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SUMMARY	

Synthetic methodologies involving the cleavage of Carbon-Hydrogen (C-H) 
bonds are currently attracting significant interest. Most of the achievements in this field 
have been accomplished with second- and third-row transition metals such as Rh, Ru 
and Pd. However, methodologies using more abundant and cost-efficient bd transition 
metal catalysts have attracted the attention of the catalysis community in directed C-H 
functionalization methodologies. In particular, cobalt catalysis has emerged as a 
valuable approach for the construction of a wide variety of organic molecules. Even 
though cobalt catalysis has remained as a dormant methodology mainly dominated by 
low-valent cobalt-catalyzed protocols, the field recently experimented an explosion of 
activity due to the use of high-valent catalysts. Unfortunately, mechanistic 
understanding concerning how these new high-valent cobalt-catalyzed protocols 
operate is significantly underdeveloped. This is likely a consequence of the instability 
of key reaction intermediates, although there is an increasing interest in their detection 
and isolation. 

Thus, the main goal of this Ph.D. dissertation is the synthesis and 
characterization of bench-top stable aryl-Co(III) organometallic species using 
commercially available cobalt(II) salts and a macrocyclic model substrate as a model 
platform. Special attention will be paid to the C-H activation step to elucidate the 
operating mechanism in the high-valent cobalt-mediated cleavage of C-H bonds. 
Moreover, this mechanistic study will also be performed in substrates bearing an c-
aminoquinoline directing group, which has been proven to be successful in cobalt-
catalyzed C-H activation protocols.  

Mechanistic experiments, as well as spectroscopic characterization of 
intermediates will be useful to give light to a basic underdeveloped step in cobalt C-H 
activation methodologies. In addition, reactivity of the isolated organometallic aryl-
Co(III) intermediates towards a variety of coupling partners will be tested. On one hand, 
annulation reaction using alkynes will be studied, as their use as coupling partners in 
cobalt-catalyzed protocols has attracted increasing attention. On the other hand, 
cobalt-mediated insertion of metal-carbenoids into C-H bonds will be studied using 
ethyl diazoacetates as coupling partners. The mechanism of these transformation is 
poorly understood and no experimental evidences of reactive intermediates are 
reported in the literature. Moreover, both transformation will be extrapolated to 
substrates bearing an c-aminoquinoline group in cobalt-catalyzed C-H activation and 
functionalization methodologies with alkynes and alkyl nitrites for the synthesis of 
cyclic sulfonamide motifs and e- and Y-nitro-c-aminoquinolines, respectively. 
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RESUM	

Les metodologies sintètiques que inclouen el trencament d’enllaços Carboni-
Hidrogen (C-H) han patit un interès creixent per part de la comunitat científica. La 
majoria dels èxits d’aquest camp s’han portat a terme amb metalls de la segona i tercera 
sèrie de transició com Rh, Ru i Pd. No obstant, les metodologies que fan servir metalls 
amb configuració electrònica bd, els quals són més abundants i barats, recentment han 
esdevingut més populars i la comunitat científica hi ha centrat esforços importants per 
a desenvolupar-les. En particular, el camp de catàlisi amb cobalt ha emergit com una 
metodologia útil i eficient per la construcció de molècules orgàniques. Tot i que la 
catàlisi amb cobalt ha estat poc estudiada fins ara i principalment dominada per 
processos catalitzats per cobalt en baix estat d’oxidació, el camp ha experimentat una 
explosió degut a l’ús de catalitzadors en alt estat d’oxidació. Desafortunadament, el 
mecanisme d’acció d’aquestes espècies en alt estat d’oxidació és encara molt poc 
conegut. Probablement, aquest fet és conseqüència de la poca estabilitat dels intermedis 
de reacció, tot i que diversos grups de recerca estan focalitzant els seus esforços en aïllar 
aquestes espècies reactives. 

D’aquesta manera, l’objectiu principal d’aquesta tesi doctoral és la síntesis i la 
caracterització d’espècies organometàl·liques i estables aril-Co(III), fent ús de salts de 
cobalt(II) i d’un lligand macrocíclic com a substrat model. Concretament, es focalitza 
l’atenció en el pas d’activació de l’enllaç C-H per tal d’esbrinar quin és el mecanisme que 
opera en la activació d’enllaços C-H catalitzada per espècies de cobalt en alt estat 
d’oxidació. A més a més, aquest estudi mecanístic també es porta a terme en substrats 
que contenen el grup director c-aminoquinolina, el qual ha demostrat ser molt útil en 
la funcionalització d’enllaços C-H catalitzada per cobalt. 

Els experiments mecanístics, així com la caracterització espectroscòpica dels 
intermedis, és extremadament útil per entendre un pas bàsic en les metodologies 
d’activació d’enllaços C-H amb cobalt. Tanmateix, també es porta a terme l’estudi de la 
reactivitat de les especies organometàl·liques aril-Co(III) amb diferent parelles 
d’acoblament. D’una banda, s’estudia la formació d’anells fent ús d’alquins, ja que els 
seu ús com a parelles d’acoblament en reaccions catalitzades per cobalt ha patit un gran 
increment de manera recent. D‘altra banda, s’estudia la inserció d’espècies metall-
carbenoid en enllaços C-H catalitzada per cobalt, fent ús d’etil diazo acetat com a parella 
d’acoblament. El mecanisme d’aquesta reacció no s’ha estudiat en profunditat i mai s’ha 
caracteritzat cap espècie intermèdia. Finalment, aquesta reactivitat s’extrapola a 
substrats que contenen el grup c-aminoquinolina. Finalment, es desenvolupen 
metodologies per la síntesis de sulfonamides cícliques així com per la formació de e- i 
Y-nitro-c-aminoquinolines fent ús d’alquins i nitrit de tert-butil, respectivament.  
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RESUMEN	

Las metodologías sintéticas que incluyen la rotura de enlaces Carbono-
Hidrógeno (C-H) ha sufrido un interés creciente por parte de la comunidad científica. 
La mayoría de los éxitos en este campo se deben al uso de metales de la segunda y tercera 
serie de transición tales como Rh, Ru y Pd. No obstante, las metodologías que usan 
metales con configuración electrónica bd, los cuales son más abundantes y baratos, 
recientemente han devenido más populares y la comunidad científica ha centrado 
esfuerzos importantes para su desarrollo. Particularmente, la catálisis con cobalto ha 
surgido como una metodología útil y eficiente para la construcción de moléculas 
orgánicas. Aunque este campo ha sido poco estudiado y mayormente dominado por 
procesos que usan cobalto en bajo estado de oxidación, el uso de especies de alto estado 
de oxidación ha provocado un aumento sustancial en su uso. Desafortunadamente, el 
mecanismo de acción de estas especies de alto estado de oxidación es todavía poco 
conocido. Probablemente, este hecho es consecuencia la poca estabilidad de los 
intermedios de reacción, aunque varios grupos de investigación están centrando sus 
esfuerzos en aislar estas especies reactivas.  

Así pues, el objetivo principal de esta tesis doctoral es la síntesis y la 
caracterización de especies organometálicas arilo-Co(III), usando sales de cobalto(II) i 
un ligando macrocíclico como sustrato modelo. Concretamente, se centra la atención 
en el paso de activación del enlace C-H para entender cuál es el mecanismo que opera 
en la activación de enlaces C-H catalizada por especies de cobalto en alto estado de 
oxidación. Además, este estudio mecanístico también se lleva a cabo con sustratos que 
contienen el grupo director c-aminoquinolina, el cual se ha utilizado satisfactoriamente 
en la funcionalización de enlaces C-H con cobalto como catalizador.  

Los experimentos mecanísticos, así como la caracterización espectroscópica de 
los intermedios es muy útil para entender un paso básico en las metodologías de 
activación de enlaces C-H con cobalto. En este trabajo también se lleva a cabo el estudio 
de la reactividad de les especies arilo-Co(III) con varias parejas de acoplamiento. Por 
una parte, se estudia la formación de anillos usando alquinos, ya que su uso como pareja 
de acoplamiento en reacciones catalizadas por cobalto ha ganado popularidad 
recientemente. Por otra parte, también se estudia la inserción de especies metal-
carbenoide en enlaces C-H catalizada por cobalto, usando diazo acetato de etilo. El 
mecanismo de esta reacción no se ha estudiado en profundidad y nunca se ha 
caracterizado ninguna especie intermedia. Finalmente, se desarrollan metodologías 
para la síntesis de sulfonamidas cíclicas, así como para la formación de e- y Y-nitro-c-
aminoquinolinas usando alquinos y nitrito de tert-butilo, respectivamente. 
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I.1	Organometallic	C-H	Activation	

I.1.1	Challenges	and	Definitions	

The discovery of new approaches and technologies that either improve the step 
and atom economy of existing processes or introduce novel and innovative methods to 
construct complex molecules is the main goal of synthetic chemists. As it is widely 
known, the majority of fuels, chemicals and materials are derived from petroleum 
feedstocks, which are mainly constituted by saturated and unsaturated hydrocarbons. 
However, exploitation of such resources is impeded by the high cost of gas 
transportation, as the main world’s established gas resource locations are remote, in 
sites where there is no demand.@ Furthermore, in spite of the relative abundance of these 
nonrenewable resources, very few practical processes for converting them into more 
valuable products are available due to their lack of reactivity. This chemical inertness 
arises from the constituent atoms of hydrocarbons being held together by strong C-C 
and C-H bonds. The latter bond, with a BDE of @GG kcal mol-@ in alkanes and around @@G 
kcal mol-@ in arenes and olefins,H can be understood as the un-functional group. Indeed, 
the presence of a C-H bond in organic molecules is indicated by the absence of any other 
bonds. As Goldman and Goldberg exposed in HGGK,L this invisibility clearly reflects their 
ubiquitous presence in organic molecules as well as their inert character. Thus, the 
possibility of direct introduction of a new functionality, including C-C bonds, via direct 
and selective C-H bond transformation is a highly attractive strategy. In fact, realization 
of such potential is revolutionizing the synthesis of organic molecules ranging from 
methanol to complex natural or unnatural products (Scheme I.@).K,R  

 

Scheme I.). Direct C-H bond transformation technologies allow the transformation of natural 
gas and petroleum feedstocks to more complex products. 
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Despite the fact that C-H bonds are more difficult to cleave than other types of 
linkages, they are not completely inert. In fact, current industrial processes used to 
functionalize C-H bonds typically involve free radicals, carbocations, organometallic 
reagents or superacid electrophiles.S Some critical features of these processes, however, 
are the requirement of high temperatures, which increase costs and emissions, and their 
relative unselectivity. Mainly, two problems concerning selectivity are encountered. The 
first issue involves the capacity of certain reagents to react faster towards one type of C-
H bonds in preference to others. For example, free radical reagents exhibit preference 
for reaction of tertiary C-H bonds over primary ones, and reagents that exhibit the 
reverse selectivity are extremely rare. On the other hand, a second type of selectivity is 
defined as the ability to convert hydrocarbons into a functionalized product which does 
not undergo an even faster reaction than the initial hydrocarbon. The introduction of 
transition metals to the organic toolbox of reagents solved some of these problems and 
unlocked new opportunities in this area.V Thus, novel reactions were discovered and the 
term “C-H bond activation” was coined and used to describe C-H cleavage processes.Y 
With time, this term has become very popular and its frequent usage has led to some 
misleading interpretations. Organic molecules contain a wide variety of C-H bonds of 
different reactivity and as a consequence many mechanistic pathways exist for an overall 
C-H functionalization process (Figure I.@).  

 

Figure I.). Reactivity of a variety of C-H bonds in a simple organic molecule.  

Before going into deeper detail about the possible mechanistic scenarios of C-H 
bond cleavage, a brief discussion of the term “activation” is necessary. Activation is 
considered to be the binding of a substrate to a metal center and this can be followed 
by a functionalization step in which the substrate is transformed. Indeed, the term 
“activation of a substrate/bond” refers to any process or phenomenon by which the 
reactivity of a substrate/bond is increased.] The term “C-H bond activation” is 
frequently used as an organometallic term to describe certain metal-mediated processes 
and it was introduced with the clear purpose to distinguish metal-mediated C-H 
cleavage from hydrogen atom transfer (HAT), traditional radical and ionic substitution. 
Thus, according to this organometallic approach (Scheme I.H, top), the term C-H bond 
activation refers to the formulation of a complex wherein the C-H bond interacts 
directly with the metal reagent or catalyst. Then, these complexes often evolve to form 
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a carbon-metal intermediate in the absence of free radicals or ionic intermediates. In 
fact, this type of C-H activation can be explained through an inner-sphere mechanism 
event, which usually involve a first cleavage of a carbon-hydrogen bond to afford an 
alkyl/aryl-M intermediate species (Scheme I.HA). The latter will afford a particular 
product after reaction with either an external reagent or at the metal center. The 
electronic and structural properties of the intermediate will dictate the regio- and 
stereoselectivity of these functionalizations. In addition, factors such as the ligand 
environment or the mechanism of the C-H bond cleavage step can also influence 
selectivity.  

 

Scheme I./. Inner-sphere (top) and Outer-sphere C-H functionalization (bottom).  

The organometallic or inner-sphere definition of C-H bond activation should be 
clearly distinguished from the coordination chemistry approach or outer-sphere 
definition of C-H functionalization (Scheme I.H, bottom).@G–@H This approach mimics 
biological reactions catalyzed by a variety of enzymes and two types of mechanisms can 
occur. After the high valent metal species containing and activated ligand X (X = oxo, 
carbene, imido) is formed, ligand X will react with a C-H bond. This step could proceed 
by either direct insertion or H-atom abstraction and radical rebound, which tends to 
have a selectivity that resembles radical reactions unless fast rebound occurs. 
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(nucleophilic C-H activation). Both factors weaken the sigma bond leading eventually 
to bond cleavage, but a vacant site needs to be created on the metal to allow 
coordination of the s bond. In spite of the experimental observation that formation of 
a s-complex is challenging because the interaction between the metal and the C-H bond 
is usually weak, several examples, including agostic C-H bond interactions,@L,@K have 
been characterized. Such intermediates are usually encountered prior to the C-H 
cleavage step, which will proceed through a variety of different mechanisms. In this 
section, some fundamental mechanisms of C-H activation, such as oxidative addition, 
s-bond metathesis and electrophilic activation will be presented together with early 
discoveries. Nevertheless, mechanisms such as @,H-addition will not be discussed in this 
thesis and radical C-H activation will be disclosed in Section I.K. 

 

Figure I./. Nucleophilic and electrophilic C-H activation.  

I.1.2.1	Chatt’s	Example	and	Oxidative	Addition	into	C-H	bonds	

The first metal containing system capable of reacting with hydrocarbons and other 
C-H compounds, the Fenton’s reagent, was discovered as early as the end of the 
nineteenth century.@R At the same time, Dimroth reported one of the oldest known 
organometallic reactions, which is the facile electrophilic substitution of benzene by 
Hg(II) salts in acidic solvents to generate a stable Ar-Hg(II) species.@S Despite this 
important advance in the functionalization of C-H bonds, the latter example is not 
usually considered as a C-H activation  process, as it involves the direct attachment at 
the aromatic ring and not a direct interaction with the targeted s(C-H) bond (Further 
discussion in Section I.@.H.L). Indeed, one of the early uses of “C-H bond activation” is 
attributed to Taylor, who described the H-D exchange in methane catalyzed by a 
heterogeneous NiG catalyst.Y However, the first example of C-H activation is usually 
attributed to Chatt,@V,@Y who reported the properties of a zerovalent and extremely 
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electron-rich [Ru(dmpe)H] back in @]SR. When this complex was reacted with 
naphthalene, the hydride complex [Ru(H)(Np)(dmpe)H] was observed by NMR as well 
as by FT-IR (Scheme I.LB). Moreover, this complex thermally decomposed to a dimer 
which indeed corresponds to the first cyclometalation involving a C(spL)-H bond. These 
reactions are clear examples of oxidative addition,@] whose mechanism consists in the 
concerted cleavage of a C-H bond which was previously interacting with the metal 
center (s-complex, Scheme I.LA). The next step involves the formation of M-C and M-
H bonds in the transition state (TS), with a formal increase by two units of the oxidation 
state of the metal center and the change of geometry of the complex to accommodate 
the two news bonds. This mechanism is prevalent with d@G  and dY configurations.HG  

 

Scheme I.0. (A) Concerted Oxidative Addition general mechanism. (B) Early examples of 
organometallic C-H activation described by Chatt and co-workers.  

Led by this elegant study, several other examples were reported in which electron-
rich metal centers were found capable of adding into C-H bonds, including intra- and 
intermolecular additions.H@–HR One of these examples, which was believed to proceed via 
oxidative addition, is the Shilov’s C-H activation chemistry with platinum.HS 

I.1.2.2	Shilov’s	example	and	σ-bond	Metathesis	
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H- promoted H/D isotope 

exchange in arenes.HV Following this work, in @]VH Shilov published a dramatic advance 
on his earlier report of C-H activation mediated by Pt(II).HY The addition of Pt(IV) salts 
to the aqueous reaction of PtClK

H- with methane led to the production of the oxidized 
species methanol and methyl chloride. This reaction is catalytic in Pt(II), but is, 
unfortunately, stoichiometric in Pt(IV). A significant fraction of research has 
concentrated on determining the mechanism of this C-H bond activation and, indeed, 
a reasonable mechanistic scheme was proposed by Shilov not long after his initial 
report.H] The selectivity of the reaction (primary C-H > secondary C-H > tertiarty C-H) 
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some DFT calculations pointed towards this direction, Crabtree and Siegbahn suggested 
a s-bond metathesis (Scheme I.KA),LG in which one hydrogen of methane is transferred 
to a Cl ligand, yielding HCl and a Pt-CHL bond (Scheme I.KB). The essential aspect of 
this mechanism is the redox neutral concerted formation (Pt-C(spL) and Cl-H) and 
breaking (Pt-Cl and C(spL)-H) of bonds at the transition state ([H+H] cycloaddition).  

 

Scheme I.1. (A) General mechanism of arene s-bond metathesis. (B) Crabtree’s mechanistic 
proposal of Shilov’s methane conversion to methanol.  

This mechanism is more common for early transition metals and, indeed, it was 
first observed by Watson in @]YL using Lutetium and YttriumL@ and several examples 
have been reported since then.LH In spite of the fundamental importance of both 
oxidative addition and s-bond metathesis, the following sections will be focused on 
pure electrophilic C-H activation of arenes and strategies to control site-selectivity. 

I.1.2.3	Fagnou’s	Concerted	Metalation-Deprotonation		

A particular scenario is found when considering the metalation of arenes. There 
are two distinct mechanisms for the metalation of aromatic C-H bonds: oxidative 
addition (see above) and electrophilic activation. As it has been exposed before, the 
early mercuriation of benzene to generate stable Ar-Hg(II) species is not usually 
considered a “C-H activation” process because there is no direct interaction with the 
s(C-H) but with the p-aromatic system. However, this electrophilic substitution 
furnishes the so called “Wheland intermediate”LL (Scheme I.R) and, indeed, it is hard to 
argue that the C-H bond in the cationic s-complex is not activated. 

 

Scheme I.2. General mechanism of metal-mediated electrophilic aromatic C-H activation.   
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As shown in Scheme I.R, a proton is released after the generation of the M-C 
complex, and consequently, the presence of a base will promote and accelerate these 
transformations. Indeed, Roberts and co-workers published an elegant mechanistic 
study on this subject.LK First, the structure of the intermediate was initially assumed to 
be a “Wheland complex”.LR However, Olah studied the nature of the intermediate 
through NMR spectroscopy and concluded that the species was a weakly bonded p-
complex.LS Roberts determined discrete KIEs of the reaction of the p-complex to form 
Ar-Hg species, which together with the negative entropy of the process at the TS, were 
indicative of a very organized TS. This data was consistent with a simultaneous C-H 
bond cleavage and a C-Hg bond formation mechanism, previously proposed by 
Winstein and Taylor in @]RR.LV  

 

Scheme I.3. (A) General mechanism of metal-mediated Concerted Metalation-Deprotonation 
(CMD) and (B) Fagnou’s mechanistic study of Pd-catalyzed C-H arylation. 

This mechanism was also recognized in palladation of benzene by Davidson and 
Triggs in @]SY,LY and its name was coined by Fagnou as Concerted Metalation-
Deprotonation (CMD, Scheme I.S),L]–K@ albeit some authors used other names such as 
internal electrophilic substitution (IES)KH and ambiphilic metal-ligand activation 
(AMLA).KL Several examples of base-assisted C-H activation and functionalization using 
Pd-based catalysts have been reported,KK,KR and the field is still growing at astonishing 
rates using other second-and third- row transition metals such as RhKS,KV and Ir.KY–R@ 

I.1.2.4	Murai’s	and	Chatani’s	Directing	Group	Strategy	

In order to be of broad utility, one of the critical requirements of C-H 
functionalization methods is to control site selectivity, as most molecules contain 
multiple C–H bonds and functional groups. Obviously, this issue can be solved by 
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benzene derivatives the discrepancy between different C-H bonds is less pronounced 
and other regioselectivity-controlling strategies are required. The most successful 
approach, which consists in the use of directing groups (DGs), was pioneered by Lewis 
and Smith, who reported a Ru-catalyzed C-C bond formation protocol and proved the 
existence of ortho-metalated intermediates.RK This proof-of-concept methodology was 
later popularized by Murai and Chatani,RR,RS who utilized ortho-directing groups such 
as amines, amides, pyridines and alcohols (Scheme I.V, monodentate).  Because of their 
coordination ability, DGs direct the metal into close proximity to the C-H bond to be 
activated, thus increasing its effective concentration at the site of interest,RV which is 
translated in higher reactivity and regioselectivity. Then, since Murai’s and Chatani’s 
seminal work in the late @]]Gs, this area of chemistry has become extremely active, 
leading to a wide variety of solutions with broad utility in organic synthesis, including 
ortho- as well as meta-selective C-H activation protocols (Scheme I.V, meta-
directing).RY–VG The latter protocols were pioneered by Yu using T-shape directing 
groups such the one depicted in Scheme I.V. Regarding the ortho-selective C-H 
activation, in HGGR, Daugulis and co-workers reported the use of the N,N-bi-dentate Y-
aminoquinoline and picolinamide DGs for the direct arylation of non-activated C(spH)-
H and C(spL)-H bonds using Pd(OAc)H as catalyst (Scheme I.V, bidentate).V@ This 
pioneering study opened new horizons in the field of C-H activation, as the Y-
aminoquinoline DG proved to be rigid enough to stabilize several intermediates and to 
enable the functionalization of C-H bonds with a wide range of coupling partners.VH,VL  

 

Scheme I.4. Catalytic C-H activation examples using the Directing Group strategy with ortho-
directing (mono and bidentate ligands) as well as meta-directing groups.  
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I.1.3	First-Row	Transition	Metals	in	C-H	Activation	

As it has been explained above, late and noble transition metals, which are usually 
not abundant on earth, have traditionally played a key role in the activation of inert 
bonds, including C-H bonds. In contrast, first-row transition metals, which are more 
abundant, cheaper and less toxic, have been thus far underutilized despite their 
prevalence in the active center of enzymes. Nevertheless, in the recent years the 
application of metals such as Ni,VK,VR Fe,VS–VY Mn,V],YG  CuY@,YH  and CoYL–YS have gained 
more prominence. Moreover, recent methodologies using rigid chelating groups such 
as Y-aminoquinoline (Scheme I.Y) promoted their use in C-H activation catalysis and a 
variety of publications fluorished.YV,YY  

 

Scheme I.5. Recent C-H activation and functionalization methodologies using first-row 
transition metals as catalysts and Y-aminoquinoline as directing groups.  
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I.2	Cobalt	in	C-H	Activation		

The necessary development of mild and cost-effective catalysis triggered the 
engagement of the C-H activation community towards the application of Ld transition 
metals in these important transformations. In this context, environmentally benign 
cobalt complexes bear tremendous potential for applications in homogeneous 
catalysis.]@ In fact, their application in metal-mediated C-H activation is not surprising 
if we consider the widely developed field of rhodium-catalyzed C-H activation.KR,]H 
Moreover, the reduced electronegativity of cobalt as compared to rhodium translates in 
more nucleophilic organometallic cobalt complexes, allowing new reactivities and 
improved chemo- and regioselectivities. The use of cobalt remained exclusive to low-
valent catalyzed processes since its discovery,]L but new methodologies regarding high-
valent cobalt catalysis have recently emerged as a powerful tool for the organic 
synthesis, being its reactivity comparable to analogous high-valent rhodium catalysts. 
This is evidenced by the increasing number of protocols on high-valent cobalt-catalyzed 
C-H activation that have been recently disclosed (Figure I.L). This research field can be 
divided in two categories depending on the oxidation state of the catalysts: a low-valent 
approach, where the active catalyst corresponds to cobalt(G) or cobalt(I) species,]K and 
a high-valent approach, where the active catalysts typically contains a cobalt center in 
the +L oxidation state. In this thesis, the low-valent approach will be briefly disclosed, 
highlighting some early examples, and the next sections will be focused on the high-
valent approach.  

 

Figure I.0. Publications of Cobalt-catalyzed C-H activation per year. In purple, low-valent 
catalysis; in read, high-valent catalysis. Number of publications obtained from ISI WoS (Search 
criteria used: cobalt AND C-H activation). 
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I.2.1	Early	Examples	of	Cobalt-Catalyzed	C-H	Functionalization	Reactions	

Cobalt-catalyzed bond formation dates back to @]K@ when Kharasch and Fields 
reported the Co(II)-catalyzed coupling of organic halides with Grignard reagents.]R 
Although this methodology is not a C-H functionalization protocol, it provided the basis 
of cobalt-catalyzed formation of new bonds together with subsequent works from the 
same authors.]S,]V   Actually, the carbonylation of azobenene and Schiff bases disclosed 
by Murahashi is the earliest examples of  C-H activation and functionalization through 
low-valent cobalt-catalysis (Scheme I.]A).]Y This report demonstrated how CoH(CO)Y 
could be used to catalyze the coupling of Schiff-bases and carbon monoxide to readily 
form isoindole derivatives, clearly operating through a different mechanism from the 
previous report of Kharasch and Fields. Subsequent to these pioneer findings, cobalt 
became a powerful alternative to late and noble metals in applications such as 
hydroformylation,]],@GG Pauson-Khand@G@–@GK reaction and cross-coupling reactions with 
aryl/alkyl halides.]L About twenty years later, further advances were made in the field 
of cobalt-catalyzed C-H functionalization. In @]VL, Kochi discovered the first example 
of high-valent approach towards the preparation of aromatic trifluoroacetates (Scheme 
I.]B). In this work, benzene was oxidized in trifluoroacetic acid (TFA) through a Single-
Electron Transfer (SET).@GR,@GS 

 

Scheme I.6. Early reports on cobalt C-H functionalization by (A) Murahashi, (B) Kochi, (C) 
Kisch and (D) Brookhart. 
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 Despite these exciting breakthroughs, the field of Co-catalyzed cross-couplings 
was still relatively dormant, and only a few reactions were reported. In @]]K, Kisch 
described the ortho-alkenylation of aromatic azo compounds using a Co(I)-catalyzed 
protocol (Scheme I.]C), with the product dependent on the substituents of the aromatic 
rings.@GV  Following this work, Brookhart reported Cp*Co(I)-catalyzed hydroacylation of 
olefins (Scheme I.]D),@GY,@G] C-H activation of vinyl(dimethyl)silyl amines@@G and C-H 
activation of benzene.@@@ These latter low-valent approaches have provided several useful 
bond forming methodologies]K while high-valent approaches remained as proof-of-
concept examples reported by Broderick/Legg and Avilés (see Section I.L.@).@@H,@@L 

The field of Co-catalyzed C-H activation protocols has recently been well reviewed 
by Ackermann,YL Niu and Song,@@K Yu,YS WhiteoakYR and Yoshino and Matsunaga.@@R 
These reviews provide a broad account of developments in this field. Thus, an overview 
of this rapidly growing field will be provided using selected examples to highlight the 
potential of cobalt for expanding the synthetic chemistry tool-box. In particular, next 
sections will be focused on the exponential growth of the high-valent approach and its 
consequences in synthetic methodologies.  Moreover, different mechanistic scenarios 
to explain the wide range of cobalt-catalyzed transformations will be disclosed. 
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I.3	High-valent	Cobalt-mediated	C-H	activation	

In contrast to the prevalence of low-valent cobalt-catalyzed C-H activation and 
functionalization field,]L,]K high-valent systems were completely underdeveloped five 
years ago. However, a significant breakthrough was made in the field between HG@L and 
HG@K (See Figure I.L) by Matsunaga/Kanai and Daugulis (Scheme I@G). In HG@L, 
Matsunaga and Kanai reported the use of half sandwich Cp*Co(III) system,@@S which is 
analogous to the Cp*Rh(III) complex reported by Miura in HGGV.@@V Cp*Co(III) systems 
proved to be very efficient in the coupling of monodentate H-arylpyridines with a variety 
of electrophiles such as sulfonyl imines and a,b-unsaturated ketones. A year later, in 
HG@K, the application of cheaper Co(II) salts such as Co(OAc)H as catalysts demonstrated 
to be highly productive in the directed C-H functionalization of phenyl amides with 
alkynes.Y] This methodology reported by Daugulis took advantage of the powerful 
bidentate DGs Y-aminoquinoline (AQ) and picolinamide (PA). 

 

Scheme I.)7. Renaissance of high-valent Co-catalyzed C-H activation enabled by Matsunaga 
and Kanai’s (left) and Daugulis’ (right) reports. 
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species that activates the C-H bond through a weak two-electron, three-center 
intermediate corresponding to an agostic interaction. Ten years after Broderick and 
Legg, another example of Co(III)-mediated stoichiometric C-H activation was reported 
by Avilés,@@L where the first example of C-H activation using a CpCo(III) complex 
(CpCo(PPhL)IH) was described, obtaining the corresponding cyclometalated product 
(Scheme I.@@B). Conclusive evidence for the formation of the organometallic product 
was provided by X-ray diffraction (XRD). Similarly to these early examples, in HGGL 
Jackson reported a series of macrocyclic ligands based on the @,K,Y,@@-tetrazabicyclo[]-
R-H]octadecane (tabcod, Scheme I.@@C) and triazacyclonane scaffold (tacn) which were 
able to undergo base-assisted ligand-substitution reaction on a Co(III) center furnishing 
Co(III)-alkyl complexes.@@],@HG  

 

Scheme I.)). Early examples of high-valent cobalt-mediated C-H activation reported by (A) 
Broderick and Legg, (B) Avilés and (C) Jackson. Color code: Co(II), pink; Co(III), orange. 

It should be noticed that in all of these examples, the hydrogen is removed as a 
proton, probably through an electrophilic pathway such as CMD, and thus the 
mechanism clearly differs from that of the low-valent cobalt chemistry in which cobalt-
hydride intermediates are typically involved. Moreover, although the reactivity of these 
early isolated organometallic aryl/alkyl-Co(III) complexes was never tested, they 
indicate the strong potential of high-valent cobalt chemistry for chelation-assisted C-H 
activation. However, as it was mentioned above, catalytic synthetic reactions were not 
reported until HG@L by Matsunaga and Kanai.  
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I.3.2	Half-Sandwich	Co(III)-catalyzed	C-H	Activation	

In this field, the Cp*Co(III) family (Figure I.K) has demonstrated unprecedented 
capability for a vast variety of directed C-H bond functionalization reactions, mainly 
through electrophilic base-assisted mechanisms such as CMD. This section will give a 
brief discussion of selected examples of this field, with the objective of providing a wide 
view of the state of Cp*Co(III) functionalization. 

 

Figure I.1. Cp*Co(III) complexes used in C-H functionalization methodologies. 

As mentioned above, it was not until HG@L when Matsunaga and Kanai reported 
the use of a readily accessible Cp*Co(III) complex to to selectively cross-couple aryl-
pyridines and imines in a selective fashion (Scheme I.@HA),@@S thus showcasing the 
applicability of high valent Co-catalyzed cross-coupling protocols. After this 
publication, the use of Cp*Co(III) complexes became popular, mostly for the 
construction of C(spH)-C bonds, (Scheme I.@H) and a wide variety of monodentate DGs 
has proven to efficiently assist these transformations. In this line, H-arylpyridine-based 
substrates have been extensively used (Scheme I.@H, left-green) in alkenylation reactions 
with triple bonds@H@ (Scheme I.@HB) or even allene@HH motifs (Scheme I.@HC). Glorius 
pioneered the use of diazo compounds (Scheme I.@HD) and reported several protocols 
for the synthesis of fluorescent p-extended systems.@HL,@HK Furthermore, H-arylpyridine-
based substrates, among others, @HR,@HS have been widely used for the synthesis of 
quaternary ammonium salts (Scheme I.@HE),@HV Interestingly, the compounds obtained 
from azobenzene displayed strong blue photoluminescence, making them potential 
compounds as organic light-emitting diodes (OLEDs).  

Matsunaga and Kanai not only pioneered the general use of Cp*Co(III), but also 
its applicability in indole and pyrrole CH functionalization.@HY–@LG Since then, several 
authors take advantage of the acidity of indole-based substrates (Scheme I.@H, top-blue) 
and a wide variety of coupling partners have been employed. For instance, these 
substrates have been exploited in the insertion of diazo compounds (Scheme I.@HF),@L@ 
oxidative alkynynilation (Scheme I.@HG),@LH,@LLl allylation reactions (Scheme I.@HH),@H@,@LK–

@LS enaminylation@LV (Scheme I.@HI) and a-fluoroalkenylations (Scheme I.@HJ),@LY among 
other practical and versatile transformations with a vast array of electrophiles as 
coupling partners.@L]–@KK  
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Scheme I.)/. Selected Cp*Co(III)-catalyzed C(spH)-C bond-forming reactions using indole-
based substrates (blue); H-arylpyridine related subtrates (green), amine, alcohol and imine 
related substrates (red); and pyrazole-based substrates (orange). General conditions for each 
example can be found in the corresponding reference.  
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Other functionalities, such as carboxylic acids, esters, amides and imines have 
efficiently been employed as directing groups (Scheme I.@H, right-red). Amides have 
demonstrated to be excellent directing groups and provided a vast array of 
transformations including allylation@KR (Scheme I.@HK) and alkenylation@LK,@KS (Scheme 
I.@HL) reactions. An interesting reaction was recently reported by Glorius, in which the 
amide directing group is transferred within the substrate itself furnishing unnatural 
protected amino acids.@KV Moreover, ring-closing reactions using amide functionalities 
allowed the synthesis of S- and R-membered ring products such as isoquinoline@KY  and 
isoquinolin-@(HH)-ones@K],@RG or isoindolines and pyrroles,@R@,@RH respectively.@RL Imines 
have also been employed as monochelating directing groups in a variety of half-
sandwich cobalt-catalyzed C-H functionalizations, such as a-fluoroalkenylation 
reactions,@LY albeit their reactivity in ring-closing transformations is the most relevant 
application. For example, S-membered ring isoquinoline motifs can be furnished 
starting from imines and diazo compounds (Scheme I.@HM)@RK, alkynes@RR–@RY and allylic 
carbonates@R] as coupling partners. Ester moieties have proved to be good functional 
groups for the synthesis of indenone motifs with alkynes,@SG which have also been 
successfully coupled with carboxylic acids furnishing isochromenone motifs.@S@ 

 Another directing-group that has become important in the field of Cp*Co(III) 
catalysis is the pyrazole moiety (Scheme I.@H, bottom-orange). Despite pyrazole-based 
substrates seem similar to H-arylpyridine substrates, they present different reactivity 
with a wide scope of coupling partners. The most relevant C-H functionalizations using 
these motifs include C-H/C-C activation and allylation,@SH three component 
reactions,@SL,@SK which require two different electrophiles as coupling partners, 
allenylations using alkynes,@SR hydroarylations with allenes@HH and a-
fluoroalkenylations.@LY Furthermore, despite being less exploited, substrates such as 
azobenzene@SS,@SV and quinoline N-oxide@SY,@S] also have their own place in this field. 

Although the formation of C(spH)-C bonds has attracted increasing attention in 
the field of Cp*Co(III) C-H functionalization, C-X (X = N, Halogen, S, etc.) bond 
formation methodologies have also flourished and several examples have recently been 
reported. The construction of C-N bonds (Scheme I.@L, top-blue) can be achieved by 
different amidation/amination technologies such as the early report from Matsunaga 
and Kanai with sulfonyl azides (Scheme I.@LA).@VG Phosphorazides (Scheme I.@LB) have 
also proven to be good aminating agents,@V@ but the use of carbamates@VH (Scheme I.@LC), 
dioxazolone (Scheme I.@LD, I.@LE and I.@LF) and anthranil (I.@LG) has been decisive for 
the advance on C-H bond amidation/amination@VL–@VR (and annulation  protocols).@VS–@YG 
Furthermore, a few C-S bond formation methodologies have been recently reported 
(Scheme I.@L, right-green), including a dehydrogenative coupling with thiols@Y@ and the 
insertion of trifluoromethylthiolates with silver salts among other reagents.@YH,@YL The 
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versatility of Cp*Co(III) C-H functionalization becomes clear if we consider the reported 
C-Halogen bond reactions using N-halide succinimides@YK,@YR (Scheme I.@LK and I.@LL) as 
well as N-cyanosulfonamides,@YS,@YV considering the cyano functional group as a 
pseudohalogen (Scheme I.@LM). Moreover, direct carbonylation to yield HH-chromen-
H-one derivatives with carbon monoxide can be achieved with H-vinylphenol as 
substrate,@YY which can also be functionalized with other coupling partners.@Y] 

 

Scheme I.)0. Selected Cp*Co(III)-catalyzed C(spH)-N bond-forming reactions (in blue), C(spH)-
(pseudo)Halogen bond-forming transformations (in green), C(spH)-S bond-forming protocols 
(in red) and the only example of Cp*Co(III)-catalyzed C(spH)-H carbonylation reaction with 
CO(g). General conditions for each example can be found in the corresponding reference. 
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The activation of C-H bonds using Cp*Co(III) catalysts has been mainly focused 
on the functionalization of C(spH)-H bonds, probably due to their higher acidity as well 
as the higher stability of the resulting organometallic intermediate. In fact, C(spL)-H 
functionalization protocols are scarce and limited to the rigid Y-methylquinoline 
monodentate substrate (Scheme I.@K). Sundararaju pioneered this field with the 
publication of two methodologies. In the first one, alkynes proved to be an efficient 
coupling partner for the alkenylation of Y-methylquinoline. This work is the first 
example of C(spL)-H catalytic functionalization with Cp*Co(III) catalysts (Scheme 
I.@KA).@]G In the same year, a C(spL)-H amidation reaction with dioxazolone was 
described (Scheme I.@KB).@]@ Finally, another example disclosing the alkylation of Y-
methylquinoline using diazo compounds has been recently reported and represents the 
last example of Cp*Co(III)-catalyzed C(spL)-H bond functionalization reactions 
(Scheme I.@KC) .@]H 

 

Scheme I.)1. Cp*Co(III)-catalyzed C(spL)-H functionalization reactions with dioxazolone (A), 
alkynes (B) and diazo compounds (C). General conditions for each example can be found in the 
corresponding reference. 

As stated in this section, Cp*Co(III) catalysts have demonstrated their tremendous 
capability for functionalization of C(spH)-H and C(spL)-H bonds, albeit the latter 
protocols still need more development. Indeed, recent studies prove their practicality 
in the construction of complex motifs@K],@]L total synthesis of natural products and some 
analogues,@]K as well as polyaromatic highly conjugated organic frameworks.@]R Despite 
the field experimented significant advances, limited information about the C-H 
activation modes and operating mechanisms is known.@]S In fact, there still remains 
significant room for further discovery, and future efforts should be directed towards the 
mechanistic understanding of the transformations, the design of more effective and 
robust catalysts as well as the development of more stereoselective transformations.  
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I.3.3	Oxidative	C-H	Activation	and	Functionalization	

While the field of Cp*Co(III)-catalyzed C-H activation and functionalization 
started to grow after the publication of Matsunaga and Kanai,YR,@V@,@]V Daugulis identified 
another productive route towards high-valent cobalt-catalyzed C-H functionalization 
using the mono-anionic bidentate Y-aminoquinoline (AQ) and picolinamide (PA) 
directing groups.Y],@]Y,@]] In this route, the precatalyst Co(II) was proposed to be oxidized 
to Co(III) by an external oxidant such as Ag(I), Mn salts or air. Then, the electrophilic 
Co(III) center initiates the catalytic cycle by a non-oxidative C-H cleavage, usually 
proposed to follow a Concerted Metalation-Deprotonation (CMD) pathway, which is 
remarkably different from the oxidative C-H activation proposed in low-valent cobalt 
catalytic systems (see above). Subsequently, an organometallic aryl-Co(III) species is 
obtained and its nucleophilic character can be exploited in reactions with coupling 
partners such as unsaturated C-C bonds or isocyanates. Moreover, nucleophiles such as 
amines and amides can also coordinate the electrophilic Co(III) center, promoting a 
plausible reductive elimination to Co(I). Nevertheless, in some particular cases 
oxidation of aryl-Co(III) intermediates is proposed to furnish aryl-Co(IV) species, which 
might be the key intermediates in Co(II)/Co(IV) catalytic transformations.  

Since the discovery of bidentate directing group-assisted high-valent Co C-H 
activation in HG@K, many other methodologies have been reported showing the potential 
of this methodology starting from readily available Co(II) salts and co-oxidants. Next 
sections of this thesis will be focused on the progress of C-H functionalization catalyzed 
by Co(II) and Co(III) species, particularly Co(II)-oxidant cooperative catalysis. 
Moreover, general mechanistic details of some transformations as well as experimental 
evidences of intermediates will be disclosed.   

1.3.3.1	C-H	Functionalization	with	Alkynes,	Alkenes	and	Allenes	

As discussed above, Co(III) complexes can participate in electrophilic C-H 
activation furnishing aryl-Co(III) intermediates, followed by the insertion of 
unsaturated C-C bonds. In a similar vein, Daugulis reported on the cobalt-catalyzed 
alkyne annulation taking advantage of the bidentate AQ-directing group (Scheme 
I.@RA).Y] The alkyne annulation reaction of the starting benzamide worked best when 
Co(OAc)H·KHHO was used as catalyst together with Mn(OAc)H as oxidant in H,H,H-
trifluoroethanol (TFE) as solvent, which has proven to be key in C-H bond 
functionalization reactions.HGG Interestingly, the quinoline-auxiliary can be oxidatively 
removed by treatment with cerium(IV) ammonium nitrate (CAN) at room temperature, 
and oxidation of the double bond affords ketolactone products. In contrast to the S-
membered rings obtained through the coupling of alkenes reported by Daugulis, later 
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work by Zhang has shown that R-membered rings are also accessible through C(spL)-H 
activation using terminal alkynes as coupling partners and silver salts as oxidants 
(Scheme I.@RB).HG@ Even though the cyclization reaction seemed to be very favoured in 
these methodologies, alkynes can be also coupled in a linear fashion. as reported by 
Balaraman, using ethynyltriisopropylsilane as coupling partner and Co(acac)L as catalyst 
(Scheme I.@RC).HGH Also building on the work by Daugulis, in HG@R Sundararaju reported 
the preparation of benzosultam motifs using benzosulfonamides as starting materials 
and either terminal and internal alkynes as starting materials (Scheme I.@RD), 
concomitantly with Chapter V of this thesis.HGL Most recently, the AQ-assisted oxidative 
alkyne annulation has been extended still further by Daugulis using phosphinic acid 
amides, providing a new route towards arylazaphosphinine oxides (Scheme I.@RE), 
among other useful transformations.HGK 

 

Scheme I.)2. Cobalt-catalyzed Y-aminoquinoline-directed C-H functionalization with alkynes.  

In HG@S, Niu and Song reported a C-H functionalization with controllable 
regioselectivity towards R- or S-membered rings using Co(OAc)H·KHHO as catalyst, 
alkynyl carboxylic acids as coupling partners and H-aminopyridine-@-oxide (APO) as 
directing group (Scheme I.@S).HGR Depending on the catalytic system, this strategy could 
afford isoquinolones (Scheme I.@S, catalytic system A) or isoindolinones (Scheme I.@S, 
catalytic system B) divergently with excellent selectivity. Remarkably, the synthesis of 
isoquinolones was achieved under air with catalytic amounts of AgHO as co-catalyts, 
while the construction of R-membered ring isoindolinones needed stoichiometric 
amounts of silver, higher temperature and non-protic solvents.  
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Scheme I.)3. Cobalt-catalyzed N-pyridine-oxide-directed functionalization of C-H bond with 
alkynes as coupling partners described by Niu and Song.  

Other directing groups, such as picolinamide (PA), can also assist alkyne oxidative 
annulations catalyzed by binary Co(II)-oxidant systems (Scheme I.@V). Indeed, the first 
example of PA-directed C-H functionalization with Co(OAc)H as catalyst was reported 
by Daugulis in HG@K.Y] Despite disclosing just one example using H-butyne as coupling 
partner (Scheme I.@VA), this protocol showed the potential of cobalt-catalyzed PA-
directed C-H functionalizations. Indeed, two years later, Balaraman reported the ortho-
alkynylation of benzylamines with CoBrH as catalyst and 
(bromoethynyl)triisopropylsilane (Scheme I.@VB).HGS Interestingly, PA can be easily 
removed using Lewis acid-catalysts or by acid/base hydrolysis. This property as easily 
removable unit has been recently exploited by Cui,HGV who reported the synthesis of 
isoquinolines through a traceless directing group-strategy with PA (Scheme I.@VC). 
Analogously to Daugulis’ work, a catalytic system composed of Co(OAc)H·KHHO as 
catalyst and catalytic amounts of KPFS under OH atmosphere efficiently furnished 
isoquinoline motifs without containing the PA-directing group. 

 

Scheme I.)4. Cobalt-catalyzed picolinamide-directed C-H functionalization with alkynes.  
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Another related catalytic system using alkynes as coupling partners was reported 
by Carretero in HG@V.HGY In this work, the authors disclosed the synthesis of 
dihydroisoquinoline (DHIQ) motifs, still containing the PA-directing group (Scheme 
I.@VD). The reaction was tolerant to a wide scope of substrates, with no appreciable loss 
of enantiomeric purity when starting from chiral non-racemic substrates, subsequently 
allowing the synthesis of chiral DHIQ motifs. Moreover, Carretero performed elegant 
mechanistic experiments, including kinetic and labelling studies, which provided 
valuable information about the operating mechanism and the structure of some 
presumed intermediates. 

The concept of traceless directing group in high-valent cobalt-catalyzed C-H 
functionalization protocols was further developed by Zhu.HG] Indeed, Zhu’s example is 
the first bidentate directing group -enabled, traceless isoquinolone synthesis (Scheme 
I.@Y). A new directing group, H-hydrazinylpyridine, was used in a catalytic system 
composed by Co(acac)H, pivalic acid and alkynes as coupling partners. This 
methodology constitutes a convenient example of directing group installation through 
hydrazone formation with ubiquitous ketones, allowing the synthesis of S-membered 
rings. The synthetic utility of this protocol relies on the ability to directly furnish 
isoquinoline motifs through a traceless directing group strategy.RY 

 

Scheme I.)5. Traceless heterocycle synthesis through cobalt-catalyzed pyridinylhydrazine-
directed functionalization of C-H bonds with alkynes as coupling partners described by Zhu.  
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In addition, this elegant work showed that the AQ-auxiliary containing a methoxy group 
can be oxidatively cleaved in a traceless fashion with ceric(IV) ammonium nitrate 
(CAN). While Daugulis’ system furnished S-membered rings, Ackermann accomplished 
the ring-closure reaction to furnish R-membered isoindolin-@-ones (Scheme I.@]B).H@G 
Remarkably, Ackermann employed a mixture of TFE and polyethylene glycol (PEGKGG) 
as solvent and a catalytic system composed by Co(OAc)H and stoichiometric amounts 
of AgOPiv as oxidant. Another R-membered-ring-forming methodology was described 
by Cheng in HG@S. The authors discovered a highly diastereoselective method for the 
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synthesis of dihydrobenzofluorenone motifs (Scheme I.@]C) through a unique cobalt-
catalyzed [L+H] annulation protocol.H@@ Non-annulated products can also be obtained 
using alkenes as coupling partners, as recently reported Maiti with terminalH@H and 
internal alkenes.H@L In the former study (Scheme I.@]D), aliphatic olefins were used to 
functionalize C-H bonds, obtaining a highly unusual allylic selectivity with a wide range 
of substrate combinations. In the latter work from HG@V, Maiti developed a cobalt-
catalyzed allylic selective dehydrogenative Heck reaction with internal aliphatic olefins 
(Scheme I.@]E). The AQ-auxiliary group was substituted by the @,R-bischelating system 
H-(K,R-dihydrooxazol-H-yl)aniline (OZ), which considerably increased the efficiency of 
the method.  

 

Scheme I.)6. Cobalt-catalyzed functionalization of C-H bonds with alkenes. 
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hydride that is abstracted. Product D, which has been reported by Maiti,H@H,H@L is 
obtained after b-hydride elimination on the benzylic position. In the case of E, it can 
further react through a ring-closing transformation to furnish insoindolin-@-one F, 
described by Ackermann.H@G If instead of b-hydride elimination, cobaltacycle C 
undergoes reductive elimination, isoquinoline-@-ones and dihydroisoquinoline-@-ones 
G are furnished when alkynes and alkenes are used as coupling partners, respectively. 
Then, Co(I) is reoxidized and C-H activation occurs again to give the organometallic 
aryl-Co(III) intermediate B. Thus, in this case, a two-electron Co(I)/Co(III)-redox 
catalytic cycle is proposed to enable the synthesis of a variety of products. On the other 
hand, the aryl-Co(III) intermediate B is proposed to react with either terminal alkynes 
or alkynyl silver(I) species to furnish a rare aryl-Co(IV)-alkynyl intermediate H. Then, 
H undergoes reductive elimination to furnish the linear coupling product I, which has 
been described by Balaraman when R = triisopropylsilyl group.HGH Finally, a ring-closing 
reaction can occur on I to furnish the R-membered isoindolin-@-one E. This latter 
mechanism has been proposed by Zhang, obtaining pyrrolidin-@-ones E through C(spL)-
H functionalization.HG@ Afterwards, Co(II) is chelated again by A and oxidation to Co(III) 
promotes C-H activation to furnish B and restart the catalytic cycle. An unusual two-
electron Co(II)/Co(IV) redox catalytic cycle is proposed to produce linear alkynes I or 
R-membered cyclic motifs such as E. 

 

Scheme I./7. General mechanisms for cobalt-catalyzed C-H functionalization with alkynes and 
alkenes. Color code: Co(I), green; Co(II), pink; Co(III), orange; Co(IV), blue. 
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Allenes have recently proved to be suitable coupling partners for C-H 
functionalization using cobalt as catalyst (Scheme I.H@). Indeed, due to the special 
reactivity and properties of @,H-diene motifs, allenes have been extensively exploited in 
organic transformations.H@K–H@S Taking advantage of the unique features of allenes, Maiti, 
Volla, Rao and Cheng pioneered the use of high-valent cobalt catalysis. In HG@S, Maiti 
and Volla reported a mild heterocyclization of arylamides and alkenyl amides with 
mono- and disubstituted allenes (Scheme I.H@A).H@V The authors were able to change the 
reactivity pattern for the regioselective cyclization, leading to the formation of 
dihydroisoquinoline-@-ones, isoquinolin-@-ones, dihydropyridones and pyridones. 
Independently, Cheng in HG@S reported a similar protocol for the synthesis of 
isoquinolin-@-ones and pyridones (Scheme I.H@B).H@Y Cheng’s methodology, however, 
was limited by the use of monosubtituted allene motifs, which lead to the synthesis of 
endo-cyclic instead of exo-cyclic isoquinolines. Regarding the construction of 
isoquinolines, Rao reported the synthesis of endo- and exo-cyclic isoquinolines 
depending on the base.H@] Interestingly, the authors found potassium 
trifluoromethanesulfonate (KOTf) as suitable base for furnishing dihydroisoquinoline-
@-ones (Scheme I.H@C). It should be noticed that the methylene group in Rao’s 
hydroisoquinoline motif is located in L- instead of K-position, which is opposite to 
Maiti’s protocol. On the basis of Maiti’s work, in HG@V RaoHHG and VollaHH@ reported the 
synthesis of sultam motifs using allenes (Scheme I.H@D and I.H@E).  

 

Scheme I./). Cobalt-catalyzed functionalization of C-H bonds with allenes as coupling partners 
using Y-aminoquinoline (AQ) as directing group. 
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Interestingly, when @,@-dimethylallene was added as coupling partner, Volla was 
able to isolate the heteroannulated sultam depicted in Scheme I.H@D, which is the only 
example that did not undergo @,L-hydrogen shift to furnish the corresponding cyclic p-
allyl product depicted in Scheme I.H@E. Furthermore, reaction conditions proved to be 
amenable to scale up and further development of one-pot three component protocol 
illustrates the versatility of these methods. However, this methodology was not limited 
to the functionalization of benzamides and benzosulfonamides. In fact, Rao 
demonstrated its versatility by developing an efficient annulation reaction for the 
synthesis of phosphaisoquinolin-@-ones which represents another example of C-H 
functionalization of benzophosphinamides (Scheme I.H@F). From all of these 
methodologies one should notice the ubiquitous use of manganese salts as cooxidants, 
as well as trifluoroethanol (TFE) as solvent. Indeed, TFE as well as other fluorinated 
solvents demonstrated to be key in many other metal-catalyzed transformations.HGG 

Based on experimental evidences, a plausible mechanism for the construction of 
different S-membered motifs with allenes as building blocks is depicted in Scheme I.HH.  

 

Scheme I.//. Cobalt-catalyzed functionalization of C-H bonds with allenes as coupling partners 
using Y-aminoquinoline (AQ) as directing groups.  
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the Co(III) center yields the p-complex aryl-Co(III)-allene C. Then, migratory insertion 
into the carbon-Co(III) bond can proceed in two different ways. Insertion of allene can 
produce the p-allyl complex D. Reductive elimination of intermediate D yields the 
corresponding isoquinolin-@-ones E containing exo-cyclic double bonds in K-position. 
Subsequently, Co(I) is reoxidized to Co(III) and C-H activation regenerates the key 
organometallic aryl-Co(III) species B. In contrast, carbometalation of allenes can 
proceed through the organometallic alkenyl-Co(III) intermediate F. This species will 
then undergo reductive elimination to furnish the corresponding isoquinolin-@-ones G 
with exo-cyclic double bonds in L-position. Furthermore, after @,L-hydride shift, 
isoquinolin-@-ones with endo-cyclic double bonds H can be observed. Both mechanisms 
involve a two-electron Co(I)/Co(III)-redox catalytic cycle. 

1.3.3.2	C-H	Functionalization	with	Carbon	Monoxide	(CO)	or	CO-Surrogates	

Transition-metal catalyzed C-H functionalization with carbon monoxide (CO) 
proved to be a useful strategy for the construction of new C-C bonds as well as annulated 
products.HHH–HHK Indeed, as it has been explained in Section I.4.5 (Scheme I.]), the cobalt-
catalyzed C-H carbonylation of azobenzene disclosed by Murahashi in @]RR is one of the 
earliest examples of directed C-H bond functionalization.]Y Although this low-valent 
early precedent, several Co(II)-catalyzed carbonylations have been recently reported 
using the AQ-auxiliary DG (Scheme I.HL). Although these methodologies demonstrated 
to be synthetically useful, they still need stoichiometric amounts of silver, the use of 
toxic CO gas as carbonyl source and high temperatures to operate efficiently.  

 

Scheme I./0. Cobalt-catalyzed functionalization of C-H bonds with carbon monoxide (CO(g)) 
and CO-surrogates as coupling partners using Y-aminoquinoline as directing group. 
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In fact, in HG@K Daugulis was the first to report the carbonylation of C-H bonds 
using a bidentate directing group strategy with binary Co(II)-oxidant systems as 
catalysts.@]] In this work, the authors were able to synthesize benzophtalimide 
derivatives (Scheme I.HLA) at room temperature by using Co(acac)H and 
Mn(OAc)L·HHHO as catalyst and co-catalyst, respectively, under @ atm of CO as the 
carbonyl source. Despite the practicality of this method, the use of toxic CO gas limited 
its further application. To overcome this drawback, Zhang developed a novel strategy 
taking advantage of the properties of azadicarboxylate esters,HHR which are known to 
decompose at elevated temperatures releasing carbon monoxide.HHS Thus, use of 
diisopropylazodicarboxylate (DIAD) proved to be efficient for the convenient formation 
of a library of functionalized phthalimides in a safer and environmentally friendly 
manner, albeit stoichiometric amounts of silver salts were used as oxidant. On the basis 
of Zhang’s protocol, in HG@V Daugulis reported the carbonylation of benzosulfonamides 
using DIAD as carbonyl source (Scheme I.HLB).HHV Interestingly, when Y-amino-R-
methoxyquinoline was used as auxiliary bidentate directing group, the DG could be 
removed after the carbonylation through an oxidative procedure with BBrL followed by 
an iodine(III) reagent. Subsequently, a vast variety of saccharin derivatives could be 
efficiently obtained through a method that tolerates halogen, ester and amide 
functionalities. Further development of high-valent cobalt-catalysis in this field allowed 
the discovery of C(spL)-H carbonylation technologies, which were assisted by the AQ-
auxiliary too. Sundararaju, Gaunt and Lei in HG@V independently reported a regio- and 
site-elective cobalt-catalyzed carbonylation of unactivated C(spL)-H bonds (Scheme 
I.HLC), including terminal and internal C-H bonds connected to a-@o, Ho and Lo 
carbons.HHY–HLG  

Recently, the concept of traceless directing-group has been applied to high-valent 
cobalt-catalyzed C-H carbonylation reactions by Zhong (Scheme I.HK).HL@ In fact, the 
authors reported the first example of carbonylation of benzamines using PA as traceless 
group for the synthesis of  isoindolines. Moreover, this protocol provides an efficient 
method for the synthesis of biologically active compounds such as (+)-garenoxacin. 

 

Scheme I./1. Traceless heterocycle synthesis through cobalt-catalyzed pyridinylhydrazine-
directed functionalization of C-H bonds with alkynes as coupling partners described by Zhu.  
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important source of carbon in metal-mediated organic synthesis due to their 
exceptional and valuable properties.HLH Based on these properties, in HG@V JiHLL and 
HaoHLK independently developed a cobalt-catalyzed [K+@] cycloaddition of benzamides 
and isocyanides for the synthesis of L-iminoisoindolinone derivatives (Scheme I.HRA). 
Similar conditions were reported in both examples, but Ji avoided the use of expensive 
silver salts by adding tert-butyl peroxybenzoate (TBPB) as oxidant. Moreover, in his 
methodology Ji demonstrated that strongly coordinating N-heterocyclic directing 
groups such as pyridine, pyrimidine, and pyrazole were fully tolerated. Despite the 
versatility of the imines obtained, the synthetic applicability of these methodologies 
relies on the transformation of the imines motifs into carbonyl functionalities through 
acid hydrolysis with HHSOK in acetonitrile (Scheme I.HRB). Thus, these methods are 
considered appropriate for practical applications in terms of low cost, low toxicity, 
availability and efficiency to furnish cyclic carbonylated compounds.  

 

Scheme I./2. Cobalt-catalyzed C-H functionalization with isocyanates using Y-aminoquinoline 
as DG and upgrading to phthalimide through hydrolysis of the imine unit.  
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which after reductive elimination also yields phthalimide E. Regarding isocyanides 
(Scheme I.HS, right cycle), their reactivity is similar to CO. The corresponding 
isocyanide will insert into the alkyl/aryl-Co(III) bond in a @,@-fashion to yield 
intermediate G. Then, reductive elimination yields imine H, which after an acid 
hydrolysis finally generates the corresponding phthalimide product E. Even though a 
Co(I)/Co(III) cycle is plausible, an oxidation step at some point of the mechanism 
cannot be discarded, which would promote an unusual Co(II)/Co(IV) cycle. 

 

Scheme I./3. General mechanisms for cobalt-catalyzed C-H functionalization with CO(g) (or 
surrogates) and isocyanates. Usually proposed Co(II)/Co(IV) (left) and Co(I)/Co(III) (right) 
pathways. Color code: Co(I), green; Co(II), pink; Co(III), orange; Co(IV), blue. 
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bidentate aminoquinoline benzamides through a cobalt-mediated methodology 
(Scheme I.HVA).HLY Although substoichiometric amounts of Co(acac)H are needed, cross-
coupling of benzamide proceeds efficiently and good selectivity is obtained if 
electronically different amides are used. This work, which can be considered as the first 
report of high-valent cobalt-mediated C-H/C-H bond coupling, was further extended to 
monodentate substrates such as H-arylpyridines by Liu, Zou and Wu (Scheme I.HVE).HLY 
In this case, catalytic amounts of Co(OAc)H·KHHO (R-@G mol%) were enough to generate 
biaryl compounds under mild conditions. However, cross-coupling of two different H-
arylpyrdindes proceeded with modest yields and selectivities. Another strategy for the 
construction of biaryl motifs is based on transition-metal catalyzed or promoted C-H 
activation using organoboronic acids as coupling partners, which are important actors 
in the field of cross-coupling reactions.HL],HKG In HG@S, Tan took advantage of the 
reactivity and versatility of these compounds to promote the o-arylation of benzamides 
using readily available Co(acac)H and AgHCOL as reagents of choice (Scheme I.HVB).HK@ 
While ortho-arylated benzamides were efficiently synthesized in good to excellent 
yields, stoichiometric amounts of silver and cobalt were needed, as well as high 
temperatures. 

 

Scheme I./4. Cobalt-mediated arylation and alkylation of C-H bonds with bidentate (A, B and 
C) and monodentate (D and E) directing groups. 

In the same year, the use of stoichiometric amounts cobalt salts was overcome by 
Niu and Song, who disclosed the cobalt-catalyzed direct C-H bond arylation of indoles 
and pyrroles with boronic acids through monodentate chelation (Scheme I.HVD).HKH 
Moreover, these reactions were performed under mild conditions, avoiding the use of 
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catalyzed C-H arylation methodologies have recently received a lot of attention, high-
valent strategies for C-H alkylation examples are really scarce. In fact, only one example 
of Q-directed methylation of C-H bonds can be found in the literature. In HG@S Xu 
detected in organoaluminium compounds a good alternative to Grignard reagents 
considering their functional group compatibility, availability and low cost.HKL 
Precedents of trimethylaluminium compounds in iron cross-couplingHKK,HKR as a suitable 
methyl donor turned out to be also valid in high-valent cobalt-catalyzed direct C-H 
methylation (Scheme I.HVC). A catalytic system consisting in Co(acac)L and PPhL, 
together with dichlorobutane (DCB) as oxidant was able to perform the mono-
methylation of benzamides.  

A plausible mechanism for the AQ-auxiliary cobalt-promoted arylation/alkylation 
of C-H bonds is depicted in Scheme I.HY. The reaction is initiated by the oxidation of 
Co(II) to Co(III) by the corresponding oxidant. Then, two different pathways should be 
considered.  

 

Scheme I./5. General Mechanisms for Q-assisted cobalt-catalyzed C-H alkylation and arylation 
of C(spH)-H bonds through either homocoupling or transmetalating reagents. Two mechanistic 
scenarios are possible: s-bond metathesis (left) and base-assisted CMD pathway (right). Color 
code: Co(I), green; Co(II), pink; Co(III), orange. 

On one hand, Co(III) base-assisted C-H activation yields intermediate B through 
a CMD pathway (Scheme I.HY, right). Then, transmetalation of organoaluminum and 
organoboron compounds to B furnishes aryl-Co(III)-alkyl/aryl intermediate C. After 
reductive elimination, the arylated/alkylated product is expelled from the catalytic 
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cycle, regenerating Co(III) after oxidation of Co(I). On the other hand, Co(III) 
coordinates substrate A, furnishing coordination complex E. Then, transmetalation of 
trimethylaluminium or boronic acids to E yields organocobalt complex F, which will 
promote C-H activation through a s-bond metathesis mechanism (Scheme I.HY, left), 
releasing the corresponding protonated arene or alkane fragment. This last step, which 
is the rate determining step in Xu’s methylation (intermolecular KIE value of L.L)HKL, 
furnishes aryl-Co(III) intermediate B, which is the same species generated through 
electrophilic base-assisted C-H activation. Thereafter, similarly to the mechanism 
depicted on the right side of Scheme I.HV, another transmetalation step generates 
intermediate C, which undergoes reductive elimination to furnish arylated/alkylated 
benzamide D and Co(I).  

Other strategies to construct C(spH)-C(spL) bonds were reported by Lu and Li. In 
their first work, the authors described a cobalt-catalyzed direct methylation of C(spH)-
H bonds using dicumyl peroxide (DCP) as the methylating (Scheme I.H], top right).HKS 

 

Scheme I./6. Cobalt-catalyzed C-H alkylation reported by Lu and Li (top) and General 
Mechanisms for PIP-assisted cobalt-catalyzed C-H alkylation of C(spH)-H bonds through a 
Co(II)/Co(III)/Co(IV) catalytic cycle (bottom). Color code: Co(II), pink; Co(III), orange. 
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amides with high functional-group tolerance. In this transformation, the authors 
reported experimental evidences for the generation of radical intermediates through b-
methyl elimination from DCP, which combine with the key aryl-Co(III) species (Scheme 
I.H], B) to generate aryl-Co(IV)-methyl species (Scheme I.H], C). Product D was finally 
obtained by a reductive elimination step. The same authors, in HG@V, further exploited 
the reactivity with peroxides and developed a catalytic oxidative cross-dehydrogenative 
coupling (CDC) between arenes and alkanes.HKV In this study, they achieved the o-
alkylation of aromatic carboxamides containing the PIP-DG with di-tert-butyl peroxide 
(DTBP) (Scheme I.H], top left). In this case, a similar mechanistic scenario in which a 
radical was generated after hydrogen-atom transfer (HAT) to yield the same aryl-
Co(IV)-alkyl intermediate was reported (Scheme I.H], C). 

1.3.3.4	C-H	Amination	and	Esterification	

During the last five years, a great step forward towards catalytic systems that allow 
the construction of C-X bonds (X = N, O, S, P, B, Cl, Br, I) using catalytic systems based 
on cobalt has been reported. While hydrosilylation,HKY hydrophosphination,HK] 

hydroborationHRG–HRH  and borylationHRL,HRK reactions are established, direct C-H bond 
functionalization to furnish C-X bonds is underdeveloped, ]L,HRR especially for high-
valent cobalt-catalyzed C-N bond formation via C-H activation. Alkyl and aryl azides 
have been recognized as important reagents for C-N bond formation reactions,HRS–HSG 
but cobalt-mediated coupling of arenes with differently substituted amines is still in its 
infancy (Scheme I.LG).  

 

Scheme I.07. Niu and Song’s amination (left) and Li and Ge’s amidation (intramolecular, right 
up; intermolecular, right down) of C-H bonds with anilines and amides as coupling partners, 
respectively. 
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manner. In the same work, the authors also described an intermolecular protocol for 
the C(spL)-H bond amidation with electron poor amides (Scheme I.LG, right down). The 
latter protocol finds important applications in the synthesis of a library of differently a-
substituted b-aminoacids. The first example of C-N bond formation using amines 
through C-H activation (see Section I.R.H for one-electron C-heteroatom bond 
formations with high-valent cobalt catalysis) has been recently reported by Niu and 
Song (Scheme I.LG, left).HSH The authors developed an oxidative C-H/N-H cross-
coupling reaction between unactivated arenes and simple aniline substrates to 
accomplish the synthesis of triarylmines. Furthermore, sterically congested 
triarylamines were obtained via CDC-amination, which opens the gate to other cobalt 
catalyzed C-H bond functionalization reactions.  

Based on several control experiments and mechanistic studies from the works 
presented above, a general mechanistic picture is shown in Scheme I.L@. As in other 
mechanistic scenarios shown in past sections, Co(II) is oxidized to Co(III) after 
coordination of A, and intermediate B is furnished through organometallic C-H 
activation. 

