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Resumo 

 

“SÍNTESE SUSTENTÁVEL DE DERIVADOS DE CICLOPENTENO 

ATRAVÉS DE REAÇÕES MULTICOMPONENTES EM REGIME DE FLUXO 

CONTÍNUO” 

A química sustentável ganhou relevância nos últimos anos, não apenas na 

indústria de química fina, mas também, em síntese orgânica. Essa nova concepção 

da química, permite o desenvolvimento de processos de maneira ambientalmente 

mais amigáveis, através da minimização na geração resíduos, reduzindo a 

manipulação de reagentes químicos perigosos – no entanto, essa abordagem 

estimula o uso de substratos e solventes “sustentáveis ou verdes”. Nesse contexto, 

o uso de fluxo contínuo em síntese orgânica foi estendido a uma taxa exponencial, 

devido as várias aplicações na síntese de derivados de produtos naturais de 

interesse para indústria farmacêutica. De forma a contribuir com a área, esse 

projeto tem por objetivo desenvolver uma nova metodologia estereosseletiva  para 

síntese de ciclopentenos tetrasubstituídos através de uma abordagem mais 

sustentável. Nesse sentido, elegemos a combinação de organocatálise e reações 

multicomponentes como ferramentas de síntese. Ambas metodologias permitem 

o emprego de solventes verdes, bem como, a incorporação de técnicas de fluxo 

contínuo na substituição dos métodos em batelada. A etapa multicomponente 

representou avanços significativos no desenvolvimento de uma metodologia mais 

sustentável. Finalmente, a metodologia desenhada pode ser considerada como um 

protocolo sustentável para a síntese de análogos de produtos naturais, 

enantiomericamente enriquecidos, de maneira rápida e eficiente. 
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Abstract 

 

“SUSTAINABLE SYNTHESIS OF CICLOPENTENE DERIVATIVES 

THROUGH MULTICOMPONENT REACTIONS IN CONTINUOUS FLOW 

REGIME” 

Sustainable chemistry has gained relevance in recent years, not only in the fine 

chemical industry, but also in organic synthesis. This new conception of chemistry 

allows the development of environmentally friendly processes, by minimizing 

waste generation as well as in reducing the handling of hazardous chemical 

reagents. However, this approach encourages the use of "sustainable or green" 

substrates and solvents. In this context, the use of continuous flow has been 

extended at an exponential rate in organic synthesis, due to the various 

applications to the synthesis of derivatives of natural products of interest to the 

pharmaceutical industry. In order to contribute in the area, this project aimed to 

develop a new stereoselective methodology for the synthesis of tetrasubstituted 

cyclopentenes through sustainable approach. Combination of organocatalysis and 

multicomponent reactions as synthesis tools was chosen. Both methodologies 

allowed the use of green solvents, as well as the incorporation of continuous flow 

techniques in the substitution of batch methods. The multicomponent stage 

represented significant advances in the development of a more sustainable 

methodology. Finally, the designed methodology can be considered as a 

sustainable protocol for the synthesis of analogues of natural products, 

enantiomerically enriched, quick and efficiently. 
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Chapter 1. 

1.1-Introduction 

Sustainable chemistry has gained relevance in recent years, not only 

in industry but also in chemical synthesis. This has been reflected by the number 

of papers published in the last decade (2010-2019), which have increased 

continuously and steadily, from 904 papers in 2010 to more than 2600 in 2019, 

with a total accumulated of 17932 papers (FIGURE 1.1). 

 

 
 

FIGURE 1.1- Numbers of papers published on Green Chemistry between 2010-

2019 , according to the Web of Science. 

 

This new conception of chemistry draws a guide to develop products 

and processes in a responsible, conscious and environmentally-friendly way, 

following the foundations of the “green chemistry” formulated by Anastas and 

Werner in the late 90's.1 These principles promote the development of new 

methodologies in chemical processes through the efficient use of energy, 

minimizing waste by reducing the use of hazardous chemical compounds and by 

encouraging the use of non-toxic or “green” substrates and solvents (FIGURE 

1.2). 
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FIGURE 1.2- Principles of Green Chemistry. 

 

Solvents largely define the sustainability of a chemical synthesis and 

have a great influence on the cost and safety of the process; hence the use of 

"green" solvents obtained from biomass and its derivatives become important in 

chemical production.2  

There are various methods to determine the environmental impact of 

a specific solvent or solvent mixture and estimate the amount of its emissions. 

The first method, the environmental, health and safety (EHS) evaluation method,3 

is a detection method with the objective of identifying the potential risks of 

chemical products. The second method, the solvent life cycle (LCA) evaluation 

method,4 can be used for a more detailed evaluation of emissions to the 

environment from production to final disposal. These techniques, together with 

other computational analysis models,5,6 made it possible to prepare the GSK's 

Sustainable Solvent Guide,7 which includes a wide variety of solvents, their 

properties and its impact on the environment. Some of the most used green 

solvents in modern chemistry are alcohols (ethanol, 2-propanol,), esters (ethyl 

acetate, isopropyl acetate), carbonates (dimethyl carbonate, diethyl carbonate), 

among others.7 
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At present, the use of green solvents has been of great interest in the 

development of more sustainable synthetic strategies than the existing strategies. 

In this context, organocatalysis and multicomponent reactions occupy a special 

place in modern organic synthesis. 

 

1.2-Organocatalysis 

Since 2000, the field of organocatalysis has developed at a very rapid 

pace, and is being explored by many researchers around the world. According to 

MacMillan,8 organocatalysts are small organic molecules that are used as catalysts 

in chemical synthesis. 

This new methodology has been implemented very quickly due to 

the advantages offered by organocatalysts: low cost, they are not toxic and stable 

in atmospheric conditions and in the majority of solvents, making experimental 

operations simpler. 

 

The interaction of organocatalysts with the substrate is called the 

“activation mode”. The activation modes can be covalent and non-covalent 

(FIGURE 1.3).9  In the covalent activation mode, the formation of a covalent bond 

occurs between the substrate and the organocatalyst within the reaction medium. 

Examples of these organocatalysts are aminocatalysts10 and carbenes11. 

In the non-covalent activation mode, interactions between the 

substrate and the organocatalyst can occur through hydrogen bonds or the 

formation of ion pairs. In this context, some examples of organocatalysts are 

thioureas and phosphoric acids12, as well as chiral bases such as cinchonas 

alkaloids and phase transfer catalysts13. 

 

FIGURE 1.3- General classification of the activation mode in organocatalysis.  
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Within the repertoire of existing organocatalysts in the literature, 

chiral secondary amines have acquired considerable interest due to their use in the 

functionalization of carbonyl compounds, especially in β-positions of α,β-

unsaturated aldehydes.14 The enantioselective insertion of various nucleophilic 

species constitutes a very versatile way to form new C-C and C-heteroatom bonds 

(SCHEME 1.1). 

 

 

SCHEME 1.1- β-functionalization of α,β-unsaturated aldehydes. 

 

SCHEME 1.2- Proposed mechanism for β-functionalization of α,β-unsaturated 

aldehydes.   



5 
 

 

The catalytic cycle begins with the condensation of the catalyst 

(chiral secondary amine) and the α,β-unsaturated aldehyde, forming as an 

intermediate, a conjugated iminium ion, that is the reactive species in the β- 

functionalization. Attacking a nucleophile to the β-carbon atom of the iminium 

ion leads to the formation of a β-functionalized enamine, which is in tautomeric 

equilibrium with the corresponding iminium ion. Finally, the hydrolysis of the 

iminium ion releases the functionalized β-product and the organocatalyst, which 

can catalyze a new reaction cycle15 (SCHEME 1.2). 

The structure and reactivity of the iminium ion have been extensively 

studied through various theoretical and experimental methods.16 The results show 

an energetic favor for the trans-trans iminium ion as a single molecule and in the 

transition state as compared to cis-trans iminium ion (SCHEME 1.3). This 

conformation leads to a Re-face attack of the nucleophile while the Si-face 

approach is unfavorable because of steric repulsion. The control of the 

configuration of both double bonds and the direction of the nucleophilic attack 

(mainly because the steric hindrance of the catalyst protects the Si-face), 

constitute a determining aspects in the enantioselectivity of the reaction.15  

 

SCHEME 1.3- Intermediaries in the β-functionalization of α,β-unsaturated 

aldehydes. 

 

1.2.1-Michael's reaction in Organocatalysis 

The synthesis of optically active compounds from the formation of 

new bonds (C-C and C-heteroatom) together with the creation of stereogenic 

centers in an enantioselective manner continues to be a very attractive research 

area for synthetic chemists. In this context, the addition of organocatalyzed 

Michael’s reaction via iminium ion has become a very useful tool for obtaining a 

variety of chiral compounds, including natural products or molecular fragments 

of its central structure.17 An example of these structures is the dihydropyran 

heterocyclic ring (DHP), found in numerous naturally-occurring products and 

biologically active compounds of pharmacological interest.18-22 
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In 2008, Franke et al23 reported Michael's addition of 1,3 

cyclopentadione to α,β-unsaturated aldehydes followed by acetylation to form a 

family of 3,4 dihydropyrans with yields of 59-95 % and high enantioselectivity 

(88-96% ee). This reaction proceeds under slightly acidic conditions and in the 

presence of a secondary amine as a catalyst (SCHEME 1.4). 

 

 
SCHEME 1.4- Synthesis of 3,4 functionalized dihydropyrans. 

 

 

SCHEME 1.5- Proposed mechanism for the synthesis of 3,4 functionalized 

dihydropyrans. 
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The α,β-unsaturated aldehyde 1 is transformed by the reaction 

between catalyst 4a and nucleophile 2 in the Michael’s adduct 6. The stereocenter 

formed in the catalytic cycle is controlled by a Re-face attack of the nucleophile 

on the β-carbon atom of the iminium ion 5, because the Si-face is protected by the 

C2 substituent on the pyrrolidine ring of the catalyst. After the formation of the 

stereocenter, the catalyst is released by cyclization to result in hemiacetal 7, which 

is easily acetylated to provide the desired product 3 (SCHEME 1.5). 

 

In 2014, Niu et al24 described Michael's asymmetric addition of α-

cyanoketones to α,β-unsaturated aldehydes using L-diphenylprolinol 

trimethylsilyl ether as catalyst. The reaction is carried out in the presence of 3,5 

dinitrobenzoic acid (3,5 DNBA), obtaining a variety of 3,4 chiral dihydropyrans 

with yields of 78-91% and high enantioselectivity (up to 98% ee) (SCHEME 1.6). 

 

 

SCHEME 1.6- Synthesis of 3,4 chiral dihydropyrans.  

 

The mechanism begins with the reaction of catalyst 4b with the α,β-

unsaturated aldehyde 2 to form the iminion ion A. The nucleophilic attack of 

intermediate B (obtained from α-cyanoketone 1 in acidic medium) to the iminion 

ion A generates, in situ, another intermediate C, which will then undergo 

hydrolysis to give intermediate D. The stereocenter formed in the catalytic cycle 

is controlled by a nucleophilic Re-facial attack in the plane of the iminium ion 

because the substituent of carbon 2 in the pyrrolidine ring of the catalyst protects 

the Si-face from the attack, this, being frequent when TMS-protected proline 

derivatives are used as organocatalysts.25-28 Later, the catalyst is released by 

cyclization to form intermediate D, which after the steps of enolization and 

intramolecular addition finally generates the desired product 3 (SCHEME 1.7). 
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SCHEME 1.7- Proposed mechanism for the synthesis of 3,4 chiral dihydropyrans. 

 

Michael's organocatalytic reaction is of great importance in obtaining 

biologically active compounds with various therapeutic properties and high 

structural diversity such as: (S)-Rolipram, a phosphodiesterase inhibitor29, (S)-

Baclofen, a potent gamma-aminobutyric acid (GABA) receptor agonist30 and (-)-

Paroxetine, an antidepressive drug31(FIGURE 1.4). However, the use of more 

environmentally friendly solvents could be a very novel alternative to develop the 

organocatalytic process from a more sustainable perspective.32 

 

 
 

FIGURE 1.4-Examples of biologically active compounds obtained through 

organocatalyzed Michael’s reactions. 
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1.3-Multicomponent reactions  

Multicomponent reactions (MCRs) constitute one of the most 

attractive transformations in synthetic organic chemistry. These are defined as 

reactions in which three or more reagents, in a one-pot manner, react by means of 

several sequential stages forming a product that contains essentially all the atoms 

of the starting materials.33 

 

MCRs are generally characterized as condensation reactions with 

high atomic economy, which occur under mild conditions, sustainable solvents 

and without the need to use an inert atmosphere, generating products with greater 

diversity and molecular complexity.34 

 

MCRs have great advantages compared to traditional multi-step 

syntheses (FIGURE 1.5). In MCRs, a molecule is assembled in a single chemical 

step by mixing the corresponding starting materials unlike the traditional synthetic 

efforts, which involves multiple sequential steps. In this way, high levels of 

atomic efficiency and lower generation of waste can be achieved and time and 

energy are saved, avoiding the isolation and purification of synthetic 

intermediaries that require a lot of time.35 

 

 

FIGURE 1.5- Comparison between multi-step synthesis and MCR. 

  



10 
 

MCRs provide quick and easy access to various compounds with 

applications in different areas of chemistry (FIGURE 1.6). 

 
FIGURE 1.6-Applications of MCRs in chemistry. 

There is a wide variety of multicomponent reactions that combine the 

reactivity of various organic functions, such as the Strecker, Mannich, Petasis’ 

reactions, among others45 (SCHEME 1.8). 

 

SCHEME 1.8- Examples of MCRs. 

Within the MCRs, the isocyanide-based reaction (IMCR) such as the 

Passerini’s three-components reaction (P-3CR) and the Ugi’s four-components 

reaction (Ugi-4CR), occupy a privileged place due to the reactivity of the divalent 

carbon atom of the isocyanides towards nucleophiles and electrophiles 

compounds, which then converts isocyanides into exceptional chemical species.46  



11 
 

 

 
SCHEME 1.9- Multicomponent reaction of Passerini. 

Specifically, the Ugi’s reaction has been extensively studied and is 

widely used in synthetic chemistry. 

1.3.1-Multicomponent Ugi’s Reaction 

The Ugi’s reaction was described by Ivar Ugi in 1959.47 In this 

reaction, an aldehyde, a primary amine, a carboxylic acid and an isocyanide are 

combined to give way to a single reaction product, from the four starting 

components (SCHEME 1.10). 

 

SCHEME 1.10- Multicomponent reaction of Ugi. 

The general mechanism of this reaction, first involves the in situ 

formation of an imine from the aldehyde and the primary amine. Then the 

nucleophilic attack of the isocyanide component to this imine occurs, followed by 

the addition of the carboxylic acid to give rise to an α-adduct. Finally, an 

intramolecular rearrangement of this intermediate occurs (Munn’s rearrangement) 

to obtain variously N-substituted dipeptides derivatives.48 This mechanism was 

verified experimentally by Neto et al35 and is the most accepted to date (SCHEME 

1.11). 

 

SCHEME 1.11- Proposed mechanism of the Ugi-4CR.  
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Among the modifications made to the reaction of Ugi, one of the 

most important is to replace the acid component of the classical reaction with a 

phenol that contains an electron-withdrawing group.49 This substitution modifies 

the last stage of the reaction mechanism, the Munn’s rearrangement and leads to 

a new Smiles’s type rearrangement, giving rise to the reaction known as Ugi-

Smiles (SCHEME 1.12). 

 

 

SCHEME 1.12- Multicomponent reaction of Ugi-Smile. 

 

 
 

SCHEME 1.13- Proposed mechanism of the Ugi-Smile’s reaction. 

