H2O/[CC/Gly (2:1)].  

 

Entry R R1 R2 H2O/NADES Reaction time Product, Yield % Previous work 

H2O/DCM (3 h)  

1 Ts H H 3:1 1 h 3.40a 80% 3.40a 41% 

2 Ts H H 1:3 10 min 3.40a 70%  

3 Boc H H 3:1 1 h 3.40b 54% 3.40b 55% 

4 Boc H H 1:3 10 min 3.40b 50%  

5 Boc Me H 3:1 1 h 3.40c 56% 3.40c 49% 

6 Boc Me H 1:3 10 min 3.40c 50%  

7 Boc H Me 3:1 1 h 3.40d 53% 3.40d 43% 

8 Boc H Me 1:3 10 min 3.40d 55%  

9 Boc H OH 3:1 1 h 3.40e 71% 3.40e 55% 

10 Boc H OH 1:3 10 min 3.40e 64%  

 

 

Figure 3.5 Synthesis of BIMS 3.40a-e (NADES versus H2O/DCM). 
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As shown in Chapter 2, the drawbacks of the previous strategy were the moderate 

yields obtained in the synthesis of hydrazonoaryl-BIMs via hetero Diels–Alder reaction of 

indoles with conjugated azoalkenes. Thus, we decided to extend the use of NADES to these 

reactions hoping to observe an improvement in its efficiency. The results of this study are 

summarised in Table 3.7. The reactivity of arylhydrazones 3.38c and 3.38d towards 1H-

indole (3.2a) and N-methyl-1H-indole (3.2c) was initially explored. We were pleased to 

observe that the use of both solvent systems, H2O/[CC/Gly (2:1)] (3:1) and H2O/[CC/Gly 

(2:1)] (1:3), led to a significant improvement of the reaction efficiency, and the target BIMs 

3.42a–e and 3.43a-d were isolated in moderate to good overall yields (25-50%) (Table 

3.7). However, it was found that this improvement was more significant when the ternary 

mixture H2O/[CC/Gly (2:1)], in a 3:1 H2O/NADES ratio was used (Table 3.7, entries 1, 3, 

5). Once again, reactions using the solvent system H2O/NADES (1:3) were faster, giving 

the desired products after 30 min of reaction albeit in lower yields (Table 3.7, entries 2, 4, 

6). Finally, under both reaction conditions, the E isomer was obtained as single product or 

major product (Table 3.7, entries 1-6). 

This strategy was also successfully extended to the synthesis of new BIM hydrazones 

derived from 1-methylindole (3.2b) (Table 3.7, entries 7-10). Starting from arylhydrazone 

3.38c, the reaction towards 1-methyl-1H-indole (3.2b) gave rise to the corresponding BIM 

3.42d as major product (44-60%) together with the isomeric derivative 3.43c (18-21%) 

(Table 3.7, entries 7, 8). Arylhydrazone 3.38d reacted with 3.2b to give a mixture of 

isomeric BIMS hydrazones 3.42e/3.43d in good overall yield (48-80%) (Table 3.7, entries 

9,10). In this case, under both solvent systems, the reactions were completed after 1 h. 

Unlike what was observed for methylhydrazones derived BIMS 3.40, the 

purification method purification for these arylhydrazones derived BIMs was more 

complex, involving the extraction of the reaction mixture with DCM followed by flash 

chromatography. 
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Table 3.7 Synthesis of bis(indolyl)methanes derived from arylhydrazones using the 

ternary mixture H2O/[CC/Gly (2:1)]. 

 

Entry R R1 R2 H2O/NADES Reaction 

time 

Product, Yield % Previous work 

H2O/DCM (12 h) 

1 C6H5 H H 3:1 1 h 3.42a 44% - 3.42a 29% - 

2 C6H5 H H 1:3 30 min 3.42a 25% -   

3 p-BrC6H4 H H 3:1 1 h 3.42b 48% - 3.42b 17% 3.43a 12% 

4 p-BrC6H4 H H 1:3 30 min 3.42b 43% -   

5 p-BrC6H4 H Me 3:1 1 h 3.42c 42% 3.43b 8%  3.42c 13% - 

6 p-BrC6H4 H Me 1:3 30 min 3.42c 23% 3.43b 10%   

7 C6H5 Me H 3:1 1 h 3.42d 60% 3.43c 18% -  

8 C6H5 Me H 1:3 30 min 3.42d 44% 3.43c 21%   

9 p-BrC6H4 Me H 3:1 1 h 3.42e/3.43d 80%a  -  

10 p-BrC6H4 Me H 1:3 1 h 3.42e/3.43d 48%a    

aMixture of isomeric hydrazones 

 

Following these encouraging results, was decided to extend the use of NADES to the 

synthesis of hydroxyiminomethylbis(indolyl)methanes (Table 3.8). The application of the 

same optimised reaction conditions afforded the target BIMS in good overall yield. (45-

83%), generally in similar or higher yields and shorter reaction times than the ones obtained 

using the solvent system H2O/DCM (Table 3.8).  This result was even more significant 

when the reaction was carried out using the solvent system H2O/[CC/Gly (2:1)] (1:3). In 

fact, using this system, only 10 minutes were required for the synthesis of the target product 

3.41a, when previously 3 h were needed (Table 3.8, entry 1,2). Despite this, the efficiency 

of the reaction was always slightly higher when the system H2O/[CC/Gly (2:1)] (3:1) was 

used, but a longer reaction time (1 h) was required. 
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Another interesting result was related to the stereochemistry of the products. Regardless 

of the used ternary mixture, the E-isomers 3.41 were obtained as single products when 

starting from alkyl oximes 3.39a (Table 3.8, entries 1, 2, 9, 10) whereas aryl oximes 3.39b 

and 3.39c reacted with indoles to give the 3.44 Z-isomers as single or major products (Table 

3.8, entries 3-8). The study was also extended to the synthesis of a new BIM oxime 3.41c 

which was obtained from the reaction of the alkyl oxime 3.39a with N-methyl indole 3.2c 

(Table 3.8, entries 9, 10). 

 

Table 3.8 Synthesis of BIM oximes using the solvent system H2O/[CC/Glycerol (2:1)]. 

  

Entry R R1 R2 H2O/NADES Reaction 
time 

Product, Yield % Previous Work 

H2O/DCM (3 h) 

3.41 3.44 3.41 3.44 

1 Me H H 3:1 1 h 3.41a 45% - 3.41a 57% - 

2 Me H H 1:3 10 min 3.41a 49% -   

3 p-FC6H4 H H 3:1 1 h 3.41b 15% 3.44a 60% - 3.44a 71% 

4 p-FC6H4 H H 1:3 10 min 3.41b 22% 3.44a 60%   

5 p-BrC6H4 H H 3:1 1 h - 3.44b 55% - 3.44b 55% 

6 p-BrC6H4 H H 1:3 30 min - 3.44b 52%   

7 p-BrC6H4 H OH 3:1 1 h - 3.44c 83% - 3.44c 78% 

8 p-BrC6H4 H OH 1:3 30 min - 3.44c 71%   

9 Me Me H 3:1 1 h 3.41c 56% -   

10 Me Me H 1:3 30 min 3.41c 52% -   

 

Since in our previous work (see Chapter 2), in a unique occasion, the synthesis of the 

hydrazone BIM was formed together with the corresponding acetyl BIM derivative, 

isolated as minor product, we decided to investigate the possibility of obtaining carbonyl-

BIMs in one-pot reaction, using the ternary system H2O/NADES. 
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 Using the reaction between hydrazone 3.38b and indole 3.2a as model reaction, we 

carried out the reaction at room temperature for 6 h using the solvent system H2O/[CC/Gly 

(2:1)] (3:1). Surprisingly, not only the BIM 3.40b was obtained in 21% yield but also the 

carbonyl BIM derivative 3.45a was isolated in 40% yield, as the major product (Table 3.9, 

entry 1). After this interesting result, an increase of either the reaction time or temperature 

was investigated. However, no improvement in the yield of the hydrolysis component was 

observed but rather an enhancement of the formation of the BIM derived hydrazone 3.40a 

(Table 3.9, entries 2-4). Under the optimised conditions, the reactions of hydrazone 3.38b 

with indoles 3.2b and 3.2c were carried out and the carbonyl BIMS 3.45b and 3.45c were 

obtained in 22 and 19 % yield, respectively, along with BIMs 3.40c and 3.40d isolated as 

major product (Table 3.9, entries 5, 6). In view of these results, we also decided to try to 

extend this methodology to the preparation of carbonyl BIMs derivatives from α,α-dihalo-

oximes 3.39a, but our attempts to obtain the desired carbonyl BIM derivatives were 

unsuccessful. Even so, the fact that this methodology allows the synthesis of two types of 

functionalised BIMs in a one-pot procedure must be highlighted. 

 

Table 3.9 Optimisation of the reaction conditions for the synthesis of hydrazone- and 

carbonyl-BIMs 

 

Entr

y 

R1 R2  Reaction 

time (h) 

Temperatur

e  

(º C) 

Product, Yield % Previous Work 

H2O/DCM (3 h) 

3.40 3.45 3.40 3.45 

1 H H 6 h rt 3.40b 21% 3.45a 40% 3.40b 55% 

2 H H 12 h rt 3.40b 22% 3.45a 37% 

3 H H 6 h 50 ºC 3.40b 49% 3.45a 16% 

4 H H 6 h 70 ºC 3.40b 39% 3.45a 12% 

5 Me H 6 h rt 3.40c 42% 3.45b 22% 3.40c 49% - 

6 H Me 6 h rt 3.40d 36% 3.45c 19% 3.40d 43% 3.45c 17% 
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The structural elucidation of carbonyl-BIMs 3.45 was achieved through comparison 

with the NMR spectra of their hydrazone-derived BIM precursors 3.40. Analysing the 1H 

NMR spectrum of 3.40a (Figure 3.6), the signals corresponding to the protons of tert-butyl 

group (singlet, H-4) at 1.47 ppm and to the hydrazone moiety proton (singlet, H-13) at 9.35 

ppm were easily identified. Furthermore, in the 13C NMR spectrum, it was possible to 

assign the chemical shifts corresponding to carbon C-2 at 155.2 ppm (C=N), C-14 at 153.3 

ppm (C=O ester group), C-15 at 78.9 ppm (carbon quaternary from tert-butyl group), and 

C-16 at 28.1 ppm (CH3 from tert-butyl group, Figure 3.7). On the other hand, in the 1H 

NMR spectrum of 3.45a (Figure 3.8) the signals corresponding to the protons of the methyl 

group (singlet, H-3) can be observed at 2.20 ppm, the meso proton (singlet, H-1) at 5.58 

ppm, and the indole NH proton (broad singlet, H-4) at 10.97 ppm.  However, the signals 

of the tert-butyl group at 1.47 ppm and from the hydrazone moiety at 9.35 ppm were not 

observed. In addition, in the 13C NMR of 3.45a (Figure 3.9) it is possible to identify the 

signal corresponding to the carbonyl carbon group at 206.4 ppm. However, the signals 

corresponding to the BOC moiety were not detected, which led us to the conclusion that 

compound 3.45a was obtained (Table 3.9). 

 

 
Figure 3.6 1H NMR spectrum of BIM 3.40a 
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Figure 3.7 13C NMR spectrum of BIM 3.40a. 

 

 

Figure 3.8 1H NMR spectrum of BIM 3.45a. 
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Figure 3.9 13C NMR spectrum of BIM 3.45a. 

 

Encouraged by the possibility of obtaining the carbonyl-BIMs, we decided to explore 

the ease/difficulty of the hydrolysis reaction of oxime and hydrazone BIMs by testing some 

methods reported in the literature.79-95 Treating the BIM oxime 3.41a with  levelunic acid 

in HCl 1N79, sodium hypochlorite (5%) in chloroform82, Mo(CO)6 in the presence of 

water83, N-bromosuccinimide in acetone/H2O
85, pyridinium chlorochromate (PCC) under 

microwave radiation86, 70% tert-butyl hydroperoxide (TBHP) in carbon tetrachloride84, 

silica chloride/wet SiO3 in hexane87, γ-picolinium chlorochromate (γ-PCC) in DCM88, 

iodine in 30% of H2O2 in aqueous acetonitrile89, aqueous 36% H2O2 and an 48% HBr 

solution90, Si2Cl6 in anhydrous THF in the presence of SiO2
91 or K3[Fe(CN)6].3H2O 

supported on silica gel in ethanol and water92 did not lead to the desired carbonyl-BIM. 

Starting from BIM hydrazone 3.40a, methods such as boron trifluoride etherate in 

acetone/H2O
81 or 70% tert-butyl hydroperoxide (TBHP) in carbon tetrachloride84 were 

tested but our goal was also not achieved. Finally, the reaction of BIM hydrazone 3.40b in 

silica chloride/wet SiO3
87

 was also performed and like in the previous experiments, the 

corresponding carbonyl-BIM was not obtained (Table 3.10).   

 

C-3
C-1C-2
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Table 3.10 Tested methods for the hydrolysis reaction of oximes  and hydrazones to 

carbonyls BIMs 

Starting BIMs Method used refª 

 

o (9/1) (v/v) Levelunic acid : HCl 1N79 

o Sodium hypochlorite (5%) in chloroform82 

o Mo(CO)6 in presence of water83 

o N-bromosuccinimide in acetone/H2O85 

o Pyridinium chlorochromate  (PCC) under microwave radiation86 

o 70% tert-Butyl hydroperoxide (TBHP) in carbon tetrachloride84 

o Silica Chloride/Wet SiO2 in hexane87 

o γ-picolinium chlorochromate (γ-PCC) in DCM88 

o Iodine in 30% of H2O2 in aqueous acetonitrile89 

o Aqueous 36% H2O2 and an aqueous 48% HBr solution90 

o Si2Cl6 in anhydrous THF in the presence of SiO2
91 

o K3[Fe(CN)6].3H2O supported on silica gel in ethanol and water92 

 

o Boron trifluoride etherate in acetone/H2O81 

o 70% tert-Butyl hydroperoxide (TBHP) in carbon tetrachloride84 

\

 

o Silica Chloride/Wet SiO2 in hexane87 

 

For our delight, when BIM oximes 3.41a, 3.41b, and 3.41c were treated with sodium 

bisulfite in EtOH/H2O at reflux during 2 h followed by treatment with HCl 3M at room 

temperature during 30 minutes 80 the hydrolysis was achieved, leading to the carbonyl-

BIMs 3.45a, 3.45b, and 3.45d in moderate to good yields (32-53%). Starting from 

hydrazones derived BIMs 3.40b and 3.40c using paraformaldehyde in presence of 

amberlyst-15 in acetone/H2O at room temperature during 48 h, 93 the target carbonyl-BIMs 

3.45a and 3.45b were also obtained in good yields (48 and 53 %) (Scheme 3.12). 
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Scheme 3.12 Hydrolysis reaction of BIM oximes and hydrazones. 

 

The regeneration of carbonyl from hydroxyimino- and hydrazonomethyl-BIMs is a 

very challenging task, as shown by the presented results. Therefore, we believe that the 

H2O/ NADES system represents an asset with added value.  
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3.5 Conclusions  

The chapter describes an unprecedented use of natural deep eutectic solvents as an 

efficient medium for the synthesis of bis(indolyl)methanes, bearing hydroxyiminomethyl 

and hydrazonomethyl functionalities, via bis-hetero-Diels-Alder reaction between indoles 

and nitroso- azo-alkenes. The ternary mixture H2O/ choline chloride:glycerol proved to be 

the best solvent system affording the desired BIM oximes and hydrazones, in much shorter 

reaction times, higher yields, allowing easier isolation procedures. We were also pleased 

to develop a novel strategy for the preparation of carbonyl-BIMs via one pot procedure 

using natural deep eutectic solvents.  

Moreover, the hydrolysis of hydroxyiminomethyl and hydrazonomethyl-BIMs was 

also achieved by treatment with sodium bisulfite or  paraformaldehyde in presence of 

amberlyst-15 in acetone/H2O, respectively 96.  
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Conjugate Addition of Pyrazoles to Halogenated Nitroso- and 

Azoalkenes: A New Entry to Novel Bis(pyrazol-1-yl)methanes 

 

 

 

 

 

 

 

 

 

Abstract 

In this chapter, a new and versatile synthetic approach towards 

bis(pyrazolyl)methanes, based on 1,4-addition of pyrazoles to conjugated α-halogenated 

nitroso- and azoalkenes, is described. Tris(pyrazolyl)methanes could also be obtained by 

this methodology. 
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4.1 Pyrazoles 

Pyrazoles are an important class of heterocyclic compounds having a 5-membered ring 

structure with three carbon and two nitrogen atoms in adjacent positions. They are electron-

rich heterocyclic systems widely employed as building blocks in organic synthesis due to 

their versatile and rich chemistry. The pyrazole scaffold 4.1 (Figure 4.1) has three centres 

displaying nucleophilic features (N1, N2 and C4) and two electrophilic centres  (C3 and 

C5) which allows it to participate in a large range of organic reactions. 

 

Figure 4.1 Chemical structure of 1H-pyrazole. 

 

The occurrence in nature of the pyrazole core is rare due to the difficulty of living 

organisms to make a N-N bond.1 Although scarce in nature, 1H-pyrazole is considered a 

privileged scaffold in medicinal chemistry. In fact , pyrazole derivatives exhibit a wild 

range of biological activities such as  anti-tubercular, anti-viral, anti-Alzheimer, anti-

diabetic, anti-tumour, anti-depressant, anti-microbial  and anti-inflammatory.2-20  

Pyrazole scaffold is also present in several synthetic marketed drugs such as rimonabant 

4.2, an inverse agonist for the cannabinoid receptor CB1 and an anorectic anti-obesity 

drug;21 fomepizole 4.3, a competitive inhibitor of the enzyme alcohol dehydrogenase used 

to treat ethylene glycol and methanol poisoning;22 sulfaphenazole 4.4, a sulfonamide 

antibacterial;2 celecoxib (Celebrex®) 4.5, a COX-2 inhibitor and nonsteroidal anti-

inflammatory drug (NSAID),3 and sildenafil (Viagra®) 4.6  a drug used to treat erectile 

dysfunction and pulmonary arterial hypertension23 (Figure  4.2).  
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Figure 4.2 Examples of marketed drugs containing the pyrazole scaffold. 

 

Moreover, pyrazoles  are also applied as fungicides,24 pesticides,4 insecticides25 as well 

as  chelating and extracting reagents for different metal ions.26 More recently, pyrazoles 

have also been explored for the development of Positron Emission Tomography (PET) 

tracers.27 

 

4.2 Synthesis of functionalised bis(pyrazolyl)methanes  

An important class of pyrazole derivatives are the bis(pyrazolyl)methanes (BPMs) 

which are one of the most fascinating family of stable and flexible bidentate ligands, 

isoelectronic and isosteric with the well-known bis(pyrazolyl)borates,  firstly reported by 

Trofimenko.28 Since then, their metal coordination chemistry with the main group and 

transition metals have been widely explored.29-32 

The interest in BPM derivatives bearing an organic functional substituent at the central 

methylene bridge, has increased dramatically in the last decades. Their metal complexes 

have found broad applications in inorganic,33-35 organometallic36-39 and supramolecular 

chemistry,40-43 as well as in metalloenzyme models 44-47 and metal-based antitumor 

compounds.48-50 In this section will deal with synthetic approaches to BPMs. 

The synthesis of BPMs was first reported by Trofimenko,28 prepared by heating at 150 ºC 

a solution  1H- pyrazole in dichloromethane.  

The main method for the functionalisation of the central methylene bridge of BPMs is 

outlined in Scheme 4.1. The formation of the anionic methylene bridge species from 
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deprotonation of BPM with n-butyllithium, followed by the reaction with the appropriate 

electrophile produces the desired BPM derivatives.29-32  

 

 

Scheme 4.1 Main method for the functionalisation of the central methylene bridge of 

BPMs. 

 

Carbon dioxide or carbon disulfide are examples of electrophiles employed to prepare 

these functionalised BPMs.30, 51, 52 Deprotonation at the methylene group of the 

methylenebispyrazole systems 4.7 with n-BuLi in THF at -70 ºC, followed by treatment 

with carbon dioxide 30, 52 or carbon disulfide,51 at  0 ºC, yielded the carboxylic acid-BPMs  

4.9a and 4.9b or dithioacetate lithium salt BPMs 4.10a and 4.10b, respectively, in high 

yields (Scheme 4.2). 

  

Scheme 4.2 Synthesis of functionalised BPMs using carbon dioxide or carbon disulfide  

as electrophiles. 

 

The synthesis of enantiopure chiral tripod ligands, obtained from C2-symetric 

bis(camphorpyrazol-1-yl)methane 4.7d or bis(menthonepyrazol-1-yl)methane 4.7e by 

introduction of a carboxylate group at the methylene bridge was described (Scheme 
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(Scheme 4.3).53, 54 Following this strategy, a prochiral centre is formed rather than an 

additional stereocentre (Scheme 4.3). 

 

 

Scheme 4.3 Synthesis of  enantiopure chiral BPMs obtained from C2-symmetric 

bis(camphorpyrazol-1-yl)methane or bis(menthonepyrazol-1-yl)methane. 

 

Functionalised silicon-amine BPMs were also reported.55, 56 As shown in Scheme 4.4, 

BPM 4.8a reacts with Me2SiCl2 to form BPM 4.11 in good yield which then reacts 

smoothly with excess of primary alkyl or aryl amines to afford BPMs 4.12 in good to 

excellent yields (45-85%).  

 

Scheme 4.4 Synthesis of functionalised silicon-amine BPMs. 
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Several amidinate- and aminate-based BPMs (Scheme 4.5) were prepared as lithium 

salts or neutral BPMs57. Bis(3,5-dimethylpyrazol-1-yl)methane 4.7a or bis(3,5-di-tert-

butylpyrazol-1-yl)methane 4.7b in THF in presence of n-BuLi reacted with the asymmetric 

N,N’-1-tert-butyl-3-ethylcarbodiimine (R1 = Et, R2 = tBu) or symmetric carbodiimides 

N,N’-diisopropylcarbodiimine (R1 = R2 = iPr) and N,N’-diciclohexylcarbodiimine (R1 = R2 

= Cy) leading to lithium acetamidinate BPMs 4.13a-c in high yields (4.13d and 4.13e were 

not isolated). These compounds, upon treatment with saturated aqueous ammonium 

chloride solution, in diethyl ether, were converted into the neutral BPMs 4.14 in excellent 

yields (Scheme 4.5). 

 

Scheme 4.5 Synthesis of amidinate- and aminate-based BPMs. 

 

Following a two-step-one-pot methodology, it was possible to synthesise the 

acetamine- or thioacetamide-functionalised BPMs 4.15  (Scheme 4.6).58, 59 Therefore, the 

one-pot reaction of BPMs 4.7 with n-BuLi, followed by the addition of diverse  isocyanates 

( R1 = phenyl, tBu, sBu, or (S)-(-)-α-methylbenzylisocyanates) or isothiocyanates (R1 = 

phenyl or tert-butyl-isothiocyanates) and treatment with saturated aqueous  ammonium 

chloride solution, led to the target BPMs 4.15 in good to excellent yields (60-90%). 

 

Scheme 4.6 Synthesis of amidinate- and aminate-based BPMs. 
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Moreover, chiral BPMs bearing a secondary alcohol were synthesised following an 

identical synthetic strategy, as outlined in Scheme 4.7. Thus, in a simple high-yielding 

procedure involving the 1,2-addition of organometallics to diverse aldehydes, the chiral 

BPMs 4.16 were obtained (Scheme 4.7).60, 61 On the other hand, the addition of 

benzophenone gave 2,2-[bis(3,5-dimethylpyrazol-1-yl)]-1,1-diphenylethanol (4.17) in 

73% yield (Scheme 4.7).62 

 

 

Scheme 4.7 Synthesis of chiral BPMs bearing an alcohol moiety. 

 

The preparation of phosphine, oxosphophine and iminophosphine based BPMs was 

also attained following an identical strategy (Scheme 4.8) 63 In the first step, BPMs 4.7a 

was lithiated with n-BuLi producing in situ the lithium salt which then reacted with 

diphenylphospine chloride (Ph2PCl) to afford the target BPM 4.18 in 56% yield. 

Subsequent oxidation with atmospheric oxygen or treatment with  2-azidoanisole 4.19 led 

to the transformation of 4.18 into the corresponding oxo-derivative 4.20 (97%) or the 

iminophosphine 4.21 derivative (74%), respectively  (Scheme 4.8).63  
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Scheme 4.8 Synthesis of phosphine, oxosphophine and iminophosphine based BPMs. 

 

A new access to fulvene-based BPMs was described by Otero et al.64 65 Reacting BPM 

4.7a with n-BuLi, followed by addition of three different fulvene derivatives 4.22 and 

treatment with saturated aqueous ammonium chloride solution led to a mixture of 

regioisomers 4.23 and 4.24 in a 3:1 ratio, in an overall yield ranging from 81 to 90% 

(Scheme 4.9). 

 

Scheme 4.9 Synthesis of fulvene-based BPMs. 
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4.3 Rationale and goals 

The aforementioned methodologies present several drawbacks, such as vulnerability 

of the pyrazole substituents to the strong base, the requirement of working in very low 

temperatures and/or  inert atmospheres, the limited range of electrophiles that can be used, 

as well as problems with scale-up. Thus, the search for new methodologies for the synthesis 

of functionalised BPMs is highly desirable. 

As already mentioned in  Chapter 2, electrophilic conjugated nitroso- and azoalkenes 

have been used for the preparation of a plethora of new heterocyclic systems, participate 

in conjugate 1,4-addition reactions as Michael-type acceptors. Despite reports on chemistry 

of nitroso- and azoalkenes with azoles,66 reactions of pyrazoles with α-halo or α,α’-

dihalonitroso- or azoalkenes have not been disclosed. Thus, we set out to investigate a new 

and versatile approach to previously unknown bis- and tris-(pyrazolyl)methanes bearing a 

hydroxyamino or hydrazono functionality at the methylene bridge, based on the 1,4-

conjugate addition of pyrazoles to these reactive intermediates. 

The envisaged synthetic strategy for BPMs is shown in Scheme 4.10 and is based on 

the aforementioned methodology in Chapter 2 for the synthesis of bis(indolyl)methanes 

and  dipyrromethanes, which explored sequential in situ generation of heterodienes 

followed by reaction with electron-rich heterocycles.67  

 

Scheme 4.10 Synthetic strategy towards bis- and tris(pyrazolyl)methanes. 

 

4.4  Synthesis of bis(pyrazolyl)methane oximes or hydrazones  

Initially, the reactivity of pyrazoles 4.26  towards α,α’-dihalooximes and hydrazones  

4.25, in DCM at room temperature during 16 h, was explored (Table 4.1). The results show 

that starting from aryl α,α’-dichlorooximes 4.25a and 4.25b the target BPMs 4.27a (67%)  

and 4.27b (53%), could be obtain in good yields ( Table 4.1, entries 1 and 2). Starting from 
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oxime 4.25c  bearing a methyl group at C-3, the BPM 4.27c was obtained in 43% yield 

(Table 4.1, entry 3). Comparing the reactions in which the α,α’-dichlorooxime 4.25c 

participates (Table 4.1 entries 2 and 4), the results showed that the reaction with the less 

electron-rich 4-ethoxycarbonyl pyrazole produced BPM 4.27d in lower yield (47%), 

isolated as mixture of isomeric oximes (Table 4.1, entry 4). These results clearly confirm 

that the efficiency of the reaction between pyrazoles and the conjugated heterodiene 

depends on the nucleophilicity of the first as well as on the electrophilicity of the later.  

Enthusiastic about these results, it was decided to extend the study to  reactions between 

pyrazole with electrophilic conjugated azoalkenes having a tert-butoxycarbonyl 

withdrawing group at N1 (Table 4.1, entries 5 and 6). The reaction of pyrazole with 3-

methylazoalkene derivative was less efficient than the reaction with the 3-phenylazoalkene 

derivative, leading to BPM 4.28a and 4.28b in 57% and 77% yields, respectively (Table 

4.1 entries 5 and 6).  

 

Table 4.1 Synthesis of Bis-(pyrazolyl)methane Oximes and Hydrazones. 

 

Entry R X Y R1 Product, Yield (%) 

1 p-BrC6H4 Br O H 4.27a 67% 

2 p-ClC6H4 Cl O H 4.27b 53% 

3 Me Cl O H 4.27c 43% 

4 p-ClC6H4 Cl O CO2Et 4.27d 47% a 

5 Me Cl NCO2
tBu H 4.28a 57% 

6 C6H5 Cl NCO2
tBu H 4.28a 77% 

a Mixture of isomeric oximes 
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The unequivocal assignment of the structure of BPMs 4.27 and 4.28 was achieved by 

nuclear magnetic spectroscopy. The NMR spectra of the  BPM 4.27c are  shown for 

exemplification purposes. 

Table 4.2 shows the proton and carbon-13 assignments of the respective resonance 

signals based on the bi-dimensional NMR spectra (COSY, NOESY, HMQC, HMBC).  

The 1H and 13C NMR spectra of compound 4.27c, are presented in figures 4.3 and 4.4, 

respectively.  

 

Table 4.2 1H and 13C NMR signal assignments of  BPM 4.27c. 

 

Position δ (ppm) 1H NMR δ (ppm) 13C NMR 

3 1.73 (s, 3H) 11.5 (CH3) 

5 6.34 (pseudo t, J = 2.4 Hz, J = 1.6 Hz, 2H) 106.2 (CH, Ar) 

1 7.46 (s, 1H) 76.0 (CH meso) 

4 7.58 (d, J = 1.6 Hz, 2H) 139.9 (CH, Ar) 

6 7.83 (d, J = 2.4 Hz, 2H) 130.5 (CH, Ar) 

7 11.36 (s, 1H, OH) - 

2 - 150.9 (C) 

 

In the 1H NMR spectrum of BPM 4.27c the typical signal of the oxime proton can be 

observed at 11.36 ppm (H-7) (Figure 4.3). The H-1 proton of the methylene bridge appears 

as a singlet at 7.46 ppm and the H-3 protons (methyl group) as a singlet at 1.72 ppm. In the 

13C NMR spectrum it is possible to observe the signal corresponding to C=N carbon of the 

oxime moiety at 150.9 ppm (C-2), the carbon of the methyl group at 11.5 ppm (C-3) and 

the methylene bridge carbon at 76.0 ppm (C-3) (Figure 4.4). 
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Figure 4.3 1H NMR spectrum of BPM 4.27c. 

 

Figure 4.4 13C NMR spectrum of BPM 4.27c. 
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The main interactions observed in the bi-dimensional NMR spectra are represented in 

Figure 4.5, allowing the assignment of the pyrazole’s protons. In the COSY spectrum 

(Figure 4.6) it is possible to observe the correlation of  the H-5 protons (pseudo triplet at 

6.34 ppm) with H-6 protons (doublet at 7.86 ppm) and H-4 protons (doublet at 7.58 ppm). 

On the other hand, the H-6 protons (doublet at 7.83 ppm) were identified based on the 

NOESY spectrum in which it is observed the connectivity between these protons with the 

H-1 meso proton (singlet) at 7.16 ppm (Figure 4.7) .  

The carbon assignments were made based on  the HMQC and HMBC spectra analysis.  

The major  connectivities observed in HMBC spectra are between the C-6 (130.5 ppm) and 

protons H-1 (7.46 ppm), H-5 (6.34 ppm) and H-4 (7.58 ppm), between C-5 (106.2 ppm) 

and protons H-6 (7.83 ppm) and H-4 and between C-4 (139.9 ppm) and H-5 and H-6 

protons (Figure 4.9).   

