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Summary 

Some of the most powerful methods for synthesizing complex organic molecules with high levels of 

chemo-, diastereo- and enantioselectivity rely on metal carbene chemistry. These compounds are 

versatile reaction intermediates that can react with a wide variety of functional groups. 

This doctoral thesis, which is divided into eight different chapters, is based on the methodological 

study of enantioselective rhodium(I) carbene-mediated cascade reactions comprising a 

carbene/alkyne metathesis step, triggered by base-free decomposition of sulfonylhydrazones. Chapter 

1 contains a general introduction to the metal carbenes and their reactivity. Chapter 2 sets out the 

general objectives of the thesis. In Chapter 3 the reaction of diyne arylsulfonyl hydrazone substrates 

giving acces to sulfonated azacyclic frameworks in a highly enantioselective manner is described. In 

Chapter 4, N-tosylhydrazone-yne-ene substrates affording the stereoselective synthesis of 

vinylcyclopropanes are evaluated. In Chapter 5, the use of allenes as unsaturated partners provides 

an efficient asymmetric synthesis of methylenetetrahydropyran scaffolds. Chapter 6 presents further 

evidence of the reaction mechanism that accounts for the formation of the rhodium-carbene found as 

the common initial intermediate. Chapter 7 draws general conclusions from the results of these 

studies. Finally, Chapter 8 contains the experimental procedure and the characterisation data for the 

different compounds that have been synthesised throughout the thesis. 
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Resumen 

Algunos de los métodos más eficientes utilizados en la síntesis de compuestos orgánicos con 

estructuras complejas y con altos niveles de quimio-, diastereo- y enantioselectividad están basados 

en la química de los carbenos metálicos. Estos compuestos son intermedios muy versátiles en 

diferentes reacciones químicas, pudiendo reaccionar con una gran variedad de grupos funcionales. 

Esta tesis doctoral, divida en ocho capítulos diferentes, se basa en el estudio metodológico de 

reacciones en cascada enantioselectivas a través de metátesis carbeno/alquino, catalizadas por 

carbenos de rodio(I) obtenidos mediante la descomposición, en ausencia de base, de 

sulfonilhidrazonas. El Capítulo 1 contiene una introducción general de los carbenos metálicos y su 

reactividad. En el Capítulo 2 se definen los objetivos generales de la tesis. En el Capítulo 3 se 

describe la reacción de sustratos derivados de diinoarilsulfonilhidrazonas, los cuales permiten la 

obtención de compuestos azacíclicos sulfonados de manera enantioselectiva. En el Capítulo 4 se 

evalua la reactividad de los compuestos que contienen una N-tosilhidrazona, un triple y un doble 

enlace, conduciendo a la síntesis enantioselectiva de vinilciclopropanos. En el Capítulo 5, el uso de 

alenos como insaturación proporciona de manera asimétrica compuestos con estructura tipo 

metilenotetrahidropirano. En el Capítulo 6 se muestran más evidencias sobre el mecanismo de 

reacción, el cual podría explicar la formación del carbeno de rodio responsable de la química 

observada. En el Capítulo 7 se muestran las conclusiones generales a partir de los resultados de 

estos estudios. Finalmente, el Capítulo 8 contiene los procedimientos experimentales y la 

caracterización de los compuestos sintetizados en esta tesis. 
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Resum 

Alguns dels mètodes més poderosos emprats per a la síntesi de compostos orgànics amb estructues 

complexes i amb als nivells de quimio-, diastereo- i enantioselectivitat estan basats en la química dels 

carbens metàl·lics. Aquests compostos són intermedis de reacció molt versàtils, amb capacitat 

d’actuar vers una gran varietat de grups funcionals. 

Aquesta tesi doctoral, dividada en vuit capítulos diferents, es basa en l’estudi metodològic de 

reaccions en cascada enantioselectives a través de metàtesi carbè/alquí, catalitzada per carbens de 

rodi(I) obtinguts mitjançant la descomposició, en absència de base, de sulfonilhidrazones. El Capítol 1 

conté una introducció general dels carbens metàl·lics i de la seva reactivitat. En el Capítol 2 es 

defineixen els objectius generals de la tesi. En el Capítol 3 es descriu la reacció de compostos 

derivats de diarilsulfonihidrazones, les quals permeten l’obtenció de derivats azacíclics sulfonats de 

manera enantioselectiva. En el Capítol 4 s’avalua la reactivitat dels compostos que contenen N-

tosilhidrazona, un triple i un doble enllaç, conduint a la síntesis enantioselectiva de vinilciclopropans. 

En el Capítol 5, s’obtenen de manera asimètrica compostos amb estructura tipus metiletetrahidropirà 

mitjançant l’ús d’al·lens com a insaturacions. En el Capítol 6 es mostren més evidències pel que fa al 

mecanisme de reacció, el qual podria explicar la formació del carbè de rodi responsable de la química 

observada. En el Capítol 7 es mostren les conclusions generals a partir dels resultats d’aquests 

estudis. Finalment, el Capítol 8 conté els procediments experimentals i la caracterització dels 

compostos sintetizats en aquesta tesi.  
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Chapter 1. General introduction 

 



 

 



 

 

1.1. Metal carbenes – generalities  

The development of efficient syntheses for organic molecules of all shapes and sizes from readily 

available building blocks has a tremendous impact on numerous areas, such as biomedical, 

pharmaceutical and agrochemical sciences. In the case of processes that are already known, it is 

especially important to increase the selectivity and the number of substrates to which a specific 

reaction can be applied. However, there is also a real need for fundamentally new reactions to be 

discovered and developed. These new reactions should enable novel, more step- and atom-

economical, synthetic strategies both to known and structurally original chemical libraries ideally 

providing benefits in safety, cost, resource utilisation, and in reducing environmental impact. 

Within this context, metal-mediated reactions allow for the assembly of complex molecules, often in an 

enantioselective fashion, by employing only catalytic amounts of well-defined structurally simple 

mediators. Among the wealth of transition metal intermediates, transition metal carbene intermediates 

are capable of undergoing a range of unconventional reactions. 

Metal carbenes have been typically classified, depending on their reactivity, into Fischer-type and 

Schrock-type carbenes. Whereas Fischer-type carbenes are electrophilic at the carbene carbon, 

Schrock-type carbene complexes generally behave as carbon nucleophiles. Fischer-type carbenes, 

formally derived from singlet carbenes, consist of low-valent, 18 electron complexes, with strong π-

acceptor ligands at the metal which confer electrophilic behavior at the carbene carbon atom. Schrock 

carbenes, formally derived from triplet carbenes, are tipically high-valent complexes with fewer than 18 

valence electrons and without π-accepting ligands thus causing the carbene carbon atom to act as a 

nucleophile (Figure 1.1). 

  

Figure 1.1 Fischer and Schrock carbenes. 

However it is not always possible to predict whether a carbene complex will behave as an electrophile 

or as a nucleophile because not all of the real cases can be unequivocally identified with one of these 

model carbene types. The reactivity is best accounted for by a continuum ranging from a metal-

stabilised singlet carbene to a metal coordinated carbocation as shown in Figure 1.2. The position of a 

given carbene species on this continuum depends on the ability of the metal fragment to release 

electrons into the empty p orbital of the carbene carbon atom but it is also strongly influenced by the 

electronic properties of the substituents on the carbene carbon. 
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Figure 1.2 Classification of metal carbenes species. 

Regarding to rhodium carbenes, Davies proposed a classification1 based on the electronic character 

of the substituents on the carbene carbon. Whereas acceptor/acceptor and acceptor metal carbenes 

are extremely reactive and behave as highly electrophilic species, donor/acceptor substituted metal 

carbenes give more chemoselective and stereoselective reactions due to the ability of the donor group 

to moderate their reactivity (Figure 1.3). 

 

Figure 1.3 Classification of rhodium carbene species. 

Donor/acceptor metal carbenes have been extremely useful in the synthesis of natural compounds, 

especially undergoing C-H insertion reactions.2 As an example, Fukuyama et al. synthesised (-)-

serotobenine using an indolyldiazoacetate as substrate (Scheme 1.1).3 The acceptor/donor metal 

carbene generated from [Rh2(S-DOSP)4], was able to catalyse the C-H insertion reaction of the 

indolyldiazoacetate generating a fused dihydrobenzofuran in 92% yield, with high asymmetric 

induction. 

 

Scheme 1.1 Synthesis of (-)-serotobenine. 
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1.2. Preparation of metal carbenes 

Among the different compounds that can be used as sources to generate metal carbenes, diazo 

compounds are the most commonly used. These compounds are molecules which contain two linked 

nitrogen atoms as a terminal functional group with four different resonance structures, which enable 

the creation of carbenes upon thermal or photochemical induced expulsion of molecular nitrogen 

(Scheme 1.2, a). Alternatively, transition metal-catalysed dediazoniation generates metal carbene 

complexes (Scheme 1.2, b). 

 

Scheme 1.2 Formation of metal carbenes from diazo compounds. 

Diazo compounds are typically labelled as hazardous and potentially explosive, which limits their use 

on a large scale. However, those having at least one electron-withdrawing group are sufficiently stable 

and safe as to be manipulated with reasonable precautions. New safer methods have been developed 

as alternative sources of metal carbenes. The most commonly used sources include triazoles, 

cyclopropenes, enynes, alkynes, and N-tosylhydrazones.4  

Triazoles, which exist in equilibrium upon heating with their diazoimine tautomer, may serve as 

precursors for α-iminyl metal carbenes under metal catalysis (Scheme 1.3). 

 

Scheme 1.3 Formation of metal carbenes from 1,2,3-triazoles. 

Cyclopropenes can also generate metal carbene intermediates under quite mild conditions due to their 

intrinsic ring strain (Scheme 1.4). 

 

Scheme 1.4 Generation of metal carbenes from cyclopropenes. 

1,n-Enynes (n = 5, 6 ,7, etc.) can also generate metal carbenes whereby the C=C bond attacks as the 

nucleophile (Scheme 1.5). Products not easily available from diazo compounds can be obtained by 

careful design of the stable and readily available substrates. 
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Scheme 1.5 Formation of metal carbenes from ene-yne derivatives. 

Enynyl-substituted ketones or imines are another reliable approach for the generation of 2-furyl or 2-

pyrrolyl metal carbenes under metal catalysis through 5-exo-dig cyclisation (Scheme 1.6). 

 

Scheme 1.6 Formation of metal carbnes from enynyl ketones or imines. 

The attack of alkynes by a nucleophilic entity containing a leaving group is another type of readily 

available precursor for the generation of metal carbenes via the intermediacy of vinyl metal species, 

which bear a negative charge at the metal centre, triggering the elimination of a leaving group (LG) to 

form the metal carbene bearing an α-C=X unit (Scheme 1.7). 

 

Scheme 1.7 Generation of metal carbenes from alkynes. 

Finally, N-tosylhydrazones have shown themselves to be excellent candidates as a safe source of 

diazo compounds due to their stability and the fact that they can be isolated and stored, as well as 

easily handled and prepared. Furthermore, they are readily available from the corresponding ketone or 

aldehyde (Scheme 1.8, a). The decomposition of N-tosylhydrazones was discovered in 1952 by W. R. 

Bamford and T. S. Stevens and needs the presence of a base (Scheme 1.8, b).5 The only by-products 

generated in the reaction are nitrogen – the driving force of the process – and p-toluenesulfinate 

anions. 
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Scheme 1.8 Synthesis of diazo compounds from N-tosylhydrazones. 

However, the generation of diazo compounds can sometimes be difficult due to the variety of side-

products that can be generated: dimerisation, alkylation, elimination, and the formation of sulfinate 

products (Scheme 1.9). 

 

Scheme 1.9 Products of the base-promoted decomposition of N-tosylhydrazones. 

Many efforts have to be dedicated to obtain the optimal conditions in terms of the solvent, phase-

transfer catalyst (when reactions are carried out at temperatures below 50oC), and the temperature. 

The choice of the base, and even its counterion, has also been demonstrated to be of great 

importance.6 Thus, there is a growing interest in the generation of diazo compounds in such a way that 

side reactions can be reduced. 

On the other hand, N-tosylhydrazones have been used in many metal-catalysed transformations, 

showing their importance in metal carbene chemistry. In this respect, acceptor-substituted metal 

carbenes can participate in various transformations, such as X-H insertions (X = C, O, S, N, Si), 

cyclopropanations and ylide formation followed by rearrangements (Scheme 1.10).4 
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Scheme 1.10 Transformations of metal carbenes. 

The X-H insertion reactions have been widely studied for X = O, S, N, Si, and C. This reaction has 

become of great interest due to the combination of carbon-carbon bond formation and the low bond 

polarity of C-H bonds in comparison with O-H, S-H and N-H. On the other hand, cyclopropanation 

using metal carbenes has become a common reaction in organic synthesis, especially in the synthesis 

of natural products due to the presence of cyclopropane rings in many synthetic intermediates.7 There 

has been a considerable growth of interest in recent years in the use of α-diazoketone reagents for 

this purpose, whose stability has allowed their involvement in key steps of many synthetic routes in the 

last few decades. Furthermore, many studies have been focused on the diastereo- and 

enantioselective synthesis of these three-membered rings. Finally, ylides have been shown to be 

competent intermediates in a large variety of transformations. Although these reactions will not be 

covered in detail in this introduction, the most common ylides are from ammonium, azomethine, nitrile, 

oxonium, carbonyl, sulfonium, and thiocarbonyl. 

Despite the fact that metal carbenes can react with a large number of functional groups, alkynes show 

a particularly diverse reactivity (Scheme 1.11). Transformations involving alkynes can be classified by 

whether or not a Calkyne-H activation of a terminal alkyne is involved, as will be explained in the 

following sections. 

 

Scheme 1.11 Transformations of metal carbenes. 
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1.3. Processes involving Calkyne-H activation 

Alkynes can react with metal carbenes in a process that involves Calkyne-H activation forming either 

internal alkynes and/or allenes. The copper-catalysed decomposition of diazo compounds in the 

presence of terminal acetylenes to produce allenes and alkynes has been reported in seminal works 

although with generally moderate yields and harsh reaction conditions.8 It was not until 2004 that Fu et 

al. described a practical method for the synthesis of 3-alkynoates by coupling terminal alkynes with 

ethyl diazoacetate under CuI catalysis in non-basic conditions at room-temperature (Scheme 1.12).9 A 

small quantity of the allene isomer of the 3-alkynoate was observed as a by-product. The reaction was 

efficient with aryl, alkyl, and silyl-substituted alkynes and was also extended to a diazoamide. 

 

Scheme 1.12 Copper-catalysed activation of terminal alkynes. 

Some years later, Fox et al. reported the coupling of α-substituted-α-diazoesters with terminal alkynes 

with selectivity that was complementary to Fu’s method.10 Allenoates were obtained as main products 

with small traces of the alkynoates when Cu(trifluoroacetylacetonate)2 and 3,6-di(2-pyridyl)-s-tetrazine 

as the ligand were used as the catalytic system in DCE (Scheme 1.13). The authors found that the use 

of potassium carbonate improved the selectivity for allenoate products. Wang et al., who have been 

particularly active in researching this topic, reported the same transformation as Fox but using CuI and 

phenanthroline in acetonitrile at 80oC under base-free conditions (Scheme 1.13). However, it should 

be noted that this finding11a was a later correction to the originally published paper,11b which had 

described furans as being obtained. 

 

Scheme 1.13 Copper-catalysed synthesis of allenoates. 

Wang et al. then introduced the use of N-tosylhydrazones as metal carbene sources for coupling to 

terminal alkynes. The combination of [Cu(MeCN)4]PF6 with a racemic bis(benzoxazole) ligand 
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provided an efficient catalytic system for the synthesis of trisubstituted allenes in basic conditions 

(Scheme 1.14, a).12 N-Tosylhydrazone substrates derived from alkyl and aryl ketones reacted 

smoothly although in moderate yields. The reaction was not efficient with N-tosylhydrazones derived 

from aldehydes but the same authors later reported a modification which was efficient for these 

substrates.13 By using CuI without a ligand, 1,3-disubstituted allenes were obtained in moderate to 

good yields (Scheme 1.14, b). It was possible to scale up the synthesis to gram-scale. 

 

Scheme 1.14 Use of N-tosylhydrazones as a source of diazo compounds for the copper-catalysed 

synthesis of allenes. 

Further reactivity of the compounds formed through this Calkyne-H activation has provided important 

molecule families including benzofurans and indoles,14 phenanthrenes15, 2H-chromenes16, and 

pyridotriazoles.17 

1.4. Processes not involving Calkyne-H activation 

Processes not involving Calkyne–H activation have been subdivided into three categories. The first two 

groups can be described in general terms as cycloaddition reactions: [2+1] and formal [3+2]. The third 

contains the processes that are postulated as involving a carbene/alkyne metathesis as a key step.  

 1.4.1. [2+1] Cycloaddition 

The preparation of cyclopropenes from a [2+1] cycloaddition reaction of diazo compounds and alkynes 

is a widely used, efficient methodology. The reaction is catalysed by transition metals, mainly based 

on copper and rhodium.18 Some recent findings in this field will be presented. Katsuki et al. reported in 

2011 the synthesis of enantioenriched cyclopropenes containing a quaternary asymmetric carbon by 

the reaction of terminal alkynes or arylacetylenes with diazo compounds.19 The reaction was catalysed 

by an [Ir(salen)] complex that the same authors have also used in cyclopropenation and C-H reactions 

involving diazo compounds. Apart from the widely used ester and sulfonyl groups, phosphonate and 

trifluoromethyl groups were also engaged as the acceptor counterpart in the diazo precursor (Scheme 

1.15, a). α-cyano-α-diazoacetamides that are reluctant to participate in cyclopropenation reactions due 

to the acceptor nature of both substituents of the diazo compound were also used as substrates under 
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the modified reaction conditions (Scheme 1.15, b). These acceptor/acceptor-substituted metal 

carbenes were generalised as substrates in enantioselective cyclopropenation reactions by Zhang et 

al. (Scheme 1.15, c).20 They use a chiral metalloradical porphyrin cobalt(II) complex that operates 

through a distinct radical mechanism. Two years later, Charette et al.21 also contributed to the topic by 

developing a stereoselective rhodium-catalysed cyclopropenation of alkynes with diacceptor diazo 

compounds (Scheme 1.15, d). 

 
Scheme 1.15 Metal-catalysed [2+1] cycloadditions of diazo compounds and terminal alkynes. 

Whereas cyclopropenation of alkynes is efficient with the highly reactive acceptor metal carbenes, it 

was not until 2011 that Davies et al. achieved its cyclopropenation with donor/acceptor diazo 

compounds. In a first paper, they described the use of silver triflate to afford tetrasubstituted 

cyclopropenes (Scheme 1.16, a).22 The asymmetric version was subsequently reported by the same 

authors switching from silver to gold catalysis.23 Gold(I) catalysts bearing BINAP ligands and activated 

with AgSbF6, efficiently promoted the enantioselective cyclopropenation reaction (Scheme 1.16, b). 

Coleman et al. also tackled the cyclopropenation of internal alkynes but using copper as the catalyst. 

After preliminary results showing that donor/acceptor diazo acetate reacted with 1-(p-

methoxy)phenylprop-1-yne under CuI catalysis to afford tetrasubstituted cyclopropenes,24 the authors 

applied the methodology to internal alkynylsilanes to yield 1-silylcyclopropenes that are useful starting 

materials for various transition metal-catalysed transformations.25 (1,3-Bis-(diisopropyl-

phenyl)imidazole-2-ylidene) copper(I) chloride (IPrCuCl) was the catalyst of choice for the 

aforementioned transformation (Scheme 1.16, c). 
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Scheme 1.16 Metal-catalysed [2+1] cycloadditions of diazo compounds and internal alkynes. 

1.4.2. Formal [3+2] cycloaddition 

Alkynes can also react with α-diazocarbonyl compounds under transition metal catalysis in a formal 

[3+2] cycloaddition to furnish furan derivatives. This method is a highly convenient general protocol for 

the assembly of polysubstituted furans.26 

There are several interesting recent findings in this field. Although furan synthesis is generally 

catalysed by rhodium or copper complexes, other transition metals have also been used. Zhang et al. 

described the use of metalloradical cobalt(II)-porphyrin complexes [Co(Por)], which had already 

proved to be useful for the cyclopropenation reaction,20 as catalysts for the formal [3+2] cyclisation of 

alkynes with α-diazocarbonyl compounds (Scheme 1.17, a).27 In cases where different carbonyl types 

were available for reaction, cyclisation occurred preferentially on ketone or aldehyde carbonyl rather 

than the ester carbonyl. Both aromatic and aliphatic terminal alkynes were efficient substrates for the 

reaction. On the other hand, internal alkynes were inefficient for the transformation, which the authors 

take advantage of to develop an iterative synthesis toward oligofurans by reacting a bifunctional 

ketodiazoacetate bearing a TMS-protected internal alkyne. Lee et al. reported the use of ruthenium for 

the reaction of terminal aryl alkynes and symmetrically substituted cyclic diazodicarbonyl compounds 

to afford fused bicyclic furan derivatives (Scheme 1.17, b).28 
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Scheme 1.17 Metal-catalysed [3+2] cycloadditions of diazo compounds and terminal alkynes. 

Coleman et al. tackled the reaction with the less reactive internal alkynes.24 Using CuI as the catalyst 

in neat conditions, tetrasubstitued furans were obtained in moderate yields (Scheme 1.18, a). Also 

using copper, Wang et al. reported the copper(I)-catalysed reaction of terminal alkynes with β-keto-α-

diazoesters as a straightforward synthesis of 2,3,5-trisubstituted furans (Scheme 1.18, b).29 

 

Scheme 1.18 Metal-catalysed [3+2] cycloadditions of alkynes and β-keto-α-diazoesters. 

There is controversy as to which mechanism operates in the formal [3+2] cycloaddition of alkynes and 

α-diazocarbonyl compounds. Different possibilities have been proposed that involve ylide 

intermediates, by nucleophilic attack of the alkyne onto the metal carbene (Scheme 1.19, Path B), or 

the reaction starting with either a [2+1] (Scheme 1.19, Path C) or a [2+2] cycloaddition of the metal 

carbene (Scheme 1.19, Path A), involving cyclopropenes or metallacyclobutenes as intermediates, 

respectively.26 The prevalence of one or other of these pathways is probably dependent on the 

catalyst used and the electronic and steric properties of the reagents. 

 

Scheme 1.19 Possible operating mechanisms in the formal [3+2] cycloaddition of alkynes and α-

diazocarbonyl compounds. 

The examples commented until now describe the cyclisation of metallaoxavinyl carbenes for the 

formation of furans. Gevorgyan et al. have recently described the synthesis of multisubstituted 
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thiophenes, via an analogous process that involved the intermediacy of a rhodium thiavinyl carbene 

rather than the metallaoxavinyl carbene.30 1,2,3-thiadiazoles were used as an in situ source for the 

thiavinyl carbene that was trapped with rhodium and reacted with terminal alkynes, and even an 

internal one, to efficiently afford the desired polysubstituted thiophenes (Scheme 1.20). The use of a 

rhodium(I) catalyst was key to the success of the reaction.  

 

Scheme 1.20 Rhodium-catalysed synthesis of multisubstituted thiophenes. 

1.4.3. Carbene/alkyne metathesis – intramolecular processes 

Carbene/alkyne metathesis refer to the processes in which a metal carbene reacts with an alkyne, 

generating a new intermediate in which the carbene-like character is transferred to the β-carbon of the 

alkyne and a double bond is formed between the metal carbene carbon and the α-carbon of the alkyne 

(Scheme 1.21). The vinyl metal carbene thus formed may then be involved in typical carbene 

reactions such as cyclopropanation, C-H insertion or ylide generation, setting up cascade processes 

(also known as tandem or domino reactions). The difference between sequential or one-pot reactions 

and cascade processes is that in cascade processes, as defined Tietze in 1993, “the subsequent 

reactions result as a consequence of the functionality formed by bond formation or fragmentation in 

the previous step.”31 

 

Scheme 1.21 Carbene/alkyne metathesis. 

This reactivity mode was first described by Hoye’s group in 1988,32 who described the chromium-

mediated cyclisation of an enyne-tethered to a chromium Fischer carbene (Scheme 1.22). The first 

carbene/alkyne metathesis affords a vinyl metal carbene intermediate that can intramolecularly 

cyclopropanate the remaining double bond giving a vinylcyclopropane. Making use of molybdenum as 

the stoichiometric metal, Harvey et al. reported a pair of analogous transformations.33 
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Scheme 1.22 First metal-catalysed intramolecular carbene/alkyne metathesis. 

Hoye’s and Padwa’s groups later developed similar reactions of enynes-tethered to an α-

diazocompound with catalytic amounts of either palladium34 or rhodium35 (Scheme 1.23).  

 

Scheme 1.23 Rhodium- and palladium-carbene metathesis. 

Switching the order of unsaturations in the substrate – placing the metal carbene in a central position 

– a single tetrafused structure was efficiently obtained by Padwa et al. (Scheme 1.24).36 

 

Scheme 1.24 Rhodium-catalysed carbene metathesis. 

Further reactivity was obtained by changing the alkene for a diene. In this first example a 

stoichiometric amount of the metal was used. The vinylcyclopropane formed could not be isolated 

because of a [3,3]-shift affording an heptadiene (Scheme 1.25).33  

 

Scheme 1.25 Molibdenium-catalysed metathesis of dienynes. 
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Analogously, two more examples were described by Patwa et al. with similar yields using diazo 

compounds and rhodium(II) catalysts (Scheme 1.26).35  

 
Scheme 1.26 Rhodium-catalysed metathesis of dienynes. 

Although having showed some examples in which cyclopropanations are obtained after the previous 

formation of a vinyl metal carbene, various other reactions have been shown to follow the 

carbene/alkyne metathesis providing wide arrays of products.37 As an example, Padwa’s group also 

obtained C-H insertions and ylide transformations following similar methodologies and using alkyl 

chains (Scheme 1.27, a) and ketones (Scheme 1.27, b) respectively.35 In the former, a mixture of two 

indenones was obtained whereas in the latter the addition of N-phenylmaleimide undergoes a 

cycloaddition to give a polycyclic scaffold. 

 

Scheme 1.27 Rhodium-catalysed C-H insertions after carbene/alkyne metathesis. 

Regarding to more recent examples, May et al. have also used a carbene/alkyne metathesis, in this 

case followed by a C-H insertion to synthesize bridged polycylic ring systems. Either by using an 

alkynyl diazoester38 or an alkynyl N-tosylhydrazone,39 bridged polycylic ring systems of variable ring-

sizes were obtained under rhodium(II) catalysis, generally as diastereoisomeric mixtures (Scheme 

1.28). NaOSiMe3 was the ideal base to generate the metal carbene when N-tosylhydrazones were 

used as substrates, and in this case a ring-fused cyclopropene, could be identified as a key 

mechanistic intermediate. 
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Scheme 1.28 Rhodium-catalysed C-H insertions after carbene/alkyne metathesis. 

Gevorgyan et al. described the construction of 5,5-fused pyrrole units from alkynyl triazoles.40 The 

rhodium-imino carbene generated from ring-opening of the N-sulfonyl-1,2,3-triazole, suffers a 

carbene/alkyne metathesis, followed by a nucleophilic attack of the imino N atom at the rhodium 

carbene to achieve the intramolecular transannulation reaction (Scheme 1.29, a). Mao, Xu et al. 

reported a similar transformation that starting from alkynyl-tethered styryl diazoesters accomplished 

the construction of bicyclic cyclopentadiene scaffolds.41 The transformation, which is only efficient for 

aryl akynes, involved a carbene/alkyne metathesis followed by a formal [3+2] cycloaddition and a 

subsequent [1,5]-H shift (Scheme 1.29, b). The same group described the use of a transannular 

cyclisation to obtain 4-carboxyl quinolines through a carbene/alkyne metathesis that terminated in the 

reaction of the vinyl carbene that was formed with the azide.42 Whereas rhodium was only moderately 

efficient for quinoline formation, replacement by copper greatly improved the yield (Scheme 1.29, c). 

 

Scheme 1.29 Cascade processes after carbene/alkyne metathesis. 

Very recently, Xu et al. developed a cascade divergent reaction of alkynyl-tethered α-

iminodiazoacetates, providing access to a broad scope of pyrroles (Scheme 1.30).43 The reaction, 
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after a first carbene/alkyne metathesis, can undergo an N-O insertion or a nucleophilic addition. The 

formation of these two possible products could efficiently be controlled through the substituents on the 

substrates. 

 

Scheme 1.30 Synthesis of pyrroles after carbene/alkyne metathesis. 

1.4.4. Carbene/alkyne metathesis – intermolecular processes 

Intermolecular versions of the carbene/alkyne metathesis reaction have been describen by several 

groups. Dixneuf et al. studied the intermolecular formation of ruthenium vinyl carbenes and their 

subsequent transformations. One of the topics they explored was the formation of dienes.44 In a first 

paper, they reported their synthesis by a carbene/alkyne metathesis followed by the coupling of the 

vinyl metal carbene formed with another equivalent of the diazoalkane (Scheme 1.31 a).44a Two other 

papers followed that involved the reaction of propargylic carbonates and silyl diazo compounds.44b-c 

Although a mechanism involving an initial Rautenstrauch rearrangement (metal carbene catalysed 

isomerisation of 1-ethylnyl-2-propenyl derivatives to cyclopentenones) could not be unequivocally 

excluded, the authors propose a mechanism involving initial carbene/alkyne metathesis followed by 

acetate migration. The same catalytic system, which inhibits the enyne metathesis, was efficient for 

the transformation of enynes into bicyclic vinylcyclopropanes.45 The diazoalkane intermolecularly 

reacts with the alkyne in the enyne to form the ruthenium vinyl metal carbene that intramolecularly 

cyclopropanates the tethered alkene (Scheme 1.31, b). This transformation has also been applied to 

the synthesis of bicyclic amino acid derivatives.45c Later on, the same authors extended the 

methodology to the cyclisation of allenynes into alkenyl alkylidene bicyclo[3.1.0]hexane derivatives 

(Scheme 1.31, c).46 
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Scheme 1.31 Ruthenium-catalysed intermolecular carbene/alkyne metathesis. 

Montgomery et al. reacted a silyldiazo compound with a dienyne to develop a formal [4+2+1] 

cycloaddition.47 Trimethyldisilyldiazomethane intermolecularly reacted under nickel catalysis with the 

diene-yne to initially afford divinylcyclopropanes that were transformed to bicyclo-[3.5.0]-decane 

derivatives upon [3,3] sigmatropic rearrangement (Scheme 1.32, a). Seven-membered rings could 

also be accessed by the rhodium-catalysed cascade involving a carbene/alkyne metathesis followed 

by a Büchner ring expansion, as reported by Fox et al (Scheme 1.32, b).48 

 

Scheme 1.32 Metal-catalysed cascade involving dienes and phenyl rings. 

Saá et al.49 used the conditions established by Dixneuf et al.44 for the preparation of ruthenium vinyl 

metal carbene to set up varied cascade processes (Scheme 1.33). In a first report,49a they described a 

cascade that formed 5- or 6-membered rings through a C-H insertion onto activated positions 

(Scheme 1.33, a). In a second paper, they reported the synthesis in mild reaction conditions of 2-

vinyldihydropyrans and dihydro-1,4-oxazines (Scheme 1.33, b) in a process in which the initially 

formed ruthenium vinyl carbene suffers a nucleophilic attack by the carbonyl group to afford a 

zwitterionic intermediate.49b A final paper in the series, introduces the N-H insertion as a key step to 
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the cascade to achieve the synthesis of 1,3-benzoxazines (Scheme 1.33, c).49c The presence of an 

oxygenated tether is crucial for the rearrangement that follows the N-H insertion. 

 

Scheme 1.33 Cascade processes involving ruthenium-carbene/alkynes metathesis. 

Despite of the multiple bonds generated in the reactions showed above, none of them is created in an 

enantioselective way. Moreover, when using substrates bearing diazo compounds, the group has to 

be stabilised with an electron-withdrawing group, limiting the scope of the reactions. Therefore, 

carbene/alkyne reactions, as well as the use of new surrogates of diazo compounds and non-

stabilised substrates, still remain a challenge. 
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On the basis of the previous examples, the aim of this thesis is to develop novel chemical 

transformations for the efficient and sustainable preparation of complex polycyclic compounds from 

linear substrates using carbene/alkyne metathesis and involving chiral metal carbenes derived from N-

tosylhydrazones. Three main group of molecules will be used for this propose: diynehydrazones 

(Chapter 3), yne-ene-hydrazones (Chapter 4) and allene-yne-hydrazones (Chapter 5). Mechanistic 

studies that account for those transformations will be developed in Chapter 6 on bases of DFT 

methods and detection of intermediates by ESI-MS and 1H NMR. 

 
Scheme 2.1 General objectives. 
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Chapter 3. Enantioselective rhodium(I) donor 

carbene-mediated cascade triggered by a base-free 

decomposition of arylsulfonylhydrazones 

 

This chapter has been published on: 

Torres, Ò.; Parella, T.; Solà, M.; Roglans, A.; Pla-Quintana, A. Chem. Eur. J. 2015, 21, 16240. 
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After looking at the precedents found in the literature on the use of metal carbenes in carbocyclisation 

reactions, which have been highlighted in Chapter 1, the main objective of this chapter was 

established. This consisted of the synthesis of substrates bearing two alkynes and an N-

sulfonylarylhydrazone in order to study their cyclisation reactions to obtain high-value cyclic 

compounds. The completely intramolecular version was chosen to decrease regio- and 

chemoselectivity problems and NTs tethers were used between the different reacting units in the first 

attempts to facilitate the synthesis of these compounds and to increase their molecular weight, making 

them easier to handle as solid and crystalline molecules. This resulted in the design of substrate 1aa 

(Figure 3.1) as a model to test whether or not a double carbene/alkyne metathesis could effectively 

lead to polycyclic compounds. 

 
Figure 3.1 Model substrate tested in this study. 

3.1. Retrosynthetic analysis of substrate 1aa 

Our retrosynthetic analysis of compound 1aa was based on the late stage-installation of N-

tosylhydrazone moiety on an aldehyde which is protected in an acetal form throughout the synthesis 

(Scheme 3.1). 

 
Scheme 3.1 Retrosynthetic analysis of NTs-linked substrate 1aa. 
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The hydrazone moiety can be assembled by deprotection of the aldehyde and the condensation with 

commercially available tosylhydrazine (Scheme 3.1, 4a → 2a → 1aa). It is expected that appropiate 

conditions for this deprotection will be established through experimentation. Several nucleophilic 

substitutions will be used to assemble the linear diyne precursor 4a (Scheme 3.1). N-Tosylamides 6a 

and 9a were further disconnected via the N-S bond to afford commercially available starting materials. 

3.2. Synthesis of substrate 1aa 

Based on this retrosynthetic analysis, the synthesis of diyneacetal 4a was tackled, as detailed in 

Scheme 3.2. 

 
Scheme 3.2 Synthesis of the NTs-tethered substrate 4a. 

The synthesis has 4-methylbenzene-1-sulfonyl chloride (TsCl) 8a as the common initial reagent. 

Derivative N-tosylprop-2-yn-1-amine 9a, which contains the first unsaturation, and 6a, which will finally 

be transformed to the N-tosylhydrazone, were obtained in high yields by treatment of TsCl 8a in 

anhydrous dichloromethane and triethylamine as a base with propargylamine 11 and 2,2-

diethoxyethanamine 7, respectively. N-Tosylprop-2-yn-1-amine 9a was further reacted with 1,4-

dichloro-2-butyne 10 and potassium carbonate in acetonitrile at reflux to obtain diyne derivative 5a. An 

82% yield was obtained when excess of the dichloride reagent was used to avoid the dialkylation. 

Acetal 6a was then reacted with chloride derivative 5a, which contains two unsaturations, to obtain 4a 

with a 71% yield using the same alkylation conditions as were used for the preparation of 5a. The next 

step was to remove the acetal protecting group of derivative 4a (Scheme 3.3).  

 
Scheme 3.3 Synthesis of the NTs-tethered compound 1aa. 
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The reaction was first attempted using hydrochloric acid and tetrahydrofuran but the product was 

obtained as an inseparable mixture with secondary products. For this reason, we changed the 

conditions using acetone and a catalytic amount of iodine, following a procedure described in the 

literature by Hu et al.50 This alternative methodology furnished the aldehyde 2a with a 62% yield 

(Scheme 3.3). After having accessed the aldehyde form, 2a was reacted with N-tosylhydrazide 3a in 

methanol and the minimum amount of acetonitrile in order to solubilize the aldehyde completely to 

form N-tosylhydrazone compound 1aa. The desired product 1aa was obtained with a 92% yield. 

3.3. Reactivity studies 

After synthesizing the diyne-N-tosylhydrazone model substrate 1aa, its reactivity was evaluated with a 

series of rhodium catalysts (Table 3.1). 

Table 1.1 Optimisation of the rhodium(I)-catalysed cyclisation of the diyne N-tosylhydrazone 1aa.[a] 

 

Entry Rh complex Biphosphine Solvent, T Base Yield[b] 

1 [Rh2(OAc)4] - DCE, reflux - -[c] 

2 [RhCl(PPh3)3] - Toluene, reflux - -[d] 

3 [RhCl(PPh3)3] - EtOH, reflux - -[d] 

4 [RhCl(PPh3)3] - DCE, reflux - -[d] 

5 [RhCl(cod)]2 - DCE, reflux - -[d] 

6 [Rh(OH)(cod)]2 - DCE, reflux - -[d] 

7 [Rh(cod)2]BF4 rac-BINAP DCE, reflux KOtBu (3 equiv.) -[d] 

8 [Rh(cod)2]BF4 rac-BINAP DCE, reflux K2CO3 (3 equiv.) 47% 

9 [Rh(cod)2]BF4 rac-BINAP DCE, reflux . 46% 

10 [Rh(cod)2]BF4 BIPHEP DCE, reflux - -[d] 

11 - - Dioxane, 110oC K2CO3 (1.5 equiv.) -[e] 

blank - - DCE, reflux - Recovery of 1aa 
[a] Reaction conditions: 1aa (0.10 mmol, 0.03M), 1 hour. [b] Isolated yield after column chromatography. [c] Initial 

1aa was recovered. [d] A complex mixture of unidentified products was obtained. [e] Product corresponding to the 

1,3-dipolar addition 13 (Scheme 3.4) is formed. 

No reaction took place when the rhodium(II) dimer [Rh2(OAc)4] was used even when the reaction time 

was prolonged to 24 hours (Entry 1). This catalyst has shown great potential in metal carbene 

transformations.51 Changing to rhodium(I) sources by the use of Wilkinson’s catalyst, also failed to 

afford the desired product despite different solvents being tested (entries 2-4). Degradation was 

observed when a phosphine-free rhodium source such as [RhCl(cod)]2 was used (Entry 5). The use of 
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[Rh(OH)(cod)]2 either alone or in combination with bases such as KOtBu also led to product 1aa being 

degraded (Entry 6). 

The use of a combination of BINAP with a cationic rhodium source such as [Rh(cod)2]BF4 in the 

presence of potassium tert-butoxyde only led to the decomposition of the starting material (Entry 7) but 

changing the base to potassium carbonate effectively furnished a new cyclisation product 12aa after 

1.5 hours of reaction (Entry 8). To our delight, performing the reaction without a base furnished the 

same product with the same yield (Entry 9). The ligand change to a BIPHEP was detrimental to the 

reaction (Entry 10). Treatment of 1aa in dioxane at 110oC in the presence of K2CO3 and without a 

rhodium catalyst afforded a bicyclic pyrazole 13 as similarly observed by other authors (Scheme 

3.4).52 A blank reaction without a transition metal catalyst only allowed the recovery of the starting 

material, indicating that the catalyst is needed for the reaction to proceed. 

 
Scheme 3.4 1,3-Dipolar cycloaddition of derivative 1aa to afford compound 13. 

The obtained product 12aa was analysed by ESI-HRMS. The ESI-HRMS spectrum in the positive ion 

mode showed a peak at m/z = 613.0, which corresponds to the mass of the starting material 1aa but 

with a loss of 28 units, possibly corresponding to N2. Furthermore, elemental analysis fitted with the 

formula C30H32N2O6S3, confirming the loss of diatomic nitrogen from 1aa. We then proceed to analyze 

the whole range of monodimensional and bidimensional NMR spectra. Comparison of the 1H NMR of 

the diynetosylhydrazone 1aa and the obtained product 12aa gave us some clues as to the structure of 

the new product formed (Figure 3.2). In the aromatic region, we were able to check that three 

magnetically unequivalent 4-methylphenyl groups were still in the molecule (Figure 3.2, 7.18 to 7.76 

ppm). The signals were slightly modified and especially one of the doublets was shifted upfield to 7.19 

ppm. It was possible to corroborate the presence of the three unequivalent tosyl groups by the three 

singlets observed around 2.4 for the methyls (Figure 3.2, 2.43, 2.45 and 2.47 ppm). Continuing with 

the analysis of the 1H NMR spectrum, we could see two new signals integrating three protons in the 

region of the alkenes (Figure 3.2, 5.41 to 5.66 ppm). The analysis of the region between 3.31 and 4.40 

ppm, where the methylenic protons next to the NTs groups appeared, also proved to be interesting. 

