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Summary

The [2+2+2] cycloaddition reaction involves the formation of three carbon-carbon
bonds in one single step using alkynes, alkenes, nitriles, carbonyls and other
unsaturated reagents as reactants. This is one of the most elegant methods for the
construction of polycyclic aromatic compounds and heteroaromatic, which have

important academic and industrial uses.

Since Reppe et al. described the first nickel-catalyzed [2+2+2] cycloaddition to obtain
substituted benzene derivatives in 1948, alkyne cycloaddition reactions catalyzed by
transition-metals have become one of the most widely used methods to obtain

polysubstituted benzenes.

Over the last decade, this reaction, which originally required stoichiometric amounts
of transition metal and drastic reaction conditions, has become a highly efficient
catalytic process. The applications of [2+2+2] cycloadditions range from the
preparation of different organic compounds to the synthesis of natural products such

as anticancer drugs and neuroprotective agents.

The thesis is divided into ten chapters including six related publications. The first study
based on the Wilkinson’s catalyst, RhCI(PPh;);, compares the reaction mechanism of
the [2+2+2] cycloaddition process of acetylene with the cycloaddition obtained for
the model of the complex, RhCI(PH,);. In an attempt to reduce computational costs in
DFT studies, this research project aimed to substitute PPh; ligands for PH;, despite the
electronic and steric effects produced by PPh; ligands being significantly different to
those created by PH; ones. In this first study, detailed theoretical calculations were
performed to determine the reaction mechanism of the two complexes. Despite some
differences being detected, it was found that modelling PPh; by PH; in the catalyst
helps to reduce the computational cost significantly while at the same time providing

qualitatively acceptable results.
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Taking into account the results obtained in this earlier study, the model of the
Wilkinson’s catalyst, RhCI(PH,);, was applied to study different [2+2+2] cycloaddition
reactions with unsaturated systems conducted in the laboratory. Our research group
found that in the case of totally closed systems, specifically 15- and 25-membered
azamacrocycles can afford benzenic compounds, except in the case of 20-membered
azamacrocycle (20-MAA) which was inactive with the Wilkinson’s catalyst. In this
study, theoretical calculations allowed to determine the origin of the different
reactivity of the 20-MAA, where it was found that the activation barrier of the
oxidative addition of two alkynes is higher than those obtained for the 15- and 25-
membered macrocycles. This barrier was attributed primarily to the interaction
energy, which corresponds to the energy that is released when the two deformed
reagents interact in the transition state. The main factor that helped to provide an
explanation to the different reactivity observed was that the 20-MAA had a more
stable and delocalized HOMO orbital in the oxidative addition step. Moreover, we
observed that the formation of a strained ten-membered ring during the cycloaddition

of 20-MAA presents significant steric hindrance.

Furthermore, in Chapter 5, an electrochemical study is presented in collaboration with
Prof. Anny Jutand from Paris. This work allowed studying the main steps of the
catalytic cycle of the [2+2+2] cycloaddition reaction between diynes with a
monoalkyne. First kinetic data were obtained of the [2+2+2] cycloaddition process
catalyzed by the Wilkinson’s catalyst, where it was observed that the rate-determining

step of the reaction can change depending on the structure of the starting reagents.

In the case of the [2+2+2] cycloaddition reaction involving two alkynes and one alkene
in the same molecule (enediynes), it is well known that the oxidative coupling may
occur between two alkynes giving the corresponding metallacyclopentadiene, or
between one alkyne and the alkene affording the metallacyclopentene complex.
Wilkinson’s model was used in DFT calculations to analyze the different factors that
may influence in the reaction mechanism. Here it was observed that the cyclic

enediynes always prefer the oxidative coupling between two alkynes moieties, while

18



the acyclic cases have different preferences depending on the linker and the

substituents used in the alkynes.

Moreover, the Wilkinson’s model was used to explain the experimental results
achieved in Chapter 7 where the [2+2+2] cycloaddition reaction of enediynes is
studied varying the position of the double bond in the starting reagent. It was
observed that enediynes type yne-ene-yne preferred the standard [2+2+2]
cycloaddition reaction, while enediynes type yne-yne-ene suffered B-hydride elimination
followed a reductive elimination of Wilkinson’s catalyst giving cyclohexadiene
compounds, which are isomers from those that would be obtained through standard

[2+2+2] cycloaddition reactions.

Finally, the last chapter of this thesis is based on the use of DFT calculations to
determine the reaction mechanism when the macrocycles are treated with transition
metals that are inactive to the [2+2+2] cycloaddition reaction, but which are thermally
active leading to new polycyclic compounds. Thus, a domino process was described

combining an ene reaction and a Diels-Alder cycloaddition.
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Resum

La reaccié de cicloaddicié consisteix en la formacié de tres enllacos carboni-carboni
en un unic pas de reaccié on poden estar involucrats alquins, alquens, nitrils, carbonils
i altres compostos insaturats. Es un dels métodes més elegants per a la construccié de
compostos aromatics i heteroaromatics policiclics amb importants usos académics i

industrials.

Després que Reppe et al. descrigués la primera versid catalitzada per niquel per a
obtenir derivats benzénics substituits en el 1948, les reaccions de cicloaddicié
d’alquins catalitzades per metalls de transicié ha esdevingut en un dels métodes més

utilitzats per obtenir benzens polisubstituits.

En [lUltima década, aquesta reaccid, que en un principi requeria quantitats
estequiometriques de metalls de transicié i condicions drastiques de reaccid, s’ha
convertit en un procés catalitic d’alta eficiéncia. Les seves aplicacions abasten un rang
ampli de reaccions que van des de la preparacié de diferents compostos organics, fins
a la sintesi de productes naturals com medicaments contra el cancer i agents

neuroprotectors.

La tesi es divideix en deu capitols que contenen sis publicacions relacionades. El
primer estudi es basa en el catalitzador de Wilkinson, RhCI(PPh;);, on es compara el
mecanisme de reaccié del procés de cicloaddicié d’acetilé pel que s’obté amb el model
del complex, RhCI(PH,);. Aquest projecte de recerca va ser iniciat per estudiar la
substitucié de lligands PPh; per PH; en els estudis de DFT, que s’aplica habitualment
per reduir el cost computacional, tot i que els efectes electronics i esterics produits
pels lligands PPh; son molt diferents dels creats per PH;. Malgrat algunes diferéncies
observades, es va constatar que la substitucié de PPh; per PH; en el catalitzador pot
ser utilitzada per reduir el cost computacional de manera significativa i a I'hora obtenir

resultats qualitativament acceptables.
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Un cop obtinguts els resultats anteriors, es va utilitzar el model del catalitzador de
Wilkinson, RhCI(PH,),, per I'estudi teoric de diferents reaccions de cicloaddicié amb
sistemes insaturats duts a terme al laboratori. En el grup de recerca es va trobar que
en el cas de sistemes totalment tancats, concretament els macrocicles de 15 i 25
baules, poden donar sistemes benzeénics policiclics excepte en el cas del macrocicle de
20 baules, que va resultar inactiu vers el catalitzador de Wilkinson. En aquest estudi, la
realitzacié de calculs teodrics va permetre determinar I'origen de la diferent reactivitat
del macrocicle de 20 baules, on es va trobar que la barrera d’activacié de I'addicié
oxidativa entre dos alquins és molt més alta que les que es van obtenir pel macrocicle
de 15 i 25 baules. Aquesta barrera es va atribuir basicament a I'energia d’interaccio, la
qual correspon a I'energia que s’allibera quan els dos reactius deformats interaccionen
en l'estat de transicié. Concretament el principal factor que hi contribueix és que el
macrocicle de 20 baules presenta més estabilitat i més deslocalitzacié de lorbital
HOMO en el pas d’addicié oxidativa. A més a més, es va observar que la formacio
d’anells de 10 baules durant la cicloaddicié del macrocicle de 20 baules presenta

impediments estérics importants.

Per altra banda, en el Capitol 5 es presenten estudis electroquimics realitzats en
col faboracié amb la Prof. Anny Jutand de Paris, que van permetre estudiar el cicle
catalitic de la reaccié de cicloadicié entre un dii i un monoalqui. Es van obtenir aixi les
primeres dades cinétiques dels dos principals passos del cicle catalitic amb el complex
de Wilkinson, on es va observar que el pas determinant de la reaccié pot variar en

funcid de I'estructura dels reactius de partida.

En el cas en que en la reaccié de cicloaddicié participin dos triples i un doble enllag en
la mateixa molécula (endiins), és conegut que l'addicié oxidativa pot donar-se entre
dos triples enllagos o un triple i un doble enllag. EIl model del catalitzador de
Wilkinson va ser utilitzat mitjangant calculs DFT per analitzar els diferents factors que
poden influir en el mecanisme de reaccié. Aqui es va observar que els endiins ciclics
sempre prefereixen I'addicid oxidativa entre els dos triples enllagos, mentre que els
aciclics tenen diferent preferéncia en funcié del linker i dels substituents presents en

els triples enllagos.
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A més a més, el mateix model de Wilkinson es va utilitzar per explicar els resultats
experimentals realitzats en el Capitol 7 on s’estudia la reaccié de cicloaddicié d’endiins
variant la posicié del doble enllag en el reactiu de partida. Es va observar que els
sistemes in-en-in preferien la cicloaddici6 convencional donant el producte
ciclohexadienic esperat, mentre que els sistemes in-in-en patien una [-eliminacid
seguida d’una eliminacié reductiva del catalitzador de Wilkinson i donant, finalment,
productes ciclohexadiénics els quals son isomers dels que s’obtindrien mitjangant una

cicloaddicié convencional.

Finalment, I'Gltim capitol d’aquesta tesi es basa en I'is de calculs DFT per determinar
el mecanisme de reaccié quan els macrocicles sén tractats amb metalls de transicié
inactius per donar la reaccié de cicloaddicié, pero reaccionen térmicament obtenint
nous compostos policiclics. Aixi es va descriure un procés domino on es combina una

reaccio ene seguida d’una cicloaddicié de Diels-Alder.
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Resumen

La reaccion de cicloadicion consiste en la formacién de tres enlaces carbono-carbono
en un Unico paso de reaccion a partir de alquinos, alquenos, nitrilos, carbonilos y
otros compuestos instaurados. Es uno de los métodos mas elegantes para la
construccion de compuestos aromaticos Yy heteroaromaticos policiclicos con

importantes usos académicos e industriales.

Después que Reppe et al. describiera la primera version catalizada por niquel para
obtener derivados bencénicos sustituidos eb ek 1948, las reacciones de cicloadicidn
catalizadas por metales de transicién se ha convertido en uno de los métodos mas

utilizados para obtener bencenos polisustituidos.

En la dltima década, esta reaccion que en un principio requeria cantidades
estequiométricas de metales de transicion y condiciones drasticas de reaccion, se ha
convertido en un proceso catalitico de alta eficiencia. Sus aplicaciones abarcan una
rango amplio para la preparacion de diferentes compuestos organicos, ademas de la
sintesis de productos naturales como medicamentos contra el cancer y agentes

neuroprotectores.

La tesis se divide en diez capitulos que contienen seis publicaciones relacionadas. El
primer estudio se basa en el catalizador de Wilkinson, RhCI(PPh,);, y en él se compara
el mecanismo de reaccion del proceso de cicloadicion de acetileno con el que se
obtiene con el modelo del complejo, RhCI(PH;),. Este proyecto de investigacion se
realizé con el objetivo de averiguar el efecto de sustitucion de los ligandos PPh; por
PH; en los estudios tedricos DFT. Esta sustitucion se aplica habitualmente para
reducir el coste computacional aunque los efectos electrénicos y estéricos producidos
por ligandos PPh; son muy diferentes de los creados por PH,. A pesar de algunas
diferencias observadas, se constaté que la sustitucion de PPh; por PH; en el
catalizador puede ser utilizada para reducir el coste computacional de manera

significativa y ademas obtener resultados cualitativamente aceptables.
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Una vez obtenidos los resultados anteriores, se aplicé el modelo de Wilkinson,
RhCI(PH,);, para el estudio tedrico de diferentes reacciones de cicloadicion de
sistemas insaturados llevados a cabo en el laboratorio. En el grupo de investigacion se
encontré6 que en el caso de sistemas totalmente cerrados, concretamente los
macrociclos de |5 y 25 eslabones, se pueden obtener sistemas bencénicos policiclicos
excepto para el caso del macrociclo de 20 eslabones, que resultd inactivo con el
catalizador de Wilkinson. En este estudio, la realizacion de calculos tedricos permitié
determinar el origen de la diferente reactividad del macrociclo de 20 eslabones, dado
que se encontroé que la barrera de activacion de la adicion oxidativa entre dos alquinos
es mucho mas alta que las que se obtienen por los macrociclos de 15y 25 eslabones.
Esta barrera se atribuyé basicamente a la energia de interaccion, la que corresponde a
la energia que se libera cuando los dos reactivos deformados interaccionan en el
estado de transicion. Concretamente el principal factor que contribuyé fue que el
macrociclo de 20 eslabones presentaba mas estabilidad y mas deslocalizacion del
orbital HOMO en la adicién oxidativa. Ademas, se observé que la formacion de anillos
de 10 eslabones durante la cicloadicion del macrociclo de 20 eslabones presenta

impedimentos estéricos importantes.

Por otra parte, en el Capitulo 5 se presentan estudios electroquimicos realizados en
colaboraciéon con la Prof. Anny Jutand de Paris, que permitieron estudiar el ciclo
catalitico de la reaccion de cicloadicion entre un diino y un monoalquino. Se
obtuvieron asi, los primeros datos cinéticos con el complejo de Wilkinson referente a
los dos principales pasos del ciclo catalitico. Se observo que el paso determinante de

la reaccion puede variar en funcién de la estructura de los reactivos de partida.

En el caso en que participen dos triples y un doble enlace en la misma molécula
(enediino), es conocido que la adicion oxidativa puede darse entre dos triples enlaces
o un triple y un doble enlace. El modelo del catalizador de Wilkinson fue utilizado
mediante calculos DFT para analizar los diferentes factores que pueden influir en el

mecanismo de reaccion. Aqui se observa que los enediinos ciclicos siempre prefieren

26



la adicion oxidativa entre los dos triples enlaces, mientras los aciclicos tienen diferente
preferencia en funcion del linker y los sustituyentes presentes en los triples enlaces.

Ademas, el mismo modelo se utilizd para explicar los resultados experimentales
obtenidos en el Capitulo 7 donde se estudia la reaccién de cicloadicion de enediinos
variando la posicion del doble enlace en el reactivo de partida. Se observo que los
sistemas ino-eno-ino prefieren la cicloadicion convencional dando el producto
ciclohexadiénico esperado, mientras que los sistemas ino-ino-eno sufren una pB-
eliminacion seguida de una eliminacion reductiva del catalizador de Wilkinson y dando,
finalmente, productos ciclohexadiénicos los cuales son isomeros que se obtendrian

mediante una cicloadicion convencional.

Finalmente, el Ultimo capitulo de esta tesis se basa en el uso de calculos DFT para
determinar el mecanismo de reaccion cuando los macrociclos son tratados con
metales de transicion que resultan inactivos para dar la reaccion de cicloadicion, pero
son activos térmicamente obteniéndose nuevos compuestos policiclicos. Aqui se
describid6 un proceso domino que combina una reaccion ene seguida de una

cicloadicion de Diels-Alder.
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ID Monodimensional

2D Bidimensional

abs. Absorption

ap. apparent

COsY Correlation Spectroscopy

d Doublet

dd Double doublet

dt Double triplet

HMBC Heteronuclear Multiple Bond Correlation

J Coupling constant

m Multiplet
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Chapter 1. GENERAL
INTRODUCTION

This chapter explains the rationale behind the research presented in this thesis and
aims to orientate the reader with regards to mechanistic aspects of [2+2+2]
cycloaddition reactions. Both general aspects and recent advances in this kind of
reaction are discussed. [2+2+2] Cycloaddition reactions find their applications in
organic chemistry as a key step in the synthesis of many natural products. Given this,
their relevance as an efficient reaction to obtain polysubstituted benzenes or

cyclohexadienes is described.
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General Introduction

I.1. Transition-metal catalysts that have been
more commonly used for the [2+2+2]

cycloaddition reactions

The development of novel reactions, useful reagents, and efficient catalysts to enable
the formation of carbon-carbon bonds is an area of considerable interest in organic
chemistry. Reactions forming multiple bonds, rings and/or stereocentres are
particularly important tools for the efficient assembly of complex molecular
structures. In this respect, cycloaddition reactions are considered to be particularly

useful when more than one carbon-carbon or carbon-heteroatom bond is formed.

[2+2+2] Cycloaddition reactions involving alkynes, in which three carbon-carbon
bonds are formed in one step, is one of the most elegant methods for the
construction of polycyclic aromatics, which have important academic and industrial
uses. In 1948, Reppe et al.' described the first transition metal catalyzed version of this
transformation under nickel catalysis to obtain substituted benzene derivatives

(Scheme 1.1).

R' R

£y =g

RSEI_ R4 R3 R4

Scheme |.1. [2+2+2] alkyne cycloaddition reaction catalyzed by Ni

After this discovery, the alkyne cycloaddition reaction catalyzed by transition-metals
became one of the most used methods to obtain substituted benzenes.? Over the last
decade, this reaction, which originally required stoichiometric amounts of transition
metal and drastic reaction conditions, has become a highly efficient catalytic process.

Examples of its applications are the synthesis of natural products such as anticancer
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drugs, and the development of neuroprotective agents.’> The key step of the synthesis
of these molecules is a transition metal-catalyzed intramolecular [2+2+2]

cycloaddition from the corresponding triyne (Scheme 1.2).

Witulski et al.>

ch "Rh"

TsO

Alcyopterosin M
(llludalane sesquiterpenoid)

Groth et al.*®

"Co" Angucyclinare
derivatives
o) -0
R R;=CHs MOM  R;
R, = H, OTBS

Deiters et al.*

Cryptoacetalide

Scheme |.2. Synthesis of different natural products by [2+2+2] cycloaddition reaction

These applications continue to grow with the development of new catalytic systems. A
significant number of reports have recently focused on the application of cycloaddition
for the construction of new carbo- and heterocyclic frameworks where numerous

transition metals (Figure 1.1) have been found to promote these processes.
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Figure I.1. Transition-metal catalyst more common

There are many different aspects of this type of processes that are studied where
unsaturated substrates are involved, as the high activity catalytic systems, chemo- and
regioselectivity, enantioselectivity when possible, and also mechanistic studies

governing these transformations.

Since this thesis will focus on the particular case of Rh-catalyzed [2+2+2]
cycloaddition reactions, the precedents described will mainly concentrate on this kind

of catalytic systems.

Grigg et al.* were the first to describe the intramolecular cycloaddition of a series of
triynes catalyzed by rhodium, in particular by the Wilkinson’s catalyst (RhCI(PPh;),)
(Scheme 1.3). They observed that the cyclization of |,6-triynes (when n=I) is much
faster and cleaner compared to triynes when n=2, which requires harder reaction

conditions to effect de cyclization.
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/T H 2 mol%

o RhCI(PPhy)s 5
O EtOH, r.t )n
=, d

Yield: 74% (n=1)
n=1,2 38% (n=2)

Scheme |.3. Intramolecular [2+2+2] cycloaddition reaction of triynes

The Wilkinson’s complex, RhCI(PPh,);, has been extensively employed until nowadays,
and also combinations of cationic complexes of Rh (as example, Rh(cod),BF,) with
bisphosphine ligands or with phosphoramidite ligands as we will see in the next

sections.

[.1.1. Chemoselective and Regioselective Features

Depending on the starting pattern, reactions can be categorized as intermolecular,

partially intramolecular or intramolecular.

Due to the atom efficient and convergent nature of the cycloaddition approach, this
process is considered to have advantages in the construction of highly substituted
benzene rings over conventional strategies based on electrophilic aromatic

substitutions or ortho-metalation reactions.

In the intermolecular approach, despite such synthetic potential, the difficulty in

controlling chemo- and regioselectivity diminishes its utility in organic synthesis.

Over the last few years, promising new approaches to substituted arenes from three
alkynes have been reported using stoichiometric amounts of transition-metal

complexes.?**

However, recently, Hiroshi Tanaka et al’*® performed a
RhCl;.3H,0/amine-catalyzed cyclization of alkynes, which can be used for various
mono- and disubstituted acetylenes and provides tri- or hexa substituted benzenes

regioselectivity in high yields (Scheme 1.4).
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R, RNhCl3.3H,0 (8 mol%) Ry i R i
| PeNE@omomy  PemhRe :
Rs R Ry R,
Ro toluene, reflux s 2 .
Ry =Me, Ph, Pr, CO,Me, Hexane Yield: 46-91%
Rz =H, Me ,Ph, Pr, COMe (ratio: 67:33 to 99:<1)

Scheme | .4. Cycloytrimerization of various alkynes

Ken Tanaka et al® reported selective trimerizations of three different alkyne
components attempting to solve the lingering problem of chemo- and regioselectivity
in the intermolecular [2+2+2] cycloaddition reaction in the synthesis of arenes. The
use of alkynes surrogates leads to more advances in [2+2+2] cycloadditions to

polysubstituted benzenoid systems (Scheme 1.5). Thus, significant challenges still

remain.

10 mol% Ry

[Rh(cod),]BF, / E

E—E AcO_ R, rac-BINAP
N

=-R CH,Cl E
=R, L,Clo, r.t. R
1

E= CO,Me or CO,tBu . -
single regioisomer

Ry = alkyl, CHoPh, Ph, TMS Vield: 41-84%

R, =H or Me

Scheme 1.5. Rh-catalyzed cycloaddition using enol acetates as alkyne surrogates

On the other hand, the intramolecular reaction is highly attractive as it gives
multicyclic compounds from acyclic substrates in one pot. The intramolecular
cycloaddition falls into two distinct categories as shown in Scheme |.6. The partially
intramolecular approach via the cycloaddition of a diyne with a monoalkyne (eq. 1)

and the completely intramolecular cyclization of a tryine (eq. 2 and 3).
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R Ry R>
— 3
— R
R1 ™ 3 R3
+ | | + (eq. 1)
— R R
——R, R 4 4
. ‘ Rz R4
Diyne Monoalkyne
R4 Rs

Cim ™ D (eq.2)
)

Triyne

///_\\\\ ™ (eq. 3)
D 9

Cyclic triyne

TM = Transition Metal

Scheme |.6. Partially intramolecular cycloaddition reactions (eq.1) and intramolecular

cycloaddition reactions (eq.2 and 3)

While the partially intramolecular methods have the advantage of using readily
accessible diynes and monoalkynes, the dimerization of the diyne component is a
serious drawback. Thus, a considerable excess of monoalkyne is generally required to
prevent such a side reaction. On the other hand, the cyclization of triynes affords the
desired products with complete selectivity, but the preparation of a triyne substrate
possessing the necessary substituents or functional groups at the desired positions

often needs lengthy synthetic operations.

