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Summary 

One of the primary objectives in organic synthesis is to devise novel methods for converting simple and readily 

available compounds into more complex and functionalized structures. In this regard, transition metal-

catalyzed transformations have gained significant attention in recent years, with metal carbenes emerging as 

particularly valuable intermediates due to their unique structure and versatile reactivity. Among these, metal 

vinylcarbene complexes stand out due to the presence of an alkenyl unit within their structure, which enables 

a diverse array of novel transformations, including functionalization at the carbenic or at the vinylogous 

position, as well as cycloaddition reactions in a (3+n) fashion. 

Among various catalytic methods for generating vinylcarbenes, the carbene/alkyne metathesis (CAM) method 

represents an exceptionally powerful strategy for accessing polycyclic compounds in a one-pot manner. Our 

group has developed several rhodium-catalyzed CAM reactions and has contributed significantly to 

understanding their mechanisms through DFT calculations and experimental techniques. However, most 

CAM-related transformations occur intramolecularly and rely on internal alkynes. Furthermore, despite the 

demonstrated utility of silver complexes as catalysts in vinylcarbene chemistry, their use in CAM 

transformations has not been documented. Motivated by these considerations and our ongoing interest in 

carbene-related reactions, we sought to develop processes that address these limitations encountered in CAM 

transformations. 

In Chapter 3, we have successfully intercepted intermolecularly a CAM generated rhodium vinylcarbene with 

a nitrile, leading to the synthesis of 1H-isoindole derivatives. By incorporating a nitrile group into the initial 

diazo compound, we achieved an extended cascade reaction that produced polycyclic products in a completely 

diastereoselective manner, formally yielding the trifunctionalization of a nitrile. Moving forward to the use of 

silver as a catalyst in CAM transformations, in chapter 4, we have accomplished the objective of developing a 

platform for the efficient generation of silver vinylcarbenes via intramolecular CAM. Upon vinylcarbene 

formation, selective vinylogous Csp3-H insertion led to the synthesis of benzoazepine derivatives. Expanding 

on the outcome of the previous chapter, Chapter 5 detailed the synthesis of indene derivatives using a silver 

catalyst via CAM terminated in Csp2-H bond insertion. Additionally, we have unraveled the possibility of a 

concerted Csp2-H bond insertion mechanism, distinct from previously described carbene Csp2-H 

functionalization pathways. Moreover, we have experimentally detected the in situ generated silver 

vinylcarbene using spectroscopic techniques. Finally, in Chapter 6, we have overcome the limitation of 

employing internal alkynes in intramolecular CAM reactions by developing an efficient method for generating 

6-endocyclic vinylcarbenes using terminal diazo alkynes under silver catalysis. Conversely, the use of rhodium 

catalysts results in the exclusive formation of the 5-exocyclic vinylcarbene. Detailed DFT calculations have 

been employed to elucidate the divergent selectivity observed upon switching the catalyst used for the 

transformation. 
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Resum 

Un dels objectius principals de la química orgànica és el desenvolupament de noves metodologies per 

transformar compostos simples i fàcilment disponibles en estructures molt més complexes i funcionalitzades. 

En aquest sentit, el camp de les transformacions basades en metalls de transició ha experimentat un 

creixement exponencial en els darrers anys. En aquestes transformacions, els carbens metàl·lics destaquen 

com a intermedis extremadament valuosos, gràcies a la seva estructura única i la seva reactivitat versàtil. 

Dins de la família dels carbens metàl·lics, els complexos de vinilcarbè ressalten especialment, degut a la 

presència d'una unitat vinílica en la seva estructura, que permet una àmplia gamma de noves transformacions 

químiques. Això inclou la monofuncionalització en la posició carbènica o remota, així com el seu ús com a 

sintons de tres carbonis en reaccions de cicloadició (3+n). 

Dels diversos mètodes existents per a generar vinilcarbens, el procés de metàtesi carbè/alquí (CAM) emergeix 

com una estratègia excepcionalment potent per accedir a compostos policíclics en un sol pas de reacció. En 

aquest sentit, el nostre grup ha desenvolupat una sèrie de reaccions CAM utilitzant catalitzadors de rodi i ha 

contribuït significativament a comprendre el mecanisme d'aquestes transformacions mitjançant càlculs 

computacionals DFT i tècniques experimentals. No obstant, la majoria de les reaccions CAM es produeixen 

de manera intramolecular i requereixen l'ús d'alquins interns. D’altra banda, tot i que l’ús de catalitzadors de 

plata en l’àmbit dels vinilcarbens és conegut, no hi ha exemples de l’ús de complexos de plata com a 

catalitzadors de reaccions del tipus CAM. Considerant aquests fets, juntament amb el nostre coneixement en 

la química dels carbens metàl·lics, vam concebre la possibilitat de desenvolupar processos que superessin 

aquestes limitacions habituals en les transformacions basades en CAM. 

En el Capítol 3, hem capturat de manera intermolecular un vinilcarbè de rodi generat per una transformació 

CAM, utilitzant compostos de tipus nitril, i produint derivats de 1H-isoindole en el procés. A través de la 

incorporació d'aquesta unitat de nitril en el compost diazo inicial, hem desenvolupat una reacció en cascada 

que genera productes policíclics de manera totalment diastereoselectiva, en un procés que formalment 

involucra la trifuncionalització d'un nitril. Respecte a l’ús de catalitzadors de plata en reaccions CAM, al Capítol 

4, hem establert una plataforma eficient per a la generació de vinilcarbens de plata mitjançant un procés de 

CAM intramolecular. Després de la CAM, el vinilcarbè generat s'insereix de manera selectiva en un enllaç 

Csp3-H en la posició remota del vinilcarbè, produint derivats de benzoazepina. Expandint els coneixements 

obtinguts anteriorment, en el Capítol 5 hem detallat la síntesi de derivats d'indè mitjançant un procés CAM 

que finalitza amb una inserció Csp2-H. Addicionalment, mitjançant càlculs DFT, hem proposat la possibilitat 

d'una inserció Csp2-H que es produeix de manera concertada, en contraposició als processos reportats 

prèviament per inserció de carbens en enllaços Csp2-H. A més, hem identificat experimentalment el vinilcarbè 

de plata generat in situ mitjançant tècniques espectroscòpiques. Finalment, en el Capítol 6, hem superat la 

limitació de l'ús d'alquins interns en les reaccions CAM. Utilitzant diazocompostos amb alquins terminals, hem 

aconseguit la generació selectiva de vinilcarbens 6-endocíclics. D'altra banda, l'ús de catalitzadors de rodi 

produeix exclusivament vinilcarbens 5-exocíclics. Els estudis DFT realitzats ens han permès racionalitzar les 

diferències de selectivitat observades experimentalment en canviar el catalitzador de la reacció. 
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Resumen 

Uno de los principales objetivos de la química orgánica es desarrollar nuevas metodologías para transformar 

compuestos simples y fácilmente disponibles en estructuras mucho más complejas y funcionalizadas. En este 

contexto, el campo de las transformaciones basadas en metales de transición ha experimentado un 

crecimiento exponencial en los últimos años. En estas transformaciones, los carbenos metálicos han surgido 

como intermedios de gran valor gracias a su estructura única y su reactividad versátil. Dentro de la familia de 

los carbenos metálicos, los complejos de vinilcarbeno destacan especialmente debido a la presencia de una 

unidad vinílica en su estructura, que abre la puerta a una amplia gama de nuevas transformaciones químicas. 

Estas reacciones incluyen la monofuncionalización en la posición carbénica o remota, así como el uso de los 

vinilcarbenos como sintones de tres carbonos en cicloadiciones del tipo (3+n). Entre los diversos métodos 

existentes para generar vinilcarbenos, el proceso de metátesis carbeno/alquino (CAM) se destaca como una 

estrategia excepcional para acceder a compuestos policíclicos en un solo paso de reacción. En este contexto, 

nuestro grupo ha desarrollado una serie de reacciones CAM utilizando catalizadores de rodio, contribuyendo 

significativamente a la comprensión del mecanismo de estas transformaciones mediante cálculos 

computacionales DFT y técnicas experimentales. Sin embargo, la mayoría de las reacciones CAM se 

producen de manera intramolecular y requieren el uso de alquinos internos. A pesar de que el uso de 

catalizadores de plata en el ámbito de los vinilcarbenos es conocido, no existen ejemplos del uso de complejos 

de plata como catalizadores en reacciones de tipo CAM. Considerando estos hechos junto con nuestro 

conocimiento en la química de los carbenos metálicos, concebimos la posibilidad de desarrollar procesos que 

superaran estas limitaciones habituales en las transformaciones basadas en CAM. 

En el Capítulo 3, hemos capturado de manera intermolecular un vinilcarbeno de rodio generado mediante una 

transformación CAM, utilizando compuestos de tipo nitrilo y produciendo derivados de 1H-isoindol en el 

proceso. Incorporando la unidad nitrilo en el compuesto diazo inicial, hemos desarrollado una reacción en 

cascada que genera productos policíclicos de manera totalmente diastereoselectiva, en un proceso que 

formalmente implica la trifuncionalización de un nitrilo. Respecto al uso de catalizadores de plata en 

reacciones CAM, en el Capítulo 4 hemos desarrollado una plataforma eficiente para la generación de 

vinilcarbenos de plata mediante una CAM intramolecular. Después de la CAM, el vinilcarbeno inserta 

selectivamente en un enlace Csp3-H en la posición remota del vinilcarbeno, produciendo los productos finales 

de benzoazepina. Ampliando los conocimientos obtenidos, en el Capítulo 5 hemos detallado la síntesis de 

derivados de indeno mediante un proceso CAM que concluye con una inserción Csp2-H. Además, mediante 

cálculos DFT, hemos sugerido la posibilidad de una inserción Csp2-H concertada, en contraposición a los 

procesos reportados previamente para la inserción de carbenos en enlaces Csp2-H. También hemos 

identificado experimentalmente el carbeno de plata generado in situ mediante técnicas espectroscópicas. 

Finalmente, en el Capítulo 6, hemos superado la limitación del uso de alquinos internos en las reacciones 

CAM. Utilizando compuestos diazo con alquinos terminales, hemos logrado la generación selectiva de 

vinilcarbenos 6-endocíclicos. Por otro lado, el uso de catalizadores de rodio produce exclusivamente 

vinilcarbenos 5-exocíclicos. Los estudios DFT realizados nos han permitido explicar las diferencias de 

selectividad observadas experimentalmente al cambiar el catalizador de la reacción 
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1.1. Carbenes and metal carbenes in organic synthesis 

One of the primary objectives in organic synthesis is to develop novel methods for transforming simple and 

readily available compounds into much more complex and functionalized structures, particularly when these 

transformations can proceed with high levels of chemo-, stereo-, and enantioselectivity. Moreover, these new 

developments should ideally be more efficient in terms of steps and atom economy compared to traditional 

synthetic approaches. In this regard, transition metal-catalyzed transformations have gathered significant 

attention and have been extensively explored in recent years,1 with metal carbenes being one of the most 

valued intermediates due to their unique structure and wide range of reactivity (Scheme 1.1). Metal carbenes 

exhibit versatile reactivity, engaging in cycloaddition reactions with unsaturated compounds to furnish three-

membered ring products. Beyond cycloaddition, they show the capability to insert into both carbon-hydrogen 

and heteroatom-hydrogen bonds. Furthermore, reaction with ethers, thioethers, or secondary amines leads to 

the formation of ylides, which in turn can participate in subsequent reactions. 

 

Scheme 1.1. General reactivity of metal carbenes. 

1.1.1. Carbenes: historical context 

Carbenes are defined as compounds containing a neutral divalent carbon atom with six electrons in its valence 

shell.2 They were initially regarded only as intermediates in organic transformations, with the first postulation 

of their existence made by Geuther and Hermann back in 1855. They suggested that hydrolysis of chloroform 

in basic media occurred through a divalent carbon intermediate, which was named dichlorocarbene.3 The 

same reaction intermediate was proposed by Nef for the Reimer-Tiemann reaction of pyrrole to chloropyridine 

in 1897 (Scheme 1.2).4 
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Scheme 1.2. Formation of dichlorocarbene by base-mediated hydrolysis of chloroform (a) and subsequent reaction with 
pyrrole (b). 

Building upon these discoveries, the synthetic organic community capitalized on the versatility of carbenes and 

their use as intermediates in organic transformations. Early examples of these contributions are the ones 

reported by Buchner et al., where they demonstrated the potential of ethyl diazoacetate as a carbene source 

in the synthesis of cycloheptatriene derivatives from benzene (in the so-called Buchner reaction)5 or for the 

cyclopropanation of styrene6 (Scheme 1.3). It is important to note that these reactions required high 

temperatures, resulting in low yields and lacking selectivity. These inherent disadvantages could be overcome 

by employing metals to modulate the reactions (vide infra). 

 

Scheme 1.3. Reactivity of ethyl diazoacetate with benzene and styrene reported by Buchner. 

Doering and et al. also contributed to the field by describing the preparation of tropolones via the Buchner 

reaction of diazomethane to arenes under photochemical conditions,7 and reporting the cyclopropanation of 

cyclohexene using chloroform and bromoform, indirectly confirming the formation of dihalocarbenes in the 

reaction.8 

Carbenes were only regarded as elusive reaction intermediates until 1991, when Arduengo et al. reported the 

first isolable and crystallizable free carbene.9 By deprotonating an imidazolium salt using a strong base, the 

corresponding carbene could be isolated (Scheme 1.4). Further studies on the features of this class of 

carbenes showed that the nitrogen-based ring, along with proper substitution in both the carbon backbone and 

the N atom, could lead to the formation of much more stable carbenic structures. These discoveries led to the 

definition of a new carbene family, the N-Heterocyclic Carbenes.  
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Scheme 1.4. Synthesis of the first isolated carbene by Arduengo. 

1.1.2. Metal carbenes: historical context and classifications 

The presence of two unshared electrons in the carbenic carbon could potentially lead to bond formation with 

transition metals. The first metal carbene complex was prepared in 1925 by Chugaev, upon reaction of a 

methyl isocyanate platinum complex with hydrazine.10 However, the obtained product was incorrectly 

formulated (Figure 1.1a). It was not until 1970 that Shaw realized the correct existence of a metal carbene 

structure in Chugaev's salt (Figure 1.1b).11 

 

Figure 1.1. Initially proposed and then corrected structure for the Chugaev's salt.  

In 1965, prior to the correction of the Chugaev’s salt structure, Fischer reported the existence of a transition 

metal carbene for the first time. The structure consisted of a penta(carbon monoxide) tungsten complex 

containing a methoxymethylcarbene unit coordinated to the metal (Figure 1.2a).12 Five years later, Schrock 

published the first example of a high oxidation state metal carbene, involving tantalum as the metal center 

(Figure 1.2b).  

 

Figure 1.2. First metal-carbenes reported by Fischer and Schrock. 

These two works paved the way for the discovery of new metal carbenes, which, depending on the metal and 

substituents, could exhibit different structures, bonding, or reactivity. This led to the establishment of two 

classes of metal carbenes: the Fischer and the Schrock-type metal carbenes. 
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1.1.2.1. Fischer and Schrock metal carbenes 

Fischer-type carbenes (Figure 1.3a) consist of 18-electron complexes with the carbenic carbon bonded to 

heteroatoms or electron-withdrawing substituents. They are associated with a low oxidation state metal with 

strong π-acceptor ligands. Fischer-type carbenes are derived from singlet carbenes, and the bonding between 

the metal and the carbene involves a strong σ-donation from the carbene sp2 orbital to the empty d orbital of 

the metal and a weak π-backbonding from the metal to the empty pz carbene orbital.13 The metal-to-carbon 

bond of Fischer carbenes is typically shorter than the one found in the Schrock ones, and the electron density 

is located in the metal center, causing the carbene to behave as an electrophile. Schrock-type carbenes 

(Figure 1.3b), on the other hand, are derived from triplet carbenes, possessing less than 18 valence electrons 

and typically with poor π-acceptor ligands. The bonding in this class of carbenes is better described as a 

covalent interaction between the carbene ligand and the metal, with the bonds polarized towards the carbon 

rendering the metal center nucleophilic. 

 

Figure 1.3. Bonding scheme in Fischer and Schrock carbenes. 

1.1.2.2. Davies carbene classification 

To understand and predict the reactivity of metal carbenes in organic transformations, Davies proposed in 

2003 a classification based on the substituents present in the carbene.14 Although initially proposed for copper 

and rhodium complexes, the community embraced this categorization, and it has become a widely used 

approach to understand and predict the reactivity of metal carbenes in organic transformations (Figure 1.4). 

 

Figure 1.4. Classification of carbene species based on their substitution pattern. 

Acceptor/acceptor carbenes contain two strong electron-withdrawing groups. This substitution pattern yields 

highly reactive intermediates due to the increased electron-deficient nature of the metal center. The high 

reactivity of these carbenes leads to decreased selectivity whenever they are involved in common carbene 

transfer reactions. To mitigate, to some extent, these selectivity issues, the removal of one electron-

withdrawing group yields acceptor carbenes. Although still highly reactive, their selectivity is improved 

compared to acceptor/acceptor carbenes. The last type of carbenes that Davies disclosed is known as 

donor/acceptor carbenes. As the name implies, one of the electron-withdrawing groups is replaced by an 

electron-donating group, typically an aryl or a vinyl functionality. This imparts the metal carbene with a balance 
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in terms of reactivity and selectivity. Although not included in the original work, two novel types of carbenes 

have been studied more recently: the donor carbenes and the donor/donor carbenes. Following the trend 

mentioned previously, the neighboring electron-donating group should confer more stability and less reactivity 

to the carbene. However, their use has been limited due to the inherent instability of the corresponding 

diazocompounds, generally used as their precursors (vide infra).15  

1.1.2.3. Metal carbene generation 

Among the various methods for generating metal carbenes, the decomposition of diazo compounds stands 

out as the most prevalent. Diazo compounds feature a dinitrogen unit bonded to a carbon atom. When they 

are reacted with a metal catalyst, dediazoniation occurs, leading to the formation of the desired metal carbene 

through the extrusion of dinitrogen—the driving force of the reaction (Scheme 1.5). However, diazo 

compounds are commonly regarded as unstable and potentially explosive, thereby limiting their applicability 

in large-scale reactions. It is worth noting that, contrary to the observed trend for metal carbenes, diazo 

precursors become increasingly unstable with the introduction of more electron-donating substituents adjacent 

to the diazo group. 

 

Scheme 1.5. Generation of metal carbenes from diazo compounds. 

To address the potential hazards associated with handling diazo compounds, the synthetic chemistry 

community has developed a range of non-diazo compounds capable of catalytically generating metal 

carbenes.16 The most prevalent non-diazo carbene precursors will be summarized herein. 

N-sulfonylhydrazones emerge as a prominent method for accessing metal carbenes through in situ generation 

of diazo compounds.17 N-sulfonylhydrazones are easily synthesized from the corresponding aldehydes or 

ketones and, under basic conditions, undergo a sulfinate elimination reaction generating the diazo compound 

in situ. This diazo compound can then be intercepted by a metal catalyst present in the reaction media, avoiding 

its accumulation and leading to the formation of the desired metal carbene (Scheme 1.6). 

 

Scheme 1.6. Generation of metal carbenes from N-sulfonylhydrazones. 

Sulfoxonium18, 19 and iodonium ylides19 have recently emerged as powerful carbene precursors. These species 

are crystalline, bench stable solids that can be easily prepared on a gram scale. When treated with a metal, 

they generate metalcarbenes upon dimethylsulfoxide (Scheme 1.7a) or iodoarene (Scheme 1.b) extrusion, 

respectively. Sulfoxonium ylides can accommodate both electron-donating and electron-withdrawing groups 

adjacent to the carbon that will be converted to the carbenic carbon upon reaction. Conversely, iodonium ylides 

require the presence of neighboring electron-withdrawing substituents. 
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Scheme 1.7. Generation of metal carbenes from a) sulfoxonium and b) iodonium ylides. 

Triazoles and their analogues exist in an equilibrium with their ring-opened α-imino diazo isomer.20 While this 

equilibrium generally favors the closed triazole form, strategic substituent tuning can enhance the prevalence 

of the diazo isomer. Finally, following the same principle as illustrated in Scheme 1.5, the presence of a metal 

catalyst generates the corresponding α-imino carbene upon dinitrogen extrusion (Scheme 1.8). 

 

Scheme 1.8. Generation of metal carbenes from triazole derivatives. 

Similarly to triazoles, cycloheptatrienes exist in equilibrium with their corresponding bicyclic norcaradiene 

derivatives. Through careful tuning of substituents, the norcaradiene form can predominate, enabling a retro-

Buchner reaction in the presence of a metal catalyst. This reaction results in the extrusion of an arene and the 

formation of the desired carbene (Scheme 1.9).21 While reports of cycloheptatrienes as carbene precursors 

have been limited, their use has been increasingly reported in recent literature, indicating a growing interest in 

their application. 

 

Scheme 1.9. Generation of metal carbenes via retro-Buchner reaction. 

Thanks to the capability of various metals to activate alkynes through coordination, metallocarbenes can be 

generated via isomerization reactions, a transformation that we exemplify herein with the reaction of propargyl 

esters. The mechanism underlying carbene generation involves coordination at the alkyne group, followed by 

a 1,2-migration from the ester moiety, leading to the formation of the metal carbene (Scheme 1.10).22 

 

Scheme 1.10. Generation of metal carbenes via 1,2-shift of propargyl esters. 
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In addition to alkynes, highly strained cyclopropenes can serve as carbene precursors through a mechanism 

also reliant on metal coordination. In these cases, metal coordination facilitates the ring opening of the three-

membered ring, resulting in the formation of the corresponding carbene, a process driven by the release of 

ring strain (Scheme 1.11).23 This process generates a metal vinylcarbene with increased reactivity potential 

(vide infra). 

 

Scheme 1.11. Generation of metal carbenes via ring opening of cyclopropenes. 

1.2. Metal vinylcarbenes 

Metal vinylcarbene complexes are a particularly interesting class of carbenes due to the presence of a vinylic 

unit embedded in their structure. This extra functionality gives rise to a wide array of novel transformations, as 

both the carbenic site and the remote (or vinylogous) positions can be functionalized. Besides the conventional 

monofunctionalization of both positions (the vinylcarbene acting as a C1 synthon), the extra conjugation around 

the carbene unit allows for the development of cycloaddition reactions in a (3+n) fashion (vinylcarbene acting 

as a C3 synthon). 

1.2.1. Catalytic generation of metal vinylcarbenes: historical perspective 

The first examples of catalytic generation of vinylcarbenes date back to the 1970s when cyclopropenes were 

employed as precursors for vinylcarbenes. In 1972, Gil-Av reported the conversion of cyclopropene derivatives 

to dienes under silver perchlorate catalysis.24 Presumably, the cyclopropene ring opening leads to the 

formation of a silver vinylcarbene in situ, which subsequently undergoes a 1,2-H shift to yield the final product 

(Scheme 1.12a). In 1974, McMeeking utilized Ni(COD)2 as a catalyst for intermolecular cyclopropanation of 

olefins using 3,3-dimethylcyclopropene (Scheme 1.12b).25 Later studies reported similar outcomes when 

Ni(CO)4 was employed as the catalyst.26  

The first example of using diazo compounds as precursors for vinylcarbenes was documented in 1975 by 

Salomon. By reacting vinyldiazomethane under copper catalysis in the presence of various olefins, the 

cyclopropanation adduct could be obtained (Scheme 1.12c).27 Although the yields for the reactions were low, 

this served as a proof of concept for using vinyldiazo compounds as vinylcarbene precursors. 
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Scheme 1.12. Early examples of reactions involving catalytically generated vinylcarbenes. 

1.2.2. Reactivity of metal vinylcarbenes 

These early examples proved the utility of vinylcarbenes as versatile intermediates and paved the way for the 

development of its chemistry. In this regard, in 1985 Davies realized the potential of using rhodium (II) catalysts 

to capitalize on the versatility of the in situ generated metal vinylcarbene.28 By reacting a vinyl diazo with furan 

in the presence of [Rh2(OAc)4], the corresponding seven-membered ring cycloadduct arising from a formal 

[3+4] cycloaddition could be isolated in 45% yield with complete selectivity to the endo isomer (Scheme 1.13).  

 

Scheme 1.13. Rhodium (II) catalyzed [3+4] cycloaddition of vinyl diazo compound and furan. 

The reaction was not limited just to the use of furan as later studies by the same group reported that several 

substituted furans were tolerated in the reaction.29 These pioneering studies by Davies incorporated the vinyl 

unit of the vinylcarbene into the final product, laying the groundwork for uncovering new reactions inaccessible 

through conventional metal carbenes. All the efforts done by Davies,30 as well as others in the field of 
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vinylcarbene chemistry, will be summarized in this thesis organized by type of reaction, highlighting the cases 

in which the reactivity is different to the one that would be observed with pristine carbenes. 

1.2.2.1. Cycloaddition reactions  

1.2.2.1.1. [3+4] Cycloadditions 

Following their first study, the group of Davies expanded the scope of the reaction to cyclopentadiene and 

unraveled the mechanism underlying the formal [3+4] cycloaddition reaction.31 By tuning the substituents in 

the diazo group, they could isolate the products arising from a cyclopropanation reaction, which upon heating 

isomerized towards the expected cycloheptadienes by means of a Cope rearrangement. These findings 

established that the reaction mechanism proceeds through a tandem process instead of a concerted [3+4] 

cycloaddition (Scheme 1.14). Analogous to the previous report, Wulff described similar results reacting an 

isolated chromium vinylcarbene and Danishefsky’s diene to obtain either de [2+1] or the [3+4] adduct.32  

 

Scheme 1.14. Rhodium (II) catalyzed [3+4] cycloaddition of vinyl diazo compounds and cyclopentadiene. 

Following work by Davies showed the versatility of the intermolecular [3+4] reaction using this time acyclic 

dienes as the four-carbon partner. By tuning the initial vinyl diazo compound, a series of novel hydroazulenes 

could be prepared with moderate to good yields (Scheme 1.15).33 Although initially envisioned as an 

intermolecular reaction, several reports by Davies confirmed also that the reaction could proceed 

intramolecularly by embedding the vinyldiazo and the diene units in the same starting material.34 

 

Scheme 1.15. Rhodium (II) catalyzed intermolecular [3+4] cycloaddition of vinyl diazo compounds and acyclic dienes. 

Similar to furans and cyclopentadienes, pyrroles could also be tolerated in the tandem reaction.35 While 

unprotected pyrroles failed to furnish the desired product, introducing an ester group in the N atom proved to 

be key for the formation of the corresponding nitrogenated bicyclic adducts (Scheme 1.16).  

 

Scheme 1.16. Rhodium (II) catalyzed [3+4] cycloaddition of vinyl diazo compounds and pyrroles. 

The outcome of the intramolecular reaction with pyrroles was found to be dependent on the substitution pattern 

in the vinyl group of the vinyldiazo moiety.36 Whereas silyl enol ethers yielded a formal [3+4] adduct (in 
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analogous way to the intermolecular reaction), unsubstituted vinylcarbenes produced azetidine derivatives 

(Scheme 1.17). In both cases the authors postulated the formation of a common zwitterionic intermediate by 

nucleophilic attack by C2 of the pyrrole to the rhodium vinyl carbene. Depending on the substituent, this 

intermediate evolves towards different products. These findings clearly demonstrate how the substitution 

pattern in the diazo compound can modulate the reactivity of the generated vinylcarbene. From this moment 

onward, vinyl diazo derivatives containing silyl enol ethers will be referred as enoldiazo compounds, a term 

widely utilized by Doyle in describing these substrates.37 

 

Scheme 1.17. Rhodium (II) catalyzed intramolecular reaction of pyrroles and substituted vinyl diazo derivatives. 

While all the previous reports afforded racemic products, the development of chiral rhodium (II) catalysts 

marked a turning point. The group of Davies capitalized on their developed [3+4] cycloadditions to achieve the 

desired 7-membered-ring products in an enantioselective fashion. In 1994, they reported the enantioselective 

transformation with dienes and furan (Scheme 1.18a) using [Rh2(S-TBSP)4] as the chiral catalyst.38 

Nonetheless, pyrroles proved to be more challenging, and it was not until 2007 than the same group reported 

the desired reaction, using enoldiazo compounds in the presence of [Rh2(S-PTAD)4] catalyst (Scheme 

1.18b).39 
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Scheme 1.18. Rhodium catalyzed enantioselective [3+4] cycloadditions of vinydiazo compounds. 

Up to that point, all examples reported relied in the use of conjugated carbon-based double bonds. However, 

the Doyle group recognized the potential of employing conjugated imines or aldehydes as substrates for the 

transformation.40 Just by subjecting these hetero-dienes to styryl diazo compounds under rhodium catalysis, 

they successfully isolated the corresponding seven-member ring, albeit alongside undesired [2+1] and [3+2] 

adducts. Despite the obtained product being the same as for the [2+1]/Cope mechanism, the pathway for this 

transformation is based on the formation of an initial imino/carbonyl-ylide that collapses with itself furnishing 

the corresponding dihydro-azepines or dihydro-oxepines (Scheme 1.19). Expanding on these initial 

discoveries, the same group subsequently reported the exclusive formation of the [3+4] cycloadduct by utilizing 

enoldiazo compounds.41 
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Scheme 1.19. Rhodium catalyzed [3+4] cycloadditions of styryl diazo derivatives and conjugated aldehydes or imines. 

To expand the pool of substrates able to engage in the cycloaddition, the Doyle group introduced an 

intramolecular reaction employing aryls as diene surrogates.42 While Davies had hinted at this reactivity's 

potential in 1992, only limited examples were reported, with low yields and unstable products.43 In contrast, by 

incorporating a benzyl unit into enoldiazo compounds, the cyclopropanation of the phenyl moiety leads to the 

formation of the corresponding norcaradiene. This intermediate does not undergo expansion toward the 

corresponding cycloheptatriene (Buchner reaction) but instead undergoes a Cope rearrangement with the 

alkene moiety of the initial diazo compound, yielding bicyclononatriene scaffolds in good to moderate yields. 

Moreover, the reaction can be conducted in an enantioselective fashion by using a chiral rhodium catalyst 

(Scheme 1.20).  

While all the examples reported so far capitalized in initial reactivity at the carbenic site of the vinylcarbene, 

one could envision that initiating the reaction at the vinylogous site might lead to a [3+4] cycloaddition with a 

complete reversal of regioselectivity. In this context, the Davies group disclosed this transformation by reacting 

enoldiazo compounds with silyl enol-containing dienes in the presence of their highly constrained cyclopropyl-

based [Rh2(S-BTPCP)4] catalyst44 yielding the reversed cycloheptatriene with high levels of regio-, diastereo- 

and enantioselectivity (Scheme 1.21).45 The postulated mechanism for the reaction is based on an initial 

nucleophilic attack by one alkene of the diene toward the vinylogous position, followed by an intramolecular 

ring closing to furnish the corresponding cycloheptadienes. 
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Scheme 1.20. Intramolecular rhodium catalyzed [3+4] for the preparation of bicyclononatrienes. 

 

Scheme 1.21. Rhodium catalyzed [3+4] cycloaddition between enoldiazo compounds and dienes with complete reversal 
of reactivity. 

The combination of rhodium (II) and vinyldiazo compounds had dominated the field so far. However, the 

scientific community started to invest in the exploration of novel vinylcarbene precursors and the development 

of catalytic systems centered around other metals. The first example of a non-rhodium based [3+4] 

cycloaddition was reported by Toste in 2008. Propargyl esters were treated with a gold catalyst to generate in 

situ a gold vinylcarbene, which was intermolecularly trapped by a conjugated imine (Scheme 1.22).46 From 

this point onward, the [3+4] cycloaddition with the hetero-diene proceeds in a manner analogous to the reaction 

with rhodium and imines/aldehydes (vide supra). Expanding on these findings, other research groups have 

reported the analogous trapping of the in situ generated gold vinylcarbene with dienes47, 48 or furans.49 Taking 

advantage from the π-activation of alkynes strategy, the Tang group demonstrated the generation of platinum 

vinylcarbenes using ortho-propargyl aniline derivatives.50 In this case, alkyne activation by the π-acidic 

platinum center, followed by nucleophilic addition of the pending amino group, ultimately leads to the formation 

of the vinylcarbene. Subsequent intermolecular [3+4] cycloaddition with an external diene result in the 

formation of the final cyclohepta[b]indole products. Given the regioselectivity of the cycloaddition, the authors 

postulate an initial addition of the diene at the vinylogous site of the vinylcarbene (Scheme 1.23). Interestingly, 

for some examples within the scope, the authors disclosed that rhodium (I) catalysts perform better than 

platinum complexes. Notably, furans are also tolerated in this transformation. 
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Scheme 1.22. Gold catalyzed [3+4] cycloaddition between propargyl esters and imino dienes. 

 

Scheme 1.23. Platinum catalyzed [3+4] cycloaddition using o-anilines and dienes. 

The research groups led by Hashmi and Hyland reported an intramolecular gold-catalyzed [3+4] reaction by 

linking a furan with a cyclopropene as carbene precursor (Scheme 1.24).51 The authors propose two potential 

mechanisms, both centered around the ring opening of the cyclopropene from the less substituted site, leading 

to the desired gold vinylcarbene. The first proposed mechanism envisions a direct concerted [3+4] 

cycloaddition with the furan. On the other hand, a stepwise [3+4] cycloaddition could be considered. Given the 

observed regioselectivity in the reaction, the authors suggest that the initial nucleophilic addition from the C2 

of the heterocycle must occur at the vinylogous site of the gold carbene. Remarkably, when the authors 

conducted the reaction using pyrrole or indole derivatives, [3+4] adducts were not observed. Instead, Csp2-H 

insertion at the C3 position was reported as the outcome for the reaction involving nitrogen-based 

heterocycles.  
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Scheme 1.24. Gold catalyzed intramolecular [3+4] cycloaddition of cyclopropenes and furans. 

More recently, Zhu et al. reported an unconventional approach to produce endocyclic rhodium (II) 

vinylcarbenes using enynals as precursors (Scheme 1.25).52 This methodology exploits the previous reports 

by the same group for carbene generation through isomerization reactions.53 In this specific case, rhodium 

coordination to the alkyne initiates a concerted [3+2] cycloaddition, involving the terminal aldehyde and a 

pending alkene. The resulting vinylcarbene can then undergo intermolecular reaction with a diene, yielding the 

final tetracyclic fused adducts. While the authors predominantly explore the racemic version of the 

transformation, they also present several examples where the reaction can be conducted in an 

enantioselective manner using the [Rh2(S-NTTL)4] catalyst. 

 

Scheme 1.25. Rhodium (II) catalyzed [3+4] cycloaddition between enynals and dienes. 

One of the main limitations in the use of vinyldiazo compounds for carbene generation arises from the need 

for an acceptor group adjacent to the diazo moiety. Apart from the stabilization of the precursor diazo 

compound, this necessity arises from the propensity of unsubstituted vinyldiazo compounds to undergo 

intramolecular thermal isomerization, resulting in pyrazole products.54 To overcome this limitation, the group 

of Bi recently introduced a novel strategy, employing a silver trispyrazolyl-based catalyst in combination with 

vinyl-N-triftosylhydrazones. This approach serves as an excellent platform for the generation of both 

unsubstituted and alkyl-substituted silver vinylcarbenes. Exploiting the reactivity of these carbenes, they 

demonstrated their efficacy in [3+4] cycloadditions with dienes55 and furans56 (Scheme 1.26). They also 

perform DFT calculations for both reactions, revealing divergent reaction pathways. While dienes undergo a 

conventional [2+1]/Cope rearrangement, furans engage in a direct concerted [3+4] cycloaddition with the silver 

vinylcarbene. These findings showcase the versatility of mechanisms involved in [3+4] cycloadditions with 

vinylcarbenes. 
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Scheme 1.26. Silver catalyzed [3+4] cycloaddition between N-triftosylhydrazones and dienes/furans. 

1.2.2.1.2. [2+1] Cycloadditions 

As expected, when alkenyl diazo compounds were reacted with simple alkenes in the presence of rhodium 

acetate, the corresponding cyclopropane could be isolated with high yields and good to excellent 

diastereoselectivity (Scheme 1.27a).57 Conducting the same reaction but using enol ethers as the olefin and 

rhodium octanoate as the catalyst, the newly formed cyclopropanes could undergo rearrangement upon 

treatment with Et2AlCl. The resulting cyclopentenes would be the products arising from a formal [3+2] 

cycloaddition between the vinylcarbene and the alkene (Scheme 1.27b).58 Several years later, the reactions 

were performed using chiral rhodium catalysts, achieving the transformations in an enantioselective fashion.59 

 

Scheme 1.27. Rhodium catalyzed [2+1] cycloaddition between vinyldiazo compounds and alkenes. 

Similarly to [3+4] cycloaddition reactions, alternative vinylcarbene precursors can be employed for the 

cyclopropanation of olefins. Recognizing this potential, the Ohe group employed propargyl esters for this 

purpose, and reported a [2+1] cycloaddition under ruthenium catalysis (Scheme 1.28a).60 Two years later, 

Toste published the enantioselective version of this transformation using chiral gold catalysts (Scheme 

1.28b).61 
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Scheme 1.28. Intermolecular [2+1] cycloaddition between alkenes and propargyl esters. 

The intramolecular version of this kind of reactivity is particularly interesting due to the potential to generate 

bicyclic compounds. In this regard, the Cossy group using cyclopropenes as the source for the vinyl carbene 

detailed a series of intramolecular [2+1] cycloadditions involving alkenes tethered to cyclopropene units 

(Scheme 1.29).62 Although their initial studies were conducted under gold catalysis,63 rhodium (II) could also 

be efficient in the reaction.64  

 

Scheme 1.29. Gold catalyzed intramolecular cyclopropanation of olefins using cyclopropenes as carbene precursors. 

Recently, the group of Bi capitalized once again in the potential of their vinyl-N-triftosylhydrazones in 

conjunction with silver catalysts for the intermolecular cyclopropanation of alkenes (Scheme 1.30).65 Notably, 

their approach is not the sole method to access unsubstituted vinylcarbenes, as the Echavarren group 

uncovered the capability of alkenyl cycloheptatrienes to generate vinylcarbenes through a gold catalyzed retro-

Buchner reaction. The resultant vinylcarbene can then cyclopropanate an external olefin (Scheme 1.31).66 

This mechanistic hypothesis was corroborated by means of DFT calculations. Notably, the Echavarren group 

continued their efforts in this field, just modifying the cycloheptatriene moiety to enable the reaction under 

milder conditions, using zinc67 and later rhodium (II) catalysts.68  
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Scheme 1.30. Silver catalyzed cyclopropanation of olefins using N-triftosylhydrazones. 

 

 

Scheme 1.31. Gold catalyzed cyclopropanation of olefins using cycloheptatrienes as vinylcarbene precursors. 

Similar to the [3+4] cycloaddition, other substrates can be accommodated in the [2+1] reaction to yield three-

membered heterocycles. Initial studies by Hamaguchi demonstrated the use of aldehydes 69 and thioketones 

70 albeit with product mixtures containing [2+1] and [3+2] adducts. Improved results in the [2+1] cycloaddition 

with aldehydes were reported by the group of Aggarwal, when using N-sulfonylhydrazone sodium salts as 

diazo precursors in combination with rhodium (II) catalysts in presence of sulfides (Scheme 1.32).71 

According to their proposed mechanism, the in situ formed vinylcarbene is trapped by the sulfide, generating 

a sulfur ylide. Subsequent reaction with the external aldehyde yields the corresponding betaine intermediate, 

which evolves into the desired oxirane. When chiral sulfides are employed, good enantiomeric excesses are 

achievable in certain examples. Regarding thioketones, the Feng group addressed selectivity issues by 

utilizing cobalt catalysts to achieve the corresponding thiiranes in excellent yields and enantioselectivities.72 

 

Scheme 1.32. Rhodium catalyzed [2+1] cycloaddition between N-sulfonylhydrazone sodium salts and aldehydes. 

Beyond alkenes and carbonyl-related compounds, alkynes are also amenable to [2+1] cycloaddition. The first 

example on the cyclopropenation reaction using vinyldiazo compounds was reported by Davies in 2010.73 

When styryl diazoacetates were reacted with terminal alkynes in the presence of [Rh2(S-DOSP)4], the 
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corresponding cyclopropenes could be isolated in high yields and with excellent enantioselectivity (Scheme 

1.33). This reactivity extends beyond phenyl-substituted vinyldiazo compounds, as the same group reported a 

year later on the reaction employing enoldiazo compounds.74 

 

Scheme 1.33. Rhodium catalyzed enantioselective cyclopropenation of alkynes using styryl diazoacetates. 

Heterocyclic compounds are among the other interesting substrates that can undergo cyclopropanation 

reactions. Furans and pyrroles have shown their propensity to yield the [3+4] adduct (vide supra). However, 

this reactivity is suppressed when working with their benzo derivatives, specifically indoles and benzofurans. 

The Sun group was the first to report on this type of reactivity, showcasing the reaction between vinyldiazo 

compounds and indoles under silver catalysis (Scheme 1.34).75 The mechanism for the transformation was 

later studied through DFT calculations by the Yang group.76 

 

Scheme 1.34. Silver catalyzed cyclopropanation of indoles using vinyldiazo compounds. 

In addition to vinyldiazo compounds, cyclopropenes have been found to participate in the same reaction under 

rhodium (II) catalysis. Two articles, published nearly simultaneously, capitalized on this reactivity: the Lautens 

group focused on the cyclopropanation of benzofurans (Scheme 1.35a) 77 while the Jiang group primarily 

reported the reaction with indoles (Scheme 1.35b). 78 

 

Scheme 1.35. Rhodium catalyzed cyclopropanation of benzofurans and indoles. 