The geometry of the oxime moiety of  BPM 4.27c was confirmed by the analysis of 

the NOESY spectrum in which no connectivity was observed between the hydroxyl proton 

H-7 and the methyl group protons H-3. Therefore, this indicates that these substituents are 

in trans position. The same stereochemistry was assigned by analogy for all oximes 4.27 

and hydrazones 4.28.  

 

Figure 4.5 Main connectivities observed in the COSY (a), NOESY (b) and HMBC (c) 

spectra of BPM 4.27c. 
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Figure 4.6 COSY spectrum of BPM 4.27c. 

 

 

Figure 4.7 NOESY spectrum of BPM 4.27c. 
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Figure 4.8 HMQC spectrum of BPM 4.27c. 

 

 

Figure 4.9 HMBC spectrum of BPM 4.27c. 
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4.5 Synthesis of tris(pyrazolyl)methane oximes  

After these highly satisfactory results, we decided to try to extend this methodology to 

the synthesis of tris(pyrazolyl)methanes (TPM).  

The experimental work started with the synthesis of the 2,2,2-trichloroacetaldehyde 

oxime 4.30 (Scheme 4.11). A mixture of chloral hydrate 4.29, hydroxylamine 

hydrochloride (NH2OH.HCl) and calcium chloride (CaCl2) in  water was stirred and heated 

to 50 ºC for one hour, leading to the target oxime in 65% yield (Scheme 4.11). 68 

 

 

Scheme 4.11 Synthesis of the 2,2,2-trichloroacetaldehyde oxime 4.30. 

 

The chloral oxime 4.30, pyrazole 4.26a and sodium carbonate in DCM, were stirred at 

room temperature during 16 h, giving rise to [(1-hydroxyimino)methyl]tris(1H-pyrazol-1-

yl)methane (4.31) in excellent yield (87%)  (Scheme 4.12). 

 

 

Scheme 4.12  Synthesis of [(1-hydroxyimino)methyl]tris(1H-pyrazol-1-yl)methane 

    (4.31). 

 

The structure of TPM 4.31 was also confirmed by nuclear magnetic resonance spectra. 

The proton and carbon-13 assignments were achieved based on the bi-dimensional NMRs 

(COSY, NOESY, HMQC, HMBC) (Table 4.3).   
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Table 4.3 1H and 13C NMR signal assignments of 4.31. 

 

Position δ(ppm) 1H NMR δ(ppm) 13C NMR 

5 6.46 (pseudo t, J = 2.4 Hz, J = 2.0 Hz, 3H) 107.1 (CH, Ar) 

4 7.40 (d, J = 2.4 Hz, 3H)  130.8 (CH, Ar) 

6 7.71 (d, J = 1.6 Hz, 3H) 141.0 (CH, H) 

3 8.64 (s, 1H) - 

7 11.98 (s, 1H, OH)) - 

1 - 88.3 (C meso) 

2 - 144.8 (C) 

In the 1H NMR spectrum (Figure 4.10) of TPM 4.31, the signals corresponding to the 

oxime moiety proton (H-7) at 11.98 ppm and the H-3 protons at 8.64 ppm, both singlets, 

are easily identified. The 13C NMR spectrum (Figure 4.11) presents two signals 

corresponding to quaternary carbons at 88.3 ppm and 144.8 ppm, which were identified as 

the methylene bridge C-1 carbon and the  oxime moiety C-2 carbon, respectively.  

 

Figure 4.10 1H NMR spectrum of TPM 4.31. 
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Figure 4.11 13C NMR spectrum of TPM 4.31. 

 

Similarly, to BPMs, the main  interactions observed in the bi-dimensional NMR, 

represented in figure 4.12, allowed the assignment of the protons of the pyrazole nuclei. In 

the COSY spectrum (Figure 4.13) the correlation between the H-5 (6.46 ppm) and H-4 

(7.40 ppm) and H-6 (7.71 ppm) protons is observed. In the NOESY is also observed the 

connectivity between the same protons (Figure 4.14). Analysing  the  HMQC and HMBC 

spectra, it was possible to assignment C-4 (130.8 ppm), C-5 (107.1 ppm) and C-6 (141.0 

ppm) carbons and in the HMBC correlation between C-4 and H-5 as well as between C-6 

and H-5 are observed (Figure 4.16). 

Even though H-3 protons and C-1 carbons were easily assigned based on the chemical 

shifts observed in the 1H NMR and 13C NMR spectra, respectively, this was unequivocally 

confirmed through the analysis of the HMBC spectrum in which the correlation between 

them was observed. Correlation between C-2 carbon and H-7 proton was also observed 

(Figure 4.16).  

The structure TPM 4.31 was assigned as being the (Z)-isomer, since no connectivity 

was observed between the hydroxyl proton H-7 and the methyl group protons H-3 in the 

NOESY spectrum (Figure 4.14). Nevertheless, this result was confirmed by x-ray 
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crystallography, carried out as part of a study where BPMs and TPMs were used as 

scorpionates ligands for the synthesis of new copper catalysts to be used in the azide-alkyne 

Huisgen cycloaddition reaction (click reaction).  This work was not carried out within the 

scope of this PhD. 

 

 

 

Figure 4.12 Main observed connectivities in the COSY (a), NOESY (b) and HMBC (c) 

spectra of TPM 4.31c. 

 

 

Figure 4.13 Expansion of COSY spectrum of TPM 4.31. 
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Figure 4.14 Expansion of  NOESY spectrum of TPM 4.31. 

 

 

Figure 4.15 HMQC spectrum of TPM 4.31. 
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Figure 4.16  Expansion of HMBC spectrum of TPM 4.31. 

 

4.6 Proposed mechanism 

The proposed mechanism for these transformations is outlined in Scheme 4.13. The 

α,α’-dihaloximes or hydrazones 4.25, in presence of base, were converted in situ into the 

corresponding transient and reactive nitroso- or azoalkenes 4.32, which underwent 

conjugate addition by reacting with a first molecule of the appropriate pyrazole 4.26, 

leading to functionalised pyrazoles 4.33. Subsequent dehydrohalogenation of side-chain of 

4.33 produces nitroso- or azoalkenes 4.34 which reacted with a second molecule of 

pyrazole 4.26 giving the target bis(pyrazol-1-yl)methanes 4.27 or 4.28. Starting from 

α,α’,α’’-trichlorooxime (R1 = Cl), an additional dehydrohalogenation can occur affording 

heterodyne 4.35 followed by its interception with a third molecule of pyrazole 4.26 leads 

to the target tris(pyrazolyl)oxime 4.31  in a one-pot procedure (Scheme 4.13). 
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Scheme 4.13 Proposed mechanism for the synthesis of BPMs and TPM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 4 - Conjugate Addition of Pyrazoles to Halogenated Nitroso- and Azoalkenes: A New Entry to 

Novel Bis(pyrazol-1-yl)methanes 

 

204 

4.7 Conclusions 

A new and straightforward synthetic approach towards bis(pyrazolyl)methanes, 

bearing an oxime or hydrazone moiety at the methylene bridge was developed. The 

conjugate addition of pyrazoles to the in situ generated nitroso- and azoalkenes was carried 

out under mild and simple reaction conditions leading to BPMs in good yields. The ready 

access to a great range of starting oximes, hydrazones, and pyrazoles, allows an easy 

modulation of the bis(pyrazolyl)methanes structure, that would be very difficult to obtain 

by other methods. It was demonstrate that tris(pyrazolyl)methanes can also be obtained by 

this methodology.69 
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Synthesis of 3-(1H-tetrazol-5-yl)-indoles 

 

 

 

 

 

 

 

 

 

 

Abstract 

In this chapter, a synthetic approach to a new class of indole derivatives bearing a 

tetrazole moiety is presented. Arynes, generated in situ from 2-(trimethylsilyl)aryl triflates 

and KF, reacted smoothly with 2-(4-nitrobenzyltetrazolyl)-2H-azirines to give 3-(4-

nitrobenzyltetrazolyl-indole derivatives with high selectivity and in good yields. 

Deprotection of the tetrazole moiety of indole gave 3-(1H-tetrazol-5-yl)-indole derivatives, 

bioisosters of 1H-indole-3-carboxylic acids.  
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5.1 Indoles synthesis via aryne precursors 

In the last decades, due to the significant applicability of molecules containing the 

indole core, impressive new synthetic routes as well as optimisation of classical methods, 

have been extensively reported.1-8 The Fischer indole synthesis,2, 5, 7, 8 Nenitzescu reaction,2, 

7, 8 Leimgruber-Batcho indole synthesis,7, 8 Reissert indole synthesis,7, 8 Bartoli indole 

synthesis,7, 8 Madelung synthesis,2, 7, 8 synthesis from azirines7 and from o-alkynylanilines1, 

4, 6-8 are some of the synthetic routes to indoles and its derivatives (Scheme 5.1).  

 

 

Scheme 5.1 Examples of strategies to indole synthesis. 

 

Arynes are a family of transient species being amongst the most reactive organic 

intermediates. 9, 10 The use of these very reactive species in organic synthesis has 

significantly increased in the last decades. Due to their synthetic versatility, arynes have 

been used in the synthesis of heterocycles, including indole and its derivatives.9-12 In fact, 

aryne cyclization has proved to be an exceptional transition-metal-free synthesis for 

heterocyclic molecules.7, 9, 12 
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The concept of ring closure via aryne intermediates, as a general principle of synthesis, 

was first reported by Bunnett and Hrutfiord in 1961.13 In this study, the preparation of a 

range of heterocyclic systems including indoles, was accomplished. The starting anilide 

5.1, after treatment with potassium amide, originated the aryne carbanion 5.2. The 

subsequent intramolecular addition led to the 3-acetyloxindole 5.3 in 78% yield (Scheme 

5.2a). In addition, they envisioned that treatment of o-chlorophenylacetone 5.4 with 

potassium amide would produce 2-indanone, but instead they obtained 2-methylindole 5.7 

in low yield (31%). To rationalize this unexpected outcome, the authors proposed two 

possible mechanisms. In the first one, o-chlrophenylacetone 5.4, in the presence of the base, 

originates aryne 5.5 which in the presence of NH3 leads to the amino ketone 5.6 followed 

by cyclization with elimination of water, leading to 2-methyl indole 5.7. The second 

pathway involved the generation of aryne 5.8 which by intramolecular addition gave indole 

5.7 (Scheme 5.2.b). 

  

Scheme 5.2 Synthesis of indoles via aryne intermediates. 

 

Caubère and co-workers described the synthesis of indoles via aryne starting from 

imines 5.9 (Scheme 5.3).14 In this work, a complex-base (NaNH2-ButONa) was used to 

generate aryne 5.10 which underwent intramolecular cyclization to intermediary I followed 

by the addition of the appropriate electrophile to give indoles 5.11. The authors also 

reported the formation of indole 5.12, as a result of the enolization of imine 5.9. 

 



 
 

Chapter 5 – Synthesis of (1H-Tetrazol-5-yl)-indoles   
 

219 

 

Scheme 5.3 Synthesis of indoles via aryne starting from imines. 

 

A similar strategy was followed by Kudzuma in 2003.15 Starting from 2-fluorophenyl 

imines 5.13 and LDA, indoles 5.15 were obtained in moderate to excellent yields (Scheme 

5.4). The need of excess of base led the authors to suggest that this transformation involved 

the generation of benzyne 5.14 rather than an SNAr mechanism, which was confirmed by 

deuterium labelling studies. 

 

 

Scheme 5.4 Synthesis of indoles starting from 2-fluorophenyl imines. 

 

A novel methodology for the regioselective synthesis of functionalized indoles 5.21 

from 2-fluoro-anilines, was described by Barluenga and collaborators.16 The key step of 

this approach involves the generation of a benzyne-tethered organolithium compound 5.18, 

which undergoes an intramolecular anionic cyclization to afford regiospecifically the 

metalated heterocyclic derivative 5.19. The  organolithium compound 5.19 reacts with a 
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selection of electrophiles giving 3-methyleneindolines derivatives 5.20, which isomerize 

into 3,4-disubstituted indole derivatives 5.21 in moderate to good yields. The indole 

derivates 5.21 (R1 = allyl), after treatment with DIBAL-H in the presence of a catalytic 

amount of [NiCl2(dppp)] in toluene afforded the N-unsubstituted 3,4-disubstituted indole 

derivatives 5.22 in moderate yields (Scheme 5.5). 

 

Scheme 5.5 Synthesis of functionalized indoles from 2-fluoro-anilines. 

 

Reactions between 2-azidoacrylates and triflates have also been explored for the 

synthesis of substituted indoles.17 A mild and efficient strategy for the regioselective 

synthesis of 2,3-substituted indoles 5.25 via reaction between 2-azidoacrylates 5.23 and 

Kobayashi aryne precursors (O-silylaryl triflates) 5.24, in the presence of PPh3 and CsF, 

has been described  (Scheme 5.6a).17 The key step of the proposed mechanism involves the 

formation of nucleophilic iminophosphorane I from the reaction of the 2-azidoacrylate with 

PPh3. I subsequently reacts with the in situ generated aryne intermediate to yield 

intermediate II by a nucleophilic double cyclization (A). After hydrolysis (B) and air-

oxidation (C) cascade reactions, indoles 5.25 were formed (Scheme 5.6b).  
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Scheme 5.6 a) Synthesis of substituted indoles starting from 2-azidoacrylates. b) Proposed 

mechanism. 

 

The Fischer-indole reaction remains as an important method by allowing a simple 

transition-metal-free preparation of indole derivatives, particularly 2- or 3-substituted-

indoles. Thus, improved methodologies based on Fischer-indole reaction have been 

explored. One of those studies was the development of a Fischer-indole synthesis using 

benzyne chemistry.18  The authors described the N-arylation of tosylhydrazones 5.26 with 

aryne precursors 5.24, under mild conditions, followed by a Lewis acid-induced Fischer 

cyclization to give N-tosylindole derivatives 5.27 in moderate to very good yields (Scheme 

5.7).  
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Scheme 5.7 One-pot Fischer-indole synthesis using aryne chemistry. 

 

More recently, a straightforward strategy for the synthesis of multi-substituted N-

arylindoles 5.29 was reported.19 The strategy involves a tandem reaction between 

α-aminoketones 5.28 and arynes 5.30 in the presence of KF and 18-crown-6 in MeCN at 

room temperature. This methodology proved to be adequate even when electron-

withdrawing, electron-donating substituents, or heterocycles at different positions of α-

aminoketones were used. When either symmetric or asymmetric substituted arynes were 

used N-arylindoles 5.29 were obtained in moderate to excellent yield (Scheme 5.8a). 

Interestingly, when asymmetric substituted aryne were used only one regioisomer was 

obtained. According to the proposed mechanism, the amino group of the α-aminoketone 

reacted with the aryne via an insertion reaction and subsequently, the resulting intermediate 

participated in a nucleophilic addition to the ketone moiety giving rise to the substituted 

indoline. Dehydration under acidic conditions, led to the desired multi-substituted N-

arylindoles 5.29 (Scheme 5.8.b). 
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Scheme 5.8 a) Tandem reaction between α-aminoketones and arynes. b) Proposed 

mechanism. 

 

An alternative synthetic method towards indoles involving the reaction of di-

phenylazirine 5.31 with benzyne (5.30a), generated in situ by thermal decomposition from 

benzenediazonium-2-carboxylate, was described by Nair and Kim.20 The authors assumed 

that the reaction proceeded through a [2+2] cycloaddition of benzyne to the diphenylazirine 

leading to the formation of intermediate 5.32. Then, two reaction pathways may occur. A 

1,2-hidrogen shift to the nitrogen giving indole 5.33 in 50% yield, and a 1,2-hidrogen shift 

to the carbon leading to the intermediate 5.34 which can further react with another molecule 

of benzyne producing 1,2,3-triphenylindole 5.35 in 14 % yield (Scheme 5.9.a). 

Nevertheless, when 2-methyl-3-phenylazirine (5.36) was treated with excess of benzyne, 

the 3-phenyl-2-methyl-1H-indole 5.37 was obtained as single product (Scheme 5.9). 
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Scheme 5.9 Indole synthesis starting from di-phenylazirine and 2-methyl-3-phenylazirine. 

 

A highly selective reaction between arynes 5.24 and 2H-azirines 5.38 affording N-

unsubstituted 5.39 and N-arylindoles 5.40 was recently described.21 The selective outcome 

was strongly dependent on the reaction temperature, with 2,3-diarylindoles 5.39 being 

obtained with highly selectivity in moderate to excellent yields  when the reaction was 

carried out at 60 ºC (Scheme 5.10). However, 2H-azirines with different substituents at C-

2 and C-3 gave rise to a mixture of regioisomers. When the reaction was performed at -10 

ºC, N-arylindoles 5.40 were obtained with very high selectivity and very good yields 

(Scheme 5.10).21 

Additionally, they also observed that when symmetric azirines either with electron-

withdrawing or -donating groups at the aryl group C-4 position were used, no significant 

differences were observed in regioselectivity or in the reaction efficacy. The use of the 

substituted arynes extended the range of the synthesised indoles without loss of 

regioselectivity.  
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Scheme 5.10 Reaction between arynes and 2H-azirines affording N-unsubstituted and N-

arylindoles. 

 

Based on the reaction outcome, namely the formation of mixture of regioisomers, the 

authors proposed the reaction mechanism depicted in Scheme 5.11.21 The nucleophilic 

addition of 2H-azirines 5.38 onto aryne 5.30a  generates the 1,4 zwitterionic intermediate 

I. This intermediate can cyclize by two different pathways. In path a (in red), following a 

1,2-addition between aryne and the C=N bond leading to the intermediate II, a 1,2-

hydrogen shift to nitrogen occurs resulting in the formation of N-unsubstituted indole 

5.39a. Alternatively, a 1,2-hydrogen shift to carbon produces intermediate III, which 

through subsequent 1,3-hydrogen shift gives rise to the same indole 5.39a. On the other 

hand, an ene reaction between 5.30a and III can occur giving the corresponding N-

phenylindole 5.40a. In path b (in green), an intramolecular nucleophilic attack of the aryl 

anion onto the 2H-azirines 5.38 C3 induces the C-N bond cleavage generating derivative 

IV, which leads to 5.39b via a 1,3-hydrogen shift. As in the path a, an ene reaction of IV 

with another molecule of 5.30a can occur resulting in the formation of 5.40b (Scheme 

5.11).21 
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Scheme 5.11 Proposed mechanism for the synthesis of indoles. 

 

5.2 Rationale and goals 

2H-Azirines represent a versatile class of heterocyclic system, that have been 

extensively used as powerful building blocks for the synthesis of a plethora of N-

heterocycles22-24, included N-unsubstituted and N-arylindole derivatives.20, 21 The 

contribution of Pinho e Melo´s research group included the Neber approach to novel 2-

(tetrazol-5-yl)-2H-azirines bearing phenyl, furan-2-yl, thiophen-2-yl or 1H-pyrrol-2-yl 

substituents at C-3.25, 26  Moreover, the reactivity of these interesting molecules towards 

imines in the presence of Lewis acids was also explored for the synthesis of 4-(tetrazol-5-

yl)-1H-imidazoles.27 

In addition, the chemistry of arynes has also been one of the group research interests. 

In fact, the synthesis of isoquinolines via cycloaddition of arynes with 1,2,4-triazines 28 as 

well as the synthesis of 1,3-dihydrothiazolo[3,4-b]indazoles via 1,3-dipolar cycloadditions 

of thiazolidine-derived sydnones with benzyne, was previously reported.29 

Over the past decades, the use of bioisosteres in drug discovery to improve the 

efficiency, drug permeability and reduce or avoid toxicity has been extensively 

investigated.30 It is well established that 5-substituted-1H-tetrazoles are effective 

biosisosteres of the carboxylic acid functionality.31 In fact, they have similar acidity at 

physiological pH and both are planar. Nevertheless, tetrazoles present higher lipophilicity 
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than carboxylic acids, which is the key factor when crossing the cell membranes. Thus, a 

useful strategy to find new scaffolds is to explore the carboxylic acid/tetrazole 

bioisosterism. Taking in account these considerations, it is reasonable to consider 3-(1H-

tetrazol-5-yl)-indole derivatives as bioisosteres of 1H-indole-3-carboxylic acid derivatives, 

the latter used as building blocks in the synthesis of indole derivatives with biological 

activities.32 Therefore, constructing indoles bearing tetrazole moieties can also open the 

access for the development of more complex molecules with potential biological activities. 

In this context, we decided to explore the reactivity of tetrazolyl-2H-azirines towards 

arynes in order to obtain a new class of indole derivatives bearing a tetrazole moiety. The 

approach for the synthesis of 3-(1H-tetrazol-5-yl)-indoles is outlined in Scheme 5.12. 

 

 
 

Scheme 5.12 Synthetic strategy towards 3-(1H-tetrazol-5-yl)-indoles. 
 

 

5.3 Synthesis of 3-tetrazolyl-indoles 

5.3.1 Synthesis of tetrazolyl-2H-azirines  

The present study was initiated with the synthesis of the tetrazolyl-2H-azirines. These 

heterocycles were synthesised following a literature procedure.25 This synthetic route 

started with the synthesis of  β-ketonitriles 5.41a,b, based on the acylation of nitrile anions 

with the corresponding ethyl esters in presence of KOtAmyl.33 Cyanoacetylation in acetic 

anhydride was carried out for the synthesis of β-ketonitriles 5.41c and 5.41d. In both 

methods, nitriles were obtained in excellent yields (Scheme 5.13). Nitrile 5.41e is 

commercially available. The conversion of 5.41 into the corresponding β-keto-1H-

tetrazoles 5.42 following the remarkably simple general protocol reported by Sharpless et 
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al in which nitriles reacted with sodium azide in water, using zinc bromide as catalyst, was 

accomplished leading to tetrazoles 5.42 in moderate to excellent yields (scheme 5.13) 

 

Scheme 5.13 Synthesis of β-keto-1H-tetrazoles. 

 

The next step consisted in the tetrazoles protection with groups that could be easily 

removed.25 Thus, the reaction was performed using p-nitrobenzyl bromide (PNB-Br) or 

benzyl bromide, in presence of triethylamine, in THF at 40 ºC for 2 h, 1H- and 2H-tetrazole 

derivatives 5.43 and 5.44 were obtained in good overall yield (Table 5.1).  

 

Table 5.1. Alkylation of β-keto-tetrazoles 5.42. 

 

 

Entry 5.42 R2 Yield of 5.43 (%) Yield of 5.44 (%) 

1 a PNB 42 28 

2 a Bn 34* 33* 

3 b PNB 38 28 

4 c PNB 25 37 

5 d PNB 39 33 

6 e PNB 45 26 

*Reaction time = 18 h 
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β-Keto-2H-tetrazoles 5.43-f and β-keto-1H-tetrazoles 5.44a were easily converted into 

the corresponding ketoximes 5.45a-f and 5.46, respectively, by the reaction with 

hydroxylamine hydrochloride in refluxing EtOH/pyridine for 3 h. The products were 

obtained as a mixture of E and Z isomers in excellent yields (82-96%) (Scheme 5.14).25  

 

 

Scheme 5.14 Synthesis of β-ketoxime-tetrazoles 5.45a-f and 5.46. 

 

 Finally, the last step was the conversion of the β-ketoxime-tetrazoles 5.45 and 5.46, 

using the Neber approach, into the corresponding 2-(tetrazol-5-yl)-2H-azirines (5.47 and 

5.49).25 The in situ tosylation of β-ketoxime-tetrazoles 5.45a-c,f and 5.46, in presence of 

triethylamine, induced the formation of the corresponding 2-(tetrazol-5-yl)-2H-azirines 

5.47a-d and 5.48, respectively, in good yields. However, when starting from oxime 5.47e 

or 5.47d, bearing 1H-pyrrol-2-yl or 1H-indol-3-yl at C-3, the Neber approach via in situ 

tosylation, did not lead to the target 2-(tetrazol-5-yl)-2H-azirines (Scheme 5.15a). Thus, an 

alternative procedure was explored based on a known general synthetic methodology.34, 35 

The first step consisted in the conversion of the oximes into the tosylates 5.49, using 

triethylamine as base, in DCM, at 0 ºC for 2 h, which was used for the next step without 

purification. After the DBU-mediated Neber reaction of 5.49 the desired 2-(tetrazol-5-yl)-

2H-azirine 5.47e was finally obtained in moderate yield (42%).  Unfortunately, no reaction 

was observed starting from the tosylated β-ketoxime-tetrazole 5.49 bearing the 1H-indol-

3-yl substituent (Scheme 5.15b).  
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Scheme 5.15 Synthesis of 2-(tetrazol-5-yl)-2H-azirines. 

 

 5.3.2 Synthesis of ethyl 3-phenyl-2H-azirine-2-carboxylate 

 In addition to tetrazolyl-2H-azirines, it was also decided to study the reactivity of the 

ethyl 3-phenyl-2H-azirine-2-carboxylate (5.53). This 2H-azirine was synthesised 

following a procedure very similar to the one reported previously for the synthesis of 

tetrazolyl-2H-azirine 5.45e.35 The starting β-ketoester 5.50 was easily converted into the 

corresponding oxime 5.51 by treatment with hydroxylamine hydrochloride in presence of 

sodium acetate (NaOAc), using the MeOH/H2O solvent system, at room temperature for 4 

h. The desired oxime was obtained in 60% yield. Next, oxime 5.51 was transformed into 

the oxime tosylate 5.52, using triethylamine as base, in DCM, at 0 ºC for 2.5 h, and was 

used in the next step without purification. The DBU-mediated Neber reaction of 5.52 

afforded the desired ethyl 3-phenyl-2H-azirine-2-carboxylate (5.53) in moderate yield 

(42%) (Scheme 5.16). 
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Scheme 5.16 Synthesis of ethyl 3-phenyl-2H-azirine-2-carboxylate. 

 

5.3.3 Synthesis of 3,6-dimethyl-2-(trimethylsilyl)phenyl 

trifluoromethanesulfonate  

As with most procedures for benzyne generation, Kobayashi’s precursor also requires 

an ortho-difunctionalised arene. These are most commonly derived from 2-halophenols, 

which may in turn be obtained via electrophilic partial halogenation or similar routes. 9 

 Compound 5.55 was obtained from 2,5-dimethylphenol 5.54 in presence of N-

bromosuccinimide (NBS) and diisopropylamine (DIPA) in 56% yield.36 3,6-Dimethyl-2-

(trimethylsilyl)phenyl trifluoromethanesulfonate (5.24b) was synthesised following the 

Peña et al protocol.37 Starting from 5.55, a sequential O-silylation with 

hexamethyldisilazane (HMDS), metal-halogen exchange with n-BuLi at low temperature, 

O- to C-silyl group migration, and triflation afforded functionalized Kobayashi aryne 

precursor 5.24b in good yield (52%) (Scheme 5.17). 

 

 

Scheme 5.17 Synthesis of 3,6-dimethyl-2-(trimethylsilyl)phenyl 

trifluoromethanesulfonate. 

 

5.3.4 Optimization studies for the synthesis of 3-tetrazolyl-indoles 

The reaction between 2-(tetrazol-5-yl)-2H-azirine 5.47a (R1 = Ph and R2 = PNB) and 

aryne 5.30a was the model reaction for the optimization studies. For this purpose, three 

different methods for aryne generation were tested.9, 29, 38, 39 In the first approach (method 
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A), aryne 5.30a was generated in situ from 2-(trimethylsilyl)aryl triflate 5.24a, using 

cesium fluoride (CsF) as fluoride source in THF at 80 ºC for 24 h. Under these conditions 

and using 1.2 equiv. of 5.24a, indole 5.58a was obtained in 15% yield (Table 5.2, entry 1). 

Increasing the amount of triflate 5.24a to 1.8 equiv. an improvement was observed, giving 

rise the desired indole in 44% yield (Table 5.2, entry 2). Attempts to further improve the 

efficiency of this reaction, by increasing the number of equivalents of the of aryne precursor 

5.24a, did not lead to the desired indole and only degradation products were obtained 

(Table 5.2, entry 3).  

The generation of benzyne using anthranilic acid 5.57 was also investigated. In this 

method, the diazonium salt obtained from anthranilic acid in presence of isoamyl nitrite in 

DCM at reflux for 1 h (Method B), is decomposed to generate in situ the corresponding 

aryne.39 However, this strategy did not lead the desired product (Table 5.2, entry 4). 

 

Table 5.2 Optimization of the synthesis of 3-tetrazolyl-indole 5.58a. 
 

 
 

 

Entry 
Reaction 

conditions 

Benzyne precursor 

(Equiv) 

CsF 

(Equiv) 
Time 

5.58a  

Yield (%)  

1 Method A 5.24a (1.2) 2.5 24 h 15 

2 Method A 5.24a  (1.8) 2.5 24 h 44 

3 Method A 5.24a  (5)a 8 24 h --b 

4 Method B 5.57a  (1)c -- 1 h ---b 

        a Stepwise addition; b Azirine recovered; c Two equiv. of isoamyl nitrite were used.  



 
 

Chapter 5 – Synthesis of (1H-Tetrazol-5-yl)-indoles   
 

233 

In order to improve this transformation, the reaction between 2-(tetrazol-5-yl)-2H-

azirine 5.47a and benzyne 5.30a, generated in situ from the 2-(trimethylsilyl)aryl triflate 

precursor 5.24a was also carried out, using KF as fluoride source in presence of 18-crown-

6 in THF at 60 ºC for 5 h, affording the desired product in 22% yield. To our delight, the 

stepwise addition of the aryne precursor 5.24a led to the isolation of indole 5.58a in 70%. 

(Scheme 5.18). The reaction was regioselective, affording N-unsubstituted 3-(tetrazol-5-

yl)-indole 5.58a as single product. 

Thangaraj et al,21 described a transition-metal-free and temperature-dependent highly 

selective reaction of arynes with 2H-azirines that allowed the synthesis of either N-

unsubstituted or N-arylindoles. In this study when the reaction was carried out at −10 °C, 

the selectivity was switched to the formation of 1,2,3-triarylindoles in good yields (see 

Scheme 5.10). Therefore, we decided to investigate whether in the reaction between azirine 

5.47a and benzyne a similar reactivity/selectivity was observed. However, at -10 ºC, in 

THF during 12 h, no product was obtained (Scheme 5.18).  

  
 

Scheme 5.18. Optimization of the synthesis of 3-tetrazolyl-indoles using KF/18-crown-6. 

 

The 1H NMR spectrum of 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2-phenyl-1H-indole 

5.58a is presented in Figure 5.1. The broad singlet at 9.11 ppm is easily identified as the 

typical signal for the indole NH proton (H-1 proton). The singlet at 5.82 ppm is assigned 

to the methylene protons of the p-nitrobenzyl group (H-6).  The system AA´BB´ 

corresponding to the protons in the ortho position (H-8 and H-8') and the protons in the 

meta position (H-7 and H-7') regarding the nitro group, are observed at 8.24 and 7.53 ppm, 

respectively. 
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Figure 5.1. 1H NMR spectrum of 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2-phenyl- 

1H-indole (5.58a). 
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The main observed  interactions in the COSY spectrum are represented in figure 5.2, 

allowing the assignment of protons from indole and the p-nitrobenzyl group. It was possible 

to observe the correlation between the H-5 (doublet at 7.69 ppm) and H-4 (pseudo triplet 

at 7.17 ppm) which in turn showed correlation with the H-3 protons (pseudo triplet at 7.33 

ppm). Furthermore, is also possible to observe the correlation between the H-8 (doublet at 

8.24 ppm)  and H-7 (doublet at 7.53ppm) protons and the H-6 protons of the methylene 

bridge (singlet at 5.82 ppm). 

