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Abstract

My PhD thesis is part of the network CATMEC (Catalytic Methods for Sustainable
Synthesis. A Merged Experimental and Computational Approach), a multi-partner
Innovative Training Network (ITN) European Joint Doctorate (EJD). During my three
years of PhD, | have gained knowledge and expertise in synthetic and computational
chemistry, thank to the different environments where | have worked.

At my home university, Universidad del Pais Vasco, | havefocused on studying catalytic
reactions from a computational point of view. Computational chemistry is a powerful
tool that applies theoretical models to even very complex chemical systems affording
the analysis of molecular properties and reactivity. In particular, in this thesis the Density
Functional Theory (DFT) was employed to study organic and organometallic reactions.
This method allows investigating a wide variety of chemical reactions through the
geometry optimisation and calculation of the energy of substrates, intermediates,
products and transition states.

At the University of Sheffield, where | have carried out a 9 month secondment, | have
dedicated myself to organic synthesis. | have worked on the synthesis of fluorinated
isoquinolines, which are important scaffolds in pharmaceuticals compounds. We have
developed a strategy based on transition metal catalysed C-H activation and following
electrocyclisation.

The works reported in the present thesis are the result of the synergy between
experimental and computational chemistry providing a good understanding of chemical
systems. Indeed, they are based on collaborations with other experimental research
groups, except the experimental work | made at the University of Sheffield. Calculations
help in rationalising the results obtained in the laboratory. The envisioned reactions are
differently catalysed reactions, which range from asymmetric organocatalysis to metal
catalysis and metal-free organic reactions as electrocyclisation.

The thesis includes five chapters as a fusion of computational and experimental
material.

The first chapter introduces the topic of density functional theory and describes the
principles and methodology applied in the calculations. The chapters that follow deal
with the work done.

The second chapter regards asymmetric catalysis and is based on the collaboration with
the group of Prof. Claudio Palomo at the Universidad del Pais Vasco. Two separated
works are presented.

In the first, they developed experimentally a strategy that exploits chiral Brgnsted
base/H-bonding catalysts to promote the addition of a-branched ketone dienolates to
bis-sulfones affording ketone products with an all-carbon quaternary a-stereocentre.
This reaction looked challenging for some issues as the stereocontrol, the ill-defined E/Z
enolate generation, the reactivity and site-selectivity, due to the steric hindrance at the
nucleophilic a-carbon. The employment of a sterically undemanding Michael acceptor,
as 1,1-bis(phenylsulfonyl)ethylene and cyclic ketones, in which the double bond is
tethered at the Ca-position of the carbonyl function, were necessary to sort the issues
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out. They performed the reaction between a-styryl cyclohexanone and
bis(phenylsulfonyl)ethylene yielding a-quaternary cycloalkanone adducts in high site-,
regio- and stereoselectivity.
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Computational studies were performed to rationalise the peculiar reactivity of these
transiently generated cyclic dienolates vs the acyclic counterparts. It came out that the
difference in reactivity does not depend on electronic properties, but on structural
factors. Indeed, the rigidity of the transition state is determinant for the efficient
chirality transfer and deletes the problem of enolate geometry (E/Z uncertainty).

The reaction activation barrier was calculated in the case of cyclic ketones and the linear
counterpart in presence of a model catalyst C0O. The result was that cyclic ketones
undergo the reaction overcoming a smaller energy barrier, feasible at the reaction
conditions. The use of a realistic catalyst as C7 in the study of the whole reaction
pathway confirmed that cyclic dienolates are valid substrates.

Cyclic dienolates reactivity was also compared with the one of other a-substituted cyclic
ketones, as a-phenyl cyclopentanone and a-phenyl cyclohexanone. Calculations
revealed the promising behaviour of a-phenyl cyclopentanone substrates for future
studies, while a-phenyl cyclohexanones are not convenient for this kind of reaction for

energetic reasons.
Substrates
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The ambiguity of a/y selectivity was envisioned computationally providing a rational for
the exclusive formation of the a-product. The a- and y-pathways for the reaction of a
linear dienolate and its cyclic counterpart with bis-sulfone in presence of the model
catalyst CO were computed and for both substrates the a-addition was the preferred
route. Indeed, a difference in energy barrier of 2.8 kcal/mol in favour of the a-adduct
was calculated for the linear dienolate and of 6.1 kcal/mol for the cyclic dienolate, a
value that clearly highlights the preference of one pathway to the other.
Computational studies were employed also in the analysis of the bifunctional catalyst
action, responsible of the stereoselectivity outcome. It was found that the catalyst
interacts with the substrates following the Pdpai model, in which the squaramide
interacts through the NH groups with the oxygen atom of the dienolate and the
protonated tertiary amine H-binds the oxygen of the bis-sulfone. The R-conformer of
the product is confirmed to be the preferred one, as found experimentally. The H-
bonding network and the stereoselectivity do not depend on the lateral substituents of
the catalyst, the determinant parts are the binding units.
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The second work regards the organocatalysed a-functionalisation of transiently
generated trienolates. The group of Palomo in 2017 reported that tertiary
amine/squaramide bifunctional catalysts can induce a-addition selectively of B,y-
unsaturated ketones with nitroolefins, so they decided to expand the applicability of the
strategy to trienolates. The choice of the substrates was driven and supported by
preliminary calculations of electronic properties, as charges and nucleophilicity indices
of different substrates: trienolates (in the alkoxy and salt forms) and trienamines with
which they share structural analogies. Trienolates were found to be keener on
undergoing Michael addition reaction while trienamines Diels-Alder reaction and this
divergence arises from electronic factors. Indeed, in trienolates the most nucleophilic
atom is the Ca while in trienamines it is the Cy. To confirm the evidence we computed
the Michael addition and Diels Alder pathways for both substrates with nitroolefins and
the energy barriers obtained were in agreement with the electronic information.
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In addition, the reactivity of thioesters was analysed. They showed analogue charge
distribution as the unsaturated ketones and tendency to react through the Ca,
supported by the calculation of the energy barriers of the a-, y- and e-attacks to
nitrostyrene which demonstrated that the a-attack requires the smallest energy.

With these promising preliminary results in hand, the group of Palomo carried out the
reaction in presence of a squaramide/H-bond donor bifunctional catalyst, responsible
of the stereoselective outcome. The reaction proceeded smoothly at Ca exclusively with
good yields and enantiomeric excess and diasteromeric ratio values. As in the previous
work, we studied computationally the way of action of the catalyst, analysing the
interaction with the substrates in order to justify the enantioselectivity found
experimentally. The catalyst interacts through H-bond network with the substrates
following Papai-type model, as in the previous work. Thus, squaramide NH groups
interact with the oxygen atom of the trienolate and the protonated tertiary amine binds
the nitro group of the olefin.

We computed the pathways for the formation of the possible isomers and it was found
that the experimental isomer was formed at the minimum energetic cost in terms of
energy barrier. The energies required to form the other stereoisomers were in
agreement with the values of ee and dr found experimentally.

Furthermore, in the laboratory they found out that a-addition products could be
valuable precursors of an unprecedent one-pot catalytic, enantio- and
diastereoselective synthesis of stereodefined six-member carbocycles after a catalytic
intramolecular 1,6-addition with high stereocontrol and following two intermediate
isomerisations promoted by Brgnsted base catalysts.

viii



o (10 mol%)

o R (\D MTBD
- OMe no, NN o R
R « EOmoh)_ \[ j-“NOZ
CHyCly, rt, 16h CHoCly, t, 16h

A AN

65-81%, 86-96% ee
R = alkyl, aryl, ArS >20:1 dr
Computational studies were carried out on the stereochemistry of the carbocyclisation
step considering that the process is substrate-controlled. Indeed, the stereocontrol
depends on the approach of dienone and nitronate and not on the chiral catalyst. The
energy barrier for the different approaches was calculated and the Re,Re approach was
found to be the most favourable that proceeds with the lowest barrier, justifying the
product observed experimentally. The difference in energy with the other cases explains
the experimental stereoselectivities.

The third chapter deals with gold catalysed tandem reactions and is based on the
collaboration with the group of Prof. Ernesto Occhiato at the Universitad degli Studi di
Firenze, ltaly. As before, the chapter includes two separated works and the
computational tools are used to investigate the mechanism and rationalise molecular
properties observed experimentally.

The first reaction studied is the tandem gold(l)-catalysed [3,3]-rearrangement/Nazarov
reaction of propargylic esters.

In 2015 the group of Occhiato reported a cascade gold-catalysed [3,3]-
rearrangement/Nazarov reaction of propargyl ester derivatives as a valuable strategy to
perform pentannulation of N-heterocycles and the methodology was applied in the
synthesis of bruceolline H and | from 3-substituted indoles.

N-heterocycles bearing propargyl side-chain at the C2 undergo smoothly a cascade gold-
catalysed [3,3]-rearrangement/Nazarov reaction at room temperature getting
completed in less than two hours, in agreement with the energy barrier found
computationally. The reaction proceeds through a two step rearrangement, which is the
rate-determining step with a relatively low energy barrier (14.2 kcal/mol), then the
allylic cationic intermediate that is formed rapidly cyclises yielding the diasteroisomer
with the two H atoms in trans in accordance with the conrotary nature of Nazarov
reaction. After proton abstraction, likely by an external basis present in the reaction
media, as for example the triflate, hydrolysis occurs affording the final product.
Calculations confirmed that the observed product is the one that forms through the least
energetic pathway.
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To widen the scope of the reaction together with the group of Occhiato we started to
wonder whether N-heterocycles bearing propargyl side-chain at C3 could be feasible
substrates for this kind of reactivity. It is worth to mention that an electron donor atom
in a different position could stabilise the pentadienyl cationic intermediate, which
results less keen on cyclisation and can be susceptible to degradation or side reactions.
A computational analysis of the reaction profile can help in anticipating the reaction
outcome and potential issues, before embarking in further elaboration.

As expected, the computed energetic profile of the reactions of the two substrates
resulted to be different due to the influence of N atom. It came out that the position of
N atom in the 3-substituted compounds affects the energy barrier of the Nazarov
reaction that is higher than for the 2-substituted substrates and becomes comparable
to the rearrangement barrier. Indeed, the pentadienyl cationic intermediate is highly
stabilised by the delocalised electron density of the N atom through conjugation. The
calculation of the NBO charges of the two intermediates shows clearly the effect of the
position of N atom: while in the case of 2-substituted intermediate the allylic charge
keeps a positive value, the 3-substituted intermediate assumes a slightly negative
charge. However, in the case of 3-substituted piperidine derivatives, the tandem
sequence is affordable at room temperature with similar energy barriers for the two
steps. The experimental results corroborate the sluggish reactivity of 3-substituted
piperidines predicted by the calculations.

Further computational analysis was performed to investigate the regioselectivity, which
depends on which proton is abstracted. The results show that the two isomers require
more or less the same energy to be formed, but at the end the conjugated product is
the one located at the lowest energy and looks to be the favoured one. Simplified studies
on the hydrolysis step were carried out and highlighted that the conjugated product
undergoes hydrolysis almost straightforwardly with very small energy barrier, while the
other isomer requires eight times the energy of the former.
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The second reaction under study is the tandem gold(l)-catalysed Claisen
Rearrangement/Hydroarylation reaction of propargyl vinyl ethers.

In 2018 the group of Occhiato reported a tandem Claisen rearrangement/cyclisation of
propargyl vinyl ethers affording functionalised cyclopentadienes fused with various N-
hetero- and carbocycles. Inspired by this work, they thought to use 3-aryl-substituted
propargyl vinyl ethers as substrates in order to obtain valuable functionalised indenes
by performing the tandem propargyl Claisen rearrangement/hydroarylation reaction.
The reaction occurs at room temperature in dichloromethane in the presence of 3 mol
% [IPrAuCl]/AgBF4 as the best catalytic system. It is worth to notice that when phosphine
ligands are used, the cyclisation of the allene intermediate either does not take place or
is very slow. A computational study was performed to sketch the mechanism of the
tandem sequence and to elucidate the effect of the ligands of the gold(l) catalyst on the
reaction. To understand the unexpected effect of the phosphine ligand on the reaction,
the mechanism of the reaction was computed using two gold(l)-catalysts, one bearing
phosphine as ligand and the other bearing a carbene ligand. The calculations outlined
that the Claisen rearrangement occurs easily with low energy barrier independently of
the catalyst used. This is in agreement with the experiments as the allene is always
formed. The hydroarylation was found to be the rate-determining step with an
activation energy of 17.8 kcal/mol in both cases. The effect of the substituents on the
aryl ring studied experimentally supports the computational results. Thus, the
hydroarylation is the step where the ligand makes the difference and the coordinated
allene intermediate can be considered a “resting state” in equilibrium with the free
allene. The difference between phosphine and carbene stands in the allene coordination
to gold. In particular, the coordinated form is more favoured with the carbene ligand
than with the phosphine. This consideration is supported by the calculation of the
equilibrium between the coordinated allene and the free allene, which resulted to be
more shifted to the coordinated allene in the case of the carbene than in the case of the
phosphine. Based on this idea, the free allene is better stabilised with phosphine ligands,
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inhibiting the possibility for the coordinated allene intermediate to proceed to the
cyclisation step.
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This synthetic strategy assumes more relevance taking into consideration that further
functionalisation can be achieved in situ prior final work of the tandem process by a
chain elongation carried out by Wittig reaction on the aldehyde functionality affording
a variety of products.

The fourth chapter concerns the work | carried out at the University of Sheffield in
collaboration with Dr. Matthew Ball-Jones in the group of Prof. J. Harrity about the
synthesis of fluorinated isoquinolines through C-H activation and following
electrocyclisation.

C-C bond formation via C-H/C-F activation
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Electrocyclisation

The work includes also a computational study aimed to provide a rational to the
formation of a side product observed in the electrocyclisation step.

Isoquinolines are valuable substrates in a wide variety of fields and the incorporation of
fluorine atom increases their prestige. The strategy we employed exploits the potential
of oxime substrates to undergo C-H activation providing azatrienes, the ability of Rh(lll)
to catalyse this process and the tendency of azatrienes to electrocyclise at high
temperatures affording heterocycles. The methodology under study involves a Rh(lll)-
catalysed C-H activation step of an oxime derivative substrate with a difluoroalkene
affording an azatriene, which is subjected to high temperatures to undergo an
electrocyclisation reaction yielding the final isoquinolines. The first step of the reaction
was inspired by the work of Tian group, who employed Rh(lll) to catalyse the C-H
activation of pyrimidinyl indoles and pyridine derivatives with difluoroalkenes in
methanol. In our case, this reaction with oximes works only with protic solvents, in
particular TFE showed the best performance, but using this kind of solvent causes the
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formation of an undesired product, the cyclic isoquinoline in which the fluorine is
substituted by the deprotonated solvent. Optimising the reaction conditions, we could
reduce the amount of side product although not completely.

-C bond formation via C-H/C-F activation

Tian and co-workers
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We developed a small scope, taking into account that the products have then to be
subjected to electrocyclisation. The electrocyclisation step did not work for all the
substrates and in addition, when working, together with the fluorinated isoquinoline an
unwanted product was formed, whose mechanism is difficult to understand. The
undesired product is the isoquinoline that bears the MeO (delivered during the
electrocyclisation) at the place of the fluorine.

Electrocyclisation

: I I
1.2 dichlorobenzene Z O * Z O
200°C
F
OMe OMe OMe

Several changes in the starting oximes were tested, for example, the substitution of the
methoxy with an isopropyl or benzyl group or the employment of hydrazones instead of
oximes, the use of more elaborated substrates with an additional directing group, but
nothing could ensure good performance in both steps of the sequence. Thus, we
decided to focus on the understanding of the mechanism of formation of the side
product. Experiments were useful to exclude the SyAr as mechanism because the
addition of better methoxy acceptors as fluoro-pyridine did not affect the reaction
outcome. Further investigations were carried out through computational studies on the
electrocyclisation step. We observed that electrocyclisation easily occurs, forming a
product located at high energy. At this point, the 1,5-methoxy shift was the most
reasonable route but we observed that the methoxy does not detaches spontaneously
and needs the mediation of an external molecule present in the reaction media.
Different pathways were hypothesised and computed. We assumed that in the reaction
media, the azatriene, the electrocyclisation product and the formed isoquinoline could

OMe
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work as weak bases and so the protonated forms would be present. We found out that
a model protonated base, as protonated triethylamine could mediate the displacement
of the methoxy and drive it following a 1,5-shift overcoming an affordable energy
barrier. At the end, the elimination of either MeOH or HF can occur and the elimination
of the HF resulted to be the most favourable, explaining the formation of the

sideproduct.
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The fifth and last chapter contains the experimental part of the fourth chapter, including
materials and techniques, the preparation procedures and the characterisation of the
synthetised compounds.
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Resumen

La presente Tesis Doctoral se ha llevado a cabo en régimen de cotutela entre las
Universidad del Pais Vasco y la Universidad de Sheffield, dentro de la red europea ITN-
EJD CATMEC (Catalytic Methods for Sustainable Synthesis: A Merged Computational and
Experimental Approach). Durante mis tres afos de doctorado, he adquirido
conocimiento y experiencia en quimica sintética y computacional, gracias a los
diferentes entornos donde he trabajado.

En mi universidad base, UPV/EHU, me he centrado en estudiar las reacciones
organocataliticas y organometdlicas desde el punto de vista computacional. La quimica
computacional es una poderosa herramienta que aplica modelos teéricos incluso a
sistemas quimicos muy complejos posibilitando el analisis de propiedades moleculares
y reactividad. En particular, en esta tesis se empled la Teoria Funcional de la Densidad
(DFT), un método que permite investigar una amplia variedad de reacciones quimicas a
través de la optimizacion de la geometria y el cdlculo de la energia de sustratos,
intermedios, productos y estados de transicion.

En la universidad de Sheffield, donde he pasado nueve meses en el laboratorio del
codirector de la Tesis, Prof. Joseph Harrity, trabajé en la sintesis experimental de
fluoroisoquinolinas, que representan estructuras importantes en compuestos
farmacéuticos. Desarrollamos una estrategia basada en la activacién C-H catalizada por
metales de transicidn y siguiente electrociclacion.

Los trabajos reportados en la presente tesis son el resultado de la sinergia entre la
guimica experimental y computacional que proporciona una buena comprension de los
sistemas quimicos. De hecho, se basan en colaboraciones con otros grupos de
investigacion experimental, ayudando a racionalizar los resultados obtenidos en el
laboratorio. Las reacciones estudiadas son reacciones catalizadas de manera diferente,
gue van desde la organocatalisis asimétrica hasta la catalisis metdlica y las reacciones
organicas libres de metales como la electrociclacion.

La tesis incluye cinco capitulos como fusion del material computacional y experimental.

El primer capitulo presenta el tema de la teoria funcional de la densidad y describe los
principios y la metodologia aplicados en los célculos. Todos los demds capitulos se
refieren al trabajo experimental/computacional realizado, como se detalla a
continuacion.

En el segundo capitulo se estudian reacciones de organocatalisis asimétrica y se basa en
la colaboracién con el grupo del Prof. Claudio Palomo de la Universidad del Pais Vasco.
Se presentan dos proyectos separados:

En el primer proyecto, el grupo experimental ha desarrollado una estrategia que explota
catalizadores con caracter bifuncional base de Brgnsted / dador de enlace de H, para
promover la adicion de dienolatos de cetona a-ramificados a bis-sufonas, dando como
resultado productos cetdnicos con un estereocentro de carbono cuaternario. Esta
reaccion parecia presentar algunas dificultades especificas, relacionadas con la
reactividad, el estereocontrol, la generacion y aislamiento de isdmeros E/Z y la
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selectividad del sitio, debido al obstaculo estérico presente en el carbono a del
nucledfilo. Para resolver estos problemas, se hizo necesario el empleo de aceptores de
Michael con poca demanda estérica como 1,1-bis(fenilsulfonyl)etileno y cetonas ciclicas,
en las que el doble enlace esta fijado a la posiciéon Ca de la funcién carbonilo. De esta
manera, se realizé la reaccidon entre la a estiril-ciclohexanona y bis(fenil-sulfonil)etileno
llevando a la formacién de aductos de cicloalcanona con un carbono a cuaternario, con
alta regio y estereoselectividad.
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En este apartado, se han realizado también estudios computacionales para racionalizar
la peculiar reactividad de estos dienolatos ciclicos y sus diferencias con sus analogos
aciclicos. La principal conclusidon es que la diferencia de reactividad no depende de las
propiedades electrdnicas, sino de factores estructurales. De hecho, la rigidez del estado
de transicién es determinante para una transferencia de quiralidad eficiente,
eliminando el problema de la geometria del enolato (incertidumbre E/Z).

La barrera de activacién de reaccién se ha calculado para el caso de las cetonas ciclicas
y su analogo lineal en presencia de un modelo de catalizador simplificado. El resultado
es que las cetonas ciclicas presentan una barrera energética de activacién mas baja,
factible en las condiciones de reaccidn. El empleo de un catalizador real en el estudio de
toda la via de reaccion, confirmé que los dienolatos ciclicos son sustratos validos en esta
reaccion.

La reactividad de los dienolatos ciclicos también se compard con otras cetonas ciclicas
sustituidas, como la 2-fenil ciclopentanona o la 2-fenil ciclohexanona. Los calculos han
revelado un comportamiento prometedor del derivado de ciclopentanona como
sustrato eficiente a probar en estas reacciones, mientras que el derivado de
ciclohexanona parece no ser conveniente como sustrato de reaccion, de acuerdo a las
caracteristicas energéticas encontradas.
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La ambigiiedad de la selectividad a/y también fue estudiada con métodos
computacionales, en un intento de proveer una base racional para la formacién
exclusiva del producto a-funcionalizado que se observa en estas reacciones. Se
calcularon las vias de la reacciéon de un dienolato lineal y su analogo ciclico con bis-
sulfona, en presencia del catalizador modelo y para ambos sustratos la ruta preferida
resulté ser la adicidn a. De hecho, se encontré una diferencia en las barreras energéticas
de 2,8 kcal/mol en favor de la formacidon del aducto a para el dienolato lineal y de 6,1
kcal/mol para el dienolato ciclico, valores que reflejan claramente la preferencia de una
via a la otra.

Los estudios computacionales se emplearon también en el analisis del mecanismo de
accion del catalizador bifuncional, responsable de la estereoselectividad observada. Se
encontrd que el catalizador interactia con los sustratos siguiendo el modelo Pépai,
donde la squaramida interactia a través de los grupos NH con el 4tomo de oxigeno del
dienolato mientras que la amina terciaria protonada se une con enlaces de H al oxigeno
de la bis-sulfona. Se confirma que el conférmero R del producto es el preferido por los
calculos, tal como ocurre experimentalmente. Ademas, la estereoselectividad depende
de la red de enlaces de H en los puntos de unién entre catalizador y sustratos, y no de
los sustituyentes secundarios del catalizador.
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El segundo proyecto trata de la a-funcionalizacién organocatalitica de trienolatos
generados de forma transitoria. En 2017, el grupo de Palomo publicé que los
catalizadores bifuncionales de amina terciaria/escuaramida pueden inducir la a-adicién
de forma selectiva de nitroolefinas a cetonas B,y-insaturadas, por lo que decidieron
ampliar la aplicabilidad de la estrategia a los trienolatos. La eleccidon de los sustratos fue
impulsada y apoyada por los resultados obtenidos en nuestros cdlculos preliminares,
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donde se estudiaron las propiedades electrénicas, cargas e indices de nucleofilia de
diferentes sustratos, como trienolatos (tanto en sus formas alcoxi y sal amdnica) y
trienaminas. Ambos tipos de sustratos comparten analogias estructurales. Se encontré
que los trienolatos son mas proclives a dar reacciones de adicién de Michael, mientras
que en las trienaminas se favorecen las reacciones de Diels-Alder, y que esta divergencia
surge de factores electrénicos. De hecho, en los trienolatos el &tomo mas nucledfilo es
el Ca, mientras que en las trienaminas es el Cy. Para confirmar estas observaciones,
calculamos las vias de adicién de Michael y Diels Alder para ambos sustratos con
nitroolefinas, y las barreras energéticas obtenidas estaban de acuerdo con la
informacidn electrdénica.

O R

YJ\V)(W)"‘

(n=0/m=1 or n=1/m=0)

lenolization
X B s - trienamine/trienolate
)\/\/\/R - 5 potentially reactive
Y o Y € carbons
a) X: NR', b)X: 0~
(Known) (This work)
R a N EWG
o Y
Y R'
EWG
Y: H, alkyl, aryl Y: alkyl, aryl, ArS o

Ademas, se analizd la reactividad de los tioésteres. Estos sustratos mostraron una
distribucién de la carga analoga a la de las cetonas insaturadas y la tendencia a
reaccionar a través del Ca, apoyada por el cdlculo de las barreras energéticas de los
ataques a-, y- y €- al nitrostireno, que demostraron que el a-ataque requiere la energia
mas baja.

A la vista de estos resultados preliminares prometedores, el grupo de Palomo llevo a
cabo la reaccidn en presencia de un catalizador bifuncional de esquaramida/ dador de
enlace de H, responsable de la estereoselectividad obtenida. La reaccién se llevd a cabo
sin problemas, dando exclusivamente los productos sustituidos en Ca con buenos
rendimientos y excesos enantioméricos y diasteroméricos. Como en el trabajo anterior,
estudiamos también computacionalmente la forma de accidon del catalizador,
analizando la interaccién con los sustratos para justificar la enantioselectividad
encontrada experimentalmente. El catalizador interactua a través de la red de enlaces
H con los sustratos siguiendo el modelo tipo Papai, tal y como ocurria en el trabajo
anterior.

Por tanto, los grupos NH de la escuaramida interactian con el dtomo de oxigeno del
trienolato y la amina terciaria protonada se une con el grupo nitro de la olefina.
Calculamos las vias para la formacion de los posibles isomeros y se encontré que el
isdmero experimental mayoritario se forma con el menor coste energético en términos
de barrera de activacion. Las energias necesarias para la formacién de los otros
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estereoisomeros estaban de acuerdo con los valores de ee y dr encontrados
experimentalmente.

Ademas, en el laboratorio se propuso que los productos de adicidon podrian ser valiosos
precursores de una sintesis catalitica, enantio- y diastereoselectiva one-pot de
carbociclos de seis miembros estereodefinidos. Esta reaccién sin precedentes se
produce a través de una adicion 1,6 catalitica intramolecular, que transcurre con alto
estereocontrol, seguida por dos isomerizaciones de los aductos formados, promovidas
por catalizadores de base de Brgnsted.

=
(0] o]
Ar/\N N
H H
N
o (10 mol%) 0 R (\)\\/j MTBD
OMe NO, ’i‘ N (0] '
R . SN0, (20 mol%) NO,
x R N R
CH,Cly, rt, 16h CH,Cl,, rt, 16h .,
x N ’
65-81%, 86-96% ee
R = alkyl, aryl, ArS >20:1 dr

Estudiamos computacionalmente la estereoquimica del paso de carbociclacidn,
teniendo en cuenta que el proceso esta controlado por los sustratos. De hecho, el
estereocontrol depende del modo de acercamiento de la dienona y el nitronato y no
depende del catalizador quiral. Se calculd la barrera energética para los diferentes
acercamientos y se encontrd que el mas favorable es el Re,Re y que ocurre con la barrera
mas baja, justificando el producto observado experimentalmente. La diferencia de
energia con los otros casos explica las estereoselectividades experimentales.

El tercer capitulo trata de las reacciones tdndem catalizadas por catalizadores de oro y
se basa en la colaboracion con el grupo del Prof. Ernesto Occhiato en la Universita degli
Studi di Firenze, en Italia. Como antes, el capitulo incluye dos proyectos separados y se
utilizaron herramientas computacionales para investigar el mecanismo y racionalizar las
propiedades moleculares observadas experimentalmente.

La primera reaccion consiste en un proceso tandem de transposicion [3,3] de acetato /
reaccion de Nazarov de ésteres propargilicos, catalizada por complejos de Au(l).

En 2015, el grupo de Occhiato publicd una reaccién en cascada catalizada por complejos
de oro, constituida por una transposicion [3,3] de actetao seguida por una ciclacién
Nazarov. Como sustratos de partida se utilizaron derivados de éster propargilico, dando
como resultado una estrategia valiosa para realizar pentannulaciones de N-heterociclos.
La metodologia se aplicd ademas en la sintesis de bruceolina H e | a partir de indoles 3-
sustituidos.

Los N-heterociclos que llevan la cadena lateral propargilo en el C2 dan lugar sin
problemas a una reacciéon tandem del tipo comentado en el parrafo anterior, a
temperatura ambiente y en menos de dos horas, de acuerdo con la barrera energética
encontrada computacionalmente. La reaccidn procede a través de una transposiciéon en
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dos etapas, y la energia calculada (14,2 kcal/mol) indica que es el paso determinante de
la velocidad. Después, el intermedio catidnico alilico que se forma, cicla rapidamente
produciendo el diasteroisémero con los dos dtomos de H en trans, de acuerdo con la
naturaleza conrotatoria de la reaccion de Nazarov. El siguiente paso es la abstraccion de
un protdn, probablemente por una base externa presente en el medio de reaccidn,
como por ejemplo el triflato. Finalmente ocurre la hidrélisis (protodeauracion) que lleva
a la formacién del producto final. Los calculos confirmaron que el producto observado
es el que se forma a través de la via menos energética.

2-substituted substrate

R2 fast R RS
Nazarov
| [3,3]-rearrangement reaction
N —_—
LN __oac LAU* . N
R . R' OAc R O
R3 rate determining step
pentadienyl cationic
intermediate
3-substituted substrate
OAc R OAc not fast 5 o)
3 . Aul Nazarov R
R2 =~ R [3,3]-rearrangement | | reaction
| LAu* N R® N
1 1 3
N R’ R R

R! better stabilised

Para ampliar el alcance de la reaccién, el grupo de Occhiato comenzé a preguntarse si
los N-heterociclos que llevan la cadena lateral propargilo en la posicion C3 podrian ser
sustratos factibles para este tipo de reactividad. Vale la pena mencionar que un atomo
donador de electrones en una posicion diferente podria estabilizar el intermedio
catiénico pentadienilo, que resultaria menos susceptible a la ciclacién, ralentizando la
reaccion y llevando a procesos de degradacién o reacciones secundarias. Un andlisis
computacional del perfil de reaccién puede ayudar a anticipar el resultado de la reaccion
y los problemas potenciales, y es conveniente llevarlo a cabo antes de embarcarse en la
preparacion de los sustratos de partida de la reaccion.

Como era de esperar, el perfil energético calculado de las reacciones de los dos sustratos
resulté ser diferente debido a la influencia del a&tomo N. Se encontré que la posicidn del
atomo N en los compuestos 3-sustituidos afecta a la barrera energética de la reaccién
de Nazarov, que es mayor que para los sustratos 2-sustituido, y acaba ser comparable a
la barrera de la trasposicién.

De hecho, el intermedio catidnico pentadienilo estd altamente estabilizado por la
densidad de electrones deslocalizada del 4tomo de N a través de la conjugacién. El
calculo de las cargas NBO de los dos intermedios muestra claramente el efecto de la
posicién del &tomo N: mientras que en el caso de intermedio 2-sustituido la carga alilica
mantiene un valor positivo, el intermedio 3-sustituido asume una carga ligeramente
negativa. Sin embargo, en el caso de los derivados de piperidina 3-sustituidos, la
secuencia en tandem es asequible a temperatura ambiente con barreras de energia
similares para los dos pasos. Los resultados experimentales corroboran la lenta
reactividad de las piperidinas 3-sustituidas pronosticadas por los célculos.
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Se realizd un andlisis computacional adicional para investigar la regioselectividad, que
depende de qué protdn se abstrae en el aducto de ciclacién de Nazarov.

Los resultados muestran que los dos isémeros requerian mas o menos la misma energia
para su formacién, pero al final el producto conjugado era el que se encontraba con la
energia mas baja y parecia ser el favorecido. Se realizaron estudios simplificados sobre
la etapa de hidrdlisis y se destacé que el producto conjugado se somete a hidrdlisis casi
directa con una barrera energética muy baja, mientras que el otro isémero requiere
ocho veces la energia del primero.

OAc
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L H
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+SH Me
product formed OAc TfO--AuPPh; Ac

I

after Nazarov
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L > Au—PPh; ——» H
OAc E' : :
Me H-OTf S Me

La segunda reaccion estudiada es la reaccién tdndem catalizada por oro de trasposicion
de Claisen / hidroarilacidn de éteres de vinilo y propargilo.

En 2018, el grupo de Occhiato publicd una reaccion tdndem catalizada por complejos de
oro de trasposicion de Claisen / ciclacidén de éteres de vinilo y propargilo que permiten
obtener ciclopentadienos funcionalizados, fusionados con varios carbociclos y N-
heterociclos. Inspirados por este trabajo, pensaron en utilizar éteres de vinilo con
sustituyentes arilicos como sustratos de la misma reaccion, con el fin de obtener valiosos
dienos funcionalizados. La reaccién se produce a temperatura ambiente en
diclorometano en presencia de 3 mol % [IPrAuCl]/AgBF4 como sistema catalitico dptimo.
Vale la pena destacar que cuando se utilizan ligandos de fosfina, la ciclacién del
intermedio del aleno no tiene lugar o es muy lenta.

Se realizé un estudio computacional para esbozar el mecanismo de la secuencia tdndem
y dilucidar el efecto de los ligandos del catalizador de oro (l) en la reaccién. Para
entender el efecto inesperado del ligando de fosfina en la reaccidn, se calculé el perfil
energético, utilizando dos catalizadores de Au(l), uno que lleva fosfina como ligando y
el otro un carbeno. Los célculos indicaron que la transposicién de Claisen se produce
facilmente con una barrera de energia baja, independientemente del catalizador
utilizado. Esto esta de acuerdo con los experimentos, ya que el aleno siempre se forma.
Se encontro que la hidroarilacion era el paso determinante de la velocidad, con una
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energia de activacion de 17,8 kcal/mol en ambos casos. El efecto de los sustituyentes en
el anillo de arilo estudiado experimentalmente apoya los resultados computacionales.
Por lo tanto, la hidroarilacién es el paso donde el ligando marca la diferencia y el
intermedio de aleno coordinado puede considerarse un resting state, en equilibrio con
el aleno libre. La diferencia entre la fosfina y el carbeno estd en la coordinacion del aleno
con el oro. En particular, la forma de coordinacién mas favorecida incluye al ligando de
carbeno frente a la fosfina. Esta observaciéon se ve respaldada por el calculo del
equilibrio entre el aleno coordinado y el aleno libre, lo que dio lugar a un mayor
desplazamiento del aleno coordinado en el caso del carbeno que en el caso de la fosfina.
Basandose en esta idea, el aleno libre se estabiliza mejor con ligandos fosfina, inhibiendo
la posibilidad de que el intermedio coordinado de aleno continie mediante ciclacién
hacia los productos finales.

3 mol % [LAuCI/AgBF,

\ .)
N _ > |+
X O _ AuL
Claisen Hydroary/at/on
CHO
AuL

rearrangement reaction

resting state
rate
limiting step
gold
decoordination CH
--AuL _/‘
favoured with phosphine ./
unfavoured with IPr
C

deprotonation
HO

CHO aromatisation

Esta estrategia sintética tiene mayor importancia teniendo en cuenta que se puede
lograr una mayor funcionalizacién in situ antes del proceso en tandem, mediante una
elongacion de la cadena el sustituyente. Esta elongacion se puede llevar a cabo por
reaccion de Wittig sobre la funcién aldehido, ofreciendo la formacion de una variedad
de productos.

El cuarto capitulo se refiere al trabajo que llevé a cabo en la Universidad de Sheffield en
colaboracién con el Dr. Matthew Ball-Jones en el grupo del Prof. J. Harrity, sobre la
sintesis de isoquinolinas fluoradas a través de la activacion de C-H seguida de
electrociclacion.

C-C bond formation via C-H/C-F activation

Electrocyclisation

El trabajo incluye también un estudio computacional destinado a proporcionar una
racionalizacién a la formacién de un producto secundario observado en el paso de
electrociclacion.

XXii



Las isoquinolinas son sustratos valiosos en una amplia variedad de campos y la
incorporacion de atomos de fllor en su estructura aumentaria enormemente su
utilidad. La estrategia que empleamos aprovecha el potencial de las oximas para sufrir
reacciones de activacién de C-H proporcionando azatrienos, la capacidad del Rh(lll) para
catalizar este proceso y la tendencia de los azatrienos a electrociclar a altas
temperaturas produciendo heterociclos. La metodologia en estudio consiste en un paso
de activacion C-H catalizado por Rh(lll) de un sustrato derivado de oxima con un
difluoroalqueno que origina un azatrieno, que se somete a altas temperaturas, dando
lugar a una reaccion de electrociclacién, con formacién de las isoquinolinas finales.

El primer paso de la reaccidn se inspird en el trabajo del grupo de Tian, que habia
empleado Rh(lll) para catalizar la activacidon C-H de indoles de pirimidinilo y derivados
de piridina con difluoroalquenos en metanol. En nuestro caso, esta reaccién con oximas
s6lo funciona con disolventes protdnicos. En particular TFE mostré el mejor
rendimiento, pero el uso de este tipo de disolvente provoca la formacién de un producto
no deseado, la isoquinolina ciclica en la que el fllor se sustituye por el disolvente
desprotonado. Optimizando las condiciones de reaccién, conseguimos reducir la
cantidad de producto secundario, aunque no completamente.

C-C bond formation via C-H/C-F activation

Tian and co-workers
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traces of side
Cl product

Desarrollamos un pequefio muestreo de la reaccidén, teniendo en cuenta que los
productos tienen que ser sometidos a electrociclacién. El paso de electrociclaciéon no
funciond para todos los sustratos y ademas, tras el tratamiento, se observé la formacion
de un producto no deseado junto con la isoquinolina fluorada, cuyo mecanismo es dificil
de entender. El producto no deseado es la isoquinolina en la que el flior ha sido
sustituido por un grupo metoxi.

Electrocyclisation

.OM
N e

- C C
1,2 dichlorobenzene Z O + Z O
200°C
F
OMe OMe OMe
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Se probaron varios cambios en las oximas iniciales, por ejemplo, la sustitucion del grupo
metoxi por un grupo isopropilico o bencilico o el empleo de hidrazonas en lugar de
oximas. También se emplearon sustratos mas elaborados con un grupo de direccional
adicional, pero ninguno de estos cambios produjo un aumento del rendimiento en
ambos pasos de la secuencia. Por lo tanto, decidimos centrarnos en la elucidacién del
mecanismo de formacion del producto secundario. Los experimentos realizados habian
sido utiles para excluir el SNAr como mecanismo operante, porque la adicién de mejores
aceptores de metoxi como fluoro-piridina no afecté el resultado de la reaccion. Se
recabaron mas datos computacionales sobre el paso de electrociclacion, observandose
que la reaccién se produce facilmente, dando lugar a un producto alto en energia. En
este punto, transposicion 1,5 del grupo metoxi parecia ser la ruta mds razonable, pero
observamos que el grupo metoxi no es un buen grupo saliente y no abandona el
carbonon espontdneamente, necesitando la mediacidon de una molécula externa que
esté presente en los medios de reaccién. Se propusieron y calcularon diferentes vias.
Asumimos que en los medios de reaccion, el azatrieno, el producto de electrociclacion
y la isoquinolina formada podrian funcionar como bases y asi las formas protonadas
estarian presentes en la reaccién. Usamos una base modelo como trietilamina en su
forma protonada, viendo que podria mediar el desplazamiento del grupo metoxi a
través de una transposicion 1,5, superando una barrera energética asequible. Al final, la
eliminacion de MeOH o HF podria ocurrir facilmente, observandose que la eliminaciéon
del HF era la mas favorable. De este modo se puede explicar la formacion del producto

secundario.
oM
L
7
H +
\ N, NEts

OMe-"H

OMe F OMe
coordination to ‘
protonated NEt3 O = . ‘
H —_—
\ N N '}IEt?’
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Electrocyclisation
intermediate

displacement of MeO
AG*= 36.4 kcal/mol

El quinto y ultimo capitulo contiene la parte experimental del cuarto capitulo, incluidos
los materiales y técnicas, los procedimientos de preparacion y la caracterizacion de los
compuestos sintetizados.
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Context of the thesis

Context of the thesis

My PhD thesis is part of the network CATMEC (Catalytic Methods for Sustainable
Synthesis. A Merged Experimental and Computational Approach), a multi-partner
Innovative Training Network (ITN) European Joint Doctorate (EJD) in the field of
sustainable chemical synthesis, catalysis, computational chemistry and bioactive
molecule design. The main scientific objectives of CATMEC are to exploit novel synthetic
concepts in the preparation of small molecules of high societal value and suitable
computational methods for the understanding and optimisation of important catalytic
processes with the ambitious goal of discovering new biologically active compounds that
address current challenges in new medicines.

During my three years of PhD, based at UPV/EHU, | had the chance of working in other
outstanding environments. | spent 9 months at the laboratory of Prof. J. Harrity, at the
University of Sheffield, working on experimental synthesis of fluoroisoquinolines and 3
months at Evotec (UK) in the Research Informatics, computational chemistry group,
where | had the opportunity to expand my computational knowledge learning suitable
methods for drug design and protein modelling. The work at Evotec regarded the
analysis of metal-organic systems (zinc finger domains in particular) with the density-
functional based tight-binding (DFTB) method, but the work is not reported in this thesis.
The title of the thesis “Computational understanding of heterocyclisation reactions and
synthesis of fluorinated isoquinolines” aims to include on one hand the project co-
supervised by Prof. Harrity, which deals with the synthesis of fluorinated isoquinolines
and the computational study of the cyclisation step and on the other hand, taking
advantage of the expertise in calculations, the collaborations | run, in which my only
contribution was the computational approach.

The topic of density functional theory is introduced in the first chapter, together with
the principles and methodology applied in the calculations. The following four chapters
deal with the work done and are organised to include the introduction of the topic, the
objectives and the discussion of the results.

Chapter 2: This chapter deals with asymmetric organocatalysis and computational
calculations are employed to compare the reactivity of a series of substrates through
the study of charges, nucleophilicity characters and activation energies of the potential
reaction pathways. Stereochemistry issues were faced through computational studies
to explain and support the experimental evidences. Hydrogen bond networks between
the catalyst and the substrates, responsible of the stereochemistry, were modelled to
justify the experimental outcome.

Chapter 3: The topic of this chapter is gold homogenous catalysis and computational
studies were carried out to investigate the reaction mechanisms and have an insight on
the reactivity of similar substrates to explain the different reaction behaviours. The
influence of the catalyst ligands was also explored computationally justifying the
experimental evidence.

Chapter 4: This chapter includes an experimental part, the synthesis of fluorinated
isoquinolines, and a computational one, which analyses one step of the methodology
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employed experimentally. Calculations were performed to define the mechanism of the
formation of the desired product and of an unpredictable side product.

In the fifth and last chapter, the experimental part of the fourth chapter is reported,
including materials and techniques, synthetic procedures and characterisation of the
synthetised compounds.



Chapter 1

Introduction to the computational approach

General aspects of computational chemistry with particular focus on DFT are
described. In this chapter the fundamental theories, principles and methodology
of the computational approach are presented.






Chapter 1 Introduction to the computational approach

A deep study of an organic reaction involves the development and the understanding of
the process through the combination of different laboratory techniques. In addition to
the experimental and the analytic techniques, computational chemistry provides
important information and it is a convenient tool for the characterisation of some
properties of the system. Computational means have shown enormous progress during
the last decades due to better computer performance (speed and major advances in
hardware and software), more efficient algorithms and more accurate methods.
Nowadays, calculations of molecular processes can be done with reasonable accuracy
on a time-scale that is competitive or even faster than experiments. Mechanistic studies
are commonly investigated through calculation, computational modelling and molecular
simulations. For example, it is common in homogenous catalysis to find multistep
complicated catalytic cycles, involving the formation and evolution of intermediate
species often difficult to characterise experimentally and here computational chemistry
plays an important role.! Indeed, this methodology has demonstrated to be a good tool
for the understanding of the nature of transition states and intermediates suggested by
spectroscopic and kinetic studies or simply by chemical intuition. Thanks to the
combination of computation and experiment, which support each other, it is possible to
shed light on complex reaction pathways, chemical reactivity, catalytic cycles and kinetic
models.> Nevertheless, it is to keep in mind that it is unlikely that calculations
themselves provide a correct representation of a mechanism. Indeed, experiments are
essential to describe the system and the mechanism, which can be corrected by
computational chemistry when some experimental data are misinterpreted.? Using the
appropriate methodology developed by theoretical chemistry and the valuable data
obtained experimentally, computational chemistry can interpret the results and
construct models. If the models are accurate enough, they can be used to predict new
properties or reactions, facilitating the discovery of new processes in a rational manner.
Several properties can be obtained through computational calculations, such as
structures (expected positions of the constituent atoms), absolute and relative energies,
electronic charge distributions, dipoles and higher multipole moments, vibrational
frequencies or other spectroscopic quantities, substrate-enzyme interactions, collision
cross sections between particles and chemical reactivity.

In this thesis, | am presenting five projects involving combined and synergic
experimental and computational works to gain insight into the mechanism and reactivity
issues of catalytic (and not) organic reactions.

1.1 Density Functional Theory

Among the several computational tools, DFT (Density Functional Theory) method is
especially convenient to use because it ensures chemical accuracy at very low
computational cost.

Conventionally, computational accuracy is meant as the good performance of a specific
methodology to compute specific fundamental chemical properties taking as reference
experimental or highly accurate (high level) theoretical results. Generally, mainly in
catalytic systems, the quality of the model used to represent the system plays a
determinant role.* Indeed, it must feature a good balance between theoretical
approximation and chemical details.



1.1 Density Functional Theory

Classically, quantum chemistry followed the multielectronic wavefunction approach.
Wavefunctions depend on 3N variables (where N is the number of electrons of a specific
system) and N spin variables that have to be added and must satisfy the Schrodinger
equation. The resolution of the Schrédinger equation is very complicated from a
mathematical point of view. Therefore, the methodologies developed rely on an
approximate wavefunction and try to improve it systematically. The drawback is the
computational cost of these methods (Hartree-Fock derived methods) that is too high
to be applied in the study of real chemical reactions, thus they are usually only applied
in model systems.

A balance between accuracy and computational cost has always to be considered when
starting a computational study of a system. Quantum mechanical models based on
wavefunctions provide high accuracy in the description and prediction of properties of
the system. High accuracy in this case requires high computational time or CPU
resources, which limit the size of the sample system that can be only small and simple.
On the other hand, molecular mechanical models (MM), based on classical mechanics,
lack in accuracy, but are little demanding of time and CPU resources. These
characteristics led to the employment of MM for rough descriptions of the properties of
a system. A satisfactory answer to all these requirements is given by DFT.>®

Density functional theory uses electron density to determine the ground state electronic
energy. The electron density is defined as the probability of finding one electron in an
infinitesimal volume. The total electron density p(r) depends on just three variables (x,
y, Z positions in space), thus results simpler than the electronic wavefunctions, which
depend on 3N variables (x, y, z coordinates of each electron). As a consequence, the
electron density was considered able to offer a more direct way to obtain the molecular
energy of a system. There exists a one-to-one correspondence between the electron
density of a system and the energy.

DFT was first developed in the early 20th century on the basis of the Thomas-Fermi
model,”® and later formalised by the Hohenberg-Kohn theorems, which state:®

1) the electronic energy and any other properties of the ground state can be described
as a functional of the exact electron density of the system. A mathematical functional
relates a function to a scalar quantity. In DFT, the functionals are applied to the electron
density.

2) the exact electron density of the system is the one that minimises the electronic
energy of the ground state, according to the variational principle (1.1). If the true
functional form is known, then the energy can be minimised by varying the electron
density, in order to find the ground state electron density. Once the ground state
electron density is known, all the properties can be calculated.

E[p]ZE[pexact]zEmin (11)
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The goal of DFT is to design functionals that correlate electron energy to electron density
function. This task can be very difficult to complete, and therefore is currently not fully
solved.

In 1965, Kohn and Sham?® proposed that the functional has the form

E[p]=T[pl+Een[p]+I[p]+K[p] (1.2)

Based on the classical quantum approach, the total energy functional is the sum of three
terms: kinetic energy T[p], attraction between nuclei and electrons Ene[p] and electron-
electron interaction Eee[p], which can be split into the Coulomb J[p] and exchange K[p]
contributions, implicitly including the correlation energy to all the terms (1.2). According
to the Born-Oppenheimer approximation, the nuclear-nuclear repulsion is considered
constant.’

The key element presented by Kohn and Sham for the calculation of p and E[p] was the
introduction of orbitals in DFT, describing a kinetic functional under the molecular
orbital approximation. Since the exact density is not known, the approximate density is
written using of a set of auxiliary one-electron functions, the KS orbitals:

p() = T |l )|’ (1.3)

where @¥°(r) are the Kohn-Sham orbitals that can be calculated by solving the Kohn-
Sham equation

RS (D)o = efSpf® (1.4)

in which A%¥S(i) represents the Kohn-Sham Hamiltonian and XS the Kohn-Sham orbital
energy.

The re-introduction of orbitals implies the increasing of the complexity from 3 to 3N
variables, analogous to Hartree theory, but still much less complicated than post-HF
(correlation) wavefunction models.

The Kohn-Sham (KS) model is based on a particular virtual reference system of non-
interacting electrons with the same electron density as the real interacting electrons,
moving through a local effective external potential, named the Kohn-Sham potential
(Vert(r)). There is an analogy between the KS model and the HF method. Indeed, both KS
orbitals and HF MOs are separable and describe non-interacting electrons. HF uses an
independent-electron wavefunction (Slater-determinant), whose electrons interact
through the HF potential. Therefore, the energy functional can be written as:

(1.5)
__n 2 _ pm)p()e? /
Elp] = ;- [ ¢ (OVp(rdr — S, 25— p(r)dr + 5 [ 20200 rdr + Bye[p)
Kinetic energy Nuclear-electron Electron-electron Exchange-
attraction repulsion correlation
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The kinetic term is defined as the kinetic energy of noninteracting electrons whose
density is the same as the density of true interacting electrons and is expressed in an
equivalent way to the one used in HF theory. The second term, Ene[p], is the classical
electron-nucleus attraction and the third term, J[p], is the classical Coulomb repulsion
between charges. Both terms follow the equivalent expressions of HF theory. The last
term, Ex[p], is the exchange-correlation functional and takes into account all other
aspects of the true system, i.e. the difference between the exact kinetic energy and the
kinetic energy of non-interacting electrons, non-classical interactions between
electrons. Due to the similarity with HF, it is noteworthy that for a similar computational
cost as the HF method, DFT provides the exact total energy of a molecule that includes
the electron correlation (advantage respect to uncorrelated HF). Nevertheless, the issue
is that the exchange-correlation term is the only unknown energetic term in the KS
formalism of DFT. There is no way of deriving this term, thus different functionals have
been proposed, leading to the developments of several DFT methods, which differ for
the approximation for the exchange-correlation functional Ex[p].

1.1.1 Functionals and the Jacob’s Ladder
Perdew defined a hierarchy of approximate treatments of the exchange-correlation
term, called “Jacob’s Ladder” (Figure 1.1).1%12

Chemical
Accuracy

Fully Non-local

Hybrid GGA PBE1KCIS, B3LYP, BH&LYP
Meta GGA MPW1K, TPSS
GGA BLYP, PBE
LDA 'SPWL, SVWNS5

Hartree-Fock Theory

Figure 1.1 Jacob's Ladder representation.

The ladder is grounded in HF theory at the bottom and reaches the top, where the exact
functional is found. Along the way, five rungs are present, each defining a set of
assumptions made in creating an exchange-correlation expression. The simplest
approximation for the DFT exchange-correlation energy, located at the first rung, is the
so called Local Density Approximation (LDA), which assumes that the density can be
treated locally as a uniform electron gas, or equivalently that the density is a slowly
varying function. Going up, the next level of sophistication is the Generalised Gradient
Approximation (GGA), in which the energy functional depends on the electron density
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and on derivatives of the density, thus the gradient of the density at that given position.
The third rung is occupied by the meta-GGA functional, which includes the dependence
on the Laplacian of the density (V?p) or on the local Kohn-Sham orbital kinetic energy
density (t). One rung upper, the hyper-GGA or hybrid functionals include a dependence
on Hartree-Fock exact exchange. Finally, the fifth rung incorporates the unoccupied
Kohn-Sham orbitals in the double hybrid functionals (or fully non-local functionals). They
improve the accuracy, but they imply nonlocality dependence for the density and higher
computational cost.!3

It is worth to say that DFT provides an exact theory with an approximate solution.
Therefore, it contains errors by default. There are three main errors.

The first one is the Self-Interaction Error (SIE), due to the fact that Ex[p] is an
approximation and to the lack of a precise way to distinguish between the correct two-
body Coulomb interactions from fictitious one-electron self-interactions, since the
energy is a functional of the one-electron density.®'4 Exchange—correlation functionals
without self-interaction corrections badly describe loosely bound electrons, such as
anions arising from systems with relatively low electron affinities.

The second error is the near-degeneracy energy (non-dynamical or static correlation)
error that raises from the description of the wavefunction as a single determinant. The
use of spin-unrestricted description, according to which a- and B-spin electron densities
occupy different regions of space, is a way to deal with this error (commonly applied in
the studies involving first-raw transition metals complexes).

Fortunately, these two errors have opposite effects on the barriers (the first decreases
while the second increases them) and they tend to substantially cancel each other. Thus,
it is less convenient trying to remove just one error’s sources because it could cause
larger errors.'®

The third error is caused by the poor description of the weak interactions due to
dispersion forces (known as Van der Waals type interactions). These long-range
interactions can be seen as instantaneous electron correlations when “charge
fluctuations” on one region of the system induce dipole moments on the other
fragment. The corresponding (pseudo)densities interact electrostatically (with
exchange-type modifications at smaller distances). Conventional (hybrid) DFT
functionals cannot describe these interactions that only consider electron exchange but
do not employ virtual orbitals.’® The dispersion correction is an add-on term and does
not alter the wavefunction or molecular properties for a specific given geometry.
Nevertheless, it influences the geometry optimisation process because it contributes to
the forces acting on the atoms.

In general, hybrid functionals, such as the B3LYP exchange-correlation functional, are
the most common to use. Indeed, B3LYP!” has been the most popular quantum chemical
method for studying mechanisms of complexes containing transition metals and it has
been extensively used in this thesis. The reasons behind its popularity are related to its
high accuracy demonstrated in several benchmark tests regarding energetic
descriptions!® and to the low computational cost despite being a hybrid functional,
which allows to treat even large models up to a few hundred atoms.
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1.1.2 Basis set

Once the best functional for the system is chosen, it is necessary to define the basis set.
The basis set is a set of basis functions able to describe the shape of the orbitals in terms
of atomic orbital contributions. Linear combinations of these functions with angular
functions describe molecular orbitals. The basis functions can be Slater Type Orbitals
(STO) or Gaussian Type Orbitals (GTO) and are expressed by the following functional
forms:

STO  Xenim(T,6,0) = NY, (0, p)r™e™57 (1.6)
GTO  Xmim(T,6,0) = NY, (6, p)r?"—27le =67 (1.7)
lelx,ly,lz(x,y, Z) = lexylyzlze—frz

where N is a normalisation constant, Y,m are spherical harmonic functions, { represents
varied parameters and controls the width of the orbital and r is the radial (distance)
parameter. In cartesian GTO, the sum of |, l, and I, determines the type of orbital (for
example Ix + I, + |, = 0 is a s-orbital and Ix + Iy + I, = 1 is a p-orbital). Due to the r?
dependence in the exponential in GTO, STO are able to better describe the orbitals near
the nucleus than GTO (GTO have a zero slope, in contrast to STO which have a “cusp”).
Furthermore, their functional decay away from the nucleus is better described by STO
because GTO fall off too rapidly far from the nucleus compared with STO (Figure 1.2).

STO

STO function —

—
T

__— GTO functions
— |

GTO

Figure 1.2 On the left, a schematic comparison of Slater-type (STO) AND Gaussian-type orbitals (GTO) and
on the right, the approximation of a STO with three GTO (most of the STO is covered by the three GTO
functions).®

More GTOs are necessary for achieving the same accuracy of STOs. Nevertheless, the
integrals of a GTO function are less demanding to compute than the ones in STO. This is
the reason why the construction of linear combinations of GTOs (called primitives) in
order to mimic the STO functions results more convenient and computationally
affordable. Nowadays it is the preferred method to construct a basic set.

For example, the linear combination of three GTOs can model a STO (Figure 1.2 on the
right). GTOs are generally centred at the nuclei. It is important to decide the number of
functions to use. The smallest number of functions possible is a minimum basis set.

10
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The real molecular orbitals are better described by a basis set that contains much more
basis functions (in principle, an infinite number of basis functions would be a complete
basis set, CBS).

On the other hand, the higher is the number of functions it has, the higher the
computational cost is. Thus, in the election of the basis set, a correct number of
functions has to be chosen in order to achieve a balance between the accuracy and the
computational cost.

Many basis set describe differently the inner core orbitals and the valence shell orbitals.
Since the valence shell orbitals contribute more to the reactivity and the properties,
usually they are described by more functions.

The degree of split valence basis is indicative of the amount of functions involved in the
representation of the valence orbitals (that is the number of basis sets that describes
each valence orbital compared to the minimum basis set). A double-zeta valence (DZ)
basis set contains the double of functions of the minimum basis set of functions. Going
up, there are the triple-zeta valence (TZ), the quadruple-zeta (QZ) and the quintuple-
zeta (PZ).

In addition, basis sets can be enhanced by polarisation and diffuse functions. Polarisation
functions add a basis function of higher molecular momentum to further improve the
flexibility of the valence orbitals described, thus for example, if the valence electrons are
p, one d function is added to let the p orbital polarised. They are denoted by a “P” after
describing the type of valence split (i.e. TZP or DZP).

On the other hand, diffuse functions are basis functions with small exponents and can
be added to describe more accurately the behaviour of the electrons far from the
nucleus. They are needed in the presence of loosely bound electrons (for example
anions, radicals or excited states) or when the property of interest is dependent on the
wave function tail (for example polarisability).

Several basis sets have been developed with different purposes. They are catalogued by
families of basis sets. The basis sets in each family share common features and their
nomenclature. Pople style basis set (e.g. 3-21G, 6-31G, 6-311G ), Ahlrichs type basis set
(e.g. SVP, TZVP, Def2SVP, Def2TZVP), and Correlation consistent basis set (cc-pVDZ, cc-
pVTZ,cc-pVQZ) are among the most popular.*?

Pople family basis sets are named according to the notation k-nImG. They are of split
valence type and the k indicates how many primitive GTOs are used to represent the
core orbitals. The nim indicate how many functions the valence orbitals are split into,
and the number of primitive GTOs used for their representation. Two values (n/) indicate
a split valence, while three values (n/m) indicate a triple split valence. The values before
the G (for Gaussian) indicate the s- and p-functions in the basis; the polarisation
functions for heavy atoms (different from hydrogen) are indicated after the G by adding
a “*”. A second asterisk is indicative of the polarisation functions for hydrogen orbitals.
The diffuse functions can also be added to heavy or hydrogen atoms by adding one or
two “+”, respectively. In this type of basis sets the same exponent is used for both the
s- and p-functions in the valence, thus increasing the computational efficiency, but
decreasing the flexibility of the basis set. Pople basis sets are considered outdated and
have serious deficiencies, but they are still useful in some specific cases.?°

As an example, 6-311G basis set means that 6 primitives describe each basis set function
associated to core electrons, the valence shell is triple split and there are 3, 1, 1
primitives for each of the valence basis functions respectively.

11
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In this thesis the basis sets 6-31G**, 6-311+G** belonging to Pople family have been
used.

Ahlrichs basis sets do not show the number of primitives in their nomenclature. From
the notation it is possible to understand that SVP (Split Valence Polarised) is a single split
only for the valence orbitals (i.e. DZVP), with polarised functions added (the “P”
represents the polarised functions added by default). Then, the other basis set TZVP,
QZVP corresponds to triple- and quadruple- zeta respectively. The basis sets that bear a
“Def2” as a prefix are those that have been redefined and greatly improved in the last
years.

In this thesis it has been used the Def2TZVPP,?! which corresponds to a redefined
Ahlrichs basis set with triple split and two sets of polarised functions. This redefined
family of basis sets is more flexible than the Pople family because they have different
exponents for the s and p orbitals.

In the case of the correlation consistent basis sets, the “cc” expresses that they are
correlated consistent, tuned towards recovering the correlation energy of the valence
electrons. The basis sets are built such that functions that contribute similarly to the
correlation energy are included at the same stage, independently of the function type.
The level of split in the valence core is indicated by their name. For example, cc-pVDZ,
cc-pVTZ, cc-pVQZ, cc-pV5Z and cc-pV6Z are correlation consistent polarised valence
Double/Triple/Quadruple/ Quintuple/Sextuple Zeta (split) respectively. This kind of
basis sets always has polarisation functions, decreasing the split of the functions with
the degree of polarisation. For instance, for the atoms of the second period, cc-pVTZ
assigns three basis functions for the 2s and 2p orbitals, two basis functions for the 3d
orbitals and one basis function for the 4f orbitals. This basis was designed especially for
post-HF methods, in such a way that, for example, the first d function provides a large
energy lowering, but the contribution from a second d function is similar to that of the
first f function. The energy lowering from a third d function is similar to that of the
second f function and the first g function. These polarisation functions should, therefore,
be added in the order 1d2d1f and 3d2flg.

A Complete Basis Set, CBS, would require an infinite number of basis functions.
However, it is possible to perform an extrapolation using increasing larger basis sets
providing an approximate value for the CBS value. Specifically designed basis sets,
named correlation consistent basis sets, have to be used to guarantee reliable results
from CBS limit extrapolations i.e cc-pVxZ. At least three basis sets should be employed
(e.g. cc-VDZ, cc-VTZ, and cc-VQZ).>?? If the basis set is not complete, there is the
generation of the Basis Set Superposition Error (BSSE). Some methods, such as the
Counterpoise (CP) correction or the extrapolation to CBS methods,?®> have been
designed to correct and compensate this error.

The selection of a basis set heavily depends on the size of the system under study, on
the number of atoms and more specifically the number of electrons. Small basis sets
with limited number of functions are recommended for calculations that require heavy

12
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computing (like geometry optimisations, frequency calculation) on systems with a
considerable amount of atoms (or with more than one heavy element).?* On the other
hand, the restrictions and lack of flexibility imposed by a small number of functions to
describe the orbitals cause the formation of an implicit error into the small basis sets.
Therefore, it is a common practice to perform a single point calculation with a better
basis set (more flexible or complete) after the heavy calculation (i.e. optimisation)
performed with a smaller one.

In all the works presented in this thesis, the optimisation is carried out using a smaller
basis set, in order to gain quickly information about the system. Then, once stationary-
point structures are available, single point calculations with a more robust basis set are
performed to obtain more accurate properties, such as energy differences.

1.1.3 Pseudopotentials

As previously said, valence electrons are those that play a determinant role in chemical
transformations of molecules. The core electrons are not involved in these processes,
but affect the corresponding orbitals. To reduce the computational effort, it is possible
to focus only on the valence electrons and approximate the effect of the core electrons
with pseudopotentials or effective core potentials (ECPs). The ECPs could include
relativistic effects that are very important in molecules with heavy elements without
necessarily need to apply relativistic theory to the rest of the system. The most popular
ECP types in the literature are the Stuttgart-Dresden (SDD) energy-consistent effective
core potentials®® and the Los Alamos National Laboratory (LANL) shape-consistent
effective core potentials (e.g. LANL2DZ - valence electrons are handled with double-zeta
quality).2®

ECP bases are useful for two main reasons, reducing computational cost in handling
metal containing systems and circumventing having to describe relativistic effects in
deep core electrons.

In Chapter 3 we have used SDD for gold atom for the study of gold catalysed systems.

13



1.2 DFT computational calculation on a system — the approach

1.2 DFT computational calculation on a system —the approach
Computational calculations are defined by the choice of the DFT method or level of
theory, which includes the functional and the basis set. DFT functional and basis set are
selected on the basis of the system and the properties under study, i.e. type and number
of atoms and bonds. Searching in the literature pre-existing studies related to similar
chemical systems could help in the choice of the most suitable method. The best
solution would be performing a benchmark on your own system using different known
functionals, but this requires time and resources. Many factors influence the accuracy
and consistency of the study and some expedients, as seen for the basis set, need to be
considered concerning the microscopic/structural model, the conformational
complexity, the dispersion forces, the solvation correction and further corrections (i.e.
the entropy and temperature).

1.2.1 Microscopic/structural model

Sometimes some chemical systems are difficult to represent or to model in order to
perform computationally feasible calculations. A good approach is to employ a
simplified model of the real reaction, which describes the important elements of the
real system and can be computed with the computational power available. The design
of the simplified system is the result of the personal chemical intuition, it has to contain
the key variables of the systems and make chemical sense. The real system is divided
into the core part, which needs to be study in detail and the frame part, which can be
omitted or simplified because it does not play a determinant role into the study.

1.2.2 The conformational complexity

Most of the times, it is quite difficult finding all the plausible conformers of a system,
especially in the case of organometallic systems due to the flexibility of the metalligand
bonds. To sort this issue out, it is possible to use programmes that systematically explore
all the conformational and reactive space, but they are computationally very expensive.
Another alternative is to explore manually the most relevant conformers dictated by
personal intuition. It is very probable that some mechanistically important conformers
are not taken in consideration, but anyway this is the most used approach.

1.2.3 The dispersion forces

Dispersion forces are poorly described by DFT methods, but they are relevant despite
their weakness. The contribution of these weak interactions can be added as an extra
term in any functional allowing the evaluation of the steric interactions, which can be
determinant for the discrimination between enantiomers.?’

Grimme and coworkers developed a method to add the dispersion effect to most of the
common functionals, improving the accuracy of several functionals, even if it does not
reach the perfection.

On the other hand, there exist some functionals that were designed to include already
the dispersion effects, such as the highly parametrised Minnesota functional family,
developed by Truhlar group. The M06 family includes certain empirical parameters that
are adjusted to take into account such dispersion forces. Indeed, the M06 family is
constituted of four meta-hybrid GGA DFT functionals that are designed by empirically
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fitting their parameters, while constrained to a uniform electron gas. The functionals
developed are M06,%” M06-L,28 M06-2X?” and M06-HF?° and they differ for the amount
of exact exchange. MO06-L is fully local without HF exchange (thus it cannot be considered
hybrid), M06 has 27% of HF exchange, M06-2X 54% and M06-HF 100%.

Among them, M06 is the most versatile. Because of its large applicability, it can be
slightly worse than M06-2X for the calculation of specific properties that require high
percentage of HF exchange, such as thermochemistry and kinetics.

The MO06 and MO06-2X functionals are used in some parts of this thesis.

1.2.4 Solvation correction

Schematic Comparison of Solvent Models

Implicit Explicit i o :
«— \f*f—a SRS ‘f)‘!
Pt

Glycine

Solute in paa

Sofent the Cavity

No Solvent Molecules!

Solvent
Molecules

Figure 1.3 Schematic comparison of implicit and explicit solvation model.3°

Most of chemical reactions are carried out in the presence of a solvent, which plays an
important role especially in those cases where it stabilises species in the reaction or acts
as reactant. Therefore, it emerges the necessity to describe the solvent effects also in
computational studies.

At the beginning computing solvated systems, in which thousands of solvent molecules
surround the substrate, constituted a problem in DFT. Thus, molecules were studied in
vacuum conditions or in gas phase, neglecting important information in the study.
Nowadays, there are two conventional ways to include solvent effects in electronic-
structures calculations: one is by considering the individual solvent molecules explicitly
with QM/MM methods (explicit solvation model) and another treating the solvent as a
continuous medium (continuum or implicit method) (Figure 1.3).3%32 The former implies
a high computational cost due to the presence of a high number of molecules. In
addition, some extra errors could arise depending on how the molecules are placed
around the reactant species or on the number of molecules that should be considered.
The second approach treats the molecules implicitly and is the most common. Among
such methods, the Self-Consistent Reaction Field (SCRF) method3? is perhaps the most
widely used. The solvent is considered as a uniform polarisable medium with a dielectric
constant € (or relative permittivity, &), where the solute is placed in a suitable shaped
cavity inside a dielectric medium, which electrostatically stabilises the solute. The
method is iteratively repeated until the mutual polarisation between the solute and
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solvent reaches the self-consistency. The free energy of solvation is calculated as the
sum of different energy contributions:

AGsolvation = AGcavity"' AGdispersion + AGrepulsion +AGelectrostatic (18)

where AGcavity is the cavitation energy, that is the energy needed to create the cavity for
the solute (it is a destabilising term and therefore is always positive), AGdispersion is the
dispersion energy between solute and solvent that contributes as a stabilising term,
AGepuision is associated to the repulsive interactions between solute and solvent (it is also
a destabilising term) and AGelectrostatic is related to the electrostatic interactions due to
the instantaneous polarisation caused by the charge distribution of the solute molecules
in the solvent, and vice versa, and is a stabilising term.

There are several SCRF methods for the calculation of solvation energies. However, only
the Polarisable Continuum Model (PCM)3* is used in this thesis. In PCM, the cavity is
constructed as an assembly of atom-centreed overlapping spheres with radius
approximately 1.2 times larger than the van der Waals radius.

1.2.5 Charge calculation — Fukui indices

Calculations can be used to perform charge distribution analysis. The results can be used
then to have information about the nucleophilicity and electrophilicity character of
atoms in the substrates, predicting somehow the reactivity towards other reactants.

In this thesis to this purpose, we have used the Natural Bond Orbital analysis (NBO).
Natural bond orbital (NBO) analysis is one of many available options for ‘translating’
computational solutions of Schrodinger wave equation into the familiar language of
chemical bonding concepts.3>36

The idea at the base of NBO analysis was developed by Weinhold and coworkers,>3” who
thought to use the one-electron density matrix to define the shape of the atomic orbitals
in the molecular environment, and to derive molecular bonds from electron density
between atoms.

NBO analysis is based on a method that optimally transforms a given wavefunction into
localised form, corresponding to the one-centre ("lone pairs") and two-centre ("bonds")
elements of the Lewis structure picture. The input atomic orbital basis set is transformed
through a multistep process involving natural atomic orbitals (NAOs) and natural hybrid
orbitals (NHOs) into natural bond orbitals (NBOs).

In an initial step, orbitals that are associated almost entirely with a single atom, e.g.,
core orbitals and lone pairs, are localised as natural atomic orbitals (NAOs).

Next, orbitals involving bonding (or antibonding) between pairs of atoms are localised
by using only the basis set AOs of those atoms.

Finally, the remaining Rydberg-like orbitals are identified, and all orbitals are made
orthogonal to one another.

The result is that, except for very small contributions from other AOs to ensure
orthogonality, all NAOs and Rydberg orbitals are described using the basis-set AOs of a
single atom and all NBOs are described using the basis-set AOs of two atoms. Thus, NBO
analysis provides an orbital picture that is as close as possible to a classical Lewis
structure for a molecule, in which two-centre bonds and lone pairs are localised.
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In computational chemistry, NBO analysis is used to calculate the distribution of electron
density in atoms and in bonds between atoms of a molecule in a system.

They have the "maximum-occupancy character" in localised 1-centre and 2-centre
regions of the molecule. NBOs include the highest possible percentage of the electron
density.

To sum up, the NBOs are one of a sequence of natural localised orbital sets that include
"natural atomic orbitals" (NAO), "natural hybrid orbitals" (NHO), "natural bonding
orbitals" (NBO) and "natural (semi-)localised molecular orbitals" (NLMO). These natural
localised sets are intermediate between basis atomic orbitals (AO) and molecular
orbitals (MO):

Atomic orbital > NAO - NHO - NBO - NLMO - Molecular orbital

The concept of natural orbitals may be used for distributing electrons into atomic and
molecular orbitals, and thereby deriving atomic charges and molecular bonds.

Through this localisation approach, hybridisation can also be assigned to the atomic lone
pairs and to each atom’s contributions to its bond orbitals. The percentage of s and p
character (and d, f, etc.) is immediately evident from the coefficients of the AO basis
functions from which the NAO or NBO are formed.