Whereas the signals appeared as a doublet and overlapped signals integrating 2 and 6 protons in 

diynetosylhydrazone 1aa, in the new product eight signals could be clearly observed. This is evidence 

that 12aa has conformationally restricted cycles with diastereotopic protons. 
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Figure 3.2 Comparison between the expanded area of the 1H NMR spectrum (400 MHz) of 1aa (top) 

and 12aa in CDCl3 (bottom). 

Further information was obtained on analyzing the HSQCed. In Figure 3.3 we can see an expansion of 

the HSQCed for the new compound that allowed us to analyze the region between 5.3 and 5.7 ppm 

for the 1H NMR dimension. Two of the alkenic protons at 5.41 and 5.66 ppm are attached to the same 

carbon at 116.47 ppm and so it can be concluded that they constitute a pair of diastereotopic protons 

on a terminal alkene. The third proton at 5.65 ppm is attached to the carbon at 129.10 ppm. Finally, we 

were also able to determine that the carbon at 73.89 ppm is quaternary. 

 
Figure 3.3 Expanded area of the HSQCed spectrum of 12aa in CDCl3. 

Based on the information provided and a detailed analysis of the HSQCed, HMBC and NOESY 

correlation, we determined that the structure of the product formed consists of the bicyclic structure 

shown in Figure 3.4. In this case, NOESY is extremely useful to assign peaks from the tosyl groups 

using the couplings that are observed (Figure 3.5). 
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Figure 3.4 Assignement of 1H- and 13C NMR signals of 12aa. 

 

 
Figure 3.5 NOESY spectrum of 12aa (top) and its assignment (bottom). 

 
  



 REACTIVITY OF RHODIUM(I) CARBENES WITH ALKYNES 
 

Page 37 

Therefore, under rhodium(I) catalysis, the diynetosylhydrone 1aa has suffered a carbocyclisation 

reaction forming two new C-C bonds through carbene/alkyne metathesis, a migration of a hydrogen 

atom forming a C-H bond and a migration of a tosyl forming a C-S bond, accompanied by a loss of 

nitrogen, which has resulted in the formation of the bicyclic structure 12aa. As mentioned in the 

introduction, N-tosylhydrazones can be a safe source of diazo compounds and can undergo different 

kinds of reaction when a metal is placed in the reaction. Unlike examples presented in the literature, 

the base was not necessary to obtain this reactivity, showing that the rhodium is somehow able to 

decompose the N-tosylhydrazone (this will be discussed in Chapter 6).  

The formation of the C-S bond generates a quaternary asymmetric carbon, so we then attempted to 

run the process enantioselectively. To this end we used a combination of various BINAP-type chiral 

diphosphine ligands in combination with [Rh(cod)2]BF4 (Figure 3.6). 

 

 

Figure 3.6 Diphosphine ligands used in the optimisation process. 

The use of either (R)- or (S)-BINAP allowed the isolation of two enantiomeric cycloadduct products in 

excellent enantiomeric excesses (Entries 2 and 3, Table 3.2). When a bulkier biphosphine such as 

DTBM-Seghos was tested, it resulted in a complete loss of reactivity (Entry 4). (R)-Tol-BINAP, on the 

other hand, gave analogous results to those obtained with (R)-BINAP (Entry 5). Increasing the 

temperature to 110ºC whether by conventional or microwave heating (Entries 6 and 7) or changing the 

concentration of the reaction mixture did not improve the yield (Entry 8).  
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Table 3.2 Optimisation of the rhodium(I)-catalysed cyclisation of the diyne N-tosylhydrazone 1aa.[a] 

 

Entry Biphosphine Solvent, T, t Yield[b] ee 

1 rac-BINAP DCE, reflux, 1h 46% - 

2 (R)-BINAP DCE, reflux, 1h 58% > 99% 

3 (S)-BINAP DCE, reflux, 1h 45% > 99%[c] 

4 (R)-DTBM-
SEGPHOS DCE, reflux, 1h - - 

5 (R)-Tol-BINAP DCE, reflux, 1h 55% > 99% 

6 (R)-Tol-BINAP Chlorobenzene, reflux, 10 min 43% n.d. 

7 (R)-Tol-BINAP Chlorobenzene, MW 110oC, 10 min 48% n.d. 

8[d] (R)-Tol-BINAP DCE, reflux, 1h 51% n.d. 
[a] Reaction conditions: [Rh(cod)2]BF4 (10 mol%), 1aa (0.10 mmol, 0.03M). [b] Isolated yield after column 

chromatography. [c] The reaction forms the opposite enantiomer to the one obtained with (R)-BINAP. [d] Reaction 

run at a concentration of 0.01M. 

Although rhodium(I) complexes are well known to mediate in various asymmetric reactions,53 the 

development of stereoselective processes making use of rhodium(I)-carbene chemistry has been little 

explored. Only four examples can be found in the literature. In 2010, Hayashi et al. reported the use of 

a cationic chiral diene-rhodium(I) complex for the asymmetric cyclopropanation of alkenes with 

dimethyl diazomalonate (Scheme 3.5).54 

 

Scheme 3.5 Rhodium(I)-carbene catalysed cyclopropanation. 

Hu et al. also used a rhodium(I) complex with a chiral diene ligand to promote an enantioselective 

three-component reaction that formed an ylide intermediate, which was subsequently involved in a 

Michael addition-type reaction (Scheme 3.6).55  
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Scheme 3.6 Rhodium(I)-carbene catalysed ylide transformation. 

In 2014, Murakami et al. reported the enantioselective insertion of cyclopentanols promoted by 

rhodium(I)-carbene stabilised with diphosphine ligands formed upon decomposition of N-tosyl-

hydrazones (Scheme 3.7).56 

 

Scheme 3.7 Rhodium(I)-carbene catalysed C-C bond insertion. 

Xu et al. in 2015 reported the asymmetric carbene insertion into B-H bonds giving access to 

functionalised organoboranes, again using a chiral diene rhodium(I) complex (Scheme 3.8).57 It should 

be noted that this last example is the only one in which an enantioselective process is achieved 

without the presence of electronwithdrawing groups in the molecule and using N-tosylhydrazones as 

the metal carbene source. 

 

Scheme 3.8 Rhodium(I)-carbene catalysed B-H bond insertion. 

These conditions were used by the same authors one year later to report an analogous insertion of α-

diazoesters and α-diazophophonates to silanes (Scheme 3.9).58 
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Scheme 3.9 Rhodium(I)-carbene catalysed Si-H bond insertion. 

Therefore, the enantioselective cyclisation of 1aa represented the first example of an 
enantioselective process in which a carbene/alkyne metathesis was involved not only using 
rhodium(I) catalysts but also considering other transition metal catalysts. It should be noted, 

however, that soon after our work was published, Bao, Xu, et al. reported an enantioselective 

rhodium(II) catalysed carbene/alkyne process that made it possible to prepare cyclopentadienes by a 

cascade reaction of alkynyl-tethered enol diazoacetates (Scheme 3.10).59 Chiral cyclopentadienes 

were obtained under rhodium(II) catalysis, which were in situ trapped with N-phenylmaleimide to afford 

bridged polycyclic compounds. 

 

Scheme 3.10 Enantioselective rhodium(II) catalysed carbene/alkyne process. 

Having developed an extremely interesting new process, we wished to examine how broadly this 

transformation could be applied. We first proceeded to synthesize a series of substrates in which this 

chemistry could be explored, modifying the electronics of the hydrazone (1aa-1ad) and the tether 

groups (1ba-1da), and using a non-terminal alkyne (14) (Figure 3.7). 



 REACTIVITY OF RHODIUM(I) CARBENES WITH ALKYNES 
 

Page 41 

 
Figure 3.7 Substrates designed and tested in this study. 

The synthesis of these substrates was planned following synthetic pathways that were analogous to 

the one developed for 1aa, in which the N-tosylhydrazone is installed at the end of the synthesis by 

condensation of the acetal-protected aldehyde. With regards to the synthesis of acetal-protected 

intermediates 4, these were adapted depending on the tethers used between the different 

unsaturations. 

In the case of product 4b – an intermediate for the synthesis of 1ba and with 2-nosyl groups as tethers 

– a synthetic route analogous to the one used for 4a was employed (Scheme 3.11). 

 
Scheme 3.11 Synthesis of 2-Ns-tethered derivative 4b. 

The synthesis of malonate-tethered substrate 4c, towards the synthesis of 1ca, was started with the in 

situ generation of sodium ethoxyde, which is able to deprotonate the commercially available 

diethylmalonate 15. The enolate that is formed attacks the 2-bromo-1,1-diethoxyethane 16 (Scheme 

3.12). Remarkably, this method from the literature60 allowed the formation of monoalkylated product 6c 

on its own in a 53% yield. The next step was the monosubstitution of 1,4-dichloro-2-butyne 10 with 6c 

to obtain 17c. Although an excess of 1,4-dichloro-2-butyne 10 was used to avoid the disubstitution in 

the nucleophilic substitution, 17c was obtained as an inseparable mixture with traces of the 
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disubstituted compound. Its subsequent alkylation afforded a mixture of 4c and the disubstituted 

compound, which could be separated by column chromatography. Derivative 4c was isolated with an 

84% yield after two reaction steps. 

 
Scheme 3.12 Preparation of malonate-tethered compound 4c. 

The synthesis of the O-tethered acetal 4d – as an intermediate for the synthesis of 1da – was carried 

out as outlined in Scheme 3.13. The first step consisted in the nucleophilic substitution of propargyl 

bromide 19 with an excess of butyne-1,4-diol 18 using potassium hydroxide as the base. In order to 

avoid the formation of the dialkylated product, propargyl bromide was added dropwise for 1 hour. 

Compound 5d was obtained in a 52% yield.61 A Mitsunobu reaction was used in the next step to 

alkylate in neutral conditions the previously prepared compound 6a affording a 60% yield of derivative 

4d (Scheme 3.13). 

 
Scheme 3.13 Synthesis of O-tethered compound 4d. 

Finally, the synthesis of compound 14, which has two internal alkynes, was tackled. Similar strategies 

to those described above allowed us to obtain the non-terminal alkyne 21 (Scheme 3.14). 

 
Scheme 3.14 Preparation of the non-terminal alkyne 21. 
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Once all the acetal-protected derivatives 4 and 21 were prepared, the aldehyde deprotection and 

condensation of the corresponding N-sulfonylphenylhydrazide 3 to yield the corresponding 

hydrazones 1 and 23 was carried out (Table 3.3).  

Table 3.3 Synthesis of diynehydrazones 1 and 14 from diyneacetals 4 and 21. 

 

Acetal Aldehyde (yield) X Y R 
N-Sulfonylaryl- 

hydrazones (yield) 
Ar 

4a 2a (62%) NTs NTs H 1aa (92%) p-CH3Ph 

4a 2a NTs NTs H 1ab (96%) Ph 

4a 2a NTs NTs H 1ac (66%) p-OCH3Ph 

4a 2a NTs NTs H 1ad (42%) p-NO2Ph 

4b 2b (67%) N(2-Ns) N(2-Ns) H 1ba (97%) p-CH3Ph 

4c 2c (85%) NTs C(CO2Et)2 H 1ca (100%) p-CH3Ph 

4d 2d (66%) O NTs H 1da (79%) p-CH3Ph 

21 22 (65%) NTs NTs CH3 14 (100%) p-CH3Ph 

 

Whereas p-toluenesulfonylhydrazide and phenylsulfonylhydrazide are commercially available, p-

methoxyphenylsulfonylhydrazide and p-nitrophenylsulfonylhydrazide were prepared from the 

corresponding arylsulfonyl chloride and hydrazine (Scheme 3.15). 

 

Scheme 3.15 Synthesis of sulfonylhydrazides 3c and 3d. 

The yields of the deprotection of the different acetals were between 62 and 85% (Table 3.3). More 

differences can be observed in the hydrazone condensation due to the necessity of purification by 

column chromatography of the product from other subproducts formed (Table 3.3, Ar= p-OCH3Ph and 

p-NO2Ph). These low yields could also be explained by the insufficient purity of the prepared N-

sulfonylarylhydrazides and the resulting need to purify the hydrazones. All the products formed were 

characterised by NMR and MS spectroscopies. An important effect that was observed by 1H NMR 

spectroscopy was the formation of geometric isomers on the N=C bond of the hydrazone in some of 

the substrates (Figure 3.8). 
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Figure 3.8 1H NMR spectra of geometric isomers 1ba and 1ca. 

Whereas the substrates that have NSO2Ar as the Y tether show Z/E ratios ranging from 23/77 (see for 

instance the spectrum for hydrazone 1ba at the top of Figure 3.8) to 8/92, compound 1ca shows a 

ratio of 0/100 (see the bottom of Figure 3.8, where the signal in green corresponding to the cis 

hydrazone is negligible). The Z isomer of the hydrazone bond is stabilised by intramolecular hydrogen 

bonding, and our hypothesis is that whereas the arylsulfonyl tethers stabilize the Z form, the malonate-

tethered substrates are not able to do so. Furthermore, the quantity of Z isomer is maximum for 

compound 1ba, which has NSO2(2-NO2Ph) as the tether, and so the greater the electronwithdrawing 

character of the tether, the stronger the H-bond that is formed. 



 REACTIVITY OF RHODIUM(I) CARBENES WITH ALKYNES 
 

Page 45 

The nature of the tether used has also a clear influence on the chemical shift of the signals in the NMR 

spectrum. For example, the methylenic protons next to the N-tethered derivatives appear around δ 3.8 

ppm, whereas in the case of O-tethered compounds the signals are shifted downfield up to a chemical 

shift of around δ 4.0 ppm. On the other hand, the malonate-tethered substrate decreases the chemical 

shift and the corresponding methylenic protons appear around δ 2.6 ppm. The same behaviour can be 

observed in the 13C NMR. 

After the synthesis of starting compounds 1 and 14, the optimised conditions found for the formation of 

12aa were applied to the other substrates (Scheme 3.16). 

 

Scheme 3.16 Scope of the rhodium(I)-catalysed cyclisation of diynearylhydrazones 1. 

In contrast with 12aa, changing the p-toluenesulfonyl ring of the hydrazone moiety to a phenylsulfonyl 

promoted the formation of two isomers, 12ab and 12ab’, in a 3.2:1 ratio, resulting in variation in the 

positions to which the phenylsulfonyl group migrated. Switching to an electrodonating group such as    

-OMe in the phenyl ring gave the product 12ac regioselectively. On the other hand, an electron 

withdrawing group such as -NO2 favoured the attack on the less hindered position and a 1.4:1 ratio of 

regioisomers 12ad and 12ad’ was afforded, allowing us to conclude that the regioselectivity is 

improved when electron-rich sulfonyl groups are used. The influence of the tether group was then 

studied. Changing the tosyl to a 2-nitrophenylsulfonyl ring (N(2-Ns)) in the tether gave bicycle 12ba 

with slightly lower enantioselectivity. The cycloaddition of substrates in which one of the nitrogenated 



CHAPTER 3 
 

 

tethers was substituted by either a malonate (1ca) or oxygen (1da) also furnished the corresponding 

cycloadducts in a regioselective and highly enantioselective way. 

We were eager to gain further understanding of the mechanism of the reaction to shed light on its 

particularities and explore the potential of the transformation. We first focused our attention on 

establishing whether the shift of the sulfonyl group occurred in an intramolecular or intermolecular 

pathway. A crossover experiment between equimolar amounts of reactants 1ab and 1ba, differing in 

the tethers and in the aryl group of the hydrazone, was conducted. The reaction yielded the four 

possible products, clearly indicating that migration proceeds in an intermolecular manner (Scheme 

3.17). 

 

Scheme 3.17 Competitive experiments. 

To verify the form in which the sulfonyl group was transferred, a further competitive experiment was 

performed by adding sodium phenylsulfinate 23 to the cyclisation reaction of 1aa, which has a 

tosylhydrazone (Scheme 3.18). Mass spectrometry and NMR revealed that the reaction affords a 

mixture of the expected product 12aa with the competitive product 12ab. The competition of the 

external sulfinate anion indicates that the decomposition of the hydrazone generates a sulfinate anion 

in situ. 
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Scheme 3.18 Competitive experiments. 

We then turned our attention to the CH bond which is also formed in the cyclisation reaction. The 

working hypothesis was that the hydrogen on the N-tosylhydrazone was transferred to the terminal 

alkyne. To confirm this point, deuterium labelling experiments were conducted. By stirring the 

corresponding substrate 1 in anhydrous dichloroethane in the presence of 6 equivalents of D2O, the 

NH was partially exchanged (1:6.1 1: 1-D ratio as monitored by 1H NMR) leading to a deuterium 

enriched sample (Scheme 3.19). 

 

Scheme 3.19 Deuterium-labelling experiments. 

1H- and 2H NMR revealed the incorporation of the deuterium stereoselectively in the olefinic trans 

position on cyclisation reaction under the optimised conditions. If we first take a look at the 1H NMR 

spectrum of the reaction mixture obtained from the partially deuterated substrate and compare it with 

the product obtained when no deuteration has been performed, we can see that there is a clear 

difference in signal integration, confirming the presence of deuterium in compounds 12ba-D (Figure 

3.9) and 12ca-D (Figure 3.10).  
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Figure 3.9 Expanded area corresponding to the 1H NMR spectrum (400 MHz) of 12ba in CDCl3 (top); 

Expanded area corresponding to the 1H NMR spectrum (400 MHz) of a mixture of 12ba and 12ba-D in 

CDCl3 (bottom). 

 

Figure 3.10 Expanded area corresponding to the 1H NMR spectrum (400 MHz) of 12ca in CDCl3 (top); 

Expanded area corresponding to the 1H NMR spectrum (400 MHz) of a mixture of 12ca and 12ca-D in 

CDCl3 (bottom). 

Further confirmation was gained by acquiring the 2H NMR spectrum. The signal at 5.45 ppm confirms 

the deuteration at the trans position whereas no signal is observed at 5.75 ppm, cis position (Figure 

3.11). 
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Figure 3.11 Expanded area of the 1H NMR spectrum (500 MHz) of a mixture of 12ca and 12ca-D in 

CDCl3 (bottom); 2H NMR spectrum (77 MHz) of a mixture of 12ca and 12ca-D in CDCl3 (top). 

3.4. Computational studies 

In order to look for a mechanism which could account for the whole set of experimental results, DFT 

calculations were performed with the B3LYP functional (Scheme 3.20).  

 
Scheme 3.20 Comparision between the experimental conditions (top) and the model reaction (bottom). 

Reported Gibbs energies are B3LYP/cc-pVDZ-PP electronic energies corrected with ZPEs, thermal 

energies, entropy effects, and solvent effects (dichloroethane solution). The calculations were carried 

out on a model substrate in which the two Ar groups of the two Ts = SO2-Ar moieties present in the 

experimental tethers were substituted by a CH3 to yield Ms = SO2-CH3 group in order to reduce the 

computational cost of the calculations. The influence of the tether group was found to be rather small 

and therefore we believe that this does not significantly change the results. The migrating Ts group 

was included in the calculations without any simplification. To save computational time, the four Ph 
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groups of the diphenylphosphino groups in the BINAP catalysts were also substituted by methyl 

groups and two rings of the ligand were removed. 

The results are summarised in the Gibbs energy profile of Figure 3.12. 

 
Figure 3.12 Gibbs energy profile (in kcal/mol) of the cyclisation of 24 to 26. 

The first step involves the reaction of the arylsulfonylhydrazone of substrate 24 with the rhodium 

catalytic species 25, RhIL2 (L2 = biphosphine). Rhodium carbene complex A, which is stabilised by 

coordination of one of the oxygens of the sulfonamide moiety with the carbenic carbon, is formed. The 

release of N2 and arylsulfinate, is exergonic by 7.4 kcal/mol in a transformation that will be further 

discussed in Chapter 6. Subsequent 2-coordination of rhodium to the central alkyne group (Rh–C 

distances of 2.375 and 2.639 Å) leads to the rhodium carbene B in a process that is slightly exergonic 

by 2.4 kcal/mol. The next step corresponds to a [π2s+ π2a] addition of the central alkyne to the rhodium 

carbene double bond and simultaneous electrocyclic opening of the rhodacyclobutene formed to yield 

a new vinylrhodium(I) carbene C. The opening of the rhodacyclobutene has already been described in 

a cobaltacyclobutene complex.62 Transformation of B to C takes place through a low Gibbs energy 

barrier of 4.9 kcal/mol and releases 28.5 kcal/mol. The 16-electron complex C rearranges to 18-

electron complex D in which the terminal alkyne group is 2-coordinated to rhodium. 



 REACTIVITY OF RHODIUM(I) CARBENES WITH ALKYNES 
 

Page 51 

 
Figure 3.13 Optimised structure (B3LYP/cc-pVDZ) for TS_BC. Distances in Å and angles in degrees. 

D then reacts with the terminal alkyne forming vinylrhodium(I) carbene E. The transformation of D to E 

follows the same reaction pathway as the process that converts B to C. It is exergonic by the same 

energy as B to C reaction (28.5 kcal/mol) and has to surmount a Gibbs energy barrier of 14.6 kcal/mol. 

The D to E conversion is the rate determining step (rds), D and the transition state from D to E being 

the rate-determining intermediate and transition state, respectively.63 Subsequent metal carbene 

migratory insertion, in which the hydrogen migrates from the metal to the carbenic carbon, leads to a 


5-pentadienyl rhodium intermediate F. 

 
Figure 3.14 Optimised structure (B3LYP/cc-pVDZ) for TS_DE. Distances in Å and angles in degrees. 

Transformation of E to F is thermodynamically very favorable (39.4 kcal/mol) and takes place through 

a barrier of 11.7 kcal/mol. 
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Figure 3.15 Optimised structure (B3LYP/cc-pVDZ) for TS_EF. Distances in Å and angles in degrees. 

In the final part of the reaction mechanism, the p-methylphenylsulfinate intermolecularly attacks the 5-

pentadienyl rhodium intermediate G, which is F interacting with Ts-, in a stereoselective way to furnish 

the final cyclisation product 26 and regenerating the catalytically active species. This last part of the 

reaction is slightly endergonic (13.2 kcal/mol).  

 
Figure 3.16 Optimised structure (B3LYP/cc-pVDZ) for TS_GH. Distances in Å and angles in degrees. 

As found in deuterium-labeling experiments, the final product 26 has the transferred H in the olefinic 

trans position. We have calculated an alternative pathway that leads to the same final product 26 but 

with the transferred H in the olefinic cis position (Figure 3.17, green and Figure 3.18). This latter path 

occurs with a higher energy barrier (24.1 kcal/mol) and its rate-determining step is the transformation 

from E to F. Moreover complex E with the H in cis can be easily transformed to complex E with H in 

trans. The latter, which is more stable than the cis conformer by 2.3 kcal/mol, evolves rapidly to the 

final product. 
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Figure 3.17 Gibbs energy profile (in kcal/mol) for the different reaction pathways studied. 

 

 

Figure 3.18 Optimised structure (B3LYP/cc-pVDZ) for TS_BC (top-left), TS_DE (top-right) TS_E‘F 

(bottom). Distances in Å and angles in degrees. 

Overall, our data suggest that the rhodium-catalysed cyclisation proceeds via the mechanism depicted 

in Scheme 3.21. Rhodium(I) carbene is formed releasing nitrogen and arylsulfinate, which through a 

[π2s+ π2a] addition to the alkyne and simultaneous electrocyclic opening of the rhodacyclobutene – 

both of which take place on two consecutive occasions – generates vinylrhodium carbenes C and E. A 

metal-to-carbene migratory insertion then leads to the 5-pentadienyl rhodium intermediate F which is 



CHAPTER 3 
 

 

intermolecularly and stereoselectively attacked by the arylsulfinate to furnish the final cyclisation 

product 12 and/or 12’, regenerating the catalytically active species. 

 

Scheme 3.21 Proposed mechanism for the rhodium-catalysed cyclisation reaction. 

To obtain further information about the mechanism, we evaluated the reactivity of a substrate featuring 

a methyl substituent at the terminal alkyne in which β-hydrogen elimination could efficiently compete 

after the metal-to-carbene migratory insertion. Substrate 14 (Scheme 3.22) was reacted under the 

optimised conditions to afford product 27 in which the sulfonyl was not incorporated. Trienic product 27 

arises from a β-hydrogen elimination of one of the hydrogens of the methyl group of intermediate F’, 

which is formed upon metal-to-carbene H migratory insertion. 

 

Scheme 3.22 Rhodium-catalysed cyclisation of the substrate 14, which contains two internal alkynes. 

Overall, we have described a new stereoselective cascade reaction that affords a sulfonated azacyclic 

framework through a process in which two C-C bonds are formed and both a hydrogen atom and a 

sulfonyl group migrate in a stereoselective manner. We propose, with the support of DFT calculations, 

that this mechanism, which has also been studied by competitive and isotope-labeling experiments, 

takes place through rhodium(I)-carbene intermediates and involves a metal-to-carbene migratory 

insertion step. 
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Chapter 4. Enantioselective cascade cyclopropana-

tion reaction catalysed by rhodium(I): asymmetric 

synthesis of vinylcyclopropanes 

 

This chapter has been published in: 

Torres, Ò.; Roglans, A.; Pla-Quintana, A. Adv. Synth. Catal. 2016, 358, 3512. 
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4.1. Precedents in the synthesis of vinylcyclopropanes 

The construction of polycyclic structures with proper stereochemical control is a major challenge in 

organic synthesis. Among these structures, small ring-containing compounds – cyclopropane and 

cyclopropane-containing polycyclic derivatives – attract considerable interest due to their presence in 

bioactive substances.64 This is the case of bicyclo[3.1.0] derivatives (Figure 4.1), which are found at 

the core of Eglumegad, a drug that is effective in treating anxiety symptoms and in relieving the 

symptoms of drug withdrawal,65 and also of bicifadine and DOV21947, which are studied for the 

treatment of chronic pain and depression, respectively.66 (-)-Nardoaristolone B, which exhibits 

protective activity in injuries of neonatal rat cardiomyocytes,67 and (+)-Sarcandralactone A,68 a 

vinylcyclopropane derivative, constitute further examples of compounds containing this moiety at the 

core. 

 

Figure 4.1 Examples of compounds containing a bicyclo [3.1.0]-hexane ring system. 

Cyclopropane-containing compounds are also recognised for their rich reactivity that, either through 

ring-opening or rearrangement, allow for the synthesis of a multitude of topologically different 

compounds.69 The synthetic applications of cyclopropane-containing compounds are enhanced when 

the derivatives bear activating groups that can facilitate their ring-opening or offer opportunities for 

further transformations, as occur in the case of vinylcyclopropanes (VCP).70 

The asymmetric cyclopropanation of olefins stands out as one of the most versatile and 

straightforward methods for the stereoselective synthesis of cyclopropanes,71 and metal carbenes72 

are among the most efficient cyclopropanating agents. When metal vinyl carbenes are used for this 

purpose, vinylcyclopropanes can be obtained directly (Scheme 4.1). 

 

Scheme 4.1 Synthesis of vinylcyclopropanes by metal-catalysed vinyldiazo decomposition. 

There are several examples in which the decomposition of vinyldiazo compounds has been used as a 

source of vinyl carbenes, which make enantioselective cyclopropanation reactions possible (Scheme 

4.2).73 This strategy has been used in the enantioselective synthesis of natural products.74 However, 

an electron-withdrawing group adjacent to the diazo compounds is necessary to facilitate their 

synthesis, inhibit side reactions and achieve high stereoselectivity. 
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Scheme 4.2 Selected example of vinyldiazo compounds decomposition to afford vinylcyclopropanes. 

Another strategy is to use transition metal-catalysed ring-opening of cyclopropenes to afford transition 

metal vinyl carbenes in mild conditions due to their intrinsic ring strain. When properly substituted 

cyclopropenes are reacted, regioselective ring-opening takes place. However, no enantioselective 

cyclopropanation has been achieved so far (Scheme 4.3).75 

 

Scheme 4.3 Synthesis of vinylcyclopropanes by metal-catalysed ring-opening of cyclopropenes. 

The transition metal-catalysed rearrangement of propargylic esters, providing access to metal vinyl 

carbenes when a 5-exo-dig cyclisation takes place (also referred to as a 1,2-shift), has also been 

explored (Scheme 4.4).76 

 

Scheme 4.4 Synthesis of vinylcyclopropanes by metal-catalysed rearrangement of propargylic esters. 
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Remarkably, Toste et al. reported the enantioselective synthesis of vinylcyclopropanes using a gold 

vinyl carbene generated by transition metal-induced rearrangement of a propargyl ester that either 

intra- or intermolecularly reacted with an alkene (Scheme 4.5).77 

 

Scheme 4.5 Selected examples of syntheses of vinylcyclopropanes by metal-catalysed 

rearrangement of propargylic esters. 

Finally, very recently Zhu et al. managed to obtain furan-substituted bicyclic cyclopropanes in 

an enantioselective manner through the intramolecular cyclopropanation of enynones (Scheme 

4.6).78 It is important to highlight the fact that despite the formation of a cyclopropane ring, the 

reaction does not take place through a vinylcarbene intermediate. The rhodium carbene is 

formed after an initial intramolecular nucleophilic attack of the carbonyl to the C-C triple bond, 

which is promoted by the coordination of the transition metal. This strategy has been widely 

studied for the non-diazo approach to gold carbenes,79 and has enabled different kinds of 

reactivity, including the formation of cyclopropanes. 

 

Scheme 4.6 Enantioselective rhodium-catalysed intramolecular cyclopropanation of enynones. 
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4.2. Design and synthesis of the substrates 28 

As outlined in Chapter 3, a rhodium(I) catalytic system has been found that is able to catalyse the 

carbene/alkyne metathesis and subsequent stereoselective transformations. Therefore, we 

established the main goal of this chapter as being the development of a stereoselective synthesis of 

vinylcyclopropanes through a cascade process involving the formation of a rhodium vinyl carbene 

through carbene/alkyne metathesis, followed by an intramolecular cyclopropanation reaction. In order 

to achieve this goal, 11 different ene-yne-N-tosylhydrazone substrates were designed (Figure 4.2) that 

allow us to analyse different features of the reaction: the effect of the tether (28a to 28g), the formation 

of a 6-membered ring (28h) and how the substitution of the double bond affects the reactivity (28i, 28j 

and 28k). 

 

Figure 4.2 Substrates designed and tested in this study. 

Except for compounds 28f and 28g, the strategy followed for the synthesis of the substrates was 

analogous to the one reported in Chapter 3. It consisted in the use of acetal derivatives as a protected 

form of aldehydes that at the end of the synthesis could be deprotected and coupled to the N-

tosylhydrazide to form the corresponding N-tosylhydrazone. The synthesis of the different acetal 

protected derivatives will be presented first. 

The synthesis of O-tethered derivatives 31 – as intermediates for the synthesis of substrates 28a, 28i, 
28j and 28k – was started by alkylation of 1,4-butynediol 18 with the corresponding allylbromide 29 to 

afford compounds 30a,i-k, which have already been described in the literature (Scheme 4.7).80 

Compound 30i was obtained as an inseparable mixture of 1:9 cis/trans isomers as the commercial 

presentation of crotyl bromide (29i) is also a mixture. The next step consisted in a Mitsunobu reaction 

with the N-tosylprop-2-yn-1-amine 6a prepared in Chapter 3. The reaction efficiently afforded 

compounds 31a, 31i, 31j and 31k in moderate to good yields. 
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Scheme 4.7 Synthesis of O-tethered enyneacetals 31. 

NSO2Ar-tethered compounds 31b-d – intermediates for the synthesis of ene-yne-tosylhydrazone 

substrates 28b-d – were prepared using a different arylsulfonylchloride 8, as the common initial 

reagent, for each of the compounds. Monosubstituted sulfonamides 6 and 33 were obtained by 

condensation reaction of the arylsulfonylchloride with 2,2-diethoxyethanamine 7 or allylamine 32, 

respectively. Sulfonamides 6 were monoalkylated by nucleophilic substitution using an excess of 1,4-

dichloro-2-butyne 10 and potassium carbonate as the base with acetonitrile as the solvent. 

Compounds 32 and 17 were finally connected by nucleophilic substitution (Scheme 4.8). It should be 

noted that some of the compounds described in this synthetic route have been previously synthesised 

in Chapter 3. 
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Scheme 4.8 Synthesis of NSO2Ar-tethered compounds 31. 

Similarly to Chapter 3, the synthesis of malonate tethered substrate 28e, towards the synthesis of 31e, 

was started with the formation of monoalkylated product 6c (Scheme 4.9). The next step was the 

monosubstitution of 1,4-dichloro-2-butyne 10 with 6c to obtain 17c. Although an excess of 1,4-

dichloro-2-butyne 10 was used to avoid the disubstitution in the nucleophilic substitution, 17c was 

obtained as an inseparable mixture with small amounts of the disubstituted compound. The 

subsequent alkylation was performed with this mixture to afford a mixture of 31e and the disubstituted 

compound, which could be separated by column chromatography. An 88% yield of derivative 31e was 

isolated after two reaction steps. 

 

Scheme 4.9 Synthesis of malonate-tethered 31e. 

The synthesis of an ene-yne-acetal derivative 31h with an extra methylenic group, followed a pathway 

analogous to the one depicted in Scheme 4.7, but required the protection of one of the alcohols to 

differentiate between the two inequivalent alcohol groups (Scheme 4.10). But-3-yn-1-ol 34 was 

protected using the TBDMS group to afford a 53% yield of compound 35. The terminal hydrogen was 

then removed using n-BuLi as the base and the resulting organometallic intermediate was used as a 

nucleophile towards formaldehyde to obtain a 48% yield of 5-(tert-butyldimethylsilyloxy)-2-pentyn-1-ol 
36, whose spectroscopic data agrees with those described in the literature.81 Mitsunobu reaction was 

used to alkylate 6a (previously prepared in Chapter 3) with alcohol 36 to obtain derivative 38 in an 

84% yield. The TBDMS-protected alcohol was then deprotected using TBAF in THF affording an 80% 

yield of compound 38. Finally, a nucleophilic substitution of the alcohol to allylbromide allowed the 

formation of compound 31h in a 74% yield. 
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Scheme 4.10 Synthesis of compound 31h. 

The last two steps, which consisted in the deprotection of the aldehyde and the formation of the N-

tosylhydrazones, were carried out as previously explained in Chapter 3, affording compounds 28 

(Table 4.1). 

Table 4.1 Synthesis of enyne-N-tosylhydrazones 28 from enyneacetals 31. 

 

Acetal Aldehyde (yield) X Y R1 R2 28 (yield) 

31a 39a (69%) O NTs H H 28a (63%) 

31b 39b (60%) NTs NTs H H 28b, (93%) 

31c 39c (45%) NNs NNs H H 28c (100%) 

31d 39d (41%) N(2-Ns) N(2-Ns) H H 28d (100%) 

31e 39e (86%) NTs C(CO2Et)2 H H 28e (87%) 

31h 39h (n.d.) OCH2 NTs H H 28h (59%) 

31i 39i (51%) O NTs CH3 H 28i (87%) 

31j 39j (15%) O NTs Ph H 28j (91%) 

31k 39k (51%) O NTs H CH3 28k (82%) 
 

In the particular case of the deprotection of compound 31h, 39h could not be isolated in a pure form 

and was further reacted with the N-tosylhydrazide to afford compound 28h with an overall 59% yield. 
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On the other hand, considering the low yield obtained for substrate 39j in which the alkene was 

substituted, we decided to change the deprotection conditions. The use of trifluoroacetic acid in 

chloroform:water solvent mixture gave compound 31i with an improved 51% yield (Scheme 4.11).  

 

Scheme 4.11 Synthesis of aldehyde 39i. 

The retrosynthetic analysis of substrates 28f and 28g was planned by obtaining aldehyde 40 by the 

reduction of the ene-yne-cyano derivative 41 (Scheme 4.12). The latter can be obtained by a 

Sonogashira coupling between ene-yne compounds 42 or 43 and commercially available 2-

iodophenylacetonitrile 44. 

 

Scheme 4.12 Retrosynthetic analysis of compounds 28f and 28g. 

Ene-yne compounds 42 and 43 were prepared according to previously published procedures depicted 

in Scheme 4.13.82 Ene-yne derivative 42 was obtained by nucleophilic substitution of monosubstituted 

sulphonamide 33a and propargyl bromide 19. On the other hand, diethylmalonate 15 was first 

monoalkylated with propargyl bromide with a low yield because dialkylated derivative was also 

obtained. Dialkylated diethylmalonate 46 was then obtained by alkylation with allylbromide 29a. The 

esther from tether group were reduced using lithium aluminium hydride with good yields and the 

resulting alcohols were converted to the corresponding acetal 43 form to avoid undesired reactions in 

further steps. 
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Scheme 4.13 Synthesis of enynes 42 and 43. 

These compounds were further reacted in a Sonogashira coupling with 2-iodophenylacetonitrile 44 to 

obtain phenyl-tethered ene-yne-cyano compounds 41a and 41b in 87 and 88% yields, respectively 

(Scheme 4.14). 

 

Scheme 4.14 Synthesis of phenyl-tethered compounds 41a and 41b. 

In this case, the aldehyde was obtained by the reduction of nitrile groups using disobutylaluminium 

hydride in toluene. Compounds 40a and 40b were obtained with 30% and 35% yields, respectively 

(Scheme 4.15). Finally, the coupling with tosylhydrazide afforded the targeted ene-yne-N-

tosylhydrazones 28f and 28g. Purification difficulties in the latter substantially dropped its yield. 

 

X Nitrile Aldehyde (yield) Ene-yne-N-tosylhydrazone (yield) 
NTs 41a 40a (30%) 28f (87%) 

 
41b 40b (35%) 28g (22%) 

Scheme 4.15 Synthesis of phenyl-tethered N-tosylhydrazones 28f and 28g. 
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4.3. Reactivity studies  

After the preparation of the substrates, we initially studied the cyclisation of substrate 28a under the 

same conditions that triggered the cascade reaction in Chapter 3 (Scheme 3.17). In this case, the 

reaction worked efficiently affording a 71% yield of vinylcyclopropane 48a with a 78% of enantiomeric 

excess (Scheme 4.16). As observed in our previous study, it is remarkable that the reaction works 

without the need to add a base to activate the N-tosylhydrazone. After considerable effort, single 

crystals of the cycloadduct were obtained from which the solid phase structure was solved and the 

absolute configurations (1R,5S) of the stereocentres were determined.83 When the atropoisomeric 

ligand of the rhodium was changed to (R)-BINAP, a 55% yield of (1S,5R)-48a was isolated with an 

89% enantiomeric excess. 

 
Scheme 4.16 Rhodium-catalysed cyclisation of enyne N-tosylhydrazones 28a. 

The crystallised product corresponds to the major enantiomer of the sample as has been checked by 

chiral HPLC analysis upon injection of the crystallised (1R,5S)-48a (Figure 4.3, top-left), comparing the 

chromatogram with the racemic mixture (Figure 4.3, top-right) and with the racemic mixture fortified 

with the crystallised sample (Figure 4.3, bottom). 

 

 

Figure 4.3 HPLC chromatogram of the crystallised 48a (top-left), the racemic mixture (top-right) and 

the fortified sample mixing the racemic mixture and the crystallised sample (bottom). 

The reaction was then extended to substrates 28b-f, which differ in the units tethering the different 

reactive moieties (Scheme 4.17). Substrates containing sulfonamide tethers, in both X and Z positions 

(28b-d), were successfully reacted under the cyclisation reaction conditions giving the cycloadducts in 
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good yields. Whereas the vinylcyclopropanes containing NTs tethers could be efficiently characterised, 

the low solubility of both the 4-nitrobenzenesulfonyl (Ns) 48c and 2-nitrobenzenesulfonyl (2-Ns) 48d 

tethers prevented the determination of the enantiomeric excess of the products obtained. A malonate 

tether was also introduced between the hydrazone and the alkyne and the cyclised product 48e was 

obtained with moderate yield but high enantiomeric excess. By the reaction of substrates that feature a 

phenyl ring between the alkyne and the toluenesulfonylhydrazone, indenyl-substituted bicyclo[3.1.0] 

derivatives were also available. In the case that an NTs tether was placed in the enyne moiety, the 

cyclised product 48f was efficiently obtained. When this moiety was linked through a cyclic ketal (2,2-

dimethyl-1-3-dioxane), the reaction to provide product 48g was only moderately efficient. Finally, on 

increasing the tether length in the enyne moiety no reaction was observed, as has also been the case 

in other studies.84 The absolute stereochemistry of all the products shown in Scheme 4.17 was 

assigned by analogy with product 48a. 

 

Scheme 4.17 Scope of the rhodium(I)-catalysed cyclisation of enyne N-tosylhydrazones 28.  