 

Figure 5.2 Main observed connectivities in the COSY spectrum of compound 5.58a. 
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Figure 5.3 Expansion of the COSY spectrum of 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2- 

phenyl-1H-indole (5.58a). 

 

 The regiochemistry assignment of the 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2-

phenyl-1H-indole (5.58a) was confirmed by the bidimensional NOESY spectrum analysis 

in which it was possible to observe the connectivity between the indole´s NH proton (H-1) 

and the protons of phenyl group (H-Ph) and no connectivity between the 4-nitrobenzyl 

group protons and the NH indole´s proton was observed (Figure 5.4). 
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Figure 5.4 Expansion of  the NOESY spectrum of 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-

2- phenyl-1H-indole (5.58a). 

 

Next, was decided to investigate the chemical behaviour of 2H-azirine 5.48, bearing a 

p-nitrobenzyl protecting group at N1 position, towards benzyne. Surprisingly, under the 

optimal conditions the reaction did not lead to the desired indole but to the recovery of the 

starting material 5.48 (Scheme 5.19). 

 

 

Scheme 5.19 Reaction between 2-(tetrazolyl-5-yl)-2H-azirine and 2-(trimethylsilyl)aryl 

triflate as benzyne precursor. 

 

To explain the absence of reactivity of 2-tetrazolyl-2H-azirine 5.48, quantum chemical 

calculations, at the DFT level of theory, to obtain the optimization of 2-(tetrazolyl-5-yl)-
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2H-azirines 5.47a (Figure 5.6a) and 5.48 (Figure 5.6b) geometries, were carried out. The 

results showed that the 2H-azirine moiety of 5.48 is blocked by the p-nitrobenzyl protecting 

group, which allowed to rationalize the lack of reactivity of 2H-azirine 5.48 due to steric 

hindrance. 

 

                                  a.           b. 

                        

 

          

 
Figure 5.6. Optimized geometries (B3LYP/6-31G(d) level) of 2-(tetrazol-5-yl)-2H-

azirines  5.47a (a) and 5.48 (b). 

 

 

 

5.3.5 Scope of the reaction 

The study was extended to azirines 5.47b, 5.47c and 5.47d bearing a thiophen-2-yl, 

furan-2-yl and 1H-pyrrol substituent at C3, respectively. However, upon performing the 

reactions with in situ generated benzyne under the optimal conditions, different outcomes 

were observed depending on the 2H-azirine heteroaromatic substituent. The reaction 

between azirine 5.47b and triflate 5.54a led to 2-thiophen-2-yl-3-tetrazolyl-1H-indole 

5.58b in 52% yield. In contrast with this result, the attempted reactions with 3-tetrazolyl-

2H-azirine bearing furan-2-yl 5.47c or 1H-pyrrol-2-yl 5.47d substituents did not lead to the 

desired products.  

Next, was decided to extend this approach to 3-(1H-tetrazol-5-yl)-indoles to the use of 

other aryne precursor 5.24b (R1 = R2 = Me). The reaction with 2H-azirine 5.47a and 5.47b 

led to the target indole derivatives 5.58c and 5.58d, although they were obtained with 

moderate yields (23% and 37%, respectively). These reactions were also regioselective, 

affording N-unsubstituted indoles 5.58 as single products (Scheme 5.20). 
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Scheme 5.20 Scope of the reaction. 

 

 

5.3.6 Deprotection of tetrazole moieties 

 

In order to prepare the 3-tetrazolyl-1H-indoles, bioisosteres of 1H-indole-3-carboxylic 

acids, the tetrazole moiety in 2-[2-(4-nitrobenzyl)-2H-tetrazol-5-yl]-1H-indoles 5.58 had 

to be deprotected. Previously in our research group, the deprotection of tetrazoles was 

successfully accomplished by using a general method reported to be efficient for the 

cleavage of the benzyl group of N-benzylamines and 1-benzyl-1H-imidazoles.27, 40-42 This 

deprotection method was also previously successfully extended to the deprotection of 1H-

tetrazoles. Thus, a suspension of indole 5.58a and 10% Pd/C in methanol was treated with 

excess ammonium formate and heated at reflux for 1 hour affording the target 5.59a, 

bearing the unprotected 1H-tetrazolyl group, in high yield (87%). Unfortunately, using the 

same reaction conditions indole 5.58b was converted into derivative 5.60 in 83% yield, 

instead of the desired deprotection of the tetrazolyl group (Scheme 5.21). 
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Scheme 5.21 Deprotection reaction of tetrazole moiety. 

 

 

Beside the differences of polarity observed between compounds 5.58a and 5.59a 

confirmed by TLC, the deprotection of the tetrazole can also be clearly confirmed by the 

analysis of their corresponding 1H NMR spectra. The 1H NMR spectrum of the unprotected 

tetrazole 5.59a is presented in Figure 5.7 (1H NMR spectrum of the compound 5.58a in 

Figure 5.1). No signals corresponding to the benzyl group were observed, only protons of 

the indole core and of the phenyl group are present. 
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Figura 5.7 Expansion of 1H NMR spectrum of compound 5.59a. 

 

3-Tetrazolyl-1H-indole 5.58g could also be obtained via two-step one-pot procedure 

as outlined in Scheme 5.22 The reaction between azirine 5.47b and 2-(trimethylsilyl)aryl 

triflate 5.24a gave indole 5.58g which was used without purification in the deprotection 

reaction to give corresponding 3-tetrazolyl-1H-indole 5.59a in 27% overall yield. 

 

 

Scheme 5.22 Two-step one-pot procedure towards 3-tetrazolyl-1H-indole. 
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Finally, it was decided to explore the chemical behaviour of ethyl 3-phenyl-2H-

azirine-2-carboxylate (5.53) and 2-(trimethylsilyl)aryl triflate 5.24a under the same 

reaction conditions. Unfortunately, the desired indole was not formed and the azirine 5.53 

was recovered, indicating the lack of reactivity towards benzyne even when the reaction 

time was increased to 12 h (Scheme 5.23). 

 

 

Scheme 5.23 Reaction between ethyl 3-phenyl-2H-azirine-2-carboxylate and 2-

(trimethylsilyl)aryl triflate. 

 

5.3.7 Mechanistic considerations 

 

Taking in account the aforementioned results the proposed mechanism for the reaction 

between 2-(tetrazolyl-5-yl)-2H-azirines 5.47 and arynes 5.24 is outlined in Scheme 5.24. 

Arynes undergo a nucleophilic addition on reacting with 2-(tetrazolyl-5-yl)-2H-azirines 

5.47 to give zwitterionic intermediate I. Subsequent intramolecular nucleophilic attack of 

the aryl anion onto the azirine C-2 carbon bearing the tetrazolyl substituent induces the C-

N bond cleavage generating 3H-indole derivative II which undergoes a 1,3-hydrogen shift 

to afford the indole 5.58.  

A formal [2+2] cycloaddition reaction between the aryne and the 2H-azirine imine 

bond must be ruled out since it would lead to 2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-

indoles instead of the obtained 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-indoles 5.58 

(Scheme 5.24). 
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Scheme 5.24 Proposed mechanism for the synthesis of 3-(2-(4-nitrobenzyl)-2H-tetrazol-5-

yl)-indoles. 
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5.4 Conclusions 
 

In this chapter, a selective approach to the synthesis 3-tetrazolyl-indoles involving the 

reaction of 2-[2-(4-nitrobenzyl)-2H-tetrazol-5-yl]-2H-azirines with arynes was developed. 

This methodology allows the synthesis of N-unsubstituted 3-tetrazolyl-indoles bearing 

phenyl and thiophen-2-yl substituents, in moderate to good yields. However, of N-

unsubstituted 3-tetrazolyl-indoles bearing furan and pyrrole substituents did not lead to the 

desired products.  

Computational studies were carried out allowing to rationalize the lack of reactivity of 

2H-azirines having a 2-(4-nitrobenzyl)-1H-tetrazol-5-yl substituent due to steric hindrance. 

The deprotection of the tetrazole moiety of indole 5.58a was successfully achieved 

giving rise to the corresponding 3-tetrazolyl-indole, bioisoster of 1H-indole-3-carboxylic 

acid, in excellent yield. 
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Abstract 

In this chapter the experimental procedures used during this PhD project as well as 

structure characterization of all new compounds are described.  
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6.1 Reagents 

All reagents were purchased from commercial sources and used without any further 

purification. 

 

6.2 Solvents 

The solvents were purified following known procedures reported in the literature.1 

 

6.3 Equipment  

o Melting point 

Melting points (m.p.) were determined with a Falc Melting Point heated plate 

microscope, with the use of open capillaries and are uncorrected. 

 

o Infrared spectroscopy  

 Infrared spectra (IR) were obtained on an Agilent Technologies Cary 630 FTIR 

spectrometer through the Attenuated Total Reflectance method (ATR) or on a PerkinElmer 

1720X FTIR spectrometer (samples were measured as KBr disks). The main bands are 

given in cm-1. 

 

o Nuclear magnetic resonance spectroscopy  

Nuclear magnetic resonance spectra (NMR) were obtained on a Brucker Avance III 

spectrometer. 1H NMR spectra were recorded with the instrument operating at 400 MHz 

or 500 MHz and 13C NMR spectra at 100 MHz or 126 MHz. Deuterated chloroform 

(CDCl3) and dimethyl sulfoxide (DMSO-d6) were used as solvents. Chemical shift 

values(δ)  are given in parts per million (ppm) relative to tetramethyl silane (TMS), and the 

coupling constants (J) are expressed in Hz. 

 

o Mass spectroscopy 

Mass spectra were recorded under electrospray ionization (ESI). HRMS spectra were 

recorded on a Finnigan MAT95 S instrument. 
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o Chromatography 

Thin-layer Chromatography (TLC) analysis was used to follow the evolution of the 

reactions and performed using precoated 60 F254 silica gel plates. Flash chromatography 

was performed using silica gel 60 (0.040-0.063 mm) (supplied by Merck, Macharey-Nagel 

or Fluka) as stationary phase.  

 

6.4 Index of new compounds 

Chapter 2. Hetero-Diels-Alder approach to bis(indolyl)methanes 
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Chapter 3. Natural deep eutectic solvents in the hetero-Diels-Alder approach to 

bis(indolyl)methanes 

 

Chapter 4. Conjugate addition of pyrazoles to halogenated nitroso- and azoalkenes: a 

new entry to novel bis(pyrazol-1-yl)methanes 
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Chapter 5. Synthesis of 3-(1H-tetrazol-5-yl)-indoles 

 

 

6.5 Synthesis related to Chapter 2 

6.5.1 Synthesis of α,α’-dihalooximes and hydrazones   

o General procedure for the synthesis of α,α’-dihalooximes 2.732 

α,α’-Dihalooximes 2.73 were prepared following known procedures with slight 

modifications 2. To a solution of the appropriate α,α’-haloketone 2.72 (12 mmol) in ethanol 

(30 mL) hydroxylamine hydrochloride (36 mmol) was added. The reaction mixture was 

stirred at room temperature during 48 h. After, the solvent was evaporated under reduced 

pressure. To the reaction crude cold water (30 mL) was added giving white solids, which 

were filtered, washed with water, and recrystallized. 

 

2,2-Dibromo-1-(4-bromophenyl)ethan-1-one oxime2 (2.73a) 

 According to the general procedure starting from 2,2-dibromo-1-(4-

bromophenyl)ethan-1-one. Purification of the product by crystallization 

in carbon tetrachloride (CCl4). 

Yield: 72%; white solid; m.p. 101.0-103.0 ºC (from CCl4) (lit. 100.0-101.0 ºC)2; 1H NMR  

(400 MHz, DMSO-d6): δ = 7.51 (s, 1H, CH), 7.68 (d, J = 8.5 Hz, 2H, Ar), 7.75 (d, J = 8.5 

Hz, 2H, Ar), 12.8 (br s, 1H, OH) ppm. 
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2,2-Dibromo-1-(4-chlorophenyl)ethan-1-one oxime2 (2.73b) 

According to the general procedure starting from 2,2-dibromo-1-(4-

chlorophenyl)ethan-1-one. Purification of the product by crystallization 

in ethanol (EtOH). 

Yield: 78%; white solid; m.p. 107.2-108.5 ºC (from ethanol) (lit. 108.0-109.0 ºC)2; 1H 

NMR (400 MHz, DMSO-d6): δ = 6.39 (s, 1H, CH), 7.49 (d, J = 8.0 Hz, 2H, Ar), 7.95 (d, J 

= 8.0 Hz, 2H, Ar), 11.21 (br s, 1H, OH) ppm. 

 

2,2-Dibromo-1-(4-fluorophenyl)ethan-1-one oxime2 (2.73c) 

According to the general procedure starting from 2,2-dibromo-1-(4-

fluorophenyl)ethan-1-one. Purification of the product by crystallization in 

CCl4 

Yield: 75%; light yellow liquid; 1H NMR (400 MHz, CDCl3): δ = 7.13 (t, J = 8.4 Hz, 2H, 

Ar), 7.32 (s, 1H, CH), 7.83-7.87 (m, 2H, Ar), 8.93 (br s, 1H, OH) ppm. 

 

2,2-Dichloro-1-phenylethan-1-one oxime2 (2.73d) 

According to the general procedure starting from 2,2-dichloro-1-

phenylethan-1-one. Purification of the product by crystallization in 

chloroform (CCl3). 

Yield: 75%; light yellow liquid; 1H NMR  (400 MHz, DMSO-d6): δ = 6.73 (s, 1H, CH), 

7.52-7.55 (m, 3H, Ar), 7.94-7.96 (m, 2H, Ar), 11.19 (br s, 1H, OH) ppm. 

 

1,1-Dichloropropan-2-one oxime3 (2.73e) 

According to the general procedure starting from 1,1-dichloropropan-2-one with 

slight modifications. The reaction was performed with ethanol (90 mL)  as 

solvent. After completion, the solvent was evaporated, and water was added (90 mL). The 

product was extracted with dichloromethane (2 x 90 mL), dried over anhydrous Na2SO4 

and filtered. Evaporation of the solvent originates a light-yellow oil which solidifies at low 

temperature. Purification of the product by crystallization in n-hexane.   

Yield: 55%; white crystals; m.p. 37.2-38.5 ºC (from hexane) (lit. 37.0-39.0 ºC)3; IR (KBr): 

ṽ = 3332, 1705, 1373, 739 cm-1; 1H NMR  (400 MHz, DMSO-d6): δ = 1.96 (s, 3H, CH3), 

6.88 (s, 1H, CH), 11.58 (br s, 1H, OH) ppm; 13C NMR  (100 MHz, DMSO-d6 ): δ = 8.4, 

72.3, 152.5 ppm. 
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o General procedure for the synthesis of α,α’-dihalohydrazones 2.74 

α,α’-Dihalohydrazones 2.74 were prepared following known procedures with slight 

modifications.4 To a solution of the appropriate α,α’-haloketone (14.3 mmol) in diethyl 

ether (60 mL) tert-butylhydrazinecarboxylate (16.5 mmol) was added. The reaction 

mixture was stirred at room temperature during 16 h. The precipitated product was filtered, 

washed with diethyl ether and dried. Purification by crystallization. 

 

tert-Butyl 2-(2,2-dichloro-1-phenylethylidene)hydrazine-1-carboxylate4 (2.74a) 

According to the general procedure starting from 2,2-dichloro-1-

phenylethan-1-one. Purification of the product by crystallization in 

diethyl ether/n-hexane. 

Yield: 76%; white solid; m.p. 143.1-144.6 ºC (from diethyl ether/n-hexane) (lit. 143.0-

144.0 ºC)3; IR (KBr): ṽ = 3185, 2977, 1724, 1513, 1367, 1295, 1240, 1153, 1099, 744 cm-

1, 1H NMR (400 MHz, DMSO-d6): δ = 1.41 (s, 9H, CH3), 7.12 (br s, 1H, CH), 7.36-7.38 

(m, 2H, Ar), 7.54-7.55 (m, 3H, Ar), 9.32 (br s, 1H, NH) ppm. 

 

tert-Butyl 2-(1,1-dichloropropan-2-ylidene)hydrazine-1-carboxylate4 (2.74b) 

According to the general procedure starting from 1,1-dichloropropan-2-

one. Purification of the product by crystallization in diethyl ether. 

Yield: 63%; white solid; m.p. 131.0-132.2 ºC (from diethyl ether) (lit. 

130.1-132.3 ºC)4; IR (KBr): ṽ = 3197, 2983, 1708, 1537, 1253, 1144, 729 cm-1; 1H NMR 

(400 MHz, CDCl3): δ = 1.52 (s, 9H, CH3), 2.04 (s, 3H, Me), 6.39 (s, 1H, CH), 7.64 (br s, 

1H, NH) ppm; 13C NMR  (100 MHz, CDCl3): δ = 9.4, 28.2, 73.4, 82.3, 145.9, 152.0 ppm.  

 

tert-Butyl-2-[1-(4-bromophenyl)ethylidene]hydrazine-1-carboxylate5 (2.76) 

According to a known procedure.5 To a suspension of tert- 

butylcarbazate (5 mmol) in hexane (10 mL) was added slowly 1-(4-

bromophenyl)ethan-1-one (7.50 mmol). The reaction mixture was 

stirred and heated at reflux during 8 h. After cooling to room temperature, the product 

precipitated and was filtered. Purification of the product by crystallization in ethanol.  

Yield: 90%; white solid; m.p. 166.8-167.5 ºC (from ethanol) (lit. 107.0-108.0 ºC)5; 1H 

NMR  (400 MHz, CDCl3): δ = 1.54 (s, 9H, CH3), 2.16 (s, 3H, CH3), 7.48 (d, J = 8.7 Hz, 

2H, Ar), 7.66 (d, J = 8.7 Hz, 2H), 7.70 (s, 1H, NH) ppm. 
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tert-Butyl-2-[1-(4-bromophenyl)-2,2-dichloroethylidene]hydrazine-1-carboxylate6  

(2.74c) 

According to a known procedure with slight modifications.6 

To a solution of hydrazone 2.76 (3.19 mmol) in carbon tetrachloride 

(50 mL) was added N-Chlorosuccinimide (7.02 mmol) and benzoyl 

peroxide (5 mg). The reaction mixture was stirred, and carefully heated at reflux 

(isothermal reaction) during 2 h. After cooling to room temperature, the succinimide was 

filtered. Evaporation of the filtrate affords the product as a light-yellow oil which  

crystallise in diethyl ether/n-hexane. 

Yield: 80%; white solid; m.p. 162.2-163.9 ºC (from diethyl ether / hexane) (lit. 162.0-164.0 

ºC)3; IR (KBr): ṽ = 3214, 2977, 1729, 1508, 1365, 1236, 1151, 1095, 1012, 750 cm-1; 1H 

NMR (400 MHz, DMSO-d6): δ = 1.41 (s, 9H, CH3), 7.12 (s, 1H, CH), 7.30 (d,  J = 8.4 Hz, 

2H, Ar), 7.73 (d, J = 8.4 Hz, 2H, Ar), 9.80 (br s, 1H, NH) ppm; 13C NMR (100 MHz, 

DMSO-d6): δ = 27.8, 73.0, 80.4, 123.7, 128.0, 131.6, 131.9, 145.1, 152.2 ppm. 

 

N'-(1,1-Dichloropropan-2-ylidene)-4-methylbenzenesulfonohydrazide7 (2.78a) 

 According to a known procedure.7 To a solution of p-toluenesulfonyl hydrazide 

(36 mmol) in propionic acid (30 mL), the 1,1-dichloropropan-2-one (39 mmol) 

was added. The reaction mixture was stirred at room temperature during 4 h. 

After completion, cyclohexane (30 mL) was added and the rection mixture was 

cooled in an ice bath. The product precipitates, is filtered and washed with 

cyclohexane.  

Yield: 83%; white solid; m.p. > 136.8 ºC (decomposition from cyclohexane) (lit. 137.0-

138.0 ºC, decomp.)7; 1H NMR  (400 MHz, CDCl3): δ = 2.00 (s, 3H, CH3), 2.44 (s, 3H, 

CH3), 6.18 (br s, 1H, CH), 7.34 (d, J = 8.0 Hz, 2H, Ar), 7.82 ( d, J = 8.4 Hz, 2H), 8.07 (br 

s, 1H, NH) ppm; 13C NMR (100 MHz, CDCl3): δ = 10.0, 21.7, 72.3, 127.9, 129.8, 134.8, 

144.8, 150.4 ppm.  
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(E)-1-(1,1-Dichloropropan-2-ylidene)-2-(2,4-dinitrophenyl)hydrazine8 (2.78b) 

According to a known procedure.8 To a solution of 1,1-dichloropropan-2-one 

(3.75 mmol) in the minimum volume of diethyl phosphonate a solution of 2,4-

dinitrofenilhidrazina (25% H2O) (5 mmol) in diethyl phosphonate (20 mL) was 

added. The reaction mixture was stirred at room temperature during 4 h. After 

completion, an equal volume of water was added and the product precipitated, 

which was filtered and washed with petroleum ether. Purification by crystallization in 

petroleum ether. 

Yield: 95%; orange solid; m.p. 108.3-108.8 ºC (from petroleum ether); IR (KBr): ṽ = 3317, 

3094, 1613, 1283, 1101, 731 cm-1; 1H NMR (400 MHz, CDCl3): δ = 2.30 (s, 3H, CH3), 

6.42 (s, 1H, CH), 7.95 (d, J = 9.5, 1H, Ar), 8.38 (dd, J = 9.5 Hz, 2.4 Hz, 1H, Ar), 9.14 (d, 

J = 2.5 Hz, 1H, Ar), 11.0 (s, 1H, NH) ppm; 13C NMR (100 MHz, CDCl3): δ = 10.4, 72.5, 

116.8, 123.2, 130.2, 130.6, 139.3, 144.5, 150.3 ppm. 

 

6.5.2 Indole alkylation  

 

1-Benzyl-1H-indole9 (2.81g) 

According to a known procedure.9 To a solution of NaOH [50% (m/m) 107 mL)] 

the indole 2.81a (0.04 mmol), tetrapropylammonium bromide (0,04 mmol) and 

benzyl bromide (0.05 mmol) were added. The reaction mixture was stirred at 

room temperature during 2 h. The mixture was extracted with dichloromethane 

(3 x 20 mL). The combined organic layers were washed with brine, dried over anhydrous 

Na2SO4, filtered, and the solvent evaporated off. The product was precipitated with 

dichloromethane/n- hexane, filtered, and washed with n-hexane. 

Yield: 78%; white solid; m.p. 43.2-44.1 ºC ( from n-hexane) (lit. 43.0-44.0 ºC)9;   1H NMR 

(400 MHz, CDCl3): δ = 5.27 (s, 2H, CH2), 6.54 (d, J = 3.2 Hz, 1H, Ar), 7.06-7.09 (m, 4H, 

Ar), 7.11-7.17 (m, 1H, Ar), 7.22-7.28 (m, 4H, Ar), 7.64 (d, J = 7.6 Hz, 1H, Ar) ppm.  
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6.5.3 Synthesis of novel bis(indolyl)methanes (BIMs) via bis-hetero-Diels-Alder 

reaction of nitroso and azoalkenes with indoles 

 

o General procedures for the synthesis of bis(indolyl)methane oximes 2.82 and 

2.83 and hydrazones 2.85, 2.87 and 2.88 

 

Method A (in dichloromethane): The appropriate oxime 2.73 (1 equiv.) or hydrazone 2.74 

(1 equiv.) and the appropriate indole 2.81 (4 equiv.) were added to a suspension of Na2CO3 

(10 equiv.) in dichloromethane (30 mL). The reaction mixture was stirred for the 

appropriate time at room temperature. Upon completion, the reaction mixture was filtered 

through a Celite pad, which was washed with dichloromethane. The solvent was evaporated 

to give the crude product, which was purified by flash chromatography. 

 

Method B (in water with dichloromethane as co-solvent): The appropriate indole  2.81 (4 

equiv.) was added to a stirred solution of Na2CO3 (10 equiv.) in water (9 mL). The 

appropriate oxime 2.73 (1 equiv.) or hydrazone 2.74 (1 equiv.) in dichloromethane (1.5 

mL) was added. The reaction mixture was stirred for the appropriate time at room 

temperature. Upon completion, the mixture was extracted with dichloromethane (3 x 20 

mL), and the combined organic layers were dried with anhydrous Na2SO4. After filtration, 

the solvent was evaporated, and the obtained crude was purified by flash chromatography. 

 

Method C (in water): 1-Methyl-1H-indole (2.81b) (4 equiv.)  was added to a stirred 

solution of Na2CO3 (10 equiv.) in water (9 mL). The hydrazone 2.74a (1 equiv.) (0.83 

mmol) was added. The reaction mixture was stirred for 2 h at room temperature. Upon 

completion the mixture was extracted with dichloromethane (3 x 20 mL), and the combined 

organic layers were dried with anhydrous Na2SO4 After filtration the solvent was 

evaporated, and the target BIM hydrazone was obtained by crystallization. 

 

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(1H-indol-3-yl)methane (2.82a) 

According to the general procedures: 0.201 g (0.54 mmol) of oxime 

2.73a, 0.253 g (2.16 mmol) of indole 2.81a  and 0.572 g (5.4 mmol) 

of Na2CO3. Reaction time 36 h (Method A) or 3 h (Method B). 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:2) to (1:1)]. 
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Yield: 55% (0.132 g, Method A), 34 % (0.082 g, Method B); light yellow solid; m.p. >175.0 

ºC (decomp. dichloromethane); IR (KBr): ṽ = 3401, 1486, 1455, 1010, 922 cm-1; 1H NMR 

(400 MHz, DMSO-d6): δ = 6.89 (s, 1H, CH meso), 6.90-6.96 (m, 4H, Ar), 7.08 (t, J = 8.0 

Hz, 2H, Ar), 7.33-7.39 (m, 6H, Ar), 7.42 (d,  J = 8.0 Hz, 2H, Ar), 10.88 (br s, 2H, NH), 

11.75 (s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 30.2, 111.5, 113.1, 118.4, 

118.6, 121.1, 121.4, 123.9, 126.8, 129.6, 130.4, 135.6, 136.2, 156.4 ppm; HRMS (ESI): 

calcd. for m/z C24H19BrN3O [M + H]+ 444.0706, found 444.0713. 

 

(E)-1-[(4-Chlorophenyl)-1-hydroxyiminomethyl]bis(1H-indol-3-yl)methane (2.82b) 

and (Z)-1-[(4-Chlorophenyl)-1-hydroxyiminomethyl]bis(1H-indol-3-yl)methane 

(2.83b) 

According to the general procedures: 0.177 g (0.54 mmol) of 

oxime 2.73b, 0.253 g (2.16 mmol) of indole 2.81a and 0.572 g 

(5.4 mmol) of Na2CO3. Reaction time 36 h (Method A) or 3 h 

(Method B). Purification of the products by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:2) to 

(1:1)] afforded in order of elution, compound 2.82b and 

compound 2.83b. 

Data for 2.82b:Yield: 80% (0.173 g, Method A), 64% (0.138 g, Method B); light 

brown solid; m.p. 177.7-180.9 ºC (from dichloromethane); IR (KBr): ṽ = 3401, 

1486, 1455, 1010, 922 cm-1; 1H NMR  (400 MHz, DMSO-d6): δ = 6.81 (s, 1H, CH 

meso), 6.92 (br s, 2H, Ar), 7.08 (t, J = 8.0 Hz, 2H, Ar), 7.20 (d, J = 8.0 Hz, 2H, Ar), 

7.37 (d, J = 8.0 Hz, 2H, Ar), 7.43-7.46 (m, 4H, Ar), 10.88 (br s, 2H, NH), 11.74 (br 

s, 1H, OH); 13C NMR (100 MHz, DMSO-d6): δ = 30.2, 115.5, 113.1, 118.4, 121.1, 

123.9, 126.8, 127.5, 129.3,132.6, 135.2, 136.2, 156.3 ppm; HRMS (ESI): calcd. for 

m/z C24H19ClN3O [M + H]+ 400.1208 found 400.1211. 

Data for 2.83b: Yield: 9% (0.019 g, Method B); light yellow solid; m.p. 159.3-161.5 

ºC (from dichloromethane); IR (KBr): ṽ = 3401, 1486, 1455, 1010, 922 cm-1; 1H 

NMR (400 MHz, DMSO-d6): δ = 5.74 (s, 1H, CH meso), 6.94 (d, J = 2.4 Hz, 2H, 

Ar ), 6.97 (d, J = 7.6 Hz, 2H, Ar), 7.07 (t, J = 7.2 Hz, 2H, Ar), 7.27 (d, J = 8.0 Hz, 

2H, Ar), 7.33-7.36 (m, 4H, Ar), 7.59 (d, J = 8.0 Hz, 2H, Ar), 10.81 (br s, 3H) ppm; 

13C NMR (100 MHz, DMSO-d6): δ = 40.1, 111.4, 114.4, 118.3, 119.1, 120.9, 123.9, 
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126.8, 127.6,130.0, 132.4, 133.7, 136.4, 155.7 ppm; HRMS (ESI): calcd. for m/z 

C24H19ClN3O [M + H]+ 400.1208 found 400.1211. 

 

(E)-1-[(4-Fluorophenyl)-1-hydroxyiminomethyl]bis(1H-indol-3-yl)methane (2.82c) 

 According to the general procedures: 0.168 g (0.54 mmol) of 

oxime 2.73c 0.253 g (2.16 mmol) of indole 2.81a and 0.572 g 

(5.4 mmol) of Na2CO3. Reaction time 36 h (Method A) or 3 h 

(Method B). Purification of the product by flash chromatography 

[gradient ethyl acetate n-hexane from (1:2) to (1:1)].  

Yield: 33% (0.068 g, Method A), 71% (0.147 g, Method B); light brown solid; m.p. 

181.3-182.5 ºC (from n-hexane); IR (KBr): ṽ = 3410, 1698, 1600, 1509, 1456, 744 

cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 6.83 (s, 1H, CH meso), 6.91 (s, 2H, Ar), 

6.94-7.00 (m, 4H), 7.09 (pseudo t, J = 8.0 Hz, 2H, Ar), 7.38 (d, J = 8.4 Hz, 2H, Ar), 

7.43-7.47 (m, 4H, Ar), 10.88 (s, 2H, NH), 11.64 (br s, 1H, OH) ppm; 13C NMR (100 

MHz, DMSO-d6): δ = 30.3, 111.5, 113.2, 114.3 (d, CFJ = 21.2 Hz), 118.4 , 118.4, 

118.7, 121.1, 123.9, 126.9, 129.7, (d, CFJ = 8.1 Hz), 132.9 (d, CFJ = 2.8 Hz), 136.2, 

156.4, 161.8 (d, CFJ = 244 Hz) ppm; HRMS (ESI): calcd. for m/z C24H19FN3O [M + 

H]+ 384.1503 found 384.1507). 

 

(E)-1-(1-Hydroxyimino-phenylmethyl)bis(1H-indol-3-yl)methane (2.82d) (Z)-1-(1-

Hydroxyimino-phenylmethyl)bis(1H-indol-3-yl)methane (2.83d) 

According to the general procedures: 0.110 g (0.54 mmol) of oxime 

2.73d, 0.253 g (2.16 mmol) of indole 2.81a and 0.572 g (5.4 mmol) 

of Na2CO3. Reaction time 36 h (Method A) or 3 h (Method B). 

Purification of the product by flash chromatography  [gradient ethyl 

acetate: n-hexane from (1:2) to (1:1)] afforded in order of elution, 

compound 2.82d and compound 2.83d. 