NBO analysis provides the charges on the single atoms of a substrate. These data can be
used to calculate the Fukui indices of the atoms, which can be considered as reactivity
indices; they give information about which atoms in a molecule have a larger tendency
to either loose or accept an electron, or more practically which are more prone to
undergo a nucleophilic or an electrophilic attack, respectively. This deals with the
tendency of the molecules to become polarised in the presence of an external field or
upon the change of electron density. From a mathematical point of view, Fukui functions
are defined by Yang and Parr®® as the functional derivative of the chemical potential
respect to the external potential (the one produced by the nuclei) at a constant electron
number. Since the chemical potential is defined as the derivative of the density
functional respect to the electron density, Fukui functions are also defined as the
derivative of the electron density respect to the number of electrons at a constant
potential. Thus, it is possible to calculate how the density changes at every point when
adding or removing an electron while keeping the potential constant (that is the position
of the nuclei or in other words maintaining the molecular geometry).3%°

f(r) =229 (1.9)

Fukui indices (also known as condensed-to-atoms Fukui functions) can be calculated
through the finite differences method. Two finite difference versions of the function,
corresponding to addition or removal of an electron are defined:

Electrophilicity of atom A in molecule M (of N electrons)
fa*= Pa(N+1)-Pa(N) (1.10)

Nucleophilicity of atom A in molecule M (of N electrons)
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fa~ = Pa(N)-Pa(N-1) (1.112)
Radical attack susceptibility of atom A in molecule M (of N electrons)
fa% = 1/2[Pa(N+1)-Pa(N-1)] (1.12)

where P stands for the population of atom A in molecule M. The population analysis on
the + or — system has to be performed at the same equilibrium geometry as the original
molecule to avoid to loose information on the polarisation of the electron density upon
the change in number of electrons.*°

These indices are very sensitive towards changes in basis sets and population analysis
paradigm. Therefore, those numbers are not to be taken as absolutes, but instead as
comparative parameters within the same system to have an insight on the reactivity.

In chapters 2 and 3 we have performed NBO analysis and in some cases used the results
to calculate the Fukui indices.*!

1.2.6 General methodology applied in the present thesis

In this thesis, all geometries were fully optimised in gas phase with a simple method
(simple functional and small basis) as implemented in Gaussian 16.4? Once the optimised
geometries are obtained, single point calculations with a better basis set are performed
adding a PCM in order to consider the solvent effects.

Depending on the kind of system, different methods have been used and specified in
every chapter in the section “Methods”. Computational chemistry in these works plays
a synergistic role with experiments to provide a complete analysis of the reaction
systems under study.
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Chapter 2

Asymmetric catalysis

In this chapter, we have studied the action of bifunctional squaramide/tertiary
amine catalysts that introduce chirality into the reaction environment. A
comprehensive computational study was conducted in view of the experimental
results obtained in the group of Prof. Claudio Palomo at the Universidad del Pais
Vasco. They employed bifunctional organocatalysts to developed highly site-,
regio- and stereoselective methodologies. We studied the reaction mechanisms
focusing on electronic properties of the substrates, selectivity aspects and
interactions between the catalyst and the substrates from a computational point
of view.

Based on:

Urruzuno, I.; Mugica, O.; Zanella, G.; Vera, S.; Gdmez-Bengoa, E.; Oiarbide, M.; Palomo, C. Chem.
Eur. J. 2019, 25, 9701-9709.
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Chapter 2 Asymmetric catalysis

This chapter includes two projects based on two collaborations carried out with an
experimental group. The experimental part was performed by the group of Prof. Claudio
Palomo at the Universidad del Pais Vasco. The contribution of the author of this thesis
is exclusively computational and is presented in the computational work sections. A
general introduction about asymmetric organocatalysis is initially provided. Then, for
each project, the nature of the chemistry, the aim of the work, experimental and
computational procedures and results are described.

2.1 Introduction

2.1.1 Asymmetric organocatalysis

Enantiomeric pure compounds are highly required in numerous fields, as
pharmaceutical and biological areas, in electronic and optical devices and in polymers,*
making asymmetric catalysis a prominent area of investigation.

Together with transition metal catalysis and enzymatic transformations, asymmetric
organocatalysis is one of the approaches used for the enantioselective synthesis of
organic compounds. Organocatalysts are defined as purely low-molecular-weight
organic molecules that show catalytic activity themselves.?

In the last decades, the several advantages of this metal-free approach compared to the
other two catalytic areas have attracted the interest of many research groups.

First, organocatalytic methods are preferred for the preparation of those compounds
that do not tolerate metal contamination, as pharmaceutical products.® Then, it is
noteworthy that organocatalysts are usually robust, inexpensive, non-toxic, often
commercially available or anyway easy to synthetise. They tolerate many functional
groups and allow to avoid time-consuming manipulations (protection, deprotection, ...).
They can be incorporated onto a support and in this way easily recovered and recycled.
Finally, they are inert to moisture and oxygen, allowing to perform reactions in mild
conditions.

This kind of catalysis was born from the interest of employing low-molecular-weight
compounds in the understanding and mimicking the catalytic activity and selectivity of
enzymes. Although the name “organocatalysis” was coined only in 2000 by MacMillan,*
the first example of metal free enantioselective catalysis was reported in 1912 by Bredig
and Fiske.> They described the addition of HCN to aldehydes catalysed by natural
cinchona alkaloids, which yielded the resulting cyanohydrins with ee <10%. Some years
later, in 1960, Pracejus and co-workers succeeded to get higher ee up to 74% using
alkaloids as catalysts in the addition of methanol to phenylmethylketene (Scheme
2.1).%7
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Scheme 2.1 Alkaloid-catalysed addition of methanol to a prochiral ketene by Pracejus et al.%’

In the 1970s, the Hajos-Parrish-Eder-Sauer-Wiechert reaction was discovered and
became a milestone of the asymmetric organocatalysis. It employed proline as catalyst
in the intramolecular asymmetric aldol cyclodehydration to get the unsaturated
Wieland-Miescher ketone, important intermediate for the synthesis of steroids and
other enantiomerically pure molecules (Scheme 2.2).8°
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Scheme 2.2 The Hajos-Parrish-Eder-Sauer-Wiechert reaction.®®

Until 2000, the field remained quite unexplored, only a few examples of satisfactory ee
asymmetric catalysis were reported. From that year, the work of scientists as List and
MacMillan triggered the exponential growth of the asymmetric catalysis field.

List focused on the study of the catalytic potential of proline in asymmetric
intermolecular aldol reactions.’®! His group found out that acetone can react with
numerous aldehydes to give the corresponding aldols in good up to excellent yield with
high enantioselectivities (ee up to 96%) (Scheme 2.3).

L-proline

CO,H

(0] ” " (0]
o . _ @omow) 0N
I W o T Y
97%, 96% ee

Scheme 2.3 Proline-catalysed intermolecular aldol reaction by List et al.2%!

Simultaneously, MacMillan group reported an asymmetric Diels-Alder reaction of a,3-
unsaturated aldehydes that was catalysed by a phenylalanine-derived secondary amine,
giving the products in enantiomeric purity up to 94% (Scheme 2.4).%
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Scheme 2.4 Secondary amine-catalysed Diels-Alder reaction by MacMillan et al.*

Nowadays, asymmetric organocatalysis has been deeply explored and applied to
numerous transformations providing high enantioselectivity, i.e. iminium-, enamine-
and phosphoramide- catalysed cycloadditions, Michael additions, aldol reactions,
nucleophilic substitutions, chiral ureas and thioureas catalysed addition of nucleophiles
to aldehydes and imines.

The presence of the organocatalyst causes the formation of an asymmetric environment
that is determinant for the introduction of the chirality into the product. The catalyst
can activate the nucleophile or the electrophile or both in case of bifunctional catalysis.
Depending on its structure, it is possible to define two “modes of action”, the covalent
and the non-covalent one. The former works through the formation of covalent bonds
between the catalyst and the substrate, increasing the interaction between the
substrate and the reagent in the reaction (aminocatalysts and carbenes belong to this
category). The non-covalent mode is based on the activation of the substrate via
hydrogen bonds (thioureas, squaramides and phosphoric acids) or ionic interactions
(chiral bases as cinchona alkaloids and phase-transfer catalysis) (Figure 2.1).

Covalent Catalysis

Amines Carbenes
BF 4 BF,4

0]
0 Me ,,..<\\>\ .
N Ar =N F N
Me N [ =N
N~ TCOH x}{Me Q\FN @ \=N F T F
Ph H

H H OTMs
F

No Covalent Catalysis

Hydrogen Bond lonic Interactions

Figure 2.1 Activation modes in organocatalysis.

The field of asymmetric organocatalysis started with the research on aminocatalysts'?
and carbenes®® working through covalent interactions with the substrates, before many
other small molecules started to play an important role.'* The covalent catalysis remains
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nowadays an efficient tool for the asymmetric synthesis of natural compounds but,
inspired by enzymes and catalysed natural processes, the main focus has shifted
towards catalytic processes that employ small organic molecules able of binding and
activating substrates via non-covalent interactions.

Non-covalent interactions include hydrogen bonds, electrostatic interactions, m-m,
cation-mi, hydrophobic and Van der Waals forces. They all have some common features
even if in a different degree: they are weaker than covalent bonds, less directional and
less distance dependent and more entropy dependent. Due to their “flexibility”,
structural reorganisations can occur without energetically changing largely the binding
interactions. It could appear counterintuitive that this kind of interactions can afford the
conformational constraint required for high stereoinduction, unless a cooperative
model takes place. Indeed, if multiple noncovalent interactions operate in concert, it is
possible to obtain high levels of stereoselectivity in the reaction.’® The network of
interactions allows to locate accurately the substrates in space.

In the past 20 years hydrogen-bond promoted asymmetric organocatalysis has been
deeply explored and many works related to this topic have been reported.'®'’” The
catalysts contain H-bond donor (as thiourea, squaramide, acylamide units) and H-bond
acceptor (as tertiary amino groups) structural fragments. Among all the catalysts
developed, those based on chiral ureas, thiureas, diols, phosphoric acid cores and then
squaramides dominated the field of hydrogen bonding.

In this chapter, all the concepts mentioned so far are going to be examined in depth
focusing on the asymmetric a-functionalisation of ketones.

2.1.2 a-functionalisation of carbonyl compounds

Many natural products and biologically active compounds contain carbonyl groups
with an adjacent stereocentre (Figure 2.2)'8 and new methods for accessing these
moieties in high selectivity are in continuous development.

S H H
N ~ n
/ Q|/ R\n/N =S
“ S * \)<
(0] (0]
N //~OH
H O/\
(-)-Spirobrassinin Penicillin Aldosterone
(Antitumoral agent) (Antibiotic) (Human hormone)

Figure 2.2 Some examples of biologically active compounds and natural products containing carbonyl
groups with an adjacent stereocentre.

There are three main approaches for the stereoselective formation of stereogenic
centres in the a-position of a carbonyl compound (Scheme 2.5) and in this thesis only
the third one, the reaction of an enolate or its equivalent with an electrophile under
proton transfer conditions is addressed.
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Reaction of an enolate or an equivalent with an electrophile
under proton transfer conditions

Scheme 2.5 Approches for the stereoselective formation of stereogenic centres at the a-position of a
carbonyl compound.

This strategy is quite versatile because enolates can be generated through different
procedures and have high nucleophilic character, thus they react with a wide range of
electrophiles. Moreover, if the nucleophile and electrophile are prostereogenic, the
product ends up containing two contiguous stereocentres.!®

The stereoselective control at the a-stereocentre can be performed through two
approaches, using covalently bound chiral auxiliaries or catalytic methods.

Chiral auxiliaries transfer the chiral information bonding covalently to the substrate,
they are very effective but need to be used in stoichiometric amounts and require
additional steps for the attachment to and detachment from the substrate.

In terms of atom economy, the catalytic methods are more convenient and guarantee
high chemo-, regio-, and stereoselectivity even using substoichiometric amounts of
chiral promoter.

Inside the field of catalysis, we can distinguish two methods, the directed and the direct.
The directed approach consists in the employment of preformed enolates in
combination with a chiral Lewis acid catalyst, a representative example is the
Mukaiyama aldol reaction (Scheme 2.6).%2°

chiral
o OSiR*; LA catalyst O  OH

+ B —— 3 * 1
A N R g

2 R2
R Example

O
Me \SI'{

TfO OTf

Chiral LA catalyst
developed by Mukaiyama in 1989
(Esters and thioesters)

Scheme 2.6 Mukaiyama aldol reaction.

This method gives high stereocontrol but requires the previous preparation of the
enolate through a stoichiometric synthetic procedure.
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On the other hand, the direct methods appear to be more practical and attractive; they
consist in the use of a substoichiometric chiral inductor in the reaction of unmodified
carbonyl compounds with an electrophile.

The chiral inductor can be a metal-based catalyst?! or an organocatalyst.

Considering that metal based methods rely on the use of toxic metals of limited
availability and most of the times require inert conditions, the chapter focuses on
organocatalysed a-functionalisation of carbonyl compounds.

There are two ways to activate the enolisable carbonyl substrate: via enamine formation
(covalent aminocatalysis) or via enolisation (H-bond Brgnsted base catalysis).

2.1.2.1 Organocatalysed a-functionalisation of carbonyl compounds via enamine
formation
The main concept of aminocatalysis is the formation of an enamine intermediate
through the condensation of a ketone or an aldehyde with a chiral primary or secondary
amine catalyst. The formation of the enamine intermediate by deprotonation of the
iminium ion is the rate-determining step and it is helped by protic additives and polar
solvents in speeding up the deprotonation and stabilising the charges. Enamines have
enhanced nucleophilicity and react with many electrophiles, forming new C-C bonds
enantioselectively. Then, to collect the a-substituted carbonyl compound and recover
the catalyst for the next cycle, the adduct is subjected to acid hydrolysis (Scheme 2.7).22

H,O

1, R2
condensation R‘,:]’R deprotonation
|
0 R3J\
+
R3ﬂ\ *H R4 BH
starting iminium ion
ketone/aldehyde "
1 2
R' R? RN-R enamine
N7 intermediate
H  chiral amine R
catalyst R4
0}
E N E + BH
R® T R+ R2
4 N
R i | new C-C bond
product hydrolysis RSJYE formation
Hzo R4 B

Scheme 2.7 Catalytic cycle for enamine mediated processes.?

The stereochemistry of the newly formed a-substituted carbonyl compounds can be
explained through two different models (Figure 2.3). In the H-bond mediated model, the
H-bond donor group of the catalyst addresses the electrophile to one of the two
diastereotopic faces of the enamine, while in the steric-controlled model the bulky
substituents of the catalyst shield one face forcing the electrophile to interact with the
enamine from the opposite side.
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Figure 2.3 Two models to control the stereochemistry of newly formed a-substituted carbonyl compounds

Proline was the first amine involved in an enamine mediated organocatalysed
transformation. In 2000, List and Barbas reported an asymmetric intermolecular aldol
reaction in presence of proline as catalyst and launched the new field of aminocatalysis
(Scheme 2.3).11 Proline resulted to be a useful molecule to generate carbonyl
compounds with a-stereogenic centres, as demonstrated by the enamine mediated
aldol reaction developed by Notz and List (Scheme 2.8).23 They used a-hydroxyacetone
as donor compound and aromatic or a-branched aldehydes as acceptor components
and obtained anti-aldol products with excellent enantioselectivity, even if with variable
yields and diasteroselectivities.
O—COZH
N

o o H 30 mol% O OH
N .
HJI\R DMSO, rt )J\_/'\R
OH OH

40-95%, 67-99% ee (anti)
syn/anti = 1:5-1:20

Scheme 2.8 Proline-catalysed aldol reaction by Notz and List.?

In 2001, List reported the first proline-catalysed Michael reaction yielding products with
stereogenic centre in Ca even if with low levels of enantioselectivity (Scheme 2.9).%4

O<COZH
N

. Ph\/\No H 20 mol% "
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R R R R
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Scheme 2.9 Proline-catalysed Michael reaction by List et al.?*

During the vyears, proline-catalysed asymmetric transformations of ketones and
aldehydes have been largely investigated and many valid procedure were disclosed.?
Inspired by proline potential, new and more efficient catalysts were developed
modifying its structure; for instance, the substitution of the carboxylic acid moiety with
other functional group led to catalysts with better solubility in organic solvents,
improved reactivity and stereocontrol (Figure 2.4).26
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Figure 2.4 Proline-based catalysts.

Even though secondary enamines are known to be better stabilised than their primary
counterparts, also chiral primary amine-base organocatalysis was found to be
successful, mainly in asymmetric reactions involving ketones as donors.?’ In 2006,
Cérdova et al. used a primary amine catalyst derived from L-alanine to perform the
Michael addition of cyclic ketones to aromatic nitroalkenes (Scheme 2.10).28
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Scheme 2.10 Primary amine-catalysed Michael addition by Cérdova et al.?®

The enamine mediated asymmetric organocatalysis revealed to be an efficient strategy
for the a-functionalisation of carbonyl compounds and numerous examples have been
reported in the literature. Nevertheless, many limitations regarding substrate scope,
regio- and stereocontrol are still present. Indeed, the procedures reported so far involve
only aldehydes and symmetric ketones as donors. Sterically hindered ketones show low
tendency to form enamines and still remain challenging substrates, together with
unsymmetrical ketones that are problematic due to the difficult regiocontrol.

2.1.2.2 Organocatalysed a-functionalisation of carbonyl compounds via enolisation
Carbonyl compounds can be activated through a-deprotonation by action of a base to
give the corresponding enolate. The favourite substrates for Brgnsted base catalysis are
enolisable carbonyl compounds with relatively small pK, values (10-17).%° A general
catalytic cycle for Brgnsted Base catalysed reactions is shown in Scheme 2.11. The
process starts with the deprotonation of the pronucleophile by the basic catalyst
forming a chiral ionic pair, key step for the non covalent chirality transfer; next, the
enolate reacts with an electrophile in an enantioselective manner allowing the
regeneration of the free base that can re-enter in the catalytic cycle.

32



Chapter 2 Asymmetric catalysis

o +
*BB-H E
deprotonation R
(0] R2 electrophile
R1M\/H o new C-C
R2 chiral ionic pair bond formation
starting
ketone
0 _
BB chiral R1JJ\*(E =
Bronsted Base BB-H
RZ
(0]
=N
R! H
R2
product

Scheme 2.11 General catalytic cycle for Brgnsted Base-catalysed reactions.

Due to the nondirectional nature of electrostatic interactions in ion-pairs, it looks
convenient to combine the chiral basic scaffold with an H-bond donor unit in a unique
catalyst capable of anchoring nucleophile and electrophile in the transition state. This
kind of catalysts is called bifunctional Brgnsted base/H-bond donor catalysts and
demonstrates to be more active because of the higher degree of stereochemical order
achieved (Figure 2.5). The H-bond unit is essential to keep in place a substrate, while the
chiral scaffold activates and directs the reaction partner in the proximity for the
reaction. The chiral pocket that is formed induces the enantioselectivity.

il
H\
o
AK\
E
Brgnsted Base Bifunctional Brgnsted
Catalyst Base/H-bond donor

Catalyst

Figure 2.5 Transition states in Brgnsted base catalysis and bifunctional Brgnsted base/H-bond donor
catalysis.

Tertiary amines, guanidines, amidines and imidazoles are the most common groups that
constitute the BB moiety. The first examples of bifunctional BB catalysts applied to the
a-functionalisation of easily enolisable carbonyl compounds were cinchona alkaloids
derivatives (Figure 2.6).3°
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R = OMe (-)-Quinine R = OMe (+)-Quinine
R=H (-)-Cinchonidine R= (+)-Cinchonidine
R=0H (-)-Cupreidine R=0H (+)-Cupreidine

Figure 2.6 Cinchona alkaloids derivatives.

Further improvements in the design of bifunctional BB catalysts were obtained
employing readily available chiral amines and efficient H-bond donor groups, such as
urea, thiourea, sulphonamide or squaramide (Figure 2.7).

o s (0] O

* * >s{, .BB* .
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urea thiourea sulfonamide squaramide

Figure 2.7 Examples of H-bond donor groups.

In 2003, Takemoto et al. reported the first chiral thiourea-tertiary amine bifunctional
catalyst applied in the Michael reaction of malonates to nitroalkenes yielding high levels
of enantioselectivity (Scheme 2.12).3! For this reaction, also the urea/thiourea-
substituted cinchona alkaloids catalysts developed by Connon3? and Dixon33 showed
good performance. In the following years, this type of bifunctional catalysts has been
employed in the a-functionalisation of some carbonyl compounds.
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FsC Hk”
10 mol% N EtO,C.__CO,Et
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74-95%, 81-93% ee
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Scheme 2.12 Thiourea-tertiary amine bifunctional catalysed Michael reaction of malonates to
nitroalkenes by Takemoto et al.!

Encouraged by the great advances achieved with thiourea compounds,3* Rawal group
reported in 2008 “a new family of H-bond catalysts based on the squaramide
catalophore”.?® Their work described the synthesis (Scheme 2.13) of a suitable chiral
squaramide derived from cinchona alkoloids and its application as H-bond donor
catalyst in the catalysed conjugate addition of 1,3-dicarbonyl compounds to
nitroalkenes with excellent yields and enantioselectivity (Scheme 2.14).

The use of squaramides instead of thioureas results to be superior in terms of activity
and requires low catalyst loads (as low as 0.1 mol%). The faster turnover is a result of
the greater spacing between N-H groups enhancing the fitting of the reagent, together
with the rigidity of the binding unit, N-H acidity and directional H-bonds.
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Scheme 2.13 Synthesis of a chiral squaramide catalyst by Rawal et at.®
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Scheme 2.14 Squaramide catalysed conjugate addition of 1,3-dicarbonyl compounds to nitroalkenes by
Rawal et al.3®

Originally, squaramides were exclusively used as artificial anion receptors in molecular
recognition but nowadays they play an important role in the field of asymmetric
catalysis36-3 as bifunctional hydrogen-bond catalysts in many important enatioselective
organic reactions.3>%4> Their action mode is very similar to thioureas, but they bear
some unique skills that differ from thioureas and make them so attractive.
The first difference is the duality in ion- and H-bonding. Squaramides show not only
anion-binding affinity, as thioureas, but also cation-binding affinity due to the “increase
of the aromatic character” in the four-membered ring upon complexation,*®
participating in ditopic binding. Concerning the H-bond network, squaramides bear
three hydrogen-bond patterns: one constituted of two hydrogen-bond donors (N-H), the
second of two acceptors (C=0) and the third of one donor and one acceptor. The duality
offers more possibilities in binding and allows to develop a broader substrate scope
(Figure 2.8).
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Figure 2.8 Duality in ditopic- and hydrogen-bonding of squaramides.3®
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The second difference concerns the rigidity. Squaramides have a rigid planar square-
shaped structure: they are constituted of a cyclobutadienedione ring containing two
coplanar carbonyls and two N-H that are almost coplanar. This arrangement is stabilised
by the nitrogens that are essentially sp2-hybridised, making the lone pairs available for
conjugation from N(p-orbital) into the p-system orthogonal to the plane, thus restricting
the rotation of C-N bonds (Figure 2.9).3° The higher delocalisation of N lone pair through
the cyclobutenedione system makes the squaramide system more rigid than thioureas.
As a consequence of its vinylogous amide nature, the N-H acidity of a squaramide is
higher as compared to that of an urea/thiourea (0.1-2 pKa gap units)*’ providing a
polarised nitrogen moiety. Different rigidity and acidity of squaramides account for
unique binding properties and higher reactivity, enhancing the catalytic activity.
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Figure 2.9 Structural differences between squaramides and thioureas.

Squaramide moiety has been found to form stronger hydrogen bonds with the
substrates bearing nitro, carbonyl, imino, nitrile groups (complexes 1-2 orders of
magnitude more stable) (Figure 2.10).
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Figure 2.10 Activation of different substrates by squaramides.

The following difference is structural and deals with the relative distance and spacing
between the N-H groups. From the calculations of Takemoto*® and Rawal®® groups, in N-
N’-dimethylthiurea (one-carbon link) the two H atoms are positioned 2.13 A apart,
increasing in N-N’-dimethylsquaramide to 2.73 A. Moreover, the cyclobutenedione
scaffold of squaramides induces a convergent orientation of the N-H groups giving
different specific binding properties, influencing the stereocontrol (Figure 2.9 and 2.11).
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Figure 2.11 General structures of squaramide asymmetric organocatalysts.

Eventually, an additional advantage of this kind of catalysts lies in the simple and
modular preparation that offers the possibility of synthetising a large range of catalysts
(as shown in Scheme 2.13). It is a two steps synthesis from easily available starting
materials involving a first substitution reaction of dimethyl squarate, followed by
another substitution reaction with a chiral primary.

After the pioneering work of Rawal, many new squaramide catalysts were developed
and applied in different reactions.3®3” They were proven to be efficient in many domino
and tandem processes allowing the synthesis of complex molecules.38

BB catalysis works for the a-functionalisation of many enolisable carbonyl compounds,
but it has many limitations. In particular, it is restricted to reactions involving easily
enolisable nucleophiles typically bearing an EWG at the a-position. Indeed, to ensure a
reversible proton transfer compatible with the BB catalytic cycle, weak bases must be
used (pKa values of conjugated acid: 9-14) and the presence of an EWG group at the a-
carbon makes the pronucleophile acidic enough to be enolised. Ketones may present
two flanks for enolisation and so two reactive sites; for this reason, symmetrical ketones
or ketones with an EWG are employed. In the case of conjugated dienolates, the
regioselectivity represents another challenging issue, as the y-position is the preferred
one.

2.1.3 Action mechanisms of bifunctional catalysts

Bifunctional catalysts are known to be very efficient due to their ability of activating
simultaneously both nucleophile and electrophile.

Takemoto group was the first to propose a reaction mechanism for the thiourea-
catalysed Michael reaction they developed (Scheme 2.12).3! After deprotonation of the
acidic proton of the 1,3-carbonyl by the tertiary amine group, the nitroolefin is activated
by the thiourea scaffold through two hydrogen bonds (it is known that nitrocompounds
are keen to form H-bonds with urea and thiourea)®® and then the two substrates can
react via the formation of a ternary H-bonded complex giving the product in the only R
configuration (Scheme 2.15, route A).

Taking into account that both the nitroolefin and the enol can form two hydrogen bonds
with the thiourea moiety of the catalyst, Papai and co-workers decided to carry out a
theoretical analysis on the Takemoto reaction to understand the catalyst’s structure-
activity relationship, how the catalyst interacts with the substrates and influences the
formation of the new C-C bond. They came out with another model that differs from
Takemoto’s one for the activation mode of the nitroolefin.*® Indeed, the electrophile is
activated through the interaction with the protonated amino group of the catalyst, while
the thiourea, as an efficient anion receptor, interacts with the deprotonated nucleophile
(Scheme 2.15, route B).
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Scheme 2.15 Two alternative reaction routes for the Michael addition catalysed by bifunctional catalyst.>?
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Scheme 2.16 Takemoto reaction (as in Scheme 2.12) considered in the theoretical analysis by Papai.

For their analysis, they took in consideration the reaction in Scheme 2.16. Firstly, they
computed the two possible complexes, the one with the thiourea coordinated to the
nitroolefin and the other with the thiourea coordinated to the enolate (Figure 2.12).
They demonstrated that there is not preference for the formation of one or the other
adduct, as the difference in binding energy is only 0.3 kcal/mol (thiourea/nitroolefin 7.6
kcal/mol and thiourea/enolate 7.3 kcal/mol).

Figure 2.12 Optimised structures of the most stable catalyst-substrate adducts. H-Bond distances in
angstroms.

Then, starting from complex 2, they computed and demonstrated that a proton transfer
from the coordinated enol to the amine group of the catalyst can easily occur, as the
energy barrier for the process is relatively low, 6.6 kcal/mol, and the resulting ion pair
(2’) is predicted to be only 2.2 kcal/mol less stable than 2 (Figure 2.13). The enolate
anion in complex 2’ is stabilised by N-H---:O bonds involving the protonated amine
moiety and one of the N-H groups of the thiourea. Another form of the ion pair is
complex 2”, the enolate is tilted from its original position to maximise the number of N—
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H---:O bonds and all three N—H units take part in the H-bond. This intermediate is
predicted to be 2.0 kcal/mol less stable than 2’ (Figure 2.13).

Figure 2.13 Optimised structures of stationary points located for the protonation process between
catalyst and nucleophile

It is interesting to compare the two energetic profiles of the Michael reaction (Figure
2.16): in both pathways, the C-C bond formation is the rate determing step and at first
sight the difference of the two energy barriers could be determinant for the election of
the mechanistic pathway. Takemoto’s route (A in red) has an activation energy of 11.6
kcal/mol and Papai’s route (B in blue) of 11.8 kcal/mol (calculated as difference between
the TSs and the intermediates 3 and 5 respectively). Actually, since the steps that
precede the C-C bond formation are kinetically mobile and thermodynamically
reversible, the preference of one pathway to the other is determined by the relative
energies of the two transitions states TSs.4and TSs.e.

As a consequence, the Papai’s route results to be the predominant one for this reaction
because its TS is more stable of 2.7 kcal/mol than Takemoto’one (difference in energy
between TSz.aand TSs.s).

Figure 2.14 Optimised structures and selected geometric parameters of the stationary points located on
route A.

TSs-6

Figure 2.15 Optimised structures and selected geometric parameters of the stationary points located on
route B.
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Figure 2.16 Energy profile of the C-C bond formation pathways corresponding to the formation of the (R)
configuration of products as obtained from gas-phase calculations.
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Figure 2.17 Transition States leading to the R and S isomers of Michael products on the two alternative
routes.

The C-C bond formation is the enantio determining step, as the enantioselectivity
depends on the attacking face of the electrophile. In both routes the TS that leads to the
R conformer is more stable than the one leading to the S (2.6 kcal/mol more stable in
Takemoto’s route and 2.4 kcal/mol in the Papai’s route). These energy differences
correspond to high enantioselectivities (98% ee for Takemoto’s and 97% ee for Papai’s)
in perfect agreement with the ee values obtained experimentally (89% ee). The
explanation stays on the special arrangement of the substrates: in the transition states
affording the R-product (TSs.a, TSs—), the substrates are aligned in a staggered
conformation along the forming C—C bond, minimising steric intermolecular
interactions. In the transition states leading to the S-product (TS’z4, TS’s-), this
favourable orientation is not affordable because the electrophilic carbon atom of the
nitroolefin is displaced from its ideal position when its attacking face is switched (Figure
2.17). C—C bond formation can only take place with a compromise of either the hydrogen
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bond catalyst—substrate interactions, or the staggered geometry of the reacting
molecules.

To conclude, both reaction pathways account for the observed enantioselectivity. It is
reasonable because enantioselectivity is governed by the H-bonded network built by the
three acidic N-H groups of the catalyst that drives the preferential orientation of the
approaching substrates.

Even though these models have been proposed for thiourea-based bifunctional
catalysed reactions, it has been demonstrated that they can be applied also to
squaramide catalysed ones. In particular, it has been found that the Papai-type model is
the most plausible mechanism, which accounts well for the observed stereoselectivity.>?
In literature, Takemoto and Papai models are the two most commonly accepted modes
of activation, both of them supported by additional theoretical and experimental
studies.”

Recently, a third pathway was suggested by Wang and co-workers, who performed DFT
calculations on the vinylogous Michael addition of a,B-unsaturated butyrolactam to
chalcone catalysed by a bifunctional cinchona alkaloid thiourea organocatalyst. They
proposed that the electrophile is activated by the distal acidic NH of thiorea, while the
deprotonated nucleophile forms two H-bonds with the protonated amine and the other
available NH group of thiourea (Scheme 2.17).°>* Unfortunately, DFT calculations on
squaramide-catalysed Michael reactions identified this pathway as not eligible for this
kind of transformations.>?

CFs s
Q 5 X
O < e o
| N-Boc N N~Boc
0
o El . Ph Ph
Ph” " ph via 90%, 98% ee, >30:1 dr

Scheme 2.17 Vinylogous Michael addition of a,B-unsaturated butyrolactam to chalcone catalysed by
bifunctional cinchona alkaloid thiourea organocatalyst that follows the mechanism by Wang.
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2.2. Computational studies on the reactivity of a-branched ketone
dienolates: regio- and enantioselective a-additions leading to all-
carbon quaternary adducts.

2.2.1. Introduction

In the previous chapter, we have envisioned many strategies of direct asymmetric a-
functionalisation of enolisable ketones and it appears clear that, due to the several
limitations regarding the substrate activation and the enantiocontrol, this reactivity still
constitutes a challenging field. This situation is more complicated in the case of non-
symmetrical unactivated ketones with two sites for deprotonation. Two regioisomeric
enolates may be formed leading to competitive reaction pathways and therefore
product mixtures.>®

Cyclic ketones belong to this class of compounds and their fragment bearing a
quaternary a-stereocentre is common in numerous natural products and bioactive
substances (for example in alkaloids). As a result, the interest in the synthesis of these
units in an enantioselective manner using catalytic direct approaches from readily
accessible starting materials is high.>®

Several attempts of catalytic enantioselective C-alkylation of unactivated ketone
precursors have been described. Some strategies are based on the use of either chiral
auxiliaries or preformed enolates and equivalents, as the catalytic asymmetric a-
functionalisation of silyl enolates with a chiral scandium complex (Scheme 2.18).>7

7 N\ »
=N N
Bu 1'Bu
_ OH HO
OSiMe; 12 mol%) o
PN R PN
N . HCHO Sc(OTf)s (10 mol%) o OH
R ) aq. o e )
< n H,O/DME, -20 C, 2-65 h < n
R = Me, Ph, Bn 63-90%, 60-94% ee

Scheme 2.18 Hydroxymethylation of silyl enolates using a chiral scandium complex by Kobayashi et al.

Alternatively, metal (mainly Pd and Ir)*® (Scheme 2.19a) and phase transfer catalysis®
(Scheme 2.19b) demonstrated to be useful approaches for the asymmetric
allylic/benzylic a-alkylations of a-substituted (mainly benzo-fused or Ca’-protected)
cyclic ketones, even if quite inefficient for other type of alkylating processes.
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a) Metal catalysis
. O

N N
H H
PPh,Ph,P
(5 mol%)
(6] 5
" 0 RS LDA, (CHs)sSNCl Prt R
/Qé/ + Rzﬂ\o/\)\R“ 3-C3H5PdCI),] (2.5 mol%) 2 ZSR4
3 R3
X R DME, rt, 0.5-5 h X
2 =
R’ = Me, Ph, Bn 23 _ Zf’:?_lM;e 71-99%, 47-90% ee
X =H, OMe ’

R% = H, TBDMSO(CH,),

b) Phase transfer catalysis

Br
NZ/Ph
N -_
OAllyl
(o] (10 mol%) o
R
Ar CsOH-H,0  Ph
R’ *  R%Br R “Ar
X Toluene/CH ,Cly, -40 °C, 13 h X
R'=F R2 = allyl, Bn, 62-99%, 76-92% ee
Ar = Ph, 2-naphthyl cinnamyl, crotyl
X = 0, N-Alloc

Scheme 2.19 a) Example of metal catalysis, Pd catalysed asymmetric alkylation of a-tetralones by
Schroeder et al.?° b) Example of phase transfer catalysis, alkylation of substituted isoflavones catalysed by
a cinchonidinium bromide phase-transfer catalyst by Scheidt et a/.>®

These methods do not represent a general solution, as some require stoichiometric
(strong) base, the use of a’-blocked starting ketones to avoid the regioselectivity
problem or preinstalled allyl esters and carbonates.

On the other hand, enamine activation and Brgnsted acid activation strategies have
enabled to further advance the field by using Michael acceptors as the alkylating reagent
while securing regioselectivity through exclusive formation of the “thermodynamic”
enamine or enol intermediate.

These approaches suffer of limited substrate scope as enamine formation from the
cycloalkanones with a-sidechains bigger than methyl or ethyl hardly occurs due to the
steric hindrance (Figure 2.18a),° while extension of the Brgnsted acid activation
strategy to reactions with common Michael acceptors (m-deficient olefins) other than
allenamides®? or sterically undemanding enones (e.g. enals, acrylates, or simple
enones)®® appears troublesome (Figure 2.18b). Furthermore, no other a-branched
cycloalkanones except cyclopentanones and cyclohexanones have been explored.
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- 1) 2> :
*RoNH, (cat.) NH ) ZEwe o R Only:
N R! EWG | -R"'= Me or Et
‘ a) Enamine catalysis | 2) H,O ) -n=0,1
n n
X X
o, 0 o Only n =0,1
‘ AN (cat.) R’ EWG !
O OH ’ * Inefficient with common
NEWG % )n Michael acceptors

b) Bronsted Acid catalysis

Figure 2.18 a-functionalisation of a-branched cycloalkanones via a) enamine and b) Brgnsted acid
catalysis.

Bifunctional Brgnsted base/H-bond catalysis represents another approach to promote
enantioselective additions of a-branched cyclic ketones, although the majority of the
examples reported so far deals with active ketones bearing an electron-withdrawing
group (EWG = carbonyl, nitrile, sulfonyl, nitro) at the Ca.%*

Two exceptions to this behaviour were reported and constitute unique examples of a
Brgnsted base catalysed enantioselective a-functionalisation of unactivated
nonsymmetrical ketones leading to a-quaternary adducts.

In 2010, Wang group documented good yields and stereoselectivities for the addition
reaction of a-aryl cyclopentanones to nitroolefins; however, attempts to expand the
method to the important cyclohexanone analogs provided the a-quaternary product in
a poor 20% isolated yield and 84% ee at best (reaction run at 50 °C) (Scheme 2.20).%°

N S ST

é/Ar + X NO (10 mol%) 02 50-95%, dr > 20:1, 80-96% ee
Jn M.S. 4 A, CH,Cly, rt, 12-30 h CI) o
n=1,2 ",
NO,
Ph

20%, dr>20:1, 84% ee
(one example)

Scheme 2.20 Michael reaction of a-aryl cycloalkanones catalysed by a Brgnsted base/H-bond catalyst by
Wang et al.

In 2017, Palomo group reported a regio-, diastereo-, and enantioselective BB-catalysed
a-alkylation of a-substituted B-tetralones with nitroolefins; instead, a-tetralones
showed to be unreactive materials under same conditions (Scheme 2.21).%¢
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CF3

F,C N NY
H H
R NO,

R1
0 NG (10 mol%) MeO o]
R2 + R/\/ 2 RZ
X CH,Cl,, -10 °C, 16-64 h X

60-85%, dr > 20:1, 88-99% ee

Scheme 2.21 Brgnsted base/H-bond-catalysed a-alkylation of a-substituted B-tetralones with nitroolefins
by Palomo et al.

The main issues regarding the development of a direct regio- and enantioselective C-C
bond forming reaction at Ca position of a-branched ketones under proton transfer
conditions are the relatively high pK, value of the ketone substrate (pK, range of 19-24,
while the functional pK, activation barrier for common Brgnsted base catalysts lies
within pK, 13-16) and the steric constraints set by the carbonyl a-substituent, which
makes difficult the proton abstraction and decreases the nucleophilicity.

A possible solution for the high pK, value of the ketone could be a slight variation on the
substrate, in particular the insertion of an alkenyl group at the a-position of the carbonyl
function, giving a a-alkenyl cycloalkanone. Apart from providing synthetic versatility
(availability of a strategically positioned C=C double bond) to the resulting adducts, it
allows to have charge delocalisation during the enolisation, increasing the a-CH acidity.
In this way, also a weak base catalyst could trigger the reaction while securing
regioselective a- vs a’-enolisation. The drawback of this kind of substrates is the
ambiguous a- vs y-reactivity of the transiently formed vinylogous enolate, which has to
be controlled by the Brgnsted base catalyst, besides the stereoselectivity in the
generation of the quaternary stereogenic centre (Figure 2.19).

(o} o a )y
xR Base O R E
Y
)n )n »‘/ O

dienolate 7 R

Figure 2.19 Enolisation of a-alkenyl cycloalkanones and the issue of a vs y reaction selectivity.

The great majority of catalytic methods involving dienolates or equivalent intermediates
deal with a-unsubstituted ones and proceed mainly through the y carbon (vinylogous
reactivity, Figure 2.20).%7 The y-attack pathway appears to be kinetically favourable
because no disruption of the nt-conjugation along the reaction coordinate occurs.
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Figure 2.20 Divergent reaction pathways of dienolates and equivalents.
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Some of these methods are the catalyst-promoted addition reactions of preformed silyl
dienol ethers (X: OSiR’3)% as well as direct approaches based on metallic catalysis (X: O
M*),8% dienamine activation (X: NR’2)’° and Brgnsted acid’* and base catalysed’?
activations.

The methods employing preformed silyl dienol ethers (X: OSiR’3) were applied mainly in
the vinylogous Mukaiyama aldol reaction, but also a few examples regarding the
Mukaiyama-Michael reaction were reported. In 2012, Schneider and co-workers
developed the first catalytic, enantioselective vinylogous Mukaiyama-Michael reaction
of acyclic dienol silyl ethers with a,B-unsaturated aldehydes, which are activated via
iminium ion, obtaining valuable chiral 1,7-dioxo compounds in a y-site selective process
(Scheme 2.22).73

Ph
N Ph
° 8 Ms H OTMS (20 mol%) o R 0
P p-nitrobenzoic acid (20 mol%) J\/I\/\/IL
HJ\/\R1 * y/\a)\OTMS H N s
R2 Toluene/H,0 (10:1), rt R2
R' = Ar, PhMe,Si, Me 50-90%, dr 82:18-92:8, 71-99% ee

R? = H, Me

Scheme 2.22 Catalytic enantioselective Michael reaction with linear preformed dienolates by Schneider
etal.

In the category of methods to perform direct addition of unmodified carbonyl
compounds to different electrophiles through dienolate or equivalent intermediates, it
is possible to distinguish several approaches.

One is based on metallic catalysis, in which the reactions proceed through a transiently
generated metal enolate intermediate (X: O"M*) to obtain y-functionalised products.
Applications to Michael, Mannich, aldol and allylation reactions are found in the
literature. One significant example is the synthesis of y-substituted butenolides by direct
asymmetric Michael addition of 2(5H)-furanone to nitroalkenes catalysed by a dinuclear
zinc catalyst developed by Trost.”*
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Ph O:—IIE:—Zn~o Ph
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Scheme 2.23 Asymmetric Michael addition of 2(5H)-furanone to nitroalkenes catalysed by a dinuclear zinc
catalyst developed by Trost.

Organocatalytic methods are also suitable for the y-functionalisation of unsaturated
carbonyl compounds. A powerful tool is the dienamine-mediated activation (X: NR’2).
Brenner-Moyer and co-workers reported a direct diastereo- and enantioselective
vinylogous Michael addition of linear enones with and without y-substitution.”>

Ph Ph

o o QH OTMS o

R! (20 mol%) )j\/\)\/[}\

J)L Ho* Ar)J\/\/ A NF H
R

y EtsN, PhCHCHCO,H };1
THF, rt, 72 h

55-83%, 87-98% ee

Scheme 2.24 Direct diastereo- and enantioselective vinylogous Michael addition of linear enones by
Brenner-Moyer et al.

Finally unsaturated ketones, subjected to Brgnsted acid or Brgnsted base catalysis,
generate dienols and dienolates respectively, which can react with suitable acceptors to
afford the corresponding y-addition adducts. An example of Brgnsted acid catalysed
reaction is the direct vinylogous Michael addition of unmodified linear B,y-unsaturated
ketones to a,B-unsaturated aldehydes by Xu and co-workers. The a,B-unsaturated
aldehyde is activated via iminium ion and the co-catalyst activates the dienolate and
shields the a-carbon, obtaining the y-adduct exclusively in good vyields and excellent
enantioselectivity.’®

Ph Ph
(0] O

1l ~ 1
F3C—§—NH HN—%—CF;),
O (5 mol%) ©

Ph‘\(Ph
QH OoTMS
o o (10 mol%) o} R?
.\
R1JI\/\ RZ’\)J\H DCE, 50 'C R1”\/\/k/CH0

v/o >20:1
45-92% (y), 86-97% ee

Scheme 2.25 Direct vinylogous Michael addition of unmodified linear B,y-unsaturated ketones to a,B-
unsaturated aldehydes by Xu et al.

Jiang group, instead, described an interesting example of Brgnsted base catalysis, a
direct asymmetric vinylogous aldol reaction of allyl ketones with isatins catalysed by a

47



2.2. Computational studies on the reactivity of a-branched ketone dienolates

readily prepared L-valine-derived bifunctional tertiary amine/thiourea catalyst to
provide 3-hydroxy-2-oxindole derivatives.””

NN cF
XY 3
S
o (10 mol%) CF3
+ R
NJ\R1 2 N 0 R2

| Et,0,-20 °C

R3

57-98%, 88-99% ee
E/Z 13:1->99:1

Scheme 2.26 Direct asymmetric vinylogous aldol reaction of allyl ketones with isatins catalysed by a readily
prepared L-valine-derived bifunctional tertiary amine/thiourea catalyst by Jiang et al.

In contrast with the mainstream y-selectivity, a few examples of methods that proceed
through a-carbon have been reported, although with important limitations.

a) FsC C Oj KO
N
R? (10 mol%) Q RZR1 o Rz.\R1 (0]

OTMS . O,N : C=C isomerization O,N
NF R H| —————————~ | H
H NO, H,O (5.0 eq.) _
DCE, rt, 24-48 h
R'=H, CF3 not isolated 66-86%, 81-99% ee
R2 = Ar, alkyl
Me
b) o) E OH
o) ‘ OH
o o (10 mol%) Me 0
1l . PhoPo
_PPh, Ba(O'Pr), (10 mol%) NH O
OBn )NI\
THF, 0°C, 19 h R OBn
“ R™H |
oy 9:1 ->15:1

69-78%, 77-80% ee

c) O‘COZH

O N

H
H | l/PMP (30 mol%)
N
R2 Et0,C~ "H Imidazole (1.0 eq.)
R! DMF, 4 °C, 2-3 h

39-68%, 91-99% ee
E/Z4:1-16:1

Scheme 2.27 a-addition examples of dienolates or equivalents leading to MBH-type adducts.
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An a-addition of preformed aldehyde-derived silyl enol ethers to nitroalkenes (Scheme
2.27 a)’® and to imines’® in the presence of tertiary amine catalysts was reported by
Alemdan and co-workers. The concomitant isomerisation of the double bond to yield
Morita-Baylis-Hillman-type or Rauhut Currier adducts avoids the formation of a
stereocentre at Ca. Similar examples of a-addition were described earlier by Shibasaki
(Scheme 2.27 b)® and Barbas 1l (Scheme 2.27 ¢)8! using other activation pathways.
Other Brgnsted base catalysed a-functionalisations of transiently generated dienolates
have been developed only for specific substrates, such as a-styryl acetates in the work
of Zhao group® or a-angelica lactones in the case of Johnson.%

Other strategies to favour the a-additions deal with substrates with strong steric bias,
as reported by Christmann group, who found that y,y-disubstituted enals react through
the a-carbon atom of the dienamine intermediate because of the steric hindrance at the
y-carbon (Scheme 2.28).84

Ar
N Ar
H OTMS
R3 (20 mol%) Ar<_Ar
OH ) :
R s _CHO . )\ TFA (10 mol%) R3
CHO
) Ar Ar Toluene, rt, 3-8 h |
R R" "R?

R" = Me, Et Ar = 4-NMe,CgHy afy = 65:35-78:22
R1, R2 = (CH2)4, (CH2)5 48-71%, 92-93% ee

1
. RNN
via 1
R Ar
TMSO Ar

Scheme 2.28 a-addition of y,y-disubstituted enals to stabilised carbocations as electrophiles via activation
as dienamine intermediates by Christmann et al.

a-Addition of linear enones to different electrophiles promoted by iminium activation
was performed, featuring poor enantioselectivity or providing racemic products.”
It is noteworthy that none of these a-selective methods has demonstrated to be
efficient in the enantioselective generation of a-quaternary ketone products. Indeed,
this process would necessarily involve a-substituted dienolates or equivalents as
intermediates (Figure 2.21). To this purpose, it is necessary to have a strong control over
the E/Z enolate geometry and the face selectivity, while retaining a-reactivity despite
the steric hindrance at Ca.
X

Eor‘2?2

X: OH, OSiR'3, 0" M*, NR'5, O R'3NH*

Figure 2.21 Challenging issues involving the reactivity of a-branched dienolates.

This issue has been faced by Toste group through Brgnsted acid catalysis. They found
that a-branched unactivated cyclic ketones smoothly undergo direct asymmetric
amination catalysed by a chiral phosphoric acid to generate N-containing
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tetrasubstituted carbon stereocentres (Scheme 2.29), but they do not work properly in
the case of Michael addition to conjugated olefins, with the only exception of
allenamides.®

R2

RZ
0 . R? = Cy; R®= nCgHyy O o1 NHBoc
1 oc, 9 1
R . N=N (5 or 10 mol%) “\N\Boc
) Boc "neat", 45 'C, 40-60 h )

X n X'
n=012 33-99%, 86-99% ee
X =CH,, O, NBoc,

C(CHs)2,
o ©°
/

R"=Ar, alkyl, R*

&

R5

Scheme 2.29 Direct asymmetric amination catalysed by a chiral phosphoric acid to generate N-containing
tetrasubstituted carbon stereocentres by Toste et al.

Quite recently Palomo group has reported the first direct Michael reaction of B,y-
unsaturated alkyl ketones with nitroolefins to afford exclusively a-addition products
under bifunctional Brgnsted base/H-bond catalysis with high diastereo- and
enantioselectivity (Scheme 2.30).2% The idea of expanding this reactivity pattern to a-
branched ketone dienolates would allow to obtain valuable a-quaternary ketone
adducts.

0 )
=0
Ar N N -
H H §N
o (10 mol%) O oK
(o]
R1J\/\/R + g2 NO; R1J\:/'\/NOZ
CH,Cly, 1t, 2-4 h ﬁ
R
Ar = 3,5-(CF3)2CeHs a-addition only
70-95%
R' = Me, Et, iBu, Ph } dr2:1-7:1, 90-98% ee
R =H, aryl; R2: aryl, alkyl
R" = Me,C(OH); R: aryl dr>20:1, 90-98% ee

Scheme 2.30 First direct Michael reaction of B,y-unsaturated alkyl ketones with nitroolefins to afford
exclusively a-addition products under bifunctional Brgnsted base/H-bond catalysis by Palomo et al.
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2.2.2. Abstract

Taking in mind that chiral Brgnsted base/H-bonding catalysts are able to promote the
smooth addition of B,y-unsaturated alkyl ketones to nitroolefins to yield the a-addition
products exclusively and with very high stereoselectivity (Scheme 2.30), Palomo group
thought to expand the strategy also to the challenging a-branched ketone dienolates
leading to ketone products with an all-carbon quaternary a-stereocentre.

Observing the working model A (Figure 2.22) for the unsubstituted dienolates, in which
the catalyst acts in a bifunctional manner such that tight control over the reactants
approaching trajectory could be accomplished, the extrapolation to a-branched ketone
dienolates looks conceivable (R’#H). However, some issues emerge and need to be
overcome: the reaction stereocontrol, the ill-defined E/Z enolate generation, the
reactivity and site-selectivity, due to the steric hindrance at the nucleophilic a-carbon
influencing the enolate generation and the subsequent approaching of the electrophilic
reagent.

Not surprisingly, initial attempts for the reaction between nitrostyrene and a-branched
ketones (R’= CHs) resulted completely unfruitful. The low reactivity of the sterically
congested a-substituted dienolate could be alleviated if a sterically undemanding
Michael acceptor, as 1,1-bis(phenylsulfonyl)ethylene was employed, vyielding a-
guaternary homoallylic ketones, although in variable yields and selectivity. Since the
attenuated reactivity and the difficulties in controlling the enantioface selectivity still
persisted, it was needed to slightly change the ketone substrate, thus cyclic ketones in
which the double bond is tethered at the Ca-position of the carbonyl function were
adopted.

Working model A

chiral backbone
0 R?

o) H-NR, H-X
A, p
R1JH/\/R . Rz’\/Noz BB cat R1/U\:/‘\/N02

-4 E
Sy :
: R
i NS, 3
R R

a)R' =H a-addition only
high ee and dr

b)R#H R'=CHs
72 h <25% yield
o/y mixture

Figure 2.22 Impact of a-substitution on the reactivity of transiently formed acyclic ketone dienolates.

The dienolates from cyclic ketones might behave superior based on: (i) the higher
nucleophilicity of cyclic systems as compared with the more flexible, open-chain
counterparts;®” (ii) a more rigidified transition state and consequent more efficient
chirality transfer; (iii) the problem of enolate geometry (E/Z uncertainty) gets cancelled.
They performed the reaction between a-styryl cyclohexanone and
bis(phenylsulfonyl)ethylene yielding a-quaternary cycloalkanone adducts in high site-,
regio- and stereoselectivity. They demonstrated that a-alkenyl cycloalkanones are a
class of nonsymmetrical unactivated ketones susceptible for smooth and regioselective
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activation by tertiary amine/H-bond bifunctional catalysts. The efficiency of the
methodology is independent of the ring size of the cycloalkanone substrate or its
substitution pattern, while the easy further elaboration of the alkenyl moiety in adducts
provide synthetic versatility.

The challenge: , The approach:

B} E o R
(o} ! 7 |
. )J\/\/R BB* cat
MR ; ¢ —_—
s , ~--R' E R E

5 R’

- Attenuated a-reactivity ,
- Difficult enantioface discrimination
- Uncertain E/Z geometry (acyclic)

X - high selectivity

"0 "HNR';3 - quaternary carbon
via R
\ - various electrophiles

'
Figure 2.23 a-substituted dienolates issues and the approach based on BB catalysis.

Theoretical analysis of the unique reactivity of these transiently generated cyclic
dienolates vs the acyclic counterparts was performed and their electronic properties and
energies were computed. The a- vs y- reactivity of the substrates was studied
computationally and a rational for the stereoselectivity was provided.

2.2.3. Objectives

As explained before, the substrates of this work are challenging, many issues emerged
and simplifications in substrates were needed. The first experiments were thought on
simple linear a-branched ketones, later replaced by cyclic substrates, to sort the
problems out leading to the products bearing a a-stereocentre. Since the choice of the
substrate came out to be key, a theoretical analysis on different classes of substrates
was carried out to help in understanding the reactivity of the different nucleophilic
systems. The substrates considered are a linear a-branched dienolate, the cyclic
counterpart, a a-substituted pentacyclic enolate and a a-substituted hexacyclic enolate.
First, their charge distribution and Fukui nucleophilicity indices were calculated and then
a more comprehensive analysis was completed, calculating the energies for the reaction
of each enolate system with a bis-sulfone in presence of a model achiral squaramide-
tertiary amine catalyst CO (see Figure 2.25). The results obtained from this analysis were
determinant for the choice of the substrate to use in the experiments.

In a second moment, we decided to compute the whole energy pathways of the same
reactions also in presence of a realistic catalyst, as C7 (see Table 2.1).

Then, we tackled the issue of the a- vs y- reactivity of substrates bearing the dienolate
unit and we computed the two routes in presence of a model catalyst CO and we
provided a rational for the preference of the a- vs the y-addition pathways.

Finally, after the experimental optimisation of the reaction between the cyclic alkalone
and bis-sulfone, we performed DFT calculations to elucidate the origin of the
stereoselectivity and the nature of the H-bond network between the substrates and the
catalyst during the transition state for the model reaction between the vinyl
cyclohexanone enolate Ill, vinyl bis-sulfone 4 and either catalyst C7 (R=Arf: 3,5-
(CF3)2CeH3) or C8 (R: 'Bu).
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2.2.4. Experimental work

The experimental work was carried out by Dr. Ifiaki Urruzuno, Dr. Odei Mugica and Dr.
Silvia Vera of the group of Prof. Palomo, who provided us with the data we needed to
perform our computational investigation.

Their studies started with the reaction between the a-branched ketones 1 and
nitrostyrene 2 using bifunctional catalyst C7 (for the structure see Table 2.1) resulting in
the recovery of unreacted enone (R! = Ph) or very low conversions to product 3 (R! =
Me, <25% conversion after 72 h) as a mixture of a/y isomers (Scheme 2.31).

a) Reactivity of linear a-branched ketones with nitrostyrene under BB catalysis

o} O Ph
0
R1)J\’/\/Ph . Ph/\/NO2 C7 (10 mol /o) R1 N02
C:H3 CH20|2, rt H3C —
Ph
1 2 3

R': Me 72 h, <25% yield, a/y mixture
R': Ph No reaction

b) Reactivity of linear a-branched ketones with bis-sulfone under BB catalysis

Q ~__Ph SOh C7-C9 (0] CH(SO,Ph),
2 10 mol%
R1J\/\/ . ﬁ/ (10 mol%) o
CHs SO,Ph CH,Cl, 1t HyC =
1 4 57 PN
a R': CH;
b R': CH;CH,
¢ R':Ph R hych HacHic
5 6 7
with C7: 39% y (63% ee)
with C8: 38% vy (61% ee) __ () - ()
with C9: 72%y (79% ee)  29%y (58% ee) 14% conv.

Scheme 2.31 Reactivity of linear a-branches ketones with a) nitrostyrene and b) bis-sulfone as electophile
under BB catalysis.

In view of the poor results, they reasoned that the low reactivity of the sterically
congested a-substituted dienolate might be alleviated if a highly reactive and sterically
less demanding Michael acceptor as 1,1-bis(phenylsulfonyl)ethylene 4 is used.
Furthermore, this kind of acceptors, besides being highly reactive in Michael reactions,
have synthetic utility as masked alkane surrogates.®® As the results in Scheme 2.31b
show, a-branched ketones 1 reacted with 4 in the presence of €7,%° C8%° or C9°! (for the
structures see Table 2.1) to afford adducts 5=7 from reaction at the a-site exclusively,
although in variable yields and enantioselectivity. These results, even if promising,
highlighted the poor reactivity, the difficult control of the enantioface selectivity and the
high dependence to the side-chain substitution. Supported by computational
predictions (in the following section), they decided to use a-substituted cycloalkanones
instead of the linear counterparts. The reaction between a-styryl cyclohexanone 8A and
bis(phenylsulfonyl)ethylene 4 was studied in the presence of different chiral bifunctional
catalysts (Table 2.1).
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Table 2.1 Catalyst screening for the reaction of cyclohexanone 8A with vinyl sulfone 4 to give 9A.°

Ph
o] o \<
x_-Ph \
é/\/ . Ysozph cat (10 mol%) < S0,Ph
SO,Ph CH,Cl, , rt, 16 h SO,Ph
8A 4 9A

BESRIN - do i
H HoJ

' X
S X
NMe, Ar\N NN
H H

Ar = 3,5-(CF3)3CGH3 Q | _N
C1

MeO
26%, --% ee C2 R'=3,5-(CF3)3CeH3CH;
C3 R'=3,5-(CF3)3CeH3 Ar = 3,5-(CF3)3CeH3
C4 X=S
NR
= 72%, 10% ee
(0} 0 C5 X=0
R j\:( 79%, 40% ee
N N
H H
Ar
A 0OSiM
MeO ' oI e
C6 R'=3,5-(CF3)3CgH3CH, Ar j:[
N N
83%, 60% ee Ar 0OSiMe; \H

C7 R'= 3,5-(CF3)3CGH3

Ar = 3,5-(CF3)3CBH3
880/0, 73% ee

coldl
C8 R" (CHj3):CH

87%, 98% ee 89%, 98% ee

9Reactions carried out at 0.15 mmol scale, using 2 equiv. of vinyl disulfone and 10 mol% catalyst in 0.3 mL
CH:Cl> at room temperature. “Yield after chromatography. ‘ee determined by chiral HPLC.? Reaction run
at0 °C.

The reaction proceeded with low yield using Takemoto catalyst C13! and did not proceed
at all with Rawal’s squaramides C2 and €3.*° Improvements in the yield could be
obtained with the more active quinine-derived thioureas C4 and urea C5,%? although
with poor enantioselectivity. C6 was the same catalyst effective in the a-
functionalisation of a-unsubstituted dienolates with nitroolefins,® but in this case it
allowed the reaction to proceed but with a modest 60% ee. C7 showed a little
improvement in stereoselectivity, but the desired results were obtained with catalyst
C8, a sterically congested catalyst developed by Connon,?° that allowed to get 98% ee
and good yields. A similar result was provided using C9, performing the reaction at lower
temperature (0°C). C8 and C9 were selected as the best catalysts to carry out the
substrate scope of alkenyl cycloalkanones (Table 2.2).
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Table 2.2 Scope of the reaction of a-alkenyl cycloalkanones with bis-sulfone 4 catalysed by C8/C9.%

0 C8 (10 mol%)
R? or C9 (5 mol%
o . 50PN | i e« CH(SO,Ph)
1 2_
SN lopn  CHCL.o°Co1eh R 2Ph)2
R'R' 4

o}
[
_CH(SO,Ph),
10B R =4-MeOCgH, 11B 12A 10F
C8, 59%, 57% ee C8, 14% conv., ee ND C8, 78%, 92% ee C9(-20 °C), 82%, 80% ee?*

C9, 66%, 95% ee C9, 70%, 92% ee

10C R= 4-MeC6H4
C8, 77%, 92% ee
C9, 84%, 94% ee

Ph
o erh o |rph o] |r

| < _CH(SO,Ph)
é\/CH(SozPh)z CH(SO2Ph), e

13A R =Ph 14A R =Ph 15A R =Ph
C8, 82%, 95% ee” C8, 72%, 91% ee® C8, 73%, 98% eeP®
C9, 85%, 80% ee® C9, 86%, 96% ee C9, 83%, 94% ee®
13E R =3-MeCgH,4 14D R =4-CICgH, 15B R =4-MeOCgH,
C8, 82%, 82% ee” C9, 79%, 93% ee C8, 47% conv., ee ND

C9, 79%, 91% ee® C9, 88%, 99% eeb?

16A R:H 88%, 99% ee ° Ph
R 16B R" 4-MeO 79%, 99% ee R2 |r

16C R:4-Me g |93%, 99% ee _CH(SO,Ph),

n |
\ Ao 0, o,
& CH(SO,PY, 16D R 4-Cl 92%, 99% ee
16E R 3-Me 89%, 99% ee
16G R': 2-MeO 17A R?=6-MeO

71%, 99% ee
C9 83%, 99% ee

2 _
o Ph 18A R2=7-MeO
o} |r o |r C8 66%, 82% ee
K o C9 54%, 90% ee
@\/CH(SOZPMZ CH(SO,Ph), oI
19A 20A
C8 83%, 69% ee C9 88%, 89% ee

C9 82%, 90% ee

9Reactions carried out at 0.15 mmol scale, using 10 mol% catalyst C8 or 5 mol% catalyst C9 in 0.3 mL of
CH2Cl2 unless otherwise stated. Yield of isolated product after chromatography. Ee determined by chiral
HPLC. No product from y-addition was detected by *H NMR (Ca,/Cy >95:5). “Reaction carried out in toluene
at rt. ‘With 3 equivalents of 4 and 48 h reaction. ¥10mol% of catalyst loading. ND= not determined.

The strategy works pretty well for 4-substituted cyclohexanones to give for example 11B
and 12A in satisfactory yield and stereoselectivity and it was also suitable for the
exceptional case of 10F, although with low ee. The method turned out to be equally
effective with cycloalkanones of varying ring size: cyclopentanones 13A and 13E with
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acceptable ee, cycloheptanones 14A and 14D with high ee and cyclooctanones 15A and
15B with high ee only in toluene. Benzo-fused cycloalkanones were also excellent
substrates for this catalytic reaction affording the equivalent adducts (16-20) in good
yields and high enantioselectivity regardless the nature of the substituents at both the
aromatic ring and the olefin. Allyl cyclic alkanones under Brgnsted base/H-bonding
strategy resulted to be active in the reaction with other carbon electrophiles, as B-
substituted nitroolefins and paraformaldehyde with high stereoselectivity. This
behaviour is in contrast with the poor reactivity of the parent open chair a-branched
allyl ketones. In the case of nitroolefins, a minor amount (<5%) of y-addition was
observed.

2.2.5. Computational work

2.2.5.1. Methods

All structures were initially optimised using density functional theory (DFT) with B3LYP
and the 6-31G(d,p) basis set as implemented in Gaussian 16. Final energies were
calculated at MO06/def2tzvpp level of theory, in a solvent model (IEFPCM,
solvent=dichloromethane). The stationary points were characterised by frequency
calculations in order to verify that they have the right number of imaginary frequencies.
The calculation of the atomic charges was carried out through Natural Bond Orbital
analysis. For additional information, see Chapter 1.

2.2.5.2.  Preliminary studies

Aware of the poor reactivity of non-symmetrical unactivated ketones, Palomo group
focused on studying potential substrates to understand the changes needed to allow
the a-functionalisation to occur yielding adducts bearing quaternary centres. For an
initial assessment of the reactivity associated with these nucleophilic systems, we
determined some electronic parameters, as charge distribution and Fukui
nucleophilicity index (f)) at the a-carbon on the model linear | and cyclic enolates lI-1V,
with the hope that the results could shed some light on their relative reactivity. The idea
was to compare the linear a-substituted dienolate with the cyclic counterpart and other
cyclic substrates (five and six membered rings) that bear a phenyl group in Ca, able as
the allyl group to delocalise the charge and thus increase the CH acidity (Figure 2.24).
Surprisingly, the differences in negative charge at that specific carbon is negligible in the
four substrates, ranging from -0.35 to -0.36 e. Similarly, the Fukui indices are not
informative, showing indistinguishable values for all substrates. These data are not in
agreement with the observed initial experimental data, which instead highlight
considerable difference in reactivity between the linear and cyclic substrates.
Accordingly, it appears that purely intrinsic electronic properties might not be
enlightening in dictating these reactivity trends and the role of the bifunctional catalyst
as well as structural factors (steric hindrance, enolate rigidity) or a-CH acidity might also
be considered.
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Figure 2.24 Charge distribution and Fukui nucleophilicity index (f) at the a-carbon on the model linear |
and cyclic enolates lI-IV.

For a more comprehensive analysis, the reactions between ketones I-IV and bis-
sulphone 4 were computed in the presence of a model achiral squaramide-tertiary
amine catalyst CO, which is not influenced by the steric constraints of catalysts C1-C9
(Figure 2.25). Gratifyingly, the computed activation energies gave us useful information,
identifying a significant difference between the most reactive species Ill and the other
substrates. This evidence was taken in consideration for the choice of the cyclic
substrate Il in the experiments. Indeed, an activation energy of 20.8 kcal/mol was
computed for lll, which is affordable at room temperature. In contrast, the activation
barriers for the reaction involving the acyclic species | and the phenyl derivative Il and
IV are ca. 24 kcal/mol, predicting a much more sluggish reactivity of these substrates, as
found for example for I in initial experimental attempts (Scheme 2.31). Based on these
results, it is possible to confirm that cyclic substrate Ill is more convenient than the linear
counterpart. The superiority of the cyclic substrate is more related to structural aspects
than to the electronic nature (against the nucleophilicity enhancement of cyclic vs
acyclic carbanions proposed by Cunningham).®’ Indeed, the more rigidified transition
state of cyclic substrate contributes to a more efficient chirality transfer and the issue
of enolate geometry (E/Z uncertainty) is eliminated.
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Figure 2.25 Energy barriers for the reactions between ketones I-IV and bis-sulphone 4 in the presence of
a model achiral squaramide-tertiary amine catalyst CO.

Confident with these promising results in hand, we thought to examine in depth every
step of the pathway, in presence of a more elaborated catalyst, as C7. The reaction
between the ketones I-IV and bis-sulfone 4 is a Michael addition catalysed by a
bifunctional Brgnsted base/H-bond donor squaramide. We computed the simple
mechanism for all the four substrates to compare their behaviour.
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The first step is the abstraction of the acid Ha by the tertiary amino group of the catalyst,
leading to the corresponding enolate and the catalyst in the protonated form. Next, the
nucleophilic attack of the enolate to the bis-sulfone occurs, facilitated by the catalyst,
which addresses the two substrates and locates them in the best orientation for the
reaction. In this step, the catalyst plays its role of stereocontrol.

While the difference between the energy barriers of the reactions computed using the
model CO (Figure 2.25) clearly identifies substrate lll as the best candidate for this kind
of synthetic strategy, when the reactions are computed using a more complicated
catalyst, as C7, the values of activation energies for the nucleophilic attack could be
misleading and a deeper analysis is required (Figure 2.26).

At first glance, it appears that a first discriminatory element could be the activation
energy for the deprotonation step. The cyclic dienolate lll is formed more easily than
the others by a difference of ~1-5 kcal/mol. The highest barrier is the one of compound
IV, probably due to the steric hindrance of the substituent in Ca. Compound Il, although
featuring a phenyl group at Ca, does not show high energy barrier for the first step,
probably because the five-membered ring, being more planar, fits better in the catalyst
pocket and makes the access at Ca easier.

The intermediates are the complexes catalyst-enolate and in all the cases they are quite
unstable, being located at energy levels higher than 10 kcal/mol. The intermediate from
the reaction of Ill is the most stable, at an energy value of 11.5 kcal/mol, ~3-5 kcal/mol
lower than the other intermediates. This result is meaningful because it implies that the
intermediate for the case Ill is present in higher concentration than for the other cases,
in which the intermediates, being less stable, are more prone to suffer the reversible
reaction. The concentration of the intermediate may influence the speed of the
following reaction that is the rate-determining step, affecting the overall reaction rate.
From the energy barrier values and the high energy of the intermediates, it emerges
that the first step is more favoured for compound Il than for the others.

Concerning the second step, the nucleophilic attack of the enolate to the sulfone, cases
Il and Il undergo this reaction overcoming a smaller barrier than | and IV. The
explanation of the higher barrier for I could be the flexibility of the linear substrate that
is more difficult to be taken in place through H-bond interactions; for IV, instead, the
phenyl substituent also in this step plays a shielding action for the new C-C bond
formation at Ca. Compound Il has the advantage of being smaller than IV and having a
tighter ring that addresses the substituent to a convenient position allowing the Ca
attack.
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TS H-abstraction TS nucleophilic attack
O
o c7 o ¢7
\ \N/ H
6y NN o NNo o
H H S-
H- o) G'N 1 Ph
| Ha HetoA_ .=-._SO3Ph
o~ | N N x g )
o S o L o\ _/
b < LY - SO,Ph
| Ho + C7 | -
.- - .- SO,Ph beo- SO,Ph
+ protonated C7 SO,Ph
G = Ar": 3,5-(CF3),CgH3 intermediate
| I} n \"
AG* (TS H-abstraction) 20.9 19.7 18.6 23.9
AG intermediate 15.9 145 11.5 16.1
AG* (TS nucleophilic attack) 26.5 21.0 22.1 26.0
(kcal/mol)

Figure 2.26 Energies for the reaction of ketones I-IV with bis-sulfone in presence of C7. All the energies
are Gibbs Energies in kcal/mol.

To sum up, the results obtained in the computational analysis are in perfect agreement
with the experimental evidence. The analysis carried out using the model catalyst CO
influenced the choice of the substrate lll for the development of the catalytic strategy.
A more exhaustive analysis using the realistic catalyst C7 added more information.
Substrates | and IV should be excluded because their energetic profiles show high
barriers for both steps of the reaction. The data are in agreement with the experimental
results. Substrate I resulted to have very poor reactivity and stereocontrol. Substrate IV
was subjected to the same reaction and did not show any reactivity (unpublished
results).

The computational results identified Il and lll as potential candidates. Initially, Palomo
group did not try any experiment with Il, probably thinking to postpone this work for
future studies. However, the work of Wang and co-workers®> demonstrated that a-aryl
cyclopentanones are suitable substrates for the asymmetric Michael addition with
nitroolefins in the presence of bifunctional amine-thiourea leading to molecules bearing
tertiary and quaternary stereocentres. The more challenging a-phenyl cyclohexanones
were also investigated affording the desired product in very low yield (20%) even if with
moderate enantiocontrol (ee 84%), when harsher conditions were applied (T = 50°C)
(Scheme 2.20). The studies of Wang group support the potential of a-substituted
cyclopentanones emerged by our computational investigation.

The different behaviour of Il observed with CO and C7 makes us believe that the
reactivity of this kind of substrate could be catalyst-dependent.

The reactivity of compound Il is confirmed by calculations: both the a-deprotonation
and the nucleophilic attack are feasible steps at the reaction conditions. This kind of
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substrate resulted to be more reactive than the acyclic counterpart in this catalytic
strategy because it has a lower energy barrier to overcome to get the desired product
and the intermediate between one step and the other is located at lower energy
influencing the efficiency of the second step.

2.2.53. avsy

To the best of our knowledge, no mechanistic investigation on the a/y reactivity of
ketone dienolates have been reported so far. Zanardi and co-workers performed a DFT
analysis in support of the vinylogous reactivity of a-branched dienolates from alkylidene
2-oxindoles against nitroolefins affording y-adducts exclusively.?’” In our case, a-
substituted cyclic dienolates reacting with bis-sulfone yielded exclusively the a-adducts,
with no evidence of y-functionalisation products. Taking into consideration the linear
dienolate I and its cyclic counterpart Ill, we computed their reactions with bis-sulfone in
presence of the model catalyst CO undergoing the a- and y-pathways. We found that for
both substrates the a-addition is the preferred route. Indeed, for the linear dienolate
the energy barrier for the a-adduct is 2.8 kcal/mol lower than the one for the y-adduct.
In the case of the cyclic substrate, the experimental evidence is totally supported by the
computational results, because the difference in energy between the two routes is of
6.1 kcal/mol, a value that clearly highlights the preference of one pathway to the other
(Figure 2.27).