Several examples of partially intramolecular [2+2+2] cycloaddition between diynes and
monoynes for the synthesis of substituted benzenes have been studied using different

transition metal complexes as catalyst.?’
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K.Tanaka et al. described the -cationic rhodium(l)/Hg-BINAP complex-catalyzed
[2+2+2] cycloaddition of |,7-octadiyne derivatives with monoynes for the synthesis of
functionalized tetrahydronaphtalenes, which are found in several pharmaceutical

ingredients (Scheme 1.7).%

o R, 5 mMmol% [Rh(cod)sIBF, / Ry
=R, Hg-BINAP Ry
- CH,Cl, 1t
— R, Rs 2Ll I ! Rs
4
Ri, Re=H, Me, Et, COMe Yield: 0-98%

R2 y RS = Hi Me! Ph, COgMe, COzEt, CHon

Scheme |.7. Rhodium-catalyzed [2+2+2] cycloaddition of |,7-octadiyne derivatives

with monoynes

As have been referred to earlier, completely intramolecular reactions are particularly
interesting as they provide complex polycyclic systems in a single synthetic operation
(eq. 2, Scheme 1.6)."° Furthermore, if the three alkynes form part of a closed system,

i.e. a macrocycle, fused tetracycles may easily be obtained (eq. 3, Scheme 1.6).

Despite this strategy being synthetically attractive, hardly any cycloaddition reactions
of macrocyclic systems containing triple bonds have been reported. Vollhardt, in a
paper published in 1976," prepared 1,5,9-cyclododecatriyne (Figure 1.2), which
proved to be inert in the presence of light, high pressure and temperature, acidic
conditions, and the CpCo(CO), catalyst due to strain in the three four-membered

rings formed.

Figure 1.2. Structure of 1,5,9-cyclododecatriyne
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The cycloaddition of cyclotriynes into tricyclic benzene derivatives has only been
reported in two silicon-tethered macrocycles by Sakurai et al.'” in low yields and in

the presence of other m electron systems (Scheme 1.8).

X
X
Meag! \g-Mes Me,Si” " SiMe, Mezs %
M(CO Me, P
/ x (0% Me,Si SiMe, Si — Siez
Mez~qf siMe2  n-octane X X X
~gi i Sj i
/ \ Si Si M SiMe,
X—Gi—=—si—X 140°C Mez  Me %2 SiX
Me, Me, Me,
M =Cr 49.7% 29.1% 0%
X=0 { M=Mo 84.7% 0% 0%
M= 18.1% 2.0% oo
X =CH, { M= Co 0% 46% 6.4%

Scheme 1.8. Intramolecular cyclization of macrocyclic polyacetylenes tethered by

disiloxane and disilmethylene bridges

In recent years our group has been interested in the synthesis and applications of
polyalkyne azamacrocyclic systems (Figure 1.3)."*'* Early on we observed that the
[2+2+2] cycloaddition of the closed derivatives could easily result in highly
functionalized tetracyclic fused structures in a one-pot atom-economical process. In
addition, since our macrocyclic systems contain nitrogen atoms in the tethers
between unsaturations, their [2+2+2] cycloaddition reaction opens the door to the

construction of polycyclic azaheterocycles.

SO.Ar! SORAr SOAr
N ] N
=z =z N = \
ArP0,S—N ‘ ‘ ArO,S—N ‘ ‘ ArO,S—N \
X N
A N A N~ “Me S l?l
¥ 2 |
SOAT SOLAr SOAr

1a Ar'=Ar? = Ar® = 4-MeCgH,- 2 Ar = 4-MeCgH,4- 3 Ar =2,4,6-(iPr)3CgH,-
1b Ar' = Ar? = Ar® = 2,4,6-(iPr);CgHo-

1c Ar' = Ar? = Ar® = ferrocenyl-

1d Ar'= Ar? = 4-MeCgH,- Ar® = ferrocenyl-

1e Ar'=4-MeCgH,-, Ar? = ferrocenyl, Ar® = 4-vinylCgH,-

Figure 1.3. Triacetylenic azamacrocycles
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All of these macrocycles can be synthesized stepwise from easily available
arenesulfonamides and the corresponding |,4-dihalobutyne compounds. Optimization
of the preparation of key intermediates has made it possible to synthesize a wide
variety of polyunsaturated azamacrocycles efficiently. For a recent review see

reference [15].

Our group started investigating different TM complexes such as Pd(PPh,),
CpCo(CO),, (PCy;),Cl,Ru=CHPh and RhCI(PPh;);, to test their suitability for the
cycloaddition of macrocyclic systems. As a result of these earlier studies it was

concluded that rhodium gave the best results. (Scheme 1.9).'*

SOAr SOLAr
P N S0,
= In 10 mol% )
RhCI(PPhg)s n
ArO,S—N Il ——  AO,S5-N
toluene R
N
SNONTR .10 90°C N,
oA SOLAr
AT Yield: 81-99%
4(n=1,R=H)
1la(n=1,R=H) 5(n=1,R=Me)
2(n=1,R=Me) 6(n=2,R=H)
3(n=2,R=H)

Ar = 4'MeCGH4', 2,4,6-(IPr)3C5H2-
Scheme 1.9. Cycloaddition reactions of macrocycles la, 2 and 3

Wilkinson’s catalyst was also used for the cycloaddition of 20- and 25-membered
azamacrocycles (Scheme 1.10). When 20-membered macrocycles 7a-c were treated
with RhCI(PPh;); in refluxing toluene, no reaction took place. In all three cases,
starting materials together with decomposition products were obtained. A
stoichiometric amount of CpCo(CO), was also tested. The macrocycle was refluxed
in toluene and the solution was heated by light irradiation. However, this reaction also

failed and the starting macrocycle was recovered (Scheme 1.10).

In the case of the 25-membered ring 9, there are two possible ways of cyclization,

namely cycloaddition between three consecutive triple bonds to afford compound 10
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and cycloaddition between non-consecutive triple bonds to afford compound 11.
When 25-membered macrocycle 9 was treated with a catalytic amount of rhodium
complex, the cyclotrimerized compound 10 resulting from the reaction of three

contiguous alkynes was obtained as the only product of the process (Scheme 1.10).

02§ 5 mol%

AR == S02-pp2 RNCI(PPhg)s =
N N toluene, reflux 0,8,/ NSO
or Ar N N-9V2-p,
Il Il
> SN =/ dA 100 mol% N N_
A0, S0,-Ar? CpCo(CO), Aro,§ S0,-Ar
toluene, reflux, hv
7a (Ar'=Ar?=p-tolyl) 8 (not obtained)
7b (Ar'=2,4,6-triisopropylphenyl, Ar?=p-tolyl)
7c (Ar'=Ar?=2 4 6-triisopropylphenyl)
Ar 3,027Ar
) SOz- Ar
502 / 0,8 ‘
/N/\ / \\ Ar 2 NSOZ/Ar
Ar”ozs\N N'SOZ\Ar 5 mol%

X / toluene, reflux /%:g\ N N
N

N 's So,-Ar
NS 0.& % Ar Ar-0,8 SO,
Ar-0,6 “—=—""50,-Ar Ar-0,8 50,
10 (50%) 11 (not obtained)
9 (Ar=p-tolyl)

Scheme 1.10. Cycloaddition reactions of 20- and 25-membered azamacrocycles

The lack of the reactivity of the 20-membered azamacrocycle is studied by DFT
calculations in this thesis, as well as the chemoselectivity in the cycloaddition of the

25-membered azamacrocycle to obtain the product 10 in front of | | (Chapter 4).

[.1.2. Enantioselective Features

Active molecules of many drugs are single enantiomers of chiral compounds and, in
some cases, the opposite enantiomer may behave antagonistically and cause undesired
side effects. As a result of this, the development of synthetic methods for the
production of single enantiomers of chiral compounds is highly valuable. Several
techniques are now used to obtain enantiopure materials: optical resolution'® and

asymmetric synthesis.'®'” Optical resolution strategies have the disadvantage of half of
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the product being the undesired enantiomer. Due to this drawback, asymmetric
synthesis, defined as the conversion of an achiral starting material to a chiral product
in a chiral environment, is currently the most powerful and commonly used method
for chiral molecule preparation. In the last few years, asymmetric catalysis has become
one of the most important areas of research and major breakthroughs have been

achieved.'”

Most asymmetric catalysts developed to date are metal complexes with chiral organic
ligands. The chiral ligand modifies the reactivity and selectivity of the metal centre
leading to the formation of one of the two possible enantiomeric products being
favoured. However, of the thousands of chiral ligands available, only a few can be

applied to a broad range of reactions and substrates.

In the particular case of the [2+2+2] cycloaddition reaction catalyzed by rhodium (1),
the groups of Tanaka?*'®'° and Shibata®*” are those that have most contributed to
this goal. The developed methodology involves the use of the catalytic system formed
by a cationic Rhodium complex ([Rh(cod),]BF,) and chiral diphosphines BINAP-type,
which have enabled the preparation of enantioselective compounds with axial, planar

and central chirality with excellent enantiomeric excesses.

Rhodium is one of the most efficient catalysts to allow the asymmetric synthesis due
to the ability to produce in situ different complexes with chiral phosphine ligands. As a
result of this, some enantioselective studies using Rh-chiral-catalyst can be found in

the literature 2820

I 18a

One of the first studies reported by Tanaka et al.”™ was the asymmetric assembly of

enantioenriched 3,3-disubstituted phtalides (Scheme |.11).
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R R
HO = 5 mol%
/%COOMe [Rh(cod),]BF,/
Z + (R)-Solphos
=R ‘ ‘ -
CH,Cly r.t.
R2
Z =0, NTs, CH, R? = Ph, Me, CH,OMe, Yield: 53-87%
12 H, Me;Si
RT=Me, COMe R - Mo. Et ee: 48-93%
Scheme |.11. Rh/(R)-Solphos-catalyzed enantioselective [2+2+2] cycloaddition of

symmetrical |,6-diynes with monoalkynes

Tanaka et al.'™" also described the enantioselective synthesis of planar-chiral

metacyclophanes through cationic Rh(l)/Hg-BINAP-catalyzed intramolecular alkyne
cycloaddition (Scheme 1.12).

5 mol%
Me—="—Y, Rh(cod),]BF
o . [Rh(cod),]BF, 0 e
;/ (H)'Hg'B'NAP z
z/ o L Y
\ CH.Cly r.t /0 (0]
— M
o/—\OMe e0
Y =C=0, CH, Yield: 10-30%
Z = CH,, C,H, C3Hg C4Hg CHoOCH, ee : 88 - 98%

Scheme 1.12. Enantioselective synthesis of planar-chiral metacyclophanes

Shibata et al.”® developed a highly enantioselective intramolecular reaction of nitrogen-
branched triynes. A cationic Rh-Me-DUPHOS complex efficiently catalyzed the

reaction to yield tripodal cage compounds with different length tethers (Scheme 1.13).

OM 10 mol%
(IOM ®  [Rhlcod),IBF, 0
n

R
(S,5)-Me-DUPHOS @( ALY
N/\

N ——OMe
DCE, 80°C
R
R
S .
R R = Ph, 4-BrPh, 4-(MeO)Ph, Me Yield: 57-95%
n=2-4,8. ee: 98-99%

Scheme 1.13. Intramolecular [2+2+2] cycloaddition of branched triynes
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Tanaka et al.'”® have recently reported an asymmetric synthesis of axially chiral biaryl

diphosphine ligands by rhodium-catalyzed enantioselective intramolecular double

[2+2+2] cycloaddition (Scheme 1.14).

Pra(O)P—="\ 10 mol% °
_— P [Rh(cod)pIBFs / O
= (R)-tol-BINAP P(O)Ph,
== P(O)Ph,
_ O CH,Cl, rt. o} O
o)
= P(0)Ph, ©
Yield: 55%
ee: 99%

Scheme 1.14. Synthesis of the axially chiral biaryl diphosphine ligands

I.1.3. Participating unsaturated substractes

In recent years cycloaddition reactions have been modified to incorporate

unsaturations such as olefins,”*™ isocyanates,?"**® nitriles,*>*?**¢ and carbonyls,”*' to

deliver useful end products (Scheme 1.15)."
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R
R X R
\ R
R O R'

e

R
P
R™ 'N” 'R
R
' R\ R R
‘ R\ N=C=0 A
N=C=s \
R™ N o
R

\
/

R
R N S
5

Scheme |.15. [2+2+2] Cycloaddition between two alkynes and one unsaturated

moiety which contains a heteroatom

When a nitrile molecule is used, pyridinic products can be easily obtained (Scheme
[.16).2%P These compounds are attractive since they are found in many natural
products, whilst also constituting the core of many currently available pharmaceutical
drugs. From the point of view of coordination chemistry, they are particularly useful

as ligands, especially the bipyridine derivatives.

=—R R

™

Scheme |.16. [2+2+2] cycloaddition reaction with a nitrile group
Our research group has contributed to this investigation in studying the synthesis of

pyridines and bipyridines with high functionality from cyanodiynes and under rhodium

catalysis using microwave heating (Scheme 1.17).2
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— X | N=-"=, Ts
NTN; | ), | NTs
=/ A s = | N NTs
Vo RS G (O Rh 7 N\ \
=R | T s MWOTN =N )=
- ! = N
n=12 ! TsN Ts
' M—=N
X = NTs, C(CO5Et),, O 2
R =H, akyl, pyridil

Scheme |.17. Synthesis of pyridines and bipyridines from cyanodiynes

Other interesting unsaturated substrates which can participate in [2+2+2]
cycloadditions are olefins. In this case, polysubstituted |,3-cyclohexadienes can be
obtained (Scheme 1.18),2™ which are attractive compounds for their use as reagents

in Diels-Alder reactions.

/"—'_\ RS M RZ’H\F\KR?RG
ED R &

RS R*

Scheme 1.18. [2+2+2] cycloaddition reaction with an olefin molecule

There are several cases in the literature investigating the chemo- and regioselectivities
of the formation of |,3-cyclohexadienes from two alkynes and one olefin molecule.*

Itoh et al,?®

reported the first palladium cycloaddition of two acetylenes with an olefin.
Electron-donating olefins were found to suppress the competing cycloaddition
reaction of three molecules of acetylene to obtain a catalytic stereoselective

production of cyclohexadienes.
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Ikeda et al.2*

published the first regioselective catalytic cycloaddition of three different
unsaturated molecules by reacting one olefin and alkynes with different substituents by

a nickel-aluminium catalyst system (Scheme 1.19).

5 mol% Ni(acac),

0 MegAl o R
)H PhOH )ﬁ
: + — : + o ¥
| \ R THF, r.t. L N
(1equiv) (2 equiv)
R= Et, Bu, Me, 'Bu, Me;Si Yield: 33-83%

(ratio: 99:0:0 to 0:99:0)

Scheme 1.19. Catalytic selective cycloaddition of three different unsaturated molecules

Despite these results, the chemo- and regioselectivity of the formation of I,3-
cyclohexadiene from two alkynes and one alkene molecule is too specific as they
depend on the substrates and the catalytic system used. The catalytic control of both

chemo- and regioselectivity is therefore still a formidable challenge.

The intramolecular approximations of two alkynes and one alkene manage to reduce
the chemo- and regioselectivity aspects. The partially intramolecular approach may
proceed via the cycloaddition of a diyne with a monoalkyne (eq. |) or via the
cycloaddition of an enyne with a monoalkyne (eq. 2) and the completely
intramolecular cyclization of a enediyne o cycloenediyne (eq. 3 and 4, respectively)

(Scheme 1.20).
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Diyne Olefin : Enyne  Monoalkyne
= R R =
j ™ : A ™ R
+ | ‘
_ R (eq. 1) R + \h C@
— ‘ N\ (eq. 2)
Enediyne § Cycloenediyne
R, R» 3
=R !
C ! ™ i ///\ A\ ™
*D Q 3 ij (eq. 4) Q
Re—== (ea-3) ! o H H

TM = Transition Metal

Scheme 1.20. Different intramolecular approximations with two alkynes and one

alkene

One of the first examples of a completely regiochemically controlled cycloaddition of
diynes and alkenes was reported by lkeda et al.*® They found that a terminally
unsubstituted diyne reacted with enones to give an aromatized compound, rather
than a |,3-cyclohexadiene, with the concomitant incorporation of two hydrogen
atoms into another molecule of the starting enone. On the other hand, the reaction of
a trimethylsilyl-substituted diyne with an equimolar amount of enone regiospecifically

gave a cyclohexadiene product (Scheme 1.21).

Enone Diyne
NiClp/Zn/ZnCl, o R 0 Ry
Q R—=—\ Et;N
)H N z s Z 4 z
R n
\ Rem="1),|  CH, N, reflux n
Ro R
2
n=1,2
Yield > 42% Yield > 63%
Z=CH,, O, C(CO5E), whenRyand R,=H  when Ry or R, = SiMe;

Ry,Ro=H, SiMes

Scheme 1.21. Cycloaddition of an enone with non-terminal diynes
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Itoh et al.”

were the first to observe that the cycloaddition reaction between a diyne
with an olefin molecule produces a regioisomer of the expected cyclohexadiene,
where the position of a proton has changed causing a reorganization of the double
bonds at the end product. They explained the formation of this regioisomer by a
concomitant |,5-H shift (Scheme 1.22) and the final product structure was deduced by

NMR spectrum where only one vinyl proton absorption was observed together with

the absorption of the two vicinal methylene protons on the |,3-cyclohexadiene ring.

1 mol%

I (C7Hg)RU(PPhg),Cl E
X + /0B m
E = DCE, 40°C E OBn

Yield: 94%

E = CO,Me

Scheme 1.22. [2+2+2] cycloaddition of a diyne with an allyl benzyl ether

This process was synthetically exploited by Saa et al. in 2006. This group used a Ru-
catalyst to couple diynes with alkenes to give cyclohexadienic products (Scheme
1.23).8

10 mol%
[Ru(CH3CN)3Cp]PFg
_ R R, R,

= 1 Et,NCI _ A .
VA + { \

= DMF, 80°C R R.

Rs 2

Z=CH,, O, C(CO,Me), Yield: 25-67%

Ry = CO,Me, CHO, CN, CH,OEt, CH,OH, CsHy; TMS

R, =H, COgMe

Scheme 1.23. Ru-catalyzed [2+2+2] cycloaddition of terminal |,6-diynes with acyclic

alkenes
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A 1,5-H shift was discarded suggesting a [B-elimination, followed by a reductive
elimination, affording hexatrienes as intermediates, which undergo a thermal
disrotatory 6e” T electrocyclization to give regioisomeric cyclohexadienes. The

mechanism proposed will be shown in the next section (1.1.4).

Aubert, Gandon et al.” reported this new type of reactivity exhibited by [CpColL,] on

the cobalt-mediated [2+2+2] cycloaddition of diynes with alkenes (Scheme 1.24).

(1 equiv) R R
— CpCo(CaHy)2 _—
X + Zov or
\——R THF B
Y=BUPh o ectort. R R
R =H, Ph, SiMe; CO,Et, BPin Yield: 25-91% Yield: 42-80%

X = CHj, NTs, O, CoH, CaHg C(CH,0Me), when X = CH, NTs, O,  When X = CHp CoHy CaHe
' ' ' C(CH,OMe), and R = CO,Et, Ph, BPin

and R =H, Ph, SiMeg BPin
Scheme |.24. Co-oligomerization of diynes with enol ethers

They observed that the trienic compounds undergo ém-electrocyclization followed by
dehydroalkoxylation giving rise to benzene derivatives, which arise from [2+2+2]

cycloaddition of alkynes.

On the other hand, K.Tanaka et al*® reported cationic Rh(l)/Hg-BINAP-catalyzed
enantioselective partially intramolecular [2+2+2] cycloadditions of diynes with trans
alkenes. This represents a versatile new method for the synthesis of enantioenriched

C,-symmetric cyclohexadiene derivatives (Scheme 1.25).

5 mol%

[Rh(cod),]BF, / Me

/%Me MeO2C (R)'Hg'BlNAP COZMe
z + | z .

————Me CO2Me CH2C|2’ r.t. CO2Me

Me

Z =0, NTs, C(CO,Me), Yield: 35-96%
ee: 82-98%

Scheme 1.25. Cationic Rh(l)/(R)-Hg-BINAP-catalyzed enantioselective [2+2+2]

cycloaddition of |,6-diynes with dimethyl fumarate
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In the case of the reaction of an enyne with a monoalkyne (eq. 2 in Scheme 1.20),*

|3Id

Evans et a explored the Wilkinson’s complex catalyzed reactions of |,6-enynes

with symmetrical and unsymmetrical alkynes (Scheme 1.26).

R RhCI(PPhg), RhCI(PPhg)s R R
: t .,Y AgOTH =" AgOTH /J://K[ H GﬁY

X + X

X

Y Y Y \_\\ Y—H Y H

Yield: 54-92% X = NTs, C(CO,Me), O zi;tlig 5133°/1o)

Y = CO,Me, COPh, CONMe; S
R=H, Me

Scheme 1.26. Partially intramolecular metal-catalyzed [2+2+2] cycloadditions of |,6-

enynes with symmetrical and unsymmetrical alkynes

They concluded that a terminal alkyne is crucial for controlling the regioselectivity of
the process and that the nature of the |,2-substituted alkyne has an impact on the

overall efficiency of this transformation.

Completely intramolecular cycloaddition reactions (eq. 3 in Scheme 1.20) afford
cyclohexadienic compounds from enediynes. Volhardt et al.** employed stoichiometric
amounts of CpCo(CO), to permit the cycloaddition of several enediynes for the

synthesis of polycyclic natural products.