1.2.2.1.3. [3+2] Cycloadditions 

Given the prevalence of the alkene unit, vinylcarbenes can also serve as three-carbon synthons for 

constructing 5-membered carbo- or heterocyclic rings. The first group to realize this potential was the one by 

Davies in 1992. While studying the previously commented reactivity of vinyldiazo compounds and vinyl ethers 
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(Scheme 1.27b) the authors realized that by adjusting the reaction conditions, cyclopentene scaffolds could 

be obtained (Scheme 1.36).79 Furthermore, based on the regioselectivity of the reaction, the mechanism of 

the transformation should involve an initial nucleophilic addition at the vinylogous site followed by ring closing. 

This made this work the first report based on fully selective vinylogous functionalization of a vinylcarbene. The 

same authors, nine years later, reported the enantioselective version of this transformation using [Rh2(S-

DOSP)4] as the catalyst.80  

 

Scheme 1.36. Rhodium catalyzed [3+2] cycloaddition between vinyldiazo compounds and vinyl ethers. 

The Davies group further explored the versatility of this reaction by reporting the same transformation using 

enoldiazo compounds.81 More notably, they published the enantioselective version of the reaction with chiral 

gold catalysts.82 Similarly, the López group reported a gold-catalyzed [3+2] cycloaddition between vinyldiazo 

compounds and styrenes83 or pinacol alkenylboronates.84 More recently, Feng introduced an enantioselective 

nickel-catalyzed version of this transformation.85 

To widen the applicability of this reaction, several studies involving alternative vinylcarbene precursors 

emerged. The Nevado group moved from vinyldiazo compounds to propargyl esters under gold catalysis 

(Scheme 1.37a).48 They proposed a mechanism involving initial cyclopropanation of the olefin followed by 

gold-catalyzed isomerization toward the final cyclopentene. Furthermore, when dienes were employed as 

reaction partners, only the [3+4] cycloadduct was observed. On the other hand, Iwasawa et al. employed their 

method based on the isomerization of ortho-propargyl anilines. In the presence of platinum, the generated 

vinylcarbene was trapped by an external vinyl ether in a [3+2] fashion, yielding the corresponding tricyclic 

scaffolds (Scheme 1.37b).86 Similarly to the early works in the field, the proposed mechanism involved initial 

nucleophilic addition at the vinylogous position followed by ring closing. This proposal was later substantiated 

by Zhang through DFT calculations.87 
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Scheme 1.37. [3+2] cycloaddition reactions involving alkenes and non-diazo carbene precursors. 

Besides altering the carbene precursor, modifying the 2-atom synthon can yield a variety of 5-membered ring 

structures. By employing alkynes, for instance, cyclopentadiene products could be obtained. The first example 

of this chemistry was reported by Hashmi et al.88 They reacted propargyl acetates and ynamides in the 

presence of gold to produce the corresponding amino-substituted cyclopentadienes (Scheme 1.38a). This 

same reactivity was later reported by Huang, although they used cyclopropenes as starting materials (Scheme 

1.38b).89 

 

Scheme 1.38. Gold catalyzed [3+2] cycloaddition between vinylcarbenes and ynamides. 

The inclusion of allenes in the reaction is also well-tolerated, resulting in cyclopentenes with an additional 

external double bond. In continuation of their work in gold catalysis and vinyldiazo compounds, the López 

group reported a regiodivergent [3+2] cycloaddition with allenes. When unbiased substituted allenes were 

employed, the [3+2] cycloaddition occurred with the external double bond of the allene (Scheme 1.39a).90 On 

the contrary, when the reaction was conducted with N-allenamides, the reactivity shifted towards the double 
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bond directed linked to the nitrogen (Scheme 1.39b).91 In both cases, the formation of an initial zwitterionic 

intermediate takes place upon the addition of the central carbon of the allene at the vinylogous position of the 

carbene. Depending on the substituents, the reaction evolves towards the formation of one or the other 

regioisomer. A complementary reactivity is observed when the carbene precursor is a cycloheptatriene, as 

reported by Echavarren (Scheme 1.40).92 In this scenario, the gold vinylcarbene reacts at the carbenic 

position, subsequently closing with the internal alkene. The cyclopentene resulting from this step then 

undergoes isomerization, ultimately yielding the isolated cyclopentadiene products. 

 

Scheme 1.39. Regiodivergent gold catalyzed [3+2] cycloaddition of vinyldiazo compounds and allenes. 

 

Scheme 1.40. Gold catalyzed [3+2] cycloaddition between allenes and cycloheptatrienes. 

Expanding the range of alkenes tolerated in this cycloaddition, the groups of Davies and Doyle independently 

reported a rhodium-catalyzed [3+2] cycloaddition involving indoles and vinyldiazo compounds. Two 

complementary reactivities were observed just by working with different starting materials. Davies employed 

conventional styryl diazo derivatives, proposing an initial addition of the indole into the carbenic position 

(Scheme 1.41a).93 Optimal regioselectivities were achieved with substituted indoles at either the C2 or C3 
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positions. On the other hand, Doyle's study focused on the use of enoldiazo compounds, proposing a 

mechanism based on indole addition at the vinylogous site of the vinyl carbene (Scheme 1.41b).94 Notably, 

the reaction tolerated unsubstituted indoles without sacrificing regioselectivity. In both examples chiral rhodium 

catalysts were evaluated, yielding tricyclic indole derivatives with excellent levels of enantioselectivity. 

 

Scheme 1.41. Rhodium catalyzed [3+2] cycloaddition between indoles and vinyldiazo compounds. 

1.2.2.1.4. [3+3] Cycloadditions 

All the examples presented so far, relied in the use of unsaturated compounds as partners for the cycloaddition 

reactions. Nevertheless, the synthetic chemistry community has increasingly recognized the potential of ylides 

in reacting with vinylcarbenes. The inherent nucleophilicity arising from the negative charge in ylides, coupled 

with the electrophilic nature of metal carbenes, renders ylides exceptionally well-suited partners for engaging 

in reactions with vinylcarbenes.  

The pioneering work in this chemistry was carried out by the Toste group. In 2008, they reported a gold-

catalyzed [3+3] cycloaddition between propargyl acetates and azomethyl ylides, yielding bicyclic compounds 

(Scheme 1.42a).95 Four years later, the Doyle group demonstrated the use of enoldiazo compounds in a 

similar reaction with azomethyl ylides (Scheme 1.42b) under rhodium catalysis.96 It is noteworthy to highlight 

the mechanistic differences between these examples. When propargyl esters are employed, the initial addition 

of the negatively charged nitrogen from the ylide occurs at the carbenic position. Conversely, when enoldiazo 

compounds are utilized, the addition takes place at the vinylogous site, as confirmed by DFT calculations by 

the Xue group.97  

In addition to azomethyl ylides, various other ylides have been explored for this transformation. Simply by 

substituting the negatively charged nitrogen with an oxygen, and employing nitrones, the corresponding 

azaoxacyclic scaffolds could be obtained. Notably, the Hashmi group reported a platinum-catalyzed [3+3] 

cycloaddition involving ortho-propargyl anilines and nitrones, yielding indolyl derivatives (Scheme 1.43a).98 On 

the other hand, the Doyle group capitalized on enoldiazo compounds under rhodium catalysis for the 
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enantioselective synthesis of oxazine derivatives (Scheme 1.43b).99 In both cases, the initial nucleophilic 

addition of the nitrone takes place at the remote position of the vinylcarbene. 

 

Scheme 1.42. Rhodium and gold catalyzed [3+3] cycloaddition between vinylcarbenes and azomethyl ylides. 

 

Scheme 1.43. Platinum and rhodium catalyzed [3+3] cycloaddition between vinylcarbenes and nitrones. 

The Doyle group continued to broaden the range of ylides compatible with rhodium-catalyzed [3+3] 

cycloaddition reactions involving enoldiazo compounds. N-acyliminopyridinium ylides proved effective for the 

synthesis of tetrahydropyridazines with high yields and enantioselectivities (Scheme 1.44a).100 Additionally, 

they explored the utility of isoquinolinium/pyridinium methylides as ylides for this transformation (Scheme 

1.44b).101 As anticipated from prior findings, the reaction initiated at the vinylogous position, as confirmed by 

DFT calculations.102 

More recently the group of Zhang reported the copper catalyzed [3+3] cycloaddition between vinylsulfoxonium 

ylides and cyclopropenones for the preparation of substituted phenols (Scheme 1.45).103 The generated 

copper vinylcarbene was trapped by an in situ formed ylide from cyclopropenone. The final step involves the 

aromatization of the newly formed cyclohexanone, ultimately yielding the phenol derivatives. 
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Scheme 1.44. Rhodium catalyzed [3+3] cycloaddition using enoldiazo compounds. 

 

Scheme 1.45. Copper catalyzed [3+3] cycloaddition between vinyl sulfoxonium ylides and cyclopropenones. 

1.2.2.1.5. [3+1] Cycloadditions 

Building on their contributions to the field of [3+3] cycloadditions, the Doyle group recognized that modifying 

the ylide structure could open avenues for diverse cycloaddition reactions. In this context, sulfur ylides 

emerged as excellent partners, serving as a one-carbon synthon for the synthesis of four-membered-ring 

compounds through [3+1] cycloadditions involving the alkenyl unit of the vinylcarbene. 

The first example of this chemistry in 2017 focused on the enantioselective synthesis of cyclobutenes by 

employing enoldiazo compounds and carbonyl-derived sulfur ylides under copper catalysis (Scheme 1.46a).104 

Expanding on this work, the same group demonstrated that modifying the carbonyl unit of the sulfur ylide with 

an N-arylamino group resulted in the synthesis of chiral azetidines with high yields and enantiomeric excesses 

(Scheme 1.46b).105 Subsequent investigations in a later study further explored the potential applications of 
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these azetidine compounds.106 The mechanism of the reaction is initiated by the addition of the nucleophilic 

nitrogen of the ylide into the vinylogous position of the copper carbene. In contrast to the previously reported 

[3+2] and [3+3] cycloaddition, the subsequent step involves the addition of the double bond of the vinylcopper 

intermediate, followed by the loss of SPh2. The mechanism is completed by the extrusion of the copper 

catalyst, ultimately yielding the azetidine derivatives. 

 

Scheme 1.46. Copper catalyzed [3+1] cylcloaddition between enoldiazo compounds and sulfur ylides. 

1.2.2.1.6. Higher order cycloadditions 

Recent reports have emerged involving vinylcarbenes in higher order cycloadditions. These transformations 

rely on either extending the ylide used in the process or elongating the conjugation in the vinylcarbene 

precursor. Notably, Yoo's group reported a [3+5] cycloaddition involving enoldiazo compounds and 1,5-dipole 

equivalents under rhodium catalysis (Scheme 1.47).107 The proposed mechanism for this transformation 

involves the initial addition of the negatively charged nitrogen into the vinylogous position of the vinylcarbene. 

Subsequently, the newly formed ylide collapses into the 2-position of the pending positively charged pyridine, 
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resulting in the formation of the final six-eight fused bicyclic compounds. DFT calculations carried out by the 

same group proved the validity of the initial mechanistic hypothesis.108 

 

Scheme 1.47. Rhodium catalyzed [3+5] cycloaddition between enoldiazo compounds and 1,5-dipole equivalents. 

In 2021, the group of Krasavin introduced a novel class of vinyl diazo compounds based on a succinimide 

scaffold.109 While exploring the reactivity of these new carbene precursors, they discovered that the aryl 

substituent in the vinyl moiety facilitates the participation of the product in [5+2] cycloadditions. Indeed, the 

reaction of nitriles with diazo succinimides under rhodium catalysis resulted in the synthesis of benzoazepine 

derivatives (Scheme 1.48a).110 The proposed mechanism involves the addition of the nitrile into the carbenic 

carbon, leading to the formation of the corresponding nitrile ylide. This intermediate undergoes a 1,7-

electrocyclization, followed by a 1,5-hydrogen shift, resulting in the generation of benzazepines derivatives. 

Based on this report, the same group continued to expand the boundaries of this chemistry and demonstrated 

analogous behavior with aldehydes111 and ketones112 (Scheme 1.48b). 
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Scheme 1.48. Rhodium catalyzed [5+2] cycloaddition between diazo succinimides and nitriles and aldehydes. 

1.2.2.2. C-H Insertion reactions 

1.2.2.2.1. Csp3-H Insertion 

All the examples so far have predominantly explored the cycloaddition reactions of metal vinylcarbenes. 

However, metal vinylcarbenes can also undergo insertion reactions into C-H bonds. The efficacy of metal 

carbenes in Csp3-H bond insertion is well-established,113 and by extrapolating this reactivity to the vinylcarbene 

family, allyl substituted products can be successfully obtained. The first examples of this chemistry were 

reported in the early 1990s by the group of Muller, who used cyclopropenes as the carbene precursors 

(Scheme 1.49).114 In their approach, the rhodium vinylcarbene, in situ generated by heating a cyclopropene 

decorated with an alkyl chain in the presence of rhodium perfluorobutyrate, inserted into the pending Csp3-H 

bond. Although the reported yields were modest, these findings served as a proof of concept, highlighting the 

potential of vinylcarbenes to participate in Csp3-H bond functionalization. 

The group of Davies expanded their work in the vinylcarbene realm studying the potential of vinyl diazo 

compounds in Csp3-H insertion reactions. While exploring the C-H insertion of donor-acceptor and acceptor-

acceptor carbenes into cyclohexane, they reported one example of vinyldiazoacetate insertion into the 

cyclohexane ring.115 Surprisingly, when the reaction was carried out using cyclohexadienes, an isomerized 

product was observed (Scheme 1.50).116 The resulting product required the involvement of the alkenyl unit of 

the carbene, underscoring the remarkable versatility of vinylcarbenes in developing novel transformations that 

would otherwise remain beyond the scope of conventional carbene chemistry. Although the reaction scope 
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was limited, several vinyldiazo compounds were tested and the reactions could be enantioselectively carried 

out using [Rh2(S-DOSP)4] as the catalyst. The proposed mechanism for this transformation was based on a 

concerted yet asynchronous process involving hydride-transfer and C−C bond-formation as corroborated by 

DFT calculations.117 Moreover, the same group exploited this chemistry for the preparation of several natural 

products.118 

 

Scheme 1.49. Rhodium catalyzed Csp3-H bond insertion of in situ generated vinylcarbenes. 

 
Scheme 1.50. Rhodium catalyzed C-H activation of vinyldiazoacetates and cyclohexadiene. 

While the field of Csp3-H insertion of vinylcarbenes has predominantly been dominated by rhodium,119 copper 

and gold catalysts,120 several groups have explored the potential of other metals in this domain. Notably, in 

2008, the group of Dias reported the first instance of silver-catalyzed vinylcarbene insertion into Csp3-H bonds. 

The process involved the reaction of methyl styryldiazoacetate with alkanes in the presence of trispyrazolyl-

based silver catalysts, yielding insertion into the carbenic carbon (Scheme 1.51a).121 More recently, the Bi 

group presented analogous findings employing N-triftosylhydrazones as carbene precursors for the allylic 

functionalization of alkanes (Scheme 1.51b).122 
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Scheme 1.51. Silver catalyzed vinylcarbene insertion into Csp3-H bonds. 

In addition to intermolecular reactions, several reports have studied the intramolecular Csp3-H insertions. The 

group of Cossy draw inspiration from the initial reports from Muller and explored the reactivity of cyclopropenes 

with pendant alkyl moieties. Their approach involved the reaction of these derivatives in the presence of 

rhodium acetate, leading to the formation of C-H insertion adducts with both high yields and 

diastereoselectivities (Scheme 1.52).123 Three years later the group of Doyle, reported the use of 

enoldiazoacetamides as excellent substrates for the enantioselective preparation of β-lactam derivatives in the 

presence of rhodium catalysts (Scheme 1.53).124 

 

Scheme 1.52. Rhodium catalyzed intramolecular Csp3-H insertion of cyclopropenes. 

 

Scheme 1.53. Rhodium catalyzed intramolecular Csp3-H insertion of enoldiazoacetamides. 

The Fürstner group recently disclosed an innovative approach to carbene generation through the gem-

hydrogenation of alkynes. In this ruthenium-catalyzed process two hydrogen atoms of a hydrogen molecule 

are effectively transferred to one carbon of an alkyne, resulting in the formation of a ruthenium carbene on the 

remaining carbon of the triple bond.125 
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Extending the application of this methodology, the same research group demonstrated the gem-hydrogenation 

of enynes, leading to the generation of a ruthenium vinylcarbene that undergoes intramolecular insertion into 

a Csp3-H bond yielding tetrahydrofuran compounds (Scheme 1.54).126  

 

Scheme 1.54. Ruthenium catalyzed gem-hydrogenation of enynes followed by Csp3-H insertion. 

All the reactions so far have relied on the Csp3-H insertion into the carbenic position of the vinylcarbene. To 

the best of our knowledge, only one instance in the literature has explored the insertion at the vinylogous 

position. The group of Liu reported the intramolecular insertion of a Csp3-H bond from an acetal group into the 

remote position of a gold vinylcarbene, formed through the isomerization of an allenene group (Scheme 

1.55).127 The proposed mechanism for this transformation initiates with the gold catalyst coordinating to the 

allene moiety. Subsequent cyclization with the alkene unit results in the generation of the gold vinylcarbene. 

Instead of a concerted CH insertion, an hydride shift to the carbenic position takes place. Following this, SE2′ 

addition at the vinylogous position yields the ultimate tricyclic scaffold. Upon acid work-up, the tricyclic structure 

undergoes hydrolysis, ultimately leading to the formation of the ketone derivative. 

 

Scheme 1.55. Gold catalyzed intramolecular vinylogous Csp3-H insertion. 
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1.2.2.2.2. Csp2-H Insertion 

In addition to the early examples of Csp3-H insertion using cyclopropenes, the potential functionalization of 

Csp2-H bonds can be envisioned by strategically introducing an aryl moiety. This reactivity was initially revealed 

by Padwa et al. in 1982.128 When a cyclopropene with a pending phenyl group was reacted in the presence of 

silver perchlorate, the formation of the corresponding indene product was observed, entailing a Csp2-H 

insertion (Scheme 1.56). Although the examples were limited, these findings laid the ground for vinylcarbene 

insertion into Csp2-H bonds. Subsequently, various groups reported improved results using diverse metals as 

catalysts, including gold,129 palladium,130 and copper.131 

 

Scheme 1.56. Silver catalyzed Csp2-H insertion using cyclopropenes as carbene precursors. 

Furthermore, the identical reaction pattern could be observed upon carbene precursor modification. In this 

context, Sarpong harnessed the ability of propargyl esters to generate vinylcarbenes and reported a platinum-

catalyzed intramolecular Csp2-H insertion using this kind of vinylcarbene precursor. (Scheme 1.57).132 Notably, 

the versatility of this reaction extends beyond benzene derivatives, as the reaction scope includes 

functionalization of a pendant pyrrole and indole rings as well. 

Scheme 1.57. Intramolecular platinum catalyzed Csp2-H insertion. 
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Given the success in the intramolecular Csp2-H insertion, the group of Davies reported the first example of the 

intermolecular version of the reaction (Scheme 1.58).43 Through the reaction of vinyldiazo compounds with 

arene derivatives under rhodium catalysis, the resulting Csp2-H insertion product was observed. Nonetheless, 

the reaction suffered limitations due to the formation of Buchner adducts under the reaction conditions, 

highlighting the challenge of achieving selective intermolecular Csp2-H insertion into benzene derivatives. 

 

Scheme 1.58. Rhodium catalyzed intermolecular vinyldiazo Csp2-H insertion. 

To overcome these challenges, the same group transitioned from benzene to pyrrole and indole derivatives. 

In this scenario, employing a slightly modified vinyldiazo compound in the presence of [Rh2(esp)2] and C1 or 

C2 methyl-substituted indoles or pyrroles resulted in the formation of the corresponding vinylogous Csp2-H 

insertion adduct (Scheme 1.59).133 Intriguingly, the removal of the methyl group led to carbenic 

functionalization as the primary product, emphasizing the key role of increased steric bulkiness attributed to 

the methyl group in the reaction selectivity. Two years later the same group reported the enantioselective 

version of the reaction using the [Rh2(S-biTISP)2] catalyst. 134 

 

Scheme 1.59. Intermolecular rhodium catalyzed vinylogous Csp2-H functionalization of indoles or pyrroles. 

The synthetic community sought also to achieve selective functionalization of benzene derivatives, with vinyl 

diazo compounds employing alternative catalytic systems. Notably, in 2012, the López group reported the 

selective gold-catalyzed vinylogous Csp2-H insertion of aryls with vinyldiazo compounds (Scheme 1.60).135 

Building upon these findings, they subsequently extended the same reactivity into ferrocene and ruthenocene 

functionalization.136 
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Scheme 1.60. Intermolecular gold catalyzed vinylogous Csp2-H functionalization of benzene derivatives. 

More recently, Xu improved even further this reactivity and unveiled the enantioselective version of the aryl 

vinylogous Csp2-H insertion. In this instance, the reaction employed aniline derivatives as the arene unit, 

utilizing a catalytic system based on the combination of rhodium(I) with chiral cyclic dienes as ligands (Scheme 

1.61a).137 Notably, the reaction showed tolerance to the presence of hydroxyl groups in the aniline derivative, 

without the formation of the corresponding OH-insertion adduct. Subsequently, the same group conducted the 

reaction in the presence of chiral cinchona alkaloids, resulting in the formation of dihydrobenzofurans in a one-

pot reaction, involving a cascade vinylcarbene Csp2-H insertion followed by an oxa-Michael addition (Scheme 

1.61b).138 The success of this reactivity motivated the same group to report the intermolecular Csp2-H insertion 

using a similar catalytic system, this time with pyrroles and indoles.139 

 

Scheme 1.61. Intermolecular rhodium catalyzed vinylogous Csp2-H functionalization of aniline derivatives. 
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1.2.2.3. X-H insertion reactions 

The insertion reactions involving vinylcarbenes extend beyond C-H bonds. Due to the lower bond dissociation 

energy of heteroatom-hydrogen (X-H) bonds compared to C-H bonds, the insertion of carbenes into X-H bonds 

is easier. Extensive documentation supports the ability of carbenes to insert into a diverse range of X-H bonds, 

suggesting a similar reactivity for vinylcarbenes.140 

The first example of this reactivity dates to 1987 by the Davies group. By reacting vinyldiazo compounds with 

several alcohols in presence of rhodium acetate, vinyl ethers could be obtained in good yields upon O-H 

insertion and double-bond isomerization (Scheme 1.62a). 31 In continuation of this results, the group of Landais 

reported the Si-H insertion using the same catalytic system (Scheme 1.62b). 141 The enantioselective version 

of this Si-H insertion was disclosed later by the group of Davies, using the [Rh2(S-DOSP)4] catalyst.142 

 

Scheme 1.62. Rhodium catalyzed O-H and Si-H insertion of vinyldiazo compounds. 

After these pioneering examples, the Davies group began exploring the regioselectivity of the reaction using 

catalysts based on other metals. In their initial findings, they demonstrated that a molybdenum-based catalyst 

selectively promoted the insertion of methanol at the remote position (as a mixture of Z/E isomers) (Scheme 

1.63), whereas rhodium predominantly yielded the carbenic product.143 Just as observed with molybdenum 

catalysts, the same research group later reported that when employing ruthenium paddlewheel complexes, 

vinylogous O-H insertion emerged as the major product.144  

 

Scheme 1.63. Molibdenum catalyzed vinylogous OH insertion using vinyldiazo compounds. 

After these proof of concept studies, research was centered on improving the yield, scope, and selectivity, 

particularly regarding Z/E isomerism in the vinylogous product. Initial findings by Hu showed that the use of a 

silver catalyst provided highly selective reactions, although the scope of the study was limited to just two 

examples.145 In 2011, Davies presented a comprehensive comparative study on the rhodium- and silver-

catalyzed O-H and N-H insertion of vinyldiazo compounds.146  Under rhodium catalysis, functionalization at 

the carbenic site prevailed as the major product (Scheme 1.64a). In contrast, treatment with silver triflate 
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resulted in the corresponding vinylogous product with complete regiocontrol (Scheme 1.64b). Seven years 

later, the Nemoto group reached similar conclusions, employing silver tetrafluoroborate as the catalyst in this 

case.147  

 

Scheme 1.64. Rhodium and silver divergent selectivity in the intermolecular X-H insertion of vinyldiazo compounds. 

The Sun group further expanded this chemistry by employing 2-pyridones as the O-H bond source.148 As 

expected, the use of silver as the catalyst exclusively provided the vinylogous product (Scheme 1.65a). 

Conversely, employing a gold source as the catalyst allowed for the selective generation of the carbenic 

product (Scheme 1.65b). The enantioselective version of this carbenic reactivity was later reported by the 

same group using chiral gold catalysts.149 

 

Scheme 1.65. Gold and silver divergent selectivity in the intermolecular O-H insertion of vinyldiazo compounds and 2-
pyridones.  

Following the success achieved in X-H insertion reactions with vinyldiazo compounds, various reports 

appeared employing alternative carbene sources for this transformation. The Lee group, reported the gold-

catalyzed intermolecular functionalization of cyclopropenes using alcohols, yielding exclusively the vinylogous 

product (Scheme 1.66a).150 Similar outcomes were reported by Dong et al., using secondary amines for the 

corresponding N-H insertion (Scheme 1.66b).151 Conversely, the Vicente group detailed the synthesis of 

allylsilanes through a zinc-catalyzed Si-H insertion,152 through a reaction that selectively takes place at the 

carbenic position (Scheme 1.66c). The same group extended on this work by reporting similar reactivity using 

rhodium catalysts.153 
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Scheme 1.66. Intermolecular X-H insertion reaction using cyclopropenes as carbene precursors. 

The Echavarren group also evaluated the reactivity of vinylcarbenes in X-H insertions employing their well-

established retro-Buchner strategy for vinyl carbene in situ generation. Upon reacting cycloheptatriene 

derivatives in the presence of silanes under rhodium catalysis, they successfully obtained the corresponding 

allyl silanes through carbenic functionalization (Scheme 1.67a).68 The Bi group expanded their work using 

vinyl-N-triftosylhydrazones under silver catalysis and reported the corresponding carbenic Si-H insertion 

(Scheme 1.67b).154 

 

Scheme 1.67. Intermolecular Si-H insertion on vinylcarbenes in situ generated from cycloheptatrienes and 

triftosylhydrazones. 

 

 

 



CHAPTER 1  INTRODUCTION 
 

52 
 

In addition to silanes, amines, and alcohols, other types of X-H bonds can participate in carbene insertion 

reactions. B-H bonds have recently emerged as candidates for such transformations.155 In the field of 

vinylcarbene chemistry, the first example of a B-H insertion was reported in 2020 by Vilotijevic. In this study, 

the authors employed borane–phosphine adducts, reacting them with vinyldiazo compounds in the presence 

of a copper catalyst, yielding the corresponding phosphine-protected allylboranes (Scheme 1.68a).156 More 

recently, the Zhu group expanded on this chemistry by utilizing cyclopropenes as carbene precursors and 

borane-amino adducts as the B-H source to synthesize the desired borane derivatives (Scheme 1.68b).157 

Additionally, the same group reported the enantioselective version of this transformation, employing a chiral 

copper catalyst.158 In all these examples the reaction takes place selectively on the carbenic site. 

 
Scheme 1.68. Copper catalyzed intermolecular B-H insertion. 
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1.2.2.4. Carbene/Alkyne metathesis 

The examples shown so far have highlighted the remarkable versatility of vinylcarbenes, both in terms of their 

reactivity and the diverse range of precursors employed for their generation. However, it is worth noting that 

in these reports, the vinylcarbene is directly formed from the precursor, which subsequently engages in the 

intended reactivity. Among various catalytic methods for generating vinylcarbenes, the carbene/alkyne 

metathesis (CAM) method stands out as an extremely powerful strategy for accessing polycyclic compounds 

in a one-pot fashion.159 This transformation relies on the reaction between a metal carbene and an alkyne, 

leading to the generation of a vinylcarbene. This occurs through the transfer of carbene character to the β-

carbon of the alkyne, coupled with the formation of a double bond between the carbenic carbon and the α-

carbon of the alkyne (Scheme 1.69). This CAM strategy has been employed as the key method to access 

vinylcarbenes in this thesis. Therefore, the pivotal contributions on this field are summarized herein. 

 

Scheme 1.69. General scheme for the CAM process. 

The initial instances of this reactivity were reported by Dötz et al. in 1975. In their seminal work, they described 

the reaction between an isolated chromium Fisher-type carbene and diphenylacetylene, resulting in the 

formation of a naphthol derivative (Scheme 1.70).160 The proposed mechanism involves the generation of a 

chromium vinylcarbene through a carbene/alkyne metathesis, that upon insertion of one carbonyl ligand from 

the metal, gives rise to a ketene. Subsequent electrocyclization and aromatization leads to the ultimate 

formation of the naphthol. Although the reaction is not catalytic, the carbonylation strategy emerged as an 

outstanding platform for synthesizing naphthol and phenol derivatives, eventually earning recognition as the 

Dötz reaction.161 

 

Scheme 1.70. First report of the Dötz reaction. 
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This pioneering work established the potential for generating vinylcarbenes through the reaction of carbenes 

and alkynes. Subsequently, several research groups capitalized on this chemistry and reported the successful 

trapping of the vinylcarbene with olefins, resulting in the formation of the corresponding cyclopropane 

adducts.162 

While these studies served as proof of concept for the reaction, a notable limitation was the necessity of using 

stoichiometric quantities of the initial isolated metal carbene. Recognizing the potential of diazo compounds to 

generate carbenes in a catalytic manner and the ability of isolated carbenes to react with alkynes, the groups 

of Padwa and Hoye independently reported the first examples of a catalytic version of the CAM process. By 

tethering an initial diazo moiety to an internal alkyne with a pendant alkene, an in situ generated vinylcarbene 

could engage in a [2+1] cycloaddition with the remaining olefin generating three cycles in just one reaction 

step. In Padwa's study, rhodium was employed as the catalyst (Scheme 1.71a),163 while in Hoye's one, 

palladium emerged as the metal of choice (Scheme 1.71b).164 

 
Scheme 1.71. First examples of catalytic CAM reactions terminated with [2+1] cycloaddition. 

Building on the success of their respective reports, both groups dominated the field for the subsequent decade, 

exploring the chemistry of CAM-generated vinylcarbenes. Their investigations included further exploration of 

[2+1] cycloaddition reactions with alkenes and alkynes,165 [3+4] cycloadditions (Scheme 1.72a),166 Csp3-H 

insertions (Scheme 1.72b),167 and Csp2-H insertions (Scheme 1.72c),168, 169 both of the latter exclusively on 

the carbenic site. 
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Scheme 1.72. Rhodium catalyzed CAM reactions terminated with [3+4] or C-H insertions. 

The versatility of the cyclizations comprising the generation of a metal vinyl carbene through a CAM and 

subsequent reactivity was demonstrated, although the examples presented were somewhat limited in scope 

and did not involve stereoselective transformations. 

Other research groups drew inspiration from the reports by Padwa and Hoye, embarking on efforts to broaden 

the chemistry of CAM processes. The May group, for instance, delved deeper into the potential of vinylcarbene 

Csp3-H insertion. They developed a diazo alkynyl substrate with an embedded aliphatic-cyclic scaffold in the 

propargyl position. Upon treating the initial diazo compound with a rhodium catalyst, the desired vinylcarbene 

is formed and inserts into the pending Csp3-H bond, resulting in the formation of  bridged polycyclic compounds 

(Scheme 1.73a).170 Expanding on their research, they exchanged the diazo group with a N-tosylhydrazone 

(Scheme 1.73b),171 and in 2017, they reported a novel chiral rhodium (II) catalyst able of performing the 

reaction in an enantioselective fashion.172 
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Scheme 1.73. Rhodium catalyzed CAM terminated with Csp3-H insertion. 

Building on this chemistry, in 2019 the groups of Xu and Doyle reported the synthesis of chiral dihydroindole 

derivatives via a CAM cascade of propargyl diazoacetates terminated with Csp3-H bond insertion.173 Through 

the modification of ligands on the dirhodium complex, they achieved selective insertion into either a primary 

C-H bond or a secondary or tertiary C-H bond (Scheme 1.74). 

 

Scheme 1.74. Rhodium catalyzed catalyst-controlled CAM terminated with Csp3-H insertion. 

Before these two examples by May and Xu, there were no instances of enantioselective carbene/alkyne 

metathesis reactions documented in the literature. Recognizing this gap, our group seized the opportunity and 

reported the first example of an enantioselective CAM cascade. This was achieved using a rhodium (I)/chiral 

biphosphine catalytic system and N-sulfonylhydrazones as carbene precursors (Scheme 1.75).174 Upon 

heating in dichloroethane, the initial carbene underwent a double CAM with both alkynes present in the 

molecule. Finally, an enantioselective nucleophilic addition from the sulfinate, released upon the initial carbene 

formation, yielded chiral sulfone derivatives. 
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Scheme 1.75. Enantioselective rhodium(I) catalyzed double CAM reaction. 

Realizing the potential of this catalytic system, our group continued exploring the chemistry of N-

sulfonylhydrazone substrates by modifying the terminal alkyne and replaced it with other unsaturations. 

Initially, the alkyne was exchanged with an olefin, and as expected, the corresponding cyclopropanation 

occurred, yielding the desired vinylcyclopropanes in good yields and excellent enantioselectivities (Scheme 

1.76a).175 Finally, introducing an allene as the terminal unsaturation resulted in the obtention of 

methylenetetrahydropyran derivatives with excellent levels of enantioselectivity (Scheme 1.76b).176 

 
Scheme 1.76. Enantioselective rhodium (I) catalyzed CAM reactions reported by our group. 

As demonstrated earlier, the Padwa group had already showcased the potential for Csp2-H functionalization 

under rhodium catalysis. Seeking alternative catalytic systems based on different metals, the Doyle group 

revisited this reactivity in 2017. In their findings, they identified a copper-based system as the optimal catalyst 

for the transformation and explored the scope of the intramolecular Csp2-H insertion for the preparation of 

tricyclic lactones (Scheme 1.77a).177 In light of copper’s success as a potential catalyst for reacting with aryls, 

the Xu group extended on this chemistry and reported the copper-catalyzed Buchner reaction of diazo 

derivatives bearing an o-aniline moiety at the terminal aryl group of the alkyne. Upon CAM, the in situ generated 

copper vinylcarbene undergoes a [2+1] cycloaddition with the pending aniline, suppressing any potential Csp2-

H insertion reaction, leading to the formation of cycloheptatriene derivatives (Scheme 1.77b).178 
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Scheme 1.77. Copper catalyzed divergent outcomes of CAM reactions with aryls. 

The group of Xu advanced even further in this chemistry and reported in 2020 the first example of an 

enantioselective CAM process terminated with a Csp2-H insertion (Scheme 1.78). Employing chiral rhodium 

catalysis and utilizing diazo compounds with two alkyne units, a double CAM took place. The resultant 

vinylcarbene then inserted into the pending aryl moiety in an enantioselective manner, yielding chiral fluorenes 

with excellent yields and e.e values. 

 
Scheme 1.78. Rhodium catalyzed enantioselective double CAM terminated with Csp2-H insertion. 

The Xu’s group has not only explored the conventional reactivity of carbenes but has also recognized the 

diverse potential of various functional groups capable of trapping vinylcarbenes. Throughout their 

investigations, they have successfully generated a broad spectrum of distinct scaffolds by using the CAM 

strategy. Introducing an o-azido substituent in the α-aryl group to the diazo moiety, resulted in the efficient 

trapping of the vinylcarbene by the azide, leading to the synthesis of quinolines derivatives (Scheme 1.79a).179 

Further diversifying their approach, the group replaced the entire α-aryl group with an alkene, leading to an 

intramolecular [3+2] cycloaddition between the vinylcarbene and the olefin. This strategy yielded 

cyclopentadiene-derived structures. Interestingly, utilizing a phenyl-substituted alkene induced a [1,5]-H shift, 

producing achiral cyclopentadienes (Scheme 1.79b).180 

Conversely, the introduction of a silyl group in the alkene suppressed the hydrogen shift, allowing for the 

generation of chiral cyclopentadienes in enantioenriched form when the reaction was conducted with a chiral 
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rhodium catalyst. These chiral cyclopentadienes were subsequently trapped in situ with maleimide derivatives, 

resulting in the isolation of the final bridged products (Scheme 1.79c).181 

 
Scheme 1.79. Metal catalyzed CAM reactions reported by Xu. 

Based on the reports by Xu and Doyle, the group of Hu synthesized a substrate bearing an acylated 2-

aminophenyl group. Upon rhodium catalysis the intermediate rhodium vinylcarbene was captured by the 

carbonyl moiety, yielding 3H-indol-3-ol derivatives (Scheme 1.80a).182 Building upon this concept, the Song 

group replaced the amide with a thiacarbamate leading to the formation of 2-aminobenzofurans upon sulfur 

extrusion (Scheme 1.80b).183 

The intermolecular version of the reaction has also been explored in the literature, with the first example 

reported by Dixneuf in 2000. In their study, monosubstituted diazo compounds were subjected to ruthenium 

catalysis, leading to the formation of the corresponding carbene. This carbene subsequently reacted 

intermolecularly with an alkyne via CAM, resulting in the desired vinylcarbene. Ultimately, coupling of the 

vinylcarbene with another equivalent of the diazoalkane, yielded diene derivatives (Scheme 1.81a).184 The 

same research group continued to explore the potential of this platform for intermolecular CAM and, three 

years later, they reported the intermolecular reaction of diazoalkanes with enynes (Scheme 1.81b).185 As 

anticipated, the resultant vinylcarbene from the CAM underwent cyclopropanation of the pending olefin, leading 

to the formation of the corresponding bicyclic compounds. The authors subsequently widened the scope of the 

reaction and improved its functional group tolerance.186 Additionally, the Zeng group achieved similar results 
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but employed rhodium (I) catalysts instead of ruthenium.187 Notably, the Dixneuf group expanded the 

application of this reaction to allenynes, yielding the corresponding vinylcyclopropanes in the process.188 

 
Scheme 1.80. Intramolecular rhodium catalyzed CAM reactions. 

 
Scheme 1.81. Intermolecular ruthenium catalyzed CAM reported by Dixneuf. 

Inspired by Dixneuf's seminal works, the Saá’s group leveraged the established conditions for ruthenium 

vinylcarbene generation to set up diverse cascade processes. In their initial work, they attached an alkyl chain 

to the alkyne. Consequently, upon vinylcarbene formation, insertion into a neighboring Csp3-H bond occurred 

(Scheme 1.82a).189 Building upon this work, the group delved further into this chemistry, investigating the 

reaction of diazoalkanes with alkynals. Under the reaction conditions, the vinylcarbene was effectively trapped 

by the carbonyl group, ultimately yielding 2-vinyldihydropyrans and dihydro-1,4-oxazines (Scheme 1.82b, 
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left).190 Intriguingly, the introduction of substituents adjacent to the carbonyl group induced a complete switch 

in reactivity, resulting in the exclusive formation of vinyl epoxypyrrolidines (Scheme 1.82b, right).191  

Finally, the same group decided to explore the potential of vinylcarbene insertion into N-H bonds. Through the 

strategic tethering of an aniline group to an alkynyl chain, the anticipated N-H insertion adduct was successfully 

obtained (Scheme 1.82c, left).192 However, with a subtle modification of the substrate, anchoring a 

benzylamine group instead of an aniline moiety, the N-H insertion reaction was entirely suppressed, unveiling 

1,3-benzoxazines as the solitary product of the reaction (Scheme 1.82c, right).193 

 

Scheme 1.82. Ruthenium catalyzed intermolecular CAM reported by Saá. 
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Metal vinylcarbenes have demonstrated a remarkable ability to generate a diverse range of products through 

various reactivity pathways. Among the available methodologies available for catalytically accessing metal 

vinylcarbenes, carbene/alkyne metathesis (CAM) stands out as a powerful transformation for their in situ 

generation. Additionally, the construction of complex polycyclic frameworks can be efficiently achieved through 

cascade reactions involving CAM, where the terminating reaction of the metal vinylcarbene can be fine-tuned. 

However, the majority of CAM-related transformations occur intramolecularly and rely on internal alkynes. 

Furthermore, although the utility of silver complexes as catalysts in vinylcarbene chemistry has been 

demonstrated, their use in CAM transformations remains notably absent. 

Hence, from a broader perspective, the goal of this thesis is to develop novel transformations utilizing CAM for 

the in situ generation of the metal vinylcarbene. Our focus is on reactions that significantly enhance molecular 

complexity, particularly by extending cascade reactions, and establishing conditions to control selectivity, while 

concurrently delving into the factors governing this selectivity. For greater clarity, the objectives of this thesis 

are categorized into two main sections. 

Rhodium (II) catalyzed intermolecular trapping of CAM generated vinylcarbenes. 

The first objective of this thesis is to study the intermolecular reactivity between rhodium vinylcarbenes 

generated from CAM. Capitalizing on the recent research work by the Krasavin group,110 we postulated that 

the vinylcarbene could potentially react with an external nitrile, leading to the formation of the corresponding 

nitrile ylide (Scheme 2.1). Then, the presence of an aryl group in the remote position of the vinylcarbene could 

trigger a 1,7-electrocyclization, followed by a 1,5-H shift, resulting in the synthesis of benzoazepine derivatives. 