H-N.
H----o—/ Bsozph
SO~ a-attack  24.6 20.8

y-attack 27.4 26.9

AG?T in kcal/mol

Figure 2.27 a- vs y-reactivity of linear and cyclic a-substituted dienolates in presence of a model catalyst
Co.

2.2.5.4. Stereoselectivity and H-bond network

The strategy reported by the group of Palomo provides the desired products in high
stereoselectivity. The bifunctional Brgnsted base/H-bond donor squaramide catalyst
plays a determinant role in the stereocontrol of the reaction. We performed a
computational analysis on the most favourable arrangement of the substrates and the
catalyst during the transition state. DFT calculations were performed for the model
reaction between the vinyl cyclohexanone enolate Ill, vinyl bis-sulfone 4 and either
catalyst C7 (G=ArF: 3,5-(CF3),CsHs) or C8 (G: 'Bu). The choice of the catalysts is dictated
by practical considerations. Experimentally, they both give moderate (C7) or excellent
(C8) enantioselectivity results, while keeping reasonable level of simplicity. They differ
for the G substituent bound to a N atom of the squaramide unit; in C7 the aromatic ring
increases the rigidity of the structure, while C8 bears the bulky ‘Bu. We did not consider
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other catalysts, as €9, which although performing in an excellent manner, have many
groups free to rotate that would affect the calculations, in terms of convergence.

In this kind of bifunctional Brgnsted base/H-bonding catalysis, the located TS structures
show well defined H-bond networks that strongly bias the spatial arrangement of
reactants, determining the stereochemical reaction outcome.

Takemoto and Pdpai models are the most accepted in literature to define the H-bonding
arrangements in bifunctional catalysis where proton transfer occurs (Chapter 2.1.3). We
tried to compute the TSs for the two models, but it was possible to identify the two
Papai-type TSs exclusively, namely TS-R, leading to the R-configured product, and TS-S,
leading to the S enantiomer, for each catalyst (Scheme 2.32). In these TSs the
squaramide interacts with the enolate through the NH groups, while the protonated
tertiary amine takes in place the sulfone, interacting with one of the oxygen atoms.

In spite of serious efforts, the alternative Takemoto-type activation mode TSs, with the
sulfone oxygens hydrogen-bonded to the squaramide NH groups, could not be found,
probably due to the low H-bond acceptor character and high steric hindrance of the
sulfone group.

The energy values obtained are in agreement with the experimental observations; when
catalyst C7 is used, transition state TS-R presents the lowest activation energy, 22.1
kcal/mol, in comparison with 24.3 kcal/mol predicted for TS-S, while slightly higher
values of 22.9 and 24.9 kcal/mol respectively, were obtained with catalyst C8. The lower
barrier of TS-R can be associated to the stronger H-bonds (shorter XH---Y bonds) found
for the interaction between oxyanion lll and the two squaramide NH moieties (1.80 and
1.78 A for catalyst C7), in comparison to the values measured in TS-S (1.85 and 1.83 A).
Analogue trend in the presence of catalyst €8: 1.88 and 1.81 A in TS-R against 1.94 and
1.88 A in TS-S. Similarly, the weak interaction between one oxygen of the bis-sulfone
group and the protonated amine group is weaker in TS-S vs TS-R (2.08 and 1.98 A bond
distances, respectively in €7; 2.11 and 2.03 A, respectively, in €8). Comparing the
behaviour of the two catalysts in the TS-R, it appears that in C8 the H-bonds between
dienolate oxygen and squaramide NH groups are slightly longer (1.88/1.81 A vs
1.80/1.78 A) indicating a worse accommodation of the large 'Bu group.

Based on these calculations, it seems that an optimally congested microenvironment is
formed around the protonated catalyst C7 for best fitting of both reactants through an
efficient H-bond network.
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Scheme 2.32 TS structures and selected parameters for the model reaction between a-branched dienolate
Il and bis(phenylsulfonyl)ethane.
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2.2.6. Conclusion

This work has demonstrated that Brgnsted base/H-bonding catalysis is an useful tool to
perform Michael addition of challenging substrates, as unactivated a-substituted
dienolates, affording adducts owing an all-carbon quaternary centre. Cyclic skeleton in
the ketone substrates turned out to be essential to allow the reaction to proceed and
solve those issues that make a-substituted dienolates so challenging. Through a
computational analysis, we found out that the difference in reactivity is not dependent
on electronic properties. Indeed, it could not be confirmed that cyclic systems have
higher nucleophilicity, as reported by Cunningham,®® because charges and Fukui indices
of the cyclic substrate and the acyclic counterpart are almost identical. Instead, we saw
that structural factors are the most influential ones: the more rigidified transition state
helps the efficient chirality transfer and the elimination of the E/Z uncertainty. The
activation barrier found for the reaction of cyclic ketones computed with a model
catalyst CO is lower than the one of the linear counterpart and it is feasible at the
reaction conditions. The computational analysis carried out using a realistic catalyst as
C7 confirmed that the cyclic dienolate is a valid substrate and behaves better than the
acyclic counterpart. The whole reaction pathway was considered and it emerged that
for the cyclic dienolate the a-deprotonation occurs easily leading to a relatively stable
intermediate that proceeds to the second step of the reaction with a feasible energy
barrier, according to the room temperature reaction conditions. The energetic profile of
the reaction of the cyclic dienolate is comparable with the one of the a-phenyl
cyclopentanone, revealing the potential of this kind of substrate for future studies. This
substrate was not investigated in the experimental part because the preliminary
computational results with the model catalyst CO identified the cyclic dienolate as the
best candidate for the development of the strategy. The reactivity of a-phenyl
cyclopentanones is probably catalyst-dependent and deserves a deeper insight.

The theoretical studies carried out on the dienolate systems are able to solve the
ambiguity of a/y selectivity and to rationalise the experimental evidence of exclusive
formation of a-product. These results are in contrast with the majority of the methods
that proceed instead mainly through the y-carbon and this reactivity has been justified
in some cases theoretically by DFT calculations.””® It is possible to understand that the
reaction pathway of dienolate systems depends on the role of the catalyst as well as on
the character of the reactants.

The action of the bifunctional catalyst is determinant for the stereoselectivity outcome.
The computational results confirmed that the R-conformer is the preferred one, as
found experimentally. Papai model appears to describe properly and coherently our
system. The NH groups of the squaramide interact with the oxygen of the dienolate,
while the protonated tertiary amine group keeps in place the bis-sulfone H-binding one
of the oxygen. The steric hindrance of the catalyst contributes to create the optimal
microenvironment for best fitting the substrates through a H-bond network. The
analysis was performed using two different catalysts. They had in common the same
binding units, but they differ for the lateral substituent. We could observe the same
trend in energies and in the H-bonding network, favouring the R-conformer.
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2.3. Computational studies on the reactivity of transiently generated
trienolates: Brgnsted Base Catalysed a-functionalisation and further
elaboration.

2.3.1. Introduction

Trienolates and trienamines are substrates with structural similarities. While
trienamines are known to be suitable substrates for Diels-Alder reactions, the chemistry
and reactivity of trienolates are still poorly explored.

2.3.1.1. Trienamine mediated catalysis

As seen before, enamine mediated catalysis represents a useful method to perform C-C
bond forming reactions starting from carbonyl compounds as pro-nucleophiles. Since
2000, the HOMO raising strategy has advanced from enamines to dienamines, and to
higher level of trienamines/cross-trienamines (Figure 2.28). This approach allows to
functionalise carbonyl compounds at more remote carbons as the y- and e-carbons.

In this section, we are going to limit the explanation to trienamines as objects of interest

in our work.
N
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Figure 2.28 Advances in amine catalysis through HOMO-raising activation strategy.

In 2011, the first trienamine catalysed Diels-Alder reaction between 2,4-dienals and
electron deficient dienophiles, with e-site-selectivity and high stereoselectivity was
reported by Chen and Jgrgensen (Scheme 2.33).°4
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Scheme 2.33 First trienamine mediated catalytic Diels Alder by Chen and Jgrgensen.®

Since organocatalysis was proven to be a highly powerful tool in promoting enantio-
selective tandem reactions for the construction of complex molecules in a single manual
operation, Chen and Jgrgensen extended the applicability of trienamine catalysis to this
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purpose, taking in consideration that the a-position of the aldehydes is available to react
following an enamine pathway. They proposed that the organocatalyst could promote
a double HOMO-activation of 2,4-dienals leading to a sequential and cycle specific
trienamine and enamine tandem reaction (Scheme 2.34).
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Scheme 2.34 Sequential and cycle specific trienamine and enamine tandem reaction by Chen and
Jorgensen.

In the same year, Chen group expanded the scope of trienamine catalysis for asymmetric
Diels-Alder reactions with nitroalkenes as dienophiles.>® They found that 2,4-dienals
need electron-donating alkyl substituents at C4 and C5 positions for the raising of the
HOMO energy level of the trienamine intermediates and for the Diels-Alder reaction to
occur. Chen and co-workers also developed a highly selective asymmetric Diels-Alder
reaction of substituted 2,4-dienones as precursors for trienamine catalysis.’® The
trienamine intermediate is formed by condensation between a’-nonenolisable 2,4-
dienones and cinchona alkaloid derived primary amine catalyst and §,5-disubtituted 2,4-
dienones had to be used in order to avoid the 2,4-dienones acting as dienes in a
noncatalysed cycloaddition reaction (Scheme 2.35).
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Scheme 2.35 Trienamine mediated catalytic Diels Alder of 2,4-dienones by Chen et al.

2.3.1.2. Trienolate mediated catalysis

The limit of enamine mediated catalysis is its limitation to enolisable aldehydes and
ketones. Even if the enolate chemistry is still less explored than that of the enamines, it
is noteworthy that enolate strategy is quite versatile because it can be applied to other
enolisable substrates such as carboxylic acid derivatives or non-carbonyl compounds.
Enolate-based transformations are at the base of synthetic organic chemistry.
Dienolates, owing an extra conjugated double bond, have larger reactivity because they
can react with electrophiles from the a- or y- position. The majority of the examples of
reactions with dienolates proceeds through the y-carbon.®” Only a few examples of a-
functionalisation have been reported by Shibasaki®®, Zhao®, Aleman’®7°®° and
Palomo.8®

Adding another conjugated double bond to dienolates leads to the formation of
trienolates. The chemistry involving this kind of compounds remains underdeveloped.
A lithium trienolate formed from sorbic acid was reported to react with enones to give
a mixture of regioisomeric products depending on the substituents of the acceptor.19101
In 2017, Yin and co-workers reported the first catalytic and asymmetric direct
functionalisation of transiently generated trienolates: an e-selective catalytic
asymmetric bisvinylogous Mannich reaction catalysed by a copper(l) complex (Scheme
2.36).102

Cu(CH3CN)4PFg (5 mol%) 0
(RR,)-TANIAPHOS (Smol%) N~

N
Ph\<"‘/‘rj\1\ ) )NLBoc Cy,NMe (5 mol%) h‘ﬂfj\ |
_ “ .

0.05M, THF, -60 °C Ph |

NHBoc
PPh,
NMe,
Fe H PPh;

R
76-98%, 83-96% ee

(R,R,)-TANIAPHOS

o)

Scheme 2.36 &-Selective catalytic asymmetric bisvinylogous Mannich reaction catalysed by a copper(l)
complex by Yin et al.
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2.3.2. Abstract

The group of Palomo is highly interested in studying new methodologies for the
organocatalysed functionalisation of carbonyl compounds.

In 2017, they demonstrated that tertiary amine/squaramide bifunctional catalysts are
capable of promoting the addition of B,y-unsaturated ketones with nitroolefins
exclusively in Ca with good enantio- and diasterocontrol. B,y-Unsaturated thioesters,
under similar catalytic conditions, gave instead a mixture of - and y-addition products.
Instead, a-addition products were obtained if using P’,y’-unsaturated ketols as
equivalents of B,y-unsaturated esters (Scheme 2.37).8¢

a) c)

b)
o o)
R AR ArS H0>%J\/\/R
A
R

Cat*/E Cat*/E Cat*/E

Cat'/E L

o) Mixture a/y 80/20 0

O (0]
« E
E ArS . ArS E
; AN E exclusively a-product
exclusively a-product with high ee and dr
R R
a Y

with high ee

4:1 dr >20:1 dr
80% ee 91% ee

t

Scheme 2.37 BB/H-bond donor catalysed addition of B,y-unsaturated substrates with nitroolefins by
Palomo et al.

Tertiary amine/squaramide bifunctional catalysts demonstrated to be good tools to
induce a-addition selectively. Intrigued by the fact that no catalytic and asymmetric
direct functionalisation of trienolates is reported, Dr. Igor Iriarte and Dr. Olatz Olaizola
started working in expanding the applicability of the strategy and they focused on the
study of the reactivity of trienolates with nitroolefins, under bifunctional Brgnsted
base/H-bond donor catalysis.

We performed some calculations of the nucleophilicity of the substrates that
encouraged the group to undertake the experimental study. The reactions resulted to
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be completely regioselective and the nucleophilic attack of the transiently generated
trienolates proceeded through the Ca exclusively. This reactivity is divergent from that
shown by trienamine intermediates transiently generated in aminocatalytic reactions,
which instead follow a Diels-Alder reaction pathway (Scheme 2.38).

(0] R
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(n=0/m=1 or n=1/m=0)
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X B 5 l - trienaminef/trienolate

YWR - 5 potentially reactive
a

Y € carbons
a) X: NR', b)X: 0~
(Known) (This work)
R R./\/EWG
o Y

EWG
Y: H, alkyl, aryl Y: alkyl, aryl, ArS

R

Scheme 2.38 Difference in reactivity between trienamines and trienolates.

Interestingly, the trienolates were found to be precursors of an unprecedent one-pot
catalytic, enantio- and diastereoselective synthesis of stereodefined six-member
carbocycles featuring i) a highly enantioselective a-addition of transiently generated
trienolates to nitroolefins; ii) a catalytic intramolecular 1,6-addition with high
stereocontrol and iii) two intermediate isomerisations promoted by Brgnsted base
catalysts (Scheme 2.39).

O R 0O R O R _
, , , o
R a > RO " =R = Ao
5 N N RS Y %
\ Vi Vil Vil
R= alkyl, aryl, SR"

Scheme 2.39 Retrosynthetic pathway of the one-pot catalytic, enantio- and diastereoselective synthesis
of stereodefined six-member carbocycles.

2.3.3. Objectives

Being trienolates challenging substrates, we thought that a computational analysis could
help in driving some choices in the experimental work. Furthermore, we wanted to
provide a rational for the divergent reactivity of trienolates and trienamines at
comparison.

In the first part of our computational studies, we focused on computing electronic
properties, as charges and nucleophilicity indices, of different substrates: trienoates (in
the alkoxy and salt forms) and trienamine with the purpose of getting preliminary data
about the reactivity of these poorly explored substrates. Then, to examine in depth the
potential divergent reactivity of the substrates, both Michael addition and Diels Alder
mechanisms were computed for trienolates and model trienamine systems reacting
with a nitroolefin.
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In the second part, after having confirmed trienolates to be suitable for a-
functionalisation, we focused on studying the mechanism of the bifunctional BB
catalysed Michael addition, studying the interaction between the catalyst and the
substrates to justify the enantioselectivity found experimentally.103

In the third part, we focused on the intramolecular 1,6-addition, final step of the one-
pot six-member carbocycles synthesis, and explained the stereoselectivity observed in
the final products.

2.3.4. Experimental work

The experimental work was carried out by Dr. Igor Iriarte and Dr. Olatz Olaizola of the
group of Prof. Palomo, who provided us with the data we needed to perform our
computational investigation.

After the work of dienolates,® Palomo group expanded the area of organocatalysed
functionalisation of carbonyl compounds focusing on transiently generated trienolates.
The experimental study started by evaluating several available bifunctional Brgnsted
base catalysts for the reaction between doubly unsaturated methyl ketone 21 and (E)-
nitrostyrene 22. Products derived by the attack at Ca of the ketone were obtained
exclusively, although with variable diastereo- and enantioselectivities. The catalyst C2 in
Table 2.3 showed the best performance with increased selectivity lowering the
temperature to -10°C. With these conditions in hand, a series of doubly unsaturated
enolisable ketones were subjected to the reaction with nitroalkenes.
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Table 2.3 Catalyst screening for the addition of 21 to 22 leading to 23.7

i £ (10 mol%) T
NO cat (10 mo
)MPh + Ph/\/ 2 ° )J\/k/NOZ
» - CH,Cl,, rt., 2 h "
\
Ar: 3,5-(CF3)206H3 Ph
O O 0} o
Ar/\H: H’ i Ar\N: :N' ::
N H HoON
C2 O
C3

75%, dr 5.7:1, 99% ee
70%, dr 4:1, 99 % ee (toluene, r.t.) 81%, dr 1.2:1, 77% ee
83%, dr 11.5:1, 98% ee (toluene, -10 °C, 24 h)

7

(0] o)

=
Ar\N
H

N ey
H

OMe
cé C7
76%, dr 3:1, 82% ee 70%, dr 1.6:1, 90% ee

“Reactions carried out on 0.2 mmol scale, with 21 (1.5 equiv.) and catalyst (10 mol%) in CH2:Cl..
Diastereomeric ratio and ee values determined by HPLC analysis on a chiral stationary phase. The ee values
of the major diastereomers are given.

Various alkenes were suitable, electron rich (4-MeOCsHs4 and 3-MeOCgH4) and poor (4-
ClOCsH4) B-aryl substituents as well as B-alkyl (CH3(CHz)2 and iBu) substituents were
tolerated.

Regarding the ketones, phenyl and tolyl ketones worked uniformly well and aliphatic
groups attached at the distal carbon were tolerated too. Finally, high yields and
selectivities were achieved with the corresponding ethyl, phenethyl and cyclohexyl
ketones, which afforded the a-addition products exclusively, without detecting any o’-
addition side product formation.

While thioesters are unable to be activated via enamine mediated catalysis, screening
experiments carried out with several B,y- and §,e-doubly unsaturated aryl thioesters
provided evidence for the formation of the a-addition adducts exclusively. The
stereoselectivity could be optimised by varying the thioester aryl group, with the 2,4,6-
triisopropylphenyl group resulting the best. For the reaction in Scheme 2.40, it was
found that the cinchona-derived catalyst C6 was a more efficient chiral inductor,
affording product in 95% ee, instead of 85% ee with C2. Substrate scope was explored
and revealed the suitability of various B-aryl-substituted (4-MeOCgH4, 3-MeOCgHa, 4-
ClCsH4, 3-ClCeH4, 2-CICgHa) nitroalkenes and di-unsaturated thioester combinations.
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Scheme 2.40 BB/H-bond donor catalysed addition of B,y-and 6,e-doubly unsaturated aryl thioesters to
nitroolefin.

Further investigations on the applicability of the resulting a-functionation products were
carried out.

Surprisingly Palomo and co-workers found out that the adducts obtained in the
trienolate mediated Michael reaction could potentially be precursors of cyclohexenes
upon base-catalysed isomerisation of the double bonds and subsequent intramolecular
1,6-addition (Figure 2.29). They developed a one-pot catalytic, enantio- and
diastereoselective synthesis of stereodefined six-member carbocycles using only
Brgnsted base catalysts as the only promoters. The unprecedented intramolecular 1,6-
addition step makes the strategy very innovative and it encouraged them to expand the
scope.

R X NO;
a-addition

0O R

o R
isomerisation NO, 1,6-addition NO,
— R | - 7R
=

AN

Breonsted
Base

one pot

Figure 2.29 One-pot catalytic, enantio- and diastereoselective synthesis of stereodefined six-member
carbocycles.

After the evaluation of several bases, they observed that catalysts C2-C3-C6-C7
promoted the a-selective functionalisation of unsaturated ketones with nitroolefins in
16h at room temperature. Next, MTBD was added to the reaction mixture to promote
the isomerisation of the adduct to obtain the final cyclohexene as an essentially single
diastereomer. The enantioselectivity of the process was strongly dependent on the
catalyst and catalyst C6 emerged to be the one giving the best performance (75%, >20:1
dr, 90% ee). Using substrates bearing aliphatic R groups of different length did not affect
the regio- and stereochemical outcome of the reaction and branched chains were
tolerated too. As in the a-functionalisation step, chloro- and methoxy- substituted
nitrostyrenes were suitable substrates for the one-pot strategy.

The Brgnsted base-catalysed one-pot access to cyclohexene systems via in situ
generated trienolates is not limited to doubly unsaturated alkyl ketones, but also
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suitable to other unsaturated carbonyl compounds, as thioesters and aryl ketones under
similar conditions, affording cyclohexenes in very good yields and enantioselectivity, and
essentially as a single diastereomer (Scheme 2.41).

N
o o R (\O MTBD
NO, ’]‘ 'E‘

R - . R,/\/Noz C6 (10 mol%), 16h R - 20 mol%) R i \ NO,
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R = alkyl, aryl, ArS >20:1 dr

Scheme 2.41 Suitability of the Brgnsted base-catalysed one pot strategy to various unsaturated carbonyl
compounds.

2.3.5. Computational work

2.3.5.1. Methods

All structures were initially optimised using density functional theory (DFT) with B3LYP
and the 6-31G(d,p) basis set as implemented in Gaussian 16. Final energies were
calculated at MO06-2X/def2tzvpp level of theory, in a solvent model (IEFPCM,
solvent=dichloromethane). The stationary points were characterised by frequency
calculations in order to verify that they have the right number of imaginary frequencies.
The calculation of the atomic charges and Fukui indices was carried out through Natural
Bond Orbital analysis. For additional information, see Chapter 1.

2.3.5.2.  Trienamines vs trienolates

To help Palomo group to have some preliminary data regarding the reactivity of
trienolates before starting to investigate them experimentally, we decided to compute
some electronic properties of different trienolates IX, X, XI and the corresponding
trienamine XIl. We hypothesised that the reactivity of these compounds could be
related to their nucleophilicity at the different C atoms. We computed the charge
distribution and calculated the Fukui nucleophilicity indices (f) for the significant carbon
atoms. The data in Figure 2.30 show that in trienolates (in the alkoxy and salt forms),
the most negative Fukui index corresponds to the a-carbon with values between -0.23
and -0.28. The indices at the Cy are lower by 0.02-0.03 units (more positive) and the
values at Ce differ for 0.02-0.03 units from the Cy ones (in the alkoxy forms, more in the
salts). The trend observed suggests a decreasing nucleophilicity in the order Ca > Cy >
Ce. This result supports a a-selectivity preference for trienolates. The highest
nucleophilicity index for the Ca of trienolate | compared to the others could be explained
by the absence of heteroatoms as substituents at the carbonyl that could interfere with
the charge distribution along the trienolate skeleton.

The nucleophilicity profile is different in the case of trienamine Xll, for which the y-
carbon has the highest calculated electronic charge, with a Fukui index of -0.20. The
nucleophilicity indices at the other C atoms are smaller by 0.02 units. This result is in
agreement with the y- and y,e-reactivities observed experimentally for trienamines.
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PhO™ X -0.25
X -0.23

Xl XIv XV
Figure 2.30 Fukui indices of relevant trienolates (alkoxy or ammonium salt form) and trienamine.

Trienolates and enamines have structural analogies and they both are potential starting
materials for Diels Alder reaction and Michael addition. The mechanisms of the reactions
of an unsaturated alkyl ketone and a model unsaturated alkyl trienamine compound
with a nitroolefin are investigated computationally. The energies of the molecules,
orbitals energies and atoms charges were computed in order to define the mechanism,
Fukui indices and nucleophilicity/electrophilicity characters.

In this first part, the catalyst was not considered because our interest was focused on
the reactivity of the free substrates.

a) o : b) N
N X
N : N
NN 1
Ph. .~ |
\/\NOZ :
o Ph } :
NO, E
™ O2N !
NN Ph\“' E
Michael Addition Diels Alder I Michael Addition Diels Alder
Product Product 1 Product Product

Figure 2.31 Potential reactivity of a) trienolates and b) trienamines with nitroolefins.

Experimentally, Palomo and co-workers performed the reaction in Figure 2.31a
obtaining only the Michael addition product, as expected from the charge distribution
depicted in Figure 2.30. We computed the energies of starting materials, transition
states and products for both the potential reactions to evaluate the energetics of the
two pathways.

In Scheme 2.42, the Michael addition mechanism is represented. All the energies are
calculated considering the sum of the energies of the enolate and the nitroolefin as the
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reference point (AG = 0 kcal/mol). It is a single step mechanism that affords the C-C bond
formation with an activation barrier of 4.3 kcal/mol, accessible experimentally in
agreement with the room temperature conditions used in the reaction. The reaction is
exergonic, with a subsequent fast protonation that leads to the final product (P’1), which
is even more stable.

f0) Ph_~ 0 Ph (0] Ph (0] Ph
N NO, - ,J\/NOZ g NO, o NO,
N - < T § = §
™ X X N
SM1 TS1 P1 P"1
0 kcal/mol 4.3 kcal/mol -8.3 kcal/mol

Scheme 2.42 Mechanism of Michael addition of trienolate to nitroolefin. The energies are Gibbs Energies
in kcal/mol.

The mechanism of the Diels Alder reaction between the same starting materials,
trienolates and nitroolefins, was also investigated to understand whether there are
mechanistic reasons that make it less favoured than the Michael reaction. The Gibbs
energies of starting materials, transitions states and product allowed identifying the
stepwise mechanism reported in Scheme 2.43. From these results, the Diels Alder
reaction does not seem to proceed through a usual concerted mechanism, and probably
due to the very polar character of the substrates, the stepwise pathway becomes more
favourable.

The same behaviour was found by Kim and co-workers,'% who computed the addition
between a trienamine intermediate and benzylidenecyanoacetate, proposing a two-
step mechanism.

The highest energy barrier is the one for the formation of the first C-C bond (14.6
kcal/mol), which leads to a stable intermediate (AG = -8.9 kcal/mol) that after
overpassing a moderate barrier is converted to the final product P2. The formation of
the first bond can be seen as a simple attack through Cg, less favoured than the one
through Ca. The cyclisation and the formation of the final product P2 is an exergonic
process and it is favoured due to the higher stability of P2 compared to the one of the
intermediate. Product P2 in acid conditions is in equilibrium with the product P’2.
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Scheme 2.43 Mechanism of Diels Alder reaction of trienolate and nitroolefin. The energies are Gibbs
Energies in kcal/mol.

Summing up, the Michael reaction is the preferred pathway for trienolates reacting with
nitroolefins, as predicted from the Fukui index values. The Ca is the most nucleophilic
and has high tendency to react with the electrophile. The energy barrier is very low, 4.3
kcal/mol, allowing to perform this reaction at mild conditions. The Diels Alder reaction
is a potential pathway for this kind of substrates because the energy barrier of 14.6
kcal/mol would be accessible at the working conditions, but since it is much higher than
the one of the Michael addition, it does not occur.

The same calculations were performed on the reactions in Figure 2.31b, in which we
considered a model trienamine compound and nitrostyrene as starting materials.
Experimentally, trienamines are known to undergo preferentially the Diels-Alder
reaction but, for the sake of computational cost, the chosen model substrate does not
contain a sterically hindered amine, so it would not be surprising to get similar energy
values for the Diels Alder and Michael addition routes.

First, we computed energy values of the starting materials, transition states and product
for the Diels Alder reaction. The mechanism resulted to be stepwise, as in the case of
trienolate substrates (Scheme 2.44). The first C-C bond formation is the rate-
determining step (TS4), with an activation energy of 19.0 kcal/mol. The activation energy
is coherent with the experimental conditions; indeed, the reactions are carried out at
55-60°C. The formation of the second C-C bond occurs immediately after the formation
of the first one, demonstrated by the impossibility to locate the intermediate between
one step and the other. The reaction is exergonic and leads to the formation of the cyclic
product.
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Scheme 2.44 Mechanism of Diels Alder reaction of trienamine and nitroolefin. The energies are Gibbs
Energies in kcal/mol.

Finally, the Michael addition between the model trienamine and nitrostyrene was
computed, and the energetic pathway is represented in Scheme 2.45. The mechanism
is single-step with an activation barrier of 17.5 kcal/mol.

We did not succeed to optimise the expected Michael addition product P’4, probably
because of its instability due to the high charge separation in the molecule. Instead, we
obtained the optimised structure of product P4, which is in equilibrium with the
expected P’4. In this case, the reaction is endergonic, the reaction is not favoured
thermodynamically because of the formation of a high charge separation during the
process that persists in product P4, making it less stable than the reagents.

.~
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Ph. =~ N~ Ph
~ Y UNo, ! NO,
™ ™
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SM2 TS6 P4 P'4
0 kcal/mol 17.5 kcal/mol 4.1 kcal/mol

Scheme 2.45 Mechanism of Michael addition of trienamine to nitroolefin. The energies are Gibbs Energies
in kcal/mol.

In the case of trienamines, the computed activation energies of Diels-Alder and Michael
addition are very similar (AAG* = 1.5 kcal/mol) and they are not indicative of the
preferred reactivity of these substrates. The first noteworthy observation is that the
model trienamine is lacking the usual steric hindrance around the amine that would
make the Ca hardly accessible. Further calculations would be needed to evaluate the
importance of the substituents at the N atom.

Since the reason that differentiates the reaction routes is not kinetic, it is reasonable
considering the thermodynamics. While the Diels-Alder reaction leads to a stable cyclic
product through an exergonic pathway, the Michael addition results to be endergonic
leading to the formation of an unstable product owing a high charge separation.

Also thioesters were tested as suitable substrates for this kind of reactivity and showed
the same charge distribution trend as the unsaturated ketones (Figure 2.30). As
explained in the introduction, the bifunctional catalyst is capable of positioning the
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substrates at a suitable distance to undergo the preferred reaction. In the case of
trienolates, Ca, Cy and Ce are all accessible sites (Figure 2.32). Without considering the
catalyst, we calculated the energy barriers for the addition reactions from the three
available sites of thioester Xl to the nitroolefin. Also with these substrates, the reaction
at the Ca is the preferred one, with the lowest energy barrier, at least 2 kcal/mol lower
than the other two routes, in accordance with the calculated Fukui indices. The energy
barriers found for the functionalisation reactions in Ca, Cy and Ce justify the
experimental evidence of a-functionalisation product exclusively.
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Figure 2.32 Generic bifunctional activation model involving trienolates (on the left); activation energies of
the transition states of the reaction of nitrostyrene with thioester enolate XI through Ca, Cy and Cy,
respectively (on the right).

2.3.5.3. Action of the bifunctional catalyst and stereocontrol

The squaramide/H-bond donor bifunctional catalyst plays high stereocontrol on the
reaction. A computational analysis was carried out to investigate how the substrates
interact with the chiral catalyst during the stereo-determining C-C bond forming step.
The possible transition state energies and geometries were calculated for the reaction
between trienolate IX and nitrostyrene in the presence of catalyst C2, selected as model
reaction. Among all the catalysts examined, given that experimentally all four chiral
catalysts C2-C3-C6-C7 induced the same sense of enantioselectivity, C2 was selected for
this study due to its computational simplicity and reliability. It features comparatively
less conformational complications than C6.

Each of the reactants orientations leading to the four possible stereoisomers were
investigated considering the two most commonly accepted modes of activation,
Takemoto and P4pai models (Figure 2.33). Following Pdpai-type activation mode (TS7-
TS10) the enolate substrate interacts with squaramide moiety of the catalyst via two H-
bonds. The nitroalkene instead is stabilised by a H-bond by the protonated ammonium
group. Among the calculated transition states within this model, TS7 has the lowest
activation barrier, thus correctly predicting major formation of S,5-adduct. On the other
hand, Takemoto-type transition states (TS11-TS12) showed activation energies higher
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than the corresponding Papai type TSs, and very poor stereoselectivity, thus allowing us
to sum up that the observed stereochemistry is best described by a Papai-type activation
mode. Not all the Takemoto-type TSs leading to the four stereoisomers could be found
due to convergence problems. This supports the fact that Pdpai model is the most
suitable for this kind of reaction because allows to locate all the TSs and compare the
energies between them.

Considering that Pdpai model is the one activating the substrates in this Michael
addition, we could focus only on the TS7-TS10 and compare their energies to get some
details related to experimental ee and dr values.

TS7 and TS9 are the transition states that lead to two enantiomers, S,S conformer and
R,R conformer. The difference in energy between them is 2.8 kcal/mol and taking into
account that “at 298 K, every error of ca. 1.4 kcal/in predicted relative energies between
two TS structures will change the ratios of predicted products by an order of
magnitude”,'% it is possible to conclude that the results we got are in perfect agreement
with the experimental results (86-96% ee).

TS8 and TS10 are the transition states that lead to diastereoisomers of the S,S-product
(deriving from TS7). They differ from TS7 by 1.1 kcal/mol and 3.9 kcal/mol respectively.
These values of energy justify the experimental dr values obtained.
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Figure 2.33 Geometries and Gibbs energies of the located TS for the catalysed reaction.
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Figure 2.34 Optimised structure of TS7, the most stable TS leading to S,S-conformer.

The energetic profile of C2-catalysed Michael addition of trienolate IX and nitrostyrene
leading to S,S-conformer product is reported in Scheme 2.46.
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Scheme 2.46 Energetic profile of C2-catalysed Michael addition of trienolate IX and nitrostyrene. The

energies are Gibbs energies in kcal/mol.

The sum of the energies of the trienolate, the nitroolefin and the protonated catalyst is
quite high and cannot be taken as reference point for the energetic profile in Scheme
2.46. Instead, it is evident that the coordination of the enolate by the catalyst lowers
down significantly the energy of the starting materials. The sum of the energy of
nitroolefin and the complex trienolate-catalyst was taken as reference point (AG = 0
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kcal/mol). When the nitroalkene enters to take part in the coordination, an intermediate
is formed with higher energy (6.1 kcal/mol). Following Papai’s model, the squaramide
keeps in place the enolate, while the protonated amine coordinates the alkene. Once
the substrates are set and oriented in the favourable arrangement, the C-C bond
formation can occur. Among the TSs computed (Figure 2.33), TS7, the most stable one,
is represented in Scheme 2.46, which leads to the formation of the S,5-conformer after
overcoming an energy barrier of 7.0 kcal/mol, in agreement with the experimental
results. The reaction is exergonic.

2.3.5.4.  One pot cyclohexenes synthesis — intramolecular 1,6-addition

As described above, Ca-functionalisation products have been found to be valuable
precursors for the synthesis of stereodefined six-member carbocycles, with Brgnsted
base catalysis as the unified mode of activation. To rationalise the experimental
observations, Palomo and co-workers proposed the mechanism outlined in Scheme
2.47.

0 \K\
W
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R NO
(end point) R ArS E>>Z R' 2
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|somer|sat|on\ /:jeprotonation B
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AAG? = +9.6 kcal/mol

Scheme 2.47 Plausible pathway of the one-pot reactions sequence.

First, the tertiary amine unit of the catalyst deprotonates the unsaturated
ketone/thioester to render trienolate intermediate A, which reacts with the alkene at
the Ca preferentially. At this point, an isomerisation of the double bond occurs to give
the conjugated dienone/dienoate C. This substrate is able to cyclise through a base-
promoted intramolecular 1,6-addition (D). Finally, the a,B-conjugation is re-established
after isomerisation of the double bond. While the asymmetric catalyst is essential for
the stereocontrol in the Ca-functionalisation step, the last steps (from B to E) proceed
only in presence of a stronger base, as MTBD, which catalyses the isomerisations.

The stereochemistry of the carbocyclisation process resulted to be substrate-controlled,
depending on the approach of dienone and nitronate and not on the chiral catalyst.
Experimentally, they obtained high values of enantiomeric excess and diasteromeric
ratios. To get further insights about the factors that govern the high stereocontrol of the
process, the energies of the TS for the carbocyclisation step in its four possible nitronate-
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dienone face combinations, ReRe, SiRe, ReSi and SiSi were calculated (Figure 2.35). The
energy values of the four TSs highlight that the energy barrier for the Re,Re approach is
9.6 kcal/mol, at least ~2 kcal/mol lower than all the other possibilities. This result is in
perfect agreement with the stereoinduction observed in all the final products, with one
only exception (when R = nPr). After a second isomerisation, the final product E results
stable due to the re-established conjugation.

AAGT = +9.6 kcal/mol AAGT = +11.4 kcal/mol AAGT = +13.8 kcal/mol AAGT = +14.7 kcal/mol
TS Re,Re TS Si,Re TS Re,Si TS Si,Si

Figure 2.35 Study of the activation energies of the transition states for the carbocyclisation reaction (from
deprotonated A)

The observed stereochemistry of the reaction is explained by the higher stability of TS
Re,Re compared to the other isomers. Furthermore, we analysed the thermodynamics
stability of the product E, taking as example the cycloadduct in Figure 2.36, and we
calculated the energy of the four possible diasteroisomers. The difference in energy
among them is very small, maximum 1.5 kcal/mol, so the compounds are in perfect
equilibrium and can interchange one to the other. We can conclude that the
thermodynamics is not determining the stereochemistry of the cyclic product.

O R' O R’ O R' (@) R’
PhJ\C\\\NOZ PhJ\C;\NOZ Ph)J\CrNOZ Ph)‘\CLNOZ
i _ _ i _

(R,R,R)-isomer (R,R,S)-isomer (R,S,R)-isomer (R,S,S)-isomer
AG = +1.2 kcal/mol AG=0 AG = +1.3 kcal/mol AG = +1.5 kcal/mol
isolated
experimentally

Figure 2.36 Study of the relative stability of cycloadduct E and its three diastereomers.

2.3.6. Conclusion

Under BB catalysis, trienolates have been found to react with nitroolefins at the Ca
exclusively leading to a-functionalised products in high yields and stereoselectivity.
Trienolates follow the same behaviour of dienolate substrates®® but react completely
differently from trienamines, with which they share structural analogies. Our
computational analysis demonstrates that this divergence arises from electronic factors.
The charge distribution in the two substrates highlights that the most nucleophilic atom
in trienolates is the Ca, while in trienamines is the Cy, in agreement with the respective
reactivities. The energy barrier for the Michael addition reaction of trienolate to
nitrostyrene was found to be lower than the one for the Diels Alder reaction between
the same reactants. Also thioesters show to be suitable substrates for Michael addition
and feature analogue charge distribution to the unsaturated ketones. Their tendency to
react through the Ca was demonstrated by simple calculations of the activation energies
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of the a-, y- and e-attack to nitrostyrene. It emerged that the a-attack proceeds with the
smallest energy barrier.

This computational analysis provided an interesting rational to the stereoselectivity
observed experimentally. The pathway for the formation of the experimental isomer
resulted to be the least energetic one and the energies of the other stereoisomers justify
the values of ee and dr. The H-bond network that best describes our reaction system
follows the Papai-type model, in which the NH groups of the squaramides interact with
the trienolate and the protonated tertiary amine binds the nitro group of the olefin.
Moreover, trienolates have been found to be useful substrates to synthetise more
complex molecules with high stereocontrol. Indeed, through a one-pot sequence it was
possible to synthetise stereodefined six-member carbocycles, with Brgnsted base
catalysis as the unique mode of activation. The stereochemistry of the carbocyclisation
was investigated computationally, considering that the process is substrate-controlled.
The stereocontrol depends on the approach of dienone and nitronate and not on the
chiral catalyst. The energy barrier for the Re,Re approach that leads to the observed
product was found to be the lowest and differs from the other cases by values of
energies that explain the experimental stereoselectivities.
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In this chapter, we have envisioned the potential of gold catalysis applied to
sequences of reactions, which lead to the formation of cyclic compounds.

A comprehensive computational study was conducted in view of the
experimental results obtained in the group of Prof. Ernesto Occhiato at the
Universitd degli Studi di Firenze (ltaly). They developed a tandem gold(l)-
catalysed [3,3]-rearrangement/Nazarov reaction for the pentannulation of N-
heterocycles and a tandem gold(l)-catalysed Claisen rearrangement/
hydroarylation reaction of propargyl vinyl ethers for the synthesis of indenes. We
studied the reaction mechanisms, the reactivity of the substrates and the effect
of the catalyst ligands on the reaction.

Based on:

Rinaldi, A.; Langé, V.; Gdmez-Bengoa, E.; Zanella, G.; Scarpi, D.; Occhiato, E. G. J. Org. Chem.
2019, 84, 106298-6311.
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Computational and Experimental Study on the Role of the N Atom in the Pentannulation of N-
Heterocycles by the Tandem Gold-Catalysed [3,3]-Rearrangement/Nazarov Reaction of
Propargyl Ester Derivatives. Submitted






Chapter 3 Gold catalysis

This chapter includes two projects based on two collaborations carried out with an
experimental group. The experimental part was performed by the group of Prof. Ernesto
Occhiato at the Universita degli Studi di Firenze. The contribution of the author of this
thesis is exclusively computational and is presented in the computational work section.
A general introduction about gold catalysis is initially provided. Then, for each project,
the nature of the chemistry, the aim of the work, experimental and computational
procedures and results are described.

3.1 Introduction

For a long time, gold was chemically neglected and considered erroneously an inert
element. Only in 1986, Ito and Hayashi described the first application of gold(l) in
homogeneous catalysis, a gold(l) catalysed asymmetric aldol reaction.! More than one
decade later, a “gold rush” in synthesis started with the publication of the works of
Fukuda,’ Teles® and Tanaka® on the homogeneous gold-catalysed addition of water and
alcohol to alkynes. Hashmi and co-workers contributed in expanding the interest in gold
catalysis showing the catalytic reactivity of AuCls on cycloisomerisation reactions of
alkyne-based compounds leading to furans and arenes.>®

Nowadays, gold is one of the most used metals in organometallic catalysis, as revealed
by the high number of publications on gold catalysis. Gold-based complexes are highly
sought after catalysts due to their attractive features, as functional group and oxygen
tolerance, robustness, fine-tunability, large availability in the market and applicability to
asymmetric synthesis. Most importantly, gold has peculiar m-affinity and is able to
activate C-C m-bonds towards nucleophilic attack also under exceptionally mild
conditions, showing similar or superior reactivity to other late transition metals such as
platinum, palladium, and mercury.” In particular, cationic species are the most powerful
catalysts for the electrophilic activation of alkynes towards a variety of nucleophiles,
requiring little catalytic amounts.®°'%11 This phenomenon can be attributed to the lower
LUMO and poor back-donation of the cationic gold species.*?13

A broad range of gold-catalysed versatile synthetic tools have been developed for the
construction of C-C or carbon-heteroatom bonds.*

On the other hand, the use of gold catalysts shows also some weak points. First, they
are not suitable in fields such as medicinal chemistry and material synthesis due to the
low turnover number observed in gold-catalysed reactions; gold is a precious metal and
it is difficult to recycle after each reaction, becoming problematic for large scale
synthesis.

Gold is an element of group 11 of the periodic table and behaves as a soft carbophilic
Lewis acid due to relativistic effects.'21>

The term ‘aurophilicity’ was introduced in 1989 to describe phenomena in the structural
chemistry of gold which could not be readily rationalised by conventional concepts of
chemical bonding.*®'” Structurally, Au(l) predominantly forms linear two-coordinate
complexes, although higher coordination numbers have also been found.'® Gold does
not undergo spontaneous oxidative addition nor B-hydride elimination. Gold is the most
electronegative element among the transition metals due to relativistic effects,%1°-2!
which induce a more significant contraction of the 6s orbital (further enhanced by the
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lanthanide contraction) and expansion of 5d orbitals with decreased electron—electron
repulsion (Figure 3.1 top).?>?2 The result is that 5d electrons are too low in energy to
experience a significant backbonding to anti-bonding orbitals but not to empty
nonbonding orbitals. This effect alters the electron density around the metal centre,
which increases its m-acidity (empty 6s orbital) and m-backbonding (occupied 5d orbitals)
ability in the Dewar—Chatt—Duncanson model.191223

In the case of gold(l)-carbenes [L-Au=CR;]*, a three-centre four-electron o-bond is
proposed together with an orthogonal weak nt-backbonding from the metal to both the
ligand and the substrate (Figure 3.1 bottom).?* Due to this phenomenon, ligand-
supported cationic gold(l) acts as an electrophilic soft m-Lewis acid capable of activating
C—C multiple bonds (alkynes, allenes and alkenes) for nucleophilic attack to form new
C-C, C-0O, C-N and other bonds. Thus, the limited back-donation increases the
electrophilicity of the coordinated substrate.

Q Q

6s orbital relativistic effect s orbital
 —
lanthanide
contraction
5d orbital 5d orbital

3 centre-4 electron c-bond

s or

L--»M=--C
= W\ W\
0B @3B
-
L M-->C L=--M Cc
Metal-alkylidene n-bond Metal-ligand n-bond

Figure 3.1 Top) effects of relativistic effect and lanthanide contraction on outer-shell orbitals of gold;
bottom) Ligand-metal-substrate orbital interactions in gold carbenes [L-Au=CR:]*.

The most typical gold-catalysed transformations can be categorised in: nucleophilic
functionalisation reactions on C-C multiple bonds, cycloisomerisation reactions,
cycloadditions, sigmatropic rearrangements of polyunsaturated substrates and cross-
coupling reactions using external strong oxidants to facilitate redox reactions on the
gold centre.

The reactivity of the gold catalysts is highly influenced by the electronic nature of the
ligands and the counterions.

3.1.1 Mechanism of gold-catalysed processes

The accepted mechanism for gold-catalysed processes includes the following basic
reaction steps (Scheme 3.1). First, there is the generation of the catalytically active
cationic species from an inactive gold chloride precursor. Once generated, this species
activates the C-C multiple bond of alkynes (or equivalents) towards intra- or
intermolecular nucleophilic attack leading to a cationic gold(l) vinyl (if starting from
allenes or alkynes) or gold(l) alkyl intermediate (if starting from an alkene), which is
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Chapter 3 Gold catalysis

converted to a neutral intermediate through proton loss. The proton reenters in the
protoauration step when intermediary Au—C o-bond is cleaved, yielding the final product
and regenerating the catalytically active cationic gold species.

LAuUCI

catalytic active species | _ g

é/
= + NuH
H\O\lu [LAU]

Generation of the ‘ Activator

Protodeauration/ m-coordination
protodemetallation
H +
LAu®

¢
NuH

Electrophilic

LAu \/Q\lu activation enabling
nucleophilic attack

Scheme 3.1 Proposed gold(l) catalytic cycle.

Gold complexes are usually poorly reactive in their precatalytic state and they need to
be transformed in situ, for example by abstraction of one ligand, generally a chloride
group [LAuUCI]. Silver salts bearing a weakly coordinating anion have demonstrated to be
effective agents for this purpose.?

The species [AuL]* are known as “naked gold complexes” and have not been proven to
be stable and isolable, although are often suggested in mechanistic proposals.
Complexes in the form [LAuL’]X or [LAuX] bearing weakly coordinating neutral (L') or
anionic ligand (X") are the most convenient catalysts for the activation of alkynes. These
complexes can enter catalytic cycles by ligand exchange with the unsaturated substrate
following associative mechanisms.?®

Gold(l) forms stable linear two-coordinate mt-complexes with alkenes, 1,3-dienes, allenes
and substituted alkynes.

Generally, in the case of a internal alkyne gold(l) complex, the coordination is almost
symmetrical n2-type, as in the complex in Figure 3.2,2” where the triple bond length is
almost identical to that of a free alkyne, even if there is a significant bending back of the
alkyl substituents (for further explanation see section 3.1.2 “Description of the M—r-
Bond Interaction in Alkyne Complexes”).

tBu_l " SbFg

) 165.6°
BuzP—Au<]|
) 168.1°

Me
Figure 3.2 Structure of the of n?-alkyne Au(l) complex.
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After the activation via m-coordination, the unsaturated substrate is deprived of
electron density to the extent that it is susceptible to an outer-sphere attack by a
nucleophile giving a trans-alkenyl species (Scheme 3.2).2% The outer-sphere mechanism
is the most widely accepted, even if there are a few exceptions.

[Au*] _ NuH _ [AUJ] R2
Rl———=R2 -H* R NU

Scheme 3.2 Nucleophilic attack to a Au(l) m-activated alkyne.

A wide range of carbon- and hetero-nucleophiles such as arenes, heteroarenes, alcohols,
amines, imines, sulfoxides, N-oxides and thiols have been found to be suitable
nucleophiles in inter- or intramolecular processes.

An example of our interest is the intramolecular nucleophilic addition when the
nucleophile is located at the propargylic position.?® Propargylic carboxylates resulted to
undergo 1,2- or 1,3-acyloxy migrations leading to the formation of vinyl gold(l)carbenoid
species or allene gold(l) complexes, in rapid equilibrium between them (Scheme
3.3).3031 The direct 1,3-shift could be substituted by an energetically more favoured
double 1,2-shift, which also leads to the allene gold(l) complex.

/c__ 0 R (0]
p ;QLR c o T
[AU+]_| | [AL|J+] R)J\OJ

vinyl gold(l) allene gold(l)
carbenoid species species

Scheme 3.3 Key intermediates in the propargylic migrations.

After the unsaturated substrate activation and the nucleophilic attack, the intermediate
can evolve through many different pathways leading to a variety of complex products.
The simplest route for the alkenyl gold(l) intermediate is its reaction with an
electrophile, commonly by protodeauration regenerating the active catalyst (Scheme
3.4).3233 Similarly, reaction with iodine and related electrophiles leads to the

corresponding halo-derivatives.3%34
TsOH-H,0 /d
PhSPAiZ_/Q y "CeH1s
|
nC6H13 0) (0]
|2 23°C

"CeH13

Scheme 3.4 Electrophilic attack to an alkenyl gold(l) complex.

In alternative, the alkenyl gold(l) intermediate can participate in multistep processes. A
significant example is the gold(l)-catalysed 1,3-propargylic acetate migration of
substrates such as A leading to intermediate B that undergoes Nazarov-type
electrocyclisation through C generating gold(l) carbene D (Scheme 3.5).3> An
intramolecular cyclopropanation can take place forming tricyclic structure E.
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Scheme 3.5 Nazarov-type cyclisation of substrate A.

3.1.2 Description of the M—mt-Bond Interaction in Alkyne Complexes

The bonding situation in gold complexes is normally described through the Dewar—
Chatt—Duncanson model (DCD),3®3” according to which the bonding with alkenes or
alkynes is built by a synergistic combination of o-donor and m-acceptor interactions
between the metal template and the alkene or alkyne m-system.

Taking as a reference example the interaction of a gold atom with an alkyne, four main
contributions to the bonding can be identified, as depicted in Figure 3.3 in order of their
usual relative strengths. The first is a o ligand-metal donation in the plane (M& L; mt-
system of the ligand with an empty do-orbital on the metal), followed by m back-
donation from the metal (filled metal dr-orbital ) to the antibonding mt*-orbital of the
alkyne (LUMO), also in the plane (M = L). The next interaction is the i donation from
the perpendicular m-orbital in the alkyne to the metal (M& L) and the last and the
smallest is the & back-donation from the occupied d orbital of the metal to the empty
out-of-plane rt*-orbital of the alkyne (M > L).%°

Alkyne Alkyne Alkyne Alkyne
e 9@ L~ &@ % %% s
Z n, -orbital =, -orbital n -orbital n, *-orbital

Figure 3.3 Scheme of the Au(l)-alkyne bonding interactions described by the Dewar-Chatt-Duncanson
model.

The formation of the complex alters the structures of the metal fragment and of the
ligand. The DCD model predicts a lengthening of the C-C multiple bond. The M-alkyne o-
bond depletes the C=C bond by transferring part of these electrons to the metal and
thus slightly weakens and lengthens it. However, the back donation from the metal is
the major factor in lengthening the C=C bond. Indeed, through back donation, the n*-
orbital of the C=C group is filled and the order of the alkyne C-C lowers. A partial bending
of alkynes or pyramidalisation in the case of alkenes occurs, causing a distortion from
the geometry of the unbound ligand, visible by NMR.38

97



3.1 Introduction

3.1.3 Tuning of gold catalysts

Gold catalysts (LAuX or LAuX3) can be finely tuned though modifications of three
aspects: the nature of the organic ligand (L), the oxidation state of gold and the nature
of the anion (X).

3.1.3.1 Ligand effect

In catalysis, ligands are crucial and play a major role in the tuning of the reactivity of
transition metal catalysts. Thus, it is reasonable that in the last years an increased effort
has been focused on rationally understanding ligand effects in gold catalysis and
designing ligands to enlarge the efficiency (TON).? Chiral ligands for enantioselective
gold catalysis have been investigated, too.

The reactivity of gold(l) complexes in the activation of alkynes, alkenes, and allenes can
be modulated through the sterical or electronical tuning of their ligand depending
properties.

In 2012, Hammond and Xu carried out a study of ligand effects in gold catalysis.33 It is
possible to simplify the gold-catalysis cycle in three main stages (Scheme 3.6): i) the
nucleophilic attack to the [L—Au]*-activated alkyne (or alkene) forming a trans-alkenyl
gold complex (intermediate G) (or an alkyl gold complex in the case of alkenes), ii) the
reaction of complex G with an electrophile (E*), usually a proton, yielding the final
product via protodeauration, together with the regeneration of the cationic gold species
and finally iii) the decay or deactivation of the gold catalyst.3° In some gold-catalysed
reactions, the formation of off-cycle gold species such as bis-Au-vinyl species | was
observed.*® The decay of cationic gold catalysts and the off-cycle gold species reduce
the turnover of product formation.

Working on the electronic properties of the ligands, it is possible to accelerate or slow
down one step or the other. Hommond and Xu found that electron-poor ligands (e.g. (p-
CF3CgHa)3P) accelerate the electrophilic activation of the alkyne/alkene and the
corresponding nucleophilic attack (stage 1). This effect may be because posphine ligands
are electron-poor ligands and do not donate to the gold centre, which remains electron-
poor and pulls electron density from the alkyne/alkene to make it more electrophilic.
The stage 2 (protodeauration) instead is affected by the ligands in the opposite fashion:
electron-rich ligands accelerate this step because they donate electronic density to the
gold metal centre turning the vinyl gold complex G more reactive towards an
electrophile (H*). Concerning the stage 3 (decay of the gold catalyst), it was found that
an ortho-substitution in the phosphine ligand greatly enhances the stability of the
cationic gold (as in the o-biphenyl motif in H, Scheme 3.6) because of steric effects. The
ortho-substituted phenyl ring very close to the gold centre may protect it from decay.
Indeed, Echavarren and co-workers succeeded in obtaining crystal structures of these
kind of complexes and it resulted that the average distance between an ortho phenyl
ring and the gold centre is short around 2-3 A4
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Scheme 3.6 Gold catalytic cycle in three main steps.

In general, complexes containing more donating ligands as N-heterocyclic carbenes are
less electrophilic than those with phosphine ligands. Complexes with less donating
phosphine ligands and related species are the most electrophilic catalysts (Figure 3.4).4

[(Ph3P)Au(NCMe)]SbF6

.
Y | sers —|+ ) tBu T svFs
Ar— Y ~Ar tBu, tBu SbFe
AuCl Au P-Au—NCMe tBu O-P}Au—NCPh
I
electrophilicity

Figure 3.4 Increase in electrophilicity with decreasing donating ligand ability in gold(l) complexes.

In gold-catalysed reactions, the turnover limiting stage can be the nucleophilic addition
to alkyne/allene/alkene (stage 1) (type | reactions) or the regeneration of cationic gold
catalyst (e.g., protodeauration) (stage 2) (type Il reactions).

For the design of proper catalysts for the reactions, it is essential to identify the turnover
limiting step of the reaction, in order to act on and improve it.

Type | reactions are sped up by electron-poor ligands. This class of reactions happens
when the nucleophile is relatively weak (electron-poor amines and amides) or the
substrate is a less reactive allene or alkene. The hydroamination of allenes can be
classified as type | (Scheme 3.7a).%

On the other hand, type Il reactions (majority of gold-catalysed reactions) are sped up
by electron-rich ligands. Strong nucleophiles and relatively reactive alkynes as
substrates are usually involved. A typical example is the cyclisation of propargyl amide
(Scheme 3.7b).23 Electron-rich carbene-based ligands (e.g. N-heterocyclic carbenes)
have been used extensively in gold catalysis because of their unique electronic and steric
features.*
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In reactions, in which the decay of the cationic gold is significant, it is appropriate adding
special steric handles to the ligands, able to embed or surround the cationic gold centre.
This feature may also limit the formation of off-cycle gold species such as the bis-Au-
vinyl species (I in Scheme 3.6). Ortho-substituted phenyls in phosphine ligands are good
candidates.

a) NH,NHCO,Me
N (p'X'CeH4)3PAU NTf2 HN~ NHCOZMe
Pho_~_* Ph -
MeNO,, 45 °C Ph/\/Lm/\/\Ph

rate: (p—CF3C6H4)3P > (p—C|C6H4)3P > (p—MeOC6H4)3P

0 R N’\/
)J\ 1.5% L-Au™ OTf )I\
Ph ﬂ/\\\ DCM ph” O
rate: (p-MeOC6H4)3P > (p-HC6H4)3P > (p-CF3C6H4)3P
Scheme 3.7 Typical type | and type Il gold-catalysed reactions.

3.1.3.2  Counterion effect

In gold catalysis, the effects of ligands have been deeply investigated and only in the
recent years the effects of counterion have been taken in consideration in gold-
catalysed reactions,* although their influence can be also more pronounced than the
corresponding ligand effect.*®4” Some examples are the seminal contributions of Maier
and co-workers on the gold(l)-catalysed hydroalkoxylation of alkynes,*® Echavarren and
co-workers on gold(l)-catalysed intermolecular cycloadditions*® and Bandini, Macchioni
and co-workers on gold-catalysed dearomatisation of indoles with allenamides.>® In
these works, the authors have reported the observed trends for the studied reactions,
analysing the influence of the counterion in every step of the cycle depending on its
coordinating ability, basicity and geometry.

An alternative interesting work was reported by Hammond and co-workers, who
introduced a method to predict the counter anion effect by a gold affinity index and a
hydrogen bonding basicity index (Figure 3.5).>!

Hydrogen bonding basicity index (0-10)
OAc” OTf I° CTfy
| | |
10 5 0

L—Aut ® reactivity

Gold affinity index (0-10)

counterion I OAc OTf SbFg
| | |

10 5 0

Figure 3.5 Representation of counterion hydrogen bonding basicity and gold affinity influence on the
reactivity.

Simplifying, a cationic metal-catalysed reaction can be represented as a system, in which
a cationic metal (M) interacts with the reactants (RC!, RC? etc.) leading to the
intermediate or the product through the formation of a transition state (ts1) (Figure 3.6
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Chapter 3 Gold catalysis

a). In most theoretical treatments of cationic gold catalysis, cationic gold is treated as
“free” ion (M* in Figure 3.6a). Nevertheless, in low dielectric constant solvents, the
cationic metal is not a free ion, but exists as ion pair (M* X’), that interacts with RC! and
RC? to produce ts2 through a charge separation M* and X (Figure 3.6 b). Compared to
the reaction of “free” M*, an addition energy has to be considered to overcome the
coulombic attraction (AG*s2 > AG*s1). Considering that the counterion does not
influence the structures of the transition states (Figure 3.6 b), the difference in AG*
between tsl and ts2 can be attributed to the affinity between M* and X.

In general, a catalyst that contains a weakly coordinating counterion (low affinity
between M* and X~) exhibits high reactivity. However, when there is a long-range
electrostatic attraction interaction between the counterion (X~) and an active proton
(e.g. O-H®%, N-H?%) on the corresponding transition structure (ts3) (Figure 3.6 c), the
counterion may impact for example the proton-transfer process via proton shuttling.>?
This long-range interaction between an active proton and the counterion can be
classified as a hydrogen bonding interaction, thus the impact of the counterion to the
proton transfer could be quantified by its hydrogen bonding basicity (higher hydrogen
bonding basicity, higher impact).

r ¥
RC', RC?
a) @ - . > product
r ¥
1 2 )
b) @ X RC.RC X — product
- |

i | '
Mo | I'0+6 |
ts2
T
) RC', RC?
c) @X — 2 @ e . product
ts3

M = Au or other metal; RC", RC? = reactants

Figure 3.6 Simplified representation of cationic metal-catalysed reactions.

Hammond and co-workers did not observe correlation between hydrogen bonding
basicity and Brgnsted basicity of counterions, thus a strong hydrogen bonding acceptor
is not necessarily a strong Brgnsted base. Hydrogen bonding basicity and gold affinity
indices of counterions are independent features.

Regarding the gold affinity of counterions, it depends on the size and charge distribution
of the counterion, in particular large, negatively charged and highly delocalised
counterions have smaller affinity towards cationic gold (e.g., SbFe’, CTf3). Counterions,
as AcO, relatively small and with more localised charge, form strong interactions with
the cationic gold metal centre, reason why they are rarely used in gold catalysis.
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Table 3.1 Counterion effects on the kinetics.

t-Bu
a)  MeO.C = P—t-BU
e0; JohnPhos-Au-X (0.5%) MeO,C AN H
e \; CDCly, rt MeOzC>@/\/ JohnPhos = O O
X
b) 0 JohnPhos-Au-X (0.5%) ;
JS : 0 o+ AuL
///\H Ph CD,Cly, rt N/)\Ph )Nl:>:<
ph” O H
X H-bonding Gold affinity Relative initial Relative initial
basicity index index rate Reaction A rate Reaction B
OAC 1.0 6.1 0.0 0.0
OoTf 3.4 2.4 1.0 5.1
BFs 5.2 0.5 7.1 1.8
SbFs’ 2.8 0 21 1.0
CTfs 0 0.2 32 1.0

The efficiency of Hammond indices is visible in the selected examples reported in Table
3.1. In the case of cycloisomerisation of 1,6-enyne,>® where no active proton is involved
(Table 3.1 a), catalysts with counterions with low gold affinity (e.g. SbFe) show faster
kinetics. For reactions, as the cyclisation of propargyl amide,>* where there is an active
proton involved (Table 3.1 b), counterions with high hydrogen bonding basicity (e.g.,
TfO") affect more the reaction assisting the proton transfer and speeding it up. Catalysts
bearing a counterion with very high gold affinity (e.g. AcO") acted as inhibitor in both
types of reactions.

The regioselectivity can also be explained by hydrogen bonding and gold affinity
parameters. In the synthesis of disubstituted pyrrole (Scheme 3.8),° the use of a gold
catalyst with TsO™ as counterion promotes a 1,2-Hydrogen shift (or proton shuttling)
product, while a gold catalyst with TfO" (less hydrogen bonding basicity) promotesa 1,2-
phenyl shift product.

TsO" [Au] ’ [Au]
PPhiAUOTs  \  *\ A N
H Ph 1,2-H-shift Ph | Ph
T PR PR T
N 98%
Ph |
X TfO"  [AU] [Au]
HO PPh3AUOTf . Ph Ph
Ph CH,Cl, H N_pp 1,2-Ph-shift N ph D_Ph
.\ H7+ N N
H-bond basicity index of X Ts Ts . Ts
TsO™ 4.3 65%
TfO" 2.8

Scheme 3.8 Effects of the counterion on regioselectivity.

Among all the worth mentioning publications, Ciancaleoni, Zuccaccia and co-workers in
2014 examined the counter anion impact in the NHC gold(l)-catalysed alkoxylation of
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Chapter 3 Gold catalysis

alkynes by DFT calculations. They demonstrated that the coordinating ability, basicity
and geometry of the counter anion influence all the steps of the reaction mechanism:
pre-equilibrium, nucleophilic addition and protodeauration. In detail, in the nucleophilic
attack step, the anion acts in three ways (i) as a template, holding the methanol in place
for the outer-sphere attack; (ii) as a hydrogen-bond acceptor, enhancing the
nucleophilicity of the attacking methanol; (iii) as catalyst deactivator, by its strong
coordinating and/or basicity, preventing the alkyne coordination or forming free
alkoxide, respectively. In the protodeauration step, the anion acts as a proton shuttle.
It was demonstrated that a balance between the hydrogen-bond acceptor and the
coordinating powers ensures the best efficiency of L-Au-X catalysed alkyne alkoxylation
reactions.>®

M
® . MeoH  MeO._Me
| —— ]
[(NHO)AuX] >
Me
none (MeOH)
Me BF,
“OTf
= AuX S =
[(NHC)AuX] X -OTs
Me TFA~
"OAc

Scheme 3.9 Study of counterion effect on NHC gold(l)-catalysed alkoxylation of alkynes by Ciancaleoni et
al.

Before Hammond, other groups tried to quantify the metal-anion coordination ability
for particular cases. For example, Ujaque and co-workers investigated the coordinating
attitude of several monoanionic species towards phosphine-based gold(l) complexes on
the base of the dissociation energy of several PPhsAuX complexes into the
corresponding cationic [PPhsAu*] + X~ (DCE),*®57 providing the trend:

CF3COy = Cl"> NO3 > TsO > TfO > BF4”

Zhdanko and Maier instead reported an affinity scale in solution for a number of
mononuclear [LAu(NCMe)]* versus a range of anions and neutral species via *H and 3P
NMR spectroscopy.*’

In the scientific community it is generally accepted that i) weakly coordinating anions
(i.e., SbFe, "OTf, BArFs, BFs) increase the electrophilicity of the gold centres with
consequent stronger metal-m system interactions,®® ii) better coordinating anions can
positively affect late-stage catalytic events, such as sequestering the metal centre from
the catalyst resting state or favoring the frequently occurring protodeauration stage
addition, iii) basic anions (i.e., benzoates, tosylate, and acetates) create hydrogen-bond
interactions, guaranteeing optimal structural geometries or influencing multiple chemo-
, regio- or stereoselective channels.

Through tuning the counterion, controlling the stereochemistry of the reaction becomes
feasible. There are cases in which gold complexes featuring chiral anions (commonly
binol-based phosphates) have been used as the only source of stereochemical
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information (Figure 3.7 left),>® but in others the use of achiral counterions was enough
to control both the kinetics and the stereochemistry of the process, because of steric

reasons (Figure 3.7 right).®°
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Figure 3.7 Schematic representation of the chiral ligand-based (left) and chiral counterion-based (right)
approaches in asymmetric gold catalysis.

In a general perspective, the main roles of the gold counterion have been identified in
modulating (i) the kinetics of the process depending on the coordinating properties; (ii)

the real structure of the catalytically active species (i.e. formation of clusters, dimers);
(iii) the chemo-, regio-, and stereoselectivity of the processes through the formation of

optimal interactions.
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Chapter 3 Gold catalysis

3.2 A combined computational and experimental study on the role of the
N atom in the pentannulation of N-heterocycles by the tandem gold(l)-
catalysed [3,3]-rearrangement/Nazarov reaction

3.2.1 Introduction

2-Cyclopentenones belong to the class of cyclic enones and they participate in many
areas of organic chemistry. Indeed, they are useful benchmark substrates for numerous
chemical transformations. Moreover, the 2-cyclopentenone molecular scaffold is
present in many natural product structures, thus methodologies for its synthesis are
worth to investigate.

There are several convenient approaches available to synthesise this class of
compounds®! and among them, one of the most important methods for the preparation
of 2-cyclopentenones is the Nazarov cyclisation, reported for the first time in 1941.62
The Nazarov reaction ranks as one of the most important and versatile strategies since
the requisite 4m electron pentadienyl cation can be generated from classical dienones
and also from a steadily increasing variety of unconventional substrates or
processes,®®%4 including gold-catalysed transformations.®°

Suitably assembled propargylic esters are particularly useful as substrates for the
Nazarov reaction, since the transition metal-catalysed migration of the carboxylic group
to any of the two unsaturated positions leads to competent pentadienyl cations.

A general pathway for the synthesis of cyclopentenones starting from a propargylic ester
derivative is represented in Scheme 3.10. 5-Acyloxy-1,3-enynes undergo, under mild
conditions, a gold(l)-catalysed [3,3]-rearrangement yielding pentadienyl cations, which
are suitable for Nazarov cyclisation and after protodeauration lead to acetyloxy-
substituted cyclopentadiene products. A final hydrolysis (in situ or after work-up)
provides the cyclopentenones. When the enyne double bond is embedded in a ring, it is
possible to obtain cyclopenta-fused carbacycles.

RS-,
LAu+ || : R! R3-+. 2" H g3 - R'H o3 R'H o3
R I R ! _Ho0 :
R ~ - + P 0 S T P 5
) 1,3-shift LAu R2-- LAu R H R H R
o\fo OAc OAc OAc o

pentadienyl cyclopentenone

5-acyloxy-1,2-enyne cation

Scheme 3.10 General sequence of gold(l)-catalysed [3,3]-rearrangement/Nazarov reaction for the
synthesis of cyclopentenones.

3.2.1.1  Propargylic esters

Among all the substrates involved in gold catalysed transformations, propargylic alcohol
derivatives have received increasing attention. This interest is mainly due to the fact that
they are easily accessible starting materials via standard synthetic manipulations from
readily available aldehydes, ketones and alkynes. Changing the fragments attached to
the heteroatom at the propargylic position (X in Scheme 3.11) widens the chemistry of
these substrates.
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XH 2 2
[ - I A " R
R R R A . R)\ R)\ —=» Products
R R J OR
[Au]

Scheme 3.11 Propargylic alcohol derivatives under gold catalysis.

In particular, propargylic ester building blocks have attracted the synthetic community
since the late 1950s, before the advent of gold catalysis. Indeed, in 1959 Saucy, Marbet
and co-workers reported the rearrangement of acetates of tertiary ethynylcarbinols to
allenic acetates in the presence of acetic acid and a silver or copper catalyst,®*®” which
later became one of the most emblematic gold-catalysed transformations. Only in 2003
Miki, Ohe and Uemura described the Au(lll)-catalysed reaction of propargyl acetate with
styrene yielding the desired cyclopropane J and 26% of the allenyl ester K (Scheme
3.12).68

OAc AcO Qhc
Zph AuCls | Ph “ O H
A ~
Toluene, rt S
J K
63% 26%
(79:21)

Scheme 3.12 Results of Miki, Ohe and Uemura.

Products J and K are the results of two different pathways. Many studies were published
adopting either one of these two distinct mechanistic routes. Mechanistic aspects that
determine the outcome of these transformations are still under debate. Indeed, there
are many factors that influence the reactivity of each substrate, as the substitution at
the alkyne (terminal versus internal), the electronic nature of the substituents directly
attached to the propargylic ester, the nature of the migrating group, the Lewis acidity of
the catalysts or the presence of Lewis basic or nucleophilic sites within the starting
materials. Every subtle difference can heavily affect the outcome of each reaction.

The accepted scenario is the following: after coordination with the carbophilic gold
catalyst,’2%° the alkyne undergoes a cyclisation-induced® nucleophilic attack by the
carbonyl oxygen in the ester unit. Depending on the exact structure of the substrate and
the reaction conditions, it can produce a 1,2-acyloxy migration ([2,3]-rearrangement of
the ester) giving a Au-carbene (Scheme 3.13, route A) or a 1,3-acyloxy migration ([3,3]-
rearrangement of the ester) giving a Au-allene (Scheme 3.13, route B).

Synthetic and theoretical reports proved that the [2,3]-rearrangement leads to gold
carbenoid intermediates that then react in an intra- or intermolecular fashion to
produce also complex carbocyclic structures. Carbenoids are described as
“intermediates which exhibit reactions qualitatively similar to those of carbenes without
necessarily being free divalent carbon species”.’® Based on experimental and theoretical
reports, this behaviour results plausible and related to the relativistic expansion of the
5d orbitals of gold.”* As a result of this expansion, electrons in these orbitals can be
delocalised into carbon-based orbitals.
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Concerning the gold-catalysed [3,3]-rearrangements, the mechanism is still under
debate, but studies generally postulate a stepwise process through two low-energy
activation steps,3%’2 which results in the formation of gold(l)-coordinated allenes
(Scheme 3.13, route B). They found that the electron-donating abilities of the allene
substituents determine the n- or n?-allene character of Au(l)-coordinated allenes,
influencing their reactivity.”> Another hypothesis is that the formation of the gold-
coordinated allene might be the result of a second 1,2-acyloxy migration through a gold
carbenoid (route C in Scheme 3.13), not confirmed by synthetic evidence. Both
rearrangement mechanisms are competitive processes and probably operate in most of
the systems studied.”* The electrophilicity of C1 and C2 might be the key factor for the
predominance of one pathway over the other. As a result, internal and electronically
unbiased propargyl esters preferentially give [3,3]-rearrangement-derived products,
while terminal alkynes and internal alkynes substituted with electron-withdrawing
groups typically follow the [2,3]-pathway. This “rule of thumb” is supported by the work
of Soriano and Marco-Contelles, who demonstrated that substitution patterns dictate
formation of vinyl gold versus gold carbenoid species.”’®

From their studies, it emerges that: i) substitution at the acetylenic position strongly
influences the electronic properties of the activated alkyne, enhancing the
electrophilicity of the acetylenic atom and thus the 1,3-acyloxy shift; ii) steric repulsion
between the acetylenic substituent and the gold atom makes that the latter is pushed
out, increasing the metal—C1 distance (to reduce the steric hindrance) and decreasing
metal-C2 distance, thus reversing the polarisation of the gold-coordinated alkyne and
increasing the electrophilicity at C1.