The reaction of four components of Ugi has played an important role 

in obtaining biologically active compounds with very diverse pharmacological 

properties.50-55 Similarly, the use of more efficient heating sources such as 

microwaves (MW) have allowed accelerating chemical reactions, leading to 

cleaner processes with higher yields.56-58 

Barreto and co59 reported a fast and efficient route in MW for the 

synthesis of linear peptoids through the reaction of Ugi four components 

(SCHEME 1.14). The synthesized peptoids served as starting material to obtain 

other compounds with greater diversity and structural complexity and potential 

biological interest.  
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SCHEME 1.14- Microwave-assisted synthesis of linear peptoids. 

 

This one-pot methodology led to yields of 75-92% and very small 

reaction times (1-6 min) when compared to traditional heating forms (oil baths). 

Similarly, it offers several advantages such as the absence of solvents and 

operational simplicity, contributing to sustainability and greater security for high-

speed and small-scale synthesis. However, the need to carry out reactions under 

conditions of high pressures and temperatures in laboratories, with a 

homogeneous mixer and heating throughout the vessel (avoiding the appearance 

of dead zones) many times above the boiling point of the solvent used , safely and 

directly scalable to the industry, has led to the transfer of MW technology towards 

a continuous flow methods.60 

 

1.3.2-MCR in Continuous Flow Regime 

1.3.2.1-Flow Chemistry 

At present, the use of flow chemistry in organic synthesis has been 

extended at an exponential rate due to its varied applications in the pharmaceutical 

industry, especially in the synthesis of derivatives of natural products and active 

ingredients (APIs) in automated systems.61 For examples, Artemisinin, an 

antiparasitic (highly effective for the treatment of malaria),62  Rac-Oxomaritidine, 

which is a naturally-occurring alkaloid with cytotoxic properties63 and 

Olanzapine, a drug used in the treatment of bipolar disorder and schizophrenia64 

(FIGURE 1.7).  
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FIGURE 1.7- Examples of active pharmaceutical ingredients (APIs) compounds 

obtained by flow methods. 

Continuous flow technology has been implemented in several 

laboratories occupying a relevant space in modern synthesis. In general, 

continuous flow systems are composed of modules and accessories that can be 

divided into five main areas: reagent and solvent inlet, mixing, reactor, pressure 

regulation and finally, the collection of the desire product.65 In addition, the 

analysis and purification zones can also be integrated into these systems66,67 

(FIGURE 1.8).  

 

FIGURE 1.8- Principals zones of a typical flow continuous system. 

The reagents and solvents enter the continuous flow system through 

high-pressure pumps, which can be of three types: peristaltic pumps, HPLC or 

syringe pumps. The choice of the type of pump to be used is related to the flow 

rate and pumping accuracy required for each fluid.68 
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The mixing of the reagents occurs through the mixing devices that 

can be found in various formats. The most common for laboratory scale are the T, 

Y or Quad mixers for micromixing two or three solutions.69 

The reactor is the central unit of each continuous flow system where 

it occurs the chemical reaction. The reactors can be divided into three main types: 

tubular, microchips and packed bed columns (solid support). 

The reactors are generally made of various materials such as glass, 

silicone, ceramic, fluoropolymers (Polytetrafluoroethylene, PTFE and 

Perfluoroalkoxy alkanes, PFA) or stainless steel. The choice of the reactor as well 

as its material depend on the characteristics of the reaction. Stainless steel reactors 

are more suitable for high temperature and pressure processes, while other 

reactors made of PFA are more used for photochemical reactions. 70 

The pressure regulators are connected usually before the collection 

of the product in the end of the flow continuous system and they ensure a constant 

pressure throughout the process. There are two types of pressure regulators: 

predetermined fixed cartridges and adjustable pressure regulators, the latter can 

be handled during the process without the need to interrupt the flow.71 Operating 

under a backpressure regulator also allows solvents to be heated above their 

atmospheric boiling points, affording opportunities for improved reaction 

kinetics.65 

Flow technology offers great advantages compared to batch methods: 

better control over mixing and fluid heating operations, use of small amounts of 

reagents and solvents, minimizing waste generated, low reaction times, efficient 

use of energy, easy scaling and security, contributing to more sustainable and 

green processes.72,73 

Continuous flow methods can be applied in various areas of synthetic 

chemistry and especially in multicomponent reactions (FIGURE 1.9). Within the 

MCRs reported in a continuous flow regime, the Ugi’s reaction deserves special 

attention. 
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FIGURE 1.9- Applications of the Flow Chemistry. 

 

1.3.2.2-Ugi’s Reaction in Continuous Flow Regime 

In 2015, Salvador and co-workers82 developed a very interesting 

strategy for the synthesis of linear and cyclic peptoids using flow methods. The 

fundamental transformation of this process is the formation of linear peptoids 

through an Ugi-4CR and subsequent macrocyclization to give rise to cyclic 

peptoids (Scheme 1.15). 

 

 
 

SCHEME 1.15- Synthesis of linear and cyclic peptoids via Ugi-4CR in 

continuous flow system. 
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Continuous flow technology was applied at all stages of the process: 

from the generation of starting materials (acid, amine and isocyanide), the Ugi’s 

reaction and subsequent macrocyclization. The authors succeeded in coupling the 

multi-step flow system conveniently, without the need to isolate and purify the 

intermediates formed at each reaction stage. This methodology led to a single 

process that generates the desired products quickly and with yields of 73-91%. 

 

A strategy to synthesize α-amino 1,3 dicarbonyl compounds by Ugi’s 

reaction using a microchip type reactor was described by Vasconsuelos et al83 

(SCHEME 1.16). 

 

 

SCHEME 1.16-Synthesis of α-amino 1,3 dicarbonyl compounds through 

continuous flow methods. 

 

Various α-amino 1,3 dicarbonyls compounds were obtained with 

yields of 40-89% , some with the possibility of being used as precursors for the 

synthesis of new 1,2,3 triazole compounds. 

 

It is important to note that the use of an environmentally friendly 

solvent such as ethanol and flow techniques helps to develop the process from a 

greener perspective. In addition, the use of a backpressure regulator at the outlet 

of the microreactor allows the process to be carried out at a temperature higher 

than the boiling point of the solvent without affecting the results obtained. 
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1.3.3-Sequential Combination of Organocatalyzed and 

Multicomponent Reactions 

Asymmetric organocatalysis is of vital importance for the synthesis 

of different enantiomerically enriched molecules and chiral building blocks. 

Similarly, multicomponent reactions are used as a powerful tool to obtain natural 

products and biologically active compounds. As a consequence, new chemical 

bonds with high chemical efficiency are formed, generating high levels of 

diversity and structural complexity.84 

 

However, most MCRs have some drawbacks in relation to enantio 

and diasteroselectivity due to competition with competing reactions that can occur 

spontaneously in an appropriate solvent and at room temperature, as well as the 

complexity of the reaction mechanism, among other factors.85 

 

To solve these limitations and obtain enantiomerically-pure or 

enriched products, the combination of organocatalysis and multicomponent 

reactions was adopted as a strategy, obtaining satisfactory results in our group86,87 

and Banfi’s team88. The combination of these two methodologies has proved to 

be efficient, expanding the repertoire of stereoselective synthesis. 

 

In their work, Echemendía and colleagues89 described a one-pot 

pathway for the synthesis of hydroquinolin-5-ones derivatives that effectively 

combines an organocatalytic reaction followed by a multicomponent reaction 

(SCHEME 1.17). 

 

SCHEME 1.17- Synthesis one-pot of hydroquinolin-5-ones using 

organocatalysis and MCR. 
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Michael's addition of a dicarbonyl compound to α,β-unsaturated 

aldehydes first forms an enantiomerically-enriched intermediate. Subsequently, 

the multicomponent stage in MW occurs through an Ugi-type reaction with three 

components and four reaction centers to generate the desired products. This 

methodology allowed to obtain a series of hydroquinolin-5 ones with yields of 52-

75% and high enantioselectivity (94-97% ee). 

 

 

SCHEME 1.18- Proposed mechanism for the synthesis of hydroquinolin-5-ones. 

 

It is important to note that the use of apolar solvents such as toluene 

and dichloromethane in the multicomponent stage did not lead to product 

formation. However, protic polar solvents such as TFE and methanol did favor 

the process in both cases, as expected for this type of reaction.45,48 

 

The use of methanol allowed for obtaining a mixture of final products 

as a result of the competition between the reorganization of the α-adduct (that is, 

the migration of the amine) and the addition of methanol. This is given because 

the α-adduct is a rigid and fused bicycles with very low conformational flexibility, 

which can discourage the migration of the amine and allows the attack of a 

nucleophilic solvent such as methanol. To solve this problem, TFE is used, as it 

allows for obtaining only the desired product. 
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Based on that protocol, a sequential procedure via one-pot synthesis 

of tetrahydropyridine derivatives (THP) was recently published by our group90 

(SCHEME 1.19). 

 

 

SCHEME 1.19- One-pot synthesis of THP derivatives merging 

organocatalysis and MCR. 

 

In this case, Michael's asymmetric addition occurs between an α-

substituted carbonyl compound with electron-withdrawing groups and an α,β-

unsaturated aldehyde to form a hemiacetal, in the presence of a proline-derived 

catalyst (Jørgensen’s catalyst) and 3,5 dinitrobenzoic acid. Then the 

multicomponent stage is carried out without isolating the previously generated 

hemiacetal, which allows to obtain the desired products with yields of 49-68% 

and with high enantio (80-99% ee) and diasteroselectivity (9:1 to 20:1 dr) using 

MW energy. 

 

 

SCHEME 1.20- Proposed mechanism for the synthesis of THP derivatives. 
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The proposed mechanism for the multicomponent stage was studied 

through theoretical calculations, initially starting from the hemiacetal generated 

in the previous organocatalytic stage. The sequence begins with the addition of 

the amine to the hemiacetal to form an imine that has an intramolecular hydrogen 

bond. Later, the nucleophilic addition of the isocyanide occurs to generate the α-

adduct that will undergo an intramolecular rearrangement (Munn’s 

rearrangement) resulting in the desired product (SCHEME 1.20). 

It is important to note that this novel method allows each of the 

components to varies in both reaction stages, increasing the structural and 

complex diversity of the products obtained. In addition, the use of MW in each 

reaction step of the synthesis allowed to reduce reaction times significantly up to 

50 minutes and obtain products with high enantiomeric purity in a fast and 

efficient manner. However, the use of less environmentally harmful solvents in 

chemical synthesis continues to be an alternative that should be further explored 

with a view to developing more sustainable methodologies. 
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1.4-Project Aims 

The combination of organocatalytic and multicomponent reactions 

has proven to be a very effective tool in organic synthesis. With organocatalysis, 

it is possible to generate a reactive intermediate with high enantioselectivity and 

subsequently, in the multicomponent step, the complexity and structural diversity 

of the process is increased. This new approach can be considered a protocol for 

rapid and efficient synthesis of analogs of enantiomerically enriched natural 

products, which represents the general objective of this project. 

 

Cyclopentene derivatives have relevant biological properties and 

have been widely found in naturally-occurring molecules, as well as synthetic 

compounds with therapeutic and medicinal properties. Examples of which are (-) 

-Neplanocin A that has antiviral activity91 and natural products Laurokamurene A 

and B with cytotoxic properties, isolated from the sea-weed of the genus 

Laurencia that inhabited in China.92 Another is Vibralactone, an inhibitor of the 

pancreatic lipase enzyme, obtained from fungal cultures of the Boreosterum 

vibrans species.93 (FIGURE 1.10). 

 

 

FIGURE 1.10- Applications of cyclopentene-derived compounds.  

 

The synthesis of these biologically active compounds could also be 

achieved through this protocol. Similarly, the use of environmentally friendly 

solvents in each reaction step and the incorporation of continuous flow techniques 

replacing batch methods (for example, the MW) in the multi-component stage, 

constitute less explored modification procedures in synthetic chemistry and it 

represents significant advances in the development of more sustainable 

methodologies. 
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Considering these criteria, we defined the following as specific 

objectives: 

1-Develop a fast and efficient methodology for the synthesis of 

cyclopentene derivatives with high enantio and diasteroselectivity, through the 

combination of organocatalysis and multicomponent reactions. 

2-Evaluate the sustainability and effectiveness of the strategy 

developed from the use of green solvents and continuous flow methods in the 

multicomponent step. 
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Chapter 2. Results and discussion 

2.1-Proposed methodology 

The combination of organocatalysis and multicomponent reactions 

has been a methodology studied carefully in our research group. In a published 

paper90 a strategy is developed for the organocatalyzed addition of 

benzoylacetonitrile to an α,β-unsaturated aldehyde that contains aryl-groups as 

substituent to generate a hemiacetal in situ, followed by a multicomponent Ugi’s 

reaction after adding the amine and isocyanide, to give rise to tetrahydropyridine 

derivatives (THP). 

Following the same procedure with the aim of expanding the variety 

of aldehyde used, an α,β-unsaturated aldehydes with different alkyl-substituents 

were studied and surprisingly the expected final product (six-membered ring 

heterocyclic compounds) was not obtained, a new product is being isolated which 

contained a five-membered cyclopentene ring (SCHEME 2.1). 

The methodology proposed in this project continues the research 

developed in our group and it is based on the development of a combinatorial 

strategy of an organocatalyzed Michael’s addition and a multicomponent Ugi’s 

reaction with three components and four reaction centers, to generate a series of 

cyclopentene derivatives with high enantioselectivity (SCHEME 2.1). In addition, 

the application of flow chemistry in the multicomponent stage and the use of green 

solvents will allow the synthesis to develop in a sustainable manner and with high 

yields. 

 
SCHEME 2.1- Methodology proposed for the synthesis of cyclopentene 

derivatives.  
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2.2-Organocatalytic Stage 

The first stage is the organocatalytic reaction where a conjugate 

addition of an α-cyanoketone 1 and an α,β-unsaturated aldehyde 2 occurs to 

generate an enantiomerically-enriched hemiacetal 3, by means of covalent 

activation via iminium ion and through a Re-face attack from nucleophile 1 to 

intermediate A (SCHEME 2.2). At this stage, we rely on the strategy published 

by the Shang’s group24 and the procedures developed independently by Rueping 

and co-workers94 and Jørgensen et al.23 

 

 

SCHEME 2.2- Catalytic cycle of Michael's addition of α-cyanoketones to α,β-

unsaturated aldehydes. 

 

First, the reaction conditions reported by the authors were evaluated 

and optimized. 24 Benzoylacetonitrile and trans-2-pentenal were initially selected 

for the organocatalyzed conjugate addition in the presence of 10 mol % of the 

Jørgensen’s catalyst ((S)-α, α-bis [3,5-bis (trifluoromethyl) phenyl]-2- 

pyrrolidinemethanol trimethylsilyl ether) and 20 mol % of 3,5 dinitrobenzoic acid 

(3,5 DNBA). 

The parameters studied were the solvent and the temperature while 

the reaction time being maintained in 48 hours in all the cases evaluated. The 

results obtained are shown in TABLE 2.1. 
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TABLE 2.1- Optimization studies for the Organocatalytic Reaction. 

 
 

 

General reaction conditions: 0.15 mmol of benzoylacetonitrile (1 equiv), trans-

2-pentenal (0.18 mmol, 1.2 equiv), Jørgensen’catalyst (0.015 mmol, 0.1 equiv) 

and 3,5 dinitrobenzoic acid (0.03 mmol, 0.2 equiv) in solvent (1.0 mL) for 48 h. 

[a]: Yield of the isolated product after column chromatography. [b]: The d.r was 

determined by 1H NMR analysis of the crude reaction. [c]: Enantiomeric excess 

of the major diastereoisomer was determinated by chiral HPLC analysis. 

[d]: Green solvents. Ar=3,5-(CF3)2-C6H3, DCM=dichloromethane, THF = 

tetrahydrofuran, 2Me-THF=2-Methyltetrahydrofuran, DMC= dimethyl 

carbonate. 

