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A Computational Glance at Organometallic Cyclizations
and Coupling Reactions

Abstract

Organometallic chemistry is one of the main research topics in chemical science.

Nowadays, organometallic reactions are the subject of intensive theoretical inves-

tigations. However, in many cases, only joint experimental and theoretical efforts

could reveal the answers what we are looking for.

The fruits of such experimental and theoretical co-operations will be presented

here. In this work, we are going to deal with homogeneous organometallic cataly-

sis using computational chemical tools. Particularly, DFT study of palladium and

gold-catalyzed reactions and special carbometalations will be described.

Chapter 1 gives an introductory overview of organometallic chemistry and

catalysis in general using a historical perspective. It covers the 9 thousand years

history of catalysis from7000BC (the earliest concrete evidence ofman-made fer-

mentation/biocatalysis) through several milestones (Libavius, Berzelius etc.) up

to the present days of organometallic chemistry.

Chapter 2 is a shortmethodological summary and intended to shed some light

on the theoretical foundations of the applied quantum chemical tools, but it is nei-

ther complete, nor deep, just enough to scratch the surface and give insight into the

complexity of the theory.

The results of our calculations presented in three separate chapters,

(Chapter 3, 4 and 5) in each of which the calculations discussed along with the
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corresponding experimental findings of our collaborators and/or other scientists.

Chapter 3describe specific issues of palladium-catalyzed reactions. In this part

of the work, palladium(II)-catalyzed dynamic kinetic asymmetric C–P coupling

for the asymmetric synthesis of QUINAP and other atropos P,N-ligands is dis-

cussed and the reaction investigated at the M06/6-31+G(d,p)/SDD//B3LYP/6-

31G(d)/LANL2DZ level of theory. The computational results along with xperi-

mental evidences collected by our collaborators allowed to propose a mechanism

based on the formation of cationic oxidative addition intermediates which under

the reaction conditions, undergo a fast interconversion (Figure 0.0.1). Coordina-

tion of the isoquinoline N atom to Pd is essential to facilitate this process.

Figure 0.0.1: Proposed Mechanism for the Epimerization of Diastereomeric
Oxidative Addition Intermediates (OAI and OAI’).

The calculations also show that the energy requirements for a dynamic kinetic

process aremet, since the fast equilibratingpalladacyclic intermediates evolve through
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diastereomeric transmetalation steps of very large energy difference. The easiness

of the final reductive elimination ensures the irreversibility of the process.

Chapter 4 can be divided into two parts in which gold(I)-catalyzed reactions

are studied.

In the first section, the tandem gold(I)-catalyzed rearrangement/Nazarov re-

action of propargylic ester derivatives studied in deeply computationally and the

calculations revealed the details of the reaction mechanism (Figure 0.0.2) which

allowed us to evaluate energetically the influence of the substrate structures on the

reaction rate and on the regio- and stereoselectivity.

Figure 0.0.2: Reaction Mechanism. Top: Acetate Rearrangement in the Ini-
tial Steps of the Mechanism. Bottom: Cyclization Step from the pre-Nazarov
cyclization complex III and Protodeauration. Gibbs Free Energy Changes
(ΔG) and Barrier Heights (ΔG‡) are Given in kcal/mol.
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In the second section, gold(I)-catalyzed cycloisomerizations calculated (Figure

0.0.3). The calculations showed that with both types of substrates, the oxyaura-

tion step has a low barrier or almost no barrier at all when it involves the inter-

nal position of a terminal triple bond, resulting in a 5-exo-dig process. In contrast,

the 6-endo-dig mechanism is always favoured with substituted alkynes. The pref-

erence being purely geometrical and irrespective of the type of substitution, thus

providing either β-enaminones or their reduced equivalents, β-amino ketones, in

a robust, reliable, and convenient way.

Figure 0.0.3: Transition State Structures and the Corresponding Barrier
Heights for Terminal Alkynes and Internal.
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Chapter 5 is a systematical studyof intramolecularmetal catalyzedcyclizations.

Group 10 alkyl metalations are studied systematically by means of DFT calcu-

lations and based on the results the extension of the Baldwin’s rules for metal cat-

alyzed ring closure reactions is proposed (Figure 0.0.4).

Figure 0.0.4: Studied Group 10 Alkyl Metalations.

An intuitive summary of the qualitative results created and the results could

serve as a guide to explore not yet described cyclization processes based on the ac-

cessible computed activation energies and the qualitative comparison of the pref-

erences.

Ourmanuscripts published in connectionwith the topics discussed in the thesis

can be found in the Appendix.
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A Computational Glance at Organometallic Cyclizations
and Coupling Reactions

Abstract

La química organometálica es uno de los campos más activos de investigación en

ciencias químicas. Hoy en día, las reacciones organometálicas son sujeto de nu-

merosas investigaciones teóricas. Sin embargo, en muchos casos, sólo los esfuer-

zos conjuntos teóricos y experimentales son capaces de encontrar las respuestas

que buscamos. En este trabajo se presentan los frutos de tales colaboraciones

experimentales/teóricas. Hemos empleado herramientas computacionales para

estudiar reacciones catalizadas en condiciones homogéneas, ymás concretamente

describimos a continuación estudios DFT de reacciones de ciclación catalizadas

por Paladio y Oro, así como algunos tipos de carbometalación.

Capítulo 1. Se da un repaso introductorio de la catálisis organometálica y

catálisis en general usando una perspectiva histórica. Cubre los 9000 años de his-

toria de la catálisis desde el 7000 a. C. (la más antigua evidencia de fermentación

/ biocatálisis hecha por el hombre) a través de diversos hitos (Libavius, Berzelius,

etc) hasta la química organometálica de nuestros días.

Capítulo 2. Es una breve descripción metodológica que intenta dar luz sobre

las formulaciones teóricas que se aplican en las herramientas químicas cuánticas,

sin la intención de ser completa ni profusa, sino solamente arañando la superficie

de esta parte tan compleja de la teoría.

Los resultados de nuestros cálculos se presentan en tres capítulos separados
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(capítulos 3, 4 y 5), en cada uno de los cuales se entremezclan con los resultados

experimentales de nuestros colaboradores y otros grupos de investigación.

Capítulo 3. Describe algunas características especiales de la química del pal-

adio. En esta parte de la Tesis, se han estudiado reacciones de síntesis asimétrica

de QUINAP, mediante un acoplamiento C-P dinámico cinético asimétrico catal-

izado por complejos de paladio (II). Además de QUINAP, se han estudiado otros

atropo-ligandos P, N por métodos DFT al nivel de cálculo

M06/6-31+G(d,p)/SDD//B3LYP/6-31G(d)/LANL2DZ.

Figure 0.0.1: Mecanismo Propuesto para la Epimerización de los Intermedios
Diastereoméricos de Adición Oxidante).
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Los resultados computacionales junto a las evidencias experimentales recopi-

ladas por nuestros colaboradores nos permiten proponer un mecanismo de reac-

ción basado en la formación de intermedios catiónicos de adición oxidante, que

en las condiciones de reacción sufren una interconversión rápida entre diferentes

isómeros (Figura 0.0.1). La coordinacióndel nitrógenode la isoquinolina al átomo

de Pd es esencial para facilitar el proceso.

Los cálculos también muestran que se cumplen los requisitos energéticos para

una resolución cinética dinámica, ya que los intermedios de reacción equilibran

rápidamente y evolucionan por estados de transición de transmetalación de bar-

reras de activación muy diferentes.
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Capítulo 4. Se divide en dos partes en las que se estudian dos reacciones catal-

izadas porAu(I) diferentes. En la primera sección, se ha estudiado computacional-

mente al detalle la reacción tándem de transposición / ciclación Nazarov catal-

izadas porAu(I) de ésteres propargílicos, y nuestros cálculos revelan elmecanismo

detallado en la Figura 0.0.2, permitiéndonos evaluar energéticamente la influen-

cia de las estructuras de los substratos en la velocidad de reacción y en la regio- y

estereoselectividad.

Figure 0.0.2: Mecanismo de Reacción. Arriba: Transposición de Acetato en
los Inicios de la Reacción. Abajo: Paso de Ciclación desde el Complejo pre-
Nazarov III y Protodesauración. Los Cambios en la Energía Libre de Gibbs
(ΔG) y Barreras de Activación (ΔG‡) se dan en kcal/mol.
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En la segunda sección, sehancalculado reaccionesde cicloiosomerizacióncatal-

izadas por Au(I) (Figura 0.0.3). Los cálculos muestran que para ambos tipos de

sustratos mostrados, el paso de oxiauración ocurre con una barrera de activación

muy baja o inexistente cuando ocurre en la posición interna del triple enlace, re-

sultando en un proceso 5-exo-dig. La preferencia es puramente geométrica e in-

dependiente del tipo de sustitución, dando lugar tanto las β-enaminonas como sus

equivalentes reducidos, β-amino cetonas, de unmodo robusto, apropiado y fiable.

Figure 0.0.3: Estructuras de los Estados de Transición y sus Correspondi-
entes Barreras de Activación para los Alquinos Terminales e Internos.
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Capítulo 5. Es un estudio sistemático de reacciones de ciclación catalizadas

por metales de transición. Se han estudiado sistemáticamente las ciclaciones con

losmetales del grupo 10 pormétodos computacionales, y basándonos en los resul-

tados, se propone una extensión de las reglas clásicas de Baldwin para ciclaciones

a la catálisis metálica (Figura 0.0.4)

Figure 0.0.4: Metalaciones del Grupo 10 Estudiadas.

Los resultados cualitativos han dado lugar a un resumen intuitivo de los resul-

tados que podría servir como guía para explorar nuevos procesos catalíticos de

carbometalación.

Los manuscritos publicados como resultado de estos capítulos se adjuntan en

el Apéndice I.
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It does not, therefore, depend on human
desire or effort, but on God’s mercy.

Romans 9:16
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Introduction

1.1 Historical Aspects of Catalysis

The usage of fermentation (biocatalysis) to produce alcohol from sugar and
tomake bread rise is several thousands years old and can be linkedwith the birth of
agriculture and food production [1, 2]. The earliest concrete evidence of this pro-
cess used bymankind is a mixed fermented beverage of rice, honey, and hawthorn
fruit found in pottery jars in a Neolithic village of Jianhu (China) and dated back
to 7000 BC [3]. However, it was not clear what is responsible for the procedure
until the XIX. centurywhenLouis Pasteur determined that fermentation is caused
by yeast [4–6].

In the early XIX. century, Johann Wolfgang Döbereiner invented a gas lighter
(Döbereinersche Feuerzeug) which was used to light candles. It was quickly com-
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mercialized and become extremely popular and by 1828 about 20 000 were in use
in Europe [7]. Its modus operandi is based on two steps: 1) hydrogen gas produc-
tion and 2) ignition. Hydrogen is produced by the reaction of zinc with sulfuric
acid, while the ignition of H2 is initiated by platinum sponge to flame lights [7, 8].

Let’s step back three centuries to themid XVI., when ether was first synthesized
by Valerius Cordus (1514-1544) a german botanist and apothecary, from alcohol
using sulfuric acid [9, 10]. Thismethod is still used nowadays to prepare ether, but
its relationwith fermentation andDöbereiner’s lighter ismore important fromour
viewpoint. It may seem that there is no connection between these discoveries, but
both, the fermentation, the production of ether using sulfuric acid and the ignition
of hydrogen using platinum in the lighter are catalytic processes.

Although, the concept of catalysis, in the sense as used today, remained hidden
until the XIX. century, the term was used by Andreas Libavius in 1597. His re-
markable work, Alchemia, is the first systematic textbook of chemistry [11] and it
contain the first historical note of catalysis as a chemical phenomenon.

”Demagisteriis substantiae, ubi primumdetmetallorum transfor-
matione, magisterium substantiae fit vel genesi vel catalysi.”

—Andreas Libavius: Alchemia [1, 11]

However, Libavius used the phrase ’catalysis’ to describe the decomposition
of base metals into silver and gold rather than to define the catalytic phenomena
which appears to be common in the above mentioned processes.

The birth of catalysis, the term used today, dated to the early XIX. century. In
1835, Jöns JacobBerzelius discovered a commonphenomena by systematically re-
evaluating the observations of several scientist on different reactions (ether pro-
duction from alcohols, gas combustion induced by platinum, enhanced conver-
sion of starch to sugar by acids etc.) and shed light on its generality and proposed
to call it catalysis [1, 10, 12, 13].

”It is then shown that several simple and compound bodies, solu-
ble and insoluble, have the property of exercising onother bodies
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and action very different from chemical affinity. The body effect-
ing the changes does not takepart in the reaction and remains un-
altered through the reaction. This unknown body acts by means
of an internal force, whose nature is unknown to us. This new
force, up till now unknown, is common to organic and inorganic
nature. I do not believe that this force is independent of the elec-
trochemical affinities of matter; I believe on the contrary, that it
is a newmanifestation of the same, but, since we cannot see their
connection and independence, it will bemore convenient to des-
ignate the force by a new name. I will therefore call it the “Cat-
alytic Force” and I will call “Catalysis” the decomposition of
bodies by this force, in the same way that we call by “Analy-
sis” the decomposition of bodies by chemical affinity.”

—Jöns Jacob Berzelius [1, 12, 13]

In Berzelius’s view, the catalyst can be seen as something that induced the re-
action (”Catalytic Force”) by adding to the reacting ”bodies” (substances), but it
is not produced or consumed during the process [2]. He does not explained the
nature of catalysis, but used the term as a description of a group of unexplainable
(by using ”Chemical Affinity”) reaction phenomena [14].

A few decades later, Wilhelm Ostwald’s research has contributed significantly
to the understanding of catalysis. In recognition of his work on catalysis, chemi-
cal equilibria and reaction velocities, in 1909, he was awarded the Nobel Prize in
Chemistry [15].

Ostwald formulated the ”kinetic definition of catalysis”, by stating that ”the na-
ture of catalysis is to be sought not in the inducement of a reaction, but in its accel-
eration” [14].

”Catalysis is the acceleration of a slow-running chemical reaction
via the presence of a foreign substance”.

—Wilhelm Ostwald [16]
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The current definition recommended by IUPAC is not very different from his
statement:

”Catalyst: A substance that increases the rate of a reaction with-
out modifying the overall standard Gibbs energy change in the
reaction; the process is called catalysis.”

—IUPAC ”Gold Book” [17]

As one can see when comparing Berzelius’s [12] and Ostwald’s view [16] and
the IUPAC recommendation [17], our picture about catalysis is refined over the
years, but the basic concept has stood the test of time.
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1.2 Catalysis in General

1.2.1 Reaction Energetics and Types of Catalysis

There is one thing which is common in all type of catalysts: as soon as they have
successfully finished the first reaction, they are ready to start another one. This
process can be repeated many times during the lifetime of the catalyst and it is
called as ”catalytic cycle” (Figure 1.2.1).

C

C
C

Figure 1.2.1: General Scheme of a Catalytic Cycle: A + B C−→ A–B, (addition
reaction). A, B - Reactants, C - Catalyst, A-B - Product.
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In the simplest case, a reaction contain three different species: reactant (R),
transition state (TS) and product (P) (Figure 1.2.2). The energy difference be-
tween theTSand theR is the correspondingactivationenergy (Ea),which isneeded
to overcome for the completion of the reaction. By the usage of a catalyst, the reac-
tion profile could change dramatically, Ea decreased, the energetic barrier is lower
compare to the one of the uncatalyzed reaction and new species (intermediates)
could appear in the reaction system. However, the relative thermodynamic sta-
bility (ΔE) of R and P remain the same in the catalyzed and uncatalyzed R → P
process as well (Figure 1.2.2).

E
n
e
rg
y

Reaction coordinate

P

non-catalyzed

catalyzed

R

Ea

Ea

DE

TS

TS

R P

TSpre
TSpost

Ipre Ipost

Figure 1.2.2: Schematic Reaction Energy Profile Diagram of Catalyzed
(green) and Non-catalyzed (red) Reactions (Ea - Activation Energy, ΔE -
Reaction Energy Difference). Starting Material or Reactant (R) Convert to
Product (P) via the Intermediates (Ipre and Ipost) and Transition States (TSpre,
TS and TSpost).
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In general, a catalytic process could be homogeneous when reactants and cata-
lysts are in the same phase or heterogeneouswhen the phase of the catalyst is differ
from that of the reactants.

In addition to these, there is another type of catalysis, biocatalysis. It covers cat-
alytic processes occurring in living organisms using enzymes to facilitate chemical
transformations of compounds [14].

Fromastructural pointof view, homogeneous catalysts (Wilkinson’s [18],Crab-
tree’s [19] etc.) have well-defined structures and most of them are operates in liq-
uid phase, while the heterogeneous (or contact) ones (Pd/C [20], Raney-nickel
[21, 22] etc.) are insoluble, metal-containing materials (solid phase) with the ca-
pability of adsorbing molecules of gases or liquids onto their surfaces [14]

The ab ovo separation of the reaction medium from the phase of the catalyst is
a major advantage of heterogeneous processes over the homogeneous ones, be-
cause the isolation and re-utilization of the catalysts is cheaper and more simple.
Furthermore, in terms of thermal stability, the heterogeneous catalyst are also per-
form far better [2]. However, homogeneous catalysts are more selective and ac-
tive, considering that each catalystmoleculeworks as a separate catalytic unit [23].
Moreover, theoretical investigation of homogeneous catalysis is more straightfor-
ward, than its heterogeneous counterpart, because the molecular structure of re-
actants and catalysts are known and therefore relatively easy tomodel the reaction
mechanism using computational methods.

There are a quite good number of homogeneous catalysts including organic
molecules, acids (Brønsted and Lewis) and metal containing complexes
(e.g. organometallic compounds). Amongst these, metal containing complexes
constitute one of the biggest and most important group of catalysts.
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1.3 Organometallic Catalysis

1.3.1 A Little More History

Organometallic chemistry, like a bridge, is lying somewhere between inorganic
and organic chemistry and include properties of both fields.

Organometallic compounds canbe formedby the unificationof anorganic frag-
ment and a metal center into a single entity. Earlier, the presence of at least one
metal-carbon (M-C) or metal-hydrogen (M-H) bond served as a distinctive sign,
but thanks to the recent rapid development of the field, it is outgrown the initial
frameworks and by now several species lacking the distinctive bonds also included
into the organometallic category [24].