Other groups investigated this reactivity and found some exceptions. For example,
Echavarren and co-workers reported examples of [3,3]-rearrangements of terminal
alkynes.”” In addition, Zhang and co-workers reported the gold-catalysed reaction of
electronically unbiased internal alkynes affording (1Z,3E)-2-pivaloxy-1,3-dienes through
a 1,2-acyloxy migration.”® Later, Nevado group observed a Au-catalysed tandem 1,2-
/1,2-bis(acetoxy) rearrangement of 1,4-bis(propargyl acetates) resulting in the
formation of 2,3-bis(acetoxy)-1,3-dienes.”®
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Scheme 3.13 General reactivity patterns for propargyl esters.

A worth mentioning work about the reactivity of propargylic esters is the one of Cavallo
and co-workers, who in 2008 reported a DFT study regarding the reversibility of the
[2,3]-rearrangement and [3,3]-rearrangement of esters.3® They suggested that, under
typical conditions, the starting Au-coordinated propargylic esters, the gold-carbenoids
and the gold-coordinated allenes could interconvert easily forming a “golden carousel”
(Scheme 3.14, top). Then, several factors could dictate which intermediate is favoured
and which type of product is formed.

They calculated the energy barriers of the reactions of interconversion from one to the
other (forward and backward) and it resulted that all the energy values obtained are
accessible at the reaction conditions and do not differ significantly between them. This
evidence leads to the conclusion that the three species are in fast equilibrium and that
the final direction of the equilibrium system depends on the energy barriers associated
with reactions involving intermediates I, Il and Il and leading to products irreversibly
(Scheme 3.14). It is noteworthy that the reactivity of these intermediates depends on
other functional groups (typically, C-C double bonds and heteronucleophiles) on the
substrate, on the nature of the ligand and on the reaction conditions too. Simple
modifications of the propargylic, acetylenic, and/or acyl substituents, as well as the
nature of the migrating function, result in astonishingly diverse product patterns.
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Scheme 3.14 On the top, key intermediates along the catalytic cycle of propargylic ester in equilibrium;
on the bottom, a look into the equilibrium cycle thermodynamics, computed by Cavallo and co-workers.
Energies in kcal/mol (in round/square brackets for L=IMe and PMes, respectively) are calculated relative
to I. Numbers close to the arrows represent the energies of the transition states associated with that
reaction step.
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The reversibility of the [3,3]-rearrangement and the [2,3]-rearrangement was
demonstrated later by Toste group using a stereochemically defined starting material’3
and by the group of Nolan.®°

Examples of [2,3]-rearrangement

An interesting example of 1,2 acyl shift is the early work by the group of Firstner, who
showed that cationic gold(l) could catalyse the synthesis of bicyclo[(n+2).1.0]
compounds (Scheme 3.15).8!

1,2 shift )(/)/j cyclopropanation
——— n _
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R' | R

...................

Scheme 3.15 Au-catalysed tandem 1,2-shift/cyclopropanation.

The cyclopropanated product features the stereogenic information contained in the
propargylic position. Thus, a “cyclopropanation then migration” mechanism was
assumed. In sharp contrast, the study of the intermolecular version, affording
allylcyclopropanes (Scheme 3.15), by Toste et al. revealed that the stereogenic outcome
of the reaction is consistent with a “migration then cyclopropanation” sequence.??

Examples of [3,3]-rearrangement

The [3,3] sigmatropic rearrangement allows the transformation of propargylic esters
into allenyl esters, which are activated by gold catalysis to undergo also subsequent
reactions (Scheme 3.16). For this reason, the expected densely functionalised electron-
rich allenyl esters are hardly detected in the reaction mixtures, because they are
susceptible to new transformations. The rearrangement outcome depends on which
resonance form contributes most (Scheme 3.14) and on the specific structure of the
gold-coordinated bent allenes, which, influenced by the substitution, can be n! (a bent
allene that behaves as a gold-stabilised allylic cation) or n? (structure closer to linearity
with allene-like behaviour).”383
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Scheme 3.16 Au assisted allene activation and product diversification.

Gold-coordinated allenes generated through a gold-catalysed [3,3]-rearrangement of
propargyl esters can react with nucleophilic double bonds. In 2005, Zhang reported the
formal [2+2] intramolecular cycloaddition of propargyl esters and nucleophilic indoles,®*
yielding 2,3-indoline-fused cyclobutanes a (Scheme 3.16). This reaction proceeds
through aninitial [3,3]-rearrangement of the indole-3-acetoxy group leading to the gold-
coordinated allenyl ester, which undergoes intramolecular nucleophilic attack by the
electron-rich indole ring forming the y-lactone ring. A subsequent intramolecular
trapping of the resulting iminium by the alkenylgold(l) yields the observed cyclobutane.
When an aryl group was placed at the propargylic position R’, tandem
[3,3]rearrangement/intramolecular hydroarylation of phenylpropargyl acetates
afforded indenes b (Scheme 3.16).2> When terminal alkynes were used, 1,2-shift of the
acetate was observed prior to cyclisation, highlighting the high substrate dependence of
the shift. Interestingly, if an alkyne moiety was placed in ortho position of the aryl ring,
naphthalene derivatives were obtained by means of a Myers—Saito cyclisation.8¢87
Structural features at the acetylenic position of the cyclisation precursor play also a
crucial role. When R”=vinyl, Nazarov-type cyclisation was observed, yielding
cyclopentadienylic esters ¢ (Scheme 3.16) , which can be hydrolysed in situ to give the
corresponding conjugated cyclopentenones. This is the work of Zhang and Wang, who
reported in 2006 the rearrangement of enynyl acetates forming cyclopentenones via a
tandem sequence involving a gold(l)-catalysed [3,3]-rearrangement and a Nazarov
reaction.®® After the 1,3-acyloxy migration, the resulting gold-coordinated allene was
conjugated with an alkene, thus becoming a pentadienylic cation (Scheme 3.17). This
species is feasible for a Nazarov cyclisation leading to cyclopentenones. From a
mechanistic computational analysis,? the [1,2]-hydride shift from intermediate resulted
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to be the rate-limiting step, sped up by the presence of water as proton-transport
catalyst.
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Scheme 3.17 Au-catalysed tandem [3,3]-rearrangement-Nazarov reaction by Zhang et al.

One year later, Fensterbank group reported a method for the synthesis of polycyclic
compounds from propargyl acetates and vinyl allenes involving three Au(l)-catalysed
steps: a 3,3-rearrangement, a metalla-Nazarov reaction and an electrophilic
cyclopropanation (Scheme 3.18).%°
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Scheme 3.18 Au-catalysed cyclisation/cyclopropanation by Fensterbank et al.

On the other hand, when R”=allyl, bicyclo[3.1.0]hexenes d (Scheme 3.16) , isomers of
those formed through 1,2-acyl shift, were produced in the presence of gold(l) catalysts.®!
Through modification of the substitution of the alkyne it is possible to synthesise
conjugated dienes e (Scheme 3.16) by Au-catalysed protodesilylation of intermediate
I11°2 and for the formation of dihydrofurans f (Scheme 3.16) from propargylic alcohols.

3.2.1.2  Nazarov reaction

The Nazarov reaction is an acid-catalysed 4m-electron conrotatory cyclisation of a
pentadienyl cation that leads to a five-membered ring, typically a cyclopentenone.?*¢
The crucial conrotatory electrocyclisation of the pentadienylic cation creates a carbon-
carbon bond and two stereocentres. Some or all of the stereochemical information is
lost in the subsequent deprotonation.

Besides dienones of type L (Scheme 3.19), many species have been used as precursors
for the generation of pentadienyl cations suitable to undergo electrocyclisation, i.e. a-
alkoxy enones, p’-substituted enones, a-vinylcyclobutanones, gem-dichloro-
homoallylalcohols, gem-dichlorocyclopropylmethanols, vinyl allenes, dienynes, enynol
derivatives, and ynediols.
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The transformation proceeds through an accepted pathway, as depicted in Scheme 3.19:
i) a divinyl ketone (L) complexes to the Lewis acid to give a pentadienyl cation (M); ii)
cyclisation occurs leading to a oxyallyl cation (N), which features an anti relationship
between R1 and R2 due the conrotatory ring closure dictated by the principle of
conservation of the orbital symmetry during the cyclisation of pentadienyl cation M; this
intermediate potentially goes through diverse reaction pathways such as carbocationic
rearrangements or interception with external nucleophiles. Traditionally, iii) the
elimination of a proton occurs giving the Lewis-acid bound enolate (0); and finally, the
protonation of the enolate providing the cyclopentenone product (P). Since disrotatory
closure is electronically forbidden, stereospecificity is ensured for the bond formation.®’
Thus, the Nazarov cyclisation has the potential to transform an achiral molecule into a
single stereoisomeric product. Furthermore, the diastereoselectivity of the reaction can
be influenced by stereocentres in the substrate (‘torquoselectivity’).

Despite being a useful strategy, the Nazarov cyclisation process has serious reactivity
and selectivity problems that have historically compromised its synthetic utility. In
particular, strong Lewis acids are often required to promote cyclisation; ii) multiple
equivalents of acid promoter are required; iii) the elimination of the proton is not
regioselective (see N->0); iv) elimination of the proton leads to loss of a stereocentre
(see 0); v) protonation of the enolate is not stereoselective (see 0>P).8

The review by Frontier and co-workers discusses the catalytic advances in the Nazarov
cyclisation, including the design of new catalysts, formulation of new conditions,
variations of the electrocyclisation, tandem processes, enantioinduction and application
to natural product synthesis.?® Our interest focuses in the use of Lewis acids including
transition metal catalysts, as gold.
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Scheme 3.19 Nazarov reaction mechanism.

In general, the reactivity of divinyl ketones is affected by the Lewis acid promoter and
by the features of the substrate such as the conformation of the pentadienyl cation
intermediate, and both the position and nature of substituents on the substrate.

A noteworthy case is the one of substituents bearing heteroatoms (Scheme 3.20). The
N atom helps the delocalisation of the positive charge from the pentadienyl to the 2-
hydroxyallyl cation (rate-limiting step of the Nazarov reaction) stabilising the positive
charge and lowering the energy of the transition state, thus accelerating the process.

A suitably positioned heteroatom in the cycle is therefore mandatory for
electrocyclisation to occur under mild conditions and at room temperature.®®

113



3.2 Tandem gold(l)-catalysed [3,3]-rearrangement/Nazarov reaction

1
R\ R1
N—n .

N In
®) A R2 . .
Lewis acid o R2

RO R* RS
3
RS R® R
Scheme 3.20 Alternative substrate undergoing Nazarov cyclisation.

3.2.1.3 Tandem 3,3-rearrangement/Nazarov reaction

The employment of the tandem 3,3-rearrangement/Nazarov reaction resulted
successful and a valid tool to synthesise cyclo-pentafused heterocycles.?® Intrigued by
that, Occhiato group wanted to investigate whether the same approach could furnish
annulated systems when embodying the same double bond into N-heterocycles
(Scheme 3.21), in order to provide a new strategy in the field of pentannulation of
heterocycles.1°
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H N H N
2 2
OAc R (0] R

Scheme 3.21 Sequence of gold(l)-catalysed [3,3]-rearrangement/Nazarov reaction for the synthesis of
cyclopenta-fused N-heterocycles.

They demonstrated that subjecting simple well-designed propargylic ester derivatives
to tandem gold(l)-catalysed rearrangement/Nazarov reaction provides cyclopenta-
fused N-heterocyclic structures present in many natural compounds.0?

First, the gold-catalysed rearrangement of enynyl acetates readily occurs when using
hexafluoroantimonate as the noncoordinating anion, generating a divinyl cation that
undergoes a 4m electrocyclisation forming the target annulated N-heterocyclic
compound in good to excellent yield. They found out that the presence of the N atom
clearly favours the nearly exclusive formation of the Nazarov product having the most
substituted double bond. Nevertheless, the synthesis of cyclopenta-fused N-
heterocycles is more complex than the case of non-heterocyclic systems because several
elements, such as the N-protecting group, the heterocycle ring size and the gold(l)
counterion, influence the reaction rate and regio- and stereo- selectivity.

To expand the applicability of the strategy, Occhiato group started investigating the 5-
acyloxy 1,3-enynes, bearing a propargylic moiety in an indole ring at position 3.1%2 The
tandem gold(l)-catalysed rearrangement/Nazarov reaction of this substrate leads to the
formation of cyclopenta[b]indoles with a substitution pattern on the five-membered
ring. This kind of product is very valuable in total synthesis because it participates in the
synthesis of bruceollines and other natural products possessing the cyclopenta[b]indol-
1-one nucleus. Indeed, the synthetic potential of the methodology is demonstrated by
the first total synthesis of bruceolline H and | (Scheme 3.22).102,103
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Scheme 3.22 Tandem Au(l)-catalysed [3,3]-rearrangement/Nazarov reaction and application for the
synthesis of Bruceolline H and | by Occhiato et al.

3.2.2 Background

A detailed study of the gold(l)-catalysed tandem [3,3]-rearrangement/Nazarov reaction
of propargylic acetate derivatives for the synthesis of cyclopenta-fused N-heterocycles
was disclosed by the group of Occhiato.'! They started performing the reaction with
compound 1, which proved to be a competent substrate in the screening of the catalytic
system (Table 3.2). In all cases, the expected acetate 2 was obtained in mixture with
cyclopentenone 5 bearing the more substituted double bond in 4a—7a position and
possibly deriving from the hydrolysis in situ of its acetate precursor 4 (never isolated).
Unexpectedly, in contrast with the behaviour of carbacyclic systems,® only using
Ph3PAuCIl/AgOTf compound 2 was the major product and the best result was achieved
in toluene affording pure acetate 2 in 61% yield and 5 in 18% vyield.

With all of the other silver salts the major product was cyclopentenone 5 (entries 4-5)
accompanied by lower amounts of acetate 2 and only traces (less than 5%) of
cyclopentenone 3. The best silver salt was AgSbFs (entry 5) providing cyclopentenone 5
in 70% yield together with some residual acetate 2 (14 %).
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Table 3.2 Significant reaction of the screening of sequential gold(l)-catalysed rearrangement/Nazarov
reaction of acetate 1.7

| N E ) nBu H ZBu : E nBu . nBu E
3PAU mol % 2 S o 2 !
?s N nBu solvent,, rt 2@ ' (Nji‘%e + @ : N>
OAc I g OAc ttHo 11 { OAc ts O !
T 2 " S
Catalyst Conditions  Time (h) Yield2 Yield3 Yield4 Yield5
1  Ph3PAuCl/AgOTf CHCl; 15 51 - - 35
2 PhsPAuCI/AgOTf Toluene 1 61 - - 18
3 PhsPAuCI/AgOTf Toluene, 0°C 5 60 - - 15
4  Ph3PAuCl/AgBF, CHCl, 3 18 5 - 62
5 PhsPAuCI/AgSbFe CHCl, 2.5 14 3 - 70

9Reactions were carried out on 0.1-0.15 mmol scale, at 25 °C and left standing whilst stirring 16 h after consumption
of the starting material. An aqueous work-up was carried out to recover the products from the reaction mixture.
bCatalysts were prepared by adding the silver salt to a 0.004 m solution of the gold(l) chloride in the reaction solvent.
Solvents were not dried before use unless otherwise indicated. 9Time to reach complete conversion of the starting
material. ¢Yield after chromatography unless otherwise indicated.

The exclusive isolation of 2 and the impossible isolation of 4, together with the slower
conversion of 2 to corresponding cyclopentenone 3 when under hydrolytic conditions,
suggests that acetate 2 only slowly hydrolyses under the reaction conditions, while
isomer 4 is quickly converted into the corresponding cyclopentenone 5, without being
isolable. Since cyclopentenone 5 is the major product in the reaction, it is reasonable to
hypothesise that the formation of acetate 4 from oxyallyl cation (Scheme 3.23) is more
favoured than the formation of isomer 2 and a fast hydrolysis of 4 under the reaction
conditions occurs. In the case of the corresponding carbacyclic systems in the work of
Zhang group, only the cyclopentenone with the least substituted double bond was
observed.®

The scope of the reaction ranges from six to seven-membered N-heterocyclic rings and
various substituents at C3’ on the propargyl moiety. Pyrroline derivatives instead
resulted unsuitable for this approach. N-protecting groups, heterocycle ring size, gold(l)
counterion influence the reaction rate and selectivity (regio- and stereoselectivity).

A computational analysis was carried out to clarify the mechanism of the process, using
a model complex for sake of simplicity. The model complex bears a methyl substituent
in the propargylic position and a N-CO2Me moiety.

Considering as the starting point the alkynyl-gold(l) cationic complex, the reaction
proceeds through the [3,3]-rearrangement (energy barrier of 10.0 kcal/mol), followed
by the Nazarov cyclisation (energy barrier of 5.1 kcal/mol). The final step is the formation
of the diene through proton abstraction. It could occur via single-step intramolecular
hydride shift with concomitant C-Au bond breaking or via deprotonation by an external
base. The first pathway was excluded because the calculated energy barrier was too high
(30.0 kcal/mol). The second pathway was the most plausible but quite ambiguous
because several possible candidates were present in the reaction media: the gold
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counterion in the gold(l) salt, the anion of the silver salt!®*1% or even water
molecules.®88%104 The proton abstraction was considered the regiodetermining stage.
The triflate-mediated abstraction of Ha or Hy was computed and the results indicated
that the process was not highly regioselective. Indeed, the two abstractions resulted to
occur overcoming very similar energy barriers (0.8 kcal/mol of difference), with Hp-
abstraction being the favoured one. The small energy difference reflects the ratios of
regioselectivity found experimentally. The calculations of the hydrolysis step are in
agreement with the experimental results and explain why non-hydrolysed 2 and
hydrolysed 5 are the final products of the reaction. Indeed, the protonation of 4-like
model compound is predicted to be three or four orders of magnitude faster than the
corresponding protonation of the 2-like model compound. The result can be understood
in light of the dienamine structure of compound 2 and the donor character of the
nitrogen atom, which can stabilise the structure making it less prone to hydrolysis. It
was observed that the protodeauration is substrate-dependent and could be partially
controlled by the choice of the counterion and solvent.

To sum up, the computational study showed that the reaction proceeds through an
acetate rearrangement, which is the rate-determining step, and a fast Nazarov reaction,
accelerated by the stabilising effect of the N atom on the oxyallyl cation intermediate
formed upon the ring closure. This was in analogy with that found for the classical
Brgnsted or Lewis acid catalysed Nazarov reaction involving N-heterocycles and in
accordance with the polarised Nazarov reaction concept developed by Frontier,%%%
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Scheme 3.23 On the top tandem Au(l)-catalysed [3,3]-rearrangement/Nazarov reaction by Occhiato et al.
and on the bottom the two competing pathways to 3- and 5-like compounds.

3.2.3 Abstract

The gold-catalysed rearrangement of suitably substituted propargylic esters provides a
platform for cascade processes, which involve a cationic or an allene intermediate
generated in the first step. As seen in the previous section, the group of Occhiato
reported that the pentannulation of N-heterocycles can be efficiently achieved by a
cascade gold-catalysed [3,3]-rearrangement/Nazarov reaction of propargyl ester
derivatives (Scheme 3.24) and the methodology can be applied for the synthesis of
bruceolline H and | from 3-substituted indoles. In an effort to broaden the scope of the
reaction and the diversity of products, they assumed that N-heterocycles 9 (Scheme
3.24) bearing propargyl side-chain at C3 when treated with gold(l) would deliver a
cyclopenta-fused heterocyclic system with alternate position of C=0 group on the five-
membered ring (11, Scheme 3.24). However, an electron donor atom in the wrong
position could stabilise the pentadienyl cationic intermediate 10, thus relenting its 4m-
electrocyclisation and causing either degradation of the starting material or the
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formation of unwanted side products.'% For this reason, a computational study could
help in evaluating the entire reaction profile and anticipating the reaction outcome,
highlighting potential issues before embarking in a total synthesis involving such a
process. In this work we computed again with updated methodology the mechanism of
the tandem [3,3]-rearrangement/Nazarov reaction for the 2-substituted piperidine
derivatives and compared it with the one of 3-substituted piperidine derivatives. The
energetic profile of the reactions of the two substrates resulted to be different due to
the influence of N atom. In particular, the substitution at position 3 is computed to have
a deleterious effect on the electronic properties of the molecules, increasing the
activation barriers of the Nazarov reaction. The experimental results corroborate the
sluggish reactivity of 3-substituted piperidines predicted by the calculations.

Previous work

Nazarov
| [3,3]-rearrangement | | reaction
+ p—
NN oac LAu* N Aul N
R R  OAc R ©
6 7 8
This work
OAc OAc 0
- Aul Nazarov
= [3,3]-rearrangement | | reaction
—_—
| LAU* N N
l}l Ts Ts
Ts
9 10 11

Scheme 3.24 Tandem [3,3]-rearrangement/Nazarov reaction for the 2- and 3-substituted piperidine
derivatives.

3.2.4 Objectives

Since the effect of N atom in the substrate appears to deeply influence the substrate
reactivity, 3-substituted piperidine derivatives are supposed to behave differently from
the 2-substituted piperidine ones. Before starting investigating this strategy for
application in total synthesis, a computational analysis is required to shed light on the
energetic profile of the reaction in every single step. The charge distribution in the
intermediate cations could be informative about the influence of the N atom in the
stability of the intermediate and justify the proposed reactivity. The proton abstraction
step was analysed and different mechanistic hypotheses were elaborated. Finally, some
considerations regarding the hydrolysis step are provided in terms of computed
energies.

3.2.5 Computational work

3.2.5.1  Methods
In order to identify the structures and the energies of the critical steps of the
mechanism, the potential reaction coordinates of the whole tandem [3,3]-
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rearrangement/Nazarov cyclisation were studied computationally. A model substrate
bearing the p-toluensulfonyl as the N-protecting group was chosen owing to its
compatibility with such a process. All structures were initially optimised using density
functional theory (DFT) with B3LYP and the 6-31G(d,p) basis set for non-metallic atoms
and SDD for Au as implemented in Gaussian 16. The alkynyl-gold(l) cationic complexes I
(Scheme 3.25) and I’ (Scheme 3.28) were considered as the starting points of the
mechanisms (AG = 0 kcal/mol), and all reported energies in the following discussion are
relative to them. The energy values correspond to AG Gibbs energies, computed at
MO06/def2tzvpp level of theory, in a solvent model (IEFPCM, solvent=dichloromethane).
The intrinsic reaction coordinates (IRC) were followed to verify the energy profiles
connecting the key transition structures to the correct associated local minima. PhsP
was chosen as the ligand in analogy with the previous calculation.

The calculation of the atomic charges of intermediate lll and I’ was carried out through
Natural Bond Orbital analysis. For further information, see Chapter 1.

3.2.5.2  Mechanism

2-substituted piperidine derivatives

In the previous work of the group of Occhiato,'%! a detailed computational analysis was
presented to explain the reaction mechanism and to justify the experimental evidence.
The calculations reported in the paper concerned the simplified substrate bearing the
N-CO;Me, while in our study we focused on the simple substrate with N-tosyl group.
Thus, we decided to repeat the calculations with the latter substrate in order to have
suitable data to compare with the case of 3-substituted piperidine derivatives, which
are the substrates under study in this work. Furthermore, a different computational
method was used compared to the previous work.

In Scheme 3.25 the energetic pathway of the tandem [3,3]-rearrangement/Nazarov
reaction of 2-substituted piperidine derivatives is represented. All the energies of the
structures are calculated taking as a reference the energy of the alkynyl-gold(l) cationic
complex |, starting point of the mechanism (AG = 0 kcal/mol). The coordination with gold
in complex | catalyses the [3,3]-rearrangement of the acetate group in two step. First,
the oxygen atom of the acetate attacks the activated alkyne forming a cyclic cationic
intermediate after overcoming an energy barrier of 14.2 kcal/mol. Intermediate Il was
located at an energy of 6.0 kcal/mol and rapidly proceeds to the formation of the allylic
cation Il stabilised by the gold atom, after the cleavage of the C-O bond. Noteworthy,
the energies of I and Ill indicate that | and Il are almost isoenergetic (0.8 kcal/mol of
difference). The energy required for the second step to occur is lower than the first (AG*
=10.4 kcal/mol), so it is reasonable to say that the activation energy of the acetate
rearrangement is of 14.2 kcal/mol, perfectly feasible at room temperature experimental
conditions. In absence of further evolution, I and Ill can be considered to be in an almost
1:1 equilibrium. Under gold catalysis, complex Ill evolves through an easy cyclisation to
IV with a low energy barrier of 8.0 kcal/mol. Complex IV is formed in accordance to the
conrotatory nature of Nazarov reaction and the diasteroisomer with the two H atoms in
a trans relationship is the favoured one, as demonstrated and published in the previous
paper. The energy barriers of the two steps are low, explaining the fast rate of the
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reaction, which gets completed at room temperature in less than two hours. The rate
determining step of the reaction results to be the first [3,3]-rearrangement, in
accordance with the previous results.

15.0 = -

10.0 -

5.0 =

AG (kcal/mol)

0.0 ==

-15.0 ==

Scheme 3.25 DFT computed energy surface for the tandem Au(l)-catalysed [3,3]-rearrangement/Nazarov
reaction of 2-substituted piperidine derivatives.

The following step is the formation of the diene and two regioisomers are possible
depending of the hydrogen that is abstracted or moved (Scheme 3.26). The diene
formation could be explained as result of a single-step intramolecular hydride shift with
concomitant C-Au bond breaking. The energy barrier for this transformation was
calculated to be 21.4 kcal/mol, a quite high value. The alternative is the proton
abstraction by an external basis. Since many substances are present in the reaction
media, it is difficult to identify which component plays that role. The counterion is
known to have high importance in gold catalysis, thus we hypothesised it could
participate in this step. Although the best catalytic system employs SbFe, we decided to
compute the proton abstraction mediated by TfO". Indeed, SbFs is a very low
coordinating ion and unlikely would bind the proton. In addition, its big size would
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increase the computational cost of the calculations. Triflate instead is supposed to
interact more easily with the hydrogen atoms, thus its action was examined.

Two protons, Ha and Hy can be removed, leading to the two different regioisomers, 4-
like and 2-like respectively. The abstraction of H, requires 18.8 kcal/mol, while Hp 17.0
kcal/mol. The difference in energy is of 1.8 kcal/mol in favour of the formation of Vlib,
thus we could conclude that this step is not regioselective. The small energy difference
is in agreement with the ratio of products obtained experimentally. However, the base-
mediated proton abstraction results to be more plausible than the intramolecular
hydride shift.

The final step is the hydrolysis leading to the final pentenone derivative. Since the exact
nature of the protonating species is unknown, we simplified this step, computing the
protonation of substrates VIlla and Vlllb by triflic acid, initial step for the hydrolysis
(Scheme 3.27). The protonation of Vllla resulted to occur with an energy barrier of 10.8
kcal/mol, easily affordable at room temperature conditions. This result justifies the
experimental evidence of the only hydrolysed product 5 in the reaction mixture and no
detection of acetate compound 4. In contrast, the protonation of VIllb has an energy
barrier of 20.0 kcal/mol, the double of the one of Vllla. The reason for this big difference
could be the steric hindrance around the protonation sites. Moreover, Villb bears a
dienamine structure and the donating N atom can induce a stabilisation of that structure
making it less prone to hydrolysis. The hydrolysis rate for the two substrates differs
notably and is in agreement with the experimental outcome.
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Scheme 3.27 Hydrolysis step.

3-substituted piperidine derivatives

N-heterocycles bearing propargyl side-chain at C3 under gold(l) catalysis are supposed
to lead to the formation of cyclopenta-fused heterocyclic systems with alternate
position of C=0 on the five-membered ring. However, the presence of an electron donor
atom in a different position could influence the reactivity of the substrate by stabilising
unwanted intermediates that lead to the formation of other unexpected products. In
this section, we present the study of the mechanism of 3-piperidine derivatives under
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gold(l) catalysis, which proceeds through the same steps of the analogue 2-piperidine
derivatives, but with some exceptions, which correctly justify the final complex product
mixture found experimentally.
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Scheme 3.28 DFT computed energy surface for the tandem Au(l)-catalysed [3,3]-rearrangement/Nazarov
reaction of 3-substituted piperidine derivatives.
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Scheme 3.28 shows the energetic profile of the reaction. The alkynyl-gold(l) cationic
complex I’ was considered as the starting point of the mechanism (AG = 0 kcal/mol), and
all reported energies in the following discussion are relative to it. As in the case of 2-
piperidine derivatives, at the beginning the substrate undergoes a two-step acetate
rearrangement, through the formation of an unstable cyclic cationic intermediate (II’),
which rapidly reopens through TS2’ to give the pentadienyl cation III’. The total energy
required to obtain intermediate lI’ is 14.6 kcal/mol. It is worth to notice that the acetate
rearrangement proceeds with a quite high activation barrier, but the formation of
intermediate I’ is an exergonic process (AG = -5.4 kcal/mol). The stability of this

124



Chapter 3 Gold catalysis

intermediate could be attributed to the m-donating ability of the nitrogen atom that
stabilises the positive charge. Indeed, the charge of the N atom can be transferred by
conjugation through the cationic skeleton, differently from the situation of intermediate
lll, which does not bear a conjugated system and the negative charge of the N atom
cannot enter in the allyl system. This phenomenon is evaluated by the calculation of the
total charge of the cationic intermediates Ill and III’. We calculated the NBO charges on
the two intermediates and a significant difference between the two cases was found.
The total allyl charge on the 3-substituted intermediate IlII’ results to be almost neutral
or even slightly negative (-0.056 e) confirming that the negative charge on the nitrogen
atom can stabilise by conjugation the positive charge of the allyl system, affecting the
following cyclisation reaction. On the other hand, the total allyl charge on the 2-
substitued analogue lll maintains a positive value (+0.115 e) because it cannot be
stabilised since the intermediate does not present a conjugated system (Figure 3.8). The
high stability of intermediate llI’ affects the following cyclisation step because the n-
donating ability of the N atom slows down the 4p-electrocyclisation and causes the
formation of unwanted side products. The cyclisation step in this case does not occur as
easily as in the case of the 2-piperidine derivatives. Indeed, the activation energy is 14.3
kcal/mol, similar to the energy of the acetate rearrangement. Both energies are
affordable at the reaction conditions, but the intermediate I’ at low energy opens the
possibility to have side reactions occurring, if less energy is required.% Instead, in the
case of 2-piperidine substrates, once the first rearrangement step is overcome, the
reaction proceeds easily to the product, limiting other not desired reactions to occur.
Indeed, intermediate lll seems to be much more reactive and its cyclisation much more
exergonic than IlII’. The Carbon atoms C1 and C3 are especially more positive in lll than
in 1,

The product that is formed is the expected from the Nazarov cyclisation with the H
atoms in trans. Another important difference between the two energetic pathways in
Scheme 3.25 and Scheme 3.28 is the much higher relative stability of the cyclised
structure IV than its analogue IV’ (-16.7 vs -0.9 kcal/mol). The n-donating ability of the
N atom might have a clear stabilising effect in the case of IV, while the nitrogen atom
and the cationic allyl system are disconnected in IV’. This effect can be probably
reflected in the corresponding transition states, being TS3’ higher than TS3.

intermediate III' intermediate Il
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N !
| ) - (A
Au i N Au_
PR, ! 1 PR,
OAc ! OAc
NBO charges i NBO charges
C, +0.480 i C, +0.530
C, -0.439 i C,-0.457
C; -0.097 i C; +0.042
Total allyl -0.056 1 Total allyl +0.115

Figure 3.8 NBO charges of the two pentadienyl intermediates I’ and Ill.
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After the slow cyclisation step, we focused our analysis on the diene formation.
Basically, the final steps have to include a deprotonation, protodeauration and in some
cases the acetate hydrolysis. As in the previous case, we hypothesised that the diene
could form through different pathways: i) single-step intramolecular hydride shift with
concomitant C-Au bond breaking or ii) base-mediated deprotonation.

In analogy with our previous work, we computed the deprotonation step by using the
triflate anion as the base in order to get informative results about the regioselectivity of
the process. Computing the different pathways, it emerged that the 1,2 shift is less
favoured than the base mediated process, with a difference of activation barrier of 4
kcal/mol. Indeed, the 1,2 shift in dry DCM requires an activation energy of 18.5 kcal/mol
(Scheme 3.29), feasible at room temperature, but much higher than the traditional 1,2-
hydride shift in carbocations (activation barriers generally less than 10 kcal/mol).%°
Zhang group demonstrated that the presence of water could catalyse this reaction
(proton-transport catalysis strategy) through a two-step deprotonation/protonation
process, but in our study, water is not included.
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Scheme 3.29 Single-step intramolecular hydride shift pathway.

Therefore, we focused on the proton abstraction step and we also made some
considerations about the regioselectivity of the reaction that arises during the
deprotonation, due to the presence of two similar H atoms (Ha and Hp) (Scheme 3.30).
In both cases depicted in Scheme 3.30, it emerged that the base mediated process is
clearly favoured over the 1,2 H-shift. The process occurs in two easy steps, which is
remarkable, given the low basicity of the triflate anion, suggesting that other possible
anions present in the medium could also play the same role.
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Scheme 3.30 Regioselectivity depending of the H-abstraction.

In Scheme 3.31, the energy profiles of the two proton-abstraction pathways are
reported. All the energies of the structures are calculated referring to the energy of IV’
+ triflate (AG = 0 kcal/mol). We found that the coordination complex of IV’ with the
triflate, which represents a pre-structure of the TS5’, is located at lower energy in the
case of abstraction of Hy, probably due to the less steric hindrance around the Hp
compared to the one of Ha. The difference between the energy barriers for the
abstraction of Hy and Hyp is 2.2 kcal/mol (14.8 vs 12.6 kcal/mol respectively), which
indicates that the triflate abstracts preferably the proton from the carbon bearing the
methyl group. Under kinetic control, the reaction would lead to the formation of VIII'b.
However, as it will be commented later in the experimental section, only the hydrolysed
form of the other isomer VIII’a was identified in the reaction mixture, in contrast with
the computational predictions. The thermodynamics of the process was also analysed
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to get further insights. Concerning the stability of the intermediates, it cannot be
overlooked that intermediate VII'b is located at higher energy than intermediate VII'a.
This means that intermediate VII’b is more inclined to the backward reversible reaction
that affects its concentration available for the following step. Intermediate VIl’a instead
stands at lower energy and would have to overcome a great barrier to go backward to
the starting point, less favourable than proceeding to the following step. Indeed,
through a four-member transition state, substrates VII’ can be converted to the final
acetate-bearing product, detaching from the gold complex.

It is noteworthy that VI'a has to overcome a lower energy barrier than VII'b (6.0
kcal/mol vs 11.2 kcal/mol respectively), which can be determinant for the experimental
reaction outcome. The overall reaction is highly exergonic in both cases and
intermediate VIII'a resulted to stand at 1.3 kcal/mol lower than VII’b, probably due to
the conjugation stabilisation in the dienamine system. Thus, we believe that the higher
thermodynamic stability of VIII'a accounts for its preferential formation. It cannot be
overlooked that the formation of intermediates VIII’a and VIIF’b is hardly reversible due
to their high exergonic character, and thus, the equilibration of both final isomers
through the previous intermediate IV’ is very unlikely. Our hypothesis is that an
isomerisation between VIII'a and VIII’b must be operative in the reaction conditions,
through a non-studied protonation/deprotonation sequence.

We did not study in detail the mechanism of hydrolysis, but we calculated the energy
barrier required for the protonation of substrates VIII’a and VIII’b by triflic acid, as initial
step of the hydrolysis (Scheme 3.32). The protonation of VIIl’a resulted to occur very
easily, with a barrier of only 2.0 kcal/mol. In contrast, the protonation of VIII’b has an
energy barrier of 16.6 kcal/mol, feasible at room temperature, but much higher than the
one of VlII'a. The reason for this big difference could be the steric hindrance around the
protonation sites.

Eventually, we looked at the final hydrolysed products from a thermodynamic point of
view. We calculated the energies of the two products and resulted that IX’a is located
at 6.7 kcal/mol lower than IX’b, highlighting that IX’a would be the favourable product,
probably due to conjugation reasons.
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Scheme 3.32 Hydrolysis step.

3.2.6 Experimental work

The fact that intermediate I’ is very stable and the activation energy for the cyclisation
process is quite high, predicts a slow cyclisation of intermediate III’, which could
therefore evolve through unwanted side processes. To assess this from the
experimental point of view, Dr. Martina Petrovi¢ of the group of Ernesto G. Occhiato
performed the synthesis of the model compound (9) used in the calculation and
subjected it to gold-catalysis.

Once synthesised the enynyl acetate, it was treated with 5 mol % (PhsP)AuCl/AgOTf in
CH,Cl; at room temperature (as considered in the calculations) and 5 mol %
(Ph3P)AuCI/AgSbFe in the same solvent, which were the best conditions experimented
in the rearrangement of 2-substituted piperidine derivatives.'®! Under both conditions,
the reaction of 9 led to the formation of cyclopentenone 11 in lower yield (51% and 66%,
respectively) (Scheme 3.33a) and, in comparison with the gold(l)-catalysed tandem
[3,3]-rearrangement/Nazarov reaction of enynyl acetate 6, it was much slower with
both catalytic systems (6-16h vs 1.5-2h for the complete disappearance of the starting
material) as predicted by the computational analysis. The slower cyclisation was
accompanied by the formation of many unknown compounds, results of side reactions
of gold intermediates or degradation of the starting enynyl acetate. The side products
could not be isolated due to the complexity of the reaction crude. The other hydrolysed
isomer was not found, coherently with the computational predictions, and unexpectedly
neither its acetate form was observed. Instead, compound 12 could be identified as
byproduct in the reaction with the triflate as the result of the hydrolysis of the
pentadienyl cationic intermediate.%’

The occurrence of a [3,2]-rearrangement of 9 as cause of the low reactivity in the
tandem reaction under study does not look conceivable because of the unconvenient
charge distribution for this process in the initial substrate 9 and the less favourable
stabilisation in the potential resulting intermediate, compared to the intermediate
formed through the [3,3]-rearrangement.

In order to increase the reaction rate and decrease the amount of side-products, the
best reaction conditions (with AgSbFs) were modified, by using different precatalysts,
dry solvent and the reaction was also carried out at higher temperature. However, none
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of these attempts met with success, and indeed very sluggish reactivity was recorded in
all these cases.

Since the gold(l) catalysed [3,3]-rearrangement/Nazarov reaction of azepane-derived
enynyl acetates analogues of 6 was faster than the reaction of corresponding piperidine
analogues 6, enynyl acetate 13 was prepared and subjected to the reaction conditions
(5% of PhsPAuCI/AgSbFe in CH2Cly, 6 h) affording cyclopenta-fused product 14 in 54%
yield (Scheme 3.33b). Also with this substrate, the position of N atom influenced the
reactivity and the reaction proceeded very slowly compared to the corresponding 2-
substituted azepane derivative and provided many unidentified side products.

a) OA
¢ PhsPAUCI/AGX 0 0
= (5 mol%) ) M
| CH,Cl, N N
'}l 6h Ts 'i's
Ts
1" 12
9
X =TfO 51% 24%
X =S8SbFg  66% only detected by "H NMR
analysis of the crude reaction
mixture
b) PhsPAUCI/AgSbF ¢ o
= OAc (5 mol%)
'\ll CH2C|2 [\lj
Ts 6h Ts
54%
13 14

Scheme 3.33 Gold(l) catalysed [3,3]-rearrangement/Nazarov reactions.

3.2.7 Conclusion

This study on the N atom effect on the gold(l) catalysed tandem [3,3]-
rearrangement/Nazarov reaction of 2- and 3-substituted piperidine derivatives came
out with interesting information. The two substrates do not behave in the same way due
to the different stabilisation of their pentadienyl cationic intermediates (lll and III’) by
the N atom.2% Indeed, the N atom in the intermediate llI’ is able to delocalise its charge
through conjugation stabilising the positive charge of the intermediate and decreasing
the energy of the substrate, confirmed by the calculation of NBO charges of the two
intermediates. While intermediate IlII’ has a slightly negative charge, the charge of
intermediate Ill keeps a positive value. This implies that the energy required for the
second step of the sequence, the Nazarov reaction, is higher than in the case of 2-
substituted substrate, opening the possibility that intermediate III’ undergoes different
potential side reactions.

Unfortunately, the complex reaction crude obtained in the experiments did not allow to
isolate the side products, thus no investigation on the possible side reactions was carried
out.
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The calculations performed on the 2-substituted substrates reproduced the same results
and trends found and reported in the previous paper.°!

Concerning the reaction of 3-substituted piperidine derivatives, it was found that the
tandem sequence is affordable at room temperature with similar energy barriers in the
two steps. In this case, the Nazarov reaction does not proceed easily straight after the
formation of the intermediate III’.

The regioselectivity, which depends on which proton is abstracted, was tackled and it
come out that the formation of the two isomers required more or less the same energy.
Nevertheless, the formation of the conjugated product resulted to be favoured and the
detachment from the gold catalyst from this substrate occurred more easily.
Furthermore, simplified studies on the hydrolysis step demonstrated that compound
VII'a undergoes hydrolysis almost straightforwardly with very small energy barrier,
while VIII'b requires eight times the energy of the former. Eventually, the conjugated
hydrolysed product IX’a was located at lower energy than IX’b resulting to be the
favoured product from a thermodynamic point of view.

The limited experiments that were carried out are in agreement with the computational
analysis. Product 11 was the only that could be isolated. Detection of 12 as byproduct
could be the evidence of the high stability of the intermediate III’, which undergoes
hydrolysis rather than proceeding through Nazarov reaction.
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3.3 Computational studies on the tandem gold(l)-catalysed Claisen
rearrangement/hydroarylation reaction of propargy! vinyl ethers.

3.3.1 Introduction

3.3.1.1 Indenes

Indenes are interesting molecules that during the years have been attracting the
attention of the scientific community due to their versatile applicability.1%8%9 Indeed,
the indene scaffold is present in many natural and synthetic bioactive compounds.
Natural and synthetic indenes exhibit antitumor, antiallergic, antimicrobial, anti-
inflammatory, anti-Alzheimer, fungicidal and many other activities. Moreover, they find
application in material science as a result of loosely-held pi-electrons, for example in
photovoltaic solar cells and in the preparation of new fluorescent materials and metal
complexes with special catalytic activity.' The classical approaches for the synthesis of
the indene unit include different intramolecular electrophilic substitution reactions,
cyclisations induced by a nucleophilic attack to a suitable functional group (such as the
carbonyl) and cyclisations involving metal-catalysed processes.!1911

In the category of transition metal catalysis, gold, rhodium and palladium account for
most of the examples reported in the last years. The high alkynophilicity of Au(l) was
exploited in many examples for the development of interesting catalytic strategies for
the synthesis of indenes. These methods include the carbocyclisation of 1-alkynyl-2-
(methoxymethyl)benzene derivatives,''? the carbocyclisation of 1,5- and 1,6-enynes
embodying an aryl ring,'3 the Csp3-H bond activation in diarylacetylene derivatives,!
the formal (3+2) cycloaddition between allenes and aryl gold(l)-carbenes,'*> tandem
transformations of 1,5-diynes embodying an aryl ring via a gold-vinylidene
intermediate,!® and a few other multicomponent processes.'!’

Eventually, also strategies based on [1,2]- or [1,3]-rearrangement and carbocyclisation
of propargylic ester derivatives resulted to be efficient tools for the synthesis of
indenes.?>18 For example, Nolan and co-workers observed that aryl propargyl acetates
under gold(l)-catalysis activation could undergo direct nucleophilic attack by the
electron-rich phenyl ring or a 1,3-rearrangement of the acetate, producing an allene,
which is susceptible to hydroarylation. In both cases, the reactions provided an indene
substrate (Scheme 3.34).8°

OAc OAc
[(IPr)AuCI}/AgBF 4 (2 mol%) O‘
@2\ CH,Cl,, rt, 5 min ” " O’
Bu 2~ T R s OAc
R R Bu

Scheme 3.34 Synthesis of indenes by Nolan group.

In 2018, the group of Occhiato reported the synthesis of functionalised
cyclopentadienes fused with various N-hetero- and carbocycles through a gold(l)-
catalysed tandem Claisen rearrangement/Nazarov cyclisation of propargyl vinyl ethers
(Scheme 3.35).11° The approach involves a gold-catalysed [3,3]-rearrangement leading
to the formation of a gold-allene complex that immediately undergoes a 4m-
electrocyclisation plausibly via the corresponding pentadienyl cation to form the final
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product. The tandem propargyl Claisen rearrangement/Nazarov reaction provides
cyclopentadienes bearing, on one side chain, an aldehyde group available for further in
situ elaboration for chain elongations.

LAuX

N
b

CHO

rearrangement reaction
7I and/or

\+
AuL
CHO

J Claisen Nazarov|

Scheme 3.35 Tandem gold(l)-catalysed Claisen rearrangement/Nazarov reaction.

This methodology represents a useful tool, which can be further elaborated and adapted
to the construction of indenes by exploiting the rearrangement of 3-aryl-substituted
propargyl vinyl ethers.

In this section, the synthesis of functionalised indenes through a tandem gold(l)-
catalysed propargyl Claisen rearrangement/hydroarylation reaction of aryl-substituted
propargyl vinyl ethers is presented (Scheme 3.36),'%° and a brief overlook of the
potential of these substrates and of the reactions involved is provided.

, R H R R
R D “R
3 max (]~ . |
\\V O i Wt o R
Claisen AL Hydroarylation in situ OH
R Rearrangement CHO reduction

CHO

Scheme 3.36 Tandem gold(l)-catalysed Claisen rearrangement/hydroarylation reaction.

3.3.1.2  Propargyl vinyl ethers

Propargyl vinyl ethers (PVEs) are small size, structurally simple, readily available and
densely functionalised scaffolds (Scheme 3.37, right). Their key reactivity is known to be
the [3,3]-propargylic sigmatropic rearrangement, called propargy!l Claisen
rearrangement, shown in Scheme 3.37,2! but it is possible also to separately take
advantage of each of the different functionalities.

Allyl vinyl rearrangement Propargyl vinyl rearrangement [ ,_:_, op fa_rg,\_/l_ \_/l_n_y_l ftf' ers . .
4 4 4 4 R 3 !
50N 3, 9x5 3.0 Oxus ' R2 O R -small size |
W B3| W 5 13,3] “ : I - structurally simple
2. 6 >, 6 2 6 3\20\ 6 ! ‘ ‘ R8RS - readily available |
1 1 1‘ ‘ 1 i - fully functionalised

i 1 i

15 16 17 18 LR ]

Scheme 3.37 Allyl vinyl rearrangement vs propargyl vinyl rearrangement.

The propargyl Claisen rearrangement gives access to functionalised allenes and the
employment of appropriate propargyl vinyl ethers as starting materials coupled with
suitable reaction conditions can aid in the development of new domino methodologies
for the synthesis of many classes of organic compounds, exploiting the allenes as
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valuable intermediates. Classically, the Claisen rearrangement can be described as the
[3,3]-sigmatropic transformation of allyl vinyl ethers (15) into y,6-unsaturated carbonyl
compounds (16) (Scheme 3.37). When the vinyl group bears a propargyl group, this
transformation takes the name of propargylic Claisen rearrangement. At the beginning,
it was common opinion that a triple bond could not participate in such rearrangement,
because propargyl aryl ethers did not rearrange under the studied reaction conditions
in the same way that allyl aryl ethers did. Only in the early 1960s the first successful
attempts on the rearrangement of a propargyl aryl ether were reported by Rao and co-
workers.'?2 Later in 1965, Black and Landor reported the first aliphatic propargylic
Claisen rearrangement,'?®> which became an useful protocol to gain access to
functionalised allenes (18) through the [3,3]-sigmatropic transformation of propargyl
vinyl ethers (17).

The propargyl Claisen rearrangement, as any other [3,3]-sigmatropic rearrangement,
takes place under thermodynamic control, but due to the higher thermodynamic
stability of the carbonyl compounds, it is considered irreversible, proceeding through a
concerted pathway. The cationic nature of the Au(l)-coordinated allenes formed after
the rearrangement and the electron-donating abilities of the allene substituents heavily
influence their structure-reactivity, determining the n'-or n?-allene character of Au(l)-
coordinated allenes.”?

The degree and pattern of substitution in the PVEs have a great impact on the outcome
of the reactions. Since the pioneer work of Black and Landor in 1965, it was observed
that increased substitution in the PVE enhances the efficiency of the rearrangement at
lower temperatures and that steric hindrance in the transition state is not the most
relevant factor in terms of energy dependency.'?3 The inductive or mesomeric effects of
electron-withdrawing or electron-donating substituents located at different positions of
the carbon skeleton are supposed to be similar to those observed for the better studied
Claisen rearrangement of allyl vinyl ethers.?* PVEs are usually synthesised as
intermediates to obtain the corresponding rearrangement products, the allenes.

In literature, there are several procedures reported and we are going to briefly mention
them.

One possibility is the synthesis from propargyl alcohol and aldehydes, which represents
an appealing procedure when the desired allenic aldehyde is fully substituted at the a-
position to the carbonyl group (R> and R® # H).125126

Another way is the synthesis from propargyl alcohol and isopropenyl ethers. In this case
the PVE is formed with a substituted vinyl functionality which, upon rearrangement,
produces an allenic ketone instead of an allenic aldehyde and, upon treatment with
bases, undergo isomerisation to conjugated dienones, leading to important
intermediates in the production of fine chemicals.®’

Then, the synthesis could occur from propargyl alcohols and orthoesters,*?” from
propargyl alcohols and ethyl vinyl ether (R* and R? or R® # H)'?® or from propargyl
alcohols and conjugated alkynoates.*?>'3% There are many more strategies leading to the
PVEs, not exclusively aiming the formation of the allene.3?

Historically, in 1973 Schmid and coworkers reported the first example of a metal-
promoted Claisen rearrangement of propargyl vinyl ethers.'3? In particular, in the

135



3.3 Tandem gold(l)-catalysed Claisen rearrangement/hydroarylation reaction

presence of stoichiometric amounts of AgBF4 and at high temperatures, propargyl aryl
ethers undergo a [3,3]-sigmatropic rearrangement vyielding allenyl ketones and
rearrangement products derived from them.

Despite the interest of this reaction, only in 1994, Grissom and Huang reported the first
catalytic version.?®3 The great innovation in the Claisen rearrangement was introduced
with the development of the gold catalysed version of it, increasing the synthetic
potential of this chemistry, available also at milder reaction conditions. In 2004, Toste
and co-workers carried out the [3,3]-sigmatropic transformation at room temperature
with the gold(l) complex [(PhsPAu)30]BF4.13* The reaction is fairly general in substrate
scope and allows the highly stereoselective preparation of allenyl aldehydes, which
could be reduced in situ to afford allenyl alcohols. The trinuclear gold complex resulted
to be more efficient than the mononuclear phosphine-gold(l) catalysts, which afforded
very poor levels of chirality transfer (Scheme 3.38). The authors proposed that the
rearrangement might proceed through a “cyclisation-induced” mechanism.®®
Nevertheless, the experimental evidences are most consistent with a mechanism in
which the gold catalyst interacts with the carbon—carbon m-bond to promote an
intramolecular cyclisation to afford an oxonium ion intermediate, which in turn can
afford different products as a function of the reaction conditions (Scheme 3.38 and
3.39).

2. NaBHj, MeOH, rt RAK/\OH

1. [(Ph3PAU)30]BF, (1 mol%) R"‘T.\\H
T W CH2C|2, rt ‘

o

[Au]
7\
Grob-type
fragmentation gold(l)
complexation
o/\

H 1
R \R1
[Au] Y

oxonium ion 6-endo-dig
intermediate addition

Scheme 3.38 [3,3]-sigmatropic rearrangement of propargyl vinyl ethers by Toste et al and proposed
mechanism.

In the absence of an external nucleophile, the reaction proceeds through a 5-exo-dig
cyclisation providing the corresponding furan derivatives. Catalyst modulation is
required in the base catalysed rearrangement of the allenal intermediate into the
corresponding a,B,y,6-dienal to prevent the otherwise favoured formation of the furan
derivative.
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Scheme 3.39 Metal-catalysed rearrangement of propargyl vinyl ethers.

The same group developed a gold-catalysed domino methodology to construct 3,6-
dihydro-2H-pyran-2-ol derivatives (Scheme 3.40).!13> The reaction entails a gold-
catalysed 6-endotrig cyclisation followed by addition of water. The
Claisen/heterocyclisation proceeded with excellent diastereocontrol and chirality
transfer from the PVE stereocentre.

R2__O OH
T W [(Ph3PAu)301BF4 (1 mol%) Jij\
It 9
1 H,O (1 eq.), dioxane, rt R? _ R
R

Scheme 3.40 Gold(l)-catalysed synthesis of 2-hydroxy dihydropyrans.

Inspired by the work of Toste, many contributions were made in the field of metal-
catalysed propargyl Claisen rearrangement. Shi et al. studied triazole-gold catalysts in
the rearrangement of PVEs bearing aromatic and alkyne substituents.'3® The group of
Nevado studied a domino process in which a cyclopropyl group could participate once
the propargyl Claisen rearrangement would have taken place (Scheme 3.41).1%’
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Scheme 3.41 Gold(l)-catalysed Claisen rearrangement — cyclopropyl ring opening — cyclisation.

The domino process included a [3,3]-sigmatropic rearrangement, a cyclopropyl ring
opening and a cyclisation. The presence of a substituent R aided the delocalisation of
the &* generated upon cyclopropyl ring opening.

In general, PVEs can be converted via domino processes into furans,'38140 2H-pyrans4
or 3,6-dihydro-2H-pyrans.'*? In a one pot manner in the presence of a suitable base and
a primary amine they could be converted in pyrroles!*® and 1,2-dihydropyridines.14414>
One interesting example of the synthetic potential of the Claisen rearrangement was
shown by Ley and co-workers in their total synthesis of azadirachtin (Scheme 3.42).146
The reaction took place in 80% yield and with complete transfer of chirality between the
substrates shown in Scheme 3.42.

[(Ph3PAU);0]BF,

—_——
~OPMB o cl,, it RO™
OBn MeO,C

Azadirachtin

Scheme 3.42 Gold-catalysed transformation towards the total synthesis of azadirachtin.

3.3.1.3  Hydroarylation

As said previously, allenes are susceptible to many reactions. Among them, the direct
addition of aromatic C—H bonds to unsaturated substrates, as the allenes, provides an
atom-economical strategy that is complementary to Friedel—Crafts and traditional C—C
coupling reactions.

The first transition metal-catalysed hydroarylation of allenes with platinum catalysts was
disclosed by Panunzi in 1983,*” but this area of inquiry was slowly explored only two
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decades later. In 2006, Widenhoefer and Nelson independently disclosed gold(l)-
catalysed methods for the 6-exo-hydroarylation of 2-(y-allenyl)indoles'*® and N-(y-
allenyl)pyrroles,'4® respectively, and they ushered in the intense interest in the
transition metal-catalysed hydroarylation of allenes as a route to allylic aromatic and
heteroaromatic compounds. In the same year, Toste and co-workers used acetylenic
and allenic silyl enol ethers for gold-catalysed intramolecular C-C bond formation. They
found out that substrate in Scheme 3.43 underwent a 5-endo-trig cyclisation to
hexahydroindenone derivative when subjected to cationic gold catalysis.

OTBS (@]
Me Ph3zPAUCI (10 mol%) Me
0,
e AgBF4 (10 mol%)
! CH,Cly/MeOH (10:1), 40°C )
Me Me

97%
Scheme 3.43 5-endo-trig cyclisation to hexahydroindenone derivative.

The catalytic allene hydroarylation was studied and many different strategies were
reported: exo- and endo- intramolecular hydroarylation and intermolecular
hydroarylation of allenes employing a range of heteroaromatic and heteroatom-
substituted arenes. Generally, the metal-catalysed allene hydroarylation protocols lead
to the formation of a C-C bond via m-activation of the allene followed by the outer-
sphere addition of the arene. Thus electron-rich arenes such as indoles and other
heteroaromatic compounds and oxygen- and nitrogen-substituted arenes are more
indicated for this kind of reaction.'®® Gold cationic catalysts are suitable for this reaction
because of their electrophilic and carbophilic character that makes them able to activate
unsaturated bonds. The gold catalyst can coordinate both allenic double bonds and the
regioselectivity of the subsequent nucleophilic attack depends on the structure of the
substrate, in particular on the length of the tether connecting the allene and nucleophile
(Scheme 3.44). In theory, four different cyclisation products can be obtained, but the
formation of five- or six-membered rings via o-gold species Q or T is favoured in most
cases, while products from intermediates R and S are rare. Allenes and alkynes react
similarly with gold catalysts, but allenes have the advantage of usually bearing an axis of
chirality, which allows the chirality transfer to a new stereogenic centre formed in the
nucleophilic attack.38
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Scheme 3.44 Regioselectivity of the nucleophilic attack.

3.3.2 Abstract

Given the importance of indenes, together with Occhiato group, as a collaboration, we
wanted to evaluate whether their published strategy of tandem Claisen
rearrangement/cyclisation of propargyl vinyl ethers'’® could be used for the
construction of such important ring systems by exploiting the rearrangement of 3-aryl-
substituted propargyl vinyl ethers. The achievement of this synthetic objective was not
so obvious as the final cyclisation involves the disruption of the aromaticity of the phenyl
ring, with the consequence that the optimal conditions (gold ligand, temperature,
counterion) for the initial Claisen rearrangement could be unsuitable for the subsequent
step of the cascade process and vice versa. This work includes an experimental and
computational study of the tandem gold(l)-catalysed Claisen rearrangement/
hydroarylation cyclisation of 3-aryl-substituted propargyl vinyl ethers (Scheme 3.45).
The reaction occurs at room temperature in dichloromethane in the presence of 3 mol%
[IPrAuCl]/AgBFs as the best catalytic system. Instead, cyclisation of the allene
intermediate either does not take place or is very slow with phosphine ligands. A variety
of substituents and functional groups present on the substrate are tolerated. The effect
of the aryl ring substituents and the results of a DFT computational study suggest that
the final hydroarylation is the rate-determining step of this cascade process. Further in
situ chain elongation can be performed by Wittig olefination of the aldehyde
functionality, thus incrementing the diversity of the products.
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Scheme 3.45 Tandem gold(l)-catalysed Claisen rearrangement/hydroarylation reaction

3.3.3 Objectives

A computational analysis was carried out to define the mechanism of the tandem
sequence and to elucidate the effect of the ligands of the gold(l) catalyst on the reaction.
Indeed, experimentally, phosphine ligands resulted to slow down or inhibit the
cyclisation step. For this purpose, the mechanism of the reaction was computed using
two gold(l)-catalysts, one bearing phosphine as ligand and the other bearing carbene.

3.3.4 Experimental work

The experimental work was carried out by Antonia Rinaldi and Vittoria Langé in the
laboratory of Prof. Ernesto G. Occhiato, who provided us the data in order to perform a
computational analysis of the system.

Substrate 19 was used to screen various gold(l)-catalysts and gold(l)-precatalyst/silver
salt combinations to find the best reaction conditions for the gold(l)-catalysed process
(Table 3.3). The [Ph3PAu]*BFs  and [Ph3PAu]*TfO catalysts (entries 1 and 2) were shown
to catalyse the Claisen rearrangement of propargyl vinyl ethers.'3° With 3 mol% of these
catalysts in CH;Cl,, substrate 19 was quickly and quantitatively converted into allene 21
and no presence of 20 was observed. Gold salts with Ph3P and electron-rich phosphine
ligands worked well in the tandem Claisen rearrangement/Nazarov cyclisation of enynyl
vinyl ethers,!*® but as it is evident from entries 1-2 and 4-5, they do not promote the
final hydroarylation step with substrate 19. Changing ligands to NHC (NHC =
heterocyclic carbene) ligand IPr and various anions (entries 6-10) resulted to be
successful for the synthesis of 20.** The best result was obtained when using the
[IPrAuCl]/AgBF4 catalytic system (entry 8), as occurred also in the gold(l)-catalysed
formation of indene from propargylic acetates.?> Also commercial [IPrAu(CH3CN)]*BF4
(entry 9) catalysed the reaction, ruling out any role of the silver salt in the hydroarylation
step. On the other hand, it was found that AgBF4 alone (entry 16) was able to catalyse
the Claisen rearrangement, but not the cyclisation, and similarly IPrAuCl salt alone (entry
15) only provided 20. Other NHC gold complexes (entries 11-14) were tested and it was
found that among them, only the SIPr ligand was effective, although the reaction was
slightly slower than with IPr ligand. The reason could be that IPr is a weaker ligand than
the corresponding saturated SIPr and therefore could leave the metal centre more
electron poor than its saturated congener. Consequently, its metal complexes could be
more reactive in activating unsaturated bonds towards nucleophilic attack.®! Other
NHC ligands, as ICy, ItBu and IMes, which promote the hydroarylation in the Au(l)-
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catalysed tandem [3,3]-rearrangement/hydroarylation of propargylic acetates, were
tested but allowed the formation of only allene 21.8°

Table 3.3 Optimisation of the reaction conditions.?

CHO
19 20 21

Entry Catalyst® Time (min)  Yield 19¢ Yield 20° Yield 21°¢
1 [PhsPAuCI]/AgBF4 30 - - 100
2 [PhsPAuCI]/AgOTf 30 - - 100
3 [(p-CF3C¢Ha)sPAUCI]/AgOTf 30 d - -
4 ‘BusPAUNTf,® 30 - - 100
5 [CysPAUCI]/AgOTf 30 - - 100
6 [IPrAuCl]/AgSbFs 30 - 100/ -
7 [IPrAuCl]/AgOTf 40 - 100/ -
8 [IPrAuCl]/AgBFa 25 - 100 -
9 IPrAu(CH3CN)BF4© 60 - 100 -
10 IPrAuNTf,® 120 - 50 50
11 [SIPrAuCl]/AgBF4 55 - 100 -
12 [ICyAuCl]/AgBF4 55 - - 100
13 [1tBuAuCl]/AgBF4 55 - - 100
14 [IMesAuCl]/AgBFa 55 78 - 22
15 IPrAuCl 55 - - 100
16 AgBF4 60 - - 100

aConditions: Reactions carried out on 0.2-0.3 mmol of 19 in CH,Cl, (0.05 M) at 25 °C under N, atmosphere. ?Prepared
by mixing the silver salt (3 mol %) and the gold chloride (3 mol %) in CHCl, before addition of the substrate unless
otherwise noted. IPr = 1,3-bis(diisopropylphenyl)imidazol-2-ylidene, SIPr = 1,3-bis(2,6-diisopropylphenyl)-4,5-
dihydroimidazol-2-ylidene), IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene), ItBu = 1,3-di-t-butylimidazol-2-
ylidene, ICy = 1,3-bis(cyclohexyl)imidazol-2-ylidene. Relative amount determined by *H NMR of the crude reaction
mixture. “Complete degradation of the starting material. €Commercially available. fSome degradation of the starting
material occurred.

With the optimised conditions in hand, they developed the scope of 3-aryl-substituted
propargyl vinyl ethers bearing various groups (R3) on the aromatic ring and substituents
(RY, R?) on the carbinolic position (Scheme 3.46). To avoid both partial degradation of
aldehydes 20 and double migration to the exocyclic position during chromatography on
silica gel (which generates o,B-unsaturated aldehydes), the reaction products were
reduced in situ to the corresponding alcohols 22 by NaBHs after dilution of the
dichloromethane solution with MeOH (method A). Alternatively, upon completion of the
reaction, the crude aldehydes were isolated after an aqueous work-up, dissolved in
MeOH and then reduced (method B). Summing up the results of the scope, electron-
donor groups on the aromatic ring made the reaction faster, while electron-withdrawing
groups slowed the hydroarylation of the allene intermediate down. Many groups were
tolerated at the carbinolic position, as long as they were not aryl rings. In this case, the
reaction provided the allene product, probably because the phenyl ring stabilises the
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positively charged gold(l)-complex intermediate (Scheme 3.45), making it less reactive.
Another explanation could be the greater stability of the aryl-substituted allene
intermediate or the steric hindrance in the ring closure step by the aryl ring.

R3 3 R1 R2
a) 3 mol % [IPrAul*BF, R 1 4
\ CH,Cl,, 25 °C
A 5
O  b)NaBH,, MeOH 3 OH
19 R; R? 22

Scheme 3.46 Model reaction for the scope.

Finally, it was demonstrated that the aldehyde intermediate 20 could be directly
employed for further chain elongation without prior work-up of the gold-catalysed step
through the Wittig reaction. Substrates 20a and 20b were reacted with selected
phosphorus ylides (Scheme 3.47). With simple PhsP=CH; the reaction led to the terminal
olefin 23 in 70% vyield after chromatography. No isomerisation of the double bonds was
observed. Similarly, the reaction occurred quantitatively with a substituted ylide
prepared from n-hexylphosphonium iodide, which provided cis olefin 24 in 80% vyield.
The crude aldehyde 20b was reacted with ylide 25, prepared from the corresponding
commercial phosphonium bromide, which furnished compound 26 in 71% yield.

a) 3 mol % [IPrAu]*BF,~

\l CH2C|2 rt ’ R
5 b) Ph3P CHR, CH,Cl,/THF p

23 R =H (70%)
24 R = n-Pentyl (80%)

) 3 mol % [IPrAu]*BF 4~ o

CH,Cly, 1t
2Cla, ’ o
b) CH,CI/THF, 0 °C
Ph3P_ %
] 26 (71%)

Scheme 3.47 Wittig reaction for chain elongation starting from the starting materials.

3.3.5 Computational work

3.3.5.1  Methods

All structures were initially optimised using density functional theory (DFT) with B3LYP
and the 6-31G(d,p) basis set and SDD for Au as implemented in Gaussian 16. Final
energies were calculated at the M06/def2tzvpp level of theory, in a solvent model
(IEFPCM, solvent=dichloromethane). The stationary points were characterised by
frequency calculations in order to verify that they have the right number of imaginary
frequencies. For additional information, see Chapter 1.

3.3.5.2  Mechanism
We carried out a computational study to elucidate the effect of the catalyst ligands on
the reactivity of the substrates. We computed the mechanism of the tandem reaction
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using two model gold(l)-catalysts, one bearing phosphine ligand PPhs and the other one
bearing carbene ligand IPr (Figure 3.9). We compared the energies of every step for the
two cases and try to figure out the issues of the hydroarylation step that make
phosphine catalysts not suitable for the catalysis of such a process.

Qé @@

Figure 3.9 Carbene ligand IPr in red and triphenylphosphine ligand PPhs in blue.

A LAuX
X 0

L: PPhzand IPr
Scheme 3.48 Model reaction studied computationally.

In Scheme 3.49 a plausible mechanism for the tandem Claisen/hydroarylation reaction
and the energies calculated relative to complex Xl (AG = 0 kcal/mol) are reported. Upon
coordination of the triple bond to the cationic gold(l) complex, intermediate XI
undergoes a fast two step [3,3]-rearrangement through the formation of the cyclic
cationic intermediate Xll. The energy required for the rearrangement is low with both
the catalysts (AG* = 10.0 kcal/mol for IPr and 12.1 kcal/mol for the phosphine). The
conversion of the substrate Xl into allene XIV is immediate. The energy barriers found
by calculations are in agreement with the experimentally evidence that with any
substrate and any catalyst, allene XIV is formed. This suggests that the Claisen
rearrangement is not the rate determining step of the process.
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Scheme 3.49 Schematic representation of the thermodynamics associated with the tandem process.
Energies in kcal/mol are calculated relative to Xl (in blue for PhsP ligand, in red for IPr ligand).
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E
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Before proceeding with the cycle, we wanted to confirm that the 1,3-rearrangement
was the only one occurring, thus we computed the 1,2-rearrangement from substrate
Xl to XIX (Scheme 3.50). Gratifyingly it was found that this reaction requires almost the
double of the energy compared to the 1,3-rearrangement (AG* = 21.2 kcal/mol for IPr
and 20.6 kcal/mol for the phosphine), allowing to exclude that this reaction occurs.

H
x
\( \ 1.2 ©
+';/ O —_— | . Ph —
LAU TS11 LAu S =)0 TS12 AL
Xl AG = 21,2 kcal/mol AG = 0,7 keal/mol Loxix
AG =20,6 kcal/mol XV AG =0,2 kcal/mol
0 kcal/mol unfavourable _
1,2-migration AG = -4,6 kcal/mol AG = -4 6 kcal/mol
! AG = -5,6 kcal/mol AG = -5,6 kcal/mol

Scheme 3.50 Calculation of the energies related to the 1,2-rearrangement of substrate XI.
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The ring closure of allene-gold(l) complex Xlll, which is in equilibrium with the free allene
XIV, presents a higher barrier (17.8 kcal/mol for both the catalysts) than the first step
and thus is the rate determining step. When the cyclisation is slow or does not take
place, allene XIV can be isolated, as when posphine-catalysts are used.

Instead, in the tandem Claisen/Nazarov process it was not possible to observe (and
isolate) the allene intermediate as the cyclisation was a fast step, especially with
carbocyclic substrates.

The cyclisation step takes place according to a classic electrophilic aromatic substitution
to form XV and during this step, a partial positive charge develops on the aromatic ring
(TS10), which explains the effect of the substituents observed when assessing the scope
of the reaction. To restore the aromaticity, a proton elimination from C7a occurs leading
to XVI, which undergoes protodeauration to provide indene XVII.

During the experiments, it was found that IPrAuCl alone (entry 15) could not promote
the hydroarylation step and allene XIV was isolated. The same was observed with AgBF4
alone (entry 16). Two important points in the present cascade process are the role of
BF4s~ counterion and the effect of IPr gold(l)-ligand, which together form the best
catalytic system. Looking at the screening in Table 3.3, in particular at entry 9 vs 10, as
well as 7 vs 8, it is clear that BF4 speeds the reaction up, probably acting at the resting
state. Tetrafluoroborate is a weakly coordinating anion and this could favour the
coordination of LAu* cationic complex to allene XIV to re-generate the allene-gold
complex Xlll. The calculated energies in Scheme 3.49 are almost the same for both IPr
and PhsP ligands, thus explaining the efficiency of the NHC gold ligand compared to the
phosphine ligand, which instead does not promote the ring closure of the allene XIV,
results to be challenging.

It is known that in the rearrangement of a model propargyl acetate forming the
corresponding allene, the latter is the resting state with a NHC ligand (IMe) and that the
allene coordination to gold is favoured with the IMe ligand compared to a phosphine.?°
We calculated the energies associated to the dissociation equilibrium of complex Xl
(Scheme 3.51) and it resulted that the phosphine ligand stabilises more efficiently the
LAu* species, as the uphill energy is only +3.9 kcal/mol compared with +7.3 kcal/mol for
the NHC carbene. This means that the equilibrium is more shifted to the left with the
latter ligand ensuring higher concentration of allene-gold(l) complex XllII than of allene
XIV. Therefore, in this case, intermediate Xlll can proceed to the following reaction. The
reason why, apart from SIPr, the other NHC catalysts are unable to promote cyclisation,
remains instead still unclear.

P A
Wt BR =—= ©\f + LAU BF,
CHO
XIV

CHO

Xl
L = PPhg AGgq = +3.9 keal/mol
L =NHC (IPr) AGgq = +7.3 kcal/mol

Scheme 3.51 Dissociation equilibrium of complex Xlll and XIV.
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3.3.6 Conclusion

The tandem gold(l)-catalysed Claisen rearrangement/hydroarylation cyclisation of 3-
aryl-substituted propargyl vinyl ethers was found to be an efficient new strategy for the
synthesis of valuable functionalised indenes. The reaction occurs at room temperature
in dichloromethane in the presence of [IPrAuCl]/AgBF4 as the best catalytic system for
both the propargyl Claisen rearrangement and the subsequent allene cyclisation (the
hydroarylation step). Instead, it was observed that with phosphine ligands no cyclisation
of the allene intermediate occurs and allenes were isolated. Various substituents on the
aryl ring and at the carbinolic position of the propargyl vinyl ether are tolerated.
Tetrafluoroborate resulted to best perform as counterion probably due to its weak
coordinating character, which favours the coordination of LAu* cationic complex to
allene XIV to regenerate the allene-gold complex XIII.

The computational analysis carried out on the mechanism of the reaction using two
different catalysts, the one with phosphine as ligand and the other with carbene IPr
suggested plausible explanations of the effect of the ligands on the reactivity. The
Claisen rearrangement occurs easily with low energy barriers independently of the
catalyst used. Indeed, the allene is always formed experimentally.

