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Resumen en español. Summary in English 

Resumen en español 

El uso de sulfonas en química está muy bien establecido. Aprovechando 

su capacidad electroatractora, las sulfonas permiten la formación de α-

sulfonil carbaniones asi como la activación de dobles enlaces. Por este 

motivo las sulfonas α,β-insaturadas (Vinil sulfonas) han jugado un papel 

importante en síntesis orgánica. 

Hay un grupo de sulfonas que merecen una atención especial: las 

heteroaril sulfonas. Estas han demostrado ser muy eficientes en la 

formación de dobles enlaces a través de la reacción de olefinación de 

Julia-Kocienski, siendo importante remarcar que la versión 

intramolecular de esta reacción apenas ha sido explorada. Además, la 

utilidad de este tipo de sulfonas parece estar restringida a dicha 

reacción, ya que no existen otras transformaciones para ellas. 

Desde el principio del presente siglo, el campo de la organocatálisis 

asimétrica ha sido foco de amplia investigación y desarrollo. De entre 

todos los grupos que pueden tomar parte en procesos organocatalíticos, 

las sulfonas han jugado un papel importante debido a su capacidad 

electroatractora. Sin embargo, y a pesar del gran número de 

publicaciones que describen el uso de aril vinil sulfonas en 

organocatalisis, no existen ejemplos de la utilización de heteroaril vinil 

sulfonas como electrófilos en procesos organocatalíticos. 

Con los precedentes anteriormente mencionados, en la presente Tesis 

Doctoral nos centramos en el estudio de las ventajas y limitaciones de la 

heteroaril vinil sulfona 3 (Figura 1) en síntesis orgánica. Hemos 

prestado especial atención al análisis de su reactividad en diferentes 

reacciones orgánicas (Capítulo II), el desarrollo de nuevos procesos 

enantioselectivos (Capítulo III), la ampliación de la versión 

intramolecular de la olefinación de Julia-Kocienski (Capítulo IV) y la 
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exploración de nuevas transformaciones para heteroaril sulfonas 

(Capítulo V)  

Decidimos sustituir el tradicional aníllo arílico de las vinil sulfonas por 

un anillo de feniltetrazol (PT) ya que la alta capacidad electroatractora 

del anillo de PT debería proporcionarle a la heteroaril vinil sulfona 3 

una mayor reactividad en comparación con la de las tradicionales aril 

vinil sulfonas 1 y 2 (Figura 1). Además, la presencia del heterociclo 

ofrecería una mayor versatilidad en términos sintéticos, con la 

olefinación de Julia-Kocienski, únicamente posible con sustituyentes 

heteraromáticos 

 

Figure 1. Tradicionales aril y nueva heteroaril vinil sulfonas. 

En primer lugar, llevamos a cabo un estudio de reactividad, probando 

las posibilidades de la vinil sulfona 3 en reacciones de Michael, 

radicálicas y cicloadicción (Capítulo II). Después de optimizar su 

síntesis, evaluamos sistemáticamente su reactividad en las reacciones 

anteriormente mencionadas. La vinil sulfona 3 demostró ser al menos 

dos órdenes de magnitud más reactiva que la tradicional fenil vinil 

sulfona 1 en casi todos los casos estudiados. Cuando se comparó la 

reactividad de las vinil sulfonas 2 y 3, hubo diferencias en función del 

tipo de reacción (Esquema 1): 

- En adiciones de Michael, la reactividad de la vinil sulfona 2 fue 

normalmente algo mayor en comparación con la reactividad de la 

vinil sulfona 3. 
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- En adiciones radicálicas la vinil sulfona 3 demostró ser superior, 

ya que no se observó adición radicálica a la vinil sulfona 2, y en su 

lugar se obtuvo el producto de reducción del doble enlace.  

- En reacciones de cicloadicción, la vinil sulfona 3 demostró una 

reactividad similar o superior a la de la vinil sulfona 2. Uno de los 

posibles motivos podría ser la presencia de efectos estéricos debido 

a la presencia del segundo grupo sulfona.  

Esquema 1. Reactividad de las vinil sulfonas 1-3 en differentes tipos de 

reacción. 

Además, la vinil sulfona 3 ofreció ventajas interesantes desde el punto 

de vista de la economía atómica.  

En el área de las cicloadiciones, también se demostró que esta mayor 

reactividad permitía condiciones de reacción más suaves que las 

necesarias cuando se usan las aril vinil sulfonas, proporcionando 

además en la mayoría de los casos una mayor selectividad. El uso de la 

olefinación de Julia-Kocienski sobre los aductos de cicloadición de Diels-

Alder convirtieron a la vinil sulfona 3 en un equivalente sintético de un 

aleno.  α-Alquilación y el intercambio del sustituyente heteroarílico de la 

sulfona fueron otras transformaciones interesantes (Esquema 2). 
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Esquema 2. Transformaciones sobre el aducto de Diels-Alder. 

 

Ya que la vinil sulfona 3 había demostrado ser un buen acceptor de 

Michael, fue utilizado para el desarrollo de una nueva estrategia para la 

alilación formal de aldehidos α,α-disustituidos, utilizando una 

adición de Michael organocatalítica enantioselectiva con activación via 

enamina y una posterior olefinación de Julia-Kocienski intermolecular 

(Capítulo III, Esquema 3). 

 

Esquema 3. Nueva estrategia organocatalítica para la alilación formal de 

aldehidos α,α-disustituidos. 

La α-alilación intermolecular de aldehidos es una tranformación difícil 

de obtener por vía directa. La multitud de posibles reacciones 

secundarias, incluyendo la N- y O-alquilación del catalizador con el 

haluro de alquílo, hacen que lograr esta transformación sea altamente 

complicado. De hecho, ha sido considerada como el ‘Santo Grial’ de la 

organocatálisis. Aunque se han descrito algunas estrategias excelentes 

para su consecución, todavía existe una amplia variedad de sustratos 

que no han podido tomar parte en este tipo de metodologías.  
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Además, aunque existe un enorme número de publicaciones en las que 

las vinil sulfonas se han utilizado como electrófilos en catálisis via 

enamina, en todos los ejemplos descritos, la vinil sulfona requería de 

doble activación para que el proceso pudiera tener lugar. Por esta razón, 

la introducción de una vinil sulfona monoactivada suponía también una 

novedad importante. 

Una amina primaria derivada de los alcaloides cinchona fue el 

catalizador más adecuado para la adición de Michael asimétrica. Esta 

adición de Michael permitió la formación de un centro cuaternario en la 

posición α del aldehido. La posterior olefinación de Julia-Kocienski 

sobre el aducto de Michael permitió la síntesis de una variedad de 

compuestos desde un solo sustrato común. La estrategia en conjunto 

representó una nueva alternativa organocatalítica flexible para la 

preparación de aldehídos alilados, con centros cuaternarios y R3 ≠ H 

(Esquema 4) 

 

Scheme 4. Método para la alilación formal enantioselective de aldehidos α,α-

disustituidos. 

Un detalle que demuestra el potencial de la reactividad de la vinil 

sulfona 3, es que actualmente es commercial y ha sido usada en otros 

procesos enantioselectivos descritos por otros grupos de investigación. 
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En el capítulo IV, se exploró la versión intramolecular de la 

olefinación de Julia-Kocienski. Las ciclohexil y ciclohexenil aminas 

quirales son valiosos ‘building blocks’ presentes en una amplia variedad 

de productos de interés tanto naturales como sintéticos. Un rápido 

acceso a este tipo de compuestos sería mediante una cicloadición 

asimétrica [4 + 2] entre un dieno y nitroalcano, seguida por una 

reducción del grupo nitro. Sin embargo, los ejemplos existentes de 

reacciones de Diels-Alder de dienos no activados requieren en la 

mayoría de los casos el uso de condiciones drásticas.  

A pesar de la dificultad de obtener nitrociclohexenos enantiopuros de 

forma directa, se han descrito algunas estrategias organocatalíticas 

interesantes con el fin de lograr este propósito. Sin embargo, todas estas 

estrategias tienen en común una limitación: la presencia de un grupo 

electroatractor en diferentes posiciones fue indispensable para poder 

llevar a cabo la reacción y permanecía de forma inevitable en la 

molécula al final del proceso.  

Por este motivo, pensamos que la síntesis de nitrociclohexenos podía 

ser posible utilizando la vinil sulfona 3, a través de una doble adición de 

Michael seguida por una olefinación intramolecular de Julia-Kocienski. 

Con el fin de generar uno de los centros estereogénicos, una de las 

adiciones de Michael debía de ser asimétrica (Esquema 5). La síntesis 

del ciclohexeno final correspondería al aducto de una reacción de Diels-

Alder de forma directa entre el butadieno y el nitroalcano 

correspondiente. 
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Esquema 5. Síntesis de ciclohexenos enantiopuros a través de reacción de  

Michael / Michael asimétrica / olefinación de Julia-Kocienski intramolecular. 

Siguiendo el protocolo de reacción Michael / Michael asimétrica / 

olefinación intramolecular de Julia-Kocienski olefination, se pudieron 

preparar nitrociclohexanos con dos centros estereogénicos definidos de 

forma enantio- y diastereoselectiva con configuración relativa trans. La 

adición de Michael de nitrometano a la vinil sulfona 3 proporcionó un 

nucleófilo que fue capaz de dar la adición de Michael asimétrica a través 

de activación via iminio. Después de una optimización de las 

condiciones de reacción que fueron diferentes para los enales alquílicos 

y arílicos, se pudieron obtener buenos rendimientos y 

enantioselectividades para ambos. 

La versión intramolecular de la olefinación de Julia-Kocienski se pudo 

llevar a cabo incluso en presencia del grupo nitro, aunque también 

fueron necesarias condiciones de reacción diferentes para sustituyentes 

alifáticos y aromáticos. Tras la epimerización al isómero trans más 

estable a baja temperatura, se obtuvieron los nitrociclohexenos con 

buenas diastereoselectividades (Esquema 6). 
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Esquema 6. Síntesis de nitrociclohexenos enantiopuros a partir de la vinil 

sulfona 3.  

El potencial sintético de está metodología quedó demostrado con una 

síntesis formal enantioselectiva del trandolapril, un fármaco que se 

utiliza para el control de la hipertensión sanguínea (Esquema 7). 

 

 

Esquema 7. Síntesis formal del fármaco trandolapril. 

Por último, también se estudiaron nuevos procesos que involucran a 

heteroaril sulfonas. Algunas de las transformaciones clásicas para las 

aril sulfonas no han sido descritas para heteroaril sulfonas. Especial 

atención merece la desulfonilación oxidativa, reacción que transforma 
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una sulfona en un compuesto carbonílico. Aunque se han descrito 

algunas metodologías para alquil aril sulfonas, la reacción está aun lejos 

de ser genérica. Este hecho contrasta con otros grupos electroatractores 

como por ejemplo el grupo nitro, que puede transformarse 

directamente en carbonilos a través de la reacción de Nef. 

Tomando como referencia el mecanismo de la olefinación de Julia-

Kocienski, intentamos establecer un método para la transformación de 

heteroaril sulfonas en iminas. Se esperó que la reacción del carbanión en 

α a la heteroaril sulfona con un nitroso proporcionase un intermedio 

que evolucionase hacia la correspondiente imina, a través del ataque al 

carbono electrófilo del heterociclo (en rojo, Esquema 8). Sin embargo, la 

reacción proporcionó la nitrona correspondiente (en verde, Esquema 8) 

 

Scheme 8. Hipótesis y reacción ocurrida entre una heteroaryl sulfona y un 

nitroso.  

Este resultado, aunque razonable, resultó ser una ventaja, ya que 

entonces la desulfonilación oxidativa no tendría que estar restringida 

únicamente a heteroaril sulfonas, y este proceso podría ser adecuado 

para cualquier tipo de sulfona. De hecho, la reacción demostró ser 

general para una amplia variedad de sulfonas bencílicas, sin importar la 

sustitución en la sulfona (Heteroaril, aril y CF3) o el sustituyente del 
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anillo aromático. La posterior hidrólisis de la nitrona con HCl diluido, 

proporcionó los aldehídos correspondientes en una sequencia one-pot 

(Esquema 9). 

 

Esquema 9. Reacción con sustituyentes aromáticos. 

La reacción se llevo a cabo con sulfonas alifáticas, proporcionando los 

aldehidos finales, aunque con rendimientos más bajos (Esquema 10). En 

este momento, se está llevando a cabo un mayor trabajo experimental 

para ampliar el alcance de la reacción con diferentes sulfonas y grupos 

funcionales.   

 

Esquema 10. Reacción con sustituyentes alifáticos. 

Finalmente, también se llevó a cabo un estudio mecanístico. Para una 

transformación similar, la formación de un intermedio tipo oxaziridina 

había sido postulada previamente. Los experimentos realizados 

sugirieron que el par libre del nitrógeno expulsaba a la sulfona para 

formar la nitrona final, sin la formación de una oxaziridina intermedia 

(Esquema 11). 
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Esquema 11. Formación directa de la nitrona sin oxaziridina intermedia. 
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Summary in English 

The use of sulfones in chemistry is very well stablished. Taking 

advantage of its electronwithdrawing ability, the sulfone moiety allows 

the formation of α-sulfonyl carbanions as well as the activation of 

double bonds. Therefore, α,β-unsaturated sulfones (vinyl sulfones) have 

played an important role in organic synthesis. 

There is a group of sulfones that deserves special attention: heteroaryl 

sulfones. They have demonstrated to be very efficient for the formation 

of double bonds through the Julia-Kocienski olefination. Interestingly, 

the intramolecular version of this reaction has been scarcely explored. 

Moreover, its utility seems to be restricted to this reaction as other 

transformations remain elusive for them. 

From the beginning of the present century, the field of asymmetric 

organocatalysis has been the focus of extensive research and 

development. Among all the functional groups that can take part in 

organocatalytic processes, the sulfonyl moiety has played an important 

role due to its electronwithdrawing ability. However, and in spite of the 

big number of publications that use aryl vinyl sulfones in 

organocatalysis, there were no examples with heteroaryl vinyl 

sulfones as electrophiles in organocatalytic process.  

With the above-mentioned precedents we focused the present PhD 

dissertation on the study of the advantages and limitations of heteroaryl 

vinyl sulfone 3 (Figure 1) in organic synthesis. We have paid especial 

attention on the analysis of its reactivity in different organic reactions 

(chapter II), the development of new enantioselective processes 

(chapter III), the extension of the intramolecular Julia-Kocienski 

olefination (chapter IV), and the exploration of new transformations 

for heteroaryl sulfones (chapter V).  
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We decided to substitute the traditional aryl ring of the vinyl sulfones 

for a phenyltetrazol (PT) because the high electronwithdrawing 

character of the PT ring should provide to the heteroaryl vinyl sulfone 3 

a higher reactivity in comparison with the traditional aryl vinyl sulfones 

1 and 2 (Figure 1). Furthermore, the presence of the heterocycle might 

offer higher versatility in synthetic terms, with the use of the Julia-

Kocienski olefination, only feasible with heteroaromatic substituents. 

 

Figure 1. Traditional aryl and new heteroaryl vinyl sulfones. 

Firstly, we carried out a reactivity study, testing the possibilities of vinyl 

sulfone 3 in Michael, radical and cycloaddition reactions (chapter II). 

After optimizing its synthesis, we systematically evaluated its reactivity 

in the above-mentioned reactions, with a wide variety of substrates. 

Vinyl sulfone 3 proved to be at least two orders of magnitude more 

reactive than traditional phenyl vinyl sulfone 1 in almost all the studied 

cases. When comparing the reactivity of vinyl sulfones 2 and 3, the 

difference depended on the type of reaction (Scheme 1): 

- In Michael additions, the reactivity of vinyl sulfone 2 was normally 

slightly higher in comparison with the reactivity of vinyl sulfone 3.  

- In radical additions, vinyl sulfone 3 proved to be superior, since 

we did not observe radical addition to vinyl sulfone 2, but reduction 

of the double bond. 

- In the cycloaddition reactions, vinyl sulfone 3 showed similar or 

higher reactivity. One probable reason could be the steric effect of 

the second sulfonyl group.  
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Scheme 1. Reactivity of vinyl sulfones 1-3 in different reactions. 

Therefore, vinyl sulfone 3 represented an interesting advantage also 

from an atom economy point of view. 

In the area of cycloadditions, we also proved that this higher reactivity 

allowed milder conditions than the ones used with the aryl vinyl 

sulfones, providing in most of the cases also higher selectivity. The 

Julia-Kocienski protocol after Diels-Alder cycloaddition converted vinyl 

sulfone 3 in a synthetic equivalent of an allene. α-Alkylation and 

interchange of the heteroaryl substituent of the sulfone were other 

interesting transformations (Scheme 2). 

 

Scheme 2. Transformations on the Diels-Alder adduct. 
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Since the vinyl sulfone 3 had demonstrated to be a good Michael 

acceptor, we used it in the development of a new approach for the 

formal allylation of α,α-disubstituted aldehydes using an 

enantioselective organocatalyzed Michael addition via enamine 

activation and a subsequent intermolecular Julia-Kocienski olefination 

(Chapter III, Scheme 3).  

 

Scheme 3. New organocatalytic approach for the formal allylation of α,α-

disubstituted aldehydes. 

The intermolecular enantioselective α-allylation of aldehydes is a 

difficult direct transformation. The multitude of possible side reactions, 

including N- and O-alkylation of the catalyst with the alkyl halide, makes 

the accomplishment of this reaction a true challenge; in fact it has been 

considered the “Holy Grail” of organocatalysis.  Although some brilliant 

strategies have been described, there are a wide variety of substrates 

still out of range of these methodologies. 

 Furthermore, although there are a vast number of publications in which 

vinyl sulfones have been used as electrophiles via enamine catalysis, in 

all the described examples, double activation in the vinyl sulfone was 

mandatory, so that the process could take place. For this reason, the 

introduction of a monoactivated vinyl sulfone was also a novelty.  

A primary amine derived from cinchona alkaloids was the most suitable 

catalyst for the asymmetric Michael addition. This Michael addition 

allowed the enantioselective formation of the quaternary carbon centre 

at the α-position of the aldehyde. The subsequent intermolecular Julia-

Kocienski olefination allowed the modular synthesis of a variety of 
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compounds from one common substrate. The whole strategy 

represented a new flexible organocatalytic alternative for the 

preparation of a variety of allylated aldehydes, bearing carbon 

quaternary centres with R3 ≠ H. (Scheme 4). 

 

Scheme 4. Method for the enantioselective formal allylation of α,α-

disubstituted aldehydes. 

An extra proof of the potential of the highly reactive heteroaryl vinyl 

sulfone 3 is that it is now commercially available and it has been used in 

other enantioselective process described by other research groups.  

In chapter IV, we explored the intramolecular version of the Julia-

Kocienski olefination. Chiral cyclohexyl and cyclohexenyl amine 

moieties are valuable building blocks present in a wide variety of 

natural and non-natural compounds of interest. A rapid direct access to 

these kinds of compounds would be an asymmetric [4 + 2] cycloaddition 

between a diene and a nitroalkene, followed by the reduction of the 

nitro group. Nevertheless, the existing examples of Diels−Alder 

reactions of non-activated dienes with nitroalkenes required in most 

cases the use of harsh conditions. In spite of the difficulty to obtain 

directly enantiopure nitrocyclohexenes, some very valuable 

enantioselective organocatalytic strategies have been described for this 
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purpose. However, all these approaches have in common one limitation. 

The presence of an electronwithdrawing group at different positions 

was essential for the processes to occur and remained unavoidably at 

the molecule at the end of the reaction. We have developed a strategy 

that avoids this inconvenience. 

We reasoned that the synthesis of enantiopure nitrocyclohexenes could 

be feasible using vinyl sulfone 3, through a double Michael addition, 

followed by an intramolecular Julia-Kocienski olefination. In order to 

generate one of the stereogenic centres, one of the Michael additions 

must be asymmetric (Scheme 5). The synthesis of the final cyclohexene 

would correspond to the adduct of a direct asymmetric Diels-Alder 

reaction between butadiene and the corresponding nitroalkene.  

 

 Scheme 5. Synthesis of enantiopure cyclohexenes through a Michael / 

asymmetric Michael / intramolecular Julia-Kocienski olefination protocol. 

Following this Michael / asymmetric Michael / intramolecular Julia-

Kocienski olefination protocol we were able to prepare 

nitrocyclohexenes with two defined stereogenic centres in trans 

configuration in an enantio and diastereoselective way. The Michael 

addition of nitromethane to vinyl sulfone 3 lead to a pro-

bis(nucleophile), which was able to undergo an asymmetric catalytic 

Michael addition via iminium activation. After a separated optimization 
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of the reaction conditions for alkyl and aryl enals, we obtained good 

yields and enantioselectivities for both.  

The intramolecular Julia-Kocienski olefination took place even in the 

presence of a nitro group to form the final cyclohexene, although it also 

required different conditions for aliphatic and aromatic substituents. 

Epimerization to the most stable trans isomer at low temperature 

provided the nitrocyclohexenes with good diastereoselectivities 

(Scheme 6). 

 

Scheme 6. Synthesis of enantiopure nitrocyclohexenes starting from vinyl 

sulfone 3. 

The synthetic potential of this methodology was illustrated with an 

enantioselective formal synthesis of trandolapril, a cardiovascular drug 

for controlling hypertension (Scheme 7). 
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Scheme 7. Formal synthesis of trandolapril. 

Finally, we also studied new processes involving alkyl heteroaryl 

sulfones. Some of the classical transformations for aryl sulfones have not 

been described with heteroaryl sulfones. Special mention deserves the 

oxidative desulfonylation, reaction that transforms the sulfonyl moiety 

into a carbonyl compound. Although several approaches have been 

described for this transformation in alkyl aryl sulfones, the reaction is 

far from being as general.  This fact is in contrast to other EWG groups 

such as the nitro group, which can be transformed directly into carbonyl 

moieties (Nef reaction).  

Taking as reference the mechanism of the Julia-Kocienski olefination, we 

designed a method to transform heteroaryl sulfones into imines. We 

expected that the reaction of the α-carbanion of a heteroaryl sulfone 

with a nitroso compound would provide an intermediate that evolved 

towards the corresponding imine, via nucleophilic attack to the very 

electrophilic carbon at the heterocycle (in red, Scheme 8). Nonetheless, 

the reaction provided the corresponding nitrone (in green, Scheme 8). 
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Scheme 8. Hypothesis and real reaction of a heteroaryl sulfone with a nitroso 

compound. 

This result, although reasonable, turned out to be an unexpected 

advantage for us, since this oxidative desulfonylation process did not 

have to be restricted only to heteroaryl sulfones, but could be suitable 

for any kind of sulfone. Indeed, the reaction proved to be general for a 

wide variety of benzylic sulfones, regardless the substitution on the 

sulfone (heteroaryl, aryl and CF3) or the substituent at the aromatic ring. 

The subsequent hydrolysis of the nitrone using diluted HCl, afforded the 

corresponding aldehydes in a one-pot sequence (Scheme 9). 

 

Scheme 9. Reaction with aromatic substituents. 

The reaction using aliphatic sulfones also provided the final aldehydes, 

although in lower yields (Scheme 10).  At the moment, more 

experimental efforts are carried out to widen the reaction scope 

regarding different sulfones and functional groups. 



 

27 

Resumen en español. Summary in English 

 

Scheme 10. Reaction with aliphatic substituents. 

Finally, we also carried out a mechanistic study to determine the 

reaction path. A rearrangement of oxaziridines had been postulated as 

intermediate for a similar transformation. The experiments suggested 

that the free electron pair of the nitrogen pushed out the sulfone to form 

the nitrone without the formation of an oxaziridine intermediate 

(Scheme 11). 

 

Scheme 11. Experiments suggested the direct formation of the nitrone.
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The work of this Doctoral Thesis covers the study of heteroaryl vinyl 

sulfones in organocatalysis and the exploration of new transformations 

from them.  

In the present introduction we will consider some general aspects of 

sulfones in chemistry. Sulfones are not only interesting from a synthetic 

point of view but also from its biological activity. Therefore, its use as 

drugs is also mentioned at the beginning of the introduction for sake of 

clarity of the synthetic discussion. Then, we will pay particular attention 

to the advantages and disadvantages that they present, as well as their 

utility and limitations in organocatalytic processes. 

  

A. Sulfones in chemistry 

A sulfone is a chemical moiety containing a central sulfur atom, doubly 

bonded to two oxygen atoms and singly bonded to two carbon atoms of 

any hybridization. The general structural formula for a sulfone is R-SO2-R' 

where R and R' are the organic chains (Figure 1.1). 

R
S
R'

O O

 

Figure 1.1. General structure of a sulfone. 

 

1. Sulfones in medicinal chemistry 

Although the main point of discussion in the next pages will cover the use 

of sulfones in synthetic organic chemistry, it is important to point out the 

interest of the sulfone moiety in medicinal chemistry. Sulfone containing 

molecules have proven to be effective for the treatment of several 

pathologies. For example, dapsone, an antibiotic containing a biarylic 
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sulfone, has been employed for the treatment of leprosy1 and acne,2 

whereas its derivative promin has been used for the treatment of 

tuberculosis3 and malaria4 (Figure 1.2). These compounds act by 

inhibiting the bacterial synthesis of dihydrofolic acid, as they compete 

with with p-aminobenzoate for the active site of dihydropteroate 

synthase.5 

 

Figure 1.2. Structures of dapsone and promin. 

Alongside with these examples, other vinyl sulfone containing molecules 

have also shown potential to inhibit several enzymatic processes from 

various bacteria and viruses. Particularly, the structures shown in Figure 

1.3 are examples of molecules, which are enzyme inhibitors of different 

cysteine proteases,6 Staphylococcus aureus sortase7 and HIV-1 integrase.8 

In these cases, the action mechanism seems to occur through a reversible 

conjugate Michael addition to the vinyl sulfone.9 

 

                                                           
1 (a) C. J. Whitty, D. N. Lockwood, J. Infect. 1999; 38, 2; (b) R. R. Jacobson, J. L. Krahenbuhl 
Lancet 1999, 353, 655. 
2 Y. I. Zhu, M. J. Stiller, J. Am. Acad. Dermatol. 2001, 45, 420. 
3 D. Lilienfeld, D. Schneider, Public Health: The Development of a Discipline, Volume 2, 
Rutgers University Press, New Jersey, USA, 2011. 
4 L. B. Slater, War and Disease: Biomedical Research on Malaria in the Twentieth Century, 

Rutgers University Press, New Jersey, USA, 2009. 
5 J. Doull, Int. J. Lepr. Other Mycobact. Dis. 1963, 31, 143. 
6 (a) S. Liu, R. P. Hanzlik, J. Med. Chem. 1992, 35, 1067; (b) J. T. Palmer, D. Rasnick, J. L. 
Klaus, D. Bromme, J. Med. Chem. 1995, 38, 3193; (c) J. C. Engel, P. S. Doyle, I. Hsieh, J. H. 
McKerrow, J. Exp. Med. 1998, 188, 725. 
7 B. A. Frankel, M. Bentley, R. G. Kruger, D. G. McCafferty, J. Am. Chem. Soc. 2004, 126, 3404. 
8 D. C. Meadows, T. B. Mathews, T. W. North, M. J. Hadd, C. L. Kuo, N. Neamati, J. Gervay-
Hague, J. Med. Chem. 2005, 48, 4526. 
9 D. C. Meadows, J. Gervay-Hague, Med. Res. Rev. 2006, 26, 79. 
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Figure 1.3. Vinyl sulfones as inhibitors of enzymes. 

Finally, vinyl sulfones have been also recently used in bioconjugation and 

immobilization of biomolecules. The mild conditions required to react 

with, for example, amine groups naturally present in biomolecules, make 

them a very attractive option for this purpose.10 

 

2. Synthesis and reactivity of sulfones 

Several methods for the synthesis of sulfones have been described in the 

literature through the years. The first and most common one consists of 

the transformation of sulfides with a very large selection of reagents 

                                                           
10 (a) J. M. Sanfrutos, J. L. Jaramillo, M.O. Muñoz, A. M. Fernández, F. P. Balderas, F. H. 
Mateo, F. S. González, Org. Biomol. Chem. 2010, 8, 667; (b) E. Valero, S. Tambalo, P. 
Marzola, M. O. Muñoz, F. J. L. Jaramillo, F. S. González, J. D. López, J. J. Delgado, J. J. Calvino, 
R. Cuesta, J. M. D. Vera, N. Gálvez, J. Am. Chem. Soc. 2011, 133, 4889; (c) A. Megia-
Fernández, F. Hernández-Mateo, F. Santoyo-González, Org. Biomol. Chem. 2013, 16, 2586; 
(d) J. C. dos Santos, N. Rueda, O. Barbosa, J. F. F. Sánchez, A. L. M. Castillo, T. R. Márquez, M. 
C. A. Martos, M. C. M. Linares, J. Pedroche, M. M. Yust, L. R. B. Gonçalves, R. F. Lafuente, RSC 

Adv. 2015, 5, 20639. 
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through an oxidation reaction.11 Other possibilities include the 

alkylation of an organic chain with sulfonate salts, or reactions with 

sulfonic acid derivatives.12 All these methods are summarized in Scheme 

1.1. 

 

Scheme 1.1. Methods for the synthesis of sulfones. 

The role of sulfones in organic chemistry has been of great importance. 

They have been used for the development of many synthetic 

methodologies as well as for the total synthesis of natural products. 

Indeed, sulfones are one of the most versatile groups in organic synthesis, 

with many reactions that have been described in the recent history of the 

organic chemistry.  

The electron withdrawing ability of the sulfone group allows the easy 

abstraction of the protons at the α-position, leading to the formation of 

sulfonyl carbanions, which are excellent nucleophilic units. For this 

reason, and as it is shown in Scheme 1.2, these anions have proven to be 

useful in aldol-type reactions, Michael additions, alkylations, acylations 

and dimerizations.13  

                                                           
11 W. S. Trakanovsky, Oxidation in Organic Chemistry Part C, Academic Press, 1978. 
12 (a) S. Uemura, in Comprehensive Organic Synthesis, Vol. 7, Ed. B. M. Trost and I. Fleming, 
Pergamon Press, Oxford, 1991, pp. 757; (b) K. Schlank, in The Chemistry of Sulphones and 

Sulphoxides, Ed. S. Patai, Z. Rappoport and C. J. M. Sttirling, John Wiley and Sons, 1988, pp. 
165. 
13 N. S. Simpkins, Sulphones in Organic Synthesis, Pergamon Press, Oxford, United 
Kingdom, 1993. 
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Scheme 1.2. Reactions with sulfonyl carbanions. 

The electron withdrawing ability of the sulfonyl moiety also allows the 

activation of double bonds. Therefore, α, β-unsaturated sulfones (Vinyl 

sulfones) have also played an important role in organic synthesis. In this 

sense, two major groups of reactions can be differentiated: Michael 

additions and cycloadditions. 

The possibility of performing Michael additions to vinyl sulfones is well 

known since 1935, when the first example was described.14 Subsequently, 

a vast amount of nucleophiles have been used for this process (Scheme 

1.3, left). Different reactions with nitrogen-, oxygen- and sulfur-centered 

heteronucleophiles have been described. On the same way, additions of 

organometallics, radicals, and soft carbonucleophiles such as enolates, 

enamines or carbanions are well known.13  

Cycloadditions are also common for vinyl sulfones.15 Examples of [2+2], 

[3+2] (1,3-dipolar cycloadditions) and [4+2] (Diels-Alder reaction) 

examples have been published, allowing the construction of 4-, 5- and 6-

membered rings with different functional groups (Scheme 1.3, right). 

                                                           
14 E. P. Kohler, H. Potter, J. Am. Chem. Soc. 1935, 57, 1316. 
15 O. de Lucchi, L. Pasquato, Tetrahedron 1988, 44, 6755. 
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Scheme 1.3. Reactions with vinyl sulfones. 

As it has been depicted previously, sulfones have proved to be useful due 

to its electron withdrawing capacity. However, once the desired reaction 

has been carried out, the presence of the sulfone is not necessarily 

required anymore. For this reason, processes to transform the sulfone 

into other functional groups are of interest.13 

The most useful procedures to transform sulfones are desulfonylations, 

β-eliminations, and both Julia–Lythgoe and Ramberg–Bäcklund reactions. 

In desulfonylations,16 the sulfone is just removed from the molecule 

(reductive desulfonylations), although some examples of oxidative 

desulfonylations exist. All the other above-mentioned processes lead to 

the formation of double bonds through different pathways (Scheme 1.4). 

                                                           
16 For a review about desulfonylations, see: C. Nájera, M. Yus, Tetrahedron 1999, 55, 
10547. 
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Scheme 1.4. Described transformations of sulfones. 

 

3. Heteroaryl sulfones 

Although in the previous pages a general view on sulfones has been 

exposed, there is a group of them which deserves a special treatment: 

heteroaryl sulfones. The presence of heteroatoms in the aromatic rings 

which are directly linked to the sulfone confers special properties to this 

functional group that opened new paths in terms of reactivity.  

The pyridine-2-sulfonyl group was known to be a good protecting group 

for amines, being easily removable by using SmI2,17 electrolysis18 or Mg in 

MeOH.19 However, taking advantage of the coordinating ability of the 

nitrogen atom, it has also been used as director group in transition metal 

catalysis, for the functionalization of C=C and C=N bonds,20 and very 

recently in metal-catalysed C-H functionalization.21 

                                                           
17 D. Mazéas, T. Skrydstrup, O. Doumeix, J. M. Beau, Angew. Chem. Int. Ed. 1994, 33, 1383. 
18 C. Goulaouic-Dubois, A. Guggisberg, M. Hesse, J. Org. Chem. 1995, 60, 5969. 
19 C. S. Pak, D. S. Lim, Synth. Commun. 2001, 2209. 
20 For a review, see: (a) J. Hernández, A. García-Rubia, B. Urones, R. G. Arrayás J. C. 
Carretero, Phosphorus Sulfur Silicon Relat Elem. 2011, 186, 1019; for some selected 
examples, see: (b) P. Mauleón, J. C. Carretero, Org. Lett. 2004, 6, 3195; (c) P. Mauleón, J. C. 
Carretero, Chem. Commun. 2005, 41, 4961; (d) J. Esquivias, R. G. Arrayás, J. C. Carretero, 
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However, the main use of heteroaryl sulfones in organic chemistry has 

been in olefination reactions. First examples of heteroaryl sulfones as 

precursors for double bonds were described in the beginning of the 

1990’s by Sylvestre A. Julia, using pyridine (Py)22 and benzothiazole 

(BT)23 as heterocycles. Some years later, Philip J. Kocienski introduced 

also phenyltetrazole (PT)24 and tert-butyltetrazole (TBT),25 making the 

reaction known nowadays as Julia-Kocienski olefination. 

 

Figure 1.4. Structure of the heterocycles used in the Julia-Kocienski olefination. 

The Julia-Kocienski olefination is an improved version of the classical 

Julia-Lythgoe olefination. The Julia–Lythgoe olefination presents some 

drawbacks, such as several reaction steps and the use of Hg for the final 

elimination of the sulfone. Deprotonation and subsequent attack to a 

carbonyl compound, results in an alkoxide that is functionalized 

(normally through an acylation reaction) to obtain a stable intermediate. 

This intermediate is treated with sodium amalgam in order to promote 

an elimination via radical intermediates to give the corresponding double 

bond (Scheme 1.5). 

                                                                                                                                           
Angew. Chem. Int. Ed., 2007, 46, 629; (e) J. Esquivias, R. G. Arrayás, J. C. Carretero, J. Am. 

Chem. Soc, 2007, 129, 1480; (f) S. Nakamura, H. Nakashima, H. Sugimoto, H. Sano, M. 
Hattori, N. Shibata, T. Toru, Chem. Eur. J. 2008, 14, 2145; (g) A. L. Moure, R. G Arrayás, J. C. 
Carretero, Chem. Commun. 2011, 47, 6701. 
21 (a) A. García-Rubia, R. G. Arrayás, J. C. Carretero, Angew. Chem. Int. Ed. 2009, 48, 6511; 
(b) A. García-Rubia, B. Urones, R. G. Arrayás, J. C. Carretero, Angew. Chem. Int. Ed. 2011, 50, 
1; (c) B. Urones, A. M. Martínez, N. Rodríguez, R. G. Arrayás, J. C. Carretero, Chem. Commun. 

2013, 49, 11044; (d) N. Rodriguez, J. A. Romero-Revilla, M. A. Fernández-Ibáñez, J. C. 
Carretero, Chem. Sci. 2013, 4, 175; (e) A. M. Martínez, N. Rodríguez, R. G. Arrayás, J. C. 
Carretero, Chem. Commun. 2014, 50, 2801. 
22 J. B. Baudin, G. Hareau, S. A. Julia, O. Ruel, Bull. Soc. Chim. Fr. 1993, 130, 336. 
23 J. B. Baudin, G. Hareau, S. A. Julia, O. Ruel, Tetrahedron Lett. 1991, 32, 1175. 
24 P. R. Blakemore, W. J. Cole, P. J. Kocienski, A. Morley, Synlett 1998, 26. 
25 P. J. Kocienski, A. Bell, P. R. Blakemore, Synlett 2000, 365. 
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Scheme 1.5. Mechanism of the classical Julia–Lythgoe olefination. 

Nevertheless, the presence of a very electrophilic carbon at the α-position 

of the heteroaryl sulfones (Figure 1.4), allows the direct elimination of 

the sulfone, giving the double bond in a one-pot operation according to 

the mechanism shown (PT sulfone) in Scheme 1.6. 

 

Scheme 1.6. Mechanism of the Julia–Kocienski olefination with a PT heterocycle. 

Since its discovery in the decade of the 1990’s, many examples of the 

Julia–Kocienski olefination have appeared in the literature, mainly with 

the PT and BT heterocycles. This reaction has been widely utilized in the 

synthesis of complex natural products, proving it both as a powerful and 

versatile synthetic transformation.26 Intramolecular version of this 

reaction is possible, and has been described as an interesting option to 

                                                           
26 (a) P. R. Blakemore, J. Chem. Soc. Perkin Trans. 1 2002, 2563; (b) B. Chatterjee, S. Vera, 
D. Mondal, Tetrahedron: Asymmetry 2014, 25, 1. 



 

40 

Chapter I 

construct cycles of different size with internal double bonds. However, 

their exploration is minimal in comparison with the intermolecular 

version. Since the first intramolecular Julia-Kocienski olefination was 

described by Aissa in 2006,27 using a TBT sulfone (Scheme 1.7), only two 

more examples have appeared in the literature (Schemes 1.8 and 1.9).28,29 

 

Scheme 1.7. First example of intramolecular Julia–Kocienski olefination due to 

C. Aissa. 

Using the conditions described by Aissa, in 2009 the group of Dixon28 

employed the Julia-Kocienski olefination to prepare an 8-membered ring 

in 56% yield for the total synthesis of marine alkaloid (−)-nakadomarin A, 

(Scheme 1.8). 

 

Scheme 1.8. Intramolecular Julia–Kocienski olefination in the synthesis of 

marine alkaloid (−)-nakadomarin A. 

The other example was published by the group of Hu in 2012. In this case, 

they used pyridine as heterocycle, with a fluorine atom at the reactive 

position.29 In this case, the reaction conditions were modified, using a 

different base (potassium tert-butoxide) added at low temperature and 

DMF as the only solvent, affording the final product in 80% yield (Scheme 

                                                           
27 C. Aissa, J. Org. Chem. 2006, 71, 360. 
28 P. Jakubec, D. M. Cockfield, D. Dixon, J. Am. Chem. Soc. 2009, 131, 16632. 
29 Y. Zhao, B. Gao, C. Ni, J. Hu, Org. Lett. 2012, 14, 6080. 
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1.9). 

 

Scheme 1.9. Intramolecular Julia-Kocienski olefination with pyridine as 

heterocycle. 

Besides the Julia-Kocienski olefination, it is important to note that some 

of the classical transformations for aryl sulfones exposed in the previous 

pages (Scheme 1.4), such as the oxidative elimination, have not been 

described with heteroaryl sulfones. This is a severe limitation to point out 

for both aryl and heteroaryl sulfones: the lack of a general reaction to 

convert them into a carbonyl group. This fact is in contrast to other EWG 

groups such as the nitro group, which can be transformed directly into 

carbonyl moieties (Nef reaction).30 

  

                                                           
30 (a) J. U. Nef, Liebigs Ann. Chem. 1894, 280; (b) W. E. Noland, Chem. Rev. 1955, 55, 137; 
For a recent review, see: (c) R. Ballini, M. Petrini, Tetrahedron 2004, 60, 1017. 
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B. Sulfones in enantioselective organocatalysis 

Since the discovery of chirality in the 19th century,31 the importance of the 

synthesis of optically pure compounds began to grow year after year. 

Talking about sulfones, a vast number of examples in which this 

functional group has been successfully utilized for the development of 

chiral methodologies exist in the recent literature, both with metal 

catalysis32 and organocatalysis.33 Because of the results presented in this 

Doctoral Thesis, we will focus on the field of organocatalysis. 

From the beginning of the present century, the field of asymmetric 

organocatalysis34 has been the focus of extensive research,35 allowing the 

synthesis of optically active compounds with the development of new 

methodologies. Among all the functional groups that can take part in 

organocatalytic processes, the sulfonyl moiety plays an important role 

due to its electron withdrawing ability, increasing the nucleophilicity or 

electrophilicity of a parent reagent (Figure 1.5). The results achieved in 

both lines of research will be resumed in the upcoming sections. 

 

 

                                                           
31 For an essay about origins and evolution of chirality, see: P. Cintas, Angew. Chem. Int. Ed. 
2007, 46, 4016. 
32 J. C. Carretero, R. G. Arrayás, J. Adrio, in Organosulfur Chemistry in Asymmetric Synthesis. 

Edited by B. Toru and C. Bolm, 2008, pp. 291. 
33 M. Nielsen, C. B. Jacobsen, M. W. Paixão, N. Holub, K. A. Jørgensen, Angew. Chem. Int. Ed. 
2010, 49, 2668. 
34 K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem. Soc. 2000, 122, 4243. 
35 (a) S. Mukherjee, J. W. Yang, S. Hoffmann, B. List, Chem. Rev. 2007, 107, 5471; (b) D. W. C 
MacMillan, Nature 2008, 455, 304; (c) A. Dondoni, A. Massi, Angew. Chem. Int. Ed. 2008, 
47, 4638; (d) S. Berteselen, K. A. Jørgensen, Chem. Soc. Rev. 2009, 38, 2178; (e) B. List, 
Science of Synthesis: Asymmetric Organocatalysis Vol. 1, Ed. Thieme, Stuttgart, Germany, 
2012; (f) K. Maruoka, Science of Synthesis: Asymmetric Organocatalysis Vol. 2, Ed. Thieme, 
Stuttgart, Germany, 2012. 
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Figure 1.5. Sulfones as activators of nucleophiles and electrophiles. 

Regarding the use of sulfones as activators of nucleophilic units in 

organocatalytic processes, two major classes have been explored: aryl 

sulfones36 and β-carbonyl heteroaryl sulfones.37   

Aryl sulfones have mainly been used as donors of alkyl or alkylene units. 

A nucleophilic aryl sulfone provides an alkyl unit by means of an addition 

to an electrophile (E). Once the organocatalytic step has been performed, 

the sulfone can be eliminated or transformed with the traditional 

methods known for the aryl sulfones (Scheme 1.10). 

Reductive
desulfonylation

Julia-Lythgoe
olefination R'

E R

E R

E

SO2Ar

R

SO2Ar

R
E

Chiral 
organocat.
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*
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Scheme 1.10. Aryl sulfones as nucleophiles in organocatalysis. 

β-Carbonyl heteroaryl sulfones present the same properties in terms of 

activation, since the combined electron withdrawing ability of the 

carbonyl and the sulfone give this nucleophile more acidity and more 

possibilities of transformation. The acidity of the α-position and the 

electrophilic carbons, both in the carbonyl and in the heterocycle, makes 

                                                           
36 For a review about the utility of phenyl sulfones in organic synthesis see: A. El-awa, M. 
N. Noshi, X. M. Jourdin, P. L. Fusch, Chem. Rev. 2009, 109, 2315. 
37 M. Nielsen, C. B. Jacobsen, M. W. Paixão, N. Holub, K. A. Jørgensen, J. Am. Chem. Soc. 
2009, 131, 10581. 
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the construction of double and triple bonds possible under very mild 

conditions (Scheme 1.11). 

 

Scheme 1.11. β-Carbonyl heteroaryl sulfones as nucleophiles in organocatalysis. 

The electron withdrawing ability of the sulfone moiety also allows the 

activation of electrophiles. As a consequence, vinyl sulfones have 

gained interest during the last years in organocatalysis.38 As it has been 

mentioned in the previous sections, after the organocatalytic step has 

been performed, the sulfone group can be transformed or removed 

(Scheme 1.12). 

                                                           
38 Q. Zhu, Y. Lu. Aust. J. Chem. 2009, 62, 951. 
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Scheme 1.12. Aryl vinyl sulfones as electrophiles in organocatalysis. 

Many examples using aryl vinyl sulfones as electrophiles in 

organocatalytic reactions are known. However, at the beginning of the 

present Doctoral Thesis, no examples of heteroaryl vinyl sulfones as 

electrophiles in any organocatalytic process had been described, 

something common in metal catalysis.39 For this reason, we will take a 

deeper look into the described organocatalytic methods utilizing vinyl 

sulfones as electrophiles to give a more specific vision of the current 

frontiers in this topic. 

All published organocatalytic Michael additions to vinyl sulfones can be 

divided into three categories: base-promoted conjugate additions with 

chiral bases, phase transfer type reactions, and via enamine formation, 

which has been the field with the biggest number of examples.  

 

In base-promoted conjugate additions with chiral bases, the first 

examples were published by the group of Deng. With a quinine derivative 
                                                           
39 For examples of the use of heteroaryl vinyl sulfones in enantioselective reactions 
catalyzed by metals, see: (a) T. Llamas, R. G. Arrayás, J. C. Carretero, Synthesis 2007, 950; 
(b) P. Mauleón, I. Alonso, M. R. Rivero, J. C. Carretero, J. Org. Chem. 2007, 72, 9924; (c) J. N. 
Desrosiers, W. S. Bechara, A. B. Charette, Org. Lett. 2008, 10, 2315. 



 

46 

Chapter I 

as catalyst, they used aryl cyanoesters, ketoesters and ketonitriles as 

nucleophiles to perform the Michael addition to a variety of different 

vinyl sulfones40 (Scheme 1.13). 

 

Scheme 1.13. Addition of aryl cyanoesters to phenyl vinyl sulfone. 

There are also four examples in the literature in which the chiral base 

contained a thiourea moiety. This fact allowed the activation of both 

nucleophile and electrophile simultaneously. They all use two sulfonyl 

groups in the electrophile, with different nucleophiles and different 

catalyst structures. The group of Chun Chen used cyanoesters with 

aliphatic substituents,41 whereas the group of Lu described the reaction 

with nitroalkanes and 3-substituted oxindoles.42 Finally, the group of Ríos 

used oxazolones as nucleophiles.43 Yields and ee’s varied from moderate 

to very good depending on the substrate (Scheme 1.14). 