 

Scheme I.0). Mechanisms for cobalt-catalyzed C-H amination and amidation reactions, 
including intra- and intermolecular transformations. Color code: Co(I), green; Co(II), pink; 
Co(III), orange; Co(IV), blue. 
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In their protocol, Li and Ge suggested an oxidation of intermediate B to C, which 
corresponds to an aryl-Co(IV) organometallic complex.HSL This step is based on the lack 
of reactivity observed when the reaction was performed starting from Co(III) salts such 
as Co(acac)L. Thus, this experiments led the authors to exclude a possible Co(I)/Co(III) 
catalytic cycle. Then, reductive elimination from C furnishes the new C-N bond in an 
intramolecular fashion, yielding K-membered ring lactam derivatives. In contrast, 
another amide present in the media could also coordinate to the Co(IV) center 
furnishing E. Afterwards, the aryl-Co(IV)-amido intermediate E undergoes reductive 
elimination to yield the final C(spL)-amidated product F through a Co(II)/Co(IV) 
catalytic cycle. Contrariwise, Niu and Song proposed a Co(I)/Co(III) mechanistic 
scenario in their amination reaction with anilines,HSH being able to isolate some of the 
reaction intermediates (see below). Subsequently, after C-H activation, B coordinates 
aniline to yield aryl-Co(III)-amine complex G, which will undergo a first reductive 
elimination to furnish Co(I)-amino complex H. As a result of reoxidation and C-H 
activation of another substrate molecule (A), the aryl-Co(III)-amino complex I is 
obtained. Afterwards, a second reductive elimination step takes place, releasing Co(I) 
and the desired product, triarylamine J. 

 

Scheme I.0/ Zeng’s cross-dehydrogenative coupling of arene and carboxylic acids (top). A 
Co(I)/Co(III) catalytic cycle was proposed (bottom). Color code: Co(I), green; Co(III), orange.  
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The synthesis of C-O bonds is one of the fundamental processes in organic 
chemistry, and ether- containing groups are widely employed in the synthesis of 
pharmaceuticals and functional materials.HSK–HSV As it has been exposed in Section I.H.@, 
Co-mediated C-O bond formation was discovered by Kochi and further protocols have 
been developed taking advantage of one-electron processes mediated by Co(III) 
catalysts. Despite these great advances, just one recent example of high-valent cobalt-
catalyzed C-O bond formation is found in the literature. Thus, in HG@V, Zheng reported 
a cobalt-catalyzed cross-dehydrogenative coupling of arenes with carboxylic acids to 
furnish a variety of aryl esters (Scheme I.LH).HSY Additionally, the applicability of this 
methodology relies in the conversion of the ester moieties into free-hydroxyl groups, 
furnishing an entirely new library of substituted phenol derivatives. Several control 
experiments revealed that the transformation proceeds through an organometallic 
mechanism, in which an aryl-Co(III) species is involved (Scheme I.LH, B). Indeed, 
coordination of carboxylic acids (Scheme I.LH, C) after a deprotonation step and a 
subsequent reductive elimination yields the corresponding aryl ester (Scheme I.LH, D). 
While this mechanistic scenario is well stablished, results from control experiments 
suggest that a radical mechanism cannot be completely ruled out.  

1.3.3.5	Experimental	Evidences	of	Organometallic	Intermediates		

As disclosed in previous sections of this thesis, the use of bidentate chelating 
groups in high-valent cobalt-catalyzed functionalization of C-H bonds prospered and 
several methodologies have recently been reported. Novel protocols include C-C bond 
formation, among them annulation and ring-closure transformations, as well as C-
Heteroatom bond construction reactions, which enabled the synthesis of products such 
as aryl esters, tertiary amines and secondary amides. However, despite the exponential 
growth in protocols published and the practicality of these methods, scarce mechanistic 
information is known. Although control studies such as kinetic isotope effects (KIE), 
evaluation of reaction kinetics, competition experiments and radical traps are useful to 
understand the mechanistic details of a transformation, solid state structures of reaction 
intermediates usually set definitive proof of the operating mechanism.HS]–HVH However, 
a very limited number of aryl-Co(III) intermediates involved in catalytic C-H activation 
have been detected or isolated since the rise of high-valent cobalt methodologies. This 
is an intriguing fact if one considers that early examples of high-valent cobalt C-H 
activation consisted in stoichiometric proof-of-concept studies in which the 
intermediates, typically aryl- and alkyl-Co(III) organometallic complexes, were stable 
enough to be fully characterized, including crystallographic evidence. Thus, the elusive 
nature of these intermediates in C-H functionalization stands in the way of their 
characterization, but some of them have been either detected or isolated.  
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In his landmark study from HG@K,Y] Daugulis was able to isolate an organometallic 
intermediate using cobalt(II) salts and OH to generate a highly electrophilic Co(III) 
species, such as in the example of Broderick and Legg.@@H Then, with assistance of a 
sodium pivalate hydrate (NaOPiv·HHO), C-H activation takes places to furnish an aryl-
Co(III) intermediate stabilized by the presence of the popular Y-aminoquinoline 
bidentate chelating group (Scheme I.LL, A). Even though the characterization of this 
aryl-Co(III) was limited to @H NMR spectroscopy, it represents the first example of aryl-
Co(III) complex involved in catalytic C-H activation. Unfortunately, the reactivity of the 
isolated aryl-Co(III) complex towards alkynes was not tested, but the authors assumed 
its intermediacy in the alkenylation reaction reported. Nevertheless, one year later 
Zhang detected another organometallic intermediate by mass spectrometry (Scheme 
I.LL, B). In this case, when a tert-butyl amide bearing an Y-aminoquinoline directing 
group was subjected to the corresponding catalytic conditions, including alkynes in the 
reaction medium, an alkyl-Co(III) species could be detected. Thus, this experiment, is 
the first report that demonstrates the direct intermediacy of organometallic Co(III) 
species in catalytic C-H functionalization reactions.  

 

Scheme I.00. Detected organometallic Co(III) species containing the Y-aminoquinoline 
directing group through spectroscopic and spectrometric techniques. 

Crystallographic evidence of aryl-Co(III) intermediates involved in high-valent 
cobalt C-H functionalization was first reported by Maiti in HG@S, together with the 
results disclosed in Chapter III of this thesis.H@H In this work, several mechanistic studies 
were performed, including kinetic analysis, radical trap experiments and deuterium-
labeling experiments. However, the key experiment of Maiti’s protocol was the synthesis 
and isolation of an organometallic aryl-Co(III) complex with Co(OAc)H·KHHO and an 
external oxidant such as KHSHOY (Scheme I.LK).  
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Scheme I.01. Maiti’s synthesis of aryl-Co(III) intermediates (up) and the XRD structure (solvent 
and H-atoms omitted for clarity; ellipsoids set at RG% probability level; down). 

On the basis of Maiti’s work, in HG@V Niu and Song were able to detect and isolate 
the reaction intermediate corresponding to the cobalt-catalyzed amination of C(spH)-H 
bonds.HSH Starting from the previously aminated substrate (Scheme I.LR, up), the 
authors were able to synthesize an organometallic aryl-Co(III)-amino complex and they 
reported its crystallographic solid state structure (Scheme I.LR, down). Furthermore, 
when this organometallic complex is subjected to high temperatures, reductive 
elimination occurs furnishing the corresponding triarylamines, thus supporting the 
Co(I)/Co(III) mechanistic scenario depicted in Scheme I.L@. 

 

 

Scheme I.02. Niu and Song’s synthesis of organometallic aryl-Co(III)-amino intermediates (up) 
and XRD structure of the isolated intermediate (solvent and H-atoms omitted for clarity; 
ellipsoids set at LG% probability level; down). 
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Recently, Carretero detected aryl-Co(III) intermediates using picolinamide as 
directing group in the synthesis of dihydroisoquinolines with alkynes as coupling 
partners (Scheme I.@VD). Despite the fact that the organometallic complex was not fully 
characterized, its interception by mass spectrometry provided valuable insights about 
the reaction mechanism and the structure of some elusive cobalt species involved in the 
catalytic cycle. 

To summarize, recent efforts have been made towards the mechanistic 
understanding of high-valent cobalt-catalyzed organometallic C-H activation, pointing 
towards a Co(III)-mediated CMD C-H activation pathway and including the isolation 
and characterization of key reaction intermediates. Notwithstanding, probably due to 
the instability of organometallic species and their low-yielding synthetic protocols, 
there is still a lack of knowledge on how they react with different coupling partners. 

Future efforts on this field are required to understand and elucidate reaction pathways 
and discover new possible reactivity modes.
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I.4	One-electron	redox	processes	for	C-H	Functionalization	

Organometallic C-H activation has demonstrated to be a tremendously powerful 
tool for the synthesis of a vast array of products and different functionalities. However, 
as it has been stated in the first sections of this thesis, C-H functionalization can be 
achieved through outer sphere mechanisms which exclude the formation of 
organometallic intermediates. Hydrogen Atom Transfer reactions are well stablished 
and represent one example of C-H functionalization.HVL In this field, high-valent 
oxo/imido complexes,@G,HVK including metal centers found in natural enzymes, play a key 
role in C-H oxidation chemistry.HVR Pure electron-transfer processes are also important 
for the formation of new C-X bonds from C-H bonds using first-row transition metals.HVS 
Electron-transfer (ET) occurs when an electron relocates from an atom, typically a 
transition metal complex, to another chemical entity. This process constitutes a 
mechanistic description of a redox reaction typically more favored for first row 
transition metals, wherein the oxidation state of reactant and product changes.HVH 
Furthermore, this electron transfer can be coupled with a simultaneous loss of a proton 
forming a radical through a process called Proton-Coupled Electron transfer 
(PCET).HVV,HVY The radical or radical cation generated through this process serve then as 
a key intermediate in several C-H functionalization reactions (Scheme I.LS).HV],HYG Thus, 
C-H functionalization via a radical pathway has emerged as a promising methodology 
with high atom-and step-economy.  

 

Scheme I.03. C-H activation via a Single-Electron Transfer and PCET pathway and 
representative reaction types of radical C-H functionalization. 
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mild aromatic C-H activation through a rate-limiting PCET as the key C-H activation 
step (Scheme I.LV).HY@ Furthermore, a  three-center, three-electron C-H—Cu(II) 
interaction was identified (Scheme I.LV), and kinetic and computational studies support 
the PCET, which indeed does not conform to any previously proposed C-H activation 
mechanisms. In this example, C-H bond cleavage is coupled with copper oxidation and 
thereby an aryl-Cu(III) species is formed. Furthermore, this reaction proceeds through 
either a copper disproportionation or, alternatively, even faster in the presence of a 
stable radical such as TEMPO. 

 

Scheme I.04. Ribas’ Cu(II) C-H activation in triazamacrocyclic in the absence (upper reaction) 
or in presence of TEMPO (lower reaction). Color code: Cu(I), green; Cu(II), blue; Cu(III), red. 

Copper(II) is known to catalyze a variety of aerobic C-H functionalization 
reactionsHYH,HYL through a SET mechanisms as Yu proposed in HGGS.HYK However, other 
mechanisms have been found to operate in these transformations and the possibility of 
controlling these mechanisms recently became a possibility. In this line, in HG@L, Stahl 
identified divergent mechanisms of C-H functionalization using copper(II) salts as 
catalysts and N-(Y-quinolinyl)benzamide substrates depending on the reaction 
conditions (Scheme I.LY).HYR Interestingly, when basic CsHCOL was added, an 
organometallic mechanism controls the reactivity. On the contrary, when acidic 
conditions are used, Cu(II) reduction potential is enhanced and a SET is favored. 
Subsequently, through a SET, the authors achieved the CR-halogenation of the DG.  

 

Scheme I.05. Stahl’s control of governing pathway in Cu(II) C-H functionalization: 
Organometallic pathway (left, blue) and SET pathway (right, red). 
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Since the discovery of this electron-transfer mechanism, several C-H 
functionalization of Y-aminoquinoline directing groups using copper as catalysts have 
been reported. Halogenation,HYS,HYV sulfonylation,HYY–H]G nitration,H]@,H]H 
thio/selenocyanation,H]L aminationH]K selenylation,H]R and esterification.H]S However, 
other first row transition metals such as ironH]V–LGG and nickelLG@,LGH have also been used 
as efficient catalysts for remote C-H functionalization of aminoquinolines and related 
aromatic substrates. The use of cobalt in this field is still in its infancy, albeit some 
recent and elegant examples have been reported. In the next section of this thesis, these 
examples will be disclosed together with some mechanistic considerations.  

I.4.1	Cobalt-Catalyzed	C-H	Functionalization	through	SET	and	PCET	

The powerful abilities of cobalt for C-H functionalization through one-electron 
processes were initially proven by Kochi’s.@GS As disclosed in Section I.4.5 of this thesis 
(Scheme I.]), benzene was oxidized in trifluoroacetic acid (TFA) at room temperature 
through a Single-Electron Transfer (SET) using stoichiometric amounts of Co(OTf)L. 
Since this report, one-electron cobalt catalyzed C-H functionalization remained a 
hurdle to overcome until the groundbreaking study from Niu and Song in HG@R.LGL  In 
this protocol, alkoxylation of C(spH)-H aromatic and olefinic benzamides assisted by a 
H-aminopyridine-@-oxide group (APO) was carried out using Co(OAc)H·KHHO as the 
catalyst and AgHO as the oxidant. EPR spectroscopy studies as well as experiments with 
radical quenchers suggested that a SET pathway was likely to be operative. Furthermore, 
DFT calculations performed by Wei and Niu provided further support for this 
hypothesis and provided  valuable insights into rational prediction of catalyst design 
and reactivity using cobalt.LGK Furthermore, the same authors described a new method 
for the amination of arylamides with secondary alkylamines through C(spH)-H bond 
functionalization assisted by APO.LGR Based on previous reports, control experiments 
with radical traps, low kinetic isotope effects (KIE values around @.G) and DFT studies, 
a Single Electron Transfer (SET) is suggested again as a tentative reaction mechanism. 
As depicted in Scheme I.L], after Co(II) oxidation to Co(III), a SET occurs to A to furnish 
an arene radical cation B. Then, Co(III) coordinates B to yield C, and the nucleophilic 
attack of the alcohol/amine to the arene ring, together with an electron transfer 
furnishes a Co(II) Wheland species D. Afterwards, deprotonation of the arene ring 
yields the complex E, which after decoordination constructs the alkoxylated/aminated 
product F. In spite of these pioneer protocols, in HG@S, Zhang independently reported a 
similar amination reaction using the Y-aminoquinoline directing group pioneered by 
Daugulis.LGS In this case, mechanistic observations, such as a Kinetic Isotope Effect (KIE) 
value of @.L and radical scavenger inhibition, suggested that the reaction proceeds by a 
SET mechanism through a unique Co(II)/Co(IV) catalytic amination pathway. 
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Scheme I.06. Niu and Song’s alkoxylation and amination of C-H bonds through a Single 
Electron Transfer (SET). 

Recently, high-valent cobalt-catalyzed C-X (X = N, O) bond formation through 
one-electron processes has attracted increasing attention and novel procedures have 
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source (Scheme I.KG).LGV Although the protocol was limited to the use of pyrimidine 
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Scheme I.17. Song’ nitration of C(spL)-H bonds through a Single Electron Transfer (SET). 

In the same vein, Das and co-workers reported a cobalt-catalyzed regioselective 
ortho-C(spH)-H bond nitration (Scheme I.K@, right) and alkoxylation (Scheme I.K@, left) 
though a Proton-Coupled Electron Transfer mechanism.LGY Interestingly, the reaction 
proceeded under mild reaction conditions in presence of Co(OAc)H·KHHO as the catalyst 
and AgNOH as nitro source as well as terminal oxidant, together with atmospheric OH. 
In this case, the nitration reaction is assisted by bidentate removable vicinal diamine 
groups, such as H-aminopyrimidine, H-aminopyridine, H-aminoisoquinoline or H-
aminobenzothiazole and produced pharmaceutically relevant compounds. Control 
experiments clearly indicate the intermediacy of radical species, and DFT calculations 
revealed that the reaction proceeds through a Proton-Coupled Electron Transfer 
promoted by a nitro-transfer pathway (Scheme I.K@). Thus, the most relevant step of 
this mechanism comes after coordination of Co(III)-NOH to A to furnish coordination 
complex B. Then, PCET takes place while the acetate anion acts as a base and Co(III) as 
electron acceptor to yield C.  After radical coupling (D and E), proton transfer (F) and 
decoordination, nitrated product G is finally released.  
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some examples of C-C bond formation have been recently reported by Niu and Song. In 
HG@S, the authors described a practical mixed directing-group strategy using Co(acac)L 
as inexpensive and readily available catalyst for the arylation of unactivated arenes 
(Scheme I.KH).LG] Interestingly, the authors identified two different pathways governing 
this transformation. While a single-electron-transmetalation process occurs in the Y-
aminoquinolinebenzamide moiety, a CMD process is proposed to proceed in the H-
arylpyridine motif. 
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Scheme I.1). Das’ nitration and methoxylation of arenes through a Proton-Coupled Electron 
Transfer (PCET) pathway (aminopyridine as DG is depicted). 

Moreover, radical scavenging experiments with H,S-di-tert-butyl-K-methyl-phenol 
(BHT) have proved the presence of aryl radical as benzylated products were formed. 
Based on these mechanistic studies, the authors proposed the mechanism depicted in 
Scheme I.KH.  The reaction starts with the oxidation of Co(II) precatalyst to Co(III). Then 
Co(III) interacts with both substrates A and B through different pathways. First, 
directed C-H activation of H-arylpyridine A furnishes the organometallic complex B. In 
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and Single-Electron Transfer (SET), for the synthesis of biaryl products through a cross-
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Scheme I.1/. Niu and Song’ mixed strategy for the arylation of arenes (top) and its proposed 
mechanism (bottom). Color code: Co(II), pink; Co(III), orange; Co(IV), blue.  

One year later, in HG@V, Niu and Song reported another protocol for the 
construction of C-C bonds through a remote perfluoroalkylation of quinolone amides 
(Scheme I.KL).L@G This protocol consists in a catalytic system constituted by Co(acac)L, 
AgHO as oxidant and acetic acid as additive and represents one of the few examples of 
CR-alkylation of Y-aminoquinoline.L@@ To rationalize the observed reactivity, the authors 
proposed the mechanism depicted in Scheme I.KL. In first place, Co(III) species 
coordinates to A to form a chelated complex B. Then, a SET drags an electron from the 
quinoline motif, furnishing a radical cation Co(II) complex C. On the other hand, 
through a thermal SET process,L@H the heptafluoroisopropyl radical is generated from 
heptafluoroisopropyl iodide. Afterwards, complex C bearing a radical cation reacts with 
heptafluoroisopropyl radical to yield the cationic complex D, which undergoes 
deprotonation to furnish E. Finally, Co(III) is regenerated in the presence of AgHO for 
the next catalytic cycle. 
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Scheme I.10. Niu and Song’s perfluoroalkylation of quinolone amides at CR position through a 
Single Electron Transfer (SET) pathway. 
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The development of new synthetic methodologies using earth abundant and cost-
efficient 9d transition-metals has recently attracted increasing attention. Particularly, 
cobalt has become an actual alternative to precious metals in catalysis, displaying 
similar and improved reactivity patterns and unique transformations, specifically in C-
H activation and functionalization. Since the discovery of cobalt-catalyzed C-H 
functionalization reactions in BCDD, the field has been dominated by low-valent 
approaches using either low-valent catalysts or binary systems consisting in cobalt(II) 
salts and Grignard reagents. In spite of the prevalence of the low-valent approach in the 
cobalt C-H activation realm, new methodologies consisting in high-valent catalysts 
allowed for novel strategies in the field. Between JKB9 and JKBL, Kanai and Daugulis 
pioneered the field and since then a tremendous amount of synthetic protocols has been 
published, including novel and unique C-C, C-N, C-O and C-Halogen bond forming 
transformations. Despite the recent flourishing of the high-valent approach, there is still 
room for new reactivity and more mechanistic understanding is needed. Indeed, just a 
few examples of organometallic aryl-Co(III) species have been furnished through C-H 
activation and their role as intermediates in some transformation is not clear.  

Thus, taking into account the lack of organometallic intermediates synthesized 
and the few existing evidences for the C-H activation step, in Chapter III we will focus 
on the synthesis and characterization of bench-stable stable model macrocyclic aryl-
Co(III) compounds obtained through C(spJ)-H activation (Scheme II.J). 

 

Scheme II.). Use of model macrocyclic substrates for the formation of organometallic aryl-
Co(III) complexes through C-H activation. Reactivity of aryl-Co(III) with alkynes (blue) and 
ethyl diazoacetate (red). 

To do so, we will use a BJ-membered macrocyclic model substrate, which has 
proved to be an excellent platform for the synthesis and characterization of high-valent 
Pd and Ni organometallic species. Subsequent insights obtained from the application of 
these organometallic aryl-Co(III) intermediates in alkyne annulation reactions will also 
be studied (Scheme II.J, blue). We will also evaluate the relevance of these aryl-Co(III) 
species in the context of W-aminoquinoline directed oxidative Co(II)-catalyzed C-H 
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activation processes. Furthermore, in Chapter IV we will test the reactivity of aryl-
Co(III) complexes with ethyl diazoacetate (EDA) to provide novel insight in cobalt-
catalyzed C-H functionalization reactions with carbene precursors (Scheme II.B, red). 
The characterization of novel intermediate species will be sought in order to improve 
the understanding of the reactivity of putative cobalt-carbenes to construct C-C bonds. 

The knowledge acquired using the macrocyclic model platform will be applied in 
different protocols for the construction of new C-C and C-N bonds. In Chapter V, we 
will attempt the synthesis of cyclic sulfonamides (sultams). Specifically, aryl 
sulfonamides, which bear an W-aminoquinoline (Q) directing group, and alkynes will be 
reacted with Co(II) salts in presence of oxidants to attempt the synthesis of sultam 
derivatives. 

 

Scheme II.*. Cobalt-catalyzed organometallic C-H activation and functionalization with 
alkynes for the synthesis of cyclic sulfonamide (sultam) motifs. 

Finally, in Chapter VI we will attempt the remote C-H functionalization of the W-
aminoquinoline (Q) directing group using tert-butyl nitrite as nitro source and 
commercially available cobalt salts as catalysts. 

 

Scheme II.+. Remote nitration of W-aminoquinoline scaffolds through cobalt-catalyzed C-H 
functionalization. 
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Chapter	III	
Isolation	of	Key	Organometallic	Aryl-Co(III)	
Intermediates	in	Cobalt-Catalyzed	C(sp2)-H	

Functionalization	and	New	Insights	into	Alkyne	
Annulation	Reaction	Mechanisms	
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§Servei de RMN, Facultat de Cieǹcies, Universitat Autoǹoma de Barcelona, Campus UAB, Bellaterra, E-08193 Catalonia, Spain

*S Supporting Information

ABSTRACT: The selective annulation reaction of alkynes
with substrates containing inert C−H bonds using cobalt as
catalyst is currently a topic attracting significant interest.
Unfortunately, the mechanism of this transformation is still
relatively poorly understood, with little experimental evidence
for intermediates, although an organometallic Co(III) species
is generally implicated. Herein, we describe a rare example of
the preparation and characterization of benchtop-stable
organometallic aryl-Co(III) compounds (NMR, HRMS,
XAS, and XRD) prepared through a C(sp2)−H activation,
using a model macrocyclic arene substrate. Furthermore, we provide crystallographic evidence of an organometallic aryl-Co(III)
intermediate proposed in 8-aminoquinoline-directed Co-catalyzed C−H activation processes. Subsequent insights obtained from
the application of our new organometallic aryl-Co(III) compounds in alkyne annulation reactions are also disclosed. Evidence
obtained from the resulting regioselectivity of the annulation reactions and DFT studies indicates that a mechanism involving an
organometallic aryl-Co(III)-alkynyl intermediate species is preferred for terminal alkynes, in contrast to the generally accepted
migratory insertion pathway.

■ INTRODUCTION
Selective functionalization of inert C−H bonds is currently
attracting significant interest as the desire to develop new
simplified protocols for the synthesis of complex pharmaceut-
icals, agrochemicals and natural products gathers pace.1

Historically, most C−H activation and coupling protocols
have been based on expensive, precious second- and third-row
transition metals, most notably Pd.2 More recently, the
development of catalytic C−H functionalization protocols
based on naturally more abundant and cheaper first-row
transition metals, including Fe,3 Cu,4 Co,5 and Ni,6 has seen an
explosion of activity. Unfortunately, mechanistic understanding
concerning how these new first-row transition metal based
protocols operate is significantly less advanced than their
second- and third-row analogues. This is likely a consequence
of the elusiveness and instability of key reaction intermediates,
although there is an increasing interest in their detection and
isolation.7 One reaction which is receiving particular interest at
the current time is the annulation reaction of alkynes to
substrates with inert C−H bonds, providing a facile route
toward a variety of biologically and pharmaceutically relevant
heterocyclic compounds. To date, Rh-catalysis has provided

significant success in this field,8 although the replacement of
expensive Rh with a cheaper first-row transition metal has
remained a challenge until recently. In this context, in 2013,
Yoshikai reported the first synthesis of polysubstituted
dihydropyridine derivatives, through a mild and facile cobalt-
catalyzed alkyne annulation reaction.9 Since this report, an
increasing number of Co-catalyzed annulation protocols have
been reported using a range of coupling partners,10 including
several examples highlighting the potential of alkynes.11

Unfortunately, the mechanisms of these reactions are still
relatively poorly understood, although organometallic Co(III)
intermediates are generally implicated.5 Stable organometallic
aryl-Co(III) compounds have been prepared via trans-
metalation reactions in the past,11g,12 although examples of
the preparation of stable organometallic Co(III) compounds
through direct C−H activation are still extremely rare, which
has limited the understanding of this field. Organometallic aryl-
Co(III) compounds derived from N-confused porphyrins and
m-benziphthalocyanines have been metalated using Co(II) salts
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furnishing the Co(III) C−H activated products,13 although
further reactivity studies were somewhat limited as a result of
their stability.14

In the field of Co-catalyzed alkyne annulation protocols
through C−H activation, the most solid experimental evidence
so far of reaction intermediates has been provided by succinct
NMR, MALDI-TOF, and most recently X-ray diffraction
(XRD). In 2014, Daugulis and co-workers reported the
preparation and characterization (1D NMR) of an organo-
metallic aryl-Co(III) compound, obtained through C(sp2)−H
activation, which was implicated as the key intermediate in a
Co-catalyzed annulation protocol (Scheme 1A).11b In 2015,
Zhang and co-workers observed, by MALDI-TOF analysis of a
crude reaction mixture during a Co(II)-catalyzed annulation
reaction, evidence of an organometallic C(sp3)−Co(III)
intermediate, resulting from direct activation of C(sp3)−H
bonds (Scheme 1B).11a Very recently, in a related study, Maiti
and co-workers have successfully provided XRD evidence of a
species invoked as an intermediate in Co-catalyzed alkene
coupling reactions.15

Taking into account the increasing interest in Co-catalyzed
transformations and the absence of benchtop-stable organo-
metallic aryl-Co(III) compounds prepared through direct C−H
activation, we became interested in the possibility of isolating
organometallic aryl-Co(III) compounds, in order to understand

their synthesis, features and reactivity. Our approach was based
on expertise within our laboratory using model macrocyclic
arene substrates to successfully stabilize organometallic aryl-
metal intermediate species, including Ni(II)16 and Cu(III).16,17

These isolable compounds have now been implicated as the
intermediate species in a wide variety of cross-coupling
transformations.
Herein, we will describe the synthesis and characterization of

benchtop-stable organometallic aryl-Co(III) compounds ob-
tained through C(sp2)−H activation, in a clear stepwise
manner, using a 12-membered macrocyclic model substrate,
which have been fully crystallographically and spectroscopically
characterized. A similar macrocyclic substrate has previously
been utilized to investigate the reactivity of organometallic
Ni(III) intermediates.18 Subsequent insights obtained from the
application of these isolable organometallic aryl-Co(III)
intermediates in alkyne annulation reactions, in which they
are proposed as key reaction intermediate (Scheme 1C) will
also be disclosed, including evidence for an unprecedented
“acetylide pathway” for terminal alkynes in annulation
reactions. Putting this work into context, we also report
crystallographic evidence of the sought-after organometallic
aryl-Co(III) intermediate proposed in 8-aminoquinoline
directed Co-catalyzed C−H activation processes.

Scheme 1. Characterized Organometallic Co(III) Intermediates in Co-Catalyzed Alkyne Annulation Protocols: (A) C(sp2)−H
Activation and the Organometallic Aryl-Co(III) Intermediate Isolated by Daugulis and Co-workers and Maiti and Co-workers;
(B) C(sp3)−H Activation and Organometallic Alkyl-Co(III) Intermediate Reported by Zhang and Co-Workers; (C) Overview
of This Work, with Co(II) and Co(III) Intermediates and Annulation Products Characterized by 1D and 2D NMR, HRMS,
XRD, and XAS
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■ RESULTS
Synthesis and Characterization of Organometallic

Aryl-Co(III) Compounds. Macrocyclic model arene substrates
2b-H and 2c-H were synthesized through cyclization of the
tosyl-protected amine 1 with 2,6-bis(bromothethyl)pyridine,
followed by a deprotection of tosylated macrocyclic compound
2a-H, furnishing 2b-H, which could be further methylated at
the secondary amines to obtain 2c-H (see Scheme S1).
Thereafter, Co(II) coordination compounds were prepared by
reaction of Co(OAc)2 with 2b-H and 2c-H (Scheme 1C), at 25
°C, using 2,2,2-trifluoroethanol (TFE) as solvent ([(2b-
H)Co(II)(OAc)2] (3b-OAc) and [(2c-H)Co(II)(OAc)2]
(3c-OAc)). The structure of 3b-OAc was initially confirmed
by HRMS ([M − OAc]+; calcd m/z = 357.0882; found
357.0874) and XRD analysis (see Figure S15). The solid-state
molecular structure of 3b-OAc indicated that the compound
has two acetates coordinated in a bidentate fashion and that the
potentially tridentate macrocycle acts as bidentate ligand
(coordinated through only the pyridine and one amine).
Upon performing the same reaction with CoBr2 and 2c-H,
complex 3c-Br was obtained, which in contrast, had both
amines of the macrocyclic ligand coordinated (XRD, see Figure
S16). Careful analysis of these crystal structures shows that the
aryl C−H bond is out of plane (torsion angles of 14° for 3b-
OAc and 21° for 3c-Br), indicating an incipient interaction
between the Co(II) and hydrogen of the arene.
Upon reacting Co(OAc)2 with 2b-H and 2c-H in TFE at 100

°C (or heating of the preformed 3b-OAc and 3c-OAc),
complete conversion to the target organometallic aryl-Co(III)
complexes, [(2b)Co(III)(η2-OAc)](OAc) (4b-OAc) and
[(2c)Co(III)(η2-OAc)](OAc) (4c-OAc), was achieved
(Scheme 1C). Due to the stability of the isolated organo-
metallic aryl-Co(III) compounds, it was possible to characterize
them by NMR and HRMS (Figure 1 and Figures S36−S45),

providing spectra consistent with a low spin diamagnetic
Co(III) metal center. Two nonequivalent acetate signals were
observed, indicating that only one acetate is likely to be
coordinated to the Co complex with the second acetate
displaced as an outer-sphere counterion. The proposed
structure was further supported by HRMS studies of 4b-OAc
and 4c-OAc, which afforded clean spectra with major signals
corresponding to the [(2)Co(III)(OAc)]+ ions (4b-OAc, [M −
OAc]+; calcd m/z = 356.0804; found 356.0802; 4c-OAc, [M −
OAc]+; calcd m/z = 384.1117; found 384.1122). An analogous

organometallic Rh(III) complex (5c-Cl) was also prepared
following a similar protocol (see Scheme S15 and Figure S17).
In our initial studies, XRD characterization of 4b-OAc and

4c-OAc remained elusive and as a result we turned to X-ray
absorption spectroscopy (XAS) at the Co K-edge, in order to
probe the electronic structure (XANES) and coordination
environment (EXAFS) (Figure 2A−C and Figures S19−S22).
Figure 2A shows the rising edge spectra for the starting material
and the organometallic aryl-Co(III) 4b-OAc and 4c-OAc
analogues. 3c-OAc shows a weak pre-edge feature due to 1s→

Figure 1. 1H NMR spectrum with assignments for 4c-OAc in CDCl3
at 298 K.

Figure 2. Characterization of aryl-Co(III) compounds through EXAFS
spectroscopy. (A) XAS spectra at the Co K-edge highlighting the
XANES region of the spectrum, and the 1s → 3d pre-edge transitions
(inset). (B) EXAFS analysis of 4b-OAc. Shown are Fourier-
transformed EXAFS spectra (no phase correction, k-window = 2−
12.5 Å−1) as well as the k3-weighted unfiltered EXAFS spectra (inset)
and comparison of selected EXAFS derived and theoretical bond
distances (bottom table). (C) EXAFS analysis of 4c-OAc. Shown are
Fourier-transformed EXAFS spectra (no phase correction, k-window
=2−12.5 Å−1) as well as the k3-weighted unfiltered EXAFS spectra
(inset) and comparison of selected EXAFS derived and theoretical
bond distances (bottom table). (D) Geometry optimized structure for
4b-OAc. Selected bond distances [Å] and angles [°]: Co−C(1) 1.85,
Co−N(1) 1.85, Co−N(2) 2.00, Co−N(3) 2.00, Co−O(1) 1.96, Co−
O(2) 2.11; C(1)−Co−N(1) 89.8, C(1)−Co−N(2) 84.5, C(1)−Co−
N(3) 84.4, C(1)−Co−O(1) 99.6, C(1)−Co−O(2) 164.9. (E)
Geometry optimized structure for 4c-OAc. Selected bond distances
[Å] and angles [°]: Co−C(1) 1.85, Co−N(1) 1.85, Co−N(2) 2.05,
Co−N(3) 2.05, Co−O(1) 1.96, Co−O(2) 2.11; C(1)−Co−N(1)
86.5, C(1)−Co−N(2) 84.6, C(1)−Co−N(3) 84.6, C(1)−Co−O(1)
101.0, C(1)−Co−O(2) 166.3.
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3d transitions at ∼7709.8 eV consistent with a Co(II) center
having a centrosymmetric local environment.19 EXAFS analysis
of 3c-OAc shows a six coordinate complex with three pairs of
Co−N/O scattering shells at 2.04, 2.22, and 2.35 Å, suggesting
a distorted octahedral coordination environment at the metal
center (Figure S20 and Table S15). XAS data for 3c-Br, on the
other hand, are consistent with the proposed 5-coordinate
crystal structure (Figure S19 and Table S14). Upon C−H
activation, a 0.5 eV shift in the rising edge at half height is
observed for both 3c-OAc and the 3b-OAc analogue,
concomitant with a ∼1.6 eV shift to higher energy of the
pre-edge, indicating oxidation of the metal center to Co(III).19

Additionally, the increase in intensity of the pre-edge feature
observed, not only accounts for the increase in oxidation state
and the extra electron hole, but also suggests a coordination
geometry more favorable to p-d mixing. EXAFS analysis of 4b-
OAc and 4c-OAc (Figure 2B,C) intermediates indicates the
presence of two short N/O/C scattering atoms at ∼1.89 Å and
four longer N/O/C scattering paths with an average effective
path length spanning ∼2.04−2.09 Å. This is consistent with the
proposed theoretical models that predict two short N/O/C
pyridine nitrogen and C−H activated carbon (Cphenyl) and four
longer scattering paths (∼2.0 Å) coming from the tertiary
amines and an acetate, resulting in a trigonal bipyramidal
geometry at the meal center. The proposed structures for the
4b-OAc and 4c-OAc complexes are in agreement with the
NMR and HRMS data (vide supra) and help to explain the
intense pre-edge features from XAS, whereby a trigonal
bipyramidal local metal geometry facilitates p-mixing into the
d-manifold resulting in a more intense pre-edge.
Thereafter, formation of the organometallic aryl-Co(III)

compounds was further studied (see Scheme 2 and Schemes
S17−S19). It was found that the addition of 2.0 equiv of KOAc
to a mixture of 2c-H and CoBr2 in MeCN resulted in complete
conversion to 4c-OAc, whereas in the absence of base a mixture
of Co(II) complex 3c-Br and Co(III) organometallic 4c-Br was
obtained, suggesting that both solvent and base have an
important role in the C−H activation step. In particular,

fluorinated alcohols appear to be crucial (Table S2), as has
previously been identified for a number of other metal-
catalyzed transformations.20 Preparation of the organometallic
aryl-Co(III) compounds was also attempted under an inert
atmosphere (N2), but the reaction did not proceed when
starting from Co(II) salts and 2c-H. However, if the reaction
was performed under an inert atmosphere in the presence of
oxidants, such as silver salts or TEMPO, organometallic aryl-
Co(III) intermediates could be detected using HRMS (Scheme
S19 and Figures S5−S10). When Co(acac)3 was used as Co
source, under an inert atmosphere, the corresponding organo-
metallic aryl-Co(III) species (4c-acac) was formed as the major
product (Figure S4). These observations indicate that Co(II) is
likely first oxidized before the C−H activation step, forming a
highly electrophilic penta-coordinated Co(III) 16e− complex
(Scheme 2, 3x′-OAc). Interaction of Co(III) with the
corresponding C−H bond promotes its deprotonation by the
base (acetate, bromide or perchlorate in this study). These
experimental observations lead us to propose that C−H bond
cobaltation is likely to proceed via a concerted metalation−
deprotonation (CMD) pathway.
As mentioned, it was not possible to obtain suitable crystals

of 4x-OAc for XRD studies. As reaction using silver salts as
oxidant was also satisfactory, another strategy to grow crystals
was followed; 3x-Br was mixed with AgClO4 (3.0 equiv) in an
CH3CN/TFE (10:1) mixture at 100 °C, whereby the
corresponding organometallic complex 4x-CH3CN was ob-
tained (see Schemes S13 and S14 and Figures S13 and S14).
Crystals of 4b-CH3CN, as well as 4c-CH3CN, suitable for XRD
studies were this time obtained and fully characterized using
XRD and other techniques (Figure 3A,B and Figures S46−
S55). The experimentally determined EXAFS Co−Cphenyl bond
distances of 1.88 Å for 4b-OAc and 1.90 Å for 4c-OAc (Figure
2B−E) are consistent with the Co(III)−Cphenyl distance of 1.86

Scheme 2. Formation of Aryl-Co(III) Intermediates:
Optimization and Evaluation of Conditions Using Different
Solvents (TFE, CH3CN) and Oxidants (Air, Silver Salts,
TEMPO) To Furnish Organometallic Aryl-Co(III)
Intermediates through a C−H Activation Approach

Figure 3. Solid-state structures of organometallic aryl-Co(III)
compounds. Hydrogen atoms, perchlorate anions and solvent
molecules have been omitted for clarity; ellipsoids are set at 50%
probability. (A) Crystal data for 4b-CH3CN. Selected bond distances
[Å] and angles [°]: Co−C(1) 1.876(7), Co−N(1) 1.853(4), Co−
N(2) 1.997(6), Co−N(3) 2.008(5), Co−N(4) 2.025(6), Co−N(5)
1.897(4); C(1)−Co−N(1) 90.55(2), C(1)−Co−N(2) 83.68(2),
C(1)−Co−N(3) 83.66(2), C(1)−Co−N(4) 177.87 (2), C(1)−Co−
N(5) 88.40(2). (B) Crystal data for 4c-CH3CN. Selected bond
distances [Å] and angles [°]: Co−C(1) 1.865(2), Co−N(1) 1.856(2),
Co−N(2) 2.029(2), Co−N(3) 2.027(2), Co−N(4) 1.999(2), Co−
N(5) 1.927(2); C(1)−Co−N(1) 88.16(9), C(1)−Co−N(2)
84.13(9), C(1)−Co−N(3) 84.26(9), C(1)−Co−N(4) 178.30(9),
C(1)−Co−N(5) 91.30(9).
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Å determined for both 4b-CH3CN and 4c-CH3CN from their
crystal structures (Figure 3A,B). In order to put our new
organometallic aryl-Co(III) compounds into context, we have
also been able to obtain XRD evidence of an aryl-Co(III)
intermediate furnished through assistance of the 8-aminoquino-
line directing group.21 Using a nitro-derivative of the
aminoquinoline scaffold (6),22 together with the addition of
2,2′-bipyridine (bipy), we were able to successfully crystallize
this sought-after intermediate, [(6)Co(III)(bipy)(OAc)] (8)
(Scheme S16 and Figure S18). This result sets definitive proof
of the structure of this intermediate organometallic species and
highlights the relevance of our new isolable organometallic aryl-
Co(III) compounds for studying high-valent Co-catalyzed
C(sp2)−H annulation reactions.
Study of Isolated Organometallic Aryl-Co(III) Com-

pounds in Stoichiometric Alkyne Annulation Reactions.
With the isolated organometallic aryl-Co(III) compounds in
hand, we then turned our attention toward the reactivity of 4b-
OAc using alkynes as coupling partners to furnish annulated
products. We envisioned that this compound may provide
similar products to the previously reported Co-catalyzed
annulation reactions with alkynes,11 which are believed to
proceed via β-migratory insertion of the alkyne into the
organometallic aryl-Co(III) bond, furnishing a dihydroisoqui-
noline product (6-membered ring, 9a and 10a) upon reductive
elimination of the Co with our macrocyclic ligand. However,
reaction of 4b-OAc with 1-ethynyl-4-nitrobenzene at 100 °C in
TFE unexpectedly resulted in the regioselective formation of
the dihydroisoindoline product 9b (5-membered ring) in good
yields (Table 1, entry 1). The unexpected formation of 9b led

us to explore this reactivity further, changing the reaction
conditions, such as temperature and electronic properties of the
alkyne coupling partner. Thus, reactions with 1-ethynyl-4-
nitrobenzene were carried out at lower temperatures (Table 1,
entries 2 and 3) and interestingly, mixtures of 9a and 9b were
obtained, with increasing ratio of 9a with decreasing temper-
ature.

This result suggests that 9b is the thermodynamic product,
while 9a is the kinetic product. The structure of 9a and 9b were
unambiguously determined using NMR and MS techniques
(see Supporting Information for more details). Interestingly,
under an inert atmosphere it was also possible to obtain
products (Table 1, entry 4), indicating that no oxidant is
required in the annulation reaction. Thereafter, reaction of 4b-
OAc with phenylacetylene was tested at 100 °C in TFE, which
resulted in the selective formation of the 6-membered ring
product 10a (Table 1, entry 5). Surprisingly, other 6-membered
ring isomers were never observed, showing that the reaction is
regioselective toward the dihydroisoquinoline product 10a. The
same results were obtained when reactions were carried out at
60 °C in TFE, under air or N2 atmospheres. However, when
reactions were carried out at room temperature, a mixture of
10a and 10b was obtained (Table 1, entries 6 and 7).
Therefore, contrary to the reaction with 1-ethynyl-4-nitro-
benzene, for the reaction with phenylacetylene the thermody-
namic product is 10a, while 10b is the kinetic product. Finally,
the reactivity of the aryl-Co(III) compounds with an internal
alkyne, 1-phenyl-1-propyne, was also evaluated. At 100 °C in
TFE the reaction furnished 1,2-dihydroisoquinoline product
(11a) in good yield (Table 2, entry 1). Variation of
temperature resulted in the formation of both regioisomers,
11a and 11aa (Table 2, entries 2 and 3), suggesting again
kinetic and thermodynamic products.

Study of Isolated Aryl-Co(III) Compounds in Catalytic
Alkyne Annulation Reactions. The annulation reaction was
also studied in a catalytic fashion using 2b-H and terminal
alkynes. Initial tests were performed using catalytic quantities of
Co(OAc)2, 3b-OAc and 4b-OAc, together with 1-ethynyl-4-
nitrobenzene and 2b-H (Table 3). At room temperature,
starting from Co(OAc)2 the reactions did not proceed, in
contrast to the stoichiometric experiments described above
(Table 1, entries 3 and 7). This result indicates that C−H
activation is the rate-determining step for these trans-
formations, in agreement with what is suggested for most
studies in this field. 1-ethynyl-4-nitrobenzene was successfully
coupled to 2b-H at 80 °C using TFE as solvent, under an
oxygenated atmosphere, with 20 mol% of Co(OAc)2, 3b-OAc
or 4b-OAc (Table 3, entries 1, 3, and 7).

Table 1. Reactivity of Organometallic Aryl-Co(III) Complex
4b-OAc with Terminal Alkynes as Coupling Partners

entrya R atm temp (°C) yieldb (%) ratio (a:b)c

1 4-NO2Ph air 100 54 1:99 (9a:9b)
2 4-NO2Ph air 60 66 1:12
3 4-NO2Ph air rt 63 1:1.5
4 4-NO2Ph N2 60 60 1:12

5 Ph air 100 30 99:1 (10a:10b)
6 Ph air 60 36 99:1
7 Ph air rt 40 4:1
8 Ph N2 60 34 99:1

aReaction conditions: 4b-OAc (40 mg, 0.077 mmol) and alkyne (2.0
equiv) were mixed in TFE and stirred at different temperatures and
atmospheres over 16 h. bProducts were isolated using silica-gel
chromatography. cRatios were determined by NMR spectrometry.

Table 2. Reactivity of Organometallic Aryl-Co(III) Complex
4b-OAc with 1-Phenyl-1-propyne as Coupling Partner

entrya atm temp (°C) yieldb (%) Ratioc (11a:11aa)

1 air 100 72 99:1
2 air 60 70 4:1
3 air rt 54 2:1
4 N2 60 65 4:1

aReaction conditions: 4b-OAc (0.077 mmol) and 1-phenyl-1-propyne
(1.0 equiv) were mixed in TFE and stirred at different temperatures
and atmospheres over 16 h. bProducts were isolated using silica-gel
chromatography. cRatios were determined by 1H NMR.
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Under an inert atmosphere the reaction was significantly
retarded when starting from both Co(II) precursors or the off-
cycle intermediate 4b-OAc (Table 3, entries 2, 4 and 8),
suggesting that an external oxidant is needed to regenerate the
catalyst.
Next, the annulation reaction with internal alkynes was tested

in a catalytic fashion. At 80 °C, 1-phenyl-1-propyne could be
coupled to 2b-H in good yields under air using 20 mol% of
Co(OAc)2 or the proposed off-cycle intermediates 3b-OAc and
4b-OAc, obtaining similar yields and regioselectivities (Table 4,
entries 1, 3, and 5). As with the terminal alkynes, under an inert

atmosphere the reaction did not proceed starting from 3b-OAc
or Co(OAc)2 (Table 4, entries 2 and 6) and a 14% yield was
obtained starting from 4b-OAc (Table 4, entry 4), highlighting
the necessity for air to regenerate the required +3 oxidation
state of Co for catalytic turnover.

Mechanistic Insights. From the experimental studies we
can conclude that initially Co(OAc)2 coordinates to 2b-H to
furnish 3b-OAc. The new ligand environment permits facile
oxidation to Co(III) followed by C−H cobaltation, which we
propose proceeds through a concerted metalation deprotona-
tion (CMD) process, furnishing 4b-OAc. Starting from the key
aryl-Co(III) intermediates, BP86/B3LYP calculations (Figures
4−6) revealed that reaction with terminal alkynes proceeds
following detachment of the η2-OAc resulting in a mono-
coordinated acetate (A, ΔG = 18.5 kcal mol−1), followed by a
formation of an adduct with the incoming terminal alkyne with
the metal complex (B, ΔG = 20.6 kcal mol−1) and finally
coordination of the alkyne to furnish a cationic π-complex
(Figure 4, 4b-alkyne-OAc, ΔG = 19.1 kcal mol−1). At this point

the mechanism can diverge to two different pathways, i.e., the
“acetylide pathway” (Scheme 3, upper green highlighted route)
and the “migratory insertion pathway” (Scheme 3, lower gray
highlighted route). In order to fully understand the implication
of our experimental results, DFT studies were applied to
distinguish whether the 6-memberd ring products 9a and 10a
were formed via the “acetylide pathway” or the prototypical β-
migratory insertion when using phenylacetylene as alkyne
coupling partner.
In the “acetylide pathway” (Figure 5), acetate-assisted

deprotonation of the alkyne occurs via 4b-alkyne-2OAc (ΔG
= 17.5 kcal mol−1), which presents a hydrogen bond between
the alkyne and one acetate anion. Subsequent proton transfer
from the alkyne to the acetate anion and loss of acetic acid
results in a low spin Co(III) acetylide intermediate, 4b-alkynyl-
OAc (ΔG = 3.7 kcal/mol), through a 20.2 kcal mol−1 transition
state. Then, reductive elimination from 4b-alkynyl-OAc
produces [(2b-CCPh)CoI](OAc) (14), which is computed to
be most stable as a triplet state by 19.3 kcal mol−1. The most
accessible C−C coupling pathway then proceeds from the

Table 3. Study of off-Cycle Intermediates in Catalytic
Reactions Starting from 2b-H and Terminal Alkynes

entrya [Co] (x mol%) atm yieldb (%) ratioc (9a:9b)

1 Co(OAc)2 (20) air 66 1:99
2 Co(OAc)2 (20) N2 5d n.d.

3 4b-OAc (20) air 69 1:99
4 4b-OAc (20) N2 13d 1:99
5 4b-OAc (10) air 43 1:99
6 4b-OAc (10) N2 traced n.d.

7 3b-OAc (20) air 58 1:99
8 3b-OAc (20) N2 7d n.d.

aReaction conditions: 2b-H (0.077 mmol) and 1-phenyl-1-propyne
(2.0 equiv) were mixed in TFE with 10−20 mol% of 4b-OAc and
stirred at 100 °C under different atmospheres over 16 h. bProducts
were isolated using silica-gel chromatography. cRatios were deter-
mined by 1H NMR. dYield determined using 1,3,5-trimethoxybenzene
as internal standard.

Table 4. Study of off-Cycle Intermediates in Catalytic
Reactions Starting from 2b-H and 1-Phenyl-1-propyne

entrya [Co] (20 mol%) atm. yieldb (%) ratioc (11a:11aa)

1 Co(OAc)2 air 67 5:1
2 Co(OAc)2 N2 traced n.d.

3 4b-OAc air 64 5:1
4 4b-OAc N2 14d 5:1

5 3b-OAc air 66 5:1
6 3b-OAc N2 traced n.d.

aReaction conditions: 2b-H (0.077 mmol) and internal alkyne (2.0
equiv) were mixed in TFE with 20 mol% of 4b-OAc and stirred at 100
°C under different atmospheres over 16 h. bProducts were isolated
using silica-gel chromatography. cRatios were determined by 1H NMR.
dYield determined using 1,3,5-trimethoxybenzene as internal standard.

Figure 4. Gibbs energy profile of the formation of 4b-alkyne-OAc.
Relative Gibbs energy values are given in kcal mol−1 and selected bond
distances in Å. Hydrogens not involved in reactivity are omitted for
clarity (N, blue; O, red; Co(III), orange; C, gray; H, white).
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singlet form of 4b-alkynyl-OAc, which after a spin-crossing to
the S = 1 state overcomes an overall barrier of 19.1 kcal mol−1.
Thereafter, a Co-assisted intramolecular cyclization furnishes

either the dihydroisoquinoline (6-membered ring, 10a) or
dihydroisoindoline (5-membered ring, 10b) product depending
on both the reaction temperature and the electronic properties
of the alkyne.
In the “β-migratory insertion pathway” (Figure 6), no

deprotonation occurs and 4b-alkyne-OAc undergoes β-
migratory insertion toward the commonly proposed 7-
membered cyclic intermediate (15a, Scheme 3), with a barrier
of (ΔG⧧ = 29.4 kcal mol−1). Thereafter, reductive elimination
from 15a furnishes the 6-membered ring 10a, whereas the 5-
membered product 10b cannot be obtained through this
mechanism.
Our experimental observations of the formation of 10a and

10b when 4b-OAc is reacted with phenylacetylene and the
higher energy barrier to form 15a (ΔΔG⧧ = 9.2 kcal mol−1)
indicate that the key intermediate is likely to be an
organometallic aryl-Co(III)-alkynyl species (4b-alkynyl-OAc,
Figure 5 and Scheme 2). Thus, our proposal involves the
deprotonation of the terminal acetylene by an acetate anion and
the subsequent formation of an organometallic aryl-Co(III)-
alkynyl intermediate, 4b-alkynyl-OAc, which furnishes the
linear intermediate 14 after a reductive elimination (upper
green highlighted route in Scheme 3). Then, it is proposed that
6-membered ring (9a and 10a) or 5-membered ring (9b and
10b) products are obtained through a nucleophilic attack of
one of the lateral amines through a Co-assisted intramolecular
cyclization. Taking into account the DFT calculations, we
propose that the mechanism exclusively operates through an
“acetylide pathway”, whereas the commonly proposed
“migratory insertion pathway” is excluded for terminal alkynes.

Scheme 3. Proposed Mechanistic Cycle of Co-Catalyzed Phenylacetylene Annulation through Aryl-Co(III) Intermediates
Starting from Co(OAc)2 and Macrocyclic Ligand 2b-Ha

aThe highest energy barrier for each pathway indicated. Color code for Co oxidation state: green, (I); pink, (II); and orange, (III).

Figure 5. Gibbs energy profile of the formation of the acetylide
pathway. Relative Gibbs energy values are given in kcal mol−1 and
selected bond distances in Å. Hydrogens not involved in reactivity are
omitted for clarity (N, blue; O, red; Co, pink; Co(III), orange; Co(I),
green; C, gray; H, white).
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Furthermore, the fact that no other 6-membered ring
regioisomers are detected under any experimental conditions
further supports the “acetylide pathway” operating for terminal
acetylenes.
Our proposed mechanism also provides potential reasoning

for experimental observations reported by Song,11f,k Glorius,11h

and Ackermann11j for other Co(III)-catalyzed annulation
protocols displaying different selectivity, but starting from
identical substrates. Furthermore, formation of 4b-alkynyl-OAc
is consistent with both the previously described organometallic
Co(III) acetylide complexes23 and the organometallic aryl-
Co(III)-alkynyl species proposed by Zhang,11a Song,11f,k and
Balaraman24 in alkyne annulation reactions. Additionally,
formation of two regioisomers (10a and 10b) from a common
starting material (14, Scheme 3, upper green highlighted route)
can be explained by a nucleophilic attack of a lateral amine to
one of the C(sp) centers. The kinetically and thermodynami-
cally favored products depend on the substituents attached to
the phenyl group.25 On the other hand, when using internal
alkynes (e.g., 1-phenyl-1-propyne) the organometallic aryl-
Co(III)-alkynyl intermediate species are not accessible.
However, DFT calculations show that the migratory insertion
pathway is a plausible mechanism (see Figure S23). Therefore,
we propose formation of 11a and 11aa via the β-migratory
insertion and reductive elimination from a 7-membered ring
intermediate analogous to 15a. Recently, Zhang and co-workers
have provided MALDI-TOF evidence of the formation of these
intermediates.26

■ CONCLUSIONS
In summary, we have prepared a number of organometallic
aryl-Co(III) complexes using model macrocyclic arene
substrates which enable the isolation and complete spectro-
scopic characterization of these key intermediates in Co-
catalyzed C−H activation protocols. The design of the model
arene substrates 2b-H and 2c-H is key for the stabilization of
the organometallic aryl-Co(III) in a preferred-octahedral
environment. Additionally, we provide definitive crystallo-

graphic proof of a sought-after organometallic aryl-Co(III)
intermediate proposed in 8-aminoquinoline directed Co-
catalyzed C−H activation processes. Reaction of organometallic
aryl-Co(III) intermediates has been proven to follow different
reaction pathways depending on the nature of the alkyne
coupling partners. Terminal alkynes furnished 5- and 6-
membered ring products depending on both the electronic
properties of the alkynes and the reaction temperature. Clear
evidence arising from the regioselectivity of the annulation
reactions, in combination with a DFT study, indicates that the
“acetylide pathway” is preferred for terminal alkynes, in contrast
to the usually proposed “β-migratory insertion pathway”. These
findings strongly suggest that the “acetylide pathway” is general
for terminal alkynes, representing the first solid experimental
evidence of an organometallic aryl-Co(III)-alkynyl intermediate
in alkyne C−H annulation reactions. This work constitutes a
unique fundamental basis for the understanding of Co-
catalyzed C−H activation protocols.

■ METHODS
XAS Data Acquisition and processing. Samples were prepared

as solids diluted in boron nitride, loaded into holders with Kapton
windows and stored at liquid nitrogen temperatures until run. All data
was collected in transmission mode. Complexes 3c-Br and 3c-OAc
were run under vacuum at 77 K using a liquid nitrogen finger dewar
available from the XAFS beamline at Elettra Sincrotrone Trieste (2.0
GeV, 300 mA storage ring) equipped with a Si(111) double crystal
monochromator. Data on the 4c-OAc complex were collected at 77 K
using a liquid nitrogen cryostat and a Si(111) double-crystal
monochromator available at Diamond Light Source (3.0 GeV, 300
mA storage ring) beamline B18. Lastly data on the 4b-OAc species
was collected at SOLEIL synchrotron (2.75 GeV, 400 mA storage
ring) at 20 K using a liquid helium cryostat and Si(220) double crystal
monochromator. Data calibration and normalization were carried out
using the Athena software package. Energies were calibrated to the first
inflection point of Co foil spectra set at 7709.5 eV. A linear pre-edge
function and a quadratic polynomial for the postedge were used for
background subtraction and normalization of the edge jump. EXAFS
data was extracted using the AUTOBK algorithm with a spline
between k = 1 and 15 Å−1 having a Rbkg value of 1.0 Å. EXAFS analysis
was carried out with the Artemis software program running the
IFEFFIT engine and the FEFF6 code.27 Unless otherwise specified k3-
weighted data was fit in r-space using a Hannings window (dk = 2)
over a k-range of 2−12.5 Å−1, and an r-range of 1−3 Å. The S0

2 value
was set to 0.9, and a global ΔE0 was employed with the initial E0 value
set to the inflection point of the rising edge. Single and multiple
scattering paths were fit in terms of a Δreff and σ2 as previously
described.28 To assess the goodness of the fits the Rfactor (%R) was
minimized. Overfitting the data was controlled by minimizing the
number of adjustable parameters and ensuring that the reduced χ2

(χ2v) decreases with increasing number of adjustable parameters.
Density Functional Theoretical Calculations. Theoretical

calculations were carried out using the ORCA package.29 Geometry
optimizations were carried out using the spin-unrestricted Kohn−
Sham formalism employing a BP86 functional30 with a def2-TZVP(-f)
basis set on the metal, nitrogens and oxygens, a SVP basis set on the
hydrogens and def2-SVP on carbons, as well as a def2-TZVP/J
auxiliary basis set on all atoms.31 A dense integration grid (ORCA Grid
5 = Lebedev 434 points) was used for all atoms. Furthermore,
dispersion corrections were included using the Grimme and co-
workers DFT-D3BJ approach32 and solvent effects were incorporated
using a conductor like screening model (COSMO) using 2,2,2-
trifluoroethanol as solvent (ε = 27). Subsequent frequency calculations
were done to evaluate enthalpy and entropy corrections at 298.15 K
(Gcorr) and ensured that all local minima had only real frequencies
while a single imaginary frequency confirmed the presence of
transition states. Single-point calculations on the equilibrium geo-

Figure 6. Gibbs energy profile of the formation of the β-migratory
insertion pathway. Relative Gibbs energy values are given in kcal mol−1

and selected bond distances in Å. Hydrogens not involved in reactivity
are omitted for clarity (N, blue; O, red; Co(III), orange; C, gray; H,
white).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b08593
J. Am. Chem. Soc. 2016, 138, 14388−14397

14395

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08593/suppl_file/ja6b08593_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b08593


metries, including the solvent effects and D3BJ dispersion corrections
were computed using the B3LYP functional and def2-TZVPP basis set
for all the atoms (EB3LYP). The density fitting and chain of spheres
(RIJCOSX) approximations33 were employed together with the def2-
QZVP/JK auxiliary basis set.31 The free energy change associated with
moving from a standard-state gas phase pressure of 1 atm to a standard
state gas phase concentration of 0.046 M for solutes (ΔG°/*) was also
included in the final free energies. The value of ΔG°/* at 298.15 K is
0.079 kcal mol−1 for 0.046 M standard state solutes. Then, the final
total Gibbs free energy (G) was given by

= + + Δ ° *G E G GB3LYP corr
/ (1)

Representative C−H Cobaltation of 2b-H and 2c-H. In a 10
mL vial, 2b-H or 2c-H (0.41 mmol) and Co(OAc)2 (0.41 mmol) were
mixed in TFE (2.5 mL). The vial was then sealed with a septum, and
the mixture was heated at 100 °C for 36 h. Thereafter, the solvent was
removed, and the crude was dissolved in CHCl3 and layered with
pentane. After 24 h at 4 °C, the resulting oil was dried under vacuum
for 6 h, giving the product as a gray-red foam (58−70%).
Representative Stoichiometric Reaction of 4b-OAc with

Alkynes. In a 2 mL vial, 4b-OAc (40 mg, 0.077 mmol) and alkyne
(0.077 mmol) were mixed in TFE (1.5 mL). The vial was then sealed
with a septum, and the mixture was stirred for 16 h at different
temperatures. After removal of TFE, NH4OH (2 mL) was added, and
the solution was extracted using CH2Cl2 (2 × 5 mL). Products were
purified by column chromatography on silica gel (CH2Cl2 then
CH2Cl2/MeOH 95:5) and characterized by NMR techniques and
HRMS (see Supporting Information for full details).
Representative Catalytic Reaction of 4b-OAc with Alkynes.

In a 2 mL vial, 2b-H (0.077 mmol) and alkyne (0.154 mmol) were
mixed in TFE (1.5 mL) with 10−20 mol% of 4b-OAc. The vial was
then sealed with a septum, and the mixture was stirred for 16 h at 80
°C. After removal of the solvent, NH4OH (2 mL) was added, and the
solution was extracted using CH2Cl2 (2 × 5 mL). The products were
then purified by column chromatography on silica gel (CH2Cl2, then
CH2Cl2/MeOH 95:5) and characterized by NMR techniques. 1,3,5-
Trimethoxybenzene was used as internal standard in selected cases
(see Supporting Information for full details).
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ABSTRACT: Herein we describe the synthesis of a family of
aryl-Co(III)-carboxylate complexes and their reactivity with
ethyl diazoacetate. Crystallographic, full spectroscopic charac-
terization, and theoretical evidence of unique C-metalated aryl-
Co(III) enolate intermediates is provided, unraveling a
carboxylate-assisted formation of aryl-Co(III) masked-carbenes.
Moreover, additional evidence for an unprecedented Co(III)-
mediated intramolecular SN2-type C−C bond formation in
which the carboxylate moiety acts as a relay is disclosed. This
novel strategy is key to tame the hot reactivity of a metastable
Co(III)-carbene and elicit C−C coupling products in a productive manner.

■ INTRODUCTION
Directed C−H functionalization methodologies using nonpre-
cious earth-abundant 3d transition metal catalysts are currently
attracting increasing attention.1 In particular, high-valent cobalt
catalysis has emerged as a valuable approach for the
construction of a wide variety of organic molecules, mainly
due to the highly polarized character of C−Co bonds when
compared to the other group 9 neighbors.2 Among the vast
array of possible transformations, the use of diazocarbonyl
compounds as coupling partners constitutes a particularly
attractive method due to their wide application as precursors
for several metal-catalyzed processes,3 including cyclopropana-
tion4 and functionalization of inert C−H bonds.5 Although Co-
carbenes have been extensively studied,6 directed C−H
functionalization involving high-valent aryl-Co-carbene inter-
mediates is still in its infancy and their mechanistic under-
standing is based on limited experimental evidence as well as
computational studies.7

The synthesis of organometallic Co(III) species through C−
H activation is challenging and still remains underdeveloped.8

Legg and co-workers made the first contribution to the field,
being able to isolate an organometallic alkyl-Co(III) complex
through C−H activation starting from Co(II) salts and
characterizing several intermediates in a stepwise manner.8c,d

In our commitment to unravel key intermediates,9 our group
has recently published the synthesis and characterization of a
family of aryl-Co(III) complexes through C−H activation,10

taking advantage of the enhanced stability offered by a
macrocyclic model substrate which has proven to stabilize
other organometallic high-valent aryl/alkyl-metal intermediate
species.11 These complexes proved to be catalytically

competent during alkyne annulation reactions, furnishing either
five- or six-membered-ring products (Scheme 1, blue). Taking
into account the increasing attention to the use of carbene
surrogates for C−C bond formation reactions, we became
interested in the reactivity of our previously reported aryl-
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Scheme 1. Previous Work with Alkynes as Coupling Partners
(Top, Blue) and Current Study Disclosing the Reactivity of
Aryl-Co(III) Complexes toward Diazo Esters (Bottom, Red)
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Co(III) complexes toward diazo esters to elucidate the
operative mechanism as well as the nature of the key
intermediates (Scheme 1, red).
Herein we describe the reactivity of organometallic aryl-

Co(III) species (2a-X) with ethyl diazoacetate (EDA).
Crystallographic, spectroscopic, and theoretical evidence of a
unique C-metalated cis-aryl-Co(III)-alkyl enolate intermediate
is provided, unveiling a novel strategy to tame the hot reactivity
of cobalt-carbenes and construct C−C bonds through an
unusual intramolecular SN2-like pathway. Theoretical studies
show the feasibility of this transformation, in which Lewis acids
play an important role turning the carboxylate moiety into a
better leaving group.

■ RESULTS
Stoichiometric Annulation Reaction with EDA. Initially,

we attempted to perform the stoichiometric annulation reaction
of the previously reported aryl-Co(III) complex 2a-OAc with
2.0 equiv of EDA.10 When the reaction was performed in
ethanol, no reaction was observed (Table 1, entry 1). However,

the use of fluorinated alcohols was beneficial for the formation
of macrocyclic amide 3 (Table 1, entries 2 and 3). In addition,
reaction with the aryl-Co(III) complex bearing methylated
tertiary amines, 2b-OAc, was not successful, and only trace
amounts of product 4 were detected by HRMS (4 corresponds
to the C−C coupling product with no intramolecular
reorganization; see Scheme S5).
A variety of commonly used proton sources were

investigated as additives. Unfortunately, acetic acid was not
successful (Table 1, entry 4), mainly showing proto-
demetalation of the starting 2a-OAc complex. However,
water as additive proved to be effective, and 3 was obtained
in 91% isolated yield when 4.0 equiv of H2O was added (Table
1, entry 7). To gain more insight into the reaction mechanism,

a variety of Lewis acids (LA) were tested as additives (Table 1,
entries 8−10), as they proved to be beneficial in other
methodologies using cobalt as catalysts.7e Interestingly, the
addition of 1.0 equiv of Mg(OTf)2 allowed the formation of 3
in 67% yield. Furthermore, when 1.0 equiv of both Mg(OTf)2
and H2O were added, 3 was obtained in 92% yield. Finally,
when a stronger Lewis acid such as Li(OTf) was used in the
absence of water, 3 was obtained in 95% yield. If H2O or
Li(OTf) was used as additive, 3 was also obtained with EtOH
as solvent (Table 1, entries 11 and 12).

Catalytic Annulation Reaction with EDA. The annula-
tion reaction was also studied in a catalytic fashion (Table 2).

EDA was successfully coupled with 1a-H using 2a-OAc as
catalyst (20 mol %), under air in 2,2,2-trifluoroethanol (TFE)
with 4.0 equiv of H2O, forming 3 in 93% yield (Table 2, entry
2). Product 3 was also obtained in excellent yield (Table 2,
entry 3) under an inert atmosphere (N2) using 2a-OAc as
catalyst, indicating a redox neutral mechanism where Co(III)
does not change its oxidation state. The role of external
oxidants was evaluated performing the catalysis with readily
available Co(II) salts. When 20 mol % of Co(OAc)2 was used
under air (Table 2, entry 4), 3 was obtained in 96% yield. On
the other hand, under an inert atmosphere the reactivity was
completely inhibited (Table 2, entry 5), thus indicating that
Co(III) species are required to effect the C−H activation to
form 2a-OAc.11 Moreover, additives have also proven to be
essential in catalysis (Table 2, entries 6−9). Thus, when 1a-H
was reacted with EDA using Co(OAc)2 as catalyst without
water, only a 15% yield was obtained. However, as it was
previously observed in the stoichiometric reaction, when 1a-H
was reacted with EDA in the presence of 1.0 equiv of
Mg(OTf)2 using Co(OAc)2 as catalyst, a 42% yield of 3 was
obtained (Table 2, entry 7). Interestingly, a cooperative effect
between Mg(OTf)2 and H2O is observed when 1.0 equiv of
each of them is added, obtaining 3 in a 93% yield (Table 2,
entry 8). Furthermore, when 1.0 equiv of Li(OTf) was added as
additive in the absence of water, 3 was obtained in 96% yield,
which indicated the key role of Lewis acids.