In 1757, Louis Claude Cadet de Gassicourt prepared the first organoarsenic
compounds (although he did not know about that) during his attempts to make
invisible inks [25]. He experimentedwith the reaction of various acids on arsenic-
containing cobalt ores (CoAs2 andCoAsS2) and succeeded to synthesize a red liq-
uid which was later called as ”Cadet’s fuming liquid”. At this time, the early studies
on the properties liquid were only qualitative and it took several decades to over-
come the difficulties which arise from its horrible stench and inflammability.

In the late 1820s and early 1830s Jean Baptiste Dumas, worked with this ma-
terial and tried to prepare a phosphorus analogue of Cadet’s liquid, but he was
unsuccessful. Although, he was able to partially analyze its chemical composi-
tion [25]. A little bit later, between 1837-1843, Robert Wilhelm Bunsen turned
to his attention towards the investigation of Cadet’s fuming liquid and success-
fully determined the chemical composition of the compounds within the liquid
[25]. It turned out that it contain dicacodyl (As2(CH3)4) and dicacodyl oxide
([(CH3)2As]2O). Today, these are referred as the first organometallic species, but
actually, they are not organometallic in the sense, that they contain metalloid (ar-
senic) instead of metal [25]. Despite the nit-picking over the definitions, undeni-
ably this was the first step in the development of organometallic chemistry [26].

Around this time, in 1830,WilliamChristopher Zeise at the University of Cop-
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penhagen synthesized the first platinum/olefin complex, potassium
trichloro(ethene)platinate(II) (Zeise’s salt) [27]. He determined the formula of
the compound, but his findings were harshly attacked by Justus von Liebig, argu-
ing that it must contain oxygen as well. This controversy lasted until Zeise’s for-
mula verified independently by the decomposition of the salt [28] and achieving
the same compound and its homologues with propylene and amylene by a new
synthesis using ethylene and chlorplatinic acid [29].

However, not only the formula, but the structure caused not a little puzzled
among chemist, because they were not able to explain it and the solution arrived
only in the XX. century with the development of X-ray crystallography. But in the
mean time, in the second half of the XIX. century several other milestones were
reached in the combination of metals with organic compounds.

Some of these milestones can be associated with Edward Frankland, who syn-
thesized the first organozinc compounds including zincmethyl, zinc ethyl (inBun-
sen’s laboratory) and zinc amyl (with Liebig) [30]. He prepared many more
organometallic compounds using different metals such as cadmium, magnesium,
tin, antimony, lead,mercury and others [31, 32]. Furthermore, he coined the term
organometallic, which used to refer to this area of chemistry:

“I have applied the nameorganometallic to a family of compounds
resulting from this investigation, the members of which contain
a positive organic radical united directly with a metal.”

—Sir Edward Frankland [30]

The next milestone of organometallic chemistry is the synthesis of nickel car-
bonyl which was first done by Ludwig Mond and his co-workers in 1890 using
metallic nickel and carbon monoxide [33]. Shortly thereafter, their findings was
successfully used in metallurgy to purify nickel from its ores [34].

Last but not least, at the very end of the XIX. century, François Auguste Vic-
tor Grignard introduced new organomagnesium compounds and described their
usage in the synthesis of alcohols and hydrocarbons [35]. These compounds are
the so-called Grignard reagents and they are still successfully and widely applied
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to form carbon–carbon bonds. It also show the importance of these reagents, that
little more than 10 years after their discovery in 1912, Grignard was awarded the
Nobel Prize in Chemistry [15]. He shared the prize with another french chemist,
Paul Sabatier, who was awarded ”for his method of hydrogenating organic com-
pounds in the presence of finely disintegrated metals whereby the progress of or-
ganic chemistry has been greatly advanced in recent years” [15].

Another landmark of organometallic chemistry is the development of the first
effective medicinal treatment for syphilis, Salvarsan (arsphenamine or compound
606) based on organoarsenic compounds. Salvarsan was synthesized by Alfred
Bertheim in 1907, in Paul Ehrlich’s laboratory. Its activity against syphilis was
proved by SahachirōHata in 1909, in the same place [26] andmarketed in Europe
from 1910.

The advancement of organometallic chemistry has become increasingly faster
throughout the XX. century. Numerous discoveries were achieved during the cen-
tury, including the preparation of ferrocene [36] and the interpretation of its struc-
ture [37]. Furthermore, the development of different metal containing catalysts
such as Gilman reagent [38], Ziegler–Natta catalyst [39], Wilkinson’s [18] and
Crabtree’s catalyst [19] and the first application of homogeneous metal catalysis
in industrial asymmetric synthesis [40] are also the results of the XX. century. In
addition to these, several catalytic processes were developed in this time apply-
ing organometallic compounds such as Stille reaction (organostannanes) [41],
Negishi coupling, Heck and Suzuki reaction (organopalladium) [42]. Finally, at
the turn of themillennium, homogeneous gold catalysis emerged and become one
of the most intensely studied area in synthesis [14].

The quarter-millennium long history of organometallic chemistry definitely
sealed its fate as one of the main research topics in chemical science. Perhaps, the
research arsenal changed a bit and new tools (e.g. computational chemistry) have
been taken besides the original experimental studies, but the development still did
not stop. Nowadays, organometallic reactions are the subject of intensive theoret-
ical investigations and in many cases, the experiments and the theoretical calcula-
tions are not able to clarify the open issues without establishing co-operations.
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1.3.2 General Remarks

The fruits of such experimental - theoretical co-operations will be presented here.
In thiswork,weare going todealwithhomogeneousorganometallic catalysis using
computational chemical tools, particularly palladium and gold-catalyzed reactions
were investigated. The computed results will be presented in three separate chap-
ters (Chapter 3, 4 and 5) in each of which the calculations will be compared to
parallel experimental investigations performed by our collaborators and/or other
scientists.
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A twofold tale I shall tell: at one time it grew to be one alone
out of many, at another again it grew apart to be many out
of one. Double is the birth of mortal things and double their
failing; for one is brought to birth and destroyed by the com-
ing together of all things, the other is nurtured and flies apart
as they grow apart again. And these things never cease their
continual exchange, now through Love all coming together
into one, now again each carried apart by the hatred of
Strife.

Empedocles (ca. 495–435 BC), Peri Phuseôs 2
Methods

2.1 The AncientGreeks Already Knew...

25 centuries ago a greek philosopher, Empedocles had a dream. He would like
to understand the world around him using pure thinking (logic) and observations
(experiments). Therefore, he has created the cosmogenic theory of the four Clas-
sical Elements: earth, water, air and fire. The theory also include two forces called
Love and Strifewhich are responsible for the interaction and transformation of the
elements [43].

By applying human reason and accepting the idea that everything is composed
of the abovementioned four elementswhich aremovedby the twoopposing forces
allowed him to explain some of his material experience. But it was neither quanti-
tative nor complete.
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Thepower of human reasonwas put to the proof during the centuries. Scientists
gave birth to several theories which emerge and then fall, because they has not
stood the test of time. Through this continuous process we get closer and closer to
the realization of Empedocles’ dream.

TheXVI. centurywas a turning point when scientific revolutionwas started and
Modern Science got underway. In 1543 just before his death,NicolausCopernicus
published his work about the heliocentric description of the universe [44]. It was
a shocking paradigm shift [45] from the Ptolemaic geocentric cosmology, which
had been accepted since ancient times.

The XVII. century was ”an Age of all others the most inquisitive” [46] and is
just as important and exciting as the previous. In 1620, Francis Bacon published
the Novum Organum Scientiarum (New Instrument of Science), in which he de-
clared the necessity of replacing Aristotelian deduction by Inductive Science [47].
According to Bacon’s view, the experiments are the most important tools in scien-
tific advancement. The way of knowing is ”not so much by instruments as by ex-
periments” [47] which will lead the ”restoration of learning and knowledge” [48].
His followers founded The Royal Society in 1662 based on the inspiration gained
from Bacon’s work [49]. Since then, it is continuously active and by now, it is one
of the major scientific societies.

Perhaps themost influential scientist of all time, IsaacNewton (1642-1726)was
born in this period whichwas a perfect time for a genius. Hewas gifted inmultiple
disciplines such as history, alchemy and mathematics, but his main achievements
are related to mathematics and physics.

Nature and nature’s laws lay hid in night;
God said ”Let Newton be” and all was light.

—Alexander Pope

His book the Philosophiae Naturalis Principia Mathematica (Principia) was
first published in 1687 [50] which was a great step towards Empedocles’ dream,
understanding and describing the world around us. The Principia has reformed
our knowledge and laid the foundation of classical or Newtonian mechanics by
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introducing Newton’s laws of motion and the law of universal gravitation. It de-
scribes themotionanddynamicsof ”slow-moving”, ”smaller” or ”bigger”, but ”heavy”
macroscopic objects (apples, planets etc.).

The scientific and technological development does not stopped here. Thermo-
dynamics and electrodynamicswere born and grewup alongwith the classicalme-
chanics to be complete and consistent theories of science. In the end of the XIX.
century it seemed that the most important problems of physics were solved.

There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

—Hamlet, Scene V

Only a few minor points needed further clarification, for example, the Frank-
Hertz experiment, black-body radiation and the existence of line spectra. These
and other seemingly small issues were led to the birth of a completely new the-
ory, quantum mechanics [51] in the beginning of the XX. century. It is a tool to
describe the properties of matter and light on the atomic and subatomic scale.

At this time, Albert Einstein developed two theories, the special- and general
relativity to understand the exotic behaviour of high speed ( speed of light) and/or
”very heavy” objects.

Thus, Empedocles’ vision been achieved and the world around us can be de-
scribed using different theories or their combinations depending on the character-
istics (”light” or ”heavy” and ”slow” or ”fast”) of the studied objects (Figure 2.1.1)
[52].

In terms of theory and characteristics, the focal points of this workwill be quan-
tum mechanics and ”light” objects (electrons and nuclei). However, our results
and predictions are related to heavier species (molecules) and their interactions
(reactions).

By now, we are living in an era when quantitative predictions could be done
about specific materials using the so called ab initio approach [53]. In the con-
text of ab initio the applied model is more simple than the one used by Empedo-
cles. It consist of only two type of elements (electrons and nuclei) and one force
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Figure 2.1.1: Theories and Their Applicability Area in Terms of Character-
istics of the Studied Objects (c - Speed of Light, amu - Atomic Mass Unit)
[52].
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(Coulomb), although the dual nature (attraction and repulsion) of the latter is
undeniable. Applying the laws of quantummechanics on this simple systemmost
of our physical reality at the molecular level is describable. Although, it is just an
approximation, but a rather good one with which even Empedocles would be sat-
isfied.

2.2 Who’sWho andWhat’sWhat inQuantumMechanics

2.2.1 A Quantum of History - History of Quantum

The word ’quantum’ is the neutral form of the latin ’quantus’, which means ’how
great/ how large’. It was widespread long before the birth of quantum mechanics
and not only at the fairgrounds of the Roman Empire. Long after the fall of the
Roman Empire, it was used by apothecaries and physicians through the centuries
in their recipes and prescriptions as a part of usually abbreviated phrases such as
q.s. (’quantumsatis’ or ’quantumsufficit’ - ’satisfactory’ or ’sufficient amount’), q.p.
(’quantumplacet’ - ’much as you like’) and q.v. (’quantum vis’ or ’quantum valeat’ -
’asmuch is proper’) [54]. The phrase ’quantum satis’ is still used nowadays in food
additive legislation [55].

In the XIX. century, the word was transferred from medical sciences to physics
through the mediation of some polymath who worked as medical doctors and
performed physics experiments as well. Most notably Julius Robert von Mayer
and Hermann von Helmholtz, both of whom were physicians and physicists, can
be suspected for the transfer. They referred to ’quantum’ in the context of heat,
when among others, laid the foundations of thermodynamics [56]. Moreover,
Helmholtz coined the phrase ’electrical elementary quanta’ or ’elementary quan-
tum of electricity’ (a.k.a. electron) as Philipp von Lenard remembered in his No-
bel Lecture [57] and this term was used by Lenard and by Max Planck as well
[58, 59]. Furthermore, another similar term, ’quanta of matter’ was also used by
Planck referring to the mass of the hydrogen atom [58, 59].

Besides the popularization of the word ’quanta’ and ’quantum’, Planck has a

16



Methods

much greatermerit, the discovery of the quantization concept to explain the black-
body radiation which was inexplicable by the classical approach [58, 60].

We consider (...) – this is the most essential point of the whole
calculation–E tobe composedof a very definite number of equal
parts and use thereto the constant of nature h = 6.55× 10−27 erg
· sec. This constantmultiplied by the common frequency ν of the
resonators gives us the energy element ε in erg, and dividing E by
εwe get the number P of energy elements whichmust be divided
over the N resonators.

—Max Planck [61]

The basic assumption of the quantization concept is that the energy can only be
transferred (absorbedor released) in ”energy elements” (ε)which areproportional
to the frequency (ν):

ε = hν

where h is the Planck constant. However, the concept was too revolutionary to
receive immediate widespread approval from the scientific community. In 1905,
after five year of delay, most of the doubters were convinced about the validity of
the idea by Albert Einstein’s similar explanation of the photoelectric effect.

... it seems tome that the observations on “black-body radiation”,
photoluminescence, the production of cathode rays by ultravio-
let light and other phenomena involving the emission or conver-
sion of light can be better understood on the assumption that the
energy of light is distributed discontinuously in space. (...)
Each initial energy quantum of frequency ν1 is absorbed and is –
at least when the distribution density of the initial energy quanta
is sufficiently low – by itself responsible for the creation of a light
quantum of frequency ν2 (...).

—Albert Einstein [62]
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In his work, Einstein introduced ’light quantum’/ ’Lichtquant’ (a.k.a. photon)
and defined it as the energy unit of electromagnetic radiationwhich is ”localised in
spacemovewithout being divided andwhich can be absorbed or emitted only as a
whole” [62]. He also stated in the same place that the ”wave theory of light which
operates with continuous functions in space has been excellently justified for the
representation of purely optical phenomena and it is unlikely ever to be replaced
by another theory” [62]. This joint appearance of quantization andwave theory is
the first indication of wave-particle duality.

In 1913, Niels Bohr combined Planck’s quantization theory of radiation [61]
with Rutherford’s atom model [63] and proposed the Rutherford–Bohr model of
the atom [64].

In the present first part of the paper the mechanism of the bind-
ing of electrons by a positive nucleus is discussed in relation to
Planck’s theory. It will be shown that it is possible from the point
of view taken to account in a simple way for the law of the line
spectrum of hydrogen.

—Niels Bohr [64]

According to Bohr, the atom consist of a small positively charged nucleus and
around that, electrons are travel in circular orbits and they are held together by
electrostatic forces and the total charge of the atom is zero. The orbits of the elec-
tron’s are located at certain distances from the nucleus and assigned with definite
energy levels. The energy gain and loss of electrons is associated with their tran-
sition between orbits (difference between the energy levels), but the stationary
travel of the electrons in a given orbit does not lead to energy change [64, 65].

Based on his model, Bohr was able to explain the line spectra of hydrogen [64,
65], which was another great success – after the explanation of black-body radi-
ation and photoelectric effect – of the early quantum theory. The model was ex-
tended for heavier atoms aswell and itwas successfully used to interpret previously
inscrutable atomic properties [66].
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A few years later, in 1924, Louis de Broglie coined the theory of wave-particle
duality of matter [67]. His work relied on Planck’s idea of quantization and Ein-
stein’s results on light (’light quantum’ / ’photons’) and relativity. He expressed
thewave-particle duality of light, which not explicitly, but already appeared in Ein-
stein’s early work on photoelectric effect [62] and extended the idea of coexisting
waves and particles to electrons and all other particles as well.

In 1924, the phrase ’quantummechanics’ was first used byMax Born in physical
literature [68].

We became more and more convinced that a radical change of
the foundations of physics was necessary, and thus a new kind of
mechanics, for which we used the term quantummechanics.

—Max Born [69]

Thephrase itself was invented in the early 1920s, by a group of physicists includ-
ingMax Born, Werner Heisenberg, Wolfgang Pauli and Pascual Jordan to indicate
the groundbreaking results of the emerging new theory[69].

Although, by using Planck’s quantization, several unsolved physical problems
were successfully explained, but the theory behind them was phenomenological
and was not traced back to fundamental concepts (first principles) and therefore,
the period between 1900-1925 is called the age of old quantum theory.

In 1925 a newera beginwhenmatrixmechanicswere developedbyHeisenberg,
Born and Jordan [70–72].

About the same time wave mechanics was established with the introduction of
the special wave function (Ψ) and the renowned non-relativistic equation by Er-
win Schrödinger [73–76].

Erwin with his psi can do
Calculations quite a few.
But one thing has not been seen:
Just what does psi really mean?

—Felix Bloch’s memories [77]
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He relied on de Broglie’s findings and used Hamilton’s analogy between op-
tics and mechanics to built his theory. As Felix Bloch – who was a student in
Zürich at the ETHwhere Schrödingerworked at that time – recalled 50 years later,
Schrödinger started to study deBroglie’s work, because of the inspiration ofDebye
[77].

Once at the end of a colloquium I heardDebye saying something
like: ”Schrödinger, you are notworking right nowon very impor-
tant problems anyway. Why don’t you tell us some time about
that thesis of de Broglie, which seems to have attracted some at-
tention.” (...) ”My colleague Debye suggested that one should
have a wave equation; well, I have found one!”

—Felix Bloch’s memories [77]

Shortly thereafter Schrödinger revealed thatwave andmatrixmechanics are pre-
dicts the same experimental results, therefore they are equivalent theories [78].

In the same year, based on Schrödinger’s work Born proposed the probabilistic
interpretation of quantum mechanics [79].

Schrödinger’s quantum mechanics therefore gives quite a defi-
nite answer to the question of the effect of the collision; but there
is no question of any casual description. One gets no answer to
the question, ”what is the state after collision” but only to ques-
tion, ”how probably is a specified outcome of the collision” (...).
Imyself am inclined togiveupdeterminism in theworldof atoms.
But that is a philosophical question forwhichphysical arguments
alone are not decisive.

—Max Born [80]

This was criticised by several prominent scientist such as Planck, Einstein, de
Broglie and Schrödinger [77] and it is still an open question in theoretical physics
mainly because of its philosophical aspects.
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In 1927, Heisenberg discovered the uncertainty principle of quantummechan-
icswhich states that the position of a particle and itsmomentumcan not be known
at the same timewith arbitrarily highprecision: themoreprecise themeasurement
of themomentum, the less precisely the position is known [81]. Theprinciple pre-
vails for other complementary physical properties as well (e.g. energy and time).