Data for 2.82d: Yield: 44% (0.087 g, Method A), 42% (0.083 g, 

Method B); White solid; m.p. 183.4-184.8 ºC (from dichloromethane); IR (KBr): ṽ 

= 3410, 1724, 1710, 1458, 1373, 1249, 1045, 744, 696 cm-1; 1H NMR (400 MHz, 

DMSO-d6): δ = 6.82 (s, 1H, CH meso), 6.88 (d, J = 1.8 Hz, 2H, Ar), 6.94 (t, J = 7.2 

Hz, 2H, Ar), 7.08 (t, J = 7.2 Hz, 2H, Ar), 7.14-7.19 (m, 3H, Ar), 7.37 (d, J = 8.0 Hz, 

2H, Ar), 7.40-7.42 (m, 2H, Ar), 7.45 (d, J = 8.0 Hz, 2H, Ar), 10.85 (s, 2H, NH), 
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11.59 (br s, 1H, OH)  ppm; 13C NMR (100 MHz, DMSO-d6): δ = 30.3, 115.5, 113.4, 

118.3, 118.7, 121.1, 123.9, 126.9, 127.5, 127.6, 127.9, 136.1, 136.6, 157.2 ppm; 

HRMS (ESI): calcd. for m/z C24H20N3O [M + H]+ 366.1601 found 366.1592. 

Data for 2.83d: Yield: 12% (0.024 g) (Method B); white solid; m.p. 202.3-203.4 ºC 

(from dichloromethane); IR (KBr): ṽ = 3410, 1724, 1710, 1458, 1373, 1249, 1045, 

744, 696 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 5.77 (s, 1H), 6.96 (d, J = 2.0 

Hz, 2H), 7.00 (t, J = 7.2 Hz, 2H), 7.11 (t, J = 7.2 Hz, 2H), 7.29-7.32 (m, 5H), 7.39 

(d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 10.69 (s, 1H), 10.83 (br s, 2H) ppm; 

13C NMR (100 MHz, DMSO-d6) δ = 40.2, 111.4, 114.8, 118.2, 119.1, 120.8, 123.9, 

126.9, 127.5, 127.7, 128.1, 135.1, 136.4, 156.6 ppm; HRMS (ESI): calcd. for m/z 

C24H20N3O [M + H]+ 366.1601, found 366.1592. 

 

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(1-methyl-1H-indol-3-yl) 

methane (2.82e) 

 According to the general procedures: 0.201 g (0.54 mmol) of oxime 

2.73a, 0.283 g (2.16 mmol) of indole 2.81b and 0.572 g (5.4 mmol) 

of Na2CO3. Reaction time 36 h (Method A) or 3 h (Method B). 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:2) to (1:1)].  

Yield: 63% (0.161 g) (Method A), 70% (0.179 g) (Method B); light pink solid; m.p. 161.3-

162.7 ºC (from dichloromethane); IR (KBr): ṽ = 3276, 3224, 1485, 1331, 1011, 939 cm-1; 

1H NMR (400 MHz, DMSO-d6): δ = 3.70 (s, 3H, CH3), 6.78 (s, 1H, CH meso), 6.96-7.00 

(m, 4H, Ar), 7.14 (t, J = 7.2 Hz, 2H, Ar), 7.34-7.45 (m, 9H, Ar), 11.76 (br s, 1H, OH) ppm; 

13C NMR (100 MHz, DMSO-d6): δ = 30.1, 32.4, 109.7, 112.3, 118.6, 118.7, 121.3, 121.4, 

127.2, 128.2, 129.5, 130.5, 135.4, 136.6, 156.1 ppm; HRMS (ESI): calcd. for m/z 

C26H23BrN3O [M + H]+ 471.0946 found 471.0953. 
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(Z)-1-(1-Hydroxyiminomethyl)bis(1H-indol-3-yl)methane (2.82f) and (E)-1-(1-

Hydroxyiminomethyl)bis(1H-indol-3-yl)methane (2.83f) 

 According to the general procedures: 0.077 g (0.54 mmol) of oxime 

2.73e, 0.253 g (2.16 mmol) of indole 2.81a and 0.572 g (5.4 mmol) of 

Na2CO3. Reaction time 36 h (Method A) or 3 h (Method B). 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:2) to (1:1)] afforded in order of elution, 

compound 2.82f and compound 2.83f. 

Data for 2.82f: Yield: 9% (0.015 g, Method A); white solid; m.p. 

68.2-69.6 ºC (from dichloromethane); IR: ṽ = 3426, 1707, 1455 1430, 1373, 1239, 

1041 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 1.67 (s, 3H, CH3), 6.39 (s, 1H, CH 

meso), 6.94 (t, J = 7.2 Hz, 2H, Ar), 7.08 (t, J = 7.2 Hz, 2H, Ar), 7.13 (d, J = 1.6 Hz, 

2H, Ar), 7.37 (d, J = 8.0 Hz, 2H, Ar), 7.43 (d, J = 8.0 Hz, 2H, Ar), 10.61 (s, 1H, 

OH), 10.91 (br s, 2H, NH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 17.1, 30.5, 

111.4, 113.3, 118.3, 118.6, 121.0, 123.4, 126.9, 136.2, 156.1 ppm; HMRS (ESI): 

calcd. for m/z C24H20N3O [M + H]+ 304.1442 found 304.1444. 

Data for 2.83f: Yield: 19% (0.031 g, Method A), 57% (0.093 g, Method B); white solid; 

m.p  > 120.0 ºC (decomp, diethyl ether); IR: ṽ = 3416, 1705, 1458, 1425, 1370, 1247, 1043 

cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 1.78 (s, 3H, CH3), 5.38 (s, 1H, CH meso), 6.94 

(pseudo t, J = 7.4 Hz, 7.2 Hz  2H, Ar), 7.07 (pseudo t, J = 7.2 Hz, 6.4 Hz, 2H, Ar), 7.12 (d, 

J = 2.0 Hz, 2H, Ar), 7.37 (d, J = 8.4 Hz, 2H, Ar), 7.46 (d, J = 8.0 Hz, 2H, Ar), 10.41 (s, 

1H, OH), 10.90 (br s, 2H, NH) ppm; 13C NMR  (100 MHz, DMSO-d6): δ = 12.2, 111.4, 

114.2, 118.2, 118.9, 120.9, 123.4, 126.8, 136.3, 156.9 ppm; HMRS (ESI): calcd, for m/z 

C24H20N3O [M + H]+ 304.1442 found 304.1444. 
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(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(5-bromo-1H-indol-3-yl) 

methane (2.82g) and (Z)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(5-bromo-

1H-indol-3-yl)methane (2.83g) 

 According to the general procedure: 0.201 g (0.54 mmol) of oxime 

2.73a, 0.423 g (2.16 mmol) of indole 2.81c and 0.572 g (5.4 mmol) 

of Na2CO3. Reaction time 3 h (Method B). Purification of the product 

by flash chromatography [gradient ethyl acetate:n-hexane from 

(1:2) to (1:1)] afforded in order of elution, compound 2.82g and 

compound 2.83g. 

Data for 2.82g: Yield: 41% (0.133 g, Method B); light brown 

solid; m.p. > 161.2 ºC (decomp., dichloromethane); IR: ṽ = 3423, 2918, 1587, 1458, 

1103, 1072, 1022, 1011, 885, 798 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 6.71 

(s, 1H, CH meso), 7.04 (d, J = 2.0 Hz, 2H, Ar), 7.19 (d, J = 2.0 Hz, 2H, Ar), 7.21 (d, 

J = 2.0 Hz, 1H, Ar), 7.29-7.30 (m, 1H, Ar), 7.31-7.32 (m, 1H, Ar), 7.34-7.38 (m, 

4H, Ar), 7.54 (d, J = 2.0 Hz, 2H, Ar), 11.16 ( d, J = 2.4 Hz, 2H, NH), 11.90 (br s, 

1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 30.0, 111.1, 112.3, 113.7, 120.7, 

121.6, 123.7, 125.6, 128.5, 129.5, 130.6, 134.9, 135.2, 155.8 ppm; HMRS (ESI): 

calcd for  m/z C24H17Br3N3O [M + H]+ 599.89163 found 599.89128. 

Data for 2.83g: Yield: 10% (0.033 g, Method B); m.p. > 155.7 ºC (decomp., 

dichloromethane); IR: ṽ = 3431, 2922, 1578, 1463, 1143, 1085, 1043, 1023, 910 cm-

1; 1H NMR (400 MHz, DMSO-d6): δ = 5.78 (s, 1H, CH meso), 7.09 (d, J = 2.4 Hz, 

2H, Ar), 7.16 (dd, J = 1.6 Hz, 8.8 Hz, 2H, Ar), 7.27 (d, J = 8.4 Hz, 2H, Ar), 7.31 (d, 

J = 8.8 Hz, 2H, Ar), 7.49 (d, J = 8.4 Hz, 2H, Ar), 7.70 ( d, J = 1.6 Hz, 2H, Ar), 10.91 

(s, 1H, OH), 11.03 (br s, 2H, NH) ppm; HMRS (ESI): calcd for m/z C24H17Br3N3O 

[M + H]+ 599.8916 found 599.8913. 

 

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(5-methoxy-1H-indol-3-yl) 

methane (2.82h) 

According to the general procedures: 0.201 g (0.54 mmol) of 

oxime 2.73a, 0.318 g (2.16 mmol) of indole 2.81d and 0.572 g 

(5.4 mmol) of Na2CO3. Reaction time 36 h (Method A) or 3 h 

(Method B). Purification of the product by flash chromatography 

[gradient ethyl acetate:n-hexane from (1:2) to (1:1)].   
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Yield: 71% (0.193 g, Method A), 78% (0.062 g, Method B); light brown solid; m.p. 

> 148.7 ºC (decomp., dichloromethane); IR: ṽ = 3394, 1587, 1487, 1215, 1173 1038, 

930 cm-1; 1H NMR  (400 MHz, DMSO-d6): δ = 3.66 (s, 6H, CH3), 6.68 (br s, 1H, 

CH meso), 6.73 (dd, J = 2.4 Hz, 8.8 Hz, 2H, Ar), 6.91 (dd, J = 2.4 Hz, 6.0 Hz, 4H, 

Ar), 7.26 (d, J = 8.8 Hz, 2H, Ar), 7.31 (d, J = 8.8 Hz, 2H, Ar), 7.34 (d, J = 8.8 Hz, 

2H, Ar), 10.72 (br s, 2H, NH), 11.78 (s, 1H, OH) ppm; 13C NMR  (100 MHz, DMSO-

d6): δ = 30.3, 55.2, 100.8, 111.0, 112.1, 112.5, 121.4, 124.5, 127.2, 129.6, 130.4, 

131.3, 135.7, 152.9, 156.3 ppm; HMRS (ESI): calcd. for m/z C26H23BrN3O3 [M + 

H]+ 504.0917 found 504.0912). 

 

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(5-hydroxy-1H-indol-3-yl) 

methane (2.82i) 

According to the general procedures: 0.201 g (0.54 mmol) of oxime 

2.73a, 0.288 g (2.16 mmol) of indole 2.81e and 0.572 g (5.4 mmol) 

of Na2CO3. Reaction time 36 h (Method A) or 3 h (Method B). 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:2) to (1:1)].   

Yield: 23% (0.059 g, Method A), 78% (0.200 g, Method B); light brown solid; m.p. 

> 188.2 ºC (decomp., dichloromethane); IR: ṽ = 3392, 3298, 1705, 1585, 1487, 1458, 

1196, 1184 cm-1; 1H NMR  (400 MHz, DMSO-d6): δ = 6.53 (br s, 1H, CH meso), 

6.59 (dd, J = 2.4 Hz, 8.8 Hz, 2H, Ar), 6.73 (br s, 4H, Ar), 7.14 (d, J = 8.8 Hz, 2H, 

Ar), 7.34 (d, J = 8.8 Hz, 2H, Ar), 7.42 (d, J = 8.8 Hz, 2H, Ar), 8.58 (br s, 2H, Ar), 

10.52 (d, J = 2.0 Hz, 2H, NH), 11.64 (br s, 1H, OH) ppm; 13C NMR  (100 MHz, 

DMSO-d6): δ = 30.3, 102.7, 111.4, 111.7, 112.2, 121.3, 124.2, 127.6, 129.6, 130.3, 

130.7, 135.6, 150.1, 156.3 ppm; HMRS (ESI): calcd. for m/z C24H19BrN3O3 [M + 

H]+ 476.0604 found 476.0598. 

 

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(5-methyl-1H-indol-3-yl) 

methane (2.82j) 

According to the general procedures: 0.201 g (0.54 mmol) of oxime 

2.73a, 0.283 g (2.16 mmol) of indole 2.81f and 0.572 g (5.4 mmol) 

of Na2CO3. Reaction time 36 h (Method A) or 3 h (Method B). 
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Purification of the product by flash chromatography [gradient ethyl acetate:n-hexane from 

(1:2) to (1:1)].   

Yield: 20% (0.051 g, Method A), 55% (0.140 g, Method B); light brown solid; m.p. 

> 171.3 ºC (decomp., dichloromethane); IR: ṽ = 3292, 2979, 1724, 1697, 1502, 1458, 

1369, 1263, 1246, 1159 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 2.31 (s, 6H, CH3). 

6.71 (s, 1H, CH meso), 6.79 (br s, 2H, Ar), 6.90 (d, J = 8.4 Hz, 2H, Ar), 7.18 (br s, 

2H, Ar), 7.24 (d, J = 8.4 Hz, 2H, Ar), 7.34 (br s, 4H, Ar), 10.71 (br s, 2H, NH), 11.68 

(s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 21.3, 30.1, 111.2, 112.7, 

118.2, 121.4, 122.8, 123.9, 126.7, 127.0, 129.7, 130.4, 134.6, 135.7, 156.5 ppm; 

HRMS (ESI):calcd. for m/z C26H23BrN3O [M + H]+ 472.1019 found 472.1015. 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1-methyl-1H-indol-3-yl) 

methane (2.85a) 

 According to the general procedures: 0.200 g (0.83 mmol) of 

hydrazone 2.74a, 0.435 g (3.32 mmol) of indole 2.81b   and 

0.880 g (8.3 mmol) of Na2CO3. Reaction time 24 h (Method 

A), 3 h (Method B) or 2 h (Method C). Purification of the 

product by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to 

(1:2)] (Method A and B) or by crystallization in diethyl ether (Method C). 

Yield: 29% (0.104 g, Method A), 27% (0.096 g, Method B), 49% (0.175 g, (Method 

C); white solid; m.p. > 177.6 ºC (decomp., Hexanes); IR: ṽ = 3251, 2979, 1721, 

1699, 1524, 1474, 1369, 1330, 1284, 1245, 1158 cm-1; 1H NMR  (400 MHz, CDCl3): 

δ = 1.52 (s, 9H, CH3), 1.85 (s, 3H, CH3), 3.72 (s, 6H, CH3), 5.66 (s, 1H, CH meso) 

6.87 (br s, 2H, Ar), 7.05 (t, J = 8.0 Hz, 2H, Ar), 7.19-7.29 (m, 4H, Ar), 7.42 (br s, 

1H, NH), 7.59 (d, J = 8.0 Hz, 2H, Ar) ppm; NMR 13C (100 MHz, CDCl3): δ = 13.4, 

28.4, 32.8, 43.6, 80.8, 109.1, 114.1, 118.9, 120.3, 121.6, 127.5, 127.7, 137.2, 152.8, 

153.7 ppm; HMRS (ESI) calcd. for m/z C26H31N4O2 [M + H]+ 431.2442 found 

431.2442. 
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(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1-benzyl-1H-indol-3-yl)methane 

(2.85b) 

 According to the general procedures: 0.200 g (0.83 mmol) of 

hydrazone 2.74a, 0.688 g (3.32 mmol) of indole 2.81g and 0.880 

g (8.3 mmol) of Na2CO3. Reaction time 24 h (Method A) or 3 h 

(Method B). Purification of the product by flash chromatography 

[gradient ethyl acetate:n-hexane from (1:3) to (1:2)]. 

Yield: 31% (0.150 g, Method A), 29% (0.140 g, Method B); light brown solid; m.p. 

180.6-181.4 ºC (from hexanes); IR: ṽ = 3238, 1699, 1468, 1454, 1402, 1363, 1331, 

1252, 1157, 739 cm-1; 1H NMR  (400 MHz, CDCl3): δ = 1.52 (s, 9H, CH3), 1.83 (s, 

3H, CH3), 5.25 (s, 4H, CH2), 5.73 (s, 1H, CH meso), 6.95 (br s, 2H, Ar), 7.01-7.06 

(m, 5H, Ar), 7.12-7.16 (m, 2H, Ar), 7.21-7.28 (m, 9H, Ar), 7.43 (br s, 1H, NH), 7.61 

(d, J = 8.0 Hz, 2H, Ar) ppm; 13C NMR (100 MHz, CDCl3): δ = 13.2, 28.4, 43.8, 

50.0, 80.9, 109.6, 114.6, 119.2, 120.6, 121.9, 126.6, 127.2, 127.5, 127.8, 128.7, 

136.9, 137.7, 152.8, 153.2 ppm; HMRS (ESI): calcd. for m/z C38H39N4O2 [M + H]+ 

583.3068 found 583.3059). 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1H-indol-3-yl)methane (2.85c) 

According to the general procedures: 0.200 g (0.83 mmol) of hydrazone 

2.74a, 0.389 g (3.32 mmol) of indole 2.81a and 0.880 g (8.3 mmol) of 

Na2CO3. Reaction time 24 h (Method A) or 3 h (Method B). Purification 

of the product by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to 

(1:2)].  

Yield: 22% (0.73 g, Method A), 55% (0.184 g, Method B); white solid; m.p. > 179.8 

ºC (decomp, ethyl acetate); IR: ṽ = 3435, 3263, 1714, 1498, 1456, 1433, 1365, 1248, 

1161, 1124, 750, 742 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 1.47 (s, 9H, CH3), 

1.83 (s, 3H, CH3), 5.38 (s, 1H, CH meso), 6.93 (t, J = 7.2 Hz, 2H, Ar), 7.06 (t, J = 

7.2 Hz, 2H, Ar), 7.16 (d, J = 1.6 Hz, 2H, Ar), 7.36 (d, J = 8.0 Hz, 2H, Ar), 7.44 (d, 

J = 8.0 Hz, 2H, Ar), 9.35 (br s, 1H, NH), 10.91 (br s, 2H, NH) ppm; 13C NMR (100 

MHz, DMSO-d6): δ = 14.4, 28.1, 43.0, 78.9, 111.4, 114.1, 118.3, 118.9, 120.9, 

123.4, 126.8, 136.2, 153.3, 155.4  ppm; HMRS (ESI): calcd. for m/z C24H27N4O2 [M 

+ H]+  403.21285 found 403.21232. 
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(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(5-hydroxy-1H-indol-3-yl) 

methane (2.85d) 

According to the general procedures: 0.200 g (0.83 mmol) of 

hydrazone 2.74a, 0.450 g (3.32 mmol) of indole 2.81a and 

0.880 g (8.3 mmol) of Na2CO3. Reaction time 24 h (Method A) 

or 3 h (Method B). Purification of the product by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:2)]. 

Yield: 21% (0.076 g, Method A), 55% (0.198 g, Method B); light brown solid; m.p. 

> 192.3 ºC (decomp., dichloromethane); IR: ṽ = 3400, 3330, 1716, 1703, 1495, 

1468, 1458, 1433, 1392, 1385, 1369, 1246, 1219, 1188, 1159 cm-1; 1H NMR (400 

MHz, DMSO-d6): δ = 1.46 (s, 9H, CH3), 1.81 (s, 3H, CH3), 5.12 (s, 1H, CH meso), 

6.58 (dd, J = 2.0 Hz, 8.8 Hz, 2H, Ar), 6.71 (d, J = 2.0 Hz, 2H, Ar), 7.14 (d, J = 8.8 

Hz, 2H, Ar), 8.57 (s, 2H, Ar), 9.31 (br s, 1H, NH), 10.58 (br s, 2H, NH) ppm; 13C 

NMR (100 MHz, DMSO-d6): δ = 14.2, 28.2, 43.2, 78.8, 102.9, 111.3, 111.6, 113.2, 

123.8, 127.5, 130.8, 150.1, 150.4 ppm; HMRS (ESI): calcd. for m/z C24H27N4O4 [M 

+ H]+ 435.2027 found 435.2019. 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(5-methyl-1H-indol-3-yl) 

methane (2.85e)  

According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 2.74a, 0.435 g (3.32 mmol) of indole 2.81e and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 3 h (Method B). Purification of 

the product by flash chromatography [gradient ethyl acetate:n-hexane 

from (1:3) to (1:2)]. 

Yield: 43% (0.154 g, Method B); light brown solid; m.p. > 186.4 ºC (decomp., hexanes); 

IR: ṽ = 3411, 3317, 1722, 1703, 1504, 1367, 1244, 1161 cm-1; 1H NMR (400 MHz, DMSO-

d6): δ = 1.47 (s, 9H, CH3), 1.82 (s, 3H, CH3), 2.33 (s, 6H, CH3), 5.31 (s, 1H, CH meso), 

6.89 (d, J = 8.4 Hz, 2H, Ar), 7.08 (br s, 2H Ar), 7.24-7.26 (m, 4H, Ar), 9.34 (br s, 1H, NH), 

10.77 (br s, 2H, NH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 14.3, 21.3, 28.1, 42.9, 

78.8, 111.1, 113.6, 118.5, 122.5, 123.5, 126.6, 127.0, 134.6, 153.2, 155.5 ppm; HMRS 

(ESI): calcd. for m/z C26H31N4O2 [M + H]+ 431.2442 found 431.2434.  
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(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(5-bromo-1H-indol-3-yl)methane  

(2.85f) 

According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 2.74a, 0.651 g (3.32 mmol) of indole 2.81c and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 3 h (Method B). Purification 

of the product by flash chromatography [gradient ethyl acetate:n-

hexane from (1:3) to (1:2)]. 

Yield: 63% (0.293 g) (Method B); pink solid; m.p. > 189.7 ºC (decomp., hexanes); IR: ṽ = 

3421, 3292, 2979, 1724, 1697, 1502, 1458, 1433, 1392, 1369, 1263, 1246, 1159, 1049, 

885, 793 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 1.47 (s, 9H, CH3), 1.83 (s, 3H, CH3), 

5.32 (s, 1H, CH meso), 7.16 (dd, J = 2.0 Hz, 8.8 Hz, 2H, Ar), 7.31 (br s, 2H, Ar), 7.33 (d, 

J = 8.8 Hz, 2H, Ar), 7.60 (br s, 2H, Ar), 9.40 (s, 1H, NH), 11.15 (br s, 2H, NH) ppm; 13C 

NMR (100 MHz, DMSO-d6): δ = 14.7, 28.2, 42.6, 79.0, 111.0, 113.4, 113.9, 121.3, 123.4, 

125.3, 128.6, 135.1, 153.3, 154.3 ppm; HMRS (ESI): calcd. for m/z C24H25N4O2 [M + H]+ 

559.0339 found 559.0330. 

 

1-Acetyl-1-bis(5-methyl-1H-indol-3-yl) (2.86) 

According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 2.74a, 0.435 g (3.32 mmol) of indole 2.81e and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 3 h. Purification of the product 

by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:2)]. 

Yield: 17 % (0.065 g, Method B); brown solid; m.p. 94.8-95.6 ºC (from hexanes); 

IR: ṽ = 3400, 2920, 1705, 1485, 1423, 1246, 1159, 796 cm-1; 1H NMR (400 MHz, 

CDCl3): δ = 2.32 (s, 3H, CH3), 2.42 (s, 6H, CH3), 5.49 (br s, 1H, CH meso), 6.96 (d, 

J = 2.8 Hz, 2H, Ar), 7.02 (d, J = 8.0 Hz, 2H, Ar), 7.23 (s, 2H, Ar), 7.25 (s, 1H, Ar), 

7.32 (s, 2H, Ar), 8.07 (br s, 2H, NH) ppm; 13C NMR (100 MHz, CDCl3): δ = 21.5, 

28.8, 48.2, 111.0, 112.9, 118.7, 123.6, 123.9, 127.1, 129.0, 134.8, 207.6 ppm; 

HMRS (ESI): calcd. for m/z C21H21N2O2 [M + H]+ 317.1648 found 317.1649. 
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(E)-1-[Phenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(1H-indol-3-yl)methane 

(2.87a) 

According to the general procedure: 0.252 g (0.83 mmol) of 

hydrazone 2.74b, 0.389 g (3.32 mmol) of indole 2.81a and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 12 h (Method B). 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:3) to (1:2)]. 

Yield: 29% (0.112 g, Method B); light brown solid; m.p. > 175.6 ºC (decomp., hexanes); 

IR: ṽ = 3413, 3357, 3321, 1726, 1483, 1456, 1367, 1236, 1095, 742 cm-1; 1H NMR (400 

MHz, CDCl3): δ = 1.48 (s, 9H, CH3), 5.73 (s, 1H, CH meso), 6.75 (br s, 2H, Ar), 6.99-7.03 

(m, 4H, Ar), 7.14 (t, J = 7.6 Hz, 2H, Ar), 7.28 (d, J = 8.0 Hz, 2H, Ar), 7.34-7.37 (m, 3H, 

Ar), 7.51 (d, J = 7.2 Hz, 2H, Ar), 7.66 (br s, 1H, NH), 8.20 (br s, 2H, NH) ppm; HMRS 

(ESI): calcd. for m/z C29H29N4O2 [M + H]+ 465.2285 found 465.2276. 

 

(E)-[Phenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(5-methyl-1H-indol-3-yl) 

methane (2.87b) 

According to the general procedure: 0.252 g (0.83 mmol) of 

hydrazone , 0.435 g (3.32 mmol) of indole 2.81e and 0.880 g (8.3 

mmol) of Na2CO3. Reaction time 12 h (Method B). Purification of the 

product by flash chromatography [gradient ethyl acetate:n-hexane 

from (1:3) to (1:2)].  

Yield: 7% (0.029 g, Method B); light brown solid; m.p. > 168.6 ºC (decomp., 

hexanes); IR: ṽ = 3417, 3359, 1728, 1483, 1367, 1236, 1157, 795 cm-1; 1H NMR  

(400 MHz, DMSO-d6): δ = 1.39 (s, 9H, CH3), 2.33 (s, 6H, CH3), 5.59 (s, 1H, CH 

meso), 6.87-6.91 (m, 4H, Ar), 6.94 (br s, 2H, Ar), 7.22 (d, J = 8.4 Hz, 2H, Ar), 7.36 

(br s, 5H, Ar), 8.21 (br s, 1H, NH), 10.67 (br s, 2H, NH) ppm; HMRS (ESI): calcd. 

for m/z C31H33N4O2 [M + H]+ 493.25980 found 493.25905. 
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(E)-[Phenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(5-bromo-1H-indol-3-yl) 

methane (2.87c) 

According to the general procedure: 0.252 g (0.83 mmol) of 

hydrazone 2.74a, 0.651 g (3.32 mmol) of indole 2.81c and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 12 h (Method B). Purification 

of the product by flash chromatography [gradient ethyl acetate:n-

hexane from (1:3) to (1:2)].   

Yield: 11% (0.057 g, Method B); light yellow solid; m.p. > 183.4 ºC (decomp., hexanes); 

IR: ṽ = 3413, 3356, 1730, 1483, 1456, 1369, 1157 cm-1; 1H NMR  (400 MHz, CDCl3): δ = 

1.49 (s, 9H, M CH3), 5.56 (s, 1H, CH meso), 6.84 (br s, 2H, Ar), 7.00 (br s, 2H, Ar), 7.17-

7.23 (m, 4H, Ar), 7.28 (s, 1H, Ar), 7.37-7.39 (m, 3H, Ar), 7.54 (br s, 2H, Ar), 7.72 (br s, 

1H, NH), 8.35 (br s, 2H, NH) ppm; HMRS (ESI): calcd. for m/z C29H27Br2N4O2 [M + H]+ 

621.04578 found 621.04881. 

 

(E)-[4-Bromophenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(1H-indol-3-yl) 

methane (2.87d) and (Z)-[4-Bromophenyl-1-(tert-

butoxycarbonylhydrazono)ethyl]bis(1H-indol-3-yl)methane (2.88d) 

According to the general procedure: 0.317 g (0.83 mmol) of 

hydrazone 2.74c, 0.389 g (3.32 mmol) of indole 2.81a and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 12 h (Method B). 

Purification of the product by flash chromatography [gradient 

ethyl acetate:n-hexane from (1:3) to (1:2)] afforded in order of 

elution, compound 2.87d and compound 2.88d. 

Data for 2.87d: Yield: 17% (0.077 g) (Method B); white solid; m.p. 

> 164.3 ºC (decomp., hexanes); IR: ṽ = 3411, 3361, 1726, 1483, 1456, 1238, 1157, 1092, 

1011, 744 cm-1; 1H NMR (400 MHz, CDCl3): δ = 1.32 (s, 9H, CH3), 6.07 (s, 1H, CH meso), 

6.95 (br s, 2H, Ar), 7.6-7.10 (m, 2H, Ar), 7.23-7.25 (m, 2H,Ar), 7.37-7.42 (m, 6H, Ar), 

7.71 (d, J = 8.8 Hz, 2H, Ar), 8.19 (br s, 2H, NH), 8.91(br s, 1H, NH) ppm; HMRS (ESI): 

calcd. for m/z C29H28BrN4O2 [M + H]+ 543.13902 found 543.13847. 

Data for 2.88d: Yield: 12% (0.054 g) (Method B); white solid; m.p. > 169.8 ºC 

(decomp., hexanes); IR: ṽ = 3408, 3361, 2964, 1728, 1483, 1261, 1093, 1012, 800 

cm-1; 1H NMR (400 MHz, CDCl3): δ = 1.32 (s, 9H, CH3), 6.08 (s, 1H, CH meso), 

6.97 (br s, 2H, Ar), 6.71 (t, J = 7.2 Hz, 2H, Ar), 7.24 (d, J = 7.2 Hz, 2H, Ar), 7.39 
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(d, J = 8.4 Hz, 2H, Ar), 7.42 (d, J = 8.0 Hz, 2H, Ar), 7.72 (d, J = 8.8 Hz, 2H, Ar), 

8.18 (br s, 2H, NH), 8.91 (br s, 1H, NH) ppm; HMRS (ESI): calcd. for m/z 

C29H28BrN4O2 [M + H]+ 543.1390 found 543.1385. 

 

(E)-[4-Bromophenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(5-methyl-1H-indol-

3-yl)methane (2.87e) 

According to the general procedure: 0.317 g (0.83 mmol) of 

hydrazone 2.74c, 0.435 g (3.32 mmol) of indole 2.81e and 0.880 g 

(8.3 mmol) of Na2CO3. Reaction time 12 h (Method B). Purification 

of the product by flash chromatography [gradient ethyl acetate:n-

hexane from (1:3) to (1:2)]. 

Yield: 13% (0.062 g, Method B); light brown solid; m.p. > 184.6 ºC (decomp., hexanes); 

IR: ṽ = 3408, 3363, 2978, 2920, 1732, 1483, 1367, 1238, 1159, 1092, 1011 cm-1; 1H NMR 

(400 MHz, CDCl3): δ = 1.48 (s, 9H, CH3), 2.37 (s, 6H, CH3), 5.74 (s, 1H, CH meso), 6.72 

(d, J = 8.0 Hz, 2H, Ar), 6.75 (d, J = 4.8 Hz, 2H, Ar), 6.97 (d, J = 8.0 Hz, 2H, Ar), 7.19 (d, 

J = 8.0 Hz, 2H, Ar), 7.30 (br s, 2H, Ar), 7.40 (d, J = 8.0 Hz, 2H, Ar), 7.46 (br s, 1H, NH), 

8.05 (br s, 2H, NH) ppm; HMRS (ESI): calcd. for m/z C31H32BrN4O2 [M + H]+ 571.1703 

found 571.1702. 