Furthermore, by incorporating the nitrile group into the diazo compound utilized as the carbene precursor, we 

aimed to facilitate more prolonged cascade reactions through the reaction of a second carbene with the 

generated benzoazepine moiety. 

 

Scheme 2.1. Plausible outcomes for the rhodium catalyzed intermolecular trapping of vinylcarbenes with nitriles. 
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Silver catalyzed intramolecular CAM. 

The second objective of this thesis is to establish a platform for the efficient generation of silver vinylcarbenes 

via intramolecular CAM (Scheme 2.2). Subsequently, we will explore the ability of these silver vinylcarbenes 

to engage in C-H bond activation. As outlined in the introduction, silver has demonstrated superior selectivity 

in functionalizing the vinylogous position in X-H insertion reactions compared to rhodium catalysts. 

Furthermore, only one example has been reported by Liu for vinylogous Csp3-H bond insertion using gold.127 

Building upon these precedents, we hypothesize that the silver vinylcarbene produced through CAM could 

undergo selective vinylogous Csp3-H insertion with an strategically placed o-dimethylamino unit in the aryl 

group at the terminal position of the alkyne. The third objective of this thesis it to capitalize on the developed 

platform and study the reactivity of this vinylcarbene with Csp2-H bonds. By simply removing the o-

dimethylamino we envision the reaction to undergo C-H insertion with the pending aryl group. Besides insertion 

into CH bonds, our last objective in this thesis is to explore the possibility of overcoming the limitation of using 

internal alkynes in intramolecular CAM reactions. In this context we envision the possibility of using silver 

catalysts to selectively generate a 6-endocyclicic vinylcarbene. This newly formed carbene could then react 

further yielding the final cascade process.  

 

Scheme 2.2. Plausible outcomes for the silver catalyzed intramolecular CAM. 
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Chapter 3. Synthesis of 1H-Isoindole-Containing 

Scaffolds Enabled by a Nitrile Trifunctionalization 

 

 

 

 

 



CHAPTER 3  RESULTS AND DISCUSSION 
 

68 
 

Nitrile ylides are intriguing chemical compounds that play a crucial role as powerful intermediates in organic 

chemistry 194 and they rank among the most reactive dipoles known.195 These versatile compounds engage in 

1,3-dipolar cycloadditions with a range of multiple bonds, including CC-, CN-, CO-, CS-, NN-, and NO-groups, 

leading to the formation of diverse N-heterocyclic compounds. Beyond their intermolecular reactivity, nitrile 

ylides, when conveniently functionalized with multiple bonds, readily give rise to heterocyclic molecules 

through 1,5-electrocyclization. Expanding the scope, extended conjugation can induce 1,7-electrocyclization, 

followed by a 1,5-H shift. This less-explored but highly efficient pathway offers a unique route to access 

benzoazepine scaffolds.196 Notably, as mentioned in the introduction (see Scheme 1.48), the Krasavin group 

provided the lone example of a 1,7-electrocyclization involving a nitrile ylide generated by the reaction of a 

nitrile with a diazo compound followed by a 1,5-H shift (Scheme 3.1).110 

 

Scheme 3.1. Rhodium catalyzed intermolecular trapping of vinylcarbenes with nitriles reported by Krasavin. 

In the course of our project aimed at the development of molecular complexity through the reaction of in situ 

generated vinyl metal carbenes, we decided to explore whether a simple propargyl diazoacetate model was 

amenable to a CAM / nitrile ylide formation / 1,7-electrocyclization reaction. The exploration posed numerous 

challenges, including the intricate control of cascade events and the preference for intramolecular reactivity.  

We initiated our investigation by exploring the reaction between propargyl diazoacetate 1 and benzonitrile (10 

equivalents) in the presence of 2 mol% of [Rh2(esp)2] in dichloromethane at room temperature (Scheme 3.2). 

Under the reaction conditions, two products were isolated. Firstly, the in situ generated donor-donor rhodium 

vinyl carbene inserted into the Csp2-H bond, affording compound 2 with a yield of 66%. Simultaneously, the 

anticipated cascade reaction led to the formation of the benzoazepine derivative 3a, obtained in a 33% yield. 

The structural confirmation of 3a was unambiguously established through X-ray diffraction analysis. 
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Scheme 3.2. Rhodium catalyzed intermolecular trapping of in situ generated vinylcarbenes with nitriles.  

In an effort to improve the ratio between 3 and 2 the variation at the nitrile component of the reaction was 

explored. However, whether using o-iodobenzonitrile or acetonitrile, yielded similar results. From the obtained 

results, it was clear that the intramolecular Csp2-H insertion was hampering the benzoazepine formation. To 

address this challenge and to advance towards a process with increased molecular complexity, we conceived 

the idea of synthesizing a propargyl diazoacetate conveniently functionalized with a nitrile group in a position 

where the formation of the nitrile ylide was not favored intramolecularly. Our intention was to promote 

intermolecular reactions to enable a more prolonged cascade. Thus, we synthesized propargyl diazoacetate 

4a (see below for the synthesis) and investigated its reactivity. When diazo 4a was reacted in presence of 

[Rh2(esp)2] in dichloromethane at room temperature a complex mixture of unidentified products was obtained. 

However, by conducting the reaction at -40ºC, we successfully isolated and characterized compound 5a with 

a yield of 29% (Scheme 3.3). Of note, the formation of the Csp2-H insertion product analogous to 2 was not 

observed. 

 

Scheme 3.3 Initial results for the synthesis of 1H-isoindole-containing scaffolds via rhodium catalyzed cascade reaction. 

The resulting product is a dimer constructed through the formation of up to five new bonds, including two C=C, 

one C=N, and two C-C bonds. This intricate process generates four new cycles in one reaction step, 

showcasing a remarkable increase in molecular complexity. Notably, among the five newly formed bonds, 

three are established within one of the nitrile units of the initial material, formally triggering a nitrile 

trifunctionalization process. Furthermore, the synthesis of the 1H-isoindole core, an essential component of 

the obtained product, poses challenges due to its inherent tendency to undergo isomerization, leading to the 
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formation of aromatic isoindoles.197 Notably, this core structure is a key motif in AZD3839,198 a potent and 

selective inhibitor of human BACE1 that advanced to clinical trials for Alzheimer’s disease treatment as part 

of AstraZeneca’s development. Given the inherent interest and relevance of the product containing the 1H-

isoindole core, particularly in light of its potential applications, and considering that its formation deviates from 

the expected outcome in a reaction involving a nitrile and a metal vinylcarbene, we embarked on optimizing 

the reaction conditions (Table 3.1). 

Initially, we explored alternative catalytic systems that had previously demonstrated efficiency in CAM 

reactions. As demonstrated by Xu et al., copper catalysis proved effective for their CAM process.178 

Regrettably, our attempt to utilize [Cu(MeCN)]4(PF6)2 (entry 1) in our system failed to initiate any reaction. 

Subsequently, we explored conditions similar to those reported by our group, employing a Rh(I)/biphosphine 

catalytic system.174, 175, 176 However, no consumption of the starting material was observed (entry 2). 

Consequently, we made the decision to revert to Rh(II)-derived catalysts. The use of [Rh2(OAc)4] and [Rh2(S-

BTPCP)4] only yielded complex mixtures of unidentified products (entries 3-4). In contrast, the use of [Rh2(S-

PTTL)4] and [Rh2(S-PTAD)4] resulted in the formation of the desired product with yields of 48% and 50%, 

respectively (entries 5-6). In pursuit of an enantioselective reaction, we attempted running the reaction with 

[Rh2(S-PTAD)4] using different solvents (entries 7-11). In all cases, the yields decreased, and meaningful 

enantiomeric excess (e.e.) values were not obtained. Consequently, we reverted to the [Rh2(esp)2] catalyst. 

Running the reaction at -25 ºC resulted in a drastic increase in the yield, isolating the spirocyclic product 5a in 

a 75 % yield (Entry 12). Recognizing the temperature sensitivity of the process, we conducted the reaction at 

a slightly higher temperature, yielding a decreased 62% yield (entry 13). Adjusting the concentration of the 

reaction provided 5a in a 53% yield (entry 14), while a reduction in led to a final product yield of 40% (entry 

15). Finally, we explored modifying the catalyst loading, but neither an increase nor a decrease improved the 

process yield (entries 16-18). Considering the results of the optimization, we identified entry 12 as the optimal 

reaction conditions for the nitrile trifunctionalization reaction. 

Upon optimizing the reaction conditions, a series of diverse cyano propargyl diazoacetates (4a-4l) were 

successfully synthesized (Scheme 3.4) and tested to evaluate the scope of the transformation (Figure 3.1). 

The selection of the 12 initial diazo compounds (4a-4l) was aimed to analyze the electronic effects of various 

substituents in both the para and meta-position of the 2-diazo-2-phenylacetate scaffold and the benzonitrile 

ring. These compounds were prepared following the conditions shown in Scheme 3.4 (for experimental details 

see Supplementary Material). Starting from commercially available ortho-bromo/iodo benzonitriles, 

Sonogashira coupling with propargyl alcohol was conducted to produce the corresponding aryl-substituted 

propargyl alcohol. Subsequently, coupling of this alcohol with the desired phenylacetic acid was carried out in 

the presence of DCC. Finally, by reacting the prepared esters with p-ABSA as the diazo transfer reagent and 

DBU as the base, the desired diazo compounds (4a-4l) were obtained.  
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Table 3.1. Optimization of the reaction conditions for the metal catalyzed nitrile trifunctionalization reaction.  [a] 

 

Entry Catalyst Solvent T (ºC) [4a] (M) Yield (%)[b] 

1 [Cu(MeCN)4](PF6)2 CH2Cl2 -25 0.035 No reaction 

2 
[Rh(COD)2]BF4 /  

(R)-BINAP (5 mol%) 
CH2Cl2 -25 0.035 No reaction 

3 [Rh2(OAc)4] CH2Cl2 -25 0.035 Complex mixture 

4 [Rh2(S-BTPCP)4] CH2Cl2 -25 0.035 Complex mixture 

5 [Rh2(S-PTTL)4] CH2Cl2 -25 0.035 48 

6 [Rh2(S-PTAD)4] CH2Cl2 -25 0.035 50 

7 [Rh2(S-PTAD)4] THF -25 0.035 0 

8 [Rh2(S-PTAD)4] Toluene -25 0.035 32 

9 [Rh2(S-PTAD)4] Hexane/CH2Cl2 -25 0.035 6 

10 [Rh2(S-PTAD)4] CHCl3 -25 0.035 11 

11 [Rh2(S-PTAD)4] PhCl -25 0.035 18 

12 [Rh2(esp)2] CH2Cl2 -25 0.035 75 

13 [Rh2(esp)2] CH2Cl2 -20 0.035 62 

14 [Rh2(esp)2] CH2Cl2 -25 0.160 53 

15 [Rh2(esp)2] CH2Cl2 -25 0.007 40 

16 [Rh2(esp)2] (3 mol%) CH2Cl2 -25 0.035 67 

17 [Rh2(esp)2] (1 mol%) CH2Cl2 -25 0.035 69 

18 [Rh2(esp)2] (0.05 mol%) CH2Cl2 -25 0.035 35 

[a] Standard conditions (unless otherwise noted): 0.11 mmol of 4a (at the indicated concentration), 2 mol% of the indicated 
metal catalyst at the indicated solvent and temperature for 22h. [b] All yields reported correspond to isolated yields. 
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Scheme 3.4. Synthesis of cyano propargyl diazoacetates 4a-4l. 

Introduction of electron-withdrawing groups (F. Cl, Br and CF3) in the para position of the 2-diazo-2-

phenylacetate moiety allowed for the efficient preparation of the corresponding products 5b-e (Figure 3.1). 

While the inclusion of a fluorine atom had a negligible impact on the yield of 5b, the incorporation of chlorine, 

bromine, or trifluoromethyl groups resulted in an overall reduction in yield to the range of 54-57%. Conversely, 

the introduction of a methyl group in the same position yielded 5f with a comparable yield to the unsubstituted 

substrate 5a, while the addition of an iso-butyl group slightly diminished the yield of 5g to 65%. To assess the 

influence of an aromatic ring, a phenyl group was introduced in the para position of substrate 4h, resulting in 

a reaction with an improved 82% yield. The introduction of a methoxy group, with increased electron-donating 

character, led to the formation of 5i with an excellent 86 % yield. In summary, the yield of the reaction exhibits 

an upward trend with the incorporation of electron-donating groups. At this point, it was also decided to analyze 

the effect of introducing substituents to the benzonitrile ring in a substrate already containing a methoxy group 

in the 2-diazo-2-phenylacetate moiety. Introducing a methyl ring in the para position to the cyano moiety 

significantly decreased the yield (compare the results of 5i to 5j). Surprisingly, the introduction of a methyl 

group in the para position to the alkyne in 4k resulted in a reaction with an excellent yield. Finally, a methyl 

group was introduced to the 2-diazo-2-phenylacetate moiety, but in the meta position. As anticipated, the 

reaction was efficient but yielded a mixture of regioisomers in a 25:75 relative ratio.  
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Figure 3.1. Scope of the reaction. 

In an effort to comprehend the mechanism underlying the discovered transformation, a series of DFT 

calculations were performed alongside Roger Monreal-Corona (under the supervision of Prof. Miquel Solà and 

Dr. Albert Poater). The Gibbs energy profile was computed at the B3LYP-D3/6-311+G**∼LANL2DZ-

SMD(DCM)//B3LYP/6-31+G*∼LANL2DZ level of theory, using the Gaussian16 software package.199 Our 

exploration commenced by examining the pathway leading to the formation of the rhodium vinyl carbene 

species D. This transformation originates from the carbene-alkyne metathesis and subsequent intermolecular 

nitrile attack on the rhodium vinyl carbene, as illustrated in Figure 3.2. Given the size and complexity of the 

system involving two substrate molecules, coupled with the associated computational cost, we opted to employ 

[Rh2(OOCH)4] as a truncated model representing the catalytic system used in our experimental setup.200, 201, 

202 The reaction starts by coordination of the rhodium complex to the carbon linked to the diazo moiety in a 

mildly endergonic step (6.0 kcal/mol). Subsequently, the extrusion of nitrogen occurs through transition state 

TS-AB, presenting an overall energy barrier of 14.4 kcal/mol concerning reactants A and [Rh2(OAc)4], leading 

to the rhodium carbene B (-12.5 kcal/mol). After completing the initial step, the alkyne undergoes nucleophilic 

addition onto the carbenic carbon, leading to a 5-exo-dig cyclization. This process results in the formation of 

the zwitterionic vinyl cationic species C in an exergonic step with an energy release of 10.0 kcal/mol and a 

moderate energy barrier of 7.0 kcal/mol. 



CHAPTER 3  RESULTS AND DISCUSSION 
 

74 
 

Subsequently, the reaction advances as the negatively charged rhodium atom engages in a nucleophilic attack 

on the carbocation, resulting in the direct formation of the rhodium η1-vinylcarbene D. This step involves 

overcoming a reaction barrier of 8.9 kcal/mol. At this juncture, a second molecule of A becomes involved in 

the ongoing reaction. The addition of the nitrile moiety from the second unit of A to the newly formed 

vinylcarbene results in the formation of rhodium-bound ylide F, overcoming an energy barrier of 14.6 kcal/mol. 

Subsequently, one of the catalyst units is released, leading to the formation of the metal-unbound ylide F-free. 

Notably, the overall formation of the nitrile ylide F-Free is a highly exergonic process with an energy release 

of 46.6 kcal/mol. Depending on the substituents, nitrile ylides can be classified as either propargyl-type or 

allenyl-type. The notable bending observed in the N-C-C(Ph) unit, with an angle of 167.1º, indicates that F-

free is best described as a 2-azonia-allenyl anion, a phenomenon previously identified in vinyl nitrile ylides by 

Fabian's group.203 This specific bending facilitates the 1,7-electrocyclization through TS-FG, with an activation 

energy of 9.8 kcal/mol. Although this process is only mildly exergonic (3.4 kcal/mol), it is likely attributed to the 

loss of aromaticity in one of the six-membered rings in intermediate G.  

 

Figure 3.2. Gibbs energy for the first carbene formation and carbene-alkyne metathesis, nitrile ylide formation and 1,7-
electrocyclization of 4a. Gibbs energies (298 K) relative to 4a and [Rh2(OOCH)4] are shown in kcal/mol ([Rh] = 

[Rh2(OOCH)4]). 

Upon the formation of intermediate G, two distinct pathways were contemplated: the generation of a novel 

rhodium carbene through interaction of the catalyst with the diazo unit, or a 1,5-hydride shift leading to the 

formation of a benzoazepine core, akin to observations made with the addition external nitrile derivatives 

(Scheme 3.2). The energy barrier for the formation of the rhodium carbene is 8.8 kcal/mol lower, disregarding 

the possibility of a 1,5-hydride shift (Figure 3.3). Subsequently, the reaction proceeds via carbene formation 

through TS-HI, overcoming a barrier of 11.1 kcal/mol. Following this, a 5-exo-dig cyclization from the metal 

carbene species I occurs, overcoming a reaction barrier of 7.9 kcal/mol, yielding the zwitterionic vinyl cationic 

species J. Subsequent 1,3-rhodium migration gives rise to the η1-vinylcarbene K-[Rh2(OOCH)4], surpassing 

a reaction barrier of 13.2 kcal/mol, a process analogous to the one observed in the first CAM. 



CHAPTER 3  RESULTS AND DISCUSSION 
 

75 
 

 

Figure 3.3. Gibbs energy for the second carbene formation and carbene-alkyne metathesis. Gibbs energies (298 K) 

relative to 4a and [Rh2(OOCH)4] are shown in kcal/mol ([Rh] = [Rh2(OOCH)4]). 

From this intermediate, we opted to utilize the [Rh2(esp)2] catalyst (Figure 3.4) due to the considerable 

geometric differences that conditioned the outcome of the reaction. Substituting formates with esp ligands 

resulted in a 2.8 kcal/mol difference in the relative energies between K-[Rh2(OOCH)4] and K-[Rh2(esp)2]. 

Proceeding from K-[Rh2(esp)2], we explored two alternative reaction pathways. In the first scenario, K-

[Rh2(esp)2] undergoes a 1,5-H shift, surmounting an energy barrier of 17.7 kcal/mol to form the benzoazepine 

core. In the second pathway, the azepine nitrogen undergoes nucleophilic addition to the carbenic carbon, 

resulting in the formation of the isoindole derivative L through a kinetically highly favorable reaction (reaction 

barrier of 1.3 kcal/mol). These energy barriers clearly highlight that the dominant pathway from intermediate 

K-[Rh2(esp)2] is the one involving azepine addition. Moving from intermediate L, a 1,5-H shift occurs through 

TS-LM. This step restores the aromaticity of the six-membered ring fused to the azepine, overcoming an 

energy barrier of 14.1 kcal/mol and releasing 25.9 kcal/mol, partly attributed to the rearomatization of the six-

membered ring. Subsequently, at this stage, the rhodium dissociates from the system, concluding the metal-

catalyzed cycle. However, a final ring contraction is mandatory to rationalize the formation of the final product. 

After exploring various possibilities, we identified that proton catalysis drives this concluding ring contraction. 

Protonation of the isoindole nitrogen induces a shift in the nitrogen's geometry, transforming it from 

approximately planar (C8-N64-C63-C44 dihedral angle of 170.8º, as indicated in Figure 3.4 for atom labeling) 

to roughly tetrahedral (with a dihedral angle of 116.6º). This geometric alteration facilitates the ring contraction 

through TS-NO, involving an activation energy of 23.2 kcal/mol. This exergonic step yields O, which, upon 

subsequent deprotonation, gives rise to the formation of the isolated product P. Despite the reaction being 

conducted under anhydrous conditions, we hypothesize that this final stage of the transformation occurs either 

upon opening the reaction flask or as a result of treating the reaction crude with silica gel, as evidenced by a 

noticeable color change. 
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Figure 3.4. Gibbs energy for the electrocyclization, isoindole formation, 1,5-H shift and proton catalyzed ring contraction 

for the formation of 5a. Gibbs energies (298 K) relative to 4a and [Rh2(esp)2] are shown in kcal/mol ([Rh] = [Rh2(esp)2]). 

In this final step, we assumed that the proton is solvated in water, leading us to utilize the corresponding ΔGsolv 

(H+) of 250.0 kcal/mol.204 Regrettably, all attempts to experimentally detect the intermediate M-free have 

proven unsuccessful. Conversely, considering that the formation of compound 5 involves the migration of a 

hydrogen atom from the phenylacetic ring in 4, we synthesized the corresponding C6D5 derivative 4a-D to 

explore the fate of this H(D) (Scheme 3.5). The resulting product, 5a-D, was obtained, with the deuterium 

originating exclusively from the C-D cleavage in the position anticipated for a 1,5-H shift, aligning with the 

proposed mechanism, and with no scrambling into other positions. 

Altogether, the rhodium-catalyzed reaction (from A to I) exhibits an overall reaction energy of -157.6 kcal/mol 

through a highly extended cascade process. The energetic span between the turnover frequency (TOF)-

determining intermediate (TDI, D) and the TOF determining transition state (TDTS, TS-EF) is 14.6 kcal/mol.205 

Notably, the energetic span in this carbene formation step is almost isoenergetic to that in the carbene 

formation step (span from TDI A to TDTS TS-AB is 14.4 kcal/mol) and 1,5-H shift (span from TDI H to TDTS 

TS-HI is 14.1 kcal/mol). The proton-catalyzed ring contraction is considered a distinct process, and we 

postulate that it occurs during the reaction work-up, releasing 2.7 kcal/mol. 
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Scheme 3.5. Deuterium labelling experiment.  

An alternative pathway, involving the reaction of two units of vinylcarbene intermediate D, has also been 

evaluated (Figure 3.5). This alternative pathway has an almost isoenergetic span between the turnover 

frequency (TOF) determining intermediate (TDI) and the TOF determining transition state (TDTS) and is not 

competitive with the limiting or selective steps. Although the two pathways can coexist, given the low probability 

of two carbenes lasting enough to react with one another, we believe that the pathway shown in Figures 3.2, 

3.3 and 3.4 is more favorable under the reaction conditions used. 

 

Figure 3.5. Gibbs energy for the mechanism involving two units of vinylcarbene D. Gibbs energies (298 K) relative to 4a 

and [Rh2(OOCH)4] are shown in kcal/mol ([Rh] = [Rh2(OOCH)4]). 
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In summary, we have presented a novel cascade process leading to a significant enhancement in molecular 

complexity for the diastereoselective synthesis of products cointaining the 1H-isoindole motif. The key feature 

of this transformation is the trapping of a vinylcarbene generated in situ by a nitrile group, eventually leading 

to the trifunctionalization of this nitrile moiety. This achievement marks the fulfillment of the first objective of 

this thesis, centered on the study of the intermolecular reactivity between CAM generated vinylcarbenes and 

nitriles.  

All these results obtained in Chapter 3 are published in ACS Catal. 2024, 14, 10, 7381–7388. 
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Upon careful review of the literature precedents, we realized that no reports appeared utilizing silver as a 

catalyst for CAM-derived reactions. Nonetheless, the study of silver vinylcarbenes has been documented 

previously as exposed in the introduction (vide supra). In this regard, silver catalysts containing 

trispyrazolylborate ligands (Tpx) have been described as highly active catalysts for the functionalization of CH 

bonds via carbene insertion. The versatility of Tpx ligands has rendered them extremely valuable in both 

inorganic and organometallic chemistry, owing to their capacity for convenient tuning of electronic and steric 

properties via substituent modifications on the pyrazole ring (Figure 4.1).206 In this context, the group of Prof. 

Pedro Pérez has reported several transformations capitalizing in this chemistry for the insertion of acceptor 

carbenes into gaseous alkanes,207, 208 and more recently they also reported the use of donor-acceptor 

carbenes for the insertion into light alkanes.209 The efficiency of these catalysts for the CH activation using 

vinylcarbenes has also been proved by the group of Rasika Dias121 and more recently by Bi’s group.122 

 

Figure 4.1. General structure of trispyrazolyl borate ligands and Tpx ligands used in this study. 

Furthermore, as previously mentioned, silver has proven to be more efficient than other metals for the 

functionalization at the vinylogous position. With all these precedents in hand, we wondered whether we could 

achieve the first example of silver catalyzed CAM reaction. Moreover, we decided to test the termination of the 

cascade reaction with a vinylogous Csp3-H insertion, an elusive transformation not reported previously. To this 

end, we initiated a collaboration with Prof. Pedro Pérez and Dr. Ana Caballero from the CIQSO group at the 

University of Huelva. They provided us with an array of trispyrazolylborate silver complexes (Figure 4.1.), 

poised to function as catalysts for our envisioned reaction, opting for diazoalkynes with a tethered alkylated 

aniline as our model substrate, a system previously demonstrated to exclusively yield the carbenic Csp3-H 

insertion adduct under rhodium catalysis, as previously mentioned in the introduction (Scheme 4.1).173 

We performed a series of experiments to assess the catalytic capabilities of the three distinct silver Tpx 

complexes (Table 4.1), employing the model substrate 6.173 Our results revealed the successful catalysis of 

the carbene/alkyne metathesis reaction by silver, leading to subsequent C-H insertion reactivity and yielding 

mixtures of up to four products. The use of Tp(CF3)2,BrAg(THF) (entry 1) produced a mixture of anti and syn 

diastereoisomers of the benzylic Csp3-H insertion product 7, accompanied by a minor subproduct whose 

identification was hindered by its low yield. Repeating the reaction at a lower concentration of 6 (3.8 mM) 

(entry 2) enhanced conversion, facilitating the characterization of the newly formed product. To our delight, 

isolation and NMR characterization confirmed the presence of benzoazepine 9, resulting in the desired 

unprecedented primary Csp3-H bond insertion to the vinylogous position of the silver vinylcarbene. The other 

two silver Tpx complexes tested showed activity, albeit with reduced selectivity (entries 3-4). Furthermore, 

they induced the formation of a product resulting from carbene insertion into the primary Csp3-H bond, 8. 

Notably, employing simple silver salts as AgBF4 and AgSbF6 led to complete consumption of substrate 6 but 



CHAPTER 4  RESULTS AND DISCUSSION 
 

81 
 

resulted in a non-selective reaction that did not provide any of the expected products, (entries 5-6), 

emphasizing the pivotal role of trispyrazolylborate ligands in this catalytic process. 

 

Scheme 4.1. CAM reaction terminated with C-H bond functionalization: carbenic vs vinylogous reactivity. 

Table 4.1: Initial screening of silver-based catalysts for the CAM-cascade reaction. [a] 

 

Entry Catalyst Yield (%) (7 anti / 7 syn / 8 / 9) 

1[b] Tp(CF3)2,BrAg(THF) 45[d] (23 / 17 / 0 / 5) 

2 Tp(CF3)2,BrAg(THF) 82[d] (39 / 22 / 0 / 21) 

3 [TpBr3Ag]2 94 (35 / 21 / 18 / 21) 

4[c] Tp*,BrAg(THF) 39 (14 / 8 / 17 / 0) 

5 AgBF4 0  

6 AgSbF6 0  

[a] Unless otherwise noted, reactions were carried out with 0.06 mmol of 6 ([6] = 3.8 mM), at room temperature in 16 mL 
of CH2Cl2 for 1.5h. The yield was determined by NMR using 4-chlorobenzaldehyde as internal standard. Product ratios 
were determined by NMR. [b] Reaction carried out at [6] = 20 mM for 1h. [c] Reaction run for 18h. [d] Isolated yield. 
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The uniqueness of this transformation lies not only in its vinylogous interception through an aliphatic bond but 

also in offering an alternative pathway to molecules incorporating the 1-benzoazepine scaffold. Therefore, we 

decided to optimize the synthesis of scaffolds analogous to 9 through the CAM cascade. Based on the previous 

findings, it became evident that the insertion of the benzylic Csp3-H on the carbenic position directly competes 

with the desired methylic Csp3-H insertion on the vinylogous position. For this reason, to attain the desired 

selective remote insertion, we opted to replace the benzyl moiety with another methyl unit. Consequently, we 

prepared dimethylated propargyl diazoacetate 10a (see below for its synthesis), utilizing it as the starting point 

for refining the reaction conditions. (Table 4.2). 

The optimization process started by using the same catalytic system employed for the benzyl-derived diazo 

compound 6. In these conditions, the desired benzoazepine 12a was favoured over the corresponding carbenic 

product 11a (entry 1). The replacement of dichloromethane with dichloroethane, chlorobenzene, and 

dichlorobenzene as reaction solvents (entries 2-5) resulted in diminished yields and product ratios. 

Conversely, when the reaction was conducted in chloroform (entry 6), the yield of 12a increased to 57%, while 

the yield of 11a decreased to 10%. Adjusting the temperature to 45 ºC maintained similar yields (entry 7), but 

the most favorable outcome was achieved at 35 ºC, yielding 12a in 71% with a 7.1:1 ratio with respect to the 

corresponding carbenic product (entry 8). The reaction, carried out at the same temperature using 

dichloromethane as the solvent, resulted in higher total yields but a lower product ratio (entry 9). 

Exploration of alternative Tpx silver catalysts revealed distinct outcomes. The use of [TpBr3Ag]2 led to an almost 

equal 1:1 ratio of 11a and 12a (entry 10), while Tp*,BrAg(THF) failed to initiate any reaction (entry 11). For 

comparison, we tested other metals as catalysts. Copper-derived Tpx catalysts exhibited either no reactivity 

(entry 12) or favored the carbenic product as the major outcome (entry 13). Not unexpectedly, rhodium (II)-

based catalysts resulted in the carbenic Csp3-H insertion as the predominant product (entries 14-15), aligning 

with previous findings reported by Xu and Doyle.173 Based on these results, we identified entry 8 as the 

optimized reaction conditions. 

Upon optimizing the reaction conditions, a series of diverse aniline derived propargyl diazoacetates (10a-10j) 

were tested to evaluate the scope of the reaction. We selected 10 diazo compounds to analyze the electronic 

effects of various substituents within both the aniline and phenylacetic acid frameworks. These compounds 

were synthesized according to the conditions outlined in Scheme 4.2 (for experimental details see 

Supplementary Material). Starting from N,N-dimethyl-2-ethynylaniline, the in situ generation of the 

corresponding alkynyllithium in the presence of n-butylithium, followed by its reaction with paraformaldehyde, 

yields the respective aryl-substituted propargyl alcohols. In cases where substrates harbor substituents in the 

aniline ring, the production of the desired arylated propargyl alcohols is performed by direct Sonogashira 

coupling between propargyl alcohol and the 2-iodo dimethylaniline derivatives. Subsequently, esterification 

employing para-substituted phenylacetic acids in the presence of DCC results in the formation of the 

corresponding esters. Finally, the synthesis of diazo compounds 10a-10j is accomplished in the presence of 

p-ABSA and DBU. 
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Table 4.2: Optimization of the reaction conditions. [a] 

 

Entry Catalyst Solvent T (ºC) Yield (%) (11a / 12a) 

1 Tp(CF3)2,BrAg(THF) CH2Cl2 r.t 57 (12 / 45) 

2 Tp(CF3)2,BrAg(THF) DCE r.t 28 (5 /23)b,d 

3 Tp(CF3)2,BrAg(THF) Chlorobenzene r.t 54 (13 / 41)c,d 

4 Tp(CF3)2,BrAg(THF) 1,2-Dichlorobenzene r.t 36 (10 / 26)d 

5 Tp(CF3)2,BrAg(THF) 1,2-Dichloropropane r.t NR 

6 Tp(CF3)2,BrAg(THF) CHCl3 r.t 67 (10 / 57) 

7 Tp(CF3)2,BrAg(THF) CHCl3 45 ºC 72 (13 / 59) 

8 Tp(CF3)2,BrAg(THF) CHCl3 35 ºC 81 (10 / 71) 

9 Tp(CF3)2,BrAg(THF) CH2Cl2 35 ºC 90 (19 / 71) 

10 [TpBr3Ag]2 CH2Cl2 35 ºC 69 (34 / 35) 

11 Tp*,BrAg(THF) CH2Cl2 35 ºC N.R. 

12 Tp(CF3)2,BrCu(AcN) CHCl3 35 ºC N.R. 

13 TpBr3Cu(AcN) CHCl3 35 ºC 100 (80 / 20) 

14 [Rh2(OAc)4] CHCl3 35 ºC 73 (54 / 19) 

15 [Rh2(esp)2] CHCl3 35 ºC 95 (88 / 7) 

[a] Unless otherwise noted, reactions were carried out with 0.06 mmol of 10a ([10a] = 3.8 mM), at room temperature in 16 
mL of CHCl3 for 5h. The yields given are isolated yields. [b] 26% starting material was recovered. [c] 14% starting material 
was recovered. [d] Yields and product ratios were determined by NMR using 1,3,5-trimethoxybenzene as internal standard. 
r.t, room temperature; N.R., no reaction. 

 

 

Scheme 4.2. Synthesis of dimethylaniline propargyl diazoacetates 10a-10j. 
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We then proceed to evaluate the scope of the reaction (Figure 4.2). The introduction of electron-donating 

substituents (methyl, methoxy and phenyl) in the phenyldiazo moiety resulted in moderate yields of 12b-d. The 

inclusion of electron-withdrawing halogen substituents in that ring not only reduced overall conversion but also 

shifted the selectivity towards the carbenic insertion product (vinylogous:carbenic ratio of 0.9:1 for 12e and 

0.6:1 for 12f). On the contrary, excellent efficiency and selectivity were observed for substrates with 

substituents in the dimethylaminophenyl ring, maintaining yields in the 58-69% range. These substrates 

favored vinylogous reactivity, regardless of whether they bore electron-withdrawing or electron-donating 

substituents in the meta- (12g, 12h) or para- (12i, 12j) positions relative to the dimethylamino moiety. 

Additionally, the reaction demonstrated scalability to a 1 mmol scale, with only a slight decrease in yield (57% 

for 12a). 

Given that the formation of compounds 12 implies the migration of a hydrogen from one of the methyl groups 

of the dimethylamino fragment, we prepared the corresponding N(CD3)2 derivative 10a-d6 to trace the fate of 

the initial H(D). As illustrated in Scheme 4.3, products 12a-d6 and 11a-d6 were obtained in a 6.7:1 ratio, 

mirroring the ratio observed for the protio derivatives (7.1:1). The deuterium originating from the C-D cleavage 

was exclusively localized in one position in both compounds, without scrambling into other positions. 

 
 
Figure 4.2. Scope of the reaction.  



CHAPTER 4  RESULTS AND DISCUSSION 
 

85 
 

  

 
Scheme 4.3. Deuterium labelling experiment. 

Concerning the mechanistic insights of this transformation, the literature presents several pathways for CAM 

processes (Scheme 4.4). The May group have reported the isolation and mechanistic relevance of ring-fused 

cyclopropenes with rhodium catalysts (path I).171 Some of us postulated the formation of a rhodium(I) η3-

vinylcarbene intermediate through a [π2s+π2a] addition, subsequently evolving into the rhodium(I) η1-

vinylcarbene,174 a proposal also shared by Saá in their intermolecular Ru-catalyzed CAM cascade processes 

(path II).210 Yu and Xu proposed a 5-exo-dig cyclization leading to a highly reactive zwitterionic vinyl cationic 

species, which, upon a Rh-1,3-shift, transforms into the rhodium(II) η1-vinylcarbene (path III).200 An analogous 

mechanism was also postulated by Xue under Rh(OAc)2 catalysis.211 Alternatively, Xu and Hashmi 212 and 

Hu213 reported gold-catalyzed cascade reactions generating vinylcarbenes through nucleophilic addition of the 

diazo compound onto the gold-activated alkyne (diazo-yne reaction), followed by the expulsion of dinitrogen 

(path IV). 

 

Scheme 4.4. Plausible mechanistic pathways for the silver-catalyzed CAM. 
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Based on the plausible operation of various pathways, a series of DFT calculations were carried out by Roger 

Monreal-Corona under de supervision of Dr. Albert Poater at the B3LYP-D3/Def2TZVP-SDD-

SMD(CHCl3)//BP86-D3/Def2SVP-SDD level of theory using the Gaussian16 software package to elucidate the 

reaction mechanism of our silver-catalyzed CAM (Figure 4.3).  

The coordination of the silver complex to the carbenic carbon of the diazo species represents a mildly 

endergonic step (3.7 kcal/mol). This is followed by the extrusion of nitrogen through transition state TS-BC, 

resulting in an overall energy barrier of 11.9 kcal/mol, leading to the formation of the silver carbene C (-16.2 

kcal/mol). Notably, this silver carbene C serves as a common intermediate for the proposed paths I, II, and III 

(Scheme 4.4). A computed single-step path IV barrier was determined to be 15.9 kcal/mol, therefore it was 

discarded. From carbene species C, nucleophilic addition of the alkyne onto the carbenic carbon in a 5-exo-

dig cyclization process leads to the formation of the zwitterionic vinyl cationic species D in a barrierless 

exergonic manner.214 At this stage, the formation of the ring-fused cyclopropene (path I) required a kinetic 

effort of 31.5 kcal/mol. Additionally, we considered the possibility of a direct hydride transfer to the vinyl cation, 

revealing an energy barrier of 12.6 kcal/mol.215  

However, both of these pathways were dismissed in favor of the barrierless nucleophilic attack of the negatively 

charged silver atom onto the carbocation. This leads to the formation of the silver η3-vinylcarbene E, which 

undergoes rearrangement to the nearly isoenergetic silver η1-vinylcarbene F. Overall, the formation of silver 

η1-vinylcarbene F is highly exergonic (-65.7 kcal/mol) and occurs through a novel pathway that combines the 

previously postulated paths II and III. Next, the silver carbene insertion into the C-H bond was computed. The 

insertion typically manifests in a concerted manner, although occasionally it occurs asynchronously, with the 

formation of the new C−H taking place earlier than the formation of the C−C bond.208, 216 In our system, all 

attempts to locate the concerted C-H insertion from intermediate F proved unsuccessful. Instead, an alternative 

stepwise C-H insertion mechanism involving a zwitterionic intermediate was identified, resembling the 

mechanism reported by Shaw and Tantillo for the C-H insertion of donor/donor dirhodium carbenes.217 

Specifically, from the silver vinyl carbene F, a hydride shift surpassing an energy barrier of 18.0 kcal/mol leads 

to the zwitterionic intermediate G in a slightly exergonic process (ΔG = -4.0 kcal/mol). This hydride shift 

represents the rate-determining step in the overall process. 

Following this, an SE2218 C-C bond-closing step occurs from G through transition state TS-GI with an energy 

barrier of 10.9 kcal/mol. This step leads, upon silver decoordination, to I, the carbenic C-H insertion product 

11. Alternatively, intermediate G may undergo an electrophilic substitution reaction at the γ carbon atom (in an 

SE2’ reaction or bimolecular electrophilic substitution reaction with rearrangement). This reaction exhibits a 

lower energy barrier of 10.5 kcal/mol, leading to the less thermodynamically stable product H, corresponding 

to the vinylogous C-H insertion product 12, which thus corresponds with the kinetic product of the reaction. 

Both pathways are consistent with the observations from the deuterium-labelling experiment. 

To gain deeper insights into the experimental ratio of products involving the Csp3-H insertion in the vinylogous 

and carbenic positions, we conducted additional DFT calculations. Specifically, we computed intermediate G 

and transition states TS-GI and TS-GH for compounds with para-substituted Me, OMe, Ph, F, and Br in the 

phenyldiazo ring, comparing them to the case of H. Computational results precisely aligned with experimental 
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data, predicting a preference for the vinylogous product formation for substrates bearing H, Me, OMe, and Ph 

(ΔΔG‡ values of 0.4, 0.9, 1.4, and 1.3 kcal/mol, respectively). In the case of the F-containing substrate, which 

experimentally resulted in an almost equimolecular mixture of 12e and 11e, a computed value of 0.0 kcal/mol 

was obtained. Conversely, for Br, which experimentally favored the carbenic 11f over the vinylogous 12f 

insertion, a kinetic barrier difference of -1.2 kcal/mol was computed. The kinetic preference for vinylogous 

addition can be attributed to the fact that the vinylogous carbon is less sterically hindered than the carbenic 

one, both in intermediate G and in transition states TS-GH and TS-GI. This is evidenced by an 8.0% lower 

percentage buried volume (%VBur)219 of the vinylogous carbon compared to the carbenic one in the case of 

intermediate G, with a further 3.9% reduction in the subsequent transition states. 

 

 

Figure 4.3. Gibbs energy profile (in kcal/mol) of the silver-catalyzed CAM reaction ([Ag] = Tp(CF3)2,BrAg). 

In summary, we have achieved the second objective of this thesis by establishing a platform for generating 

silver vinylcarbenes via carbene-alkyne metathesis. Moreover, we have provided an unprecedented 

interception of the vinylogous position with a Csp3-H bond. Furthermore, the combination of experimental and 

computational techniques was key to reveal the mechanism and especially that the Csp3-H bond interception 

occurs through a stepwise, hydrogen shift pathway, at variance with previously described silver-catalyzed C-

H functionalization by carbene insertion reactions.  