  

Entry Solvent T/(oC) t/(h) Yield 3 

 (%) a 

dr  

(%) b 

ee  

(%) c 

1 Toluene -20 48 79 2.1:1 96 

2 CHCl3 -20 48 79 1.9:1 99 

3 DCM -20 48 63 2.1:1 98 

4 2 Me-THF -20 48 91 1.9:1 90 

5 THF -20 48 85 1.9:1 84 

6 p-Cymene -20 48 86 1.9:1 98 

7 EtOH d -20 48 83 1.8:1 92 

8 DMC d 10 48 89 2.1:1 97 

9 EtOHd 10 48 76 2.3:1 76 

10 DMC+EtOH 

(1:1 v/v) d 

10 48 80 4.4:1 94 

11 EtOHd rt 48 70 2.1:1 68 
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Initial experiments at a temperature of -20oC with toluene as solvent 

allowed for obtaining product 3 with a yield of  79% and 96% ee as an inseparable 

mixture of two diasteroisomers (entry 1). Keeping the temperature constant, a 

series of solvents (entries 2-7) were examined, including EtOH which is 

considered a green solvent (entry 7), obtaining high yields and enantioselectivity 

in most cases and the best results at that temperature (entry 6). 

Further study with other sustainable solvents and/or mixtures of 

solvents but with an increase in the reaction temperature to 10oC (entries 8-10), 

revealed that the use of dimethyl carbonate (DMC) in the reaction was the optimal 

option (entry 8), giving a yield of 89% and enantioselectivity of 97% ee. Finally, 

when carrying out the reaction at ambient conditions in an EtOH solvent, it 

showed very low enantioselectivity values (entry 11). 

These results contribute to making the reaction greener, allowing an 

efficient use of energy (variation of the reaction temperature in the order of 30oC) 

and reduction of hazardous waste.  

It is important to note that in the organocatalytic stage, dr was not 

significantly influenced by the variation of solvent and temperature. 

The compound 3 synthesized in the organocatalytic stage was 

characterized by 1H NMR and 13C NMR techniques (FIGURE 2.1).  
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FIGURE 2.1- 1H and 13C NMR spectra in CDCl3 of compound 3. 

 

As shown in the figure, the spectroscopic characterization of 1H 

NMR corroborates the obtaining of the desired product. The multiplets appearing 

at 7.76 ppm and 7.46 ppm that integrate 2H and 3H respectively can be observed 

in the most unshielded region of the spectrum, indicating the presence of a mono-

substituted aromatic ring. In addition, a signal appears that integrates 1H around 

5.7 ppm that corresponds to the hemiacetal anomeric proton. 

Signals corresponding to the carbon-linked protons with sp3 

hybridization appear in the most shielded area of the spectrum. In this sense, 

multiplets that integrate 1H and 2H are observed, as well as the triplet that 

integrates 3H around 1.03 ppm, which corresponds to the CH3 group of the carbon 

chain linked to the stereogenic center. 
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It should be noted that using chloroform as a deuterated solvent, it 

was only possible to identify the closed structure of the compound, which 

indicates that the balance between both structures (open and closed) has a greater 

proportion in the balance of the isomer in the form of hemiacetal (structure 

closed). 

 

In the case of the 13C NMR spectrum, 14 carbons appears equivalent 

to the number of carbons present in the structure of the compound. The signals of 

aromatic carbons (119-131ppm) can be observed, as well as the quaternary 

carbons of the C-C double bond in the hemiacetal ring. It is also important to note 

the presence of the aliphatic carbons (CH2 and CH3) that appear between 10.8-

34.4 ppm. 

Finally, the information obtained by both spectra shows that 

hemiacetal 3 was successfully formed. In analogy to the stereochemistry 

previously defined by Niu et al24 through X-ray crystallography analysis, the 

absolute configuration of the asymmetric center C-4 of hemiacetal 3 was assigned 

as S. 

Although this compound has two asymmetric centers, only the main 

diasteroisomers could be identified in the chromatograms obtained by chiral 

HPLC analysis (FIGURE 2.2). This is explained by the rapid exchange of the 

anomeric carbon configuration, which occurs through the balance between the 

closed form (hemiacetal) with the open form (hydroxy-aldehyde), which makes it 

difficult to separate the four stereoisomers by chiral HPLC analysis. 
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FIGURE 2.2- Chiral stationary-phase HPLC analysis of compound 3. 
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2.3-Multicomponent Stage 

After having established the optimal conditions in the 

organocatalytic stage and having synthesized compound 3, the Ugi-type 

multicomponent reaction was studied. The hemiacetal 3 obtained was reacted 

together with a primary amine 4 (cyclohexylamine) and an isocyanide 5 (tert-butyl 

isocyanide) using a continuous flow system that was assembled for this purpose 

(FIGURE 2.3). The results obtained during this procedure are shown in TABLE 

2.2. 

 

 

FIGURE 2.3- Flow continuous system used in the MCR. 

 

TABLE 2.2- Optimization studies for the Continuous Flow 4-Center 3-

Component Ugi’s Reaction. 

 

Entry Solvent T 

(oC) 

tR 

(min) 

Yield 6a  

(%) a 

dr  

(%) b 

ee  

(%) c 

1 TFE 70 20 75 5.3:1 >99 

2 TFE 70 15 72 5.4:1 >99 

3 TFE 70 10 74 5.3:1 >99 
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General reaction conditions: 0.15 mmol of hemiacetal (1 equiv), 

cyclohexylamine (0.15 mmol, 1 equiv) and tert-butyl isocyanide (0.15 mmol, 1 

equiv) in solvent (1.0 mL). [a]: Yield of the isolated product after column 

chromatography. [b]: The d.r was determined by 1H NMR analysis of the crude 

reaction. [c]: Enantiomeric excess of the major diastereoisomer was determinated 

by chiral HPLC analysis. [d]: Green solvents. [e]: Sequential synthesis of product 

6a from the organocatalytic reaction step without isolating hemiacetal 3. Ar =3,5-

(CF3)2-C6H3, DMC=dimethyl carbonate, TFE=trifluoroethanol. 

 

We began the study of the standard reaction in TFE at 70oC and 

residence time of 20 minutes, obtaining the desired product 6a with a yield of 

75% and excellent enantioselectivity (> 99% ee) while the dr of the reaction was 

5.3:1 (entry 1). Then the influence of temperature and residence time was 

evaluated without varying the solvent used (entries 2-9) and it was obtained that 

the best option in TFE was that with the highest values of yield and dr (entry 8), 

while the enantioselectivity of the product remained excellent. 

Having established the best conditions of temperature and residence 

time in the microreactor, further experiments were carried out with a view to 

determining which green solvent or mixture of solvents was the most appropriate 

for the reaction (entries 10-14). The mixture of solvent DMC+EtOH (1:1 v/v) 

gives the best results (entry 14). This led us to the hypothesis of formulating the 

synthetic route sequentially for the entire process (entry 15), this being the optimal 

condition to obtain the product 6a with a yield of 86% and excellent enantiomeric 

purity (98% ee) and diasteroselectivity (20:1 dr). 

  

4 TFE 75 20 73 5.4:1 >99 

5 TFE 75 15 79 5.3:1 >99 

6 TFE 75 10 77 5.2:1 >99 

7 TFE 80 15 81 5.3:1 >99 

8 TFE 80 10 87 7.2:1 >99 

9 TFE 85 10 79 5.2:1 >99 

10 EtOH d 80 10 82 20:1 >99 

11 1-Butanol d 80 10 78 17:1 97 

12 1-Propanol d 80 10 75 15:1 93 

13 2-Propanol d 80 10 70 18:1 >99 

14 DMC+EtOH  

(1:1 v/v) d 

80 10 89 20:1 98 

15  DMC+EtOH 

(1:1 v/v) d,e 

80 10 86 20:1 98 
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It is important to note that the presence of the secondary amine 

catalyst used in the organocatalytic stage did not interfere with the 

multicomponent step, since no product that included this fragment was detected.  

 

The use of various types of alcohols that are protic polar solvents is 

crucial to the success of the multicomponent stage as is known for Ugi-type 

reactions based on isocyanides.34 

 

In other hands, the implementation of flow chemistry at this stage led 

to the experiments of temperatures very close and even higher than the boiling 

point of solvents, which could be achieved with the use of a backpressure 

regulator installed at the exit of the microreactor, avoiding the evaporation of the 

solvent inside the system, which could affect the tests carried out. 

 

As shown in FIGURE 2.4, the structural assignment of compound 6a 

can be performed unequivocally using 13C and proton NMR spectroscopic 

techniques. In accordance with the figure, characteristic signals are observed that 

indicate the presence of the different molecular fragments of the structure. For 

example, a signal of a wide singlet appears around 5.65 ppm in the most 

unshielded area of the spectrum, corresponding to the NH bound to sp2 carbon of 

the cyclic structure. Next, a doublet doublet with 10.6 and 7.1 Hz coupling 

constants appears at 3.60 ppm, which can be assigned to the H-3 that is next to a 

CH2 whose protons are diastereotopic because neighbouring stereogenic center. 

On the other hand, in the most shielded region of the spectrum, around 2.65 ppm 

a doublet triplet appears that corresponds to the hydrogen linked to carbon 5. 

Similarly, a singlet can be seen that integrates at 9H and that corresponds to the 

tert-butyl group provided by the isonitrile and that is present in the structure of 

the carbocycle. Likewise shown above, signals indicating the presence of more 

than one carbon sp2 can be inferred through the 13C spectrum, as well as signals 

from the aliphatic carbons of the methyl and methylene groups of the structure. 
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FIGURE 2.4- 1H and 13C NMR spectra in CDCl3 of compound 6a.  
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A more correct assignment of the synthesized compounds is achieved 

using two-dimensional spectroscopic techniques. As shown in TABLE 2.3, the 

full characterization for compound 6j is presented. The analysis of the proton 

NMR spectrum confirms the presence of the amine fragment incorporated in the 

structure. This can be affirmed due to the signal that appears around 1.10 ppm, 

which corresponds to a singlet that integrates to 9H and which is typical of the 

tert-butyl group. A doublet that integrates at 1H and corresponds to H-8 linked to 

the neighbouring amine to the double bond can also be observed at a chemical 

shift close to 5.2 ppm. In the 3.8 ppm, a multiplet appears that integrates one and 

corresponds to the H-9. For its part, the COSY spectrum shows the correlations 

between the neighbouring protons present in the structure. 

 

The 13C spectrum clearly shows the presence of the cyanide group, 

in a chemical shift of 121 ppm. This dislocation can be explained by the presence 

of a triple bond that is neighbouring the cyclopentene ring. On the other hand, the 

aliphatic zone shows the presence of sp3 hybridization carbons present in the 

structure, highlighting the chemical shifts of 70.6 ppm corresponding to the 

quaternary C-2, also in 30.6 ppm a signal appears that can be attributed to the tert-

butyl group present in the molecule.  

 

Together with this spectrum, a multi-pulse experiment was 

conducted to determine the presence of the CH, CH2 and CH3 groups. To this end, 

a Distortionless Enhancement by Polarization Transfer 135 experiment was 

performed. In this way, the exact number of primaries to quaternaries carbons is 

detected. With this technique, four quaternary carbons, seven CH2 and a total of 

five CH and CH3 were assigned. Similarly, with the help of HMBC experiments 

we determine the heteronuclear couplings present in the structure. 

 

TABLE 2.3- Complete assignments of 1H NMR and 13C for compound 6j. 

 

 

 

 

 

Position 1H NMR: δ(ppm), J(Hz) 13C NMR: δ(ppm) 

1 - 70.7 

2 - 160.1 
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3 3.61 (dd, J = 9.9/ 7.3 Hz) 57.5 

4 2.08 (ddd, J = 12.4/ 7.2/1.0 Hz); 1.39-1.28 (m) 40.6 

5 2.60 (td, J = 8.2/ 5.1 Hz) 43.5 

6 1.49-1.41 (m, 4H) 24.2 

7 0.93 (t, J = 7.4 Hz) 12.1 

8 5.18 (d, J = 8.1 Hz) - 

9 3.83-3.71 (m,1H) 51.0 

10 1.07 (s, 9H) 30.6 

11 - 50.7 

 

 

FIGURE 2.5- HRMS spectra of compound 6j. 

 

The structure of compound 6j was further corroborated from the 

high-resolution mass spectrum (HRMS) as shown in the FIGURE 2.5. An intense 

peak corresponding to the mass of compound 6j plus a hydrogen [M+H] is 

observed and its value is 290.2598, while the calculated mass is 290.2596. 
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2.3.1-Reaction screening 

 

FIGURE 2.6- Sequential synthesis of cyclopentene derivatives.  
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Following this methodology, a series of cyclopentene derivatives (6a 

to 6t) were synthesized from the variation of two structural elements: the amine 

and the isocyanide, which are incorporated in the multicomponent step (FIGURE 

2.6). In the procedure, the hemiacetal generated in situ in the organocatalytic stage 

was not isolated. Instead, EtOH solvent, the amine and isocyanide components 

were added to it, ensuring a MCR in a continuous flow system. 

The products were obtained with an enantioselectivity of 86-99% ee, 

a diasteroselectivity of 5:1-20:1 dr and yields of 53-91%, through the 

incorporation of a variety of aliphatic and aromatic amines, as well as 

commercially available isocyanides. 

When tert–butyl isocyanide and several aliphatic amines 

(cyclohexylamine, tert–butylamine, benzylamine and tritylamine) were used, the 

respective compounds 6a to 6d were obtained, with yields of 77-89% and high 

diasteroselectivity (9.2:1 to 20:1 dr, 88-98% ee) while the compound 6d being the 

one with the lowest enantioselectivity with 88% ee.  

It is important to note that when very bulky amines were used as in 

the case of compounds 6a, 6b and 6d, higher yields (86%, 89% and 81% 

respectively) and excellent diasteroselectivity (20:1 dr) were obtained, in 

comparison with the amine of the product 6c (77% yield, 9.2:1 dr) which is the 

least impeded of all analyzed. 

Maintaining the same isocyanide but using aromatic amines para–

substituted with donor groups (p–toluidine and p–methoxyaniline) as well as 

electron–withdrawing groups (p–iodoaniline and p–trifluoromethylaniline) led to 

products 6e to 6h respectively. In the case of compounds 6e (84% yield) and 6g 

(80% yield) yields similar to aliphatic amines were obtained, while compounds 6f 

(70% yield) and 6h (62% yield) it were lower.  

The diasteroselectivity was excellent in the cases of compounds 6f at 

6h (13.6:1 to 20:1 dr) while in the case of product 6e (5:1 dr) it decreased 

considerably. The enantioselectivity declined relatively compared to aliphatic 

amines when anilines were used with electron–withdrawing groups: compounds 

6g (92% ee) and 6h (92% ee) while in the cases of anilines with donor groups it 

was totally the opposite, obtaining enantiomerically–pure products 6e (99% ee) 

and 6f (99% ee). 
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It was observed that the use of less nucleophilic anilines (such as p–

trifluoromethylaniline) resulted in compound 6h with a very low yield (62%) 

compared to the other amines studied. This behavior is because the nucleophilicity 

of the aromatic amine influences the formation of the imine during the 

multicomponent reaction. In the case of compound 6h, this process is very 

disadvantaged, which hinders the yields obtained. 

 

By using a less bulky isonitrile such as cyclohexyl isocyanide, as well 

as aliphatic amines (cyclohexylamine, tert–butylamine and benzylamine 

respectively), products 6i to 6k were obtained with yields of 82-91% and excellent 

diasteroselectivity (20:1 dr). Unexpectedly, the enantioselectivity decreased 

significantly in compounds 6j and 6k being 86% ee in both cases, while product 

6i was obtained enantiomerically–pure (99% ee) and with the highest yield (91%) 

after being purified. 