Isolation of Reaction Intermediates. A detailed study of
the reaction of 2a-OAc with EDA under anhydrous conditions

Table 1. Evaluation of Stoichiometric Reaction Conditions12

entry additives (equiv) solvent yield of 3 (%)a

1 none EtOH 0%
2 none TFEb 10%
3 none HFIPc 31%
4 AcOH (1.0) TFE 15%d

5 H2O (1.0) TFE 57%
6 H2O (2.0) TFE 82%
7 H2O (4.0) TFE 96% (91%)e

8 Mg(OTf)2 (1.0) TFE 67%
9 H2O (1.0) + Mg(OTf)2 (1.0) TFE 92% (87%)e

10 Li(OTf) (1.0) TFE 95% (88%)e

11 H2O (4.0) EtOH 88%
12 Li(OTf) (1.0) EtOH 91%

aNMR yield determined using 1,3,5-trimethoxybenzene as internal
standard. b2,2,2-Trifluoroethanol (TFE). c1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP). dProto-demetalation of 2a-OAc was observed.
eIsolated yield.

Table 2. Evaluation of Catalytic Reaction Conditions13

entry [Co] additive (equiv) yield of 3 (%)a

1 none H2O (4.0) n.r.
2 2a-OAc H2O (4.0) 93% (87%)b

3c 2a-OAc H2O (4.0) 95% (84%)b

4 Co(OAc)2 H2O (4.0) 96% (89%)b

5c Co(OAc)2 H2O (4.0) traces
6 Co(OAc)2 none 15%
7 Co(OAc)2 Mg(OTf)2 (1.0) 42%
8 Co(OAc)2 Mg(OTf)2 (1.0) + H2O (1.0) 93% (84%)b

9 Co(OAc)2 Li(OTf) (1.0) 96% (88%)b

aNMR yield determined using 1,3,5-trimethoxybenzene as internal
standard. bIsolated yield. cReaction performed under nitrogen.
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was performed. When 2a-OAc was reacted with 2.0 equiv of
EDA at 100 °C for 15 min, HRMS analysis showed a single
peak at m/z = 442.1183 (Figure S48), corresponding to the
molecular formula [C21H25CoN3O4]

+, suggesting the formation
of a putative aryl-Co(III)-carbene intermediate. Encouraged by
this result, this compound (5a-OAc) was analyzed by NMR
spectroscopy. A diamagnetic NMR spectrum was obtained,
which is consistent with an octahedral Co(III) low-spin species.
Moreover, a singlet at a chemical shift of 5.81 ppm excludes the
presence of a Co(III)-carbene species (Figure S41), as the α
proton of the carbene moiety is known to be strongly
deshielded.3 Attempts to unravel the nature of 5a-OAc have
been pursued by crystallographic analysis without success.
Nevertheless, suitable crystals for XRD analysis were obtained
by replacement of the acetate anion with p-substituted
benzoate. Reaction of 2a-OBz-R (R = OMe, Cl; for their
synthesis see Scheme S1) with EDA caused a rapid color
change from red to orange, and recrystallization in CHCl3/
pentane afforded a 85−97% yield of orange crystals
corresponding to 5a-X (X = OBz-Cl, OBz-OMe, Figure 1).

Strikingly, the solid-state structures showed an Oh aryl-
Co(III) center bearing a carbonyl and a chiral alkyl group as
ligands (5a-OBz-R). The formation of 5a-X (X = carboxylate)
species is rationalized by the entrapment of the electron-
demanding Co(III)-carbene through the nucleophilic intra-
molecular attack of the carboxylate to C2. Both 5a-OBz-OMe
and 5a-OBz-Cl14 compounds show spectroscopic features
analogous to 5a-OAc, indicating the same structure. In
addition, EXAFS analysis of 5a-OAc agrees with the structures
in Figure 1 and the DFT-derived model (see below), showing a
metal center having two N/O/C scattering paths at 1.93 Å and
four N/O/C scattering paths at 2.05 Å (Figure 2 and Table
S9). In addition, the metal K- pre-edge and rising edge of 5a-
OAc occur at 7711.2 and 7720.2 eV, respectively, consistent
with the presence of a Co(III) center.10 An analogous Rh
intermediate (7b-OBz-Cl, Figures S67−74) was obtained when
the aryl-Rh(III)(Cl)2 complex 6b-Cl10 was reacted with 4.0

equiv of EDA and Ag(OBz-Cl) (Scheme S14). Although the
formation of organometallic Rh(III)-alkyl species from
carbenes is rare, a similar nucleophilic attack to carbenes
using half-sandwich Rh-carbene complexes has been recently
described.15

Mechanistic Insight. To better understand the role of
additives in the formation of cyclic amide 3, a variety of control
experiments were performed starting from 5a-OAc. Surpris-
ingly, the isolated aryl-Co(III)-alkyl enolate evolves to product
3 in good yields by addition of water, organic acids, and Lewis
acids, involving the cleavage of a C−O bond and the formation
of a new C−C bond (Scheme 2A and Table S5). As expected,
when the same reaction was carried out in the absence of
additives, poor yields (14%) were obtained. The enhanced
reactivity observed in the presence of additives (for instance,
with Li(OTf), 89% yield of 3 is obtained, Scheme 2A) suggests

Figure 1. Crystal structures of 5a-OBz-R complexes. (A) 5a-OBz-Cl.
Selected bond distances [Å] and angles [deg]: Co−C(1) 1.846(3),
Co−C(2) 1.972(5), Co−N(2) 1.891(4), Co−O(1) 2.008(3); C(1)−
Co-C(2) 95.71(2). (B) 5a-OBz-OMe. Selected bond distances [Å]
and angles [deg]: Co−C(1) 1.84(1), Co−C(2) 1.97(1), Co−N(2)
1.878(8), Co−O(1) 2.004(7); C(1)−Co−C(2) 96.3(4). Hydrogen
atoms, anions, and solvent molecules have been omitted, and only one
of the enantiomers is depicted for clarity; ellipsoids are displayed at
50% (5a-OBz-Cl) and 30% (5a-OBz-OMe) probability.

Figure 2. XAS of 5a-OAc. Left: XANES region showing the pelleted
sample diluted in boron nitride and the 15 mM solution sample. Right:
Fourier-transformed EXAFS spectra fit (inset: k3-weighted unfiltered
EXAFS spectra).

Scheme 2. (A) Evolution of 5a-OAc to 3 with Additives and
Rationalization of the Observed Reactivity and (B)
Reactivity of Intermediate Bearing Electron-Poor
Carboxylate 5a-TFA
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an activation of the carboxylate group through hydrogen
bonding or coordination to Lewis acids, which converts it to a
better leaving group. Indeed, when the organometallic aryl-
Co(III) complex 2a-TFA, which is bearing an electron-poor
carboxylate group such as trifluoroacetate, was reacted with
EDA (Scheme 2B), neither isolation nor detection of 5a-TFA
by HRMS was achieved and 3 was obtained in 79% yield in the
absence of any external additive.
Furthermore, 5a-X complexes can be used as catalysts (20

mol %), affording 3 in good yields (Scheme 3A), indicating that

organometallic 5a-X complexes are catalytically active species.
In order to test the role of carboxylate anions, the dicationic
complex 2a-CH3CN was reacted with 2.0 equiv of EDA in TFE
at 100 °C over 24 h (Scheme 3B and Table S3, entry 5). A
complex mixture of decomposition products of EDA was
obtained, suggesting the formation of a very reactive, unstable
Co(III)-carbene intermediate. However, when 2.0 equiv of
NaOAc was added (Table S3, entry 6), 3 was obtained in 41%
yield. We hypothesize that when the Co(III) center is bearing a
carboxylate moiety, carboxylate-masked aryl-Co(III) carbenoids
species (5a-X) are formed, which highlights the key role of
carboxylate anions in taming the reactivity of a putative highly
electrophilic aryl-Co(III)-carbene intermediate.
Interestingly, INT-MI (Scheme 2A) could be detected by

high-resolution mass spectrometry (HRMS) studies when MS/
MS analysis was performed at the mass peak corresponding to
5a-X (X = OBz-Cl, green; OBz-OMe, red; Figure 3). A single
peak, which corresponds to a fragment involving the loss of
carboxylic acid ([INT-MI-RCOOH]+ = C19H21CoN3O2

+; m/z
= 382.0970), was observed, regardless of the carboxylate moiety
present in the isolated compounds (see also Scheme S11 and
Figures S7−9). The relative intensity of INT-MI′ at the same
collision energy (15 eV) is higher when an electron-poor p-
substituted benzoate is present in the molecule, supporting the
better-leaving-group hypothesis presented above.
Further insight into the subsequent proto-demetalation of

INT-MI was obtained by D-labeling experiments (Table 3).
When 2a-OAc was treated with EDA and 4.0 equiv of D2O was
added in TFE at 100 °C (Table 3, entry 1), a 36% D-
incorporation was observed by NMR and HRMS analysis at the
α position of the carbonyl group in 3, in a stereoselective
manner (Figures S10 and S11). Increasing D-incorporation was
observed when H2O (65%; Table 3, entry 2) and D2O (86%;

Table 3, entry 3) were added as additives in TFE-d3 (Figures
S12−S19).
These results suggest INT-MI is involved in a deutero-

demetalation step to furnish INT-PD in a stereoselective
manner (Scheme 4), which is a strong evidence of the previous
existence of a Csp3-Co(III) bond. Interestingly, 91% (Table 3,
entry 4) and 93% (Table 3, entry 5) D-labeled 3 were obtained
when the reaction was performed in the absence of water but
using 1.0 equiv of Li(OTf) in TFE-d3 (Figures S16 and S17)
and in MeOD-d4 (Figure S18 and S19), respectively. These
results suggest that Lewis acids may cooperate with the solvent,
increasing its acidity as proton source and favoring a plausible

Scheme 3. (A) Catalysis with 5a-X and (B) Role of Acetate

Figure 3. Detection of INT-MI′ (experimentally obtained m/z =
382.0970; simulated m/z = 382.0960) by MS/MS studies of 5a-OBz-
OMe (m/z = 534.1428, top) and 5a-OBz-Cl (m/z = 538.0949,
bottom) organometallic intermediates.

Table 3. Deuterium-Labeling Experiments16

entry additive (equiv) solvent D-incorporation (%)a

1 D2O (4.0) TFE 36%
2 H2O (4.0) TFE-d3 65%
3 D2O (4.0) TFE-d3 86%
4 Li(OTf) (1.0) TFE-d3 91%
5 Li(OTf) (1.0) MeOD-d4 93%

aD-incorporation determined by 1H NMR integration and HRMS
analysis.
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proto-demetalation of INT-MI. After this step, as it was
described in previously reported studies, INT-PD will evolve to
3 through a LA-assisted cyclization reaction in which Co(III) or
the additive can act as catalyst (Scheme 4).7

Theoretical Studies. DFT studies (see Supporting
Information for computational details) of the reaction profile
in Figure 4 show that 2a-OAc reacts with EDA to form an

adduct (2a-OAc-EDA), in which the carboxylate ligand is now
coordinated in a monodentate fashion. Then, 2a-carbene is
obtained after a first transition state, TS1 (ΔG⧧ = 23 kcal·
mol−1), with the concomitant liberation of N2. However, the
transient aryl-Co(III)-carbene falls to the isolated 5a-OAc
organometallic species in an almost barrierless manner (TS2,
ΔG⧧ = 0.8 kcal·mol−1). Indeed, depending on the DFT
method, 2a-carbene cannot be optimized and TS1 directly
evolves to the experimentally isolated 5a-OAc (Figure S23).
Therefore, TS1 can be understood as a concerted asynchronous
transition state that leads to the formation of the new C−Co
and C−O bonds of 5a-OAc species. Then, in the absence of
additives, 5a-OAc evolves to INT-MI, overcoming a barrier of
ΔG⧧ = 28.9 kcal·mol−1 (TS3). Indeed, TS3 shows the cleavage
of the C−O bond and formation of the new aryl−C bond in an
SN2-type transition state, in which the aryl−Co bond acts as a
nucleophile and the acetate acts as a leaving group. Thus, this
energetic profile supports the accumulation of 5a-OAc in the
absence of water (ΔΔG⧧(TS3−TS1) = 5.9 kcal·mol−1).
Water turned out to be tremendously beneficial for the

reaction outcome, and therefore we considered the explicit

inclusion of a water molecule in the calculations (Figure 5). We
hypothesized that the nucleophilic character of water could

promote its coordination to the Co(III) center and enhance its
Lewis acid character, favoring the SN2-type event. However,
when H2O is coordinated to 5a-OAc, the carboxylate group is
displaced and the overall energy of the resulting complex
increases by 10.2 kcal·mol−1 (5a-OAc-H2O). Then, 5a-OAc-
H2O evolves into INT-MI-H2O through the SN2-like pathway
with an activation barrier of ΔG⧧ = 33.9 kcal·mol−1 (TS3-
H2O), 5.0 kcal·mol−1 higher than in the absence of water
(TS3).
As the effect of an explicit water molecule coordinated to

Co(III) on TS3 was not consistent with the experimental
results, the addition of Lewis acids to 5a-X to obtain 3 was also
investigated by DFT (Figure 6). Indeed, in the presence of 1.0

equiv of Li(OTf) in anhydrous conditions, the reaction
proceeded in excellent yields (see Table 1, entry 10). Thus,
we considered the explicit inclusion of a lithium cation in the
computational analysis of the C−O cleavage/C−C bond
formation event. Strikingly, when a Li+ ion interacts with O2
and O3 (see Figure 1), the activation barrier for the SN2-like
pathway decreases by 6.3 kcal·mol−1 (ΔΔG⧧ = 28.9 (TS3,
Figure 4) to 22.6 kcal·mol−1 (TS3-Li, Figure 6)). Thus, when
Lewis acids are added to the reaction media, they coordinate to
the ester moieties in 5a-OAc, turning them into better leaving
groups through an LA-mediated carboxylate activation.
This result suggests that the interaction of a Lewis acid with

5a-OAc triggers the concomitant C−O cleavage/C−C

Scheme 4. Proposed Evolution of INT-MI to Product 3

Figure 4. Gibbs energy profile of the reaction. Relative Gibbs energy
values are given in kcal·mol−1.

Figure 5. Gibbs energy profile of the SN2-type step in the presence of
H2O. Relative Gibbs energy values are given in kcal·mol−1 (see Figure
S24 for details).

Figure 6. Gibbs energy profile of the SN2-like step in the presence of
Li+. Relative Gibbs energy values are given in kcal·mol−1 (see Figure
S25 for details).
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formation event, probably by turning the carboxylate moiety
into a better leaving group. Actually, when a weak base such as
trifluoroacetate was used as counteranion (Figure 7), 5a-TFA

evolved to INT-MI-TFA, overcoming a small activation barrier
of ΔG⧧ = 19.7 kcal·mol−1 (TS3-TFA), which is similar to the
barrier obtained when 5a-OAc interacts with Li+ (Figure 6).
Thus, this result supports the beneficial effect of having a better
carboxylate leaving group at the SN2-type step, as well as the
carboxylate-activation observed when Lewis acids such as Li+ are
present in the reaction media.
Then, after the unprecedented Co(III)-mediated intra-

molecular SN2-type C−C bond formation in which the
carboxylate moiety acts as a relay, INT-MI evolves to 3
through a protodemetalation step and a subsequent LA-assisted
cyclization, as it has been observed experimentally. Further-
more, these results are supported by previously reported
Co(III)-catalyzed protocols.7

■ CONCLUSIONS
In conclusion, unique C-metalated cis-aryl-Co(III)-alkyl enolate
species (5a-X), which can be considered carbenoids, have been
synthesized using EDA. Crystallographic, full spectroscopic
characterization, and theoretical evidence show that masked-
carbenes 5a-X are necessary intermediates to deliver the alkyl
fragment and elicit the new C−C bond, finally furnishing a six-
membered cyclic amide product. To the best of our knowledge,
this is the first example of a C-metalated aryl-Co(III)-alkyl
enolate engaging in C−H functionalization reactions. More-
over, these species are proven to be catalytically active in the
synthesis of final product 3. DFT studies indicate that this
transformation occurs through a unique intramolecular SN2-like
pathway in which the carboxylate acts as a relay. The
experimental key role of Lewis acids, particularly Li(OTf), is
reflected in the theoretical studies, unveiling a Li-mediated
carboxylate activation that triggers the C−O bond cleavage/C−
C bond formation event. Efforts on transferring this reactivity
to other catalytic systems are currently being performed in our
laboratory.
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Abstract: The use of cobalt as catalyst in direct CˇH
activation protocols as a replacement for more ex-
pensive second row transition metals is currently at-
tracting significant attention. Herein we disclose
a facile cobalt-catalyzed CˇH functionalization route
towards sultam motifs through annulation of easily
prepared aryl sulfonamides and alkynes using 8-ami-
noquinoline as a directing group. The reaction shows
broad substrate scope with products obtained in

a highly regioselective manner in good to excellent
isolated yields. Mechanistic insights suggest the for-
mation of a Co(III)-aryl key species via a rate-deter-
mining arene CˇH activation during the annulation
reaction.

Keywords: alkynes; annulation; CˇH activation;
cobalt; regioselectivity; sulfonamides; sultams

Introduction

Direct CˇH bond functionalization has revolutionized
synthetic methodology providing new facile synthetic
routes to access molecules which would otherwise re-
quire preparation through complex, time-consuming
synthetic procedures.[1] Sulfonamides have become an
important motif in pharmaceutical drugs.[2] In particu-
lar, cyclic sulfonamide motifs (sultams) have found
use as anti-inflammatory drugs (piroxicam), carbonic
anhydrase inhibitors used to lower intraocular pres-
sure in patients with open-angle glaucoma or ocular
hypertension (brinzolamide) and calpain I inhibitors
in cell signalling dysfunctions (Scheme 1).[3] A
number of synthetic protocols towards sultams have
been reported, although to date the majority of these
methodologies start from elaborated precursors.[4] The
development of a simple metal-mediated CˇH bond
functionalization protocol starting from easily synthe-
sized starting materials would provide a very appeal-
ing route towards the realization of sultam motifs.

Historically, most CˇH coupling protocols have
been based on relatively expensive precious transition
metals, for example Ru, Rh, Pd and Ir. More recently,
attention has turned to the use of more abundant,
cheaper first row transition metals, such as Fe,[5] Co,[6]

Cu[7] and Ni.[8]

The use of alkynes in annulation reactions has
become a very powerful tool for the construction of
cyclic compounds. In particular, protocols using Rh,[9]

Ru,[10] Cu,[11] Pd[12] and Ni[13] have been reported for
the preparation of a variety of heterocyclic com-
pounds. In terms of the use of these annulation reac-
tions for the realization of sultams, in 2012 Cramer
and co-workers reported on a Rh-catalyzed protocol
starting from aryl sulfonamides incorporating an acyl

Scheme 1. Examples of pharmaceutical drugs containing
cyclic sulfonamide (sultam) motifs.
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directing group (Scheme 2.1).[14] The catalyst system
displayed a broad substrate scope, furnishing a range
of sultam products in good to excellent yields. The
limitation of this protocol was that when unsymmetri-
cal alkynes were employed as coupling partners, both
possible regioisomers were formed, with only moder-
ate regioselectivities in some cases.

More recently, Daugulis and co-workers have
shown that using Co-catalysis, alkynes can be annulat-
ed with aryl carboxyamides containing an 8-aminoqui-
noline directing group (Scheme 2.2).[6t] The 8-amino-
quinoline moiety has been shown to be a privileged
directing group for a number of metal-catalyzed con-
versions.[15] In this example the regioselectivities ob-
tained using comparable unsymmetrical alkynes were
considerably higher than for the Rh-catalyzed forma-
tion of sultams. For example, when 1-propynylben-
zene was employed as coupling partner using the Rh-
catalyzed protocol, both possible regioisomers were
obtained in a 2:1 ratio, whereas in the Co-catalyzed
example the regioselectivity is significantly enhanced
at 14:1. With these precedents in mind we decided to
investigate the possibility of realizing a Co-catalyzed
aryl sulfonamide annulation with alkynes
(Scheme 2.3), seeking improved regioselective control

compared with the previously described Rh-catalyzed
protocol and to showcase the potential of using Co in
annulation reactions.

Results and Discussion

Initially, we attempted the annulation of the aryl sul-
fonamide derived from p-toluenesulfonyl chloride and
8-aminoquinoline, 1a, with phenylacetylene, a, in a va-
riety of solvents using a catalytic system comprising
of Co(OAc)2 (20 mol%), KOAc (2 equiv.) and
Mn(OAc)2 (1 equiv.) at 100 88C for 24 h under an at-
mosphere of air. The observation of 22% of the de-
sired aryl sultam product, 1aa, using trifluoroethanol
(TFE; found to be the optimal solvent, see the Sup-
porting Information for solvent optimization)
(Table 1, entry 1) prompted us to further optimize the
synthetic protocol in terms of Co source, oxidant and
base using this solvent.[16]

A number of commonly used oxidants for cross-
coupling protocols were investigated using Co(OAc)2

and KOAc (Table 1, entries 1–7). It was found that
the optimal oxidant amongh those tested was
Mn(OAc)3·2H2O, which furnished a 62% yield of 1aa

Scheme 2. (1) Previously reported Rh-catalyzed annulation of alkynes to aryl sulfonamides forming functionalized sultam
motifs. (2) Co-catalyzed annulation of alkynes to aryl carboxamides. (3) Co-catalyzed annulation of aryl sulfonamides and al-
kynes forming functionalized sultam motifs reported herein.
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(Table 1, entry 6). Importantly it was found that the
addition of an oxidant is of significant importance as
in its absence and under a nitrogen atmosphere, no
product formation was observed (Table 1, entry 8).
Thereafter, optimization of the base was studied
(Table 1, entries 9–15), whereby it was found that
a yield of 91% of product 1aa could be obtained
when using NaOPiv·H2O (Table 1, entry 12). Finally
the Co source was optimized (Table 1, entries 17–22),
where it was found that Co(OAc)2 was the optimal
Co source (Table 1, entry 12). It was also observed
that there is little difference between the use of anhy-
drous and hydrated Co sources [see, for example,
Table 1, entries 17 and 25; CoCl2 and CoCl2·4 H2O or
Table 1, entries 12 and 24; Co(OAc)2 and
Co(OAc)2·6H2O], indicating tolerance of the catalyst
system to the presence of water. In the absence of Co

the reaction did not proceed at all and the starting
aryl sulfonamide, 1a, could be fully recovered
(Table 1, entry 16). Final optimization of the reaction
time and temperature set the preferred experimental
conditions at 100 88C and 16 h for further substrate
scoping (see the Supporting Information). These reac-
tion conditions are similar to those identified by Dau-
gulis and co-workers for the Co-catalyzed conversion
of aryl carboxyamide substrates,[6t] except for the
clear beneficial use of Mn(OAc)3 instead of
Mn(OAc)2 with our sulfonamide substrates. Detailed
inspection of the 1H NMR of the final product con-
firmed the presence of a single regioisomer. The abso-
lute configuration of 1aa was established from the
structure obtained from X-ray crystallography studies
(Figure 1).

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst Oxidant Base 1aa [%][b]

1 Co(OAc)2 Mn(OAc)2 KOAc 22
2 Co(OAc)2 benzoquinone KOAc <1
3 Co(OAc)2 Ag2O KOAc 6
4 Co(OAc)2 AgNO3 KOAc 50
5 Co(OAc)2 PhI(OAc)2 KOAc 12
6 Co(OAc)2 Mn(OAc)3·2 H2O KOAc 62
7 Co(OAc)2 O2 KOAc 3
8[c] Co(OAc)2 – KOAc <1
9 Co(OAc)2 Mn(OAc)3·2 H2O Na2CO3 22
10 Co(OAc)2 Mn(OAc)3·2 H2O K2CO3 7
11 Co(OAc)2 Mn(OAc)3·2 H2O Cs2CO3 4
12 Co(OAc)2 Mn(OAc)3·2 H2O NaOPiv·H2O 91(90[d])
13 Co(OAc)2 Mn(OAc)3·2 H2O CsOPiv 78
14 Co(OAc)2 Mn(OAc)3·2 H2O NaOAc·H2O 67
15 Co(OAc)2 Mn(OAc)3·2 H2O CsOAc 69
16 – Mn(OAc)3·2 H2O NaOPiv·H2O 0
17 CoCl2 Mn(OAc)3·2 H2O NaOPiv·H2O 90
18 CoBr2 Mn(OAc)3·2 H2O NaOPiv·H2O 88
19 Co(NO3)2·6 H2O Mn(OAc)3·2 H2O NaOPiv·H2O 81
20 Co(Cp)2 Mn(OAc)3·2 H2O NaOPiv·H2O <1
21 Co(acac)2 Mn(OAc)3·2 H2O NaOPiv.H2O 28
22 Co(acac)3 Mn(OAc)3·2 H2O NaOPiv·H2O 17
23 Co(OTf)2(MeCN)2 Mn(OAc)3·2 H2O NaOPiv·H2O 31
24 Co(OAc)2·4 H2O Mn(OAc)3·2 H2O NaOPiv·H2O 90
25 CoCl2·6 H2O Mn(OAc)3·2 H2O NaOPiv·H2O 87
[a] Reaction conditions: aryl sulfonamide (1a) (0.17 mmol), ethynylbenzene (a) (2.0 equiv.), Co source (20 mol%), oxidant

(1.0 equiv.), base (2.0 equiv.), 2.0 mL TFE (trifluoroethanol) at 100 88C, under air for 24 h.
[b] Yield calculated by 1H NMR analysis of crude reaction mixture using mesitylene as internal standard.
[c] Reaction prepared and performed under a N2 atmosphere.
[d] At 100 88C for 16 h.
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With these optimal reaction conditions in hand, we
investigated the importance of the 8-aminoquinoline
directing group. The results obtained (Table 2) show
that the 8-aminoquinoline directing group gives supe-
rior yields compared to when no directing group is
used (0%) or when acetyl (0%) and pyridyl (32%;

Table 3. Scope of Co-catalyzed coupling of phenylacetylene
(a) to aryl sulfonamide derivatives (1a–1o) forming func-
tionalized sultam motifs.[a,b]

[a] Reaction conditions: aryl sulfonamide (1a–1o)
(0.35 mmol), alkyne (a) (2.0 equiv.), Co(OAc)2

(20 mol%), Mn(OAc)3·2 H2O (1.0 equiv.), NaOPiv·H2O
(2.0 equiv.), 2.0 mL TFE (trifluoroethanol) at 100 88C,
under air for 16 h.

[b] Isolated yields obtained after purification by column
chromatography.

Figure 1. X-ray structure obtained for compound 1aa, hydro-
gen atoms omitted for clarity. For full details see the Sup-
porting Information.

Table 2. Screening of aryl sulfonamides (1a–5 a) with/without
different directing groups (X) using the optimized reaction
conditions.[a,b]

[a] Reaction conditions: aryl sulfonamide (1a–5a)
(0.17 mmol), alkyne (a) (2.0 equiv.), Co(OAc)2

(20 mol%), Mn(OAc)3·2 H2O (1.0 equiv.), NaOPiv·H2O
(2.0 equiv.), 2.0 mL TFE (trifluoroethanol) at 100 88C,
under air for 16 h.

[b] Yield calculated by 1H NMR analysis of crude reaction
mixture using mesitylene as internal standard.
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single regioisomer) directing groups are present under
these conditions. The absence of activity when using
the acetyl directing group is in sharp contrast to the
Rh-catalyzed protocol reported by Cramer and co-
workers.[14]

Next, the scope of the newly optimized protocol
was probed using different aryl sulfonamide deriva-
tives, which were easily prepared from 8-aminoquino-
line and the requisite sulfonyl chloride. These studies
furnished functionalized sultam motifs in good to ex-
cellent yields (Table 3). In all cases the crude reaction
mixtures displayed three well defined species when
analyzed by TLC, corresponding to starting aryl sulfo-
namide, residual alkyne and sultam product. The
product isolated after column chromatography was
found to contain only a single regioisomer. Trace
amounts of other regioisomers were only observed in
the formation of 1da and 1ga (see the Supporting In-
formation). The highest yields were obtained with de-
rivatives containing electron-donating groups (up to
85% isolated yield), whilst those containing electron-
withdrawing substituents furnished lower yields (e.g.,
1fa was obtained in only 64% yield and 1ka, 1la, 1na
were obtained in only trace amounts). We were also
able to obtain the sultam containing a thiophene
moiety (1ia), although only traces of sultam product
were obtained when the pyridine derivative was em-
ployed (1ja), demonstrating some limitations to the
substrate scope. When the substituents are present in
the ortho-position to the sulfonamide reduced yields
are obtained, likely as a result of the blocking of one
of the CˇH bonds to activation (for example, see 1aa
and 1ma, whereby changing the position of the
methyl group decreases the isolated yield from 85%
to 54%, respectively, Table 3).

Substrates that failed to give satisfactory product
yields were then included in poisoning experiments in
order to see if the substrate was inhibiting the reac-
tion or if the reaction rate was comparatively slower
with these substrates. One equivalent of 1j, 1k, 1l or
1n was included in reactions respectively for the con-
version of 1a to 1aa (see the Supporting Information
for details). It was found that indeed in all cases these
substrates are poisoning the catalyst system, resulting
in decreased yields of 1aa. This type of poisoning has
recently been described by Glorius and co-workers.[17]

We propose that the poisoning observed in our stud-
ies arises from poorly reversible coordination of the
Co to the substrate.

Following screening with substituted aryl sulfona-
mides, we turned our attention to the use of different-
ly substituted alkynes (Table 4). Again the catalyst
system displayed broad substrate tolerance for a varie-
ty of functional groups and again high regioselectivi-
ties were observed as confirmed by the presence of
only one species in the 1H NMR in most cases. When
an ester substituent was present in the alkyne (1ar)

Table 4. Scope of Co-catalyzed coupling of substituted al-
kynes (b–t) to aryl sulfonamide (1a) forming functionalized
sultam motifs.[a,b]

[a] Reaction conditions: aryl sulfonamide 1a (0.35 mmol),
acetylene derivatives (b–t) (2.0 equiv.), Co(OAc)2

(20 mol%), Mn(OAc)3·2 H2O (1.0 equiv.), NaOPiv·H2O
(2.0 equiv.), 2.0 mL TFE (trifluoroethanol) at 100 88C,
under air for 16 h.

[b] Isolated yields obtained after purification by column
chromatography.

[c] Product derived from 3-chloro-3-methylbut-1-yne.
[d] Reaction at 100 88C for 40 h.
[e] Combined yield of both regioisomers. Regioisomers ob-

tained in a ratio of 3:1; major regioisomer depicted (see
the Supporting Information for X-ray crystal structure
obtained).
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both possible regioisomers were identified (the TLC
displayed a single spot for a combination of the two
regioisomers). The major regioisomer could be sepa-
rated from the minor regioisomer by recrystallization

and was fully characterized (see the Supporting Infor-
mation). Unexpectedly, when using 3-chloro-3-meth-
ylbut-1-yne as substrate (h), the product was obtained
(1 ah’’) whereby hydrogen chloride had been eliminat-

Scheme 3. Intermolecular competition reactions under optimized reaction conditions; yields calculated by 1H NMR analysis
of crude reaction mixture using mesitylene as internal standard.

4008 asc.wiley-vch.de ⌫ 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2015, 357, 4003 – 4012

FULL PAPERSOriol Planas et al.

http://asc.wiley-vch.de


ed. When electron-donating substituents are present
on the aryl group of phenylacetylene the reaction re-
sulted in low or trace yields (trace amounts and 30%
for 1ai and 1aj, respectively). In the case of 1aj, even
after an extended reaction time the yield was not sig-
nificantly improved.

The effectiveness of this transformation was further
checked by performing a gram-scale reaction to
obtain 1aa and 1al, furnishing 64% (0.87 g) and 61%
(0.89 g), respectively (see the Supporting Informa-
tion).

In order to further compare the reactivities of the
substrates under the optimized protocol, we per-
formed intermolecular competition reactions

(Scheme 3). When two equivalents of both a terminal
(a) and an internal (g) alkyne were included it was
found that insertion of the terminal alkyne was signif-
icantly favored, resulting in a product ratio of 15:1
for terminal and internal alkyne insertion, respective-
ly (Scheme 3.1). Thereafter we also ran competition
reactions using differently substituted aryl sulfona-
mide and phenylacetylene substrates (Scheme 3.2 and
Scheme 3.3, respectively). As expected, in agreement
with the results obtained from the substrate screening,
reaction with electron-donating aryl sulfonamides
(methoxy, 1b) was found to be slightly favored over
electron-withdrawing (chloro, 1c) aryl sulfonamides.
Likewise, insertion of the p-nitrophenylacetylene (n)

Scheme 4. Deuterium labelling experiments: Reaction conditions: aryl sulfonamide 1a (0.35 mmol), phenylacetylene (a)
(2.0 equiv.), Co(OAc)2 (20 mol%), Mn(OAc)3·2 H2O (1.0 equiv.), NaOPiv·H2O (2.0 equiv.), 2.0 mL solvent at 100 88C, under
air for 16 h. KIE experiment: 0.17 mmol of both 1e and D5-1e, phenylacetylene (a) (2.0 equiv.), Co(OAc)2 (20 mol%),
Mn(OAc)3·2 H2O (1.0 equiv.), NaOPiv·H2O (2.0 equiv.), 2.0 mL solvent at 100 88C, under air for 16 h. Yields reported are per-
centage of isolated compounds obtained after purification by column chromatography.
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was favored over p-methoxyphenylacetylene (j). The
latter competition reaction only yielded 34% of the p-
nitro product (1an), whereas in the absence of the
competing p-methoxyphenylacetylene during sub-
strate screening we obtained 97% isolated yield. This
result suggests that the p-methoxyphenylacetylene is
inhibiting the reaction to some extent. This inhibition
is similar to the result obtained by Ackermann and
co-workers during their intermolecular competition
reactions.[6r]

We also performed a range of deuterium exchange
reactions (Scheme 4). We found that when the reac-
tion was performed in D4-methanol the final sultam
product was 78% deuterated on the sultam motif
(Scheme 4.1). Likewise, when deuterated phenylace-
tylene was used as substrate we observed 66% of 1H
incorporation into the sultam product (Scheme 4.2).
These results indicate that the proton/deuterium of
the terminal alkyne likely exchanges with the solvent
under the basic reaction conditions.

Additionally, we performed a reaction in the ab-
sence of alkyne in D4-methanol (Scheme 4.3). At the
end of the reaction we observed a low inclusion of
deuterium in the starting sulfonamide, suggesting the
deutero-demetallation of a putative aryl-Co inter-
mediate species (see the Supporting Information).
This is further supported by the kinetic isotope effect
(KIE) of 3.5 calculated when including both 1e and
D5-1e in the reaction (Scheme 4.4). The value ob-
tained is consistent with CˇH activation being the
rate-determining step in the reaction.

The exact mechanisms of Co-catalyzed CˇH activa-
tion protocols are still not fully understood. Recently,
Niu, Song and co-workers identified the presence of
radicals using EPR spectroscopy in their Co-catalyzed
alcohol coupling protocol.[6m] This was further evi-
denced by the lack of activity when the radical scav-
enger 2,2,6,6-tetramethylpiperidine 1- oxyl (TEMPO)
was included (see the Supporting Information). We
therefore included several different radical scavengers
[BHT, AIBN and P(OEt)3] in our reactions and
found that activity was almost completely inhibited in
agreement with this previous work, suggesting that
our reaction likely proceeds through radical inter-
mediates in some steps of the mechanism.

We propose a mechanism (Scheme 5) in which ini-
tially the Co(OAc)2 chelates to the quinoline directing
group and to the sulfonamide of the substrate, 1a, (in-
termediate 1) releasing one equivalent of acetic acid.
The aminoquinoline coordination environment favors
the stabilization of high-valent Co species; we there-
fore propose that once coordinated to the aryl sulfo-
namide substrate the Co(II) undergoes oxidation to
Co(III) using oxygen as the terminal oxidant. Indeed
our studies show that the presence of oxygen is highly
beneficial for the process to proceed (see the Sup-
porting Information). Subsequently, this Co(III) inter-

mediate can activate the aryl CˇH bond through
a concerted metallation deprotonation (CMD) type
process as a result of its higher electrophilicity of
Co(III) compared with Co(II), giving rise to inter-
mediate 2, although at this point other activation pro-
cesses cannot be completely discarded.[18] An analo-
gous Co(III) species was isolated and characterized
by Daugulis and co-workers using Co(II) precursors
for their analogous aryl carboxyamide substrates.[6t]

KIE experiments indicate that this challenging CˇH
activation event is the rate-determining step of the re-
action (Scheme 4.4). Subsequently, insertion of the
alkyne, a, into the Co(III)-aryl bond results in the
transient intermediate 3. Finally, elimination of Co(I)
which is then reoxidized to Co(OAc)2, provides the
desired sultam product, 1aa. As suggested by the radi-
cal scavenger experiments described above, some
steps of the catalytic cycle may involve radical inter-
mediates. We propose that the improved regioselec-
tivity when using Co catalysts compared with the Rh
catalyst reported by Cramer for sultam formation
probably arises from the fact that there is poor inter-
ference of the Cp* ligand in the alkyne insertion into
the Rh(III)-aryl bond.[14]

Finally, we attempted to upgrade the products ob-
tained by removing the 8-aminoquinoline directing
group (see the Supporting Information for details), al-
though to date we have not been successful. The re-
moval of 8-aminoquinoline directing groups has been
reported to be possible using ammonia if the annulat-
ed product contains carbonyl functionalities at either
side of the 8-aminoquinoline, in similarity to the final
step of the Gabriel synthesis of amines.[6n,19] If two ad-

Scheme 5. Proposed mechanistic cycle (1a substrate is shown
as example).
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jacent carbonyl funtionalities are not present, the di-
recting group can be removed using cerium(IV) am-
monium nitrate (CAN) only if the 5-methoxy-8-ami-
noquinoline is used.[20] However, the CAN strategy
does not always work using this elaborated directing
group[21] as well as in our compounds. We also at-
tempted a H2:Pd(0)/C reduction, but only the pyridin-
ic moiety of the 8-aminoquinoline was reduced to
afford 1aaH4 (see the Supporting Information). We
also tried reduction with a stronger reducing agent
such as SmI2, but a complex mixture of products was
obtained. Our next goal is to develop a facile method-
ology for the 8-aminoquinoline directing group re-
moval or extrapolate the reported reactivity to more
easily removable directing groups.

Conclusions

In summary, we have reported on a new Co-catalyzed
protocol for the synthesis of sultam motifs starting
from easily prepared aryl sulfonamides and alkynes.
The protocol permits the use of a broad range of sub-
stituted aryl sulfonamides and alkynes, as well as dis-
playing excellent regioselectivities compared with the
previously reported Rh-catalyzed protocol, where
moderate regioselectivity was found.[14] This protocol
demonstrates the increasing potential of Co to replace
more expensive second row transition metals as
a result of favorable reactivities and selectivities.[22]

Experimental Section

General Considerations

All reagents and solvents were purchased from Sigma Al-
drich, Fisher Scientific or Fluorochem and used without fur-
ther purification. Aryl sulfonamide (2a) was purchased from
Sigma Aldrich, all other substrates were synthesized as de-
scribed in the Supporting Information. 1H and 13C {1H}
NMR spectra were recorded on Bruker AV-300 or Bruker
DPX 400 MHz spectrometers and referenced to the residual
deuterated solvent signals. High resolution mass spectra
(HR-MS) were recorded by the Serveis Tõcnics of the Uni-
versity of Girona on a Bruker MicroTOF-Q IITM instru-
ment using an ESI ionization source. IR spectra (FT-IR)
were recorded on an FT-IR Alpha spectrometer from
Bruker with a PLATINUM-ATR attachment using OPUS
software to process the data

Typical Optimized Procedure for Synthesis of Sultam
Compounds

Aryl sulfonamide (0.35 mmol), Co(OAc)2 (12.4 mg,
20 mol%, 0.07 mmol), NaOPiv·H2O (86.8 mg, 2.0 equiv.,
0.70 mmol), Mn(OAc)3·2 H2O (94.0 mg, 1.0 equiv.,
0.35 mmol), alkyne substrate (2.0 equiv., 0.70 mmol) and
2 mL of trifluoroethanol were added to a glass vial under air

and the vial was subsequently sealed. The resulting mixture
was stirred at 100 88C for 16 h and thereafter cooled to room
temperature. The solvent was removed and the product pu-
rified using column chromatography (silica gel: dichlorome-
thane). After purification the product was dried under re-
duced pressure.

Full characterization data obtained (including original 1H,
13C {1H} and COSY NMR spectra for all sultam products)
can be found in the Supporting Information. CCDC 1407285
(1aa), CCDC 1407286 (1ah’’), CCDC 1411541 (1ar) and
CCDC 1407287 (1aaH4) contains the supplementary crystal-
lographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: The development of new CˇH functionali-
zation protocols based on inexpensive cobalt cata-
lysts is currently attracting significant interest. Func-
tionalized 8-aminoquinoline compounds are high-po-
tential building blocks in organic chemistry and phar-
maceutical compounds and new facile routes for
their preparation would be highly valuable. Recently,
copper has been applied as catalyst for the function-
alization of 8-aminoquinoline compounds and found
to operate through a single electron transfer (SET)
mechanism, although requiring elevated reaction
temperatures. Herein, we described the first example
of a cobalt-catalyzed remote CˇH functionalization

of 8-aminoquinoline compounds operating through
a SET mechanism, exemplified using a practical and
mild nitration protocol. The reaction uses inexpen-
sive cobalt nitrate hexahydrate [Co(NO3)2·6 H2O] as
catalyst and tert-butyl nitrite (TBN) as nitro source.
This methodology offers the basis for the facile prep-
aration of many new functionalized 8-aminoquino-
line derivatives.

Keywords: 8-aminoquinolines; CˇH functionaliza-
tion; cobalt; homogeneous catalysis; nitration; nitro-
gen oxides

Introduction

The 8-aminoquinoline scaffold is an important motif
found in a variety of compounds (Scheme 1a), includ-
ing pharmaceutical drugs (e.g., the antimalarial drugs
pamaquine and tafenoquine),[1] ligands for coordina-
tion chemistry[2] and more recently as a successful di-
recting group for a number of metal-catalyzed trans-
formations.[3] As a result, new methodologies for fur-
ther functionalization of readily accessible 8-amino-
quinoline compounds are potentially very important
developments in organic synthesis. There are many
reports of metal-catalyzed CˇH functionalization of
simple quinolines,[4] whilst in comparison, there are
very few concerning CˇH functionalization reactions
of 8-aminoquinolines. The first reports of CˇH func-
tionalization protocols using 8-aminoquinoline as sub-
strate came from Stahl and co-workers, who reported

on a single electron transfer (SET) based remote Cu-
catalyzed C-5 chlorination.[5,6] Since this initial report
other Cu-catalyzed functionalizations have been de-
scribed; remote C-5 sulfonylation,[7] C-2 alkylation[8]

and more recently remote C-5 chalcogenation[9,10] and
C-5 amination.[11] Besides Cu-catalyzed protocols, Fe-
catalyzed C-4 and C-5 allylation,[12] Rh-catalyzed C-7
alkenylation[13] and Pd-catalyzed C-5/C-7 chlorina-
tion[6] have also been described, thus expanding the
toolbox for the preparation of novel 8-aminoquinoline
derivatives. Unfortunately though, all of these reports
suffer from the requirement of elevated temperatures
and/or high catalyst loadings and as a result the devel-
opment of catalytic protocols which are operative
under milder conditions still remains a challenge.

In this work we demonstrate a new methodology
for the functionalization of 8-aminoquinolines using
nitration as an example, providing potentially valua-
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ble products for further elaboration (vide infra) or ap-
plication. Nitro compounds are key synthons in or-
ganic synthesis as a result of their high-potential for
further transformation[14] and therefore nitrated deriv-
atives of 8-aminoquinoline compounds may be of sig-
nificant interest. The classical methodology for nitra-
tion is based on a mixed acid H2SO4/HNO3 protocol.
Albeit a simple and successful procedure, it suffers
from many drawbacks including the use of harsh reac-
tion conditions, poor functional group compatibility,
regioselectivity problems and possible over-nitra-
tion.[15] As a result of these issues, efforts have been
directed towards the development of new nitration
protocols.[16] Nitration using mixtures of Cu(NO3)2

and acetic anhydride has long been known, although
the requirement for stoichiometric amounts of Cu has
limited the application of this procedure.[17] In the
search for more favorable protocols, one of the most
promising routes that has emerged is the transition
metal-catalyzed transformation of aryl halides, tri-
flates and nonaflates reported by Saito and co-work-
ers (Cu-catalyzed)[18] and later Buchwald�s methodol-
ogy (Pd-catalyzed)[19] using nitrite salts as the nitro
source. Although solving many of the drawbacks of

previous nitration protocols, the main disadvantage of
these methodologies is the necessity for a pre-func-
tionalized substrate. Since these early developments
and with the advent of directing groups, a number of
metal-catalyzed direct CˇH nitration protocols have
been reported, particularly based on Pd[20] and Cu.[21]

Although the field is rapidly developing, selective ni-
tration of CˇH bonds still remains a significant chal-
lenge.

Nitrogen dioxide (NO2) is an atom economic and
therefore highly attractive nitrating agent, but its ex-
treme reactivity (due to its open-shell nature) and
toxicity have restricted its use to date. One way of
overcoming the issues associated with the handling of
NO2 is to generate it in situ, in a stoichiometric
manner. This can be achieved through the use of
cheap, commercially available tert-butyl nitrite
(TBN), which can convert into the tert-butoxy radical
and NO2 in the presence of air at room tempera-
ture.[22,23] Recently there have been a number of re-
ports pertaining to the use of TBN in nitration proto-
cols, although examples using metal catalysts are still
rare.[24,25]

Scheme 1. (a) Examples of compounds containing the 8-aminoquinoline scaffold; arrow indicating the CˇH bond selectively
activated when using the 8-aminoquinoline directing group. (b) Expected and observed nitration products from this work.
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The field of Co-catalyzed CˇH activation has re-
cently started to receive significant attention as inter-
est in replacing second and third row transition
metals with cheaper, more abundant first row transi-
tion metals gathers pace.[26] To this end, we have re-
cently become interested in exploiting the potential of
Co for the development of new CˇH functionaliza-
tion protocols.[27] We surmised that the use of TBN
and Co-catalysis may permit the nitration of the aro-
matic moiety of 1 (Scheme 1b), using directing group
principals. This conversion has been previously suc-
cessfully realized using Cu as catalyst.[28] As will be
described (vide infra), this was not the case and in-
stead unexpected nitration of the aminoquinoline di-
recting group was observed (Scheme 1b, products 1a
and 1b), thus providing a new remote Co-catalyzed
protocol for the functionalization of 8-aminoquinoline
compounds, which we propose operates through an
SET mechanism, similar to Cu-catalyzed 8-aminoqui-
noline CˇH functionalizations.

Results and Discussion

Initially, nitration of 1 in 2,2,2-trifluoroethanol (TFE),
using 20 mol% Co(OAc)2 with TBN as nitro source at
100 88C was attempted (Table 1, entry 1). To our disap-
pointment none of the expected aromatic nitration
products were observed, instead traces of products
from nitration of the quinoline directing group at the
C-5 position (1a) were found. The same reaction at
room temperature afforded increased yields to 12%
of nitration product 1a and a further unexpected 7-ni-
tration product, 1b, in 4% yield (Table 1, entry 2). En-
couraged by these low but promising yields, the effect
of changing the solvent was investigated (Table 1, en-
tries 3–9), whereby it was found that the best results
were obtained when acetic acid was used (Table 1,
entry 4). Use of acetic acid as solvent furnished an
overall yield of the two quinoline nitration products
of 49%, in a similar ratio to that observed when using
TFE as solvent. Thereafter, the Co source was opti-

Table 1. Optimization of reaction conditions.[a]

Entry Solvent “Co-source” Conversion [%][b] 1a [%][b] 1b [%][b]

1[c] TFE Co(OAc)2 >99 trace –
2 TFE Co(OAc)2 55 12 4
3 CHCl3 Co(OAc)2 38 7 trace
4 acetic acid Co(OAc)2 60 36 13
5 DMF Co(OAc)2 45 – –
6 toluene Co(OAc)2 34 15 6
7 1,4-dioxane Co(OAc)2 33 18 6
8 EtOAc Co(OAc)2 44 11 3
9 THF Co(OAc)2 33 6 2
10 acetic acid Co(acac)3 25 13 5
11 acetic acid CoCl2 29 19 5
12 acetic acid Co(NO3)2·6 H2O 87 65 22
13 acetic acid Co(BF4)2·6 H2O 61 44 17
14 acetic acid Co(acac)2 40 21 10
15 acetic acid Co(OAc)2·4 H2O 51 32 13
16 acetic acid CoBr2 74 20 7
17 acetic acid – <1 – –
18[d] acetic acid Co(NO3)2·6 H2O >99 74 25
19[e] acetic acid Co(NO3)2·6 H2O 14 9 2
20[f] acetic acid Co(NO3)2·6 H2O 71 46 17
[a] Reaction conditions: 1 (50 mg, 0.2 mmol), Co source (0.04 mmol, 20 mol%), TBN (53 mL, 90%, 2.0 equiv., 0.4 mmol), sol-

vent (1.5 mL), room temperature, 18 h.
[b] Conversions and yields calculated from 1H NMR spectra of the crude reaction mixture using 1,3,5-trimethoxybenzene as

internal standard.
[c] At 100 88C.
[d] 4.0 equiv, TBN.
[e] No TBN used.
[f] 10 mol % Co(NO3)2·6 H2O.
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mized (Table 1, entries 10–16), where it was found
that Co(NO3)2·6H2O was the optimal catalyst
(Table 1, entry 12), furnishing a combined yield of
87% of both nitration products and also giving an ex-
cellent mass balance. The use of weakly coordinating
anions such as tetrafluoroborate and nitrate appears
to be beneficial as these Co sources provided signifi-
cantly higher yields of the nitro products than Co
sources with stronger coordinating anions (e.g., Cl,
Br, acetate and acetylacetonate). In the absence of
a Co source, no conversion was observed, highlighting
the importance of Co to the conversion (Table 1,
entry 17). In the absence of TBN, using
Co(NO3)2·6H2O as catalyst, 11% of nitrated products
was observed, indicating that the nitrate ligand can
also act as nitro source (Table 1, entry 19), which is
likely as a result of the formation of HNO3 in situ.
Subsequently the effect of increasing the TBN loading
to 4.0 equivalents was investigated, which resulted in
quantitative conversion and yield of the nitro prod-
ucts (Table 1, entry 18).

To check if 20 mol% of Co(NO3)2·6H2O was neces-
sary, the catalyst loading was lowered to 10 mol% and
it was found that the combined yield of the nitrated
quinolines was reduced (Table 1, entries 12 vs. 20). It
should be noted that throughout this study only mon-
onitration products have been observed (either 5- or
7-nitro-8-aminoquinoline) and that elevated tempera-
tures appear to be highly detrimental to the reaction
outcome. After this optimization, it was decided that
the optimal conditions for further substrate scoping
would be 20 mol% Co(NO3)2·6H2O and 4.0 equiva-
lents of TBN in acetic acid at room temperature. This
optimized protocol is adventitious over traditional ni-
tration procedures as it avoids the use of highly corro-
sive H2SO4 and HNO3 as reagents.

The optimized nitration protocol was then used
with a number of other structurally related substrates
(Figure 1, substrates 2–5). In all cases it was not possi-
ble to achieve the desired nitration products, thus in-
dicating the necessity for the secondary amide and
quinoline in the substrate. Importantly, it was not pos-

sible to obtain the nitration product from 8-aminoqui-
noline, 4, indicating the importance of the ancillary
benzoyl group. The lack of desired product from 4
could be a result of the formation of highly reactive
diazonium compounds, which further react and result
in a complex mixture of products.

Thereafter, a range of substrates bearing differently
substituted ancillary groups were synthesized
(Table 2, compounds 6–16). In most cases it was possi-
ble to obtain excellent to quantitative overall yields
of the nitration products. Confirmation of the struc-
tures of the major 5- and minor 7-nitrated products
was obtained from X-ray crystal structures of 11b and
15a (see the Supporting Information, Figures S140–
S142). There are however several notable exceptions
where the reaction was quenched; if a p-nitro group
was included on the benzoyl ancillary (6) or if the an-
cillary group containsed a trifluoromethyl group (12),
no conversion was observed. These results suggest
that ancillary groups containing strong electron-with-
drawing moieties are unsuitable for use in the nitra-
tion reaction.

To investigate whether the strongly electron-with-
drawing ancillary groups were unreactive or poisoning
the catalyst, competitive reactions were performed
(Scheme 2). In a single reaction vial, trifluoromethyl
(12) and methyl (13) containing substrates were react-
ed at the same time and it was found that the conver-
sion of 13 proceeded in similar yield to that in the ab-
sence of 12 (Scheme 2a). This result indicates that 12
did not convert due to it being unreactive rather than
poisoning the catalyst.

In a similar manner, the reason why the substrate
containing the tert-butyl group (15), which afforded
significantly reduced nitration products, was investi-
gated. Again, the related substrate bearing the methyl
containing ancillary was used for the competition and
little inhibition of the formation of the nitration prod-
ucts of 13 was observed (Scheme 2b). We therefore
propose that the tert-butyl group is preventing the Co
from coordinating to the amide through steric effects;
indeed, the less sterically demanding isopropyl con-
taining substrate (14) could be successfully converted
(Table 2). From the results obtained in this study it
was decided to continue using the benzoyl ancillary
group for future studies as a result of the high yields,
low cost and easy installation/cleavage (vide infra).

After ancillary group optimization, the potential for
the reaction protocol to be transferred to a gram-
scale and upgrading of the nitrated products was in-
vestigated (Scheme 3). We were pleased to find that
when starting from 1.89 g of 1 it was possible to
obtain attractive isolated yields of product 1a (1.35 g,
61%) and also a sufficient amount of product 1b
(410 mg, 18%) to perform the upgrading experiments.
The gram-scale experiments also led us to find a new
facile route for isolation of the products, as it was

Figure 1. Unsuccessful substrates using the optimized reac-
tion conditions.
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found that 1a was significantly less soluble in ethanol
than 1b, permitting easy separation (see the Support-
ing Information for details).

With analytically pure samples in hand, reactions
targeting the removal of the ancillary group and re-
duction of the nitro groups to amines were attempted
(Scheme 3). Reduction of 1a using Pd/C and H2 (1
atm) results in selective formation of 1c in 86% isolat-
ed yield, whereby the amide remains unaffected. The
(benza)amide ancillary groups of both 1a and 1b can
be easily removed by heating the compounds in boil-
ing acidic ethanol to furnish the desired 5-nitro-8-ami-
noquinoline (A) and 7-nitro-8-aminoquinoline (B),
respectively, in excellent yields. The nitro-8-aminoqui-
nolines can then be easily converted into the corre-
sponding diamines in excellent yield as exemplified
by the conversion of A to 5,8-diaminoquinoline (C)

using Pd/C and H2 (1 atm). These diamines may in
the future find a wide range of applications, given
that their ease of synthesis should make them rela-
tively cheap synthetic precursors for increasing molec-
ular complexity, compared with other substituted 8-
aminoquinolines.

There are currently few inexpensive derivatives of
the 8-aminoquinoline scaffold commercially available.
To further study the versatility of our Co-catalyzed
methodology, 5-substituted-8-nitroquinolines were
prepared through Skraup reactions,[29] and were sub-
sequently reduced using Pd/C and H2, before addition
of the ancillary benzoyl group (see the Supporting In-
formation for details of the preparation of 17, 18, and
19). Substrates 1a and 1c were prepared during this
work (Scheme 3). Applying the optimized reaction
conditions to these substrates furnished 17b, 18b and

Table 2. Screening of different ancillary groups.[a,b,c]

[a] Reaction conditions: substrate (0.5 mmol), Co(NO3)2·6 H2O (29.1 mg, 0.1 mmol, 20 mol%), TBN (267 mL, 90%,
4.0 equiv., 2.0 mmol), acetic acid (3.5 mL), room temperature, 18 h.

[b] Conversions and yields calculated from 1H NMR spectra of the crude reaction mixture using 1,3,5-trimethoxyben-
zene as internal standard.

[c] Isolated yields in parenthesis.
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19b in good to excellent isolated yields, with selective
formation of the 7-nitro products (Table 3). In line
with the exclusive mononitration observed previously
(Table 2), when the substrate contained a nitro sub-
stituent, it was not possible to convert 1a, with only
trace amounts of product obtained. The amine con-
taining substrate, 1c, derived from 1a, also failed to
give the desired product, suggesting interference of
the primary amine in the catalysis. When this sub-
strate was dimethylated at the amine (1d), it was pos-
sible to obtain the nitrated product 1db in an 80%
isolated yield. This result indicates that the amine of
1c should be pre-functionalized before further nitra-
tion is attempted. Compound 1db contains amine,
nitro and amide functionalities which can be derivat-
ized independently making it an excellent candidate
for further upgrading.

Taking into account all the observations during this
study, the SET based mechanism depicted in
Scheme 4 is proposed. Initially Co(II) coordinates to
the substrate, and is oxidized to Co(III) by the tert-
butoxy radical generated through the decomposition
of TBN with O2. The resulting Co(III) species is

a strong oxidizing species in acid media[30,31] and as
a result a SET from the quinoline occurs to yield
a cationic quinoline radical and Co(II). Subsequently,
NO2, generated in situ from TBN, reacts with the
quinoline radical and a concerted proton transfer/de-
metallation step provides the nitration product and
Co(II)X2. This proposed mechanism is similar to the
Cu(II)-catalyzed chlorination of 8-aminoquinolines
reported by Stahl and co-workers, in that the key in-
termediate is a cationic quinoline radical species.[5] To
the best of our knowledge this work represents the
first example of a SET remote functionalization of 8-
aminoquinoline using Co. The absence of activity
when strong electron-withdrawing groups are present
in the substrate structure (1a, 6 and 12) further indi-
cates the plausibility of the proposed cationic quino-
line radical species. To further highlight this effect
a competitive reaction between 17 and 19 was per-
formed (Scheme 5a), where it was observed that 19b
was obtained in >99% yield and 17b in 41%, with re-
spect to the individual starting substrates, confirming
the preference for substrates containing electron-do-
nating substituents as would be expected for the pro-

Scheme 2. Reactions performed to investigate the nature of the inactivity/poor activity of substrates 12 (a) and 15 (b). Yields
calculated from 1H NMR spectra of the crude reaction mixture using 1,3,5-trimethoxybenzene as internal standard and are
based on conversion of the corresponding substrate. Reaction conditions: substrate (0.5 mmol; 0.25 mmol of each substrate),
Co(NO3)2·6 H2O (29.1 mg, 0.1 mmol, 20 mol%), TBN (267 mL, 90%, 4.0 equiv., 2.0 mmol), acetic acid (3.5 mL), room tem-
perature, 18 h.
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posed SET mechanism. Furthermore, a kinetic iso-
tope experiment (KIE) revealed (Scheme 5b) a kH/kD

value of 0.97, indicating that the rate-limiting step is
not a CˇH activation and adding further evidence for
the proposed mechanism.

Conclusions

In conclusion, a new practical room-temperature Co-
catalyzed remote nitration protocol for the prepara-
tion of 5- and 7-nitro-8-aminoquinolines using easily
installable and removable ancillary groups has been
developed. The protocol is proposed to operate
through a previously unreported remote CˇH func-
tionalization route based on a SET mechanism for the
described 8-aminoquinoline substrates. This new
methodology is intended to inspire further work into
the development of new facile and mild catalytic
routes for the preparation of newly functionalized 8-
aminoquinoline compounds. Indeed, we are now
working towards the installation of other functional
groups using this radical-based protocol and also the
application of the products obtained in this study, in
particular the utilization of differently substituted 8-
aminoquinolines as directing groups in CˇH activa-
tion protocols.

Scheme 3. Gram-scale nitration reaction and subsequent upgrading of nitrated products obtained; Isolated yields reported.
Reaction conditions for gram-scale nitration reaction: 1 (1.89 g, 7.6 mmol), Co(NO3)2·6 H2O (443 mg, 1.5 mmol, 20 mol%),
TBN (4.1 mL, 90%, 4.0 equiv., 30.4 mmol), acetic acid (50 mL), room temperatrure, 18 h.

Table 3. Screening of different 8-aminoquinoline scaf-
folds.[a,b,c]

[a] Reaction conditions: substrate (0.5 mmol),
Co(NO3)2·6 H2O (29.1 mg, 0.1 mmol, 20 mol%), TBN
(267 mL, 90%, 4.0 equiv., 2.0 mmol), acetic acid (3.5 mL),
room temperature, 18 h.

[b] Isolated yields reported.
[c] Selectivity >99% in all cases.

Adv. Synth. Catal. 2016, 358, 1679 – 1688 ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 1685

FULL PAPERS A First Example of Cobalt-Catalyzed Remote CˇH Functionalization

http://asc.wiley-vch.de


Scheme 4. Proposed mechanism for the nitration reaction at C-5.

Scheme 5. (a) Competition reactions performed to investigate relative reactivity of substrates 17 and 19. Yields calculated
from 1H NMR spectra of the crude reaction mixture using 1,3,5-trimethoxybenzene as internal standard and are based on
conversion of corresponding substrate. Reaction conditions: substrate (0.5 mmol; 0.25 mmol of each substrate),
Co(NO3)2·6 H2O (29.1 mg, 0.1 mmol, 20 mol%), TBN (267 mL, 90%, 4.0 equiv., 2.0 mmol), acetic acid (3.5 mL), room tem-
perature, 18 h. (b) Summary of kinetic isotope experiment (KIE); for further details see the Supporting Information.
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Experimental Section

General Procedure for Cobalt-Catalyzed Nitration
Reactions

A 10-mL vial was charged with 0.5 mmol of substrate,
Co(NO3)2·6 H2O (29.1 mg, 20 mol%, 0.1 mmol), tert-butyl ni-
trite (TBN) (267 mL, 90%, 4.0 equiv., 2.0 mmol) and 3.5 mL
of acetic acid. The vial was sealed and the reaction stirred at
room temperature for 18 h. After this period the reaction
mixture was diluted with ethyl acetate (30 mL) and extract-
ed using brine (20 mL). The aqueous layer was then extract-
ed with ethyl acetate (2 î 30 mL), the organic layers com-
bined, dried over magnesium sulfate and the solvent re-
moved under reduced pressure. The crude reaction mixture
was purified by column chromatography, using dichlorome-
thane as eluent unless stated, providing analytically pure ni-
trated products.

Full characterization data obtained (including original 1H,
13C {1H} and COSY NMR spectra for all products and new
compounds) can be found in the Supporting Information.
CCDC 1438116 (11b), CCDC 1438117 (13b) and CCDC
1438118 (15a) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Since the renaissance of the high-valent approach for C-H bond activation and 
functionalization with cobalt, the development of new methodologies mimicking and 
improving the reactivity and selectivity of rhodium and iridium catalysts has been a 
topic of interest. Indeed, cobalt presents unique reactivity modes with respect to its 
group neighbours, probably because its higher electronegativity gives an enhanced 
nucleophilic character to the organometallic intermediates. The key of success of 
synthetic methodologies generally is the detailed mechanistic understanding of some 
fundamental steps, including the key C-H activation and functionalization modes. 
However, albeit this exponential increase in methodology-based publications, just a few 
groups focused their research on the isolation and characterization of reaction 
intermediates such as aryl-Co(III) compounds. Our group is specialized in the isolation 
and characterization of catalytically relevant intermediates with macrocyclic model 
substrates, which have proven to be tremendously efficient to stabilize high-valent 
organometallic aryl-metal species. Therefore, this thesis focuses on the investigation of 
the fundamental mechanistic features that govern high-valent cobalt C-H activation 
and functionalization using arene model substrates. Moreover, the knowledge acquired 
from these studies is applied to substrates bearing a N,N-bidentate chelating group, 
thus developing catalytic methodologies for the synthesis of biologically active 
products. 

In section VII.J we will describe the synthesis and characterization of bench-top 
stable organometallic aryl-Co(III) compounds obtained through C(spK)-H activation, in 
a clear stepwise manner, using a JK-membered macrocyclic model substrate especially 
designed to stabilize octahedral metal geometries. Subsequent insights obtained from 
the application of these intermediates in alkyne annulation reactions, in which they are 
proposed as key reaction intermediates, will be disclosed, including theoretical evidence 
for a novel ‘acetylide pathway’ for terminal alkynes in annulation reactions. Putting this 
work into context, we also report crystallographic evidence of the sought-after 
organometallic aryl-Co(III) intermediate proposed in O-aminoquinoline directed 
Co(II)-catalyzed C-H functionalization processes. 

 In section VII.K we describe the synthesis of a new family of bench-top stable aryl-
Co(III)-carboxylate complexes and their reactivity with ethyl diazoacetate (EDA). 
Crystallographic, spectroscopic and theoretical evidence of a unique C-metalated cis-
aryl-Co(III) enolate intermediate is provided, unveiling a novel strategy to tame the hot 
reactivity of Co(III)-carbenes and construct C-C bonds through an unusual 
intramolecular SNK-type pathway. DFT studies show the feasibility of this 
transformation, in which Lewis acids play a crucial role turning the carboxylate moiety 
into a better leaving group.  
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Section VII.U describes a facile cobalt-catalyzed C-H functionalization route 
towards sultam motifs through annulation of easily prepared aryl sulfonamides and 
alkynes using a directing group approach. The reaction shows broad substrate scope 
with products obtained in a highly regioselective manner in good to excellent isolated 
yields. Mechanistic insights suggest the formation of aryl-Co(III) key species via C-H 
activation during the annulation reaction. 

Finally, section VII.V describes the first example of a cobalt-catalyzed remote C-H 
functionalization of O-aminoquinoline compounds operating through a SET 
mechanism, exemplified using a practical and mild nitration protocol. The reaction uses 
inexpensive Co(NOU)K·XHKO as catalyst and tert-butyl nitrite (TBN) as nitro source. This 
methodology offers the basis for the facile preparation of many new functionalized O-
aminoquinoline derivatives. 

Note: the numbering of metal complexes and organic compounds is consistent 
within each chapter (VII.J to VII.V) and refers to the numbering used in the 
corresponding publications. 
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VII.1	 Isolation	 of	 Key	 Organometallic	 Aryl-Co(III)	 Intermediates	 in	
Cobalt-Catalyzed	 C(sp2)-H	 Functionalization	 and	New	 Insights	 into	
Alkyne	Annulation	Reaction	Mechanisms	

This section corresponds to the contents of the manuscript by Oriol Planas, Christopher 
J. Whiteoak, Vlad Martin-Diaconescu, Ilaria Gamba, Josep M. Luis, Teodor Parella, Anna 
Company and Xavi Ribas. J. Am. Chem. Soc. "#$%, 234, JVUOO-JVU`a, which can be found in 
Chapter III of this thesis. 

VII.1.1	Synthesis	of	macrocyclic	model	substrates	and	Co(II)	precursors	

This project started with the synthesis of macrocyclic model substrates "b-H and 
"c-H. As explained in Section II, these ligands were selected due to their bent structure, 
which favors coordination to octahedral metal centers such as Co(II) and Co(III). Thus, 
the synthesis of the macrocyclic model substrates starts from the commercially available 
J,U-phenylenedimethanamine. First, tosylation with TsCl and triethylamine yields 
tosylated amine $. Then, $ is combined with J.b equivalents of K,X-
bis(bromomethyl)pyridine in CHUCN to furnish the protected N-tosyl macrocyclic 
model substrate "a-H. Deprotection of tosyl amides was achieved through a protocol 
widely used in our group,J–U which consists in the phenol-assisted cleavage of the S-N 
bond in acidic media. This reaction furnishes the free-amine macrocyclic substrate "b-
H, which can be further methylated with formaldehyde/formic acid to obtain "c-H. The 
sequence for the synthesis of ligands "b-H and "c-H is depicted in Scheme VII.J. 