In the case of yne-ene-ynes and yne-yne-enes, few cases have been reported. Grigg et
al.®* investigated the first Wilkinson’s complex catalyzed intramolecular [2+2+2]
cycloadditions reactions of enediynes. They observed that enediynes (yne-ene-yne),
although the attempts to carry out the reaction at elevated temperatures, failed to
cyclise or to give linear dimers. In contrast, the enediyne (yne-yne-ene) gave the

unusual bicyclic triene shown in Scheme 1.27.
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=\ 2 mol%
o) RhCI(PPhy), o
0 EtOH, 25°C ©

J

Yield: 56%

Scheme 1.27. [2+2+2] Cycloaddition reaction of enediyne (yne-yne-ene) catalyzed by

the Wilkinson’s catalyst

Yamamoto et al. reported the Pd-catalyzed reaction of an oxygen-tethered yne-ene-
yne, which gave a mixture of cyclohexa-1,3- and |,4-dienes.*'® Pd-catalyst could also be

used in the cycloaddition of yne-yne-enes.

Ojima et al.***" described the first example of a Rh-catalyzed totally intramolecular
[2+2+2+1] cycloaddition process of enediynes, including CO as the single carbon
component. Next, this group®* published the formation of fused tetracyclic
compounds where a |:| mixture of regioisomers of the expected product and its

diene-shifted regioisomers were achieved (Scheme 1.28).

R——\ 5 mol%
X [Rh(cod)Cl]»

CO (1atm)

/%/
Y, X Y
@ -

Yield: 70-92%

R =TMS, Me, Ph

(ratio: 90:10 to 100:0)
X, Y = esters, ethers, O, NTs

Scheme 1.28. [2+2+2+1] cycloaddition of enediyne type yne-yne-ene with CO
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Aubert, Gandon et al. have been pioneers in studying cobalt complexes as efficient
catalysts in this kind of processes.® In one of their last studies they analyzed the
replacement of phosphines or cyclopentadienyl ligands by N-heterocyclic carbenes

(NHC) for the Co metal (Scheme 1.29).%%

§ Col, (1 equiv.) X
Rs Mn(1 equiv.)
X IPr (6mol%)
/%/ X Ro
X
THF, reflux, 4h
—— R,
X = C(CO5E),, C(CH;OMe),, NTs, 0 IPr=carbene (NHC) Vield: 30-84%

f-Pr i-Pr

R =H, Me, Et, Ph, n-Bu, Br, CO,Me —\
QNVNﬁ
i-Pr iP

r
Scheme 1.29. Cyclization of enediynes using Col,/Mn/IPr

The use of NHCs with cobalt salts is easier to implement than CpCo(CO), and more
efficient. Moreover, when using carbene ligands the Co complex can be used
catalytically and the chemoselectivity of the reaction is improved compared to the

corresponding PPh;-based system.

In the ongoing project of our group about the synthesis of polyunsaturated
azamacrocycles (see for instance, Figure 1.3), 15-, 16- and |7-membered enediyne

macrocycles were efficiently prepared (Figure |.4), #1534
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SOLAr
N
FZ
R
ArO,S—N /
N
N N
SO2A|'

12a (R=H, Ar = 4MeCgH,-)
12 (R=H, Ar=2,4,6(Pr)sCHy)
12¢ (R = Ph, Ar = 4-MeCgH,-)
,SOZAr
ArOZSfN Ar0287N
X
NN

|
SOZAr

14 Ar = 4-MeCgHy-

A

15 Ar= 4'MeCGH4'

SOLAr

N

Pz

Z R

ArO,S—N \

\

S
SOLAr

13a (R = H, Ar = 4-MeCgHjy-)
13b (R =H, Ar =2,4,6-(iPr)3CgHy-)
13¢c (R = Ph, Ar = 4-MeCgH,-)

1802AF
SOAr N

e ra e
\ \ \

Ar02st

N Ny,

| \
SOLAr SOLAr

16 Ar = 4-MeCgHj-

Figure |.4. Enediyne azamacrocyles

Consecutively, we decided to study the cycloaddition process of this series of
azamacrocyclic enediynes (Table [.l). The first cases tested were |5-membered
macrocycles 12a,b and 13a,b having a trans and a cis olefin respectively. Using a 5%
molar of RhCI(CO)(PPh,); in toluene at 90 °C gave high yields of the cycloisomerized
compounds 17a,b and 18a,b (Entries |-4, Table I|.1). No side reactions of the

cyclohexadiene system such as aromatization or further cycloadditions took place.

The reaction proceeded with total stereoselectivity and initial stereochemistry of the
macrocyclic double bond was maintained during the cycloaddition process. This
experimental finding is consistent with the common mechanism proposed for this kind
of cycloadditions in which two alkyne groups undergo initial coupling and subsequent
incorporation of the olefin may then occur either by an insertion process or a Diels-

Alder reaction.
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SOAr cat. A : RhCI(CO)(PPhg), SOAr
P cat. B : RhCI(PPhg)s N
Z ), cat. C : RhCI(iPr)(cod) Jn
ArO,S—N R
ArO,5-N R toluene ) m
X N
oA SO,Ar
1216 02 17-21
Entry MCC Reaction conditions Product Yield (%)
1 12a cat. A (5% molar), 90°C, 24h 98
S0,Ar
17a (Ar = 4-MeCesHa-)
2 12b cat. A (5% molar), 90°C, 24h 17b (Ar=2,4,6-(i Pr)3CeH2-) 80
SO0Ar
N
ArO,S—N H
3 13a cat. A (5% molar), 90°C, 24 h ° H 79
N
\SOEAr
18a (Ar = 4-MeCesHa-)
4 13b cat. A (5% molar), 90°C, 24 h 18b (Ar=2,4,6-(i Pr)3CeH2-) 68
5 12b cat. B (5% molar), 90°C, 24 h 17b (Ar =2,4,6-(i Pr)3CeH2-) 80
6 12b cat. C (5% molar), 50°C, 3d 17b (Ar =2,4,6-(i Pr)3CeH2-) 98
SOzp-tolyl
N
tolylO,S—N Ph
7 12c cat. B (5% molar), reflux, 24 h o tH 95
N
éozptolyl
17c
SOzp-tolyl
N
p-tolylOS—N, Ph
8 13c cat. B (5% molar), reflux, 24 h ’ H 71
N
\SOEp-tonl
18c
SO0p-tolyl
N
tolyl0,S—N, H
9 14 cat. B (10% molar), 80°C, 5 h proYe «H 90
N‘Soz;ﬂolyl
19
,SO,p-tolyl
N
tolylO,S—N H
10 15 cat. B (10% molar), 80°C, 5 h proe H 87
N\SOZp-lolyl
20
/SOzp-to\y\
N
H
11 16 cat. B (10% molar), 60°C, 4 h plolyi0,S—N H 98
N‘Sozp-toly\
21
Table I.1. Cycloaddition of azamacrocyclic enediynes 12-16
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In order to see whether the Wilkinson’s catalyst also promotes the cycloaddition
process, macrocycle 12b was treated with 5% molar of RhCI(PPh;); in toluene at
90°C. Compound 17b was obtained in an 80% yield, demonstrating that Wilkinson’s
catalyst exhibits a similar efficiency with respect to RhCI(CO)(PPh;), (Entry 5, Table
[.1). Macrocycle 12b was also cycloisomerized using the rhodium-N-heterocyclic
carbene complex [RhCI(I'Pr)(cod)] which after 3 days at 50 °C in toluene gave a 98%
yield of 17b (Entry 6, Table I.1).>*

The effect of variations on the macrocycle scaffold, either substituents on the double
bond or larger cavities, was then tested on the [2+2+2] cycloaddition of enediyne
macrocycles. Harsher reaction conditions were required to cycloisomerize
macrocyclic enediynes containing a phenyl substituent on the double bond (12c and
I13c). Refluxing toluene was necessary whereas 90 °C was sufficient for the non-

substituted macrocycles 12a,b and 13a,b (Entries 7 and 8, Table I.1).

In order to study the scope of the methodology, we chose different macrocycles (14,
15 and 16) whose later cycloisomerization® led to various fused tetracycles such as
5,5,6- and 5,6,6-ring systems. As a general trend we observed that for enediyne
macrocycles, the formation of 5,6,6-membered rings fused to the cyclohexadienic
core (product 21) was much faster than the formation of 5,5,6-ring system (products
19 and 20), which in turn was faster than the formation of the 5,5,5-tetrafused
structures (products 17 and 18) (Entries 9-11, Table 1.1)."* Although there was a
certain tendency to the formation of larger rings, which gave faster reactions, all the
macrocycles afforded fused tetracycles unlike in other methods of synthesis, where

the failure to construct 5,5,5- has been attributed to ring constraint.*®

The enantioselective cycloaddition of enediynes using chiral catalysts which would lead
to enantioenriched cycloadducts is the next aspect that appears in the literature.
There are only two reported studies of enantioselective cycloaddition of open-chain
enediynes using chiral catalysts to afford enantioenriched cyclohexadienes. The two

studies used chiral rhodium complexes and the choice of chiral ligands, as well as the
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nature of the tether between unsaturations, was very important to obtain good yields

and high enantiomeric excesses.’**’

K.Tanaka et al.** employed a cationic rhodium (1)/(S)-Tol-BINAP complex to catalyze
an enantioselective intramolecular [2+2+2] cycloaddition of a trans enediyne (Scheme

1.30).

—=E
0 10 mol%
\_\\_\ [Rh(cod),]BF, / (S)-Tol-BINAP  E
le) CHZCIZ, r.t. E
E——/
E =H, CO,Me Yield: 12-95%

ee: 17-59 %

Scheme [.30. Cationic Rh(1)/(S)-Tol-BINAP-catalyzed enantioselective [2+2+2]

cycloaddition of trans enediynes

Shibata et al.”” reported that Rh-Hg-BINAP complex catalyzes an enantioselective
[2+2+2] cycloaddition of symmetrical and unsymmetrical (E)-enediynes (Scheme 1.31),
where they conclude that the choice of substituents on the alkyne termini is very

important for high enantioselectivity.

——R
7 10 mol% Z \x z
\_\\_\ [Rh(Hg-BINAP)]BF 4
DCM, r.t.
Z' R R'
R—

Yield: 41-81%
R, R' = H, CO,Me, CH,OBn, Me, Br, Ph ee: 78-98%

Z, Z'= C(CO,Me),, C(SO,Ph), NTs, O

Scheme 1.31. [2+2+2] Cycloaddition of carbon-tethered symmetrical enediynes
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In our group, the enantioselective cycloaddition of enediynes 12a, 13c-16 (Figure 1.4)
using a chiral rhodium complex which would lead to chiral cycloadducts was the next
aspect to be evaluated. The first chiral rhodium complex tested was the commercially
available (bicyclo [2.2.1] hepta-2,5-diene) [2S,3S]-bis(diphenylphosphino)butane
rhodium(l) perchlorate. The best reaction conditions found to obtain a high ratio
yield/enantiomeric excess was toluene as a solvent at 65°C for one day for the two
macrocycles 12a (Entry |, Table 1.2) and 14 (Entry 2, Table 1.2). In the two cases,

only moderate enantiomeric excesses were obtained.

In order to improve these results, a chiral bidentate ligand, N-phosphino tert-
butylsulfinamide (PNSO) prepared by Prof. Riera’s group was tested in the
macrocyclic enediynes 12a and 14 (Entry 3, 4 and 5, Table 1.2). Macrocycle 12a was
treated with N-phosphino tert-butylsulfinamide rhodium complex in CH,Cl, at room
temperature. After 28 h of reaction the yield of 17a was 77% and the ee wa 48%
(Entry 3, Table 1.2). When the dichloromethane was substituted for toluene the
reaction time was reduced considerably from 28 h to 5.5 h and a 79% yield of 17a
with slightly improved 50% of ee was obtained (Entry 4, Table |.2). The latter reaction
conditions were applied for macrocycle 14. In this case an excellent yield of 94% of 19
was obtained although the ee dropped to 7% (Entry 5, Table 1.2). The enantiomer
formed with the PNSO/Rh complex was the opposite of that obtained in entries | and
2. Other experiments using [RhCl(cod)], and several chiral phosphines did not lead to

better chirality induction than that described in Table [.2.

67



Chapter |

SO,p-tolyl N,SOZp-tolyI
N
.
Z ) 10 mol% Rh(l) / L* |)-|n
tolylO0,S—N
p-tolyl0,S—N A\ prioy©e NG
Y N‘so tolyl
\ p-toly
SO,p-tolyl 2
12a (n=1) 17a (n=1)
14 (n=2) 19 (n=2)
Entry MCC Catalyst (10 %mol) Reaction conditions Product Yield (%) e.e (%)
PhPh
Me -\P @ .
1 12a j\ Rh’ ‘)\> toluene, 65°C, 24h 17a 95 44
Me P °
PH ph clo,
PhPh
e R@
2 14 :\\ Rh, )\> toluene, 65°C, 24h 19 46 41
Me P .
P Ph clo,
N O e ~
ES 12a A CH,Cl,, r.t., 28h 17a 77 48
Ph\/N\P X 5
PH Ph TfO
L RNCE N
7 12a \ Rh’ J] toluene, r.t., 5.5h 17a 79 50
Ph\/ \ °
h’ Ph TfO
L RNCE N
5 14 \ Rh’ J] toluene, r.t., 5.5h 19 94 7
F’h\./

?The enantiomer obtained in these cases was the opposite of that obtained in entries 1and 2.

Table 1.2. Enantioselective [2+2+2] cycloaddition reaction of macrocyclic enediynes

l12a and 14

|.1.4. The postulated mechanism

Transition-metal catalyzed alkyne cycloadditions can be broadly divided into the
following three categories on the basis of their postulated reaction mechanisms
(Scheme 1.32): a) metallacycle route; b) sequential insertion route; c) metathesis

cascade route.
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(a) Metallacycle Route

Oxidative

= = 7 Addition
. [ ~ =
— i .M M
N\>¢ =~
N
! n n
— M Reductive
- M-—]|| Elimination .
~ | M e 71/ M
—
v
v vi il
Alkyne insertion Diels-Alder
When M = Ru product product
Oxidative Alkyne
Cp = // _Cp Addition X Cp = D\ ?P/\\\ insertion
(CODRY ~— Ru ERU ——— || Rg
RSN 0N /,
‘al T “@ Cl cl
S nr IVa’
Cp C Reductive
\ / C PP Cp
_Ru 7 % Y, P Elimination © . (COD)RU<
= 7/ “a cl
IVb' V' Vil
(b) Sequential Insertion Route
= cis-addition = cis-addition
M-X M\ /X E——— M —
— = X =
VI
IX
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Scheme 1.32. Possible mechanisms of alkyne cycloaddition
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The most widely accepted mechanism is the metallacycle route, shown in the general
Scheme 1.32.%" Initially, one alkyne moiety displaces a ligand on the metal to form
alkyne complex |, followed by a second alkyne coordination to form compound II.
Oxidative coupling may occur to give the coordinative unsaturated
metallacyclopentadiene Ill, in which the metal adopts a formal oxidation state two
units higher than in its precursor Il. Complex I may then coordinate a third
molecule of alkyne to give IV, which proceeds to generate either an alkyne-insertion
to form the metallacycloheptatriene V, or a Diels-Alder type addition to furnish
bicyclic complex VI. Finally, the benzene ring VIl is formed by the reductive
elimination of the metal, and the catalyst (M) is recovered. A myriad of
metallacyclopentadiene complexes relevant to cycloaddition have been isolated to
date, and some of them actually give aromatic products upon treatment with alkynes.*®

I,' and Kirchner et

On the basis of DFT calculations performed by Yamamoto et a
al.*” a novel mechanism was proposed for CpRuCl-catalyzed alkyne cycloaddition. The
rate-determining step is the oxidative cyclization, which produces a ruthenacycle
intermediate (type I, Scheme 1.32). The key feature of this mechanism is the
isomerization from ruthenacyclopentadiene(alkyne) complex (type IVa’) to

ruthenabicyclo[3.2.0]heptatriene (IVb’), which gives rise to a seven-membered type

V’ ruthenacycle.

On the other hand, a sequential carbometallation mechanism operates in
cycloadditions catalyzed by transition-metal hydrides or halides M-X, shown in
Scheme 1.32b.'%# Initially, there is a cis-addition of the M-X to the alkyne to form the
intermediate VIII, followed by consecutive cis-addition of this intermediate to another
two alkynes to form species X. Intermediate Xl is formed after cyclization of
compound X. Benzene derivative VIl is obtained after f-elimination of M-X and the

catalyst is recovered.

In addition to these well-known precedents, a metathesis cascade using Grubbs’
ruthenium carbene complex proved to be effective for the cyclization of triynes
(Scheme 1.32¢).*' The mechanism postulated consists of an initial intermolecular

reaction, ruthenium carbene complex adds to the triple bond to obtain compound
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XIIl. This intermediate undergoes an intramolecular metathesis reaction via XIV to
produce a conjugated carbene complex XV. The final ring-closing olefin metathesis
step leads to the formation of the bicyclic system XVI which evolves to the aromatic

system VII, this should provide a strong driving force for the overall reaction cascade.

The elucidation of the mechanistic aspects of homogeneous catalysis has been an
ambitious scientific goal since the early days of organometallic chemistry. Due to the
enormous progress in computational chemistry over the last few years, theoretical
methods are playing an increasingly important role in identifying possible elementary
reactions. Ultimately, the aim is to understand these fundamental transformations in
order to monitor and tune changes in reactivity toward a given synthetic purpose. It is
therefore useful to combine experimental work with theoretical studies based on

density functional theory (DFT) calculations.

Recent progress in computational chemistry has shown that many important chemical
and physical properties of the species involved in these reactions can be predicted
from first principles by various computational techniques. This ability is especially

important in those cases where experimental results are difficult to obtain.

Cobalt complexes have been used extensively for mediating cocyclizations of alkynes,
often with high levels of chemo-, regio-, and stereoselectivity. Although the
mechanism of this reaction has been the subject of many experimental and
computational studies, it has yet to be fully elucidated. After pioneering

|2 efforts, a more detailed DFT analysis was reported by Albright et al. in

semiempirical
1999 who first provided a rigorous and detailed computational description of the
whole mechanism of acetylene trimerization catalyzed by the CpCo fragment.”® Using
a larger basis set, Koga et al. theoretically explored the regioselectivity of the first step
of the CpCo-catalyzed acetylene trimerization and reexamined the work by Albright,
addressing different mechanistic schemes in both the singlet and triplet state* where
they concluded that there is a change in spin state along the reaction coordinate. The

work took explicit account of the fact that |8-electron cobalt species usually exist as

singlet states, whereas their |6-electron congeners have triplet ground states.”
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Gandon, Vollhardt et al.#* extended the approach to the cobalt-mediated synthesis of
cyclohexadiene from acetylene and ethylene, finding that alkene incorporation
proceeds via insertion into a Co-C 0-bond since as the resulting seven-membered

metallacycle is a key intermediate (5 of the Scheme 1.33).
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Scheme [.33. Two-state reactivity mechanism for the cobalt-catalyzed cycloaddition to

@ g
48
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5

cyclohexadiene where triplet species appear in blue and singlet species in black

Interestingly, the formation of the free arene and the release of CpCol involves

several spin state changes (Scheme 1.33).

Gandon, Vollhardt et al.*® reported a new study where parallel mechanisms for the
[2+2+2] cycloaddition of alkynes were achieved (Scheme 1.34). After the oxidative
coupling step from a bisalkyne complex (I in Scheme 134) to a
cobaltacyclopentadiene (3 in Scheme 1.34), which spontaneously relaxes to the triplet
ground state (3(3) in Scheme 1.34) two mechanisms are involved. In the absence of
strong c-donors ligands (PR;, CO, THF) and electron-poor alkynes, the catalytic cycle

followed is A, while B is preferred in the presence of c-donor ligands. As a result,
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reactions in strong c-donor solvents or employing CpCo(PR;), or CpCo(CO),, for

the specie 10 (Scheme 1.34) is a likely relay point.
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Scheme |.34. Two-state mechanisms for the cobalt-catalyzed alkyne cycloaddition to

benzene (triplet species are depicted in blue)

Accurate computational studies for the same reactions and the cocyclization of
acetylene and CS, have been carried out by Kirchner et al. with CpRuCl as the
catalyst.” They conclude that the differences between the two systems (Co- and Ru-
system), namely the larger variety of intermediates envisaged for the ruthenium
system as compared to cobalt, may be partly related to the atomic radii. The smaller
radius of Co (1.25 vs 1.33 A for Ru) may control interligand interaccions in a different

way.

Kirchner et al.*® proposed a mechanism of the CpRuCl-catalyzed synthesis of pyridine

from acetylene and HCN on reexamining the previous work by Yamamoto et al.'®*
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In their discussion, part of the mechanism of the same reaction catalyzed by CpCo
and CpRh fragments is studied. They found that the key reaction step is the oxidative
coupling of two alkyne ligands (route 12 — 13) to give the metallacyclopentatriene
I3 (Ru) (Scheme 1.35) and the metallacyclopentadiene 13 (Co and Rh) intermediates
(Scheme 1.36).
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Scheme [.35. Gibbs energy profile (in kcal/mol) for the conversion of Ru-catalyst into

the respective metallacycles 13 and 13"

In the case of the Ru, the Gibbs activation energies for two acetylenes oxidatively
coupled is 13.9 kcal/mol while the same process with one acetylene and one nitrile has
an energy barrier of 21.9 kcal/mol. Thus, the acetylenes coupling is favoured kinetically
and also the formation of I3 is thermodynamically preferred. Moreover, after
exploring successive pathways, Kirchner et al. observed that the benzene formation

was thermodynamically preferred to the pyridinic product, depending on the
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substituents on the alkynes. Despite these observations, from a kinetic point of view
and starting from the metallacyclopentatriene (I3), the addition of nitriles to afford

pyridines is easier than the addition of acetylenes to give benzenes.
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Scheme [.36. Gibbs energy profile (in kcal/mol) for the conversion of Co-catalyst into

the respective metallacycles 13 and 13"

The results on the CpCo and CpRh systems were found to be similar to those of the
CpRuCl fragment, where the processes alkyne-alkyne or one alkyne and one nitrile
coupling were by and large the same in both cases (range of 12.7-16.5 kcal/mol),
independent of the metal fragment (Scheme 1.36). Despite these results, few
differences were found between the Co and Rh systems and CpRuCl in the
subsequent steps, traced partly to the absence of the Cl coligand and the structure of

the metallacycloheptatriene, (Figure 1.5), which was only detected in the RhCp

System.
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Figure 1.5. Optimized structure al B3LYP level of the rhodacycloheptatriene detected

only for RhCp complex (distances in A)

On the other hand, an important conclusion that can be obtained by Kirchner
(Scheme 1.35 and Scheme 1.36) was that the oxidative coupling of two alkyne
moieties is thermodynamically and kinetic more favourable than the coupling of one

alkyne and one nitrile molecule.