                                                           
40 (a) H. Li, J. Song, X. Liu, L. Deng, J. Am. Chem. Soc. 2005, 127, 8948; (b) H. Li, J. Song, L. 
Deng, Tetraedron 2009, 65, 3139. 
41 T. Y. Liu, J. Long, B. J. Li, L. Jiang, R. Li, Y. Wu, L. S. Ding, Y. Chun Chen, Org. Biomol. Chem. 
2006, 4, 2097. 
42 (a) Q. Zhu, Y. Lu, Org. Lett. 2009, 11, 1721; (b) Q. Zhu, Y. Lu, Angew. Chem. Int. Ed. 2010, 
49, 7753. 
43 A.-N. R. Alba, X. Companyó, G. Valero, A. Moyano, R. Ríos, Chem. Eur. J. 2010, 16, 5354. 
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Scheme 1.14. Addition of different nucleophiles to phenyl vinyl sulfone. 

The group of Jørgensen described the use of β-ketoesters as nucleophiles 

and, as electrophile, a phenyl vinyl sulfone with a cyano group at the β-

position under phase transfer conditions.44 The Michael addition was 

performed in the presence of a quaternary ammonium salt based on a 

cinchona alkaloid structure, which performed the role of phase transfer 

catalyst (Scheme 1.15). 

                                                           
44 J. Alemán, E. Reyes, B. Richter, J. Overgaard, K. A. Jørgensen, Chem. Comunn. 2007, 43, 
3921. 
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Scheme 1.15. Jørgensen phase transfer example of Michael addition to vinyl 

sulfone. 

Finally, and as it was mentioned at the beginning of this section, the 

Michael addition via enamine formation to vinyl sulfones has been the 

most prolific field. All the examples regarding the formation of an 

enamine intermediate will be detailed in the Chapter III of the present 

Thesis. To sum up, we can say that, although different carbonyl 

compounds such as aldehydes and ketones have been used as 

nucleophiles, in all the published examples double activation in the vinyl 

sulfone was mandatory so that the process could take place. In most of 

the examples, two sulfonyl groups were present in the molecule, although 

there are also examples in which one of the sulfonyl groups was 

substituted by a nitrile or an ester as EWG group (Scheme 1.16). 

 

Scheme 1.16. General organocatalytic Michael addition with vinyl sulfones via 

enamine activation. 
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Taking into account not only the examples via enamine activation, but 

also all the organocatalytic examples in which a vinyl sulfone has been 

employed as electrophile, the Michael addition to monoactivated sulfones 

has only been described with cyanoesters as nucleophiles and 

bifunctional Brønsted chiral bases (Scheme 1.13).40  

Making a quantitative recapitulation of all the published examples in 

which vinyl sulfones have been used as electrophiles in organocatalysis, 

we can observe that 1,1-bis(phenylsulfonyl)ethylene has been 

extensively employed as electrophile, with a total of 15 articles. However, 

all the other sulfones have been barely used (6 articles among all of 

them) (Figure 1.6). 

 

Figure 1.6. Number of articles of every vinyl sulfone used in organocatalysis. 

In spite of the good reactivity that 1,1-bis(phenylsulfonyl)ethylene has 

presented, especially via enamine formation, the presence of the two 

sulfonyl groups has some drawbacks. After the organocatalytic step was 

carried out, complete desulfonylation was the most common of the 

further transformations employed: the presence of two sulfones at the 

same position made these substrates troublesome for olefination 

reactions. Furthermore, in terms of desulfonylation, the low atom 
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economy of the whole process is evident. 

Surprisingly, and as we mentioned previously, although heteroaromatic 

rings have been used to activate vinyl sulfones in enantioselective 

processes using chiral metallic Lewis acids,39 they had never been used to 

activate vinyl sulfones in organocatalytic processes. They offer, in 

principle, several advantages over the aromatic sulfones. Because of its 

higher electron withdrawing ability, a higher reactivity could be expected 

possibly avoiding the necessity of another EWG. Furthermore, interesting 

transformations like Julia-Kocienski olefination, only feasible with 

heteroaromatic substituents, could be carried out on the final adducts. 

To put the objectives into perspective, it is important to bear in mind 

some of the facts depicted above. When we started this Doctoral Thesis, 

the use of heteroaryl vinyl sulfones in organocatalysis had not been 

described. Their use could solve the limitation of the mandatory double 

activation needed for the reactions to proceed, especially via enamine 

formation. Besides this advantage, the Julia–Kocienski olefination, only 

feasible with heteroaromatic substituents, could be performed on the 

substrates. This would lead to the formation of double bonds under very 

mild conditions in a one-pot operation, a non-possible transformation 

with aryl sulfones. 

In this sense, although the Julia–Kocienski olefination is a very well-

known reaction only feasible with heteroaryl sulfones, their 

intramolecular version remains almost unexplored. However, in the 

scarce published examples, it demonstrated to be a good method to 

construct cycloalkenes. 

Finally, although heteroaryl sulfones are reliable precursors of double 

bonds through the Julia–Kocienski olefination, their synthetic 

possibilities almost end there. No more reactions beyond the Julia–

Kocienski olefination have been established for heteroaryl sulfones.  
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C. Objectives  

With all these facts in mind, the objectives of the present Doctoral Thesis 

are depicted below. 

1. Synthesis and study of reactivity of 1-Phenyl-1H-tetrazolyl 

Vinyl Sulfone (PT vinyl sulfone). 

According to these precedents, our first objective was the synthesis of 1-

Phenyl-1H-tetrazolyl vinyl sulfone (PT vinyl sulfone), and compare its 

reactivity in the classical reactions where aryl vinyl sulfones have been 

used: Michael and radical additions as well as cycloadditions (Scheme 

1.17). This study is gathered in Chapter II. 

 

Scheme 1.17. Synthesis and study of reactivity of a new heteroaryl vinyl sulfone. 

 

2. PT vinyl sulfone in enantioselective organocatalytic Michael 

addition via enamine activation followed by intermolecular 

Julia-Kocienski olefination. 

Our second objective is the study of the enantioselective Michael addition 

of aldehydes to PT vinyl sulfone via enamine activation. 

The corresponding Michael adducts could be transformed into substrates 

of interest through a Julia–Kocienski olefination, allowing the preparation 

of γ,δ-unsaturated aldehydes containing tertiary or quaternary centres 

through a two-step sequential protocol. This Michael addition / Julia–
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Kocienski olefination strategy would constitute a formal regio- and 

enantioselective method for the α-allylation of aldehydes, which is still 

nowadays a difficult challenge (Scheme 1.18). The work carried out to 

achieve this objective is detailed in Chapter III. 

 

Scheme 1.18. Development of a regio- and enantioselective method for the 

allylation of aldehydes by a two-step sequential procedure. 

 

3. PT vinyl sulfone in organocatalysis for the construction of 

cyclohexenes: Michael addition/intramolecular Julia-

Kocienski olefination. 

Our third objective, which corresponds to the Chapter IV, is the use of PT 

vinyl sulfone in a double Michael addition / intramolecular Julia–

Kocienski olefination to prepare enantiopure nitrocyclohexenes. The key 

step for the generation of the chirality would be one of the Michael 

additions, which will proceed via iminium activation, using a suitable 

organocatalyst (Scheme 1.19). 

Scheme 1.19. Synthesis of enantiopure cyclohexenes through Michael addition 

and intramolecular Julia–Kocienski olefination. 
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4.  Study of new reactivity for alkyl heteroaryl sulfones: 

Beyond the Julia-Kocienski olefination. 

Our last objective, which is treated in Chapter V, is the study of the 

transformation of heteroaryl sulfones into other functionalities apart 

from double bonds. We will address our efforts to convert heteroaryl 

sulfones in a synthetic equivalent of a carbonyl group (Scheme 1.20). 

 

Scheme 1.20. Transformation of heteroaryl sulfones into carbonyl moieties. 
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reactivity of 1-Phenyl-1H-
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As we detailed in the introduction, the use of vinyl sulfones in organic 

chemistry is very well established. Phenylsulfonylethylene (phenyl vinyl 

sulfone) 1 has been extensively employed as a model to explore new 

synthetic methods.45 Nevertheless, the low or null reactivity displayed by 

1 in some reactions forced the introduction of a second electron 

withdrawing group at the geminal position. In this way, and as we have 

already detailed, 1,1-bis(sulfonyl)ethylene 2 became a common 

electrophile in organocatalytic processes.33, 38, 46  

Conscious of this limitation, we considered the option of substituting the 

phenyl ring of the traditional phenyl vinyl sulfone 1 by a phenyltetrazole 

(PT) ring (Figure 2.1). 

 

Figure 2.1. Traditional aryl and new heteroaryl vinyl sulfones. 

According to the wide range of applications described for vinyl sulfones 1 

and 2, we expected a great potential for the monoactivated heteroaryl 

vinyl sulfone 3. Due to the electron withdrawing ability of the PT ring, we 

awaited a higher reactivity in comparison with traditional aryl vinyl 

sulfones; but also a bigger versatility in synthetic terms, with the use of 

the Julia-Kocienski olefination, only feasible with heteroaromatic 

substituents.47 

A basic and systematic analysis of the reactivity of vinyl sulfone 3 would 

give a good assessment to design new transformations including those 

that imply asymmetric catalysis. Therefore, we have considered of 

                                                           
45 O. De Lucchi, S. Cossu, Phenylsulfonylethylene in e-EROS, 2001 (DOI: 
10.1002/047084289X.rp109). 
46 A. R. Alba, X. Companyó, R. Ríos, Chem. Soc. Rev. 2010, 39, 2018 
47 C. Aissa, Eur. J. Org. Chem. 2009, 12, 1831. 
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interest exploring the reactivity of vinyl sulfone 3 in the reactions 

traditionally accomplished with vinyl sulfones 1 and 2. For this purpose, 

we have systematically analysed the Michael addition of different soft 

carbon nucleophiles and heteronucleophiles to vinyl sulfone 3, as well 

as radical reactions and cycloadditions (Scheme 2.1) and the 

comparison of its reactivity with 1 and 2 through different competition 

experiments. Moreover, in order to extend the applicability, we have also 

performed some synthetic transformations of the resulting alkyl 

heteroaryl sulfone.  
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A. Synthesis of vinyl sulfone 3 

In a first attempt to prepare vinyl sulfone 3, we used the commercially 

available 1-phenyl-5-mercaptotetrazole and 1,2-dibromoethane in DMF 

as solvent, with an equimolecular quantity of both reactants and K2CO3 as 

the base. This strategy had been used with other heterocycles and sodium 

sulfinates to obtain substituted heteroaryl vinyl sulfones.48 However, the 

desired vinyl thioether 4 was obtained in low yield along with compound 

5, as a second SN2 reaction competed with the elimination step (Scheme 

2.1). 

 

Scheme 2.1. Nucleophilic substitution with 1-phenyl-1H-tetrazole-5-thiol. 

The oxidation of thioether 4 with m-CPBA in CH2Cl2 took place in 91% 

yield to provide vinyl sulfone 3 (Scheme 2.2). 

 

Scheme 2.2. Oxidation reaction of vinyl thioether 4 with m-CPBA. 

To optimize the formation of thioether 4, we used the conditions 

described by the group of Sharma for the preparation of the 

unsubstituted heteroaryl vinyl sulfone derived from benzothiazole 

(BT).49 Particularly, they employed 1,2-dichloroethane as alkylating 

reactant and Oxone as oxidant. Nevertheless, under these conditions we 

                                                           
48 Z. H. Guan, W. Zuo, L. B. Zhao, Z. H. Ren, Y. M. Liang, Synthesis 2007, 39, 1465. 
49 P. R. Krishna, B. Lavanya, Y. Jyothi, G. V. M. Sharma, J. Carbohydr. Chem. 2003, 22, 423. 
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only detected the dialkylation product 5 in the reaction crude. 

Finally, to avoid the undesired formation of 5, we chose 1,2-

dichloroethane as both the solvent and a reactant, maintaining K2CO3 as 

the base. In this case, we only isolated thioether 6 in 97% yield. Using the 

same oxidation conditions that we had previously tried in Scheme 2.2 (m-

CPBA in CH2Cl2), thioether 6 provided the corresponding sulfone. Further 

treatment with 1 equivalent of Et3N in THF promoted the elimination 

reaction forming vinyl sulfone 3 in an excellent 94% overall yield. The 

sequence was scaled up to obtain 4.5 grams of vinyl sulfone 3 with no 

erosion in the chemical yield (Scheme 2.3). 

 

Scheme 2.3. Optimized synthesis of vinyl sulfone 3. 
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B. Michael and radical additions to vinyl sulfone 3 

Since our main interest was the exploration of the possibilities of the new 

vinyl sulfone 3 in organocatalytic processes, we studied its reactivity as a 

Michael acceptor with the most common nucleophiles used in 

organocatalysis. This is the case of soft carbonucleophiles such as 

enamines, nitromethane, cyanoesters and cyanosulfones. We also studied 

heteronucleophiles such as amines, alkoxides, thiolates and carboxylates, 

and radicals using alkyl iodides as radical precursors (Scheme 2.4). 

SO2PT

Nucleophile
or radical

SO2PT

R'
3

Conditions

N

CH3-NO2

R1NC

R

(R = SO2R
2
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R-NH2

R-O
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Heteronucleophiles

R-S
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(Radical
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R-I

 

Scheme 2.4. Soft carbonucleophiles and heteronucleophiles for the Michael 

addition with vinyl sulfone 3. 

To assess the reactivity of vinyl sulfone 3 with enamines in a 

stoichiometric manner, we carried out the reaction with commercially 

available enamine 7a. We could observe that the Michael reaction was 

almost instantaneous, providing the cyclohexanone 8a. Nevertheless, we 

noticed that once the Michael addition of the enamine had been 

completed, the pyrrolidine released to the reaction medium was able to 

readily undergo addition to vinyl sulfone 3, affording product 8g. This 

fact lowered the yield of 8a to 54 % when we used one equivalent of 

enamine 7a. This problem was sorted out with the use of an excess of 

enamine: 3 equivalents of 7a provided 8a in 95% yield (Scheme 2.5). The 
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fact that the liberated pyrrolidine was also able to react almost 

instantaneously with vinyl sulfone 3 indicated that the amines were also 

good nucleophiles for this vinyl sulfone. 

 

Scheme 2.5. Michael addition of an enamine to vinyl sulfone 3. 

Next stage was the reaction with nitromethane (7b). To avoid double and 

triple Michael additions, we used 1 equiv of NaOH in MeNO2 as a solvent, 

conditions that had been previously developed for a diasteroselective 

aza-Henry methodology between nitromethane and sulfinylimines in our 

group.50 In this case, the reaction worked well in 90% yield for compound 

8b (Scheme 2.6).  

 

Scheme 2.6. Michael addition of nitromethane to vinyl sulfone 3. 

To finish with carbonucleophiles, we carried out the Michael addition 

with diactivated nucleophiles typically used in asymmetric catalysis. Our 

previous experience showed us that cyanosulfones and cyanoesters were 

good nucleophiles in the presence of chiral bases as catalysts,51 but these 

                                                           
50 M. Topp, J. López-Cantarero, J. Alemán, M. Remuiñán, M. B. Cid, J. L. García-Ruano, Org. 

Lett, 2005, 7, 4407. 
51 (a) J. López-Cantarero, M. B. Cid, T. B. Poulsen, M. Bella, J. L. García Ruano, K. A. 
Jørgensen, J. Org. Chem. 2007, 72, 7062; (b) M. B. Cid, J. López-Cantarero, S. Duce, J. L. 
García Ruano, J. Org. Chem. 2009, 74, 431.  
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nucleophiles have also been employed in reactions with bifunctional 

Takemoto-type thiourea catalysts52 or under phase transfer activation.53 

Substituted cyanosulfones 7c-e and cyanoester 7f provided the 

corresponding Michael adducts in excellent yields (91-94%) under very 

mild conditions (Scheme 2.7), which showed the potential of these 

activation modes in future strategies to form compounds with quaternary 

stereocentres in an enantioselective manner. We also attempted to use 

ethyl malonate and malononitrile under the same reaction conditions, but 

in these cases, we obtained mixtures of mono and double Michael 

addition products. 

  

Scheme 2.7. Michael addition of cyanosulfones and cyanoesters 7c-f to vinyl 

sulfone 3. 

The introduction of amines as heteronucleophiles is not only 

interesting from a synthetic point of view54 but also an attractive 

                                                           
52 (a) T. Okino, Y. Hoashi, T. Fukukawa, X. Xu, Y. Takemoto, J. Am. Chem. Soc. 2005, 7, 119; 
(b) P. Chen, X. Bao, L. F. Zhang, M. Ding, X. J. Han, J. Li, G. B. Zhang, Y. Q. Tu, C. A. Fan, 
Angew. Chem. Int. Ed. 2011, 50, 8161; (c) M. X. Wei, C. T. Wang, J. Y. Du, H. Qu, P. R. Yin, X. 
Bao, X. Y. Ma, X. H. Zhao, G. B. Zhang, C. A. Fan, Chem. Asian J. 2013, 8, 1966. 
53 (a) T. Ooi, D. Ohara, K. Fukumoto, K. Maruoka, Org. Lett. 2005, 7, 3195; (b) F. Wu, H. Li, 
R. Hong, L. Deng, Angew. Chem. Int. Ed. 2006, 45, 947. 
54 (a) P. Breuilles, K. Kaspar, D. Uguen, Tetrahedron Lett. 1995, 36, 8011; (b) K. E. 
Bashforda, A. L. Cooperb, P. D. Kaneb, C. J. Moody, Tetrahedron Lett. 2002, 43, 135; (c) T. G. 
Back, M. Parvez, H. Zhai, J. Org. Chem. 2003, 68, 9389; (d) A. P. Estevesa, M. E. Silva, L. M. 
Rodrigues, A. M. F. Oliveira-Camposa, R. Hrdina, Tetrahedron Lett. 2007, 48, 9040; (e) M. 
Makosza, K. Bobryk, D. Krajewski, Heterocycles 2008, 76, 1511; (f) L. Al-Riyami, M. A. 
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methodology for bioconjugation.10a-c The use of very reactive vinyl 

sulfones presents interest: the milder and greener the conditions to 

produce the Michael addition of the amino groups present in the 

corresponding biomolecule are, the more compatible they will be with 

the biological function. 

As we had observed in the experiment with the enamine 7a, the released 

pyrrolidine reacted almost instantaneously with vinyl sulfone 3 (Scheme 

2.5). When we mixed pyrrolidine 7g and vinyl sulfone 3, we obtained the 

Michael adduct 8g in an almost quantitative yield. The reaction also 

worked when we used different aliphatic primary amines such as 7h and 

7i. The reaction with aromatic primary amines took place when electron 

donating groups were present in the molecule (7j and 7k) leading to 

adducts 8j and 8k, although in these cases we needed longer reaction 

times in comparison with aliphatic amines. When deactivating groups 

such as Cl or NO2 were bonded to the aromatic ring (anilines 7l and 7m), 

the Michael addition did not occur at room temperature, presumably due 

to the lower nucleophilicity of these amines. Imidazole 7n also afforded 

the Michael adduct, and finally we easily obtained adduct 8o from the 

addition of the corresponding imine (Scheme 2.8). 

                                                                                                                                           
Pineda, J. Rzepecka, J. K. Huggan, A. I. Khalaf, C. J. Suckling, F. J. Scott, D. T. Rodgers, M. M. 
Harnett, W. Harnett, J. Med. Chem. 2013, 56, 9982. 
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Scheme 2.8. Michael addition of amines 7g-n and imine 7o to vinyl sulfone 3. 

Taking advantage of the excellent reactivity that the amines presented in 

the Michael addition with vinyl sulfone 3, we decided to test this reaction 

with a protected amino acid in an aqueous medium. We utilized the 

methyl ester of L-valine after in-situ liberation of its hydrochloride salt. 

The reaction provided the adduct 8p in 86% yield (Scheme 2.9). This 

result revealed that vinyl sulfone 3 could be used in bioconjugation 

processes. 

 

Scheme 2.9. Michael addition of a protected amino acid to vinyl sulfone 3 in 

aqueous medium. 
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Interestingly, with the intention to obtain the corresponding Morita-

Baylis-Hillman adduct,55 we used a tertiary amine such as DABCO in the 

presence of p-nitrobenzaldehyde. However, we only detected the self-

condensation product 12 in the crude mixture. This experiment 

demonstrated that vinyl sulfone 3 presents higher electrophilicity than p-

nitrobenzaldehyde, which remained unaltered under the reaction 

conditions (Scheme 2.10). 

 

Scheme 2.10. Self-condensation of vinyl sulfone 3. 

The study of alkoxides as heteronucleophiles turned out to be more 

complicated. A small alkoxide, such as sodium methoxide 7q in MeOH, 

showed preference towards the electrophilic carbon of the tetrazole ring 

to provide only compound 9q fast and clean. In the case of sodium 

ethoxide 7r in EtOH as solvent, we could isolate the Michael product 8r 

stopping the reaction at short times (30 minutes). However, longer 

reaction times led to formation of compound 9r in the reaction crude, 

probably due to the attack of the ethoxide to the electrophilic carbon of 

the tetrazole. 

Sodium phenoxide 7s in THF also showed preference for the attack to the 

carbon of the tetrazole affording compound 9s, whereas potassium tert-

butoxide led to the disappearance of the vinyl sulfone 3 in a complex 

mixture, without providing either the Michael adduct 8t or the product of 

the attack to the tetrazole 9t (Scheme 2.11). 

                                                           
55 (a) K. Morita, Z. Suzuki, H. Hirose, Bull. Chem. Soc. Jpn. 1968, 41, 2815; (b) A. B. Baylis, 
M. E. D. Hillman, German patent 2155113, 1972. 
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Scheme 2.11. Michael addition of alkoxides 7q-t to vinyl sulfone 3. 

Thiols are also used as functional groups for bioconjugation as they are 

easily deprotonated in the presence of histidine, being the imidazole ring 

of this amino acid the one which acts as a base. We verified that the 

addition of mercaptopyridine 7u to the vinyl sulfone 3 took place 

smoothly after 1 h of reaction using 5 mol% of imidazole, to afford the 

corresponding adduct 8u in 94% yield (Scheme 2.12). It is important to 

note that the product of addition of imidazole 8n was also detected when 

it was used in a higher loading (20 mol%). 

 

Scheme 2.12. Michael addition of thiol 7t with catalytic base to vinyl sulfone 3. 

Although carboxylates are not very good nucleophiles, vinyl sulfone 3 

underwent the Michael addition of sodium acetate to afford product 8v in 

an almost quantitative yield (98%) when heating at 50ºC in acetic acid 

(Scheme 2.13). 
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Scheme 2.13. Michael addition of sodium acetate to vinyl sulfone 3. 

Radical addition to vinyl sulfones is, as in the case of Michael addition, a 

well-known reaction.36, 56, 57 Using classical conditions for the formation 

of radicals, with a sub-stoichiometric quantity of AIBN as radical initiator 

and tributyltin hydride as propagator, alkyl iodide 7w (R = iPr) reacted 

successfully with vinyl sulfone 3, affording product 8w in 80% yield. 

Even a primary iodide such as 7x (R = Bu) reacted with vinyl sulfone 3 to 

give the corresponding aliphatic sulfone 8x (Scheme 2.14). 

 

Scheme 2.14. Radical addition of alkyl iodides 7w-x to vinyl sulfone 3. 

  

                                                           
56 (a) G. S. C. Srikanth, S. L. Castle, Tetrahedron 2005, 61, 10377. 
57 H. Miyabe, M. Ueda, A. Nishimura, T. Naito, Org. Lett. 2002, 4, 131. 
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C. Competition experiments of vinyl sulfone 3 with vinyl 

sulfones 1 and 2 in Michael and radical additions 

Once we had checked and established the excellent performance of vinyl 

sulfone 3 in Michael additions and in radical reactions, we proceeded to 

compare its reactivity with the corresponding one of vinyl sulfones 1 and 

2 (Schemes 2.15 and 2.16). To this end, we carried out competition 

experiments with a series of representative selected nucleophiles 

previously used. For these competition experiments, we combined 0.1 

mmol of vinyl sulfone 3 with 0.1 mmol of either 1 or 2, subsequently 

adding one equivalent of the nucleophile (in Michael additions) or the 

corresponding alkyl iodide (in radical reaction).  

The results of the competition experiments between vinyl sulfones 1 and 

3, turned out to be overwhelmingly simple (Scheme 2.15). 

 

Scheme 2.15. Competition experiments between vinyl sulfones 1 and 3 in 

Michael and radical addition. 
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With both carbonucleophiles and heteronucleophiles 7, vinyl sulfone 3 

proved to be, in all the cases, at least two orders of magnitude more 

reactive than the monosubstituted phenyl vinyl sulfone 1, since the 

corresponding adducts 10 were not detected in any of the competition 

experiments. In the case of the radical reaction, using 2-iodopropane 7w 

as alkyl iodide, we observed an 87:13 mixture of adducts 8w and 10w in 

the reaction crude. 

On the contrary, the competition experiments between vinyl sulfones 2 

and 3 were more complicated, with the results and the conditions varying 

with every nucleophile (Scheme 2.16). In some cases, they provided 

complex reaction mixtures when both vinyl sulfones were present in the 

same reaction vial. The complexity of these mixtures was probably due to 

the high reactivity of both vinyl sulfones 2 and 3 as Michael acceptors. 

Once the first Michael addition occurred to one of the vinyl sulfones, the 

resulting anion would be able to react with the other vinyl sulfone, 

leading to mixtures of products. As we will see later, this argument is 

supported by the fact that products containing both sulfones were 

detected or isolated in some competition experiments, such as compound 

13 derived from sodium ethoxide 7r. Therefore, in those cases we had to 

carry out separated experiments, stopping the reactions after same times 

in order to get comparable data.  

The competition experiments between 2 and 3 tuned out to be 

complicated in most of the cases. Due to the high reactivity of both 

sulfones, complex mixtures were obtained and we had to perform some 

of the experiments in separated flasks (Scheme 2.16).  

Such is the case of enamine 7a, that underwent almost instantaneous 

reaction in separated flasks with both vinyl sulfones.58 The competition 

                                                           
58 The liberated pyrrolidine was able to attack some of the remaining vinyl sulfone when 
one equivalent of enamine was used. Therefore, we could not get an accurate evaluation 
of the relative reactivity of vinyl sulfones 2 and 3 with enamines. 
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experiment using nitromethane 7b as solvent, suggested a similar 

reactivity for both sulfones since after 20 minutes we observed a mixture 

8b:11b = 50:50, with the total disappearance of the starting sulfones. 

 

Scheme 2.16. Competition experiments between vinyl sulfones 2 and 3 in 

Michael and radical addition. 

The reactivity of vinyl sulfone 2 was slightly higher than the one 

observed by 3 with cyanosulfone 7c, but much higher in the case of the 

aromatic amine 7k, (8k:11k = 7:93) and sodium ethoxide 7r (4 % 

conversion versus 100 % in separated flasks). Interestingly, we could 

isolate product 13 in a very high yield (94%) when sodium ethoxide was 

mixed with both vinyl sulfones. A Michael addition between 7r and vinyl 

sulfone 2 followed by an attack of the anion formed at the α-position of 

the sulfonyl groups to vinyl sulfone 3, would explain the formation of 

compound 13.  
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Surprisingly, the competitive reaction with sodium acetate 7v showed a 

mixture of products in favour of the corresponding adduct from vinyl 

sulfone 3 (84:16).  

We could not carry out the competition experiment in the radical 

addition reaction, as vinyl sulfone 2 did not react with alkyl iodide 7w, 

but the reduction of the double bond happened instead. Therefore, these 

results confirmed again that vinyl sulfone 3 could be a very interesting 

electrophile for this type of processes. 

  



 

73 

Chapter II 

D. Cycloadditions with vinyl sulfone 3 

As explained in the introduction, vinyl sulfones have also been widely 

employed in cycloaddition reactions, especially in the 1,3-dipolar ones, 

but also in Diels–Alder reactions. For this study, we used an azomethine 

ylide, benzyl azide, phenyl nitrile oxide and several nitrones as dipoles; 

and cyclopentadiene and cyclohexadiene for Diels–Alder reaction 

(Scheme 2.17). 

 

Scheme 2.17. Dipoles and dienes for cycloaddition reactions with vinyl sulfone 3 

Azomethine yilde 14 is a commonly used dipole with aryl32 and even 

heteroaryl vinyl sulfones.39a, 59 However, in the reaction with vinyl sulfone 

3 using trimethylamine as base, we did not observe the expected 

functionalized pyrrolidine, but rather product 15 (Scheme 2.18), 

probably due to the Michael addition of the imine and a subsequent 

hydrolysis. We also obtained this product when we preformed the anion 

and added right after vinyl sulfone 3 to the reaction mixture. 

 

                                                           
59 (a) T. Llamas, R. G. Arrayás, J. C. Carretero, Org. Lett. 2006, 8, 1795; (b) T. Llamas, R. G. 
Arrayás, J. C. Carretero, Synthesis, 2007, 950. 
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Scheme 2.18. Imine addition of 14 with vinyl sulfone 3. 

Azides are also commonly used dipoles in reactions with different vinyl 

sulfones,60 even with other heteroaryl vinyl sulfones.61 They lead to the 

synthesis of triazoles through an in situ elimination of the sulfonyl group. 

The reaction of vinyl sulfone 3 with benzyl azide 16, used as a model 

dipole, afforded directly the triazole 17 in 88% yield (Scheme 2.19). 

 

Scheme 2.19. Cycloaddition between benzyl azide 16 and vinyl sulfone 3. 

The reaction between nitrile oxides and vinyl sulfones is also a well-

known process62-63 and therefore we also evaluated the behaviour of 

vinyl sulfone 3 in this cycloaddition. We used phenyl nitrile oxide 18, 

generated from the corresponding phenyl oxime, using commercial 

bleach as oxidant. Depending on the temperature, we could control the 

                                                           
60 J. S. Meck, J. S. Fowler, J. Am. Chem. Soc. 1967, 89, 1967; (b) G. Beck, D. Günther, Chem. 

Ber. 1973, 106, 2758; (c) D. J. Carini , J. V. Duncia, P. E. Aldrich, A. T. Chiu, A. L. Johnson, M. 
E. Pierce, W. A. Price, J. B. Santella III, G. J. Wells, J. Med. Chem. 1991, 34, 2525; (d) C. Hager, 
R. Miethchen, H. J. Reinke, J. Fluorine Chem. 2000, 104, 135; (e) F. Reck, F. Zhou, M. 
Girardot, G. Kern, C. J. Eyermann, N. J. Hales, R. R. Ramsay, M. B. Gravestock. J. Med. Chem. 

2005, 48, 499; (f) Z. Huang, R. Wang, S. Sheng, R. Zhou, M. Cai, React. Funct. Polym. 2013, 
73, 224; (g) D. Sahu, S. Dey, T. Pathak, B. Ganguly, Org. Lett. 2014, 16, 2100. 
61 S. Dey, D. Datta, T. Pathak, Synlett 2011, 17, 2521. 
62 (a) C. Grundmann, Synthesis 1970, 344; (b) K. B. G. Torssell, Nitrile Oxides, Nitrones, and 

Nitronates in Organic Synthesis; VCH: Weinheim, Germany, 1988; (c) S. Kanemasa, O. 
Tsuge, Heterocycles 1990, 30, 719; (d) K. M. L. Rai, A. Hassner, Synth. Commun. 1997, 27, 
467; (e) N. Peša, C. J. Welch, A. N. Boa, J. Heterocyclic Chem. 2005, 42, 599; (f) S. Bhosale, S. 
Kurhade, U. V. Prasad, V. P. Palle, D. Bhuniya, Tetrahedron Lett. 2009, 50, 3948. 
63 (a) P. Caramella, E. Albini, T. Bandiera, A. C. Coda, P. Grünanger, F. M. Albini, 
Tetrahedron 1983, 39, 689; (b) M. Christl, S. Krimm, A. Kraft, Angew. Chem. 1990, 102, 
704; (c) O. Arjona, A. Mallo, J. Plumet, Heterocycles 1995, 40, 73; (d) G. J. Wu, S. R. Sheng, D. 
Li, L. F. Xu, Z. Z. Huang, Synth. Commun. 2013, 43, 3034. 
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regioselectivity to obtain different mixtures of the regioisomers 19 and 

20, or we could exclusively obtain the aromatic isoxazol 21, derived from 

the in-situ elimination of the PT sulfone. For example, carrying out the 

reaction at 0ºC, 19 was the major product, but at 50ºC we only obtained 

the aromatic isoxazol 21 in 85% yield (Scheme 2.20).  

Scheme 2.20. Cycloaddition between phenyl oxime 18 and vinyl sulfone 3. 

The cycloaddition of nitrones64 is a very interesting process, as the 

formed cycloadducts have found numerous applications in synthesis 

through reductive cleavage of the N-O bond to give γ-amino alcohols.64 

Remarkably, and differently from other dipoles, relatively few examples 

of vinyl sulfones reacting with open chain nitrones have been described 

in the literature.65  

We carried out the cycloaddition reaction with two different substituents 

at the nitrone: a methyl group and a tert-butyl group. Firstly, the reaction 

of vinyl sulfone 3 with the nitrone 22a afforded an 80:20 mixture in 

favour of regioisomer 23a (Scheme 2.21). 
                                                           
64 (a) J. J. Tufariello, Acc. Chem. Res. 1979, 12, 396; (b) J. J. Tufariello, in 1,3-Dipolar 

Cycloaddition Chemistry, A. Padwa, Ed. John Wiley & Sons, New York, USA, 1984; Vol. 2, 
pp. 83; (c) P. N. Confalone, E. M. Huie, E. M. Org. React. 1988, 36, 1; (d) K. B. G. Torssell in 
Nitrile Oxides, Nitrones and Nitronates in Organic Synthesis, VCH, New York, USA, 1988; (e) 
W. Carruthers, in Cycloaddition Reactions in Organic Synthesis, Pergamon Press, Oxford, 
United Kingdom, 1990; (f) P. Grünanger, P. Vita-Finzi, in Isoxazoles, Ed. J. Wiley & Sons, 
New York, USA, 1991; (g) M. Frederickson, Tetrahedron 1997, 53, 403. 
65 (a) P. D. Croce, C. Rosa, R. Stradi, M. Ballabio, J. Heterocyclic Chem. 1983, 20, 819; (b) A. 
Z. Bimanand, K. N. Houk, Tetrahedron Lett. 1983, 24, 435; (c) A. M. N. El-Din, Bull. Chem. 

Soc. Jpn. 1986, 59, 1239; (d) M. Burdisso, R. Gandolfi, P. Grünanger, Tetrahedron 1989, 45, 
5579; (e) H. A. Dondas, J. E. Cummins, R. Grigg, M. T. Pett, Tetrahedron 2001, 57, 7951; (f) 
S. Caddick,H. D. Bush, Org. Lett. 2003, 5, 2489; (g) Y. Durust, C. Altug, J. Sinkkonen, O. 
Martiskainen, K. Pihlaja, J. Heterocycl. Chem. 2006, 43, 1267. 
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Scheme 2.21. Cycloaddition between nitrone 22a and vinyl sulfone 3. 

However, nitrone 22b provided exclusively regioisomer 23b in 68% 

yield. Surprisingly, in the literature there are no examples of reactions 

between tert-butyl nitrones and vinyl sulfones. As vinyl sulfone 3 reacted 

very smoothly, the process was extended to an aliphatic substituent in 

the nitrone, such as n-butyl (22c) to obtain the corresponding product 

23c in 59% yield (Scheme 2.22). 

 

Scheme 2.22. Cycloaddition between nitrones 22b-c and vinyl sulfone 3. 

The reaction proved to be not only regioselective, but also 

diastereoselective. However, when we tried to determine the relative 

stereochemistry between both newly formed stereogenic centres through 

a NOE experiment, the result was inconclusive. Although the endo 

selectivity is more common for cycloaddition processes, the exo 

selectivity has been observed with different dipolarophiles when bulky 

substituents are present in the nitrone, such as tert-butyl nitrones.66 For 

                                                           
66 For a review, see: (a) K. V. Gothelf, K. A. Jørgensen, Chem. Rev. 1998, 98, 863; for some 
recent examples, see: (b) O. Bortolini, A. De Nino, T. Eliseo, R. Gavioli, L. Maiuolo, B. Russo, 
F. Sforza, Bioorg. Med. Chem. 2010, 18, 6970; (c) A. N. Artemov, E. V. Sazonova, E. A. 
Mavrina, N. Y. Zarovkina, Russ. Chem. Bull. Int. Ed. 2012, 61, 2076.  
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this reason, they relative stereochemistry will be inequivocally 

determined with an X-Ray spectrum. 

To conclude with cycloadditions, we also explored the Diels-Alder 

reaction,67 a process in which vinyl sulfones have been used as synthetic 

equivalents of ethylene, after a later elimination of the sulfonyl moiety.  

The reaction with cyclopentadiene 25a as diene proceeded smoothly at 

room temperature in 96% yield, affording a mixture of endo and exo 

adducts 26a and 27a in a 77:23 ratio, after 18 hours of reaction. The 

much less reactive 1,3-cyclohexadiene 25b also provided the 

corresponding adducts 26b and 27b in 94% yield as a 93:7 endo/exo 

mixture (Scheme 2.23). It is interesting to point out that the endo/exo 

selectivity using vinyl sulfone 3 (93:7) was higher than the one described 

for vinyl sulfone 1 (80:20).67 

 

Scheme 2.23. Cycloaddition between dienes 25a-b and vinyl sulfone 3. 

  

                                                           
67 (a) R. V. C. Carr, L. A. Paquette, J. Am. Chem. Soc. 1980, 102, 853; (b) R. V. C. Carr, R. V. 
Williams, L. A. Paquette, J. Org. Chem. 1983, 48, 4976. 
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E. Competition experiments of vinyl sulfone 3 with vinyl 

sulfones 1 and 2 in cycloadditions 

Once we had analyzed the possibilities of vinyl sulfone 3 in cycloaddition 

reactions, we proceeded, as in the case of Michael and radical additions, 

to compare its reactivity with that of vinyl sulfones 1 and 2. 

For these competition experiments, we combined 0.1 mmol of vinyl 

sulfone 3 with 0.1 mmol of vinyl sulfones 1 or 2, subsequently adding one 

equivalent of the dipole or the diene. We used benzyl azide 16, phenyl 

oxime 18, tert-butyl nitrone 22b as dipoles and cyclopentadiene 25a as 

diene. 

Reaction of benzyl azide 16 with vinyl sulfones 1 and 3 provided the 

same triazole 17. Therefore, we evaluated the relative reactivity by 

determining the ratio of the remaining vinyl sulfone 1 and the formed 

triazole 17. After 48 h, we only observed the final expected triazole 17 

and vinyl sulfone 1 in the reaction crude, with no evidence of traces of 

vinyl sulfone 3 or starting azide 16, leading to a 47:53 ratio between 17 

and 1. The slight difference between this and the ideal 50:50 proportion 

can be explained as the yield of the cycloaddition itself is only 88%. 

Interestingly, the competition experiment between vinyl sulfones 3 and 2 

led to a 78:22 mixture where we found that adduct 17 derived from vinyl 

sulfone 3 was formed in a higher amount than the corresponding triazole 

28 derived from vinyl sulfone 2 (Scheme 2.24). 
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Scheme 2.24. Competition experiments between vinyl sulfones 1-2 and 3 with 

benzyl azide 16. 

With the nitrile oxide 18, we performed the competitive study at 0ºC. 

This dipole offered a higher reactivity for vinyl sulfone 3 than vinyl 

sulfones 1 and 2 (Scheme 2.25). In the case of vinyl sulfone 1, the ratio 

between adducts 19:20 and 29 was 81:19. With vinyl sulfone 2, this ratio 

was 59:41 in favour of adducts derived from vinyl sulfone 3 (Scheme 

2.20). Even though we did not observe major differences in reactivity 

terms, vinyl sulfone 3 offered a significant advantage in terms of 

elimination against vinyl sulfones 1 and 2. As we explained in the 

previous pages, the elimination of the heteroaryl sulfonyl moiety in the 

mixture of regioisomers was possible under just mild heating (50ºC). 

Remarkably, the elimination of the phenyl sulfone in adducts 29 or 30 to 

provide the corresponding isoxazole, would presumably require the use 

of a strong base.63 

Scheme 2.25. Competition experiments between vinyl sulfones 1-2 and 3 with 

nitrile oxide 18. 
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With tert-butyl nitrone 22b, the results were astonishing. We observed 

that only isoxazoline 23b, was formed after 60 h of reaction, without 

detecting the products 31 or 32 (Scheme 2.26). In fact, we carried out the 

cycloaddition with both vinyl sulfones 1 and 2 independently, under the 

same reaction conditions. The reaction did not work either for vinyl 

sulfone 1 or for vinyl sulfone 2, even at longer reaction times (72 h). 

 

Scheme 2.26. Competition experiments between vinyl sulfones 1-2 and 3 with 

tert-butyl nitrone 22b. 

Finally, vinyl sulfone 3 showed again a much higher reactivity in 

comparison with vinyl sulfone 1 in the Diels-Alder reaction, with no 

evidence of reaction between 1 and cyclopentadiene 25a. Interestingly, 

vinyl sulfones 2 and 3 showed very similar reactivity with 

cyclopentadiene (Scheme 2.27). 

 

Scheme 2.27. Competition experiments between vinyl sulfones 1-2 and 3 in 

Diels-Alder reaction with cyclopentadiene 25a. 
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F. Transformations 

To demonstrate the synthetic versatility of the monoactivated vinyl 

sulfone 3, we carried out further transformations on the formed Diels–

Alder adducts 26a and 27a.  

Firstly, we submitted the endo/exo mixture to a Julia-Kocienski 

olefination under classical conditions: KHMDS as base in DME at –78ºC 

and p-nitrobenzaldehyde as electrophile to provide 35 as a mixture of 

E/Z alkenes in a 70:30 ratio and 77% yield (Scheme 2.28). As expected, 

due to the similar nature of the substituents linked to the double bond, 

the E/Z selectivity was moderate. This result was in accordance with the 

literature, since in all the described Julia–Kocienski olefinations yielding 

alkenes with tri-substituted double bonds as final products, E/Z 

selectivity had never been particularly good.68 This reaction not only 

allowed us to explore the reaction with secondary heteroaryl sulfones, 

much less explored than the primary ones,47 but also demonstrated that 

vinyl sulfone 3 can be used as synthetic equivalent of an allene in 

cycloadditions.  

 

Scheme 2.28. Julia–Kocienski olefination over the Diels-Alder adducts 26-27a. 

α-Alkylation is a typical reaction for alkyl aryl sulfones. Nevertheless, 

although an acylation reaction has been published with an alkyl 

phenyltetrazole-substituted sulfone,69 to our knowledge no alkylation 

                                                           
68 (a) P. Jankowski, K. Plesniak, J. Wicha, Org. Lett. 2003, 5, 2789; (b) B. Bourdon, M. 
Corbet, P. Fontaine, P. G. Goekjian, D. Gueyrard, Tetrahedron Lett. 2008, 49, 747. 
69 J. Pospisil, H. Sato, J. Org. Chem. 2011, 76, 2269. 
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reactions have been described with this type of substrates. We could 

perform the alkylation at the α-position of the PT sulfone using KHMDS 

as base and methyl iodide as alkylating reagent to afford product 36 

(scheme 2.29, upper part). Finally, as small alkoxides have shown to 

attack the tetrazole ring with ease, the use of NaOMe allowed the 

elimination of the heterocycle to evolve towards the sodium sulfinate 

intermediate 37.  This intermediate could be trapped using methyl iodide 

to afford methyl sulfone 38 in 63% yield (Scheme 2.29, lower part). This 

is the first example of this transformation for tetrazoyls, although it has 

been previously described for pyridyl70 and benzothiazolyl71 derivatives. 

 

Scheme 2.29. α-Alkylation and removal of PT heterocycle over the Diels–Alder 

adducts 26-27a. 

  

                                                           
70 (a) Y. Zhao, W. Huang, L. Zhu, J. Hu, Org. Lett. 2010, 12, 1444; (b) Y. Zhao, B. Ghao, C. Ni, 
J. Hu, Org, Lett, 2012, 14, 6080; (c) Y. Zhao, F. Jiang, J. Hu. J. Am. Chem. Soc. 2015, 137, 
5199. 
71 (a) C. Lorin, C. Marot, V. Gardon, P. Rollin, Tetrahedron Lett. 1995, 36, 4437; (b) C. Lorin, 
Synthesis 1998, 1506; (c) D. Gueyrard, P. Fontaine, P. G. Goekjian, Synthesis 2006, 1499. 
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G. Conclusions  

In summary, we effectively optimized the synthesis of vinyl sulfone 3 and 

systematically evaluated its reactivity in Michael, radical addition and 

cycloadditions with a wide variety of substrates.  

From this study, we can conclude that vinyl sulfone 3 is at least two 

orders of magnitude more reactive than traditional aryl vinyl sulfone 1 in 

almost all the studied cases. When comparing the reactivities of vinyl 

sulfones 2 and 3, the difference depended on the type of reaction 

(Scheme 2.30): 

• In Michael additions, the reactivity of vinyl sulfone 2 was 

normally slightly higher in comparison with the reactivity of vinyl 

sulfone 3.  

• In radical additions, vinyl sulfone 3 proved to be superior, since 

we did not observe radical addition to vinyl sulfone 2, but rather 

a reduction of the double bond. 

• In cycloadditions, vinyl sulfone 3 showed similar or higher 

reactivity, probably due to the steric effect of the second sulfonyl 

group. Therefore, vinyl sulfone 3 represents an interesting 

advantage also from an atom economy point of view. 
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Scheme 2.30. Reactivity of vinyl sulfones 1-3 in different reactions. 

In cycloadditions, we also proved that this higher reactivity allowed 

milder conditions than the ones used with the aryl vinyl sulfones, 

providing also higher selectivity in most of the cases. The most 

representative advantage was observed with the use of tert-butyl 

nitrones, which were unreactive towards vinyl sulfones 1 and 2. 

Furthermore, we have also demonstrated that the electron withdrawing 

character of the PT group also facilitated the elimination of this 

heteroaryl sulfonyl moiety, in comparison with the phenyl sulfonyl one. 

Finally, we have performed several interesting transformations on the 

adducts. The Julia–Kocienski protocol converted vinyl sulfone 3 in an 

allene synthetic equivalent. α-Alkylation and interchange of the 

heteroaryl substituent of the sulfone are further interesting and 

unprecedented transformations. 

The ease of preparation and manipulation of heteroaryl vinyl sulfone 3, 

its economic advantages, its high performance in many types of bond 

forming reactions as well as the control of the regio- and stereoselectivity 

in some cycloadditions and the variety of possible transformations, allow 

us to envision a wide range of future applications in organic chemistry. 
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A. Introduction and background 

As we explained in the introduction, one of the objectives of this Doctoral 

Thesis was the development of an organocatalytic indirect strategy of α-

allylation of aldehydes, which is a very difficult transformation. Our 

strategy is based on an aminocatalytic enantioselective Michael addition 

via enamine activation to vinyl sulfone 3 and a subsequent 

intermolecular Julia-Kocienski olefination. It would provide a flexible 

method for the synthesis of α-allylated aldehydes containing a wide range 

of substituents (R3) from only one common electrophile. In principle, 

both tertiary (R2 = H) and quaternary centres (R2 ≠ H) would be possible 

(Scheme 3.1). 