All these results obtained in Chapter 4 are published in Angew.Chem. Int. Ed. 2023, 62, e202215163. 
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The insertion of carbenes into Csp3-H bonds typically proceeds in a concerted manner, as discussed in the 

preceding chapter. Conversely, for Csp2-H bonds, the mechanism is generally proposed to occur in a stepwise 

fashion. Initially, a C-C bond formation takes place, followed by hydrogen migration. In the first step, the 

transient metal carbene intermediate undergoes electrophilic addition to the aromatic ring, giving rise to a 

Wheland intermediate. The details of the subsequent step are less clear. A [1,2]-H migration step has been 

postulated for reactions involving donor-donor carbenes (Scheme 5.1a).201, 220 Alternatively, when carbenes 

contain (at least) an acceptor substituent, a proton transfer to the adjacent carbonyl oxygen is proposed. This 

results in the formation of an enol intermediate, which eventually tautomerizes to the keto form, yielding the 

formal C-H insertion adduct (Scheme 5.1b).221 Only in one example by Xu et al. involving a donor-donor 

carbene, a concerted mechanism is postulated upon DFT calculations, although the authors did not comment 

further on this unprecedented point.200 

 

Scheme 5.1. Conventional proposed mechanism for metal carbene Csp2-H bond insertion. 

Building upon the findings of the previous chapter, where we elucidated the unique mechanism governing the 

Csp3-H insertion of our in situ generated silver Tpx vinylcarbenes, diverging from conventional knowledge in 

the literature, we posed the question of whether the insertion of this vinylcarbene into a Csp2-H bond would 

also exhibit similar deviations from the norm. To explore this hypothesis, we capitalized on a similar platform 

that proved effective in Chapter 4 and removed the dimethylamino moiety from the starting material and used 

diazo compound 13a as the model substrate. Ideally the vinylcarbene generated would insert into the Csp2-H 

bond of the initial phenylacetic moiety leading to indene fused product 14a (Scheme 5.2) a reactivity pattern 

that has been previously reported by Padwa169 and Doyle177 using rhodium and copper catalysts. 

 

Scheme 5.2. General scheme for the CAM terminated in Csp2-H bond insertion. 

We commenced our investigation by employing similar conditions to the highest yielding ones identified in 

Chapter 4, utilizing Tp(CF3)2,BrAg(THF) as the catalyst (5 mol%) in dichloromethane, which afforded the desired 
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product in a quantitative yield. However, reducing the catalyst loading to 2.5 mol% proved to be detrimental to 

the transformation, resulting in a decreased yield of 78% for product 14a. Based on these two experiments, 

we established the initially employed conditions as the optimized ones. 

We chose 13 diazo compounds to analyze the chemoselectivity of the reaction and the electronic and steric 

effects of various substituents within both aromatic rings present in the starting material. These compounds 

were synthesized following the conditions outlined in Scheme 5.3 (for experimental details see 

Supplementary Material). Starting from iodophenyl derivatives, Sonogashira coupling with propargyl alcohol, 

followed by esterification with para-substituted phenylacetic acids using DCC, yields the corresponding esters. 

Finally, the reaction of the prepared esters in the presence of p-ABSA and DBU affords the diazo compounds 

(13a-13m).  

 

Scheme 5.3. Synthesis of phenyl propargyl diazoacetates 13a-13m. 

We then explored the scope of the transformation (Scheme 5.4). Initially, we examined the chemoselectivity 

of the reaction by introducing substituents at the ortho-position of the phenylpropynyl moiety (Figure 5.1 and 

Scheme 5.4). In the previous chapter, the presence of an o-dimethylamino group led exclusively to 

functionalization at the Csp3-H bond, with no detection of the product corresponding to Csp2-H bond insertion. 

Conversely, upon introduction of an o-methoxy group, a complete reversal of chemoselectivity was observed, 

resulting in the formation of indene 14b with an 82% yield. To delve deeper into this chemoselectivity, 

secondary and tertiary CH bonds were introduced into the -OR moiety. It is widely known that the bond 

dissociation energy for secondary or tertiary Csp3-H bonds is lower than for primary ones, thereby reducing 

the energy barrier for carbene insertion into these bonds. However, for substrates bearing O iPr and OBn 

groups, we exclusively isolated the corresponding Csp2-H insertion products, 14c and 14d, in quantitative 

yields. Finally, to test the consistency of this trend, we used diazo compound 13e, bearing an o-iPr group, 

yielding indene 14e as the sole product, albeit with a slightly reduced yield of 81%. 
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Figure 5.1. Selectivity observed for o-substituted substrates. 

We then studied the effect of introducing substituents in the para position of the phenyl acetylene ring. The 

presence of a F, CH3 or OCH3 was compatible with the reaction, albeit resulting in slightly decreased yields for 

both electron-withdrawing F (81%, 14f) and electron-donating OCH3 (88%, 14h) substituents. Subsequently, 

we assessed the impact of para substituents in the phenylacetic-derived ring. The incorporation of electron-

donating groups (Me, OMe) provided the desired products in nearly quantitative yields. Conversely, the 

introduction of halogen groups led to a slight decrease in yield, with fluorine yielding 88% (14k) and bromine 

yielding 90% (14l). Finally, the introduction of a methyl in meta position in the bottom ring resulted in the 

formation of a mixture of regioisomers (14m and 14m’) with yields of 50% and 34%, respectively. The 

regioisomers were successfully separated using flash chromatography and identified through selective 

NOESY experiments. 

In pursuit of understanding the mechanism driving the transformation, a series of DFT calculations were carried 

out by Roger Monreal-Corona under the supervision of Dr. Albert Poater. The Gibbs energy profile was 

computed at the B3LYP-D3/Def2TZVP-SDD-SMD(CH2Cl2)//BP86-D3/Def2SVP-SDD level of theory, using the 

Gaussian16 software package (Figure 5.2) and employing 13a as the model. The mechanism begins with the 

coordination of the silver catalyst to the carbon linked to the diazo moiety, followed by dinitrogen extrusion, 

resulting in silver carbene C with a transition state barrier of 12.2 kcal/mol. Subsequent CAM proceeds 

barrierlessly, leading to the formation of the desired vinylcarbene F. Despite our efforts to explore the 

conventional stepwise Csp2-H insertion mechanism, the transition state leading to a Wheland intermediate 

could not be located. Conversely, a direct, concerted Csp2-H insertion pathway was identified, via TS-FG, 

overcoming a barrier of 18.6 kcal/mol and yielding the final indene product in a highly exergonic process (-93.3 

kcal/mol). 

The obtained results support our hypothesis that the in situ generated donor-donor silver vinylcarbenes via 

CAM could pave the way for an unexplored mechanistic proposal in the Csp2-H insertion of metal carbenes. 

To delve deeper into this feature, we conducted calculations for the Csp2-H insertion step with various 

substituents decorating the aryl group close to the vinylcarbene (Table 5.1). 
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Scheme 5.4. Scope of the transformation. [a] Unless otherwise noted, reactions were carried out with 0.07 mmol of 13 
([13] = 4.7 mM), at room temperature for 30 mins. [b] Reaction run for 1.5h. [c] Using TpBr3Ag(THF) as the catalyst. 
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Figure 5.2. Gibbs energy profile (in kcal/mol) of the silver-catalyzed CAM reaction of 13a ([Ag] = Tp(CF3)2,BrAg). 

We initiated our analysis by studying substituents in the ortho position of the phenylpropynyl moiety, and in all 

three cases studied, the transition state for the concerted pathway could not be located (entries 2-4). 

Conversely, the reaction proceeds through electrophilic addition of the carbene to the arene, leading to 

intermediate G, which is analogous to a Wheland intermediate. Subsequently silver decoordinates to yield 3H-

indene intermediate G-free in an exergonic process. From there, a 1,2-H shift that recovers the aromaticity of 

the arene ring occurs yielding the final product. Of note, in these cases where the reaction proceeds stepwise, 

the rate-determining step corresponds to the electrophilic addition of the carbene to the arene (TS-FG). 

Therefore, for the rest of the chapter, we will refer as the energy value of this transition state as the stepwise 

TS. The stepwise Csp2-H insertion was found for the three cases, indicating it as the operative pathway for the 

ortho substitution pattern. Notably, in the instance of a substrate bearing the dimethylamino moiety (entry 2), 

Csp2-H insertion would proceed in a stepwise manner. However, the barrier is notably high at 33.5 kcal/mol, 

nearly 14 kcal/mol higher than the pathway leading to the Csp3-H insertion as reported in Chapter 4. These 

results unequivocally support the selectivity observed in the previous chapter regarding C-H insertion. 

For substituents situated in the para position of the phenylacetylene ring, both concerted and stepwise 

transition states could be located (entries 5-7). In all cases, the pathway with the lowest energy was based on 

the unprecedented, concerted mechanism, irrespective of the electron-donating or electron-withdrawing nature 

of these substituents. These findings indicate a Csp2-H insertion sensitive to steric factors. When substituents 

are in proximity to the carbenic carbon (ortho), the reaction proceeds in a stepwise fashion. Conversely, when 

substituents are distant from the carbene (para), the lowest energy path involves the concerted mechanism, 

regardless of electronic factors. The only difference we observed among the different structures obtained is 

that the presence of substituents in ortho position prevents the arene ring from adopting a coplanar orientation 
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with the (empty) 2p carbene orbital in the vinylcarbene, thus suggesting that sterics are responsible for the 

difference in behaviour. 

Next, we examined substituents in the para position of the phenylacetic ring (entries 8-11). In all cases, the 

concerted mechanism was the only one observed, regardless of the electronic nature of the substituent. We 

then evaluated substituents located at the meta position, as these can stabilize the Wheland intermediate 

through mesomeric effects. Based on experimental results, two regioisomers are obtained upon Csp2-H 

insertion. However, to benchmark the effects of meta substituents on the insertion, we only carried out 

calculations for the transition state (TS) leading to the major regioisomer obtained. For fluorine, methoxy or 

dimethylamino groups, exclusive stepwise insertion was observed (entries 12-14). Conversely, for a methyl 

or trifluoromethyl group, only the concerted insertion was operative (entries 15-16). This supports our 

hypothesis that the substituents bearing lone pairs that can be delocalized and contribute to an additional 

resonance form in the Wheland intermediate (Scheme 5.5), provide sufficient stabilization to favor the stepwise 

mechanism for the reaction pathway.  On the contrary, substituents that do not have lone pairs or are located 

in para position are not able to stabilize a plausible Wheland intermediate and directly evolve through the 

concerted pathway. 

Scheme 5.5. Resonance structures for the Wheland intermediate. 
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Table 5.1. Obtained ΔG# values for the TS leading to concerted and stepwise Csp2-H insertion. 

 

Entry Rx R ΔG# Concerted (Kcal/mol) ΔG# Stepwise (Kcal/mol) 

1 No substituent 18.6 - 

2 R1 o-NMe2 - 33.5 

3 R1 o-OMe - 23.2 

4 R1 o-iPr - 20.3 

5 R1 p-I 19.7 24.8 

6 R1 p-Me 20.1 24.7 

7 R1 p-OMe 24.4 29.7 

8 R2 p-Me 20.2 - 

9 R2 p-OMe 20.9 - 

10 R2 p-F 21.7 - 

11 R2 p-Br 21.8 - 

12 R2 m-F - 23.0 

13 R2 m-OMe - 18.8 

14 R2 m-NMe2 - 12.5 

15 R2 m-Me 19.7 - 

16 R2 m-CF3 21.6 - 
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To validate the generality of our results, we extended our analysis to include calculations using the [TpBr3Ag]2 

catalyst (Table 5.2), which has proven to be effective for this transformation (vide supra). We computed 

barriers for both mechanisms for substrates featuring a para substituent in R1. Across all three cases 

examined, our results are consistent with the ones obtained for Tp(CF3)2,BrAg, reaffirming the predominance of 

the concerted mechanism. 

Table 5.2. Obtained ΔG# values for the TS leading to concerted and stepwise Csp2-H insertion using [TpBr3Ag]2. 

Entry R1 ΔG# Concerted (Kcal/mol) ΔG# Stepwise (Kcal/mol) 

1 p-F 19.5 20.6 

2 p-Me 17.3 - 

3 p-OMe 22.2 25.7 

 

While the formation of the vinylcarbene has been postulated in CAM reactions in literature, to our knowledge, 

direct detection of the vinylcarbene intermediate has not been reported. Furthermore, reports regarding the 

isolation and characterization of silver carbenes are scarce with only two examples reported.222, 223 In the two 

cases, besides the characterization, limited reactivity of the silver carbene was studied. The detailed 

mechanistic insights gained through our DFT calculations prompted us to recognize that the energy difference 

required for vinylcarbene formation (TS-BC = 12.2 kcal/mol, Figure 5.2) compared to Csp2-H insertion (TS-

FG = 18.6 kcal/mol, Figure 5.2) could potentially enable the detection of the vinylcarbene using spectroscopic 

techniques. To pursue this, we initiated a collaboration with Andrea Álvarez and Dr. Anna Company (QBIS-

Cat, Universitat de Girona). A series of 1H-NMR experiments were conducted by mixing diazo compound 13a 

in the presence of 1.1 equivalents of Tp(CF3)2,BrAg in CDCl3 at -40°C. Upon recording the 1H-NMR experiments, 

a new singlet emerged at 5.51 ppm, persisting for approximately one hour before fading away (Figure 5.3). 

This new signal appears at distinct chemical shifts compared to both the initial diazo compound and the final 

product. In the case of diazo 13a, only a singlet integrating two protons can be observed in the aliphatic region 

of the spectra, corresponding to the protons at the propargylic site within the molecule. Conversely, in the 

product, three signals appear in the aliphatic region. A new singlet manifests at 4.91 ppm, aligning with the 

proton in the newly formed Csp3-Csp2 bond following the C-H insertion. The formation of this bond leads to a 

newly formed stereogenic center, thereby rendering the two protons at the propargylic site in the starting 

material diastereotopic. Consequently, these two protons appear as two sets of doublets at 5.13 and 4.96 ppm 

in indene 14a (Figure 5.4). Therefore, we speculated that this singlet could correspond to aliphatic protons in 

the vinylcarbene lactone core (Ha, Figure 5.3). To confirm this hypothesis, we conducted a two-dimensional 

HMBC experiment, which revealed that the singlet correlated to four different carbons as expected for the 

proton in the vinylcarbene lactone (Figure 5.5). Based on chemical shift analysis, we postulated that the 

carbenic carbon appeared at 227.7 ppm, consistent with previously reported isolated coinage metal 

carbenes.223, 224 This spectroscopic evidence confirms, for the first time, the formation of a vinylcarbene in 

carbene/alkyne metathesis reactions. 
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Figure 5.3. 1H-NMR spectrum recorded every 10 minutes for the detection of the silver vinylcarbene. 

 

 

Figure 5.4. 1H-NMR spectra for the starting material 13a and final product 14a. 
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Figure 5.5. HMBC correlation experiment for the detection of the silver vinylcarbene. 

In summary, we developed a silver catalyzed carbene-alkyne metathesis reaction finished in a Csp2-H insertion 

process. Our comprehensive mechanistic study reveals that, depending on the substitution pattern, the 

transformation's mechanism proceeds though a concerted Csp2-H bond insertion, at variance with previously 

described carbene Csp2-H functionalization. Notably, we successfully spectroscopically identified the in situ 

generated vinylcarbene. 
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Chapter 6. Mechanistic insights into metal-

dependent vinylcarbene generation via 

carbene/alkyne metathesis of terminal diazoalkynes 
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The methodologies outlined in both the introduction and preceding chapters are based on the generation of 5-

exocyclic vinylcarbenes via carbene alkyne/metathesis. This outcome stands as the most extensively studied 

one for CAM transformations. However, it presents a clear limitation: the requirement of employing 

disubstituted alkynes for the reaction (Scheme 6.1a). Nonetheless, despite their potential to yield spiro- or 

polycyclic scaffolds, reports on the generation of endocyclic vinylcarbenes remain scarce thorough the 

literature.52, 225  

In this context, early CAM examples by Hoye,226 Padwa,227 and Maas228 reported how rhodium and copper 

catalysts could promote the selective formation of a 6-endocyclic vinylcarbene using terminal alkynes, albeit 

with moderate yields and limited substrate scopes (Scheme 6.1b). Based on their results, a consensus 

mechanism for the divergent reactivity was proposed, involving nucleophilic addition from the less sterically 

hindered carbon of the alkyne onto the electrophilic metal carbene. Inspired by these results, alongside our 

findings in Chapters 4 and 5, we envisaged that silver trispyrazolylborate complexes could be efficient catalysts 

for the generation of endocyclic carbenes from terminal alkynes via CAM. Moreover, recognizing the lack of 

insight into the mechanism of 6-endocyclic vinylcarbene formation in carbene/alkyne reactions, DFT 

calculations could reveal the mechanistic pathway in which the reaction operates. 

 

Scheme 6.1. Divergent vinylcarbene generation in CAM reactions. 

We started our studies by testing the selectivity of the reaction employing commercially available rhodium (II) 

catalysts (Table 6.1). Racemic catalysts [Rh2(esp)2] and [Rh2(OAc)4] afforded exclusively the 5-exo adduct 

with low yields (entries 1-2). In order to improve the yield of the transformation, we decided to test phthalimide-

based chiral complexes developed by Hashimoto and Davies, which afforded lactone 17a in 33% and 37% 

yields, respectively (entries 3-4). Finally, by employing the sterically congested cyclopropane-based Davies 

catalyst [Rh2(S-BTPCP)2], 5-exo adduct 17a was obtained in a 73% yield (entry 5). In any of the reactions ran 

using the rhodium catalyst, the 6-endo adduct could be observed, serving as a benchmark for the generality 

of rhodium to only afford the 5-exo vinyl-carbene in our system. Given the fact that the core of lactone 17a has 

been reported previously in CAM transformations, we decided not to study this reactivity further and to focus 

on the silver-based catalysts.  
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Table 6.1: Optimization of the reaction conditions.  

 

Entry Catalyst Yield (%) (16a /17a /18a) 

1[a] [Rh2(esp)2] 41 (0 / 41 / 0) 

2[a] [Rh2(OAc)4] 28 (0 / 28 / 0) 

3[a] [Rh2(S-PTTL)4] 33 (0 / 33 / 0) 

4[a] [Rh2(S-PTAD)4] 37 (0 / 37 / 0) 

5[a] [Rh2(S-BTPCP)2] 73 (0 / 73 / 0) 

6[b] Tp(CF3)2,BrAg(THF)  80 (36 / 0/ 44) 

7[c], [d] Tp(CF3)2,BrAg(THF) 99 (37 / 0 / 62) 

8[c] Tp(CF3)2,BrAg(THF) 61 (61 / 0 / 0) 

9[c] [TpBr3Ag]2 68 (68 / 0 / 0) 

[a] Reactions were carried out with 0.1 mmol of diazo 15a and 1 mol% catalyst loading, at room temperature in 3 mL of 
CH2Cl2 for 1.5h. [b] Reactions were carried out with 0.1 mmol of diazo 1a and 5 mol % catalyst loading, at room temperature 
in 20 mL of CH2Cl2 for 1 h. [c] Diazo 15a was added dropwise over 30 minutes. [d] Reaction carried out at 0ºC. 

We began by employing Tp(CF3)2,BrAg(THF) as the catalyst, and we were delighted to observe the exclusive 

formation of the 6-endo pyrone 16a in a 36% yield, along with the dimerization of the starting material (entry 

6). To reduce the dimerization process, we decided to add the diazo compound in a dropwise manner using a 

syringe pump and running the reaction at 0ºC. This increased the overall yield of the transformation, although 

a significant amount of dimer was still formed (entry 7). Finally, by employing the same conditions but running 

the reaction at room temperature, we were able to suppress dimerization and obtain only the desired product 

in a 61% yield (entry 8). When we modified the silver catalyst to [TpBr3Ag]2, the yield of 16a improved to 68% 

(entry 9). Given the novelty of this transformation in the presence of silver and the prevalence of the 2-pyrone 

moiety in several medicinal applications,229 we decided to further study this transformation. 

We chose 9 diazo compounds to analyze the electronic and steric effects of various substituents in the aryl 

ring and in the propargylic position of the alkyne. These compounds were synthesized following the conditions 

outlined in Scheme 6.2 (for experimental details see Supplementary Material).  

For the substrates bearing a substituent in the aryl ring, direct alkylation of the corresponding phenylacetic 

acid was performed using propargyl bromide in presence of K2CO3 in refluxed acetone. Conversely, for 

derivatives including substituents in the propargyl position, esterification of phenylacetic acid with the 

corresponding propargyl alcohol was carried out. From the synthetized esters, diazo compounds (15a-15i) 

were prepared using p-ABSA as the diazo transfer reagent in presence of DBU as the base. 
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Scheme 6.2. Synthesis of propargyl diazoacetates 15a-15i. 

We then explored the scope of the transformation (Scheme 6.3). Introduction of substituents in the pending 

aryl group of the diazo compound resulted in a slight decrease in yield. An electron-donating methoxy group 

afforded 16b in a 59% yield, whereas an electron-withdrawing bromine furnished 16c in a 56% yield, indicating 

that electronic factors do not play a crucial role in modifying the reaction. Next, we decided to modify the 

propargylic position of the initial substrate. By adding two methyl units, 16d could be isolated in an excellent 

92% yield, upon 1,2-alkyl migration from the endocyclic vinylcarbene. This improved yield can be attributed to 

the Thorpe-Ingold effect. In cases where a cyclic alkyl chain was added next to the alkyne moiety, six and 

seven-membered ring-fused 2-pyrones, 16e and 16f, could be achieved in an excellent 98% and 82% yield, 

respectively. In addition to alkyl substituents, aryl groups proved to be compatible with the reaction. When 

employing diazo compound 15g, featuring two phenyl units, pyrone 16g was obtained in an excellent 89 % 

yield, through 1,2-aryl migration. To delve deeper into the mechanism of the 1,2-shift step, we investigated 

diazo compound 15h, which contains a methyl and a phenyl group in the propargyl position, under the 

optimized reaction conditions. Remarkably, exclusive migration of the aryl group was observed, resulting in 

16h with a yield of 79%. This finding unequivocally proves the preferential migration of the aryl group over the 

1,2-alkyl shift. Finally, to test the limits of the reaction, diazo compound 15i, bearing a methyl group at the 

terminal position of the alkyne, was subjected to the reaction conditions, completely suppressing the 6-endo 

mechanism, and yielding exclusively the 5-exo lactone 17b in a 90% yield. 
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Scheme 6.3. Scope of the transformation 

Intrigued by the divergent selectivity exhibited by rhodium and silver catalysts, as well as the lack of 

mechanistic insight into the 6-endo mode of cyclization in previous CAM reports, we decided to elucidate the 

reaction mechanism. DFT calculations were performed at the M06-2X-D3/6-31G**(for all atoms besides Rh 

and Ag) and LANL2DZ (for Rh and Ag)/SMD(dichloromethane)//B3LYP-D3/6-31G(d)** (for all atoms besides 

Rh and Ag) and LANL2DZ (for Rh and Ag) under the supervision of Dr. Albert Poater. We started by analysing 

the mechanistic profile for the silver-catalyzed reaction. Since similar yields were obtained using the two 

described catalyst we decided to use Tp(CF3)2,BrAg(THF) to reduce the computational cost. The established 

mechanism for CAM transformations relies on dinitrogen extrusion, leading to the formation of an initial 

carbene. However, prior reports have demonstrated the formation of silver carbenes from alkynes through 

nucleophilic addition. In light of the recently reported gold-catalyzed diazo-yne reaction,212, 213, 230 one could 

also envision the direct generation of a vinylcarbene from the initial diazo compound and the silver catalyst. 

To rule out this possibility, we examined both potential pathways as illustrated in Figure 6.1. 
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Figure 6.1. Gibbs energy comparison for diazo-yne reaction and carbene formation mechanism. (Ag=Tp(CF3)2,BrAg(THF)). 

Starting from diazo compound A, the formation of the 5-exocyclic vinyl carbene E_exo, initiated by silver's 

activation of the distal carbon of the alkyne, requires a barrier of 22 kcal/mol via TS-AE_exo. Conversely, the 

formation of the 6-endocyclic vinylcarbene is slightly more favorable by 0.2 kcal/mol (TS-AE_endo). On the 

other hand, the coordination of silver to the carbenic carbon of A is a slightly endergonic process, requiring 6.8 

kcal/mol, leading to the formation of intermediate B. This intermediate subsequently undergoes N2 release 

through TS-BC, furnishing silver carbene C after overcoming a barrier of 19.4 kcal/mol. Overall, carbene for-

mation is 2.4 kcal/mol more favourable, discarding the diazo-yne route as the one leading to the vinylcarbene. 

From carbene C, the nucleophilic addition of the internal carbon of the pending alkyne is feasible, surpassing 

a barrier of 4.1 kcal/mol via TS-CD’ (Figure 6.2). This process leads to the formation of the ylide intermediate 

D’, which can further evolve in a barrierless manner toward the 5-exocyclic vinylcarbene E_Exo. Alternatively, 

the concerted cyclopropenation of the alkyne through TS-CD was found to be 2.8 kcal/mol, leading to 

cyclopropene D. Due to the non-symmetric structure of this intermediate, it can give rise to both exocyclic and 

endocyclic vinylcarbenes, depending on the opening of the cyclopropene. When silver coordination and ring 

opening occur at the terminal position, the formation of E_Exo takes place with a barrier of 21.4 kcal/mol (TS-

DE_Exo). On the other hand, the transition state for the formation of the endocyclic carbene E_Endo (TS-

DE_Endo) requires 6.5 kcal/mol. These results clearly indicate that the formation of the endocyclic 

vinylcarbene from D is favored over the formation of E_Exo. Overall, considering the lower energy barrier and 

experimental results hinting at the intermediacy of E_Endo, we propose the cyclopropenation pathway as the 

one operating in our system. To complete the full mechanistic profile, intermediate E_Endo undergoes a 1,2-

H shift, ultimately yielding 2-pyrone F. This transformation takes place through a transition state (TS-EF) with 
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an energy barrier of only 4.4 kcal/mol. Moreover, we have conducted energy barrier calculations for both the 

1,2-alkyl and aryl shifts. Interestingly, for diazo 15d, the 1,2-methyl shift exhibits a slightly higher energy barrier 

of 7.7 kcal/mol compared to the corresponding hydrogen shift. Conversely, for 15g, the barrier for the 1,2-

phenyl shift is notably lower at just 1.6 kcal/mol. To gain further insight into the selective migration observed 

in substrate 15h, we calculated the barriers for both potential 1,2-shifts. The methyl group demonstrated a 

barrier of 8.2 kcal/mol, whereas the 1,2-phenyl migration exhibited a significantly lower barrier of just 0.8 

kcal/mol. These results clearly support the exclusive formation of pyrone 16h. 

 

Figure 6.2. Gibbs energy profile for the silver catalyzed CAM leading to the 6-endo vinylcarbene and 2-pyrone formation. 
Energies are relative to A. (Ag=Tp(CF3)2,BrAg(THF)). 

To gain a deeper understanding of the reaction's selectivity, we extended our investigation to diazo compound 

15i (Figure 6.3) which exclusively generated the 5-exo product 17b, as illustrated in Scheme 6.3. Building on 

the insights gained from our analysis of 15a, where the initial carbene formation emerged as the preferred 

route, we initiated our study from carbene C_Me. From that intermediate, the energy barrier for alkyne 

nucleophilic addition proved to be remarkably low at just 0.1 kcal/mol (TS-CD_Me), in contrast to the previously 

observed for the terminal alkyne. Presumably, the presence of an electron-donating group in the terminal 

position renders the alkyne more nucleophilic. This nucleophilicity enhancement facilitates the addition to the 

carbenic carbon, thereby lowering the barrier for TS-CD_Me. These findings are consistent with our prior 

studies, where alkynes featuring aryl groups were employed and the nucleophilic addition was computed to 

occur in a barrierless manner. Conversely, our attempts to locate the transition state for the cyclopropenation 

pathway were unsuccessful, likely due to the increased steric hindrance in the alkyne moiety. As our 

calculations state, the pathway leading to the 6-endo vinylcarbene is effectively blocked, leaving the 5-exo 

vinylcarbene as the sole viable option. This provides a complete explanation of the selectivity change observed 

in our experimental findings.  
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Following TS-CD_Me, the ylide intermediate C_Me can engage in a 1,3-Ag migration, in a step requiring 0.9 

kcal/mol (TS-DE_Me). This transition leds to the generation of the highly reactive vinylcarbene, E_Me, in a 

highly exergonic process by 31.1 kcal/mol. Subsequently, this vinylcarbene can then insert into the pending 

aryl ring ultimately yielding the desired lactone product. Based on the results of the previous chapter, we 

decided to explore both concerted and stepwise Csp2-H insertion mechanisms starting from carbene E_Me. 

 

Figure 6.3. Gibbs energy profile for the silver catalyzed CAM leading to the 5-exo vinylcarbene. Energies are relative to 
C_Me. (Ag=Tp(CF3)2,BrAg(THF)). 

For the stepwise mechanism, the formation of intermediate E’_Me requires a barrier of 12.6 kcal/mol (TS-

EF’_Me). Following this, the newly formed ylide undergoes a 1,2-H shift, ultimately yielding the final product 

F_Me, surpassing a barrier of 7.3 kcal/mol (TS-E’F_Me). However, we also considered the possibility of a 

metal-unbound pathway, involving the dissociation of silver from intermediate E’_Me. Upon silver release, the 

more thermodynamically stable E2’_Me is formed, and the subsequent 1,2-H shift from this intermediate 

requires only 5.4 kcal/mol (TS-E2’F_Me). Therefore, the metal-unbound shift proves to be the more 

energetically favorable route. Finally, our initial proposal for the concerted mechanism was studied. The 

transition state for this insertion is of just 7 kcal/mol (TS-EF_Me), 5.6 kcal/mol lower than the corresponding 

stepwise insertion. This obtained data unequivocally supports the conclusion that the concerted mechanism is 

the preferred and energetically favored route for the Csp2-H insertion step. 

To explain the distinct reactivity exhibited by silver and rhodium, our focus turned towards exploring the 

catalytic mechanism involving Rh(II) (Figure 6.4). To reduce the computational cost, rhodium formate was 

used as the model for the catalyst. Starting from diazo compound A, coordination of rhodium leads to 

intermediate B, an exergonic process by 4 kcal/mol. From B, dinitrogen extrusion requires a barrier of 10.5 

kcal/mol (TS-BC), leading to the generation of carbene C. Notably, unlike the situation with silver, the transition 

state for the cyclopropenation of the alkyne (TS-CD’) in the rhodium-catalyzed reaction exhibits higher energy 

than the nucleophilic addition of the alkyne (TS-CD) by 2.5 kcal/mol. This energy differential accounts for the 
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preferred formation of the 5-exo vinylcarbene when utilizing rhodium as a catalyst, providing a comprehensive 

explanation for the disparities in selectivity between rhodium and silver as catalysts. Building on these results, 

it becomes evident that the choice of metal catalyst can dictate different mechanistic pathways in 

carbene/alkyne metathesis, resulting in the formation of distinct vinylcarbenes with inherently diverse 

reactivities, all generated from the same initial diazo compound. To complete the catalytic cycle, subsequent 

to TS-CD, zwitterionic intermediate D is formed. This intermediate can evolve, surpassing a 14.4 kcal/mol 

barrier, to yield the vinylcarbene E through the previously mentioned 1,3-metal shift. Once again, intermediate 

E can evolve further via a stepwise or concerted Csp2-H insertion. In this case, the concerted mechanism was 

found to be slightly higher in energy by 0.6 kcal/mol when compared to the stepwise counterpart (TS-EG vs. 

TS-EF). Following the stepwise pathway, Wheeland intermediate F can undergo a metal-bound 1,2-H shift 

(TS-FG) with an energy barrier of 8.9 kcal/mol, or it can generate the more thermodynamically stable metal-

unbound F’. In the latter case, the metal-free 1,2-H shift requires 4.4 kcal/mol to yield lactone G, once again 

being the metal unbound mechanism the more favourable one. 

 

Figure 6.4. Gibbs energy profile for the rhodium catalyzed CAM leading to the 5-exo vinylcarbene. Energies are relative 
to A. ([Rh]=[Rh2(HCOOH)4]). 

In summary, we have achieved the final objective of this thesis by developing a carbene alkyne-metathesis 

reaction capable of selectively generate a 6-endocyclic vinylcarbene. Notably, this selectivity can be finely 

tuned by transitioning from a silver catalyst to a rhodium one. Additionally, computational techniques have 

been employed to elucidate the underlying reasons for the selectivity variance when altering catalysts, as well 

as to analyze the diverse outcomes resulting from substituent modifications in the initial diazo compound
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The first objective of this thesis was to study the intermolecular reactivity between rhodium vinylcarbenes 

generated from CAM. We envisioned trapping the in situ generated vinylcarbene with an external nitrile to 

produce benzoazepine derivatives. Although we successfully obtained the desired product by introducing 

externally nitriles into the reaction, unfortunately, the predominant outcome was intramolecular Csp2-H 

carbene insertion. To circumvent this limitation, we integrated the nitrile group into the initial diazo compound, 

resulting in a more prolonged cascade reaction that yielded 1H-isoindole derivatives (Scheme 7.1a). The 

experimental and computational work carried out allowed us to extract the following conclusions: 

• A variety of spirocyclic 1H-isoindole derivatives were successfully synthesized via an extended CAM 

reaction, yielding good yields and complete diastereoselectivity. Furthermore, this process 

encompasses a formal nitrile trifunctionalization, representing an unprecedented transformation to the 

best of our knowledge. 

• DFT calculations, along with deuterium labeling experiments, provide sufficient insight to propose a 

mechanism centered on nitrile formation, followed by 1,7-electrocyclization leading to azepine core 

formation. Subsequently, a second unit of vinylcarbene intercepts the azepine scaffold, ultimately 

triggering spirocyclization and yielding the final product. 

The second objective of this thesis was to develop a platform for the efficient generation of silver vinylcarbenes 

via intramolecular CAM. Upon the formation of the vinylcarbene, the strategically positioned o-dimethylamino 

unit in the aryl group at the terminal position of the alkyne facilitated selective vinylogous Csp3-H insertion 

(Scheme 7.1b). Through exhaustive experimental and computational studies, we arrived at the following 

conclusions: 

• A diverse array of benzoazepine derivatives was synthesized via selective Csp3-H vinylogous insertion 

reactions. These products were obtained in good yields, with excellent selectivity observed in most 

cases towards the desired vinylogous functionalization. 

• DFT calculations, in conjunction with deuterium labeling experiments, allowed us to unravel the 

mechanism of the reaction, revealing a stepwise Csp3-H insertion process. Following vinylcarbene 

formation, a hydride shift occurs, leading to a zwitterionic intermediate that favors the formation of the 

kinetically favorable vinylogous product. 

The third objective aimed to capitalize on silver-catalyzed CAM reactions and study the reactivity of 

vinylcarbenes in Csp2-H insertion (Scheme 7.1c). By eliminating the o-dimethylamino group from the previous 

chapter, we anticipated the reaction to proceed through C-H insertion with the pending aryl group. The 

experimental and computational studies conducted led us to the following conclusions: 

• A variety of indene derivatives were easily synthesized in excellent yields via silver catalysis, with 

complete selectivity towards Csp2-H bond insertion over potential Csp3-H insertion. 

• Through a comprehensive mechanistic study, we proposed that, depending on the substitution pattern, 

the mechanism of this transformation proceeds via a concerted Csp2-H bond insertion, at variance 

from previously described carbene Csp2-H functionalization pathways. 

• The mechanistic insights gained during the chapter facilitated the spectroscopic identification of the in 

situ generated silver vinylcarbene. 
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The last objective of this thesis was to overcome the limitation of employing internal alkynes in intramolecular 

CAM reactions. In this regard, we proposed that by utilizing terminal diazo alkynes under silver catalysis, an 

efficient method for generating a 6-endocyclic vinylcarbene could be achieved. Following carbene/alkyne 

metathesis, the newly formed vinylcarbene underwent a 1,2-shift, ultimately leading to the formation of 2-

pyrone derivatives (Scheme 7.1d). The experimental studies alongside with an exhaustive mechanistic study 

led us to the following conclusions: 

• A myriad of 2-pyrone derivatives could be synthesized with good to excellent yields through the 

selective generation of 6-endocyclic vinylcarbenes using silver catalysts. Conversely, when the 

reaction was conducted in the presence of a rhodium(II) catalyst, exclusive formation of the 5-exo 

adduct was observed. 

• An in-depth DFT mechanistic study enabled us to fully rationalize the observed selectivity in CAM 

reactions. When terminal alkynes were employed in the presence of silver, the CAM proceeded via 

cyclopropenation of the alkyne, followed by ring opening, leading to the formation of the endocyclic 

carbene. In contrast, when using rhodium, the CAM proceeded via nucleophilic addition from the 

alkyne, yielding exclusively the exocyclic vinylcarbene. 

 

Scheme 7.1. Summary of all carbene/alkyne metathesis reactions developed in this thesi
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General methods 

Unless otherwise specified, materials were obtained from commercial suppliers and used without further 

purification. All reactions requiring anhydrous and oxygen-free conditions were carried out in oven-dried 

glassware under a dry nitrogen atmosphere. Dichloromethane was dried and degassed under nitrogen by 

passing it through solvent purification columns (MBraun, SPS-800). Activated molecular sieves (4Å) were 

introduced to commercially available anhydrous chloroform, and nitrogen gas was bubbled through it for 30 

minutes to ensure anhydrous and degassed conditions. The progress of reactions in the synthesis of all 

compounds was monitored using thin-layer chromatography on Macherey-Nagel Xtra SIL G/UV254 silica gel 

plates. Solvents were evaporated under reduced pressure using a rotary evaporator. Reaction mixtures were 

purified through silica gel chromatography using an automated purification instrument, the Interchim PuriFlash 

XS 520 Plus, equipped with a quaternary gradient pump (up to 300 ml/min, 20 bar) and a UV-Vis 200-800 nm 

diode array detector. 

Spectroscopy 

NMR Spectroscopy: All 1H and 13C NMR spectra were acquired using a Bruker ASCEND 400 spectrometer 

equipped with a 5 mm BBFO probe using CDCl3 as a deuterated solvent. Chemical shifts for 1H and 13C NMR 

are reported in ppm () relative to residual solvent signals (CDCl3: 7.26 ppm for 1H and 77,16 ppm for 13C). 

Coupling constants are provided in Hertz (Hz). Signal assignments for 1H and 13C NMR were established 

through 2D-NMR experiments including HSQC, HMBC, COSY, and TOCSY. 

Infrared Spectroscopy (IR): IR spectra were recorded using a benchtop Agilent Cary 630 FT-IR spectrometer 

equipped with a single reflection ATR (attenuated total reflectance) sampling accessory. 

Spectrometry 

High resolution mass spectrometry (ESI-HRMS): Electrospray ionisation high-resolution mass spectra were 

recorded using a Bruker microTOF-Q II instrument with a quadrupole-Time-Of-Flight hybrid analyzer operated 

in the positive ESI(+) ion mode. 

Single crystal X-ray diffraction 

X-ray intensity data were collected on a Bruker D8 QUEST ECO three-circle diffractometer system, featuring 

a Ceramic X-ray tube (Mo Kα, λ = 0.71076 Å) and a doubly curved silicon crystal Bruker Triumph 

monochromator. 

Melting points 

Melting points were determined using an SMP10 apparatus from Stuart without any correction applied. 
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Supplementary material for Chapter 3 

Experimental procedure for the synthesis of propargyl alcohol S1a 

  

Scheme 8.1. Synthesis of propagyl alcohol S1a. 

To a 100 mL round-bottom flask containing a mixture of 2-iodobenzonitrile (1.5 g, 6.55 mmol), CuI (24.9 mg, 

0.13 mmol), Pd(PPh3)2Cl2 (45.9 mg, 0.65 mmol) in triethylamine (26 mL), propargyl alcohol (0.42 ml, 7.20 

mmol) was added dropwise under nitrogen atmosphere. After the addition, the solution was then stirred 

overnight at room temperature. Upon completion of the reaction (TLC monitoring), the crude was filtered 

through a Celite pad, rinsed with EtOAc and concentrated under reduced pressure. The crude product was 

purified by column chromatography on silica gel (hexanes:EtOAc = 80:20 to 70:30) to afford S1a as a colorless 

solid (0.99 g, 96% yield).  

MW (C10H7NO): 157.50 g/mol; Rf: 0.48 (hexanes/EtOAc 6:4); 1H NMR (CDCl3, 400 MHz): H 7.64 (dt, 1H, J = 

7.8, 1.0 Hz), 7.59 – 7.48 (m, 2H), 7.43 – 7.39 (m, 1H), 4.57 (d, 2H, J = 5.3 Hz), 2.19 (bs, 1H); 13C231 NMR 

(CDCl3, 101 MHz): C 132.7, 132.6, 132.5, 128.7, 126.7, 117.7, 115.4, 94.2, 81.8, 51.6. 

The spectroscopic data agrees with those previously reported in the literature.232  

Experimental procedure for the synthesis of propargyl alcohols S2a and S3a 

 

Scheme 8.2. General procedure for the preparation of propargyl alcohols S2a and S3a.  

To a 100 mL round-bottom flask containing a mixture of 2-bromo-4-methylbenzonitrile (1.59 g, 8.11 mmol), 

CuI (61.8 mg, 0.32 mmol), and Pd(PPh3)2Cl2 (116.7 mg, 0.16 mmol) in triethylamine (34 mL), propargyl alcohol 

(0.257 mL, 49.80 mmol) was added dropwise under a nitrogen atmosphere. After the addition, the solution 

was then heated at 60ºC and stirred for 3 days. Upon completion of the reaction (TLC monitoring), the crude 

was filtered through a Celite pad, rinsed with EtOAc and concentrated under reduced pressure. The crude 

product was purified by column chromatography on silica gel (hexanes:EtOAc = 80:20 to 70:30) to afford S2a 

as a colorless solid (0.89 g, 64% yield). 

