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1 

Summary 

One of the most important topics in organic chemistry is the development of new efficient 

processes for the formation of carbon-carbon bonds. The transition-metal catalysed [2+2+2] 

cycloaddition reaction is an efficient method to obtain six-membered polysubstituted carbo- 

and heterocyclic derivatives in a single synthetic step in an atom economy process. 

This doctoral thesis is divided into eight different chapters and studies the involvement of 

challenging unsaturated substrates in the transition-metal catalysed [2+2+2] cycloaddition 

reaction, as well as new catalytic systems for the reaction. Chapter 1 contains a general 

introduction to this process and key examples found in the literature are used to establish a 

basis from which the other chapters are developed. Chapter 2 sets out the general objectives of 

the thesis. In Chapter 3, Morita-Baylis-Hillman adducts are involved in the partial intramolecular 

rhodium(I)-catalysed [2+2+2] cycloaddition reaction. This reaction affords an enantiopure 

cycloadduct featuring vicinal quaternary and tertiary carbon atoms through a kinetic resolution 

of the Morita-Baylis-Hillman adduct. Moreover, the cycloadducts undergo Diels-Alder reaction 

in a highly diastereoselective fashion. In Chapter 4, linear chiral allene-yne/ene-allene substrates 

are synthesized and submitted to [2+2+2] cycloaddition reaction conditions. The process works 

with effective chirality induction of the chiral centres of the linear compounds to the 

cycloadducts, which are obtained as a single enantiomer in most cases. The chirality of the 

cycloadduct obtained is studied by NMR techniques. In Chapter 5, the synthesis of a dendrimer 

by means of a Co-catalysed [2+2+2] cycloaddition reaction to form the core is described. The 

dendrimer contains a poly(ethylene glycol) moiety to provide it with solubility in water, as well 

as a ligand that can coordinate to a metal. In Chapter 6, hybrid silica materials containing 

rhodium(I) complexes are prepared and fully characterized. These materials are used for the 

[2+2+2] cycloaddition of alkynes (triynes and diynes with monoalkynes) and can be recovered 

by simple filtration and reused in further reactions. Chapter 7 draws general conclusions from 

the results of these studies. Finally, Chapter 8 contains the experimental procedure and the 

characterisation data for the compounds synthesised in this thesis.
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Resumen 

Uno de los temas más importantes en química orgánica es el desarrollo de nuevos procesos 

eficientes para la formación de enlaces carbono-carbono. La reacción de cicloadición [2+2+2] 

catalizada por metales de transición es un método eficiente para obtener derivados hetero- o 

carbocíclicos de seis miembros en un solo paso sintético en un proceso de economía atómica.  

Esta tesis doctoral se divide en ocho capítulos y estudia la participación de sustratos insaturados 

complejos en la reacción de cicloadición [2+2+2] catalizada por metales de transición, así como 

nuevos sistemas catalíticos para la reacción. El Capítulo 1 contiene una introducción general de 

esta reacción, en el que se explican ejemplos clave de la bibliografía para establecer una base 

sobre la que se desarrollaran los otros capítulos. En el Capítulo 2 se marcan los objetivos de la 

tesis. En el Capítulo 3, se involucran los aductos de Morita-Baylis-Hillman en la reacción de 

cicloadición [2+2+2] catalizada por rodio en su versión parcialmente intramolecular. La reacción 

lleva a la obtención de un cicloaducto enantiopuro que contiene átomos de carbono 

cuaternarios y terciarios mediante la resolución cinética del aducto de Morita-Baylis-Hillman. 

Además, se demuestra que los cicloaductos dan reacción de Diels-Alder de forma 

diastereoselectiva. En el Capítulo 4, se sintetizan sustratos lineales quirales, que siguen la 

secuencia aleno-ino/eno-aleno, y se someten a las condiciones de reacción de cicloadición 

[2+2+2]. Los centros quirales del compuesto lineal inducen la quiralidad de los centros quirales 

generados en el cicloaducto, los cuales se obtienen como un solo enantiómero en la mayoría de 

casos. La quiralidad del cicloaducto se estudia a través de técnicas de RMN. En el Capítulo 5, se 

describe la síntesis de un dendrímero a través de una reacción de cicloadición [2+2+2] catalizada 

por cobalto. El dendrímero contiene un residuo de polietilenglicol que le da solubilidad en agua, 

así como un ligando que puede coordinar a un metal. En el Capítulo 6, se preparan y se 

caracterizan materiales híbridos de sílice que contienen complejos de rodio(I). Estos materiales 

se usan en la cicloadición [2+2+2] de alquinos (triinos y diinos con monoalquinos) y se pueden 

recuperar por simple filtración y ser posteriormente reutilizados. En el Capítulo 7 se exponen la 

conclusiones generales que se pueden extraer de los resultados obtenidos en estos estudios. 

Finalmente, el Capítulo 8 contiene los procedimientos experimentales y los datos de 

caracterización de los compuestos sintetizados en esta tesis.   
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Resum 

Un dels temes més importants en química orgànica és el desenvolupament de nous processos 

eficients per la formació d’enllaços carboni-carboni. La reacció de cicloaddició [2+2+2] 

catalitzada per metalls de transició és un mètode eficient per a l’obtenció d’hetero- o carbocícles 

de sis membres en un sol pas sintètic en un procés d’economia d’àtom. 

Aquesta tesi doctoral es divideix en vuit capítols i estudia la participació de substrats insaturats 

complexes en la reacció de cicloaddició [2+2+2] catalitzada per metalls de transició, així com 

nous sistemes catalítics per la reacció. El Capítol 1 conté una introducció general a aquest procés 

i s’expliquen exemples clau trobats a la bibliografia per tal d’establir una base sobre la qual es 

desenvoluparan els altres capítols. Al Capítol 2 es marquen els objectius per a la tesi. Al Capítol 

3 s’involucren adductes de Morita-Baylis-Hillman en la reacció de cicloaddició [2+2+2] 

catalitzada per rodi en la seva versió parcialment intramolecular. En aquesta reacció s’obté un 

cicloadducte enantiopur, que conté un carboni quaternari i un de terciari veïnals, a través d’una 

resolució cinètica de l’adducte de Morita-Baylis-Hillman. A més a més, els cicloadductes poden 

participar en la reacció de Diels-Alder de manera diastereoselectiva. Al Capítol 4 es preparen 

substrats lineals quirals amb la seqüència al·lè-í/è-al·lè i es sotmeten a condicions de reacció de 

cicloaddició [2+2+2]. Els centres quirals del compost lineal indueixen la quiralitat dels centres 

quirals generats en el cicloadducte, els quals s’obtenen com a un sol enantiòmer en la majoria 

de casos. La quiralitat del cicloadducte s’estudia a través de tècniques de RMN. Al Capítol 5 es 

descriu la síntesi d’un dendrímer a través d’una reacció de cicloaddició [2+2+2] catalitzada per 

cobalt. El dendrímer conté un residu de polietilenglicol que li proporciona solubilitat en aigua, 

així com un lligand que pot coordinar a un metall. Al Capítol 6 es preparen i caracteritzen 

materials híbrids de sílice que contenen complexos de rodi(I). Aquests materials s’utilitzen en la 

cicloaddició [2+2+2] d’alquins (triins i diins amb monoalquins) i es poden recuperar per simple 

filtració i reutilitzar-los en següents reaccions. Al Capítol 7 s’exposen les conclusions generals 

que es poden extreure dels resultats obtinguts en aquests estudis. Finalment, el Capítol 8 conté 

els procediments experimentals i les dades de caracterització dels compostos sintetitzats en 

aquesta tesi. 
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1.1 Transition metal-catalysed [2+2+2] cycloaddition reactions 

The development of new chemical processes and efficient catalysts to enable the formation of 

carbon-carbon bonds is an important topic in organic chemistry. In particular, reactions where 

cyclic systems with high structural complexity are formed from simple precursors are of great 

importance. One of these processes is the metal-catalysed [2+2+2] cycloaddition reaction where 

a wide range of six-membered carbo- and heterocyclic compounds with different functionalities 

can be obtained. 

The first substrates involved in this reaction were the alkynes and their transition metal-

catalysed [2+2+2] cycloaddition represents one of the most elegant methods for the 

construction of polysubstituted benzene rings, as three carbon-carbon bonds are formed in an 

atom economy process (Scheme 1.1). In 1948, Reppe et al.1 described the first transition metal-

catalysed version of this transformation under nickel catalysis to obtain substituted benzene 

derivatives. 

 
Scheme 1.1. Transition metal-catalysed [2+2+2] cycloaddition reaction of alkynes (M = transition metal 

catalyst). 

Since this first study, many examples of alkyne cycloaddition catalysed by different transition 

metals have been described.2 The most commonly used metals have been Ni, Co, Pd, Rh, Ru, Zr, 

and Ir. This reaction, which originally required stoichiometric amounts of the transition metal 

and extreme reaction conditions, has become a highly efficient catalytic process which can be 

performed in mild conditions and with low catalyst loads. 

There are many aspects of this kind of reactions which are worthy of study. These include the 

mechanistic aspects that govern these processes, the type of unsaturated substrates that can 

participate in the cycloaddition (in which the chemo- and regioselectivity will have to be 

analysed, also the enantioselectivity when necessary) and the study of catalysts with high levels 

of activity. All of these aspects will be discussed here. Given that this thesis is based on Rh-

catalysed [2+2+2] cycloaddition reactions, the examples described will be mainly focused on this 

kind of catalytic systems. 

1.1.1. The mechanism 

Progress in computational chemistry has allowed a breakthrough in the knowledge of the 

mechanistic rationale of the transition metal-catalysed [2+2+2] cycloaddition reaction. The 

specific reaction mechanism depends on the nature of the metal (Rh3, Ru4, Co5, Ir6, Cr6), ligands 

and substrate partners, but an overview of the most generally accepted pathway is shown in 

Scheme 1.2. 
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Scheme 1.2. Postulated general mechanism of alkyne [2+2+2] cycloaddition reaction, where M = 

transition metal catalyst. 

In a first step, the coordination of one alkyne partner to the metal takes place leading to species 

I, followed by a second alkyne coordination to form species II. There is then an oxidative addition 

of the metal to afford the metallacyclopentadiene IIIa or the metallacyclopentatriene IIIb with 

a biscarbene type structure (when M = Ru) in which the metal adopts an oxidation state two 

units greater than in its precursor II. This has been found to be the rate-determining step in most 

cases.3e-i,n It should be noted that a myriad of rhodacyclopentadiene7 complexes of type IIIa and 

ruthenacyclopentatriene8 complexes of type IIIb have been isolated and characterized to date, 

experimentally supporting the structure of these intermediates. The subsequent coordination 

of the third alkyne to intermediates IIIa or IIIb results in the formation of species IV and proceeds 

to either an alkyne insertion to form the metallacycloheptatriene V (the so-called Schore 

mechanism9), or by a metal-mediated [4+2] cycloaddition to afford the bicyclic complex VI,10 or 

by a formal [2+2] cycloaddition giving rise to metallabicyclo[3.2.0] heptatriene VII. Finally, 

reductive elimination of the metal results in the benzene ring formation and catalyst (M) being 

recovered. 

The whole process is highly exothermic as the thermodynamic driving force is provided by the 

new σ-bonds formed and the aromaticity that is gained. Unlike the uncatalysed [2+2+2] 

cycloaddition of acetylenes, which presents a prohibitive energy barrier,11 the barriers for the 

transition-metal-catalysed [2+2+2] cycloaddition are relatively low. This agrees with the fact that 

this reaction typically occurs under quite mild conditions. 

Focusing on the Rh-catalysed [2+2+2] cycloaddition, the first theoretical study based on Density 

Functional Theory (DFT) of the mechanism involving this metal was in 2007, by Bickelhaupt et 

al.3e In their study, the model catalyst was [CpRh(C2H2)2] and they studied the acetylene 

cyclotrimerization to form benzene and the co-cyclization of two acetylene molecules with 

acetonitrile to generate 2-methylpyridine. Experimental studies of the reaction of two alkynes 

with a nitrile have demonstrated that nitriles are less reactive than alkynes,12 the results 

obtained in this study confirmed what was already known experimentally: the formation of 
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benzene is thermodynamically favoured in 39.5 kcal/mol, thus explaining why an excess of nitrile 

is required to obtain good yields of pyridine. Another feature studied was the substitution of the 

Cp ligand in the catalyst for an indenyl group. Booth et al.13 reported that when the 

cyclopentadienyl ligand is changed for an indenyl an enhancement of reactivity is observed for 

the cyclotrimerisation of alkynes (the so called indenyl effect, discovered by Basolo et al.14). 

However, in this case they found that the catalytic path of acetylene cyclotrimerization with the 

IndRh fragment is similar to that described with the CpRh fragment. In a more recent study in 

2014 by Bickelhaupt in collaboration with Swart’s group,3a they studied the [2+2+2] 

cyclotrimerization of acetylene with both [CpRh(CO)2] and [IndRh(CO)2] complexes. Unlike the 

previous study, they hypothesize that an ancillary ligand of the precatalyst (CO) remains bonded 

to the metal centre through the whole catalytic cycle. This assumption is based on the 

experimental findings of Booth et al.,13 who found that this ancillary ligand has an effect on the 

yield and selectivity of the reaction. The conclusions drawn from Bickelhaupt’s study were that, 

from a theoretical point of view, the mechanism in which an ancillary ligand remains through all 

the catalytic cycle is plausible, leading to the occurrence of the indenyl effect. Moreover, the 

highest activation energy is not for the formation of the five-membered rhodacycle, but rather 

for the coordination of the third acetylene molecule. In this last step, a change in the 

coordination mode of the metal in the corresponding Cp or Ind ligand concurs with a decrease 

in the energy barrier predicted for the coordination of the third acetylene molecule. The energy 

barrier for the IndRh complex (28.5 kcal mol-1) is significantly lower than that predicted for CpRh 

(43.2 kcal mol-1), thus explaining Booth’s experimental results. 

In our group we have also made several contributions to the field of DFT studies in Rh-catalysed 

[2+2+2] cycloaddition, using Wilkinson’s complex as the catalyst. The most relevant of these 

studies will be outlined below. 

As Bickelhaupt et al., our group has also studied the cyclotrimerization of acetylene by means of 

DFT but using [RhCl(PPh3)3] as the catalyst.3l In many theoretical organometallic chemistry 

studies involving Wilkinson’s catalyst or similar catalysts, the PPh3 ligands are substituted by PH3 

molecules. The replacement of PPh3 by PH3 in DFT studies is appealing because it significantly 

reduces the computational cost. In this work the study was made with both catalysts in order to 

compare the influence of the substitution of the phosphines. It was found that modeling PPh3 

by PH3 in the catalyst results in minor changes in the thermodynamics and kinetics at 0 K. Both 

the reaction energies and the barriers in the rate determining step differ by less than 1 

kcal·mol-1. However, some differences have to be taken into account between the two reaction 

mechanisms. The initial step of the reaction is not the same, as for the case of Wilkinson’s 

catalyst the lowest energy barrier is found when only one phosphine is present in the catalyst, 

whereas when PPh3 is changed for PH3 the lowest energy barriers are found when two 

phosphines are present. An alternative pathway for the attack of the third acetylene molecule 

on the rhodacyclopentadiene that is formed is also found to be operative for the Wilkinson’s 

catalyst but not in the modeled [RhCl(PH3)3]. In addition, the Gibbs free energy barrier of the 

rate-determining step at 298 K is somewhat higher (about 5 kcal·mol-1 ) for the model catalyst, 

[RhCl(PH3)3]. 

Our group has also developed rhodium(I)-catalysed cycloadditions of polyunsaturated 

azamacrocycles.15 DFT studies were carried out in order to understand the particular reactivity 
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of two cases: 20-membered tetracetylenic azamacrocycles and 25-membered pentacetylenic 

azamacrocycles.3m Experimentally, it was observed that the 20-membered azamacrocycle was 

unreactive under cycloaddition conditions. On the other hand, two different isomers could have 

been obtained for the 25-membered azamacrocycle, but only one was isolated (Scheme 1.3). 

DFT studies helped us to understand this reactivity. Calculations revealed two main factors that 

contribute to the lack of reactivity of the 20-membered azamacrocycle: first, the HOMO orbital 

is more stable and delocalised than in other azamacrocycles and, second, the presence of a 

strained 10-member ring in the cycloadduct. The same reason can be applied to the 25-

membered azamacrocycle as the cycloadduct that was not obtained also contains two 10-

membered rings. 

 
Scheme 1.3. [2+2+2] Cycloaddition of 20- and 25-membered azamacrocycles. 

As has been said earlier, a myriad of rhocyclopentadiene intermediates have been isolated 

experimentally, however structural information regarding the intermediate that is formed for 

the insertion of the third alkyne is hard to obtain. Our group has contributed to try to discern 

the structure of this intermediate. 

In 2009 we studied the Wilkinson’s complex-catalysed [2+2+2] cycloaddition between a diyne 

and a monoalkyne by cyclic voltammetry, conductivity measurements, 31P-NMR and 

Electrospray Ionisation Mass Spectrometry (ESI-MS) (Scheme 1.4).7d  

 
Scheme 1.4. Reaction studied by cyclic voltammetry, conductivity measurements, 31P-NMR and ESI-MS. 
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In this study, kinetic data for the two main steps of the catalytic cycle of the Wilkinson’s complex-

catalysed [2+2+2] cycloaddition of alkynes was presented for the first time. From the values of 

the half reaction times of the two main steps, it could be concluded that the rate-determining 

step varies depending on the structure of the starting reagents. When bulkier reagents are used 

(R = Boc in Scheme 1.4), the oxidative addition of the rhodium to the diyne (Step A) is the rate-

determining step, whereas when a less bulky diyne is used (R = H in Scheme 1.4.), the reaction 

of the rhodacyclopentadiene with the monoalkynes (Step B), was rate-determining. 

To deepen our understanding of the intermediate species formed during the reaction, ESI-MS 

was used to monitor the Rh-catalysed [2+2+2] cycloaddition of diynes and monoalkynes.7b In 

this case a cationic rhodium complex was used given that when a neutral complex such as the 

Wilkinson’s catalyst was employed, the intermediates were undetectable by ESI-MS. In a first 

step, the oxidative addition intermediate was detected and further characterized by conducting 

tandem mass spectrometry analysis (MS/MS). The most interesting finding of this study was the 

detection of a more advanced intermediate in the catalytic cycle arising from the insertion of 

the third alkyne into the rhodacyclopentadiene species. MS/MS analysis allowed the 

characterisation of this intermediate. For the first time, all of the intermediate species in the 

catalytic cycle were detected (Scheme 1.5).  

 
Scheme 1.5. Rh-catalysed [2+2+2] cycloaddition of diynes and monoalkynes studied by ESI-MS. 

Although the structure of the intermediates was supported by MS/MS analysis, the structure of 

the third alkyne insertion intermediates (type V, VI and VII in Scheme 1.2) could not be 

determined by this methodology. Computer model studies based on DFT to elucidate the 

structure of the aforementioned intermediates concluded that that the cycloheptatriene 

intermediate was the most likely structure for the monoyne insertion intermediate. However, 
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the small differences in energy barriers did not allow us to rule out the possibility that the 

insertion intermediate was the rhodabicyclo-[3.2.0]heptatriene complex. 

In a more recent study, Paneque et al.7a managed to isolate and crystallize intermediates of the 

rhodium-catalysed [2+2+2] cycloaddition reaction of three alkynes by using an air stable 

[TpRh(C2H4)2] complex (Tp = hydrotris(pyrazolyl)borate). Its reaction with dimethyl 

acetylenedicarboxylate afforded a myriad of complexes whose structure is consistent with 

intermediates in the [2+2+2] cycloaddition. These complexes could be crystallised and studied 

from a spectroscopic point of view and their stability towards reactivity was evaluated. 

1.1.2. Participating unsaturated substrates 

As was mentioned in section 1.1.1, alkynes are not the only unsaturations that can participate 

in this reaction. The transition-metal catalysed [2+2+2] cycloaddition has been modified to 

incorporate other unsaturated substrates such as nitriles, allenes, olefins, isocyanates, 

isothiocyanates, carbon dioxide, carbon disulphide, aldehydes, ketones and, more recently in a 

few reports, phosphaalkynes16 and imines17. The reaction of these unsaturations with two 

alkynes to afford the corresponding six-membered ring compounds is shown in Scheme 1.6.2i-

m,p-s  

 
Scheme 1.6. Transition metal-catalysed [2+2+2] cycloadditions between two alkynes and different 

unsaturations. 

In this thesis, we aimed to study the [2+2+2] cycloaddition reaction of alkynes with both alkenes 

and allenes. The replacement of sp hybridised substrates by sp2 hybridised ones generally 

concurs with a decrease in reactivity, but has the advantage of allowing for the eventual 

introduction of stereogenic centres in the newly formed six-membered ring. For example, a 
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cycloaddition employing three alkynes affords a product containing no stereocentres, whereas 

a cycloaddition involving three alkenes could generate a cyclohexane possessing up to six 

stereocentres in a single step, nevertheless this particular case has not been reported to date. 

The reaction of two alkynes with a properly substituted alkene allows chiral 1,3-cyclohexadienes 

to be synthesized. The synthesis of 1,3-cyclohexadienes by other means is not so easy 18 as their 

preparation is usually based on the dehydrobromination of 1,2-dibromocyclohexane19 at high 

temperatures or by thermal electrocyclisation of hexatrienes.20 However, alkenes are more 

reluctant to react and, therefore, it is generally difficult to control the chemoselectivity given 

the high reactivity of the alkyne substrates. An excellent alternative to react sp2-hybridised 

unsaturations, thus generating stereocomplexity, while maintaining the reactivity is to use 

allenes. 

1.1.2.1. Alkenes in rhodium-catalysed [2+2+2] cycloaddition reactions 

1.1.2.1.1. Totally intramolecular reaction 

In line with the interest of the METSO group in the [2+2+2] cycloaddition of macrocyclic rings,15, 

21 we tested the reactivity of macrocyclic enediynes bearing E and Z alkene moieties in the 

Wilkinson’s complex-catalysed [2+2+2] cycloaddition.21a,b The corresponding cycloadducts were 

obtained in good yields (Scheme 1.7). Through NMR analysis it could be seen that when the 

macrocycle bearing an E configuration was used, the corresponding protons in the cycloadduct 

were displayed in an anti-position, whereas when the Z isomer was used, the protons showed a 

syn relative position, proving that a stereoselective process was taking place. 

 
Scheme 1.7. [2+2+2] Cycloaddition of enediyne azamacrocycles. 

Inspired by these results, the groups of Shibata22 and Tanaka23 reported at the same time, the 

asymmetric version of the totally intramolecular reaction of open-chain enediynes. They 

reported the enantioselective intramolecular [2+2+2] cycloaddition of different-substituted (E)-

enediynes catalysed by [Rh(COD)2]BF4 complex and chiral BINAP-type phosphines for the 

synthesis of chiral 1,3-cyclohexadienes (Scheme 1.8). These studies involved internal and 

terminal alkynes as well as different linkers between the unsaturations. Although different 

cyclohexadienes were obtained with moderate to good yields and enantioselectivities, Shibata’s 

study proved that the process was highly sensitive to the nature of the substrate as well as the 
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phosphine used with (R)/(S)-H8-BINAP and (S)-Tol-BINAP being found to give the highest 

enantiomeric excesses. 

 
Scheme 1.8. Rh(I)-catalysed enantioselective synthesis of 1,3-cyclohexadienes. 

Depending on the substrate structure, Shibata rationalized the different enantioselectivities 

obtained by the possible reaction pathways that they followed (Scheme 1.9). When the metal 

first coordinates with an alkyne and an alkene following path A in the scheme, high selectivity is 

expected since the two chiral centres are generated in a first step. However, when the metal 

coordinates to the two alkynes, as in path B, the enantioselectivity of the subsequent 

intramolecular alkene insertion is expected to be very low. 

  
Scheme 1.9. Possible explanation proposed by Shibata for the different enantioselectivities obtained in 

the [2+2+2] cycloadditions of (E)-enediynes. 

The process is influenced by two features: whether the alkynes are terminal or non-terminal and 

the nature of the tether. First of all, introduction of appropriate substituents on the alkyne 

termini of the enediyne was crucial for the suppression of the oxidative coupling of two alkyne 

moieties, which would decrease their reactivity and selectivity. In the case of enediynes with 

unsubstituted alkyne termini, the enantioselectivity was low, probably as a result of the high 

reactivity of the terminal alkynes that favour the oxidative coupling of two alkyne moieties over 

that of an eneyne moiety (path B in Scheme 1.9). The tether also has an influence on the pathway 

that is followed. In the case of carbon-tethered enediyne (path A in Scheme 1.9), the oxidative 

coupling is hypothesised as proceeding with high enantioselectivity to give the bicyclic 
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metallacyclopentene, where two chiral carbon centres are generated. The subsequent 

intramolecular alkyne insertion along with reductive elimination gives the tricyclic 

cyclohexadiene scaffold. In contrast, in the case of nitrogen-tethered enediyne (path B in 

Scheme 1.9), the oxidative coupling of two distant alkyne moieties is represented as proceeding 

before that of the enyne moiety to give a bicyclic metallacyclopentadiene given that the nitrogen 

tether activates the alkynes more than the carbon tether. The enantioselectivity of the 

subsequent intramolecular alkene insertion is expected to be very low and so the corresponding 

cycloadduct would be obtained in poor enantiomeric excesses. Only in the case of nitrogen-

tethered enediynes (path B in Scheme 1.9), the choice of substituents on the alkyne termini was 

important to achieve high enantioselectivity and prevent alkyne-alkyne oxidative coupling of 

enediynes prior to alkyne-alkene coupling. The correct choice of chiral ligands was also essential 

as only H8-BINAP achieved both a good yield and enantiomeric excess. Other BINAP derivatives, 

such as Tol-BINAP and BINAP, gave both poor yields and enantiomeric excesses. 

Our group also tested this catalytic system in the asymmetric [2+2+2] cycloaddition of the (E)-

enediyne azamacrocycles shown in Scheme 1.7.21a Using the [Rh(COD)2]BF4 cationic rhodium 

complex in combination with chiral phosphines ((S)-BINAP, (S)-(+)-neomenthyl 

diphenylphosphane and (2S,3S)-(-)-2,3-bis(diphenylphosphino)butane), the products were 

obtained in moderate enantiomeric excesses (10 - 44%). 

To fully understand the mechanism of the [2+2+2] cycloaddition of two alkynes with one alkene, 

our group has studied the intramolecular reaction of enediynes both experimentally and 

theoretically. In a first work we reported a computational study of the Wilkinson’s complex-

catalysed [2+2+2] cycloaddition of enediynes.3k It was observed that the preferred oxidative 

addition of the metal to the enediyne (the oxidative addition involving either two alkynes or one 

alkyne and one alkene) varies depending on the substituents and tethers in the substrate. This 

finding was in line with the experimental work of Shibata et al.22 using the [Rh((S)-H8-BINAP)]BF4 

complex that postulated that different oxidative additions were possible, and those had 

consequences in the enantiomeric excess of the final cycloadduct (Scheme 1.9). In this study 

different factors that can have an influence on the preferred reaction pathway were analysed. 

It was found that when the tether was bulkier, alkyne-alkyne coupling was the preferred 

pathway. With regards to the alkyne moiety substituent, it can be seen that enyne coupling is 

preferred when there are bulky substituents, due to steric repulsion of the alkyne-alkyne 

coupling. While in some cases enyne coupling is preferred for acyclic enediynes, cyclic enediynes 

always prefer alkyne-alkyne coupling due to the high deformation energy required by the 

macrocycle to achieve the required geometry in order to undergo enyne oxidative addition.  

In another study, enediynes with both yne-ene-yne and yne-yne-ene sequences were tested in 

the Wilkinson’s complex-catalysed reaction (Scheme 1.10).3j When yne-ene-yne derivatives 

were tested, the expected [2+2+2] cycloadduct was obtained (equation a in Scheme 1.10), but 

when yne-yne-ene compounds were submitted to reaction conditions an isomer of the expected 

cycloadduct was obtained (equation b in Scheme 1.10). 
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Scheme 1.10. [2+2+2] Cycloaddition of linear yne-ene-yne and yne-yne-ene substrates. 

To understand the mechanistic rationale behind this phenomenon, DFT calculations were 

carried out. Yne-ene-yne enediynes followed the classical [2+2+2] cycloaddition mechanism: a 

first oxidative addition of the two alkynes, after which insertion of the alkene and reductive 

elimination afforded the expected cycloadduct. In the case of yne-yne-ene enediynes, the 

mechanism also starts with an oxidative addition of the alkynes, but, prior to the reductive 

elimination step, they suffer a β-hydride elimination, giving rise to an isomer of the expected 

cycloadduct (Scheme 1.11). 

 
Scheme 1.11. Proposed mechanism for the [2+2+2] cycloaddition of yne-yne-ene subtrates based on 

DFT studies. 

Saá et al.24 described a similar reactivity in the partial intramolecular ruthenium-catalysed 

[2+2+2] cycloaddition between diynes and alkenes. The course of the [2+2+2] cycloaddition 

varies with the nature of the starting alkene. With cyclic alkenes as partners, standard 1,3-

cyclohexadienes are obtained (path B in Scheme 1.12), but when acyclic alkenes are used, a 

tandem process is observed: by means of a β-elimination followed by a reductive elimination, a 
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1,3,5-hexatriene intermediate is formed. Finally, a pure thermal 6e- π electrocyclization gives the 

resulting 1,3-cyclohexadiene derivative (path A in Scheme 1.12). 

 
Scheme 1.12. Mechanism proposed by Saá for the partial intramolecular [2+2+2] cycloaddition 

catalysed by ruthenium of diynes and linear or cyclic alkenes. 

1.1.2.1.2. Partial intramolecular reaction 

In 2005, Shibata et al.25 reported the partial intramolecular Rh(I)-catalysed [2+2+2] cycloaddition 

between enynes and alkynes. Using the combination of a cationic rhodium complex and BINAP-

type phosphines they successfully synthesized 1,3-cyclohexadienes containing a quaternary 

stereogenic carbon in good to excellent yields and with excellent enantiomeric excesses 

(Scheme 1.13). For this particular case, the best enantiomeric excesses and yields were obtained 

using a catalytic system combining [Rh(COD)2]BF4 and Tol-BINAP. 

 
Scheme 1.13. Partial intramolecular [2+2+2] cycloaddition of enynes and alkynes. 

In the same year, Evans et al.26 published the enantioselective Rh-catalysed [2+2+2] 

cycloaddition of 1,6-enynes and asymmetrically substituted alkynes. Using (S)-Xyl-P-PHOS as a 

chiral phosphine and AgBF4 as the activating agent of rhodium catalyst [RhCl(COD)]2, a highly 

enantioselective and regioselective process was achieved (Scheme 1.14). As asymmetric alkynes 

are used, the regioselectivity of the reaction has to be taken into account. The nature of the 

tether has a profound influence on the level of regiocontrol (the oxygen tether gives greater 
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regiocontrol than NTs and C(CO2Me)2 was found to give the least regiocontrol). Similarly, the 

overall efficiency and regioselectivity can be directly related to the electronic nature of the aryl 

substituents. 

 
Scheme 1.14. [2+2+2] Cycloaddition between 1,6-enynes and asymmetric alkynes for the synthesis of 

1,3-cyclohexadienes. 

Systems in which enynes react with alkenes have also been reported. This case allows the 

synthesis of cyclohexenes that can contain more chiral centres than in the previously described 

cases. One recent example reported by Tanaka et al.27 describes the asymmetric rhodium(I)-

catalysed [2+2+2] cycloaddition between eneynes and vinyl enamides and vinyl carboxylates 

(Scheme 1.15). It was observed that the regioselectivity of the reaction depended on the 

structure of the substrates used: when R2 = H, the reaction was not regioselective as a mixture 

of regioisomers was obtained; whereas if R2 contained an alkyl chain, only one regioisomer was 

formed. 

 
Scheme 1.15. [2+2+2] Cycloaddition between eneynes and vinyl enamides, and vinyl carboxylates. 

Returning to the synthesis of cyclohexadienes, the most challenging approach in terms of 

chemoselectivity (due to the low reactivity of the alkene) and enantioselectivity is the partially 

intramolecular [2+2+2] cycloaddition between diynes and alkenes. In a pioneering work by 

Singleton,28 the first [2+2+2] cycloaddition of diynes and monosubstituted or 1,2-disubstituted 

alkenes was reported. Years later, Tanaka et al.23 reported the partially intramolecular [2+2+2] 
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cycloaddition between diynes and 1,2-disubstituted alkenes (Scheme 1.16). The yield of the 

reaction significantly improved when three to five equivalents of the alkene were used together 

with slow addition of the corresponding diyne over the alkene. In this particular case, 

cyclohexadienes containing vicinal tertiary carbons were obtained with high enantioselectivity. 

 
Scheme 1.16. Partially intramolecular [2+2+2] cycloaddition between diynes and 1,2-disubstituted 

alkenes. 

In the case of non-symmetric 1,1-disubstituted alkenes, a quaternary carbon is generated 

(Scheme 1.17). The asymmetric synthesis of quaternary carbons is one of the most challenging 

problems in organic synthesis due to the steric repulsion between the carbon substituents, 

which complicates the stereoselective control of the reaction. 

 
Scheme 1.17.  [2+2+2] Cycloaddition of diynes and 1,1-disubstituted alkenes. 

There are few examples of [2+2+2] cycloaddition reactions between alkynes and 1,1-

disubstituted alkenes.  

 
Scheme 1.18. [2+2+2] Cycloaddition between 1,6-diynes and non-symmetric alkenes. 

Shibata et al.29 in 2006 reported the construction of 1,3-cyclohexadiene compounds bearing a 

quaternary carbon by means of a [2+2+2] cycloaddition. Exo-methylenic lactones (equation a in 

Scheme 1.18) and acrylates (equation b in Scheme 1.18) were used as alkene moieties. Chiral 

spirocyclic structures were obtained in good to excellent yields and excellent enantiomeric 

excesses when an excess of exo-methylenic lactones was used and a cationic rhodium complex 

with (S)-xylyl-BINAP as phosphine was employed (equation a in Scheme 1.18). In the same study, 

the authors described three examples of [2+2+2] cycloaddition reactions of a diyne with 
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acrylates: by using a high excess of alkene the authors were able to obtain chiral cyclohexadienes 

in good to excellent yields and excellent enantiomeric excesses. However, the phosphine 

employed had to be changed to (S)-H8-BINAP to obtain satisfactory results (equation b in Scheme 

1.18). 

The same authors30 also described four cases involving unfunctionalized 1,1-disubstituted 

alkenes in partially intramolecular Rh-catalysed [2+2+2] cycloaddition (Scheme 1.19). Good 

yields and enantioselectivities of bicyclic cyclohexa-1,3-dienes were obtained by using a large 

excess of the corresponding alkenes. 

 

Scheme 1.19. Enantioselective [2+2+2] cycloaddition of diyne with styrene derivatives. 

In 2008, Tanaka et al.31 described the enantioselective synthesis of α,α–disubstituted α–amino 

acids by Rh-catalysed [2+2+2] cycloaddition of 1,6-diynes with protected dehydroamino acids 

(Scheme 1.20).  

 

Scheme 1.20. Rh(I)-catalysed enantioselective [2+2+2] cycloaddition of diynes with dehydroamino acid. 

It is noteworthy that in this case only a slight excess of dehydroamino acid was necessary 

without the slow addition of diyne. The phosphine was observed to have an influence on the 

outcome of the reaction. For instance, (R)-BINAP gave the best results but the use of the 

sterically demanding phosphine xyl-BINAP significantly decreased the yield whilst not affecting 

the enantiomeric excess. 

Finally, the same group32 published the enantioselective construction of bridged polycyclic 

skeletons through a partially intramolecular [2+2+2] cycloaddition/intramolecular Diels-Alder 

reaction cascade. Amide-linked 1,5-dienes were used as the alkene partners (Scheme 1.21). 
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Scheme 1.21. Enantioselective cycloaddition cascade of 1,6-diynes with 1,5-dienes. 

1.1.2.2. Allenes in transition-metal catalysed [2+2+2] cycloaddition reactions  

Allenes, cumulated systems with two contiguous carbon–carbon double bonds, are of increasing 

interest as partners for the [2+2+2] cycloaddition reaction due to their particularities: they are 

more reactive than alkenes and, when properly substituted, have inherent axial chirality and, 

furthermore, their substitution pattern has a direct effect on both the electronic density and the 

reactivity of each carbon atom. On the other hand, selectivity is more difficult to control with 

allenes than with either alkynes or alkenes since it is necessary to control which of the two 

double bonds reacts as well as the chemoselectivity towards other unsaturations and the issues 

of regio- and stereoselectivity. Our group has recently published a review summarising the 

participation of allenes in [2+2+2] cycloaddition reactions.2a 

Benson and Lyndsey,33 working for DuPont in 1958, published pioneering studies into the use of 

allenes in nickel-catalysed cyclisations. They found that propadiene cyclotrimerised in the 

presence of nickel(0) catalysts in a moderate yield but with good selectivity versus 

cyclotetramerisation. The corresponding trimethylenecyclohexanes were obtained as a mixture 

of 1,2,4 and 1,3,5 isomers. Moreover, the introduction of an alkyne in the mixture and the use 

of nickel(II) acetylacetonate as the catalyst gave dimethylenecyclohexenes in good yields with 

good chemoselectivity (Scheme 1.22). 

 
Scheme 1.22. First [2+2+2] cycloaddition of allenes reported by Benson and Lyndsey. 
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Although these reports proved the potential of allenes in cyclotrimerisation reactions, it was not 

until 35 years later that Malacria et al. reported new examples of [2+2+2] cycloadditions 

involving allenes. 

Focusing on totally intramolecular cases, the group of Malacria34 in 1994 began a series of 

studies employing allenes as subtrates in [2+2+2] cycloadditions. Linear allene-diyne substrates 

in which the allene was placed either as the central unsaturation or at the terminus of the chain 

were tested in the Co(I)-mediated intramolecular cycloaddition (Scheme 1.23). When these 

substrates were reacted with stoichiometric amounts of [CpCo(CO)2] under heating and 

ultraviolet light, tricyclic conjugated trienes were obtained as η4-Co complexes. However, the 

reaction did not take place when it was attempted to run with catalytical amounts of cobalt. In 

the particular case of when the allene was in the terminal position, two regiosiomers could be 

obtained, depending on which of the two unsaturations of the allene reacted. When the 

molecule had sterically demanding substituents (R = tBu) or no substituents at all (X = Y = R = H), 

it was the internal double bond that reacted. However, in the case of R = Ph or Me, the external 

double bond reacted. 

 
Scheme 1.23. Yne-allene-yne and yne-yne-allene intramolecular [2+2+2] cycloaddition. 

In a separate study, these same authors demonstrated that these cyclisations occur with 

effective axial to central chirality transfer.35 

 
Scheme 1.24. Axial to central chirality transfer by a [2+2+2] cycloaddition of an allene-diyne substrate. 



Chapter 1  

21 

When a linear yne-yne-allene with chirality on the allene moiety was subjected to the Co(I)-

mediated cyclisation, the corresponding triene-η4-cobalt complex was obtained as a single 

diastereoisomer with no decrease in the enantiomeric excess (Scheme 1.24). 

Later they also used the high chemo- and diastereoselectivity observed in these processes to 

synthesize steroidal scaffolds. Upon cyclisation of a diastereomerically pure yne-allene-yne 

substrate, a steroid analogue in moderate yield but with complete diastereoselectivity was 

obtained (Scheme 1.25).36  

 
Scheme 1.25. Steroid analogue synthesized by a [2+2+2] cycloaddition of an yne-allene-yne substrate. 

Saito, Sato et al.37 reported the ruthenium(II)-catalysed [2+2+2] cycloaddition of allene-yne-ene 

substrates. Skipped diene products were obtained with complete diastereoselectivity by 

selective reaction of the internal double bond of the allene (Scheme 1.26). 

 
Scheme 1.26. Ruthenium(II)-catalysed [2+2+2] cycloaddition of allene-yne-ene substrates. 

A similar study by Mukai et al.38 inverted the order of the unsaturations in the starting material, 

placing the allene moiety in the middle of the chain. With this arrangement great structural 

variability was obtained, thus allowing the formation of complex tri- and tetracyclic scaffolds in 

a totally diastereoselective fashion (Scheme 1.27).  

 
Scheme 1.27. Polycyclic scaffolds synthesized by a rhodium(I)-catalysed [2+2+2] cycloaddition of yne-

allene-ene substrates. 
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The authors employed a Rh(I) catalyst and obtained the corresponding products in good to 

excellent yields. With this approach it was possible to form cyclopropane-fused polycyclic 

structures. Besides the structures shown in Scheme 1.27, the flexibility of this methodology is 

such that the introduction of tethers of different lengths in the precursor structure, as well as 

changing the alkene partner or the phenylsulfonyl group, is possible, so enabling the synthesis 

of different sized polycyclic structures. 

Our group has also contributed to this field. Polycyclic 1,3-diene products were synthesized 

starting from linear allene-yne/ene-allene substrates.3h The Wilkinson’s complex-catalysed 

cyclisation of these substrates delivered dienes with complete chemo- and diastereoselectivity 

(Scheme 1.28). The products obtained could also undergo Diels–Alder reactions with maleimide, 

affording complex pentacyclic products in excellent yields and with total stereoselectivity. 

 
Scheme 1.28. Rhodium(I)-catalysed [2+2+2] cycloaddition of allene-yne/ene-allene substrates. 

Additionally, detailed DFT calculations were carried out to rationalise the observed 

diastereoselectivity and to propose a mechanistic cycle. After a detailed analysis of the many 

possibilities for the key reaction intermediates, oxidative addition was postulated as taking place 

between the central alkene and the internal double bond of one of the allenes to give a cis-fused 

ring junction. The remaining allene is then inserted into the Rh–Csp3 bond of the 

rhodacyclopentane to give a trans-fused ring junction (Scheme 1.29), so determining the 

diastereoselectivity of the process. 

 
Scheme 1.29. Key intermediates proposed by DFT calculations in the Rh(I)-catalysed [2+2+2] 

cycloaddition of allene–ene–allene substrates. 

The preference for cyclisation at the internal double bond of the allene was also analysed. This 

concurred with a higher energy of the occupied π molecular orbital localised at this double bond. 

In our group, we have also introduced nitriles in this kind of systems, generating 2,6-

naphthyridine scaffolds.39 The use of Wilkinson’s catalyst and catalytic amounts of triethylamine, 

allowed the chemoselective reaction of allenes through their external double bond to give 
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unsaturated pyridine-containing scaffolds after a dehydrogenative step (Scheme 1.30). Removal 

of the tosyl group allowed entry into 2,6-naphthyridine nuclei. Derivatives containing this 

scaffold have been found to have promising medicinal properties in HIV40 and cancer research.41 

 
Scheme 1.30. Rhodium(I)-catalysed [2+2+2] cycloadditions of acyclic allene–yne–cyano derivatives. 

Finally, in a recent work, Sato et al.42 reported the rhodium(I)-catalysed [2+2+2] cycloaddition of 

yne-allene-imine substrates. The authors synthesized linear substrates bearing tert-butylsulfinyl 

imine groups and submitted them to rhodium catalysis to afford 5,7-fused cyclic amine 

derivatives (equation a in Scheme 1.31). They then investigated the [2+2+2] cyclisation of 

substrates without hydrogen atoms at the β-position of the sulfinylimine moiety, in this case 8-

azabicyclo[3.2.1]octane derivatives were obtained. However, a different ligand in the rhodium 

catalyst had to be used to achieve good yields of the cycloadducts (equation b in Scheme 1.31). 

 
Scheme 1.31. [2+2+2] Cycloaddition of yne-allene-imine substrates. 

The authors proposed a mechanistic rationale for the observed reactivity. The cyclization 

proceeds via a strained azarhodacycle intermediate. β-hydride elimination followed by reductive 

elimination gives rise to a 5,7-fused cyclic amide, while direct reductive elimination of the 

azarhodacycle intermediate affords a tricyclic product containing an 8-azabicyclo[3.2.1]octane 

skeleton (Scheme 1.32).  
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Scheme 1.32. Mechanistic proposal for the different cycloadducts formed. 