 

Scheme 3.1. Proposed strategy for the α-allylation of aldehydes. 

To contextualize this work, we will explain the interest, difficulties and 

existing solutions for the overall transformation and the background 

related to the enantioselective organocatalytic Michael addition of 

carbonyl compounds to vinyl sulfones via enamine activation. 

In spite of the big development of the asymmetric catalysis in the last 

decades, there are still some transformations which have proven to be 

very difficult to achieve. One of them is the above-mentioned direct 

asymmetric intermolecular α-allylation of aldehydes, a reaction based on 

the direct asymmetric intermolecular α-alkylation of aldehydes, a hot 

topic that has been even considered the “Holy Grail” of organocatalysis.72 

The multitude of possible side reactions, including N- and O-alkylation of 

                                                           
72 For a highlight, see: A.-N. Alba, M. Viciano, R. Ríos, ChemCatChem 2009, 1, 437. 
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the catalyst with the alkyl halide, makes the accomplishment of this 

reaction a real challenge. However, it is important to point out that in the 

last years some brilliant methodologies to sort out this problem have 

appeared in the literature. Methodologies that, in some cases, have been 

based on unknown reactions, and were discovered with this purpose. 

The pioneer in describing a direct asymmetric example was the group of 

MacMillan, in 2007. They reported a brilliant methodology in which 

allylic silanes were employed as allylating reagents using SOMO 

activation, a new concept in organocatalysis, in which the catalyst 

possesses an unpaired electron after oxidation of the intermediate 

enamine.73 The reaction and the catalytic cycle are shown in Scheme 3.2. 

 

Scheme 3.2. MacMillan’s example of SOMO activation. 

                                                           
73 T. D. Beeson, A. Mastracchio, J. B. Hong, K. Ashton, D. W. C. MacMillan, Science 2007, 316, 
582. 
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Some years later, in 2011, the group of Palomo74 described a strategy in 

which electron deficient allylbromides were used in a SN2’-type addition-

elimination pathway (Scheme 3.3).  

 

Scheme 3.3. Palomo’s strategy for the asymmetric allylation of aldehydes. 

There is a third example, although this one is not purely organocatalytic, 

but used in combination with metallic catalysis. The group of Cozzi75 

performed a reaction with stabilized allylic carbocations formed from 

allylic alcohols in the presence of an In (III) salt, which acted as catalyst to 

form the corresponding carbocation of the allylic alcohol (Scheme 3.4). 

                                                           
74 E. Gómez-Bengoa, A. Landa, A. Lizarraga, A. Mielgo, M. Oiarbide, C. Palomo, Chem. Sci. 
2011, 2, 353. 
75 M. G. Capdevila, F. Benfatti, L. Zoli, M. Stenta, P. G. Cozzi, Chem. Eur. J. 2010, 16, 11237. 
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Scheme 3.4. Cozzi’s method for the asymmetric allylation of aldehydes. 

However, the synthesis of enantiomerically pure α-allylated aldehydes 

bearing quaternary stereogenic centres at C-α is more challenging. As a 

consequence, only one method using organocatalysis had been reported 

by the group of List.76 They employed allyl amines as electrophiles and a 

chiral phosphoric acid in combination with a Pd-catalyst. The method 

was quite efficient for terminal olefins, but they only reported two 

examples with substitution in the double bond, with slightly lower yields 

and enantioselectivities (Scheme 3.5). 

 

Scheme 3.5. List’s example of the formation of enantiomerically pure α-allylated 

aldehydes bearing quaternary stereogenic centres. 

It is important to point out that the formation of quaternary stereogenic 

centres at C-α is an important task since there are many natural and non-

natural products with interesting pharmaceutical properties containing 

                                                           
76 S. Mukherjee, B. List, J. Am. Chem. Soc. 2007, 129, 11336. 
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quaternary carbon centres,77 many of them prepared in racemic form 

from allylated aldehydes.78 

As we mentioned in Chapter I, among all the published methods of 

organocatalytic Michael addition to vinyl sulfones, the activation via 

enamine deserves a special place because of the major diversity in terms 

of published examples. In spite of that, it is a reaction that still nowadays 

presents some limitations as we will explain below. Different carbonyl 

compounds have taken part in this process. Firstly, we will show the 

examples with α-monosubtituted carbonyl compounds and then the 

examples with the α,α-disubtituted ones. 

With α-monosubtituted carbonyl compounds, the first example via 

enamine activation was described in 2005 by the group of Alexakis.79 

They used 1,1-bis(phenylsulfonyl)ethylene as electrophile for a Michael 

addition via enamine activation. Despite good yielding reactions, there 

were some limitations, such as the big amount of aldehyde (10 equiv), a 

narrow scope and moderated enantioselectivity. The same group worked 

over this reaction in the upcoming years, making small modifications, and 

paying special attention to some of the new organocatalysts that began to 

appear during that decade. With these new organocatalysts, they 

achieved some good improvements. In 2006, they tested a morpholine-

type catalyst, but with no improvement in the ee.80 In 2008, a proline type 

catalyst with an imidozalidine ring in its structure, had an increasing 

effect on the ee and allowed the use of a smaller amount of catalyst and 

                                                           
77 (a) C. J. Douglas, L. E. Overman, Proc. Natl. Acad. Sci. USA 2004, 101, 5363; (b) 
Quaternary Stereocentres: Challenges and solutions for Organic Synthesis. Ed J. Christoffers, 
A. Baro, Wiley VCH, Weinheim, Germany, 2005; for natural products with quaternary 
centres at benzylic positions see: (c) A. Matsuo, S. Yuki, M. Nakayama, J. Chem. Soc. Chem. 

Commun. 1981, 864; (d) B. M. Fraga, Nat. Prod. Rep. 2007, 24, 1350; (e) S. Takano, K. 
Ogasawara, in The Alkaloids, Ed. A. Brossi, Academic Press, New York, EEUU, 1989. 
78 For some examples, see: (a) A. Srikrishna, M. S. Rao, Arkivoc 2005, 189; (b) M. G. 
Kulkarni, A. P. Dhondge, A. S. Borhade, D. D. Gaikwad, S. W. Chavhan, Y. B. Shaikh, V. B. 
Ningdale, M. P. Desai, D. R. Birhade, M. P. Shinde, Tetrahedron Lett. 2009, 50, 2411. 
79 S. Mossé, A. Alexakis, Org. Lett. 2005, 7, 4361. 
80 S. Mosse, M. Laars, K. Kriis, T. Kanger, A. Alexakis, Org. Lett. 2006, 8, 2559. 
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aldehyde in some cases.81 Yields also improved in comparison with the 

ones obtained previously. Finally, they described the best results one 

year later, in 2009, again with a proline-type catalyst.82 This catalyst 

allowed the formation of adducts with excellent ee’s. All these results are 

depicted in Scheme 3.6. 

 

Scheme 3.6. Catalysts used by Alexakis for the Michael addition of α-

monosubtituted aldehydes to vinyl sulfones via enamine activation. 

Finally, the group of Alexakis also described the Michael addition to cis-

1,2-bis(phenylsulfonyl)ethylene, although in this case, the adduct evolved 

through a 1,2 sulfone rearrangement to provide the product as a formal 

addition to the 1,1-bissulfone.83 In the same article, they also tested cyclic 

ketones as nucleophiles (Scheme 3.7). 

                                                           
81 A. Quintard, C. Bournard, A. Alexakis, Chem. Eur. J. 2008, 14, 7504. 
82 A. Quintard, A. Alexakis, Chem. Eur. J. 2009, 15, 11109. 
83 A. Quintard, A. Alexakis, Org. Biomol. Chem. 2011, 9, 1407. 
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Scheme 3.7. Asymmetric Michael addition to cis-1,2-

bis(phenylsulfonyl)ethylene. 

The group of Alexakis was not the only one working with vinyl sulfones 

via enamine activation. In 2008, the group of Lu84 had utilized the 

Jørgensen–Hayashi catalyst for the Michael addition of aldehydes to vinyl 

sulfones, with results similar to the ones of Alexakis. The main 

contribution of this work was the introduction of an aromatic substituent 

at the β-position of the vinyl sulfone, affording molecules with two 

stereogenic centres (Scheme 3.8). 

 

Scheme 3.8. Lu’s example of asymmetric Michael addition of aldehydes to vinyl 

sulfones. 

Some other structural modifications for this reaction were also published 

during the same period. For example, Lu, also in 2008, described the 

Michael addition to 1,1-bis(phenylsulfonyl)ethylene, but with cyclic 

ketones instead of aldehydes.85 The catalyst, in this case, was a cinchona 

                                                           
84 Q. Zhu, Y. Lu, Org. Lett. 2008, 10, 4803 
85 Q. Zhu, L. L. Cheng, Y. Lu, Chem. Commun. 2008, 44, 6315. 
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type catalyst, which proved to be very suitable for the process (Scheme 

3.9). 

 

Scheme 3.9. Lu’s example of asymmetric Michael addition of ketones to vinyl 

sulfones. 

The group of Palomo, in 2009, opted to change one of the sulfonic groups 

in the electrophile for a different electron withdrawing group. In this 

article, they described some examples in which a nitrile group (CN) or an 

ester moiety (CO2Et) were introduced in the electrophile.86 This 

modification allowed the synthesis of lactones with three stereogenic 

centres (Scheme 3.10). 

Scheme 3.10. Palomo’s example of asymmetric Michael addition to vinyl 

sulfones. 

 

                                                           
86 A. Landa, M. Maestro, C. Masdeu, A. Puente, S. Vera, M. Oiarbide, C. Palomo, Chem. Eur. J. 
2009, 15, 1562. 
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The last example of this type was described in 2011 by Alexakis.87 In this 

article, they used an iminium-enamine strategy, with an initial Michael 

addition of heteronucleophiles such as oximes, thiols, amines and 

hydroxylamines to an enal. The resulting enamine derived from the 

functionalized aldehyde reacted with the vinyl sulfone to form the final 

adduct (Scheme 3.11). 

Scheme 3.11. Alexakis’ iminium-enamine strategy. 

In spite of all the improvements and modifications carried out for the 

Michael addition to vinyl sulfones via enamine activation, the attempts to 

form quaternary centres, relatively common with other modes of 

activation, with α,α-disubstituted carbonyl compounds have been 

much less prominent. And in most cases, with modest results. 

On one side, heteroatom-containing quaternary centres were successfully 

obtained: the group of Alexakis was able to achieve very good 

enantioselectivities, using α-chloroaldehydes88 (Scheme 3.12). 

 

 

                                                           
87 A. Quintard, A. Alexakis, Chem. Commun. 2011, 47, 7212. 
88 A. Quintard, A. Alexakis, Chem. Commun. 2010, 46, 4085. 
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Scheme 3.12. Formation of quaternary centres from α-chloroaldehydes. 

On the other side, the most challenging all-carbon quaternary centres did 

not offer so good results. Most of the catalysts used for the described 

Michael addition of α-monosubtituted carbonyl compounds were also 

tested with α,α-disubtituted aldehydes. The first attempt was described 

by Alexakis in 2008.81 An isolated example, achieving only 16% ee with 2-

phenylpropionaldehyde as nucleophile. The same aldehyde can be 

employed as a standard reference to see the effectiveness of each catalyst 

for this process. Successive examples were also reported by the group of 

Alexakis,89 although the best result was achieved by the group of Lu,90 

with an 83% ee. In this work, the scope was also broadened with changes 

in the aromatic ring of the aldehyde, obtaining from moderate to good 

enantioselectivities (ee: 68-86%). All these results are summarized in 

Scheme 3.13. 

                                                           
89 (a) S. Sulzer-Mossé, A. Alexakis, J. Mareda, G. Bollot, G. Bernardinelli, Y. Filinchuk, Chem. 

Eur. J. 2009, 15, 3204; (b) A. Quintard, S. Belot, M. Sebastien, E. Marchal, A. Alexakis, Eur. J. 

Org. Chem. 2010, 927. 
90 Q. Zhu, Y. Lu, Chem. Commun. 2010, 46, 2235. 
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Scheme 3.13. Described examples for the formation of all-carbon quaternary 

centres from vinyl sulfones. 

Nonetheless, the ee for these α,α-disubtituted aldehydes were inferior to 

the case of α-monosubtituted carbonyl compounds, leaving margin for 

improvement. But there is also a more serious limitation that is common 

to all the described examples via enamine activation: the electrophile 

needed double activation so that the process could take place. In all the 

described reactions, except in one occasion (Palomo, 2009),86 where one 

of the aryl sulfones was substituted by a different EWG group, two aryl 

sulfones were used to activate the electrophile. 
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B. Michael addition via enamine activation with α-

monosubstituted aldehydes 

In order to analyze the possibilities of the proposed idea, we focused our 

initial efforts on the reaction with α-monosubstituted aldehydes, since 

more examples with these aldehydes had been described in the literature. 

To test the behaviour of vinyl sulfone 3 as Michael acceptor via enamine 

activation, we selected isovaleraldehyde 38 as a model substrate due to 

its low tendency to self-condensate, and CH2Cl2 as solvent, since 

chlorinated solvents (alongside with toluene) had proven to be the most 

effective for this type of processes. 

In the first part of the study, we searched for the best catalyst in terms of 

reactivity, choosing several typical proline-type catalysts (39a-e) and a 

high catalyst loading (40 mol%). However, reactions were usually 

extremely slow and in most of the cases a large amount of vinyl sulfone 3 

remained unaffected in the reaction crude (Scheme 3.14). 

 

Scheme 3.14. Screening of organocatalysts 39a-e for the conjugate addition of 

isovaleraldehyde to heteroaryl vinyl sulfone 3. 
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With catalysts 39a and 39b, we only detected traces of the Michael 

adduct 40 in the reaction crude. In the case of catalyst 39c, we did not 

observe the Michael adduct, but the addition of the catalyst through its 

free alcohol was produced instead. The trimethylsilylated prolinols 39d 

and 39e afforded more promising results, being the less hindered 

catalyst 39e the one which gave better levels of conversion.  

We used HPLC to determine the ee of the Michael adduct 40. However, 

the partial decomposition of the aldehyde in the HPLC columns, defined 

the convenience of making further chemical transformations in order to 

measure the ee. Traditional conditions for the reduction of aldehydes to 

alcohols such as NaBH4 in MeOH at 0ºC led to decomposition of aldehyde 

40, presumably because of the attack of the hydride to the electrophilic 

carbon of the tetrazole ring. The use of a more hindered reducing agent, 

such as DIBAL-H, at low temperature91 yielded the desired alcohol 41 

after 1 hour of reaction in 65% yield. Luckily, alcohol 41 demonstrated to 

be stable in HPLC columns and we could determine the ee which resulted 

to be 59%. The absolute configuration of the newly created stereogenic 

centre was initially assigned as (R), following the model established for 

this type of reactions.92 

Using catalyst 39e, we tested the effect of using different solvents and 

additives in order to improve the results in terms of enantioselectivity. 

The results are summarized in Table 3.1. For the sake of clarity, entry 1 

shows the best result obtained in the study gathered in Scheme 3.14. 

 

 

                                                           
91 M. B. Cid, G. Pattenden, Tetrahedron Lett. 2000, 41, 7373. 
92 M. Nielsen, D. Worgull, T. Zweifel, B. Gschwend, S. Bertelsen, K. A. Jørgensen, Chem. 

Commun. 2011, 47, 632. 
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Table 3.1. Screening of additives and solvents for the conjugate addition of 

isovaleraldehyde to heteroaryl vinyl sulfone 3. 

 

Entry Solvent 

Catalyst 

loading 

(mol%)  

Additive 

(mol%) 

Time 

(h) 

Yield  

(Step a) 

(%) 

ee 

(%) 

1 CH2Cl2 40 -- 24 49 59 
2 DMF 40 -- 1 61 71 
3 CH2Cl2 20 -- 120 a -- 
4 DMF 20 -- 24 44 71 
5 CH2Cl2 30 LiOAc (50) 12 70 26-89 
6 EtOH 30 LiOAc (50) 24 63 0 
7 CH2Cl2 30 TBAB (50) 16 39 68 
8 DMF 20 LiOAc (20) 24 b -- 
9 DMF 20 CsF (20) 8 18 0 

10 DMF 20 PhCO2H (20) 24 31 63 
11 DMF 20 TBAB (20) 16 40 75 

a Reaction was not completed, but we observed 40 in the crude along with other side products. 
b Conversion of 100 % in a complex reaction mixture from which we could not isolate 40. 

 

To improve efficiency and enantioselectivity, we tested several solvents 

(toluene, THF, CHCl3, CH3CN, THF/H2O). In all the cases, long reaction 

times were necessary to achieve complete conversion (48–72 h) and 

crude NMRs of the reactions were not clean. With DMF, and after just 1 h, 

we could isolate the aldehyde 40, although in moderate yield and ee 

(entry 2).   

Lower catalyst loading reduced yields when using both CH2Cl2 and DMF 

as solvents (entries 3 and 4). Because of the low conversions, we studied 

several additives. In the presence of LiOAc in CH2Cl2, we obtained the 

Michael adduct 40 in good yield with lower catalyst loading, but with 

variable ee’s. We performed the experiment shown in entry 5 three times, 

achieving ee values of 26, 60 and 89%, respectively. One of the possible 
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explanations for this variable ee could be the low solubility of LiOAc in 

CH2Cl2, which did not allow a homogeneous reaction medium. 

Unfortunately, the reaction using LiOAc in EtOH, in which LiOAc was 

completely soluble, proceeded without any stereoselection (entry 6). 

Other combinations of additives and solvents (entries 7-11) afforded the 

Michael adduct, but in low yields. A deep look into the crude reactions 

allowed the detection of free PT heterocycle, which could come from 

decomposition of either the product 40 or the vinyl sulfone 3. We 

obtained the best ee (75%) with DMF and TBAB93 as solvent and additive, 

respectively (entry 11). But when we applied the best conditions in terms 

of ee to other aldehydes, such as propionaldehyde (R = Me) and 

phenylacetaldehyde (R = Ph), the ee in both cases was null.  

We reasoned that the low enantioselectivity could be a consequence of 

the lack of strong interactions between the vinyl sulfone 3 and the 

catalyst. Due to the modest and irreproducible results obtained with α-

monosubstituted aldehydes, we decided to investigate the behaviour of 

the more challenging α,α-disubstituted aldehydes. 

  

                                                           
93 (a) S. Duce, M. Jorge, I. Alonso, J. L. García Ruano, M. B. Cid, Org. Biomol. Chem. 2011, 9, 
8253; (b) S. Duce, A. Mateo, I. Alonso, J. L. García Ruano, M. B. Cid, Chem. Commun. 2012, 
48, 5184. 
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C. Michael addition via enamine activation with α,α-

disubstituted aldehydes 

α,α-Disubstituted aldehydes provided better results than the α-

monosubstituted ones. According to the literature, this type of aldehydes 

provides better results when primary amines are used.94 Jacobsen’s 

thiourea 42a95 is one of the most common catalysts for reactions via 

enamine activation of substituted aldehydes. An initial analysis using 

catalyst 42a and the commercially available and 2-

phenylpropionaldehyde 43a as a model substrate, is summarized in 

Table 3.2. Under the same reaction conditions that had been optimized 

for this thiourea in a similar process using nitroalkenes as electrophiles96 

(CH2Cl2, 5 equiv of H2O) we obtained the Michael adduct 44a after 1 h in 

71% ee (entry 1).  

Table 3.2. Screening of solvents for the conjugate addition of 2-

phenylpropionaldehyde 43a to vinyl sulfone 3. 

 

Entry Solvent Time (h) Conv. (%) ee (%) 

1 CH2Cl2a 1 100 71 
2 Toluenea 1 100 68 
3 THF 24 100 19 
4 DMF 24 0 -- 
5 -- 1 100 60 
6 CH2Cl2 1 100 74 
7 CHCl3 1 100 78 

a with 5 equivalents of water 

                                                           
94 For a review of asymmetric catalysis with chiral primary amine-based organocatalysts, 
see: L. W. Xu, J. Luo, Chem. Commun. 2009, 45, 1807. 
95 D. E. Fuerst, E. N. Jacobsen, J. Am. Chem. Soc. 2005, 127, 8964. 
96 M. P. Lalonde, Y. Chen, E. N. Jacobsen, Angew. Chem. Int. Ed. 2006, 45, 6366. 
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We were glad to observe that aldehyde 44a was stable in the HPLC 

columns. This was an advantage, since aldehydes usually need to be 

derivatized to determine the ee using HPLC chiral columns, as it 

happened in the previous case with aldehyde 40. 

The reaction also proceeded smoothly in a non-polar solvent such as 

toluene (entry 2). However, polar solvents such as THF slowed down the 

reaction and provided low enantioselectivity (entry 3). The outcome was 

especially dramatic in the case of DMF, as the reaction did not take place 

at all (entry 4). Because of the large excess of aldehyde used, a neat 

reaction was also considered, however the ee was not improved (entry 

5). Observing that polar media did not seem to be suitable for the 

process, we used dry CH2Cl2 that slightly improved the ee (entry 6). 

Finally, CHCl3 demonstrated to be the best solvent for this reaction, giving 

a promising 78% ee. 

Using CHCl3 as solvent, we tested other primary amines as catalysts, such 

as aminoacids,97 squaramides98 or modified cinchona-type catalysts,99 

since they have proven to be suitable for the use of α,α-disubtituted 

aldehydes as nucleophiles.94 The results of this catalyst screening are 

depicted in Scheme 3.15. 

Aminoacids 42b and 42c were not soluble in CHCl3. For this reason, and 

in order to see if that family of catalysts could be suitable for the reaction, 

we used DMSO, since previous examples had demonstrated that this 

solvent had worked good well with aminoacids.100 Nevertheless, the ee 

was poor in both cases. Phenylmethylamine 42d did not afford any 

improvement; neither squaramide 42e, which only provided an 18% ee. 

                                                           
97 L. W. Xu, Y. Lu, Org. Biomol. Chem. 2008, 6, 2047. 
98 Y. Zhu, J. P. Malerich, V. H. Rawal, Angew. Chem. Int. Ed, 2010, 49, 153. 
99 (a) B. Valkuya, S. Varga, A. Csampái, T. Soós, Org. Lett. 2005, 7, 1967; (b) S. H. McCooey, 
S. J. Connon, Org. Lett. 2007, 9, 599. 
100 (a) A. Cordova, W. Zou, I. Ibrahem, E. Reyes, M. Engqvist, W. W. Liao, Chem. Commun. 
2005, 3586; (b) X. Wu, Z. Jiang, H.-M. Shen, Y. Lu, Adv. Synth. Catal. 2007, 349, 812. 
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However, a catalyst derived from cinchona alkaloids proved to be the 

best for this process, reaching a 95% ee and 91% yield when we utilized 

42g. Similar catalysts as 42f and 42h also afforded excellent ee. 

 

Scheme 3.15. Catalyst screening for the enantioselective Michael addition. 

In spite of the excellent yield and enantioselectivity, the need of a large 

excess of aldehyde was still a major issue, so we considered using 

additives in order to improve the reactivity. We performed experiments 
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for the optimization of the additive with catalysts 42g and 42f. These 

results are shown in Table 3.3. 

Table 3.3. Study of the use of additives. 

 

a isolated yield 

We tested acidic, neutral and basic additives, achieving the best result 

when we utilized benzoic acid. The use of acidic additives allowed 

decreasing the amount of aldehyde, as low as 5 equivalents when we 

employed p-nitrobenzoic acid as additive. Although the yield was lower 

in comparison with the initial conditions (from 91% to 76%) and the 

reaction time was longer (from 16 to 48 h), the ee remained the same. It 

is also worth mentioning that, despite the excess of aldehyde (5 

equivalents) needed for the process, it could be easily recovered by flash 

column chromatography and reused for later reactions. Furthermore, we 

scaled the reaction up to 500 mg of vinyl sulfone 3, affording in this case 

the final adduct 44a in 70% yield, maintaining both the reaction time (48 

h) and the ee (94%). Once we had optimized the Michael addition, we 

determined the scope of the reaction. The results are shown in Scheme 

3.16.  

Entry   
Aldehyde 

equiv 
Catalyst Additive 

Time 
(h) 

Conv 
(%) 

ee 

(%) 

1 30 42f ----- 16 100 92 
2 30 42g ----- 16 100 (91)a 95 
3 30 42f TFA 16 0 --- 
4 30 42f BzOH 16 100  96 
5 30 42f TBAB 16 100 92 
6 30 42g TBAB 16 100 95 
7 30 42f LiOAc 16 100 92 
8 10 42g BzOH 36 100 (74)a 96 
9 10 42g p-NO2-BzOH 16 100 96 

10 5 42g p-NO2-BzOH 48 100 (76)a 94 
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Scheme 3.16. Scope of the enantioselective Michael addition. 

Firstly, we varied the aryl group of the aldehyde. Groups with a different 

electronic nature (44b-d) provided similar results compared with the 

phenyl group in both yield (60-71%) and ee (86-93%). We also changed 

the position of the substituent from para to ortho, using a fluorine atom 

(44e). In this case, we observed a decrease of the reactivity, even though 

the ee was still excellent (92%). 
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We also tested some other aromatic substituents such as 2-naphthyl and 

2-thiophenyl (44f and 44g). Finally, we introduced aliphatic substituents 

instead of aromatic (44h and 44i). They proved to be suitable for the 

process, although, as in other organocatalytic examples,101 reactivity and 

enantioselectivity were significantly lower, with moderate yields and ee. 

When the substituent was a benzyl group, the results improved (44j). 

Finally, we changed the methyl group for an ethyl one. In this case, we 

needed longer reaction times and we obtained lower yields, although the 

ee was still good (44k). Unfortunately, these longer reaction times (120 

h) induced the formation of impurities that we could not eliminate, even 

after several purifications. As a consequence, we could not give an exact 

determination of the ee by HPLC, although it fell in a range between 75-

80%. 

  

                                                           
101 A. Lee, A. Michrowska, S. Sulzer-Mosse, B. List, Angew. Chem. Int. Ed. 2011, 50, 1707. 
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D. Formation of the double bond through the Julia-

Kocienski olefination 

Once we had obtained the Michael adducts, and demonstrated that the 

reaction was feasible for a large variety of substituents, we explored the 

viability of the Julia–Kocienski olefination on the obtained products. As 

we have commented in the previous pages, this transformation would 

allow the synthesis of double bonds, shaping a strategy of formal 

allylation of α-branched aldehydes. 

We performed the first experiments using typical Julia–Kocienski 

conditions.47 As electrophiles, we employed benzaldehyde 45a and 

propionaldehyde 45d. At -78ºC, with NaHMDS in a polar solvent such as 

DME, the reaction took place, although the yield was poor in both cases, 

affording products 46a and 46d in 48% and 15% yields, respectively. 

The E:Z selectivity, which was determined by analysis of the NMR spectra, 

was good for benzaldehyde 45a with a 10:1 ratio in favour of the E 

configuration, but poor with propionaldehyde 45d (2:1) (Scheme 3.17). 

 

Scheme 3.17. Julia-Kocienski reaction on the Michael adduct 44a. 

After these preliminary experiments, we envisioned protecting the 

carbonyl group of sulfone 44a in order to raise the yield. We formed the 

corresponding acetal 50, using ethylene glycol under refluxing benzene 

with p-toluenesulfonic acid as acidic catalyst in quantitative yield. With 

the protected aldehyde, the Julia-Kocienski olefination worked much 

better. After the olefination reaction with benzaldehyde 45a, we could 

easily hydrolyse the acetal to get product 46a, using HCl in THF at 50ºC, 
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raising the yield up to 76%. However, although in this case the E:Z 

selectivity was good (10:1) (Table 3.4, entry 1), when we performed the 

reaction with a bulkier aliphatic aldehyde such as isovaleraldehyde 45e, 

the E:Z selectivity in product 46e was still poor (4:1) (entry 3). The effect 

of the cation of the base in the Julia-Kocienski olefination has been 

studied, and bigger cations usually favour the formation of the E olefin.47 

For this reason, we used KHMDS as a base and obtained better selectivity 

for both substituents (Ph and iPr, entries 2 and 4 respectively). 

Table 3.4. Study of the base in the Julia-Kocienski olefination. 

 

Entry  R Base Product E:Z ratio Yield (%) 

1 Ph NaHMDS 46a 10:1 76 
2 Ph KHMDS 46e >10:1 73 
3 iPr NaHMDS 46a 4:1 53 
4 iPr KHMDS 46e 7:1 48 

 

Finally, we were able to carry out the whole process. We applied 

satisfactorily the easy protocol involving protection / Julia–Kocienski 

olefination / deprotection with only one final chromatography. For 

benzaldehyde, we achieved a final yield of 72% with a very high E:Z 

selectivity (> 10:1 for the E olefin).  

As in the case of the Michael addition, we determined the scope of the 

reaction by varying the electrophile. The results are shown in Scheme 

3.18.  
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Scheme 3.18. Scope of the Julia-Kocienski olefination. 

Aromatic aldehydes showed better reactivity than the aliphatic ones. In 

the case of aromatic aldehydes, we utilized p-nitrobenzaldehyde 45b and 

p-methoxybenzaldehyde 45c. The reaction proceeded well, regardless of 

the electronic nature of the aryl group. The more electrophilic p-

nitrobenzaldehyde afforded the highest yield (46b, 79%). The yield was a 

bit lower (46c, 60%) when we used p-methoxybenzaldehyde, but in both 

cases the E:Z selectivity was high. 

For the aliphatic aldehydes, both the yield and the E:Z selectivity were 

lower, probably due to the presence of acidic protons at the α-position. 

We selected propionaldehyde and isovaleraldehyde (products 46d and 

46e), obtaining moderate yields in these cases (45-48%) as well as 

moderate E:Z selectivities (7:1 and 8:1, respectively). Finally, employing a 

large excess of formaldehyde (30 equiv), and with the same reaction 

conditions, we obtained compound 46f (yield: 30%).  



 

111 

Chapter III 

Adduct 46f presented double interest. Firstly, compound 46f has been 

used in the preparation of a potential pharmaceutical agent for the 

treatment of depression and related disorders.102 It also allowed us to 

determine the absolute configuration of the created quaternary 

stereogenic centre, since the same compound had been described by the 

group of List.76  

According to the rotatory power values described in the literature, we 

assigned the configuration of the stereogenic centre as R. All the other 

compounds synthesized and described in this part of the Thesis were 

assigned by analogy. 

Finally, we checked that the enantiomeric purity of 46f remained the 

same after the whole process without erosion of the ee value, by 

comparing the HPLC data of the same compound reported by the group of 

List. We obtained the corresponding alcohol 47f after reduction with 

NaBH4 in EtOH at 0ºC as shown in Scheme 3.19. 

 

Scheme 3.19. Reduction of aldehyde 46f into its corresponding alcohol 47f. 

  

                                                           
102 R. P. Sonawane, V. Jheengut, C. Rabalakos, R. Larouche-Gauthier, H. K. Scott, V. K. 
Aggarwal, Angew. Chem. Int. Ed. 2011, 50, 3760. 
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E. Conclusions 

In conclusion, starting from the monoactivated heteroaryl vinyl sulfone 3, 

we have developed a new method for the enantioselective formal 

allylation of α,α-disubstituted aldehydes. The key steps used in this 

strategy were an organocatalyzed Michael addition via enamine 

activation to generate the stereogenic centre, and a Julia-Kocienski 

olefination to form the double bond. 

 

Scheme 3.20. Method for the enantioselective formal allylation of α,α-

disubstituted aldehydes. 

A primary amine derived from cinchona alkaloids proved to be the most 

suitable catalyst. The Michael addition allowed the enantioselective 

formation of the quaternary carbon centre at the α-position of the 

aldehyde. The subsequent intermolecular Julia-Kocienski olefination 

worked with both aliphatic and aromatic aldehydes, allowing the 

modular formation of a variety of compounds from one common 

substrate. This reaction afforded much higher yields when the aldehyde 

was protected (Scheme 3.20). 

The whole strategy represents a new flexible organocatalytic alternative 

for the preparation of a variety of allylated aldehydes, bearing carbon 

quaternary centres with R3 ≠ H, which are interesting building blocks in 



 

113 

Chapter III 

the synthesis of biologically important molecules.77 

Moreover, this was the first report in which a monosubstituted vinyl 

sulfone was able to undergo Michael addition via enamine activation.  

A proof of the potential of the highly reactive heteroaryl vinyl sulfone 3 is 

that it is now commercially available and it has been used in other 

enantioselective process described by other research groups.   

For example, the group of Namboothiri has utilized vinyl sulfone 3 as 

electrophile using nitrophosphonates as nucleophiles catalysed by a 

quinine-squaramide-type catalyst.103  

Along these lines, the group of Ooi has used different β-substituted vinyl 

sulfones with a PT ring as heterocycle for the α-allylation of nitroalkanes 

through a chiral iminophosphorane-catalyzed Michael reaction / Julia–

Kocienski olefination sequence.104 

Finally, very recently the group of Mukherjee has described the use of 

vinyl sulfone 3 as electrophile for the catalytic asymmetric formal γ-

allylation of deconjugated butenolides with a thiourea-type catalyst.105

                                                           
103 K. Bera, I. N. N. Namboothiri, Adv. Synth. Catal. 2013, 355, 1265. 
104 D. Uraguchi, S. Nakamura, H. Sasaki, Y. Konakade, T. Ooi, Chem. Commun. 2014, 50, 
3491. 
105 A. K. Simland, S. Mukherjee, Org. Biomol. Chem. 2016, in press (DOI: 
10.1039/C5OB02362A). 
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A. Introduction and background  

Six-membered ring structures are widespread in natural and synthetic 

products. Consequently, new approaches for their preparation are 

constantly emerging. The use of organocatalytic strategies for the 

stereoselective synthesis of these structures has grown in the last few 

years, for both cyclohexane106 and cyclohexene107 derivatives. 

Particularly, chiral cyclohexyl and cyclohexenyl amine moieties are 

valuable building blocks present in a wide variety of natural and non-

natural compounds of interest. A rapid direct access to this class of 

compounds would be an asymmetric [4 + 2] cycloaddition between a 

diene and a nitroalkene, followed by the reduction of the nitro group 

(Scheme 4.1).108 

 

Scheme 4.1. Rapid direct access to cyclohexenyl amines 

Nevertheless, the existing examples of Diels−Alder reactions of non-

activated dienes with nitroalkenes required harsh conditions.109 In 1987, 

the group of Ono described the use of substituted nitroalkenes as 

                                                           
106 For recent selected examples on the synthesis of cyclohexane derivatives: (a) Y. 
Hayashi, T. Okano, S. Aratake, D. Hazelard, Angew. Chem. Int. Ed. 2007, 46, 4922; (b) L. Y. 
Wu, G. Bencivenni, M. Mancinelli, A. Mazzanti, G. Bartoli, P. Melchiorre, Angew. Chem. Int. 

Ed. 2009, 48, 7196; (c) W. J. Nodes, D. R. Nutt, A. M. Chippindale, A. J. A Cobb, J. Am. Chem. 

Soc. 2009, 131, 16016; (d) D. Enders, G. Urbanietz, E. Cassens-Sasse, S. Keeß, G. Raabe, 
Adv. Synth. Catal. 2012, 354, 1481. 
107 For some examples on the synthesis of cyclohexene derivatives: (a) Z. J. Jia, Q. Zhou, Q. 
Q. Zhou, P. Q. Chen, Y. Chun Chen, Angew. Chem. Int. Ed. 2011, 50, 8638; (b) C. B. Hong, R. 
H. Jan, C. W. Tsai, R. Y. Nimje, J. H. Liao, G. H. Lee, Org. Lett. 2009, 11, 5246. 
108 N. Ono, The Nitro Group in Organic Synthesis; John Wiley & Sons: Chichester, UK, 2000; 
Chapter 8. 
109 (a) E. J. Corey, H. Estreicher, J. Am. Chem. Soc. 1978, 100, 6294; (b) S. Danishefsky, F. M. 
Hershenson, J. Org. Chem. 1979, 44, 1180; (c) D. Seebach, E. W. Colvin, F. Lehr, T. Weller, 
Chimia 1979, 33, 1; (d) D. Ranganathan, C. B. Rao, S. Ranganathan, A. K. Mehrotra, R. 
Iyengar, J. Org. Chem. 1980, 45, 1185; (e) P. A. Grieco, K. Yoshida, P. Gartner, J. Org. Chem. 
1983, 48, 3137; (f) P. A. Grieco, R. E. Zelle, R. Lis, J. Finn, J. Am. Chem. Soc. 1983, 105, 1403; 
(g) M. J. Kurth, M. J. O’Brien, H. Hope, M. Yanock, J. Org. Chem, 1985, 50, 2626. 
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dienophiles.110 Although the nitro group controlled the regiochemistry of 

the process, the reactivity and yields when the nitroalkene presented 

aliphatic substituent were only moderate, even with activated dienes 

(Scheme 4.2). 

 

Scheme 4.2. Direct Diels-Alder reaction with aliphatic nitroalkenes. 

As a consequence of the above-mentioned problem, although many 

examples of enantioselective organocatalytic Diels−Alder reactions 

have been described,111 the use of nitro alkenes as dienophiles to 

construct cyclohexenes containing the nitro moiety in their structure has 

been scarcely explored. In spite of the difficulty to directly obtain 

enantiopure nitrocyclohexenes, some very valuable enantioselective 

organocatalytic strategies have been described for this purpose. A 

summary of the several existing approaches are shown below. 

  

                                                           
110 N. Ono, H. Mikaye, A. Kamimura, A. Kaji, J. Chem. Soc. Perkin Trans. 1, 1987, 1929. 
111 Reviews on organocatalytic Diels−Alder reactions: (a) P. Merino, E. Marqués-López, T. 

Tejero, R. P. Herrera, Synthesis 2010, 1; (b) A. Moyano, R. Ríos, Chem. Rev. 2011, 111, 

4703. 
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1. Michael-Aldol strategies 

All the strategies based on this idea were described by the group of 

Enders. The first published strategy for the construction of chiral 

nitrocyclohexenes using organocatalysis was an impressive one-pot 

double Michael-aldol strategy. In 2006 they were able to prepare highly 

functionalized cyclohexenes through a triple cascade process controlling 

both enantio- and diastereoselectivity (Scheme 4.3).112 The condensation 

of the aldehyde with the catalyst forms an enamine which allows the first 

Michael addition (a) to the nitroalkene. Then, the catalyst is released and 

condenses with the enal to form an iminium ion, which is attacked by the 

nitronate of the previously formed Michael adduct (b). On the next step, 

the enamine gives an intramolecular aldol condensation (c). Finally, the 

catalyst is liberated after hydrolysis of the formed iminium ion and the 

final cyclohexene is obtained after elimination of a molecule of water, 

creating the double bond (d). 

                                                           
112 M. R. M. Huttl, C. Grondal, G. Raabe, D. Enders, Nature 2006, 441, 861. 
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Scheme 4.3. Enders’ strategy for the construction of enantiopure 

nitrocyclohexenes. 

One year later, this group followed the same idea, and used γ-

nitroketones and enals to construct cyclohexenes through a one-pot 

Michael-aldol process with excellent enantioselectivities (Scheme 4.4).113 

This approach gave access to a different substitution pattern. 

                                                           
113 A. A. Narine, T. R. Benninghaus, G. Raabe, D. Enders, Synlett 2007, 1667. 
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Scheme 4.4. Enders’ Michael-aldol strategy with γ-nitroketones and enals. 

A final modification, based on the one-pot double Michael-aldol 

methodology, was also described by the same group.114 This consisted of 

an elegant process that used a starting aliphatic aldehyde twice, firstly as 

a nucleophile and then as an electrophile. The corresponding enamine 

was the key intermediate, which was also in situ oxidized to give an α,β-

unsaturated iminium to afford the second Michael addition (Scheme 4.5). 

The final aldol reaction completed the catalytic cycle. As in the previous 

examples, the enantioselectivity was very good.  

 

                                                           
114 X. Zeng, N. Qijian, G. Raabe, D. Enders, Angew. Chem. Int. Ed. 2013, 52, 2977. 
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Scheme 4.5. Enders one-pot double Michael-aldol methodology in the synthesis 

of nitrocyclohexenes. 

 

2. Michael-Horner-Wadsworth-Emmons strategies 

The group of Hayashi was the first one using a Michael addition – Horner-

Wadsworth-Emmons (HWE) olefination approach to synthesize 

enantiopure cyclohexenes. Applying this methodology, they prepared 

Tamiflu, a very well-known drug for the treatment of influenza (Scheme 

4.6). For that purpose, they used an appropriately substituted aldehyde 

and a nitroalkene that underwent the asymmetric Michael addition via 

enamine activation. The corresponding Michael adduct reacted with the 

substituted vinyl phosphonate to provide the key cyclic intermediate as a 

5:1 mixture of diastereomers in a one-pot synthetic operation.115 To 

complete the synthesis, they carried out further transformations that 

included the use of sodium azide, a dangerous reactant when it is utilized 

in large scale processes, to transform the ester into an amide through a 

                                                           
115 H. Ishikawa, T. Suzuki, Y. Hayashi, Angew. Chem. Int. Ed. 2009, 48, 1304. 
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Curtius rearrangement. 

 

Scheme 4.6. Hayashi’s strategy to construct a nitrocyclohexene for the synthesis 

of Tamiflu. 

In successive papers, they made an effort to improve the efficiency of the 

synthesis, although they kept using the Michael addition-HWE olefination 

for the formation of the cyclohexene, with very minor changes.116 They 

also described the synthesis of a Tamiflu derivative, ABT-341, using the 

same methodology for the Michael addition-HWE olefination.117 

In 2010, the group of Lu utilized the same strategy, but including small 

modifications, both in the structure of the nucleophile and in the reaction 

conditions.118 They employed as a Michael donor a substrate that 

contained the final amide moiety of Tamiflu. This was an interesting 

progress since, as we mentioned above, the previous syntheses required 

the use of sodium azide. In this case, the dr achieved in the cyclohexene 

was low (3:2 for the major enantiomer). For the aim of clarity, only the 

final Michael-HWE reaction is shown in Scheme 4.7. 

                                                           
116 H. Ishikawa, T. Suzuki, H. Orita, T. Uchimaru, Y. Hayashi, Chem. Eur. J. 2010, 16, 12616. 
117 H. Ishikawa, M. Honma, Y. Hayashi, Angew. Chem. Int. Ed. 2011, 50, 2824. 
118 J. Weng, Y. B. Li, R. B. Wang, F. Q. Li, C.Liu, S. C. Albert, G. Lu, J. Org. Chem. 2010, 75, 
3125. 
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Scheme 4.7. Lu’s modification for the synthesis of Tamiflu. 

 

3. Diels-Alder strategies 

To our knowledge, only two strategies for the organocatalytic synthesis 

of enantiopure nitrocyclohexenes through a Diels-Alder reaction have 

been described in the literature. The first example was published in 2011 

by the group of Deng.119 Using a silylated derivative of a cinchona alkaloid 

as catalyst, the nitrocyclohexene ring was prepared in good yield and 

excellent enantioselectivity. However, this methodology was limited 

exclusively to 3-hydroxy-2-pyrones and aliphatic nitroalkenes, offering 

low structural variety (Scheme 4.8).  

 

Scheme 4.8. Organocatalytic Diels-Alder reaction with 3-hydroxy-2-pyrones 

described by Deng. 

 

The use of the novel trienamine activation120 has also been used as 

strategy for the construction of cyclohexenes through a Diels-Alder 

                                                           
119 K. J. Bartelson, R. P. Singh, B. M. Foxman, L. Deng, Chem. Sci. 2011, 2, 1940. 
120 (a) Z. J. Jia, H. Jiang, J. L. Li, B. Gschwend, Q. Z. Li, X. Yin, J. Grouleff, Y. Chun Chen, K. A. 
Jørgensen, J. Am. Chem. Soc. 2011, 133, 5053; for a review, see: (b) I. Kumar, P. Ramaraju, 
N. A. Mir, Org. Biomol. Chem. 2013, 11, 709. 
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reaction. The group of Chun Chen described a methodology implying 

these substrates to synthesize cyclohexenes (Scheme 4.9).121 In this case, 

a large number of aromatic nitroalkenes were used but only two 

examples of aliphatic nitroalkenes were described in the article. 

  

Scheme 4.9. Organocatalytic Diels-Alder reaction via trienamine activation 

described by Chun Chen. 

As we have seen, different ideas and organocatalytic strategies have been 

developed for the synthesis of enantiopure nitrocyclohexenes. However, 

all these strategies have in common one limitation. The presence of an 

electron withdrawing group at different positions was essential for the 

processes to occur and it remained unavoidably in the molecule at the 

end of the reaction (see Scheme 4.10). Although in some cases, the 

presence of these moieties in the molecule was important (as in the case 

of Tamiflu and their derivatives, which contain an ethyl ester in the final 

structure), in some other cases it might not be necessary for subsequent 

transformations. 

                                                           
121 Z. J. Jia, Q. Zhou, Q. Q. Zhou, P. Q. Chen, Y. Chun Chen, Angew. Chem. Int. Ed. 2011, 50, 
8638.  
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Scheme 4.10. Described cyclohexenes with EWG groups in the structure. 

We reasoned that the synthesis of enantiopure nitrocyclohexenes could 

be feasible through an asymmetric Michael addition and subsequent 

intramolecular Julia-Kocienski olefination (Scheme 4.11). The obtained 

compounds would be equivalent to the adducts resulting from the 

already mentioned Diels-Alder reaction. 

 

Scheme 4.11. Retrosynthetic analysis for the synthesis of nitrocyclohexenes 

with a double Michael / intramolecular Julia-Kocienski olefination. 
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As we can see in Scheme 4.11, the intramolecular Julia-Kocienski 

olefination would generate the double bond and the cyclohexene 

framework. We could obtain this precursor through a double Michael 

addition, one of them being asymmetric, in order to create one of the 

stereogenic centres. Our experience with the cyclization of other 

nitroalkanes122 and related compounds,93 is that the stereogenic centre at 

the carbon bearing the nitro group evolved towards the most stable 

isomer in the cyclic form, due to the high acidity of the proton at this 

position.  

To form the Julia-Kocienski olefination precursor, two options are 

possible:  

- In route A, the stereogenic centre would be formed through a Michael 

addition of nitromethane to the enal via iminium activation. This reaction 

has been described several years ago.123 A subsequent Michael addition 

to the vinyl sulfone would form the desired precursor. 

- In route B, the addition of nitromethane would be carried out on the 

vinyl sulfone. This reaction has been studied by us in the Chapter II of this 

Doctoral Thesis. Then, the formed nucleophile would give the asymmetric 

Michael addition to the enal, forming the key stereogenic centre 

containing the R substituent. 