Bickelhaupt et al.*

presented in 2007 the results of a theoretical investigation on the
mechanism of [(n*-C;H;)Rh]-catalyzed cycloaddition of acetylene to benzene and
cocycloaddition of acetylene and acetonitrile to 2-methylpyridine. They were
interested in the chemical reactivity of rhodium complexes, especially in terms of their
suitability for catalytic systems. It was the first one that addresses the mechanism of
cycloaddition reactions catalyzed by indenyl-rhodium complex. They found that the
mechanism of acetylene self-trimerization catalyzed by the CpRh fragment was
essentially analogous to that described with CpCo as catalyst, but it was slightly
energetically disfavoured. The release of benzene occurs by stepwise addition of two
acetylene molecules, which regenerates the catalyst. In the presence of acetonitrile, a
nitrile molecule competes with acetylene to coordinate to the rhodacycle, to generate
an intermediate that subsequently evolves to a peculiar bicyclic intermediate (Figure
[.6) which allows establishing an analogy with the mechanisms catalyzed by CpRuCl

(see intermediate IVb’ in Scheme 1.32a).
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Figure 1.6. Bicylic intermediate isolated with Rh-catalyst

The seven-membered-ring species, which were located on the PES (Potential Energy
Surface) of CpRh are energetically disfavoured intermediates and were thus excluded
from the mechanisms; in contrast these seven-membered-ring intermediates play a
crucial role in CpRuCl-catalyzed trimerizations. Therefore, Bickelhaupt et al.
concluded that the electronic structure of the metal core is more important than its
size (covalent atomic radius) in controlling the mechanistic stages of the CpM-

catalyzed processes.

Sai et al®

analyzed the changes of the reaction mechanism of the Ru(ll)-catalyzed
[2+2+2] cycloaddition between |,6-diynes and alkenes to afford |,3-cyclohexadienes
with the nature of the starting alkene. Starting from cyclic alkenes (18), standard [,3-
cyclohexadienes (22, Scheme [.37) were obtained (from the reductive elimination of
intermediate 21), while if the reactants were linear alkenes (23), a tandem process
was observed which involved a linear coupling of 1,6-diynes and alkenes to I,3,5-
hexatrienes (27) (from a [B-elimination of intermediate 26 followed by a reductive

elimination) followed by a pure electrocyclization of 28 to give |,3-cyclohexadienes,
29.
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Scheme 1.37. Proposed mechanisms for the formal and standard Ru-catalyzed [2+2+2]

cycloadditions of terminal |,6-diynes with acyclic and cyclic alkenes

These new intermediates (trienes like 27 in Scheme 1.37) identified by Saa with Ru-
catalyst were recently observed by Aubert, Gandon et al.”’ in the cobalt-mediated co-
oligomerization of alkynes with enol ethers (Scheme 1.24). The DFT studies gave the
possible isomerization of species 30 (Scheme 1.38) to obtain the cyclohexadiene
derivatives (35) or the triene complexes (38).

The insertion of the alkene molecule into a Co-C bond to give seven-membered
complexes 32, was the preferred route for this bound alkene in 30, regardless of the
presence of the alkoxy group (OMe). Next, the energies connected to the
isomerization of 32 to 35 via 34, and of 32 to 38 via 36 and 37 were relatively low-
lying, and no pronounced energetic predilection for either pathway could be
discerned. Therefore, they noticed that the structural factors influence this outcome
strongly and the calculations also suggested that the trienes and cyclohexadienes

shared a common intermediate, and that the formation of trienes follows the -
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hydride elimination pathway 32 — 36 — 37 — 38 (Scheme 1.38), while the
formation of the cyclohexadiene follows (32 — 34 — 35). This result is in

consonance with those obtained for the CpRu systems by Saa.*'
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Scheme 1.38. Computed possible isomerizations of 30

|.2. Computational Chemistry

Computational Chemistry is a branch of chemistry that uses computers to assist in
solving chemical problems. Recent years have seen an increase in the number of
chemists doing theoretical and computational chemistry. The fast evolution of

computers has allowed to perform complex calculations and to obtain very significant
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information about geometrical structures and properties of molecules and solids.
Consequently, the computational chemistry is the application of chemical,
mathematical and computing skills to the solution of interesting chemical problems for

the case of Homogeneous Catalysis.*>*?

Note that the words exact and perfect do not appear here, as very few aspects of
chemistry can be computed exactly, but almost every aspect of chemistry has been
described in a qualitative or approximate quantitative computational scheme. Thus,
computational chemistry has become a useful method for chemists that carry out
predictions before running the actual experiments so that they can be better prepared
for making observations. It is also widely employed to interpret and complement

experimental results.

Using computational chemistry software you can in particular perform:

- Electronic structure determinations

- Geometry optimizations

- Frequency calculations

- Definition of transition structures and reaction paths

- Protein calculations, i.e. docking

- Calculations of potential energy surfaces (PES)

- Calculations of rate constants for chemical reactions (kinetics)
- Thermodynamic calculations — heat of reactions, energy of activation, etc
- IR, NMR, UV spectroscopy analysis

- Excited state chemistry studies

- Chemical dynamics analysis

- Other physical and chemical properties

The most important numerical techniques are ab initio, empirical or semi-empirical and
molecular mechanics. These differ mainly according to how exactly the physics of the
system is solved. Definitions of these terms are helpful in understanding the use of

computational techniques for chemistry:
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*  Ab initio, (Latin for “from scratch”) a group of methods in which molecular
structures can be calculated using nothing but the Schrodinger equation, the
values of the fundamental constants and the atomic numbers of the atoms
present. Due to the high computational cost, it is best for small systems (tens
of atoms), or systems requiring rigorous accuracy.

*  Empirical or semi-empirical techniques use approximations from empirical
(experimental) parameters to provide the input into the mathematical
models. These less accurate methods are based on the Hartree-Fock
formalism and due to the less rigorous methods than ab initio, these
techniques are best for medium-sized systems (hundreds of atoms).

*  Molecular mechanics uses classical physics and empirical or semi-empirical
(predetermined) force fields to explain and interpret the behaviour of atoms

and molecules. They are the best for large systems (~1000 of atoms).

In this chapter, the ab initio Hartree-Fock (HF) method will be explained first because
it is the most simple theory and it is used as starting point for the post Hartree-Fock
methods. Because of the latter are computationally expensive, they can not be used
for large systems as those studied in this thesis and consequently they will not be
detailed in this chapter, but excellent reviews for them can be found in references
section.>**>*® |n addition, the DFT methods will be described. These methods allow
performing more complex calculations on large molecules because of their low

computational cost.

[.2.1. The Hartree-Fock approximation

The most common type of ab initio calculation is the Hartree-Fock (HF) approach, the
most frequent method for calculating the electron wavefunction of atoms and
molecules. It is the best approximation for these wavefunctions constructed by placing
an electron into a spin-orbital, the picture that most chemists use to rationalize
chemistry. The HF approximation is, furthermore, the usual preliminary point for

more accurate calculations.
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The HF algorithm is typically used to solve the Schrodinger equation for a multi-
electron atom or molecule, which is the main objective of quantum mechanics. The
HF is an extension of the molecular orbital theory in which the Coulombic electron-
electron repulsion is not specifically taken into account, however, its average effect is
included in the calculation. But it has an important task as a starting point for more
accurate approximations that include electron correlation. It assumes that the motion
of each electron can be described by a simple function called orbital which is not

explicitly dependent of the motion of other electrons.

The Born-Oppenheimer (BO) approximation is inherently assumed when the
wavefunction of a molecule is broken into its electronic and nuclear (vibrational,

rotational and translational) components.

Lptotal = '~|Jelectronic- Lpnuclear (1.1

Thus, the wavefunction of the many-electron molecule is a function of electron and
nuclear coordinates: ¥ (R,7) (R = nuclear coordinates, r = electron coordinates). The
motions of the electrons and nuclei are coupled. However, the nuclei are much
heavier than the electrons (m, ~ 2000 m,) and consequently nuclei move much more
slowly than electrons (E=1/2mv?). To the electrons the nuclei appear basically fixed.

Thus, instead of solving the full Schrodinger equation:

I’:thotal(F; ﬁ) = Etotalwtotal(F; ﬁ) (I 2)

In the BO approximation, this equation is separated into the following two equations:

HaWl(BR) = U.(R) 5 (5 8)

(T+ Un) R)2a(R) = EroraWiua(®) (1.3)
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The first is the so-called electronic Schrodinger equation that describes the electronic
motion considering fixed nuclei. The second, which is the nuclear Schrodinger
equation, contains the nuclear motion under the potential (U,) created by the

electrons.

The full electronic Hamiltonian (H,) for a system of N electrons in the presence of M

nuclei with charge Z, is:

Heaet = yNRG) + TN - (14)
ij
where h(@) = -1 vz — %Z—A.
2 TiA

Solving the Schrodinger equation with this Hamiltonian is very difficult because the

term |/r; correlates the motion of all the electrons.

The HF method makes two major simplifications in order to deal with this task:

a) After the Born-Oppenheimer approximation, the next important approximation

is to use a Slater determinant as a wavefunction:
@ia(1) @ (1) @ua(l) - @up()

b, = : X :
’ Gra(N) @ B(N)  @pa(N) ~— @uB(N)

= (15)

where:
- o/ are spin-functions (spin-up/spin-down)
- @; are spatial functions (molecular orbitals)
- @;a and @;P are called spin-orbitals
- N electron system
- Slater determinant gives proper anti-symmetry (Pauli Principle) with

respect to interchange of any two electrons®
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b) Slater determinants are built from molecular orbitals, but how do we define
these orbitals? We expand each molecular orbital (MO) as a Linear Combination
of Atomic Orbitals (LCAO-MO), which are usually (but not always) chosen to be

orthogonal. The finite basis set is assumed to be approximately complete.

—_ \M
®; = Xk CkiXk (1.6)
where: - Cy; are molecular orbital coefficients.

- the basis functions, Y}, are atom-centered functions that mimic
solutions of the H-atom (s orbitals, p orbitals,...)
Therefore, the larger the expansion the more accurate and expensive the

calculations become.

The one-electron functions {¢;a} are called spin orbitals and these are chosen to be

orthonormal.

(‘Pia|(PjB) = 6y (1.7)

The variational principle specifies that the best set of spin orbitals is the one that
minimizes the electronic energy. This principle consists in choosing a “trial
wavefunction” depending on one or more parameters, and finding the values of these
parameters for which the expectation value of the energy is the lowest possible. The
wavefunction obtained by fixing the parameters to such values is then an
approximation to the ground state wavefunction, and the expectation value of the

energy in that state is an upper bound to the ground state energy.

Enr = (@o|H|®o) = ZNGIRID + S ZNENGIl) — GiliD (1.8)

The HF equation determines the best spin-orbitals (those that make the energy be a

minimum):

fi- @i = €@ (1.9)

84



General Introduction

Where f; is the Fock operator that it is defined as:

f = h(k) + ZpUp(k) = Ky(k) (1.10)

The first part h (k) includes the kinetic energy and the attractive electron-nucleus
potential; f,(k) is the Coulomb operator, defining the electron-electron repulsion

energy, and K}, (k) the exchange operator, defining the electron exchange energy.

The HF method also receives the name of the Self-Consistent Field method (SCF)
where a set of spin-orbitals is required to start the progression of solving the Fock
equations,”® which step by step will obtain a new set of orbitals until we will found the

coefficients in eq. (1.6) that lead to a minimum of the energy.

The SCF method has a physical limitation since it does not give an accurate
description of most of the chemical systems. It is because of the average potential
does not describe the correlation of the motion of the electrons and it is usually
solved through the introduction of a finite basis set to expand the molecular orbitals.
This electronic correlation has to be included to improve the results and for this

reason the post-HF methods were introduced.

An important consequence of the only approximate treatment of the electron-
electron repulsion is that the true wavefunction function of a many electron system is
never a single Slater determinant. The correlation energy is described as the
difference between the exact non-relativistic Born-Oppenheimer energy for a

determined basis set and the HF expression.

Ecorr = Eexact - EHF (I N I)

An additional issue that affects the accuracy of the computed results is the form
chosen for the basis functions. The actual form of the single electronic molecular

wavefunction (molecular orbital) is of course not known. The forms, used for the
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basis functions, can provide a better or worse approximation to the exact numerical
single electron solution of the HF equation. The basis functions used most often are
combinations of either Slater type orbitals (exp(-r)) or Gaussian type orbitals (exp(-r)),
abbreviated STO and GTO, respectively, where r is the distance of the electron from

the atomic nucleus.

The expression for the GTOs, only introduces the quadratic dependence of r in the
exponential part. This fact makes GTOs inferior to the STOs in two aspects (see
Figure 1.7). GTOs have problems representing the proper behaviour near the nucleus
and the other problem is that the GTO falls off rapidly far from the nucleus compared
with an STO and therefore, the wavefunction is consequently represented poorly at
long distances from the nuclei. The main advantage of using GTOs is that analytical
expressions for all kinds of integrals are known, and consequently they are

computationally much more efficient.

Figure 1.7. Behaviour of Gaussian Type Functions (blue) and Slater Type Function

(red)
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[.2.2. The Density Functional Theory

An alternative to ab initio methods is Density Functional Theory (DFT), in which the
total energy is expressed in terms of the total electron density, rather than the
wavefunction. We will review some of the fundamental aspects of electronic structure
theory in order to lay the foundations for the theoretical discussion on DFT. This
method will be described based on the books Introduction to Computational Chemistry>

and A Chemist’s Guide to Density Functional Theory.”

DFT method is a quantum mechanical theory that gives accurate results and it the
best choice to study large molecules, as with a moderate computational cost DFT

gives a good prediction for the molecular properties.

Traditional methods in electronic structure theory, in particular the HF theory and its
descendants, are based on the complicated many-electron wavefunction, as discussed
before. Then the main objective of DFT is to replace the many-body electronic
wavefuncion with the electronic density as the basic quantity. Whereas the many-body
wavefunction function is dependent on 3N variables, the density is only a function of
three variables and is a simpler quantity to deal with both conceptually and practically.
Therefore the DFT gives a different approach for solving the Schrodinger equation,

and it is based on the Hohenberg and Kohn (HK) theorems.

Hohenberg-Kohn Theorem (1964)

The first HK theorem states that the electronic density fully determines the energy of
a non-degenerate electronic ground state.’ In fact, there exists a one-to-one
relationship between the electronic density and the Hamiltonian, since not only the

energy but also any other observable property of the system can be determined.
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Further, the second HK theorem establishes the variational principle for DFT and it

proves that the energy of the system E(p) is a minimum E, when the exact electronic

density of the system g, is considered

Eylpo]l < Elp] (1.12)

Thus the variational equation is obtained,

SE[p]
&p(r)

=0 (1.13)

where  is the electronic chemical potential given as the derivative of the energy E(p)

in front of the electronic density, p. In fact, f/ is the Lagrange multiplier that ensures

the normalization of the electronic density.

[dr.p(r) =N (1.14)

Kohn-Sham Formulation (1965)

The most common implementation of DFT is through the Kohn-Sham (KS) method,®'
who proposed a self-consistent method similar to the SCF for the HF theory. The KS

orbitals may be expanded in a set of basis functions, analogous to the HF method.

0i=YNcixk i=12..M (1.15)

To compute the kinetic energy this method uses a reference state formed by a system
of N non-interacting electrons. In this way, the major part of the kinetic energy can be
computed with good accuracy. The remainder is merged with the non-classical
contributions to the electron-electron repulsion, which are also unknown. By means
of this method as much information as possible is computed exactly, leaving only a

small part of the total energy to be determined by an approximate functional.
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Therefore, the key to KS theory is thus the calculation of the kinetic energy under the
assumption of non-interacting electrons. But in reality the electrons are interacting, and
this equation does not provide the total kinetic energy. However, just as HF theory
provides ~99% of the correct answer, the difference between the exact kinetic energy
and that calculated by assuming non-interacting orbitals is small. The next figure
(Figure 1.8) represents distinct situations depending on the wavefunction takes into

account the interacting or non-interacting electrons.

Interacting electrons Average interacting
__hucleusof electrons nucleus of

Exact ~  realmolecule real
Hamiltonian Approximate molecule
operator for i wavefunction as
all electrons “electron Slater Determinant y
together  electron
Constructand solve Schrédinger equation to obtain Constructand solve Schrédinger equation forone

exactwavefunction forinteracting electrons electronin an “average”potential causedby the rest of

the electrons

v
v
Exact electron@ EXACT' \ﬂl Approximate

density electron
density

Kohn-Sham nor-interacting electrons

Approximate Hamiltonian operator for one — nucleusof “fictitious”molecule
electron movingin an “average”potential
causedby a special fictitious system ofthe

electrons

— electron

Constructand solve Schrédinger equation for one electron. Combine one-electron
wavefunctions(molecular orbitals) to obtain approximate wavefunction for all electrons

Y

“Exact” electron
density* DFT

* It means a formally exact and practically approximate but cheap way to access the

correlation energy = E,,... — Ex¢

Figure 1.8. Exact, HF and DFT approaches to solve the electronic Schrodinger

equation
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The division of the electron kinetic energy into two parts, is one of the
approximations to correct this term. Therefore, the kinetic energy is absorbed into an

exchange-correlation term, and a general DFT energy expression can be written as,

Hy=T+ VoD + A, 0<21<1 (1.16)

Where T is the kinetic energy, V., the Coulomb repulsion and A a coupling parameter
that varies from 0 (non-interacting system) to | (interacting system). The external
potential V(1) is equal to the electron-nuclear attraction V,, for 4 =1, ie. an
electron interacting system is considered. The Born-Oppenheimer approximation is
still considered, therefore, the repulsion potential between nuclei is computed apart
and directly added to the final expression of the energy. Finally the electronic
correlation can be separated into a Coulomb and exchange part, leading the next

equation:

E(p) =T(p) + Ene(p) + J(p) + K(p) (1.17)

Consequently, the energy functional can also be written in the following form:

EQ) =Tu(p) + [ p@w()dr + 2 [ drar 2220 4 g (o) (118)

The first term of the equation may be considered the kinetic energy functional for
non-interacting electron system, while the second term contains the electron-nucleus
interaction. The third term of the equation represents the classical /(p) Coulomb
repulsion of the electron cloud, and finally the last term E,.(p) is the exchange-
interaction energy functional which includes non classical effects of the electronic
correlation and it involves contributions to the potential energy of the system, but it
contains also a portion belonging to the kinetic energy, corresponding to the

difference T (p) — T (p).

If the previous equation is rearranged and we now apply the variational principle, the

effective potential Kohn-Sham v, () is obtained.
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6T5(p)

Vesr(r) + m =u

8J(p) | SExc(p) (1.19)

v, r)=vu(r)+
err M) = v+ 50t S

Then, the effective KS potential together with the kinetic energy operator from the

Hamiltonian for the non-interacting system is:
ij N 12
Hy = )iz [_Evi + Ueff(T)] (1.20)

and the equation that must be solved is:

[—%V? + veff(r)] @, = €, (1.21)

Thus, once we know the various contributions to this equation, we have a grid on the
potential v.sr(r) which we need to insert into the one-particle equations, which in
turn determine the orbitals and hence the ground state density and the ground state

energy by employing the energy expression (1.18).

The solution of Hy forms the set of the orbitals {(pi} whose associated electron

density is equal to the exact one.

Therefore, it is clear that there are many similarities between the KS operational
procedure to the SCF method for the HF theory, where it consists in constructing an
exchange correlation potential, making a guess for the orbitals {(pi}, building the
electron effective potential, and solving the iterative equation (1.21) until self-

consistency to finally obtain the DFT energy from equation (1.18).

If the form of the exchange-correlation functional E,.(p) were known, DFT theory
would provide the exact total energy, including the electron correlation. The use of

electronic density has an advantage in relation to the wavefunction, because DFT
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methods have the potential of including the computationally difficult part in wave
mechanics, the correlation energy, at a computational effort similar to that for
determining the uncorrelated HF energy. Although this is certainly the case for
approximations to E,.(p), this is not necessarily true for the exact E,.(p). It may well
be that the exact E,.(p) functional is so complicated that the computational effort for
solving the KS equations will be similar to that required for solving the Schrodinger
equation with a wave mechanics approach. Since exact solutions are generally not
available in either approach, the important fact is the computational cost for
generating a solution of certain accuracy. In this respect DFT methods have very

favourable characteristics.
Expression for the exchange-correlation functional

The exchange-correlation energy is given by:

Exe(p) = [ p() exclp(m)]dr (1.22)

It is possible to prove that the exchange-correlation potential is a unique functional,
valid for all the systems, but a precise functional form of this potential has been

elusive. Therefore, we are obligated to make approximations.

In the Local Density Approximation (LDA) it is assumed that the density locally can
be treated as a uniform electron gas, or equivalently that the density is a slowly
varying function. The X, method,*? proposed by Slater can be considered the first
method of LDA where the correlation part is neglected and the exchange term is

given as,

e o] = ~2a(2) p(r)s (1.23)
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On the other hand, for spin polarized systems, both the a and [ electrons are
considered independently, and the local spin density (LSD) approximation is obtained
by:

1

&M = —2a(2) [palr)s + ppr)3] (1.24)

4

Later, Vosko, Wilk and Nusair (VWN) proposed an expression® for the correlation part,

and the final equation of the exchange-correlation energy functional is:

ex’lpM1 = [pM[erlp(M] + e£Plp(M)]]dr (1.25)

Note that the LDA approximation assumes that the exchange-correlation effects are
local and depend only on the value of electron density at each point. Despite the
simplicity of the model upon which they are based, usually the LDA methods works
rather well for all kinds of systems. Specifically, they yield good geometries although
the bond distances appear somewhat underestimated, good vibrational frequencies,
and reasonable charge densities, except in the regions close to nuclei. Nevertheless,
they are not accurate enough for systems with weak bonds or for making reliable
thermochemical predictions. Thus, these methods have a general tendency to
overstate the strength of the bonds, overestimating the bond energy by approximately

30%.%

Improvements over the LDA (or LSD) approach have to consider a non-uniform
electron gas. A step in this direction is to make the exchange and correlation energies
dependent not only on the electron density, but also on derivatives of the density.
These methods are known as Gradient Corrected or Generalized Gradient

Approximation (GGA) methods.