In the same year, quantum chemistry was born when Walter Heitler and Fritz
London applied quantummechanics in their studies on the bonding of the hydro-
genmolecule [82]. Their work opened a new scientific field and influenced several
scientists among them Linus Pauling.

During the same period, Paul Dirac combined the theory of special relativity
and quantum mechanics and deduced the relativistic wave equation (a.k.a. Dirac
equation) in 1928. He discovered electron spin and predicted the existence of a
particle which has a charge opposite to the electron [83].

In the early 1930s, as a culmination of the initial period, Dirac and John von
Neumann formulated themathematical basis of quantummechanics using the the-
ory of linear operators on Hilbert spaces [84, 85]. Quantum mechanics scarcely
begun and already became one of the one most influential physical theory of the
XX. century.

2.2.2 The Postulates of Quantum Mechanics

As a results of Dirac’s and Neumann’s work, the axiomatic framework of quan-
tum mechanics was created and six basic postulates were determined [51, 86].

Postulate I: The state of a quantum mechanical microsystem is
completely described by a function, called the state orwave func-
tion, Ψ(τ, t).

The wave function, Ψ(τ, t) depends on time (t) and on the coordinates (τ) of
the particle(s) in the studied system and contains all the information about the
system that can be determined by measurements. According to the probabilistic

The following sections of the chapter were written mainly based on [51, 86, 87].
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interpretation of the wave function, Ψ∗(τ, t)Ψ(τ, t)dτ is the probability that the
studied particle is in the volume element dτ located at τ at time t. Consequently,
the wave functionmust satisfy certainmathematical conditions: it must be single-
valued, continuous, and finite. Furthermore, in the case of a single particle, the
probability of finding it somewhere in space is 1, so the wave function must satisfy
the following normalization condition as well:∫ ∞

−∞
Ψ∗(τ, t)Ψ(τ, t)dτ = 1 (2.1)

Postulate II: Every observable known from classical mechanics
are represented by linear, Hermitian operators in quantum me-
chanics.

Let’s consider a physical observable A and the corresponding operator Â. The
valueofA is a real number, as itmust be for all physical observables. For this reason,
the expectation value of Â (<A>)must be also real whichmeans <A>=<A∗>. The
operators which meets this criteria are calledHermitian operators.

Postulate III: The measured value of any physical observable of
a systemequal to one of the eigenvalues of the corresponding op-
erator.

According to this postulate, if Â is the operator and a are eigenvalues, the fol-
lowing eigenvalue equation should be satisfied:

ÂΨ = aΨ (2.2)

Postulate IV : The expectation value of any physical observable
(<A>) is given by the following equation:

< A >=

∫ ∞

−∞
Ψ∗ÂΨdτ (2.3)

where Â is the corresponding operator and Ψ is the normalized
wave function.
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Postulate V : The state of a microsystem in time is given by the
time-dependent Schrödinger equation:

iℏ
∂Ψ(τ, t)

∂t
= ĤΨ(τ, t) (2.4)

where ℏ = h/2π, h is the Planck constant (quantum of action) and Ĥ - Hamil-
tonian (total energy operator).

The time-dependentSchrödinger equationwasdiscoveredbyErwinSchrödinger
who studied the classical wave equation and the de Broglie relations (vide supra).
It cannot be obtained using elementary methods, therefore it is considered as a
postulate of quantum mechanics.

However, Schrödingerdiscoveredfirst the time-independent versionof the equa-
tion and then postulated the more general time-dependent form [86]. The time-
independent Schrödinger equation applies if the state of the system is not changing
in time. In this case,

ĤΨ(τ) = EΨ(τ) (2.5)

where E is the total energy of the system, while Ĥ is the corresponding operator,
the Hamiltonian.

Postulate VI: The total wave function of a microsystem must be
antisymmetric for the exchangeof all coordinatesof identical par-
ticles with half-integer spin (fermion) and symmetric for the ex-
change of all coordinates of identical particles with integer spin
(bozon).

This is the last postulate, the so-called antisymmetry principle from which the
Pauli exclusion principle can be directly deduced.

2.3 The Beauty of Approximations

Science itself is built onmodels and approximations with the goal to de-
scribe reality as accurately as possible. Approximations help us to save resources
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andovercome the limitationsof our theories and tools (e.g. computational power).
From quantum mechanics to quantum chemistry the way is going through three
main approximations.

2.3.1 Non-Relativistic Quantum Mechanics

As it was noted before, Dirac deduced the relativistic wave equation, which has
all the properties missing from the time-dependent Schrödinger equation. It is
Lorentz invariant (space and time can be exchanged) and the spin is an intrinsic
property of Dirac’s theory [83, 84]. However, despite all the genuine features, the
relativistic wave equation must be solved numerically, which is computationally
very demanding and only feasible for small molecular systems. Therefore, usually
the relativistic effects are not considered directly through the Dirac equation, but
as an approximation, additional terms included into the Schrödinger equation to
deal with them [51].

2.3.2 Born-Oppenheimer Approximation

In 1927, Max Born and Robert Oppenheimer proposed a new description for the
molecular spectrabasedonanapproximatequantummechanical treatmentof elec-
trons and nuclei in the molecules and this is known as Born-Oppenheimer (BO)
approximation [88].

”The terms of molecular spectra are usually made up of parts of
variousordersofmagnitude; the largest contributioncomes from
the electronic motion about the nuclei, then follows the contri-
bution of the nuclear vibration, and finally that from the nuclear
rotation. The basis for the possibility of such a classification ob-
viously rests in the comparative magnitudes of nuclear and elec-
tronic masses.”

—Born and Oppenheimer [89]

Basically, the main idea behind the BO approximation is nothing else, but the
separation of the motions of electrons and nuclei.
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First of all, let’s consider thenon-relativistic time-independentSchrödinger equa-
tion and the corresponding Hamiltonian (Ĥ), which is the sum of the kinetic and
potential energy operators:

Ĥ(τ) = T̂(τ) + V̂(τ) (2.6)

τ include the coordinates of nuclei (R) and electrons (r).
The Hamiltonian can be further broken down to the sum of the kinetic energy

operators of electrons (T̂e(r)) and nuclei (T̂N(R)) and the potential energy op-
erators of electron-electron (V̂ee(r)), nuclei-nuclei (V̂NN(R)) and electron-nuclei
(V̂eN(R, r)) interactions:

Ĥ(τ) = T̂e(r) + T̂N(R) + V̂ee(r) + V̂NN(R) + V̂eN(R, r) (2.7)

In the first step of the BO approximation, the nuclei are fixed somewhere in the
space and therefore, the kinetic energy of nuclei is neglected (”clamped nuclei”
approximation). It can be done, because of the big difference between themass of
an electron and a nucleus and therefore, there is a huge difference between their
motility as well in favor of the electron. However, the electron-nuclei interactions
should be taken into account, because the electrons are still ”feel” the potential of
the fixednuclei. Furthermore, the nuclei-nuclei interactions are constantwhen the
nuclei are in a given position of space.

The Hamiltonian can written as

Ĥ(τ) = Ĥe(τ) + T̂N(R) (2.8)

This and other assumptions will led us to the electronic or ”clamped nuclei”
Schrödinger equation

ĤeΨe(τ) = Ee(R)Ψe(τ) (2.9)

where Ee is the electronic energy at a given position of nuclei. This equation is
solved in the first step of the BO approximation.
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Thereafter the nuclear Schrödinger equation is described as follows

(T̂N + Ee)ΨN(R) = EΨN(R) (2.10)

where Ee corresponds to the potential energy of nuclei, while E is the total en-
ergy of the system. Thus, the Ee(R) function could be called as the potential energy
(hyper)surface (PES) of the molecule. The appearance of PES is a consequence of
the BO approximation and it comes from the separation of electronic and nuclear
motion. If there is no BO approximation, a molecule can be described as an en-
tity which exist in different energy states, but potential energy surfaces can not be
assigned.

Every point of the PES is a solution of the electronic Schrödinger equation (im-
portant to note that it is not equivalent with the total Schrödinger equation, 2.5)
and corresponds to a given configuration (geometry) of the nuclei of themolecule.
For a molecule with N atoms, 3N total coordinates can be considered (x, y, z for
each atom). But there is no need to taken into account translations and rotations
(altogether 6 coordinates for non-linear systems), because the potential energy
remains the same if a molecule is rotated and/or translated in a field free space.
Therefore, Ee(R) depends on 3N-6 coordinates. Consequently, the 3N-6 internal
coordinates satisfactory to describe the molecular structure.

ThePES relatively easily computable andprovide enormous help to understand
important chemical concepts, such as stability, transition states etc. (Figure 2.3.1).

As in the case of other functions, the stationary points (minima, maxima and in-
flection points) of the PES could be located by calculating the first partial deriva-
tive of Ee(R) with respect to all variables and if it is zero in each case, a stationary
point is found.

3N−6∑
i=1

∂Ee(R)
∂Ri

= 0 (2.11)

Thesepoints canbedistinguishedbycalculating the secondderivatives (∂
2Ee(R)
∂2Ri

)
and analyzing their signs. If the second derivatives are positive or zero the ana-
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lyzed point is a minima. These points on the surface are represents stable (reac-
tants, products etc.) or quasi-stable (intermediates) species and they are located
at the bottomof the ”valleys” on the PES (Figure 2.3.1, A and B). Bymoving from
these points in any direction (slightly changing the geometry) the energy is going
to be higher. If the second derivatives are positive in each case except one, a first
order saddle point is located on the surface (Figure 2.3.1, TS). The points with
such properties are transition states along the corresponding reaction coordinate.
These points are minima in each directions except one, from which they are max-
ima (Figure 2.3.1, TS).

Ee

R

A

B

TS

Ea

DEAB

Potential Energy Curve

Figure 2.3.1: Potential Energy Curve - 2D Cut of a Potential Energy Sur-
face. Ee - electronic energy (potential energy); Ea - activation energy; ΔEAB -
relative energy; TS - transition state (first order saddle point); A, B - stable
conformations (minima); R - coordinates.

Finally, in the second step of the Born-Oppenheimer approximations the nu-
clear Schrödinger equation (eq. 2.10)will be solved in order to get the total energy
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of the system along with the vibration and rotations of the nuclei.
To sum up the Born-Oppenheimer approximation: the significant difference in

the relative masses of an electron and a nucleus enable us to divide the time in-
dependent Schrödinger equation into two independent equations, the electronic
( 2.9) and nuclear Schrödinger equation ( 2.10).

2.3.3 One-Electron Approximation and Hartree-Fock Method

The previously introduced approximations led us to the electronic Schrödinger
equation (eq. 2.9), which can be rewritten into the following form:

ĤeΨe(τ) = (T̂e(r)+V̂ee(r)+V̂NN(R)+V̂eN(R, r))Ψe(τ) = Ee(R)Ψe(τ) (2.12)

It is impossible to find the exact solution of this equation for a fully interacting
many-electron system. Therefore, approximate solutions were developed. One of
themost suitablemethod tohandle themany-electronproblem is the one-electron
approximation, when each electron is considered separately [51, 86, 87]. In order
to achieve this, the electronic wave function (Ψe(r)) must be separated into the
product of one-electronwave functions (ψ i(i))which is knownasHartreeProduct
[51, 86]

Ψe(r) = Ψe(1, 2, ..., n) → ψ1(1)ψ2(2)...ψn(n) (2.13)

in which the one-electron wave functions, e.g. ψ1(1), only depends on the co-
ordinates of the respective electron.

The total wave function andwithin that the electronic partmust satisfy the anti-
symmetry principle (see above Postulate VI). Therefore, the wave function must
changes sign if the coordinates of two electrons exchanged [51, 86].

Ψe(r) = Ψe(1, 2, ..., n) → −Ψe(2, 1, ..., n) = −Ψe(r) (2.14)

This criteria must be fulfilled with the one-electron product wave function as
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well. However, a simple product wave function is not antisymmetric, as one can
see for a two electron system (Ψe(1,2)).

Ψe(1,2) = ψ1(1)ψ2(2) → ψ1(2)ψ2(1) ̸= −Ψe(2,1) (2.15)

For this reason, a linear combination used which satisfy the criteria. For two
electrons such a linear combination could be the following

N[ψ1(1)ψ2(2)− ψ1(2)ψ2(1)] (2.16)

where N is a normalization constant (for 2 electrons it is 1/
√

2). This satis-
fies the antisymmetry requirement and it has another very good feature, it can be
rewritten as a determinant

N[ψ1(1)ψ2(2)− ψ1(2)ψ2(1)] = N

∣∣∣∣∣ψ1(1) ψ1(2)
ψ2(1) ψ2(2)

∣∣∣∣∣ (2.17)

which is very helpful when a system with many electrons must to be handled
[51, 86]. Furthermore, this prevent twoelectrons tobe at exactly the sameposition
(at the same orbital at the same time), because

N

∣∣∣∣∣ψ1(1) ψ1(1)
ψ2(1) ψ2(1)

∣∣∣∣∣ = 0 (2.18)

and thus, it satisfies the Pauli exclusion principle which is a consequence of the
antisymmetry principle (vide supra). The generalization to n electrons

Ψe(1, 2, ..., n) =
1√
n!

∣∣∣∣∣∣∣∣∣∣
ψ1(1) ψ1(2) . . . ψ1(n)
ψ2(1) ψ2(2) . . . ψ2(n)

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

ψn(1) ψn(2) . . . ψn(n)

∣∣∣∣∣∣∣∣∣∣
(2.19)

If the one-electronwave functions (ψ i(i), orbital functions, depends only on the
coordinates of the particles) are replaced by the corresponding spin-orbital func-
tions (φi(i) = ψ i(i)η(i), depends on coordinates and spin, as well, where η(i) can
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be α(i) or β(i)) and the electrons are paired to have the same orbital wave func-
tions, but differ in their spin, the resulting new determinant is the so-called Slater
determinant [90].

Φe(1, 2, ..., n) =
1√
n!

∣∣∣∣∣∣∣∣∣∣
φ1(1)α(1) φ1(2)α(2) . . . φ1(n)α(n)
φ1(1)β(1) φ1(2)β(2) . . . φ1(n)β(n)

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

φn/2(1)β(1) φn/2(2)β(2) . . . φn/2(n)β(n)

∣∣∣∣∣∣∣∣∣∣
(2.20)

As a consequence of this formulation, each electron is associated with every or-
bital and therefore, they are indistinguishable, which is consistent with the general
quantum mechanical considerations.

As the separationof thewave function is finished, theHamiltonian (Ĥe)mustbe
also separated into one-electron operators. As it was shown above, the electronic
Hamiltonian consist of four terms and among them three groups can be identified
depending on the number of electrons involved in them:

1) zero-electron: V̂NN(R)
2) one-electron: V̂eN(R) and T̂e(r)
3) two-electron: V̂ee(r).
The zero-electron term is a constant, because it is include only the nuclei-nuclei

interactions (vide supra), while the one-electron part is obviously not problematic
for the one-electron separation. The only term which causing problems is the one
which describe the electron-electron interactions (V̂ee(r)) and as such term, it in-
clude information about two electrons at the same time. This can be overcome by
the usage of a hypothetical mean field potential (effective potential, V̂eff

e1(i)) with
which the effects of all the electrons in the system will be approximated.

V̂ee(r) →
n∑
i=1

V̂eff
e1(i) (2.21)

All electron in the systemwill be described as if they are moving individually in
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this effective potential. Thus, the electronic Hamiltonian can be approximated as

Ĥe ≈
n∑
i=1

[ĥe1(i) + V̂eff
e1(i)] + V̂NN(R) =

n∑
i=1

F̂(i) (2.22)

where ĥe1(i) is the one-electronpart of the electronicHamiltonian, V̂NN(R) rep-
resents the nuclear-nuclear interaction potential (vide supra), while V̂eff

e1(i) is the
effective one-electron potential and F̂(i) is the Fock operator [51].

This is the so-called independent particle model, which computationally behaves
as a one-electron model notwithstanding that all electron states must be known
to calculate the effective potential. The goodness of the model highly depends on
how accurately approximated the real two electron potential by the effective one-
electron potential ( 2.21).

Basedon the results of theone-electronapproximation(Slaterdeterminantwave
function and one-electron Hamiltonian), the approximate solution of the elec-
tronic Schrödinger equation can be given by the Hartree-Fock method [87]. This
is dealing with the Hartree-Fock equations

F̂(i)φi = εiφi (2.23)

where φi (orbitals) are one-electron spin-orbital functions (to construct the
Slater determinant, vide supra) and εi are orbital energies .

TheHartree-Fockmethodminimize the energy to get the ”best” approximation
(Slater determinantwave function) of thewave function by determining an appro-
priate spin-orbital set [87].

To solve the Hartree-Fock equations, the Fock operator which include the ef-
fective one-electron potential (V̂eff

e1(i)) must be known. Therefore, V̂eff
e1(i) needs to

be selected, but the selectionmust be done carefully to get the best approximation
of the electron-electron interactions (vide supra). The best selection of the effec-
tive potential can be described by two terms, theCoulomb and the exchange term,
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which can be associated with the corresponding operators, Ĵij and P̂ij, respectively.

V̂eff
e1(i) =

∑
j

(̂Jij − P̂ij) (2.24)

TheCoulomb termdescribe the electrostatic interaction between an electron in
an orbital (φj(j)) and the average charge distribution of the other electrons, while
the exchange term arise from antisymmetry of the wave function and it includes a
piece of flavor of correlation between electrons.

Thus, the Fock operator contain four terms:

n∑
i=1

F̂(i) =
n∑
i=1

[ĥe1(i) +
∑
j

(̂Jij − P̂ij)] + V̂NN(R) (2.25)

Among these, both theCoulomb and the exchange operator include in their ex-
pression one-electron spin-orbital wave functions (φj(j)), therefore the Fock op-
erator also depend on the orbitals, what we are trying to determine with its help.

Thus, to find the above mentioned appropriate (energy minimum) spin-orbital
set (→ ”best” Slater determinant wave function), an initial orbital set (φ0

i (i)) is
necessarywithwhichan initial Fockoperator (F̂0) canbedefined. Then, theHartree-
Fock equations can be solved using this initial guess. The solution provide a new
set of orbitals (φ1

i(i)) from which a new Fock operator (F̂1) can be constructed.
This process can be repeated as long as need to reach convergence and by the iter-
ative refinement of the initial guess a minimum of the electronic energy achived.
Therefore, theHartree-Fockmethod is also called self-consistent-field (SCF) proce-
dure.