 

Scheme VII.$. Synthesis of building blocks $, "a-H and ligands "b-H and "c-H. 

With the macrocyclic model substrates in our hands, the next goal was the 
synthesis and characterization of the corresponding Co(II) complexes to study the 
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interaction of the metal center with the corresponding C-H bond (Scheme VII.K, A). In 
this line, Co(OAc)K was mixed with "b-H and "c-H in TFE at Ke ˚C to yield [("b-
H)Co(II)(OAc)K] (2b-OAc, aK%) and [("c-H)Co(II)(OAc)K] (2c-OAc, eO%). The 
structure of 2b-OAc was initially confirmed by NMR, HRMS ([M-OAc]+; calcd. m/z = 
Uea.bOOK; found: Uea.bOaV) as well as XRD analysis (Figure VII.JA). The Co center was 
coordinated to one secondary amine, one pyridine and two bidentate acetates. 

 

Scheme VII.". (A) Synthesis of Co(II) precursors 2b-X (X = OAc) and 2c-X (X = OAc, Br). (B) 
Bending of the targeted C-H bond through interaction with the Co(II) centre.  

On the contrary, when CoBrK was used as the cobalt source, secondary amine 
complex [("b-H)Co(II)BrK] 2b-Br could not be obtained and only the synthesis of [("c-
H)Co(II)BrK] (2c-Br, ``%) was achieved, which has been also characterized by XRD 
analysis (see Figure VII.JB). An important feature observed in the solid-state structures 
of the Co(II) coordination complex 2c-Br (Figure VII.J) is the out-of-plane targeted C-
H bond, which indicates an interaction with the Co(II) centre. 

 

Figure VII.$ Solid state structures of Co(II) coordination complexes. H-atoms and solvent 
molecules have been omitted for clarity; ellipsoids are set at eb% probability level. (A) Crystal 
data for 2b-OAc.  Selected bond distances [Å] and angles [o]: Co-C(J) U.UKJ(e), Co-H(J) K.`Ve(e), 
Co-N(J) K.Je`(V), Co-N(K) K.JJK(X), Co-N(U) V.XJV(X), Co-O(J) K.bOe(e), Co-O(K) K.JUX(V); C(J)-
Co-H(J) eO.`b(J). (B) Crystal data for 2c-Br.  Selected bond distances [Å] and angles [o]: Co-C(J) 
K.e``(J), Co-H(J) K.UXO(`), Co-N(J) K.KXa(J), Co-N(K) K.bXa(O), Co-N(U) K.KaJ(X), Co-Br(J) 
K.VaX(K), Co-Br(K) K.V`J(U); C(J)-Co-H(J) Xe.V`(e). 
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As depicted in Scheme VII.KB and in Figure VII.J, in 2b-OAc the Co(II) center is 
coordinated to the pyridine motif, to one of the secondary amines and to the acetate 
anions in a bidentate fashion. In this crystal structure, the CJ-HJ bond (see structure A 
in Figure VII.J) has a torsion angle of q = JV.K˚ out-of-plane of the arene ring, indicating 
a weak interaction with the metal centre. In the case of 2c-Br (see structure B in Figure 
VII.K), which is fully coordinated to the macrocyclic ligand, the C-H is bent with an 
angle of q = KJ.`˚, suggesting a stronger interaction compared to 2b-OAc. 

VII.1.2	Synthesis	and	characterization	of	aryl-Co(III)	complexes	

Once we had the Co(II) coordination complexes in our hands we focused our 
efforts in the synthesis of organometallic aryl-Co(III) complexes. Indeed, the incipient 
interaction between the Co(II) centre and the targeted C-H bond, especially in 2c-Br, 
suggested that C-H activation with a more electropositive metal center such as Co(III) 
would be possible. 

VII.1.2.1	Synthesis	of	Aryl-Co(III)	complexes	

When Co(II) salts such as Co(OAc)K were reacted with arene macrocyclic 
substrates "b-H and "c-H in TFE at Jbb ˚C, the corresponding organometallic 
complexes [("b)Co(III)(hK-OAc)](OAc) (@b-OAc, OK%) and [("c)Co(III)(hK-
OAc)](OAc) (@c-OAc, eO%) were achieved (Scheme VII.U, left). Interestingly, the same 
red-colored intermediates could be furnished starting from the previously synthesized 
bright-purple Co(II) complexes 2b-OAc and 2c-OAc in TFE at Jbb ˚C in the presence of 
an oxidant atmosphere (Scheme VII.U, right). When starting from 2c-Br, the bromide 
analogue @c-Br was observed by NMR and HRMS techniques (Figure SJ, Annex I), but 
it was not possible to isolate it. This result indicates the importance of the internal base, 
which is probably playing a role in the C-H cleavage and Co-C formation event through 
a base-assisted mechanism such as a Concerted Metalation-Deprotonation pathway.  

 

Scheme VII.2. Synthesis of aryl-Co(III) intermediates @b-X and @c-X. 

The isolated organometallic aryl-Co(III) complexes are stable at room temperature 
under an air atmosphere, and due to this fact, it was possible to characterize them by 
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NMR and HRMS (Figure SJV-KU, Annex I). NMR analysis of @b-OAc and @c-OAc 
provided spectra consistent with low spin diamagnetic Co(III) species. Furthermore, 
two non-equivalent acetate signals can be observed, indicating that only one acetate is 
likely to be coordinated to the Co(III) centre, while the second acetate remains as an 
outer-sphere counteranion. The proposed structure was further supported by HRMS 
studies, which afforded clean spectra with main signals corresponding to the 
[(@x)Co(III)(OAc)]+ ions (@b-OAc, [M–OAc]+; calcd. m/z = UeX.bObV; expt. m/z = 
UeX.bObK; @c-OAc, [M–OAc]+; calcd. m/z = UOV.JJJa; expt. m/z = UOV.JJKK). 
Unfortunately, crystallographic analysis of these intermediates was unsuccessful, as we 
were not able to obtain suitable crystals for XRD. As result we turned to X-ray 
Absorption Spectroscopy (XAS), in order to understand the electronic structure 
(XANES) and coordination environment (EXAFS) of the metal complexes. The results 
of these studies, which were performed by Dr. Vlad Martin-Diaconescu and include 
geometry optimized structures for @b-OAc and @c-OAc, are summarized in Figure 
VII.K. Thus, as shown in Figure VII.K, the proposed structures for the organometallic 
complexes are in agreement with the NMR and HRMS data. Furthermore, the 
corresponding geometry optimized structures explain the intense pre-edge features 
from XAS analysis, whereby a trigonal bipyramidal local metal geometry facilitates p-
mixing into the d-manifold resulting in a more intense pre-edge.V In addition, XAS and 
EXAFS studies also support the presence of a monocoordinated acetate, as proposed 
above. 
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Figure VII.". Characterization of aryl-Co(III) compounds through XAS spectroscopy. (A) XAS 
spectra at the Co K-edge highlighting the XANES region of the spectrum, and the Js ® Ud pre-
edge transitions (inset). (B) EXAFS analysis of @b-OAc. Shown are Fourier-transformed EXAFS 
spectra (no phase correction, k-window = K -JK.e Å-J), as well as the kU-weighted unfiltered 
EXAFS spectra (inset). (C) EXAFS analysis of @c-OAc. Shown are Fourier-transformed EXAFS 
spectra (no phase correction, k-window = K -JK.e Å-J) as well as the kU-weighted unfiltered EXAFS 
spectra (inset). (D) Geometry optimized structure for @b-OAc. Selected bond distances [Å] and 
angles [o]: Co-C(J) J.Oe, Co-N(J) J.Oe, Co-N(K) K.bb, Co-N(U) K.bb, Co-O(J) J.`X, Co-O(K) K.JJ; 
C(J)-Co-N(J) O`.O, C(J)-Co-N(K) OV.e,  C(J)-Co-N(U) OV.V, C(J)-Co-O(J) ̀ `.X, C(J)-Co-O(K) JXV.`. 
(E) Geometry optimized structure for @c-OAc. Selected bond distances [Å] and angles [o]: Co-
C(J) J.Oe, Co-N(J) J.Oe, Co-N(K) K.be, Co-N(U) K.be, Co-O(J) J.`X, Co-O(K) K.JJ; C(J)-Co-N(J) 
OX.e, C(J)-Co-N(K) OV.X,  C(J)-Co-N(U) OV.X, C(J)-Co-O(J) JbJ.b, C(J)-Co-O(K) JXX.U. 

Formation of the organometallic aryl-Co(III) compounds was further studied by 
performing several control experiments (Scheme VII.V). The solvent and the 
counteranion resulted to be key in the formation of the organometallic complexes, as 
shown in Tables SJ and Table SK (Annex I). In this line, the addition of K.b equiv of 
KOAc to a mixture of "c-H and CoBrK in CHUCN was found to be tremendously 
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beneficial for the formation of @c-OAc, while in the absence of base @c-Br was only 
obtained in trace amounts. Regarding the solvents, fluorinated alcohols, which have 
been identified as crucial elements in other metal-catalyzed transformations,e 
demonstrated to be the most efficient for the synthesis of @b-OAc and @c-OAc. 
Preparation of these compounds from Co(II) salts was also attempted under an inert 
atmosphere (NK), but the reaction did not proceed. However, in presence of oxidants 
such as Ag(I) or TEMPO, organometallic aryl-Co(III) intermediates could be detected 
using HRMS (Scheme Se, Annex I). Furthermore, when "c-H was reacted with Co(acac)U 
under an inert atmosphere, the corresponding @c-acac complexes were formed as the 
major product (Figure SV, Annex J). These observations indicate that a highly 
electrophilic Co(III) JXe- complex (Scheme VII.V, 2x’-OAc) is formed before the C-H 
activation step. Then, interaction of Co(III) with the targeted C-H bond allows its 
deprotonation by the base. These observations led us to propose that C-H cobaltation 
is likely to proceed via a Concerted Metalation-Deprotonation (CMD) pathway.X,a 

 

Scheme VII.@. Formation of aryl-Co(III) intermediates. Evaluation of conditions using different 
oxidants (air, silver salts, TEMPO) to furnish aryl-Co(III) intermediates through C-H activation. 

As stated above, suitable crystals of the acetate organometallic intermediates @x-
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mixture at Jbb ˚C, whereby the corresponding organometallic complex [(@x)-
Co(III)(CHUCN)K](ClOV)K (@x-CH2CN) was obtained. Subsequently, crystals of @b-
CH2CN, as well as @c-CH2CN were obtained and fully characterized by XRD techniques 
(Figure VII.U). Interestingly, the experimentally determined EXAFS CJ-Co(III) bond 
distances of J.OO Å for @b-OAc and J.`b Å for @c-OAc (Figure VII.K) are consistent with 
the CJ-Co(III) distance of J.OX Å determined for both @b-CH2CN and @c-CH2CN from 
their crystal structures (Figure VII.U). 

 

Figure VII.2. Solid state structures of aryl-Co(III) complexes @b-CH2CN and @c-CH2CN. 
Hydrogen atoms, perchlorate anions and solvent molecules have been omitted for clarity; 
ellipsoids are set at eb% probability. (A) Crystal data for @b-CH2CN.  Selected bond distances 
[Å] and angles [o]: Co-C(J) J.OaX(a), Co-N(J) J.OeU(V), Co-N(K) J.``a(X), Co-N(U) K.bbO(e), Co-
N(V) K.bKe(X), Co-N(e) J.O`a(V); C(J)-Co-N(J) `b.ee(K), C(J)-Co-N(K) OU.XO(K),  C(J)-Co-N(U) 
OU.XX(K), C(J)-Co-N(V) Jaa.Oa (K), C(J)-Co-N(e) OO.Vb(K). (B) Crystal data for @c-CH2CN.  
Selected bond distances [Å] and angles [o]: Co-C(J) J.OXe(K), Co-N(J) J.OeX(K), Co-N(K) K.bK`(K), 
Co-N(U) K.bKa(K), Co-N(V) J.```(K), Co-N(e) J.`Ka(K); C(J)-Co-N(J) OO.JX(`), C(J)-Co-N(K) 
OV.JU(`), C(J)-Co-N(U) OV.KX(`), C(J)-Co-N(V) JaO.Ub(`), C(J)-Co-N(e) `J.Ub(`). 

An analogous organometallic aryl-Rh(III) complex was also prepared following a 
similar protocol.  Despite the fact that coordination of RhClU to "b-H was not successful, 
when the macrocyclic model substrate "c-H was mixed with RhClU in TFE at Jbb ˚C, the 
light-yellow aryl-Rh(III) complex [("c)Rh(III)ClK] (Gc-Cl) was obtained in aJ% isolated 
yield (Scheme VII.e, A). Crystals suitable for XRD analysis were obtained by layering a 
J:J CHUCN/CHUOH mixture of Gc-Cl with diethyl ether and storing it at V ˚C over KV h 
(Scheme VII.e, B).  Interestingly, CJ-Rh is significantly longer compared with aryl-
Co(III) complexes, probably due to the larger Van der Waals radius of rhodium(III) 
compared to cobalt(III). 
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Scheme VII.G. (A) Synthesis of organometallic aryl-Rh(III)ClK species. (B) Solid state structure 
of aryl-Rh(III) complex Gc-Cl. Hydrogen atoms and solvent molecules have been omitted for 
clarity; ellipsoids are set at eb% probability. Selected bond distances [Å] and angles [o]: Rh-C(J) 
J.`K`(K), Rh-N(J) K.JJU(K), Rh-N(K) J.`eU(K), Rh-N(U) K.JKb(K), Rh-Cl(J) K.eKe(a), Rh-Cl(K) 
K.UaX(V); C(J)-Rh-N(J) OK.``(K), C(J)-Rh-Cl(J) Jae.aJ(K), C(J)-Rh-Cl(K) `J.UV(K). 

We wanted to extrapolate the formation of aryl-Co(III) complexes with 
macrocyclic model platforms to other substrates used in high-valent cobalt C-H 
activation. To do so, we selected a benzamide substrate bearing an O-amino-e-nitro-
quinoline directing group (NO"-AQ). Thus, substrate % (Scheme VII.e) was reacted with 
J.b equiv of Co(OAc)K in presence of J.b equiv of NaOPiv·HKO in TFE under an 
oxygenated atmosphere (Scheme VII.X). Through this protocol, an organometallic aryl-
Co(III) was obtained (J), which was characterized by NMR spectroscopy (Figures SKV-
KX, Annex I). Indeed, a diamagnetic JH NMR spectrum was obtained consistent with a 
low spin Co(III) species similarly to the previously synthesized @x-OAc intermediates. 

 

Scheme VII.%. Synthesis of aryl-Co(III) complexes J and K containing benzamide % bearing an 
O-aminoquinoline directing group. 
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Although suitable crystals of J for XRD analysis could not be obtained, when ether 
was slowly diffused to a solution containing J and V.b equiv of K,K-bipyridine in CHUCN, 
crystals of the octahedral complex K were obtained and analyzed by XRD (Figure VII.V). 
This compound represents a rare example of an organometallic aryl-Co(III) complex 
synthesized through N,N-bidentate directing-group-assisted C-H activation. 

 

Figure VII.@. Solid state structure of aryl-Co(III) species K. Selected bond distances [Å] and 
angles [o]: Co-C(J) J.`J`(K), Co-N(J) J.OO`(K), Co-N(K) K.bba(K), Co-N(U) J.`UV(K), Co-N(V) 
J.`UJ(K), Co-O(J) J.`UK(K); C(J)-Co-N(J) OV.KV(`), C(J)-Co-N(K) JXX.UU(`), C(J)-Co-N(U) ̀ a.Xa(`), 
C(J)-Co-N(V) OO.OO(`), C(J)-Co-O(J) Oa.VO(O). 

VII.1.3	Reactivity	of	aryl-Co(III)	complexes	with	terminal	alkynes	

Once we had been able to synthesize, isolate and characterize the above disclosed 
organometallic aryl-Co(III) compounds, the next goal was to evaluate their reactivity 
towards alkynes. In fact, alkynes were selected due to their importance in Co(III)-
catalyzed annulation reactions, providing a facile route towards a variety of biologically 
and pharmaceutically relevant heterocycles, as it has been exposed in Chapter I. 
Unfortunately, the mechanisms of these reactions are still poorly understood, although 
organometallic intermediates are generally implicated. Thus, in this section we 
evaluated the reactivity of @b-OAc towards terminal alkynes. Important mechanistic 
implications were obtained from the stoichiometric and catalytic reactions, as well as 
some insight in the reaction mechanism was achieved through theoretical calculations 
performed in collaboration with Dr. Vlad Martin-Diaconescu and Dr. Josep Maria Luis.  
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VII.1.3.1	Stoichiometric	reaction	

We envisioned that @b-OAc may provide similar products to the previously 
reported Co(III)-catalyzed annulation reactions with alkynes,O which are believed to 
proceed via b-migratory insertion of the alkyne into the carbon-Co(III) bond, furnishing 
dihydroisoquinoline cyclic compounds (X-membered ring) after reductive elimination 
of the Co(III) centre with our macrocyclic ligand. However, reaction of @b-OAc with J-
ethynyl-V-nitrobenzene at Jbb ˚C in TFE unexpectedly resulted in the regioselective 
formation of the e-membered ring dihydroisoindoline product Lb in good yields (Table 
VII.J, entry J). The unexpected formation of Lb led us to explore this reactivity further, 
changing the reaction conditions, such as temperature and electronic properties of the 
alkyne coupling partner. Thus, reactions with J-ethynyl-V-nitrobenzene were carried 
out at lower temperatures (Table VII.J, entries K and U) and interestingly, mixtures of 
La (X-membered ring) and Lb were obtained, with increasing ratio of La with decreasing 
temperature. This result suggests that Lb is the thermodynamic product, whilst La is 
the kinetic product. Interestingly, the reaction can be carried out under an inert 
atmosphere (Table VII.J, entry V), which indicates that no oxidant is required. 

Table VII.$. Stoichiometric reaction of @b-OAc with terminal alkynes for the synthesis of 
dihydroisoquinoline (La and $#a) or dihydroisoindoline (Lb and $#b) products. 

 
entry R atm. temp (oC) yield (%) ratio (a:b) 

J V-NOKPh air Jbb eV J:`` (La:Lb) 
K V-NOKPh air Xb XX J:JK 
U V-NOKPh air rt XU J:J.e 
V V-NOKPh NK Xb Xb J:JK 
e Ph air Jbb Ub ``:J ($#a:$#b) 
X Ph air Xb UX ``:J 
a Ph air rt Vb V:J 
O Ph NK Xb UV ``:J 

a Reaction conditions: @b-OAc (Vb mg, b.baa mmol) and alkyne (K.b equiv.) were mixed in TFE and 
stirred at different temperatures and atmospheres over JX h. b Products were isolated using silica-gel 
chromatography. c Ratios were determined by NMR spectrometry. 
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Thereafter, reaction of @b-OAc with phenylacetylene was tested at Jbb ˚C in TFE, 
which resulted in the selective formation of the X-membered ring product $#a (Table J, 
entry e). Surprisingly, other isomers were never observed, showing that the reaction is 
regioselective towards the dihydroisoquinoline product $#a. The same results were 
obtained when reactions were carried out at Xb ˚C in TFE, under air or NK atmospheres. 
However, when reactions were carried out at room temperature, a mixture of $#a and 
$#b was obtained (Table J, entries X and a), similarly to the reactivity observed with J-
ethynyl-V-nitrobenzene. In contrast, in the reaction with phenylacetylene the 
thermodynamic product is $#a, while $#b is the kinetic produc t. 

VII.1.3.2	Catalytic	transformation	

The annulation reaction was also studied in a catalytic fashion starting from "b-H 
and terminal alkynes. Catalytic quantities of Co(OAc)K, 2b-OAc and @b-OAc were used, 
together with J-ethynyl-V-nitrobenzene and "b-H (Table VII.K).  

Table VII.". Catalytic transformation of "b-H with terminal alkynes for the synthesis of 
dihydroisoquinoline (La) or dihydroisoindoline (Lb) products. 

 
entrya [Co] (x mol%) atm. yieldb (%) ratioc (La:Lb) 

J Co(OAc)K (Kb) air XX J:`` 
K Co(OAc)K (Kb) NK ed n.d. 
U @b-OAc (Kb) air X` J:`` 
V @b-OAc (Kb) NK JUd J:`` 
e @b-OAc (Jb) air VU J:`` 
X @b-OAc (Jb) NK traced n.d. 
a 2b-OAc (Kb) air eO J:`` 
O 2b-OAc (Kb) NK ad n.d. 

a Reaction conditions: "b-H (b.baa mmol) and J-phenyl-J-propyne (K.b equiv.) were mixed in TFE with 
Jb-Kb mol% of @b-OAc and stirred at Jbb °C under different atmospheres over JX h. b Products were 
isolated using silica-gel chromatography. c Ratios were determined by JH NMR. d Yield determined using 
J,U,e-trimethoxybenzene (TMB) as internal standard. 
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While the stoichiometric reactions proceed at room temperature (Table VII.J, 
entries U and a), when the catalytic transformation was performed starting from 
Co(OAc)K at room temperature no product was furnished. These results suggests that 
C-H activation is the rate determining step for these transformations, similarly to what 
is suggested for most studies in this field. J-ethynyl-V-nitrobenzene was successfully 
coupled to "b-H at Ob ˚C using TFE as solvent, under air, with Kb mol% Co(OAc)K, 2b-
OAc or @b-OAc (Table VII.K, entries J, U and a). Under nitrogen, the reaction was 
quenched when starting from both Co(II) precursors or @b-OAc (Table VII.U entries K, 
V and O), suggesting that a plausible reductive elimination takes place at some point of 
the mechanism, yielding a low-valent cobalt species that needs to be regenerated in the 
presence of external oxidant. 

VII.1.4	Theoretical	studies	and	reaction	mechanism	

To rationalize the formation of two different products ($#a and $#b) from the 
same starting materials (@b-OAc and phenyl acetylene) we propose the mechanism 
depicted in Scheme VII.X, which is supported by theoretical calculations and indicates 
that an aryl-Co(III)-alkynyl organometallic species is the key intermediate.  

The proposed mechanistic pathway starts with the coordination of Co(OAc)K to 
the model substrate "b-H, followed by oxidation and C-H activation through an 
electrophilic pathway such as CMD to yield @b-OAc. Starting from this intermediate, 
DFT calculations reveal that reaction with terminal alkynes proceeds through the 
detachment of the hK-OAc followed by coordination of the incoming alkyne, furnishing 
a cationic p-complex (@b-alkyne-OAc, DG = J`.J kcal mol-J, Scheme VII.a, A). Then, 
acetate-assisted deprotonation of the alkyne occurs via @b-alkyne-"OAc (DG = Ja.e kcal 
mol-J, Scheme VII.a, B), which presents a hydrogen-bond between the alkyne and an 
acetate anion. Subsequent proton transfer and coordination of the alkyne furnishes the 
low spin aryl-Co(III)-alkynyl intermediate @b-alkynyl-OAc (DG = U.a kcal mol-J, Scheme 
VII.a, C) through an energy barrier of Kb.K kcal mol-J.@b-alkynyl-OAc is the 
characteristic intermediate of this cycle, which coins the name of this proposed 
mechanism as the “acetylide pathway”.  Then, reductive elimination from @b-alkynyl-
OAc produces the high spin [("b-CCPh)Co(I)](OAc) complex $@ (DG = -J.J kcal mol-J, 
Scheme VII.a, D). Thus, the C-C coupling proceeds from the singlet state of @b-alkynyl-
OAc, which after a spin-crossing to the S=J state overcomes a barrier of DG‡ = J`.J kcal 
mol-J. Thereafter, an intramolecular cyclization assisted by the resulting Co(I) center 
furnishes either the X-membered ring dihydroisoquinoline ($#a) or the e-membered 
ring dihydroisoinsoline ($#b), depending on both the reaction temperature and the 
electronic properties of the alkyne.  
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 Scheme VII.J. Mechanistic proposal for the formation of e- and X-membered ring products 
through the “acetylide pathway”. This mechanism was supported by DFT calculations.  

For the synthesis of X-membered ring products we can also think about a 
mechanism in which a b-migratory insertion takes place to furnish the commonly 
proposed a-membered cobaltacycle. This process is referred as “migratory insertion 
pathway” (Scheme VII.O). In this alternative route, no deprotonation occurs and @b-
alkyne-OAc undergoes a b-migratory insertion to yield the a-membered cyclic 
intermediate $Ga (DG = a.J kcal mol-J, Scheme VII.O, B), with a barrier of DG‡ = K`.V kcal 
mol-J. Thereafter, reductive elimination from $Ga furnishes the X-membered ring $#a, 
whereas the e-membered product $#b cannot be obtained through this mechanism. 

Our experimental observations of the formation of $#a and $#b when @b-OAc is 
reacted with phenylacetylene and the higher energy barrier to form $Ga compared to 
the barrier obtained for the “acetylide pathway” (DDG‡ = ̀ .K kcal mol-J) indicate that the 
key intermediate is likely to be an organometallic aryl-Co(III)-alkynyl species (@b-
alkynyl-OAc, Scheme VII.a, C). Taking into account the DFT calculations, we propose 
that the mechanism exclusively operates through the ‘acetylide pathway’, whereas the 
commonly proposed ‘migratory insertion pathway’ is excluded for terminal alkynes (for 
results with internal alkynes, see Figure SJU, Annex I). 
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Scheme VII.K. Mechanistic proposal for the formation of e- and X-membered ring products 
through the “migratory insertion pathway”. This mechanism was supported by DFT 
calculations. 

The “acetylide pathway” provides potential reasoning for the reactivity reported 
by Song,` GloriusJb and AckermannJJ for Co(III)-catalyzed annulation protocols 
displaying different selectivity, but starting from the same substrates. Furthermore, 
formation of @b-alkynyl-OAc is consistent with the previously described aryl-Co(III)-
alkynyl species proposed by Zhang,JK Song `and BalaramanJU in alkyne annulation 
reactions, albeit some of these authors propose a Co(II)/Co(IV) system.  

In summary, a number of bench-top stable organometallic aryl-Co(III) complexes 
using model macrocyclic arene substrates have been prepared via C-H activation. 
Reaction of organometallic aryl-Co(III) intermediates has been proven to follow 
different reaction pathways depending on the nature of the alkyne coupling partners. 
Particularly, terminal alkynes furnished e- and X-membered ring products depending 
on both the electronic properties of the alkynes and the reaction temperature. The 
regioselectivity of the reactions as well as theoretical studies indicate that the ‘acetylide 
pathway’ is preferred for terminal alkynes, in contrast to the usually proposed ‘b-
migratory insertion pathway’. This work constitutes a unique fundamental basis for the 
understanding of Co-catalyzed C-H functionalization protocols. 
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VII.2	 Carboxylate-Assisted	 Formation	 of	 Aryl-Co(III)	 Masked-
Carbenes	in	Cobalt-Catalyzed	C-H	Functionalization	with	Diazo	Esters	

This section corresponds to the contents of the manuscript by Oriol Planas, Steven 
Roldan-Gomez, Vlad Martin-Diaconescu, Teodor Parella, Josep M. Luis, Anna Company 
and Xavi Ribas. J. Am. Chem. Soc. "#$J, 237, JJVXV`-JVXee, which can be found in 
Chapter IV of this thesis. 

VII.2.1	Reactivity	with	ethyl	diazo	acetate	(EDA)	

Among the variety of transformations catalyzed by Co(III) complexes, the use of 
diazo carbonyl compounds as carbene precursors has become a particularly attractive 
method. The interest on these coupling partners relies in their wide application in metal 
catalysis,JV including cyclopropanationJe–JO as well as C-H functionalization.J`–KJ Several 
cobalt-carbene species are known with a variety of formal oxidation states,KK–KX but their 
implication in C-H functionalization is barely known.Ka–UK For this reason, we studied 
the reactivity of the isolated aryl-Co(III) complexes, reported in Chapter III towards 
ethyl diazo acetate (EDA). Thus, the main goal of this project was to elucidate the 
operative mechanism as well as the nature of the key reaction intermediates of this 
transformation. 

VII.2.1.1	Stoichiometric	reaction	with	EDA	

This project started with the evaluation of the stoichiometric annulation reaction 
of the previously reported aryl-Co(III) complex "a-OAc (synthesized from macrocyclic 
model substrate $a-H and Co(OAc)K) and ethyl diazo acetate (EDA). Solvents 
demonstrated to be key in this transformation (Table VII.U), and fluorinated alcohols 
such as TFE (Table VII.U, entry K) and HFIP (Table VII.U, entry U) were more beneficial 
for the formation of macrocyclic amide 2 compared to ethanol (Table VII.U, entry J). 
Different commonly used proton sources were investigated as additives. Acetic acid, 
despite being an excellent proton source, was not successful for the formation of 2 
(Table VII.U, entry V), and protodemetalation of "a-OAc was observed. Then, softer 
proton sources were tried, and we were surprised to see that water was an excellent 
additive for this transformation, yielding up to ̀ X% of macrocyclic amide 2 (Table VII.U, 
entries a-`).  Interestingly, the addition of V.b equiv water allowed to use ethanol as 
solvent, obtaining OO% NMR yield (Table VII.U, entry Jb). Lewis acids, which have 
demonstrated to be excellent additives in other Co(III)-catalyzed C-H functionalization 
with diazo compounds,KO were also evaluated. Indeed, J.b equiv of LiOTf was enough to 
obtain OO% isolated yield of 2, even in absence of water (Table VII.U, entry JJ) or using 
ethanol as solvent (`J% NMR yield, Table VII.U, entry JK). The latter result indicates a 
cooperative effect between the solvent and the Lewis acids, probably by acidification of 
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ethanol converting it into a better proton source. The addition of other Lewis acids such 
as Mg(OTf)K was also beneficial for the reaction (Table VII.U, entries JU and JV) albeit 
the best results were obtained with higher acidic Lewis acids such as LiOTf. However, 
when both J.b equiv of Mg(OTf)K and J.b equiv of HKO were used as additives, 2 was 
obtained in a `K% yield, which suggest a cooperative effect between both additives.  

Table VII.2. Optimization of stoichiometric reaction (see Table SJU, Annex II).  

 

entry additive solvent yield of 2 (%)a 
J none EtOH traces 
K none TFEb Jb% 
U none HFIPc UJ% 
V AcOH (J.b equiv.) TFE Je%d 
a HKO (J.b equiv.) TFE ea% 
O HKO (K.b equiv.) TFE OK% 
L H"O (@.# equiv.) TFE L%% (L$%)f 
Jb HKO (V.b equiv.) EtOH OO% 

$$ LiOTf ($.# equiv.) TFE LG% (KK%)f 
JK LiOTf (J.b equiv.) EtOH `J% 
JU Mg(OTf)K (J.b equiv.) TFE Xa% 
JV Mg(OTf)K (V.b equiv.) TFE eK% 
$G H"O ($.# equiv.) + Mg(OTf)" ($.# equiv) TFE L"% (KJ%)f 

aYield determined using J,U,e-trimethoxybenzene as internal standard. bK,K,K-trifluoroethanol. cJ,J,J,U,U,U-
hexafluoro-K-propanol. dProtodemetalation of "a-OAc was observed. eTrifluoroacetic acid. fIsolated yield 
after silica gel chromatography in parenthesis. 

In addition, reaction with the aryl-Co(III) complex bearing methylated tertiary 
amines ("b-OAc) was not successful and only trace amounts of product @ were detected 
by HRMS ([M+H]+; calcd. m/z = UeV. KJaX; expt. m/z = UeV.KJOO; Figure VII.e) together 
with starting "b-OAc and other products that will be disclosed and rationalized later 
(Gb-OAc, see below).  
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Figure VII.G. HRMS analysis of the crude reaction of "b-OAc and EDA in presence of water 
after KVh in TFE (main peaks). Peak at m/z = UOV.JJeb corresponds to "b-OAc; peak at m/z = 
UeV.KJOO corresponds to @ and peak at m/z = Vab.JebX corresponds to Gb-OAc.  

VII.2.1.2	Catalytic	transformation	with	EDA	

Catalytic conditions have also been evaluated, using either "a-OAc complexes or 
commercially available Co(II) salts as catalysts (Table VII.V). Not surprisingly, the 
reaction did not work in the absence of cobalt (Table VII.V, entry J). When "a-OAc (Kb 
mol%) was added, EDA (V.b equiv) was successfully coupled with $a-H under air with 
TFE, yielding 2 in Oa% isolated yield (Table VII.V, entry K). When the same reaction was 
performed under an inert atmosphere (NK), a similar result was obtained (Table VII.V, 
entry U), which indicates that Co(III) does not undergoes reductive elimination 
generating a low-valent species that needs to be reoxidized. Co(II) salts were also tested 
as catalysts, and indeed $a-H and EDA were successfully coupled using Co(OAc)K (Kb 
mol%) under an oxygenated atmosphere (O`% isolated, Table VII.V, entry e). When the 
reaction starting with Co(II) was run under an inert atmosphere 2 was obtained in trace 
amounts (Table VII.V, entry X) indicating that an oxidant is essential in this 
transformation. Furthermore, additives proved to be key in the catalytic reaction as 
well, as in their absence 2 was obtained in Je% NMR yield (Table VII.V, entry a). The 
relevance of oxidants was further tested with Ag(I) and CoBrK as catalyst (Kb mol%). 
Interestingly, when Vb mol% AgOAc was added (Table VII.V, entry O), AgBr 
precipitates, which excludes Ag(I) as a possible oxidant, an only trace amounts of 
product are obtained. However, when J.b equiv AgOAc is added 2 is obtained in Xa% 
NMR yield (Table VII.V, entry `) indicating that the remaining AgOAc acts as oxidant 
and allows reactivity. Addition of Lewis acids such as Mg(OTf)K (J-V equiv, Table VII.V, 
entries Jb and JJ) worked well, as well as when J.b equiv of Mg(OTf)K is mixed with J.b 
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equiv of HKO (Table VII.V, entry JK) However, the best result was obtained when J.b 
equiv LiOTf was added, furnishing 2 in OO% isolated yield. 

Table VII.@. Optimization of catalytic reaction using a variety of cobalt salts as catalysts and 
water or Lewis acids as additives (see Table SJX, Annex II). 

 

entry [Co] (x mol%) additives (equiv.) yield of 2 (%)b 
J - HKO (V.b) n.r. 
K "a-OAc (Kb) HKO (V.b) `U% (Oa%)c  
Ud "a-OAc (Kb) HKO (V.b) LG% (K@%)c  
V "a-OAc (Jb) HKO (V.b) Va% 
e Co(OAc)K (Kb) HKO (V.b) L%% (KL%)c 
Xd Co(OAc)K (Kb) HKO (V.b) traces 
a Co(OAc)K (Kb) none Je% 
Od CoBrK (Kb) HKO (V.b) + Ag(OAc) (b.V) traces 
` d CoBrK (Kb) HKO (V.b) + Ag(OAc) (J.b) Xa% 
Jb Co(OAc)K (Kb) Mg(OTf)K (J.b) VK% 
JJ Co(OAc)K (Kb) Mg(OTf)K (V.b) aU% 
JK Co(OAc)K (Kb) Mg(OTf)K (J.b) + HKO (J.b) `U% (OV%)c 
JU Co(OAc)K (Kb) Li(OTf) L%% (KK%)c 

aRatio determined by NMR. bYield using J,U,e-trimethoxybenzene as internal standard. cIsolated yields 
after silica gel chromatography. dReaction performed under inert atmosphere (NK). eNMR with presence 
of multiple byproducts was obtained. 

VII.2.2	Mechanistic	Insight	

 To understand the key mechanistic features of this transformation we initially 
focused on the possibility of isolating the corresponding reaction intermediates. When 
"a-OAc was reacted with K.b equivalents of EDA at Jbb ˚C over Je minutes, HRMS 
analysis showed the formation of a single species with a peak at m/z = VVK.JJOU (Figure 
SeV, Annex II), which corresponds to the molecular formula [CKJHKeCoNUOV]+ and 
suggests the formation of the aryl-Co(III)-carbene intermediate A depicted in Scheme 
VII.`. To gain more information about this intermediate (Ga-OAc), it was analyzed by 
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JD and KD NMR spectroscopy. A diamagnetic JH NMR spectrum was obtained (Figure 
SV`, Annex II), which is consistent with an octahedral Co(III) low spin species. 
Interestingly, a singlet at a chemical shift of e.OJ ppm discarded the presence of a 
putative aryl-Co(III)-carbene species, as the a-proton of the carbene moiety is known 
to be highly deshielded.UU Moreover, the presence of two double quadruplets at U.KJ and 
U.ae ppm corresponding to the diastereotopic protons of the methylene group of the 
ester confirms the existence of an intermediate containing a chiral center, which further 
discards an aryl-Co(III)-carbene intermediate. Further spectroscopic evidence for the 
absence of this intermediate was obtained from the JUC NMR spectra (Figure SeJ, Annex 
II), as no signal was detected in the typical metal-carbene region.UV The presence of 
signal at a chemical shift of aX.e ppm HSQC-correlated to the singlet at a chemical shift 
of e.OJ ppm (Figure SeK, Annex II) suggests a possible intermediate in which the carbene 
migratory insertion into the aryl-Co(III) bond has already taken place (Scheme VII.`, 
species B). However, further characterization by KD NMR revealed that the actual 
intermediate is obtained after a nucleophilic attack of the carboxylate moiety to the 
electrophilic carbon atom from a putative aryl-Co(III)-carbene. This nucleophilic attack 
allows the formation of an unprecedented C-metalated aryl-Co(III) enolate, Ga-OAc 
(Scheme VII.`, species C), which could be formally described as a carbenoid species 
(carbon atom attached to both a metal centre and a leaving group). 

 

Scheme VII.L. Reactivity of bench-top stable aryl-Co(III) organometallic compounds with 
diazoacetates and formation of hypothesized intermediates A (aryl-Co(III)-carbene) and B 
(Aryl-EDA-Co(III), or the actual intermediate, C (Aryl-Co(III)-alkyl).  
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Attempts to unravel the nature of Ga-OAc have been pursued by crystallographic 
analysis without success.  Nevertheless, suitable crystals for XRD analysis were obtained 
by reaction of p-substituted benzoate complexes "a-OBz-R (R = OMe, Cl) with EDA. 
Reaction of "a-OBz-R with K.b equiv of EDA in TFE at Jbb ˚C resulted in a rapid color 
change from red to orange, and after recrystallization in CHUCl/pentane, Ga-OBz-R 
were obtained in good yields (Oe-`a%). The solid-state structures of the corresponding 
intermediates supported the initial NMR characterization (Figure VII.X), showing an 
octahedral aryl-Co(III) center bearing a carbonyl and a chiral alkyl group as ligands (Ga-
OBz-R). Subsequently, the formation of Ga-OBz-R species is rationalized by trapping 
of the highly electrophilic Co(III)-carbene through a nucleophilic intramolecular attack 
of the carboxylate moiety to CK. Both Ga-OBz-OMe and Ga-OBz-Cl compounds show 
spectroscopic features analogous to Ga-OAc, indicating the same structure, although 
Ga-OBz-Cl presented a minor conformer in solution (See Figures Sea, Annex II). In 
addition, EXAFS analysis of Ga-OAc agrees with the structures depicted in Figure VII.X 
(see Supplementary Digital Material). 

 

Figure VII.%. Solid state structures of Ga-OBz-R. Hydrogen-atoms, anions and solvent 
molecules have been omitted an only one of the enantiomers is depicted for clarity; ellipsoids 
displayed at eb% (Ga-OBz-Cl) and Ub% (Ga-OBz-OMe) probability. (A) Ga-OBz-OMe.  Selected 
bond distances [Å] and angles [o]: Co-C(J) J.OK(K), Co-CK J.`a(V), Co-N(J) K.bK(V), Co-N(K) 
J.OO(U), Co-N(U) J.``(V), Co-O(J) K.bJ(V), C(K)-O(K) J.eb(a); C(J)-Co-C(K) `e.X(J), C(J)-Co-O(J) 
Ja`.K(K). (B) Ga-OBz-Cl.  Selected bond distances [Å] and angles [o]: Co-C(J) J.OK(K), Co-CK 
J.`a(V), Co-N(J) K.bK(V), Co-N(K) J.OO(U), Co-N(U) J.``(V), Co-O(J) K.bJ(V), C(K)-O(K) J.eb(a); 
C(J)-Co-C(K) `e.X(J), C(J)-Co-O(J) Ja`.K(K). 
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To better understand the role of additives in the formation of cyclic amide 2, a 
variety of control experiments were performed starting from Ga-OAc (Table VII.e). 
While without additives poor yields were obtained (Table VII.e, entry J), even with 
longer reaction times (Table VII.e, entry K), when water (Table VII.e, entry U), organic 
acids (Table VII.e, entries V and e) or Lewis acids (Table VII.e, entries X-`) were added 
to Ga-OAc, 2 was obtained in KX-O`% yield. The transformation of Ga-OAc into 2 
involves the cleavage of a C-O bond and the formation of a new C-C bond. Furthermore, 
the increase in yield obtained when LiOTf or organic acids are added suggests an 
activation of the carboxylate group through hydrogen bonding or coordination to Lewis 
acids, which converts it in a better leaving group. Indeed, when the aryl-Co(III) complex 
"a-TFA, which is bearing a weak base as anion such as trifluoroacetate, was reacted with 
EDA neither isolation nor detection of Ga-TFA by HRMS was achieved and 2 was 
obtained in a`% yield in absence of any external additive. 

Table VII.G. Use of a variety of additives in the formation of 2 from Ga-OAc species.  

 

entry additive yield of 2 (%)a 
J none JV% 

Kb none eK% 
U HKO Oe% 
V AcOH eJ% 
e CFUSOUH OK% 
X Li(OTf) O`% 
a Mg(OTf)K Xa% 
O Zn(OTf)K eO% 
` B(CXFe)U KX% 

aYield determined using TMB as internal standard. bReaction was carried out over VOh. 

The catalytic competence of Ga-X (X = OAc, OBz-OMe and OBz-Cl) was tested in 
a reaction with $a-H, K.b equiv of EDA and V.b equiv of HKO in TFE at Jbb ˚C (Scheme 
VII.Jb, A). Regardless of the carboxylate anion, 2 was obtained in good yields (Xa-a`%) 
which indicates that organometallic Ga-X complexes are catalytically active and might 
be actual on-cycle intermediates. Furthermore, in order to know which is the role of the 
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acetate anions, the previously reported dicationic complex "a-CH2CN was reacted with 
K.b equiv of EDA and V.b equiv of HKO in TFE at Jbb˚C over KVh (Scheme VII.Jb, B). 
Interestingly, EDA was fully decomposed, which suggest the formation of a very reactive 
and unstable Co(III)-carbene intermediate. Indeed, when K.b equiv of NaOAc were 
added, 2 was obtained in VJ% yield. This result suggests that when the Co(III) center 
contains a carboxylate moiety, carboxylate-masked aryl-Co(III) carbenoids (Ga-X) are 
formed. Therefore, carboxylate anions may be involved in taming the reactivity of a 
highly electrophilic aryl-Co(III)-carbene intermediate.  

 

Scheme VII.$#. (A) Use of Ga-X as catalysts for the construction of macrocyclic amide 2 and (B) 
role of acetate anions in this transformation. 

Further insight into the reaction mechanism was obtained by D-labeling 
experiments (Table VII.X). When "a-OAc was treated with EDA and V.b equiv of DKO 
were added in TFE at Jbb °C (Table VII.X, entry J), a UX% D-incorporation was observed 
by NMR and HRMS analysis at the a position of the carbonyl group in 2, in a 
stereoselective manner (Figure VII.a). Increasing D-incorporation was observed when 
HKO (Xe%; Table VII.X, entry K) and DKO (OX%; Table VII.X, entry U) were added as 
additives in TFE-dU (Figures SUV-U`, Annex II). Interestingly, `J% (Table VII.X, entry V) 
and `U% (Table VII.X, entry V) D-labeled 2 was obtained when the reaction was 
performed using J.b equiv of Li(OTf) in TFE-dU (Figures SVb-VJ, Annex II) and in MeOD-
dV (Figures SVK-VU, Annex II), respectively, in absence of water. These results suggest 
that J) there is a protodemetalation event of a plausible alkyl-Co(III) species and K) 
Lewis acids may cooperate with the solvent, increasing its acidity as proton source. 
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Table VII.%. Deuterium-labeling experiments with deuterated TFE as solvent or labeled DKO 
and Lewis acids as additives. 

 
entry additive (equiv.) solvent D-incorporation (%) 

J DKO (V.b) TFE UX% 
K HKO (V.b) TFE-dU Xe% 
U DKO (V.b) TFE-dU OX% 
V Li(OTf) (J.b) TFE-dU `J% 
e Li(OTf) (J.b) MeOD-dV `U% 

 aD-incorporation determined by JH NMR integration and HRMS analysis (see Annex I).  

 

Figure VII.J. JH NMR spectrum of [D]n-2 (up, blue) and 2 (down, black) recorded at K`OK using 
CDClU as solvent. UX% of D-incorporation was observed (Table VII.X, entry J). 

With all the exposed experimental evidences, we propose the catalytic cycle 
depicted in Scheme VII.JJ, which is supported by DFT calculations performed in 
collaboration with Steven Roldán and Josep M. Luis from Universitat de Girona. The 
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cycle starts from the organometallic aryl-Co(III) species "a-OAc (A), which mixed with 
EDA furnishes the C-metalated adduct "a-OAc-EDA (DG = O.` kcal mol-J, B). 
Afterwards, "a-OAc-EDA evolves to "a-carbene (DG = `.O kcal mol-J, C) overcoming a 
KU.b kcal mol-J transition state (TSJ). This putative Co-carbene species reacts with the 
adjacent acetate, giving the isolated C-metalated aryl-Co(III) enolate Ga-OAc (DG = -
Ub.U kcal mol-J, D) in a barrierless manner. Indeed, depending on the DFT method, "a-
carbene cannot be optimized and TSJ directly evolves to the isolated Ga-OAc (Figure 
SVe, Annex II). Therefore, TSJ can be understood as a concerted asynchronous transition 
state that leads to the formation of the new C-Co and C-O bonds in Ga-OAc.  

 

Scheme VII.$$. Mechanistic proposal for the formation X-membered ring cyclic amide 2 by 
reaction of "a-OAc with EDA as coupling partner. This mechanism was supported by DFT 
calculations.  
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explains the experimental results obtained when Lewis acids such as LiOTf are added, 
promoting the formation of the macrocyclic amide 2. Indeed, DFT calculations in 
absence of Li+ provide a higher barrier (TSU = K`.V kcal mol-J, see Chapter IV) which 
indeed explains the accumulation of Ga-OAc. Then, after overcoming this barrier, INT-
MI-Li (DG = -ea.a kcal mol-J, F), which can be indirectly detected by HRMS (See Figure 
SUU, Annex II), undergoes protodemetalation, as we observed by the deuterium 
incorporation experiments. Finally, after a Lewis acid promoted intramolecular 
cyclization, compound 2 is obtained and the cycle starts again. It should be noted that 
in this mechanistic proposal the oxidation state of cobalt remains unaltered. Thus, 
Co(III) promotes the C-H activation step, as well as the SNK-type C-O cleavage/C-C 
formation event and the final Lewis acid intramolecular condensation of one of the 
lateral amines and the ester. 

To summarize, in this section unique C-metalated aryl-Co(III) enolate species (Ga-
X) have been synthesized and fully characterized. Indeed, crystallographic, full 
spectroscopic characterization and theoretical evidences show that masked carbenes 
Ga-X, which have proved to be catalytically active intermediates, are necessary to 
construct the new C-C bond and finally furnish the cyclic amide 2.  Moreover, 
theoretical studies indicate that this transformation occurs through a unique 
intramolecular SNK-type C-C bond formation event in which the carboxylate acts as a 
relay. The experimental key role of Lewis acids, particularly LiOTf, is reflected in the 
theoretical studies, unveiling a Li-mediated carboxylate activation that triggers the SNK-
like pathway.  
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VII.3	 Regioselective	 Access	 to	 Sultam	 Motifs	 through	 Cobalt-
Catalyzed	Annulation	of	Aryl	Sulfonamides	and	Alkynes	using	an	8-
Aminoquinoline	Directing	Group	

This section corresponds to the contents of the manuscript by Oriol Planas, Christopher 
J. Whiteoak, Anna Company and Xavi Ribas. Adv. Synth. Catal. "#$G, 3>?, VbbU-VbJK, which can 
be found in Chapter V of this thesis. 

The fundamental knowledge derived from sections VII.J and VII.K with 
macrocyclic model substrates is a feedback for the development of methodologies for 
the synthesis of cyclic sulfonamide motifs (sultams). Indeed, sultams have found 
application as anti-inflammatory drugs (piroxicam), carbonic anhydrase inhibitors 
(brinzolamide) as well as calpain I inhibitors in cell signaling dysfunctions (Scheme 
VII.JK).  

 

Scheme VII.$". Drugs containing cyclic sulfonamide motifs. 

Although the typical methodologies for their synthesis involve elaborated 
precursors and precious transition metals,Ue–Ua new methodologies using cobalt as 
catalysts have proven to be promising alternatives for their synthesis.UO  With these 
precedents in mind, we decided to investigate the possibility of performing a Co(II)-
catalyzed aryl sulfonamide annulation with alkynes (see below), seeking improved 
regioselective control compared with the previously described Rh-catalyzed protocol 
and to showcase the potential of using Co in annulation reactions. 

VII.3.1	Optimization	of	reaction	conditions	

The first steps of this project were directed towards the optimization of reaction 
conditions starting from the benzosulfonamide $a towards the formation of sultam $aa. 
Thus, we attempted the coupling of sulfonamide $a with phenylacetylene using a 
catalytic system comprising Co(OAc)K (Kb mol%) as catalyst, Mn(OAc)K as oxidant and 
KOAc as base, in TFE at Jbb °C. With these conditions, which are similar to the catalytic 
system reported by Daugulis,O $aa was obtained in KK% NMR yield. Encouraged by this 
result, the reaction conditions were further optimized in terms of cobalt source, oxidant 
and base using K,K,K-trifluoroethanol (TFE) as solvent (Table VII.a).  
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A variety of oxidants were investigated using Co(OAc)K and KOAc (Table VII.a, 
entries J-a). From these experiments, Mn(OAc)U·KHKO was found to be the best oxidant 
among those tested and $aa was obtained in XK% NMR yield. It should be noted that 
the presence of oxidants is crucial, and when the reaction is carried out under inert 
atmosphere, $aa is obtained in only trace amounts (Table VII.a, entry a). Afterwards, a 
variety of bases were tested (Table VII.a, entries O-JK), whereby the best result was 
obtained with NaOPiv·HKO, with a `J% NMR yield of $aa. In addition, no improvement 
was obtained with other cobalt sources (Table VII.a, JU-Ja). 

Table VII.J. Optimization of the reaction conditions for the synthesis of sultam motifs.a  

 

entry catalyst oxidant base Yield of $aa [%]b 
J Co(OAc)K Mn(OAc)K KOAc KK 
K Co(OAc)K Benzoquinone KOAc <J 
U Co(OAc)K AgKO KOAc X 
V Co(OAc)K PhI(OAc)K KOAc JK 
e Co(OAc)K Mn(OAc)U·KHKO KOAc XK 
X Co(OAc)K OK KOAc U 
ac Co(OAc)K - KOAc <J 
O Co(OAc)K Mn(OAc)U·KHKO NaKCOU KK 
L Co(OAc)" Mn(OAc)2·"H"O NaOPiv·H"O L$(L#)d 
Jb Co(OAc)K Mn(OAc)U·KHKO CsOPiv aO 
JJ Co(OAc)K Mn(OAc)U·KHKO NaOAc·HKO Xa 
JK Co(OAc)K Mn(OAc)U·KHKO CsOAc X` 
JU - Mn(OAc)U·KHKO NaOPiv·HKO b 
JV CoClK Mn(OAc)U·KHKO NaOPiv·HKO `b 
JX Co(acac)K Mn(OAc)U·KHKO NaOPiv·HKO KO 
Ja Co(acac)U Mn(OAc)U·KHKO NaOPiv·HKO Ja 

aReaction conditions: aryl sulfonamide ($a) (b.Ja mmol), ethynylbenzene (K.b equiv.), Co source 
(Kb mol%), oxidant (J.b equiv.), base (K.b equiv.), K.b mL TFE at Jbb oC, under air for KV h. 
bYield calculated by JH NMR analysis of crude reaction mixture using mesitylene as internal 
standard. cReaction prepared and performed under a NK atmosphere. dAt Jbb oC for JX h. 
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Final optimization of the reaction time and temperature set the experimental 
conditions at Jbb °C and JX h for further substrate scoping. Interestingly, detailed 
analysis of JH NMR of $aa confirmed the presence of a single regioisomer, which 
absolute configuration was established from its XRD analysis (see below). With these 
conditions in hand, different directing groups (DGs) were tested. Despite the fact that 
the reaction took place with pyridine as DG (Gaa, UK% NMR yield, see Annex III), O-
aminoquinoline (AQ) gave superior yields and it was subsequently used to expand the 
reaction scope. 

VII.3.2	Substrate	scope	and	product	upgrading	

The scope of the newly optimized Co(II)-catalyzed synthesis of sultams was tested 
using different aryl sulfonamide derivatives. These studies furnished a variety of 
different substituted sultam motifs in good to excellent yields (Table VII.O) and in all 
the cases the products presented only one regioisomer (Figure VII.O). The highest yields 
were obtained with derivatives containing electron-donating groups (Oe% for $aa), 
whilst those containing electron-withdrawing substituents gave lower yields ($fa, XV%; 
$ka, trace amounts). Moreover, heterocycle-fused sultams were also obtained with a 
thiophene moiety ($ia), although trace amounts of product were obtained when the 
pyridine derivative was employed ($ja), demonstrating limitations in the reaction scope. 

Table VII.K. Scope of Co(II)-catalyzed coupling of phenyl acetylene (blue) to aryl sulfonamide 
derivatives forming functionalized sultams ($aa-$ao).a,b 

 

aReaction conditions: aryl sulfonamide ($a–$o) (b.Ue mmol), alkyne (a) (K.b equiv.), Co(OAc)K (Kb mol%), 
Mn(OAc)U·KHKO (J.b equiv.), NaOPiv·HKO (K.b equiv.), K.b mL TFE (trifluoroethanol) at Jbb oC, under 
air for JX h. bIsolated yields obtained after purification by column chromatography. 
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Figure VII.K. Solid state structures of synthesized sultam motifs. Hydrogen-atoms and solvent 
molecules have been omitted for clarity; ellipsoids displayed at eb% probability. (A) $aa.  
Selected bond distances [Å] and angles [o]: S-O(J) J.VKO(J), S-O(K) J.VK`(J), S-N(J) J.XeO(J); O(J)-
S-O(K) JJ`.J(K). (B) $ah’.  Selected bond distances [Å] and angles [o]: S-O(J) J.VJe(e), S-O(K) 
J.VUV(V), S-N(J) J.XVa(e); O(J)-S-O(K) JJ`.e(K).  

Then, we turned our attention to differently substituted alkynes (Table VII.`). To 
do so, we used the same catalytic system that was applied in table VII.O, which showed 
wide tolerance for a variety of functional groups, high regioselectivities as well as high 
efficiency for the synthesis of sultam motifs (up to `a% isolated yield). Indeed, the 
reaction achieved good to excellent yields when alkyl and vinyl substituted alkynes were 
used ($aa-$ag). Unexpectedly, when using U-chloro-U-methylbut-J-yne as substrate (h), 
the product whereby hydrogen chloride had been eliminated was obtained ($ah’, see 
XRD in Figure VII.O). Furthermore, when an ester substituent was present in the alkyne 
coupling partner, both possible isomers were identified ($ar). Despite the mixture of 
products, the major regioisomer could be separated from the minor regioisomer by 
recrystallization in CHUCl/pentane, and subsequently it was fully characterized by XRD 
analysis (see Supplementary Digital Material). Interestingly, when electron-donating 
substituents are present on the aryl group of phenylacetylene the reaction resulted in 
low or trace yields (trace amounts and Ub% for $ai and $aj respectively). In the case of 
$aj, even after an extended reaction time the yield was not significantly improved.  

Furthermore, to prove the practicality of this transformation a gram-scale reaction 
with sulfonamide $a and alkynes a and l was performed, furnishing $aa and $a sultam 
motifs in XV % (b.Oa g) and XJ% (b.O` g) yield, respectively (see Scheme SKU, Annex III). 
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Table VII.L. Scope of Co(II)-catalyzed coupling of a variety of alkynes (blue) to tosyl 
sulfonamide forming functionalized sultams ($ab-$at).a,b 

 

aReaction conditions: see Table VII.O. bIsolated yields after silica chromatography. cProduct derived from 
U-chloro-U-methylbut-J-yne. dCombined yield of both regioisomers.; major regioisomer depicted. 

After being able to synthesize a vast array of sultam motifs, even at gram-scale, we 
attempted to upgrade them by removing the O-aminoquinoline group (Scheme 
VII.JU).U`,Vb Unfortunately, basic and oxidant conditions could not successfully cleave 
the AQ group. When reductive conditions were used, only possible the hydrogenated 
quinoline product $aaH@ (see Supplementary Digital Material). Thus, the development 
of a methodology for the AQ-directing group removal would be tremendously useful. 

 

Scheme VII.$2. Attempted upgrading of sultam $aa. 
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	 VII.3.3	Mechanistic	experiments	and	possible	reaction	pathway	

In order to understand how the reaction works, a variety of control experiments 
were performed, including intramolecular competition reactions (Scheme VII.JV) and 
deuterium labeling experiments (Scheme VII.Je). When two equivalents of both a 
terminal and internal alkyne were mixed together with $a, insertion of terminal alkynes 
was tremendously favored, resulting in a Je:J ratio for terminal and internal alkynes 
insertion respectively (Scheme VII.JV, A). Furthermore, in agreement with the results 
obtained in the substrate scope, reaction with electron-rich aryl sulfonamides ($b) was 
slightly favored over electron-poor aryl sulfonamides ($c) with a ratio of J.K:J 
respectively (Scheme VII.JV, B). Likewise, insertion of the p-nitro phenylacetylene (n) 
was favored over p-methoxy phenylacetylene (j) (Scheme VII.JV, C). The latter 
competition reaction only yielded UV% of the p-nitro product ($an), whereas in the 
absence of the competing p-methoxy phenylacetylene $an was obtained `a% isolated 
yield. This result suggests that the p-methoxy phenylacetylene is inhibiting the reaction 
to some extent.  

 

Scheme VII.$@. Intermolecular competition experiments using standard conditions. Yields 
were calculated by JH NMR analysis using mesitylene as internal standard. 
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A range of deuterium incorporation reactions were also performed (Scheme 
VII.JK). First, $a was reacted with Co(OAc)K (Kb mol%) in presence of NaOPiv·HKO and 
Mn(OAc)U·KHKO, but in the absence of alkyne (Scheme VII.Je, A). The reaction was run 
in dV-methanol, and at the end of the reaction a low D-incorporation was observed in 
the starting sulfonamide $a (KO% D-incorporation, $a-D). This result suggests the 
deuteron-demetalation of a putative aryl-Co(III) intermediate species, which formation 
is proposed to be reversible. On the other hand, an intermolecular competition 
experiment between $e and DG-$e revealed a Kinetic Isotope Effect (KIE) value of U.e 
(Scheme VII.Je, B). The experimental KIE value obtained is consistent with C-H 
activation being the rate-determining step in the reactions. 

 

Scheme VII.$G. Deuterium labeling experiments using standard conditions. Deuterium 
incorporation was obtained from JH NMR integration of signals. 
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scavenger K,K,X,X-tetramethylpiperidine J-oxyl (TEMPO), $aa was obtained in only O% 
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Table VII.$#. Reaction in the presence of radical scavengers. 

 

entry radical scavenger yield of $aa (%)a 
J (K,K,X,X-Tetramethyl-piperidin-J-yl)oxyl (TEMPO) O 
K K,X-Bis(J,J-dimethylethyl)-V-methylphenol (BHT) X 
U Triethyl phosphite (P(OEt)U) b 
V K,Kʹ-Azobis(K-methylpropionitrile) (AIBN) U 

a JH NMR yield using mesitylene as internal standard.  

With all the described experimental evidences, we proposed the catalytic cycle 
depicted in Scheme VII.JX. Initially, Co(OAc)K chelates the AQ directing group 
furnishing the Co(II) coordination complex A. Then, Mn(OAc)U·KHKO oxidized Co(II) 
to Co(III), which performs the C-H cleavage to yield the corresponding aryl-Co(III) 
complex C. Albeit we propose C-H activation occurs through a CMD mechanism, the 
involvement of radicals cannot be fully discarded. Furthermore, the use of other 
acronyms such as BIES (base-assisted intramolecular electrophilic substitution) to 
describe the formation of C could be more appropriate.  The slightly higher yields 
obtained when using electron-rich sulfonamide motifs (Scheme VII.JV) can be explained 
by an acetate-assisted internal electrophilic substitution-type mechanism.VX,Va 

 

Scheme VII.$%. Proposed reaction mechanism for the Co(II)-catalyzed synthesis of sultam 
motifs from sulfonamides and alkynes. Color code: Co(I), green; Co(II), pink; Co(III), orange. 
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Subsequently, insertion of the alkyne into the aryl-Co(III) bond generates the 
transient a-membered ring D. Finally, reductive elimination provides the desired 
sultam product, $aa, together with Co(I), which is oxidized to Co(II) and enters again 
the catalytic cycle. As suggested by the radical trap experiments described above, some 
steps of the cycle may involve radical intermediates. 

In summary, in this section we have been able to develop a new Co(II)-catalyzed 
protocol for the synthesis of sultam motifs starting from easily prepared aryl 
sulfonamide and alkynes. Furthermore, the protocol permits the use of a broad range 
of substituted aryl sulfonamides and alkynes and displays excellent regioselectivities, 
demonstrating that cobalt can become a catalytic alternative to precious transition 
metals. 
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VII.4	 A	 First	 Example	 of	 Cobalt-Catalyzed	 Remote	 C-H	
Functionalization	of	8-Aminoquinolines	Operating	through	a	Single	
Electron	Transfer	Mechanism	

This section corresponds to the contents of the manuscript by Christopher J. Whiteoak,* 
Oriol Planas,* Anna Company and Xavi Ribas. Adv. Synth. Catal. "#$%, 3>4, JXa`-JXOO (*equal 
contribution), which can be found in Chapter VI of this thesis. 

While working with O-aminoquinoline (AQ) as directing group, we realized that 
this scaffold is an important motif found in a variety of drugs, including anti-malarial 
drugs such as primarquine, pamaquine and tafenoquine (Scheme VII.Ja).VO  

 

Scheme VII.$J. Antimalarial drugs containing the O-aminoquinoline scaffold. 

For this reason, we considered that the development of new methodologies for the 
functionalization of commercially available AQ compounds are potentially important 
for organic synthesis. Indeed, we were inspired by Stahl work, who reported on a Single 
Electron Transfer (SET) based remote Cu-catalyzed Ce-chlorination.V` As it is exposed 
in Chapter I, since this report several AQ functionalization protocols have been 
described, thus expanding the toolbox for preparation of novel AQ derivatives. In this 
work, we wondered if cobalt could imitate other metals in such transformations and 
promote remote C-H functionalization reactions under mild conditions. To do so, we 
selected tert-butyl nitrate (tBuONO, TBN) as coupling partner, which may elicit the 
formation of new C-N bonds. Indeed, TBN is known to be a NOK surrogate in presence 
of air at room temperatureeb and NOK is an open-shell molecule capable of reacting as 
a radical compound. This reactivity, combined with the oxidant properties of Co(III), 
led us to develop a new remote cobalt-catalyzed protocol for the functionalization of C-
H bonds in AQ compounds. 

VII.4.1	Optimization	of	reaction	conditions	

Initially, we attempted the remote nitration of N-(quinolin-O-yl)benzamide ($) 
using Co(OAc)K (Kb mol%) as catalyst and V.b equiv of TBN in several solvents (Table 
VII.JJ, entries J-`). Interestingly, we observed that when the reaction was run in TFE at 

N
HN

OMe

Me
NEt2

N
N
H

OMe

Me

O
OMe

F3C

Me
NH2

pamaquine tafenoquine

N
HN

OMe

Me
NH2

primaquine



CHAPTER	VII	 	 RESULTS	AND	DISCUSSION	
	

  156	

Jbb oC all the starting material was consumed but no desired product was obtained 
(Table VII.JJ, entry J). However, when the reaction was run at room temperature, two 
different products were identified by JH NMR ($a and $b), which combined yield 
reached JX%. From this screening, the best solvent among those tested was acetic acid, 
which yielded V`% combined NMR yield (Table VII.JJ, entry V) in a similar ratio to that 
observed when using TFE as solvent. Afterwards, we optimized the cobalt source (Table 
VII.JJ, entries JX), where it was found that Co(NOU)K·XHKO was the optimal to promote 
the nitration reaction of $ (Table VII.JJ, entry JK), furnishing a combined yield of Oa%.  

Table VII.$$. Optimization of the reaction conditions for the nitration of O-aminoquinoline.a  

 
entry solvent [Co] source conv (%)b $a (%)b $b (%)b 

Jc TFE Co(OAc)K >`` trace - 
K TFE Co(OAc)K ee JK V 
U CHClU Co(OAc)K UO a trace 
V Acetic acid Co(OAc)K Xb UX JU 
e DMF Co(OAc)K Ve - - 
X Toluene Co(OAc)K UV Je X 
a J,V-dioxane Co(OAc)K UU JO X 
O EtOAc Co(OAc)K VV JJ U 
` THF Co(OAc)K UU X K 
Jb Acetic acid Co(acac)U Ke JU e 
JJ Acetic acid CoClK K` J` e 
JK Acetic acid Co(NOU)K·XHKO Oa Xe KK 
JU Acetic acid Co(BFV)K·XHKO XJ VV Ja 
JV Acetic acid Co(acac)K Vb KJ Jb 
Je Acetic acid Co(OAc)K·VHKO eJ UK JU 
JX Acetic acid CoBrK aV Kb a 
Ja Acetic acid - <J - - 

$Kd Acetic acid Co(NO2)"·%H"O >LL J@ "G 
J`e Acetic acid Co(NOU)K·XHKO JV ` K 
Kbf Acetic acid Co(NOU)K·XHKO aJ VX Ja 

aReaction conditions: $ (eb mg, b.K mmol), cobalt source (b.bV mmol, Kb mol%), TBN (eU μL, `b %, K.b 
equiv., b.V mmol), solvent (J.e mL), RT, JO h. bConversions and yields calculated from JH NMR of crude 
reaction mixture using J,U,e-trimethoxy benzene as internal standard. cAt Jbb ºC. dV.b equiv of TBN. eNo 
TBN used. fJb mol% Co(NOU)K·XHKO.  

As can be observed in entries JK and JU (Table VII.JJ), the use of weakly 
coordinating anions appears to be very beneficial for the reaction as these cobalt sources 
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provided significant higher yields compared to cobalt halides (Table VII.JJ, entry JJ and 
JX), acetyl acetonates (Table VII.JJ entry Jb and JV) and acetate (Table VII.JJ, entry Je). 
Furthermore, as expected, in the absence of cobalt, no conversion was observed. (Table 
VII.JJ, entry Ja). Interestingly, when Co(NOU)K·XHKO (Kb mol%) was used in the absence 
of TBN, JJ% nitrated products were obtained (`% $a, K% $b; Table VII.JJ, entry J`), which 
suggests that the nitrate group can also act as nitro source. When V.b equiv of TBN were 
used, nitration was achieved almost quantitatively (Table VII.JJ, entry JO), and when the 
catalyst loading was decreased to Jb mol%, the reaction yield was also reduced (Table 
VII.JJ, entry Kb). This optimized protocol is advantageous over traditional nitration 
procedures, since it avoids the use of corrosive HKSOV and HNOU as reagents.  

VII.4.2	Substrate	scope	and	upgrading	

With the optimized conditions in our hands, we applied this protocol to a number 
of other structurally related substrates (Figure VII.`, substrates "-G). Unfortunately, in 
all cases it was not possible to achieve the desired nitration products, which indicates 
the key role of the secondary amide and quinoline motifs in the substrate.  

 

Figure VII.L. Unsuccessful substrates using the optimized reaction conditions. 