 

(E)-1-[1-(p-Toluenesulphonylhydrazono)ethyl]bis(1H-indol-3-yl)methane (2.89a) 

According to the general procedures: 0.245 g (0.83 mmol) of 

hydrazone 2.78a, 0.389 g (3.32 mmol) of indole 2.81a and 0.880 

g (8.3 mmol) of Na2CO3. Reaction time: 24 h (Method A), 3 h 

(Method B). Purification of the product by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:3) to 

(1:2)].  

Yield: 19% (0.072 g, Method A), 41% (0.155 g, Method B); light orange solid; m.p. 159.2-

162.3 ºC (from diethyl ether); IR: ṽ = 3408, 3221, 1458, 1336, 1165, 1092, 742, 677, 669 

cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 1.77 (s, 3H, CH3), 2.45 (s, 3H, CH3), 5.27 (s, 

1H, CH meso), 6.78 (t, J = 7.2 Hz, 2H, Ar), 7.04(t, J = 7.2 Hz, 2H, Ar), 7.13 (d, J = 2.0 Hz, 

2H, Ar), 7.15 (d, J = 8.0 Hz, 2H, Ar), 7.33 (d, J = 4.0 Hz, 2H, Ar), 7.40 (d, J = 8.0 Hz, 2H, 

R), 7.78 (d, J = 8.4 Hz, 2H, Ar), 9.99 (br s, 1H, NH), 10.91 (br s, 2H, NH) ppm; 13C NMR 

(100 MHz, DMSO-d6) δ = 14.5, 21.2, 43.0, 111.3, 113.2, 118.3, 118.8, 120.9, 123.4, 126.6, 
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127.6, 129.3, 136.2, 136.3, 142.9, 159.3 ppm; HMRS (ESI): calcd. for m/z C26H25N4O2S 

[M + H]+ 457.1693 found 457.1690. 

 

(E)-1-[1-(2,4-Dinitrophenylhydrazono)ethyl]bis(1H-indol-3-yl)methane (2.89b) 

According to the general procedure: 0.255 g (0.83 mmol) of 

hydrazone 2.78b, 0.389 g (3.32 mmol) of indole 2.81a and 0.880 

g (8.3 mmol) of Na2CO3. Reaction time: 24 h (Method A), 3 h 

(Method B). Purification of the product by flash chromatography 

[gradient ethyl acetate:n-hexane from (1:3) to (1:2)].  

Yield: 63% (0.245 g, Method A), 87% (0.338 g, Method B); orange solid; m.p. > 

173.5 ºC ( decomp., hexanes); IR: ṽ = 3413, 3320, 1678, 1590, 1516, 1421, 1334, 

1312, 1280, 1088 cm-1; 1H NMR (400 MHz, DMSO-d6): δ =2.13 (s, 3H, CH3), 5.63 

(s, 1H, CH meso), 6.92-6.97 (m, 2H, Ar), 7.05-7.10 (m, 3H, Ar), 7.25 (br s, 1H, Ar), 

7.39 (t, J = 5.2 Hz, 2H, Ar), 7.49 (t, J = 5.2 Hz, 2H, Ar), 7.89-7.93 (m, 1H, Ar), 

8.34-8.37 (m, 1H, Ar), 8.86-8.88 (m, 1H, Ar), 10.88 (br s, 1H, NH), 11.01 (br s, 2H, 

NH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 14.4, 43.2, 111.5, 113.2, 116.1, 

118.5,118.8, 121.1, 123.0, 123.8, 126.7, 129.2, 130.1, 136.3, 136.8, 144.9, 160.5 

ppm; HMRS (ESI): calcd. for m/z C25H21N6O4 [M + H]+ 469.1619 found 469.1619. 

 

6.6 Synthesis related to Chapter 3 

6.6.1 Synthesis of BIMs using NADESs as solvents 

 

o General procedures for the synthesis of BIM hydrazones 3.40, 3.42 and 3.43 or 

oximes 3.41 and 3.44  using NADES 

Method D (in pure NADES): to a suspension of Na2CO3 (10 equiv.) in 5 mL of NADES 

were added the appropriate indole 3.2 (4 equiv.) and the appropriate hydrazone 3.38 (1 

equiv.) or  oxime 3.39 (1 equiv.). The reaction mixture was stirred for 3 h at room 

temperature and then diluted in water. The precipitate was filtered and washed with H2O. 

The target BIMs were purified by crystallization. 

Method E (in H2O/NADES (3:1)): to a suspension of Na2CO3 (10 equiv.) in H2O/NADES 

(6:2 mL) the appropriate indole 3.2 (4 equiv.), hydrazone 3.38 (1 equiv.) or oxime 3.39 (1 

equiv.) was added. The reaction mixture was stirred for the appropriate time. After 

completion, the reaction mixture was extracted with dichloromethane (3 × 20 mL) and the 
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combined organic layers dried over anhydrous Na2SO4. The solvent was evaporated, and 

the crude purified by flash chromatography. 

Method F (in H2O/NADES (1:3)): to a suspension of Na2CO3 (10 equiv.) in H2O/NADES 

(2:6 mL) the appropriate indole 3.2 (4 equiv.), hydrazone 3.38 (1 equiv.) and oxime 3.39 

(1 equiv., 0.54 mmol) was added. The reaction mixture was stirred for the time indicated 

in each case.  The product precipitated in the reaction medium, was isolated by filtration, 

washed with H2O, and purified by flash chromatography or by crystallization. 

 

(E)-1-[1-(p-Toluenesulphonylhydrazono)ethyl]bis(1H-indol-3-yl)methane (3.40a) 

According to the general procedures: 0.245 g (0.83 mmol) of 

hydrazone 3.38a, 0.389 g (3.32 mmol) of indole 3.2a and 0.880 

g (8.3 mmol) of Na2CO3 using  NADES based on CC/Gly (2:1)   

(Method D) and H2O/[CC/Gly (2:1)] as solvent (Method E and 

F). Reaction time: 3 h (Method D), 1 h (Method E) or 30 min. 

(Method F). Purification of the product by crystallization in diethyl ether (Method D and 

F) and by flash chromatography [gradient ethyl acetate:n-hexane from (1:2) to (1:1)] 

(Method E). 

Yield: 24% (0.091 g, Method D), 80% (0.303 g, Method E), 70% (0.262 g, Method F). The 

characterization is in agreement with those previously reported for compound 2.89a (see 

synthesis related to Chapter 2). 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1H-indol-3-yl)methane (3.40b) 

According to the general procedures: 0.200 g (0.83 mmol) of 

hydrazone 3.38b, 0.389 g (3.32 mmol) of indole 3.2a and 0.880 g (8.3 

mmol) of Na2CO3 using  NADES based on CC/Gly (2:1)   (Method 

D) and H2O/[CC/Gly (2:1)] as solvent (Method E and F). Reaction time: 3 h (Method D), 

1 h (Method E) or 30 min. (Method F). Purification of the product by crystallization in 

diethyl ether (Method D and F) and by flash chromatography [gradient ethyl acetate:n-

hexane from (1:2) to (1:1)] (Method E). 

Yield: 22% (0.073 g, Method D), 54% (0.180 g, Method E), 50% (0.167 g, Method F). The 

characterization is in agreement with those previously reported for compound 2.85c (see 

synthesis related to Chapter 2). 
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(E)-1-(1-Hydroxyiminomethyl)bis(1H-indol-3-yl)methane (3.41a) 

According to the general procedure: 0.077 g (0.54 mmol) of oxime 

3.39a, 0.253 g (2.16 mmol) of indole 3.2a and 0.880 g (5.4 mmol) of 

Na2CO3 using  NADEs  based on CC/Gly (2:1)   (Method D) and 

H2O/[CC/Gly (2:1)] as solvent (Method E and F). Reaction time: 3 h (Method D), 1 h 

(Method E) or 10 min. (Method F).  Purification of the product by crystallization in diethyl 

ether (Method D and F) or by flash chromatography [gradient ethyl acetate:n-hexane from 

(1:2) to (1:1)] (Method E). 

Yield: 28% (0.046 g, Method D), 45% (0.074 g, Method E) and 49% (0.080 g, 

Method F).  

The characterization is in agreement with those previously reported for compound 

3.82f (see synthesis related to Chapter 2). 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1-methyl-1H-indol-3-yl) 
methane(3.40c) 

 According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 3.38b, 0.435 g (3.32 mmol) of indole 3.2b and 0.880 

g (8.3 mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent 

(Method E and F). Reaction time: 1 h (Method E) or 10 min. 

(Method F). Purification of the product by flash chromatography [eluting with 

gradient ethyl ace acetate:n-hexane from (1:3) to (1:2)] (Method E) and by 

crystallization in diethyl ether (Method F).  

Yield: 56% (0.200 g, Method E) and 50% (0.179 g, Method F).  

The characterization is in agreement with those previously reported for compound 

2.85a (see synthesis related to Chapter 2). 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(5-methyl-1H-indol-3-yl) 

methane (3.40d)  

According to the general procedures: 0.200 g (0.83 mmol) of 

hydrazone 3.38b, 0.435 g (3.32 mmol) of indole 3.2c and 0.880 g (8.3 

mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent (Method E 

and F). Reaction time: 1 h (Method E) or 10 min. (Method F). Purification of the product 

by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:2)] (Method E) 

and by crystallization in diethyl ether (Method F).  
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Yield: 53% (0.189 g, Method E), 55% (0.189 g, Method F).  

The characterization is in agreement with those previously reported for compound 2.85e 

(see synthesis related to Chapter 2). 

 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(5-hydroxy-1H-indol-3-yl) 

methane (3.40e) 

According to the general procedures: 0.200 g (0.83 mmol) of 

hydrazone 3.38b, 0.253 g (3.32 mmol) of indole 3.2d   and 0.572 g 

(8.3 mmol) of Na2CO3  H2O/[CC/Gly (2:1)] as solvent. Reaction 

time 1 h (Method E) or 10 min. (Method F). Purification of the 

product by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:2)] 

(Method E) or by crystallization with diethyl ether (Method F). 

Yield: 71% (0.256 g, Method E), 64% (0.239 g, Method F). The characterization is in 

agreement with those previously reported for compound 3.85d (see synthesis related to 

Chapter 2). 

 

(E)-1-[Phenyl-1-(tert-butoxycarbonylhydrazono)methyl]bis(1H-indol-3-yl)methane 

(3.42a) 

According to the general procedures: 0.252 g (0.83 mmol) of 

hydrazone 3.38c, 0.389g (3.32 mmol) of indole 3.2a  and 0.880 g 

(8.3 mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent. 

Reaction time: 1 h (Method E) or 30 min (Method F); Purification of the product by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:1)].  

Yield: 44% (0.170 g, Method E), 25% (0.096 g, Method F). The characterization agreed 

with those previously reported for compound 2.87a (see synthesis related to Chapter 2).  

 

(E)-[4-Bromophenyl-1-(tert-butoxycarbonylhydrazono)methyl]bis(1H-indol-3-yl) 

methane (3.42b) 

According to the general procedures: 0.317 g (0.83 mmol) of 

hydrazone 3.38d, 0.389g (3.32 mmol) of indole 3.2a   and 0.880 g 

(8.3 mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent . 

Reaction time: 1 h (Method E) or 30 min. (Method F). Purification 
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of the product by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to 

(1:1)]. 

Yield: 48% (0.217 g, Method E), 43% (0.194 g, Method F). The characterization is in 

agreement with those previously reported to compound 2.87d (see synthesis related to 

Chapter 2). 

 

(E)-[4-Bromophenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(5-methyl-1H-indol-

3-yl)methane (3.42c) and (Z)-[4-Bromophenyl-1-(tert-

butoxycarbonylhydrazono)methyl]bis(5-methyl-1H-indol-3-yl)methane (3.43b) 

 According to the general procedures: 0.317 g (0.83 mmol) of 

hydrazone 3.38d, 0.435 g (3.32 mmol) of indole 3.2c and 0.880 g (8.3 

mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent (Method E 

and F). Reaction time: 1 h (Method E) or 30 min. (Method F). 

Purification of the product by flash chromatography [eluting with 

gradient ethyl acetate:n-hexane from (1:3) to (1:1)] afforded in order 

of elution, compound 3.42c and compound 3.43b. 

Data for 3.42c: Yield: 42% (0.189 g) (Method E), 23% (0.104 g) 

(Method F). The characterization is in agreement with those previously reported for 

compound 2.87e (see synthesis related to Chapter 2).  

Data for 3.43b: Yield: 8% (0.036 g, Method E), 10% (0.047 g, Method F); light Brown 

solid; m.p. 204.1-205.0 ºC (from n-hexane); IR: ṽ = 3424, 3304, 1734, 1477, 1234, 1156, 

1011, 796 cm-1; 1H NMR (400 MHz, CDCl3): δ = 1.32 (s, 9H, CH3), 2.36 (s, 6H, CH3), 

5.98 (s, 1H, CH meso), 6.87 (br s, 2H, Ar), 7.06 (dd, J = 7.2 Hz, 8.4 Hz, 2H, Ar), 7.15 (br 

s, 2H, Ar), 7.29 (d, J = 8.4 Hz, 2H, Ar), 7.39 (d, J = 8.4 Hz, 2H, Ar), 7.69 (d, J = 8.8 Hz, 

2H, Ar), 8.14 (br s, 2H, NH), 8.99 (br s, 1H, NH) ppm; HMRS (ESI): calcd. for m/z 

C31H32BrN4O2 [M + H]+ 571.1703 found 571.1698. 
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(E)-[Phenyl-1-(tert-butoxycarbonylhydrazono)methyl]bis(1-methyl-1H-indol-3-

yl)methane (3.42d) and (Z)-[Phenyl-1-(tert-butoxycarbonylhydrazono)methyl]bis(1-

methyl-1H-indol-3-yl)methane (3.43c) 

According to the general procedures: 0.252 g (0.83 mmol) of 

hydrazone 3.38c, 0.435 g (3.32 mmol) of indole 3.2b and 0.880 g 

(8.3 mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent. 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:3) to (1:1)]. afforded in order of elution, compound 3.42d and 

compound 3.43c 

Data for 3.42d: Yield: 60% (0.245 g, Method E), 44% (0.189 g, 

Method F); light yellow solid; m.p. > 177.3 ºC (decomp. from 

hexanes); IR: ṽ = 3360, 1741, 1476, 1367, 1329, 1226, 1154, 739 

cm-1; 1H NMR (400 MHz, CDCl3): δ = 1.30 (s, 9H, CH3), 3.72 (s, 6H, CH3), 6.16 (s, 2H, 

Ar), 6.16 (s, 1H, CH), 6.86 (s, 2H, Ar), 7.07 (t, J = 7.6 Hz, 2H, Ar), 7.28 (d, J = 7.2 Hz, 

2H, Ar), 7.31-7.36 (m, 5H, Ar), 7.42 (d, J = 8.0 Hz, 2H, Ar), 9.03 (br s, 1H, NH) ppm; 

HMRS (ESI): m/z calcd. For C13H33N4O2 [M + H]+ 493.25980, found 493.25854. 

Data for 3.43c: Yield: 18% (0.074 g) (Method E) and 21% (0.086 g) (Method F); white 

solid; m.p. > 172.9 ºC (decomp. from hexanes); IR: ṽ = 3361, 1743, 1482, 1368, 1227, 

1154, 739 cm-1; 1H NMR (400 MHz, CDCl3): δ = 1.47 (s, 9H, CH3), 3.68 (s, 6H, CH3), 

5.84 (br s, 1H, CH), 6.87 (d, J = 4.4 Hz, 2H. Ar), 7.08 (t, J = 7.2 Hz, 2H, Ar), 7.19 (t, J = 

8.4 Hz, 2H, Ar), 7.27-7.28 (m, 3H, Ar), 7.30 (br s, 1H, Ar), 7.34 (d, J = 7.2 Hz, 1H, Ar), 

7.48 (t, J = 7.6 Hz, 2H, Ar), 7.60 (d, J = 7.2 Hz, 2H, Ar), 7.81 (d, J = 7.2 Hz, 1H, NH); 

ppm; HMRS (ESI): m/z calcd. For C13H33N4O2 [M + H]+ 493.2598, found 493.2586. 
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(Z)-[4-Bromophenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(1-methyl-1H-indol-

3-yl)methane (3.42e) and (E)-(4-Bromo-phenyl-1-(tert-

butoxycarbonylhydrazono)ethyl)bis(1-methyl-1H-indol-3-yl)methane (3.43d) 

 According to the general procedures: 0.317 g (0.83 mmol) of 

hydrazone 3.38d, 0.435 g (3.32 mmol) of indole 3.2b and 0.880 g 

(8.3 mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent. 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:3) to (1:1)]. The obtained product was 

identified as a mixture of E and Z isomers which could not be 

separated by flash chromatography. 

Yield: 80% (0.379, Method E), 48% (0.228g, Method F); light pink 

solid; m.p. 198.4-199.6 ºC (from n-hexane); IR: ṽ =3331, 1702, 1686, 1466, 1442, 1357, 

1331, 1152, 1007, 740 cm-1; 1H NMR (400 MHz, CDCl3): δ = 1.30 (s, 9H, CH3), 3.70 

(minor) and 3.72 (major) (s, 6H, CH3), 6.08 (major) and 6.43 (minor) (br s, 1H, CH meso), 

6.83 (major) and 6.86 (minor) (br s, 2H, Ar), 7.07-7.10 (major) (m, 2H, Ar), 7.21 (minor) 

(d, J =8.2 Hz, 2H, Ar), 7.25-7.29 (major) (m, 2H, Ar), 7.34-7.44 (m, 6H, Ar), 7.53 (minor) 

(d, J = 8.0 Hz, 3H, Ar), 7.73 (major) (d, J = 8.8 Hz, 2H, Ar), 7.96 (minor) (d, J = 8.8 Hz, 

2H, Ar), 9.00 (major) (br s, 1H, NH) ppm; HMRS (ESI): calcd. for m/z C31H32BrN4O2 [M 

+ H]+ 571.1703 found 571.1694. 

 

(E)-1-[(4-Fluorophenyl)-1-hydroxyiminoethyl]bis(1H-indol-3-yl)methane (3.41b) and 

(Z)-1-[(4-Fluorophenyl)-1-hydroxyiminoethyl]bis(1H-indol-3-yl)methane (3.44a) 

According to the general procedures: 0.200 g (0.54 mmol) of 

hydrazone 3.39b, 0.253 g (2.16 mmol) of indole 3.2a  and 0.572 g (5.4 

mmol) of Na2CO3  H2O/[CC/Gly (2:1)] as solvent. Reaction time: 1 h 

(Method E) or 30 min. (Method F); Purification of the product by 

flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to 

(1:1)] afforded in order of elution, compound 3.41b and  compound 

3.44a. 

Data for 3.41b: Yield: 60% (0.124 g, Method E and F). The characterization is in agreement 

with those previously reported for compound 2.81c (see synthesis related to Chapter 2). 

Data for 3.44a: Yield: 15% (0.031 g, Method E), 22% (0.046 g, Method F); white solid; 

m.p. 218.7-219.6 ºC (from diethyl ether); IR: ṽ = 3403, 1508, 1454, 1222, 979 cm-1; 1H 
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NMR  (400 MHz, DMSO-d6): δ = 5.78 (s, 1H, CH meso), 6.97-7.02 (m, 4H, Ar), 7.09-7.12 

(m, 4H, Ar), 7.34-7.40 (m ,4H, Ar), 7.63 (d, J = 8.0 Hz, 2H, Ar), 10.79 (br s, 1H, OH), 

10.84 (d, J = 1.6 Hz, 2H, NH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 111.3, 114.3 

114.5, 114.6 (d, CFJ = 9.0 Hz), 118.3, 119.1, 120.8, 123.9, 126.8, 130.3 (d, CFJ = 8.0 Hz), 

131.2, 136.4, 155.7, 160.2, 162.3 (d, CFJ = 243 Hz) ppm;  HRMS (ESI): calcd. for m/z 

C24H19FN3O [M + H]+ 384.1506 found 384.1500. 

 

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(1H-indol-3-yl)methane (3.44b) 

 According to the general procedures: 0.201 g (0.54 mmol) of 

hydrazone 3.39c, 0.253g (2.16 mmol) of indole 3.2a and 0.572 g (5.4 

mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent. Reaction 

time: 1 h (Method E) or 30 min. (Method F); Purification of the 

product by flash chromatography [gradient ethyl acetate:n-hexane from (1:2) to (1:1)] 

(Method E). 

Yield: 55% (0.132 g, Method E), 52% (0.125 g, Method F). The characterization is 

in agreement with those previously reported for compound 2.82a (see synthesis 

related to Chapter 2). 

  

(E)-1-[(4-Bromophenyl)-1-hydroxyiminomethyl]bis(5-hydroxy-1H-indol-3-

yl)methane (3.44c) 

According to the general procedures: 0.201 g (0.54 mmol) of oxime 

3.39c, 0.286 g (2.16 mmol) of indole 3.2d and 0.572 g (5.4 mmol) 

of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent. Reaction time: 1 

h (Method E) or 30 min. (Method F); Purification of the product by 

flash chromatography [gradient ethyl acetate:n-hexane from (1:2) to (1:1)].   

Yield: 83% (0.213 g, Method E), 71% (0.190 g, Method F). The characterization is 

in agreement with those previously reported to compound (2.82i) (see synthesis 

related to Chapter 2). 
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(E)-1-(1-Hydroxyiminomethyl)bis(1H-indol-3-yl)methane (3.41c) 

According to the general procedures: 0.077 g (0.54 mmol) of 

hydrazone 3.39a, 0.283g (2.16 mmol) of indole 3.2b and 0.572 g (5.4 

mmol) of Na2CO3 using H2O/[CC/Gly (2:1)] as solvent. Reaction 

time: 1 h (Method E) or 10 min. (Method F); Purification of the 

product by flash chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:1)] 

(Method E) or by crystallization with diethyl ether ( Method F). 

Yield: 56% (0.100 g, Method E) and 52% (0.093 g, Method F); white solid; m.p. 120.1–

120.7 °C (from n-hexane); IR:   ṽ =  3050, 1472, 1329, 1011, 945, 738 cm−1; 1H NMR (400 

MHz, DMSO-d6): δ = 1.78 (s, 3H, CH3), 3.74 (s, 6H. CH3), 5.38 (br s, 1H, CH), 6.99 (t, 

J = 7.6 Hz, 2H, Ar), 7.12–7.16 (m, 4H, Ar), 7.40 (d, J = 8.0 Hz, 2H, Ar), 7.48 (d, J = 8.0 

Hz, 2H, Ar), 10.44 (br s, 1H, OH), ppm; 13C NMR (100 MHz, DMSO-d6): δ = 12.3, 32.3, 

109.6, 113.4, 118.4, 119.0, 121.1, 127.1, 127.8, 136.7, 156.7 ppm;; HRMS (ESI): m/z 

calcd. for C21H21N3NaO [M + Na]+ 354.157, found 354.1591. 

 

6.6.2 Hydrolysis reactions of bisindolylmethanes  

 

o General procedure for the hydrolysis reactions of BIMs with the solvent 

system H2O/[CC/Gly (2:1)] 

The appropriate indole (3.2, 4 equiv.) was added to a stirred solution of Na2CO3 (10 

equiv.) in the solvent system H2O/[CC/Gly (2:1)] (6:2 mL). The appropriate hydrazone 

(3.38, 1 equiv.) was added, and the reaction mixture was stirred for 6 h at room temperature. 

The reaction mixture was extracted with dichloromethane (3 × 20 mL) and the combined 

organic layers were dried over anhydrous Na2SO4. After filtration, the solvent was 

evaporated, and the crude product purified by flash chromatography (e gradient ethyl 

acetate:n-hexane). 
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1-Acetyl-1,1-bis(1H-indol-3-yl)methane10, 11 (3.45a) and 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1H-indol-3-yl)methane (3.40b) 

According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 3.38b and 0.389 g (3.32 mmol) of indole 3.2a and 0.880 g 

(8.3 mmol) of Na2CO3. Purification of the products by flash 

chromatography [gradient ethyl acetate:n-hexane (1:2) to (1:1)] 

afforded in order of elution, compound 3.45a and compound 3.40b. 

Data for 3.45a: Yield: 40% (0.096 g); white solid; m.p 108.3-109.6 

ºC (from diethyl ether); IR: ṽ = 3400, 1702, 1457, 1338, 1096, 1010, 739 cm-1; 1H NMR  

(400 MHz, DMSO-d6): δ = 2.20 (s, 3H, CH3), 5.58 (br s, 1H, CH meso), 6.96 (t, J = 8.0 

Hz, 2H, Ar), 7.07 (t, J = 8.0 Hz, 2H, Ar), 7.23 (d, J = 2.4 Hz, 2H, Ar), 7.36 (d, J = 8.4 Hz, 

2H), 7.48 (d, J = 8.0 Hz, 2H, Ar), 10.97 (br s, 2H, NH) ppm; 13C NMR (100 MHz, DMSO-

d6) δ = 28.2, 47.5, 111.5, 112.2, 118.4, 118.8, 121.0, 123.9, 126.6, 136.2, 206.4 ppm; 

HMRS (ESI): calcd. for m/z C19H17N2NaO [M + H]+ 289.1335 found 289.1331.  

Data for 3.40b: Yield: 21% (0.070 g). The characterization is in agreement with those 

previously reported to compound 2.85a (see synthesis related to Chapter 2). 

 

1-Acetyl-1,1-bis(1- methyl-1H-indol-3-yl)methane (3.45b) and 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1-methyl-1H-indol-3yl)methane 

(3.40c) 

According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 3.38b and 0.435 g (3.32 mmol) of indole 3.2b. Purification 

of the products by flash chromatography {gradient ethyl acetate:n-

hexane (1:2) to (1:1)] afforded in order of elution compound 3.45b 

and compound 3.40c. 

Data for 3.45b: Yield: 22% (0.058 g); light brown solid; m.p. 

141.7-142.6 ºC (from hexanes); IR: ṽ = 1711, 1461, 1348, 1326, 

1147, 742 cm-1; 1H NMR (400 MHz, CDCl3): δ = 2.31 (s, 3H, CH3), 3.72 (s, 6H, 

CH3), 5.54 (br s, 1H, CH meso), 6.95 (br s, 2H, Ar), 7.09 (t, J = 8.0 Hz, 2H, Ar), 

7.20-7.24 (m, 2H, Ar), 7.30 (d, J = 8.0 Hz, 2H, Ar), 7.54 (d, J = 7.6 Hz, 2H, Ar) 

ppm; 13C NMR (100 MHz, CDCl3) δ = 29.0, 32.8, 109.4, 112.1, 119.2, 121.8, 127.3, 

128.1, 137.2, 207.3 ppm; HMRS (ESI): calcd. for m/z C21H20N2NaO [M+Na]+ 

339.1468 found 339.1459.  
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Data for 3.40c: Yield: 42% (0.110 g). The characterization is in agreement with those 

previously reported to compound 2.85a (see synthesis related to Chapter 2).  

 

1-Acetyl-1,1-bis(5-methyl-1H-indol-3-yl)methane (3.45c) and 

(E)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(5-methyl-1H-indol-3yl)methane 

(3.40d) 

According to the general procedure: 0.200 g (0.83 mmol) of 

hydrazone 3.38b and 0.389 g (3.32 mmol) of indole 3.2a. Purification 

of the products by flash chromatography [gradient ethyl acetate:n-

hexane (1:3) to (1:1)] afforded in order of elution, 19% (0.050 g) 

3.45c and 36% (0.129 g) 3.40d.  

The characterization is in agreement with those previously reported 

for compounds 2.86 and 2.85e (see synthesis related to Chapter 2). 

 

o General procedure for the hydrolysis reactions of BIMs with sodium bisulfite 

The reactions were performed according to a known procedure with some 

adaptations.12 A solution of the appropriate BIM oxime 3.41 (0.22 mmol, 1 equiv.) and 

sodium bisulfite (0.77 mmol, 3.5 equiv.) in 50% aqueous ethanol (10 mL) was stirred and 

refluxed for 2 h. After completion, the ethanol was evaporated. Dichloromethane (15 mL) 

and an excess of dilute hydrochloric acid were added to the crude and the reaction mixture 

was stirred during up to 30 min until two clear layers were obtained. The product was 

extracted with dichloromethane (3 × 20 mL), and the combined organic layers were dried 

over anhydrous Na2SO4. The solvent was evaporated, and the product purified by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:3) to (1:1)]. 

 

1-Acetyl-1,1-bis(1H-indol-3-yl)methane10, 11 (3.45a) 

According to the general procedure: 0.067 g (0.22 mmol) of BIM 

3.41a and 0.080 g (0.77 mmol) of sodium bisulfite.  

Yield: 50% (0.063 g).  

The characterization is in agreement with those previously reported for compound 3.45a. 
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1-Acetyl-1,1-bis(1-methyl-1H-indol-3-yl)methane (3.45b) 

According to the general procedure: 0.073 g (0.22 mmol)  of BIM 

3.41c and 0.080 g (0.77 mmol) of sodium bisulfite. 

Yield: 32% (0.022 g). 

The characterization is in agreement with those previously reported for compound 3.45b. 

 

1-(4-Fluorophenyl)-2,2-di(1H-indol-3-yl)ethan-1-one (3.45d) 

According to the general procedure: 0.084 g (0.22 mmol) of BIM 

3.41b and 0.080 g (0,77 mmol) of sodium bisulfite. 

Yield: 38% (0.031 g); light Brown solid; m.p. 103.1-104.2 ºC 

(from diethyl ether); IR: ṽ = 1675, 1595, 1505, 1456, 1216, 1155, 

740 cm-1; 1H NMR (400 MHz, CDCl3): δ = 6.46 (br s, 1H, CH meso), 6.99 (d, J = 

2.2 Hz, 2H, Ar), 7.05-7.11 (m, 4H), 7.20 (t, J = 7.2 Hz, 2H, Ar), 7.36 (d, J = 8.2 Hz, 

2H, Ar), 7.55 (d, J = 7.9 Hz, 2H, Ar), 8.05 (s, 2H, NH), 8.13 (dd, J = 8.8 Hz, 5.4 Hz, 

2H, Ar) ppm; 13C NMR (100 MHz, CDCl3) δ = 42.1, 111.4, 114.2, 115.7 (d, CFJ = 

21.7 Hz), 118.9, 119.8, 122.3, 123.9, 126.6, 128.3, 130.1, 131.4 (d, CFJ = 9.3 Hz), 

136.5, 196.9 ppm; HMRS (ESI): calcd. for m/z C24H18FN2O [M+Na]+ 369.1398 

found 369.1389.  

 

o General procedure for the hydrolysis reactions of BIMs with amberlyst-15 and 

paraformaldehyde 

The reactions were performed according to a known procedure with some 

adaptations.13 Paraformaldehyde (1.76 mmol, 8 equiv.) was added to a stirred solution of 

the appropriate BIM hydrazone 3.40 (0.22 mmol, 1 equiv.) in the solvent system 

acetone/water (7 mL / 7 mL). To the resulting suspension, 22.5 mg amberlyst-15 

ionexchange resin was added and the reaction mixture was further stirred at room 

temperature for 48 h. Then it was filtered through a celite pad, which was washed with 

dichloromethane. After filtration, the solvent was evaporated, and the product was purified 

by lash chromatography [gradient ethyl acetate:hexane from (1:3) to (1:1)]. 
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1-Acetyl-1,1-bis(1H-indol-3-yl)methane10, 11 (3.45a) 

According to the general procedure: 0.088 g (0.22 mmol) of  BIM 

3.40b and 0.053 g of paraformaldehyde. 