1.1.3. Rh-based catalysts for the [2+2+2] cycloaddition reaction 

As seen in the previous sections, Wilkinson’s catalyst [RhCl(PPh3)3], together with many catalytic 

systems consisting of a combination of a cationic rhodium species and phosphine ligands, are 

the most widely used catalytic systems in rhodium-catalysed [2+2+2] cycloaddition.2 

Since the pioneering work of Grigg et al.43 describing the Wilkinson’s complex-catalysed [2+2+2] 

cycloaddition reaction of diynes with monoacetylenes for the first time, many examples 

involving this catalyst with substrates containing huge variety of unsaturations have been 

reported. 

Tanaka et al.2t in 2003 described, for the first time, the use of the cationic complex [Rh(COD)2]BF4 

in combination with BINAP-type ligands as an efficient catalyst for [2+2+2] cycloaddition. Many 

further examples of the use of this catalytic system have since been reported given that it is 

highly versatile, allowing the preparation in situ of many different rhodium complexes with 

different ligands, thus facilitating the tuning of reaction conditions. Moreover, this catalytic 

system has proven to be especially suitable for enantioselective processes due to the availability 

of chiral phosphines. 

Besides these well-established catalytic systems, many groups have reported other ligands that 

can coordinate to the rhodium centre, some of which will be discussed below. 

1.1.3.1. Phosphoramidite ligands in the Rh-catalysed [2+2+2] cycloaddition reaction 

Phosphoramidite-type compounds arise from the union of two different synthons – one from a 

diol-type synthetic equivalent (in general, BINOL, biphenol or TADDOL) and the other from an 

amine (Figure 1.1) – through a trivalent phosphorous. 

 
Figure 1.1. Phosphoramidite modular architecture. 
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The modification of the substituents of the two oxygen atoms and the substituents in the 

nitrogen atom allow the adjustment of the donor properties of the ligand (and thus the 

electronic properties of the metal centre) for a specific catalytic application. The chirality of 

these molecules is usually introduced by means of a chiral diol, although in some cases it can 

also be introduced with a chiral amino residue. 

These compounds were first used as ligands in rhodium catalysis for hydrogenation reactions.44 

In 2000 Feringa et al.45 described the asymmetric hydrogenation of olefins using a BINOL-based 

phosphoramidite ligand and [Rh(COD)2]BF4 as the rhodium source. 

In the particular case of the [2+2+2] cycloaddition reaction, the group of Rovis et al.46 have made 

most of the contributions in the field of phosphoramidite ligands for the [2+2+2] cycloaddition 

reaction. In a first report they described the rhodium-catalysed [2+2+2] cycloaddition of alkynes 

and alkenyl isocyanates to afford bicyclic lactams and/or the corresponding vinylogous amides 

using chiral phosphoramidites as ligands (Scheme 1.33).46l 

 
Scheme 1.33. Partially intermolecular [2+2+2] cycloaddition between alkynes and alkene isocyanates. 

The proposed mechanism for the formation of these two regioisomers is shown in Scheme 1.34.  

 
Scheme 1.34. Proposed pathways in the [2+2+2] cycloaddition between alkynes and alkene isocyanates. 

An initial oxidative cyclization between the isocyanate and alkyne in an orientation where a C-N 

bond is formed provides the rhodacycle intermediate A. A CO migration to B followed by olefin 

insertion and reductive elimination furnishes the vinylogous amide compound (pathway a in 

Scheme 1.34). In a different orientation of the oxidative addition, metallacycle D is formed with 
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a C-C bond formation (pathway b in Scheme 1.34). Subsequent olefin insertion and reductive 

elimination provides the lactam derivative. 

The regioselectivity of this process is controlled by steric and electronic factors.46e,g Alkynes 

containing bulky or electron donating groups (aryl-like) favour the vinylogous amide. On the 

other hand, the lactam is favoured by alkynes with smaller substituents as well as less electron-

donating substituents (alkyl-like).  

In a more recent work they used this methodology to synthesize an analogue of the tricyclic 

framework of the alkaloid FR901483, which has immunosuppressive activity.46a By means of a 

[2+2+2] cycloaddition between the appropriate alkenyl isocyanate and 4-

methoxybenzylacetylene, they manage to obtain the indolizidine core of the alkaloid. After five 

more synthetic steps the desired tricyclic compound was obtained (Scheme 1.35). 

 
Scheme 1.35.  Synthesis of an analogue of the FR901483 alkaloid. 

In an attempt to develop a methodology to selectively access compounds of type F in Scheme 

1.34, the same authors involved carbodiimides in the process. They described the asymmetric 

synthesis of bicyclic amidines (Scheme 1.36) by means of a partially intramolecular [2+2+2] 

cycloaddition between alkenyl carbodiimides and terminal alkynes.46j 

 
Scheme 1.36. Rh(I)-catalysed [2+2+2] cycloaddition of carbodiimides with aryl- and 

heteroarylacetylenes. 
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The process tolerates a wide range of substrates affording the desired amidine with high 

selectivity. However, it should be noted that when the electron-rich p-OMe-phenylacetylene 

was used, the product selectivity was reversed with b being the main product. 

Rovis et al.46i also used these phosphorous ligands in the regioselective synthesis of 2-

pyridinones by means of a [2+2+2] cycloaddition between terminal alkynes and isocyanates 

(Scheme 1.37). This case represents the only example in which the reaction works in a totally 

intermolecular way, with two equivalents of alkyne reacting together with one equivalent of 

isocyanate. 

 
Scheme 1.37. [2+2+2] Cycloaddition of monoalkynes and benzyl isocyanates. 

By placing an oxygen atom between the isocyanate and the alkene functionality, they managed 

to synthesize chiral polysubstituted piperidines.46b The cycloadduct obtained from the [2+2+2] 

cycloaddition underwent reduction of the vinylogous amide and reductive cleavage of the 

oxygen tether leading to N-methylpiperidinol products (Scheme 1.38). 

 
Scheme 1.38. Synthesis of chiral polysubstituted piperidines by cleavage on the oxygen tether. 

Our group47 have also used this kind of ligands in rhodium-catalysed [2+2+2] cycloaddition. In 

collaboration with Dr. Caminade’s group from the Laboratoire de Chimie de Coordination, we 

described a highly efficient and recyclable catalytic system based on phosphorus dendrimers 

containing chiral phosphoramidite ligands as terminal groups (Figure 1.2). The Rh(I) catalysed 

[2+2+2] cycloaddition reaction of a diyne and 2-methoxynaphthalene alkynyl derivatives 

(Scheme 1.39) showed a strong positive dendritic effect both in the activity and 

enantiodiscrimination, constituting the strongest dendritic effect on the stereoselectivity 

reported to date. Furthermore, it was possible to recover the catalytic system by simple filtration 

and reuse it three times without observable reduction in the yield or enantioselectivity. 
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Figure 1.2. Structures of dendrimers G1, G2 and G3. 

 
Scheme 1.39. [2+2+2] Cycloaddition reaction between N-tosyl 1,6-diyne and 2-methoxynaphthalene 

alkynyl derivatives. 

More examples of recyclable catalysts for [2+2+2] cycloadditions will be discussed in Chapter 6. 

1.1.3.2. N-phosphino-tert-butylsulfinamide and secondary iminophosphorane ligands in the 

Rh-catalysed [2+2+2] cycloaddition reaction 

N-phosphino-tert-butylsulfinamide (PNSO) ligands are hemilabile ligands in which the sulfoxide 

moiety binds the metal through either sulfur or oxygen to provide either P,S or P,O chelation, 

depending on the electronic environment around the metal centre (Figure 1.3).  

These PNSO ligands represent an efficient way of combining the easily accessible chirality of 

sulfur with the capacity for coordination of the phosphorous atom.48 

 
Figure 1.3. Possible coordination modes of the N-phosphino sulfinamide ligands with mono- and 

bimetallic complexes. 

Prof. Riera et al. from the University of Barcelona proved that these ligands are useful in the 

intermolecular asymmetric Pauson-Khand reaction acting as bidentate P,S ligands. This study 
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was the first example of a chiral sulfur atom coordinated to a cobalt centre. The intermolecular 

Pauson–Khand reaction of the corresponding PNSO-Co complexes with norbornadiene occurred 

with unprecedented stereoselectivity (Scheme 1.40). 

 

Scheme 1.40. Pauson-Khand reaction of the PNSO-dicobalt complexes with norbornadiene. 

The same authors later published the synthesis and characterization of the first rhodium(I) 

complexes with the same ligand.49 The reaction of [RhCl(COD)]2 with one equivalent of PNSO 

ligand in the presence of AgOTf afforded complex [Rh(PNSO)(COD)]OTf (equation a in Scheme 

1.41). When two equivalents of the ligand were used the corresponding disubstituted complex 

was also obtained (equation b in Scheme 1.41). It should be noted that when olefinic ligands 

such as COD were attached to the metal centre, the ligand presents a P,O coordination. On the 

other hand, rhodium complex with two PNSO ligands provided P,S coordination. 

 

Scheme 1.41. Preparation of cationic rhodium complexes [Rh(L*)(COD)]OTf and [Rh(L*)2]OTf. 

In collaboration with Prof. Riera’s group, we applied these ligands in the Rh-catalysed [2+2+2] 

cycloaddition.50 The catalytic system was prepared in situ by mixing the corresponding ligand 

with [Rh(COD)2]BF4. When the activity of the mono-ligated catalyst (equation a in Scheme 1.41) 

was evaluated in the partially intermolecular version of the reaction, good to excellent yields of 

the cycloadducts were obtained (equation a in Scheme 1.42). The catalytic system was found to 

be robust and applicable to a broad range of substrates independently of the nature of the linker 

between unsaturations and the substitution at the termini of the alkynes. In addition, the 

enantioselectivity of the reaction was also evaluated in the intramolecular reaction of linear and 

macrocyclic enediynes, but only moderate enantioselectivities could be achieved (equation b in 
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Scheme 1.42). In this study it was observed that the complex with two ligands (equation b in 

Scheme 1.41) was not active for this reaction. 

 
Scheme 1.42. Rh(I)-catalysed [2+2+2]cycloaddition with PNSO ligands. 

The low enantioselectivity observed for these ligands may be explained by the distance of the 

chiral motif on the ligand from the metal centre, as PNSO ligands have the chirality on the 

hemilabile sulphur atom. Another family of this kind of compounds are secondary 

iminophosphorane (SIP) ligands, which contain their chirality on the phosphorous atom (Figure 

1.4). 

 
Figure 1.4. Hemilabile S-stereogenic and P-stereogenic ligands. 

By placing the chirality on the phosphorous atom it is expected that it will have a greater 

influence on the enantioselectivity of the process. Moreover, these ligands present an NH/PH 

tautomeric equilibrium which render them stable to oxidation (Figure 1.5). 

 
Figure 1.5. NH/PH tautomeric equilibrium. 
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The equilibrium usually shifts towards the P-H form, which prevents the oxidation of the 

phosphorous atom, although it can shift to the aminophosphine form (N-H) by the coordination 

of phosphorus to a metal. Furthermore, P-stereogenic secondary iminophosphoranes are 

configurationally stable and thus chiral information is preserved through the PH/NH equilibrium. 

This equilibrium is presumably governed by the electronic properties of the phosphine atom 

rather than the nature of the substituents of the sulfone. 

These ligands were also able to coordinate rhodium and their use in asymmetric catalysis was 

then studied. The reaction of bulky iminophosphoranes with [Rh(COD)2]BF4 resulted in the 

exchange of a single COD unit (Scheme 1.43). The addition of an excess of secondary 

iminophosphoranes did not lead to a dimeric species, suggesting that the steric bulk of the ligand 

may be responsible for this behaviour. 

 
Scheme 1.43. Preparation of cationic Rh(I) complexes with secondary iminophosphorane (SIP) ligands. 

Upon coordination to rhodium, the tautomeric equilibrium is effectively displaced towards the 

phosphinosulfonamide form. This leaves a relatively acidic NH group in place. 

These ligands were also evaluated in the rhodium-catalysed [2+2+2] cycloaddition.51 The 

catalytic system SIP-Rh(I) efficiently catalysed the [2+2+2] cycloaddition of enediynes with 

terminal alkynes, excellent conversions were observed and good to excellent 

enantioselectivities of the cycloadduct were achieved (Scheme 1.44). It is important to note that 

in the rhodium complexes used, the chirality remains in the tert-butylmethylphosphino moiety, 

which is strongly attached to the rhodium centre. 

 
Scheme 1.44. Asymmetric SIP-Rh(I) catalysed [2+2+2] cycloaddition of enediynes. 
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In order to compare this catalytic system with the broadly used combination of a cationic 

rhodium complex with chiral biphosphine ligands, enediyne containing NSO2Mes tethers was 

submitted to cycloaddition conditions with the complex [Rh(COD)2]BF4 and (R)-BINAP. The 

cycloadduct was obtained in only a 45% yield and with 54% enantiomeric excess, whereas with 

the SIP-Rh complexes the product could be obtained with up to a 99% yield and 94% 

enantiomeric excess. 

1.1.3.3. N-heterocyclic carbene ligands in transition-metal catalysed [2+2+2] cycloaddition 

reactions 

Defined as neutral compounds containing a divalent carbon atom with a six-electron valence 

shell, carbenes are a class of carbon-containing compounds. However, free carbenes were 

considered as unstable due to their incomplete electron octet and coordinative unsaturation 

until Arduengo et al.52 reported an isolable carbene incorporated into a nitrogen heterocycle in 

1991. The synthesis of the first N-heterocyclic carbene (NHC) led to an explosion of experimental 

and theoretical studies of this kind of molecules.53 Ligands based on N-heterocyclic carbenes 

comprise a great variety of compounds derived from heterocyclic rings, although the most used 

ones are synthesized from imidazolium or 4,5-dihydroimidazolium salts. 

In the particular case of the transition-metal catalysed [2+2+2] cycloaddition, there are few 

examples in which this reaction is catalysed by a transition metal with an NHC ligand. Louie et 

al. have made the greatest contribution to this field with nickel catalysts. They have reported 

Ni(0)-NHC complexes that catalyse the [2+2+2] cycloaddition between diynes and carbon 

dioxide,54 isocyanates55 or nitriles56 (Scheme 1.45). In the case of carbon dioxide (equation a in 

Scheme 1.45), the authors report that when asymmetric diynes are used, the regioselectivity of 

the reaction is highly dependent on the ligand employed and the size of the terminal groups on 

the diyne, with the 3-position on the pyrone ring being the one that is preferred for the larger 

substituent. Moreover, pyrone derivatives were obtained in good to excellent yields. For the 

cases of isocyanates (equation b in Scheme 1.45) and nitriles56b (equation c in Scheme 1.45) 

symmetric diynes were used, so no regioselectivity was studied. In these cases the 

heterocycloadducts were obtained in good to moderate yields. 

 
Scheme 1.45. Ni-catalysed [2+2+2] cycloadditions with IPr or SIPr ligands. 
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Finally, Louie et al.56a conducted a detailed mechanistic study for the case of pyridines. As a result 

of the kinetic analysis of the reactions, the regioselectivities of the products that they observed, 

and the stoichiometric reactions, they were able to postulate that the mechanism concurred 

with a rare η1-NCR Ni intermediate (Figure 1.6). 

 
Figure 1.6. Proposed catalytic cycle of the [Ni(IPr)2]-catalysed [2+2+2] cycloaddition of diynes and 

nitriles 

The Hoveyda-Grubbs catalyst, which also has an NHC ligand in its structure, has been used in 

[2+2+2] cycloadditions by Pérez-Castells et al. in the partial intramolecular reaction between 

diynes and isocyanates57, isothiocyanates57 and nitriles58 (Scheme 1.46), affording the 

corresponding heterocycloadducts in moderate to good yields. 

 
Scheme 1.46. Hoveyda-Grubbs’s complex-catalysed [2+2+2] cycloaddition reaction involving 

heterounsaturations. 

Alkenes have also been tested in this process59 (Scheme 1.47). However, the product obtained 

depends on the nature of the alkene used. The authors postulate that different reaction 

pathways are operating in this reaction.  
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Scheme 1.47. Hoveyda-Grubbs’s complex-catalysed [2+2+2] cycloaddition reaction involving alkenes. 

For ethyl acrylate the reaction starts as a formal [2+2+2] cycloaddition reaction, but β-hydride 

elimination takes place before reductive elimination, giving rise to the products obtained 

(equation a). For cyclic alkenes, β-hydride elimination is not possible, thus giving the expected 

[2+2+2] cycloadduct, however the diene obtained further reacts with another equivalent of 

alkene through a Diels-Alder reaction to give the obtained pentacyclic scaffold (equation b). 

Finally, allyl ethers follow a metathetic cascade pathway: successive metatheses reactions of the 

diyne followed by reaction with the alkene gives rise to the obtained triene (equation c). 

Rhodium complexes with NHC ligands show great electronic versatility, are easy to handle and 

are readily synthesized. In our group we have applied rhodium(I) complexes stabilized with NHC 

ligands in the [2+2+2] cycloaddition reaction (Scheme 1.48).60  
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Scheme 1.48. [2+2+2] Cycloaddition catalysed by Rh(I)-NHC complexes. 

Two already described Rh-carbene complexes ([RhCl(IPr)(COD)] and [RhCl(IMes)(COD)])61 were 

prepared and tested as catalysts for the [2+2+2] cycloaddition. The complexes were able to 

promote the cycloaddition of triunsaturated macrocycles (equation a in Scheme 1.48), triynes 

(equation b in Scheme 1.48) and, furthermore, the cycloaddition between diynes and 

monoalkynes (equation c in Scheme 1.48). Remarkably, the two rhodium complexes were 

efficient catalysts under aerobic conditions without the need to dry the solvent. When 

asymmetric diynes and alkynes were used, poor regioselectivity was observed (1.27:1 and 

1.84:1) and the main compound was the one in which the bulkier substituents were in a relative 

meta position. The study demonstrated that the readily available Rh-NHC complexes were 

robust and highly efficient homogeneous catalysts for [2+2+2] cycloaddition reaction of three 

alkynes. 

Finally, there are also a couple of reports in which, iron and cobalt with NHC ligands catalyse the 

[2+2+2] cycloaddition of triynes and enediynes. Malacria et al.62 reported a catalytic system 

based on one equivalent of copper iodide, one equivalent of manganese and catalytic amounts 

of IPr carbene. This catalytic system proved to be effective in the intramolecular cycloaddition 

of enediynes, tolerating the presence of heteroatoms, substituents on the alkyne terminus and 

substituents on both carbons of the alkene. Okamoto et al.63 used a catalytic system based on 

iron(III) chloride, zinc and IPr carbene, all in catalytical amounts for the totally intramolecular 

[2+2+2] cycloaddition of triynes. This catalytic system was also tested in the total intramolecular 

[2+2+2] cycloaddition of pentaynes and triyne-diene compounds. The internal alkyne moieties 

of the substrates reacted selectively to provide benzene derivatives containing the 

corresponding terminal alkyne and allyl substituents. 
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Taking into account the precedents exposed, we set the objectives of the present thesis, aiming 

to give further insight into two main features of the transition-metal catalysed [2+2+2] 

cycloaddition: the reactivity of challenging unsaturated substrates and new catalysts for the 

reaction. 

In the first part of the thesis we will aim to study the rhodium-catalysed [2+2+2] cycloaddition 

reaction involving different unsaturated substrates (Chapters 3 and 4). The synthesis of cyclic 

scaffolds containing chiral carbons when C-sp2 unsaturations are involved is one of the most 

attractive features of the [2+2+2] cycloaddition. First, we will investigate the involvement of 

Morita-Baylis-Hillman adducts in the partial intramolecular version of the reaction. These 

adducts contain a 1,1-disubstituted alkene moiety which can potentially generate 

cyclohexadiene scaffolds containing a chiral quaternary carbon. Some features will have to be 

studied in order to optimise the process, such as the catalytic system used, which will be 

fundamental in studying the enantioselectivity of the process. The chemoselectivity of the 

reaction will also be of importance as alkenes are less prone to react than alkynes. In a final step, 

the scope of the reaction, as well as the reactivity of the cyclohexadiene scaffolds formed, will 

be studied. 

Following our interest in C-sp2 unsaturations and the formation of chiral centres, substrates 

containing allenes and chiral carbons will also be involved in the rhodium-catalysed [2+2+2] 

cycloaddition reaction. In a previous work from our group, allene/yne-ene/allene substrates 

underwent Rh-catalysed [2+2+2] cycloaddition in a diastereoselective manner. Based on that 

result, we plan to investigate whether the presence of a chiral carbon at the α-position of the 

allenes induces the chirality of the chiral carbons of the cycloadduct formed (Chapter 4). Both 

the racemic and enantiopure substrates bearing groups with different steric hindrance and 

different tethers will be prepared and their [2+2+2] cycloaddition studied. The configuration of 

the chiral scaffolds formed will be determined by NMR spectroscopy. 

In the second part of the thesis, the synthesis of new catalysts for [2+2+2] cycloadditions will be 

presented (Chapters 5 and 6). Taking into account the high level of activity observed when 

phosphoramidite-containing dendrimers are used in rhodium-catalysed [2+2+2] cycloaddition, 

we aim to synthesize water soluble dendrimers to perform the reaction with water as the 

solvent. In collaboration with Prof. Anne-Marie Caminade’s group at the Laboratoire de Chimie 

de Coordination in Toulouse, we wanted to synthesize water-soluble phosphoramidite-

containing dendrimers. As an added value, the core will be formed by a [2+2+2] cycloaddition of 

an internal alkyne moiety. 

As one of the most important issues in catalysis is the avoidance of wastage, we also aim to 

synthesize organometallic rhodium catalysts in such a way as to enable their recovery and reuse. 

In collaboration with Prof. Roser Pleixats’ group at the Universitat Autònoma de Barcelona we 

planned to synthesize rhodium catalysts that could be immobilised on silica by the sol-gel 

process or the grafting method. After their characterisation, the activity of these heterogeneous 

catalysts would then be tested in the rhodium-catalysed [2+2+2] cycloaddition reaction of three 

alkynes. 
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Chapter 3. Rhodium-catalysed [2+2+2] 

cycloadditions of diynes with Morita-

Baylis-Hillman adducts       
 

This chapter has been published as: 

Fernández, M.; Parera, M.; Parella, T.; Lledó, A.; Le Bras, J.; Muzart, J.; Pla-Quintana, A.; 

Roglans, A. Adv. Synth. Catal. 2016, 358, 1848. 

 

 
 diastereoselective process 
 kinetic resolution of the Morita-Baylis-

Hillman adduct 
 products with a tertiary/quaternary 

stereodiad in a 84-97% ee 
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3.1 Precedents 

3.1.1. Morita-Baylis-Hillman adducts 

Morita-Baylis-Hillman (MBH) adducts are densely functionalized molecules containing at least 

three functional groups (alcohol, alkene and electron- withdrawing group) in proximity which 

can participate in a wide range of organic transformations. Different perspectives of these 

compounds are shown in Figure 3.1.  

 
Figure 3.1. Morita-Baylis-Hillman adducts: different perspectives. 

The synthesis of Morita-Baylis-Hillman adducts consists of a carbon-carbon bond-forming 

reaction, which involves an aldehyde and an activated alkene in the presence of a base. It is a 

three-step one-pot reaction involving successive Michael, aldol and elimination processes.64 The 

reaction was discovered in 1968 when Morita65 reported that the reaction of an aldehyde with 

an activated alkene in the presence of tricyclohexylphosphine afforded a densely functionalized 

product (Scheme 3.1). In 1972, Anthony Baylis and Melville Hillman66 were granted a German 

patent for performing the same reaction using a tertiary amine instead of a phosphine catalyst 

(Scheme 3.1). Their greatest success was in the use of DABCO.  

 
Scheme 3.1. Synthesis of Morita-Baylis-Hillman adducts. 

In the 1980s, the reaction was taken up again and its scope was explored by Drewes67, 

Hoffmann68 and Basavaiah69. Since then, the scope of the reaction has broadened beyond the 

use of just aldehydes and acrylates to include a wide range of activated unsaturated 

substrates.70  

The most generally accepted mechanism71 of the amine-catalysed reaction is illustrated in 

Scheme 3.2, taking as a model the reaction between methyl vinyl ketone (as the activated 

alkene) and benzaldehyde (as the electrophile) under the catalytic influence of DABCO. The first 

step in this catalytic cycle involves the Michael-type nucleophilic addition of the tertiary amine 

to the activated alkene to produce a zwitterionic enolate I, which makes a nucleophilic attack 
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on the aldehyde in an aldol fashion to generate zwitterion II. Subsequent proton migration to 

afford III and the release of the catalyst provide the desired multifunctional molecules.  

 
Scheme 3.2. Generally accepted mechanism of the Baylis-Hillman reaction. 

The main drawback of the original Baylis-Hillman reaction is the extremely slow reaction rate 

and so alternative catalysts have been tested in an attempt to resolve this issue. Imidazole 

derivatives, tertiary amines/diamines and phosphines have been used as alternative catalysts, 

as well as Lewis acids70 such as TiCl4, Et2AlI and BX3 in some few cases. 

Having stablished the background of MBH adducts, now some of their reactivity will be 

explained. Of the multiple transformations in which MBH adducts can be involved,72 their use in 

the synthesis of cyclic compounds is particularly noteworthy (Scheme 3.3).  

 

Scheme 3.3. Reaction strategies employed with the Morita-Baylis-Hillman derivatives for the generation 

of cyclic compounds. 

Of the different strategies that are available for generating cyclic compounds from MBH adducts, 

cycloaddition reactions are particularly attractive due to their atom economy nature and the 

possibility of constructing multiple bonds in a single synthetic operation. 

MBH adducts have been involved in thermally induced cycloaddition reactions such as Diels-

Alder, [3+2] cycloaddition and 1,3-dipolar cycloaddition. To the best of our knowledge, there is 

only one study, by Wang et al.73, in which they reported the use of a transition metal catalyst for 

a cycloaddition reaction in which MBH adducts were used. MBH adducts participated as 
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dipolarophiles in the copper(I)-catalysed 1,3-dipolar cycloaddition with azomethine ylides to 

construct pyrrolidine derivatives, containing one quaternary and two tertiary stereogenic 

centres (Scheme 3.4). 

 
Scheme 3.4. Cu(I)-catalysed asymmetric 1,3-dipolar cycloaddition of various azomethine ylides with a 

Morita-Baylis–Hillman adduct. 

At the start of work on this thesis, the participation of Baylis-Hillman adducts as alkene 

substrates in transition metal-catalysed [2+2+2] cycloaddition reactions had not been reported. 

These substrates are attractive as alkene partners for the [2+2+2] cycloaddition reaction due to 

their 1,1-disubstituted pattern, which can lead to quaternary stereogenic centres (Scheme 3.5). 

This is an important feature of the reaction, as the formation of all-carbon quaternary 

stereocentres represents one of the most difficult contemporary challenges in synthetic organic 

chemistry. 

 
Scheme 3.5. [2+2+2] Cycloaddition of diynes and 1,1-disubstituted alkenes. 

3.2 Results and discussion 

In this chapter, the participation of Morita-Baylis-Hillman adducts in the partial intramolecular 

[2+2+2] cycloaddition reaction (Scheme 3.6) will be investigated. 

 
Scheme 3.6. [2+2+2] cycloaddition between diynes and MBH adducts. 
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The first aspect to be tackled was the optimization of the chemoselectivity of the reaction since 

alkenes are less prone to react than alkynes, so it was expected that homocoupling of the diyne 

would be an important undesired reaction. The control of the diastereo- and enantioselectivity 

of the process was the next step to be taken into account as the product expected contains a 

highly substituted 1,3-cyclohexadiene motif with chiral quaternary and tertiary carbon atoms. 

Finally, the study of the scope of the process was planned by placing different tethers on the 

diyne and changing the aryl and electron- withdrawing groups on the MBH adduct. 

In order to study the aforementioned reaction, starting materials were previously synthesized. 

3.2.1. Synthesis of Morita-Baylis-Hillman substrates 

The synthetic procedure from which MBH adducts were synthesized was optimized by a 

previous member of our group during a predoctoral visit to the group of Prof. Jacques Muzart 

and Dr. Jean Le-Bras at the Institut de Chimie Moléculaire in Reims. 

 
Scheme 3.7. Synthesis of MBH adducts. 

The reaction between  aryl aldehydes and methyl acrylate was run in polyethylene glycol with 

an average molecular weight of 200 g/mol (PEG-200) and one equivalent of 1,4-

diazabicyclo[2.2.2]octane (DABCO) at room temperature. Solvents such as dioxane, acetonitrile 

and a mixture of poly(ethylene glycol) and water were also tested, but no reaction was observed 

in those cases. Nevertheless, poly(ethylene glycol) has been reported to be a good solvent for 

the MBH reaction between phenyl and heteroaromatic derivatives with acrylates,74 and could 

also be applied to our case. Following this procedure, a wide range of MBH adducts were 

prepared (Scheme 3.7). We were interested in evaluating the electronic effect of the aryl group 

(2b, 2c and 2d), as well as changing the ester function for an acid or an amide (2f and 2g, see 

Scheme 3.8). A naphthalene-containing adduct 2e was also prepared. The influence of a 
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heteroatom in the aryl group was also of interest to us, therefore adducts containing tiophene 

(3a and 3c), furan (3b and 3d) and pyridine (3e) rings were synthesized.  

The synthesis of MBH adduct 3e was performed following a procedure in which the reaction was 

carried out with no solvent and at 0°C.75 

By derivatisation of MBH adduct 2a, adducts 2f and 2g could be prepared (Scheme 3.8). Treating 

2a with a base the ester was hydrolysed affording the carboxylic acid derivative 2f. Adduct 2g 

bearing an amide group was synthesized from 2f. Using a carbodiimide to activate the carboxylic 

acid functionality and methylamine as a nucleophile, adduct 2g was obtained with an 81% yield. 

 
Scheme 3.8. Synthesis of MBH adducts 2f and 2g. 

3.2.2. Synthesis of diyne substrates 

1,6-diynes prepared in this section are represented in Figure 3.2. We sought to evaluate the 

reactivity of N-tosyl-linked diynes with different substitution patterns (1a-1g) and compare it 

with the reactivity of carbon- and oxygen- tethered diynes such as 1h and 1i. To test substituents 

with different electronic properties, diynes bearing nitro (1b), fluorine (1c), bromine (1d) and 

morpholine (1e) groups on the para position of the aryl were synthesized. In order to introduce 

bulkier substituents, a triisopropyl-benzenesulfonamide diyne was prepared (1g). Finally, as a 

more challenging diyne, the 5-methyl-2-pyridinesulfonamide derivative 1f was also synthesized 

in order to test whether the coordination ability of pyridine had a detrimental effect on this 

reaction.  

 
Figure 3.2. Synthesized diynes. 

All sulfonamide-based diynes were synthesized as depicted in Table 3.1, starting from 

commercially available arylsulfonamides. Their reaction with 1-bromo-2-butyne in the presence 
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of potassium carbonate as a base successfully afforded the desired diynes when the reaction 

was heated to the reflux of acetonitrile. 

Table 3.1. Synthesis of diyne derivatives. 

 
Diyne Yield (%) 

1a 93 

1b 79 

1c 90 

1d 84 

1e 72 

1f 79 

1g 90 

 
Diynes 1h and 1i were synthesized following methods described in the literature.17e For diyne 

1h diethyl malonate was deprotonated with sodium hydride and upon addition of 1-bromo-2-

butyne, the product was obtained  with an 82% yield (equation a in Scheme 3.9). Diyne 1i was 

obtained by means of a deprotonation with sodium hydride of 2-butyn-1-ol and further reaction 

with 1-bromo-2-butyne (equation b in Scheme 3.9).  

 
Scheme 3.9. Synthesis of diynes 1h and 1i. 

All the MBH adducts and the diynes synthesized were fully characterized by the usual analytical 

techniques (NMR, MS, IR, elemental analysis and melting point). 
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3.2.3. [2+2+2] Cycloaddition of diynes and Morita-Baylis-Hillman adducts 

The feasibility of the cycloaddition was assessed with N-tosyl-tethered diyne 1a and MBH adduct 

2a.1 The catalytic system of choice was the combination of the cationic rhodium source 

[Rh(COD)2]BF4 with BINAP-type phosphines in a 10 mol% in 1,2-dichloroethane (DCE) as the 

solvent (Table 3.2).  

Table 3.2. Optimization of the [2+2+2] cycloaddition between 1a and 2a[a]  

 
Entry Ligand T (ºC) / time Yield/ee[b] of 4a (%) 

1 (rac)-BINAP 84 / 22h 0 / -- 

2 (rac)-BINAP 80 (µW) / 10 min 27 / -- 

3 (R)-BINAP 60 (µW) / 20 min 50 / 93 

4 (R)-BINAP 40 (µW) / 40 min 0 / -- 

5[c] (R)-BINAP 84 / 4.5 h 55 / 73 

6 (R)-H8-BINAP 60 (µW) / 20 min 47 / 95 

7 (R)-SEGPHOS 60 (µW) / 20 min 35 / 72 

8 (R)-DTBM-SEGPHOS 80 (µW) / 40 min 0 / -- 

9[d] (S)-BINAP 60 (µW) / 20 min 24 / 81 

10[e] (R)-BINAP 60 (µW) / 10 min 51 / 94 

[a] Conditions: 1a (1 equiv.), 2a (1.5 equiv.), DCE (3 mL). [b] Enantiomeric excess determined by 

chiral HPLC. [c] Slow addition of the diyne to a mixture of catalyst and 2a with a syringe pump for 

4 h. [d] The enantiomer obtained in this case was the opposite of that obtained using (R)-BINAP. 
[e] Reaction run in ethanol (3 mL). 

In a first attempt, only 6 (Scheme 3.10), an undesired homocoupling of the diyne 1a, and ketone 

derivative 7 (Scheme 3.11), resulting from an isomerization MBH adduct, were obtained (entry 

1, Table 3.2).  

                                                           
1 I am grateful to Magda Parera, a previous member of our group, for having performed some of the 
optimization reactions here. 
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Scheme 3.10. Homocoupling reaction of diyne 1a. 

 
Scheme 3.11. Isomerization of MBH adduct 2a. 

It is well-known that microwave heating can reduce the reaction time, thus avoiding the 

generation of undesirable products. Therefore, we decided to evaluate the effect of this heating 

source. The reaction was run at 80°C for 10 minutes (see experimental section for details on the 

MW experiment conditions). A 27% yield of 4a was obtained and the formation of both 6 and 7 

was reduced (entry 2, Table 3.2). 

 

 
Figure 3.3. 1H-NMR spectrum of 4a. 
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Cycloadduct 4a contains two chiral carbons, permitting four possible stereoisomers (two pairs 

of diastereoisomers) to be envisaged. However, 1H-NMR analysis of 4a showed the formation of 

only one of the two possible diastereoisomers, as can be seen in Figure 3.3 where only a set of 

diastereotopic signals for Hj and Hk is observed. This fact demonstrates the high 

diastereoselectivity of the process. However, due to free rotation about the C-C bond linking the 

two stereocentres, it was not possible to determine their relative configuration by NMR 

spectroscopy.  

We then studied the stereoselectivity of this cycloaddition using various chiral phosphines. The 

use of (R)-BINAP at 60°C led to a better yield of 4a with excellent enantioselectivity in 20 minutes 

(entry 3, Table 3.2). Having started from racemic MBH adduct 2a, an enantioenriched 

cycloadduct was obtained, suggesting that a kinetic resolution process was operative. The 

recovered unreacted MBH adduct was submitted to chiral HPLC analysis resulting in an e.e. of 

17%, which corroborated our hypothesis. The low e.e. obtained can be justified on the grounds 

of a competing enantiocomplementary isomerization process of the MBH adduct (vide infra). 

An attempt to reduce the temperature to 40°C resulted in a complete loss of reactivity (entry 4, 

Table 3.2). We then evaluated the e.e. obtained under conventional heating using slow addition 

of diyne 1a to avoid its homodimerization (entry 5, Table 3.2). The yield of 4a was similar but 

the enantioselectivity was lower (73% instead of 93%, entries 5 and 3, Table 3.2). Different 

axially chiral biphosphines were then tested in dichloroethane under microwave heating. 

Whereas (R)-H8-BINAP provided analogous yields and enantiomeric excesses (entry 6, Table 3.2), 

the use of both (R)-SEGPHOS and especially (R)-DTBM-SEGPHOS gave worse results (entries 7 

and 8, Table 3.2). As a result, (R)- and (S)-BINAP were chosen for the rest of the study. (S)-BINAP 

promoted the reaction of the other enantiomer of the MBH adduct to afford 4a with 81% 

enantiomeric excess; however, the yield was lower than when (R)-BINAP was used (compare 

entries 3 and 9, Table 3.2). 

In all the above experiments, isomerization of 2a to ketone 7 occurred consistently. A cationic 

rhodium system with (R)-BINAP was described by Zhang et al.76, in which a non-coordinating 

solvent such as dichloromethane (DCM) favours the isomerisation of allylic alcohols to saturated 

carbonyl compounds (Scheme 3.12). It should be noted that when alcohol-type solvents were 

used in Zhang’s report, the reaction proceeded with less efficiency or did not proceed at all.  

 
Scheme 3.12. Kinetic resolution of allylic alcohols by selective isomerization to the ketone reported by 

Zhang.  

Therefore, we decided to evaluate the effect of the solvent in our reaction. Using EtOH, 4a was 

obtained in a 51% yield and with 94% of e.e. and, importantly, no trace of the isomerized 

compound was detected (entry 10, Table 3.2). Two control experiments were carried out to 
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determine whether or not the isomerization process was rhodium-catalysed. Treatment of MBH 

adduct 2a with the Rh-catalytic system in DCE at 80°C for three hours led to its quantitative 

conversion into 7. We then repeated the experiment in EtOH. The MBH adduct was submitted 

to MW heating in EtOH (10 minutes at 60°C). Starting material alone was recovered, indicating 

that EtOH prevents isomerization. Additionally, in the reaction of entry 10 (Table 3.2), the 

recovered MBH adduct was obtained in 43% e.e., confirming that the lower e.e. previously 

observed (17% ee) originates from the isomerization process. 

Single crystals of 4a were obtained by slow evaporation of a solution consisting of 4a in a mixture 

of dichloromethane and pentane. A single X-ray crystallographic analysis of the crystals obtained 

revealed an (R)-configuration for the quaternary stereogenic centre and an (S)-configuration for 

the tertiary alcohol stereogenic centre (Figure 3.4). 

 
Figure 3.4. ORTEP diagram of cycloadduct (R,S)-4a. 

The kinetic resolution process was then analysed in greater detail. First, a [2+2+2] cycloaddition 

reaction was set up using an excess of diyne 1a (Scheme 3.13). We obtained (R,S)-4a in a 50% 

yield and 86% e.e., together with an excess of diyne homocoupled compounds and (R)-2a in a 

48% yield and an excellent 98% e.e. The selectivity factor (S-factor) for the kinetic resolution of 

2a was determined to be 64, meaning that (S)-2a reacts 64 times faster than (R)-2a.77 Therefore, 

the rhodium-catalysed [2+2+2] cycloaddition reaction developed appears to be a potentially 

efficient way to resolve MBH adducts. 

 
Scheme 3.13. Kinetic resolution of MBH adduct 2a. [a] Conversion of rac-2a = ee2a/(ee2a + ee4a); [b] S-

factor = ln[(1-conv)(1-ee2a)]/ln[(1-conv)(1+ee2a)]. 

Further insight into the resolution process was gained by treating the enantioenriched MBH 

adduct (R)-2a with 1a in the optimized reaction conditions (entry 10, Table 3.2) with either (R)- 

or (S)-BINAP (Scheme 3.14). As expected, no cycloadduct was isolated in the reaction with (R)-

BINAP. On the other hand, (S)-BINAP efficiently promoted the cycloaddition of (R)-2a to (S,R)-

4a, corroborating the high enantiospecificity of the process. 
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Scheme 3.14. Cycloaddition reactions with enantioenriched (R)-2a. 

Finally, the cycloaddition of 1a with 2a was monitored over time in a reaction carried out under 

conventional heating, which has a longer reaction time than that run under microwave heating 

(Figure 3.5). This kinetic experiment revealed a rapid consumption of (S)-2a to form (R,S)-4a 

cycloadduct with a high enantiomeric excess, which did not decrease over time. After 

approximately 2.5h of reaction, the cycloadduct yield and the e.e. of the MBH adduct reached a 

plateau indicating that (R)-2a does not react at a significant rate under the reaction conditions. 

This experiment constitutes further evidence that the two enantiomers of the MBH adduct show 

different reactivities under asymmetric Rh/biphosphine catalysis. 

 
Figure 3.5. Formation of cycloadduct 4a over time (hours). 

In a final set of optimization experiments, the relative amount of the MBH adduct 2a was 

modified. Using either 3 or 4 equivalents of 2a, the yield of 4a was not improved (41% and 42%, 

respectively). The reaction shows substrate inhibition when a high excess of MBH adduct is used. 

Our interpretation is that this inhibition is probably due to coordination of multiple MBH adducts 

to the rhodium complex. Therefore, we decided to use only 1.5 equivalents of the MBH adduct. 

In order to study the effect of the hydroxyl group of the MBH adduct in the cycloaddition 

process, acetyl- and Boc-protected MBH adducts were tested using the optimized reaction 
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conditions. In neither case was cycloadduct 4a obtained, indicating that the free hydroxyl group 

has a determining role in the process. 

Having established the background for the kinetic resolution that operates in the described 

process, we again focused on the stereoselective synthesis of highly functionalized 

cyclohexadienes, proceeding to evaluate the scope of the reaction varying both the tethers of 

the diyne and the MBH adduct (Scheme 3.15).  

A first test showed that the use of diyne 1b, containing a 4-nitrobenzenesulfonamide (NNs) 

instead of N-tosylsulfonamide, gave the cycloadduct 4b also with great efficiency. Since NNs 

group could be deprotected in milder reaction conditions78, the study of the scope of the MBH 

adducts was continued with diyne 1b (compounds 4b-4d, Scheme 3.15).  

 
[a] The cited yields were of isolated products. Enantiomeric excess were determined by chiral 

HPLC. [b] (S)-BINAP was used. [c] The reaction was carried out at 80°C (MW) for 10 min. Yield 

estimated by NMR. 

Scheme 3.15. Scope of the process[a] 
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Substituents in the para-position of the phenyl ring of 2 with different electronic demand (OMe, 

Cl) gave the corresponding cycloadducts 4c and 4d with good yields and high enantiomeric 

excesses. Using the enantiomeric (S)-BINAP ligand, (-)-4b, (-)-4c and (-)-4d were obtained in high 

enantiomeric excesses. We then changed the substituent in the para position of the phenyl ring 

at the sulfonamide tether. Fluoride and bromide substituted diynes led to (+)-4e and (+)-4f with 

high enantiomeric excesses (Scheme 3.15). Changing the para substituent to a moiety with 

different electronic properties, such as a morpholine ring, did not affect the yield or the e.e., 

affording compound (+)-4g in a 49% yield with 94% of e.e. A diyne bearing the 5-methyl-2-

pyridinesulfonyl group provided (+)-4h in a 30% yield with 97% e.e. The presence of a nitrogen 

atom in the molecule did not seem to affect the process by poisoning the catalyst. An effective 

reaction was also obtained with an MBH adduct with a naphthalene group (compound 4i).  

However, MBH adduct 2a (Ar = Ph) failed to provide significant amounts of cycloadducts 4j when 

the highly hindered diyne 1g, containing three isopropyl groups on the aryl moiety, was used. 

Malonate and oxygen tethered diynes 1h and 1i were not reactive either with 2a and 

cycloadducts 4k and 4l were not obtained in significant amounts. MBH 2d, which has a highly 

electrowithdrawing nitro group, was not suitable for this reaction either, nor were adducts 2f 

and 2g (see Scheme 3.8), which contain carboxylic acid and amide functions that were not 

reactive with only homocoupling of the diyne being observed. In the case of cycloadduct 4b, we 

tested the effect of increasing the MBH adduct equivalents again. With 2, 3 or 4 equiv. of 2a, the 

yield was only improved to 43%, 45% and 56%, respectively. 

MBH adducts containing heteroaromatic rings such as thiophene, furan, benzothiophene, and 

benzofuran were then tested as more challenging substrates (Scheme 3.16).  

 
Scheme 3.16. [2+2+2] Cycloaddition reactions between diyne 1b and Morita-Baylis-Hillman adducts 3. 

In all cases, the corresponding cycloadducts were obtained with high enantioselectivities. Thus, 

a heteroatom in the MBH adduct did not affect the process and did not poison the rhodium 

catalyst. However, MBH adduct 3f containing a pyridine ring (see Scheme 3.7) did not react 

under the conditions established, in fact this substrate completely inhibited any reaction as only 

starting material was recovered. The relative and absolute configurations of 4b-4h and 5a-5d 

were tentatively assigned by analogy with (+)-4a. 