Then, we turned our attention to the applicability of this protocol to a range of 
substrates bearing differently substituted ancillary groups (Table VII.JK, products %-$%). 
In most substrates, it was possible to obtain excellent to quantitative overall combined 
yields of nitration products. Furthermore, we confirmed the structure of both Ce- and 
Ca-nitro regioisomers from XRD analysis of products $Ga and $2b (Figure VII.Jb). 
However, there are several exceptions where the reaction was not successful, for 
instance, when a p-nitro group was included to the benzoyl ancillary (Table VII.JK, 
substrate %). A similar result was obtained when the electron-withdrawing 
trifluoromethyl ancillary group was used (Table VII.JK, substrate $"). Thus, ancillary 
groups containing strong electron-withdrawing groups are not suitable for this 
transformation. However, poisoning experiments in which trifluoromethyl- ($") and 
methyl- ($2) containing substrates were mixed demonstrated that $" was not nitrated 
due to being unreactive rather than poisoning the catalysts. Furthermore, low yield is 
obtained with $G, which indicate that Co cannot coordinate to the amide due to steric 
effects. 
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Table VII.$". Screening of different ancillary groups ($y-$%y).a 

 

aReaction conditions: substrate (b.e mmol), Co(NOU)K·XHKO (K`.J mg, b.J mmol, Kb mol%), TBN (KXa μL, 
`b%, V.b equiv., K.b mmol), acetic acid (U.e mL), RT, JO h. bIsolated yields in parenthesis.  

 

Figure VII.$#. Solid state structures of Ce- (A, $Ga) and Ca- (B, $2b) nitration products. 
Hydrogen-atoms have been omitted for clarity; ellipsoids displayed at eb% probability.  
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Once we optimized the ancillary group and selected benzoyl as a suitable motif, 
we investigated the potential for the reaction protocol to be transferred to gram-scale 
(Scheme VII.JO). Indeed, we found that when starting from J.O` g of $ it was possible to 
obtain J.Ue g of e-nitro-quinoline product $a (XJ%) and also b.VJb grof a-nitro-quinoline 
product $b (JO%). These amounts of nitrated products were enough to perform and 
investigate their upgrading. With analytically pure samples in-hand, reactions targeting 
the removal of the ancillary group and reduction of the nitro groups to amines were 
attempted (Scheme VII.JO). Thus, reduction of $a was performed using Pd/C and HK (J 
atm), and it resulted in the selective formation of $c in OX% isolated yield. The benzoyl 
ancillary groups of both $a and $b can be easily removed by acid hydrolysis to furnish 
the desired e-nitro-O-aminoquinoline (A) and a-nitro-O-aminoquinoline (B), 
respectively, in excellent yields. Moreover, the nitro-O-aminoquinolines can then be 
easily converted into the corresponding diamines in excellent yield using Pd/C and HK 
(J atm) (conversion of A to C in Scheme VII.JO). These diamines, which are not 
commercially available, may find a wide range of applications in the future as a result 
of this new nitration protocol, which allows their synthesis in high yields, low cost and 
facile installation and cleavage. 

 

Scheme VII.$K. Gram-scale nitration reaction and product upgrading (isolated yields reported). 
Reaction conditions for gram-scale nitration reaction: $ (J.O` g, a.X mmol), Co(NOU)K·XHKO (VVU 
mg, J.e mmol, Kb mol%), TBN (V.J mL, `b%, V.b equiv., Ub.V mmol), acetic acid (eb mL), RT, JO 
h. aIsolated yield starting from Ubb mg of $a. bIsolated yield starting from J.b g of $a. cIsolated 
yield starting from ebb mg of A. dIsolated yield starting from UKb mg of $b.  
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Thereafter, we wanted to apply the nitration protocol to previously substituted 
quinoline motifs. However, there are currently few inexpensive commercially available 
derivatives of AQ scaffolds. Thus, to further study the practicality we synthesized 
several e-substituted-O-aminoquinoline motifs through Skraup reactionseJ and further 
reduction of the corresponding nitro compounds through Pd/C (Table VII.JU, substrates 
$J, $K and $L). After applying the standard conditions to these new substrates $Jb, $Kb 
and $Lb were obtained in excellent isolated yields, with selective formation of a-nitro 
products (Table VII.JU). When the quinoline motif contained a nitro- ($a) or an amine- 
($c) substituent group the reaction failed to synthesize $ab and $cb, respectively (Table 
VII.JU, trace amounts). The inhibition of reactivity in presence of a nitro group is in line 
with the quenching observed when the benzoyl ancillary group bears an electron-
withdrawing group (Table VII.JK, entries X and JK). In the case of the free amine, we 
suggest a possible interference of the amine with the catalyst, which may quench its 
reactivity. Despite these negative results with free-amine substituted quinoline motifs, 
when $c was dimethylated at the amine ($d), it was possible to obtain the nitrated 
product ($db) in Ob% isolated yield. The latter compound is interesting from a point of 
view of applicability, as it contains amine, nitro and amide functionalities which can be 
derivatized independently making it an excellent candidate for further upgrading. 

Table VII.$2. Screening of different O-aminoquinoline scaffolds.a,b 

 

aReaction conditions: substrate (b.e mmol), Co(NOU)K·XHKO (K`.J mg, b.J mmol, Kb mol%), TBN (KXa μL, 
`b%, V.b equiv., K.b mmol), acetic acid (U.e mL), RT, JO h. bIsolated yields reported. cSelectivity >``% in 
all cases.  
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VII.4.3	Mechanistic	experiments	and	possible	reaction	pathway	

The absence of reactivity when electron-withdrawing groups are present in the 
amide moiety (Table VII.JK, products % and $") as well as in the quinoline motif (Table 
VII.JU, product $ab) suggests that the formation of nitration products is governed by a 
SET mechanism. Further evidence to support this mechanism was obtained from 
competition experiments between $J and $L (Scheme VII.J`, A) as well as deuterium 
incorporation experiments (Sheme VII.J`, B). With the former experiment, it was 
observed that electron-rich quinoline motifs ($L, >``% NMR yield) react faster 
compared to electron-poor quinolines ($J, VJ% NMR yield). This preference for 
electron-donating substituents is the expected one for the formation of a transient 
radical cation intermediate through a SET pathway. Furthermore, a Kinetic Isotope 
Experiment (KIE) revealed a kH/kD value of b.`a (Scheme VII.J`, B), indicating that the 
rate limiting step is not a C-H activation and adding further support for the proposed 
Single Electron Transfer (SET) pathway depicted in Scheme VII.Kb. 

 

Scheme VII.$L. (A) Competition reactions performed to investigate relative reactivity of 
substrates $J and $L. Yields calculated from JH NMR of crude reaction mixture using J,U,e-
trimethoxy benzene as internal standard and are based on conversion of corresponding 
substrate. Reaction conditions: substrate (b.e mmol; b.Ke mmol of each substrate), 
Co(NOU)K·XHKO (K`.J mg, b.J mmol, Kb mol%), TBN (KXa μL, `b%, V.b equiv., K.b mmol), acetic 
acid (U.e mL), RT, JO h. (B) Summary of Kinetic Isotope Experiment (KIE); for further details see 
Supporting Information.   
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the metal center coordinates to substrate A to furnish the Co(III) complex B. 
Afterwards, Co(III), which is a strong oxidant in acidic media,eK drags an electron from 
the quinoline moiety and generates a cationic quinoline radical and Co(II) (Scheme 
VII.Kb, species C). Subsequently, NOK, generated in situ from TBN reacts with the 
quinoline radical (Scheme VII.Kb, species D), and a concerted proton-
transfer/demetalation step provides the nitration product E and Co(II). Indeed, this 
mechanistic cycle is reminiscent to the pioneer work from Stahl and co-workers, in 
which Cu(II) promotes the functionalization of remote C-H bonds. V` 

 

Scheme VII."#. Proposed mechanism for the Ce-H nitration of substrate A. 

To summarize this section, a new mild Co-catalyzed remote nitration protocol for 
the preparation of e- and a-nitro-O-aminoquinoline motifs was developed. As far as we 
know, this constitutes the first example of remote Single Electron Transfer mechanism 
promoted by cobalt-catalysis. 
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Recently, the field of high-valent cobalt-catalyzed C-H activation and 
functionalization field has exponentially grown, demonstrating a tremendous potential 
for a sustainable and cost-efficient synthesis of biologically active compounds and 
material with unique properties. Despite this increasing interest in Co(III)-catalysis, the 
field can be further explored in terms of methodology development and mechanistic 
understanding. In this thesis, several organometallic aryl-Co(III) complexes have been 
synthesized and characterized. Furthermore, their reactivity towards alkynes (Chapter 
III) and ethyl diazo acetate (Chapter IV) has been described, including the isolation of 
a variety of reaction intermediates. The knowledge acquired from these studies, 
together with the development of cobalt-catalyzed C-H functionalization 
methodologies for the synthesis of cyclic sulfonamide motifs (Chapter V) and the 
nitration of remote C-H bonds of H-aminoquinoline-containing substrates (Chapter 
VII), confers to this thesis a global perspective on cobalt-catalyzed C-H 
functionalizations.  

Particularly, in Chapter III, we have prepared and characterized several 
organometallic aryl-Co(III) complexes using model macrocyclic arene substrates. The 
design of substrates *b-H and *c-H (See Chapter VII, section VII.K) is key for the 
stabilization of the organometallic aryl-Co(III) in a preferred-octahedral environment. 
Additionally, we provide definitive crystallographic proof of an organometallic aryl-
Co(III) intermediate often proposed in H-aminoquinoline directed Co(III)-catalyzed C-
H activation processes. Reaction of organometallic aryl-Co(III) intermediates follows 
different reaction pathways depending on the nature of the alkyne coupling partners. 
Terminal alkynes furnish M- and N-membered ring products depending on both the 
electronic properties of the alkynes and the reaction temperature, while internal alkynes 
only give N-membered ring products. DFT studies together with experimental evidence 
indicates that a newly proposed ‘acetylide pathway’ is preferred for terminal alkynes, in 
contrast to the usually proposed ‘b-migratory insertion pathway’.  

In Chapter IV, the previously synthesized aryl-Co(III) intermediates are reacted 
with ethyl diazo acetate to furnish unique C-metalated cis-aryl-Co(III)-alkyl enolate 
species (0a-X; see Chapter VII, section VII.R), which can be considered carbenoids. 
Crystallographic, full spectroscopic characterization and theoretical evidences show 
that the isolated intermediates 0a-X are necessary to deliver the alkyl fragment and give 
a N-membered cyclic amide product. This is the first example of a C-metalated aryl-
Co(III) enolate engaging in C-H functionalization reactions. Moreover, these species are 
proven to be catalytically active in the synthesis of final macrocyclic amide (2). DFT 
studies indicate that this transformation occurs through a rare intramolecular SNR-type 
step in which the carboxylate acts as relay. The experimental key role of Lewis acids, 
particularly LiOTf, is reflected in the theoretical studies, unveiling a Li-mediated 
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carboxylate activation that triggers the C-O bond cleavage/C-C bond formation event. 
These results open the door to investigate the scope of this reactivity in other catalytic 
systems. 

In Chapter V, we have reported on a new high valent cobalt-catalyzed protocol 
for the construction of cyclic sulfonamide (sultam) motifs starting from easily prepared 
aryl sulfonamides and alkynes. The protocol displays excellent regioselectivities 
compared with the previously reported Rh-catalyzed protocol, where moderate 
regioselectivity was found. Furthermore, this protocol demonstrates the increasing 
potential of cobalt to substitute more expensive second-row transition metals such as 
rhodium and iridium, as a result of favorable reactivities and selectivities. 

In Chapter VI, a new mild cobalt-catalyzed nitration of remote C-H bonds for the 
preparation of M- and X-nitro-H-aminoquinolines using easily installable and removable 
ancillary groups has been developed. The protocol is proposed to operate through a 
previously unreported remote C-H functionalization route based on a Single Electron 
Transfer (SET) mechanism for the described H-aminoquinoline substrates. This new 
methodology is intended to inspire further work directed towards the development of 
new facile and mild catalytic routes for the preparation of functionalized H-
aminoquinoline compounds.  
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1.	General	considerations	
 

All reagents and solvents were purchased from Sigma Aldrich, Fisher Scientific or 
Fluorochem and used without further purification. N-(Z-nitroquinolin-U-yl)benzamide 
was synthesized as reported in the literature.L NMR data concerning product identity 
were collected with a Bruker W]] AVANCE (Serveis Tècnics, University of Girona) or a 
[]] AVANCE (Servei de RMN, Autonomous University of Barcelona) spectrometers  in 
the corresponding deuterated solvent (CDClK and CDKCN) and calibrated relative the 
residual protons of the solvent. All NMR experiments (LH, LKC{LH}, COSY, HSQC, HMBC 
and NOESY) were recorded and processed using standard parameters and no more 
details are given. Quantification of reaction yields through integration of peaks was 
performed using an internal reference (L,K,Z-trimethoxybenzene). Preparation and 
handling of air-sensitive materials were carried out in a NS drybox with OS and HSO 
concentrations < L ppm. High resolution mass spectra (HRMS) were recorded on a 
Bruker MicrOTOF-Q IITM instrument using ESI or Cryospray ionization sources at 
Serveis Tècnics University of Girona. C, H, N elemental analyses were performed on a 
ThermoFinnigan Flash-EALLLS analyzer.  

 

XAS Data Acquisition and processing 

 

Samples were prepared as solids diluted in boron nitride, loaded into holders with 
Kapton windows and stored at liquid nitrogen temperatures until run. All data was 
collected in transmission mode. Complexes 0c-Br and 0c-OAc were run under vacuum 
at RR K using a liquid nitrogen finger dewar available from the XAFS beamline at Elettra 
Sincrotrone Trieste (S.] GeV, K]] mA storage ring) equipped with a Si(LLL) double 
crystal monochromator. Data on the >c-OAc complex was collected at RRK using a 
liquid nitrogen cryostat and a Si(LLL) double crystal monochromator available at 
Diamond Light Source (K.]GeV, K]]mA storage ring) beamline BLU. Lastly data on the 
>b-OAc species was collected at SOLEIL synchrotron (S.RZ GeV, W]]mA storage ring) 
at S] K using a liquid helium cryostat and Si(SS]) double crystal monochromator. 

Data calibration and normalization was carried out using the Athena software package.L 
Energies were calibrated to the first inflection point of Co foil spectra set at RR]j.Z eV. 
A linear pre-edge function and a quadratic polynomial for the post-edge were used for 
background subtraction and normalization of the edge jump. EXAFS data was extracted 
using the AUTOBK algorithm with a spline between a k of L and LZ Å-L having a Rbkg 
value of L.] Å. EXAFS analysis was carried out with the Artemis software program 
running the IFEFFIT engine and the FEFF[ code.L-K Unless otherwise specified kK-
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weighted data was fit in r-space using a Hannings window (dk=S) over a k-range of S to 
LS.Z Å-L, and an r-range of L to K Å. The S]

S value was set to ].j, and a global  DE] was 
employed with the initial E] value set to the inflection point of the rising edge. Single 
and multiple scattering paths were fit in terms of a Dreff and sS as previously described.W,Z 
To assess the goodness of the fits the Rfactor (%R) was minimized. Over-fitting the data 
was controlled by minimizing the number of adjustable parameters and ensuring that 
the reduced  cS (cS

v) decreases with increasing number of adjustable parameters. 

 

Theoretical Calculations 

 

Theoretical calculations were carried out using the ORCA package.[ Geometry 
optimizations were carried out using the spin-unrestricted Kohn-Sham formalism 
employing a BPU[ functionalR with a defS-TZVP(-f) basis set on the metal, nitrogens 
and oxygens, a SVP basis set on the hydrogens and defS-SVP on carbons, as well as a 
defS-TZVP/J auxiliary basis set on all atoms.U,j A dense integration grid (ORCA Grid Z 
= Lebedev WKW points) was used for all atoms. Furthermore, dispersion corrections were 
included using the Grimme and coworkers DFT-DKBJ approachL],LL and solvent effects 
were incorporated using a conductor like screening model (COSMO) using S,S,S 
trifluoroethanol as solvent (e = SR). Subsequent frequency calculations were done to 
evaluate enthalpy and entropy corrections at SjU.LZ K (Gcorr.) and ensured that all local 
minima had only real frequencies while a single imaginary frequency confirmed the 
presence of transition states. Single point calculations on the equilibrium geometries, 
including the solvent effects and DKBJ dispersion corrections were computed using the 
BKLYP functional and defS-TZVPP basis set for all the atoms (EBKLYP). The density fitting 
and chain of spheres (RIJCOSX) approximationsLS were employed together with the 
defS-QZVP/JK auxiliary basis set.U,j The free energy change associated with moving 
from a standard-state gas phase pressure of L atm to a standard state gas phase 
concentration of ].]W[ M for solutes (∆"#/∗) was also included in the final free energies. 
The value of ∆"#/∗ at SjU.LZ K is ].]Rj kcal·mol-L for ].]W[ M standard state solutes. 
Then, the final total Gibbs free energy (G) was given by: 

 

G = EB=LYP + Gcorr. + ∆"#/∗    (Equation L) 
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2.	Synthesis	of	ligands	2b-H	and	2c-H	

 

Scheme S!. Synthesis protocol for 1b-H and 1c-H macrocyclic ligands. 

2.1	Synthesis	of	protected	diamine	1	

K-(aminomethyl)benzylamine ([.UL g, ].]Z mols) and triethylamine (W] ml, Sj.]S g, 
].Sj mols) were mixed in CHSClS and cooled to ]oC. A solution of tosyl chloride (SL.j 
g, ].LS mol) was added dropwise (LZ-K] min) and the resulting mixture was left under 
stirring overnight at room temperature. The solution was then diluted with CHClK and 
extracted with HSO (KxL]]ml) and brine (KxL]]ml). The organic layer was then dried 
with MgSSOW(anh) and the solvent was removed to yield an orange oil. Crude product  
was purified by silica gel using a mixture of CHSClS:AcOEt (j]:L]) to obtain tosyl-
protected amine ! as a white solid (LR.WZ gr, ].]Kj mol, RU%). 
!
H NMR (>FF MHz, CDCl0, ppm) δ R.RW (d, KJH = U.W Hz, WH), R.KS (d, KJH = U.W Hz, WH), 

R.S] (t, KJH = R.R Hz, LH), R.LL (d, KJH = R.R Hz, SH), R.]S (s, LH), W.[j 
(s, SH), W.]W (s, WH), S.WW (s, [H). !0

C {
!
H} NMR (!FF MHz, CDCl0, 

ppm) δ LWK.R, LK[.j, LSj.U, LSj.S LSR.Z, LSR.S, WR.]L, SL.[. HRMS 

(ESI) calcd. for CSSHSWNSOWSS [M+H]+: WWZ.LSZ]; found: WWZ.LSWj 

2.2	Synthesis	of	2a-H	

Tosyl-protected amine ! (K.j g, U.U mmols) was dissolved in R] mL of CHKCN in a two-
necked round bottom-flask. Then, CsSCOK (R.LL g, SS.S mmols, excess) was added as a 
solid to the reaction mixture, and the solution was refluxed at j]oC. After reflux is 
initiated, S,[-Bis(bromomethyl)pyridine (S.j g, U.U mmols) in W] mL of CHKCN was 
added drop wise to the reaction mixture. After heating for SWh under reflux, the crude 
was cooled down to room temperature and filtered. The solvent of the filtrate was 

NH2NH2 HNNHTs Ts
NNTs Ts

N

N
Br BrEt3N, TsCl

CH2Cl2, rt Cs2CO3, CH3CN
100ºC

NNH H
N

2a-H

2b-H

NNMe Me
N

2c-H

H

HH
PhOH

HBr/AcOH
reflux

HCOOH

HCHO, 90ºC

(78%)

(61%)

(80%)(92%)

1

HNNHTs Ts
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evaporated under vacuum and the resulting pale-brown solid was purified by 
recrystallization in CHClK:EtOH (L:K). White crystals of 1a-H were obtained in a [L% 
(Z.W mmol, S.j g) yield after leaving the solution cooling down in a freezer overnight.  
!
H NMR (>FF MHz, CDCl0, ppm) δ R.RU (d, KJH = U.W Hz, WH), R.KU (d, KJH = U.W Hz, WH), 

R.K] (t, KJH = R.R Hz, LH), R.Lj (s, LH), R.]Z (d, KJH = U.S Hz, SH), R.]L 
(d, KJH = R.W Hz, SH), [.jL (t, KJH = R.K Hz, LH), W.WW (s, SH), W.K] (s, 
WH), S.WW (s, [H). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) δ LZZ.L, 

LWK.Z, LK[.Z, LKW.S, LSR.], LSS.U, Z[.[, ZZ.L, SL.Z. HRMS (ESI) calcd. 
for CSjHSjNKOWSS [M+H]+: ZWU.L[RS; found: ZWU.L[RR. 

 

2.3	Synthesis	of	2b-H	

Tosyl-protected macrocyclic ligand 1a-H (L.RZ g, K.S mmol) and phenol (R.RZ g, US.W 
mmol) were added as solids into a flask. Then, LW] mL of HBr/AcOH K] % were added 
to the flask and the resulting mixture was vigorously stirred and heated at j]oC for SW 
h. The crude was concentrated until the initial volume was reduced to the half part. 
Then, S] mL of HSO were added to the crude and the aqueous phase is extracted using 
CHClK (K x W] mL). The aqueous phase was basified with NaOH until pH LW, and the 
resulting mixture was extracted with CHClK (K x W] mL). The organic phase was then 
separated, dried with MgSOW and the solvent removed. Pure unprotected macrocyclic 
ligand 1b-H was obtained as a white solid ([S] mg, S.[ mmol, UL%). 

 

!
H NMR (>FF MHz, CDCl0, ppm) δ R.Z[ (s, LH, H>), R.Lj (t, KJH = R.[ 
Hz, LH, HH), [.RU (t, KJH = R.[ Hz, LH, H!), [.[[ (d, KJH = R.W Hz, SH, 
H1), [.[S (d, KJH = R.Z Hz, SH, H=), W.]Z (s, WH, HG), K.jR (s, WH, H8), 
S.KK (s, SH, NH). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) δ LZj.W, 

LKj.S, LK[.S, LKS.j, LSR.K, LS[.W, LS].[, Z[.Z, ZZ.S. HRMS (ESI)  calcd. 
for CLZHLRNK [M+H]+: SW].LWjZ; found: SW].LWj[. 

2.4	Synthesis	of	2c-H	

Macrocyclic ligand 1b-H (Z]] mg, S.L mmol), HCHO KR%w/w (ZL.S mL, ].[U mol), 
HCOOH (U.K mL, ].SL mmol) were mixed in a round-bottom flask and the resultant 
mixture was warmed to reflux at L]ZoC. After SWh, the crude mixture was cooled to room 
temperature and the solvent was removed under vacuum. Then, S] mL of NaOH(aq) 
K]%w/w were added to the crude and the aqueous phase was extracted using CHClK (K 
x W] mL). The organic layer was washed with Z] mL NaOH(aq) K]%w/w and the solvent 
removed to obtain 1b-H in a pure form as a white solid (ZL[.Z mg, L.jK mmol, jS%). 
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!
H NMR (>FF MHz, CDCl0, ppm) δ R.ZK (s, LH, H>), R.L] (t, KJH = 
R.[ Hz, LH, HH), [.RZ (t, KJH = [.L Hz, LH, H!), [.RL (d, KJH = R.W Hz, SH, 
H

1), [.[j (d, KJH = R.Z Hz, SH, H=), K.UL (s, WH, HG), K.[R (s, WH, H8), 
S.[j (s, [H, N-CH0). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) δ LZR.Z 

(C<), LK[.[ (C0), LK[.L (CH), LKZ.U (C>), LSR.Z (C!), LS[.R (C1), LSS.W (C=), 
[[.Z (CG), [W.U (C8), WU.U (N-CHK). HRMS (ESI) calcd. for CLZHLRNK 
[M+H]+: S[U.LU]U; found: S[U.LULL. 

3.	Synthesis	of	complexes	

3.1	Synthesis	of	Co(II)	coordination	complexes	

3.1.1	Synthesis	of	[(2b-H)CoII(OAc)2]	(3b-OAc)	

In a L] mL vial, macrocyclic ligand 1b-H (L]] mg, ].WL mmol) and Co(OAc)S (RS.Smg, 
].WL mmol) were mixed in CFKCHSOH (S.Z mL). The vial was then sealed with a septum 
and the mixture was stirred at RT over L[h. Solvent was removed and a purple foam 
corresponding to 0b-OAc (LSL.R mg, ].Sj mmol, RS%) was obtained. Suitable crystals 
for X-Ray spectrometry were grown by diethyl ether diffusion in a concentrated solution 
of 0b-OAc in methanol (See Figure SLL). 

 
!
H NMR (>FF MHz, CDCl0, ppm) δ L[K.S, [R.U, [].U, KU.Z, SW.W, 
LL.K, -S.W, -LR.U. HRMS (ESI) calcd. for CLRHS]CoNKOS

+ [M-OAc]+: 
KZR.]UUS; found: KZR.]URW.  

EA: CLjHSKCoNKOW·HSO calcd. C ZW.U], N L].LL, H Z.ZR %; exp. C 
ZW.R[, N L].]Z, H Z.[S %. 

 

3.1.2	Synthesis	of	[(2c-H)CoII(OAc)2]	(3c-OAc)	

In a L] mL vial, macrocyclic ligand 1c-H (L]] mg, ].KR mmol) and Co(OAc)S ([Z.Zmg, 
].KR mmol) were mixed in CDKCl (S.Z mL). The vial was then sealed with a septum and 
the mixture was stirred at RT over SWh. The crude was layered with pentane. After SWh 
at WoC, the resulting oil was dried under vacuum over [h, obtaining a grey-purple foam 
corresponding to 0c-OAc (jZ.S mg, ].SL mmol, ZU%). 
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!
H NMR (>FF MHz, CDCl0, ppm) δ LSj.W, RW.[, RS.], ZW.Z, KL.R, -
[.[, -R.K. HRMS (ESI)  calcd. for CLjHSWCoNKOS

+ [M-OAc]+: 
KUZ.LLjZ; found: KUZ.LLj]. EA: CSLHS[CoNKOW·HSO calcd. C ZZ.LW, N 
j.LS, H [.LS %; exp. C ZW.[R, N j.LL, H [.]j %. 

 
 
 

3.1.3	Synthesis	of	[(2c-H)CoII(Br)2]	(3c-Br)	

In a L] mL vial, macrocyclic ligand 1c-H (L]] mg, ].KR mmol) and CoBrS (U].jmg, ].KR 
mmol) were mixed in CFKCHSOH (S.Z mL). The vial was then sealed with a septum and 
the mixture was stirred at RT over L[h. Solvent was removed and a purple powder 
corresponding to 0c-Br (LRZ.L mg, ].K[ mmol, jj%) was obtained. Suitable crystals for 
X-Ray spectrometry were grown by diethyl ether diffusion in a concentrated solution of 
0c-Br in methanol (see Figure SLS). 

 

 
!
H NMR (>FF MHz, CDCl0, ppm) δ LS[.W, U[.R, [L.K, KU.[, KS.R, 
S].[, -Z.L, -Z.R. HRMS (ESI) calcd. for CLRHSLCoNKBr+ [M-Br]+: 
W]Z.]SWZ; found: W]Z.]SW]. EA: CLRHSLCoNKBrS calcd. C WS.]], N 
U.[W, H W.KZ %; exp. C WS.]j, N U.WW, H W.UL%. 

 

3.2	Synthesis	of	organometallic	aryl-Co(III)	complexes	

3.2.1	Synthesis	of	[2b-CoIII(OAc)](OAc)	(4b-OAc)	

In a L] mL vial, 1b-H (L]] mg, ].WL mmol) and Co(OAc)S (RS.Smg, ].WL mmol) were 
mixed in CFKCHSOH (S.Z mL). The vial was then sealed 
with a septum and the mixture was warmed up to L]]oC 
over K[h. Solvent was then removed, and the crude was 
dissolved in CHClK and layered with pentane. After SWh at 
WoC, the resulting oil was dried under vacuum over [h, 
obtaining a grey-red foam corresponding to the 
organometallic complex >b-OAc (LWL mg, ].KW mmol, 
US%). 

!
H NMR (>FF MHz, CDCl0, ppm) δ R.W[ (t, KJH = R.R Hz, LH), [.jW (t, KJH = R.[ Hz, LH), 
[.j] (d, KJH = R.W Hz, SH), [.UU (d, KJH = R.Z Hz, SH), [.RL-Z.L[ (bs, SH, N-H), W.RW (m, 
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WH), K.RK (d, SJH = LZ.] Hz, SH), K.[j (d, SJH = LZ.S Hz, SH) , S.LU (s, KH, -OAc), L.RS (s, KH, 
-OAc). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) L[[.U, L[L.[, LWU.[, LKR.], LSW.L, LS].S, 

LLU.K, [S.S, [L.U, SW.[.  HRMS (ESI) calcd. for CLRHLjCoNKOS
+ [M-OAc]+: KZ[.]U]W; 

found: KZ[.]U]S. EA: CLjHSSCoNKOW·CFKCHSOH·HSO calcd. C WR.Sj, N R.UU, H Z.L] %; 
exp. C WR.SR, N R.jS, H Z.LZ %. 

3.2.2	Synthesis	of	[2c-CoIII(OAc)](OAc)	(4c-OAc)	

In a L] mL vial, 1c-H (L]] mg, ].KR mmol) and Co(OAc)S ([Z.Zmg, ].KR mmol) were 
mixed in CFKCHSOH (S.Z mL). The vial was then sealed with a septum and the mixture 
was warmed up to L]]oC over K[h. Solvent was then removed, and the crude was 
dissolved in CHClK and layered with pentane. After SWh at WoC, the resulting oil was 
dried under vacuum over [h, obtaining a grey-red foam corresponding to the 
organometallic complex >c-OAc (jZ.S mg, ].SL mmol, ZU%). 

!
H NMR (>FF MHz, CDCl0, ppm) δ R.WK (t, KJH = R.R Hz, 
LH), [.jU (t, KJH = R.[ Hz, LH), [.UL (d, KJH = R.W Hz, SH), [.RR 
(d, KJH = R.Z Hz, SH), W.Zj (d, SJH = LZ.L Hz, SH), W.WZ (d, SJH 

= LZ.L Hz, SH), K.Zj (d, SJH = LZ.L Hz, SH), K.ZR (d, SJH = LZ.L 
Hz, SH), S.ZZ (s, [H, N-CH0), S.WL (s, KH, -OAc), L.UU (s, KH, 
-OAc). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) δ L[j.K, 

L[].W, LW[.], LKR.K, LSW.], LLj.Z, LLR.Z, RW.], RS.W, Z].], SZ.Z. 
HRMS (ESI) calcd. for CLjHSKCoNKOS

+ [M-OAc]+: KUW.LLLR; found: KUW.LLSS. EA: 
CSLHS[CoNKOW·CFKCHSOH calcd. C Z].UW, N R.RK, H Z.KU %; C Z].j], N R.[j, H Z.K[ %. 

3.2.3	Synthesis	of	[2b-CoIII(OAc)](OAc)	(4b-OAc)	from	3b-OAc	

In a W mL vial, 0b-OAc (S] mg, ].]WU mmol) was dissolved in CFKCHSOH (S mL). The 
vial was then sealed with a septum and the mixture was warmed up to L]]oC over L[h. 
Solvent was then removed, and the crude was dissolved in CHClK and layered with 
pentane. After SWh at WoC, the resulting oil was dried under vacuum over [h, obtaining 
a grey-red foam corresponding to the organometallic complex >b-OAc (LK.W mg, ].]KS 
mmol, [R%). Spectroscopic characterization of the resulting complex matches with 
values obtained in page SLL. 

3.2.4	Synthesis	of	[2c-CoIII(OAc)](OAc)	(4c-OAc)	from	3c-OAc	

In a L] mL vial, 0c-OAc (S] mg, ].]WZ mmol) was dissolved in CFKCHSOH (S.Z mL). The 
vial was then sealed with a septum and the mixture was warmed up to L]]oC over L[h. 
Solvent was then removed, and the crude was dissolved in CHClK and layered with 
pentane. After SWh at WoC, the resulting oil was dried under vacuum over [h, obtaining 
a grey-red foam corresponding to the organometallic complex >c-OAc (LZ.W mg, ].]KZ 
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mmol, RR%). Spectroscopic characterization of the resulting complex matches with 
values obtained in page SLS. 

3.2.5	Synthesis	of	[2b-CoIII(CH3CN)2](ClO4)	(4b-CH3CN)	

In a S mL vial, 1b-H (j.[ mg, ].]W mmol), CoBrS (U.j mg, ].]W mmol) and AgClOW (SW.[ 
mg, ].LS mmol) were mixed in LmL of a mixture CHKCN/CFKCHSOH (L]:L). The vial was 
then sealed with a septum and the mixture was warmed up to L]]oC over K[h under air. 
The resulting crude was filtered through a celite pad and suitable crystals for X-Ray 
spectrometry were obtained by slow ether diffusion into the crude solution of W (see 
Figure SLK) (j.] mg, ].]L[ mmol, Kj%). 

!
H NMR (>FF MHz, CD0CN, ppm) δ R.UL (t, KJH = R.j Hz, 
LH), R.SW (d, KJH = U.[ Hz, SH), R.L[ (t, KJH = R.[ Hz, LH), 
R.]Z (d, KJH = R.[ Hz, SH), Z.S] (b, LH), W.[j (m, WH), W.LK 
(d, SJH = LR.W Hz, SH), K.jj (d, SJH = L[.K Hz, SH), S.KL (s, 
KH, CH0CN). !0

C {
!
H} NMR (!FF MHz, CD0CN, ppm) 

L[].U, LW[.R, LKj.U, LKL.S, LSZ.j, LSS.L, LS].[, L]].], [K.S, 
[K.L, K.[. HRMS (ESI) calcd. for CLRHS]CoClNKOW

+ [M-
SCHKCN-ClOW]+: Kj[.]L[L; found: Kj[.]LZW. EA: 

CLjHSSCoClSNZOU·KCHKCN calcd. C WS.UL, N LZ.jU, H W.W[ %; exp. C WS.[L, N LZ.US, H 
W.ZK %. 

3.2.6	Synthesis	of	[2c-CoIII(CH3CN)2](ClO4)	(4c-CH3CN)	

In a S mL vial, 0c-Br (S] mg, ].]W mmol) and AgClOW (SW.[ mg, ].LS mmol) were mixed 
in LmL of a mixture CHKCN/CFKCHSOH (L]:L). The vial was then sealed with a septum 
and the mixture was warmed up to L]]oC over K[h under air. The resulting crude was 
filtered through a celite pad and suitable crystals for X-Ray crystallography were 
obtained by slow ether diffusion (see Figure SLW) (S].L mg, ].]KL mmol, Rj%). 

!
H NMR (>FF MHz, CD0CN, ppm) δ R.UZ (t, KJH = R.j Hz, 
LH), R.SW (d, KJH = U.[ Hz, SH), R.Lj (t, KJH = R.[ Hz, LH), 
R.]W (d, KJH = R.[ Hz, SH), W.ZL (d, SJH = LR.L Hz, SH), W.W[ 
(d, SJH = L[.S Hz, SH), W.SR (d, SJH = LR.W Hz, SH), W.L[ (d, 
SJH = L[.K Hz, SH), S.RL (s, [H, N-CH0), S.WL (s, KH, 
CH0CN). !0

C {
!
H} NMR (!FF MHz, CD0CN, ppm) LZj.j, 

LWZ.Z, LW].W, LKL.W, LS[.K, LSS.L, LS].R, RK.L, RS.L, ZS.K, W.S. 
HRMS (ESI) calcd. for CLRHS]CoClNKOW

+ [M-SCHKCN-
ClOW]+: WSW.]WRW; found: WSW.]WRW. EA: CLRHS]CoClSNKOU·KCHKCN calcd. C WS.WR, N 
LS.RU, H W.KS %; exp. C WS.WL, N LS.US, H W.KK %. 
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3.2.7	Synthesis	of	[2c-RhIIICl2]	(5c-Cl)	

In a L] mL round-bottom flask, 1c-H (L]] mg, ].KR mmol) and RhClK (RR.W mg, ].KR 
mmol) were mixed in CFKCHSOH (S.Z mL). The mixture was then warmed up to L]]ºC 
and refluxed over K[h. Then, solvent was removed and the crude was dissolved in a 
mixture L:L CHKCN/CHKOH and layered with ether. After SWh at WºC, yellow crystals of 
8c-Cl were obtained (LSW.j mg, ].S[W mmol, RL%). 

!
H NMR (>FF MHz, CDCl0, ppm) δ R.ZZ (t, KJH = R.LHz, LH), R.]Z 
(d, KJH = R.[ Hz, LH), [.RZ (m, KH), W.UU (d, SJH = LZ.] Hz , SH), W.R[ 
(d, SJH = LZ.L Hz, SH), W.L] (d, SJH = LZ.L Hz, SH), K.jR (d, SJH = LZ.L Hz, 
SH), K.KS (s, [H, N-CH0). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) δ 

LZU.W, LWL.L, LKR.K, LSK.K, LS].Z, LLj.S, RR.S, RZ.Z, RW.K, ZK.Z. HRMS 

(ESI) calcd. for CLRHS]RhNKCl+ [M-Cl]+: W]W.]KjZ; found: W]W.]KjW. 

 

3.3	Synthesis	of	Aryl-Co(III)	species	AQ	directing	group	(7	and	8).14	

To a L] mL round bottom flask was added model substrate G (LWR mg, ].Z mmol), 
Co(OAc)S (Uj mg, ].Z mmol), NaOPiv.HSO (LWS mg, L equiv.) and K mL of S,S,S-
trifluoroethanol. The flask was then sealed with a septum and OS was bubbled for LZ 
minutes until the solution was saturated. The reaction was then heated at U] oC for WU 
hours, after which time the solvent was removed. The crude reaction mixture was then 
purified by column chromatography (Hexane/EtOAc L:S) and the isolated product < was 
further washed with dichloromethane providing analytically pure compound as a brown 
solid (UZ mg, WS%). LH and {LH} LKC data are consistent with the proposed organometallic 
CoIII species. 

 
Scheme S1. Synthesis of aryl-Co(III) complex <. 

!
H NMR (>FF MHz, CDCl0, ppm) δ j.RL (dd, KJH = U.R Hz, WJH = L.W Hz, LH), U.UU (dd, KJH 

= W.j Hz, WJH = L.KHz, LH), U.Z] (d, KJH = j.Z Hz, LH), U.LR (d, KJH = j.Z Hz, LH), R.jj (dd, 
KJH = U.U Hz, KJH = W. U Hz, LH), [.[Z (m, SH), [.ZR (dq, KJH = R.[ Hz, WJH = ].j Hz, LH), 
[.WR (dt, KJH = R.Z Hz, WJH = L.W Hz, LH), ].[ (s, KH). !0

C {
!
H} NMR (!FF MHz, CDCl0, 

ppm) δ S]S.S, LRU.R, LZ[.Z, LZ].U, LW[.W, LWL.L, LKR.L, LK[.U, LKK.j, LKL.], LSj.K, LSR.R, LS[.S, 
LSZ.L, LSW.j, LSK.U, Kj.[, SZ.K.  
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Crystals of the organometallic compound suitable for X-Ray 

crystallography studied were grown by slow evaporation of a concentrated 

solution of 7 in acetonitrile containing 4 equivalents of bipyridine (Figure 

S14). We have been unable to characterize complex 8 further due to their 

insolubility in common laboratory deuterated solvents. 

 

4.	Optimization	studies	of	aryl-Co(III)	synthesis	

4.1	Evaluation	of	different	Cobalt	Salts		

 

Scheme S0. Synthesis of aryl-Co(III) complexes >c-X using different cobalt salts. 

 

In a S mL vial, macrocyclic ligand 1c-H (].LL mmol) and CoX1 (].LL mmol) were mixed 
in CFKCHSOH (L mL). The vial was then sealed with a septum and the mixture was 
warmed up to L]]oC over K[h. Solvent was then removed and the mixture was analyzed 
through LH NMR techniques and/or ESI-HRMS-QTOF. Resulting complexes were not 
isolated and fully characterized. Result are summarized in Table SL, where it can be seen 
that reaction of CoXS salts proceed when using labile and weakly basic anions. 

Table S!. Reaction of 1c-H with different cobalt salts. LH NMR and/or HRMS were used to detect 
organometallic >c-X

 species. See Fig. SL-SW. 

entry [Co] source aryl-Co(III) detection 

! CoBrS detected (mixture) 

!b CoBrS with 1b-H n.r. 
1 CoClS n.r. 
0 Co(OTf)S·SCHKCN n.r. 
> Co(acac)K detected 
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N
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Figure S!. HRMS of crude mixture obtained after reaction of 1c-H with CoBrS in CFKCHSOH at 
L]]ºC. >c-Br peak appears at m/z = W]W.]L[L (M-Br-). Peak with m/z = W]Z.]SKj corresponds 
to Co(II) complex 0c-Br. Inset: Up, experimental spectrum; down, simulated spectrum. 

 
 

 
Figure S1. LH NMR spectrum of crude mixture obtained after reaction of 1c-H with CoBrS in 
CFKCHSOH at L]]ºC. Formation of >c-Br

 intermediate (CDKCl, W]]MHz, SjUK).  
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Figure S0. Paramagnetic LH NMR spectrum of Kc-Br (crude mixture) obtained after reaction of 
1c-H with CoBrS in CFKCHSOH at L]]ºC (CDKCl, W]]MHz, SjUK).  

 
 

 
Figure S>. HRMS of crude mixture obtained after reaction of 1c-H with Co(acac)K in CFKCHSOH 
at L]]ºC. >c-acac peak appears at m/z = WSW.LWL[ (M-acac-) Inset: Up, experimental spectrum; 
down, simulated spectrum. 
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4.2.	Effect	of	an	External	Base	and	Evaluation	of	Solvents	

 

Scheme S>. Synthesis of aryl-Co(III) complex >b-OAc under different reaction conditions. 

In Table SL it has been seen that reaction of CoXS salts proceed when using labile and 
weakly basic anions (Br, OAc) and S,S,S-trifluoroethanol as a solvent. In this section, 
different solvents have been evaluated in combination of an external base, such as 
KOAc. On one hand, if CoBrS is mixed with Sc-H (L.] equiv.) in TFE, mixture of Co(II) 
and aryl-Co(III) intermediates are observed by NMR as well as HRMS (Table SS, entry 
L). However, when CoBrS (L.] equiv.) is used as cobalt source and KOAc (S.] equiv.) is 
added (Entries S and K), >b-OAc and >c-OAc were obtained. On the other hand, the 
influence of the solvent was also evaluated and it has been seen that reaction only takes 
place without addition of an external base when a polar protic solvent is used (Entries 
[, U, L], LL and LS). However, when adding an additional equivalent of acetate (KOAc) 
to the reaction media, >b-OAc can be obtained quantitatively, no matter the solvent 
that is used (Entries Z, R and j). These experimental observations suggest that C-H 
activation is likely to proceed through a base-assisted mechanism, such as a CMD 
pathway. Furthermore, these experiments suggest that fluorinated solvents are very 
beneficial in these transformations, somehow assisting the C-H activation step. 

Table S1. Reaction of >b-OAc with different cobalt sources in different solvents at L]]ºC. 
Evaluation of the presence of a base (KOAc).  

entry solvent [Co] source KOAc (eq) yield >b-OAc
c
 

La TFE CoBrS - NMR and MS detection (Fig. SS-SW) 
S TFE CoBrS S.] jj% 
Ka TFE CoBrS S.] jj% 
W CHKCN CoBrS - traces 
Z CHKCN Co(OAc)S L.] jj% 
[ CHKCN Co(OAc)S - traces 
R EtOH Co(OAc)S L.] jj% 
U EtOH Co(OAc)S - WZ% 
j MeOH Co(OAc)S L.] jj% 
L] MeOH Co(OAc)S - SL% 
LL TFE Co(OAc)S - jj% 
LS HFIPb Co(OAc)S - jj% 

a
Reaction	 of	 CoBr2	 with	 2c-H	 instead	 of	 2b-H.	

b
1,1,1,3,3,3-hexafluoroisopropanol.	

c
Isolated	 yield	 after	 crystallization	 of	

residual	Co(II).	

NNH H
N
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H

[Co]               
KOAc               

              
solvent        

air, 100ºC, 36h
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4.3.	Evaluation	of	different	oxidants	

 

Scheme S8. Synthesis of aryl-Co(III) complex >b-OAc using different oxidants under NS 
atmosphere. 

In this section, different oxidants have been evaluated under inert atmosphere to gain 
some insights in its role in the reaction mechanism. 

In a S mL vial, complex 0b-OAc (Z mg, ].]LS mmol) and OXIDANT (L.] equiv.) were 
mixed in CDKCN (L mL) under a NS atmosphere. The vial was then sealed with a septum 
and the mixture stirred at RT-L]]ºC over L[h. Crude was then analyzed by HRMS to 
confirm the presence of Co(III) organometallic species. Reaction proceed only at high 
temperatures and using TEMPO or silver salts as oxidants, (Entry W-L], Table SK). 
Interestingly, reaction also proceeds under inert atmosphere when starting from a 
Co(III) precursor, such as Co(acac)K (Entry L, Table SK). This results suggest that 
oxidation from Co(II) to Co(III) takes places previously to the C-H activation event. This 
oxidation is likely to contruct a highly electrophilic Co(III) center that allows C-H 
metalation. 

Table S0. Reaction of 0b-OAc with different oxidants. LH NMR and/or HRMS were used to 
detected organometallic >b-OAc species. 

entry oxidant temperature (ºC) >b-OAc 

!
a
 - L]] Detected 

1 NOSbF[ L]] n.r. 
0  RT n.r. 
> TEMPO L]] Detected

b
 

8  RT n.r. 
G

c AgClOW L]] Detected
d 

<
e
  L]] Detected

d 
=

c
 AgOTf L]] Detected

d 
H

c,f
 AgOPiv L]] Detected

d
 

!F
g
  L]] Detected

d
 

!!
c
 AgOAc L]] Detected

d 
a	
Reaction	performed	starting	from	Co(acac)3	and	2c-H	under	an	inert	atmosphere.	

b	
Organometallic	cobalt	complex

	4b-OAc	

detected	by	NMR	and	HRMS	 together	with	decomposition	products	of	 TEMPO.	See	Fig.	 S5.	
c	3c-Br	was	used	as	 starting	

material.	
d	
Organometallic	aryl-Co(III)	 complexes	detected	by	ESI-HRMS-TOF.	

e	2c-H	 and	1.0	equiv	of	CoCl2	were	used	as	
starting	materials.	

f	
Reaction	 time	of	 2h.	

g	
Reaction	performed	 starting	 from	CoBr2	and	AgOPiv	 and	2b-H	 under	 an	 inert	

atmosphere.	
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Figure S8. LH NMR spectrum of crude mixture obtained after reaction of 0b-OAc with TEMPO 
in CDKCN at L]]ºC. Peaks of >b-OAc and TEMPO-H appear as broad bands due to the presence 
of paramagnetic species TEMPO and 0b-OAc in solution (CDKCl, W]]MHz, SjUK).  

 

 
 
Figure SG. HRMS of crude mixture obtained after reaction of 0b-OAc with TEMPO in CDKCN 
at L]]ºC. >b-OAc peak appears at m/z = KZ[.]RjU (M-OAc-) mixed with 0b-OAc (m/z = 
KZR.]UZR (M-OAc)) and S,S,[,[-tetramethylpiperidine peak appears at LWS.LZjZ (M+H+). Inset: 
Up, experimental spectrum; down, simulated spectrum. 
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Figure S<. HRMS of crude mixture obtained after reaction of 0c-Br with AgClOW in CHKCN at 
L]]ºC. >c-CH0CN· peak appears at m/z = W[Z.]RKU (M-ClOW+CHKCN) and at m/z = WSW.]WRU (-
ClOW). Inset: Up, experimental spectrum; down, simulated spectrum. 

 
 
 

 
Figure S=. HRMS of crude mixture obtained after reaction of 0c-Br with AgOTf in CHKCN at 
L]]ºC. >c-OTf peak appears at m/z = ZLZ.]RUL (M-OTf+CHKCN) and at m/z = WRW.]ZLK (M-OTf). 
Inset: Up, experimental spectrum; down, simulated spectrum. 
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Figure SH. HRMS of crude mixture obtained after reaction of CoBr1 with 1b-H in presence of 
AgOPiv in CHKCN at L]]ºC. >b-OPiv peak appears at m/z = KjU.LSRZ (M-OPiv). Inset: Up, 
experimental spectrum; down, simulated spectrum. 

 
 
 

 

Figure S!F. HRMS of crude mixture obtained after reaction of 0c-Br with AgOPiv in CHKCN at 
L]]ºC. >c-OPiv peak appears at m/z = WS[.LZRU (M-OPiv). Inset: Up, experimental spectrum; 
down, simulated spectrum. 
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5.	Stoichiometric	studies	with	alkynes	

5.1	Organometallic	4b-OAc	Complex	Reactivity	towards	Internal	Alkynes	

In a S mL vial, >b-OAc (W]mg, ].]RR mmol) and terminal alkyne (].]RR mmol) were 
mixed in TFE (L.Z mL). The vial was then sealed with a septum and the mixture was 
stirred over L[h at different temperatures. Then, after removal of the solvent, NHWOH 
(S mL) was added and the solution was extracted using CHSClS (SxZmL). Then, products 
were purified using silica gel chromatography (CHSClS, then CHSClS/MeOH jZ:Z) and 
characterized by NMR techniques.  

5.1.1	Description	of	terminal	alkyne	products	

5.1.1.1	4-Ethynyl-1-nitrobenzene	–	Isoquinoline	product	(9a)	

!
H NMR (GFF MHz, CDCl0, ppm) δ U.KW (d, KJH = R.[ Hz, SH, 

Ht), U.L[ (d, KJH = R.R Hz, SH, Hs), R.SL (s, LH, Hp), R.Lj (t, KJH = 
[.j Hz LH, Hh), [.R[ (d, KJH = R.[ Hz, LH, Hb), [.RS (t, KJH = R.U Hz 
LH, Ha), [.RL (s, LH, Hi), [.WW-[.W] (m, SH, Hn, Hg), W.RL (d, SJH = 
LZ.K Hz, LH, Hd), W.SR (s, LH, Hl), W.LU (d, SJH = LZ.R Hz, LH, He), 
W.][ (d, SJH = LZ.R Hz, LH, Hl’) K.jj (s, LH, Hk), K.RR (d, SJH = LZ.K 
Hz, LH, Hk’), K.Zj (d, SJH = L[.KHz, LH, Hd’), K.WL (d, SJH = LZ.K Hz, 
LH, He’). !0

C {
!
H} NMR (!8F MHz, CDCl0, ppm) d LZR.[ (Cf), 

LZ[.Z (Cj), LWR.j (Cq), LWR.Z (Cu), LWK.] (Cr), LK[.K (Ch), LKK.R (Co), LKK.W (Cc), LKK.K 
(Cm), LSU.K (Cb, Cs), LS[.K (Ca), LSW.L (Cn, Ct), LS].R (Ci), LS].[ (Cg), LL[.L (Cp), ZR.R 
(Ck), ZK.W (Cl), ZK.L (Cd), ZL.R (Ce). HRMS (ESI) calcd. for CSKHSLNWOS

+ [M+H]+: 
KUZ.L[Zj; found: KUZ.L[ZL. (mixture of Ha and Hb) 

5.1.1.2	4-Ethynyl-1-nitrobenzene	–	Isoindoline	product	(9b)	

 !
H NMR (GFF MHz, CDCl0, ppm) δ U.S[ (d, KJH = R.R Hz, 

SH, Ht), U.S] (d, KJH = R.R Hz, SH, Hs), R.S] (t, KJH = R.R Hz, 
LH, Hh), [.UR-[.U[ (m, SH, Ha, Hb), [.US (d, KJH = R.[ Hz, 
LH, Hi), [.RR (s, LH, Hn), [.[Z (s, LH, Hq), [.ZK (d, KJH = R.U 
Hz, LH, Hg), Z.][ (d, SJH = LZ.K Hz, LH, Hd), W.Z] (m, SH, Hl, 
Hk), W.SK (d, SJH = LZ.j Hz, LH, He), K.jj (d, SJH = LZ.Z Hz, LH, 
Hk’), K.RS (d, SJH = LZ.S Hz, LH, Hd’), K.[Z (d, SJH = L[.KHz, 

LH, Hl’), K.W] (d, SJH = LZ.K Hz, LH, He’). !0
C {

!
H} NMR (!8F MHz, CDCl0, ppm) d LZR.U 

(Cf), LZR.R (Cj), LZR.S (Cp), LWZ.L (Cu), LWW.L (Cr), LWL.W (Cm), LKj.j (Co), LK[.W (Ch), LKS.K 
(Cc), LK].] (Cb), LSj.] (Ca), LSU.W (Cs), LSK.Z (Ct), LSL. K (Cn), LS].U (Ci), LLj.W (Cg), LLL.L 
(Cq), Zj.U (Ck), ZR.R (Cl), ZK.L (Cd), ZL.R (Ce). HRMS (ESI) calcd. for CSKHSLNWOS

+ 
[M+H]+: KUZ.L[Zj; found: KUZ.L[[K.  
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5.1.1.3	Phenylacetylene	–	Isoquinoline	(10a)	

!
H NMR (GFF MHz, CDCl0, ppm) δ U.]] (d, KJH = R.U Hz, SH, Hs), 
R.ZS (d, KJH = R.[ Hz, SH, Ht), R.W[ (t, KJH = R.Z Hz, LH, Hu), R.S] (t, 
KJH = R.R Hz, LH, Hh), R.]S (s, LH, Hp), [.RU (d, KJH = R.K Hz, LH, Hb), 
[.RK-[.[U (m, SH, Ha, Hi), [.W[-[.WK (m, SH, Hn, Hg), W.U[ (d, SJH 

= LZ.K Hz, LH, Hd), W.KL (d, SJH = LZ.S Hz, LH, He), W.SR (d, SJH = LZ.Z 
Hz, LH, Hl), W.LR (d, SJH = LZ.U Hz, LH, Hk), W.L] (d, SJH = LZ.S Hz, LH, 
Hl’), K.RW (d, SJH = LZ.S Hz, LH, Hk’), K.[R (d, SJH = LZ.UHz, LH, Hd’), 
K.WK (d, SJH = LZ.K Hz, LH, He’). !0

C {
!
H} NMR (!8F MHz, CDCl0, 

ppm) d LZR.[ (Cj), LZZ.j (Cf), LZL.L (Cq), LK[.K (Ch), LK[.S (Cr), LKW.R (Co), LKK.] (Cm), 
LKL.W (Cc), LSj.] (Cu), LSU.U (Ct), LSU.] (Cs, Cb), LSZ.S (Ca), LSW.L (Cn), LS].[ (Ci), LS].] 
(Cg), LLL.[ (Cp), ZR.K (Ck), ZK.Z (Cd), ZK.W (Cl), ZS.U (Ce). HRMS (ESI) calcd. for 
CSKHSSNK

+ [M+H]+: KW].LU]U; found: KW].LULL.  

5.1.1.4	Phenylacetylene	–	Indoline	(10b)	

When we attempted to characterize !Fb, we found that it was 
unstable towards temperature. Reaction was not always 
reproducible and when !Fb was detected, we were not able 
to fully characterize it.  

 

 

 

5.2	Organometallic	4b-OAc	Complex	Reactivity	towards	Internal	Alkynes	

 
Scheme SG. Reaction of >b-OAc with internal alkynes. 

In a S mL vial, >b-OAc (W]mg, ].]RR mmol) and !-methyl-!-propyne (].]RR mmol) 
were mixed in TFE (L.Z mL). The vial was then sealed with a septum and the mixture 
was stirred over L[h at different temperatures. Then, after removal of the solvent, 
NHWOH (S mL) was added and the solution was extracted using CHSClS (SxZmL). Then, 
products were purified using silica gel chromatography (CHSClS, then CHSClS/MeOH 
jZ:Z) and characterized by NMR techniques.  
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Table S>. Yields and ratios obtained using L-methyl-L-propyne at different temperatures. 

entry atm. temp (ºC) yield (%) ratio (!!a:!!aa) 
! air L]] RS HH:! 
1 air [] R] W:L 
0 air rt ZW S:L 
> NS [] [Z W:L 

5.2.1	Description	of	internal	alkyne	products		

5.2.1.1	1-Pheny-1-propyne	(11)	

Major Regioisomer (!!a). 
!
H NMR (8FF MHz, CDCl0, ppm) δ R.U[  (d, KJH = R.U Hz, 

SH, Ht), R.Z] (t, KJH = R.U Hz, SH, Hu), R.W[ (t, KJH = R.Z Hz, LH, 
Hv), R.L[ (t, KJH = R.U Hz, LH, Hh), [.RL (d, KJH = R.K Hz, LH, Hb), 
[.[U-[.[K (m, SH, Ha, Hi), [.WL (d, KJH = R.K Hz, SH, Hn, Hg), W.j] 
(d, SJH = LZ.K Hz, LH, Hd), W.S[ (d, SJH = LZ.U Hz, LH, Hl), W.SS (d, 
SJH = LZ.S Hz, LH, He), K.jj (d, SJH = LZ.W Hz, LH, Hl’), K.j] (d, SJH = 
LZ.R Hz, LH, Hk), K.Zj (d, SJH = LZ.L Hz, LH, Hk’), K.WU (d, SJH = LZ.K 
Hz, LH, Hd’), K.WK (d, SJH = LZ.W Hz, LH, He’), S.KS (s, KH, Hp). !0

C 

{
!
H} NMR (!18 MHz, CDCl0, ppm) d LZR.j (Cf), LZR.Z (Cj), LWU.S 

(Cr), LKR.R (Co), LKR.] (Cs), LK[.S (Ch), LKZ.L (Cm), LKK.j (Cc), LKL.j 
(Ct), LSj.K (Cb), LSU.K (Cv), LSU.L (Cu), LSW.Z (Ca), LSK.K (Cn), LS].L (Cq), LS].] (Ci), LLj.j 
(Cg), Z[.U (Ck), ZZ.j (Cd), ZW.W (Ce), ZW.] (Cl), LU.S (Cp). HRMS (ESI) calcd. for 
CSWHSWNK

+ [M+H]+: KZW.Lj[Z; found: KZW.LjR].  

Minor Regioisomer (!!aa). 
!
H NMR (8FF MHz, CDCl0, ppm) δ R.W] (d, KJH = R.U Hz, 

SH, Hs), R.Kj (d, KJH = R.[ Hz, SH, Ht), R.KL (t, KJH = R.S Hz, LH, 
Hu), R.SL (t, KJH = R.K Hz, LH, Hh), [.RK-[.W] (m, ZH, Ha, Hi, Hn, 
Hb, Hg), W.W[ (d, SJH = LZ.K Hz, LH, Hk), W.S[ (d, SJH = LZ.S Hz, LH, 
Hl), W.LU (d, SJH = LZ.Z Hz, LH, He), K.UR (d, SJH = LZ.U Hz, LH, Hl’), 
K.RR (d, SJH = LZ.S Hz, LH, Hk’), K.KL (d, SJH = LZ.S Hz, LH, He), K.SR 
(d, SJH = LZ.UHz, LH, Hd), S.jU (d, SJH = LZ.K Hz, LH, Hd’). !0

C {
!
H} 

NMR (!18 MHz, CDCl0, ppm) d LZR.U (Cf), LZR.K (Cj), LWW.S (Cq), 
LK[.j (Co), LK[.S (Ch), LKZ.L (Cm), LKK.W (Cc), LSj.Z (Cb), LSU.K 

(Cu), LSU.L (Cs), LS[.Z (Ct), LS[.S (Cp), LSK.W (Cn), LS].S (Ci), LS].] (Cg), Z[.W (Ck), ZW.S 
(Cd), ZK.W (Ce), ZK.L (Cl), LR.j (Cv). (Ca and Cr were not assigned). HRMS (ESI) calcd. 
for CSWHSWNK

+ [M+H]+: KZW.Lj[Z; found: KZW.LjRS. (minor + major regioisomer) 
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5.3	Reaction	of	Organometallic	4c-OAc	Complex	towards	Alkynes	

 
Scheme S<. Reaction of >c-OAc with alkynes. 

To have further evidence of a lineal insertion of terminal alkynes through a reductive 
elimination of Co(III) to Co(I), the reaction of the methylated derivative >c-OAc with 
W-ethynyl-L-nitrobenzene was carried out. In a similar way, L-methyl-propyne was also 
tested toward the >c-OAc to further prove a possible formation of the cationic 
quaternary amine through b-migratory insertion of the alkyne.  

Thus, in a S mL vial, >c-OAc (W]mg, ].]RZ mmol) and alkyne (].]RZ mmol) were mixed 
in TFE (L.Z mL). The vial was then sealed with a septum and the mixture was stirred 
over L[h at []ºC. Then, after removal of the solvent, NHWOH (S mL) was added and the 
solution was extracted using DCM (SxZmL). Then, products were purified using silica 
gel chromatography (CHSClS, then CHSClS/MeOH jZ:Z). Isolation of products !1 and !0 
resulted unachievable, but products were detected by HRMS (Figure SLL and SLS).  

 

 

 

 

 

 

 

 

R

R = H, Me

or

when R = H

when R = Me

X

X = H, NO2

CF3CH2OH, 60ºC, 16h
air

N O
O

N

N

Co

Me

Me
4c-OAc

N N

N
Ar

HMeNH N

N
Ar

N N

N
Ph

MeMe

Me Me

Me

Me

12

13

(OAc)



ANNEX	I	 	 SUPPORTING	INFORMATION	FOR	CHAPTER	III	
 

 S24	

• When R = H,  

 

Figure S!!. Product !1 obtained from reaction of >c-OAc
 with W-ethynyl-L-nitrobenzene (Ar = 

W-nitrobenzene). HRMS (ESI) calcd. for CSZHS[NWOS
+ [M]+: WLK.LjWR; found: WLK.LjKU.  

 

• When R = Me,  

 
 Figure S!1. Product !0 obtained from reaction of >c-OAc with L-methyl-propyne. HRMS (ESI) 
calcd. for CS[HSUNK

+ [M]+: KUS.SSRU; found: KUS.SSRW.  
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6.	Catalytic	studies	with	alkynes	

6.1	Reactivity	of	2b-H	towards	Terminal	Alkynes		

In a S mL vial, 1b-H (].]RR mmol) and terminal alkyne (].LZW mmol) were mixed in 
TFE (L.Z mL) with L]-S]mol% of [Co]. The vial was then sealed with a septum and the 
mixture was stirred over L[h at U]ºC. Then, after removal of the solvent, NHWOH (S mL) 
was added and the solution was extracted using CHSClS (SxZmL). Then, products were 
purified using silica gel chromatography (CHSClS, then CHSClS/MeOH jZ:Z) and 
characterized by NMR techniques. L,K,Z-trimethoxybenzene was used as internal 
standard in selected cases.   

6.2	Reactivity	of	2b-H	towards	Internal	Alkynes	

 
Scheme S=. Reaction of 1b-H with internal alkynes using different cobalt catalysts. 

In a S mL vial, 1b (].]RR mmol) and !-phneyl-!-propyne (].LZW mmol) were mixed in 
TFE (L.Z mL) with S]mol% of [Co]. The vial was then sealed with a septum and the 
mixture was stirred over L[h at U]ºC. Then, after removal of the solvent, NHWOH (S mL) 
was added and the solution was extracted using CHSClS (SxZmL). Then, products were 
purified using silica gel chromatography (CHSClS, then CHSClS/MeOH jZ:Z) and 
characterized by NMR techniques. L,K,Z-trimethoxybenzene was used as internal 
standard in selected cases.   

Table S8. Yields and ratios obtained using L-phenyl-L-propyne with different cobalt sources as 
catalysts.  

entry [Co] (x mol%) atm. Yield (%) Ratio (a:aa) 

! Co(OAc)S (S]) air [Ra Z:L 
1 Co(OAc)S (S]) NS trace - 

0 >b-OAc (S]) air [Wa Z:L 
> >b-OAc (S]) NS LWb Z:L 

8 0b-OAc (S]) air [[a Z:L 
G 0b-OAc (S]) NS trace - 

a
Isolated	yield.	

b
NMR	yield	using	1,3,5-trimethoxybenzene	as	internal	standard.	
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7.		Crystallographic	data	information	

Crystallographic data for compounds 0b-OAc (CCDC-LWjKKWL), 0c-Br (CCDC-LWjKKWS), 
>b-CH0CN (CCDC-LWjKKWK), >c-CH0CN (CCDC-LWjKKWW), 8c-Cl (CCDC-LWjKKWZ) and 
aryl-Co(III) species using nitro-aminoquinoline model substrate = (CCDC-LWjKKW[) can 
be obtained free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. Furthermore, the corresponding CIF files have 
been included in the Supplementary Digital Material included in the attached CD. 

7.1	X-Ray	structure	of	4b-CH3CN	

Orange crystals of CLjHSSCoNZ, S(ClOW), S(CSHKN), HSO, were grown from slow 
diffusion of ethyl ether in a CHKCN solution of the compound, and used for low 
temperature (L]](S) K) X-ray structure determination. The measurement was carried 
out on a BRUKER SMART APEX CCD diffractometer using graphite-monochromated 
Mo Ka radiation (l = ].RL]RK Å) from an x-Ray Tube. The measurements were made in 
the range L.U] to SR.R]° for θ. Full-sphere data collection was carried out with ω and φ 
scans. A total of UjUK reflections were collected of which [LRU [R(int) = ].]KK] were 
unique. Programs used: data collection, SmartLZ; data reduction, Saint+L[; absorption 
correction, SADABSLR. Structure solution and refinement was done using SHELXTLLU. 
The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and forced to ride on the atom to 
which they are attached except the OHS hydrogens, which were located in a different 
Fourier map. 

Table SG. Crystallographic parameters for 
>b-CH0CN. 

Chemical	formula	 C19H22CoN5,	2(ClO4),	2(C2H3N),	H2O	

fw	(g	mol-1)	 678.37	

T	(K)	 100(2)	

Space	group	 P-1,	triclinic	

a	(Å)	 11.6313(9)	

b	(Å)	 11.6947(9)	

c	(Å)	 12.0054(1)	

α	(deg.)	 115.424(1)	

β	(deg.)	 92.168(1)	

γ	(deg.)	 97.853(1)	

V	(Å3)	 1452(2)	

ρcalcd.	(g	cm-3)	 1.551	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0926	

wR2	[I>2sigma(I)]	 0.2364	
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7.2	X-Ray	structure	of	4c-CH3CN	

Orange crystals of CSLHS[CoNZ, S(ClOW), CSHKN, were grown from slow diffusion of ethyl 
ether in a CHKCN solution of the compound, and used for low temperature (L]](S) K) 
X-ray structure determination. The measurement was carried out on a BRUKER SMART 
APEX CCD diffractometer using graphite-monochromated Mo Ka radiation (l = 
].RL]RK Å) from an x-Ray Tube. The measurements were made in the range S.]] to 
SU.SU° for θ. Full-sphere data collection was carried out with ω and φ scans. A total of 
WSSSL reflections were collected of which [[RS [R(int) = ].]KUK] were unique. Programs 
used: data collection, SmartLZ; data reduction, Saint+L[; absorption correction, 
SADABSLR. Structure solution and refinement was done using SHELXTLLU. The structure 
was solved by direct methods and refined by full-matrix least-squares methods on FS. 
The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in 
geometrically optimized positions and forced to ride on the atom to which they are 
attached.  

Table S<. Crystallographic parameters for 
>c-CH0CN. 