Yield: 53% (0.033 g).  

The characterization is in agreement with those previously reported for compound 3.45a. 

 

1-Acetyl-1,1-bis(1-methyl-1H-indol-3-yl)methane (3.45b) 

According to the general procedure: 0.070 g (0.22 mmol) of  BIM 

3.40c and 0.053 g of paraformaldehyde. 

Yield: 48% (0.033 g). 

The characterization is in agreement with those previously reported for compound 3.45b. 

 

6.7 Synthesis related to Chapter 4 

 

Synthesis of Oxime 2,2,2-trichloroacetaldehyde oxime14 (4.30)  

 The reaction was performed according to a known procedure.14 

 To a mixture of 6.95 g ( 100 mmol) of  hydroxylamine hydrochloride and 4.38g 

(200 mmol) of calcium chloride in water was added 16.5 g  (100 mmol) of choral hydrate. 

The reaction mixture was stirred for 1 h at 50 ºC. After precipitation of the product, this is 

filtered and washed with diethyl ether.  

Yield: 55% (17.8 g); yellow solid; 1H NMR (400 MHz, DMSO-d6) δ = 6.57 (s, 1H), 11.03 

(s, 1H, OH) ppm. 

 

6.7.1 Synthesis of novel bis and tris(pyrazol-1-yl))methanes via conjugate 

addition reaction of nitroso- and azoalkenes with pyrazoles 

 

o General procedure for the synthesis of bis and tris(pyrazol-1-yl)methane 

oximes 4.27 or hydrazones 4.28 

 The appropriate oxime or hydrazone 4.25 (1 equiv.) and pyrazole 5.26 (3 equiv.) were 

added to a suspension of Na2CO3 (5 equiv.) in dichloromethane (35 mL). The reaction 

mixture was stirred for 16 h at room temperature. Upon completion, the reaction mixture 

was filtered through a Celite pad and washed with dichloromethane. The solvent was 
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evaporated to give the crude product, which was purified by flash chromatography 

affording the bis(pyrazolyl)methanes (BPMs) or tris(pyrazolyl)methanes (TPMs). 

 

(Z)-1-[(4-Bromophenyl)-hydroxyiminomethyl]bis(1H-pyrazol-1-yl)methane (4.27a) 

 According to the general procedure:  1.30 g (3.5 mmol) of oxime 4.25a, 

0.715 g (10.5 mmol) of pyrazole 5.26a and 1.85 g (17.5 mmol) of 

Na2CO3. Purification of the product by flash chromatography [gradient 

ethyl acetate:n-hexane from (1:1) to ethyl acetate]. 

Yield: 67% ( 0.812 g), white solid; m.p. 159.1-160.7 ºC ( from hexanes); IR (KBr): ṽ = 

3209, 2945, 1724, 1391, 1005, 771, 752 cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 6.27 (s, 

2H, Ar), 7.38 (d, J = 8.4 Hz, 2H, Ar), 7.52 (m, 4H, Ar), 7.89 (d, J = 2.5 Hz, 2H, Ar), 8.05 

(s, 1H, CH meso), 11.75 (s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 75.1, 

106.3, 122.2, 129.9, 130.3, 130.7, 130.8, 139.7, 149.5 ppm;  HMRS (ESI): calcd. for m/z 

C14H12BrN5NaO [M+Na]+ 368.01163 found 368.01174. 

 

(Z)-1-[(4-Chlorophenyl)-hydroxyiminomethyl]bis(1H-pyrazol-1-yl)methane (4.27b) 

According to the general procedure:  0.782 g (3.5 mmol) of oxime 4.25b, 

0.715 g  (10.5 mmol) of pyrazole 4.26a and 1.85 g (17.5 mmol) of 

Na2CO3. Purification of the product by flash chromatography [gradient 

ethyl acetate:n-hexane from (1:1) to ethyl acetate]. 

Yield: 53% (0.560 g), light brown solid; m.p. 159.3-160.7 ºC ( from hexanes); IR (KBr): ṽ 

= 3179, 2862, 1734, 1648, 1595, 1516, 1492, 1426, 1394, 1323, 1262, 1093, 1055, 793 cm-

1; 1H NMR (400 MHz, DMSO-d6): δ = 6.27 (t, J = 2.1 Hz, 2H, Ar), 7.39 (d, J = 8.4 Hz, 

2H, Ar), 7.45 (d, J = 8.4 Hz, 2H, Ar), 7.52 (d, J = 1.8 Hz, 2H, Ar), 7.89 (d, J = 2.5 Hz, 2H, 

Ar),  8.06 (s, 1H, CH meso), 11.75 (s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δ 

= 75.1, 106.2, 127.9, 129.5, 130.7, 133.4, 139.7, 149.4 ppm; HMRS (ESI): calcd. for m/z 

C14H12ClN5NaO [M + Na]+ 324.0628 found 324.0627. 

 

(Z)-1-[(Methyl)-hydroxyiminomethyl]bis(1H-pyrazol-1-yl)methane (4.27c) 

According to the general procedure:  0.497 g (3.5 mmol) of oxime 4.25c, 

0.715 g (10.5 mmol) of pyrazole 4.26a and 1.85 g (17.5 mmol) of Na2CO3. 

Purification of the product by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:2) to ethyl acetate]. 
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Yield: 43% (0.309 g); white solid; m.p. 128.3-129.2 ºC (from hexanes); IR: ṽ = 3326, 1732, 

1519, 1433, 1393, 1091, 1042 cm-1; 1H  NMR (400 MHz, DMSO-d6): δ = 1.72 (s, 3H, 

CH3), 6.34 (pseudo t, J = 2.4 Hz, J = 1.6 Hz, 2H, Ar), 7.46 (s, 1H, CH meso), 7.58 (d, J = 

1.6 Hz, 2H, Ar), 7.83 (d, J = 2.4 Hz, 2H, Ar), 11.36 (s, 1H, OH) ppm;  13C NMR  (100 

MHz, DMSO-d6): δ = 11.5, 76.0, 106.2, 130.5, 139.9, 150.9 ppm; HMRS (ESI): calcd. for 

m/z C9H11N5NaO [M + Na]+ 228.0855 found 228.0856. 

 

1-[(4-Chlorophenyl)-1-hydroxyiminomethyl]bis(4-ethoxycarbonyl-1H-pyrazol-1-

yl)methane (4.27d) 

According to the general procedures:  1.15 g (3.5 mmol) of 

oxime 4.25b, 1.47 g (10.5 mmol) of pyrazole 4.26b and 1.85 g 

(17.5 mmol) of Na2CO3. Purification of the product by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:2) to 

ethyl acetate]. The obtained product was identified as a mixture of E and Z isomers which 

could not be separated by flash chromatography. 

Yield: 47% (0,733 g); white solid; m.p. 93.7-95.2 ºC (from hexanes); IR (KBr) ṽ = 3317, 

2983, 1720, 1558, 1493, 1412, 1241, 1024, 884, 847, 794 cm-1; 1H NMR (400 MHz, 

DMSO-d6) δ = 1.26 (t, J = 7.2 Hz, 6H, CH3), 4.20 (q, J = 7.2 Hz, 2H, CH2), 7.44 (major) 

(d, J = 8.4 Hz, 2H, Ar) , 7.53 (major) ( d, J = 8.4 Hz, 2H, Ar), 7.74 (minor) (d, J = 8.4 Hz, 

2H, Ar), 7.79 (minor) (s, 1H, CH, meso), 7.97 (s, 2H, Ar), 8.30 (major) (s, 1H, CH meso), 

8.55 (s, 2H, Ar), 12.00 (major) and 12.07 (minor) (s, 1H, OH) ppm; 13C NMR (100 MHz, 

DMSO-d6) δ = 14.0 (major), 20.4 (minor) , 44.7 (minor), 54.7 (minor) , 59.8 (major), 75.1 

(major), 113.6 (minor), 115.1 (major), 127.8 (major), 128.0 (major), 128.2 (major), 128.5 

(major), 129.9 (major), 133.1 (minor), 133.5 (minor), 133.72 (major), 134.4 (major), 140.2 

(minor), 140.9 (major), 147.8 (major), 150.4 (minor), 161.5 (major), 161.9 (minor) ppm; 

HRMS (ESI): calcd. for C20H21ClN5O5 [M + H]+ 446.1226 found 446.1226. 

 

(Z)-1-[1-(tert-Butoxycarbonylhydrazono)ethyl]bis(1H-pyrazol-1-yl)methane (4.28a) 

According to the general procedure:  0.844 g (3.5 mmol) of 

hydrazone 4.25d, 0.715 g (10.5 mmol) of pyrazole 4.26a and 1.85 g 

(17.5 mmol) of Na2CO3. Purification of the product by flash 

chromatography [gradient ethyl acetate:n-hexane from (1:2) to ethyl acetate]. 
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Yield: 57% (0.607 g); light brown solid; m.p. 147.2-148.9 ºC (from hexanes); IR (KBr) ṽ 

= 3435, 3215, 2974, 1734, 1713, 1539, 1393, 1369, 1290, 1242, 1177, 1150, 1055, 847, 

754 cm-1; 1H NMR (500 MHz, CDCl3) δ = 1.49 (s, 9H, CH3), 1.93 (s, 3H, CH3), 6.32 (dd, 

J = 2.5 and 1.8 Hz, 2H, Ar), 6.35 (t, J = 2.1 Hz, 1H), 7.19 (s, 1H, CH meso), 7.52 (br s, 1H, 

NH), 7.60 (dd, J = 2.1, 0.6 Hz, 2H), 7.62 (d, J = 2.1 Hz, 1H) ppm; 13C NMR (126 MHz, 

CDCl3) δ = 12.8, 28.2, 76.8, 77.0, 77.3, 78.6, 81.8, 105.0, 106.7, 130.1, 140.9 ppm; HRMS 

(ESI): calcd. for C14H20N6NaO2 [M + Na]+ 327.1539 found 327.1540. 

 

(Z)-1-[Phenyl-1-(tert-butoxycarbonylhydrazono)ethyl]bis(1H-pyrazol-1-yl)methane 

(4.28b) 

According to the general procedure:  0.661 g (3.5 mmol) of hydrazone 

4.25e, 0.715 g (10.5 mmol) of pyrazole 4.26a and 1.85 g (17.5 mmol) 

of Na2CO3. Purification of the product by flash chromatography 

[gradient ethyl acetate:n-hexane from (1:2) to ethyl acetate]. 

Yield: 77% (0.988 g); light brown solid; m.p. 165.5-166.0 ºC (from hexane); IR (KBr) ṽ = 

3360, 3213, 2976, 1753, 1485, 1394, 1225, 1177, 1153, 1092, 1042, 754 cm-1. 1H NMR 

(400 MHz, DMSO-d6) δ = 1.38 (s, 9H, CH3), 6.24 (t, J = 2.1 Hz, 2H, Ar), 7.15–7.31 (m, 

2H, Ar), 7.37–7.39 (m, 3H, Ar), 7.51 (s, 2 H), 7.80 (s, 1H, Ar), 7.92 (d, J = 2.4 Hz, 2H, 

Ar), 9.09 (s, 1H, NH) ppm; 13C NMR  (100 MHz, CDCl3 + DMSO-d6) δ = 13.7, 17.2, 50.0, 

100.4, 125.8, 126.0, 126.1, 127.2, 127.5, 127.9, 128.1, 128.2, 128.3, 128.6, 137.1, 150.8 

ppm; HRMS (ESI): calcd. for C19H22N6NaO2 [M + Na]+ 389.1695 found 389.1696. 

 

[(1-Hydroxyimino)methyl]tris(1H- pyrazol-1-yl)methane (4.31) 

According to the general procedure:  0.568 g (3.5 mmol) of oxime 4.30, 1.47 

g (10.5 mmol) of pyrazole 4.26a and 1.85 g (17.5 mmol) of Na2CO3. 

Purification by recrystallization in DCM. 

Yield: 87% (0.783 g); white solid; m.p. 135.8-136.4 ºC (from 

dichloromethane); IR (KBr) ṽ = 3297, 3129, 1515, 1424, 1386, 1323, 1270, 1247, 1200, 

1101, 1085, 1045, 1016, 950, 907, 864 cm-1; 1H NMR (400 MHz, DMSO-d6) δ = 6.46 

(pseudo t, J = 2.4 Hz,  2.0 Hz, 3H, Ar), 7.40 (d, J = 2.4 Hz, 3H, Ar), 7.71 (d, J = 1.6 Hz, 

3H, Ar), 8.64 (s, 1H, CH), 11.98 (s, 1H, OH) ppm ; 13C NMR (100 MHz, CDCl3) δ = 88.3, 

107.1, 141.0, 144.8 ppm; HRMS (ESI): calcd. for C11H11N7NaO [M + Na]+ 280.0916 found 

280.0917. 
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6.8 Synthesis related to Chapter 5 

6.8.1 Synthesis of β-ketonitriles 

o General procedure for the synthesis of β-ketonitriles 5.41 

The reactions were performed according to a known procedure with a slight 

modification.15 To a solution of dry acetonitrile (1.0 equiv.) in  dry THF, stirred at room 

temperature and under inert atmosphere (N2), was added dropwise a solution of KOt-amyl 

(3.0 equiv., 1.7 M in PhMe) followed by dropwise addition of the appropriated ethyl esters 

(4.0 equiv.). After 24 h, the reaction mixture was diluted with 0.25 M HCl (120 mL) and 

ethyl acetate (120 mL). The layers were separated, and the organic layer was washed with 

H2O (2 x 50 mL) and brine (2 x 50 mL), dried with anhydrous Na2SO4, and filtered. The 

solvent was evaporated, affording the corresponding nitrile. Purification by 

recrystallization in ethyl acetate:n-hexane.  

 

3-Oxo-3-phenylpropanenitrile15 (5.41a) 

According to the general procedure: 1.1 mL (20.8 mmol) of acetonitrile, 

36.2 mL (62.4 mmol) of KOt-amyl and 12 mL (83 mmol) of ethyl benzoate 

in 72 mL of dry THF.  

Yield: 88% (2.66 g), light yellow solid; m.p. 80.8-81.2 (from ethyl acetate:hexane) (lit. 

81.0 ºC) 15; 1H NMR (400 MHz, DMSO-d6): δ = 4.12 (s, 2H, CH2), 7.51-7.54 (m, 2H, Ar), 

7.64-7.68 (m, 1H. Ar), 7.91-7.92 (m, 2H, Ar) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 

29.4, 113.9, 128.5, 129.2, 134.3, 134.8, 187.2 ppm.  

 

3-Oxo-3-(thiophen-2-yl)propanenitrile16 (5.41b) 

According to the general procedure: 0.37 mL (7.0 mmol) of acetonitrile, 

12.1 mL (21 mmol) of  KOt-amyl and 12 mL (21 mmol) of ethyl benzoate 

in 24 mL of dry THF. 

Yield: 65% (0.688 g); light yellow solid; m.p. 131.1-132.8 ºC (from ethyl 

acetate:hexane)(lit. 131.0-133.0 ºC)16; 1H NMR (400 MHz, DMSO-d6): δ = 4.71 (s, 2H, 

CH2), 7.30 (t, J = 3.6 Hz, 1H, Ar), 8.14 (d, J = 4.8 Hz, 1H, Ar) ppm; 13C NMR (DMSO-

d6): δ = 29.7, 115.4, 129.0, 135.2, 136.6, 140.9, 182.3 ppm. 
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3-(1H-indol-3-yl)-3-oxopropanenitrile 17 (5.41c) 

 According to a known procedure: indole (5.85g, 50 mmol) was added to 

a solution of cyanoacetic acid (5.0 g, 50 mmol) in Ac2O (50 mL) at 50 

°C. The solution was heated at 85 °C for 5 min. During that period the 

product started to crystallize. After 5 min, the mixture was allowed to cool and the solid 

was filtered, washed with MeOH, and dried. 

Yield: 75% ( 6.91 g); white solid; m.p. 240.5 ºC ( from methanol) (lit 241.0 ºC) 17; 1H NMR 

(400 MHz, DMSO-d6): δ = 4.50 (s, 2H, CH2), 7.21-7.28 (m, 2H, Ar), 7.50-7.52 (m, 1H, 

Ar), 8.13-8.15 (m, 1H, Ar),  8.38 (d, J = 3.6 Hz, 1H, Ar), 12.19 (s, 1H, NH) ppm.  

 

3-Oxo-3-(1H-pyrrol-2-yl)propanenitrile17 (5.41d) 

According to a known procedure: pyrrole (6 g, 89.4 mmol) was added to a 

solution of cyanoacetic acid (7.68 g 89.4 mmol) in Ac2O (45 mL) and 

heated at 75 °C for 35 min. The mixture was allowed to cool and poured 

on ice. The product precipitates, is filtered , washed with methanol, and dried. 

Yield: 70% (8.4 g); white solid; m.p. 78.5-79.7 ºC (from methanol)  (lit 78.0 ºC) 17;  1H 

NMR (400 MHz, DMSO-d6): δ = 4.41 (s, 2H, CH2), 6.24-6.26 (m, 1H, Ar), 7.07-7.09 (m, 

1H, Ar), 12.11 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ = 28.2, 110.4, 116.1, 118.7, 

127.2, 129.4, 177.7 ppm. 

 

6.8.2 Synthesis of 5-substituted-1H-tetrazoles 

o General procedure for the synthesis of 5-substituted-1H-tetrazoles 5.42  

Tetrazoles were prepared following a known  procedure with slight modifications.16, 

18 To a pressure tube the appropriate nitrile 5.41 (5.17 mmol), sodium azide (0.370 g, 5.69 

mmol), zinc bromide (1.16 g, 5.17 mmol), water (12 mL), and iPrOH (1.5 mL) were added. 

The sealed tube was immersed in an oil bath at 140 °C and stirred vigorously for the 

appropriate time. After cooling the tube to room temperature, HCl (3 N, 8 mL) and ethyl 

acetate (25 mL) were added, and vigorous stirring was continued until no solid was present. 

The organic layer was isolated, and the aqueous layer was extracted with ethyl acetate (2 

× 25 mL). The combined organic layers were evaporated, 50 mL of 0.25 N NaOH was 

added, and the mixture was stirred for 30 min, until the original precipitate was dissolved, 

and a suspension of zinc hydroxide was formed. The suspension was filtered through 

Celite, and the Celite pad was washed with 5 mL of 1 N NaOH. To the filtrate was added 
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10 mL of 3 N HCl with vigorous stirring, causing the tetrazole to precipitate. The tetrazole 

was isolated by filtration and dried.  

 

1-Phenyl-2-(1H-tetrazol-5-yl)ethanone19 (5.42) 

According to general procedure: 0.750g of  nitrile 5.41a. 

Yield: 73% (0.710); light yellow solid; m.p. 186.0-187.5 ºC (lit.    

   187.0-188.0 ºC) 19; IR ṽ = 3028, 2951, 2895, 1684, 1597, 1568, 1450, 

1385   cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.96 (s, 2H, CH2), 7.60 (pseudo t, J = 7.6 

Hz, 2H, Ar), 7.71−7.73 (m, 1H, Ar), 8.10 (d, J = 7.6 Hz, 2H, Ar) ppm; 13C NMR (100 

MHz, DMSO-d6) δ = 34.0, 128.4, 128.9, 134.0, 135.4, 150.8, 193.9 ppm.  

 

2-(1H-Tetrazol-5-yl)-1-(thiophen-2-yl)ethanone16 (5.42b) 

According to  the general procedure: 0.782 g of the nitrile 5.41b.  

Yield: 55% (0.552 g); light brown solid; m.p. 166.2-167.9 ºC (lit. 166.0-

168.0 ºC) 16; IR ṽ = 3099, 3007, 2891, 1655, 1560, 1524, 1417, 1328 

cm−1; 1H NMR  (400 MHz, DMSO-d6) δ = 4.89 (s, 2H, CH2), 7.33 (pseudo t, J = 4.4 Hz, 

1H, Ar), 8.12 (d, J = 4.8 Hz, 1H, Ar), 8.19 (d, J = 3.6 Hz, 1H, Ar) ppm; 13C NMR (100 

MHz, DMSO-d6) δ = 34.1, 129.0, 135.0, 136.2, 142.2, 150.5, 186.7 ppm.  

 

1-(1H-Indol-3-yl)-2-(1H-tetrazol-5-yl)ethanone16 (5.42c) 

According to the general procedure: 0.952 g of  nitrile 5.41c. 

Yield: 96% (1.13 g); light pink solid; m.p. 222.8-224.7 ºC (lit.223.0- 

        225.0 ºC)16; IR ṽ = 3254, 3227, 1624, 1519, 1434, 1413, 1377, 1233 cm−1; 

1H NMR  (400 MHz, DMSO-d6) δ = 4.71 (s, 2H, CH2), 7.19-7.27 (m, 1H, Ar), 8.14 (d, J = 

7.6 Hz, 1H, Ar), 8.44 (d, J = 7.2 Hz, 1H, Ar), 8.55 ( d, J = 3.2 Hz, 1H, Ar) ppm; 13C NMR 

(100 MHz, DMSO-d6) δ = 34.0, 112.3, 115.2, 121.0, 122.2, 125.2, 135.3, 136.6, 150.9, 

187.7 ppm.  

 

1-(1H-Pyrrol-2-yl)-2-(1H-tetrazol-5-yl)ethanone16 (5.42d) 

According to the general procedure: 0.694 g of  nitrile 5.41d. 

Yield: 46% (0.421 g); brown solid; m.p. 235.4-237.0 ºC (lit. 235.0-237.0 

ºC)16; IR ṽ = 3307, 2870, 2713, 1651, 1545, 1443, 1402 cm−1; 1H NMR 

(400 MHz, DMSO-d6) δ = 4.60 (s, 2H, CH2), 6.26-6.28 (m, 1H, Ar), 7.21 (d, J = 12 Hz, 
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2H, Ar), 12.0 (s, 1H, NH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 32.8, 110.3, 118.3, 

126.8, 130.4, 182.2 ppm.  

 

1-(Furan-2-yl)-2-(1H-tetrazol-5-yl)ethanone16 (5.42e) 

According to the general procedure: 0.699 g of  nitrile 5.41e. 

Yield: 46% (0.425 g); brown solid; m.p. 181.6-183.4 ºC (lit. 181.0-183.0 

ºC)16; IR ṽ = 2968, 2845, 1670, 1572, 1470, 1394 cm−1; 1H NMR  (400 

MHz, DMSO-d6) δ = 4.72 (s, 2H, CH2), 6.80-6.81 (m, 1H, Ar), 7.69 (d, J = 3.6 Hz, 1H, 

Ar), 8.10 (d, J = 1.2 Hz, 1H, Ar) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 33.3, 112.9, 

120.3, 148.8, 150.7, 181.6 ppm.  

 

o General procedure for the alkylation of 5-substituted-1H-tetrazoles 5.43 and 

5.44 with benzyl bromides.  

The  5-substituted-1H-tetrazole  were prepared following a known procedure.16 To  a 

suspension of the appropriate 5-substituted-1H-tetrazole 5.42 (10 mmol)  in THF (12 mL) 

stirring at room temperature, triethylamine (1.48 mL, 10.5 mmol) was added. The 

temperature of the solution was increased to 40 °C, and benzyl bromide or p-nitrobenzyl 

bromide (10.5 mmol) in THF (6 mL) was added slowly. The solution was stirred at 40 °C 

for 3 h, whereupon the mixture was allowed to cool and the precipitate triethylammonium 

bromide was filtered and washed with cold THF. The solvent was evaporated under 

vacuum, giving the crude product as a variable mixture of the 1,5- and 2,5-disubstituted 

isomers, which were separated by flash chromatography (ethyl acetate:n-hexane). 

 

  2-(1-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-1-phenylethanone16 (5.43a) and 2-(1-(4-

Nitrobenzyl)-1H-tetrazol-5-yl)-1-phenylethanone16 (5.44a) 

According to the general procedure: 1.88 g (10 mmol) of 

tetrazole 5.42a, and  2.27 g (10.5 mmol) of p-nitrobenzyl 

bromide. Purification of the products by flash chromatography 

[gradient ethyl acetate:n-hexane (1:2) to (1:1)] afforded in order 

of elution compound 5.43a and compound 5.44a. 

Overall yield: 70% (2.26 g); 5.43a and 5.44a  were obtained in a 

(40:60) ratio.  
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Data for 5.43a: yield: 42% (1.36 g); light yellow solid, m.p. 111.5-113.8 ºC (from ethyl 

acetate:hexane) (lit. 112.0−114.0 °C)16; IR ṽ = 2960, 1690, 1596, 1519, 1350 cm−1; 1H 

NMR  (400 MHz, DMSO-d6) δ = 4.83 (s, 2H, CH2), 6.15 (s, 2H, CH2), 7.55−7.61 (m, 4H, 

Ar), 7.68−7.71 (m, 1H, Ar), 8.05 (d, J = 7.6 Hz, 2H, Ar), 8.27 (d, J = 8.4 Hz, 2H, Ar) ppm; 

13C NMR (100 MHz, DMSO-d6) δ = 36.6, 54.9, 124.0, 128.8, 129.5, 133.8, 135.6, 147.5, 

161.3, 194.6 ppm.  

Data for 5.44a: yield: 28% (0.902 g); light brown solid; m.p. 192-194 ºC (from ethyl 

acetate:hexane)  (lit. 192-194 ºC)16. IR ṽ = 2968, 1691, 1676, 1597, 1518, 1350 cm-1; 1H 

NMR (400 MHz, DMSO-d6) δ = 5.11 (s, 2H, CH2), 5.82 (s, 2H, CH2), 7.54−7.61 (m, 4H, 

Ar), 7.70−7.72 (m, 1H, Ar), 8.03 (d, J = 7.6 Hz, 2H, Ar), 8.22 (d, J = 8.2 Hz, 2H, Ar) ppm; 

13C NMR  (100 MHz, DMSO-d6) δ = 33.7, 49.1, 123.7, 128.5, 128.8, 129.4, 134.1, 135.3, 

141.9, 147.3, 151.2, 193.5 ppm. 

 

2-(2-Benzyl-2H-tetrazol-5-yl)-1-phenylethanone16 (5.43b) and 2-(2-Benzyl-1H-

tetrazol-5-yl)-1-phenylethanone16 (5.44b) 

According to the general procedure with a slightly modification: 

1.88 g (10 mmol) of tetrazole 5.42a, and  1.80 g (10.5 mmol) 

benzyl bromide. Reaction time: 16 h. Purification of the products 

by flash chromatography [gradient ethyl acetate:n-hexane (1:2) to 

(1:1)] afforded in order of elution compound 5.43b and compound 

5.44b. Overall yield: 67% (1.86 g); 5.43b and 5.44b were obtained 

in a (50:50) ratio. 

Data for 5.43b: yield: 34% (0.946 g); yellow solid, m.p. 62.9-64.7 ºC (from ethyl 

acetate:hexane) (lit. 63.0−65.0 °C)16; IR ṽ = 3.060, 2968, 1700, 1596, 1448, 1395, 1219, 

996 cm−1; 1H NMR  (400 MHz, DMSO-d6) δ = 4.81 (s, 2H, CH2), 5.94 (s, 2H, CH2), 

7.34−7.42 (m, 5H, Ar), 7.55−7.58 (m, 2H, Ar), 7.67−7.71 (m, 1H, Ar), 8.05 (d, J = 7.6 Hz, 

2H, Ar) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 35.7, 55.8, 128.2, 128.4, 128.5, 128.8, 

133.7, 134.2, 135.7, 161.0, 194.7 ppm. Data for 5.44b: yield: 33% (0.946 g); yellow solid; 

m.p. 119.2-121.2ºC (from ethyl acetate:hexane) (lit. 119.0-121.0 ºC)16. IR ṽ = 3073, 2960, 

1686, 1597, 1467, 1332, 1218, 993 cm-1; 1H NMR (400 MHz, DMSO-d6) δ = 5.07 (s, 2H, 

CH2), 5.64 (s, 2H, CH2),7.31−7.34 (m, 5H, Ar), 7.57−7.61 (m, 2H, Ar), 7.71−7.74 (m, 1H, 

Ar), 8.05 (d, J= 7.6 Hz, 2H, Ar) ppm; 13C NMR  (100 MHz, DMSO-d6) δ = 33.7, 50.0, 

128.2, 128.5, 128.7, 128.8, 134.0, 134.5, 135.3, 150.7, 193.4 ppm. 
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2-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-1-(thiophen-2-yl)ethanone16 (5.43c) 2-(2-(4-

Nitrobenzyl)-1H-tetrazol-5-yl)-1-(thiophen-2-yl)ethanone16  (5.44c) 

According to the general procedure: 1.94 g (10 mmol) of tetrazole 

5.42b, and  2.27 g (10.5 mmol) of p-nitrobenzyl bromide. 

Purification of the products by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:1) to ethyl acetate] afforded in order of 

elution compound 5.43c and compound 5.44c. 

Overall yield: 66% (1.86 g); 5.43c and 5.44c  were obtained in a 

(58:42) ratio.  

Data for 5.43c: yield: 38% (1.25 g); brown solid, m.p. 120.1-121.8 

ºC (from ethyl acetate:n-hexane) (lit. 120.0−122.0 °C)16; IR ṽ = 2981, 1658, 1416, 1342 

cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 5.06 (s, 2H, CH2), 5.85 (s, 2H, CH2), 7.32-7.35 

(m, 1H, Ar), 7.55 (d, J = 8.8 Hz, 2H, Ar), 8.12 (d, J = 4.8 Hz, 1H, Ar), 8.17 (d, J = 3.2 Hz, 

1H, Ar), 8.22 (d, J = 8.8 Hz, 2H, Ar) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 35.7, 54.8, 

124.0, 128.9, 129.6, 134.8, 136.0, 141.3, 142.5, 147.5, 161.0, 187.4 ppm.  

Data for 5.44c: yield: 28% (0.922 g); brown solid; m.p. 173-175 ºC (from ethyl acetate:n-

hexane)  (lit. 174-176 ºC)16. IR ṽ = 2970, 1655, 1519, 1415, 1346 cm-1; 1H  NMR (400 

MHz, DMSO-d6) δ =  4.75 (s, 2H, CH2), 5.64 (s, 2H, CH2), 7.31−7.34 (m, 5H, Ar), 

7.57−7.61 (m, 2H, Ar), 7.71−7.74 (m, 1H, Ar), 8.05 (d, J= 7.6 Hz, 2H, Ar) ppm; 13C NMR  

(100 MHz, DMSO-d6) δ = 33.6, 49.2, 123.7, 129.0, 129.4, 135.2, 136.3, 141.9, 147.3, 

150.8, 186.1 ppm. 

 

1-(1H-Indol-3-yl)-2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)ethanone16 (5.43d) and 1-(1H-

Indol-3-yl)-2-(2-(4-nitrobenzyl)-1H-tetrazol-5-yl)ethanone16 (5.44d) 

According to the general procedure: 2.27 g (10 mmol) of 

tetrazole 5.42c, and  2.27 g (10.5 mmol) of p-nitrobenzyl 

bromide. Purification of the products by flash chromatography 

[gradient ethyl acetate:n-hexane (1:1)] afforded in order of 

elution compound 5.43d and compound 5.44d. 

Overall yield: 62% (2.247 g); 5.43d and 5.44d  were obtained 

in a (40:60) ratio.  