The present approach might be complementary to all the strategies 

previously described. On one side, the final cyclohexene would not 

contain substituents at the double bond, eliminating also the presence of 

the carbonyl moiety in the final structure. As we have seen in the 

                                                           
122 J. L. García-Ruano, T. de Haro, R. Singh, M. B. Cid, J. Org. Chem. 2008, 73, 1150. 
123 Some selected examples are: (a) L. Hojabri, A. Hartikka, F. M. Moghaddam, P. I. 
Arvidsson, Adv. Synth. Catal. 2007, 349, 740; (b) A. Landa, A. Mielgo, M. Oiarbide, A. 
Puente, S. Vera, C. Palomo, Angew. Chem. Int. Ed. 2007, 46, 8431; (c) H. Gotoh, H. Ishikawa, 
Y. Hayashi, Org. Lett. 2007, 9, 5307; (d) L. Zu, H. Xie, H. Li, J. Wang, W. Wang, Adv. Synth. 

Catal. 2007, 349, 2660; (e) Y. Wang, P. Li, X. Liang, T. Y.Zhang, J. Ye, Chem. Commun. 2008, 
44, 1232. 
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previous pages, in all the published methodologies the presence of a 

carbonyl group was mandatory, directly attached at the double bond in 

most cases, so that the process could take place. On the other side, a large 

variety of R substituents, including the aliphatic ones, which are difficult 

to obtain via direct Diels-Alder reaction,110 would be easily accessible. 

If we look deeply into the strategy, both routes are, in principle, feasible, 

although both of them would present challenging steps: 

- In Route A, the Michael addition to the vinyl sulfone could be 

problematic. As we showed in the Chapter II of this Doctoral Thesis, the 

high reactivity of the vinyl sulfone 3 could lead to the double Michael 

product or give self-condensation, depending on the reaction conditions, 

yielding non-desired products. These possibilities are depicted in Scheme 

4.12. 

  

Scheme 4.12. Possible products from route A. 

- In route B, we would use compound 8b as nucleophile (See Scheme 2.6, 

page 34), a substituted and functionalized nitroalkane with a second 

nucleophilic unit. It is important to note that, to the best of our 

knowledge, only two examples of asymmetric Michael addition to enals 

with functionalized nitroalkanes had been described in the literature. 

These examples are depicted below (Schemes 4.13 and 4.14). 

The group of Jørgensen used a symmetric nucleophile to form 

dinitrocyclohexanes with five stereocentres through a Michael addition-
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Henry reaction in a stereoselective manner in good yields and 

enantioselectivities.124 It is important to point out that they described this 

reaction only for aliphatic enals. On the same way, the R2 in the 

nucleophile presented only aromatic substituents (Scheme 4.13). 

 

Scheme 4.13. Jørgensen’s example with a functionalized nitroalkane in the 

formation of dinitrocyclohexanes with five stereocentres. 

The group of Palomo described the Michael addition of β-nitroethyl 

sulfones and β-nitroethyl esters to obtain γ-subtituted vinyl sulfones and 

crotonates.125 After the Michael addition, they protected the aldehyde in 

order to eliminate the nitro group under basic conditions (Scheme 4.14). 

They also described the final removal of the phenylsulfone using Mg and 

TMSCl to synthesize the terminal alkene.126 

 

Scheme 4.14. Use of β-nitroethyl sulfones and β-nitroethyl esters to obtain γ-

subtituted vinyl sulfones and crotonates. 

                                                           
124 E. Reyes, H. Jiang, A. Milelli, P. Elsner, R. G. Hazell, K. A. Jørgensen, Angew, Chem. Int. Ed. 
2007, 46, 9202. 
125 R. López, M. Zalacaín, C. Palomo, Chem. Eur. J. 2011, 17, 2450. 
126 C. Gianelli, R. López, A. Puente, M. Zalacaín, C. Palomo, Eur J. Org. Chem. 2012, 2774. 



 

130 

Chapter IV 

The formation of six-membered rings through an intramolecular Julia-

Kocienski olefination has only been studied on one substrate,27 bearing 

gem-dimethyl groups, which favour the cyclization process because of the 

Thorpe-Ingold effect.127 Furthermore, as we explained in the Chapter I of 

this Doctoral Thesis, the PT sulfone has never been used for an 

intramolecular Julia-Kocienski olefination. 

On the same way, taking into account that most of the reactions proceed 

through the formation of anions, the chance of carrying out the process in 

a one-pot operation cannot be ruled out in any of the routes. 

  

                                                           
127 (a) R. M. Beesley, C. K. Ingold, J. F. Thorpe, J. Chem. Soc. Trans. 1915, 107, 1080; for a 
review, see: (b) M. E. Jung, G. Piizzi, Chem. Rev. 2005, 105, 1735. 
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B. Preliminary studies: assessment of routes A and B 

In order to evaluate the possibilities of the two routes, we carried out 

some preliminary experiments, which will be shown below. 

As it was shown in the introduction of this chapter, proline-type catalysts 

had proven to be the most effective when nitromethane or 

nitroalkanes123, 124, 125, 126 were used as nucleophiles for the Michael 

addition to enals. Therefore, we mixed all the components 

(crotonaldehyde 48b as enal, vinyl sulfone 3 and nitromethane) in CH2Cl2 

with a proline-type organocatalyst. After 3 days, we only observed the 

addition of nitromethane to the enal, affording compound 49b. However, 

neither starting vinyl sulfone 3 nor the addition product of 49b to the 

vinyl sulfone 3 was present in the reaction crude (Scheme 4.15). 

 

Scheme 4.15. Preliminary reaction with an enal, vinyl sulfone 3, nitromethane 

and a proline-type catalyst. 

After this result, we decided to isolate compound 49b, and we tried the 

Michael addition with the isolated compound 49b to the vinyl sulfone 3 

separately. Unfortunately, when we mixed the nitrocompound 49b with 

the vinyl sulfone 3 using TBAF as base, we did not obtain the desired 

adduct. The vinyl sulfone 3 seemed to decompose and the starting 

nitrocompound 49b remained intact in the reaction crude.  
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Scheme 4.16. No reaction between nitrocompound 49b and vinyl sulfone 3. 

Route B was more promising. As we showed in the Chapter II of this 

Doctoral Thesis, pro-bis(nucleophile) 8b was easily accessible using 

NaOH as a base and nitromethane as solvent (Scheme 2.6, page 34). 

When we mixed 8b with a large amount of crotonaldehyde 48b (10 

equiv) and the proline-type organocatalyst (20 mol%) in CH2Cl2, we 

observed that the Michael addition proceeded smoothly to afford 52b in 

a clean reaction crude. As desired, the Michael addition occurred 

exclusively through the carbon bearing the nitro moiety (Scheme 4.17). 

 

Scheme 4.17. Successful reaction between 48b and nitrocompound 8b. 

With these preliminary results, we considered that route B was the most 

promising one, so we decided to drive the research on this direction.   
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C. Michael addition via iminium activation 

Before studying the Michael addition, the synthesis of the pro-

bis(nucleophile) 8b had to be scaled up. Only a longer reaction time (3 

hours) was needed to obtain 8b in a gram scale using the conditions 

optimized in the Chapter II of the present Thesis (NaOH as a base in 

MeNO2 as solvent, Scheme 2.6, page 34). 

According to our previous experience, the optimal conditions for aliphatic 

and aromatic enals are different from each other.93 As we have observed, 

the aliphatic enals are less reactive than the aromatic ones, whereas the 

aromatic enals offer problems of reversibility, leading easily to a decrease 

of the ee with time.  

The results obtained for the aliphatic enals are summarized in Table 4.1. 

To check the viability of the reaction in enantioselectivity terms, we 

selected up to five proline-type catalysts (51a-f) using CH2Cl2 as solvent. 

We chose trans-2-hexenal 48a (R = Pr) as a model electrophile. Due to 

the instability of the resulting aldehyde in the HPLC columns, the 

enantiomeric excesses were determined on the cyclic acetal obtained 

from the reaction between the Michael adduct and 1,2-ethanediol (See 

experimental part).  

We obtained the best result with catalyst 51a, which afforded the Michael 

adduct 52a in 69% yield and a promising 44% ee (entry 1). 

Unfortunately, the catalysts that had proven to be more effective for this 

type of transformations in the bibliography (catalysts 51d and 51e, 

entries 4 and 5), did not seem to be reactive enough. In the case of 

catalyst 51e, not even traces of the desired product were observed in the 

reaction crude, leaving nucleophile 8b unaffected. 
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Table 4.1. Catalyst screening for the Michael addition via iminium activation. 

 

a isolated yield 

Based on our previous experience, we considered that the use of TBAB as 

additive93 could be a good option to improve the yield of the reaction with 

the aliphatic enals. In fact, catalysts 51b,d,e which turned out to be 

sluggish in the absence of TBAB (entries 1, 4 and 5), afforded full 

conversions (entries 6 to 9). We obtained the highest ee (86%) with 

catalyst 51e (entry 7). Catalyst 51f, bearing the bulkier OTBDMS group 

did not afford complete conversion after 48 h (entry 9). 

In all the cases we obtained adduct 52a as a mixture of diastereomers, 

with a 62:38 ratio in the particular case of the catalyst 51e. The rest of 

the catalysts afforded similar values. Nevertheless, as it was mentioned 

Entry  Catalyst Additive Time (h) Conv. (%) ee (%) 

1 51a ---- 24 100 (69)a 44 

2 51b ---- 72 23 n.d. 

3 51c ---- 24 90 -41 

4 51d ---- 24 68 n.d 

5 51e ---- 120 0 n.d 

6 51b TBAB 48 100 (68)a 80 

7 51d TBAB 24 100 (68)a 79 

8 51e TBAB 48 100 (69)a 86 

9 51f TBAB 48 66 n.d. 
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above (see Scheme 4.11), the diastereoselectivity at this point lacked of 

importance as we expected epimerization towards the most stable 

isomer after cyclization.  

Once we had achieved a good yield and ee, and based on our previous 

experience with this type of reactions93,128 we made some modifications 

in order to further improve the results. Firstly, we considered EtOH as a 

suitable solvent for the process.129 Secondly, we reduced the catalyst 

loading and tested an acidic and a basic additive (Table 4.2). 

Table 4.2. Screening of conditions for Michael addition via iminium activation. 

 

a 2 equiv of aldehyde were used. b isolated yield 

The reduction of the amount of catalyst until 20 mol% slowed down the 

reaction: we did not observe completion after 48 h (entry 1). The reaction 

also became slower when using EtOH due to the very low solubility of 

nucleophile 8b in this medium. Trying to take advantage of the proven 

beneficial effect of EtOH,129 we tried different mixtures of CH2Cl2 and 

EtOH (entries 2 and 3). A CH2Cl2 : EtOH = 1:1 mixture raised both ee and 
                                                           
128 M. B. Cid, S. Duce, S. Morales, E. Rodrigo, J. L. García Ruano, Org. Lett. 2010, 12, 3586. 
129 Sara Duce Igeño (2014): ‘Arylacetic acid derivatives as nucleophiles in iminium ion 

activation catalysis, Synthetic applications and mechanistic insights’ (PhD dissertation) 
Universidad Autónoma de Madrid, Spain 

Entry  Solvent Additive 
Time 

(h) 

Conv. 

(%) 

ee  

(%) 

1 CH2Cl2 TBAB (1 equiv) 48 86 --- 

2 CH2Cl2 / EtOH (1:4) TBAB (1 equiv) 96 82 --- 

3 CH2Cl2 / EtOH (1:1) TBAB (1 equiv) 48 100 (95)b 90 

4 CH2Cl2 / EtOH (1:1) TBAB (1 equiv) 24 83 --- 

5a CH2Cl2 / EtOH (1:1) TBAB (1 equiv) 48 71 --- 

6 CH2Cl2 / EtOH (1:1) Ph-CO2H (20 mol%) 48 46 --- 

7 CH2Cl2 / EtOH (1:1) LiOAc (20 mol%) 48 100 (88)b 89 
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yield (entry 3). However, even under these conditions, the reaction 

needed long times to be completed, since after 24 h the reaction had not 

finished (entry 4). We also tried to reduce the amount of aldehyde, but 

the reaction was very slow (entry 5). Finally, neither the acidic nor the 

basic additive offered any improvement (entries 6 and 7), although in the 

case of LiOAc the results were very similar than in the case of TBAB 

(entries 3 and 7). 

In order to work in the later intramolecular Julia-Kocienski olefination, 

we scaled the reaction up to 1 gram of pro-bis(nucleophile) 8b using 

conditions of Table 4.2, entry 3. We did not observe variation either of 

yield or enantiomeric excess in this scaled-up process. 

In the case of the aromatic enals, the previously optimized conditions 

for the aliphatic enals were not valid. Firstly, when the Michael reaction 

was carried out using the best conditions obtained so far (1 equivalent of 

TBAB), we observed that the ee decreased with time. This is a 

consequence of the reversibility of the reaction, a behaviour observed 

when aromatic enals take part in Michael additions via iminium 

activation.93a, 128, 130 

In this case, the use of LiOAc as additive could solve partially the problem 

(Scheme 4.18). With enal 48h, we left the reaction for 4 days until it was 

completed, achieving a good yield (89%), but a moderate ee (56%). 

Stopping the reaction at a shorter time (4 h) the ee raised up to 89%, 

although the yield was lower (55%) due to incomplete conversion. 

 

                                                           
130 W. S. Seung, G. M. Sung, Tetrahedron Lett. 2012, 53, 2809. 
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Scheme 4.18. Results with aromatic enals as electrophiles. 
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D. Studies towards the intramolecular Julia-Kocienski 

olefination 

As we mentioned in the introduction, the PT sulfone had never been used 

as heteroaryl sulfone for an intramolecular Julia-Kocienski olefination 

reaction. Furthermore, the fact that the molecule presented two acidic 

positions offers some extra difficulties. Therefore, we always carried out 

the reaction with an excess of base.  

The optimization study for aliphatic substituents is summarized in 

Table 4.3. We evaluated three different conditions that had demonstrated 

to work for the Julia-Kocienski olefination. The combination of KHMDS in 

DME, which turned out to be effective in the substrates described in the 

Chapter II of this Doctoral Thesis, led to decomposition of the aldehyde 

52a (entry 1). Alternatively, the use of Cs2CO3 in a THF/DMF mixture at 

70ºC afforded the desired cyclohexene 53a as a 71:29 mixture of 

diastereomers in a moderate 57% yield (entry 2). DBU in CH3CN, a 

stronger and more soluble base, also furnished the cyclohexene with 

similar results in terms of yield and diasteroselectivity than Cs2CO3 in 

THF/DMF, but in shorter reaction times (entry 3).  
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Table 4.3. Optimization study of the intramolecular Julia-Kocienski olefination. 

 

a quenching temperature 

Although the ratio of diastereomers of the starting precursor 52a was not 

very high (62:38), we expected that the acidity of the α-protons of the 

nitro group could favour the epimerization towards the most stable trans 

isomer after the cyclization.122 Nevertheless, the diastereomeric ratio of 

the nitrocyclohexene was rather low (71:29 in the best of the cases). 

In order to improve the dr, we carried out some variations in the 

temperature (entries 4 and 5). We were glad to observe that a decrease in 

the temperature favoured the formation of one of the diastereomers, 

achieving a 91:9 ratio when the reaction was performed at –40ºC (entry 

5). This was almost the lowest temperature that could be reached, since 

the melting point of CH3CN is –45ºC. Unfortunately, this decrease in the 

temperature also led to a decrease of the yield (29%). 

As the cyclization reaction occurred at room temperature in a reasonable 

51% yield (entry 3) we decided to perform the cyclization at room 

temperature, but with the intention to increase the diastereoselectivity 

quenching the reaction at –40ºC. Under these conditions we could obtain 

Entry   Solvent Base 
Base 

equiv 
Temp. 

Time 

(min) 

Yield 

(%) 

dr  

(%) 

1 DME KHMDS 2 –78ºC 15 --- --- 

2 
THF/DMF 

(3:1) 
Cs2CO3 3 70ºC 120 57 71:29 

3 CH3CN DBU 2 rt 30 51 69:31 
4 CH3CN DBU 2 0ºC 30 51 74:26 
5 CH3CN DBU 2 –40ºC 30 29 91:9 

6 CH3CN DBU 2 
rt 

(–40ºC)a 30 51 91:9 

7 
a) THF/DMF 

(3:1) 
b) CH3CN 

a) Cs2CO3 
b) DBU 

a) 3 
b) 1 

a) 70ºC 
b) –40ºC 

a) 120 
b) 15 

57 91:9 
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the nitrocyclohexene 53a with the same yield (51%) and as a 91:9 ratio 

of diastereomers (entry 6). 

As the dr could be modified and improved after the Julia-Kocienski 

olefination had occurred, we performed the cyclization under conditions 

of entry 2 and once the cyclohexene had been isolated, we dissolved it in 

CH3CN and treated with DBU. Following this two-step protocol, we 

obtained compound 53a in higher yield (entry 7). Other attempts to 

epimerize the formed 53a in different solvents at lower temperatures, 

such as CH2Cl2 at –78ºC, did not provide better diastereoselectivities.  

We also performed a study between intermolecular and intramolecular 

Julia-Kocienski olefination with the aliphatic substituent. Firstly, we 

carried out the intermolecular Julia-Kocienski olefination after protection 

of the aldehyde to form its derived ethylene acetal. We next used 

benzaldehyde as electrophile, yielding the corresponding olefin 54 (63% 

for both steps, Scheme 4.19).  

 

Scheme 4.19. Intermolecular Julia-Kocienski olefination. 

After that, we demonstrated that the intramolecular process was more 

favoured than the intermolecular one, by mixing adduct 52a with 

benzaldehyde and adding DBU to the reaction mixture. We only observed 

the cyclohexene 53a in the crude, with no evidence of the product 

derived from intermolecular olefination (Scheme 4.20). 
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Scheme 4.20. Intermolecular vs intramolecular Julia-Kocienski olefination. 

For aromatic substituents, as in the case of the Michael addition, we had 

to make some changes in the reaction conditions. When we performed 

the Julia-Kocienski olefination using the optimal conditions for the 

aliphatic substituents (70ºC, with Cs2CO3 in THF/DMF), we did not obtain 

the desired cyclohexene. Instead, a biaryl compound was the major 

product of the reaction (Scheme 4.21). This could be explained by the 

elimination of the nitro group and subsequent aromatization of the 

resulting diene. Indeed, the nitro group seemed to be rather labile in all 

the synthesized cyclohexenes. As it can be seen in the experimental 

section, when the mass spectra of these compounds were recorded, in 

most cases we could not observe the molecular peak, or its intensity was 

very low. The base peak was normally the corresponding to the resulting 

product of the loss of the nitro moiety.  

 

Scheme 4.21. Formation of a non-desired biaryl product. 

We could solve this issue by performing the reaction at 0ºC using DBU in 

CH3CN. As in the case of the aliphatic substituents, the quenching of the 

reaction at lower temperatures provided better diastereoselectivities. 

Following the protocol shown in Scheme 4.22, we isolated compound 

53h in 52% yield as an 85:15 mixture of diastereomers.   
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Scheme 4.22. Successful intramolecular Julia-Kocienski olefination with 

aromatic substituents at the cyclohexene. 
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E. Scope of the reaction 

Once both Michael addition and Julia-Kocienski olefination had been 

optimized, we focused on widening the substrate scope. The results are 

summarized below in Schemes 4.23 and 4.25 (for aliphatic and aromatic 

enals, respectively). 

Firstly, we used different aliphatic enals as electrophiles in the Michael 

addition via iminium activation. These enals did not present any problem 

in the Michael addition, affording good yields in all the cases. Different 

functional groups were introduced at some of the side chains, such as 

double bonds (53e) and an acetal moiety (53g), that were tolerated 

under the reaction conditions. 

The intramolecular Julia-Kocienski olefination, except for compound 53b 

(R = Me), also worked well for all the substituents tested. In the particular 

case of 53b, the final cyclohexene showed instability and decomposed 

relatively fast with time or when it was subjected to higher temperatures. 

For this reason, the intramolecular Julia-Kocienski olefination had to be 

performed using DBU in CH3CN at 0ºC and, although the compound could 

be isolated and characterized, both the yield and the dr were not as good 

as desired.  

We determined the ee on the cyclic acetal obtained from the reaction 

between the Michael adduct and 1,2-ethanediol, or alternatively on the 

corresponding methyl ester, easily accessible by treatment with NBS in 

MeOH.131 These processes are detailed in the experimental section. 

 

                                                           
131 K. L. Jensen, P. H. Poulsen, B. S. Donslund, F. Morana, K. A. Jørgensen, Org. Lett. 2012, 
14, 1516. 
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Scheme 4.23. Scope with aliphatic substituents. 

In order to demonstrate that there is no racemization during the Julia-

Kocienski olefination, we also determined the ee of the cyclohexene 53g, 

as well as its precursor 52g, without observing any variation in the ee 

(94% in both cases, Scheme 4.24).  

 

Scheme 4.24. No variation of the ee after intramolecular Julia-Kocienski 

olefination. 

 

In the case of the aromatic enals, we had to find a compromise between 

yield and ee in the Michael addition. The presence of an EDG at the phenyl 
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ring (R = OMe) stabilizes the iminium species, in comparison with EWGs 

(R = Cl or NO2). Therefore, EDGs favour the formation of the iminium, 

and, as a consequence, the tendency to reversibility is higher. For this 

reason, the presence of EWGs at the para position of the phenyl ring (53j 

and 53k) allowed longer reaction times in comparison with the presence 

of an EDG (53h). The Julia-Kocienski olefination was very similar in 

terms of yield and diastereoselectivity for all the substituents, using the 

softer conditions that we had previously found for compound 53h. 

Scheme 4.25. Scope with aromatic substituents. 
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F. Determination of the relative and absolute 

configuration 

We could easily determine the relative cis/trans arrangement of the 

created sterogenic centres in the final nitrocyclohexenes 53 by 1H NMR. 

For the major diastereomer, a trans relationship was proposed according 

to the observed J values, between 10 and 12 Hz for the proton at the α-

position to the nitro group in all the cyclohexenes. The values between 5-

6 Hz for the minor diastereomers agreed with a cis disposition of the 

substituents.  

The absolute configuration was determined by chemical correlation, 

transforming cyclohexene 53g into compound 56, which had been 

described in the context of the preparation of cyclic γ-amino acids 

(Scheme 4.26).106c The process involved a chemoselective reduction of 

the double bond under very soft conditions132 to obtain cyclohexane 55 

and deprotection of the aldehyde under acidic conditions and subsequent 

reduction to the alcohol with NaBH4 in EtOH. Following this protocol, we 

isolated product 56 in 79% yield for the three steps as a 90:10 mixture of 

diastereomers. 

Scheme 4.26. Determination of the absolute configuration with the synthesis of 

compound 56. 

 

We separated both diastereomers by flash column chromatography and 

                                                           
132 A. T. Tran, V. A. Huynh, E. M. Friz, S. K. Whitney, D. B. Cordes, Tetrahedron Lett. 2009, 
50, 1817. 
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measured the optical value of the major one, finding a value of +24.1. We 

compared this value with the one previously described for compound 56 

(+26.0). With all these data, we could establish the stereochemistry of the 

synthesized cyclohexene as (4R,5S). The R configuration of the first 

generated stereogenic centre was in agreement with the model 

established for this type of reactions (Scheme 4.27). 

 

Scheme 4.27. Stereochemical model justifying the R configuration of the 

corresponding stereogenic centre 
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G. Other transformations. Application of the methodology 

to the formal synthesis of trandolapril 

In order to illustrate the versatility of the pro-bis(nucleophile) 8b, and 

the potential of the developed methodology, we performed some other 

transformations on the molecules synthesized in this part of the Thesis. 

In order to obtain highly functionalized compounds by taking advantage 

of the double bond, we considered the Sharpless dihydroxylation as an 

interesting opportunity. This could afford cyclic compounds containing 

four steregeonic centres, which could be later transformed into more 

complex molecules. 

We used standard and well known conditions133 on the major 

diastereomer of the cyclohexene 52g to obtain diols 57 and 58 (Scheme 

4.28). Although the reaction worked smoothly in a very high yield (94%), 

neither AD-mix-α nor AD-mix-β offered a good result in terms of 

diastereoselectivity. The best result was obtained with AD-mix-α (62:38), 

being the hydroxyl groups cis with respect to the nitro group in the major 

diastereomer. With AD-mix-β, the major diastereomer was the opposite, 

but the dr was worse (43:57).  

 

Scheme 4.28. Sharpless dihydroxylation of cyclohexene 53g. 

 

 

                                                           
133 H. C. Kolb, M. S. Van Nieuwenhze, K. B, Sharpless, Chem. Rev. 1994, 94, 2483. 
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The configuration of the two newly created stereogenic centres was 

assigned following Sharpless model for this type of compounds.134 

Moreover, it was inequivocally confirmed using COSY and NOE 

experiments. COSY spectra of diastereomer 58, obtained as main product 

with the AD-mix-β allowed us to assign all signals (see experimental 

part). The NOE observed between H1 and H3 (in red and orange 

respectively, Figure 4.6) agreed with the syn arrangement of the hydroxyl 

groups and the aliphatic substituent. 

  

Figure 4.6. NOE observed between H1 and H3 in compound 58. 

Finally, we carried out a formal synthesis of trandolapril, the ethyl ester 

prodrug of trandolaprilat, which is commonly prescribed as a 

cardiovascular drug for controlling hypertension (Figure 4.7).135  

 

Figure 4.7. Structure of trandolapril. 

Its synthesis had been described from cyclohexylamine 59, which was 

prepared using a low-yielding Diels-Alder reaction, carried out under 

high temperature and pressure conditions with butadiene and the 

corresponding nitroalkene as the key step. Reduction and enzymatic 

resolution of racemic 59 gave the enantiopure aminocyclohexane 59, 

                                                           
134 H. C. Kolb, M. S. Van Nieuwenhze, K. B. Sharpless, Chem. Rev. 1994, 94, 2483 
135 R. Henning, H. Urbach, EP 84.164, 1983. 
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which is the key intermediate to prepare trandolapril (Scheme 4.29).136 It 

is important to point out that all the described syntheses of trandolapril 

used resolution techniques at some point of the process.137 

 

Scheme 4.29. Described synthesis of the key intermediate 59 for the 

preparation of trandolapril. 

We prepared enantioenriched intermediate 59 using our enantioselective 

methodology from the nitro cyclohexene 53g. For the sake of clarity, the 

whole process starting from vinyl sulfone 3 has been summarized in 

Scheme 4.30.  

                                                           
136 K. Ebel, F. Ohlback, US 6.559.318, 2003. 
137 (a) Cipla LTD; P. A. Curtis, R. N. Kankan, M. S. Phull, A. Sawant, D. R. Birari, WO 

2.007.003.947, 2005; (b) H. Akhtar, B. P. Ramesh, S. H. Venkata, P. K. Hari, EP 1.724.260, 
2005, and references citied herein. (c) P. S. Girij, J. W. Mukesh, M. L. Hemraj, M. J. Adinath, 
US 2008/0171885, 2008. (d) Abbott Lab; S. R. Chemburkar, R. E. Reddy, D. R. Reamer, J. T. 
Pavlina, S. S, Ulrey, B. J. Kotecki, US 2011/065930, 2011, and references citied herein. 



 

151 

Chapter IV 

Scheme 4.30. Formal synthesis of trandolapril. 

After the Michael addition of nitromethane to form pro-bis(nucleophile) 

8b, the enantioselective Michael addition via iminium activation to 

aldehyde 48g, provided the adduct 52g in 64% overall yield. Aldehyde 

48g was prepared according to the literature138 from 1-trimethylsilyloxy-

1,3-butadiene and trimethyl orthoformate in a reaction catalysed by 

ZnCl2. 

We scaled up the cyclization reaction through the intramolecular Julia-

Kocienski olefination to 300 mg, maintaining yield, ee and dr for the final 

cyclohexene 53g.  

As shown in Scheme 4.26, we could easily reduce the double bond in the 

presence of the nitro group. However, classical conditions to reduce nitro 

groups, such as Zn in HCl led to decomposition of the starting material. 

Several other metals, such as Zr in combination with NaBH4 or the Ni-

Raney catalyst did not afford the desired amine 59 in any case. The 

simultaneous reduction of the double bond and nitro group took place in 

almost quantitative yield at 50ºC under a hydrogen atmosphere over 

Pd(C) and in MeOH as solvent. 

                                                           
138 M. E. Jung, J. M. Gardiner, US 5.220.003, 1989. 
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We synthesized cyclohexylamine 59 starting from vinyl sulfone 3 in an 

overall yield of 34%, a 94% ee and a 90:10 dr. 
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H. Conclusions 

In conclusion, we have developed an efficient approach, based on Michael 

/ asymmetric Michael / intramolecular Julia-Kocienski olefination 

reactions, for the enantio- and diastereoselective synthesis of 

nitrocyclohexenes with two defined stereogenic centres in trans 

configuration, using heteroaryl vinyl sulfone 3 (Scheme 4.31). 

 

Scheme 4.31. Synthesis of enantiopure nitrocyclohexenes starting from vinyl 

sulfone 3. 

The Michael addition of nitromethane to vinyl sulfone 3 led to a pro-

bis(nucleophile), which was able to undergo an asymmetric catalytic 

Michael addition via iminium activation. After a separated optimization of 

the reaction conditions for alkyl and aryl enals, we obtained good yields 

and enantioselectivities for both types of substrates. 

The intramolecular Julia-Kocienski olefination, which took place even in 

the presence of a nitro group, also required different conditions for 

aliphatic (conditions A) and aromatic (conditions B) substituents. 
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Epimerization to the most stable trans isomer at low temperature 

provided the nitrocyclohexenes with good diastereoselectivities.  

The main advantage of this approach is the absence of additional electron 

withdrawing groups at the end of the process, which, unlike in the case of 

the previously described strategies, remained unavoidably in the 

structure of the final molecule.  

The synthetic potential of this methodology for the enantio- and 

diastereoselective preparation of nitrocyclohexenes and 

cyclohexylamines was illustrated in an enantioselective formal synthesis 

of trandolapril, with –CH2-(OMe)2 as R substituent (Scheme 4.32). 

Scheme 

4.32. Formal synthesis of trandolapril. 
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One-pot transformation of 

aryl and heteroaryl sulfones 

to carbonyl compounds 
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A. Introduction: Transformation of sulfones into carbonyl 

compounds 

As we exposed in the introduction, sulfones are versatile functional 

groups that can be easily prepared by a variety of synthetic procedures 

(See Scheme 1.1). on the same way, they can be transformed into some 

other functionalities, being the formation of olefins by far the most 

common transformation (See Scheme 1.4).  

For example, oxidative desulfonylations have been described for aryl 

sulfones containing alkyl substituents to provide the corresponding 

carbonyl groups. This transformation can be considered as an equivalent 

to the Nef reaction for a nitro group,30 and its importance was envisioned 

several years ago. Nevertheless, the methods described in the literature 

have important limitations and are far from being general, robust and 

reliable strategies. As depicted below, all of them are based on the idea of 

introducing an oxygen (or a nitrogen) atom at the α-position that pushes 

out the sulfonyl group to generate the carbonyl (or imine) moiety 

(Scheme 5.1). 

 

Scheme 5.1. General strategy for an oxidative desulfonylation 

The first methodology for the transformation of an aryl sulfone into a 

carbonyl compound was described by Little in 1980.139 After formation of 

the sulfonyl carbanion, they used an excess of MoOPH (MoO5 · Py · 

HMPA), a strong and expensive oxidant. In this initial report, they only 

described examples with secondary sulfones containing aliphatic 

substituents, and their transformation into the corresponding ketones 

                                                           
139 R. D. Little, S. O. Myong, Tetrahedron Lett. 1980, 21, 3339. 
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(Scheme 5.2). There are further examples reported in the literature in 

which this method demonstrated its usefulness in synthesis.140 

 

Scheme 5.2. First described methodology for the transformation of phenyl 

sulfones into ketones. 

Later, Hwu described the transformation of phenyl sulfones into 

aldehydes or ketones, using bis(trimethylsilyl)peroxide as source of 

oxygen (Scheme 5.3).141 Although it seemed to be a general method for 

aryl sulfones, the synthesis of this peroxide is difficult142 and it can also 

be explosive in the presence of metal needles and cannulas143, which 

limits its use as reactant. Although this method has been used several 

times in total syntheses, there have been reports of failure144 or low 

conversions145  to the carbonyl compound have been reported in some 

cases. Nevertheless, it was successfully applied in the synthesis of 

amphidinolides C and F.146 

 

                                                           
140 R. W. Bates, A. Pinsa, X. Kan, Tetrahedron 2010, 66, 6340. 
141 J. R. Hwu, J. Org. Chem. 1983, 48, 4432. 
142 P. Dembech, A. Ricci, G. Seconi, M. Taddei, Org. Synth. 1997, 74, 84. 
143 H. Neumann, D. Seebach, Chem. Ber. 1978, 111, 2785. 
144 H. Fujishima, H. Takeshita, M. Toyota, M. Ihara, J. Org. Chem. 2001, 66, 2394. 
145 O. Arjona, R. Menchaca, J. Plumet, J. Org. Chem. 2001, 66, 2400. 
146 S. Mahapatra, R. G. Carter, J. Am. Chem. Soc. 2013, 135, 10792. 
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Scheme 5.3. Hwu’s methodology for the synthesis of carbonyl compounds from 

phenyl sulfones using a peroxide. 

Some years later, the group of M. Julia described an alternative method, in 

which they used softer conditions for this process, although several 

reaction steps were required.147 They transformed the preformed 

sulfonyl carbanion into a boron compound, which was subsequently 

oxidized with m-CPBA to afford the carbonyl moiety (Scheme 5.4).  

R1

SO2Ph

R2

1) n-BuLi
THF, -78ºC

2) (OMe)2B-Cl
-20ºC to rt

R1

O

R2

R1 = H or alkyl

R2 = alkyl or aryl

(Yield:
68-90%)

R1 R2

B SO2PhMeO

OMe 3) m-CPBA

CH2Cl2, -20ºC

 

Scheme 5.4. M. Julia’s transformation of phenyl sulfones into aldehydes or 

ketones. 

Some years later, the group of M. Julia paid attention to the Hwu’s 

example and they decided to use a safer peroxide, tert-butyl 

trimethylsilyl peroxide (TBTSP), at low temperature.148 Under these 

conditions, they were able to introduce and isolate a silyl ether at the α-

position of the sulfone, which could be transformed into the 

                                                           
147 J. B. Baudin, M. Julia, C. Rolando, Tetrahedron Lett. 1985, 26, 2333. 
148 F. Chemla, M. Julia, D. Uguen, Bull. Soc. Chim. Fr. 1993, 130, 547. 
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corresponding aldehyde after hydrolysis using silica gel. However, they 

only described this process for terminal phenyl sulfones (Scheme 5.5). 

 

Scheme 5.5. M. Julia’s improvement of the conditions of Hwu. 

Some other methods have appeared in the literature, but they were 

limited to very specific substrates. The same group used the preformed 

sulfonyl carbanion as a ligand in a complex of Ni (II), with subsequent 

oxidation under oxygen atmosphere or in the presence of HCl to obtain 

the aldehyde (Scheme 5.6). The only described example in this article was 

a terminal alkyl sulfone.149 

 

Scheme 5.6. Only example of oxidative desulfonylation using a Ni(II) complex. 

The group of Schmitz150 described a methodology in which they 

transformed nitrobenzyl aryl sulfones into the corresponding aldehydes 

or ketones, using an oxaziridine as source of electrophilic nitrogen to 

form an imine, which was subsequently hydrolysed to afford the carbonyl 

compound (Scheme 5.7). 

                                                           
149 M. Julia, H. Lauron, J. N. Verpeaux, J. Organomet. Chem. 1990, 387, 365. 
150 J. P. Wulf, K. Sienkiewicz, M. Mąkosza, E. Schmitz, Liebigs Ann. Chem. 1991, 537. 
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Scheme 5.7. Schmitz’s example with nitrobenzyl aryl sulfones. 

Very recently, the group of Murphree151 published a method for the 

transformation of primary phenyl sulfones into carboxylic acids under an 

oxygen atmosphere (Scheme 5.8). 

 

Scheme 5.8. Murphee’s methodology for the transformation of primary sulfones 

into carboxylic acids. 

To our knowledge, and in spite of its synthetic interest, no reports have 

appeared describing any of the previous strategies for heteroaryl 

sulfones, whose main utility refers to the Julia-Kocienski olefination. 

Looking into the mechanism of the Julia-Kocienski olefination that uses 

carbonyl compounds as electrophiles (C=O bond) and where SO2 and the 

heterocycle are removed from the initial sulfone (Scheme 5.9, a), we 

hypothesized that the analogous reaction with a nitroso derivative (N=O 

bond) could follow the same pathway (Scheme 5.9, b). This could be a 

potential method for the formation of imines, which could be later 

hydrolysed to give the desired carbonyl moiety.  

                                                           
151 A. C. Bonaparte, M. P. Betush, B. M. Panseri, D. J. Mastarone, R. K. Murphy, S. S. 
Murphree, Org. Lett, 2011, 13, 1447. 
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Scheme 5.9. Mechanism of Julia-Kocienski olefination with a PT sulfone (a) and 

hypothesis of the reaction of a nitroso derivative (b). 
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B. Preliminary study 

To determine the viability of our strategy, we easily prepared compound 

61a containing the PT moiety from the corresponding benzyl bromide 60 

in two reaction steps (Scheme 5.10). 

 

Scheme 5.10. Synthesis of sulfone 61a in two reaction steps. 

We performed the first experiments using typical Julia-Kocienski 

conditions, with Cs2CO3 as a base in THF and 2-propyl-2-nitrosopropane 

as nitroso derivative. We observed that, after 5 hours of reaction, the 

starting sulfone 61a had disappeared from the reaction medium. After 

isolation, we did not observe the imine 63 by 1H NMR, and only the 

nitrone 62 was isolated in 50% yield after purification (Scheme 5.11). 

 

Scheme 5.11. Result of the reaction of heteroaryl sulfone 61a with 2-propyl-2-

nitrosopropane. 
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Therefore, the evolution of the intermediate was not what we initially 

expected (in red, Scheme 5.11). It seemed that the free electron pair of 

the nitrogen pushed out the heteroaryl sulfone, forming the C=N double 

bond to provide the corresponding nitrone 62 (in green, Scheme 5.11), 

instead of the attack of the oxygen atom to the electrophilic carbon of the 

heterocycle and subsequent elimination as in the case of the Julia-

Kocienski olefination reaction. 

At this point, we found a precedent shown in Scheme 5.12, in which 

nitrosobenzene reacted with the carbanion of the phenyl sulfone, to 

provide the corresponding nitrone.152 In this example, Johnson proposed 

that this transformation would occur through an oxaziridine 

intermediate. 

 

Scheme 5.12. Mechanism proposed by Johnson, via an oxaziridine intermediate. 

Despite the great potential of this reaction, we were surprised of its 

limited synthetic impact. It is interesting to note that similar reactions of 

nitroso derivatives using other groups able to stabilize anions and acting 

as leaving groups have also been described,153 such as pyridinium salts, 

sulfur ylides or silanes.154 

                                                           
152 W. Johnson, Chemistry and Industry, 1963, 1119. 
153 (a) K. Miescher, J. Schmidlin, Helv. Chim. Acta 1950, 33, 1840; (b) F. Kröhnke, G. 
Krönhke, Chem. Ber, 1958, 91, 1474. 
154 P. Zuman, P. Shah, Chem. Rev. 1994, 94, 1621. 
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The result shown in Scheme 5.11 and the precedent of Scheme 5.12 

altered our expectations, but opened a new pathway to develop a general 

oxidative desulfonylation method. For this reason, we decided to 

optimize the reaction, extend it to other types of sulfones, determine the 

scope of the transformation and study the mechanism. 
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C. Reaction optimization and scope 

Firstly, using the same sulfone 61a as a model, we performed a screening 

of solvents, bases and nitroso derivatives. The results are depicted in 

Table 5.1.  

Table 5.1. Optimization of the formation of the nitrone. 

 

Entry R  Solvent Base (equiv) Time 
Conv. 

(%) 

Yield 

(%)  

1 tBu THF Cs2CO3 (2) 5 h >95 50 

2 tBu DMF Cs2CO3 (2) 2 h >95 63 

3 tBu CH3CN Cs2CO3 (2) 6 h >95 41 

4 tBu Toluene Cs2CO3 (2) 20 h 8 n.d. 

5 tBu DMF DBU (1.2) 20 h ---- ---- 

6 tBu DMF LiHMDS (1.2) 0.5 h >95 67 

7 Ph DMF Cs2CO3 (2) 0.5 h >95 81 

8a Ph DMF Cs2CO3 (2) 1 h >95 62 

9 Ph DMF LiHMDS (1.2) 10 min >95 62 

a With 1.1 equiv of nitrosobenzene. 

Using two equivalents of 2-methyl-2-nitrosopropane, the reaction 

proceeded well in polar solvents such as THF, CH3CN or DMF (entries 1-

3). In a non-polar solvent such as toluene, the rate of the reaction was 

very slow, with a very low conversion after 20 h (entry 4). DMF proved to 

be the best solvent in terms of both yield and time, affording nitrone 62 

in 63% yield after 2 h (entry 2). Using DBU as base, we could not isolate 

the nitrone 62, detecting only traces of p-bromobenzaldehyde by 1H NMR 

in a complex reaction mixture (entry 5).   
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A solution of LiHMDS, a common base to form the anion in the Julia-

Kocienski olefination, was also used under Barbier-type conditions to 

afford the final nitrone in a very similar yield to the one obtained with 

Cs2CO3 (entry 6). Another typical nitroso compound, such as 

nitrosobenzene, produced even better results than 2-methyl-2-

nitrosopropene, yielding nitrone 62 in 81% yield after just 0.5 h(entry 7). 

Reducing the amount of nitroso from 2 to 1 equivalent led to a decrease 

of the reaction rate and yield (entry 8). For the arylnitroso compound, the 

use of LiHMDS did not appear to be as effective as Cs2CO3 (entry 9). 

In order to optimize a one-pot sequence to render the corresponding 

aldehyde, we firstly optimized the hydrolysis of the nitrone. p-

Bromobenzaldehyde 64 could be isolated in 95% yield after treating the 

nitrone 62 with HCl 1M at 50ºC for 1 h (Scheme 5.13). 

Br

N
tBuO

H

HCl (1M)

1h, 50ºC
(95%) Br

O

H

62 64  

Scheme 5.13. Hydrolysis of the nitrone 62 to afford p-bromobenzaldehyde 64. 

In the one-pot process, we obtained the final p-bromobenzaldehyde 64 in 

78% yield (Scheme 5.14). 

Scheme 5.14. One-pot transformation of a benzyl heteroaryl sulfone to the 

corresponding aldehyde. 

We extended the study of the reaction to different sulfones containing 

both aryl and heteroaryl substituents (Scheme 5.15). Firstly, we tested 
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several heterocycles such as BT, TBT and Py (compounds 61b-d), which 

afforded good yields in all cases. Especially remarkable was the yield in 

the case of sulfone 61b with the BT heterocycle (88%). Aromatic sulfones 

(61e-f) also afforded the corresponding nitrone 62, although yields were 

slightly lower (71-74%). A strongly electron withdrawing group, such as 

CF3 (compound 61g) turned out to be an excellent substrate for this 

reaction, probably due to its excellent properties as leaving group. We 

also demonstrated on substrate 61h, which contains a thiophene unit, 

that the pyridyl sulfonyl moiety was suitable for this reaction, providing 

the final aldehyde 65 in 70% yield. This is an important point as pyridine 

has been used as a directing group in many interesting transformations.20, 

21 

The reaction was not only general to any class of sulfone but also to the 

nature of the aromatic ring and its substituents independently of their 

electronic nature (61i-n).  
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Scheme 5.15. Scope of aromatic compounds and sulfones. 

The next step was testing the reaction with aliphatic substrates, which 

turned out to be more difficult than the benzylic one. We chose 
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compound 72a as model substrate, which was prepared following the 

same procedure as in the case of the aromatic homologues. Treatment of 

sulfone 72a with nitrosobenzene and Cs2CO3 in DMF as solvent (the best 

conditions found for benzylic compounds) led to a complex mixture, in 

which we did not observe either the aldehyde 74 or the nitrone 73. The 

use of other bases (DBU or LiHMDS) with nitrosobenzene did not provide 

any of the desired products (Scheme 5.16). 

 

Scheme 5.16. Unsuccessful reaction of 72a with nitrosobenzene. 

Therefore, in order to optimize the reaction we explored some other 

conditions (Table 5.2). We started employing the protocol that had also 

proven to be suitable for the benzylic sulfones: 2-methyl-2-

nitrosopropene in the presence of LiHMDS as a base. This allowed us to 

observe the nitrone 73 by 1H NMR. However, we could not isolate this 

nitrone due to its decomposition during purification by chromatography 

on silica gel. For this reason, we directly carried out the hydrolysis of the 

nitrone 73 in a one-pot process, which provided aldehyde 74 in 52% 

yield (entry 1).  

 

  

 

 

 

Table 5.2. Optimization of the reaction for aliphatic substituents. 
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Entry  R  
Equiv 

nitroso 
Base  Temp 

Time 

(h) 

Yield 

(%) 

1 
PT 

(72a) 
2 

LiHMDS  
(THF solution) 

50ºC 1 52 

2 
PT 

(72a) 
2.5 

LiHMDS  
(THF solution) 

rt 2 52 

3 
BT 

(72b) 
2.5 

LiHMDS  
(THF solution) 

rt 1 59 

4 
CF3 

(72c) 
2.5 

LiHMDS  
(THF solution) 

rt 1 60 

5 
Py 

(72d) 
2.5 

LiHMDS  
(THF solution) 

rt 20 0 

6 
Tol 

(72e) 
2.5 

LiHMDS  
(THF solution) 

rt 20 0 

7 
CF3 

(72c) 
2.5 NaHMDS  

(Toluene solution) 
rt 1.5 

54 
(Conv.) 

8 
CF3 

(72c) 
2.5 KHMDS  

(Toluene solution) 
rt 1.5 

61 
(Conv.) 

9 
CF3 

(72c) 
2.5 

KHMDS  
(THF solution) 

rt 1 64 

10 
PT 

(72a) 
2.5 

KHMDS  
(THF solution) 

rt 1.5 54 

11 
BT 

(72b) 
2.5 

KHMDS  
(THF solution) 

rt 1.5 62 

12 
Py 

(72d) 
2.5 

KHMDS  
(THF solution) 

rt 20 
28 

(Conv.) 

13 
Tol 

(72e) 
2.5 

KHMDS  
(THF solution) 

rt 20 
< 10 

(Conv.) 
 

We also studied the effect of a decrease of the temperature to form the 

carbanion. It is important to remark that whereas nitrosobenzene exists 

on the monomeric form in organic solutions, 2-methyl-2-nitrosopropane 

is monomeric only at high temperatures.155 Therefore, we formed the 

anion at room temperature and added a larger amount of nitrosobenzene 

                                                           
155 J. C. Stowell, J. Org. Chem. 1971, 36, 3055. 
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(2.5 equivalents) but the result was an increase of the reaction time (2 h) 

with no improvement of the yield (entry 2). 

Using conditions of entry 2, we tested different sulfones 72b-e to 

determine the viability of the reaction (entries 3-6). For the aliphatic 

compounds, only the most electron withdrawing groups BT (72b) and 

CF3 (72c) led to full conversions (entries 3 and 4), while the reaction did 

not work for Py (72d) and p-Tol (72e) groups (entries 5 and 6). 