The hydroarylation was demonstrated to be the rate-determining step with an
activation energy of 17.8 kcal/mol in both cases. This result is supported by the effect of
the substituents on the aryl ring studied experimentally. Thus, the ligand was supposed
to play a determinant role at this level of the cascade process.

We identified compound Xlll as the resting state. As occurs in the work of Cavallo and
co-workers,3? the allene coordination to gold is more favoured with the carbene ligand
than with phosphine one.

We demonstrated that the equilibrium between the coordinated allene and the free
allene is more shifted to the left (to the formation of XlllI) in the case of carbene than in
the case of phosphine. The higher stabilisation of the free cationic gold(l) with phosphine
ligands in the equilibrium involving coordination/decoordination of the allene
intermediate to gold(l) inhibits the possibility for XIll to proceed to the cyclisation step.
Finally, further functionalisation can be achieved in situ prior final work of the tandem
process by a chain elongation carried out by Wittig reaction on the aldehyde
functionality, thus incrementing the diversity of the products obtained.
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Chapter 4

Fluorinated isoquinolines

Synthesis of fluorinated heterocycles through C-H activation and following
electrocyclisation and computational analysis on synthetic issues.

C-C bond formation via C-H/C-F activation electrocyclisation
N,OMe . N,OMe !
| Rh(lll) | A SN
N %\F s ©;‘_\ " @(‘:/km
Ar S—
F Ar F

In this chapter, a new methodology for the synthesis of fluorinated isoquinolines
is presented.

It is a two-step reaction that includes a rhodium catalysed C-H activation of an
oxime compound with difluoroalkene and following electrocyclisation.
Computational studies were carried out to shed light on the electrocyclisation
step and the reaction outcome.







Chapter 4 Fluorinated isoquinolines

This chapter deals with the work performed at the University of Sheffield in the group
of Prof. Harrity during my secondment. The contribution of the author of this thesis is
both experimental and computational. A general introduction about isoquinolines and
the nature of the chemistry is initially provided. Then, the aim of the work, the
experimental and computational procedures and results are described.

4.1 Introduction

4.1.1 lsoquinolines

Isoquinoline is a structural isomer of quinoline that bears a nitrogen-containing
heteroaromatic and benzene-ring-fused system. Isoquinolines are commonly found in
naturally occurring alkaloids.' They constitute important scaffolds present in
pharmaceutical, agricultural and materials sciences because of their bioactivities and
useful physical properties. Isoquinoline-related medicines are widely found in
worldwide pharmaceutical markets. For example, papaverine hydrochloride, morphine
and berberine tannate are prescribed as antispasmodic drug, painkiller and
antidiarrheal, respectively.* On the other hand, there are some isoquinolines, as some
tetrahydroisoquinoline derivatives, which exhibit severe neurotoxicity leading to
Parkinson’s disease.”

Isoquinoline was first isolated as the sulfate salt from coal tar in 1885 by Hoogewerf and
van Dorp.® By 1893, several syntheses of isoquinolinoid compounds were published by
Pomeranz,’ Fritsch,® Bischler and Napieralski,® through reactions known by their names.
Early in the 20th century, Pictet, Gams, and Spengler developed slightly different
approaches to prepare isoquinoline derivatives (Figure 4.1).1%'! Generally, most early
preparations required strong acids and refluxing conditions or dehydrating agents and
dehydrogenation catalysts that limited the functional group survival during the
reactions. Classic isoquinoline syntheses are still nowadays used to generate dihydro-
and tetrahydro-isoquinolines.

Ring A assembly at C4-Cys:

. Pomeranz-Fritsch reaction
Ring A assembly:

C3-C,4 and N,-Cs A S 2
3 6
A |
>N af 7
1 8

Ring A assembly at C4-N,:
Pictet-Spengler reaction Ring assembly at CgrCy:
Bischler-Napieralski reaction
Pictet-Gams reaction

Figure 4.1 Generic representation of synthetic strategies to build the isoquinoline core.

Among the modern strategies for the synthesis of isoquinolines, the Larock synthesis is
one of the most versatile (Scheme 4.1).12
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J< Ar—= \NJ< cul SN
NS u
DMF, 100°C
Br PdClz(PPhs)Z \\ Ar
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_ Pd(PPhy), PAPPhs)s @
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Up to 71% yield Up to 87% vyield
4 examples 27 examples

Scheme 4.1 Larock synthesis of isoquinolines.

New modifications and syntheses seek to improve this method. For example, Fagnou
group proposed a strategy based on the same disconnections of the Larock synthesis
but without the requirement of an ortho-halogen. They employed rhodium to induce C—
H bond cleavage under mild conditions (Scheme 4.2a).13 A very similar transformation
was reported by Miura and co-workers, who developed a rhodium-catalysed oxidative

coupling of aromatic imines with alkynes to produce quinoline derivatives (Scheme
4.2b).14

a) SN
x [Cp*Rh(MeCN);][SbF¢l, R!
1 N +* RZ=——R3 Z g3
R CU(OAC)z'HzO
R2
b) H Ph
Ph2N RZ [Cp*RhCL], SN
+ Pz _—
=z =
R! Cu(OAc),-H,0 R2
R1

Scheme 4.2 Rh-catalysed synthesis of isoquinolines by a) Fagnou and b) Miura groups.

Several reports illustrated the metal-catalysed cyclisation of ortho-
alkynylbenzaldoximes. Shin and co-workers developed an isoquinoline synthesis from 2-
alkynylbenzaldoximes exploiting the easily oxidised benzyloxy moiety (Scheme 4.3a).%

a)
X, .OR AgOTf Do. R
N TFOH SN SN
- A H —_—
S Ph Zph
b) R2 )
AgSbFg R
7N TFA
R Nooo TR Rt N
N NG 1
A R R

Scheme 4.3 a) AgOTf and TfOH co-catalysed isoquinoline synthesis; b) Ag-catalysed cyclisation of o-
alkynyl-benzylazides.
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Another approach to isoquinolines involves the cyclisation of o-alkynyl-benzylazides.
Liang and co-workers reported a silver-catalysed cyclisation to generate 1,3-substituted
isoquinolines (Scheme 4.3b).%®

4.1.1.1  Fluorinated isoquinolines

The insertion of fluorine into the isoquinoline scaffold causes dramatic shifts of
molecular properties and makes it a more valuable substrate. The inductive effect
brought about by the high electronegativity of fluorine and its small van der Waals radius
of 1.47A changes molecular structural and stereoelectronic properties such as
conformation, pK,, polarity, solubility and hydrogen-bonding capacity.!” Consequently,
significant enhancements of bioactivity have been observed in fluorinated isoquinoline
derivatives in comparison with the activity of the corresponding fluorine-free
compounds. Thus, fluorinated isoquinolines are known to feature biological activities
and light-emitting properties, which lead them to be incorporated in many
pharmaceuticals and materials. Nowadays, nearly 20% of FDA approved drugs contain
fluorine.'® The very strong gsp3 C-F bond (110 kcal/mol) increases the metabolic stability
of drugs, enabling better bioavailability and binding affinity. Isoquinolines functionalised
with fluorine and fluorine containing groups work as important pharmacores with many
applications. For instance, isoquinoline carboxamides labelled with 8F are used in
radiolabelling ligands for positron emission tomography.*® Additionally, the preparation
of fluorinated, fluoroalkylated and fluoroarylated isoquinoline variants with
antibacterial and antiparasitic properties continues to attract the medicinal chemistry
community.

Modern synthetic methodologies for fluorinated isoquinolines have been greatly
developed during the last decades. These approaches include (i) the direct introduction
of fluorine (or CFs group) onto the isoquinoline ring, (ii) the construction of a fused
pyridine ring via cyclisation of a precursor bearing a pre-fluorinated benzene ring and
(iii) the simultaneous installation of an isoquinoline framework and a fluorine
substituent.

Many typical synthetic methodologies for the preparation of fluorinated isoquinoline
derivatives emerged already in the 1950s and 1960s. In 1951, Roe and Teague reported
the first example of synthesis of monofluorinated isoquinolines.?’ They successfully
prepared 1-, 3-, 4-, and 5-fluoroisoquinolines heating diazonium intermediates derived
from the corresponding aminoisoquinolines on treatment with sodium nitrite and
fluoroboric acid, known as the Baltz—Schiemann reaction (Scheme 4.4).%!

HBF,  |BF, 5 4
)  NaNO, N heat 6 X3
H2N —_— + — F
_N N2 _N 7 _N
8 1
Scheme 4.4 The Baltz-Shiemann reaction.

Additional work involving the Baltz—Schiemann reaction was reported in the 1960s by
Belsten and Dyke,?? who synthesised 8-fluoroisoquinoline and by Bellas and Suschitzky,
who reported the first synthesis of 6- and 7- fluoroisoquinolines (Scheme 4.4).23
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An alternative approach to the synthesis of 1-fluoroisoquinolines was accomplished
through nucleophilic aromatic substitution (SnAr).23> 1-chloroisoquinolines were
subjected to the chlorine—fluorine exchange reaction (Halex reaction)?*% with
potassium fluoride affording 1-fluoroisoquinolines in high yields (Scheme 4.5).

R R
N KF (excess) N
_N > _N
Dimethyl sulfone
Cl 180°C - reflux F

R=CI,H R=H:74%
R =Cl: 23%

Scheme 4.5 The Halex reaction towards 1-fluoroisoquinolines.

When 1,3-dichloroisoquinoline was used as substrate, 3-chloro-1-fluoroisoquinoline
was selectively obtained despite the use of an excess of potassium fluoride. The
chemoselectivity was attributed to the lability of the carbon—halogen bond at the 1-
position of the isoquinoline ring.

In 1960, the first example of multiple fluorine atoms insertion onto the isoquinoline
framework was reported by Bayer (Scheme 4.6), patenting the synthesis of 1,3-
difluoroisoquinoline starting from 1,3-dihydroxyisoquinoline and cyanuric fluoride.?® Six
years later, Chambers and Musgrave succeeded to replace all the hydrogen atoms of the
parent isoquinoline by fluorine atoms via a chlorine—fluorine exchange reaction leading
to the formation of heptafluoroisoquinoline.?’” The mixture of heptachloroisoquinoline
and potassium fluoride was heated to 420 °C allowing the global fluorination to provide
an excellent yield of heptafluoroisoquinoline, which easily underwent further SyAr
reactions with various nucleophiles (Scheme 4.6).

b
S
=
O F7ON F ~cF
_N . _N
195°C
OH F
cl cl F F
cl el KE F S F
D —— e
cl =N 420°C F N
cl Cl F F

Scheme 4.6 Syntheses of di- and perfluorinated isoquinolines.

Bischler—Napieralski reaction is a useful strategy for the synthesis of functionalised
fluoroisoquinolines.?  This  reaction involves the cyclisation of  N-[2-
(fluorophenyl)ethyllamides followed by aromatisation. N-[2-(fluorophenyl)ethyl]-2-
phenylacetamide reacts smoothly, irrespective of the position of fluorine (Scheme
4.7).22
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1) P,Os, pumice F

Fm 0o Xylene, reflux
\i© 2) HCI
X
1) NaBH4 Pd black O ~N
) NaOH Naphtalene
52-65% 200-210 °C 73-86% O

Scheme 4.7 Bischler-Napieralski reaction for the synthesis of fluoroisoquinolines.

Regarding the methods of direct ring fluorination, the Baltz—Schiemann reaction is still
one of the most common ones due to the accessibility to aminated isoquinoline
derivatives. Originally, the reaction involved the use of tetrafluoroboric acid (fluoroboric
acid) and then several modified procedures have been reported.?® For example, Myers
and co-workers synthesised 1-fluoroisoquinoline by the dealkylative diazotization of 1-
tert-butyl-aminoisoquinoline with pyridine hydrofluoride instead of HBFs (Scheme
4.8).%°

Balz—Schiemann reaction

NH N F

2 HNO, N~ heat or light

E—— _—
HBF, ©/ BF,

1-fluoroisoquinoline via dealkylative diazotisation

AN ‘ F NaN02
O N HF-Pyndlne O o
cl 7
HN
t-Bu

70%
Scheme 4.8 Application of the Balz-Schiemann reaction for the synthesis of fluoroisoquinolines.

Also a nitro group on an aromatic ring can be directly converted to a fluorine substituent
via SNAr mechanism.3 In this fluorodenitration method, tetraalkylammonium fluorides
and inorganic fluoride salts have been used as fluorine sources (Scheme 4.9).3!
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Scheme 4.9 Synthesis of 8-fluoroisoquinoline via fluorodenitration with MesNF.

The direct fluorination of a C—H bond of nitrogen-containing heterocycles was achieved
by Chambers and Sandford and co-workers using gaseous fluorine and iodine as sources
of both I* and F~ (Scheme 4.10).3? The heterocycles were activated by N-iodination, thus
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becoming susceptible to fluoride attack at the carbon adjacent to the nitrogen atom.
Elimination of hydrogen iodide gave the corresponding ring-fluorinated heterocycles.

O Fa, Iy, EtsN O ‘
—_— —_—

CF,CICF,CI O O _N
O =N OQC /’l‘\|

Scheme 4.10 Synthesis of 6-fluorophenanthridine via fluorination with F2 and .

35% F

An alternative to nucleophilic fluorination is the synthesis of fluorinated isoquinolines
via direct electrophilic fluorination. In 2007, Price group developed the direct
electrophilic C—H bond fluorination of an isoquinoline derivative with Selectfluor,33
which is an efficient electrophilic fluorine source.3* 6-bromo-1-hydroxyisoquinoline and
Selectfluor react in acetonitrile at reflux affording 7-bromo-4-fluoro-1-hydroxy-
isoquinoline as a single isomer in a one-pot reaction (Scheme 4.11).

F

o Selectfluor A

N ———> N
Br 7 MeCN, reflux  Br 7
OH 45% OH

Scheme 4.11 Electrophilic fluorination with Selectfluor.

In the case of heteroaryl bromides, it is possible to apply the strategy developed in 2010
by Knochel. They reported that heteroaryl bromides undergo a Br—Mg exchange through
the addition of an isopropylmagnesium chloride—lithium chloride complex3> and then
the heteroarylmagnesium reagents are subjected to electrophilic fluorination using N-
fluorobenzenesulfonimide (NFSI) as an electrophilic fluorinating agent leading to 1-
fluoroisoquinoline (Scheme 4.12). This is an improvement of the electrophilic
fluorination of standard aryl Grignard reagents already published by Barnette.3°

PhO,S.. .SO,Ph

Xy  i-PrMgCleLiCl X L (NFs)) X
N . N N
2 THF, 0°C 7 CH,Cl, 2

Br MgCleLiCl | -Perfluorodecalin, 0°c ~ 63% F

Scheme 4.12 Electrophilic fluorination of 1-isoquinolylmagnesium reagent.

Shifting to the ring construction of pre-fluorinated substrates, fluoroarene substrates
could be efficient precursors of ring-fluorinated heterocycles with a fused benzene ring
and strategies based on this principle are predominant due to the easy access to
fluoroarenes and to the fact that aromatic C—F are bonds robust enough to survive most
of the reaction conditions.

For a successful synthesis, the nitrogen atom must be located at appropriate positions
and cyclisation accompanied or followed by aromatisation must proceed smoothly. Aryl
or benzyl imines have demonstrated to be good precursors of isoquinolines. In Scheme
4.13, different approaches to fluoroisoquinolines starting from N-substituted imines
bearing a fluoroaryl group are shown. The substituents on the nitrogen atom should be

162



Chapter 4 Fluorinated isoquinolines

efficiently incorporated or eventually removed. Route d involves simultaneous reductive
elimination and removal of N-substituents from nitrogen-containing metallacycles. The
intermediary metallacycles can be mainly obtained from (ortho-haloaryl)methanimines.

P
F& e ‘©\///
F
N
“Z \)\OMe 7 N\R

a c
N a / R = H or leaving group
Xy ¢

F‘E , d
_N
O = TN _ N
- N F M | e— F*©/\/
mo ‘©<:NI\+ /N‘R

R
X = halogen or H

Scheme 4.13 Approaches to fluoroisoquinolines starting from imines bearing a fluoroaryl group.

Route a (Scheme 4.13) is the Pomeranz—Fritsch reaction that allows the synthesis of
isoquinolines starting from benzaldehyde and a 2,2-dialkoxyethylamine through the
formation of a benzalaminoacetal intermediate.”® The intramolecular cyclisation of this
type of imines under acidic conditions provides isoquinolines, where the two-carbon
substituent on the nitrogen atom is transformed into a part of the isoquinoline ring.

A modified procedure exists using ethyl chloroformate, trimethyl phosphite and
titanium tetrachloride for the cyclisation step3’ providing 6-fluoroisoquinoline from 4-
fluorobenzaldehyde in 34 % overall yield (Scheme 4.14).3!

General Pomeranz-Fritsch reaction

(0] H .
. N)YOR L ©§
TR 20 N

Synthesis of 6-fluoroisoquinoline via the Pomeranz-Fritsch reaction 0
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CI)J\ OEt
OEt OEt P(OMe),, PhCI,

. F
F . HzN\)\oa F K‘\OEt -10Ctort \©®
—_— _-N
Q S
CHO

CHCly, rt 2. TiCly, 0°C to 100°C

Scheme 4.14 Application of the Pomeranz-Fritsch reaction for the synthesis of 6-fluoroisoquinoline.

Route b (Scheme 4.13) is relative to the works of the groups of Stoltz3® and Ramtohul,®
who independently reported an isoquinoline synthesis via the reaction of N-
acetylenamines with benzynes (Scheme 4.15). In this strategy, intermediary N-
acetylimines are subjected to nucleophilic attack by aryl anions providing the
corresponding isoquinolines after aromatisation. The carbonyl carbon on the nitrogen
atom is incorporated into the 1-position of the resulting isoquinolines.
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Scheme 4.15 Synthesis of 6,7-difluoroisoquinoline via the reaction of N-acetylenamine with benzyne.

Route c shows the reaction of 2-alkynylbenzaldehyde O-alkyl oxime, which undergoes
an intramolecular electrophilic cyclisation, eliminating the N—alkoxy group. An example
of this strategy was provided by Shin and co-workers, who synthesised 5-fluoro-3-
phenylisoquinoline using a AgOTf/TfOH catalytic system (see the F-free analogue in
Scheme 4.33).%®

Route d shows that the reductive elimination from seven-membered nitrogen-
containing metallacycles also leads to the construction of the isoquinoline framework.
Such metallacycles result from the insertion of alkynes into metal—aryl bonds mainly
formed by oxidative addition of aryl-halogen bonds. Following this strategy, Konno and
co-workers achieved the synthesis of 8-fluoroisoquinoline via the reaction of 2-
iodobenzylidenamine with trifluoromethylalkyne under palladium catalysis (Scheme
4.16).%° Related synthetic methodologies have been established with nickel*' and
rhodium?*3 catalysis.

CFs
Pd(PPh), A
' Na,COs5 XA
+ FC—Ar _—
N 3 o N
Z > tBu DMF, 100°C 7 .y
F F T ’
lPd(PPh)4
FsC
Ar
Pdl Fc—=—Ar ==
N —  Pd—
Z "> tBu Z "N tBu
F F

Scheme 4.16 Pd-catalysed domino insertion/cyclisation sequence for 8-fluoroisoquinoline synthesis.

Other nitrogen-containing functional groups can also participate in this type of
isoquinoline synthesis, such as nitriles. Fluorinated isoquinolines were prepared via
intramolecular and intermolecular reactions of nitriles.#243

Amines, amides, azides, triazoles and enamine-type intermediates are also key
precursors for fluorinated isoquinolines.?®

It is worth to mention that the use of fluorinated pyridines as starting materials allows
to introduce fluorine substitution into the heterocyclic ring carbons. As an example,
Platonov group synthesised 1,3,4-trifluoroisoquinoline via the copyrolysis of 2,3,5,6-
tetrafluoropyridine-4-sulfonyl chloride with butadiene (Scheme 4.17).44
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Scheme 4.17 Synthesis of 1,3,4-trifluoroisoquinoline via copyrolysis of pyridine-4-sulfonyl chloride with
butadiene.

Another strategy for the synthesis of fluorinated isoquinolines is the simultaneous
installation of an isoquinoline framework and a fluorine substituent, as for example the
intramolecular cyclisation of ortho-functionalised B,B-difluorostyrenes. In this
methodology, the construction of a heterocyclic nucleus and the introduction of a
fluorine substituent occur simultaneously. The difluoromethylene carbon of 1,1-
difluoro-1-alkenes features strong electrophilicity due to the electron-deficient and
highly polarised carbon—carbon double bond. As a consequence, difluoroalkenes are
more keen on reacting with nucleophiles than with electrophiles. Furthermore, the
nucleophilic attack to difluoroalkenes followed by fluoride elimination (vinylic
nucleophilic substitution; SyV) provides products bearing a fluorovinylic moiety. An
example is the work of the group of Ichikawa, which deals with the construction of 5-
membered and 6-membered heterocycles via intramolecular SyV reactions of 1,1-
difluoro-1-alkenes.* Differently from direct fluorination methods, this strategy can
introduce a fluorine substituent at a prescribed position, without need of regioselective
pre-functionalisation. Indeed, this strategy resulted to be successful for the synthesis of
3-fluoroisoquinolines, hard to prepare through pre-existing methods.
B,B-difluorostyrenes as cyclisation precursors have been mainly prepared via palladium-
catalysed coupling of ortho-functionalised aryl iodides and difluorovinylborans, which
were generated from 2,2,2-trifluoroethyl 4-methylbenzenesulfonate.*®*” o-Cyano-B,B-
difluorostyrenes were found to react with organometallics to give the corresponding
iminyl metal intermediates, which underwent 6-endo cyclisation to give 3-
fluoroisoquinolines (Scheme 4.18).#8 Sulfonamides are other substrates that work as
nucleophiles in the reaction with difluorostyrenes under basic conditions.*

165



4.1 Introduction

R
R CU', sz(dba):;‘CHC'g,

1. n-BuLi, THF, -78°C R PPh, CF,
CF4CH,OTs N FzC=<

2.BR3, THF, -78°Cto rt BR, @El Csy

CN
THF-HMPA, rt
R
R'M CF, et
_— —_ —_—

ether or toluene N =N
R' = n-Bu, i-Bu, t-Bu, R’ 62-88% R’
Me, Ph
M = Li, Mg

Scheme 4.18 Synthesis of 3-fluoroisoquinolines via intramolecular SV reaction of iminyl metal
intermediates.

Finally, imines and oximes were also employed as nucleophiles to provide 3-
fluoroisoquinolines and their N-oxides, respectively (Scheme 4.19).>° The treatment of
the isoquinoline N-oxide with isocyanate led to 1,3-dipolar addition and the following
elimination of the oxygen atom on the nitrogen affording 1-amino-3-fluoroisoquinoline.
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CF,
CF3CH,0Ts ——————> o 1
% n-Bu  phNCO, DMF n-Bu
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Scheme 4.19 Synthesis of 3-fluoroisoquinolines via intramolecular SV reaction of difluorostyrenes
bearing a formyl group.

4.1.1.2  Rhodium catalysis applied in the synthesis of isoquinolines

As seen in some of the above examples, rhodium is capable of catalysing several
reactions leading to the formation of isoquinolines as well as fluoroisoquinolines.

In this section, rhodium-catalysed strategies are presented in addition to the ones
shown previously. The aim of this section is to elucidate the potential of rhodium in the
synthesis of isoquinolines.

First, the synthesis of Guimond and Fagnou resulted to be successful also for the
construction of 6-fluoro- and 6-trifluoromethylisoquinolines (analogues to Scheme
4.2a).* Another noteworthy Rh-catalysed strategy towards isoquinolines bearing
fluorine is represented in Scheme 4.20. It was developed by Qian group and consists in
a C8f-C8/C4f-C4 annulation of fluoropicolinamide with diphenylacetylene to produce
the tetraphenyl 4-fluoroisoquinoline in excellent yield.>! These catalysed processes are
believed to occur via a sequence involving Rh(lll) insertion followed by reductive
elimination/electrocyclisation.>?
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Scheme 4.20 Rh-catalysed synthesis of fluoroisoquinoline.

Concerning rhodium catalysis in isoquinoline synthesis from a general point of view, thus
not only related to fluorinated isoquinolines, many examples have been reported.

In 2003, the group of Jun developed a Rh(l)-catalysed direct ortho-alkenylation of
common aromatic ketimines with alkynes providing isoquinoline derivatives. The highly
efficient single-step synthesis of isoquinoline derivatives was achieved by the three-
component reaction of aromatic ketone with benzylamine and alkyne without any use
of orthofunctionalised aromatic compounds (Scheme 4.21).>3

o) (CH,),Ph
H,N" Ph Rh(l
. 2 (1 SN N
toluene _— _
R Ph—=—=—Ph 170°C R Ph R Ph
Ph Ph

R =H, CF3, OMe

Scheme 4.21 Three-component reaction of aromatic ketone with benzylamine and alkyne affording
isoquinolines.

Cheng and co-workers developed a highly regioselective synthesis of substituted
isoquinoline derivatives from various aromatic ketoximes and alkynes via one pot,
rhodium-catalysed C-H bond activation (Scheme 4.22).5

~ _OH Rh(PPhj3);Cl SN
N R——R? P
toluene, 130 'C R?

R1

Scheme 4.22 Rh-catalysed synthesis of isoquinoline by Cheng et al.

Chiba and co-workers, instead, reported a synthetic method for isoquinolines from aryl
ketone O-acyloxime derivatives and internal alkynes using [Cp*RhCl:],-NaOAc as the
potential catalyst system (Scheme 4.23).>>

[Cp*RNCl,],
l - NaOAc >N
Ph—=——~Ph . _
MeOH, 60 C Ph

Ph
Scheme 4.23 Synthesis of isoquinolines from aryl ketone O-acyloxime derivatives and internal alkynes
using [Cp*RhCl2]2-NaOAc.

Another interesting work of the same group is the Rh(lll)-catalysed synthesis of highly
substituted isoquinolines starting from hydrazones. The strategy involves the directed
ortho C-H bond activation in the hydrazone and annulation without any need of external
oxidant. This reaction is accomplished via C-C and C-N bond formation along with N-N
bond cleavage (Scheme 4.24).5¢
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Scheme 4.24 Rh(lll)-catalysed synthesis of highly substituted isoquinolines starting from hydrazones.

Trying to abandon the use of alkynes, Glorius and co-workers reported an efficient
rhodium(lll)-catalysed redox-neutral C—H activation/cyclisation/isomerisation strategy
to prepare isoquinolines with complete regioselectivity starting from aromatic oxime
esters and diverse 1,3-dienes (Scheme 4.25).>’

R1 R5 R1
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Scheme 4.25 Rh(lll)-catalysed isoquinoline synthesis from 1,3-dienes.

Cheng and co-workers employed instead geminal-substituted vinyl acetates to perform
a Rh-catalysed sequential oxidative C—H activation/annulation. The protocol was
successfully applied to the total synthesis of papaverine (Scheme 4.26).>8

N-OAC [CP*RNCl,],

| R AgBF, N\
R? * )\ X |
R OAc  MeOH ; R?
100c R

Scheme 4.26 A Rh-catalysed sequential oxidative C—H activation/annulation.

Transition-metal-catalysed C—H activation/cyclisation of aryl oximes, imines and azides
with internal alkynes suffers of poor stereocontrol. Inspired by the work of Glorius®’ and
Cheng®® and the Rh(lll)-catalysed C—H activation/cyclisation of oxime esters and alkenes
affording pyridines by Rovis,>® the group of Cui published a Rh(lll)-catalysed C—H
activation/cyclisation of oximes and alkenes to afford isoquinolines in an easy and
regioselective manner. The strategy employs mild reaction conditions and easily
accessible starting materials. It found application on the synthesis of moxaverine
(Scheme 4.27).%°
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Scheme 4.27 Rh(lll)-catalysed C—H activation/cyclisation of oximes and alkenes.
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4.1.1.3  Oximes as precursors for the synthesis of isoquinolines

Recently, transition metal-catalysed C-H bond functionalisation reactions have become
important for the construction of carbon-carbon and carbon-heteroatom bonds. In
particular, Rh- and Ru-catalysed C-H bond activation reactions have displayed a wide
scope of applications in the synthesis of heterocyclic and carbocyclic compounds such
as isoquinoline derivatives from aromatic imines or oximes with alkynes.

In particular, oximes were found to be useful substrates for the synthesis of
isoquinolines. Indeed, oximes work as directing groups for C-H functionalisation, as
demonstrated for example by the work of Ellman and co-workers. They reported an
oxime directed aromatic C-H bond activation and oxidative coupling to alkenes taking
advantage of the cationic Rh(lll) catalyst. The method could be used to oxidatively
couple unactivated, aliphatic alkenes (Scheme 4.28).5*

[CP"RACHl,
MeO‘IN H AgSbF,
H/\/R Cu(OAc),
] THF
YR

R = alkyl, aryl, CO%Et

Scheme 4.28 Example of C-H activation in oximes under rhodium catalysis.

The synthesis of isoquinolines from oxime derivatives does not require an external
oxidant:>> The NO bond of oxime acts as an internal oxidant in the reaction.%?

Several isoquinoline syntheses starting from oxime derivatives have been reported in
recent years, using different metals. The groups of Sundararaju® and Ackermann®
employed [Cp*Co(CO)lz]-catalysis to perform alkenylation/cyclisation sequences of free
OH ketoximes and O-acetylated oximes respectively and diaryl alkynes. Cheng reported
an almost identical procedure with the addition that, besides oximes, also N’-
hydroxybenzimidamides were used as directing groups which then delivered 1-amino-
isoquinolines as products.®

Palladium could also be used to promote cyclisation reaction of oximes with vinyl azides
or homocoupling of oximes leading to isoquinolines.%®

Silver was employed by Xu and Liu to develop a silver-catalysed intramolecular oxidative
aminofluorination of alkynes using NFSI as a fluorinating reagent leading to the synthesis
of various 4-fluoroisoquinolines and 4-fluoropyrrolo[a]isoquinolines.®”

In general, rhodium,®® palladium and rhutenium® are the most employed metals for the
synthesis of heterocycles.

4.1.2 Background CH activation in presence of difluoroalkenes

Direct functionalisation of inert C—H bonds is a powerful tool to realise atom- and step-
economical synthesis and can be used to initiate a sequence that leads to the formation
of isoquinolines.

Fluorine or fluorine-containing small functional groups can be introduced employing
various catalysts and reagents.”®’* More recently, C—-H functionalisation reactions
accompanied by selective C—F bond cleavage of multi-fluorinated coupling partners
were explored. The use of fluorinated alkenes, as difluorostyrenes, could be strategic
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for the construction of fluoroisoquinolines. Nevertheless, difluoroalkenes are peculiar
compounds and sometimes their reactivity is not so predictable.

In this section, some interesting works related to CH functionalisation of arenes with
fluoro substituted alkenes are presented.

The publication that opened the field of C-H bond activation and C-F bond cleavage was
the outstanding work of Tian, Feng and Loh in 2015.72 They reported a (hetero)arylated
mono-fluoroalkene synthesis using gem-difluoroalkenes as electrophiles via aromatic C—
H activation under Cp*Rh(lll) catalysis in oxidant-free conditions. They proposed that B-
F elimination after C—H bond cleavage and insertion of C—C double bonds furnishes the
product (Scheme 4.29).
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F
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I insertion
Rh - =

Scheme 4.29 Rh(lll)-catalysed a-fluoroalkenylation of (hetero)arenes.

This strategy is based on some considerations, extrapolated from previous knowledge.
Rh(lll)-catalysed alkenylation constitutes a competent and reliable method for the
introduction of olefin segments, although stoichiometric amount of external oxidant
was always required to fulfil the redox demand.”®>’* Moreover, despite its high
dissociation energy, the C—F bond could be activated by transition metal or through the
formation of hydrogen bonds.”> Gem-difluoroalkenes are appealing synthetic
intermediates with a highly polarised C—C double bond because of the electronegativity
of fluorine and also the repulsion effect stemming from its unpaired electrons.
Furthermore, it is well-known that hetero-nucleophiles could undergo facile
nucleophilic addition or substitution reactions under basic conditions.”®

In 2017, Li and Wang developed a rhodium(lil)-catalysed C-H activation of arenes and
versatile coupling with 2,2-difluorovinyl tosylate. With N-OMe benzamide being a
directing group, the reaction delivered a monofluorinated alkene keeping the tosylate
functionality. Subsequent one-pot acid treatment allowed the efficient synthesis of 4-
fluoroisoquinolin-1(2H)-ones and 5-fluoropyridin2(1H)-ones. Instead, when N-OPiv
benzamides were used, [4+2] cyclisation occurred to provide gem-difluorinated
dihydroisoquinolin-1(2H)-ones (Scheme 4.30).””
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Scheme 4.30 Rh-catalysed coupling of benzamides with 2,2-difluorovinyl tosylate.

Cobalt is a more earth-abundant element and results to work as catalyst for this kind of
reactions. Li group reported a cobalt(lll)-catalysed a-fluoroalkenylation of different
arenes with readily available gem-difluorostyrene providing 1,2-diaryl-substituted
monofluoroalkenes in excellent Z selectivity (Scheme 4.31).78

o .
N . /\/F [CoCo*(MeCN)3](SbFe)s ©\/>—<:

N 25-70°C
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Scheme 4.31 Cobalt(lll)-catalysed regio- and stereoselective a-fluoroalkenylation of arenes with gem-
difluorostyrene.
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Later, Ackermann and co-workers developed the first efficient C-F/C-H activation at
room temperature. A cobalt(lll) catalyst enabled fluoroallylations with perfluoroalkyl
alkenes under mild reaction conditions with weak base K,COs. Fluoroalkenylations
under mild reaction conditions were also accessible (Scheme 4.32).7°

DG DG

F
RF [Cp*Co(CO)l7]
' /?i K,CO3, TFE RF

Scheme 4.32 Mild Co (Ill)-catalysed allylative C-F/C-H functionalisation.

This kind of strategy was also used for the functionalisation of biologically active 6-
arylpurines. Yoshino and Matsunaga performed a Cp*Co(lll)-catalysed C—H bond
functionalisation of  6-arylpurines using  gem-difluoroalkenes  affording
monofluoroalkenes with high (Z)-selectivity and allyl fluorides affording C—H allylation in
moderate (Z)-selectivity (Scheme 4.33).8°
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Scheme 4.33 Synthesis of fluorine-containing 6-arylpurine derivatives via Cp*Co(lll)-catalysed C—H bond
activation.

The group of Feng and Loh expanded the field finding out that manganese could work
as catalyst in the synthesis of monofluoroalkenes. Indeed, they developed a Mn-
catalysed a-fluoroalkenylation of arenes via C—H activation and C—F cleavage leading to
monofluoroalkenes with predominant unconventional E-isomer selectivity.
Furthermore, manganese is the third most abundant transition metal, it has low toxicity
and cost, making it a particularly attractive alternative to the typically used transition-
metal catalysts.?!
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Scheme 4.34 Mn-catalysed synthesis of monofluoroalkenes via C—H activation and C—F cleavage.

The group of Ackermann added another example of manganese catalysis. They reported
Mn-catalysed C-F/C-H functionalisations, in particular (per)fluoro allylations and
alkenylations. Manganese catalysis regime requires rather mild reaction conditions and
affords ample substrate scope, including ketimines as well as amino acids and peptides
under racemisation-free conditions (Scheme 4.35).82
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Scheme 4.35 C-F/C-H functionalisation through Mn(l) Catalysis: (per)fluoro-allylations and alkenylations.

Finally, rhutenium resulted to be effective to catalyse the a-fluoroalkenylation of
arenes. Li and co-workers reported a Ru(ll)-catalysed a-fluoroalkenylation of N-
pyrimidinylindoles via C—H bond activation and C—F bond cleavage under mild redox-
neutral reaction conditions (Scheme 4.36).83
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Scheme 4.36 Ru(ll)-catalysed a-fluoroalkenylation of arenes.

4.1.3 Electrocyclisation

It is know that thermal electrocyclic reaction of either 6m-electron or aza 6mn-electron
systems is a successful tool for the synthesis of nitrogen-containing condensed
heteroaromatic compounds.®*

The thermal electrocyclic reaction of 6m-electron systems to form cyclohexadienes
occurs as a disrotatory reversible process.?> A 6m-electron system with a nitrogen atom
is an aza 6m-electron system. The thermal electrocyclic reaction of an aza 6m-electron
system to dihydropyridine occurs in a similar process. The thermal electrocyclic reaction
of a 6m-electron or an aza 6m-electron system where one member of the double bond is
a part of an aromatic or heteroaromatic ring should provide a variety of fused
heteroaromatic compounds.

The electrocyclic transformation provides the formation of a single bond between the
termini of a linear system containing n m-electrons (n = 4, 6, 8, 10). The 6n-
electrocyclisation was used for the formulation of the ground-breaking orbital symmetry
rules.8® The predictability of the stereochemical outcome of these transformations
contributed to the acceptability of the Woodward and Hoffmann rules by synthetic
chemists.

The transformation is driven by the stabilisation gained by the conversion of the three
hexatriene m-bonds into a cycle containing only two m-bonds and a new o-bond formed
at the expense of the remainder o-bond. The new o-bond is formed between the head
and the tail of the triene, through bonding interactions of the molecular orbitals of the
hexatriene system, while observing the principle of orbital symmetry conservation.

The reaction looks simple and respects the principles of atom economy, but requires an
appropriate geometry of the triene to occur.

If not, the first step is an E = Z isomerisation, where triene substituents may play a key
role, affecting the outcome of the transformation.
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Figure 4.2 Molecular orbital interactions and products distribution for thermal and photochemical 1,3,5-
hexatriene cyclisations.

A traditionally accepted picture of this reaction is shown in Figure 4.2, where the starting
triene in its reactive s-cis conformation proceeds to cyclise. The ring closure occurs
driven by heat (A) or light (hv), and only symmetry allowed products will be observed.
According to the HOMO (thermal, ground state) and LUMO (photoinitiated, excited
state) diagrams, conrotatory or disrotatory motion will produce the allowed interaction
between the lobes of these molecular orbitals, creating the final 1,3-cyclohexadiene
ring. HOMO-LUMO interactions are influenced and modulated by the nature of the
substituents.®” Stronger interactions speed up the reaction.

6r-electrocyclisations proceed stereospecifically as a result of the movements, affording
syn- or anti-substitution products, depending on the geometry of the triene backbone
and the reaction conditions (promotion by heat or light).8 The Woodward and
Hoffmann rules predict that the thermal 6n-electrocyclisation is disrotatory, while the
photochemical process is conrotatory.

The high temperature required to initiate the electrocyclisation process is the main
limitation for its application, because these conditions may also restrict the use of highly
functionalised substrates in target-oriented synthesis.®

However, these reactions are among the most reliable and powerful and atom-
economic synthetic tools available for the rapid generation of complex molecules and
many strategies to improve their conditions have been developed.

For instance, the choice of proper substitution of the 61 system or the introduction of a
heteroatom can lower the energy barrier towards cyclisation. The presence of oxygen
in the starting triene results in an oxatriene which can undergo 6m oxaelectrocyclisation
under milder conditions, occurring almost spontaneously at (or even below) room
temperature and thus taking place also in nature.®°

Azatrienes undergo 6m-azaelectrocyclisation, affording dihydropyridines, which can be
converted into more stable pyridine through elimination, dehydrogenation or oxidation.
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Functionalised six membered nitrogen rings are sought after substrates since they are
present in a wide variety of biologically active natural products, pharmaceuticals and
agrochemicals.

6r-electrocyclisation reactions can be carried out with different starting trienes (Scheme
4.37) to afford 2H-pyridines, 2H-oxazines and 2H-pyridones.

An additional scenario is the use of certain conjugated 1-azadienes for the 6mn-
electrocyclisation mediated preparation of pyrroles through the intermediacy of 3,4-
dihydro-2H-pyrroles.®?

2H-Pyridines 2H-Oxazines
R* R3 RS
R3 R5 o R2 . R?
== | 6r-azaelectrocyclisation ~ >N  6n-azaelectrocyclisation | SN
I
RZY Noge RSO kR“ R' O)\R“
R1
2H-Pyridones
R4 R4 R2
R3 . i R3 R? R3 . .
Z >N 6n-azaelectrocyclisation | SN == 6n-azaelectrocyclisation
I
Ns
R2TN kR5 R2 RS Cs R*
R! R' ©
3.4-Dihydro-2H-Pyridones
RS R R2
R® N _R* o R®_N._R* R2 ot
Z \|[ 6rn-azaelectrocyclisation | N | SN 6r-azaelectrocyclisation
N 3
RJ% R® R? RS R’ H)\R“ ReONTR
R! R!

Scheme 4.37 Different 6m-electrocyclisations and corresponding heterocyclic products.

Already in 1972 Schiess, Chia and Ringele reported that oximes and their derivatives
undergo thermal reactions leading to the formation of pyridine and isoquinoline
derivatives.?? In detail, through thermal cyclisation of 1-azatriene, the cis-dienone
oximes form pyridines at 160 °C in about 25% yield via azaelectrocyclisation followed by
dehydration of the intermediary 1,2-dihydropyridine derivatives.

Metal-catalysis is a valid strategy for the synthesis of azatrienes, which then under
proper conditions can cyclise providing the desidered heterocyclic products.®3

The first improvements of these sequence reactions were performed in the synthesis of
pyridines.

Harrity group focused on the development of new strategies including the reactivity of
azatrienes. In particular, they were interested in constructing heterocycles bearing
boron groups in order to increase the versatility of these substrates. In 2016, they
developed an alkyne diboration/6m-electrocyclisation strategy for the synthesis of
pyridine boronic acid derivatives. This strategy allows rapid access to bicyclic pyridines,
but not to monocyclic heterocycles (Scheme 4.38).%*
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Scheme 4.38 Diboration/6m-electrocyclisation strategy.

In addition, they observed that there is a direct relationship between oxime ether
stereochemistry and reactivity towards electrocyclisation. Specifically, E-oxime ethers
were found to be significantly more reactive than their Z-counterparts (stereochemistry
relative to azatriene scaffold). Computational studies proposed that this was due to a
Nione pair = C=C t* orbital interaction, which lowers the energy of the transition state in
the electrocyclisation of E-oxime ethers. However, unreactive Z-oxime ethers can be
converted to the corresponding heterocyclic products by a photolytically promoted E -
Z isomerisation and electrocyclisation sequence.®®

Hydrazones were found to be able to overcome the reluctance of Z-oxime ether
azatrienes to undergo electrocyclisation towards the synthesis of borylated
(heteroaromatic) pyridines and ring-fused analogues. Hydrazones allowed access to
previously inaccessible tri- and tetrasubstituted 3-borylpyridines in high yields (Scheme
4.39).%

Scheme 4.39 Synthesis of borylated (heteroaromatic) pyridines and ring-fused analogues from
hydrazones.

Hydrazones are also good substrates capable of affording isoquinolines, as reported by
Kaufman and co-workers. They developed a synthesis of 3-methylisoquinolines from
orthoformyl B-methylstyrenes, through their sequential hydrazonation with 1,1-
dimethylhydrazine in PhCF3, followed by a microwave-assisted or thermal cyclisation
and final elimination with concomitant aromatisation. This is the first general example
involving the 6m-electron cyclisation of 1-azatrienes derived from hydrazones, in which
the starting polyene incorporates one double bond belonging to an homocyclic aromatic
ring (Scheme 4.40).%7
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6r-azaelectrocyclisation/
elimination OR?

D Gy T

Scheme 4.40 Synthesis of isoquinolines from hydrazones.

Many examples of synthesis of isoquinolines from oximes involving an electrocyclisation
step are reported in previous sections.

4.2 Abstract

Due to the importance of isoquinolines in a wide variety of fields and the added value
provided by the incorporation of fluorine atom, this work aims to find a new strategy for
the synthesis of fluorinated isoquinolines. It is known that oximes are valuable
substrates for C-H activation providing azatrienes, Rh(lll) is able to catalyse this process
and azatrienes at high temperatures can electrocyclise affording heterocycles. Thus, the
methodology under study involves a Rh(lll)-catalysed C-H activation step of oxime
derivative substrates with difluoroalkenes affording azatrienes. Azatrienes are then
subjected to high temperatures to undergo electrocylisation vyielding the final
isoquinolines. The C-H step works only with protic solvents, but using this kind of solvent
causes the formation of an undesired product, the cyclic isoquinoline in which the
fluorine is substituted by the deprotonated solvent (Scheme 4.41). Another issue came
out in the electrocyclisation step, which did not work for all the substrates. Together
with the fluorinated isoquinoline, an unwanted product was formed, whose mechanism
is difficult to understand. The undesired product is the isoquinoline that bears the MeO
(delivered during the electrocyclisation) at the place of the fluorine. Computational
studies were carried out to provide a rational for the formation of the side product. Once
electrocyclisation occurs, different pathways were hypothesised and computed. The
fluorinated isoquinoline is theoretically favoured in the presence of additives in the
media, as methoxy ions, which help in the H-abstraction step. The methoxy group
detaches from the substrates and gets protonated. Free MeOH and protonated bases in
the media could take part in the formation of the side-product, mediating the process.

C-C bond formation via C-H/C-F activation electrocyclisation

~ N
A N + N
= Ar 7 Ar
F OMe
undesired

_OMe
N| ;\ Rh(IIl)
~. + = E —_— +
& .

X = solvent, i.e. OMe, OCH,CF3; ..
undesired

Scheme 4.41 General strategy of our work for the synthesis of fluorinated isoquinolines.
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4.3 Objectives

This work is divided in two parts: one experimental and one computational. The
experimental work was made during my secondment at the laboratory of Prof. J. Harrity
in collaboration with Dr. Matthew Ball-Jones. It aimed to develop a strategy for the
synthesis of fluorinated isoquinolines through C-C bond formation via C-H/C-F activation
and formation of the cycle via electrocyclisation. The work includes the optimisation of
the C-H activation reaction conditions, the identification of undesired side products, the
development of a small scope and finally the subjection to electrocyclisation conditions
to get fluorinated isoquinolines. A computational analysis was carried out to provide a
rational of the electrocyclisation reaction. In a previous work about electrocyclisation,
our group identified a lone-pair(N) to *(C=C) interaction in related reaction systems.?
Thus, theoretically, lowering the energy of the n*(C=C) with an electron withdrawing
group should promote the cyclisation. Since the experimental results did not fit with this
trend, we computed the electrocyclisation mechanism of fluorine substituted
azatrienes. The aim was to identify the rate determining step and to observe the
influence of the substitution. The reaction of the fluorinated azatriene was complicated
by the formation of 3-methoxyisoquinoline. Different routes were envisioned and
computed in order to get an insight into the origin of this side product.

4.4 Experimental work

4.4.1 C-H activation

In the previous sections, it was shown that rhodium(lll) catalysts are successful tools to
promote the introduction of olefins segments through CH activation and that gem-
difluoroalkenes represent a class of appealing synthetic intermediates with C-C double
bond being highly polarisable.

After the synthesis of the starting materials (Scheme 4.42), the work proceeded with the
optimisation of the conditions of the Rh-catalysed C-H activation reaction of oxime 1
and difluoroalkene 2 to provide azatriene 3. Different catalytic systems were tested,
screening Rh-catalysts, silver salts, additives, solvents and temperatures. The results are
collected in Table 4.1.

a
) o N/OMe
NH,OMe - HCI (1.5 eq) |
H
pyridine (2.2eq) ©)
CH2C|2, rt
86%
b) F
0 = F
NaCICF,CO, (1.5 eq)
H
PPhs (1.2 eq)
MeO DMF, 100°C
OMe

54%
Scheme 4.42 Synthesis of the starting materials for the optimisation screening.

Initially, we thought to apply the conditions of the successful strategy of Tian, Feng and
Loh’? to the reaction of oxime 1 and difluoroalkene 2 (entry 1), but unfortunately it
turned out that the conversion to azatriene 3 was very poor (9%). Then, we decided to
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employ the dimer catalyst [RhCp*Cl,]. together with AgOAc, which is supposed to
ensure the anion exchange with the rhodium catalyst (entry 2). This catalytic system
resulted to work better, even if still provided low conversion. The use of AgSbFs as silver
salt (entry 3) and the addition of Cu(OAc), (entry 4) did not improve the efficiency of the
reaction.

Table 4.1 Optimisation screening of the reaction conditions.?

Rh(lll) catalyst
Silver salt
Addltlve

MeOH, 80°C, 16h

Entry Rh(lll) catalyst (%) Silver Salt Additive ConversionP
1 [Cp*Rh(CN)3](SbFs) (4 mol%) - - 9
2 [RhCp*Cl2]2 (5 mol%) AgOAc (80 mol%) - 18
3 [RhCp*Cl2]2 (5 mol%) AgSbFs (20 mol%) - 9
4 [RhCp*Cl2]2 (5 mol%) AgSbFs (1eq) Cu(OAc): 17
(2.1eq)

9Reactions were carried out on 0.2 mmol scale under inert atmosphere in sealed tubes at 80 °C, using 1.5 eq. of 2 in
MeOH (0.12M) and left standing whilst stirring 16 h. After removal of the solvent, the crude was purified by silica-gel
chromatography to give the pure compound. ?Conversion calculated by H-NMR.

The conditions of entry 2 were chosen to carry out further optimisation screening of the
solvents. One evidence that emerges from Table 4.2 is that the reaction works only with
protic solvents. Indeed, DMF and THF inhibited the reaction. Trifluoroethanol and
hexafluoroisopropanol demonstrated to be the best candidates. In particular, the
reaction in TFE reached 70% conversion and azatriene 3 could be isolated in 35% vyield.

Table 4.2 Optimisation screening of the reaction conditions.?

E
N/OMe Z>g [RhCp*Cly], (5 mol%)
i . AgOAG (80 mol%)
©) Solvent, 80°C, 16h
OMe
1 2
Entry Solvent Conversion®
1 MeOH (dry) 18
2 MeOH (not dry) 12
3 HFIP 35 (45)¢
4 TFE 70 (55)¢
5 DMF -
6 THF 1

9Reactions were carried out on 0.2 mmol scale under inert atmosphere in sealed tubes at 80 °C, using 1.5 eq. of 2 in
solvent (0.12M) and left standing whilst stirring 16 h. After removal of the solvent, the crude was purified by silica-

179



4.4 Experimental work

gel chromatography to give the pure compound. ?Conversion calculated by 'H-NMR. ¢In brackets the conversion when
the reactions were carried out on 0.5 mmol scale.

Taking TFE as best solvent, we screened also other silver salts (AgOAc, AgSFs, AgOTf,
Ag,COs, AgCO,CF3, AgBF4), but no one behaved better than AgOAc, which was set as the
best silver salt for this strategy. Neither the addition of additives to the reaction mixture
helped in increasing the yield of the reaction. Pivalic acid, cesium acetate and sodium
acetate did not affect the reaction.

At this point, we decided to change the oxime substrate and use the analogue 4, which
bears a methyl group at the Csp2 carbon instead of the proton in 1. The result was similar
in yield (38%), but the final reaction mixture was cleaner and it could be possible to
identify only some residues of starting materials, the product and a side product.
Meanwhile, in the reaction with substrate 1, the 'TH-NMR of the final reaction revealed
the presence of a complex mixture of compounds.

F
N/OMe A E [RhCp*Cly], (5 mol%)
| AgOAc (80 mol%)
+
©)\ TFE
80°C, 16h
OMe OMe
4 2 5 6

38% isolated yield
Scheme 4.43 Rh-catalysed reaction of oxime 4 with difluoroalkene 2.

The main side product was identified as compound 6, which is the result of the
cyclisation and substitution of the fluorine by a molecule of trifluoroethanol. When the
reaction was performed at lower temperatures, azatriene 5 was formed in similar yield
and a reduction of undesired product 6 was observed.

However, the reaction conditions were not satisfactory yet and since p-chloro
substituted difluoroalkene was easier to synthesise and purify we decided to work with
the reaction in Scheme 4.44, adjusting the silver salt load. Thus, the reduction of the
AgOAc load to 27 mol% (that is the same ratio of using 15 mol% of Rh catalyst and 80
mol% of AgOAc) allowed to reach full conversion and the desired product was isolated
in 85% vyield. Disappointingly, when these conditions were applied to the reaction in
Scheme 4.43, we did not observe any improvement, rendering 75 % of conversion and
only 21% vyield of 5. The presence of an electron withdrawing substituent on the aryl
group of the alkene resulted to increase the reactivity.
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F
N -OMe ~g  [RhCp*Clyl, (5 mol%)
| AgOAc (x mol%)
+
©)\ TFE
30°C, 16h
Cl
4 7

x =80 mol% 37% yield
x =27 mol% full conv., 85% yield

Scheme 4.44 Rh-catalysed reaction of oxime 4 with difluoroalkene 7.

Taking in mind this evidence and with these conditions in hand, we decided to develop
a small scope in order to explore the versatility of the strategy (Table 4.3). The results
were quite unpredictable and not all the substrates underwent the reaction completely
after 16 hours. We observed that substrates with R’ = Me, provided the product in
moderate vyields, better than those with R’ = H (8Aa vs 8Ba and 8Ac vs 8Bc). Weak
electron donating and electron withdrawing groups were tolerated, while products
bearing strong EWD groups were difficult to obtain (8Ab and 8Ae). Even if the yields with
R’ = H were lower, the reactions worked with a wider range of substituents with different
electronic properties.

Table 4.3 Substrate scope with oximes.?

_OMe [RhCp*Cl,], (5 mol%)
AgOAc (27 mol%)

i
' * Z F
@R ree
R 30°C, 16h

8Aa R=H 100% conv., 85% yield, 78% isolated yield
8Ab OMe traces

8Ac Cl 86% conv., 73% yield

8Ad Me 100% conv., 87% yield

8Ae NO, --

8Af OH  14% conv., 10% yield

8Ba R=H 82% conv., 57% yield
8Bb OMe 96% conv., 34% yield
8Bc Cl 80% conv., 47% yield
8Be NO, --

8Bg Br  47% conv., 33% yield
8Bh CF3; 35% yield

9Reactions were carried out on 0.2 mmol scale under inert atmosphere in sealed tubes at 30 °C, using 1.5 eq. of 7 in
TFE (0.12M) and left standing whilst stirring 16 h. After removal of the solvent, when feasible, the crude was purified
by silica-gel chromatography to give the pure compound. bYields calculated using trimethoxybenzene as internal
standard, except when differently reported.
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An alternative to oximes for the synthesis of fluorinated isoquinolines through
electrocyclisation is the use of hydrazones. Thus, we first checked whether hydrazones
could undergo Rh(lll)-catalysed C-H activation providing the corresponding azatrienes
(Table 4.4). However, it was found that hydrazones had limited reactivity towards the
formation of azatrienes under the chosen reaction conditions, and thus, were discarded
from our investigation.

Table 4.4 Substrates scope with hydrazones.?

F R

R [RhCp*Cl,], (5 mol%) N,
N = 212 N" "R

N R AgOAc (27 mol%)
.
™ TFE
30°C, 16h
Cl
9 7 10

10Aa 10Ab 10Ac
14% yield traces traces

10Ba 10Bb 10Bc
32% yield 37% yield traces

aReactions were carried out on 0.2 mmol scale under inert atmosphere in sealed tubes at 30 °C, using 1.5 eq. of 7 in
TFE (0.12M) and left standing whilst stirring 16 h. After removal of the solvent, when feasible, the crude was purified
by silica-gel chromatography to give the pure compound. ®Yields calculated using trimethoxybenzene as internal
standard.

As we will see in the following section, electrocyclisation reaction, when occurred, led
to the formation of fluorinated isoquinoline together with a side product, in which the
methoxy group attached to the N-atom is displaced during the process and substitutes
the fluorine. In order to avoid this undesired outcome, we decided to synthesise
azatrienes bearing a different substitution at the N position avoiding the migration of
the methoxy. For this purpose, other oximes were synthesised and subjected to Rh(lll)
catalysis (Table 4.5). The oximes were functionalised at the N position with benzyl and
isopropyl groups. The substrates bearing the isopropyl group worked properly providing
8B_b and 8A_b. 8A_b could be obtained in moderate vyield, up to 87%. On the other
hand, substrates bearing the benzyl group only afforded 8B_a in poor yield and not
8A_a.
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Table 4.5 Substrate scope of N-substituted oximes.*

R [RhCp*Cl,], (5 mol%)
NI AgOAc (27 mol%)
~o + = F
TFE
30°C, 16h
cl
4 7 8
.0

39% yield 43% vyield - X=Cl 87% isolated yield
8B_a 8B_b 8A_a 8A_b
(X=0OMe 31% isolated yield)

9Reactions were carried out on 0.2 mmol scale under inert atmosphere in sealed tubes at 30 °C, using 1.5 eq. of 7 in
TFE (0.12M) and left standing whilst stirring 16 h. After removal of the solvent, when feasible, the crude was purified
by silica-gel chromatography to give the pure compound. bYields calculated using trimethoxybenzene as internal
standard, except when stated otherwise.

Despite several attempts, this strategy still performed poorly and was limited to a
narrow range of substrates, preventing its potential general applicability. The last
substrate modification was made taking inspiration from the work of Tian, Feng and
Loh,”> who used indole derivatives as good substrates in the Rh(lll)-catalysed tandem C-
H/C-F activation for the synthesis of (hetero)arylated monofluoroalkenes. The idea was
to construct a substrate bearing two directing groups to facilitate the C-H activation
reaction. In particular, we envisioned a substrate based on the indole scaffold bearing
the oxime and the pyrimidine moieties, both of them acting as directing groups.
Substrate 9 was synthesised through a three step sequence and subjected to the same
catalyst of the strategy of Tian, Feng and Loh”?, [RhCp*(MeCN)3][SbFe],. The result was
positive and compounds 10a and 10b were obtained in good yields. The effect of two
directing groups helped to the purpose.
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Table 4.6 Substrate scope with indole derivatives bearing an oxime moiety.*

pMe pMe
=N =N
Br X
\@Eg [RhCp*(MeCN);][SbFgl, (5 mol%) O N/ O
TFE N F
120°C, 20h )\N
N\\)
9 7 10
pMe IOMe
=N =N
: o o )-on
L
N F N F

10a
77% isolated yield

10b
80% isolated yield

9Reactions were carried out on 0.4 mmol scale under inert atmosphere in sealed tubes at 120 °C, using 1.5 eq. of 7 in
TFE (0.12M) and left standing whilst stirring 20 h. After removal of the solvent, the crude was purified by silica-gel
chromatography to give the pure compound.

4.4.2 Electrocyclisation

Once azatrienes were formed, their electrocyclisation reactions were attempted at high
temperature (200°C) in dichlorobenzene. Despite the several examples of azatrienes
undergoing electrocyclisation, we observed that in our case the reaction did not proceed
smoothly as expected. Indeed, as represented in Scheme 4.45, we succeeded to run the
reaction to full conversion with compound 11. Unfortunately, the results were very poor
and we obtained only 16% of desired product together with 13% of compound 13, in
which the fluorine is substituted by the MeO" delivered during the cyclisation. Substrate
14 did not show any reactivity towards electrocyclisation and the starting material could
be recovered.

A

! !
1,2 dichlorobenzene = O * = O
200°C
F
OMe OMe OMe
12 undesired product 13
16% 13%
A N N
A =
1,2 dichlorobenzene
200°C F
Cl
Cl
14 15

Scheme 4.45 Electrocylisation reactions of azatrienes obtained through Rh(lll)-catalysed C-H activation.
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Regarding the mechanism of formation of the side product 13, the main hypothesis was
a SnAr mechanism. To prove it, some experiments were carried out, in which large
excesses of good SyAr substrates were added to the reaction mixture. In particular,
monofluoropyridine and pentafluoropyridine were employed. In both case, these
substrates had no effect on avoiding the formation of compound 13 and the ratio
between 12 and 13 remained unchanged. Moreover, an attempt to trap the free
methanol was done by adding molecular sieves to the reaction medium, but it did not
change the outcome. In addition, compound 12 was subjected to high temperatures
(200°C) in presence of free methanol and no reaction occurred, recovering the starting
material.

These evidences let us discard the SyAr mechanism. A second hypothesis concerned the
occurrence of a 1,5-alkoxy shift, which would have re-established the aromaticity of the
heterocycle (Scheme 4.46). As we did not found any experimental evidence for this
mechanism, it was investigated computationally and explained in the following section.

F

X Ar
_N
F E R OMe /
X Ar electrocyclisation _ Ar 1,5 Alkoxide shift Ar L
- = ] - = elimination oM
N. SN N €
=" OMe OMe Z \ Ar
S
_N

Scheme 4.46 1,5 Alkoxy-shift mechanism.

To avoid the formation of the side product, the idea of synthesising azatrienes starting
from hydrazones was taken in consideration. Unfortunately, the first Rh(lll) catalysed
step provided scarce results, leading us to abandon the hydrazones as substrates for this
sequence strategy.

In another attempt, substrates 8 were synthesised as candidates to undergo
electrocyclisation preventing the formation of 13-like side product. Indeed, the
presence of larger groups as benzyl or isopropyl, instead of the methoxy, aimed to avoid
the shift of the N-group. Compound 8A_b (with X = OMe) was used to perform the
reaction. The compound bearing the MeO group and not the chloride in the aryl group
was chosen because compounds with the chloride resulted to be also less reactive
towards electrocyclisation (i.e. compound 14 in Scheme 4.45).

As Scheme 4.47 shows, substrate 8A_b resulted to be unreactive towards cyclisation.
This result could be attributed to the steric hindrance of the isopropyl group or to the
presence of the methyl in the oxime moiety, as R’ group. Indeed, as shown in Scheme
4.45, compound 14 is not reactive. Unfortunately, this result points to a limitation of this
strategy, since the substrates that are easier to obtain and purified from the CH
activation step are those that work worse in the electrocyclisation. This is the reason
why we could not test the 8A_b analogue with R” = H.
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A \N
X =

1,2 dichlorobenzene O
° F
200°C OMe

OMe

8A_b
Scheme 4.47 Electrocyclisation of compound 8A_b.

Finally, 10-type substrates were tested in the electrocyclisation step and they revealed
to be susceptible to this reaction, although providing significant amount of undesired
side product. Indeed, compound 10a cyclises to afford the products with a ratio F/OMe
1/2.7, while in the case of 10b the ratio obtained was 1/1. The mixture of these two
products did not permit to isolate properly the fluorinated isoquinolines.

pMe
—N —N
Br O cl 1,2 dichlorobenzene Br. O Cl
O N/ 200°C O \_7
N F '\3\ F/OMe
2N 7N
N\/\) N\\)
10a Approx ratio F/OMe 1/2.7
pMe
Br. O OMe Br. O OMe
1,2 dichlorobenzene O \ ¢
[\3\ E 200°C l}\ F/OMe
72\ N
| |
10b Approx ratio F/OMe 1/1

Scheme 4.48 Electrocyclisation for substrates 10a and 10b.
4.5 Computational work

4.5.1 Methods

All structures were initially optimised using density functional theory (DFT) with B3LYP
and the 6-311+G(d,p) basis set as implemented in Gaussian 16. Final energies were
calculated at M06-2X/6-311+G(d,p) level of theory, in a solvent model (IEFPCM, solvent=
o-DiChloroBenzene). The stationary points were characterised by frequency calculations
in order to verify that they have the right number of imaginary frequencies. For further
information, please see Chapter 1.

4.5.2 Electrocyclisation studies

Our computational analysis focused on the second step of the sequence presented
above: the electrocyclisation step and following elimination to afford the
fluoroisoquinoline of interest. The need of a computational study raised from the
evidence of the formation of 3-methoxyisoquinoline, as a side product, together with
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the desired fluorinated isoquinoline (Scheme 4.49). The experiments performed to
justify the side product formation did not provide a valid rational, but were useful to
exclude that an aromatic nucleophilic substitution (SnAr) takes place. Indeed, the
addition of a better SnAr substrate as fluoropyridine had no effect on the reaction
outcome. Furthermore, adding molecular sieves to trap the freed methanol was
ineffective. The most reasonable hypothesis is that after electrocyclisation, a 1,5-
alkoxyshift operates and then, the elimination of either HF or MeOH leads to the two
products (Scheme 4.49).

oM
F e
OMe
X
F O OMe _N

Electrocyclisation
F — = +

OMe
T
OMe OMe ‘
N. X
OMe
_N

Scheme 4.49 Products formed after subjecting azatrienes to electrocyclisation conditions.

Our work started with a small computational study of the starting material of the
electrocyclisation reaction, the fluorinated azatriene substrate, derived from the C-H
activation step. The structures of the four possible conformers were computed and
optimised. Structure 11_Ill resulted to be the most stable conformation and was taken
as reference point for the calculation of the energies of all the intermediates and
transition states. It is worth to notice that conformers 11_lll and 11_IV are almost
isoenergetic and their stability can be associated with the less steric hindrance due to
the position of the oxime moiety. The higher energy of conformer 11_II, which features
the most significant steric hindrance, confirms it. Only E-conformers were considered
because previous calculations by our group demonstrated that Z-oximes are unreactive
to electrocyclisation.®>

1.1 1.1 111 1_IV

AG = 1.3 kcal/mol AG = 4.1 kcal/mol AG = 0.0 kcal/mol AG = 0.1 kcal/mol
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Figure 4.3 Conformers of azatriene 11 and relative energies. Energies (AG) referred to the lowest energy
conformation, AG=0.0 kcal/mol.

Once the most stable conformation of the azatriene was determined, we proceeded to
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study the mechanism of the sequence of electrocyclisation, 1,5-shift and elimination. In
the evaluation of the energy barriers, it is important to take into consideration that the
reaction is performed at 200 °C, allowing to overcome higher barriers than those we
were used to see in the previous chapters.

Initially, we were mainly interested in understanding the mechanism of formation of the
undesired product, considering the formation of the fluorinated isoquinoline an easy
and spontaneous process, constituted by the electrocyclisation and following
elimination of the proton and methoxy, as methanol. Anyway, some calculations related
to it are also presented later in the section.

In Scheme 4.50 the energetic pathways that lead to 3-fluoroisoquinoline and 3-
methoxyisoquinoline are represented. The energy of the fluorinated azatriene (11_Ill in
Figure 4.3 = interm_l in Scheme 4.50) is taken as reference with AG = 0 kcal/mol.

At the reaction conditions, the azatriene substrate undergoes easily electrocyclisation
in a disrotatory fashion after overcoming a feasible energetic barrier (AG* = 36.0
kcal/mol). The intermediate (interm_Il) that is formed (named electrocyclisation
intermediate or product throughout this chapter) was located at relatively high energy
(AG = 19.4 kcal/mol) but the energy required for the 1,5-methoxyshift resulted to be too
high to make this process feasible at the reaction conditions (AG* = 43.7 kcal/mol).
Although the formation of interm_lIll through a 1,5-shift looks improbable, its geometry
was optimised and the intermediate was located at low energy (AG = -43.6 kcal/mol),
leading us think that the methoxy group prefers to be bound to a carbon atom than to
a nitrogen atom. The low energy of this intermediate is meaningful because it indicates
the stability of this intermediate that can exist but probably forms through an alternative
pathway. At this point, either MeOH or HF are available to be eliminated. Thus, the two
elimination processes were computed, but in both cases, the energies required were
too high (> 40 kcal/mol). It is of key importance to observe that the difference in energy
for the two pathways is very significant. Indeed, HF is much easier to eliminate, it
requires 18.5 kcal/mol less than the elimination of MeOH. This result supports the
formation of the methoxy-substituted isoquinoline over the formation of the fluorinated
one through this pathway.

After this initial study, it was clear that the electrocyclisation occurred easily but the
following steps required a different approach and we started hypothesising possible
pathways starting from the electrocyclisation product (interm_Il in Scheme 4.50).
Since interm_II stands at relatively high energy (AG = 19.4 kcal/mol), we thought that it
could somehow loose spontaneously the methoxy group (Scheme 4.51). Thus, the freed
methoxy (in red) could either abstract the proton at the Csp3 (green arrow) or attack the
carbon bound to the fluorine leading in this way to interm_Ill (blue arrow). We
computed the two alternative pathways but unfortunately, the transition state for the
spontaneous displacement of the methoxy group could not be located, proving that it
cannot occur.
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Scheme 4.50 Energetic pathways that lead to 3-fluoroisoquinoline and 3-methoxyisoquinoline. The energy

of the fluorinated azatriene (interm_l) is taken as reference with AG = 0 kcal/mol. All the energies are
Gibbs energies in kcal/mol.
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Scheme 4.51 Mechanism for the spontaneous displacement of the methoxy group and following possible
routes.

During our experiments, we observed that the final fluorinated isoquinoline remains
unreactive if subjected to high temperature in presence of methanol, meaning that the
side product (interm V) originates from a precedent step. Thus, it is reasonable to
assume that interm_lIl is formed and we tried to investigate how.

In the reaction media, reagent, forming intermediates and freed molecules are present
during the reaction. We assumed that all these molecules could interact with the
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electrocyclisation intermediate and help in mediating the shift of the methoxy group
from the nitrogen atom to the carbon bound to fluorine.

The first hypothesis was the mediation by an external MeOH molecule. We computed
the mechanism (Scheme 4.52) and we observed that the external methanol could help
the abstraction of the methoxy group, which spontaneously moved to bind the C
adjacent to fluorine during the calculation. Unfortunately, the intervention of the extra
molecule of methanol was not effective in decreasing the energy barrier required for
the formation of the intermediate, which resulted to be 45.0 kcal/mol.

X
H
N, OMe
OMe-"H
external

OMe OMe
F ‘ MeOH F O
coordination )
~ K, barrierless
N N\OMe N~ OMe  spontaneously
OMe-"H
Electrocyclsation displacement of MeO Interm_lil
intermediate
AG* =450 kcal/mol >,
Interm_lI ,{
? )
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Scheme 4.52 Mechanism mediated by an external molecule of MeOH present in the reaction media. All
the energies are Gibbs energies in kcal/mol using as reference interm_l (Scheme 4.50) with with AG =0
kcal/mol.

Then, as depicted in Scheme 4.53, we considered that a freed methoxy ion could act as
external mediator molecule. We observed that it easily abstracts the proton (AG* = 27.0
kcal/mol) and facilitates the displacement of the methoxy from the nitrogen atom,
leading to the formation of the desired fluorinated isoquinoline. In this case, the freed
methoxy does not migrate to the fluorinated carbon, but interacts with the ion, which

stabilises it.
F OMe OMe
O external MeO™ O
—_—

K "X
- No
OMe NN
Electrocyclisation Abstraction of the proton Interm_IV
intermediate AG* = 27.0 keal/mol

Interm_II

Scheme 4.53 Mechanism mediated by an external methoxy ion present in the reaction media. All the
energies are Gibbs energies in kcal/mol using as reference interm_I (Scheme 4.50) with with AG=0
kcal/mol.

The second approach was assuming that in the reaction media, the azatriene, the
electrocyclisation product and the formed isoquinoline could work as weak bases to
abstract the proton in the molecule of the electrocyclisation intermediate. The removal
of the proton could induce the displacement of the methoxy group, which then could
be stabilised as in the case of the external methoxy group or can migrate to form
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intermediate lll. To validate this hypothesis, we computed this mechanism using a
molecule of triethylamine as a model base (Scheme 4.54).

OMe
P
o T — 0
N. N
X-"oMe

. Interm_IV
Eleptrocy cll_sat/on Abstraction of the proton -
intermediate

AG* = 42.3 kcal/mol

Interm_lI

Scheme 4.54 Mechanism mediated by a molecule of EtsN as model base present in the reaction media.
All the energies are Gibbs energies in kcal/mol using as reference interm_I (Scheme 4.50) with with AG =
0 kcal/mol.

As in the previous case with the methoxy ion (Scheme 4.53), the triethylamine abstracts
the proton and causes the displacement of the methoxy from the nitrogen atom. The
energy cost in this case, differently from the use of an external methoxy ion, is high and
not affordable at the reaction conditions (AG* = 42.3 kcal/mol). Anyway, the methoxy,
after detachment from N atom, abstracts the proton from the protonated base leading
to the formation of methanol. The methoxy shift was not observed.

Apparently, the migration of the methoxy group occurred when an external group
interacts with it without first abstracting the proton. We assumed that in the media
there could be a protonated base, described in our case by a model protonated
triethylamine. We computed the mechanism of the migration of the methoxy group
mediated by a molecule of protonated base (Scheme 4.55). The protonated base
mediates the displacement of the methoxy group from the nitrogen atom in the
intermediate Il contributing in decreasing the energy cost of the process. The energy
barrier is feasible at the reaction conditions (36.4 kcal/mol). The freed methoxy
spontaneously migrates during convergence to the carbon adjacent to the fluorine,
forming the stable intermediate lll. At this point, two alternatives are possible: the
displacement of MeOH forming the fluorinated isoquinoline or the displacement of HF
affording the undesired side product. The two processes were computed adding the
mediator action of the model protonated base. It was found that the steric hindrance of
the protonated triethylamine did not allow the molecule to interact with both the H
atom and the OMe or the F to help their removal. Indeed, the calculations did not
converge. The re-establishment of the aromaticity, which might be a spontaneous
mechanism, hides in this case several issues, probably due to the high stability of
intermediate Ill. Nevertheless, it is worth to notice from Scheme 4.50 that the removal
of HF from intermediate lll is much more favoured that the removal of MeOH. This
qualitative analysis justifies the formation of the side product, which is probably
mediated by additives in the media.
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Scheme 4.55 Mechanism mediated by a molecule of protonated EtsN as model protonated base present
in the reaction media. All the energies are Gibbs energies in kcal/mol using as reference interm_| (Scheme
4.50) with with AG = 0 kcal/mol.