We then exploited the 1,3-cyclohexadiene derivatives generated by the [2+2+2] cycloaddition 

reaction to access more densely functionalized scaffolds via Diels-Alder reactions79 (Scheme 

3.17).  
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Scheme 3.17. Diels-Alder cycloaddition between 1,3-cyclohexadienes 4b and 4c and dienophile 8. 

A reactive nitrogen-containing heterodienophile, N-phenyltriazolinedione 8, was reacted with 

the unactivated and highly substituted cycloadducts 4b and 4c in toluene at room temperature, 

leading to 9b and 9c, respectively, in high yields. 2D NMR experiments of the Diels-Alder adducts 

revealed a highly diastereoselective [4+2] cycloaddition, which took place at the opposite side 

of the ester group (Figure 3.6). A NOESY experiment showed dipolar coupling between the 

methylene protons of the six-membered ring and the protons of the CHOH group and aryl ring 

(red arrows), whereas no coupling between the same methylenic protons and the ester group 

was observed (green arrows). In both cases, traces of the stereoisomer resulting from the 

addition of 8 to the same face of the ester group were also observed. 

 
Figure 3.6. Key 2D NOESY contacts for 9c. 

To summarize, we have developed a diastereo- and enantioselective [2+2+2] cycloaddition 

reaction between diynes and Morita-Baylis-Hillman adducts using a combination of 

[Rh(COD)2]BF4 and chiral BINAP ligands. A kinetic resolution of the MBH adduct was achieved 

generating an optically pure 1,3-cyclohexadiene containing vicinal tertiary and quaternary 

carbon centres. Furthermore, Diels-Alder reactions using these dienes as substrates occurred in 

a highly diastereoselective fashion to provide densely functionalized polycyclic scaffolds. 
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4.1 Precedents 

4.1.1. Chirality induction 

The production of enantiomerically pure compounds is one of the most desirable goals in 

modern organic synthesis. Single enantiomers of a chiral compound are highly sought as they 

are active molecules in many drugs. Among numerous strategies for the production of chiral 

molecules, asymmetric synthesis, which is defined as the conversion of an achiral starting 

material to a chiral product in a chiral environment, is currently the most attractive option.80 

However, studies based on diastereoselective reactions of easily accessible chiral substrates 

have also been reported and are an alternative to asymmetric synthesis. In section 1.1.2.2 we 

have already described an example from Malacria’s group in which they report axial-to-central 

chirality transfer from an enantioenriched allenediyne.35 

Although in chirality transfer processes new chiral elements are created in substitution of the 

original ones, a most common approach is that the initial inducing stereogenic element is 

maintained in the final product synthesizing an enantiopure compound by means of a 

diastereoselective process.81 This strategy, referred to as chirality induction, has also been 

applied in [2+2+2] cycloaddition reactions. Hapke et al.82 reported in 2012 the cobalt(I)-catalysed 

[2+2+2] cycloaddition of chiral proline-derived diynes with nitriles, which led to the formation 

of both atropoisomers of the axially chiral arylpyridines. No large selectivity effects were 

observed, presumably due to the distance of the proline moiety to the reaction centre, and both 

atropoisomers were obtained (dr ranging from 1:1.05 to 1.13:1). However, this strategy 

provided access to both diastereomeric atropoisomers, which could easily be separated by 

column chromatography without the need for chiral catalysts (Scheme 4.1). 

 
Scheme 4.1. Central to axial chirality induction in the cobalt-catalysed formation of pyridines. 

On the other hand, Tanaka et al.83 reported the rhodium(I)-catalysed diastereoselective [2+2+2] 

cycloaddition of chiral tetraynes with functionalised monoynes to achieve C2-symmetric axially 

chiral biaryls (Scheme 4.2). In this case, the reaction was completely diastereoselective leading 

to enantiopure compounds. Interestingly, the authors demonstrated that the 

diastereoselectivity of the reaction is under substrate control and not induced even when a 

chiral ligand is used in the catalytic system. 
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Scheme 4.2. [2+2+2] Cycloaddition of chiral tetraynes with monoynes to achieve axially chiral biaryls 

Central-to-helical chirality induction was also demonstrated in several papers by Stará and 

Starý’s group.84 They developed a highly stereoselective [2+2+2] cycloaddition of optically pure 

aromatic triynes producing [7]helicene-like scaffolds in diastereoisomeric ratios up to 100:0. 

High diastereoselectivities were obtained when a Co(I) complex together with 

triphenylphosphine was used as catalytic system. The efficient central to axial chirality induction 

was controlled by the absolute configuration at the asymmetric centre and by the carbon 

substituents at the alkyne terminus.84d,e The cobalt-catalysed diastereoselective [2+2+2] 

cycloaddition reaction was then effectively applied to the synthesis of functionalized penta-, 

hexa-, and heptacyclic helicenes in non-racemic form starting from optically pure triynes. Stará 

and Starý discovered that theoretical studies could be used to predict the stereochemical 

outcome of the reaction.84c In a further study, they achieved the synthesis of aromatic hexaynes 

under cobalt catalysis in a process in which six new cycles of a helicene backbone were formed 

in a single operation.84b Finally, the same group reported the improvement of the selectivity of 

their methodology for the preparation of optically pure [5]-, [6]-, and [7]heterohelicenes. 

Theoretical calculations were used to determine suitable substituents on the terminus of the 

alkynes so that the cyclisations were highly diastereoselective avoiding the racemisation of the 

helical compounds (Scheme 4.3).84a 

 
Scheme 4.3. [2+2+2] Cycloaddition of optically pure aromatic triynes to obtain helicene-like scaffolds. 

Finally, Carbery et al.85 reported the synthesis of helicenoidal-DMAP organocatalysts upon 

diastereoselective Wilkinson-catalysed [2+2+2] cycloaddition on an optically pure triyne that 

had a stereogenic centre and that already contained a pyridine ring (Scheme 4.4). 
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Scheme 4.4. Synthesis of helicenoidal-DMAP compound by the Wilkinson-catalysed [2+2+2] 

cycloaddition of an optically pure triyne. 

As we saw in section 1.1.2.2, and as part of our continuing interest in the use of allenes as 

unsaturated substrates for the construction of polycyclic scaffolds by Rh-catalysed cycloaddition 

reactions,3h our group described the cycloaddition of linear allene-yne-allene and allene-ene-

allene substrates promoted by the Wilkinson’s complex to afford tricyclic scaffolds featuring 

exocyclic dienes (Scheme 4.5). 

 
Scheme 4.5. Rhodium(I)-catalysed [2+2+2] cycloaddition of allene-yne/ene-allene substrates. 

The process was diastereoselective, furnishing cycloadducts with two or four stereocentres, 

respectively, as a single diastereoisomer. Cycloadducts were formed by a chemoselective 

reaction of the inner allene double bond and, therefore, featured an exocyclic diene motif. Given 

that new stereocentres were generated in the cycloadducts, we tried to obtain optically pure 

polycycles using combinations of a cationic rhodium source and chiral biphosphine ligands. 

However, the diastereoselectivity of the reaction dramatically decreased making the process 

inefficient. 

In this chapter we aim to evaluate the synthesis of asymmetric cyclohexane and cyclohexene 

scaffolds by chirality induction starting from an enantiomerically pure allene-ene/yne-allene 

substrate under [RhCl(PPh3)3] catalysis.  

4.2 Results and discussion 

4.2.1. Synthesis of chiral allene-ene-allene and allene-yne-allene substrates 

In order to perform the study of the stereoselective [2+2+2] cycloaddition reaction with chiral 

bisallene substrates, five model compounds bearing N-tosyl- (NTs) and oxygen (O) linkage were 
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prepared. Two chiral centres were placed in the α-position to the allene functionality, a long 

C5H11 alkyl chain [(S,S)-10, (S,S)-11] and a methyl group [(R,R)-12, (R,R)-13 and (S,S)-14] (Figure 

4.1).  

 
Figure 4.1. Bisallene substrates used. 

The synthesis of (S,S)-10 and (S,S)-11 depicted in Scheme 4.7 was performed by a previous 

member of our group and published in her PhD thesis.86 The first step is the transformation of 

the alkyne moiety of 1-octyn-3-ol to an allene through a Crabbé homologation.87 The postulated 

mechanism of this reaction is depicted in Scheme 4.6. 

 
Scheme 4.6. Mechanism of the Crabbé homologation for the synthesis of allenes. 

The reaction proceeds via the stepwise formal retro-imino-ene reaction of the Mannich base 

intermediate initially formed. The main role of the Cu(I) catalyst is the activation of the alkyne 

towards nucleophilic attack by a formal hydride and the stabilisation of the incipient formation 

of a vinyl carbanion at the transition state.88 

A Mitsunobu reaction on the alcohol of (R)-15 with N-(tert-butyloxycarbonyl) tosylsulfonamide 

then inverts the chirality of the molecule, transforming the (R) compound into (S). Further 

removal of the Boc group with trifluoroacetic acid (TFA) gives (S)-17 that can be alkylated with 

either 1,4-dibromobut-2-yne to afford (S,S)-10 or with (E)-1,4-dibromo-2-butene to afford (S,S)-

11. Throughout the whole synthetic process the products obtained with the enantiopure alcohol 

were analysed by chiral HPLC to prove their optical purity. In addition, when the synthesis was 
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started with the racemic propargylic alcohol, inseparable 1:1 mixtures of meso form and 

racemate of the bisallene derivatives were obtained in both cases. 

 
Scheme 4.7. Synthesis of (S,S)-10 and (S,S)-11. 

The synthesis of the methyl-substituted bisallenes (R,R)-12 and (R,R)-13 was then planned 

following a procedure that is analogous to the one used for the synthesis of (S,S)-10 and (S,S)-

11. However, in this case the Crabbé homologation on the alcohol (S)-18 was not efficient as the 

corresponding allene was highly volatile and, in consequence, was lost during the work-up of 

the reaction. In consequence we decided to modify the synthetic strategy and to perform the 

Crabbé homologation in the last step of the synthesis (Scheme 4.8). Therefore, the first reaction 

performed was the Mitsunobu reaction of alcohol (S)-18 with N-(tert-butyloxycarbonyl) 

tosylsulfonamide, which takes place with an inversion of the configuration of the chiral carbon. 

Deprotection of the sulfonamide moiety with TFA afforded (R)-20, which underwent alkylation 

with either (E)-1,4-dibromo-2-butene to afford (R,R)-21 or 1,4-dibromobut-2-yne to afford (R,R)-

22. Both compounds were submitted to Crabbé homologation conditions to afford the 

corresponding bisallene derivative (R,R)-12 with a 26% overall yield and (R,R)-13 and an 82% 

overall yield. 
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Scheme 4.8. Synthesis of (R,R)-12 and (R,R)-13. 

The optical purity of (R,R)-13 was checked by chiral HPLC analysis. When the synthesis was 

performed starting from the racemic alcohol 18, a mixture of a meso form and a racemic mixture 

of two enantiomers was obtained. Taking into account the two stereogenic centres that bear 

the molecule, equation 2n would give us four stereoisomers, but due to the symmetry of the 

molecule a non-chiral meso form is obtained, reducing the number to three stereoisomers 

(Figure 4.2). 

 
Figure 4.2. Stereoisomers of 13 when the synthesis is performed starting from rac-18. 

The HPLC chromatogram of 13 shows two peaks at retention times of 18.2 and 20.6 minutes, 

which correspond to the pair of enantiomers, and a third peak at a retention time of 21.9 

minutes, with an area twice that of the peaks at 18.2 and 20.6 min., which corresponds to the 

meso form (Figure 4.3). 
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Figure 4.3. HPLC chromatogram of 13. 

On the other hand, when the synthesis was performed starting from the chiral alcohol (S)-18 a 

single peak for (R,R)-13 at a retention time of 20.4 minutes, which corresponds to one of the 

stereoisomers obtained in the synthesis of 13, was observed (Figure 4.4). 

 
Figure 4.4. HPLC chromatogram of (R,R)-13. 

Finally, the oxygen-tethered bisallene was prepared as depicted in Scheme 4.9. Deprotonation 

of the alcohol functionality of (S)-18 with sodium hydride and alkylation with (E)-1,4-dibromo-

2-butene afforded endiyne (S,S)-23 in a 60% yield. The last reaction was the transformation of 

the alkynes to allenes through a Crabbé homologation to obtain a 75% yield of (S,S)-14. 

 
Scheme 4.9. Synthesis of (S,S)-14. 

All the bisallene derivatives were fully characterized by the usual analytical techniques (NMR, 

MS, IR, elemental analysis and melting point). 

4.2.2. [2+2+2] Cycloaddition of allene-yne-allene substrates 

After the preparation of the model substrates, their reactivity in the [2+2+2] cycloaddition 

reaction was evaluated. The use of Wilkinson’s catalyst and toluene as the solvent at 110˚C was 

chosen as reaction conditions based on our previous results. The [2+2+2] cycloaddition of 

substrates 10 and 11 was performed by a previous member of our group and published in her 

PhD thesis,86 but in order to understand the results for the other substrates, the results are also 
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presented here. We first investigated the reaction of allene-yne-allene 10, prepared from 

racemic propargylic alcohol. In this case, only two new stereogenic centres were generated. In 

the cycloaddition of 10, two diastereoisomers were formed (Scheme 4.10).  

 

 
Scheme 4.10. Wilkinson-catalysed [2+2+2] cycloaddition reaction of allene-yne-allene 10. a) 1H-NMR 

spectra of the olefinic part of the cycloadduct mixture from 10 and b) from optically pure (S,S)-10. 

A detailed NMR analysis of the olefinic part of the spectrum revealed that one symmetrical (24) 

(dots) and one non-symmetrical cycloadduct (25) (crosses) were formed in a 2:1 ratio. 

The cycloaddition of the enantiomerically pure bisallene (S,S)-10 showed a single non-symmetric 

enantioisomer in a 46% yield, which happened to correspond to the minor diastereoisomer 25 

obtained in the previous reaction (Scheme 4.10). Taking into account this result, it was 

concluded that the symmetrical isomer 24 formed when non chiral 10 was used arises from the 

cycloaddition of the meso form. In addition, the major proportion of 24 over 25 indicated that 

the meso form was more reactive than the racemate.  

To determine the absolute configuration of the enantiopure cycloadduct, we considered all the 

stereoisomers that might be generated. The cycloadduct has four stereocentres: two of which 

are new stereogenic centres generated in the cycloaddition, whereas the other two are 

transferred from the substrate, maintaining their (S) absolute configuration. Figure 4.5 shows 

the three stereoisomers that could be derived from the relative position of the two hydrogens 

on the carbon C(3) and C(10). However, we can discard structures II and III with C2 symmetry 

axis, since a non-symmetric compound arises from the NMR spectra analysis. Bidimensional 

NMR studies were undertaken in order to confirm that the cycloadduct obtained corresponded 

to structure I. 
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Figure 4.5. Three possible stereoisomers that could be formed upon cycloaddition of (S,S)-10. 

NOESY correlations showed strong dipolar couplings between H(3) and H(4) and, together with 

the absence of NOE contact between H(3) and the protons on the pentyl chain on C(4) (blue 

arrows in Figure 4.6), indicated a cis relationship between H(3) and H(4). The presence in the 

NOESY spectrum of NOE cross-peaks between H(10) and the protons of the aliphatic groups in 

C(9), together with the lack of dipolar coupling between H(10) and H(9), revealed a trans relative 

configuration in the other half of the cycloadduct (green arrows in Figure 4.6). A NOE crosspeak 

observed between H(3) and H(10) confirmed their cis relationship excluding possible structures 

II and III (red arrow in Figure 4.6). 

 
Figure 4.6. Main observed NOESY correlations in good agreement with the proposed structure of 25. 

We then turned our attention to the major diastereoisomer 24 formed in the cycloaddition of 

10, which we expected to be formed from the meso compound present in the mixture of 

substrate 10 (Scheme 4.11). 
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Scheme 4.11. Stereochemical correlations in the cycloaddition of 10. 

Taking into account that the structure of 24 must have a relative syn configuration at the C(4) 

and C(9) position, the number of possible stereoisomers was reduced to four (Figure 4.7). 

Structures IV and V are meso forms whereas structures VI and VII are a pair of enantioisomers. 

Since the major product is symmetrical, the enantiomeric pair can be discarded. The main 

difference between structure IV and V is that protons H(3) and H(10) are in a cis relative 

configuration with protons H(4) and H(9), respectively (for structure IV, Figure 4.7), or in a trans 

relative configuration (for structure V, Figure 4.7). 

 
Figure 4.7. Possible stereoisomers of 24. 

After a complete chemical shift assignment of the signals, the dipolar couplings observed in the 

NOESY spectrum were analysed (Figure 4.8). The olefinic proton signals on C(1) show dipolar 

coupling with the proton H(3) (green arrow). The strong NOE cross-peak between H(3) and the 

protons on the pentyl chain in C(4) (blue arrow) fully confirm that the configuration of 

cycloadduct 24 matches with structure V. 

 
Figure 4.8. Main observed NOESY correlations of cycloadduct 24 supporting the proposed structure. 
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We then wanted to evaluate the effect on the length of the chain. Bisallene (R,R)-12 underwent 

[2+2+2] cycloaddition reaction giving the diastereomerically pure (3R, 4R, 9R, 10S)-26 

cycloadduct in a 40% yield (Scheme 4.12), demonstrating that the length of the alkyl chain in the 

substrate has no influence on the diastereoselectivity of the reaction. 

 
Scheme 4.12. Wilkinson-catalysed [2+2+2] cycloaddition reaction of allene-yne-allene (R,R)-12. 

After a complete chemical shift assignment of the signals (Figure 4.9a), the dipolar couplings 

observed in the NOESY spectrum were analysed (Figure 4.9b). 

 
Figure 4.9. a) 1H-NMR chemical shifts (black) and 13C-NMR chemical shifts (blue) of (3R, 4R, 9R, 10S)-26. 

b) Main observed NOESY correlations of cycloadduct 26 supporting the proposed structure. 

The dipolar coupling between the proton H(3) with H(4), together with the absence of NOE signal 

between H(3) and the methyl on C(4) indicate a cis H(3)-H(4) configuration (blue arrows). A NOE 
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cross-peak between H(10) and the methyl on C(9) indicate their cis relationship, which is further 

confirmed by the absence of dipolar coupling between H(10) and H(9) (green arrow). 

It should be taken into account that the inversion of the configuration of the inducing 

stereocentres on the bisallene results in the inversion of the configuration of the stereocentres 

generated upon cycloaddition to give access to both enantioisomers of the tricyclic scaffolds 

with total stereoselectivity. 

4.2.3. [2+2+2] Cycloaddition of allene-ene-allene substrates 

As the next step we studied more challenging substrates. We have demonstrated that a chiral 

centre in the α-position of the allene moiety induces chirality in stereogenic centres C(3) and 

C(10). Now we aimed to introduce an E double bond in the bisallene in order to generate two 

more stereogenic centres in the cycloaddition and explore the chiral induction in these two more 

distant chiral centres. The cycloaddition of allene-ene-allene substrate 13 was evaluated 

following the same methodology as for cases 10 and 12. The cycloaddition of 13 (derived from 

racemic propargylic alcohols containing a mixture of a pair of enantioisomers and a meso form, 

see Figure 4.2) was first investigated and the reaction yielded two diastereomeric products, 

which could be separated by column chromatography, giving a 33% yield of the major isomer 

and a 27% yield of the minor one (Scheme 4.13).  

 
Scheme 4.13. [RhCl(PPh3)3]-catalysed [2+2+2] cycloaddition reaction of 13. 

From the complete set of 1D and 2D NMR spectra recorded both for compounds 27 and 28, it 

was concluded that the products formed did not have symmetry as four signals on the 4-6 ppm 

region of the spectra, where the exomethylenic protons appear, were observed. In Figure 4.10 

the complete chemical shift assignment as well as the key NOESY contacts observed for 27 are 

shown. 
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Figure 4.10. a) 1H-NMR chemical shifts (black) and 13C-NMR chemical shifts (blue) of rac-27. b) Main 

NOESY correlations observed for rac-27. 

NOE crosspeaks were observed between H(3) and the methyl on C(4), indicating a cis 

relationship, together with dipolar coupling between H(4) and H(6), indicating a trans ring fusion 

(red arrows). A crosspeak between H(3) and H(10) indicates their cis relative configuration (blue 

arrow). Dipolar coupling between H(10) and H(7) and the methyl on C(9) reveal a cis ring fusion 

and a cis relationship with the methyl (pink arrows). A crosspeak between H(9) and H(6) 

indicates their cis disposition (green arrow). 

In Figure 4.11 the complete chemical shift assignment as well as the key NOESY contacts 

observed for 28 are shown. 

 
Figure 4.11. a) 1H-NMR chemical shifts (black) and 13C-NMR chemical shifts (blue) of rac-28. b) Main 

NOESY correlations observed for rac-28. 
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Strong NOE crosspeaks were observed between H(3) and both H(4) and H(6) protons (green 

arrows), which, together with the absence of NOE between H(3) and the CH3 on C(4) (red arrow), 

confirmed the cis ring fusion and the cis configuration of H(4) with the two protons on the ring 

junction. An intense dipolar coupling was also observed between protons H(9) and H(7) which, 

together with the absence of NOE contact between H(10) and H(9), clearly indicate their trans 

configuration. Moreover, dipolar coupling between H(10) and the CH3 on C(9) confirmed their 

cis disposition (pink arrows). On the other hand, the H(3) proton shows strong NOE with H(10), 

indicating their relative cis relationship (blue arrow). As can be observed, the stereochemistry 

of the original double bond is maintained since the two protons were found to be in a relative 

trans position in the final cycloadducts.  

HPLC analysis of 27 showed two peaks at retention times of 14.8 and 16.6 minutes belonging to 

its pair of enantiomers (Figure 4.12). 

 
Figure 4.12. HPLC chromatogram of rac-27. 

In the case of isomer 28, two peaks also appeared, corresponding to the enantiomeric pair, at 

18.4 and 32.7 minutes (Figure 4.13). 

 
Figure 4.13. HPLC chromatogram of rac-28. 

The [2+2+2] cycloaddition of the enantiopure (R,R)-13 bisallene was then analysed (Scheme 

4.14). 

 
Scheme 4.14. Wilkinson-catalysed [2+2+2] cycloaddition reaction of allene-ene-allene (R,R)-13. 
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A careful analysis of the 1D and 2D NMR spectroscopic data revealed that the cycloadduct 

formed was isomer 28. HPLC analysis of the product showed a single peak, at a retention time 

of 32.7 minutes, confirming that the cycloadduct obtained is one of the stereoisomers of rac-28. 

At the same time the [2+2+2] cycloaddition of bisallene (S,S)-11 was evaluated (Scheme 4.15). 

Cycloadduct (3R, 4S, 6R, 7R, 9S, 10S)-29 was obtained in a 45% yield and the same structural 

characterization as for cycloadduct 28 was performed. As expected, the configuration of 29 was 

found to be the reverse of that of 28. 

 
Scheme 4.15. Wilkinson-catalysed [2+2+2] cycloaddition reaction of allene-ene-allene (S,S)-11. 

Finally, we turned our attention to the influence of the tether on the process. Taking the oxygen-

tethered compound (S,S)-14 and treating it with [RhCl(PPh3)3] in toluene at 90°C, a 52% yield of  

an inseparable mixture consisting mainly of two cycloadducts, 30 and 31, was obtained (Scheme 

4.16).  

 
Scheme 4.16. Wilkinson-catalysed [2+2+2] cycloaddition reaction of the oxygen-tethered allene-ene-

allene (S,S)-14. 

In order to determine the relative configuration of the stereocentres, the following points need 

to be taken into account. As the [2+2+2] cycloaddition is stereospecific with respect to the trans 

alkene and two of the stereogenic centres are transferred from the substrate, maintaining the 

(S) absolute configuration, only six stereoisomers can be formed upon the cycloaddition of (S,S)-

14 (Figure 4.14). Stereoisomers VIII and IX, which have the two cis 5,6-ring fusions, and 

stereoisomers X and XI, which have two trans 5,6-ring fusions, should be discarded as they bear 

a C2 axis of symmetry and, as seen in Figure 4.15, the cycloadducts obtained are non-

symmetrical. The two remaining stereoisomers, XII and XIII, both have a cis and a trans 5,6-ring 

fusion that could match the configuration of the products.  
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Figure 4.14. Six possible stereoisomers that could be formed upon cycloaddition of (S,S)-14. 

 
Figure 4.15. 1H-NMR spectrum of the olefinic part of the cycloadduct mixture from (S,S)-14. 

After careful NMR analysis, we were able to determine that out of the six possible stereoisomers 

that were likely to have been formed, two asymmetric structures featuring a trans/cis ring fusion 

were mainly obtained (XIII for 30 and XII for 31). Moreover, a complete chemical shift 

assignment for both isomers was also possible (Figure 4.16).  

30 + 31 (2H) 

30  
31  

30 + 31 

30  
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Figure 4.16. 1H-NMR chemical shifts (black) and 13C-NMR chemical shifts (blue) of (3R, 4S, 6R, 7R, 9S, 

10S)-30 and (3R, 4S, 6S, 7S, 9S, 10S)-31. 

Apart from the two asymmetric diastereisomers 30 and 31, two symmetric diastereisomers, 

which could not be completely characterized, were observed in the NMR spectra with a 0.7(30) 

: 1(31) : 0.1 : 0.1 ratio. Therefore the tether has a strong influence on the overall stereoselectivity 

of the process. 

Overall, the Wilkinson’s complex catalysed the [2+2+2] cycloaddition reaction of allene-

yne/ene-allene substrates bearing chiral centres in the α-position of the allene functionality. The 

enantiomerically pure N-tosyl linked bisallenes gave a completely diastereoselective reaction 

and the product was isolated as a single optically pure enantioisomer. When an oxygen-linked 

substrate was reacted, two diastereoisomers were formed. The built-in chirality present in the 

allene-yne/ene-allene starting substrates was preserved and used to generate two or four more 

chiral centres employing the [2+2+2] cycloaddition reaction. 
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5.1 Precedents 

5.1.1. Dendrimers 

Macromolecules can be classified into four major groups: linear, crosslinked, branched and 

dendritic. The first three groups are traditional synthetic polymers which, as they are 

polydisperse, do not have uniform structures and molecular weights. On the other hand, 

dendrimers are nanosized macromolecules that have perfect monodispersity and regular highly-

branched structure. The uniform molecular weight and more precise structures of dendrimers 

compared to classic polymers arise due to the step-by-step, ordered, iterative reaction 

sequences employed during their synthesis. Their properties can be tuned by designing a 

controlled synthetic procedure that precisely locates in the structure groups with specific 

functions; this allows dendrimers to have applications in fields such as chemistry, medicine, 

biology or materials science.89 

Dendrimers90 consist of three main parts: a multifunctional core (C), branching units (B) and 

surface groups (S, also called peripheral groups) (Figure 5.1). The number of functional groups 

on the core determines the multiplicity of the dendrimer. Branching units are multifunctional 

components which allow the growth of the dendrimer. These units form the regular branched 

structure of the dendrimer, giving the dendritic shape. The number of branching points from the 

core towards the dendrimer surface is referred to as the generation number. All dendritic 

architectures end up with many surface groups. In the three dimensional structure, surface 

groups form the outer surface of the globular dendritic architecture. As inner layers and the core 

are highly sterically-hindered, the chemical activity of dendrimers mostly depends on peripheral 

groups. 

 
Figure 5.1. Schematic representation of a dendrimer. C: core, B: branching units, S: surface groups. 

These molecules were first described in 1978 by Vögtle et al.91 and referred to as “cascade” 

molecules. In 1981, Denkewalter et al.92 claimed the synthesis of macromolecular compounds 

were composed of at least four successive layers of lysine units, which later were referred to as 

polylysine dendrimers. In 1985, Newkome et al.93 proposed the synthesis of the same type of 

molecules, which they called “arborols”, and, in the same year, Tomalia et al.94 finally introduced 

the name of “dendrimers” (from the Greek “dendros”, meaning “tree”, and “meros”, meaning 

First generation 

Second generation 

Third generation 
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“part”). Tomalia et al. synthesised, the now widely used Starbust polymers also called 

polyamidoamine (PAMAM) dendrimers. In 1990, a new type of dendrimer based on polyether 

was introduced by Fréchet et al.95 In 1993, Mülhaupt et al.96 and Meijer et al.97 simultaneously 

continued the work initiated by Vögtle, describing the preparation of diaminobutane (DAB) 

dendrimers. Research into dendrimers has grown enormously since this date, leading to the 

preparation of new dendrimers, specially using heteroatoms such as silicon98 or phosphorus99. 

In 1994, Majoral, Caminade et al.100 were the first to achieve the synthesis of a neutral 

phosphorus-containing dendrimer. 

5.1.1.1. Synthetic strategies 

Dendrimer synthesis is accomplished by following either a convergent or divergent construction 

approach. 

In the convergent synthesis, introduced by Fréchet et al.95 in 1990, the synthesis starts with the 

construction of the dendritic branches, called dendrons, from the surface to the focal point. 

These dendrons are then attached to the core to obtain a dendrimer of a generation equivalent 

to that of the dendrons (Scheme 5.1).  

 
Scheme 5.1. Simplified model of the convergent synthesis. 

This strategy has the advantage of diminishing the possibility of defects in the dendrimer growth 

due to incomplete reactions on the surface, as the number of reactions run in each step is small 

and they are carried out at the focal point. This strategy also avoids the use of a high excess of 

monomer, easing the purification of the dendrimers. On the other hand, the yield of the 

reactions is usually low when high generation dendrimers are synthesized, due to the steric 

hindrance on the focal points that are to be attached to the core. Finally, it is worth noting that 

with this method it is possible to create asymmetric dendritic structures by attaching two or 

more different dendrons to the core. 

The most characteristic dendrimers synthesized with the convergent methodology are Fréchet’s 

poly(arylether)s101 (Figure 5.2) and Moore’s poly(phenylacetylene)s102 (Figure 5.3). 
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Figure 5.2. Fréchet’s poly(aryl ether) dendrimer. 

 
Figure 5.3. Moore’s poly(phenylacetylene) dendrimer. 
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The divergent synthesis, introduced by Tomalia et al.94, is based on the growth of the dendrimer 

from the core to the periphery by an iterative sequence of reactions on the surface of the 

dendrimer (Scheme 5.2). 

 
Scheme 5.2. Divergent synthesis strategy. 

The repetition of these steps allows the simultaneous growth of all the dendritic branches, thus 

quickly increasing its size. The growth of the dendrimer is limited by the steric hindrance present 

at the surface level at high generations. This method is the most widely used. 

 
Figure 5.4. Dendrimers synthesized with the divergent method. 

The main dendrimers synthesized using this methodology are Tomalia’s PAMAMs103 

(poly(amidoamine)), Meijer’s PPIs97 (poly(propyleneimine)), Newkome’s arborols93, Rebrov’s 
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carbosilanes104, and Majoral’s and Caminade’s phosphorus-containing dendrimers105 (Figure 

5.4).  

As the work that will be presented here arises from a collaboration with Dr. Caminade’s group, 

a few features of the phosphorus-containing dendrimers developed in this group will be 

explained. The particularity of their dendrimers resides in the phosphorus atom at each 

branching point that allows a perfect control of the structure by 31P{1H}-NMR. The phosphorus-

containing dendrimers are built by the repetition of two steps: the nucleophilic substitution of 

the chlorine atom by 4-hydroxybenzaldehyde in basic media, and the condensation of aldehydes 

with the N-methyldichlorophosphothiohydrazide H2NNMeP(S)Cl2, which regenerates the P(S)Cl2 

functions suitable to perform the substitution with phenols again (Scheme 5.3).106 31P{1H}-NMR 

is a very powerful tool to monitor the nucleophilic substitution step on the dendrimer synthesis. 

The monosubstitution of one chloride atom induces a deshielding of the signal from ca. 63 ppm 

to ca. 69 ppm. The second substitution reaction induces a shielding at ca. 61 ppm. Thus, any 

incomplete substitution is easily detectable by such a method. In their earlier works, the central 

core consisted of P(S)Cl3 (thiophosphoryl trichloride)100 but it was later replaced by N3P3Cl6 

(hexachlorocyclotriphosphazene),107 which allows the number of branches to increase more 

rapidly. 

 

Scheme 5.3. Synthetic strategy followed by Caminade, Majoral et al. 

Besides the previously explained methodologies, our interest in transition-metal catalysed 

[2+2+2] cycloadditions prompted us to investigate whether this reaction had been used in the 

construction of dendrimers. We could find only two examples of this particular case. The first 

was a benzylic ether dendrimer with a benzene core that was synthesised from its acetylenic 

precursor in 1999 by Fréchet et al.108 The cycloaddition reaction was carried out in refluxing 

toluene using dicobalt octacarbonyl as the catalyst (Scheme 5.4). 

 
Scheme 5.4. Poly(aryl ether) dendrimer synthesized by a Co(I)-catalysed [2+2+2] cycloaddition reaction. 

As expected, the time required to complete the cycloaddition reaction increased with the 

generation (from 30 minutes to 48 hours), while the yield decreased because of steric crowding 
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around the nascent core. Due to the nature of the transformation, the reaction is extremely 

clean, and no partially reacted products can be formed. Therefore, aside from recovered starting 

materials, cycloaddition compounds were the only products isolated after reaction, thus 

facilitating the purification. 

The other example found in the literature is by Nierengarten et al.109 They described the 

synthesis of fullerodendrimers with hexophenylbenzene cores and peripheral C60 units (Figure 

5.5) by metal-catalysed cycloaddition of the corresponding dendritic bis(aryl)alkyne.  

 

Figure 5.5. Third generation fullerodendrimer. 

Treatment of the alkyne precursor with a catalytic amount of [Co2(CO)8] in dioxane at room 

temperature for one day (in the case of the first and second generation dendrimers) or five days 

(for the third generation one), led to the desired fullerodendrimers in 93%, 62% and 24% yields 

for the corresponding first, second and third generation. 

 
Figure 5.6. Graphic depiction of layer, surface and segment-block dendrimers. 

Whereas traditional dendrimers are composed of self-repeating units, the synthesis of 

dendrimers containing two or more dendritic components, which break with the symmetry of 

the molecule, can also be achieved. Depending on the distribution of the different functionalities 
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in the dendrimer, three categories arise: layer-block, surface-block and segment-block 

dendrimers (Figure 5.6). Hawker and Fréchet110 were pioneers in synthesizing the first 

dendrimers with this kind of architecture. 

5.1.1.2. Layer-block dendrimers 

Layer-block dendrimers result from placing concentric layers of different functional groups 

around the central core moiety. Hawker and Fréchet111 reported the first example of this kind of 

architecture in 1992 (Figure 5.7).  

 
Figure 5.7. First layer-block dendrimer described. The core is represented in blue, aryl ester groups are 

in red, and aryl ether groups in black. 

Two dendrimers containing either one or two layers of arylester functional groups followed by 

layers of arylether groups were synthesized. 

 
Figure 5.8. Layer-block dendrimer containing units derived from D- and L-tartaric acid. 
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Chow et al.112 described the synthesis of two different chiral, layer-block dendrimers. The first-

generation dendrimers contain units derived from D- and L-tartaric acid with a phloroglucinol 

core (Figure 5.8). The optical rotational properties of these compounds were studied. It was 

noted that the chiroptical effect of the L-tartrate chiral unit cancelled that of the D-tartrate unit 

on a one-to-one basis. As a consequence, the overall molar rotation of the dendritic fragment 

was proportional to the number of D- or L-tartrate units in excess. 

 
Scheme 5.5. Synthesis of the first generation layer-block π-conjugated dendrimer with alternating 

thienylenevinylene and phenylenevinylene units by a HWE reaction. 

In a more recent work Rodríguez-López et al.113 reported the synthesis of layer-block π-

conjugated dendrimers with alternating thienylenevinylene and phenylenevinylene units. A 

convergent strategy was followed consisting of the synthesis of the dendrons followed by a 

Horner-Wadsworth-Emmons (HWE) reaction to attach them to the core (Scheme 5.5). Only the 

zero and first generation dendrimers could be synthesized as the HWE reaction did not work for 

the synthesis of the second generation dendrimer. The optical properties of the dendrimers 

were investigated by UV/Vis and fluorescence spectroscopy. The meta relative position between 

the substituents in the aryls through which the different units are linked prevents efficient 

delocalization throughout the conjugated backbone. As a result, the UV/Vis spectrum consisted 

of a superposition of the absorptions due to the different chromophores and all compounds 

showed absorption wavelengths in the UV or visible region. 

5.1.1.3. Surface-block dendrimers 

Surface-block dendrimers are characterised by having the same interior building blocks with 

areas of different functional groups at the surface of the molecules. Hawker and Fréchet’s first 
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surface-block dendrimer114 was based on poly(benzyl ether) repeating units, which were caped 

with bromide atoms in one or two dendritic wedges (Figure 5.9).  

 
Figure 5.9. First surface-block dendrimer described. 

In 2005 Grinstaff et al.115 described a series of amphiphilic surface-block dendrimers synthesized 

from the natural metabolites of glycerol, succinic acid, and myristic acid (Figure 5.10).  

 
Figure 5.10. Amphiphilic surface-block dendrimer. 
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The surfaces of these dendrimers displayed different numbers of alkyl chains and carboxylic 

acids, varying the hydrophobic-to-hydrophilic ratio. In solution these dendritic amphiphiles form 

supramolecular aggregates. The ability to solubilize hydrophobic molecules was tested and it 

was seen that these dendrimers are able to entrap pyrene. 

Knoll et al., in collaboration with Majoral and Caminade’s group,116 described the synthesis of 

multi-charged phosphorus-containing surface-block dendrimers. Michael-type addition 

between dendrons bearing vinyl groups and amino groups at the core successfully achieved the 

desired dendrimers (Scheme 5.6). 

 
Scheme 5.6. Multi-charged phosphorus-containing surface-block dendrimer. 

5.1.1.4. Segment-block dendrimers 

Segment-block dendrimers are characterised by a radial geometry in which dendritic segments 

of different functionality emanate from a polyfunctional core. Hawker and Fréchet’s first 

segment-block dendrimer111 was based on poly(benzyl ether) and poly(benzyl ester) repeating 

units (Figure 5.11). The synthesis was carried out using the convergent approach and the final 

dendrimer contained three pairs of hybrid ester-ether dendritic wedges. 

Yamamoto et al.117 assembled a segment-block dendrimer based on the imine formation 

between two different divergently synthesized aromatic dendrons (Scheme 5.7). This segment-

block dendrimer could be used for organic light-emitting diode (OLED) applications. They found 

that the highest HOMO value was obtained when the highest generations of the dendrons were 

coupled. 
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Figure 5.11. First segment-block dendrimer described. The core is represented in blue, arylester groups 

are in red and arylether groups in black. 

 
Scheme 5.7. Yamamoto’s third generation segment-block dendrimer. 
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Caminade et al.118 used the Staudinger “click” reaction to synthesize a dendrimer that contained 

a carbosilane dendron and a phosphorhydrazone dendron (Scheme 5.8). The Staudinger 

reaction generates a P=N linkage, which is highly sensitive to hydrolysis. However, as the azide 

is linked to a phosphine sulfide, the connectivity P=N–P=S obtained is stable. The dendrimers 

could be further functionalised on the phosphorhydrazone side with aldehydes, 

phenolphosphines and amino bisdiphenylphosphines. 

 
Scheme 5.8. Segment-block dendrimer containing a carbosilane dendron and a phosphorhydrazone 

dendron. 

Cycloaddition reactions have also been used to construct this kind of molecules. The first report 

on the synthesis of segment block dendrimers by a cycloaddition reaction was in 2006 by Lee et 

al.119 A Fréchet-type polyether dendron was fused with a Tomalia-type PAMAM dendron by 

means of a copper-catalysed 1,3-dipolar cycloaddition between an alkyne and an azide (Scheme 

5.9). 

 
Scheme 5.9. Segment-block dendrimer synthesized by a copper-catalysed 1,3-dipolar cycloaddition 

between an alkyne and an azide. 

Sanyal et al.120 used the Diels-Alder reaction to synthesize dendrimers consisting of polyester 

and polyaryl ether dendrons (Figure 5.12). Furan functionalised polyaryl ether dendrons were 

reacted with maleimide functionalized polyester dendrons of the same generation to obtain 

segment block dendrimers. The exo/endo selectivity for the dendrimers was studied, revealing 
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that the reaction temperature plays an important role in the stereoselectivity of the product 

formed. For the first generation dendrimers, it was possible to obtain a pure exo product when 

the cycloaddition was run at 85 °C. However, it was not possible to exclusively obtain an exo 

product for the second and third-generation dendrimers. 

 
Figure 5.12. Dendrimer containing polyester and polyaryl ether dendrons synthesized with a Diels-Alder 

reaction. 

To the best of our knowledge, dendrimers containing different surfaces or blocks have not been 

synthesized by a [2+2+2] cycloaddition methodology. Within the framework of a collaboration 

agreement that our group has with Prof. Caminade’s group at the Laboratoire de Chimie de 

Coordination of the CNRS in Toulouse, we decided to explore the [2+2+2] cycloaddition as a tool 

to synthesize phosphorus-containing dendrimers with different surfaces or blocks. I began this 

project at Prof. Caminade’s laboratories in Toulouse during a three-month stay, which was 

partially financed by the Hetero-elements and Coordination Chemistry: from the Concept to 

Applications (HC3A) project (Groupement de Recherche International (GDRI) between Catalonia 

and the Midi-Pyrénées), and continued it at the laboratories of the METSO group at the UdG.  

5.2 Results and discussion 

5.2.1. Synthesis of a surface-block dendrimer 

Inspired by the excellent results achieved in our previous collaboration with Caminade’s group 

in which phosphoramidite-containing dendrimers were used as ligands for the rhodium 

catalysed [2+2+2] cycloaddition reaction (see Scheme 1.39 in section 1.1.3.1),47 we aimed to 

synthesize surface-block dendrimers bearing two different functional groups: the first would 

contain the already described phosphoramidite ligand and the second a water-solubilising 

fragment that would provide the dendrimer with water solubility to perform catalysis in water. 

Among all the strategies that have already been used in Caminade’s group to synthesize water-

soluble dendrimers,121 such as the use of quaternary ammonium salts and poly(ethylene glycol) 

(PEG) chains, PEG was chosen due to its more neutral character. The retrosynthetic analysis for 

the preparation of the dendrimer is depicted in Scheme 5.10.  



Chapter 5 

85 

 
Scheme 5.10. Retrosynthetic analysis of the surface-block dendrimer. 

The key step of the synthesis is the formation of the core of the dendrimer by means of a [2+2+2] 

cycloaddition of 44 containing an internal alkyne, which can be assembled through a 

Sonogashira reaction of an aryl alkyne and an aryl halide (45 and 38). Fragment 45 is an analogue 

of the dendrimer used in the previous work,47 so the synthesis had already been established: 

the phosphoramidite moiety will be introduced through the commercially available BINOL-

chlorophosphite by a nucleophilic substitution on the butylamine functionality (46), which in 

turn will arise from a reductive elimination of the corresponding imine, formed on an aldehyde 

residue of 37. The partner fragment 38 can be assembled by a nucleophilic substitution of the 

phenol derivative 35 on a chloride residue on 47. Both intermediates 37 and 47 can be formed 

through a common intermediate 36, which can be constructed by the condensation of a 

benzaldehyde derivative 32 and N-methyl-dichlorophosphorhydrazine. The route to obtain 

phenol 35 had already been optimised by Yiqian Wei, a previous member of Caminade’s 

group.122 The free alkoxy group will be obtained from the corresponding benzyl-protected 

compound 34. The poly(ethylene glycol) chain can be introduced by a base-mediated 
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nucleophilic substitution of 4-(benzyloxy)phenol on the mesyl-derivative 33, which can be 

formed from the commercially available poly(ethylene glycol) methyl ether. 

In a first step, the precursors needed were synthesized, starting with aldehydes 32a123 and 

32b124. These compounds contain on one side alkyne or halide moieties, which are necessary for 

the Sonogashira reaction, and on the other side feature the aldehyde function, which permits 

the growth of the dendrimer. The synthesis was carried out according to already described 

procedures as is shown in Scheme 5.11. The synthesis of 4-ethynylbenzaldehyde (equation a) 

consists, first, on a Sonogashira reaction between 4-bromobenzaldehyde and 

ethynyltrimethylsilane, followed by the deprotection of the acetylene moiety to give compound 

32a in an 82% yield 

 
Scheme 5.11. Synthesis of 4-ethynylbenzaldehyde (equation a) and 4-iodobenzaldehyde (equation b). 