MW (C11H9NO): 171.20 g/mol; Rf: 0.40 (hexanes/EtOAc 7:3); MP (ºC): 68-70. IR (ATR) 𝜈 (cm-1): 3379, 2917, 

2229, 1597, 1415, 1030, 813. 1H NMR (CDCl3, 400 MHz): H 7.51 (d, 1H, J = 7.9 Hz), 7.35 (s, 1H), 7.20 (d, 
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1H, J = 7.9 Hz), 4.55 (d, 2H, J = 5.7 Hz), 2.38 (s, 3H), 2.29 (t, 1H, J = 5.7 Hz). 13C{H} NMR (CDCl3, 101 MHz): 

C 143.6, 133.2, 132.5, 129.6, 126.5, 117.9, 112.3, 93.6, 81.9, 51.5, 21.7. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C11H9NONa 194.0576; Found 194.0579. 

 

Propargyl alcohol S3 was obtained from 2-Bromo-5-methylbenzonitrile (1.52 g, 7.75 mmol) as colorless solid 

(0.57 g, 43% yield) following the same procedure as for S3a. 

MW (C11H9NO): 171.20 g/mol; Rf: 0.30 (hexanes/EtOAc 7:3); MP (ºC): 89-91. IR (ATR) 𝜈 (cm-1): 3215, 2923, 

2226, 1492, 1031, 827. 1H NMR (CDCl3, 400 MHz): H 7.48 – 7.41 (m, 2H), 7.35 (dd, 1H, J = 8.0, 1.0 Hz).), 

4.56 (d, 2H, J = 6.2 Hz), 2.39 (s, 3H), 1.78 (t, 1H, J = 6.2 Hz).13C{H} NMR (CDCl3, 101 MHz): C 139.4, 133.5, 

133.1, 132.5, 123.7, 117.8, 115.3, 93.2, 82.0, 51.7, 21.3. HRMS (ESI) m/z: [M+Na]+ calcd. for C11H9NONa 

194.0576; Found 194.0578. 

Experimental procedure for the synthesis of propargyl esters S4a-S4l 

  

Scheme 8.3. General procedure for the preparation of propargyl esters S4a-S4l. 

To a 25 mL round-bottom flask containing a mixture of S1a (0.42 g, 2.68 mmol), phenylacetic acid (0.39 g, 

2.87 mmol), and 4-dimethylaminopyridine (DMAP) (31.8 mg, 0.26 mmol) in dichloromethane (13 mL), N,N’-

dicyclohexylcarbodiimide (DCC) (0.65 g, 3.15 mmol) was added in batches at 0 ºC. After the addition, the 

reaction mixture was slowly warmed to room temperature and stirred overnight. Upon completion of the 

reaction (TLC monitoring), the crude was filtrated through a Celite pad, rinsed with EtOAc and concentrated 

under reduced pressure. The crude product was then purified by column chromatography on silica gel 

(Hexanes/EtOAc = 9:1) to afford ester S4a as a yellow oil (0.69 g, 94% yield). 

MW (C18H13NO2): 275.31 g/mol; Rf: 0.75 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3028, 2931, 1737, 1134, 

761.  1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.7, 1.0 Hz), 7.58 – 7.52 (m, 2H), 7.47 – 7.39 (m, 1H), 

7.38 – 7.27 (m, 5H), 4.99 (s, 2H), 3.72 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C 170.7, 133.4, 132.6, 132.6, 

132.4, 129.3, 128.9, 128.6, 127.2, 125.9, 117.2, 115.4, 89.5, 82.6, 52.7, 40.9. HRMS (ESI) m/z: [M+Na]+ calcd. 

for C18H13NO2Na 298.0838; Found 298.0841. 
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Ester S4b was obtained from S1a (0.50 g, 3.18 mmol) and p-fluorophenylacetic acid as a colorless solid (0.92 

g, 99% yield) following the same procedure as for S4a. 

MW (C18H12FNO2): 293.30 g/mol; Rf: 0.61 (hexanes/EtOAc 6:4); MP (ºC): 74-76. IR (ATR) 𝜈 (cm-1): 3038, 

2938, 1735, 1217, 1148, 775. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.7, 1.1 Hz), 7.59 – 7.52 (m, 

2H), 7.44 (ddd, 1H, J = 7.7, 5.8, 3.1 Hz), 7.32 – 7.26 (m, 2H), 7.06 – 6.97 (m, 2H), 4.99 (s, 2H), 3.69 (s, 2H). 

13C{H} NMR (CDCl3, 101 MHz): C
 170.7 (d, J = 1.4 Hz), 162.2 (d, J = 245.5 Hz), 132.8, 132.7, 132.5, 131.1 

(d, J = 8.1 Hz), 129.2 (d, J = 3.3 Hz), 129.0, 126.0, 117.3, 115.6, 115.6 (d, J = 21.5 Hz), 89.5, 82.8, 52.9, 40.1. 

19F NMR (CDCl3, 376 MHz): F -115.47 (ddd, J = 14.1, 8.9, 5.3 Hz). HRMS (ESI) m/z: [M+Na]+ calcd. for 

C18H12FNO2Na 316.0744; Found 316.0749. 

 

Ester S4c was obtained from S1a (0.50 g, 3.18 mmol) and p-chlorophenylacetic acid as a colorless solid (0.89 

g, 91% yield) following the same procedure as for S4a. 

MW (C18H12ClNO2): 309.75 g/mol; Rf: 0.60; MP (ºC): 76-78. IR (ATR) 𝜈 (cm-1): 3035, 2932, 1735, 1213, 1153, 

776. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.7, 1.0 Hz), 7.61 – 7.50 (m, 2H), 7.44 (ddd, 1H, J = 7.7, 

6.3, 2.5 Hz), 7.35 – 7.30 (m, 2H), 7.27 – 7.25 (m, 2H (overlapped with chloroform)), 4.99 (s, 2H), 3.69 (s, 2H). 

13C{H} NMR (CDCl3, 101 MHz): C
 170.5, 133.4, 132.8, 132.7, 132.5, 132.0, 130.9, 129.1, 128.9, 126.0, 117.3, 

115.6, 89.4, 82.8, 53.0, 40.3. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H12ClNO2Na 332.0449; Found 332.0452. 

 

Ester S4d was obtained from S1a (0.50 g, 3.18 mmol) and p-bromophenylacetic acid as a colorless solid (1.07 

g, 95% yield) following the same procedure as for S4a. 
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MW (C18H12BrNO2): 354.20 g/mol; Rf: 0.73 (hexanes/EtOAc 6:4); MP (ºC): 83-85. IR (ATR) 𝜈 (cm-1): 3035, 

2932, 1734, 1211, 1154, 774. 1H NMR (CDCl3, 400 MHz): H 7.65 (dt, 1H, J = 7.7, 1.0 Hz), 7.58 – 7.50 (m, 

2H), 7.49 – 7.44 (m, 2H), 7.44 – 7.40 (m, 1H), 7.22 – 7.17 (m, 2H), 4.98 (s, 2H), 3.67 (s, 2H). 13C{H} NMR 

(CDCl3, 101 MHz): C
 170.4, 132.8, 132.7, 132.6, 132.5, 131.8, 131.2, 129.0, 126.0, 121.4, 117.3, 115.6, 89.4, 

82.8, 53.0, 40.4. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H12BrNO2Na 375.9944-377.9924; Found 375.9951-

377.9928. 

 

Ester S4e was obtained from S1a (0.61 g, 3.89 mmol) and p-trifluoromethylphenylacetic acid as a colorless 

solid (1.22 g, 92% yield) following the same procedure as for S4a. 

MW (C19H12F3NO2): 343.41 g/mol; Rf: 0.73 (hexanes/EtOAc 6:4); MP (ºC): 73-75. IR (ATR) 𝜈 (cm-1): 3033, 

2934, 1735, 1321, 1154, 1102, 774. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 8.0, 1.0 Hz), 7.60 (d, 2H, 

J = 8.0 Hz), 7.58 – 7.50 (m, 2H), 7.48 – 7.39 (m, 3H), 5.00 (s, 2H), 3.78 (s, 2H). 13C{H} NMR (CDCl3, 101 

MHz): C
 170.1, 137.5, 132.8, 132.7, 132.5, 129.9, 129.1, 126.0, 125.7 (q, J = 3.8 Hz), 117.3, 115.7, 89.3, 

82.9, 53.1, 40.8. 19F NMR (CDCl3, 376 MHz): F -63.5 (s, 3F). HRMS (ESI) m/z: [M+Na]+ calcd. for 

C19H12F3NO2Na 366.0712; Found 366.0710. 

 

Ester S4f was obtained from S1a (0.50 g, 3.18 mmol) and p-tolylacetic acid as a yellow oil (0.90 g, 98% yield) 

following the same procedure as for S4a. 

MW (C19H15NO2): 289.33 g/mol; Rf: 0.75 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3261, 2918, 1732, 1147, 

966, 767. 1H NMR (CDCl3, 400 MHz)): H 7.66 (dt, 1H, J = 7.7, 1.0 Hz), 7.60 – 7.50 (m, 2H), 7.49 – 7.38 (m, 

1H), 7.21 (d, 2H, J = 8.1 Hz), 7.15 (d, 2H, J = 8.1 Hz), 4.98 (s, 2H), 3.68 (s, 2H), 2.33 (s, 3H). 13C{H} NMR 

(CDCl3, 101 MHz): C
 171.0, 136.9, 132.7, 132.4, 130.4, 129.4, 129.2, 128.9, 126.0, 117.2, 115.5, 89.6, 82.6, 

52.7, 40.6, 21.1. HRMS (ESI) m/z: [M+Na]+ calcd. for C19H15NO2Na 312.0995; Found 312.0998. 
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Ester S4g was obtained from S1a (0.65 g, 4.13 mmol) and p-isobutylphenylacetic acid as a yellow oil (0.62 g, 

45% yield) following the same procedure as for S4a. 

MW (C22H21NO2): 331.42 g/mol; Rf: 0.86 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2950, 1739, 1236, 1133, 

998, 763. 1H NMR (CDCl3, 400 MHz): H 7.64 (dd, 1H, J = 8.0, 1.1 Hz), 7.54 (d, 2H, J = 5.0 Hz), 7.45 – 7.40m, 

1H), 7.23 (d, 2H, J = 8.0 Hz), 7.11 (d, 2H, J = 8.0 Hz), 4.98 (s, 2H), 3.69 (s, 2H), 2.45 (d, 2H, J = 7.0 Hz), 1.85 

(hept, 1H, J = 7.0 Hz), 0.90 (d, 6H, J = 7.0 Hz). 13C{H} NMR (CDCl3, 101 MHz): C
 171.0, 140.7, 132.8, 132.7, 

132.4, 130.7, 129.4, 129.1, 128.9, 126.0, 117.3, 115.6, 89.7, 82.6, 52.8, 45.1, 40.6, 30.2, 22.4. HRMS (ESI) 

m/z: [M+Na]+ calcd. for C22H21NO2Na, 354.1465; Found 354.1465.  

 

Ester S4h was obtained from S1a (0.61 g, 3.89 mmol) and p-biphenylacetic acid as a colorless solid (1.35 g, 

99% yield) following the same procedure as for S4a. 

MW (C24H17NO2): 351.41 g/mol; Rf: 0.70 (hexanes/EtOAc 6:4); MP (ºC): 69-71. IR (ATR) 𝜈 (cm-1): 3028, 2926, 

2226, 1740, 1227, 1128, 750. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.6, 1.1 Hz), 7.62 – 7.50 (m, 

6H), 7.47 – 7.39 (m, 5H), 7.39 – 7.30 (m, 1H), 5.02 (s, 2H), 3.77 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 

170.9, 140.9, 140.4, 132.8, 132.6, 132.5, 129.9, 129.0, 128.9, 127.5, 127.4, 127.2, 126.1, 117.4, 115.7, 89.6, 

82.8, 53.0, 40.7. HRMS (ESI) m/z: [M+Na]+ calcd. for C24H17NO2Na 374.1151; Found 374.1153. 

 

Ester S4i was obtained from S1a (0.50 g, 3.18 mmol) and p-methoxyphenylacetic acid as an orange oil (0.91 

g, 94% yield) following the same procedure as for S4a. 
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MW (C19H15NO3): 305.33 g/mol; Rf: 0.48 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2914, 1737, 1510, 1244, 

1133, 763. 1H NMR (CDCl3, 400 MHz): H 7.64 (dt, 1H, J = 7.7, 1.1 Hz), 7.58 – 7.49 (m, 2H), 7.44 – 7.40 (m, 

1H), 7.25 – 7.21 (m, 2H), 6.91 – 6.83 (m, 2H), 4.97 (s, 2H), 3.78 (s, 3H), 3.65 (s, 2H). 13C{H} NMR (CDCl3, 101 

MHz): C 171.1, 158.9, 132.7, 132.5, 130.5, 129.0, 126.0, 125.5, 117.3, 115.5, 114.1, 89.6, 82.6, 55.3, 52.8, 

40.1. HRMS (ESI) m/z: [M+Na]+ calcd. for C19H15NO3Na 328.0944; Found 328.0950. 

 

Ester S4j was obtained from S2a (0.41 g, 2.39 mmol) and p-methoxyphenylacetic acid as an orange oil (0.740 

g, 97% yield) following the same procedure as for S4a. 

MW (C20H17NO3): 319.36 g/mol; Rf: 0.79 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2914, 1737, 1510, 1244, 

1133, 763. 1H NMR (CDCl3, 400 MHz): H 7.50 (d, 1H, J = 8.0 Hz), 7.33 (s, 1H), 7.25 – 7.18 (m, 3H), 6.90 – 

6.82 (m, 2H), 4.95 (s, 2H), 3.77 (s, 3H), 3.64 (s, 2H), 2.37 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 171.1, 

158.8, 143.5, 133.3, 132.5, 130.4, 129.8, 125.7, 125.5, 117.5, 114.1, 112.4, 89.0, 82.7, 55.2, 52.7, 40.0, 21.5. 

HRMS (ESI) m/z: [M+Na]+ calcd. for C20H17NO3Na 342.1101; Found 342.1100. 

 

Ester S4k was obtained from S3a (0.31 g, 1.81 mmol) and p-methoxyphenylacetic acid as an orange oil (0.53 

g, 91% yield) following the same procedure as for S4a. 

MW (C20H17NO3): 319.36 g/mol; Rf: 0.63 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2929, 1737, 1510, 1244, 

1133, 822. 1H NMR (CDCl3, 400 MHz): H 7.43 – 7.37 (m, 2H), 7.32 (d, 1H, J = 7.0 Hz), 7.26 – 7.19 (m, 2H), 

6.90 – 6.81 (m, 2H), 4.95 (s, 2H), 3.77 (s, 3H), 3.64 (s, 2H), 2.36 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 

171.0, 158.8, 139.6, 133.3, 133.0, 132.5, 130.3, 125.5, 122.9, 117.3, 115.2, 114.0, 88.6, 82.6, 55.2, 52.7, 40.0, 

21.1. HRMS (ESI) m/z: [M+Na]+ calcd. for C20H17NO3Na 342.1101; Found 342.1102. 
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Ester S4l was obtained from S1a (0.44 g, 2.80 mmol) and 3-methylphenylacetic acid as an orange oil (0.79 g, 

98% yield) following the same procedure as for S4a. 

MW (C19H15NO2): 289.33 g/mol; Rf: 0.65 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3020, 2916, 1737, 1249, 

1133, 762. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.8, 1.0 Hz), 7.58 – 7.52 (m, 2H), 7.43 (dt, 1H, J = 

7.8, 4.4 Hz), 7.23 (t, 1H, J = 7.5 Hz), 7.16 – 7.06 (m, 3H), 4.99 (s, 2H), 3.68 (s, 2H), 2.34 (s, 3H). 13C{H} NMR 

(CDCl3, 101 MHz): C
 170.8, 138.2, 133.3, 132.6, 132.4, 130.1, 128.9, 128.5, 128.0, 126.3, 125.9, 117.2, 115.4, 

89.5, 82.6, 52.7, 40.9, 21.3. HRMS (ESI) m/z: [M+Na]+ calcd. for C19H15NO2Na 312.0995; Found 312.0997.  

Experimental procedure for the synthesis of diazo compounds 1 and 4a-4l 

Diazo compound 1 was prepared as previously reported in the literature.233 

 

Scheme 8.4. General procedure for the preparation of diazo compounds 4a-4l. 

To a 50 mL oven-dried flask containing a mixture of S4a (0.40 g, 1.45 mmol) and p-acetamidobenzenesulfonyl 

azide (p-ABSA) (0.45 g, 1.88 mmol) in anhydrous CH3CN (9.6 mL), a solution of 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU) (0.32 mL, 2.14 mmol) in anhydrous CH3CN  (1.9 mL) was added dropwise  at  0 ºC. After the 

addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. Upon completion 

of the reaction (TLC monitoring), the crude was diluted with dichloromethane, and washed with saturated 

aqueous NH4Cl, saturated aqueous NaHCO3 and brine. The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel (hexanes: Et3N= 99:1) to afford diazo compound 4a as an orange solid (0.26 g, 

59% yield). 

MW (C18H11N3O2): 301.31; Rf: 0.48 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3036, 2919, 2087, 1478, 1236, 

1139, 1041, 753. 1H NMR (CDCl3, 400 MHz): H 7.66 (ddd, 1H, J = 7.6, 1.3, 0.7 Hz), 7.62 – 7.53 (m, 2H), 7.53 

– 7.48 (m, 2H), 7.45 (dd, 1H, J = 7.6, 1.7 Hz), 7.43 – 7.38 (m, 2H), 7.20 (ddt, 1H, J = 7.6, 7.0, 1.3 Hz), 5.17 (s, 

2H). 13C{H} NMR (CDCl3, 101 MHz): C
 164.4, 132.9, 132.8, 132.5, 129.2, 129.1, 126.2, 126.1, 125.2, 124.3, 

117.4, 115.8, 89.7, 82.9, 52.8. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H11N3O2Na 324.0743; Found 324.0748. 
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Diazo 4b was obtained from S4b (0.39 g, 1.33 mmol) as a yellow solid (0.29 g, 69% yield) following the same 

procedure as for 4a. 

MW (C18H10FN3O2): 319.30 g/mol; Rf: 0.48 (hexanes/EtOAc 8:2). IR (ATR) 𝜈 (cm-1): 2989, 2089, 1692, 1507, 

1231, 1136, 1023, 831, 767. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.9, 0.8 Hz), 7.61 – 7.53 (m, 2H), 

7.50 – 7.41 (m, 3H), 7.16 – 7.06 (m, 2H), 5.16 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 164.4, 161.3 (d, J = 

246.7 Hz), 132.9, 132.8, 132.5, 129.1, 126.2 (d, J = 8.0 Hz), 126.0, 120.9 (d, J = 3.3 Hz), 117.3, 116.2 (d, J = 

22.0 Hz), 115.7, 89.5, 82.9, 52.9. 19F NMR (CDCl3, 376 MHz): F -115.84 (br.abs., 1F). HRMS (ESI) m/z: 

[M+Na]+ calcd. for C18H10FN3O2Na 342.0649; Found 342.0652. 

 

Diazo 4c was obtained from S4c (0.45 g, 1.45 mmol) as a yellow solid (0.28 g, 57% yield) following the same 

procedure as for 4a. 

MW (C18H10ClN3O2): 335.75 g/mol; Rf: 0.45 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3032,2990, 2087, 1694, 

1235, 1143, 1022, 769. 1H NMR (CDCl3, 400 MHz): H 7.66 (d, 1H, J = 7.3 Hz), 7.62 – 7.51 (m, 2H), 7.47 – 

7.41 (m, 3H), 7.39 – 7.34 (m, 2H), 5.16 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 164.1, 132.8, 132.7, 132.5, 

131.8, 129.3, 129.1, 125.9, 125.3, 123.8, 117.3, 115.7, 89.4, 83.0, 52.9. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C18H10ClN3O2Na 358.0354; Found 358.0353. 

 

Diazo 4d was obtained from S4d (0.42 g, 1.19 mmol) as an orange oil (0.24 g, 53% yield) following the same 

procedure as for 4a. 
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MW (C18H10BrN3O2): 380.20 g/mol; Rf: 0.30 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3035. 2988, 2061, 1691, 

1235, 1142, 755. 1H NMR (CDCl3, 400 MHz): H 7.64 (d, 1H, J = 7.5 Hz), 7.61 – 7.50 (m, 2H), 7.49 (d, 2H, J = 

8.6 Hz), 7.43 (td, 1H, J = 7.5, 2.0 Hz), 7.36 (d, 2H, J = 8.6 Hz), 5.15 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): 

C
 164.0, 132.8, 132.7, 132.5, 132.2, 129.1, 125.9, 125.5, 124.4, 119.7, 117.3, 115.7, 89.4, 83.0, 52.9. HRMS 

(ESI) m/z: [M+Na]+ calcd. for C18H10BrN3O2Na 401.9849-403.9829; Found 401.9845-403.9826. 

 

Diazo 4e was obtained from S4e (0.51 g, 1.48 mmol) as a yellow solid (0.28 g, 51% yield) following the same 

procedure as for 4a. 

MW (C19H10F3N3O2): 369.30 g/mol; Rf: 0.40 (hexanes/EtOAc 8:2). IR (ATR) 𝜈 (cm-1): 3067, 2927, 2095, 1691, 

1322, 1234, 1097, 759. 1H NMR (CDCl3, 400 MHz): H 7.67 (d, 1H, J = 7.5 Hz), 7.63 (br. abs., 4H), 7.61 – 7.53 

(m, 2H), 7.49 – 7.40 (m, 1H), 5.19 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 163.7, 132.8, 132.7, 132.5, 129.8, 

129.1, 127.8, 126.0 (q, J = 3.9 Hz), 125.9, 123.7, 117.3, 115.8, 89.3, 83.1, 53.1. 19F NMR (CDCl3, 376 MHz): 

F -63.48 (s, 3F). HRMS (ESI) m/z: [M+Na]+ calcd. for C19H10F3N3O2Na 392.0629; Found 392.0617. 

 

Diazo 4f was obtained from S4f (0.42 g, 1.45 mmol) as an orange solid (0.12 g, 26% yield) following the same 

procedure as for 4a. 

MW (C19H13N3O2): 315.33; Rf: 0.43 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3014, 2969, 2079, 1738, 1373, 

1229, 771. 1H NMR (CDCl3, 400 MHz): H 7.66 (d, 1H, J = 7.7 Hz), 7.59 (dd, 1H, J = 7.7, 1.7 Hz), 7.55 (td, 1H, 

J = 7.5, 1.3 Hz), 7.43 (td, 1H, J = 7.5, 1.7 Hz), 7.38 (d, 2H, J = 8.2 Hz), 7.21 (d, 2H, J = 8.2 Hz), 5.16 (s, 2H), 

2.35 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 164.7, 136.2, 132.9, 132.8, 132.5, 129.9, 129.0, 126.1, 124.4, 

121.8, 117.4, 115.7, 89.7, 82.8, 52.8, 21.1. HRMS (ESI) m/z: [M+Na]+ calcd. for C19H13N3O2Na 338.0904; 

Found 338.0900. 
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Diazo 4g was obtained from S4g (0.37 g, 1.12 mmol) as an orange solid (0.16 g, 40% yield) following the 

same procedure as for 4a. 

MW (C22H19N3O2): 357.41; Rf: 0.53 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3033, 2953, 2084, 1688, 1151, 

1044, 755. 1H NMR (CDCl3, 400 MHz): H 7.66 (dd, 1H, J = 7.7, 0.9 Hz), 7.59 (dd, 1H, J = 7.5, 1.5 Hz), 7.55 

(td, 1H, J = 7.7, 1.3 Hz), 7.43 (td, 1H, J = 7.5, 1.7 Hz), 7.40 (d, 2H, J = 8.4 Hz), 7.18 (d, 2H, J = 8.4 Hz), 5.16 

(s, 2H), 2.47 (d, 2H, J = 6.8 Hz), 1.85 (hept, 1H, J = 6.8 Hz), 0.90 (d, 6H, J = 6.8 Hz). 13C{H} NMR (CDCl3, 101 

MHz): C 164.7, 140.0, 132.9, 132.8, 132.5, 130.0, 129.0, 126.1, 124.2, 122.1, 117.4, 115.7, 89.8, 82.8, 52.8, 

45.1, 30.4, 22.5. HRMS (ESI) m/z: [M+Na]+ calcd. for C22H19N3O2Na 380.1383; Found 380.1369. 

 

Diazo 4h was obtained from S4h (0.51 g, 1.45 mmol) as an orange solid (0.17 g, 31% yield) following the 

same procedure as for 4a. 

MW (C24H15N3O2): 377.40; Rf: 0.48 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3030, 2925, 2082, 1695, 1232, 

1147, 757. 1H NMR (CDCl3, 400 MHz): H 7.70 – 7.62 (m, 3H), 7.62 – 7.51 (m, 6H), 7.47 – 7.41 (m, 3H), 7.39 

– 7.31 (m, 1H), 5.19 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 164.4, 140.4, 139.0, 132.9, 132.8, 132.5, 129.1, 

129.0, 127.8, 127.5, 127.0, 126.1, 124.6, 124.1, 117.4, 115.8, 89.6, 82.9, 52.9. HRMS (ESI) m/z: [M+Na]+ 

calcd. for C24H15N3O2Na 400.1064; Found 400.1056. 

 

Diazo 4i was obtained from S4i (0.45 g, 1.47 mmol) as an orange solid (0.11 g, 23% yield) following the same 

procedure as for 4a. 
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MW (C19H13N3O3): 331.33; Rf: 0.38 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3010, 2933, 2084, 1692, 

1506,1236, 1148, 1020, 757. 1H NMR (CDCl3, 400 MHz): H 7.65 (dt, 1H, J = 7.6, 1.0 Hz,), 7.61 – 7.51 (m, 

2H), 7.44 (dd, 1H, J = 7.6, 1.7 Hz), 7.42 – 7.37 (m, 2H), 7.00 – 6.93 (m, 2H), 5.15 (s, 2H), 3.81 (s, 3H). 13C{H} 

NMR (CDCl3, 101 MHz): C
 165.0, 158.4, 132.9, 132.8, 132.5, 129.0, 128.7, 126.3, 126.1, 117.4, 116.6, 115.7, 

114.8, 89.8, 82.8, 55.5, 52.8. HRMS (ESI) m/z: [M+Na]+ calcd. for C19H13N3O3Na 354.0852; Found 354.0849. 

 

Diazo 4j was obtained from S4j (0.46 g, 1.44 mmol) as an orange solid (0.18 g, 36% yield) following the same 

procedure as for 4a. 

MW (C20H15N3O3): 345.36 g/mol; Rf: 0.40 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 2934, 2089, 1679, 1511, 

1239, 1150, 1027, 819. 1H NMR (CDCl3, 400 MHz): H 7.53 (d, 1H, J = 8.0 Hz), 7.45 – 7.35 (m, 3H), 7.23 (dd, 

1H, J = 8.0, 1.0 Hz), 7.00 – 6.91 (m, 2H), 5.14 (s, 2H), 3.81 (s, 3H), 2.39 (s, 3H). 13C{H} NMR (CDCl3, 101 

MHz): C
 165.0, 158.4, 143.6, 133.5, 132.7, 130.0, 126.3, 125.9, 117.7, 116.6, 114.8, 112.7, 89.2, 82.9, 55.5, 

52.8, 21.7. HRMS (ESI) m/z: [M+Na]+ calcd. for C20H15N3O3Na 368.1014; Found 368.1006. 

 

Diazo 4k was obtained from S4k (0.31 g, 0.97 mmol) as an orange solid (0.19 g, 57% yield) following the same 

procedure as for 4a. 

MW (C20H15N3O3): 345.36 g/mol; Rf: 0.38 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 2997, 2092, 1694, 1509, 

1252, 1150, 1024, 828. 1H NMR (CDCl3, 400 MHz): H 7.47 (d, 2H, J = 8.2 Hz), 7.43 – 7.38 (m, 2H), 7.35 (dd, 

1H, J = 8.2, 1.5 Hz), 6.98 – 6.92 (m, 2H), 5.14 (s, 2H), 3.81 (s, 3H), 2.39 (s, 3H). 13C{H} NMR (CDCl3, 101 

MHz): C
 158.4, 139.7, 133.4, 133.2, 132.8, 126.3, 123.2, 117.5, 116.7, 115.6, 114.8, 88.9, 82.9, 55.5, 52.9, 

21.3. HRMS (ESI) m/z: [M+Na]+ calcd. for C20H15N3O3Na 368.1013; Found 368.1006. 
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Diazo 4l was obtained from S4l (0.49 g, 1.69 mmol) as an orange solid (0.24 g, 45% yield) following the same 

procedure as for 4a. 

MW (C19H13N3O2): 315.33 g/mol; Rf: 0.48 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 3036, 2919, 2087, 1697, 

1236, 1139, 753. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 8.2, 1.0 Hz), 7.59 (dd, 1H, J = 8.2, 1.7 Hz), 

7.55 (td, 1H, J = 7.6, 1.3 Hz), 7.44 (td, 1H, J = 7.6, 1.7 Hz), 7.34 – 7.28 (m, 3H), 7.06 – 6.98 (m, 1H), 5.16 (s, 

2H), 2.37 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 165.3, 138.0, 132.9, 132.8, 132.5, 131.1, 131.0, 129.2, 

129.0, 126.6, 126.1, 123.9, 117.3, 115.7, 89.8, 82.7, 52.9, 20.1. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C19H13N3O2Na 338.0900; Found 338.0916. 

Preparation of 4a-d5 

 

Ester S4-d5 was obtained from S1a (0.30 g, 1.91 mmol) and phenylacetic acid d5 
234 (0.30 g, 2.10 mmol) as a 

colorless oil (0.45 g, 84% yield) following the same procedure as for S4a.  

MW (C18H8D5NO2): 280.13 g/mol; Rf: 0.63 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2918, 2227, 1742, 1133, 

761. 1H NMR (CDCl3, 400 MHz): H 7.66 (dt, 1H, J = 7.7, 1.0 Hz), 7.59 – 7.50 (m, 2H), 7.48 – 7.38 (m, 1H), 

4.99 (s, 2H), 3.73 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 170.8, 133.3, 132.7, 132.6, 132.4, 129.1 – 128.7 

(m), 128.9, 128.5 – 127.7 (m), 127.0 – 126.5 (m), 125.9, 117.2, 115.5, 89.5, 82.6, 52.8, 40.9. HRMS (ESI) m/z: 

[M+Na]+ calcd. for C18H8D5NO2Na 303.1152; Found 303.1158. 

  

Diazo 4a-d5 was obtained from S4-d5 (0.32 g, 1.14 mmol) as an orange solid (0.13 g, 38% yield) following the 

same procedure as for 4a.  

MW (C18H6D5N3O2): 306.12 g/mol; Rf: 0.5 (hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 2936, 2084, 1736, 1700, 

1230, 1121, 726. 1H NMR (CDCl3, 400 MHz): H 7.66 (dd, 1H, J = 8.0, 1.2 Hz), 7.59 (dd, 1H, J = 8.0, 1.7 Hz), 

7.55 (td, 1H, J = 7.5, 1.2 Hz), 7.44 (td, 1H, J = 7.5, 1.7 Hz), 5.17 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C
 

164.4, 132.9, 132.8, 132.5, 129.1, 129.0 – 128.9 (m), 128.6 – 128.4 (m), 126.1, 125.0, 124.3 – 123.4 (m), 
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117.4, 115.7, 89.7, 82.8, 52.8. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H6D5N3O2Na 329.1057; Found 

329.1060. 

General procedure for the rhodium-catalyzed carbene/alkyne metathesis adding 

external nitriles 

 

Scheme 8.5. General procedure for the rhodium-catalyzed intermolecular carbene/alkyne metathesis adding external 

nitriles. 

To an oven-dried Schlenk flask containing diazo compound 1 (43.5 mg, 0.15 mmol), benzonitrile (154 µL, 1.5 

mmol), and 4Å MS (100 mg) in anhydrous dichloromethane (3.2 mL), a solution of [Rh2(esp)2] (2.3 mg, 0.003 

mmol) in dichloromethane (0.8 mL) was added dropwise under a nitrogen atmosphere at room temperature 

and the mixture was then stirred for 1h. The solvent was then removed under reduced pressure and the crude 

reaction mixture was purified by column chromatography on silica gel using hexanes/EtOAc mixtures as the 

eluent (95:5 to 85:15). The first eluted fraction afforded compound 3a (18.0 mg, 33% yield) as a colorless solid. 

Further elution provided compound 2 (25.9 mg, 66% yield) as a colorless solid.  

3a: MW (C25H19NO2): 365.43 g/mol; Rf: 0.54 (Hexanes/EtOAc 8:2). MP (ºC): 250 (dec.). IR (ATR) 𝜈 (cm-1): 

3025, 2918, 1750, 1592, 1023, 694. 1H NMR (CDCl3, 400 MHz): H 8.14 (d, 1H, J = 8.1 Hz), 7.71 (d, 2H, J = 

7.2 Hz), 7.53 – 7.34 (m, 9H), 7.33 (s, 1H), 4.86 (br s, 1H), 4.64 (dd, 1H, J = 18.7, 1.6 Hz), 4.44 (d, 1H, J = 18.7 

Hz), 2.41 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 171.5, 169.0, 165.1, 141.1, 138.5, 137.3, 136.2, 131.9, 

131.5, 130.3, 130.2, 129.0, 128.5, 128.4, 128.2, 127.8, 127.1, 124.7, 69.6, 61.7, 21.6. HRMS (ESI) m/z: [M+H]+ 

calcd. for C26H20NO2 366.1489; Found 366.1481. 

2: MW (C18H14O2): 262.31 g/mol; Rf: 0.45 (Hexanes/EtOAc 8:2). MP (ºC): 175. IR (ATR) 𝜈 (cm-1): 3028, 

2914,1742, 1013, 824, 695. 1H NMR (CDCl3, 400 MHz): H 7.62 (d, 1H, J = 7.7 Hz), 7.37 – 7.27 (m, 3H), 7.18 

(d, 1H, J = 8.5 Hz), 7.13 – 7.05 (m, 3H), 5.11 (dd, 1H, J = 18.1, 1.1 Hz), 4.94 (d, 1H, J = 18.1 Hz), 4.85 (s, 1H), 

2.35 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 174.9, 167.8, 152.0, 137.3, 136.9, 136.6, 131.4, 129.5, 128.6, 

128.0, 127.9, 126.0, 120.9, 69.2, 53.0, 21.7. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H14O2Na 285.0886; Found 

285.0892. 
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Starting from diazo compound 1 (35 mg, 0.12 mmol) and 2-iodobenzonitrile (275 mg, 1.2 mmol) compound 3b 

(22.5 mg, 38% yield) was obtained as a colorless solid, alongside 2 (19.1 mg, 60 % yield). 

3b: MW (C25H18INO2): 491.33 g/mol; Rf: 0.58 (Hexanes/EtOAc 8:2). IR (ATR) 𝜈 (cm-1): 3036, 1761, 1603, 

1106, 1036, 714. 1H NMR (CDCl3, 400 MHz): H 8.15 (d, 1H, J = 8.1 Hz), 7.83 (d, 1H, J = 7.9 Hz), 7.65 (d, 2H, 

J = 7.1 Hz), 7.50 – 7.34 (m, 6H), 7.09 (ddd, 1H, J = 7.9, 7.1, 2.0 Hz), 7.04 (s, 1H), 4.94 (br s, 1H), 4.69 (dd, 

1H, J = 18.7, 1.8 Hz), 4.47 (d, 1H, J = 18.7 Hz), 2.35 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 171.3, 171.0, 

163.7, 145.7, 139.9, 138.1, 138.0, 136.1, 131.7, 131.1, 130.9, 130.4, 129.2, 129.0, 128.4, 128.1, 127.9, 127.5, 

125.0, 97.0, 69.5, 61.7, 21.7. HRMS (ESI) m/z: [M+H]+ calcd. for C25H19INO2 492.0455; Found 492.0461. 

 

Starting from diazo compound 1 (43.5 mg, 0.15 mmol), and acetonitrile (157 µL, 3.0 mmol), compound 3c 

(17.4 mg, 38% yield) was obtained as a pale pink solid. alongside 2 (22.7 mg, 58 % yield).  

3c: MW (C20H17NO2): 303.36 g/mol; Rf: 0.56 (Hexanes/EtOAc 8:2). IR (ATR) 𝜈 (cm-1): 3038, 2919, 1747, 

1604,1117, 1027, 829, 700. 1H NMR (CDCl3, 400 MHz): H 8.08 (d, 1H, J = 8.1 Hz), 7.57 (s, 3H), 7.49 – 7.31 

(m, 4H), 4.79 – 4.57 (m, 2H), 4.36 (d, 1H, J = 18.8 Hz). (Wide signals are observed due potential imine-

enamine tautomerism), 2.49 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): C 171.6, 164.3, 138.4, 138.2, 137.8, 

131.1, 129.1, 128.4, 127.7, 127.6, 126.4, 124.4, 69.5, 61.4, 27.7, 21.8. HRMS (ESI) m/z: [M+H]+ calcd. for 

C20H18NO2 304.1332; Found 304.1329. 
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General procedure for the rhodium-catalyzed carbene/alkyne metathesis tandem 

reaction 

 

Scheme 8.6. General procedure for the rhodium-catalyzed carbene/alkyne metathesis tandem reaction. 

To an oven-dried Schlenk flask containing diazo compound 4a (33.3 mg, 0.11 mmol) and 4Å MS (100 mg) in 

anhydrous dichloromethane (2.7 mL), a solution of [Rh2esp2] (1.7 mg, 0.0022 mmol) in dichloromethane (0.4 

mL) was added dropwise under a nitrogen atmosphere at -25 ºC. The mixture was then placed in a freezer at 

-25 ºC and the reaction was stirred for 22h. The solvent was then removed under reduced pressure and the 

crude reaction mixture was purified by column chromatography on silica gel using hexanes/EtOAc mixtures as 

the eluent (95:5 to 80:20). Concentration under reduced pressure afforded compound 5a (22.5 mg, 75% yield) 

as a colorless solid.  

MW (C36H22N2O4): 546.58 g/mol; Rf: 0.25 (hexanes/EtOAc 6:4); MP (ºC): 200 (dec.). IR (ATR) 𝜈 (cm-1): 3064, 

2928, 1749, 1443, 1028, 958, 760. 1H NMR (CDCl3, 400 MHz): H 8.51 (dd, 1H, J = 7.7, 1.4 Hz), 7.58 (dt, 1H, 

J = 7.7, 3.7 Hz), 7.48 (td, 1H, J = 7.7, 1.4 Hz), 7.44 (dd, 2H, J = 5.8, 3.4 Hz), 7.41 – 7.32 (m, 3H), 7.32 – 7.26 

(m, 2H), 7.17 (td, 1H, J = 7.6, 1.4 Hz), 7.09 – 7.00 (m, 3H), 6.65 – 6.57 (m, 1H), 6.41 (dd, 1H, J = 7.8, 1.2 Hz), 

6.24 – 6.18 (m, 1H), 5.29 (d, 1H, J = 18.0 Hz), 5.09 (d, 1H, J = 18.0 Hz), 4.95 (dd, 1H, J = 18.3, 1.4 Hz), 4.71 

(d, 1H, J = 18.3 Hz), 4.36 (s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C
 172.3, 170.8, 165.2, 159.5, 151.3, 149.6, 

138.4, 137.5, 133.2, 133.1, 132.4, 132.1, 130.2, 130.0, 129.9, 129.8, 129.4, 129.3, 129.2, 128.9, 128.8, 128.7, 

127.8, 125.8, 125.4, 125.1, 124.5, 124.3, 116.5, 115.0, 85.0, 71.0, 69.9, 46.9. HRMS (ESI) m/z: [M+Na]+ calcd. 

for C36H22N2O4Na 569.1472; Found 569.1481.  

  

Starting from diazo compound 4b (44.4 mg, 0.14 mmol), compound 5b was obtained as a colorless solid (28.3 

mg, 70% yield). 
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MW (C36H20FN2O4): 582.56 g/mol; Rf: 0.35 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3066, 2928, 1749, 1498, 

1225, 836. 1H NMR (CDCl3, 400 MHz): H 8.53 (dd, 1H, J = 8.5, 5.8 Hz), 7.64 – 7.56 (m, 1H), 7.51 – 7.46 (m, 

2H), 7.46 – 7.41 (m, 2H), 7.22 – 6.97 (m, 6H), 6.68 (dd, 1H, J = 6.6, 1.2 Hz), 6.13 (dd, 1H, J = 6.6, 1.2 Hz), 

6.07 (dd, 1H, J = 9.5, 2.6 Hz), 5.31 (d, 1H, J = 18.1 Hz), 5.08 – 4.91 (m, 2H), 4.71 (d, 1H, J = 18.1 Hz), 4.27 

(s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C (due to the complexity of the coupled C-F spectrum, the C-F 

doublets are not described, and all the peaks visible in the spectrum are listed) 172.2, 170.7, 165.3, 150.6, 

149.1, 138.2, 137.5, 135.0, 133.3 (d, J = 5.3 Hz), 132.1 (d, J = 8.5 Hz), 131.2, 129.6, 129.3, 128.6, 127.0, 

124.7 (d, J = 8.4 Hz), 124.4, 116.6, 116.4, 116.3, 116.3, 116.1, 115.0, 113.9, 84.9, 70.9, 69.9, 46.6. 19F NMR 

(CDCl3, 376 MHz): F -109.45 (s, 1F), -110.49 (s, 1F). HRMS (ESI) m/z: [M+Na]+ calcd. for C36H20FN2O4Na 

605.1283; Found 605.1300. 