4.6 Conclusion

Fluorinated isoquinolines are valuable compounds in the farmaceutical field. Indeed,
they are common scaffolds in several bioactive compounds. In this work, we aimed to
synthetise fluorinated isoquinolines through a two-step synthesis involving Rh(lll)-
catalysed C-H activation of oxime derivatives with difluoroalkenes followed by
electrocyclisation. This methodology resulted to be challenging because of the limitation
on the choice of the substrates. In general, it was observed that substrates that smoothly
undergo CH activation provide azatrienes that are not keen on electrocyclising. Oximes
and hydrazones in presence of difluoroalkenes, [RhCp*(Cl);] as catalyst and AgOAc as
anion exchange agent in protic solvent, as TFE, afford azatrienes, although not always in
good yields. The employment of protic solvents is necessary for the reaction, but implies
the formation of a sideproduct, in which the fluorine atom is substituted by the solvent.
The electrocyclisation step occurred only in few cases affording the corresponding
fluorinated isoquinolines, together with an undesired product, in which the fluorine is
substituted by the methoxy delivered after the cyclisation to restore the aromaticity in
the heterocycle. The formation of this latter compound cannot be controlled and the
mechanism appears to be difficult to explain. The addition of good methoxy traps in the
reaction mixture was ineffective and the result allowed to exclude the nucleophilic
aromatic substitution as mechanism of formation. The hypothesis of a 1,5-methoxy shift
looked plausible but no experimental evidence could prove it.

It is worth to say that the mechanism for the formation of fluorinated isoquinolines looks
obvious, mainly if we think that in the reaction media there are many compounds that
can help in the abstraction of the proton inducing the displacement of the methoxy
group to restore the aromaticity, and does not need further investigation.

On the other hand, the formation of the methoxy substituted isoquinoline remains
unknown and deserves a different approach. A computational study was conducted on
the second step of the methodology, from azatrienes to isoquinoline products, with a
particular focus on the formation of the sideproduct. We observed that the
electrocyclisation occurs easily overcoming a feasible energy barrier and affording a
cyclic not aromatic product. The 1,5-methoxy shift was computed and resulted to be
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unaccessible at the reaction conditions because the computed energy barrier was too
high. Taking in consideration that in the reaction media there are many components
that can mediate and help the shift, we computed the shift mechanism mediated by a
free methanol molecule, a methoxy anion, a model base like EtsN (representing a
generic weak base in the media, such as isoquinoline or azatriene molecules) and the
protonated base model. The presence of ions in the system to compute could affect the
accuracy of the calculations and lead to results that are counterintuitive. The action of
an external molecule of methanol did not help in decreasing the shift energy barrier.
The methoxy ion and the base instead removed the proton leading to the formation of
the fluorinated isoquinoline and could not justify the formation of the side product. Only
computing the action of a protonated base as EtsN provided an energy barrier feasible
at the reaction conditions.

Due to the variety of species in the reaction media, it is difficult to understand and
predict what really causes the shift. The methoxy is shifted to form an intermediate
bearing a methoxy group and a fluorine atom bound at the same atom, located
computationally at low energy, indicating high stability. The issue is determing how it is
formed. All the calculations we performed concerning the participation of external
species in the process converged, meaning that these mechanisms are plausible, thus
we can draw the conclusion in a qualitative way, focusing on the trend of the energetic
profiles. After the shift of the methoxy, the intermediate that is formed is stable and
either the methoxy or the fluorine could leave together with the adiacent proton
forming respectively either the fluorinated isoquinoline and methanol or the methoxy-
substituted isoquinoline and hydrofluoric acid. The latter process resulted to be less
energetic than the former. This evidence could justify the formation of the sideproduct:
if the methoxy shift occurs in some way, then the detachment of the hydrofluoric acid
is more favourable than the removal of methanol.
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Chapter 5

Experimental section

In this chapter, the experimental part concerning the work explained in Chapter

4 is presented.
It regards all the experiments performed by the author of this thesis at the

University of Sheffield in the group of Prof. Harrity. Experimental procedures, as
well as materials and techniques are described in detail.






Chapter 5 Experimental section

5.1 Materials and techniques

5.1.1 Reagents and solvents

Reagents were purchased from common commercial suppliers such as Aldrich, Across,
Alfa Aesar, Fluka, TCI, Merck, Fluorochem, etc., stored as specified by the manufacturer
and used without previous purification.

Anhydrous solvents were dispensed by a “Grubbs apparatus”. The untreated solvent is
contained within a lined metal reservoir and forced by nitrogen flow through a pair of
metal columns each containing either activated alumina or molecular sieves. The dried
solvent is then collected under vacuum via a Schlenk line system.

5.1.2 General experimental

All reactions were conducted under an inert atmosphere of dry nitrogen or argon unless
otherwise stated using oven-dried glassware and were magnetically stirred.

Heat requiring reactions were performed using a hotplate with a sand bath and
condenser. Organic layers washed with aqueous phases were dried over MgSO4 and
filtered through celite.

Organic solvents were evaporated under reduced pressure using rotavapors. For the
complete removal of solvents vacuum pump was employed. Flash chromatography was
performed on silica gel (Fluorochem Dauvisil silica gel 43-60). The solvent system used is
specified in every single example. Thin layer chromatography (TLC) was performed on
aluminium backed plates pre-coated with silica (0.2 mm, Merck DC-ALUFOLIEN Kieselgel
60 F2s4), which were developed using ultraviolet light or potassium permanganate. Yields
refer to chromatographically purified and spectroscopically pure compounds, unless
otherwise stated.

5.1.3 NMR spectra

NMR spectra were recorded using either a Bruker Avance Il HD 400 spectrometer (400
MHz for 1H, 100 MHz for 13C, 377 MHz for 19F) or Bruker Avance 400 (400 MHz for 1H,
100 MHz for 13C) on solutions at room temperature. Chemical shifts (8) are quoted in
parts per million (ppm, &), downfield from tetramethylsilane (TMS) and referenced to
the residual solvent peak, chloroform CDCls, *H (6 = 7.26 ppm) and *3C (6 = 77.0 ppm) as
internal standard. The spectra were analysed according to first order and the multiplicity
of each signal is designated using the following abbreviations: s, singlet; d, doublet; t,
triplet; g, quartet; m, multiplet. Coupling constants (J) are reported in Hertz (Hz).
MestrReNova Mnova 11.0.4 program was used to process and edit the registered
spectra.

5.1.4 Mass spectra
High-resolution mass spectroscopy (HRMS) spectra, for accurate mass analysis, were
recorded on a MicroMass LCT operating in Electrospray mode (TOF ES*).
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5.1.5 Infrared Spectra
Infrared spectra were recorded on a Perkin Elmer Paragon 100 FTIR spectrophotometer.
Samples were recorded neat. Vmax in cm™.

5.2 Experimental procedures of Chapter 4

5.2.1 Synthesis of O-alkyl oximes

General procedure A (GPA)

Aldehyde (1 eq.) was dissolved in CH,Cl, to a final concentration of 0.45 M. To this, 1.5
eq. of the O-methylhydroxylamine hydrochloride salt and 2.2 eq. of pyridine were
added. The mixture was stirred for 2 hours at room temperature under inert
atmosphere. The reaction mixture was subsequently washed with 5% aqueous HCI (3
times) and saturated NaCl (2 times). The resulting organic layer was dried over MgS04
and concentrated under reduced pressure to provide the crude oxime. The compound
was purified by silica-gel chromatography (petroleum ether/ethyl acetate) to give the
pure compound.

Nat Chem Biol. 2011, 7(10):685-91

General procedure B (GPB)

Aldehyde oxime (1 eq.) and KOH (6 eq.) were dissolved in DMSO/H,0 (2.5/1) to a final
concentration of benzaldehyde oxime of 0.43 M. The mixture was let stirring for 15
minutes and then 1.2 eq. of alkyl bromide were added. After 2h the reaction was
completed and brine was added to it, followed by extraction with ethyl acetate. The
organic layer was washed with brine 3 times, dried over MgS04 and concentrated under
reduced pressure. The residue was purified through silica-gel chromatography
(petroleum ether/ethyl acetate) to give the pure compound.

Chinese Chemical Letters, 2002, 13 (2), 95-96.

Benzaldehyde O-methyl oxime (1)

ome Following GPA using benzaldehyde (2.87 ml, 28.2 mmol), 60ml of CH2Cly,

|N 2.82 g (42.2 mmol) of O-methylhydroxylamine hydrochloride salt and

©) 5.01mL (62.04 mmol) of pyridine. Work-up with 5% aqueous HCI (3x50mL)

and saturated NaCl (2x50mL). Purification by silica-gel chromatography

(petroleum ether/ethyl acetate 20/1) to give the pure compound as a pale
yellow oil in 86% yield (3.28 g).

1

1H NMR (CDCls, 400 MHz): & 8.12 (s, 1H), 7.65 — 7.62 (m, 2H), 7.42 — 7.39 (m, 3H), 4.03
(s, 3H). 3C NMR (CDCls, 100.6 MHz): & 148.6, 132.3, 129.8, 128.7, 127.0, 62.0.
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4-methoxybenzaldehyde O-methyl oxime (4Bb)

y-OMe  Following GPA using 4-methoxybenzaldehyde (2.00 ml, 16.4 mmol),

| 37ml of CHCl;, 2.05 g (24.6 mmol) of O-methylhydroxylamine
Me0/©) hydrochloride salt and 2.9mL (36.08 mmol) of pyridine. Work-up
with 5% aqueous HCl (3x40mL) and saturated NaCl (2x40mlL).
Purification by silica-gel chromatography (petroleum ether/ethyl
acetate 20/1) to give the pure compound as a colourless oil in 98% yield (2.65g).

4Bb

1H NMR (CDCls, 400 MHz): & 8.04 (s, 1H), 7.54 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H),
3.97 (s, 3H), 3.85 (s, 3H). 13C NMR (CDCls, 100.6 MHz): & 160.9, 148.2, 128.5, 124.8,
114.2, 61.8, 55.3.

4-chlorobenzaldehyde O-methyl oxime (4Bc)

N-OMe Following GPA using 4-chlorobenzaldehyde (2.30 g, 16.4 mmol), 37ml
' of CH,Cl,, 2.05 g (24.6 mmol) of O-methylhydroxylamine hydrochloride
/©) salt and 2.9 mL (36.08 mmol) of pyridine. Work-up with 5% aqueous
HCI (3x40mL) and saturated NaCl (2x40mL). Purification by silica-gel
chromatography (petroleum ether/ethyl acetate 20/1) to give the pure

compound as a white solid in 41% yield (1.14g).

Cl
4Bc

1H NMR (CDCls, 400 MHz): 6 8.03 (s, 1H), 7.53 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H),
4.00 (s, 3H). 13C NMR (CDCls, 100.6 MHz): & 147.3, 135.6, 130.7, 129.0, 128.2, 62.1.

4-bromobenzaldehyde O-methyl oxime (4Bg)

y-OMe  Following GPA using 4-bromobenzaldehyde (1.02 g, 5.5 mmol), 13ml

! of CH,Cly, 0.69 g (8.3 mmol) of O-methylhydroxylamine hydrochloride
/©) salt and 0.98 mL (12.2 mmol) of pyridine. Work-up with 5% aqueous
HCI (3x20mL) and saturated NaCl (2x20mL). Purification by silica-gel
chromatography (petroleum ether/ethyl acetate 20/1) to give the pure
compound as a colourless oil in 94% yield (1.11 g).

Br
4Bg

H NMR (CDCls, 400 MHz): & 8.02 (s, 1H), 7.53 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H),
3.99 (s, 3H). 13C NMR (CDCls, 100.6 MHz): 6 147.4, 131.9, 131.1, 128.4, 123.9, 62.2.

4-nitrobenzaldehyde O-methyl oxime (4Be)

N-OMe Following GPA using 4-bromobenzaldehyde (2.48 g, 16.4 mmol), 37ml

' of CHxCl,, 2.05 g (24.6 mmol) of O-methylhydroxylamine
J@) hydrochloride salt and 2.9 mL (36.08 mmol) of pyridine. Work-up
with 5% aqueous HCl (3x40mL) and saturated NaCl (2x40mL).
Purification by silica-gel chromatography (petroleum ether/ethyl
acetate 20/1) to give the pure compound as a beige/white solid in 82% vield (2.42 g).

4Be

1H NMR (CDCls, 400 MHz): 6 8.26 (d, J = 8.9 Hz, 2H), 8.13 (s, 1H), 7.77 (d, J = 8.9 Hz, 2H),
4.06 (s, 3H). 13C NMR (CDCls, 100.6 MHz): & 148.3, 146.3, 138.4, 127.5, 124.0, 62.7.
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4-(trifluoromethyl)benzaldehyde O-methyl oxime (4Bh)

\-OMe Following GPA using 4-bromobenzaldehyde (2.24 mL, 16.4 mmol),

| 37ml of CHyCl,, 2.05 g (24.6 mmol) of O-methylhydroxylamine

/@2 hydrochloride salt and 2.9 mL (36.08 mmol) of pyridine. Work-up

FaC with 5% aqueous HCl (3x40mL) and saturated NaCl (2x40mL).

Purification by silica-gel chromatography (petroleum ether/ethyl
acetate 20/1) to give the pure compound as a colourless oil in 98% yield (3.27 g).

4Bh

1H NMR (CDCls, 400 MHz): 6 8.10 (s, 1H), 7.71 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H),
4.03 (s, 3H). 13C NMR (CDCls, 100.6 MHz): 6 147.1, 135.6, 131.4 (g, 2Jc= 32.5, 1C), 127.1,
125.6 (q, 3Jcr= 3.7 Hz, 2C), 123.9 (q, Yer= 272.3 Hz, 1C), 62.3. °F NMR (CDCl3,377 MHz):
5-62.9.

Benzaldehyde O-benzyl oxime (4B_a)

\/@ Following GPB using benzaldehyde oxime (0.36 g, 3 mmol), KOH (1g,

Ir\ro 18 mmol) in 5 mL of DMSO and 2 mL of H;0, then 0.43 mL of benzyl

©) bromide. Work-up adding 4 mL of brine, followed by extraction with

EtOAc (10 mL). The organic layer was washed with brine (3x10mL).

Purification  through silica-gel chromatography (petroleum

ether/ethyl acetate 30/1) to give the pure compound as a colourless oil in 85% yield
(0.54 g).

4B_a

1H NMR (CDCls, 400 MHz): § 8.19 (s, 1H), 7.59 — 7.66 (m, 2H), 7.32 — 7.50 (m, 8H), 5.27
(s, 2H). 3C NMR (CDCls, 100.6 MHz): 6 149.1, 137.5, 132.3, 129.9, 128.7, 128.5, 128.4,
128.0, 127.1, 77.4.

Benzaldehyde O-isopropyl oxime (4B_b)

\° Following GPB using benzaldehyde oxime (0.36 g, 3 mmol), KOH (1g, 18
| Y mmol) in 5 mL of DMSO and 2 mL of H,0, then 0.34 mL of i-propyl
©) bromide. Work-up adding 4 mL of brine, followed by extraction with
4B b EtOAc (10 mL). The organic layer was washed with brine (3x10mL).
Purification through silica-gel chromatography (petroleum ether/ethyl

acetate 30/1) to give the pure compound as a colourless oil in 75% vyield (0.37 g).

1H NMR (CDCls, 400 MHz): & 8.10 (s, 1H), 7.58 — 7.64 (m, 2H), 7.35 — 7.42 (m, 3H), 4.44-
4.56 (m, 1H), 1.32-1.38 (m, 6H). 3C NMR (CDCls, 100.6 MHz): § 147.9, 132.7, 129.5,
128.6, 126.9, 75.8, 21.7.

5-bromo-1-(pyrimidin-2-yl)-1H-indole-3-carbaldehyde O-methyl oxime (9)
ome Following GPA using 5-bromo-1-(pyrimidin-2-yl)-1H-indole-3-
Br\CECN carbaldehyde (0.18 g, 0.6 mmol), 6 ml of CH,Cl,, 0.75 g (0.9 mmol) of
O-methylhydroxylamine hydrochloride salt and 0.11 mL (1.32 mmol)
of pyridine. Work-up with 5% aqueous HCl (3x10mL) and saturated
NaCl (2x10mL). Purification by silica-gel chromatography (petroleum

Z

N

C\Y
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ether/ethyl acetate 6/4) to give the compound as a white solid in 81% yield (0.16 g) as a
mixture of Z- and E- isomers (ratio Z/E 3.5/1).

Z-only: *H NMR (CDCls, 400 MHz): & 8.73-8.77 (m, 3H), 8.46 (s, 1H), 8.43 (d, J = 2.0 Hz,
1H), 8.30 (s, 1H), 7.52 (dd, J = 8.9, 2.1 Hz, 1H), 7.16 (t, J = 4.8 Hz, 1H), 4.07 (s, 3H). 13C
NMR (CDCls, 100.6 MHz): § 158.2, 157.0, 143.2, 134.9, 131.9, 129.3, 128.9, 127.7, 125.2,
117.7, 117.0, 116.6, 113.1. HRMS m/z [M+H]+ C14H127°BrN40 calcd. 331.0189, found
331.0178. IR: vmax/cm! (neat) 2934, 1617, 1573, 1542, 1455, 1427, 1293, 1229, 1136,
1153, 1058.

General procedure C (GPC)

A round bottom flask equipped with a stir bar was charged with acetophenone (1 eq.),
MeONH;-HCl (2.7 eq.), NaOAc (4.4 eq.), H,O/EtOH 3/1. The flask was equipped with a
reflux condenser and heated at 70°C for 2 hours. After cooling to room temperature, the
mixture was extracted with EtOAc (3 times). The organic layers were dried with MgSOa4
and the filtrate was concentrated under reduced pressure. The residue was purified by
silica-gel column chromatography (eluent petroleum ether/ethyl acetate) to give the
corresponding product.

Org. Lett. 2017, 19, 11, 2905-2908.

General procedure D (GPD)

Acetophenone oxime (1 eq.) and KOH (6 eq.) were dissolved in DMSO/H,0 (2.5/1) to a
final concentration of acetophenone oxime of 0.43 M. The mixture was let stirring for
15 minutes and then 1.2 eq. of alkyl bromide were added. After 2h the reaction was
completed and brine was added to it, followed by extraction with ethyl acetate. The
organic layer was washed with brine 3 times, dried over MgS04 and concentrated under
reduced pressure. The residue was purified through silica-gel chromatography
(petroleum ether/ethyl acetate) to give the pure compound.

Chinese Chemical Letters, 2002, 13 (2), 95-96.

1-phenylethan-1-one O-methyl oxime (4)

\-OMe Following GPC using acetophenone (0.5 ml, 4.27 mmol), MeONH-HCI

I (0.97 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H,0 (39 mL) and EtOH (13
©)\ mL). Work-up with EtOAc (3x50mL). Purification by silica-gel column
chromatography (eluent petroleum ether/ethyl acetate 20/1) to give the
corresponding product in 85% yield (0.54 g) as a colourless oil.

4

1H NMR (CDCls, 400 MHz): & 7.68 — 7.71 (m, 2H), 7.38 — 7.43 (m, 3H), 4.05 (s, 3H), 2.27
(s, 3H). 13C NMR (CDCls, 100.6 MHz): & 154.7, 136.7, 129.0, 128.4, 126.1, 61.9, 12.7.

1-(4-methoxyphenyl)ethan-1-one O-methyl oxime (4Ab)

n-OMe  Following GPC using 4-methoxyacetophenone (0.64 ml, 4.27 mmol),
I MeONH;-HCI (0.97 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H,0
MeO (39 mL) and EtOH (13 mL). Work-up with EtOAc (3x50mL).

4Ab
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Purification by silica-gel column chromatography (eluent petroleum ether/ethyl acetate
20/1) to give the corresponding product in 33% yield (0.25 g) as a white solid.

1H NMR (CDCls, 400 MHz): § 7.62 (d, J = 8.9 Hz, 2H), 6.91 (d, J = 8.9 Hz, 2H), 4.00 (s, 3H),
3.85 (s, 3H), 2.23 (s, 3H). 3C NMR (CDCls, 100.6 MHz): & 160.4, 154.2, 129.2, 127.3,
113.8, 61.8, 55.3, 12.5.

1-(4-chlorophenyl)ethan-1-one O-methyl oxime (4Ac)

N-OMe Following GPC using 4-chloroacetophenone (0.55 ml, 4.27 mmol),

' MeONH2-HCI (0.97 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H,0 (39
C|/©)\ mL) and EtOH (13 mL). Work-up with EtOAc (3x50mL). Purification by
silica-gel column chromatography (eluent petroleum ether/ethyl
acetate 20/1) to give the corresponding product in 82% yield (0.64 g)
as a colourless oil.

'H NMR (CDCl3, 400 MHz): § 7.61 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 4.02 (s, 3H),
2.22 (s, 3H). 13C NMR (CDCl3, 100.6 MHz): § 153.5, 135.0 (two peaks, s, 1C+1C), 128.6,
127.3,62.0,12.5.

1-(p-tolyl)ethan-1-one O-methyl oxime (4Ad)

\-OMe Following GPC using 4-methylacetophenone (0.57 ml, 4.27 mmol),
| MeONH;-HCI (0.97 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H20 (39
/@2\ mL) and EtOH (13 mL). Work-up with EtOAc (3x50mL). Purification by
4Ad silica-gel column chromatography (eluent petroleum ether/ethyl
acetate 20/1) to give the corresponding product in 80% yield (0.56 g) as

a colourless oil.

1H NMR (CDCls, 400 MHz): 6 7.59 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 4.04 (s, 3H),
2.41 (s, 3H), 2.26 (s, 3H). 13C NMR (CDCls, 100.6 MHz): & 154.6, 139.0, 133.8, 129.1,
126.0, 61.8, 21.3, 12.6.

1-(4-nitrophenyl)ethan-1-one O-methyl oxime (4Ae)

.oMe Following GPC using 4-nitroacetophenone (0.71 g, 4.27 mmol),

' MeONH;-HCI (0.97 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H,0 (39
on mL) and EtOH (13 mL). Work-up with EtOAc (3x50mL). Purification by

4Ae silica-gel column chromatography (eluent petroleum ether/ethyl
acetate 20/1) to give the corresponding product in 78% yield (0.65g)
as a white solid.

1H NMR (CDCls, 400 MHz): & 8.24 (d, J = 9.0 Hz, 2H), 7.85 (d, J = 9.0 Hz, 2H), 4.07 (s, 3H),
2.28 (s, 3H). 13C NMR (CDCls, 100.6 MHz): & 152.5, 148.0, 142.6, 126.7, 123.6, 62.4, 12.3.
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1-(4-hydroxyphenyl)ethan-1-one O-methyl oxime (4Af)

N-OMe Following GPC using 4-hydroxyacetophenone (0.58 g, 4.27 mmol),
' MeONH3-HCI (0.97 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H,0 (39
mL) and EtOH (13 mL). Work-up with EtOAc (3x50mL). Purification by
HO .
4AF silica-gel column chromatography (eluent petroleum ether/ethyl
acetate 20/1) to give the corresponding product in 66% yield (0.47 g)
as a white solid.

1H NMR (CDCls, 400 MHz): & 7.53 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 4.00 (s, 3H),
2.22 (s, 3H). 3C NMR (CDCls, 100.6 MHz): 5 156.8 (s, 1C), 155.4 (s, 1C), 128.8 (s, 1C),
127.7 (s, 2C), 115.4 (s, 2C), 61.7 (s, 1C), 13.1 (s, 1C).

Acetophenone oxime

on A 100mL round-bottom flask was charged with acetophenone (0.5 ml, 4.27
\ mmol), HONH,-HCI (0.80 g, 11.5 mmol), NaOAc (1.55 g, 18.8 mmol), H.O (10
©)\ mL) and EtOH (15 mL). The flask was equipped with a relux condenser and
the mixture was let stirring at reflux for 3h. after cooling down to room
temperature, the mixture was extracted with ethyl acetate (3x20mL). The organic layers
were collected and dried over MgS04 and the filtrate was concentrated under reduced
pressure. The crude product (white solid) was used directly for the synthesis of
acetophenone O-isopropyl oxime without further purification.

Chem. Commun. 2017, 53, 12189-12192.

Acetophenone O-benzyl oxime (4A_a)

\/@ Following GPD using acetophenone oxime (0.15 g, 1.12 mmol), KOH

NI/O (0.38 g, 6.72 mmol) DMSO (2 mL), H,0 (0.7 mL), then benzylbromide

©)\ (0.16 mL, 1.34 mmol). Work-up adding 2 mL of brine, followed by

extraction with EtOAc (7 mL). The organic layer was washed with

brine (3x7mL). Purification through silica-gel chromatography

(petroleum ether/ethyl acetate 30/1) to give the pure compound as a colourless oil in
82% vyield (0.21 g).

4A_a

1H NMR (CDCls, 400 MHz): § 7.74-7.78 (m, 2H), 7.52 — 7.56 (m, 2H), 7.41 — 7.50 (m, 6H),
5.37 (s, 2H), 2.38 (s, 3H). 3C NMR (CDCls, 100.6 MHz): & 138.2, 136.7, 129.1, 128.5 (two
signals), 128.2, 127.9, 127.8, 126.2, 76.3, 13.0.

Acetophenone O-isopropyl oxime (4A_b)

0 Following GPD using acetophenone oxime (0.15 g, 1.12 mmol), KOH (0.38

N Y g, 6.72 mmol) DMSO (2 mL), H20 (0.7 mL), then isopropylbromide (0.13

©)\ mL, 1.34 mmol). Work-up adding 2 mL of brine, followed by extraction

4A b with EtOAc (7 mL). The organic layer was washed with brine (3x7mL).

) Purification through silica-gel chromatography (petroleum ether/ethyl
acetate 30/1) to give the pure compound as a colourless oil in 79% yield (0.16 g).
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1H NMR (CDCls, 400 MHz): 6 7.68 — 7.71 (m, 2H), 7.36-7.42 (m, 3H), 4.70 (hept, J = 6.2
Hz, 1H), 2.26 (s, 3H), 1.35 (d, J = 6.2 Hz, 6H). 3C NMR (CDCls, 100.6 MHz): § 153.6, 137.2,
128.7, 128.3, 126.0, 75.6, 21.9, 12.7.

5.2.2 Synthesis of Hydrazones

General Procedure E

A round bottom flask was charged with benzaldehyde (1 eq.), hydrazine (1.2 eq.), acetic
acid (1.2 eq.) and dry dichloromethane to a concentration of 0.1 M. The mixture was
stirred for 2 hours at room temperature and then extracted with water 3 times. The
organic layer was dried over MgSO4 and the filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel column chromatography (eluent
petroleum ether/ethyl acetate) to give the corresponding product.

General Procedure F

A flame dried round bottom flask equipped with a condenser was charged with
acetophenone (1 eq.), hydrazine (2 eq.), acetic acid (0.1 eq.) and ethanol to a
concentration of 0.5 M. The mixture was stirred for 12 hours under reflux in inert
atmosphere. Then, the solvent was removed under reduced pressure and the mixture
was extracted with ethyl acetate and water (3 times). The organic layer was dried over
MgSQO4 and the filtrate was concentrated under reduced pressure. The residue was
purified by silica-gel column chromatography (eluent petroleum ether/ethyl acetate) to
give the corresponding product.

Org. Lett., 2013, 15 (22).

2-benzylidene-1,1-dimethylhydrazine (9Ba)

|  Following the GPE using benzaldehyde (0.96 mL, 9.4 mmol), 1,1-

IN’ >~ dimethylhydrazine (0.86 mL, 11.28 mmol), acetic acid (0.65 mL, 11.28

©) mmol), dichloromethane (94mL). Work-up with 3x70mL of water.

Purification by silica-gel column chromatography (eluent petroleum

9Ba ether/ethyl acetate 9/1) to give 2-benzylidene-1,1-dimethylhydrazine in
92% vyield (1.28 g) as a pale yellow oil.

H NMR (CDCls, 400 MHz): & 7.59-7.63 (m, 2H), 7.33-7.38 (m, 2H), 7.23-7.29 (m, 2H),
3.00 (s, 6H). 13C NMR (CDCls, 100.6 MHz): § 136.8, 132.9, 128.5, 127.4, 125.6, 42.9.

1-benzylidene-2-phenylhydrazine (9Bc)

H Following the GPE using benzaldehyde (0.96 mL, 9.4 mmol),
IN’N\© phenylhydrazine (1.11 mL, 11.28 mmol), acetic acid (0.65 mL, 11.28
©) mmol), dichloromethane (94mL). Work-up with 3x70mL of water.
Purification by silica-gel column chromatography (eluent petroleum
9Be ether/ethyl acetate 9/1) to give 1-benzylidene-2-phenylhydrazine in

96% vield (1.77 g) as a light orange solid.
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1H NMR (CDCls, 400 MHz): § 7.66-7.76 (m, 3H), 7.36-7.45 (m, 2H), 7.28-7.36 (m, 3H),
7.12-7.19 (m, 2H), 6.87-6.94 (m, 1H). 3C NMR (CDCls, 100.6 MHz): § 144.6,137.3, 135.3,
129.3, 128.6, 128.4, 126.2, 120.1, 112.7.

1-phenyl-N-(piperidin-1-yl)methanimine (9Bb)

Following the GPE using benzaldehyde (0.96 mL, 9.4 mmol), piperidin-1-
,O amine (1.22 mlL, 11.28 mmol), acetic acid (0.65 mL, 11.28 mmol),
N

| dichloromethane (94mL). Work-up with 3x70mL of water. Purification by
©) silica-gel column chromatography (eluent petroleum ether/ethyl acetate
9Bb 9/1) to give 1-phenyl-N-(piperidin-1-yl)methanimine in 98% vyield (1.76g)

as a pink solid.

1H NMR (CDCls, 400 MHz): § 7.59-7.64 (m, 2H), 7.57 (s, 1H), 7.32-7.39 (m, 2H), 7.24 —
7.30 (m, 1H), 3.16-3.22 (m, 4H), 1.74-1.82 (m, 4H), 1.53-1.61 (m, 2H). 13C NMR (CDCls,
100.6 MHz): 6 136.7, 134.6, 128.5, 127.8, 126.0, 52.1, 25.2, 24.2.

1,1-dimethyl-2-(1-phenylethylidene)hydrazine (9Aa)

'L Following the GPF using acetophenone (1.17 mL, 10.0 mmol), 1,1-
NI/ > dimethylhydrazine (1.52 mL, 20.0 mmol), acetic acid (0.06 mL, 1.00 mmol),
©)\ ethanol (20 mL). Work-up 30 mL of ethyl acetate and washing with 3 x
30mL of water. Purification by silica-gel column chromatography (eluent
petroleum ether/ethyl acetate 95/5) to give the product in 98% yield (1.59

g) as a yellow oil.

1H NMR (CDCls, 400 MHz): & 7.73-7.78 (m, 2H), 7.36-7.40 (m, 3H), 2.63 (s, 6H), 2.38 (s,
3H). 13C NMR (CDCls, 100.6 MHz): & 162.2, 139.1, 129.2, 128.3, 126.4, 47.3, 15.6.

1-phenyl-N-(piperidin-1-yl)ethan-1-imine (9Ab)

Following the GPF using acetophenone (0.47 mL, 4.00 mmol), piperidin-

N/,O 1-amine (0.86 mL, 8.00 mmol), acetic acid (0.02 mL, 0.40 mmol), ethanol

I (8 mL). Work-up 10 mL of ethyl acetate and washing with 3 x 10mL of

©)\ water. Purification by silica-gel column chromatography (eluent

9Ab petroleum ether/ethyl acetate 95/5) to give the product in 80% yield
(0.65g) as a yellow oil.

1H NMR (CDCls, 400 MHz): & 7.75-7.79 (m, 2H), 7.36-7.40 (m, 3H), 2.80-2.84 (m, 4H),
2.38 (s, 3H), 1.73-1.80 (m, 4H), 1.49-1.56 (m, 2H). 13C NMR (CDCls, 100.6 MHz): & 162.2,
139.3, 129.2, 128.2, 126.4, 56.2, 25.5, 24.0, 15.7.

5.2.3 Synthesis of difluoroalkenes

General procedure (GP)

To a dried round-bottom flask equipped with a magnetic stir bar and charged with
benzaldehyde (1 eq.), triphenylphosphine (1.2 eq.), and DMF (0.5 mol/L for aldehyde)
was added a solution of sodium chlorodifluoroacetate (1.5 eq.) in DMF (2 mol/L)
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dropwise at 100 °C over 30 min. After the addition was completed, the reaction mixture
was heated additionally at the same temperature for 1 hour. After cooling to 0 °C, to the
reaction mixture was added water and the mixture was extracted with Et,0 (3 times).
The organic extract was washed with water and brine, and then dried over anhydrous
magnesium sulfate. After filtration, the filtrate was concentrated under reduced
pressure. The residue was purified by silica-gel column chromatography (eluent
petroleum ether/ethyl acetate) to give the corresponding gem-difluoroalkene, if not
differently reported.

J. Am. Chem. Soc. 2017, 139, 36, 12855-12862.

1-chloro-4-(2,2-difluorovinyl)benzene (7)

cl i Following GP using 4-chlorobenzaldehyde (2g, 14.2 mmol), PPhs (4.48
mF g, 17.1 mmol), 28.4 ml of DMF, 10.7 ml of solution of sodium
chlorodifluoroacetate (3.25 g, 21.3 mmol) in DMF with silica-gel column
chromatography (eluent petroleum ether/ethyl acetate 50/1) to give 1-
chloro-4-(2,2-difluorovinyl)benzene as a colourless oil in 54% yield (1.34g).

7

'H NMR (CDCls, 400 MHz): & 7.27 — 7.35 (m, 4H), 5.27 (dd, Jn-r= 26.0, 3.6 Hz ,1H). 13C
NMR (CDCls, 100.6 MHz): & 156.3 (dd, YJc.r= 298.4, 288.9 Hz), 132.8, 128.7-129.0 (three
signals overlapped), 81.4 (dd, %Jc¢= 29.8, 13.7 Hz). °F NMR (CDCl3,377 MHz): 6 -81.6 (d,
Jer=29.9 Hz), -83.4 (d, Jer = 29.9 Hz).

1-(2,2-difluorovinyl)-4-methoxybenzene (2)

MeO . Following GP using 4-methoxyaldehyde (3.57 ml, 29.4 mmol), PPhs
m (9.23 g, 35.3 mmol), 60 ml of DMF, 22ml of solution of sodium

chlorodifluoroacetate (6.72 g, 44.1 mmol) in DMF with silica-gel

column chromatography (eluent petroleum ether/ethyl acetate 20/1)
to give the product contaminated by residue of PPhs. The mixture was treated with CuCl
(2 g) in acetone (40ml) and stirred for 30 min. After filtration with celite, the acetone
was removed in vacuum and the product was further purified by silica-gel column
chromatography to give the pure 1-(2,2-difluorovinyl)-4-methoxybenzene, as a
colourless oil in 54% yield (2.70 g).

1H NMR (CDCls, 400 MHz): § 7.28 — 7.32 (d, J = 7.0 Hz, 2H), 6.90 — 6.93 (d, J = 7.0 Hz, 2H),
5.26 (dd, Jur= 26.3, 2.2 Hz ,1H), 3.84 (s, 3H). 13C NMR (CDCls, 100.6 MHz): § 158.6, 155.9
(dd, YUcr= 296.4, 286.4 Hz), 128.8 (dd, YJcr= 6.4, 3.4 Hz), 122.7 (t, 3Jcr= 6.1 Hz), 114.2,
81.5 (dd, 2ce= 29.2, 14.2 Hz), 55.2. °F NMR (CDCls,377 MHz): 6 -84.8 (d, Jr.r = 37.1 Hz),
-86.6 (d, Jr.r= 37.1 Ha).

5.2.4 Synthesis of azatrienes through Rh-catalysed CH activation

General procedure G (GPG)
In a flame dried flask, oxime (1 eq.), difluoroalkene (1.5 eq.), [RhCp*Cl2]2 (5 mol%),
AgOAc (27 mol%) and TFE were added. The reaction was let stirring at 30 °C for 16h
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under inert atmosphere. After removal of the solvent, the crude was purified by silica-
gel chromatography to give the pure compound.

General procedure H (GPH)

In a flame dried flask, oxime (1 eq.), difluoroalkene (1.5 eq.), [RhCp*(MeCN)s][SbFs]2 (5
mol%), and TFE were added. The reaction was let stirring at 120 °C for 20h under inert
atmosphere. After removal of the solvent, the crude was purified by silica-gel
chromatography to give the pure compound.

2-((2)-1-fluoro-2-(4-methoxyphenyl)vinyl)benzaldehyde O-methyl oxime (3)

Following GPG (with different solvent), using benzaldehyde O-
methyl oxime (54.2 mg, 0.40 mmol), 1-(2,2-difluorovinyl)-4-
methoxybenzene (82.2 mg, 0.48 mmol), [RhCp*Cl2]; (12.7 mg, 5
mol%), AgOAc (16.8 mg, 25 mol%) in HFIP (2.0 mL). Following silica
gel flash column chromatography (petrol-Et,O [95:5]), the
azatriene was isolated as a colourless oil (26.3 mg, 23%). (If
performed in TFE, yield of 35%).

1H-NMR (CDCls, 400 MHz): & 8.43 (d, J = 3.5 Hz, 1H), 7.93-7.91 (m, 1H), 7.57 (d, J = 9.0
Hz, 2H), 7.54-7.52 (m, 1H), 7.43-7.38 (m, 2H), 6.92 (d, J = 9.0 Hz, 2H), 5.87 (d, J = 38.5 Hz,
1H), 4.00 (s, 3H), 3.84 (s, 3H); 13C-NMR (CDCls, 101 MHz) & 159.2, 155.1 (d, Jcr = 260.5
Hz, C), 147.6, 133.3 (d, Jcr = 26.0 Hz, C), 130.4 (d, Jc-r = 8.0 Hz, 2CH), 130.3, 129.7, 129.4,
128.8 (d, Jcr=4.5Hz, CH), 126.9, 126.1 (d, Jc.r = 3.5 Hz, C), 114.1 (overlap of two signals),
111.6 (d, Jer = 11.0 Hz, CH), 62.2, 55.4; ®F-NMR (CDCls, 377 MHz) & -99.4 (dd, J = 38.5
Hz, 3.5 Hz, 1F); HRMS m/z [M+H]* C17H17FNO; calcd. 286.1238, found 286.1238; IR:
vmax/cm™ (neat) 2936, 1606, 1592, 1301, 1249, 1178, 1056, 1043.

1-(2-((2)-1-fluoro-2-(4-methoxyphenyl)vinyl)phenyl)ethan-1-one O-methyl oxime (5)

Following GPG using 1-phenylethan-1-one O-methyl oxime (60.0
mg, 0.4 mmol), 1-(2,2-difluorovinyl)-4-methoxybenzene (102.0
mg, 0.6 mmol), [RhCp*Clz]2 (12.4 mg, 0.02 mmol), AgOAc (18.0
mg, 0.108 mmol) and TFE (2.5mL). Purification by silica-gel
chromatography (eluent petroleum ether/ethyl acetate 20/1) to
give the pure compound as a green/yellow oil in 21% vyield (25.1

mg).

14 NMR (CDCls, 400 MHz): § 7.55 — 7.60 (m, 3H), 7.41-7.45 (m, 3H), 6.94 (d, J = 8.7 Hz,
2H), 6.04 (d, Jur = 38.9 Hz, 1H), 4.01 (s, 3H), 3.86 (s, 3H), 2.18 (s, 3H). 3C NMR (CDCls,
100.6 MHz): & 158.9 (d, *Jcr = 2.9 Hz, 1C), 157.5, 155.6 (d, Ycr = 259.0 Hz, 1C), 136.0,
132.1 (d, Zcr= 25.8 Hz, 1C, 130.2 (d, 3Jcr= 7.9 Hz, 1C), 129.5, 129.1, 128.7, 128.2 (d, *Jc
¢=5.1 Hz, 2C), 126.4 (d, 3Jcr = 3.3 Hz, 1C, 114.0, 109.9 (d, s = 10.4 Hz, 1C), 61.9, 55.3,
15.9. 19F NMR (CDCl3,377 MHz): & -102.9 (d, Jr.n = 38.9 Hz, 1F). HRMS m/z [M+H]+
CisH19FNO> calcd. 300.1394, found 300.1387. IR: vmax/cm™ (neat) 2935, 1607, 1573,
1512, 1464, 1365, 1250, 1178, 1050, 1037.
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1-(2-((2)-2-(4-chlorophenyl)-1-fluorovinyl)phenyl)ethan-1-one O-methyl oxime (8Aa)

Following GPG using 1-phenylethan-1-one O-methyl oxime (74.6
mg, 0.5 mmol), 1-chloro-4-(2,2-difluorovinyl)benzene (130.6 mg,
0.75 mmol), [RhCp*Cl2]; (15.4 mg, 0.025 mmol), AgOAc (22.5 mg,
0.135 mmol) and TFE (3.5 mL). Purification by silica-gel
chromatography (eluent petroleum ether/ethyl acetate 50/1) to
give the pure compound as a pale yellow oil in 78% yield (118.9 mg).

14 NMR (CDCls, 400 MHz): § 7.57 — 7.61 (m, 1H), 7.55 (d, J = 8.6 Hz, 2H), 7.42-7.46 (m,
3H), 7.36 (d, J = 8.6 Hz, 2H), 6.05 (d, Ju.r = 38.0 Hz, 1H), 4.01 (s, 3H), 2.19 (s, 3H). 13C NMR
(CDCl3, 100.6 MHz): & 157.5 (d, Ycr = 262.8 Hz, 1C), 157.1, 136.3, 133.1 (d, 3Jcr= 3.5 Hz,
1C), 132.1 (d, 3Jcr= 3.3 Hz, 1C), 131.6 (d, 2cr= 25.6 Hz, 1C), 130.1 (d, 3Jcr= 8.1 Hz, 1C),
129.6 (s, 1C), 129.5 (s, 1C), 128.8 (overlap of two signals, 2C+1C), 128.5 (d, *Jcr= 5.1 Hz,
2C), 109.1 (d, 2Jc.r = 10.1 Hz, 1C), 61.9, 15.9. °F NMR (CDCl3,377 MHz): & -98.7 (d, Jr-t =
38.0 Hz, 1F). HRMS m/z [M+H]+ C17H16>°CIFNO calcd. 304.0899, found 304.0908. IR:
vmax/cm™ (neat) 2936, 1661, 1592, 1493, 1366, 1310, 1194, 1093, 1050.

1-(4-chloro-2-((2)-1-fluoro-2-(4-methoxyphenyl)vinyl)phenyl)ethan-1-one  O-methyl
oxime (8Ac analogue, not included in the thesis)

Following GPG using 1-(4-chlorophenyl)ethan-1-one O-methyl
oxime (126 mg, 0.69 mmol), 1-(2,2-difluorovinyl)-4-
methoxybenzene (175 mg, 1.03 mmol), [RhCp*Cl:]2 (21.6 mg,
0.035 mmol), AgOAc (30.9 mg, 0.186 mmol) and TFE (4 mL).
Purification by silica-gel chromatography (eluent petroleum
ether/ethyl acetate 50/1) to give the pure compound as a yellow oil in 28% vyield (64.7

mg).

1H NMR (CDCls, 400 MHz): & 7.53 — 7.58 (m, 3H), 7.33-7.39 (m, 2H), 6.94 (d, J = 8.8 Hz,
2H), 6.05 (d, Jur = 38.7 Hz, 1H), 4.00 (s, 3H), 3.86 (s, 3H), 2.15 (s, 3H). 13C NMR (CDCls,
100.6 MHz): & 159.2 (d, “Jcs = 2.9 Hz, 1C), 156.5, 154.2 (d, Ycr = 258.9 Hz, 1C), 134.6,
134.4,133.7 (d, Ucr = 26.5 Hz, 1C), 130.9, 130.4 (d, 3Jcr= 7.9 Hz, 1C), 129.0, 128.1 (d, “Jc.
£=5.4 Hz, 2C), 125.9 (d, 3Jc = 3.3 Hz, 1C), 114.1, 110.8 (d, Zcr = 10.0 Hz, 1C), 62.0, 55.3,
15.7. 19F NMR (CDCl3,377 MHz): 6 -104.4 (d, Jru = 38.7 Hz, 1F). HRMS m/z [M+H]+
C18H183°CIFNO2 calcd. 334.1005, found 334.0996. IR: vmax/cm™ (neat) 2935, 1663,
1606, 1511, 1463, 1366, 1298, 1253, 1178, 1103, 1044.

1-(2-((Z)-1-fluoro-2-(4-methoxyphenyl)vinyl)-4-methylphenyl)ethan-1-one O-methyl
oxime (8Ad analogue, not included in the thesis)

Following GPG using 1-(4-methylphenyl)ethan-1-one O-methyl
oxime (41 mg, 0.25 mmol), 1-(2,2-difluorovinyl)-4-
methoxybenzene (65 mg, 0.38 mmol), [RhCp*Cl:]; (7.7 mg,
0.013 mmol), AgOAc (11.2 mg, 0.068 mmol) and TFE (2.5 mL).
Purification by silica-gel chromatography (eluent petroleum
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ether/ethyl acetate 50/1) to give the pure compound as a yellow oil in 49% vyield (38.3
mg).

1H NMR (CDCls, 400 MHz): 6 7.56 (d, J = 8.8 Hz, 2H), 7.39 (s, 1H), 7.30 (d, J = 7.7 Hz, 1H),
7.21(d, J = 7.7 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.01 (d, J.r = 38.9 Hz, 1H), 4.00 (s, 3H),
3.86 (s, 3H), 2.41 (s, 3H), 2.16 (s, 3H). 13C NMR (CDCls, 100.6 MHz): & 158.9 (d, *Jc.r= 2.9
Hz, 1C), 157.5, 155.9 (d, Ycr = 259.2 Hz, 1C), 138.6, 133.3, 131.9 (d, 2cr = 25.7 Hz, 1C),
130.2 (d, 3Jcr= 7.9 Hz, 1C), 129.8, 129.4, 128.8 (d, “Jcr = 5.0 Hz, 2C), 126.5 (d, 3Jcr = 3.3
Hz, 1C), 114.0, 109.6 (d, Jcr = 10.5 Hz, 1C), 61.8, 55.3, 21.2, 15.9. 1°F NMR (CDCl3,377
MHz): & -102.7 (d, Jr.u = 38.9 Hz, 1F). HRMS m/z [M+H]+ C1oH21FNO; calcd. 314.1551,
found 314.1543. IR: vmax/cm™ (neat) 2936, 1607, 1513, 1464, 1257, 1179, 1080, 1048.

1-(2-((Z)-2-(4-chlorophenyl)-1-fluorovinyl)-4-chlorophenyl)ethan-1-one O-methyl
oxime (8Ac)

Cl I

-OMe Following GPG using 1-(4-chlorophenyl)ethan-1-one O-methyl
oxime (71.6 mg, 04 mmol), 1-chloro-4-(2,2-
_ difluorovinyl)benzene (104.4 mg, 0.6 mmol), [RhCp*Cl,]> (12.4
E O mg, 0.02 mmol), AgOAc (18 mg, 0.108 mmol) and TFE (3.5 mL).
8Ac “ Purification by silica-gel chromatography (eluent petroleum
ether/diethyl ether 95/5) to give the pure compound as a yellow

oil in 30% yield (40.6 mg).

N
|

1H NMR (CDCls, 400 MHz): & 7.58 (d, J = 2.0 Hz, 1H), 7.54 (d, J = 8.6 Hz, 2H), 7.35-7.42
(m, 4H), 6.05 (d, Jur = 37.7 Hz, 1H), 3.99 (s, 3H), 2.16 (s, 3H). 13C NMR (CDCls, 100.6
MHz): § 156.1, 156.0 (d, Ycr = 262.8 Hz, 1C), 134.7, 134.6, 133.5 (d, 3Jcr = 3.5 Hz, 1C),
133.2 (d, ZJc.r = 26.5 Hz, 1C), 131.6 (d, 3Jc-r = 3.5 Hz, 1C), 130.9, 130.2 (d, *Jc.r = 8.1 Hz,
2C), 129.5, 128.8, 128.3 (d, ¥c.r = 5.5 Hz, 1C), 110.0 (d, Yer = 9.6 Hz, 1C), 62.0, 15.8. 1°F
NMR (CDCl3,377 MHz): & -100.1 (d, Jru = 37.7 Hz, 1F). HRMS m/z [M+H]+
C17H153°CI2FNO calcd. 338.0509, found 338.0516. IR: vmax/cm™ (neat) 2935, 1663,
1589, 1492, 1366, 1311, 1261, 1195, 1096, 1045.

1-(2-((2)-2-(4-chlorophenyl)-1-fluorovinyl)-4-methylphenyl)ethan-1-one O-methyl
oxime (8Ad)

Following GPG using 1-(4-methylphenyl)ethan-1-one O-methyl
oxime (48.9 mg, 0.3 mmol), 1-chloro-4-(2,2-difluorovinyl)benzene
(78.3 mg, 0.45 mmol), [RhCp*Cl2]; (9.3 mg, 0.015 mmol), AgOAc
(13.5 mg, 0.081 mmol) and TFE (3 mL). Purification by silica-gel
chromatography (eluent petroleum ether/diethyl ether 95/5) to
give the pure compound as a light yellow oil in 87% yield (83.6

'H NMR (CDCls, 400 MHz): § 7.54 (d, J = 8.6 Hz, 2H), 7.40 (s, 1H), 7.36 (d, J = 8.6 Hz,
2H), 7.32 (d, J = 7.6 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H), 6.03 (d, Ju.r = 38.0 Hz, 1H), 4.00 (s,
3H), 2.42 (s, 3H), 2.17 (s, 3H). 3C NMR (CDCls, 100.6 MHz): 6 157.7 (d, Ycr = 262.9 Hz,
1C), 157.0, 138.7, 133.6, 133.0 (d, 3Jc.r = 3.4 Hz, 1C), 132.2 (d, 3Jc.r = 3.2 Hz, 1C), 131.5
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(d, 2Jcr = 25.6 Hz, 1C), 130.3, 130.0 (d, “Jcr = 8.0 Hz, 2C), 129.4, 129.0 (d, ¥Jc.r = 4.9 Hz,
1C), 128.7, 108.9 (d, Ycr = 10.1 Hz, 1C), 61.8, 21.1, 15.9. 9F NMR (CDCl3,377 MHz): & -
98.5 (d, Je = 37.8 Hz, 1F). HRMS m/z [M+H]+ C18H183°CIFNO calcd. 318.1055, found
318.1060. IR: vmax/cm™ (neat) 2935, 1661, 1491, 1365, 1310, 1180, 1093, 1081, 1046,
1013.

1-(2-((2)-2-(4-chlorophenyl)-1-fluorovinyl)phenyl)ethan-1-one  O-isopropyl oxime
(8A_b with Cl)

Following GPG using acetophenone O-isopropyl oxime (53.2 mg, 0.3
mmol), 1-chloro-4-(2,2-difluorovinyl)benzene (78.3 mg, 0.45 mmol),
[RhCp*Cl2]2 (9.3 mg, 0.015 mmol), AgOAc (13.5 mg, 0.081 mmol)
and TFE (2.5 mL). Purification by silica-gel chromatography (eluent
petroleum ether/diethyl ether 95/5) to give the pure compound as
8A_b with CI a green/yellow oil in 87% yield (86.4 mg).

1H NMR (CDCls, 400 MHz): & 7.58-7.61 (m, 1H), 7.55 (d, J = 8.6 Hz, 2H), 7.41-7.45 (m,
3H), 7.36 (d, J = 8.6 Hz, 2H), 6.05 (d, Jiv.r = 38.0 Hz, 1H), 4.47 (hpt, J = 6.2 Hz, 1H), 2.20 (s,
3H), 1.31 (d, J = 6.2 Hz, 6H). 13C NMR (CDCls, 100.6 MHz): § 157.7 (d, Ucr = 262.9 Hz, 1C),
156.0, 136.9, 133.0 (d, 3Jc.r = 3.5 Hz, 1C), 132.2 (d, ¥Jcr = 3.4 Hz, 1C), 131.7 (d, Yer = 25.5
Hz, 1C), 130.0 (d, “Jcs = 8.1 Hz, 2C) , 129.6, 129.4, 128.7, 128.6, 128.5, 109.0 (d, Ycr =
10.0 Hz, 1C), 75.5, 21.9, 16.0. °F NMR (CDCl3,377 MHz): & -98.8 (d, Jr-n = 30.0 Hz, 1F).
HRMS m/z [M+H]+ C19H203°CIFNO calcd. 332.1212, found 332.1218. IR: vmax/cm™
(neat) 2925, 1663, 1607, 1511, 1494, 1368, 1309, 1151, 1119, 1093, 1012.

1-(2-((Z)-1-fluoro-2-(4-methoxyphenyl)vinyl)phenyl)ethan-1-one O-isopropyl oxime
(8A_b with OMe)

Following GPG using acetophenone O-isopropyl oxime (53.2 mg,
0.3 mmol), 1-(2,2-difluorovinyl)-4-methoxybenzene (76.6 mg,
0.45 mmol), [RhCp*Cl2]; (9.3 mg, 0.015 mmol), AgOAc (13.5 mg,
0.081 mmol) and TFE (2.5 mL). Purification by silica-gel
chromatography (eluent petroleum ether/diethyl ether 95/5) to
give the pure compound as a yellow oil in 31% yield (30.6 mg).

8A_b with OMe

1H NMR (CDCls, 400 MHz): § 7.55-7.61 (m, 3H), 7.39-7.43 (m, 3H),
6.94 (d, J = 8.8 Hz, 2H), 6.03 (d, Jur = 38.9 Hz, 1H), 4.48 (hpt, J = 6.2 Hz, 1H), 3.86 (s, 3H),
2.19 (s, 3H), 1.31 (d, J = 6.2 Hz, 6H). 13C NMR (CDCls, 100.6 MHz): 5 158.8 (d, *Jc.r = 2.9
Hz, 1C), 156.6, 155.7 (d, Ycr = 259.1 Hz, 1C), 136.6, 132.1 (d, 2Jcr = 25.8 Hz, 1C), 130.2
(d, ¥Jcr=7.9 Hz, 1C), 129.4, 129.1, 128.5, 128.2 (d, “Jcr= 5.1 Hz, 2C), 126.5 (d, 3Jcr= 3.3
Hz, 1C), 114.0, 109.8 (d, Jcr = 10.3 Hz, 1C), 75.4, 55.3, 21.9, 16.1. °F NMR (CDCl3,377
MHz): 6 -103.1 (d, Jr.+ = 39.0 Hz, 1F). HRMS m/z [M+H]+ C20H23FNO2 calcd. 328.1707,
found 328.1698. IR: vmax/cm! (neat) 2931, 1664, 1607, 1511, 1464, 1368, 1249, 1178,
1117, 1078, 1034.
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Chapter 5 Experimental section

5-bromo-2-((Z)-2-(4-chlorophenyl)-1-fluorovinyl)-1-(pyrimidin-2-yl)-1H-indole-3-
carbaldehyde O-methyl oxime (10a)

OMe Following GPH using 5-bromo-1-(pyrimidin-2-yl)-1H-indole-
=N 3-carbaldehyde O-methyl oxime (99.0 mg, 0.3 mmol), 1-
Br O N\ / O cl chloro-4-(2,2-difluorovinyl)benzene (78.4 mg, 0.45 mmol),
N F [RhCp*(MeCN)3][SbFe]2 (12.5 mg, 0.015 mmol) and TFE (1.5
N@ mL). Purification by silica-gel chromatography (eluent
== petroleum ether/ethyl acetate 9/1) to give the pure
10a compound as a white solid in 77% yield (111.4 mg).

H NMR (CDCls, 400 MHz): § 8.81 (s, 1H), 8.80 (S, 1H), 8.56 (d, J =2.1 Hz, 1H), 8.45 (s,
1H), 8.36 (d, J = 8.9 Hz, 1H), 7.57 (d, J =8.5 Hz, 2H), 7.54 (d, J =2.2 Hz, 1H), 7.38 (d, J =8.5
Hz, 2H), 7.25 (t, J = 4.8 Hz, 1H), 6.10 (d, J = 35.4 Hz, 1H), 4.11 (s, 3H). 3C NMR (CDCls,
100.6 MHz): 6§ 158.3, 156.9, 148.4 (d, J = 259.8 Hz, 1C), 143.2, 135.6, 133.7 (d, ) =3.1 Hz,
1C), 132.8 (d, J = 25.0 Hz, 1C), 131.5 (d, J = 4.5 Hz, 1C ), 130.3 (d, J = 7.8 Hz, 2C), 129.0,
128.8,127.3, 126.0, 118.1, 116.8, 115.9, 114.6 (d, J = 5.3 Hz, 1C), 113.1 (d, J = 10.2 Hz,
1C), 62.4. 19F NMR (CDCl3,377 MHz): 6 -96.2 (d, Jr-n = 35.3 Hz, 1F). HRMS m/z [M+H]+
C22H167°Br3>CIFN4O0 calcd. 485.0175, found 485.0181. IR: vmax/cm™ (neat) 2935, 1671,
1571, 1492, 1448, 1440, 1417, 1395, 1291, 1228, 1155, 1098, 1082, 1046.

5-bromo-2-((Z)-1-fluoro-2-(4-methoxyphenyl)vinyl)-1-(pyrimidin-2-yl)-1H-indole-3-
carbaldehyde O-methyl oxime (10b)

Following GPH using 5-bromo-1-(pyrimidin-2-yl)-1H-

OMe
=N indole-3-carbaldehyde O-methyl oxime (67.0 mg, 0.2
Br O N\ / O OMe mmol), ), 1-(2,2-difluorovinyl)-4-methoxybenzene (51.6
N F mg, 0.3 mmol), [RhCp*(MeCN)s][ SbFs]. (8.4 mg, 0.01
N)/\Rj mmol) and TFE (1.5 mL). Purification by silica-gel
\Q) chromatography (eluent petroleum ether/ethyl acetate

10b

yield (77.0 mg).

9/1) to give the pure compound as a beige solid in 80%

1H NMR (CDCls, 400 MHz): 6 8.80 (s, 1H), 8.79 (s, 1H), 8.55 (d, J =2.1 Hz, 1H), 8.47 (s, 1H),
8.31 (d, J = 9.0 Hz, 1H), 7.59 (d, J =8.8 Hz, 2H), 7.53 (dd, J = 8.9, 2.1 Hz, 1H), 7.23 (t, ) =
4.8 Hz, 1H), 6.94 (d, ) =8.8 Hz, 2H), 6.10 (d, J = 36.4 Hz, 1H), 4.10 (s, 3H), 3.87 (s, 3H). 13C
NMR (CDCls, 100.6 MHz): § 159.4, 158.3, 157.0, 146.6 (d, J = 256.1 Hz, 1C), 143.5, 135.5,
133.6 (d, J = 25.5 Hz, 1C), 130.6 (d, J = 7.8 Hz, 2C), 128.8, 127.4, 125.9, 125.8 (d, ) = 4.6
Hz, 1C), 118.1, 116.7, 115.7, 114.1, 114.0 (d, J = 10.6 Hz, 1C), 62.3, 55.3. 1°F NMR
(CDCl3,377 MHz): & -100.6 (d, Jr-n = 36.4 Hz, 1F). HRMS m/z [M+H]+ C23H197°BrFN402
calcd. 481.0670, found 481.0670. IR: vmax/cm! (neat) 2935, 1606, 1571, 1511, 1449,
1440, 1418, 1398, 1291, 1252, 1179, 1155, 1081, 1045.
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5.2 Experimental procedures of Chapter 4

5.2.5 Synthesis of fluorinated isoquinoline (12)

F OMe  2-((Z)-1-fluoro-2-(4-methoxyphenyl)vinyl)benzaldehyde O-methyl
‘ oxime (61.7 mg, 0.22 mmol) was dissolved in o-dichlorobenzene

X
O _N (2.0 mL) and heated to 200 °C for 72 h and then allowed to r.t. The
12 mixture was filtered through silica with petrol (removing o-

dichlorobenzene) and then EtOAc. The crude material was subjected to silica gel flash
column chromatography to give the the fluoroisoquinoline as a colourless oil (8.9 mg,
16%) and 2-(4-methoxybenzene)-3-methoxyisoquinoline (7.6 mg, 13%).

1H-NMR (CDCl3, 400 MHz) & 9.14 (s, 1H), 8.15 (d, J = 8.5 Hz, 1H), 8.09 (d, J = 9.0 Hz, 2H),
8.00 (d, J = 8.5 Hz, 1H), 7.77 (app. t, J = 8.5 Hz, 1H), 7.63 (app. t, J = 8.5 Hz, 1H), 7.06 (d,
J=9.0 Hz, 2H), 3.89 (s, 3H); 13C-NMR (CDCls, 101 MHz): 6 160.1, 152.8 (d, Jcr = 264.0 Hz,
C), 147.7 (d, Jer = 6.0 Hz, CH), 136.6 (d, Jcr = 10.5 Hz, C), 130.8, 130.4 (d, Jcr = 6.5 Hz,
2CH), 129.3 (d, Jer = 2.5 Hz, C), 128.5 (d, Jcr = 5.5 Hz, C), 127.7, 127.5, 127.1 (d, Jer = 2.0
Hz, CH), 120.0 (d, Jcr = 6.0 Hz, CH), 114.1, 55.5; %F-NMR (CDCls, 377 MHz): § -138.3; IR:
vmax/cm™ (neat) 2925, 1630, 1608, 1539, 1515, 1452, 1375, 1254, 1177, 1028.
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a-Branched Ketone Dienolates: Base-Catalysed Generation and
Regio- and Enantioselective Addition Reactions

Ifhaki Urruzuno, Odei Mugica, Giovanna Zanella, Silvia Vera, Enrique Gémez-Bengoa,

Mikel Oiarbide,* and Claudio Palomo*®

/Abstract: In this study, the unique capacity of bifunctional
Brgnsted bases to generate a-branched ketone dienolates
and control both site- and stereoselectivity of their addition
reactions to representative classes of carbon electrophiles
(i.e., vinyl sulfones, nitroolefins, formaldehyde) is document-
ed. We demonstrate that by using selected chiral tertiary
amine/squaramide catalysts, the reactions of f3,y-unsaturated
cycloalkanones proceed through the dienolate Ca almost ex-
clusively and provide all-carbon quaternary cyclic ketone ad-

ducts in good yields with very high enantioselectivities. A
minor amount (< 5%) of y-addition is observed when nitroo-
lefins are used as electrophiles. The parent acyclic ketone di-
enolates proved to be less reactive under these conditions,
and thus still constitute a challenging class of substrates.
Quantum chemical calculations correctly predict these differ-
ences in reactivity and explain the observed site-specificity
and enantioselectivity.

/

Introduction

Over the years, the production of, and reactions with, ketone
enolates and their equivalents have been basic operations in
organic chemistry."”” One of the most significant advances in
this field has been the development of catalytic methods to
control their generation and reaction outcomes.” In this con-
text, ketone dienolates and their equivalents pose some
unique challenges: while of great synthetic value, since they
lead to adducts with a strategically positioned C=C double
bond, dienolates may react through either the o or the y nu-
cleophilic carbon atom, thus demanding stringent reaction
control. To date, the overwhelming majority of catalytic meth-
ods involving dienolate or equivalent intermediates have been
applied to a-unsubstituted derivatives, and have proceeded
mainly through the y carbon atom (vinylogous reactivity; Fig-
ure 1a).”! These methods include catalyst-promoted addition
reactions of preformed silyl dienol ethers (X: OSiR’;)™ as well
as direct approaches based on metallic catalysis (X: O"M ™),
dienamine activation (X: NR’,),”” and Bransted acid-""’ and base-
catalysed® activations. The y-attack pathway would seem to
be kinetically favourable because it involves no disruption of
the m-conjugation along the reaction coordinate.

[a] I. Urruzuno, O. Mugica, G. Zanella, S. Vera, Prof. E. Gémez-Bengoa,
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a) a-Unsubstituted dienolates or equivalents: many examples.

(0]
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o) ’ “\A/
Elec
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H Cat*/Elec |
,fJ\/\/R ﬁ
a 4
i (0]
X: OH, OSiR'3, 0" M*, NR'5, O” R'3NH*

Elec

- Generation of tertiary carbon

b) a-Substituted dienolates or equivalents: essentially unexplored.

o - quaternary carbon
viar | N xR - high selectivity

N R' - various electrophiles

i) Challenging issues ! i) This work:
X Lo R
R I 2
P ! xR BB*cat
7 Y T _—
' 2 t esR Elec .. Elec
Eor Z? |
i O *HNR's

Figure 1. Divergent reaction pathways of dienolates or equivalents and the
challenge to control reactions involving a-branched dienolates to obtain a-
quaternary products.

Exceptions to this mainstream vy-selectivity involve concomi-
tant isomerization of the C=C double bond to yield Morita-
Baylis—Hillman-type adducts (no a-stereocentre is formed),” re-
quire specific substrate categories"” or substrates with strong
steric bias,"" and/or lead to moderate enantioselectivity.'”
Moreover, none of these a-selective methods have proved to
be useful for enantioselective generation of the a-quaternary
ketone (or related carbonyl) products,"® a process that would

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0001-9809-2799
http://orcid.org/0000-0001-9809-2799
https://doi.org/10.1002/chem.201901694

.@2 ChemPubSoc
x Europe

necessarily involve as intermediates o-substituted dienolates
or equivalents (Figure 1b, i). Such an accomplishment would
not only require stringent control over the E/Z enolate geome-
try and the face selectivity, but also retention of sufficient a-re-
activity despite the steric congestion at Ca. This problem has
recently been addressed by Toste through Brgnsted acid catal-
ysis,™ but, to the best of our knowledge, no other solutions
have been reported. Moreover, while the Brgnsted acid activa-
tion approach is well suited for a-aminations,"* it apparently
shows limitations with common carbon electrophiles such as
conjugated olefins, with allenamides being a notable excep-
tion." Herein, we report another solution to this problem by
documenting the first carbon-carbon bond-forming reactions
of a-substituted [3,y-unsaturated ketones assisted by Brensted
base/H-bonding catalysis. This mode of activation tolerates
several carbon electrophiles, including conjugated olefins and
formaldehyde, and the reactions proceed with very high Ca
site-selectivity, giving access to all-carbon a-quaternary ketone
products with high enantioselectivity (Figure 1b, ii).

Results and Discussion

We have recently investigated the catalytic reactions of several
in situ generated dienolate systems.'” We found that chiral
Bronsted base/H-bonding catalysts"® are able to promote the
smooth, enantioselective addition of 3,y-unsaturated ketones 1
to nitroolefins 2, yielding a-addition adducts 3 as the exclusive
products (Scheme 1a). It was noticed that on increasing the
size of R' in 1, the diastereoselectivity improved, and the high-
est selectivity was attained when using bulky hydroxyenones
(R": Me,C(OH)) in the presence of Rawal's"” catalyst C2. The
observed reaction outcome is compatible with model A (R'=
H), in which the catalyst acts in a bifunctional manner, correctly
orienting both reactants. Although extrapolation of model A

a) Reference 15 O]:fo
D
Ar” N N
0 C2 (10 mol%) o R
R1JJ\/\/R + Rz’\/NOQ R1JJ\_)\/NO2
1 2 CH.Cl,, RT, 2-4 h g
70-95% 3 \R

a-addition only

1: i
Ry My, Bt 'Bu, Pl } dr 2:1-7:1, 90-98% ee

R: H, aryl; R?: aryl, alkyl

R'": Me,C(OH); R: aryl dr>20:1, 90-98% ee

b) The problem with a-branched ketones

(0] O Ph
RINSAPD + oS\ NO; SFLimel) R*%NOZ
CH 2a CHzclz, RT H3C —
. 5 Ph
1_ .
R': Me 72 h, <25% yield
R': Ph No reaction
H-NR, H-X
g0 #E
R
1
1)

Scheme 1. Impact of a-substitution on the reactivity of transiently formed
acyclic ketone dienolates.
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to a-branched ketone dienolates is conceivable (i.e., A, R'#H),
two apparent problems to overcome in this model are the
steric shielding at Ca and the enolate E/Z configurational un-
certainty. With regard to the former aspect, complications may
be foreseen during both the enolate generation and the sub-
sequent approach of the electrophilic reagent. In fact, with
only two specific exceptions from this and another laborato-
ry"® almost all of the organocatalytic approaches for the
asymmetric a-functionalization of a-branched ketones assisted
by Brgnsted bases, including Michael additions, have been re-
stricted to the use of active ketones bearing an adjacent elec-
tron-withdrawing group (EWG=-carbonyl, nitrile, sulfonyl, or
nitro).'”*' Initial attempts to perform the reaction between ni-
trostyrene 2a and a-branched ketones 4 using bifunctional
catalyst C7 confirmed the anticipated pitfalls, resulting in the
recovery of unreacted enone (R': Ph) or very low conversions
to product 5 (R': Me) as a mixture of a/y isomers (Scheme 1b).

We reasoned that highly reactive and sterically less demand-
ing Michael acceptors, such as 1,1-bis(phenylsulfonyl)ethylene
6, might counterbalance the low reactivity of these ketones. In-
cidentally, the sulfonyl group in the adducts would be suscep-
tible to several ulterior transformations, including reductive re-
moval.”? To our delight, as the results in Scheme 2 show, a-
branched ketones 4 reacted with 6 in the presence of C7,2"

9 C7-C9 O  CH(SO,Ph),
; xPh SO,Ph .
R 4 (10 mol%) .
CHg SOzPh CH,Cly, RT HaC =
4 6
7.9 Ph
a R': CH;
b R': CH;CH,
1.
c R:Ph R'": CH3>‘~l CH3CH2}‘\ ©)\
7 8 9
with C7: 39% y (63% ee)
with C8: 38% vy (61% ee) - (--) - (=)
with C9: 72% vy (79% ee) 29%y (58% ee) 14% conv.

Scheme 2. Impact of ketone side-chain R’ on the reactivity of derived dieno-
lates.

€8, or €9 (formulas in Table 1) to afford adducts 7-9 from
reaction exclusively at the a site, albeit in variable yields and
with different enantioselectivities. For example, the reaction
between methyl ketone 4a and 6 in the presence of C9
reached 81% conversion after 16 h at room temperature, and
product 7 was obtained with 79% ee. Catalysts C7 and C8
were less efficient, leading to 7 in yields of 39% and 38% with
63/61% ee, respectively. The reaction with the ethyl ketone 4b
also proceeded, albeit much less effectively, giving product 8
with poor enantioselectivity, and the reaction of phenyl ketone
4.c to give 9 was sluggish.

These results, whilst promising, highlighted the two main
problems of catalytically generated trisubstituted carbon nu-
cleophiles: their attenuated reactivity and the difficulties in
controlling enantioface selectivity. Moreover, the significant
variations in the reaction outcome when switching from a
methyl to an ethyl or phenyl ketone side-chain seem to indi-
cate that slight structural changes in the substrate ketone may

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Catalyst screening for the reaction of cyclohexanone 10A with
vinyl sulfone 6 to give 11A.”