4-Iodobenzaldehyde was synthesized through a Bouveault aldehyde synthesis on 4-

diiodobenzene (Scheme 5.11, Equation b). The mechanism of this reaction is depicted in Scheme 

5.12. In a first step, the aryl-lithium compound is generated, which subsequently adds to DMF 

to form a hemiaminal intermediate that can easily be hydrolysed to give the desired aldehyde. 

A 49% yield of 32b could be obtained using this method. 

 
Scheme 5.12. Mechanism of the Bouveault aldehyde synthesis. 

N-methyl-dichlorophosphorhydrazine was then prepared. This compound will provide the 

branching points and phosphorus structure of the dendrimer. Its preparation is probably the 

most difficult step in the synthesis of phosphorus dendrimers, as the monosubstitution of 

phosphoryl trichloride needs highly precise reaction conditions. The synthesis of the compound 

is achieved by a drop-by-drop addition of a solution of N-methylhydrazine in chloroform over 

another solution in chloroform of phosphoryl trichloride, with the temperature being controlled 

in the -65°C and -60°C range (Scheme 5.13). 

 
Scheme 5.13. Synthesis of N-methyl-dichlorophosphorhydrazine. 
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Finally, the phenolated PEG fragment 35, which is necessary to provide water solubility, was 

synthesized following the route depicted in Scheme 5.14. The commercially available 

poly(ethylene glycol) methyl ether, with an average mass of 750 g/mol (which corresponds to 

approximately seventeen units of ethylene glycol), was reacted with mesyl chloride to afford 

compound 33. Next, a nucleophilic substitution on the mesylated alcohol with 4-

(benzyloxy)phenol afforded the benzyl-protected compound 34, which was removed by means 

of a reduction catalysed by Pd/C and hydrogen formed in situ to obtain a 42% overall yield of 

the phenol derivative 35. It should be taken into account that the yields given are calculated 

from the average mass of the molecules.  

 
Scheme 5.14. Synthesis of the poly(ethylene glycol) derivative 35. 

Once all the starting materials had been synthesized, the dendrons containing the phosphorus-

based skeleton were prepared according to the route depicted in Scheme 5.15. 

 
Scheme 5.15. Synthesis of the phosphorus-containing moieties 37 and 38. 

First, the benzaldehyde derivatives 32 were reacted with N-methyl-dichlorophosphorhydrazine 

affording the corresponding imine derivatives 36. From compounds 36, the corresponding 

phenol compound was introduced by nucleophilic substitution on the chloride atoms under 

basic conditions. For 36a, 4-hydroxybenzaldehyde was chosen to afford dendron 37, which in 

further reactions would contain the phosphoramidite ligand. In 36b the synthesized PEG 

derivative 35 was introduced to provide the dendron that should enhance the hydrophilicity. 
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Once the dendrons were synthesized, the next step was to perform the Sonogashira coupling of 

the two fragments (Scheme 5.16). 

 
Scheme 5.16. Sonogashira reaction between fragments 37 and 38. 

Under standard Sonogashira conditions, the reaction proved to be highly inefficient. After 

purification of the crude, only traces of 39 that could not be separated from 38 were obtained. 

The main product was the Glaser coupling of 37 (Figure 5.13).  

 
Figure 5.13. Product obtained from the Glaser coupling of 37. 

An attempt to react the excess of 38 by slow addition of 37 was unfruitful. As aldehyde 37 proved 

to be unreactive with 38, we changed the synthetic strategy by performing the Sonogashira 

reaction between 38 and 32a (a precursor of 37) (Scheme 5.17). In this case product 40  was 

successfully obtained. 

 
Scheme 5.17. Sonogashira reaction between 4-ethynylbenzaldehyde and 38. 

At this stage we decided to test whether it was feasible to form the core using a [2+2+2] 

cycloaddition. As has been stated in section 5.1.1.1 Fréchet’s and Nierengarten’s groups used 

the complex [Co2(CO)8] to promote the [2+2+2] cycloaddition of the internal alkyne to form the 

core of their dendrimers. Following their methodology, compound 40 was dissolved in 

anhydrous dioxane together with 30 mol% of [Co2(CO)8] and heated at 100°C, but only starting 

material was recovered. The cobalt complex used is quite unstable and has to be kept under 

nitrogen atmosphere at ≈ 4°C. One strategy employed to avoid this problem is to synthesize the 

Co-complex of the acetylenic precursor. These complexes are stable at room temperature and 
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aerobic atmosphere and are generally catalytically competent in cycloaddition reactions. To 

check whether the instability of the [Co2(CO)8] complex used was responsible for the failure of 

the cycloaddition, the Co complex of compound 40 was synthesized as shown in Scheme 5.18. 

 
Scheme 5.18. Preparation of the Co complex of 40. 

This complex was then used as the catalyst for the [2+2+2] cycloaddition. However, starting 

material was also recovered. Catalytic systems based on rhodium were also tested. Mitsudo, 

Suga et al.125 used a catalytic system consisting of a mixture of catalytic amounts of RhCl3 and 
iPr2NEt to promote the [2+2+2] cycloaddition reaction of di(furan-2-yl)acetylenes, however, it 

was not effective in our case. We also tested the complex [RhCl(CO)2]2 as its structure is similar 

to that of the dicobalt octacarbonyl compound, but this was not effective either.  

In the cobalt-catalysed reactions it was observed that a green residue sticking to the glass of the 

reaction vessel appeared when the reaction mixture was removed. Leitner et al.126 reported the 

formation of green Co nanoparticles stabilized by poly(ethylene glycol), obtained by thermal 

decomposition of [Co2(CO)8] in PEG at 80-100°C. Taking this report into account, we believe that 

the PEG moiety of the dendron assists in the decomposition of the cobalt catalyst, thus 

rendering it inactive. 

In order to check whether the problem arises from the phosphorus skeleton or the PEG chain, a 

simpler derivative containing the phosphorhydrazine moiety was synthesized. Compound 37 

was reacted with 4-iodotoluene under Sonogashira conditions to afford derivative 41 (Scheme 

5.19).  

 
Scheme 5.19. Synthesis of the model substrate 41. 
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This compound was then submitted to Co-catalysed [2+2+2] cycloaddition reaction conditions, 

as shown in Scheme 5.20. The reaction proved to be effective, affording compound 42 in a 42% 

yield. The signals corresponding to the internal alkyne at 88.5 and 91.7 ppm in the 13C-NMR 

spectrum of 41 disappeared and signals in the aromatic region appeared. A peak in the ESI-MS 

at m/z 1657.6, corresponding to [M+H]+, can be observed. 

 
Scheme 5.20. Co-catalysed [2+2+2] cycloaddition reaction of 41. 

 
Figure 5.14. 31P{1H}-NMR of 42. 

In the 31P{1H}-NMR spectrum of 41 only a single peak appears. However, the 31P{1H}-NMR 

spectrum of 42 shows two different phosphorus peaks at 60.5 and 60.6 (Figure 5.14). A similar 

splitting is observed for the aldehyde and methyl signals in the 1H-NMR spectrum. 

The [2+2+2] cycloaddition reaction may form the two different isomers schematically 

represented in Scheme 5.21. Whereas for the 1,3,5-isomer we would expect only one 

phosphorus signal, the 1,2,4-isomer should provide three different signals. 
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Scheme 5.21. Possible isomers formed in the [2+2+2] cycloaddition reaction. 

One possible explanation is that the phosphorus atoms are relatively far from the central 

aromatic group, so they should only be sensitive to large differences and, in consequence, only 

two signals in a 1:2 ratio for the 1,2,4 isomer were to be expected. When A is between two B it 

can be presumed that the chemical shift is the same for position 4 in the 1,2,4 isomer, and 

positions 1,3,5 in the 1,3,5 isomer. Furthermore, when A is between A and B (positions 1 and 2 

on the 1,2,4 isomer), another signal (a single signal for both) should be observed, thus only two 

signals for a mixture of isomers can be expected. As the signals have a 1:1 ratio in the 31P{1H}-

NMR, it can be assumed that a mixture comprising about 75% of isomer 1,2,4 and 25% of isomer 

1,3,5 was obtained. 

At this point, it can be concluded that the problem of reactivity of 40 must have been due to the 

PEG moiety and, thus, that [2+2+2] cycloaddition cannot be performed on a dendron already 

containing the PEG functional group. Therefore, our synthetic strategy had an orthogonality 

problem.  

5.2.2. Synthesis of a segment-block dendrimer 

In order to solve this drawback, and maintaining our objective of preparing a water soluble 

dendrimer, we decided to change the type of dendrimer synthesized. In order to circumvent the 

orthogonality issue, we decided to change the phosphoramidite ligand, which is constructed on 

a benzaldehyde capped dendron, for a 1,3,5-triaza-7-phosphaadamantane (PTA) ligand (Figure 

5.15), which is attached to a chloromethylbenzene moiety, while maintaining the PEG groups as 

water-solubilizing moieties.  

 
Figure 5.15. Segment-block dendrimer containing PTA ligands and poly(ethylene glycol) chains. 

Caminade et al.127 have previously synthesized phosphorus dendrimers containing PTA ligands 

on the surface and have used them as ligands for ruthenium and rhodium, giving good results in 

the isomerisation of allylic alcohols and the hydration of alkynes. Moreover, Ru(II)-arene 

complexes with PTA ligands have shown important anticarcinogenic activity.128 

The retrosynthetic pathway is depicted in Scheme 5.22. The core will be formed by means of a 

[2+2+2] cycloaddition, but in order to avoid incompatibility problems with the functionality of 

the molecule, it will be assembled in an early stage of the synthesis. The PEG moiety of 48 will 
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be introduced by formation of the phenolate under basic conditions and its reaction over 53 as 

previously explained. The PTA will be introduced by alkylation on one of the nitrogen atoms with 

the CH2Cl group of 51 and the N-methyl-dichlorophosphorhydrazine group will react with the 

aldehyde residue to give the corresponding imine. 51 will be the molecule synthesized by the 

[2+2+2] cycloaddition reaction from 50, as no incompatibility between functional groups is 

expected. The chlorine atom on 50 will be introduced from the alcohol precursor 49, which in 

turn will be  synthesized by a Sonogashira reaction between 4-ethynylbenzaldehyde (32a) and 

4-iodobenzyl alcohol. 

 

Scheme 5.22. Retrosynthetic analysis for dendrimer 48. 

The synthetic route to obtain derivative 50 is depicted in Scheme 5.23. Compound 49 was 

obtained by a Sonogashira coupling between 4-ethynylbenzaldehyde and 4-iodobenzyl alcohol. 

As this compound is highly insoluble in CH2Cl2, purification was performed by washing it with 

this solvent. The hydroxide was then transformed to a chloride using thionyl chloride. The overall 

yield for these two steps is 71%. 
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Scheme 5.23. Synthesis of 50. 

Using the [Co2(CO)8] complex, 50 was submitted to cycloaddition conditions. A 51% yield of 

cyclized product 51 was obtained after three days in refluxing dioxane (Scheme 5.24). 

 
Scheme 5.24. Co-catalysed [2+2+2] cycloaddition of 50. 

Derivative 51 was characterised by 1H and 13C-NMR and ESI-MS. The 1H-NMR spectrum showed 

the same signals as compound 50 but split into two, indicating that a mixture of isomers was 

formed. The 13C-NMR spectrum showed no presence of acetylenic carbons and a group of new 

aromatic carbons. Two peaks related to the product appeared in the ESI-MS spectrum: the first 

at m/z 785.2, corresponding to [M+Na]+, and the second at m/z 819.3, corresponding to 

[M+CH3OH+Na]+. 

In order to try to improve the yield, the cobalt complex of compound 50 was also prepared 

(Scheme 5.25). However, no significant difference was observed when the complex was used as 

the catalyst for the [2+2+2] cycloaddition reaction. 

 
Scheme 5.25. Synthesis of the cobalt complex of 50. 

The reaction with PTA was then assessed. Compound 51 was dissolved together with three 

equivalents of PTA in MeOH and was stirred for 24 hours at room temperature (Scheme 5.26).  
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Scheme 5.26. Alkylation of 51 with PTA. 

A 43% yield of compound 52 was obtained. The ESI-MS spectrum of 52 showed a peak at m/z 

1200.4 corresponding to [M-Cl]+ and at m/z 581.7, corresponding to [M-2Cl]2+ (Figure 5.16).  

 

 
Figure 5.16. ESI-MS spectrum of 52.  

In this case, three signals in the 31P{1H}-NMR were observed (Figure 5.17). The PTA is closer to 

the central aromatic ring than the P=S in compound 42, and it is also bulkier. For both reasons, 

signals that were equivalent in 42 become non-equivalent for compound 52, thus a larger 

number of signals should be observed. If the same approximate ratio of 75% of 1,2,4 and 25% 

of 1,3,5 is expected, either 4 signals with intensity 1:1:1:1 or three signals with intensity 2:1:1 (if 

two of them are superimposed) should be observed. This latter scenario seems to be the one 

observed. 
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Figure 5.17. 31P{1H}-NMR spectrum of 52. 

In summary, we were not able to synthesize a surface-block dendrimer containing PEG and 

phosphoramidite moieties by means of a Co-catalysed [2+2+2] cycloaddition reaction to 

construct the core. The incompatibility between the PEG and the cobalt catalyst and the lack of 

orthogonality of the synthetic route prompted us to change our strategy as well as the target 

molecule itself. Therefore, in the second part of the chapter, we aimed to prepare a segment-

block dendrimer containing PTA ligands and PEG moieties. In this case, we were able to develop 

a successful strategy that allowed us to prepare a dendrimer containing a PTA ligand on one 

segment. However, due to lack of time the poly(ethylene glycol) moiety could not be introduced.  
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6.1 Precedents 

6.1.1. Organic-inorganic hybrid silica materials 

Hybrid materials are constituted by organic components or networks mixed at the molecular 

level with an inorganic skeleton. Such a material combines the properties of both organic and 

inorganic compounds and has attracted many scientists since the beginning of the industrial era. 

Some of the oldest and most famous organic-inorganic hybrids come from the paint and polymer 

industries.129 The properties of these materials are not just an addition of the individual 

contributions from the comprising elements, which makes them a very interesting class of solids. 

The coexistence of the two different domains can be beneficial, resulting in new physical 

properties.  

Consequently, numerous organic-inorganic hybrid materials have been developed over the past 

decades,130 providing a great variety of applications in diverse fields, one of them in catalysis.131 

The immobilization of homogeneous catalysts on hybrid materials offers many advantages in 

catalytic applications.132 First, catalysts that are supported within the inorganic matrix can be 

easily separated from the reaction mixture, thus reducing the contamination of the product by 

catalyst traces and simplifying the purification process. Secondly, the easy recovery of the 

heterogenized catalysts allows their reuse for further reaction batches offering eco-friendly 

advantages, with less consumption of the often costly and/or toxic catalysts. Among many 

inorganic solids, polymeric silicon oxide is one of the most frequently used catalyst supports due 

to its chemical, thermal and mechanical stability. 

The chemical nature of both phases directly affects the chemical and textural properties in the 

final material. Depending on the interaction between the organic and the inorganic part, hybrid 

silica materials can be divided into two families:133 

(a) Class I materials, in which either the organics are entrapped (or embedded) in the inorganic 

matrix without any interaction, or the organic and inorganic components are linked together 

through non-covalent weak bonds such as hydrogen bonds and van der Waals, hydrophobic or 

ionic interactions (Figure 6.1). As the strength of these interactions is weak, the two phases of 

these materials can be separated by techniques such as extraction of the organic components 

with an organic solvent. 

(b) Class II materials, in which the organic and inorganic components are linked together through 

strong covalent or ion-covalent chemical bonds (Figure 6.1). As a result, they form a unique 

continuous phase. 

In catalysis, Class II materials are preferred to Class I. Catalyst leaching and the difficulties in 

controlling the loading of the organics in Class I materials prompted researchers to concentrate 

their investigations mainly on Class II materials. 
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Figure 6.1. Hybrid silica material classification. 

6.1.1.1. Preparation of organic-inorganic hybrid silica materials. 

Two of the most common methods to synthesize hybrid silica materials are the sol-gel process 

and the grafting method. 

The sol-gel process allows the preparation of pure inorganic materials in a reproducible way.134 

It can be carried out using inorganic precursors, such as chlorides, nitrates or sulfates, but the 

most versatile methodology typically involves the use of alkoxides and, of these, the use of 

alkoxysilanes is particularly common. 

The process starts when a tetraalkoxysilane such as tetraethoxysilane (TEOS) is catalytically 

hydrolyzed in a solvent (ethanol, THF, DMF...) to give colloidal silanol and siloxane species, 

oligomers and other small clusters (sol in Scheme 6.1a). These clusters condense to form more 

siloxane bridges, then small particles, and eventually tridimensional networks that entrap the 

solvent to form a gel. On a macroscopic scale, gelation is the thickening of the initial solution 

into an elastic solid (a gel). However, this is not the end of the process. During the gel’s aging 

process, hydrolysis and condensation continue (Scheme 6.1b) and the network stiffens, limiting 

the flow of the pore liquid. Although the system seems virtually unaffected, polymerization, 

coarsening and phase transformation occur. Finally, the gel is dried and after a thermal or 

mechanical treatment the material is obtained as a powder, called xerogel. 

 

 
Scheme 6.1. a) Physics and b) chemistry of the sol-gel process. 
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The properties of the final material, such as the surface area, strongly depend on the 

experimental parameters used in the sol-gel process. Therefore, any small change in the 

temperature, solvent, concentration or the catalyst can significantly affect the properties of the 

final hybrid material. The nucleophilic attack of water to the silicon atom in the first step takes 

place through a different mechanism depending on whether the catalyst used is acidic, basic or 

nucleophilic (F-, N-methylimidazole, HMPA).135 The mechanism for each type of catalyst can be 

summarized as follows: 

(a) Acidic catalysis: the nucleophilic attack of water (or silanol) occurs after the reversible 

protonation of an alkoxy group and generates a pentacoordinate intermediate that is able to 

lose an alcohol molecule (Scheme 6.2). 

 
Scheme 6.2. Hydrolysis of tetraalkoxysilane promoted by acidic catalysis. 

(b) Basic catalysis: in the presence of hydroxide anions, a nucleophilic attack to the 

tetraalkoxysilane occurs through an anionic pentacoordinate intermediate, from which an 

alkoxide group is eliminated (Scheme 6.3). 

 
Scheme 6.3. Hydrolysis of tetraalkoxysilane promoted by basic catalysis. 

(c) Nucleophilic catalysis: the nucleophile coordinates to the silicon centre of a tetraalkoxysilane 

generating an anionic pentacoordinate intermediate. This intermediate shows higher reactivity 

towards nucleophilic substitution. Water and silanol coordinate this intermediate and form a 

hexacoordinate transition state, which evolves to give an alcohol and a silanol and to regenerate 

the catalyst (Scheme 6.4). Many bases can act as nucleophilic catalysts (anions such as hydroxide 

and fluoride). 

 
Scheme 6.4. Hydrolysis of tetraalkoxysilane promoted by nucleophilic catalysis. 

The organic moiety in an organic-inorganic hybrid material can be directly incorporated during 

the sol-gel process by co-gelification of an organotrialkoxysilane and tetraalkoxysilane.136 After 

hydrolysis and condensation, the final solid will contain organic groups dispersed in the silica 

matrix (Scheme 6.5a).137 Importantly, when the organic compound bears two or more 

trialkoxysilyl groups, the sol-gel process can be performed without the addition of 
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tetraalkoxysilane (Scheme 6.5b).138 These organosilicas are also called bridged silsesquioxanes, 

and are inherently homogeneous solids.139 

 
Scheme 6.5. a) Cogelification and b) Synthesis of bridged silsesquioxanes. 

One of the most important characteristics of silica materials is their porosity. This property gives 

rise to three materials, categorised by their pore size: microporous (pore size < 20 Å), 

mesoporous (20 – 500 Å) and macroporous (> 500 Å). The control of the porosity or surface area 

is not possible when materials are prepared by simple condensation or polycondensation sol-

gel processes in organic solvents (e.g. alcohols, THF, DMF) and amorphous materials with wide 

pore distribution are obtained in these cases. This lack of control of the pore size distribution 

and other drawbacks can be overcome through the use of surfactants during the sol-gel 

reaction.140  

Surfactants are organic compounds with hydrophobic hydrocarbon chains and a hydrophilic 

polar head. In aqueous media, these molecules organize in micelles, with the hydrophobic and 

non-polar chains at the inner side of the sphere and the polar heads oriented towards the 

exterior, due to the non-compatibility of the hydrocarbon chains with water and the 

compatibility of the polar head towards water. Depending on the nature of the surfactant as 

well as its concentration and the temperature of the solution, micelles interact with each other 

to form spherical, cylindrical, tubular or bilayer type structures, which can pack in tridimensional 

structures with different patterns (e.g. spherical, hexagonal, cubic, lamellar).141 These micelles 

act as a template and, due to electrostatic interactions, the hydrolysis and condensation 

reactions of the sol-gel process take place at the surface of these micelles (Scheme 6.6). The 

electrostatic interaction between the surfactant or template (T) and the charged silicon species 

formed (S) is strongly affected by the medium.142 Therefore, when the sol-gel reaction is 

performed under basic conditions, cationic surfactants such as ammonium salts are commonly 

used (T+S- interaction), whereas under acidic conditions, anionic surfactants such as sulfates or 

phosphonates are preferred (T-S+).143 Under nucleophilic catalysis in a neutral medium, 

surfactants without charge (long chain alkyl amines, polyoxyethylene oxides or amphiphilic 

block copolymers) are often used as the interaction with the silicon substrate occurs through 

hydrogen bonding (T0S0). Neutral poly(ethylene oxide)-poly(propylene oxide) block copolymers, 
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such as PEO20PPO70PEO20 (P123), can also be used as templates in acidic media to synthesize 

silica materials such as SBA-15,144 which will be used in this chapter. 

 
Scheme 6.6. Surfactant-assisted formation of a mesoporous material. 

The use of a structure directing agent achieving organization in the final material was reported 

for the first time in 1990 by Kuroda et al.145 The strategy is widely used since it results in better 

control of the porosity, as well as sharper pore distribution, higher surface area and more 

ordered structures. At the end of the process, the surfactant can be removed either by 

calcination or by extraction with an organic solvent. The final material presents pores in the 

places previously occupied by the micelles of the surfactant affording materials with high surface 

areas (> 500 m2/g), regular pore distribution and pore diameter in the mesoporous range (20 – 

100 Å).146 

On the other hand, the grafting method consists of a post-synthetic functionalization of a pre-

formed mesoporous silica by anchoring the organic moiety (Scheme 6.7).  

 
Scheme 6.7. Schematic pathway of the grafting method. 
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This method has the advantage that the mesostructure of the starting phase is usually retained 

when the organic fragment is attached. Two drawbacks are the reduction of porosity that results 

from the addition of the organic residue and the difficulty of achieving a homogeneous 

distribution of the organic groups. 

6.1.1.2. Characterization of hybrid silica materials 

As has already been mentioned, the properties of the materials obtained by the sol-gel process 

strongly depend on the experimental conditions. Therefore, techniques which allow their 

physical and chemical characterization are needed in order to understand the activity of 

functionalized silica materials.147 Chemical analyses provide information about the amount of 

organic and/or metal fragments loaded in the material. Physical parameters such as surface 

area, pore size distribution, material morphology or texture are very important in catalysis as 

they affect reagent and product diffusion and the accessibility to the catalytic centre. A brief 

summary of the different techniques used to characterize the materials is presented here. 

6.1.1.2.1. Thermogravimetric analysis (TGA) 

This analytical technique is used to determine changes in the mass of a material as a function of 

temperature.148 It provides an idea of thermal stability of a given material, including structural 

decomposition, oxidation, corrosion and moisture adsorption/desorption. In hybrid materials it 

is used to determine the loading of inorganic and organic components. The record is the 

thermogravimetric (TG) curve, where the mass is plotted on the ordinate and temperature (T) 

or time (t) on the abscissa (Figure 6.2). 

 
Figure 6.2. Thermogravimetric curve for M1 (see section 6.2.1.4). 

In the TG curve of hybrid materials the first weight loss corresponds to the thermodesorption of 

physically adsorbed water from the silica surface (temperatures in the range of 20 – 200 ºC).149 

The second weight loss can be attributed to a combination of two processes: first, the 

condensation of silanol groups and the cross-linking of surface silanol with some organic 

functionality, and second, the thermal decomposition of the chemically-bonded organic groups. 

At temperatures exceeding 700°C the organic component of hybrid materials is destroyed 

completely and so the inorganic content of the hybrid material can be determined from the 

residual mass. 
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This technique gives us an insight to the stability of the organic fragment of the hybrid material 

since some functional groups decompose at low temperatures (i.e. azides, carbamates or 

thioureas)150 whereas others are stable enough to resist pyrolysis at low temperatures without 

degrading any covalently bound organic moiety.151 The nature of the organic moiety will also 

affect the choice and control of other experimental parameters, such as the temperature 

gradient (typically between 5 and 10 ºC/min) and the atmosphere under which the analysis is 

performed (e.g. air, argon). 

6.1.1.2.2. Elemental analysis 

The chemical composition of hybrid materials is determined by elemental analysis. The carbon, 

hydrogen, nitrogen, sulphur, chlorine, bromine and iodine present in organic fragments can be 

analysed by combustion. The presence of other elements such as silicon or metals can be 

quantified by inductively coupled plasma (ICP) analysis. The amount of organic fragments found 

is usually lower than the expected value because of incomplete incorporation in the hybrid 

material. This fact can be rationalized taking into account that the hydrolysis rate is lower for 

organotrialkoxysilanes with respect to tetraalkoxysilanes. Within the group of 

tetraalkoxysilanes, the hydrolysis rate decreases in the following order: tetramethoxysilane 

(TMOS) > tetraethoxysilane (TEOS) > tetrapropoxysilane (TPOS) > tetrabutoxysilane (TBOS). The 

degree of condensation also contributes to the difference between theoretical and 

experimental values, since some alkoxy groups are not hydrolysed and some silanol groups may 

not condense. Discrepancy between the two values may also arise from traces of surfactant or 

high-boiling point solvent remaining in the material after the processing. 

6.1.1.2.3. 29Si and 13C Solid State Nuclear Magnetic Resonance (SSNMR) 

29Si-SSNMR confirms the existence of a covalent bond between silicon and the organic 

component and provides information about the degree of condensation in the hybrid material. 

During the sol-gel process a great variety of silicon species are formed containing different 

numbers of Si-O-Si bonds. These species lead to structures that give signals with different 

chemical shifts in the 29Si-SSNMR spectrum depending on the alkoxy groups bonded to the 

silicon atom (Figure 6.3).  

 
Figure 6.3. Example of 29Si-SSNMR of material M1 (see section 6.2.1.4). 

T2 

T3 

Q2 

Q3 

Q4 



Chapter 6 

104 

These signals are classified as monofunctional silicon (M), which come from monoalkoxysilanes; 

difunctional (D), from dialkoxysilanes; trifunctional (T), from trialkoxysilanes; and 

quadrifunctional (Q), from tetraalkoxysilanes. In addition, numeric superindices are used to 

indicate the degree of condensation (Figure 6.4). For instance, 0 if condensation did not occur; 

1 if only one alkoxy group has condensed; 2 if two alkoxy groups have condensed and so on. The 

nature of the organic moiety (e.g. alkyl, aryl etc.) or of the catalyst used in the sol-gel process 

can also affect the chemical shift. 

 
Figure 6.4. Silicon environments and their corresponding label in the 29Si-SSNMR. 

 
Figure 6.5. Comparison of 13C-NMR of compound 60 in CDCl3 solution (red) and 13C-CP-MAS of material 

M1 (blue, see section 6.2.1.4). 
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13C-SSNMR is quite useful to check that the organic functionality has been loaded in the final 

material. The 13C-SSNMR spectrum appears to be similar to the common 13C-NMR in solution 

but the former has broader peaks (Figure 6.5). This technique provides qualitative information 

for the identification of organic functional groups. Unlike the spectrum recorded in solution, 

signals of different carbon atoms easily overlap. 

It must be taken into account that 13C and 29Si solid state NMR suffer from low sensitivity.152 In 

fact, functionalized silicon sites of type Tn are often too diluted to be readily observed in the 29Si-

SSNMR. Generally, for high dilution of the organic component in the hybrid material 

(tetraalkoxysilane/organotrialkoxysilane ratio > 10), the spectrum mainly provides information 

about the Qn and proton-rich sites (Si-OH). 13C-SSNMR suffers from a similar drawback and, 

therefore, when the organic component is highly diluted, little evidence is normally obtained 

regarding the incorporation of the organic moiety. 

6.1.1.2.4. Surface area analysis 

Gas adsorption-desorption measurements are used for determining the surface area, the 

average pore size, and the pore size and pore volume distributions of a variety of different solid 

materials. Adsorption is the process by which atoms or molecules are weakly bound to the 

surface of a solid, and form a layer at the interface. Its counterpart, desorption, denotes the 

reverse process, in which the amount of adsorbed atoms or molecules decreases. 

N2-sorption analyses are performed at 77 K from thoroughly degassed samples. The adsorption 

isotherm is built by adding controlled doses of nitrogen gas to the cold sample, and monitoring 

the corresponding relative pressure in the surrounding environment (p/p0). When p/p0 reaches 

1, spontaneous liquefaction of N2 occurs. Under these conditions, consecutive molecular layers 

of nitrogen can be adsorbed on the solid surface. In monolayer adsorption, all the adsorbed 

molecules are in contact with the surface layer of the sample, whereas in multilayer adsorption, 

the adsorption space accommodates more than one layer of molecules, so that not all adsorbed 

molecules are in direct contact with the surface layer of the sample. The surface area of a given 

sample, for example a hybrid material, may be calculated from monolayer adsorption. 

Therefore, it is necessary to quantify the amount of N2 adsorbed in an unimolecular layer. 

The graph representing the relationship, at constant temperature, between the amount 

adsorbed and the equilibrium pressure of the gas is known as the adsorption-desorption 

isotherm.153 In some cases, a hysteresis loop is observed when adsorption and desorption curves 

do not coincide. In 1940, S. Brunauer, L.S. Deming, W.E. Deming and E. Teller classified isotherms 

in five different types. Later, in 1985, the International Union of Pure and Applied Chemistry 

(IUPAC) expanded this classification to six types.154 Types I, II and IV are the most frequently 

observed (Figure 6.6).  
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Figure 6.6. Types of isotherm according to the IUPAC rules.154 

(a) Type I isotherms are given by microporous solids with relatively small external surfaces, 

where adsorption takes place at low relative pressures. 

(b) Type II isotherms are normally obtained with non-porous or macroporous solids. Some 

mesoporous solids also give this adsorption curve when monolayer adsorption is observed at a 

low relative pressure and saturation at a high relative pressure, but without a hysteresis loop. 

The interaction between adsorbate and adsorbent is strong. Point B represents the beginning of 

the almost linear middle section of the isotherm. It is often taken to indicate the stage at which 

monolayer coverage is complete and multilayer adsorption is about to begin. 

(c) Type III isotherms are observed in systems with weak adsorbate-adsorbent interactions. Type 

III is not common, but a number of systems (for example, nitrogen on polyethylene) show this 

profile. These isotherms do not exhibit point B due to their convex curvature over the entire 

range of pressure,  

(d) Type IV isotherms are generally given by mesoporous materials. They have a characteristic 

hysteresis loop, which is associated with capillary condensation taking place in mesopores, and 

the limiting uptake over a range of high relative pressure. In Type IV isotherms there is an 

important increase in the amount adsorbed at upper-intermediate relative pressure and the 

filling mechanism corresponds to a monolayer-multilayer adsorption.  

(e) Type V isotherms arise from a deviation of Type IV. Adsorption-desorption is observed at 

relative pressure p/p0 ≈ 0.5.  

(f) Type VI isotherms are obtained when stepwise multilayer adsorption on uniform non-porous 

surfaces occurs. The sharpness of the steps depends on the system and the temperature, 

whereas the step-height represents the monolayer capacity of each adsorbed layer. These 

isotherms are typically obtained with argon or krypton on graphitised carbon at liquid nitrogen 

temperature.  

Many hybrid materials show adsorption isotherms which are actually a combination of types I-

VI. Mesoporous materials can also contain a certain number of micropores, which in a Type IV 
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isotherm can be recognized because of the higher adsorption that is observed at low relative 

pressure.  

The hysteresis appearing in the multilayer range of isotherms is usually associated with capillary 

condensation in mesoporous structures. This phenomenon occurs when the gas is first adsorbed 

in pores, where it can condense to the liquid state after sufficient gas is supplied. Such hysteresis 

loops may exhibit a variety of shapes classified by IUPAC in four types, of which types H1 and H2 

are the most frequent (Figure 6.7). Although the factors affecting adsorption hysteresis are not 

fully understood, the shapes of hysteresis loops have often been identified as having specific 

pore structures. 

 
Figure 6.7. Types of hysteresis loops according to the IUPAC rules.154  

(a) Type H1 has adsorption and desorption branches that are almost parallel and is often 

associated with a specific pore structure. Mesostructured materials such as SBA-15, MCM-41 

and MCM-48 exhibit this type of hysteresis. 

(b) Type H2 has a hysteresis loop that is difficult to interpret and is representative of highly 

disordered materials. The desorption branch normally presents a more pronounced slope with 

respect to the adsorption branch. 

(c) Type H3 is observed in aggregates of plate-like particles giving rise to slit-shaped pores. An 

aggregate is an assembly of loosely coherent particles. 

(d) A Type H4 loop is associated with narrow slit-like pores. 

The curve shape gives information about the pore size (p/p0 from the hysteresis point), the pore 

volume (the area limited by adsorption and desorption curves) and the diameter distribution 

(related with the slope of the hysteresis). 

Several mathematical transformations have been developed to transform the adsorption 

isotherm data into a calculated surface area but the Brunauer-Emmett-Teller (BET)155 method is 

the most widely used, although it is not suitable for the measurement of the specific surface 

area of microporous materials. The Barrett-Joyner-Halenda (BJH)156 method determines the 
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pore size distribution, while the t-Plot calculation provides information about the contribution 

of micro- and mesopores in the material. 

6.1.1.2.5. Powder X-ray diffraction 

The organization of hybrid materials can be measured with the powder X-ray diffraction (PXRD) 

technique. Under irradiation, the interaction of the repeating planes of a sample with an incident 

beam is described by Bragg’s law: 

𝑛 · 𝜆 = 2 𝑑ℎ𝑘𝑙 sin 𝜃 

In this equation, θ stands for the angle between the incident beam and the plane, dhkl represents 

the distance between two consecutive identical planes, and λ is the incident beam wavelength 

(Figure 6.8). 

 
Figure 6.8. Schematic representation of Bragg’s law. 

The distance between planes can be determined from the incident beam and the measured 

dispersion angles. Normally, the PXRD plot represents the intensity (I) with respect to a 

parameter called q, which is calculated as follows 𝑞 =  
4𝜋 sin 𝜃

𝜆
. The relationship between q and 

d is the following: q = 2θ / d. When a material is organized, well-defined peaks can be observed 

in the plot and from their pattern (Figure 6.9) it is possible to know the type of organization (e.g. 

hexagonal, lamellar, cubic, worm-like, etc.). On the other hand, amorphous materials do not 

allow clear signals to be obtained.  

 
Figure 6.9. Examples of powder X-ray diffraction patterns. 
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To conclude it should be mentioned that only the combination of several different techniques 

allows full characterization of hybrid materials. Usually the information provided by the different 

analyses is compared in order to better understand the effect of the structure and morphology 

on the properties of hybrid materials. 

6.1.2. Recyclable catalysts in [2+2+2] cycloadditions 

One of the most important challenges in transition metal catalysis is the recovery and reuse of 

the catalyst. The use of ionic liquids, or molten salts, as immobilizing agents represent the first 

cases in which the catalyst in [2+2+2] cycloaddition reactions was recovered and reused. The 

ability of the molten salts to immobilize catalysts favours their recovery at the end of the 

process.157 Tagliatesta et al.157a studied the recyclability of Ru-porphyrin catalyst in ionic liquids 

in the cyclooligomerization of arylethynes. The ionic liquids tested were 1-butyl-3-

methylimidazolium hexafluorophosphate, {[Bmim][PF6]} and 1-octyl-3-methyl-imidazolium 

hexafluorophosphate, {[Omim][PF6]}. The system proved to be recyclable for up to 5 runs with 

no effect on the yields. 

Our group157b contributed to this field by studying the [2+2+2] cycloaddition of unsaturated 

azamacrocycles catalysed by rhodium and palladium complexes in molten tetra-n-

butylammonium bromide. When Wilkinson’s catalyst was tested, the cycloisomerised product 

was obtained in excellent yields, but when the catalyst was used in two more runs the yield 

dropped. When palladium(II) chloride and palladium(II) acetate were used the result was quite 

similar, good yields were obtained for the first run, but when it was tried in further runs the yield 

dropped. A TEM analysis was performed when PdCl2 was used revealing palladium nanoparticles 

as the active catalytic species. 

Yu et al.157c reported the use of gold nanoparticles functionalized with palladium(II) on the 

surface as a catalyst for the intermolecular [2+2+2] cycloaddition of monoalkynes. They studied 

the intermolecular reaction in {[Bmim][PF6]} under microwave irradiation. The catalyst could be 

reused up to nine times and a gradual decrease in the yield was observed from the fifth cycle 

onwards. 

Tsai et al.158 described the use of a catalytic system consisting of [Rh(COD)Cl]2/cationic bipyridine 

in the [2+2+2] cycloaddition reaction of different 1,6-diynes and monoalkynes in aqueous media 

in the presence of air (Scheme 6.8). The catalyst was recovered by simple liquid-liquid extraction 

and the aqueous phase could be reused three times, although the metallic complex was 

gradually deactivated. 

 
Scheme 6.8. Rh-catalysed [2+2+2] cycloaddition reaction in aqueous media. 
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Air-stable complexes that can be recovered by column chromatography have also been reported 

as suitable recyclable catalysts for the [2+2+2] cycloaddition. Two examples featuring 

[CpCoL(fumarate)] complexes have been studied.159 In 2008 Gandon et al.159a reported the use 

of [CpCo(CO)(fumarate)] complexes in the intramolecular and intermolecular [2+2+2] 

cycloaddition of alkynes, and in the partial intramolecular version between diynes and nitriles 

to form pyridines (Scheme 6.9). The catalyst could be recovered by column chromatography 

with undiminished catalytic activity. 

In 2013 Hapke et al.159b used a similar catalytic system but changing the CO ligand for a phosphite 

(P(OR)3). This catalytic system proved to be effective in the intramolecular [2+2+2] cycloaddition 

of triynes and in the partial intamolecular version between diynes and nitriles to form pyridines 

(Scheme 6.9). The complex could be isolated quantitatively after at least three successive cycles 

by column chromatography without any observable decrease in the yield of the 

cyclotrimerisation product. 

 
Scheme 6.9. Air-stable [CpCoL(fumarate)] complexes for [2+2+2] cycloaddition reactions. 

Although homogeneous catalysts offer many advantages over heterogeneous catalysts, such as 

better activity and chemoselectivity, one of the most commonly employed strategies when 

facing the problem of the recovery and reuse of the catalyst is to immobilize it on an insoluble 

support.160 In the particular case of [2+2+2] cycloaddition reactions, there are few examples of 

this kind of supported catalyst in the literature. 

The first support used for metal-catalysed [2+2+2] cycloadditions was polystyrene.161 Ingrosso 

et al.161a reported polystyrene immobilized [CpRh(C2H4)2] complexes for the synthesis of pyridine 
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derivatives (Scheme 6.10). Although several problems were observed (low activity and 

chemoselectivity, as well as poor durability of the heterogeneous catalysts), these represent the 

first heterogeneous catalysts for the synthesis of pyridines. 

 
Scheme 6.10. Synthesis of a polystyrene immobilized [CpRh(C2H4)2] complex. 

Silica supported catalysts have also been used in [2+2+2] cycloaddition reactions as a strategy 

to recover the catalyst by simple filtration.162 Yu et al.162c described the preparation and 

characterization of homogeneous and heterogeneous Pd(II) complexes tethered to a 

polysiloxane skeleton. The solubility of the palladium complexes is controlled by the molecular 

weight and degree of cross-linking of the polysiloxane skeleton (Scheme 6.11). These complexes 

proved to be effective in the intermolecular [2+2+2] cycloaddition of monoalkynes, affording 

the cycloadducts in excellent yields. Moreover, the complexes could be recovered and recycled 

up to six times with no effect on the conversion. 

 
Scheme 6.11. Pd(II) complexes tethered to a polysiloxane skeleton for [2+2+2] cycloadditions. 

Blümel et al.162b described nickel catalysts with phosphine ligands bearing alkyl chains capped 

with alkoxysilyl or alcohol groups (Scheme 6.12). These ligands were immobilized on 

commercially available silica and used as catalysts in the cyclotrimerization of phenylacetylene. 

On studying the solvent effect on the immobilized catalysts, it was found to play an important 

role as the amount of detached ligand depended on the solvent used. Moreover, for complexes 

that did not contain triethoxysiloxane groups, the immobilization on silica was weak (C-O-Si 

bonding is much weaker than Si-O-Si bonds) and were readily cleaved in the presence of organic 

solvents or water. Besides these particular cases, all the immobilized catalysts presented similar 

activity. The immobilized catalyst was recovered by simple filtration and was reused up to twelve 
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times, although with a gradual decrease in the conversion. The selectivity of the immobilized 

catalysts was also affected in the recycling experiments: in a first run all catalysts presented high 

selectivity towards the 1,2,4-cycloadduct, but the ratio between the 1,2,4-cycloadduct and 

1,3,5-cycloadduct gradually diminished until plateauing at a 1:1 ratio. 

 
Scheme 6.12. Ni-complexes immobilised on silica. 

At about the same time that the results that will be presented in this chapter were carried out, 

Hapke’s group162a reported a cobalt-supported catalyst for [2+2+2] cycloadditions. They 

modified the previously described fumarate complex (Scheme 6.9) with a propyltrimethylsilyl 

group in order to obtain silica-supported catalysts. Two heterogeneous catalysts were 

synthesized by using the sol-gel method and one by using the grafting method (Scheme 6.13). 

Only the catalyst obtained from the grafting method was active in the partial intramolecular 

[2+2+2] cycloaddition between a diyne and a nitrile. A possible explanation could be that the 

catalysts obtained with the sol-gel methodology have smaller pore size, thus avoiding the 

penetration of the starting materials in the silica matrix. Although the grafted complex shows 

moderate activity in the first cycle, the yield drops in consecutive runs. 

 
Scheme 6.13. Silica-immobilized Co-catalyst for the [2+2+2] cycloaddition between diynes and nitriles. 

Finally, and as was explained in section 1.1.3.1, our group in collaboration with Caminade’s 

group reported the use of phosphoramidite-type dendrimers as suitable ligands for the 

rhodium-catalysed [2+2+2] cycloaddition reaction.47 The dendrimers used could be recovered 

by precipitation when hexanes were added to the reaction mixture at the end of the reaction. 
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By simple filtration the dendrimers were recovered and reused up to three cycles with no effect 

on the yield or enantiomeric excess of the reaction studied. 

Given the importance of the recovery of the catalyst and the few previous reports found in the 

particular case of the transition metal catalysed [2+2+2] cycloaddition reactions, and in the 

framework of a collaboration with Dr. Pleixats’ group of the Universitat Autònoma de Barcelona, 

we envisaged the heterogeneization of rhodium-based catalysts by the sol-gel and grafting 

methodologies, and their application in the [2+2+2] cycloaddition of alkynes. In previous works 

Pleixats’ group reported transition-metal catalysts immobilized on organic-inorganic hybrid 

silica materials through an NHC ligand. Using this methodology they have been able to 

immobilize ruthenium catalysts for methathesis reactions,131h palladium catalysts for Suzuki, 

Heck and Sonogashira reactions,131i and gold catalysts for the rearrangement of allylic esters and 

the cycloisomerization of γ-alkynoic acids.131b 

6.2 Results and discussion 

6.2.1. Preparation of the hybrid silica materials 

As a first step, we aimed to synthesize two different imidazolium-derived salts bearing 

trialkoxysilyl groups (Figure 6.10). 

 
Figure 6.10. Imidazolium salts 54 and 55 containing triethoxysilyl groups. 