  

Starting from diazo compound 4c (59.8 mg, 0.18 mmol), compound 5c was obtained as a colorless solid (29.4 

mg, 54% yield). 

MW (C36H20Cl2N2O4): 615.47 g/mol; Rf: 0.48 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3076, 2932, 1752, 1487, 

1089, 957, 834. 1H NMR (CDCl3, 400 MHz): H 8.48 (d, 1H, J = 8.3 Hz), 7.60 (dd, 1H, J = 7.2, 2.0 Hz), 7.54 – 

7.44 (m, 3H), 7.41 – 7.36 (m, 2H), 7.34 – 7.28 (m, 2H), 7.23 – 7.16 (m, 1H), 7.12 (td, 1H, J = 7.5, 1.4 Hz), 7.08 

– 7.03 (m, 1H), 6.72 (d, 1H, J = 7.5 Hz), 6.32 (d, 1H, J = 2.1 Hz), 6.12 (d, 1H, J = 7.5 Hz), 5.30 (d, 1H, J = 18.1 

Hz), 5.05 (d, 1H, J = 18.1 Hz), 4.99 (dd, 1H, J = 18.3, 1.3 Hz), 4.71 (d, 1H, J = 18.3 Hz), 4.24 (s, 1H).  13C{H} 

NMR (CDCl3, 101 MHz): C
 171.9, 170.5, 165.2, 159.6, 150.5, 149.6, 138.0, 137.5, 136.4, 136.0, 134.2, 133.4, 

133.3, 131.3, 131.1, 130.0, 129.7, 129.6, 129.4, 129.2, 128.5, 127.7, 126.5, 126.4, 126.3, 124.7, 124.4, 116.4, 

115.0, 84.8, 71.0, 70.0, 46.7. HRMS (ESI) m/z: [M+Na]+ calcd. for C36H20Cl2N2O4Na 726.9665 - 728.9643; 

Found 726.9667- 728.9653. 
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Starting from diazo compound 4d (51.9 mg, 0.14 mmol), compound 5d was obtained as a colorless solid (27.7 

mg, 57% yield). 

MW (C36H20Br2N2O4): 704.37 g/mol; Rf: 0.38 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3075, 2931, 1750, 1486, 

1089, 955, 831. 1H NMR (CDCl3, 400 MHz): H 8.41 (d, 1H, J = 8.3 Hz), 7.66 – 7.56 (m, 2H), 7.53 – 7.47 (m, 

3H), 7.36 – 7.28 (m, 2H), 7.22 – 7.09 (m, 3H), 7.08 – 7.02 (m, 1H), 6.73 (d, 1H, J = 8.5 Hz), 6.46 (d, 1H, J = 

2.0 Hz), 6.13 (d, 1H, J = 7.3 Hz), 5.29 (d, 1H, J = 18.2 Hz), 5.06 (d, 1H, J = 18.2 Hz), 4.97 (dd, 1H, J = 18.4, 

1.3 Hz), 4.70 (d,1H, J = 18.4 Hz), 4.23 (s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C
 171.9, 170.4, 165.3, 159.8, 

150.4, 149.7, 137.9, 137.4, 134.9, 134.3, 133.4, 133.3, 133.0, , 132.2, 131.8, 131.4, 131.0, 129.8, 129.6, 129.4, 

129.0, 128.5, 128.1, 126.9, 126.6, 124.8, 124.7, 124.6, 124.4, 124.3, 116.4, 115.0, 84.7, 71.0, 70.0, 46.8. 

HRMS (ESI) m/z: [M+Na]+ calcd. for C36H20Br2N2O4Na 726.9665 - 728.9643; Found 726.9667- 728.9653. 

  

Starting from diazo compound 4e (86.8 mg, 0.24 mmol), compound 5e was obtained as a colorless solid (45.4 

mg, 57% yield). 

MW (C38H20F6N2O4): 682.58 g/mol; Rf: 0.45 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2925, 1751, 1321, 1119, 

1065, 842, 685. 1H NMR (CDCl3, 400 MHz): H  8.67 (d, 1H, J = 8.1 Hz), 7.80 – 7.73 (m, 1H), 7.65 – 7.58 (m, 

1H), 7.58 (s, 4H), 7.50 (ddd, 2H, J = 6.9, 4.6, 1.8 Hz), 7.17 – 7.13 (m, 2H), 7.06 – 7.00 (m, 1H), 6.73 – 6.65 

(m, 1H), 6.57 (s, 1H), 6.15 – 6.07 (m, 1H), 5.33 (d, 1H, J = 18.2 Hz), 5.10 (d, 1H, J = 18.2 Hz), 5.02 (d, 1H, J 

= 18.6 Hz), 4.74 (d, 1H, J = 18.5 Hz), 4.27 (s, 1H).13C{H} NMR (CDCl3, 101 MHz):  C (due to the complexity 

of the coupled C-F spectrum, the C-F doublets are not described, and all the peaks visible in the spectrum are 

listed)  171.6, 170.2, 165.1, 161.7, 151.0, 150.3, 137.6, 137.4, 133.5, 133.4, 133.2, 132.8 – 132.7 (m), 132.1 

(d, J = 3.7 Hz), 131.8 (d, J = 4.0 Hz), 131.2, 131.1, 130.3, 129.9, 129.8, 129.5, 128.4, 127.1 (d, J = 3.6 Hz), 

125.8 (d, J = 3.9 Hz), 125.5, 124.7, 124.6, 124.3, 122.5, 116.3, 115.0, 84.8, 71.0, 70.0, 46.7. 19F NMR (CDCl3, 

376 MHz): F -63.90 (s, 3F), -63.91 (s, 3F).HRMS (ESI) m/z: [M+Na]+ calcd. for C38H20F6N2O4Na 705.1219; 

Found 705.1219. 
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Starting from diazo compound 4f (39.6 mg, 0.13 mmol), compound 5f was obtained as a colorless solid (26.7 

mg, 74% yield). 

MW (C38H26N2O4): 574.68 g/mol; Rf: 0.35 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3032, 2914, 1753, 1446, 

1125, 954, 828. 1H NMR (CDCl3, 400 MHz): H 8.38 (d, 1H, J = 7.8 Hz), 7.58 (dt, 1H, J = 6.3, 3.5 Hz), 7.46 – 

7.39 (m, 2H), 7.30 – 7.26 (m, 3H), 7.12 – 7.04 (m, 4H), 7.05 – 6.96 (m, 1H), 6.67 – 6.62 (m, 1H), 6.31 – 6.24 

(m, 1H), 6.22 (d, 1H, J = 1.7 Hz), 5.26 (d, 1H, J = 17.9 Hz), 5.09 (d, 1H, J = 17.9 Hz), 4.92 (dd, 1H, J = 18.2, 

1.7 Hz), 4.70 (d, 1H, J = 18.2 Hz), 4.41 (s, 1H), 2.33 (s, 3H), 2.17 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 

172.5, 170.9, 165.4, 158.4, 151.5, 148.7, 140.4, 140.2, 138.6, 137.5, 133.1, 133.0, 132.6, 131.9, 130.3, 129.8, 

129.5, 129.2, 129.1, 128.9, 128.7, 126.6, 126.4, 125.5, 125.0, 124.9, 124.4, 124.3, 116.6, 115.1, 85.0, 70.9, 

69.9, 47.1, 21.8, 21.6. HRMS (ESI) m/z: [M+Na]+ calcd. for C38H26N2O4Na 597.1785; Found 597.1785. 

 

Starting from diazo compound 4g (87.1 mg, 0.24 mmol), compound 5g was obtained as a colorless solid (52.5 

mg, 65% yield). 

MW (C44H38N2O4): 658.80 g/mol; Rf: 0.49 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3025, 2950, 1743, 1365, 

1215, 955, 845. 1H NMR (CDCl3, 400 MHz): H 8.39 (d, 1H, J = 7.8 Hz), 7.62 – 7.55 (m, 1H), 7.45 – 7.34 (m, 

2H), 7.26 – 7.23 (m, 3H, overlapped with chloroform), 7.07 – 7.02 (m, 3H), 7.01 – 6.96 (m, 2H), 6.54 (d, 1H, J 

= 7.6 Hz), 6.27 (d, 1H, J = 7.6 Hz), 6.19 (d, 1H, J = 1.7 Hz), 5.24 (d, 1H, J = 17.9 Hz), 5.11 (d, 1H, J = 17.9 

Hz), 4.92 (dd, 1H, J = 18.2, 1.5 Hz), 4.71 (d, 1H, J = 18.2 Hz), 4.44 (s, 1H), 2.45  (d, 2H, J = 7.2 Hz), 2.28 (d, 

2H, J = 7.2 Hz), 1.82 (hept, 1H, J = 6.8 Hz), 1.65 (hept, 1H, J = 7.0 Hz), 0.86 (d, 6H, J = 7.0 Hz), 0.75 (t, 6H, 

J = 6.8 Hz). 13C{H} NMR (CDCl3, 101 MHz): C
 172.6, 170.9, 165.4, 158.5, 151.6, 148.9, 144.2, 144.1, 138.6, 

137.4, 133.1, 132.9, 132.4, 132.0, 130.3, 129.7, 129.5, 129.2, 129.1, 128.8, 128.5, 126.9, 126.4, 125.5, 125.2, 
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124.9, 124.5, 124.3, 116.6, 115.1, 85.0, 70.9, 69.9, 47.1, 45.4, 45.3, 30.3, 30.1, 22.4, 22.3, 22.2. HRMS (ESI) 

m/z: [M+Na]+ calcd. for C44H38N2O4Na 681.2724; Found 681.2719. 

  

Starting from diazo compound 4h (107.9 mg, 0.29 mmol), compound 5h was obtained as a colorless solid 

(81.4 mg, 82% yield). 

MW (C48H30N2O4): 698.78 g/mol; Rf: 0.35 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3014, 2968, 1738, 1366, 

1214, 757. 1H NMR (CDCl3, 400 MHz): H 8.58 (d, 1H, J = 8.0 Hz), 7.72 (dd, 1H, J = 8.0, 1.9 Hz), 7.65 – 7.55 

(m, 2H), 7.52 – 7.39 (m, 11H), 7.40 – 7.33 (m, 3H), 7.35 – 7.30 (m, 5H), 7.15 – 7.05 (m, 3H), 6.81 – 6.71 (m, 

1H), 6.65 (d, 1H, J = 1.9 Hz), 6.30 – 6.21 (m, 1H), 5.31 (d, 1H, J = 17.9 Hz), 5.14 (d, 1H, J = 17.9 Hz), 4.99 

(dd, 1H, J = 18.3, 1.3 Hz), 4.74 (d, 1H, J = 18.3 Hz), 4.40 (s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C
 172.3, 

170.8, 165.4, 159.3, 151.3, 149.4, 143.0, 142.6, 140.1, 139.9, 138.5, 137.7, 133.2, 133.0, 131.7, 130.3, 129.4, 

129.3, 129.1, 129.0, 128.9, 128.8, 128.3, 128.2, 128.1, 127.9, 127.3, 127.2, 127.1, 126.9, 126.7, 125.5, 125.2, 

124.6, 124.5, 124.4, 116.5, 115.0, 85.2, 71.0, 70.0, 46.9. HRMS (ESI) m/z: [M+Na]+ calcd. for C48H30N2O4Na 

721.2098; Found 721.2085.  

 

Starting from diazo compound 4i (39.9 mg, 0.12 mmol), compound 5i was obtained as a colorless solid (31.3 

mg, 86% yield). 

MW (C38H26N2O6): 606.63 g/mol; Rf: 0.23 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2923, 1746, 1603, 1505, 

1248, 1024, 831. 1H NMR (CDCl3, 400 MHz): H 8.44 (d, 1H, J = 8.6 Hz), 7.60 – 7.55 (m, 1H), 7.43 (dd, 2H, J 

= 5.8, 3.4 Hz), 7.38 – 7.29 (m, 2H), 7.10 – 7.05 (m, 2H), 7.05 – 7.01 (m, 1H), 6.96 (dd, 1H, J = 8.6, 2.6 Hz), 

6.85 – 6.77 (m, 2H), 6.70 – 6.66 (m, 1H), 6.29 – 6.19 (m, 1H), 5.99 (d, 1H, J = 2.6 Hz), 5.25 (d, 1H, J = 17.8 

Hz), 5.06 (d, 1H, J = 17.8 Hz), 4.93 (dd, 1H, J = 18.1, 1.4 Hz), 4.70 (d, 1H, J = 18.1 Hz), 4.36 (s, 1H), 3.79 (s, 
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3H), 3.69 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 172.7, 171.1, 165.5, 161.0, 160.9, 156.8, 151.2, 147.5, 

138.7, 137.6, 134.6, 133.1, 133.0, 131.4, 129.3, 129.2, 128.9, 128.8, 126.5, 125.2, 124.5, 124.4, 121.8, 120.6, 

116.6, 115.0, 114.3, 113.7, 112.6, 85.0, 70.9, 69.9, 55.5, 55.4, 47.0. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C38H26N2O6Na 629.1683; Found 629.1684. 

  

Starting from diazo compound 4j (74.6 mg, 0.22 mmol), compound 5j was obtained as a colorless solid (35.5 

mg, 52% yield). 

MW (C40H30N2O6): 634.69 g/mol; Rf: 0.25 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2920, 1743, 1602, 1230, 

1024, 825. 1H NMR (CDCl3, 400 MHz): H 8.43 (d, 1H, J = 8.5 Hz), 7.44 (d, 1H, J = 8.0 Hz), 7.37 – 7.31 (m, 

2H), 7.20 (d, 1H, J = 8.5 Hz), 6.94 (dd, 1H, J = 8.5, 2.6 Hz), 6.87 (d, 1H, J = 7.4 Hz), 6.85 – 6.80 (m, 2H), 6.77 

(s, 1H), 6.42 (s, 1H), 6.11 (d, 1H, J = 7.8 Hz), 6.00 (d, 1H, J = 2.6 Hz), 5.22 (d, 1H, J = 17.8 Hz), 5.07 (d, 1H, 

J = 17.8 Hz), 4.91 (dd, 1H, J = 18.1, 1.4 Hz), 4.68 (d, 1H, J = 18.1 Hz), 4.29 (s, 1H), 3.79 (s, 3H), 3.69 (s, 3H), 

2.23 (s, 3H), 2.06 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 172.7, 171.3, 165.4, 161.0, 160.9, 157.1, 148.4, 

148.1, 144.1, 138.9, 138.7, 138.0, 134.9, 132.9, 131.5, 130.1, 130.0, 129.3, 126.4, 125.0, 124.9, 124.1, 122.0, 

120.6, 116.9, 114.2, 113.6, 112.5, 112.0, 84.6, 70.9, 70.0, 55.5, 55.4, 46.7, 22.1, 21.2. HRMS (ESI) m/z: 

[M+Na]+ calcd. for C40H30N2O6Na 657.1996, found 657.1989.  

 

Starting from diazo compound 4k (72.1 mg, 0.23 mmol), compound 5k was obtained as a colorless solid (55.6 

mg, 84% yield). 

MW (C40H30N2O6): 634.69 g/mol; Rf: 0.25 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 2920, 1749, 1603, 1249, 

1025, 830. 1H NMR (CDCl3, 400 MHz): H 8.42 (d, 1H, J = 8.5 Hz), 7.38 (s, 1H), , 7.28 – 7.25 (m, 2H, overlapped 

with chloroform), 7.24 – 7.20 (m, 1H), 6.94 (dd, 1H, J = 8.5, 2.7 Hz), 6.85 (dd, 2H, J = 8.0, 5.3 Hz), 6.81 – 6.76 

(m, 2H), 6.50 (d, 1H, J = 8.0 Hz), 6.09 (s, 1H), 6.05 (d, 1H, J = 2.6 Hz), 5.24 (d, 1H, J = 17.8 Hz), 5.08 (d, 1H, 
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J = 17.8 Hz), 4.88 (dd, 1H, J = 18.1, 1.5 Hz), 4.70 (d, 1H, J = 18.1 Hz), 4.42 (s, 1H), 3.80 (s, 3H), 3.70 (s, 3H), 

2.36 (s, 3H), 2.13 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C
 172.8, 171.2, 165.5, 160.9, 160.8, 157.1, 151.9, 

147.8, 139.8, 139.6, 135.5, 135.1, 135.0, 133.8, 133.1, 131.4, 131.2, 129.7, 128.8, 126.5, 125.2, 125.1, 123.9, 

121.9, 120.4, 116.8, 115.0, 114.2, 113.6, 112.4, 84.6, 70.9, 70.0, 55.5, 55.4, 46.8, 21.8, 21.0. HRMS (ESI) 

m/z: [M+Na]+ calcd. for C40H30N2O6Na 657.1996; Found 657.1990. 

  

Starting from diazo compound 4l (49.6 mg, 0.16 mmol), an inseparable mixture of regioisomers  5l and 5l’ 

were obtained  as a colorless solid (39.4 mg, 86 % yield, r.r = 25:75). 

MW (C38H26N2O4): 574.64 g/mol; Rf: 0.38 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3051, 2918, 1749, 1441, 

1209, 1038, 765. 1H NMR (CDCl3, 400 MHz): H 8.33 (d, J = 1.9 Hz), 8.20 (d, J = 7.7 Hz), 8.05 (d, J = 7.8 Hz), 

7.75 (dd, J = 7.6, 1.4 Hz), 7.63 (q, J = 7.4 Hz), 7.60 – 7.47 (m), 7.47 – 7.39 (m), 7.39 – 7.33 (m), 7.29 (d, J = 

2.2 Hz), 7.23 – 6.82 (m), 6.69 – 6.51 (m), 6.30 (d, J = 7.9 Hz), 6.20 – 6.07 (m), 5.23 (d, J = 17.9 Hz), 5.12 (d, 

J = 17.9 Hz), 4.95 (dd, J = 18.1, 1.5 Hz), 4.68 (dd, J = 18.2, 15.1 Hz), 4.63 – 4.54 (m), 4.31 (s), 4.27 (s), 2.42 

(s), 2.29 (s), 2.17 (s), 1.91 (s). The regioisomeric ratio was determined by integrating one of the tolyl groups. 

The remaining signals were incorporated into the peak profile without integration due to the intricate nature of 

the NMR spectra. 13C{H} NMR (CDCl3, 101 MHz):  C 173.2, 172.4, 170.9, 170.7, 168.1, 165.0, 163.0, 159.7, 

151.3, 150.7, 149.6, 141.2, 140.6, 140.0, 139.2, 138.5, 138.4, 137.6, 137.5, 135.5, 134.8, 133.7, 133.4, 133.1, 

132.1, 131.7, 131.0, 130.8, 130.6, 130.2, 130.1, 129.9, 129.5, 129.4, 129.3, 129.3, 129.1, 129.1, 128.7, 128.7, 

128.2, 128.0, 127.7, 127.4, 126.7, 126.0, 125.8, 125.7, 125.3, 124.9, 124.4, 124.3, 116.6, 116.5, 114.9, 111.9, 

84.9, 70.9, 70.1, 69.9, 68.7, 60.5, 60.2, 46.8, 31.1, 29.8, 22.8, 22.2, 21.5, 20.8.  HRMS (ESI) m/z: [M+Na]+ 

calcd. for C38H26N2O4Na 597.1785; Found 597.1780. 
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Starting from diazo compound 4a-d5 (74.5 mg, 0.24 mmol), compound 5a-d5 was obtained as a colorless solid 

(47.1 mg, 70% yield).  

MW (C36H12D10N2O4): 556.64 g/mol; Rf: 0.25 (hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3011, 2947, 1747, 1440, 

1362. 1120, 1043, 769. 1H NMR (CDCl3, 400 MHz): H 7.61 – 7.54 (m, 1H), 7.47 – 7.41 (m, 2H), 7.10 – 7.00 

(m, 3H), 6.66 – 6.57 (m, 1H), 6.23 – 6.15 (m, 1H), 5.29 (d, 1H, J = 18.0 Hz), 5.08 (d, 1H, J = 18.0 Hz), 4.96 (d, 

1H, J = 18.2 Hz), 4.71 (d, 1H, J = 18.2 Hz). 13C{H NMR (CDCl3, 101 MHz): C 172.4, 170.8, 165.1, 159.5, 

151.3, 149.6, 138.4, 137.6, 133.2, 133.1, 132.3, 132.1, 129.8 – 129.7 (m), 129.7 – 129.3 (m), 129.4, 129.2, 

129.1, 128.8, 128.7, 127.7, 125.4, 124.5, 124.3, 116.5, 115.0, 85.0, 71.0, 69.9. HRMS (ESI) m/z: [M+Na]+ 

calcd. for C36H12D10N2O4Na 579.2099, found 579.2110. 
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Supplementary material for Chapter 4 

Experimental procedure for the synthesis of propargyl alcohol S5a 

 

Scheme 8.7. Experimental procedure for the synthesis of propargyl alcohol S5a. 

To a stirred solution of N,N-dimethyl-2-ethynylaniline235 (0.89 g, 6.16 mmol) in THF (30 mL) under a nitrogen 

atmosphere, a 1.6 M solution of nBuLi in hexane (5.0 mL, 8.0 mmol) was added dropwise. The resulting mixture 

was stirred at -78ºC for 1h and paraformaldehyde (0.55 g, 18.32 mmol) was then added in one portion. After 

the addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. Upon 

completion of the reaction (TLC monitoring), the crude was partitioned into water and diethyl ether. The 

separated aqueous layer was then extracted with diethyl ether (twice) and the combined organic extracts were 

dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified by 

column chromatography on silica gel (Hexanes:EtOAc = 9:1 to 7:3) to afford S5a as a brown oil (0.85 g, 79 % 

yield). 

MW (C11H13NO): 175.23 g/mol; Rf: 0.20 (Hexanes/EtOAc 7:3); 1H NMR (CDCl3, 400 MHz): H 7.38 (dd, J = 

7.5, 1.7 Hz, 1H), 7.26 (ddd, J = 8.5, 7.5, 1.7 Hz, 1H), 6.95 (d, J = 8.5 Hz, 1H), 6.91 (td, J = 7.5, 1.1 Hz, 1H), 

4.55 (s, 2H), 3.36 (broad s, 1H), 2.91 (s, 6H).  

13C{H} NMR (CDCl3, 101 MHz):C 154.9, 134.3, 129.4, 121.3, 117.3, 115.5, 93.0, 84.5, 51.6, 43.8. IR (ATR) 𝜈 

(cm-1): 3301, 2919, 1488, 1018, 742; HRMS (ESI) m/z: calcd. for C11H13NONa [M+Na]+ 198.0889; Found 

198.0893. 

General procedure for the synthesis of propargyl alcohols S6a-S6d 

 

Scheme 8.8. General procedure for the synthesis of propargyl alcohols S6a-6ad. 

Toa 100 mL round-bottom flask containing a mixture of N,N-Dimethyl-2-iodo-5-methylaniline 236 (1.51 g, 5.78 

mmol), CuI (0.04 g, 0.23 mmol), and Pd(PPh3)2Cl2 (0.10 g, 0.14 mmol) in triethylamine (40 mL),  propargyl 

alcohol (0.40 mL, 6.87 mmol) was added  dropwise under a nitrogen atmosphere. After the addition, the 

solution was stirred at room temperature for 48h. Upon completion of the reaction (TLC monitoring), the crude 
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was filtered through a Celite pad, rinsed with EtOAc and concentrated under reduced pressure. The crude 

product was then purified by column chromatography on silica gel (CH2Cl2/AcOEt = 98:2) to afford S6a as a 

brown oil (0.52 g, 47 % yield). 

MW (C12H15NO): 189.26 g/mol; Rf: 0.38 (CH2Cl2/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.26 (d, J = 7.7 

Hz, 1H,), 6.73 (s, 1H), 6.70 (d, J = 7.7 Hz, 1H), 4.52 (s, 2H), 2.89 (s, 6H), 2.72 (broad s, 1H), 2.32 (s, 3H). 

13C{H} NMR (CDCl3, 101 MHz): C 154.9, 139.7, 134.2, 122.1, 118.1, 112.4, 92.2, 84.8, 51.9, 43.8, 21.9. IR 

(ATR) 𝜈 (cm-1): 3297, 2915, 1599, 1498, 1019, 807. HRMS (ESI) m/z: calcd. for C12H15NONa [M+Na]+ 

212.1046; Found 212.1052. 

 

Propargyl alcohol S6b was obtained from N,N-Dimethyl-2-iodo-5-chloroaniline237 (1.18 g, 4.19 mmol)  as a 

brown oil (0.29 g, 33 %) following the same procedure as for S6a. 

MW (C11H12ClNO): 209.67 g/mol; Rf: 0.28 (CH2Cl2/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.28 (dd, J = 

8.2, 1.4 Hz, 1H), 6.86 (d, J = 2.0 Hz, 1H), 6.83 (dd, J = 8.2, 2.0 Hz, 1H), 4.53 (d, J = 5.7 Hz, 2H), 2.92 (s, 6H), 

2.04 (broad s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C 155.9, 135.4, 135.3, 120.8, 117.6, 113.0, 93.4, 84.1, 

52.0, 43.5. IR (ATR) 𝜈 (cm-1): 3290, 2839, 1581, 1452, 1019, 818. HRMS (ESI) m/z: calcd. for C11H13ClNO 

[M+H]+ 210.0680; Found 210.0689. 

 

Propargyl alcohol S6c was obtained from N,N-Dimethyl-2-iodo-4-methylaniline238 (2.53 g, 9.69 mmol) as a 

brown oil (0.85 g, 46%) following the same procedure as for S6a. 

MW (C12H15NO): 189.26 g/mol; Rf: 0.25 (CH2Cl2/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.21 (d, J = 2.2 

Hz, 1H), 7.06 (dd, J = 8.3, 2.2 Hz, 1H), 6.84 (d, J = 8.3 Hz, 1H), 4.53 (s, 2H), 2.87 (s, 6H), 2.24 (s, 3H). 13C{H} 

NMR (CDCl3, 101 MHz): C 152.8, 134.8, 130.7, 130.3, 117.3, 115.4, 92.5, 84.8, 51.9, 44.1, 20.4. IR (ATR) 𝜈 

(cm-1): 3309, 2919, 1737, 1497, 1029, 814. HRMS (ESI) m/z: calcd. for C12H15NONa [M+Na]+ 212.1046; 

Found 212.1049. 
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Propargyl alcohol S6d was obtained from N,N-Dimethyl-2-iodo-4-chloroaniline238 (2.53 g, 8.99 mmol) as a 

brown oil (1.09 g, 58%) following the same procedure as for S6a. 

MW (C11H12ClNO): 209.67 g/mol; Rf: 0.28 (CH2Cl2/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.34 (d, J = 2.6 

Hz, 1H), 7.18 (dd, J = 8.8, 2.6 Hz, 1H), 6.83 (d, J = 8.8 Hz, 1H), 4.54 (s, 2H), 2.89 (s, 6H). 13C{H} NMR (CDCl3, 

101 Mz): C 153.7, 133.873, 129.5, 125.6, 118.5, 116.4, 93.7, 83.7, 51.9, 43.7. IR (ATR) 𝜈 (cm-1): 3294, 2917, 

1487, 1022, 812. HRMS (ESI) m/z: calcd. for C11H12ClNONa [M+Na]+ 232.0500; Found 232.0507. 

General procedure for the synthesis of propargyl esters S7a-S7j 

  

Scheme 8.9. General procedure for the synthesis of propargyl esters S7a-S7j. 

To a 25 mL round-bottom flask containing a mixture of S5a (0.22 g, 1.26 mmol), phenylacetic acid (0.17 g, 

1.25 mmol), and 4-dimethylaminopyridine (DMAP) (13.9 mg, 0.11 mmol) in dichloromethane (6mL), N,N’-

dicyclohexylcarbodiimide (DCC) (0.28 g, 1.36 mmol) was added in batches at 0 ºC. After the addition, the 

reaction mixture was slowly warmed to room temperature and stirred overnight. Upon completion of the 

reaction (TLC monitoring), the crude was filtrated through a Celite pad, rinsed with EtOAc and concentrated 

under reduced pressure. The crude product was then purified by column chromatography on silica gel 

(Hexanes/EtOAc = 95:05) to afford ester S7a as a yellow oil (0.31 g, 86 % yield). 

MW (C19H19NO2): 293.37 g/mol; Rf: 0.50 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.40 (dd, J = 

7.6, 1.4 Hz, 1H), 7.37 – 7.26 (m, 5H), 7.26 – 7.23 (m, 1H), 6.90 (d, J = 8.3 Hz, 1H), 6.86 (td, J = 7.6, 1.1 Hz, 

1H), 5.00 (s, 2H), 3.70 (s, 2H), 2.90 (s, 6H) 13C{H} NMR (CDCl3, 101 MHz: C 171.0, 155.3, 134.8, 133.7, 

129.8, 129.4, 128.7, 127.3, 120.6, 117.0, 114.2, 88.1, 86.1, 53.7, 43.6, 41.3. IR (ATR) 𝜈 (cm-1): 2918, 1736, 

1491, 1135, 754. HRMS (ESI) m/z: calcd. for C19H19NO2Na [M+Na]+ 316.1308; Found 316.1312. 

 

Ester S7b was obtained from S5a (0.35 g, 1.98 mmol) as yellow oil (0.25 g, 41%) following the same procedure 

as for S7a. 
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MW (C20H21NO2): 307.39 g/mol; Rf: 0.53 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.38 (dd, J = 

7.8, 1.7 Hz, 1H), 7.26 – 7.22 (m, 1H (overlapped with chloroform)), 7.19 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 7.8 

Hz, 2H), 6.89 (dd, J = 8.2, 1.1 Hz, 1H), 6.85 (dt, J = 7.4, 1.1 Hz, 1H), 4.98 (s, 2H), 3.65 (s, 2H), 2.89 (s, 6H), 

2.33 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 171.2, 155.3, 136.9, 134.8, 130.7, 129.8, 129.4, 129.3, 120.5, 

117.0, 114.2, 88.2, 86.0, 53.7, 43.6, 40.8, 21.2. IR (ATR) 𝜈 (cm-1): 2938, 1736, 1490, 1133, 755. HRMS (ESI) 

m/z: calcd. for C20H21NO2Na [M+Na]+ 330.1465; Found 330.1462. 

 

Ester S7c was obtained from S5a (0.19 g, 1.09 mmol) as a yellow oil (0.32 g, 92%) following the same 

procedure as for S7a. 

MW (C20H21NO3): 323.39 g/mol; Rf: 0.33 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.38 (dd, J = 

7.6, 1.7 Hz, 1H), 7.26 – 7.19 (m, 3H), 6.88 (d, J = 8.2 Hz, 1H), 6.87 – 6.81 (m, 3H), 4.97 (s, 2H), 3.77 (s, 3H), 

3.62 (s, 2H), 2.88 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): C 171.3, 158.8, 155.2, 134.7, 130.4, 129.8, 125.8, 

120.5, 117.0, 114.1, 88.2, 86.0, 55.3, 53.6, 43.6, 40.3. IR (ATR) 𝜈 (cm-1): 2936, 1735, 1510, 1243, 1133, 755. 

HRMS (ESI) m/z: calcd. for C20H21NO3Na [M+Na]+ 346.1414; Found 346.1405. 

 

Ester S7d was obtained from S5a (0.26 g, 1.46 mmol) as a yellow oil (0.28 g, 52%) following the same 

procedure as for S7a. 

MW (C25H23NO2): 369.46 g/mol; Rf: 0.43 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.59 – 7.54 (m, 

4H), 7.47 – 7.41 (m, 2H), 7.41 – 7.37 (m, 3H), 7.37 – 7.32 (m, 1H), 7.26 – 7.22 (m, 1H), 6.89 (dd, J = 8.3, 1.1 

Hz, 1H), 6.85 (dt, J = 7.4, 1.1 Hz, 1H), 5.01 (s, 2H), 3.74 (s, 2H), 2.89 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): 

C 171.0, 155.3, 140.9, 140.3, 134.8, 132.8, 129.8, 128.9, 127.5, 127.4, 127.2, 120.6, 117.1, 114,1, 88.1, 86.1, 

53.8, 43.6, 40.9); IR (ATR) 𝜈 (cm-1): 2937, 1735, 1487, 1135, 752. HRMS (ESI) m/z: calcd. for C25H24NO2 

[M+H]+ 370.1802; Found 370.1813 
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Ester S7e was obtained from S5a (0.19 g, 1.09 mmol) as a brown oil (0.30 g, 89%) following the same 

procedure as for S7a. 

MW (C19H18FNO2): 311.36 g/mol; Rf: 0.3 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.38 (dd, J = 

7.6, 1.7 Hz, 1H), 7.30 – 7.22 (m, 3H (overlapped with chloroform)), 7.05 – 6.97 (m, 2H), 6.90 (dd, J = 8.3, 1.1 

Hz, 1H), 6.86 (td, J = 7.4, 1.1 Hz, 1H), 4.99 (s, 2H), 3.66 (s, 2H), 2.89 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): 

C 170.9, 162.2 (d, 1JC-F = 246.4 Hz), 155.3, 134.8, 131.0 (d, 3JC-F = 8.1 Hz), 129.9, 129.4 (d, 4JC-F = 3.3 Hz), 

120.6, 117.1, 115.6 (d, 2JC-F = 21.5 Hz), 114.1, 88.0, 86.2, 53.8, 43.6, 40.3. 19F NMR (CDCl3, 376 MHz): F -

116.51 (s, 1F). IR (ATR) 𝜈 (cm-1): 2926, 1736, 1134, 1219, 753. HRMS (ESI) m/z: calcd. for C19H18FNO2Na 

[M+Na]+ 334.1214; Found 334.1222. 

 

Ester S7f was obtained from S5a (0.19 g, 1.09 mmol) as a yellow oil (0.36 g, 88%) following the same 

procedure as for S7a. 

MW (C19H18BrNO2): 372.26 g/mol; Rf: 0.33 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.49 – 7.42 

(m, 2H), 7.39 (dd, J = 7.6, 1.7 Hz, 1H), 7.30 – 7.22 (m, 1H (overlapped with chloroform)), 7.22 – 7.16 (m, 2H), 

6.90 (dd, J = 8.3, 1.1 Hz, 1H), 6.86 (td, J = 7.4, 1.1 Hz, 1H), 4.99 (s, 2H), 3.64 (s, 2H), 2.89 (s, 6H). 13C{H} 

NMR (CDCl3, 101 MHz): H 170.4, 155.2, 134.7, 132.7, 131.8, 131.1, 129.9, 121.4, 120.5, 117.0, 114.0, 87.9, 

86.2, 53.8, 43.6, 40.6. IR (ATR) 𝜈 (cm-1): 2936, 1736, 1487, 1137, 753. HRMS (ESI) m/z: calcd. for 

C19H19BrNO2 [M+H] + 372.0594-374.0574; Found 372.0597-374.0577. 
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Ester S7g was obtained from S6a (0.21 g, 1.11 mmol) as a yellow oil (0.32 g, 94%) following the same 

procedure as for S7a. 

MW (C20H21NO2): 307.39 g/mol; Rf: 0.38 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.36 – 7.25 (m, 

6H), 6.70 (s, 1H), 6.69 – 6.66 (m, 1H), 4.98 (s, 2H), 3.69 (s, 2H), 2.88 (s, 6H), 2.32 (s, 3H). 13C{H} NMR (CDCl3, 

101 MHz): C 171.0, 153.1, 135.1, 133.8, 130.6, 130.2, 129.4, 128.7, 127.3, 117.2, 114.5, 87.8, 86.1, 53.8, 

43.9, 41.3, 20.3. IR (ATR) 𝜈 (cm-1): 2969, 1757, 1341, 770. HRMS (ESI) m/z: calcd. for C20H21NO2Na [M+Na]+ 

330.1465; Found 330.1467. 

 

Ester S7h was obtained from S6b (0.30 g, 1.44 mmol) as a yellow oil (0.36 g, 76%) following the same 

procedure as for S7a. 

MW (C19H18ClNO2): 327.81 g/mol; Rf: 0.60 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.36 – 7.26 

(m, 6H), 6.83 (d, J = 2.0 Hz, 1H), 6.80 (dd, J = 8.1, 2.0 Hz, 1H), 4.96 (s, 2H), 3.69 (s, 2H), 2.89 (s, 6H). 13C{H} 

NMR (CDCl3, 101 MHz): C 171.0, 156.0, 135.7, 135.6, 133.7, 129.4, 128.8, 127.4, 120.3, 117.3, 112.0, 88.9, 

85.3, 53.6, 43.3, 41.3. IR (ATR) 𝜈 (cm-1): 2941, 1736, 1491, 1134. HRMS (ESI) m/z: calcd. for C19H18ClNO2Na 

[M+Na]+ 350.0918; Found 350.0920. 

 

Ester S7i was obtained from S6c (0.31 g, 1.62 mmol) as a brown oil (0.32 g, 64%) following the same 

procedure as for S7a. 
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MW (C20H21NO2): 307.39 g/mol; Rf: 0.42 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.37 – 7.26 (m, 

5H), 7.22 (d, J = 2.2 Hz, 1H), 7.06 (dd, J = 8.3, 2.2 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 4.98 (s, 2H), 3.69 (s, 2H), 

2.84 (s, 6H), 2.24 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 171.0, 153.1, 135.1, 133.8, 130.6, 130.2, 129.4, 

128.7, 127.3, 117.2, 114.4, 87.8, 86.1, 53.8, 43.9, 41.3, 20.3. IR (ATR) 𝜈 (cm-1):  2917, 1736, 1499, 1125. 

HRMS (ESI) m/z: calcd. for C20H21NO2Na [M+Na]+ 330.1465; Found 330.1466. 

 

Ester S7j was obtained from S6d (0.30 g, 1.44 mmol) as a brown oil (0.27 g, 58%) following the same 

procedure as for S7a. 

MW (C19H18ClNO2): 327.81 g/mol; Rf: 0.40 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.36 – 7.26 

(m, 6H), 7.18 (dd, J = 8.8, 2.6 Hz, 1H), 6.80 (d, J = 8.8 Hz, 1H), 4.97 (s, 2H), 3.69 (s, 2H), 2.86 (s, 6H). 13C{H} 

NMR (CDCl3, 101 MHz): C 170.9, 153.8, 134.0, 133.7, 129.7, 129.4, 128.8, 127.4, 125.2, 118.2, 115.4, 89.2, 

84.8, 53.5, 43.6, 41.3. IR (ATR) 𝜈 (cm-1): 2940, 1736, 1490, 1127. HRMS (ESI) m/z: calcd. for C19H18ClNO2Na 

[M+Na]+ 350.0918; Found 350.0930. 

General procedure for the synthesis of diazo compounds 10a-10j 

 

Scheme 8.10. General procedure for the synthesis of diazo compounds 10a-10j. 

To a 25 mL oven-dried flask containing a mixture of S7a (0.21 g, 0.72 mmol) and p-acetamidobenzenesulfonyl 

azide (p-ABSA) (0.21 g, 0.87 mmol) in anhydrous CH3CN (4.5 mL), a solution of 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU) (0.15 mL, 1.00 mmol) in anhydrous CH3CN  (0.9 mL) was added dropwise  at  0 ºC. After the 

addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. Upon completion 

of the reaction (TLC monitoring), the crude was diluted with Et2O, and washed with saturated aqueous NH4Cl, 

saturated aqueous NaHCO3 and brine. The combined organic extracts were dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by column chromatography on silica 

gel (Hexanes: EtOAc: Et3N= 96:3:1) to afford diazo compound 10a as an orange oil (0.20 g, 94% yield). 
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MW (C19H17N3O2): 319.36 g/mol; Rf: 0.63 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.53 – 7.48 

(m, 2H), 7.44 – 7.36 (m, 3H), 7.29 – 7.23 (m, 1H (overlapped with chloroform)), 7.23 – 7.17 (m, 1H), 6.91 (dd, 

J = 8.4, 1.1 Hz, 1H), 6.87 (td, J = 7.4, 1.1 Hz, 1H), 5.17 (s, 2H), 2.93 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): 

C 164.6, 155.3, 134.8, 129.9, 129.1, 126.1, 125.4, 124.2, 120.6, 117.1, 114.1 88.2, 86.3, 53.7, 43.7. IR (ATR) 

𝜈 (cm-1): 2925, 2082, 1699, 1238, 1140, 751. HRMS (ESI) m/z: calcd. for C19H17N3O2Na  [M+Na]+ 342.1213; 

Found 342.1213. 

 

Diazo compound 10b was obtained from S7b (0.18 g, 0.59 mmol) as an orange oil (0.17 g, 86%) following the 

same procedure as for 10a. 

MW (C20H19N3O2): 333.39 g/mol; Rf: 0.64 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.42 (dd, J = 

7.6, 1.7 Hz, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.28 – 7.23 (m, 1H (overlapped with chloroform)), 7.21 (d, J = 8.2 

Hz, 2H), 6.90 (dd, J = 8.3, 1.1 Hz, 1H), 6.86 (td, J = 7.5, 1.1 Hz, 1H), 5.16 (s, 2H), 2.93 (s, 6H), 2.35 (s, 3H). 

13C{H} NMR (CDCl3, 101 MHz): C 164.9, 155.3, 136.0 134.8, 129.9, 129.8, 124.3, 122.0, 120.6, 117.1, 114.2, 

88.3, 86.3, 53.7, 43.7, 21.2. IR (ATR) 𝜈 (cm-1): 2919, 2082, 1703, 1241, 1139, 756. HRMS (ESI) m/z: calcd. 

for C20H19N3O2Na [M+Na]+ 356.1369; Found 356.1367. 

 

Diazo compound 10c was obtained from S7c (0.18 g, 0.56 mmol) as an orange oil (0.17 g, 88%) following the 

same procedure as for 10a. 