Ph

o] ) o \<
XxP cat (10 mol%) N
é/y " ST éyw/SOzPh
SO,Ph CH,Cly, rt., 16 h S0,Ph
10A 6 1A
Entry Catalyst Yield [9%]* ee [%]"9
1 c1 26 -
2 c2 NR -
3 c NR -
4 c4 72 10
5 c5 79 40
6 c6 83 60
7 c7 88 73
8 c8 87
9 9 89

Ar‘N)SLN'(J

H H NMez

o 0
e O
H O H R
Ar: 3,5-(CF3),CeHs Q
c1
C2, R": 3,5-(CF3),CH3CH;
C3, R" 3,5-(CF3),CgH3

pag I
f N Ar
Ry N
H H N Ar,
MeO A osiMes H H

C6, R': 3,5-(CF3),CgH3CH, .
C7, R 3,5-(CF3),CH3 Ar: 3,5-(CF3):CeHs  MeO

C8, R": (CH3);C co

[a] Reactions carried out at 0.15 mmol scale, using 2 equiv of vinyl disul-
fone and 10 mol% catalyst in CH,Cl, (0.3 mL) at room temperature. No
product from y-addition was detected by 'H NMR (Ca/Cy > 95:5). [b] Yield
after chromatography. [c] ee determined by chiral HPLC. [d] Reaction run
at 0°C.

have a huge impact on the reactivity and selectivity. The
above observations also corroborate the multivariable origin of
the Ca/Cy selectivity in reactions involving dienolate sys-

tems.2¥

Hypothesis and working plan

To surmount the intrinsic difficulties mentioned above, cyclic
ketones were adopted, in which the double bond is tethered
at the Ca position with respect to the carbonyl function. The
corresponding dienolates may be better suited based on:
(i) the higher nucleophilicity of cyclic systems as compared
with their more flexible, open-chain counterparts;®* (i) a more
rigidified transition state and, thus, more efficient chirality
transfer; (iii) the problem of enolate geometry (E/Z uncertainty)
is annulled. For an initial assessment of the reactivity associat-
ed with these nucleophilic systems, we determined the charge
distribution and Fukui nucleophilicity index (f)?® at the «
carbon atom of linear (I) and cyclic (Il) dienolates (Figure 2).
Computed data® showed the difference in negative charge at
these respective carbon atoms to be negligible in the two eno-
Chem. Eur. J. 2019, 25, 9701
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charge Co. -0.33 e

SOzPh
—-0.34¢e ~ \b
f -0.34 \

-0.35 Lo o

24.6 kcal/mol
20.8 kcal/mol
27.4 kcal/mol
26.9 kcal/mol

E(
a-attack { (TSua)
=
(

-attack {
4 AGH(TSyy)

Figure 2. Reactivity parameters of two representative ketone dienolates.

lates considered. Similarly, the evaluated Fukui indices of these
enolates were essentially identical (—0.34 and —0.35, respec-
tively). Accordingly, it appears that purely intrinsic electronic
properties might not be decisive in dictating these reactivity
trends, and that the role of the bifunctional catalyst as well as
structural factors (steric hindrance, enolate rigidity) or o-CH
acidity also need to be considered. For a more comprehensive
analysis, energies for the reaction of each enolate system with
bis-sulfone 6 were computed in the presence of a model achi-
ral squaramide tertiary amine catalyst (TS,,). As shown by the
data in Figure 2, the computed activation energy for the reac-
tion of cyclic dienolate Il (20.8 kcalmol™) is attainable at room
temperature. In contrast, the activation barrier for the reaction
involving acyclic species | is around 24.6 kcalmol™, implying
much more sluggish reactivity, in good agreement with our
preliminary experimental studies. Calculated data for this
model reaction involving Il also support the preference for the
o-addition pathway over the y-addition pathway, the latter
being associated with a barrier that is about 6 kcal mol™
higher. A preference for the o- over the y-addition pathway
was also found for the catalysed reaction involving acyclic eno-
late | (24.6 vs. 27.4 kcalmol™"). These data were revealing, in
view of the scarcity of mechanistic information concerning
latent dienolate systems.”?®

Cyclic ketone dienolates

Catalyst screening and substrate scope: Encouraged by these
theoretical predictions, the reaction between a-styryl cyclohex-
anone 10A and bis(phenylsulfonyl)ethylene 6 was studied in
the presence of an assortment of chiral bifunctional catalysts.
By using Takemoto’s catalyst C1%” in CH,Cl, as solvent at room
temperature, product 11 A was formed in a poor 26 % isolated
yield (Table 1, entry 1).

Further screening showed that both the nature of the H-
bond donor site and the structure of the tertiary amine in the
catalyst were critical for reactivity as well as stereoselectivity.
Thus, the reaction did not proceed at all with Rawal’s"” squar-
amides C2 and C3 (entries 2 and 3). The quinine-derived thio-
urea C4%% and urea C5°” were more active, although the
enantioselectivities were poor (entries 4 and 5). Using squara-
mide C6, which has proved effective for reactions of c-unsub-
stituted dienolates with nitroolefins,"™® the reaction proceeded,
but with a modest 60% ee (entry 6). With catalyst C7,?" the
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same level of reactivity and promising stereoselectivity were
observed (entry 7). To our delight, with squaramide C8, a steri-
cally congested catalyst developed by Connon,?? the reaction
between 10A and 6 to afford 11 A proceeded to give a good
isolated yield and, most significantly, with 98 % ee (entry 8).

A similar result was obtained with catalyst C9 (entry 9).
Having established C8 and C9 as the best catalysts, the scope
of suitable alkenyl cycloalkanone substrates was explored. As
shown in Table 2, 4-substituted cyclohexanones 12B and 14A
provided the corresponding addition products 13B and 15A
in good yields with high enantioselectivity. Most importantly,
the method proved to be equally effective with cycloalkanones
of varying ring size. For instance, the C9-catalyzed reactions of
a-branched cycloheptanones 16 A and 16D afforded adducts
17 A and 17D in yields of 86 and 79%, with selectivities of 96

Table 2. Scope of the reaction of a-alkenyl cycloalkanones with 6 cata-
lysed by €8/C9.”

o C8 (10 mol%)
xR or C9 (5 mol%)
) + 6
n CH,Cl,,0°C, 16 h
R'R!
10 R:H n=1 1. =
12 R':Me n=1 R: Ph 1; S
14 R'R" n=1 R: 4-MeOCgH,4 15 R1-R1? 2;1
O(CH),0 R: 4-MeCgH,4 o C’H ; o
16 R:H n=2 R: 4-CICgH, 17 F({mﬁ)z =2
18 RH p=3 R: 3-MeCgHj 5 el
20 R:H n=0 R:H 21 R“H n=0
OMe
o Me - OMe
H(SO2Ph), CH(SO,Ph), CH(SO,Ph),
1B 11c 138
C8,59%y., 57% ee C8,77%y., 92% ee

C8, 14% conv., ee ND
C9,70% y., 92% ee

C9, 66% y., 95% ee C9, 84% y., 94% ee

0 Ph
X Ph o [f
CH(SO,Ph), @CH(SOZF’“)Z
o o
\_J/ 17A H(SO,Ph),

15A
C8,72%y., 91% ee® 17D

C9, 86% y., 96% ee C9, 79% y., 93% ee

5 rPh
é&cmsozph)2

C8, 82% y., 95% ee”
C9, 85% y., 80% ee”

C8,78%y., 92% ee

OMe

o :
L_CH(SO,Ph),
19B

C8, 47% conv., ee ND
C9, 88% y., 99% eeb
(0] Me

é&cr{(sozph)2 ijv (SO,Ph),

21E 11F
C8, 82% y., 82% eeb C9(-20 °C), 82% y., 80% ee®?

C9,79% y., 91% ee®

Ph
o |r

@CH(SOZPMZ
19A

C8, 73% y., 98% ee?®
C9, 83% y., 94% ee

[a] Reactions carried out at 0.15 mmol scale, using 10 mol% catalyst C8
or 5 mol% catalyst C9 in CH,Cl, (0.3 mL) unless otherwise stated. Yield of
isolated product after chromatography; ee determined by chiral HPLC. No
product from y-addition was detected by 'H NMR (Ca/Cy > 95:5). [b] Re-
action carried out in toluene at RT. [c] With 3 equivalents of 6 and reac-
tion for 48 h. [d] 10 mol % catalyst loading. ND =not determined.
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and 93% ee, respectively. Likewise, reaction with branched cy-
clooctanone 18A afforded product 19A in high yield, albeit
with diminished (88% ee) enantioselectivity. In this latter case,
switching the solvent from CH,Cl, to toluene led to an increase
in enantioselectivity to 94% ee. Under these conditions, 18 B
furnished 19B in 88% yield essentially as a single enantiomer.
The method also tolerates alkenyl cyclopentanones such as
20A and 20E, which furnished 21 A and 21E with acceptable
ee values. Cyclohexanone 10F was an exception, giving to the
corresponding adduct 11F in good yield, but with a limited
65 % ee.

Eventually, the enantioselectivity could be increased to 80%
ee by carrying out the reaction at —20°C. In general, similar re-
sults were obtained with both catalysts C8/C9, although the
latter led to better chemical yields for cycloalkanones bearing
a p-methoxyphenylvinyl moiety (products 11B, 13B, and 19B).

Benzo-fused cycloalkanones 22-26 were also excellent sub-
strates for this catalytic reaction, affording the a-quaternary cy-
cloalkanones 27-31. As shown by the results in Table 3, using
catalyst €9, adducts were obtained in good yields with remark-
ably high enantioselectivities, regardless of the nature of the
substituents on the aromatic ring (R? and at the double bond
(R). Once again, the method proved to be general with regard
to the ketone ring size, and equally tolerated five-, six-, or
seven-membered cycloalkanones.

Control experiments showed that for the above reactions
the alternative Brgnsted acid"**" and enamine activation® ap-
proaches were clearly inferior. For example, in the presence of
10 mol% (R)-TRIP (Scheme 3) in toluene at room temperature,
no reaction occurred between 10A and 6, whereas the same
reaction at 40°C proceeded to give product 11A in 45% yield,
albeit essentially in racemic form. Likewise, whereas the addi-
tion of unsubstituted ketones to vinyl bis(sulfone) 6 has been
reported to proceed selectively via an enamine intermediate,**
attempts to react 10A with 6 in the presence of chiral primary
amines at room temperature were unfruitful. At 90 °C, product
11 A was formed (72 % vyield), albeit with very low (15% ee) se-
lectivity, indicating that the amine catalyst probably acted as a
base rather than by forming an enamine. This latter observa-
tion suggests that the enamine pathway is marginal with steri-
cally congested ketones such as 10A, in line with previous ob-
servations by Carter®® and Kotsuki,®*? who showed that
amine catalysis is impractical for branched ketones with a-sub-
stituents larger than methyl or ethyl.

Elaboration of adducts: The transformations in Scheme 4 il-
lustrate the versatility of the adducts, as both groups, the
alkene and the sulfone, are amenable to chemical elaboration.
For instance, protection of the carbonyl as a ketal and subse-
quent reductive cleavage of the bis(sulfonyl) group proved fea-
sible. Thus, ketalisation of 11 A and subsequent treatment of
the resulting 32 with TMSCI/1,2-dimethoxyethane and Mg
metal®” afforded the a-ethyl product 34 in good overall yield.
A similar reaction sequence applied to adduct 13B gave prod-
uct 35 satisfactorily. This sequence, if complemented with an
intermediate bis(sulfone) a-alkylation step (e.g., methylation of
32), allows access to higher a-alkyl systems (e.g., a-propyl
ketone 36). On the other hand, product 34 could be converted
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Table 3. Extension to benzo-fused cycloalkanones.”

SO,Ph
6 6
SO,Ph
B R cs , co 2 M ‘(
) or "~ “CH(SO,Ph),
n CH,Cl, )n
22 R%H n=1 2 =
23 R 6-MeO n=1 i; 22: (l;'-MeO 71;11
24 R 7-MeO n=1 29 R% 7-MeO n=1
25 R%H n=0 30 RZH n=0
26 RZH  n=2 31 RZH n=2

A R: Ph; B R: 4-MeOCgHy; C R: 4-MeCgHy; D R: 4-CICgHy; E R: 3-MeCgHy; G R: 2-MeOCgH,

R 27A R:H 88% y., 99% ee
o 27B R:4-MeO 79%Yy., 99% ee
| 27C R:4-Me  93%y., 99% ee
{__CH(SO,Ph), 27D R:4-Cl 92%y., 99% ee
27E R':3-Me 89% y., 99% ee
27G R:2-MeO  71%y., 99% ee
g Ph Ph
_CH(SO,Ph), CH(SO,Ph),
MeO
28A 29A
C9 83%y., 99% ee C866% v., 82% ee
C9 54%y., 90% ee
Ph o Ph
I r
@\VCH(SOQPMQ %CH(SOZPMZ
30A 31A

C883%y., 69% ee

o .
C9 82% y., 90% ee 9, ‘68%:, 89%1ce

[a] Reactions carried out at 0.15 mmol scale, using 10 mol% catalyst C8
or 5 mol% catalyst C9 in CH,Cl, (0.3 mL) unless otherwise stated. Yield of
isolated product after chromatography; ee determined by chiral HPLC. No
product from y-addition was detected by 'H NMR (Ca/Cy > 95:5).

Ph
o o)
~__Ph a) or b) |
+ 6 CH(SO,Ph),
10A 1A
a) Ar b) Ph S

OO oy o Ph,,,('\N)J\N,Ph
seul e

Ar (20 mol%., 90 °C),
(R)-TRIP (Ar: 2,4,6-PrsCgH,)

(10 mol%, 40 °C), 45% racemic product

72%y., 15% ee

Scheme 3. Control experiments involving Brgnsted acid- and enamine-based
activation approaches for this reaction.

into diol 39 in a completely stereoselective manner. The trans-
formation required some carbonyl deprotection/reprotection
tactics, but eventually allowed determination of the crystal
structure of intermediate 38, which allowed us to define the
configuration of the adducts.®’™ Hydrogenation of 35 to give
the a,a-dialkyl product 40 illustrates another possibility. In this
case, further Sharpless oxidative scission of the p-methoxy-
phenyl moiety®® afforded the quaternary w-keto acid 41 in
good overall yield. These are a few illustrative examples that
demonstrate the potential of this approach to access function-
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Mg, MeOH
(CH,OH),, CSA Ar )| e ]
CH(OEt), o. 0 |rsozph 34, 56%
1A, 13B ———— —] (Ar: 4-MeOCgH,)
1,2-DCE, 70 °C SO,Ph pn 35,53%
o
RTR! b)| 1. NaH, Mel Ir
32 R', Ar:H, Ph, 98% DMF, 40 °C
33 R', Ar: Me, 4-MeOCgH, 90% 2. asin a) !
3.HCI, THF, RT 38 47% (3 steps)
h
CHQOH csa d } oH
HCI aq HO,
050, NMO _ CH(OEY;_ wL_oH
THF, RT {BUOOH, H,0 1,2-DCE, 70°°C [\ j Ph
55°C 39,96 %

37, 89% 38, 60%

single isomer (X-ray)

OMe
R r©/
ag S FHE 0P 1. NalO, RuCls, H,0
MeOH, RT ~-
30 bar
40, 75%

Scheme 4. Chemical elaboration of the bis(sulfonyl) adducts.

MeCN, CCl;, RT
2. HCl aq., THF, RT

alized cycloalkanones with an all-carbon quaternary Ca stereo-
centre.

Extension to other carbon electrophiles: Given the obser-
vations noted above, the suitability of carbon electrophiles
other than the vinyl bis(sulfone) 6 was next explored. Initial at-
tempts with some [B-substituted Michael acceptors such as [3-
phenyl vinylsulfones and chalcones proved unsuccessful. How-
ever, it was gratifying to observe that (3-substituted nitroolefins
were competent reaction partners.®” For instance, the reaction
of 2-styryl cyclohexanone with nitroolefin 2a in CH,Cl, at room
temperature catalysed by C7 afforded a mixture of the a- and
v-addition adducts in a 75:25 ratio, with essentially perfect dia-
stereoselectivity and high enantioselectivity for each isomer.
Further screening of the catalysts showed C10%¥ to be superi-
or, giving an 85:15 a/y selectivity ratio and high dr and ee.®
Finally, as indicated in Scheme 5, further improvement was
achieved by carrying out the reaction at 0°C, whereupon prod-
uct 42a"" was obtained in 78 % isolated yield with essentially
perfect diastereo- and enantiocontrol (dr>98:2, 99% ee).
These results are in contrast to the poor behaviour of the
parent open-chain a-branched allyl ketones (see above), which
proved to be unreactive under the same conditions. Brief ex-
ploration of the reaction scope with nitroolefins (Scheme 5,
top) demonstrated similar efficiency for related systems. Thus,
good yields, an a/y ratio of about 95:5, and excellent enantio-
selectivity for the major isomer were achieved, irrespective of
the electron-donor (4-MeC¢H,) or electron-acceptor (4-CIC4H,,
3-CIC¢H,) character of the aryl groups. Once again, control ex-
periments with T0A and 2a under Brgnsted acid catalysis and
amine catalysis, respectively, aimed at obtaining adduct 42a,
failed or led to no selectivity,®” reinforcing the unique capacity
of the Bregnsted base/H-bonding activation strategy. The utility
of this catalytic activation could also be extended to a-hydrox-
ymethylation.”? In these instances, the reactions of various cy-
cloalkanones with paraformaldehyde 44 using catalyst C10
were perfectly site-selective and adducts 45-48 were formed
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Ph

o ‘r o | rPh

é\gﬂNOZ ij\\;/\No2
Ph :

Ar
42a (X Ray)

42b (Ar: 4-CICgH,)
78%, dr>98:2, 9% ee  78%, dr >98:2, 99% ee

R Xx-NO2 (2)
€10 (10 mol%)

CH,Cl,,0°C, 48 h

aly = 955 o |rph 2
xR Ar Ar

43d (Ar: 3-CICgH,)
70%,2 dr >98:2, 99% ee

42c (Ar: 4-MeCgHy)

)n — 81%, dr>98:2, 99% ee

10A n=1 R:Ph

10B n=1 R:4-MeOCgH, o Ph ° ‘ R
10F n=1 R:H
18A n=3 R:Ph H,C=0 (44) 7, -OH &OH
20A R:Ph

n=0 €10 (10 mol%)
L~ 45 79%,89% ee R: 4-MeOCgH,
CH,Cl, ,RT, 16 -72 h 46 (X Ray)
aly > 98:2 77%, 91% ee
o) ‘ Ph
“, -OH

47, 77%, 90% ee 48, 74%, 93% ee

Scheme 5. Catalytic additions to nitroolefins and formaldehyde. [a] Reaction
run for 72 h.

with ee values in the range 89-93 %, irrespective of the cycloal-
kanone ring size (Scheme 5, bottom).”" These results suggest
that this Brgnsted base/H-bonding strategy might be applied
to additional carbon electrophiles, considerably broadening
the pool of accessible a,a-disubstituted cycloalkanones.

Origin of the stereoselectivity and plausible H-bond net-
work

In order to shed light on the most favourable arrangement of
the substrate and the catalyst during the transition state, we
undertook DFT calculations on the model reaction between
the vinyl cyclohexanone enolate Il, vinyl bis-sulfone 6, and
either catalyst C7 (R=Ar": 3,5-(CF,),C¢H;) or €8 (R: tBu).”” As
could be anticipated for this type of bifunctional Brensted
base/H-bonding catalysis, the located transition state (TS)
structures each showed well-defined H-bond networks that
strongly bias the spatial arrangement of reactants, determining
the stereochemical outcome of the reaction. Calculations at
the MO06/def2tzvpp (IEFPCM, solvent: dichloromethane)//
B3LYP/6-31g(d,p) level of theory for the above reaction identi-
fied only two Papai-type™? TSs, namely TS-R, leading to the R-
configured product, and TS-S, leading to the S enantiomer, for
each catalyst (Scheme 6).

In spite of extensive efforts, the alternative Takemoto-type
activation mode,” with the sulfone oxygen atoms hydrogen-
bonded to the squaramide NH groups, could not be found,
probably due to the low H-bond acceptor character and high
steric hindrance of the sulfone group. In agreement with the
experimental observations, transition state TS-R is associated
with the lowest activation energy (22.1 kcalmol™' for catalyst
C7), as compared to 24.3 kcalmol™" predicted for TS-S (slightly
higher values of 22.9 and 24.9 kcalmol ™, respectively, for cata-
lyst C8). The strongest H-bonds (shortest XH--Y bond) were
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Scheme 6. TS structures and selected parameters for the model reaction be-
tween a-branched dienolate Il and bis(phenylsulfonyl)ethene.

measured for the interaction between oxyanion Il and the two
squaramide NH moieties (1.80 and 1.78 A for catalyst C7) in
TS-R, in comparison to the values found for TS-S (1.85 and
1.83 A). Similarly, the weak interaction between one oxygen
atom of the bis-sulfone group and the protonated amine
group in C7 is less notable in TS-S as compared to TS-R (bond
distances 2.08 and 1.98 A, respectively). This same trend in H-
bond strengths was calculated for the TS involving catalyst C8,
although the slightly longer 6(0-+H) values between the dieno-
late oxygen atom and squaramide NH groups (1.88/1.81 vs.
1.80/1.78 A) in this latter case appear to indicate a less ideal ac-
commodation of the large tBu group. Summarizing, it seems
that an optimally congested microenvironment is formed
around protonated catalyst C7 for best fitting of both reac-
tants through an efficient H-bond network.

Conclusions

In summary, we have reported that bifunctional Brensted
base/H-bonding catalysis activation is able to generate dieno-
lates from a-branched allylic ketones and induce their reaction
with various carbon electrophiles mainly or exclusively at Ca.
Under these catalytic conditions, reactions of a-branched cyclic
ketone dienolates with vinyl bis(sulfone) afforded the corre-
sponding all-carbon quaternary a-addition adducts with very
high enantioselectivities. The parent acyclic dienolate systems
are comparatively less reactive, but the reactions may still pro-
ceed to a small extent for o’-methyl ketones (not so for the o'-
ethyl and a’-phenyl ketones). Quantum chemical calculations
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on model a-substituted ketone dienolates correctly predicted
the observed preference for a over y-reactivity as well as the
sense of enantioinduction based on a Papai-type activation ge-
ometry. Importantly, the approach may be extended to addi-
tional carbon electrophiles, such as nitroolefins and formalde-
hyde, thus offering a robust platform for further development.

Experimental Section

Reactions of cyclic ketones 10-20 and 22-26 with 1,1-bis(phe-
nylsulfonyl)ethylene (6): General procedure: Catalyst C8
(10 mol %) or €9 (5 mol%) was added to a solution of the corre-
sponding cyclic a-alkenyl ketone (0.15 mmol) and 1,1-bis(phenyl-
sulfonyl)ethylene (69 mg, 0.23 mmol) in CH,Cl, at 0°C (ketones 10—
20) or room temperature (ketones 22-26). The resulting solution
was stirred until the reaction was complete (typically 16 h), as
monitored by TLC (hexane/EtOAc, 80:20). The mixture was then di-
rectly submitted to flash column chromatography, affording the
corresponding adducts as essentially pure compounds.

Compound 11A: Obtained from ketone 10A (30 mg, 0.15 mmol)
using catalyst C9. Yield: 68 mg, 89%. White solid; m.p. 92°C;
[0]%=—95.8° (c=1.00, 98% ee, CH,Cl,); 'H NMR (300 MHz, CDCl,):
0=28.02-7.85 (m, 2H), 7.71-7.61 (m, 3H), 7.57-7.45 (m, 3H), 7.45-
7.25 (m, 7H), 6.42 (d, J=16.6 Hz, 1H), 6.12 (d, J=16.6 Hz, 1H), 4.56
(t, J=4.3 Hz, TH), 3.18 (dd, J=16.6, 4.0 Hz, 1H), 2.64-2.51 (m, TH),
2.49-2.37 (m, 2H), 2.26 (dd, J=16.6, 4.6 Hz, 1H), 2.06-1.69 ppm (m,
5H); *CNMR (75 MHz, CDCl,): 0=211.0, 138.3, 137.3, 136.1, 134.5,
134.1, 132.6, 130.3, 130.2, 129.5, 1289, 128.8, 128.3, 126.6, 80.8,
54.4, 39.7, 36.1, 31.1, 27.0, 21.3 ppm; MS (ESI): m/z calcd. for
C,eH3,N,055,: 526.6855 [M+NH, '1; found: 526.1727.

Compound 13B: Obtained from ketone 12B (39 mg, 0.15 mmol)
using catalyst C9 (12 mg, 0.0075 mmol). White solid; m.p. 107°C;
yield: 70% (59 mg, 0.105 mmol); [a]¥ = +10.8° (c=1.00, 92% ee,
CH,CL,); "H NMR (300 MHz, CDCLy): 0 =7.86-7.72 (m, 4H), 7.66-7.51
(m, 2H), 7.49-7.22 (m, 6H), 6.89 (d, /=8.8Hz, 2H), 6.13 (d, J=
16.7 Hz, 1H), 5.98 (d, J=16.7 Hz, 1H), 4.89-4.80 (m, 1H), 3.83 (s,
3H), 2.98 (d, J/=20.0 Hz, TH), 2.74-2.54 (m, 1H), 2.42-2.32 (m, 1H),
2.32-2.21 (m, TH), 213 (d, J=14.2 Hz, 1H), 1.75 (d, J=14.2 Hz, 1H),
1.68 (dd, J=9.1, 46Hz, 2H), 1.16 (s, 3H), 1.06 ppm (s, 3H);
BCNMR (75 MHz, CDCly): 6=212.0, 159.6, 1383, 134.1, 134.1,
130.8, 130.3, 129.7, 129.7, 129.1, 128.8, 128.8, 127.7, 114.2, 80.9,
55.3, 52.5, 51.0, 38.3, 36.3, 33.0, 32.1, 30.9, 27.3 ppm; MS (ESI): m/z
caled. for C34H;3504S,: 567.1875 [M+H*]; found: 567.1882.

Compound 32: Ketone 11A (125 mg, 0.25 mmol), ethylene glycol
(60 uL, 1.0 mmol), and triethyl orthoformate (80 uL, 0.50 mmol)
were dissolved in 1,2-dichloroethane (1,2-DCE, 0.6 mL), and then
camphorsulfonic acid (16 mg, 0.07 mmol) was added. The resulting
solution was stirred at 70°C overnight. The mixture was then di-
rectly submitted to flash column chromatography on silica gel
(hexane/EtOAc, 80:20) to give the title compound as a white solid;
m.p. 67-69°C; yield: 135 mg, 98%; [a]® = —69.0° (c=1.00, 98% ee,
CH,CL,); "H NMR (300 MHz, CDCl,): 6 =8.05-7.99 (m, 2H), 7.72-7.65
(m, 1H), 7.60-7.52 (m, 4H), 7.50-7.44 (m, 3H), 7.42-7.34 (m, 2H),
729 (d, J=7.2Hz, 1H), 7.20-7.12 (m, 2H), 6.37 (d, J=4.4 Hz, 3H),
443 (t, J=4.0 Hz, 2H), 4.04-3.80 (m, 4H), 2.79 (dd, J=16.2, 4.0 Hz,
1H), 2.34 (dd, J=16.2, 4.0 Hz, 2H), 2.05 (d, /=14.1 Hz, 2H), 1.82-
1.43 ppm (m, 7H); *C NMR (75 MHz, CDCl,): 6 =138.9, 137.6, 137.3,
134.7, 134.1, 132.3, 131.2, 130.8, 129.6, 129.0, 128.9, 128.9, 127.9,
126.8, 111.7, 81.4, 65.2, 65.1, 49.5, 32.5, 304, 27.9, 23.5, 21.0 ppm;
MS (ESI): m/z calcd. for CyH6N,0:S,: 570.7385 [M+NH,*]; found:
570.1994.
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Compound 34: Ketal 32 (138 mg, 0.25 mmol) was dissolved in
MeOH (2 mL), and magnesium powder (61 mg, 2.5 mmol) was
added. The resulting suspension was cooled to 0°C and a drop of
trimethylsilyl chloride and a drop of 1,2-dibromoethane were
added. The resulting mixture was warmed to room temperature,
observing the formation of hydrogen, and the reaction was moni-
tored by TLC (hexane/EtOAc, 80:20). After completion of the reac-
tion (2 h), the mixture was filtered through a pad of Celite, and the
removed solid was washed with MeOH. The solvent was removed
from the combined filtrate and washings under reduced pressure
and the residue was redissolved in CH,Cl, (10 mL). The organic so-
lution was washed with water (2x 10 mL), dried over MgSO,, and
the volatiles were removed under reduced pressure. The resulting
crude compound was purified by flash column chromatography on
silica gel (hexane/EtOAc, 95:5) to give the title compound as a col-
ourless oil. Yield: 38 mg, 56%; [a]Z=-16.2" (c=0.80, 98% ee,
CH,Cl,); "TH NMR (300 MHz, CDCly): §=7.39 (d, J=7.1 Hz, 2H), 7.30
(t, J=7.4Hz, 2H), 719 (t, J=7.2 Hz, 1H), 6.34 (d, J/=16.7 Hz, 1H),
6.23 (d, J=16.7 Hz, 1H), 4.03-3.82 (m, 4H), 1.94-1.82 (m, 1H),
1.74-1.51 (m, 8H), 1.51-1.38 (m, 1H), 0.74 ppm (t, J=7.5 Hz, 3H);
BCNMR (75 MHz, CDCl)): 6=138.9, 134.4, 1303, 129.1, 1288,
127.4, 126.7, 126.1, 113.3, 65.9, 65.6, 49.0, 32.7, 29.8, 25.7, 24.2,
21.3, 8.4 ppm; MS (ESI): m/z calcd. for C;gH,50,: 273.3955 [M+H"];
found: 273.1722.

Compound 37: Ketal 34 (16 mg, 0.6 mmol) was dissolved in a mix-
ture of THF (0.5 mL) and aqueous 6 m HCl (0.5 mL) and the result-
ing mixture was stirred at room temperature overnight. The THF
was then removed under reduced pressure and the remaining
aqueous phase was extracted with CH,Cl, (3x2 mL). The combined
organic layers were dried over MgSO, and the volatiles were re-
moved under reduced pressure to give the title compound as an
essentially pure liquid. Yield: 12.2 mg, 89%; [a]3’ = —30.3° (c=0.50,
98% ee, CH,CL,); 'H NMR (300 MHz, CDCL,): 6=7.40-7.27 (m, 4H),
7.26-7.22 (m, 1H), 6.30 (d, J=3.9 Hz, 2H), 2.62-2.47 (m, TH), 2.42-
2.29 (m, 1H), 2.14-2.04 (m, 1H), 1.99-1.59 (m, 7H), 0.84 ppm (t, J=
7.5 Hz, 3H); ®C NMR (75 MHz, CDCl,): 6 =213.2, 137.1, 133.2, 130.6,
128.6, 127.5, 126.1, 54.8, 39.6, 36.0, 30.3, 27.3, 21.6, 8.2 ppm.

Compound 38: Alkene 37 (62 mg, 0.25 mmol) and citric acid
(72 mg, 0.75 mmol) were dissolved in a mixture of tBuOH (36 mL)
and water (1 mL). N-Methylmorpholine N-oxide (136 mg,
0.75 mmol) and osmium tetraoxide (2.5wt% in tBuOH; 1.2 mL,
0.1 mmol) were then added, and the reaction mixture was stirred
at 55°C for 24 h. Part of the solvent was removed under reduced
pressure, and the aqueous phase was extracted with CH,Cl, (3%
2 mL). The combined organic layers were dried over MgSO,, the
volatiles were removed under reduced pressure, and the residue
was purified by flash column chromatography on silica gel
(hexane/EtOAc, 85:15) to give the title compound as an oil. Yield:
38mg, 60%; [a]®=—18.1° (c=1.00, 98% ee, CH,CL,); 'HNMR
(300 MHz, CDCl,): 6=7.51-7.34 (m, 4H), 7.34-7.24 (m, 1H), 5.49 (d,
J=4.2Hz, 1H), 3.99 (d, J=2.5Hz, 2H), 2.12-1.78 (m, 3H), 1.70 (d,
J=4.0Hz, 1H), 1.66-1.17 (m, 8H), 0.96 ppm (t, J=7.4Hz, 3H);
3C NMR (75 MHz, CDCl,): 6=138.2, 128.6, 127.7, 126.7, 107.7, 83.3,
79.1, 51.9, 31.9, 27.2, 22.5, 20.6, 18.8, 8.9 ppm; MS (ESI): m/z calcd.
for C,¢H,;,0,: 245.1536 [M—OH]; found: 245.1551.

Compound 39: Product 39 was obtained as a white foam follow-
ing the same acetalization procedure as described above, starting
from hemiketal 38 (25 mg, 0.10 mmol). Yield: 29 mg, 96 %; [0]Z =
+20.1° (c=0.50, 98% ee, CH,Cl,); '"H NMR (300 MHz, CDCls): 6=
7.41-7.19 (m, 5H), 5.54 (d, J=4.7 Hz, 1H), 4.04-3.87 (m, 2H), 3.73-
3.61 (m, 3H), 2.80 (d, J=10.7 Hz, TH), 2.35-2.21 (m, 1H), 2.08-1.95
(m, TH), 1.89 (d, J=13.3 Hz, 2H), 1.74-1.67 (m, 1H), 1.62-1.50 (m,
2H), 1.49-1.36 (m, 3H), 1.32-1.20 (m, 2H), 0.98 ppm (t, J=7.4 Hz,
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3H); ®CNMR (75 MHz, CDCl,): =139.1, 128.0, 126.9, 126.4, 83.6,
79.0, 62.1, 61.7, 52.7, 28.7, 27.9, 22.7, 20.6, 18.8, 8.7 ppm; MS (ESI):
m/z calcd. for C;gH,,05: 307.1904 [M+H*]; found: 307.1917.

Reaction of 10A with nitrostyrene 2a to give 42a: Catalyst C10
(9mg, 0.015 mmol) was added to a solution of ketone 10A
(30 mg, 0.15mmol) and nitroolefin 3a (45 mg, 0.30 mmol) in
CH,Cl, at 0°C. The resulting solution was stirred until the reaction
was complete, as monitored by TLC (48 h). The mixture was then
directly submitted to flash column chromatography (hexane/
EtOAc, 95:5) to afford the title compound. Colourless oil. Yield:
41 mg, 78%; [a]¥=-123.4° (c=1.00, 99% ee, CH,Cl,); 'H NMR
(300 MHz, CDCly): 6=7.43-7.25 (m, 8H), 7.18 (dd, /=7.4, 2.0 Hz,
2H), 6.18 (d, J=4.0 Hz, 2H), 5.23 (dd, J=13.0, 3.8 Hz, 1H), 4.64 (dd,
J=129, 11.4Hz, 1H), 4.03 (dd, /=113, 3.8 Hz, 1H), 2.88-2.73 (m,
1H), 2.45-2.21 (m, 2H), 2.08-1.91 (m, 1H), 1.76-1.57 ppm (m, 4H);
BCNMR (75 MHz, CDCly): 6=212.6, 136.4, 1358, 134.7, 129.5,
129.2, 1289, 128.6, 128.4, 127.8, 126.3, 77.8, 56.5, 49.1, 39.7, 38.9,
28.1, 21.6 ppm; MS (ESI): m/z calcd. for C,,H,,NO;: 350.1756 [M+H "
1; found: 350.1761.

Reaction of 10A with formaldehyde to give 45: Catalyst C10
(9mg, 0.015 mmol) was added to a solution of ketone 10A
(20 mg, 0.10 mmol) and paraformaldehyde (30 mg, 1 mmol) in
CH,Cl, at room temperature. The resulting solution was stirred
until the reaction was complete, as monitored by TLC (16 h). The
mixture was then directly submitted to flash column chromatogra-
phy (hexane/EtOAc, 90:10) to afford the title compound in essen-
tially pure form as a white foam. Yield: 18 mg, 79%; [a]¥ = +20.7°
(c=0.50, 89% ee, CH,Cl,); '"H NMR (300 MHz, CDCl,): 6 =7.38-7.27
(m, 5H), 6.36 (d, J=16.6 Hz, TH), 6.14 (d, J=16.6 Hz, 1H), 3.83 (d,
J=114Hz, 1H), 3.44 (d, J=11.5Hz, 1H), 2.64 (td, /=13.8, 6.0 Hz,
1H), 2.49 (brs, 1H), 2.38-2.28 (m, 1H), 2.04 (m, 3H), 1.84 (m, 2H),
1.70 ppm (m, 1H); *C NMR (75 MHz, CDCl,): 6=214.9, 136.4, 133.2,
129.8, 128.6, 128.0, 126.3, 67.9, 57.3, 40.0, 34.6, 27.5, 21.5 ppm; MS
(ESI): m/z calcd. for C;5H;40,: 231.1385 [M+H *]; found: 231.13809.
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Bronsted Base Catalyzed One-Pot Synthesis of Stereodefined Six-
Member Carbocycles Featuring Transient Trienolates and a Key

Intramolecular 1,6-Addition

Olatz Olaizola, Igor Iriarte, Giovanna Zanella, Enrique Gomez-Bengoa, Ifiaki Ganboa,

Mikel Oiarbide,* and Claudio Palomo*

Abstract: A catalyst-driven one-pot reaction sequence is
developed for the enantio- and diastereoselective synthesis of
tetrasubstituted cyclohexenes from simple unsaturated ketones
or thioesters. The method involves a tertiary amine/squara-
mide-catalyzed a-selective addition of transiently generated
trienolates to nitroolefins, subsequent base-catalyzed double
bond isomerization, and an intramolecular (vinylogous) 1,6-
addition reaction, a rare key carbocyclization step that
proceeded with essentially perfect stereocontrol.

Six-membered carbocycles are ubiquitous structural motifs
in natural products and bioactive substances, and their
stereoselective synthesis has attracted great interest. This
has traditionally relied on the Diels—Alder reaction, with
several metal- and organocatalyzed variants being established
already.!!! Catalytic, one-pot domino processes? are also
valuable approaches, provided that each bond-forming step
occurs with high site- and stereocontrol. This is usually
achieved by using substrates bearing carefully selected, and
strategically positioned, donor and acceptor reaction sites. In
this context, covalent aminocatalysis has revealed extremely
versatile owing to the complementary donor/acceptor char-
acter of the intervening enamine/iminium species, enabling
the de novo construction of six-membered carbocycles from
aldehyde and ketone substrates.>*) Common to these domino
processes, the key ring-closing step is achieved through three
major approaches: the intramolecular 1,2- and 1,4-addition
reactions, the latter in its endo and exo variants (Figure 1a). In
sharp contrast, to the best of our knowledge, the catalytic
intramolecular (vinylogous) 1,6-addition approach remains
underdeveloped,™ despite its simplicity and the minimal need
of preinstalled functional groups. Herein we describe a cata-
lytic, enantio- and diastereoselective one-pot construction of
six-membered carbocycles that ends up with an unprece-
dented intramolecular 1,6-addition step. The new method
requires Brgnsted base catalysts® as the only reaction
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Figure 1. Catalytic one-pot construction of six-membered carbocycles.

promoter and can equally start from simple unsaturated
ketones or (thio)esters (Figure 1b).

In this conception conversion of III to II seemed
conjugation-driven and feasible, but transformations of II—
I and IV—III appeared most difficult and unpredictable.
While stereocontrol of II—I may become an issue,*® the
catalytic Ca-alkylation of transiently generated trienolates IV
to produce III remained unaddressed so far, posing obvious
site- and stereoselectivity concerns.”’ Quite recently we have
documented® that bifunctional Brgnsted base/H-bonding
catalysts successfully induce in situ formation of dienolates
and their a-selective reaction, most likely through an
anchoring effect. We hypothesized that the present setting
might be a good platform to further prove the generality of
the concept. At the outset, the reaction of deconjugated
thioester 1A and nitrostyrene 2a""! in dichloromethane in
the presence of 10-20 mol% of several amine bases was
investigated. As the data in Table 1 show, the reaction
progressed to essentially full conversion upon 24 hours at
room temperature regardless of the base used, although
product distribution varied considerably. With the simple
tertiary amine Et;N isomerization to the conjugated diene 3A
occurred along with formation of minor a-addition product
4Aa (entry 1). With sterically bulkier amine iPr,EtN the 4Aa/
3A ratio increased notably, but at the expense of diastereo-
selectivity (entry 2). Similar product distribution was
obtained using chiral, dimeric catalyst (DHQD),PYR, but
the dr of product 4Aa was high (>20:1, entry 3). Using
stronger amine base DBU caused isomerization of the
substrate to conjugated thioester 3A. However, in this case
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Table 1: Catalyst-dependent product distribution in the reaction of
polyunsaturated thioester 1A with nitrostyrene.”!
o O Ph

ph/\/No2 ArS |

(0] 2a ™
)J\/\/\ cat (10 mol%) |
ArS N 3 4a X
1
CHxCl, 24 h (e] Ph
Me
ArS
Ar: LLLZ |
A |
Me 5a

(MTBD) €1, R: 3,5-(CF3).CsHs
R viehia ch e asCr e

Entry Catalyst 3A  4Aa 5Aa 6Aa

1 Et;N 83 17 (>20:1) - -

2 iPr,EtN 45 55 (1.4:) - -

3 (DHQD),PYR 45 55 (>20:1) - -

[b]

4 DBU 70 - - 30 (>20:1)

5 DBU (0°C) 58 - 18 24 (>20:1)

6 DBU (0°C, 40h) 58 - - 42(>20:1)

7 MTBD (RT, 16 h) 100 - - -

8 MTBD (0°C, 16 h) 100 - - -

9 MTBD (-10°C, 100 - - -

16 h)
0 a 20 80 - -
(>20:1)F

11 C1+ MTBDHY 20 - - 659 (>20:1,
81% ee)

12 €2+ MTBDM 23 - - 729 (>20:,
78% ee)

13 €3 + MTBD 25 - - 684 (>20:1,
88% ee)

14  C4 + MTBDY 18 - - 714 (>20:,
94 % ee)

[a] Reactions carried out at 0.1 mmol scale, using 1 equiv of each 1A and
2a and 10 mol % catalyst in 0.1 mL CH,Cl, at room temperature. The
ratios of products 3A/4Aa/5Aa/6Aa formed correspond to 'H NMR
integration. Data in parenthesis correspond to dr and ee. [b] The ee was
not determined. [c] Cocatalyst MTBD (20 mol %) was added after 16 h
and stirring kept for additional 24 h. [d] Yield after isolation of product by
column chromatography, 1.5 equiv of 1A were used.

cycloadduct 6Aa was produced for the first time and with high
diastereoselectivity (dr >20:1, entry 4).l"]

We presumed that this cycloadduct might be formed
through cyclization of acyclic precursor 5Aa, followed by
double bond isomerization. To prove this assumption the
same reaction was carried out at 0°C affording a mixture of
3A, isomerized a-adduct 5Aa, and 6Aa (entry 5). When this
mixture was allowed to stir for longer time at 0°C, a mixture
of 3A (58%) and 6Aa (42 %) was isolated (entry 6), indicat-
ing that indeed 5Aa is an intermediate in the formation of
6Aa. The use of even stronger guanidine base MTBD was
disappointing, as isomerized thioester 3A, probably a thermo-
dynamic sink, was the only isolated product regardless of the
reaction temperature (entries 7-9). Then, hoping to ease the
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C—C bond forming event by simultaneous activation of the
electrophile, bifunctional Brgnsted base/H-bonding catalysts
were investigated. Gratifyingly, the reaction carried out in the
presence of squaramide C1'” led to a-addition adduct 4Aa
with the highest isolated yield so far (80 % ) along with 20 % of
isomerized material 3A (entry 10). When this mixture was
stirred for an additional 20 hours in the presence of 20 mol %
DBU or MTBD, total conversion of 4Aa into the cyclization
product 6Aa was observed, the latter obtained in 65%
isolated yield as pure diastereomer and most significantly in
81% ee (entry 11). For this one-pot two-step transforma-
tion,” the structurally related amine-squaramide catalysts
C2 and C3 behaved similarly to C1, affording cycloadduct
6Aa as single diastereomer in yields of 72% and 68 %, and
ee’s of 78% and 88 %, respectively (entries 12, 13). Finally,
the quinine-derived catalyst C4 led to improved 94 % ee
(entry 14).

Several thioesthers 1, with variable aryl groups at sulfur,
and nitroalkenes 2 were subjected to the optimized condi-
tions, consisting of stirring the mixture in the presence of
10 mol% C4 and then one-pot treatment with 20 mol % of
either DBU or MTBD. As the results in Table 2 show, the
reaction with nitrostyrenes bearing electron-rich MeO and
Me p-substituents (adducts 6Ab, 6Ac) or electron-poor p-
substituent Cl (adduct 6Ad) all proceeded with good yields,
perfect regio- and diastereoselectivity and enantioselectivity
of 90 % ee or higher. The position of the substitution did not
affect the reaction efficiency, as demonstrated by the good
yields and high selectivities obtained with the m- and o-
substituted nitrostyrenes 2e and 2 f (adducts 6Ae and 6Af).
Thioesters with varying substitution patterns at the Ar—S
group, such as o- and p-disubstituted thioester 1B, and o- or p-
monosubstituted substrates 1C-E, worked equally well
(adducts 6B-6E). The relative and absolute configuration of
compound 6Ba was determined by X-ray single crystal
structure analysis!' and that of the remaining adducts was
assumed based on a uniform reaction mechanism.

The validity of this new, one-pot, enantio- and diastereo-
selective carbocyclization approach was also tested with
deconjugated dienones 7-12. As shown in Table 3, the
reaction of unsaturated ketone 7 with nitrostyrene 2a in the
presence of 10 mol % catalyst C4 cleanly afforded a-addition
adduct 13a in 84 % yield as a 2.4:1 mixture of diastereomers
in 93% and 87 % ee.

Similarly, the reaction with nitroolefin 2 ¢ afforded adduct
13c¢ in 85 % yield, 2.1:1 dr and 97 %/90 % ee. Both reaction
regio- and stereoselectivity remained invariable when starting
from p-tolyl dienone 8 (adduct 14a, 82 % yield, 2.1.1 dr and
95 %189 % ee). Most gratifyingly, one-pot treatment of the a-
alkylated adducts 13/14 with catalytic base (MTBD) led to
formation of the corresponding cycloadducts 15/16 as a single
diastereomer, in high enantioselectivity. Thus, reaction of
phenyl ketone 7 with nitrostyrenes 2a-2 f provided adducts
15a-f with isolated yields in the range 73-82 %, diastereo-
meric ratios of >20:1, and enantioselectivity typically higher
than 90 %. The reaction with the aliphatic nitroalkene 2 g did
also proceed efficiently to give 15g, but as a 2.6:1 mixture of
diastereomers. Other nonconjugated dienones with aryl (8, 9,
10) and alkyl (11, 12) side chains were equally tolerated,
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Table 2: Catalytic enantioselective reaction of thioesters 1 with nitro-
olefins to afford tetrasubstituted cyclohexenes 6.1

o a) cat (10 mol%) 0O R
CH,Cl,, RT, 24 h NO
AFS)J\/\/\ + R/\/Noz —> ArS winr2
1 2 b) MTBD (20 mol%)

6

Me iPr
= O L, O O
Me ipr ipr OMe Me MeO
A B (o] D E

R= a: Ph; b: 4-MeOCgHy; ¢: 4-MeCgHy; d: 4-CICgH,; e: 3-CICgH,; f: 2-CICgHy; g: nPr

Iy 43?N02 1 *:::“‘32 S *:::“"2

65%, dr: >20:1, 92% ee 67%, dr: >20.1, 94% ee

;M
S
Me

65%, dr: >20:1, 94% ee

.

67%, dr: >20:1, 94% ee 65%, dr: >20:1, 92% ee

= *:::i”“ o *:::i“%

66%, dr: >20:1, 91% ee

68%, dr: >20.1, 90% ee

Cl

e O Meo
WNO, . No2 ‘\\NO2
» Me ,,
e Me 6Af ‘M

73%, dr: >20:1, 95% ee 67%, dr: >20:1, 95% ee

(X-Ray)

T *::L”"Q 2 43ﬁ?”°2

70%, dr: >20:1, 92% ee

65%, dr: >20:1, 88% ee

[a] Reactions carried out at 0.1 mmol scale, using 1.5 equiv of 1 and
10 mol % catalyst in 0.1 mL DCM at room temperature. Variable
amounts (ca. 20%) of isomerized starting material were observed in
most entries. Yield after chromatography. The dr determined by '"H NMR
(300 MHz). The ee determined by chiral HPLC.

affording the corresponding adducts 16-20 in good yields and
high selectivities. These results overall underline the high
enantio- and regiocontrol imparted by bifunctional Brgnsted
base/H-bonding catalysis during trienolates o-functionaliza-
tion. Previously established activation modes using similar
polyunsaturated substrates, particularly trienamine activa-
tion, becomes unsuitable due to its inability to activate
(thio)esters and/or divergent reactivity patterns.™!”

A rationale for the above experimental observations is
proposed in Scheme 1, with Brgnsted base catalysis as the
unified mode of activation. The sequence would involve: 1)
deprotonation of the unsaturated ketone/thioester to render
trienolate intermediates IV, which would react with acceptor
2 through Co. preferentially;['® 2) isomerization of the double
bonds in III to lead to conjugate dienone/dienoate II; 3) base-
promoted carbocyclization of adducts II through intramolec-
ular 1,6-addition; and 4) base-catalyzed final reconjugation.
Among the four possible isomeric products in step 1),
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Table 3: Catalytic enantioselective one-pot, two-step synthesis of tetra-
substituted cyclohexenes from ketone trienolates and nitroolefins.?

?I\/\/\ ayzcadomon) 9 K b) MTBD (20 mol%) 1 X NO.
R! ~ R NO — R‘M\@\“ 2
CH,Cly, RT, 16 h q CHyCly, RT, 16 h e
7 R':Ph 16 R':Ph
8 R':4-MeCqH, ~ 16 R': 4-MeCeHy
9 R': 2-Naphthyl 13 R':Ph 17 R': 2-Naphthyl
10 R':3,5-Me,CoHs 14 R':4-MeCeH, 18 R':3,5-Me;CoHs
11 R':Me 13a 84% y, dr 2.4:1, 93%/87% ee 19 R': Me
12 R':nBu 13¢ 85% y, dr 2.1:1, 97%/90% ee 20 R':nBu
14a 82%y, dr 2.1:1, 95%/89% ee
a R:Ph 80% y, dr >20:1, 93% ee
o R b R:4-MeOCgH; 78%y, dr >20:1, 93% ee
wNO2 ¢ R 4-MeCeHs  82%y, dr>20:1, 96% ee
O ” e R:3-CICgHy 77%y, dr >20:1, 86% ee
‘Me f R:2-CICgH, 71% y, dr >20:1, 95% ee
15 g R:nPr 74% y, dr 2.6:1, 94% ee

OMe

(6]
SOASN
“Me

(0]
AN
Me “Me

(0] I Cl
SORSN

16a 17b
77% y, dr >20:1, 91% ee 69% vy, dr >20:1, 91% ee 81%y, dr >20:1, 90% ee
OMe

(e}
Me O \\\NOZ
“Me

Cl
0 ‘
Me ‘*‘NOZ
“Me

o}
\NO
Me “ 2
e

M
Me 18a 19b 19e
0 - 0,
72%y, dr >20:1, 92% ee  65%y, dr >20:1, 90% ee  04% Y. dr>20:1,90% ee
e cl

o
\\\Noz
“Me
20a

71% y, dr >20:1, 93% ee

o] l
\\\Noz
“Me
20d
75%y, dr >20:1, 94% ee

[0} I
\\\Noz
20b L
77%y, dr >20:1, 90% ee

[a] Reactions carried out at 0.1 mmol scale, using 1.2 equiv of 7-12 and
in 0.1 mL DCM at room temperature. Yield after chromatography. The dr
values are determined by '"H NMR (300 MHz). The ees are determined by
chiral HPLC.

o]

i ""S\/\/\ 2
i )J\/\/\ R X IV\ X ™2 O R
(end point) R ArS E>>Z R ® NO,
\ / R" aryl, alkyl ExZ N
isomeriz. deproton. n
A
W R ArS high dr
R' X Brensted R': aryl, alkyl low dr
R ArS, aryl, alkyl base cat
™ Ay, &y )isomen‘z.
O R
0O R « NO,
R N ‘
/ |
isomeriz. intramol.

high dr & ee _N 1,6-addition
-0 Nyg-

Lowest energy barrier (R'=Ph)
AAGH = +9.6 kcal/mol

Scheme 1. Plausible course of the one-pot reactions sequence.

calculations carried out on a model reaction correctly predict
formation of Il featuring an (R)-configured (-carbon as
major isomer.['” It should be noted that isomerization of I to
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II (step 2) makes the actual configuration of Ca stereocenter
in Il irrelevant. On the other hand, none of the chiral catalyst
C1-C4 by their own can promote the III —-II isomerization
nor the subsequent conversion of II to I (step 3) under the
conditions tested. Instead, a stronger base catalyst, that is,
amidine (DBU) or guanidine (MTBD), was necessary.
Accordingly, the stereochemical outcome of this catalytic
carbocyclization process appears to be fully substrate-con-
trolled. In support of this assumption, the energies of the TS
for the four possible nitronate-dienone face combinations
were calculated. The energy barrier for the re,re approach was
found to be 9.6 kcalmol ' (about 2 kcalmol ' lower than any
of the other three possible approaches) which nicely explains
the essentially perfect stereoinduction observed in all but one
case (compound 15g).

Several transformations of these polysubstituted cyclo-
hexene adducts were explored (Scheme 2). Selective reduc-
tion of the C—C double bond in thioester 6Ae was achieved by

NaBH, (10 equiv)

MeO Ar
S ~NO> iPrOH/CH,Cl, 0°C, 6 h
Me 68%
Me

6Ae (Ar: 3-CICgHy)

Ar 3- C|C6H4

O Ar ; ;
Et;SiH (10 equiv), Pd/C
NO, 3SiH (10 equiv)
O ‘ Me,CO, RT, 16 h
“Me 72%

15b (Ar: 4-MeOCgH,4,

O Ar
“Me

22 (Ar: 4-MeOCgHy)

)
o
(I? NOZ
17b  |nCls, (PhO),PH .‘
L s ol o B
18a  CH,Cl, RT, 3or16h O

23 Ar: 4-MeOCgH,
24 Ar: 2-CICgH, (X-Ray)

Scheme 2. Elaboration of adducts through reduction and Nazarov
cyclization.

simply using an excess of NaBH, in isopropyl alcohol and
CH,Cl, mixture, affording cyclohexane 21 as the only isomer
in 68 % isolated yield. In its turn, the reduction of enone 15b
to 22 could be achieved in 72 % yield and without affecting
the carbonyl group by using Et;SiH in the presence of Pd/C.[*!
Interestingly, these cyclohexene adducts were also well suited
for expanding the Nazarov cyclization,'”) as demonstrated by
the conversion of adducts 17b, 17 f, and 18a into products 23—
25 in good yields and as a single diastereomer. The structures
of these polycyclic products were established by NMR
experiments and corroborated by X-ray analysis of 24.1'4]

In summary, a catalytic one-pot process to assemble
stereodefined tetrasubstituted six membered carbocycles
from polyunsaturated thioesthers or ketones is developed.
The new method features: 1) A highly enantioselective -
addition of transiently generated trienolates to nitrolefins. 2)
A catalytic intramolecular 1,6-addition that proceeds with
essentially perfect stereocontrol and has almost no prece-
dents. 3) Two intermediate C=C isomerizations, with
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Brgnsted base catalysts as the only promoters. Importantly,
the a-addition pathway observed for trienolates is divergent
from the [442] cycloaddition pathways dominant in trien-
amine mediated chemistry,®™"*! and provides a route to
complementary cyclohexene systems and products derived
thereof. Given that both proton transfer and H-bonding are
general activation modes, new enantioselective reactions
involving trienolate-like m-extended systems from carbonyl
and non-carbonyl substrates might be predictable.
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ABSTRACT: The tandem gold(I)-catalyzed propargyl Claisen rearrange- R R
ment/hydroarylation reaction of suitable propargyl vinyl ethers, followed by in < ‘
situ reduction of the resulting carbonyl group, provides functionalized indenes 16 examples X oH
in good to excellent yields. The reaction occurs at room temperature in 56-93%
dichloromethane in the presence of 3 mol % [IPrAuCl]/AgBF, as the best
catalytic system. Instead, cyclization of the allene intermediate either does not  Laux | Claisen . in 5””{
take place or is very slow with phosphine ligands. A variety of substituents and rearangemen reducton
functional groups present on the substrate are tolerated. The effect of the aryl Ry R1  Hydroanyation R R
ring substituents and the results of a density functional theory computational = P reaction X ‘
study suggest that the final hydroarylation is the rate-determining step of this = .\A’L L X
cascade process. Further in situ chain elongation, prior final work up of the CHO CHO
tandem process, can be carried out by Wittig olefination of the aldehyde
functionality, thus incrementing the diversity of the products obtained.

B INTRODUCTION i

The development of efficient methods for the synthesis of R2 ‘ 0 og

indenes'*" continues to attract interest from the organic O ,;hc/;/%

chemists’ community as these compounds show a variety of -

biological activities, including antitumor, anticonvulsant, N*

antiallergic, anti-hypercholesterolemic, fungicidal, herbicidal, ) R'=Cl R%=H Cyanosporaside A

and antimicrobial activities.” The indene framework is also Neomangicol © RI=H RP=Cl Cyanosporaside &

found in natural products (Figure 1),” and it finds application R MeO OMe o

in material science” and in the preparation of ligands for metal ‘ — R O OMe

complexes, for example, ligands for tailored metallocene R \ // " O

complexes used to catalyze olefin polymerization.’ 2\ o O‘ ° OMe
Metal-catalysis has been widely exploited to build this R MeO N

. . . Indeno[1,2-cJchromene Coixinden A

important carbocyclic structure through a variety of RI=RO=H R

processes,la’c_’ including those based on the 12- or 1,3- R2=R*=CqHs R =0OMe, H, OH

migration and carbocyclization of propargylic esters and

carbonates.’ Given the high efficiency of Au(I) in activating

triple bonds,” gold-catalysis has been exploited for the O‘ O OR?

synthesis of indenes by the latter approach®”’ too. Other R'O

methods based on gold(I)-catalysis include for example the Indenistrol

carbocyclsiczgtion of 1-alkynyl-2-(methoxymethyl)benzene de- Dichronal B Taiwaniaquinol D R

rivatives, the carbocgrclization of 1,5- and 1,6-enynes
embodying an aryl ring,”"* the C;—H bond activation in
diarylacetylene derivatives,®” the formal (3 + 2) cycloaddition
between allenes and aryl gold(l)—carbenes,8i tandem trans-
formations of 1,5-diynes embodying an aryl ring via a gold-
vinylidene intermediate,” and a few other multicomponent
processes.gk’1

We have recently reported that suitably substituted
propargyl vinyl ethers 1 undergo a propargyl Claisen

-4 ACS Publications  © 2019 American Chemical Society
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Figure 1. Examples of natural compounds embedding the indene
core.
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rearrangement '’ followed by a Nazarov cyclization when
subjected to gold(I)-catalysis, which efficiently provided
functionalized cyclopentadienes 2 fused with various N-hetero-
and carbocycles [Schema 1a]."!

In this process, the gold-catalyzed [3,3]-rearrangement
generates a gold-allene complex which, once formed,
immediately undergoes the 47-electrocyclization plausibly via
the corresponding pentadienyl cation to form the final

12 R . . . . . e age
product. ~ While in cyclization processes involving the initial
rearrangement of propargylic esters, the final products are
cyclopentenones o cyclopentadienyl alkanoates,” this tandem
propargyl Claisen rearrangement/Nazarov reaction provides
cyclopentadienes bearing, on one side chain, an aldehyde
group which can be easily subjected to further in situ
elaboration for incrementing the structural diversity of the
products.

Given the importance of indenes, and in continuation of our
study on gold-catalyzed rearran%ement processes involving
propargyl alcohol derivatives,'""” we decided to evaluate
whether the same approach could be used for the construction
of such important ring systems by exploiting the rearrangement
of 3-aryl-substituted propargyl vinyl ethers 3 [Scheme 1b]. The

Scheme 1. Tandem Processes Involving an Au(I)-Catalyzed
Propargyl Claisen Rearrangement

(a) Previous work: tandem gold(l)-catalyzed Claisen rearrangement/Nazarov reaction

O\\ b Clé

Claisen Nazarov
rearrangement r eactlon
) and/or . +, )
AuL AuL
CHO CHO

(b) This work: tandem gold(l)

@\ L *

-catalyzed Claisen rearrangement/hydroarylation reaction

Clalsen H, ydroary/atlon
rearrangement reaction
) and/or +
AuL AuL
CHO CHO

achievement of this synthetic objective through a cascade
process in which the allene is generated in situ by a [3,3]-
rearrangement was not guaranteed, though. The final
cyclization in the tandem propargyl Claisen rearrangement/
Nazarov reaction [Scheme la] was a fast process, but in the
present case, the cyclization of the allene intermediate
[Scheme 1b] involves the temporary disruption of the
aromaticity of the aryl ring. Thus, the conditions (gold ligand,
temperature, and counterions) required for the initial Claisen
rearrangement could be unsuitable for the hydroarylation step.
In this paper, we report on an experimental and computational
study of the tandem gold(I)-catalyzed Claisen rearrangement/
hydroarylation reaction of 3-aryl-substituted propargyl vinyl
ethers and we show that, with the right choice of the catalytic
system, it efficiently provides polyfunctionalized indenes.
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Moreover, we demonstrate that further in situ elaboration of
the aldehyde functionality is possible by Wittig olefination,
thus enlarging the variety of products which can be obtained
by this methodology.

B RESULTS AND DISCUSSION

The synthesis of the substrates (Scheme 2) for the gold-
catalyzed reaction was carried out by treatment of the

Scheme 2. Synthesis of Substrates 6a—r

R3 R®

- . N
X 45 mol % Hg(OAc), N
sar N\ OH 50°C, 241 car <°
R! 2 R' R?

6aR'=Me, R2=R3=H (77%) 6j R' = Me, R? = H, R® = p-Br (76%)
6b R' = Me, R? = H, R® = p-Me (61%) 6k R' = Me, R? = H, R = m-F (68%)
6c R' = Me, R? = H, R® = 0-Me (62%) 61 R" = Me, R? = H, R® = p-CO,Me (79%)
6d R' = Me, R? = H, R® = m-Me (68%) 6m R' = n-Pr, R? = R® = H (83%)
6e R' = Me, R? = H, R® = p-MeO (41%) 6nR'=Bn, R2=R®=H (52%)
6f R' = Me, R2 = H, R® = m-MeO (58%) 60 R' = R? = Me, R® = H (74%)
6g R' = Me, R? = H, R® = p-CH,NHBoc (76%) 6p R' = Me, R2 = j-Bu, R® = H (75%)
6h R' = Me, R? = H, R® = p-CH,0Bn (60%) 6q R' = Ph, R?=R®=H (60%)
6i R' = Me, R? = H, R® = p-CH(-OCH,CH,0-) (72%)  6r R" = m,p-Cl,CgHs, R? = R® = H (56%)

corresponding propargylic alcohols 5 with ethyl vinyl ether
in the presence of Hg(OAc),. 1041415 While we used this
methodology for small-scale preparations, for example, in the
evaluation of the scope of the gold-catalyzed tandem process,
we looked for an alternative approach to vinyl ethers 6 when
these were needed in larger amount, as in the case of model
substrate 6a, in order to avoid the use of the mercury salt.'®

Out of the many approaches we experimented, the best is
depicted in Scheme 3. As shown, converting Sa into the

Scheme 3. Synthesis of Substrate 6a

1. Ac,0, Et;N, DMAP Br
CH,Cl,, 0-25°C \
—
A OH 2. InCly (5 mol %), AN o)
5a 2-Bromoethanol,
CH;3NO,, 50 °C, 2 h
7a (78%, two steps)
KOtBu,
1 mol % 18-C-6 AN
——
toluene, 25 °C X 0
6a (91%)

corresponding acetate and then treating with InCl; in
nitromethane at 50 °C in the presence of 2-bromo-1-ethanol,
provided bromide 7a in 78% yield over the two steps.'” The
next elimination step was carried out by treatment of 7a with a
strong base (+BuOK in toluene) which provided model
compound 6a in 91% yield."®

We used substrate 6a to find the best reaction conditions for
the gold(I)-catalyzed process, and the results of the screening
of various gold(I)-catalysts and gold(I)-precatalyst/silver salt
combinations are reported in Table 1. The reactions were
carried out by adding a solution of the substrate in
dichloromethane (DCM) to a solution of the catalyst (3 mol
%) generated by mixing the gold and silver salts in the same
solvent at 25 °C.

The [Ph;PAu]*BF,” and [Ph;PAu]"TfO™ catalysts (entries
1 and 2) have been shown to catalyze the Claisen
rearrangement of propargyl vinyl ethers.'"” With 3 mol % of

DOI: 10.1021/acs.joc.9b00646
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Table 1. Optimization of the Reaction Conditions”

N LAuX O’ . )
N\ o CHCh25°C
6a 8a cro 9a CHO
product ratio®
time

entry catalyst” (min) 6a 8a 9a
1 [Ph,PAuCI]/AgBF, 30 100
2 [Ph,PAuCI]/AgOTf 30 100
3 [Ph,PAuCI]/AgSbF, 120 7 93
4 [(p-CF,C4H,);PAuCI]/AgOTf 30 4
N tBu3PAuNTf2€ 30 100
6  [Cy,PAuCI]/AgOTf 30 100
7 [IPrAuCl]/AgSbFq 30 100"
8 [IPrAuCl]/AgOTf 40 100"
9 [IPrAuCl]/AgBF, 2§ 100
10 IPrAu(CH,CN)BE, 60 100
11 IPrAuNTH," 120 50 NY
12 [SIPrAuCl]/AgBF, 55 100
13 [ICyAuCl]/AgBF, 55 100
14 [HBuAuCH/AgBF4 SS 100
15 [IMesAuCl]/AgBE, SS 78% 22
16 IPrAuCl SS 100
17 AgBF, 60 100

“Conditions: reactions carried out on 0.2—0.3 mmol of 6a in CH,Cl,
(0.05 M) at 25 °C under N, atmosphere. "Prepared by mixing the
silver salt (3 mol %) and the gold chloride (3 mol %) in CH,Cl,
before addition of the substrate unless otherwise noted. IPr = 1,3-
bis(diisopropylphenyl)imidazol-2-ylidene, SIPr = 1,3-bis(2,6-diisopro-
pylphenyl)-4,5-dihydroimidazol-2-ylidene, IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene, ItBu = 1,3-di-t-butylimidazol-2-
ylidene, ICy = 1,3 bis(cyclohexyl)imidazol 2-ylidene. “Product ratio
based on 1ntegrat10n of '"H NMR resonances in the crude reaction
mixture. Complete degradation of the starting material. “Commer-
cially available. fSome degradation of the starting material occurred.
#Devinylation of 6a to alcohol Sa occurred.

these catalysts in CH,Cl, substrate 6a was quickly (less than
30 min) converted into allene 9a.'” However, we did not
observe even traces of indene 8a in the crude reaction mixtures
by prolonging the reaction times. Only when using AgSbF as
the source of the non-coordinating anion we observed, after 2
h, the formation of a small relative amount (entry 3) of
aldehyde 8a.

Gold salts with Ph;P and electron-rich phosphine ligands
were all competent catalysts in the tandem Claisen rearrange-
ment/Nazarov cyclization of enynyl vinyl ethers,'" but as it is
evident from entries 1-3 and 5—6, they seem unable to
promote the final hydroarylation step with substrate 6a.
Instead, with the NHC (NHC = N-heterocyclic carbene)
ligand IPr and various anions (entries 7—11), we always
observed the formation of indene 8a. In particular, the best
combination was the [IPrAuCl]/AgBF, catalytic system (entry

9).”° With 3 mol % of this catalyst, we observed (by 'H NMR)
the immediate (less than S min) conversion of the substrate
into allene 9a, half of which already cyclized to indene 8a (8a/
9a ratio = 1:1 after S min). After 15 min, the ratio was 3.2:1,
and in 25 min, the reaction was complete. With 1 mol % of the
catalyst, the reaction was complete in 3 h. Commercial
[IPrAu(CH,CN)]*BF,” (entry 10) catalyzed the reaction, too,
ruling out any role of the silver salt in the hydroarylation step.
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On the other hand, AgBF, alone (entry 17) was able to
catalyze the Claisen rearrangement, but not the cyclization,
and similarly in the presence of the IPrAuCl salt alone (entry
16), only the [3,3]-rearrangement occurred.

We tested other NHC gold complexes (entries 12—15) and
quite surprisingly, among these, only the SIPr ligand was
effective, although the reaction was slightly slower than with
IPr ligand (the 8a/9a ratio was 1:1 after 15 min).”' With ICy,
ItBu, and IMes ligands, only allene 9a was formed.
Interestingly, in the Au(I)-catalyzed tandem [3,3]-rearrange-
ment/hydroarylation of propargylic acetates to form indenes,
other NHC ligands, as well as Ph;P, were able (although not as
efficiently as IPr) to promote the hydroarylation step.’

Having found the best reaction conditions, these were used
to evaluate the scope with 3-aryl-substituted propargyl vinyl
ethers bearing various groups (R®) on the aromatic ring and
substituents (R', R?) on the carbinolic position (Scheme 4).
To avoid both partial degradation of aldehydes 8 and double
bond migration to the exocyclic position during chromatog-
raphy on silica gel (which generates a,f-unsaturated
aldehydes), the reaction products were reduced in situ to the
corresponding alcohols 10 by NaBH, after dilution of the
DCM solution with MeOH (method A).>” As an alternative,

Scheme 4. Scope of the Au(I)-Catalyzed Propargyl Claisen
Rearrangement/Hydroarylation Reaction
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upon completion of the reaction, the crude aldehydes were
isolated after an aqueous work-up, dissolved in MeOH, and
then reduced (method B).

By using the former procedure (method A), simple indene
10a was obtained in 80% yield after chromatography.

Electron-donor groups on the aromatic ring made the
reaction faster and, with the exception of the o-methyl
substituted substrate 6¢, which reacted in 1.5 h, alcohols
10b—10f were all obtained in 15 min. m-Methyl- and m-
methoxy-substituted substrates (6d and 6f, respectively) of
course provided a mixture of isomers deriving from ring
closure at the ortho and para position. However, in the case of
the m-methoxy-substituted compound, attack to the para
position prevailed (86:14 ratio in the crude reaction mixture)
and pure isomer 10f could be isolated by chromatography in
good yields.”** With aromatic rings bearing amino- and alkoxy-
substituted methyl groups (6g and 6h, respectively), the
reaction proceeded smoothly, too, providing alcohols 10g and
10h in good yields (62 and 75% yield, respectively). In the case
of 6h, the reaction was carried out with the commercial
[IPrAu(CH,CN)]*BF," and, as for the model compound 6a, it
was just slightly slower than with the [IPrAuCl]/AgBF,
catalytic system. The latter, as well as the preformed catalyst,
was used to carry out the reaction with the propargyl vinyl
ether bearing a dioxolane moiety in the para position (6i). The
reaction was slow (2 h for a complete conversion of the allene
intermediate), and in both cases, we observed an almost
complete trans-acetalization during the gold(I)-catalyzed step.
Thus, compound 10i could be obtained in 63% yield after
chromatography.”*

As expected on the basis of the above results, which suggest
that the hydroarylation could be the rate-determining step of
the process (see later), the hydroarylation of the allene
intermediate was in fact very slow with electron-withdrawing
groups on the aromatic ring (6j—61). In two cases (6k, bearing
a m-F group, and 6], bearing a p-CO,Me group) either the long
reaction times or the heating led to an almost equimolar
mixture of isomers as a consequence of the shift of the double
bond to the position 1 in the five-membered ring. Such an
isomerization could be observed, to a very minor extent and
regardless the presence or absence of a silver salt in the
reaction mixture, also for other substrates for which, however,
the adoption of method B allowed us to overcome the
problem.” As in the case of the m-OMe-substituted substrate,
also with m-F-substituted propargyl vinyl ether 6k, the ring
closure occurred predominantly (85% by 'H NMR analysis of
the crude reaction mixture) at the para position.”*”

Finally, a few substrates with different substitution at the
carbinolic position were evaluated, and in all cases, the reaction
provided the target compounds (10m—p) in good to excellent
yield. Benzyl-substituted indene 10n, however, which was
obtained isomerically almost pure (95%) from 6n after 3 h in
the presence of 6 mol % of the catalyst, underwent a slight
double bond isomerization during the chromatography on
silica gel, and it was eventually obtained as a 9:1 mixture of
isomers. With the gem-dimethyl-substituted substrate 6o,
because of the double substitution at the propargylic moiety,
the reaction was slower (3.5 h) than with the model substrate
6a but provided the target compound 100 in an excellent 93%
yield. Similarly, the reaction of 6p was slow (16 h), and it was
carried out in the presence of 6 mol % of the catalyst, but it
nevertheless provided compound 10p in 92% yield.

6301

The only substrates which seem unsuitable for this gold(I)-
catalyzed cascade process are those bearing an aryl ring at the
carbinolic position (Scheme S5). Simple phenyl-substituted

Scheme 5. Gold(I)-Catalyzed Process with Substrates 6q
and 6r

RZ
a) 3 mol % [IPrAu]*BF 4~ Ri
DCM, 25 °C

b) NaBH,, MeOH

9qR;=R?=H
orR'=R%2=Cl

OH

propargyl vinyl ether 6q, under various conditions, always
quantitatively provided the corresponding allene 9q. We
thought the lack of reactivity could be due to the stabilization
by the phenyl ring of the positively charged gold(I)-complex
intermediate [Scheme 1b] making it less reactive, but the result
obtained with dichloro-substituted substrate 6r (Scheme 5)
instead suggests that it is either the greater stability of the aryl-
substituted allene intermediate or the steric hindrance in the
ring closure step by the aryl ring being the possible reason.