Perdew and Wang (PW86)% not only considered the local density, but also they took

into account their local gradients.

EZE4lpl = [ dr f954(py,Vp,); 0= a,p (1.26)
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There have been two different strategies to design suitable approximations for the
function fS¢4, First of all, Becke proposed a widely-used semi-empirical exchange
density functional (B or B88)* where a parameter is included which is chosen on the
basis of a least-squares fit to the exact HF exchange energy of the noble gases. This
exchange functional is usually used with either the correlation functional proposed by
Lee, Yang and Parr®’ (and the BLYP functional is achieved) or the gradient correction
proposed by Perdew® in 1986, which is known by the acronym P86 (which together

with the Becke exchange functional represents the BP86).

Using the latter (GGA) very excellent results for molecular geometries and ground
state energies have been achieved. Potentially more accurate than the GGA
functionals are hybrids and meta-GGA functions. These latter functionals include a
further term in the expansion, depending on the density, the gradient of the density

and the Laplacian (second derivative) of the density following the next form,

Exlp]l = [dr fm(ps, Vpo, V2P0, T6) 5 0 = a,B (1.27)

Where 1, is the Kohn-Sham orbital kinetic energy density for electrons of spin o.

There is little guidance from theory how such functionals should be chosen, and
consequently many different potentials have been proposed. Perhaps, the most used

DFT functional is the hybrid B3LYP, proposed by Becke.*’

The DFT chosen to achieve the present study has been a hybrid exchange-correlation
functional that it is usually a linear combination of the HF exchange (EXT) and some
other one or combination of exchange and correlation functionals. The parameters
relating the amount of each functional can be arbitrarily assigned and is usually fitted
to reproduce well some set of observables (bond lengths, ionization potentials,
electron affinities, band gaps, etc.). In this case, the B3LYP (Becke, three parameter,

Lee-Yang-Parr) exchange-correlation functional is:
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BIVP = B+ ag (BY = B + ay(BE% = B + a,(BE% — EP*)(128)

where a, = 0.20, a, = 0.72, and a.= 0.8/ are the three empirical parameters; ES4 and
ES64 are the generalized gradient approximation formulated with Becke 88 exchange
functional and the correlation functional of Lee, Yang and Parr,*”’° and E'®* the VWN

correlation functional (local density approximation).

Next figure (Figure 1.9) shows the increasing of quality and computational cost

depending on the correlation-exchange functional used:
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Figure 1.9. Correlation-exchange functionals

Note that there is no consensus on whether meta-GGA is better or not that the
hybrid-meta-GGA, although a recent publication reveal that the last one is still

appropriate for many studies of organic reaction mechanisms.”'
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1.2.3. Computational details

In the present research work, all the calculations have been carried out using the
hybrid DFT method, B3LYP, as implemented in the Gaussian 03 package,’” which is
considered a reliable quantum chemical method for large molecules. The choice of
DFT method is based on previous studies, which have shown that DFT (and in
particular, the relative inexpensive B3LYP method) provides a reliable description of

reaction mechanisms of many processes’® and, in particular, of pericyclic reactions.”*”

All of geometries have been fully optimized, without symmetry constrains except
otherwise noted. Harmonic frequencies have been calculated at the same level to
characterize the stationary points and to determine the zero-point energies.
Therefore, the minimum structures reported in this thesis show positive eigenvalues
of the Hessian matrix, whereas transition states (TSs) have one negative eigenvalue.
To corroborate which are the corresponding minima linked by the considered TS,
intrinsic reaction coordinate (IRC) routes™ in both reactant and product directions

were performed on these TS structures.

The thermodynamic functions (AH, AS, and AG) were estimated within the ideal gas
approximation, assuming a temperature of 298.15 K and a pressure of | atm according

to Equations (1.27) and (1.28) .

AGa9g = AHzg9g — TAS;y98 (1.29)
and
AHpos = AE + AEyy, + AEZD. s+ AEZY + A(AEj)z0s + A(PV) (1.30)
1.2.3.1. Basis Functions

Some of the most used basis sets are those developed by Dunning and coworkers,”
since they are designed to converge systematically to the complete basis set limit using

extrapolation techniques. For first- and second-row atoms, the basis sets are cc-
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pVNZ where N=D,T,Q,... (D=double, T=triple, Q=quadruple, etc.). The “cc-p”,
stands for “correlation consistent polarized” and the “V” indicates that only the
valence has splitted basis functions. They include successively larger shells of
polarization (correlating) functions (d, f, g etc.). More recently these correlation
consistent polarized basis sets have become widely used and are the current state of

the art for correlated or post HF calculations. Examples of these are:

- cc-pVDZ — Double-Zeta

- cc-pVTZ — Triple-Zeta

- cc-pVQZ — Quadruple-Zeta

- cc-pV5Z — Quintuple-Zeta, etc.

- aug-cc-pVDZ, etc. — Augmented versions of the preceding basis sets with

added diffuse functions.

For third-row atoms, additional functions are necessary; these are the cc-pV(N+d)Z
basis sets. Larger atoms require the cc-pVNZ-PP where PP stands for

pseudopotential.

In our case, the basis set selected to carry out the studies is the cc-pVDZ basis set

including a double-{ valence for the non-metal atoms in the substrate molecule and

the cc-pVDZ-PP basis set with effective core potential is used for Rh.

1.2.3.2. Pseudopotentials

For systems involving elements from the third row or higher in the periodic table
there is a large number of core electrons which in general are unimportant in a
chemical sense. However, it is necessary to use a large number of basis functions to
expand the corresponding orbitals, otherwise the valence orbitals will not be properly

described (due to a poor description of the electron-electron repulsion). These
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problems may be “solved” by introducing an Effective Core Potential (ECP) (also called

pseudopotential) to represent all the core electrons.

In quantum mechanics, the pseudopotential approximation is an attempt to replace
the complicated effects of the motion of the core (non-valence) electrons of an atom
and its nucleus with and effective potential, or pseudopotential, so that the
Schrodinger equation contains a modified term instead of the terms for core electrons
normally found in the Schrodinger equation. The pseudopotential approximation was
first introduced by Hans Hellmann in the 1930s.’® By construction of this
pseudopotential, the valence wavefunction generated is also guaranteed to be

orthogonal to all the core orbitals.

For transition metals, better results can be obtained if the orbitals in the next lower
shell in the valence space are treated explicitly and are not included in the
pseudopotential. The gain by using ECPs is largest for atoms in the lower part of the

periodic table, especially those where relativistic effects are important.

The performance of ECPs is somewhat difficult to evaluate by comparison with other
calculations, but they often reproduce known experimental results, justifying the

approach.

|.2.4. Computational Chemistry in the lab

When using computational chemistry to answer a chemical question, the obvious
problem is that you need to know how to use the software. Then, you need to have
some information and/or intuition, concerning the quality of the answer, and you have
to be able to make rational decisions about the possibility to sacrifice accuracy for
efficiency.

Here is a check list to follow:
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What do you want to know? How accurately? Why?

If you can’t answer these questions, then you don’t even have a research

project yet.

How accurate the answer predicted will be?

The way to estimate your error is to compare a number of similar
computations to the experimental answers. There are articles and
compilations of many studies. If none exist, you will have to guess which
method should be reasonable, and then do a study with this method of some
experimentally known situation to get an idea of how good your calculation

is.

How long do you expect it to take?

Sometimes computational chemistry calculations (especially ab initio ones) can
be so time consuming that it would take months to do a single calculation,
even if you had a very powerful machine with enough memory and disk
space. However, a number of methods exist that are appropriate for different
situations. The trick is to determine which one is best for your project.
Again, the answer is to look into the literature or perform some preliminary

studies.

What approximations are being made? Which are significant?

Some cases require making approximations of the real studied system in
order to reduce the computational cost. These simplifications may allow a
faster answer of the study with high reliability or not. Thus, it is important to
have into account if the taken approximations can affect the final result with

great magnitude or not.
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Once you have finally answered all of these questions, you are ready to actually do a
calculation. Now you must determine which is the best software available for your

calculations, what it costs and how to use it.

1.2.4.1. Geometry optimization

The geometry of the molecules by computational calculations is obtained after
applying a series of iterations which modify the geometry until the energy of the
system has reached a minimum. We can distinguish between minima and saddle-points
(Figure 1.10) who describe the Potential Energy Surfaces (PES) of the reaction

mechanism studied.

Saddle Point
Product Reactant

Figure 1.10. Representation of a Potential Energy Surface with minima and saddle

point

Note that to find the minima in computational calculations, it involves solving the first
derivatives of the energy respect to the Cartesian or any other system of coordinates,
called the gradient. When the slope is equal to zero, a stationary point has been found.

If the computed Hessian has only positive eigenvalues then a minimum (reactant,
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product, or intermediate) has been located, while if the computed Hessian has a
unique negative eigenvalue then it has been located a transition state. This is the

procedure principle behind the geometry optimization of computational methods.
Molecular geometry can be described by three measurements (Figure I.11):
- bond length (1), usually reported in Angstroms (1A = 10"°m = 100 pm)

- bond angle (o), measured in degrees.

- dihedral angle (8), in degrees.

I_
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T T
i

Q
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s

Figure I.11. Representation of the three measurements: bond length (1), bond angle

(a) and dihedral angle(8)

But atoms are in constant motion, even at absolute zero. Therefore, how do we
define the distance between them? (Figure 1.12) Several vibrational and rotational
states are populated for each electronic state. The geometry optimization determines

the equilibrium bond length.
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Energy

zero point

V6 ””” energy

. eq. bond length
Distance between atoms

Figure 1.12. Representation of equilibrium bond length where V (vibrational state) and

r (rotational state) are populated for each electronic state.

So in computational calculations the minimum is an equilibrium structure of one or

several molecules.

On the other hand, the isolation of TSs is slightly different as the localization of
minima in the potential energy surface. This is described as a maximum along the
reaction coordinate, but a minimum in the other orthogonal directions. Again the
gradient is used to locate TS geometries, but the second derivatives (or Hessian) of the
energy are also required. Working with large molecules needs approaches such as the

Bofill updating method’® or mediating eigenvector following.®
A global method normally used for finding TS is an interpolation between reactant and

product, Linear Synchronous Transit (LST). This approach is a search for a maximum

along a linear path between reactants and products (Figure 1.13).
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Figure 1.13. Representation of linear synchronous transit (LST)

And there is another algorithm for finding TSs which called Quadratic Synchronous
Transit (QST). This case consists searching for a maximum along an arc connecting

reactants and products, and for a minimum in all directions perpendicular to the arc
(Figure 1.14).

Figure 1.14. Representation of quadratic synchronous transit (QST)
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But how we know if the TS found is the correct? First of all, look at the transition
state eigenvector to make sure it’s the right one. Then, we can follow reaction path to
be sure that the transition state connects the correct reactants and products.
Steepest descent path from TS to reactants and products is the Internal Reaction

Coordinate (IRC).

Thermodynamics and kinetics of the reaction can be obtained from the energies found

for reactants, products or transition states (Figure 1.15).

AG?

Reactants

Energy

AGP

Products

Reaction Coordinate

Figure 1.15. Schematic reaction Gibbs energy profile where minima (reactants,
products) and saddle point (transition state) are represented as well as the activation

energy (AG*) and reaction energy (AGO)

The next equations (1.29 and 1.30) correspond to the activation energy AG” and the
reaction energy AG® of a particular process. These expressions are valid for electronic
energies, enthalpies and Gibbs energies, but the latter is the best representation when
the number of reacting molecules changes along the reaction coordinate (because

entropy effects are included).
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AG® = GgTOdquS - G‘?eactants (1.31)

* _ * 0
AGT = Gt‘ransition state — Greactants (|-32)

Analysis of the binding energies

The bonding energy, AE;,;q:» can be decomposed along the reaction coordinate into
the strain AE;,qi, associated with deforming the individual reactants plus the actual

interaction AE;,,; between the deformed reactants.

AE;otar = AEgtrqin + AEi: (1.33)

The strain AE;,qin is determined by the rigidity of the reactants and on the extent to
which groups must reorganize in a particular reaction mechanism, whereas the
interaction AE;,; between the reactants depends on their electronic structure and on
how they are mutually oriented as they approach each other. It is the interplay
between AEg;,,in and AE;,; that determines if and at which point along the reaction
coordinate a barrier arises. The activation energy of a reaction AE* consists of the

activation strain AEZ;, i, Plus the TS interaction AE7,,.

AE* = AEZ, 0 + AEZ, (1.34)

strain

The interaction AE;,; between the strained reactants is further analyzed in the
conceptual framework provided by the Kohn-Sham molecular orbital (KS-MO) model.

8183 To this end, it is further decomposed into three physically meaningful terms:
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AEL'nt = AVelstat + AEPauli + AEoi (I 35)

The term AV, corresponds to the classical electrostatic interaction between the
unperturbed charge distributions of the deformed reactants and is usually attractive.
The Pauli repulsion AEp,,,;; comprises the destabilizing interactions between occupied
orbitals and is responsible for any steric repulsion (see Ref. 83 for an exhaustive
discussion). The orbital interaction AE,; accounts for charge transfer (interaction
between occupied orbitals on one moiety with unoccupied orbitals of the other,
including HOMO-LUMO interactions) and polarization (empty—occupied orbital
mixing on one fragment due to the presence of another fragment). Since the Kohn—
Sham MO method of density-functional theory (DFT) in principle yields exact energies
and, in practice, with the available density functionals for exchange and correlation,
rather accurate, we have the special situation that a seemingly one-particle model (an

MO method) in principle fully accounts for the bonding energy.®>#

Decomposition of energy is an effective tool to understand the behaviour of several

chemical reactions. In this thesis, it will be useful to give an explanation of some

experimental results.
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chapter2. OBJECTIVES

The starting goals of this thesis have been developed taking into account the
precedents outlined in Chapter |. The following statements are the initials proposals of
this work. Compound numbers used in the original publications have been reflected

here in this chapter despite occasional repetitions.
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Taking into account the precedents which have been described in Chapter 1, the main
goal of the present thesis is to understand the properties and reactivity of unsaturated
substrates with alkynes and alkenes moieties through [2+2+2] cycloadditions catalyzed

by Wilkinson’s complex, RhCI(PPh;);.

Experimental techniques have been used and DFT approaches have been employed to
give an explanation of the experimental results and also to make suggestions for

further experimental work.

To this end, we have designed a series of experiments, each of them having their own

objectives. In particular, the following goals were established for this thesis:

Project 1.

Since we are interested in theoretical studies of [2+2+2] cycloaddition reactions
catalyzed by Wilkinson’s complex, we were concerned in the substitution of PPh; by
PH; in the theoretical model in order to reduce the computational cost of the

subsequent studies.

Thus, comparison of the reaction mechanisms catalyzed by the RhCI(PPh;); and
RhCI(PH;); complexes and the discussion whether the substitution of PPh; by PH,
leads to very different or comparable energy profiles were the main goals of this

project.

Finally, as a third goal, we wanted to discuss the similarities and differences between
the intermolecular [2+2+2] cycloaddition of three acetylene molecules and the
simplest intramolecular [2+2+2] cycloaddition of a |5-membered azamacrocyclic

triyne, both catalyzed with the same model catalyst, RhCI(PH,);.
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Project 2.

As we have described in previous chapter, the [2+2+2] cycloaddition reaction of the
20-membered tetraacetylenic azamacrocycle catalyzed by Wilkinson’s complex did not
lead to the expected cyclotrimerized products. Therefore, the main goal of this
project was to investigate the origin of the lack of reactivity of the 20-membered
macrocycle (3, Scheme 2.1) unlike the |5- and 25-membered azamacrocycles (la and
4, Scheme 2.1) carrying out theoretical calculations using density functional theory

(DFT) with a hybrid functional (B3LYP).

An additional goal was to study the chemoselectivity of the cycloaddition in the case
of the pentaacetylenic azamacrocycles (4, Scheme 2.1) for which more than a single
product can be obtained as cycloaddition can occur between three adjacent (14) or

non-adjacent triple bonds (15).

SOz—ar
= N,SozfA, N
Ar—S0,—N ‘ ‘ Ar—S0,-N
X N N
'so SOz—Ar
2—Ar 2a (Ar=p-tolyl)
1a (Ar=p-tolyl)
A'=80p. /T 1\ SO~ Ar —
N Ar—S0,~N N SO,—ar
Ar2-S0;5~ \—/ "S0,—Ar? SOz Ar
(not obtained)

3a (Ar'=Ar’=p-tolyl)
3b (Ar'=2,4,6-triisopropylphenyl, Ar’=p-tolyl)
3c (Ar'=Ar’=24,6-triisopropylphenyl)

Ar S02 Ar

\

‘SOZ $O02-Ar

N N

/ \ N\ ArSO,, SO0 Ar
Ar-80,-), \ -5 ar N N
Ar— SOg 802 Ar
L f NS
N N

SO, Ar

/
< N N.
Ar-805 \_=/ “s0,_ Ar Ar-SO5” SO,— pr ArS0;

14 (50%) 15 (not obtained)
4 (Ar=p-tolyl)

Scheme 2.1. [2+2+2] Cycloaddition reactions of the |5-, 20- and 25-membered

azamacrocycles
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Project 3.

Given that no kinetic data of the catalytic cycle of the [2+2+2] cycloaddition reaction
was available in the literature, our objective was to study the main steps of the
catalytic cycle of the cycloaddition between a symmetric diyne (1) and a symmetric
monoalkyne (3) catalyzed by Wilkinson’s catalyst RhCI(PPh;); (Scheme 2.2) to obtain
the greatest amount of mechanistic information (kinetics and characterization of the
catalytic species) using electrochemical techniques, NMR spectroscopy, and

electrospray ionization mass spectrometry (ESI-MS).

/SOZAF
/ N-g
1a (R =BOC, Ar = 2,4,6-triisopropylphenyl)
ArO,S—N 1b (R =H, Ar = 2,4,6-triisopropylphenyl)
X R
\/N:
SOLAr
RhCI(PPh3)3
Step A K C
PPhs
ArO,S. R
= 2a (R =BOC, Ar = 2,4,6-triisopropylphenyl)

ArO,S—N - RNCI(PPh3)> 2b (R = H, Ar = 2,4,6-triisopropylphenyl)

A

N
ArO,S R
HO OH

PPhy
Step B ks C
RhCI(PPhg)g

SOAr
-R
CH,0H

4a (R =BOC, Ar = 2,4,6-triisopropylphenyl)

Ar0zS-N 4b (R =H, Ar = 2,4,6-triisopropylphenyl)

CH,OH
l‘\J*R
SOzAr

e

Scheme 2.2. Rh(l)-Catalyzed [2+2+2] cycloaddition of diynes with monoalkynes
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Project 4.

The oxidative coupling step of enediynes, which is usually the rate-determining step in
the intramolecular cycloaddition processes, can take place following two possible
reaction pathways as indicated in Scheme 2.3. One is through the oxidative coupling of
the enyne moiety affording metallacyclopentene € (1 — A — C) and the other
through the oxidative coupling of the two alkyne moieties affording
metallacyclopentadiene D (1 — B — D). The existence of these two paths provide a
possible explanation for the difference of enantiomeric excess (ee) observed in the
cycloaddition process to form enantioenriched cyclohexadienes with two chiral

carbon centers.

The main goal of this study was to analyze the reaction pathway in the oxidative
coupling step as a function of the enediyne tethers and the substituent of the alkyne
termini used (R) in order to determine the preferred coupling in acyclic and cyclic
enediynes. For this purpose we performed density functional theory (DFT)

calculations of the oxidative coupling step for several species 1 (Scheme 2.3).

R
R
[Rh()] ~ R [Rh()]
N Z__Rh J _ . Z [ ,Rn J %
7o N
c
/Z Z Zi i § Z
z § and \_\\_\' 1 R
\z
R\,/
cyclic acyclic >\ RA \Rh/ j/\él;h/ /4
[Rh(1)] [Rh(l)
D

Scheme 2.3. Possible routes for the [2+2+2] cycloaddition process in enediynes
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Project 5.

Recently, Sai et al.”®

studied the cycloaddition reaction of diynes with alkenes using a
Ru-complex to give cyclohexadiene derivative products. With cyclic alkenes, the
standard [2+2+2] cycloaddition pathway prevailed, leading to |,3-cyclohexadienes A
(Scheme 2.4). However, when the alkene moiety was linear an isomer of
cyclohexadiene A was obtained, C (Scheme 2.4). In consonance with the discovery of

this new reaction pathway exhibited, Aubert, Gandon et al.”’ reported this same

behaviour for the [CpCol,] complex.

A

+ M

= ... M Ad(ard [2+2+2] cycloaddition
Cz H o O;f i B-hydride
H

ellmlnatlon

B GeTt c
electrocyclization

Scheme 2.4. Two possible reaction pathways for cycloaddition of diynes and alkenes

Thus, the aim of this study was the preparation of a set of enediynes (1-4, Scheme
2.5), to be reacted in an intramolecular way, where the two alkynes and one alkene
moiety are part of the compound, modifying the position of the olefin in the structure.
Secondly, to study the course of their [2+2+2] cycloaddition reactions catalysed by
Wilkinson’s complex to see whether we find a similar behaviour to that reported by
Saa et al. and Aubert, Gandon et al. DFT studies were performed to understand the

experimental results.
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R
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Scheme 2.5. RhCI(PPh;);-catalyzed cycloaddition of enediynes 1-4

Project 6.

During our study of the metal-catalyzed [2+2+2] cycloadditions of macrocyclic
scaffolds of type 1 to give tetrafused structures of type 2 (Scheme 2.6), we found a
new product in moderate yield when the catalytic system tested was unable to
promote [2+2+2] cycloaddition. After purification of the tarry material obtained when
reacting macrocycle la, a detailed NMR analysis revealed a new tetrafused structural
isomer 3a (Scheme 2.6). Macrocycle la was then treated excluding any catalyst, and

product 3a was isolated from decomposition products and some starting material.

The main goal of this project was the study of the reaction mechanism of this process

by means of DFT calculations.