MW (C20H19N3O3): 349.39 g/mol; Rf: 0.45 (Hexanes/EtOAc 8:2; 1H NMR (CDCl3, 400 MHz): H 7.43 – 7.38 (m, 

3H), 7.28 – 7.23 (m, 1H (overlapped with chloroform)), 6.97 – 6.93 (m, 2H), 6.90 (d, J = 7.4 Hz, 1H), 6.86 (td, 

J = 7.4, 1.1 Hz, 1H), 5.15 (s, 2H), 3.81 (s, 3H), 2.93 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): C 165.0, 158.2, 

155.2, 134.7, 129.8, 126.1, 120.5, 117.0, 116.7, 114.7, 114.0, 88.2, 86.1, 55.4, 53.5, 43.6. IR (ATR) 𝜈 (cm-1): 

2920, 2079, 1696, 1239, 1141, 754. HRMS (ESI) m/z: calcd. for C20H20NO3 [M+H-N2]+ 322.1438; Found 

322.1449.  
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Diazo compound 10d was obtained from S7d (0.15 g, 0.41 mol) as an orange solid (0.15 g, 93%) following the 

same procedure as for 10a. 

MW (C25H21N3O2): 395.46 g/mol; Rf: 0.53 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.67 – 7.55 

(m, 6H), 7.48 – 7.41 (m, 3H), 7.38 – 7.32 (m, 1H), 7.29 – 7.23 (m,12H, (overlapped with chloroform)), 6.91 (dd, 

J = 8.3, 1.1 Hz, 1H), 6.87 (td, J = 7.5, 1.1 Hz, 1H), 5.19 (s, 2H), 2.94 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): 

C 164.6, 155.3, 140.4, 138.9, 134.8, 129.9, 129.0, 127.8, 127.5, 127.0, 124.5, 124.3, 120.6, 117.1, 88.2, 86.4, 

53.8, 43.7. IR (ATR) 𝜈 (cm-1): 2935, 2086, 1704, 1234, 1141, 752. HRMS (ESI)m/z: calcd. for C25H21N3O2Na 

[M+Na]+ 418.1526; Found 418.1536. 

 

Diazo compound 10e was obtained from S7e (0.19 g, 0.61 mmol) as an orange solid (0.19 g, 92%) following 

the same procedure as for 10a. 

MW (C19H16FN3O2): 337.35 g/mol; Rf: 0.55 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.49 – 7.43 

(m, 2H), 7.41 (dd, J = 7.6, 1.7 Hz, 1H), 7.29 – 7.22 (m, 1H (overlapped with chloroform)), 7.14 – 7.06 (m, 2H), 

6.91 (dd, J = 8.4, 1.1 Hz, 1H), 6.87 (td, J = 7.6, 1.1 Hz, 1H), 5.16 (s, 2H), 2.93 (s, 6H). 13C{H} NMR (CDCl3, 

101 MHz): C 164.6, 161.2 (d, 1JC-F = 247.4 Hz), 155.3, 134.8, 129.9, 126.1 (d, 3JC-F = 7.9 Hz), 121.1 (d, 4JC-F = 

3.2 Hz), 120.6, 117.1, 116.1 (d, 2JC-F = 22.2 Hz), 114.1, 88.1, 86.4, 53.8, 43.7. 19F NMR (376 MHz, CDCl3): F 

-116.96. (s, 1F). IR (ATR) 𝜈 (cm-1): 2938, 2083, 1742, 1230, 1145, 752. HRMS (ESI) m/z: calcd. for 

C19H16FN3O2Na [M+Na]+ 360.1119; Found 360.1119. 
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Diazo compound 10f was obtained from S7f (0.21 g, 0.56 mmol) as an orange solid (0.22 g, 99%) following 

the same procedure as for 10a. 

MW (C19H16BrN3O2): 398.26 g/mol; Rf: 0.60 (Hexanes/EtOAc 8:21H NMR (CDCl3, 400 MHz): H 7.53 – 7.48 

(m, 2H), 7.41 (dd, J = 7.5, 1.7 Hz, 1H), 7.40 – 7.35 (m,1H) 7.29 – 7.23 (m, 1H, overlapped with chloroform), 

6.91 (dd, J = 8.3, 1.1 Hz, 1H), 6.86 (td, J = 7.5, 1.1 Hz, 1H), 5.16 (s, 2H), 2.93 (s, 6H). 13C{H} NMR (CDCl3, 

101 MHz): C 164.2, 155.3, 134.8, 132.2, 130.0, 125.5, 124.6, 120.6, 119.7, 117.1, 114.0, 88.0, 86.5, 53.9, 

43.7. IR (ATR) 𝜈 (cm-1): 2941, 2086, 1703, 1237, 1147, 754. HRMS (ESI) m/z: calcd. for C19H16BrN3O2Na 

[M+Na]+ 420.0318-422.0298; Found 420.0321-422.0303. 

 

Diazo compound 10g was obtained from S7g (0.16 g, 0.52 mmol) as an orange solid (0.15 g, 87%) following 

the same procedure as for 10a. 

MW (C20H19N3O2): 333.39 g/mol; Rf: 0.63 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.52 – 7.47 

(m, 2H), 7.42 – 7.36 (m, 2H), 7.31 (d, J = 7.6 Hz, 1H), 7.20 (td, J = 7.2, 1.2 Hz, 1H), 6.71 (s, 1H), 6.69 (d, J = 

7.6 Hz, 1H), 5.16 (s, 2H), 2.92 (s, 6H), 2.32 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 164.6, 155.2, 140.2, 

134.6, 129.1 126.1, 125.4, 124.2, 121.6, 117.9, 111.2, 87.5, 86.5, 53.8, 43.7, 22.0. IR (ATR) 𝜈 (cm-1): 2940, 

2087, 1699, 1241, 1142, 753. HRMS (ESI) m/z: calcd. for C20H19N3O2Na [M+Na]+ 356.1369; Found 356.1372.  

 

Diazo compound 10h was obtained from S7h (0.18 g, 0.55 mmol) as an orange solid (0.16 g, 82%) following 

the same procedure as for 10a. 
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MW (C19H16ClN3O2): 353.81 g/mol; Rf: 0.65 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.52 – 7.47 

(m, 2H), 7.43 – 7.36 (m, 2H), 7.31 (d, J = 8.1 Hz, 1H), 7.23 – 7.16 (m, 1H), 6.84 (d, J = 2.0 Hz, 1H), 6.82 (dd, 

J = 8.1, 2.0 Hz, 1H), 5.14 (s, 2H), 2.94 (s, 6H). 13C{H} NMR (CDCl3, 101 MHz): C 164.5, 156.1, 135.7, 129.1, 

126.2, 125.3, 124.2, 120.4, 117.4, 111.9, 88.9, 85.5, 53.6, 43.4. IR (ATR) 𝜈 (cm-1): 2946, 2082, 1737, 1231, 

1138, 756. HRMS (ESI) m/z: calcd. for C19H16ClN3O2Na [M+Na]+ 376.0823; Found 376.0826. 

 

Diazo compound 10i was obtained from S7i (0.21 g, 0.68 mmol) as an orange oil (0.20 g, 88%) following the 

same procedure as for 10a. 

MW (C20H19N3O2): 333.39 g/mol; Rf: 0.73 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.53 – 7.47 

(m, 2H), 7.43 – 7.35 (m, 2H), 7.25 (d, J = 2.3 Hz, 1H), 7.23 – 7.17 (m, 1H), 7.07 (dd, J = 8.3, 1.8 Hz, 1H), 6.83 

(d, J = 8.3 Hz, 1H), 5.16 (s, 2H), 2.88 (s, 6H), 2.25 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 164.6,153.2, 

135.0, 130.7, 130.3, 129.1, 126.1, 125.4, 124.2, 117.2, 114.4, 87.9, 86.3, 53.8, 44.0, 20.3. IR (ATR) 𝜈 (cm-1): 

2938, 2081, 1699, 1238, 1141, 753. HRMS (ESI) m/z: calcd.for C20H19N3O2Na [M+Na]+ 356.1369; Found 

356.1373. 

 

Diazo compound 10j was obtained from S7j (0.17 g, 0.52 mmol) as an orange oil (0.16 g, 87%) following the 

same procedure as for 10a. 

MW (C19H16ClN3O2): 353.81 g/mol; Rf: 0.70 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.54 – 7.46 

(m, 2H), 7.44 – 7.36 (m, 3H), 7.24 – 7.15 (m, 2H), 6.81 (d, J = 8.8 Hz, 1H), 5.15 (s, 2H), 2.91 (s, 6H). 13C{H} 

NMR (CDCl3, 101 MHz): C 164.5, 153.9, 134.0, 129.8, 129.1, 126.2, 125.3,125.2, 124.2, 118.3, 115.4, 89.2, 

85.0, 53.5, 43.6. IR (ATR) 𝜈 (cm-1): 2940, 2081, 1698, 1236, 1139, 751. HRMS (ESI) m/z: calcd. for 

C19H16ClN3O2Na [M+Na]+ 376.0823; Found 376.0830. 

 

Preparation of 10a-d6 
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Scheme 8.11. Experimental procedure for the deuterated alkyne. 

In a 50 mL round-bottom flask containing a mixture of N,N-Dimethyl-d3-2-iodoaniline239 (1.23 g, 4.86 mmol), 

CuI (37.1 mg, 0.20 mmol), Pd(PPh3)2Cl2 (68.2 mg, 0.10 mmol.), and triethylamine (0.68 mL, 4.88 mmol.) in 

DMF (12 mL), trimethylsilylacetylene (0.81 mL, 5.86 mmol) was added dropwise under a nitrogen atmosphere. 

After the addition, the solution was stirred at room temperature overnight. Upon completion of the reaction 

(TLC monitoring), the crude was diluted with Et2O, and washed with saturated aqueous NH4Cl and brine. The 

organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude was 

then dissolved with methanol (19 mL) and Et2O (19 mL) and a 10% aqueous NaOH solution (11 mL) was 

added and the mixture was stirred at room temperature overnight. Upon completion of the reaction (TLC 

monitoring), the organic layer was separated, and the aqueous layer was back-extracted with Et2O twice. The 

combined organic extracts were washed with brine, dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude product was purified by column chromatography on silica gel (Hexanes 100%) 

to afford the corresponding deuterated alkyne as a yellow oil (0.52 g, 71 % yield). 

MW (C10H5D6N): 151.24 g/mol; Rf: 0.50 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.46 (dd, J = 

7.6, 1.7 Hz, 1H), 7.27 (ddd, J = 8.3, 7.3, 1.7 Hz (overlapped with chloroform), 1H), 6.92 (dd, J = 8.3, 1.1 Hz, 

1H), 6.88 (td, J = 7.6, 1.1 Hz, 1H), 3.41 (s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C 135.0, 129.7, 120.7, 117.1, 

114.4, 83.0, 82.3 (carbons bonded to deuterium are not observed in the spectrum with the standard acquisition 

parameters). IR (ATR) 𝜈 (cm-1): 3280, 2046, 1482, 749. HRMS (ESI) m/z: calcd. for C10H6D6N [M+H]+ 

152.1341; Found 152.1348. 

 

Propargyl alcohol S5a-d6 was obtained from the deuterated alkyne (0.52 g, 3.44 mmol) as a brown oil (0.51 g, 

82%) following the same procedure as for S5a. 

MW (C11H7D6NO): 181.27 g/mol; Rf: 0.25 (Hexanes/EtOAc 7:3); 1H NMR (CDCl3, 400 MHz): H 7.38 (dd, J = 

7.6, 1.7 Hz, 1H), 7.27 – 7.22 (m, 1H, (overlapped with chloroform)), 6.93 (d, J = 1.1 Hz, 1H), 6.92 (dd, J = 8.2, 

1.1 Hz, 1H), 4.55 (s, 2H), 2.21 (broad s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C 155.1, 134.5, 129.6, 121.0, 

117.2, 115.1, 92.7, 84.9, 52.0 (carbons bonded to deuterium are not observed in the spectrum with the 

standard acquisition parameters). IR (ATR) 𝜈 (cm-1): 3290, 2918, 1590, 1483, 1021, 752. HRMS (ESI)m/z: 

calcd. for C11H8D6NO [M+H]+ 182.1447; Found 182.1456. 
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Ester S7a-d6 was obtained from S5a-d6 (0.39 g, 2.15 mmol) as an orange oil (0.57 g, 88%) following the same 

procedure as for S6a. 

MW (C19H13D6NO2): 299.40 g/mol; Rf: 0.55 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.39 (dd, J 

= 7.6, 1.7 Hz, 1H), 7.34 – 7.26 (m, 6H), 7.25 – 7.23 (m, 1H), 6.91 – 6.82 (m, 2H), 4.99 (s, 2H), 3.70 (s, 2H). 

13C{H} NMR (CDCl3, 101 MHz): C 171.0, 155.3, 134.8, 133.8, 129.8, 129.4, 128.7, 127.3, 120.5, 117.0, 114.1, 

88.1, 86.1, 53.8, 41.3 (carbons bonded to deuterium are not observed in the spectrum with the standard 

acquisition parameters). IR (ATR) 𝜈 (cm-1): 2918, 1736, 1485, 1131, 751. HRMS (ESI)m/z: calcd. for 

C19H13D6NO2Na [M+Na]+ 322.1685; Found 322.1691. 

 

Diazo 10a-d6 was obtained from S5a-d6 (0.32 g, 1.07 mmol) as an orange solid (0.26 g, 75%) following the 

same procedure as for 10a. 

MW (C19H11D6N3O2): 325.40 g/mol; Rf: 0.58 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.54 – 7.45 

(m, 2H), 7.45 – 7.34 (m, 3H), 7.31 – 7.23 (m, 2H, (overlapped with chloroform)), 7.23 – 7.17 (m, 1H), 6.89 (dd, 

J = 8.0, 1.1 Hz, 1H), 6.86 (td, J = 8.0, 1.1 Hz, 1H), 5.17 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C 164.6, 

155.3, 134.8, 129.9, 129.1, 126.1, 125.4, 124.2, 120.5, 117.0, 114.0, 88.1, 86.4, 53.7 (carbons bonded to 

deuterium are not observed in the spectrum with the standard acquisition parameters). IR (ATR) 𝜈 (cm-1): 

2927, 2085, 1700, 1242, 1143, 748. HRMS (ESI) m/z: calcd. for C19H11D6N3O2Na [M+Na]+ 348.1590; Found 

348.1589. 

 

 

 

NMR characterization of compound 9 
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MW (C25H21NO2): 367.15 g/mol; Rf: 0.53 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.50 – 7.43 (m, 

2H, HPh), 7.38 – 7.19 (m, 7H, HPh (overlapped with chloroform ), 7.10 – 7.04 (m, 1H, HPh), 6.97 (d, J = 7.0 Hz, 

2H, HPh), 6.86 (s, 1H, H3), 6.83 (d, J = 7.0 Hz, 1H, HPh), 6.66 (d, J = 8.3 Hz, 1H, HPh), 4.93 (dd, J = 11.8, 1.8 

Hz, 1H, H1/1’), 4.84 (d, J = 11.8 Hz, 1H, H1/1’), 4.25 (d, J = 18.1 Hz, 1H, H4/4’,), 4.16 (d, J = 13.8 Hz, 1H, H5/5’), 

3.40 (d, J = 18.1 Hz, 1H, H4/4’), 3.34 (dd, J = 13.8, 1.6 Hz, 1H, H5/5’).13C{H} NMR (CDCl3, 101 MHz): C 175.6 

(C7), 148.9 (CPh), 138.3 (CPh), 136.0 (CPh), 134.9 (CPh), 133.7 (C2), 129.5 (C3), 129.2 (CPh), 128.8 (CPh), 128.4 

(CPh), 127.7 (CPh), 127.1 (CPh), 126.2 (CPh), 120.9 (CPh), 118.7 (CPh), 116.7 (CPh), 71.0 (C1), 58.6 (C4), 58.4 

(C6), 57.0 (C5). 

General procedure for the silver carbene/alkyne metathesis tandem reaction 

terminated in vinylogous Csp3-H insertion. 

 

Scheme 8.12. General procedure for the silver carbene/alkyne metathesis tandem reaction terminated in vinylogous Csp3-

H insertion. 

To an oven-dried Schlenk flask containing diazo compound 10a (18.5 mg, 0.0580 mmol) and 4Å MS (100 mg) 

in anhydrous chloroform (14.4 mL), a solution of Tp(CF3)2BrAg(THF) (3.6 mg, 0.0035 mmol) in chloroform (0.6 

mL) was added dropwise under a nitrogen atmosphere. The mixture was then heated to 35ºC and stirred in 

the dark for 5h. The solvent was then removed under reduced pressure and the crude reaction mixture was 

purified by column chromatography on silica gel using hexane/EtOAc mixtures as the eluent (96:4 to 75:25). 

Concentration under reduced pressure afforded compound 12a (12.0 mg, 71% yield) as a colorless solid, and 

11a (1.7 mg, 10% yield) as a colorless solid.  

A mmol scale reaction was carried using the following amounts of materials: diazo compound 10a (320.5 mg, 

1.00 mmol), 4Å MS (1000 mg), anhydrous chloroform (251 mL + 3 mL (for the catalyst addition)) and 

Tp(CF3)2BrAg(THF) (62.2 mg, 0.06 mmol) affording compound 12a (166.7 mg, 57% yield), and 11a (28.4 mg, 

10 % yield). 
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12a: MW (C19H17NO2): 291.35 g/mol; Rf: 0.53 (Hexanes/EtOAc 8:2). MP (ºC): 165. 1H NMR (CDCl3, 400 MHz): 

H 7.47 – 7.40 (m, 2H, HPh), 7.34 – 7.27 (m, 3H, HPh), 7.26 (m, 1H, H5 (overlapped with chloroform)), 7.20 

(ddd, J = 8.6, 7.4, 1.7 Hz, 1H, H7), 6.84 (td, J = 7.4, 1.1 Hz, 1H, H6), 6.80 (broad s, 1H, H3), 6.73 (d, J = 7.5 

Hz, 1H, H8), 4.91 (dd, J = 11.3, 1.9 Hz, 1H, H1/1’), 4.80 (dd, J = 11.3, 1.0 Hz, 1H, H1/1’), 3.98 (d, J = 13.5 Hz, 

1H, H11/11’), 3.17 (d, J = 13.5 Hz,  1H, H11/11’), 2.52 (s, 3H, H10). 13C{H} NMR (CDCl3, 101 MHz): C 175.7 

(C13), 149.1(C9), 136.7 (CPh), 134.8 (C5), 133.5 (C2), 129.5 (C3), 129.0 (C7), 128.6 (CPh), 128.1 (CPh), 127.5 

(CPh), 121.1 (C4), 118.3 (C6), 115.2 (C8), 71.1 (C1), 59.1 (C11), 58.3 (C12), 42.3 (C10). IR (ATR) 𝜈 (cm-1): 

3016, 2858, 1753, 1491, 756. HRMS (ESI) m/z: calcd. for C19H17NO2Na [M+Na]+ 314.1151; Found 314.1149. 

11a: MW (C19H17NO2): 291.35 g/mol; Rf: 0.27 (Hexanes/EtOAc 8:2). MP (ºC): 139. 1H NMR (CDCl3, 400 MHz): 

H 7.56 – 7.39 (m, 5H, HPh), 7.18 (t, J = 7.9 Hz, 1H, H7), 7.00 (d, J = 7.5 Hz, 1H,H5), 6.73 (td, J = 7.5, 1.0 Hz, 

1H, H6), 6.57 (d, J = 7.9 Hz, 1H, H8), 4.88 (d, J = 17.8, 1H, H1/1’), 4.70 (dd, J = 8.8, 6.2 Hz, 1H, H3), 4.63 (d, 

J = 17.9 Hz, 1H, H1/1’), 3.58 (t, J = 8.8 Hz, 1H, H11/11’), 3.30 (dd, J = 8.8, 6.2 Hz, 1H, H11/11’), 2.79 (s, 3H, 

H10). 13C{H} NMR (CDCl3, 101 MHz): C 173.3 (C13), 161.7 (C2), 153.1 (C9), 129.8 (C4), 129.3 (C7), 129.2 

(CPh), 129.1 (CPh), 129.0 (CPh), 128.9 (CPh), 127.7 (C12), 124.4 (C5), 118.9 (C6), 108.3 (C8), 69.5 (C1), 61.4 

(C11), 39.9 (C3), 36.0 (C10). IR (ATR) 𝜈 (cm-1): 2918, 2853, 1742, 1127, 736.  HRMS (ESI) m/z: calcd. for 

C19H17NO2Na [M+Na]+ 314.1151; Found 314.1157. 

 

Starting from diazo compound 10b (33.7 mg, 0.10 mmol), compound 12b was obtained as a yellow oil (17.7 

mg, 57 % yield), alongside 11b (6.7 mg, 22% yield). 

MW (C20H19NO2): 305.38 g/mol; Rf: 0.48 (Hexanes/EtOAc 8:2); 1H NMR (CDCl3, 400 MHz): H 7.31 (d, J = 8.4 

Hz, 2H), 7.26-7.24 (m, 1H (overlapped with chloroform)), 7.19 (ddd, J = 8.8, 7.3, 1.7 Hz, 1H), 7.11 (d, J = 8.4 

Hz, 2H), 6.83 (td, J = 7.3, 1.1 Hz, 1H), 6.77 (broad s, 1H), 6.73 (d, J = 8.8 Hz, 1H), 4.90 (dd, J = 11.3, 1.9 Hz, 

1H), 4.78 (dd, J = 11.3, 1.1 Hz, 1H), 3.96 (d, J = 13.5 Hz, 1H), 3.15 (d, J = 13.5 Hz, 1H), 2.55 (s, 3H), 2.32 (s, 

3H). 13C{H} NMR (CDCl3, 101 MHz): C 175.8, 149.2, 137.9, 134.7, 133.8, 133.7, 129.3, 129.2, 129.0, 127.4, 

121.2, 118.2, 115.1, 71.1, 59.0, 58.0, 42.4, 21.2. IR (ATR) 𝜈 (cm-1): 3018, 2876, 1758, 1494, 745. HRMS (ESI) 

m/z: calcd. for C20H19NO2Na [M+Na]+ 328.1308; Found 328.1313.  

  

Starting from diazo compound 10c (35.1 mg, 0.10 mmol), compound 12c was obtained as a yellow oil (13.5 

mg, 42 % yield), alongside 11c (8.9 mg, 28% yield). 
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MW (C20H19NO3): 321.38 g/mol; Rf: 0.38 (Hexanes/EtOAc 8:2); 1H NMR (400 MHz, CDCl3)  (ppm): 7.37 – 

7.31 (m, 2H), 7.28 – 7.24 (m, 1H (overlapped with chloroform)), 7.20 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 6.86 – 

6.80 (m, 3H), 6.76 (broad s, 1H), 6.74 (d, J = 8.6 Hz, 1H), 4.90 (dd, J = 11.3, 1.9 Hz, 1H), 4.78 (d, J = 11.3 Hz, 

1H), 3.92 (d, J = 13.5 Hz, 1H), 3.78 (s, 3H), 3.14 (d, J = 13.5 Hz, 1H), 2.56 (s, 3H). 13C{H} NMR (CDCl3, 101 

MHz): C 175.9, 159.5, 149.2, 134.7, 133.9, 129.1, 129.0, 128.8, 128.7, 121.2, 118.2, 115.2, 113.9, 71.1, 59.0, 

57.6, 55.4, 42.4. IR (ATR) 𝜈 (cm-1): 3060, 2849, 1756, 1494, 746. HRMS (ESI) m/z: calcd. for C20H19NO3Na 

[M+Na]+ 344.1257; Found 344.1260. 

 

Starting from diazo compound 10d (23.8 mg, 0.060 mmol), compound 12d was obtained as a colorless solid 

(9.3 mg, 42 % yield), alongside 11d (7.4 mg, 33% yield). 

MW (C25H21NO2): 367.45 g/mol; Rf: 0.53 (Hexanes/EtOAc 8:2); MP (ºC): 99; 1H NMR (CDCl3, 400 MHz): H 

7.60 – 7.48 (m, 6H), 7.47 – 7.40 (m, 2H), 7.38 – 7.32 (m, 1H), 7.29 (dd, J = 7.6, 1.7 Hz, 1H), 7.21 (ddd, J = 

8.4, 7.6, 1.7 Hz, 1H), 6.85 (td, J = 7.6, 1.1 Hz, 1H), 6.82 (broad s, 1H), 6.75 (d, J = 8.4 Hz, 1H), 4.95 (dd, J = 

11.4, 1.9 Hz, 1H), 4.83 (d, J = 11.4 Hz, 1H), 4.03 (d, J = 13.6 Hz, 1H), 3.20 (d, J = 13.6 Hz, 1H), 2.59 (s, 3H). 

13C{H} NMR (CDCl3, 101 MHz): C 175.7, 149.1, 140.9, 140.4, 135.8, 134.8, 133.5, 129.5, 129.1, 129.0, 128.0, 

127.7, 127.2, 127.1, 121.2, 118.3, 115.2, 71.2, 59.0, 58.1, 42.5. IR (ATR) 𝜈 (cm-1):  3027, 2875, 1721, 1493, 

746. HRMS (ESI) m/z: calcd. for C25H21NO2Na [M+Na]+ 390.1465; Found 390.1477. 

 

Starting from diazo compound 10e (38.0 mg, 0.11 mmol), compound 12e was obtained as a colorless solid 

(10.5 mg, 31 % yield), alongside 11e (11.5 mg, 34 % yield). 

MW (C19H16FNO2): 309.34 g/mol; Rf: 0.58 (Hexanes/EtOAc 8:2); MP (ºC): 126; 1H NMR (CDCl3, 400 MHz ): 

H 7.46 – 7.37 (m, 2H), 7.29 – 7.25 (m, 1H, (overlapped with chloroform)), 7.21 (ddd, J = 8.4, 7.3, 1.7 Hz, 1H), 

7.05 – 6.95 (m, 2H), 6.85 (td, J = 7.3, 1.2 Hz, 1H), 6.79 (broad s, 1H), 6.74 (d, J = 8.4 Hz, 1H), 4.89 (dd, J = 

11.4, 1.9 Hz, 1H), 4.81 (d, J = 11.4 Hz, 1H), 3.93 (d, J = 13.6 Hz, 1H), 3.16 (d, J = 13.6 Hz, 1H), 2.55 (s, 3H). 

13C{H} NMR (CDCl3, 101 MHz): C 175.6, 162.7 (d, 1JC-F = 248.4 Hz), 149.0, 134.9, 133.3, 132.5 (d, 4JC-F = 3.2 

Hz), 129.6, 129.3, 129.2 (d, 3JC-F = 6.2 Hz), 121.0, 118.5, 115.6, 115.3 (d, 2JC-F = 23.4 Hz), 71.1, 59.0, 57.8, 

42.4. 19F NMR (CDCl3, 376 MHz): F -115.16. (s, 1F). IR (ATR) 𝜈 (cm-1): 3014, 2851, 1749, 1491, 759. HRMS 

(ESI) m/z: calcd. for C19H16FNO2Na [M+Na]+ 332.1057; Found 332.1069. 
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The reaction was run at 55ºC for 24h instead of 35ºC for 5h. Starting from diazo compound 10f (23.2 mg, 0.058 

mmol), compound 12f was obtained as a colorless solid (5.0 mg, 24 % yield), alongside 11f (8.1 mg, 38 % 

yield). 

MW (C19H16BrNO2): 370.25 g/mol; Rf: 0.61 (Hexanes/EtOAc 8:2); MP (ºC): 77; 1H NMR (CDCl3, 400 MHz ): 

H 7.48 – 7.40 (m, 2H), 7.35 – 7.29 (m, 2H), 7.28 – 7.25 (m, 1H , (overlapped with chloroform)), 7.21 (ddd, J = 

8.5, 7.3, 1.7 Hz, 1H), 6.85 (td, J = 7.3, 1.2 Hz, 1H), 6.80 (s, 1H), 6.75 (d, J = 8.5 Hz, 1H), 4.88 (dd, J = 11.4, 

1.9 Hz, 1H), 4.80 (d, J = 11.4 Hz, 1H), 3.94 (d, J = 13.6 Hz, 1H), 3.16 (d, J = 13.6 Hz, 1H), 2.57 (s, 3H). 13C{H} 

NMR (CDCl3, 101 MHz): C 175.3, 149.0, 135.9, 134.9, 132.8, 131.8, 129.9, 129.3, 129.3, 122.5, 121.0, 118.5, 

115.2, 71.1, 59.0, 58.0, 42.6. IR (ATR) 𝜈 (cm-1): 3066, 2880, 1764, 1481, 1003, 753. HRMS (ESI) m/z: calcd. 

for C19H16BrNO2Na [M+Na]+ 392.0257-394.0237; Found 392.0244-394.0233. 

 

Starting from diazo compound 10g (19.2 mg, 0.058 mmol), compound 12g was obtained as a colorless solid 

(10.6, 60% yield)), alongside 11g (1.2 mg, 7 % yield). 

MW (C20H19NO2): 305.38 g/mol; Rf: 0.55 (Hexanes/EtOAc 8:2); MP (ºC): 110; 1H NMR (CDCl3,400 MHz): H 

7.46 – 7.41 (m, 2H), 7.34 – 7.27 (m, 3H), 7.16 (d, J = 7.8 Hz, 1H), 6.77 (s, 1H), 6.66 (dd, J = 7.8, 1.6 Hz, 1H), 

6.53 (s, 1H), 4.89 (dd, J = 11.2, 1.9 Hz, 1H), 4.78 (d, J = 11.2 Hz, 1H), 3.96 (d, J = 13.5 Hz, 1H), 3.17 (d, J = 

13.5 Hz, 1H), 2.51 (s, 3H), 2.32 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 175.8, 149.0, 139.2, 136.8, 134.8, 

132.3, 129.2,128.1, 127.6, 119.4, 118.7, 115.7, 71.2, 59.1, 58.3, 42.3, 21.7. IR (ATR) 𝜈 (cm-1):  3024, 2848, 

1757, 1341, 770. HRMS (ESI) m/z: calcd. for C20H19NO2Na [M+Na]+ 328.1308; Found 328.1312. 

 

Starting from diazo compound 10h (21.0 mg, 0.59 mmol), compound 12h was obtained as a colorless solid 

(13.4 mg, 69 % yield), alongside 11h (2.3 mg, 12 % yield). 

MW (C19H16ClNO2): 325.79 g/mol; Rf: 0.55 (Hexanes/EtOAc 8:2); MP (ºC): 154; 1H NMR (CDCl3, 400 MHz): 

H 7.44 – 7.36 (m, 2H), 7.35 – 7.28 (m, 3H), 7.17 (d, J = 8.3 Hz, 1H), 6.80 (dd, J = 8.3, 2.1 Hz, 1H), 6.75 (broad 
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s, 1H), 6.68 (d, J = 2.1 Hz, 1H), 4.89 (dd, J = 11.4, 1.9 Hz, 1H), 4.79 (d, J = 11.4 Hz, 1H), 3.98 (d, J = 13.6 Hz, 

1H), 3.17 (d, J = 13.6 Hz, 1H), 2.51 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 175.4, 149.8, 136.3, 134.9, 

133.9, 128.8, 128.4, 128.3, 127.4, 119.7, 118.4, 115.1, 71.0, 59.1, 58.2, 42.5. IR (ATR) 𝜈 (cm-1): 3030, 2849, 

1760, 1491, 702. HRMS (ESI) m/z: calcd. for C19H16ClNO2Na [M+Na]+ 348.0762; Found 348.0769. 

 

Starting from diazo compound 10i (19.5 mg, 0.059 mmol), compound 12i was obtained as a colorless solid 

(11.8 mg, 66 % yield), alongside 11i (1.7 mg, 10 % yield). 

MW (C20H19NO2): 305.38 g/mol; Rf: 0.60 (Hexanes/EtOAc 8:2); MP (ºC): 158; 1H NMR (CDCl3, 400 MHz): H 

7.47 – 7.40 (m, 2H), 7.34 – 7.27 (m, 3H), 7.07 (d, J = 2.2 Hz, 1H), 7.02 (dd, J = 8.5, 2.2 Hz, 1H), 6.75 (broad 

s, 1H), 6.65 (d, J = 8.5 Hz, 1H), 4.90 (dd, J = 11.4, 1.9 Hz, 1H), 4.78 (d, J = 11.4 Hz, 1H), 3.95 (d, J = 13.5 Hz, 

1H), 3.14 (d, J = 13.5 Hz, 1H), 2.50 (s, 3H), 2.30 (s, 3H). 13C{H} NMR (CDCl3,101 MHz): C 175.7, 147.0, 

136.8, 135.0, 133.5, 129.9, 129.4, 128.6, 128.1, 127.5, 127.3, 121.0, 115.2, 71.2, 59.0, 58.4, 42.3, 20.2. IR 

(ATR) 𝜈 (cm-1): 3002, 2945, 1738, 1365, 1214. HRMS (ESI) m/z: calcd. for C20H19NO2Na [M+Na]+ 328.1308; 

Found 328.1315. 

 

Starting from diazo compound 10j (20.3 mg, 0.057 mmol) compound 12j was obtained as a colorless solid 

(10.9 mg, 60 % yield), alongside 11j (2.0 mg, 11 % yield). 

MW (C19H16ClNO2): 325.79 g/mol; Rf: 0.54 (Hexanes/EtOAc 8:2); MP (ºC): 1931H NMR (CDCl3, 400 MHz): H 

7.44 – 7.35 (m, 2H), 7.35 – 7.28 (m, 3H), 7.23 (d, J = 2.5 Hz, 1H), 7.13 (dd, J = 8.9, 2.5 Hz, 1H), 6.70 (broad 

s, 1H), 6.64 (d, J = 8.9 Hz, 1H), 4.91 (dd, J = 11.5, 1.9 Hz, 1H), 4.80 (d, J = 11.5 Hz, 1H), 3.99 (d, J = 13.6 Hz, 

1H), 3.13 (d, J = 13.6 Hz, 1H), 2.50 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 175.3, 147.6, 136.3, 135.2, 

133.6, 128.7, 128.7, 128.3, 128.2, 127.4, 122.8, 122.3, 116.5, 70.9, 59.0, 58.3, 42.6. IR (ATR) 𝜈 (cm-1): 3031, 

2851, 1742, 1491, 695. HRMS (ESI) m/z: calcd. for C19H16ClNO2Na [M+Na]+ 348.0762; Found 348.0765. 
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Starting from diazo compound 10a-d6 (19.2 mg, 0.059 mmol) compound 12a-d6 was obtained as a colorless 

solid (10.6 mg, 60 % yield), alongside 11a-d6 (1.5 mg, 9 % yield). 

MW (C19H11D6NO2): 297.39 g/mol; Rf: 0.48 (Hexanes/EtOAc 8:2); MP (ºC): 162; 1H NMR (CDCl3, 400 MHz): 

H 7.47 – 7.38 (m, 2H), 7.35 – 7.27 (m, 3H), 7.26 (m, 1H (overlapped with chloroform)), 7.20 (ddd, J = 8.6, 7.3, 

1.7 Hz, 1H), 6.83 (td, J = 7.3, 1.2 Hz, 1H), 6.72 (dd, J = 8.4, 1.2 Hz, 1H), 4.91 (d, J = 11.3 Hz, 1H), 4.80 (d, J 

= 11.3 Hz, 1H).13C{H} NMR (CDCl3, 101 MHz): C 175.7, 149.1, 136.7, 134.7, 133.3, 129.0, 128.6, 128.1, 

127.5, 121.0, 118.2, 115.1, 71.1, 58.2 (carbons bonded to deuterium are not observed in the spectrum with 

the standard acquisition parameters). IR (ATR) 𝜈 (cm-1): 2919, 1752, 1484, 697. HRMS (ESI) m/z: calcd. for 

C19H12D6NO2 [M+H]+ 298.1709; Found 298.1719. 
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Supplementary material for Chapter 5 

Experimental procedure for the synthesis of propargyl alcohol S8a 

 

Scheme 8.13. Experimental procedure for the synthesis of propargyl alcohol S8a. 

To a 50 mL round-bottom flask containing a mixture of 1-iodo-2-isopropoxybenzene240 (0.98 g, 3.74 mmol), 

CuI (28.5 mg, 0.15 mmol), and Pd(PPh3)2Cl2 (65.6 mg, 0.09 mmol) in triethylamine (25 mL), propargyl alcohol 

(0.26 mL, 4.47 mmol) was added dropwise under a nitrogen atmosphere. After the addition, the solution was 

stirred at room temperature overnight. Upon completion of the reaction (TLC monitoring), the crude was filtered 

through a Celite pad, rinsed with EtOAc and concentrated under reduced pressure. The crude product was 

purified by column chromatography on silica gel (Hexanes:EtOAc = 7.5:2.5) to afford S8a as a yellow oil (0.42 

g, 59 % yield). 

MW (C12H14O2): 190.24 g/mol; Rf: 0.35 (Hexanes/EtOAc 6:4); IR (ATR) 𝜈 (cm-1): 3326, 2917, 1485, 1257, 

749; 1H NMR (CDCl3, 400 MHz): H 7.39 (dd, 1H, J = 7.7, 1.8 Hz), 7.25 (ddd, 1H, J = 8.4, 7.7, 1.8 Hz), 6.92 – 

6.85 (m, 2H), 4.62 – 4.55 (m, 1H), 4.53 (d, 2H, J = 6.0 Hz), 1.75 (t, 1H, J = 6.0 Hz), 1.37 (d, 6H, J = 6.1 Hz). 

13C{H} NMR (CDCl3, 101 MHz):C 159.0, 134.0, 129.9, 120.8, 115.0, 113.7, 91.1, 82.6, 72.0, 52.1, 22.3. HRMS 

(ESI) m/z: [M+Na]+ calcd. for C12H14O2Na 213.0886; Found 213.0886. 

Experimental procedure for the synthesis of propargyl esters S9a-S9d. 

  

Scheme 8.14. General procedure for the preparation of propargyl esters S9a-S9d. 

To a 25 mL round-bottom flask containing a mixture of 3-(2-methoxy-phenyl)-prop-2-yn-1-ol241 (0.42 g, 2.59 

mmol), phenylacetic acid (0.39 g, 2.86 mmol), and 4-dimethylaminopyridine (DMAP) (31.8 mg, 0.26 mmol) in 

dichloromethane (13 mL), N,N’-dicyclohexylcarbodiimide (DCC) (0.65 g, 3.15 mmol) was added in batches at 

0 ºC. After the addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. 

Upon completion of the reaction (TLC monitoring), the crude was filtrated through a Celite pad, rinsed with 
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EtOAc and concentrated under reduced pressure. The crude product was then purified by column 

chromatography on silica gel (Hexanes/EtOAc = 9:1) to afford ester S9a as a yellow oil (0.69 g, 95 % yield). 

MW (C18H16O3): 280.32 g/mol; Rf: 0.68 (Hexanes/EtOAc 7:3); IR (ATR) 𝜈 (cm-1): 2932, 1735, 1491, 1262, 

1136, 752. 1H NMR (CDCl3, 400 MHz): H 7.42 (dd, 1H, J = 7.6, 1.7 Hz), 7.37 – 7.26 (m, 6H), 6.95 – 6.84 (m, 

2H), 4.99 (s, 2H), 3.88 (s, 3H), 3.71 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz: C 171.1, 160.4, 134.2, 133.8, 

130.4, 129.5, 128.7, 127.3, 120.6, 111.4, 110.8, 86.9, 83.2, 55.9, 53.7, 41.2. HRMS (ESI) m/z: [M+Na]+ calcd. 

for C18H16O3Na 303.0992; Found 303.0987. 

 

Ester S9b was obtained from S8a (0.21 g, 1.10 mmol) as yellow oil (0.29 g, 85%) following the same procedure 

as for S9a. 

MW (C20H20O3): 308.38 g/mol; Rf: 0.33 (Hexanes/EtOAc 7:3); IR (ATR) 𝜈 (cm-1): 2974, 1736, 1486, 1261, 

1121, 751. 1H NMR (CDCl3, 400 MHz): H 7.40 (dd, 1H, J = 7.8, 1.8 Hz), 7.38 – 7.23 (m, 6H), 6.93 – 6.85 (m, 

2H), 4.97 (s, 2H), 4.55 (hept, 1H, J = 6.1 Hz), 3.70 (s, 2H), 1.36 (d, 6H, J = 6.1 Hz). 13C{H} NMR (CDCl3, 101 

MHz): C 171.0, 159.2, 134.1, 133.8, 130.1, 129.5, 128.7, 127.3, 120.8, 115.2, 113.4, 86.5, 83.6, 72.1, 53.7, 

41.2, 22.3. HRMS (ESI) m/z: [M+Na]+ calcd. for C20H20O3Na 331.1305; Found 331.1310. 

 

Ester S9c was obtained from 3-(2-Isopropylphenyl)prop-2-yn-1-ol242 (0.41 g, 2.35 mmol) as yellow oil (0.68 

g, 99 %) following the same procedure as for S9a. 

MW (C20H20O2): 292.38 g/mol; Rf: 0.63 (Hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 2958, 1737, 1235, 1133, 

756. 1H NMR (CDCl3, 400 MHz): H 7.42 (dd, 1H, J = 7.6, 1.4 Hz), 7.38 – 7.27 (m, 7H), 7.13 (td, 1H, J = 7.3, 

1.7 Hz), 4.97 (s, 2H), 3.71 (s, 2H), 3.40 (hept, 1H, J = 6.8 Hz), 1.24 (d, 6H, J = 6.8 Hz). 13C{H} NMR (CDCl3, 

101 MHz): C 171.0, 151.0, 133.7, 132.8, 129.4, 129.2, 128.7, 127.3, 127.1, 125.6, 125.1, 121.0, 86.5, 85.5, 

53.5, 41.2, 31.6, 23.2. HRMS (ESI) m/z: [M+Na]+ calcd. C20H20O2Na 315.1356; Found 315.1362. 
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Ester S9d was obtained from 3-Phenylprop-2-yn-1-ol (0.50 g, 3.78 mmol) as yellow oil (0.95 g, 95 %) 

following the same procedure as for S9a. 