Imidazolium salt 54 contains two trialkoxysilyl groups, attached through a propyl chain to the 

carbon backbone of a dihydro-imidazolium ring. On the other hand, imidazolium salt 55 consists 

of one trialkoxysilyl group attached, also through a propyl chain, to one of the nitrogen atoms 

of the imidazole ring. These salts will then be used as ligands for rhodium and to synthesize 

hybrid organic-inorganic silicas. 

6.2.1.1. Synthesis of the N-heterocyclic carbene (NHC) ligand precursors 

The synthesis for the bisilylated salt 54 is summarized in Scheme 6.14. The first step was the 

formation of the bisimine 56 from the condensation of glyoxal and 2,4,6-trimethylaniline.163 

Subsequent addition of two equivalents of allylmagnesium chloride afforded a mixture of 

diastereoisomers, from which the pure meso compound 57 could be isolated with a 54% yield 

by crystallization, as previously reported.164 Diamine 57 underwent cyclization using 

triethylorthoformate and ammonium chloride to give a 70% yield of the corresponding 

dihydroimidazolium salt 58. Finally, 54 was obtained by an hydrosilylation reaction of 58 with 

trichlorosilane in CH2Cl2 in the presence of Pt Karstedt catalyst and further treatment with 

anhydrous EtOH and NEt3. 



Chapter 6 

114 

 
Scheme 6.14. Synthetic pathway for imidazolium salt 54. 

The synthesis of monosilylated imidazolium salt 55 is summarized in Scheme 6.15. 1-

mesitylimidazole 59 was prepared by a Debus-Radziszewski synthesis using 2,4,6-

trimethylaniline, glyoxal, formaldehyde and ammonium acetate in aqueous acetic acid solution. 

The next step was carried out under the conditions described by Dastgir et al.,165 which consisted 

of the alkylation of the imidazole ring with 3-(chloropropyl)triethoxysilane in refluxing dioxane 

to obtain a 40% yield of the monosilylated imidazolium salt 55. 

 
Scheme 6.15. Synthetic pathway for imidazolium salt 55. 

6.2.1.2. Synthesis of Rh-carbene complexes 60 and 61 

The first attempt to synthesize the Rh-carbene complex with imidazolium salt 54 followed the 

method described by Dastgir et al.165 This method consisted of the treatment of the imidazolium 

salt with Ag2O to afford NHC-Ag(I) complex followed by transmetallation with [Rh(μ-Cl)(COD)]2 

dimer. However, in our case only decomposition to elemental silver and the recovery of 54 were 

observed. 

Recently, Esteruelas et al.166 have described an alternative method which used complex [Rh(μ-

OMe)(COD)]2 to form the corresponding Rh-carbene complex directly. The methoxide anion 
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deprotonates the imidazolium ring, releasing methanol from the metal centre. Subsequent 

coordination of the resulting NHC ligand and the chloride anion to the rhodium atom affords the 

desired Rh-carbene complex (Scheme 6.16). 

 
Scheme 6.16. Synthesis of Rh-NHC complex described by Esteruelas et al. 

As the imidazolium salts synthesized bear triethoxysilyl groups, and in order to avoid side-

reactions, we decided to use the analogous ethoxy-complex to that synthesized by Esteruelas. 

Given that [Rh(μ-OEt)(COD)]2 complex is not commercially available, we prepared it in our 

laboratory by a nucleophilic substitution of the chlorides of the [Rh(μ-Cl)(COD)]2 dimer for 

ethoxides (Scheme 6.17).167 

 
Scheme 6.17. Synthesis of [Rh(μ-OEt)(COD)]2 

When imidazolium salt 54 was mixed with [Rh(μ-OEt)(COD)]2 in anhydrous dichloromethane at 

room temperature for 15 hours, the desired complex 60 was obtained in a 60% yield (Scheme 

6.18). 

 
Scheme 6.18. Synthesis of NHC-rhodium complex 60. 

Applying the same procedure to imidazolium salt 55 a 91% yield of the monosilylated rhodium 

complex 61 was obtained in 4 hours (Scheme 6.19). 

 
Scheme 6.19. Synthesis of NHC-rhodium complex 61. 
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6.2.1.3. Spectroscopic characterization of Rh-NHC complexes 60 and 61  

Both complexes 60 and 61 were fully characterized by ESI-HRMS, 1H and 13C-NMR. ESI-HRMS 

spectra of complex 60 showed a peak at m/z = 925.4470, corresponding to [M-Cl]+. The same 

behaviour was observed for complex 61, which showed a peak at m/z = 601.233, which also 

corresponded to the same chloride loss. 

As a result of hindered rotation around the carbene carbon-rhodium bond, two different sets of 

signals in a 4:1 ratio are observed in the 1H and 13C-NMR spectra of complex 60. Six different 

signals corresponding to the methyl groups in the aromatic ring can be seen in the 1H-NMR 

spectrum: the major isomer presented three signals at 2.26, 2.30 and 2.63 ppm whereas the 

signals corresponding to the minor isomer appeared at 2.29, 2.36, and 2.52 ppm (Figure 6.11). 

 

 
Figure 6.11. 1H-NMR of complex 60. 

The 13C-NMR spectrum displays two sets of doublets: at 67.1 ppm (JRh-C = 14.5 Hz, major isomer) 

and 68.3 ppm (JRh-C = 14.0 Hz, minor isomer), corresponding to the methylene carbons of the 

COD ligand, and at 96.8 ppm (JRh-C = 6.9 Hz, major isomer) and 96.5 ppm (JRh-C = 7.0 Hz, minor 

isomer), corresponding to the olefinic carbons of the COD ligand. The carbene carbon atom of 

the NHC ligand coordinated to Rh appeared as a doublet at 213.2 ppm with a coupling constant 

of JRh-C = 48.0 Hz (Figure 6.12). High-temperature 1H-NMR experiments at up to 95°C were carried 

out in an unsuccessful attempt to observe the interconversion between the two isomers. The 

formation of two diastereoisomers has previously been described by Köhler et al.168  in the 

synthesis of a Rh complex derived from 4,5-diallyl-1,3-dimesityl-4,5-dihydroimidazolium 

chloride, which in our case is a precursor of the synthesis of 54. In this study, the authors also 

found that no dynamic process was observed by variable-temperature 1H-NMR experiments up 

to 70°C. 
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Figure 6.12. 13C-NMR of complex 60. 

In an attempt to identify the relative geometry of the two diastereoisomers, NOESY experiments 

were planned. Since Rh complex 60 containing triethoxysilyl groups is prone to be hydrolyzed 

under air conditions, the NMR study was performed with the already described Rh-carbene 

complex derived from the allylic precursor of imidazolium salt 54 (named 60-allyl), which 

analogously gives a double set of signals with a 4:1 isomers ratio. The square planar rhodium 

complexes feature the carbene ligand in a perpendicular orientation to the square-plane of the 

complex and cis to the chlorine atom. Both diastereoisomers have a plane of symmetry 

corresponding to the square-plane of the complex. The NOESY data reveal that the two allyl 

chains of the major isomer point to the Cl atom while in the minor isomer they point to the COD 

ligand (Figure 6.13). 

 
Figure 6.13. Representation of the two isomers of 60-allyl showing the major NOESY correlations 

observed. 
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Whereas in the major isomer both the olefin COD proton and the H of the NHC core give a cross-

peak with the same ortho methyl of the mesityl, in the minor isomer both protons correlate to 

a different ortho methyl of the mesityl which is perpendicular to the dihydroimidazole ring. 

These results can be extrapolated to allow us to conclude that the same type of structures would 

be found in complex 60. 

In the 1H-NMR spectra of complex 61 (Figure 6.14), three different methyl and two aromatic 

signals corresponding to the mesityl ring were observed. The methylene group attached to the 

second nitrogen atom of the NHC ligand appeared overlapped with COD ligand signals at around 

2 ppm. Overlapping was also found at 1.5 ppm between the signals of the central CH2 unit of the 

silylated chain and protons of the cyclooctadiene ligand. The CH2 group next to the Si atom 

appeared at 0.77 ppm as a triplet.  

 

 
Figure 6.14. 1H-NMR spectrum of complex 61. 

In the 13C-NMR spectrum (Figure 6.15), two doublets at 96.7 and 96.9 ppm corresponded to the 

olefinic carbons of the COD ligand (Rh-C coupling constants of 7.3 Hz and 7.1 Hz, respectively).  
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Figure 6.15. 13C-NMR spectrum of complex 61. 

6.2.1.4. Preparation of organic-inorganic hybrid silica materials 

Once the NHC-Rh complexes 60 and 61 were obtained and fully characterized, the organic-

inorganic hybrid silica materials were prepared. 

Two different materials were prepared from complex 60 by cogelification with 

tetraethoxysilane: one with a molar ratio of 60 and TEOS 1:14 (M1) and another with a molar 

ratio of 1:30 (M2) (Scheme 6.20).  

 
Scheme 6.20. Preparation of hybrid silica materials M1 and M2. 

The reactions were performed under nitrogen atmosphere in anhydrous DMF at room 

temperature under nucleophilic conditions using a stoichiometric amount of water (with respect 
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to the ethoxy groups) and tetrabutylammonium fluoride as the catalyst (1 mol% with respect to 

Si). Both solutions gelified after one hour and were aged for six days at room temperature under 

nitrogen atmosphere (Figure 6.16). They were then filtered and washed successively with 

ethanol, acetone and anhydrous diethyl ether. The resulting powders were dried overnight 

under vacuum at 40°C to afford both materials as an orange powder. 

 
Figure 6.16. Gel formed with complex 60 and TEOS (molar ratio 1:30). 

With complex 61 two different materials were also prepared, this time using different methods: 

one by cogelification with tetraethoxysilane at molar ratio 1:30 (M3) and the other by grafting 

with SBA-15 (M4) (Scheme 6.21). The procedure to obtain M3 was the same as that described 

for complex 60. M4 was prepared using the grafting method: complex 61 and SBA-15 were 

heated in anhydrous toluene at reflux for 24 hours under nitrogen atmosphere. The suspension 

was treated with the same procedure as M1 and M2. 

 
Scheme 6.21. Preparation of hybrid silica materials M3 and M4. 

6.2.1.5. Characterization of hybrid silica materials 

The materials were characterized by solid state 29Si NMR and 13C-NMR (only for M1), N2-sorption 

measurements (BET method), thermogravimetric analysis (TGA) and elemental analysis, and the 

amount of rhodium was determined by inductively coupled plasma (ICP). Analytical data is 

summarized in Table 6.1 and textural data in Table 6.2.  
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Table 6.1. Analytical data of materials M1-M4. 

 29Si CP MAS NMR TGA[a]% % Rh mmol Rh/g 

 T2 T3 Q2 Q3 Q4    

M1 -56.3 -66.2 -93.4 -101.9 -111.4 77.06 4.47 0.435 

M2 -55.7 -65.6 -92.5 -101.7 -110.2 80.66 2.93 0.285 

M3 -- -65.1 -91.6 -101.8 -111.3 75.98 3.15 0.306 

M4 -- -- -- -- -- 84.30 1.03 0.100 

[a] Residual mass measured in the TGA analysis. 

The covalent incorporation of the organosilane in the hybrid materials was ascertained by 29Si 

CP MAS solid-state NMR. The 29Si spectra of M1-M3 showed two sets of chemical shifts: T units 

at around -55 to -67 ppm, resulting from the hydrolysis-condensation of monomers 60 and 61, 

and Q units ranging from -90 to -112 ppm, corresponding to the condensed TEOS, as exemplified 

by the 29Si solid-state NMR of M1 (Figure 6.17). 

 
Figure 6.17. 29Si-NMR in solid state of M1. 

Only the solid-state 13C-NMR of M1 was performed, as for the other materials, M2-M4, the high 

dilution of the organic moiety in the inorganic matrix precluded the observation of signals in 13C 

solid-state NMR. Significant absorptions appeared at 13.3 ppm (CH2-Si), which confirmed the 

covalently bonded ligand to silica, and at 213.3 ppm, attributable to the carbenic carbon of the 

NHC ligand coordinated to the rhodium (C-Rh) (Figure 6.18). 
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T3 

Q2 

Q3 
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Figure 6.18. 13C-NMR in solid state of M1. 

The TGA curves of all materials showed a weight decrease of less than 5% below 200 ºC, which 

was attributed to the loss of the physisorbed water and the remaining uncondensed ethoxy 

groups. A more significant weight loss was then found in the 250-500 ºC range, assigned to the 

decomposition of the organometallic constituent (Figure 6.19). 

 
Figure 6.19. TGA curve of M1. 

The rhodium content of the materials was determined by ICP-MS after digesting the materials 

in a mixture of aqua regia and fluorhydric acid under microwave irradiation. The values found 

were consistent with those that were expected: 4.47% for M1, 2.93% for M2, 3.15% for M3 and 

1.03% for M4. In the case of M2, the fact that it is a more diluted material than M1 explains why 

less rhodium was detected. With the grafting method, a smaller amount of complex is linked to 

the silica compared to the cogelification process, therefore M4 presented lower rhodium 

content than the other materials (Table 6.1). We obtained a molar ratio Rh/N of 0.4 for material 

M4 from the analytical data, which was close to the expected 0.5 value. Lower experimental 

molar ratios for the other materials M1-M3 were found, indicating that partial decomplexation 

had occurred in the formation of materials by the sol-gel process. 
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Table 6.2. Textural data of materials M1-M4. 

 SBET
 (m2g-1) Øpore [Å] Vpore 

[a] (cm3g-1) 

M1 453 [b] 0.230 (0.209) 

M2 493 20-30[c] 0.280 (0.088) 

M3 325 [d] 0.232 (0.071) 

M4 512 58.8 0.774 (0.044) 

[a] Total pore volume at p/p0 0.99 (p/p0 0.8 for M3). The contribution of micropores to the Vpore 

is given in brackets. [b] Micropores, type I isotherm. [c] Type IV isotherm. [d] Type II isotherm. 

N2-sorption measurements revealed a significant porosity for all the materials and high surface 

areas, ranging from 325 to 512 m2 g-1, were obtained. The functionalized mesostructured silica 

M4 prepared by grafting exhibited the highest surface area, with a rather sharp pore size 

distribution centred at around 59 Å (Figure 6.20) and a type IV isotherm typical for mesoporous 

materials (Figure 6.21). 

 
Figure 6.20. Pore size distribution of M4. 

 
Figure 6.21. N2 adsorption-desorption isotherm of M4. 
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A powder X-ray diffractogram of M4 confirmed that the original 2D hexagonal mesostructure of 

the parent silica had not been affected by the grafting. However, the BET surface area decreased 

significantly from 732 m2 g-1 for parent SBA-15-type silica to 512 m2 g-1 for M4, in a clear 

indication that precursor 60 had successfully been grafted to the parent silica and filled the 

pores. 

For the materials derived from sol-gel methodologies, their N2 adsorption-desorption isotherm 

and the pore size distribution plot are explained below. 

M1 was found to be a microporous solid (type I isotherm, Figure 6.22) and the pore diameter 

distribution is centred around 24 Å (Figure 6.23). 

 
Figure 6.22. N2 adsorption-desorption isotherm of M1. 

 
Figure 6.23. Pore size distribution of M1. 

M2 exhibited a type IV isotherm (Figure 6.24) with a pore size distribution centred around 20-
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Figure 6.24. N2 adsorption-desorption isotherm of M2. 

 
Figure 6.25. Pore size distribution of M2. 

M3 presented a type II isotherm according to the IUPAC rules (Figure 6.26).154  

 
Figure 6.26. N2 adsorption-desorption isotherm of M3. 
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In the case of M3 the large amount of nitrogen adsorbed at p/pº > 0.8 arises from nitrogen that 

condenses in the voids between particles. The pore size distribution of the material is highly 

irregular (Figure 6.27). 

 
Figure 6.27. Pore size distribution of M3. 
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were low in the second cycle (entries 5, 7, Table 6.3). We therefore decided to continue 

performing the cycloaddition reactions using EtOH as the solvent. 

Table 6.3. Catalytic performance of hybrid silica materials in the [2+2+2] cycloaddition of triyne 62. 

 
Entry Material Cycle Solvent T (°C) t (h.) Yield of 63 (%)[a] 

1 M2 1 toluene r.t. 3 - 

2 M2 1 DCE r.t. 3 - 

3 M2 1 ethanol r.t. 3 - 

4 M2 1 toluene 80 5 61 

5 M2 2 toluene 80 30 16[b] 

6 M2 1 DCE 80 3 69 

7 M2 2 DCE 80 30 10[b] 

8 M2 1 ethanol 80 3 98 

9 M2 2 ethanol 80 22 84 

10 M2 3 ethanol 80 28 92 

11 M2 4 ethanol 80 33 95 

12 M1 1 ethanol 80 4 77 

13 M3 1 ethanol 80 3 85 

14 M4 1 ethanol 80 2.5 85 

15 M4 2 ethanol 80 16 85 

16 M4 3 ethanol 80 19 92 

17 M4 4 ethanol 80 23.5 93 

18 M4 5 ethanol 80 24.5 89 

19 M4 6 ethanol 80 48 95 

[a] Isolated yield. [b] Calculated by 1H-NMR. 
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When the other materials were tested, it was observed that M1 gave the lowest yield (entry 12, 

Table 6.3) whereas M3 and M4 showed similar activity (entries 13-14, Table 6.3). 

The recyclability of the best materials (M2 and M4) was then assessed. M2 was reused 

successfully for four cycles and M4 for 6 cycles. In both cases, the reaction time was longer for 

each cycle but the yield was not affected (entries 8-11, 14-19, Table 6.3). 

The amount of rhodium leaching was determined for the four materials by ICP-OES analysis. 

After complete conversion of 62 to 63, the reaction mixture was filtered and the rhodium 

content in the concentrated final product was 5200 ppm for M1, 7950 ppm for M2, 6580 ppm 

for M3 and 9140 ppm for M4, which corresponds to metal losses of 5.7% for M1, 12.2% for M2, 

8.4% for M3 and 12.15% for M4 with respect to the initial amount of rhodium added as the 

catalyst. 

These high values of rhodium in the product are consistent with the results obtained when hot-

filtration tests were performed, as they demonstrated that the catalytic activity partially follows 

a homogeneous pathway for both cogelificated and grafted materials. A mixture consisting of 

M2 and tryine 62 was filtered after 20 minutes of reaction (83% GC conversion). After a further 

two hours of reaction time, the conversion increased to 96%. The same procedure was followed 

with M4 and 62: after 30 minutes of reaction (52% GC conversion) the mixture was filtered and 

after a further two hours of reaction, the conversion increased to 65%. 

Table 6.4. Catalytic performance of hybrid silica materials in the [2+2+2] cycloaddition of triyne 64. 

 
Entry Material Cycle t (h.) Yield of 65 (%)[a] 

1 M1 1 7 - 

2 M2 1 5 92 

3 M2 2 67 42[b] 

4 M3 1 7 - 

5 M4 1 4 99 

6 M4 2 16 96 

7 M4 3 23 98 

8 M4 4 25 98 

             [a]Isolated yield. [b]Calculated by 1H-NMR. 
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Our next step was to explore the scope of the reaction. The cycloaddition of the N-tosyl-tethered 

triyne 64 was tested with the four materials under the optimized reaction conditions (EtOH, 

80ºC). The results are shown in Table 6.4. 

M1 and M3 did not show any activity in the cycloaddition of tryine 64 after seven hours of 

reaction (entries 1 and 4, Table 6.4). M2 showed good activity in the first cycle, but in the second 

the reaction had still not finished after 67 hours of reaction (only 42% yield of the final product 

was obtained) (entries 2 and 3, Table 6.4). On the other hand, M4 showed the best activity, the 

catalyst could be reused for four cycles without any reduction in the yields although reaction 

times became successively longer (entries 5-8, Table 6.4). 

Substrate 66, which contains two different tethers, was then tested with M4 as it had shown the 

best activity so far (Table 6.5). Almost quantitative yields of 67 were obtained in five successive 

cycles (entries 1-5, Table 6.5), although reaction times substantially increased after the first run. 

Table 6.5. Catalytic performance of hybrid silica materials in the [2+2+2] cycloaddition of triyne 66. 

 
Entry Cycle t (h.) Yield of 67 (%)[a] 

1 1 3 99 

2 2 19 96 

3 3 24 97 

4 4 31 99 

5 5 42 98 
[a] Isolated yield 

Table 6.6. Catalytic performance of hybrid silica material M4 under microwave irradiation. 

 
Entry Cycle t (min.) Yield of 63 (%)[a] 

1 1 15 77 

2 2 45 84 

3 3 80 88 

4 4 120 80 
[a] Isolated yield. 
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In order to shorten the reaction times, especially after the first cycle, we decided to carry out 

the cycloaddition under microwave irradiation, which has found an increasing number of 

applications in organic synthesis and catalysis as an alternative to conventional heating in recent 

years.169 We used this heating system in the cycloaddition of triyne 62 to afford tricyclic 

derivative 63 using catalyst M4 in EtOH at 80°C (Table 6.6). As shown in Table 6.6 microwave 

heating efficiently promotes the cycloaddition reaction of triyne 62 giving excellent yields of 63 

in significantly shorter reaction times compared with conventional heating. As an example, 

when comparing entry 17 of Table 6.3 with entry 4 of Table 6.6, we observe that the reaction 

time is reduced from 1 day to just 120 minutes in the fourth cycle. 

Finally, we wanted to test the catalytic activity of material M4 in the partial intramolecular 

version of the [2+2+2] cycloaddition reaction between several diynes 68 and monoalkynes 69. 

We used the same optimized reaction conditions as for the cycloaddition of triynes. Both 

terminal (entries 1-4, Table 6.7) and non-terminal (entries 5-6, Table 6.7) diynes with different 

tethers were active in this process. However, with non-terminal diynes it was necessary to heat 

the reaction at 110ºC using n-BuOH as the solvent as they are less reactive than terminal diynes. 

Both monosubstituted and disubstituted alkynes 69 also gave good yields of the cycloadducts. 

In addition, the reusability of M4 was assessed in the reaction of entry 1, giving an 85% yield of 

cycloadduct 70aa in 4.5 hours. 

Table 6.7. Catalytic performance of hybrid silica material M4 in the [2+2+2] cycloaddition between 

diynes 68 and monoalkynes 69. 

 
Entry 68 (X, R1) 69 (R2, R3) Reaction time (h) Yield of 70 (%)[a] 

1 68a (O, H) 69a (CH2OH, H) 2 70aa (100) 

 68a (O, H) 69a (CH2OH, H) 4.5 70aa (85)[b] 

2 68a (O, H) 69b (Ph, H) 1 70ab (50) 

3 68b (NTs, H) 69a (CH2OH, H) 3 70ba (100) 

4 68b (NTs, H) 69b (Ph, H) 5 70bb (72) 

5[c] 1i (O, CH3) 69a (CH2OH, H) 2.5 70ia (100) 

6[c] 1i (O, CH3) 69c (CH2OH, CH2OH) 5 70ic (71)[d] 

[a] Isolated yield. [b] Second batch. [c] Reaction run in n-BuOH at 110ºC. [d] Yield calculated by 1H-

NMR spectroscopy. 

As a summary, rhodium(I) complexes bearing an N-heterocyclic carbene ligand functionalized 

with either two silylated groups at the saturated carbon backbone (complex 60) or one silylated 
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group at the nitrogen (complex 61) were synthesized by reacting the corresponding imidazolium 

salts with [Rh(μ-OEt)(COD)]2. Hybrid silica materials were obtained by cogelification of 

complexes 60 and 61 with different amounts of tetraethoxysilane, effectively affording hybrid 

silica materials M1-M3. Monosilylated rhodium complex 61 was also grafted on to the 

mesostructured silica SBA-15 giving material M4. The materials obtained were fully 

characterized with the standard solid state techniques, making it possible to check that the 

structure of the catalytic site was maintained in the solid. Furthermore, the rhodium content of 

the materials was determined by inductively coupled plasma. Their catalytic activity was 

evaluated in the [2+2+2] cycloaddition reaction of triyne substrates, which afforded tricyclic 

polysubstituted benzene derivatives. After screening the reaction conditions, ethanol at 80°C 

was found to be optimal for the catalytic system giving excellent yields of cycloadducts. It is 

possible to separate the catalytic system from the reaction mixture by simple filtration affording 

an analytically pure product. The catalyst can be reused up to six times without loss of yield of 

the cycloadducts. The catalytic activity of material M4 was also tested in the cycloaddition 

reaction between diynes and monoalkynes resulting in good yields of the corresponding 

cycloadducts. These compounds were obtained with a high level of purity after filtration of the 

catalyst and evaporation of the solvent. 
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In this thesis, challenging substrates have been involved in the transition-metal catalysed 

[2+2+2] cycloaddition reaction and new catalysts for this reaction have been prepared. We can 

draw the following conclusions from these studies: 

1)  The [2+2+2]cycloaddition reaction of diynes with Morita-Baylis-Hillman adducts afforded 

enantiopure and highly functionalized 1,3-cyclohexadiene scaffolds containing quaternary 

and tertiary carbons. In Chapter 3 we reported that the reaction proceeded using a 

combination of a cationic rhodium catalyst with BINAP. Moreover, the reaction proceeded 

through a kinetic resolution of the MBH adduct and the process could be used to generate 

optically pure MBH adducts. The cycloadducts obtained were suitable for Diels-Alder 

reactions to provide densely functionalized polycyclic scaffolds. 

2) The Wilkinson-catalysed [2+2+2] cycloaddition reaction of allene-yne/ene-allene substrates 

bearing chiral centres at the α-position of the allene functionality proceeds through a chiral 

induction process. In Chapter 4 we used the chiral induction method to access optically pure 

cycloadducts. The process was highly dependent on the tether as when oxygen-tethered 

substrates were used a mixture of diastereoisomers was obtained. 

3) The  Co-catalysed [2+2+2] cycloaddition reaction can be used to form the core of dendrimers 

when non-symmetric dendrimers are sought. However, in Chapter 5 we demonstrated that 

the Co-catalysed [2+2+2] cycloaddition reaction was not effective in the presence of 

poly(ethylene glycol) chains, as the catalyst decomposes. At first, the synthesis of a surface-

block dendrimer containing a poly(ethylene glycol) on one side and a phosphoramidite 

moiety on the other was attempted. Due to the incompatibility with the catalyst and the lack 

of orthogonality of our synthetic strategy we decided to substitute the phosphoramidite 

moiety with PTA to introduce orthogonality in our synthesis. With this change, the Co-

catalysed [2+2+2] cycloaddition reaction was performed at an early stage of the synthesis 

and PTA was introduced. 

4) Hybrid silica materials in which Rh(I)-NHC complexes were immobilized were active in the 

[2+2+2] cycloaddition of alkynes. In Chapter 6 the materials were prepared by either the sol-

gel or grafting methodologies and were characterized by the usual techniques. The materials 

were recovered by simple filtration and were reused in further reactions, although the 

reaction time increased in each cycle.   
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8.1 General materials and instrumentation 

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, hexane and THF were degassed 

and dried under nitrogen atmosphere through solvent purification columns (MBraun, SPS-800). 

Anhydrous toluene was purchased from Sigma-Aldrich. DMF was distilled under reduced 

pressure using 4Å molecular sieves as a drying agent. Solvents were removed under reduced 

pressure with a rotatory evaporator. 

Spectroscopy 

NMR spectroscopy: 1H, 13C and 31P NMR spectra were measured on a Bruker Avance III 400 [1H 

(400 MHz), 13C (100 MHz) and 31P (162 MHz)],  Bruker DPX300 [1H (300 MHz), 13C (75 MHz) and 
31P (121.5 MHz)] NMR spectrometers of the Serveis Tècnics de Recerca of the Universitat de 

Girona or on the spectrometers of the Laboratoire de Chimie de Coordination. Chemical shifts 

(δ) for 1H and 13C were referenced to internal solvent resonances and reported relative to SiMe4. 
29Si and 13C CP-MAS solid state NMR spectra were performed at 79.5 MHz (29Si) and 100.6 MHz 

(13C) in a wide-bore AMX400 apparatus of the Universitat Autònoma de Barcelona.  

IR spectroscopy: IR spectra were measured on a FT-IR spectrophotometer Mattson-Galaxy 

Satellite, using a MKII Golden Gate Single Reflection ATR System of the Chemistry Department 

of the Universitat de Girona. 

Powder X-ray diffraction was performed using a Bruker AXS D8 Advance instrument with a 

copper X-ray tube and {NaI(Tl)} detector. 

Spectrometry 

Mass spectrometry: Electrospray Ionization Mass Spectrometry spectra were registered in an 

Esquire 6000 Trap LC/MS (Bruker Daltonics) with an electrospray ionization source of the Serveis 

Tècnics de Recerca of the Universitat de Girona. 

High Resolution Mass Spectrometry (ESI-HRMS) were registered in a Bruker Micro TOF-Q 

spectrometer with a quadrupole-Time-Of-Flight hybrid analyzer of the Serveis Tècnics de 

Recerca of the Universitat de Girona. 

Chromatography 

Thin Layer Chromatography (TLC) was performed with pre-coated (0.20 mm width) 

chromatography plates Alugram Sil G/UV254. 

Column chromatography was performed using Panreac silica gel with a particle size of 40-63 µm. 

High Performance Liquid Chromatography (HPLC) was performed using a CHIRALPAK AD-H, IA 

or IC column (4.6 x 250 mm, 5 µm) on an Agilent Technologies 1260 Infinity instrument, with a 

VWD detector. 

Elemental analysis 
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Elemental analysis  were registered on a PerkinElmer type 2400 analyzer in the Serveis Tècnics 

of the Universitat de Girona. 

Inductively Coupled Plasma analysis was performed using a quadrupole-based ICP-MS system 

(Agilent 7500c, Agilent Technologies) equipped with an octupole collision reaction cell. 

Thermogravimetric analysis was performed using a SDTA851e Mettler Toledo instrument under 

synthetic air, with a heating rate of 10°C/min from 30 to 700°C. 

Melting points were measured in a SMP10 apparatus from Stuart without any correction. 

Microwave-assisted reactions were performed with a single mode Discover S-Class labstation 

microwave (CEM) (0-300 W). Time, temperature, and power were controlled with Synergy 

software. All experiments were performed on temperature control mode, which was monitored 

through an infrared sensor in the floor of the cavity. 

Optical rotation measurements were obtained on a Jasco P-2000 polarimeter of the Universitat 

de Barcelona. 

Surface areas were determined by the Brunauer-Emmett-Teller (BET) method from N2 

adsorption-desorption isotherms obtained with a Micrometrics ASAP2000 analyzer after 

degassing samples for 30 hours at 55°C under vacuum. 

8.2. Experimental procedure for the products synthesised in Chapter 3 

8.2.1. Synthesis of Morita-Baylis-Hillman substrates 

 
General procedure for 2 and 3: In a 50 mL round bottom flask, a mixture of benzaldehyde (1.01 

mL, 9.90 mmol), methyl acrylate (1.35 mL, 15.0 mmol) and DABCO (1.12 g, 9.98 mmol) in 

polyethylene glycol (PEG) with an average molecular weight of 200 g/mol (10 mL) was stirred at 

room temperature for 29 hours until completion (TLC monitoring). Water (10 mL) was then 

added to the reaction mixture and the product was extracted with ethyl ether (4×10 mL). The 

combined organic layer was dried over anhydrous Na2SO4 and concentrated in vacuum 

conditions. The residue was purified by column chromatography on silica gel using a mixture of 

hexanes/ethyl acetate (8:2) as the eluent to afford methyl 2-hydroxyl(phenyl)methyl)acrylate 2a 

(1.4 g, 74% yield) as a colourless oil. Molecular formula: C11H12O3; MW: 192.21 g/mol; m.p.: 39°C 

(lit.170: viscous oil); 1H-NMR (300 MHz, CDCl3)  (ppm) 3.16 (d, 3JH,H = 5.5 Hz, 1H, OH), 3.70 (s, 3H, 

COOCH3), 5.54 (d, 3JH,H = 5.5 Hz, 1H, CHOH), 5.83 (m, 1H, CHCH=C), 6.32 (m, 1H, CHCH=C), 7.24-

7.39 (m, 5H, CH-Ar); ESI-MS (m/z): 175.0 [M-H2O+H]+, 215 [M+Na]+. 

Methyl 2-(hydroxy(4-methoxyphenyl)methyl)acrylate (72% yield), 

colourless solid. Molecular formula: C12H14O4; MW: 222.24 g/mol; m.p.: 60°C (lit.170: 54-56°C); 
1H-NMR (300 MHz, CDCl3)  (ppm) 2.90 (d, 3JH,H = 4.5 Hz, 1H, OH), 3.71 (s, 3H, COOCH3), 3.79 (s, 

3H, OCH3), 5.52 (bs, 1H, CHOH), 5.84 (m, 1H, CHCH=C), 6.32 (m, 1H, CHCH=C), 6.86 (d, 3JH,H = 8.7 
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Hz, 2H, CH-Ar), 7.28 (d, 3JH H = 8.7 Hz, 2H, CH-Ar); ESI-MS (m/z): 205.0 [M-H2O+H]+, 245.0 

[M+Na]+. 

Methyl 2-(hydroxy(4-chlorophenyl)methyl)acrylate (63% yield), 

colourless solid. Molecular formular: C11H11O3Cl; MW: 226.66 g/mol; m.p.: 46°C (lit.170: 42°C); 
1H-NMR (400 MHz, CDCl3)  (ppm) 3.16 (d, 3JH,H = 5.4 Hz, 1H, OH), 3.71 (s, 3H, COOCH3), 5.51 (d, 
3JH H = 5.4 Hz, 1H, CHOH), 5.82 (m, 1H, CHCH=C), 6.33 (m, 1H, CHCH=C), 7.30 (s, 4H, CH-Ar); ESI-

MS (m/z): 209.0 [M-H2O+H]+, 249.0 [M+Na]+. 

 Methyl 2-(hydroxy(4-nitrophenyl)methyl)acrylate (51% yield), yellow 

solid. Molecular formula: C11H11NO5; MW: 237.21 g/mol; m.p.: 72°C (lit.170: 74°C); 1H-NMR (400 

MHz, CDCl3)  (ppm) 3.42 (d, 3JH,H = 6.0 Hz Hz, 1H, OH), 3.72 (s, 3H, COOCH3), 5.62 (d, 3JH H = 6.0 

Hz, 1H, CHOH), 5.87 (m, 1H, CHCH=C), 6.38 (m, 1H, CHCH=C), 7.55 (m, 2H, CH-Ar), 8.17 (m, 2H, 

CH-Ar). 

 Methyl 2-(hydroxy(2-naphthyl)methyl)acrylate (24% yield), colourless 

solid. Molecular formula: C15H14O3; MW: 242.27 g/mol; m.p.: 100°C (lit.171: 97.0-97.3°C); 1H-

NMR (400 MHz, CDCl3)  (ppm): 3.15 (d, 3JH,H = 5.2 Hz, 1H, OH), 3.72 (s, 3H, COOCH3), 5.74 (d, 
3JH,H = 5.2 Hz, 1H, CHOH), 5.87 (m, 1H, CHCH=C), 6.38 (m, 1H, CHCH=C), 7.45-7.49 (m, 3H, CH-Ar), 

7.81-7.87 (m, 4H, CH-Ar); ESI-MS (m/z): 225.0 [M-H2O+H]+, 265.0 [M+Na]+. 

2-(hydroxy(phenyl)methyl)acrylic acid172 (63% yield), colourless solid. Molecular 

formula: C10H10O3; MW: 178.18 g/mol; 1H-NMR (400 MHz, DMSO-d6)  (ppm) 3.35 (bs, 1H, OH), 

5.41 (s, 1H, CHOH), 5.93 (s, 1H, CHCH=C), 6.15 (s, 1H, CHCH=C), 7.21-7.30 (m, 5H, CH-Ar), 12.43 

(bs, 1H, COOH). 

2-(hydroxy(phenyl)methyl)-N-methylacrylamide (81% yield), colourless oil. 

Molecular formula: C11H13NO2; MW: 191.23 g/mol; 1H-NMR (300 MHz, CDCl3)  (ppm) 2.77 (d, 
3JH,H = 4.8 Hz Hz, 3H, NHCH3), 4.15 (bs, 1H), 5.40 (s, 1H), 5.52 (s, 1H), 5.83 (s, 1H), 6.42 (bs, 1H), 

7.26-7.36 (m, 5H, CH-Ar). 
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Methyl 2-(hydroxy(2-thienyl)methyl)acrylate (60% yield), yellow oil (lit.170: 

yellow viscous oil). Molecular formula: C9H10O3S; MW: 198.24 g/mol; 1H-NMR (400 MHz, CDCl3) 

 (ppm) 3.40 (dd, 3JH,H = 6.7 Hz, 5JH,H = 2.6 Hz, 1H, OH), 3.75 (s, 3H, COOCH3), 5.76 (d, 3JH,H = 6.7 

Hz, 1H, CHOH), 5.94 (m, 1H, CHCH=C), 6.35 (m, 1H, CHCH=C), 6.93-6.96 (m, 2H, CH-Ar), 7.25 (m, 

1H, CH-Ar); ESI-MS (m/z): 181.0 [M-H2O+H]+, 221.0 [M+Na]+. 

 Methyl 2-(hydroxy(2-furyl)methyl)acrylate (41% yield), yellow oil (lit.170: 

viscous oil). Molecular formula: C9H10O4; MW: 182.17 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 

3.22 (d, 3JH,H = 6.6 Hz, 1H, OH), 3.74 (s, 3H, COOCH3), 5.57 (d, 3JH,H = 6.6 Hz, 1H, CHOH), 5.93 (m, 

1H, CHCH=C), 6.24 (m, 1H, CH-Ar), 6.32 (m, 1H, CH-Ar), 6.37 (m, 1H, CHCH=C), 7.35 (m, 1H, CH-

Ar); ESI-MS (m/z): 165.0 [M-H2O+H]+, 205 [M+Na]+. 

 Methyl 2-(hydroxy(2-benzothienyl)methyl)acrylate (17% yield), 

colourless solid. Molecular formula: C13H12O3S; MW: 248.30 g/mol; m.p.: 95°C; 1H-NMR (300 

MHz, CDCl3)  (ppm) 3.66 (d, 3JH,H = 7.0 Hz, 1H, OH), 3.82 (s, 3H, COOCH3), 5.88 (d, 3JH,H = 7.0 Hz, 

1H, CHOH), 6.07 (m, 1H, CHCH=C), 6.40 (s, 1H, CHCH=C), 7.18 (s, 1H, CH-Ar), 7.25-7.35 (m, 2H, 

CH-Ar), 7.69 (m, 1H, CH-Ar), 7.78 (m, 1H, CH-Ar); 13C-NMR (75 MHz, CDCl3)  (ppm) 52.3, 70.6, 

121.3, 122.5, 123.6, 124.3, 127.0, 139.6, 139.8, 140.6 (2C), 146.5, 166.5; ESI-MS (m/z): 231.0 

[M-H2O+H]+, 271.0 [M+Na]+; IR (ATR) (cm-1) 3292, 2954, 1717; EA calculated for C13H12O3S: C, 

62.89, H, 4.87, found: C, 63.14; H, 4.91. 

 Methyl 2-(hydroxy(2-benzofuryl)methyl)acrylate (15% yield), brown oil 

(lit.173: light yellow oil). Molecular formula: C13H12O4; MW: 232.24 g/mol; 1H-NMR (300 MHz, 

CDCl3)  (ppm) 3.37 (d, 3JH,H = 6.1 Hz, 1H, OH), 3.77 (s, 3H, COOCH3), 5.71 (d, 3JH,H = 6.1 Hz, 1H, 

CHOH), 6.02 (m, 1H, CHCH=C), 6.45 (m, 1H, CHCH=C), 6.67 (m, 1H, CH-Ar), 7.18-7.30 (m, 2H, CH-

Ar), 7.45 (m, 1H, CH-Ar), 7.54 (m, 1H, CH-Ar); ESI-MS (m/z): 215.0 [M-H2O+H]+, 255.0 [M+Na]+. 

 Methyl 2-(hydroxy(3-pyridyl)methyl)acrylate170 (88% yield), colourless 

solid. Molecular formula: C10H11NO3; MW: 193.20 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm): 

3.72 (s, 4H, CO2CH3 + OH), 5.60 (s, 1H, CHOH), 5.91 (m, 1H, CHHC), 6.38 (m, 1H, CHHC), 7.26 (dd, 
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3JH,H = 8.0 Hz, 4JH,H = 4.8 Hz, 1H, CH-pyr), 7.72 (m, 1H, CH-pyr), 8.48 (dd, 3JH,H = 4.8 Hz, 3JH,H = 1.6 

Hz, 1H, CH-pyr), 8.56 (d, 3JH,H = 2.20 Hz, 1H, CH-pyr). 

8.2.2. Synthesis of diyne substrates 

8.2.2.1. Synthesis of sulfonamide diynes 

 

General procedure for 1: In a 250 mL round bottom flask, a mixture of (4-

methylphenyl)sulfonamide (1.20 g, 7.00 mmol) and K2CO3 (4.97 g, 35.96 mmol) in acetonitrile 

(60 mL) was heated at reflux. 1-Bromo-2-butyne (1.22 mL, 13.93 mmol) was then added slowly 

and the reaction mixture was stirred at reflux for 4 hours until completion (TLC monitoring). The 

salts were filtered off and the solvent was evaporated. The residue was purified by column 

chromatography on silica gel using a mixture of hexanes/dichloromethane (1:5) as the eluent to 

afford N,N-bis(2-butynyl)-(4-methylphenyl)sulfonamide 1a174 (1.79 g, 93% yield) as a yellow 

solid. Molecular formula: C15H17NO2S; MW: 275.37 g/mol; m.p.: 83-84°C; 1H-NMR (300 MHz, 

CDCl3) δ (ppm) 1.64 (t, 5JH,H = 2.4 Hz, 6H, CH3C≡C), 2.42 (s, 3H, CH3-Ts), 4.07 (q, 5JH,H = 2.4 Hz, 4H, 

CH2N), 7.29 (d, 3JH,H = 8.1 Hz, 2H, CH-Ts(CH3)), 7.71 (d, 3JH,H = 8.1 Hz, 2H, CH-Ts(SO2)); ESI-MS 

(m/z): 276.1 [M+H]+, 298.1 [M+Na]+. 

 N,N-bis(2-butynyl)-(4-nitrophenyl)sulfonamide (79% yield), yellow 

solid. Molecular formula: C14H14N2O4S; MW: 306.34 g/mol; m.p.: 99-100°C (lit.175: 109-110°C); 
1H-NMR (400 MHz, CDCl3)  (ppm) 1.64 (t, 5JH,H = 2.4 Hz, 6H), 4.12 (q, 5JH H = 2.4 Hz, 4H), 8.02 (d, 
3JH,H = 9.2 Hz, 2H), 8.33 (d, 3JH,H = 9.2 Hz, 2H); ESI-MS (m/z): 307.0 [M+H]+, 329.0 [M+Na]+. 

 N,N-bis(2-butynyl)-(4-fluorophenyl)sulfonamide (90% yield), yellow 

solid. Molecular formula: C14H14NO2SF; MW: 279.33 g/mol; m.p.: 74-76°C; 1H-NMR (300 MHz, 

CDCl3)  (ppm) 1.64 (t, 5JH,H = 2.4 Hz, 6H), 4.06 (q, 5JH,H = 2.4 Hz, 4H), 7.13-7.19 (m, 2H), 7.81-7.86 

(m, 2H); 13C-NMR (100 MHz, CDCl3)  (ppm) 3.33, 36.7, 71.3, 81.9, 115.7 (d, 2JC,F = 22.3 Hz), 130.7 

(d, 3JC,F = 9.3 Hz), 134.7 (d, 4JC,F = 3.4 Hz), 165.3 (d, 1JC,F = 253.0 Hz); ESI-MS (m/z): 280.0 [M+H]+, 

302.0 [M+Na]+; IR (ATR) (cm-1) 3107, 2922, 1589, 1493, 1336, 1168; EA calculated for 

C14H14O2NSF: C, 60.20, H, 5.05, N, 5.01, found: C, 59.94; H, 5.02, N, 5.12. 