The substituents on the alkene group markedly affect the outcome of the carbene/alkyne metathesis-

cyclopropanation sequence. When substrates 28i and 28j, which feature a trans-1,2-disubstituted 

alkene, were subjected to the reaction conditions, the efficiency of the reaction drastically dropped and 

only low quantities (48i) or traces (48j) of the corresponding vinylcyclopropanes were detected by 

NMR in the crude reaction mixture that contained a considerable amount of by-products (Scheme 

4.18). 
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Scheme 4.18 Rhodium(I)-catalysed cyclisation of enyne N-tosylhydrazones 28i and 28j. 

Reactivity of substrate 28k, which has a 1,1-disubstituted alkene, was then evaluated. Only a 29% 

yield of vinylcyclopropane 48k was isolated under the reaction conditions used for the unsubstituted 

alkenes, although with good enantioselectivity (Entry 1, Table 4.2). Since the reaction in this case was 

quite clean, we decided to optimize the reaction conditions. To begin with, the effect of an added base 

was evaluated (Entry 2) but on adding three equivalents of potassium carbonate to the reaction 

mixture only traces of the cyclised compound were formed. The reaction solvent was then switched to 

1,2-dichloropropane (1,2-DCP) to increase the temperature but this resulted in a decrease in both the 

yield and the enantioselectivity (Entry 3).  
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Table 4.2 Optimisation of the rhodium(I)-catalysed cyclisation of the compound 28k. 

 
 

Entry Solvent I Phosphine Solvent II Yield ee 

1 DCM (S)-BINAP DCE 29% 71% 

2[a] DCM (S)-BINAP DCE < 5% n.d. 

3 DCM (S)-BINAP 1,2-DCP 14% 53% 

4 CH3OH (S)-BINAP DCE 63% 74% 

5 CH3OH (R)-H8-BINAP DCE 49% 73% 

6 CH3OH (R)-DTBM-SEGPHOS DCE 37% 23% 

7[b] CH3OH (S)-BINAP CH3OH 73% 46% 
[a] Reaction run with K2CO3 (3 equiv.). [b] The reaction was run for 1h 30m. 

In these reactions, the catalytically active species are generated in situ by hydrogenation of a mixture 

of the cationic diolefin complex [Rh(cod)2]BF4 and the biphosphine in dichloroethane. Heller et al. have 

shown that the solvent in which this hydrogenation is carried out is crucial in determining the 

catalytically active species that are formed and their reactivity.85 Given this, we decided to test the 

reaction with catalytically active species generated in methanol. To our delight, vinylcyclopropane 48k 

was obtained in a much improved 63% yield and with a 74% ee (Entry 4). Other biphosphine ligands 

were then evaluated. Whereas H8-BINAP was selective but less active in the cascade transformation 

developed (Entry 5), DTBM-SEGPHOS provided the product in lower yield and enantioselectivity 

(Entry 6). Finally, a reaction was run in which methanol was used as the solvent both in the activation 

of the catalyst and the cyclisation. This reaction gave vinylcyclopropane 48k in a 73% yield in just 1.5 

hours of reaction, but the enantioselectivity was considerably reduced (Entry 7). Best results are thus 

obtained by activating the catalyst in methanol whilst performing the reaction in DCE (Entry 4). These 

optimised conditions were tested in the reaction of selected substrates 28, but the reactions were not 

improved. 

Scheme 4.19 outlines the proposed catalytic cycle for this cascade reaction. The formation of the 

catalytic species from the cationic rhodium complex and the (S)-BINAP mixture precedes the 

formation of the rhodium carbene A. The p-methylphenylsulfonyl group is recovered at the end of 

the reaction as p-toluene-sulfoxy-p-toluenesulfonate, which has been already characterised.86 

The rhodium carbene then reacts with the alkyne in a carbene/alkyne metathesis process to afford the 

rhodium vinyl carbene B that intramolecularly cyclopropanates the tethered alkene in an 

enantioselective manner to furnish the chiral vinylcyclopropane 48 and recover the catalytic species. 
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Scheme 4.19 Proposed mechanism for the rhodium-catalysed cyclisation reaction. 

Therefore, in this Chapter 4 we have demonstrated that the chiral cationic rhodium(I) catalytic system 

is able to induce the formation of a rhodium carbene under base-free conditions, and catalyse the 

carbene/alkyne metathesis and enantioselective cyclopropanation cascade that enantioselectively 

forms vinylcyclopropanes. When 1,1-disubstituted olefins were reacted the cyclopropanation was more 

difficult. The use of methanol to hydrogenate the diolefin complex [Rh(cod)2]BF4 and the biphosphine 

was crucial to improve the yield. The generation of methanol coordinated rhodium species facilitated 

the cyclopropanation, presumably stabilizing crucial reaction intermediates. 
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6.1. Precedents in the mechanistic study of rhodium-carbene 
formation 

During the previous chapters of this thesis we have explained the development of three 

enantioselective rhodium donor carbene-mediated cascade reactions, all of which are triggered by a 

base-free decomposition of sulfonylhydrazones 1, 28 and 50 (Scheme 6.1). 

 

Scheme 6.1 Rhodium carbene cascade reactions obtained in Chapters 3, 4 and 5. 

In all the processes, the catalytically active species were generated by mixing a rhodium(I) source and 

the BINAP ligand (L2) before hydrogenating the whole mixture. Our hypothesis was that the three 

processes start similarly, by the formation of rhodium carbene species A. Despite having studied the 

mechanism of the reactions in Chapters 3 and 5 both experimentally and theoretically, the initial 

formation of the rhodium carbene had not been explored in detail. 

As mentioned in the Introduction, N-tosylhydrazones have long been used as a source of diazo 

compounds by decomposition in the presence of a base, a process known as a Bamford-Stevens 

reaction (Scheme 6.2). The process involves an initial deprotonation followed by a p-toluenesulfinate 

anion dissociation. Diazo compounds can be isolated if mild temperatures (< 60 ºC) are employed, 

however, in most examples, the diazo compound thermally decomposes to form alkenes by loss of 

dinitrogen followed by a 1,2-hydrogen shift. 

 

Scheme 6.2 Bamford-Stevens reaction. 

When the decomposition is carried out in the presence of a metal that can trap the diazo compound, a 

metal carbene complex can be isolated. The formation of this metal carbene in the presence of 

rhodium(II) complexes has been studied, since rhodium(II) carbene complexes have been given a 
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wide range of applications in synthetic organic chemistry in recent decades, as detailed in Chapter 1. 

This mechanism has been postulated as taking place in two steps: the formation of a diazonium ion 

intermediate by complexation of the negatively polarised carbon of the diazo compound to the 

rhodium(II) complex (detected by optical spectroscopy and NMR),104 and the irreversible extrusion of 

N2, which is considered to be the rate-limiting step. Kinetic studies,105 the observation of a negative 

Hammett ρ value for a series of substituted α-diazophenylacetate substrates106 as well as 

computational studies107 provides support for the proposed mechanism. 

 

Scheme 6.3 Postulated mechanism for the formation of metal carbenes from diazocompounds. 

However, to the best of our knowledge, no reported studies have analysed the formation of metal 

carbene compounds directly from the N-tosylhydrazone in base-free conditions, as is the case of the 

methodologies that we have developed. Therefore, the aim of this last part of the thesis is to study this 

step in detail, attempting to resolve two doubts. Firstly, whether or not Rh-H intermediates are involved 

in the catalytic cycles that are postulated, and, secondly, why the use of a base is not necessary to 

obtain such reactivity and whether rhodium plays some role in this. 

In Chapter 6 we will obtain further insights into the reaction mechanism through the use of 

experimental techniques such as NMR and ESI-HRMS combined with computational studies. 

6.2. NMR studies 

In a first step we wanted to detect the Rh-H species that were postulated in the mechanistic studies in 

Chapters 3 and 5. To this end, we collaborated with Prof. Luca Gonsalvi from the Consiglio Nazionale 

delle Ricerche (CNR), where I was able search for these Rh-H species by NMR spectroscopy. 

Although the reaction conditions in the carbocyclisation reactions from Chapters 3, 4 and 5 are 

optimised with dichloroethane as a solvent, we wanted to test whether these reactions were also 

efficient using toluene, since its substantially lower melting point might enable the detection of the Rh-

H NMR signal at lower temperatures. For this study we used the substrate bearing two alkynes and 

the N-tosylhydrazone 1aa from Chapter 3 due to its stability and solubility in toluene and we run a 

reaction with a combination of BINAP and [Rh(cod)2]BF4, previously activated by bubbling H2. The 

experiment showed that the cyclisation also takes place in toluene. We therefore decided to carry out 

the NMR study using a toluene solution with 1aa and an equimolar mixture of the substrate and the 

catalyst in order to increase the concentration of the reactive intermediate species (Scheme 6.4). 
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Scheme 6.4 Rhodium-catalysed cyclisation studied by NMR. 

The purpose of the first set of experiments was to verify the formation of the complex 

[Rh(cod)(BINAP)]BF4 from the precursor [Rh(cod)2]BF4 and BINAP and the role of hydrogen gas in 

this step (Scheme 6.5). An equimolar mixture of [Rh(cod)2]BF4 and BINAP was dissolved in the 

minimum amount of CH2Cl2 and diluted with toluene-d8. The 31P{1H} NMR spectrum run at 293 K 

showed a partial formation of complex [Rh(cod)(BINAP)]BF4, as shown by the presence of a doublet 

centred at ca. 22 ppm (1JRhP = 145 Hz) and a singlet at -19 ppm corresponding to the uncomplexed 

BINAP (Figure 6.1, 1). The tube was then removed and H2 gas (1 atm) was bubbled through the 

solution for 30 minutes at room temperature. After this hydrogenation step, the sample was analysed 

again (Figure 6.1, 2). The signal due to the free ligand (-19 ppm, singlet) disappeared, suggesting 

complete formation of the [Rh(cod)(BINAP)]BF4 complex. Another doublet, which could correspond to 

a [Rh(BINAP)2]+ complex, centred at ca. 43 ppm (1JRhP = 205 Hz) appeared at a low intensity. No 

changes were observed when adding substrate 1aa to the catalytic mixture at room temperature 

(Figure 6.1, 3) and no signals were observed in the negative 1H NMR range under these conditions. 

Scheme 6.5 Reactions observed in the NMR experiment. 
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Figure 6.1 31P{1H} NMR (101 MHz, 293 K, toluene-d8:CH2Cl2 = 1:0.08) of a mixture of [Rh(cod)2]BF4 

(1.1 equiv.) and BINAP (1.0 equiv.). (1) Before bubbling H2 gas (1 atm); (2) after bubbling H2 at room 

temperature for 30 minutes; (3) after addition of the N-tosylhydrazone 1aa at room temperature. 

A second set of experiments was aimed at monitoring the changes in 1H and 31P{1H} NMR under the 

reaction conditions with the aim of detecting Rh-H signals. An equimolar mixture of [Rh(cod)2]BF4 and 

BINAP was dissolved in CH2Cl2 and bubbled with H2 for 30 minutes. It was then evaporated to dryness 

and toluene-d8 was added. A few drops of CH2Cl2 were added to increase the solubility. Once the 

complete formation of [Rh(cod)(BINAP)]BF4 complex was checked by 31P{1H} NMR spectroscopy, the 

N-tosylhydrazone 1aa was added at room temperature. The NMR tube was then heated to 75 °C for 

ca. 5 minutes in an oil bath and the tube was then placed back into the NMR probe. 31P{1H} NMR and 
1H NMR spectrum were run initially at 293 K only showing the presence of the [Rh(cod)(BINAP)]BF4 

complex (Figure 6.2, bottom). However, when the temperature of the probe was decreased to 253 K, a 

broad singlet at ca. -10 ppm was observed in the 1H NMR spectrum (Figure 6.2, top), which probably 

corresponded to the formation of a Rh-H bond, in agreement with the proposed mechanism (Scheme 

6.5). In the corresponding 31P{1H} NMR spectrum, a mixture of [Rh(cod)(BINAP)]BF4 and the 

unidentified complex (43 ppm, 1JRhP = 205 Hz) observed before was obtained. According to the 

proposed mechanism (Figure 3.12 and Scheme 3.21), this signal might correspond to a single Rh-H 

species (i.e. intermediates A to E in Figure 3.12) or a mixture thereof. A mixture of multiple 

intermediates could explain why the Rh-H signal has no multiplicity despite being attached to the Rh 

(S = 1/2) and also why no phosphorous signals corresponding to this new complex formed appear in 

the spectrum. However, further studies will be required to make a final attribution. 
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Figure 6.2 31P{1H} NMR (101 MHz, toluene-d8:CH2Cl2 = 1:0.08) (left) and 1H NMR (300 MHz) (negative 

range, right) of the mixture between [Rh(cod)(BINAP)]BF4 and the N-tosylhydrazone 1aa (1:1). Initial 

mixture before heating (bottom) and spectra of the mixture after five minutes of heating recorded at 

253 K (top). 

The experiment was continued by further heating the sample in the oil bath for an extra 5-10 minutes 

but this did not cause an increase in the amount of the intermediate being detected. The tube was 

then left at -4 °C (fridge) and checked again after three days but the putative intermediate had 

decomposed as no signals other than those belonging to complex [Rh(cod)(BINAP)]BF4 were 

observed. No crystals were observed either, only dark red oily droplets. 

A final set of experiments was carried out with the aim of increasing the concentration of the Rh-H 

species in solution as much as possible, and to achieve better quality spectrum for the 1H NMR broad 

singlet at ca. -10 ppm. The same conditions applied for the second experiment were used to prepare 

the sample but instead of heating in an oil bath, gradual heating was applied in a variable temperature 

VT NMR experiment (20 K steps). However, the signal at -10 ppm could not be observed under these 

experimental conditions. 

In summary, it can be concluded that an Rh-H intermediate can be observed after heating a solution of 

[Rh(cod)(BINAP)]BF4 and N-tosylhydrazone 1aa and that the best way to do so is by heating the 

sample in an oil bath at 75oC for five minutes and then cooling down to a spectrum of 253 K to record 

the NMR spectrum. 

6.3. ESI-HRMS studies 

We next decided to use ESI-HRMS as a means of probing transient species from the reaction mixture, 

due to the cationic nature of the catalytically active species, and postulated reaction intermediates. 
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The N-tosylhydrazone 1aa was again chosen to study the reaction by high resolution mass 

spectrometry in a Bruker micro Q-TOF spectrometer with a quadrupole-time-of-flight hybride analyser 

of the Serveis Tècnics de Recerca of the University of Girona. An equimolar amount of the catalyst 

was also used to increase the concentration of intermediate species (Scheme 6.6). 

  

Scheme 6.6 Rhodium-catalysed cyclisation studied by ESI-HRMS. 

The reaction was carried out at the optimised temperature (85 oC) and after 5 minutes an aliquot was 

taken and analysed by ESI-HRMS. The sample, prepared under inert conditions, was diluted with 

methanol to facilitate ionisation and injected into the mass spectrometer.108 We postulate that 

methanol is not only a better suited solvent for ESI-HRMS but also helps to stabilize the short-lived 

intermediates by forming solvent adducts or complexes that can be split in the ESI-HRMS source, 

facilitating their detection.109 The spectrum showed high intensity peaks at the 700-900 m/z ratio 

region, which were assigned to species derived from the catalyst: [Rh(BINAP)]+ at 725.1049, 

[Rh(BINAP)(H2O)]+ at 743.1073, [Rh(BINAP)(CH3CN)]+ at 766.1337, [Rh(BINAP)(cod)]+ at 

833.2003, [Rh(BINAP=O)(cod)]+ at 849.1844, and an unidentified species at 766.1337 (Figure 6.3). 

The oxidised species might have been formed in the same mass spectrometer because of the 

presence of traces of oxygen in the nebulizing nitrogen gas that was employed. 

 

Figure 6.3 ESI-HRMS spectrum after 5 minutes of reaction. 

More interestingly, low-intensity signals were also detected in the 1160-1230 m/z ratio region 

corresponding to the mass of the expected reaction intermediates. [Rh(BINAP)(58aa)]+ at 1181.2222, 

[Rh(BINAP=O)(58aa)]+ at 1197.2552 and [Rh(BINAP)(58aa)(CH3OH)]+ at 1213.2512 (Scheme 6.7). 
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Scheme 6.7 Possible observed fragmentations of the intermediate [RhH(BINAP)(58aa)]2+. 

Considering the mechanism proposed in Chapter 3 (Figure 3.12 and Scheme 3.21), the intermediate 

[RhH(BINAP)(58aa)]2+ could also be different intermediate species from the catalytic cycle that have 

the same mass (Figure 6.4). 

 

Figure 6.4 Possible structures of [RhH(BINAP)(58aa)]2+ 

The peak at 1181.2222 fits perfectly with the theoretical [Rh(BINAP)(58aa)]+ (Figure 6.5) that should 

be formed after a proton loss from the intermediates shown in Figure 6.4. 
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Figure 6.5 Experimental (top) and calculated (bottom) isotopic pattern for [Rh(BINAP)(58aa)]+. 

The MS/MS analysis showed that this peak suffered fragmentation resulting in a peak at 1026.2038 

corresponding to a homolytic cleavage of the tosyl group of the tether [Rh(BINAP)(58aa-Ts·)]·+ 

(Scheme 6.8) and peaks at 725.1016 and 743.1122 corresponding to the fragment [Rh(BINAP)]+ and 

[Rh(BINAP)(H2O)]+. 

 

 

Scheme 6.8 Observed fragmentations of the peak with m/z = 1181.2216. 

In an attempt to detect the intermediate still presenting the Rh-H bond as a doubly charged cation, an 

experiment was carried out by criospray ionisation mass spectrometry (CSI-MS) at -40 oC. However, 

the Rh-H bond was broken and the peak at 1181.2226 m/z ratio that we assigned to 
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[Rh(BINAP)(58aa)]+ was again obtained. The analysis of the reaction mixture after 30 or 60 minutes 

gave analogous results. 

In order to confirm the results obtained, we repeated the experiment changing both the substrate 1aa 

and the BINAP ligand for the 2-Ns-linked substrate 1ba and Tol-BINAP, respectively. The reaction was 

set up under the optimised reaction conditions using stoichiometric quantitites of the catalytic system 

and analysed by HRMS-TOF (Scheme 6.9). 

 

Scheme 6.9 Rhodium-catalysed cyclisation studied by ESI-HRMS. 

The mixture of compound 1ba and the catalyst was analysed under the same experimental conditions 

as above. The ESI-HRMS spectrum showed the signals expected for the catalytic species [Rh(Tol-
BINAP)(CH3CN)]+ at 822.1846, [Rh(Tol-BINAP)(cod)]+ at 889.2500 m/z ratio and [Rh(Tol-
BINAP=O)(cod)]+ at 905.2470 m/z ratio (Figure 6.6). In this case, a monocharged cationic species 

that was structurally analogous to the one previously observed at a m/z ratio of 1181.2206 for 1aa and 

BINAP was detected with significantly increased intensity at a m/z ratio of 1299.2053. 

 

Figure 6.6 ESI-HRMS spectrum after 5 minutes of reaction. 

The formation of the peak at 1299.2053 in the mass spectrum can again be explained by the loss of a 

H+ from the Rh-H intermediate to give [Rh(Tol-BINAP)(58ba)]+. The isotopic distribution of this 

intermediate fits perfectly with the one that is theoretically predicted (Scheme 6.10). 
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-  

Scheme 6.10 Observed fragmentations of the intermediate [RhH(Tol-BINAP)(58ba)]2+. 

This peak at an m/z ratio of 1299.2226 was isolated and fragmented under CID. The fragmentation 

pattern, which is shown in Figure 6.7, is analogous to the one already discussed for substrate 1aa: 

loss of the sulfonyl group on the tether to give [Rh(Tol-BINAP)(58ba)]+ at 1113.2194 and carbene 

decomplexation to form [Rh(Tol-BINAP)]+ at 781.1565. 

 

 

Figure 6.7 Expected fragmentations of the peak with m/z = 1299.2031. 

1299.2226

1300.2256

1301.2252

1302.2268
1303.2260

+MS, 55.5-58.6s #(55-58)

1299.2221

1300.2254

1301.2284

1302.2216
1303.2247

C69H58N4O8P2RhS2, M ,1299.22
0.0

0.2

0.4

0.6

0.8

5x10
Intens.

0

500

1000

1500

2000

1296 1298 1300 1302 1304 1306 1308 m/z

781.1565

903.1781 1113.2194

1299.2031

+MS2(1299.0000), 123.0-129.0s #(122-128)

0.00

0.25

0.50

0.75

1.00

1.25

5x10
Intens.

700 800 900 1000 1100 1200 1300 m/z

799.1670 

813.1513 



MECHANISTIC INSIGHTS INTO RHODIUM-CARBENE FORMATION 

Page 101 

In conclusion, ESI-HRMS experiments showed the presence of cationic rhodium carbene 

intermediates that we postulate as being formed by H+ loss from the Rh-H intermediate species 

postulated in the catalytic cycle. Attempts to detect intermediates preserving the Rh-H bond have, for 

the moment, been unsuccessful. 

6.4. DFT calculations  

In order to obtain further insight into the reaction mechanism and complement the experimental 

evidence gained by NMR and ESI-HRMS studies, we performed B3LYP/cc-pVDZ calculations using 

simplified models of the [Rh(BINAP)]+ (25) and the N-tosylhydrazone to reduce computational costs. In 

the case of the N-tosylhydrazone substrate, the simplification implied the consideration of only one 

non-terminal alkyne (Scheme 6.11). 

 

Scheme 6.11 Rhodium-catalysed cyclisation studied by DFT. 

Figure 6.8 shows the Gibbs energy profile for the formation of the simplified structure of the common 

intermediate F from Chapters 3, 4 and 5. The first step involves the coordination of the reagent with 

the catalyst to form a 16-electron rhodium(I) species in a square planar coordination geometry (B). 

This transformation is slightly exergonic by 6.4 kcal/mol. The hydrogen transfer from the N-

tosylhydrazone to the rhodium with concomitant complexation of the negatively polarised carbon of the 

pseudo-diazo compound then occurs to deliver intermediate C with a Gibbs energy barrier of 26.7 

kcal/mol. Two different pathways have been analysed from this intermediate C to form intermediate F. 

The first corresponds to a sequential dissociation of p-toluenesulfinate and nitrogen extrusion 

(analogous to the Bamford-Stevens reaction). A second option is an overall transformation in a 

concerted manner. In the sequential route, the first step consists of the p-toluenesulfinate anion 

dissociation to give an ionic pair (D) – a process which is endergonic by 7.6 kcal/mol – that afterwards 

completely dissociates to deliver diazoderivative E. N2 extrusion from diazoderivative E then forms the 

rhodium carbene F in a process which is endergonic by 11.6 kcal/mol. The whole process from C to F 

has an energy barrier of 18.5 kcal/mol. 
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Figure 6.8 Gibbs energy profile (in kcal/mol) of the rhodium-carbene formation. 

On the other hand, it was possible to accomplish the transformation of C to F in a concerted manner 

with a much more favourable Gibbs energy barrier of 9.9 kcal/mol that permits us to rule out the 

stepwise mechanism. This TS_CF transition state has a C-N distance of 1.725 Å, N-N of 1.195 Å and 

N-S of 2.027 Å, which indicates the formation and delivery of N2 and p-toluenesulfinate (Figure 6.9). 

             

Figure 6.9 Optimised structure (B3LYP/cc-pVDZ) for TS_CF. Distances in Å. 
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In order to obtain more information about the oxidation state of the metal, the carbene behaviour of the 

carbon attached to the rhodium and the charges of the intermediates, the effective oxidation state 

(EOS) was evaluated with the method developed by Dr. Pedro Salvador from the University of 

Girona.110 The EOS analysis uses the so-called effective atomic orbitals and their occupations to 

distribute the integer electrons among the atoms or fragments. This method has been used in previous 

ruthenium studies with excellent results.111 Intermediates C and F (Figure 6.10), which are 

representative of the intermediate structures in different parts of the catalytic cycle, were analysed. 

According to the requirements of the method, two fragments were defined in green and in purple in 

each of the intermediate structures. The analysis of C was obtained with a reliability of 90% (Figure 

6.10, left). With regards to the purple fragment, the carbon attached to the rhodium shows an sp3 

hybridisation and a Rh-C distance of 2.154 Å, with the total charge of the fragment being -1. The 

green fragment of intermediate C shows a global +2 charge. Since the BINAP ligand is neutral, the 

charge of this fragment can be explained either by a rhodium in a +3 oxidation state and a hydride or 

by a +1 oxidation state for the rhodium and the hydrogen in the form of a proton. 

On the other hand, the analysis of F was obtained with a reliability of 87% and a global charge of +2 

(Figure 6.10, right). Due to the release of a molecular nitrogen and the p-toluenesulfinate anion, the 

carbon attached to the rhodium has changed its hybridisation into an sp2 with a Rh-C distance of 2.234 

Å. Whereas the purple fragment is now neutral, the green one maintains the +2 global charge. This 

can be again explained in two different scenarios: rhodium(III)/hydride or rhodium(I)/proton. The latter 

would explain the results obtained by ESI-HRMS, which show a proton loss that leads to the singly 

charged species that is observed. Looking closely at the effective atomic orbitals (eff-AO) of the 

rhodium and hydrogen moiety, the last occupied eff-AO for the rhodium is seen to have an occupation 

of 0.53 whereas the only eff-AO of the hydrogen has an occupation of 0.41, which is consistent with a 

rhodium(I)/proton with a reliability index of 62%. The rhodium(III)/hydride would have 38% reliability, 

pointing to the first scenario. 

 
Figure 6.10 Effective oxidation state of intermediates C and F. 

We finally evaluated the rhodium-carbene formation reaction thorough a model substrate that does not 

have an alkyne that could coordinate to rhodium and found that the barriers obtained by DFT methods 

were much higher, indicating the importance of the alkyne coordination to facilitate the formation of the 

rhodium carbene. In the reactions found in Chapters 3, 4 and 5, all substrates bear at least one alkyne 
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and no base was necessary for those transformations. According to these DFT calculation results, the 

initial decomposition of N-tosylhydrazones without the presence of a base should not take place when 

removing the alkyne moiety. To further confirm this point, an experiment was planned. It is known from 

the literature that N-tosylhydrazones can be converted to sulfones using either iron or copper salts and 

base (Scheme 6.12).112 

 

Scheme 6.12 Iron- and copper-catalysed synthesis of sulfones. 

Therefore, we decided to synthesize benzylidene-N-tosylhydrazone 61a and diphenylmethylene-N-

tosylhydrazone 61b and react them under our previously optimised reaction conditions, in which 

carbenes are presumably generated and where we have observed a p-toluenesulfinate nucleophilic 

attack. As expected, no reaction was observed after 24 hours when the experiment was carried out 

without a base (Scheme 6.13). 

 
Scheme 6.13 Base-free rhodium-catalysed synthesis of sulfones. 

However, when K2CO3 was added to the reaction mixture together and the solvent was changed to 

1,2-dichloropropane to increase the reaction temperature, compounds 62a and 62b were obtained in 

82% and 90% yields, respectively (Scheme 6.14). We tried to use this reaction to obtain sulfonates in 

an enantioselective manner but, unfortunately, the use of non-symmetric benzophenone derivatives as 

substrates invariably provides racemic products. All the attempts carried out changing the reaction 

conditions or even changing the electronic or steric hindrance properties of the substrates were 

unsuccesful. We postulate that the acidity of the proton in the stereogenic centre is high and that 

racemisation might occur in the basic reaction media in which the reaction takes place.  

 
Scheme 6.14 Rhodium-catalysed synthesis of sulfones. 
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The experiments carried out demonstrate the feasibility of using this rhodium catalytic system to 

achieve sulfones when a base is present to afect N-tosylhydrazone decomposition, pointing to the 

different carbene formation mechanism operating when there is no alkyne chain present in the 

substrate that can coordinate to rhodium. 

Overall, in this Chapter 6 we have demonstrated the presence of Rh-H intermediates in the catalytic 

cycle by direct detection in 1H NMR, and ESI-HRMS experiments have shown intermediates that may 

be formed from these Rh-H intermediates and the loss of a H+. DFT studies indicate that the formation 

of the rhodium carbene takes place in a concerted manner through the release of N2 and the p-

toluenesulfinate and also highlights the importance of having an alkyne chain to obtain this base-free 

process. 
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In Chapter 3 we have described the use of a catalytic system composed of a cationic rhodium source 

and BINAP as a ligand to generate a purely donor rhodium(I) carbene. The metal carbene formed in 

this way was involved in a cascade process that leads to the stereoselective formation of sulfonated 

azacyclic frameworks in a series of substrates. A plausible mechanism that accounts for all of the 

experimental data obtained was proposed based on the cooperative use of experimental and 

computational techniques. The work was pioneer in the generation and reactivity of rhodium(I) 

carbenes generated from arylsulfonylhydrazones for the preparation of complex molecular 

architectures in a stereoselective manner. 

In Chapter 4 we describe the development of a cascade that explores the carbene/alkyne metathesis 

as an entry to rhodium vinyl carbenes that can cyclopropanate a tethered olefin. In this way we were 

able to enantioselectively synthesize various chiral vinylcyclopropane scaffolds in an efficient manner 

using again N-tosylhydrazones as an in situ source of the diazo compound. 

In Chapter 5 we described the development of a cascade that explores the carbene/alkyne metathesis 

affording again rhodium vinyl carbenes and their further reactivity with allenes that leads to the 

stereoselective formation of methylenetetrahydropyran scaffolds. The use of N-tosylhydrazones also 

provided the diazo compound under base-free conditions, therefore generating purely donor 

rhodium(I) carbenes. Apart from the methodological development, the mechanism of the process has 

been studied both by means of experimental and theoretical tools. Rhodium-trimethylenemethane 

intermediates are proposed as key intermediates that shift the reactivity towards cyclisation. Improving 

our results from Chapter 3, the attack of the sulfinate was obtained in a regio- and enantioselective 

manner, even when its electronic properties are changed. This third contribution to the carbene/alkyne 

metathesis field, demonstrates the feasibility of the methodology.  

Finally, in Chapter 6 we detected Rh-H intermediates by 1H NMR, and ESI-HRMS experiments 

showed species that may be formed from these Rh-H intermediates and the loss of a H+. DFT studies 

indicate that the formation of the rhodium carbene takes place in a concerted manner through the 

release of N2 and the p-toluenesulfinate, and also highlights the importance of having an alkyne chain 

to obtain this base-free process. 
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8.1. General materials and instrumentation 

8.1.1. General conditions 

MATERIALS 

Unless otherwise noted, materials were obtained from commercial suppliers and used without further 

purification. All reactions requiring anhydrous conditions were conducted in oven dried glassware 

under a dry nitrogen atmosphere. Dichloromethane and tetrahydrofurane were degassed and dried 

under nitrogen by passing through solvent purification columns (MBraun, SPS-800). Solvents were 

removed under reduced pressure with a rotary evaporator. When necessary, reaction mixtures were 

chromatographed on silica gel (230-400 mesh) using a gradient solvent system as the eluent. All 

cyclisation reactions were carried out using Schlenk techniques. 

SPECTROSCOPY 

- NMR spectroscopy: All 1H and 13C NMR spectra were recorded using Bruker Ultrashield 

AVANCE III 400 (400 MHz) and Bruker Ultrashield DPX300 (300 MHz) spectrometers of the 

Serveis Tècnics de Recerca of the University of Girona. Chemical shifts (δ) for 1H and 13C 

NMR were referenced to internal solvent resonances and reported relative to SiMe4.  

 

- Infrared spectra were recorded on a Bruker Alpha FT-IR spectrometer with a DTGS detector 

and an ATR adapter or a FT-IR spectrophotometer Mattson-Galaxy Satellite, using a MKII 

Golden Gate Single Reflection ATR System of the Chemistry Department of the University of 

Girona. 

SPECTROMETRY 

- Electrospray Mass Spectrometry analyses were recorded on an Esquire 6000 Ion Trap 

Mass Spectrometer (Bruker) equipped with an electrospray ion source of the Serveis Tècnics 

de Recerca of the University of Girona. 

 

- High Resolution Mass Spectrometry analyses were registered in Bruker Micro Q-TOF 

spectrometer with a Quadrupole-Time-Of-Flight hybrid analyser of the Serveis Tècnics de 

Recerca of the University of Girona. 
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CHROMATOGRAPHY 

- Thin Layer Chromatography (TLC) were performed with pre-coated (0.20 mm width) 

chromatography plates Alugram Sil G/UV254. 

 

- Column Chromatography were performe using silica gel SDS with a 35-70 µm mesh particle 

size. 

 

- High Performance Liquid Chromatography were recorded with a CHIRALPAK AD-H 

column (4.6 x 250 mm, 5 µm) or CHIRALPAK IC column (4.6 x 250 mm, 5 µm) in a Spectra 

System Thermo (Shimadzu) apparatus equipped with an SN4000 connector, SCM1000 

degaser, P2000 pump and UV6000LP detector with a 20 µL loop. 

 

Elemental analyses were recorded on a Perkin Elmer EA2400 series II in the Serveis Tècnics of the 

University of Girona. 

 

Optical rotations were recorded on a JASCO P-2000 polarimeter at the sodium K line at room 

temperature (concentration in g/100 mL) of the University of Barcelona. 

 

Microwave heating: a CEM Discover S-Class microwave synthesizer was used (250 W/250psi). 

Microwave heated reactions were performed in sealed vials in an Ethos SEL Lab station Milestone 

INC.), a multimode microwave with a dual magnetron (1600 W). During the experiments, the time, 

temperature, and the power were measured with an “EasyControl” sofware package. The temperature 

was monitored and controlled throughout the reaction by an ATC-400FO Automatic Fiber Optic 

Temperature Control system. The wattage was automatically adjusted to maintain the desired 

temperature for the desired period of time.  
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8.2. Experimental procedure for the products synthesised in   
Chapter 3 

8.2.1. Synthesis of substrates 

8.2.1.1. Synthesis of acetal 4a 

 

A mixture of N-tosylprop-2-yn-1-amine 9a113 (1.76 g, 8.41 mmol), 1,4-dichloro-2-butyne (3.28 mL, 

26.89 mmol) and anhydrous potassium carbonate (5.81 g, 42.04 mmol) in acetonitrile (250 mL) was 

stirred at refluxed for 3 hours (TLC monitoring). The mixture was cooled to room temperature, the salts 

were filtered off, and the solvent removed by vacuum evaporation. The oily residue was purified by 

column chromatography on silica gel (hexane/ethyl acetate, 10:0 to 7:3) to afford 5a as a colourless oil 

(2.03 g, 82%). MW: 295.78 g/mol; IR (ATR) ν (cm-1): 2852, 1347, 1159; 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.19 (t, 4J = 2.4 Hz, 1Ha), 2.43 (s, 3HTs), 3.95 (t, 5J = 2.0 Hz, 2Hg), 4.12 (d, 4J = 2.4 Hz, 2Hc), 

4.22 (t, 5J = 2.0 Hz, 2Hd), 7.31 (d, 3J = 8.0 Hz, 2HTs), 7.78 (d, 3J = 8.0 Hz, 2HTs); 13C NMR (100 MHz, 
CDCl3) δ (ppm): 21.7 (CTs), 30.0 (Cg), 36.6 (Cc), 36.6 (Cd), 74.2 (Ca), 76.3 (Cf), 79.1 (Cb), 80.6 (Ce), 

128.0 (2CTs), 129.8 (2CTs), 135.2 (CTs), 144.2 (CTs); ESI-MS (m/z): 296.0 [M+H]+, 318.0 [M+Na]+, 

334.0 [M+K]+; EA: calculated for C14H14ClNO2S: C, 56.85; H, 4.77; N, 4.74; found: C, 56.35; H, 4.41; 

N, 4.64.  

To a solution of tosyl chloride (5.02 g, 26.33 mmol) in anhydrous CH2Cl2 (175 mL) were added 

triethylamine (4.00 mL, 28.70 mmol) and 2,2-diethoxyethanamine 7 (4.25 mL, 29.23 mmol). The 

solution was stirred for 1 hour (TLC monitoring). The crude was subsequently washed with a 1M 

aqueous solution of hydrochloric acid (3 x 100 mL), a saturated aqueous solution of sodium 

bicarbonate (3 x 100 mL) and water (3 x 100 mL). The organic layer was dried (Na2SO4) and the 

solvent removed by vacuum evaporation to afford 6a as a colourless solid (7.16 g, 95%). MW: 287.37 

g/mol; m.p.: 71-73 oC; IR (ATR) ν (cm-1): 3255, 2919, 1324, 1167; 1H NMR (400 MHz, CDCl3) δ 
(ppm): 1.17 (t, 3J = 7.2 Hz, 6HOCH2CH3), 2.43 (s, 3HTs), 3.03 (dd, 3J = 5.6 Hz / 3J = 6.4 Hz, 2Hh), 3.47 

(dq, 2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.64 (dq, 2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 4.46 (t, 3J = 

5.6 Hz, 2Hi), 4.66 (t, 3J = 6.4 Hz, 1HNH), 7.29 (d, 3J = 8.0 Hz, 2HTs), 7.73 (d, 3J = 8.0 Hz, 2HTs); 13C 
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NMR (75 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 21.6 (CTs), 45.6 (Cg), 63.3 (2COCH2CH3), 100.9 (Ci), 

127.2 (2CTs), 129.9 (2CTs), 137.0 (CTs), 143.7 (CTs); ESI-MS (m/z): 310.1 [M+Na]+, 597.0 [2M+Na]+; 

EA: calculated for C13H21NO4S: C, 54.33; H, 7.37; N, 4.87; found: C, 54.48 and 54.47; H, 7.41 and 

7.59; N, 5.01 and 4.92.  

A mixture of 5a (0.19 g, 0.66 mmol), 6a (0.18 g, 0.63 mmol) and anhydrous potassium carbonate (0.35 

g, 2.52 mmol) in acetonitrile (12 mL) was stirred at reflux for 5 hours (TLC monitoring). The mixture 

was cooled to room temperature, the salts were filtered off, and the solvent removed by vacuum 

evaporation. The oily residue was purified by column chromatography on silica gel (hexane/ethyl 

acetate 7:3) to afford 4a (0.25 g, 71%) as a colourless solid. MW: 546.70 g/mol; m.p.: 72-74 oC; IR 
(ATR) ν (cm-1): 2981, 1329, 1161; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.21 (t, 3J = 7.2 Hz, 

6HOCH2CH3), 2.08 (t, 4J = 2.4 Hz, 1Ha), 2.43 (s, 3HTs), 2.44 (s, 3HTs), 3.12 (d, 3J = 5.6 Hz, 2Hh), 3.55 (dq, 
2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.73 (dq, 2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.86 (d, 4J = 2.4 

Hz, 2Hc), 3.88 (t, 5J = 1.8 Hz, 2Hd), 4.17 (t, 5J = 1.8 Hz, 2Hg), 4.64 (t, 3J = 5.6 Hz, 1Hi), 7.28 (d, 3J = 8.4 

Hz, 2HTs), 7.31 (d, 3J = 8.4 Hz, 2HTs), 7.62 (d, 3J = 8.4 Hz, 2HTs), 7.69 (d, 3J = 8.4 Hz, 2HTs); 13C NMR 
(75 MHz, CDCl3) δ (ppm): 15.5 (2COCH2CH3), 21.7 (CTs), 36.1 (Cc), 36.3 (Cd), 38.6 (Cg), 48.8 (Ch), 63.8 

(2COCH2CH3), 74.1 (Ca), 76.2 (Cb), 77.8 (Cf), 79.4 (Ce), 103.1 (Ci), 127.7 (2CTs), 127.9 (2CTs), 129.7 

(2CTs), 135.3 (2CTs), 136.2 (2CTs), 143.9 (CTs), 144.2 (CTs); ESI-MS (m/z): 569.2 [M+Na]+, 585.1 

[M+K]+; EA: calculated for C27H34N2O6S2: C, 59.32; H, 6.27; N, 5.12; found: C, 59.58 and 59.41; H, 

6.41 and 6.48; N, 5.12 and 5.12. 

8.2.1.2. Synthesis of acetal 4b 

 

To a solution of 2-nitrobenzenesulfonyl chloride 8b (1.00 g, 4.51 mmol) in anhydrous CH2Cl2 (30 mL) 

were added triethylamine (0.68 mL, 5.02 mmol) and propargylamine 11 (0.3 mL, 4.59 mmol). The 

solution was stirred for 1 hour (TLC monitoring). The crude was subsequently washed with a 1M 

aqueous solution of hydrochloric acid (3 x 20 mL), a saturated aqueous solution of sodium bicarbonate 

(3 x 20 mL) and water (3 x 20 mL). The organic layer was dried (Na2SO4) and the solvent removed by 

vacuum evaporation to afford 9b as a colourless solid (0.87 g, 81%). MW: 240.23 g/mol; m.p.: 92-94 
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oC; IR (ATR) ν (cm-1): 3343, 3292, 1524, 1369, 1341, 1160; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.98 

(t, 4J = 2.4 Hz, 1Ha), 4.02 (d, 4J = 2.4 Hz, 2Hc), 5.71 (bs, 1HNH), 7.74-7.80 (m, 2H2-Ns), 7.92 (m, 1H2-Ns), 

8.20 (m, 1H2-Ns); 13C NMR (75 MHz, CDCl3) δ (ppm): 33.5 (Cc), 73.4 (Ca), 77.5 (Cb), 125.7 (C2-Ns), 

131.7 (C2-Ns), 133.1 (C2-Ns), 133.98 (C2-Ns), 134.08 (C2-Ns), 148.13 (C2-Ns); ESI-MS (m/z): 241.0 [M+H]+, 

262.9 [M+Na]+, 278.9 [M+K]+; EA: calculated for C9H8N2O4S: C, 45.00; H, 3.36; N, 11.66; found: C, 

44.79 and 44.99; H, 3.00 and 2.97; N, 11.59 and 11.59. 