It has been described that in the case of Julia-Kocienski reactions, a 

change in the cation of the base, as well as the polarity of the solvent may 

affect to the process and subsequently to the final yield. For this reason, 

and having in mind the similarities with this new reaction, we also 

decided to explore if a change of the metallic cation had an influence on 

the reactivity.  

We tested the sulfone 72c (CF3 substituent) with commercially available 

NaHMDS and KHMDS in toluene solution (entries 7 and 8). After 1.5 h, we 

observed a higher conversion for KHMDS (54 vs 61%). However, the 

reaction was clearly slower than in the case of LiHMDS in THF solution 

(entry 4). By changing the solvent of the KHMDS solution from toluene to 

THF, the reaction was completed in 1 h. We also obtained a slightly better 

yield for the reaction (64%, entry 9), proving again the influence of the 

solvent. 

We tested again all the sulfones under the conditions of entry 9. For 72a-

c yields were similar to those obtained when using LiHMDS (compare 

entries 2 and 3 with 10 and 11). Reactions of sulfones 72d and 72e kept 

being sluggish although we observed a small conversion after 20 h 

(compare entries 4 and 5 with 12 and 13). 

We demonstrated that conditions of entry 9 could be used in the 

presence of functional groups such as amines, esters or ethers to provide 

the aldehydes 75-77 in moderate yield. Unfortunately, the reaction did 
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not work with allylic substituents, leading to a complex mixture in this 

case. We also carried out the reaction with compound 50, containing the 

PT sulfone, that we had previously synthesized (See Chapter III of the 

present Thesis, Table 3.4), proving the viability of the method (Scheme 

5.17).  

 

Scheme 5.17. Reaction with an alkyl substituent. 

At the moment, we are trying to expand the scope to other functional 

groups which could be interesting from the synthetic point of view, such 

as alkenes, alkynes or nitriles. 

We also carried out a preliminary study with secondary sulfones in the 

reaction developed by Johnson152 using the BT heterocycle, instead of the 

traditional phenyl group linked to the sulfone. Using nitrosobenzene 

under the conditions that we optimized for the benzylic substituent, 

sulfone 80 was transformed into the final nitrone 81 in 89% yield after 2 

h (Scheme 5.18).  
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Scheme 5.18. Formation of the nitrone with a secondary heteroaryl sulfone. 

When we performed the reaction with 2-methyl-2-nitrosopropane as 

electrophile, the reaction became much slower and we did not detect any 

nitrone in the reaction crude, but only the starting sulfone 80 along with 

the benzophenone 82 (Conv: 82%) (Scheme 5.19). 

 

 Scheme 5.19. Direct formation of the ketone using 2-methyl-2-nitrosopropane 

Current work in our research group involves exploring the viability of 

this process using different aromatic structures.  
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D. Mechanistic insights 

With the information gathered from the reaction, we considered as 

feasible two paths in which the sulfone would act as a leaving group. In 

the first case (path A, green arrows), the free pair of electrons of the 

nitrogen would push out the sulfone, forming directly the corresponding 

nitrone 62. In the second case (path B, red arrows), the one proposed by 

Johnson152 it would be the oxygen the one pushing out the sulfone, 

affording an oxaziridine intermediate, which would later rearrange to 

give the nitrone 62 (Scheme 5.20). 

 
Scheme 5.20. Two possible reaction paths for the studied reaction. 

Oxaziridines are versatile stable compounds which can be easily 

synthesized from the corresponding imine,156 and in some cases are 

commercial. In order to see if an oxaziridine structure may evolve to the 

corresponding nitrone under the reaction conditions, we performed the 

same reaction in the presence of commercially available oxaziridine 83.  

We mixed 0.1 mmol of the starting sulfone 61a with 0.1 mmol of the 

oxaziridine 83, and after 30 minutes, we observed the formation of the 

corresponding nitrone 62, whereas the oxaziridine 83 remained 

unaltered in the reaction crude (Scheme 5.21).  

                                                           
156 F. A. Davis, A. C. Sheppard, Tetrahedron 1989, 45, 5703. 
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Scheme 5.21. Formation of the nitrone in the presence of an oxaziridine. 

At this point, we decided to monitor the reaction by NMR. In order to 

obtain more information about the process, we used the CF3 sulfone to 

perform both 1H and 19F experiments. Since N,N-dimethylformamide-d7 is 

expensive and some other polar solvents proved to be suitable for the 

reaction, we chose CD3CN. Furthermore, due to the fact that the reaction 

was slower in this medium, this could allow an easier detection of the 

intermediates by both 1H and 19F.  

Once the reaction had started, we only observed the starting sulfone 61g 

(peaks marked in orange and green) and the final nitrone 62 (peaks 

marked in blue and red) in the 1H NMR spectra with an increasing 

formation of nitrone 62 with time. Unfortunately, we could not detect any 

intermediate 84 (Figure 5.1). 
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Figure 5.1. 1H NMR spectra at different times. 

In the 19F NMR spectra, shown in Figure 5.2, we observed two main 

peaks: the peak at 77.9 ppm of the starting sulfone 61g and an extra peak 

at 88.5 ppm, which seemed to correspond to the leaving lithium triflinate 

85. This was confirmed by dissolving commercial CF3-SO2Na in CD3CN. 

We observed that the chemical shift was the same (88.9 ppm) as the 

leaving triflinate, performing the reaction with NaHMDS, although it 

seemed that there was a small variation in the chemical shift when the 
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cation changes (88.5 ppm for Li and 88.9 ppm for Na). There was also a 

very minor peak (ca. 5%) at 79.4 ppm which appeared at the beginning of 

the reaction and grew with time, but that did not disappear when the 

reaction was completed.  

Br

SO2CF3
tBu

N O

LiHMDS (1.2 equiv)
CD3CN, rt Br

N
tBuO

H

(2 equiv)H

H

H

H H H

H

H

H

H
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N
tBuO

SO2CF3
H

H

H

H

CF3-SO2Li

61g
85

 

 

Figure 5.2. 19F NMR spectra at different times. 
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All these experiments seemed to rule out the path B proposed by 

Johnson, reinforcing the idea that the elimination of the sulfone occurs 

directly once the C-N bond is formed, without the formation of the 

intermediate oxaziridine, at least for primary sulfones when 2-methyl-2-

nitrosopropane is used as electrophile. 
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E. Conclusions 

In conclusion, we have studied the development of a new process to 

transform aryl and heteroaryl sulfones into carbonyl compounds.  

Taking as reference the mechanism of the Julia-Kocienski olefination, we 

designed a method to transform heteroaryl sulfones into imines. We 

expected that the reaction of the α-carbanion of a heteroaryl sulfone with 

a nitroso compound would provide an intermediate that evolved towards 

the corresponding imine via nucleophilic attack to the very electrophilic 

carbon at the heterocycle (in red, Scheme 5.22). Nonetheless, the reaction 

provided the corresponding nitrone (in green, Scheme 5.22). 

 

Scheme 5.22. Hypothesis and real reaction of a heteroaryl sulfone with a nitroso 

compound. 

This result, although reasonable, turned out to be an unexpected 

advantage for us, since this oxidative desulfonylation process did not 

have to be restricted only to heteroaryl sulfones, but could be suitable for 

any type of sulfone. 

Indeed, the reaction proved to be general, regardless the substitution on 

the sulfone (heteroaryl, aryl and CF3) or the substituent at the aromatic 

ring. The subsequent hydrolysis of the nitrone using diluted HCl, afforded 

the corresponding aldehydes in a one-pot sequence (Scheme 5.23). 
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Ar SO2R
'

Base, DMF Ar

N
RO

Ar H

O

H

N O HCl (aq.)

(R = Ph

or tBu)
(R' = Aryl,

heteroaryl or CF3)

R

(Yield: 67-90%)  

Scheme 5.23. Reaction with aromatic substituents. 

The reaction using aliphatic sulfones also provided nitrones, although in 

lower yields (Scheme 5.24). More experimental effort must be done to 

widen the reaction scope with different sulfones and functional groups. 

 

Scheme 5.24. Reaction with aliphatic substituents. 

A rearrangement of oxaziridines had been postulated as intermediate 

step for this type of transformations. We carried out a mechanistic study 

to determine the reaction path, suggesting that the free electron pair of 

the nitrogen pushed out the sulfone to form the nitrone without the 

formation of an oxaziridine intermediate (Scheme 5.25). 

 

 

Scheme 5.25. Direct formation of the nitrone without the formation of an 

oxaziridine intermediate. 
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Although still more experiments are required to demonstrate the 

generality of the method for differently functionalized aliphatic sulfones, 

we reckon that the work performed herein is a solid starting point for an 

alternative strategy to the reluctant oxidative desulfonylation 

transformation.
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Experimental part 
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A. General methods and materials 

Nuclear Magnetic Resonance (NMR) 

Monodimensional and bidimensional NMR spectra were acquired at 25ºC 

on a Bruker AC-300 spectrometer using CDCl3 as the solvent, running at 

300 and 75 MHz for 1H and 13C, respectively. Chemical shifts (δ) are 

reported in ppm relative to residual solvent signals (CDCl3, 7.26 ppm for 

1H NMR, and 77.0 ppm for 13C NMR). In all 1H NMR spectra, multiplicity is 

indicated as follows: bs (broad signal), s (singlet), d (doublet), t (triplet), 

q (quartet), quint (quintet), sex (sextet), sep (septet), non (nonet) or m 

(multiplet). Coupling constant values (in Hertz) and number of protons 

for each signal are also indicated. 

NMR spectra of non-described compounds are included in the CD. 

Melting points 

Melting points were measured using Gallenkamp melting point apparatus 

in open capillary tubes.  

Optical rotation 

Optical rotations were recorded in cells with 10 cm path length on a 

Perkin-Elmer 241 MC polarimeter. Concentrations (mg/mL) are 

indicated in each case. 

Chromatography 

For thin layer chromatography (TLC) Supelco silica gel plates with 

fluorescence indicator 254 nm were used and compounds were 

visualized by irradiation with UV light and/or by treatment with a 

solution of KMnO4 (1.5 g), K2CO3 (10 g), and 10% NaOH (1.25 mL) in H2O 

(200 mL) or a solution of phosphomolybdic acid (12 g), in EtOH (250 mL) 

followed by heating. Flash column chromatography (FCC) was performed 

using Fluka pore 60 Å, 40-63 μm silica gel and compressed air. 
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High Performance Liquid Cromatography (HPLC) and Super Fluid 

Cromatography (SFC) on a chiral stationary phase were carried out in an 

Agilent 1100 instrument. Daicel Chiralpack IA, IB, IC, ID and OD columns 

(0.46 x 25 cm) were used. The conditions are indicated in each case. 

HPLC and SFC chromatograms are included in the CD. 

Mass spectrometry 

Mass spectra (MS) and High Resolution Mass Spectra (HRMS) were 

obtained in a VG AutoSpec Spectrometer in positive electrospray 

ionisation (ESI) or electron impact ionisation (EI). Obtained data are 

expressed in mass/charge (m/z) units. Values between parentheses 

indicate relative intensities with regard to the base peak. 

Miscellaneous 

Hexane and EtOAc were supplied by Scharlau and were used without 

previous purification. m-Chloroperbenzoic acid (77%) was purchased 

from Aldrich and was used without drying. All the other reactants were 

purchased from Aldrich, Fluka or Alfa Aesar and were also used without 

any previous treatment, except otherwise indicated. 

NMR spectra of non-described compounds and HPLC chromatograms are 

included in the CD. 
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B. Experimental part of Chapter II 

1. Synthesis of heteroaryl vinyl sulfone 3 

 

1-Phenyl-1H-tetrazole-5-thiol (10.7 g, 60 mmol) was placed in a 500 mL 

flask equipped with a magnetic stirring bar, and 1,2-dichloroethane (250 

mL) followed by K2CO3 (20.1 g, 150 mmol) were added. The suspension 

was stirred and heated under reflux for 2 days. After cooling to room 

temperature, 200 mL of water were added and the mixture was extracted 

with CH2Cl2 (2 x 100 mL). The organic layers were combined, washed 

with water (200 mL) and brine (200 mL), dried over MgSO4, filtered and 

concentrated under reduced pressure to afford 13.9 g (Yield for this step: 

97%) of 6 as a pale yellow solid that was used in the next step without 

further purification.  

The crude compound 6 (4.8 g, 20 mmol) was placed in a 500 mL flask 

equipped with a magnetic stirring bar and dissolved in CH2Cl2 (50 mL). A 

solution of m-chloroperbenzoic acid (17.2 g, 100 mmol) in CH2Cl2 (200 

mL) was added and the reaction mixture was stirred at room 

temperature for 3 days, whereupon it was filtered. The filtrate was 

transferred to a separatory funnel, washed with 150 mL of a 40% w/v 

NaHSO3 solution, a sat. aq. NaHCO3 solution (2 x 150 mL) and brine (150 

mL). The organic phase was dried over MgSO4, filtered and concentrated 

under vacuum. The obtained crude was dissolved in THF (100 mL) in a 

250 mL flask equipped with a magnetic stirring bar and triethylamine 

(2.8 mL, 20 mmol) was added dropwise. The clear solution turned to a 

cloudy suspension that was stirred for 20 min. Solid triethlyamine 

hydrochloride was filtered off and the solvent was removed under 
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reduced pressure. The residue was purified by flash column 

chromatography (hexane/EtOAc = 4:1) to afford 4.53 g (Yield over two 

last steps: 96%) of compound 3 as a white solid. 

 

5-(2-Chloroethylthio)-1-phenyl-1H-tetrazole (6) 

Yellow solid. Melting point: 57-58ºC.  

1H NMR (CDCl3, 300 MHz): δ 7.52 (bs, 5H), 3.90 (t, J = 6.9 

Hz, 2H), 3.67 (t, J = 6.9 Hz, 2H). 13C NMR (CDCl3, 75 

MHz): δ 153.3 (C), 133.4 (C), 130.4 (CH), 129.9 (2 CH), 123.8 (2 CH), 42.2 

(CH2), 35.2 (CH2). MS (ESI): m/z 241 (M+ + H, 43), 149 (100), 79 (35). 

HRMS (ESI): calculated for C9H10N4SCl (M+ + H): 241.0309; found: 

241.0316. 

 

1-Phenyl-5-(vinylsulfonyl)-1H-tetrazole (3) 

White solid. Melting point: 63-64ºC.  

1H NMR (CDCl3, 300 MHz): δ 7.72-7.57 (m, 5H), 7.14 (dd, J 

= 10.0, 16.5 Hz, 1H),  6.67 (d, J = 16.5 Hz, 1H), 6.49 (d, J = 

10.0 Hz, 1H). 13C NMR (CDCl3, 75 MHz): δ 154.2 (C), 135.3 (CH), 134.5 

(CH), 133.0 (C), 131.6 (CH2), 129.8 (2 CH), 125.2 (2 CH). MS (ESI): m/z 

237 (M+ + H, 48), 149 (13), 118 (100). HRMS (ESI): calculated for 

C9H9N4O2S (M+ + H): 237.0440; found: 237.0450. 
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2. Michael additions with nucleophiles 7a-u 

Enamine 7a 

 

Vinyl sulfone 3 (23.6 mg, 0.1 mmol) was dissolved in 0.6 mL of CHCl3, 

whereupon enamine 7a (44 µL, 0.3 mmol) was added to the solution. The 

mixture was stirred for 5 min at room temperature. The solvent was 

evaporated under reduced pressure and the crude was purified by flash 

column chromatography (hexane/EtOAc = 3:1) to afford compound 8a.  

 

Nitromethane 7b 

 

Vinyl sulfone 3 (1.41g, 6 mmol) was added to a solution of sodium 

hydroxide in pearls (240 mg, 6 mmol) in nitromethane 7b (15 mL). The 

mixture was stirred for 3 h, whereupon water (20 mL) was added. The 

mixture was transferred to a separatory funnel and was extracted with 

EtOAc (2 × 25 mL). The organic layers were combined and were washed 

with brine (25 mL), dried with MgSO4, filtered and concentrated under 

reduced pressure to afford 8b as a white solid (1.60 g, yield: 90%).  
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Cyanosulfones and cyanoesters 7c-f 

 

The corresponding nucleophile 7c-f (0.1 mmol) was dissolved in CHCl3 (1 

mL), and Cs2CO3 (49 mg, 0.15 mmol) was added to the solution. The 

mixture was stirred for 1 min, whereupon vinyl sulfone 3 (23.6 mg, 0.1 

mmol) was added to the suspension. After that time, the mixture was 

filtered through a short pad of silica, and the solvent was eliminated 

under reduced pressure, to afford the corresponding Michael adducts 8c-

f. 

 

Amines 7g-n and imine 7o 

SO2PT

CHCl3, time
NH2

R

N
H

R

SO2PT

 

The corresponding amine or imine 7g-o (0.1 mmol) was dissolved in 

CHCl3 (1 mL), and vinyl sulfone 3 (23.6 mg, 0.1 mmol) was added to the 

solution. After the corresponding time (see Scheme 2.9), the solvent was 

eliminated under reduced pressure, to afford the corresponding Michael 

adducts 8g-o. 

 

 

 

 

 

 



 

191 

Chapter VI 

Aminoacid 7p 

 

L-Valine methyl ester hydrochloride 7p (17.5 mg, 0.1 mmol) was 

dissolved in a 5:1 H2O:THF mixture (1 mL), whereupon NaHCO3 (9.2 mg, 

0.11 mmol) was added to the solution. After 10 min, vinyl sulfone 3 (23.6 

mg, 0.1 mmol) was added to the mixture, which was stirred at room 

temperature for 3 h. The solution was transferred to a separatory funnel 

and extracted with EtOAc (3 x 5 mL). The organic layers were combined 

and were washed with brine (10 mL), dried with MgSO4, filtered and 

concentrated under reduced pressure. The crude was purified by flash 

column chromatography (hexane/EtOAc = 3:1) to afford product 8p. 

 

Alkoxilates 7q-t 

 

Vinyl sulfone 3 (23.6 mg, 0.01 mmol) was dissolved in the corresponding 

solvent (1 mL, see Scheme 2.12) and alkoxide 7q-t (0.1 mmol) was added 

to the solution. The mixture was stirred for the corresponding time (see 

Scheme 2.12) and was quenched with sat. aq. NH4Cl (5 mL). The solution 

was transferred to a separatory funnel and extracted with EtOAc (2 x 5 

mL). The organic layers were combined and were washed with brine (5 

mL), dried with MgSO4, filtered and concentrated under reduced pressure 

to afford the corresponding products 8r or 9q-s. 
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Thiol 8u 

 

2-Mercaptopyridine 7u (23.2 mg, 0.21 mmol), and imidazole (0.7 mg, 

0.01 mmol) were dissolved in CHCl3. The mixture was stirred for 5 min, 

whereupon vinyl sulfone 3 (47.2 mg, 0.2 mmol) was added to the 

solution. The mixture was stirred for 1 h at room temperature and the 

solvent was removed under reduced pressure. The crude was purified by 

flash column chromatography (hexane/EtOAc = 1:1) to afford pure 8u as 

a white solid. 

 

Carboxylate 7v 

 

Vinyl sulfone 3 (23.6 mg, 0.1 mmol) was dissolved in acetic acid (1 mL) 

and sodium acetate (8.2 mg 0.1 mmol) was added to the solution. The 

mixture was stirred at 50ºC for 16 h. Acetic acid was removed under 

reduced pressure and the crude was dissolved in EtOAc and filtered 

through a short pad of silica. After removal of the solvent, 8v was 

obtained as a white solid. 

 

  



 

193 

Chapter VI 

Radical addition of 7w-x 

 

The reaction was carried out under argon atmosphere. Vinyl sulfone 

3 (23.6 mg, 0.1 mmol) and AIBN (1.6 mg, 0.01 mmol) were dissolved in a 

1:1 mixture of CH2Cl2:H2O (1 mL), whereupon the corresponding iodide 

7w-x (0.12 mmol) and SnBu3H (32 µL, 0.12 mmol) were added to the 

solution. After the corresponding time (see Scheme 2.15), the mixture 

was extracted with CH2Cl2 (2 x 10 mL), and the organic phases were 

washed with brine (10 mL), dried over MgSO4, filtered and concentrated 

under reduced pressure. The crude was purified by flash column 

chromatography (hexane/EtOAc = 15:1 to 8:1). This flash column 

chromatography was performed twice, in order to remove all the tin 

residues, affording pure products 8w-x. 

 

Competitive experiments for Michael and radical additions 

The competitive experiments were carried out with 0.1 mmol of vinyl 

sulfone 3 (23.6 mg) and 0.1 mmol of vinyl sulfones 1 (16. 8 mg) or 2 (30.8 

mg) in the same reaction conditions that the ones described for every 

substrate. 

 

2-(2-((1-Phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)cyclopentan-1-one (8a) 

Colourless oil. Yield: 95% (30.3 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.74-7.56 (m, 5H), 

4.07-3.96 (m, 1H), 3.94-3.80 (m, 1H), 2.44-1.97 (m, 

7H), 1.92-1.75 (m, 1H), 1.69-1.52 (m, 1H). 13C NMR (CDCl3, 75 MHz): 
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218.9 (C=O), 153.3 (C), 133.0 (C), 131.5 (CH), 129.7 (2 CH), 125.1 (2 CH), 

54.1 (CH2), 46.9 (CH), 37.7 (CH2), 29.6 (CH2), 22.6 (CH2), 20.5 (CH2). MS 

(ESI): m/z 321 (M+ + H, 100), 175 (4), 111 (3). HRMS (ESI): calculated for 

C14H17N4O3S (M+ + H): 321.1015; found: 321.1016. 

 

5-(3-Nitropropylsulfonyl)-1-phenyl-1H-tetrazole (8b) 

White solid. Melting point: 81-83ºC. 1H NMR (CDCl3, 

300 MHz): δ 7.71-7.54 (m, 5H), 4.62 (t, J = 6.5 Hz, 

2H), 3.92 (t, J = 7.1 Hz, 2H), 2.71 (quint, J = 6.8 Hz, 2H). 13C NMR (CDCl3, 

75 MHz): δ 153.1 (C), 132.8 (C), 131.6 (CH), 128.8 (2 CH), 124.9 (2 CH), 

72.3 (CH2), 52.9 (CH2), 20.4 (CH2). MS (ESI): m/z 298 (M+ + H, 46), 149 

(67), 119 (26), 113 (100). HRMS (ESI): calculated for C10H12N5O4S (M+ + 

H): 298.0604; found: 298.0615. 

 

2-(Methylsulfonyl)-2-phenyl-4-((1-phenyl-1H-tetrazol-5-

yl)sulfonyl)butanenitrile (8c) 

Colourless oil. Yield: 91% (39.3 mg).  

1H NMR (CDCl3, 300 MHz): δ 7.81-7.74 (m, 2H), 7.70-

7.56 (m, 8H), 3.99-3.85 (m, 1H), 3.73-3.60 (m, 1H), 

3.36-3.22 (m, 2H), 2.87 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 153.0 (C), 

132.7 (C), 131.7 (CH), 131.4 (CH), 130.1 (2 CH), 129.9 (2 CH), 128.0 (2 

CH), 127.1 (CH), 124.9 (2 CH), 115.0 (CN), 68.8 (C), 52.1 (CH2), 36.9 (CH3), 

25.8 (CH2). MS (ESI): m/z 432 (M+ + H, 100), 338 (10), 150 (25), 133 (49), 

114 (41). HRMS (ESI): calculated for C18H18N5O4S2 (M+ + H): 432.0794; 

found: 432.0788. 
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2-Phenyl-4-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)-2-

tosylbutanenitrile (8d) 

Colourless oil. Yield: 94% (47.7 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.74-7.59 (m, 5H), 7.52-

7.37 (m, 7H), 7.22 (d, J = 8.0 Hz, 2H), 3.97-3.84 (m, 

1H), 3.78-3.65 (m, 1H), 3.47-3.30 (m, 2H), 2.43 (s, 3H). 13C NMR (CDCl3, 

75 MHz): δ 153.0 (C), 146.9 (C), 132.8 (C), 131.6 (CH), 130.9 (CH), 130.7 

(2 CH), 129.9 (C), 129.8 (2 CH), 129.6 (2 CH), 129.3 (2 CH), 128.4 (2 CH), 

127.2 (C), 125.0 (2 CH), 115.4 (CN), 70.1 (C), 52.4 (CH2), 25.8 (CH2), 21.8 

(CH3). MS (ESI): m/z 508 (M+ + H, 100), 338 (13), 150 (30), 133 (97), 114 

(48). HRMS (ESI): calculated for C24H22N5O4S2 (M+ + H): 508.1107; found: 

508.1115. 

 

2-Benzyl-4-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)-2-((4-

(trifluoromethyl)phenyl)sulfonyl)butanenitrile (8e) 

Colourless oil. Yield: 91% (52.4 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.27 (d, J = 8.2 Hz, 

2H), 7.99 (d, J = 8.2 Hz, 2H), 7.66-7.58 (m, 5H), 

7.41-7.34 (m, 3H), 7.33-7.25 (m, 2H), 4.09-3.94 (m, 

1H), 3.68-3.54 (m, 1H), 3.36-3.16 (m, 2H), 2.93-

2.79 (m, 1H), 2.71-2.57 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 152.8 (C), 

137.3 (d, J = 34 Hz, C), 136.8 (C), 132.7 (C), 131.8 (2 CH), 131.7 (CH), 

130.6 (C), 130.3 (2 CH), 129.9 (2 CH), 129.5 (2 CH), 129.1 (CH), 126.9 (q, J 

= 4 Hz, 2 CH), 125.0 (2 CH), 124.4 (q, J = 274 Hz, CF3), 115.1 (CN), 65.4 

(C), 52.3 (CH2), 38.6 (CH2), 24.8 (CH2). MS (ESI): m/z 576 (M+ + H, 100), 

338 (14), 182 (12), 150 (34), 133 (56), 114 (59). HRMS (ESI): calculated 

for C25H21N5O4F3S2 (M+ + H): 576.0981; found: 576.0981. 
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Methyl-2-(4-bromophenyl)-2-cyano-4-((1-phenyl-1H-tetrazol-5-yl) 

sulfonyl)butanoate (8f) 

Colourless oil. Yield: 93% (45.6 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.72-7.56 (m, 7H), 

7.44 (d, J = 8.6 Hz, 2H), 3.95-3.78 (m, 4H), 3.73-

3.63 (m, 1H), 3.09-2.86 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 166.3 (C), 

153.0 (C), 132.9 (CH2), 132.8 (C), 131.6 (CH), 131.2 (C), 129.8 (2 CH), 

129.6, 127.7 (2 CH), 125.0 (2 CH), 124.3 (C), 116.3 (CN), 54.7 (CH3), 52.4 

(CH2), 51.8 (C), 30.7 (CH2). MS (ESI): m/z 490 (M+ + H, 98), 492 (100), 

338 (21), 191 (41), 163 (67), 147 (30), 133 (28), 119 (35). HRMS (ESI): 

calculated for C25H21N5O4F3S2 (M+ + H): 490.0179; found: 490.0175. 

 

1-Phenyl-5-((2-(pyrrolidin-1-yl)ethyl)sulfonyl)-1H-tetrazole (8g) 

Colourless oil. Yield: 99% (30.5 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.70-7.58 (m, 5H), 3.87 (t, 

J = 6.5 Hz, 2H), 3.06 (t, J = 6.5 Hz, 2H), 2.52-2.43 (m, 

4H), 1.69-1.60 (m, 4H). 13C NMR (CDCl3, 75 MHz): δ 153.8 (C), 133.2 (C), 

131.3 (CH), 129.4 (2 CH), 125.3 (2 CH), 55.2 (CH2), 53.6 (2 CH2), 48.9 

(CH2), 23.4 (2 CH2). MS (ESI): m/z 308 (M+ + H, 100), 146 (36), 114 (15). 

HRMS (ESI): calculated for C13H18N5O2S (M+ + H): 308.1175; found: 

308.1179. 

 

2-Methyl-N-(2-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)propan-1-

amine (8h) 

Colourless oil. Quantitative yield (30.9 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.70-7.55 (m, 5H), 3.89 

(t, J = 6.2 Hz, 2H), 3.23 (t, J = 6.2 Hz, 2H), 2.37 (d, J = 
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6.7 Hz, 2H), 1.60 (Non, J = 6.7 Hz, 1H), 0.84 (d, J = 6.7 Hz, 6H). 13C NMR 

(CDCl3, 75 MHz): δ 153.9 (C), 133.1 (C), 131.4 (CH), 129.6 (2 CH), 125.2 (2 

CH), 57.3 (CH2), 56.1 (CH2), 43.1 (CH2), 28.2 (CH), 20.4 (2 CH3). MS (ESI): 

m/z 310 (M+ + H, 38), 218 (100), 147 (17), 133 (30), 119 (13). HRMS 

(ESI): calculated for C13H20N5O2S (M+ + H): 310.1332; found: 310.1345. 

 

N-(2-((1-Phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)octan-1-amine (8i) 

Colourless oil. Quantitative yield (36.3 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.69-7.55 (m, 5H), 

3.88 (t, J = 6.2 Hz, 2H), 3.23 (t, J = 6.2 Hz, 2H), 2.54 

(t, J = 7.0 Hz, 2H), 1.40-1.18 (m, 12H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR 

(CDCl3, 75 MHz): δ 153.8 (C), 133.0 (C), 131.4 (CH), 129.6 (2 CH), 125.2 (2 

CH), 56.0 (CH2), 49.3(CH2), 42.9 (CH2), 31.7 (CH2), 29.8 (CH2), 29.4 (CH2), 

29.2 (CH2), 27.1 (CH2), 22.6 (CH2), 14.1 (CH3). 

 

4-Methoxy-N-(2-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)aniline 

(8j) 

Colourless oil. Yield: 99% (35.6 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.70-7.53 (m, 5H), 

6.79 (d, J = 8.7 Hz, 2H), 6.57 (d, J = 8.7 Hz, 2H), 

3.92 (t, J = 5.9 Hz, 2H), 3.83 (t, J = 5.9 Hz, 2H), 3.76 (s, 3H). 13C NMR 

(CDCl3, 75 MHz): δ 153.7 (C), 153.5 (C), 132.9 (C), 131.6 (CH), 129.7 (2 

CH), 125.2 (2 CH), 115.2 (2 CH), 114.8 (2 CH), 55.8 (CH3), 55.0 (CH2), 38.7 

(CH2). MS (ESI): m/z 360 (M+ + H, 100), 150 (59), 136 (55), 114 (13). 

HRMS (ESI): calculated for C16H18N5O3S (M+ + H): 360.1124; found: 

360.1140. 
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4-Isopropyl-N-(2-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)aniline 

(8k) 

Colourless oil. Yield: 99% (36.8 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.71-7.53 (m, 5H), 

7.09 (d, J = 8.6 Hz, 2H), 6.54 (d, J = 8.6 Hz, 2H), 

3.98-3.82 (m, 4H), 2.84 (sep, J = 7.0 Hz, 1H), 1.23 (d, J = 7.0 Hz, 6H). 13C 

NMR (CDCl3, 75 MHz): δ 153.7 (C), 143.7 (C), 139.6 (C), 132.8 (C), 131.6 

(CH), 129.7 (2 CH), 127.5 (2 CH), 125.3 (2 CH), 113.3 (2 CH), 55.0 (CH2), 

38.0 (CH2), 33.2 (CH), 24.3 (2 CH3). MS (ESI): m/z 372 (M+ + H, 100), 148 

(21), 136 (15), 114 (15). HRMS (ESI): calculated for C18H22N5O2S (M+ + 

H): 372.1488; found: 372.1500. 

N-2,2-Bis(phenylsulfonyl)ethyl)-4-isopropylaniline (11k) 

1H NMR (CDCl3, 300 MHz): δ 7.93 (d, J = 7.9 Hz, 

4H), 7.72 (t, J = 7.7 Hz, 2H), 7.58 (t, J = 7.9 Hz, 

4H), 7.01 (d, J = 8.3 Hz, 2H), 6.42 (d, J = 8.3 Hz, 

2H), 4.70 (t, J = 5.3 Hz, 1H), 4.05 (d, J = 5.3 Hz, 

2H), 2.82 (sep, J = 6.9 Hz, 1H), 1.22 (d, J = 6.9 Hz, 6H). 13C NMR (CDCl3, 75 

MHz): δ 143.0 (C), 139.8 (C), 137.9 (2 C), 134.7 (2 CH), 129.4 (4 CH), 

129.2 (4 CH), 127.5 (2 CH), 113.8 (2 CH), 80.5 (CH), 41.1 (CH2), 33.1 (CH), 

24.1 (2 CH3). MS (ESI): m/z 444 (M+ + H, 100), 338 (5), 149 (4), 136 (8). 

HRMS (ESI): calculated for C23H26NO4S2 (M+ + H): 444.1297; found: 

444.1306. 

 

5-((2-(1H-Imidazol-1-yl)ethyl)sulfonyl)1-phenyl-1H-tetrazole (8n) 

White solid. Yield: 99% (30.5 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.71-7.55 (m, 5H), 7.51 (s, 

1H), 7.05 (s, 1H), 6.99 (s, 1H), 4.64, (t, J = 6.7 Hz, 2H), 

4.19 (t, J = 6.7 Hz 2H). 13C NMR (CDCl3, 75 MHz): δ 153.1 (C), 137.3 (CH), 



 

199 

Chapter VI 

132.7 (C), 131.8 (CH), 130.5 (CH), 129.9 (2 CH), 124.9 (2 CH), 118.7 (CH), 

56.4 (CH2), 40.4 (CH2). MS (ESI): m/z 305 (M+ + H, 100), 213 (14), 185 

(6), 145 (8). HRMS (ESI): calculated for C12H13N6O2S (M+ + H): 305.0815; 

found: 305.0809. 

 

1,1-Diphenyl-N-(2-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl) 

methanimine (8o) 

1H NMR (CDCl3, 300 MHz): δ 7.62-7.36 (m, 9H), 

7.32-7.28 (m, 4H), 7.11-7.05 (m, 2H), 4.04 (t, J = 

6.5 Hz, 2H), 3.85 (t, J = 6.5 Hz, 2H). 13C NMR 

(CDCl3, 75 MHz): 171.1 (C), 154.3 (C), 138.7 (C), 

135.8 (C), 133.2 (C), 131.3 (CH), 130.7 (CH), 129.5 (2 CH), 128.9 (CH), 

128.8 (2 CH), 128.4 (2 CH), 128.2 (2 CH), 127.3 (2 CH), 125.5 (2 CH), 57.4 

(CH2), 47.4 (CH2). MS (ESI): m/z 418 (M+ + H, 100), 326 (3), 256 (3), 208 

(7). HRMS (ESI): calculated for C22H20N5O2S (M+ + H): 418.1332; found: 

418.1318. 

 

Methyl-(2-((1-phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)-L-valinate 

(8p) 

White solid. Yield: 86% (31.4 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.73-7.56 (m, 5H), 

4.09-3.97 (m, 1H), 3.78 (dt, J = 15.0 and 6.0 Hz, 

1H), 3.70 (s, 3H), 3.31 (dt, J = 13.1 and 6.0 Hz 1H), 3.06-2.94 (m, 2H), 

1.90-1.76 (m, 1H), 0.85 (d, J = 6.9 Hz, 3H), 0.81 (d, J = 6.9 Hz, 3H). 13C 

NMR (CDCl3, 75 MHz): 174.8 (C), 154.0 (C), 133.1 (C), 131.5 (CH), 129.7 

(2 CH), 125.2 (2 CH), 67.1 (CH), 56.4 (CH2), 51.7 (CH), 42.2 (CH2), 31.4 

(CH), 19.2 (CH3), 18.2 (CH3). MS (ESI): m/z 368 (M+ + H, 100), 206 (6), 

144 (7), 116 (7). HRMS (ESI): calculated for C15H22N5O4S (M+ + H): 
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368.1387; found: 368.1384. 

5-Methoxy-1-phenyl-1H-tetrazole (9q) 

1H NMR (CDCl3, 300 MHz): δ 7.75-7.68 (m, 2H), 7.57-7.41 

(m, 3H), 4.34 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 160.7 (C), 

133.3 (C), 129.6 (2 CH), 129.0 (CH), 121.7 (2 CH), 60.3 

(CH3). MS (ESI): m/z 177 (M+ + H, 100), 163 (2), 134 (6). HRMS (ESI): 

calculated for C8H9N4O (M+ + H): 177.0770; found: 177.0775. 

 

5-((2-Ethoxyethyl)sulfonyl)1-phenyl-1H-tetrazole (8r) 

White solid. Yield: 95% (26.7 mg) 

1H NMR (CDCl3, 300 MHz): δ 7.72-7.55 (m, 5H), 3.91 (t, 

J = 5.5 Hz, 2H), 3.75 (t, J = 5.5 Hz, 2H), 3.37 (q, J = 7.1 

Hz, 2H), 0.99 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 75 MHz): δ 154.1 (C), 

133.1 (C), 131.5 (CH), 129.6 (2 CH), 125.7 (2 CH), 66.8 (CH2), 63.2 (CH2), 

56.3 (CH2), 14.7 (CH3). MS (ESI): m/z 283 (M+ + H, 100), 172 (9), 137 

(10), 108 (6). HRMS (ESI): calculated for C11H15N4O3S (M+ + H): 283.0859; 

found: 283.0867. 

 

5-Ethoxy-1-phenyl-1H-tetrazole (9r) 

1H NMR (CDCl3, 300 MHz): δ 7.73-7.46 (m, 5H), 4.71 (q, J 

= 7.2 Hz, 2H), 1.54 (t, J = 7.2 Hz, 3H). Data is in agreement 

with the literature.157 

 

 

                                                           
157 L. M. T. Frija, I. D. Reva, A. Gómez-Zavaglia, M. L. S. Cristiano, R. Fausto, J. Phys. Chem. A 
2007, 111, 2879. 
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5-Phenoxy-1-phenyl-1H-tetrazole (9s) 

White solid. 

1H NMR (CDCl3, 300 MHz): δ 7.86-7.79 (m, 2H), 7.64-7.39 

(m, 7H), 7.35-7.30 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 

153.5 (C), 133.1 (C), 130.1 (2 CH), 129.7 (2 CH), 129.5 (CH), 126.6 (CH), 

122.2 (CH), 119.4 (CH). MS (ESI): m/z 239 (M+ + H, 100), 211 (37), 196 

(3). HRMS (ESI): calculated for C13H11N4O (M+ + H): 239.0927; found: 

239.0933. 

 

2-((2-((1-Phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl)thio)pyridine (8u) 

White solid. Yield: 98% (29.1 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.40 (d, J = 5.0 Hz, 1H), 

7.72-7.48 (m, 6H), 7.16 (d, J = 8.1 Hz, 1H), 7.06-7.00 

(m, 1H), 4.22-4.14 (m, 2H), 3.70-3.62 (m, 2H). 13C NMR (CDCl3, 75 MHz): 

δ 156.3 (C), 153.5 (C), 149.8 (CH), 136.3 (CH), 133.0 (C), 131.5 (CH), 

129.7 (2 CH), 125.2 (2 CH), 122.4 (CH), 120.1 (CH), 56.3 (CH2), 22.5 (CH2). 

MS (ESI): m/z 348 (M+ + H, 100), 221 (9), 201 (9), 186 (18), 138 (26). 

HRMS (ESI): calculated for C14H14N5O2S2 (M+ + H): 348.0853; found: 

348.0567. 

 

2-((1-Phenyl-1H-tetrazol-5-yl)sulfonyl)ethyl acetate (8v) 

White solid. Yield: 98% (29.1 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.72-7.58 (m, 5H), 4.62 (t, 

J = 5.7 Hz, 2H), 4.07 (t, J = 5.7 Hz, 2H), 1.99 (s, 3H). 13C 

NMR (CDCl3, 75 MHz): δ 170.1 (C), 153.6 (C), 132.9 (C), 131.1 (CH), 129.7 

(2 CH), 125.1 (2 CH), 56.7 (CH2), 55.7 (CH2), 20.5 (CH3). MS (ESI): m/z 

297 (M+ + H, 45), 255 (100), 230 (23), 122 (14), 119 (48). HRMS (ESI): 
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calculated for C11H13N4O4S (M+ + H): 297.0652; found: 297.0643. 

 

5-((3-Methylbutyl)sulfonyl)-1-phenyl-1H-tetrazole (8w) 

Colourless oil. Yield: 80% (22.5 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.75-7.57 (m, 5H), 3.80-

3.70 (m, 2H), 1.91-1.78 (m, 2H), 1.46-1.33 (m, 1H), 0.99 

(d, J = 6.2 Hz, 6H). 13C NMR (CDCl3, 75 MHz): δ 153.5 (C), 133.1 (C), 131.4 

(CH), 129.7 (2 CH), 125.1 (2 CH), 54.5 (CH2), 30.1 (CH2), 27.3 (CH), 22.0 

(2 CH3). MS (ESI): m/z 281 (M+ + H, 100), 149 (2), 119 (39). HRMS (ESI): 

calculated for C12H17N4O2S (M+ + H): 281.1066; found: 281.1069. 

 

5-(Hexylsulfonyl)-1-phenyl-1H-tetrazole (8x) 

Colourless oil. Yield: 60% (17.7 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.75-7.56 (m, 5H), 3.74 

(t, J = 7.9 Hz, 2H), 2.03-1.91 (m, 2H), 1.58-1.45 (m, 

2H), 1.41-1.24 (m, 4H), 0.91 (t, J = 7.0 Hz, 1H). 13C NMR (CDCl3, 75 MHz): 

δ 153.5 (C), 133.1 (C), 131.4 (CH), 129.7 (2 CH), 125.1 (2 CH), 56.1 (CH2), 

31.0 (CH2), 27.8 (CH2), 22.2 (CH2), 21.9 (CH2), 13.9 (CH3). MS (ESI): m/z 

295 (M+ + H, 100), 149 (3), 119 (51). HRMS (ESI): calculated for 

C13H19N4O2S (M+ + H): 295.1223; found: 295.1236. 
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3. Cycloadditions 

Azide 

 

Benzyl azide 16 (14 µL, 0.11 mmol) and vinyl sulfone 3 (23.6 mg, 0.1 

mmol) were dissolved in toluene (1 mL). This mixture was heated at 60ºC 

and stirred for 48 h, whereupon the solvent was eliminated under 

reduced pressure. The crude was purified by flash column 

chromatography (hexane/EtOAc = 2:1), to afford 14.0 mg (Yield: 88%) of 

compound 17. 

 

Nitrile oxide 

 

Vinyl sulfone 3 (23.6 mg, 0.1 mmol) and phenyl oxime 18 (12.3 mg, 0.11 

mmol) were dissolved in CH2Cl2 (1 mL) at 0ºC, whereupon commercial 

bleach (4% wt of ClO–, 1 mL) was added to the solution. The solution was 

stirred at 0ºC for 24 h, whereupon it was transferred to a separatory 

funnel. The aqueous phase was extracted twice with CH2Cl2 (2 x 5 mL) 

and the combined organic layers were washed with brine (10 mL), dried 

over MgSO4, filtered and concentrated under reduced pressure.  

Compound 19 was obtained after flash column chromatography of the 

crude (hexane/EtOAc = 2:1): 31.4 mg (Yield: 89%).  

To obtain compound 21, the crude was dissolved in CHCl3 and heated at 

50ºC for 16 h. The solvent was evaporated under reduced pressure and 
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the crude was purified by flash column chromatography (hexane/EtOAc 

= 5:1): 12.3 mg (Yield: 85%). 

Nitrones 

SO2PT

tBu
N
O

R

Toluene,
50ºC, 60h

ON

tBu

R

SO2PT3

(±)-23b-c

22b-c

 

The corresponding nitrone 22b-c (0.11 mmol) and vinyl sulfone 3 (23.6 

mg, 0.1 mmol) were dissolved in toluene (1 mL). The mixture was heated 

at 50ºC for 60 h, whereupon the solvent was eliminated under reduced 

pressure. The crude was purified by flash column chromatography 

(hexane/EtOAc = 10:1) to afford the corresponding isoxazolines 23b-c. 

 

Diels-Alder  

 

Vinyl sulfone 3 (236 mg, 1 mmol) was dissolved in toluene (10 mL), 

whereupon freshly distillated cyclopentadiene (336 µL, 4 mmol) or 1,3-

cyclohexadiene (381 µL, 4 mmol) was added to the solution. The mixture 

was stirred at the corresponding temperature the corresponding time 

whereupon the solvent was eliminated under reduced pressure.  

Cyclopentadiene 25a: 18h at room temperature. The endo:exo adducts 

were separated by flash column chromatography (hexane/EtOAc = 10:1), 

to afford 224 mg of the endo adduct 26a and 67 mg of the exo adduct 27a 

(291 mg for both diastereomers, 96% yield). 
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1,3-cyclohexadiene 25b: 60h at 70ºC. The crude was purified by flash 

column chromatography (hexane/EtOAc = 8:1), to afford 298 mg of a 

93:7 endo:exo mixture of adducts 26b and 27b (Yield: 94%). 

 

Competitive experiments for cycloadditions 

The competitive experiments were carried out with 0.1 mmol of vinyl 

sulfone 3 (23.6 mg) and 0.1 mmol of vinyl sulfones 1 (16. 8 mg) or 2 (30.8 

mg) in the same reaction conditions that the ones described for every 

substrate. 

 

1-Benzyl-1H-1,2,3-triazole (17) 

1H NMR (CDCl3, 300 MHz): δ 7.66 (s, 1H), 7.46 (s, 1H), 

7.36-7.29 (m, 3H), 7.26-7.20 (m, 2H), 5.49 (s, 2H). 

Data is in agreement with the literature.158 

 

1-Benzyl-5-(phenylsulfonyl)-1H-1,2,3-triazole (28) 

1H NMR (CDCl3, 300 MHz): δ 8.11-8.05 (m, 2H), 7.97 

(s, 1H), 7.70-7.50 (m, 4H), 7.45-7.39 (m, 2H), 7.34-7.26 

(m, 2H), 5.55 (s, 2H). 13C NMR (CDCl3, 75 MHz): δ 

149.4 (C), 140.1 (C), 133.9 (CH), 132.9 (C), 129.5 (2 CH), 129.3 (2 CH), 

128.9 (CH), 128.6 (2 CH), 128.1 (2 CH), 125.6 (CH), 54.9 (CH2). MS (ESI): 

m/z 300 (M++ H, 100), 230 (2), 149 (2). HRMS (ESI): calculated for 

C15H14N3O2S (M+ + H): 300.0801; found: 300.0813.   

 

                                                           
158 Z. Gonda, K. Lorincz, C. Novak, Tetrahedron Lett., 2010, 51, 6275.  
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3-Phenyl-5-((1-phenyl-1H-tetrazol-5-yl)sulfonyl-4,5-

dihydroisoxazole (19) 

White solid. 