Chemical	formula	 C23H29Cl2CoN6O8	

fw	(g	mol-1)	 674.35	

T	(K)	 100(2)	

Space	group	 Not	defined	

a	(Å)	 11.9362(8)	

b	(Å)	 20.3758(13)	

c	(Å)	 12.2543(8)	

α	(deg.)	 90	

β	(deg.)	 114.52	

γ	(deg.)	 90	

V	(Å3)	 2711.7	(3)	

ρcalcd.	(g	cm-3)	 1.586	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0466	

wR2	[I>2sigma(I)]	 0.1129	

7.3	X-Ray	structure	of	3b-OAc	

Violet crystals of CLjHSKCoNKOW, were grown from slow diffusion of ethyl ether in a 
MeOH solution of the compound, and used for low temperature (L]](S) K) X-ray 
structure determination. The measurement was carried out on a BRUKER SMART APEX 
CCD diffractometer using graphite-monochromated Mo Ka radiation (l = ].RL]RK Å) 
from an x-Ray Tube. The measurements were made in the range L.UWL to SR.jLW° for θ. 
Hemi-sphere data collection was carried out with ω and φ scans. A total of WKjR 
reflections were collected of which KZLL [R(int) = ].]KSj] were unique. Programs used: 
data collection, SmartLZ; data reduction, Saint+L[; absorption correction, SADABSLR. 
Structure solution and refinement was done using SHELXTLLU. The structure was solved 
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by direct methods and refined by full-matrix least-squares methods on FS. The non-
hydrogen atoms were refined anisotropically. The H-atoms were placed in geometrically 
optimized positions and forced to ride on the atom to which they are attached.  

Table S!F. Crystallographic parameters for 
0b-OAc. 

Chemical	formula	 C19H23CoN3O4	

fw	(g	mol-1)	 416.34	

T	(K)	 100(2)	

Space	group	 Triclinic,	P-1	

a	(Å)	 8.766(5)	

b	(Å)	 10.310(6)	

c	(Å)	 11.915(7)	

α	(deg.)	 69.5	

β	(deg.)	 76.7	

γ	(deg.)	 71.5	

V	(Å3)	 948.03	(1)	

ρcalcd.	(g	cm-3)	 1.458	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0782	

wR2	[I>2sigma(I)]	 0.1997	

 

7.4	X-Ray	structure	of	3c-Br	

Violet crystals of (CLRHSLCoNKBrS)S(CHClK)S, were grown from slow diffusion of ethyl 
ether in a CHClK solution of the compound, and used for low temperature (LK](S) K) X-
ray structure determination. The measurement was carried out on a BRUKER SMART 
APEX CCD diffractometer using graphite-monochromated Mo Ka radiation (l = 
].RL]RK Å) from an x-Ray Tube. The measurements were made in the range L.Wj] to 
SR.[WU° for θ. Hemi-sphere data collection was carried out with ω and φ scans. A total 
of LWLRS reflections were collected of which L]WKj [R(int) = ].][jS] were unique. 
Programs used: data collection, SmartLZ; data reduction, Saint+L[; absorption correction, 
SADABSLR. Structure solution and refinement was done using SHELXTLLU. The structure 
was solved by direct methods and refined by full-matrix least-squares methods on FS. 
The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in 
geometrically optimized positions and forced to ride on the atom to which they are 
attached. 
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Table S!!. Crystallographic parameters for 
0c-Br. 

Chemical formula C37H45Br4Cl9N6Co2 
fw (g mol-1) 1330.4 
T (K) 130 (2) 
Space group Triclinic, P-1 
a (Å) 8.791(7) 
b (Å) 14.498(11) 
c (Å) 20.353(20) 
α (deg.) 96.829(14) 
β (deg.) 97.972(13) 
γ (deg.) 106.988(12) 
V (Å3) 2421(3) 
ρcalcd. (g cm-3) 1.825 
λ (Å) 0.71073 
R1 [I>2sigma(I)] 0.1092 
wR2 [I>2sigma(I)] 0.2556 

7.5	X-Ray	structure	of	5c-Cl	

Yellow crystals of CLRHS]ClSNKRh(CHKO) were grown from slow diffusion of ethyl ether 
in a CHKCN/MeOH solution of the compound, and used for low temperature (LRK(S) K) 
X-ray structure determination. The measurement was carried out on a BRUKER SMART 
APEX CCD diffractometer using graphite-monochromated Mo Ka radiation (l = 
].RL]RK Å) from an x-Ray Tube. The measurements were made in the range S.L]U to 
SU.SUj° for θ. Full-sphere data collection was carried out with ω and φ scans. A total of 
SjZW[ reflections were collected of which W[Uj [R(int) = ].]K]K] were unique. 
Programs used: data collection, SmartLZ; data reduction, Saint+L[; absorption correction, 
SADABSLR. Structure solution and refinement was done using SHELXTLLU. The structure 
was solved by direct methods and refined by full-matrix least-squares methods on FS. 
The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in 
optimized positions and forced to ride on the atom to which they are attached.  

Table S!1. Crystallographic parameters for 
8c-Cl. 

Chemical	formula	 C18H24Cl2N3ORh	

fw	(g	mol-1)	 472.21	

T	(K)	 173(2)	

Space	group	 Monoclinic,	P21/n	

a	(Å)	 9.6236(9)	

b	(Å)	 16.6150(16)	

c	(Å)	 11.8767(11)	

α	(deg.)	 90(0)	

β	(deg.)	 91.405(2)	

γ	(deg.)	 90(0)	

V	(Å3)	 1898.5(3)	

ρcalcd.	(g	cm-3)	 1.652	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0267	

wR2	[I>2sigma(I)]	 0.0643	
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7.6	X-Ray	structure	of	8	

Red crystals of CSUHS]CoNZOZ, S(CSHKN), were grown from CHKCN, and used for low 
temperature (L]](S) K) X-ray structure determination. The measurement was carried 
out on a BRUKER SMART APEX CCD diffractometer using graphite-monochromated 
Mo Ka radiation (l = ].RL]RK Å) from an x-Ray Tube. The measurements were made in 
the range S.]UL to SU.SjZ° for θ. Full-sphere data collection was carried out with ω and 
φ scans. A total of WZS[R reflections were collected of which RLj] [R(int) = ].]RS[] were 
unique. Programs used: data collection, SmartLZ; data reduction, Saint+L[; absorption 

correction, SADABSLR. Structure solution and refinement was done using SHELXTLLU. The 
structure was solved by direct methods and refined by full-matrix least-squares methods on FS. 
The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in 
geometrically optimized positions and forced to ride on the atom to which they are attached.  

Table S!0. Crystallographic parameters for 
=. 

Chemical	formula	 C32H26O5N7Co	

fw	(g	mol-1)	 647.53	

T	(K)	 100(2)	

Space	group	 Monoclinic,	P21/n	

a	(Å)	 12.740(2)	

b	(Å)	 15.430(3)	

c	(Å)	 14.863(3)	

α	(deg.)	 90(0)	

β	(deg.)	 96.496(4)	

γ	(deg.)	 90(0)	

V	(Å3)	 2903.1(9)	

ρcalcd.	(g	cm-3)	 1.482	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0466	

wR2	[I>2sigma(I)]	 0.0998	
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8.	DFT	b-migratory	insertion	pathway	free	energy	profile	for	internal	alkynes	

Reaction of aryl-Co(III) intermediates with internal alkynes cannot proceed through the 
‘acetylide pathway’, as lineal coordination is not allowed. Thus, DFT calculations were 
performed to study the ‘b-migratory insertion pathway’ (Figure SSK) for L-phenyl-L-
propyne. Our calculations show that >b-alkyne-OAc (both regioisomers) undergo 
migratory insertion towards the commonly proposed R-membered cyclic intermediate 
(!8inta and !8intaa, Figure SSK), with a barrier of DG‡ = Sj.Z kcal mol-L for !8inta and DG‡ = 
SU.R kcal mol-L  for !8intaa. Thereafter, reductive elimination from !8inta or !8intaa 
furnishes the [-membered ring !!a/!!aa (Scheme K, main text) depending on the 
reaction conditions. 

 

 
Figure S!0. Gibbs energy profile of the formation of the b-migratory insertion pathway with L-
phenyl-L-propyne (internal alkyne). Relative Gibbs energy values are given in kcal·mol−L.  
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10.	Selected	Original	NMR	spectra	

 
Figure S!>. W]] MHz LH NMR spectrum of >b-OAc in CDClK, W]] MHz, SjU K.  

 
Figure S!8. L]] MHz LKC {LH} NMR spectrum of >b-OAc in CDClK, SjU K.  
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Figure S!G. W]] MHz LH-LH COSY spectrum of >b-OAc in CDClK, SjU K.  

 

 

 

Figure S!<. W]] MHz LH-LKC HSQC spectrum of >b-OAc in CDClK, SjU K.  
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Figure S!=. W]] MHz LH-LKC HMBC spectrum of >b-OAc in CDClK, SjU K. 

 

Figure S!H. W]] MHz LH NMR spectrum of >c-OAc in CDClK, SjU K.  
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Figure S1F. L]] MHz LKC {LH} NMR spectrum of >c-OAc in CDClK, SjU K.  

 

Figure S1!. W]] MHz LH-LH COSY spectrum of >c-OAc in CDClK, SjU K. 
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Figure S11. W]] MHz LH-LKC HSQC spectrum of >c-OAc in CDClK, SjU K.  

 

Figure S10. W]] MHz LH-LKC HMBC spectrum of >c-OAc in CDClK, SjU K. 
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Figure S1>. W]] MHz LH NMR spectrum of < in CDClK, SjU K.  

 

Figure S18. L]] MHz LKC {LH} NMR spectrum of < in CDClK, SjU K.  
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Figure S1G. W]] MHz LH-LH COSY spectrum of < in CDClK, SjU. 
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1.	General	considerations	

Materials and methods 

All reagents and solvents were purchased from Sigma Aldrich, Fisher Scientific or 
Fluorochem and used without further purification. Silver carboxylates were synthesized 
according to a previously described protocol.L NMR data concerning product identity 
were collected with a Bruker W]] AVANCE (Serveis Tècnics, Universitat de Girona) or 
a []] AVANCE (Servei de RMN, Autonomous University of Barcelona) spectrometers 
(CDClK and DMSO-d[) and calibrated relative the residual protons of the solvent. All 
NMR experiments (LH, LKC{LH}, COSY, HSQC, HMBC and NOESY) were recorded and 
processed using standard parameters and no more details are given. Quantification of 
reaction yields through integration of peaks was performed using an internal reference 
(L,K,Z-trimethoxybenzene). Preparation and handling of air-sensitive materials were 
carried out in a NS drybox with OS and HSO concentrations < L ppm. High resolution 
mass spectra (HRMS) were recorded on a Bruker MicrOTOF-Q IITM instrument using 
ESI or Cryospray ionization sources at Serveis Tècnics University of Girona. C, H, N 
elemental analyses were performed on a ThermoFinnigan Flash-EALLLS analyzer. IR 
Spectra (FTIR) were recorded on a FT-IR Alpha spectrometer from Bruker with a 
PLATINUM-ATR attachment using OPUS software to process the data. 

 

XAS Data Acquisition and processing 

 

Samples of 8a-OAc were prepared both as boron nitride diluted solid pellets and LZ mM 
solutions in trifluoroethanol. Samples were loaded into holders with Kapton windows 
and data was collected at SOLEIL synchrotron, SAMBA beamline, under vacuum at S] 
K using a liquid helium cryostat and Si(SS]) double crystal monochromator. 
Transmission mode was used for solid samples and fluorescence mode was used for 
solution samples employing a K[-channel Ge fluorescence detector. Data calibration 
and normalization was carried out using the Athena software package.S The first 
inflection point of Co foil spectra taken as RR]j.Z eV was used for energy calibration. A 
linear pre-edge function, followed by a quadratic polynomial for the post-edge, were 
used for background subtraction and normalization of the edge jump to unity. The 
AUTOBK algorithm with a spline between a k of L and LZ Å-L having a Rbkg value of L.] Å 
was used for EXAFS extraction. EXAFS analysis was carried out using the IFEFFIT engine 
and the FEFF[ code available in the Artemis software package.S-W The kK-weighted data 
was fit in r-space over a r-range of L to K Å and a k-range of S to LK Å-L using a Hannings 
window (dk=S). The S]

S value was set to ].j, and a global  DE] was employed with the 
initial E] value set to the inflection point of the rising edge. Scattering paths were fit in 
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terms of a Dreff and sS as previously described.Z,[ To assess the goodness of the fits the 
Rfactor (%R) was minimized. Over-fitting the data was controlled by minimizing the 
number of adjustable parameters and ensuring that the reduced  cS (cS

v) decreases with 
increasing number of adjustable parameters. 

 

Theoretical Calculations 

 

 Theoretical calculations were carried out using the Gaussian ]j package.R Geometry 
optimizations were performed using BPU[ functionalU,j along with the defS-TZVP basis 
set developed by Ahlrichs.L],LL The empirical dispersion were included using Grimme’s 
DFT-DK approachLS and solvation effects in S,S,S-TriFluoroEthanol (TFE) were 
simulated using the PCM-SMD method developed by Truhlar et al.LK Subsequent 
frequency calculations were done to evaluate enthalpy and entropy corrections at SjU.LZ 
K (Gcorr.) and ensured that all local minima have only real frequencies while a single 
imaginary frequency confirms the presence of transition states. All the transition states 
are connected to the corresponding reactants and products with IRC calculations. 
Single Point Energy calculations on the equilibrium geometries, including the solvent 
effects and DK dispersion corrections were computed using the BKLYPLW–LR functional 
and defS-TZVP basis set for all the atoms (EB=LYP). The free energy change associated 
with moving from a standard-state gas concentration of L atm to a standard state gas 
phase concentration of L M for solutes (∆"#/∗) was also included in the final free 
energies. The value of ∆"#/∗ at SjU.LZ K is L.Uj kcal·mol-L for L M standard state solutes. 
Then, the final total Gibbs free energy (G) was given by: 

 

 

G = EB3LYP + Gcorr. + ∆"#/∗  (Equation 1) 
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2.	Synthesis	of	aryl-Co(III)-carboxylate	complexes		

  

Scheme SH. Synthesis of aryl-Co(III) carboxylate complexes 1a-X. 

In a L] mL vial, !a-H (Z] mg, ].SL mmol), Ag(RCOOS) (].[K mmol) and CoBrS (WZ.j mg, 
].SL mmol) were mixed in CFKCHSOH (S.Z mL). The vial was then sealed with a septum 
and the mixture was warmed up to L]]oC over SWh. Solvent was then removed, and the 
crude was dissolved in CHClK and layered with pentane or diethyl ether. After SWh at 
WoC, the resulting oil was dried under vacuum over [h, obtaining a grey-red foam 
corresponding to the CoIII organometallic complex. 

 

[1a-CoIII(OAc)](OAc)	–	(2a-OAc)18	

Red foam (R[% yield, [[ mg, ].L[ mmol). !
H NMR (W]] MHz, 

CDClK, ppm) δ R.W[ (t, KJH = R.R Hz, LH), [.jW (t, KJH = R.[ Hz, LH), 
[.j] (d, KJH = R.W Hz, SH), [.UU (d, KJH = R.Z Hz, SH), [.RL-Z.L[ (bs, 
SH, N-H), W.RW (m, WH), K.RK (d, SJH = LZ.] Hz, SH), K.[j (d, SJH = 
LZ.S Hz, SH) , S.LU (s, KH, -OAc), L.RS (s, KH, -OAc). !0

C {
!
H} NMR 

(L]] MHz, CDClK, ppm) L[[.U, L[L.[, LWU.[, LKR.], LSW.L, LS].S, 
LLU.K, [S.S, [L.U, SW.[.  HRMS (ESI) calcd. for CLRHLjCoNKOS

+ [M-OAc]+: KZ[.]U]W; 
found: KZ[.]U]S. EA: CLjHSSCoNKOW·(HSO)(CFKCHSOH) calcd. C WR.Sj, N R.UU, H Z.L] 
%; exp. C WR.WU, N U.]S, H Z.]j %. 

[1a-CoIII(TFA)](TFA)	–	(2a-TFA)	

Red-purple solid (UK% yield, jL.S mg, ].LR mmol). !
H NMR 

(W]] MHz, DMSO-d[, ppm) δ R.RK (t, KJH = R.K Hz, LH), R.LR (d, 
KJH = R.W Hz, SH), [.jU (t, KJH = R.K Hz, LH), [.Uj (d, KJH = R.S Hz, 
SH), [.]U (m, WH), W.Z] (m, WH). !H

F {
!
H} NMR (KRZ MHz, 

DMSO-d[, ppm) δ -RW.SR, -RZ.SW. !0
C {

!
H} NMR (L]] MHz, 

DMSO-d[, ppm) δ L[S.L (d), LWj.S, LKj.L, LSj.j, LSR.L, LSW.j, 
LSW.K, LSL.Z, LS].j, LLj.j, [S.K, [S.L, Zj.[ (q). HRMS (ESI) calcd. for CLRHL[CoFKNKOS

+ [M-
TFA]+: WL].]ZSR; found: WL].]ZLR. EA: CLjHL[CoF[NKOW·(CFKCHSOH)S calcd. C KU.Lj, N 
Z.UL, H K.]R %; exp. C KU.S[, N Z.jL, H S.jR %. 

NHNH
N
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CoBr2              
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2.3	[1a-CoIII(OBz)](OBz)	–	(2a-OBz-OMe)	

Red foam (UZ% yield, L]R mg, ].LU mmol). !H NMR 

(W]] MHz, CDClK, ppm) δ U.LW (b, SH), R.[[ (d,  KJH 

= R.j Hz, SH), R.WR (t,  KJH = R.Z Hz, LH), R.S[ (b, SH), 
R.][ (m, WH), [.jZ (d, KJH = R.Z Hz, SH), [.Uj (d, KJH 

= U.L Hz, SH), Z.]W (dd,  SJH = LW.Z Hz, KJH = R.] Hz, 
SH), W.jK (dd,  SJH = LW.L Hz, KJH = [.U Hz, SH), K.UW 

(m, SH), K.UL (b, KH),  K.RS (s, KH). !0
C {

!
H} NMR (L]] MHz, CDClK, ppm) δ LZR.], LZ[.W, 

LWK.U, LKS.S, LSZ.j, LSW.W, LLj.W, LLZ.[, LLK.Z, L]R.R, ZR.Z, ZR.S, Z].K. HRMS (ESI) calcd. for 
CSKHSKCoNKOK

+[M-(OBz-OMe)]+: WWU.L][Z; found: WWU.L]ZL. EA: 
CLjHL[CoF[NKOW·(HSO)(CFKCHSOH)  calcd. C ZZ.SW, N Z.U[, H W.jS %; exp. C ZZ.]U, N 
Z.Uj, H W.Rj %. 

 

[1a-CoIII(OBz-Cl)](OBz-Cl)	–	(2a-OBz-Cl)	

Red foam (jU% yield, LSZ.S mg, ].S]Z mmol). !H NMR 

(W]] MHz, CDClK, ppm) δ U.]Z (b, SH), R.Z[ (d,  KJH = 
R.L Hz, SH), R.WR (t,  KJH = R.W Hz, LH), R.]W (t,  KJH = R.L 
Hz, SH), [.j[ (d,  KJH = [.R Hz, SH), [.jS (d, KJH = [.j Hz, 
SH), [.US (b, SH), [.[W (d,  KJH = [.j Hz, SH), W.jR (dd,  
SJH = LZ.L Hz, KJH = R.[ Hz, SH), W.U[ (dd,  SJH = LZ.L Hz, 

KJH = R.K Hz, SH), K.UW (m, WH). !0
C {

!
H} NMR (L]] MHz, CDClK, ppm) δ L[L.Z, LWU.W, 

LKR.W, LK[.S, LKW.K, LK].K, LSR.Z, LSW.Z, LS].[, LLU.[, [S.K, [L.j, [].[ (q, TFE). HRMS (ESI) 
calcd. for CSSHS]CoClNKOS

+[M-(OBz-Cl)]+: WZS.]ZRZ; found: WZS.]ZU[. EA: 
CKLHKLCoClSNKOW·(HSO)(CFKCHSOH) calcd. C ZL.S[, N Z.RU, H W.]S %; exp. C ZL.L[, N 
Z.jL, H K.jU %. 
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3.	Optimization	of	stoichiometric	reaction	conditions	

3.1	Additives	

 
Scheme S!F. Stoichometric reaction of 1a-OAc with EDA to furnish cyclic amide 0. 

In a S mL vial, 1a-OAc (K]mg, ].]ZU mmol), ethyl diazoacetate (LWµl, ].LLZ mmol) and 
additives (L.]-W.] equiv.) were mixed in TFE (L.Z mL). The vial was then sealed with a 
septum and the mixture was stirred under air over SWh at L]]ºC. Then, after removal of 
the solvent, NHWOH (S mL) was added and the solution was extracted using CHSClS 
(SxZmL). Then, products were purified using silica gel chromatography (CHSClS, then 
CHSClS/MeOH jZ:Z) and characterized by NMR techniques.  

Table S!0. Reaction of 1a-OAc with EDA and different additives to furnish cyclic amide 0.  
entry additive solvent yield of 0 (%)

a
 

! none EtOH traces 

1 none TFEb L]% 

0 none HFIPc KL% 

> AcOH (L.] equiv.) TFE LZ%d 
8 PivOH (L.] equiv.) TFE LS%d 
G TFAe (L.] equiv.) TFE n.r.d 
< NaOPiv·HSO (L.] equiv.) TFE S[% 

= HSO (L.] equiv.) TFE ZR% 
H HSO (S.] equiv.) TFE US% 
!F HSO (W.] equiv.) TFE j[% (jL%)f 
!! HSO (W.] equiv.) EtOH UU% 
!1 AcOH (L.] equiv.) + HSO (L.] equiv) TFE SK% 
!0 (C[FZ)KB (L.] equiv.) TFE SL% 
!> Sc(OTf)K (L.] equiv) TFE traces 
!8 LiOTf (L.] equiv.) TFE jZ% (UU%)f 
!G LiOTf (L.] equiv.) EtOH jL% 
!< Zn(OTf)S (L.] equiv.) TFE KR% 
!= Mg(OTf)S (L.] equiv.) TFE [R% 
!H Mg(OTf)S (W.] equiv.) TFE ZS% 
1F HSO (L.] equiv.) + Mg(OTf)S (L.] equiv) TFE jS% (UR%)f 

aYield determined using L,K,Z-trimethoxybenzene as internal standard. bS,S,S-trifluoroethanol. cL,L,L,K,K,K-hexafluoro-
S-propanol. dProtodemetalation of 1a-OAc was observed. eTrifluoroacetic acid. fIsolated yield after silica gel 
chromatography. 

NHN
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N O
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N
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3.2	Equivalents	of	starting	EDA	

In a S mL vial, 1a-OAc (K]mg, ].]ZU mmol), ethyl diazoacetate (EDA, L.]-L].] equiv) 
and HSO (W.S µl, W.] equiv.) were mixed in TFE (L.Z mL). The vial was then sealed with 
a septum and the mixture was stirred under air over SWh at L]]ºC. Then, after removal 
of the solvent, NHWOH (S mL) was added and the solution was extracted using CHSClS 
(SxZmL). Then, products were purified using silica gel chromatography (CHSClS, then 
CHSClS/MeOH jZ:Z) and characterized by NMR techniques.  

 

Table S!>. Reaction of 1a-OAc with EDA (x equiv.) and water as additive (W.] equiv.) to furnish 
cyclic amide 0.  

entry Ethyl diazo acetate (equiv.) Yield of 0 (%)
a
 

L L.]  ZK% 

S L.Z  [R% 

K 1.F  HG% (H!%)
b
 

W Z.]  LL%c 

Z L].]  Tracesc 
aYield determined using L,K,Z-trimethoxybenzene as internal standard. bIsolated yield. cComplex NMR spectrum with 
generation of undetermined products. 

 

3.3	Carboxylate	anions	

In a S mL vial, 1a-X (].]ZU mmol), ethyl diazoacetate (LWµl, ].LLZ mmol) and HSO (W.S 
µl, W.] equiv.) were mixed in TFE (L.Z mL). The vial was then sealed with a septum and 
the mixture was stirred under air over SWh at L]]ºC. Then, after removal of the solvent, 
NHWOH (S mL) was added and the solution was extracted using CHSClS (SxZmL). Then, 
products were purified using silica gel chromatography (CHSClS, then CHSClS/MeOH 
jZ:Z) and characterized by NMR techniques.  

Table S!8. Reaction of 1a-X with EDA to furnish cyclic amide 0.  
entry R (RCO1) yield of 0 (%)

a
 

L Me (OAc) j[% 
S CFK (TFA) RZ% 
K p-OMe-Ph (OBz-OMe) RL% 
W p-Cl-Ph (OBz-Cl) UL% 
Zb -- (starting from 1a-CH0CN) ]% 
[b -- (starting from 1a-CH0CN + S.] equiv. NaOAc) WL% 

aYield determined using L,K,Z-trimethoxybenzene as internal standard. bReaction starting from 1a-CH0CN ([!a-
Co(III)(CHKCN)S](ClOW)S). 
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!
H NMR (>FF MHz, CDCl0, ppm) δ R.SK (t, KJH = [.] Hz, LH, Hh), 
[.UZ (d, KJH = R.S Hz, LH, Hb), [.[j (t, KJH = R.Z Hz, LH, Ha), [.[[ (t, 
KJH = R.[ Hz LH, Hi), [.ZK-[.ZS (m, SH, Hn, Hg), Z.[R (d, SJH = LZ.U Hz, 
LH, Hk), W.RZ (d, SJH = LZ.W Hz, LH, Hl), W.[L (d, SJH = LW.K Hz, LH, Hd), 
W.Lj (d, SJH = LZ.U Hz, LH, Hp), W.L] (d, SJH = LZ.j Hz, LH, He), K.jS (d, 
SJH = LZ.j Hz, LH, Hk’), K.US (d, SJH = LZ.Z Hz, LH, Hl’), K.ZK (d, SJH = 
L[.LHz, LH, Hp’), K.WU (d, SJH = LW.U Hz, LH, He’), K.WW (d, SJH = LZ.LHz, 
LH, Hd’). !0

C {
!
H} NMR (!FF MHz, CDCl0, ppm) d LU].Z (Cq), LZU.S 

(Cj), LZS.[ (Cf), LKR.R (Cm), LKR.W (Co), LK[.K (Ch), LKZ.S (Cc), LSU.Z 
(Cb), LSW.Z (Ca), LSK.U (Cn), LLj.] (Cg), LLU.[ (Ci), ZU.U (Ck), ZW.K (Cl), ZS.j (Cd), ZL.K 
(Ce), Kj.Z (Cp). HRMS (ESI-QTOF) calcd. for CLRHLUNKO+ [M+H]+: SU].LWWZ; found: 
SU].LWKj. IR (ATR): ῡ (C=O) = L[R] cm-L.  

a
b

c
d

e
f

g

h
i

j
k

m

n

ol

q
p NHN

O
N
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4.	Reaction	with	tertiary	amine	aryl-Co(III)	complex	

 
Scheme S!!. Stoichiometric reaction of 1b-OAc with EDA to furnish macrocyclic amine >. 

 

In a S mL vial, 1b-OAc (K]mg, ].]ZU mmol), EDA (LW µl, ].LLZ mmol) and HSO (W.S µl, 
W.] equiv.) were mixed in TFE (L.Z mL, ].]W M) (Standard reaction conditions). The vial 
was then sealed with a septum and the mixture was stirred under air over SWh at L]]ºC. 
Then, after removal of the solvent, NHWOH (S mL) was added and the solution was 
extracted using CHSClS (SxZmL). Then, products were purified using silica gel 
chromatography (CHSClS, then CHSClS/MeOH jZ:Z). However, cyclic amine product W 
was only detected in trace amounts by HRMS techniques.  

 

 
Figure S1<. HRMS analysis of the crude reaction of 1b-OAc and EDA in presence of water after 
SWh in TFE (main peaks). Peak at m/z = KUW.LLZ] corresponds to 1b-OAc; peak at m/z = KZW.SLUU 
corresponds to > and peak at m/z = WR].LZ][ corresponds to 8b-OAc. 
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5.	Evaluation	of	catalytic	reaction	conditions	

 
Scheme S!1. Cyclization of !a-H with EDA to furnish 0 using catalytic amounts of cobalt and a 
variety of additives. 

 

In a S mL vial, !a-H (SUmg, ].LLZ mmols), a cobalt source (x mol%), ethyl diazoacetate 
(SU µl, ].SK mmol) and additives (x equiv.) were mixed in TFE (L.Z mL). The vial was 
then sealed with a septum and the mixture was stirred under air over SWh at L]]ºC. 
Then, after removal of the solvent, NHWOH (S mL) was added and the solution was 
extracted using CHSClS (SxZmL). Then, products were purified using silica gel 
chromatography (CHSClS, then CHSClS/MeOH jZ:Z) and characterized by NMR 
techniques.  

 

Table S!G. Reaction of !a-H with EDA (S.] equiv.) and additives (W.] equiv.) using different 
cobalt sources as catalyst to furnish cyclic amide 0.  

entry [Co] (x mol%) additives (equiv.) ratio (0:!a-H)
a
 yield of 0 (%)

b
 

! - HSO (W.]) - n.r. 
1 Sa-OAc (S]) HSO (W.]) >S]:L jK% (UR%)c (W.W TON) 
0

d
 Sa-OAc (S]) HSO (W.]) >S]:L jZ% (UW%)c (W.S TON) 

> Sa-OAc (L]) HSO (W.]) W:Z WR% (W.R TON) 
8 Co(OAc)S (S]) HSO (W.]) >S]:L j[% (Uj%)c (W.Z TON) 

G
d
 Co(OAc)S (S]) HSO (W.]) L:Z] traces 

< Co(OAc)S (S]) none L:L LZ% (].U TON) 

=
d
 CoBrS (S]) HSO (W.]) + Ag(OAc) (].W) - traces 

H
 d

 CoBrS (S]) HSO (W.]) + Ag(OAc) (L.]) K:L [R% (K.W TON) 
!F

 d
 CoBrS (S]) HSO (W.]) + Ag(OBz-Cl) (L.]) W:L RL% (K.[ TON) 

!!
 d

 CoBrS (S]) HSO (W.]) + Ag(OBz-OMe) (L.]) S:L Z[% (S.U TON) 
!1 Co(acac)K (S]) HSO (W.]) W:L tracese 
!0 Co(OAc)S (S]) Mg(OTf)S (L.]) L:L WS% (S.L TON) 
!> Co(OAc)S (S]) Mg(OTf)S (W.]) U:L RK% (K.R TON) 
!8 Co(OAc)S (S]) Mg(OTf)S (L.]) + HSO (L.]) >S]:L jK% (UW%)c (W.S TON) 
!G Co(OAc)S (S]) Li(OTf) >S]:L j[% (UU%)c (W.W TON) 

aRatio determined by NMR. bYield using L,K,Z-trimethoxybenzene as internal standard. cIsolated yields after silica gel 
chromatography. dReaction performed under inert atmosphere (NS). eNMR with presence of multiple byproducts was 
obtained. 
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6.	Isolation	of	Reaction	Intermediates		

 
Scheme S!0. Stoichometric reaction of 1a-X with EDA to furnish intermediate species 8a-X. 

 

In a S mL vial, 1a-X (].]ZU mmol) and EDA (S.] equiv.) were mixed in freshly distilled 
TFE (L.Z mL) in anhydrous conditions. The vial was then sealed with a septum and the 
mixture was stirred under air over LZ min at L]]ºC. After reaction completion, crude 
mixture was analyzed by HRMS and reaction intermediates were detected as major 
products. Then, recrystallization with CHClK layered with pentane yielded the 
corresponding organometallic complex 8a-X, which was characterized by NMR and X-
Ray spectroscopy. When R = strong EWG, intermediate 8a-X (TFA) cannot be isolated. 

 

	[1a-CoIII(EDA-OAc)](OAc)	–	(5a-OAc)	

Orange-brown solid (RW% yield, SL mg, ].]W mmol). !
H NMR (W]] MHz, DMSO-d[, 

ppm) [.]L R.UK (t, KJH = R.K Hz, LH), R.KZ (d, KJH = R.L Hz, LH), R.SR (d, KJH = R.S Hz, LH), 
[.US (t, KJH = R.K Hz, LH), [.RR (d, KJH = R.K Hz, LH),  
[.[Z (d, KJH = R.S Hz, LH), Z.UL (s, LH), Z.ZS (bs, 
LH), W.[] (bt, KJH = [.[ Hz, LH), W.WL (d, KJH = R.K 
Hz, LH), W.LW (m, SH), W.]L (d, KJH = R.R Hz, LH), 
K.UR (d, KJH = R.[ Hz, LH), K.RR (dq, SJH = LL.L Hz, KJH 

= R.L Hz, LH), K.[L (d, KJH = R.S Hz, LH), K.ZZ (d, KJH 

= R.U Hz, LH), K.SS (dq, SJH = LL.S Hz, KJH = R.K Hz, 
LH), S.WS (s, KH), ].RZ (t, KJH = R.L Hz, KH).  !0

C 

{
!
H} NMR (L]] MHz, DMSO-d[K, ppm) δ LUZ.[, 

LU].S, L[j.j, L[].W, LZj.[, LW[.Z, LW[.K, LSK.L, LS].W, 
LS].L, LLj.R, LLj.[, Rj.U, [W.[, [K.[, [S.R, [S.Z, Zj.Z, 
S].Lj, LW.]. HRMS (ESI) calcd. for 

CSLHSZCoNKOW
+ [M-OAc]+: WWS.LLRS; found: WWS.LLUK. IR (ATR): ῡ = SjSR, L[UW, L[KZ, 

LZRL, LKU[, LLU[, L]Sj, UZU, [[L cm-L. EA: CSKHSUCoNKO[·(HSO)K calcd. C Wj.RK, N R.Z[, H 
[.RL %; exp. C Wj.ZL, N R.[L, H [.[] %. 
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	[1a-CoIII(EDA-OBz-OMe)](OBz-OMe)	–	(5a-OBz-OMe)	

Orange crystaline solid (jR% yield, KU.[ mg, ].]Z[ mmol). !H NMR (W]] MHz, DMSO-
d[, ppm) δ U.LZ (d, KJH = R.S Hz, LH), R.jS (t, 
KJH = R.W Hz, LH), R.UL (b, SH), R.WZ (d, KJH = 
R.W Hz, LH), R.KR (d, KJH = R.K Hz, LH), R.LK 
(d, KJH = R.[ Hz, SH), [.j] (b, SH), [.UK (m, 
SH), [.[R (d, KJH = R.L Hz, LH), [.]L (s, LH), 
Z.ZW (t, KJH = R.R Hz, LH), W.[U (t, KJH = R.U 
Hz, LH), W.Z] (dd, SJH = L[.W Hz, KJH = R.K Hz, 

LH), W.SW (dd, SJH = LZ.[ Hz, KJH = R.K Hz, SH), W.L[ (dd, SJH = LZ.S Hz, KJH = R.L Hz, LH), 
W.]W (d, SJH = LZ.U Hz, LH), K.jS (d, SJH = LZ.R Hz, LH), K.UK (s, KH), K.U] (dq, SJH = L].j Hz, 
KJH = R.K Hz, LH), K.R] (d, SJH = LZ.K Hz, LH), K.[R (d, SJH = LW.W Hz, LH), K.ZR (d, SJH = LZ.S 
Hz, LH), K.S[ (dq, SJH = L].j Hz, KJH = R.K Hz, LH), ].RU (t, KJH = R.L Hz, KH). !0

C {
!
H} NMR 

(L]] MHz, DMSO-d[, ppm) δ LU].K, LRj.K, L[W.[, L[].Z, LZj.U, LW[.[, LZj.U, LW[.[, LW[.K, 
LKj.], LKK.S, LKL.S, LSK.L, LS].W, LS].K, LS].L, LLj.U, LLj.[, LLW.R, R[.R, [W.U, [K.R, [S.U, [S.Z, 
Zj.[, Z[.S, LW.]. HRMS (ESI) calcd. for CSRHSjCoNKOK

+ [M-(OBz-OMe)]+: ZKW.LWKW; 
found: ZKW.LWSL. IR (ATR): ῡ = SjKK, L[UW, L[]L, LZL], LKR[, LSWR, LL[[, LL]L, L]S[, UWj, RWj, 
[]R cm-L. EA: CKZHK[CoNKOU·(HSO)S calcd. C ZU.LR, N Z.UL, H Z.RS %; exp. C ZU.WW, N 
Z.US, H Z.US %. 

 

 

 

 

 

Figure S1=. Solid state structure of 8a-OBz-OMe. 
Hydrogen atoms, anions and solvent molecules 
have been omitted for clarity; ellipsoids are set at 
KK% probability. Selected bond distances [Å] and 
angles [º]: Co-C(L) L.UW(L), Co-C(S) L.jR(L), Co-N(L) 
S.]SR([), Co-N(S) L.URU(U), Co-N(K) L.jUW([), Co-
O(L) S.]]W(R); C(L)-Co-C(S) j[.K(W), C(S)-Co-O(L) 
US.R(K),  C(L)-Co-N(S) jL.](W), C(L)-Co-O(L) 
LRU.U(W). 
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	[1a-CoIII(EDA-OBz-Cl)](OBz-Cl)	–	(5a-OBz-Cl)	

Orange crystaline solid (UZ% yield, KU.[ mg, ].]Z[ mmol). !H NMR (W]] MHz, DMSO-
d[, ppm) δ U.LR (d, KJH = U.S Hz, SH), R.jL (bt, 
WH), R.[R (d, KJH = R.j Hz, SH), R.Z] (d, KJH = 
R.U Hz, LH), R.WW (d, KJH = R.U Hz, LH), R.KR (d, 
KJH = R.j Hz, LH), R.K] (d, KJH = R.R Hz, LH), 
[.UZ (t, KJH = R.[ Hz, LH), [.UL (d, KJH = [.j Hz, 
LH), [.[U (d, KJH = R.L Hz, LH), [.]j (s, LH), 
Z.Uj (t, KJH = U.Z Hz, LH), W.RZ (d, KJH = R.j Hz, 

LH), W.ZZ (dd, SJH = LR.W Hz, KJH = R.K Hz, LH), W.S[ (m, SH), W.L[ (dd, SJH = LZ.R Hz, KJH = 
R.K Hz, LH), W.]W (d, SJH = LR.j Hz, LH), K.jZ (d, SJH = L[.K Hz, LH), K.U] (dq, SJH = LS.L Hz, 
KJH = R.W Hz, LH), K.[U (d, SJH = LR.S Hz, LH), K.[] (d, SJH = LR.L Hz, LH), K.SU (dq, SJH = LL.R 
Hz, KJH = R.K Hz, LH), ].RU (t, KJH = R.] Hz, KH). !0

C {
!
H} NMR (L]] MHz, DMSO-d[, ppm) 

δ LU].L, LRU.U, L[].R, LZj.U, LW[.[, LW[.W, LKj.j, LKS.U, LSj.Z, LS[.j, LS].Z, LS].S, LLj.U, LLj.R, 
RR.Z, [W.U, [K.U, [S.R, [S.Z, Zj.[, LW.]. Minor conformer: !

H NMR (W]] MHz, DMSO-
d[, ppm) δ R.j], R.[j, R.Z], R.SR, R.SK, [.RK, [.[L, [.ZK, W.jR, W.RU, W.WZ, W.KK, W.KS, K.UR, 
K.UW, K.[L, K.Z], K.W], K.LZ, ].UW.   !0

C {
!
H} NMR (L]] MHz, DMSO-d[, ppm) δ LRj.K, 

LR[.], L[[.], L[].W, LZj.], LWR.R, LWR.S, LKR.W, LKL.Z, LSU.R, LSS.L, LLj.W, LLU.R, [W.], [K.R, 
[K.L, [S.R, ZU.Z, LW.S. HRMS (ESI) calcd. for CS[HS[CoClNKOW

+ [M-(OBz-Cl)]+: ZKU.]jWW; 
exp: ZKU.]jW[. IR (ATR): ῡ = KSZ], KLWS, L[U], L[SW, LZjZ, LKRU, LLjR, L]UR, RZS, ZZU cm-

L. EA: CKKHK]CoNKOUClS·(HSO)S calcd. C ZW.Lj, N Z.RW, H W.US %; exp. C ZW.KL, N Z.[U, H 
Z.]L %. 

 

 

 

 

Figure S1H. Solid state structure of 8a-OBz-Cl. 
Hydrogen atoms, anions and solvent molecules 
have been omitted for clarity; ellipsoids are set at 
Z]% probability. Selected bond distances [Å] and 
angles [º]: Co-C(L) L.UW[(K), Co-C(S) L.jRS(Z), Co-
N(L) S.]]U(K), Co-N(S) L.UjL(W), Co-N(K) S.]]Z(K), 
Co-O(L) S.]]U(K); C(L)-Co-C(S) jZ.RL(S), C(S)-Co-
O(L) US.RU(S),  C(L)-Co-N(S) jL.RU(S), C(L)-Co-O(L) 
LRU.SL(S). 
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Scheme S!>. Proposed equilibrium of two different conformers of 8a-OBz-Cl in solution at SjU 
K in DMSO-d[ (ratio major/minor = W:L). Taking into account the variation of chemical shifts in 
the enolate unit, as well as the ethyl group from the ester, our current hypothesis is depicted in 
this scheme. 

 

 

Figure S0F. 
LH NMR spectra of 8a-OBz-Cl mixed with W.] equiv. in DMSO-d[ at variable 

temperatures (W]] MHz). As it can be observed in this Figure, both conformers are present at 
W]ºC. However, when the mixture is heated, the amount of major conformer is also increased, 
indicating its better stability in high temperatures by the effect of an external additive, in this 
case water. 
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Figure S0!. 

LH NMR spectra of 8a-OBz-Cl in DMSO-d[ without additives (top) and mixed with 
L.] equiv. of Zn(OTf)S (bottom), W]] MHz, SjU K. Only the major conformer can be observed 
by LH NMR, which confirms its preference when additives are added.  

 
Figure S01. 

LKC NMR spectra of 8a-OBz-Cl in DMSO-d[ without additives (top) and mixed with 
L.] equiv. of Zn(OTf)S (bottom), W]] MHz, SjU K. Only the major conformer can be observed 
by LKC NMR, which confirms its preference when additives are added.   

 

These results suggest that the minor conformer does not participate in the evolution of 
8a-X complexes to the cyclic amide 0 and, indeed, the major conformer is the 
responsible of the SNS-like pathway to furnish INT-MI in presence of additives such as 
lewis acids or water. 
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7.	Reactivity	of	5a-X	Intermediates	

7.1	Evolution	of	organometallic	5a-OAc	complexes	to	cyclic	amide	3	–	Effect	of	

additives	

 
Scheme S!8. Evolution of 8a-X to 0 in presence of a variety of additives. 

 

In a S mL vial, 8a-OAc (].]Sj mmol) and additives (W.] equiv.) were mixed in freshly 
distilled TFE (L.Z mL). The vial was then sealed with a septum and the mixture was 
stirred under air over SWh at L]]ºC. Then, after removal of the solvent, NHWOH (S mL) 
was added and the solution was extracted using CHSClS (SxZmL). Then, reactions crudes 
were analyzed by NMR techniques.  

 

Table S!<. Evolution of 8a-OAc to 0 in presence/absence of additives.  
entry additive  yield of 0 (%)

a
 

L - LW% 
S - ZS%b 
K HSO UZ% 
W AcOH ZL% 
Z CFKSOKH US% 
[ Li(OTf) Uj% 
R Mg(OTf)S [R% 
U Zn(OTf)S ZU% 
j B(C[FZ)K S[% 

aYield determined using L,K,Z-trimethoxybenzene as internal standard. bReaction was carried out over WUh. 
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7.2	Evaluation	of	organometallic	5a-X	complexes	as	catalysts	

 

Scheme S!G. Cyclization of !a-H with EDA to furnish 0 using catalytic ammounts of 8a-X. 

 

In a S mL vial, !a-H (SUmg, ].LLZ mmols), 8a-X (S] mol%), ethyl diazoacetate (SU µl, 
].SK mmol) and HSO (j µl, W.] equiv.) were mixed in TFE (L.Z mL). The vial was then 
sealed with a septum and the mixture was stirred under air over SWh at L]]ºC. Then, 
after removal of the solvent, NHWOH (S mL) was added and the solution was extracted 
using CHSClS (SxZmL). Then, products were purified using silica gel chromatography 
(CHSClS, then CHSClS/MeOH jZ:Z) and characterized by NMR techniques.  

 

Table S!=. Reaction of !a-H with EDA (S.] equiv.) and water as additive (W.] equiv.) using using 
8a-X as catalyst to furnish cyclic amide 0.  

entry 8a-X (x mol%) Yield of 0 (%)
a
 

L 8a-OAc (S]) Rj% (W.] TON) 
S 8a-OBz-OMe (S]) [R% (K.W TON) 
Kc 8a-OBz-Cl (S]) RZ% (K.U TON) 

aIsolated yields after silica gel chromatography.  
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7.3	MS/MS	experiments	of	5a-X	complexes	(X	=	OAc)	

 
Scheme S!<. One of the possible resonance structures of 8a-X proposed to be responsible of the 
evolution of 8a-X to 0. Reactivity observed through MS/MS analysis of 8a-X intermediates. 

 

8a-X complexes were analyzed by high-resolution ESI-MS-QTOF analysis, isolating the 
peak corresponding to [(8a-X)-X] to subject it to tandem MS at different energies. As 
shown in Figures SR, SU and Sj, one peak corresponding to [(INT-MI)-RCOOH)] (R = 
Me, p-OMe-Ph, p-Cl-Ph) was observed (INT-MI’). As expected, the intensity of this peak 
increased with the energy applied. Significantly, when tandem MS experiments of 8a-

OBz-OMe and 8a-OBz-Cl are compared when applying the same collision energy (S] 
eV), 8a-OBz-Cl generates relative higher amounts of INT-MI’ than 8a-OBz-OMe, 
which suggests p-Cl-PhCOO- is a better leaving group.  

 
Figure S00. MS/MS spectrum of 8a-OAc (m/z = WWS.LLUR, S] eV) showing a peak at m/z = 
KUS.]jRK (S] eV), which corresponds to INT-MI’. 
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8.	Deuterium	labeling	experiments	

8.1	D-incorporation	starting	from	2a-OAc	

 
Scheme S!=. Reaction of 1a-X with EDA to furnish deuterated cyclic amide [D]n-0. 

 

In a S mL vial, 1a-OAc (].]ZU mmol), ethyl diazoacetate (LW µl, ].LLZ mmol) and DSO 
(W.S µl, W.] equiv.) were mixed in TFE or TFE-d0 (L.Z mL). The vial was then sealed with 
a septum and the mixture was stirred under air over SWh at L]]ºC. Then, after removal 
of the solvent, NHWOH (S mL) was added and the solution was extracted using CHSClS 
(SxZmL). Then, products were purified using silica gel chromatography (CHSClS, then 
CHSClS/MeOH j]:L]) and analyzed by NMR spectroscopy and MS spectrometry.  
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Figure S0>. LH NMR spectrum of [D]n-0 (up, blue) and 0 (down, black) recorded at SjUK using 
CDClK as solvent. K[% of deuterium incorporation from DSO (W.] equiv.) using TFE as solvent. 

 

 
Figure S08. HRMS-ESI-QTOF of [D]n-0 obtained after reaction of 1a-OAc with EDA and DSO 
(W.] equiv.) in TFE.  Mass analysis shows KW% D incorporation in agreement with LH-NMR 
(Figure SL]). Deuterium incorporation was measured by the relative intensity of the peaks in 
the mass spectrum corresponding to the deuterated and non-deuterated products. 
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Figure S0G. LH NMR spectrum of [D]n-0 (up, blue) and 0 (down, black) recorded at SjUK using 
CDClK as solvent. U[% of deuterium incorporation from DSO (W.] equiv.) using TFE-dK as 
solvent. KU% of D incorporation due to D-exchange of the acidic proton of EDA. 

 

 
Figure S0<. HRMS-ESI-QTOF of [D]n-0 obtained after reaction of 1a-OAc with EDA and DSO 
(W.] equiv.) in TFE-dK.  Mass analysis shows j]% D incorporation in agreement with LH-NMR 
(Figure SLS). Deuterium incorporation was measured by the relative intensity of the peaks in 
the mass spectrum corresponding to the deuterated and non-deuterated products. 
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Figure S0=. LH NMR spectrum of [D]n-0 (up, blue) and 0 (down, black) recorded at SjUK using 
CDClK as solvent. [Z% of deuterium incorporation from HSO (W.] equiv.) using TFE-dK as 
solvent. WL% of D incorporation due to D-exchange of the acidic proton of EDA can also be 
observed. 

 

 
Figure S0H. HRMS-ESI-QTOF of [D]n-0 obtained after reaction of 1a-OAc with EDA and DSO 
(W.] equiv.) in TFE-dK.  Mass analysis shows RZ% D incorporation in agreement with LH-NMR 
(Figure SLW). Deuterium incorporation was measured by the relative intensity of the peaks in 
the mass spectrum corresponding to the deuterated and non-deuterated products. 
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Figure S>F. LH NMR spectrum of [D]n-0 (up, blue) and 0 (down, black) recorded at SjU K using 
CDClK as solvent. jL% of D-incorporation from TFE-dK (W.] equiv.) using LiOTf as additive.R]% 
of D incorporation due to D-exchange of the acidic proton of EDA can also be observed. 

 

 

Figure S>!. HRMS-ESI-QTOF of [D]n-0 obtained after reaction of 1a-OAc with EDA and 
Li(OTf) (L.] equiv.) in TFE-dK.  Mass analysis shows jj% D incorporation in agreement with LH-
NMR (Figure SL[). Deuterium incorporation was measured by the relative intensity of the peaks 
in the mass spectrum corresponding to the deuterated and non-deuterated products. 
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Figure S>1. LH NMR spectrum of [D]n-0 (up, blue) and 0 (down, black) recorded at SjUK using 
CDClK as solvent. jL% of D-incorporation from MeOD-dW using LiOTf (L.] equiv.) as 
additive.j]% of D incorporation due to D-exchange of the acidic proton of EDA can also be 
observed. 

 

 
Figure S>0. HRMS-ESI-QTOF of [D]n-0 obtained after reaction of 1a-OAc with EDA and 
Li(OTf) (L.] equiv.) in MeOD-dW.  Mass analysis shows jj% D incorporation in agreement with 
LH-NMR (Figure SL[). Deuterium incorporation was measured by the relative intensity of the 
peaks in the mass spectrum corresponding to the deuterated and non-deuterated products. 
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8.2	D-incorporation	starting	from	5a-OAc	

 

Scheme S!H. D-incorporation reaction of 8a-OAc to furnish [D]n-0 using DSO as proton source. 

 

In a S mL vial, 8a-OAc (].]Sj mmol), and DSO (S.L µl, W.] equiv.) were mixed in TFE 
(L.Z mL). The vial was then sealed with a septum and the mixture was stirred under air 
over SWh at L]]ºC. Then, after removal of the solvent, NHWOH (S mL) was added and 
the solution was extracted using CHSClS (SxZmL). Then, products were purified using 
silica gel chromatography (CHSClS, then CHSClS/MeOH j]:L]) and analyzed by NMR 
spectroscopy. Cyclic amide was obtained in UR% yield with 00% D-incorporation ([R% 
H-0) in accordance with experiments starting from 1a-OAc (Figures SK-W). 
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9.	Reactivity	of	Rh-analogue	complex	with	EDA	

 

 
Scheme S1F. Stoichometric reaction of Gb-Cl with EDA to furnish intermediate species <b-

OBz-Cl in presence of Ag(OBz-Cl). 

In a S mL vial, Gb-Cl (].]ZU mmol) and Ag(OBz-Cl) (S.] equiv.) were mixed in TFE and 
heated over LZ min at L]]ºC. Then, the mixture was filtered and EDA (S.] equiv.) was 
added. The vial was then sealed with a septum and the mixture was stirred under air 
over LZ min at L]]ºC. After reaction completion, crude mixture was analyzed by HRMS 
and reaction intermediates were detected as major products. Then, recrystallization 
with CHClK layered with pentane yielded a white foam corresponding to the 
organometallic complex <b-OBz-Cl, which was characterized by NMR.  

 

	[1b-RhII(EDA-OBz-Cl)](OBz-Cl)	–	(7b-OBz-Cl)	

White foam (jR% yield, KU.[ mg, ].]Z[ mmol). !H NMR (W]] MHz, CDClK, ppm) δ R.UU 
(d, KJH = U.S Hz, SH), R.UL (d, KJH = U.L Hz, SH), 
R.W[ (t, KJH = R.U Hz, LH), R.SZ (d, KJH = U.[ Hz, 
SH), R.LR (d, KJH = U.Z Hz, LH), [.jU (d, KJH = R.U 
Hz, LH), [.jW (d, KJH = R.U Hz, LH), [.RZ (d, KJH = 
W.L Hz, LH), [.[K (d, KJH = R.] Hz, LH), [.Zj (d, KJH 

= [.U Hz, LH), [.ZL (d, KJH = [.j Hz, LH), Z.W[ (d, 
SJH = LZ.L Hz, LH), W.jZ (d, SJH = LW.U Hz, LH), W.US 

(d, SJH = LZ.K Hz, LH), W.Z] (d, SJH = LW.j Hz, LH), K.UK (m, KH), K.R] (d, SJH = LZ.U Hz, LH), 
K.SR (s, KH), K.S[ (s, KH), K.]Z (m, LH), ].j] (t, KJH = R.W Hz, KH). !0

C {
!
H} NMR (L]] 

MHz, CDClK, ppm) δ LRU.R, LRL.W, L[j.W (d), L[Z.Z, LZR.W, LZ[.[, LWL.j, LWL.Z, LKU.], LKR.S, 
LK[.Z, LKZ.W, LK].U, LK].R, LSU.S, LSR.W, LSL.W, LLj.S, LLj.], LLU.j, LLU.R, RZ.R, RZ.S, RZ.L, [R.j 
(d), ZU.U, ZK.K, ZS.K, SS.W, LW.]. HRMS (ESI) calcd. for CSUHK]RhClNKOW

+ [M-(OBz-Cl)]+: 
[L].]jU]; found: [L].]jUU. IR (ATR): ῡ = SjUL, L[Uj, LZjj, LZZj, LKRW, LSU[, LL[R, L]UR, 
L]KU, UWW, RRS, RZ], ZS] cm-L. EA: CKZHKZRhClSNKO[·(HSO)S calcd. C ZS.KS, N Z.SK, H 
W.Uj %; exp. C ZS.K], N Z.WK, H W.[j %. 
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10.	Crystallographic	Data	Information	

10.1	X-Ray	structure	of	5a-OBz-Cl	

Orange crystals of (CS[HS[CoNKOW)S(CRHWOSCl)S, were grown from slow diffusion of 
pentane in a CHClK solution of the compound, and used for low temperature (L]](S) K) 
X-ray structure determination. The measurement was carried out on a BRUKER SMART 
APEX CCD diffractometer using graphite-monochromated Mo Ka radiation (l = 
].RL]RK Å) from an x-Ray Tube. The measurements were made in the range L.WUW to 
SR.WjR° for θ. Hemi-sphere data collection was carried out with ω and φ scans. A total 
of LWLjK reflections were collected of which UjZW [R(int) = ].]WKW] were unique. 
Programs used: data collection, SmartLj; data reduction, Saint+S]; absorption correction, 
SADABSSL. Structure solution and refinement was done using SHELXTLSS. The structure 
was solved by direct methods and refined by full-matrix least-squares methods on FS. 
The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in 
geometrically optimized positions and forced to ride on the atom to which they are 
attached. A considerable amount of electron density attributable to a disordered CHClK 
solvent molecule per asymmetric unit was removed with the SQUEEZE option of 
PLATON.SK  

 

Table S!H. Crystallographic parameters for 
8a-OBz-Cl. 

Chemical	formula	 C41H35Cl6N3CoO8	

fw	(g	mol-1)	 969.4	

T	(K)	 100	(2)	

Space	group	 Triclinic,	P-1	

a	(Å)	 11.329(3)	

b	(Å)	 13.762(3)	

c	(Å)	 14.051(3)	

α	(deg.)	 85.705(5)	

β	(deg.)	 71.336(4)	

γ	(deg.)	 88.624(4)	

V	(Å3)	 2069.6(8)	

ρcalcd.	(g	cm-3)	 1.555	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0640	

wR2	[I>2sigma(I)]	 0.0.1340	
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10.2	X-Ray	structure	of	5a-OBz-OMe	

Orange crystals of (CS[HSUCoNKOZ)(CUHROK)S, were grown from slow diffusion of 
pentane in a CHClK solution of the compound, and used for low temperature (L]](S) K) 
X-ray structure determination. The measurement was carried out on a BRUKER SMART 
APEX CCD diffractometer using graphite-monochromated Mo Ka radiation (l = 
].RL]RK Å) from an x-Ray Tube. The measurements were made in the range S.SZW to 
SU.[L]° for θ. Hemi-sphere data collection was carried out with ω and φ scans. A total 
of KKKRW reflections were collected of which L]WZj [R(int) = ].LRUU] were unique. 
Programs used: data collection, SmartLj; data reduction, Saint+S]; absorption correction, 
SADABSSL. Structure solution and refinement was done using SHELXTLSS. The structure 
was solved by direct methods and refined by full-matrix least-squares methods on FS. 
The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in 
geometrically optimized positions and forced to ride on the atom to which they are 
attached. A considerable amount of electron density attributable to disordered solvent 
molecules which could not be properly identified was removed with the SQUEEZE 
option of PLATON.SK 

 

Table S1F. Crystallographic parameters for 
8a-OBz-OMe. 

Chemical	formula	 C43H43CoN3O11	

fw	(g	mol-1)	 836.73	

T	(K)	 100	(2)	

Space	group	 Triclinic,	P-1	

a	(Å)	 11.440(8)	

b	(Å)	 14.002(9)	

c	(Å)	 14.246(10)	

α	(deg.)	 87.644(14)	

β	(deg.)	 83.554(12)	

γ	(deg.)	 71.092(10)	

V	(Å3)	 2145(2)	

ρcalcd.	(g	cm-3)	 1.295	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.1319	

wR2	[I>2sigma(I)]	 0.3499	
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12.	Additional	DFT	information	

 
 

Figure S>>. Geometry of the optimized structures for the profile of the reaction (Figure W) 
computed at BPU[/DefSTZVP level of theory. The following color code illustrates the kind of 
atoms in the figure: Carbon, Nitrogen, Oxygen, Hydrogen, Cobalt, Lithium. Most of 
hydrogens have been omitted for clarity.  

 

We choose BPU[ as the functional to optimize geometries because it describes better  
the Co(III)-C bond distances than BKLYPSW–S[, which overestimates those distances. 
However, to describe the energy values we performed single point energy (SPE) 
calculations at the BKLYP level. Furthermore, we optimized the geometries with another 
functional (M][-L) to compare the consistency of our results (See Figure SLS). At the 
M][-L level, all our attempts to localize the carbene species end up in the species 8a-

OAc, which leads to conclude that at this level of theory the 1a-carbene is not an 
intermediate. At this point it is important to remark that the fact that we were able to 
obtain the optimized 1a-carbene with the BPU[ functional is not in disagreement with 
the previously stated because the barrier to pass from carbene to 8a-OAc (TSS) is very 
small (only ].U kcal mol-L).  
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Figure S>8. Gibbs Energy profiles described by DFT at three different level of theory (BPU[, 
ML][-l, and BKLYP(SPE)//BPU[). All the values are relative Gibbs energies referenced to their 
corresponding reactants’ Gibbs energies at infinite distance (1a-OAc + EDA).  

 

 
Figure S>G. Geometry of the optimized water-coordinated structures computed at 
BPU[/DefSTZVP level of theory. The following color code illustrates the kind of atoms in the 
figure: Carbon, Nitrogen, Oxygen, Hydrogen, Cobalt. Most of hydrogens have been omitted 
for clarity.  
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Figure S><. Geometry of the optimized structures coordinated to Lithium cation (Li+) 
computed at BPU[/DefSTZVP level of theory. The following color code illustrates the kind of 
atoms in the figure: Carbon, Nitrogen, Oxygen, Hydrogen, Cobalt, Lithium. Most of 
hydrogens have been omitted for clarity.  

 

 

Figure S>=. Geometry of the optimized TFA-complexes computed at BPU[/DefSTZVP level of 
theory. The following color code illustrates the kind of atoms in the figure: Carbon, Nitrogen, 
Oxygen, Hydrogen, Cobalt, Fluor. Most of hydrogens have been omitted for clarity 
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14.	Selected	Original	NMR	spectra		

 

Figure S>H. W]] MHz LH NMR spectrum of 8a-OAc in DMSO-d[, SjU K.  

 

Figure S8F. L]] MHz LKC {LH} NMR spectrum of 8a-OAc in DMSO-d[, SjU K.  
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Figure S8!. L]] MHz LKC {LH} NMR spectrum (carbene region) of 8a-OAc in DMSO-d[, SjU K.  

 

Figure S81. W]] MHz LH-LKC HSQC spectrum of 8a-OAc in DMSO-d[, SjU K.   
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Figure S8>. HRMS spectrum of 8a-OAc showing a peak at m/z = WWS.LLUK Inset: up, 
experimental spectrum; down, simulated spectrum.  

 

Figure S88. W]] MHz LH NMR spectrum of 8a-OBz-OMe in DMSO-d[, SjU K.  
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Figure S8G. L]] MHz LKC {LH} NMR spectrum of 8a-OBz-OMe in DMSO-d[, SjU K.  

 

Figure S8<. []] MHz LH NMR spectrum of 8a-OBz-Cl in DMSO-d[, SjU K. Minor peaks 
correspond to a conformer in equilibrium with 8a-OBz-Cl.  
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Figure S8=. []] MHz LH-LH COSY NMR spectrum of 8a-OBz-Cl in DMSO-d[, SjU K. Exchange 
peaks show a conformer in equilibrium with 8a-OBz-Cl. 

 

Figure S8H. LZ] MHz LKC {LH} NMR spectrum of 8a-OBz-Cl in DMSO-d[, SjU K.
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1.	General	Considerations	

All reagents and solvents were purchased from Sigma Aldrich, Fisher Scientific or 
Fluorochem and used without further purification. Aryl sulfonamide (1a) was 
purchased from Sigma Aldrich. Phenyl Acetylene-DL (>jZ% D) and DZ-
benzenesulfonylchloride were prepared according to the previously reported literature 
protocols.L,S LH and LKC {LH} NMR spectra were recorded on Bruker AV-K]] or Bruker 
DPX W]] MHz spectrometers and referenced to the residual deuterated solvent signals. 
High Resolution Mass Spectra (HRMS) were recorded by the Serveis Tècnics of the 
University of Girona on a Bruker MicroTOF-Q IITM instrument using an ESI ionization 
source. IR Spectra (FTIR) were recorded on a FT-IR Alpha spectrometer from Bruker 
with a PLATINUM-ATR attachment using OPUS software to process the data. Starting 
aryl sulfonamide substrates were synthesized following reported protocols.K-LL  
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2.	Cobalt-Catalyzed	Sultam	Synthesis	

2.1	Optimization	of	cobalt-catalyzed	Sultam	synthesis		

2.1.1	Solvent	screening	

 

Scheme S1!. Optimization of conditions for the synthesis of cyclic sulfonamides. 

General procedure: Z] mg of !a (].LR mmol), Co(OAc)S ([.] mg, S]mol%, ].]KW mmol), 
KOAc (KK.W mg, S equiv., ].KW mmol), Mn(OAc)S (Sj.W mg, L equiv., ].LR mmol) and 
phenylacetylene (a) (KW.R mg, S equiv., ].KW mmol) with SmL solvent were added to a 
glass vial under air and the vial sealed. The resulting mixture was stirred at L]] oC for 
SWh and cooled to room temperature. The reaction crude was analysed by LH-NMR 
spectroscopy (CDClK) using mesitylene as internal standard.  

Table S1!. Optimization of solvent used for the synthesis of cyclic sulfonamides. 

entry solvent yield (%) of !aa
[a]

 

L DMF trace 
1 Trifluoroethanol (TFE) 11 

K Ethanol LS 
W MeCN L] 
Z MeOH LL 
[ Toluene trace 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard 
 

2.1.2	Oxidant	screening	

The same procedure was applied as described for the solvent screening, except S mL of 
trifluoroethanol was used as solvent and the oxidant was varied. 

Table S11. Optimization of oxidant used for the synthesis of cyclic sulfonamides. 

entry oxidant yield (%) of !aa
[a]

 

L Mn(OAc)S SS 
S Benzoquinone trace 
K AgSO [ 
W AgNOK Z] 
Z PhI(OAc)S LS 
G Mn(OAc)0·1H1O G1 

R OS (atm) K 
U NS (No oxidant) trace 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard 

S

Me

N
H

O O

N

Co(OAc)2 (20 mol%)
KOAc (2.0 equiv.)

Mn(OAc)2 (1.0 equiv.)

solvent, 24h, 100ºC, airH

S

Me

N
O O

NPh
1a 1aa

Ph (2.0 equiv.)H



ANNEX	III	 	 SUPPORTING	INFORMATION	FOR	CHAPTER	V	

	

	 S83	

2.1.3	Base	screening	

The same procedure was applied as described for the solvent screening except S mL of 
trifluoroethanol was used as solvent, the oxidant was Mn(OAc)K.SHSO and the base was 
varied. 

Table S10. Optimization of base used for the synthesis of cyclic sulfonamides. 

entry base yield (%) of !aa
[a]

 

L KOAc [U 
S NaSCOK SS 
K KSCOK R 
W CsSCOK W 
8 NaOPiv.H1O H! 

[ CsOPiv RU 
R CsOAc [R 
U NaOAc.HSO [j 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard. 
 

2.1.4	Cobalt	source	screening	

The same procedure was applied as described for the solvent screening except S mL of 
trifluoroethanol was used as solvent, the oxidant was Mn(OAc)K.SHSO, the base was 
NaOPiv.HSO and the cobalt source was varied. 

Table S1>. Optimization of cobalt source used for the synthesis of cyclic sulfonamides.  

entry cobalt source yield (%) of !aa
[a]

 

! Co(OAc)1 H! 

S CoClS j] 
K CoBrS UU 
W Co(NOK)S·[HSO UL 
Z (Cp)SCo trace 
[ Co(acac)S SU 
R Co(acac)K LR 
U Co(CFKSOK)S(CHKCN)S KL 
j Co(OAc)S·WHSO j] 
L] CoClS·[HSO UR 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard. 
 
2.1.5	Catalyst	loading	and	temperature	screening	

The effect of variation in catalyst loading and reaction temperature was studied using 
optimized reagents from K.L.L-K.L.W. 

Z] mg of !a (].LR mmol), Co(OAc)S, NaOPiv.HSO (WS.Smg, S equiv., ].KW mmol), 
Mn(OAc)K.SHSO (WZ.[ mg, L equiv., ].LR mmol) and phenylacetylene (a) (KW.R mg, S 
equiv., ].KW mmol) with SmL trifluoroethanol were added to a glass vial under air and 
the vial sealed. The resulting mixture was stirred at the required temperature for SWh 



ANNEX	III	 	 SUPPORTING	INFORMATION	FOR	CHAPTER	V	

	

	S84	

and cooled to room temperature. The reaction crude was analysed by LH-NMR 
spectroscopy (CDClK) using mesitylene as internal standard.  

Table S18. Optimization of temperature and catalyst loading used for the synthesis of cyclic 
sulfonamides. 

entry T (
o
C) Co(OAc)1 (mol%) yield (%) of !aa

[a]
 TON 

! !FF 1F H! >.8 

S L]] L] [L [.L 
K L]] Z S] W.] 
W Z] S] Zj K.] 
Z Z] L] W] W.] 
[ Z] Z LU K.[ 
R rt S] LZ ].U 
U rt L] j ].j 
j rt Z W ].U 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard. 
 

2.1.6	Time	studies	

The effect of variation of time was studied using optimized reagents from K.L.L-K.L.W. 

Z] mg of !a (].LR mmol), Co(OAc)S ([.] mg, S] mol%, ].]KW mmol), NaOPiv.HSO 
(WS.Smg, S equiv., ].KW mmol), Mn(OAc)K.SHSO (WZ.[ mg, L equiv., ].LR mmol) and 
phenylacetylene (a) (KW.R mg, S equiv., ].KW mmol) with SmL trifluoroethanol were 
added to a glass vial under air and the vial sealed. The resulting mixture was stirred at 
L]] oC for the required time and cooled to room temperature. The reaction crude was 
analysed by LH-NMR spectroscopy (CDClK) using mesitylene as internal standard. 

Table S1G. Optimization of time employed for the synthesis of cyclic sulfonamides.  

entry time (h) yield (%) of !aa
[a]

 

L S RW 
S W RU 
K [ UW 
W U U[ 
8 !G HF 

[ SW jL 
[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard. 