A mixture of 9b (0.82 g, 3.43 mmol), 1,4-dichloro-2-butyne (1.33 mL, 13.72 mmol) and anhydrous 

potassium carbonate (2.37 g, 17.15 mmol) in acetonitrile (100 mL) was stirred at reflux for 1 hour (TLC 

monitoring). The mixture was cooled to room temperature, salts were filtered off, and the solvent 

removed by vacuum evaporation. The oily residue was purified by column chromatography on silica 

gel (hexane/ethyl acetate, 10:0 to 7:3) to afford 5b as a waxy colourless solid (0.96 g, 86%). MW: 

326.75 g/mol; IR (ATR) ν (cm-1): 3306, 1540, 1352, 1166; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.25 

(t, 4J = 2.4 Hz, 1Ha), 4.03 (t, 5J = 2.2 Hz, 2Hg), 4.29 (d, 4J = 2.4 Hz, 2Hc), 4.36 (t, 5J = 2.2 Hz, 2Hd), 

7.67-7.76 (m, 3H2-Ns), 8.08 (m, 1H2-Ns); 13C NMR (75 MHz, CDCl3) δ (ppm): 30.0 (Cg), 37.0 (Cc,d), 74.4 

(Ca), 76.4 (Cf), 79.2 (Cb), 80.7 (Ce), 124.6 (C2-Ns), 131.4 (C2-Ns), 132.1 (C2-Ns), 132.5 (C2-Ns), 134.2 (C2-

Ns), 148.3 (C2-Ns); ESI-MS (m/z): 327.0 [M+H]+, 348.9 [M+Na]+; EA: calculated for C13H11ClN2O4S: C, 

47.79; H, 3.39; N, 8.57; found: C, 47.94 and 47.97; H, 3.05 and 3.26; N, 8.42 and 8.51. 

To a solution of 2-nitrobenzenesulfonyl chloride 8b (1.00 g, 4.51 mmol) in anhydrous CH2Cl2 (30 mL) 

were added triethylamine (0.7 mL, 5.02 mmol) and 2,2-diethoxyethanamine 7 (0.7 mL, 4.81 mmol). 

The solution was stirred for 1 hour (TLC monitoring). The crude was subsequently washed with a 1M 

aqueous solution of hydrochloric acid (3 x 20 mL), a saturated aqueous solution of sodium bicarbonate 

(3 x 20 mL) and water (3 x 20 mL). The organic layer was dried (Na2SO4) and the solvent removed by 

vacuum evaporation to afford 6b as a waxy colourless solid (1.23 g, 86%). MW: 318.34 g/mol; IR 
(ATR) ν (cm-1): 2978, 1538, 1342, 1165; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.15 (t, 3J = 7.2 Hz, 

6HOCH2CH3), 3.20 (d, 3J = 5.6 Hz, 2Hh), 3.47 (dq, 2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.64 (dq, 2J = 9.6 

Hz / 3J = 7.2 Hz, 2HOCH2CH3), 4.51 (t, 3J = 5.6 Hz, 2Hi), 5.64 (bs, 1HNH), 7.73-7.77 (m, 2HHAr), 7.89 (m, 

1HHAr), 8.13 (m, 1HHAr); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.3 (2COCH2CH3), 46.2 (Ch), 63.4 

(2COCH2CH3), 100.6 (Ci), 125.6 (C2-Ns), 131.1 (C2-Ns), 133.0 (C2-Ns), 133.8 (2C2-Ns), 148.1 (C2-Ns); ESI-MS 
(m/z): 341.0 [M+Na]+; EA: calculated for C12H18N2O6S: C, 45.28; H, 5.70; N, 8.80; found: C, 45.36; H, 

5.91; N, 8.79. 

A mixture of 5b (0.69 g, 2.11 mmol), 6b (0.67 g, 0.69 mmol) and anhydrous potassium carbonate 

(1.46 g, 3.45 mmol) in acetonitrile (45 mL) was stirred at reflux for 3 hours (TLC monitoring). The 

mixture was cooled to room temperature, salts were filtered off, and the solvent removed by vacuum 

evaporation. The oily residue was purified by column chromatography on silica gel (hexane/ethyl 

acetate 6:4) to afford 4b (0.99 g, 77%) as a waxy colourless solid. MW: 608.64 g/mol; IR (ATR) ν (cm-

1): 2978, 1540, 1355, 1162; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.19 (t, 3J = 7.2 Hz, 6HOCH2CH3), 2.19 

(t, 4J = 2.4 Hz, 1Ha), 3.37 (d, 3J = 5.2 Hz, 2Hh), 3.53 (dq, 2J = 9.2 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.70 

(dq, 2J = 9.2 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 4.10 (d, 4J = 2.4 Hz, 2Hc), 4.13 (t, 5J = 2.0 Hz, 2Hd), 4.31 (t, 
5J = 2.0 Hz, 2Hg), 4.59 (t, 3J = 5.2 Hz, 1Hi), 7.65-7.67 (m, 2H2-Ns), 7.71-7.75 (m, 4H2-Ns), 8.00-8.02 (m, 

2H2-Ns); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 36.6 (Cc), 36.8 (Cd), 38.79 (Cg), 49.1 
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(Ch), 63.9 (2COCH2CH3), 74.4 (Ca), 76.2 (Cb), 78.2 (Cf), 79.6 (Ce), 102.8 (Ci), 124.4 (C2-Ns), 124.6 (C2-Ns), 

130.8 (C2-Ns), 131.2 (C2-Ns), 132.0 (C2-Ns), 132.1 (C2-Ns), 132.4 (C2-Ns), 132.8 (C2-Ns), 134.1 (C2-Ns), 134.3 

(C2-Ns), 148.3 (C2-Ns), 148.4 (C2-Ns); ESI-MS (m/z): 563.0 [M+Na]+; EA: calculated for C25H28N4O10S2: 

C, 49.34; H, 4.64; N, 9.21; found: C, 49.20 and 49.35; H, 4.92 and 4.79; N, 8.98 and 8.99. 

8.2.1.3. Synthesis of acetal 4c 

 

Diethyl 2-(2,2-diethoxyethyl)malonate 6c114 (2.00 g, 7.23 mmol) in THF (15 mL) was added slowly to a 

suspension of NaH (60% dispersion in mineral oil, 0.35 g, 8.69 mmol) in THF (15 mL) at room 

temperature under N2, and the mixture was then stirred at room temperature for 1h. 1,4-dichloro-2-

butyne 10 (3.53 g, 28.9 mmol) in THF (15 mL) was added dropwise, and the mixture was stirred at 

room temperature for 24 hours. Water was added to quench the reaction, and the mixture was 

extracted with EtOAc (3 x 40 mL). The combined organic extracts were washed with brine, dried over 

Na2SO4, filtered and concentrated. The excess of 1,4-dichloro-2-butyne was removed by flash 

chromatography on silica gel using hexane:EtOAc (10:0 to 7:3) as eluent giving an inseparable 

mixture of non-reacted starting material and 17c (1.6 g, 1:0.37 by NMR) which was used without 

further purification in the next reaction. 

The previously obtained mixture of diethyl 2-(2,2-diethoxyethyl)malonate and 17c (0.50 g) was reacted 

with N-tosylprop-2-yn-1-amine113 (1.30 g, 3.58 mmol) and anhydrous potassium carbonate (2.00 g, 

14.34 mmol) in acetonitrile (30 mL) at reflux for 3 hours (TLC monitoring). The mixture was cooled to 

room temperature, the salts were filtered off, and the solvent removed by vacuum evaporation. The 

oily residue was purified by column chromatography on silica gel (hexane/ethyl acetate, 8:2) to afford 

4c as colourless oil (2.03 g, 84 %, 2 steps). MW: 535.65 g/mol; IR (ATR) ν (cm-1): 2978, 1731, 1351, 

1161; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.16 (t, 3J = 6.9 Hz, 6HOCH2CH3), 1.23 (t, 3J = 7.1 Hz, 

6HCO2CH2CH3), 2.09 (t, 4J = 2.4 Hz, 1Ha), 2.32 (d, 3J = 5.9 Hz, 2Hh), 2.43 (s, 3HTs), 2.77 (t, 4J = 2.1 Hz, 

2Hg), 3.41 (dq, 2J = 9.2 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 3.73 (dq, 2J = 9.2 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 

4.09 (t, 5J = 1.8 Hz, 2Hd), 4.13-4.14 (m, 2Hc), 4.10-4.20 (m, 4HCO2CH2CH3), 4.46 (t, 3J = 5.9 Hz, 1Hi), 

7.31 (d, 3J = 8.4 Hz, 2HTs), 7.69 (d, 3J = 8.4 Hz, 2HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 14.1 

(2COCH2CH3), 15.3 (2CCO2CH2CH3), 21.7 (2CTs), 23.4 (Cg), 35.9 (Ch), 36.1 (Cd), 36.7 (Cc), 54.6 (Cg’), 61.7 

(2COCH2CH3), 62.2 (2CCO2CH2CH3), 74.0 (Ca), 75.74 (Ce), 79.3 (Cb), 81.2 (Cf), 100.2 (Ci), 128.0 (2CTs), 

129.7 (2CTs), 135.3 (CTs), 144.0 (CTs), 170.0 (2CCO2Et); ESI-MS (m/z): 558.2 [M+Na]+; EA: calculated 

for C27H37NO8S(H2O)0.5: C, 59.54; H, 7.03; N, 2.57; found: C, 60.10 and 59.87; H, 6.68 and 6.52; N, 

2.57 and 2.60. 



CHAPTER 8 
 

Page 119 

8.2.1.4. Synthesis of acetal 4d 

 

2,2-diethoxy-N-tosylethanamine, 6a (0.43 g, 3.48 mmol) was added to a solution of 4-(prop-2-yn-1-

yloxy)but-2-yn-1-ol 5d115 (1 g, 3.48 mmol) and PPh3 (1.19 g, 4.54 mmol) in THF (15 mL) at room 

temperature under N2. After 10 minutes, diisopropyl azodicarboxylate (DIAD, 0.91 mL, 0.89 mmol) was 

added and the resulting reaction mixture was stirred for 24 hours. Water was then added followed by 

extraction with Et2O (3 x 15 mL). The combined organic layers were washed with brine, dried over 

Na2SO4 and concentrated under reduce pressure. The oily residue was purified by column 

chromatography on silica gel (hexane/ethyl acetate, 8:2) to afford 4d as colourless oil (0.78 g, 60 %). 
MW: 393.50 g/mol; IR (ATR) ν (cm-1): 2977, 1343, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.22 (t, 

3J = 7.2 Hz, 6HOCH2CH3), 2.42 (s, 3HTs), 2.46 (t, 4J = 2.4 Hz, 1Ha), 3.25 (d, 3J = 5.4 Hz, 2Hh), 3.57 (dq, 2J 

= 9.4 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.73 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.97-3.98 (m, 2Hc,d), 

4.33 (t, 5J = 2.0 Hz, 2Hg), 4.69 (t, 3J = 5.4 Hz, 1Hi), 7.30 (d, 3J = 8.2 Hz, 2HTs), 7.74 (d, 3J = 8.2 Hz, 

2HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 21.6 (CTs), 38.6 (Cg), 48.6 (Ch), 56.1 

(Cc/d), 56.3 (Cc/d), 63.5 (2CCO2CH2CH3), 75.0 (Ca), 78.8 (Cb), 80.3 (Ce/f), 80.3 (Ce/f), 102.8 (Ci), 127.7 

(2CTs), 129.5 (2CTs), 136.1 (CTs), 143.6 (CTs); ESI-MS (m/z): 416.1 [M+Na]+, 432.1 [M+K]+; EA: 

calculated for C20H27NO5S: C, 61.05; H, 6.92; N, 3.56; found: C, 60.69 and 60.66; H, 7.00 and 7.04; N, 

3.80 and 3.81. 

8.2.1.5. Synthesis of acetal 21 

 

A mixture of 2,2-diethoxy-N-tosylethanamine 6a (0.40 g, 1.44 mmol), 1,4-dichloro-2-butyne 10 (0.14 

mL, 5.76 mmol) and anhydrous potassium carbonate (1.2 g, 7.2 mmol) in acetonitrile (15 mL) was 

stirred at refluxed for 2.5 hours (TLC monitoring). The mixture was cooled to room temperature, salts 

were filtered off, and the solvent removed by vacuum evaporation. The oily residue was purified by 

column chromatography on silica gel (hexane/ethyl acetate, 10:0 to 8:2) to afford 17a as colourless oil 

(0.38 g, 71%). MW: 373.89 g/mol; IR (ATR) ν (cm-1): 2976, 1347, 1159; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 1.22 (t, 3J = 6.9 Hz, 6HOCH2CH3), 2.43 (s, 3HTs), 3.22 (d, 3J = 5.6 Hz, 2Hh), 3.53 (dq, 2J = 9.3 Hz / 
3J = 6.9 Hz, 2HOCH2CH3), 3.74 (dq, 2J = 9.3 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 3.84 (t, 5J = 2.1 Hz, 2Hd), 4.33 

(t, 5J = 2.1 Hz, 2Hg), 4.68 (t, 3J = 5.6 Hz, 1Hi), 7.31 (d, 3J = 8.4 Hz, 2HHAr), 7.74 (d, 3J = 8.4 Hz, 2HHAr); 

13C NMR (75 MHz, CDCl3) δ (ppm): 15.52 (2COCH2CH3), 21.66 (CTs), 38.59 (2Cd,g), 48.80 (Ch), 63.82 

(2COCH2CH3), 78.78 (2Ce,f), 103.16 (Ci), 127.66 (2CTs), 129.64 (2CTs), 136.21 (CTs), 143.88 (CTs); ESI-
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MS (m/z): 396.1 [M+Na]+; EA: calculated for C17H24ClNO4S: C, 54.61; H, 6.47; N, 3.75; found: C, 

54.93; H, 6.0; N, 3.75. 

A mixture of 17a (0.38 g, 1.02 mmol), N-(but-2-yn-1-yl)tosylamide 6a (0.23 g, 1.02 mmol) and 

anhydrous potassium carbonate (0.84 g, 6.12 mmol) in acetonitrile (10 mL) was stirred at reflux for 3.5 

h (TLC monitoring). The mixture was cooled to room temperature, salts were filtered off, and the 

solvent removed by vacuum evaporation. The oily residue was purified by column chromatography on 

silica gel (hexane/ethyl acetate 8:2) to afford 21 (0.243 g, 88%) as a colourless solid. MW: 560.72 

g/mol; m.p.: 81-82 oC; IR (ATR) ν (cm-1): 2975, 1351, 1162; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.21 

(t, 3J = 7.2 Hz, 6HOCH2CH3), 1.60 (t, 5J = 2.4 Hz, 3Ha), 2.42 (s, 3HTs), 2.45 (s, 3HTs), 3.13 (d, 3J = 5.6 Hz, 

2Hh), 3.55 (dq, 2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.73 (dq, 2J = 9.6 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 

3.79 (q, 5J = 2.4 Hz, 2Hc), 3.85 (t, 5J = 1.8 Hz, 2Hd/g), 4.18 (t, 5J = 1.8 Hz, 2Hd/g), 4.64 (t, 3J = 5.6 Hz, 

1Hi), 7.29 (d, 3J = 8.4 Hz, 2HTs), 7.31 (d, 3J = 8.4 Hz, 2HTs), 7.62 (d, 3J = 8.4 Hz, 2HTs), 7.69 (d, 3J = 

8.4 Hz, 2HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 3.5 (Ca), 15.5 (2COCH2CH3), 21.6 (CTs), 21.7 (CTs), 

36.3 (CCH2), 36.6 (CCH2), 38.7 (CCH2), 48.8 (Ch), 63.8 (2COCH2CH3), 71.3 (CC≡C), 78.1 (CC≡C), 79.0 (CC≡C), 

82.0 (CC≡C), 103.1 (Ci), 127.7 (2CTs), 127.9 (2CTs), 129.5 (2CTs), 129.7 (2CTs), 135.4 (CTs), 136.1 (CTs), 

143.9 (CTs), 143.9 (CTs); ESI-MS (m/z): 578.2 [M+NH4]+; EA: calculated for C28H36N2O6S2: C, 59.98; H, 

6.47; N, 5.00; found: C, 60.11 and 59.67; H, 6.18 and 5.91; N, 5.05 and 5.05. 

8.2.1.6. Synthesis of aldehydes 2 and 22 

 

General procedure for 2 and 22.
 50 A mixture of 4a (0.50 g, 0.91 mmol) and iodine (75 mg, 0.3 mmol) 

in acetone (50 mL) was stirred at room temperature for 24 hours (TLC monitoring). Acetone was then 

removed under vacuum and the residue was diluted with CH2Cl2 (50 mL). The mixture was washed 

successively with 5% aqueous Na2S2O3 (3 x 20 mL), H2O (3 x 20 mL) and brine (3 x 20 mL). The 

organic layer was dried (Na2SO4), concentrated in vacuo and purified by column chromatography on 

silica gel (hexane/ethyl acetate 1:1) to afford 2a (0.27 g, 62%) as a colourless solid. MW: 472.58 

g/mol; m.p.: 96-97 oC; IR (ATR) ν (cm-1): 2924, 1726, 1346, 1156; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 2.12 (t, 4J = 2.4 Hz, 1Ha), 2.43 (s, 3HTs), 2.45 (s, 3HTs), 3.83 (d, 3J = 1.2 Hz, 2Hh), 3.92 (d, 4J = 

2.4 Hz, 2Hc), 3.96 (t, 5J = 1.8 Hz, 2Hd/g), 4.05 (t, 5J = 1.8 Hz, 2Hd/g), 7.30 (d, 3J = 8.4 Hz, 2HTs), 7.34 (d, 
3J = 8.4 Hz, 2HTs), 7.65 (d, 3J = 8.4 Hz, 2HTs), 7.67 (d, 3J = 8.4 Hz, 2HTs), 9.57 (t, 3J = 1.2 Hz, 1Hi); 13C 
NMR (75 MHz, CDCl3) δ (ppm): 21.7 (CTs), 21.7 (CTs), 36.3 (Cd/g), 36.4 (Cd/g), 38.9 (Cc), 55.9 (Ch), 

74.3 (Ca), 76.1 (Cb), 78.1 (Ce/f), 79.5 (Ce/f), 127.7 (2CTs), 127.9 (2CTs), 129.8 (2CTs), 130.05 (2CTs), 

134.94 (CTs), 135.14 (CTs), 144.35 (CTs), 144.64 (CTs), 197.18 (Ci); ESI-MS (m/z): 495.1 [M+Na]+, 

511.1 [M+K]+, 527.1 [M+CH3OH+Na]+, 543.1 [M+CH3OH+K]+; EA: calculated for C23H24N2O5S2: C, 

58.46; H, 5.12; N, 5.93; found: C, 58.30 and 58.13; H, 4.84 and 4.96; N, 5.81 and 5.75.  
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Compound 2b (67% yield), colourless solid. MW: 534.51 g/mol; m.p.: 60-61 
oC; IR (ATR) ν (cm-1): 3287, 1732, 1538, 1351, 1160; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.22 (t, 4J = 

2.4 Hz, 1Ha), 4.14 (d, 4J = 2.4 Hz, 2Hc), 4.19 (t, 5J = 1.6 Hz, 2Hd/g), 4.23 (t, 5J = 1.6 Hz, 2Hd/g), 4.25 (s, 

2Hh), 7.68-7.70 (m, 2H2-Ns), 7.72-7.77 (m, 4H2-Ns), 8.02-8.06 (m, 2H2-Ns), 9.59 (s, 1Hi); 13C NMR (75 
MHz, CDCl3) δ (ppm): 36.7 (Cd/g), 36.7 (Cd/g), 38.7 (Cc), 55.8 (Ch), 74.4 (Ca), 76.1 (Cb), 78.3 (Ce/f), 79.6 

(Ce/f), 124.5 (C2-Ns), 124.6 (C2-Ns), 131.0 (C2-Ns), 131.2 (C2-Ns), 132.0 (C2-Ns), 132.2 (C2-Ns), 132.2 (C2-Ns), 

132.3 (C2-Ns), 134.3 (C2-Ns), 134.4 (C2-Ns), 148.0 (C2-Ns), 148.1 (C2-Ns), 196.1 (Ci); ESI-MS (m/z): 535.0 

[M+H]+; EA: calculated for C21H18N4O9S2: C, 47.19; H, 3.39; N, 10.48; found: C, 47.22 and 46.93; H, 

3.55 and 3.48; N, 10.11 and 9.98.  

Compound 2c (85% yield), colourless oil. MW: 461.50 g/mol; IR (ATR) ν (cm-1): 
2982, 1725, 1351, 1160; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.24 (t, 3J = 7.2 Hz, 6H CO2CH2CH3), 2.12 

(t, 4J = 2.4 Hz, 1Ha), 2.43 (s, 3HTs), 2.85 (t, 3J = 2.1 Hz, 2Hg) 3.07 (br abs, 2Hh), 4.10 (t, 3J = 2.1 Hz, 

2Hd), 4.12 (d, 4J = 2.4 Hz, 2Hc), 4.20 (q, 3J = 7.2 Hz, 4HCO2CH2CH3), 7.30 (d, 3J = 8.2 Hz, 2HTs), 7.69 (d, 
3J = 8.2 Hz, 2HTs), 9.68 (s, 1Hi); 13C NMR (75 MHz, CDCl3) δ (ppm): 14.1 (2CCO2CH2CH3), 21.7 (CTs), 

24.1 (Cg), 36.2 (Cd), 36.6 (Cc), 46.0 (Ch), 54.0 (Cg’), 62.4 (2CCO2CH2CH3), 74.1 (Ca), 76.3 (Cb), 76.4 (Ce), 

80.8 (Cf), 127.9 (2CTs), 129.7 (2CTs), 135.3 (CTs), 144.1 (CTs), 168.9 (2CCO2Et), 198.7 (Ci); ESI-MS 
(m/z): 462.1 [M+H]+; EA: calculated for C23H27NO7S: C, 59.86; H, 5.90; N, 3.03; found: C, 59.42 and 

59.54; H, 5.97 and 5.93; N, 2.99 and 3.05.  

Compound 2d (66% yield) colourless oil. MW: 319.38 g/mol; IR (ATR) ν (cm-1): 2923, 

1731, 1342, 1157; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.44 (s, 3HTs), 2.47 (t, 4J = 2.4 Hz, 1Ha), 3.95 

(d, 3J = 1.2 Hz, 2Hh), 4.04 (d, 4J = 2.4 Hz, 2Hc), 4.05 (t, 5J = 1.8 Hz, 2Hg), 4.22 (t, 5J = 1.8 Hz, 2Hd), 

7.34 (d, 3J = 8.4 Hz, 2HTs), 7.71 (d, 3J = 8.4 Hz, 2HTs), 9.66 (t, 3J = 1.2 Hz, 1Hi); 13C NMR (75 MHz, 
CDCl3) δ (ppm): 21.6 (CTs), 39.0 (Cg), 56.0 (Cd), 56.35 (Cc), 56.5 (Ch), 75.33 (Ca), 78.6 (Cb), 79.1 (Ce), 

81.8 (Cf), 127.7 (2CTs), 129.9 (2CTs), 134.8 (CTs), 144.4 (CTs), 197.3 (Ci); ESI-MS (m/z): 320.1 [M+H]+, 

342.1 [M+K]+; EA: calculated for C16H17NO4S(H2O)0.5: C, 58.52; H, 5.53; N, 4.27; found: C, 58.48 and 

58.28; H, 5.41 and 5.40; N, 4.44 and 4.40. 
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 Compound 22 (65% yield), colourless oil. MW: 486.60 g/mol; m.p.: 56-58 oC; IR 
(ATR) ν (cm-1): 2921, 1345, 1156; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.62 (t, 5J = 2.0 Hz, 3Ha), 2.42 

(s, 3HTs), 2.45 (s, 3HTs), 3.83 (d, 3J = 1.2 Hz, 2Hh), 3.85 (q, 4J = 2.0 Hz, 2Hc), 3.92 (t, 5J = 1.6 Hz, 

2Hd/g), 4.05 (t, 5J = 1.6 Hz, 2Hd/g), 7.29 (d, 3J = 8.4 Hz, 2HTs), 7.34 (d, 3J = 8.4 Hz, 2HTs), 7.64 (d, 3J = 

8.4 Hz, 2HTs), 7.65 (d, 3J = 8.4 Hz, 2HTs), 9.58 (t, 3J = 1.2 Hz, 1Hi); 13C NMR (100 MHz, CDCl3) δ 
(ppm): 3.4 (Ca), 21.6 (CTs) 21.6 (2CTs), 36.2 (CCH2), 38.8 (CCH2), 38.8 (CCH2), 55.9 (Ch), 71.1 (CC≡C), 

77.7 (CC≡C), 79.7 (CC≡C), 82.2 (CC≡C), 127.6 (2CTs), 127.9 (2CTs), 129.5 (2CTs), 130.0 (2CTs), 134.9 

(CTs), 135.2 (CTs), 144.0 (CTs), 144.6 (CTs), 197.2 (Ci); ESI-MS (m/z): 487.1 [M+H]+; EA: calculated for 

C24H26N2O5S2(H2O)0.5: C, 58.16; H, 5.49; N, 5.65; found: C, 58.14 and 58.26; H, 5.26 and 5.23; N, 5.55 

and 5.51.  

8.2.1.7. Synthesis of N-arylsulfonylhydrazones 1 and 23 

 

General procedure for 1 and 23. A solution of p-toluensulfonyl hydrazide (0.09 g, 0.47 mmol) in 

methanol (10 mL) was prepared. To this rapidly stirred mixture, a solution of 2a (0.22 g, 0.47 mmol) in 

methanol (20 mL) and the minimum amount of acetonitrile to completely dissolve the product was 

added dropwise. The mixture was then stirred at room temperature for 1h (TLC monitoring). The 

solvent was removed by vacuum evaporation to afford 1aa (0.28 g, 92%, Z/E:12/88)116 as a colourless 

solid. MW: 640.80 g/mol; m.p.: 74-76 oC; IR (ATR) ν (cm-1): 3273, 3203, 2905, 1345, 1156; 1H NMR 
(300 MHz, CDCl3) δ (ppm): 2.14 (t, 4J = 2.4 Hz, 1Ha), 2.42 (s, 3HTs), 2.43 (s, 3HTs), 2.44 (s, 3HTs), 

3.82-3.86 (m, 6Hd,g,h), 3.94 (d, 4J = 2.4 Hz, 2Hc), 7.10 (t, 3J = 5.4 Hz, 1Hi), 7.29-7.33 (m, 6HTs), 7.62 (d, 
3J = 8.4 Hz, 2HTs), 7.68 (d, 3J = 8.4 Hz, 2HTs), 7.79 (d, 3J = 8.4 Hz, 2HTs), 8.24 (s, 1HNH); 13C NMR (75 
MHz, CDCl3) δ (ppm): 21.8 (3CTs), 36.2 (Cd/g), 36.4 (Cd/g), 37.6 (Ch), 49.1 (Cc), 74.4 (Ca), 76.3 (Cb), 

78.9 (Ce/f), 79.1 (Ce/f), 127.7 (2CTs), 127.9 (2CTs), 128.0 (2CTs), 129.8 (4CTs), 130.0 (2CTs), 135.0 (CTs), 

135.4 (CTs), 135.5 (CTs), 144.5 (2CTs and Ci), 145.2 (CTs); ESI-MS (m/z): 641.2 [M+H]+, 663.2 [M+Na]+; 

EA: calculated for C30H32N4O6S3: C, 56.23; H, 5.03; N, 8.74; found: C, 55.84 and 55.79; H, 4.79 and 

4.79; N, 8.85 and 8.81.  
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Compound 1ab (96% yield, Z/E:8/100)116, colourless solid. MW: 626.76 g/mol; 

m.p.: 58-60 oC; IR (ATR) ν (cm-1): 2923, 1344, 1154; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.14 (t, 4J = 

2.4 Hz, 1Ha), 2.42 (s, 3HTs), 2.44 (s, 3HTs), 3.82-3.85 (m, 6Hd,g,h), 3.94 (d, 4J = 2.4, 2Hc), 7.13 (t, 3J = 

5.6 Hz, 1Hi), 7.29-7.32 (m, 4HHAr), 7.49-7.54 (m, 2HHAr), 7.57-7.70 (m, 3HHAr), 7.66-7.69 (m 2HHAr), 

7.90-7.92 (m, 2HHAr), 8.55 (s, 1HNH); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.7 (2CTs), 36.2 (Cd/g), 36.4 

(Cd/g), 37.7 (Ch), 49.1 (Cc), 74.4 (Ca), 76.3 (Cb), 78.9 (Ce/f), 79.1 (Ce/f), 127.7 (2Cq), 127.9 (2Cq), 128.0 

(2Cq), 129.2 (2Cq), 129.9 (2Cq), 130.0 (2Cq), 133.4 (Cq), 135.0 (Cq), 135.5 (Cq), 138.4 (Cq), 144.5 (Cq), 

144.5 (Ci), 145.4 (Cq); ESI-MS (m/z): 627.1 [M+H]+, 649.1 [M+Na]+; EA: calculated for C29H30N4O6S3: 

C, 55.57; H, 8.94; N, 4.82; found: C, 55.13 and 55.52; H, 8.83 and 8.65; N, 4.95 and 4.96. 

Compound 1ac (66% yield, Z/E:5/95)116, colourless solid. MW: 656.79 g/mol; 

m.p.: 68-70 oC; IR (ATR) ν (cm-1): 1329, 1155; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.14 (t, 4J = 2.4 

Hz, 1Ha), 2.43 (s, 3HTs), 2.44 (s, 3HTs), 3.82-3.87 (m, 6Hd, g,h), 3.86 (s, 3Hp-OCH3Ph), 3.94 (d, 4J = 2.4, 

2Hc), 6.96 (d, 3J = 9.2 Hz, 2Hp-OMePh) , 7.10 (t, 3J = 5.2 Hz, 1Hi), 7.31 (d, 3J = 8.4 Hz, 2HTs), 7.31 (d, 3J = 

8.0 Hz, 2HTs), 7.62 (d, 3J = 8.0 Hz, 2HTs), 7.67 (d, 3J = 8.4 Hz, 2HTs), 7.83 (d, 3J = 9.2 Hz, 2Hp-OMePh), 

8.29 (s, 1HNH); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.7 (2CTs), 36.2 (Cd/g), 36.4 (Cd/g), 37.6 (Ch), 49.0 

(Cc), 55.8 (Cp-OMePh), 74.4 (Ca), 76.3 (Cb), 78.8 (Ce/f), 79.1 (Ce/f), 114.4 (2Cp-OMePh), 127.7 (2CTs), 127.9 

(2CTs), 129.8 (2Cp-OMePh), 129.9 (2CTs), 130.0 (2CTs), 130.2 (Cp-OMePh), 135.0 (CTs), 135.4 (CTs), 144.4 

(Ci), 144.5 (CTs), 145.1 (CTs), 163.6 (Cp-OMePh); ESI-MS (m/z): 657.1 [M+H]+, 679.1 [M+Na]+, 695.1 

[M+K]+; EA: calculated for C30H32N4O7S3: C, 54.86; H, 4.91; N, 8.53; found: C, 55.26 and 55.16; H, 

4.76 and 4.81; N, 8.07 and 8.09.  

Compound 1ad (42% yield, Z/E:8/92)116, colourless solid. MW: 671.76 g/mol; m.p.: 
70-72 oC; IR (ATR) ν (cm-1): 1346, 1156; 1H NMR (300 MHz, CDCl3) δ (ppm): 2.14 (t, 4J = 2.4 Hz, 

1Ha), 2.44 (s, 3HTs), 2.44 (s, 3HTs), 3.85-3.88 (m, 6Hd,g,h), 3.94 (d, 4J = 2.4, 2Hc), 7.24 (t, 3J = 5.1 Hz, 

1Hi), 7.32 (d, 3J = 8.0 Hz, 4HTs), 7.62 (d, 3J = 8.0 Hz, 2HTs), 7.67 (d, 3J = 8.0 Hz, 2HTs) , 8.10 (d, 3J = 

9.0 Hz, 2HNs) , 8.30 (d, 3J = 9.0 Hz, 2HNs), 8.95 (s, 1HNH); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.8 

(2CTs), 36.2 (Cd/g), 36.6 (Cd/g), 38.3 (Ch), 49.72 (Cc), 74.5 (Ca), 79.2 (Cb), 79.1 (Ce/f), 79.5 (Ce/f), 124.3 

(2CNs), 127.6 (2CTs), 127.9 (2CTs), 129.4 (2CTs), 130.0 (2CTs), 130.1 (2CNs), 134.8 (CTs), 135.4 (CTs), 
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144.2 (Ci), 144.6 (CTs), 144.8 (CTs), 147.0 (CNs), 150.5 (CNs); ESI-MS (m/z): 672.1 [M+H]+, 694.1 

[M+Na]+; ESI-HRMS (m/z): calculated for [M+Na]+: 694.1070; experimental: 694.1061.  

Compound 1ba (97% yield, Z/E:0/100)116, colourless solid. MW: 702.74 g/mol; 

m.p.: 62-63 oC; IR (ATR) ν (cm-1): 3269, 1540, 1354, 1160; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.23 

(t, 4J = 2.2 Hz, 1Ha), 2.43 (s, 3HTs), 3.97 (t, 5J = 2.0 Hz, 2Hd/g), 4.03 (t, 3J = 5.2 Hz, 1Hh), 4.08 (t, 5J = 

2.0 Hz, 2Hd/g), 4.09 (d, 4J = 2.2 Hz, 2Hc), 7.14 (t, 3J = 5.2 Hz, 1Hi), 7.31 (d, 3J = 8.4 Hz, 2HTs), 7.67-

7.80 (m, 8HHAr), 8.00 (m, 1HNs), 8.06 (m, 1HNs), 8.19 (s, 1HNH); 13C NMR (75 MHz, CDCl3) δ (ppm): 

21.6 (CTs), 36.7 (Cd), 36.8 (Cg), 37.6 (Ch), 49.0 (Cc), 74.5 (Ca), 76.2 (Cb), 79.1 (Ce/f), 79.2 (Ce/f), 124.6 

(C2-Ns), 124.7 (C2-Ns), 127.9 (2CTs), 129.8 (2CTs), 131.16 (C2-Ns), 131.25 (C2-Ns), 132.03 (C2-Ns), 132.20 

(C2-Ns), 132.23 (C2-Ns), 132.38 (C2-Ns), 134.3 (C2-Ns), 134.4 (C2-Ns), 135.1 (CTs), 144.5 (Ci, CTs), 148.0 (C2-

Ns), 148.0 (C2-Ns); ESI-MS (m/z): 703.0 [M+H]+, 725.0 [M+Na]+; EA: calculated for C28H26N6O10S3: C, 

47.86; H, 3.73; N, 11.96; found: C, 47.91 and 48.07; H, 3.65 and 3.66; N, 11.60 and 11.66.  

Compound 1ca (100% yield, Z/E:23/77)116, waxy colourless solid. MW: 629.74 

g/mol; IR (ATR) ν (cm-1): 2926, 1730, 1327, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.19 (t, 3J = 

7.2 Hz, 6HCO2CH2CH3), 2.12 (t, 4J = 2.4 Hz, 1Ha), 2.41 (s, 3HTs), 2.43 (s, 3HTs), 2.63 (t, 5J = 2.1 Hz, 2Hg), 

2.74 (d, 3J = 5.7 Hz, 2Hh), 4.00 (t, 5J = 2.1 Hz, 2Hd), 4.08-4.17 (m, 2Hc+4HCO2CH2CH3), 7.20 (t, 3J = 5.7 

Hz, Hi), 7.29-7.33 (m, 4HTs), 7.70 (d, 3J = 8.4 Hz, 2HTs), 7.79 (d, 3J = 8.4 Hz, 2HTs), 8.10 (s, 1HNH); 13C 
NMR (100 MHz, CDCl3) δ (ppm): 14.0 (2CCO2CH2CH3), 21.6 (CTs), 21.7 (CTs), 23.7 (Ch), 35.9 (Cg), 36.1 

(Cd), 36.4 (Cc), 55.9 (Cg’), 62.1 (2CCO2CH2CH3), 74.2 (Ca), 76.4 (Cb), 79.4 (Ce), 80.6 (Cf), 127.9 (2CTs), 

128.0 (2CTs), 129.7 (2CTs), 129.8 (2CTs), 135.1 (CTs), 135.5 (CTs), 144.2 (CTs), 144.2 (Ci), 147.0 (CTs), 

169.1 (2CCO2Et); ESI-MS (m/z): 630.1 [M+H]+, 652.2 [M+Na]+; EA: calculated for C30H35N3O8S2(H2O)0.5: 

C, 56.41; H, 5.68; N, 6.58; found: C, 56.26 and 56.25; H, 5.51 and 5.46; N, 6.69 and 6.68. 

Compound 1da (79% yield, Z/E:6/94)116, waxy colourless solid. MW: 487.59 g/mol; IR 
(ATR) ν (cm-1): 2922, 1342, 1157; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.40 (s, 3HTs), 2.42 (s, 3HTs), 

2.50 (t, 4J = 2.4 Hz, 1Ha), 3.86-3.87 (m, 2Hd/g+2Hh), 3.95 (t, 5J = 1.6 Hz, 2Hd/g), 4.05 (d, 3J = 2.4 Hz, 

2Hc), 7.11 (t, 3J = 5.2 Hz, 1Hi), 7.27-7.31 (m, 4HTs), 7.64 (d, 3J = 8.4 Hz, 2HTs), 7.77 (d, 3J = 8.4 Hz, 

2HTs), 8.70 (s, 1HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 21.6 (CTs), 37.4 (Cg), 48.4 (Ch), 
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56.4 (Cc/d), 56.5 (Cc/d), 75.5 (Ca), 78.7 (Cb), 79.7 (Ce/f), 81.2 (Ce/f), 127.7 (2CTs), 127.9 (2CTs), 129.7 

(2CTs), 129.8 (2CTs), 135.0 (CTs), 135.1 (CTs), 144.2 (CTs), 144.3 (Ci), 145.5 (CTs); ESI-MS (m/z): 488.0 

[M+H]+, 510.1 [M+Na]+; EA: calculated for C23H25N3O5S2: C, 56.66; H, 5.17; N, 8.62; found: C, 56.14; 

H, 5.18; N, 8.35. 

 Compound 23 (100% yield, Z/E:10/90)116, colourless solid. MW: 654.82 g/mol; m.p.: 
73-74 oC; IR (ATR) ν (cm-1): 2923, 1344, 1155; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.64 (t, 5J = 2.4 

Hz, 3Ha), 2.42 (s, 3HTs), 2.43 (s, 3HTs), 2.44 (s, 3HTs), 3.84-3.85 (m, 8Hc,d,g,h), 7.11 (t, 3J = 5.4 Hz, 1Hi), 

7.29-7.32 (m, 6HTs), 7.62 (d, 3J = 8.4 Hz, 2HTs), 7.68 (d, 3J = 8.4 Hz, 2HTs), 7.79 (d, 3J = 8.4 Hz, 2HTs), 

8.28 (s, 1HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 3.5 (Ca), 21.7 (CTs), 21.7 (CTs), 21.8 (CTs), 36.2 

(CCH2), 37.0 (CCH2), 37.9 (CCH2), 49.3 (Ch), 71.5 (CC≡C), 78.7 (CC≡C), 79.5 (CC≡C), 82.4 (CC≡C), 127.7 

(2CTs), 128.0 (4CTs), 129.7 (2CTs), 129.8 (2CTs), 130.0 (2CTs), 135.3 (CTs), 135.5 (CTs), 135.5 (CTs), 

144.2 (Ci), 144.4 (2CTs), 145.3 (CTs); ESI-MS (m/z): 655.1 [M+H]+; EA: calculated for C31H34N4O6S3: C, 

56.86; H, 5.23; N, 8.56; found: C, 56.72; H, 4.73; N, 8.29. 