Up to this point, three main approximations used to simplify the initial rela-
tivistic quantum mechanical problem and to get a model where the Hartree-Fock
method come into operation. The approximations advantageous, but they are also
the origin of limitations of the method and therefore the calculated Hartree-Fock
electronic energy (EHF) differ from the exact electronic energy of the system (Ee).
To overcome the limitations, several possibleways exist such as post-Hartree-Fock
approach and semi empirical quantum chemistry.
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In the post-Hartree-Fock approach to increase the accuracy of the calculations
the correlation energy (Ecorr) canbe computedwhich is almost completely ignored
by the Hartree-Fock method (no electron correlation, except the exchange term
(vide supra), or even relativistic effects can be included. The semiempirical quan-
tum chemical methods highly rely on parametrization of their formulas to repro-
duce the experimental values as close as possible.

However, nomatter what kind of method employed, the main goal of (applied)
quantum chemistry is to achieve a quantum mechanical description which can be
used to study real chemical problems.

2.4 Density Functional Theory

2.4.1 The origin

Density functional theory (DFT) is one of the most widely used computational
tool in modern applied quantum chemistry. The basic concept of DFT appeared
in the early days of quantum mechanics [91]. In 1927, shortly after the invention
of the Schrödinger equation [73], LlewellynThomas and Enrico Fermi developed
a model (Thomas-Fermi model) to approximately describe the electron density
(ρ) and the ground state energy (E(n)) for systems which have large number of
electrons (n) [92, 93]. They have proposed the idea to define the energy of a sys-
tem as a function of the total electron density (E(ρ)).

More than 20 years passed until the same basic idea was applied again by John
Slater in 1951, todevelop theHartree-Fock-Slatermethod [94], whichwas initially
proposed as an approximation of the Hartree-Fock theory, but later recognised as
an important milestone of density functional theory [95].

Notwithstanding the correlation between the energy and the electron density
revealed by these methods, but the real proof of this idea arrived only in 1964,
when PierreHohenberg andWalter Kohn published their paper about Inhomoge-
neous Electron Gas [96].
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2.4.2 The Proof - Hohenberg-Kohn Theorems

Hohenberg and Kohn proposed and proved two theorems [96] to demonstrate
that the electron density of a non-degenerate electronic system unambiguously
define the ground-state energy and the corresponding electronic properties [95].

The electron density (ρ(r)) is a function which describe the probabilistic distri-
bution of electrons in space [51].∫ ∞

−∞
ρ(r)dr = n (2.26)

where n is the number of electrons in the system. If there is an external potential
(Vext(r))which affect the electrons in the system, the electron density also affected
and therefore, it depends on the external potential.

Considering the electronic Hamiltonian of a molecule (vide supra, 2.19), the
potential which describe the electron-nuclei interactions (V̂eN(R,r)) is an exter-
nal potential from the viewpoint of the electrons. The others, the kinetic energy
operator (T̂e(r)) and the electron-electron potential operator (V̂ee(r)) represents
internal, electrondependent actions, while thenuclei-nuclei (V̂NN(R)) part is con-
stant and no need to deal with it (vide supra). Thus, the electron density of the
molecule depends on the V̂eN(R,r) potential (Vext(r)). Therefore, if the external
potential is known the electron density can be unambiguously determined.

Hohenberg and Kohn realised the reverse statement which is known as their
first theorem and proved its validity [96] (Figure 2.4.1).

TheoremI:Theexternal potential (Vext(r)) affecting the electrons
in the system, and the total energy (E), is a unique functional of
ρ(r).

Consequently, if the electron density of a system is known the external potential
and the total energy can be determined unequivocally.

Then, in the second theorem the ground state electron density is connected with
the total energy.
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Hohenberg-Kohn Theorem I.

r(r) Vext(r) E

E[r(r)]

bijective bijective

Figure 2.4.1: Schematic Representation of the first Hohenberg-Kohn Theo-
rem.
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Theorem II: It is proved that there exists a universal functional
of the density, F[ρ(r)], independent of Vext(r), such that the ex-
pression

E =

∫
Vext(r)ρ(r)dr+ F[ρ(r)] (2.27)

has as its minimum value the correct ground-state energy associ-
ated with Vext(r) [96]. Here F[ρ(r)] includes the kinetic and the
electron-electron interaction terms.

These theorems laid down and cemented the theoretical basis of DFT and ex-
pedite the development of the area.

2.4.3 Kohn-Sham Formalism

The foundations of the current formalism of DFT is developed just a year after
the publication of the Hohenberg-Kohn theorems. Kohn, in collaboration with
Lu Jeu Sham, coined a way to solve the Hohenberg-Kohn theorems (Kohn-Sham
formalism) for real systems (interacting electrons) [97]. For their approximation,
they have used a special virtual non-interacting system and assumed that its overall
ground-state ρ(r) is equal to the density of the real interacting system.

The ground-state electron density (ρ(r)) was defined at a location r by the fol-
lowing expression

ρ(r) =
n∑
i=1

|φKSi (r)|2 (2.28)

where φi(r)
KS Kohn-Sham orbitals which can be calculated by solving the Kohn-

Sham equations ( 2.29).

ĥKS(i)φKSi = εKSi φKSi (2.29)

where ĥKS(i) represents the Kohn-Sham Hamiltonian, εKSi is the Kohn-Sham
orbital energy.
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Thus, by using the above mentioned virtual system with non-interacting elec-
trons, the kinetic energy term (T̂e[ρ(r)]) and the electron-electron interaction en-
ergy (V̂ee[ρ(r)]) of the real systemcanbewritten as the sumof the kinetic energy of
the virtual system (T̂virt

e [ρ(r)]), the classical electron-electron repulsion in the vir-
tual system (V̂virt

ee [ρ(r)]) and a correction term (EXC[ρ(r)]), called exchange cor-
relation energy to plug-in the electron-electron interactions into the formalism.
Therefore, the Kohn-Sham Hamiltonian can be written as

ĥKSi = T̂virt
e [ρ(r)] + V̂virt

ee [ρ(r)] + V̂ext[ρ(r)] + V̂XC[ρ(r)] (2.30)

After all of these considerations, everything is known in equation 2.30, except
one term, the exchange correlation term (V̂XC[ρ(r)]), but to solve the Kohn-Sham
equations, it also needs to be determined.

2.4.4 The Focal Point - Exchange Correlation

Thus, we reached the focal point of the Kohn-Sham formalism, how to deal with
theexchangecorrelation termand the correspondingenergy functional (EXC[ρ(r)]).
V̂XC[ρ(r)] is the functional derivative of EXC[ρ(r)], so if the energy is determined
easy to identify the corresponding potential as well. The solution of the Kohn-
Sham equations iterative and resemble the features of the Hartre-Fock method.
However, to start the calculations asmentioned before, V̂XC needs to be computed
and included into the Kohn-Sham Hamiltonian. For this reason, the form of the
electron density dependence of EXC must be identified.

Usually, the exchange correlation energy functional is divided into two separate
terms, an exchange (EX[ρ(r)]) and a correlation term (EC[ρ(r)]), even though this
separation is not generally accepted by the scientific community [95]. TheEX rep-
resents the interactions between electrons of the same spin, while EC is associated
with the electron-electron interactions in case they have opposite spin.

EXC[ρ(r)] = EX[ρ(r)] + EC[ρ(r)] (2.31)
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were EX[ρ(r)] exchange functional, EC[ρ(r)] correlation functional.
The DFT approximations can be separated into distinct groups based on the

way of the electron density dependence of their exchange and correlation func-
tionals. The functionals can depend on the local electron density (ρ) or they could
be built in a way to depend on ρ itself and its gradient Δρ as well.

2.4.5 Jacob’s Ladder or The Zoo of DFT?

Over the past 50 years which has elapsed from the introduction of theKohn-Sham
formalism, a huge number of different density functional approximations were de-
veloped. Especially from the 1990s the application and development of density
functional theory is flourishing and the range of possibilities in the field drastically
enlarged [95]. Not only the number of approximations increased, but the level of
sophistication is also lifted up which led John Perdew to resemble the progress of
DFT research to Jacob’s Ladder [98] (Figure 2.4.2).

”Jacob leftBeer-Sheba andwent towardHaran. He came to a cer-
tain place and stayed there for the night, because the sun had set.
Taking one of the stones of the place, he put it under his head
and lay down in that place. And he dreamed that there was a lad-
der set up on the earth, the top of it reaching to heaven; and the
angels of God were ascending and descending on it.”

—Genesis 28:10-12 [99]

Asonecan see in the ”ladder” (Figure 2.4.2), there arefive typesofDFTapprox-
imations: 1) Local (Spin) Density Approximation (LDA/LSDA), 2) Generalized
Gradient Approximation (GGA), 3) Meta Generalized Gradient Approximation,
4)HybridMethods (HyridGGAandHybridMetaGGA) and5)FullyNon-Local
approximation.

In an ideal case, a functional could deal with every applications regardless of
whether the problem is physical or chemical. Unfortunately, there is no general
functional and the discovery is unlikely even in the distant future. Therefore, the
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Jacob’s Ladder of DFT
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PBE1KCIS, M06
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Figure 2.4.2: Jacob’s Ladder of Density Functional Approximations [95, 98].

main goal ofDFTmethod development is to create area specific functionals which
could handle a certain set of problems for which they are designed. This is the
reason why nowadays a plethora of different functionals available, each of which
works well for certain problems, but fails for others [100]. The available function-
als are not equally popular within the scientific community.

Some of themost common functionals are also indicated on the ”Ladder” (Fig-
ure 2.4.2) and among these B3LYP (Becke, 3 parameter, Lee-Yang-Parr) [101–
103] and M06 [100] needs special attention.

It can be say without exaggeration that B3LYP is themost successful functional
of all time (if the successfulness is measured by the number of publications) [95].
It was used in numerous studies and due to its wide range of applicability (even
if it is not perform well in some cases [95]), it has become a point of reference in
applied density functional theory.

M06 is amember of a group calledMinnesota Functionals (Myz) developed by
Prof. Donald Truhlar and his co-workers. It has three sister functionals (M06-L
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[104], M06-2X [100] and M06-HF [100]) and they are forming the M06 family
of hybrid meta GGAs [100]. The Minnesota Functionals are relatively newly de-
veloped (the oldest is published in 2005 [105]) and they gained popularity thanks
to their good performance on various system. Furthermore, their novelty and the
continuous development of these group of functionals very appealing for the com-
putational chemistry community. The M06 is parametrized for the study of non-
covalent interactions, main-group thermochemistry and kinetics, inorganometal-
lic and organometallic thermochemistry [100]. Nowadays, this is the most popu-
lar and probably the best choice for computational organometallic studies. This is
the reason why it was also selected in some of our own computational investiga-
tions which will be presented later in the following chapters.
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2.5 Basis Sets and Basis Functions

2.5.1 Atomic Orbitals

In general, every problem is solved in a space (e.g. 3D linear vector space) which
is defined by a collection of vectors (e.g. î, ĵ, k̂) called basis set. From a quantum
chemical point of view, a basis set is a bunch of one-particle functions which used
to build atomic and/or molecular orbitals (ψ̂ i) by linear combinations. Let’s con-
sider χμ as an appropriate selection of functions (basis set) and their linear combi-
nations to express ψ̂ i orbital functions,

ψ̂ i =
m∑
μ=1

ciμχμ (2.32)

where ciμ scalar. Thenumber of functions (m) and their ”quality” (proper shape,
ease of computation) highly affect the goodness of the orbital descriptions and
therefore the calculations [51]. Theoretically any function can be selected, but the
”quality” criteria limit the scope of suitable functions. Usually, the selected basis
functions are atomic orbitals (AO) centered on atoms, but exists other applicable
options (e.g. plane wave basis sets for periodic systems).

The atomic orbitals are convenient and the corresponding molecular orbitals
(MO) can be built based on their linear combinations (LCAO). There are two
main atomic orbital function families the Slater-type orbitals (STO) [106] and the
Gaussian-type orbitals (GTO) [107] (Figure 2.5.1).

The Slater functions (SAO) are originated from the analytical solutions of the
Schrödinger equation of the hydrogen atom [106]. The general formula of the
STOs can be given as

SAO = Ne−ζr (2.33)

whereN is a normalization constant, ζ represents varied parameters which con-
trols the width of the orbital and r is the radial (distance) parameter. This type of
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STO

GTO

Figure 2.5.1: Schematic Comparison of Slater-type (STO) and Gaussian-type
Orbitals (GTO).

functions have a rather good shape (H-atom-like and correct short/long range be-
haviour, Figure 2.5.1), but computationally demanding to deal with them. There-
fore, a modification was proposed to change their formula to aGaussian-like form
[107]

GAO = Ne−ζr2 (2.34)

which is very ease to compute (the product of two Gaussians is also a Gaus-
sian) and therefore, more suitable for practical purposes [51]. The shape and the
behaviour of these functions are different from the Slater functions (Figure 2.5.1),
but the computational benefits significantly compensate thedisadvantageousprop-
erties. Furthermore, STOs (and therefore their advantageous properties) can be
approximated by the linear combination of several GTOs:

SAO ≈
∑
μ

dμG
μ
AO = CGTOAO (2.35)

where dμ optimized coefficients, whileGμ
AO Gaussian functions. The Gaussians
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used in the approximation of STOs are called primitive functions, while the final
basis is the contractedGaussian-type orbital (CGTO) basis.

Several different basis set types used and they can be differentiated based on
the number of functions associated with each atomic orbital. In the simplest case
(minimal basis set), only one basis function (STO, GTO or CGTO) assigned to
each AO. In case of two, three or more associated basis functions the basis set is
called double-, triple-zeta or N-zeta. A special type of basis set is the split-valence
basis in which the number of basis functions are differ for the core and the valence
atomic orbitals. For example, in the case of 6-31G which is Pople’s split-valence
double-zeta basis set, the core orbital is a CGTO made of 6 primitive Gaussians,
while the valence orbitals are described by two basis functions (double-zeta) each
of them CGTOs (made from three primitive Gaussians and one primitive Gaus-
sian). Furthermore, polarization (* - in Pople’s notation) and diffuse (+ - in Pople’s
notation) functions are often used to increase the reliability of the basis sets (e.g.
weak interactions, anionic systems) [51].

2.5.2 Pseudopotentials

Chemical transformations of molecules highly depend on the valence electrons.
The core electrons are not involved in these processes, but affect the correspond-
ing orbitals. The computational effort can be reduced significantly by focusing
only on the valence electrons and approximate the effect of the core electrons.
The core electrons are approximated with pseudopotentials or effective core poten-
tials (ECPs). If these functions are originated from relativistic calculations the
ECPs could include relativistic effects, which can be important in molecules with
heavy elements and not necessarily need to apply relativistic theory to the rest of
the system. There are two are very popular ECP types in the current computa-
tional chemistry literature, the Stuttgart-Dresden (SDD) energy-consistent effec-
tive core potentials [108, 109] and the Los-Alamos National Laboratory (LANL)
shape-consistent effective core potentials (e.g. LANL2DZ - valence electrons are
handled with double-zeta quality) [110–112]. These functions are inevitable to
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reliably handlemetal containing species bymeans of computational chemistry cal-
culations (e.g. computational organometallic chemistry).

2.6 Model Chemistries

In modern quantum chemical research the level of theory defined by two sep-
arated, but still connected approximations: the selected calculation procedure
(method) and the applied basis set. The combination of these two approximations
are also called theoretical model chemistry [51]. The methods (Hartree-Fock, post-
Hartree-Fock, Density Functional Theory etc.) are different in the way of their
approximate solution of the Schrödinger equation. The accuracy, computational
cost and resource requirements (e.g. memory) can significantly vary between the
different methods. The level of theory applied for a calculation usually written as
method/basis-set (e.g. HF/3-21G, B3LYP/6-31G*). This notation clearly defines
the applied approximations used during the quantum chemical calculations.

Further refinement of the calculations can be done by means of single point
(SP) energy calculations. In this case, a geometry optimization performed in a
”lower” level of theory, than the resulted optimized configuration of nuclei used to
calculate the energy of the systemat a ”higher” level of theory. To specify the entire
level of calculations themethod-SP/basis-set-SP//method-geom/basis-set-geom
notation used, where method-geom/basis-set-geom is the level of the geometry
optimization.

2.7 SolventModels

To model a chemical reaction in a realistic manner, the corresponding environ-
mental factors (temperature, solvent effects etc.) must be also taken into account.
Especially, the selection of an appropriate description of solvent effects (interac-
tion between solvent and solute) is important, because most of the applied chem-
ical synthetic protocols involve solvents [113].
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Figure 2.7.1: Schematic Comparison of Implicit and Explicit Solvation Mod-
els.

Solvent effects can be handled explicitly, implicitly or in a mixed/combined
mode. In the case of the explicit treatment, solvent molecules are introduced into
the calculated system and computed at the same (QM approach) or different level
of theory (QM/MM approach) as the compounds of interest (Figure 2.7.1). In
contrast implicitmodels represents the solvent as apolarizable continuousmedium
which has a dielectric constant (ε) and does not include individual (“explicit”) sol-
ventmolecules (Figure 2.7.1). In the combinedmode, there are solventmolecules
around the solute in the system, but the bulk phase is treated implicitly, as a polar-
izable continuum.

The main advantage of an implicit model is the significantly cheaper computa-
tional cost compare to an explicit model. However, specific solute-solvent interac-
tions can’t computed (e.g. hydrogen bonds), thus in such cases where these inter-
actions are important a combined approach (explicit introduction of a few solvent
molecules) is recommended.

The electrostatics based solute-solvent interactions are considered in the im-
plicit models. The solute is immersed into the continuum and a cavity is generated
(Figure 2.7.1). Inside this cavity the charge distribution of the solute polarizes the
continuum, which is back-polarizes the solute charge distribution. This is a self-
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consistent process, which can be solved with an iterative procedure [114].
The properties of the cavity (shape and size) can be defined in various ways, but

in any case it should exclude the solvent and keep as much as possible from the
solute charge distribution within its boundaries [114].

In many cases, one of the main goal of the calculations is to determine the sol-
vation free energy (ΔGsol).

ΔGsol = ΔGel + Grep + Gdis + Gcav + ΔGtm + PΔV (2.36)

Toget this quantity, the free energy of the solvated system ismeasured and com-
pared to the sum of the free energies of the separated solute-solvent systems, the
pure unperturbed liquid and the solute molecule(s) in gas phase.

In the expressionGcav is the cavity formation term (energy needs to form a suit-
able cavity within the liquid), ΔGel electrostatic term, Grep repulsion (it takes into
account the presence of the cavity), Gdis dispersion term, Gtm free energy contri-
bution (corresponds to the termal motion of nuclei) and PΔV cratic term (zero at
standard states).