A plausible mechanism for the tandem Claisen/hydro-
arylation reaction and the energies calculated relative to
complex II are reported in Scheme 6. Upon coordination of
the triple bond to the cationic gold(I) complex, a very fast
[3,3]-rearrangement of II occurs and conversion of the
substrate into allene V is immediate.'”**® This is exper-
imentally observed for all types of substrates, suggesting that
the Claisen rearrangement is not the rate-determining step of
the process. The calculated transition state energies for the
rearrangement steps (TS1 and TS2) are in fact low with both
IPr and Ph;P ligands (<10—12 kcal/mol), whereas the ring
closure of allene—gold(I) complex IV, which is in equilibrium
with the free allene V, presents a higher barrier (17.8 kcal/mol
with both ligands) and thus is the rate-determining step. When
the cyclization is slow or does not take place, allene V can be
isolated.

The cyclization step takes place as an electrophilic aromatic
substitution to form VI, and during this step, a partial positive
charge develops on the aromatic ring (TS3), which explains
the effect of the substituents we observed when assessing the
scope of the reaction (interestingly, in the Au(I)-catalyzed
tandem [3,3]-rearrangement/hydroarylation of propargylic
acetates to form indenes, the reaction was very fast irrespective
of the substituent present on the aryl ring, providing the
products in S min)."" After proton elimination from C7a (to
restore aromaticity) and protodeauration of VII, indene VIII is
eventually formed. We carried out an experiment with
deuterated [D]-6a (Scheme 7) and found out that all
deuterium was incorporated in the product at position Cl,
meaning that, contrarily to what observed in the tandem
Claisen/Nazarov reaction we have recently studied [Scheme
la], no [1,2]-H shift from position 1 to position 2 occurs.'’
Another important difference with the tandem Claisen/
Nazarov process is that we were never able to observe (and
isolate) the allene intermediates in that case, as the cyclization
was a fast step, especially with carbocyclic substrates."'

Two important points in the present cascade process are the
role of the BF,” counterion and the effect of the IPr gold(I)-
ligand, which together form the best combination (entry 9,
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Scheme 6. Catalytic Cycle with Calculated Energies”
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Table 1). Tetrafluoroborate is a weakly coordinating anion”’
and this could favor coordination of LAu" cationic complex to
allene V to re-generate allene—gold complex IV. Concerning
the ligands, because the calculated energies (Scheme 6) are
almost the same for both IPr and Ph;P ligands, explaining the
efficiency of the NHC gold ligand compared to the phosphine
ligands, with which ring closure of allene intermediate V does
not take place or is very slow, is more difficult. It has been
suggested that, in the rearrangement of a model propargyl
acetate to form the corresponding allene, the latter is the
resting state with a NHC ligand (IMe) and that allene
coordination to gold is favored with the IMe ligand compared
to a phosphine.” We calculated the energies associated to the
dissociation equilibrium of complex IV (Scheme 8) and found
that the phosphine ligand is able to stabilize more efficiently
the LAu" species, as the uphill energy is only +3.9 kcal/mol
compared with +7.3 kcal/mol for the NHC carbene. Thus, the
equilibrium is more shifted to the left with the latter ligand
with which the formation of allene—gold(I) complex
intermediate IV from allene V is more favored.

The reason why, apart from SIPr, the other NHC catalysts
are unable to promote cyclization, is instead unclear at the
moment.

Scheme 8. Calculated Energies for the Dissociation of
Complex IV

/
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Finally, to demonstrate that aldehyde intermediates 8 can be
directly employed just after their formation for further chain
elongation without prior work-up of the gold-catalyzed step,
we studied the Wittig reaction of 8o and 8p with selected
phosphorus ylides (Scheme 9). The reactions were carried out
by transferring by a syringe the DCM solution containing the
crude aldehyde to a tetrahydrofuran (THF) solution of the

Scheme 9. Sequential Au(I)-Catalyzed Tandem Process/
Wittig Olefination of Substrates 60—p
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preformed ylide at 0 °C and leaving under stirring until
complete consumption of 8. With simple Ph;P=CH,, the
reaction led to the terminal olefin 11 in 70% yield after
chromatography. No isomerization of the double bonds was
observed. Similarly, the reaction occurred quantitatively with a
substituted ylide prepared from n-hexylphosphonium iodide,
which provided Z olefin 12 in 80% yield. Finally, after
rearrangement and cyclization of 6p, the crude aldehyde 8p
was reacted with ylide 13, prepared from the corresponding
commercial phosphonium bromide, which furnished com-
pound 14 in 71% yield.

B CONCLUSIONS

In conclusion, the tandem gold(I)-catalyzed propargyl Claisen
rearrangement/hydroarylation reaction of aryl-substituted
propargyl vinyl ethers is an efficient way to obtain function-
alized indenes. The reaction occurs at room temperature in
DCM in the presence of [IPrAuCl]/AgBF, as the best catalytic
system for both the propargyl Claisen rearrangement and the
subsequent allene cyclization (the hydroarylation step).
Instead, cyclization of the allene intermediate does not take
place (or it is very slow) with phosphine ligands, which is
probably due to the higher stabilization of the free cationic
gold(I) in the equilibrium involving coordination/decoordina-
tion of the allene intermediate to gold(I), as suggested by
density functional theory (DFT) computations. Various groups
and substituents on the aryl ring and at the carbinolic position
of the propargyl vinyl ether are tolerated. The effect of the
substituents on the aryl ring suggests that the final hydro-
arylation is the rate-determining step of this cascade process
with a calculated free activation energy of about 18 kcal/mol
for both the NHC and phosphine ligand. Further functional-
ization can be achieved prior final work of the tandem process
by carrying out a Wittig reaction on the aldehyde functionality,
thus incrementing the diversity of the products obtained.

B EXPERIMENTAL SECTION

General Information. Anhydrous solvents were prepared
accordingly to the standard techniques. Commercially available
reagents were used without further purification. Chromatographic
separations were performed under pressure on silica gel (Merck 70—
230 mesh) by using flash column techniques; R; values refer to TLC
carried out on 0.25 mm silica gel plates (F,s,) with the same eluent as
indicated for column chromatography. 'H NMR (400 MHz) and *C
NMR (100.4 MHz) spectra were recorded on Varian Inova and
Mercury (400 MHz) spectrometers in the specified deuterated
solvent at 25 °C. Solvent reference lines were set at 7.26 and 77.00
(CDCl,) and 3.31 and 49.00 (CD,0D) in 'H and "*C NMR spectra,
respectively. Mass spectra were carried out either by direct inlet of a
10 ppm solution in CH;0H on a LCQ Fleet Ion Trap LC/MS system
(Thermo Fisher Scientific) with an electrospray ionization (ESI)
interface in the positive ion mode or by EI at 70 eV or by methanol
CI on a Varian GC/MS Saturn 2200 instrument equipped with a CP-
sil8 Varian column. High-resolution mass spectrometry (HRMS)
analyses were performed under conditions of ESI-MS through direct
infusion of a 1 yM solution in MeOH in a TripleTOF 5600+ mass
spectrometer (Sciex, Framingham, MA, U.S.A.), equipped with a
DuoSpray interface operating with an ESI probe. Microanalyses were
carried out with a CHN Thermo FlashEA 1112 Series elemental
analyzer. Alcohols Sa, Sm, and Sq are commercially available.
Compounds [D]-5a, b, 5¢, 5d,2% 5¢,22% s£31 552 sk
51,°" s5n,*° 50, 5p,** and 61.110d are known. n- Hexyltnphenylphos-
phonium iodide was prepared as reported.**

[3-(2-Bromoethoxy)-but-1-ynyl]-benzene (7a). A solution of
(+)-4-phenyl-3-butyn-2-ol Sa (872 uL, 6.0 mmol) in anhydrous
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DCM (60 mL) under nitrogen atmosphere was cooled to 0 °C (ice
bath); Et;N (2.5 mL, 18.0 mmol) and 4-dimethylaminopyridine (36
mg, 0.30 mmol) were then added, followed by dropwise addition of
Ac,0 (1.5 mL, 12.0 mmol). After 10 min, the ice bath was removed
and the resulting mixture was stirred at room temperature for 3 h. A
satd solution of NaHCO; (60 mL) was added and the mixture was
left under vigorous stirring for S min; after separation of the layers, the
aqueous one was extracted with DCM (2 X 30 mL) and the
combined organic extracts were dried over anhydrous K,CO;. After
filtration and evaporation of the solvent, the crude acetate was
purified by flash chromatography (eluent: n-hexane/EtOAc, 8:1; R; =
0.41), affording the pure acetate (1.11 g, 98%) as a colorless oil. 'H
NMR (400 MHz, CDCly): § 7.45—7.43 (m, 2H), 7.33—7.28 (m, 3H),
5.68 (q, J = 6.8 Hz, 1H), 2.11 (s, 3H), 1.58 (d, ] = 6.8 Hz, 3H).

The acetate (941 mg, 5.0 mmol) was then dissolved in
nitromethane (20 mL) under nitrogen atmosphere, and 2-
bromoethanol (1.1 mL, 15.0 mmol) was added followed by
anhydrous InCl; (55 mg, 0.25 mmol). The resulting mixture was
heated at S0 °C (external) for 2 h. After cooling, the solvent was
removed under vacuum and purification of the crude residue by flash
chromatography (eluent: n-hexane/EtOAc, 20:1; R; = 0.30), afforded
pure 7a (1.01 g, 80%) as a pale yellow oil. 'H NMR (400 MHe,
CDCL,): & 7.45—7.42 (m, 2H), 7.33—7.30 (m, 3H), 448 (q, ] = 6.8
Hz, 1H), 4.10 (dt, J = 10.8, 6.4 Hz, 1H), 3.81 (dt, J = 10.8, 6.4 Hz,
1H), 3.57—-3.49 (m, 2H), 1.55 (d, ] = 6.8 Hz, 3H). °C {'"H} NMR
(100.4 MHz, CDCL,): & 131.7, 128.4, 128.3, 122.5, 88.5, 85.4, 68.5,
66.1, 30.3, 22.1. GCMS (CI) m/z (%): 255 ([M + 1]*, 3) and 253
([M + 1] 3), 153 (15) and 151 (17), 129 (100). Anal. Calcd for
C,,H,;BrO: C, 56.94; H, 5.18. Found: C, 57.02; H, 5.23.

(3-Viniloxy-but-1-ynyl)-benzene (6a). To a solution of 7a (1.0 g,
3.95 mmol) and 18-crown-6 (10 mg, 1 mol %) in anhydrous toluene
(5.9 mL) under nitrogen atmosphere, solid t+-BuOK (532 mg, 4.74
mmol) was added in one portion, and the mixture was left under
vigorous stirring for S h. After cooling, the mixture was filtered
through a short pad of silica gel (980 mg) and the pad was washed
with n-hexane/EtOAc, 20:1 (4 mL). The solvent was then removed
under vacuum, and purification of the crude residue by flash
chromatography (eluent: n-hexane/EtOAc, 20:1; R; = 0.21) afforded
pure 6a (619 mg, 91%) as a pale yellow oil. 'H NMR (400 MHe,
CDCly): § 7.45—7.42 (m, 2H), 7.32—7.28 (m, 3H), 6.50 (dd, J =
14.0, 6.4 Hz, 1H), 4.77 (q, ] = 6.4 Hz, 1H), 448 (dd, ] = 14.0, 1.6 Hz,
1H), 4.16 (dd, ] = 6.4, 1.6 Hz, 1H), 1.60 (d, ] = 6.8 Hz, 3H). BC{'H}
NMR (100.4 MHz, CDCL,): § 149.6, 131.8, 128.5, 128.2, 122.4, 89.8,
87.9, 85.6, 65.1,21.9. GCMS (EI) m/z (%): 172 (M*, 24), 157 (100),
128 (43). Anal. Calcd for C;,H,,0: C, 83.69; H, 7.02. Found: C,
83.45; H, 6.82.

Compound 6a was also prepared according to the general
procedure reported below. Vinylation of alcohol Sa (150 mg, 1.02
mmol) afforded pure 6a (135 mg) after chromatography in 77% yield.

General Procedures for the Synthesis of the 3-Aryl-
Substituted Propargyl Vinyl Ethers. In a screw-cap vial,
Hg(OAc), (0.45 mmol) was added in one portion to a solution of
substrate 5 (1 mmol) in ethyl vinyl ether (2.5 mL) under nitrogen
atmosphere, and the reaction mixture was heated at S0 °C (external)
for 24 h. The mixture was then cooled to room temperature and a
solution of satd Na,CO; (5 mL) was added. The product was
extracted with Et,O (3 X S mL), and the combined organic extracts
were dried over anhydrous K,COj;. After filtration and evaporation of
the solvent, the crude reaction mixture was purified by flash column
chromatography to give pure 6 which was stored at 4 °C as a solution
in n-hexane until use.

1-Methyl-4-(3-viniloxy-but-1-ynyl)-benzene (6b). Vinylation of
compound Sb (150 mg, 0.95 mmol) afforded 6b, which was purified
by flash chromatography (n-hexane + 1% Et;N; R; = 0.28). Pure 6b
was obtained as a colorless oil (108 mg, 61%). '"H NMR (400 MHyg,
CDCly): 6 7.33 (d, ] = 8.0 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 6.50
(dd, J = 14.0, 6.8 Hz, 1H), 477 (q, ] = 6.8 Hz, 1H), 448 (dd, J =
14.0, 2.0 Hz, 1H), 4.16 (dd, ] = 6.8, 2.0 Hz, 1H), 2.35 (s, 3H), 1.60
(d, ] = 6.8 Hz, 3H). BC{'H} NMR (100.4 MHz, CDCL,): § 149.7,
138.6, 131.7, 129.0, 119.3, 89.7, 87.2, 85.8, 65.2, 21.9, 21.5. GCMS
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(EI) m/z (%): 186 (M*, 5), 171 (100), 143 (9), 128 (13). Anal.
Calcd for C3H,,0: C, 83.83; H, 7.58. Found: C, 83.48; H, 7.63.

1-Methyl-2-(3-viniloxy-but-1-ynyl)-benzene (6¢c). Vinylation of
compound Sc (185 mg, 1.15 mmol) afforded 6¢, which was purified
by flash chromatography (n-hexane; R; = 0.30). Pure 6c was obtained
as a colorless oil (133 mg, 62%). "H NMR (400 MHz, CDCl,): § 7.41
(d, J = 7.6 Hz, 1H), 7.25—7.18 (m, 2H), 7.15=7.11 (m, 1H), 6.52
(dd, J = 14.0, 6.8 Hz, 1H), 4.82 (q, ] = 6.8 Hz, 1H), 4.49 (dd, ] =
14.0, 1.6 Hz, 1H), 4.18 (dd, ] = 6.8, 1.6 Hz, 1H), 2.43 (s, 3H), 1.63
(d, ] = 6.8 Hz, 3H). 3C{'H} NMR (100.4 MHz, CDCL): & 149.6,
1403, 132.0, 1294, 128.5, 125.5, 122.1, 91.8, 89.7, 84.5, 65.1, 22.0,
20.7. GCMS (EI) m/z (%): 186 (M*, 12), 171 (39), 157 (100), 129
(33). Anal. Calcd for C;3;H,,0: C, 83.83; H, 7.58. Found: C, 84.00;
H, 7.32.

1-Methyl-3-(3-vinyloxy-but-1-ynyl)-benzene (6d). Vinylation of
compound 5d (163 mg, 1.01 mmol) afforded 6d, which was purified
by flash chromatography (n-hexane + 1% Et;N; R; = 0.40). Pure 6d
was obtained as a pale yellow oil (129 mg, 68%). 'H NMR (400
MHz, CDCL,): § 7.27—7.24 (m, 2H), 7.22—7.17 (m, 1H), 7.14-7.12
(m, 1H), 6.51 (dd, ] = 14.0, 6.4 Hz, 1H), 4.77 (q, ] = 6.8 Hz, 1H),
448 (dd, ] = 14.0, 1.6 Hz, 1H), 4.17 (dd, ] = 6.4, 1.6 Hz, 1H), 2.33 (s,
3H), 1.60 (d, ] = 6.8 Hz, 3H). *C{'H} NMR (100.4 MHz, CDCL,):
5 149.6,137.9, 132.3, 129.4, 128.8, 128.1, 122.2, 89.8, 87.5, 85.8, 65.1,
21.9,21.2. GCMS (EI) m/z (%): 186 (M*, 35), 171 (100), 143 (82),
128 (43). Anal. Caled for C3H,,0: C, 83.83; H, 7.58. Found: C,
83.47; H, 7.82.

1-Methoxy-4-(3-vinyloxy-but-1-ynyl)-benzene (6e). Vinylation of
compound Se (193 mg, 1.1 mmol) afforded 6e, which was purified by
flash chromatography (n-hexane/EtOAc, S0:1 + 1% Et;N; R; = 0.40).
Pure 6e was obtained as a colorless oil (91 mg, 41%). "H NMR (400
MHz, CDCly): § 7.39—7.35 (m, 2H), 6.85—6.81 (m, 2H), 6.50 (dd, J
= 144, 6.8 Hz, 1H), 4.76 (q, ] = 6.8 Hz, 1H), 4.47 (dd, ] = 14.0, 2.0
Hz, 1H), 4.15 (dd, ] = 6.8, 1.6 Hz, 1H), 3.80 (s, 3H), 1.59 (d, J = 6.8
Hz, 3H). BC{'H} NMR (100.4 MHz, CDCL,): § 159.7, 149.7, 133.2,
114.5, 113.9, 89.7, 86.5, 85.6, 65.3, 55.3, 22.0. GCMS (EI) m/z (%):
203 ([M + 177, 28), 202 (M*, 100), 188 (63), 159 (28). Anal. Calcd
for C,3H,,0,: C, 77.20; H, 6.98. Found: C, 76.96; H, 7.12.

1-Methoxy-3-(3-vinyloxy-but-1-ynyl)-benzene (6f). Vinylation of
compound 5f (200 mg, 1.14 mmol) afforded 6f, which was purified by
flash chromatography (n-hexane + 1% Et;N; R; = 0.17). Pure 6f was
obtained as a pale yellow oil (134 mg, 58%). '"H NMR (400 MHz,
CDCly): § 7.23-7.19 (m, 1H), 7.04—7.02 (m, 1H), 6.97—6.95 (m,
1H), 6.89—6.86 (m, 1H), 6.49 (dd, J = 14.0, 6.8 Hz, 1H), 4.77 (q, ] =
6.8 Hz, 1H), 4.47 (dd, ] = 14.0, 2.0 Hz, 1H), 4.17 (dd, ] = 6.8, 2.0 Hz,
1H), 3.80 (s, 3H), 1.60 (d, ] = 6.8 Hz, 3H). *C{'H} NMR (100.4
MHz, CDCL,): 6 159.2, 149.6, 129.3, 124.3, 123.4, 116.5, 115.1, 89.8,
87.7,85.5, 65.1, 55.3, 21.8. GCMS (EI) m/z (%): 203 ([M + 1%, 45),
202 (M*, 100), 188 (44), 159 (25). Anal. Calcd for C,3H,,0,: C,
77.20; H, 6.98. Found: C, 77.55; H, 7.01.

[4-(3-Vinyloxy-but-1-ynyl)-benzyl]-carbamic Acid tert-Butyl Ester
(6g). To a solution of (4-bromobenzyl)-carbamic acid tert-butyl ester
(918 mg, 3.2 mmol) in anhydrous Et;N (16 mL) were added
(Ph4P),PdCl, (5 mol %), Cul (3 mol %) and (+)-3-butyn-2-ol (1.2
equiv), under nitrogen atmosphere, and the reaction mixture was
stirred at 50 °C (external) for 3 h. A second portion of (+)-3-butyn-
2-0l (0.5 equiv), Cul (1.5 mol %), and (Ph;P),PdCl, (2.5 mol %) was
then added. Heating was continued at 50 °C for 16 h. The mixture
was cooled to room temperature and water (16 mL) was added. The
product was extracted with Et,0 (3 X 16 mL), and the combined
organic extracts were washed once with brine (50 mL) and dried over
anhydrous K,CO;. After filtration and evaporation of the solvent, the
crude reaction mixture purified by flash column chromatography (n-
hexane/EtOAc, 2:1 + 1% Et;N; Ry = 0.29) afforded pure enynyl
alcohol Sg (696 mg, 79%) which was used immediately in the next
step. '"H NMR (400 MHz, CDCLy): § 7.37 (d, ] = 8.4 Hz, 2H), 7.21
(d, J = 8.0 Hz, 2H), 4.87 (br s, 1H), 4.77—4.72 (m, 1H), 4.33—4.24
(m, 2H), 2.08 (br s, 1H), 1.54 (d, ] = 6.4 Hz, 3H), 1.45 (s, 9H).
BC{'H} NMR (100.4 MHz, CDCl,): § 155.8, 139.3, 131.8, 127.3,
121.5, 91.0, 83.7, 58.8, 44.4, 28.4, 24.4.
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Vinylation of compound Sg (343 mg, 1.25 mmol) afforded 6g,
which was purified by flash chromatography (n-hexane/EtOAc, 5:1 +
1% Et;N; R; = 0.28). Pure 6g was obtained as a pale yellow oil (286
mg, 76%). "H NMR (400 MHz, CDCLy): § 7.39 (d, ] = 8.4 Hz, 2H),
7.21 (d, J = 8.0 Hz, 2H), 6.48 (dd, ] = 14.0, 6.8 Hz, 1H), 4.87 (br s,
1H), 4.76 (q, ] = 6.8 Hz, 1H), 4.46 (dd, ] = 14.0, 2.0 Hz, 1H), 4.31—
4.26 (m, 2H), 4.15 (dd, ] = 6.8, 2.0 Hz, 1H), 1.59 (d, ] = 6.8 Hz, 3H),
1.45 (s, 9H). *C{'H} NMR (100.4 MHz, CDCl;): § 155.8, 149.6,
139.5, 132.0, 127.2, 121.3, 89.8, 87.9, 85.4, 79.6, 65.1, 44.4, 28.4, 21.8.
HRMS (ESI/TOF) m/z: [M + Na]* caled for C;sH,;NO;Na,
324.1570; found, 324.1569.

1-Benzyloxymethyl-4-(3-vinyloxy-but-1-ynyl)-benzene (6h). Al-
cohol Sh was prepared as reported for 5g, by Sonogashira coupling of
1-benzyloxymethyl-4-bromobenzene (664 mg, 2.4 mmol) and ()-3-
butyn-2-ol (1.2 equiv). Purification by flash column chromatography
(n-hexane/EtOAc, 4:1; R; = 0.25) afforded pure enynyl alcohol Sh
(288 mg, 45%) which was used immediately in the next step. 'H
NMR (400 MHz, CDCl,): § 7.43—7.39 (m, 2H), 7.38—7.34 (m, 4H),
7.33—7.29 (m, 3H), 4.79—4.72 (m, 1H), 4.56 (s, 2H), 4.55 (s, 2H),
1.56 (d, ] = 6.8 Hz, 3H). *C{'H} NMR (100.4 MHz, CDCL): §
138.7, 138.0, 131.7, 128.4, 127.8, 127.7, 127.5, 121.8, 90.9, 83.9, 72.3,
71.6, 58.9, 24.4.

Vinylation of compound Sh (224 mg, 0.84 mmol) afforded 6h,
which was purified by flash chromatography (n-hexane/EtOAc, 20:1;
R;=0.30). Pure 6h was obtained as a pale yellow oil (148 mg, 60%).
'"H NMR (400 MHz, CDCl,): § 7.45—7.42 (m, 2H), 7.38—7.36 (m,
4H), 7.33—7.31 (m, 3H), 6.51 (dd, ] = 14.0, 6.4 Hz, 1H), 4.78 (q, ] =
6.8 Hz, 1H), 4.559 (s, 2H), 4.555 (s, 2H), 4.49 (dd, ] = 14.0, 2.0 Hz,
1H), 4.18 (dd, ] = 6.8, 2.0 Hz, 1H), 1.61 (d, ] = 6.8 Hz, 3H). BC{'H}
NMR (100.4 MHz, CDClL): § 149.6, 138.8, 138.0, 131.8, 1284,
127.8, 127.7, 127.5, 121.6, 89.8, 87.9, 85.5, 72.2, 71.6, 65.1, 21.8.
GCMS (EI) m/z (%): 292 (M*, 3), 277 (100), 91 (19). Anal. Calcd
for C,0H,,0,: C, 82.16; H, 6.89. Found: C, 81.99; H, 7.05.

2-[4-(3-Vinyloxy-but-1-ynyl)-phenyl]-[1,3]dioxolane (6i). Alcohol
Si was prepared as reported for Sg, by Sonogashira coupling of 2-(4-
bromophenyl)-[1,3]dioxolane (515 mg, 2.2 mmol) and (+)-3-butyn-
2-ol (1.2 equiv). Purification by flash column chromatography (n-
hexane/EtOAc, 2:1; R; = 0.27) afforded pure enynyl alcohol Si (467
mg, 97%) which was used immediately in the next step. 'H NMR
(400 MHz, CDCly): § 7.43—7.39 (m, 4H), 5.79 (s, 1H), 4.76—4.69
(m, 1H), 4.12—3.99 (m, 4H), 2.33 (d, J = 4.8 Hz, 1H), 1.53 (d,] =
6.4 Hz, 3H). BC{'H} NMR (100.4 MHz, CDCl,): § 137.9, 131.6,
126.4, 103.2, 91.5, 83.6, 65.3, 58.7, 24.3.

Vinylation of compound Si (186 mg, 0.85 mmol) afforded 6i,
which was purified by flash chromatography (n-hexane/EtOAc, 10:1;
R = 0.25). Pure 6i was obtained as a pale yellow oil (150 mg, 72%).
'H NMR (400 MHz, CDCL,): § 7.46—7.40 (m, 4H), 4.49 (dd, J =
14.0, 6.8 Hz, 1H), 5.80 (s, 1H), 4.77 (q, ] = 6.8 Hz, 1H), 4.47 (dd, ] =
14.0, 2.0 Hz, 1H), 4.16 (dd, ] = 6.8, 2.0 Hz, 1H), 4.13—4.01 (m, 4H),
1.60 (d, J = 6.8 Hz, 3H). “C{'H} NMR (100.4 MHz, CDCL,): §
149.6, 138.2, 131.8, 126.4, 123.2, 103.2, 89.8, 88.4, 85.3, 65.3, 65.1,
21.8. GCMS (CI) m/z (%): 245 ([M + 1]%, 100), 73 (91). Anal.
Calcd for CsH 40;: C, 73.75; H, 6.60. Found: C, 73.50; H, 6.92.

1-Bromo-4-(3-vinyloxy-but-1-ynyl)-benzene (6j). Vinylation of
compound §j (225 mg, 1.0 mmol) afforded 6j, which was purified
by flash chromatography (n-hexane + 1% Et;N; R; = 0.50). Pure 6j
was obtained as a pale yellow oil (191 mg, 76%). 'H NMR (400
MHz, CDCl,): § 7.45—7.42 (m, 2H), 7.31-7.27 (m, 2H), 6.48 (dd, J
= 14.0, 6.8 Hz, 1H), 4.75 (q, ] = 6.4 Hz, 1H), 447 (dd, ] = 14.0, 2.0
Hz, 1H), 4.17 (dd, J = 6.8, 2.0 Hz, 1H), 1.59 (d, ] = 6.4 Hz, 3H).
BC{'H} NMR (100.4 MHz, CDCl;): § 149.6, 133.2, 131.5, 122.8,
121.3, 89.9, 89.1, 84.5, 65.0, 21.7. GCMS (EI) m/z (%): 252 (M*, 19)
and 250 (M*, 18), 237 (100) and 235 (86), 128 (55). Anal. Calcd for
C,H,,BrO: C, 57.39; H, 4.42. Found: C, 57.54; H, 4.21.

1-Fluoro-3-(3-vinyloxy-but-1-ynyl)-benzene (6k). Vinylation of
compound Sk (150 mg, 0.92 mmol) afforded 6k, which was purified
by flash chromatography (n-hexane; R; = 0.40). Pure 6k was obtained
as a colorless oil (119 mg, 68%). '"H NMR (400 MHz, CDCL,): §
7.31=7.27 (m, 1H), 7.24—7.21 (m, 1H), 7.16—7.13 (m, 1H), 7.07—
7.01 (m, 1H), 6.50 (dd, J = 14.0, 6.8 Hz, 1H), 4.78 (q, ] = 6.4 Hz,
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1H), 4.49 (dd, ] = 14.0, 2.0 Hz, 1H), 4.19 (dd, J = 6.8, 2.0 Hz, 1H),
1.61 (d, ] = 6.4 Hz, 3H). BC{'"H} NMR (100.4 MHz, CDCL,): §
162.3 (d, Jcr = 246.0 Hz), 149.6, 129.8 (d, Jcr = 9.0 Hz), 127.6 (d, Jor
= 3.0 Hz), 124.1 (d, Jcr = 10.0 Hz), 118.6 (d, Jcr = 23.1 Hz), 115.9
(d, Jop = 21.1 Hz), 89.9, 88.8, 84.3 (d, Jop = 4.0 Hz), 64.9, 21.7.
GCMS (EI) m/z (%): 190 (M*, 26), 189 ([M — 1]7, 18), 175 (100),
146 (35), 127 (15). Anal. Caled for C,,H,,FO: C, 75.77; H, 5.83.
Found: C, 75.59; H, 5.87.

4-(3-Vinyloxy-but-1-ynyl)-benzoic Acid Methyl Ester (6l). Vinyl-
ation of compound 51 (260 mg, 1.28 mmol) afforded 61, which was
purified by flash chromatography (n-hexane/EtOAc, 25:1; R¢ = 0.21).
Pure 61 was obtained as a pale yellow oil (232 mg, 79%). '"H NMR
(400 MHz, CDCl,): § 7.99—7.95 (m, 2H), 7.50—7.47 (m, 2H), 6.48
(dd, J = 14.0, 6.4 Hz, 1H), 478 (d, ] = 6.8 Hz, 1H), 447 (dd, ] =
14.0, 2.0 Hz, 1H), 4.18 (dd, ] = 6.4, 2.0 Hz, 1H), 3.91 (s, 3H), 1.60
(d, J = 6.8 Hz, 3H). B“C{'H} NMR (100.4 MHz, CDCL,): § 166.4,
149.5, 131.7, 129.8, 129.4, 127.0, 90.8, 89.9, 84.8, 64.9, 52.5, 21.7.
GCMS (EI) m/z (%): 230 (M, 3), 215 (100). Anal. Calcd for
C.H,,05: C, 73.03; H, 6.13. Found: C, 72.88; H, 6.39.

(3-Vinyloxyhex-1-ynyl)-benzene (6m). Vinylation of commercially
available compound Sm (158 yL, 0.86 mmol) afforded 6m, which was
purified by flash chromatography (n-hexane/EtOAc, 50:1; R; = 0.40).
Pure 6m was obtained as a pale yellow oil (143 mg, 83%). '"H NMR
(400 MHz, CDCL,): § 7.46—7.41 (m, 2H), 7.34—7.28 (m, 3H), 6.51
(dd, J = 14.0, 6.8 Hz, 1H), 4.64 (t, ] = 6.8 Hz, 1H), 4.48 (dd, ] = 14.0,
2.0 Hz, 1H), 4.15 (dd, J = 6.8, 2.0 Hz, 1H), 1.94—-1.79 (m, 2H),
1.62—1.52 (m, 2H), 0.99 (t, J = 7.6 Hz, 3H). 3C{'H} NMR (100.4
MHz, CDCL,): § 149.9, 131.8, 128.4, 1282, 122.5, 89.6, 87.2, 86.3,
69.1, 37.5, 18.5, 13.7. GCMS (EI) m/z (%): 200 (M*, 6), 171 (100),
157 (20), 128 (29). Anal. Calcd for C,,H,4O: C, 83.96; H, 8.0S.
Found: C, 84.12; H, 7.98.

(4-Phenyl-3-viniloxybut-1-ynyl)-benzene (6n). Vinylation of com-
pound Sn (363 mg, 1.63 mmol) afforded 6n, which was purified by
flash chromatography (n-hexane/EtOAc, 75:1; R; = 0.34). Pure 6n
was obtained as a colorless oil (210 mg, 52%). '"H NMR (400 MHzg,
CDCly): § 7.42—7.39 (m, 2H), 7.35—7.26 (m, 8H), 6.51 (dd, J =
14.4, 6.8 Hz, 1H), 4.84 (t, ] = 6.8 Hz, 1H), 4.51 (dd, ] = 14.4, 2.0 Hz,
1H), 4.18 (dd, J = 6.8, 2.0 Hz, 1H), 3.27-3.14 (m, 2H). BC{'H}
NMR (100.4 MHz, CDCL): § 149.6, 136.5, 131.7, 129.8, 128.5,
128.3, 1282, 126.8, 122.3, 89.9, 87.3, 86.6, 70.0, 41.9. GCMS (CI)
m/z (%): 249 ([M + 1]*, 100), 205 (22). Anal. Calcd for C,gH;4O:
C, 87.06; H, 6.49. Found: C, 86.85; H, 6.72.

(3-Methyl-3-vinyloxybut-1-ynyl)-benzene (60). Vinylation of
compound 5o (191 mg, 1.19 mmol) afforded 60, which was purified
by flash chromatography (n-hexane/EtOAc, 75:1; R; = 0.30). Pure 60
was obtained as a colorless oil (164 mg, 74%). '"H NMR (400 MHz,
CDCl,): § 7.45—7.42 (m, 2H), 7.33=7.29 (m, 3H), 6.76 (dd, J =
14.0, 6.4 Hz, 1H), 4.52 (dd, ] = 14.0, 1.2 Hz, 1H), 4.16 (dd, ] = 6.4,
1.2 Hz, 1H), 1.62 (s, 6H). “C{*H} NMR (100.4 MHz, CDCl,): §
147.4, 131.7, 128.5, 128.3, 122.4, 91.5, 90.2, 85.2, 72.6, 29.3. GCMS
(EI) m/z (%): 186 (M, 14), 171 (100), 128 (13). Anal. Calcd for
C3H,,0: C, 83.83; H, 7.58. Found: C, 84.02; H, 7.43.

(3,5-Dimethyl-3-viniloxyhex-1-ynyl)-benzene (6p). Vinylation of
compound Sp (193 mg, 0.96 mmol) afforded 6p, which was purified
by flash chromatography (n-hexane/EtOAc, 15:1; R; = 0.80). Pure 6p
was obtained as a colorless oil (164 mg, 75%). '"H NMR (400 MHe,
CDCL,): 6 7.45—-7.42 (m, 2H), 7.34—7.30 (m, 3H), 6.78 (dd, J =
14.0, 6.4 Hz, 1H), 4.50 (dd, ] = 14.0, 0.8 Hz, 1H), 4.14 (dd, ] = 6.4,
0.8 Hz, 1H), 2.06—1.99 (m, 1H), 1.82—1.69 (m, 2H), 1.59 (s, 3H),
1.05 (d, J = 6.4 Hz, 3H), 1.04 (d, ] = 6.4 Hz, 3H). *C{'H} NMR
(100.4 MHz, CDCL,): 6 147.3, 131.6, 128.4, 128.3, 122.5, 91.1, 89.8,
86.4,75.7, 50.1, 27.9, 24.9, 24.1, 23.9. GCMS (EI) m/z (%): 228 (M,
8), 185 (100). Anal. Calcd for C;¢H,,0: C, 84.16; H, 8.83. Found: C,
84.05; H, 9.02.

(3-(Vinyloxy)prop-1-yne-1,3-diyl)dibenzene (6g)."%" Vinylation of
compound Sq (284 uL, 1.5 mmol) afforded 6q, which was purified by
flash chromatography (n-hexane/EtOAc, 50:1; R; = 0.40). Pure 6q
was obtained as a pale yellow oil (189 mg, 60%). 'H NMR (400
MHz, CDCL): § 7.62—7.59 (m, 2H), 7.50—7.47 (m, 2H), 7.47—7.30
(m, 6H), 6.58 (dd, J = 14.0, 6.4 Hz, 1H), 5.75 (s, 1H), 4.58 (dd, J =
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14.0, 2.0 Hz, 1H), 423 (dd, J = 6.4, 2.0 Hz, 1H). *C{'H} NMR
(1004 MHz, CDCL,): & 149.4, 137.7, 131.8, 1287, 128.6, 128.3,
127.4, 122.2, 90.6, 88.3, 85.9, 71.2. GCMS (CI) m/z (%): 235 ([M +
1]%, 100).

1,2-Dichloro-4-(3-phenyl-1-vinyloxy-prop-2-ynyl)-benzene (6r).
Phenylacetylene (439 uL, 4.0 mmol) was added dropwise to a
solution of n-BuLi (1.6 M in hexanes, 2.75 mL, 4.4 mmol) in
anhydrous THF (9 mL) cooled at —78 °C (internal), keeping the
temperature below —70 °C. After 30 min, a solution of 3,4-
dichlorobenzaldehyde (840 mg, 4.8 mmol) in anhydrous THF (1.5
mL) was slowly added and, after further S min, the cooling bath was
removed, and the reaction mixture was stirred at room temperature
until complete consumption of the starting material (2.5 h). A satd
solution of NH,Cl (6 mL) was added under vigorous stirring,
followed by water (S mL). The phases were separated and the
aqueous one was extracted by Et,0 (3 X 10 mL). The combined
organic extracts were dried over anhydrous Na,SO,. After filtration
and evaporation of the solvent, crude Sr was isolated and purified by
flash chromatography (eluent: n-hexane/EtOAc, 10:1; R; = 0.20),
affording pure enynyl alcohol Sr (1.02 g, 93%) which was used
immediately in the next step. "H NMR (400 MHz, CDCL;): 6 7.71 (d,
J=2.0 Hz, 1H), 7.49—7.4S5 (m, 4H), 7.37—7.32 (m, 3H), 5.65 (d, ] =
4.8 Hz, 1H), 2.41 (d, J = 5.2 Hz, 1H). *C{'"H} NMR (100.4 MHz,
CDCL): & 1407, 132.7, 132.4, 131.8, 130.6, 128.9, 128.7, 128.4,
126.0, 121.9, 87.6, 87.3, 63.8.

Vinylation of compound Sr (278 mg, 1.0 mmol) afforded 6r, which
was purified by flash chromatography (n-hexane/EtOAc, 75:1; Ry =
0.25). Pure 6r was obtained as a yellow oil (169 mg, 56%). 'H NMR
(400 MHz, CDCl,): 6 7.69 (d, ] = 2.0 Hz, 1H), 7.50—7.47 (m, 3H),
7.44—7.42 (m, 1H), 7.37—7.33 (m, 3H), 6.55 (dd, ] = 14.0, 6.4 Hz,
1H), 5.69 (s, 1H), 4.58 (dd, J = 14.0, 2.0 Hz, 1H), 4.27 (dd, ] = 6.4,
2.0 Hz, 1H). BC{’'H} NMR (100.4 MHz, CDCl,): § 149.1, 137.9,
132.80, 132.78, 131.9, 130.6, 129.3, 129.0, 128.4, 126.6, 121.7, 91.3,
89.0, 84.6, 69.8. GCMS (CI) m/z (%): 305 ([M + 1]*, 70) and 303
([M + 17%, 100), 304 (20). Anal. Calcd for C,,H,,CLO: C, 67.35; H,
3.99. Found: C, 67.55; H, 4.01.

(3-Viniloxy-but-1-ynyl)-benzene ([D]-6a). Vinylation of com-
pound [D]-Sa (300 mg, 2.04 mmol) afforded [D]-6a, which was
purified by flash chromatography (n-hexane/EtOAc, 50:1; R; = 0.30).
Pure [D]-6a was obtained as a colorless oil (223 mg, 63%). 'H NMR
(400 MHz, CDCly): § 7.48—7.42 (m, 2H), 7.34—7.28 (m, 3H), 6.51
(dd, ] = 14.4, 6.4 Hz, 1H), 4.49 (dd, ] = 14.4, 2.0 Hz, 1H), 4.18 (dd,
= 6.8, 2.0 Hz, 1H), 1.61 (s, 3H). BC{'H} NMR (100.4 MHz,
CDCL): 6 149.6, 131.7, 128.5, 128.2, 122.3, 89.7, 87.8, 85.6, 64.7 (¢,
Jep = 22.8 Hz), 21.7. GCMS (CI) m/z (%): 174 ([M + 1]*, 28), 146
(100).

General Procedure for the Gold(l)-Catalyzed Propargyl
Claisen Rearrangement/Hydroarylation Reaction Followed
by in Situ Reduction. The solution of 6 in n-hexane was
concentrated and dried under vacuum just prior use.

Gold(I) complex [IPrAu]*BF,” was prepared by adding an
equimolar amount of AgBF, (as a 0.3 M solution in toluene) to a
0.003 M solution of IPrAuCl in DCM and leaving the mixture under
stirring for 1 min at 25 °C before adding the substrate.

Method A. To a solution of gold(I) complex [IPrAu]*BF,” (3 mol
%) in DCM (3 mL; 0.003 M) stirred at 25 °C under nitrogen
atmosphere was added a solution of propargyl vinyl ether 6 (0.3
mmol) in DCM (3 mL; final concentration 0.05 M), and the reaction
mixture was stirred at 25 °C. After complete consumption of 6 (TLC
monitoring), the mixture was diluted with MeOH (12 mL) and
NaBH, (0.3 mmol) was immediately added. After 10 min, the
reduction was completed. The solvent was then evaporated, water was
added to the residue (15 mL), and the product was extracted with
DCM (3 X 15 mL). The combined organic extracts were dried over
anhydrous K,COj. After filtration and evaporation of the solvent, the
oily residue was purified by flash chromatography to give the
corresponding indene 10.

Method B. To a solution of gold(I) complex [IPrAu]*BF,” (3 mol
%) in DCM (3 mL; 0.003 M) stirred at 25 °C under nitrogen
atmosphere was added a solution of propargyl vinyl ether 6 (0.3
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mmol) in DCM (3 mL; final concentration 0.05 M), and the reaction
mixture was stirred at 25 °C. After complete consumption of 6 (TLC
monitoring), water (6 mL) was added and, after separation of the
layers, the aqueous one was extracted with DCM (3 X 6 mL) and the
combined organic extracts were dried over anhydrous Na,SO,. After
filtration and evaporation of the solvent, the oily residue was dissolved
in MeOH (12 mL) and NaBH, (0.3 mmol) was added. After 10 min,
the reduction was completed. The solvent was then evaporated, water
was added to the residue (15 mL), and the product was extracted with
DCM (3 X 15 mL). The combined organic extracts were dried over
anhydrous K,CO;. After filtration and evaporation of the solvent, the
oily residue was purified by flash chromatography to give the
corresponding indene 10.

2-(3-Methyl-3H-inden-1-yl)-ethanol (10a). Compound 10a was
prepared following Method A, starting from 6a (252 mg, 1.48 mmol)
and using [IPrAu]*BF,” as the catalyst. The reaction was complete in
25 min. Purification by flash chromatography (n-hexane/EtOAc, 12:1;
R¢ = 0.16) afforded pure 10a (204 mg, 80%) as a pale yellow oil. 'H
NMR (400 MHz, CDCL,): § 7.44—7.41 (m, 1H), 7.35-7.22 (m, 3H),
6.27 (m, 1H), 3.96—3.91 (m, 2H), 3.48 (qd, ] = 7.6, 2.0 Hz, 1H),
2.86—2.81 (m, 2H), 1.32 (d, J = 7.6 Hz, 3H). C{'H} NMR (100.4
MHz, CDCL): 5 149.9, 144.0, 138.8, 137.2, 126.3, 125.0, 122.7,
119.0, 61.0, 43.9, 31.0, 16.3. GCMS (EI) m/z (%): 156 ([M — 18],
62), 141 (100), 115 (35). Anal. Caled for C,,H,,0: C, 82.72; H, 8.10.
Found: C, 82.53; H, 8.22.

2-(3,5-Dimethyl-3H-inden-1-yl)-ethanol (10b). Compound 10b
was prepared following Method A, starting from 6b (88 mg, 0.48
mmol) and using [IPrAu]*BF,” as the catalyst. The reaction was
complete in 15 min. Purification by flash chromatography (n-hexane/
EtOAc, 5:1; Ry = 0.37) afforded pure 10b (80 mg, 89%) as a pale
yellow oil. "H NMR (400 MHz, CDCL,): § 7.24 (s, 1H), 7.22 (d, ] =
7.6 Hz, 1H), 7.11 (d, ] = 7.6 Hz, 1H), 6.21—6.18 (m, 1H), 3.94—3.89
(m, 2H), 3.43 (q, ] = 7.2 Hz, 1H), 2.83—2.79 (m, 2H), 2.41 (s, 3H),
1.30 (d, J = 7.6 Hz, 3H). B“C{'H} NMR (100.4 MHz, CDCL):
150.2, 1414, 138.6, 136.3, 134.8, 127.0, 123.7, 118.7, 61.0, 43.7, 31.1,
21.5, 16.4. GCMS (EI) m/z (%): 170 ([M — 18]*, 100), 155 (83),
128 (12). Anal. Calcd for C;3H,40: C, 82.94; H, 8.57. Found: C,
82.73; H, 8.6S.

2-(3,7-Dimethyl-3H-inden-1-yl)ethanol (10c). Compound 10c
was prepared following Method A, starting from 6c (72 mg, 0.39
mmol) and using [IPrAu]'BF,” as the catalyst. The reaction was
complete in 1.5 h. Purification by flash chromatography (n-hexane/
Et,0, 3:1 + 1% Et;N; Ry = 0.20) afforded pure 10c (52 mg, 71%) as a
colorless oil. '"H NMR (400 MHz, CDCL,): § 7.26—7.24 (m, 1H),
7.13-7.09 (m, 1H), 7.03—7.01 (m, 1H), 6.21 (m, 1H), 3.97-3.92
(m, 2H), 3.41-3.36 (m, 1H), 3.03—2.99 (m, 2H), 2.57 (s, 3H), 1.56
(t,J = 6.0 Hz, 1H), 1.28 (d, ] = 7.6 Hz, 1H). *C{"H} NMR (100.4
MHz, CD,0OD): § 152.0, 142.9, 141.7, 137.8, 131.6, 130.2, 125.9,
121.6, 62.5, 44.3, 34.8, 20.3, 17.1. GCMS (EI) m/z (%): 188 (M",
10), 170 ([M — 18] 9), 157 (70), 144 (100), 115 (26). Anal. Calcd
for Cj3H,40: C, 82.94; H, 8.57. Found: C, 82.78; H, 8.71.

2-(3,6-Dimethyl-3H-inden-1-yl)ethanol (10d). Compound 10d
was prepared following Method A, starting from 10d (91 mg, 0.49
mmol) and using [IPrAu]*BF,” as the catalyst. The reaction was
complete in 15 min. Purification by flash chromatography (n-hexane/
EtOAc, S:1; R¢ = 0.20) afforded 10d (71 mg, 77%) as a colorless oil.
'"H NMR (400 MHz, CDCl;) (1:1 mixture of 3,6- and 3,4-dimethyl-
substituted products): § 7.31 (d, J = 7.6 Hz, 1H), 7.24—7.15 (m, 3H),
7.07—7.05 (m, 1H), 7.03—7.02 (m, 1H), 6.26—6.23 (m, 1 H both
compounds), 3.97—3.88 (m, 2 H both compounds), 3.46—3.50 (m,
1H), 3.47—3.41 (m, 1H), 2.84—2.79 (m, 2 H both compounds), 2.45
(s, 3H), 2.42 (s, 3H), 1.32 (d, ] = 7.2 Hz, 3H), 1.29 (d, ] = 7.6 Hz,
3H). BC{'H} NMR (100.4 MHz, CDCl;) (1:1 mixture of 3,6- and
3,4-dimethyl-substituted products): § 147.6, 147.0, 144.2, 144.0,
138.7, 138.4, 137.61, 137.59, 135.9, 133.1, 126.9, 126.7, 125.8, 122.5,
119.7, 116.7, 61.05, 61.03, 43.49, 43.48, 31.03, 30.99, 21.5, 18.8, 16.4,
15.0. GCMS (EI) m/z (%): 170 ([M — 18]%, 87), 155 (100). Anal.
Calcd for C3H,¢O: C, 82.94; H, 8.57. Found: C, 82.88; H, 8.67.

2-(5-Methoxy-3-methyl-3H-inden-1-yl)-ethanol (10e). Com-
pound 10e was prepared following Method A, starting from 10e
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(85 mg, 0.42 mmol) and using [IPrAu]*BF,” as the catalyst. The
reaction was complete in 15 min. Purification by flash chromatog-
raphy (n-hexane/EtOAc, 4:1; R; = 0.35) afforded pure 10e (68 mg,
79%) as a pale yellow oil. 'H NMR (400 MHz, CDCl;): § 7.21 (d, ] =
8.4 Hz, 1H), 7.00 (d, ] = 2.4 Hz, 1H), 6.83 (dd, ] = 8.4, 2.4 Hz, 1H),
6.14—6.12 (m, 1H), 391 (t, ] = 6.4 Hz, 2H), 3.84 (s, 3H), 3.45—3.39
(m, 1H), 2.81-2.77 (m, 2H), 1.29 (d, ] = 7.6 Hz, 3H). ¥C{'H}
NMR (100.4 MHz, CDClL): § 158.3, 151.8, 138.4, 137.1, 135.1,
119.3, 111.5, 109.6, 61.0, 55.6, 43.8, 31.1, 16.6. GCMS (EI) m/z (%):
186 ([M — 18]%, 100), 171 (48). Anal. Calcd for C;;H,40,: C, 76.44;
H, 7.90. Found: C, 76.26; H, 7.99.
2-(6-Methoxy-3-methyl-3H-inden-1-yl)-ethanol (10f). Com-
pound 10f was prepared following Method A, starting from 6f (86
mg, 0.42 mmol) and using [IPrAu]‘BF,” as the catalyst. The reaction
was complete in 15 min. Purification by flash chromatography (n-
hexane/EtOAc, 4:1; R; = 0.10) afforded pure 10f (64 mg, 74%) as a
pale yellow oil. "H NMR (400 MHz, CDCLy): 6 7.29 (d, ] = 8.0 Hg,
1H), 6.87 (d, ] = 1.6 Hz, 1H), 6.77 (dd, ] = 8.0, 1.6 Hz, 1H), 6.29—
6.27 (m, 1H), 3.92 (q, J = 6.4 Hz, 2H), 3.84 (s, 3H), 3.45—3.39 (m,
1H), 2.82—2.77 (m, 2H), 149 (t, ] = 5.6 Hz, 1H), 1.28 (d, ] = 7.6 Hz,
3.H). BC{'H} NMR (100.4 MHz, CDCL): § 159.0, 145.5, 142.1,
138.7, 138.6, 123.1, 110.4, 105.1, 61.0, 55.6, 43.2, 31.0, 16.5. GCMS
(EI) m/z (%): 186 ([M — 18]*, 94), 171 (100). Anal. Calcd for
C,;H,c0,: C, 76.44; H, 7.90. Found: C, 76.55; H, 8.01.
[1-(2-Hydroxyethyl)-3-methyl-3H-inden-ylmethyl]-carbamic
Acid tert-Butyl Ester (10g). Compound 10g was prepared following
Method A, starting from 6g (60 mg, 0.20 mmol) and using
[IPrAu]*BF,” as the catalyst. The reaction was complete in 15 min.
Purification by flash chromatography (n-hexane/EtOAc, 2:1; R; =
0.25) afforded pure 10g (38 mg, 62%) as a colorless oil. '"H NMR
(400 MHz, CDCly): § 7.33 (s, 1H), 7.27—7.26 (m, 1H), 7.21-7.18
(m, 1H), 6.26—6.24 (m, 1H), 4.84 (br s, 1H), 4.39—4.29 (m, 2H),
391 (q, ] = 6.4 Hz, 2H), 3.47-3.41 (m, 1H), 2.83—2.79 (m, 2H),
1.54 (t, ] = 5.6 Hz, 1H), 1.47 (s, 9H), 1.29 (d, J = 7.6 Hz, 3H).
BC{'H} NMR (100.4 MHz, CDCl,): § 155.9, 150.4, 143.4, 138.6,
137.4, 135.8, 125.8, 122.2, 119.0, 61.0, 44.9, 43.8, 31.0, 28.4, 16.3.
HRMS (ESI/TOF) m/z: [M + Na]* caled for C;sH,sNO;Na,
326.1727; found, 326.1740.
2-(5-Benzyloxymethyl-3-methyl-3H-inden-1-yl)-ethanol (10h).
Compound 10h was prepared following Method A, starting from
6h (72 mg, 0.25 mmol) and using commercially available [IPrAu-
(CH;CN)]*'BF,” as the catalyst. The reaction was complete in S0
min. Purification by flash chromatography (n-hexane/Et,0 + 1%
Et;N, 3:1; R; = 0.12) afforded pure 10h (55 mg, 75%) as a colorless
oil. '"H NMR (400 MHz, CD,0D): § 7.40—7.24 (m, 10H), 6.25—
6.23 (m, 1H), 4.58 (s, 2H), 4.54 (s, 2H), 3.84 (t, ] = 7.2 Hz, 2H),
3.45-3.39 (m, 1H), 127 (d, ] = 7.6 Hz, 3H). 3C{'H} NMR (100.4
MHz, CD,0D): § 151.5, 1454, 140.3, 139.6, 137.9, 136.0, 129.4,
129.0, 128.7, 127.5, 123.7, 119.7, 73.6, 73.0, 61.7, 44.9, 31.9, 16.7.
HRMS (ESI/TOF) m/z: [M + Nal]* caled for C,yH,,0,Na,
317.1512; found, 317.1529.
(1-[1,3]Dioxolan-2-ylmethyl-3-methyl-3H-inden-5-yl)-methanol
(10i). Compound 10i was prepared following Method B, starting from
6i (105 mg, 0.43 mmol) and using commercially available
[IPrAu(CH;CN)]*BF,” as the catalyst (6 mol %). The reaction
was complete in 2 h. Purification by flash chromatography (n-hexane/
Et,0, 2:1 + 1% Et;N; R, = 0.28) afforded pure 10i (67 mg, 63%) as a
colorless oil. 'H NMR (400 MHz, CDCL,): § 7.42—7.26 (m, 3H),
6.34—6.33 (m, 1H), S.18 (t, J] = 4.8 Hz, 1H), 4.74—4.72 (m, 2H),
4.01-3.99 (m, 2H), 3.90—3.88 (m, 2H), 3.50—3.44 (m, 1H), 2.91—
2.88 (m, 2H), 1.31 (d, ] = 7.6 Hz, 3H). 3C{'H} NMR (100.4 MHz,
CDCL): 5 150.1, 1442, 138.4, 137.6, 136.8, 125.4, 121.7, 119.3,
103.5, 65.0, 43.9, 32.9, 29.7, 16.1. GCMS (CI) m/z (%): 246 (M",
34), 230 (100), 73 (52). HRMS (ESI/TOF) m/z: [M + Na]* caled
for C;sH 4O;Na, 269.1148; found, 269.1132.
2-(5-Bromo-3-methyl-3H-inden-1-yl)-ethanol (10j). Compound
10j was prepared following Method A, starting from 6j (62 mg, 0.25
mmol) and using [IPrAu]'BF,” as the catalyst. The reaction was
complete in 6 h. Purification by flash chromatography (n-hexane/
EtOAc, 4:1; R; = 0.32) afforded pure 10j (35 mg, 56%) as a white
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foam. '"H NMR (400 MHz, CDCL,): § 7.52 (d, ] = 1.6 Hz, 1H), 7.41
(dd, J = 8.0, 1.6 Hz, 1H), 7.17 (d, ] = 8.0 Hz, 1H), 6.25—6.23 (m,
1H), 3.92 (t, ] = 6.4 Hz, 2H), 3.48—3.42 (m, 1H), 2.81-2.76 (m,
2H), 1.29 (d, J = 7.6 Hz, 3H). BC{*H} NMR (100.4 MHz, CDCl,):
5 152.0, 143.0, 138.4, 137.4, 129.3, 1262, 120.3, 119.3, 61.0, 43.9,
30.9, 16.1. GCMS (EI) m/z (%): 254 (M, 5) and 252 (M*, §), 161
(66), 133 (100), 105 (92). Anal. Caled for C,,H,;BrO: C, 56.94; H,
5.18. Found: C, 56.45; H, 5.52.
2-(6-Fluoro-3-methyl-3H-inden-1-yl)-ethanol (10k). Compound
10k was prepared following Method A, starting from 6k (98 mg, 0.52
mmol) and using [IPrAu]'BF,” as the catalyst. The reaction was
complete in 16 h. Purification by flash chromatography (n-hexane/
EtOAc, 4:1; R; = 0.20) afforded 10k (74 mg, 74%) as a colorless oil.
'"H NMR (400 MHz, CDCl,) (1.2:1 mixture of 3H-isomer and 1H-
isomer): § 7.32—7.29 (m, 1H), 7.20—7.18 (m, 1H), 7.13—7.10 (m,
1H), 7.02—6.97 (m, 2H), 6.93—6.87 (m, 1H), 6.33 (s, 1H, 3H-
isomer), 6.20 (s, 1H, 1H-isomer), 3.94—3.89 (m, 2H, 3H-isomer),
3.73—3.68 (m, 2H, 1H-isomer), 3.55—3.51 (m, 1H, 1H-isomer),
3.46—-3.40 (m, 1H, 1H-isomer), 2.82—2.75 (m, 2H), 2.19—2.11 (m,
1H + 3 H 3H-isomer), 1.79—1.73 (m, 1H), 1.28 (d, ] = 7.6 Hz, 3 H
3H-isomer). *C {'"H} NMR (100.4 MHz, CDCIl,) (1.2:1 mixture of
3H-isomer and 1H-isomer): § 163.2 (d, Jcr = 80.3 Hz), 160.8 (d, Jcr
=80.3 Hz), 150.1 (d, Jcr = 8.0 Hz), 146.0 (d, Jcr = 9.0 Hz), 145.1 (4,
Jer = 2.0 Hz), 141.3 (d, Jop = 2.0 Hz), 139.2, 138.4 (d, Jcr = 3.0 Hz),
133.0 (d, Jor = 4.0 Hz), 123.3 (d, Jor = 9.0 Hz), 119.6 (d, Jcr = 9.0
Hz), 115.0 (d, Jog = 3.0 Hz), 113.1 (d, Jep = 22.1 Hz), 111.5 (d, Jop =
23.1 Hz), 110.5 (d, Jcr = 23.1 Hz), 106.2 (d, Jcr = 23.1 Hz), 61.3,
60.9, 45.9 (d, Jcr = 3.0 Hz), 43.3, 34.4, 30.8, 16.3, 13.0. GCMS (EI)
m/z (%): 192 (M, 26), 161 (100), 148 (63). Anal. Calcd for
C,HsFO: C, 74.98; H, 6.82. Found: C, 74.89; H, 7.02.
1-(2-Hydroxyethyl)-3-methyl-3H-indene-5-carboxylic Acid Meth-
yl Ester (10l). Compound 101 was prepared following Method A but
heating at 40 °C (external), starting from 6l (58 mg, 0.25 mmol) and
using [IPrAu]*BF,” as the catalyst. The reaction was complete in 7 h.
Purification by flash chromatography (n-hexane/EtOAc, 4:1; R; =
0.18) afforded 101 (42 mg, 72%) as a colorless oil. 'H NMR (400
MHz, CDCl;) (1:1 mixture of 3H-isomer and 1H-isomer): & 8.06 (s,
1H), 8.01-7.98 (m, 1H), 7.94 (s, 1H), 7.93—7.91 (m, 1H), 7.45 (d, ]
= 7.6 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 6.44—6.42 (m, 1H), 6.30—
6.29 (m, 1H), 3.95—3.90 (m, 2H, 1H-isomer), 3.93 (s, 3H), 3.92 (s,
3H), 3.71 (t, ] = 6.4 Hz, 2H, 3H-isomer), 3.62—3.57 (m, 1H, 1H-
isomer), 3.53—3.47 (m, 1H, 3H-isomer), 2.85—2.80 (m, 2H, 3H-
isomer), 2.22—2.14 (m, 1H, 1H-isomer), 2.17 (t, ] = 1.6 Hz, 3H, 1H-
isomer), 1.81—1.74 (m, 1H, 1H-isomer), 1.32 (d, J = 7.6 Hz, 3H, 3H-
isomer). *C{'H} NMR (100.4 MHz, CDCL;) (1:1 mixture of 3H-
isomer and 1H-isomer): § 167.7, 167.6, 153.2, 149.7, 148.8, 145.8,
140.7, 138.9, 138.8, 134.3, 128.7, 128.5, 126.7, 126.6, 123.7, 122.5,
120.1, 118.7, 61.3, 61.0, 52.02, 51.98, 46.1, 44.0, 34.2, 30.8, 15.9, 12.9.
GCMS (EI) m/z (%): 233 ([M + 1]%, 13), 215 (35), 202 (56), 189
(100). Anal. Calcd for C,,H,405: C, 72.39; H, 6.94. Found: C, 72.31;
H, 7.09.
2-(3-Propyl-3H-inden-1-yl)-ethanol (10m). Compound 10m was
prepared following Method A, starting from 6m (80 mg, 0.40 mmol)
and using commercially available [IPrAu(CH;CN)]*BF,” as the
catalyst. The reaction was complete in 1 h. Purification by flash
chromatography (n-hexane/Et,0, 8:1 + 1% Et;N; R = 0.26) afforded
pure 10m (57 mg, 70%) as a colorless oil. '"H NMR (400 MHg,
CD,0D): §7.37 (d,] = 7.2 Hz, 1H), 7.30 (d, ] = 7.2 Hz, 1H), 7.22 (t,
J=7.2Hz, 1H),7.15 (t, ] = 7.2 Hz, 1H), 6.29 (s, 1H), 3.84 (t, ] = 7.2
Hz, 2H), 3.42—3.34 (m, 1H), 2.76 (t, ] = 7.2 Hz, 2H), 1.91—1.80 (m,
1H), 1.47—1.33 (m, 3H), 0.94 (t, ] = 7.2 Hz, 3H). B“C{"H} NMR
(100.4 MHz, CD,0D): § 147.9, 144.0, 139.1, 133.4, 125.2, 123.8,
121.8, 117.8, 59.8, 48.2, 33.2, 30.0, 19.8, 12.7. GCMS (EI) m/z (%):
202 (M*, 38), 171 (50), 158 (98), 129 (100). Anal. Calcd for
C,4H,50: C, 83.12; H, 8.97. Found: C, 83.01; H, 9.15.
2-(3-Benzyl-3H-inden-1-yl)-ethanol (10n). Compound 10n was
prepared following Method B, starting from 6n (87 mg, 0.35 mmol)
and using commercially available [IPrAu(CH;CN)]*BF,” as the
catalyst (6 mol %). The reaction was complete in 2 h. Purification by
flash chromatography (n-hexane/Et,0, 4:1 + 1% Et;N; R, = 0.17)
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afforded pure 10n (60 mg, 69%) as a colorless oil. '"H NMR (400
MHz, CD;0D): § 7.30—7.10 (m, 9H), 6.17 (s, 1H), 3.77 (t, ] = 7.2
Hz, 2H), 3.68—3.64 (m, 1H), 3.06 (dd, ] = 13.2, 6.8 Hz, 1H), 2.74—
2.68 (m, 3H). BC{'H} NMR (100.4 MHz, CD,0D): § 147.0, 144.1,
139.7, 139.3, 133.1, 128.2, 127.1, 128.5, 125.1, 123.7, 122.3, 117.9,
59.7, 49.8, 37.2, 29.9. HRMS (ESI/TOF) m/z: [M + H]" calcd for
CysH 50, 251.1430; found, 251.1419.

2-(3,3-Dimethyl-3H-inden-1-yl)-ethanol (100). Compound 100
was prepared following Method A, starting from 60 (86 mg, 0.53
mmol) and using [IPrAu]*BF,” as the catalyst. The reaction was
complete in 3.5 h. Purification by flash chromatography (n-hexane/
Et,0, 2:1; R; = 0.12) afforded pure 100 (93 mg, 93%) as a colorless
oil. '"H NMR (400 MHz, CDCl,): 6 7.35—7.32 (m, 1H), 7.29—7.20
(m, 3H), 6.16 (m, 1H), 3.95—3.89 (m, 2H), 2.81-2.77 (m, 2H), 1.61
(t, ] = 5.6 Hz, 1H), 1.32 (s, 6H). *C{'H} NMR (100.4 MHz,
CDCL): § 154.1, 143.2, 142.8, 136.3, 126.3, 125.3, 121.2, 119.2, 61.0,
48.4, 30.8, 24.7. GCMS (CI) m/z (%): 189 ([M + 1]%, 100), 172
(70), 146 (87). Anal. Calcd for C;3H,40: C, 82.94; H, 8.57. Found:
C, 82.67; H, 8.72.

2-(3-Isobutyl-3-methyl-3H-inden-1-yl)-ethanol (10p). Compound
10p was prepared following Method A, starting from 6p (10S mg,
0.46 mmol) and using [IPrAu]"BF,” as the catalyst (6 mol %). The
reaction was complete in 16 h. Purification by flash chromatography
(n-hexane/EtOAc, 4:1; R; = 0.30) afforded pure 10p (97 mg, 92%) as
a colorless oil. 'H NMR (400 MHz, CDCL,): 6 7.30—7.18 (m, 4H),
6.17 (s, 1H), 3.92 (m, 2H), 2.81 (t, ] = 6.4 Hz, 2H), 1.82—1.70 (m,
2H), 1.27 (s, 3H), 1.22—1.15 (m, 1H), 0.81 (d, ] = 6.8 Hz, 3H), 0.5
(d, J = 6.4 Hz, 3H). BC{'H} NMR (100.4 MHz, CDCl,): § 153.2,
143.5, 141.8, 136.8, 126.2, 125.1, 121.5, 119.0, 61.1, 52.3, 47.5, 30.9,
25.6, 25.3, 25.0, 24.3. GCMS (EI) m/z (%): 230 (M*, 4), 174 (25),
143 (100), 130 (34). Anal. Caled for C,H,,0: C, 83.43; H, 9.63.
Found: C, 83.26; H, 9.71.

(3-Methyl-3H-inden-1-yl)-acetaldehyde ([D]-8a). Aldehyde [D]-
8a was prepared following Method B (first step only), starting from
[D]-7a (38 mg, 0.12 mmol) and using [IPrAu]*BF,~ as the catalyst (3
mol %). The reaction was complete in 35 min. After filtration and
evaporation of the solvent, the '"H NMR analysis of the crude mixture
showed the presence of aldehydes [D]-8a (77%) and 8a (23%). [D]-
8a. '"H NMR (400 MHz, CDCl,): 6 = 9.76 (t, ] = 1.6 Hz, 1H), 7.64
(d, J = 8.0 Hz, 2H), 7.28 (d, ] = 8.0 Hz, 2H), 4.22—4.16 (m, 1H),
3.72 (dt, J = 16.8, 1.2 Hz, 1H), 3.41 (dt, ] = 16.8, 1.2 Hz, 1H), 3.04—
2.96 (m, 1H), 2.43 (s, 3H), 2.09—2.00 (m, 2H), 1.86 (s, 3H), 1.53—
1.46 (m, 1H), 1.28—1.16 (m, 1H), 1.00—0.88 (m, 1H) ppm.

3-Allyl-1,1-dimethyl-1H-indene (11). The solution of 60 in n-
hexane was concentrated and dried under vacuum just prior use. A
solution of gold(I) complex [IPrAu]*BF,” (3 mol %) was prepared by
adding AgBF, (0.3 M solution in toluene, 62 yL, 0.019 mmol) to a
solution of IPrAuCl (12 mg, 0.019 mmol) in DCM (6.3 mL) at 25 °C
under nitrogen atmosphere and, after 1 min, a solution of propargyl
vinyl ether 60 (100 mg, 0.62 mmol) in DCM (6.3 mL) was added.
The resulting reaction mixture was stirred at 25 °C for 3.5 h.

A solution of commercially available methyltriphenylphosphonium
bromide (450 mg, 1.26 mmol) in anhydrous THF (24 mL) was
cooled to 0 °C and a 1.0 M solution of t-BuOK in THF (1.36 mL,
1.36 mmol) was then added dropwise. After 30 min, the crude
reaction mixture containing aldehyde 8o was slowly added, and the
resulting mixture was stirred at 0 °C. After complete consumption of
80 (TLC monitoring; 30 min), the mixture was quenched by the
addition of brine (50 mL) and the product was extracted by Et,O (2
X 30 mL) and DCM (30 mL), and the combined organic extracts
were dried over anhydrous Na,SO,. After filtration and evaporation of
the solvent, the oily residue was purified by flash chromatography (n-
hexane + 1% Et;N; R; = 0.43) affording pure 11 (80 mg, 70%) as a
colorless oil. "H NMR (400 MHz, CDCl,): & 7.34—7.31 (m, 1H),
7.28=7.19 (m, 3H), 6.09—5.99 (m, 2H), 5.21-5.16 (m, 1H), 5.14—
5.11 (m, 1H), 3.28-3.24 (m, 2H), 1.32 (s, 6H). C{'H} NMR
(100.4 MHz, CDCly): § 154.1, 143.1, 142.2, 138.0, 135.6, 126.2,
125.0, 121.0, 119.4, 116.2, 48.1, 32.0, 24.7. GCMS (CI) m/z (%): 185
([M + 1]%, 100). Anal. Calcd for C;,H,¢: C, 91.25; H, 8.75. Found: C,
90.93; H, 9.03.
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1,1-Dimethyl-3-oct-2-enyl-1H-indene (12). Compound 12 was
prepared as reported for 11, starting from 60 (112 mg, 0.69 mmol)
and n-hexylphosphonium iodide®* (656 mg, 1.38 mmol). The Wittig
reaction was complete in 45 min. Purification by flash chromatog-
raphy (n-hexane; R; = 0.50) afforded pure 12 (140 mg, 80%) as a
colorless oil. '"H NMR (400 MHz, CDCl,): § 7.32—7.18 (m, 4H),
6.04 (s, 1H), 5.66—5.52 (m, 2H), 3.23 (d, ] = 6.4 Hz, 2H), 2.17-2.12
(m, 2H), 1.44—1.37 (m, 2H), 1.34—1.27 (m, 4H), 1.30 (s, 6H),
0.92—0.88 (m, 3H). *C{'H} NMR (100.4 MHz, CDCL,): § 154.2,
143.3, 141.5, 138.8, 131.6, 1262, 126.1, 125.0, 121.0, 119.2, 48.0,
31.6, 29.3, 27.3, 25.6, 24.7. GCMS (EIL) m/z (%): 254 (M*, 24), 197
(37), 143 (100). Anal. Calcd for C;oH,4: C, 89.70; H, 10.30. Found:
C, 89.61; H, 10.60.

2-[4-(3-Isobutyl-3-methyl-3H-inden-1-yl)-but-2-enyl]-[1,3]-
dioxolane (14). Compound 14 was prepared as reported for 11,
starting from 6p (82 mg, 0.36 mmol) and commercially available 2-
(1,3-dioxolan-2-yl)-ethyltriphenylphosphonium bromide (320 mg,
0.72 mmol). The Wittig reaction was complete in 30 min. Purification
by flash chromatography (n-hexane/EtOAc, 20:1; R; = 0.20) afforded
pure 14 (80 mg, 71%) as a pale yellow oil. '"H NMR (400 MHyg,
CDCL): § 7.27—7.15 (m, 4H), 6.05 (t, ] = 2.0 Hz, 1.6H), 5.85—5.78
(m, 1H), 5.67—5.60 (m, 1H), 4.95 (t, ] = 4.8 Hz, 1H), 4.03—3.96 (m,
2H), 3.92—3.86 (m, 2H), 3.27 (d, ] = 7.2 Hz, 2H), 2.57-2.54 (m,
2H), 1.78—1.68 (m, 2H), 1.24 (s, 3H), 1.20—1.14 (m, 1H), 0.78 (d, J
= 6.4 Hz, 3H), 0.54 (d, ] = 6.4 Hz, 3H). *C{'"H} NMR (100.4 MHz,
CDCLy): § 1533, 143.9, 140.3, 138.8, 129.6, 126.1, 124.8, 124.2,
121.3, 119.1, 103.9, 65.0, 51.9, 47.6, 32.3, 25.9, 25.5, 25.3, 25.0, 24.4.
HRMS (ESI/TOF) m/z: [M + Na]* caled for C,H,30,Na,
335.1982; found, 335.1972.

Computational Methods. All structures were initially optimized
using DFT with B3LYP*® and the 6-31G(d,p) basis set and SDD>* for
Au as img)lemented in Gaussian 16.” Final energies were calculated at
the M06°°/ def2tzvng39 level of theory, in a solvent model (IEFPCM,
solvent = DCM).* The stationary points were characterized by
frequency calculations in order to verify that they have the right
number of imaginary frequencies.
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