The evaluation of aromatic amines in this case (p–toluidine, p–

methoxyaniline, p–iodoaniline, p–bromoaniline, p–chloroaniline and o–toluidine) 

generated products 6l to 6q with yields of 72-90%. The diasteroselectivity was 

excellently maintained (20:1 dr) and the enantioselectivity (92-99% ee) was 

increased when compared to the aliphatic amines studied. 

The product 6m was obtained enantiomerically–pure (82% yield, 

99% ee) and the enantioselectivities values of the aromatic amines with electron–

withdrawing groups in –para position (6n to 6p) were equal between them (96% 

ee) and higher than the amine with donor group in the same position as in 

compound 6l (92% ee). 

The comparison between anilines with methyl groups in –ortho 

positions, compound 6q (72% yield, 20:1 dr, 96% ee) and –para position, 

compound 6l (90% yield, 20:1 dr, 92% ee), showed that the –para product is 

obtained with greater yield than the –ortho product, but with lower enantiomeric 

purity, while the diasteroselectivity being maintained excellent in both cases. 

The use of an isonitrile derived from glycine (ethyl isocyanoacetate) 

with aliphatic (cyclohexylamine and tert–butylamine) and para–substituted 

aromatic amines with a donor group (p–methoxyaniline), led to the obtaining of 

compounds 6r to 6t respectively, with excellent diasteroselectivity (20:1 dr). The 

aliphatic amines 6r (74% yield, 99% ee) and 6s (76% yield, 98% ee) were 

obtained with yields and enantioselectivities greater than the aromatic amine 6t 

(53% yield, 96% ee). This behavior is due to aromatic amines being less 
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nucleophilic than aliphatic and less reactive, negatively influencing the formation 

of imine and therefore decreases the efficiency of the reaction. 

It is also evident that the change of the bulky character between the 

aliphatic amines (cyclohexylamine and tert–butylamine) does not influence the 

yield of the 6r (74%) and 6s (76%) products. 

 

2.3.2-Mechanism proposal for the multicomponent stage 

 

 

SCHEME 2.3- Proposed mechanism for the multicomponent stage. 

 

The proposed mechanism for the multi-component stage in the 

formation of cyclopentene derivatives appears in SCHEME 2.3. The first step is 

the formation of imine E through a direct attack of cyclohexylamine on the open 

form of hemiacetal 3 obtained in the organocatalytic step, with subsequent water 

removal. Later, the imine forms a conformationally rigid eight-membered ring 

that has an intramolecular hydrogen bond.90 

The nucleophilic addition of the isocyanide component to the C-N 

double bond of the imine opens the cycle, resulting in a highly reactive 

intermediate F containing a negatively charged nucleophilic carbon and a C-N 

triple bond belonging to the isocyanide, where the electrophilic carbon atom 
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exhibits sp hybridization. Compound F undergoes a 5–exo–dig type 

intramolecular cyclization favored according to the Baldwin’s Rules. The attack 

occurring at the innermost atom (specifically the carbon atom) and generating 

intermediate G, containing a very thermodynamically stable five-membered ring. 

 

The nucleophilic attack of the water formed during the process to the 

double exocyclic C-O (carbonyl) bond of intermediate G, followed by an 

intramolecular rearrangements, leads to the formation of compounds H and I. 

Then, intermediate I reacts with the TFE solvent to generate product 7, which was 

detected by GC-MS corroborating the proposed mechanistic sequence (FIGURE 

2.7). 

 

Finally, tautomerization of compound H occurs, leading to the 

formation of the more thermodynamically stable product 6a, which correspond to 

the final structures of the products obtained. 

 

FIGURE 2.7- Chromatogram and mass spectrum for the detection of compound 

7 by GC-MS. 
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2.4-Evaluation of the proposed methodology 

After obtaining the optimal conditions in the continuous flow system, 

a subsequent study was carried out using the microwave technique to compare the 

synthesis efficiency in the microreactor. The reaction conditions established in 

both cases were temperature of 70 °C and time of 20 min to avoid overheating of 

the EtOH solvent. The results obtained are shown in the TABLE 2.4. 

TABLE 2.4- Comparison between microwave synthesis and continuous flow 

regime of compound 6a. 

Entry Conditions Yield 6a (%)a dr (%)b ee (%)c 

1 Microwave (70oC, 20 min) 78 18:1 97 

2 Flow chemistry  

(70oC, tR=20 min) 

84 16.8:1 96 

[a]: Yield of the isolated product after column chromatography. [b]: The d.r was 

determined by 1H NMR analysis of the crude reaction. [c]: Enantiomeric excess of the 

major diastereoisomer was determinated by chiral HPLC analysis. 

The results obtained shows that continuous flow technology has a 

higher performance than in the case of MW, maintaining the enantiomeric purity 

and high diasteroselectivity values. 

In addition, the synthesis of continuous flow regime on a larger scale 

(FIGURE 2.8) resulted in 1.8 mmol of starting material (benzoylacetonitrile) 

being able to be continuously converted into the cyclopentene derivative (1.49 

mmol, 431 mg) for approximately 6 hours of infusion rate. The above proved that 

the benefit of this methodology would be able to be adopted in the pharmaceutical 

industry. 

 
FIGURE 2.8- Synthesis of continuous flow regime on a larger scale.  
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2.4.1-Sustainability evaluation of the proposed methodology 

The sustainability evaluation of the designed methodology was 

carried out using the existing green metrics: factor E, atomic economy (AE), and 

mass intensity (MI).95 Factor E was selected because it is widely used in the 

pharmaceutical industry and is applied to multi-step processes. It also leads to a 

much more rigorous and comprehensive evaluation of the process since it takes 

into account all the components (reagents, solvents and auxiliaries) that are 

involved in the synthesis, as well as the yield of the final product obtained. 

In this way, factor E can be determined through the division of the 

mass of waste-considered to total mass of materials used minus the mass of 

product-and the mass of product formed (Table 2.5). 

TABLE 2.5- Sustainability evaluation of the designed methodology. 

 

 

  

Compound n  

(mmol) 

eq M 

(g/mol) 

m 

(mg) 

Density 

(g/cm3)  

V 

 (mL)  

Benzoylacetonitrile 0.15 1.0 145.16 21.77   

Trans-2 pentenal 0.18 1.2 84.12 15.14 0.86  

Jørgensen’catalyst 0.015 0.1 597.51 8.96   

3,5-dinitrobenzoic acid 0.03 0.2 212.12 6.36   

DMC (Solvent)    1069 1.069 1.0 

Cyclohexylamine 0.15 1.0 99.17 14.88 0.865  

Tert-butyl isocyanide 0.15 1.0 83.13 12.47 0.735  

EtOH (Solvent)    789 0.789 1.0 

Product 6a (86% yield)   289.47 37.5   

Total mass    1937.58   

 E factor    50.67  
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The results obtained show that the calculated Factor E (50.67) is 

located within the segment of the pharmaceutical industry (25 to more than 100) 

and very close to the maximum value obtained in the case of fine chemistry (5 to 

50)96, therefore the designed methodology can be considered efficient and 

sustainable.  

Similarly, it is an evidence that the amount of solvents used in the 

synthesis have a significant influence on the calculation of factor E. Hence, there 

is a need for proper use in synthetic chemistry. 

 

 

2.5-Conclusions 

 

From the results obtained in this work, it can be concluded that: a 

highly stereoselective sequential procedure was developed in the synthesis of 

cyclopentene derivatives through the combination of organocatalysis and 

multicomponent reactions. The use of environmentally friendly solvents and 

continuous flow methods contribute to obtaining these products in a sustainable 

and efficient way and to the development of new synthetic strategies in green 

chemistry.  

Finally, the designed methodology can be considered as a protocol to 

synthesize enantiomerically-enriched natural products analogues fast and 

efficiently. 
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Chapter 3. Experimental Section 

3.1-General Remarks 

Melting points are uncorrected. 1H NMR and 13C NMR spectra were 

recorded at 400 MHz for 1H and 100 MHz for 13C, respectively. Chemical shifts 

(δ) are reported in parts per million relatives to the residual solvent signals, and 

coupling constants (J) are reported in Hertz. The following abbreviations were 

used for spin multiplicity: s = singlet, bs = broad singlet, d = doublet, t =triplet, td 

=triplet of doublets, q = quartet, dd = double of doublets, ddd = double of doublet 

of doublets, m = multiplet. High-resolution mass spectra (HRMS) were recorded 

using electron spray ionization (ESI) (Hybrid linear ion trap-orbitrap FT-MS /MS 

– and QqTOF Microtof – QII models). Flash column chromatography was carried 

out using silica gel 60 (230-400 mesh) and analytical thin layer chromatography 

(TLC) was performed using silica gel aluminum sheets. Chiral HPLC 

chromatograms were obtained on an apparatus with an Ultraperformance 

Convergence Chromatography (Waters ACQUITY UPC 2 TM ) using Daicel 

Chiralpak OD, AD and OZ columns (2.5 μm, 3 mm x 150 mm) as chiral stationary 

phases. Optical rotations were measured with a Polarimeter at 589 nm, 20 °C. The 

Syringe Pump was a Cole-Palmer apparatus 74900 Series model. The 

Microreactor was a high pressure and temperature glass microchip (250 μL) 

obtained from the Syrris Asia Flow Chemistry System. 

 

3.2-Experimental Section 

3.2.1-General sequencial synthesis procedure in continuous flow regime: 

To a solution of Jørgensen’s catalyst (0.015 mmol, 0.1 equiv.), 3,5 dinitrobenzoic 

acid (0.03 mmol, 0.2 equiv.) and trans-2 pentenal (0.18 mmol, 1.2 equiv.) in 

dimethyl carbonate (1.0 mL) was added benzoylacetonitrile (0.15 mmol, 1.0 

equiv.). The resulting solution was stirred for 48h at 10 oC. Ethanol (1.0 mL), the 

amine (0.15 mmol, 1.0 equiv.) and the isocyanide (0.15 mmol, 1.0 equiv.) were 

added and the reaction mixture were injected into the microreactor at 80oC and 

residence time of 10 min by a syringe pump until the steady state condition is 

reached. 
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Compound 6a: Benzoylacetonitrile ( 21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), cyclohexylamine (17.2 

µL, 0.15 mmol) and tert-butyl isocyanide (17.0 µL, 0.15 

mmol), were reacted according to the general procedure. Flash 

column chromatography purification (n-hex/AcOEt 6:1) 

afforded compound 6a (37.3 mg, 86%) as a yellow oil. 

  [𝛼]D
20 -12.8 (c 0.7, acetone, 20C). Rf = 0.34 (n-hex/AcOEt 

5:1). 1H NMR (600 MHz, CDCl3): δ = 5.65 (brs, 1H, H-8); 3.60 (dd, J= 10.6/7.1, 

1H, H-3); 2.67 (td, J=8.4/ 4.8,1H, H-5); 2.54-2.43 (m, 1H, H-10); 2.07 (dd, 

J=12.3/7.1, 1H, H-4a); 1.78-1.67 (m, 1H, H-4b); 1.64-1.55 (m, 2H); 1.41 (s, 9H, 

H-9); 1.36-1.21 (m, 6H); 1.20-0.99 (m, 4H); 0.94 (t, J = 7.4 Hz, 3H, H-7).13C 

NMR (100 MHz, CDCl3): δ = 12.0 (CH3), 24.9, 25.1, 26.1, 27.9 (CH2), 30.2 

(CH3), 33.9, (CH2), 35.3, 44.6, 52.6 (CH), 55.1, 62.1 (CH2), 72.4, 114.8, 137.3, 

161.1 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C18H32N3 290.2596; 

found: 290.2599 
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FIGURE 3.1- 1H and 13C NMR spectra in CDCl3 of compound 6a. 
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Chromatograms of Compound 6a 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (CH3CN 95%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 

 

FIGURE 3.2- Chiral stationary-phase HPLC analysis of compound 6a. 
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Compound 6b: Benzoylacetonitrile ( 21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), tert-butylamine (15.8 

µL, 0.15 mmol), and tert-butyl isocyanide (17.0 µL, 0.15 

mmol), were reacted according to the general procedure . Flash 

column chromatography purification (n-hex/AcOEt 10:1) 

afforded compound 6b (35.1 mg, 89%) as a pale yellow solid. 

 [𝛼]D
20

 12.3 (c 0.7, acetone, 20C). Rf = 0.49 (n-hex/AcOEt 5:1). 1H NMR (600 

MHz, CDCl3): δ = 5.68 (s, 1H, H-8); 3.55(dd, J=10.6/7.1, 1H, H-3); 2.64 (td, 

J=8.4/ 4.8,1H, H-5); 2.08 (dd, J=12.3/7.1, 1H, H-4a); 1.66-1.54 (m, 1H, H-4b); 

1.41 (s, 9H, H-9); 1.38-1.28 (m, 2H, H-6); 1.09(s, 9H, H-10); 0.94 (t, J = 7.4 Hz, 

3H, H-7).13C NMR (100 MHz, CDCl3): δ = 10.9 (CH3), 27.6 (CH2), 30.1, 30.4 

(CH3), 40.7 (CH2), 42.3 (CH), 50.6, 51.1 (C), 59.2 (CH), 70.9, 123.1, 158.3(C). 

HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C16H30N3: 264.2440; found: 

264.2445 
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FIGURE 3.3- 1H and 13C NMR spectra in CDCl3 of compound 6b. 
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Chromatograms of Compound 6b 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (CH3CN 95%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.4- Chiral stationary-phase HPLC analysis of compound 6b. 
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Compound 6c: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), benzylamine (16.4 

µL, 0.15 mmol), and tert-butyl isocyanide (17.0 µL, 0.15 

mmol), were reacted according to the general procedure. 

Flash column chromatography purification (n-hex/AcOEt 

5:1) afforded compound 6c (34.4 mg, 77%) as a white 

solid. 

  [𝛼]D
20-19.0 (c 0.7, acetone, 20C). Rf = 0.40 (DCM/MeOH 10:1). 1H NMR (600 

MHz, CDCl3): δ = 7.36-7.25 (m, 5H, Ph); 5.65 (s, 1H, H-8); 5.31(s, 2H, H-10); 

3.75 (d, J = 7.4 Hz, 1H); 3.68 (dd, J = 9.9/7.6 Hz, 1H, H-3); 2.72 (td, J=8.0/ 

4.9,1H, H-5); 2.06-1.93 (m, 1H, H-4a); 1.69-1.53 (m, 1H, H-4b);1.42 (s, 9H, H-

9); 1.35-1.21 (m, 2H, H-6); 0.92 (t, J = 7.4 Hz, 2H, H-7).13C NMR (100 MHz, 

CDCl3): δ = 11.8 (CH3), 28.0 (CH2), 30.2 (CH3), 34.8 (CH2), 44.8 (CH), 50.8 (C), 

51.5 (CH2), 63.9, 72.8, 123.1 (C), 126.6, 127.4, 128.2, 128.6 (CH), 146.2, 

156.7(C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C19H28N3 : 298.2283; 

found: 298.2280 
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FIGURE 3.5- 1H and 13C NMR spectra in CDCl3 of compound 6c. 
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Chromatograms of Compound 6c 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (CH3CN 95%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.6- Chiral stationary-phase HPLC analysis of compound 6c. 

  



55 
 

Compound 6d: Benzoylacetonitrile ( 21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), triphenylmethylamine 

(38.9 mg, 0.15 mmol), and tert-butyl isocyanide (17.0 µL, 0.15 

mmol), were reacted according to the general procedure. Flash 

column chromatography purification (n-Hex/AcOEt 8:1) 

afforded compound 6d (52.8 mg, 81%) as a white solid. 