 N,N-bis(2-butynyl)-(4-bromophenyl)sulfonamide (84% yield), 

yellow solid. Molecular formula: C14H14NO2SBr; MW: 340.24 g/mol; m.p.: 72-74°C (lit.176: pale 
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yellow oil); 1H-NMR (300 MHz, CDCl3)  (ppm) 1.66 (t, 5JH,H = 1.6 Hz, 6H), 4.07 (q, 5JH H = 1.6 Hz, 

4H), 7.63 (d, 3JH,H = 6.6 Hz, 2H), 7.70 (d, 3JH,H = 6.6 Hz, 2H); ESI-MS (m/z): 340.0 - 342.0 [M+H]+. 

 N,N-bis(2-butynyl)-(4-morpholinylphenyl)sulfonamide (72% 

yield), yellow solid. Molecular formula: C18H22N2O3S; MW: 346.44 g/mol; m.p.: 137-139°C; 1H-

NMR (300 MHz, CDCl3)  (ppm) 1.66 (t, 5JH,H = 2.1 Hz, 6H), 3.25-3.28 (m, 4H), 3.83-3.87 (m, 4H), 

4.05 (q, 5JH,H = 2.1 Hz, 4H), 6.87 (d, 3JH,H = 9.1 Hz, 2H), 7.69 (d, 3JH,H = 9.1 Hz, 2H); 13C-NMR (75 

MHz, CDCl3)  (ppm) 3.70 (2C), 36.6 (2C), 47.7 (2C), 66.6 (2C), 71.9 (2C), 81.5 (2C), 113.5, 113.6, 

127.5, 129.7, 129.9, 154.0; ESI-MS (m/z): 347.1 [M+H]+; IR (ATR) (cm-1) 2967, 2829, 1590, 1332, 

1152; EA calculated for C18H22O3N2S: C, 62.40, H, 6.40, N, 8.09, found: C, 62.50; H, 6.42, N, 8.32. 

 N,N-bis(2-butynyl)-(5-methyl-2-pyridyl)sulfonamide (79% yield), 

colourless solid. Molecular formula: C14H16N2O2S; MW: 276.35 g/mol; m.p.: 78-79°C; 1H-NMR 

(400 MHz, CDCl3)  (ppm) 1.59 (t, 5JH,H = 2.4 Hz, 6H), 2.40 (s, 3H), 4.22 (q, 5JH,H = 2.4 Hz, 4H), 7.66 

(m, 1H), 7.85 (d, 3JH,H = 8.4 Hz, 1H), 8.50 (m, 1H); 13C-NMR (100 MHz, CDCl3)  (ppm) 3.37, 18.4, 

37.3, 71.7, 81.2, 122.7, 137.0, 137.6, 150.1, 154.5; ESI-MS (m/z): 277.1 [M+H]+, 299.1 [M+Na]+; 

IR (ATR) (cm-1) 1346, 1170, 1103; EA calculated for C14H16O2N2S: C, 60.85, H, 5.84, N, 10.14, 

found: C, 60.71; H, 5.85, N, 10.07. 

 N,N-bis(2-butynyl)-(2,4,6-triisopropylphenyl)sulfonamide (90% yield), 

colourless solid. Molecular formula: C23H33NO2S; MW: 387.58 g/mol; m.p.: 134-135°C; 1H-NMR 

(400 MHz, CDCl3)  (ppm) 1.245 (d, 3JH,H = 7.0 Hz, 12H, CH(CH3)2), 1.248 (d, 3JH,H = 7.0 Hz, 6H), 

1.78 (t, 5JH,H = 2.2 Hz, 6H, CH(CH3)2), 2.90 (sept, 3JH,H = 7.0 Hz, 1H, CH(CH3)2), 4.04 (q, 5JH,H = 2.2 Hz, 

4H), 4.10 (sept, 3JH,H = 7.0 Hz, 2H, CH(CH3)2), 7.15 (s, 2H); 13C-NMR (100 MHz, CDCl3)  (ppm) 

3.69, 23.6, 24.8, 29.4, 34.3, 35.2, 72.7, 81.1, 124.0, 130.8, 151.8, 153.3; EA calculated for 

C23H33NO2S: C, 71.28, H, 8.58, N, 3.61, found: C, 71.15; H, 8.52, N, 4.05. 

8.2.2.2. Synthesis of diyne 1h 

 

In a 50 mL two-necked round bottom flask, under nitrogen atmosphere, NaH (272 mg, 6.80 

mmol) was washed with hexanes (3 x 5 mL) and dried under vacuum. A solution of diethyl 

malonate (0.5 mL, 3.23 mmol) in THF (20 mL) was then added and cooled at 0ºC. After 30 
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minutes a solution of 1-bromo-2-butyne (0.6 mL, 6.80 mmol) in THF (5 mL) was added and the 

reaction was stirred at room temperature for 24 hours (TLC monitoring). A saturated aqueous 

solution of NH4Cl was added and the aqueous phase was extracted with ethyl acetate (3 x 15 

mL). The organic phase was dried with anhydrous sodium sulfate, filtered and evaporated under 

reduced pressure. The reaction crude was purified by column chromatography using a mixture 

of hexanes/ethyl acetate (10:1) as the eluent to afford 1h (0.70 g, 82% yield) as a yellow oil. 

Molecular formula: C15H20O4; MW: 264.32 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.20 (t, 
3JH,H = 6.9 Hz, 6H, CO2CH2CH3), 1.70 (t, 5JH,H = 2.4 Hz, 6H, C≡C-CH3), 2.83 (q, 5JH,H = 2.4 Hz, 4H, CH2-

C≡C-), 4.16 (q, 3JH,H = 6.9 Hz, 4H, CO2CH2CH3). 

8.2.2.3. Synthesis of diyne 1i 

 

In a 25 mL two-necked round bottom flask, under nitrogen atmosphere, NaH (181 mg, 4.52 

mmol) was washed with hexanes (3 x 5 mL) and dried under vacuum. A solution of 2-butyn-1-ol 

(0.3 mL, 4.52 mmol) in THF (5 mL) was then added and cooled at 0ºC. After 30 minutes a solution 

of 1-bromo-2-butyne (0.4 mL, 4.52 mmol) in THF (5 mL) was added and the reaction was stirred 

at room temperature for 6 hours (TLC monitoring). A saturated aqueous solution of NH4Cl was 

added and the aqueous phase was extracted with ethyl acetate (3 x 15 mL). The organic phase 

was dried with anhydrous sodium sulfate, filtered and evaporated under reduced pressure. The 

reaction crude was purified by column chromatography using a mixture of hexanes/ethyl 

acetate (10:1) as the eluent to afford 1i (0.36 g, 65% yield) as a yellow oil. Molecular formula: 

C8H10O; MW: 122.16 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.84 (t, 5JH,H = 2.3 Hz, 6H, C≡C-

CH3), 4.17 (q, 5JH,H = 2.3 Hz, 4H, CH2-C≡C-) 

8.2.3. Rh-catalysed [2+2+2] cycloaddition between diynes and MBH adducts. 

 

General procedure for 4 and 5: A stirred mixture of [Rh(COD)2]BF4 (4.1 mg, 0.01 mmol, 0.1 equiv.) 

and (R)-BINAP (6.3 mg, 0.01 mmol, 0.1 equiv.) in dichloromethane (2 mL) was degassed under 

nitrogen. Hydrogen gas was introduced to the catalyst solution and stirred for 30 minutes. The 

resulting mixture was concentrated to dryness. Ethanol (3 mL) was then added and the solution 

was stirred under nitrogen atmosphere. The solution was introduced to a 10 mL screw-capped 

vial. To this solution Baylis-Hillman adduct 2a (28.8 mg, 0.15 mmol, 1.5 equiv.) and diyne 1a 

(27.6 mg, 0.1 mmol, 1 equiv.) were then added under nitrogen atmosphere. The vial was then 

placed inside the cavity of the microwave synthesizer. The reaction mixture was heated at 60°C 

for 10 minutes (TLC monitoring). The solvent was then evaporated and the residue was purified 

by column chromatography on silica gel using a mixture of hexanes/ethyl acetate (8:2) as the 

eluent to give compound 4a (23.7 mg, 51% yield, 94% ee) as a colourless solid. Molecular 
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formula: C26H29NO5S; MW: 467.58 g/mol; m.p.: 75-77°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.41 

(s, 3H, CH3), 1.72 (s, 3H, CH3), 2.35 (d, 2JH,H = 17.4 Hz, 1H, CHH-C-CH3), 2.47 (s, 3H, CH3-Ts), 2.52 

(d, 2JH,H = 17.4 Hz, 1H, CHH-C-CH3), 3.25 (d, 3JH,H = 4.4 Hz, 1H, OH), 3.29 (d, 2JH,H = 13.2 Hz, 1H, 

CHHN), 3.72 (s, 3H, COOCH3), 3.75 (m, 1H, CHHN), 3.82 (dd, 2JH,H = 14.0 Hz, 4JH,H = 1.2 Hz, 1H, 

CHHN), 4.00 (dd, 2JH,H = 14.0 Hz, 4JH,H = 1.2 Hz, 1H, CHHN), 4.97 (d, 3JH,H = 4.4 Hz, 1H, CHOH), 6.97-

7.00 (m, 2H, Ph), 7.04-7.09 (m, 3H, Ph), 7.38 (d, 3JH,H = 8.0 Hz, 2H, CH-Ts(CH3)), 7.70 (d, 3JH,H = 8.0 

Hz, 2H, CH-Ts(SO2)); 13C-NMR (100 MHz, CDCl3) δ (ppm) 17.6, 18.9, 21.6, 35.9, 50.1, 51.0, 52.5, 

58.0, 77.7, 119.6, 122.2, 125.8, 127.0, 127.2, 127.9, 128.0, 129.7, 132.8, 133.1, 139.7, 143.8, 

176.2; ESI-MS (m/z): 468.1 [M+H]+, 490.1 [M+Na]+, 957.3 [2M+Na]+; IR (ATR) (cm-1) 3507, 2919, 

1726, 1341, 1159; EA calculated for C26H29NO5S·2H2O: C, 62.01, H, 6.60, N, 2.78, found: C, 62.25; 

H, 6.04; N, 3.17. Enantiomeric excess was determined with HPLC analysis (Chiralpak AD-H 

column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 50% 2-propanol : 50% heptane mobile 

phase during 20 min.;  𝜆 = 254 nm.; Rt = 8 min for major isomer and Rt = 15 min for minor 

isomer). [α]20
D +15.1 (c 0.00205, CH2Cl2). 

 Compound 4b (38% yield, 92% ee), yellow solid. Molecular formula: 

C25H26N2SO7; MW: 498.55 g/mol; m.p.: 64-65°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.42 (s, 3H, 

CH3), 1.76 (s, 3H, CH3), 2.34-2.46 (m, 2H, CH2CCH3), 3.16 (d, 3JH,H = 4.0 Hz, 1H, OH), 3.43 (d, 2JH,H = 

13.2 Hz, 1H, CHHN), 3.68 (s, 3H, CO2CH3), 3.79 (d, 2JH,H = 13.2 Hz, 1H, CHHN), 3.92 (dd, 2JH,H = 14.0 

Hz, 4JH,H = 1.2 Hz, 1H, CHHN), 4.02 (dd, 2JH,H = 14.0 Hz, 4JH,H = 1.2 Hz, 1H, CHHN), 5.02 (d, 3JH,H = 4.0 

Hz, 1H, CHOH), 7.02-7.13 (m, 5H, Ph), 7.97 (d, 3JH,H = 9.0 Hz, 2H, CH-Ts(SO2)), 8.40 (d, 3JH,H = 9.0 

Hz, 2H, CH-Ts(NO2)); 13C-NMR (75MHz, CDCl3) δ (ppm) 17.6 (CH3), 18.7 (CH3), 35.4 (CH2CCH3), 

50.1 (CH2N), 51.2 (CH2N), 52.5 (CO2CH3), 57.9 (CCO2CH3), 77.3 (CHOH), 120.5 (CCH3), 123.2 

(C=CCH3), 124.4 (CH-Ns(NO2)), 125.0 (CCH3), 127.0 (CH-Ph), 127.3 (CH-Ph), 128.0 (CH-Ph), 128.9 

(CH-Ns(SO2)), 132.2 (C=CCH3), 139.7 (C-Ph), 142.2 (C-SO2), 150.3 (C-NO2), 175.6 (CO2CH3); ESI-MS 

(m/z): 481.1 [M-H2O+H]+, 521.2 [M+Na]+; IR (ATR) (cm-1) 3461, 2922, 1721, 1529, 1348, 1165; 

EA calculated for C25H26N2SO7·0.5H2O: C, 59.16, H, 5.36, N, 5.52, found: C, 58.97, H, 5.30, N, 5.54. 

Enantiomeric excess was determined with HPLC analysis (Chiralpak AD-H column (4.6 x 250 mm, 

5 μm); 1 mL/min flow rate of a 50% 2-propanol : 50% heptane mobile phase during 20 min.;  𝜆 

= 254 nm.; Rt = 10.9 min for major isomer and Rt = 15.7 min for minor isomer). [α]20
D +21.3 (c 

0.0028, CH2Cl2). 

 Compound 4c (42% yield, 95% ee), brown solid. Molecular formula: 

C26H28N2O8S; MW: 528.58 g/mol; m.p.: 59-60°C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.45 (s, 3H), 

1.77 (s, 3H), 2.39 (bs, 2H), 3.07 (d, 3JH,H = 3.6 Hz, 1H), 3.49 (d, 2JH,H = 12.0 Hz, 1H), 3.68 (s, 3H), 

3.73 (s, 3H), 3.87 (d, 2JH,H = 12.0 Hz, 1H), 3.92 (d, 2JH,H = 14.1 Hz, 1H), 4.03 (d, 2JH,H = 14.1 Hz, 1H), 
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4.98 (d, 3JH,H = 3.6 Hz, 1H), 6.60 (d, 3JH,H = 8.7 Hz, 2H), 7.02 (d, 3JH,H = 8.7 Hz, 2H), 7.97 (d, 3JH,H = 9.4 

Hz, 2H), 8.39 (d, 3JH,H = 9.4 Hz, 2H); 13C-NMR (75MHz, CDCl3) δ (ppm) 17.5, 19.1, 35.2, 50.3, 51.2, 

52.5, 55.3, 57.8, 76.7, 112.7, 120.7, 123.3, 124.4, 124.8, 128.0, 128.7, 131.7, 132.1, 142.0, 150.3, 

159.3, 175.5; IR (ATR) (cm-1) 3460, 2920, 1719, 1529, 1512, 1348, 1164; ESI-MS (m/z): 511.1 [M-

H2O+H]+, 551.1 [M+Na]+; ESI-HRMS (m/z) calculated for [C26H28N2O8S+Na]+: 551.1459, found: 

551.1419. Enantiomeric excess was determined with HPLC analysis (Chiralpak AD-H column (4.6 

x 250 mm, 5 μm); 1 mL/min flow rate of a 70% 2-propanol : 30% heptane mobile phase during 

30 min.;  𝜆 = 254 nm.; Rt = 11 min for major isomer and Rt = 20 min for minor isomer). [α]20
D 

+15.9 (c 0.0026, CH2Cl2). 

 Compound 4d (40% yield, 92% ee), brown solid. Molecular formula: 

C25H25N2O7SCl; MW: 532.99 g/mol; m.p.: 70°C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.43 (s, 3H), 

1.76 (s, 3H), 2.30 (d, 2JH,H = 17.2 Hz, 1H), 2.50 (d, 2JH,H = 17.2 Hz, 1H), 3.26 (d, 3JH,H = 3.7 Hz, 1H), 

3.33 (d, 2JH,H = 13.8 Hz, 1H), 3.71 (s, 3H), 3.81-3.87 (m, 2H), 4.08 (d, 2JH,H = 12.9 Hz, 1H), 4.97 (d, 
3JH,H = 3.7 Hz, 1H), 6.94 (d, 3JH,H = 8.5 Hz, 2H), 7.02 (d, 3JH,H = 8.5 Hz, 2H), 7.99 (d, 3JH,H = 9.0 Hz, 2H), 

8.42 (d, 3JH,H = 9.0 Hz, 2H); 13C-NMR (75MHz, CDCl3) δ (ppm) 17.7, 19.0, 35.7, 50.2, 51.1, 52.7, 

57.8, 77.2, 120.1, 123.0, 124.6, 125.1, 127.2, 128.3, 128.7, 132.4, 133.7, 138.1, 142.0, 150.3, 

175.8; IR (ATR) (cm-1) 3492, 2921, 1719, 1528, 1347, 1164; ESI-MS (m/z): 515.1 [M-H2O+H]+, 

533.0 [M+H]+, 555.1 [M+Na]+; ESI-HRMS (m/z) calculated for [C25H25N2O7SCl+Na]+: 555.0963, 

found: 555.0926. Enantiomeric excess was determined with HPLC analysis (Chiralpak AD-H 

column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 50% 2-propanol : 50% heptane mobile 

phase during 20 min.;  𝜆 = 254 nm.; Rt = 9 min for major isomer and Rt = 14 min for minor 

isomer). [α]20
D +10.2 (c 0.0024, CH2Cl2) 

 Compound 4e (38% yield, 89% ee), colourless solid. Molecular formula: 

C25H26NSO5F; MW: 471.54 g/mol; m.p.: 69-71 °C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.42 (s, 3H), 

1.74 (s, 3H), 2.36 (d, 2JH,H = 17.7 Hz, 1H), 2.51 (d, 2JH,H = 17.7 Hz, 1H), 3.25 (d, 3JH,H = 3.6 Hz, 1H), 

3.30 (d, 2JH,H = 13.2 Hz, 1H), 3.71 (s, 3H), 3.75 (d, 2JH,H = 13.2 Hz, 1H), 3.82 (d, 2JH,H = 14.0 Hz, 1H), 

3.99 (d, 2JH, H = 14.0 Hz, 1H), 4.99 (d, 3JH, H = 3.6 Hz, 1H), 6.99-7.11 (m, 5H), 7.22-7.28 (m, 2H), 7.80-

7.85 (m, 2H); 13C-NMR (75 MH, CDCl3) δ (ppm) 17.6, 18.9, 35.8, 50.1, 51.0, 52.5, 57.9, 77.6, 116.4 

(d, 3JC,F = 22.4 Hz, 2C), 119.9, 122.6, 125.5, 127.0, 127.2, 127.9, 130.5, 132.2 (d, 4JC,F = 3.3 Hz), 

132.8, 139.6, 165.4 (d, 1JC,F = 253.4 Hz), 176.0; ESI-MS (m/z): 454.1 [M-H2O+H]+, 472.1 [M+H]+; 

IR (ATR) (cm-1) 3510, 2922, 1724, 1345, 1166; ESI-HRMS (m/z) calculated for [C25H26NSO5F+Na]+: 

494.1408, found: 494.1403. Enantiomeric excess was determined with HPLC analysis (Chiralpak 

AD-H column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 40% 2-propanol : 60% heptane 
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mobile phase during 16 min.;  𝜆 = 254 nm.; Rt = 8.5 min for major isomer and Rt = 13.2 min for 

minor isomer); [α]20
D +5.0 (c 0.00265, CH2Cl2) 

 Compound 4f (48% yield, 95% ee), colourless solid. Molecular 

formula: C25H26NSO5Br; MW: 532.45 g/mol; m.p.: 75-77 °C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 

1.41 (s, 3H), 1.74 (s, 3H), 2.35 (d, 2JH,H = 17.5 Hz, 1H), 2.50 (d, 2JH,H = 17.5 Hz, 1H), 3.25 (d, 3JH,H = 

4.1 Hz, 1H), 3.30 (d, 2JH,H = 12.9 Hz, 1H), 3.71 (s, 3H), 3.72 (m, 1H), 3.81 (d, 2JH,H = 12.7 Hz, 1H), 

3.99 (d, 2JH, H = 12.7 Hz, 1H), 4.98 (d, 3JH, H = 4.1 Hz, 1H), 7.01-7.10 (m, 5H), 7.63-7.74 (m, 4H); 13C-

NMR (75 MHz, CDCl3) δ (ppm) 17.7, 18.9, 35.8, 50.1, 51.1, 52.5, 58.0, 77.6, 120.0, 122.6, 125.4, 

127.0, 127.2, 127.9, 128.0, 129.3, 132.4, 132.6, 134.9, 139.6, 176.0; ESI-MS (m/z): 514.0–516.0 

[M-H2O+H]+, 532.0-534.0 [M+H]+; IR (ATR) (cm-1) 3512, 2950, 1723, 1345, 1161; EA calculated for 

C25H26NSO5Br: C, 56.40, H, 4.92, N, 2.63, found: C, 56.85, H, 5.35, N, 2.72. Enantiomeric excess 

was determined with HPLC analysis (Chiralpak AD-H column (4.6 x 250 mm, 5 μm); 1 mL/min 

flow rate of a 40% 2-propanol : 60% heptane mobile phase during 22 min.;  𝜆 = 254 nm.; Rt = 9.6 

min for major isomer and Rt = 19.3 min for minor isomer); [α]20
D +21.5 (c 0.0034, CH2Cl2) 

 Compound 4g (49% yield, 94% ee), colourless solid. Molecular 

formula: C29H34N2SO6; MW: 538.66 g/mol; m.p.: 94-96 °C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 

1.41 (s, 3H), 1.71 (s, 3H), 2.35 (d, 2JH,H = 17.7 Hz, 1H), 2.50 (d, 2JH,H = 17.7 Hz, 1H), 3.26-3.33 (m, 

5H), 3.70 (s, 3H), 3.72 (m, 1H), 3.79-3.88 (m, 6H), 3.96 (d, 2JH,H = 13.5 Hz, 1H), 4.98 (d, 3JH,H = 4.2 

Hz, 1H), 6.94-7.10 (m, 7H), 7.68 (d, 3JH,H = 9.0 Hz, 2H); 13C-NMR (75 MHz, CDCl3) δ (ppm) 17.5, 

18.9, 35.7, 47.7, 50.0, 51.0, 52.5, 57.9, 66.6, 77.4, 113.9, 119.5, 122.2, 124.6, 125.9, 127.0, 127.2, 

127.8, 129.6, 129.8, 133.3, 139.7, 154.1, 176.1; ESI-MS (m/z): 521.2 [M-H2O+H]+, 539.2 [M+H]+; 

IR (ATR) (cm-1) 3505, 2922, 1725, 1591, 1336, 1154; EA calculated for C29H34N2SO6: C, 64.66, H, 

6.36, N, 5.20, found: C, 64.18, H, 6.26, N, 4.99. Enantiomeric excess was determined with HPLC 

analysis (Chiralpak AD-H column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 70% 2-propanol 

: 30% heptane mobile phase during 27 min.;  𝜆 = 254 nm.; Rt = 9.4 min for major isomer and Rt 

= 24.3 min for minor isomer); [α]20
D +12.0 (c 0.0036, CH2Cl2) 

 Compound 4h (30% yield, 97% ee), colourless solid. Molecular formula: 

C25H28N2SO5; MW: 468.57 g/mol; m.p.: 48-50 °C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.43 (s, 3H), 

1.65 (s, 3H), 2.41 (m, 1H), 2.44 (s, 3H), 2.51 (d, 2JH,H = 17.6 Hz, 1H), 3.30 (d, 3JH,H = 3.2 Hz, 1H), 
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3.65 (m, 1H), 3.69 (s, 3H), 3.96 (d, 2JH,H = 12.8 Hz, 1H), 4.14 (d, 2JH,H = 14.2 Hz, 1H), 4.20 (d, 2JH,H = 

14.2 Hz, 1H), 4.97 (s, 1H), 7.04-7.13 (m, 5H), 7.70 (d, 3JH,H = 8.2 Hz, 1H), 7.83 (d, 3JH,H = 8.2 Hz, 1H), 

8.54 (s, 1H); 13C-NMR (75 MHz, CDCl3) δ (ppm) 17.6, 18.7, 19.0, 35.8, 50.8, 51.8, 52.5, 58.0, 77.0, 

119.7, 122.4, 122.9, 126.1, 127.1, 127.4, 127.9, 133.3, 137.4, 138.0, 139.9, 150.7, 153.3, 176.1; 

IR (ATR) (cm-1) 3508, 2921, 1725, 1341, 1168; ESI-MS (m/z): 469.0 [M+H]+; EA calculated for 

C25H28N2SO5·2H2O: C, 59.51, H, 6.39, N, 5.55, found: C, 59.96, H, 5.63, N, 5.64. Enantiomeric 

excess was determined with HPLC analysis (Chiralpak AD-H column (4.6 x 250 mm, 5 μm); 1 

mL/min flow rate of a 40% 2-propanol : 60% heptane mobile phase during 20 min.;  𝜆 = 254 nm.; 

Rt = 9 min for major isomer and Rt = 14 min for minor isomer); [α]20
D +5.6 (c 0.0035, CH2Cl2). 

 Compound 4i (37% yield, 91% ee), yellow solid. Molecular formula: 

C29H28N2SO7; MW: 548.61 g/mol; m.p.: 65-67°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.35 (s, 3H), 

1.82 (s, 3H), 2.46 (bs, 2H), 3.10 (d, 2JH,H = 12.0 Hz, 1H), 3.30 (d, 3JH,H = 3.8 Hz, 1H), 3.68 (m, 1H), 

3.70 (s, 3H), 3.88 (dd, 2JH,H = 14.0 Hz, 4JH,H = 1.2 Hz, 1H), 4.04 (dd, 2JH,H = 14.0 Hz, 4JH,H = 1.2 Hz, 1H), 

5.21 (d, 3JH,H = 3.8 Hz, 1H), 7.22 (dd, 3JH,H = 8.6 Hz, 4JH,H = 1.8 Hz, 1H), 7.37-7.45 (m, 2H), 7.49 (d, 
3JH,H = 8.6 Hz, 1H), 7.58 (s, 1H), 7.66-7.69 (m, 2H), 7.90 (d, 3JH,H = 9.0 Hz, 2H), 8.36 (d, 3JH,H = 9.0 

Hz, 2H); 13C-NMR (75MHz, CDCl3)  (ppm) 17.6, 18.9, 35.4, 50.1, 51.1, 52.5, 58.0, 77.3, 120.6, 

123.4, 124.4, 124.9, 125.9, 126.1, 126.5, 126.7, 127.4, 127.7, 127.9, 128.6, 132.3, 132.6, 133.0, 

137.1, 142.1, 150.2, 175.6; ESI-MS (m/z): 531.1 [M-H2O+H]+; IR (ATR) (cm-1) 3509, 2920, 1721, 

1528, 1347, 1164; EA calculated for C29H28N2SO7·1.5H2O: C, 60.51, H, 5.43, N, 4.87, found: C, 

60.48, H, 5.10, N, 4.99. Enantiomeric excess was determined with HPLC analysis (Chiralpak IA 

column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 50% 2-propanol : 50% hexane mobile 

phase during 22 min.;  𝜆 = 254 nm.; Rt = 14 min for major isomer and Rt = 20 min for minor 

isomer); [α]20
D +6.2 (c 0.0015, CH2Cl2). 

 Compound 5a (44% yield, 84% ee), yellow solid. Molecular formula: 

C23H24N2O7S2; MW: 504.57 g/mol; m.p.: 49-50°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.55 (s, 3H), 

1.65 (s, 3H), 2.44-2.54 (m, 2H), 3.15 (d, 3JH, H = 5.4 Hz, 1H), 3.71 (s, 3H), 3.81 (d, 2JH, H = 13.6 Hz, 

1H), 3.93 (d, 2JH, H = 13.6 Hz, 1H), 4.03 (s, 2H), 5.28 (s, 3JH, H = 5.4 Hz, 1H), 6.82-6.87 (m, 2H), 7.09 

(dd, 3JH, H = 4.8 Hz, 4JH, H = 1.6 Hz, 1H), 8.01 (d, 3JH, H = 9.0 Hz, 2H), 8.39 (d, 3JH, H = 9.0 Hz, 2H); 13C-

NMR (75MHz, CDCl3) δ (ppm) 17.0, 19.0, 34.9, 50.3, 51.2, 52.4, 57.6, 72.3, 120.2, 123.9, 124.3, 

124.7, 124.9, 125.3, 126.0, 128.6, 132.4, 142.2, 143.2, 150.2, 174.7; IR (ATR) (cm-1) 3490, 2921, 

1711, 1528, 1348, 1164; ESI-MS (m/z): 487.1 [M-H2O+H]+, 527.1 [M+Na]+; ESI-HRMS (m/z) 

calculated for [C23H24N2O7S2+Na]+: 527.0917, found: 527.0908. Enantiomeric excess was 

determined with HPLC analysis (Chiralpak AD-H column (4.6 x 250 mm, 5 μm); 1 mL/min flow 
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rate of a 10% 2-propanol : 90% heptane mobile phase during 18 min.;  𝜆 = 254 nm.; Rt = 11 min 

for major isomer and Rt = 15 min for minor isomer); [α]20
D +12.8 (c 0.00435, CH2Cl2) 

 Compound 5b (37% yield, 90% ee), yellow solid. Molecular formula: 

C23H24N2SO8; MW: 488.51 g/mol; m.p.: 63-64°C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.54 (s, 3H), 

1.61 (s, 3H), 2.46 (d, 2JH,H = 17.4 Hz, 1H), 2.58 (d, 7JH,H = 17.4 Hz, 1H), 3.25 (d, 3JH,H = 6.7 Hz, 1H), 

3.70 (s, 3H), 3.93-4.03 (m, 4H), 4.93 (d, 3JH,H = 6.7 Hz, 1H), 6.13 (m, 1H), 6.24 (m, 1H), 7.22 (m, 

1H), 8.01 (d, 3JH,H = 9.0 Hz, 2H), 8.38 (d, 3JH,H = 9.0 Hz, 2H); 13C-NMR (75MHz, CDCl3) δ (ppm) 16.5, 

19.2, 35.3, 50.5, 51.2, 52.5, 57.1, 69.5, 107.9, 110.5, 120.6, 123.8, 124.5, 124.9, 128.7, 131.9, 

141.7, 142.4, 150.3, 153.7, 174.9; ESI-MS (m/z): 471.1 [M-H2O+H]+, 511.1 [M+Na]+; IR (ATR) (cm-

1) 3506, 2920, 1719, 1528, 1348, 1164; EA calculated for C23H24N2SO8·0.5H2O: C, 55.53, H, 5.07, 

N, 5.63, found: C, 55.11, H, 4.81, N, 5.48. Enantiomeric excess was determined with HPLC 

analysis (Chiralpak AD-H column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 50% 2-propanol 

: 50% heptane mobile phase during 15 min.;  𝜆 = 254 nm.; Rt = 9.0 min for major isomer and Rt 

= 9.9 min for minor isomer). [α]20
D +18.6 (c 0.0026, CH2Cl2). 

 Compound 5c (49% yield, 91% ee), yellow solid. Molecular formula: 

C27H26N2S2O7; MW: 554.63 g/mol; m.p.: 70°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.53 (s, 3H), 

1.70 (s, 3H), 2.41 (d, 2JH,H = 17.6 Hz, 1H), 2.58 (d, 2JH,H = 17.6 Hz, 1H), 3.40 (d, 3JH,H = 4.8 Hz, 1H), 

3.70 (m, 1H), 3.71 (s, 3H), 3.90 (dd, 2JH,H = 13.2 Hz, 4JH,H = 1.2 Hz, 1H), 4.01 (s, 2H), 5.38 (d, 3JH,H = 

4.8 Hz, 1H), 7.05 (s, 1H), 7.24-7.32 (m, 2H), 7.61-7.65 (m, 2H), 7.95 (d, 3JH,H = 9.0 Hz, 2H), 8.34 (d, 
3JH,H = 9.0 Hz, 2H); 13C-NMR (75MHz, CDCl3) δ (ppm) 16.7, 19.2, 34.7, 50.4, 51.3, 52.6, 57.6, 72.5, 

120.2, 122.15, 122.16, 123.5, 124.3, 124.43, 124.45, 124.48, 124.7, 128.8, 132.6, 138.9, 139.4, 

142.2, 144.2, 150.2, 174.4; ESI-MS (m/z): 537.0 [M-H2O+H]+, 577.1 [M+Na]+; IR (ATR) (cm-1) 

3485, 2919, 1725, 1527, 1347, 1164; EA calculated for C27H26N2S2O7·H2O: C, 56.63, H, 4.93, N, 

4.89, found: C, 56.88, H, 4.82, N, 5.24. Enantiomeric excess was determined with HPLC analysis 

(Chiralpak IA column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 30% 2-propanol : 70% hexane 

mobile phase during 33 min.;  𝜆 = 254 nm.; Rt = 24 min for major isomer and Rt = 29 min for 

minor isomer); [α]20
D +19.8 (c 0.0048, CH2Cl2) 
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 Compound 5d (41% yield, 92% ee), yellow solid. Molecular formula: 

C27H26N2SO8; MW: 538.57 g/mol; m.p.: 84-86°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.54 (s, 3H), 

1.66 (s, 3H), 2.50 (d, 2JH,H = 17.6 Hz, 1H), 2.56 (d, 2JH,H = 17.6 Hz, 1H), 3.39 (d, 3JH,H = 5.8 Hz, 1H), 

3.51 (d, 2JH,H = 12.2 Hz, 1H), 3.74 (s, 3H), 3.85 (d, 3JH,H = 12.2 Hz, 1H), 4.01 (bs, 2H), 5.14 (d, 3JH,H = 

5.8 Hz, 1H), 6.52 (s, 1H), 7.15-7.23 (m, 2H), 7.27 (m, 1H), 7.40 (m, 1H), 7.97 (d, 3JH,H = 9.0 Hz, 2H), 

8.38 (d, 3JH,H = 9.0 Hz, 2H); 13C-NMR (75MHz, CDCl3) δ (ppm) 16.9, 19.1, 35.2, 50.2, 51.2, 52.6, 

57.0, 70.7, 104.6, 111.0, 120.0, 120.9, 123.0, 123.6, 124.3, 124.4, 124.7, 127.8, 128.7, 132.1, 

142.2, 150.2, 154.3, 156.3, 174.9; ESI-MS (m/z): 521.1 [M-H2O+H]+, 561.14 [M+Na]+; IR (ATR) 

(cm-1) 3491, 2916, 1724, 1528, 1347, 1164; EA calculated for C27H26N2SO8·H2O: C, 58.27, H, 5.07, 

N, 5.03, found: C, 58.28, H, 4.58, N, 4.85. Enantiomeric excess was determined with HPLC 

analysis (Chiralpak AD-H column (4.6 x 250 mm, 5 μm); 1 mL/min flow rate of a 10% 2-propanol 

: 90% heptane mobile phase during 20 min.;  𝜆 = 254 nm.; Rt = 14 min for major isomer and Rt = 

16 min for minor isomer); [α]20
D +7.1 (c 0.0015, CH2Cl2) 

8.2.4. Diels-Alder cycloaddition between 1,3-cyclohexadienes 4 and 4-phenyl-1,2,4-

triazoline-3,5-dione. 

 

General procedure for 9: In a 10 mL round bottom flask, a mixture of cycloadduct 4b (20.0 mg, 

0.04 mmol) and 4-phenyl-1,2,4-triazoline-3,5-dione 8 (7.5 mg, 0.04 mmol) in toluene (1 mL) was 

stirred at room temperature for 3 hours until completion (TLC monitoring). The solvent was then 

evaporated and the residue was purified by preparative TLC using a mixture of hexanes/ethyl 

acetate (1:1) as the eluent to give compound 9b (22.1 mg, 81% yield) as a light-brown solid. 

Molecular formula: C33H31N5O9S; MW: 673.70 g/mol; m.p.: 65-67°C; 1H-NMR (400 MHz, CDCl3) 

δ (ppm) 1.96 (s, 3H), 2.23 (d, 2JH,H = 13.6 Hz , 1H), 2.32 (s, 3H), 2.79 (d, 2JH,H = 13.6 Hz, 1H), 3.03 

(d, 3JH,H = 2.9 Hz, 1H), 3.30 (s, 3H), 3.98 (m, 1H), 4.25-4.45 (m, 3H), 5.51 (d, 3JH,H = 2.9 Hz, 1H), 

7.19-7.43 (m, 10H), 8.00 (d, 3JH,H = 9.0 Hz, 2H), 8.38 (d, 3JH,H = 9.0 Hz, 2H). 13C-NMR (100MHz, 

CDCl3) δ (ppm) 15.1, 18.9, 36.0, 52.5, 53.3, 53.7, 58.1, 61.9, 64.1, 72.6, 124.8, 126.2, 127.0, 

128.5, 128.7, 129.1, 131.3, 137.6, 139.7, 140.5, 143.2, 150.1, 150.4, 151.2, 170.7. IR (ATR) (cm-

1) 3446, 2920, 1756, 1689, 1529, 1348, 1165; ESI-MS (m/z): 674.2 [M+H]+; ESI-HRMS (m/z) 

calculated for [C33H31N5O9S+Na]+: 696.1735, found: 696.1725. 
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Compound 9c (73% yield), light-brown solid. Molecular formula: 

C34H33N5O10S; MW: 703.70 g/mol; m.p.: 59-61°C; 1H-NMR (600 MHz, CDCl3) δ (ppm) (major) 1.92 

(s, 3H), 2.20 (d, 2JH,H = 13.5 Hz, 1H), 2.25 (s, 3H), 2.72 (d, 3JH,H = 13.5 Hz, 1H), 3.22 (bs, 1H), 3.29 (s, 

3H), 3.74 (s, 3H), 4.00 (m, 1H), 4.23-4.37 (m, 3H), 5.36 (bs, 1H), 6.75 (d, 3JH,H = 9.0 Hz, 2H), 7.05 

(d, 3JH,H = 9.0 Hz, 2H), 7.25-7.37 (m, 5H), 7.97 (d, 3JH,H = 9.0 Hz, 2H), 8.32 (d, 3JH,H = 9.0 Hz, 2H); 

(minor) 1.66 (d, 2JH,H = 13.2 Hz, 1H), 1.84 (s, 3H), 2.10 (s, 3H), 2.52 (d, 2JH,H = 13.2 Hz, 1H), 3.06 

(bs, 1H), 3.64 (s, 3H), 3.70 (s, 3H), 4.23 (m, 1H), 4.23-4.37 (m, 2H), 4.43 (m, 1H), 5.19 (bs, 1H), 

6.75 (d, 3JH,H = 8.4 Hz, 2H), 6.94 (d, 3JH,H = 8.4 Hz, 2H), 7.25-7.37 (m, 5H), 7.94 (d, 3JH,H = 8.7 Hz, 

2H), 8.30 (d, 3JH,H = 8.7 Hz, 2H); 13C-NMR (150 MHz, CDCl3) δ (ppm) (major) 14.9, 18.6, 35.9, 52.3, 

53.1, 53.5, 55.2, 58.0, 61.8, 63.5, 71.6, 113.5, 124.6, 126.1, 128.1, 128.4, 129.0, 131.2, 132.0, 

137.8, 140.1, 142.9, 149.2, 150.2, 150.4, 159.4, 170.7 (minor) 15.0, 18.9, 38.1, 52.0, 52.7, 54.5, 

55.2, 58.5, 60.5, 63.9, 71.2, 113.7, 124.6, 126.1, 127.8, 128.4, 129.0, 131.2, 131.5, 136.1, 138.8, 

143.4, 149.2, 150.2, 150.4, 159.5, 171.6; IR (ATR) (cm-1) 3463, 2951, 1755, 1689, 1529, 1348, 

1166; ESI-MS (m/z): 686.1 [M-H2O+H]+, 704.1 [M+H]+; ESI-HRMS (m/z): calculated for 

[C34H33N5O10S+Na]+: 726.1840, found: 726.1823 

8.3. Experimental procedure for the products synthesised in Chapter 4 

8.3.1. Synthesis of allene-yne-allene (R,R)-12 

 

In a 100 mL round bottom flask, a mixture of N-(tert-butoxycarbonyl)-p-toluenesulfonamide 

(3.87 g, 14.26 mmol), triphenylphosphine (4.50 g, 17.16 mmol) and (S)-3-butyn-2-ol, (S)-18, (1.12 

ml, 14.11 mmol) in anhydrous tetrahydrofuran (50 mL) was stirred and cooled to 0˚C. Diisopropyl 

azodicarboxylate (3.09 mL, 15.69 mmol) was then added dropwise and the reaction mixture was 

stirred overnight at room temperature (TLC monitoring). The solvent was removed under 

reduced pressure and the crude was purified by column chromatography using a mixture of 

hexanes/ethyl acetate (20:1) as the eluent to afford (R)-19177 (4.32 g, 94% yield) as a yellow oil. 

Molecular formula: C16H21NO4S; MW: 323.41 g/mol; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.36 (s, 
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9H, CH3-Boc), 1.75 (d, 3JH,H = 7.0 Hz, 3H, CH3), 2.38 (d, 4JH,H = 2.4 Hz, 1H, CHN), 2.44 (s, 3H, CH3-

Ts), 5.48 (dq, 3JH,H = 7.0 Hz, 4JH,H = 2.4 Hz, 1H, HC≡C), 7.31 (d, 3JH,H = 8.4 Hz, 2H, CH-Ts), 7.85 (d, 
3JH,H = 8.4 Hz, 2H, CH-Ts).  

In a 250 mL two-necked round bottom flask, a mixture of (R)-19, (4.32 g, 11.22 mmol) and 

trifluoroacetic acid (13 ml, 169.77 mmol) in dichloromethane (50 mL) was stirred at room 

temperature for 3.5 h (TLC monitoring). A saturated aqueous solution of NaHCO3 was added and 

the aqueous phase was extracted with dichloromethane (3 x 50 mL). The organic phase was 

dried with anhydrous sodium sulfate, filtered and evaporated under reduced pressure. The 

residue was purified by column chromatography using a mixture of hexanes/ethyl acetate (8:2) 

as the eluent to give (R)-20178 (2.37 g, 94 %yield) as a colourless solid. Molecular formula: 

C11H13NO2S; MW: 223.29 g/mol; m.p.: 79-80°C; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.43 (d, 3JH,H 

= 6.8 Hz, 3H, CH3), 2.09 (d, 4JH,H = 2.4 Hz, 1H, CHN), 2.43 (s, 3H, CH3-Ts), 4.19 (ddq, 3JH,H = 8.8 Hz, 
4JH,H = 6.8 Hz, 5JH,H = 2.4 Hz, 1H, NH), 4.63 (d, 4JH,H = 8.8 Hz, 1H, HC≡C), 7.30 (d, 3JH,H = 8.0 Hz, 2H, 

CH-Ts), 7.78 (d, 3JH,H = 8.0 Hz, 2H, CH-Ts); [α]D
22 +83.2 (c 1.4, CHCl3). 