8.2.2. Experimental procedure for the rhodium(I)-catalysed cycliza-
tion of N-arylsulfonylhydrazones 1 and 23 

 

General procedure for 12 and 27. [Rh(cod)2]BF4 (0.0040 g, 0.01 mmol) and (R)-BINAP (0.0068 g, 0.01 

mmol) were dissolved in dichloromethane (3 mL) under nitrogen. Hydrogen gas was bubbled to the 

stirred catalyst solution for 30 minutes and the resulting mixture was concentrated to dryness. The 

mixture was dissolved in 1,2-dichloroethane (1.5 mL) and a solution of 1aa (0.0641 g, 0.10 mmol) in 

dichloroethane (1.5 mL) was added. The reaction mixture was heated at reflux for 1 hour (TLC 

monitoring). The solvent was evaporated and the residue was purified by column chromatography on 

silica gel (hexane/ethyl acetate, 6:4) to afford a colourless solid (0.0356 g, 58% yield, >99% ee) which 

was identified by spectroscopy data as compound 12aa. MW: 612.77 g/mol; m.p.: 92-93 oC; IR (ATR) 
ν (cm-1): 2920, 1343, 1159; 1H NMR (300 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 2.45 (s, 3HTs), 2.47 (s, 

3HTs), 3.33 (d, 2J = 10.8 Hz, 1Hd), 3.36 (dt, 4J = 2.4 Hz / 2J = 13.5 Hz, 1Hc), 3.70 (dt, 4J = 1.8 Hz / 2J = 

13.5 Hz, 1Hc), 3.83 (d, 2J = 10.8 Hz, 1Hd), 4.08-4.13 (m, 2Hg), 4.18 (m, 1Hh), 4.37 (m, 1Hh), 5.41 (m, 

1Ha), 5.66 (m, 2Hi,j), 7.19 (d, 3J = 8.6 Hz, 2HTs), 7.35 (d, 3J = 8.6 Hz, 2HTs), 7.38 (d, 3J = 8.6 Hz, 2HTs), 
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7.42 (d, 3J = 8.6 Hz, 2HTs), 7.57 (d, 3J = 8.6 Hz, 2HTs), 7.74 (d, 3J = 8.6 Hz, 2HTs); 13C NMR (75 MHz, 
CDCl3) δ (ppm): 21.7 (CTs), 21.8 (CTs), 21.9 (CTs), 52.9 (Cc), 55.1 (Cg), 55.2 (Cd), 55.4 (Ch), 73.9 (Ce), 

116.5 (Ca/j), 127.7 (2CTs), 128.0 (2CTs), 129.1 (Ci), 129.6 (2CTs), 130.1 (2CTs), 130.1 (2CTs), 130.8 

(2CTs), 131.4 (CTs), 132.2 (CTs), 132.4 (Cf), 133.8 (CTs), 139.0 (Cb), 144.1 (CTs), 144.7 (CTs), 145.9 

(CTs); ESI-MS (m/z): 613.0 [M+H]+; AE: calculated for C30H32N2O6S3: C, 58.80; H, 5.26; N, 4.57; found: 

C, 58.87 and 58.82; H, 5.13 and 5.22; N, 4.77 and 4.63. The enantiomeric excess has been 

determined by HPLC analysis using a CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 10 % 

hexane / 90 % 2-PrOH mobile phase at a 1.0 mL/min flux rate, using a UV detector set up at λ = 254 

nm. The retention time for the major isomer is 42.6 min and for the minor isomer is 37.1 min. [α]20
D 

+15.74 (c 0.18 g /100 mL, CH2Cl2). 

Compound 12ab (41% yield117, ee >99%) and 12ab’ (13% 

yield117) were obtained as an inseparable mixture of colourless solids following the general cyclisation 

procedure. MW: 598.75 g/mol; IR (ATR) ν (cm-1): 2922, 1341, 1158; 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.45 (s, 3HTs), 2.47 (s, 3HTs), 3.29 (d, 2J = 11.2 Hz, 1Hd), 3.38 (dt, 4J = 2.0 Hz / 2J = 13.6 Hz, 

1Hc), 3.65 (dt, 4J = 2.0 Hz / 2J = 13.6 Hz, 1Hc), 3.91 (d, 2J = 11.2 Hz, 1Hd), 4.08-4.13 (m, 2Hh), 4.19 (m, 

1Hg), 4.37 (m, 1Hg), 5.41 (m, 1Ha), 5.66-5.67 (m, 2Hj,i), 7.33-7.39 (m, 6HHAr), 7.44 (m, 1HHAr), 7.56-7.59 

(m, 4HHAr), 7.73-7.56 (m, 2HHAr); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.7 (CTs), 21.8 (CTs), 52.8 (Cc), 

55.2 (Cg), 55.3 (Cd), 55.4 (Ch), 74.1 (Ce), 116.7 (Ca/j), 127.7 (2Cq), 128.0 (2Cq), 129.0 (2Cq), 129.3 (Ci), 

129.7 (Cq), 130.2 (4Cq), 130.9 (2Cq), 132.2 (Cf), 133.9 (2Cq), 134.6 (Cq), 135.4 (Cq), 138.9 (Cb), 144.1 

(Cq), 144.7 (Cq); ESI-MS (m/z): 599.1 [M+H]+, 621.1 [M+Na]+, 637.0 [M+K]+; AE: calculated for 

C29H30N2O6S3: C, 58.17; H, 5.05; N, 4.68; found: C, 58.05 and 58.57; H, 5.62 and 5.62; N, 4.26 and 

4.41. The enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK AD-H 

column (4.6 x 250 mm, 5 µm) with 10 % hexane / 90 % 2-PrOH mobile phase at a 1.0 mL/min flux 

rate, using a UV detector set up at λ = 254 nm. The retention time for the major isomer is 25.75 min 

and for the minor isomer is 34.40 min. 

Compound 12ac (33% yield, ee >99%), colourless solid. MW: 628.77 g/mol; 

m.p.: 100-102 oC; IR (ATR) ν (cm-1): 2921, 1340, 1157; 1H NMR (300 MHz, CDCl3) δ (ppm): 2.45 (s, 

3HTs), 2.47 (s, 3HTs), 3.31 (d, 2J = 10.8 Hz, 1Hd), 3.39 (dt, 4J = 2.1 Hz / 2J = 13.5 Hz, 1Hc), 3.67 (dt, 4J 

= 2.1 Hz / 2J = 13.5 Hz, 1Hc), 3.88-3.90 (m, 3HOMe+1Hd), 4.07-4.13 (m, 2Hg), 4.17 (m, 1Hh), 4.33 (m, 

1Hh), 5.40 (m, 1Ha), 5.63 (m, 1Hj), 5.67 (m, 1Hi), 6.85 (d, 3J = 9.0 Hz, 2Hp-OMePh), 7.34 (d, 3J = 8.4 Hz, 

2HTs), 7.36 (d, 3J = 8.4 Hz, 2HTs), 7.48 (d, 3J = 9.0 Hz, 2Hp-OMePh), 7.57 (d, 3J = 8.4 Hz, 2HTs), 7.74 (d, 
3J = 8.4 Hz, 2HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.7 (CTs), 21.8 (CTs), 52.9 (Cc), 55.3 (Cd), 55.9 
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(Cg), 55.9 (COMe), 74.0 (Ce,h), 114.2 (2Cp-OMePh), 116.3 (Ca/j), 126.6 (Cq), 127.7 (2CTs), 128.0 (2CTs), 

129.0 (Ci), 130.1 (4CTs), 131.5 (Cq), 132.6 (Cq), 133.1 (2Cp-OMePh), 133.8 (Cq), 139.2 (Cq), 144.1 (CTs), 

144.7 (CTs), 164.8 (Cp-OMePh); ESI-HRMS (m/z): calculated for [M+Na]+: 651.1264; experimental: 

651.1286. The enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK AD-

H column (4.6 x 250 mm, 5 µm) with 10 % hexane / 90 % 2-PrOH mobile phase at a 1.0 mL/min flux 

rate, using a UV detector set up at λ = 254 nm. The retention time for the minor isomer is 33.77 min 

and for the major isomer is 44.69 min. [α]20
D +16.36 (c 0.22 g /100 mL, CH2Cl2). 

Compound 12ad (20% yield118, ee >99%) and 12ad’ (14% 

yield118) were obtained as an inseparable mixture of colourless solid. MW: 643.75 g/mol; IR (ATR) ν 
(cm-1): 2922, 1345, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.45 (s, 3HTs), 2.46 (s, 3HTs), 3.15 (d, 
2J = 11.3 Hz, 1Hd), 3.44 (dt, 4J = 2.0 Hz / 2J = 13.5 Hz, 1Hc), 3.48 (dt, 4J = 2.3 Hz / 2J = 13.5 Hz, 1Hc), 

4.12 (d, 2J = 11.3 Hz, 1Hd), 4.13-4.17 (m, 2Hg), 4.42-4.38 (m, 2Hh), 5.50 (m, 1Ha), 5.72 (m, 1Hj), 5.86 

(m, 1Hi), 7.33-7.38 (m, 4HTs), 7.53 (d, 3J = 8.4 Hz, 2HTs), 7.73 (d, 3J = 8.4 Hz, 2HTs), 7.90 (d, 3J = 9.0 

Hz, 2HNs), 8.27 (d, 3J = 9.0 Hz, 2HNs); ESI-HRMS (m/z): calculated for [M+Na]+: 666.1009; 

experimental: 666.0994. The enantiomeric excess has been determined by HPLC analysis using a 

CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 10 % hexane / 90 % 2-PrOH mobile phase at a 

1.0 mL/min flux rate, using a UV detector set up at λ = 254 nm. The retention time for the major isomer 

is 27.9 min and for the minor isomer is 32.1 min.  

A small sample of pure 12ad’ could be isolated by column chromatography and 

characterised: MW: 643.75 g/mol; m.p.: 80-82oC; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.44 (s, 3HTs), 

2.45 (s, 3HTs), 3.87 (br s, 2Ha/j), 4.04-4.05 (m, 2Hh), 4.10-4.11 (m, 2Hg), 4.17-4.18 (m, 2Hd/c), 4.31-4.32 

(m, 2Hd/c), 5.64 (m, 1Hi), 7.34-7.39 (m, 4HTs), 7.70 (d, 3J = 8.3 Hz, 2HTs), 7.72 (d, 3J = 8.3 Hz, 2HTs), 

7.89 (d, 3J = 8.8 Hz, 2HNs), 8.28 (d, 3J = 8.8 Hz, 2HNs); ESI-HRMS (m/z): calculated for [M+Na]+: 

666.1009; experimental: 666.0994. 

Compound 12ba (43% yield, 69% ee), colourless solid. MW: 674.71 g/mol; 

m.p.: 112-114 oC; IR (ATR) ν (cm-1): 2921, 1540, 1352, 1164; 1H NMR (300 MHz, CDCl3) δ (ppm): 
2.45 (s, 3HTs), 3.71 (d, 2J = 11.7 Hz, 1Hd), 3.78 (dt, 4J = 2.4 Hz / 2J = 13.8 Hz, 1Hc), 4.06 (dt, 4J = 2.1 

Hz / 2J = 13.8 Hz, 1Hc), 4.27 (d, 3J = 11.7 Hz, 1Hd), 4.31-4.35 (m, 2Hg), 4.39 (m, 1Hh), 4.51 (m, 1Hh), 
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5.53 (m, 1Ha), 5.79-5.81 (m, 2Hi,j), 7.31 (d, 3J = 8.4 Hz, 2HTs), 7.63-7.68 (m, 2HTs+2H2-Ns), 7.72-7.77 

(m, 4H2-Ns), 7.92 (m, 1H2-Ns), 8.00 (m, 1H2-Ns); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.9 (CTs), 52.8 

(Cc), 55.3 (Cd), 55.4 (Cg/h), 55.4 (Cg/h), 74.0 (Ce), 116.8 (Ca/j), 124.4 (2C2-Ns), 129.3 (Ci), 129.9 (2CTs), 

130.3 (C2-Ns), 130.6 (2CTs), 130.9 (C2-Ns), 131.0 (Cq), 131.8 (Cq), 131.9 (C2-Ns), 131.9 (C2-Ns), 132.1 

(Cq), 134.0 (2C2-Ns), 138.7 (Cq), 146.3 (Cq), 148.4 (Cq), 148.5 (Cq); ESI-MS (m/z): 675.0 [M+H]+, 697.0 

[M+Na]+; ESI-HRMS (m/z): calculated for [M+Na]+: 697.0703, for [M+K]+: 713.0443; experimental: 

697.0708, 713.0434. The enantiomeric excess has been determined by HPLC analysis using a 

CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 70 % hexane / 30 % 2-PrOH mobile phase at a 

1.0 mL/min flux rate, using a UV detector set up at λ = 254 nm. The retention time for the major isomer 

is 30.49 min and for the minor isomer is 21.14 min. [α]20
D +17.46 (c 0.35 g /100 mL, CH2Cl2). 

Compound 12ca (45% yield, 96% ee), waxy colourless solid. MW: 601.73 g/mol; 

IR (ATR) ν (cm-1): 2922, 1728, 1347, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.25 (t, 3J = 7.2 Hz, 

3HCO2CH2CH3), 1.26 (t, 3J = 7.2 Hz, 3HCO2CH2CH3), 2.44 (s, 3HTs), 2.46 (s, 3HTs), 3.01-3.03 (m, 2Hg), 3.14-

3.30 (m, 2Hh), 3.43 (dt, 4J = 2.0 Hz / 2J = 12.0 Hz, 1Hc), 3.45 (d, 2J = 10.8 Hz, 1Hd), 3.73 (dt, 4J = 2.0 

Hz / 2J = 12.0 Hz, 1Hc), 3.92 (d, 2J = 10.8 Hz, 1Hd), 4.19 (q, 3J = 7.2, 2HCOCH2CH3), 4.21 (q, 3J = 7.2, 

4HCOCH2CH3), 5.42 (m, 1Ha), 5.63 (m, 1Hi), 5.70 (m, 1Hj), 7.25 (d, 3J = 8.0 Hz, 2HTs), 7.33 (d, 3J = 8.0 

Hz, 2HTs), 7.60 (d, 3J = 8.0 Hz, 4HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 14.1 (2CCO2CH2CH3), 21.8 

(2CTs), 40.4 (Cg), 41.5 (Ch), 53.0 (Cc), 55.1 (Cd), 59.2 (Cg’), 61.9 (2CCO2CH2CH3), 75.0 (Ce), 116.4 (Ca/j), 

128.0 (2CTs), 129.4 (2CTs), 130.0 (2CTs), 131.0 (2CTs), 131.6 (Ci), 131.7 (Cq), 132.8 (Cq), 133.9 (Cq), 

139.3 (Cb), 144.3 (Cq), 145.4 (CTs), 171.4 (CCO2Et), 171.7 (CCO2Et); ESI-MS (m/z): 466.1 [M-TsH+H]+, 

602.1 [M+H]+; ESI-HRMS (m/z): calculated for [M+Na]+: 624.1696; experimental: 624.1704; The 

enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK AD-H column (4.6 

x 250 mm, 5 µm) with 70 % hexane / 30 % 2-PrOH mobile phase at a 1.0 mL/min flux rate, using a UV 

detector set up at λ = 254 nm. The retention time for the major isomer is 22.6 min and for the minor 

isomer is 20.6 min. [α]20
D +22.53 (c 0.25 g /100 mL, CH2Cl2). 

Compound 12da (44% yield, 93% ee), colourless solid. MW: 459.57 g/mol; m.p.: 72-74 
oC; IR (ATR) ν (cm-1): 2920, 1342, 1158; 1H NMR (300 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 2.45 (s, 

3HTs), 3.85 (d, 2J = 10.5 Hz, 1Hd), 4.01 (dt, 4J = 2.1 Hz / 2J = 13.2 Hz, 1Hc), 4.14-4.22 (m, 3Hc,g,g), 4.32-

4.39 (m, 2Hh) , 3.54 (d, 2J = 10.5 Hz, 1Hd), 5.41 (m, 1Ha), 5.59 (m, 1Hj), 5.70 (m, 1Hi), 7.22 (d, 3J = 8.4 

Hz, 2HTs), 7.37 (d, 3J = 8.1 Hz, 2HTs), 7.51 (d, 3J = 8.1 Hz, 2HTs), 7.76 (d, 3J = 8.4 Hz, 2HTs); 13C NMR 
(75 MHz, CDCl3) δ (ppm): 21.6 (CTs), 21.7 (CTs), 55.1 (Cg), 55.5 (Ch), 72.6 (Cc), 74.8 (Cd), 75.0 (Ce), 

113.4 (Ca/j), 127.6 (2CTs), 128.3 (Ci), 129.3 (2CTs), 129.9 (2CTs), 130.7 (2CTs), 132.7 (CTs), 132.7 (Cq), 
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133.8 (Cq), 142.2 (Cq), 143.8 (Cq), 145.4 (Cq); ESI-MS (m/z): 304.1 [M-TsH+H]+, 460.0 [M+H]+; ESI-
HRMS (m/z): calculated for [M+Na]+: 482.1066; experimental: 482.1075. The enantiomeric excess has 

been determined by HPLC analysis using a CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 60 

% hexane / 40 % 2-PrOH mobile phase at a 1.0 mL/min flux rate, using a UV detector set up at λ = 

254 nm. The retention time for the major isomer is 27.50 min and for the minor isomer is 22.52 min. 

[α]20
D +16.36 (c 0.22 g /100 mL, CH2Cl2). 

Compound 27119 (63% yield), colourless solid. MW: 470.60 g/mol; m.p.: 110-111 oC; 

IR (ATR) ν (cm-1): 2922, 1337, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 6HTs), 4.13-4.15 

(m, 2Hh), 4.19-4.21 (m, 2Hd), 4.27-4.28 (m, 2Hc), 4.33-4.35 (m, 2Hg), 5.13 (d, 3J = 17.2 Hz, 1Ha), 5.29 

(d, 3J = 11.0 Hz, 1Ha’), 5.54 (s, 1Hi), 6.45 (dd, 3J = 11.0 Hz / 3J = 17.2 Hz, 1Ha’’), 7.32 (d, 3J = 8.0 Hz, 

4HTs) , 7.71 (d, 3J = 8.0 Hz, 4HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.7 (2CTs), 54.2 (Ch), 55.3 

(Cg), 55.5 (Cc), 56.6 (Cd), 119.5 (Ca/a’), 125.1 (Ci), 126.2 (Ce), 127.5 (2CTs), 127.6 (2CTs), 128.0 (Ca’’), 

130.1 (2CTs), 130.1 (2CTs), 131.8 (Cf), 132.8 (Cb), 133.7 (CTs), 134.0 (CTs), 144.0 (CTs), 144.0 (CTs); 

ESI-MS (m/z): 471.1 [M+H]+; ESI-HRMS (m/z): calculated for [M+Na]+: 493.1226; experimental: 

493.1221. 
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8.3. Experimental procedure for the products synthesised in   
Chapter 4 

8.3.1. Synthesis of substrates 

8.3.1.1. Synthesis of acetal 31a, 31i, 31j and 31k 

 

General procedure for 31. 2,2-diethoxy-N-tosylethanamine 6a (1.66 g, 5.76 mmol) was added to a 

solution of 4-(allyloxy)but-2-yn-1-ol 30120 (0.73 g, 5.76 mmol) and PPh3 (1.97 g, 7.51 mmol) in THF 

(100 mL) at room temperature under N2. After 10 minutes, diisopropylazodicarboxylate (DIAD, 1.51 

mL, 7.67 mmol) was added and the resulting reaction mixture was stirred for 24 hours. After adding 

water, extraction was performed with Et2O (3 x 50 mL). The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4 and concentrated under reduce pressure. The oily residue 

was purified by column chromatography on silica gel (hexane/ethyl acetate, 10:0 to 8:2) to afford 31a 

as colourless oil (1.68 g, 74 %). Rf (hexane/ethyl acetat 7:3): 0.50; MW: 395.51 g/mol; IR (ATR) ν (cm-

1): 2976, 2915, 1347, 1160; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.21 (t, 3J = 7.2 Hz, 6HOCH2CH3), 2.40 

(s, 3HTs), 3.25 (d, 3J = 5.7 Hz, 2Hh), 3.56 (dq, 2J = 9.3 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.73 (dq, 2J = 9.3 

Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.81 (dt, 3J = 5.7 Hz / 4J = 1.2 Hz, 2Hc), 3.87 (t, 5J = 1.8 Hz, 2Hd/g), 4.33 

(t, 5J = 1.8 Hz, 2Hd/g), 4.69 (t, 3J = 5.7 Hz, Hi), 5.16-5.25 (m, 2Ha/a’), 5.80 (ddt, 3J = 5.7 Hz / 3J = 10.3 

Hz / 3J = 17.1 Hz, Hb), 7.28 (d, 3J = 8.1 Hz, 2HTs), 7.74 (d, 3J = 8.1 Hz, 2HTs); 13C NMR (75 MHz, 
CDCl3) δ (ppm): 15.3 (2COCH2CH3), 21.5 (CTs), 38.6 (Cg), 48.5 (Ch), 56.9 (Cd), 63.3 (2COCH2CH3), 70.2 

(Cc), 79.6 (Ce/f), 81.2 (Ce/f), 102.7 (Ci), 117.6 (Ca), 127.7 (2CTs), 129.4 (2CTs), 133.8 (Cb), 136.1 (CTs), 

143.4 (CTs); ESI-MS (m/z): 418.2 [M+Na]+, 434.1 [M+K]+; EA: calculated for C20H29NO5S: C, 60.74; H, 

7.39; N, 3.54; found: C, 60.61 and 60.60; H, 7.12 and 7.45; N, 3.56 and 3.62. 

 A mixture of (Z) and (E)-4-(but-2-en-1-yloxy)but-2-yn-1-ol 30i starting material was 

prepared in a 1.0:5.1 ratio following a previously reported procedure.121 
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Using the same experimental procedure as for compound 31a, 31i was obtained as a colourless oil 

(1.77 g, 65% yield) after 3 hours. Rf (hexane/ethyl acetat 7:3): 0.71; MW: 409.54 g/mol; IR (ATR) ν 
(cm-1): 2975, 2928, 2883, 1346, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.22 (t, 3J = 6.8 Hz, 

6HOCH2CH3), 1.71 (d, 3J = 6.4 Hz 3HCH3), 2.41 (s, 3HTs), 3.25 (d, 3J = 5.6 Hz, 2Hh), 3.53-3.61 (m, 

2HOCH2CH3), 3.72-3.77 (m, 4HOCH2CH3,c), 3.85 (s, 2Hg), 4.33 (s, 2Hd), 4.69 (t, 3J = 5.6 Hz, Hi), 5.49 (m, 

Ha/b), 5.66 (m, Ha/b), 7.29 (d, 3J = 8.0 Hz, 2HTs), 7.74 (d, 3J = 8.0 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) 
δ (ppm): 15.4 (2COCH2CH3), 17.9 (CCH3), 21.6 (CTs), 38.8 (Cg), 48.7 (Ch), 56.8 (Cd), 63.5 (2COCH2CH3), 

70.1 (Cc), 79.6 (Ce/f), 81.4 (Ce/f), 102.9 (Ci), 130.5 (Ca), 127.8 (2CTs), 129.5 (2CTs), 130.5 (Cb), 136.3 

(CTs), 143.5 (CTs); ESI-HRMS (m/z): calculated for [M+Na]+: 432.1815; experimental: 432.1823. 

The starting material, 4-(cinnamyloxy)but-2-yn-1-ol 30j, was prepared following a 

previously published procedure.122  

Using the same experimental procedure as for compound 31a, 31j was obtained as a colourless oil 

(1.12 g, 54% yield) after 24 hours. Rf (hexane/ethyl acetat 7:3): 0.46; MW: 471.61 g/mol; IR (ATR) ν 
(cm-1): 2976, 2930, 2885, 1347, 1160; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.22 (t, 3J = 6.9 Hz, 

6HOCH2CH3), 2.35 (s, 3HTs), 3.27 (d, 3J = 5.6 Hz, 2Hh), 3.56 (dq, 2J = 9.4 Hz / 3J = 7.0 Hz, 2HOCH2CH3), 

3.75 (dq, 2J = 9.4 Hz / 3J = 7.0 Hz, 2HOCH2CH3), 3.92 (t, 5J = 1.6 Hz, 2Hg), 3.99 (d, 3J = 7.2 Hz, 2Hc), 

4.35 (s, 2Hd), 4.70 (t, 3J = 5.6 Hz, Hi), 6.19 (dt, 3J = 16.0 Hz / 3J = 6.0 Hz, Hb), 6.55 (d, 3J = 16.0 Hz, 

Ha), 7.27 (d, 3J = 7.4 Hz, 2HTs), 7.28 (m, HPh), 7.30-7.34 (m, 2HPh), 7.38 (d, 3J = 7.2 Hz, 2HPh), 7.76 (d, 
3J = 7.4 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 15.4 (COCH2CH3), 21.7 (CTs), 38.8 (Cg), 48.7 

(Ch), 57.0 (Cd), 63.5 (2COCH2CH3), 72.3 (Cc), 79.9 (Ce/f), 81.3 (Ce/f), 103.9 (Ci), 125.0, 126.6, 127.8, 

127.9, 128.7, 129.5, 133.3, 136.2, 136.5, 143.5; ESI-MS (m/z): 494.2 [M+Na]+; ESI-HRMS (m/z): 

calculated for [M+Na]+: 494.1972; experimental: 494.1992. 

 The starting compound, 4-((2-methylallyl)oxy)but-2-yn-1-ol 30k, was prepared as 

described in a previous publication.123 

Using the same experimental procedure as for compound 31a, 31k was obtained as a colourless oil 

(1.77 g, 85% yield) after 2 hours. Rf (hexane/ethyl acetat 7:3): 0.54; MW: 409.54 g/mol; IR (ATR) ν 
(cm-1): 2977, 2930, 1342, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.21 (t, 3J = 7.2 Hz, 6HOCH2CH3), 

1.69 (s, 3HCH3), 2.40 (s, 3HTs), 3.25 (d, 3J = 5.6 Hz, 2Hh), 3.57 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 

2HOCH2CH3), 3.74 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.73 (s, 2Hg), 3.85 (t, 4J = 1.6 Hz, 2Hc), 

4.33 (t, 5J = 1.8 Hz, 2Hd), 4.69 (t, 3J = 5.6 Hz, Hi), 4.88-4.89 (m, 2Ha,a’), 7.28 (d, 3J = 8.2 Hz, 2HTs), 7.74 
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(d, 3J = 8.2 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 19.5 (CCH3), 21.6 (CTs), 

38.8 (Cg), 48.7 (Ch), 56.9 (Cd), 63.5 (2CCO2CH2CH3), 73.4 (Cc), 79.6 (Ce/f), 81.4 (Ce/f), 102.9 (Ci), 112.9 

(Ca), 127.8 (2CTs), 129.5 (2CTs), 136.3 (CTs), 141.4 (Cb), 143.5 (CTs); ESI-HRMS (m/z): calculated for 

[M+Na]+: 432.1815; experimental: 432.1820. 

8.3.1.2. Synthesis of acetals 31b, 31c and 31d 

 General procedure for 33. Triethylamine (1.0 mL, 7.6 mmol) and allylamine (0.3 mL, 7.6 

mmol) were added to a solution of 4-nitrobenzenesulfonyl chloride (1.53 g, 6.9 mmol) in anhydrous 

CH2Cl2 (30 mL) and the resulting solution was stirred at room temperature for 20 minutes (TLC 

monitoring). The crude was subsequently washed with a 1M aqueous solution of hydrochloric acid (3 x 

50 mL), a saturated aqueous solution of sodium bicarbonate (3 x 50 mL) and water (3 x 50 mL), dried 

over anhydrous Na2SO4 and concentrated under reduced pressure to afford 33d as a colourless solid 

(1.49 g, 89%). MW: 242.25 g/mol; m.p.: 114-116 oC; IR (ATR) ν (cm-1): 3255, 3103, 1520, 1310, 

1159; 1H NMR (300 MHz, CDCl3) δ (ppm): 3.69 (dddd, 3J = 6.0 Hz / 3J = 6.0 Hz / 4J = 1.5 Hz / 4J = 1.5 

Hz, 2Hc), 4.77 (t, 3J = 6.0 Hz, HNH), 5.11-5.16 (m, 2Ha/a’), 5.70 (ddt, 3J = 5.7 Hz / 3J = 10.2 Hz / 3J = 

17.2 Hz, Hb), 8.08 (d, 3J = 9.0 Hz, 2HNs), 8.38 (d, 3J = 9.0 Hz, 2HNs); 13C NMR (75 MHz, CDCl3) δ 
(ppm): 45.9 (Cc), 118.5 (Ca), 124.6 (2CNs), 128.5 (2CNs), 132.4 (Cb), 146.1 (CNs), 150.19 (CNs); ESI-MS 
(m/z): 265.0 [M+Na]+; EA: calculated for C9H10N2O4S: C, 44.62; H, 4.16; N, 11.56; found: C, 44.80 and 

44.74; H, 3.93 and 3.92; N, 11.42 and 11.52. 

Using the same experimental procedure as for compound 33d, 33b was obtained as a 

colourless solid (0.82 g, 75% yield) after 1 hour. MW: 242.25 g/mol; m.p.: 71-72oC; IR (ATR) ν (cm-1): 
3341, 1549, 1409, 1346, 1172; 1H NMR (400 MHz, CDCl3) δ (ppm): 3.77 (dddd, 3J = 6.0 Hz / 3J = 5.7 

Hz / 4J = 1.5 Hz / 4J = 1.5 Hz, 2Hc), 5.11 (ddt, 3J = 10.2 Hz / 2J = 1.5 Hz / 4J = 1.5 Hz, Ha’), 5.21 (ddt, 3J 

= 17.1 Hz / 2J = 1.5 Hz / 4J = 1.5 Hz, Ha), 5.42 (t, 3J = 6.0 Hz, HNH), 5.74 (ddt, 3J = 17.1 Hz / 3J = 10.2 

Hz / 3J = 5.7 Hz, Hb), 7.73-7.78 (m, 2H2-Ns), 7.86 (m, H2-Ns), 8,12 (m, H2-Ns); 13C NMR (75 MHz, CDCl3) 
δ (ppm): 46.3 (Cc), 118.1 (Ca), 125.5 (C2-Ns), 131.0 (C2-Ns), 131.1 (C2-Ns), 132.5 (Cb), 132.6 (C2-Ns), 

133.9 (C2-Ns), 148.0 (C2-Ns); ESI-MS (m/z): 243.0 [M+H]+, 265.0 [M+Na]+; EA: calculated for 

C9H10N2O4S: C, 44.62; H, 4.16; N, 11.56; found: C, 44.69 and 44.84; H, 4.13 and 4.11; N, 11.28 and 

11.35. 

 Triethylamine (1.0 mL, 7.6 mmol) and aminoacetaldehyde diethyl acetal (1.1 mL, 7.6 

mmol) were added to a solution of 4-nitrobenzenesulfonyl chloride (1.52 g, 6.9 mmol) in anhydrous 

CH2Cl2 (30 mL) and the resulting solution was stirred at room temperature for 20 minutes (TLC 

monitoring). The crude was subsequently washed with a 1M aqueous solution of hydrochloric acid (3 x 
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50 mL), a saturated aqueous solution of sodium bicarbonate (3 x 50 mL) and water (3 x 50 mL), dried 

over anhydrous Na2SO4 and concentrated under reduced pressure to afford 6d as a colourless solid 

(2.02 g, 93%). MW: 318.34 g/mol; m.p.: 84-85oC; IR (ATR) ν (cm-1): 3200, 3099, 2980, 2895, 1526, 

1345, 1164; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.17 (t, 3J = 7.2 Hz, 6HOCH2CH3), 3.25 (dd, 3J = 6.3 Hz 

/ 3J = 5.6 Hz, 2Hh), 3.48 (dq, 2J = 9.3 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.66 (dq, 2J = 9.3 Hz / 3J = 7.2 Hz, 

2HOCH2CH3), 4.50 (t, 3J = 5.4 Hz, Hi), 4.87 (t, 3J = 5.6 Hz, HNH), 8.06 (d, 3J = 9.0 Hz, 2HNs), 8.37 (d, 3J = 

9.0 Hz, 2HNs); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.3 (COCH2CH3), 45.9 (Ch), 63.4 (2COCH2CH3), 100.6 

(Ci), 124.5 (2CNs), 128.4 (2CNs), 145.9 (CNs), 150.1 (CNs); ESI-MS (m/z): 341.1 [M+Na]+; EA: calculated 

for C12H18N2O6S: C, 45.28; H, 5.70; N, 8.80; found: C, 45.61 and 45.49; H, 5.73 and 5.75; N, 8.77 and 

8.76.  

A mixture of 6d (1.89 g, 5.9 mmol), 1,4-dichloro-2-butyne (2.32 mL, 23.8 mmol) and 

anhydrous potassium carbonate (4.93 g, 35.7 mmol) in acetonitrile (100 mL) was stirred at reflux for 

15 hours (TLC monitoring). The mixture was cooled to room temperature, salts were filtered off, and 

the solvent removed under reduced pressure. The oily residue was purified by column 

chromatography on silica gel (hexane/ethyl acetate, 10:0 to 7:3) to afford 17d as a colourless oil (1.65 

g, 68%). Rf (hexane/ethyl acetat 7:3): 0.55; MW: 404.86 g/mol; IR (ATR) ν (cm-1): 2977, 2885, 1529, 

1348, 1163; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.23 (t, 3J = 7.2 Hz, 6HOCH2CH3), 3.26 (d, 3J = 5.6 Hz, 

2Hh), 3.58 (dq, 2J = 9.3 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 3.76 (dq, 2J = 9.3 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 

3.87 (t, 5J = 2.1 Hz, 2Hd/g), 4.41 (t, 5J = 2.1 Hz, 2Hd/g), 4.69 (t, 3J = 5.6 Hz, Hi), 8.07 (d, 3J = 9.0 Hz, 

2HNs), 8.37 (d, 3J = 9.0 Hz, 2HNs); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.3 (COCH2CH3), 15.4 

(COCH2CH3), 29.7 (Cd), 38.9 (Cg), 48.9 (Ch), 63.8 (2COCH2CH3), 79.5 (Ce/f), 80.6 (Ce/f), 102.7 (Ci), 124.3 

(2CNs), 129.0 (2CNs), 144.8 (CNs), 150.3 (CNs); ESI-MS (m/z): 427.1 [M+Na]+; EA: calculated for 

C16H21ClN2O6S: C, 47.47; H, 5.23; N, 6.92; found: C, 47.82; H, 5.31; N, 6.90. 

Using the same experimental procedure as for compound 17d, 17b was obtained 

as a waxy dark brown solid (1.45 g, 42% yield) after 3 hours. Rf (hexane/ethyl acetat 7:3): 0.58; MW: 

404.86 g/mol; IR (ATR) ν (cm-1): 2976, 2888, 1543, 1357, 1162, 1057; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 1.20 (t, 3J = 6.9 Hz, 6HOCH2CH3), 3.47 (d, 3J = 5.7 Hz, 2Hh), 3.53 (dq, 2J = 9.3 Hz / 3J = 6.9 Hz, 

2HOCH2CH3), 3.73 (dq, 2J = 9.3 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 3.97 (t, 5J = 2.1 Hz, 2Hg), 4.43 (t, 5J = 2.1 

Hz, 2Hd), 4.63 (t, 3J = 5.7 Hz, Hi), 7.65 (m, H2-Ns), 7.69-7.73 (m, 2H2-Ns), 8.05 (m, H2-Ns); 13C NMR (75 
MHz, CDCl3) δ (ppm): 15.3 (COCH2CH3), 15.4 (COCH2CH3), 29.9 (Cd), 38.9 (Cg), 49.0 (Ch), 63.8 

(2COCH2CH3), 80.2 (Ce/f), 80.3 (Ce/f), 102.7 (Ci), 124.3 (C2-Ns), 130.7 (C2-Ns), 131.7 (C2-Ns), 132.8 (C2-Ns), 

133.7 (C2-Ns), 148.4 (C2-Ns); ESI-MS (m/z): 427.1 [M+Na]+; ESI-HRMS (m/z): calculated for [M+Na]+: 

427.0701; experimental: 427.0696. 
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General procedure for 31. A mixture of N-(4-chlorobut-2-yn-1-yl)-N-(2,2-

diethoxyethyl)-4-methylbenzenesulfonamide 17a (0.29 g, 0.08 mmol), N-allyltosylamide 33a124 (0.16 g, 

0.08 mmol) and anhydrous potassium carbonate (0.65 g, 4.7 mmol) in acetonitrile (10 mL) was stirred 

at reflux for 24 hours (TLC monitoring). The mixture was cooled to room temperature, the salts were 

filtered off, and the solvent removed under reduced pressure. The oily residue was purified by column 

chromatography on silica gel (hexane/ethyl acetate 8:2) to afford 31b (0.30 g, 70%) as a colourless 

waxy solid. Rf (hexane/ethyl acetat 8:2): 0.27; MW: 548.71 g/mol; m.p.: 62-63 oC; IR (ATR) ν (cm-1): 
2976, 1345, 1157; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.21 (t, 3J = 6.8 Hz, 6HOCH2CH3), 2.41 (s, 

3HTs), 2.43 (s, 3HTs), 3.04 (d, 3J = 5.7 Hz, 2Hh), 3.54 (dq, 2J = 9.2 Hz / 3J = 6.8 Hz, 2HOCH2CH3), 3.58 

(d, 3J = 4.0 Hz, 2Hc), 3.72 (dq, 2J = 9.2 Hz / 3J = 6.8 Hz, 2HOCH2CH3), 3.84 (t, 5J = 1.8 Hz, 2Hd/g), 4.06 

(t, 5J = 1.8 Hz, 2Hd/g), 4.60 (t, 3J = 5.7 Hz, Hi), 5.08 (dd, 2J = 1.4 Hz / 3J = 17.2 Hz, Ha), 5.15 (dd, 2J = 

1.4 Hz / 3J = 10.0 Hz, Ha’), 5.61 (ddt, 3J = 4.0 Hz / 3J = 10.0 Hz / 3J = 17.2 Hz, Hb), 7.28-7.30 (m, 4HTs), 

7.62-7.64 (m, 4HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 15.3 (2COCH2CH3), 21.4 (2CTs), 35.7 (Cd/g), 

38.3 (Cd/g), 48.5 (Cc), 48.8 (Ch), 63.6 (2COCH2CH3), 77.8 (Ce/f), 78.9 (Ce/f), 102.8 (Ci), 119.6 (Ca), 127.4 

(2CTs), 127.5 (2CTs), 129.6 (2CTs), 129.5 (CTs), 131.7 (Cb), 135.8 (CTs), 136.1 (CTs), 143.7 (CTs), 143.7 

(CTs); ESI-MS (m/z): 571.2 [M+Na]+; EA: calculated for C27H36N2O6S2: C, 59.10; H, 6.61; N, 5.11; 

found: C, 58.74 and 58.62; H, 6.64 and 6.19; N, 5.07 and 5.08. 

Using the same experimental procedure as for compound 31b, 31c was obtained as 

a waxy dark brown solid (1.98 g, 84% yield) after 6 hours. Rf (hexane/ethyl acetat 7:3): 0.36; MW: 

610.65 g/mol; m.p.: 100-102oC; IR (ATR) ν (cm-1): 3103, 2975, 1537, 1529, 1349, 1163; 1H NMR (300 
MHz, CDCl3) δ (ppm): 1.20 (t, 3J = 6.9 Hz, 6HOCH2CH3), 3.09 (d, 3J = 5.4 Hz, 2Hh), 3.51 (dq, 2J = 9.3 Hz 

/ 3J = 6.9 Hz, 2HOCH2CH3), 3.72 (dq, 2J = 9.3 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 3.81 (d, 3J = 5.4 Hz, 2Hc), 

3.93 (t, 5J = 1.5 Hz, 2Hd/g), 4.15 (t, 5J = 1.5 Hz, 2Hd/g), 4.57 (t, 3J = 5.4 Hz, Hi), 5.12-5.5.22 (m, 2Ha/a’), 

5.80 (m, Hb), 7.97 (d, 3J = 9.0 Hz, 2HNs), 8.01 (d, 3J = 9.0 Hz, 2HNs), 8.35 (d, 3J = 9.0 Hz, 2HNs), 8.37 

(d, 3J = 9.0 Hz, 2HNs); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.3 (COCH2CH3), 15.4 (COCH2CH3), 36.0 (Cd/g), 

38.6 (Cd/g), 48.9 (Cc/h), 49.4 (Cc/h), 64.2 (2COCH2CH3), 78.3 (Ce/f), 79.3 (Ce/f), 102.7 (Ci), 120.5 (Ca), 

124.3, 124.5, 128.7, 128.8, 131.0, 131.1, 144.9, 145.0, 150.3; ESI-MS (m/z): 633.2 [M+Na]+, 649.1 

[M+K]+; EA: calculated for C25H30N4O10S2: C, 49.17; H, 4.95; N, 9.18; found: C, 49.28 and 49.33; H, 

4.90 and 4.91; N, 9.16 and 9.24. 
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Using the same experimental procedure as for compound 31b, 31d was 

obtained as a waxy dark brown oil (1.29 g, 86% yield) after 2 hours. Rf (hexane/ethyl acetat 7:3): 0.38; 

MW: 610.65 g/mol; IR (ATR) ν (cm-1): 3096, 2977, 1542, 1355, 1162; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 1.17 (t, 3J = 6.9 Hz, 6HOCH2CH3), 3.31 (d, 3J = 5.5 Hz, 2Hh), 3.50 (dq, 2J = 9.6 Hz / 3J = 6.9 Hz, 

2HOCH2CH3), 3.68 (dq, 2J = 9.6 Hz / 3J = 6.9 Hz, 2HOCH2CH3), 3.86 (d, 3J = 6.3 Hz, 2Hc), 4.01 (t, 5J = 1.7 

Hz, 2Hd/g), 4.26 (t, 5J = 1.7 Hz, 2Hd/g), 4.56 (t, 3J = 5.5 Hz, Hi), 5.17 (m, Ha/a’), 5.22 (m, Ha/a’), 5.61 (ddt, 
3J = 17.4 Hz / 3J = 10.0 Hz / 3J = 6.3 Hz, Hb), 7.62-7.65 (m, 2H2-Ns), 7.72-7.74 (m, 4H2-Ns), 7.79 - 8.01 

(m, 2H2-Ns); 13C NMR (75 MHz, CDCl3) δ (ppm): 15.3 (2COCH2CH3), 36.0 (Cd/g), 38.6 (Cd/g), 48.7 (Cc/h), 

49.4 (Cc/h), 63.7 (2COCH2CH3), 78.6 (Ce/f), 79.2 (Ce/f), 102.4 (Ci), 120.4 (Ca), 124.2, 124.3, 130.6, 131.3, 

131.9, 132.7, 132.8, 133.9, 134.0, 148.0, 148.2; ESI-MS (m/z): 633.2 [M+Na]+; EA: calculated for 

C25H30N4O10S2: C, 49.17; H, 4.95; N, 9.18; found: C, 49.14 and 49.06; H, 4.79 and 4.93; N, 8.71 and 

8.77. 