Several implicit models developed, within which six different groups of meth-
ods can be differentiated: (1) the apparent surface charge (ASC) methods, (2)
the multipole expansion (MPE) methods, (3) the image charge (IMC) methods,
(4) the generalized Born approximation (GBA), (5) the finite element methods
(FEM), and (6) the finite difference methods (FDM) [114]. Among these, the
ASC methods cover a large set of commonly applied implicit solvation models
such as the Polarizable Continuum Model (PCM) [115], Conductor-like Screen-
ing Model (COSMO) [116] and the Integral Equation Formalism (IEF) [117–
119].

These models form an integral part of today’s quantum chemical research and
their usage is unavoidable for the proper computational handling of organic reac-
tions especially if they take place in a polar environment or charged species are
involved.
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2.8 General Remarks

In the following chapters the above discussed theories will be used to study
organometallic systems. This is a shortmethodological summary intended to throw
some light on the theoretical foundations of the applied methods. However, it is
neither complete, nor deep, just enough to scratch the surface and give insight into
the complexity of the theory.
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There’s this farmer, and he has these chickens, but they won’t
lay any eggs. So, he calls a physicist to help. The physicist then
does some calculations, and he says, um, I have a solution, but
it only works with spherical chickens in a vacuum.

Leonard, The Big Bang Theory

3
Palladium(II)-CatalyzedDynamic

Kinetic Asymmetric Transformation

3.1 Introduction

3.1.1 Chirality – History, Biology and Chemistry meet

Molecularchiralitywasdiscovered in1848byLouisPasteur, aFrenchchemist
andmicrobiologist (vaccination, pasteurizationetc.), whenhe separated twosodium
ammonium tartrate isomers [120–122]. Despite the pioneeringwork of Pasteur, it

This chapter is based on the following manuscript: P. Ramírez-López, A. Ros, B. Estepa, R.
Fernández, B. Fiser, E.Gómez-Bengoa, J.M.Lassaletta,ACSCatalysis, vol. 6, pp. 3955–3964,2016.
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Figure 3.1.1: General Structures of the L- and D-Amino Acids.

took almost a century for the scientific community to understand the importance
of chirality.

Chirality plays a central role in biology and thereby in chemistry as well, highly
affecting pharmaceutical, agricultural and other chemical industries. As hands and
feet are inmirror-imagepairs,manymolecules canexist in ”left-” and ”right-handed”
forms. The proteinogenic amino acids (except glycine) have two chiral forms – L
and D – (Figure 3.1.1), but only the L is indispensable for the synthesis of the
enzymes which are molecular level ”catalytic machines” in the living organisms.
Therefore, the ”biochemical industry”within the cells is based on exclusively ”left-
handed” species and this is the reason why in numerous cases a given compound
biologically active, whereas its mirror-image counterpart is inactive or it has dis-
tinctly different activity [123].

Due to the handedness of cell components, the situation is the same in the case
of drugs and their activity may depend on the used enantiomer. Many drugs on
themarket consist of chiralmolecules [124] and since theymust interactwith their
specific targets (appropriate type of receptor proteins), it is rare to have relevance
of both enantiomers. Thus, one stereoisomer has the desired therapeutic influ-
ence, while the other may be inactive or, in certain cases, it might be harmful and
produce undesired or toxic effects [125].

Furthermore, the production efficiency of any chemical process is highly de-
pend on the additional costs such as the synthesis, separation and disposal of the
unwanted compounds. Therefore, the selective synthesis of different chiral forms
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of a compound is a crucial issue in industrial and academic chemical research.
Besides the usual point chirality (e.g. α−carbons in amino acids, Figure 3.1.1),

there are two other chirality types axial and planar, in which, the rotation around
a single bond or a dihedral is hindered, respectively.

Axial chirality was first discovered by Kenner and Christie in 1922 when they
synthesized a tetrasubstituted biphenyl derivative [126]. Later, in 1927, Kuhn in-
troduced the term atropoisomerism (atroposmeans ’not turn’) to describe this phe-
nomenon [127]. Until nowadays, several compounds were synthesized with such
structural features, most of them are biphenyls, but there are a large group of bi-
naphthyl derivatives, as well. These compounds are intensively used in catalytic
applications as ligands.

3.1.2 How to Copy Nature?

The importance of chiral separation was recognized by the Nobel Committee in
2001 when they decided to give the Nobel Prize in Chemistry to Dr. William S.
Knowles and Prof. Ryori Noyori ”for their work on chirally catalysed hydrogena-
tion reactions” and Prof. K. Barry Sharpless ”for his work on chirally catalysed
oxidation reactions” [123].

Knowles is one of the founding fathers of asymmetric synthesis. Although, ”it
had been almost axiomatic among chemists that only nature’s enzymes could ever
do” [40] really efficient selective synthesis, this is not deterred but rather inspired
his work.

”In the early 1960’s (...) wemadeapaper evaluationof amonosodium
glutamate process. The racemic mixture was easy to obtain, but
by the time we had resolved, the projected costs doubled (...). It
looked as though if onewanted to beat “the bug” it would be nec-
essary to have a catalyst which, when an asymmetric center was
formed, would direct the reaction to give a predominance of the
desired isomer. For this purpose the 100% efficiency of enzymes
would not be needed to have something of real value.”

—William S. Knowles, Nobel Lecture
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Knowles and his co-workers developed a process using chiral phosphine lig-
ands for catalytic asymmetric hydrogenation, but their first attempts gave only
15% enzymatic efficiency [128]. Thereafter, they kept working on the refinement
of the mechanism by the modification of the ligands [40]. The real breakthrough
happened when methylcyclohexyl-o-anisylphosphine (CAMP) was used as lig-
and and by this the efficiency jumped up to 88%. This was the first time to achieve
enzyme-like selectivity with a man-made catalyst [40, 129].

The first industrial application of catalytic asymmetric synthesis was the com-
mercial production of L-3,4-dihydroxyphenylalanine (L-DOPA) in 1974 atMon-
santo which is also linked to Knowles and his co-workers. The idea is the same,
but the selectivity was further improved for the industrial process up to 95% us-
ing ethane-1,2-diylbis[(2-methoxyphenyl)phenylphosphane] (DiPAMP - chelat-
ing diphosphine with two chiral phophorus atoms) containing cationic rhodium
complex as a catalyst [130, 131]. The success of L-DOPA has significantly expe-
dite the growth of research in this area and bring into fashion the development and
application of other catalytic asymmetric reactions in the subsequent years.

Another early example of molecular asymmetric catalysis was the enantioselec-
tive cyclopropanation of olefins using structurally well-defined chiral transition
metal complexes and discovered by Noyori, Nozaki and their co-workers, how-
ever the stereoselectivity of the reaction was very low (∼ 10%) [132–134].

There are manymore important moments in chemical discovery in which Prof.
Noyori was significantly involved, but one is prominent among them: the dis-
covery of 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP). In 1980, Noyori
together with Takaya and their co-workers successfully prepared BINAP, an axi-
ally chiral bis(triarylphosphine) [135]. The axial chirality of BINAP arises from
the fact that the rotation is restricted about the single bond between its naphthyl
groups, because of the occurring steric hindrance and therefore the S and R forms
are atropoisomers (vide supra, Figure 3.1.2).

They have used it efficiently as chiral ligand of Rh(I) and Ru(II) in asymmet-
ric hydrogenation which was a significant step forward in stereoselective synthe-
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Figure 3.1.2: Structures of BINAP Atropoisomers.
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sis [134]. Rh(I)-BINAP and Ru(II)-BINAP complexes have various kinds of ap-
plications in asymmetric catalysis such as enantioselective hydrogenation of α-
(acylamino)acrylic acids or esters and α,β- and β,γ-unsaturated carboxylic acids,
asymmetric synthesis of amino acids and enantioselective isomerization of allylic
amines to enamines [123, 134, 136–139].

The scope of BINAP goes far beyond which was expected and the wide range
of applicability makes it really interesting.

3.1.3 Nature’s Privilege – Privileged Ligands

”Artificial” (man-made) and ”natural” (enzymatic) asymmetric catalysts are essen-
tially based on the same concept [140], but the former can bemore general (wide
range of substrates, but one type of reaction) than the latter, which is a rather sur-
prising, though very useful difference [40].

”Whenwe started thisworkwe expected theseman-made systems
to have a highly specific match between substrate and ligand just
like enzymes. Generally in our hands and in the hands of those
that followedus agoodcandidatehasbeenuseful forquite a range
of applications. This featurehas substantially enhanced their value
in synthesis.”

—William S. Knowles, Nobel Lecture

The key is generality: the wider the scope, the more important your work is.
There are even more surprising cases when the ”artificial” catalysts are cover not
only a wide range of substrates within one reaction, but it could be applicable in
different reactions on a good number of substrates. These are the so-called privi-
leged structures or privileged catalysts/ligands which can handle mechanistically
unrelated reactions [141]. These include the aforementioned axially chiral BINAP
and its ”sister” BINOL (1,1’-bi-2-naphthol) which are among others covering the
Diels-Alder, Mukaiyama aldol and Heck reaction [141].
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3.1.4 Atropos P,N-ligands – Advantages and Disadvantages

In 1993, as a result of the further development ofBINAP, a newaxially chiral ligand
1-(2-diphenylphosphino-1-naphthyl)isoquinoline (QUINAP)(Figure 3.1.3)was
synthesized with two different heteroatoms (P and N) [142]. It was the first at-
ropos P,N-ligand (APN) and it has excellent ligand properties [143]. However,
its synthesis was quite challenging with two innate disadvantages: its resolution
requires stoichiometric Pd(II) complexes and the ligand diversity is limited, be-
cause the phosphine introduced prior the resolution [144]. These problems have
motivated the development of alternative APN ligands, on one side, and studies
directed to improve the efficiency and economy of the synthetic methods, on the
other. Since its initial synthesis, a series of other axially chiral P,N-ligands were
developed and thus far five main families are available including QUINAP itself
(Figure 3.1.3) [142, 145–148].

These ligands have also been succesfully applied in asymmetric catalysis,match-
ing or improving in some cases the results collected with QUINAP in previously
developed or new catalytic reactions [144]. However, the methods required for
their synthesis are still far from practical: in the best cases the synthesis requires
resolution of diastereomers by chromatography or crystallization (PINAP) [147],
while most of them (QUINAZOLINAP [145], PyPHOS [146], and StackPHOS
[148]) have to be prepared by crystallization of stoichiometric amounts of Pd(II)
complexes.

In the case of QUINAP, basically the synthesis can be divided into three main
stages: the coupling of the two aryl fragments, the introduction of the phosphine
and the resolution (Figure 3.1.4) [144]. Several alternative synthetic routes have
been reported to overcome the difficulties of the different stages.

Baker, Sargent and co-workers have used sulfoxide intermediates, but their
method struggled with significant loss of purity [149]. In 2007, Knochel and co–
workers have used the same sulfoxide intermediates, but avoided the problem of
lowenantiomeric purity [150]. Thismethod took advantage of the easy chromato-

54



Palladium(II)-Catalyzed Dynamic Kinetic Asymmetric Transformation

Figure 3.1.3: Atropos P,N-Ligand (APN) Families [144].
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Figure 3.1.4: General Steps of QUINAP Synthesis: 1) C-C Coupling, 2) C-P
coupling and 3) Resolution.

graphic separation of diastereomeric sulfoxide intermediates, and their easy trans-
formation into enantiopure QUINAP after sulfoxide–lithium exchange, quench-
ingwithPh2PCl and sulfur, and reductionwithRaney-Ni. Thereafter, Clayden and
co–workers shorthened the separation by exploiting the biased thermal equilibra-
tion of the diastereomeric sulfoxides ((R)(R)ax favored over (R)(S)ax) and suc-
ceeded in the development of a ”dynamic thermodynamic resolution” leading to
one pure hand ofQUINAP [151]. It is the first asymmetric synthesis ofQUINAP,
but still requires the introduction of an enantiopure sulfinyl group as a sacrificial
auxiliary.

Therefore, there is still demand of a general methodology for the asymmetric
synthesis of axially chiral heterobiaryls. Key findings related to this issuewere pub-
lished in 2013 by Fernández, Lassaletta and co-workers [152]. Their work is based
on the dynamic asymmetric Suzuki-Miyaura coupling (Dynamic Kinetic Asym-
metric Transformation - DYKAT) between racemic, configurationally stable het-
erobiaryl triflates and arylboroxines (Figure 3.1.5, eq. 1).

This strategy was applied in a parallel work for C-P bond forming reactions by
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Figure 3.1.5: Dynamic Kinetic Asymmetric Transformation Techniques for
the Asymmetric Synthesis of Heterobiaryls.
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the same group (Figure 3.1.5, eq. 2) [153].
Simultaneously, Stoltz, Virgil and co-workers also reported the enantioselective

synthesis ofQUINAPaccording to a similar procedure (Figure 3.1.5, eq. 2) [154].
In both cases, a single example of axially chiral heterobiaryls was synthesized

(QUINAP itself), but different mechanisms were proposed for the DYKAT (vide
infra). In this work, the plausibility of the proposed mechanisms will be studied
by means of DFT calculations. Furthermore, the results of the calculations will
be used to shed light on themost recent experimental findings on the general syn-
thesis of different APN ligands (isoquinoline, 3-methylpyridine, quinazoline and
phtalazine derivatives) in an enatiomerically enriched fashion, envisaged by our
collaborators Prof. Fernández, Prof. Lassaletta and their groups (Figure 3.1.5, eq.
3).

3.2 Mechanisms and Experimental Background

Asmentioned above, two different mechanisms (Figure 3.2.1, path a and b) were
postulated to explain the dynamic resoluiton of the observed dynamic asymmetric
cross–coupling in the reactions which were used for QUINAP synthesis.

On one side, Fernández, Lassaletta and co-workers assumed that the nitrogen
atom of the isoquinoline coordinates to the Pd, leading to diastereomeric, cyclic
OAI andOAI’ intermediates, displacing thepoorly coordinating triflate anion[152,
153] (Figure 3.2.1, path a).

The geometry of these OA intermediates suggests that the equilibration pro-
ceeds via a transition state TSrot-OAI in which the angles φ1, φ2 are just slightly
wider than the corresponding angles φ3, φ4 or φ′

3, φ
′
4 in (S)-1 and (R)-1, respec-

tively. Thereby the steric hindrance is reduced and the otherwise crashing hydro-
gen atoms can reach coplanarity with the stereogenic axis allowing the intercon-
version between the intermediates (Figure 3.2.1, path a).

On the other hand, Virgil, Stoltz et al. suggested that unsaturated T-shaped
OAIb andOAI’b intermediates equilibrate via a squareplanar transition stateTSrot-
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Figure 3.2.1: Proposed Mechanisms for the Epimerization of Diastereomeric
Oxidative Addition Intermediates: a - Fernández, Lassaletta et al. [152, 153];
b - Stoltz, Virgil et al. [154].
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OAIb stabilized by an agostic Pd−H interaction [154] (Figure 3.2.1, path b). In
this proposal, the nitrogen atom on the heteroaryl moiety does not play any role
and the dynamic resolution step of the DYKAT process should work with a struc-
ture which lack that nitrogen.

This assumption was tested experimentally by Prof. Fernández and Prof. Las-
saletta and their groups, however C–P coupling product was not observed only
3 a hydrolysis product formed from the reaction when the substrate (2) contains
naphthalene instead of the isoquinoline unit. Similarly, theC-P coupling also does
not worked with NOBIN-derived nonaflate substrate 4 and only 5 a hydrolysis
product formed, indicating that the formation of a five-membered cationic pallada-
cycle is essential to reactivity (Figure 3.2.2).

The results indicates that the presence of a coordinating isoquinolyl/pyridyl ni-
trogen is not only necessary to favor the formation of the cationic and configura-
tionally labile palladacycle, but also to facilitate the chelate-assisted oxidative ad-
dition of the racemic triflate/nonaflate to the Pd0 center.

Figure 3.2.2: Test Experiments with Triflate 2 and Nonaflate 4.

Hoping to extend the DYKAT methodology to the synthesis of other APN lig-
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ands, the reaction conditions were optimized by our collaborators for QUINAP
(Figure 3.2.3).

As a first step, thorough ligand screening were done using a set of 18 different
chiral ligands and two Josiphos-type ligands with planar chirality were selected,
(L1 and L2) both containing a second metal center (Fe) (Figure 3.2.3, Ligand
Screening). Thereafter, the reaction conditions were optimized using the selected
ligands and the effect of the phosphorus reagent and the Pd precatalyst were ex-
plored. The best phosphide transfer system and the best palladium precatalyst
were identified as Me3SiPPh2 / CsF and Pd(dba)2 giving a conversion of >95%
and a selectivity 95.5:4.5 and 92:8 in the case of L1 and L2, respectively (Figure
3.2.3, Condition Optimization).

Finally, knowing the best conditions for the (S)-QUINAP synthesis, they have
successfully extended the scope of the methodology to related systems and they
were obtained a series of different heterobiaryl phosphines (eg. 3-methylpyridine,
quinazoline and phtalazine derivatives) in excellent yields (71 - 94%) and good
enantiomeric excess (73:27 - 99.5:0.5 er) (Figure 3.2.3, Scope).
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Figure 3.2.3: Ligand Screening and Reaction Condition Optimization for the
Synthesis of QUINAP. Extended Scope of the Dynamic Kinetic C-P Cross
Coupling Reactions.
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3.3 ComputationalMethods

Thestructureswere calculatedbyusing theB3LYPhybriddensity functional [101–
103] as implemented inGaussian 09 [155]. Optimizations were carried out by us-
ing the standard 6-31G(d,p) basis set for C, H, O, N, S, F and P. For Pd and Fe, the
LANL2DZ basis set [110–112] was used, which includes the relativistic effective
core potential (ECP) of Hay and Wadt and employs a split-valence (double-zeta)
basis set. Single point calculations were also performed using the M06 functional
[100] combined with the 6-31+G(d,p) and SDD [108, 109] basis set and the po-
larizable continuum model (PCM) using the integral equation formalism [117–
119] to take into account solvent effects on the previously optimized structures.
Reported energy values correspond to Gibbs Free (G) energies. The critical sta-
tionary points were characterized by frequency calculations in order to verify that
they have the right number of imaginary frequencies, and the intrinsic reaction co-
ordinates (IRC) [156] were followed to verify the energy profiles connecting the
key transition structures to the correct associated local minima.
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3.4 Results andDiscussion

During the calculations, the selected optimal experimental conditions were mim-
icked as much as possible. The sum of all the species in the reaction system would
produce transition structures too large and complex to be computed by the cur-
rent computational methods, if desirable accuracy has to be achieved. In order to
maintain themodel system as close as possible to the experimental, a few simplifi-
cations were done.