Data for 5.43d: yield: 25% (1.25 g); light yellow solid, m.p. 179.0-181.0 ºC (from ethyl 

acetate:n-hexane) (lit. 181.0−183.0 °C)16; IR ṽ = 3340, 1610, 1522, 1518, 1492, 1479, 
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1430, 1339, 1128 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.57 (s, 2H, CH2), 6.14 (s, 2H, 

CH2), 7.19-7.25 (m, 2H, Ar), 7.50 (d, J = 7.6 Hz, 1H, Ar), 7.62 (d, J = 8.8 Hz, 2H, Ar), 

8.12 (d, J = 7.6 Hz, 1H, Ar), 8.27 (d, J = 8.8 Hz, 2H, Ar), 8.51 (d, J = 3.2 Hz, 1H, Ar),  

12.09 (s, 1H, NH) ppm ; 13C NMR (100 MHz, DMSO-d6) δ = 36.0, 57.7, 112.2, 115.2, 

121.1, 122.0, 123.0, 124.0, 125.3, 129.5, 135.1, 136.6, 141.4, 147.5, 162.0, 188.6 ppm. 

Data for 5.44d: yield: 37% (1.34 g); light yellow solid; m.p. 188.9-190.6 ºC (from ethyl 

acetate:n-hexane) (lit. 189.0-191.0 ºC)16; IR ṽ = 3416, 1632, 1522, 1518, 1508, 1427, 1405, 

1344, 1320, 1311, 1242, 1237, 1153, 1140, 1121, 1106 cm-1; 1H NMR (400 MHz, DMSO-

d6) δ = 4.89 (s, 2H, CH2), 5.86 (s, 2H, CH2), 7.19-7.24 (m, 2H, Ar), 7.51 (d, J = 8.0 Hz, 

1H, Ar), 7.56 (d, J = 8.8 Hz, 2H, Ar), 8.05 (d, J = 7.6 Hz, 2H, Ar), 8.55 (s, 1H, Ar), 12.17 

(s, 1H, NH) ppm; 13C NMR  (100 MHz, D DMSO-d6) δ = 33.6, 49.3, 112.3, 115.2, 121.0, 

122.1, 123.1, 123.7, 125.2, 129.3, 135.5, 136.6, 142.0, 147.2, 151.6 ppm. 

 

2-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-1-(1H-pyrrol-2-yl)ethanone16 (5.43e) and 2-(2-

(4-Nitrobenzyl)-1H-tetrazol-5-yl)-1-(1H-pyrrol-2-yl)ethanone16 (5.44e) 

According to the general procedure: 2.27 g (10 mmol) of tetrazole 

5.42d, and  2.27 g (10.5 mmol) of p-nitrobenzyl bromide. Purification 

of the products by flash chromatography [gradient ethyl acetate:n-

hexane from (1:1) to ethyl acetate] afforded in order of elution 

compound 5.43e and compound 5.44e. 

Overall yield: 72% (1.28 g); 5.43e and 5.44e  were obtained in a (54:46) 

ratio.  

Data for 5.43e: yield: 39% (1.25 g); brown solid, m.p. 140.0-141.8 ºC 

(from ethyl acetate:n-hexane) (lit. 140.0−143.0 °C)16; IR ṽ = 3370, 

1645, 1520, 1396, 1346 cm−1; 1H NMR  (400 MHz, DMSO-d6) δ = 4.46 (s, 2H, CH2), 6.14 

(s, 2H, CH2), 6.23-6.25 (m, 1H, Ar), 7.15 (d, J = 2.8 Hz, 2H, Ar), 7.62 (d, J = 8.4 Hz, 2H, 

Ar), 8.26 (d, J = 8.8 Hz, 2H, Ar), 11.94 (s, 1H, NH) ppm ; 13C NMR (100 MHz, DMSO-

d6) δ = 34.7, 54.8, 110.1, 118.1, 123.9, 126.5, 129.5, 130.7, 141.3, 147.5, 161.7, 183.1 ppm. 

 Data for 5.44e: yield: 33% (1.34 g); brown solid; m.p. 220.0-222.0 ºC (from ethyl 

acetate:n-hexane)  (lit. 221.0-222.0 ºC)16; IR ṽ = 3412, 1641, 1516,  1395, 1350 cm-1; 1H 

NMR (400 MHz, DMSO-d6) δ = 4.80 (s, 2H, CH2), 5.84 (s, 2H, CH2), 6.27-6.29 (m, 1H, 

Ar), 7.18 (s, 1H, Ar), 7.23-7.24 (m, 1H, Ar), 7.55 (d, J = 8.8 Hz, 2H, Ar), 8.2 (d, J = 8.8 



 
 

Chapter 6 – Experimental Section 

 

299 

Hz, 2H, Ar), 12.00 (s, 1H, NH) ppm; 13C NMR  (100 MHz, DMSO-d6) δ = 32.4, 49.2, 

110.3, 118.5, 120.0, 123.6, 126.9, 129.3, 130.2, 142.0, 147.2, 151.3, 181.7 ppm. 

 

1-(Furan-2-yl)-2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)ethanone16 (5.43f) and 1-(Furan-

2-yl)-2-(2-(4-nitrobenzyl)-1H-tetrazol-5-yl)ethanone16 (5.44f) 

According to the general procedure: 1.79 g (10 mmol) of tetrazole 

5.42e, and  2.27 g (10.5 mmol) of p-nitrobenzyl bromide. 

Purification of the products by flash chromatography [gradient ethyl 

acetate:n-hexane from (1:1) to ethyl acetate] afforded in order of 

elution compound 5.43f and compound 5.44f. 

Overall yield: 71% (1.28 g); 5.43f and 5.44f were obtained in a 

(63:37) ratio.  

Data for 5.43f: yield: 45% (1.41 g); brown solid, m.p. 105.0-107.0 

ºC (from ethyl acetate:n-hexane) (lit. 106.0-108.0 °C)16; IR ṽ = 3000, 1668, 1569,1520, 

1463, 1345 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.59 (s, 2H, CH2), 6.15 (s, 2H, CH2), 

6.77-6.78 (m, 1H, Ar), 7.60-7.63 (m, 3H, Ar), 8.06 (s, 1H, Ar), 8.26 (d, J = 8.4 Hz, 2H, Ar) 

ppm ; 13C NMR (100 MHz, DMSO-d6) δ = 35.0, 54.8, 112.3, 120.1, 123.9, 129.5, 141.2, 

147.5, 148.6, 151.0, 160.8, 182.3 ppm.  

Data for 5.44f: yield: 26% (0.815 g); brown solid; m.p. 152.0-154.2 ºC (from ethyl 

acetate:n-hexane) (lit. 154.0-156.0 ºC)16. IR ṽ = 3000, 1663, 1525, 1460, 1344 cm-1; 1H 

NMR (400 MHz, DMSO-d6) δ = 4.89 (s, 2H, CH2), 5.84 (s, 2H, CH2), 6.80-6.81 (m, 1H, 

Ar), 7.56 (d, J = 8.8 Hz, 1H, Ar), 8.09 (d, J = 0.8 Hz, 1H, Ar), 8.23 (d, J = 8.8 Hz, 2H, Ar) 

ppm; 13C NMR  (100 MHz, DMSO-d6) δ = 39.1, 49.2, 112.9, 120.3, 123.7, 129.4, 141.9, 

147.3, 148.7, 150.5, 150.6, 181.1 ppm. 

 

6.8.3  Synthesis of β-ketoxime-tetrazoles 

 

o General procedure for the preparation of oximes 5.45 

The oximes were prepared following a known procedure.16 The appropriate tetrazole 

5.43 or 5.44 (3.5 mmol) was dissolved in a mixture of ethanol/pyridine (1:1) (10 mL), and 

hydroxylamine hydrochloride (10.5 mmol, 0.73 g) was added. The reaction mixture was 

heated under reflux for 3 h. The solvent was evaporated under reduced pressure, and the 

crude  was dissolved in cold water (20 mL) and extracted with ethyl acetate (3 × 25 mL). 
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The combined organic layers were dried over anhydrous Na2SO4 and filtered, and the 

solvent was evaporated, leading to the corresponding oximes, which were recrystallized in 

diethyl ether. 

 

2-(1-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-1-phenylethanone oxime16 (5.45a) 

According to the general procedure: 0.928 g (3.5 mmol) of 

tetrazole 5.43a.  

Yield: 82% (0.971 g); white solid; m.p. 136.0-138.0 ºC (from 

diethyl ether) (lit. 138.0-140.0 ºC)16; IR ṽ = 3240, 2856, 1610, 

1524, 1487,1347 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.38 (s, 2H, CH2), 6.08 (s, 2H, 

CH2), 7.36-7.37 (m, 3H, Ar), 7.66-7.67 (m, 2H, Ar), 8.21 (d, J = 8.4 Hz, 2H, Ar), 11.58 (br 

s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 21.9, 54.6, 123.8, 126.0, 128.3, 

128.8, 129.2, 134.4, 141.4, 147.4, 151.4, 163.0 ppm. 

 

2-(2-Benzyl-2H-tetrazol-5-yl)-1-phenylethanone oxime16 (5.45b) 

 According to the general procedure: 0.945 g (3.5 mmol) of 

tetrazole 5.43b.  

Yield: 92% (0.971 g); white solid; m.p. 100.0-100.5 ºC (from 

diethyl ether)  (lit. 99.0-101.0 ºC)16; IR ṽ = 3070, 2934, 1492, 1447, 1275, 968 cm−1; 1H 

NMR (400 MHz, DMSO-d6) δ = 4.37 (s, 2H, CH2), 5.85 (s, 2H, CH2), 7.22-7.24 (m, 3H, 

Ar), 7.33-7.37 (m, 3H, Ar), 7.66-7.67 (m, 2H, Ar), 11.57 (br s, 1H, OH) ppm; 13C NMR 

(100 MHz, DMSO-d6) δ = 21.9, 55.6, 126.0, 128.0, 128.3, 128.4, 128.7, 128.9, 134.2, 

135.4, 151.4, 162.7 ppm. 

 

2-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-1-(thiophen-2-yl)ethanone oxime16 (5.45c) 

 According to the general procedure: 1.15 g (3.5 mmol) of tetrazole 

5.43c. The obtained product was identified as a mixture of E and Z 

isomers. 

Yield: 90% (1.08 g); white solid; m.p. 134.0-135.0 ºC (from diethyl 

ether) (lit. 133.0-138.0 ºC) 16; IR ṽ = 3230, 3108, 2.960, 1618, 1530, 1490, 1430, 1342, 

962  cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.45 and 4.56 (s, 2H, CH2), 5.83 and 5.91 

(s, 2H, CH2), 7.07 (pseudo t, J = 4.4 Hz, J = 4.0 Hz, 1H, Ar) and 7.16 (pseudo t, J = 4.4 

Hz, 1H, Ar), 7.41 (d, J = 2.8 Hz, 1H, Ar), 7.56 (d, J = 3.2 Hz, 1H, Ar), 11.70 and 12.03 (br 
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s, 1H, OH)  ppm; 13C NMR (100 MHz, DMSO-d6) δ = 21.9, 55.6, 126.0, 128.0, 128.3, 

128.4, 128.7, 128.9, 134.2, 135.4, 151.4, 162.7 ppm. 

 

1-(1H-Indol-3-yl)-2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)ethanone oxime16 (5.45d) 

According to the general procedure: 1.27 g (3.5 mmol) of 

tetrazole 5.43d.  

Yield: 96% (1.28 g); white solid; m.p. 194.0-195.5 ºC (from 

diethyl ether) (lit. 193.0-195.0 ºC)16; IR ṽ = 3242, 3074, 1615, 

1520, 1495, 1440, 1342, 900 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.35 (s, 2H, CH2), 

6.05 (s, 2H, CH2),  7.06 (pseudo t, J = 7.2 Hz, 7.6 Hz, 1H, Ar), 7.15 (pseudo t, J = 7.6 Hz, 

7.2 Hz, 1H, Ar), 7.39 (d, J = 8.0 Hz, 1H, Ar), 7.51 (d, J = 8.4 Hz, 2H, Ar), 7.72 (s,  1H, 

Ar), 8.11 (d, J = 8.0 Hz, 1H, Ar), 8.21 (d, J = 8.4 Hz, 2H, Ar), 10.82 (br s, 1H, NH), 11.34 

(br s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 22.8, 54.6, 111.9, 112.0, 119.8, 

122.1, 122.4, 123.9, 124.4, 126.9, 129.2, 136.8, 141.5, 147.4, 149.3, 163.8 ppm. 

 

2-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-1-(1H-pyrrol-2-yl)ethanone oxime16 (5.45e) 

According to the general procedure: 1.10 g (3.5 mmol) of tetrazole 5.43e. 

The obtained product was identified as a mixture of E and Z isomers. 

Yield: 92% (1.06 g); light brown solid; m.p. 124.2-124.9 ºC (from 

diethyl ether) (lit. 124.0-126.0 ºC)16; IR ṽ = 3438, 3151, 1603, 1512, 

1343, 1195, 982 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 4.09 and 4.19 (s, 2H, CH2), 

6.08 and 6.09 (s, 2H, CH2), 6.35 and 6.48(s, 1H, Ar), 6.77  (d, J = 1.2 Hz, 1H, Ar) and 6.89 

(d, J = 1.2 Hz, 1H, Ar),  7.54 (pseudo t, J = 8.4 Hz, J = 4.0 Hz, 1H, Ar), 8.22-8.25 (m,4H, 

Ar), 8.22-8.25 (m, 4H, Ar), 7.72 (s,  1H, Ar),  10.85 and 11.00 (br s, 1H, OH), 11.30 (br s, 

2H, NH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 21.7, 28.3, 54.1, 107.2, 107.7, 109.2, 

112.0, 120.1, 120.8, 123.2, 123.4, 126. 7, 128.7, 128.8, 140.9, 141.0, 142.0, 144.9, 146.6, 

146.9, 146.9, 162.8, 163.6 ppm. 

 

1-(Furan-2-yl)-2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)ethenone oxime16 (5.45f) 

 According to the general procedure: 1.27 g (3.5 mmol) of tetrazole 

5.43f. The obtained product was identified as mixture of E and Z 

isomers. 
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Yield: 92% (1.09 g); light yellow solid; m.p. 160.3-161.0 ºC (from diethyl ether) (lit. 160.0-

162.0 ºC) 16; IR ṽ = 3421, 3120, 1610, 1523, 1430, 1350, 1110, 985 cm−1; 1H NMR (400 

MHz, DMSO-d6) δ = 4.31 and 4.37 (s, 2H, CH2), 5.87 and 5.91 (s, 2H, CH2), 6.57  (dd, J 

= 3.2 Hz, 1.6 Hz, 1H, Ar) and 6.64 (dd, J = 3.2 Hz, J = 1.6 Hz, 1H, Ar), 6.84 (d, J = 3.2 

Hz, 1H, Ar) and 7.33 (d, J = 3.6 Hz, 1H, Ar), 7.50 (d, J = 8.8 Hz, 2H, Ar) and 7.54 (d, J = 

8.8 Hz, 2H, Ar), 7.71 (dd, J = 8.0 Hz, 1.2 Hz, 2H, Ar), 8.24 (d, J = 8.4 Hz, 4H, Ar), 11.68 

and 11.77 (br s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 19.8, 25.1, 25.4, 48.9, 

49.1, 67.0, 110.4, 111.7, 112.3, 117.2, 123.8, 123.8, 129.0, 129.3, 140.2, 141.9, 143.1, 

144.2, 144.6, 147.3, 149.0, 152.4, 152.8 ppm. 

 

2-(1-(4-Nitrobenzyl)-1H-tetrazol-5-yl)-1-phenylethanone oxime16 (5.46) 

According to the general procedure: 1.13 g (3.5 mmol) of tetrazole 5.44a. 

Yield: 84% (1.18 g); white solid; m.p. 172.2-173.4 ºC (from diethyl ether) 

(lit. 172.0-174.0 ºC)16; IR ṽ = 3216, 1610, 1526, 1508, 1415, 1349 cm−1; 

1H NMR (400 MHz, DMSO-d6) δ = 4.43 (s, 2H, CH2), 5.91 (s, 2H, CH2), 

7.37-7.39 (m, 3H, Ar), 7.50 (d, J = 8.4 Hz, 2H, Ar), 7.64-7.66 (m, 2H, Ar), 8.24 (d, J = 8.8 

Hz, 2H, Ar), 11.8 (br s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 19.9, 49.0, 

123.8, 126.0, 128.4, 129.0, 129.1, 134.9, 141.8, 147.3, 150.4, 152.6 ppm. 

 

6.8.4 Synthesis of tetrazolyl-2H-azirines 

 

o General procedure for the synthesis of 2H-Azirines 5.47 and 5.48 

The azirines were prepared following a known procedure.16 To a solution of the 

appropriate oxime 5.45 or 5.46  (1.0 mmol) in dichloromethane (20 mL), at 0 ºC under a 

nitrogen atmosphere, was added triethylamine (1.3 equiv, 0.181 mL) and tosyl chloride 

(1.2 equiv, 0.229 g). The mixture was allowed to warm at room temperature, and the 

reaction mixture was stirred for 18 h. The solvent was evaporated under vacuum, and the 

crude reaction was dissolved in ethyl acetate (20 mL) and washed with water (3 × 10 mL). 

The organic layer was dried over anhydrous MgSO4 and filtered, and the solvent was 

evaporated under vacuum. The crude product was purified by flash chromatography (ethyl 

acetate:n-hexane) (1:1). 
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2-(1-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-3-phenyl--2H-azirine16 (5.47a) 

According to the general procedure: 0.338 g of oxime 5.45a.  

Yield: 65% (0.208 g); white solid; m.p. 129.7-131.2 ºC (from diethyl 

ether) (lit. 130.0-132.0 ºC)16; IR ṽ = 3.065, 2936, 1759, 1605, 1520, 1451, 

1349 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 3.54 (s, 1H, CH), 5.80 

(s, 2H, CH2), 7.50 (d, J  = 8.4 Hz, 2H, Ar), 7.56-7.60 (m, 2H, Ar), 7.63-

7.67 (m, 1H, Ar), 7.91-7.94 (m, 2H, Ar), 8.22 (d, = 8.8 Hz, 2H, Ar)  ppm; 13C NMR (100 

MHz, DMSO-d6) δ = 25.8, 55.7, 122.8, 124.2, 129.3, 129.4, 130.3, 133.9, 139.7, 148.3, 

160.7, 167.5 ppm. 

 

2-(2-Benzyl-2H-tetrazol-5-yl)-3-phenyl-2H-azirine16 (5.47b) 

According to the general procedure: 0.293 g of oxime 5.45b. 

Yield: 76% (0.209 g); light yellow solid; m.p. 82.7-84.3ºC (from diethyl 

ether) (lit. 83.0-85.0 ºC)16; IR ṽ = 3030, 1749, 1594, 1502, 140, 1274 

cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 3.26 (s, 1H, CH), 5.61 (d, J  = 

15.2 Hz, 1H, CH), 5.73 (d, J  = 15.6 Hz, 1H, CH), 7.30-7.32 (m, 3H, Ar), 7.49-7.53 (m, 

2H, Ar), 7.59-7.63 (m, 1H, Ar), 7.74-7.76 (m, 2H, Ar) ppm; 13C NMR (100 MHz, DMSO-

d6) δ = 25.0, 56.8, 123.0, 128.5, 129.0, 129.3, 130.3, 133.1, 133.7, 160.9, 167.0 ppm. 

 

2-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-3-(thiophen-2-yl)-2H-azirine16 (5.47c) 

According to the general procedure: 0.344 g of oxime 5.45c. 

Yield: 66% (0.215 g); light yellow solid; m.p. 119.0-120.8ºC (from 

diethyl ether) (lit. 119-121 ºC)16; IR ṽ = 3109, 3070, 1740, 1605, 1562, 

1452, 1330 cm−1; 1H NMR (400 MHz, DMSO-d6) δ  =  3.68 (s, 1H), 6.10 

(s, 2H), 7.42 (pseudo t, J = 4.4 Hz, 4.0 Hz, 1H), 7.60 (d, J = 8.4 Hz, 2H), 

7.95 (d, J = 2.8 Hz, 1H), 8.26 (d, J = 8.4 Hz, 2H), 8.33 (d, J = 4.8 Hz, 1H) (m, 2H, Ar), 

7.59-7.63 (m, 1H, Ar), 7.74-7.76 (m, 2H, Ar) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 

24.9, 54.9, 124.0, 124.4, 129.3, 129.6, 136.3, 136.9, 141.1, 147.5, 153.7, 166.3 ppm.  
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3-(Furan-2-yl)-2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2H-azirine16 (5.47d) 

According to the general procedure: 0.329 g of oxime 5.45f. 

Yield: 50% (0.328 g); light brown solid; m.p. 111.0-112.9 ºC (from 

diethyl ether) (lit. 112.0-114.0 ºC)16; IR ṽ = 3.132, 3005, 1762, 1607, 

1520, 1463, 1351 cm−1; 1H NMR (400 MHz, DMSO-d6) δ = 3.71 (s, 1H, 

CH), 6.15 (s, 2H, CH2), 6.97 (d, J = 1.6 Hz, 1H, Ar), 7.64− 7.68 (m, 3H, 

Ar), 8.31 (d, J = 8.4 Hz, 2H, Ar), 8.37 (br s, 1H, Ar) ppm; 13C NMR (100 MHz, DMSO-

d6) δ = 23.8, 55.1, 113.5, 122.7, 124.0, 129.6, 139.0, 141.1, 147.5, 150.0, 150.8, 166.1 ppm.  

 

2-(1-(4-Nitrobenzyl)-1H-tetrazol-5-yl)-3-Phenyl-2H-azirine16 (5.48)  

According to the general procedure: 0.338 g of oxime 5.46.  

Yield: 86% (0.275 g); white solid solid; m.p. 129.5-131.5 ºC (from 

diethyl ether) (lit. 130.0-132.0 ºC)16; IR ṽ = 3.132, 3005, 1762, 1607, 

1520, 1463, 1351 cm−1; 1H NMR (400 MHz, DMSO-d6) δ  =  3.79 (s, 1H, 

CH), 6.11 (s, 2H, CH2), 7.61 (d, J = 8.8 Hz, 2H, Ar), 7.67 (t, J = 7.6 Hz, 

2H, Ar), 7.75− 7.79 (m, 1H, Ar), 7.90-7.92 ( m, 2H, Ar), 8.29 (d, J = 8.8 Hz, 2H) ppm; 13C 

NMR (100 MHz, DMSO-d6) δ = 21.4, 49.3, 121.6, 124.2, 129.1, 129.8, 130.4, 134.5, 142.0, 

147.3, 155.4, 159.5 ppm.  

 

3-(1H-Pyrrol-2-yl)-2-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2H-azirine16 (5.47e) 

According to a known procedure with slight modifications:20 

To a solutions of oxime (5.45e)  (0.720 g, 2.2 mmol) and triethylamine 

(0.9 mL, 6.6 mmol, 3.0 equiv) in DCM (20 mL) at 0 ºC, was slowly added 

tosyl chloride (0.500 g, 2.6 mmol, 1.2 equiv), and the mixture was stirred 

at the same temperature for 2 h. The reaction was quenched with water, 

and the organic material was extracted three times with ethyl acetate (20 mL). The 

combined organic layers were washed with water, brine, and dried over anhydrous Na2SO4. 

The solvents were evaporated under vacuo, and the resulting crude materials were used 

immediately for the next step without further purification. To a solution of the crude 

ketoximetosylate in DCM (8 mL) at 0 ºC, DBU (0.4 mL, 2.6 mmol, 1.2 equiv) was slowly 

added, and the mixture was stirred at the same temperature for 2 h. The reaction was 

quenched with water, and the organic materials were extracted three times with DCM (20 

mL). The combined organic layers were washed with brine and dried over anhydrous 
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Na2SO4. The solvents were evaporated under vacuo and the residue was purified by column 

chromatography (ethyl acetate:hexane) (1:1) to give the corresponding 2H-azirine. 

Recrystallization in diethyl ether. 

Yield: 42% (0.286 g); light Brown oil;  1H NMR (400 MHz, DMSO-d6) δ  =  3.41 (s, 1H, 

CH), 6.08 (s, 2H, CH2), 6.39 (dd, J = 2.4 Hz, 1.2 Hz, 1H, Ar), 6.95 (dd, J = 2.4 Hz, 1.2 Hz, 

1H, Ar), 7.38 (dd, J = 1.2 Hz, 0.8 Hz, 1H, Ar), 7.59 (d, J = 8.8 Hz, 2H, Ar), 8.26 (d, J = 

8.8 Hz, 2H), 12.49 (br s, 1H, NH) ppm; 13C NMR (100 MHz, DMSO-d6) δ = 20.2, 54.8, 

111.2, 114.9, 118.3, 124.0, 127.2, 129.6, 141.2, 147.5, 149.4, 167.3 ppm.  

 

6.8.5 Synthesis of ethyl 3-(hydroxyimino)-3-phenylpropanoate 

 

Ethyl 3-(hydroxyimino)-3-phenylpropanoate20(5.51) 

According to a known procedure with slight modifications:20 to a 

mixture of ethyl 3-oxo-3-phenylpropanoate (0.423 g, 2.2 mmol, 1.0 

equiv), hydroxylamine hydrochloride (0.160 g, 2.2 mmol, 1.0 equiv) and 

sodium acetate (0.210 g, 2.2 mmol, 1.0 equiv) was added methanol (15 mL) and water (0.7 

mL). After stirring at room temperature for 4 h, the solvent was evaporated under vacuo. 

The reaction mixture was partitioned between Et2O and water. After separation, the organic 

layer was washed with saturated aqueous NaHCO3, brine, dried over anhydrous Na2SO4 

and  solvents were evaporated under vacuo. Cold water (10 mL) and ice (10 g) were added, 

causing the oxime to precipitate. The oxime was filtered and recrystallized in diethyl ether. 

Yield: 60% (0.273 g); white solid; m.p 125.0-126.5 ºC (from diethyl ether); IR ṽ = 3222, 

3185, 2993, 1725, 1670, 1575, 1492, 1298, 1194 cm−1;  1H NMR (400 MHz, CDCl3) δ  =  

1.22 (t, J = 7.2 Hz, 3H, CH3),  3.84 (s, 2H, CH2),  4.17 (q, J = 7.2 Hz, 2H, CH2), 7.39 (t, J 

= 3.2 Hz, 3H, Ar), 7.61-7.64 (m, 2H, Ar), 8.39 (br s, 1H, OH) ppm; 13C NMR (100 MHz, 

CDCl3) δ = 14.1, 32.7, 61.3, 126.3, 128.6, 129.5, 135.3, 152.9, 168.8 ppm.  

 

6.8.6 Synthesis of ethyl 3-phenyl-2H-azirine-2-carboxylate 

 

Ethyl 3-phenyl-2H-azirine-2-carboxylate20 (5.53) 

According to a known procedure with slight modifications:20 to a  

solution of oxime (0.456 g, 2.2 mmol, 1.0 equiv.)  and triethylamine 

(0.9 mL, 6.6 mmol, 3.0 equiv) in DCM (20 mL), tosyl chloride (0.500 
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g, 2.6 mmol, 1.2 equiv) was slowly added, and the mixture was stirred at the same 

temperature for 2.5 h. The reaction was quenched with water, and the organic layer was 

extracted three times with ethyl acetate (20 mL). The combined organic layers were washed 

with water, brine, and dried over anhydrous Na2SO4. The solvents were evaporated under 

vacuo, and the resulting crude material was used immediately for the next step without 

further purification. To the crude of  ketoximetosylate in DCM  (8 mL) at 0 ºC, DBU (0.4 

mL, 2.6 mmol, 1.2 equiv) was slowly added, and the mixture was stirred at the same 

temperature for 1h. The reaction quenched with water, and the organic layer was extracted 

with DCM (10 mL). The combined organic layers were washed with brine and dried over 

anhydrous Na2SO4. After the solvents were removed in vacuo, the residue was purified by 

column chromatography [ethyl:acetate:n-hexane (1:1)] to give the corresponding 2H-

azirines. 

Yield: 42% (0.174 g); yellow oil; 1H NMR  (400 MHz, CDCl3) δ  =  1.27 (t, J = 7.2 Hz, 

3H, CH3),  2.85 (s, 2H, CH2),  4.22 (q, J = 7.2 Hz, 2H, CH2), 7.56-7.60 (m, 2H, Ar), 7.63-

7.67 (m, 1H, Ar), 7.88-7.91 (m, 2H, Ar) ppm; 13C NMR (100 MHz, CDCl3) δ = 14.2, 29.7, 

61.3, 122.4, 129.3, 130.5, 133.9, 158.6, 171.7 ppm.  

 

6.8.7 Synthesis of 3,6-dimethyl-2-(trimethylsilyl)phenyl 

 trifluoromethanesulfonate 

 

Synthesis of 3,6-dimethyl-2-(trimethylsilyl)phenyl trifluoromethanesulfonate (5.24b) 

2-bromo-3,6-dimethylphenol (5.55) 

 The compound was synthesised following a known procedure with slight 

modifications:21 in a flask equipped with a Soxhlet apparatus and flushed with 

argon, 2,5-dimethyphenol (5.54) (4.0 g 37,0 mmol, 1 equiv.) and 

diisopropylamine (0.52 ml, 0.37 g, 3.7 mmol, 0.1 equiv.) were dissolved in CH2Cl2 (100 

mL). The thimble was filled with NBS (6.58 g, 37.0 mmol, 1 equiv.) and the system was 

heated to reflux for 16 h. During this time, the NBS was slowly consumed. After cooling 

to room temperature, the resulting mixture was treated with a 2M sulfuric acid solution 

(100 mL). The layers were separated, and the aqueous layer was extracted with tert-

butylmethylether. The combined organic layers were washed with water and brine and 

dried over Na2SO4. The solvent was removed, and the crude product was purified by flash 

chromatography [elution with n-hexane]. Yield: 56% (4.17 g); colourless oil; 1H NMR 
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(400 MHz, CDCl3): δ = 2.26 (s, 3H, CH3), 2.34 (s, 3H, CH3), 5.65 (s, 1H, OH), 6.69 (d, J 

= 7.6 Hz, 1H, Ar), 6.93 (d, J = 7.6 Hz, 1H, Ar) ppm. 

 

3,6-Dimethyl-2-(trimethylsilyl)phenyl trifluoromethanesulfonate22 (5.24b) 

The compound was synthesised following a known procedure with slight 

modifications:22 a mixture of 2-bromo-3,6-dimethylphenol (5.55) (4.17 g, 

21.0 mmol, 1.0 equiv) and HMDS (5.22 mL, 4.02 g, 1.2 equiv) was stirred at 

reflux for 3 min under inert atmosphere (N2). Excess of NH3 and unreacted HMDS were 

then removed under vacuum. The formation of silyl ether was confirmed by  1H NMR. The 

crude product was dissolved in THF (0.15 M), the solution was cooled to –78 °C and n-

BuLi ( 4.0 mL, 1.1 equiv) was added dropwise. The mixture was stirred for 3 h. Then, Tf2O 

(4.24 mL, 7,11g, 1.2 equiv) was added dropwise, and stirring was continued for 1 h. Cold 

aqueous saturated solution of NaHCO3 was added, the phases were separated, and the 

aqueous layer was extracted with Et2O. The combined organic layers were dried over 

Na2SO4, filtered, and concentrated under reduced pressure. Purification of the residue by 

column chromatography [elution with n-hexane] afforded the desired triflate.  