In a 25 mL two-necked round bottom flask, a mixture of (R)-20 (0.2 g, 0.90 mmol), 1,4-

dibromobut-2-yne (0.09 g, 0.43 mmol) and cesium carbonate (1.46 g, 4.5 mmol) in acetonitrile 

(10 mL) was heated at reflux for 2 h (TLC monitoring). The insoluble salts were filtered off and 

the solvent was removed under reduced pressure. The reaction crude was purified by column 

chromatography using a mixture of hexanes/ethyl acetate of increasing polarity (10:1-9:1) as the 

eluent to give (R,R)-22 (0.104 g, 47% yield) as a colourless solid. Molecular formula: 

C26H28N2O4S2; MW: 496.64 g/mol; m.p.: 99-101°C; 1H-NMR (400 MHz, CDCl3) δ(ppm) 1.41 (d, 
3JH,H = 7.2 Hz, 6H, CH3), 2.21 (d, 4JH,H = 2.4 Hz, 2H, HC≡C), 2.40 (s, 6H, CH3-Ts), 3.92 (d, 2JH,H = 16.8 

Hz 2H, NCH2), 4.14 (d, 2JH,H = 16.4 Hz, 2H, NCH2), 4.82 (qd, 3JH,H = 7.2 Hz, 4JH,H = 2.4 Hz, 2H, CHN), 

7.28 (d, 3JH,H = 8.2 Hz, 4H, CH-Ts), 7.72 (d, 3JH,H = 8.2 Hz, 4H, CH-Ts); 13C-NMR (75 MHz, CDCl3) δ 

(ppm) 21.7 (CH3), 22.0 (CH3), 33.7 (NCH2), 46.1 (NCH), 73.7 (C-alkyne), 80.0 (C-alkyne), 81.0 (C-

alkyne), 127.7 (CH-Ts), 129.7 (CH-Ts), 136.5 (C-Ts), 143.8 (C-Ts); IR (ATR) ν (cm-1) 3272, 2920, 

1326, 1163; ESI-MS (m/z): 497.2 [M+H]+, 514.2 [M+NH4]+; ESI-HRMS (m/z): calculated for 

[C26H28N2O4S2 + Na]+: 519.1383, found 519.1398; [α]D
22 +100.0 (c 0.69, CHCl3) 

In a 10 mL two-necked round bottom flask, a mixture of (R,R)-22 (0.070 g, 0.15 mmol), 

paraformaldehyde (0.023 g, 0.76 mmol) and copper(I) iodide (0.028 g, 0.15 mmol) in dioxane (3 

mL) was stirred and heated at reflux. Dicyclohexylamine (0.10 mL, 0.50 mmol) was then added 

and the reaction was stirred for 4 hours (TLC monitoring). The reaction crude was purified by 

column chromatography using a mixture of hexanes/ethyl acetate (15:1) as the eluent to afford 

(R,R)-12 (0.05 g, 63% yield) as a colourless oil. Molecular formula: C28H32N2O4S2; MW: 524.69 

g/mol; 1H-NMR (400MHz, CDCl3) δ (ppm) 1.17 (d, 3JH,H = 6.8 Hz, 6H, CH3), 2.41 (s, 6H, CH3-Ts), 

3.82 (d, 2JH,H = 16.6 Hz, 2H, NCH2), 4.04 (d, 2JH,H = 16.6 Hz, 2H, NCH2), 4.49-4.57 (m, 2H, HC=C=CH2), 

4.78 (dd, 2JH,H = 3.7 Hz, 4JH,H = 1.3 Hz, 2H, HC=C=CH2), 4.80 (dd, 2JH,H = 3.7 Hz, 4JH,H = 1.7 Hz, 2H, 

HC=C=CH2), 5.00 (dq, 3JH,H = 6.8 Hz, 3JH,H = 4.8 Hz, 2H, CHN), 7.30 (d, 3JH,H = 8.2 Hz, 4H, CH-Ts), 

7.77 (d, 3JH,H = 8.2 Hz, 4H, CH-Ts); 13C-NMR (75 MHz, CDCl3) δ (ppm) 18.0 (CH3), 21.6 (CH3-Ts), 

32.4 (NCH2), 51.7 (NCH), 78.0 (C-alkyne), 80.2 (HC=C=CH2), 91.7 (HC=C=CH2), 127.5 (CH-Ts), 129.7 

(CH-Ts), 137.8 (C-Ts), 143.5 (C-Ts), 208.7 (HC=C=CH2); IR (ATR) ν (cm-1) 2922, 1952, 1330, 1150; 

ESI-MS (m/z): 542.2 [M+NH4]+; ESI-HRMS (m/z): calculated for [C28H32N2O4S2 + Na]+: 547.1696, 

found 547.1715; [α]D
22 +9.2 (c 4.2, CHCl3). 
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8.3.2. Synthesis of allene-ene-allene (R,R)-13 

 

In a 100 mL two-necked round bottom flask, a mixture of (R)-20 (0.90 g, 4.03 mmol) and 

potassium carbonate (2.79 g, 20.19 mmol) in acetonitrile (40 mL) was stirred and heated at 

reflux. (E)-1,4-dibromo-2-butene (0.43 g, 2.01 mmol) was then slowly added and the reaction 

was stirred for 3 hours (TLC monitoring). The salts were filtered off and the solvent was 

evaporated under reduced pressure. The reaction crude was purified by column 

chromatography using a mixture of hexanes/ethyl acetate (8:2) as the eluent to afford (R,R)-21 

(0.98 g, 98% yield) as a colourless solid. Molecular formula: C26H30N2O4S2; MW: 498.66 g/mol; 

m.p.: 130-132°C; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.42 (d, 3JH,H = 7.20 Hz, 6H, CH3), 2.13 (d, 
4JH,H = 2.3 Hz, 2H, C≡CH), 2.42 (s, 6H, CH3-Ts), 3.66-3.74 (m, 2H, NCH2), 3.85-3.90 (m, 2H, NCH2), 

4.86 (dq, 3JH,H = 7.2 Hz, 4JH,H = 2.3 Hz, 2H, NCH), 5.76-5.78 (m, 2H, HC=CH), 7.29 (d, 3JH,H = 8.4 Hz, 

4H, CH-Ts), 7.71 (d, 3JH,H = 8.4 Hz, 4H, CH-Ts); 13C-NMR (100 MHz, CDCl3) δ (ppm) 21.6 (CH3-Ts), 

22.8 (CH3), 46.2 (NCH + NCH2), 73.5 (C≡CH), 81.31 (C≡CH), 127.7 (CH-Ts), 129.6 (HC=CH), 130.51 

(CH-Ts), 136.2 (C-Ts), 143.6 (C-Ts); IR (ATR) ν (cm-1) 3256, 1324, 1160; ESI-MS (m/z): 499.1 

[M+H]+; EA calculated for C26H30N2O4S2: C 62.62, H 6.06, N 5.62, found: C 62.47, H 6.14, N 5.67; 

Chiral HPLC analysis: Chiralpak IC column, 4.6 x 250 mm, 5 μm; 1 mL/min flow rate of a 2-

propanol (50%): heptane (50%) mobile phase; λ = 232 nm.; Rt = 23.0 min. and Rt = 28.7 min. for 

the two enantiomers and Rt = 26.3 min. for the meso form; Rt = 28.4 min for the enantiomerically 

pure product; [α]D
22 +185.0 (c 0.57, CHCl3). 

In a 100 mL two-necked round bottom flask, a mixture of (R,R)-21 (0.92 g, 1.85 mmol), 

paraformaldehyde (0.28 g, 9.32 mmol) and copper(I) iodide (0.35 g, 1.84 mmol) in dioxane (30 

mL) was stirred and heated at reflux. Dicyclohexylamine (1.33 mL, 6.69 mmol) was then added 

and the reaction was stirred for 25 hours (TLC monitoring). The reaction crude was purified by 

column chromatography using a mixture of hexanes/ethyl acetate (9:1) as the eluent to afford 

(R,R)-13 (0.93 g, 95% yield) as a brown oil. Molecular formula: C28H34N2O4S2; MW: 526.71 g/mol; 
1H-NMR (300 MHz, CDCl3) δ (ppm) 1.19 (d, 3JH,H = 6.8 Hz, 6H, CH3), 2.42 (s, 6H, CH3-Ts), 3.62-3.68 

(m, 2H, NCH2), 3.78-3.83 (m, 2H, NCH2), 4.53-4.62 (m, 2H, HC=C=CH2), 4.72-4.81 (m, 4H, 

HC=C=CH2), 4.86-4.90 (m, 2H, CHN), 5.66-5.69 (m, 2H, HC=CH), 7.29 (d, 3JH,H = 8.3 Hz, 4H, CH-Ts), 

7.71 (d, 3JH,H = 8.3 Hz, 4H, CH-Ts); 13C-NMR (100 MHz, CDCl3) δ (ppm) 18.7 (CH3), 21.4 (CH3-Ts), 

44.8 (NCH2), 51.7 (NCH), 77.7 (HC=C=CH2), 91.5 (HC=C=CH2), 127.1 (CH-Ts), 129.6 (HC=CH), 130.5 

(CH-Ts), 137.8 (C-Ts), 143.2 (C-Ts), 208.5 (HC=C=CH2); IR (ATR) ν (cm-1) 2979, 1954, 1333, 1150; 

ESI-MS (m/z): 527.2 [M+H]+, 544.2 [M+NH4]+, 549.2 [M+Na]+; EA calculated for C28H34N2O4S2: C 

63.85, H 6.51, N 5.32, found: C 63.87, H 6.53, N 5.39; Chiral HPLC analysis: Chiralpak IA column, 

4.6 x 250 mm, 5 μm; 1 mL/min flow rate of a 2-propanol (15%): heptane (85%) mobile phase; λ 

= 232 nm.; Rt = 18.2 min. and Rt = 20.6 min. for the two enantiomers and Rt = 21.9 min. for the 

meso form; Rt = 20.4 min for the enantiomerically pure product; [α]D
22 +155.6 (c 3.57, CHCl3). 
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8.3.3. Synthesis of allene-ene-allene (S,S)-14 

 
In a 25 mL two-necked round bottom flask, under nitrogen atmosphere, NaH (0.22 g, 5.50 mmol) 

was washed with hexanes (3 x 5 mL) and dried under vacuum. A solution of (S)-18 (0.3 mL, 3.66 

mmol) in THF (10 mL) was then added and cooled at 0ºC. After 30 minutes a solution of (E)-1,4-

dibromo-2-butene (0.37 g, 1.73 mmol) in THF (5 mL) was added and the reaction was stirred at 

room temperature for 4 hours (TLC monitoring). A saturated aqueous solution of NaHCO3 was 

added and the aqueous phase was extracted with ethyl acetate (3 x 15 mL). The organic phase 

was dried with anhydrous sodium sulfate, filtered and evaporated under reduced pressure. The 

reaction crude was purified by column chromatography using a mixture of hexanes/ethyl 

acetate (10:1) as the eluent to afford (S,S)-23 (0.20 g, 60% yield) as a yellow oil. Molecular 

formula: C12H16O2; MW: 192.26 g/mol; 1H-NMR (400 MHz, CDCl3) δ (ppm) 1.42 (d, 3JH,H = 6.8 Hz, 

6H, CH3), 2.40 (d, 4JH,H = 2.0 Hz, 2H, HC≡C), 3.93-3.98 (m, 2H), 4.17 (qd, 3JH,H = 6.8 Hz, 4JH,H = 2.0 

Hz, 2H, CHO), 4.21-4.25 (m, 2H), 5.81-5.84 (m, 2H); 13C-NMR (75 MHz, CDCl3) δ (ppm) 22.1 (CH3), 

64.5, 68.6, 73.1 (C≡CH), 83.7 (C≡CH), 129.5 (HC=CH); IR (ATR) ν (cm-1) 3275, 2918, 1093; ESI-

HRMS (m/z): calculated for [C12H16O2 + Na]+: 215.1043, found 215.1043; [α]D
22 -41.4 (c 2.28, 

CHCl3). 

In a 25 mL two-necked round bottom flask, a mixture of (S,S)-23 (0.14 g, 0.73 mmol), 

paraformaldehyde (0.11 g, 3.66 mmol) and copper(I) iodide (0.13 g, 0.68 mmol) in dioxane (15 

mL) was stirred and heated at reflux. Dicyclohexylamine (0.49 mL, 2.46 mmol) was then added 

and the reaction was stirred for 4 hours (TLC monitoring). The reaction crude was purified by 

column chromatography using a mixture of hexanes/ethyl acetate (50:1) as the eluent to afford 

(S,S)-14 (0.12 g, 75% yield) as a yellow oil. Molecular formula: C14H20O2; MW: 220.31 g/mol; 1H-

NMR (400 MHz, CDCl3) δ (ppm) 1.29 (d, 3JH,H = 6.5 Hz, 6H, CH3), 3.88-3.94 (m, 2H, OCH2), 3.95-

4.03(m, 2H, HC=C=CH2), 4.05-4.10 (m, 2H, OCH2), 4.72-4.81 (m, 4H, HC=C=CH2), 5.03-5.09 (m, 

2H, OCH), 5.78-5.80 (m, 2H, HC=CH); 13C-NMR (75 MHz, CDCl3) δ (ppm) 21.7 (CH3), 68.2, 73.5, 

76.0 (HC=C=CH2), 92.9 (HC=C=CH2), 129.6 (HC=CH), 208.3 (HC=C=CH2); IR (ATR) ν (cm-1) 2927, 

1951, 1093; ESI-HRMS (m/z): calculated for [C14H20O2 + Na]+: 243.1356, found 243.1378; [α]D
22 -

28.4 (c 1.83, CHCl3) 

8.3.4. Cycloaddition reaction of (R,R)-12  

 
In a 10 mL 2-necked round bottom flask, a mixture of (R,R)-12 (0.054 g, 0.10 mmol) and 

tris(triphenylphosphine)rhodium(I)chloride (0.0096 g, 0.01 mmol) was purged with nitrogen and 
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dissolved in anhydrous toluene (3 mL). The mixture was stirred at 90°C for 1h (TLC monitoring). 

The solvent was removed and the crude was purified by column chromatography using a mixture 

of hexanes/ethyl acetate (90:10) as the eluent to give cycloadduct (3R, 4R, 9R, 10S)-26 (0.022 g, 

40% yield) as a colourless solid. Molecular formula: C28H32N2O4S2; MW: 524.69 g/mol; m.p.: 87-

89ºC; 1H-NMR (400 MHz, CDCl3) δ(ppm) 0.51 (d, 3JH,H = 6.5 Hz, 3H), 1.55 (d, 3JH,H = 6.0 Hz 3H), 

2.37 (s, 3H), 2.43 (s, 3H), 2.86 (br s, 1H), 2.95 (br s, 1H), 3.51 (dq, 3JH,H = 7.6 Hz, 3JH,H = 3*6.0 Hz, 

1H), 3.62 (m, 1H), 3.71 (m, 1H), 3.88 (m, 1H), 3.96 (m, 1H), 4.04 (dq, 3JH,H = 7.9 Hz, 3JH,H = 3*6.6 

Hz, 1H), 4.64 (d, 2JH,H = 2.2 Hz, 1H), 4.79 (m, 1H), 5.11 (d, 2JH,H = 2.2 Hz, 1H), 5.39 (m. 1H), 7.23 (d, 
3JH,H = 8.2 Hz, 2H), 7.33 (d, 3JH,H = 8.2 Hz, 2H), 7.66 (d, 3JH,H = 8.2 Hz, 2H), 7.72 (d, 3JH,H = 8.2 Hz, 

2H); 13C-NMR (100 MHz, CDCl3) δ (ppm) 15.9, 21.6, 21.7, 22.8, 47.0, 47.2, 50.1, 51.0, 59.3, 59.8, 

108.3, 115.7, 126.1, 127.2, 127.6, 129.5, 129.9, 130.0, 133.8, 136.0, 143.3, 143.7, 144.0, 144.9; 

IR (ATR) ν (cm-1) 3211, 2918, 1386, 1162; ESI-MS (m/z): 525.2 [M+H]+; ESI-HRMS (m/z): 

calculated for [C28H32N2O4S2 + Na]+: 547.1696, found 547.1710; [α]D
22 +1.3 (c 1.20, CHCl3). 

8.3.5. Cycloaddition reaction of 13 

 

In a 10 mL two-necked round bottom flask, a solution of 13 (0.05 g, 0.095 mmol) in anhydrous 

toluene (1 mL) was purged with nitrogen and heated at reflux. A solution of 

tris(triphenylphosphine)rhodium(I)chloride (0.009 g, 0.0097 mmol) in anhydrous toluene (2 mL) 

was then added. The mixture was stirred at reflux for 1.5 h (TLC monitoring). The solvent was 

evaporated and the crude was purified by column chromatography using mixtures of 

hexanes/ethyl acetate of increasing polarity (from 10:1 to 8:1) as the eluent to give cycloadduct 

27 (0.016 g, 33% yield) and 28 (0.013 g, 27% yield) as colourless solids. Molecular formula: 

C28H34N2O4S2; MW: 526.71 g/mol; IR (ATR) ν (cm-1) 2895, 1323, 1154; ESI-HRMS (m/z): 

calculated for [C28H34N2O4S2 + Na]+: 549.1852, found 549.1840. Chiral HPLC analysis: Chiralpak 

IA column, 4.6 x 250 mm, 5 μm; 1 mL/min flow rate of a 2-propanol (20%): heptane (80%) mobile 

phase; λ = 232 nm.; Rt = 14.8 min. and Rt = 16.6 min. for the racemic mixture of the major 

diastereoisomer 27 and Rt = 18.4 min and Rt = 32.7 min. for the racemic mixture of the minor 

diastereoisomer 28. 

NMR data for (rac)-27. 

1H-NMR (300 MHz, CDCl3) δ (ppm) 0.65 (m, 1H), 1.27 (d, 3JH,H = 6.0 Hz, 3H), 1.29 (d, 3JH,H = 6.0 Hz, 

3H), 1.78-1.95 (m, 2H), 2.42 (s, 3H), 2.49 (s, 3H), 2.54 (dd, 3JH,H = 9.8 Hz, 3JH,H = 6.0 Hz, 1H), 2.81 

(dd, 2JH,H = 9.9 Hz, 3JH,H = 10.6 Hz, 1H), 3.18 (dq, 3JH,H = 9.8 Hz, 3JH,H = 3*6.0 Hz, 1H), 3.38 (m, 1H), 



Chapter 8 

153 

3.48 (dq, 3JH,H = 9.4 Hz, 3JH,H = 3*6.0 Hz, 1H), 3.70 (dd, 2JH,H = 9.9 Hz, 3JH,H = 7.0 Hz, 1H), 3.77 (m, 

1H), 4.54 (d, 2JH,H = 1.4 Hz, 1H), 4.80 (d, 2JH,H = 1.7 Hz 1H), 5.00 (d, 2JH,H = 1.4 Hz, 1H), 5.11 (d, 2JH,H 

= 1.7 Hz, 1H), 7.32 (d, 3JH,H = 8.4 Hz, 2H), 7.37 (d, 3JH,H = 8.4 Hz, 2H), 7.69 (d, 3JH,H = 8.4 Hz, 2H), 

7.70 (d, 3JH,H = 8.4 Hz, 2H); 13C-NMR (75 MHz, CDCl3) δ (ppm) 19.7, 20.4, 21.6, 21.7, 41.9, 42.3, 

51.8, 52.4, 52.5, 54.9, 55.9, 57.8, 107.8, 114.8, 126.7, 126.9, 129.9, 130.0, 136.1, 137.5, 143.3, 

144.1, 144.9, 145.8.  

NMR data for (rac)-28 

1H-NMR (400 MHz, CDCl3) δ (ppm) 0.79 (d, 3JH,H = 6.9 Hz, 3H), 0.97 (m, 1H), 1.48 (d, 3JH,H = 6.1 Hz, 

3H), 1.80-1.89 (m, 2H), 2.44 (s, 3H), 2.47 (s, 3H), 2.70 (dd, 3JH,H = 10.0 Hz, 3JH,H = 6.8 Hz, 1H), 2.84 

(t, JH,H = 11.4 Hz, 1H), 2.90 (dd, 2JH,H = 9.6 Hz, 3JH,H = 6.0 Hz, 1H), 3.20 (d,  JH,H = 9.6 Hz, 1H), 3.45 

(dq, 3JH,H = 10.2 Hz, 3JH,H = 6.9 Hz, 1H), 3.66 (dq, 3JH,H = 9.0 Hz, 3JH,H = 6.1 Hz, 1H), 3.71 (dd, 2JH,H = 

11.6 Hz, 3JH,H = 6.2 Hz, 1H), 4.59 (d, 2JH,H = 1.7 Hz, 1H), 4.71 (d, 2JH,H = 1.7 Hz, 1H), 5.05 (d, 2JH,H = 

1.7 Hz, 1H), 5.21 (d, 2JH,H = 1.7 Hz, 1H), 7.33 (d, 3JH,H = 8.1 Hz, 2H), 7.40 (d, 3JH,H = 8.1 Hz, 2H), 7.66 

(d, 3JH,H = 8.1 Hz, 2H), 7.75 (d, 3JH,H = 8.1 Hz, 2H); 13C-NMR (100 MHz, CDCl3) δ (ppm) 20.0, 21.6, 

21.7, 22.1, 40.7, 43.5, 48.6, 51.9, 52.9, 54.6, 58.7, 59.0, 107.1, 116.0, 127.2, 127.8, 129.8, 130.3, 

133.1, 134.1, 143.7, 144.4, 145.7, 146.7. 

8.3.6. Cycloaddition reaction of (R,R)-13  

 

In a 10 mL 2-necked round bottom flask, a mixture of (R,R)-13 (0.050 g, 0.095 mmol) and 

tris(triphenylphosphine)rhodium(I)chloride (0.0088 g, 0.0095 mmol) was purged with nitrogen 

and dissolved in anhydrous toluene (2 mL). The mixture was stirred at reflux for 2h (TLC 

monitoring). The solvent was removed and the crude was purified by column chromatography 

using a mixture of hexanes/ethyl acetate (70:30) as the eluent to give cycloadduct (3S, 4R, 6S, 

7S, 9R, 10R)-28 (0.0315 g, 63% yield) as a colourless solid. Chiral HPLC analysis: Chiralpak IA 

column, 4.6 x 250 mm, 5 μm; 1 mL/min flow rate of a 2-propanol (20%): heptane (80%) mobile 

phase; λ = 232 nm.; Rt = 32.7 min. for a single enantiomer; [α]D
22 -26.1 (c 1.78, CHCl3). 

8.3.7. Cycloaddition reaction of (S,S)-14  

 

In a 10 mL 2-necked round bottom flask, a mixture of (S,S)-14 (0.052 g, 0.23 mmol) and 

tris(triphenylphosphine)rhodium(I)chloride (0.022 g, 0.023 mmol) was purged with nitrogen and 



Chapter 8 

154 

dissolved in anhydrous toluene (4 mL). The mixture was stirred at 90°C for 1h (TLC monitoring). 

The solvent was removed and the crude was purified by column chromatography using a mixture 

of hexanes/ethyl acetate (80:20) as the eluent to give an inseparable mixture of cycloadducts 

(3R, 4S, 6R, 7R, 9S, 10S)-30  and (3R, 4S, 6S, 7S, 9S, 10S)-31 (0.027 g, 52% combined yield, in a 

0.7:1 ratio) as a colourless oil. Molecular formula: C14H20O2. MW: 220.31 g/mol; ESI-HRMS 

(m/z): calculated for [C14H20O2 + Na]+: 243.1356, found 243.1363.  

(3R, 4S, 6R, 7R, 9S, 10S)-30 

1H-NMR (400 MHz, CDCl3) δ (ppm) 1.09 (d, 3JH,H = 6.7 Hz, 3H), 1.33 (d, 3JH,H = 5.9 Hz, 3H), 1.91 (tt, 

JH,H = 2*9.1 Hz, JH,H = 2*2.0 Hz 1H), 2.16 (m, 1H), 2.19 (m, 1H), 3.25 (dd, 2JH,H = 10.0 Hz, 3JH,H = 6.2 

Hz, 1H), 3.43 (dd, 2JH,H = 9.6 Hz, 3JH,H = 7.8 Hz, 1H), 3.67 (dd, 2JH,H = 8.8 Hz, 3JH,H = 4.0 Hz, 1H), 3.72 

(d, 2JH,H = 8.8 Hz, 1H), 4.03 (m, 1H), 4.04 (m, 1H), 4.21 (dq, 3JH,H = 10.0 Hz, 3JH,H = 6.7 Hz, 1H), 4.54 

(m, 1H), 4.84 (m, 1H), 5.12 (m, 1H), 5.30 (m, 1H); 13C-NMR (100 MHz, CDCl3) δ (ppm) 19.0, 20.3, 

43.9, 46.8, 48.9, 54.2, 71.0, 71.1, 76.5, 78.2, 105.4, 114.6, 147.8, 148.3. 

(3R, 4S, 6S, 7S, 9S, 10S)-31 

1H-NMR (400 MHz, CDCl3) δ (ppm) 1.17 (d, J = 6.4 Hz, 3H), 1.27 (d, 3JH,H = 6.0 Hz, 3H), 2.20 (m, 

1H), 2.24 (m, 1H), 2.52 (m, 1H), 2.53 (m, 1H), 3.38 (dd, 2JH,H = 9.6 Hz, 3JH,H = 7.8 Hz, 1H), 3.56 (dd, 
2JH,H = 8.6 Hz, 3JH,H = 2.5 Hz, 1H), 3.86 (dq, 3JH,H = 12 Hz, 3JH,H = 6.0 Hz, 1H), 3.97 (dd, 2JH,H = 8.6 Hz, 
3JH,H = 5.0 Hz, 1H), 4.08 (t, JH,H = 2*7.5 Hz, 1H), 4.45 (quint, 3JH,H = 6.4 Hz, 1H), 4.70 (m, 1H), 4.83 

(m, 1H), 5.29 (m, 1H), 5.31 (m, 1H); 13C-NMR (100 MHz, CDCl3) δ (ppm) 17.9, 19.6, 40.6, 44.4, 

50.7, 53.9, 70.8, 71.9, 75.3, 77.3, 109.7, 113.1, 144.6, 146.7. 

8.4. Experimental procedure for the products synthesised in Chapter 5 

8.4.1. Synthesis of poly(ethylene glycol) derivative 35 

 

Commercially available poly(ethylene glycol) methyl ether with an average weight of 750 g/mol 

(36 g, 48 mmol) was dried under vacuum at 80°C for 2 hours and cooled at room temperature. 

Anhydrous CH2Cl2 (100 mL) and freshly distilled triethylamine (8.7 mL, 67.4 mmol) were added 

and the mixture was cooled to 0°C. Methanesulfonyl chloride (4.9 mL, 67.4 mmol) was added 

dropwise for 15 minutes and left stirring at 0°C for 15 minutes more, the reaction mixture was 

then left to stir at room temperature overnight. The reaction was filtered and the solvent 

removed under reduced pressure. The crude was dissolved in CH2Cl2 (200 mL) and extracted 

with water (2 x 40 mL). The aqueous phase was extracted with CH2Cl2 (3 x 100 mL). The combined 

organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure to 

afford 33 (33.98 g, 86% yield) as a yellow oil. 𝐌̅𝐧 = 828 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 



Chapter 8 

155 

3.07 (s, 3H, SO2CH3), 3.36 (s, 3H, OCH3), 3.52-3.55 (m, 2H), 3.59-3.68 (m, ≈58H), 3.74-3.77 (m, 

2H), 4.35-4.38 (m, 2H). 

A mixture of 4-(benzyloxy)phenol (7.4 g, 36 mmol) and potassium tert-butoxide (4.2 g, 36 mmol) 

in THF (50 mL) was stirred at room temperature for an hour. A solution of 33 (10 g, 12 mmol) in 

THF (50 mL) was then added and the mixture was heated at 40°C for 48 hours. The solvent was 

removed under reduced pressure and the crude was dissolved in methanol (180 mL), filtered 

through celite and the solvent was removed under reduced pressure. The residue was dissolved 

in CH2Cl2 (180 mL), filtered through celite and the solvent was removed under reduced pressure 

again. The crude was purified by column chromatography on silica gel using, first, diethyl ether, 

then dichloromethane and finally a mixture of dichloromethane : ethanol (9:1) as the eluent to 

afford 34 (6.52 g, 58% yield) as an oily brown solid.122 𝐌̅𝐧 = 932 g/mol; 1H-NMR (400 MHz, CDCl3) 

 (ppm) 3.35 (s, 3H, OCH3), 3.51-3.54 (m, 2H), 3.56-3.67 (m, ≈60H), 3.68-3.71 (m, 2H), 3.79-3.82 

(m, 2H), 4.04-4.07 (m, 2H), 4.98 (s, 2H, CH2-Bn), 6.81-6.88 (m, 4H, CH-Ar), 7.28-7.41 (m, 5H, CH-

Bn). 

A mixture of 34 (16.4 g, 17.6 mmol), palladium on carbon (4.7 g, 10 wt. % loading, 4.42 mmol) 

and ammonium formate (2.8 g, 44.2 mmol) in methanol (280 mL) was heated at 40°C for 48 

hours. Upon completion (1H-NMR monitoring) the solution was filtered through celite and the 

solvent removed under reduced pressure. The crude was dissolved in CH2Cl2 (400 mL) and 

washed with water (2 x 200 mL). The organic layer was dried over anhydrous Na2SO4 and 

concentrated under reduced pressure to afford 35 (12.57 g, 85% yield) as a brown oil.122 𝐌̅𝐧 = 

842 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 3.37 (s, 3H, OCH3), 3.53-3.71 (m, ≈74H), 3.80-3.83 

(m, 2H), 4.05-4.08 (m, 2H), 6.74-6.81 (m, 4H, CH-Ar). 

8.4.2. Synthesis of compound 37 

 

In a 50 mL Schlenk flask, 4-bromobenzaldehyde (3 g, 15.9 mmol), bis(triphenylphosphine) 

palladium(II) dichloride (228 mg, 0.32 mmol) and copper(I) iodide (121 mg, 0.63 mmol) were 

degassed under argon atmosphere and dissolved in anhydrous THF (15 mL). A mixture of 

triethylamine (3.2 mL, 22.9 mmol), ethynyltrimethylsilane (2.4 mL, 16.5 mmol) in THF (2 mL) was 

added and left to stir at room temperature for 2 hours until completion (TLC monitoring). The 

solvent was then removed under reduced pressure. The crude was dissolved in pentane, filtered 

through celite and the solvent was removed. The residue was dissolved in MeOH (19 mL) and 

potassium carbonate (223 mg, 1.61 mmol) was added. The reaction was left to stir for 1.5 hours 
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at room temperature until completion (TLC monitoring). The solvent was removed under 

reduced pressure, the crude was dissolved in diethyl ether (40 mL) and extracted with an 

aqueous solution of sodium hydrogencarbonate (2 x 30 mL) and water (2 x 10 mL). The organic 

layer was dried over anhydrous Na2SO4, concentrated under reduced pressure and purified by 

column chromatography on silica gel using a mixture of hexanes/ethyl acetate (10:1) as the 

eluent to give 4-ethynylbenzaldehyde, 32a (1.71 g, 82% yield) as an orange solid.123 Molecular 

formula: C9H6O; MW: 130.14 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 3.30 (s, 1H, C≡CH), 7.64 

(d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.84 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 10.0 (s, 1H, CHO). 

N-methyl-dichlorophosphorhydrazine (8.7 mL of a 0.243M solution, 2.11 mmol), filtered 

through a 0.45 µm PTFE filter, was added to a mixture of 4-ethynylbenzaldehyde (250 mg, 1.92 

mmol) and anhydrous sodium sulfate (300 mg) in THF (5 mL) at 0°C, and left to stir at room 

temperature for 1 hour (1H-NMR monitoring). Upon completion, the solution was filtered and 

the solvent was removed under reduced pressure. The crude was dissolved in the minimum 

amount of THF and 36a was obtained by precipitation upon addition of pentane (492 mg, 88% 

yield) as a brown solid. Molecular formula: C10H9N2Cl2PS; MW: 291.13 g/mol; m.p.: 112-113°C; 
1H-NMR (300 MHz, CDCl3)  (ppm) 3.19 (s, 1H, HC≡C), 3.51 (dd, 3JH,P = 13.8 Hz, 5JH,H = 0.3 Hz, 3H, 

NCH3), 7.53 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.67-7.71 (m, 3H, CH-Ar + CH=N); 31P{1H}-NMR (121.5 

MHz, CDCl3)  (ppm) 63.0. 

A mixture of 4-hydroxybenzaldehyde (336 mg, 2.75 mmol) and cesium carbonate (984 mg, 3.02 

mmol) in THF (20 mL) under inert atmosphere was left to stir for one hour at room temperature. 

36a (400 mg, 1.37 mmol) was then added and the mixture was left stirring overnight. Upon 

completion (31P{1H}-NMR monitoring), the solids were removed by centrifugation and the 

solvent was eliminated under reduced pressure. The crude was dissolved in chloroform (10 mL) 

and extracted with water (3 x 5 mL). The organic layer was dried over anhydrous Na2SO4 and 

concentrated under reduced pressure to afford 37 (471 mg, 74% yield) as an orange gummy 

solid. Molecular formula: C24H19N2O4PS; MW: 462.46 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 

3.18 (s, 1H, HC≡C), 3.41 (d, 3JH,P = 10.8 Hz, 3H, NCH3), 7.40 (dd, 3JH,H = 8.2 Hz, 4JH,H = 1.2 Hz, 4H, 

CH-Ar), 7.52 (d, 3JH,H = 8.0 Hz, 2H, Ar), 7.63 (d, 3JH,H = 8.0 Hz, 2H, CH-Ar), 7.63 (m, 1H, HC=N), 7.88 

(d, 3JH,H = 8.2 Hz, 4H, Ar), 9.97 (s, 2H, CHO); 13C-NMR (75 MHz, CDCl3)  (ppm) 33.1 (d, 2JC,P = 13.5 

Hz, NCH3), 79.1 (HC≡C), 83.3 (HC≡C), 122.1 (d, 3JC,P = 5.1 Hz, CH-Ar), 123.5 (HC≡C-C), 126.9 (CH-

Ar), 131.6 (d, 4JC,P = 8.2 Hz, CH-Ar), 132.6 (CH-Ar), 133.8 (d, 4JC,P = 1.6 Hz, C-CH=N), 134.7 (C-CHO), 

139.8 (d, 3JC,P = 13.8 Hz, HC=N), 155.3 (d, 2JC,P = 7.2 Hz, C-O-P), 190.8 (CHO); 31P{1H}-NMR (162 

MHz, CDCl3)  (ppm) 60.1. 
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8.4.2. Synthesis of compound 38 

 

BuLi (6.5 mL of a 2.5 M solution in hexanes, 16 mmol) was slowly added to a solution of 1,4-

diiodobenzene (5 g, 15.3 mmol) in anhydrous diethyl ether (80 mL) at -78°C and left to stir for 

30 minutes. DMF was then added (6 mL, 76.5 mmol) and the reaction was left to warm to room 

temperature over the course of 2 hours. The reaction was washed with water (40 mL) and the 

aqueous phase was extracted with Et2O (4 x 30 mL). The combined organic layer was extracted 

with water (60 mL) and brine (60 mL), and then dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude was purified by column chromatography on silica gel using 

a mixture of hexanes/ethyl acetate (10:1) as the eluent to give 4-iodobenzaldehyde, 32b (1.74 

g, 49% yield) as a colourless solid.124 Molecular formula: C7H5OI; MW: 232.02 g/mol; 1H-NMR 

(400 MHz, CDCl3)  (ppm) 7.59 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.91 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 

9.96 (s, 1H, CHO).  

N-methyl-dichlorophosphorhydrazine (19.5 mL of a 0.243M solution, 4.73 mmol), filtered 

through a 0.45 µm PTFE filter, was added to a mixture of 4-iodobenzaldehyde (1.01 g, 4.3 mmol) 

and anhydrous sodium sulfate (1.2 g) in THF (20 mL) at 0°C, and left to stir at room temperature 

for 1 hour (1H-NMR monitoring). Upon completion the solution was filtered and the solvent was 

removed under reduced pressure. The crude was dissolved in the minimum amount of THF and 

36b was obtained by precipitation upon addition of pentane (997 mg, 59% yield) as a colourless 

sticky solid. Molecular formula: C8H8N2Cl2IPS; MW: 393.00 g/mol; 1H-NMR (300 MHz, CDCl3)  

(ppm) 3.50 (dd, 3JH,P = 13.8 Hz, 5JH,H = 0.3 Hz, 3H, NCH3), 7.44-7.49 (d, 2H, 3JH,H = 12.9 Hz, CH-Ar), 

7.62 (d, 4JH,P = 2.7 Hz, 1H, HC=N), 7.74-7.78 (d, 2H, 3JH,H = 12.9 Hz, CH-Ar); 31P{1H}-NMR (121.5 

MHz, CDCl3)  (ppm) 62.9. 

A mixture of 35 (234 mg, 0.59 mmol) and cesium carbonate (427.7 mg, 1.31 mmol) in THF (10 

mL) under inert atmosphere was left to stir for one hour at room temperature. 36b (996.6 mg, 

1.18 mmol) was then added and the mixture was left stirring overnight. Upon completion 

(31P{1H}-NMR monitoring), the solids were removed by centrifugation and the solvent was 

eliminated under reduced pressure to afford 38 (1.13 g, 95% yield) as a brown oil. 𝐌̅𝐧 = 2004 

g/mol; 1H-NMR (300 MHz, CDCl3)  (ppm) 3.29 (d, 3JH,P = 10.2 Hz, 3H, NCH3), 3.36 (s, 6H, OCH3), 

3.51-3.55 (m, 4H), 3.56-3.76 (m, ≈126H), 3.79-3.83 (m, 4H), 4.03-4.07 (m, 4H), 6.80 (d, 3JH,H = 9.0 

Hz, 4H, CH-Ar), 7.10 (dd, 3JH,H = 9.0 Hz, 4JH,H = 1.8 Hz, 4H, CH-Ar), 7.45 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 

7.73 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar); 31P{1H}-NMR (121.5 MHz, CDCl3) (ppm) 63.9. 
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8.4.3. Synthesis of compound 40 

 

Compound 38 (2.0 g, 1.00 mmol), bis(triphenylphosphine) palladium(II) dichloride (21.0 mg, 0.03 

mmol) and copper(I) iodide (11.4 mg, 0.06 mmol) were degassed in a 25 mL Schlenk flask under 

nitrogen atmosphere and dissolved in anhydrous THF (10 mL). A mixture of triethylamine (0.83 

mL, 6.0 mmol), 32a (195.2 mg, 1.50 mmol) in THF (5 mL) was added and left to stir at room 

temperature for 5 hours until completion (TLC monitoring). The solvent was removed under 

reduced pressure and the crude was purified by column chromatography on silica gel using a 

mixture of dichloromethane/methanol (10:1) as the eluent to give 40 (1.2 g, 60% yield) as a 

brown oil. 𝐌̅𝐧 = 2006 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 3.32 (d, 3JH,P = 10.4 Hz, 3H, NCH3), 

3.35 (s, 6H, OCH3), 3.51-3.54 (m, 4H), 3.61-3.69 (m, ≈128H), 3.79-3.82 (m, 4H), 4.03-4.07 (m, 4H), 

6.81 (d, 3JH,H = 9.2 Hz, 4H, CH-Ar), 7.09 (dd, 3JH,H = 9.2 Hz, 4JH,H = 1.6 Hz, 4H, CH-Ar), 7.56 (d, 3JH,H = 

8.4 Hz, 2H, CH-Ar), 7.61 (br s, 1H, HC=N), 7.67 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.73 (d, 3JH,H = 8.2 Hz, 

2H, CH-Ar), 7.86 (d, 3JH,H = 8.2 Hz, 4H, CH-Ar), 10.0 (s, 1H, CHO); 13C-NMR (100 MHz, CDCl3)  

(ppm) 33.4 (d, 2JC,P = 12.0 Hz, NCH3), 59.1 (OCH3), 67.8, 69.7, 70.4, 70.5, 70.6, 70.8, 71.9, 90.0 

(C≡C), 93.3 (C≡C), 115.2 (C-C≡C), 122.3 (d, 3JC,P = 4.0 Hz, CH-Ar), 123.2 (C-C≡C), 127.0 (CH-Ar), 

129.4, 129.6 (CH-Ar), 132.21, 132.24, 135.5 (d, 2JC,P = 7.0 Hz, C-O-P), 138.5 (d, 3JC,P = 14.0 Hz, 

HC=N), 144.3 (d, 3JC,P = 7.0 Hz, CH-Ar), 156.2, 191.4 (CHO); 31P{1H}-NMR (162 MHz, CDCl3)  (ppm) 

64.0. 

8.4.4. Synthesis of compound 42 

 

4-iodotoluene (235.5 mg, 1.08 mmol), bis(triphenylphosphine) palladium(II) dichloride (11.4 mg, 

0.016 mmol) and copper(I) iodide (6.2 mg, 0.032 mmol) were degassed in a 25 mL Schlenk flask 

under nitrogen atmosphere and dissolved in anhydrous THF (15 mL). A mixture of triethylamine 

(0.45 mL, 3.24 mmol), 37 (250.1 mg, 0.54 mmol) in THF (2.5 mL) was added and left to stir at 

room temperature for 24 hours until completion (TLC monitoring). The solvent was removed 
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under reduced pressure and the crude was purified by column chromatography on silica gel 

using a mixture of hexanes/ethyl acetate (8:2) as the eluent to give 41 (158.1 mg, 53% yield) as 

a brown oil. Molecular formula: C31H25N2O4PS; MW: 552.58 g/mol; 1H-NMR (400 MHz, CDCl3)  

(ppm) 2.36 (s, 3H, CH3-Ar), 3.42 (d, 3JH,P = 10.8 Hz, 3H, NCH3), 7.16 (d, 3JH,H = 7.6 Hz, 2H, CH-Ar), 

7.39-7.45 (m, 6H, CH-Ar), 7.54 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.64 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.64 

(m, 1H, CH=N), 7.88 (d, 3JH,H = 8.4 Hz, 4H, CH-Ar), 9.95 (s, 2H, CHO); 13C-NMR (75 MHz, CDCl3)  

(ppm) 21.6 (CH3-Ar), 33.0 (d, 2JC,P = 13.6 Hz, NCH3), 88.5 (C≡C), 91.7 (C≡C), 119.9 (C-C≡C), 122.1 

(d, 3JC,P = 5.5 Hz, CH-Ar), 125.0 (C-C≡C), 127.0 (CH-Ar), 129.3 (CH-Ar), 131.58 (d, 4JC,P = 1.6 Hz, CH-

Ar), 131.6 (CH-Ar), 132.0 (CH-Ar), 133.7 (d, 4JC,P = 1.6 Hz, C-CH=N), 133.9 (C-CHO), 138.8 (C-CH3), 

140.1 (d, 3JC,P = 13.8 Hz, HC=N), 155.3 (d, 2JC,P = 7.3 Hz, C-O-P), 190.9 (CHO); 31P{1H}-NMR (162 

MHz, CDCl3)  (ppm) 60.2. 

A mixture of compound 41 (90.0 mg, 0.163 mmol) and dicobalt octacarbonyl (6.1 mg, 0.017 

mmol) in dioxane (1 mL) in inert atmosphere was heated in a 10 mL Schlenk flask at 100°C. After 

24 hours (TLC monitoring) the solvent was removed under reduced pressure and the crude was 

purified by column chromatography on silica gel using a mixture of hexanes/ethyl acetate (9:1) 

as the eluent to give 42 (37.8 mg, 42% yield) as a yellow solid. Molecular formula: 

C93H75N6O12P3S3; MW: 1657.75 g/mol; m.p.: 126-127°C; 1H-NMR (400 MHz, CDCl3)  (ppm) 2.04-

2.08 (m, 9H), 3.26-3.32 (m, 9H), 6.69-6.72 (m, 11H), 6.85-6.90 (m, 5H), 6.94-6.97 (m, 2H), 7.17-

7.21 (m, 6H), 7.29-7.46 (m, 15H), 7.76-7.88 (m, 12H), 9.83-9.96 (m, 6H). 

8.4.5. Synthesis of compound 52 

 
4-iodobenzyl alcohol (3.33 g, 13.8 mmol), bis(triphenylphosphine) palladium(II) dichloride 

(242.4 mg, 0.33 mmol) and copper(I) iodide (132.2 mg, 0.69 mmol) were degassed in a 25 mL 

Schlenk flask under nitrogen atmosphere and dissolved in anhydrous THF (39 mL). A mixture of 

triethylamine (9.6 mL, 69.0 mmol), 4-ethynylbenzaldehyde 32a (1.50 g, 11.52 mmol) in THF (6 

mL) was added and left to stir at room temperature for 3 hours until completion (TLC 

monitoring). The solution was filtered and the solvent was removed under reduced pressure. 

Dichloromethane was added to the crude, forming a precipitate that was collected by filtration 

and washed with dichloromethane. The colourless solid corresponds to 49 and was used in the 

next reaction without further purification.  

A solution of thionyl chloride (1.25 mL, 17.28 mmol) in dichloromethane (10 mL) was slowly 

added to a solution of 49 in THF (50 mL) and stirred at room temperature for 2 hours (TLC 

monitoring). The solvent was then removed under reduced pressure and the crude was 

dissolved in dichloromethane (50 mL) and washed with a saturated aqueous solution of sodium 

hydrogencarbonate (3 x 30 mL). The organic layer was dried over anhydrous Na2SO4 and 



Chapter 8 

160 

concentrated under reduced pressure to give compound 50 (2.08 g, 71% yield of two steps) as 

a beige-coloured solid. Molecular formula: C16H11OCl; MW: 254.71 g/mol; m.p.: 135-136°C; 1H-

NMR (400 MHz, CDCl3)  (ppm) 4.60 (s, 2H, CH2), 7.39 (d, 3JH,H = 8.4 Hz, 2H, CH-Ar), 7.55 (d, 3JH,H 

= 8.4 Hz, 2H, CH-Ar), 7.67 (d, 3JH,H = 8.6 Hz, 2H, CH-Ar), 7.87 (d, 3JH,H = 8.6 Hz, 2H, CH-Ar), 10.0 (s, 

1H, CHO); 13C-NMR (100 MHz, CDCl3)  (ppm) 45.8 (CH2), 89.3 (C-alkyne), 92.9 (C-alkyne), 122.7 

(C-Ar), 128.8 (CH-Ar), 129.5 (C-Ar), 129.7 (CH-Ar), 132.2 (CH-Ar), 132.3 (CH-Ar), 135.6 (C-Ar), 

138.3 (C-Ar), 191.5 (CHO); ESI-MS (m/z): 255.0 [M+H]+; ESI-MS (m/z): 255.0 [M+H]+. 