8.3.1.3. Synthesis of acetal 31e 

 

Diethyl 2-(2,2-diethoxyethyl)malonate 6c (2.00 g, 7.23 mmol) in THF (15 mL) was added slowly to a 

suspension of NaH (60% dispersion in mineral oil, 0.35 g, 8.69 mmol) in THF (15 mL) at room 

temperature under N2 and the mixture was stirred for 1 hour. 1,4-dichloro-2-butyne 10 (3.53 g, 28.9 

mmol) in THF (15 mL) was then added dropwise, and the mixture was stirred at room temperature for 

24 hours (TLC monitoring). Water was added to quench the reaction, and the mixture was extracted 

with EtOAc (3 x 40 mL). The combined organic extracts were washed with brine, dried over anhydrous 

Na2SO4 and concentrated under reduce pressure. The excess of 1,4-dichloro-2-butyne was removed 

by column chromatography on silica gel using hexane:EtOAc 10:0 as eluent, and a 7:3 mixture of this 

eluent was used to obtain an inseparable mixture of non-reacted starting material and 17c (1.6 g, 

1:0.37 by 1H NMR) which was used without further purification in the next reaction. 

The previously obtained mixture of diethyl 2-(2,2-diethoxyethyl)malonate and 17c (1.36 g) was reacted 

with N-allyltosylamide 33a (0.48 g, 2.27 mmol) and anhydrous potassium carbonate (1.56 g, 11.29 

mmol) in acetonitrile (30 mL) at reflux for 24 hours (TLC monitoring). The mixture was cooled to room 

temperature, the salts were filtered off, and the solvent was removed under reduced pressure. The oily 

residue was purified by column chromatography on silica gel (hexane/ethyl acetate, 9:1 to 7:3) to 

afford 31e as colourless oil (1.05, g, 88 %, 2 steps). Rf (hexane/ethyl acetat 7:3): 0.50; MW: 537.67 

g/mol; IR (ATR) ν (cm-1): 2978, 1737, 1349, 1161; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.15 (t, 3J = 
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7.2 Hz, 6HOCH2CH3), 1.22 (t, 3J = 7.2 Hz, 6HCO2CH2CH3), 2.26 (d, 3J = 5.6 Hz, 2Hh), 2.44 (s, 3HTs), 2.65 (t, 
5J = 2.0 Hz, 2Hg), 3.40 (dq, 2J = 9.2 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.60 (dq, 2J = 9.2 Hz / 3J = 7.2 Hz, 

2HOCH2CH3), 3.77 (d, 3J = 6.4 Hz, 2Hc), 4.05 (t, 5J = 2.0 Hz, 2Hd), 4.13 (q, 3J = 7.2 Hz, 2HCO2CH2CH3), 

4.14 (q, 3J = 7.2 Hz, 2HCO2CH2CH3), 4.40 (t, 3J = 5.6 Hz, Hi), 5.22 (dd, 2J = 1.2 Hz / 3J = 10.0 Hz, Ha), 

5.29 (dd, 2J = 1.2 Hz / 3J = 17.0 Hz, Ha’), 5.69 (ddt, 3J = 6.4 Hz / 3J = 10.0 Hz / 3J = 17.0 Hz, Hb), 7.31 

(d, 3J = 8.2 Hz, 2HTs), 7.70 (d, 3J = 8.2 Hz, 2HTs); 13C NMR (100MHz, CDCl3) δ (ppm): 14.1 

(2COCH2CH3), 15.2 (2CCO2CH2CH3), 21.6 (CTs), 23.3 (Cg), 35.9 (Cd/h), 36.2 (Cd/h), 48.9 (Cc), 54.5 (Cg’), 61.6 

(2COCH2CH3), 62.1 (2CCO2CH2CH3), 76.1 (Ce/f), 80.7 (Ce/f), 100.1 (Ci), 120.0 (Ca), 127.7 (2CTs), 129.6 

(2CTs), 132.1 (Cb), 136.4 (CTs), 143.5 (CTs), 169.9 (2CCO2Et); ESI-MS (m/z): 560.3 [M+Na]+; EA: 

calculated for C27H39NO8S: C, 60.32; H, 7.31; N, 2.61; found: C, 60.52 and 60.40; H, 7.25 and 7.34; N, 

2.62 and 2.63. 

8.3.1.4. Synthesis of acetal 31h 

 

2,2-diethoxy-N-tosylethanamine 6a (1.06 g, 3.69 mmol) was added to a solution of 5-

(tert-butyldimethylsilyloxy)-2-pentyn-1-ol 36125 (0.79 g, 3.69 mmol) and PPh3 (1.26 g, 4.80 mmol) in 

THF (50 mL) at room temperature under N2. After 10 minutes, diisopropylazodicarboxylate (DIAD, 

0.96 mL, 4.88 mmol) was added and the resulting reaction mixture was stirred for 2 hours (TLC 

monitoring). After adding water, extraction was performed with Et2O (3 x 50 mL). The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated under reduced 

pressure. The oily residue was purified by column chromatography on silica gel (hexane/ethyl acetate, 

10:0 to 8:2) to afford 37 as colourless oil (1.49 g, 84 %). Rf (hexane/ethyl acetat 7:3): 0.64; MW: 

483.74 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.03 (s, 6HTBDMS), 0.09 (s, 9HTBDMS), 1.21 (t, 3J = 

7.2 Hz, 6HOCH2CH3), 2.08-2.13 (m, 2Hd), 2.41 (s, 3HTs), 3.23 (d, 3J = 5.6 Hz, 2Hh), 3.45 (t, 3J = 7.4 Hz, 

2Hd’), 3.57 (dq, 2J = 9.4 Hz / 3J = 7.4 Hz, 2HOCH2CH3), 3.74 (dq, 2J = 9.4 Hz / 3J = 7.4 Hz, 2HOCH2CH3), 

4.24 (t, 5J = 2.2 Hz, 2Hg), 4.68 (t, 3J = 5.6 Hz, Hi), 7.27 (d, 3J = 8.4 Hz, 2HTs), 7.74 (d, 3J = 8.4 Hz, 

2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): -5.2 (2CTBDMS), 15.5 (2COCH2CH3), 18.4 (Cd), 21.6 (CTs), 

23.0 (3CTBDMS), 26.0 (CTBDMS), 39.0 (Cg), 48.6 (Ch), 61.7 (Cd’), 63.5 (2COCH2CH3), 74.5 (Ce/f), 82.6 (Ce/f), 

103.0 (Ci), 128.0 (2CTs), 129.4 (2CTs), 136.5 (CTs), 143.4 (CTs).  
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TBAF (1.27g, 4.01 mmol) was added to a degassed solution at 0oC of 37 (1.49g, 3.08 

mmol) in THF (20 mL). After 1 hour (TLC monitoring), the solvent was removed by vacuum 

evaporation. The oily residue was purified by column chromatography on silica gel (hexane/ethyl 

acetate, 8:2 to 6:4) to afford 38 as a colourless solid (0.91, g, 80 %). Rf (hexane/ethyl acetat 1:1): 0.50; 

MW: 369.48 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.21 (t, 3J = 7.2 Hz, 6HOCH2CH3), 2.07 (bs, 

HOH), 2.17-2.21 (m, 2Hd), 2.42 (s, 3HTs), 3.25 (d, 3J = 5.5 Hz, 2Hh), 3.46 (br t, 3J = 6.0 Hz, 2Hd’), 3.57 

(dq, 2J = 9.2 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.74 (dq, 2J = 9.2 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 4.23 (t, 5J = 

2.0 Hz, 2Hg), 4.68 (t, 3J = 5.5 Hz, Hi), 7.30 (d, 3J = 8.0 Hz, 2HTs), 7.74 (d, 3J = 8.0 Hz, 2HTs); 13C NMR 
(100 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 21.5 (CTs), 22.9 (Cd), 38.9 (Cg), 48.7 (Ch), 60.7 (Cd’), 

63.5 (2CCO2CH2CH3), 75.2 (Ce/f), 82.6 (Ce/f), 102.8 (Ci), 127.8 (2CTs), 129.4 (2CTs), 136.2 (CTs), 143.7 

(CTs). 

 Compound 38 (0.75 g, 2.03 mmol) in THF (20 mL) was added slowly to a suspension 

of NaH (60% dispersion in mineral oil, 0.12 g, 3.05 mmol) in THF (20 mL) at room temperature under 

N2 and the mixture was stirred for 1 hour. Allylbromide 29a (0.21 g, 2.44 mmol) in THF (20 mL) was 

added dropwise, and the mixture was stirred at room temperature for 15 hours (TLC monitoring). 

Water was added to quench the reaction, and the mixture was extracted with EtOAc (3 x 30 mL). The 

combined organic extracts were washed with brine, dried over anhydrous Na2SO4, filtered and 

concentrated under reduce pressure. The residue was purified by column chromatography on silica 

gel using hexane:EtOAc (9:1 to 7:3) to afford 31h as a palid yellow oil (0.62, g, 74 %). Rf (hexane/ethyl 

acetat 6:4): 0.55; MW: 409.54 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.29-1.23 (m, 6HOCH2CH3), 

2.16-2.20 (m, 2Hd’), 2.41 (s, 3HTs), 3.22-3.28 (m, 4Hd,h), 3.54-3.59 (m, 2HOCH2CH3), 3.72-3.76 (m, 

2HOCH2CH3), 3.91-3.92 (m, 2Hg), 4.24-4.24 (m, 2Hc), 5.23-5.27 (m, 2Ha,a’), 5.85 (m, Hb), 7.28 (d, 3J = 8.2 

Hz, 2HTs), 7.74 (d, 3J = 8.2 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 19.8 

(Cd), 21.5 (CTs), 38.9 (Cg), 48.5 (Ch), 63.3 (2CCO2CH2CH3), 68.1 (Cd’), 71.8 (Cc), 74.3 (Ce/f), 82.4 (Ce/f), 

102.8 (Ci), 117.1 (Ca), 127.8 (2CTs), 129.3 (2CTs), 134.5 (Cb), 136.3 (CTs), 143.3 (CTs). 



METHODS  
 

Page 138 

8.3.1.5. Synthesis of cyano 41a and 41b 

Pd(PPh3)2Cl2 (0.30 g, 0.42 mmol), N-allyl-4-methyl-N-(prop-2-yn-1-

yl)benzenesulfonamide 42 (3.14 g, 12.59 mmol) and CuI (0.08 g, 0.42 mmol) were added at room 

temperature a solution of 2-iodophenylacetonitrile 44 (2.04 g, 8.39 mmol) in triethylamine (4.0 mL) and 

the reaction mixture was stirred for 15 hours (TLC monitoring). Triethylamine was then evaporated off 

and the residue was concentrated in vacuo and purified by column chromatography on silica gel 

(hexane/ethyl acetate 9:1 to 1:1) to afford 41a (2.68 g, 87%) as a dark brown oil. Rf (hexane/ethyl 

acetat 1:1): 0.80; MW: 364.46 g/mol; IR (ATR) ν (cm-1): 1346, 1158; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 2.34 (s, 3HTs), 3.50 (s, 2Hh), 4.92 (d, 3J = 6.3 Hz, 2Hc), 4.37 (s, 2Hd), 5.68 (dd, 3J = 17.1 Hz / 2J 

= 1.3 Hz, Ha), 5.34 (dd, 3J = 10.1 Hz / 2J = 1.3 Hz, Ha’), 5.76 (ddt, 3J = 6.3 Hz / 3J = 10.1 Hz / 3J = 17.1 

Hz, Hb), 7.13 (dd, 3J = 7.5 Hz / 4J = 1.3 Hz, HPh), 7.22-7.28 (m, 3HTs,Ph), 7.34 (ddd, 3J = 7.2 Hz / 3J = 

1.5 Hz / 4J = 1.5 Hz, HPh), 7.41 (m, HPh), 7.77 (d, 3J = 8.4 Hz, 2HTs); 13C NMR (75 MHz, CDCl3) δ 
(ppm): 21.6 (CTs), 22.4 (Ch), 36.7 (Cd), 49.6 (Cc), 82.5 (Ce/f), 88.5 (Ce/f), 117.29 (Ci), 120.2 (Ca/a’), 

121.9, 127.9, 129.4, 129.7, 131.6, 132.1, 132.7, 136.2, 143.9; ESI-HRMS (m/z): calculated for 

[M+Na]+: 387.1138; experimental: 387.1148. 

 The starting compound, 5-allyl-2,2-dimethyl-5-(prop-2-yn-1-yl)-1,3-dioxane 43, 

was prepared following a previously published procedure.126 

Using the same experimental procedure as for compound 41a, 41b was obtained as a brown oil (1.13 

g, 88% yield) after 24 hours. Rf (hexane/ethyl acetat 1:1): 0.64; MW: 309.17 g/mol; IR (ATR) ν (cm-1): 
2991, 1371, 1197; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.43 (s, 3Hm), 1.44 (s, 3Hm), 2.21 (d, 3J = 7.6 

Hz, 2Hc), 2.71 (s, 2Hd), 3.70 (d, 2J = 11.6 Hz, 2Hk), 3.74 (d, 2J = 11.6 Hz, 2Hk), 3.87 (s, 2Hh), 5.15 (m, 

Ha’), 5.19 (m, Ha), 5.80 (m, Hb), 7.29 (dd, 3J = 7.2 Hz / 4J = 1.6 Hz, HPh), 7.33 (ddd, 3J = 7.2 Hz / 3J = 

6.0 Hz / 4J = 6.0 Hz, HPh), 7.44-7.46 (m, 2HPh); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.3, 22.9, 23.6, 

26.5, 36.1, 37.4, 67.0 (2Ck), 80.2 (Ce/f), 93.4 (Ce/f), 98.4 (Cl), 117.6 (Ci), 119.3 (Ca), 123.4, 128.1, 

128.2, 128.6, 131.7, 132.2, 132.8; ESI-HRMS (m/z): calculated for [M+Na]+: 332.1621; experimental: 

332.1627. 
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8.3.1.6 Synthesis of aldehydes 39 and 40 

 

General procedure for 39.50 A mixture of 31a (1.53 g, 3.87 mmol) and iodine (0.10 mg, 0.4 mmol) in 

acetone (100 mL) was stirred at room temperature for 24 hours (TLC monitoring). Acetone was then 

removed under vacuum and the residue was dissolved in CH2Cl2 (50 mL). The mixture was washed 

successively with 5% aqueous Na2S2O3 (3 x 20 mL), H2O (3 x 20 mL) and brine (3 x 20 mL). The 

organic layer was dried over anhydrous Na2SO4 and the solvent removed by vacuum evaporation. The 

oily residue was purified by column chromatography on silica gel (hexane/ethyl acetate 8:2 to 6:4) to 

afford 39a (0.86 g, 69%) as a colourless oil. Rf (hexane/ethyl acetat 1:1): 0.80; MW: 321.39 g/mol; IR 
(ATR) ν (cm-1): 2925, 2848, 1732, 1346, 1158; 1H NMR (300 MHz, CDCl3) δ (ppm): 2.44 (s, 3HTs), 

3.88 (dt, 3J = 7.5 Hz / 4J = 1.5 Hz, 2Hc), 3.93 (d, 3J = 1.7 Hz, 2Hh), 3.95 (t, 5J = 1.8 Hz, 2Hd/g), 4.21 (t, 
5J = 1.8 Hz, 2Hd/g), 5.19-5.28 (m, 2Ha/a’), 5.83 (ddt, 3J = 17.4 Hz / 3J = 10.5 Hz / 3J = 5.7 Hz, Hb), 7.33 

(d, 3J = 8.4 Hz, 2HTs), 7.71 (d, 3J = 8.4 Hz, 2HTs), 9.67 (t, 3J = 1.7 Hz, Hi); 13C NMR (75 MHz, CDCl3) δ 
(ppm): 21.7 (CTs), 39.2 (Cg), 56.1 (Cd), 57.1 (Ch), 70.7 (Cc), 78.5 (Ce/f), 82.9 (Ce/f), 118.1 (Ca), 127.9 

(2CTs), 129.9 (2CTs), 133.7 (Cb), 135.0 (2CTs), 144.4 (CTs), 197.5 (Ci); ESI-MS (m/z): 344.1 [M+Na]+, 

360.1 [M+K]+; EA: calculated for C16H19NO4S.0.5H2O: C, 58.16; H, 6.10; N, 4.24; found: C, 58.37 and 

58.24; H, 6.06 and 6.12; N, 4.31 and 4.30. 

 Using the same experimental procedure as for compound 39a, 39b was obtained as 

a colourless oil (0.16 g, 60% yield) after 24 hours. Rf (hexane/ethyl acetat 1:1): 0.74; MW: 474.59 

g/mol; m.p.: 62-64 oC; IR (ATR) ν (cm-1): 2923, 1726, 1344, 1154; 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.43 (s, 6HTs), 3.64 (d, 3J = 6.4 Hz, 2Hc), 3.73 (d, 3J = 0.8 Hz, Hh), 3.89 (t, 5J = 1.8 Hz, 2Hd/g), 

3.93 (t, 5J = 1.8 Hz, 2Hd/g), 5.12 (dd, 3J = 16.8 Hz / 2J = 1.2 Hz, Ha/a’), 5.16 (dd, 3J = 10.0 Hz / 2J = 1.2 

Hz, H a/a’), 5.61 (ddt, 3J = 16.8 Hz / 3J = 10.0 Hz / 3J = 6.4 Hz, Hb), 7.30 (d, 3J = 8.2 Hz, 2HTs), 7.32 (d, 
3J = 8.2 Hz, 2HTs), 7.63 (d, 3J = 8.2 Hz, 2HTs), 7.66 (d, 3J = 8.2 Hz, 2HTs), 9.51 (t, 3J = 0.8 Hz, Hi); 13C 
NMR (75 MHz, CDCl3) δ (ppm): 21.6 (CTs), 21.7 (CTs), 35.8 (Cd/g), 38.8 (Cd/g), 49.3 (Cc), 55.8 (Ch), 

77.8 (Ce/f), 79.8 (Ce/f), 119.9 (Ca/a’), 127.7 (2CTs), 127.8 (2CTs), 129.7 (2CTs), 130.0 (2CTs), 131.9 (Cb), 

134.9 (CTs), 136.1 (CTs), 144.0 (CTs), 144.5 (CTs), 197.1 (Ci); ESI-MS (m/z): 475.1 [M+H]+, 497.1 

[M+Na]+; EA: calculated for C23H26N2O5S2.0.5H2O: C, 57.12; H, 5.63; N, 5.79; found: C, 57.42 and 

57.60; H, 5.61 and 5.43; N, 5.60 and 5.59. 
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 Using the same experimental procedure as for compound 39a, 39c was obtained as 

a pale orange solid (0.53 g, 45% yield) after 24 hours. Rf (hexane/ethyl acetat 6:4): 0.27; MW: 536.53 

g/mol; m.p.: 123-125oC; IR (ATR) ν (cm-1): 3104, 2868, 1732, 1527, 1349, 1165; 1H NMR (300 MHz, 
CDCl3) δ (ppm): 3.79 (d, 3J = 6.5 Hz, 2Hc), 4.01 (s, 4Hd,g), 4.09 (s, 2Hh), 5.20-5.27 (m, 2Ha/a’), 5.62 

(ddt, 3J = 16.8 Hz / 3J = 10.1 Hz / 3J = 6.5 Hz, Hb), 7.97 (d, 3J = 8.7 Hz, 2HNs), 7.99 (d, 3J = 8.7 Hz, 

2HNs), 8.38 (d, 3J = 8.7 Hz, 4HNs), 9.51 (s, Hi); 13C NMR (75 MHz, CDCl3) δ (ppm): 36.0 (Cd/g), 38.5 

(Cd/g), 49.7 (Cc), 55.8 (Ch), 78.1 (Ce/f), 79.9 (Ce/f), 120.8 (Ca), 124.5 (2CNs), 124.7 (2CNs), 128.8 (Cb), 

131.0 (2CNs), 131.1 (2CNs), 144.2 (CNs), 144.9 (CNs), 150.4 (CNs), 150.5 (CNs), 195.6 (Ci); ESI-MS 
(m/z): 559.1 [M+Na]+, 575.0 [M+K]+; EA: calculated for C21H20N4O9S2: C, 47.01; H, 3.76; N, 10.44; 

found: C, 47.09 and 47.09; H, 3.67 and 3.74; N, 10.22 and 10.28. 

 Using the same experimental procedure as for compound 39a, 39d was 

obtained as a orange solid (0.30 g, 41% yield) after 24 hours. Rf (hexane/ethyl acetat 1:1): 0.40; MW: 

536.53 g/mol; m.p.: 124-125oC; IR (ATR) ν (cm-1): 2981, 1537, 1351, 1160, 1125; 1H NMR (400 MHz, 
CDCl3) δ (ppm): 3.89 (d, 3J = 6.4 Hz, 2Hc), 4.05 (s, 2Hd/g), 4.19 (s, 2Hd/g), 4.22 (s, 2Hh), 5.22-5.26 (m, 

2Ha,a’), 5.64 (ddt, 3J = 17.2 Hz / 3J = 10.0 Hz / 3J = 6.4 Hz, Hb), 7.72-7.74 (m, 2H2-Ns), 7.75-7.77 (m, 

4H2-Ns), 8.00-8.04 (m, 2H2-Ns), 9.56 (s, Hi); 13C NMR (75 MHz, CDCl3) δ (ppm): 36.0 (Cd/g), 38.6 (Cd/g), 

49.6 (Cc), 55.6 (Ch), 77.9 (Ce/f), 80.2 (Ce/f), 120.5 (Ca), 124.5 (C2-Ns), 129.7, 131.0, 131.3, 132.0, 132.3, 

132.3, 132.4, 132.7, 134.2, 135.2, 144.3, 147.9, 196.2 (Ci); ESI-MS (m/z): 537.0 [M+H]+, 591.1 

[M+MeOH+Na]+; ESI-HRMS (m/z): calculated for [M+Na]+ and [M+MeOH+Na]+: 559.0564 and 

591.0826; experimental: 559.0549 and 591.0801. 

 Using the same experimental procedure as for compound 39a, 39e was obtained 

as a colourless oil (0.73 g, 86% yield) after 24 hours. Rf (hexane/ethyl acetat 7:3): 0.16; MW: 463.55 

g/mol; IR (ATR) ν (cm-1): 2981, 1730, 1348, 1161; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.23 (t, 3J = 

7.2 Hz, 6HCO2CH2CH3), 2.44 (s, 3HTs), 2.74 (t, 5J = 2.0 Hz, 2Hg) 3.07 (d, 3J = 1.2 Hz, 2Hh), 3.77 (d, 3J = 

6.4 Hz, 2Hc), 4.04 (t, 5J = 2.0 Hz, 2Hd), 4.19 (q, 3J = 7.2 Hz, 2HCO2CH2CH3), 4.20 (q, 3J = 7.2 Hz, 

2HCO2CH2CH3), 5.22 (dd, 3J = 10.0 Hz / 2J = 1.2 Hz, Ha’), 5.28 (dd, 3J = 17.1 Hz / 2J = 1.2 Hz, Ha), 5.70 
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(ddt, 3J = 17.1 Hz / 3J = 6.4 Hz / 3J = 10.0 Hz, Hb), 7.30 (d, 3J = 8.0 Hz, 2HTs), 7.70 (d, 3J = 8.0 Hz, 

2HTs), 9.63 (t, 3J = 1.2 Hz, Hi); 13C NMR (100 MHz, CDCl3) δ (ppm): 14.0 (2CCO2CH2CH3), 21.6 (CTs), 

24.0 (Cg), 36.1 (Cd), 45.9 (Ch), 49.0 (Cc), 53.9 (Cg’), 62.3 (2CCO2CH2CH3), 76.8 (Ce/f), 80.3 (Ce/f), 119.9 

(Ca), 127.8 (2CTs), 129.6 (2CTs), 132.1 (Cb), 136.3 (CTs), 143.7 (CTs), 168.8 (2CCO2Et), 198.5 (Ci); ESI-
MS (m/z): 464.1 [M+H]+, 486.2 [M+Na]+; EA: calculated for C23H29NO7S: C, 59.60; H, 6.31; N, 3.02; 

found: C, 59.39 and 59.39; H, 6.25 and 6.42; N, 3.01 and 3.01. 

Compound 39h was not isolated and was used without purification in the subsequent 

reaction.  

 Using the same experimental procedure as for compound 39a, 39j was obtained as a 

colourless waxy solid (0.12 g, 15% yield) after 24 hours. Rf (hexane/ethyl acetat 7:3): 0.18; MW: 

397.49 g/mol; IR (ATR) ν (cm-1): 2924, 1346, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.38 (s, 

3HTs), 3.93 (d, 3J = 1.0 Hz, 2Hh), 3.99 (t, 5J = 1.8 Hz, 2Hg), 4.03 (d, 3J = 6.4 Hz, 2Hc), 4.21 (t, 5J = 1.8 

Hz, 2Hd), 6.19 (dt, 3J = 16.2 Hz / 3J = 1.2 Hz, Hb), 6.57 (d, 3J = 16.2 Hz, Ha), 7.24-7.38 (m, 9HTs,Ph), 

9.51 (t, 3J = 1.0 Hz, Hi); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 39.1 (Cg), 56.0 (Cd), 57.0 

(Ch), 70.3 (Cc), 78.6 (Ce/f), 82.9 (Ce/f), 124.8, 126.5, 127.7, 128.0, 128.7, 129.9, 133.4, 136.4, 144.3, 

197.4 (Ci); ESI-HRMS (m/z): calculated for [M+Na]+: 420.1240; experimental: 420.1255. 

 Using the same experimental procedure as for compound 39a, 39k was obtained as a 

colourless oil (0.74 g, 51% yield) after 24 hours. Rf (hexane/ethyl acetat 7:3): 0.55; MW: 335.42 g/mol; 

IR (ATR) ν (cm-1): 2931, 1345, 1159; 1H NMR (300 MHz, CDCl3) δ (ppm): 1.70 (t, 4J = 1.5 Hz, 3HCH3), 

2.43 (s, 3HTs), 3.78 (s, 2Hg), 3.92 (d, 3J = 2.1 Hz, 2Hh), 3.93 (t, 5J = 1.2 Hz, 2Hd), 4.21 (t, 4J = 1.6 Hz, 

2Hc), 4.90-4.92 (m, 2Ha/a’), 7.33 (d, 3J = 7.8 Hz, 2HTs), 7.71 (d, 3J = 7.8 Hz, 2HTs), 9.66 (t, 3J = 1.6 Hz, 

Hi) 13C NMR (75 MHz, CDCl3) δ (ppm): 19.5 (CCH3), 21.6 (CTs), 39.1, 56.0, 56.8, 73.7, 78.3, 82.9, 

113.1 (Ca), 127.8 (2CTs), 129.9 (2CTs), 134.9 (CTs), 141.2 (CTs), 144.4 (Cb), 197.5 (Ci); ESI-MS (m/z): 
336.1 [M+H]+; EA: calculated for C17H21NO4S.H2O: C, 57.77; H, 6.56; N, 3.96; found: C, 57.99; H, 

6.06; N, 4.21. 
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A solution of 31i (1.48 g, 3.61 mmol) in trifluoroacetic acid (4.7 mL, 61.4 mmol), CHCl3 (4.7 mL) and 

H2O (2.3 mL) was stirred at room temperature for 24 hours. The mixture was diluted with CH2Cl2 and 

washed successively with 5% aqueous Na2S2O3 (3 x 50 mL), H2O (3 x 50 mL) and brine (3 x 50 mL). 

The organic layer was dried over anhydrous Na2SO4 and the solvent removed under reduced 

pressure. The oily residue was purified by column chromatography on silica gel (hexane/ethyl acetate 

8:2 to 5:5) to afford 39i (0.62 g, 51%) as a pale orange waxy solid. Rf (hexane/ethyl acetat 7:3): 0.54; 

MW: 335.42 g/mol; IR (ATR) ν (cm-1): 2935, 1733, 1345, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 

1.70-1.72 (m, 3HCH3), 2.43 (s, 3HTs), 3.78-3.81 (m, 2Hc), 3.90-3.94 (m, 4Hd/g,h), 4.20-4.21 (m, 2Hd/g), 

5.50 (m, Ha/b), 5.68 (m, Ha/b), 7.32 (d, 3J = 8.4 Hz, 2HTs), 7.71 (d, 3J = 8.0 Hz, 2HTs), 9.66 (m, Hi); 13C 
NMR (100 MHz, CDCl3) δ (ppm): 17.8 (CCH3), 21.6 (CTs), 39.1 (Cg), 56.0 (Cd), 56.6 (Ch), 70.4 (Cc), 

78.3 (Ce/f), 83.0 (Ce/f), 126.5, 127.7, 129.8, 130.7, 134.9, 144.3, 197.4 (Ci); ESI-HRMS (m/z): 

calculated for [M+Na]+: 358.1083; experimental: 358.1090. 

 

DIBAL-H (3.69 mL, 3.67 mmol) was added to a mixture of 41a (1.03 g, 2.82 mmol) and anhydrous 

toluene (30 mL) at 0oC. The mixture was then stirred at room temperature for 2 hours (TLC 

monitoring). The mixture was washed successively with HCl (3 x 50 mL), H2O (3 x 50 mL) and brine (3 

x 50 mL). The organic layer was dried over anhydrous Na2SO4 and the solvent removed under 

reduced pressure. The oily residue was purified by column chromatography on silica gel (hexane/ethyl 

acetate 9:1 to 7:3) to afford 40a (0.31 g, 30%) as a colourless solid. Rf (hexane/ethyl acetat 1:1): 0.60; 

MW: 367.46 g/mol; m.p.: 58-59 oC; IR (ATR) ν (cm-1): 2924, 1344, 1156; 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.32 (s, 3HTs), 3.59 (d, 3J = 2.0 Hz, 2Hh), 3.88 (d, 3J = 6.4 Hz, 2Hc), 4.32 (s, 2Hd), 5.27 (dd, 3J = 

10.0 Hz / 2J = 1.4 Hz, Ha), 5.32 (dd, 3J = 17.2 Hz / 2J = 1.4 Hz, Ha’), 5.76 (ddt, 3J = 17.2 Hz / 3J = 10.0 

Hz / 3J = 6.4 Hz, Hb), 7.71-7.30 (m, 6HTs, Ph), 7.75 (d, 3J = 8.2 Hz, 2HTs), 9.56 (t, 3J = 2.0 Hz, Hi); 13C 
NMR (75 MHz, CDCl3) δ (ppm): 21.6 (CTs), 36.7 (Cd), 49.1 (Cc/h), 49.5 (Cc/h), 83.8 (Ce/f), 86.9 (Ce/f), 

120.2 (Ca/a’), 122.9, 127.4, 127.9, 129.2, 129.7, 130.1, 132.2, 132.8, 134.2, 136.2, 143.8, 198.8 (C i); 

ESI-HRMS (m/z): calculated for [M+Na]+: 390.1134; experimental: 390.1147. 
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 Using the same experimental procedure as for compound 40a, 40b was 

obtained as a colourless oil (0.39 g, 35% yield) after 24 hours. Rf (hexane/ethyl acetat 1:1): 0.64; MW: 

312.41 g/mol; IR (ATR) ν (cm-1): 2991, 1372, 1197; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.43-1.44 

(m, 6Hm), 2.19 (d, 3J = 8.4 Hz, 2Hc), 2.65-2.71 (m, 2Hd), 3.67-3.74 (m, 4Hk), 3.84-3.88 (m, 2Hh), 5.13-

5.18 (m, 2Ha/a’), 5.78 (m, Hb), 7.19-7.30 (m, 2HPh), 7.44-7.49 (m, HPh), 9.74 (t, 3J = 2.4 Hz, Hi); 13C 
NMR (100 MHz, CDCl3) δ (ppm): 21.6, 23.6, 26.2, 36.1, 373, 49.5 (Ch), 67.0 (2Ck), 81.5 (Ce/f), 91.7 

(Ce/f), 98.3 (Cl), 119.2 (Ca), 124.4, 127.6, 128.2, 128.2, 128.4, 128.7, 130.2, 132.2, 132.3, 132.8, 

132.8, 134.2, 199.4 (Ci). 

8.3.1.7. Synthesis of N-tosylhydrazones 28 

 

General procedure for 28. A solution of p-toluensulfonylhydrazide 3a (0.46 g, 2.47 mmol) in methanol 

(10 mL) was prepared and stirred rapidly. A solution of 39a (0.79 g, 2.46 mmol) in methanol (20 mL) 

and the minimum amount of acetonitrile to completely dissolve the product was then added dropwise. 

After the addition, the mixture was stirred at room temperature for 1 hour (TLC monitoring). The 

solvent was concentrated under reduced pressure and purified by column chromatography on silica 

gel (hexane/ethyl acetate 9:1 to 7:3) to afford 28a (0.75 g, 63%, Z/E:14/86)116 as a waxy colourless 

solid. Rf (hexane/ethyl acetat 6:4): 0.33; MW: 489.61 g/mol; IR (ATR) ν (cm-1): 3207, 2919, 1343, 

1158; 1H NMR (300 MHz, CDCl3) δ (ppm): 2.42 (s, 6HTs,Ts), 3.85 (t, 5J = 1.8 Hz, 2Hg), 3.88-3.92 (m, 

6Hc,d,h), 5.23-5.30 (m, 2Ha,a’), 5.88 (ddt, 3J = 17.1 Hz / 3J = 10.5 Hz / 3J = 5.3 Hz, Hb), 7.05 (t, 3J = 5.3 

Hz, Hi), 7.27-7.31 (m, 4HTs), 7.66 (d, 3J = 8.4 Hz, 2HTs), 7.79 (d, 3J = 8.1 Hz, 2HTs), 8.01 (br s, HNH); 13C 
NMR (75 MHz, CDCl3) δ (ppm): 21.3 (2CTs), 37.2 (Cg), 48.2 (Ch), 56.8 (Cd), 70.3 (Cc), 78.8 (Ce/f), 81.9 

(Ce/f), 117.8 (Ca), 127.5 (2CTs), 127.6 (2CTs), 129.4 (2CTs), 129.5 (2CTs), 133.5 (Cb), 135.0 (CTs), 135.1 

(CTs), 143.9 (2CTs), 145.3 (Ci); ESI-MS (m/z): 512.2 [M+Na]+, 528.1 [M+K]+; EA: calculated for 

C23H27N3O5S2: C, 56.42; H, 5.56; N, 8.58; found: C, 56.09 and 56.26; H, 5.44 and 5.71; N, 8.39 and 

8.49. 
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 Using the same experimental procedure as for compound 28a, 28b was obtained as 

a colourless solid (0.14 g, 93% yield, Z/E:7/93)116 after 1 hour. Rf (hexane/ethyl acetat 6:4): 0.24; MW: 

642.80 g/mol; m.p.: 139-140 oC; IR (ATR) ν (cm-1): 3188, 2920, 1341, 1158; 1H NMR (400 MHz, 
CDCl3) δ (ppm): 2.39 (s, 3HTs), 2.40 (s, 3HTs), 2.41 (s, 3HTs), 3.63 (d, 3J = 6.0 Hz, 2Hh), 3.73 (d, 3J = 

5.2 Hz, Hc), 3.75 (s, 2Hd/g), 3.79 (s, 2Hd/g), 5.10-5.20 (m, 2Ha,a’), 5.56 (m, Hb), 7.12 (t, 3J = 6.0 Hz, Hi), 

7.26-7.31 (m, 6HTs), 7.57 (d, 3J = 8.4 Hz, 2HTs), 7.65 (d, 3J = 8.4 Hz, 2HTs), 7.77 (d, 3J = 8.4 Hz, 2HTs), 

8.73 (br s, HNH); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.5 (CTs), 21.6 (CTs), 21.7 (CTs), 35.7 (Cd/g), 37.6 

(Cd/g), 48.8 (Cc), 49.2 (Ch), 78.4 (Ce/f), 79.3 (Ce/f), 120.0 (Ca), 127.6 (2CTs), 127.7 (2CTs), 127.7 (2CTs), 

129.7 (2CTs), 129.8 (2CTs), 129.8 (2CTs), 131.7 (Cb), 135.4 (CTs) 135.4 (CTs), 135.8 (CTs), 144.1 (CTs), 

144.3 (2CTs), 145.3 (CI); ESI-MS (m/z): 643.1 [M+H]+; EA: calculated for C30H34N4O6S3.0.5H2O: C, 

55.28; H, 5.41; N, 8.60; found: C, 55.14 and 55.31; H, 5.05 and 5.04; N, 8.31 and 8.32. 

 Using the same experimental procedure as for compound 28a, 28c was obtained as 

a pale orange solid (0.64 g, 100% yield, Z/E:9/91)116 after 1 hour. Rf (hexane/ethyl acetat 1:1): 0.32; 

MW: 704.74 g/mol; m.p.: 77-79oC; IR (ATR) ν (cm-1): 1528, 1347, 1159; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 2.44 (s, 3HTs), 3.77 (d, 3J = 6.3 Hz, 2Hc), 3.87 (s, 2Hd/g), 3.96-3.98 (m, 4Hd/g,h), 5.15-5.24 (m, 

2Ha/a’), 5.49 (ddt, 3J = 16.8 Hz / 3J = 10.2 Hz / 3J = 6.3 Hz, Hb), 7.10 (t, 3J = 5.1 Hz, Hi), 7.33 (d, 3J = 8.4 

Hz, 2HTs), 7.78 (d, 3J = 8.4 Hz, 2HTs), 7.93 (d, 3J = 8.7 Hz, 2HNs), 7.98 (d, 3J = 8.7 Hz, 2HNs), 8.31 (d, 3J 

= 8.7 Hz, 2HNs), 8.37 (br s, HNH), 8.36 (d, 3J = 8.7 Hz, 2HNs); 13C NMR (100 MHz, CDCl3) δ (ppm): 
21.6 (CTs), 36.0 (Cd/g), 37.5 (Cd/g), 48.6 (Cc), 49.6 (Ch), 78.5 (Ce/f), 79.4 (Ce/f), 120.6 (Ca), 124.4, 124.5, 

127.8, 128.7, 128.8, 129.8, 130.9, 135.0, 144.1, 144.3, 144.6, 144.7, 150.3, 150.3; ESI-MS (m/z): 
727.2 [M+Na]+, 743.1 [M+K]+; EA: calculated for C28H28N6O10S3: C, 47.72; H, 4.00; N, 11.93; found: C, 

47.62 and 47.43; H, 3.87 and 3.77; N, 11.75 and 11.76. 

 Using the same experimental procedure as for compound 28a, 28d was 

obtained as a pale orange solid (0.44 g, 100% yield, Z/E:6/94)116 after 1 hour. Rf (hexane/ethyl acetat 

1:1): 0.38; MW: 704.74 g/mol; m.p.: 80-82oC; IR (ATR) ν (cm-1): 3222, 2924, 1541, 1351, 1159; 1H 
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NMR (400 MHz, CDCl3) δ (ppm): 2.42 (s, 3HTs), 3.84 (d, 3J = 6.4 Hz, 2Hc), 3.90 (s, Hd/g), 3.96 (s, 

Hd/g), 4.01 (d, 3J = 5.2 Hz, 2Hh), 5.19-5.24 (m, 2Ha/a’), 5.57 (ddt, 3J = 16.8 Hz / 3J = 10.0 Hz / 3J = 6.4 

Hz, Hb), 7.18 (t, 3J = 5.2 Hz, Hi), 7.30 (d, 3J = 8.6 Hz, 2HTs), 7.65-7.90 (m, 6H2-Ns), 7.69 (d, 3J = 8.6 Hz, 

2HTs), 8.01 (m, H2-Ns), 8.06 (m, H2-Ns), 8.48 (br s, HNH); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.6 

(CTs), 36.0, 37.5, 48.8, 49.5, 78.9 (Ce/f), 79.4 (Ce/f), 120.5 (Ca), 124.4, 124.7, 127.7, 128.0, 130.2, 

130.9, 131.0, 131.1, 132.4, 132.5, 134.0, 135.2, 144.3, 149.9 (Ci); ESI-MS (m/z): 705.1 [M+H]+, 727.1 

[M+Na]+; EA: calculated for C28H28N6O10S3: C, 47.72; H, 4.00; N, 11.93; found: C, 48.13; H, 4.04; N, 

11.42. 