(S)-QUINAP synthesis was selected as a case study and simplifications were
made for the calculations. Thus, the model system contains triflate 1 (substrate)
and Pd0-L1 chiral catalyst, which has shown a good performance in the reaction
(Figure 3.2.3), and symmetrical triphenyl phosphine (PPh3) as amodel for the in-
coming nucleophilic phosphide (Me3SiPPh2 in the case of QUINAP) during the
transmetalation (vide infra). In this way, we were able to maintain the computa-
tionalmodel as similar to the experimental one as possible, without compromising
the accuracy of the method of choice.

We anticipated that the hypothesis of our colleagues is correct and the mecha-
nism to transform the initial racemic triflate 1 into the final enantioenriched
QUINAP product or in general to prepare other APN ligands (such as other iso-
quinoline, 3-methylpyridine, quinazoline andphtalazine derivatives, Figure 3.1.3)
(Figure 3.1.5, eq. 3) in an enatiomerically enriched fashion, includes the three
classical coupling steps (1. oxidative addition of palladium, 2. transmetallation
(kinetic resolution) and 3. reductive elimination) and an additional in-between
(between 1. and 2.) epimerization (dynamic resolution) step (Figure 3.4.1).

Our model is based on two central ideas; (i) the starting triflates E and E’ are
configurationally stable, whereas the oxidative addition to Pd(0) leads to the for-
mation of configurationally labile Pd(II) intermediates (OAI), which are prone to
epimerization, and (ii) the present DYKAT transformation is taking place under
typicalCurtin-Hammett conditions,meaning that the epimerization rate of the in-
terconverting Pd(II) complexes (OAI and OAI’) is faster than their further evo-
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Figure 3.4.1: Main Steps of the General Mechanism for Pd-Catalyzed APN
Ligand Formation [152, 153] and (Figure 3.1.5, eq. 3).
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lution toTI andTI’ through transmetallation (Figure 3.4.1). Thus, the transmet-
alation step is the stereodetermining one, and the two diastereomeric transmeta-
lations must occur at sufficiently different rates as to induce enough selectivity in
the formation of the final R and S products (P’ and P, respectively). Another im-
portant issue is that the reductive elimination process must be fast again, making
the transmetalation step irreversible (Figure 3.4.1).

We found computational evidence supporting our working hypothesis based
on the following results. The studied enantiomeric compounds can interconvert
through a syn or an anti process (Figure 3.4.2, top). The interconversion of the
two enantiomeric triflates (R)-1 and (S)-1 is predicted to be an extremely slow
process in the abscence of palladium, since its activation energy is as high as 29.3
and 34.9 kcal/mol in the case of the anti and syn process, respectively (TSrot-1-
anti and -syn, Figure 3.4.2, top). Although, the rotation is easier through the anti
process by 5.6 kcal/mol compare to the syn, but it still too high (ΔG‡

anti = 29.3
kcal/mol) to be feasible at room temperature.

There is a clear difficulty in the substrate to adopt the necessary conformation
for the rotation. In the absence of palladium, the angle formed by the planes of
the two aromatic rings θ0 is ca. 90°, but it must approach to 0° or 180° during
the transition stateTSrot-1-syn or -anti, with the accompanying energetic cost. In
the case of the syn approach, the repulsion between the N and O atoms increases
substantially as they are forced to approach from the initial 3.4 Å in (R)-1 (or (S)-
1) to a much shorter distance of 2.4 Å during the transition state (TSrot-1-syn).

Meanwhile, after the oxidative addition of Pd(0) to the C-OTf bond, the chela-
tion complex (R)-int1-PMe3 (it is equivalent toOAI (Figure 3.4.1), but without
the triflate, so it is cationic) presents drastic geometrical changes in the right di-
rection to facilitate the rotation/epimerization process, like the reduction of the
θ1 angle to 45° (Figure 3.4.2, bottom). Furthermore, the N-Pd distance, which is
a favorable bonding interaction, is similar (ca. 2.1 Å) in (R)- or (S)-int1-PMe3 as
it is during the corresponding transition state (TSrot-int1).

Due to this geometrical change, the energy barrier is dramatically reduced to
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syn

anti

Figure 3.4.2: Activation Energies for the Axial Rotation of Initial
Triflates and Palladacyclic Intermediates. Computed at the
B3LYP/6-31G(d,p)/LANL2DZ Level of Theory.
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18.7 kcal/mol, explaining the fast interconversionof both enantiomeric complexes
in the experimental conditions. These results confirms the hypothesis, that the
palladacyclic intermediates can easily racemizewhereas the initial triflates can not.

The use of an achiral phosphine (PMe3) as a first approximation implies that
(R)-int1-PMe3 and (S)-int1-PMe3 are isoenergetic (Figure 3.4.2). By introduc-
ing the experimentally used chiral ligandL1 the correspondingR and S complexes
can still interconvert, but they are going to be diastereomeric and therefore, dis-
tinguishable in terms of energy. Thus, a total of eight diastereomeric species were
located (Figure 3.4.3). Four of these species are the result of the fact that the
palladium center is not forming a perfect square planar structure. The two cy-
cles around the palladium atom are not coplanar, and form a pseudo-tetrahedral
geometry with two different configurations. Also, the relative disposition of the
two phosphorous atoms in the asymmetric di-phosphine (L1) with respect to the
C and N atoms of the aromatic rings leads to the formation of the other four di-
astereoisomers.

The lowest energy intermediate pair is (R)-int1-L1 and (S)-int1-L1, in which
the equilibrium is clearly shifted towards the pro-R complex which is lower in en-
ergy than its pro-S counterpart by 3.9 kcal/mol. The difference between them is
even higher (ΔG = +4.3 kcal/mol) by increasing the level of theory to M06/6-
31+G(d,p)(iefpcm,THF)//B3LYP/6-31G(d,p).

The rest of the intermediates are remarkably higher in energy than (R)-int1-L1
(between 5.3 to 13.4 kcal/mol).

It is important to note that the overall lowest in energy intermediate (R-int1-
L1) corresponds to theminor experimental enantiomerR. However, this is irrele-
vant in the present Curtin-Hammett conditions, since all possible isomers of OAI
are involved in a fast equilibrium (Figure 3.4.1), and the final outcome of the reac-
tion is determinedby the relative activation energy of the different transmetalation
transition states. At this point, attention must be drawn to the fact that the trans-
metalation step is not a classical transmetalation, since it actually consists of an
isoquinoline/Me3SiPPh2 ligand exchange, with subsequent abstraction of the silyl
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Figure 3.4.3: Stable Palladacyclic Intermediate Pairs and Their Relative En-
ergies Compare to the Lowest Energy Structure. The Calculations were done
at the B3LYP/6-31G(d,p)/LANL2DZ Level of Theory (* - Single Point Calcu-
lations at the M06/6-31+G(d,p)(iefpcm,THF)//B3LYP/6-31G(d,p) Level of
Theory).

69



Palladium(II)-Catalyzed Dynamic Kinetic Asymmetric Transformation

moiety by the CsF salt (Figure 3.4.4).

Figure 3.4.4: (I) The Transmetalation Process and (II) the Structural Model
Used in the Calculations.

The calculations of the real system (I) is difficult, but a slightly altered model
was envisioned (II), based on the replacement of the actual Me3SiPPh2 ligand by
PPh3 (int2-Si vs int2-Ph). This alternative has the great advantage that triphenyl-
posphine is conformationally much simpler than Me3SiPPh3, while maintaining a
similar steric hindrance (Figure 3.4.4).

Initially we get appropiate transition structures of complexes containing two
PH3 ligands instead of diphosphine L1. These structures showed Ph3P – Pd dis-
tances ranging from 3.1 Å to 3.5 Å. We also scanned the energy of the incoming
triphenylphosphine at different distances in TS-like structures, i.e. S-int1-L1, R-
int1-L1 (Figure 3.4.3), and others, showing that the maximum energy was ob-
tained at an average distance of 3.35 Å. We thus took this value as the standard
P-Pd distance during the transition state, and computed all possible trajectories
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of PPh3. Noteworthy, the N-Pd distance was computed to be greater than 3.4 Å,
indicating a complete decoordination of the nitrogen prior to coordination of the
phosphorous. In all cases, the imaginary frequencies of the transition structures
are low, ranging from ca. -14 to -35 cm−1, but they undoubtedly correspond to the
forming P-Pd bond vibration.

Thus, all possible transition structures for the approachof thenucleophilic phos-
phine were computed, maintaining in all cases similar distances for the coordina-
tionof thephosphine topalladiumanddecoordinationof the isoquinoline-nitrogen
from the metal. As mentioned before, there are eight main isomers for the int1
type complexes, and for each of them we found at least two different transition
state structures, depending on the departing trajectory followed by the isoquino-
line. Consider for example the two lowest in energy structures for the S enan-
tiomer (S)-TS2-a and (S)-TS2-b (Figure 3.4.5), the isoquinoline ligand leaves
the palladium sphere towards the lower or upper face, respectively.

All of the possible alternatives were computed, resulting in a large range of ac-
tivation energies (ca. 10 kcal/mol), but only the most stable ones are shown in
Figure 3.4.5. To our delight, the most favored approach is (S)-TS2-a which is
in agreement with the formation of the experimentalmajor S enantiomer, and the
difference compare to the lowest pro-R structure (R)-TS2-a, is 3.5 kcal/mol, large
enough to explain a high selectivity in the process. Furthermore, the second most
favored structure also corresponds to the S enantiomer, (S)-TS2-b (ΔΔG‡ = +1.9
kcal/mol).

Taking the results of Figure 3.4.3 and Figure 3.4.5 together, we are facing the
typical situation where theminor, less stable isomer (S)-int1-L1 reacts faster than
the major unreactive one (R)-int1-L1 and the stereoselectivity of the major iso-
mer resulted from this Curtin-Hammett conditions are in agreement with the ex-
perimental results (Figure 3.4.6).
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Figure 3.4.5: Most Stable Transition States for the Approach of the Nu-
cleophilic Phosphine (PPh3) to the Pd Center. Computed at the B3LYP/6-
31G(d,p)/LANL2DZ Level of Theory (* - Single Point Results are also Shown
Calculated at the M06/6-31+G(d,p)(iefpcm,THF)//B3LYP/6-31G(d,p) Level
of Theory).
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Figure 3.4.6: Curtin-Hammet Conditions in the Studied System.
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The final step, the reductive elimination when the C-P bond is forming was also
computed (Figure 3.4.7), affording interesting results. In the calculations one
PMe2 and two PMe3 were used as phosphine source (for the C-P bond formation)
and ligands (coordinated to the Pd), respectively.

Figure 3.4.7: Computed Model Structures Involved in the Final, Reductive
Elimination Step: Intermediate, Transition State (along with the Correspond-
ing Activation Energy, ΔG‡) and Final Product. Calculations were Performed
at the B3LYP/6-31G(d,p)/LANL2DZ Level of Theory.

First, the activation barrier for TS3 is very low (ΔG‡ = 12.5 kcal/mol) com-
paring to the energy demand of the other steps in this study, making the whole
process after transmetalation irreversible. Secondly, the rotation barrier for the
int3-type intermediates and for the final QUINAP-type products raises to 34.7
and 32.5 kcal/mol respectively. Racemization processes at the final stages of the
reaction are, thus, unfeasible, confirming that the formation of palladacycles by
chelation with the nitrogen of the isoquinoline (like in (R)- or (S)-int1-PMe3,
Figure 3.4.2, bottom) is a mandatory condition to allow the epimerization of the
substrates.

Finally, we also checked the possible involvement of the palladium center in a
Pd-H agostic bond (int4, Figure 3.4.8), which has been proposed by Virgil and
Stolz et al. [154] (Figure 3.2.1, path b) to explain the epimerization of the ox-
idative addition intermediates without the intervention of the nitrogen atom. To
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Figure 3.4.8: Plausibility of the Intermediate (int4) Proposed by Virgil and
Stolz et al. Calculations were Performed at the B3LYP/6-31G(d,p)/LANL2DZ
Level of Theory.

simplify the structures, two PMe3 were used as ligands around the palladium.
The calculations show that Pd-H agostic bond containingmodel complex int4-

PMe3 is remarkably less stable (ΔG = +9.3 kcal/mol) than the corresponding sim-
ple int1-type palladacycle. This large energy difference is enough to completely
discard the participation of int4 in the mechanism.
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3.5 Conclusion

In summary, the dynamic kinetic asymmetric C–P coupling between heterobiaryl
triflates or nonaflates and trimethylsilylphosphines appears as an efficient, gen-
eral methodology for the asymmetric synthesis of QUINAP, PyPHOS, QUINA-
ZOLINAP, and PINAP analogues.

The computational results along with the collected experimental evidences al-
low to propose a detailedmechanism based on the formation of cationic oxidative
addition intermediates which under the reaction conditions, undergo a fast inter-
conversion.

The general mechanism to transform the initial racemic substrate into the fi-
nal enantioenriched QUINAP product (or to prepare other APN ligands, such as
other isoquinoline, 3-methylpyridine, quinazoline and phtalazine derivatives) in
an enatiomerically enriched fashion, includes the three classical coupling steps: 1.
oxidative addition of palladium, 2. transmetallation (kinetic resolution) and 3. re-
ductive elimination. Furthermore, there is an additional in-between (between 1.
and 2.) epimerization (dynamic resolution) step.

The proposal of Virgil and Stolz et al. to explain the epimerization of the ox-
idative addition intermediates without the intervention of the nitrogen atom of
the isoquinoline but via the involvement of the palladium center in a Pd-H agostic
bond was also examined.

The calculations and the experiments together revealed that the Pd-N coordi-
nation is essential to facilitate the epimerization.

The calculations also show that the energy requirements for a dynamic kinetic
process are met, since the fast equilibrating palladacyclic intermediates evolve
through diastereomeric transmetalation steps of very large energy difference. In
the reaction, Curtin-Hammett conditions were identified in which the minor, less
stable intermediate (S) reacts faster than the major one (R). Thus, the configura-
tion of the major final product concur with the minor intermediate (S). Then, the
easiness of the final reductive elimination ensures the irreversibility of the overall
process.
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(Hewhohas begun is half done; dare toknow, dare to begin!)

Quintus Horatius Flaccus, Epistularum Liber Primus

4
Gold(I)-CatalyzedCyclizations

4.1 General Introduction

Mankind use gold since antiquity and it is associated with wealth and pros-
perity and has long been plays an important role in different fields of life including
trading, jewelry production, religious ceremonies and architecture [157].

Despite its widespread occurence, it had to wait a long time to get a real role

This chapter is based on the following manuscripts:
1) D. Scarpi, S. Begliomini, C. Prandi, A. Oppedisano, A. Deagostino, E. Gómez-Bengoa, B. Fiser
andE.G.Occhiato,European Journal of Organic Chemistry, vol. 2015, no. 15, pp. 3251–3265, 2015.
2) M. Petrović, D. Scarpi, B. Fiser, E. Gómez-Bengoa and E. G. Occhiato, European Journal of Or-
ganic Chemistry, vol. 2015, no. 18, pp. 3943–3956, 2015.
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in chemistry as well. Probably, this is due to the assumptions that gold is too ex-
pensive and not reactive [158]. However, both statements can be disproved easily.
Theprices of gold catalysts are similar or even lower comparedwithother common
metal catalysts (e.g. platinum, rhodium), while the reactivity of gold complexes is
undeniable [158].

Huge changes started in the Millennium with the discovery of the efficient cat-
alytic activity of AuCl3 in the synthesis of furan [159, 160] and by now, we are
in the ”golden age” of gold-catalysis. Since 2000, the homogeneous gold catalysis
is one of the most intensely studied topics of chemical synthesis [161–163]. In
2004, Prof. Hashmi wrote the first comprehensive review in this topic [164] and
since his pioneering work, the vigorous research led to numerous applications in
cyclizations and cycloisomerizations [163, 165], total [158, 166, 167] and asym-
metric synthesis [162].

The success story of gold in catalysis is based on its peculiar properties (fine-
tunability, functional group tolerance, large availability, π-affinity etc.) whichmakes
it extraordinary within transition metals [160]. The remarkable fine-tunability of
gold catalysts, LAuXn (L: organic ligand, X: anion, n = 1 or 3) relies on the relative
easy but careful change of their catalytic components (ligand, anion and oxidation
state) and due to this, a wide range of reactions can be catalyzed by gold species
under extremely mild conditions [160].

Although the triumphal march of homogeneous gold catalysis started with
gold(III) halides [159], the cationic gold(I) complexes are more versatile despite
their limited coordination motifs.

In contrary to other group 11 elements (Cu(I) and Ag(I) complexes) in which
case tri- and tetracoordinated complexes are common, for Au(I) the most favored
coordination number is two in a linear arrangement [168, 169]. From a practical
point of view this means that to prepare the active Au(I) catalysts from neutral
bicoordinate complex LAuX (X = Cl, Br) one of the coordinated species needs
to be removed. It is usually done by in situ anion exchange between LAuX (X =
Cl−, Br−) and a silver salt (AgY) during which the highly coordinating anion X is
eliminated as AgX, and the weakly coordinating anion Y as a counterion start to
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act in the solution (Figure 4.1.1) [170].
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Figure 4.1.1: Anion Exchange and C-C Bond Activation in Gold(I) Catalysis.
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Themost fundamental within the numerous applications of gold(I) catalysis, is
the activation of a carbon–carbon double or triple bond (Figure 4.1.1) [158, 165].
By the activation, the bond is ready to accept the attack of a nucleophile, which can
not occur or only very slowly without the presence of the gold catalyst. This type
of reaction could work with other metals as well (e.g. Ag, Hg, Pt), but LAu+Y−

complexes are the most effective and they can be adapted to a wide variety of nu-
cleophiles [163].

This coordination is common in gold(I)-catalyzed cyclizations and cycloiso-
merizations as well. In the following, case studies of these reaction types will be
presented and studied by computational chemical tools.

4.2 Gold(I)-CatalyzedNazarov Reaction

4.2.1 Introduction

The Nazarov cyclization reaction is a 4π electrocyclization leading to 2-
cyclopentenones [171, 172] (Figure 4.2.1).

The widespread presence of the 2-cyclopentenone moiety in natural products
has always been a stimulus for synthetic organic chemists to find newmethods for
efficiently building this structure, with a varying degree of substitution and control
of the stereochemistry [173]. Among the many approaches to 2-cyclopentenone,
the Nazarov reaction ranks as one of the most important.