1H NMR (CDCl3, 300 MHz): δ 7.70-7.55 (m, 7H), 7.53-

7.38 (m, 3H), 6.15 (dd, J = 10.6 and 4.0 Hz, 1H), 4.25 

(dd, J = 18.7 and 4.0 Hz, 1H), 3.98 (dd, J = 18.7 and 10.6 Hz, 1H). 13C NMR 

(CDCl3, 75 MHz): δ 157.8 (C), 151.4 (C), 132.9 (C), 131.7 (CH), 131.6 (CH), 

129.5 (2 CH), 129.1 (2 CH), 127.3 (2 CH), 126.5 (C), 125.9 (2 CH), 94.5 

(CH), 37.6 (CH2).  

 

3-Phenylisoxazole (21) 

1H NMR (300 MHz): δ 8.46 (d, J = 1.7 Hz, 1H), 7.85-7.81 (m, 

2H), 7.49-7.44 (m, 3H), 6.67 (d, J = 1.7 Hz, 1H). 

Data is in agreement with the literature.159 

 

2-tert-Butyl-3-(4-chlorophenyl)-4-((1-phenyl-1H-tetrazol-5-

yl)sulfonyl)isoxazolidine (23b) 

White solid. Yield: 68% (30.3 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.70-7.59 (m, 5H), 

7.45 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 4.64 

(d, J = 5.0 Hz, 1H), 4.54-4.40 (m, 3H), 1.03 (s, 9H). 

13C NMR (CDCl3, 75 MHz): δ 153.2 (C), 139.8 (C), 

134.1(C), 132.8 (C), 131.7 (CH), 129.8 (2 CH), 129.1 (2 CH), 128.8 (2 CH), 

125.1 (2 CH), 77.6 (CH), 65.8 (CH2), 60.9 (CH), 59.2 (C), 26.2 (CH3). MS 

(ESI): m/z 448 (M+ + H, 100), 392 (11), 230 (4). HRMS (ESI): calculated 

for C20H25N5O3SCl (M+ + H): 448.1204; found: 448.1203. 
                                                           
159 S. Tang, J. He, Y. Sun, L. He, X. She, Org. Lett., 2009, 11, 3982. 
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2-tert-Butyl-3-butyl-4-((1-phenyl-1H-tetrazol-5-yl) 

sulfonyl)isoxazolidine (23c) 

White solid. Yield: 59% (23.4 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.75-7.58 (m, 5H), 4.55-

4.48 (m, 1H), 4.43 (d, J = 11.1 Hz, 1H), 4.23 (dd, J = 

11.1 and 6.1 Hz, 1H), 3.75-3.68 (m, 1H), 1.85-1.56 (m, 2H), 1.52-1.29 (m, 

4H), 1.16 (s, 9H), 0.91 (t, J = 6.7 Hz, 3H). 13C NMR (CDCl3, 75 MHz): δ 

153.3 (C), 133.0 (C), 131.6 (CH), 129.8 (2 CH), 125.1 (2 CH), 74.1 (CH), 

66.0 (CH2), 59.0 (C), 57.3 (CH), 36.9 (CH2), 27.5 (CH2), 26.2 (3 CH3), 22.5 

(CH2), 14.0 (CH3). MS (ESI): m/z 394 (M+ + H, 100), 338 (5), 128 (4). 

HRMS (ESI): calculated for C18H28N5O3S (M+ + H): 394.1907; found: 

394.1917. 

 

5-(1R*,2R*,4R*)-(Bicyclo[2.2.1]hept-5-en-2-ylsulfonyl)-1-phenyl-1H-

tetrazole and 5-(1R*,2S*,4R*)-(bicyclo[2.2.1]hept-5-en-2-

ylsulfonyl)-1-phenyl-1H-tetrazole (26 and 27a) 

Endo adduct (26a). White solid. Melting point: 96-97 °C. 

1H NMR (CDCl3, 300 MHz): δ 7.74-7.55 (m, 5H), 6.33 (dd, 

J = 5.5 and 3.1 Hz, 1H), 6.10 (dd, J = 5.6 and 2.7 Hz, 1H), 4.63 (ddd, J = 9.5, 

4.9 and 3.2 Hz, 1H), 3.63 (bs, 1H), 3.15 (bs, 1H), 2.48-2.37 (m, 1H), 1.74-

1.62 (m, 2H), 1.55-1.47 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 154.4 (C), 

138.3 (CH), 133.1 (C), 131.3 (CH), 131.0 (CH), 129.6 (2 CH), 125.2 (2 CH), 

65.3 (CH), 49.9 (CH2), 45.2 (CH), 42.8 (CH), 30.1 (CH2). MS (ESI): m/z 303 

(M+ + H, 100), 185 (15), 128 (17), 119 (14). HRMS (ESI): calculated for 

C14H15N4O2S (M+ + H): 303.0910; found: 303.0924. 

Exo adduct (27a). White solid. Melting point: 121-122 

°C. 
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1H NMR (CDCl3, 300 MHz): δ 7.74-7.54 (m, 5H), 6.29 (dd, J = 5.5 and 2.9 

Hz, 1H), 6.17 (dd, J = 5.5 and 3.6 Hz, 1H), 3.67 (ddd, J = 8.5, 4.3 and 0.9 Hz, 

1H), 3.55-3.49 (m, 1H), 3.02 (bs, 1H), 2.22-2.13 (m, 1H), 1.87-1.72 (m, 

2H), 1.53-1.44 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 154.1 (C), 140.8 (CH), 

134.9 (CH), 133.4 (C), 131.4 (CH), 129.9 (2 CH), 125.3 (2 CH), 64.8 (CH), 

46.1 (CH2), 44.6 (CH), 41.6 (CH), 29.0 (CH2). MS (ESI): m/z 303 (M+ + H, 

100), 185 (37), 143 (62), 119 (20), 98 (15). HRMS (ESI): calculated for 

C14H15N4O2S (M+ + H): 303.0910; found: 303.0925. 

 

5-(1R*,2R*,4R*)-(Bicyclo[2.2.2]oct-5-en-2-ylsulfonyl)-1-phenyl-1H-

tetrazole (26b) 

Data for the major diastereomer (Endo adduct):  

1H NMR (CDCl3, 300 MHz): δ 7.72-7.52 (m, 5H), 6.37 (t, J 

= 7.3 Hz, 1H), 6.17 (t, J = 7.3 Hz, 1H), 4.27 (ddd, J = 9.8, 6.1 and 1.8 Hz, 

1H), 3.36-3.28 (m, 1H), 2.83-2.75 (m, 1H), 2.17 (ddd, J = 13.1, 9.8 and 2.8 

Hz, 1H), 1.85-1.22 (m, 5H). 13C NMR (CDCl3, 75 MHz): δ 153.6 (C), 135.2 

(CH), 133.1 (C), 131.3 (CH), 130.0 (CH), 129.5 (2 CH), 125.2 (2 CH), 64.3 

(CH), 29.4 (CH2), 29.2 (CH), 29.0 (CH), 25.8 (CH2), 23.0 (CH2). MS (ESI): 

m/z 317 (M+ + H, 100), 230 (46), 225 (13), 122 (20), 107 (23). HRMS 

(ESI): calculated for C15H17N4O2S (M+ + H): 317.1066; found: 317.1067. 

 

(1R*,4R*)-5,5-(Bis(phenylsulfonyl)bicyclo[2.2.1]hept-2-ene (34) 

White solid. 

1H NMR (CDCl3, 300 MHz): δ 8.05-7.97 (m, 4H), 7.75-

7.49 (m, 6H), 6.35-6.28 (m, 1H), 6.21-6.14 (m, 1H), 

3.49-3.43 (m, 1H), 3.12-3.05 (m, 1H), 2.81 (dd, J = 14.0 and 3.8 Hz, 1H), 

2.36-2.23 (m, 2H), 1.49-1.41 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 141.1 

(CH), 140.8 (C), 138.5 (C), 134.2 (CH), 134.1 (CH), 133.9 (CH), 130.8 (2 
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CH), 130.5 (2 CH), 128.7 (2 CH), 128.5 (2 CH), 98.7 (C), 52.2 (CH), 49.9 

(CH2), 42.7 (CH), 34.3 (CH2). MS (ESI): m/z 375 (M+ + H, 100), 309 (15), 

149 (15), 125 (67), 114 (24). HRMS (ESI): calculated for C19H19O4S2 (M+ + 

H): 375.0719; found: 303.0733. 
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4. Transformations 

Julia-Kocienski olefination 

 

The Diels-Alder adducts 26-27a (24.2 mg, 0.08 mmol) and p-

nitrobenzaldehyde (18.1 mg, 0.12 mmol) were dissolved in DME (2 mL). 

The mixture was cooled in a CO2 / acetone at - 78ºC and was stirred for 5 

min, whereupon KHDMS (0.5 M in toluene, 0.2 mL, 0.1 mmol), was added 

to the solution. After 10 min, the reaction was quenched with sat. aq. 

NH4Cl (10 mL), and the mixture was extracted with EtOAc (2 x 10 mL). 

The combined organic layers were washed with brine (10 mL), dried over 

MgSO4, filtered and concentrated under reduced pressure. The crude was 

purified by flash column chromatography (hexane/EtOAc = 10:1) to 

afford 14.0 mg (Yield: 77%) of the corresponding olefin 35 as a 70:30 

mixture of diastereomers. 

 

α-Methylation 

 
Diels-Alder adducts 26-27a (24.2 mg, 0.08 mmol) were dissolved in dry 

DME (2 mL). The mixture was cooled in a CO2 / acetone at –78ºC and was 

stirred for 5 min, whereupon KHDMS (0.5 M in toluene, 0.2 mL, 0.1 

mmol) and MeI (0.02 mL, 0.32 mmol) were subsequently added. After 20 
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min the reaction was quenched with sat. aq. NH4Cl (10 mL), and the 

mixture was extracted with EtOAc (2 x 10 mL). The combined organic 

layers were washed with brine (10 mL), dried over MgSO4, filtered and 

concentrated under reduced pressure. The crude was purified by flash 

column chromatography (hexane / EtOAc = 10:1) to afford 17 mg (Yield: 

67%) of compound 36 as a 1:1 mixture of diastereomers. 

 

 

Methylation of the sulfone 

 

Diels-Alder adduct 26a (48.9 mg, 0.16 mmol) was dissolved in MeOH (2 

mL) and sodium methoxide (25.3 mg, 0.48 mmol) was added to the 

solution. The mixture was stirred at room temperature for 15 min, 

whereupon MeI (0.1 mL, 1.6 mmol), was added to the solution. After 19 h, 

the mixture was extracted with EtOAc (3 x 10 mL). The combined organic 

layers were washed with water (10 mL), brine (10 mL), dried over 

MgSO4, filtered and concentrated under reduced pressure. The crude was 

purified by flash column chromatography (hexane/EtOAc = 4:1) to afford 

17.4 mg (Yield: 63%) of 38 as a yellowish oil. 

 

 

 

 

 

 



 

212 

Chapter VI 

(Z) and (E)-5-(4-Nitrobenzylidene)bicyclo[2.2.1]hept-2-ene (35) 

Brown oil. 

1H NMR (CDCl3, 300 MHz) (mixture of diastereomers): δ 

8.26-8.14 (m, 2Hmajor, 2Hminor), 7.51-7.40 (m, 2Hmajor, 

2Hminor), 6.65-6.57 (m, 1Hminor), 6.38-6.13 (m, 3Hmajor, 

2Hminor), 3.80 (bs, 1Hmajor), 3.43 (bs, 1Hminor), 3.23 (bs, 

1Hminor), 3.08 (bs, 1Hmajor), 2.65-2.46 (m, 1Hmajor, 1Hminor), 2.26-2.13 (m, 

1Hminor), 2.09-1.97 (m, 1Hmajor), 1.82-1.70 (m, 1Hmajor, 1Hminor), 1.64-1.44 

(m, 1Hmajor, 1Hminor). 13C NMR (CDCl3, 75 MHz) (mixture of diastereomers): 

δ 151.7 (C), 150.7 (C), 145.5 (C), 138.7 (CH), 138.0 (CH), 133.9 (CH), 

132.6 (CH), 128.5 (CH), 127.8 (CH), 124.0 (CH), 123.7 (CH), 118.8 (CH), 

53.7 (CH), 50.7 (CH2), 47.2 (CH), 42.9 (CH), 40.9 (CH), 35.8 (CH2), 35.1 

(CH2), 29.8 (CH2). 

 

5-((1R*,2R*,4R*)-2-Methylbicyclo[2.2.1]hept-5-en-2-yl)sulfonyl)-1-

phenyl-1H-tetrazole and 5-((1R*,2S*,4R*)-2-Methylbicyclo[2.2.1] 

hept-5-en-2-yl)sulfonyl)-1-phenyl-1H-tetrazole (36) 

Yellow oil. 

1H NMR (CDCl3, 300 MHz) (mixture of diastereomers): δ 

7.67-7.51 (m, 10H), 6.34 (dd, J = 5.5 and 2.9 Hz, 1H), 

6.24-6.14 (m, 2H), 6.10 (dd, J = 5.3 and 2.9 Hz, 1H), 3.61-3.51 (m, 1H), 

3.25 (bs, 1H), 3.05 (bs, 1H), 2.97 (bs, 1H), 2.64 (dd, J = 13.3 and 3.6 Hz, 

1H), 2.45 (dd, J = 13.3 and 2.9 Hz, 1H), 2.22 (d, J = 9.2 Hz, 1H), 1.86 (dd, J = 

13.3 and 3.6 Hz, 1H), 1.73-1.44 (m, 9H), 1.36-1.32 (m, 1H). 13C NMR 

(CDCl3, 75 MHz): δ 153.3 (2 C), 141.2 (CH), 138.0 (CH), 133.3 (2 C), 133.2 

(CH), 131.4 (2 CH), 129.4 (4 CH), 126.1 (CH), 125.3 (4 CH), 73.7 (C), 73.5 

(C), 52.1 (CH), 49.2 (CH), 48.8 (CH2), 48.3 (CH2), 43.1 (2 CH), 37.4 (CH2), 

36.5 (CH2), 24.9 (CH3), 22.6 (CH3). 
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(1R*, 4R*, 5R*)-5-(Methylsulfonyl)bicyclo[2.2.1]hept-2-ene (38) 

Yellowish oil. 

1H NMR (CDCl3, 300 MHz): δ 6.24 (dd, J = 5.5 and 2.9 Hz, 

1H), 6.06 (dd, J = 5.5 and 2.9 Hz, 1H), 3.63-3.51 (m, 1H), 

3.37 (bs, 1H), 3.05 (bs, 1H), 2.80 (s, 3H), 2.24-2.10 (m, 1H), 1.63-1.45 (m, 

2H), 1.40-1.30 (m, 1H). 13C NMR (CDCl3, 75 MHz): δ 137.9 (CH), 131.4 

(CH), 63.5 (CH), 50.2 (CH2), 45.1 (CH), 42.9 (CH), 41.1 (CH3), 29.0 (CH2). 

  

SO2Me
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C. Experimental part of Chapter III 

1. Preparation of aldehydes 43a-k 

Commercially available aldehydes 43a, 43i and 43j were purchased and 

used without any previous treatment. The rest of the aldehydes were 

prepared in a two-step process from the corresponding ketones following 

the procedure described in the literature.160 Spectroscopic data were in 

agreement with the literature. 

 

 

2. Preparation of catalysts 42f-h 

Catalyst 42f was prepared from dihydroquinine according to the 

procedure described in the literature.161 Catalyst 42g was prepared 

following the procedure described in the literature.162 Catalyst 42h was 

prepared following the same procedure described for catalyst 42g using 

quinidine.  

 

All spectroscopic data were in agreement with the literature. 

 

 

                                                           
160. S. Hoffmann, M. Nicoletti, B. List, J. Am. Chem. Soc., 2006, 128, 13074.  
161. S. H. McCooey, S. J. Connon, Org. Lett., 2007, 9, 599. 
162. B. Vakulya, S. Varga, A. Csámpai, T. Soós, Org. Lett., 2005, 7, 1967. 
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3. General procedure for the conjugate addition of α,α-

disubstituted aldehydes 43a-k to heteroaryl vinyl sulfone 3. 

 

Catalyst 42g (9-amino-(9-deoxi)-epiquinine) (9.6 mg, 0.03 mmol) was 

dissolved in CHCl3 (1 mL) and the indicated equivalents in each case of 

the corresponding aldehyde 43a-k were added to the solution. The 

mixture was stirred for 5 min before vinyl sulfone 3 (35 mg, 0.15 mmol) 

and p-nitrobenzoic acid were added. The reaction mixture was stirred at 

room temperature until completion (TLC) (see Scheme 3.16, page 96). 

The solvent was removed under reduced pressure and the crude was 

purified by flash column chromatography (hexane/EtOAc = 10:1 to 8:1 to 

6:1) to afford the corresponding Michael adduct 44a-k. 

Racemics: 

Method A: A mixture of (S)-methylbenzylamine  (2 µL, 0.01 mmol) and 

(R)-methylbenzylamine  (2 µL, 0.01 mmol) were dissolved in CHCl3 (0.5 

mL) and the corresponding aldehyde 43 (30 equiv, 2.25 mmol) was 

added to the solution. The mixture was stirred for 5 min before vinyl 

sulfone 3 (17.8 mg, 0.075 mmol) was added. The reaction mixture was 

stirred at room temperature until completion (TLC). The solvent was 

removed under reduced pressure and the crude was purified by flash 

column chromatography (hexane/EtOAc = 10:1 to 8:1 to 6:1) to afford 

the corresponding racemic aldehyde 44. 
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Method B:163 A mixture of 42g (2.4 mg, 0.0075 mmol) and 42h (2.4 mg, 

0.0075 mmol) were dissolved in CHCl3 (0.5 mL) and the indicated 

equivalents in each case of the corresponding aldehyde 43 were added to 

the solution. The mixture was stirred for 5 min before vinyl sulfone 3 

(17.8 mg, 0.075 mmol) and p-nitrobenzoic acid were added. The reaction 

mixture was stirred at room temperature until completion (TLC). The 

solvent was removed under reduced pressure and the crude was purified 

by flash column chromatography (hexane/EtOAc = 10:1 to 8:1 to 6:1) to 

afford the corresponding racemic aldehyde 44. 

 

(R)-2-Methyl-2-phenyl-4-(1-phenyl-1H-tetrazol-5-ylsulfonyl)butanal 

(44a) 

Adduct 44a was obtained following the general 

method using 5 equiv of aldehyde 43a and 20 

mol% of p-nitrobenzoic acid. Yield: 76%.  

White solid. Mp: 83-84ºC. [α]25
D - 32.1º (c = 1.0, CHCl3).  

1H NMR (CDCl3, 300 MHz): δ 9.41 (s, 1H), 7.71-7.53 (m, 5H), 7.49-7.21 (m, 

5H), 3.61 (ddd, J = 4.4, 12.6 and 14.4 Hz, 1H), 3.43 (ddd, J = 4.4, 12.5 and 

14.4 Hz, 1H), 2.61 (ddd, J = 4.5, 12.5 and 13.7 Hz, 1H), 2.36 (ddd, J = 4.4, 

12.6 and 13.7 Hz, 1H), 1.60 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 199.9 

(CHO), 153.2 (C), 136.9 (C), 133.0 (C), 131.5 (CH), 129.7 (2 CH), 129.6 (2 

CH), 128.4 (CH), 127.0 (2 CH), 125.1 (2 CH), 52.9 (C), 52.3 (CH2), 28.8 

(CH2), 18.5 (CH3). MS (ESI): m/z 371 (M+ + H, 71), 149 (100), 143 (37), 64 

(22). HRMS (ESI): calculated for C18H19N4O3S (M+ + H): 371.1172; found: 

371.1166.  

The procedure to obtain this product has been scaled up until 500 mg of 

vinyl sulfone 3. Yield: 70%. 
                                                           
163 It is important to note that, as the catalysts used are not enantiomers but 
pseudoenantiomers, adducts 44 were not obtained as racemates. 
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Racemic aldehyde was obtained using Method A. 

The enantiomeric excess was determined by HPLC using a Chiralpak IB 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 94%, τ major = 

23.6 min; τ minor = 26.9 min. 

 

(R)-2-(4-Bromophenyl)-2-methyl-4-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)butanal (44b) 

Adduct 44b was obtained following the general 

method using 5 equiv of aldehyde 43b and 20 

mol% of p-nitrobenzoic acid. Yield: 71%. 

Colourless oil. [α]25
D - 3.3º (c = 1.0, CHCl3).  

1H NMR (CDCl3, 300 MHz): δ 9.45 (s, 1H), 7.69-7.53 (m, 7H), 7.17-7.11 (m, 

2H), 3.61 (ddd, J = 4.4, 12.4 and 14.5 Hz, 1H), 3.42 (ddd, J = 4.4, 12.6 and 

14.5 Hz, 1H), 2.60 (ddd, J = 4.5, 12.6 and 13.8 Hz, 1H), 2.29 (ddd, J = 4.5, 

12.4 and 13.8 Hz, 1H), 1.59 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 199.2 

(CHO), 153.1 (C), 136.0 (C), 132.9 (C), 132.7 (2 CH), 131.5 (CH), 129.7 (2 

CH), 128.7 (2 CH), 125.0 (2 CH), 122.7 (CH), 52.6 (C), 52.1 (CH2), 28.7 

(CH2), 18.5 (CH3). MS (ESI): 449 (M+ + H, 28), 149 (100), 79 (30). HRMS 

(ESI): calculated C18H18BrN4O3S (M+ + H): 449.0243; found: 449.0268.  

Racemic aldehyde was obtained using Method B. 

The enantiomeric excess was determined by HPLC using a Chiralpak IC 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 93%, τ major = 

41.9 min; τ minor = 50.2 min. 
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(R)-4-(2-Methyl-1-oxo-4-(1-phenyl-1H-tetrazol-5-ylsulfonyl)butan-

2-yl)benzonitrile (44c) 

Adduct 44c was obtained following the general 

method using 5 equiv of aldehyde 43c and 20 

mol% of p-nitrobenzoic acid. Yield: 65%. 

Colourless oil. [α]25
D - 10.5º (c = 1.0, CHCl3). 

1H NMR (CDCl3, 300 MHz): δ 9.49 (s, 1H), 7.75 (d, J = 8.5 Hz, 2H), 7.70-

7.55 (m, 5H), 7.41 (d, J = 8.5 Hz, 2H), 3.62 (ddd, J = 4.8, 12.4 and 14.6 Hz, 

1H), 3.45 (ddd, J = 4.4, 12.3 and 14.6 Hz, 1H), 2.62 (ddd, J = 4.4, 12.3 and 

13.9 Hz, 1H), 2.46 (ddd, J = 4.8, 12.4 and 13.9 Hz, 1H), 1.64 (s, 3H). 13C 

NMR (CDCl3, 75 MHz): δ 198.7 (CHO), 153.1 (C), 142.6 (C), 133.2 (2 CH), 

132.8 (C), 131.6 (CH), 129.8 (2 CH), 127.9 (2 CH), 124.9 (2 CH), 117.9 (C), 

112.6 (CN), 53.3 (C), 51.9 (CH2), 28.8 (CH2), 18.6 (CH3). MS (ESI): 396 (M+ 

+ H, 28), 280 (64), 149 (100). HRMS (ESI): calculated for C19H18N5O3S (M+ 

+ H): 396.1124; found: 396.1118.  

Racemic aldehyde was obtained using Method B. 

The enantiomeric excess was determined in the corresponding acetal by 

HPLC using a Chiralpak IA column [hexane/iPrOH = 90:10]; flow rate 1.0 

mL/min. ee = 86%, τ major = 57.1 min; τ minor = 48.3 min. 

 

(R)-2-Methyl-4-(1-phenyl-1H-tetrazol-5-ylsulfonyl)-2-p-tolylbutanal 

Adduct 44d was obtained following the general 

method using 5 equiv of aldehyde 43d and 20 

mol% of p-nitrobenzoic acid. Yield: 60%. 

Colourless oil. [α]30
D - 30.7º (c = 1.0, CHCl3). 

1H NMR (CDCl3, 300 MHz): δ 9.44 (s, 1H), 7.69-7.54 (m, 5H), 7.24 (d, J = 

8.3 Hz, 2H), 7.11 (d, J = 8.3 Hz, 2H), 3.59 (ddd, J = 4.5, 12.6 and 14.5 Hz, 
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1H), 3.42 (ddd, J = 4.4, 12.3 and 14.5 Hz, 1H), 2.59 (ddd, J = 4.3, 12.6 and 

13.5 Hz, 1H), 2.36 (s, 3H), 2.35 (ddd, J = 4.5, 12.5 and 13.6 Hz, 1H), 1.57 (s, 

3H). 13C NMR (CDCl3, 75 MHz): δ 200.0 (CHO), 153.4 (C), 138.3 (C), 133.8 

(C), 133.1 (C), 131.5 (CH), 130.3 (2 CH), 129.7 (2 CH), 126.9 (2 CH), 125.1 

(2 CH), 52.6 (C), 52.3 (CH2), 28.8 (CH2), 21.0 (CH3), 18.5 (CH3). MS (ESI): 

385 (M+ + H, 53), 157 (55), 149 (100). HRMS (ESI): calculated for 

C19H21N4O3S (M+ + H): 385.1328; found: 385.1314.  

Racemic aldehyde was obtained using Method B. 

The enantiomeric excess was determined by HPLC using a Chiralpak IC 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 93%, τ major = 

34.5 min; τ minor = 40.6 min. 

 

(R)-2-(2-Fluorophenyl)-2-methyl-4-(1-phenyl-1H-tetrazol-5 

ylsulfonyl)butanal (44e) 

Adduct 44e was obtained following the general 

method using 5 equiv of aldehyde 43e and 20 

mol% of p-nitrobenzoic acid. Yield bsmr: 30%. 

Colourless oil. Data obtained from a mixture 

containing a 25% of vinyl sulfone 3.  

1H NMR (CDCl3, 300 MHz): δ 9.65 (d, J = 5.5 Hz, 1H), 7.71-7.56 (m, 5H), 

7.43-7.34 (m, 1H), 7.32-7.27 (m, 2H), 7.19-7.10 (m, 1H), 3.62 (ddd, J = 4.5, 

12.6 and 14.4 Hz, 1H), 3.48 (ddd, J = 4.7, 12.4 and 14.4 Hz, 1H), 2.61 (ddd, 

J = 4.6, 12.4 and 13.6 Hz, 1H), 2.42 (ddd, J = 4.8, 12.3 and 13.8 Hz, 1H), 

1.65 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 199.4 (d, J = 2.4 Hz, CHO), 

160.75 (d, J = 246.8 Hz, C-F), 153.2 (C), 134.9 (d, J = 59.3 Hz, CH), 132.9 

(C), 131.5 (CH), 130.6 (d, J = 5.5 Hz, CH), 129.7 (2 CH), 128.4 (d, J = 4.4 Hz, 

CH), 125.3 (d, J = 3.4 Hz, C), 125.1 (2 CH), 52.3 (CH2), 51.1 (C), 27.6 (CH2), 

19.5 (CH3).  
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Racemic aldehyde was obtained using Method B. 

The enantiomeric excess was determined by HPLC using a Chiralpak IA 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 92%, τ major = 

28.1 min; τ minor = 25.7 min.  

 

(R)-2-Methyl-2-(naphthalen-2-yl)-4-(1-phenyl-1H-tetrazol-5-yl 

sulfonyl)butanal (44f) 

Adduct 44f was obtained following the general 

method using 5 equiv of aldehyde 43f and 20 

mol% of p-nitrobenzoic acid. Yield: 83%. 

Colourless oil. [α]30D - 1.7º (c = 0.9, CHCl3). 

1H NMR (CDCl3, 300 MHz): δ 9.55 (s, 1H), 7.94-7.83 (m, 3H), 7.72 (d, J = 

1.8 Hz, 1H), 7.63-7.52 (m, 7H), 7.32 (dd, J = 2.0 and 8.7 Hz, 1H), 3.62 (ddd, 

J = 4.4, 12.6 and 14.5 Hz, 1H), 3.43 (ddd, J = 4.4, 12.5 and 14.5 Hz, 1H), 

2.74 (ddd, J = 4.4, 12.7 and 13.9 Hz, 1H), 2.45 (ddd, J = 4.4, 12.6 and 13.9 

Hz, 1H), 1.71 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 200.1 (CHO), 153.3 (C), 

134.3 (C), 133.4 (C), 132.9 (C), 132.8 (C), 131.5 (CH), 129.7 (2 CH), 129.6 

(CH), 128.1 (CH), 127.8 (CH), 126.9 (CH), 126.8 (CH), 126.5 (CH), 125.1 (2 

CH), 124.1 (CH), 53.1 (C), 52.3 (CH2), 28.7 (CH2), 18.6 (CH3). MS (ESI): 

421 (M+ + H, 78), 149 (100), 119 (16). HRMS (ESI): calculated for 

C22H21N4O3S (M+ + H): 421.1328; found: 421.1310. 

Racemic aldehyde was obtained using Method A. 

The enantiomeric excess was determined by HPLC using a Chiralpak IA 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 89%, τ major = 

32.4 min; τ minor = 38.1 min. 
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(S)-2-Methyl-4-(1-phenyl-1H-tetrazol-5-ylsulfonyl)-2-(thiophen-2-

yl)butanal (44g) 

Adduct 44g was obtained following the general 

method using 5 equiv of aldehyde 43g and 20 

mol% of p-nitrobenzoic acid. Yield: 68%. 

Colourless oil. [α]30D - 7.3º (c = 0.5, CHCl3). 

1H NMR (CDCl3, 300 MHz): δ 9.45 (s, 1H), 7.72-7.56 (m, 5H), 7.36 (dd, J = 

1.1 and 5.1 Hz, 1H), 7.07 (dd, J = 3.6 and 5.1 Hz, 1H), 6.95 (dd, J = 1.1 and 

3.6 Hz, 1H), 3.75-3.54 (m, 2H), 2.63 (ddd, J = 4.5, 12.1 and 13.8 Hz, 1H), 

2.42 (ddd, J = 5.1, 12.1 and 13.8 Hz, 1H), 1.65 (s, 3H). 13C NMR (CDCl3, 75 

MHz): δ 197.6 (CHO), 153.2 (C), 141.3 (C), 132.9 (C), 131.6 (CH), 129.8 (2 

CH), 128.0 (CH), 126.5 (CH), 126.2 (CH), 125.1 (2 CH), 52.2 (CH2), 51.3 

(C), 29.2 (CH2), 20.2 (CH3). MS (ESI): 377 (M+ + H, 30), 149 (100). HRMS 

(ESI): calculated for C16H17N4O3S2 (M+ + H): 377.0736; found: 377.0735.  

Racemic aldehyde was obtained using Method B. 

The enantiomeric excess was determined by HPLC using a Chiralpak IC 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 58%, τ major = 

35.4 min; τ minor = 41.5 min.  

 

(S)-2-Isopropyl-2-methyl-4-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)butanal (44h) 

Adduct 44h was obtained following the general 

method using 10 equiv of aldehyde 43h and 50 

mol % of p-nitrobenzoic acid. Yield: 48%. 

Colourless oil. 

1H NMR (CDCl3, 300 MHz): δ 9.44 (s, 1H), 7.70-7.55 (m, 5H), 3.71-3.51 (m, 

2H), 2.23-1.98 (m, 2H), 1.55-1.47 (m, 2H), 1.40-1.06 (m, 5H), 0.93 (t, J = 
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7.2 Hz, 3H). 13C NMR (CDCl3, 75 MHz): δ 204.1 (CHO), 153.2 (C), 133.0 

(C), 131.5 (CH), 129.7 (2 CH), 125.1 (2 CH), 52.0 (CH2), 48.2 (C), 37.3 

(CH2), 26.4 (CH2), 18.8 (CH3), 17.1 (CH2), 14.5 (CH3).  

Racemic aldehyde was obtained using Method A. 

The enantiomeric excess was determined by HPLC using a Chiralpak IC 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 40%, τ major = 

30.8 min; τ minor = 39.3 min. 

 

(S)-2,6-Dimethyl-2-(2-(1-phenyl-1H-tetrazol-5-ylsulfonyl)ethyl) 

hept-5-enal (44i) 

Adduct 44i was obtained following the general 

method using 10 equiv of aldehyde 43i and 50 

mol % of p-nitrobenzoic acid. Yield: 46%. 

Colourless oil. 

1H NMR (CDCl3, 300 MHz): δ 9.45 (s, 1H), 7.76-7.54 (m, 5H), 5.08-4.95 (m, 

1H), 3.73-3.62 (m, 2H), 2.27-1.83 (m, 4H), 1.71-1.48 (m, 8H), 1.17 (s, 3H). 

13C NMR (CDCl3, 75 MHz): δ 203.8 (CHO), 153.2 (C), 133.2 (C), 133.0 (C), 

131.5 (CH), 129.7 (2 CH), 125.0 (2 CH), 122.7 (CH), 51.9 (CH2), 48.1 (C), 

35.6 (CH2), 26.3 (CH2), 25.6 (CH3), 22.4 (CH2), 18.7 (CH3), 17.7 (CH3). MS 

(ESI): m/z: 377 (M+ + H, 44), 359 (100), 149 (55), 147 (38), 121 (19). 

HRMS (ESI): calculated for C18H25N4O3S (M+ + H): 377.1641; found: 

377.1629. 

Racemic aldehyde was obtained using Method A. 

The enantiomeric excess was determined by HPLC using a Chiralpak IC 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 42%, τ major = 

24.4 min; τ minor = 27.5 min. 
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(R)-2-Benzyl-2-methyl-4-(1-phenyl-1H-tetrazol-5-ylsulfonyl)butanal 

(44j) 

Adduct 44j was obtained following the general 

method using 5 equiv of aldehyde 43j and 20 mol 

% of p-nitrobenzoic acid. Yield: 62%. 

Colourless oil. [α]30
D - 1.2º (c = 1.0, CHCl3). 

1H NMR (CDCl3, 300 MHz): δ 9.58 (s, 1H), 7.70-7.55 (m, 5H), 7.33-7.23 (m, 

3H), 7.11-7.04 (m, 2H), 3.76-3.63 (m, 2H), 2.95-2.79 (m, 2H), 2.30-2.15 

(m, 1H), 2.11-1.96 (m, 1H), 1.17 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 

203.9 (CHO), 153.3 (C), 135.0 (C), 132.9 (C), 131.5 (CH), 130.1 (2 CH), 

129.7 (2 CH), 128.6 (2 CH), 127.2 (CH), 125.1 (2 CH), 52.0 (CH2), 49.2 (C), 

42.4 (CH2), 26.8 (CH2), 18.6 (CH3). MS (ESI): 385 (M+ + H, 80), 149 (100). 

HRMS (ESI): calculated for C19H21N4O3S (M+ + H): 385.1328; found: 

385.1321.  

Racemic aldehyde was obtained using Method A. 

The enantiomeric excess was determined by HPLC using a Chiralpak IC 

column [hexane/iPrOH = 90:10]; flow rate 1.0 mL/min. ee = 71% τ major = 

47.4 min; τ minor = 36.6 min.  

 

(R)-2-Ethyl-2-phenyl-4-(1-phenyl-1H-tetrazol-5-ylsulfonyl)butanal 

(44k) 

Adduct 44k was obtained in 50 % yield (ca. 70 % 

purity) following the general method using 10 

equiv of aldehyde 43k and 50 mol% of p-

nitrobenzoic acid.  

Colourless oil. 

1H NMR (CDCl3, 300 MHz): δ 9.44 (s, 1H), 7.62-7.44 (m, 5H), 7.41-7.10 (m, 



 

224 

Chapter VI 

5H), 3.41 (ddd, J = 4.4, 12.5 and 14.5 Hz, 1H), 3.27 (ddd, J = 4.4, 12.5 and 

14.5 Hz, 1H), 2.50 (ddd, J = 4.6, 12.5 and 13.9 Hz, 1H), 2.36 (ddd, J = 4.6, 

12.5 and 13.9 Hz, 1H), 2.20-1.90 (m, 2H), 0.89 (t, J = 7.5 Hz, 3H). 13C NMR 

(CDCl3, 75 MHz): δ 200.9 (CHO), 153.1 (C), 136.8 (C), 132.9 (C), 131.5 

(CH), 129.7 (2 CH), 129.5 (2 CH), 128.3 (CH), 127.2 (2 CH), 125.1 (2 CH), 

56.6 (C), 52.0 (CH2), 25.0 (CH2), 24.9 (CH2), 8.4 (CH3). 

Racemic aldehyde was obtained using Method A.  

Both enantiomers from the racemic sample could be separated by HPLC 

using a Chiralpak IC column [hexane/iPrOH = 90:10]; flow rate 1.0 

mL/min. τ1 = 27.5 min; τ2 = 31.0 min.  

The enantiomeric excess of the Michael adduct obtained using catalyst 

42g could not be determined accurately due to the presence of 

impurities, which could not be removed after several attempts. ee = 75 - 

80% (Estimated ee according to the chromatogram). 
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4. General procedure for the Julia-Kocienski olefination 

Method A 

 

Sulfone 44a (37 mg, 0.1 mmol) was placed in a 10 mL flask equipped 

with a magnetic stirring bar. Dry DME (1 mL) and the corresponding 

aldehyde 45 (1.2 equiv, 0.12 mmol) were added subsequently under 

argon atmosphere. After stirring the mixture at - 78ºC for 5 min, NaHMDS 

1M in THF (1.2 equiv, 0.12 mL, 0.12 mmol) was added and the reaction 

mixture was stirred at –78ºC for 15 min whereupon it was allowed to 

reach room temperature by removing the cooling bath. After 5 min, the 

reaction was quenched with a sat. aq. NH4Cl solution (10 mL) and 

extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with water (10 mL) and brine (10 mL), dried over MgSO4, filtered 

and concentrated under vacuum. The crude was purified by flash column 

chromatography (hexane/EtOAc = 30:1) to afford the corresponding 

aldehyde 46. 

 

Method B 

 

Aldehyde 44a (185 mg, 0.5 mmol) was placed in a 25 mL flask 

equipped with a magnetic stirring bar, a Dean-Stark apparatus and a 

reflux condenser. Benzene (5 mL), p-toluene sulfonic acid (9.5 mg, 0.05 

mmol) and 1,2-ethanodiol (0.14 mL, 2.5 mmol) were sequentially added. 
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The reaction mixture was heated under reflux overnight. After cooling to 

room temperature, the reaction was quenched with a sat. aq. NaHCO3 

solution (10 mL), and extracted with EtOAc (3 x 10 mL). The combined 

organic layers were washed with water (10 mL) and brine (10 mL), dried 

over MgSO4, filtered and concentrated under vacuum to afford the 

corresponding acetal 50 as a colourless oil used in the next step without 

purification.  

The crude acetal (41 mg, 0.1 mmol) was placed in a 10 mL flask 

equipped with a magnetic stirring bar. Dry DME (1 mL) and the 

corresponding aldehyde 45 were subsequently added under argon 

atmosphere. After stirring the mixture at - 78ºC for 5 min, KHMDS 0.5 M 

in toluene (1.25 equiv, 0.25 mL, 0.125 mmol) was added and the reaction 

mixture was stirred at –78ºC for 15 min whereupon it was allowed to 

reach room temperature by removing the bath until the colour of the 

solution disappeared. Then the reaction was quenched with a sat. aq. 

NH4Cl solution (10 mL) and extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with water (10 mL) and brine (10 

mL), dried over MgSO4, filtered and concentrated under vacuum. 

The corresponding resulting acetal was dissolved in a mixture of THF 

(1.5 mL) and HCl 4 M (1.5 mL) and stirred at 50ºC overnight, whereupon 

the reaction was quenched with a sat. aq. NaHCO3 solution (10 mL) and 

extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with water (10 mL) and brine (10 mL), dried over MgSO4, filtered 

and concentrated under vacuum. The crude was purified by flash column 

chromatography (hexane/EtOAc = 30:1) to afford the corresponding 

aldehyde 46. 
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(2R, 4E)-2-Methyl-2,5-diphenylpent-4-enal (46a) 

Aldehyde 46a was obtained using Julia-Kocienski 

olefination following general methods A and B. 

Method A. Yield: 48%. E/Z = 10:1. Method B. Yield: 

72%. E/Z > 10/1. 

Colourless oil. [α]30
D - 88.8º (c = 1.0, CHCl3).  

Data of the major diastereomer: 1H NMR (CDCl3, 300 MHz): δ 9.58 (s, 1H), 

7.46-7.17 (m, 10H), 6.42 (d, J = 15.5 Hz, 1H), 5.95 (dt, J = 7.4 and 15.5 Hz, 

1H), 2.88-2.78 (m, 2H), 1.51 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 201.9 

(CHO), 139.5 (C), 137.2 (C), 133.6 (CH), 128.9 (2 CH), 128.4 (2 CH), 127.4 

(CH), 127.2 (CH), 127.1 (2 CH), 126.1 (2 CH), 124.9 (CH), 54.1 (C), 39.9 

(CH2), 18.9 (CH3). MS (EI): 250 (M+, 1), 117 (100), 115 (69), 91 (25). 

HRMS (EI): calculated for C18H18O (M+): 250.1358; found: 250.1348. 

The enantiomeric excess of compound 5aA was determined and checked 

to remain the same after the whole process without erosion of the ee 

value by comparison with the HPLC data reported by List76 for the 

corresponding alcohol of known configuration after reduction with 

NaBH4 in EtOH at 0ºC. (Chiralpak AS-H column [n-heptane/ iPrOH = 

95:5]; flow rate 0.5 mL/min. τ major = 15.9 min, τ minor = 17.3 min). 

 

(2R, 4E)-2-Methyl-5-(4-nitrophenyl)-2-phenylpent-4-enal (46b) 

Aldehyde 46b was obtained using Julia-

Kocienski olefination following the general 

method B. Yield: 77 %. E/Z = 9/1. 

Yellow oil. [α]25D - 77.5º (c = 1.0, CHCl3).  

Data of the major diastereomer. 1H NMR (CDCl3, 300 MHz): δ 9.56 (s, 1H), 

8.13 (d, J = 8.9 Hz, 2H), 7.46-7.18 (m, 7H), 6.46 (d, J = 15.8 Hz, 1H), 6.15 
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(dt, J = 7.5 and 15.8 Hz, 1H), 2.95-2.78 (m, 2H), 1.52 (s, 3H). 13C NMR 

(CDCl3, 75 MHz): δ 201.4 (CHO), 146.7 (C), 143.5 (C), 138.9 (C), 131.6 

(CH), 130.6 (CH), 129.0 (2 CH), 127.7 (CH), 127.1 (2 CH), 126.6 (2 CH), 

123.9 (2 CH), 54.1 (C), 40.1 (CH2), 18.9 (CH3). 

 

(2R, 4E)-5-(4-Methoxyphenyl)-2-methyl-2-phenylpent-4-enal (46c) 

Aldehyde 46c was obtained using Julia-

Kocienski olefination following the general 

method B. Yield: 60 %. E/Z > 10/1. 

Orange oil. [α]25
D - 39.4º (c = 1.0, CHCl3).  

Data of the major diastereomer. 1H NMR (CDCl3, 300 MHz): δ 9.58 (s, 1H), 

7.45-7.25 (m, 5H), 7.19 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 6.35 (d, 

J = 15.6 Hz, 1H), 5.79 (dt, J = 7.5 and 15.6 Hz, 1H), 3.79 (s, 3H), 2.79 (m, 

2H), 1.49 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 202.1 (CHO), 158.9 (C), 

139.6 (C), 133.0 (CH), 130.1 (C), 128.9 (2 CH), 127.3 (CH), 127.2 (2 CH), 

127.1 (2 CH), 122.6 (CH), 113.9 (2 CH), 55.3 (CH3), 54.2 (C), 39.9 (CH2), 

19.0 (CH3). 

 

(2R, 4E)-2-Methyl-2-phenylhept-4-enal (46d) 

Aldehyde 46d was obtained using Julia-Kocienski 

olefination following general methods A and B. 

Method A. Yield: 15%. E/Z = 2:1; method B. Yield: 

45%. E/Z = 8/1. 

Yellowish oil. [α]25
D - 22.0º (c = 0.7, CHCl3). 

Data of the major diastereomer. 1H NMR (CDCl3, 300 MHz): δ 9.54 (s, 1H), 

7.44-7.23 (m, 5H), 5.57-5.44 (m, 1H), 5.24-5.10 (m, 1H), 2.61 (m, 2H), 

2.03-1.90 (m, 2H), 1.41 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H). 13C NMR (CDCl3, 75 
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MHz): δ 202.4 (CHO), 140.0 (C), 136.6 (CH), 134.7 (CH), 128.8 (2 CH), 

127.2 (2 CH), 123.2 (CH), 54.0 (C), 39.3 (CH2), 25.6 (CH2), 19.4 (CH3), 13.9 

(CH3). MS (EI): 202 (M+, 1), 134 (100), 105 (91), 91 (49). HRMS (EI): 

calculated for C14H18O (M+): 202.1358; found: 202.1351.  

 

(2R, 4E)-2,7-Dimethyl-2-phenyloct-4-enal (46e) 

Aldehyde 46e was obtained using Julia-Kocienski 

olefination following the general method B. Yield: 

48%. E/Z = 7/1. 

Colourless oil. [α]25
D -14.7º (c = 0.9, CHCl3). Data of the major 

diastereomer. 1H NMR (CDCl3, 300 MHz): δ 9.54 (s, 1H), 7.42-7.22 (m, 

5H), 5.53-5.38 (m, 1H), 5.26-5.09 (m, 1H), 2.62 (m, 2H), 1.75 (m, 2H), 

1.60-1.48 (m, 1H), 1.43 (s, 3H), 0.81 (dd, J = 4.1 and 6.6 Hz, 6H). 13C NMR 

(CDCl3, 75 MHz): δ 202.3 (CHO), 139.9 (C), 133.7 (CH), 128.8 (2 CH), 

127.1 (3 CH), 125.2 (CH), 53.9 (C), 41.9 (CH2), 39.5 (CH2), 28.3 (CH), 22.1 

(2 CH3), 19.0 (CH3). MS (EI): 230 (M+, 1), 134 (100), 105 (38). HRMS (EI): 

calculated for C16H22O (M+): 230.1671; found: 230.1680.  

 

(R)-2-Methyl-2-phenylpent-4-enal (46f) 

Aldehyde 46f was obtained using Julia-Kocienski 

olefination following the general method B adding 30 

equiv of formaldehyde. Yield: 30%. 

[α]25
D - 54.2º (c = 1.0, MeOH). [Lit.164 – 38º (MeOH) for the (R) 

enantiomer]; [Lit.165 +84.8º (c = 1.08, MeOH) for the (S) enantiomer]. 

1H NMR (CDCl3, 300 MHz): δ 9.52 (s, 1H), 7.42-7.34 (m, 2H), 7.32-7.22 (m, 

3H), 5.61-5.47 (m, 2H), 5.08-5.01 (m, 1H), 2.73-2.59 (m, 2H), 1.44 (s, 3H). 
                                                           
164. K. Hiroi, J. Abe, K. Suya, S. Sato, Tetrahedron Lett. 1989, 30, 1543. 
165. S. Mukherjee, B. List, J. Am. Chem. Soc., 2007, 129, 11336. 
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Comparing to the [α]25D values reported in the literature, the 

configuration of 46f was assigned as (R). The (R) configuration deduced 

from the chromatogram is in agreement with the configuration deduced 

for the compound 46f from the value of the optical rotatory power.  