Yield: 76% (5.21 g); yellow oil; 1H NMR (400 MHz, CDCl3): δ = 2.34 (s, 3H, CH3), 2.48 

(s, 3H, CH3), 7.09 (d, J = 7.6 Hz, 1H, Ar), 7.22 (d, J = 7.6 Hz, 1H, Ar) ppm.  

 

6.8.8 Synthesis of 3-tetrazolyl-indoles  

 

General procedure for the synthesis of 3-Tetrazolyl-indoles 

A mixture of 18-crown-6 (0.530 g, 2.0 mmol, 4 equiv), KF (0.116 g, 2.0 mmol, 4 

equiv) and the corresponding 2H-azirine 5.47, 5.48 or 5.53 (0.5 mmol, 1.0 equiv) in dry 

THF (6 mL) under inert atmosphere was allowed to stir at 30 °C for 5 min. Then the 

reaction mixture was immediately transferred to a preheated oil bath at 60 °C and the 

stepwise addition of the appropriate aryne precursor 5.24 (1.0 mmol) dissolved in THF (6 

mL) was performed. The progress of the reaction was monitored by TLC and upon 

completion (5 h) the mixture was filtered under celite, and the solvent was evaporated. 

Subsequently the crude residue was purified by flash column chromatography [eluting with 

gradient ethyl acetate/hexane from (1:3) to (1:1)] to afford the corresponding 3-tetrazolyl-

indoles. 
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3-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-2-phenyl-1H-indole (5.58a) 

According to the general procedure: 0.160 g of azirine 5.47a and 

0.298 g of triflate 5.31a 

Yield: 70% (0.112 g); yellow solid; m.p. 207.7–208.3 °C (diethyl 

ether/hexane); IR ṽ = 3267, 1588, 1456, 1245, 1066, 1028 cm–1; 

1H NMR (400 MHz, CDCl3): δ = 5.82 (s, 2H, CH2), 7.17 (pseudo t, J = 7.2 Hz, 2H, Ar), 

7.31–7.35 (m, 1H, Ar), 7.41 (d, J = 6.8 Hz, 1H, Ar), 7.44-7.48 (m, 3H, Ar), 7.53 (d, J = 8.4 

Hz, 2H, Ar), 7.59-7.61 (m, 2H, Ar), 7.69 (d, J = 8.0 Hz, 1H, Ar), 8.24 (d, J = 8.8 Hz, 2H, 

Ar), 9.11 (br s, 1H, NH) ppm; 13C NMR (100 MHz, CDCl3): δ = 111.4, 119.7, 120.2, 120.7, 

120.9, 124.2, 124.6, 127.2, 128.1, 128.3, 129.6, 130.5, 133.3, 136.2, 139.6, 148.3, 160.4 

ppm; HRMS (ESI): calcd. for C22H17N6O2 [M + H]+ 397.1408 found 397.1407. 

 

3-(2-(4-Nitrobenzyl)-2H-tetrazol-5-yl)-2-(thiophen-2-yl)-1H-indole (5.58b) 

According to the general procedure: 0.163 g of azirine 5.47c and 

0.298 g of triflate 5.31a.  

Yield: 52% (0.105 g), yellow solid; m.p. 212.4–213.5 °C 

(diethyl ether/hexane); IR ṽ = 3239, 1585, 1525, 1232, 1087, 

1028 cm–1; 1H NMR (400 MHz, CDCl3): δ = 5.86 (s, 2H, CH3), 7.16-7.22 (m, 2H, Ar), 

7.32 (pseudo t, J = 8,0 Hz, 7.2 Hz, 1H, Ar), 7.40-7.46 (m, 3H, Ar), 7.55 (d, J = 8.8 Hz, 2H, 

Ar), 7.87 (d, J = 8,0 Hz, 1H, Ar), 8.24 (d, J = 8.8 Hz, 2H, Ar), 9.25 (br s, 1H, NH) ppm; 

13C NMR (100 MHz, CDCl3): δ = 55.8, 111.4, 112.2, 121.0, 121.1, 124.3, 124.8, 125.5, 

127.1, 128.0, 129.5, 139.6, 148.3, 160.0 ppm; HRMS (ESI): calcd. for C20H15N6O2S [M + 

H]+ 403.0972 found 403.0970. 

 

4,7-Dimethyl-3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2-(thiophen-2-yl)-1H-indole 

(5.58c)  

According to the general procedure: 0.163 g of azirine 5.47c and 

0.326 g of triflate 5.31b. 

Yield: 23% (0.038 g), yellow solid; m.p. 205.4–207.1 °C (diethyl 

ether/hexane); IR ṽ = 3229, 1595, 1514, 1341, 807, 787, 732; 1H 

NMR (400 MHz, CDCl3): δ = 2.21 (s, 3H, CH3), 2.53 (s, 3H, CH3), 5.77 (s, 2H, CH2), 6.82 

(d, J = 7.2 Hz, 1H, Ar), 7.00 (d, J = 7.2 Hz, 1H, Ar), 7.04-7.05 (m, 1H, Ar), 7.13-7.15 (m, 

1H, Ar), 7.44-7.48 (m, 3H, Ar), 8.21 (d, J = 8.8 Hz, Ar), 9.05 (br s, 1H, NH) ppm; 13C 
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NMR (100 MHz, CDCl3): δ =  16.3, 19.0, 55.6, 112.2, 118.4, 122.6, 122.9, 124.1, 124.8, 

126.1, 126.7, 127.1, 129.1, 129.6, 130.1, 135.5, 136.0, 139.5, 148.3, 159.9 ppm; HRMS 

(ESI): calcd. for C21H22N6O2 [M + H]+ 431.1271 found 431.1281. 

 

4,7-Dimethyl-3-(2-(4-nitrobenzyl)-2H-tetrazol-5-yl)-2-phenyl-1H-indole (5.58d) 

 According to the general procedure: 0.160 g of azirine 5.47a and 

0.326g of triflate 5.31b.   

Yield: 37% (0.079 g), yellow solid; m.p. 209.2–211.0 °C (diethyl 

ether/hexane); IR ṽ =  3258, 1592, 1478, 1241, 808, 785, 734; 1H 

NMR (400 MHz, CDCl3): δ = 2.08 (s, 3H, CH3), 2.55 (s, 3H, CH3), 5.72 (s, 2H, CH2), 6.79 

(d, J = 7.2 Hz, 1H, Ar), 7.00 (d, J = 7.2 Hz, 1H, Ar), 7.41-7.43 (m, 7H, Ar), 8.19 (d, J = 

8.4 Hz, 1H, Ar), 8.94 ( br s, 1H, NH) ppm. 13C NMR (100 MHz, CDCl3): δ = 19.9, 29.3, 

55.5, 118.3, 118.8, 120.8, 121.1, 122.2, 124.1, 124.7, 126.4, 127.2, 127.5, 129.6, 130.1, 

131.3, 135.7, 139.5, 148.2, 160.3 ppm; HRMS (ESI): calcd. for C24H21N6O2 [M + H]+ 

425.1721 found 425.1718. 

 

o General procedure for the deprotection of compound 5.59 and synthesis of 

compound 5.60 

Compounds 5.59 and 5.60 were prepared following a known procedure.23 Anhydrous 

ammonium formate (3.5 mmol) was added in a single portion to a stirred suspension of the 

appropriate indole 5.58 (0.10 mmol) and an equal weight of 10% Pd/C in methanol (10 

mL) under a nitrogen atmosphere. The resulting mixture was stirred under reflux for 1 h. 

The mixture was cooled to room temperature, and the catalyst was removed by filtration 

through a Celite pad, which was further washed with methanol. The combined filtrate was 

evaporated under reduced pressure, and the resulting crude material was dissolved in ethyl 

acetate (25 mL), washed with aqueous 1 m HCl (2 x 25 mL), and dried with anhydrous 

Na2SO4. The solvent was evaporated, and the product was purified by crystallization from 

diethyl ether. 
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2-Phenyl-3-(2H-tetrazol-5-yl)-1H-indole (5.59a)  

According to the general procedure: 0.040 g of  indole 5.58a and 0.220 g 

of ammonium formate. 

Yield: 87% (0.023 g), Brown solid; m.p. > 185 °C (decomp., diethyl 

ether); IR ṽ = 3320, 1608, 1601, 1338, 1054, 775, 746 cm–1; 1H NMR (400 

MHz, DMSO-d6): δ = 7.13-7.17 (m, 1H, Ar), 7.28-7.32 (m, 1H, Ar), 7.34-7.38 (m, 1H, Ar), 

7.45-7.46 (m, 4H, Ar), 7.55 (d, J = 8.0 Hz, 1H, Ar), 7.64 (d, J = 8.4 Hz, 1H, Ar), 12.09 (br 

s, 1H, NH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 112.7, 116.8 120.1, 120.9, 124.3, 

127.2, 127.2, 129.0, 130.0, 130.5, 133.7, 137.2 ppm; HRMS (ESI): calcd. for C15H12N5 [M 

+ H]+ 262.1087 found 262.1087. 

 

4-((5-(2-(thiophen-2-yl)-1H-indol-3-yl)-2H-tetrazol-2-yl)methyl)aniline (5.60) 

      According to the general procedure: 0.040 g of indole 5.58b and 

0.220 g of ammonium formate. 

      Yield: 82% (0.031 g), white solid; m.p. > 185 °C (decomp.,    

                 diethyl ether); IR ṽ = 3274, 1588, 1492, 1344, 1207 cm–1; 1H 

NMR (400 MHz, DMSO-d6): δ = 5.25 (s, 2H, NH), 5.75 (s, 2H, CH2), 6.56 (d, J = 8.4 Hz, 

2H, Ar), 7.12-7.18 (m, 4H, Ar), 7.26-7.30 (m, 1H, Ar), 7.37 (dd, J = 3.6 Hz, 2.4 Hz, 1H, 

Ar), 7.52 (d, J = 8.4 Hz, 2H, Ar), 7.58 (dd, J = 5.2 Hz, 4.0 Hz, 1H, Ar), 7.78 (d, J = 8.0 Hz, 

1H, Ar), 12.15 (s, 1H, NH) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 56.9, 110.6, 112.7, 

114.2, 120.2, 120.8, 121.0, 121.9, 124.2, 125.8, 127.5, 127.7, 130.2, 134.8, 136.9, 149.7, 

159.3 ppm; HRMS (ESI): calcd. for C20H17N6S: [M + H]+ 373.1278 found 373.1281. 
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6.9  Biological assessment  

6.9.1 Compounds 2.82a, 2.82e, 2.82d, 2.82c, 2.82f , 2.83f, 2.82g–2.82j, 2.85a–2.85d, 2.85f, 

2.89 and 2.90 

o Cell culture 

For the evaluation of cytotoxic activity, six tumour cell lines were used: hepatocellular 

carcinoma (HepG2), human breast adenocarcinoma (MDA-MB-468), murine leukaemic 

monocyte macrophage (RAW 264.7), human acute monocytic leukaemia (THP1), human 

histiocytic leukaemia (U937) and murine T-lymphoma (thymoma; EL4); and two non-

tumour cell lines: murine bone marrow (S17) and murine microglia (N9). HepG2, THP1, 

U937 and EL4 were cultured in RPMI 1960 culture medium supplemented with 10% heat-

inactivated foetal bovine serum (FBS), 1% L-glutamine (2 mM), and 1% penicillin (50 

U/ml)/streptomycin (50 mg/ml). MDA-MB-468, RAW-264.7, S17 and N9 cells were 

maintained in DMEM culture medium, supplemented with 10% heat-inactivated foetal 

bovine serum (FBS), 1% L-glutamine (2 mM), and 1% penicillin (50 U/ml)/streptomycin 

(50 mg/ml). All cell lines were maintained at 37 ºC in humid atmosphere with 5% CO2. 

o Cytotoxicity assay 

The cytotoxic activity of the extracts was determined by the MTT colorimetric assay.24 

Briefly, exponentially growing cells were plated in 96-well tissue plates at a density of 5 x 

103 cells/well (HepG2, MDA-MB-468 and S17) or 1 x 104 cells/well (THP1, U937, EL4, 

RAW 264.7 and N9). Adherent cell lines were previously incubated for 24 h to ensure 

adhesion to the wells. BIMs were applied at various concentrations (ranging between 0.078 

and 200 mM) and control cells were treated with DMSO at the highest concentration used 

in test wells (0.5%). Cell viability was determined after 72 h of incubation with the 

BIMs/DMSO. Two hours prior to the end of the incubation period, 20 mL of MTT (5 

mg/mL in PBS) were added to each well and further incubated at 37 ºC. 150 mL of DMSO 

were afterwards added to each well in order to dissolve the formazan crystals and 

absorbance was measured at 590 nm (Biotek Synergy 4). Results were expressed in half 

maximal inhibitory concentration (IC50, mM). The selectivity of the BIMS was estimated 

using the following equation: Selectivity ¼ IC50 NT/IC50 VT, where VNT and VT indicate 

IC50 modulated by the compound on non-tumour and tumour cells, respectively. 

 

 



 
 

Chapter 6 – Experimental Section 

 

312 

6.9.2 Compound 2.87d 

 Methods  

Briefly, HT29 human colorectal adenocarcinoma were plated in 96-well plates (100 

cell/well) in undifferentiated medium in ultra-low attachment conditions for sphere 

formation and treated with a previously reported CSC-targeting agent (salinomycin; 1 μM 

- positive control), test compounds (concentrations ranging from 16 to 0.03125 μM) or 

vehicle control (DMSO 1 μM). Following 7 days of incubation, cell viability was assessed 

based on measurement of ATP, using the CellTiter-Glo™ Luminescent Cell Viability 

Assay (Promega). All data analysis and IC50 value calculations were performed using 

GraphPad Prism version 6.01. 

 After the primary screening in HT-29 cancer stem like cells (CSCs), dose-response 

curves were built using a 10-point concentration range of 0.03 – 16.00 μM for the hits. 

Compound 2.87d showed a sigmoidal dose-response curve-fit and a half-maximal 

inhibitory concentration (IC50) ≤ 2 μM and was tested on other colorectal cancer cell lines 

(SW-620, HCT116) enriched in CSCs. The anti-CSC effect of 2.87d was further validated 

by assessing impact on tumorsphere formation. To measure tumorsphere formation, colon 

cancer cells were plated as single cells in 24-well ultra-low attachment plates (500 

cells/well) and cultured in 1 mL serum-free DMEM/F12 supplemented with 2% B27 

supplement, 1% N2 supplement, 1% non-essential amino acids, 1% sodium pyruvate, 1% 

penicillin-streptavidin, 4 μg/mL heparin, 40 ng/mL recombinant human EGF and 20 ng/mL 

recombinant human bFGF. Tumorspheres numbers were counted and spheres’ area was 

determined using an image analysis software after spheroids images acquisition through 

brightfield microscopy. Salinomycin (anti-CSC agent) and 5-FU (traditional 

chemotherapeutic) were used as a positive control and negative control, respectively. 

 The IC50 of 2.87d was also determined on colorectal cancer cell lines plated in 

adherent conditions using a 10-point concentration range of 0.01 – 243.00 μM. Briefly, cell 

lines were seeded in 96-well plates (5,000 cells/well) in McCoy’s 5A (HCT-116), RPMI 

1640 (HT-29) or DMEM (SW-620), all supplemented with 10% FBS and 1% 

antibiotic/antimycotic solution. Seventy-two hours after plating cell viability was assessed 

based on measurement of MTS metabolism, using the CellTiter 96® Aqueous One Solution 

Cell Proliferation Assay.  
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Finally, to evaluate potential compound toxicity, primary mouse hepatocytes were 

collected from male C57BL/6 mice and plated in 96-well plates (10,000 cells/well) in 

William’s medium E supplemented with 10% FBS, 2% antibiotic/antimycotic and 0.1% 

insulin. After 4 h of plating, cells were treated with hits at concentrations ranging from 0.01 

– 243.00 μM. MTS metabolism was assayed 48h after plating. 

 

6.10 Minimum energy calculations 

Quantum chemical calculations were carried out to explore the structure and the 

preferred conformations of molecules 5.47a and 5.48. One initial low-energy conformer of 

each molecule was generated using the Open Eye Omega software.25, 26 These low-energy 

structures were then optimized at the DFT level of theory, using the B3LYP hybrid 

functional27, 28 and the standard 6- 31G(d) basis set. All calculations were performed using 

the GAMESS program package.29 Graphical representations were produced with 

Discovery Studio Visualizer v20.1.0.19295 software. 
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Appendix 1. Representative 1H, 13C and 2D NMR spectra of the new compounds 

 
Figure 1. 1H RMN spectrum of compound 2.82a (DMSO-d6). 

 

 
Figure 2. 13C RMN spectrum of compound 2.82a (DMSO-d6). 
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Figure 3. 1H RMN spectrum of compound 2.82b (DMSO-d6). 

 

 
Figure 4.  13C RMN spectrum of compound 2.82b (DMSO-d6). 
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Figure 5. 1H RMN spectrum of compound 2.83b (DMSO-d6). 

 

 
Figure 6. 13C RMN spectrum of compound 2.83b (DMSO-d6). 



 
 

Appendices 

 

323 

 
Figure 7. 1H RMN spectrum of compound 2.82c (DMSO-d6). 

 

 
Figure 8. 13C RMN spectrum of compound 2.82c (DMSO-d6). 
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Figure 9. 1H RMN spectrum of compound 2.82d (DMSO-d6). 

 

 
Figure 10. 13C RMN spectrum of compound 2.82d (DMSO-d6). 
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Figure 11. Expansion of the NOESY spectrum of compound 2.82d. 

 

 
Figure 12. 1H RMN spectrum of compound 2.83d (DMSO-d6). 

H-3

H-3

H-4

H-4

H-Ph

H-Ph

H-Ph

H-Ph



 
 

Appendices 

 

326 

 
Figure 13 13C RMN spectrum of compound 2.83d (DMSO-d6). 

 

 
Figure 14. 1H RMN spectrum of compound 2.82e (DMSO-d6). 
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Figure 15. 13C RMN spectrum of compound 2.82e (DMSO-d6). 

 

 
Figure 16. 1H RMN spectrum of compound 2.82f (DMSO-d6). 
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Figure 17. 13C RMN spectrum of compound 2.82f (DMSO-d6). 

 

 
Figure 18. NOESY spectrum of compound 2.82f (DMSO-d6). 
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Figure 19. 1H RMN spectrum of compound 2.83f (DMSO-d6). 

 

 
Figure 20. 13C RMN spectrum of compound 2.83f (DMSO-d6). 
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Figure 21. 1H RMN spectrum of compound 2.82g (DMSO-d6). 

 

 
Figure 22. 13C RMN spectrum of compound 2.82g (DMSO-d6). 
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Figure 23. 1H RMN spectrum of compound 2.83g (DMSO-d6). 

 

 
Figure 24. 1H RMN spectrum of compound 2.82h (DMSO-d6). 
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Figure 25. 13C RMN spectrum of compound 2.82h (DMSO-d6). 

 

 
Figure 26. 1H RMN spectrum of compound 2.82i (DMSO-d6). 
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Figure 27. 13C RMN spectrum of compound 2.82i (DMSO-d6). 

 

 
Figure 28. 1H RMN spectrum of compound 2.82j (DMSO-d6). 
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Figure 29. 13C RMN spectrum of compound 2.82j (DMSO-d6). 

 

 
Figure 30. 1H RMN spectrum of compound 2.85a (CDCl3). 
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Figure 31. 13C RMN spectrum of compound 2.85a (CDCl3). 

 

 
Figure 32. 1H RMN spectrum of compound 2.85b (CDCl3). 
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Figure 33. 13C RMN spectrum of compound 2.85b (CDCl3). 

 

 
Figure 34. 1H RMN spectrum of compound 2.85c (DMSO-d6). 
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Figure 35. 13C RMN spectrum of compound 2.85c (DMSO-d6). 

 

 
Figure 36. 1H RMN spectrum of compound 2.85d (DMSO-d6). 
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Figure 37. 13C RMN spectrum of compound 2.85d (DMSO-d6). 

 

 
Figure 38. 1H RMN spectrum of compound 2.85e (DMSO-d6). 
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Figure 39. 13C RMN spectrum of compound 2.85e (DMSO-d6). 

 

 
Figure 40. 1H RMN spectrum of compound 2.85f (DMSO-d6). 
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Figure 41. 13C RMN spectrum of compound 2.85f (DMSO-d6). 

 

 
Figure 42. 1H RMN spectrum of compound 2.86 (CDCl3). 
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Figure 43. 13C RMN spectrum of compound 2.86 (CDCl3). 

 

 
Figure 44. 1H RMN spectrum of compound 2.87a (CDCl3). 
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Figure 45. 1H RMN spectrum of compound 2.87b (CDCl3). 

 

 
Figure 46. NOESY spectrum of compound 2.87b (CDCl3). 
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Figure 47. 1H RMN spectrum of compound 2.87c (CDCl3). 

 

 

 
Figure 48. 1H RMN spectrum of compound 2.87d (CDCl3). 
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Figure 49. 1H RMN spectrum of compound 2.88d (CDCl3). 

 

 
Figure 50. 1H RMN spectrum of compound 2.87e (DMSO-d6). 
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Figure 51. 1H RMN spectrum of compound 2.89a (DMSO-d6). 

 

 
Figure 52. 13C RMN spectrum of compound 2.89a (DMSO-d6). 
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Figure 53. 1H RMN spectrum of compound 2.89b (DMSO-d6). 

 

 
Figure 54. 13C RMN spectrum of compound 2.89b (DMSO-d6). 
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Figure 55. 1H RMN spectrum of compound 3.43b (CDCl3). 

 

 
Figure 56. 1H RMN spectrum of compound 3.42d (CDCl3). 
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Figure 57. 1H RMN spectrum of compound 3.43c (CDCl3). 

 

 
Figure 58. 1H RMN spectrum of compound 3.42e/3.43d (CDCl3). 
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Figure 59. 1H RMN spectrum of compound 3.44a (DMSO-d6). 

 

 
Figure 60. 13C RMN spectrum of compound 3.44a (DMSO-d6). 
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Figure 61. 1H RMN spectrum of compound 3.41c (DMSO-d6). 

 

 
Figure 62. 13C RMN spectrum of compound 3.41c (DMSO-d6). 
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Figure 63. 1H RMN spectrum of compound 3.45a (DMSO-d6). 

 

 
Figure 64. 13C RMN spectrum of compound 3.45a (DMSO-d6). 
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Figure 65. 1H RMN spectrum of compound 3.45b (CDCl3). 

 

 
Figure 66. 13C RMN spectrum of compound 3.45b (CDCl3). 
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Figure 67. 1H RMN spectrum of compound 3.45d (CDCl3). 

 

 
Figure 68. 13C RMN spectrum of compound 3.45d (CDCl3). 
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Figure 69. 1H RMN spectrum of compound 4.27a (DMSO-d6). 

 

 
Figure 70. 13C RMN spectrum of compound 4.27a (DMSO-d6). 
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Figure 71. 1H RMN spectrum of compound 4.27b (DMSO-d6). 

 

 
Figure 72. 13C RMN spectrum of compound 4.27b (DMSO-d6). 
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Figure 73. 1H RMN spectrum of compound 4.27c (DMSO-d6). 

 

 
Figure 74. 13C RMN spectrum of compound 4.27c (DMSO-d6). 
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Figure 75. 1H RMN spectrum of compound 4.27d (DMSO-d6). 

 

 
Figure 76. 13C RMN spectrum of compound 4.27d (DMSO-d6). 

 



 
 

Appendices 

 

358 

 
Figure 77. 1H RMN spectrum of compound 4.28a (CDCl3). 

 

 
Figure 78. 13C RMN spectrum of compound 4.28a (CDCl3). 
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Figure 79. 1H RMN spectrum of compound 4.28b (CDCl3). 

 

 
Figure 80. 13C RMN spectrum of compound 4.28b (CDCl3). 
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Figure 81. 1H RMN spectrum of compound 4.31 (DMSO-d6). 

 

 
Figure 82. 13C RMN spectrum of compound 4.31 (DMSO-d6). 
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Figure 83. 1H RMN spectrum of compound 5.58a (CDCl3). 

 

 
Figure 84. 13C RMN spectrum of compound 5.58a (CDCl3). 
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Figure 85. 1H RMN spectrum of compound 5.58b (CDCl3). 

 

 
Figure 86. 13C RMN spectrum of compound 5.58b (CDCl3). 
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Figure 87. 1H RMN spectrum of compound 5.58c (CDCl3). 

 

 
Figure 88. 13C RMN spectrum of compound 5.58c (CDCl3). 
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Figure 89. 1H RMN spectrum of compound 5.58d (CDCl3). 

 

 
Figure 90. 13C RMN spectrum of compound 5.58d (CDCl3). 
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Figure 91. 1H RMN spectrum of compound 5.59a (DMSO-d6). 

 

 
Figure 92. 13C RMN spectrum of compound 5.59a (DMSO-d6). 
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Figure 93. 1H RMN spectrum of compound 5.60a (DMSO-d6). 

 

 
Figure 94. 13C RMN spectrum of compound 5.60 (DMSO-d6). 
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Appendix 2. Theoretical computational calculations at the DFT level - Optimised 

geometries, minimum energy and Cartesian coordinates 

 

 

 

 

 

Figure 1. Optimized geometry (B3LYP/6-31G(d) level) of 2-(tetrazol-5-yl)-2H-azirines 

5.47a. Colour coding: Grey for carbon; red for oxygen; blue for nitrogen and white for 

hydrogen. 

 

Table 1. Minimum energy and respective Cartesian coordinates (Å) calculated at the 

B3LYP/6-31G(d) level of theory for compound 5.47a. 

 

Eh = -1095.0668990974 

 

   Atom   Charge       X              Y              Z 

 ------------------------------------------------------------------------- 

 N           7.0  -1.3278061940  -1.8560082050  -0.4724330115 

 C           6.0  -0.1000719327  -1.5937638935  -0.3037405767 

 C           6.0  -0.3512954372  -3.0241429327  -0.2145172705 

 C           6.0   0.8725958726  -0.5291048946  -0.2421908155 

 C           6.0  -0.3765907556  -3.7242337079   1.0931791673 

 C           6.0   2.1878967612  -0.8303103730   0.1478517322 

 C           6.0   3.1359579760   0.1883151127   0.2152708618 

 C           6.0   2.7762646586   1.4989294626  -0.1098746689 

 C           6.0   1.4652984491   1.8002125794  -0.4982498262 

 C           6.0   0.5102112264   0.7912703174  -0.5630794626 

 N           7.0  -1.4750389116  -4.0867400199   1.7976708101 
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 N           7.0  -1.0646443360  -4.7448375265   2.9083221516 

 N           7.0   0.2279537988  -4.7796454264   2.8611794710 

 N           7.0   0.6916174448  -4.1547526808   1.7473619250 

 C           6.0  -2.9018950517  -3.8484761759   1.5550190023 

 C           6.0  -3.4745968279  -2.7252570087   2.4018441092 

 C           6.0  -3.8842636968  -1.5291714967   1.7988090321 

 C           6.0  -4.4359613200  -0.5033123851   2.5639616201 

 C           6.0  -4.5661790007  -0.6913715028   3.9374347614 

 C           6.0  -4.1590298615  -1.8677757823   4.5660823437 

 C           6.0  -3.6139616334  -2.8850711865   3.7889161062 

 N           7.0  -5.1509786325   0.3882691872   4.7520005239 

 O           8.0  -5.4840649673   1.4231510722   4.1747350651 

 O           8.0  -5.2717446252   0.1906635235   5.9605446821 

 H           1.0  -0.1316240491  -3.6629964580  -1.0712387093 

 H           1.0   2.4433747517  -1.8535225222   0.4100322065 

 H           1.0   4.1530516708  -0.0382030541   0.5217306979 

 H           1.0   3.5187464412   2.2910411244  -0.0593692332 

 H           1.0   1.1928165678   2.8217190896  -0.7481099239 

 H           1.0  -0.5110681100   1.0076121951  -0.8632698147 

 H           1.0  -3.0117257530  -3.6245962709   0.4935561333 

 H           1.0  -3.4126095399  -4.7919838779   1.7681459329 

 H           1.0  -3.7538960999  -1.3951663621   0.7292783594 

 H           1.0  -4.7608274516   0.4289249628   2.1180813066 

 H           1.0  -4.2751792061  -1.9695752902   5.6381147258 

 H           1.0  -3.2793322254  -3.8044895934   4.2603505854 
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Figure 2. Optimized geometry (B3LYP/6-31G(d) level) of 2-(tetrazol-5-yl)-2H-azirines 

and 5.48. Colour coding: Grey for carbon; red for oxygen; blue for nitrogen and white for 

hydrogen. 

 

Table 2. Minimum energy and respective Cartesian coordinates (Å) calculated at the 

B3LYP/6-31G(d) level of theory for compound 5.48. 

 
Eh = -1095.0710273077 

 
   Atom   Charge       X              Y              Z 

 ------------------------------------------------------------------------- 

 N           7.0  -4.4968136265  -3.7953954837  -2.8817059811 

 C           6.0  -5.3621492304  -3.0633471930  -2.3229607607 

 C           6.0  -4.0421354814  -2.8224781553  -1.7572466491 

 C           6.0  -6.7790198373  -2.7581717226  -2.3496858698 

 C           6.0  -3.6008942672  -3.4032880452  -0.4771377064 

 C           6.0  -7.3222387012  -1.8443290699  -1.4347446525 

 C           6.0  -8.6847564182  -1.5530202747  -1.4706124402 

 C           6.0  -9.5050959565  -2.1672493225  -2.4202659325 

 C           6.0  -8.9653873558  -3.0774924430  -3.3363196804 

 C           6.0  -7.6068693634  -3.3761095898  -3.3030988889 

 N           7.0  -4.2835384615  -4.3002904325   0.2384761568 

 N           7.0  -3.4433798087  -4.5237855353   1.2488071965 

 N           7.0  -2.3222786490  -3.8094395247   1.1915826377 

 N           7.0  -2.4054919331  -3.0932151918   0.0977674015 

 C           6.0  -3.7437123332  -5.4266300823   2.3610033696 

 C           6.0  -4.2270357472  -4.6927104285   3.5970596333 

 C           6.0  -5.5382702876  -4.2006940458   3.6624345340 
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 C           6.0  -5.9840747030  -3.5232479921   4.7933916640 

 C           6.0  -5.1008020415  -3.3466221857   5.8580124392 

 C           6.0  -3.7923836488  -3.8215817345   5.8207828065 

 C           6.0  -3.3619085787  -4.4952997146   4.6799470446 

 N           7.0  -5.5685067500  -2.6366356143   7.0618477259 

 O           8.0  -6.7264209450  -2.2199532598   7.0639529409 

 O           8.0  -4.7730285886  -2.5042842625   7.9909864604 

 H           1.0  -3.4389226139  -1.9765812272  -2.0824619243 

 H           1.0  -6.6723678851  -1.3718640352  -0.7033336875 

 H           1.0  -9.1064582730  -0.8463278528  -0.7610740929 

 H           1.0 -10.5669026972  -1.9368768606  -2.4490183207 

 H           1.0  -9.6064154431  -3.5518074727  -4.0745352115 

 H           1.0  -7.1723277719  -4.0804500228  -4.0071111947 

 H           1.0  -2.8286663974  -5.9840366425   2.5740526501 

 H           1.0  -4.4993531152  -6.1187557798   1.9837943874 

 H           1.0  -6.2101656314  -4.3441670183   2.8203163007 

 H           1.0  -6.9935460142  -3.1376591809   4.8671625668 

 H           1.0  -3.1383692134  -3.6607533960   6.6691497859 

 H           1.0  -2.3419122305  -4.8661492070   4.6296852913 
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