 

2.1.7	Effect	of	atmosphereand	oxidant	loading	studies	

The effect of the atmosphere was studied using optimized reagents from K.L.L-K.L.W. 

Z] mg of !a (].LR mmol), Co(OAc)S ([.] mg, S]mol%, ].]KW mmol), NaOPiv.HSO (WS.S 
mg, S equiv., ].KW mmol), Mn(OAc)K.SHSO (WZ.[ mg, L equiv., ].LR mmol) and L,S-
diphenylacetylene (g) (KW.R mg, S equiv., ].KW mmol) with SmL trifluoroethanolwere 
added to a glass vial under air and the vial sealed. The resulting mixture was stirred at 
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L]] oC for L[ h and cooled to room temperature. The reaction crude was analysed by LH-
NMR spectroscopy (CDClK) using mesitylene as internal standard. 

Table S1<. Evaluation of the oxidants and their amount employed for the synthesis of  

entry atmosphere Mn(OAc)0·1H1O (equiv.) yield (%) of !aa
[a]

 

L air L.] Rj 
S[b] OS L.] UL 
K[b] OS ].Z [S 
W[c] NS L.] KU 
Z[c] NS S.] WW 
[[c] NS ].Z SK 
R[c] NS Z.] [[ 
U[d] NSO L.] Z[ 
j[d,e] NSO L.] ZW 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard [b]Trifluoroethanol 
saturated with O2. 

[c]Degassed trifluoroethanol used. [d]Trifluoroethanol saturated with N2O. 
[e]Phenylacetylene (a) used as substrate. 

 

 
Figure SGF. Effect of Mn(OAc)K.SHSO loading on yield of Sultam product using NS atmosphere. 
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2.2	Characterization	Data	for	Sultam	Products	

2.2.1	1H	and	13C	{1H}	NMR	and	mass	spectrometry	data	

All the Sultam products were synthesized using the optimized reaction conditions from 
section K.L: 

 
Scheme S11. Cobalt-catalyzed synthesis of cyclic sulfonamides (sultams) with alkynes. 

Aryl sulfonamide (!a-!k) (].KZ mmol), Co(OAc)S (LS.W mg, S] mol%, ].]R mmol), 
NaOPiv.HSO (U[.U mg, S equiv., ].R] mmol), Mn(OAc)K·SHSO (jW.] mg, L equiv., ].KZ 
mmol), alkyne substrate (a-s) (S equiv., ].R] mmol) and SmL trifluoroethanol were 
added to a glass vial under air and the vial sealed. The resulting mixture was stirred at 
L]] oC for L[ h and cooled to room temperature. The solvent was removed and the 
product purified using column chromatography (Silica gel: dichloromethane). After 
purification the product was dried under reduced pressure. 

6-methyl-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1aa)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !aa; LLj mg of 
a white powder (=8%). !H NMR (K]] MHz, CDClK, ppm): δ j.LL 
(dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]U (dd, KJHH = U.K Hz, 
WJHH = L.R Hz, LH), R.Rj (d, KJHH = S.S Hz, LH), R.RR (m, LH), R.RK 
(d, KJHH = R.U Hz, LH), R.[R (dd, KJHH = R.W Hz, WJHH = S.L Hz, LH), 

R.WZ (m, SH), R.K] (m, KH), R.LR (d, KJHH = S.Z Hz, SH), R.LZ(d, WJHH = L.L Hz, LH), [.j[ (s, 
LH), S.ZL (s, KH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.S, LZL.], LWZ.R, LWW.K, LWS.R, 

LKZ.R, LKZ.[, LK[.WLKK.S, LSj.W, LSj.L, LSj.], LSU.R, LSU.S, LSR.j, LSR.R, LSZ.[, LSS.R, LSL.R, 
LLS.Z, LLS.W, SL.R. IR (ATR): ῡ = K]ZU, SjK], SUW], SSWR, LR]j, LZjL, LW[U, LKWS, LKLW, LSZL, 
LL[R, LL]j, L]UL, L]SZ, j]j, USU, RZ[, RSU, [jR, ZK], WUL cm-L. HRMS (ESI) calcd. for 
CSWHLUNSOSS[M+H]+: Kjj.LL[S; found: Kjj.LL[L. Rf: ].ZL (dichloromethane). m.p. SZ]-
SZLºC. 

 

 

 

 

R2

R1 S N
H

O O

N

Co(OAc)2 (20 mol%)
NaOPiv·H2O (2.0 equiv.)

Mn(OAc)3·2H2O (1.0 equiv.)

TFE, 16h, 100ºC, airH R2

R1 S N
O O

R4

Ph (2.0 equiv.)H

R3

N
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6-methoxy-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1ba)	

Prepared in accordance to the general synthesis described 
above: !b (LL] mg, ].KZ mmol) was converted to !ba; LS] mg of 
a white solid (=0%).  !

H NMR (K]] MHz, CDClK, ppm): δ j.]R 
(dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]S (dd, KJHH = U.K Hz, 
WJHH = L.R Hz, LH), R.RZ (m, SH), R.RK (d, KJHH = U.S Hz, LH), R.[W 
(m, LH), R.KR (dd, KJHH = U.S Hz, WJHH = W.S Hz, LH), R.SZ (s, LH), 

R.SW (d, KJHH = L.U Hz, LH), R.LK (d, KJHH = S.L Hz, SH), R.LS (d, KJHH = L.R Hz, LH), R.][ (d, 
KJHH = S.W Hz, LH), [.jj (dd,KJHH = U.S Hz, WJHH = S.W Hz, LH), [.j] (s, LH), K.jL (s, KH). 
!0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ L[S.W, LZL.S, LZL.], LWZ.R, LWW.U, LKZ.U, LKZ.R, LKZ.K, 

LKZ.S, LSj.K, LSj.], LSU.R, LSU.S, LSR.j, LSR.U, LSZ.[, LSW.[, LSW.Z, LSL.R, LLW.R, LLS.Z, LLS.W, 
LLL.S, ZZ.R. IR (ATR): ῡ = K]ZU, SjKZ, SUKj, SSZK, LZjL, LW[U, LKWL, LSZ], LL[R, LLL], L]U], 
L]SW, j]U, RUj, RZZ, RS[, [j[, ZUK, ZK], WRU cm-L. HRMS (ESI) calcd. for CSWHLUNSOKS 
[M+H]+: WLZ.LLLL; found: WLZ.LLLK. Rf: ].WZ (dichloromethane). m.p. SS[-SSUºC. 

6-chloro-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1ca)	

Prepared in accordance to the general synthesis described above: 
!c (LLS mg, ].KZ mmol) was converted to !ca; LLL mg of a white solid 
(<8%). !H NMR (K]] MHz, CDClK, ppm): δ U.jj (dd, KJHH = W.S Hz, 
WJHH = L.R Hz, LH), U.]Z (dd, KJHH = U.K Hz, WJHH = L.R Hz, LH), R.RK 
(d, KJHH = U.W Hz, LH), R.[U (m, KH), R.[K (d, KJHH = S.U Hz, LH), R.WW 
(dd, KJHH = U.W Hz, WJHH = S.S Hz, LH),R.W] (dd, KJHH = U.W Hz, WJHH 

= W.S Hz, LH) R.KS (m, SH), R.LK(m, KH), [.U[ (s, LH). !0
C {

!
H} NMR (RZ MHz, CDClK, 

ppm): δ LZL.S, LZL.], LWZ.U, LWZ.Z, LKU.S, LKZ.U, LKZ.S, LKZ.], LKW.j, LK].L, LSj.Z, LSj.], LSU.K, 
LSU.L, LSR.j, LSR.S, LSR.], LSZ.[, LSW.K, LSL.R, LLL.S. IR (ATR):ῡ = KSWZ, K]ZU, SjSW, SL[R, 
LZUW, LZWR, LWjU, LWWR, LKU[, LKWj, LKLL, LSKj, LLRL, LLKZ, L]RU, L]S[, U[L, ULj, R[], RK[, [j[, 
[Wj, ZjS, WU], WSR cm-L. HRMS (ESI) calcd. for CSKHLZClNSOSS [M+H]+: WLj.][L[; found: 
WLj.][Lj. Rf: ].ZU (dichloromethane). m.p. SZZ-SZRºC. 

3,6-diphenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1da)	

Prepared in accordance to the general synthesis described 
above: !d (LS[ mg, ].KZ mmol) was converted to !da; LKL mg 
of a white solid (<H% !da and <S% minor regioisomer (ratio 
of <1F:!). !

H NMR (K]] MHz, CDClK, ppm): δ j.]R (dd, KJHH 
= W.S Hz, WJHH = L.R Hz, LH), U.][ (dd, KJHH = U.W Hz, WJHH = L.R 
Hz, LH), R.U[ (d, KJHH = U.S Hz, LH), R.UL (d, KJHH = LU Hz, LH), 

R.R[ (m, SH), R.[R (m, WH), R.[Z (d, KJHH = S.S Hz, SH), R.Z[-R.KR (m, WH), R.K] (s, LH), 
R.SU (d, KJHH = L.U Hz, LH), R.LZ (d, KJHH = L.U Hz, LH), R.LW (m, KH), R.]K (s, LH). !0

C {
!
H} 

NMR (RZ MHz, CDClK, ppm): δ LZL.S, LZL.], LWZ.R, LWZ.S, LWW.R, LWW.W, LKj.R, LKZ.R, LKZ.[, 
LKZ.Z, LKZ.K, LKK.R, LK].[, LSj.K, LSj.], LSU.j, LSU.K, LSR.j, LSR.U, LSR.Z, LSR.W, LS[.U, LS[.S, 
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LS[.], LSZ.[, LSK.S, LSL.R, LLS.[, LLS.Z. IR (ATR):ῡ = K][], SjSK, SUWL, SK[K, LRLS, LZjZ, 
LWjW, LW[R, LKUZ, LKWS, LLRS, LLKU, LL]j, L]Rj, L]SW, j][, R[L, [j[, ZU[, ZKZ, WRR cm-L. 
HRMS (ESI) calcd. for CSjHS]NSOSS [M+H]+: W[L.LKLU; found: W[L.LKSZ. Rf: ].ZR 
(dichloromethane). m.p. SRR-SRUºC (decomposes). 

3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1ea)	

Prepared in accordance to the general synthesis described above: !e 
(L]] mg, ].KZ mmol) was converted to !ea; L]jmg of a white solid 
(=!%). !

H NMR (K]] MHz, CDClK, ppm): δ j.]U (dd, KJHH = W.L Hz, 
WJHH = L.U Hz, LH), U.]U (dd, KJHH = U.W Hz, WJHH = L.R Hz, LH), R.UK (d, 
KJHH = U.L Hz, LH), R.RU (d, KJHH = S.L Hz, LH), R.R[ (m, LH), R.[R (d, 
KJHH = S.S Hz, LH), R.[Z(d, KJHH = S.S Hz, SH), R.ZL (m, LH), R.WS (dd, 

KJHH = U.S Hz, KJHH = W.S Hz, LH), R.SU (m, SH). R.L[ (d, KJHH = S.L Hz, SH), R.LW (d, KJHH = 
L.R Hz, LH), [.jj (s, LH).    !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.S, LZL.], LWZ.R, 

LWW.W, LKZ.U, LKZ.[, LKZ.Z, LKZ.K, LKK.S, LKL.U, LSj.S, LSj.], LSU.j, LSU.K, LSR.j,LSR.U, LSZ.[, 
LSS.R, LSL.U, LLS.Z, LLS.W. IR (ATR): ῡ = K]RL, K]KS, L[LU, LZjW, LWjS, LW[U, LKW], LSjS, LLRK, 
LLK], Rj], R[U, R[], [jR, [W[, ZjS, ZUK, ZZj, ZSR, WUK cm-L. HRMS (ESI) calcd. for 
CSKHL[NSOSS [M+H]+: KUZ.L]]Z; found: KUZ.L]]W. Rf: ].ZK (dichloromethane). m.p. S[K-
S[WºC. 

3-phenyl-2-(quinolin-8-yl)-7-(trifluoromethyl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1fa)	

Prepared in accordance to the general synthesis described 
above: !f (LSK mg, ].KZ mmol) was converted to !fa; L]S mg of 
a white solid (G>%). !

H NMR (K]] MHz, CDClK, ppm): δ U.jR 
(dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]j (s, LH), U.]U (dd, KJHH 

= U.S Hz, WJHH = L.U Hz, LH), R.jL (d, KJHH = U.S Hz, LH), R.RK (m, 
WH), R.W] (m, KH), R.LR (m, KH), [.jU (s, LH). !0

C {
!
H} NMR (RZ 

MHz, CDClK, ppm):LZL.S, LZL.], LW[.R, LWZ.W, LKZ.[, LKZ.U, LKZ.R, LKZ.L, LKW.R, LKL.U, LSj.R, 
LSj.], LSU.K, LSU.S, LSU.], LSZ.[, LSZ.S, LSL.U, LSL.[, LS].S, LLL.S, LLL.L. !H

F {
!
H} NMR (SUS 

MHz, CDClK, ppm): δ -[S.W. IR (ATR): ῡ = K]WU, SjSK, SUZL, L[]U, LWjW, LW[j, LKZS, LKSZ, 
LS]L, LL[K, LLKL, L]UZ, UUW, RjL, R[], [jW, ZZj, WUL cm-L. HRMS (ESI) calcd. for 
CSWHLZFKNSOSS[M+H]+: WZK.]UUZ; found: WZK.]UUK. Rf: ].[R (dichloromethane). m.p. 
Ljj-S]LºC. 
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6-fluoro-7-methyl-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1ga)	

Prepared in accordance to the general synthesis described above: !g (LL] mg, ].KZ mmol) 
was converted to !ga; jW mg of a white solid (G0% and S% minor 
regioisomer (ratio of ><:!)). !H NMR (K]] MHz, CDClK, ppm): δ 
j.][ (dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]U (dd, KJHH = U.K 
Hz, WJHH = L.R Hz, LH), R.[j (m, WH), R.WK (dd, KJHH = U.W Hz, WJHH 
= W.S Hz, LH), R.KS (m, SH), R.S[ (d,KJHH = U.W Hz, LH), R.LZ (m, 
KH), [.Uj (s, LH).        !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ 

L[Z.], L[L.[, LZL.S, LZL.], LWZ.[, LWW.U, LKZ.U, LKZ.W, LKZ.L, LKK.Z, LSj.K, LSj.], LSU.K, LSR.j, 
LSR.U, LSZ.j, LSZ.[, LSL.U, LLK.Z, LLL.[, LLL.Z, LW.R. !H

F {
!
H} NMR (SUS MHz, CDClK, ppm): -

LL].U. IR (ATR): ῡ = K][L, SjSK, SUZS, L[L], LWjK, LWUK, LKUU, LKWR, LSKZ, LL[Z, LLKK, LL]R, 
L]S[, URR, UKL, RUj, R[S, [UU, ZR[, Z][, WUW cm-L. HRMS (ESI) calcd. for CSWHLRFNSOSS 
[M+H]+: WLR.L][U; found: WLR.L][K. Rf: ].[j (dichloromethane). m.p. SSL-SSKºC. 

3-phenyl-2-(quinolin-8-yl)-2H-naphtho[2,3-e][1,2]thiazine	1,1-dioxide	(1ha)	

Prepared in accordance to the general synthesis described 
above: !h (LLRmg, ].KZ mmol) was converted to !ha; LS[ mg of 
a white solid (=!%). !

H NMR (K]] MHz, CDClK, ppm): δ j.][ 
(dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.KR (s, LH), U.LL (s, LH), 
U.][ (dd, KJHH = R.W Hz, WJHH = L.R Hz, LH), U.]L (d, KJHH = R.R Hz, 
LH), R.j[ (d, KJHH = R.R Hz, LH), R.UW (m, SH), R.[[ (m, SH), R.ZR 

(m, LH), R.WS (dd, KJHH = U.S Hz, WJHH = W.S Hz, LH), R.Sj (s, LH), R.SU (d, KJHH = W.S Hz, 
LH), R.LU (m, WH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.S, LZ].j, LWZ.U, LWK.j, LKZ.R, 

LKZ.[, LKW.U, LKS.L, LKL.W, LK].K, LSj.Z, LSj.K, LSj.L, LSU.[, LSU.K, LSU.L, LSR.R, LSR.Z, LS[.U, 
LS[.R, LSZ.[, LSK.Z, LSL.R, LLK.R, LLL.j. IR (ATR): ῡ = K]ZK, SjLU, SU[R, LRSS, L[LW, LZRL, LWjS, 
LKWj, LS[S, LL[Z, LL]Z, L]ZL, UjW, RUR, RWK, [jW, [W[, ZW], W[Z cm-L. HRMS (ESI) calcd. 
for CSRHLUNSOSS [M+H]+: WKZ.LL[S; found: WKZ.LLZj. Rf: ].WL (DCM). m.p. SZR-SZUºC. 

3-phenyl-2-(quinolin-8-yl)-2H-thieno[3,2-e][1,2]thiazine	1,1-dioxide	(1ia)	

Prepared in accordance to the general synthesis described above: !i 
(L]Lmg, ].KZmmol) was converted to !ia; L]K mg of a white solid 
(<>%). !

H NMR (K]] MHz, CDClK, ppm): δ j.LS (dd, KJHH = W.S Hz, 
WJHH = L.R Hz, LH), U.]j (dd, KJHH = U.W Hz, WJHH = L.R Hz, LH), R.RS (m, 
SH), R.[U (dd, KJHH = R.U Hz, WJHH = L.R Hz, LH), R.[L (d, KJHH = W.S Hz, 
LH), R.WZ (dd, KJHH = U.W Hz, WJHH = W.S Hz, LH), R.KS (t, KJHH = R.U Hz, 

LH), R.SZ (m, SH), R.LK (m, KH), R.]L (s, LH). !0
C {

!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.K, 

LZL.L, LWZ.U, LWW.[, LWL.L, LKZ.U, LKZ.W, LKZ.], LSj.S, LSj.], LSU.j, LSU.S, LSR.j, LSR.U, LSZ.[, 
LSL.U, LSL.R, L]U.R, L]U.[. IR (ATR): ῡ = K]j[, K]RK, SjSK, LZjS, LZRZ, LWjW, LKUR, LKKj, 
LL[R, LL]K, UZL, ULj, RjS, RZj, [jR, [LW, Z[Z, ZSZ, WU[, WZU cm-L. HRMS (ESI) calcd. for 
CSLHLWNSOSSS [M+H]+: KjL.]ZRL; found: KjL.]ZRL. Rf: ].ZK (DCM). m.p. S[K-S[ZºC. 
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8-methyl-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1ma)	

Prepared in accordance to the general synthesis described above: !m 
(L]Zmg, ].KZmmol) was converted to !ma; RZ mg of a white solid 
(8>%). !

H NMR (K]] MHz, CDClK, ppm): δ j.LW (dd, KJHH = W.S Hz, 
WJHH = L.Z Hz, LH), U.]j (dd, KJHH = U.W Hz, WJHH = L.S Hz, LH), R.R[ (m, 
SH), R.[U (dt, KJHH = U.W Hz, WJHH = W.S Hz, LH), R.W[ (m, KH), R.KL (d, 
KJHH = R.U Hz, LH), R.Sj (s, LH), R.S[ (d, KJHH = R.U Hz, LH), R.LK (m, 

KH), [.jK (s, LH), S.[W (s, KH). !0
C {

!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.L, LW[.], LWK.W, 

LKZ.U, LKZ.[, LKZ.Z, LKW.], LKL.[, LKL.Z, LKL.K, LSj.L, LSj.], LSU.j, LSU.U, LSU.S, LSR.[, LS[.L, 
LSZ.[, LSL.R, LLK.L, S].Z. IR (ATR): ῡ = K][S, SjSj, L[SK, LZ[R, LWjK, LW[K, LKWL, LSZK, LL[Z, 
LLLL, jU], jKj, jL], UZR, USR, UL], RUK, RZZ, RKW, [jW, [SS, Zj], ZKW, ZL], WZS, WLj  cm-L. 
HRMS (ESI) calcd. for CSWHLUNSOSS [M+H]+: Kjj.LL[S; found: Kjj.LLZU. Rf: ].WS 
(dichloromethane). m.p. S][-S]UºC. 

N-(1,1-dioxido-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazin-6-yl)acetamide	(1oa)	

Prepared in accordance to the general synthesis described 
above: !m (LS]mg, ].KZmmol) was converted to !ma; LKW 
mg of a white solid (=<%). !

H NMR (K]] MHz, CDClK, 
ppm): δ j.]U (dd, KJHH = W.S Hz, WJHH = L.Z Hz, LH), U.]U 
(dd, KJHH = U.S Hz, WJHH = L.K Hz, LH), U.]W (s, LH), R.RK (m, 
KH), R.[[ (m, SH), R.KL (dd, KJHH = U.S Hz, WJHH = W.S Hz, 
LH), R.KS-R.SZ (m, KH), R.LW (m, KH), [.jS (s, LH), S.Lj (s, 

KH). !0
C {

!
H} NMR (RZ MHz, CDClK, ppm): δ L[U.j, LZL.L, LWZ.R, LWW.R, LWL.Z, LKZ.R, LKZ.W, 

LKZ.L, LKW.W, LK].W, LSj.K, LSj.], LSU.j, LSU.U, LSU.K, LSR.U, LSZ.R, LSK.[, LSL.U, LLU.R, LLR.Z, 
LLS.[. IR (ATR): ῡ = KKZj, K]WK, L[jU, Zj[, LZK], LWjW, LWRZ, LKjS, LKKS, LSSj, LL[K, LLK], 
UjS, UZW, US[, RUS, R[S, RK], [jS, [ZL, []Z, ZSU, WRU, WLj cm-L. HRMS (ESI) calcd. for 
CSZHLjNKOKS [M+H]+: WWS.LSS]; found: WWS.LLjZ. Rf: ].ZL (dichloromethane/AcOEt 
(W:L)). m.p. SLL-SLSºC. 

6-methyl-3-phenyl-2-(pyridin-2-ylmethyl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(5aa)	

Prepared in accordance to the general synthesis described 
above: 8a (jS mg, ].KZ mmol) was converted to 8aa; LS mg of a 
white solid (Isolated: H%) (LH NMR yield: 01%). !

H NMR (K]] 
MHz, CDClK, ppm): δ U.SL (dq, KJHH = W.j Hz, WJHH = L.S Hz, LH), 
R.RZ (d, KJHH = U.S Hz, LH), R.ZR (m, SH), R.WL (m, KH), R.KL (d, 
KJHH = U.S Hz, SH), R.S] (s, LH), [.jU (m, LH), [.jL (d, KJHH = R.Z 
Hz, LH), [.[] (s, LH), W.UR (s, SH), S.W[ (s, KH). !0

C {
!
H} NMR 

(RZ MHz, CDClK, ppm): δ LZZ.[, LWU.U, LWK.W, LWS.Z, LK[.L, LKW.R, LKS.R, LK].K, LSj.U, LSj.], 
LSU.U, LSU.], LSR.R, LSS.S, LSL.j, LSL.R, LLK.R, ZK.W, SL.R. IR (ATR): ῡ = K]SS, SjKL, SRj], 
SLKK, LRKS, L[]S, LKWW, LSZL, LLLS, L]]j, j]j, USU, RZ[, [jR, ZK], WUL cm-L. HRMS (ESI) 

S
N

O OMe
N
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calcd. for CSLHLUNSOSS [M+H]+: K[K.LL[S; found: K[K.LLRU. Rf: ].Wj 
(dichloromethane/EtOAc (S:L)). m.p. LZZ-LZRºC. 

3,4,6-trimethyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1ab)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !ab; RZ mg of a 
white solid (G!%). !H NMR (K]] MHz, CDClK, ppm): δ U.jK (dd, 
KJHH = W.S Hz, WJHH = L.R Hz, LH), U.LZ (dd, KJHH = U.W Hz, WJHH = L.U 
Hz, LH), R.UK (dd, KJHH = R.S Hz, WJHH = S.W Hz, LH),  R.[j (d,KJHH 
= U.S Hz, LH), R.WR (m, KH), R.W] (dd, KJHH = U.W Hz, WJHH = W.S 

Hz, LH), R.K] (m, KH), R.SW (dd, KJHH = R.U Hz, WJHH = L.] Hz, LH), S.Z] (s, KH), S.KL (s, 
KH), L.jZ (s, KH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.Z, LZL.S, LW[.L, LWS.L, LK[.S, 

LK[.], LKZ.W, LKW.Z, LSj.j, LSj.S, LSR.R, LSZ.j, LSW.j, LSW.U, LSS.], LSL.U, LLW.j, SS.L, LU.L, LZ.]. 
IR (ATR): ῡ = K]KK, K]]Z, SjS], LR]], L[Lj, LZjW, LWjZ, LW[R, LKUS, LKK[, LS[S, LLUS, LLWZ, 
LLSU, L]ZR, jWW, UKS, RjS, [RR, [SR, ZjU, ZW[, WUR, WSR cm-L. HRMS (ESI) calcd. for 
CK]HSSNSOSS [M+H]+: KZL.LL[S; found: KZL.LLZU. Rf: ].Kj (DCM). m.p. S]j-SLLºC. 

3-(cyclohex-1-en-1-yl)-6-methyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	
(1ac)	

Prepared in accordance to the general synthesis described above: !a (L]W mg, ].KZ 
mmol) was converted to !ac; LL[ mg of a white solid (=1%). !H 

NMR (W]] MHz, CDClK, ppm): δ j.]j (dd, KJHH = W.S Hz, WJHH 
= L.R Hz, LH), U.LK (dd, KJHH = U.W Hz, WJHH = L.U Hz, LH), R.RW 
(dd, KJHH = U.S Hz, WJHH = L.K Hz, LH), R.[] (d,KJHH = U.S Hz, LH), 
R.WW (dd, KJHH = U.W Hz, WJHH = W.S Hz, LH), R.KW (m, SH), R.K] 
(m, KH), R.SS (d, KJHH = U.L Hz, LH), R.]R (dd, KJHH = R.U Hz, WJHH 

= L.U Hz, LH), [.RS (s, LH), [.ZZ (dd, KJHH = K.j Hz, LH) S.WR (s, KH), S.SL (m, SH), L.jK (m, 
SH), L.Kj (m, WH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.L, LZ].j. LW[.L, LWS.Z, LK[.K, 

LKZ.[, LKK.S, LKS.Z, LKS.], LSj.K, LSj.L, LSU.R, LSU.Z, LSR.U, LSR.], LSZ.[, LSK.L, LSL.Z, LLL.L, S[.L, 
SZ.[, SS.K, SL.R. IR (ATR): ῡ = K]Z], SjS[, SUZU, LZjU, LZZj, LWjR, LW[j, LKUW, LKWL, LSWS, 
LLUW, LLWK, LL]K, L]RZ, L]SK, j]R, USj, RUj, RS[, [ZS, [W], ZZZ, ZKK, Wjj, WZU cm-L. HRMS 

(ESI) calcd. for CSWHSSNSOSS [M+H]+: W]W.LW[j; found: W]W.LWRZ. Rf: ].W[ 
(dichloromethane). m.p. Ljj-S]LºC. 
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4,6-dimethyl-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1ad)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !ad; LKK mg of 
a white solid (H1%). !

H NMR (K]] MHz, CDClK, ppm): δ U.jS 
(dd, KJHH = W.W Hz, WJHH = L.U Hz, LH), R.jW (dd, KJHH = U.S Hz, 
WJHH = S.W Hz, LH), R.RW (d, KJHH = U.S Hz, LH),  R.Zj (s, LH), R.Z[ 
(m, KH), R.K] (dd, KJHH = U.S Hz, WJHH = L.U Hz, KH), R.SK (dd,KJHH 

= U.S Hz, WJHH = ].j Hz, LH), R.]U (m, KH), S.ZW (s, KH), S.KZ (s, KH). !0
C {

!
H} NMR (RZ 

MHz, CDClK, ppm): δ LZ].U, LZ].[, LWZ.Z, LWS.K, LKj.R, LKZ.j, LKZ.W, LKZ.L, LK].Z, LK].W, 
LSj.W, LSU.W, LSR.Z, LS[.], LSZ.U, LSZ.W, LSS.L, LSL.W, LLR.L, L]j.L, SS.L, L[.R. IR (ATR): ῡ = 
K]ZZ, SjWS, SjLU, LZjS, LWjR, LW[U, LKZU, LKWS, LS[Z, LSWL, LLUR, LLR], LLKU, L]ZL, L]LZ, jLS, 
U[], USS, RUj, R[K, R]K, [RR, []K, ZRR, ZW[, ZKL, WjU, WKK cm-L. HRMS (ESI) calcd. for 
CSZHS]NSOSS [M+H]+: WLK.LK][; found: W[R.LKLU. Rf: ].ZW (dichloromethane). m.p. S]W-
S]ZºC. 

4-ethyl-6-methyl-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1ae)	

Prepared in accordance to the general synthesis described above: !a (L]W mg, ].KZ 
mmol) was converted to !ae; LKW mg of a white solid (=H%). !H 

NMR (K]] MHz, CDClK, ppm): δ U.UU (dd, KJHH = W.K Hz, WJHH = 
L.[ Hz, LH), R.jK (dd, KJHH = U.K Hz, WJHH = L.U Hz, LH), R.R[ (d, 
KJHH = U.S Hz, LH), R.[W (s, LH), R.ZW (dd, KJHH = U.S Hz, WJHH = 
L.U Hz, LH), R.WR (m, OH), R.KK (m, SH), R.SK (d, KJHH = U.S Hz, 
LH), R.]U (m, KH), S.US (m, SH), S.ZZ (s, KH), L.]j (d, KJHH = R.U 

Hz, LH). !0
C {

!
H} NMR (RZ MHz, CDClK, ppm): δ LZ].R, LZ].Z, LWZ.Z, LWS.L, LKj.S, LKZ.[, 

LKZ.], LKW.U, LKW.K, LKL.W, LK].K, LSj.j, LSU.U, LSU.Z, LSU.K, LSR.Z, LS[.], LSZ.W, LSK.Z, LSS.W, 
LSL.W, SS.L, LW.W, LW.K. IR (ATR): ῡ =K]ZR, Sj[Z, SjK], SURS, LZjZ, LWjR, LW[j, LKU[, LKKR, 
LS[], LLRS, LLWR, L]RW, L]SZ, j][, Rj], R[K, R]], [RW, []Z, ZKj, WKZ cm-L. HRMS (ESI) 
calcd. for CSZHLRFKNSOSS [M+H]+: WSR.LWRZ; found: WSR.LW[R. Rf: ].Wj (dichlormethane). 
m.p. LUZ-LU[ºC. 

6-methyl-3-phenyl-4-propyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	(1af)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !af; LKU mg of 
a white solid (=>%). !

H NMR (K]] MHz, CDClK, ppm): δ U.j] 
(dd, KJHH = W.K Hz, WJHH = L.R Hz, LH), R.j[ (dd, KJHH = U.W Hz, 
WJHH = L.R Hz, LH), R.RZ (d, KJHH = U.S Hz, LH), R.[K (s, LH), R.Z[ 
(dd, KJHH = R.R Hz, WJHH = L.R Hz, LH), R.WZ (m, OH), R.K] (m, KH), 

R.SK (d, KJHH = R.W Hz, LH), R.]R (m, KH), S.UK (t, KJHH = R.S Hz, SH), S.Z[ (s, KH), L.ZK (m, 
SH), ].RU (t, KJHH = R.K Hz, KH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): δ LZ].R, LZ].[, 

LWZ.Z, LWL.j, LKj.U, LKZ.Z, LKZ.L, LKW.j, LKW.W, LKL.W, LK].Z, LSj.U, LSU.R, LSU.W, LSU.S, LSR.Z, 
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LS[.], LSZ.j, LSZ.W, LSW.], LSS.W, LSL.j, LSL.W, K].S, SS.W, SS.L, LK.S. IR (ATR): ῡ = K]]], 
Sj[W, SjKL, SUR], LZj[, LWjU, LWRL, LKK[, LSjZ, LS[U, LL[U, LLLS, L]ZR, jZ[, jLj, ULZ, R[R, 
RWZ, [jj, [[K, []U, Z[S, ZKj, W[U, WW] cm-L. HRMS (ESI) calcd. for CSZHLRFKNSOSS 
[M+H]+: WWL.L[KL; found: WWL.L[K[. Rf: ].WW (dichloromethane). m.p. SSj-SKLºC. 

6-methyl-3,4-diphenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1ag)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !ag; LKL mg of 
a white solid (<H%). !

H NMR (K]] MHz, CDClK, ppm): δ U.jR 
(dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]] (dd, KJHH = U.K Hz, 
WJHH = L.R Hz, LH), R.US (d, KJHH = R.j Hz, LH), R.[L (dd, KJHH = U.W 
Hz, WJHH = L.S Hz, LH), R.ZK (dd, KJHH = R.Z Hz, WJHH = L.K Hz, LH) 
R.KS (m, UH), R.S[ (m, KH), [.U] (m, KH), S.WL (s, KH). !0

C {
!
H} 

NMR (RZ MHz, CDClK, ppm): δ LZ].U, LZ].[, LWZ.Z, LWS.S, LWL.S, 
LK[.Z, LKZ.R, LKZ.], LKW.[, LKW.[, LKL.U, LK].Z, LSj.U, LSU.U, LSU.Z, LSU.], LSR.R, LSR.Z, LSR.S, 
LS[.U, LSZ.Z, LSW.S, LSS.L, LSS.], LSL.[, SS.]. IR (ATR): ῡ = K]ZW, Sj[j, SjSW, LRSU, L[jK, 
LZjS, LWjR, LW[U, LWWK, LKKU, LLUj, LLRL, LLLL, L]jK, L]SR, j]L, RUj, RLj, [j[, [RR, ZSj, WUj, 
WZ[ cm-L. HRMS (ESI) calcd. for CK]HSSNSOSS [M+H]+: WRZ.LWRZ; found: WRZ.LWRj. Rf: 
].Zj (dichloromethane). m.p. Lj]-LjLºC. 

3-(2-chloropropan-2-yl)-6-methyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	 1,1-dioxide	
(1ah')	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !ah'; jj mg of 
a white solid (<=%). !

H NMR (K]] MHz, CDClK, ppm): δ j.L] 
(dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.LW (dd, KJHH = U.K Hz, WJHH 
= L.R Hz, LH), R.RZ (dd, KJHH = U.S Hz, WJHH = L.U Hz, LH), R.[W (d, 
KJHH = U.S Hz, LH), R.WW (dd, KJHH = U.S Hz, WJHH = W.S Hz, LH) 

R.KZ (m, SH), R.SR (d, KJHH = U.S Hz, LH), R.L] (dd, KJHH = R.U Hz, WJHH = L.W Hz, LH) [.UW 
(s, LH), Z.RZ (m, LH), W.jZ (m, LH) S.Wj (s, KH), L.j[ (s, KH). !0

C {
!
H} NMR (RZ MHz, 

CDClK, ppm): δ LZL.S, LZL.], LWZ.R, LWZ.L, LWS.R, LKU.L, LK[.L, LKZ.U, LKS.U, LSj.Z, LSj.S, LSU.Z, 
LSU.L, LSR.], LSZ.[, LSK.L, LSL.R, LLj.R, LLK.W, SL.R, S].W. IR (ATR): ῡ = K][R, SjSK, SU[], 
LZjU, LZ[], LWj[, LW[j, LKUS, LKLK, LSWR, LLU[, LL[S, LLS[, L]jZ, L]K], jLW, UjL, U[L, USU, 
RjS, RKj, [UW, [KU, ZjR, Z[], ZKZ, ZL[, WRW, WWKcm-L. HRMS (ESI) calcd. for CSLHLUNSOSS 
[M+H]+: K[K.LL[S; found: K[K.LL[S. Rf: ].W] (dichloromethane). m.p. decomposes at 
S[]ºC. 
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3-(4-methoxyphenyl)-6-methyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1aj)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !aj; WRmg 
of a white solid (0F%). !H NMR (K]] MHz, CDClK, ppm): δ 
j.LL (dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]R (dd, KJHH = 
U.K Hz, WJHH = L.U Hz, LH), R.RL (d, KJHH = U.S Hz, LH), R.[j 
(m, WH), R.WS (dd, KJHH = U.K Hz, WJHH = W.S Hz, LH), R.W] (s, 

LH), R.K] (m, SH), R.S] (dd, KJHH = R.R Hz, WJHH = L.[ Hz, LH), [.UR d(s, LH), [.[Z (dd, KJHH 
= U.W Hz, WJHH = L.U Hz, LH), K.[R (s, KH), S.Z] (s, KH). !0

C {
!
H} NMR (RZ MHz, CDClK, 

ppm):δ L[].K, LZL.S, LZL.], LWZ.U, LWW.S, LWS.[, LKZ.R, LKZ.Z, LKK.W, LSj.K, LSj.L, LSU.R, LSU.[, 
LSU.S, LSR.R, LSR.Z, LSZ.[, LSS.R, LSL.[, LLK.[, LLL.S, ZZ.S, SL.R. IR (ATR): ῡ = K]ZU, K]L], 
SjS[, SUKW, LZj[, LZ]j, LW[K, LKU[, LKWL, LSjL, LSZ], LLRR, LLZj, LL]K, L]S[, UjS, US], Rj], 
RSW, [Uj, [WU, ZjS, ZZj, ZSU, WUj cm-L. HRMS (ESI) calcd. for CSZHS]NSOKS [M+H]+: 
WSj.LS[R; found: WSj.LSRK. Rf: ].WL (dichloromethane). m.p. jj-L]]ºC. 

6-methyl-2-(quinolin-8-yl)-3-(p-tolyl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1ak)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !ak; jSmg 
of a white solid (G>%). !H NMR (K]] MHz, CDClK, ppm): δ 
j.LL (dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.]R (dd, KJHH = 
U.K Hz, WJHH = L.U Hz, LH), R.RL (d, KJHH = U.S Hz, LH), R.[W 
(m, KH), R.WK (m, SH), R.[R (dd, KJHH = R.W Hz, WJHH = S.L Hz, 

LH), R.WZ (m, SH), R.K] (m, SH), R.SK(dd, KJHH = R.U Hz, WJHH = L.U Hz, LH), [.jU(d, KJHH = 
R.j Hz, LH), [.jK (s, LH), S.ZS (s, KH), S.SL (s, KH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm): 

δ LZL.S, LZL.], LWZ.U, LWW.W, LWS.[, LKj.S, LKZ.R, LKZ.Z, LKK.K, LKS.U, LSj.K, LSj.], LSU.U, LSU.[, 
LSR.R, LSR.[, LSZ.[, LSS.R, LSL.[, LLS.], LLL.j, SL.R, SL.S. IR (ATR): ῡ = K]SW, Sj[S, SjLj, 
SUZ[, L[][, LWjR, LW[U, LWLR, LKUR, LKWL, LS[], LLUU, LLZj, LLWW, LL]S, L]U], L]LZ, j]R, U]R, 
RUU, [WU, ZZj, ZS], WUS cm-L. HRMS (ESI) calcd. for CSZHS]NSOSS [M+H]+: WLK.LKLU; 
found: WLK.LKSL. Rf: ].ZL (dichloromethane). m.p. decomposes at S[Z-S[[ºC. 

3-(4-chlorophenyl)-6-methyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1al)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to Lal; LKK mg 
of a white solid (==%). !H NMR (K]] MHz, CDClK, ppm): δ 
δ j.]j (dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.L] (dd, KJHH = 
U.S Hz, WJHH = L.U Hz, LH), R.R] (m, KH), R.WZ (d, KJHH = W.S 
Hz, LH), R.WK (m, SH), R.KS (m, SH), R.SS(dd, KJHH = R.U Hz, 
WJHH = L.U Hz, LH), R.LL (d, KJHH = U.W Hz, SH) [.jS (s, LH), S.ZS 

(s, KH). !0
C {

!
H} NMR (RZ MHz, CDClK, ppm): δ LZL.K, LZL.L, LWZ.R, LWK.S, LWS.U, LKZ.U, LKZ.L, 

LKW.L, LKK.], LSj.Z, LSj.L, LSU.j, LSU.Z, LSU.], LSR.j, LSZ.[, LSS.R, LSS.[, LSL.j, LLS.U, LLS.R, 
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SL.R. IR (ATR): ῡ = K]ZU, SjS], SUZL, LR]Z, LZjZ, LZ[], LWj], LW[U, LKUK, LKW[, LS[], LLUW, 
L]LS, j]Z, USU, RUU, [UL, [W], ZjL, ZKR, ZLZ, WUZ, WKj cm-L. HRMS (ESI) calcd. for 
CSWHLRClNSOSS [M+H]+: WKK.]RRS; found: WKK.]RRL. Rf: ].WU (dichloromethane). m.p. 
SRS-SRKºC. 

6-methyl-2-(quinolin-8-yl)-3-(4-(trifluoromethyl)phenyl)-2H-benzo[e][1,2]thiazine	 1,1-
dioxide	(1am)	

Prepared in accordance to the general synthesis described 
above:  !a (L]W mg, ].KZ mmol) was converted to !am; LWR 
mg of a white solid (HF%). !H NMR (K]] MHz, d[-DMSO, 
ppm): δ j.]Z (dd, KJHH = W.W Hz, WJHH = L.U Hz, LH), U.K[ 
(dd, KJHH = U.S Hz, WJHH = L.U Hz, LH), R.jj (d,KJHH = U.S Hz, 
LH), R.RL (s, LH), R.[L (m, WH), R.WU (s, LH), R.W[ (d, KJHH = 
U.S Hz,LH), R.W] (d,KJHH = R.U Hz, LH), R.SZ (dd, KJHH = R.U 

Hz, WJHH = L.[ Hz, LH), [.[] (s, LH), S.Z] (s, KH). !0
C {

!
H} NMR (RZ MHz, d[-DMSO, 

ppm): δ LZL.j, LZL.R, LWZ.K, LWK.W, LWS.S, LKj.Z, LK[.R, LKW.U, LKS.U, LK].K, LSj.j, LSj.[, LSj.S, 
LSU.j, LSU.S, LS[.Z, LS[.L, LSZ.U, LSS.R, LSS.Z, LLZ.K, LLZ.L, SL.[. !H

F {
!
H} NMR (SUS MHz, d[-

DMSO, ppm): -[K.]. IR (ATR): ῡ = K]R[, SjRZ, SjWZ, L[L[, LWjj, LWL[, LKSR, LSWS, LL[W, 
LLL[, L][U, L]Sj, L]LL, UWK, RU[, RWS, [U], [ZL, ZU[, ZRK, ZKU, ZK], WUS cm-L. HRMS (ESI) 

calcd. for CSZHLRFKNSOSS [M+H]+: W[R.L]K[; found: W[R.L]KW. Rf: ].WW 
(dichloromethane). m.p. decomposes at SZL-SZSºC. 

 

6-methyl-3-(4-nitrophenyl)-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1an)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !an; LZ] 
mg of a white solid (H<%).  !H NMR (K]] MHz, d[-DMSO, 
ppm): δ j.][ (dd, KJHH = W.W Hz, WJHH = L.U Hz, LH), U.KR (dd, 
KJHH = U.S Hz, WJHH = L.U Hz, LH), U.]Z (s, WH), R.j] (dd, KJHH 
= U.W Hz, WJHH = L.U Hz, LH), R.RW (s, LH), R.[K (m, SH), R.ZR 
(s, LH), R.Wj (d,KJHH = U.S Hz,LH), R.WL (d, KJHH = R.R Hz, LH), 

R.SR (dd, KJHH = R.W Hz, WJHH = L.W Hz, LH) S.ZL (s, KH). !0
C {

!
H} NMR (RZ MHz, d[-DMSO, 

ppm): δ LZS.], LZL.R, LWU.], LWZ.S, LWK.Z, LWL.R, LK[.R, LK[.[, LKS.R, LK].], LSj.R, LSj.S, LSU.j, 
LSU.R, LS[.Z, LSW.L, LSS.[, LL[.W, LL[.S, SL.R. IR (ATR): ῡ = KLLL, K]RU, K]L], LZjZ, LZLW, LW[j, 
LKW], LSjK, LLUU, LL[], L]US, jW[, U[S, USU, RUZ, RZ], [j[, [RR, ZRS, ZKW, WRL, WSj cm-L. 
HRMS (ESI) calcd. for CSZHLRFKNSOSS [M+H]+: WWW.L]LK; found: WWW.L]LR. Rf: ].[R 
(dichloromethane). m.p. >K]]ºC. 

	

	

S
N

O O
N

Me

NO2
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3-(3,4-dichlorophenyl)-6-methyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-dioxide	
(1ao)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !ao; LWS mg 
of a white solid (=8%). !

H NMR (K]] MHz, d[-DMSO, ppm): 
δ j.LS (dd, KJHH = W.S Hz, WJHH = L.R Hz, LH), U.W] (dd, KJHH = U.W 
Hz, WJHH = L.U Hz, LH), U.L] (d,WJHH = L.U Hz, LH),R.jS (d,KJHH = 
U.S Hz, LH), R.RR (dd, KJHH = U.S Hz, WJHH = L.U Hz, LH), R.[Z (m, 
KH), R.WZ (m, WH), R.LZ (dd, KJHH = R.U Hz, WJHH = L.] Hz, LH), 

S.Z] (s, KH). !0
C {

!
H} NMR (RZ MHz, d[-DMSO, ppm): δ LZL.j, LZL.R, LWZ.W, LWK.Z, LWL.S, 

LK[.U, LK[.L, LKW.U, LKS.U, LKS.W, LKL.U, LK].], LSj.j, LSj.[, LSj.S, LSj.], LSU.Z, LSR.Z, LSR.K, 
LSS.U, LSS.Z, LLZ.S, LLZ.], SL.R. IR (ATR): ῡ = K]RZ, K]KW, L[LU, LZjR, LZLW, LWRL, LKWR, LSZU, 
LLRR, LLWR, LL]j, L]UK, L]SW, UjU, U[U, ULZ, RUj, R[L, [Z[, ZRS, ZKK, WUK, WWjcm-L. HRMS 

(ESI) calcd. for CSWHL[ClSNSOSS [M+H]+: W[R.]K[[; found: W[R.]KRL. Rf: ].Kj (jZ:Z 
dichloromethane/ethyl actetate). m.p.  decomposes at SZW-SZZºC. 

6-methyl-2-(quinolin-8-yl)-3-(thiophen-3-yl)-2H-thiochromene	1,1-dioxide	(1ap)	

Following the general procedure above, !a (L]W.W mg, ].KZ 
mmol) was converted to !ap; LLZ mg of a white solid (=<%). !

H 

NMR (K]] MHz, d[-DMSO, ppm) δ j.]R (dd, KJHH = W.W Hz, WJHH 
= L.U Hz, LH), U.KR (dd, KJHH = U.S Hz, WJHH = L.U Hz, LH), R.j] 
(dd, KJHH = U.S Hz, WJHH = L.[ Hz, LH), R.RU (dd, KJHH = S.U Hz, WJHH 
= L.W Hz, LH), R.Zj (m, KH), R.W] (m, ZH), R.L[ (dd, KJHH = R.Z Hz, 

WJHH = L.K Hz, LH), S.W[ (s, KH). !0
C {

!
H} NMR (RZ MHz, d[-DMSO, ppm) δ LZL.j, LZL.[, 

LWZ.[, LWK.K, LKj.W, LKR.U, LK[.R, LKZ.Z, LKK.K, LSj.R, LSj.K, LSU.U, LSU.Z, LSU.K, LS[.Z, LSZ.[, 
LSZ.W, LSS.R, LSS.Z, LLS.j, LLS.R, SL.R. IR (ATR): ῡ = K]UK, SjSK, LZjS, LZRZ, LWjW, LKUR, LKKj, 
LKKS, LK]R, LS[L, LLZW, L]UR, L]LR, jSZ, UWR, RUW, RKS, [[L, Z[R, ZLW, W[W, WSW cm-L. HRMS 

(ESI) calcd. for CSSHL[NSOSSS [M+H]+: W]Z.]RKL; found: W]Z.]RSj. Rf: ].WS (jZ:Z 
dichloromethane/ethyl actetate). m.p. SRS-SRWºC. 

6-methyl-3-(pyridin-2-yl)-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine	1,1-dioxide	(1aq)	

Prepared in accordance to the general synthesis described 
above: !a (L]W mg, ].KZ mmol) was converted to !aq; jRmg of a 
white solid (GH%).  !

H NMR (K]] MHz, d[-DMSO, ppm) δ j.]Z 
(dd, KJHH = W.W Hz, WJHH = L.U Hz, LH), U.jK (s, LH), U.KR (dd, KJHH 
= W.S Hz, LH), U.KW (dd, KJHH = W.S Hz, LH) U.]j (m, LH), R.Uj 
(dd,KJHH = U.S Hz, WJHH = L.W Hz, LH), R.[U (s, LH), R.Zj (m, SH), 
R.WK (m, KH), R.K] (dd, KJHH = R.[ Hz, WJHH = L.K Hz, LH), R.SS (dd, 

KJHH = R.U Hz, WJHH = L.K Hz, LH) S.Z] (s, KH).  !0
C {

!
H} NMR (RZ MHz, d[-DMSO, ppm) 

δ LZL.j, LZL.R, LZ].Z, LWU.Z, LWZ.S, LWK.Z, LWL.], LK[.U, LKW.j, LKW.[, LKK.], LKL.W, LSj.j, LSj.Z, 
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LSj.S, LSj.], LSU.U, LS[.[, LS[.Z, LSS.U, LLW.K, LLW.S, SL.R. IR (ATR): ῡ = K]ZK, LZjZ, LZ[], 
LWj], LW[U, LKUK, LKW[, LS[], LLUW, L]LS, j]Z,RRj, RSZ, [LU, Zj[, ZjL, ZR[, W[[ cm-L. HRMS 

(ESI) calcd. for CSKHLRNKOSS [M+H]+: W]].LLS]; found: W]].LLLR. Rf: ].WU (jZ:Z 
dichloromethane/ethyl actetate). m.p. LS[-LSUºC. 

6-methyl-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-4-carboxylate-1,1-dioxide	
(1ar)	

Following the general procedure above, !a (L]W mg, ].KZ mmol) 
was converted to !ar; both regioisomers were obtained in a 
combined yield of LKK mg of white solid (=<%). [!] Major 

product (G8% LH NMR yield from initial isolated mixture. [j 
mg (81%) isolated after recrystallization of the mixture by slow 
diffusion of pentane into a dichloromethane solution of the 

initial product mixture): 
!
H NMR (K]] MHz, CDClK, ppm) δ U.UU (dd, KJHH = W.S Hz, WJHH = L.U Hz, LH), U.S] (s, 
LH), R.jj (dd, KJHH = U.S Hz, WJHH = L.U Hz, LH),R.R[ (d, KJHH = U.L Hz, LH), R.[S (dd, KJHH 
= U.W Hz, WJHH = L.U Hz, LH), R.ZS (m, KH), R.KK (m, KH), R.]K (m, KH), K.jL (q, KJHH = R.W 
Hz, SH), S.Z] (s, KH), ].RS (t, KJHH = R.K Hz, KH). !0

C {
!
H} NMR (RZ MHz, CDClK, ppm) δ 

L[R.R, LZL.], LZ].U, LW[.j, LWZ.S, LWS.j, LKZ.[, LKZ.W, LKZ.L, LKW.L, LKL.], LK].[, LSj.[, LSj.W, 
LSU.U, LSR.[, LS[.Z, LS[.S, LS[.L, LSZ.Z, LSS.K, LSL.R, LL[.], [L.S, SS.S, LK.K. IR (ATR): ῡ = 
K]Zj, SjUS, SjKK, LRS], LZjZ, LWjR, LWR], LKjS, LKZW, LSRU, LSWZ, LLj[, LLRU, LLKS, LL]L, L]LK, 
jWW, U[R, ULZ, RW[, R]W, [RU, [ZS, [Kj, ZRL, Z]R, WUj, WZL cm-L. HRMS (ESI) calcd. for 
CK]HSSNSOSS [M+H]+: WRL.LKRW; found: WRL.LKRW. Rf: ].[Z (dichloromethane). m.p. SKZ-
SK[ºC. 

[1] Minor product (11% LH NMR yield from initial isolated mixture – we were unable 
to fully purify this compound. The characterization data are taken from the minor 
product signals in the initial isolated product mixture.): 

!
H NMR (K]] MHz, CDClK, ppm) δ U.jS (dd, KJHH = W.S Hz, WJHH = 
L.U Hz, LH), U.LS (dd, KJHH = U.S Hz, WJHH = L.U Hz, LH), R.U] (dd, 
KJHH = U.W Hz, WJHH = L.U Hz, LH), R.RR (t, KJHH = U.L Hz, SH), R.WS 
(m, KH), R.K] (m, KH), R.L] (s, LH), R.]K (m, KH), K.[L (q, KJHH = R.W 
Hz, SH), S.K[ (s, KH), ].K[ (t, KJHH = R.K Hz, KH). !0

C {
!
H} NMR (RZ 

MHz, CDClK, ppm) δ L[S.W, LZL.], LZ].U, LW[.j, LWZ.Z, LWS.W, LKZ.U, 
LKZ.R, LKZ.L, LKK.U, LKL.U, LKL.S, LSj.Z, LSj.L, LSU.U, LSU.], LSR.[, LS[.S, 

LS[.L, LSZ.Z, LSS.S, LSL.R, LL[.], [L.], SL.U, LS.U. 
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1-(6-methyl-1,1-dioxido-3-phenyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazin-4-yl)ethanone	
(1as)	

Following the general procedure above, !a (L]W mg, ].KZ mmol) 
was converted to !as; jj mg of a white solid (G!%). !

H NMR 
(K]] MHz, CDClK, ppm) δ U.jR (dd, KJHH = W.L Hz, WJHH = L.R Hz, 
LH), R.jj (dd, KJHH = U.S Hz, WJHH = L.U Hz, LH), R.jU (s, LH), R.R[ 
(d, KJHH = U.L Hz, LH), R.[S (m, KH), R.KZ (m, WH), R.LZ (m, KH), 
R.]K (m, KH), S.ZK (s, KH), L.jK (s, KH).             !0

C {
!
H} NMR (RZ 

MHz, CDClK, ppm): δ S]W.], LZL.L, LZ].j, LWZ.K, LWK.j, LWK.], 
LKZ.[, LKZ.R, LKW.W, LK].W, LK].S, LSj.L, LSj.], LSU.U, LSU.K, LS[.], LSZ.j, LSZ.[, LSZ.S, LSS.Z, 
LSS.K, LSL.U, KS.K, SS.L. IR (ATR): ῡ = K]KK, SjRL, SKSZ, LjZj, LRSZ, L[[Z, LZjR, LWjR, LWWj, 
LKWL, LSUZ, LLWW, L]UK, L]S[, jZ[, UUS, ULK, R[W, [j[, ZZ], WUL, WZR, WS] cm-L. HRMS (ESI) 
calcd. for CS[HS]NSOKS [M+H]+: WWL.LSRK; found: WWL.LSRR. Rf: ].R] (dichloromethane). 
m.p. jZ-jRºC. 

Ethyl	6-methyl-2-(quinolin-8-yl)-2H-benzo[e][1,2]thiazine-3-carboxylate	1,1-dioxide	(1at)	

Following the general procedure above, !a (L]W mg, ].KZ 
mmol) was converted to !at; An only regioisomer was 
obtained in a yield of LL[ mg of white solid (=>%).  !

H NMR 
(K]] MHz, CDClK, ppm): δ U.UZ (dd, KJHH = W.S Hz, WJHH = L.R 
Hz, LH), U.LR (dd, KJHH = U.K Hz, WJHH = L.R Hz, LH), R.US (dd, 
KJHH = U.S Hz, WJHH = L.U Hz, LH), R.RK (d, KJHH = U.S Hz, LH), 

R.RS (s, LH), R.ZK (dd, KJHH = U.S Hz, WJHH = W.S Hz, LH) R.ZL (s, LH), R.Wj (m, LH), R.W] (m, 
SH), K.j[ (q, KJHH = [.R Hz, SH), S.ZW (s, KH), ].RK (t, KJHH = R.U Hz, KH). !0

C {
!
H} NMR 

(RZ MHz, CDClK, ppm): δ L[S.Z, LZ].U, LWZ.Z, LWS.U, LKZ.R, LKZ.[, LKK.[, LKL.Z, LKL.W, LKL.S, 
LSj.K, LSU.j, LSU.U, LSU.R, LSZ.R, LSS.Z, LSL.R, LS].[, [L.Z, SL.R, LK.K. IR (ATR): ῡ = K][R, 
SjSK, SU[], LZjU, LZ[], LWj[, LW[j, LKUS, LKLK, LSWR, LLU[, LL[S, LLS[, L]jZ, L]K], jLW, UjL, 
U[L, USU, RjS, RKj, [UW, [KU, ZjR, Z[], ZKZ, ZL[, WRW, WWKcm-L. HRMS (ESI) calcd. for 
CSLHLUNSOWS [M+H]+: KjZ.L][]; found: KjZ.L]ZK. Rf: ].W] (dichloromethane). m.p. S]S-
S]WºC.  
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2.3	Miscellaneous	

2.3.1	Reaction	scale-up	

 
Scheme S10. Synthesis of !aa starting from Lgr of substrate La.  

Aryl sulfonamide (!a) (L.] g, K.W mmol), Co(OAc)S (LLj mg, S]mol%, ].R mmol), 
NaOPiv.HSO (jZS mg, S equiv., [.R mmol), Mn(OAc)K.SHSO (UjU mg, L equiv., K.W 
mmol) and phenylacetylene (a) ([UW mg, S equiv., [.R mmol) and S]mL trifluoroethanol 
were added to a Z] mL round bottom flask under air and attached to a reflux condenser. 
The resulting mixture was stirred at L]] oC for L[ h and cooled to room temperature. 
The solvent was removed and the product purified using column chromatography 
(Silica gel: dichloromethane). After purification product was dried under reduced 
pressure. URK mg of a white powder ([W%, !aa). 

Same reaction was performed using L-Chloro-W-Ethynylbenzene (l). UUUmg of a white 
powder was obtained ([L%, !al). 

2.3.2	Attempted	product	upgrading	

Several attempts were made to upgrade the sultam product !aa; reaction with (L) NaOH 
in water (RT), (S) cerium ammonium nitrate in water (RT), (K) reaction with sulfuric 
acid (LW] oC), (W) ammonia in methanol and (Z) Pd/C with hydrogen. The latter reaction 
resulted in a reduced quinoline product, leaving the sultam intact, demonstrating the 
robustness of the sultam motif. Attempts to develop a methodology for removing the 
quinoline directing group are continuing, but at this point remain elusive. 

Methodolgy	for	Pd/C	H2	reduction	of	1aa:	

!aa (L]]mg, ].KW mmol) was mixed with Pd/C (S]mg, S] wt%) and Z ml of degassed 
ethyl acetate in a schlenk. The resulting mixture was stirred at RT for SWh under an 
atmosphere of hydrogen provided by a balloon. The reaction mixture was filtered 
through a pad of Celite® pad and the solvent was removed under vacuum. The product 
was purified using column chromatography (Silica gel: ethyl actetate: hexane U]:S]). 
RZ.K mg of a pale yellow powder (ZZ %) were obtained. No other notable products were 
obtained from the purification process. 

	

S

Me

N
H

O O

N

Co(OAc)2 (20 mol%)
NaOPiv·H2O (2.0 equiv.)

Mn(OAc)3·2H2O (1.0 equiv.)

TFE, 16h, 100ºC, air
H

S

Me

N
O O

NPh
1gr (1a) 0.87gr (1aa,  64%)

Ph (2.0 equiv.)H
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6-methyl-3-phenyl-2-(1,2,3,4-tetrahydroquinolin-8-yl)-2H-benzo[e][1,2]thiazine-1,1-
dioxide	(1aaH4)	

!
H-NMR (W]] MHz, CDClK, ppm):δ R.RZ (d, KJHH = R.j Hz, LH), 
R.R] (m, SH), R.Kj (s,LH), R.KL (m, WH), [.j] (s, LH), [.RW (m, LH), 
[.K] (dd, KJHH = R.j Hz, WJHH = L.R Hz,LH), [.SK (t,KJHH = R.U Hz, LH), 
W.jK (br s, LH), K.WU (m, SH), S.U] (m, LH), S.[Z (m, LH), S.ZS (s, 
KH), S.]K (m, LH), L.UW (m, LH). !0

C-NMR (L]] MHz, CDClK, ppm): 
δ LWZ.L, LWK.K, LWK.S, LKZ.S, LKK.L, LSj.R, LSj.Z, LSj.S, LSU.W, LSU.K, 

LSR.U, LSR.W, LSZ.S, LSK.], LSS.j, LSS.W, LLZ.Z, LLS.Z, WL.j, SR.S, SL.U, SL.R. HRMS (ESI) calcd. 
for CSWHSSNSOSS [M+Na]+: WSZ.LSjW; found: WSZ.LSj[ 

 

Methodolgy	for	Samarium	(II)	Iodide	reduction	of	1aa:	

 

Scheme S1>. Attempted cleavage of the U-aminoquinoline directing group with SmIS.  

!ax (].]UZmmol), SmIS (].LM in THF), HSO (RµL, ].KWmmol) and NEtK (SZµL, 
].LUmmol) were mixed in a L]mL vial under NS. The resulting mixture was stirred at RT 
under a NS atmosphere. The mixture was then diluted with CHSClS and washed with 
HCldil (KxL]mL). The organic layer was dried over MgSOW and solvent was removed 
under reduced pressure. The crude was purified using column chromatography (Silica 
gel: dichloromethane). 

Table S1=. Optimization of time employed for the synthesis of cyclic sulfonamides 

entry benzosultam SmI1 eq. base time (h) yield recovery of !ax 

L Laa [ NEtK SW nr[a] Traces 
S  K NEtK S nr jW% 
K  K - S nr jU% 
W Lac [ NEtK SW nr[a] Traces 

[a]Starting material containing 8-aminoquinoline was observed in trace amounts using 1H-NMR, however we were 
not able to isolate or identify the products. 

  

S
N

O O

H

SmI2 (0.1M in THF)

NEt3, H2O
Me

1ax

N

X

S
NH
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2.3.3	Intermolecular	competition	experiments	

a)	Terminal	versus	internal	alkynes	(Scheme	VII.11a)	

Aryl sulfonamide (!a) (UL mg, ].SR mmol), Co(OAc)S (j.[ mg, S]mol%, ].]Z mmol), 
NaOPiv.HSO (RR mg, S equiv., ].ZW mmol), Mn(OAc)K.SHSO (RW mg, L equiv., ].SR 
mmol), phenylacetylene (a) (ZZ mg, S equiv., ].ZW mmol), L,S-diphenylacetylene (g) (j[ 
mg, S equiv., ].ZW mmol) and SmL trifluoroethanolwere added to a glass vial under air 
and the vial sealed. The resulting mixture was stirred at L]] oC for L[ h and cooled to 
room temperature. The reaction crude was analysed by LH-NMR spectroscopy (CDClK) 
using mesitylene as internal standard. A product ratio of LZ:L was observed (Yield: !aa, 
RZ%; Lag, Z%, based on !a). 

The reaction of phenylacetylene (a) and L,S-diphenylacetylene (g) was also followed 
independently over time (separate reactions of (a) and (b)): 

 
Figure SG!. Reaction profiles of the evolution of products using internal and terminal alkynes. 

b)	EDG	versus	EWG	sulfonamides	(Scheme	VII.11b)	

!b (UZ mg, ].SR mmol), !c (U[ mg, ].SR mmol), Co(OAc)S(j.[ mg, S]mol%, ].]Z mmol), 
NaOPiv.HSO (RR mg, S equiv., ].ZW mmol), Mn(OAc)K.SHSO (RW mg, L equiv., ].SR 
mmol), phenylacetylene (a) (LW.S mg, ].Z equiv., ].LW mmol) and SmL trifluoroethanol 
were added to a glass vial under air and the vial sealed. The resulting mixture was stirred 
at L]] oC for L[ h and cooled to room temperature. The reaction crude was analysed by 
LH-NMR spectroscopy (CDClK) using mesitylene as internal standard. !ba was obtained 
in WZ% yield and !ca was obtained in KU% yield (Yield based on a). 
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c)	EDG	versus	EWG	para-substituted	phenylacetylenes	(Scheme	VII.11c)	

Aryl sulfonamide (!a) (UL mg, ].SR mmol), Co(OAc)S (j.[ mg, S]mol%, ].]Z mmol), 
NaOPiv.HSO (RR mg, S equiv., ].ZW mmol), Mn(OAc)K.SHSO (RW mg, L equiv., ].SR 
mmol), p-methoxy-phenylacetylene (j) (RL mg, S equiv., ].ZW mmol), p-nitro-
phenylacetylene (m) (U] mg, S equiv., ].ZW mmol) and SmL trifluoroethanol were 
added to a glass vial under air and the vial sealed. The resulting mixture was stirred at 
L]] oC for L[ h and cooled to room temperature. The reaction crude was analysed by LH-
NMR spectroscopy (CDClK) using mesitylene as internal standard. !an was obtained in 
KW% yield and !aj was detected in trace amounts (<L%) (Yield based on !a). 

d)	Poisoning	experiments	–	Presence	of	para-nitro/ortho-substituted	

benzenesulfonamides	or	pyridine	sulfonamides		

 
Scheme S18. Synthesis of !aa starting from Lgr of substrate La.  

!a (Z] mg, ].LR mmol), !j, !k or !l (].LR mmol), Co(OAc)S([.W mg, S]mol%, ].]KW 
mmol), NaOPiv.HSO (WS mg, S equiv., ].KW mmol), Mn(OAc)K.SHSO (W[ mg, L equiv., 
].LR mmol), phenylacetylene (a) ([U mg, S equiv., ].KW mmol) and S mL trifluoroethanol 
were added to a glass vial under air and the vial sealed. The resulting mixture was stirred 
at L]] oC for L[ h and cooled to room temperature. The reaction crude was analysed by 
LH NMR spectroscopy (CDClK) using mesitylene as internal standard. Results are 
summarized in the following table. 

Table S1H. Synthesis of !aa starting from Lgr of substrate La.  

entry poison yield of !aa
a
 yield of !xa

a
 

L none jL% - 
S !j LL% x = j, ]% 
K !k WZ% x = k, traces 
W !l Kj% x = l, traces 
Z !n KS% x = n, S% 

[a]Yield calculated from 1H NMR of crude using mesitylene as internal standard 

S
N
H

H
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Q
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HCo(OAc)2 (20 mol%)
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3.3.4	Deuterium	exchange	experiments	

	a)	Using	deuterated	Methanol	as	solvent	(Scheme	VII.12a)	

!a (].KZ mmol), Co(OAc)S (LS.W mg, S] mol%, ].]R mmol), NaOPiv.HSO (U[.U mg, S 
equiv., ].R] mmol), Mn(OAc)K.SHSO (jW.] mg, L equiv., ].R mmol), Phenylacetylene (a) 
(S equiv., ].R] mmol) and SmL CD0OD were added to a glass vial under air and the vial 
sealed. The resulting mixture was stirred at L]] oC for L[ h and cooled to room 
temperature. The solvent was removed and the product purified using column 
chromatography (Silica gel: dichloromethane). After purification the product was dried 
under reduced pressure. (Yield: [L%, ].SLmmol, UZ.Lmg; SS% H and RU% D, LH-NMR).  

b)	Deuterium	exchange	in	substrate		

!a (].KZ mmol), Co(OAc)S (LS.W mg, S] mol%, ].]R mmol), NaOPiv.HSO (U[.U mg, S 
equiv., ].R] mmol), Mn(OAc)K·SHSO (jW.] mg, L equiv., ].KZ mmol) and SmL CD0OD 
were added to a glass vial under air and the vial sealed. The resulting mixture was stirred 
at L]] oC for L[ h and cooled to room temperature. The solvent was removed and the 
product purified using flash-column chromatography (Silica gel: dichloromethane). 
After purification the product was dried under reduced pressure. (Recovery: jS%, ].KS 
mmol, j[.Kmg. j]% H and L]% D, LH-NMR).  

b)	Using	Phenylacetylene-d1	as	substrate		

!a (].KZ mmol), Co(OAc)S (LS.W mg, S] mol%, ].]R mmol), NaOPiv.HSO (U[.U mg, S 
equiv., ].R] mmol), Mn(OAc)K.SHSO (jW.] mg, L equiv., ].R mmol), Phenylacetylene-

d! (a-D) (S equiv., ].R] mmol) and S mL CFKCHSOH were added to a glass vial under 
air and the vial sealed. The resulting mixture was stirred at L]] oC for L[ h and cooled 
to room temperature. The solvent was removed and the product purified using column 
chromatography (Silica gel: dichloromethane). After purification the product was dried 
under reduced pressure. (Yield: US%, ].Sj mmol, LLW.W mg; [[% H and KW% D, LH-NMR).  
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Figure SG1. LH-NMR of !aa-D (blue, RU% D-incorporated) obtained after reaction with    
Phenylacetylene in CDKOD. 