MW (C18H16O2): 264.32 g/mol; Rf: 0.69 (Hexanes/EtOAc 9:1); 1H NMR (CDCl3, 400 MHz): H 7.49 – 7.40 (m, 

2H), 7.35 – 7.29 (m, 3H), 7.25 – 7.18 (m, 1H), 7.16 – 7.05 (m, 3H), 4.94 (s, 2H), 3.67 (s, 2H), 2.35 (s, 3H). 

13C{H} NMR (CDCl3, 101 MHz): C 171.2, 138.4, 133.6, 132.0, 130.2, 128.9, 128.7, 128.4, 128.1, 126.4, 122.3, 

86.7, 83.0, 53.3, 41.1, 21.5. HRMS (ESI) m/z: [M+Na]+ calcd. C18H16O2Na 287.1047; Found 287.1035. 

Experimental procedure for the synthesis of diazo compounds 

Diazo compounds 13a,13d,13f-i,13k-l233 and 13j243 were prepared in accordance with the experimental 

procedure previously described in the literature.  

 

Figure 8.1. Previously reported diazo compounds 13a, 13d, 13f-13l. 
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Experimental procedure for the synthesis of diazo compounds 13b, 13c, 13e and 13m 

 

Scheme 8.15. General procedure for the preparation of diazo compounds 13b, 13c, 13e and 13m. 

To a 50 mL oven-dried flask containing a mixture of S9a (0.40 g, 1.43 mmol) and p-acetamidobenzenesulfonyl 

azide (p-ABSA) (0.44 g, 1.83 mmol) in anhydrous CH3CN (9.3 mL), a solution of 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU) (0.32 mL, 2.14 mmol) in anhydrous CH3CN  (1.9 mL) was added dropwise  at  0 ºC. After the 

addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. Upon completion 

of the reaction (TLC monitoring), the crude was diluted with dichloromethane, and washed with saturated 

aqueous NH4Cl, saturated aqueous NaHCO3 and brine. The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel (Hexanes: Et3N= 99:1) to afford diazo compound 13b as a yellow solid (0.29 g, 

66% yield). 

MW (C18H14N2O3): 306.32 g/mol; Rf: 0.7 (Hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 2935, 2092, 1698, 1235, 

1139, 752. 1H NMR (CDCl3, 400 MHz): H 7.54 – 7.47 (m, 2H), 7.44 (dd, 1H, J = 7.6, 1.7 Hz), 7.44 – 7.35 (m, 

2H), 7.32 (ddd, 1H, J = 8.3, 7.5, 1.7 Hz), 7.24 – 7.15 (m, 1H), 6.92 (dd, 1H, J = 7.6, 1.0 Hz), 6.88 (d, 1H, J = 

9.2 Hz), 5.17 (s, 2H), 3.89 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 164.6, 160.4, 134.2, 130.5, 129.1, 126.1, 

125.4, 124.2, 120.6, 111.4, 110.8, 87.0, 83.3, 55.9, 53.5. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H14N2O3Na 

329.0897; Found 329.0895. 

 

Diazo compound 13c was obtained from S9b (0.29 g, 0.94 mmol) as an orange oil (0.25 g, 80%) following the 

same procedure as for 13b. 

MW (C20H18N2O3): 334.38 g/mol; Rf: 0.73 (Hexanes/EtOAc 8:2); IR (ATR) 𝜈 (cm-1): 2974, 2082, 1699, 1486, 

1238, 1141, 750. 1H NMR (CDCl3, 400 MHz): H 7.54 – 7.48 (m, 2H), 7.44 – 7.36 (m, 3H), 7.30 – 7.23 (m, 1H 

(overlapped with chloroform)), 7.23 – 7.16 (m, 1H), 6.93 – 6.86 (m, 2H), 5.15 (s, 2H), 4.56 (hept, 1H, J = 6.1 

Hz), 1.37 (d, J = 6.1 Hz, 6H). 13C{H} NMR (CDCl3, 101 MHz): C 164.5, 159.3, 134.0, 130.1, 129.1, 126.0, 
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125.4, 124.1, 120.8, 115.2, 113.4, 86.6, 83.8, 72.1, 53.6, 22.2. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C20H18N2O3Na 357.1210; Found 357.1220. 

 

Diazo compound 13e was obtained from S9c (0.18 g, 0.62 mmol) as an orange solid (0.17 g, 86%) following 

the same procedure as for 13b. 

MW (C20H18N2O2): 318.38 g/mol; Rf: 0.8 (Hexanes/EtOAc 9:1); IR (ATR) 𝜈 (cm-1): 2960, 2094, 1703, 1237, 

1138, 749. 1H NMR (CDCl3, 400 MHz): H 7.52 – 7.47 (m, 2H), 7.45 – 7.38 (m, 3H), 7.33 – 7.28 (m, 2H), 7.20 

(ddt, 1H, J = 7.7, 7.0, 1.2 Hz), 7.14 (ddd, 1H, J = 7.7, 7.0, 1.7 Hz ), 5.14 (s, 2H), 3.44 (hept, 1H, J = 6.9 Hz), 

1.26 (d, 6H, J = 6.9 Hz). 13C{H} NMR (CDCl3, 101 MHz): C 164.6, 151.1, 132.8, 129.3, 129.1, 126.1, 125.6, 

125.4, 125.1, 124.2, 121.0, 86.6, 85.8, 53.5, 31.7, 23.2. HRMS (ESI) m/z: [M+H]+ calcd. for C20H18N2O2Na 

341.1260; Found 341.1267.  

 

Diazo compound 13m was obtained from S9d (0.55 g, 2.08 mmol) as an orange oil (0.40 g, 66%) following 

the same procedure as for 13b. 

MW (C18H14N2O2): 290.32 g/mol; Rf: 0.75 (Hexanes/EtOAc 9:1); 1H NMR (CDCl3, 400 MHz): H 7.50 – 7.45 

(m, 2H), 7.37 – 7.27 (m, 6H), 7.06 – 6.98 (m, 1H), 5.10 (s, 2H), 2.37 (s, 3H).13C{H} NMR (CDCl3, 101 MHz): 

C 164.7, 138.9, 132.1, 129.0, 128.9, 128.5, 127.0, 125.1, 124.8, 122.3, 121.4, 86.8, 83.1, 53.2, 21.7. HRMS 

(ESI) m/z: [M+Na+ calcd. for C18H14N2O2Na 313.0947; Found 313.0947.  
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General procedure for the silver catalyzed carbene/alkyne metathesis tandem 

reaction terminated in Csp2-H insertion. 

 

Scheme 8.16. General procedure for the silver catalyzed carbene/alkyne metathesis tandem reaction terminated in Csp2-

H insertion. 

To an oven-dried Schlenk flask containing diazo compound 13a (19.3 mg, 0.070 mmol) and 4Å MS (100 mg) 

in anhydrous dichloromethane (14.4 mL), a solution of Tp(CF3)2BrAg(THF) (3.6 mg, 0.0035 mmol) in 

dichloromethane (0.6 mL) was added dropwise under a nitrogen atmosphere. The mixture was stirred in the 

dark at room temperature for 30 minutes. The solvent was then removed under reduced pressure and the 

crude reaction mixture was purified by column chromatography on silica gel using hexane/EtOAc mixtures as 

the eluent (94:6 to 86:14). Concentration under reduced pressure afforded compound 14a (17.1 mg, 99% 

yield) as a colorless solid.  

MW (C17H12O2): 248.28 g/mol; Rf: 0.48 (Hexanes/EtOAc 8:2). MP (ºC): 160. IR (ATR) 𝜈 (cm-1): 3028, 

2927,1740, 1012, 748, 695. 1H NMR (CDCl3, 400 MHz): H 7.75 (d, 1H, J = 7.5 Hz), 7.38 (td, 1H, J = 7.2, 1.9 

Hz), 7.34 – 7.27 (m, 5H), 7.08 (dd, 2H, J = 7.7, 1.8 Hz), 5.13 (dd, 1H, J = 18.2, 1.1 Hz, H1/1’) 4.96 (d, 1H, J = 

18.2 Hz, H1/1’), 4.91 (s, 1H, H2). 13C{H} NMR (CDCl3, 101 MHz): C 175.8(C3), 167.7, 151.7, 137.0, 136.2, 

134.1, 129.5, 128.1, 128.0, 127.8, 127.3, 125.2, 121.3, 69.2 (C1), 53.1(C2). HRMS (ESI) m/z: [M+Na]+ calcd. 

for C17H12O2Na 271.0730; Found 271.0722. 

 

Starting from diazo compound 13b (30.8 mg, 0.10 mmol), compound 14b was obtained as a colorless solid 

(23.0 mg, 82% yield). 

MW (C18H14O3): 278.31 g/mol; Rf: 0.60 (Hexanes/EtOAc 8:2). MP (ºC): 131. IR (ATR) 𝜈 (cm-1): 3009, 

2936,1759, 1486, 1241, 1001, 758. 1H NMR (CDCl3, 400 MHz): H 7.76 (d, 1H, J = 7.4 Hz), 7.45 – 7.36 (m, 

2H), 7.36 – 7.27 (m, 2H), 6.98 (d, 1H, J = 8.2 Hz), 6.89 – 6.78 (m, 2H), 5.34 (s, 1H), 5.16 (dd, 1H, J = 18.3, 

1.2 Hz), 4.89 (d, 1H, J = 18.3 Hz), 3.94 (s, 3H).13C{H} NMR (CDCl3, 101 MHz): C 176.5, 168.0, 157.5, 149.8, 

135.8, 135.0, 129.1, 127.8, 127.7, 126.8, 125.7, 124.3, 121.4, 121.3, 110.7, 69.9, 55.7, 47.4.HRMS (ESI) m/z: 

[M+Na]+ calcd. for C18H14O3Na 301.0835; Found 301.0831. 
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Starting from diazo compound 13c (23.2 mg, 0.069 mmol), compound 14c was obtained as a colorless solid 

(21.0 mg, 99% yield). 

MW (C20H18O3): 306.36 g/mol; Rf: 0.48 (Hexanes/EtOAc 8:2). MP (ºC): 165. IR (ATR) 𝜈 (cm-1): 2983, 1757, 

1449, 1240, 1110, 753. 1H NMR (DMSOd6, 400 MHz, 65ºC): H 7.58 (d, 1H, J = 7.3 Hz), 7.38 (td, 1H, J = 7.3, 

1.5 Hz), 7.35 – 7.22 (m, 3H), 7.04 (d, 2H, J = 8.2 Hz), 6.85 (td, 1H, J = 7.4, 1.1 Hz), 5.30 (s, 1H), 5.28 (d, 2H, 

J = 17.5 Hz), 4.98 (d, 1H, J = 17.5 Hz), 4.63 (hept, 1H, J = 6.0 Hz), 1.24 (d, 3H, J = 6.0 Hz), 1.05 (d, 3H, J = 

6.0 Hz).13C{H} NMR (DMSOd6, 101 MHz, 65ºC): C 177.9, 166.9, 155.0, 150.7, 134.0, 133.9, 128.5, 126.9, 

126.1, 124.7, 124.6, 120.1, 119.5, 112.9, 69.5, 69.2, 21.4, 21.0. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C20H18O3Na 329.1148; Found 329.1152. 

 

Starting from diazo compound 13d (27.1 mg, 0.071 mmol), compound 14d was obtained as a colorless solid 

(24.4 mg, 97% yield). 

MW (C24H18O3): 354.41 g/mol; Rf: 0.40 (Hexanes/EtOAc 8:2). MP (ºC): 139. IR (ATR) 𝜈 (cm-1): 3033, 2915, 

1756, 1449, 1241, 1008, 750. 1H NMR (CDCl3, 400 MHz): H 7.73 (dd, 1H, J = 7.5, 1.3 Hz), 7.45 – 7.35 (m, 

7H), 7.34 – 7.27 (m, 2H), 7.07 (d, 1H, J = 8.2 Hz), 6.91 – 6.86 (m, 2H), 5.35 (s, 1H), 5.16 (d, 1H, J = 11.2 Hz), 

5.12 (d, 1H, J = 11.2 Hz), 4.96 (dd, 1H, J = 18.4, 1.1 Hz), 4.85 (d, 1H, J = 18.4 Hz).13C{H} NMR (CDCl3, 101 

MHz): C 176.3, 167.8, 156.7, 149.8, 136.3, 135.8, 135.0, 129.2, 129.0, 128.6, 127.8, 126.8, 125.6, 124.6, 

121.6, 121.3, 111.9, 70.6, 69.9, 47.8. HRMS (ESI) m/z: [M+Na]+ calcd. for C24H18O3Na 377.1148; Found 

377.1143. 
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Starting from diazo compound 13e (23.5 mg, 0.074 mmol), compound 14e was obtained as a colorless solid 

(17.3 mg, 81% yield). 

MW (C20H18O2): 290.36 g/mol; Rf: 0.53 (Hexanes/EtOAc 8:2). MP (ºC): 145. IR (ATR) 𝜈 (cm-1): 2960, 1753, 

1361, 1215, 764. 1H NMR (CDCl3, 400 MHz): H 7.77 (d, 1H, J = 7.6 Hz), 7.42 – 7.36 (m, 2H), 7.28 – 7.23 (m, 

3H, (overlapped with chloroform)), 7.00 (td, 1H, J = 7.6, 1.4 Hz), 6.47 (dd, 1H, J = 7.8, 1.4 Hz), 5.31 (s, 1H), 

5.10 (d, 1H, J = 18.1 Hz), 4.92 (d, 1H, J = 18.1 Hz), 3.50 (hept, 1H, J = 6.8 Hz), 1.48 (d, 3H, J = 6.8 Hz), 1.37 

(d, 3H, J = 6.8 Hz). Some small signals appear and some multiplets are wider due to restricted rotation 

alongside de Csp3-Csp2 axis. 13C{H} NMR (CDCl3, 101 MHz): C 176.7, 167.7, 152.4, 146.8, 136.9, 134.4, 133.0, 

128.3, 127.8, 127.2, 127.0, 126.8, 126.2, 125.1, 121.4, 69.1, 48.5, 29.8, 24.4, 24.2. HRMS (ESI) m/z: [M+Na]+ 

calcd. for C20H18O2Na 313.1199; Found 313.1202. 

 

Starting from diazo compound 13f (30.0 mg, 0.10 mmol), compound 14f was obtained as a colorless solid 

(22.0 mg, 81% yield). 

MW (C17H11FO2): 266.27 g/mol; Rf: 0.48 (Hexanes/EtOAc 8:2). MP (ºC): 161. IR (ATR) 𝜈 (cm-1): 3036, 

2903,1741, 1501, 1217, 1010, 776. 1H NMR (CDCl3, 400 MHz): H   7.75 (d, 1H, J = 7.5 Hz), 7.39 (tt, 1H, J = 

7.5, 4.9 Hz), 7.31 – 7.27 (m, 2H), 7.10 – 6.97 (m, 4H), 5.13 (dd, 1H, J = 18.3, 1.1 Hz), 4.94 (d, 1H, J = 18.3 

Hz), 4.88 (s, 1H).13C{H} NMR (CDCl3, 101 MHz): C  175.5, 167.5, 162.5 (d, J = 247.2 Hz), 151.6, 137.1, 134.0, 

131.9 (d, J = 3.4 Hz), 129.5 (d, J = 8.2 Hz), 128.1, 127.4, 125.2, 121.3, 116.5 (d, J = 21.7 Hz), 69.1, 52.3. 19F 

NMR (CDCl3, 376 MHz): F -114.96. (s, 1F). HRMS (ESI) m/z: [M+Na]+ calcd. for C17H11FO2Na 289.0635; 

Found 289.0634. 

 

Starting from diazo compound 13g (22.2 mg, 0.076 mmol), compound 14g was obtained as a colorless solid 

(20.0 mg, 99% yield). 

MW (C18H14O2): 262.31 g/mol; Rf: 0.45 (Hexanes/EtOAc 8:2). MP (ºC): 175. IR (ATR) 𝜈 (cm-1): 3014, 

2922,1744, 1005, 774, 723. 1H NMR (CDCl3, 400 MHz): H 7.74 (d, 1H, J = 7.6 Hz), 7.37 (td, 1H, J = 7.2, 1.9 
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Hz), 7.31 – 7.26 (m, 2H), 7.13 (d, 2H, J = 7.8 Hz), 6.96 (d, 2H, J = 8.1 Hz), 5.12 (dd, 1H, J = 18.3, 1.1 Hz), 

4.95 (d, 1H, J = 18.3 Hz), 4.87 (s, 1H), 2.33 (s, 3H).13C{H} NMR (CDCl3, 101 MHz): C 176.1, 167.7, 151.9, 

137.9, 136.8, 134.1, 133.1, 130.2, 127.9, 127.7, 127.2, 125.2, 121.2, 69.2, 52.8, 21.2. HRMS (ESI) m/z: 

[M+Na]+ calcd. for C18H14O2Na  284.0803; Found 284.0808. 

 

Starting from diazo compound 13h (20.1 mg, 0.066 mmol), compound 14h was obtained as a colorless solid 

(16.0 mg, 88% yield). 

MW (C18H14O3): 278.31 g/mol; Rf: 0.23 (Hexanes/EtOAc 8:2). MP (ºC): 178. IR (ATR) 𝜈 (cm-1): 3009, 

2918,1742, 1506, 1252, 1006, 774. 1H NMR (CDCl3, 400 MHz): H 7.74 (d, 1H, J = 7.5 Hz), 7.37 (ddd, 1H, J = 

7.5, 6.1, 2.1 Hz), 7.30 – 7.26 (m, 2H), 7.02 – 6.95 (m, 2H), 6.89 – 6.81 (m, 2H), 5.12 (dd, 1H, J = 18.3, 1.1 Hz), 

4.95 (d, 1H, J = 18.3 Hz), 4.86 (s, 1H), 3.79 (s, 3H).13C{H} NMR (CDCl3, 101 MHz): C 176.2, 167.7, 159.4, 

152.0, 136.7, 134.0, 128.9, 127.9, 127.8, 127.2, 125.2, 121.2, 114.9, 69.2, 55.5, 52.4. HRMS (ESI) m/z: 

[M+Na]+ calcd. for C18H14O3Na 301.0835; Found 301.0835. 

 

Starting from diazo compound 13i (21.0 mg, 0.072 mmol), compound 14i was obtained as a colorless solid 

(18.6 mg, 98% yield). 

MW (C18H14O2): 262.31 g/mol; Rf: 0.45 (Hexanes/EtOAc 8:2). MP (ºC): 175. IR (ATR) 𝜈 (cm-1): 3028, 

2914,1742, 1013, 824, 695. 1H NMR (CDCl3, 400 MHz): H 7.62 (d, 1H, J = 7.7 Hz), 7.37 – 7.27 (m, 3H), 7.18 

(d, 1H, J = 8.5 Hz), 7.13 – 7.05 (m, 3H), 5.11 (dd, 1H, J = 18.1, 1.1 Hz), 4.94 (d, 1H, J = 18.1 Hz), 4.85 (s, 1H), 

2.35 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 174.9, 167.8, 152.0, 137.3, 136.9, 136.6, 131.4, 129.5, 128.6, 

128.0, 127.9, 126.0, 120.9, 69.2, 53.0, 21.7. HRMS (ESI) m/z: [M+Na]+ calcd. for C18H14O2Na 285.0886; Found 

285.0892. 
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Starting from diazo compound 13j (21.5 mg, 0.070 mmol), compound 14j was obtained as a colorless solid 

(19.2 mg, 98% yield). 

MW (C18H14O3): 278.31 g/mol; Rf: 0.30 (Hexanes/EtOAc 8:2). MP (ºC): 163. IR (ATR) 𝜈 (cm-1): 2931, 1735, 

1478, 1269, 1013, 769. 1H NMR (CDCl3, 400 MHz): H  7.64 (d, 1H, J = 8.3 Hz), 7.38 – 7.28 (m, 3H), 7.12 – 

7.05 (m, 2H), 6.90 (dd, 1H, J = 8.3, 2.4 Hz), 6.86 (d, 1H, J = 2.4 Hz), 5.09 (dd, 1H, J = 18.2, 1.2 Hz), 4.92 (d, 

1H, J = 18.2 Hz), 4.85 (s, 1H), 3.78 (s, 3H).13C{H} NMR (CDCl3, 101 MHz): C 173.6, 167.8, 159.6, 153.7, 

136.6, 136.5, 129.5, 128.1, 127.9, 126.9, 121.7, 112.8, 112.3, 69.2, 55.7, 53.1. HRMS (ESI) m/z: [M+Na]+ 

calcd. for C18H14O3Na 301.0835; Found 301.0833. 

 

Starting from diazo compound 13k (20.5 mg, 0.070 mmol), compound 14k was obtained as a colorless solid 

(16.4 mg, 88% yield). 

MW (C17H11FO2): 266.27 g/mol; Rf: 0.40 (Hexanes/EtOAc 8:2). MP (ºC): 178. IR (ATR) 𝜈 (cm-1): 2918, 1740, 

1471, 1013, 834, 697. 1H NMR (CDCl3, 400 MHz): H  7.68 (dd, 1H, J = 8.6, 5.1 Hz), 7.40 – 7.28 (m, 3H), 7.13 

– 7.04 (m, 3H), 7.01 (dd, 1H, J = 8.6, 2.3 Hz), 5.12 (d, 1H, J = 18.3 Hz), 4.95 (d, 1H, J = 18.3 Hz), 4.89 (s, 

1H).13C{H} NMR (CDCl3, 101 MHz): C 175.2 (d, J = 3.5 Hz), 167.4, 162.5 (d, J = 247.1 Hz), 154.0 (d, J = 8.3 

Hz), 136.3, 135.6, 130.1 (d, J = 2.6 Hz), 129.7, 128.4, 127.8, 122.1 (d, J = 8.9 Hz), 115.0 (d, J = 23.1 Hz), 

113.3 (d, J = 23.9 Hz), 69.1, 53.2, 53.1. 19F NMR (CDCl3, 376 MHz): F -114.68. (s, 1F). HRMS (ESI) m/z: 

[M+Na]+ calcd. for C17H11FO2Na 289.0635; Found 289.0643. 

 

Starting from diazo compound 13l (24.6 mg, 0.070 mmol), compound 14l was obtained as a colorless solid 

(20.3 mg, 89% yield). 
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MW (C17H11BrO2): 327.18 g/mol; Rf: 0.30 (Hexanes/EtOAc 8:2). MP (ºC): 163. IR (ATR) 𝜈 (cm-1): 2918, 1745, 

1451, 1012, 948, 827, 698. 1H NMR (CDCl3, 400 MHz): H 7.61 (d, 1H, J = 8.0 Hz), 7.53 (dd, 1H, J = 8.0, 1.8 

Hz), 7.42 (broad signal, 1H), 7.40 – 7.28 (m, 3H), 7.07 (dd, 2H, J = 7.5, 2.1 Hz), 5.11 (dd, 1H, J = 18.4, 1.1 

Hz), 4.95 (d, 1H, J = 18.4 Hz), 4.89 (s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C 175.8, 167.2, 153.6, 136.5, 

135.3, 133.0, 131.2, 129.7, 128.7, 128.4, 127.8, 122.4, 121.5, 69.1, 53.1. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C17H11BrO2Na 348.9835-350.9815; Found 348.9834-350.9816.   

 

Starting from diazo compound 13m (31.0 mg, 0.11 mmol), compound 14m (13.9 mg, 50% yield) and compound 

14m’ (9.6 mg, 34% yield) were obtained as colorless solids.  

14m: MW (C18H14O2): 262.31 g/mol; Rf: 0.33 (Hexanes/EtOAc 8:2). MP (ºC): 148. 1H NMR (CDCl3, 400 MHz): 

H 7.58 (s, 1H), 7.36 – 7.27 (m, 3H), 7.17 (d, J = 7.8 Hz, 1H), 7.10 – 7.04 (m, 3H), 5.12 (d, J = 18.4 Hz, 1H), 

4.94 (d, J = 18.4 Hz, 1H), 4.87 (s, 1H), 2.41 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 176.1, 167.8, 148.8, 

137.9, 136.8, 136.6, 134.2, 129.5, 128.0, 127.9, 127.8, 124.9, 122.0, 69.3, 52.8, 21.5. HRMS (ESI) m/z: [M+H]+ 

calcd. for C18H15O2 263.1067; Found 263.1060. 

14m’: MW (C18H14O2): 262.31 g/mol; Rf: 0.31 (Hexanes/EtOAc 8:2). MP (ºC): 185. 1H NMR (CDCl3, 400 MHz): 

H 7.61 (d, J = 7.6 Hz, 1H), 7.37 – 7.27 (m, 4H), 7.07 (d, J = 7.6 Hz, 1H), 7.04 – 6.99 (m, 2H), 5.10 (dd, J = 

18.2, 1.1 Hz, 1H), 4.88 (s, 1H), 4.78 (d, J = 18.2 Hz, 1H), 2.05 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 

176.4, 167.9, 149.3, 136.0, 135.3, 134.6, 129.5, 129.0, 128.4, 128.0, 127.8, 118.9, 69.0, 52.7, 18.8. HRMS 

(ESI) m/z: [M+H]+ calcd. for C18H15O2 263.1067; Found 263.1064.   
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Supplementary material for Chapter 6 

Experimental procedure for the synthesis of diazo compounds 

Diazo compounds 15a-c244 15d-e245 and 15i233 were prepared as previously described, and their 

spectroscopic data agrees with those reported in the literature 

 

Figure 8.2. Previously reported diazo compounds 15a-15e and 15i. 

Experimental procedure for the synthesis of diazo compounds 15f-15h 

 

Scheme 8.17. General procedure for the preparation of diazo compounds 15f-15h. 

To a 25 mL round-bottom flask containing a mixture of 1-ethynyl-1-cyclohexanol (0.3 mL, 2.33 mmol), 

phenylacetic acid (0.32 g, 2.35 mmol), and 4-dimethylaminopyridine (DMAP) (28.5 mg, 0.23 mmol) in 

dichloromethane (12 mL), N,N’-dicyclohexylcarbodiimide (DCC) (0.51 g, 2.47 mmol) was added in batches at 

0 ºC. After the addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. 

Upon completion of the reaction (TLC monitoring), the crude was filtrated through a Celite pad, rinsed with 

EtOAc and concentrated under reduced pressure. The crude product was then purified by column 

chromatography on silica gel (hexanes 100 %) to afford ester S10a (0.42 g, 74% yield) as a yellow oil.  

To a 50 mL oven-dried flask containing a mixture of S10a (0.35 g, 1.44 mmol) and p-acetamidobenzenesulfonyl 

azide (p-ABSA) (0.45 g, 1.87 mmol) in anhydrous CH3CN (5.9 mL), a solution of 1,8-diazabicyclo[5.4.0]undec-
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7-ene (DBU) (0.31 mL, 2.1 mmol) in anhydrous CH3CN  (1.3 mL) was added dropwise  at  0 ºC. After the 

addition, the reaction mixture was slowly warmed to room temperature and stirred overnight. Upon completion 

of the reaction (TLC monitoring), the crude was diluted with dichloromethane, and washed with saturated 

aqueous NH4Cl, saturated aqueous NaHCO3 and brine. The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel (hexanes/Et3N= 99:1) to afford diazo compound 15f (0.21 g, 54% yield) as an 

orange solid.  

MW (C16H16N2O2): 268.32; Rf: 0.70 (hexanes/EtOAc 9:1). IR (ATR) 𝜈 (cm-1): 3247, 2930, 2847, 2081, 1697, 

1240, 1148, 1017, 748. 1H NMR (CDCl3, 400 MHz): H 7.53 – 7.48 (m, 2H), 7.40 – 7.34 (m, 2H), 7.22 – 7.13 

(m, 1H), 2.67 (s, 1H), 2.24 – 2.11 (m, 2H), 2.07 – 1.95 (m, 2H), 1.71 – 1.61 (m, 4H), 1.59 – 1.48 (m, 1H), 1.47 

– 1.36 (m, 1H).13C{H} NMR (CDCl3, 101 MHz): C 163.4, 129.0, 125.9, 125.7, 124.1, 83.8, 76.4, 74.7, 37.4, 

25.2, 22.5. HRMS (ESI) m/z: [M+Na]+ calcd. for C16H16N2O2Na 291.11095; Found 291.1099. 

  

Starting from 1,1-diphenyl-2-propyn-1-ol (0.46 g, 2.21 mmol), compound 15g was obtained as an orange 

solid (0.35 g, 45 % yield). 

MW (C23H16N2O2): 352.39 g/mol; Rf: 0.32 (hexanes/EtOAc 9:1). IR (ATR) 𝜈 (cm-1): 3275, 3055, 2078, 1706, 

1136, 1001, 749.  1H NMR (CDCl3, 400 MHz): H 7.56 – 7.53 (m, 4H), 7.50 – 7.47 (m, 2H), 7.40 – 7.31 (m, 8H), 

7.20 – 7.14 (m, 1H), 3.07 (s, 1H). 13C{H} NMR (CDCl3, 101 MHz): C 162.5, 142.2, 131.5, 131.4, 129.0, 128.9, 

128.7, 128.6, 128.4, 128.3, 127.3, 126.2, 125.1, 124.2, 82.4, 80.0, 78.9. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C23H16N2O2Na 375.1104; Found 375.1093. 

  

Starting from 2-phenyl-3-butyn-2-ol (0.29 g, 1.99 mmol), compound 15h was obtained as an orange oil (0.28 

g, 48 % yield). 

MW (C18H14N2O2): 290.32 g/mol; Rf: 0.69 (hexanes/EtOAc 9:1). IR (ATR) 𝜈 (cm-1): 3279, 3024 2081, 1706, 

1241, 1143, 1052, 752. 1H NMR (CDCl3, 400 MHz): H 7.66 – 7.59 (m, 2H), 7.51 – 7.43 (m, 2H), 7.43 – 7.29 

(m, 5H), 7.20 – 7.12 (m, 1H), 2.89 (s, 1H), 1.98 (s, 3H).  13C{H} NMR (CDCl3, 101 MHz): C 162.8, 142.0, 128.9, 

128.5, 128.1, 125.9, 125.2, 124.8, 124.0, 82.8, 76.5, 76.2, 32.3. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C18H14N2O2Na 313.0947; Found 313.0951. 
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General procedure for the silver-catalyzed 6-endo carbene/alkyne metathesis tandem 

reaction  

 

Scheme 8.18. General procedure for the silver-catalyzed 6-endo carbene/alkyne metathesis tandem reaction. 

To an oven-dried Schlenk flask containing [TpBr3Ag]2 (11.3 mg, 0.0055 mmol) and 4Å MS (100 mg) in 

anhydrous dichloromethane (18 mL), a solution of diazo compound 15a (22 mg, 0.11 mmol) in anhydrous 

dichloromethane (2 mL) was added dropwise over 30 minutes with a syringe pump under a nitrogen 

atmosphere.  After the addition the reaction was stirred for 30 minutes (TLC monitoring). The solvent was then 

removed under reduced pressure and the crude reaction mixture was purified by column chromatography on 

silica gel (hexanes/EtOAc from 95:5 to 85:15) to afford compound 16a (12.9 mg, 68% yield) as a colorless 

solid.  

MW (C11H8O2): 172.18 g/mol; Rf: 0.30 (hexanes/EtOAc 7:3). 1H NMR (CDCl3, 400 MHz): H 7.68 – 7.62 (m, 

2H), 7.51 (dd, 1H, J = 5.1, 2.1 Hz), 7.47 – 7.34 (m, 4H), 6.34 (dd, 1H, J = 6.7, 5.1 Hz). 13C{H} NMR (CDCl3, 

101 MHz): C 161.6, 150.9, 139.3, 134.8, 128.9, 128.8, 128.6, 128.3, 106.9. 

The spectroscopic data of 16a agrees with those previously reported in the literature.246  

 

Starting from diazo compound 15b (27.2 mg, 0.12 mmol), compound 16b was obtained as a colorless solid 

(14.1 mg, 58 % yield). 

MW (C12H10O2): 202.21 g/mol; Rf: 0.48 (hexanes/EtOAc 7:3). 1H NMR (CDCl3, 400 MHz): H 7.66 – 7.58 (m, 

2H), 7.47 (dd, 1H, J = 5.1, 2.1 Hz), 7.39 (dd, 1H, J = 6.7, 2.1 Hz), 6.98 – 6.91 (m, 2H), 6.32 (dd, 1H, J = 6.7, 

5.1 Hz), 3.84 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 161.9, 160.2, 150.2, 138.0, 129.6, 128.4, 127.2, 114.0, 

106.9, 55.5.  

The spectroscopic data of 16b agrees with those previously reported in the literature.246 

 

Starting from diazo compound 15c (28.0 mg, 0.100 mmol), compound 16c was obtained as a colorless solid 

(14.2 mg, 56 % yield). 
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MW (C11H7BrO2): 251.08 g/mol; Rf: 0.22 (hexanes/EtOAc 7:3). 1H NMR (CDCl3, 400 MHz): H 7.55 (s, 4H), 

7.53 (dd, 1H, J = 5.1, 2.1 Hz), 7.45 (dd, 1H, J = 6.7, 2.1 Hz), 6.35 (dd, 1H, J = 6.7, 5.1 Hz). 13C{H} NMR (CDCl3, 

101 MHz): C 161.3, 151.3, 139.4, 133.6, 131.8, 129.9, 127.7, 123.2, 106.8.  

The spectroscopic data of 16c agrees with those previously reported in the literature.246 

  

Starting from diazo compound 15d (22.3 mg, 0.098 mmol), compound 16d was obtained as a colorless solid 

(18 mg, 92 % yield). 

MW (C13H12O2): 200.24 g/mol; Rf: 0.51 (hexanes/EtOAc 7:3). MP (ºC): 117-119. IR (ATR) 𝜈 (cm-1): 3045, 

2916, 1698, 1635, 925, 779, 694. 1H NMR (CDCl3, 400 MHz): H 7.67 – 7.62 (m, 2H), 7.44 – 7.37 (m, 2H), 7.37 

– 7.31 (m, 1H), 7.30 (s, 1H), 2.27 (d, J = 1.1 Hz, 3H), 2.05 (d, J = 1.0 Hz, 3H). 13C{H} NMR (CDCl3, 101 MHz): 

C 162.4, 157.5, 144.8, 135.0, 128.5, 128.4, 128.2, 124.9, 111.3, 17.5, 15.5. HRMS (ESI) m/z: [M+Na]+ calcd. 

for C13H12O2Na 223.0730; Found 223.0735. 

  

Starting from diazo compound 15e (29.2 mg, 0.115 mmol), compound 16e was obtained as a colorless solid 

(25.4 mg, 98 % yield). 

MW (C15H14O2): 226.28 g/mol; Rf: 0.6 (hexanes/EtOAc 7:3). MP (ºC): 75- 77. IR (ATR) 𝜈 (cm-1): 3054, 2936, 

1795, 1556, 783, 692. 1H NMR (CDCl3, 400 MHz): H 7.69 – 7.63 (m, 2H), 7.46 – 7.28 (m, 4H), 2.65 – 2.54 (m, 

2H), 2.53 – 2.44 (m, 2H), 2.16 – 2.03 (m, 1H), 1.91 – 1.74 (m, 4H). 13C{H} NMR (CDCl3, 101 MHz): C 162.4, 

159.1, 143.2, 135.2, 128.5, 128.3, 128.2, 125.1, 113.2, 27.4, 25.7, 22.2, 21.8. HRMS (ESI) m/z: [M+Na]+ calcd. 

for C15H14O2Na 249.0888; Found 249.0890. 

  

Starting from diazo compound 15f (26.1 mg, 0.097 mmol), compound 16f was obtained as a colorless solid 

(19.2 mg, 82 % yield). 

MW (C16H16O2): 240.30 g/mol; Rf: 0.68 (hexanes/EtOAc 7:3). MP (ºC): 115 – 117. IR (ATR) 𝜈 (cm-1): 3052, 

2911, 1695, 1545, 934, 783, 695. 1H NMR (CDCl3, 400 MHz): H 7.69 – 7.63 (m, 2H), 7.44 – 7.37 (m, 2H), 7.36 

– 7.32 (m, 1H), 7.31 (s, 1H), 2.81 – 2.72 (m, 2H), 2.58 – 2.50 (m, 2H), 1.89 – 1.78 (m, 2H), 1.76 – 1.62 (m, 
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4H). 13C{H} NMR (CDCl3, 101 MHz): C 164.5, 162.4, 145.2, 135.1, 128.5, 128.3, 128.2, 123.9, 118.5, 34.3, 

31.7, 31.6, 27.1, 24.9. HRMS (ESI) m/z: [M+Na]+ calcd. for C16H16O2Na 263.1043; Found 263.1043. 

 

Starting from diazo compound 15g (51.5 mg, 0.146 mmol), compound 16g was obtained as a yellow solid 

(42.4 mg, 89% yield). 

MW (C23H16O2): 324.38 g/mol; Rf: 0.62 (hexanes/EtOAc 8:2). 1H NMR (CDCl3, 400 MHz): H 7.79 – 7.73 (m, 

2H), 7.62 (s, 1H), 7.47 – 7.37 (m, 5H), 7.37 – 7.30 (m, 4H), 7.30 – 7.24 (m, 1H), 7.26 – 7.22 (m, 3H). 13C{H} 

NMR (CDCl3, 101 MHz): C 161.4, 156.9, 144.5, 136.6, 134.6, 132.1, 130.1, 129.4, 129.3, 129.2, 128.8, 128.7, 

128.4, 128.3, 128.1, 125.8, 118.8. 

The spectroscopic data of 2h agrees with those previously reported in the literature.247 

 

Starting from diazo compound 15h (47.6 mg, 0.164 mmol), compound 16h was obtained as colorless oil (34.1 

mg, 79 % yield). 

MW (C18H14O2): 262.31 g/mol; Rf: 0.61 (hexanes/EtOAc 8:2). 1H NMR (CDCl3, 400 MHz): H 7.72 – 7.67 (m, 

2H), 7.50 (s, 1H), 7.48 – 7.35 (m, 6H), 7.35 – 7.28 (m, 2H), 2.33 (s, 3H). 13C{H} NMR (CDCl3, 101 MHz): C 

162.0, 158.5, 143.6, 136.1, 134.7, 129.04, 128.99, 128.60, 128.59, 128.3, 128.1, 125.0, 118.9, 18.5. 

The spectroscopic data of 16h agrees with those previously reported in the literature.247 

  

Starting from diazo compound 15i (44.3 mg, 0.207 mmol), compound 17b was obtained as a colorless solid 

(34.7 mg, 90 % yield). 

MW (C12H10O2): 186.21 g/mol; Rf: 0.40 (hexanes/EtOAc 7:3). 1H NMR (CDCl3, 400 MHz): H 7.70 (d, 1H, J = 

7.0 Hz), 7.46 (d, 1H, J = 7.0 Hz), 7.36 (td, 1H, J = 7.5, 1.5 Hz), 7.32 (td, 1H, J = 7.5, 1.5 Hz), 5.14 (s, 2H), 3.83 
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(q, 1H, J = 7.7), 1.48 (d, 3H, J = 7.7 Hz). 13C{H} NMR (CDCl3, 101 MHz): C 177.3, 167.9, 152.4, 135.8, 133.9, 

127.6, 126.8, 123.9, 121.1, 69.1, 41.9, 15.7.  

The spectroscopic data of 17b agrees with those previously reported in the literature.248 

General procedure for the rhodium-catalyzed 5-exo carbene/alkyne metathesis 

tandem reaction 

 

Scheme 8.19. General procedure for the rhodium-catalyzed 5-exo carbene/alkyne metathesis tandem reaction. 

To an oven-dried Schlenk flask containing diazo compound 15a (18.6 mg, 0.093 mmol) in anhydrous 

dichloromethane (2 mL), a solution of Rh2(S-BTPCP)4 (1.6 mg, 0.0009 mmol) in dichloromethane (1 mL) was 

added dropwise under a nitrogen atmosphere. The mixture was stirred for 1.5 hours (TLC monitoring). The 

solvent was then removed under reduced pressure and the crude reaction mixture was purified by column 

chromatography on silica gel (hexanes/EtOAc from95:5 to 85:15) to afford compound 17a (11.6 mg, 72% yield) 

as a colorless solid.  

MW (C11H8O2): 172.18 g/mol; Rf: 0.23 (hexanes/EtOAc 7:3). MP (ºC): 161 -163. IR (ATR) 𝜈 (cm-1): 2932, 

1738, 1369, 972, 776. 1H NMR (CDCl3, 400 MHz): H 7.73 (d, 1H, J = 8.4 Hz), 7.52 (d, 1H, J = 7.5 Hz), 7.38 (t, 

1H, J = 7.5 Hz), 7.31 (td, 1H, J = 7.5, 1.3 Hz), 5.19 (s, 2H), 3.70 (s, 2H). 13C{H} NMR (CDCl3, 101 MHz): C 

172.1, 167.7, 146.6, 137.8, 135.0, 127.5, 126.6, 125.0, 121.1, 70.1, 35.4. HRMS (ESI) m/z: [M+Na]+ calcd. for 

C11H8O2Na 195.0417; Found 195.0420. 
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