  [𝛼]D
20

 -15.6 (c 0.7, acetone, 20C). Rf = 0.38 (n-Hex/AcOEt 6:1). 1H NMR (600 

MHz, CDCl3): δ = 7.40-7.35 (m, 6H, Ph); 7.25-7.20 (m, 6H, Ph); 7.19-7.14 (m, 

3H, Ph); 6.15 (s, 1H, H-8); 3.62(dd, J=10.5/7.1, 1H, H-3); 2.62 (td, J=8.2/ 4.8,1H, 

H-5); 1.67-1.55 (m, 2H, H-4); 1.46 (s, 9H, H-9); 1.34-1.21 (m, 2H, H-6); 0.57 (t, 

J = 7.4 Hz, 2H, H-7).13C NMR (100 MHz, CDCl3): δ = 12.0 (CH3), 26.8 (CH2), 

30.4 (CH3), 36.9 (CH2), 44.1 (CH), 51.6, 60.2, 70.6, 123.3 (C), 126.8, 128.1, 128.7 

(CH), 146.2, 156.7(C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for 

C31H36N3: 450.2909; found:  
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FIGURE 3.7- 1H and 13C NMR spectra in CDCl3 of compound 6d. 
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Chromatograms of Compound 6d 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (i-PrOH 65%) at 1 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.8- Chiral stationary-phase HPLC analysis of compound 6d. 
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Compound 6e: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-methylaniline (16.1 

μL, 0.15 mmol) and tert-butyl isocyanide (17.0 µL, 0.15 

mmol) were reacted according to the general procedure . 

Flash column chromatography purification (n-hexane/EtOAc 

8:1) afforded compound 6e (37.4 mg, 84%) as a yellow oil. 

 [𝛼]D
20 -16.0 (c 0.6, acetone, 20oC). Rf = 0.38 (n-hexane/ 

EtOAc 3:1). 1H NMR (400 MHz, CDCl3): δ =7.02 (d, J = 

8.0 Hz, 2H, Ph); 6.58 (d, J = 7.8 Hz, 2H, Ph); 5.08 (s, 1H, H-8); 4.42 (t, J = 8.0 

Hz, 1H, H-3); 3,48 (brs, 1H); 2.87-2.71 (m, 1H, H-4a); 2.29 (s, 3H, H-10); 1.97-

1.90 (m, 1H, H-4b); 1.85-1.75 (m, 1H); 1.74-1.61 (m, 1H); 1.42 (s, 9H, H-9); 0.95 

(t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.6 (CH3), 20.5, 28.0 

(CH2), 30.3 (CH3), 33.8, (CH2), 42.7 (C); 44.5, 52.0 (CH), 61.7 (CH3), 74.6 (C), 

114.8 (CH), 122.4, 128.6 (C), 130.0 (CH), 144.0, 155.5 (C). HRMS (ESI-FT-

QQTOF) m/z [M+H]+ calcd for C19H28N3 : 298.2283; found: 298.2286 
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FIGURE 3.9- 1H and 13C NMR spectra in CDCl3 of compound 6e. 
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Chromatograms of Compound 6e 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OD column (CH3CN 80%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.10- Chiral stationary-phase HPLC analysis of compound 6e. 
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Compound 6f: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-methoxyaniline 

(18.4 mg, 0.15 mmol) and tert-butyl isocyanide (17.0 µL, 

0.15 mmol) were reacted according to the general 

procedure. Flash column chromatography purification (n-

hexane/EtOAc 6:1) afforded compound 6f (32.8 mg, 70%) 

as a yellow oil. 

[𝛼]D
20 -14.0 (c 0.8, acetone, 20oC). Rf = 0.38 (n-hexane/ 

EtOAc 3:1). 1H NMR (400 MHz, CDCl3): δ =6.81-6.76 (m, 2H, Ph); 6.67-6.58 

(m, 2H, Ph); 5.16 (s, 1H, H-8); 4.39 (t, J = 8.1 Hz, 1H, H-3); 3,75 (s, 3H, OMe); 

2.83-2.74 (m, 2H, H-4); 1.97-1.89 (m, 1H); 1.40 (s, 9H, H-9); 0.93 (t, J = 7.4 Hz, 

3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.6 (CH3), 28.0 (CH2), 30.3 (CH3), 

33.7(CH2), 44.5, 51.9, 55.8 (CH), 62.4 (CH3), 74.3 (C), 115.0, 116.3(CH), 122.5 

(C), 140.2, 153.4, 155.4 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for 

C19H28N3O: 314.2232; found: 314.2235 
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FIGURE 3.11- 1H and 13C NMR spectra in CDCl3 of compound 6f. 
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Chromatograms of Compound 6f 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OD column (CH3CN 80%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.12- Chiral stationary-phase HPLC analysis of compound 6f. 
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Compound 6g: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-iodoaniline (32.9 

mg, 0.15 mmol) and tert-butyl isocyanide (17.0 µL, 0.15 

mmol), were reacted according to the general procedure. 

Flash column chromatography purification (n-hexane/EtOAc 

8:1) afforded compound 6g (49.2 mg, 80%) as a yellow oil. 

 [𝛼]D
20

 -8.8 (c 0.5, acetone, 20C). Rf = 0.46 (n-hexane/ EtOAc 

3:1). 1H NMR (400 MHz, CDCl3): δ =7.45 (d, J = 8.6 Hz, 2H, Ph); 6.44 (d, J = 

8.7 Hz, 2H, Ph); 4.89 (s, 1H, H-8); 4.41 (t, J = 7.9 Hz, 1H, H-3); 3.80-3.62 (m, 

1H); 2.90-2.69 (m, 1H); 1.96-1.80 (m, 2H); 1.76-1.65 (m, 1H); 1.39 (s, 9H, H-9); 

0.93 (t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.5 (CH3), 

27.9(CH2), 30.2 (CH3), 33.5 (CH2), 44.4 (CH); 52.2 (C); 61.1 (CH), 75.6, 80.1 

(C), 116.6 (CH), 122.0 (C), 138.2 (CH); 146.0, 154.9 (C). HRMS (ESI-FT-

QQTOF) m/z [M+H]+ calcd for C18H25IN3: 410.1093; found: 410.1012 
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FIGURE 3.13- 1H and 13C NMR spectra in CDCl3 of compound 6g. 
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Chromatograms of Compound 6g 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OD column (i-PrOH 80%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.14- Chiral stationary-phase HPLC analysis of compound 6g. 
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 Compound 6h: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-(trifluoromethyl) 

aniline (18.8 µL, 0.15 mmol) and tert-butyl isocyanide (17.0 

µL, 0.15 mmol) were reacted according to the general 

procedure. Flash column chromatography purification (n-

hexane/EtOAc 5:1) afforded compound 6h (32.7 mg, 62%) 

as a brown oil. 

[𝛼]D
20-15.5 (c 0.6, acetone, 20oC). Rf = 0.35 (n-hexane/ EtOAc 3:1). 1H NMR 

(400 MHz, CDCl3): δ =7.37 (d, J = 8.4 Hz, 2H, Ph); 6.57 (d, J = 8.8 Hz, 2H, Ph); 

4.72 (s, 1H, H-8); 4.39 (t, J = 8.0 Hz, 1H, H-3); 2.77-2.67 (m, 1H, H-5); 1,84-1,74 

(m, 2H, H-4); 1.69-1.57 (m, 1H); 1.32 (s, 9H, H-9); 0.94 (t, J = 7.4 Hz, 3H, H-

7).13C NMR (100 MHz, CDCl3): δ = 11.5 (CH3), 27.9 (CH2), 30.3 (CH3), 

33.7(CH2), 42.8, 44.4, 52.3 (CH), 60.8, (C), 113.5 (CH) 113.8 (C), 114.3, 121.8, 

126.9, (CH), 149.1, 154.8 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for 

C19H25F3N3: 352.2001; found: 352.2006 
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FIGURE 3.15- 1H and 13C NMR spectra in CDCl3 of compound 6h. 
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Chromatograms of Compound 6h 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (MeOH 73%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.16- Chiral stationary-phase HPLC analysis of compound 6h. 
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Compound 6i: Benzoylacetonitrile (21.8 mg, 0.15 mmol), trans-

2 pentenal (17.6 L, 0.18 mmol), cyclohexylamine (17.2 µL, 

0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 mmol) 

were reacted according to the general procedure. Flash column 

chromatography purification (n-hexane/EtOAc 5:1) afforded 

compound 6i (43.1 mg, 91%) as a pale yellow oil.  

[𝛼]D
20 -12.4 (c 0.5, acetone, 20oC). Rf = 0.36 (n-hexane/ EtOAc 

6:1). 1H NMR (400 MHz, CDCl3): δ = 5.12 (d, J = 8.7 Hz, 1H, H-8); 3.81-3.70 

(m, 1H, H-9); 3.65 (dd, J = 9.4/ 7.2 Hz, 1H, H-3); 2.68-2.59 (m, 1H, H-5); 2.52-

2.41 (m, 1H, H-10); 1.94-1.66 (m, 7H); 1.64-1.34 (m, 8H); 1.33-1.06 (m, 11H); 

0.92 (t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.9 (CH3), 24.2, 

24.4, 24.8, 25.0, 25.6, 26.0, 28.0, 33.4, 33.6, 35.2, 37.5 (CH2), 43.5, 51.4, 54.9, 

60.2, 71.4 (CH), 121.5, 159.3 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd 

for C20H34N3: 316.2757; found: 316.2755 
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FIGURE 3.17- 1H and 13C NMR spectra in CDCl3 of compound 6i. 
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Chromatograms of Compound 6i 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (CH3CN 80%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.18- Chiral stationary-phase HPLC analysis of compound 6i. 
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Compound 6j: Benzoylacetonitrile (21.8 mg, 0.15 mmol), trans-

2 pentenal (17.6 L, 0.18 mmol), tert-butylamine (15.8 µL, 0.15 

mmol), and cyclohexylisocyanide (18.7 µL, 0.15 mmol) were 

reacted according to the general procedure . Flash column 

chromatography purification (n-hexane/EtOAc 5:1) afforded 

compound 6j (37.4 mg, 86%) as a pale yellow oil. 

  [𝛼]D
20

 -10.3 (c 0.4, acetone, 20C). Rf = 0.40 (n-hexane/ EtOAc 3:1). 1H NMR 

(400 MHz, CDCl3): δ = 5.18 (d, J = 8.1Hz, 1H, H-8); 3.83-3.71 (m,1H, H-9); 

3.61 (dd, J = 9.9/ 7.3 Hz, 1H, H-3); 2.60 (td, J = 8.2/ 5.1 Hz, 1H, H-5); 2.08 (ddd, 

J = 12.4/ 7.2/1.0 Hz, 1H, H-4a); 2.05-1.96 (m, 2H); 1.73-1.64 (m, 2H); 1.63-1.51 

(m, 2H); 1.49-1.41 (m, 4H); 1.39-1.28 (m, 1H, H-4a); 1.26-1.11 (m, 4H); 1.07 (s, 

9H, H-10); 0.93 (t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 12.1 

(CH3), 24.2, 24.3, 25.8, 28.1 (CH2), 30.6 (CH3), 33.4, 33.7, 40.6 (CH2), 43.5, 50.7, 

51.2, 57.5 (CH), 70.7, 121.8, 160.1 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ 

calcd for C18H32N3: 290.2596; found: 290.2598 
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FIGURE 3.19- 1H and 13C NMR spectra in CDCl3 of compound 6j. 
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FIGURE 3.20- COSY and NOESY NMR spectra in CDCl3 of compound 6j. 
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FIGURE 3.21- HMBC and superimposed 13C- DEPT 135 NMR spectra in 

CDCl3 of compound 6j. 
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FIGURE 3.22- HRMS spectra of compound 6j. 

 

 

 

 

  



78 
 

Chromatograms of Compound 6j 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (CH3CN 95%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.23- Chiral stationary-phase HPLC analysis of compound 6j. 
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Compound 6k: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), benzylamine (16.4 µL, 

0.15 mmol), and ethyl cyclohexylisocyanide (18.7 µL, 0.15 

mmol) were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 4:1) 

afforded compound 6k (39.8 mg, 82%) as an orange oil. 

 [𝛼]D
20

 -9.2 (c 0.5, acetone, 20C). Rf = 0.32 (n-hexane/ EtOAc 

4:1). 1H NMR (400 MHz, CDCl3): δ = 7.78- 7.46 (m, 5H, Ph); 5.78 (d, J = 8.6 

Hz, 1H, H-8); 5.35 (s, 2H, H-10); 3.58 (m, 2H, H-3, H-9); 3.51-3.32 (m, 1H, H-

5); 2.62 (td, J = 8.8/5.4 Hz, 1H, H-4a); 1.81 (d, J = 7.9/5.2 Hz, 1H, H-4b); 1.77-

1.59 (m, 6H); 1.56-1.34 (m, 4H); 1.27-1.18 (m, 2H); 0.82 (t, J = 7.4 Hz, 3H, H-

7).13C NMR (100 MHz, CDCl3): δ = 11.8 (CH3), 24.3, 24.4, 25.7, 28.2, 33.7, 

35.7, 37.0 (CH2), 43.9, 50.9 (CH), 51.5 (CH2), 53.5, 62.4 (CH), 121.3 (C), 127.4, 

128.2, 128.6, 128.9 (CH), 140.1, 158.1 (C). HRMS (ESI-FT-QQTOF) m/z 

[M+H]+ calcd for C21H30N3: 324.2440; found: 324.2443 
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FIGURE 3.24- 1H and 13C NMR spectra in CDCl3 of compound 6k. 
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Chromatograms of Compound 6k 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OD column (i-PrOH 85%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.25- Chiral stationary-phase HPLC analysis of compound 6k. 
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Compound 6l: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), p-toluidine (16.5 µL, 

0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 mmol) 

were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 4:1) 

afforded compound 6l (44 mg, 90%) as a pale brown oil.  

[𝛼]D
20

 -7.9 (c 0.5, acetone, 20oC). Rf = 0.76 (n-hexane/ EtOAc 

7:3). 1H NMR (400 MHz, CDCl3): δ = 7.0 (d, 2H, J= 7.91 

Hz, H-4); 6.57 (m, 2H, H-4); 4.68 (d, J= 7.80, N-H); 4.43 (t, 1H, J= 8.69 Hz, H-

3); 3.73-3.83 (m, 1H, H-6); 2.71-2.78 (m, 1H, H-1); 2.00 (s, 3H, H-5); 2.00-2.09 

(m, 2H, H-2), 1.92-2.00 (qd, 1H, J= 2.47 and 7.73 Hz, H-8); 1.76-1.84 (m,1H, H-

8), 1.56-1.72 (m, 4H, H-7), 1.29-1.47 (m, 3H, H-7), 1.03-1.21 (m, 3H, H-7), 0.92 

(t, 3H, H-9) .13C NMR (100 MHz, CDCl3): δ = (ppm) 11.5, 20.4, 24.1, 24.3, 25.5, 

27.8, 28.0, 33.6, 34.7, 43.5, 51.8, 59.8, 114.4, 120.7 (CN), 128.4, 129.9, 144.0, 

157.5 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C21H30N3: 324.2440; 

found: 324.2445 
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FIGURE 3.26- 1H and 13C NMR spectra in CDCl3 of compound 6l. 
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Chromatograms of Compound 6l 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (CH3CN 80%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

 
FIGURE 3.27- Chiral stationary-phase HPLC analysis of compound 6l. 
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Compound 6m: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), p-anisidine (18.4 mg, 

0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 mmol) 

were reacted according to the general procedure. Flash column 

chromatography purification (n-hexane/EtOAc 5:1) afforded 

compound 6m (41.6 mg, 82%) as a brown oil.  