 
Figure SG0.

 HRMS-ESI-QTOF of !aa-D obtained after reacction with Phenylacetylene in 
CDKOD. Mass analysis shows RW% D incorporation in agreement with LH-NMR (Figure S[S). 
Deuterium incorporation was measured by the relative intensity of the peaks in the mass 
spectrum corresponding to the deuterated and non-deuterated products. 
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Figure SG>. LH-NMR of !aa-D (blue, KW% D incorporated) obtained after reaction with    
Phenylacetylene-dL in CFKCHSOH.  

 

Figure SG8. HRMS-ESI-QTOF of !aa-D obtained after reaction with Phenylacetylene-DL in 
CFKCHSOH. Mass analysis shows KR% D incorporation in agreement with LH-NMR (Figure S[W). 
Deuterium incorporation was measured by the relative intensity of the peaks in the mass 
spectrum corresponding to the deuterated and non-deuterated products. 
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Figure SGG. LH-NMR of La-D (blue, LK% D incorporated in N-H and SU% D incorporated in the 
aryl ring) obtained after L[h under optimized conditions in CDKOD, compared to the LH NMR 
of La (black). 

	

Figure SG<.
 HRMS-ESI-QTOF of La-D obtained after reaction with Phenylacetylene in CDKOD. 

Deuterium incorporation was measured by the relative intensity of the peaks in the mass 
spectrum corresponding to the deuterated and non-deuterated products.  
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3.3.5	Intermolecular	Kinetic	Isotope	Effect	(Scheme	VII.12b)	

L]] mg of !e (L equiv., ].KZ mmol), L]L mg (L equiv., ].KZ mmol) of [D]8-!e
[a]

, Co(OAc)S 
(SW mg, S]mol%, ].LW mmol), NaOPiv.HSO (LRS mg, S equiv., L.W] mmol), 
Mn(OAc)K·SHSO (LUU mg, L equiv., ].R mmol) and phenylacetylene (a) (KZ.R mg, L equiv., 
].KZ mmol) with W mL trifluorethanol were added to a glass vial under air and the vial 
sealed. The resulting mixture was stirred at L]]oC for L[h and cooled to room 
temperature. The solvent was removed and the product purified using column 
chromatography (Silica gel: dichloromethane). After purification the product was dried 
under reduced pressure (RZ.L mg, Z[% respect to a). The kinetic isotope effect was 
determined to be K.Z as judged by LH-NMR spectroscopy:  

 
Figure SG=. 

LH NMR of product from [D/H]Z-!e intermolecular KIE experiment. Peaks marked 
in red were used to calculate the kH/kD ratio. Integral value was taken as the average of two 
peaks.  

3.3.6	Reactions	in	the	presence	of	radical	scavengers	

!a (].KZ mmol), Co(OAc)S (LS.W mg, S] mol%, ].]R mmol), NaOPiv.HSO (U[.U mg, S 
equiv., ].R] mmol), Mn(OAc)K.SHSO (jW.] mg, L equiv., ].KZ mmol), phenylacetylene 
(a) (S equiv., ].R] mmol), Radical Scavenger (S equiv., ].R mmol) and SmL CFKCHSOH 
were added to a glass vial under air and the vial sealed. The resulting mixture was stirred 
at L]] oC for L[ h and cooled to room temperature. The reaction crude was analysed by 
LH-NMR spectroscopy (CDClK) using mesitylene as internal standard after a flash silica 
column (dichloromethane). 



ANNEX	III	 	 SUPPORTING	INFORMATION	FOR	CHAPTER	V	

	

	S108	

3.3.7	Crystallographic	data	information	

Crystallographic data for compounds !aa (CCDC-LW]RSUZ), !ah (CCDC-LW]RSU[), 
product derived from Laa using Pd/C HS (!aaH>) (CCDC-LW]RSUR) and !ar (major 
regioisomer) (CCDC-LWLLZWL) can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Furthermore, 
the corresponding CIF files have been included in the Supplementary Digital Material 
included in the attached CD.  

X-Ray	structure	of	1aa:	

Colorless crystals were grown by slow diffusion of pentane into a dichloromethane 
solution of the compound, and used for low temperature (LWK(S) K) X-ray structure 
determination. The measurement was carried out on a BRUKER SMART APEX CCD 
diffractometer using graphite-monochromated Mo Ka radiation (l = ].RL]RK Å) from 
an x-Ray Tube. The measurements were made in the range S.LZS to SU.SUZ° for θ. Full-
sphere data collection was carried out with ω and φ scans. A total of ZUUZW reflections 
were collected of which WUUS [R(int) = ].][WU] were unique. Programs used: data 
collection, SmartLS; data reduction, Saint+[LK]; absorption correction, SADABS[LW]. 
Structure solution and refinement was done using SHELXTL[LZ]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and forced to ride on the atom to 
which they are attached.  

Table S0F. Crystallographic data of !aa.  

Chemical	formula	 C24H18N2O2S	

fw	(g	mol-1)	 398.46	

T	(K)	 143(2)	

Space	group	 Orthorhombic,	Pbca	
a	(Å)	 13.2726(13)	

b	(Å)	 15.6962(16)	

c	(Å)	 18.9250(19)	

α	(deg.)	 90	

β	(deg.)	 90	

γ	(deg.)	 90	

V	(Å3)	 3942.6(7)	

ρcalcd.	(g	cm-3)	 1.343	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0491	

wR2	[I>2sigma(I)]	 0.1136	
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X-Ray	structure	of	1ah':	

Colorless crystals were grown by slow diffusion of hexane into a dichloromethane 
solution of the compound, and used for low temperature (LWK(S) K) X-ray structure 
determination. The measurement was carried out on a BRUKER SMART APEX CCD 
diffractometer using graphite-monochromated Mo Ka radiation (l = ].RL]RK Å) from 
an x-Ray Tube. The measurements were made in the range S.j]R to SU.S[]° for θ. Full-
sphere data collection was carried out with ω and φ scans. A total of LLLRj reflections 
were collected of which WKRZ [R(int) = ].]jZR] were unique. Programs used: data 
collection, SmartLS; data reduction, Saint+[LK]; absorption correction, SADABS[LW]. 
Structure solution and refinement was done using SHELXTL[LZ]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and forced to ride on the atom to 
which they are attached.  

Table S0!. Crystallographic data of !ah’.  

Chemical	formula	 C21H18N2O2S	

fw	(g	mol-1)	 362.43	

T	(K)	 143(2)	

Space	group	 Triclinic,	P-1	

a	(Å)	 7.754(3)	

b	(Å)	 11.381(4)	

c	(Å)	 11.791(4)	

α	(deg.)	 99.494(6)	

β	(deg.)	 109.022(6)	

γ	(deg.)	 102.707(6)	

V	(Å3)	 927.6(5)	

ρcalcd.	(g	cm-3)	 1.298	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.1115	

wR2	[I>2sigma(I)]	 0.2797	
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X-Ray	structure	of	product	derived	from	1aa	using	Pd/C	H2:	(1aaH4)	

Colorless crystals were grown by slow diffusion of Pentane into a chloroform solution 
of the compound, and used for low temperature (LWK(S) K) X-ray structure 
determination. The measurement was carried out on a BRUKER SMART APEX CCD 
diffractometer using graphite-monochromated Mo Ka radiation (l = ].RL]RK Å) from 
an x-Ray Tube. The measurements were made in the range L.jU[ to SU.SLK° for θ. Full-
sphere data collection was carried out with ω and φ scans. A total of RjZj reflections 
were collected of which Kj]R [R(int) = ].]Z][] were unique. Programs used: data 
collection, SmartLS; data reduction, Saint+[LK]; absorption correction, SADABS[LW]. 
Structure solution and refinement was done using SHELXTL[LZ]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and forced to ride on the atom to 
which they are attached, except N-H Hydrogen which was located in the difference 
Fourier Map and refined without constrains.  

Table S01. Crystallographic data of !aaH>.  

Chemical	formula	 C24H22N2O2S	

fw	(g	mol-1)	 402.49	

T	(K)	 143(2)	

Space	group	 Monoclinic,	P	21/c	

a	(Å)	 16.907(5)	

b	(Å)	 13.192(4)	

c	(Å)	 9.196(3)	

α	(deg.)	 90	

β	(deg.)	 105.281(6)	

γ	(deg.)	 90	

V	(Å3)	 1978.4(11)	

ρcalcd.	(g	cm-3)	 1.351	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0650	

wR2	[I>2sigma(I)]	 0.1402	

 
 
 
 
 
 
 
 
 
 
 
 



ANNEX	III	 	 SUPPORTING	INFORMATION	FOR	CHAPTER	V	

	

	 S111	

X-Ray	structure	of	1ar	(major	regioisomer):	

	

Colorless crystals were grown by slow diffusion of Pentane into a chloroform solution 
of the compound, and used for low temperature (LWK(S) K) X-ray structure 
determination. The measurement was carried out on a BRUKER SMART APEX CCD 
diffractometer using graphite-monochromated Mo Ka radiation (l = ].RL]RK Å) from 
an x-Ray Tube. The measurements were made in the range S.SLZ to SU.KRS° for θ. Full-
sphere data collection was carried out with ω and φ scans. A total of KZULR reflections 
were collected of which ZU[j [R(int) = ].]UjS] were unique. Programs used: data 
collection, SmartLS; data reduction, Saint+[LK]; absorption correction, SADABS[LW]. 
Structure solution and refinement was done using SHELXTL[LZ]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and forced to ride on the atom to 
which they are attached, except N-H Hydrogen which was located in the difference 
Fourier Map and refined without constrains. 

Table S00. Crystallographic data of !ar.  

Chemical	formula	 C27H22N2O4S	

fw	(g	mol-1)	 470.52	

T	(K)	 173(2)	

Space	group	 Monoclinic,	P	21/c	

a	(Å)	 9.639(2)	

b	(Å)	 13.379(3)	

c	(Å)	 18.394(4)	

α	(deg.)	 90	

β	(deg.)	 90.907(4)	

γ	(deg.)	 90	

V	(Å3)	 2371.9(9)	

ρcalcd.	(g	cm-3)	 1.318	

λ	(Å)	 0.71073	

R1	[I>2sigma(I)]	 0.0991	

wR2	[I>2sigma(I)]	 0.2452	
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1.	General	experimental	considerations	

All solvents and reagents were purchased from Sigma-Aldrich, Fisher Scientific or 
Fluorochem and used without further purification. LH, LKC{LH} and LjF NMR spectra were 
recorded on Bruker AV-W]] spectrometers in either CDClK (jj.U% D, containing ].]K% 
v/v TMS) or D[-DMSO (jj.j% D) and referenced to the residual deuterated solvent 
signals. High Resolution Mass Spectra (HRMS) were recorded by the Serveis Tècnics of 
the University of Girona on a Bruker MicroTOF-Q IITM instrument using an ESI 
ionization source. Starting amides were synthesized according reported protocols.L-LL 

2.	General	procedure	for	nitration	reactions	

A L] mL vial was charged with ].Z mmol of substrate, Co(NOK)S.[HSO (Sj.L mg, S] 
mol%, ].L mmol), tert-butyl nitrite (S[R μL, j]%, W.] equiv., S.] mmol) and K.Z mL of 
acetic acid. The vial was sealed and the reaction stirred at room temperature for LU 
hours. After this period the reaction mixture was diluted with ethyl acetate (K] mL) and 
extracted using brine (S] mL). The aqueous layer was then further extracted with ethyl 
acetate (S x K] mL), the organic layers combined, dried over magnesium sulfate and the 
solvent removed under reduced pressure. The crude reaction mixture was purified by 
column chromatography, using dichloromethane as eluent unless stated, providing 
analytically pure nitrated products. 

Note: For the LH NMR calculations of conversion and quantification of the two products, 
an aliquot of the reaction crude was analyzed using L,K,Z-trimethoxybenzene as internal 
standard (see Figure SL for an example). 

 
Figure SGH. Example LH NMR of crude reaction mixture after extraction stage; from Table S, 
entry L – L,K,Z-trimethoxy benzene as internal standard (D[-DMSO, SjU K, W]] MHz). Peaks 
taken for calculation of: !a = n; !b = □; internal standard = * (].KK equiv.).  
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3.	Poisoning	studies	

The general protocol described above was followed using the following conditions: 
substrate (].Z mmol; ].SZ mmol of each substrate), Co(NOK)S·[HSO (Sj.L mg, ].L mmol, 
S] mol%), tBuONO (S[R μL, j]%, W.] equiv., S.] mmol), acetic acid (K.Z mL), RT, LU h. 
Yields calculated from LH NMR of crude reaction mixture using L,K,Z-trimethoxybenzene 
as internal standard and are based on conversion of corresponding substrate. 

 
Scheme S1G. Summary of results obtained from poisoning studies. 

4.	Competition	study	(17	and	19)	

The general protocol described above was followed using the following conditions: 
substrate (].Z mmol; ].SZ mmol of each substrate), Co(NOK)S·[HSO (Sj.L mg, ].L mmol, 
S] mol%), tBuONO ([R μL, j]%, L.] equiv., ].Z mmol), acetic acid (K.Z mL), RT, LU h. 
Yields calculated from LH NMR of crude reaction mixture using L,K,Z-trimethoxybenzene 
as internal standard and are based on conversion of corresponding substrate. 

 
Scheme S1<. Summary of results obtained from competition study (substrates !< and !H).  
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5.	Synthesis	and	characterization	data	for	products	(Table	VII.12)	

N-(5-nitroquinolin-8-yl)benzamide	(1a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate ! (LSW mg, 
].Z mmol) to yield a white powder (jj mg, [U %). LH NMR 
(CDClK, W]] MHz, SjU K); δ LL.]j (br s, LH), j.KS (dd, LH, 

KJHH = U.U, WJHH = L.Z), j.]S (d, LH, KJHH = U.U), U.jU (dd, LH, KJHH = W.L, WJHH = L.W), U.[S (d, 
LH, KJHH = U.U), U.LW-U.]R (m, SH), R.RU (dd, LH, KJHH = U.U, KJHH = W.S), R.R]-R.ZZ (m, KH). 
LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.[W, LWj.]R, LW].UK, LKU.[R, LKR.RK, LKW.LL, 
LKK.W], LKS.[W, LSj.]K, LSR.U[, LSR.WZ, LSW.RS, LSL.U], LLK.[j. HR-MS (ESI, m/z); calcd. for 
CL[HLLNKOK+Na = KL[.][jK; obtained = KL[.][j[ [M+Na]+. Rf = ].[W (dichloromethane). 

4-methoxy-N-(5-nitroquinolin-8-yl)benzamide	(7a)	

This compound was prepared by the general 
nitration protocol described above starting from 
substrate < (LKj mg, ].Z mmol) to yield a yellow 
powder (UR mg, ZW %) This compound was isolated 
as the precipitate obtained by suspending the crude 

reaction mixture in dichloromethane and the related product, <b, was isolated from the 
filtrate by column chromatography using dichloromethane as eluent. LH NMR (D[-
DMSO, W]] MHz, KZK K); δ L].U[ (br s, LH), j.LW-j.][ (m, SH), U.US (d, LH, KJHH = U.U), 
U.Zj (d, LH, KJHH = U.U), U.]L (d, SH, KJHH = U.U), R.jS (dd, LH, KJHH = U.U, KJHH = W.S), R.LZ 
(d, SH, KJHH = U.U), K.Uj (s, KH). LKC {LH} NMR (D[-DMSO, L]] MHz, KZK K); δ = L[Z.]S, 
L[K.ZK, LZ].K[, LWL.][, LKj.SL, LKR.j], LKK.LZ, LSj.R], LSR.[Z, LS[.RL, LSZ.[K, LSL.[U, LLZ.]j, 
LLK.jW, Z[.L[. HR-MS (ESI, m/z); calcd. for CLRHLKNKOW+Na = KW[.]RjU; obtained = 
KW[.]RjW [M+Na]+.  

2-bromo-N-(5-nitroquinolin-8-yl)benzamide	(8a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate = (L[W 
mg, ].Z mmol) to yield a white powder (LLZ mg, [S %). LH 
NMR (CDClK, W]] MHz, SjU K); δ L].RL (br s, LH), j.KL (dd, 
LH, KJHH = U.j, WJHH = L.Z), j.]Z (d, LH, KJHH = U.U), U.jK (dd, 

LH, KJHH = W.L, WJHH = L.Z), U.[W (d, LH, KJHH = U.U), R.Rj-R.RK (m, KH), R.ZL (ddd, LH, KJHH = 
R.Z, LH, KJHH = R.Z, WJHH = L.S), R.WK (ddd, LH, KJHH = U.], LH, KJHH = U.], WJHH = L.U). LKC {LH} 
NMR (CDClK, L]] MHz, SjU K); δ = L[[.SK, LWj.LR, LW].WK, LKj.Lj, LKR.RS, LKR.KZ, LKK.jW, 
LKK.KS, LKS.LU, LSj.Uj, LSR.U[, LSR.R], LSW.RK, LSL.U], LLj.[K, LLW.LS. HR-MS (ESI, m/z); 
calcd. for CL[HL]BrNKOK+Na = KjK.jRjU; obtained = KjK.jRUj [M+Na]+. Rf = ].R] 
(dichloromethane). 
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2-methyl-N-(5-nitroquinolin-8-yl)benzamide	(9a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate H (LKL mg, 
].Z mmol) to yield a white powder (L]j mg, RL %). LH NMR 
(CDClK, W]] MHz, SjU K); δ L].[] (br s, LH), j.KL (dd, LH, 
KJHH = U.j, WJHH = L.[), j.]W (d, LH, KJHH = U.U), U.jL (dd, LH, 

KJHH = W.S, WJHH = L.[), U.[K (d, LH, KJHH = U.U), R.RU-R.R] (m, SH), R.WU (ddd, LH, KJHH = 
R.W, LH, KJHH = R.W, WJHH = L.K), R.WS-R.KW (m, SH), S.[W (s, KH). LKC {LH} NMR (CDClK, L]] 
MHz, SjU K); δ = L[U.KS, LWj.][, LW].jU, LKR.S[, LKK.K[, LKL.RL, LKL.]j, LSR.U[, LSR.KS, 
LS[.SS, LSW.R], LSL.UK, LLK.[[, S].KK. HR-MS (ESI, m/z); calcd. for CLRHLKNKOK+Na = 
KK].]UWj; obtained = KK].]UWS [M+Na]+. Rf = ].RZ (dichloromethane). 

N-(5-nitroquinolin-8-yl)furan-3-carboxamide	(10a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !F (LLj 
mg, ].Z mmol) to yield a white powder (U[ mg, [L %). LH 
NMR (D[-DMSO, W]] MHz, SjU K); δ L].jW (br s, LH), j.LK 
(s, LH), j.LS (dd, LH, KJHH = W.Z, WJHH = L.Z), U.Rj (d, LH, KJHH 

= U.U), U.[K (d, LH, KJHH = U.U), U.LS (dd, LH, KJHH = L.R, WJHH = ].U), R.jj-R.jW (m, LH), R.WR 
(dd, LH, KJHH = K.[, WJHH = ].U), [.UK (dd, LH, KJHH = K.[, WJHH = L.R). LKC {LH} NMR (D[-
DMSO, L]] MHz, SjU K); δ = LZ[.]U, LZ].[K, LWR.KZ, LWR.LU, LW].L[, LKj.][, LKR.SK, LKK.W], 
LSU.]R, LSZ.jL, LSL.ZW, LLR.KW, LLK.[j, LLK.[[. HR-MS (ESI, m/z); calcd. for CLWHjNKOW+Na 
= K][.]WUZ; obtained = K][.]WUW [M+Na]+. Rf = ].ZZ (dichloromethane). 

N-(5-nitroquinolin-8-yl)thiophene-2-carboxamide	(11a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !! (LSR 
mg, ].Z mmol) to yield a white powder (L]K mg, R] %). LH 
NMR (CDClK, W]] MHz, SjU K); δ L].jS (br s, LH), j.KS (dd, 

LH, KJHH = U.U, WJHH = L.[), U.jU (dd, LH, KJHH = W.S, WJHH = L.[), U.jS (d, LH, KJHH = U.U), U.[L 
(d, LH, KJHH = U.U), R.j] (dd, LH, KJHH = K.U, WJHH = L.S), R.RU (dd, LH, KJHH = W.S, WJHH = U.j), 
R.[j (dd, LH, KJHH = Z.], WJHH = L.S), R.SZ (dd, LH, KJHH = Z.], KJHH = K.U). LKC {LH} NMR 
(CDClK, L]] MHz, SjU K); δ = L[].LU, LWj.L], LW].[], LKU.jj, LKU.[R, LKR.Wj, LKK.WZ, LKS.SL, 
LSj.KU, LSU.LZ, LSR.UR, LSW.RR, LSL.UW, LLK.[Z. HR-MS (ESI, m/z); calcd. for CLWHjNKOKS+Na 
= KSS.]SZR; obtained = KSS.]S[S [M+Na]+. Rf = ].[[ (dichloromethane). 

 

 

 



ANNEX	IV	 	 SUPPORTING	INFORMATION	FOR	CHAPTER	VI	

	

	 S119	

N-(5-nitroquinolin-8-yl)acetamide	(13a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !0 (jK mg, 
].Z mmol) to yield a white powder (RZ mg, [Z %). This 
product was purified using ethyl acetate: hexane (R]:K]). LH 

NMR (CDClK, W]] MHz, SjU K); δ L].LK (br s, LH), j.SR (dd, LH, KJHH = U.[, WJHH = L.[), 
U.jU (dd, LH, KJHH = W.S, WJHH = L.[), U.UK (d, LH, KJHH = U.U), U.ZW (d, LH, KJHH = U.U), R.RK 
(dd, LH, KJHH = W.S, KJHH = U.[), S.WS (s, KH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = 
L[j.SS, LWU.Uj, LW].[j, LKU.ZK, LKR.LR, LKK.K], LSR.U], LSW.[S, LSL.RL, LLK.ZL, SZ.Sj. HR-MS 
(ESI, m/z); calcd. for CLLHjNKOK+Na = SZW.]ZK[; obtained = SZW.]ZSR [M+Na]+. Rf = ].ZL 
(Ethyl acetate:hexane; R]:K]). 

N-(5-nitroquinolin-8-yl)isobutyramide	(14a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !> (L]R 
mg, ].Z mmol) to yield a white powder (j] mg, R] %). LH 
NMR (CDClK, W]] MHz, SjU K); δ L].SZ (br s, LH), j.Sj (dd, 

LH, KJHH = U.j, WJHH = L.[), U.jS (dd, LH, KJHH = W.S, WJHH = L.[), U.UR (d, LH, KJHH = U.j), 
U.Z[ (d, LH, KJHH = U.j), R.RW (dd, LH, KJHH = W.S, KJHH = U.j), S.UK (h, LH, KJHH = [.j), L.Kj 
(d, [H, KJHH = [.j). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LR[.SS, LWU.jS, LW].jK, 
LKU.WL, LKR.WK, LKK.KK, LSR.jL, LSW.[L, LSL.RR, LLK.ZW, KR.Sj, Lj.ZS. HR-MS (ESI, m/z); calcd. 
for CLKHLKNKOK+Na = SUS.]UWj; obtained = SUS.]UZZ [M+Na]+. Rf = ].Zj 
(dichloromethane). 

N-(5-nitroquinolin-8-yl)pivalamide	(15a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !8 (LLW 
mg, ].Z mmol) to yield a white powder (L[ mg, LS %). LH 
NMR (CDClK, W]] MHz, SjU K); δ L].[L (br s, LH), j.K] (dd, 

LH, KJHH = U.j, WJHH = L.[), U.jW (dd, LH, KJHH = W.S, WJHH = L.[), U.UU (d, LH, KJHH = U.j), 
U.ZR (d, LH, KJHH = U.j), R.RW (dd, LH, KJHH = W.S, KJHH = U.j), L.W[ (s, jH). LKC {LH} NMR 
(CDClK, L]] MHz, SjU K); δ = LRR.Rj, LWj.]], LWL.]W, LKU.WR, LKR.RZ, LKK.KW, LSR.jZ, LSW.ZU, 
LSL.RU, LLK.W], W].[U, SR.ZR. HR-MS (ESI, m/z); calcd. for CLWHLZNKOK+Na = Sj[.L]][; 
obtained = Sj[.L]][ [M+Na]+. Rf = ].[] (dichloromethane). 

N-(5-nitroquinolin-8-yl)cyclohexanecarboxamide	(16a)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !G (LSR 
mg, ].Z mmol) to yield a white powder (jK mg, [S %). LH 
NMR (CDClK, W]] MHz, SjU K); δ L].SW (br s, LH), j.Sj 
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(dd, LH, KJHH = U.U, WJHH = L.[), U.jK (dd, LH, KJHH = W.S, WJHH = L.[), U.UR (d, LH, KJHH = U.j), 
U.ZZ (d, LH, KJHH = U.j), R.RW (dd, LH, KJHH = W.S, KJHH = U.j), S.Zj-S.Wj (m, LH), S.LW-S.]U 
(m, SH), L.jZ-L.UU (m, SH), L.UL-L.RW (m, LH), L.[j-L.[] (m, SH), L.WU-L.S[ (m, KH). LKC 
{LH} NMR (CDClK, L]] MHz, SjU K); δ = LRZ.KK, LWU.UU, LW].jR, LKU.KZ, LKR.WW, LKK.KS, 
LSR.jK, LSW.Zj, LSL.RU, LLK.ZZ, W[.jL, Sj.Zj, SZ.[U, SZ.[K. HR-MS (ESI, m/z); calcd. for 
CL[HLRNKOK+Na = KSS.LL[S; obtained = KSS.LLRK [M+Na]+. Rf = ].ZW (dichloromethane). 

N-(7-nitroquinolin-8-yl)benzamide	(1b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate ! (LSW mg, ].Z 
mmol) to yield a white powder (KS mg, SS %). LH NMR (CDClK, 
W]] MHz, SjU K); δ L].WK (br s, LH), U.jR (dd, LH, KJHH = W.S, 
WJHH = L.R), U.Sj (d, LH, KJHH = U.W, WJHH = L.[), U.L[-U.L] (m, SH), 

U.]R (d, LH, KJHH = j.L), R.R] (d, LH, KJHH = j.L), R.[U-R.[S (m, SH), R.[L-R.ZW (m, SH). LKC 
{LH} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.Lj, LZ].KK, LW].[R, LW].Zj, LK[.WU, LKK.K[, 
LKS.R[, LSj.Zj, LSU.jL, LSU.S[, LSU.]K, LSW.]K, LSS.UW, LSS.KL. HR-MS (ESI, m/z); calcd. for 
CL[HLLNKOK+Na = KL[.][jK; obtained = KL[.][jW [M+Na]+. Rf = ].WK (dichloromethane). 

4-methoxy-N-(7-nitroquinolin-8-yl)benzamide	(7b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate < (LKj 
mg, ].Z mmol) to yield a yellow powder (KW mg, SL %). 
LH NMR (CDClK, W]] MHz, SjU K); δ L].KR (br s, LH), 
U.j[ (dd, LH, KJHH = W.S, WJHH = L.R), U.SR (d, LH, KJHH = 

U.K, WJHH = L.[), U.LS-U.]Z (m, SH), U.]Z (d, LH, KJHH = j.L), R.[[ (d, LH, KJHH = j.L), R.[W (d, 
LH, KJHH = U.K, KJHH = W.S), R.]U-R.]S (m, SH), K.jS (s, KH). LKC {LH} NMR (CDClK, L]] 
MHz, SjU K); δ = L[W.R], L[K.SR, LZ].SS, LW].ZU, LW].WZ, LK[.WR, LK].]R, LSj.ZR, LSU.ZK, 
LSZ.[S, LSK.jU, LSS.Wj, LSS.KS, LLW.LS, ZZ.Z[. HR-MS (ESI, m/z); calcd. for CLRHLKNKOW+Na 
= KW[.]RjU; obtained = KW[.]RjW [M+Na]+. Rf = ].WS (dichloromethane). 

2-bromo-N-(7-nitroquinolin-8-yl)benzamide	(8b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate = (L[W mg, 
].Z mmol) to yield a white powder (S[ mg, LW %). LH NMR 
(CDClK, W]] MHz, SjU K); δ L].LL (br s, LH), U.j[ (dd, LH, KJHH 
= W.S, WJHH = L.[), U.Sj (dd, LH, KJHH = U.W, WJHH = L.[), U.]R (d, 

LH, KJHH = j.L), R.UK (ddd, LH, KJHH = R.[, WJHH = L.U, ZJHH = ].K), R.RK (d, LH, KJHH = j.K), 
R.RW (ddd, LH, KJHH = R.j, WJHH = L.S, ZJHH = ].K), R.[Z (dd, LH, KJHH = W.S, KJHH = U.K), R.Wj 
(ddd, LH, KJHH = R.[, KJHH = R.[, WJHH = L.K), R.WW-R.KU (m, LH). LKC {LH} NMR (CDClK, L]] 
MHz, SjU K); δ = L[Z.LU, LZL.Z], LW].j[, LW].ZU, LK[.W], LK[.KU, LKK.j[, LKK.SZ, LK].KR, 
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LSj.[Z, LSR.[j, LSR.ZW, LSW.][, LSK.WK, LSS.SZ, LLj.jU. HR-MS (ESI, m/z); calcd. for 
CL[HL]BrNKOK+Na = KjK.jRjU; obtained = KjK.jRRU [M+Na]+. Rf = ].ZL 
(dichloromethane). 

2-methyl-N-(7-nitroquinolin-8-yl)benzamide	(9b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate H (LKL mg, ].Z 
mmol) to yield a white powder (SR mg, LU %). LH NMR (CDClK, 
W]] MHz, SjU K); δ j.jZ (br s, LH), U.jZ (dd, LH, KJHH = W.S, 
WJHH = L.[), U.Sj (dd, LH, KJHH = U.K, WJHH = L.R), U.]U (d, LH, KJHH 

= j.L), R.UK (dd, LH, KJHH = R.[, WJHH = L.W), R.RS (d, LH, KJHH = j.L), R.[Z (dd, LH, KJHH = U.K, 
KJHH = W.S), R.WR (ddd, LH, KJHH = R.Z, KJHH = R.Z, WJHH = L.W), R.W]-R.KS (m, SH), S.[L (s, 
KH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[R.KR, LZ].K[, LW].[W, LW].KR, LKU.LZ, 
LK[.WS, LKW.WR, LKL.[], LKL.Lj, LSj.[[, LSU.R], LSR.jU, LS[.][, LSK.jj, LSS.jW, LSS.KL, S].S[. 
HR-MS (ESI, m/z); calcd. for CLRHLKNKOK+Na = KK].]UWj; obtained = KK].]UWZ [M+Na]+. 
Rf = ].ZZ (dichloromethane). 

N-(7-nitroquinolin-8-yl)furan-3-carboxamide	(10b)	

This compound was prepared by the general nitration protocol 
described above starting from substrate !F (LLj mg, ].Z mmol) 
to yield a white powder (KZ mg, SZ %). LH NMR (D[-DMSO, 
W]] MHz, SjU K); δ L].R] (br s, LH), j.LW (dd, LH, KJHH = W.S, 
WJHH = L.R), U.[L (dd, LH, KJHH = U.W, WJHH = L.R), U.L] (d, LH, KJHH 

= j.]), U.]j-U.]Z (m, SH), R.UZ (dd, LH, KJHH = U.K, KJHH = W.S), R.ZZ (dd, LH, KJHH = K.Z, 
WJHH = ].U), [.U] (dd, LH, KJHH = K.Z, WJHH = L.U). LKC {LH} NMR (D[-DMSO, L]] MHz, SjU 
K); δ = LZ[.]W, LZS.Sj, LWR.SZ, LW[.jj, LWS.R], LWL.WU, LKR.KR, LK].KR, LSR.WS, LSZ.U[, LSZ.]K, 
LSL.j[, LLR.L], LLK.LR. HR-MS (ESI, m/z); calcd. for CLWHjNKOW+Na = K][.]WUZ; obtained 
= K][.]WRS [M+Na]+. Rf = ].WL (dichloromethane). 

N-(7-nitroquinolin-8-yl)thiophene-2-carboxamide	(11b)	

This compound was prepared by the general nitration protocol 
described above starting from substrate !! (LSR mg, ].Z mmol) 
to yield a white powder (Sj mg, S] %). LH NMR (CDClK, W]] 
MHz, SjU K); δ L].KZ (br s, LH), U.jU (dd, LH, KJHH = W.S, WJHH = 
L.[), U.Sj (dd, LH, KJHH = U.K, WJHH = L.[), U.]Z (d, LH, KJHH = L].L), 

R.jZ (dd, LH, KJHH = K.U, WJHH = L.S), R.RL-R.[K (m, KH), R.SK (dd, LH, KJHH = Z.], KJHH = K.U). 
LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LZj.[j, LZ].KU, LW].Z], LW].WW, LKR.Uj, LK[.Z], 
LKS.S[, LK].ZL, LSj.[L, LSU.][, LSR.U[, LSW.][, LSS.UU, LSS.Sj. HR-MS (ESI, m/z); calcd. 
for CLWHjNKOKS+Na = KSS.]SZR; obtained = KSS.]SZR [M+Na]+. Rf = ].W] 
(dichloromethane). 
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N-(7-nitroquinolin-8-yl)acetamide	(13b)	

This compound was prepared by the general nitration protocol 
described above starting from substrate !0 (jK mg, ].Z mmol) to 
yield a white powder (KL mg, SR %). This product was purified 
using ethyl acetate: hexane (R]:K]). LH NMR (CDClK, W]] MHz, 
SjU K); δ j.ZU (br s, LH), U.jU (dd, LH, KJHH = W.S, WJHH = L.R), U.SR 

(dd, LH, KJHH = U.S, WJHH = L.[), U.]] (d, LH, KJHH = j.L), R.[R (d, LH, KJHH = j.L), R.[W (dd, 
LH, KJHH = W.S, KJHH = U.K), S.W] (s, KH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[U.LW, 
LZ].KW, LW].KU, LK[.WS, LSj.Zj, LSR.[j, LSK.jK, LSS.jZ, LSS.SS, SW.LZ. HR-MS (ESI, m/z); 
calcd. for CLLHjNKOK+Na = SZW.]ZK[; obtained = SZW.]ZKj [M+Na]+. Rf = ].SK (Ethyl 
acetate:hexane; R]:K]). 

N-(7-nitroquinolin-8-yl)isobutyramide	(14b)	

This compound was prepared by the general nitration protocol 
described above starting from substrate !> (L]R mg, ].Z mmol) 
to yield a white powder (LU mg, LZ %). LH NMR (CDClK, W]] 
MHz, SjU K); δ j.[Z (br s, LH), U.jR (dd, LH, KJHH = W.S, WJHH = 
L.R), U.S[ (dd, LH, KJHH = U.K, WJHH = L.[), R.jU (d, LH, KJHH = j.L), 

R.[Z (d, LH, KJHH = j.L), R.[W (dd, LH, KJHH = W.S, KJHH = U.K), S.UW (h, LH, KJHH = [.j), L.KR 
(d, [H, KJHH = [.j). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LRW.UK, LZ].K], LW].RR, 
LW].ZS, LSj.ZS, LSR.UU, LSK.j], LSS.[R, LSS.Lj, K[.Kj, Lj.L[. HR-MS (ESI, m/z); calcd. for 
CLKHLKNKOK+Na = SUS.]UWj; obtained = SUS.]UZW [M+Na]+. Rf = ].Kj 
(dichloromethane). 

N-(7-nitroquinolin-8-yl)cyclohexanecarboxamide	(16b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !G (LSR mg, 
].Z mmol) to yield a white powder (KL mg, SL %). LH NMR 
(CDClK, W]] MHz, SjU K); δ j.[W (br s, LH), U.jR (dd, LH, KJHH 
= W.S, WJHH = L.[), U.SZ (dd, LH, KJHH = U.S, WJHH = L.[), R.jU (d, 

LH, KJHH = j.L), R.[W (d, LH, KJHH = j.L), R.[j (dd, LH, KJHH = W.S, KJHH = U.S), S.Zj-S.ZS (m, 
LH), S.LW-S.]R (m, SH), L.jW-L.U[ (m, SH), L.RR-L.[] (m, KH), L.WR-L.SU (m, KH). LKC {LH} 
NMR (CDClK, L]] MHz, SjU K); δ = LRK.jS, LZ].SZ, LW].UL, LW].ZR, LK[.Kj, LSj.ZS, LSR.jK, 
LSK.UR, LSS.ZU, LSS.SK, WZ.Uj, Sj.SL, SZ.RK, SZ.ZR. HR-MS (ESI, m/z); calcd. for 
CL[HLRNKOK+Na = KSS.LL[S; obtained = KSS.LLUW [M+Na]+. Rf = ].W] (dichloromethane). 
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6.	Synthesis	and	characterization	data	for	products	(Scheme	VII.15)	

6.1	Gram-scale	nitration	of	substrate	1	

A L]] mL round bottom flask was charged with of substrate ! (L.Uj g, R.[S mmol), 
Co(NOK)S.[HSO (WWK mg, S] mol%, L.ZS mmol), tert-butyl nitrite (W.L] mL, j]%, W.] 
equiv., K].WU mmol) and Z] mL of acetic acid. The flask was sealed with a septum and 
the reaction stirred at room temperature for LU hours. After this period the reaction 
mixture was diluted with ethyl acetate (S]] mL) and extracted using brine (L]] mL). 
The aqueous layer was then further extracted with ethyl acetate (S x L]] mL), the 
organic layers combined, dried over magnesium sulfate and the solvent removed under 
reduced pressure. The Residue was suspended in L]] mL of boiling ethanol and the 
precipitate collected, dried under reduced pressure and recrystallized by slow diffusion 
of pentane into a chloroform solution of the collected precipitate (!a as a pale yellow 
solid; L.KZ g, [L%). The solvent from the ethanolic filtrate was removed under reduced 
pressure and the residue recrystallized in the same manner as product !a (!b as a white 
solid; WL] mg, LU%). See previous sections for characterization of these products. 

6.2	Upgrading	of	products	1a	and	1b	

The following describes the procedures for the synthesis of !c, A, B and C. 

N-(5-aminoquinolin-8-yl)benzamide	(1c)	

In a sealed round bottom flask product !a (K]]mg, L.]S 
mmol) was dissolved in degassed ethyl acetate (L]mL) and 
Pd/C (L]] mg, S] wt%) was added. The reaction was then 
placed under an atmosphere of hydrogen (L atm, ballon) 
and stirred overnight. When the reaction was complete 

(TLC: dichloromethane, the reaction mixture was filtered through celite®, and the 
celite® was further washed with dichloromethane until the filtrate ran clear. The solvent 
from the combined organic filtrates was removed under reduced pressure and the 
resulting residue was purified by column chromatography using ethyl acetate:hexane 
(R]:K]) as eluent, resulting in a pale yellow solid (SKK mg, U[%). LH NMR (D[-DMSO, 
W]] MHz, SjU K); δ = L].K] (m, LH), U.Uj (dd, LH, KJHH = W.S, WJHH = L.[), U.[K (dd, LH, 
KJHH = U.Z, WJHH = L.[), U.WK (d, LH, KJHH = U.K), U.]K-R.jU (m, SH), R.[[-R.Z[ (m, KH), R.ZK 
(dd, LH, KJHH = W.K, KJHH = U.Z), [.RR (d, LH, KJHH = U.K), Z.jL (br s, SH). LKC {LH} NMR (D[-
DMSO, L]] MHz, SjU K); δ = L[W.LW, LWj.K], LWL.Rj, LW].]S, LKZ.ZK, LKS.KR, LKS.]K, LSj.KZ, 
LSR.Sj, LSK.U[, LS].LS, LS].][, LLU.L], L]R.KR. HR-MS (ESI, m/z); calcd. for CL[HLKNKO+Na 
= SU[.]jZ[; obtained = SU[.]jZS [M+Na]+. Rf = ].RU (ethyl acetate:hexane; R]:K]). 
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5-Nitroquinolin-8-amine	(A)	

Product !a (L.]] g, K.WL mmol) was dissolved in ethanol (Z] mL) 
in a L]] mL round-bottom flask. To the solution was added 
concentrated hydrochloric acid (LL mL). The resulting mixture was 
then refluxed at L]]°C for SW h. After this time the crude was 
concentrated under reduced pressure and cooled to ]°C, at which 

point SM NaOH was added dropwise until the pH was alkaline. The solution was 
extracted with ethyl acetate (K x L]] mL), dried over magnesium sulfate and the solvent 
removed under reduced pressure. The resulting residue was purified by column 
chromatography using dichloromethane as eluent, resulting in an orange solid (Zjj mg, 
jK%). LH NMR (D[-DMSO, W]] MHz, SjU K); δ = j.SU (dd, LH, KJHH = U.j WJHH = L.[), 
U.UW (dd, LH, KJHH = W.L, WJHH = L.[), U.WU (d, LH, KJHH = j.L), R.U] (dd, LH, KJHH = U.j, KJHH 
= W.L), R.RU (br s, SH), [.U[ (d, LH, KJHH = j.L). LKC {LH} NMR (D[-DMSO, L]] MHz, SjU 
K); δ = LZW.SK, LWU.][, LKZ.ZL, LKS.UL, LKL.KS, LK].LL, LSZ.j[, LSK.j[, L][.SZ. HR-MS (ESI, 
m/z); calcd. for CjHRNKOS+Na = SLS.]WK]; obtained = SLS.]WSj [M+Na]+. Rf = ].Z] 
(dichloromethane). CAS: WS[][-KU-S. This compound is known and the data described 
is in agreement with the previous reports.[LK] 

7-Nitroquinolin-8-amine	(B)	

Product !b (KS] mg, L.]j mmol) was dissolved in ethanol (SZ mL) in 
a Z] mL round-bottom flask. To the solution was added concentrated 
hydrochloric acid (Z mL). The resulting mixture was then refluxed at 
L]]°C for SW h. After this time the crude was concentrated under 
reduced pressure and cooled to ]°C, at which point SM NaOH was 

added dropwise until the pH was alkaline. The solution was extracted with ethyl acetate 
K x Z] mL), dried over magnesium sulfate and the solvent removed under reduced 
pressure. The resulting residue was purified by column chromatography using 
dichloromethane as eluent, resulting in an orange solid (L[K mg, UW%). LH NMR (D[-
DMSO, W]] MHz, SjU K); δ = U.j] (dd, LH, KJHH = W.K WJHH = L.R), U.W] (br s, SH), U.KK 
(dd, LH, KJHH = U.S, WJHH = L.R), U.]S (d, LH, KJHH = j.Z), R.RZ (dd, LH, KJHH = U.S, KJHH = W.K), 
R.]R (d, LH, KJHH = j.Z). LKC {LH} NMR (D[-DMSO, L]] MHz, SjU K); δ = LWj.SL, LWZ.Lj, 
LKj.WW, LK[.jU, LKL.WR, LS[.ZU, LSZ.j[, LSS.KR, LLK.jU. HR-MS (ESI, m/z); calcd. for 
CjHRNKOS+Na = SLS.]WK]; obtained = SLS.]WKK [M+Na]+. Rf = ].[U (dichloromethane). 
CAS: WS[][-KR-L. This compound is known and the data described is in agreement with 
the previous reports.[LK] 
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Quinoline-5,8-diamine	(C)	

In a sealed round bottom flask product A (Z]]mg, S.[W mmol) 
was dissolved in degassed ethyl acetate (LZmL) and Pd/C (L]] mg, 
S] wt%) was added. The reaction was then placed under an 
atmosphere of hydrogen (L atm, ballon) and stirred overnight. 
When the reaction was complete (TLC: dichloromethane, the 

reaction mixture was filtered through celite®, and the celite® was further washed with 
ethyl acetate until the filtrate ran clear. The solvent was removed under reduced 
pressure and the resulting residue was purified by column chromatography using ethyl 
acetate as eluent, resulting in a brown solid (KW[ mg, UK%). LH NMR (D[-DMSO, W]] 
MHz, SjU K); δ = U.R] (dd, LH, KJHH = W.L, WJHH = L.R), U.W] (dd, LH, KJHH = U.Z, WJHH = L.R), 
R.KR (dd, LH, KJHH = U.Z, KJHH = W.L), [.RW (d, LH, KJHH = U.]), [.[S (d, LH, KJHH = U.]), Z.]S 
(br s, WH). LKC {LH} NMR (D[-DMSO, L]] MHz, SjU K); δ = LWR.K], LKU.[[, LK[.LU, LKW.Rj, 
LKL.[R, LLj.ZW, LLj.WZ, LLL.Sj, LL].KK. HR-MS (ESI, m/z); calcd. for CjHRNK+H = LZU.]RLK; 
obtained = LZU.]RS[ [M+H]+. Rf = ].W] (ethyl acetate). CAS: L[SUU]-WZ-R. This 
compound has been reported previously.[LW] 
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7.	Synthesis	and	characterization	data	for	5-substituted-8-aminoquinolines	

Z-chloro and Z-methoxy-U-nitroquinoline were prepared according to the literature 
procedure.[LS] Substrates !a and !c were synthesized as products during this work and as 
such were prepared as described in Scheme K (main text). 

5-Chloro-8-aminoquinoline	

In a sealed round bottom flask Z-chloro-U-nitroquinoline (Z]]mg, 
S.W] mmol) was dissolved in degassed ethyl acetate (LZmL) and 
Pd/C (L]] mg, S] wt%) was added. The reaction was then placed 
under an atmosphere of hydrogen (L atm, ballon) and stirred 
overnight. When the reaction was complete (TLC: dichloromethane, 

the reaction mixture was filtered through celite®, and the celite® was further washed 
with ethyl acetate until the filtrate ran clear. The solvent was removed under reduced 
pressure and the resulting residue was purified by column chromatography using 
dichloromethane as eluent, resulting in a pale yellow solid (KUZ mg, j]%). LH NMR 
(CDClK, W]] MHz, SjU K); δ = U.US (dd, LH, KJHH = W.S, WJHH = L.[), U.Z] (dd, LH, KJHH = 
U.Z, WJHH = L.[), R.ZL (dd, LH, KJHH = U.Z, KJHH = W.S), R.WL (d, LH, KJHH = U.S), [.U[ (d, LH, 
KJHH = U.S), Z.]W (br s, SH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LWR.Rj, LWK.KL, 
LKU.Rj, LKS.jL, LSR.SZ, LS[.ZZ, LSS.]j, LLU.]R, L]j.WR. HR-MS (ESI, m/z); calcd. for 
CjHRNSCl+H = LRj.]KRL; obtained = LRj.]KRW [M+H]+. Rf = ].KS (dichloromethane). CAS: 
ZWKS-]j-R. This compound is known and the data described is in agreement with the 
previous reports.[LZ] 

5-Methoxy-8-aminoquinoline	

This compound was prepared from Z-methoxy-U-nitroquinoline 
(Z]] mg, S.WZ mmol) using the procedure described above for the 
preparation of Z-chloro-U-aminoquinoline and was purified by 
column chromatography using ethyl acetate:hexane ([]:W]) as 
eluent, resulting in a yellow solid (KZW mg, UK%). LH NMR (CDClK, 

W]] MHz, SjU K); δ = U.UK (dd, LH, KJHH = W.S, WJHH = L.U), U.ZK (dd, LH, KJHH = U.Z, WJHH = 
L.U), R.W] (dd, LH, KJHH = U.Z, KJHH = W.S), [.Uj (d, LH, KJHH = U.S), [.RZ (d, LH, KJHH = U.S), 
W.[Z (br s, SH), K.jZ (s, KH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LWU.L], LWR.][, 
LKj.LZ, LKR.Kj, LK].UK, LSL.L[, LS].WZ, L]j.R], L][.Kj, ZZ.jW. HR-MS (ESI, m/z); calcd. for 
CL]HL]NSO+H = LRZ.]U[[; obtained = LRZ.]URS [M+H]+. Rf = ].ZW (ethyl acetate:hexane; 
[]:W]). CAS: K]W[Z-[U-]. This compound is known and the data described is in 
agreement with the previous reports.[LS] 
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5-Methyl-8-aminoquinoline:	

This compound was prepared by a Skraup reaction using Z-methyl-S-nitroaniline and 
subsequent reduction of the Z-methyl-U-nitroquinoline as described above for the 
synthesis of Z-chloro-U-aminoquinoline. 

Synthesis of --methyl-1-nitroquinoline: Glycerol (Z mL, [U.[ mmol, S.W equiv.) was 
heated to LZ] oC for L hour in a round-bottom flask and then cooled to LL] oC. Z-methyl-
S-nitroaniline (Z.] g, Sj mmol) and NaI (UR mg, ].[ mmol) were then added and the 
mixture was again heated to LZ] oC with vigorous stirring. Thereafter, concentrated 
sulfuric acid (K.[ mL, [[.R mmol, S.K equiv.) was added and the reaction was left for a 
further WZ minutes. The reaction was allowed to cool to room temperature, diluted with 
water (SZ] mL) and extracted with CHSClS (K x L]] mL). The combined organic layers 
were washed with brine, dried over magnesium sulfate and concentrated under reduced 
pressure. The crude was then purified by silica gel chromatography using 
dichloromethane (Rf = ].Sj) as eluent. (K.LL g, ZR%). LH NMR (CDClK, W]] MHz, SjU K); 
δ = j.]U (dd, LH, KJHH = W.S, WJHH = L.R), U.WS (dd, LH, KJHH = U.[, WJHH = L.R), R.jR (d, LH, 
KJHH = R.R), R.Zj (dd, LH, KJHH = U.[, KJHH = W.S), R.WZ (dq, LH, KJHH = R.R, WJHH = ].j), S.RR 
(d, LH, WJHH = ].j). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LZS.][, LW].Sj, LKj.Rj, 
LKS.RK, LSU.LK, LSZ.ZS, LSK.R], LSS.KK, Lj.]U. HR-MS (ESI, m/z); calcd. for CL]HUNSOS+H 
= LUj.][Zj; obtained = LUj.][ZZ [M+H]+. Rf = ].WL (dichloromethane). CAS: [ZRWZ-[j-
j. This product has been previously reported.[L[] 

The final compound was prepared from Z-methyl-U-nitroquinoline 
(Z]] mg, S.[Z mmol) using the procedure described above for the 
preparation of Z-chloro-U-aminoquinoline and was purified by 
column chromatography using ethyl acetate:hexane ([]:W]) as 
eluent, resulting in a yellow solid (KjL mg, jK%). LH NMR (CDClK, 

W]] MHz, SjU K); δ = U.UL (dd, LH, KJHH = W.S, WJHH = L.R), U.SZ (dd, LH, KJHH = U.Z, WJHH = 
L.R), R.WK (dd, LH, KJHH = U.Z, KJHH = W.S), R.LU (dq, LH, KJHH = R.[, WJHH = ].j), [.UR (d, LH, 
KJHH = R.[), S.ZU (d, LH, WJHH = ].j). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = LWR.]L, 
LWS.S[, LKU.jU, LKS.[S, LSR.WU, LSS.K[, LS].Uj, L]j.UW, LR.j]. HR-MS (ESI, m/z); calcd. for 
CL]HL]NS+H = LZj.]jLR; obtained = LZj.]jKL [M+H]+. Rf = [j (ethyl acetate:hexane; 
[]:W]). CAS: UZ[Z[-[W-]. This product has been previously reported.[L[] 

N-(5-chloroquinolin-8-yl)benzamide	(17)	

This substrate was made according to the general procedure 
described above for the synthesis of substrate !. Z-chloro-U-
aminoquinoline (SWL mg, L.KZ mmol) and benzoyl chloride 
(Lj] mg, L.KZ mmol) were used (KS] mg, UW % of a yellow 
solid). LH NMR (CDClK, W]] MHz, SjU K); δ = L].[R (br s, 

LH), U.j]-U.UR (m, SH), U.ZR (dd, LH, KJHH = [.j, WJHH = L.[), U.LL-U.][ (m, SH), R.[R (m, 
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ZH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.K[, LWU.RZ, LKj.S[, LKW.UZ, LKK.UW, 
LKK.WL, LKS.]L, LSU.UZ, LSR.SU, LSZ.j[, LSW.WR, LSS.Wj, LL[.WW. HR-MS (ESI, m/z); calcd. for 
CL[HLLClNSO+Na = K]Z.]WZS; obtained = K]Z.]WZ] [M+Na]+. Rf = ].[[ 
(dichloromethane). 

N-(5-methylquinolin-8-yl)benzamide	(18)	

This substrate was made according to the general 
procedure described above for the synthesis of substrate !. 
Z-methyl-U-aminoquinoline (KLW mg, L.jj mmol) and 
benzoyl chloride (SRj mg, L.jj mmol) were used (W]K mg, 
RR % of an orange solid). LH NMR (CDClK, W]] MHz, SjU 

K); δ = L].RZ (br s, LH), U.UR(dd, LH, KJHH = W.S, WJHH = L.L), U.UW (d, LH, KJHH = R.U), U.KZ 
(dd, LH, KJHH = U.Z, WJHH = L.[), U.LW-U.]R (m, SH), R.[K-R.Z[ (m, KH), R.ZZ (dd, LH, KJHH = 
U.Z, KJHH = W.S), R.WK (dq, LH, KJHH = U.R, WJHH = ].U), S.[R (d, LH, WJHH = ].U). LKC {LH} NMR 
(CDClK, L]] MHz, SjU K); δ = L[Z.KK, LWR.RU, LKj.]R, LKZ.KS, LKK.]S, LKS.Uj, LKL.RK, LSU.RU, 
LSU.WZ, LSR.ZK, LSR.KL, LSR.SU, LSL.SZ, LL[.KK, LU.SK. HR-MS (ESI, m/z); calcd. for 
CLRHLWNSO+Na = SUZ.]jjU; obtained = SUZ.L]][ [M+Na]+. Rf = WU (dichloromethane). 

N-(5-methoxyquinolin-8-yl)benzamide	(19)	

This substrate was made according to the general 
procedure described above for the synthesis of substrate 
!. Z-methoxy-U-aminoquinoline (Z]] mg, S.UR mmol) 
and benzoyl chloride (W]K mg, S.UR mmol) were used 
([SZ mg, RU % of a yellow solid). LH NMR (CDClK, W]] 

MHz, SjU K); δ = L].ZL (br s, LH), U.UU (d, LH, KJHH = U.Z), U.U[ (dd, LH, KJHH = W.K, WJHH = 
L.R), U.[] (dd, LH, KJHH = U.W, WJHH = L.R), U.LK-U.]R (m, SH), R.[S-R.ZS (m, KH), R.WR (dd, 
LH, KJHH = U.W, KJHH = W.K), [.j] (d, LH, KJHH = U.[), W.]S (s, KH). LKC {LH} NMR (CDClK, L]] 
MHz, SjU K); δ = L[Z.]j, LZ].WZ, LWU.RW, LKj.WU, LKZ.Kj, LKL.[L, LKL.K], LSU.R[, LSU.]K, 
LSR.SU, LS].Rj, LS].ZK, LL[.RK, L]W.Kj, ZZ.Rj. HR-MS (ESI, m/z); calcd. for CLRHLWNSOS+Na 
= K]L.]jWR; obtained = K]L.]jWL [M+Na]+. Rf = ].W] (dichloromethane). This compound 
is known and the data described is in agreement with the previous reports.[LR] 

N-(5-(dimethylamino)quinolin-8-yl)benzamide	(1d)	

This substrate was prepared by N-methylation of 
compound !c, using a modified N-methylation 
procedure to that reported by Opatz and co-worker:[S] 

To a solution of !c (SRZ mg, L.]W mmol) in acetonitrile 
(ZmL), water (S mL) and aqueous formaldehyde solution 

(].U mL, KR %), was added sodium cyanoborohydride (Lj] mg, K.] mmol) at ] oC in 
small portions. Finally, acetic acid (].S mL) was added dropwise and the mixture was 
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allowed to warm to room temperature and stirred overnight. Subsequently, saturated 
citric acid solution (L] mL) was added and the reaction stirred for a further WU hours. 
After this period, the reaction mixture was adjusted to pH = L] with sodium hydroxide 
solution and extracted with ethyl acetate (K x W] mL). The combined organic layers were 
further washed with brine (Z] mL), dried over magnesium sulfate and the solvent 
removed under reduced pressure. The crude reaction product was purified by column 
chromatography, using dichloromethane as eluent to give analytically pure compound 
(SLS mg, R] % of a pale yellow solid). LH NMR (CDClK, W]] MHz, SjU K); δ = L].[Z (br 
s, LH), U.U[ (d, LH, KJHH = U.W), U.U[ (dd, LH, KJHH = W.S, WJHH = L.R), U.[S (dd, LH, KJHH = 
U.Z, WJHH = L.R), U.LS-U.]U (m, SH), R.[S-R.ZW (m, KH), R.Z] (dd, LH, KJHH = U.Z, KJHH = W.S), 
R.S] (d, LH, KJHH = U.W), S.j] (s, [H). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.S], 
LWU.]R, LWZ.UL, LKj.jL, LKZ.W], LKK.LL, LKL.[Z, LK].][, LSU.R[, LSR.SW, LSK.US, LS].R], LL[.[R, 
LLZ.]S, WZ.WK. HR-MS (ESI, m/z); calcd. for CLUHLRNKO+H = SjS.LWW; obtained = SjS.LWKW 
[M+H]+. Rf = ].SW (dichloromethane). 
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8.	Synthesis	and	characterization	data	for	products	(Table	VII.13)	

N-(5-chloro-7-nitroquinolin-8-yl)benzamide	(17b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !< (LWLmg, 
].Z mmol) to yield a white powder (LZZ mg, jZ %). LH NMR 
(CDClK, W]] MHz, SjU K); δ = L].KR (br s, LH), j.]S (dd, LH, 
KJHH = W.S, WJHH = L.[), U.[[ (dd, LH, KJHH = U.Z, WJHH = L.[), U.L[ 

(s, LH), U.LW-U.]j (m, SH), R.RU (dd, LH, KJHH = U.Z, KJHH = W.S), R.[U-R.[S (m, LH), R.[L-
R.ZW (m, SH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.][, LZ].Rj, LWL.][, LKK.RW, 
LKK.]j, LKS.jS, LSU.jZ, LSU.]K, LSR.UU, LSR.[R, LSR.ZL, LS[.SU, LSW.R[, LSS.]K. HR-MS (ESI, 
m/z); calcd. for CL[HL]ClNKOK+Na = KZ].]K]K; obtained = KZ].]SjU [M+Na]+. Rf = ].ZZ 
(dichloromethane). 

N-(5-methyl-7-nitroquinolin-8-yl)benzamide	(18b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate != (LKL mg, 
].Z mmol) to yield a white powder (LK] mg, UZ %). LH NMR 
(CDClK, W]] MHz, SjU K); δ = L].KR (br s, LH), U.jK (dd, LH, 
KJHH = W.S, WJHH = L.[), U.KR (dd, LH, KJHH = U.Z, WJHH = L.[), U.LL-

U.]U (m, SH), R.UW (d, LH, WJHH = ].j), R.[W (dd, LH, KJHH = U.Z, KJHH = W.S), R.[W-R.ZW (m, 
LH), R.Z[-R.ZS (m, SH), S.R] (s, KH). LKC {LH} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.LW, 
LWj.UR, LW].UK, LW].S], LKK.WR, LKK.SS, LKS.[K, LK].[R, LSj.LW, LSU.UR, LSR.j[, LS[.S[, 
LSK.[[, LSL.R[, LU.SK. HR-MS (ESI, m/z); calcd. for CLRHLKNKOK+Na = KK].]UWj; obtained 
= KK].]UWU [M+Na]+. Rf = ].Kj (dichloromethane). 

N-(5-methoxy-7-nitroquinolin-8-yl)benzamide	(19b)	

This compound was prepared by the general nitration 
protocol described above starting from substrate !H (LKj 
mg, ].Z mmol) to yield a white powder (LZZ mg, j[ %). !H 

NMR (CDClK, W]] MHz, SjU K); δ = L].LL (br s, LH), U.jR 
(dd, LH, KJHH = W.S, WJHH = L.R), U.[[ (dd, LH, KJHH = U.Z, WJHH 

= L.R), U.LW-U.]j (m, SH), R.[[-R.Zj (m, SH), R.Zj-R.ZW (m, SH), R.KU (s, LH), W.L] (s, KH). 
!0

C {
!
H} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.SZ, LZL.KU, LZ].U], LWL.WS, LKK.[W, LKS.Wj, 

LKL.[S, LSU.UK, LSU.WU, LSR.jL, LSK.SL, LSS.RK, LSL.[R, jj.jW, Z[.KW. HRMS (ESI, m/z); calcd. 
for CLRHLKNKOW+Na = KW[.]RjU; obtained = KW[.]U]K[M+Na]+. Rf = ].K[ 
(dichloromethane). 
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N-(5-(dimethylamino)-7-nitroquinolin-8-yl)benzamide	(1db)	

This compound was prepared by the general nitration protocol described above starting 
from substrate !d (LW[ mg, ].Z mmol) to yield a white 
powder (LKZ mg, U] %). !

H NMR (CDClK, W]] MHz, 
SjU K); δ = L].[Z (br s, LH), j.LZ (s, LH), U.j[ (dd, LH, 
KJHH = W.S, WJHH = L.R), U.RK (dd, LH, KJHH = U.Z, WJHH = 
L.R), U.LL-U.][ (m, SH), R.[W-R.Z[ (m, WH), S.jU (s, [H). 

!0
C {

!
H} NMR (CDClK, L]] MHz, SjU K); δ = L[Z.SR, LZ].SL, LWK.Zj, LW].Zj, LKU.SZ, LKW.UW, 

LKW.ZW, LKS.L[, LKL.Z[, LS.Lj, LSR.Sj, LS[.UZ, LSS.ZL, LLL.ZK, WK.K[. HRMS (ESI, m/z); calcd. 
for CLUHL[NWOK+Na = KZj.LLLZ; obtained = KZj.LLLW [M+Na]+. Rf = ].ZS 
(dichloromethane). 
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9.	X-ray	crystallography	data	

Crystallographic data for compounds !!b (CCDC-LWKULL[), !0b (CCDC-LWKULLR) and !8a 
(CCDC-LWKULLU) can be obtained free of charge from the Cambridge Crystallographic 
Data Centre (CCDC) via www.ccdc.cam.ac.uk/data_request/cif. Furthermore, the 
corresponding CIF files have been included in the Supplementary Digital Material 
included in the attached CD. 

9.1 X-Ray structure of 11b 
Yellow crystals were grown by slow diffusion of pentane into a chloroform solution of 
the compound, and used for low temperature (L]](S) K) X-ray structure determination. 
The measurement was carried out on a BRUKER SMART APEX CCD diffractometer 
using graphite-monochromated Mo Kα radiation (λ = ].RL]RK Å) from an x-Ray Tube. 
The measurements were made in the range S.Zj] to SU.KSW° for θ. Full-sphere data 
collection was carried out with ω and φ scans. A total of LUK[[ reflections were collected 
of which SjW[ [R(int) = ].]K]R] were unique. Programs used: data collection, Smart[LU]; 
data reduction, Saint+[Lj]; absorption correction, SADABS[S]]. Structure solution and 
refinement was done using SHELXTL[SL]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and refined freely.  

Table S0>. Crystallographic data of !aa.  

Chemical formula C14H9N3O4 
fw (g mol-1) 283.24 
T (K) 100(2) 
Space group Monoclinic, P 21/c 
a (Å) 5.2240(4) 
b (Å) 8.1944(6) 
c (Å) 28.014(2) 
α (deg.) 90 
β (deg.) 92.3080(10) 
γ (deg.) 90 
V (Å3) 1198.22(15) 
ρcalcd. (g cm-3) 1.570 
λ (Å) 0.71073 
R1 [I>2sigma(I)] 0.0373 
wR2 [I>2sigma(I)] 0.0970 
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9.2	X-Ray	structure	of	13b	

Colorless crystals were grown by slow diffusion of pentane into a chloroform solution 
of the compound, and used for low temperature (L]](S) K) X-ray structure 
determination. The measurement was carried out on a BRUKER SMART APEX CCD 
diffractometer using graphite-monochromated Mo Kα radiation (λ = ].RL]RK Å) from 
an x-Ray Tube. The measurements were made in the range S.ZWW to SU.KWU° for θ. Full-
sphere data collection was carried out with ω and φ scans. A total of U]]Z reflections 
were collected of which SWU] [R(int) = ].]LRW] were unique. Programs used: data 
collection, Smart[LU]; data reduction, Saint+[Lj]; absorption correction, SADABS[S]]. 
Structure solution and refinement was done using SHELXTL[SL]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and refined freely.  

Table S08. Crystallographic data of !aa.  

Chemical formula C11H9N3O3 
fw (g mol-1) 231.21 
T (K) 100(2) 
Space group Monoclinic C c 
a (Å) 10.0842(8) 
b (Å) 16.0119(12) 
c (Å) 7.0635(5) 
α (deg.) 90 
β (deg.) 116.3620(10) 
γ (deg.) 90 
V (Å3) 1021.92(13) 
ρcalcd. (g cm-3) 1.503 
λ (Å) 0.71073 
R1 [I>2sigma(I)] 0.0290 
wR2 [I>2sigma(I)] 0.0780 
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9.3	X-Ray	structure	of	15a	

Colorless crystals were grown by slow diffusion of pentane into a chloroform solution 
of the compound, and used for low temperature (LRK(S) K) X-ray structure 
determination. The measurement was carried out on a BRUKER SMART APEX CCD 
diffractometer using graphite-monochromated Mo Kα radiation (λ = ].RL]RK Å) from 
an x-Ray Tube. The measurements were made in the range S.SKZ to SU.KjS° for θ. Full-
sphere data collection was carried out with ω and φ scans. A total of L]LSL reflections 
were collected of which KK]U [R(int) = ].]K][] were unique. Programs used: data 
collection, Smart[LU]; data reduction, Saint+[Lj]; absorption correction, SADABS[S]]. 
Structure solution and refinement was done using SHELXTL[SL]. 

The structure was solved by direct methods and refined by full-matrix least-squares 
methods on FS. The non-hydrogen atoms were refined anisotropically. The H-atoms 
were placed in geometrically optimized positions and forced to ride on the atom to 
which they are attached, other C-H hydrogens were refined freely. 

Table S0G. Crystallographic data of !aa.  

Chemical formula C14H15N3O3 
fw (g mol-1) 273.29 
T (K) 173(2) 
Space group Triclinic, P -1 
a (Å) 8.466(10) 
b (Å) 9.632(11) 
c (Å) 9.683(11) 
α (deg.) 85.531(19) 
β (deg.) 67.313(17) 
γ (deg.) 71.304(19) 
V (Å3) 689.2(14) 
ρcalcd. (g cm-3) 1.317 
λ (Å) 0.71073 
R1 [I>2sigma(I)] 0.0600 
wR2 [I>2sigma(I)] 0.1645 
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10.	Kinetic	Isotope	Effect	(KIE)	experiment	

H-D exchange for the synthesis of the deuterated aminoquinoline (selective K,P-
deuteration) was performed using the methodology reported by Lautens and co-
workers.[SS] This compound was then used for the synthesis of D1-! as described above 
(Page SW). Figure SLR] represents the LH NMR spectra obtained for D1-! (j[% deuterium 
incorporation). 

 
Figure S<F. LH NMR of substrate D1-! (CDClK, SjU K, K]] MHz). 

A competitive reaction was carried out between substrates ! and D1-!, under the 
optimized reaction conditions, in order to obtain the kH/kD value. The LH NMR 
spectrum for this result is shown in Figure SRL. The value of kH/kD was calculated to be 
].jR (using TMB as internal standard), which is consistent with the results obtained by 
Stahl and co-workers for the copper-catalyzed chlorination of the same substrate.[SK] 

 
Figure S<!. LH NMR spectrum used for the determination of the kH/kD value, using TMB as 
internal standard (CDClK, SjU K, K]] MHz). 
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