It was first reported by a Russian chemist Ivan Nikolaevich Nazarov and his co-
workers in the early 1940s [174]. They have studied the hydration of dienynes
using mercuric ion and acids which resulted in the formation of allyl vinyl ke-
tones and in doing so they discovered a side reaction in which 2-cyclopentenones
were formed [175]. Later, this side reaction proved to be their major result. It
was named after Nazarov and it is earned popularity among the many various ap-
proaches to produce cyclopentenones.
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Figure 4.2.1: Mechanism of the Classical Nazarov Cyclization Activated by
Lewis Acid.

In the beginning, Nazarov and his co-workers assumed that the allyl vinyl ke-
tones are going through a direct acid-catalyzed ring closure to give the
2-cyclopentenones. In 1952, approximately ten years after its discovery, the cor-
rect reactionmechanismwas revealed by Braude andColes [176]. They suggested
carbocation intermediates participating in the reaction and that the final product is
produced via α,α′-divinyl ketones. Thesefindingswith furthermechanistic studies,
resulted the current definition of the classical Nazarov reaction: ”Acid-catalysed
cyclization of a divinylketone to give a cyclopentenone” [177] (Figure 4.2.1).

According to a more comprehensive definition, the Nazarov reaction is a cy-
clization process in which 2-cyclopentenones via divinyl ketones or their func-
tional equivalents are produced under specific conditions, starting from a diverse
set of precursors [175]. Two different variants of the reaction, classical and mod-
ern, can be distinguished depending on the precursors, reagents and substrates ap-
plied. The structural diversity of precursors ensure the versatility of the reaction.

The requisite 4π electron containing pentadienyl cation can be generated not
only from classical dienones but also from a steadily increasing variety of uncon-
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ventional substrates or processes [178] and thereby the reaction can be adapted to
a wide variety of different conditions [175].

Suitably assembled propargylic esters with internal alkynes are particularly use-
ful as substrates for the Nazarov reaction. The transition metal-catalyzed migra-
tion of the carboxylic group leads to competent pentadienyl cations through 1,3-
acyloxy migration (Figure 4.2.2) which is generally favored over the 1,2-acyloxy
migration of propargylic esters with internal alkynes [161].

In particular, there are many examples of gold-catalyzed transformations [179,
180], especially in the last ten years Au- and the related π-acidic transition metal
catalysis is flourishing [161].

A viable gold(I)-catalyzed example of theNazarov process, in which 5-acyloxy-
1,3-enynes 1 (Figure 4.2.2) undergo a [3,3]-rearrangement to pentadienyl cations
2 (precursor)which, afterNazarov reaction andeventual protodeauration, provide
acetyloxy-substituted cyclopentadiene products 4. Finally, hydrolysis of the latter
leads to the target cyclopentenones 5 [181]. This strategy successfully provides
cyclopenta-fusedcarbacycles6when the enynedoublebond is embedded in afive-
, six- and seven-membered ring (Figure 4.2.2) [181, 182].

Our collaborators, Prof. Occhiato and his group have long beenworking on the
synthesis of cyclopenta-fused heterocycles by the Nazarov reaction [183–185], as
well as in gold-catalysis [186] with significant results. These previous experiences
prompted them to investigate if the same approach could still furnish annulated
systems when embodying the double bond into N-heterocycles as one can see in
7 (Figure 4.2.3). In fact, this would serve as a new synthetic approach to pro-
duce diverse structural moieties (e.g. annulated pyrrolines and azepines) which
are present inmany natural compounds (Figure 4.2.3) [187–190], some of which
(e.g. cephalotaxine) have already been synthesized via Nazarov reaction variants
[191].

They have demonstrated that the tandem gold(I)-catalyzed propargylic rear-
rangement/Nazarov reaction of propargylic esters7 (Figure 4.2.3) is a useful strat-
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Figure 4.2.2: Top: General Metal-Catalyzed Process of 1,3-Acyloxy Mi-
gration of Propargylic Esters. Bottom: Sequential Gold(I)-Catalyzed [3,3]-
Rearrangement/Nazarov Reaction of 5-acyloxy-1,3-enynes (1).

83



Gold(I)-Catalyzed Cyclizations

Figure 4.2.3: Top: Cyclopenta-fused N-heterocyclic Ring Formation by Se-
quential Gold(I)-Catalyzed [3,3]-Rearrangement/Nazarov Reaction. Bottom:
Natural Compounds Containing a Cyclopenta-fused N-heterocyclic Ring.
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egy for the synthesis of annulatedN-heterocycles but, also, that the picture for this
process is muchmore complex than that previously reported for non-heterocyclic
systems, with a whole series of elements [N-protecting group, heterocycle ring
size, gold(I) counterion, etc.] all influencing reaction rate and selectivity (regio-
and stereoselectivity) in one way or another.

In particular, the importance to use proper protecting group on the nitrogen
deserves special attention, as its involvement in gold-catalyzed rearrangement of
closely related N-Boc enynes has been shown previously [186]. Thus, it poses a
concern about a potential competition between the protecting group (e.g. car-
bonyl oxygen of N-Boc) and the carboxylic group of the propargylic ester in the
nucleophilic attack to the activated triple bond. The possible reactivity of the pro-
tecting group towards the activated triple bond is a disadvantage here, but it could
be an advantage elsewhere and it will be addressed separately in the second half of
the chapter in a case study on 5-exo/6-endo-dig selectivity.

Returning to the current topic, the sequential gold(I)-catalyzed
[3,3]-rearrangement/Nazarov cyclization was studied by Prof. Occhiato and his
co-workers using four different set of substrates each of which bearing different
common N-protecting groups such as Boc, Cbz, CO2Me and tosyl (Ts) (Figure
4.2.4). To avoid the above mentioned potential competition between the pro-
tecting group (N-alkoxycarbonyl group) and the acetyloxy group, they decided
to optimize the reaction conditions with compound 16a (Figure 4.2.4), which is
bearing aN-Tosyl protecting group.

They found the best conditions (3mol-% Ph3PAuCl/AgSbF6, in DCMat room
temperature) for 16a after screening a series of silver and copper salts (AgOTf,
AgSbF6, Cu(OTf)2 etc.) and a good number of different solvents (toluene, DCM
etc.). Themajorproductwas cyclopentenone20a accompaniedwith lower amounts
of acetate17a andonly traces (<5%)of 18a in almost every case, exceptwhen they
used AgOTf as the source of the non-coordinating anion. In that case, the major
productwas17awhile theminorwas20a (Figure 4.2.4). Thus, the acetate17awas
always obtained inmixturewith corresponding cyclopentenone20awhichhas the
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Figure 4.2.4: Synthesis of the Substrates (16) and the Possible Products
of the Gold(I)-Catalyzed Nazarov Reaction (17, 18, 19 and 20). The Cor-
responding Yields are also Given at the Best Conditions. a, b and c are the
Steps of the Substrate Synthesis. For Further Details See [192] or the Ap-
pendix.
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more substituted double bond in 4a–7a position and possibly deriving from the
hydrolysis in situ of its acetate precursor 19a (Figure 4.2.4).

Thereafter, they applied the optimized conditions in the case of the other sub-
strate types as well (16b, 16c and 16d). The reactivity of substrates 16b–d was
much lower than 16a, which is in agreement with the anticipated possible inter-
action of the carbamate carbonyl group with the activated triple bond before the
acetate rearrangement. The reaction did not work with theN-Boc derivative 16b
and produced only degradation products plus a minor amount of the oxyauration
product. In the case ofCbz (16c) the reaction resulted 20c as a sole product, while
the product ratio remained similar to 16a (major 20, minor 17) whenCO2Mewas
theN-protecting group (Figure 4.2.4).

The fact that our collaborators could in most cases isolate acetates (17a and
17d) and never their isomers (19a and 19d) from the crude reaction mixtures
of the gold-catalyzed reactions, suggests that acetates 17, after their formation in
the protodeauration step involving oxyallyl cation 8 (Figure 4.2.5), only slowly
hydrolyze under the conditions of the gold-catalyzed reaction. The regioselectiv-
ity of the reaction seems to be determined with these substrates just before this
stage. Instead, isomers 19 are quickly converted into the corresponding cyclopen-
tenones 20 and for this reason they were never isolated.

Since cyclopentenone 20 is the major or only product in the reactions carried
out in DCMwhen using AgSbF6 as the anion source it could be assumed that, un-
der these conditions, between the two competing process the formation of acetate
19 from oxyallyl cation 8 is faster than formation of its isomer 17 and that then a
fast hydrolysis of 19 under the reaction conditions occurs.

For the sake of the deeper understanding of our collaborators approach to syn-
thesize annulatedN-heterocyclesbygold(I)-catalyzedNazarov reaction, adetailed
computational study was performed. The energetics and structural features of the
reactants, intermediates, transition states and products involved in this process
were computed and analyzed taken into account of the corresponding experimen-
tal findings.
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Figure 4.2.5: The Two Competing Pathways Towards the Cyclopentenone
Products 18 and 20.
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4.2.2 Computational Methods

The structures were optimized by using density functional theory (DFT) using
the B3LYP hybrid density functional [101–103] combined with the 6-31G** and
LANL2DZ [110–112] (for Au) basis set as implemented in Gaussian 09 [155].
The stationary points were characterized by frequency calculations in order to ver-
ify that they have the right number of imaginary frequencies.
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4.2.3 Results and Discussion

During the calculations, two model substrates were considered in which methyl
was used at the propargylic position (R1) and tosyl group or CO2Me used as aN-
protecting group (R2) (Figure 4.2.6).

Figure 4.2.6: Model Substrates Designed for Calculation Purposes.

Theonewith the tosyl group intended tomimic16a, while theCO2Mecontain-
ing structure allow us to mimic the carbamate containing compounds 16b-d. The
CO2Me is conformatifonally simpler than the tosyl group, for this reason the fol-
lowing discussionwill focus on themodel reactionwhich involves this substituent
(Figure 4.2.7).

The alkynyl–gold(I) cationic complex I (Figure 4.2.7) was considered as the
starting point of the mechanism (G = 0 kcal/mol), and all reported energies in
the following discussion are relative to it. The energy values correspond to ΔG
Gibbs Free energies. The results with the corresponding N-tosyl derivative are
very similar and reinforce the conclusions.

Initially, the coordination of the gold atom to the triple bond induces a rapid
two step acetate rearrangement to form the pre-Nazarov cyclization complex III
(Figure 4.2.7). The attack of the acetate carbonyl oxygen of I to the gold-activated
alkyne leads to the formation of a cyclic intermediate II, and the subsequent C–O
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Figure 4.2.7: Reaction Mechanism. Top: Acetate Rearrangement in the Ini-
tial Steps of the Mechanism. Bottom: Cyclization Step from the pre-Nazarov
cyclization complex III and Protodeauration. Gibbs Free Energy Changes
(ΔG) and Barrier Heights (ΔG‡) are Given in kcal/mol.
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bond breaking event renders an allylic cation (III), stabilized by the presence of
the gold atom. This species could also be considered as a gold-carbene, although
it should be more adequately described as a gold-stabilized carbocation [193].

Noteworthy, the computed energies indicate that I and III are isoenergetic (0.1
kcal/mol difference), and that the activation energies of both steps are fairly low,
ca. 10 kcal/mol, meaning that in the absence of further evolution, I and IIIwould
be in an almost 1:1 fast equilibrium. However, complex III evolves through an
easy cyclization to IV, a process that presents a very low barrier of 5.1 kcal/mol
(TS3, Figure 4.2.7). In accordance to the conrotatory nature of the Nazarov reac-
tion under thermal conditions, the reaction is predicted to be diastereoselective,
with formation of the C–C bond that presents the two H atoms in a trans posi-
tion. The alternative diastereoisomeric transition state, in which the two H are cis
to each other is 3.9 kcal/mol higher in energy, and thus, not operative. The low
activation barriers can explain the fast rate of a reaction that is completed at room
temperature within 2-3 hours.

Although not shown in the Scheme, the results with theN-tosyl derivative are
comparable, showing activation energies of 11.4 and10.9 kcal/mol for the two step
acetate rearrangement processes, a reaction energy of +0.7 kcal/mol in the forma-
tion of III, and a low activation barrier for theNazarov cyclization (4.0 kcal/mol).

At this point, we attempted to explain the diene formation through a single-
step intramolecular hydride shift with concomitant C–Au bond breaking. In fact,
the corresponding transition structureTS4was located (Figure 4.2.7), but its ac-
companying activation energy (30 kcal/mol from IV to TS4) is too high to be
feasible under the experimental reaction conditions. Interestingly, this [1,2]-H
shift process has been postulated to be the rate-limiting step in the tandem [3,3]-
rearrangement/Nazarov reaction of simpler enynyl acetates in the gas phase by Shi
et al [194].

The [1,2]-H shift is not feasible in our case, because of which it is assumed that
an external base is needed for the deprotonation, and it is important to highlight
that several possible candidates exist in the reaction media, like the gold counte-
rion in the gold(I) salt or the non-coordinating anion from the silver or copper
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salt. Even some water molecules present in the reaction media could play a sig-
nificant role and, in fact, the intervention of water molecules in the deprotona-
tion/protodeauration steps has been suggested for the tandem process involving
enynyl acetates 1 (Figure 4.2.2) in “wet” DCM [194].

We were particularly interested in the proton abstraction step since, based on
the experimental findings, the regioselectivity of the reaction, which was not an is-
sue with enynyl acetates 1 (only one type of final cyclopentenone product, Figure
4.2.2), seems to be determined with these substrates just at this point. Further-
more, Prof. Occhiato and his group showed that once the final diene-acetates 19
and 17 (models for acetates VI and VIII, respectively, Figure 4.2.8) are formed,
there are not evident signs of significant equilibration between them during the
reaction.

So, as a plausible approximation, and without knowing the exact nature of the
molecule responsible for the abstraction, we decided to demonstrate that this is
actually the regiodetermining stage, by computing the deprotonation stepwith tri-
flate anion and water as a base (Figure 4.2.8).

Our computational results indicate that the triflate and water mediated hydro-
gen abstraction is, in fact, not highly regioselective, the difference between TS5
and TS6 being of only 0.8 kcal/mol and 0.6 kcal/mol, respectively, in favor of the
formation of VII isomer (en route to 17) whenCO2Me is the protecting group on
the nitrogen. In the case of the triflate assisted deprotonation of the other model
substrate bearing theN-tosyl group, the difference is even lower, only 0.4 kcal/mol
(favoringTS6, (Figure 4.2.8)).

After the formation of VI- andVIII-type dienes (Figure 4.2.8), themost logical
process would follow via hydrolysis to the final products (Figure 4.2.9).

There is a final interesting question at this point, regarding the very different ex-
perimental hydrolysis rates of the two diene types, 17 and 19 (see Figure 4.2.4).
Once again, as the exact nature of the protonating species is unknown, we chose
triflic acid and H3O+ as simple models to study computationally this issue, and

93



Gold(I)-Catalyzed Cyclizations

Figure 4.2.8: Relative Gibbs Free Energies of Transition States (ΔΔG‡) TS5
and TS6 in the Presence of Triflate Anion and Relative Gibbs Free Energies of
Compounds Formed afterwards (ΔΔG).
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Figure 4.2.9: Hydrolysis of Diene-Acetates VI and VIII in the Presence of a
Model Acid (TfOH or H3O+).
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the transition states for the proton transfer were located. Noteworthy, the proto-
nation of VI (model of diene 19) is predicted to be three or four orders of magni-
tude faster than the corresponding protonation of VIII (model of 17), as derived
from a 3.5 kcal/mol (H3O+) or 5.7 kcal/mol (TfOH) energy difference in favor of
the former. These data easily explain why non-hydrolyzed 17 and hydrolyzed 20
are the final products of the reaction. The result can be understood in light of the
dienamine structure of compound 17 (VIII, Figure 4.2.9), and the donor charac-
ter of the nitrogen atom, which can induce a stabilization of that structure making
it less prone to hydrolysis.

Concerning the lower reaction rates of N-alkoxycarbonyl protected substrates
16b–d, the calculations predict the formation of a non-productive cyclized inter-
mediate (XI), from carbonyl oxygen attack (Figure 4.2.10).
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Figure 4.2.10: Predicted Formation of the Non-Productive XI Intermediate.
Relative Gibbs Free Energies (ΔG) are Given in kcal/mol.
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The starting compound I can proceed through acetate rearrangement to form
III or through cyclization with the methyl ester to form XI. The three complexes
XI, I, and III are in equilibrium, which is shifted towards the non-productive, but
low in energy (–6.1 kcal/mol) side complex XI. Only the irreversible Nazarov cy-
clization from III to IV is finally able to displace this equilibrium towards the for-
mation of the appropriate bicyclic adducts. Thus, XI is partially sequestering the
gold catalyst and decreasing the reaction rate.

Additional experiments performed by Prof. Occhiato and his group shown that
the torquoselectivity of the gold-catalyzed process is similar (cis) to the acid cat-
alyzed Nazarov reaction, but lower than the corresponding classical reaction. It is
not easy to address this issue, because the reason of the difference could be either
kinetic (i.e. both clockwise and counterclockwise ring closures could take place at
different rate in the putative intermediate) or related to the geometry of the oxyal-
lyl cation before ring closure.
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Figure 4.2.11: Study of the Torquoselectivity of the Ring Closure. Relative
Gibbs Free Energies (ΔG) and Barrier Heights (ΔG‡) are Given in kcal/mol.
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To study the torquoselectivity, an additional oxyallyl cation model compound
wasenvisagedbyaddingamethyl group to III at the2positionof theN-heterocycle
and the twopossible stable isomer (XII andXIII)were calculated (Figure 4.2.11).

The calculations revealed that the preference for XII is clear, with a difference
of 2.3 kcal/mol over XIII because of steric reasons. Thus the major cis dimethyl
diastereoisomer (XIV) is formed by a counterclockwise conrotatory ring closure
of XII, with a low activation energy of 6.4 kcal/mol (TS9), whereas its trans di-
astereomer XV is formed by conrotatory clockwise ring closure from XII (TS10,
9.4 kcal/mol). Because of the predominance of intermediate XII it is likely that
the alternative pathway from XIII to XV is never operative.
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4.3 Gold(I)-Catalyzed Cycloisomerizations

4.3.1 Introduction

In 1926, Ludwig Claisen introduced the vinylogy principle: the trans-
mission of electronic effects through a conjugate system [195–197]. He used this
to explain the fact that the acidic properties of formylacetone is similar to acetic
acid [198].