[𝛼]D
20 −11.7 (c 0.6, acetone, 20oC). Rf = 0.36 (n-hexane/ EtOAc 

4:1). 1H NMR (400 MHz, CDCl3): δ =7.24-7.20 (m, 2H, Ph); 7.16-6.82 (m, 2H, 

Ph); 5.98 (d, J = 8.2 Hz, 1H, H-8); 4.52-4.38 (m, 1H, H-9); 4.13 (t, J = 7.2 Hz, 

1H, H-3); 3.68 (s, 3H, H-10); 2.29-2.09 (m, 2H, H-4); 2.00-1.92 (m, 2H); 1.85-

1.57 (m, 6H); 1.55-1.39 (m, 4H); 1.28-1.10 (m, 1H); 0.89 (t, J = 7.4 Hz, 3H, H-

7).13C NMR (100 MHz, CDCl3): δ = 11.5 (CH3), 24.2, 24.3, 25.5, 28.1, 33.5, 

33.6, 34.6 (CH2), 43.5, 51.8 (CH), 55.7 (CH3), 60.5 (CH), 73.7, 114.1 (C), 115.0, 

115.9 (CH), 120.7 (C), 140.2 (CH), 153.2, 157.2 (C). HRMS (ESI-FT-QQTOF) 

m/z [M+H]+ calcd for C21H30N3O: 340.2389; found: 340.2391 
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FIGURE 3.28- 1H and 13C NMR spectra in CDCl3 of compound 6m. 

  



87 
 

Chromatograms of Compound 6m  

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (MeOH 90%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 

FIGURE 3.29- Chiral stationary-phase HPLC analysis of compound 6m. 
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Compound 6n: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-bromoaniline (25.8 

mg, 0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 

mmol) were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 6:1) 

afforded compound 6n (57.3 mg, 87%) as an pale yellow solid.  

[𝛼]D
20−20.2 (c 0.6, acetone, 20oC). Rf = 0.35 (n-hexane/ EtOAc 

5:1). 1H NMR (400 MHz, CDCl3): δ =7.38 (d, J = 8.5 Hz, 2H, Ph); 6.37 (d, J = 

8.6 Hz, 2H, Ph); 4.54 (d, J = 8.6 Hz, 1H, H-8); 4.38 (t, J = 7.5 Hz, 1H, H-3); 3.74-

3.62 (m, 1H, H-9); 2.77-2.66 (m, 1H); 2.05-1.94 (m, 2H); 1.91-1.71 (m, 2H, H-

4); 1.68-1.52 (m, 4H); 1.41-1.23 (m, 3H); 1.14-0.97 (m, 3H); 0.89 (t, J = 7.3 Hz, 

3H, H-7).13C NMR (100 MHz, CDCl3): δ = 10.4 (CH3), 23.2, 23.3, 24.4, 26.7, 

27.0, 28.7, 32.6 (CH2), 33.3, 42.5, 50.9 (CH), 58.3, 78.8 (C) 115.3 (CH), 116.3 

(C), 119.3, 125.0, 137.0 (CH), 145.0, 157.5 (C). HRMS (ESI-FT-QQTOF) m/z 

[M+H]+ calcd for C20H27IN3: 436.1250; found: 436.1258 
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FIGURE 3.30- 1H and 13C NMR spectra in CDCl3 of compound 6n. 
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Chromatograms of Compound 6n 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OD column (iPrOH 90%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.31- Chiral stationary-phase HPLC analysis of compound 6n. 
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Compound 6o: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-bromoaniline (25.8 

mg, 0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 

mmol) were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 5:1) 

afforded compound 6o (45.5 mg, 75%) as an dark yellow oil. 

 [𝛼]D
20 −15.4 (c 0.6, acetone, 20oC). Rf = 0.39 (n-hexane/ 

EtOAc 4:1). 1H NMR (400 MHz, CDCl3): δ =7.23-7.17 (m, 

2H, Ph); 7.51-6.43 (m, 2H, Ph); 4.52 (d, J = 8.6 Hz, 1H, H-8); 4.36 (t, 1H, H-3); 

3.75-3.61 (m, 1H, H-9); 2.76-2.65 (m, 1H); 2.03-1.93 (m, 2H); 1.91-1.71 (m, 2H, 

H-4); 1.67-1.51 (m, 4H); 1.41-1.23 (m, 3H); 1.14-0.97 (m, 3H); 0.86 (t, J = 7.3 

Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.6 (CH3), 24.3, 24.4, 25.6, 

28.1, 33.7, 34.5, 35.4 (CH2), 42.1, 43.6, 52.0, 59.6 (CH), 74.5, 110.7 (C), 115.9, 

120.5, 132.3 (CH), 145.5, 156.9 (C). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd 

for C20H27BrN3: 388.1388; found: 388.1392 
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FIGURE 3.32- 1H and 13C NMR spectra in CDCl3 of compound 6o. 
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Chromatograms of Compound 6o 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (iPrOH 68%) at 1 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.33- Chiral stationary-phase HPLC analysis of compound 6o. 
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Compound 6p: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-chloroaniline (19.1 

mg, 0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 

mmol) were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 5:1) 

afforded compound 6p (40.7 mg, 79%) as a brown oil. 

[]D
20 -8.9 (c 0.5, acetone, 20C). Rf = 0.53 (n-hexane/ EtOAc 

8:2). 1H NMR (400 MHz, CDCl3) : δ= 7.14 (d, J = 8.4 Hz, 

2H), 6.58 (d, J = 8.4 Hz, 2H), 4.64 (d, J = 8.6 Hz, 1H, H-8), 4.38 (t, J = 8.2 Hz, 

1H, H-3), 3.89 – 3.74 (m, 1H), 3.50 (brs, 1H, NH), 2.83 – 2.54 (m, 1H), 2.17 – 

1.77 (m, 4H), 1.76 – 1.55 (m, 4H), 1.49 – 1.04 (m, 7H), 0.92 (t, J = 7.4 Hz, 3H, 

H-7). 13C NMR (100 MHz, CDCl3) δ= 156.7 (C-2), 144.9 (C), 129.3 (CH), 123.7 

(C), 120.4 (CN), 115.5 (C), 115.4 (CH), 74.5 (CN), 59.7, 51.9, 43.6, 34.4, 33.6, 

28.0, 25.5, 24.3, 24.2, 11.5 (C-7). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd 

for C20H26ClN3: 344.1888; found: 344.1906 
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FIGURE 3.34- 1H and 13C NMR spectra in CDCl3 of compound 6p. 
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Chromatograms of Compound 6p  

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (iPrOH 95%) at 0.5 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.35- Chiral stationary-phase HPLC analysis of compound 6p. 
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Compound 6q: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 2-aminotoluene (16.0 

µL, 0.15 mmol) and cyclohexylisocyanide (18.7 µL, 0.15 

mmol) were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 6:1) 

afforded compound 6q (34.8 mg, 72%) as an pale orange oil. 

  [𝛼]D
20

 -7.2 (c 0.5, acetone, 20C). Rf = 0.42(n-hexane/ EtOAc 

3:1). 1H NMR (400 MHz, CDCl3): δ =7.20-7.04 (m, 2H, Ph); 6.78-6.70 (m, 1H, 

Ph); 6.67(d, J = 8.0 Hz, 1H, Ph); 4.65 (d, J = 7.9 Hz, 1H, H-8); 4.54 (t, J = 7.9 

Hz, 1H, H-3); 3.87-3.63 (m, 1H, H-9); 2.89-2.72 (m, 1H); 2.15 (s, 3H, H-10); 

2.07-2.00 (m, 2H); 1.89-1.79 (m, 1H); 1.73-1.58 (m, 4H); 1.21-1.06 (m, 3H); 0.94 

(t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.6, 17.8 (CH3), 24.3, 

24.4, 25.6, 28.2, 29.8, 33.7, 35.5 (CH2), 43.7, 51.9, 59.4 (CH), 74. 5, 111.4 (C), 

118.6, 120.6, 123.3, 127.4 (CH), 130.8, 144.6, 157.6 (C). HRMS (ESI-FT-

QQTOF) m/z [M+H]+ calcd for C21H30N3: 324.2440; found: 324.2436 
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FIGURE 3.36- 1H and 13C NMR spectra in CDCl3 of compound 6q. 
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Chromatograms of Compound 6q 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OD column (iPrOH 80%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.37- Chiral stationary-phase HPLC analysis of compound 6q. 

  



100 
 

Compound 6r: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), cyclohexylamine 

(17.2 µL, 0.15 mmol) and ethyl isocyanoacetate (16.4 µL, 

0.15 mmol) were reacted according to the general procedure. 

Flash column chromatography purification (n-hexane/ 

EtOAc 4:1) afforded compound 6r (35.4 mg, 74%) as a 

yellow oil.  

[𝛼]D
20-9.9 (c 0.5, acetone, 20oC). Rf = 0.37 (n-hexane/ EtOAc 

2:1). 1H NMR (400 MHz, CDCl3): δ =5.68 (t, J = 5.3 Hz, 

1H, H-8); 4.27 (d, J = 5.3 Hz, 2H, H-9); 4.23 (q, J = 7.0 Hz, 2H, CH2-OEt); 3.76 

(dd, J = 9.7/7.5 Hz, 1H, H-3); 2.63 (td, J = 8.1/5.2 Hz, 1H); 2.55-2.44 (m, 1H); 

2.12-1.99 (m, 1H); 1.78-1.66 (m, 3H); 1.62-1.48 (m, 4H); 1.31 (t, J = 7.0 Hz, 3H); 

1.25-1.11 (m, 3H); 1.08-0.97 (m, 3H); 0.93 (t, J = 7.4 Hz, 3H, H-7).13C NMR 

(100 MHz, CDCl3): δ = 11.9 (CH3), 14.3, 24.8, 25.1, 26.1, 27.9, 33.7 (CH2), 35.3 

(CH3), 43.7 (CH2), 45.2, 55.2, 60.3 (CH), 61.8 (CH2), 120.6, 129.2, 160.5 (C), 

170.1 (C=O). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C18H30N3O2: 

320.2338; found: 320.2339  
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FIGURE 3.38- 1H and 13C NMR spectra in CDCl3 of compound 6r. 

  



102 
 

Chromatograms of Compound 6r 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (MeOH 80%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.39- Chiral stationary-phase HPLC analysis of compound 6r. 
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Compound 6s: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), tert-butylamine (15.8 

µL, 0.15 mmol), and ethyl isocyanoacetate (16.4 µL, 0.15 

mmol) were reacted according to the general procedure. Flash 

column chromatography purification (n-hexane/EtOAc 4:1) 

afforded compound 6s (33.4 mg, 76%) as a brown oil.  

[𝛼]D
20 -11.6 (c 0.5, acetone, 20oC). Rf = 0.38 (n-hexane/ EtOAc 

2:1). 1H NMR (400 MHz, CDCl3): δ = 5.75 (t, J = 5.6 Hz, 1H, H-8); 4.27 (d, J = 

5.5Hz, 2H, H-9); 4.24 (q, J = 6.9 Hz, 2H, CH2-OEt); 3.70 (dd, J = 9.8/7.3 Hz, 1H, 

H-3); 2.62 (td, J = 8.3/5.2 Hz, 1H); 2.11 (dd, J = 12.6/7.3 Hz, 1H, H-4a); 1.62-

1.43 (m, 2H); 1.40-1.32 (m, 1H); 1.31 (t, J = 7.0 Hz, 3H, CH3-OEt); 1.10 (s, 9H); 

0.93 (t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, CDCl3): δ = 11.9 (CH3), 14.2, 

27.9 (CH2), 30.5 (CH3), 40.7, 43.5 (CH2), 45.2 (CH3), 50.8 (CH), 57.4 (CH2), 61.7 

(CH), 73.8, 120.8, 161.1 (C), 170.1 (C=O). HRMS (ESI-FT-QQTOF) m/z 

[M+H]+ calcd for C16H28N3O2: 294.2182; found: 294.2185 
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FIGURE 3.40- 1H and 13C NMR spectra in CDCl3 of compound 6s. 
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Chromatograms of Compound 6s 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (MeOH 95%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.41- Chiral stationary-phase HPLC analysis of compound 6s. 
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Compound 6t: Benzoylacetonitrile (21.8 mg, 0.15 mmol), 

trans-2 pentenal (17.6 L, 0.18 mmol), 4-methoxyaniline 

(18.4 mg, 0.15 mmol) and ethyl isocyanoacetate (16.4 µL, 

0.15 mmol) were reacted according to the general procedure. 

Flash column chromatography purification (n-hexane/EtOAc 

10:1) afforded compound 6t (27.3 mg, 53%) as a dark brown 

oil. 

  [𝛼]D
20

 -16.3 (c 0.5, acetone, 20C). Rf = 0.51 (n-hexane/ EtOAc 2:1). 1H NMR 

(400 MHz, CDCl3): δ =6.78 (d, J = 8.8 Hz, 2H, Ph); 6.63 (d, J = 8.7 Hz, 2H, Ph); 

5.32 (t, J = 5.8 Hz, 1H, H-8); 4.46 (t, J = 7.4 Hz, 1H, H-3); 4.28 (q, J = 5.2 Hz, 

2H, OCH2CH3); 4.23 (d, J = 7.1 Hz, 2H, H-9); 3.74 (s, 3H, OMe); 2.82-2.69 (m, 

1H); 2.03-1.95 (m, 1H); 1.87-1.78 (m, 1H); 72-1.59 (m, 1H); 1.40-1.32 (m, 1H); 

1.29 (t, J = 7.1 Hz, 3H); 0.93 (t, J = 7.4 Hz, 3H, H-7).13C NMR (100 MHz, 

CDCl3): δ = 11.5 (CH3), 14.2, 28.0, 35.2, 43.7 (CH2); 45.4, 55.8 (CH3), 60.3, 61.9 

(CH), 76.3 (C), 115.1, 116.0 (CH), 116.9, 119.8 (C), 140.2 (CH), 153.3, 158.7 

(C), 169.9 (C=O). HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C19H26N3O3: 

344.1914; found: 344.1923 
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FIGURE 3.42- 1H and 13C NMR spectra in CDCl3 of compound 6t. 
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Chromatograms of Compound 6t 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel AD column (iPrOH 76%) at 1.0 mL/min, UV-detection 

at λ = 265 nm: 

 
FIGURE 3.43- Chiral stationary-phase HPLC analysis of compound 6t. 
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3.2.2-General procedure for the synthesis of compound 3: To a solution 

of Jørgensen’s catalyst (0.015 mmol, 0.1 equiv.), 3,5-dinitrobenzoic acid (0.03 

mmol, 0.2 equiv.) and trans-2 pentenal (0.18 mmol, 1.2 equiv.) in dimethyl 

carbonate (1.0 mL) was added benzoylacetonitrile (0.15 mmol, 1.0 equiv.). The 

resulting solution was stirred for 48h at 10 oC. 

 

 

Compound 3: Benzoylacetonitrile (290.32 mg, 2 mmol), 

trans-2 pentenal (234.8 L, 2.4 mmol), Jørgensen’s catalyst 

(119.5 mg, 0.2 mmol) and 3,5 dinitrobenzoic acid (84.84 mg, 

0.4 mmol) were reacted according to the general procedure. 

Flash column chromatography purification (n-hexane/EtOAc 8:1) afforded the 

compound 3 (418.5 mg, 91%) as a yellow solid. 