 Using the same experimental procedure as for compound 28a, 28e was obtained 

as a waxy colourless solid (0.84 g, 87% yield, Z/E:8/92)116 after 1 hour. Rf (hexane/ethyl acetat 1:1): 

0.33; MW: 631.76 g/mol; IR (ATR) ν (cm-1): 3208, 2975, 1737, 1721, 1322, 1159; 1H NMR (400 MHz, 
CDCl3) δ (ppm): 1.14 (t, 3J = 7.0 Hz, 6HCO2CH2CH3), 2.38 (s, 3HTs), 2.41 (s, 3HTs), 2.54 (s, 2Hg), 2.61 (d, 
3J = 5.2 Hz, 2Hh), 3.76 (d, 3J = 6.2 Hz, 2Hc), 3.99 (s, 2Hd), 4.04 (q, 3J = 7.0 Hz, 4HCO2CH2CH3), 5.19 (d, 
3J = 10.2 Hz, Ha’), 5.24 (d, 3J = 17.0 Hz, Ha), 5.65 (ddt, 3J = 6.2 Hz / 3J = 10.2 Hz / 3J = 17.0 Hz, Hb), 

7.18 (t, 3J = 5.2 Hz, Hi), 7.16-7.30 (m, 4HTs), 7.68 (d, 3J = 8.0 Hz, 2HTs), 7.79 (d, 3J = 8.4 Hz, 2HTs), 

8.81 (br s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 13.8 (2CCO2CH2CH3), 21.3 (CTs), 21.4 (CTs), 23.5 

(Ch), 35.4 (Cd/g), 35.9 (Cd/g), 48.7 (Cg’), 55.5 (Cc), 61.8 (2CCO2CH2CH3), 76.4 (Ce/f), 80.0 (Ce/f), 119.8 (Ca), 

127.4 (2CTs), 127.8 (2CTs), 129.4 (2CTs), 129.5 (2CTs), 131.7 (Cb), 135.4 (CTs), 135.8 (CTs), 143.6 (CTs), 

143.8 (CTs), 146.8 (Ci), 168.8 (2CCO2Et); ESI-MS (m/z): 632.2 [M+H]+, 654.3 [M+Na]+; EA: calculated 

for C30H37N3O8S2: C, 57.04; H, 5.90; N, 6.65; found: C, 57.07 and 56.77; H, 5.99 and 5.97; N, 6.75 and 

6.68.  

 Using the same experimental procedure as for compound 28a, 28f was obtained as 

a pale yellow solid (0.30 g, 87% yield, Z/E:27/73)116 after 1 hour. Rf (hexane/ethyl acetat 1:1): 0.35; 

MW: 535.68 g/mol; m.p.: 60-61oC; IR (ATR) ν (cm-1): 2920, 1345, 1325, 1156; 1H NMR (400 MHz, 
CDCl3) δ (ppm): 2.32 (s, 3HTs), 2.42 (s, 3HTs), 3.47 (d, 3J = 5.6 Hz, 2Hh), 3.79 (d, 3J = 6.4 Hz, 2Hc), 

4.25 (s, 2Hd), 5.20-5.26 (m, 2Ha/a‘), 5.68 (m, Hb), 7.00-7.28 (m, 9HTs,Ph,i), 7.71-7.82 (m, 4HTs), 8.06 (br 

s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 21.7 (CTs), 36.7 (Cd/h), 37.4 (Cd/h), 49.5 (Cc), 

83.7 (Ce/f), 87.3 (Ce/f), 120.0 (Ca), 120.1, 122.2, 126.9, 127.8, 128.0, 128.1, 128.2, 129.0, 129.4, 129.7, 

129.8, 132.1, 132.6, 135.5, 136.2, 138.0, 143.9, 144.2, 150.0 (Ci); ESI-HRMS (m/z): calculated for 

[M+Na]+: 558.1492; experimental: 558.1509. 
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 Using the same experimental procedure as for compound 28a, 28g was 

obtained as a pale yellow waxy solid (0.38 g, 22% yield, Z/E:22/78)116 after 1 hour. Rf (hexane/ethyl 

acetat 1:1): 0.30; MW: 480.62 g/mol; IR (ATR) ν (cm-1): 2923, 1163; 1H NMR (400 MHz, CDCl3) δ 
(ppm): 1.41 (s, 3Hm), 1.43 (s, 3Hm), 2.11 (d, 3J = 7.6 Hz, 2Hc), 2.61 (s, 2Hd), 3.59-3.69 (m, 6Hh,k), 5.09-

5.13 (m, 2Ha,a’), 5.75 (m, Hb), 6.99-7.37 (m, 7HTs,Ph,i), 7.75 (d, 3J = 8.4 Hz, 2HTs), 8.30 (br s, HNH); 13C 
NMR (100 MHz, CDCl3) δ (ppm): 21.2, 21.6 (CTs), 23.3, 26.5, 36.0, 37.3, 37.5, 66.8 (2Ck), 81.5 (Ce/f), 

91.5 (Ce/f), 98.4 (Cl), 119.1 (Ca), 123.4, 126.8, 127.9, 128.0, 128.1, 129.3, 129.6, 129.7, 132.1, 132.5, 

135.5, 138.0, 143.9, 150.2 (Ci).  

 Using the same experimental procedure as for compound 28a, 28h was obtained as a 

colourless waxy solid (0.28 g, 59% yield, Z/E:7/93)116 after 1 hour. Rf (hexane/ethyl acetat 1:1): 0.49; 

MW: 503.63 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.14-2.17 (m, 2Hd’), 2.37 (s, 3HTs), 2.40 (s, 

3HTs), 3.29 (t, 3J = 6.6 Hz, 2Hd), 3.79 (s, 2Hg), 3.87 (d, 3J = 5.6 Hz, 2Hh), 3.93 (dt, 2J = 6.0 Hz / 3J = 1.6 

Hz, 2Hc), 5.17 (m, Ha’), 5.25 (m, Ha), 5.85 (ddt, 3J = 17.2 Hz / 3J = 10.4 Hz / 3J = 5.6 Hz, Hb), 7.13 (t, 3J 

= 5.6 Hz, Hi), 7.25 (d, 3J = 8.4 Hz, 2HTs), 7.27 (d, 3J = 8.4 Hz, 2HTs), 7.64 (d, 3J = 8.4 Hz, 2HTs), 7.76 

(d, 3J = 8.4 Hz, 2HTs), 9.01 (br s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 19.6 (Cd’), 21.3 (CTs), 21.4 

(CTs), 37.6 (Cg), 48.6 (Ch), 67.8 (Cd), 71.6 (Cc), 73.9 (Ce/f), 83.4 (Ce/f), 117.6 (Ca), 127.5 (2CTs), 127.6 

(2CTs), 129.4 (2CTs), 129.5 (2CTs), 134.1 (Cb), 135.3 (CTs), 135.4 (CTs), 143.8 (CTs), 143.9 (CTs), 145.8 

(Ci). 

 Using the same experimental procedure as for compound 28a, 28i was obtained as a 

colourless oil (0.76 g, 87% yield, Z/E:8/92)116 after 1 hour. Rf (hexane/ethyl acetat 1:1): 0.58; MW: 

503.63 g/mol; IR (ATR) ν (cm-1): 3209, 2920, 1345, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.72-

1.75 (m, 3HCH3), 2.41 (s, 3HTs), 2.42 (s, 3HTs), 3.80-3.82 (m, 4Hc,g), 3.87 (t, 5J = 2.0 Hz, 2Hd), 3.89 (d, 
3J = 5.2 Hz, 2Hh), 5.51 (m, Ha/b), 5.71 (m, Ha/b), 7.07 (t, 3J = 5.2 Hz, Hi), 7.27-7.30 (m, 4HTs), 7.65 (d, 3J 

= 8.4 Hz, 2HTs), 7.77 (d, 3J = 8.0 Hz, 2HTs), 8.35 (br s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 17.9 

(CCH3), 21.6 (CTs), 21.7 (CTs), 37.8 (Cg), 49.1 (Ch), 56.8 (Cd), 70.9 (Cc), 79.7 (Ce/f), 82.5 (Ce/f), 126.5 

(Ca), 127.8 (2CTs), 128.0 (2CTs), 129.7 (2CTs), 129.8 (2CTs), 131.3 (Cb), 135.4 (CTs), 135.5 (CTs), 144.2 
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(CTs), 144.3 (CTs), 146.1 (Ci); ESI-HRMS (m/z): calculated for [M+Na]+: 526.1441; experimental: 

526.1415. 

 Using the same experimental procedure as for compound 28a, 28k was obtained as a 

colourless oil (0.84 g, 82% yield, Z/E: 6/94)116 after 1 hour. Rf (hexane/ethyl acetat 1:1): 0.53; MW: 

503.63 g/mol; IR (ATR) ν (cm-1): 3201, 2921, 1344, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.71 

(s, 3HCH3), 2.40 (s, 3HTs), 2.40 (s, 3HTs), 3.79 (s, 2Hh), 3.81 (s, 2Hg), 3.86-3.88 (m, 4Hc,d), 4.91-4.92 (m, 

2Ha,a’), 7.10 (t, 3J = 5.4 Hz, Hi), 7.27 (d, 3J = 8.4 Hz, 4HTs), 7.65 (d, 3J = 8.4 Hz, 2HTs), 7.77 (d, 3J = 8.4 

Hz, 2HTs), 8.72 (br s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 19.5 (CCH3), 21.5 (CTs), 21.6 (CTs), 

37.5 (Cg), 48.4 (Ch), 56.9 (Cd), 73.8 (Cc), 79.2 (Ce/f), 82.2 (Ce/f), 113.3 (Ca), 127.7 (2CTs), 127.9 (2CTs), 

129.6 (2CTs), 129.7 (2CTs), 135.2 (Cb), 141.1 (CTs), 141.3 (CTs), 144.1 (CTs), 144.2 (CTs), 145.6 (Ci); 

ESI-MS (m/z): 504.1 [M+H]+, 526.2 [M+Na]+; EA: calculated for C24H29N3O5S20.5H2O: C, 56.23; H, 

5.90; N, 8.20; found: C, 56.16 and 56.52; H, 5.86 and 6.06; N, 7.94 and 8.04.  

8.3.2. Experimental procedure for the rhodium(I)-catalysed cyclisa-
tion of N-tosylhydrazone derivatives 28 

 

General procedure for 48. [Rh(cod)2]BF4 (0.0112 g, 0.028 mmol) and (S)-BINAP (0.0172 g, 0.028 

mmol) were dissolved in CH2Cl2 (4 mL) under N2. Hydrogen gas was bubbled to the stirred catalyst 

solution for 30 minutes and the resulting mixture was concentrated to dryness. The mixture was then 

dissolved in 1,2-dichloroethane (1.5 mL) and a solution of 28a (0.1092 g, 0.28 mmol) in 1,2-

dichloroethane (1.5 mL) was added. The reaction mixture was heated at reflux for 1.5 hours (TLC 

monitoring). The solvent was evaporated and the residue was purified by column chromatography on 

silica gel (hexane/ethyl acetate, 10:0 to 9:1) to afford 48a (0.0599 g, 71% yield, 78% ee) as a 

colourless solid. Rf (hexane/ethyl acetat 1:1): 0.46; MW: 305.39 g/mol; m.p.: 101-103oC; [α]20
D +40.25 

(c 0.20 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2928, 1333, 1160; 1H NMR (300 MHz, CDCl3) δ 
(ppm): 0.78-0.85 (m, 2Ha/a’), 1.61 (m, Hb), 2.44 (s, 3HTs), 3.69-3.73 (m, 2Hc), 3.78-3.83 (m, 2Hd), 3.92-

3.94 (m, 2Hg), 4.10-4.12 (m, 2Hh), 5.33 (m, Hi), 7.34 (d, 3J = 8.4 Hz, 2HTs), 7.72 (d, 3J = 8.4 Hz, 2HTs); 
13C NMR (75 MHz, CDCl3) δ (ppm): 13.5 (Ca/a’), 21.1 (CTs), 24.4 (Cb), 27.9 (Ce), 55.1 (Cc), 55.3 (Cd), 
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69.6 (Cg), 70.6 (Ch), 118.2 (Ci), 127.4 (CTs), 127.5 (CTs), 129.9 (2CTs), 134.1 (CTs), 137.6 (Cf), 143.6 

(CTs); ESI-MS (m/z): 306.1 [M+H]+, 328.1 [M+Na]+; AE: calculated for C16H19NO3S: C, 62.93; H, 6.27; 

N, 4.59; found: C, 62.41 and 63.24; H, 6.20 and 6.21; N, 4.68 and 4.44. The enantiomeric excess has 

been determined by HPLC analysis using a CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 

99% hexane / 1 % 2-PrOH mobile phase at a 1.0 mL/min flow rate, using a UV detector set up at λ = 

254 nm. The retention time for the major isomer is 21.0 min and for the minor isomer is 22.0 min. 

 Using the same experimental procedure as for compound 48a, 48b was obtained as 

a colourless solid (0.0198 g, 74% yield, 88% ee) after 1 hour. Rf (hexane/ethyl acetat 6:4): 0.31; MW: 

458.59 g/mol; m.p.: 79-82 oC; [α]20
D -3.74 (c 0.17 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2922, 1327, 

1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.80 (dd, 2J = 8.0 Hz / 3J = 5.6 Hz, Ha/a’), 0.86 (dd, 2J = 8.0 

Hz / 3J = 5.3 Hz, Ha/a’), 1.51 (ddt, 3J = 4.4 Hz / 3J = 4.4 / 3J =4.4 Hz, Hb), 2.42 (s, 3HTs), 2.44 (s, 3HTs), 

3.02-3.05 (m, 2Hc), 3.52-3.56 (m, 2Hg/h), 3.79-3.82 (m, 2Hg/h), 4.05-4.07 (m, 2Hh), 5.28 (m, Hi), 7.30-

7.34 (m, 4HTs), 7.65-7.66 (m, 4HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 14.1 (Ca/a’), 21.7 (CTs), 23.0 

(CTs), 26.9 (Ce), 49.7 (Cc/d), 51.2 (Cc/d), 54.6 (Ch), 55.3 (Cg), 118.9 (Ci), 127.5 (2CTs), 127.6 (2CTs), 

129.9 (2CTs), 130.0 (2CTs), 133.4 (CTs), 134.1 (CTs), 137.68 (Cf), 143.8 (CTs), 143.9 (CTs); ESI-MS 
(m/z): 459.0 [M+H]+; AE: calculated for C23H26N2O4S20.5H2O: C, 59.08; H, 5.82; N, 5.99; found: C, 

59.62; H, 5.94; N, 5.47. The enantiomeric excess has been determined by HPLC analysis using a 

CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 80 % hexane / 20 % 2-PrOH mobile phase at a 

1.0 mL/min flow rate, using a UV detector set up at λ = 254 nm. The retention time for the major 

isomer is 40.2 min and for the minor isomer is 34.8min.  

 Using the same experimental procedure as for compound 48a, 48c was obtained as 

a colourless solid (0.0456 g, 100% yield) after 1 hour. m.p.: 203-205 oC (dec.); Rf (hexane/ethyl acetat 

2:8): 0.52; MW: 520.53 g/mol; [α]20
D +3.91 (c 0.12 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 1528, 

1346, 1161; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.84-0.90 (m, 2Ha/a’), 1.61 (m, Hb), 3.12-3.17 (m, 

2Hc), 3.61-3.66 (m, 2Hd), 3.88-3.90 (m, 2Hg), 4.10-4.15 (m, 2Hh), 5.36 (m, Hi), 7.96-7.99 (m, 4HNs), 

8.36-8.38 (m, 4HNs); AE: calculated for C21H20N4O8S2: C, 48.45; H, 3.87; N, 10.76; found: C, 48.74; H, 

4.05; N, 10.31.  

 Using the same experimental procedure as for compound 48a, 48d was 

obtained as a dark brown waxy solid (0.0310 g, 71% yield) after 1 hour. Rf (hexane/ethyl acetat 2:8): 

0.58; MW: 520.53 g/mol; [α]20
D +5.21 (c 0.11 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2926, 1480, 
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1353, 1123; 1H NMR (400 MHz, DMSO-d6) δ (ppm): 0.51 (dd, 2J = 5.6 Hz / 3J = 5.1 Hz, Ha), 1.06 (dd, 
3J = 8.0 Hz, 2J = 5.6 Hz, Ha), 1.89 (m, Hb), 3.39 (dd, 2J = 10.0 Hz / 3J = 3.6 Hz, Hc), 3.46 (d, 2J = 10.0 

Hz, Hc), 3.50 (d, 2J = 9.6 Hz, Hd), 3.62 (d, 2J = 9.6 Hz, Hd), 4.05-4.07 (m, 2Hh), 4.16-4.18 (m, 2Hg), 5.63 

(t, 3J = 1.6 Hz, Hi), 7.81-8.04 (m, 8H2-Ns); 13C NMR (100 MHz, DMSO-d6) δ (ppm): 13.2 (Ca), 22.4 (Cb), 

26.4 (Ce), 49.7 (Ch), 51.0 (Cg), 54.6 (Cd), 55.3 (Cc), 118.7 (C2-Ns), 124.3 (C2-Ns), 124.4 (C2-Ns), 129.5 

(Ci), 129.6 (C2-Ns), 129.8 (C2-Ns), 130.3 (C2-Ns), 132.4 (C2-Ns), 132.6 (C2-Ns), 134.7 (C2-Ns), 134.9 (C2-Ns), 

136.9 (Cf), 147.6 (C2-Ns), 147.9 (C2-Ns); ESI-MS (m/z): 543.1 [M+Na]+, 559.0 [M+K]+; ESI-HRMS (m/z): 

calculated for [M+Na]+: 543.0615; experimental: 543.0596.  

 Using the same experimental procedure as for compound 48a, 48e was obtained 

as a colourless waxy solid (0.0117 g, 53% yield, 81% ee) after 1 hour. Rf (hexane/ethyl acetat 1:1): 

0.59; MW: 447.55 g/mol; [α]20
D -6.27 (c 0.08 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2924, 1729, 

1344, 1161; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.83 (m, Ha/a’), 0.91 (m, Ha/a’), 1.12-1.25 (m, 

6HCO2CH2CH3), 1.53 (m, Hb), 2.44 (s, 3HTs), 2.63-2.77 (m, 2Hh), 2.96-2.98 (m, 2Hg), 3.05 (dd, 2J = 9.2 Hz 

/ 3J = 3.6 Hz, 1Hc), 3.09 (d, 2J = 9.2 Hz, Hc), 3.54 (d, 2J = 9.4 Hz, Hd), 3.58 (d, 2J = 9.4 Hz, Hd), 4.14 (q, 
3J = 7.2 Hz, 2HCO2CH2CH3), 4.16 (q, 3J = 7.2 Hz, 2HCO2CH2CH3), 5.22 (m, Hi), 7.33 (d, 3J = 8.2 Hz, 2HTs), 

7.67 (d, 3J = 8.2 Hz, 2HTs); 13C NMR (75 MHz, CDCl3) δ (ppm): 14.1 (2CCO2CH2CH3), 14.2 (2CCO2CH2CH3), 

21.7 (C Ts), 22.5 (C a/a’), 28.4 (Cb), 29.8 (Ce), 40.8 (Cg/h), 40.8 (Cg/h), 49.9 (Cc/d), 51.5 (Cc/d), 58.6 (Cg’), 

61.8 (2CCO2CH2CH3), 120.9 (Ci), 127.8 (2CTs), 129.8 (2CTs), 133.3 (CTs), 139.6 (Cf), 134.7 (CTs), 171.9 

(CCO2Et), 172.1 (CCO2Et); ESI-HRMS (m/z): calculated for [M+Na]+: 470.1608; experimental: 470.1596. 

The enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK AD-H column 

(4.6 x 250 mm, 5 µm) with 99 % hexane / 1 % 2-PrOH mobile phase at a 1.0 mL/min flow rate, using a 

UV detector set up at λ = 220 nm. The retention time for the major isomer is 23.9 min and for the 

minor isomer is 29.7 min.  

  Using the same experimental procedure as for compound 48a, 48f was obtained as 

a colourless solid (0.0314 g, 67% yield, 64% ee) after 1 hour. m.p.: 64-66oC; Rf (hexane/ethyl acetat 

1:1): 0.40; MW: 351.46 g/mol; [α]20
D +8.91 (c 0.44 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2922, 

1341, 1160; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.99-1.05 (m, 2Ha/a’), 1.71 (ddd, 3J = 4.0 Hz / 3J = 4.0 

Hz / 3J = 4.0 Hz, Hb), 2.46 (s, 3HTs), 3.25-3.35 (m, 4Hc,d), 3.69 (d, 2J = 9.4 Hz, Hd), 3.79 (d, 2J = 9.4 Hz, 

Hd), 6.23 (t, 3J = 2.0 Hz, Hi), 6.98 (m, HPh), 7.15-7.18 (m, 2HPh), 7.34 (d, 3J = 8.1 Hz, 2HTs), 7.43 (m, 

HPh), 7.72 (d, 3J = 8.1 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 14.4 (Ca/a’), 21.7 (CTs), 21.9 

(Cb), 26.8 (Ce), 37.7 (Ch), 50.5 (Cd), 52.9 (Cc), 119.7 (Ci), 124.2, 125.0, 126.2, 127.8, 129.8, 130.9, 

133.3, 142.8, 143.7, 143.9, 144.7; ESI-HRMS (m/z): calculated for [M+Na]+: 374.1185; experimental: 
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374.1181. The enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK IA 

column (4.6 x 250 mm, 5 µm) with 99% hexane / 1 % 2-PrOH mobile phase at a 0.5 mL/min flow rate, 

using a UV detector set up at λ = 240 nm. The retention time for the major isomer is 54.3 min and for 

the minor isomer is 58.3 min.  

 Using the same experimental procedure as for compound 48a, 48g was 

obtained as a colourless oil (0.0110g, 21% yield) after 3h. Rf (hexane/ethyl acetat 1:1): 0.54; MW: 

296.41 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.58 (m, Ha/a’), 0.90 (m, Ha/a’), 1.06 (m, Hb), 1.38 (s, 

3Hm), 1.41 (s, 3Hm), 1.73 (m, Hc), 1.81 (d, 2J = 14.0 Hz, Hc), 2.08 (s, 2Hd), 3.29 (d, 2J = 2.0 Hz, Hh), 

3.64-3.66 (m, 4Hk), 6.19 (t, 3J = 2.0 Hz, Hi), 7.20 (m, HPh), 7.28 (m, 1HPh), 7.39-7.43 (m, 2HPh). 

Using the the optimised procedure described in Table 4.2, 48k was obtained as a 

colourless waxy solid (0.0308 g, 63% yield, 74% ee) after 1 hour. Rf (hexane/ethyl acetat 1:1): 0.61; 

MW: 319.42 g/mol; [α]20
D -13.58 (c 0.27 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2920, 1342, 1162; 1H 

NMR (400 MHz, CDCl3) δ (ppm): 0.64 (d, 2J = 4.8 Hz, Ha/a’), 0.88 (d, 2J = 4.8 Hz, Ha/a’), 1.00 (s, 

3HCH3), 2.43 (s, 3HTs), 3.51 (d, 2J = 8.4 Hz, Hc), 3.66 (d, 2J = 8.2 Hz, Hd), 3.72 (d, 2J = 8.2 Hz, Hd), 3.79 

(d, 2J = 8.2 Hz, Hc), 3.93-4.16 (m, 4Hg,h), 5.35 (t, 3J = 2.0 Hz, Hi), 7.32 (d, 3J = 8.0 Hz, 2HTs), 7.72 (d, 3J 

= 8.0 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 13.0 (CCH3), 17.8 (Ca/a’), 21.5 (CTs), 31.2 (Ce/b), 

31.4 (Ce/b), 54.9 (Ch), 55.6 (Cg), 71.7 (Cd), 74.5 (Cc), 120.8 (Ci), 127.4 (2CTs), 129.8 (2CTs), 134.2 (CTs), 

136.3 (Cf), 143.5 (CTs); ESI-HRMS (m/z): calculated for [M+H]+ and [M+Na]+: 320.1315 and 342.1134; 

experimental: 320.1304 and 342.1131. The enantiomeric excess has been determined by HPLC 

analysis using a CHIRALPAK AD-H column (4.6 x 250 mm, 5 µm) with 90 % hexane / 10 % 2-PrOH 

mobile phase at a 1.0 mL/min flow rate, using a UV detector set up at λ = 220 nm. The retention time 

for the major isomer is 15.4 min and for the minor isomer is 16.8 min. 
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8.4. Experimental procedure for the products synthesised in    
Chapter 5 

8.4.1. Synthesis of substrates 

 

X R N-Sulfonylhydrazone 
NTs p-CH3Ph 49 
O p-CH3Ph 50a 
O Ph 50b 
O p-OCH3Ph 50c 
O p-NO2Ph 50d 
O p-IPh 50e 
O Naphthalene 50f 
O Dansyl 50g 
O CH3 50h 
O CH3CH2CH2CH2 50i 
O 2-Thiophene 50j 
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8.4.1.1. Synthesis of allenes 52 

 General procedure for 52. In a 250 mL 2-necked round bottom flask, a mixture of 4a 

(3.01 g, 5.51 mmols), formaldehyde (0.41 g, 13.67 mmols) and copper(I) iodide (0.36 g, 2.76 mmols) 

in dioxane (100 mL) was heated to reflux. Dicyclohexylamine (1.4 mL, 10.00 mmols) was then added 

slowly to the reaction mixture. The mixture was stirred for 15 hours until completion (TLC monitoring). 

The insoluble salts were filtered off and the solvent was removed under reduced pressure. The 

reaction crude was purified by column chromatography on silica gel (hexane/ethyl acetate, 9:1 to 6:4) 

to afford 52a as a dark brown waxy solid (2.46 g, 80% yield). MW: 560.72 g/mol; IR (ATR) ν (cm-1): 
2975, 2929, 1331, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.20 (t, 3J = 7.2 Hz, 6HOCH2CH3), 2.43 (s, 

6HTs), 3.06 (d, 3J = 5.6 Hz, 2Hh), 3.54 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.62 (dt, 3J = 6.8 Hz / 
5J = 2.4 Hz, 2Hc), 3.72 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.90 (t, 5J = 2.0 Hz, 2Hd/g), 4.10 (t, 5J 

= 2.0 Hz, 2Hd/g), 4.61 (t, 3J = 5.6 Hz, Hi), 4.72 (dt, 4J = 6.8 Hz / 5J = 2.4 Hz, 2Ha,a’), 4.89 (tt, 3J = 6.8 Hz, 
4J = 6.8 Hz, Hb),7.27-7.30 (m, 4HTs), 7.61 (d, 3J = 8.4 Hz, 2HTs), 7.66 (d, 3J = 8.4 Hz, 2HTs); 13C NMR 
(100 MHz, CDCl3) δ (ppm): 15.4 (2COCH2CH3), 21.5 (2CTs), 35.9 (Cg), 38.5 (Cd), 45.4 (Cc), 48.7 (Ch’), 

63.7 (2CCO2CH2CH3), 67.1 (Ca), 76.5 (Ce/f), 79.0 (Ce/f), 85.3 (Cb), 103.0 (Ci), 127.5 (2CTs), 127.6 (2CTs), 

129.5 (2CTs), 129.6 (2CTs), 136.2 (CTs), 136.2 (CTs), 143.7 (2CTs), 209.6 (Cb); ESI-MS (m/z): 583.2 

[M+Na]+; EA: calculated for C28H36N2O6S2: C, 59.98; H, 6.47; N, 5.00; found: C, 60.08 and 60.11; H, 

6.62 and 6.54; N, 5.15 and 5.03. 

 Using the same experimental procedure as for compound 52a, 52b was obtained as a 

pale orange oil (1.85 g, 71% yield) after 15 hours. MW: 407.52 g/mol; IR (ATR) ν (cm-1): 2976, 2931, 

1346, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 1.22 (t, 3J = 7.2 Hz, 6HOCH2CH3), 2.42 (s, 3HTs), 3.24 

(d, 3J = 5.6 Hz, 2Hh), 3.57 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 2HOCH2CH3), 3.75 (dq, 2J = 9.4 Hz / 3J = 7.2 Hz, 

2HOCH2CH3), 3.85 (dt, 3J = 6.6 Hz, 5J = 2.4 Hz, 2Hc), 3.90 (t, 5J = 2.0 Hz, 2Hg), 4.33 (t, 5J = 2.0 Hz, 2Hd), 

4.69 (t, 3J = 5.6 Hz, Hi), 4.80 (dt, 4J = 6.6 Hz / 5J = 2.4 Hz, 2Ha,a’), 5.13 (tt, 3J = 6.6 Hz, 4J = 6.6 Hz, 

1Hb), 7.28 (d, 3J = 8.4 Hz, 2HTs), 7.74 (d, 3J = 8.4 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ (ppm): 15.5 

(2COCH2CH3), 21.7 (CTs), 38.9 (Cg), 48.8 (Ch), 56.9 (Cd), 63.6 (2CCO2CH2CH3), 67.2 (Cc), 76.1 (Ca), 79.9 

(Ce/f), 81.1 (Ce/f), 87.1 (Cb), 103.0 (Ci), 127.9 (2CTs), 129.6 (2CTs), 136.3 (CTs), 143.6 (CTs), 209.5 (Cb’); 

ESI-MS (m/z): 430.1 [M+Na]+, 446.1 [M+K]+; EA: calculated for C21H29NO5S: C, 61.89; H, 7.17; N, 

3.44; found: C, 61.81; H, 6.93; N, 3.68.  



CHAPTER 8 
 

Page 153 

8.4.1.2. Synthesis of aldehydes 51 

General procedure for 51. A solution of 52a (2.09 g, 3.73 mmol) in trifluoroacetic acid 

(5 mL, 65.3 mmol), CHCl3 (10 mL) and H2O (5 mL) was stirred at room temperature for 24 hours (TLC 

monitoring). The mixture was diluted with CH2Cl2 and washed successively with 5% aqueous Na2S2O3 

(3 x 50 mL), H2O (3 x 50 mL) and brine (3 x 50 mL). The organic layer was dried (Na2SO4), 

concentrated in vacuo and purified by column chromatography on silica gel (hexane/ethyl acetate 8:2 

to 5:5) to afford 51a (1.31 g, 73%) as a pale orange waxy solid. MW: 486.60 g/mol; IR (ATR) ν (cm-1): 
2922, 1342, 1156; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 2.44 (s, 3HTs), 3.70-3.69 (m, 

2Hd/g), 3.75 (s, 2Hd/g), 3.95 (s, 4Hc,h), 4.74-4.75 (m, 2Ha,a’), 4.93 (m, Hb), 7.29-7.33 (m, 4HTs), 7.62-7.66 

(m, 4HTs), 9.52 (t, 3J = 1.2 Hz, Hi); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (2CTs), 35.9 (Cg), 38.5 

(Cd), 45.8 (Cc), 55.8 (Ch), 76.6 (Ca), 77.7 (Ce/f), 79.8 (Ce/f), 85.3 (Cb), 127.6 (4CTs), 129.7 (2CTs), 130.0 

(2CTs), 134.9 (CTs), 136.1 (CTs), 144.0 (CTs), 144.5 (2CTs), 197.1 (Ci), 209.7 (Cb’); ESI-HRMS (m/z): 

calculated for [M+Na]+: 509.1175; experimental: 509.1162. 

 Using the same experimental procedure as for compound 51a, 51b was obtained as a 

colourless oil (1.26 g, 85% yield) after 24 hours. MW: 333.40 g/mol; IR (ATR) ν (cm-1): 2926, 1344, 

1157; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.44 (s, 3HTs), 3.89-3.98 (m, 6HCH2), 4.20-4.21 (m, 2HCH2), 

4.79-4.82 (m, 2Ha,a’), 5.14 (m, Hb), 7.33 (d, 3J = 8.0 Hz, 2HTs), 7.71 (d, 3J = 8.0 Hz, 2HTs), 9.66 (t, 3J = 

1.2 Hz, Hi); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.6 (CTs), 39.1 (Cg), 56.0 (Cd), 56.7 (Ch), 67.4 (Cc), 

76.0 (Ca/a’), 78.6 (Ce/f), 82.7 (Ce/f), 87.0 (Cb), 127.7 (2CTs), 129.9 (2CTs), 135.0 (CTs), 144.4 (CTs), 197.4 

(Ci), 209.6 (Cb’); ESI-MS (m/z): 334.1 [M+H]+; EA: calculated for C17H19NO4S: C, 61.24; H, 5.74; N, 

4.20; found: C, 61.01; H, 6.00; N, 4.28. 
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8.4.1.3. Synthesis of N-sulfonylhydrazones 49 and 50 

General procedure for 49. A solution of p-toluensulfonyl hydrazide (0.47 g, 2.53 

mmol) in methanol (15 mL) was prepared. A solution of 51a (1.23 g, 2.53 mmol) in methanol (15 mL) 

and the minimum amount of acetonitrile to completely dissolve the product was added dropwise to this 

mixture whilst it was being rapidly stirred. The mixture was then stirred at room temperature for 1 hour 

until completion (TLC monitoring). The solvent was removed under reduced pressure and the reaction 

crude was purified by column chromatography on silica gel (hexane/ethyl acetate, 9:1 to 6:4) to afford 

49 (1.65 g, 73%, Z/E:8/92)116 as a colourless solid. MW: 654.82 g/mol; IR (ATR) ν (cm-1): 3197, 2922, 

1342, 1155; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.41-2.42 (m, 9HTs), 3.67-3.69 (m, 2Hc), 3.75 (d, 3J = 

5.2 Hz, 2Hh), 3.77 (s, 2Hd/g), 3.85 (s, 2Hd/g), 4.71-4.73 (m, 2Ha,a’), 4.86 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 

7.11 (t, 3J = 5.2 Hz, Hi), 7.27-7.31 (m, 6HTs), 7.59 (d, 3J = 8.4 Hz, 2HTs), 7.65 (d, 3J = 8.4 Hz, 2HTs), 

7.77 (d, 3J = 8.0 Hz, 2HTs), 8.60 (s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.5 (CTs), 21.5 (CTs), 

21.6 (CTs), 35.8 (Cd/g), 37.4 (Cd/g), 45.6 (Cc), 48.4 (Ch), 76.7 (Ca/a’), 78.1 (Ce/f), 79.1 (Ce/f), 85.2 (Cb), 

127.5 (6CTs), 129.8 (2CTs), 130.0 (2CTs), 135.2 (CTs), 135.3 (CTs), 135.9 (2CTs), 144.0 (CTs), 144.2 

(CTs), 144.3 (CTs), 145.2 (Ci), 209.6 (Cb’); ESI-MS (m/z): 655.1 [M+H]+, 677.2 [M+Na]+; EA: calculated 

for C31H34N4O6S3.0.5H2O: C, 56.09; H, 5.31; N, 8.44; found: C, 56.03 and 55.96; H, 5.36 and 5.24; N, 

8.42 and 8.21. 

Using the same experimental procedure as for compound 49, 50a was obtained 

as a pale orange waxy solid (1.48 g, 85% yield, Z/E:6/94)116 after 1 hour. MW: 501.62 g/mol; IR (ATR) 
ν (cm-1): 3200, 2921, 1345, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.41 (s, 3HTs), 2.42 (s, 3HTs), 

3.87-3.87 (m, 4Hd,g), 3.89 (d, 3J = 5.2 Hz, 2Hh), 3.92 (dt, 3J = 6.8 Hz, 5J = 2.2 Hz, 2Hc), 4.82 (dt, 4J = 

6.8 Hz, 5J = 2.2 Hz, 2Ha/a‘), 5.19 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.07 (t, 3J = 5.2 Hz, Hi), 7.28-7.30 (m, 

4HTs), 7.65 (d, 3J = 8.4 Hz, 2HTs), 7.78 (d, 3J = 8.4 Hz, 2HTs), 8.30 (s, HNH); 13C NMR (100 MHz, CDCl3) 
δ (ppm): 21.5 (CTs), 21.6 (CTs), 37.4 (Cg), 48.5 (Ch), 56.7 (Cd), 67.4 (Cc), 76.1 (Ca), 79.2 (Ce/f), 81.9 

(Ce/f), 86.9 (Cb), 127.7 (4CTs), 129.7 (4CTs), 135.1 (CTs), 135.2 (CTs), 144.1 (CTs), 144.6 (CTs), 145.6 

(Ci), 209.5 (Cb’); ESI-HRMS (m/z): calculated for [M+Na]+: 524.1284 and [M+K]+: 540.1024; 

experimental: 524.1282 and 540.1017.  
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Using the same experimental procedure as for compound 49, 50b was obtained 

as a colourless waxy solid (0.10 g, 45% yield, Z/E:6/94)116 after 1 hour. MW: 487.59 g/mol; IR (ATR) ν 
(cm-1): 3195, 2861, 1346, 1161; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.40 (s, 3HTs), 3.86-3.88 (m, 

4Hd,g), 3.87 (d, 3J = 5.2 Hz, 2Hh), 3.91 (dt, 3J = 6.8 Hz, 5J = 2.4 Hz, 2Hc), 4.80 (dt, 4J = 6.8 Hz, 5J = 2.4 

Hz, 2Ha/a‘), 5.16 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.12 (t, 3J = 5.2 Hz, Hi), 7.28 (d, 3J = 8.4 Hz, 2HTs), 

7.48 (m, 2HPh), 7.56 (m, HPh), 7.64 (d, 3J = 8.4 Hz, 2HTs), 7.89 (m, 2HPh), 8.82 (s, HNH); 13C NMR (100 
MHz, CDCl3) δ (ppm): 21.5 (CTs), 37.5 (Cg), 48.6 (Ch), 56.7 (Cd), 67.5 (Cc), 76.1 (Ca), 79.4 (Ce/f), 82.0 

(Ce/f), 86.8 (Cb), 127.7 (2CPh), 127.8 (2CPh), 129.0 (2CTs), 129.7 (2CTs), 133.2 (CPh), 135.2 (CTs), 138.1 

(CPh), 144.1 (CTs), 145.9 (Ci), 209.5 (Cb’); ESI-HRMS (m/z): calculated for [M+Na]+: 510.1128; 

experimental: 510.1130. 

Using the same experimental procedure as for compound 49, 50c was 

obtained as a colourless waxy solid (0.34 g, 63% yield, Z/E:7/93)116 after 1 hour. MW: 517.61 g/mol; IR 
(ATR) ν (cm-1): 3191, 2928, 1344, 1155; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.41 (s, 3HTs), 3.84 (s, 

3HOCH3), 3.86-3.88 (m, 6Hd,g,h), 3.91 (dt, 3J = 6.8 Hz, 5J = 2.4 Hz, 2Hc), 4.81 (dt, 4J = 6.8 Hz, 5J = 2.4 

Hz, 2Ha/a‘), 5.17 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 6.95 (d, 3J = 8.8 Hz, 2Hp-OCH3Ph), 7.10 (t, 3J = 5.6 Hz, 

Hi), 7.27-7.10 (m, 2HTs), 7.65 (d, 3J = 9.2 Hz, 2HTs), 7.82 (d, 3J = 8.8 Hz, 2Hp-OCH3Ph), 8.53 (s, HNH); 13C 
NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 37.6 (Cg), 48.7 (Ch), 55.7 (COCH3), 56.8 (Ch), 67.6 (Cc), 

76.2 (Ca), 79.6 (Ce/f), 82.1 (Ce/f), 86.9 (Cb), 114.2 (2Cp-OCH3Ph), 127.7 (2CTs), 129.7 (2CTs), 129.8 (2Cp-

OCH3Ph), 130.1 (Cp-OCH3Ph), 135.4 (CTs), 144.1 (CTs), 145.8 (Ci), 163.5 (Cp-OCH3Ph), 209.6 (Cb’); ESI-HRMS 

(m/z): calculated for [M+Na]+: 540.1233; experimental: 540.1234. 