116



Objectives

\ N
NR N__NR NR

2a 1a 3a

R = S0,(2,4,6-PrCqH,)

Scheme 2.6. Transition-metal catalyzed vs thermally-induced cycloadditions

117



118



chapter 3. Density Functional Study of the
[2+2+2] Cycloaddition of Acetylene
Catalyzed by Wilkinson’s Catalyst,
RhCI(PPh;),

RhCI(PPh;,),

® 0




Chapter 3

120



Dachs, A., Osuna, S., Roglans, A., Sola, M. “Density funcional study of the [2+2+2]
cyclotrimerization of acetylene catalyzed by Wilkinson’s catalyst, RhCI(PPh3)3”.
Organometallics. Vol. 29, issue 3 (2010) : p. 562-569

http://pubs.acs.org/doi/full/10.1021/o0m900836b

DOI: http://dx.doi.org/10.1021/0m900836b
Publication Date (Web): January 11, 2010

Copyright © 2010 American Chemical Society

Abstract

RhCI(PPh,),

® 0
e <

=

iac ¥ . ¢
« «

-

In this work we report density functional calculations at the B3LYP level of the [2+2+2]
intermolecular cyclotrimerization of three acetylene molecules catalyzed by Wilkinson’s
catalyst. This process corresponds to the simplest [2+2+2] cyclotrimerization reaction. The
results obtained show that this reaction is thermodynamically very favorable and that the
rate-determining step is the initial oxidative coupling between two acetylene molecules
with a relatively low Gibbs free energy barrier of 19.8 kcal-mol™. The energy profile derived
from the real [RhCI(PPhs)s] Wilkinson’s catalyst is compared with that obtained with a
model of the catalyst in which the PPh; ligands have been substituted by the smaller and
computationally less expensive PH; molecules. Our results show that, at least for this
reaction, this substitution has little influence on the thermodynamics obtained, while the
barrier of the rate-determining step is somewhat increased (about 5 kcal-mol™) in the
model system. These results justify the use of this simplified model of the catalyst in
theoretical studies of more complex cyclotrimerizations. Finally, we compare the results of
the [2+2+42] intermolecular cyclotrimerization of three acetylene molecules catalyzed by
[RhCI(PHs)3] with those of the [2+2+2] intramolecular cyclotrimerization in a 15-membered
azamacrocyclic triyne recently reported (Chem.—Eur. J. 2009, 15, 5289). This comparison
shows that the entropic term changes the preference for the intermolecular
cyclotrimerization at low temperatures to the intramolecular one at high temperatures.
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Abstract

Number of members makes a difference: The [2+2+2] intramolecular cyclotrimerisation of
a new series of 20- and 25-membered azamacrocycles catalysed by the Wilkinson's catalyst
are reported (see scheme). The 20- and 25-membered azamacrocycles show different
reactivity. Why? Theoretical calculations give insight into the reactivity differences observed
for the 20- and 25-membered macrocycles.

A new series of 20- and 25-membered polyacetylenic azamacrocycles have been
satisfactorily prepared and completely characterised by spectroscopic methods. Various
[2+2+2] cyclotrimerisation processes catalysed by the Wilkinson’s catalyst, [RhCI(PPhs)s],
were tested in the above-mentioned macrocycles. The 25-membered azamacrocycle (like
the previously synthesised 15-membered azamacrocyle) led to the expected cyclotrimerised
compound in contrast to the 20-membered macrocycle, which is characterised by its lack of
reactivity. The difference in reactivity of the 15-, 20- and 25-membered macrocycles has
been rationalised through density functional theory calculations.

S’ha sintetitzat i caracteritzat espectroscopicament una nova serie de macrocicles
nitrogenats poliacetilénics de 20- i 25-membres. Amb aquests macrocicles s’han dut a terme
les reaccions de ciclotrimeritzacio [2+2+2] catalitzades pel catalitzador de Wilkinson,
[RhCI(PPh3s)s]. El macrocicle nitrogenat de 25-membres (de la mateixa manera que el
macrocicle nitrogenat de 15-membres) permet I'obtencié del compost ciclotrimeritzat. Per
contra, el macrocicle de 20-membres es caracteritza per la seva falta de reactivitat. El
diferent comportament de reactivitat dels macrocicles de 15-, 20-, i 25-membres ha estat
estudiat mitjancant calculs teorics basats en la teoria del funcional de la densitat.

Keywords

e cyclotrimerization;

e density functional calculations;
e macrocycles;

e reaction mechanisms;

e rhodium
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The mechanism of RhCI(PPhs)s-catalyzed [2+2+2] cycloaddition of alkynes is
investigated in the case of the reaction of symmetrical diynes 1a and 1b with the
monoalkyne 3 (HOCH,-C=C-CH,0H), leading to highly substituted benzene
derivatives in dichloromethane at 25 °C. The two main steps of the catalytic cycle are
characterized. The intermediate rhodacyclopentadiene Rh" complexes 2a and 2b
(formed by oxidative coupling after the coordination of the diynes 1a and 1b to
RhCI(PPhs),) are characterized by cyclic voltammetry, conductivity measurements,
31p NMR, and ESI-MS. The formation of complexes 2a and 2b (step A) and their
further reactions with the monoalkyne 3, which deliver RhCI(PPhs)s and the final
product (step B), are followed by means of electrochemical techniques that deliver
kinetic data for the two successive separately investigated steps. From the relative
values of the half-reaction times of step A (ta1/> = 650 and 75 s for 1a and 1b,
respectively) and step B (tg1/2 = 130 and 680 s for 2a and 2b, respectively)
determined under stoichiometric conditions, it emerges that step A (coordination of
the two C=C bonds of 1, followed by oxidative coupling) is rate-determining in the
reaction involving 2a, whereas step B (reaction of the intermediate complexes 2 with
the monoalkyne 3) is rate-determining in the reaction involving 1b. Kinetic data for
the catalytic cycle of a RhCI(PPhs)s-catalyzed [2+2+2] cycloaddition of alkynes are
thus presented for the first time.
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Abstract

In this study we analyze a series of intramolecular [2+2+2] cycloadditions of enediynes
catalyzed by the Wilkinson’s complex with the B3LYP method. We are interested in the
changes observed in the rate-determining oxidative coupling step of acyclic and cyclic
enediynes as a function of the type of enediyne tether and the substituents present in the
alkyne moieties in the case of acyclic systems. Our results show that the oxidative coupling
step occurs between the two alkyne groups when the active catalyst is the RhCIPH3 species,
irrespective of the tether, the substituents of the alkyne groups, and the cyclic or acyclic
nature of the enediynes. The same alkyne—alkyne coupling is favored in the cycloaddition of
cyclic enediynes catalyzed by RhCI(PHs), as the active catalyst. With this catalyst, however,
the preferred coupling in acyclic enediynes depends on the nature of the tether and
substituents. Carbon-, oxygen-, and nitrogen-tethered enediynes with terminal alkynes
favor the alkyne—alkyne oxidative coupling, whereas when the alkynes have an alkyl
substituent, the enyne coupling is favored.
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Intramolecular [2+2+2] Cycloadditions of Yne-ene-yne
and Yne-yne-ene Enediynes Catalyzed by Rh(I):
Experimental and Theoretical Mechanistic Studies’

Anna Dachs,*® Anna Pla-Quintana,” Teodor Parella,®

Miquel Sola**" and Anna Roglans**
¢ Department of Chemistry, Universitat de Girona, Campus de Montilivi, s/n. E-17071-Girona, Spain
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Abstract

N-Tosyl linked open-chained yne-ene-yne enediynes 1 and 2 and yne-yne-ene
enediynes 3 and 4 were satisfactorily prepared. The [2+2+2] cycloaddition process
catalyzed by the Wilkinson’s catalyst (RhCI(PPhs);) was tested in the above-mentioned
substrates resulting in the production of high yields of the cycloadducts. Enediynes 1
and 2 gave standard [2+2+2] cycloaddition reactions whereas enediynes 3 and 4
suffered B-hydride elimination followed by a reductive elimination of the Wilkinson’s
catalyst giving cycloadducts 14 and 15 that are isomers from those that would be
obtained through standard [2+2+2] cycloaddition reactions. The different reactivity of
these two types of enediynes was rationalised through density functional theoretical

calculations.

KEYWORDS [2+2+2] Intramolecular Cycloadditions - Wilkinson’s Catalyst

Enediynes - Density Functional Theory - Reaction Mechanisms

" Dedicated to the memory of Prof. Rafael Suau (1945-2010) in recognition of his
outstanding contribution to the field of organic chemistry.
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A domino process is described combining an ene reaction
between two alkynes and a Diels—Alder cycloaddition of the
vinylallene formed. The process accounts for the thermally
induced cycloisomerization of macrocyclic triynes and enediynes
to give fused tetracycles in a stereoselective manner.

A highly efficient way of constructing complex organic
molecules consists in the use of domino reactions.! When
pericyclic transformations, endowed with complete atom
economy and regio- and stereochemical control, are linked
in a domino process, this as a whole will share these
characteristics, achieving highly efficient chemical processes.
In this communication we present a domino process consisting
of two pericyclic steps: an unprecedented ene reaction between
alkynes and a Diels—Alder cycloaddition.

Triaza macrocyclic scaffolds of type 1 have previously been
transformed by a rhodium catalyzed [2+ 2 + 2] cycloaddition
into tetrafused structures of type 2 (Scheme 1).> A moderate
yield of a new product, 3a, was obtained when the catalytic
system tested was unable to promote the [2+2+2] cyclo-
isomerization of 1a. The new isomer featured a pyrrole ring
fused to a central cyclohexene ring with its double bond
conjugated to those of the pyrrole. The process was stereo-
selective since the saturated azacyclopentyl ring had a cis ring
fusion (H,, Hy in Scheme 1). Macrocycle 1a was then treated
without any catalyst and product 3a was isolated from
decomposition products and some starting material with a
32% yield (Entry 1, Table 1). Remarkably, the formation of
compound 2a was not detected in any case so excluding the
possibility of both a thermal [2+ 2+ 2] cycloaddition process
and an isomerization of 3a to 2a.

To check the generality of this reaction, macrocyclic
enediyne 1b was submitted to the same conditions (Entry 2,
Table 1). Again the cyclohexadiene tetrafused product 2b

“ Dept. de Quimica, Universitat de Girona (UdG ),
Campus de Montilivi, s/n, E-17071-Girona, Spain.
E-mail: anna.roglans@udg.edu; Fax: +34972418150;
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b Institut de Quimica Computacional, UdG
“Servei de RMN, Universitat Autonoma de Barcelona (UAB),
Cerdanyola, E-08193-Barcelona, Spain
‘[Dept. de Fisica, UdG, Campus de Montilivi, s/n, E-17071-Girona,
Spain
¢ Institut de Ciéncia de Materials de Barcelona (CSIC),
Campus de la UAB, Cerdanyola, E-08193-Barcelona, Spain
1 Electronic supplementary information (ESI) available: Experimental
procedures, NMR and EPR spectra, B3LYP/cc-pVDZ xyz Cartesian
coordinates and DSC thermograms. See DOI: 10.1039/b926497¢c
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Scheme 1 Metal-catalyzed vs. thermally-induced cycloisomerizations.

Table 1 Thermal cycloadditions of 1a and 1b¢

Entry Substrate Additive’ Reaction time Product/Yield (%)
1 la — 30 h 3a/32
2 1b 6 days 3b/45
3 la 1,4-CHD 60 h 3a/77
4 1b 1,4-CHD 6 days 3b/78

“ Reactions were run in toluene at 110 °C. ? 20 equiv.

obtained in the metal-catalyzed process was not isolated but
rather a 45% yield of a much more asymmetrical isomer 3b
was obtained in a stereoselective manner (Scheme 1). Almost
half of the starting material decomposed during the prolonged
heating time, but no isomer 2b was detected in the NMR
spectra of the crude reaction mixture.

On excluding metal catalysis, the possibility of there being a
radical mechanism proposed for thermally induced intra-
molecular cycloisomerization of open-chain triynes® was
examined. Since radical species were engaged as intermediates
for the formation of the isomerized products, the effect of an
excess of 1,4-cyclohexadiene (1,4-CHD) added to the reaction
mixture was evaluated. An increase in the yield of the cyclo-
isomerized products 3a and 3b was obtained (entries 34,
Table 1) although no formal addition of H occurred in the
overall reaction.

To further understand the scope of the reaction, cyclo-
addition of macrocycle 1c¢, bearing a phenyl substituent on
the double bond, was studied. Two isomeric products with an
overall 81% yield were obtained, which after isolation were
assigned to structures 3¢ and 3¢’ (Scheme 2). The reaction was
again stereoselective.

To further study yield enhancement by 1,4-CHD, we
conducted an EPR study (Table 2). The use of a spin trap,

2944 | Chem. Commun., 2010, 46, 2944-2946
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Scheme 2 Thermally-induced cycloaddition of macrocycle lc.

either 2-methylnitrosopropane (MNP) or a-phenyl-N-tert-butyl
nitrone (PBN), was necessary as no radical was detected when
the EPR experiment was recorded for the macrocycle alone
(Entry 1). The addition of an excess of MNP allowed two
radical adducts to be detected which were centred at the same
position. These were ascribed to species A and B (Entry 2,
Fig. S367). The former is an adduct of the spin trap MNP and
a tert-butyl radical resulting from its own decomposition. The
blank experiment excluding macrocycle 1 (Entry 3) showed
the formation of A to be independent of the presence of the
substrate. However, species B originates from the reaction of
MNP and a benzyl radical formed during the process. The
formation of benzyl radicals was confirmed by the use of the
more thermally stable PBN allowing the detection of spin
adduct C (Entry 4), which was not formed in a blank experi-
ment without macrocycle 1a (Entry 5, Fig. S37%). Hence, the
EPR experiments did not detect any radical species in 1a but
showed that benzyl radicals were formed in the reaction
media, presumably due to H abstraction from toluene via
homolytic cleavage. At this point, a deuteration experiment
was undertaken. Macrocycle 1la was heated at 110 °C in
toluene-d® but no incorporation of deuterium was observed
either by NMR or ESI-MS.

Once a radical mechanism was discarded, the role of the
radicals needed to be understood (Table 3). First, the reaction
medium was switched to chlorobenzene, which is less prone to
radical homolytic cleavage, and the yield for both 3a and 3b
was substantially increased (compare Entries 1-2, Table 3 with
Entries 1-2, Table 1). Then, benzoyl peroxide was added to the
reaction mixture and complete decomposition of the starting
material was observed by TLC and NMR after 24 h of
reaction (Entries 3-4). The experiments confirm the detrimental
behavior of radicals, which decompose the starting material.
This hypothesis was reinforced by DFT calculations,* which
showed that the reaction of toluene with 1a to yield the benzyl

Table 2 Radicals detected in the spin-trapping experiments

Lw hfce Detected radical
Entry Mixture g factor (Gauss) (Gauss) adduct structure
1 1a — — — —
2 1a + MNP 2.0062 1.1 ax152 . 9 ®
Bu-N-‘Bu
2.0062 0.9 an 15.2 o (B)
ay 7.4 Bu-N-CH,-Ph
0" (A)
3 MNP 2.0061 1.0 an 15.3 'Bu-N-'Bu
4 la + PBN 2.0061 1.2 an 14.5 Ph O™ (C)
ay 2.7 Ph-CH,-CH-N-'Bu
5 PBN — — — —

Table 3 Effect of the radicals on the cycloisomerization reaction”

React.
Entry Substrate Solvent/Additive time  Prod./Yield
1 1a Chlorobenzene/none 30h 3a/62%
2 1b Chlorobenzene/none 60h  3b/60%
3 la Toluene/benzoyl peroxide” 24 h Decomposes
4 1b Toluene/benzoyl peroxide” 24h  Decomposes

“ Reactions were run at 110 °C. " A steady supply of radicals was
generated by adding benzoyl peroxide at fixed time intervals.

radical plus [1a-H] (formed by reaction of one of the N atoms in
the macrocycle 1a with a H) is endergonic by 38.4 kcal mol ™'
suggesting that such a transformation is feasible at the reaction
temperature. Therefore, the addition of 1,4-CHD increases the
yield by neutralizing the radicals generated in the reaction
media and so it effectively acts as a radical scavenger.

Given the lack of radical involvement, a mechanistic
proposal was made for the reaction based on a domino
process composed of an unprecedented intramolecular ene
reaction between two alkynes® followed by a Diels-Alder
reaction (Scheme 3). To the best of our knowledge, such
an ene reaction has not been previously described, although
acetylenic enophiles as well as acetylenic “enes” have been shown
to participate in intramolecular ene-reactions,® and more recently
an ene reaction of arynes with alkynes has been published.” This
ene reaction affords a vinylallene intermediate 4 which may
undergo a Diels-Alder reaction with the third unsaturation. If
this is a triple bond (4a), the Diels—Alder reaction gives
a l,4-cyclohexadiene (5a) which undergoes a hydrogen
rearrangement to yield 3a. If the third unsaturation is a double
bond (4b), the Diels—Alder reaction directly yields 3b. In the
case of macrocycle 1¢, the same mechanism accounts for both
3c and 3¢/, each arising from one of the two non-equivalent
alkynes participating as the ene or enophile in the reaction.

We then performed DFT calculations* to evaluate the
feasibility of the mechanism. The energy profile is presented
in Scheme 4. We analyzed whether the reaction occurs
both with and without a water molecule (blue/green profile,
respectively). As a single water molecule was found to be
needed to assist the final hydrogen transfer, only data related
to this profile will be discussed. The overall reaction
is exergonic by ca. 120 kcal mol~'. Initially, two triple
bonds approach each other so that the distance between the
propargylic hydrogen and the enophilic alkyne is suitable
(bond lengths of C¢—Cy and Cio—H are 2.077 and 1.682 A,

_— NR NR
{\ H

RN — RN
\
1a,b\—\ NR .= NR
4a
H
H H R 4 —NR
R = SOAr
2 RN — RN H
s |
a NR 3a L \R
Scheme 3 Mechanistic proposal for the thermally induced process.
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Scheme 4 Reaction Gibbs free energy profile (green: without water
molecule/blue: with one water molecule) for the domino ene/Diels-Alder
reaction. All energies in kcal mol~" are referred to 1a or 1a + H,0.

Fig. 1 Optimized structure (B3LYP/cc-pVDZ) for TSh,0(1a,4a).

respectively, Fig. 1) to permit the six-electron pericyclic
process, with suprafacial orbital interaction. The Gibbs free
activation barrier of this process is 26.8 kcal mol™!, which is
the rate-determining step. The process from 1a through the
TS(1a,4a) gives the vinylallene species 4a, from which the
second pericyclic process takes place.

The transformation from 4apy,o into Say,o has a barrier of
16.3 kcal mol™! and is exergonic by 65.1 kcal mol~". Finally,
a hydrogen rearrangement is required. A thermal [1,3]-H
sigmatropic rearrangement through TS(5a,3a) with a supra-
facial orbital interaction with a high barrier (67.7 kcal mol™")
due to the extremely strained four-membered ring formed in
the TS was rejected. However, when a water molecule was
added to the theoretical model to assist the H rearrangement
via TSy,0(5a,3a) (Fig. 2), the barrier was much lower
(23.1 kecal mol™"). We also studied the possibility of forming
product 6 with a frans ring fusion. In this case the energy
barrier TSy,0(53,6) (Fig. 2) is 31.2 kcal mol ™, 8.1 kcal mol '

Fig. 2 Optimized structure (B3LYP/cc-pVDZ) for (a) TSu,0(52,3a)
and (b) TSp,0(52,6).

higher compared to TSp,0(52,3a), thus explaining the
formation of only 3a, which is thermodynamically and
kinetically favoured with respect to 6.2

The assistance of a water molecule was experimentally
supported by conducting the reaction of la in anhydrous
chlorobenzene with added D,O. The product showed
quantitative deuterium incorporation in H, (Scheme 1) as
observed both in NMR and ESI-MS spectroscopies (see SIt).

Experimental support for the proposed mechanism was also
obtained from DSC measurements. As expected for thermally
activated processes, the peak temperature Tp of the first
process increases with the heating rate (Fig. S391). For la
the Kissinger plot® of Tp exhibits the characteristic linear
dependence related to processes governed by an Arrhenius-
type rate constant k(7), (k(T) = Aexp(—Ea/RT)) where Ep is
the activation energy and A4 the preexponential term. An
activation energy of 30.4 kcal mol~' was obtained from the
fit to the Kissinger plot, which is in reasonable agreement with
DEFT calculations that yield 25.0 kcal mol ™" for this activation
energy obtained from the calculated enthalpy barrier AH* plus
the RT term calculated at 298 K. A reaction enthalpy of
120.8 kcal mol™' for the complete transformation was
determined by integrating the heat released, which agrees quite
well with the DFT enthalpy of 118.3 kcal mol ™.
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chapter 9. Results and Discussion

A general outlook of the work presented in Chapters 3-8 is provided here. The most
important results will be briefly summarized and extra information not included in the
papers but relevant for purposes of comparison is also added and discussed. This
chapter tries to connect the previously proposed objectives (Chapter 2) and the
experimental results obtained. Compound numbers used in the original publications

have been reflected here in this chapter despite occasional repetitions.
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Results and Discussion

The results obtained and previously presented as separate papers (from chapters 3-8)

will be now discussed in a more reduced way.

9.1. Density Functional Study of the [2+2+2]

Cyclotrimerization of Acetylene Catalyzed by
Wilkinson’s Catalyst, RhCI(PPh,),

The metal-catalyzed [2+2+2] cycloaddition of three acetylenes has been theoretically
studied in the case of cobalt, ruthenium and rhodium catalysts but, to the best of our
knowledge, not for the Wilkinson’s catalyst. Therefore, we decided to initiate a study
of the mechanism of the [RhCI(PPh;);]-catalyzed [2+2+2] cycloaddition of acetylene to
benzene to analyze similarities and differences between the mechanism found for the
Wilkinson’s catalyst and the mechanisms proposed in previous works using other

catalysts.

In many theoretical studies involving the Wilkinson’s complex or similar catalysts, the
PPh; ligands are replaced by PH; molecules. PPh; is substituted by PH; in DFT studies
to reduce the computational cost. Thus, it is known that the electronic and steric
effects produced by the PPh, ligands are quite different from those created by the PH,
ligands. Thus, we have compared the reaction mechanisms catalyzed by the
[RhCI(PPh;,);] and [RhCI(PH,);] complexes due to our interest in theoretical studies
using the Wilkinson’s complex as a catalyst of different [2+2+2] cycloaddition

reactions that we have carried out in this thesis.