 

(R)-5-(3-(1,3-Dioxolan-2-yl)-3-phenylbutylsulfonyl)-1-phenyl-1H-

tetrazole (50) 

This compound was prepared as specified in the 

first part of the general method B. 

1H NMR (CDCl3, 300 MHz): δ 7.75-7.22 (m, 10H), 

4.95 (s, 1H), 3.84 (bs, 4H), 3.64 (ddd, J = 4.4, 12.6 and 14.4 Hz,1H), 3.47 

(ddd, J = 4.4, 12.5 and 14.4 Hz, 1H), 2.68 (ddd, J = 4.5, 12.5 and 13.8 Hz, 

1H), 2.34 (ddd, J = 4.4, 12.6 and 13.7 Hz, 1H), 1.47 (s, 3H). 13C NMR 

(CDCl3, 75 MHz): δ 153.2 (C), 140.8 (C), 132.9 (C), 131.3 (CH), 129.6 (2 

CH), 128.5 (2 CH), 127.1 (2 CH), 127.0 (CH), 125.0 (2 CH), 108.6 (CH), 

65.3 (CH2), 65.2 (CH2), 52.5 (CH2), 44.7 (C), 28.2 (CH2), 19.3 (CH3).   
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D. Experimental part of Chapter IV 

1. Preparation of aldehydes 48g166 and 48j167 

 

ZnCl2 (408 mg, 3 mmol) was added to a mixture of 1-trimethylsilyloxy-

1,3-butadiene (4.26 g, 30 mmol) and trimethyl orthoformate (3.9 mL, 31 

mmol) in CH2Cl2 (100 mL). The mixture was stirred vigorously at room 

temperature for 16 h whereupon it was poured into water (50 mL). The 

aqueous layer was extracted with CH2Cl2 (2 × 100 mL) and the combined 

organic layers were washed with brine (50 mL), dried over MgSO4, 

filtered and concentrated under reduced pressure. The crude was 

purified by flash column chromatography (hexane/EtOAc = 8:1 to 6:1) to 

afford 1.81 g (Yield: 42%) of aldehyde 48g as a yellow oil.  

Data of 48g: 

1H NMR (CDCl3, 300 MHz): δ 9.51 (d, J = 7.9 Hz, 1H), 6.79 

(dt, J = 15.7 and 7.0 Hz, 1H), 6.17 (dd, J = 15.7 and 7.9 Hz, 

1H), 4.50 (t, J = 5.5 Hz, 1H), 3.35 (s, 6H), 2.64 (dd, J = 7.0 

and 5.5 Hz, 2H). 13C NMR (CDCl3, 75 MHz): 193.5 (CHO), 

152.1 (CH), 134.9 (CH), 102.6 (CH), 53.2 (2 CH3), 36.2 (CH2). 

 

 

                                                           
166 M. E. Jung, J. M. Gardiner, US 5.220.003, 1989. 

167 N. T. Patil, V. Singh, Chem. Commun. 2011, 47, 11116. 
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4-Chlorobenzaldehyde (714 mg, 5.1 mmol) was dissolved in toluene (20 

mL) and (triphenylphosphoranylidene)acetaldehyde (1.50 g, 5 mmol) 

was added to the solution. The mixture was heated at 80ºC and stirred for 

24 h. The solvent was removed under reduced pressure and the crude 

was purified by flash column chromatography (hexane/EtOAc = 4:1) to 

afford 456 mg (Yield: 55%) of aldehyde 48j as a yellow solid. 

Spectroscopic and analytical data were in agreement with the literature. 
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2. General procedure for the Michael Addition 

 

Aliphatic enals (48a-g): Catalyst 51e (11.9 mg, 0.02 mmol) was 

dissolved in a 1:1 mixture of CH2Cl2 / EtOH (0.6 mL) and the 

corresponding aldehyde 3a-g (0.4 mmol) was added to the solution. The 

mixture was stirred for 5 min before pro-bis(nucleophile) 8b (29.7 mg, 

0.1 mmol) and TBAB (32.5 mg, 0.1 mmol) were sequentially added. The 

reaction mixture was stirred at room temperature for the indicated time 

in each case (see Scheme 4.23). The solvent was removed under reduced 

pressure and the crude was purified by flash column chromatography to 

afford the corresponding Michael adducts 52a-g. 

Aromatic enals (48h-k): Catalyst 51e (11.9 mg, 0.02 mmol) was 

dissolved in a 1:1 mixture of CH2Cl2 / EtOH (0.6 mL) and the 

corresponding aldehyde 48h-k (4 mmol) was added to the solution. The 

mixture was stirred for 5 min before pro-bis(nucleophile) 50 (29.7 mg, 

0.1 mmol) and LiOAc (1.3 mg, 0.02 mmol) were sequentially added. The 

reaction mixture was stirred at room temperature for the indicated time 

in each case (see Table 3). The solvent was removed under reduced 

pressure and the crude was purified by flash column chromatography to 

afford the corresponding Michael adducts 52h-k. 

General procedure for the synthesis of racemic compounds 52a-k. 

The racemic compounds were obtained following the same procedure 

detailed above for the Michael addition, using a mixture of (R) and (S)-α-
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α-diphenyl-2-pyrrolidinemethanol (15 mol% (R) and 15 mol% (S)) and 

TBAB (1 equiv) as additive. 

Determination of enantiomeric excesses 

The Michael adducts had to be derivatized into the corresponding methyl 

esters or into the corresponding acetals according to methods A or B.  

 

Method A: acetalization 

 

0.05 mmol of the corresponding Michael adduct 52 were dissolved in 1 

mL of benzene. p-toluenesulfonic acid (1 mg) and ethylene glycol (19 µL, 

0.2 mmol) were added to the solution and the mixture was heated at 80ºC 

overnight. The solution was allowed to cool to room temperature, 

whereupon sat. aq. NaHCO3 (5 mL) and EtOAc (5 mL) were subsequently 

added. The mixture was transferred to a separatory funnel and extracted 

with EtOAc (2 × 5 mL). The combined organic layers were washed with 

brine (5 mL), dried over MgSO4, filtered and concentrated under vacuum 

to afford the corresponding acetal.  

Method B: transformation into the corresponding ester.168 

 

0.05 mmol of the corresponding Michael adduct 52 were dissolved in a 

                                                           
168 Jensen, K. L.; Poulsen, P. H.; Donslund, B. S.; Morana, F.; Jørgensen, K. A., Org. Lett. 2012, 
14, 1516 
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5:1 mixture of MeOH / CH2Cl2 (1.2 mL) and the solution was stirred for 5 

min at 0ºC in an ice/water bath, whereupon NBS (13 mg, 0.075 mmol, 1.5 

equiv) was added to the solution. The flask was left in the bath overnight 

and allowed to reach room temperature. The solvent was removed under 

reduced pressure and the crude was purified by flash column 

chromatography (hexane/EtOAc = 4:1) to afford the corresponding ester 

derivative. 

 

(3S, 4S) and (3S, 4R)-4-Nitro-6-(1-phenyl-1H-tetrazol-5-ylsulfonyl)-

3-propylhexanal (52a) 

The title compound was obtained according to the 

general procedure, using TBAB as additive (1 

equiv), in 95% yield as a yellowish oil after flash 

column chromatography (hexane/EtOAc = 3:1) as a 

62:38 mixture of diastereomers. The 

diastereomeric ratio (dr) was determined by HPLC. The procedure to 

obtain this product has been scaled up to 1 g of nitro compound 8b. Yield: 

93% (1.23 g). 

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.79 (s, 1Hmajor), 9.77 (s, 1Hminor), 7.73-7.58 (m, 5Hmajor, 

5Hminor), 4.91-4.77 (m, 1Hmajor, 1Hminor), 3.86-3.75 (m, 2Hmajor, 2Hminor), 

2.84-2.37 (m, 5Hmajor, 5Hminor), 1.49-1.15 (m, 4Hmajor, 4Hminor), 0.93 (t, J = 

6.8 Hz, 3Hmajor), 0.92 (t, J = 6.8 Hz, 3Hminor). 13C NMR (CDCl3, 75 MHz) 

(Mixture of diastereomers): δ 199.6 (CHO), 199.2 (CHO), 153.1 (2 C), 

132.8 (2 C), 131.7 (2 CH), 129.9 (4 CH), 125.0 (4 CH), 87.8 (CH), 87.4 

(CH), 52.9 (2 CH2), 44.2 (CH2), 43.9 (CH2), 35.7 (CH), 35.6 (CH), 32.9 

(CH2), 31.6 (CH2), 23.9 (CH2), 23.4 (CH2), 20.2 (CH2), 19.9 (CH2), 13.8 (2 

CH3). MS (ESI): m/z 396 (M+ + H, 56), 254 (45), 236, (54), 147 (38), 80 

(35). HRMS (ESI): calculated for C16H22N5O5S (M+ + H): 396.1336; found: 
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396.1353. The enantiomeric excess was determined by SFC-HPLC on the 

corresponding methyl ester following method B. Chiralpak IB column 

[CO2/MeOH = 98:2]; flow rate 3.0 mL/min. ee = 90%, τ major = 7.5 and 8.4 

min; τ minor = 7.1 and 9.9 min. 

 

(3S, 4S) and (3S, 4R)-3-Methyl-4-nitro-6-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)hexanal (52b) 

The title compound was obtained according to the 

general procedure, using TBAB (1 equiv) as 

additive, in 92% yield as a yellow oil after flash 

column chromatography (hexane/EtOAc = 2:1) as 

a 63:37 mixture of diastereomers. The diastereomeric ratio (dr) was 

determined by 1H NMR. 

1H NMR (CDCl3, 300 MHz) (Data obtained from the mixture of 

diastereomers): δ 9.77 (s, 1Hmajor), 9.74 (s, 1Hminor), 7.72-7.58 (m, 5Hmajor, 

5Hminor), 4.83-4.70 (m, 1Hmajor, 1Hminor), 3.86-3.74 (m, 2Hmajor, 2Hminor), 

2.88-2.38 (m, 5Hmajor, 5Hminor), 1.09 (d, J = 6.9 Hz, 3Hminor), 1.04 (d, J = 6.9 

Hz, 3Hmajor). 13C NMR (CDCl3, 75 MHz) (Mixture of diastereomers): δ 

199.3 (CHO), 198.8 (CHO), 153.1 (2 C), 132.8 (2 C), 131.6 (2 CH), 129.8 (4 

CH), 124.9 (4 CH), 89.4 (CH), 88.4 (CH), 52.7 (2 CH2), 46.9 (CH2), 46.2 

(CH2), 31.3 (CH), 30.9 (CH), 23.9 (CH2), 23.4 (CH2), 16.1 (CH3), 14.9 (CH3). 

MS (ESI): m/z 368 (M+ + H, 39), 236 (21), 147 (32), 80 (100). HRMS 

(ESI): calculated for C14H18N5O5S (M+ + H): 368.1023; found: 368.1099.  

The enantiomeric excess was determined by SFC-HPLC on the 

corresponding methyl ester following method B. The 4 diastereomers 

could not be completely separated in any of the available HPLC columns. 

The best conditions were the described below, which allowed to 

determine the ee in one of the diastereomers. The enantiomeric excess 

was determined by SFC-HPLC on the corresponding methyl ester 
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following Method B. Chiralpak IB column [CO2/MeOH = 98:2]; flow rate 

3.0 mL/min. ee = 86 %, τ major = 15.1 and 19.5 min; τ minor = 15.1 and 16.5 

min. 

(3S, 4S) and (3S, 4R)-3-Ethyl-4-nitro-6-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)hexanal (52c) 

The title compound was obtained according to the 

general procedure, using TBAB as additive (1 

equiv), in 94% yield as a yellowish oil after flash 

column chromatography (hexane/EtOAc = 3:1) as a 

64:36 mixture of diastereomers. The diastereomeric ratio (dr) was 

determined by HPLC.   

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.80 (s,1Hmajor), 9.78 (s, 1Hminor), 7.73-7.59 (m, 5Hmajor, 

5Hminor), 4.93-4.79 (m, 1Hmajor, 1Hminor), 3.86-3.77 (m, 2Hmajor, 2Hminor), 

2.83-2.39 (m, 5Hmajor, 5Hminor), 1.57-1.37 (m, 2Hmajor, 2Hminor), 0.97 (t, J = 

7.4 Hz, 3Hmajor, 3Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of 

diastereomers): δ 199.6 (CHO), 199.2 (CHO), 153.1 (2 C), 132.8 (2 C), 

131.7 (2 CH), 129.8 (4 CH), 124.9 (4 CH), 87.5 (CH), 87.3 (CH), 52.8 (2 

CH2), 43.7 (CH2), 43.5 (CH2), 37.4 (CH), 37.2 (CH), 23.9 (CH2), 23.7 (CH2), 

23.4 (CH2), 22.6 (CH2), 11.4 (CH3), 11.0 (CH3). MS (ESI): m/z 382 (M+ + H, 

20), 254 (30), 147 (28), 80 (100). HRMS (ESI): calculated for C15H20N5O5S 

(M+ + H): 382.1179; found: 382.1194. The enantiomeric excess was 

determined by SFC-HPLC over the corresponding methyl ester following 

Method B. Chiralpak IB column [CO2/MeOH = 98:2]; flow rate 3.0 

mL/min. ee = 90 %, τ major = 8.5 and 8.9 min; τ minor = 8.1 and 9.5 min. 
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(3S, 4S) and (3S, 4R)-3-Butyl-4-nitro-6-(1-phenyl-1H-tetrazol-5-yl 

sulfonyl)hexanal (52d) 

The title compound was obtained according to the 

general procedure, using TBAB as additive (1 

equiv), as a yellowish oil in  93% yield after flash 

column chromatography (hexane/EtOAc = 3:1) as 

a 64:36 mixture of diastereomers. The diastereomeric ratio (dr) was 

determined by HPLC.  

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.78 (s, 1Hmajor), 9.76 (s, 1Hminor), 7.73-7.56 (m, 5Hmajor, 

5Hminor), 4.92-4.74 (m, 1Hmajor, 1Hminor), 3.87-3.71 (m, 2Hmajor, 2Hminor), 

2.84-2.36 (m, 5Hmajor, 5Hminor), 1.50-1.12 (m, 6Hmajor, 6Hminor), 0.97-0.78 

(m, 3Hmajor, 3Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of 

diastereomers): δ 199.7 (CHO), 199.2 (CHO), 153.1 (2 C), 132.8 (2 C), 

131.7 (2 CH), 129.8 (4 CH), 125.0 (4 CH), 87.8 (CH), 87.5 (CH), 52.8 (2 

CH2), 44.1 (CH2), 43.9 (CH2), 35.9 (CH), 35.7 (CH), 30.4 (CH2), 29.2 (CH2), 

29.0 (CH2), 28.7 (CH2), 23.8 (CH2), 23.3 (CH2), 22.5 (2 CH2), 13.8 (2 CH3). 

MS (ESI): m/z 410 (M+ + H, 55), 149 (100), 147 (39), 119 (30), 80 (20). 

HRMS (ESI): calculated for C17H24N5O5S (M+ + H): 410.1492; found: 

410.1513.  

The enantiomeric excess was determined by SFC-HPLC on the 

corresponding methyl ester following method B. Chiralpak IB column 

[CO2/MeOH = 98:2]; flow rate 3.0 mL/min. ee = 91%, τ major = 7.8 and 8.7 

min; τ minor = 7.5 and 10.1 min. 
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(3S, 6Z)-3-((S)-1-Nitro-3-(1-phenyl-1H-tetrazol-5-ylsulfonyl)propyl 

non-6-enal and (3S, 6Z)-3-((R)-1-nitro-3-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)propylnon-6-enal (52e) 

The title compound was obtained according 

to the general procedure using TBAB as 

additive (1 equiv), in 92% yield as a 

yellowish oil after flash column 

chromatography (hexane/EtOAc = 3:1). The diastereomeric ratio (dr) 

could not be properly determined. 

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.79 (s, 1Hmajor), 9.77 (s, 1Hminor), 7.73-7.57 (m, 5Hmajor, 

5Hminor), 5.52-5.38 (m, 1Hmajor, 1Hminor), 5.32-5.18 (m, 1Hmajor, 1Hminor), 

4.94-4.80 (m, 1Hmajor, 1Hminor), 3.87-3.75 (m, 2Hmajor, 2Hminor), 2.86-2.38 

(m, 4Hmajor, 4Hminor), 2.17-1.92 (m, 5Hmajor, 5Hminor), 1.60-1.36 (m, 2Hmajor, 

2Hminor), 1.00-0.90 (m, 3Hmajor, 3Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture 

of diastereomers): δ 199.6 (CHO), 199.1 (CHO), 153.0 (2 C), 133.7 (CH), 

133.5 (CH), 132.8 (2 C), 131.6 (2 CH), 129.9 (4 CH), 126.6 (2 CH), 125.0 (4 

CH), 87.5 (CH), 87.2 (CH), 52.8 (2 CH2), 44.0 (CH2), 43.7 (CH2), 35.3 (2CH), 

30.7 (CH2), 29.2 (CH2), 24.3 (CH2), 24.1 (CH2), 23.9 (CH2), 23.4 (CH2), 20.6 

(2 CH2), 14.2 ( 2CH3). MS (ESI): m/z 436 (M+ + H, 23), 254 (100), 236 

(64), 149 (18). HRMS (ESI): calculated for C19H26N5O5S (M+ + H): 

436.1649; found: 436.1681.  

The 4 diastereomers could not be completely separated in any of the 

available HPLC columns. The best conditions were the described below, 

which allowed to determine the ee in one of the diastereomers. The 

enantiomeric excess was determined by SFC-HPLC on the corresponding 

acetal following method A. Chiralpak IB column [CO2/MeOH = 98:2]; flow 

rate 3.0 mL/min. ee = 90%, τ major = 15.1 and 16.2 min; τ minor = 16.2 and 

17.3 min. 
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(3S)-3-((1S)-1-Nitro-3-(1-phenyl-1H-tetrazol-5-ylsulfonyl)propyl) 

dodecanal and (3S)-3-((1R)-1-nitro-3-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)propyl) dodecanal (52f) 

The title compound was obtained according to 

the general procedure, using TBAB as additive (1 

equiv), in 90% yield as a yellowish oil after flash 

column chromatography (hexane/EtOAc = 4:1) as 

a 61:39 mixture of diastereomers. The diastereomeric ratio (dr) was 

determined by HPLC.  

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.77 (s, 1Hmajor), 9.75 (s, 1Hminor), 7.72-7.56 (m, 5Hmajor, 

5Hminor), 4.90-4.77 (m, 1Hmajor, 1Hminor), 3.86-3.74 (m, 2Hmajor, 2Hminor), 

2.83-2.35 (m, 5Hmajor, 5Hminor), 1.48-1.17 (m, 16Hmajor, 16Hminor), 0.88 (t, J = 

6.9 Hz, 3Hmajor, 3Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of 

diastereomers): δ 199.8 (CHO), 199.3 (CHO), 153.1 (2 C), 132.8 (2 C), 

131.6 (2 CH), 129.8 (4 CH), 125.0 (4 CH), 87.8 (CH), 87.5 (CH), 52.9 (2 

CH2), 44.1 (CH2), 43.9 (CH2), 36.0 (CH), 35.8 (CH), 31.8 (CH2), 30.7 (CH2), 

29.5-29.1 (10 CH2), 27.0 (CH2), 26.6 (CH2), 23.8 (CH2), 23.4 (CH2), 22.6 (2 

CH2), 14.1 (2 CH3). MS (ESI): m/z 480 (M+ + H, 22), 254 (100), 236 (69), 

80 (12). HRMS (ESI): calculated for C22H34N5O5S (M+ + H): 480.2275; 

found: 480.2298.   

The enantiomeric excess was determined by SFC-HPLC on the 

corresponding acetal following method A. Chiralpak IB column 

[CO2/MeOH = 98:2]; flow rate 3.0 mL/min. ee = 95%, τ major = 16.9 and 

19.2 min; τ minor = 18.1 and 21.2 min. 
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(3R, 4S) and (3R, 4R)-3-(2,2-Dimetoxyethyl)-4-nitro-6-(1-phenyl-1H-

tetrazol-5-ylsulfonyl)hexanal (52g) 

The title compound was obtained according to 

the general procedure, using TBAB (1 equiv) as 

additive, in 71% yield as a yellow oil after flash 

column chromatography (hexane/EtOAc = 2:1) 

as a 64:36 mixture of diastereomers. The 

diastereomeric ratio (dr) was determined by 1H NMR.  The enantiomeric 

excess was determined by HPLC on the cyclohexene derivative 53g. The 

procedure to obtain this product has been scaled up until 0.9 g of nitro 

compound 8b. Yield: 969 mg, 71%. 

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.72 (s, 1Hmajor, 1Hminor), 7.73-7.56 (m, 5Hmajor, 5Hminor), 

5.00-4.68 (m, 1Hmajor, 1Hminor), 4.45-4.33 (m, 1Hmajor, 1Hminor), 3.90-3.74 

(m, 2Hmajor, 2Hminor), 3.35-3.27 (m, 6Hmajor, 6Hminor), 2.91-2.39 (m, 5Hmajor, 

5Hminor), 1.88-1.49 (m, 2Hmajor, 2Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture 

of diastereomers): 199.5 (CHO), 199.0 (CHO), 153.1 (2 C), 132.8 (2 C), 

131.7 (2 CH), 129.8 (4 CH), 125.0 (4 CH), 103.3 (CH), 102.9 (CH), 87.8 

(CH), 87.3 (CH), 54.0 (2 CH3), 53.7 (2 CH3), 52.8 (2 CH2), 44.6 (CH2), 44.0 

(CH2), 33.5 (CH2), 32.5 (CH2), 32.0 (CH), 31.8 (CH), 23.9 (CH2), 23.1 (CH2). 

MS (ESI): m/z 464 (M+ + Na, 91), 410 (20), 338 (15), 186 (25), 149 (36), 

135 (17). HRMS (ESI): calculated for C17H23N5O7SNa (M+ + Na): 464.1210; 

found: 464.1205. 
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(3R, 4S) and (3R, 4R)-4-Nitro-3-phenyl-6-(1-phenyl-1H-tetrazol-5-

ylsulfonyl)hexanal (52h) 

The title compound was obtained according to 

the general procedure, using LiOAc as additive 

(20 mol %), in 77% yield as a pale yellow solid 

(Melting point = 57-59ºC) after flash column 

chromatography (hexane/EtOAc = 3:1) as a 54:46 mixture of 

diastereomers (33 mg, 77% yield). The diastereomeric ratio (dr) was 

determined by HPLC.  

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.70 (s, 1Hminor), 9.56 (s, 1Hmajor), 7.71-7.57 (m, 5Hmajor, 

5Hminor), 7.41-7.10 (m, 5Hmajor, 5Hminor), 5.11-4.94 (m, 1Hmajor, 1Hminor), 

3.90-3.73 (m, 2Hmajor, 2Hminor), 3.70-3.59 (m, 1Hmajor, 1Hminor), 3.25-3.11 

(m, 1Hminor), 3.08-2.94 (m, 1Hmajor, 1Hminor), 2.85-2.74 (m, 1Hmajor), 2.69-

2.40 (m, 1Hmajor, 2Hminor), 2.31-2.16 (m, 1Hmajor). 13C NMR (CDCl3, 75 MHz) 

(Mixture of diastereomers): δ 198.7 (CHO), 197.9 (CHO), 153.1 (C), 152.8 

(C), 136.5 (C), 136.1 (C), 132.7 (2 C), 131.6 (2 CH), 129.8 (4 CH), 129.5 

(2CH), 129.1 (2 CH), 128.6 (2 CH), 128.0 (4 CH), 125.0 (2 CH), 124.9 (2 

CH), 89.6 (CH), 89.3 (CH), 52.6 (CH2), 52.3 (CH2), 46.3 (CH2), 45.3 (CH2), 

43.3 (CH), 42.4 (CH), 24.7 (CH2), 24.2 (CH2). MS (ESI): m/z 430 (M+ + H, 

31), 368 (19), 254 (100), 236 (64). HRMS (ESI): calculated for 

C19H20N5O5S (M+ + H): 430.1179; found: 430.1176.  

The enantiomeric excess was determined by SFC-HPLC over the 

corresponding acetal following method A. Chiralpak IA column 

[CO2/MeOH = 90:10]; flow rate 3.0 mL/min. ee = 92%, τ major = 6.9 and 

13.8 min; τ minor = 10.2 and 11.7 min. 
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(3R, 4S) and (3R, 4R)-4-Nitro-3-(4-nitrophenyl)-6-(1-phenyl-1H-

tetrazol-5-ylsulfonyl)hexanal (52i) 

The title compound was obtained according 

to the general procedure, using LiOAc as 

additive (20 mol%), in 83% yield as a 

yellow solid (Melting point = 56-61ºC) after 

flash column chromatography (hexane/EtOAc = 2:1) as a 55:45 mixture 

of diastereomers. The diastereomeric ratio (dr) was determined by HPLC.  

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.74 (s, 1Hminor), 9.53 (s, 1Hmajor), 8.25-8.17 (m, 2Hmajor, 

2Hminor), 7.72-7.58 (m, 5Hmajor, 5Hminor), 7.46-7.34 (m, 2Hmajor, 2Hminor), 

5.16-5.06 (m, 1Hmajor, 1Hminor), 4.06-3.92 (m, 1Hmajor, 1Hminor), 3.90-3.73 

(m, 2Hmajor, 2Hminor), 3.84-3.62 (m, 1Hmajor, 1Hminor), 3.32-3.21 (m, 1Hminor), 

3.15-3.01 (m, 1Hmajor, 1Hminor), 2.99-2.81 (m, 1Hmajor), 2.72-2.47 (m, 

1Hmajor, 2Hminor), 2.37-2.19 (m, 1Hmajor). 13C NMR (CDCl3, 75 MHz) (Mixture 

of diastereomers): δ 197.5 (CHO), 196.8 (CHO), 153.0 (C), 152.8 (C), 

147.9 (2 C), 144.0 (C), 143.7 (C), 132.6 (2 C), 131.7 (2 CH), 129.9 (4 CH), 

129.5 (2 CH), 129.2 (2 CH), 125.0 (2 CH), 124.8 (2 CH), 124.6 (2 CH), 

124.3 (2 CH), 88.8 (CH), 88.0 (CH), 52.5 (CH2), 52.3 (CH2), 46.0 (CH2), 45.3 

(CH2), 42.6 (CH), 41.9 (CH), 24.8 (2 CH2). MS (ESI): m/z 475 (M+ + H, 11), 

242 (100), 149 (20), 147 (23). HRMS (ESI): calculated for C19H19N6O7S 

(M+ + H): 475.1030; found: 475.1053. The enantiomeric excess was 

determined by SFC-HPLC on the corresponding acetal following method 

A. Chiralpak IB column [CO2/MeOH = 85:15]; flow rate 3.0 mL/min. ee = 

75%, τ major = 6.8 and 12.1 min; τ minor = 9.7 and 10.7 min. 
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(3R, 4S) and (3R, 4R)-3-(4-Chlorophenyl)-4-nitro-6-(1-phenyl-1H-

tetrazol-5-ylsulfonyl)hexanal (52j) 

The title compound was obtained according 

to the general procedure, using LiOAc as 

additive (20 mol%), in 78% yield as a 

yellowish oil after flash column 

chromatography (hexane/EtOAc = 3:1) as a 55:45 mixture of 

diastereomers. The diastereomeric ratio (dr) was determined by HPLC. 

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.69 (s, 1Hmajor), 9.57 (s, 1Hminor), 7.69-7.55 (m, 5Hmajor, 

5Hminor), 7.34-7.25 (m, 2Hmajor, 2Hminor), 7.17-7.06 (m, 2Hmajor, 2Hminor), 

5.08-4.95 (m, 1Hmajor, 1Hminor), 3.90-3.59 (m, 3Hmajor, 3Hminor), 3.24-3.11 

(m, 1Hminor), 3.05-2.91 (m, 1Hmajor, 1Hminor), 2.87-2.76 (m, 1Hmajor), 2.68-

2.42 (m, 1Hmajor, 2Hminor), 2.30-2.15 (m, 1Hmajor). 13C NMR (CDCl3, 75 MHz) 

(Mixture of diastereomers): δ 198.3 (CHO), 197.5 (CHO), 153.0 (C), 152.8 

(C), 135.1 (C), 134.7 (C), 134.5 (2 C), 132.7 (2 C), 131.7 (2 CH), 129.8 (4 

CH), 129.7 (2 CH), 129.4 (4 CH), 129.3 (2 CH), 125.0 (2 CH), 124.9 (2 CH), 

89.3 (CH), 88.2 (CH), 52.6 (CH2), 52.3 (CH2), 46.2 (CH2), 45.3 (CH2), 42.5 

(CH), 41.7 (CH), 24.6 (CH2), 24.4 (CH2). MS (ESI): m/z 464 (M+ + H, 48), 

149 (23), 147 (100), 119 (89). HRMS (ESI): calculated for C19H19N5O5SCl 

(M+ + H): 464.0789; found: 464.0791.  

The enantiomeric excess was determined by SFC-HPLC on the 

corresponding acetal following method A. Chiralpak IB column 

[CO2/MeOH = 90:10]; flow rate 3.0 mL/min. ee = 86%, τ major = 6.3 and 

12.1 min; τ minor = 9.0 and 11.0 min. 
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(3R, 4S) and (3R, 4R)-3-(4-Metoxyphenyl)-4-nitro-6-(1-phenyl-1H-

tetrazol-5-ylsulfonyl)hexanal (52k) 

The title compound was obtained 

according to the general procedure, using 

LiOAc as additive (20 mol%), in 55% yield 

as a yellow oil after flash column 

chromatography (hexane/EtOAc = 2:1) as a 54:46 mixture of 

diastereomers. The diastereomeric ratio (dr) was determined by HPLC.  

1H NMR (CDCl3, 300 MHz) (data obtained from the mixture of 

diastereomers): δ 9.70 (s, 1Hminor), 9.56 (s, 1Hmajor), 7.71-7.57 (m, 5Hmajor, 

5Hminor), 7.13-7.01 (m, 2Hmajor, 2Hminor), 6.89-6.81 (m, 2Hmajor, 2Hminor), 

5.05-4.89 (m, 1Hmajor, 1Hminor), 3.82-3.57 (m, 6Hmajor, 6Hminor), 3.40-3.29 

(m, 1Hminor), 3.03-2.89 (m, 1Hmajor, 1Hminor), 2.81-2.70 (m, 1Hmajor), 2.67-

2.40 (m, 1Hmajor, 2Hminor), 2.36-2.17 (m, 1Hmajor). 13C NMR (CDCl3, 75 MHz) 

(Mixture of diastereomers): δ 199.0 (CHO), 198.2 (CHO), 159.6 (C), 159.5 

(C), 153.0 (C), 152.8 (C), 132.8 (C), 132.7 (C), 131.7 (2 CH), 129.8 (4 CH), 

129.1 (4 CH), 128.1 (C), 127.9 (C), 125.0 (2 CH), 124.9 (2 CH), 114.9 (2 

CH), 114.5 (2 CH), 89.7 (CH), 88.4 (CH), 55.3 (2 CH3), 52.6 (CH2), 52.4 

(CH2), 46.4 (CH2), 45.4 (CH2), 42.6 (CH), 41.8 (CH), 24.6 (CH2), 24.2 (CH2). 

MS (ESI): m/z 460 (M+ + H, 100), 282 (12), 163 (41), 149 (30), 119 (22). 

HRMS (ESI): calculated for C20H22N5O6S (M+ + H): 460.1285; found: 

460.1263.  

The enantiomeric excess was determined by SFC-HPLC on the 

corresponding acetal following method A. Chiralpak IB column 

[CO2/MeOH = 90:10]; flow rate 3.0 mL/min. ee = 80%, τ major = 5.9 and 

10.2 min; τ minor = 7.7 and 12.0 min. 
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3. General procedure for the intramolecular Julia-Kocienski 

olefination 

Note: Nitrocyclohexenes with short aliphatic chains (53b and 53c) 

presented low stability and the isolation was difficult.169 

 

Method A: The corresponding adduct 52a-g (0.09 mmol) was dissolved 

in a 3:1 mixture of THF and DMF (2 mL) and Cs2CO3 (3 equiv), was added 

to the solution in one portion under stirring at 70ºC. The reaction was 

stirred for 2 h at that temperature, whereupon it was allowed to cool to 

room temperature. The reaction was quenched with a sat. aq. NH4Cl 

solution (5 mL), and water (5 mL) and EtOAc (10 mL) were subsequently 

added. The mixture was transferred to a separatory funnel and extracted 

with EtOAc (2 × 10 mL). The combined organic layers were washed with 

water (10 mL), brine (10 mL), dried over MgSO4, filtered and 

concentrated under vacuum. The crude was dissolved in CH3CN (2 mL) 

and the flask was put in a CH3CN / CO2 bath at - 40ºC and DBU (16 μL, 0.1 

mmol) was added dropwise. The reaction was stirred for 15 min at - 40ºC 

whereupon it was carefully quenched dropwise with a sat. aq. NH4Cl 

solution (5 mL). Water (5 mL) and EtOAc (10 mL) were subsequently 

added and the mixture was transferred to a separatory funnel and 

extracted with EtOAc (2 × 10 mL). The combined organic layers were 

washed with brine (10 mL), dried over MgSO4, filtered and concentrated 

under vacuum. The crude was purified by flash column chromatography 

to afford the corresponding cyclohexenes 53a-g indicated in each case. 

                                                           
169 G. M. Nikolaev, L. D. Konyushkin, Izv. Akad. Nauk SSSR, Ser. Khim. 1972, 2589 
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When method A was used with Michael adduct 53i, the biaryl by-product 

derived from the loss of the nitro group and subsequent aromatization of 

the cyclohexene was observed by 1H NMR spectra. Therefore, method B 

was used for adducts with an aromatic substituent. 

 

Method B: The corresponding adduct 52h-k (0.09 mmol) was dissolved 

in CH3CN (2 mL), and the mixture was stirred at 0ºC for 1 min. Then, DBU 

(2 equiv) was added and the reaction was stirred for 30 min at 0ºC 

whereupon it was put in a CH3CN / CO2 bath at -40ºC, stirred for 15 min 

and carefully quenched dropwise with a sat. aq. NH4Cl solution (5 mL). 

Water (5 mL) and EtOAc (10 mL) were subsequently added and the 

mixture was transferred to a separatory funnel and extracted with EtOAc 

(2 × 10 mL). The combined organic layers were washed with brine (10 

mL), dried over MgSO4, filtered and concentrated under vacuum. The 

crude was purified by flash column chromatography to afford the 

corresponding cyclohexenes 53h-k indicated in each case. 

 

(4S, 5S)-5-Nitro-4-propylcyclohex-1-ene (53a) 

The title compound was obtained following method A in 

57% yield as a pale yellow oil after flash column 

chromatography (hexane/EtOAc = 20:1) as a 91:9 mixture 

of diastereomers. Diastereomeric ratio (dr) was 

determined by 1H NMR. 

1H NMR (CDCl3, 300 MHz) (91:9 Mixture of diastereomers): δ 5.75-5-58 

(m, 2Hmajor, 2Hminor), 4.72 (td, J = 6.1 and 3.5 Hz, 1Hminor), 4.48 (td, J = 10.0 

and 5.7 Hz 1Hmajor), 2.77-2.09 (m, 4Hmajor, 4Hminor), 1.90-1.74 (m, 1Hmajor, 
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1Hminor), 1.43-1.20 (4Hmajor, 4Hminor), 0.89 (t, J = 7.2 Hz, 3Hmajor, 3Hminor). 13C 

NMR (CDCl3, 75 MHz) (Mixture of diastereomers) Major diastereomer: δ 

126.1 (CH), 122.4 (CH), 87.8 (CH), 36.6 (CH), 34.2 (CH2), 30.3 (CH2), 29.4 

(CH2), 19.1 (CH2), 14.0 (CH3). Minor diastereomer: δ 125.9 (CH), 122.1 

(CH), 83.8 (CH), 36.0 (CH), 31.5 (CH2), 28.2 (CH2), 27.1 (CH2), 20.2 (CH2), 

14.0 (CH3). MS (EI): m/z 122 (M+ - NO2, 3), 79 (100), 67 (11). HRMS (EI): 

calculated for C9H14 (M+ – NO2): 122.1097; found: 122.1096. 

 

(4S, 5S)-4-Methyl-5-nitrocyclohex-1-ene (53b) 

The title compound was obtained in 45% yield as a pale 

yellow oil after flash column chromatography 

(hexane/EtOAc = 20:1) as a 79:21 mixture of 

diastereomers. The compound could be isolated to obtain 

NMR data. However, the reaction and the purification had to be 

performed carefully because the compound presented low stability.169 

Method B was used, but quenching the reaction at 0ºC after 15 min. 

Diastereomeric ratio (dr) was determined by 1H NMR.  

1H NMR (CDCl3, 300 MHz) (79:21 Mixture of diastereomers): δ 5.73-5.58 

(m, 2Hmajor, 2Hminor), 4.66 (ddd, J = 8.1, 5.8 and 3.6 Hz, 1Hminor), 4.41 (td, J = 

10.1 and 5.7 Hz, 1Hmajor), 2.79-2.25 (m, 4Hmajor, 4Hminor), 1.95-1.79 (m, 

1Hmajor, 1Hminor), 1.03 (d, J = 6.5 Hz, 1Hmajor), 1.00 (d, J = 6.5 Hz, 1Hminor). 13C 

NMR (CDCl3, 75 MHz) (Mixture of diastereomers): Major diastereomer: δ 

126.3 (CH), 122.6 (CH), 88.9 (CH), 32.5 (CH2), 32.4 (CH), 30.4 (CH2), 17.8 

(CH3). Minor diastereomer: δ 125.3 (CH), 121.9 (CH), 84.4 (CH), 31.4 

(CH2), 30.8 (CH), 25.8 (CH2), 14.5 (CH3). MS and HRMS could not be 

obtained due to the instability of the compound. 

 

 

NO2

Me
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(4S, 5S)-4-Ethyl-5-nitrocyclohex-1-ene (53c) 

The title compound was obtained following method A in 

51% yield as a pale yellow oil after flash column 

chromatography (hexane/EtOAc = 20:1) as a 92:8 mixture 

of diastereomers. Diastereomeric ratio (dr) was 

determined by 1H NMR. 

1H NMR (CDCl3, 300 MHz) (92:8 Mixture of diastereomers): δ 5.75-5-57 

(m, 2Hmajor, 2Hminor), 4.75 (td, J = 6.2 and 3.2 Hz, 1Hminor), 4.50 (td, J = 9.9 

and 5.5 Hz 1Hmajor), 2.79-2.11 (m, 4Hmajor, 4Hminor), 1.91-1.76 (m, 1Hmajor, 

1Hminor), 1.57-1.32 (2Hmajor, 2Hminor), 0.93 (t, J = 7.5 Hz, 3Hmajor, 3Hminor). 13C 

NMR (CDCl3, 75 MHz) (Mixture of diastereomers) Major diastereomer: δ 

126.1 (CH), 122.4 (CH), 87.5 (CH), 38.3 (CH), 30.4 (CH2), 29.0 (CH2), 24.8 

(CH2), 10.3 (CH3). Minor diastereomer: δ 125.9 (CH), 122.1 (CH), 83.2 

(CH), 38.1 (CH), 27.8 (CH2), 27.2 (CH2), 22.4 (CH2), 11.6 (CH3). MS and 

HRMS could not be obtained due to the instability of the compound. 

 

(4S, 5S)-4-Butyl-5-nitrocyclohex-1-ene (53d) 

The title compound was obtained following method A in 

60% yield as a pale yellow oil after flash column 

chromatography (hexane/EtOAc = 20:1) as a 85:15 mixture 

of diastereomers. Diastereomeric ratio (dr) was 

determined by 1H NMR.  

1H NMR (CDCl3, 300 MHz) (85:15 Mixture of diastereomers): δ 5.74-5-55 

(m, 2Hmajor, 2Hminor), 4.73 (td, J = 6.0 and 3.3 Hz, 1Hminor), 4.49 (td, J = 9.9 

and 5.6 Hz 1Hmajor), 2.78-2.09 (m, 4Hmajor, 4Hminor), 1.92-1.73 (m, 1Hmajor, 

1Hminor), 1.43-1.20 (6Hmajor, 6Hminor), 0.88 (t, J = 7.4 Hz, 3Hmajor, 3Hminor). 13C 

NMR (CDCl3, 75 MHz) (Mixture of diastereomers): Major diastereomer: δ 

126.1 (CH), 122.4 (CH), 87.8 (CH), 36.8 (CH), 31.7 (CH2), 30.3 (CH2), 29.5 

NO2

Et
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(CH2), 28.1 (CH2), 22.6 (CH2), 13.9 (CH3). Minor diastereomer: δ 125.9 

(CH), 122.1 (CH), 83.9 (CH), 36.3 (CH), 32.0 (CH2), 30.4 (CH2), 29.3 (CH2), 

27.1 (CH2), 22.7 (CH2) 13.9 (CH3). MS (EI): m/z 136 (M+ – NO2, 2), 79 

(100), 67 (14). HRMS (EI): calculated for C10H16 (M+ – NO2): 136.1252; 

found: 136.1248. 

 

(4S, 5S)-4-((3Z)-Hex-3-enyl)-5-nitrocyclohex-1-ene (53e) 

The title compound was obtained following 

method A in 63% yield as a pale yellow oil after 

flash column chromatography (hexane/EtOAc = 

20:1) as a 75:25 mixture of diastereomers. Diastereomeric ratio (dr) was 

determined by 1H NMR. 

1H NMR (CDCl3, 300 MHz) (75:25 Mixture of diastereomers): δ 5.76-5-58 

(m, 2Hmajor, 2Hminor), 5.45-5.32 (m, 1Hmajor, 1Hminor), 5.30-5.19 (m, 1Hmajor, 

1Hminor), 4.73 (td, J = 5.9 and 3.2 Hz, 1Hminor), 4.49 (td, J = 9.8 and 5.6 Hz, 

1Hmajor), 2.79-1.95 (m, 8Hmajor, 8Hminor), 1.93-1.77 (m, 1Hmajor, 1Hminor), 

1.48-1.27 (2Hmajor, 2Hminor), 0.95 (t, J = 7.5 Hz, 3Hmajor, 3Hminor). 13C NMR 

(CDCl3, 75 MHz) (Mixture of diastereomers) Major diastereomer: δ 132.6 

(CH), 127.6 (CH), 126.0 (CH), 122.4 (CH), 87.6 (CH), 36.4 (CH), 32.0 (CH2), 

30.2 (CH2), 29.4 (CH2), 23.5 (CH2), 20.5 (CH2), 14.3 (CH3). Minor 

diastereomer: δ 132.7 (CH), 127.8 (CH), 125.8 (CH), 122.2 (CH), 83.7 

(CH), 35.6 (CH), 31.6 (CH2), 28.1 (CH2), 27.2 (CH2), 24.5 (CH2), 22.7 (CH2) 

14.3 (CH3). MS (EI): m/z 232 (M+ + Na, 36), 179 (47), 163 (100), 149 (42). 

HRMS (EI): calculated for C12H19NO2Na (M+ + Na): 232.1308; found: 

232.1314. 
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(4S, 5S)-5-Nitro-4-nonylcyclohex-1-ene (53f) 

The title compound was obtained following method A in 

61% yield as a pale yellow oil after flash column 

chromatography (hexane/EtOAc = 30:1) as a mixture 

76:24 of diastereomers. Diastereomeric ratio (dr) was determined by 1H 

NMR. 

1H NMR (CDCl3, 300 MHz) (76:24 Mixture of diastereomers): δ 5.74-5-56 

(m, 2Hmajor, 2Hminor), 4.73 (td, J = 3.6 and 6.1 Hz, 1Hminor), 4.49 (td, J = 9.9 

and 5.5 Hz 1Hmajor), 2.78-2.11 (m, 4Hmajor, 4Hminor), 1.90-1.76 (m, 1Hmajor, 

1Hminor), 1.35-1.19 (m, 16Hmajor, 16Hminor), 0.89 (t, J = 7.2 Hz, 3Hmajor, 

3Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of diastereomers) Major 

diastereomer: δ 126.1 (CH), 122.3 (CH), 87.8 (CH), 36.8 (CH), 32.0 (CH2), 

31.8 (CH2), 30.3 (CH2), 29.8-29.1 (5 CH2), 25.9 (CH2), 22.6 (CH2) 14.1 

(CH3). Minor diastereomer: δ 125.9 (CH), 122.1 (CH), 83.8 (CH), 36.2 

(CH), 32.0 (CH2), 31.8 (CH2), 30.3 (CH2), 29.8-29.1 (5 CH2), 25.9 (CH2), 

22.6 (CH2) 14.1 (CH3). MS (EI): m/z 276 (M+ + Na, 40), 207 (24), 163 (55), 

149 (43). HRMS (EI): calculated for C15H27NO2Na (M+ + Na): 276.1934; 

found: 276.1947. 

 

(4R, 5S)-4-(2, 2-Dimethoxyethyl)-5-nitrocyclohex-1-ene (53g) 

The title compound was obtained following method A in 

60% yield as a pale yellow oil after flash column 

chromatography (hexane/EtOAc = 8:1) as a mixture 

90:10 of diastereomers. Diastereomeric ratio (dr) was 

determined by 1H NMR. The procedure to obtain this product has been 

scaled up to 300 mg of 52g, maintaining yield and dr. 

1H NMR (CDCl3, 300 MHz) (90:10 Mixture of diastereomers): δ 5.73-5.55 

(m, 2Hmajor, 2Hminor), 4.75-4.66 (td, J = 3.4 and 6.0 Hz, 1Hminor), 4.55-4.38 
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(m, 2Hmajor, 1Hminor), 3.30-3.22 (m, 6Hmajor, 6Hminor), 2.78-2.07 (m, 4Hmajor, 

4Hminor), 1.99-1.81 (m, 1Hmajor, 1Hminor), 1.77-1.57 (m, 1Hmajor, 1Hminor), 

1.53-1.41 (m, 1Hmajor, 1Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of 

diastereomers) Major diastereomer: δ 125.8 (CH), 122.4 (CH), 101.9 

(CH), 87.0 (CH), 53.4 (CH3), 51.8 (CH3), 34.8 (CH2), 33.3 (CH), 30.0 (CH2), 

29.7 (CH2). Minor diastereomer: δ 125.8 (CH), 122.2 (CH), 102.8 (CH), 

83.4 (CH), 53.1 (CH3), 52.7 (CH3), 32.5 (CH2), 32.2 (CH), 28.6 (CH2), 27.4 

(CH2). MS (ESI): m/z 238 (M+ + Na, 81), 153 (29), 137 (61), 105 (100). 

HRMS (ESI): calculated for C10H17NO4Na (M+ + Na): 238.1049; found: 

238.1055.  

The enantiomeric excess was determined by HPLC using a Chiralpak IB 

column [hexane/iPrOH = 99:1]; flow rate 0.5 mL/min. ee = 94%, τ major = 

40.1 and 47.4 min; τ minor = 38.3 and 43.7 min. The ee was determined on 

a 74:26 diastereomers mixture. 