 

 []D
20

 4.0 (c 0.5, acetone, 20C). Rf = 0.23 (n-hexane/ EtOAc 8:2). 1H NMR (400 

MHz, CDCl3): δ 7.76 – 7.67 (m, 2H), 7.46 – 7.34 (m, 3H), 5.66 (dd, J =4.1 Hz, 

1H, OH), 2.30 – 2.21 (m, 1H), 2.10 – 2.03 (m, 1H), 2.02 – 1.96 (m, 1H), 1.76 – 

1.64 (m, 2H), 1.63 – 1.43 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ 162.5, 130.9, 130.7, 128.4, 128.2, 119.6, 96.2, 34.4, 33.1, 30.9, 30.3, 

26.6, 10.8. HRMS (ESI-FT-QQTOF) m/z [M+H]+ calcd for C14H16NO2: 

230.1181; found: 230.1176 
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FIGURE 3.44- 1H and 13C NMR spectra in CDCl3 of compound 3.  
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Chromatograms of Compound 3 

The enantiomeric excess was determined by chiral stationary phase 

UHPLC using a Chiralcel OZ column (CH3CN 95%) at 1.0 mL/min, UV-

detection at λ = 265 nm: 

FIGURE 3.45- Chiral stationary-phase HPLC analysis of compound 3. 

 



112 
 

References 

 

[1] ANASTAS, P.T. & WARNER, J.C. “Green Chemistry: Theory and Practice”, 

Oxford University Press, New York, 1998. 

[2] VARMA, R.S. “Solvent-free organic syntheses using supported reagents and 

microwave irradiation”. Green. Chem. 1, 43, 1999. 

[3] GAO, J. & WANG, G.-W. “Direct Oxidative Amidation of Aldehydes with 

Anilines under Mechanical Milling Conditions”. J. Org. Chem.73, 2955, 2008. 

[4] RODRIGUEZ, B.; BRUCKMANN, A. & BOLM, C. “A Highly Efficient 

Asymmetric Organocatalytic Aldol Reaction in a Ball Mill”. Chem. Eur. J. 13, 

4710, 2007. 

[5] FUJIWARA, K. & KOMATSU, K. “Mechanochemical Synthesis of a Novel 

C60 Dimer Connected by a Silicon Bridge and a Single Bond”. Org. Lett., 6, 1039. 

2002. 

[6] IKEDA, A.; HAMANO, T.; NOBUSAWA, K.; HAMANO, T. & KIKUCHI, 

J.-I. “Single-Walled Carbon Nanotubes Template the One-Dimensional Ordering 

of a Polythiophene Derivative”. Org. Lett., 8, 5489, 2006. 

[7] ALDER, C.M.; HAYLER, J. D.; HENDERSON, R. K.; REDMAN, A. M.; 

SHUKLA, L.; SHUSTER, L.E. & SNEDDON, H.F. “Updating and further 

expanding GSK's solvent sustainability guide”. Green Chem., 18, 3879, 2016. 

[8] MACMILLAN, D.W.C. “The advent and development of organocatalysis”. 

Nature, 455, 304, 2008. 

[9] LIST, B. “Topics in Current Chemistry: Asymmetric Organocatalysis”, 

Spring, New York, 2010. 

[10] MELCHIORRE, P.; MARIGO, M.; CARLONE, A. & BARTOLI, G. 

“Asymmetric Aminocatalysis—Gold Rush in Organic Chemistry”. Angew. 

Chem. Int. Ed. 47, 6138, 2008. 

[11] ENDERS, D.; NIEMIER, O. & HENSELER, A. “Organocatalysis by N-

Heterocyclic Carbenes”. Chem. Rev., 107, 5606, 2007. 

[12] TAYLOR, M.S. &. JACOBSEN, E. N. “Asymmetric Catalysis by Chiral 

Hydrogen‐Bond Donors”. Angew. Chem. Int. Ed., 45, 1520, 2006. 

[13] BRAK, K. & JACOBSEN, E. “Asymmetric Ion‐Pairing Catalysis”. Angew. 

Chem. Int. Ed., 52, 534, 2013. 

[14] BUSACCA, C.A.; FANDRICK, K.R.; SONG, J.J. & SENANAYAKE, C.H. 

“The Growing Impact of Catalysis in the Pharmaceutical Industry”. Adv. Synth. 

Catal, 353, 1825, 2011. 

[15] BERTELSEN, S. & JØRGENSEN, K.A. “Organocatalysis—after the gold 

rush”. Chem. Soc. Rev., 38, 2178, 2009. 

https://pubs.rsc.org/en/results?searchtext=Author%3ACatherine%20M.%20Alder
https://pubs.rsc.org/en/results?searchtext=Author%3AJohn%20D.%20Hayler
https://pubs.rsc.org/en/results?searchtext=Author%3ARichard%20K.%20Henderson
https://pubs.rsc.org/en/results?searchtext=Author%3AAnik%C3%B3%20M.%20Redman
https://pubs.rsc.org/en/results?searchtext=Author%3ALena%20Shukla
https://pubs.rsc.org/en/results?searchtext=Author%3ALeanna%20E.%20Shuster
https://pubs.rsc.org/en/results?searchtext=Author%3AHelen%20F.%20Sneddon


113 
 

[16] DINÉR, P.; NIELSEN, M.; MARIGO, M. & JORGENSEN, K. A. 

“Enantioselective Organocatalytic Conjugate Addition of N-Heterocycles to α,β‐

Unsaturated Aldehydes”. Angew. Chem., Int. Ed., 46, 1983, 2007. 

[17] ZHANG, Y. & WANG, W. “Recent advances in organocatalytic asymmetric 

Michael reactions” Catal. Sci. Technol., 2, 42, 2012. 

[18] (a) LI, J. ; DING, Y.; LI, X.-C.; FERREIRA, D.; KHAN, S.; SMILLIE, T. & 

KHAN, I. A. J. “Scuteflorins A and B, Dihydropyranocoumarins from Scutellaria 

lateriflora”. J. Nat. Prod., 72, 983, 2009; (b) LI, H. & LOH, T. P. “A Facile 

Method for the Synthesis of Highly Substituted Six-Membered Rings: 

Mukaiyama−Aldol−Prins Cascade Reaction”. Org. Lett., 12, 2679, 2010. 

[19] (a) SCHMIDT, E. Y.; TROFIMOV, B. A.; ZORINA, N. V.; MIKHALEVA, 

A. I.; USHAKOV, I. A.; SKITAL’TSEVA, E. V.; KAZHEVA, O. N.; 

ALEXANDROV, G. G. & DYACHENKO, O. A. “Synthesis of Functionalized 

3,4‐Dihydropyrans via Rearrangement of the Products of a One‐Pot 

Diastereoselective Assembly of Ketones and Acetylene”. Eur. J. Org. Chem., 

6727, 2010; (b) WANG, J.; CRANE, E. A. & SCHEIDT, K. A. “Highly 

Stereoselective Brønsted Acid Catalyzed Synthesis of Spirooxindole Pyrans”. 

Org. Lett., 13, 3086, 2011. 

[20] (a) YADAV, J. S.; SUNITHA, V.; REDDY, B. V. S.; DAS, P. P. & 

GYANCHANDER, E. “InBr3-catalyzed stereoselective synthesis of trans-2,6-

disubstituted 3,6-dihydro-2H-pyrans”. Tetrahedron Lett., 49, 855, 2008; (b) 

MAGANO, J. “Synthetic Approaches to the Neuraminidase Inhibitors Zanamivir 

(Relenza) and Oseltamivir Phosphate (Tamiflu) for the Treatment of Influenza”. 

Chem. Rev., 109, 4398, 2009. 

[21] (a) SUN, J.; XIA, E.Y.; WU, Q. & YAN, C.G. “Synthesis of 3,4-

Dihydropyridin-2(1H)-ones and 3,4-Dihydro-2H-pyrans via Four-Component 

Reactions of Aromatic Aldehydes, Cyclic 1,3-Carbonyls, Arylamines, and 

Dimethyl Acetylenedicarboxylate”. ACS Comb. Sci., 13, 421, 2011; (b) XU, Y.-

M. S.; MCLAUGHLIN , P. & GUNATILAKA, A. A. L. “Sorbifolivaltrates A−D, 

Diene Valepotriates from Valeriana sorbifolia”. J. Nat. Prod., 70, 2045, 2007. 

[22] (a) LIN, S.; SHEN, Y.-H.;. LI, H.-L.; YANG, X.-W.; CHEN, T.; LU, L.-H.; 

HUANG, Z.-S.; LIU, R.-H.; XU, X.-K.; ZHANG W.-D. & WANG, H. “Acylated 

Iridoids with Cytotoxicity from Valerianajatamansi”. J. Nat. Prod., 72, 650, 2009; 

(b) ZHANG, H. J., ROTHWANGL, K., MESECAR, A. D.; SABAHI, A.; RONG, 

L. J. & FONG, H. H. S. “Lamiridosins, Hepatitis C Virus Entry Inhibitors from 

Lamium album”. J. Nat. Prod., 72, 2158, 2009. 



114 
 

[23] FRANKE, P.T.; RICHTER, B. & JØRGENSEN, K.A. “Organocatalytic 

Asymmetric Synthesis of Functionalized 3,4-Dihydropyran Derivatives”. Chem. 

Eur. J., 14, 6317, 2008. 

[24] NIU, Z.; HE, X. & SHANG, Y. “The efficient enantioselective synthesis of 

dihydropyrans via organocatalytic Michael addition reactions” Tetrahedron: 

Asymmetry, 25,796, 2014.  

[25] BRANDAU, S.; LANDA, A.; FRANZÉN, J.; MARIGO, M. & JØGENSEN, 

K. A. “Organocatalytic Conjugate Addition of Malonates to α,β‐Unsaturated 

Aldehydes: Asymmetric Formal Synthesis of (−)‐Paroxetine, Chiral Lactams, and 

Lactones”. Angew. Chem. Int. Ed., 45, 4305, 2006. 

[26] MARIGO, M.; BERTELSEN, S.; LANDA, A. & JØGENSEN, K. A. “One-

Pot Organocatalytic Domino Michael-Aldol and Intramolecular SN2 Reactions. 

Asymmetric Synthesis of Highly Functionalized Epoxycyclohexanone 

Derivatives”. J. Am. Chem. Soc., 128, 5475, 2006. 

[27] CARLONE, A.; MARIGO, M.; NORTH, C.; LANDA, A. & JØGENSEN, 

K. A. “A simple asymmetric organocatalytic approach to optically active 

cyclohexenones”. Chem. Commun., 4928, 2006. 

[28] CARLONE, A.; CABRERA, S.; MARIGO, M. & JØGENSEN, K. A. “A 

New Approach for an Organocatalytic Multicomponent Domino Asymmetric 

Reaction”. Angew. Chem. Int. Ed., 46, 1101, 2007. 

[29] PALOMO, C.; LANDA, A.; MIELGO, A.; OIARBIDE, M.; PUENTE, A. & 

VERA, S. “Water‐Compatible Iminium Activation: Organocatalytic Michael 

Reactions of Carbon‐Centered Nucleophiles with Enals”. Angew. Chem. Int. Ed., 

46, 8431, 2007. 

[30] ZU , L. , XIE , H. , LI , H. , WANG , J. & WANG , W. “Highly 

enantioselective organocatalytic conjugate addition of nitromethane to α,β - 

unsaturated aldehydes: three - step synthesis of optically active baclofen” . Adv. 

Synth. Catal. , 349, 2660, 2007. 

[31] VALERO , G. , SCHIMER , J. , CISAROVA , I. , VESELY , J. , MOYANO, 

A. & RIOS , R. “Highly enantioselective organocatalytic synthesis of piperidines. 

Formal synthesis of (–)–paroxetine”. Tetrahedron Lett. , 50, 1943, 2009. 

[32] BALLINI, R. “Eco-Friendly Synthesis of Fine Chemicals”, Royal Society of 

Chemistry, Cambridge, 2009. 

[33] ZHU, J. & BIENYAMÉ, H. “Multicomponent Reactions”. Second Edition, 

Wiley-VCH, Weinheim, 2005. 

[34] RUIJTER, E.; SCHEFFELAAR, R. & ORRU, R.V.A. “Multicomponent 

Reaction Design in the Quest for Molecular Complexity and Diversit”. Angew. 

Chem. Int. Ed. 50, 6234, 2011. 



115 
 

[35] ALVIM, H. G. O.; DA SILVA, E. N. &. NETO, B. A. D. “What do we know 

about multicomponent reactions? Mechanisms and trends for the Biginelli, 

Hantzsch, Mannich, Passerini and Ugi MCRs”. RSC Adv., 4, 54282, 2014. 

[36] RUIJTER, E. &. ORRU, R. V. A. “Multicomponent reactions – opportunities 

for the pharmaceutical industry”. Drug Discovery Today: Technol., 10, e15, 2013. 

[37] BARROS,T.G.; SANTOS, J.A.N.; DE SOUZA, B.E.G.; SODERO, A.C.R.; 

DE SOUZA, A.M.T.; DA SILVA, D.P.; RODRIGUES, C.A.; PINHEIRO, S.; 

DIAS, L.R.S.; ABRAHIM-VIEIRA ,B.; PUZER, L. & MURI, E.M.F. “Discovery 

of a new isomannide-based peptidomimetic synthetized by Ugi multicomponent 

reaction as human tissue kallikrein 1 inhibitor”. Bioorg. & Medicinal Chem. Lett., 

27, 314, 2017. 

[38] LAMBRUSCHINI, C.; BASSO, A. & BANF, L. “Integrating biocatalysis 

and multicomponent reactions”. Drug Discov. Today: Techn., 29, 3, 2018. 

[39] KALININ, S.; NOCENTINI, A.; KOVALENKO, A.; SHAROYKO,V.; 

BONARDI, A.;  ANGELI,A.; GRATTERI, P.; TENNIKOVA, T.B.; SUPURAN, 

C.T. & KRASAVIN, M. “From random to rational: A discovery approach to 

selective subnanomolar inhibitors of human carbonic anhydrase IV based on the 

Castagnoli-Cushman multicomponent reaction”. Eur. J. Medicinal Chem., 182, 

111642, 2019. 

[40] GONZÁLEZ-BACERIO, J.; MALUF, S.E.C.; MÉNDEZ, Y.; PASCUAL, 

I.; FLORENT, I.; MELO, P.M.S.; BUDU, A.; FERREIRA, J.C.; MORENO, E.; 

CARMONA, A.K.; RIVERA, D.G.; ALONSO DEL RIVERO, M. & 

GAZARINI, M.L. “KBE009: An antimalarial bestatin-like inhibitor of the 

Plasmodium falciparum M1 aminopeptidase discovered in an Ugi 

multicomponent reaction-derived peptidomimetic library”. Bioorg. & Medicinal 

Chem., 25, 4628, 2017. 

[41] LIU, R.; LI, X. & SLAM, K. “Combinatorial chemistry in drug 

discovery”.Current Opinion in Chem. Biol., 38, 117, 2017. 

[42] TIETZE, L. F. & MODI, A. “Multicomponent domino reactions for the 

synthesis of biologically active natural products and drugs”. Medicinal Research 

Rev., 20 (4), 304, 2000. 

[43] ELEJALDE, N. R.; MACIAS, M.; CASTILLO, J.C.; SORTINO, M.; 

SVETAZ, L.; ZACCHINO, S. & PORTILLA, J. “Synthesis and in vitro 

Antifungal Evaluation of Novel N‐Substituted 4‐Aryl‐2‐methylimidazoles”.Org. 

Supram. Chem., 3, 5220, 2018. 

[44] TUNCA, U. “Click and Multicomponent Reactions Work Together for 

Polymer Chemistry”. Macromol. Chem. Phys., 219, 1800163, 2018. 

https://www.sciencedirect.com/science/article/abs/pii/S174067491730046X#!
https://www.sciencedirect.com/science/article/abs/pii/S174067491730046X#!
https://www.sciencedirect.com/science/article/abs/pii/S174067491730046X#!
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/journal/17406749
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gonz%C3%A1lez-Bacerio%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Maluf%20SEC%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=M%C3%A9ndez%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pascual%20I%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pascual%20I%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Florent%20I%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Melo%20PMS%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Budu%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferreira%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moreno%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carmona%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rivera%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alonso%20Del%20Rivero%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gazarini%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=28728898
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/journal/09680896
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/journal/09680896
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/journal/09680896/25/17
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/article/pii/S1367593117300534#!
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/article/pii/S1367593117300534#!
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/article/pii/S1367593117300534#!
https://www-sciencedirect.ez31.periodicos.capes.gov.br/science/journal/13675931


116 
 

[45] CIOC, R. C.; RUIJTER, E. & ORRU, R.V.A. “Multicomponent reactions: 

advanced tools for sustainable organic synthesis”. Green Chem. 16, 2958, 2014. 