Using the same experimental procedure as for compound 49, 50d was 

obtained as a colourless solid (0.28 g, 81% yield, Z/E:4/96)116 after 1 hour. MW: 532.59 g/mol; IR 
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(ATR) ν (cm-1): 3238, 2862, 1529, 1346, 1307, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.40 (s, 

3HTs), 3.87-4.02 (m, 8Hc,d,g,h), 4.79-4.84 (m, 2Ha,a‘), 5.17 (m, Hb), 7.18 (t, 3J = 6.2 Hz, Hi), 7.28-7.32 (m, 

2HTs), 7.60-7.63 (m, 2HTs), 8.06-8.11 (m, 2Hp-NO2Ph), 8.29 (d, 3J = 9.2 Hz, 2Hp-NO2Ph), 9.00 (s, HNH); 13C 
NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 37.9 (Cg), 48.8 (Ch), 56.8 (Cd), 67.8 (Cc), 76.2 (Ca), 79.5 

(Ce/f), 82.3 (Ce/f), 86.8 (Cb), 124.2 (2Cp-NO2Ph), 127.7 (2CTs), 129.3 (2Cp-NO2Ph), 129.9 (2CTs), 134.9 (CTs), 

143.8 (CTs), 144.5 (Ci), 147.5 (Cp-NO2Ph), 150.4 (Cp-NO2Ph), 209.7 (Cb’); ESI-HRMS (m/z): calculated for 

[M+Na]+: 555.0979; experimental: 555.0975. 

Using the same experimental procedure as for compound 49, 50e was 

obtained as a pale orange waxy solid (0.38 g, 85% yield, Z/E:7/93)116 after 1 hour. MW: 613.49 g/mol; 

IR (ATR) ν (cm-1): 3192, 2924, 1345, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.42 (s, 3HTs), 3.86-

3.91 (m, 8Hc,d,g,h), 4.80 (dt, 4J = 6.8 Hz, 5J = 2.4 Hz, 2Ha/a‘), 5.17 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.15 

(t, 3J = 5.6 Hz, Hi), 7.29 (d, 3J = 8.6 Hz, 2HTs), 7.58 (d, 3J = 8.6 Hz, 2Hp-IPh), 7.64 (d, 3J = 8.6 Hz, 2HTs), 

7.82 (d, 3J = 8.6 Hz, 2Hp-IPh), 8.92 (s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 37.6 (Cg), 

48.6 (Ch), 56.7 (Cd), 67.5 (Cc), 76.2 (Ca), 79.3 (Ce/f), 82.1 (Ce/f), 86.9 (Cb), 100.9 (Cp-IPh), 127.7 (2CTs), 

129.2 (2Cp-IPh), 129.8 (2CTs), 135.0 (CTs), 137.8 (Cp-IPh), 138.2 (2Cp-IPh), 144.2 (CTs), 146.4 (Ci), 209.5 

(Cb’); ESI-HRMS (m/z): calculated for [M+Na]+: 636.0094; experimental: 636.0108. 

Using the same experimental procedure as for compound 49, 50f was 

obtained as a colourless waxy solid (0.25 g, 73% yield, Z/E:6/94)116 after 1 hour. MW: 537.65 g/mol; IR 
(ATR) ν (cm-1): 3211, 2923, 1343, 1157; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.35 (s, 3HTs), 3.82-

3.87 (m, 8Hc,d,g,h), 4.78 (dt, 4J = 6.8 Hz, 5J = 2.4 Hz, 2Ha/a‘), 5.15 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.14 

(t, 3J = 5.2 Hz, Hi), 7.18 (d, 3J = 8.4 Hz, 2HTs), 7.55-7.62 (m, 4HNaph), 7.83-7.86 (m, 2HTs+2HNaph), 8.48 

(s, HNaph), 8.99 (s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.5 (CTs), 37.5 (Cg), 48.6 (Ch), 56.7 

(Cd), 67.5 (Cc), 76.1 (Ca), 79.3 (Ce/f), 81.9 (Ce/f), 86.9 (Cb), 122.7 (CNaph), 127.5 (CNaph), 127.6 (2CTs), 

127.9 (CNaph), 129.0 (CNaph), 129.3 (CNaph), 129.4 (CNaph), 129.5 (CNaph), 129.7 (2CTs), 132.0 (CNaph), 

135.0 (CNaph), 135.1 (CNaph), 135.2 (CTs), 144.0 (CTs), 146.0 (Ci), 209.6 (Cb’); ESI-HRMS (m/z): 

calculated for [M+Na]+: 560.1284; experimental: 560.1276. 
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Using the same experimental procedure as for compound 49, 50g was 

obtained as a yellow fluorescent waxy solid (0.29 g, 86% yield, Z/E:9/91)116 after 1 hour. MW: 580.72 

g/mol; IR (ATR) ν (cm-1): 3203, 2922, 2853, 1345, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.38 (s, 

3HTs), 3.87 (s, 6HN(CH3)2), 3.64 (t, 5J = 1.6 Hz, 2Hg), 3.76-3.79 (m, 4Hd/h), 3.87 (dt, 3J = 6.8 Hz, 5J = 2.4 

Hz, 2Hc), 4.80 (dt, 4J = 6.8 Hz, 5J = 2.4 Hz, 2Ha/a‘), 5.16 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.02 (t, 3J = 

5.6 Hz, Hi), 7.15 (m, HDns), 7.17 (d, 3J = 8.4 Hz, 2HTs), 7.49-7.54 (m, 2HDns), 7.58 (d, 3J = 8.4 Hz, 2HTs), 

8.29 (m, HDns), 8.37 (m, HDns), 8.55 (m, HDns), 8.68 (s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 

(CTs), 37.4 (Cg), 45.5 (2CN(CH3)2), 48.6 (Ch), 56.8 (Cd), 67.6 (Cc), 76.2 (Ca), 79.6 (Ce/f), 81.9 (Ce/f), 87.0 

(Cb), 115.4 (CDns), 119.1 (CDns), 123.3 (CDns), 128.4 (2CTs), 128.6 (CDns), 129.7 (2CTs), 129.8 (CDns), 

129.9 (CDns), 130.9 (CDns), 131.3 (CDns), 133.7 (CDns), 135.4 (CTs), 144.0 (CTs), 145.0 (Ci), 152.0 (CDns), 

209.6 (Cb’); EA: calculated for C29H32N4O5S2: C, 59.94; H, 5.55; N, 9.65; found: C, 59.94 and 59.98; H, 

5.62 and 5.78; N, 9.43 and 9.49. 

Using the same experimental procedure as for compound 49, 50h was obtained as 

a colourless waxy solid (0.11 g, 27% yield, Z/E:6/94)116 after 1 hour. MW: 425.52 g/mol; IR (ATR) ν 
(cm-1): 3205, 2926, 1343, 1158; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 3.05 (s, 

3HSO2CH3), 3.90-3.95 (m, 4Hd/g, c), 3.99 (d, 3J = 5.2 Hz, 2Hh), 4.12 (s, 2Hd/g), 4.80 (dt, 4J = 6.8 Hz, 5J = 

2.4 Hz, 2Ha/a‘), 5.19 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.24 (t, 3J = 5.2 Hz, Hi), 7.33 (d, 3J = 8.2 Hz, 

2HTs), 7.73 (d, 3J = 8.2 Hz, 2HTs), 8.63 (s, HNH); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 38.1 

(Cg), 38.7 (CSO2CH3), 48.9 (Ch), 56.8 (Cd), 67.6 (Cc), 76.1 (Ca), 79.7 (Ce/f), 82.2 (Ce/f), 86.9 (Cb), 127.7 

(2CTs), 129.8 (2CTs), 135.2 (CTs), 144.3 (CTs), 146.5 (Ci), 209.6 (Cb’); ESI-HRMS (m/z): calculated for 

[M+Na]+: 448.0971; experimental: 448.0979. 
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 Using the same experimental procedure as for compound 49, 50i was obtained 

as a colourless waxy solid (0.32 g, 20% yield, Z/E:7/93)116 after 1 hour. MW: 467.60 g/mol; IR (ATR) ν 
(cm-1): 3201, 2962, 1343, 1154; 1H NMR (400 MHz, CDCl3) δ (ppm): 0.94 (t, 3J = 7.4 Hz, 3Hm), 1.46 

(tt, 3J = 7.2 Hz / 3J = 7.2 Hz, 2Hl), 1.75-1.83 (m, 2Hk), 2.44 (s, 3HTs), 3.17-3.21 (m, 2Hj), 3.93 (dt, 3J = 

6.8 Hz / 5J = 2.4 Hz, 2Hc), 3.95 (t, 5J = 1.6 Hz, 2Hd/g), 3.98 (d, 3J = 5.2 Hz, 2Hh), 4.11 (t, 5J = 1.6 Hz, 

2Hd/g), 4.82 (dt, 4J = 7.2 Hz, 5J = 2.4 Hz, 2Ha/a’), 5.17 (tt, 3J = 6.8 Hz, 4J = 6.8 Hz, Hb), 7.21 (t, 3J = 5.2 

Hz, Hi), 7.21 (d, 3J = 8.4 Hz, 2HTs), 7.73 (d, 3J = 8.4 Hz, 2HTs), 8.42 (s, HNH); 13C NMR (100 MHz, 
CDCl3) δ (ppm): 13.6 (Cm), 21.6 (CTs), 21.7 (Cl), 25.1 (Ck), 38.2 (Cg), 49.1 (Ch), 51.0 (Cj), 56.9 (Cd), 

67.8 (Cc), 76.2 (Ca), 79.8 (Ce/f), 82.3 (Ce/f), 86.9 (Cb), 127.8 (2CTs), 129.9 (2CTs), 135.3 (CTs), 144.3 

(CTs), 145.9 (Ci), 209.7 (Cb’); ESI-HRMS (m/z): calculated for [M+Na]+: 490.1441; experimental: 

490.1430. 

 Using the same experimental procedure as for compound 49, 50j was obtained as 

a pale yellow oil (0.10 g, 18% yield, Z/E:6/94)116 after 1 hour. MW: 493.61 g/mol; IR (ATR) ν (cm-1): 
3200, 3102, 1342, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.42 (s, 3HTs), 3.87 (t, 5J = 1.6 Hz, 

2Hd/g), 3.90-3.94 (m, 6Hc/d,g,h), 4.81 (dt, 4J = 6.8 Hz / 5J = 2.4 Hz, Ha/a’), 7.08 (dd, 4J = 3.6 Hz / 3J = 4.8 

Hz, Hthiophene), 7.15 (t, 3J = 5.2 Hz, Hi), 7.62-7.64 (m, 2HTs), 7.66-7.68 (m, 3HTs,thiophene), 8.80 (s, HNH); 

13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 37.8 (Cg), 49.0 (Ch), 56.8 (Cd), 67.7 (Cc), 76.2 (Ca), 

79.8 (Ce/f), 82.1 (Ce/f), 86.8 (Cb), 127.3 (Cthiophene), 127.7 (2CTs), 129.8 (2CTs), 133.0 (Cthiophene), 133.6 

(Cthiophene), 135.2 (Cthiophene), 138.4 (CTs), 144.2 (CTs), 146.8 (Ci), 209.6 (Cb’); ESI-HRMS (m/z): 

calculated for [M+Na]+: 516.0692; experimental: 516.0680. 



CHAPTER 8 
 

Page 159 

8.4.2. Experimental procedure for the rhodium(I)-catalysed cyclisa-
tion of N-tosylhydrazone derivative 49 

 

A mixture of [Rh(cod)2]BF4 (0.0052 g, 0.01 mmol) and BINAP (0.0079 g, 0.01 mmol) was dissolved in 

dichloromethane (4 mL) under nitrogen. Hydrogen gas was bubbled to the stirred catalytic solution for 

30 minutes and the resulting mixture was concentrated to dryness. The mixture was dissolved in 1,2-

dichloroethane (1.5 mL) and a solution of 49 (0.0818 g, 0.12 mmol) in dichloroethane (1.5 mL) was 

added. The reaction mixture was heated at reflux for 2 hours until completion (TLC monitoring). The 

solvent was evaporated and the residue was purified by column chromatography on silica gel 

(hexane/ethyl acetate, 7:3) to afford a mixture of compounds which was identified by spectroscopy 

data as 53 and 53’ (ratio 2:1) as a colourless solid (0.0164 g, 28% yield). MW: 470.60 g/mol; 1H NMR 
(400 MHz, CDCl3) δ (ppm): 1.70-1.71 (m, 3Ha, 53), 2.34-2.41 (m, 2Hb, 53’), 2.44-2.44 (m, 12HTs, 

53/53’), 3.43 (m, 2Hc, 53’), 3.90-3.93 (m, 2Hc, 53), 4.18-4.19 (m, 8Hg,h, 53/53’), 4.79 (m, Ha/a’, 53’), 
4.88 (m, Ha/a’, 53’), 5.19 (m, Hb, 53), 5.53 (s, Hi, 53), 5.63 (s, Hi, 53’), 6.52 (s, Hd, 53), 6.61 (s, Hd, 53’), 
7.31-7.36 (m, 8HTs, 53/53’), 7.63-7.65 (m, 4HTs, 53/53’), 7.74-7.76 (m, 4HTs, 53/53’); 13C NMR (100 
MHz, CDCl3) δ (ppm): 20.5 (Ca, 53), 21.7 (2CTs, 53 and 53’), 21.8 (2CTs, 53 and 53’), 30.5 (Cb, 53’), 
43.5 (Cc, 53), 44.4 (Cc, 53’), 55.3 (Cg/h, 53’), 55.6 (Cg/h, 53’), 55.7 (Cg/h, 53), 55.8 (Cg/h, 53’), 111.9 

(Ca/a’, 53’), 114.2 (Cf, 53’), 114.6 (Cd, 53), 116.9 (Cf, 53), 121.0 (Ci, 53), 121.6 (Ci, 53’), 124.9 (Cd, 53’), 
125.7 (Cb, 53), 127.1 (2CTs, 53’), 127.3 (2CTs, 53’), 127.7 (4CTs, 53 and 53’), 130.0 (2CTs, 53), 130.1 

(2CTs, 53’), 130.2 (2CTs, 53), 130.3 (2CTs, 53’), 131.4 (Cb’, 53), 133.8 (Ce, 53), 134.1 (CTs, 53), 134.2 

(CTs, 53’), 134.5 (CTs, 53’), 134.7 (Ce, 53’), 134.8 (CTs, 53’), 135.9 (Cb’, 53’), 143.7 (2CTs, 53 and 53’), 

144.5 (CTs, 53), 144.6 (CTs, 53’); ESI-MS (m/z): 471.1 [M+H]+, 493.1 [M+Na]+. 

8.4.3. Experimental procedure for the rhodium(I)-catalysed cyclisa-
tion of N-sulfonylhydrazone derivatives 50 
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General procedure for 54a and 55. A mixture of [Rh(cod)2]BF4 (0.0101 g, 0.02 mmol) and BINAP 

(0.0156 g, 0.01 mmol) was dissolved in dichloromethane (4 mL) under nitrogen. Hydrogen gas was 

bubbled to the stirred catalytic solution for 30 minutes and the resulting mixture was concentrated to 

dryness. The mixture was dissolved in 1,2-dichloroethane (35 mL) and a solution of 50a (0.1253 g, 

0.25 mmol) in dichloroethane (35 mL) was added. The reaction mixture was heated at reflux for 2 

hours until completion (TLC monitoring). The solvent was evaporated and the residue was purified by 

column chromatography on silica gel (hexane/ethyl acetate, 8:2) to afford a mixture of compounds, 

which were identified by spectroscopy data as 54a and 55. 

Compound 54a was obtained as a colourless solid (0.0759 g, 64% yield, ee=83%). MW: 473.60 g/mol; 

m.p.: 132-133 oC; [α]20
D +69.86 (c 0.12 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2922, 2852, 1335, 

1160; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.42 (s, 3HTs), 2.45 (s, 3HTs), 3.19 (dd, 2J = 10.8 Hz / 3J = 

10.8 Hz, Hd), 3.51 (m, He), 3.57 (d, 3J = 4.2 Hz, Hb), 3.65 (dd, 2J = 12.8 Hz / 3J = 4.2 Hz, Hc), 3.87 (dd, 
2J = 10.8 Hz / 3J = 5.4 Hz, Hd), 3.97-3.99 (m, 2Hg), 4.12-4.13 (m, 2Hh), 4.68 (d, 2J = 2.0 Hz, Ha/a’), 4.69 

(d, 2J = 2.0 Hz, Ha/a’), 4.73 (d, 2J = 12.8 Hz, Hc), 5.44 (m, Hi), 7.31-7.35 (m, 4HTs), 7.69-7.72 (m, 4HTs); 
13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 21.7 (CTs), 39.8 (Ce), 54.6 (Ch/g), 54.9 (Ch/g), 66.3 

(Cc), 67.7 (Cb), 71.0 (Cd), 119.2 (Ca/a’), 123.3 (Ci), 127.4 (2CTs), 129.2 (2CTs), 129.7 (2CTs), 129.9 

(2CTs), 133.8 (CTs), 134.3 (CTs), 135.7 (Cf), 136.5 (Cb’), 143.8 (CTs), 145.1 (CTs); ESI-MS (m/z): 474.2 

[M+H]+; AE: calculated for C24H27NO5S2: C, 60.87; H, 5.75; N, 2.96; found: C, 60.63; H, 5.58; N, 3.25. 

The enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK IA column (4.6 

x 250 mm, 5 µm) with 76 % hexane / 20 % 2-PrOH / 6 % acetonitrile mobile phase at a 1.0 mL/min 

flow rate, using a UV detector set up at λ = 220 nm. The retention time for the major isomer is 22.7 

min and for the minor isomer is 17.0 min.  

Compound 55 was obtained as a colourless solid (0.0088 g, 11 % yield). MW: 317.40 g/mol; IR (ATR) 
ν (cm-1): 2922, 2849, 1686, 1337, 1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.14 (s, 3Ha), 2.38-2.38-

2.41 (m, 2Hb), 2.42 (s, 3HTs), 2.56-2.57 (m, 2Hc), 4.21-4.22 (m, 2Hg), 4.40-4.43 (m, 2Hh), 6.10 (m, Hi), 

7.31 (d, 3J = 8.4 Hz, 2HTs), 7.40 (d, 3J = 8.4 Hz, 2HTs); ESI-HRMS (m/z): calculated for [M+Na]+: 

340.0978; experimental: 340.0976.  

 Using the same experimental procedure as for compound 54a, 54b was obtained 

as a colourless solid (0.0479 g, 50% yield, ee=80%) after 1 hour. MW: 459.57 g/mol; m.p.: 82-84 oC; 
[α]20

D +58.33 (c 0.10 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2921, 2852, 1594, 1130; 1H NMR (400 
MHz, CDCl3) δ (ppm): 2.42 (s, 3HTs), 3.20 (dd, 2J = 10.6 Hz / 3J = 10.6 Hz, Hd), 3.53 (m, He), 3.59 (d, 
3J = 3.6 Hz, Hb), 3.66 (dd, 2J = 12.8 Hz / 3J = 4.0 Hz, Hc), 3.89 (dd, 2J = 10.6 Hz / 3J = 5.2 Hz, Hd), 

3.97-4.00 (m, 2Hg), 4.11-4.15 (m, 2Hh), 4.67 (d, 2J = 2.0 Hz, Ha/a’), 4.70 (d, 2J = 2.0 Hz, Ha/a’), 4.76 (d, 
2J = 12.8 Hz, Hc), 5.44 (m, Hi), 7.32 (d, 3J = 7.4 Hz, 2HTs), 7.54-7.58 (m, 2HPh), 7.66 (m, HPh), 7.70 (d, 
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3J = 7.4 Hz, 2HTs), 7.83-7.86 (m, 2HPh); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.6 (CTs), 39.8 (Ce), 

54.7 (Ch/g), 54.9 (Ch/g), 66.3 (Cc), 67.8 (Cb), 71.1 (Cd), 119.3 (Ca/a’), 123.5 (Ci), 127.6 (2CPh), 129.1 

(2CTs), 129.3 (2CPh), 130.0 (2CTs), 133.9 (CPh), 134.1 (CTs), 135.7 (Cf), 136.5 (Cb’), 137.3 (CPh), 143.9 

(CTs); ESI-MS (m/z): 460.1 [M+H]+; AE: calculated for C23H25NO5S2: C, 60.11; H, 5.48; N, 3.05; found: 

C, 59.67; H, 5.44; N, 3.33. The enantiomeric excess has been determined by HPLC analysis using a 

CHIRALPAK IA column (4.6 x 250 mm, 5 µm) with 70 % hexane / 20 % 2-PrOH / 10 % acetonitrile 

mobile phase at a 1.0 mL/min flow rate, using a UV detector set up at λ = 220 nm. The retention time 

for the major isomer is 9.4 min and for the minor isomer is 8.2 min. 

 Using the same experimental procedure as for compound 54a, 54c was 

obtained as a colourless solid (0.0238 g, 55% yield, ee=88%) after 1 hour. MW: 489.60 g/mol; m.p.: 
86-87 oC; [α]20

D +112.92 (c 0.04 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2920, 2851, 1339, 1304, 

1159; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 3.20 (dd, 2J = 10.8 Hz / 3J = 10.8 Hz, 1Hd), 

3.50 (m, He), 3.55 (d, 3J = 4.0 Hz, Hb), 3.65 (dd, 2J = 12.8 Hz / 3J = 4.0 Hz, Hc), 3.87 (dd, 2J = 10.4 Hz / 
3J = 5.6 Hz, Hd), 3.90 (s, 3HOCH3), 3.97-4.00 (m, 2Hg), 4.12-4.14 (m, 2Hh), 4.72-4.76 (m, 3Ha,a’,c), 5.43 

(m, Hi), 7.00 (d, 3J = 9.2 Hz, 2Hp-OCH3Ph), 7.32 (d, 3J = 8.4 Hz, 2HTs), 7.70 (d, 3J = 8.4 Hz, 2HTs), 7.75 (d, 
3J = 9.2 Hz, 2Hp-OCH3Ph); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.7 (CTs), 39.8 (Ce), 54.7 (Ch/g), 54.9 

(Ch/g), 55.8 (COCH3), 66.5 (Cc), 68.0 (Cb), 71.0 (Cd), 114.3 (2Cp-OCH3Ph), 119.2 (Ca/a’), 123.4 (Ci), 127.6 

(2CTs), 128.9 (Cp-OCH3Ph), 130.0 (2CTs), 131.4 (2Cp-OCH3Ph), 134.0 (Cp-OCH3Ph), 135.8 (CTs), 135.9 (Cf), 

136.7 (Cb’), 143.9 (CTs), 164.0 (Cp-OCH3Ph); ESI-MS (m/z): 490.1 [M+H]+; AE: calculated for 

C24H27NO6S2: C, 58.88; H, 5.56; N, 2.86; found: C, 58.79 and 58.99; H, 5.58 and 5.82; N, 3.18 and 

3.31. The enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK IA 

column (4.6 x 250 mm, 5 µm) with 70 % hexane / 20 % 2-PrOH / 10 % acetonitrile mobile phase at a 

1.0 mL/min flow rate, using a UV detector set up at λ = 220 nm. The retention time for the major 

isomer is 10.9 min and for the minor isomer is 9.8 min. min.  

 Using the same experimental procedure as for compound 54a, 54d was 

obtained as a colourless solid (0.0451 g, 43% yield, ee=92%) after 24 hours. MW: 504.57 g/mol; m.p.: 
122-124 oC; [α]20

D +89.79 (c 0.28 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2922, 1530, 1347, 1303, 

1158, 1105; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 3.21 (dd, 2J = 10.8 Hz / 3J = 10.8 Hz, 
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1Hd), 3.57 (m, He), 3.66 (d, 3J = 4.0 Hz, Hb), 3.72 (dd, 2J = 12.8 Hz / 3J = 4.0 Hz, Hc), 3.91 (dd, 2J = 

10.8 Hz / 3J = 5.2 Hz, Hd), 3.97-4.01 (m, 2Hg), 4.13-4.14 (m, 2Hh), 4.70-4.81 (m, 3Ha,a’,c), 5.50 (m, Hi), 

7.33 (d, 3J = 8.0 Hz, 2HTs), 7.70 (d, 3J = 8.0 Hz, 2HTs), 8.05 (d, 3J = 8.6 Hz, 2Hp-NO2Ph), 8.39 (d, 3J = 8.6 

Hz, 2Hp-NO2Ph); 13C NMR (75 MHz, CDCl3) δ (ppm): 21.7 (CTs), 39.9 (Ce), 54.5 (Ch/g), 54.8 (Ch/g), 66.0 

(Cc), 68.0 (Cb), 71.0 (Cd), 120.2 (Ca/a’), 124.1 (Ci), 124.3 (2Cp-NO2Ph), 127.6 (2CTs), 130.0 (2CTs), 130.7 

(2Cp-NO2Ph), 133.7 (CTs), 135.2 (Cf), 136.1 (Cb’), 142.9 (Cp-NO2Ph), 143.9 (CTs), 151.0 (Cp-NO2Ph); ESI-
HRMS (m/z): calculated for [M+Na]+: 527.0917; experimental: 527.0915. The enantiomeric excess has 

been determined by HPLC analysis using a CHIRALPAK IA column (4.6 x 250 mm, 5 µm) with 50 % 

hexane / 50 % 2-PrOH mobile phase at a 1.0 mL/min flow rate, using a UV detector set up at λ = 220 

nm. The retention time for the major isomer is 20.6 min and for the minor isomer is 17.5 min.  

Using the same experimental procedure as for compound 54a, 54e was obtained 

as a colourless solid (0.0436 g, 41% yield, ee=87%) after 24 hours. MW: 585.47 g/mol; m.p.: 168-

170oC; [α]20
D +64.19 (c 0.16 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2918, 2850, 1336, 1307, 1142, 

1099; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 3.20 (dd, 2J = 10.8 Hz / 3J = 10.8 Hz, 1Hd), 

3.51 (m, He), 3.57 (d, 3J = 4.2 Hz, Hb), 3.66 (dd, 2J = 12.8 Hz / 3J = 4.2 Hz, Hc), 3.89 (dd, 2J = 10.8 Hz / 
3J = 5.2 Hz, Hd), 3.96-4.00 (m, 2Hg), 4.13-4.14 (m, 2Hh), 4.69-4.77 (m, 3Ha,a’,c), 5.45 (m, Hi), 7.33 (d, 3J 

= 8.2 Hz, 2HTs), 7.53 (d, 3J = 8.6 Hz, 2Hp-IPh), 7.70 (d, 3J = 8.2 Hz, 2HTs), 7.91 (d, 3J = 8.6 Hz, 2Hp-IPh); 
13C NMR (75 MHz, CDCl3) δ (ppm): 21.7 (CTs), 39.8 (Ce), 54.6 (Ch/g), 54.9 (Ch/g), 66.2 (Cc), 67.8 (Cb), 

71.0 (Cd), 102.2 (Cp-IPh), 119.7 (Ca/a’), 123.7 (Ci), 127.6 (2CTs), 130.0 (2CTs), 130.5 (2Cp-IPh), 133.8 

(CTs), 135.5 (Cf), 136.3 (Cb’), 136.9 (Cp-IPh), 138.4 (2Cp-IPh), 143.9 (CTs); ESI-HRMS (m/z): calculated 

for [M+Na]+: 608.0033; experimental: 608.0023. The enantiomeric excess has been determined by 

HPLC analysis using a CHIRALPAK IA column (4.6 x 250 mm, 5 µm) with 70 % hexane / 20 % 2-

PrOH / 10 % acetonitrile mobile phase at a 1.0 mL/min flow rate, using a UV detector set up at λ = 220 

nm. The retention time for the major isomer is 10.7 min and for the minor isomer is 9.6 min.  

Using the same experimental procedure as for compound 54a, 54f was obtained 

as a colourless solid (0.0443 g, 47% yield, ee=82%) after 1 hour together with traces of compound 55 

which could not be separated. MW: 509.63 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.39 (s, 3HTs), 
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3.20 (dd, 2J = 10.8 Hz / 3J = 10.8 Hz, Hd), 3.53 (m, He), 3.67-3.69 (m, 2Hb,c), 3.88 (dd, 2J = 10.8 Hz / 3J 

= 5.2 Hz, Hd), 3.94-3.98 (m, 2Hg), 4.11-4.12 (m, 2Hh), 4.64 (d, 2J = 2.0 Hz, Ha/a’), 4.65 (d, 2J = 2.0 Hz, 

Ha/a’), 4.79 (dd, 2J = 13.6 Hz / 3J = 1.6 Hz, Hc), 5.40 (m, Hi), 7.26 (d, 3J = 8.0 Hz, 2HTs), 7.66 (d, 3J = 8.0 

Hz, 2HTs), 7.69-7.71 (m, 2HNaph), 7.80-7.82 (m, HNaph), 7.98-8.00 (m, 2HNaph), 8.42 (m, HNaph); 13C NMR 
(75 MHz, CDCl3) δ (ppm): 21.6 (CTs), 39.8 (Ce), 54.7 (Ch/g), 55.0 (Ch/g), 66.3 (Cc), 67.8 (Cb), 71.0 (Cd), 

119.4 (Ca), 123.4 (Ci), 123.7 (2CTs), 127.5 (CNaph), 128.0 (CNaph), 128.1 (CNaph), 129.4 (CNaph), 129.6 

(CNaph), 129.7 (CNaph), 129.9 (2CTs), 131.1 (CNaph), 132.0 (CNaph), 133.7 (CTs), 134.1 (CNaph), 135.4 

(CNaph), 135.6 (Cf), 136.5 (Cb’), 143.8 (CTs); ESI-HRMS (m/z): calculated for [M+Na]+: 532.1123; 

experimental: 532.1227. The enantiomeric excess has been determined by HPLC analysis using a 

CHIRALPAK IA column (4.6 x 250 mm, 5 µm) with 70 % hexane / 20 % 2-PrOH / 10 % acetonitrile 

mobile phase at a 1.0 mL/min flow rate, using a UV detector set up at λ = 220 nm. The retention time 

for the major isomer is 11.1 min and for the minor isomer is 10.0 min.  

Using the same experimental procedure as for compound 54a, 54g was obtained 

as a orange waxy solid (0.0268 g, 25% yield, ee=72%) after 24 hours together with traces of 

compound 55 which could not be separated.. MW: 552.70 g/mol; IR (ATR) ν (cm-1): 2943, 2863, 1340, 

1305, 1160, 1134; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.40 (s, 3HTs), 2.90 (s, 6HN(CH3)2), 3.21 (dd, 2J 

= 10.8 Hz / 3J = 10.8 Hz, 1Hd), 3.64-3.72 (m, 2Hc,e), 3.88-3.95 (m, 4Hg,d,b), 4.11-4.11 (m, 2Hh), 4.39 (d, 
2J = 2.0 Hz, Ha/a’), 4.54 (d, 2J = 2.0 Hz, Ha/a’), 4.74 (d, 2J = 12.8 Hz, Hc), 5.42 (m, Hi), 7.21 (d, 3J = 6.8 

Hz, HDns), 7.29-7.33 (m, 2HTs), 7.55-7.60 (m, 2HDns), 7.68 (d, 3J = 8.4 Hz, 2HTs), 8.22 (dd, 3J = 1.2 Hz, 
3J = 7.2 Hz, HDns), 8.32 (d, 3J = 8.4 Hz, HDns), 8.61 (d, 3J = 8.4 Hz, HDns); 13C NMR (100 MHz, CDCl3) δ 
(ppm): 21.6 (CTs), 40.1 (Ce), 45.5 (2CDns), 54.8 (Ch/g), 55.5 (Ch/g), 66.1 (Cc), 66.7 (Cb), 71.1 (Cd), 115.4 

(CDns), 118.5 (CDns), 118.8 (CDns), 123.2 (CDns), 123.3 (CDns), 127.5 (2CTs), 127.6 (CDns), 129.9 (2CTs), 

131.8 (CDns), 132.3 (CDns), 132.4 (CDns), 133.9 (CTs), 135.8 (Cf), 136.7 (Cb’), 143.8 (CTs), 152.3 (CDns); 

ESI-HRMS (m/z): calculated for [M+Na]+: 575.1645; experimental: 575.1658. The enantiomeric 

excess has been determined by HPLC analysis using a CHIRALPAK IA column (4.6 x 250 mm, 5 µm) 

with 70 % hexane / 20 % 2-PrOH / 10 % acetonitrile mobile phase at a 1.0 mL/min flow rate, using a 

UV detector set up at λ = 340 nm. The retention time for the major isomer is 8.4 min and for the minor 

isomer is 7.6 min.  
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 Using the same experimental procedure as for compound 54a, 54h was obtained as 

a pale orange solid (0.0496 g, 72% yield, ee=86%) after 2.5 hours. MW: 397.50 g/mol; m.p.: 52-53oC; 

[α]20
D +51.46 (c 0.18 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2928, 2856, 1336, 1299, 1159, 1107; 1H 

NMR (400 MHz, CDCl3) δ (ppm): 2.44 (s, 3HTs), 2.93 (s, 3HSO2CH3), 3.25 (dd, 2J = 10.8 Hz / 3J = 10.8 

Hz, Hd), 3.61 (d, 3J = 4.0 Hz, Hb), 3.69-3.73 (m, 2Hc,e), 3.93 (dd, 2J = 10.4 Hz / 3J = 5.2 Hz, Hd), 4.01-

4.07 (m, 2Hg), 4.15-4.17 (m, 2Hh), 4.78 (d, 2J = 12.8 Hz, Hc), 4.96 (d, 2J = 2.0 Hz, Ha/a’), 5.23 (d, 2J = 

2.0 Hz, Ha/a’), 5.53 (m, Hi), 7.36 (d, 3J = 8.4 Hz, 2HTs), 7.71 (d, 3J = 8.4 Hz, 2HTs); 13C NMR (100 MHz, 
CDCl3) δ (ppm): 21.6 (CTs), 39.2 (Ce/SO2CH3), 39.9 (Ce/SO2CH3), 54.6 (Ch/g), 54.9 (Ch/g), 65.6 (Cc), 66.4 

(Cb), 71.0 (Cd), 119.2 (Ca/a’), 123.9 (Ci), 127.5 (2CTs), 130.0 (2CTs), 133.7 (CTs), 135.4 (Cf), 137.6 (Cb’), 

143.9 (CTs); ESI-HRMS (m/z): calculated for [M+Na]+: 420.0910; experimental: 420.0918. The 

enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK IA column (4.6 x 

250 mm, 5 µm) with 76 % hexane / 20 % 2-PrOH / 4 % acetonitrile mobile phase at a 1.0 mL/min flow 

rate, using a UV detector set up at λ = 220 nm. The retention time for the major isomer is 19.8 min and 

for the minor isomer is 18.0 min.  

 Using the same experimental procedure as for compound 54a, 54i was obtained as 

a colourless solid (0.0437 g, 92% yield, ee=96%) after 2 hours. MW: 439.58 g/mol; m.p.: 56-58oC; 

[α]20
D +80.54 (c 0.25 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2960, 2871, 1339, 1295, 1159, 1106; 1H 

NMR (400 MHz, CDCl3) δ (ppm): 0.96 (t, 3J = 7.6 Hz, 3Hm), 1.47 (tq, 3J = 7.6 Hz / 3J = 7.6 Hz, 2Hl), 

1.80-1.83 (m, 2Hk), 2.44 (s, 3HTs), 2.98-3.06 (m, 2Hj), 3.25 (dd, 2J = 10.8 Hz / 3J = 10.8 Hz, 1Hd), 3.57 

(d, 3J = 3.6 Hz, Hb), 3.67-3.71 (m, 2Hc,e), 3.94 (dd, 2J = 10.8 Hz / 3J = 5.6 Hz, Hd), 4.03-4.05 (m, 2Hg), 

4.15-4.16 (m, 2Hh), 4.79 (d, 2J = 12.8 Hz, Hc), 4.95 (d, 2J = 2.0 Hz, Ha/a’), 5.17 (d, 2J = 2.0 Hz, Ha/a’), 

5.52 (m, Hi), 7.34 (d, 3J = 8.0 Hz, 2HTs), 7.72 (d, 3J = 8.0 Hz, 2HTs); 13C NMR (100 MHz, CDCl3) δ 
(ppm): 13.7 (Cm), 21.7 (CTs), 21.9 (Cl), 23.6 (Ck), 40.1 (Ce), 50.5 (Cj), 54.7 (Ch/g), 54.9 (Ch/g), 64.8 (Cc), 

65.8 (Cb), 71.2 (Cd), 118.5 (Ca/a’), 123.7 (Ci), 127.6 (2CTs), 130.0 (2CTs), 133.9 (CTs), 135.6 (Cf), 138.3 

(Cb’), 143.9 (CTs); ESI-HRMS (m/z): calculated for [M+Na]+: 462.1379; experimental: 462.1373. The 

enantiomeric excess has been determined by HPLC analysis using a CHIRALPAK IA column (4.6 x 

250 mm, 5 µm) with 78 % hexane / 20 % 2-PrOH / 2 % acetonitrile mobile phase at a 1.0 mL/min flow 

rate, using a UV detector set up at λ = 220 nm. The retention time for the major isomer is 21.9 min and 

for the minor isomer is 25.1 min.  
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 Using the same experimental procedure as for compound 54a, 54j was obtained as 

a colourless solid (0.0437 g, 40% yield, ee=91%) after 24 hours. MW: 465.60 g/mol; m.p.: 74-76oC; 
[α]20

D +86.47 (c 0.09 g / 100 mL, CH3CN); IR (ATR) ν (cm-1): 2959, 2860, 1307, 1159, 1141, 1106; 1H 
NMR (400 MHz, CDCl3) δ (ppm): 2.43 (s, 3HTs), 3.22 (dd, 2J = 10.8 Hz / 3J = 10.8 Hz, Hd), 3.55 (m, 

He), 3.68-3.73 (m, 2Hc,b), 3.90 (dd, 2J = 10.4 Hz / 3J = 4.8 Hz, Hd), 4.00-4.02 (m, 2Hg), 4.13-4.15 (m, 

2Hh), 4.77-4.80 (m, 3Ha,a’,c), 5.46 (m, Hi), 7.17 (dd, 3J = 5.2 Hz / 3J = 3.8 Hz, Hthiophene), 7.33 (d, 3J = 8.4 

Hz, 2HTs), 7.64 (dd, 3J = 3.8 Hz / 4J = 1.4 Hz, Hthiophene), 7.71 (d, 3J = 8.4 Hz, 2HTs) 7.75 (dd, 3J = 5.2 

Hz / 4J = 1.4 Hz, Hthiophene); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.7 (CTs), 39.8 (Ce), 54.7 (Ch/g), 54.9 

(Ch/g), 66.4 (Cc), 69.1 (Cb), 71.1 (Cd), 119.5 (Ca/a’), 123.5 (Ci), 127.6 (2CTs), 128.0 (Cthiophene), 130.0 

(2CTs), 133.9 (CTs), 134.8 (Cthiophene), 135.5 (Cf), 135.7 (Cthiophene), 136.6 (Cb’), 138.2 (Cthiophene), 143.9 

(CTs); ESI-MS (m/z): 466.1 [M+H]+; AE: calculated for C21H23NO5S3: C, 54.17; H, 4.98; N, 3.01; found: 

C, 54.39 and 54.21; H, 5.09 and 4.97; N, 3.35 and 3.29. The enantiomeric excess has been 

determined by HPLC analysis using a CHIRALPAK IA column (4.6 x 250 mm, 5 µm) with 78 % 

hexane / 20 % 2-PrOH / 2 % acetonitrile mobile phase at a 1.0 mL/min flow rate, using a UV detector 

set up at λ = 220 nm. The retention time for the major isomer is 28.8 min and for the minor isomer is 

25.9 min.  

8.4.4. Deuterium labelling experiment 

 

Compound 54e-D was obtained following the same procedure as for compound 54a but stirring D2O (6 

eq.) in DCE before adding the catalytic system. The compound 54e-D was obtained as a colourless 

solid (0.0169 g, 31% yield). MW: 586.48 g/mol; 1H NMR (400 MHz, CDCl3) δ (ppm): 2.45 (s, 3HTs), 

3.19 (d, 2J = 10.4 Hz, Hd), 3.56 (d, 3J = 4.0 Hz, Hb), 3.66 (dd, 2J = 13.2 Hz / 3J = 4.4 Hz, Hc), 3.89 (d, 2J 

= 10.4 Hz, Hd), 3.95-4.01 (m, 2Hg), 4.13-4.14 (m, 2Hh), 4.70-4.77 (m, 3Ha,a’,c), 5.45 (m, Hi), 7.34 (d, 3J 

= 8.4 Hz, 2HTs), 7.53 (d, 3J = 8.6 Hz, 2Hp-IPh), 7.71 (d, 3J = 8.4 Hz, 2HTs), 7.92 (d, 3J = 8.6 Hz, 2Hp-IPh); 
2H NMR (400 MHz, CHCl3) δ (ppm): 3.48 (s, De); 13C NMR (100 MHz, CDCl3) δ (ppm): 21.7 (CTs), 

39.3 (Ce), 54.6 (Ch/g), 54.9 (Ch/g), 66.2 (Cc), 67.9 (Cb), 71.0 (Cd), 102.2 (Cp-IPh), 119.7 (Ca/a’), 123.7 (Ci), 
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127.6 (2CTs), 130.0 (2CTs), 130.6 (2Cp-IPh), 133.9 (CTs), 135.5 (Cf), 136.3 (Cb’), 137.0 (Cp-IPh), 138.5 (Cp-

IPh), 143.9 (CTs); ESI-HRMS (m/z): calculated for [M+Na]+: 609.0096; experimental: 609.0094. 
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