A mixture of compound 50 (100.0 mg, 0.39 mmol) and dicobalt octacarbonyl (13.4 mg, 0.039 

mmol) in dioxane (2 mL) in inert atmosphere was heated in a 10 mL Schlenk flask at 100°C for 

72 hours (TLC monitoring). The solvent was then removed under reduced pressure and the crude 

was purified by column chromatography on silica gel using a mixture of hexanes/ethyl acetate 

(9:1 to 6:4) as the eluent to give 51 (50.6 mg, 51% yield) as a brown solid. Molecular formula: 

C48H33O3Cl3; MW: 764.14 g/mol; 1H-NMR (400 MHz, CDCl3)  (ppm) 4.32-4.34 (m, 6H), 6.76-6.79 

(m, 6H), 6.87-6.91 (m, 6H), 6.97-6.99 (m, 6H), 7.39-7.42 (m, 6H), 9.75-9.77 (m, 3H); 13C-NMR 

(100 MHz, CDCl3)  (ppm)  45.7, 45.9, 127.4, 127.5, 128.60, 128.65, 131.34, 131.37, 131.8, 131.9, 

133.9, 134.0, 135.44, 135.46, 135.63, 135.64, 139.1, 139.24, 139.26, 139.35, 139.38, 139.7, 

139.9, 140.0, 140.21, 140.24, 140.6, 146.3, 146.40, 146.45, 146.5, 192.0, 192.1; ESI-MS (m/z): 

727.2 [M-Cl]+, 782.2 [M+NH4]+. 

A mixture of 51 (95 mg, 0.125 mmol) and PTA (63 mg, 0.39 mmol) in MeOH (2 mL) under inert 

atmosphere was stirred at room temperature overnight. The solvents were removed under 

reduced pressure and the solid was washed with THF to afford 52 as a yellow solid (66 mg, 43% 

yield). Molecular formula: C66H69N9O3Cl3P3; MW: 1235.60 g/mol; 1H-NMR (400 MHz, CD3OD)  

(ppm) 3.96-4.00 (m, 13H), 4.09-4.13 (m, 7H), 4.23-4.27 (m, 6H), 4.37-4.41 (m, 6H), 4.75-4.81 (m, 

10H), 7.08-7.30 (m, 18H, CH-Ar), 7.48-7.55 (m, 6H, CH-Ar), 9.72 (s, 3H, CHO); 31P{1H}-NMR (162 

MHz, CD3OD)  (ppm) -81.45, -81.43, -81.39; ESI-MS (m/z): 1200.4 [M-Cl]+, 581.7 [M-2Cl]2+. 

8.5. Experimental procedure for the products synthesised in Chapter 6 

8.5.1. Synthesis of 1,3-dimesityl-4,5-bis[3-(triethoxysilyl)propyl]-4,5-

dihydroimidazolium chloride, 54 
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A solution of aqueous glyoxal (4.6 mL of a 40% w/v solution, 39.92 mmol) in 2-propanol (10 mL) 

and H2O (5 mL) was added to a stirred mixture of mesitylamine (7 mL, 49.9 mmol) in 2-propanol 

(20 mL). The mixture was stirred at room temperature for 16 hours and then at 60°C for 4 hours. 

Water (10 mL) was then added and the resulting solid was filtered and recrystallized in hexanes 

to give compound 56 (4.49 g, 63% yield) as a yellow solid.163 Molecular formula: C20H24N2; MW: 

292.42 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 2.15 (s, 12H, o-CH3), 2.29 (s, 6H, p-CH3), 6.90 

(s, 4H, Ar), 8.09 (s, 2H, N=CHCH=N). 

Compound 56 (4.47 g, 15.3 mmol) was transferred into a Schlenk tube, dissolved in anhydrous 

THF (40 mL), and cooled to -94°C (hexanes/liquid N2 bath). Allylmagnesium chloride (40 mL of a 

2 M solution in anhydrous THF, 80 mmol) was added slowly. The reaction mixture was then 

warmed up to room temperature and stirred for 16 hours. The crude was then cooled to 0ºC 

and a 1M NH4Cl(aq) solution (90 mL) was added with care. The organic phase was separated and 

the aqueous phase was further extracted with Et2O (3 x 25 mL). The combined organic phases 

were dried over anhydrous Na2SO4 and concentrated. After 4 days at room temperature a yellow 

solid precipitated. This was filtered and washed with cold MeOH to give compound 57 (3.08 g, 

54% yield) as a colourless solid. Molecular formula: C26H36N2; MW: 376.58 g/mol; m.p.: 76 – 

77ºC (lit.164b 76ºC). 1H-NMR (400 MHz, CDCl3) δ (ppm) 2.21 (s, 6H, p-CH3), 2.23 (s, 12H, o-CH3), 

2.23-2.29 (m, 4H, CH2CH=CH2), 3.67 (m, 2H NH + 2H CHNH), 5.00 (dd, 3cisJH,H = 10.2 Hz, 2JH,H = 1.8 

Hz, 2H, CH=CHcisHtrans), 5.06 (dd, 3transJH,H = 17.2 Hz, 2JH,H = 1.8 Hz, 2H, CH=CHcisHtrans), 5.74 (ddt, 
3transJH,H = 17.2 Hz, 3cisJH,H = 10.2 Hz, 3JH,H = 7.2 Hz, 2H, CH2CH=CH2), 6.78 (s, 4H, Ar). 

A mixture of compound 57 (2.29 g, 6.08 mmol), ammonium chloride (2.14 g, 40 mmol) and 

triethylorthoformate (5.1 mL, 28.6 mmol) was stirred under nitrogen atmosphere and heated at 

140°C for 15 hours (TLC monitoring). The reaction mixture was cooled down to 40°C and the 

volatiles evaporated under vacuum until a sticky residue was obtained. Anhydrous hexane was 

added to this residue and the mixture was triturated in order to facilitate the precipitation of a 

solid. This solid was then filtered, washed with hexanes and dried under vacuum. The compound 

was further purified by column chromatography on silica gel (CH2Cl2:EtOH, 9:1  7:3) to give 

compound 58 (1.79 g, 70% yield) as a light-brown solid. Molecular formula: C27H35N2Cl; MW: 

423.04 g/mol; m.p.: 257 – 258ºC (lit.164b 258ºC). 1H-NMR (300 MHz, CDCl3) δ (ppm) 2.29 (s, 6H, 

CH3), 2.37 (s, 6H, CH3), 2.44 (s, 6H, CH3), 2.42-2.48 (m, 2H, CHHCH=CH2), 2.65-2.73 (m, 2H, 

CHHCH=CH2), 4.95-5.02 (m, 2H CH=CHtransHcis + 2H NCHCHN), 5.05 (dd, 3transJH,H = 16.8 Hz, 2JH,H = 

1.2 Hz, 2H, CH=CHcisHtrans), 5.45 (ddt, 3transJH,H = 16.8 Hz, 3cisJH,H = 10.2 Hz, 3JH,H = 6.6 Hz, 2H, 

CH2CH=CH2), 6.95 (s, 2H, Ar), 6.96 (s, 2H, Ar), 10.07 (s, 1H, NCH=N). 

Compound 58 (0.95 g, 2.25 mmol) was transferred into a sealable Schlenk tube under nitrogen 

atmosphere and dissolved in anhydrous CH2Cl2 (22 mL). A mixture of Karstedt’s catalyst (1.5 mL, 

2% wt Pt solution in xylene, 0.13 mmol Pt) and freshly distilled HSiCl3 (5.8 mL, 57.38 mmol) was 

then added. The reaction mixture was stirred under nitrogen at 40°C for 20 hours. Excess of 

HSiCl3 was evaporated under vacuum and the residue was redissolved in anhydrous CH2Cl2 (11 

mL). The mixture was cooled to 0°C and a 1/1 solution of anhydrous EtOH/NEt3 (6.6 mL) was 

added slowly. The mixture was stirred at room temperature for 2 hours. The volatiles were 

removed under vacuum and the residue was treated with anhydrous toluene and then filtered 

to separate the ammonium salt. The filtrates were concentrated under vacuum and anhydrous 

hexane was added to precipitate the desired product, which was filtered off and washed with 
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more hexanes until the filtrates had no colour. The resulting solid was dried under vacuum to 

give compound 54 (0.95 g, 56% yield) as a grey solid.131h Molecular formula: C39H67N2O6ClSi2; 

MW: 751.59 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 0.48-0.53 (m, 4H, CH2Si), 1.14 (t, 3JH,H = 

6.9 Hz, 18H, OCH2CH3), 1.23-1.29 (m, 4H, CH2CH2CH2Si), 1.68-1.88 (m, 4H, CH2CH2CH2Si), 2.25 (s, 

6H, CH3), 2.34 (s, 6H, CH3), 2.45 (s, 6H, CH3), 3.68 (q, 3JH,H = 6.9 Hz, 12H, OCH2CH3), 4.61 (br s, 2H, 

NCHCHN), 6.90 (s, 2H, Ar), 6.94 (s, 2H, Ar), 10.64 (s, 1H, NCH=N). 

8.5.2. Synthesis of 1-mesityl-3-(3-(triethoxysilyl)propyl)-1H-3-imidazolium chloride, 59 

 

A mixture of mesitylamine (5.6 mL, 38.6 mmol), ammonium acetate (3.08 g, 40.05 mmol) and 

acetic acid (10 mL) in water (1 mL) was added to a stirred solution of acetic acid (10 mL), 

formaldehyde(aq) (3 mL of a 37% w/v solution, 40.3 mmol) and glyoxal(aq) (5.3 mL of a 40% w/v 

solution, 46.0 mmol). The reaction mixture was stirred at 70°C overnight. The crude was then, 

carefully poured over a saturated NaHCO3(aq) solution (300 mL) and the precipitate was filtered, 

washed with H2O (5 x 20 mL) and dried under vacuum. The crude was purified by column 

chromatography on silica gel (hexanes/ethyl acetate, 3:1 to 1:1) to give compound 59 (3.44 g, 

48% yield) as a light-brown solid.179 Molecular formula: C12H14N2; MW: 186.25 g/mol; m.p.: 113 

– 114ºC (lit.180 112 – 113ºC). 1H-RMN (300 MHz, CDCl3) δ (ppm) 1.99 (s, 6H, o-CH3), 2.34 (s, 3H, 

p-CH3), 6.89 (dd, 3JH,H = 1.1 Hz, 4JH,H = 1.1 Hz, 1H, N1CHCHN2), 6.97 (br abs, 2H, Ar), 7.23 (dd, 3JH,H 

= 1.1 Hz, 4JH,H = 1.1 Hz, 1H, N1CHCHN2), 7.44 (t, 4JH,H = 1.1 Hz, 1H, N1CH=N2). 

1-mesitylimidazole was transferred (5.46 g, 29.3 mmol) into a Schlenk tube fitted with a 

condenser and a stirring bar and under nitrogen. A solution of 3-(chloropropyl)triethoxysilane 

(8.5 mL, 33.5 mmol) in anhydrous dioxane (50 mL) was then added. The reaction mixture was 

refluxed for 18 hours (TLC monitoring). The solvent was evaporated under vacuum and the 

residue was washed with anhydrous hexanes until the filtrates were colorless. The resulting solid 

was dried under vacuum to give compound 55 (5.00 g, 40% yield) as a beige solid.131i Molecular 

formula: C21H35N2O3ClSi; MW: 427.05 g/mol; 1H-NMR (400 MHz, CDCl3) δ (ppm) 0.64 (t, 3JH,H = 

8.1 Hz, 2H, CH2-Si), 1.20 (t, 3JH,H = 7.0 Hz, 9H, OCH2CH3), 2.06 (s, 6H, o-CH3), 2.03-2.07 (m, 2H, 

NCH2CH2CH2Si), 2.32 (s, 3H, p-CH3), 3.81 (q, 3JH,H = 7.0 Hz, 6H, OCH2CH3), 4.74 (t, 3JH,H = 7.0 Hz, 

2H, CH2N), 6.98 (s, 2H, Ar), 7.14 (s, 1H, N1CHCHN2), 7.65 (s, 1H, N1CHCHN2), 10.78 (s, 1H, NCH=N). 
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8.5.3. Synthesis of Rh(I)-NHC complexes. 

8.5.3.1. Synthesis of ethoxy(1,5-cyclooctadiene)rhodium(I) dimer 

 

A solution of KOH (265.2 mg, 4.73 mmol) in EtOH (33 mL) was added to a stirred mixture of 

[Rh(COD)(µ-Cl)]2 (1.15 g, 2.33 mmol) in CH2Cl2 (100 mL) at room temperature. The solvent was 

evaporated after 50 minutes of reaction. Ethanol (65 mL) and water (100 mL) were added to the 

resulting solid. The solid was filtered, washed with H2O (10 x 10 mL) and dried under vacuum to 

give [Rh(COD)(µ-OEt)]2 (1.06 g, 91% yield) as a yellow powder181. Molecular formula: 

C20H34O2Rh2; MW: 512.30 g/mol. 1H-RMN (300 MHz, CDCl3) δ (ppm) 1.03 (t, 3JH,H = 7.0 Hz, 6H, 

OCH2CH3), 1.61-1.68 (m, 8H, COD-CH2), 2.47 (br abs, 8H, COD-CH2), 2.65 (q, 3JH,H = 6.6 Hz, 4H, 

OCH2CH3), 3.53 (br abs, 8H, COD-CH). 

8.5.3.2. Synthesis of 60, 60-allyl and 61 

 

General procedure for 60 and 61: Imidazolium salt 54 (2.32 mmol) and [Rh(μ-OEt)(COD)]2 (1.17 

mmol) were transferred into a Schlenk tube under nitrogen atmosphere and dissolved in 

anhydrous CH2Cl2 (50 mL). The reaction mixture was stirred at room temperature for 15 hours 

(TLC monitoring). The solvent was evaporated under vacuum and the residue was washed with 

anhydrous hexanes until the filtrate was colorless. The combined filtrates were then 

concentrated under vacuum to give Rh complex 60 (1.33 g, 60% yield) as an orange gum. 

Molecular formula: C47H78O6N2ClRhSi2; MW: 961.67 g/mol; 1H-RMN (400 MHz, CDCl3) δ (ppm) 

0.49 (t, 3JH,H = 8.2 Hz, 4H, major + minor, CH2Si), 1.142 (t, 3JH,H = 7.0 Hz, 18H, major, OCH2CH3), 

1.147 (t, 3JH,H = 7.0 Hz, 18H, minor, OCH2CH3), 1.37-1.76 (m, 16H, major + minor, CH2CH2CH2Si, 

CH2CH2CH2Si,  COD-CH2), 2.26 (s, 6H, major, CH3), 2.30 (s, 6H, minor, CH3), 2.30 (s, 6H, major, 

CH3), 2.36 (s, 6H, minor, CH3), 2.53 (s, 6H, minor, CH3), 2.63 (s, 6H, major, CH3), 3.02 (br abs, 2H, 

major, COD-CH), 3.32 (br abs, 2H, minor, COD-CH), 3.683 (q, 3JH,H = 7.0 Hz, 12H, major, OCH2CH3), 

3.687 (q, 3JH,H = 7.0 Hz, 12H, minor, OCH2CH3), 4.01-4.09 (m, 2H, major + minor, NCH), 4.43 (br 

abs, 2H, major + minor, COD-CH), 6.90 (s, 2H, major, Ar), 6.93 (s, 2H, minor, Ar), 6.94 (s, 2H, 

minor, Ar), 7.00 (s, 2H, major, Ar); 13C-NMR (75 MHz, CDCl3) δ (ppm) 10.6 (CH2Si, major), 10.7 

(CH2Si, minor), 18.2 (OCH2CH3, major + minor), 19.1 (CH3, major), 19.8 (CH3, minor), 20.2 (CH3, 

minor), 20.6 (CH2, minor), 20.7 (CH2, major), 20.9 (CH3, major), 21.0 (CH3, minor), 21.7 (CH3, 

major), 27.9 (CH2, major), 28.0 (CH2, minor), 30.8 (COD-CH2, minor), 31.2 (COD-CH2, major), 32.5 

(COD-CH2, major), 32.7 (COD-CH2, minor), 58.2 (OCH2CH3, major + minor), 65.3 (NCH, minor),  
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66.1 (NCH, major), 67.1 (d, 1JRh,C = 14.5 Hz, COD-CH, major), 68.3 (d, 1JRh-C = 14.0 Hz, COD-CH, 

minor), 96.5 (d, 1JRh-C = 7.0 Hz, COD-CH, minor), 96.9 (d, 1JRh,C = 6.9 Hz, COD-CH, major), 128.3 

(CH-Ar, minor), 128.5 (CH-Ar, major), 129.9 (CH-Ar, minor), 130.0 (CH-Ar, major), 134.9 (C-Ar, 

major), 136.1 (C-Ar, minor), 136.1 (C-Ar, major), 136.5 (C-Ar, minor), 137.2 (C-Ar, major + minor), 

138.2 (C-Ar, minor), 139.3 (C-Ar, major), 213.2 (d, 1JRh,C = 48.0 Hz, Rh-Ccarbene, minor + major); ESI-

HRMS (m/z) calculated for [C47H78O6N2RhSi2]+: 925.4448, found: 925.4470. 

Compound 60-allyl (50% yield), yellow solid. Molecular formula: 

C35H46N2ClRh; MW: 633.12; 1H-NMR (500 MHz, DMSO-d6) δ (ppm) 1.34-1.80 (m, 8H (major) + 

8H (minor), COD-CH2), 2.11-2.20 (m, 2H, (major) + 2H (minor), CHHCH=CH2), 2.25 (s, 6H, major, 

CH3), 2.29 (s, 6H, minor, CH3), 2.30 (s, 6H, major, CH3), 2.36 (s, 6H, minor, CH3), 2.44 (s, 6H, minor, 

CH3), 2.49-2.52 (m, 2H (major) + 2H (minor), CHHCH=CH2), 2.55 (s, 6H, major, CH3), 3.10 (br abs, 

2H, major, COD-CH), 3.39 (br abs, 2H, minor, COD-CH), 4.19-4.35 (m, 4H (major) + 4H (minor), 

COD-CH + NCHCHN), 4.90 (dd, 3cisJH,H = 10.3 Hz, 2JH,H = 1.5 Hz, 2H, minor, CH=CH2), 4.91 (dd, 3cisJH,H 

= 10.3 Hz, 2JH,H = 1.5 Hz, 2H, major, CH=CH2), 4.99 (dd, 3transJH,H = 16.7 Hz, 2JH,H = 1.5 Hz, 2H, minor, 

CH=CH2), 5.01 (dd, 3transJH,H = 16.7 Hz, 2JH,H = 1.5 Hz, 2H, major, CH=CH2), 5.52 (ddt, 3transJH,H = 16.7 

Hz, 3cisJH,H = 10.3 Hz, 3JH,H = 6.3 Hz, 2H, minor, CH2CH=CH2), 5.72 (ddt, 3transJH,H = 16.7 Hz, 3cisJH,H = 

10.3 Hz, 3JH,H = 6.3 Hz, 2H, major, CH2CH=CH2), 6.95 (s, 4H, minor, Ar), 7.00 (s, 4H, major, Ar); 13C-

NMR (75 MHz, DMSO-d6) δ (ppm) 18.8 (CH3, major), 19.6 (CH3, minor), 19.8 (CH3, minor), 20.5 

(CH3, major), 20.6 (CH3, minor), 21.4 (CH3, major), 27.5 (COD-CH2, major), 28.0 (COD-CH2, minor), 

31.5 (CH2CH=CH2, minor), 31.7 (CH2CH=CH2, major), 32.2 (COD-CH2, major), 32.7 (COD-CH2, 

minor), 64.8 (NCH, minor), 64.9 (NCH, major), 66.5 (d, JRh-C = 14.4Hz, COD-CH, major), 67.9 (d, 

JRh-C = 14.4Hz, COD-CH, minor), 95.2 (d, 1JRh-C = 6.8Hz, COD-CH, major + minor), 116.7 (CH=CH2, 

major), 116.9 (CH=CH2, minor), 128.7 (CH-Ar, major), 129.6 (CH-Ar, minor), 134.9 (CH=CH2, 

major), 135.0 (CH=CH2, minor), 135.4 (C-Ar, major), 135.61 (C-Ar, minor), 135.63 (C-Ar, major), 

136.4 (C-Ar, major), 136.8 (C-Ar, minor), 137.0 (C-Ar, major), 137.8 (C-Ar, minor), 138.4 (C-Ar, 

major), 213.6 (d, 1JRh-C = 48.5Hz, Rh-Ccarbene, minor + major). ESI-MS (m/z): 597 [M - Cl]+. 

 Compound 61 (91% yield), yellow solid. Molecular formula: 

C29H46O3N2ClRhSi; MW: 637.13 g/mol; 1H-NMR (400 MHz, CDCl3) δ (ppm) 0.77 (t, 3JH,H = 8.4 Hz, 

2H, CH2Si), 1.25 (t, 3JH,H = 7.0 Hz, 9H, OCH2CH3), 1.46-1.70 (m, 2H CH2CH2CH2 + 2H COD-CH2), 1.82 

(s, 3H, CH3), 1.96-2.20 (m, 4H COD-CH2 + 2H NCH2), 2.37 (s, 3H, CH3), 2.43 (s, 3H, CH3), 2.96 (m, 

1H, COD-CH2), 3.43 (m, 1H, COD-CH2), 3.86 (q, 3JH,H = 7.0 Hz, 6H, OCH2CH3), 4.19 (m, 1H, COD-

CH), 4.76-4.88 (m, 2H, COD-CH), 5.29 (m, 1H, COD-CH), 6.73 (d, 3JH,H = 1.8 Hz, 1H, imidazole), 

6.90 (br s, 1H, Ar), 7.03 (d, 3JH,H = 1.8 Hz, 1H, imidazole), 7.09 (br s, 1H, Ar); 13C-NMR (75 MHz, 

CDCl3) δ (ppm) 7.83 (CH2Si), 17.7, 18.3 (OCH2CH3), 19.7, 21.0, 24.6, 27.9 (COD-CH2), 29.1 (COD-
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CH2), 31.5 (COD-CH2), 34.0 (COD-CH2), 54.0 (NCH2), 58.5 (OCH2CH3), 67.4 (d, 1JRh,C = 14.7 Hz, COD-

CH), 68.3 (d, 1JRh,C = 14.2 Hz, COD-CH), 96.7 (d, 1JRh,C = 7.3 Hz, COD-CH), 96.9 (d, 1JRh,C = 7.1 Hz, 

COD-CH), 120.9 (CH-imidazole), 122.8(CH-imidazole), 128.0 (CH-Ar), 129.5 (CH-Ar), 134.3 (C-Ar), 

136.2 (C-Ar), 137.2 (C-Ar), 138.5 (C-Ar), 181.6 (d, 1JRh,C = 51.5 Hz, Rh-Ccarbene). ESI-HRMS (m/z) 

calculated for [C29H46O3N2RhSi]+: 601.2327, found: 601.2333. 

8.5.4. Preparation of hybrid silica materials. 

8.5.4.1. Synthesis of M1-M3 

 

General procedure for M1-M3: A mixture of TBAF (0.16 mL of 1M solution in anhydrous THF, 

0.160 mmol) and milliQ water (0.745 mL, 41.3 mmol) in anhydrous DMF (3 mL) was added to a 

stirred solution of complex 60 (0.64 g, 0.6 mmol) and TEOS (1.70 mL, 8.57 mmol) in anhydrous 

DMF (10 mL) under nitrogen atmosphere. The reaction mixture was stirred at room temperature 

for 5 minutes. A gel was formed within 1 hour and was left to age at room temperature under 

nitrogen atmosphere for 6 days. This gel was pulverized, filtered and washed with EtOH (3 x 10 

mL), acetone (3 x 10 mL) and anhydrous Et2O (3 x 10 mL). In order to completely remove residual 

DMF, the powder obtained was left in a soxhlet apparatus for 48 hours with chloroform. The 

powder was dried overnight at 40°C under vacuum to afford material M1 (1.25 g) as an orange 

powder. 29Si-CP-MAS NMR (79.5 MHz) δ (ppm) -111.4 (Q4), -101.9 (Q3), -93.4 (Q2), -66.2 (T3), -

56.3 (T2); 13C-CP-MAS NMR (100.6 MHz) δ (ppm) 13.3, 20.2, 30.7, 60.0, 67.9, 97.0, 98.6, 130.0, 

138.5, 213.3; BET SBET: 453 m2/g; type I sorption isotherm; TGA (air, 30 to 700°C) residual mass 

77.06%; EA calculated for C35H48N2ClRh·2SiO1.5·14SiO2 (considering complete condensation): 

1.77% N, 26.60% C, 3.06% H, 6.51% Rh, found: 1.01% N, 15.45% C, 2.65% H, 4.47% Rh. 

Material M2 (1.91 g), orange powder. Specific 

conditions: TBAF (0.215 mL, 0.215 mmol), milliQ water (1.5 mL, 83.3 mmol), complex 60 (0.64 g, 

0.6 mmol), TEOS (4.6 mL, 20.1 mmol). 29Si-CP-MAS NMR (79.5 MHz) δ (ppm) -110.2 (Q4), -101.7 

(Q3), -92.5 (Q2), -65.6 (T3), -55.7 (T2); BET SBET: 493 m2/g; type IV sorption isotherm; TGA (air, 30 

to 700°C) residual mass 80.66%; EA calculated for C35H48N2ClRh·2SiO1.5·30SiO2 (considering 

complete condensation): 1.10% N, 16.54% C, 1.90% H, 4.05% Rh, found: 0.83% N, 10.65% C, 

2.33% H, 2.93% Rh. 
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Material M3 (2.64 g), pale-yellow powder. Specific 

conditions: TBAF (0.350 mL, 0.350 mmol), milliQ water (2.5 mL, 83.3 mmol), EtOH as solvent, 

complex 61 (0.72 g, 1.13 mmol), TEOS (7.7 mL, 33.9 mmol). 29Si-CP-MAS NMR (79.5 MHz) δ 

(ppm) -111.3 (Q4), -101.8 (Q3), -91.6 (Q2), -65.1 (T3); BET SBET: 325 m2/g; type II sorption isotherm; 

TGA (air, 30 to 700°C) residual mass 75.98%; EA calculated for C23H31N2ClRh·SiO1.5·30SiO2 

(considering complete condensation): 1.20% N, 11.86% C, 1.34% H, 4.42% Rh, found: 1.18% N, 

12.19% C, 2.29% H, 3.15% Rh. 

8.5.4.2. Synthesis of M4 

 

A mixture of complex 61 (0.21 g, 0.34 mmol) and mesostructured silica SBA-15 (1.96 g, 32.70 

mmol) was transferred into a Schlenk tube equipped with a Dean-Stark apparatus in anhydrous 

toluene (40 mL). The reaction mixture was stirred and refluxed for 24 hours. The resulting 

suspension was filtered and the powder obtained was washed with EtOH (3 x 20 mL), acetone 

(3 x 20 mL) and anhydrous Et2O (3 x 20 mL). The powder was dried overnight at 40°C under 

vacuum. M4 (1.76 g) was obtained as a colourless powder. BET SBET: 512 m2/g; pore diameter 

(BJH): 58.8 Å (desorption); type IV sorption isotherm; pore volume (BJH): 0.692 cm3/g 

(desorption); TGA (air, 30 to 700°C) residual mass 84.30%; EA found 0.55% N, 5.39% C, 1.00% H, 

1.03% Rh. 

8.5.5. Synthesis of triyne 62. 

 

A stirred mixture of 1-bromo-2-propyne (2.01 g, 23.23 mmol) in DMSO (8 mL) and KOH (6.26 g, 

58.08 mmol) in 3 mL of water (3 mL) was cooled at 0°C in an ice bath. 2-Butyne-1,4-diol (5.18 

mL, 58.08 mmol) in DMSO (3 mL) was then added dropwise. The reaction was stirred at 0ºC for 

30 minutes and heating at 70°C for 5.5 hours (TLC monitoring). The salts were filtered off, water 

(10 mL) was added to the filtrate and it was extracted with ethyl acetate (3 x 15 mL). The solvent 

was evaporated and the residue was purified by column chromatography on silica gel with 

hexanes/dichloromethane (9:1) to afford 4,9-dioxa-dodeca-1,6,11-triyne 62 (2.65 g, 70% yield) 

as a yellow oil.43b Molecular formula: C10H10O2; MW: 162.07 g/mol; 1H-NMR (400 MHz, CDCl3) δ 
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(ppm) 2.45 (t, 4JH,H = 2.4 Hz, 2H, C≡CH), 4.24 (d, 4JH,H = 2.4 Hz, 4H, CH2C≡CH), 4.30 (s, 4H, 

CH2C≡CCH2). 

Further elution with hexanes/dichloromethane (7:3) afforded the monoalkylation product 5-

oxa-2,7-octadiyne-1-ol182 (0.46 g, 16% yield) as a yellow oil. Molecular formula: C7H8O2; MW: 

124.14 g/mol; 1H-NMR (400 MHz, CDCl3) δ (ppm): 2.35 (s, 1H, OH), 2.48 (t, 4JH,H = 2.4 Hz, 1H, 

C≡CH), 4.25 (d, 4JH,H = 2.4 Hz, 2H, CH2C≡CH), 4.30 (s, 4H, CH2C≡CCH2). 

8.5.6. Synthesis of triyne 64. 

 

A stirred mixture of p-toluenesulfonyl chloride (4.09 g, 20.98 mmol) in diethyl ether (20 mL) was 

cooled at 0ºC in an ice bath. Propargylamine (2.94 mL, 41.96 mmol) was then added dropwise. 

The reaction mixture was stirred at room temperature for 2.5 h (TLC monitoring). The solvent 

was evaporated and the residue was purified by column chromatography on silica gel with 

hexanes/ethyl acetate (7:3) to afford N-tosyl-prop-2-yn-1-amine (3.60 g, 82% yield) as a 

colourless solid.183 Molecular formula: C10H11O2NS; MW: 209.20 g/mol; 1H-NMR (400 MHz, 

CDCl3) δ (ppm) 2.10 (t, 4JH,H = 2.6 Hz, 1H, C≡CH), 2.43 (s, 3H, CH3-Ts), 3.80-3.85 (m, 2H, NCH2), 

4.56 (s, 1H, NH), 7.31 (d, 3JH,H = 8.4 Hz, 2H, CH-Ts), 7.77 (d, 3JH,H = 8.4 Hz, 2H, CH-Ts). 

A stirred mixture of sodium hydride in 60% oil dispersion (0.30 g, 5.93 mmol of pure NaH) was 

washed with hexanes (3 x 10 mL) under nitrogen atmosphere. The solvent was removed and the 

residue was suspended in anhydrous DMF (8 mL) and it was cooled at 0°C in an ice bath. 

Propargyl(p-toluenesulfonyl)amine  (0.99 g, 4.75 mmol) in anhydrous DMF (8 mL) was added 

slowly at 0°C. The mixture was stirred for 1 hour while warming to room temperature under 

nitrogen atmosphere. 1,4-dichloro-2-butyne (0.29 g, 2.37 mmol) in DMF (2 mL) was then added 

dropwise via an addition funnel and the reaction was stirred for additional 2 hours at room 

temperature (TLC monitoring). NH4Cl was added to quench the reaction and the mixture was 

extracted with ethyl acetate (3 x 10 mL). The organic phase was washed with brine (2 x 20 mL), 

dried over sodium sulfate, filtered and concentrated. The crude was purified by recrystallization 

in ethyl acetate to afford 4,9-bis(p-toluenesulfonyl)-4,9-diazadodeca-1,6,11-triyne 64 (0.41 g, 

37%) as a colourless solid.184 Molecular formula: C24H24O4N2S2; MW: 468.15 g/mol; m.p. 161-

163 ºC; 1H-NMR (400 MHz, CDCl3)  (ppm) 2.12 (t, 4JH,H = 2.8 Hz, 2H, C≡CH), 2.44 (s, 6H, CH3-Ts), 

3.99 (d, 4JH,H = 2.8 Hz, 4H, CH2C≡CH), 4.02 (s, 4H, CH2C≡CCH2), 7.30 (d, 3JH,H = 8.4 Hz, 4H, CH-Ts), 

7.67 (d, 3JH,H = 8.4 Hz, 4H, CH-Ts); ESI-MS (m/z): 469 [M+H]+, 486 [M+NH4]+, 491[M+Na]+. 
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8.5.7. Synthesis of triyne 66. 

 

A mixture of 5-oxa-2,7-octadiyne-1-ol (0.56 g, 4.51 mmol), N-(tert-butyloxycarbonyl)-p-

toluenesulfonamide (1.36 g, 5.01 mmol) and triphenylphosphine (1.71 g, 6.52 mmol) were 

dissolved in anhydrous THF (40 mL) and cooled to 0°C. Diisopropyl azodicarboxylate (1.3 mL, 6.6 

mmol) was then added slowly. The reaction mixture was warmed up to room temperature and 

stirred for 3 hours until completion (TLC monitoring). The solvent was then evaporated and the 

residue was purified by column chromatography on silica gel with hexanes/ethyl acetate (10:1) 

to give 71 (1.39 g, 81% yield) as a pale yellow oil. Molecular formula: C19H23NO5S; MW: 377.45 

g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.33 (s, 9H, CH3-Boc), 2.42 (s, 3H, CH3-Ts), 2.44 (t, 4JH,H 

= 2.4 Hz, 1H, terminal alkyne), 4.20 (d, 4JH,H = 2.4 Hz, 2H, CH2-O), 4.27 (t, 5JH,H = 1.8 Hz, 2H, CH2-

N), 4.65 (t, 5JH,H = 1.8 Hz, 2H, CH2-O), 7.31 (d, 3JH,H = 8.2 Hz, 2H, CH-Ts), 7.89 (d, 3JH,H = 8.2 Hz, 2H, 

CH-Ts); 13C-NMR (75 MHz, CDCl3) δ (ppm) 21.9 (CH3-Ts), 28.1 (CH3-Boc), 36.2 (CH2-N), 56.5 (CH2-

O), 56.9 (CH2-O), 75.32 (C alkyne), 79.1 (Cq-Boc), 79.2 (C alkyne), 82.6 (C alkyne), 85.2 (C alkyne), 

128.5 (CH-Ts), 129.5 (CH-Ts), 136.9 (C-Ts), 144.7 (C-Ts), 150.4 (CO-Boc); IR (ATR) ν (cm-1) 3276, 

1727, 1351, 1144; ESI-MS (m/z): 395 [M + NH4]+, 400 [M + Na]+, 416 [M + K]+; EA calculated for 

C19H23O5NS: 60.46% C, 6.14% H, 3.71% N, found: 60.06% C, 6.18% H, 3.81% N. 

Trifluoroacetic acid (3.8 mL, 40.11 mmol) was added slowly to a solution of 71 (1.00 g, 2.65 

mmol) in CH2Cl2 (9 mL). The reaction mixture was stirred at room temperature for 2 hours until 

completion (TLC monitoring). The crude was then treated with a saturated sodium bicarbonate 

solution (3 x 10 mL) and water (3 x 10 mL). The organic phase was dried over anhydrous Na2SO4 

and concentrated under vacuum to give 72 (0.57 g, 78% yield) as brown oil. Molecular formula: 

C14H15NO3S; MW: 277.33 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 2.42 (s, 3H, CH3-Ts), 2.43, (t, 
4JH,H = 2.4 Hz, terminal alkyne), 3.87 (dt, 3JH,H = 6.0 Hz, 5JH,H = 1.9 Hz, 2H, CH2-N), 4.02 (t, 5JH,H = 1.9 

Hz, 2H, CH2-O), 4.04 (d, 4JH,H = 2.4 Hz, CH2-O), 4.84 (t, 3JH,H = 6.0 Hz, 1H, NH), 7.31 (d, 3JH,H = 8.1 

Hz, 2H, CH-Ts), 7.77 (d, 3JH,H = 8.1 Hz, 2H, CH-Ts); 13C-NMR (75 MHz, CDCl3) δ (ppm) 21.8 (CH3-

Ts), 33.3 (CH2-N), 56.6 (CH2-O), 75.3 (C alkyne), 78.9 (C alkyne), 80.0 (C alkyne), 81.4 (C alkyne), 

127.6 (CH-Ts), 129.9 (CH-Ts), 136.9 (C-Ts), 144.0 (C-Ts); IR (ATR) ν (cm-1) 3272, 1323, 1154; ESI-

MS (m/z): 278 [M + H]+, 300 [M + Na]+; EA calculated for C14H15O3NS: 60.63% C, 5.45% H, 5.05% 

N, found: 60.29% C, 4.62% H, 5.08% N. 

A mixture of 72 (0.5 g, 1.80 mmol) and potassium carbonate (1.30 g, 9.4 mmol) was suspended 

in CH3CN (70 mL) and heated to reflux. Propargyl bromide (0.23 mL, 2.06 mmol) was then added 
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to the reaction mixture. The reaction was refluxed for 1 hour until completion (TLC monitoring). 

The reaction mixture was then cooled down to room temperature, the salts were filtered off, 

and the crude was concentrated under vacuum. The residue was purified by column 

chromatography on silica gel with hexanes/ethyl acetate (8:2) to give 66 (0.54 g, 96% yield) as a 

yellow oil. Molecular formula: C17H17NO3S; MW: 315.38 g/mol; 1H-NMR (300 MHz, CDCl3) δ 

(ppm) 2.15 (t, 4JH,H = 2.5Hz, 1H, CH-terminal alkyne-NTs), 2.42 (s, 3H, CH3-Ts), 2.44 (t, 4JH,H = 2.4Hz, 

1H, CH-terminal alkyne-O), 4.08-4.10 (m, 4H), 4.14 (d, 5JH,H = 2.4Hz, 2H, CH2-N), 4.21 (t, 5JH,H = 

1.6Hz, 2H, CH2-O), 7.30 (d, 3JH,H = 8.2Hz, 2H, CH-Ts), 7.71 (d, 3JH,H = 8.2Hz, 2H, CH-Ts); 13C-NMR 

(75 MHz, CDCl3) δ (ppm) 21.9 (CH3-Ts), 36.7 (CH2-N), 36.8 (CH2-N), 56.7 (CH2-O), 56.8 (CH2-O), 

74.3 (C alkyne), 75.4 (C alkyne), 76.58 (C alkyne), 79.0 (C alkyne), 79.7 (C alkyne), 81.2 (C alkyne), 

128.2 (CH-Ts), 129.9 (CH-Ts), 135.5 (C-Ts), 144.3 (C-Ts); IR (ATR) ν (cm-1) 3285, 1346, 1158; ESI-

MS (m/z): 316 [M + H]+, 338 [M + Na]+; EA calculated for C17H17O3NS: 64.74% C, 5.43% H, 4.44% 

N, found: 64.76% C, 4.99% H, 4.50% N. 

8.5.6. [2+2+2] Cycloaddition of alkynes using materials M. 

General procedure: The reactions were carried out in a Carousel multireactor. The alkynes (0.1 

mmol), the material (0.01 mmol Rh) and EtOH (3 mL) were transferred into the reaction tubes 

of the reactor and the reaction mixtures were stirred at 80ºC (external temperature). When 

there was no presence of starting material (TLC or GC monitoring), the stirring was stopped and 

the reaction mixture was allowed to cool down. The solution was then filtered. The recovered 

catalyst was washed with CH2Cl2 (3 x 3 mL) and Et2O (2 x 3 mL), dried under vacuum and directly 

used in the next cycle. The filtrates were concentrated under reduced pressure to afford the 

corresponding cycloadduct. 

1,3,6,8-Tetrahydro-2,7-dioxa-as-indacene,43b colourless solid. Molecular formula: 

C10H10O2; MW: 162.18 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 5.02-5.04 (m, 4H, CH2O), 5.12-

5.13 (m, 4H, CH2O), 7.14 (s, 2H, CH-Ar). 

2,7-Bis(p-toluenesulfonyl)-1,3,6,8-tetrahydro-2,7-diaza-as-indacene,184 

colourless solid. Molecular formula: C24H24N2O4S2; MW: 468.58 g/mol; 1H-NMR (300 MHz, 

CDCl3) δ (ppm) 2.40 (s, 6H, CH3), 4.45 (s, 4H, CH2), 4.57 (s, 4H, CH2), 7.04 (s, 2H, CH-Ar), 7.31 (d, 
3JH,H = 8.0 Hz, 4H, CH-Ts), 7.74 (d, 3JH,H = 8.0 Hz, 4H, CH-Ts). 

7-(p-toluenesulfonyl)-2-oxa-7-aza-1,3,6,8-tetrahydro-as-indacene, colourless 

solid. Molecular formula: C17H17NO3S; MW: 315.38 g/mol; m.p. decomposition; 1H-NMR (300 

MHz, CDCl3) δ (ppm) 2.40 (s, 3H, CH3), 4.50 (br s, 2H, CH2-NTs), 4.62 (br s, 2H, CH2-NTs), 4.97 (br 

s, 2H, CH2-O), 5.06 (br s, 2H, CH2-O), 7.05-7.12 (m, 2H, CH-Ar), 7.31 (d, 3JH,H = 8.1 Hz, 2H, CH-Ts), 

7.76 (d, 3JH,H = 8.1 Hz, 2H, CH-Ts); 13C-NMR (75 MHz, CDCl3) δ (ppm) 21.8 (CH3-Ts), 52.6 (CH2-

NTs), 53.7 (CH2-NTs), 72.3 (CH2-O), 73.7 (CH2-O), 120.7 (CH-Ar), 121.9 (CH-Ar), 127.9 (CH-Ts), 
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129.7 (C-Ar), 130.2 (CH-Ts), 133.9 (C-Ar), 134.0 (C-Ar), 135.9 (C-Ts), 139.5 (C-Ar), 144.1 (C-Ts); IR 

(ATR) ν (cm-1) 2857, 1340, 1156; ESI-MS (m/z): 316 [M + H]+, 338 [ M + Na]+, 653 [2M + H]+; ESI-

HRMS (m/z): calculated for [C17H17O3NS + Na]+: 338.0809, found: 338.0821. 

5-hydroxymethylphthalan,50 colourless solid. Molecular formula: C9H10O2; 

MW: 150.17 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 4.69 (s, 2H, CH2OH), 5.09 (s, 5H, CH2O + 

OH), 7.19-7.27 (m, 3H, CH-Ar). 

5-phenylphthalan,50 colourless solid. Molecular formula: C14H12O; MW: 196.24 

g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 5.17 (s, 4H, CH2O), 7.29-7.60 (m, 8H, CH-Ar). 

5-hydroxymethyl-2-(p-toluenesulfonyl)-1,3-dihydroisoindole,185 colourless 

solid. Molecular formula: C16H17NO3S; MW: 303.37 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 

2.39 (s, 3H, CH3), 4.56 (s, 4H, CH2-NTs), 4.64 (s, 2H, CH2OH), 7.11-7.23 (m, 3H, CH-Ar), 7.30 (d, 
3JH,H= 8.1 Hz, 2H, CH-Ts), 7.74 (d, 3JH,H= 8.1 Hz, 2H, CH-Ts). 

5-phenyl-2-(p-toluenesulfonyl)-1,3-dihydroisoindole,50 colourless solid. 

Molecular formula: C21H19NO2S; MW: 349.44 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 2.43 (s, 

3H, CH3), 4.69 (br abs, 4H, CH2-NTs), 7.25 (d, 3JH,H= 8.1 Hz, 1H, CH-Ar), 7.30-7.56 (m, 9H, CH-Ar + 

CH-Ph + CH-Ts), 7.80 (d, 3JH,H= 8.3 Hz, 2H, CH-Ts). 

5-hydroxymethyl-4,7-dimethylphthalan,43b colourless solid. Molecular 

formula: C11H14O2; MW: 178.23 g/mol; 1H-NMR (300 MHz, CDCl3) δ (ppm) 2.21 (s, 6H, CH3), 4.69 

(s, 3H, CH2OH), 5.11 (s, 4H, CH2O), 7.07 (s, 1H, CH-Ar). 

5,6-dihydroxymethyl-4,7-dimethylphthalan,43b colourless solid. Molecular 

formula: C12H16O3; MW: 208.25 g/mol; 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 2.18 (s, 6H, CH3), 

4.56 (d, 3JH,H= 5.2 Hz, 4H, CH2OH), 4.71 (t, 3JH,H= 5.2 Hz, 2H, OH), 5.01 (s, 4H, CH2O). 
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