[46] NENAJDENKO, V.G. “Isocyanide Chemistry. Applications in Synthesis and 

Material Science”. Wiley-VCH Verlag & Co. KGaA, Weinheim, Germany, 2012. 

[47] UGI, I.; MEYR, R.; FETZER, U. & STEINBRUCKNER, C. 

“Versammlungsberichte”. Angew. Chem., 71, 386, 1959. 

[48] PELLISSIER, H. “Stereocontrolled Domino Reactions”. Chem. Rev. 113, 

442, 2013. 

[49] EL KAÏM, L.; GRIMAUD, L. & OBLE, J. “Phenol Ugi-Smiles Systems: 

Strategies for the Multicomponent N-Arylation of Primary Amines with 

Isocyanides, Aldehydes, and Phenols”. Angew. Chem. Int. Ed., 44, 7961, 2005. 

[50] LIDDLE, J.; ALLEN, M.J.; BORTHWICK, A.D.; BROOKS, D.P.; 

DAVIES, D.E.; EDWARDS, R.M.; EXALL, A.M.; HAMLETT, C.; IRVING, 

A.M.; MASON, W.R.; MCCAFFERTY, G.P.; NEROZZI, F.; PEACE, S.; 

PHILP, J.; POLLARD, D.; PULLEN, M.A.; SHABBIR, S.S.; SOLLIS, S.L.; 

WESTFALL, T.D.; WOOLLARD, P.M.; WUC, C. & HICKEYA, D.M.B. “The 

discovery of GSK 221149 A: A potent and selective oxytocin antagonist”. Bioorg. 

Med. Chem. Lett, 18 , 90, 2008. 

[51] SOLLIS, S.L. “Short and Novel Stereospecific Synthesis of Trisubstituted 

2,5-Diketopiperazines”. J. Org. Chem, 70, 4735, 2005. 

[52] ROSSEN, K.; PYE, P.J.; DIMICHELC, L.M.; VOLANTE, R.P. & REIDER, 

P.J. “An efficient asymmetric hydrogenation approach to the synthesis of the 

Crixivan piperazine intermediate”. Tetrahedron Lett, 39, 6823, 1998. 

[53] COREY, E.J.; GIN, D.Y. & KANIA, R.S. “Enantioselective Total Synthesis 

of Ecteinascidin 743”. J. Am. Chem. Soc., 118, 9202, 1996. 

[54] ASHLEY, E.R.; CRUZ, E.G. &. STOLTZ, B.M. “The Total Synthesis of 

(−)-Lemonomycin”. J. Am. Chem. Soc., 125, 15000, 2003. 

[55] YOSHIDA, A.; AKAIWA, M.; ASAKAWA, T.; HAMASHIMA, Y.; 

YOKOSHIMA, S.; FUKUYAMA, T. & KAN,T. “Total Synthesis of (−)‐

Lemonomycin”. Chem. Eur. J. 18, 11192, 2012. 

[56] (a) VARMA, R. S. “Solvent-free accelerated organic syntheses using 

microwaves”. Pure Appl. Chem., 73, 193, 2001; (b) VARMA, R. S. “Greener 

organic syntheses under non-traditional conditions”. Indian J. Chem., Sec. B, 

45B, 2305, 2006. 

[57] JIANG, B.; SHI, F. & TU, S. J. “Microwave-Assisted Multicomponent 

Reactions in the Heterocyclic Chemistry”. Curr. Org. Chem., 14, 357, 2010; (b) 

LIDSTROM, P.; TIERNEY, J.; WATHEY, B. & WESTMAN, J. “Microwave 

assisted organic synthesis-a review”. Tetrahedron, 57, 9225, 2001. 



117 
 

 

[58] KAPPE, C.O. “Controlled Microwave Heating in Modern Organic 

Synthesis”. Angew. Chem. Int. Ed., 43, 6250, 2004. 

[59] BARRETO, A.F.S.; VERCILLO, O.E.; BIRKETT, M. A.; CAULFIELD, J. 

C.;WESSJOHANNC, L.A. & ANDRADE, C.K.Z. “Fast and efficient 

microwave-assisted synthesis of functionalized peptoids via Ugi reactions”. Org. 

Biomol. Chem., 9, 5024, 2011. 

[60] KAPPE, C.O. & GLASNOV, T. N. “The Microwave‐to‐Flow Paradigm: 

Translating High‐Temperature Batch Microwave Chemistry to Scalable 

Continuous‐Flow Processes”. Chem. Eur. J., 17, 11956, 2011. 

[61] KOBAYASHI, S. “Flow Fine Synthesis: High Yielding and Selective 

Organic Synthesis by Flow Methods”. Chem. Asian J. 11, 425, 2016. 

[62] FAIRHURST, R. M. & DONDORP, A. M. “Artemisinin-Resistant 

Plasmodium falciparum Malaria ”. Microbiol Spectrum, 4(3), 10, 2016. 

[63] JIN, Z.; LIA, Z. & HUANGA. R. “Muscarine, imidazole, oxazole, thiazole, 

Amaryllidaceae and Sceletium alkaloids”. Nat. Prod. Rep., 19, 454, 2002. 

[64] BHANA, N.; FOSTER, R. H.; OLNEY, R. & PLOSKER, G. L. “Olanzapine. 

An Updated Review of its Use in the Management of Schizophrenia”. Drugs, 61, 

111, 2001. 

[65] BRITTON, J. & JAMISON, T. F. “The assembly and use of continuous flow 

systems for chemical synthesis”. Nature Protocols, 12 (11), 2423, 2017. 

[66] FABRY, D.C.; SUGIONO, E. & RUEPING, M. “Online Monitoring and 

Analysis for Autonomous Continuous Flow Self-Optimizing Reactor Systems”. 

React. Chem. Eng. 1, 129, 2016. 

[67] HOHMANN, L.; KURT, S.K.; SOBOLL, S. & KOCKMANN, N. 

“Separation Units and Equipment for Lab- Scale Process Development”. J. Flow 

Chem., 6, 181, 2016. 

[68] WILES, C. & WATTS, P. “Micro Reaction Technology in Organic 

Synthesis”. CRC Press, Taylor & Francis Group, Boca Raton. 2011. 

[69] BRITTON, J.; RASTON, C. L. “Multi-step continuous-flow synthesis.” 

Chem. Soc.Rev., 46: 1250, 2017. 

[70] PLUTSCHACK, M.B.; PIEBER, B.; GILMORE,K. & SEEBERGER, P.H. 

“The Hitchhiker’s Guide to Flow Chemistry”. Chem. Rev. 117, 11796, 2017. 

[71] DEADMAN, B. J.; BROWNE, D.L.; BAXENDALE, I.R. & LEY, S.V. 

“Back Pressure Regulation of Slurry-Forming Reactions in Continuous Flow”. 

Chem. Eng. Technol., 38, No. 2, 259, 2015. 

[72] NEWMAN, S.G. & JENSEN, K. F. “The role of flow in green chemistry and 

engineering”. Green Chem., 15, 1456, 2013. 



118 
 

 

[73] VACCARO, L.; LANARI, D.; MARROCCHIA, A. & STRAPPAVECCIA, 

G. “Flow approaches towards sustainability”. Green Chem., 16, 3680, 2014. 

[74] DIMARCO, L.; HANS, M.; DELAUDE, L. & MONBALIU, J.C.M. 

“Continuous‐Flow N‐Heterocyclic Carbene Generation and Organocatalysis”. 

Chem. Eur. J., 22, 4508, 2016. 

[75] CANTILLO, D. & KAPPE, C.O. “Immobilized Transition Metals as 

Catalysts for Cross‐Couplings in Continuous Flow—A Critical Assessment of the 

Reaction Mechanism and Metal Leaching”. ChemCatChem., 6, 3286, 2014. 

[76] JAMAN, Z.; MUFTI, A.; SAH, S.; AVRAMOVA, L. & THOMPSON, D.H. 

“High Throughput Experimentation and Continuous Flow Validation of Suzuki–

Miyaura Cross‐Coupling Reactions”. Chem. Eur. J., 24, 9546, 2018. 

[77] REHM, T. H. “Reactor Technology Concepts for Flow Photochemistry”. 

ChemPhotoChem, 3, 1, 2019. 

[78] VANOYE, L.; PABLOS, M.; DE BELLEFON, C. & FAVRE-

REGUILLON, A. “Gas–Liquid Segmented Flow Microfluidics for Screening 

Copper/TEMPO-Catalyzed Aerobic Oxidation of Primary Alcohols” .Adv. Synth. 

Catal., 357, 739, 2015. 

[79] LIGUORI, F.; BARBARO, P.; SAID, B.; GALARNEAU, A.; DAL SANTO, 

V.; PASSAGLIA, E. & FEIS, A. “Unconventional Pd@ Sulfonated Silica 

Monoliths Catalysts for Selective Partial Hydrogenation Reactions under 

Continuous Flow”. ChemCatChem., 9, 3245, 2017. 

[80] FANELLI, F.; PARISI, G.; DEGENNARO, L. & LUISI, R. “Contribution 

of microreactor technology and flow chemistry to the development of green and 

sustainable synthesis”. Beilstein J. Org. Chem., 13, 520, 2017. 

[81] HASS, C.P. & TALLAREK, U. “Kinetics Studies on a Multicomponent 

Knoevenagel−Michael Domino Reaction by an Automated Flow Reactor”.Chem. 

Open, 8, 606, 2019. 

[82] SALVADOR, C.E.M.; PIEBER, B.; NEU, P.M.; TORVISCO, A.; 

ANDRADE, C.K.Z. & KAPPE, C.O. “A Sequential Ugi Multicomponent/Cu-

Catalyzed Azide–Alkyne Cycloaddition Approach for the Continuous Flow 

Generation of Cyclic Peptoids”. J. Org. Chem, 80, 4590, 2015. 

[83] VASCONCELOS, S. N. S.; FORNARI,·E.; CARACELLI, I. & STEFANI, 

H. A. “Synthesis of α-amino-1,3-dicarbonyl compounds via Ugi flow chemistry 

reaction: access to functionalized 1,2,3-triazoles”. Mol. Diversity, 21 (4), 893, 

2017. 

  



119 
 

 

[84] RIVERA, D. G. & PAIXÃO, M.W. “Interplay between Organocatalysis and 

Multicomponent Reactions in Stereoselective Synthesis.” IN: Stereochemistry 

and Global Connectivity: The Legacy of Ernest L. Eliel Volume 2. Chapter 4, 

ACS Symposium Series, 2017, pp 49-60. 

[85] WANG, Q.; WANG, D.X.; WANG, M.X. & ZHU, J. “Still Unconquered: 

Enantioselective Passerini and Ugi Multicomponent Reactions”. Acc. Chem. Res, 

51, 1290, 2018. 

[86] DEOBALD, A. M.; CORRÊA, A. G.; RIVERA, D. G. & PAIXÃO, M. W. 

“Organocatalytic asymmetric epoxidation and tandem epoxidation/Passerini 

reaction under eco-friendly reaction conditions”. Org. Biomol. Chem., 10, 7681, 

2012. 

[87] DE LA TORRE, A.F.; RIVERA, D.G.; CONCEPCIÓN, O.; 

ECHEMENDIA, R.; CORRÊA, A.G. & PAIXÃO, M.W. “Multicomponent 

Synthesis of Cyclic Depsipeptide Mimics by Ugi Reaction Including Cyclic 

Hemiacetals Derived from Asymmetric Organocatalysis”. J. Org. Chem., 81 (3), 

803, 2016. 

[88] MONI, L.; BASSO, A.; BANFI, L.; GALATINI, A.; SPALLAROSSA, M. 

& RIVA, R. “Enantio- and Diastereoselective Synthesis of Highly Substituted 

Benzazepines by a Multicomponent Strategy Coupled with Organocatalytic and 

Enzymatic Procedures”. J. Org. Chem., 79, 339, 2014. 

[89] ECHEMENDÍA, R.; DE LA TORRE, A.F.; MONTEIRO, J.L.; PILA, M.; 

CORRÊA, A.G.; WESTERMANN, B.; RIVERA, D.G. & PAIXÃO, M.W. 

“Highly Stereoselective Synthesis of Natural‐Product‐Like Hybrids by an 

Organocatalytic /Multicomponent Reaction Sequence”. Angew. Chem. Int. Ed., 

54, 7621, 2015. 

[90] ECHEMENDÍA, R.; DA SILVA, G. P.; KAWAMURA, M.Y.; DE LA 

TORRE, A. F.; CORRÊA, A.G.; FERREIRA, M.A.B.; RIVERA, D.G. & 

PAIXÃO, M.W. “A stereoselective sequential organocascade and 

multicomponent approach for the preparation of tetrahydropyridines and chimeric 

derivatives”. Chem. Comm., 55, 286, 2019. 

[91] SHIN, D. H.; LEE, H. W.; PARK, S. S.; KIM, J. H.; JEONG, L. S. & CHUN, 

M. W. “Synthesis of (−)-neplanocin A analogues as potential antiviral agents”. 

Arch. Pharm. Res., 23 (4), 302, 2000. 

  



120 
 

 

[92] (a) MAO, S.-C. & GUO, Y.-W. “A Laurane Sesquiterpene and Rearranged 

Derivatives from the Chinese Red Alga Laurencia okamurai Yamada”. J. Nat. 

Prod., 69, 1209, 2006; (b) SRIKRISHNA, A.; KHAN, I. A.; BABU, R. R. & 

SAJJANSHETTY, A. “The first total synthesis of (±)-laurokamurene B”. 

Tetrahedron, 63, 12616, 2007; (c) ZALETA-PINET, D.A.; HOLLAND, I.P.; 

MUÑOZ-OCHOA, M.; MURILLO-ALVAREZ, J. I.; SAKOFF, J. A.; VAN 

ALTENA, I.A. & MCCLUSKE, A. “Cytotoxic compounds from Laurencia 

pacifica”. Organic and Medicinal Chemistry Letters, 4, 8, 2014. 

[93] (a) LIU, D.-Z.; WANG, F.; LIAO, T.-G.; TANG, J.-G.; STEGLICH, W., 

ZHU, H.-J. & LIU, J.-K. “Vibralactone:  A Lipase Inhibitor with an Unusual 

Fused β-Lactone Produced by Cultures of the Basidiomycete Boreostereum 

vibrans”. Org. Lett., 8, 5749, 2006; (b) ZHOU, Q. & SNIDER, B. B. “Synthesis 

of (±)-Vibralactone”. Org. Lett., 10, 1401, 2008. 

[94] RUEPING, M.; SUGIONO, E. & MERINO, E. “Enantioselective 

Organocatalytic Reactions of 4-Hydroxycoumarin and 4-Hydroxypyrone with 

α,β-Unsaturated Aldehydes – An Efficient Michael Addition-Acetalization 

Cascade to Chromenones, Quinolinones and Pyranones”. Adv. Synth. Catal. 350, 

2127, 2008. 

[95] SHELDON, R.A. “The E factor 25 years on: the rise of green chemistry and 

sustainability”. Green Chem., 19, 18, 2017. 

[96] SHELDON, R.A. “Organic Synthesis - Past, Present and Future”. Chem. & 

Ind., 903, 1992.  