 

(4R, 5S)-5-Nitro-4-phenylcyclohex-1-ene (53h) 

The title compound was obtained following method B 

in 52% yield as a colourless oil after flash column 

chromatography (hexane/EtOAc = 10:1) as a mixture 

94:6 of diastereomers. Diastereomeric ratio (dr) was determined by 1H 

NMR. 

1H NMR (CDCl3, 300 MHz) (94:6 Mixture of diastereomers): δ 7.36-7.18 

(m, 5Hmajor, 5Hminor), 6.02-5.90 (m, 1Hminor), 5.88-5.69 (m, 2Hmajor, 1Hminor), 

4.99-4.82 (m, 1Hmajor, 1Hminor), 3.77-3.68 (m, 1Hminor), 3.43 (td, J = 11.0 and 

5.9 Hz, 1Hmajor), 2.91-2.26 (m, 4Hmajor, 4Hminor). 13C NMR (CDCl3, 75 MHz) 

Major diastereomer: δ 139.9 (C), 128.9 (2 CH), 127.6 (CH), 127.4 (2 CH), 

126.6 (CH), 122.7 (CH), 87.4 (CH), 44.2 (CH), 33.2 (CH2), 31.3 (CH2). 

Minor diastereomer could not be assigned due to the small proportion of 

this diastereomer compared with the major one. MS (EI): m/z 226 (M+ + 
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Na, 28), 157 (100), 149 (19), 129 (13). HRMS (EI): calculated for 

C12H13NO2Na (M+ + Na): 226.0838; found: 226.0834. 

(4R, 5S)-5-Nitro-4-(4-nitrophenyl)cyclohex-1-ene (53i) 

The title compound was obtained following method 

B in 49% yield as a colourless oil after flash column 

chromatography (hexane/EtOAc = 8:1) as a mixture 

91:9 of diastereomers. The diastereomeric ratio 

(dr) was determined by 1H NMR.  

1H NMR (CDCl3, 300 MHz) (91:9 Mixture of diastereomers): δ 8.19 (d, J = 

8.7 Hz, 2Hmajor), 8.15 (d, J = 8.8 Hz, 2Hminor), 7.42 (d, J = 8.7 Hz, 2Hmajor), 

7.38 (d, J = 8.8 Hz, 2Hminor), 7.21-7.11 (m, 2Hmajor, 2Hminor), 6.01-5.94 (m, 

1Hminor), 5.88-5-73 (m, 2Hmajor, 1Hminor), 5.07-4.88 (m, 1Hmajor, 1Hminor), 

3.91-3.81 (m, 1Hminor), 3.56 (td, J = 11.2 and 6.0 Hz, 1Hmajor), 2.92-2.26 (m, 

4Hmajor, 4Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of diastereomers) 

Major diastereomer: δ 147.5 (C), 131.0 (C), 128.4 (2 CH), 125.9 (CH), 

124.2 (2 CH), 123.0 (CH), 86.7 (CH), 44.1 (CH), 32.9 (CH2), 31.1 (CH2). 

Minor diastereomer could not be assigned due to the small proportion of 

this diastereomer compared with the major one. MS (EI): m/z 271 (M+ + 

Na, 13), 202 (16), 169 (18), 149 (61), 113 (16). HRMS (EI): calculated for 

C12H12N2O4Na (M+ + Na): 271.0689; found: 271.0696 

 

(4R, 5S)-4-(4-Chlorophenyl)-5-nitrocyclohex-1-ene (53j) 

The title compound was obtained following method 

B in 50% yield as a colourless oil after flash column 

chromatography (hexane/EtOAc = 10:1) as a 

mixture 91:9 of diastereomers. Diastereomeric ratio 

(dr) was determined by 1H NMR. 
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1H NMR (CDCl3, 300 MHz) (91:9 Mixture of diastereomers): δ 7.34-7.24 

(m, 2Hmajor, 2Hminor), 7.21-7.11 (m, 2Hmajor, 2Hminor), 5.99-5.91 (m, 1Hminor), 

5.86-5-70 (m, 2Hmajor, 1Hminor), 4.99-4.82 (m, 1Hmajor, 1Hminor), 3.74 (td, J = 

6.4 and 4.2 Hz 1Hminor), 3.41 (td, J = 11.1 and 5.8 Hz, 1Hmajor), 2.90-2.23 (m, 

4Hmajor, 4Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of diastereomers) 

Major diastereomer: δ 138.5 (C), 132.4 (C), 129.1 (2 CH), 128.7 (2 CH), 

126.3 (CH), 122.8 (CH), 87.3 (CH), 43.8 (CH), 33.1 (CH2), 31.2 (CH2). 

Minor diastereomer could not be assigned due to the small proportion of 

this diastereomer compared with the major one. MS (EI): m/z 191 (M+ – 

NO2, 46), 153 (100), 149 (21), 125 (18). HRMS (EI): calculated for 

C12H12Cl (M+ – NO2): 191.0622; found: 191.0627. 

 

(4R, 5S)-4-(4-Methoxyphenyl)-5-nitrocyclohex-1-ene (53k) 

The title compound was obtained following 

method B in 52% yield as a colourless oil after 

flash column chromatography (hexane/EtOAc = 

10:1) as a mixture 85:15 of diastereomers. 

Diastereomeric ratio (dr) was determined by 1H NMR.  

1H NMR (CDCl3, 300 MHz) (85:15 Mixture of diastereomers): δ 7.19-7.09 

(m, 2Hmajor, 2Hminor), 6.91-6.80 (m, 2Hmajor, 2Hminor), 6.03-5.89 (m, 1Hminor), 

5.86-5.64 (m, 2Hmajor, 1Hminor), 4.97-4.80 (m, 1Hmajor, 1Hminor), 3.84-3.70 

(m, 4Hmajor, 4Hminor), 3.36 (td, J = 11.0 and 5.9 Hz, 1Hmajor), 2.96-2.25 (m, 

4Hmajor, 4Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of diastereomers) 

Major diastereomer: δ 158.9 (C), 132.0 (C), 129.3 (2 CH), 126.7 (CH), 

122.6 (CH), 114.2 (2 CH), 87.7 (CH), 55.2 (CH3), 43.5 (CH), 33.2 (CH2), 

31.2 (CH2). Minor diastereomer: δ 158.7 (C), 130.0 (C), 129.2 (2 CH), 

128.8 (CH), 124.5 (CH), 114.0 (2 CH), 84.6 (CH), 53.7 (CH3), 40.1 (CH), 

31.9 (CH2), 31.5 (CH2). MS (EI): m/z 256 (M+ + Na, 9), 187 (100), 149 
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(15), 121 (66). HRMS (EI): calculated for C13H15NO3Na (M+ + Na): 

256.0944; found: 256.0942.  
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4. General procedure for the Sharpless dihydroxylation. 

 

Cyclohexene 53g (21.5 mg, 0.1 mmol), was dissolved in a 1:1 mixture of 

tBuOH: H2O (2 mL), whereupon methylsulfonamide (11.4 mg, 0.12 mmol) 

and AD-mix β (200 mg) were added to the solution. After 5 minutes, the 

mixture was left at room temperature and stirred for 24h. Then Na2S2O5 

(100 mg) was added to the solution and was stirred for 10 min, 

whereupon brine (20 mL) and AcOEt (20 mL) were added to the solution. 

The mixture was transferred to a separatory funnel and was extracted 

with AcOEt (3 x 20 mL). The organic phases were dried over MgSO4, and 

the solvent was removed under reduced pressure. The diasteromeric 

ratio was determined by 1H NMR. The two diastereomers were separated 

by flash column chromatography (hexane/EtOAc = 1:3) to afford 3.0 mg 

of diol 57, 9.4 mg of diol 58 and 10.9 mg containing both diols 57 and 58 

(Yield for both diastereomers: 94%).  

 

(1S, 2R, 4R, 5S)-4-(2,2-Dimetoxyethyl)-5-nitrocyclohexane-1,2-diol 

(58) 

1H NMR (CDCl3, 300 MHz): δ 4.61 (td, J = 11.6 and 4.1 

Hz, 1H), 4.44 (dd, J = 6.7 and 4.7 Hz, 1H), 4.12 (m, 

1H), 3.81 (m, 1H), 3.32 (s, 3H), 3.26 (s, 3H), 2.47 (dt, J 

= 13.6 and 4.1 Hz, 1H), 2.30 (bs, 1H), 2.28-2.20 (m, 

1H), 2.09-1.99 (m, 2H), 1.91 (m, 1H), 1.71 (ddd, J = 

14.3, 6.8 and 3.4 Hz, 1H), 1.58-1.48 (m, 2H). 13C NMR (CDCl3, 75 MHz): δ 
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101.7 (CH), 85.6 (CH), 69.8 (CH), 68.4 (CH), 53.6 (CH3), 51.7 (CH3), 35.7 

(CH2), 35.5 (CH), 34.7 (CH2), 32.0 (CH2). 

MS (ESI): m/z 272 (M+ + Na, 80), 186 (30), 149 (35), 139 (100), 121 (37). 

HRMS (ESI): calculated for C10H19NO6Na (M+ + Na): 272.1104; found: 

272.1102. 
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5. Determination of the relative configuration of the 

stereogenic centres 

To differentiate the structure of 57, 58 and the relative configuration of 

the four stereogenic centres, we performed some NMR experiments with 

the major diastereomer 58 obtained using AD-mix β as reagent. Figure 

6.1 shows the assignation of the most representative signals in the COSY 

experiment. 

Starting from the hydrogen at the α-position of the nitro group (4.61 

ppm, marked in blue), we observed three correlations, with the proton at 

2.25 ppm (marked in red) and with the ones at 2.47 and 2.05 ppm (both 

marked in green). This two last green protons presented an extra 

correlation with the hydrogen at 4.12 ppm (marked in purple), which 

also showed a correlation with the proton at 3.85 ppm (marked in 

orange). This orange proton was correlated with the ones at 2.01 and 

1.57 ppm (marked in grey) that finally showed correlation with the red 

proton at 2.25 ppm, closing the cyclohexane (Correlation with the blue 

proton at 4.61 ppm). 
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Figure 6.1. COSY experiment with the correlations in the cyclohexane 

framework. 

Once the main protons had been identified and assigned, we were posed 

to determine the relative disposition of the centres with the aid of a NOE 

experiment (Figure 6.2). 
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Figure 6.2. NOE experiment of compound 58 irradiating H3. 

H3 (In orange) was irradiated, and NOE effect was observed with H1 (In 

red). This fact suggested that these protons were in cis disposition. 
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6. Procedure for reduction of compound 53g 

 

Nitrocyclohexene 53g (42 mg, 0.2 mmol) was dissolved in MeOH (2 mL), 

and the flask was charged in open air with Pd/C catalyst (10% w/t, 30 

mg). The mixture was stirred for 5 min, whereupon the solution was 

purged with a hydrogen balloon for 10 min and was heated at 50ºC under 

hydrogen atmosphere for 24 h. After this time, the solution was filtered 

through a short pad of celite washing with MeOH (2 × 10 mL). The 

solvent was removed under reduced pressure to afford compound 59 (34 

mg, yield: 98%) as a colourless oil as a 90:10 mixture of diastereomers. 

1H NMR (CDCl3, 300 MHz) (Mixture of diastereomers): δ 4.55-4.41 (m, 

1Hmajor, 1Hminor), 3.31 (d, J = 4.1 Hz, 6Hmajor, 6Hminor), 2.40-2.12 (m, 3Hmajor, 

3Hminor), 2.07-1.94 (m, 1Hmajor, 1Hminor), 1.92-1.58 (m, 4Hmajor, 4Hminor), 

1.45-1.07 (m, 6Hmajor, 6Hminor). 13C NMR (CDCl3, 75 MHz) (Mixture of 

diastereomers) Major diastereomer: δ 103.1 (CH), 54.8 (CH), 53.0 (CH3), 

52.1 (CH3), 41.8 (CH), 36.5 (CH2), 36.0 (CH2), 31.6 (CH2), 25.9 (CH2), 25.3 

(CH2). Minor diastereomer: δ 103.4 (CH), 52.9 (CH3), 52.4 (CH3), 49.8 

(CH), 41.7 (CH), 37.0 (CH2), 36.0 (CH2), 31.9 (CH2), 27.1 (CH2), 24.7 (CH2). 

MS (ESI): m/z 188 (M+ + H, 74), 121 (26), 105 (100). HRMS (ESI): 

calculated for C10H22NO2 (M+ + H): 187.1572; found: 187.1581. 

 

  



 

262 

Chapter VI 

7. Assignation of the absolute configuration. 

 

By comparing to the [α] values reported in the literature,170 the 

configuration of 53g was assigned as (4R, 5S). The absolute configuration 

of all other compounds was assigned by analogy to 53g. 

Synthesis of 56 from 53g: A 25 mL round-bottomed flask with a 

magnetic stirring bar was charged in open air with Pd/C catalyst (10% 

w/t, 7.2 mg), compound 53g (30 mg, 0.14 mmol), and 2-propanol (2 mL). 

The contents were stirred for 2 min whereupon acetic acid (16 µL, 0.28 

mmol) was added in a single portion via syringe. Powdered NaBH4 (20.7 

mg, 0.56 mmol) was also added in a single portion directly to the stirring 

heterogeneous solution (Note: Addition of the NaBH4 causes the rapid 

evolution of small hydrogen gas bubbles). The contents of the reaction 

flask were left to stir in open air at room temperature for 15 min. Workup 

was conducted by quenching the reaction mixture with 0.1 M HCl until no 

further hydrogen evolution was observed. The solution was then 

adjusted to a pH of approximately 10, using aq. sat. K2CO3 and filtered 

through celite to remove the Pd/C catalyst. Ethyl acetate (10 mL) was 

added to the filtrate, which was then washed with water (2 x 10 mL). The 

aqueous portions were then combined and extracted with EtOAc (10 mL). 

The organic portions were combined, washed with brine, dried over 

MgSO4, and filtered. The solvent was removed under reduced pressure 

and the crude was dissolved in EtOH (1.5 mL). HCl 3M (1.5 mL) was 

added to the solution and the mixture was stirred at room temperature 

for 24 h, whereupon EtOAc (10 mL) was added. The aqueous phase was 

                                                           
170 W. J. Nodes, D. R. Nutt, A. N. Chippindale, A. J. A. Cobb, J. Am. Chem. Soc. 2009, 131, 
16016. 
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extracted with EtOAc (2 x 10 mL) and the combined organic layers were 

washed with water (10 mL), brine (10 mL), dried over MgSO4, and 

filtered. The solvent was removed under reduced pressure and the 

mixture was dissolved in EtOH and stirred for 2 min. Powdered NaBH4 

(11 mg, 0.3 mmol) was added in a single portion and the reaction was 

stirred for 15 min. The solvent was removed under reduced pressure and 

the crude was extracted with EtOAc (2 x 10 mL). The combined organic 

layers were washed with water (10 mL), brine (10 mL), dried over 

MgSO4, and filtered. The solvent was removed under reduced pressure. 

The crude was purified by flash column chromatography (hexane/EtOAc 

= 2:1) to afford 19 mg (Yield: 79% for the 3 steps) of alcohol 56 as a 

90:10 mixture of diastereomers. 

Diastereomers were separated by flash column chromatography 

(hexane/EtOAc = 12:1).  

Data of 56: 

1H NMR (Major diastereomer) (CDCl3, 300 MHz): δ 4.33-4.23 (td, J = 11.5 

and 4.2 Hz, 1H), 3.75-3.58 (m, 2H), 2.27-1.73 (m, 6H), 1.67-1.54 (m, 1H), 

1.50-1.23 (m, 3H), 1.15-0.99 (m, 1H). 
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E. Experimental part of Chapter V 

1. Synthesis of the sulfones 

Method A: 

 

The corresponding aryl halide (1 mmol) and the corresponding thiols 

(1.05 mmol) were dissolved in 10 mL of THF. The mixture was stirred at 

room temperature, whereupon DBU (165 μL, 1.1 mmol, 1.1 equiv.) was 

added to the solution and stirred at room temperature overnight. The 

mixture was quenched with sat. aq. NH4Cl (10 mL), transferred to a 

separatory funnel and extracted with EtOAc (2 x 10 mL). The organic 

layers were washed with brine (10 mL), dried over MgSO4 and the 

solvent was removed under reduced pressure. The crude was redissolved 

in CH2Cl2 (10 mL) and a solution of m-CPBA (680 mg, 4 mmol) in CH2Cl2 

(40 mL) was added and stirred overnight, whereupon it was transferred 

to a separatory funnel, and washed with 50 mL of a 40% w/v NaHSO3 

solution, a sat. aq. NaHCO3 solution (2 x 25 mL), and brine (25 mL). The 

organic phase was dried over MgSO4, filtered and concentrated under 

vacuum. The crude was purified with flash column chromatography to 

afford sulfones 61 or 72. 

Method B: 

 

The corresponding aryl bromide (1 mmol) and the corresponding sodium 

sulfinate or sodium triflinate (1.5 mmol) were dissolved in 10 mL of DMF. 

The mixture was stirred at 80ºC for 24 h, whereupon it was transferred to 

a separatory funnel. EtOAc (15 mL) was added and the organic phase was 

washed with water (2 x 10 mL) and brine (10 mL), dried over MgSO4 and 
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the solvent was removed under reduced pressure. The crude was purified 

with flash column chromatography to afford sulfones 61 or 72. 

Method C: 

 

The corresponding aryl bromide (1 mmol) and sodium triflinate (187 mg, 

1.2 mmol) were dissolved in 5 mL of DMA. The mixture was stirred at 

100ºC for 24 h, whereupon it was transferred to a separatory funnel. 

EtOAc (15 mL) was added and the organic phase was washed with water 

(2 x 10 mL) and brine (10 mL), dried over MgSO4 and the solvent was 

removed under reduced pressure. The crude was purified with flash 

column chromatography to afford sulfones 72. 

 

5-((4-Bromobenzyl)sulfonyl)1-phenyl-1H-tetrazole (61a) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc = 

4:1). White solid. Yield: 88% (333 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.67-7-40 (m, 7H), 7.26 (d, J = 8,4 Hz, 2H), 

4.94 (s, 2H). 13C NMR (CDCl3, 75 MHz): δ 152.8 (C), 133.1 (2 CH), 132.7 

(C), 132.3 (2 CH), 131.5 (CH), 129.5 (2 CH), 125.1 (2 CH), 124.5 (C), 123.8 

(C), 61.6 (CH2). MS (ESI): 378 (M+ + H, 31), 287 (9), 170 (91), 168 (100), 

122 (27). HRMS (ESI): calculated for C14H12N4O2SBr (M+ + H): 378.9858; 

found: 378.9871. 
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2-((4-Bromobenzyl)sulfonyl)benzo[d]thiazole (61b) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 4:1). White solid. Yield: 89% 

(326 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.26 (d, J = 8.3 Hz 1H), 7.97 (d, J = 8.3 Hz, 

1H), 7.70-7.56 (m, 2H), 7.41 (d, J = 8.4 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H), 

4.73 (s, 2H). 13C NMR (CDCl3, 75 MHz): δ 164.9 (C), 152.5 (C), 137.0 (C), 

132.7 (2 CH), 132.1 (2 CH), 128.2 (CH), 127.8 (CH), 125.5 (CH), 125.4 (C), 

123.8 (C), 122.4 (CH), 60.27 (CH2). MS (EI): 366 (M+, 4), 304 (19), 303 

(30), 170 (100), 90 (28). HRMS (EI): calculated for C14H10NO2S2Br (M+) 

366.9336; found: 366.9346. 

 

5-((4-Bromobenzyl)sulfonyl)1-(tert-butyl)-1H-tetrazole (61c) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc = 

4:1). White solid. Yield: 80% (287 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.53 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.3 Hz, 

2H), 5.04 (s, 2H), 1.78 (s, 9H). 13C NMR (CDCl3, 75 MHz): 153.7 (C), 133.5 

(2 CH), 132.2 (2 CH), 124.3 (C), 124.2 (C), 65.6 (C), 62.0 (CH2), 29.6 (3 

CH3). MS (ESI): 359 (M+ + H, 28), 304 (46), 302 (45), 288 (27), 286 (25), 

170 (91), 168 (100). HRMS (ESI): calculated for C12H16N4O2SBr (M+ + H): 

359.0171; found: 359.0183. 
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2-((4-Bromobenzyl)sulfonyl)pyridine (61d) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc = 

2:1). White solid. Yield: 89% (276 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.77 (d, J = 4.8 Hz, 1H), 7.88-7.78 (m, 2H), 

7.55-7.47 (m, 1H), 7.36 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H). 13C 

NMR (CDCl3, 75 MHz): δ 156.2 (C), 150.2 (CH), 138.1 (CH), 132.6 (2 CH), 

131.8 (2 CH), 127.6 (CH), 126.5 (C), 123.2 (C), 123.0 (CH), 57.5 (CH2). MS 

(EI): 310 (M+, 6), 247 (78), 245 (85) 303 (30), 170 (100), 167 (29). HRMS 

(EI): calculated for C12H10NO2SBr (M+) 310.9616; found: 310.9621. 

 

1-Bromo-4-(tosylmethyl)benzene (61e) 

Synthesized according to Method B. Purified by 

flash column chromatography (hexane/EtOAc = 

5:1). White solid. Yield: 84% (272 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.53 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.3 Hz), 

7.27 (d, J = 7.9 Hz, 2H), 6.98 (d, J = 7.9 Hz, 2H), 4.24 (s, 2H), 2.44 (s, 3H). 

13C NMR (CDCl3, 75 MHz): δ 144.9 (C), 134.8 (C), 132.4 (2 CH), 131.8 (2 

CH), 129.7 (2 CH), 128.6 (2 CH), 127.4 (C), 123.2 (C), 62.2 (CH2), 21.7 

(CH3). MS (EI): 323 (M+, 2), 170 (97), 168 (100), 90 (30). HRMS (EI): 

calculated for C14H13O2SBr (M+) 323.9820; found: 323.9828. 

 

1-Bromo-4-(((4-nitrophenyl)sulfonyl)methyl)benzene (61f) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc 

= 2:1). White solid. Yield: 77% (273 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.32 (d, J = 8.8 Hz, 2H), 7.85 (d, J = 8.8 Hz, 
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2H), 7.45 (d, J = 8.4 Hz, 2H), 7.00(d, J = 8.4 Hz, 2H), 4.34 (s, 2H). 13C NMR 

(CDCl3, 75 MHz): δ 150.9 (C), 143.2 (C), 132.3 (2 CH), 132.1 (2 CH), 130.1 

(2 CH), 126.1 (C), 124.1 (2 CH), 123.9 (C), 62.1 (CH2). MS (EI): 354 (M+, 

1), 170 (98), 168 (100), 90 (53). HRMS (EI): calculated for C13H10NO4SBr 

(M+) 354.9514; found: 354.9500. 

 

1-Bromo-4-(((4-trifluoromethyl)sulfonyl)methyl)benzene (61g) 

Synthesized according to Method B. Purified by flash 

column chromatography (hexane/EtOAc = 10:1). 

White solid. Yield: 53% (160 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.60 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.5 Hz, 

2H), 4.44 (s, 2H). 13C NMR (CDCl3, 75 MHz): δ 132.8 (2 CH), 132.6 (2 CH), 

124.7 (C), 122.1 (C), 119.6 (q, J = 328 Hz, CF3), 55.5 (CH2). 19F NMR 

(CDCl3, 282 MHz): δ -76.3. MS (EI): 301 (M+, 1), 170 (100), 168 (63), 90 

(18). HRMS (EI): calculated for C8H6O2F3SBr (M+) 301.9224; found: 

301.9230. 

 

2-((Thiophen-2-ylmethyl)sulfonylpyridine (61h) 

Synthesized according to the method described in 

the literature.171 

1H NMR (CDCl3, 300 MHz): δ 8.78 (dt, J = 4.7 and 1.1 

Hz, 1H), 7.87-7.82 (m, 2H), 7.56-7.50 (m, 1H), 7.21 (dd, J = 4.8 and 1.5 Hz, 

1H), 6.92-6.85 (m, 2H), 4.85 (s, 2H). Data is in agreement with the 

literature.171 

 
 

                                                           
171 P. D. Legarda, A. García-Rubia, R. G. Arrayás, J. C. Carretero, Adv. Synth. Cat. 2016, in 
press (DOI: 10.1002/adsc.201501129) 
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2-((2-Methylbenzyl)sulfonyl)benzo[d]thiazole (61i) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc = 

4:1). White solid. Yield: 82% (248 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.31 (d, J = 8.1 Hz, 

1H), 8.00 (d, J = 8.1 Hz, 1H), 7.75-7.57 (m, 2H), 7.34-7.06 (m, 4H), 4.87 (s, 

2H), 2.45 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 165.7 (C), 152.6 (C), 138.9 

(C), 137.2 (C), 132.1 (CH), 131.1 (CH), 129.5 (CH), 128.1 (CH), 127.7 (CH), 

126.3 (CH), 125.5 (CH), 124.8 (C), 122.4 (CH), 58.4 (CH2), 19.8 (CH3). 

MS (EI): 303 (M+, 1), 239 (98), 224 (67), 134 (34), 106 (29). HRMS (EI): 

calculated for C15H13NO2S2 (M+) 303.0388; found: 303.0394. 

 

2-((3-Methoxybenzyl)sulfonyl)benzo[d]thiazole (61j) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 4:1). White solid. Yield: 79% 

(251 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.25 (d, J = 8.1 Hz, 1H), 7.93 (d, J = 8.1 Hz, 

1H), 7.68-7.52 (m, 2H), 7.15 (t, J = 8.0 Hz, 1H), 6.86-6.75 (m, 3H), 4.72 (s, 

2H), 3.62 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 165.3 (C), 159.8 (C), 152.5 

(C), 137.1 (C), 129.9 (CH), 128.0 (CH), 127.7 (CH), 127.6 (C), 125.4 (CH), 

123.4 (CH), 122.3 (CH), 116.1 (CH), 115.4 (CH), 61.1 (CH2), 55.2 (CH3). MS 

(EI): 319 (M+, 6), 255 (45), 254 (100), 121 (71). HRMS (EI): calculated for 

C15H13NO3S2 (M+) 319.0337; found: 319.0344. 
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2-((4-Methoxybenzyl)sulfonyl)benzo[d]thiazole (61k) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 4:1). White solid. Yield: 89% 

(284 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.23 (d, J = 8.1 Hz, 1H), 7.92 (d, J = 8.1 Hz, 

1H), 7.66-7.51 (m, 2H), 7.16 (d, J = 8.7 Hz, 1H), 6.77 (d, J = 8.7 Hz, 1H), 

4.68 (s, 2H), 3.73 (s, 3H). 13C NMR (CDCl3, 75 MHz): δ 165.4 (C), 160.3 (C), 

152.6 (C), 137.0 (C), 132.4 (2 CH), 128.0 (CH), 127.6 (CH), 125.4 (CH), 

122.3 (CH), 118.0 (C), 114.4 (2 CH), 60.4 (CH2), 55.3 (CH3). MS (EI): 319 

(M+, 2), 255 (18), 240 (7), 121 (100). HRMS (EI): calculated for 

C15H13NO3S2 (M+) 319.0337; found: 319.0338. 

 

2-((4-Nitrobenzyl)sulfonyl)benzo[d]thiazole (61l) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 3:1). White solid. Yield: 89% 

(300 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.27 (d, J = 8.2 Hz, 1H), 8.16 (d, J = 8.7 Hz, 

2H), 7.99 (d, J = 8.2 Hz, 1H), 7.73-7.58 (m, 2H), 7.51 (d, J = 8.7 Hz, 2H), 

4.88 (s, 2H). 13C NMR (CDCl3, 75 MHz): δ 164.4 (C), 152.4 (C), 148.4 (C), 

136.9 (C), 133.6 (C), 132.2 (2 CH), 128.4 (CH), 128.3 (CH), 128.0 (CH), 

125.5 (CH), 123.9 (2 CH), 122.4 (CH), 60.1 (CH2). MS (EI): 334 (M+, 46), 

240 (11), 223 (100), 106 (30). HRMS (EI): calculated for C14H10N2O4S2 

(M+) 334.0082; found: 334.0076. 
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2-((3,5-Dibromobenzyl)sulfonyl)benzo[d]thiazole (61m) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 4:1). White solid. Yield: 85% 

(378 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.27 (d, J = 8.2 Hz, 1H), 7.99 (d, J = 8.2 Hz, 

1H), 7.73-7.56 (m, 3H), 7.39 (s, 1H), 4.68 (s, 2H). 13C NMR (CDCl3, 75 

MHz): δ 164.5 (C), 152.5 (C), 136.9 (C), 135.0 (2 C), 132.8 (2 CH), 130.0 

(C), 128.4 (CH), 127.9 (CH), 125.5 (CH), 123.2 (CH), 122.4 (CH), 59.8 

(CH2). MS (EI): 444 (M+, 2), 383 (22), 382 (23), 381 (49), 250 (36), 248 

(100), 169 (20), 167 (20). HRMS (EI): calculated for C14H9NO2S2Br2 (M+) 

444.8441; found: 444.8439. 

 

2-(((4-Bromobenzo[d][1,3]dioxol-5-yl)methyl)sulfonyl) 

benzo[d]thiazole (61n) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 3:1). White solid. Yield: 72% 

(296 mg). 

1H NMR (CD2Cl2, 300 MHz): δ 8.23 (d, J = 8.2 Hz, 1H), 8.01 (d, J = 8.2 Hz, 

1H), 7.71-7.56 (m, 2H), 6.97 (s, 1H), 6.92 (s, 1H), 6.01 (s, 2H), 4.86 (s, 2H). 

13C NMR (CD2Cl2, 75 MHz): δ 153.4 (C), 150.1 (C), 148.4 (C), 139.0 (C), 

128.7 (CH), 128.3 (CH), 126.0 (CH), 123.0 (CH), 120.1 (C), 117.9 (C), 

113.5 (CH), 112.5 (CH), 103.2 (CH2), 61.1 (CH2). 

MS (EI): 410 (M+, 1), 332 (8), 214 (100), 212 (98), 135 (55). HRMS (EI): 

calculated for C15H10NO4S2Br (M+) 410.9235; found: 410.9249. 
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1-Phenyl-5-((3-phenylpropyl)sulfonyl)-1H-tetrazole (72a) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc = 

5:1). White solid. Yield: 87% (287 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.74-7.54 (m, 5H), 7.38-7.16 (m, 5H), 3.75-

3.68 (m, 2H), 2.86 (t, J = 7.4 Hz, 2H), 2.39-2.26 (m, 2H). 13C NMR (CDCl3, 

75 MHz): δ 153.5 (C), 139.2 (C), 133.0 (C), 131.5 (CH), 129.7 (2 CH), 128.8 

(2 CH), 128.4 (2 CH), 126.7 (CH), 125.1 (2 CH), 55.3 (CH2), 33.9 (CH2), 

23.6 (CH2). MS (FAB): 329 (M+ + H, 100), 154 (63), 137 (64), 91 (66). 

HRMS (FAB): calculated for C16H17N4O2S (M+ + H) 329.1072; found: 

329.1076. 

 

2-((3-Phenylpropyl)sulfonyl)benzo[d]thiazole (72b) 

Synthesized according to Method A. Purified 

by flash column chromatography 

(hexane/EtOAc = 5:1). White solid. Yield: 87% 

(277 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.18 (d, J = 8.2 Hz, 1H), 7.98 (d, J = 8.2 Hz, 

1H), 7.66-7.52 (m, 2H), 7.29-7.08 (m, 5H), 3.52-3.44 (m, 2H), 2.76 (t, J = 

7.3 Hz, 2H), 2.27-2.14 (m, 2H). 13C NMR (CDCl3, 75 MHz): δ 165.8 (C), 

152.7 (C), 139.6 (C), 136.8 (C), 128.7 (2 CH), 128.4 (2 CH), 128.1 (CH), 

127.7 (CH), 126.6 (CH), 125.5 (CH), 122.4 (CH), 54.0 (CH2), 34.0 (CH2), 

23.9 (CH2). MS (FAB): 318 (M+ + H, 100), 225 (12), 137 (16), 136 (18). 

HRMS (FAB): calculated for C16H16NO2S2 (M+ + H) 318.0622; found: 

318.0629. 
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(3-((Trifluoromethyl)sulfonyl)propyl)benzene (72c) 

Synthesized according to Method C. Purified by 

flash column chromatography (hexane/EtOAc = 

15:1). White solid. Yield: 75% (189 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.28-7.06 (m, 5H), 3.10 (t, J = 7.4 Hz, 2H), 

2.74 (t, J = 7.4 Hz, 2H), 2.19 (quint, J = 7.4 Hz, 2H). 13C NMR (CDCl3, 75 

MHz): δ 138.8 (C), 128.9 (2 CH), 128.4 (2 CH), 126.9 (CH), 119.5 (q , J = 

327 Hz, CF3), 48.8 (CH2), 34.0 (CH2), 22.4 (CH2). 19F NMR: δ –78.1. MS 

(EI): 252 (M+, 35), 118 (81), 117 (96), 91 (100). HRMS (EI): calculated for 

C10H11O2SF3 (M+) 252.0432; found: 252.0432. 

 

2-((3-Phenylpropyl)sulfonyl)pyridine (72d) 

Synthesized according to Method A. Purified by 

flash column chromatography (hexane/EtOAc = 

2:1). White solid. Yield: 68% (178 mg). 

1H NMR (CDCl3, 300 MHz): δ 8.75 (m, 1H), 8.10 (m, 1H), 7.97 (m, 1H), 

7.56 (m, 1H), 7.34-7.11 (m, 5H), 3.41 (t, J = 7.3 Hz, 2H), 2.76 (t, J = 7.3 Hz, 

2H), 2.10 (quint, J = 7.3 Hz, 2H). 13C NMR (CDCl3, 75 MHz): δ 157.1 (C), 

150.3 (CH), 140.0 (C), 138.3 (CH), 128.6 (2 CH), 128.4 (2 CH), 127.5 (CH), 

126.4 (CH), 122.2 (CH), 51.3 (CH2), 34.2 (CH2), 23.8 (CH2). MS (ESI): 284 

(M+ + Na, 100), 262 (52), 149 (2). HRMS (EI): calculated for 

C14H15NO2SNa (M+ + Na): 284.0715; found: 284.0726. 

 

1-Methyl-4-((3-phenylpropyl)sulfonyl)benzene (72e) 

Synthesized according to Method B. Purified 

by flash column chromatography 

(hexane/EtOAc = 5:1). White solid. Yield: 82% 
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(224 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.79 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 8.1 Hz, 

2H), 7.29-7.17 (m, 3H), 7.12 (d, J = 7.3 Hz, 2H), 3.13- 3.03 (m, 2H), 2.71 (t, 

J = 7.6 Hz, 2H), 2.47 (s, 3H), 2.13-1.96 (m, 2H). Data is in agreement with 

the literature.172 

 

2-(3-(Trifluoromethylsulfonyl)propyl)isoindoline-1,3-dione (72f) 

Synthesized according to Method C. Purified 

by flash column chromatography 

(hexane/EtOAc = 5:1 to 2:1). White solid. 

Yield: 73% (234 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.88 (dd, J = 5.4 and 3.2 Hz, 2H), 7.76 (dd, J = 

5.4 and 3.2 Hz, 2H), 3.89 (t, J = 6.4 Hz, 2H), 3.34 (t, J = 7.8 Hz, 2H), 2.40-

2.27 (m, 2H). MS (EI): 321 (M+, 17), 188 (24), 160 (100), 130 (14), 104 

(14). HRMS (EI): calculated for C12H10NO4F3S (M+): 321.0283; found: 

321.0269. 

 

4-((Trifluoromethyl)sulfonyl)butyl acetate (72g) 

Synthesized according to Method C. 

(hexane/EtOAc = 10:1 to 5:1). White solid. 

Yield: 58% (214 mg). 

1H NMR (CDCl3, 300 MHz): δ 4.09 (t, J = 6.0 Hz, 2H), 3.26 (t, J = 7.8 Hz, 

2H), 2.07-1.94 (m, 5H), 1.87-1.76 (m, 2H). 13C NMR (CDCl3, 75 MHz): δ 

170.8 (C=O), 119.4 (q , J = 326 Hz, CF3), 62.8 (CH2), 49.1 (CH2), 27.2 (CH2), 

20.7 (CH3), 17.9 (CH2). MS (ESI): 271 (M+ + Na, 100), 197 (14), 189 (64), 

                                                           
172 J. Barluenga, M. Tomás-Gamasa, F. Aznar, G. Valdés, Eur. J. Org. Chem. 2011, 1520. 
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115 (10). HRMS (ESI): calculated for C7H11O4F3SNa (M+ + Na): 271.0222; 

found: 271.0221. 

 

(3-((Trifluoromethyl)sulfonyl)propoxy)benzene (72h) 

Synthesized according to Method C. 

(hexane/EtOAc = 10:1). White solid. Yield: 80% 

(214 mg). 

1H NMR (CDCl3, 300 MHz): δ 7.33 (t, J = 8.0 Hz, 2H), 7.02 (t, J = 8.0 Hz, 

1H), 6.92 (d, J = 8.0 Hz, 2H), 4.12 (t, J = 5.7 Hz, 2H), 3.50 (t, J = 7.7 Hz, 2H), 

2.49-2.36 (m, 2H). 13C NMR (CDCl3, 75 MHz): δ 158.1 (C), 129.6 (2 CH), 

121.5 (CH), 119.5 (q, J = 327 Hz, CF3), 114.5 (2 CH), 64.8 (CH2), 46.9 

(CH2), 21.5 (CH2). MS (EI): 268 (M+, 42), 175 (100), 107 (15), 94 (65), 77 

(23). HRMS (EI): calculated for C10H11O3F3S (M+): 268.0381; found: 

268.0393. 
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2. Procedure for the transformation of the sulfones into the 

corresponding aromatic aldehydes 

 

 

Sulfones 61a-n (0.1 mmol) and nitrosobenzene (21.4 mg, 0.2 mmol) were 

dissolved in 1 mL of DMF. The mixture was stirred until the solution 

presented a greenish colour. Then, Cs2CO3 (65 mg, 0.2 mmol, 2 equiv) was 

added to the solution and the mixture was stirred at 50ºC during the 

corresponding time (see Scheme 5.13), whereupon it was cooled to room 

temperature. Then, 1 mL of HCl 1M was added dropwise to the solution 

and the mixture was heated again at 50ºC and stirred for 1 h. After 

completion of the hydrolysis, the mixture was transferred to a separatory 

funnel and extracted with EtOAc (2 x 10 mL). The organic layer was 

washed with water (2 x 10 mL), brine (10 mL), dried over MgSO4 and the 

solvent was removed under reduced pressure. The crude was purified 

with flash column chromatography to afford the corresponding 

aldehydes 64-71. 

 

4-Bromobenzaldehyde (64) 

Purified by flash column chromatography 

(hexane/EtOAc = 15:1). Yield: 67-88% (12.4-16.3 mg), 

depending on the starting sulfone (see Scheme 5.13). 

1H NMR (CDCl3, 300 MHz): δ 9.98 (s, 1H), 7.75 (d, J = 8.6 Hz, 2H), 7.68 (d, J 

= 8.6 Hz, 2H). Data is in agreement with the literature.173 

                                                           
173 M. Iinuma, K. Moriyama, H. Togo, Tetrahedron, 2013, 69, 2961. 
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Thiophene-2-carboxaldehyde (65) 

Purified by flash column chromatography (hexane/EtOAc 

=). Yield: % (mg),  

1H NMR (CDCl3, 300 MHz): δ 9.90 (s, 1H), 7.71 (m, 2H), 7.20 

(t, J = 3.9 Hz, 1H). Data is in agreement with the literature.174 

 

2-Methylbenzaldehyde (66) 

Purified by flash column chromatography (hexane/EtOAc 

= 10:1). Yield: 90% (10.8 mg). 

1H NMR (CDCl3, 300 MHz): 10.26 (s, 1 H), 7.80 (dd, J = 7.6 

Hz and 1.4 Hz, 1H), 7.50-7.43 (m, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.25 (d, J = 

7.6 Hz, 1H), 2.66 (s, 3H). Data is in agreement with the literature.175 

 

3-Methoxybenzaldehyde (67) 

Purified by flash column chromatography 

(hexane/EtOAc = 15:1). Yield: 88% (12.0 mg). 

1H NMR (CDCl3, 300 MHz): δ 10.00 (s, 1 H), 7.49-7.40 

(m, 3H), 7.22-7.17 (m, 1H), 3.84 (s, 3H). Data is in agreement with the 

literature.175 

4-Methoxybenzaldehyde (68) 

Purified by flash column chromatography 

(hexane/EtOAc = 10:1). Yield: 79% (10.3 mg). 

1H NMR (CDCl3, 300 MHz): δ 9.89 (s, 1H), 7.84 (d, J = 8.7 

                                                           
174 S. Farhadi, M. Afshari, J. Chem. Res. 2006, 30, 188. 
175 S. Cacchi , G. Fabrizi, A. Goggiamani, J. Comb. Chem. 2004, 6, 692. 
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Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 3.89 (s, 3H). Data is in agreement with the 

literature.173 

 

4-Nitrobenzaldehyde (69) 

Purified by flash column chromatography 

(hexane/EtOAc = 8:1). Yield: 89% (13.4 mg). 

1H NMR (CDCl3, 300 MHz): δ 10.18 (s, 1H), 8.10 (d, J = 

8.8 Hz, 2H), 7.80 (d, J = 8.8 Hz, 2H). Data is in agreement with the 

literature.173 

 

3,5-Dibromobenzaldehyde (70) 

Purified by flash column chromatography 

(hexane/EtOAc = 30:1). Yield: 82% (21.2 mg). 

1H NMR (CDCl3, 300 MHz): δ 9.92 (s, 1H), 7.97-7.90 (m, 

3H). Data is in agreement with the literature.176 

 

6-Bromobenzo[d][1,3]dioxole-5-carbaldehyde (71) 

Purified by flash column chromatography 

(hexane/EtOAc = 20:1). Yield: 84% (19.2 mg) 

1H NMR (CDCl3, 300 MHz): δ 10.16 (s, 1H), 7.35 (s, 1H), 

7.04 (s, 1H) 6.07 (s, 2H). Data is in agreement with the literature.177 

 

  

                                                           
176 L. Ding, D. Chang, L. Dai, Macromolecules, 2005, 38, 9389. 
177 A. Tsoukala, L. Liguori, G. Occhipinti, H. R. Bjørsvik, Tetrahedron Lett, 2009, 50, 831. 
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3. Procedure for the transformation of the sulfones into the 

corresponding aliphatic aldehydes 

 

The corresponding sulfone 72 (0.1 mmol) and 2-methyl-2-

nitrosopropane (0.25 mmol, 21.8 mg) were dissolved in dry DMF (1 mL) 

under Ar atmosphere. The mixture was stirred for 15 min, when the 

solution presented an intense blue colour. KHMDS (1M in THF, 120 μL, 

0.12 mmol) was added and the mixture was stirred at room temperature 

until disappearance of the starting sulfone (usually between 1 and 2 h). 

Then, 1 mL of HCl 0.5M was added to the solution and the mixture was 

stirred at 50ºC for 15 min. After completion of the hydrolysis, the mixture 

was transferred to a separatory funnel and extracted with EtOAc (2 x 10 

mL). The organic layer was washed with water (2 x 10 mL) and brine (10 

mL), dried over MgSO4 and the solvent was removed under reduced 

pressure. The crude was purified with flash column chromatography to 

afford the corresponding aldehydes 74-77 or 79. 

 

3-Phenylpropanal (74) 

Purified by flash column chromatography 

(hexane/EtOAc = 10:1). Yield: 52-64% (7.0-8.6 mg) 

depending on the starting sulfone and the conditions 

(see Scheme 5.14).  

1H NMR (CDCl3, 300 MHz): δ 9.77 (s, 1H), 7.28-7.18 (m, 5H), 2.94 (t, J = 

7.3 Hz, 2H), 2.73 (t, J = 7.3 Hz, 2H). Data is in agreement with the 

H

O



 

280 

Chapter VI 

literature.178 

3-(1,3-dioxoisoindolin-2-yl)propanal (75) 

Purified by flash column chromatography 

(hexane/EtOAc = 10:1). Yield: 60% (12.1 mg). 

1H NMR (CDCl3, 300 MHz): δ 9.82 (s, 1H), 7.87-

7.82 (m, 2H), 7.75-7.70 (m, 2H), 4.04 (t, J = 6.7 Hz, 

2H), 2.87 (t, J = 6.7 Hz, 2H). Data is in agreement with the literature.179 

 

4-Oxobutyl acetate (76) 

Purified by flash column chromatography 

(hexane/EtOAc = 9:1). Yield: 46% (5.9 mg). 

1H NMR (CDCl3, 300 MHz): δ 9.77 (s, 1H), 4.07 (t, J = 

6.3 Hz, 1H), 2.54 (t, J = 7.1 Hz, 2H), 2.03 (s, 3H), 1.98-1.87 (m, 2H). Data is 

in agreement with the literature.180 

 

3-Phenoxypropanal (77) 

Purified by flash column chromatography 

(hexane/EtOAc = 8:1). Yield: 56% (8.4 mg). 

1H NMR (CDCl3, 300 MHz): δ. 9.74 (s, 1H), 7.36-6.67 

(m, 5H), 4.18 (t, J = 6.4 Hz, 2H), 2.75 (t, J = 6.4 Hz, 2H). Data is in 

agreement with the literature.181 

  

                                                           
178 M. Yus, J. Gomis, Eur. J. Org. Chem. 2002, 1989. 
179 H. Qian , X. Han, R. A. Widenhoefer, J. Am. Chem. Soc., 2004, 126, 9536. 
180 A. Fryszkowska, R. Ostaszewski, J. Heterocyclic Chem., 2008, 45, 765. 
181 M. Solinas, S. Gladiali, M. Marchetti, J. Mol. Catal. A Chem. 2005, 226, 141. 
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3-(1,3-Dioxolan-2-yl)-3-phenylbutenal (79) 

Yellowish oil. Purified by flash column chromatography 

(hexane/EtOAc = 6:1). Yield: 68% (14.8 mg). 

1H NMR (CDCl3, 300 MHz): δ. 9.57 (t, J = 2.8 Hz, 1H), 

7.50-7.43 (m, 2H), 7.37 (t, J = 7.4 Hz, 2H), 7.32-7.23 (m, 1H), 5.01 (s, 1H), 

3.88-3.82 (m, 4H), 2.94 (dd, J = 15.8 and 2.8 Hz, 1H), 2.72 (dd, J = 15.8 and 

2.8 Hz, 1H), 1.56 (s, 3H). 13C NMR (CDCl3, 75 MHz): 202.2 (CHO), 142.4 

(C), 128.5 (2 CH), 127.0 (2 CH), 126.9 (CH), 108.4 (CH), 65.5 (2 CH2), 65.2 

(2 CH2), 49.1 (CH2), 44.4 (C), 21.7 (CH3). MS (EI): 219 (M+, 1), 176 (9), 131 

(30), 117 (89), 91 (67), 73 (100). HRMS (EI): calculated for C13H15O3 

(M+): 219.1021; found: 219.1032. 
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