The Gibbs energy profile at 298 K of cycloaddition of three acetylene molecules
catalyzed by the Wilkinson’s complex, RhCI(PPh;);, is depicted in Scheme 9.1. The
whole reaction is thermodynamically very favourable by 134.5 kcal/mol and the rate-
determining step of the process is the oxidative coupling (TS(A2,A3)) between two
acetylene moieties to give the rhodacyclopentadiene complex (A3) with an energy
barrier of 19.8 kcal/mol respect to the initial reactants (AGO) and 25.9 kcal/mol

respect to the intermediate A2 (AG?).
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Scheme 9.1. Reaction Gibbs energy profile for the [2+2+2] cycloaddition of acetylene

catalyzed by RhCI(PPh;); (in kcal/mol)

Scheme 9.2 depicts the Gibbs energy profile obtained with the RhCI(PH;); catalyst. As
can be seen when comparing the results of Scheme 9.1 and Scheme 9.2, the
thermodynamics of the whole process does not change as the reaction is exoergonic

in the two cases by exactly the same amount (134.5 kcal/mol) since it is a catalytic

process.
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Scheme 9.2. Reaction Gibbs energy profile for the [2+2+2] cycloaddition of acetylene

catalyzed by RhCI(PH,); (in kcal/mol)
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The oxidative coupling through TS(B2,B4) (Figure 9.1) remains the rate-determining
step with a Gibbs energy barrier of AG® = +24.7 keal/mol. In fact, both reaction
energies and barriers for the rate-determining step differ by less than | kcal/mol if the
entropic effects have not taken into account. Differences in the Gibbs energy barrier
are not greater (1.2 kcal/mol) if we take as the minimum the intermediate A2 for

TS(A2,A3) and the initial reactants BO for TS(B2,B4).

Note that TS(A2,A3) has only one PPh, ligand attached to the Rh, while TS(B2,B4) has
two PH; ligands. So in order to compare with the same phosphine ligands, the
TS(B2,B3) is presented here (Figure 9.1), where the Rh has only one PH; ligand. The
energy barrier of this process is higher (24.9 kcal/mol) in comparison to that found for
TS(B2,B4) (11.9 kcal/mol), but the Gibbs energy barriers are similar, 23.9 kcal/mol for
TS(B2,B3) and 24.7 kcal/mol for TS(B2,B4). So we observed that the entropic effects
are much more important for TS(B2,B4) than TS(B2,B3) because of the presence of

one more PH; ligand, as we expected.

From the geometric point of view, TS(A2,A3) and TS(B2,B3) have similar distances
and angles, and with regards to the Gibbs energy barriers, TS(B2,B3) is only 2.0
kcal/mol lower than TS(A2,A3). Thus, all these results make RhCI(PH;); a good model

of the Wilkinson’s catalyst.
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Figure 9.1. Oxidative coupling step of the two acetylene moieties with catalytic
species: RhCI(PPh;) (above), RhCI(PH,), (below, left) and RhCIPH, (below, right).

Selected bond distances (A) and angles (deg.) are represented
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It is worth noting that we found some differences between the two reaction
mechanisms. In particular, they differ in the initial step of the reaction (compare
Scheme 9.1 and Scheme 9.2) where the substitution process of phosphines by
acetylenes is exothermic with PPh; ligands, while it is endothermic with PH, ligands. In
line with this context, we have to mention that Macgregor, Roe et al.* reported a
new study of which phosphine dissociates faster from Wilkinson’s catalyst. They
concluded that the dissociation from a position that is trans to another PPh; is

significantly more accessible than from the position that is trans to Cl.

Moreover, another difference is an alternative pathway for the attack of the third
acetylene molecule to the rhodacyclopentadiene (A4) that is found to be operative for
the Wilkinson’s catalyst but not in the modeled [RhCI(PH,);] one. This second route
has similar or slightly higher energy requirements to those shown in Scheme 9.1, but it
is likely that both pathways are operative for the RhCI(PPh;); catalyst. However, the
small energy differences found justify the use of the simplified model of the catalyst in
theoretical studies of more complex cycloadditions in order to reduce the

computational cost significantly.

Finally, we also compared the thermodynamic and kinetic results of the simplest
intermolecular [2+2+2] cycloaddition of three acetylene molecules with those of one
of the simplest intramolecular [2+2+2] cycloaddition in a |5-membered
azamacrocyclic triyne (Chapter 4). Here we compared between the intra- and
intermolecular versions in order to analyze their behaviour in distinct temperature
conditions. By analyzing the Gibbs energy barrier of the rate-determining step we
have found that the entropic term changes the preference for the intermolecular
cyclotrimerization at low temperatures to the intramolecular one at high
temperatures. In the case of 0 K, the difference between Gibbs energy barriers of the
intra- and intermolecular process is only 0.4 kcal/mol in favour of the intermolecular
reaction. At 298 K, the Gibbs energy barrier of the intramolecular process is lower in
comparison with the intermolecular one by as much as 3 kcal/mol. This result is due
to a more favourable entropic contribution for the intramolecular reaction than the

intermolecular one.
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9.2. Rhodium(l)-Catalyzed Intramolecular [2+2+2]
Cyclotrimerizations of 15-, 20-, and 25-Membered
Azamacrocycles: Experimental and Theoretical

Mechanistic Studies

As was mentioned in Chapter |, our research group has developed, over the last few
years, an efficient rhodium(l)-catalyzed [2+2+2] cycloaddition process of 15-, 16- and

I 7-membered triynic and enediynic azamacrocycles of type 1 in Figure 9.2.

Due to the good results obtained in above mentioned studies, it was interesting to see
the behaviour of [2+2+2] cycloaddition reaction of larger macrocycles with more
unsaturations. Therefore, in this study we reported an efficient stepwise preparation
of 20- and 25-membered macrocycles (3 and 4, respectively, Figure 9.2) featuring four
and five triple bonds, respectively, with different arylsulfonyl moieties in their
structure. All new compounds were completely characterized by spectroscopic

methods and additional evidence for structure was secured by X-ray diffraction.®

Ar
o
/N,sogf Ar Artsoz\,\l/%\N/SOrAr2 / N\
Ar-SOp~ N SO2—Ar

Ar—S0O,—N ‘ ‘

I It
\/N\ \\ /
SO>—Ar N N

N N
Ar?-SO5" =/ "SO,-Ar? P N
Ar-S05° = SO— ar

1a (Ar=p-tolyl) 3a (AI’1 :Ar2:p-tolyl)
3b (Ar'=2,4,6-triisopropylphenyl, Ar?=p-tolyl) 4 (Ar=p-tolyl)
3¢ (Ar'=Ar?=2 4 6-triisopropylphenyl)

Figure 9.2. Structure of the |5-, 20- and 25-azamacrocycles

After preparing the macrocycles, the next step was to study how to obtain fused

tetracycles by cycloaddition reactions. There is one possible way for macrocycles 3 to
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cyclise to afford a fused benzene derivative (product 13 in Scheme 9.3), but the
reaction did not take place when it was treated with the Wilkinson’s catalyst.
However, in the case of the 25-membered ring, 4, there are two possible ways of
cyclization; that is cycloaddition between three consecutive triple bonds to afford
compound 14 (Scheme 9.3) or between non-consecutive triple bonds to afford
compound 15 (Scheme 9.3). Experimentally, product 14 was obtained as the only

product of the process.

S‘OzfAr
N N<
Ar—S05”~ SOz—Ar
SOz—ar —
Ar-S0,~N N-SO,_ 2 4 \
Ar—S05” “S0,—Ar
Ar—S0,-N 14 (50%)
N +
\ N N.
SOz—Ar Ar2-S0;” SO, Ar2 ?OZ'A"
2a (Ar=p-tolyl) 13 (not obtained) ArSO, N SOs-A
. SOz-Ar
N
13a (Ar'=Ar’=p-tolyl)
13b (Ar'=2,4,6-triisopropylphenyl, Ar?=p-tolyl)
13¢ (Ar'=Ar?=2,4,6-triisopropylphenyl) \ /)
N N

Ar-SO} SOz—Ar
15 (not obtained)

(Ar=p-tolyl)

Scheme 9.3. Fused tetracycle products

Therefore, experimentally we observed that the 5,5,15-fused core (14) is more
favourable than the 5,10,10-fused system (15). For this reason, we noted that the
formation of a strained ten-membered ring during the cycloaddition, for example in

compounds 13 and 15, might disfavour the process.
DFT calculations revealed the whole reaction mechanism of the |5-, 20- and 25-

membered azamacrocycles (MAA). As reported in previous studies, we also found

that the rate-determining step in the [2+2+2] cycloaddition of macrocycles is the
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initial oxidative coupling to yield the rhodacyclopentadiene intermediate. The Gibbs
energy barriers obtained for this process in the 15-, 20- and 25-MAA are calculated to
be 21.8, 30.9 and 8.9 kcal/mol with respect to separated reactants (Scheme 9.4). The
values obtained were in line with the experimental observations, where the 20-
membered macrocycle has clearly larger values than those found for the same rate-

determining step in the |5- and 25-MAA.

20-TS(A2,A3)
+30.9

30.0+

15-TS(A2,A3)
+21.8

20.0+

©) 25-TS(A2,A3)
5 100+ +8.9
o :
o
Ll
0.0
-10.0k
-20.0}

Scheme 9.4. Representation of the oxidative coupling step barriers for the |5-, 20-

and 25-membered azamacrocycles (energy barriers in kcal/mol)

It was interesting to discuss the results obtained by theoretical calculations as to the
two possible products coming from the 25-MAA. Thermodynamically, product 14 is

more stable than 15 (by 22.8 kcal/mol). Furthermore, the process that leads to the
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product obtained (14), which implies the cycloaddition of three consecutive alkynes, is

kinetically preferred.

To investigate the origin of the barriers, we decomposed the energy barrier of the
rate determining step into deformation energy and interaction energy (AE;.r +
AE;;;). The deformation energy in the TS was not the origin of the larger barrier for
the 20-TS(A2,A3). However, the interaction energy for the 20- and 25-TS(A2,A3)
were quite different between the two cases, -62.4 and -95.7 kcal/mol, respectively. So
when the main interaction in the TS(A2,A3) was found to be between the LUMO of
the catalyst and the HOMO of the macrocycle, the HOMO-LUMO overlaps that were
detected were fairly similar in both cases. Thus, the HOMO in the deformed 20-MAA
showed a higher electron-delocalization in comparison with the HOMO in the
deformed 25-MAA (Figure 9.3), which apparently was responsible for its greater

stabilization and, as a consequence, its lower reactivity.

Figure 9.3. 3D-representation of the HOMOs for the 20-(left) and 25-MAA (right) at
the geometry of the macrocycles have in the 20- and 25-TS(A2,A3). Isosurface values

are £0.192 and +0.172 au, respectively.
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9.3. Rates and Mechanism of Rhodium-Catalyzed [2+2+2]

Cycloaddition of Bisalkynes and a Monoalkyne

Until now, several [2+2+2] cycloaddition processes have been carried out to study
the reaction mechanism with different experimental techniques and also with DFT
calculations, but no electrochemical data appears in the literature. We therefore

applied this technique in collaboration with Prof. Anny Jutand from Paris.

We studied the two main steps of the catalytic cycle of the RhCI(PPh,);-catalyzed
[2+2+2] cycloaddition of the symmetrical diynes 1a and 1b with the monoalkyne 3 in
dichloromethane at room temperature. The reactions of the diynes 1a and 1b with
RhCI(PPh,); were followed by cyclic voltammetry, *'P NMR, and ESI-MS (step A,
Scheme 9.5). The rhodacyclopentadiene complexes 2a and 2b formed in these

reactions were characterized by the same techniques.

4a (R =BOC, Ar = 2,4,6-triisopropylphenyl) _ SOAr
4b (R =H, Ar = 2,4,6-triisopropylphenyl) = N\R 1a (R =BOC, Ar = 2,4,6-triisopropylphenyl)
1b (R =H, Ar = 2,4,6-triisopropylphenyl
SO ArO,S-N ( propylphenyl)
N“R X R
CHZOH N
SOLAr
Ar0,S—N
CH,OH
l‘\l*R
SOLAr
A
RhCI(PPh3)3 B RhCI(PPh)s
n C
ke PPhg
HO, 3 OH ArO,S. R
= N
+ =
PPh; Ar0,S-N_ |__ RhCI(PPhg),
N, 2a (R =BOC, Ar = 2,4,6-triisopropylphenyl)
ArO,S R 2b (R =H, Ar = 2,4,6-triisopropylphenyl)

Scheme 9.5. [2+2+2] Cycloaddition reactions studied by CV, *'P NMR, and ESI-MS
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The reaction of complexes 2a and 2b with the monoalkyne 3, which delivers the final
product together with RhCI(PPh;); (step B, Scheme 9.5), was followed by

electrochemical techniques.

The redox chemistry of the RhCI(PPh;); was characterized. First, the compound
exhibited two successive irreversible oxidation peaks (a, Figure 9.4) at the scan rate of
0.5 Vs'. The oxidation peak current of the major peak (E°o, = +0.633 V vs SCE)
increased at the expense of the oxidation peak current of the first minor and broader
oxidation peak (EP,, = +0.483 V) upon addition of RhCI(PPh,); (0.5 equiv.). O, was the
only oxidation peak observed in the presence of 10 equiv. of PPh;. This proved that
RhCI(PPh;); (oxidized at O,) was involved in an equilibrium with RhCI(PPh,), (oxidized
at O)) and PPh;:

RhCI(PPh,), = RhCI(PPh,), + PPh,

Second, the cyclic voltammetry (CV) allowed us to characterize the standard
oxidation potential (E°) of the rhodacyclopentadiene complexes 2b (Scheme 9.5) and

5 (Scheme 9.6) as a reversible oxidation peak (b, Figure 9.4).

HO

HO
Vo ka ~ “RhCI(PPha),
RhCI(PPhg); + HO OH — = —

3 (2 equiv.) OH Ho 5

Scheme 9.6. Oxidative coupling of the monoalkyne 3 studied by CV, *'P-NMR, and
ESI-MS
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R3
D b
O
15717 05 0 05 4 15 15 1 05 0 05 -1 -15
E (Volt vs SCE) E (Volt vs SCE)

Figure 9.4. Cyclic voltammetry performed in CH,Cl, containing nBu,NBF, (0.3M) at

steady gold disk electrode (d =2 mm) at the scan rate of 0.5 Vs-1 at 25 °C.a) (__ )

RhCI(PPh,); (1.5 mM) oxidation first. ( ----) RhCI(PPh;); (1.5 mM) in the presence of
la (1.5 mM) after 15 min. b) after full reaction with la

Moreover, the *'P NMR allowed to associate a doublet to each rhodacyclopentadiene
(2a-c and 5), which correspond to two magnetically equivalent PPh;. The higher Jg.»
constant found was for the complex 2a (Jz,, = 185Hz), attributed to a difference of
geometry induced by the bulky BOC protecting groups. The rhodacyclopentadiene
complexes 2a-c and 5 were also confirmed by electrospray ionization mass

spectrometry (ESI-MS).

The kinetics of the reaction of the Wilkinson’s catalyst with 1 in CH,ClI, (step A in
Scheme 9.5) was monitored by recording the decay of the oxidation plateau current i,
of RhCI(PPh;); measured at a rotating gold disk electrode polarized at +1V, after

addition of a stoichiometric amount of 1 to avoid further reactions.
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From the values of the half-reaction times t,,;, and tg,, of steps A and B, respectively,
it was found that step A (coordination of the two C=C bonds of 1, followed by
oxidative coupling) was the rate-determining step for the reaction of the bulky 1a. In
contrast, step B, reaction of 2b (generated from the non-protected and thus less
bulky diyne 1b) with the monoalkyne 3 with subsequent recovery of the Wilkinson’s

catalyst, was the rate-determining step.

So, we note that the reaction is sensitive to steric factors around the C=C bonds,
which affect their coordination to the Rh(l) centre prior to oxidative coupling. It
emerges that the first step A is affected by the substitution on the N atom (NH versus
NBOC): the more hindered, the less reactive. Step B is also affected by the
substitution on the N atoms, but the more substituted 2a is found to be more
reactive than the less substituted 2b. This can be explained by the fact that in step B
the steric hindrance might be beneficial due to the favouring the release of one PPh,
by steric decompression to facilitate the coordination of the C=C bond of 3 in the
Rh(lll) centre. In other words, one phosphine would be more labile in the bulky 2a

than in the less bulky 2b.

The kinetics of the reaction of RhCI(PPh;); with monoalkyne 3 was also investigated
by means of the electrochemical techniques, as performed for bisalkynes 1. From the
value of t,;, for the formation of the rhodacyclopentadiene (5), it appears that the
oxidative coupling from the dialkyne 1a was twice as fast as that of the monoalkyne 3

(650 versus 1350 s, respectively).

These results suggested that the coordination of dialkynes 1 to RhCI(PPh;); was more

favoured than that of the monoalkyne 3 due to intramolecular coordination.
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9.4. RhCI(PPh,);-Catalyzed Intramolecular Cycloaddition of
Enediynes: the Nature of the Tether and Substituents

Controls the Reaction Mechanism

The previous studies only involved alkyne moieties in the [2+2+2] cycloaddition
reactions, but as we have seen in Chapter |, there are other unsaturations that can be
involved in cycloaddition processes. Given this, we were interested in combining
alkynes with alkenes in the initial reagent and studying the behaviour of these

compounds with Wilkinson’s model, RhCI(PH,),, by DFT calculations.

The rate-determining oxidative coupling step in the intramolecular [2+2+2]
cycloaddition of enediynes catalyzed by transition metals can take place through initial
enyne (path A — € — 2 in Scheme 9.7) or alkyne-alkyne couplings (path B — D —
2 in Scheme 9.7). In this chapter we analyzed the reaction pathway in the oxidative
coupling step as a function of the enediyne tethers and the substituent of the alkyne
termini used. In particular, we analyzed different tethers (Z and Z° = O, NH, CH,,
CH;SO,N, and C(COOCH,),) and two alkyne termini substituents (R = H and CH,).

R

R R
[Rh(I)] =% _— A [Rh(D]
N A <) N
R O
z Z'
C
/%R A Z Z'
V4
- K R
E—— 2
R— z z
R~//\f Re— :
! >¥ _Rh / Rh /
R/%'\\\ R
Z' Z' —\w
[Rh(N)]
[Rh(1)]
B D

Scheme 9.7. Possible routes for the [2+2+2] cycloaddition process in enediynes
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The fact that the cycloaddition may proceed following one of the two paths has been
considered to be the most likely explanation of the experimental difference of
enantiomeric excesses observed in enediynic systems. When using chiral catalysts, the
enyne coupling is expected to produce larger enantiomeric excesses (ee) than the

alkyne-alkyne one.

This aspect can be explained by the fact that if the selectivity is induced during the
oxidative coupling step (A to C, via enyne coupling), which is the expected rate-
determining step, relatively high barriers are expected and, consequently, the greater
the energy differences between the transition states leading to the two different
diastereoisomers resulting in a significant ee. In contrast, if the selectivity is induced
after the rate-determining step (D to 2, via alkyne-alkyne coupling), the ee will be
small as all further steps after oxidative coupling involve low barriers, as we have seen
in previous chapters, and the difference in TS energies leading the two different

enantiomers will therefore be smaller.

The present study analyzes different factors that may have an influence on the
preferred reaction pathway for the oxidative coupling in the [2+2+2] cycloaddition of
enediynes. Thus, we have discussed the effect of different tethers and substituents in
the alkyne moieties in the [2+2+2] cycloaddition of a series of cyclic and acyclic

enediynes catalyzed by the RhCI(PH,), and RhCIPHj active species.

Firstly, as has been corroborated in our previous study (Chapter 9.1), we have found
that the substitution of the PPh; ligands by PH; reduces the energy barriers by about
15-20 keal/mol for Z and Z’= O. This is not surprising given that PPh; has a larger o-
donation and smaller t-backdonation as compared to PH;. Thus, the RhCIPPh; active
catalyst has the same qualitative behaviour as those found with the RhCIPH; complex.
Therefore, to make the study computationally affordable, the model of the Wilkinson’s
catalyst (RhCI(PH;);) can be exploited to study the preferred reaction pathway of
enediynes of type 1. Despite the fact that the energy barriers will be higher than those

we would acquire using RhCI(PPh;);, the qualitative results obtained with the model
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catalyst are expected to be the same as those that would be achieved using the actual

catalyst.

As far as the tether effect is concerned, we have found that the larger the
electronegativity of the tethers, the lower the oxidative coupling energy barrier.
Tethers have a small influence on the reaction path followed, except in the cases of
substitution of NH and CH, tethers by the bulkier NSO,CH; and C(COOCH,),
tethers, which change the preferred pathway from enyne to alkyne-alkyne coupling

(Scheme 9.8).

R=CH,

Zl
rR—=
Z
1 R Z =0, NH, CH,,
Rh/
R=H R Z = NSO,CH,, C(COOMe),
Z|

Z = NSO,CH,, C(COOMe),
D

Scheme 9.8. Preferred pathway depending of the nature of the tether (Z) and the

substituents of the terminal alkynes (R)

With respect to the alkyne moiety substituent, we have seen that substitution of H by
CH; increases the energy barriers, especially that of the alkyne-alkyne coupling due to
higher steric repulsion in the TSs. In cases where Z and Z’ are O, NH or CH,, this
effect is enough to change the preferred pathway from alkyne-alkyne coupling for R =

H to enyne coupling for R = CH,.
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As to the catalyst, the RhCIPH,; active species always prefers the alkyne-alkyne
coupling since the destabilization due to methyl substitution in the alkyne moieties is
not sufficient to reverse the preference for alkyne-alkyne coupling. However, for R =
CHj,, energy differences between barriers for the alkyne-alkyne and enyne couplings
become smaller and, therefore, a competition between the two reaction pathways is
expected in this particular case. On the other hand, the RhCI(PH,), catalyst favours

the enyne coupling for the O, NH, and CH, tethers in the case of acyclic enediynes.

Finally, we have also found that while acyclic enediynes in some cases prefer the enyne
coupling, the cyclic enediynes always favour the alkyne-alkyne coupling. It is found that
geometrically, the enyne coupling is especially disfavoured due to high deformation
energy required by the macrocycle to reach the TS geometry (Figure 9.5). In contrast,
Figure 9.5 also revealed that the alkyne-alkyne coupling requires less deformation in
cyclic systems due to the alkynes moieties being in the same plane and closer to each

other.

alkyne-alkyne coupling

macrocycle

enyne coupling

Figure 9.5. Optimized structures (B3LYP/cc-pVDZ-PP) for the macrocycle, alkyne-
alkyne coupling and enyne coupling of the oxygen-tethered macrocyclic enediyne

where key atoms are depicted in red
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9.5. Intramolecular [2+2+2] Cycloadditions of yne-yne-ene and
yne-ene-yne enediynes Catalyzed by Rh(l): Experimental

and Theoretical Mechanistic Studies

The [2+2+2] cycloaddition of three alkynes is a well established method for the
synthesis of polysubstituted benzenes and the cycloaddition of two alkynes with one

alkene is a well known process for the formation of |,3-cyclohexadienes.

Two possible reactions pathways for the cycloadditions of diynes with alkenes were

|28

explored by Sad et al. 1.2

with a Ru catalyst and Aubert, Gandon et al.”’ with a Co
catalyst (Scheme 9.9). With cyclic alkenes, the standard [2+2+2] cycloaddition
pathway prevailed, leading to |,3-cyclohexadienes A (Scheme 9.9). However, when
the alkene moiety was acyclic, a B-hydride elimination followed by a disrotatory 6e TI-
electrocyclization take place to afford an isomer of cyclohexadiene A was obtained
(©).

A

+ M

. M A;ard [2+2+2] cycloaddition
H‘ CC/ i B-hydride

H elimination

B

6e’Tt c
electrocyclization

Scheme 9.9. Two possible reaction pathways for cycloaddition of diynes and alkenes

Our aim was to study the totally intramolecular [2+2+2] cycloaddition of enediynes
when the alkene moiety is located in different positions and compare our cases with

those of Saa and Aubert, Gandon et al.

Our experimental results showed that the reaction path of the Rh-catalyzed

intramolecular [2+2+2] cycloaddition reaction of enediynes | to 4 to give the
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corresponding cyclohexadienes varies with the position of the alkene moiety in the

initial structure (Scheme 9.10).

R
TsN R.
NTs
| | RhCI(PPhg)s
TSN\/\/\
N
Ts
R =Boc, 1
R=H,
H R H R
TsN NTs TsN.i 12 -NTs
RhCI(PPhg) 32 \! H
| | / 3)3 4 o 5
TsN._6 NTs
TsN, _ NTs 5 HE
— R =Boc, 14
R=Poc.3 R=H, 15

Scheme 9.10. Rh(l)-catalyzed cycloadditions of compounds 1-4

The full characterization of compounds 10,11,14 and 15 by 2D correlation NMR
spectra confirmed the structure showed in Scheme 9.10. For instance, COSY data of
I'l confirmed that the hydrogens of methylene groups | and 12 of the open-chain (6
3.37 and 3.68 ppm) were only coupled with the amine NH proton (8 7.74) (Figure
9.6). Consequently, there were no more H atoms closer to these methylenes coming
from the cyclohexadiene ring. Moreover, NOE data were essential to determine the

relative anti stereochemistry of the symmetrical centres in 10 and I 1.
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Figure 9.6. COSY spectra of product 11

On the other hand, complete chemical shift assignment of 14 and 15 by 2D NMR
techniques showed to be non-symmetric compounds. COSY data confirmed that the
different methylene groups | (6 2.70 and 3.09) and 12 (§ 3.26 and 3.48) of the
compound |5 were only coupled with the amine NH protons (8§ 7.37 and 7.58,
respectively, Figure 9.7). Full characterization of these compounds can be found in the

Supporting Information of the manuscript.

231



Chapter 9

] ppm
fes
B i 2.0
oo
L]
& _2 - 5
i 4 2.70
! &
3.00[ 3.0
[ 3.26)
34
e il 3.5
i
¢
Cesinice o EEEh ! 4.0
T T TIEg = T T T
7.8 7.7 7.6?' 7.5 ) 7.3 7.2 7.1 ppm

Figure 9.7. COSY spectra of product 15

A DFT study allowed us to understand the different reactivity of the two enediynes:
enediynes | and 2 (yne-ene-yne) prefer the conventional [2+2+2] cycloaddition
reaction obtaining the expected cyclohexadienic products 10 and 11, respectively (2-
H, Scheme 9.11). Whereas enediynes 3 and 4 (yne-yne-ene) suffered (-hydride
elimination followed by a reductive elimination of the Wilkinson’s catalyst giving
cycloadducts 14 and 15, respectively (4-), Scheme 9.12), which are isomers of those

that would be obtained through standard [2+2+2] cycloaddition reactions.
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2-TS(B3,C3)+PHs
+30.3 (293)

TS(B,C)+2PHs
+28.0 (392)

20.0 - 2-B3+PHs

2-TS(E3,F3)+PH:

+0.1
2-C3+PHs (328)

2-B+2PHs ]
0.0 |2-a s 3.C+2PH 2 TS(D,E}+22F;H23
RhC|(PH3)3 ’ 0.4 -11.5(292) F)+2PHs
0.0 ' (344
-200 |
2-F3+PH:
-36.9
-27.0 -25.9
-40.0 | 2-H+PHs
+RhCI(PH3s) 2
-48.0
2-F+2PHs
-60.0 |-
-62.0
RhCI(PHs)s
L 2-H
-64.2

Scheme 9.1 1. Reaction Gibbs energy profiles for the [2+2+2] cycloaddition of the
enediynes | and 2 where the active catalyst is RhCI(PH,), (green line) or RhCIPH,
(blue line). Relative Gibbs energy values with respect to separated reactants in
kcal/mol. Imaginary frequencies [cm™'] for the different transition states are given in

brackets

Scheme 9.11 shows two different reaction pathways where both cases are achievable
due to the rate-determining steps (oxidative coupling, 2-TS(B,C) and 2-TS(B3,C3))
are energetically similar. The next steps of the reaction mechanism do not show
significant energy differences. Only the last step of the path shows a clear preference

for 2-TS(E,F) with respect to 2-TS(E3,F3) by 12.9 kcal/mol.
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 4-TS(B,C)+PH
@) 2221

20.0

A-TS(E,F)+PH,
4-TS(D,E}+PH,  -5.1

0.0
4-A+
RhCI(PHs)s 4-TS(F,G)+PH,

00 acpl, 4-G+PH,

-18.

-20.0 |
4-D+PH, 4-E+PH;
-19.2 -19.6
-40.0 |
-60.0 |
L 4-J+PH;
-63.1

Scheme 9.12. Reaction Gibbs energy profile for the [2+2+2] cycloaddition reaction of
the enediynes 3 and 4. Relative Gibbs energy values with respect to separated
reactants in kcal/mol. Imaginary frequencies [cm™'] for the different transition states

are given in brackets

The Gibbs energy profile for the [2+2+2] cycloaddition reaction of enediynes 3 and 4
(Scheme 9.12) shows an accessible pathway to obtain the corresponding cycloadducts

14 and 15 (4-)).

The key intermediates are represented in Figure 9.8. The cycloheptadiene complex
(2-E3) is especially important for the yne-ene-yne enediynes due to the fact that Rh is
not able to eliminate the H in B-position due to the Hg is too far (3.48 A). Given this,
the reaction pathway evolves as a formal [2+2+2] cycloaddition reaction. Quite the
opposite, the complex 4-F for the yne-yne-ene enediynes is essential to suffer a -
hydride elimination and consequently, the reaction pathway followed is completely

different to the yne-ene-yne enediynes.
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Figure 9.8. Optimized structure at B3LYP level of 2-E3 (left) of the model 2-A and 4-

°

F (right) of the model 4-A with selected bond distances (A)

Therefore, the reaction mechanism where a B-hydride elimination is involved in the
process, is in line with to that found by the partially intramolecular version of the Ru
catalyst® and the Co catalyst.”’ Thus, the partially intramolecular process requires a
pure thermal disrotatory 6eTl electrocyclization to give the final cyclohexadiene
product and in our case, total intramolecular version, it is not necessary as the
reductive elimination gives final products 14 and 15 (4-)) satisfactorily as an

exoergonic processes with -63.1 kcal/mol.
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9.6. Ene reactions between two alkynes! Doors open to
thermally induced cycloisomerization of macrocyclic

triynes and enediynes

As we have seen in the last chapters, [2+2+2] cycloadditions provide rapid access to
polysubstituted six-membered rings. In the case of macrocycles la and Ib (Scheme
9.13), we have seen that the presence of active catalysts (TM) give polysubstituded
compounds (2a and 2b, Scheme 9.13), but when the TM is inactive, new kinds of
polysubstituted products (3a and 3b, Scheme 9.13) are obtained. This study describes
a formal metal-free [2+2+2] cycloaddition strategy of macrocycles type 1 based on a
thermally induced process (Scheme 9.13). This new reaction was stereoselective as
both in products 3a (with a yield of 32%) and 3b (with a yield of 45%), where the

saturated 5-membered ring has a cis ring fusion (H, blue in Scheme 9.13).%¢

NR /NR H —NR
™ A

H
RN ~——RN | —— BN (eq. 1)
\ N
NR N NR NR
2a 1a 3a
NR
/
RN \ 2. RN

R = S0,(2,4,6-PrCgH,)

Scheme 9.13. Metal catalyzed vs. thermally induced cycloadditions of macrocycles la

and Ib
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We considered several possibilities in order to postulate a mechanism to explain the
metal-free process. The option of a radical mechanism proposed for thermally induced
intramolecular transformation by adding an excess of |,4-cyclohexadiene (1,4-CHD),
which is a radical hydrogen donor, was discarded because no incorporation of H in
the final product was observed and an increase in the yield of the new products (3a

and 3b) was obtained.

To further study the yield enhancement by 1,4-CHD, we conducted an EPR study
(Table 9.1). The use of a spin trap, either 2-methylnitrosopropane (MNP) or a-phenyl-
N-tert-butyl nitrone (PBN), was necessary as no radical was detected when the EPR
experiment was recorded for the macrocycle alone (Entry 1). The addition of an
excess of MNP allowed the detection of two radical adducts centered at the same
position, which were ascribed to species A and B (Entry 2). The former is an adduct
of the spin trap MNP and a tert-butyl radical resulting from its decomposition. The
blank experiment excluding macrocycle 1 (Entry 3) showed the formation of A to be
independent of the presence of the substrate and so, could not be related to any
intermediate. However, species B originates from the reaction of MNP and a benzyl
radical formed during the process. The formation of benzyl radicals was confirmed by
the more thermally stable PBN allowing the detection of spin adduct C (Entry 4),
which was not formed in a blank experiment without macrocycle la (Entry 5). Hence,
the EPR did not detect any radical species in la but showed that benzyl radicals were
formed in the cycloaddition, presumably due to H' abstraction from toluene via

homolytic cleavage.
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Entry Mixture gfactor L W hfcc Detected radical

(Gauss) (Gauss) adduct structure

| Ia - - - -
2 la+tMNP 2.0062 1.1 ay 15.2 o
N
(A)
2.0062 0.9 ay 15.2 N,O‘
‘CH,Ph
a, 74 B) 2
3 MNP 2.0061 1.0 ay 153 o
AN
(A)
4 la+PBN  2.0061 1.2 ay 4.5 PhO
Ph*CHz]LN{»
ay 2.7 H
(C)
5 PEN - - - -

Table 9.1. Radicals detected in the spin-trapping experiments

Then, in order to understand the role played by the radicals observed, we changed
the toluene for chlorobenzene, which is a solvent that is less conducive to homolytic
breaking. The result was higher yields of the final products (3a and 3b). After that, a
radical initiator was added (benzoyl peroxide) and we observed the decomposition of
the macrocycle. All of these experiments showed us that the radicals decompose the
macrocycle or intermediates formed during the reaction, and moreover, that |,4-

CHD is a radical inhibitor.

Once a radical mechanism was discarded, a mechanistic proposal was made for the
reaction (Scheme 9.14) based on a domino process composed of an unprecedented
intramolecular ene reaction between two alkynes moieties followed by a Diels-Alder

reaction between the intermediate (4) and the third unsaturation: an alkyne or alkene.

It should be noted that when the third unsaturation is a double bond, the Diels-Alder

reaction leads to the final product. However, when the third unsaturation is a triple
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bond, it is necessary to transpose the hydrogen (5a — 3a) to obtain the experimental

product.

Ene Reaction between an

alkyne (ene) and another Diels-Alder Reaction

alkyne (enophile) between a vill:(ylallene and an
alkene

H
R = SO2Ar H 4a \

Diels-Alder Reaction
between a vinylallene and an 3a
alkyne

Transposition [1,3]-H

Scheme 9.14. Mechanistic proposal for the thermally induced cycloaddition of

macrocycles 1

We then performed DFT calculations to evaluate the feasibility of the mechanism. The
overall reaction is exoergonic by 120 kcal/mol. The first step consists of a six-electron
pericyclic process with an energy barrier of 26.8 kcal/mol, which is the rate-
determining step of the reaction. The second pericyclic process comes from the
intermediate 4a into 5a with a barrier of 16.6 kcal/mol. Finally, the last transformation
suggested to us a |,3-sigmatropic reaction of the transposition of the H marked in 5a

(Scheme 9.14), but the barrier obtained was too high (about 57 kcal/mol).

After that, we decided to study the possibility of a water-molecule assistance of the

last process. In that case, we studied the two possibilities to obtain the product with

239



Chapter 9

the two H in cis position (which is the experimental product) (TS,,0(5a,32), AG’=
23.1 kcal/mol, Scheme 9.15), or the formation of the product with the two H in trans
position (TS,,0(53,6), AG*= 31.2 kcal/mol, Scheme 9.15). These results confirmed that

the formation of the product with H in cis position is preferred by 8.1 kcal/mol.

TSreo (52,6) TSwo (5a,33)

BHz0
3anzo

-119.6

Scheme 9.15. Energy profile and optimized structures (B3LYP/cc-pVDZ) for
TSi,0(5a,6) (left) and TSy,o(5a,3a) (right)

Kinetically we were able to confirm that the transposition of this H requires a water
molecule assistance and. moreover, that the selective formation of the experimental

product (3a) is favoured over the other one (6).

240



Results and Discussion

The assistance of a water molecule was experimentally supported by running the
reaction with the presence of D,O and confirming by 'H-NMR spectroscopy the

quantitative deuterium incorporation in 3a (Figure 9.9).

i
by

4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 ppm

RN

Figure 9.9. '"H-NMR (500.13MHz) spectra for deuterated 3a-D (below) and 'H-NMR

(600.13MHz) spectra for non-deuterated 3a (above)

Besides from the disappearance of the 3.6 ppm signal, the multiplicity of the
neighbouring protons at 3.02, 3.18 and 3.74 ppm is simplified. Moreover, the ESI-MS
spectroscopy confirmed the presence of the deuterated product 3a (3a-D) (Figure

9.10).
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Figure 9.10. ESI-MS spectra for 3a-D impurified with traces of unreacted starting

macrocycle 1a

| 872 reported a metal-free, bimolecular

In line with our findings, Danheiser et a
cycloaddition strategy based on the mechanism postulated above, as a cascade of two
pericylic processes. They established the utility of a bimolecular propargylic ene
reaction/Diels-Alder cascade as a method for achieving formal thermal [2+2+2]
cycloadditions leading to functionalized polycyclic compounds. This strategy was also

described by Danheiser et al.®”® for the construction of polycyclic pyridine derivatives.
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chapter 10. COnclusions

The most important conclusions taken out from the studies of this thesis on [2+2+2]
cycloaddition reactions will be briefly summarized in this chapter. Compound numbers

used in the original publications have been reflected here in this chapter despite

occasional repetitions.
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Project I:

We have found that modelling PPh; by PH; in the catalyst results in minor changes in
the thermodynamics and kinetics at OK. Both the reaction energies and the barriers in
the rate-determining step differed by less than | kcal/mol when the entropic effects
were not taken into account. However, this difference was a little bit higher (of about
5 kcal/mol) when the Gibbs energy was considered. Despite these results, we thought
that this simplification could be exploited in subsequent studies to reduce the

computational cost significantly.

In spite of this, we should note that there were some differences between the two
reaction mechanisms: the initial step of the reaction was not the same and an
alternative pathway for the attack of the third acetylene molecule on the formed
rhodacyclopentadiene was found to be operative for the Wilkinson’s catalyst but not

in the modelled [RhCI(PH,),] one.

When the thermodynamic and kinetic results of the simplest intermolecular [2+2+2]
cycloaddition of three acetylene molecules were compared with those of one of the
simplest intramolecular [2+2+2] cycloaddition in a |5-membered azamacrocyclic
triyne, the Gibbs energy barrier of the rate-determining step found confirmed that the
entropic term changes the preference for the intermolecular cycloaddition at low

temperatures to the intramolecular one at high temperatures.
Project 2:
We reported the preparation of 20- and 25-membered azamacrocycles featuring four

and five triple bonds, respectively, and all new compounds were completely

characterized by spectroscopic methods.
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Moreover, an efficient RhCI(PPh;),;-catalyzed [2+2+2] cycloaddition of 25-membered
pentaacetylenic azamacrocycle 4 afforded the cycloisomerized compound 14 resulting
from the reaction of three adjacent alkynes instead of the cycloaddition between non-
adjacent triple bonds. The DFT study confirmed this chemoselectivity showing that
the reaction pathway to obtain product 14 is thermodynamically and kinetically

preferred over that yielding the product I5.

In contrast, the 20-membered tetracetylenic azamacrocycle 3 did not lead to the
expected cycloisomerized compound. DFT calculations allowed us to determine the
reaction mechanism of the 20-MAA. The results obtained showed that there were

two main factors that contribute to the lack of reactivity of the 20-MAA:

a) the 20-MAA has a more stable and delocalized HOMO orbital
b) the formation of a strained ten-membered ring during the cycloaddition

of the 20-MAA.

These two factors increased the Gibbs energy barriers of the rate-determining step

and hindered the intramolecular cycloaddition of the 20-MAA.

Project 3:

The [2+2+2] cycloaddition reaction of symmetrical diynes (la and Ib) with the
monoalkyne 3 were followed by electrochemical techniques at room temperature.
Other spectroscopic techniques like *'P NMR and ESI-MS were also employed to

obtain further information.

Two main steps were identified in this study: first, the formation of the
rhodacyclopentadiene complexes 2a, 2b and 5 (Step A), and second, the reaction of
complexes 2 with the monoalkyne 3 giving the final product together with

RhCI(PPh,), (Step B).
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Kinetic data on the two main steps of the catalytic cycle for a RhCI(PPh,);-catalyzed
[2+2+2] cycloaddition of alkynes were thus available for the first time. From the
results obtained, the half-reaction times t,,, and t;,,, of steps A and B, respectively, it
was found that step A (alkyne-alkyne coupling of 1) was the rate-determining step for
the bulky compound 1a. In contrast, in step B, the reaction of 2b complex (coming
from the less bulky diyne 1b) with the monoalkyne 3 to deliver the aromatic

compound 2b, was found to be the rate-determining step.

We concluded that either the first or second step might be the rate-determining step

depending on the structure of the starting reagents.

Project 4:

When the [2+2+2] cycloaddition reaction takes place in an enediyne compound, the
oxidative coupling can be observed between the two alkynes (alkyne-alkyne coupling)

or between one alkyne and the alkene (enyne coupling) of the compound.

These two reaction pathways have to be considered to explain the experimental
difference of enantiomeric excesses detected in enediynic systems. It has been
established that the enyne coupling is expected to produce larger enantiomeric

excesses (ee) than the alkyne-alkyne one, when a chiral catalyst is used.

Thus, we analyzed different factors that may have an influence on the preferred
reaction pathway for the oxidative coupling in the [2+2+2] cycloaddition of enediynes

catalyzed by the Wilkinson’s catalyst.

In this study, we observed that the substitution of H by CHj; increases the energy
barriers, especially that of the alkyne-alkyne coupling. This fact is sufficient to change
the preferred pathway from alkyne-alkyne coupling for R=H to enyne coupling for

R=CH,.
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With respect to the tethers of the enediyne, when the process took place with O,
NH and CH, tethers, little influence on the reaction path followed was observed. A
greater difference between the tethers studied is observed when the cases of NH and
CH, tethers are substituted by the bulkier CH;SO,N and C(COOCH;), tethers,
where the preferred pathway is changed from enyne to alkyne-alkyne coupling in

substituted alkynes.

On the other hand, when the [2+2+2] cycloaddition reactions of acyclic enediynes, for
which in some cases the enyne coupling was preferred, were compared with the
cycloaddition of cyclic enediynes, it was observed that the latter always prefers the

alkyne-alkyne coupling due to the lower deformation energy required.

Project 5:

The path of the RhCI(PPh;),-catalyzed intramolecular [2+2+2] cycloaddition reaction
of enediynes | to 4 to give the corresponding cyclohexadienes changed with the

position of the alkene moiety in the initial compound.

DFT calculations gave an explanation of the different reactivity: enediynes type yne-
ene-yne preferred the conventional [2+2+2] cycloaddition reaction, whereas enediynes
type yne-yne-ene suffered B-hydride elimination followed by a reductive elimination of
Wilkinson’s catalyst giving cycloadducts 14 and 15, which are isomers of those which

would be obtained through standard [2+2+2] cycloaddition reactions.

Project 6:

The free transition metal-catalyzed processes are a novel method to obtain new

polycyclic compounds.
When macrocycles 1a and 1b were unable to cyclotrimerize due to the low activity

of the TM catalyst they reacted thermally, leading to isomers 3a and 3b. DFT

calculations confirmed the mechanism proposed for this kind of systems, where an
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ene reaction between an alkyne and another alkyne take place, followed by a Diels-
Alder reaction between the intermediate formed above (vinylallene) and the third
unsaturation (alkyne in 4a and alkene in 4b). A water molecule assisting the process is

required for the I,3-H transposition to give the final product, 3a.

As a general reflection, after observing all the results and conclusions previously exposed, it is
clear that the nature of the initial compounds which contains different unsaturations and
substituents have a substantial influence on the reaction mechanism, and therefore, on the

final product obtained, in the case of the Wilkinson’s catalyst.
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