According to the evolved terminology, vinylogous derivative of any molecule
can be designed if the insertion of a carbon-carbon double bond (vinyl moiety)
is possible between two functional groups which were neighbours in the origi-
nal structure (e.g. formylacetone - vinylogous carboxylic acid) [196, 197] (Figure
4.3.1).

Figure 4.3.1: The Structure of Acetic Acid and Formamide along with their
Vinylogous Derivatives Formylacetone and (E)-3-aminoacrylaldehyde, respec-
tively.
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Numerous applicationof vinylogous structures are found in synthetic andmedic-
inal chemistry [198]. For instance, vinylogous amides are important synthetic in-
termediates of various natural products [170, 186].

Especially, the exocyclic vinylogous amides, based on pyrrolidine or piperidine,
form a precious group of compounds from which N-heterocycles and natural al-
kaloids (e.g. pinidinol [199], cassine [200], norallosedamine [201]) can be rela-
tively easily prepared (Figure 4.3.2) [170, 186].

Figure 4.3.2: Synthetic Exocyclic Vinylogous Amide Intermediates and the
Corresponding Natural Alkaloids.

These exocyclic compounds are important in the pharmaceutical development
and their therapeutic potential as antiepileptic drugs is also realized [202, 203].
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For these reasons, the exocyclic vinylogous amides deserves special attention and
their synthesis is of great interest to the chemical community inparticular tomedic-
inal and synthetic chemists.

Several methods have been developed to prepare exocyclic vinylogous amides
[186]. Recently, Prof. Occhiato and his co-workers reported a new synthetic
strategy based on gold(I)-catalyzed cyclization ofN-Boc-protected 6-alkynyl-3,4-
dihydro-2H-pyridines. By this method, cyclic intermediates produced which are
easily convertible into the final vinylogous amide products (Figure 4.3.3) [186].

During the first stage of the process, gold(I)-catalyzed cyclization takes place
withinN-Boc protected enynes. The cationic gold(I) catalyst coordinating to the
C-C triple bond and activating it, then the carbonyl moiety of the Boc, as a nucle-
ophile, carry out a 6-endo-dig attack on the activated bond forming neutral endo
vinylgold species with tert-butyl fragmentation. Finally, the gold(I) catalyst is re-
generatedbyprotodeaurationandcyclic carbamate intermediatesproduced. Then,
these intermediates were hydrolyzed to achieve the final vinylogous amides (Fig-
ure 4.3.3) [186].

The Au(I)-catalyzed part of this process is similar to previously described ex-
amples in whichN-Boc protected propargylamines were used to create oxazolidi-
nones. However, the type of ring closure is different: it was 5-exo in the previously
reported cases [204–206] and exclusively 6-endo in the above mentioned one.

These remarkably different results led our collaborators, Prof. Occhiato and his
co-workers to carry out further experiments in this topic.

They attempted to extend the scope of the reaction by changing the protecting
group (N-Boc to N-Cbz), the size and/or the substitution pattern of the hetero-
cyclic ring and using saturated heterocyclic rings (piperidines) instead of unsatu-
rated ones (3,4-dihydro-2H-pyridine) [170]. All the substrates which were stud-
ied before bear substituted alkyne groups, therefore they have tested structures
with terminal alkyne moiety as well.

These experimental results pointed out the importance of the substitution of
the alkyne group and that the 6-endo/5-exo-dig selectivity depends onwhether the

103



Gold(I)-Catalyzed Cyclizations

Figure 4.3.3: (I) Gold(I)-Catalyzed Cyclization of N-Boc Protected Enynes
and (II) Hydrolization to Porduce Vinylogous Amides [186].
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triple bond is internal or terminal (Figure 4.3.4).

Figure 4.3.4: Test Reactions to Study the Effect of the Alkyne Substitution
(R2) on the 6-endo/5-exo Selectivity [170].

In collaboration with Prof. Occhiato and his group, we performed theoretical
calculations to reveal what are the possible structural and/ or electronic features
which lies behind the preference of 6-endo over 5-exo-dig attack during the gold-
catalysed cyclization of enyne substrates with an internal triple bonds.
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4.3.2 Computational Methods

The structures were optimized using density functional theory (DFT) with
BHandHLYP [207] functional and the 6-31G* (LANL2DZ [110–112] for Au)
basis set as implemented in Gaussian 09 [155]. The B3LYP functional was also
evaluated [101–103]; it gave similar results toBHandHLYP,but someof the lowest-
in-energy transition states did not converge properly when using B3LYP. Single
point calculations were also performed using the M06-2X functional [100] com-
bined with the 6-311++G**(SDD [108, 109]) basis set on the previously opti-
mized structures, to better account for the dispersion forces of such large systems.
The stationary points were characterized by frequency calculations in order to ver-
ify that they had the right number of imaginary frequencies. The intrinsic reaction
coordinates (IRC) [156] were followed to verify the energy profiles connecting
each TS to the correct associated local minima. Natural bond orbital (NBO) anal-
ysis [208] was carried out to evaluate the NPA atomic charges.

Since the 5-exo/6-endo-dig selectivity trend does not depend on the alkoxycar-
bonyl moiety [170], theN-Cbz protecting group was chosen, and compounds 1a,
1b, 2a, and 2b (Figure 4.3.5) were selected asmodel substrates for the cyclization
reaction, as examples of the four possible combinations of saturated/unsaturated
rings and substituted/unsubstituted alkynes.

106



Gold(I)-Catalyzed Cyclizations

Figure 4.3.5: Selected Model Substrates for Calculations.
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4.3.3 Results and Discussion

Triphenylphosphine–gold(I) cationwasusedas the reactioncatalyst, and the study
focused on the cyclization, which is the regioselectivity-determining step. Given
the very different degrees of steric hindrance at the two carbons of the triple bond
in terminal alkynes (1b and 2b), it would seem reasonable to hypothesize at first
sight that steric effectswere important for theobserved5-exo-dig regioselectivity in
these substrates, since the gold atom could preferably be placed at the least substi-
tuted terminal position during the attack of the oxygen atom. However, although
this could be an important factor, this effect alone cannot explain the regioselec-
tivity found in internal alkynes (1a and 2a), since in those cases the two carbon
atoms are sterically quite similar. Thus, calculations were carried out for the four
alkyne–gold(I) complexes (only theunsaturated complexes, i.e.,1a-comp and1b-
comp are shown in Figure 4.3.6), and unsurprisingly, the complexes showed clear
structural differences in terms of alkyne–gold complexation.

Specifically, in 1b-comp, gold coordination induces a weakening of the triple
bond [δ(Ca–Cb) = 1.23 Å] and a strong asymmetry of the C–Au bonds [δ(Ca–
Au) = 2.73 Å, δ(Cb–Au) = 2.16 Å]. The resulting complex can be considered to
some extent as a vinyl cation. The calculated natural population atomic charges at
the twocarbonatomsare+0.203 e (Ca) and–0.480 e (Cb), which confirms that the
positive charge of the complex is centred at Ca. These values are consistent with
those calculated for a simple unsubstituted propargylic acetate,[42b] although in
our case the positive charge on Ca is even higher (+0.203 e vs. +0.063 e), the Ca–
Au bond length longer (2.73 vs. 2.514 Å), and the Cb–Au bond length shorter
(2.16 vs. 2.239 Å).On the other hand, alkyne–gold complex 1a-comp has amuch
more symmetrical structure, with nearly identical Au–C distances (Figure 4.3.6),
and NPA (natural population analysis) charges (Ca = –0.056 e, Cb = –0.002 e).
In this case, the positive charge is centred on the gold atom (Au = +0.437 e in 1a-
comp, vs. +0.365 e in 1b-comp). As a result of the more positively-charged char-
acter of the internal Ca carbon atom in 1b-comp, the attack of the oxygen atom
takes place exclusively at that position. This experimental fact could be confirmed
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Figure 4.3.6: Structures and Structural Properties of 1a-comp and 1b-comp
Complexes.
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computationally with substrates 1b and 2b. We found that the 5-exo-dig cycliza-
tion occurs with a very low barrier (3.9 kcal/mol forTS1-H-5-exo) or, in the case
of the corresponding saturated compound 2a, with essentially no activation bar-
rier (TS2-H-5-exo, in Figure 4.3.7).

Figure 4.3.7: Transition State Structures and the Corresponding Barrier
Heights for Terminal Alkynes. Barrier Heights (ΔG‡) are Given in kcal/mol.

In fact, no convergence or a convergence to the starting material was observed
during the search for a transition state in the latter case, even though we tested
different functionals (B3LYP,M06, BHandHLYP) and basis sets. To further anal-
yse this issue, a potential scan for the O–C bond formation was carried out, and
this confirmed that it is a downhill process without appreciable activation energy.
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On the other hand, the transition states for the regioisomeric 6-endo cyclizations
were located, and were found to have low but measurable activation energies (8.2
and 5.6 kcal/mol, Figure 4.3.7), which are ca. 4–5 kcal/mol higher than those of
the 5-exo processes. This energy difference can explain the absolute experimental
preference for the five-membered cyclic products. This is also consistent with the
fact that a 1,2-acyl shift is preferred for propargylic acetates with an unsubstituted
alkynemoiety.[42b]On theother hand, the transition-state structures for the reac-
tionof the internal triple bonds are consistentwith the experimental preference for
theCb attack. Thus, the lowest calculated activation energieswere 7.8 kcal/mol for
the unsaturated ring (TS1-Ph-6-endo, Figure 4.3.8), and 8.4 kcal/mol for TS2-
Ph-6-endo.
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Figure 4.3.8: Transition State Structures and the Corresponding Barrier
Heights for Internal Alkynes. Barrier Heights (ΔG‡) are Given in kcal/mol.
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It is interesting to note that the endo/exo selectivity is predicted to be better for1
(ΔΔG‡

exoendo= 2.5 kcal/mol) than for 2 (ΔΔG‡
exoendo = 1.3 kcal/mol). This effect

can be attributed to the increase in the N–C–Ca angle induced by the presence
of the double bond, from 113° (16d, N–Csp3–Ca) to 119° (1b, N–Csp2–Ca), a
factor that plays against the formation of the smaller five-member ring.[45] The
data shown in Figure 4.3.6 and Figure 4.3.8 are not informative enough about the
exact reason for the 6-endo selectivity with internal alkynes, since Ca and Cb have
very similar electronic properties, and their bonding distances with the gold atom
are virtually equal (Figure 4.3.8).

Thus, we envisioned an indirect way to analyse the geometrical factors that de-
termine the reactivity of the internal alkynes, by using symmetrical computational
substrates (Figure 4.3.9).

Figure 4.3.9: Comparison of the Activation Energies for the 5-exo and 6-
endo-dig Pathways.
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For example, in themodel system I, the triplebond is symmetrically substituted,
and the two carbons (Ca and Cb) are absolutely identical, which reduces the fac-
tors that affect the formation of one ring or the other to a simple geometrical pref-
erence. Interestingly, the activation energy is lower for the 6-endo cyclization by
4.4 kcal/mol, indicating that in principle, the preference for the six-membered ring
is purely geometrical, and could be generalized to any type of internal alkynes, ir-
respective of the substituent on the terminal position. It is worth mentioning that
a similar preference, but to a lesser extent (ΔΔG‡ = 2.3 kcal/mol), was found for
computational model compound II, with saturated rings, which is consistent with
the generally lower selectivity of this type of substrates.
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4.4 Conclusions

4.4.1 Gold(I)-Catalyzed Nazarov Reaction

Our collaborators demonstrated that the tandem gold(I)-catalyzed
rearrangement/Nazarov reaction of propargylic ester derivatives is a useful strat-
egy for the synthesis of cyclopenta-fusedN-heterocyclic structurespresent inmany
natural compounds. This synthetic process has been studied in deeply compu-
tationally. The energetics and structural features of the reactants, intermediates,
transition states and products involved in this process were computed and ana-
lyzed taken into account of the corresponding experimental findings. The calcula-
tions revealed the details of the reaction mechanism which allowed us to evaluate
energetically the influence of the substrate structures on the reaction rate and on
the regio- and stereoselectivity.

4.4.2 Gold(I)-Catalyzed Cycloisomerizations

Prof. Occhiato and his co-workers reported a new synthetic strategy to produce
exocyclic vinylogous amides based on gold(I)-catalyzed cyclization ofN-Boc pro-
tected6-alkynyl-3,4-dihydro-2H-pyridines. Thefirst stageof this process is a gold(I)-
catalyzed cyclization within N-Boc protected enynes. The cyclization can take
place through 5-exo- or 6-endo-dig attack. The factors defining the preference of
the processes were studied experimentally and computationally.

The calculations showed that the oxyauration step has a low barrier or almost
no barrier at all when it involves the internal position of a terminal triple bond,
resulting in a 5-exo-dig process. In contrast, the 6-endo-dig mechanism is always
favouredwith substituted alkynes, this preference being purely geometrical and ir-
respective of the type of substitution, thus providing either β-enaminones or their
reduced equivalents, β-amino ketones, in a robust, reliable, and convenient way.
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Time is an illusion. Lunchtime doubly so.

Douglas Adams, The Hitchhiker’s Guide to the Galaxy

5
Baldwin Type Rules forMetal Catalyzed

Cyclizations

5.1 Introduction

The basic framework, of many complex and biologically interestingmolecules
and a plethora of natural products includes cyclic moieties [170, 192, 209]. Thus,
most of the designed and developed small molecule inhibitors and drugs have also
a cyclic skeleton [210]. Therefore, to predict or control the outcome of cycliza-

This chapter is based on the following manuscript: B. Fiser, J. M. Cuerva, E. Gómez-Bengoa,
Chemical Communications, submitted in 2016.
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tions is crucial in the design and implementation of synthetic procedures. One of
the first key steps towards the applicable predictions was done by Sir Jack Baldwin
in 1976, when his seminal work ”Rules for Ring Closure” was published [211].

Prof. Baldwin used three parameters to describe and classify the ring forming
reactions and these are still the basis of the nomenclature of cyclizations (Figure
5.1.1).

Figure 5.1.1: Baldwin’s Terminology of Cyclizations. X∗ must be a First Row
Element According to the Original Paper. exo: m = n - 2; endo: m = n - 3,
n - Number of Atoms in the Forming Ring; Hybridization of the Ring Closing
Carbon: tet - sp3, trig - sp2, dig - sp [211].

Thefirst parameterwhichwas used to define the system is the size of the formed
ring, which is nothing but the number of atoms (n) in the skeleton of the cycle (n
= 3 - 7 in the original paper) (Figure 5.1.1).
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Then, he referred to aprocesswith the exoprefix if thebreakingbond is exocyclic
with respect to the formed ring and used the endo in the other way around (Figure
5.1.1).

Finally, the geometry of the ring closing carbon atom (hybridization) indicated
by the tet, trig anddig suffixes,meaning tetrahedral (sp3), trigonal (sp2) anddigonal
(sp), respectively (Figure 5.1.1).

In his paper, Prof. Baldwin proposed three set of rules (Baldwin’s rules) on an
empirical basis to predict the relative easiness (”relative facility”) of ring formations
(ring closure/cyclization) [211].

”Ring-forming reactions are important and common processes in
organic chemistry. I now adumbrate a set of simple rules which
I have found useful in predicting the relative facility of different
ring closures. I believe these will be useful to organic chemists,
especially in planning syntheses.”

—Sir Jack Baldwin [211]

The favored 3-7 member ring formations based on Baldwin’s paper (original
Baldwin’s rules) and the corresponding classification are shown in Figure 5.1.2.
In the case of tet and trig targets, there is a clear preference for exo processes, while
in case of dig targets the other way around, mainly endo closures are favored and
exo processes are only viable for larger cycles (n = 5-7). Originally nucleophilic
ring closures were discussed, and the reactions were limited to involve first row el-
ements (X), as a consequenceof the larger atomic radii of heavier atoms,which can
bypass the geometric restraints on disfavored ring closures (Figure 5.1.1). It was
also noted that the rules applies to homolytic and cationic reactions as well [211].
However, a few years later, for radical involved cyclizations other guidelines were
developed by Beckwith et al. [212].

The rules arise from the different stereochemical requirements which needs to
be satisfied to form the transition states and thereafter the corresponding rings. A
process is favored if the length and the nature of linking chain allows the termi-
nal atoms to reach each other through a proper trajectory to close the cycle [211].
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Summary

Ring Size (n)

3 4 5 6 7

tet
exo     

endo no no   no

trig
exo     

endo     

dig
exo     

endo     























































 - unfavored  - favored no - no predictions

no

no

no

Figure 5.1.2: Baldwin’s Rules for Ring Closure. Green - Favorable; Red -
Unfavorable; no - Prediction was not Made; According to Baldwin’s Original
Work [211].
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Reactions are disfavored if the changes to achieve the ring forming configuration
would lead to intense distortion within the structure and therefore, alternative re-
action pathways may appear. All in all, the most favored trajectory of a cyclization
is the one which accompanied with the least motion/distortion (least motion ar-
gument).

To find the ideal trajectory for the ring closing step is crucial, because the pref-
erence of the reaction is depends on the existence of such a reaction path. Three
favorable reaction trajectorieswere suggested byBaldwin, one for each of the three
hybridization of the attacked carbon (Figure 5.1.3).

Figure 5.1.3: Favored Trajectories for Ring Closure Reactions in the Case of
tet, trig and dig Systems. * - Baldwin’s Prediction [211], ** - Revised Predic-
tion [213].
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Baldwin’s suggestion for thepreferred tet trajectory is associatedwith theWalden
inversion process in SN2 reactions. For the trig process, he proposed a trajectory
based on the work of Bürgi andDunitz et al., who studied the reaction paths of the
additionof various nucleophiles to carbonyl groups [214]. In digonal systems, two
trajectories canbe identifiedusing the leastmotionargument, andmaintain the an-
gle between the three interacting atoms (-X-C-Y-) during the cyclization. These
trajectories can be easily associated with the endo- and exo-dig processes. Baldwin
selected the endo path as overall preferred trajectory for digonal systems based on
the available literature examples at that time (e. g. missing 4-exo product) [213].
However, contrary to this, several newer experimental and computational results
supports that the exo-dig process is more preferred, which led to the re-evaluation
of the original predictions [213].

Corrections and limitationsof theBaldwin’s rules havebeen reported since their
publication [213, 215, 216], but they are still generally applied in many organic
reactions, involving anions, cations, and radicals.

Furthermore, the rules, or at least the nomenclature, have been assumed to be
applicable to transition metal-promoted reactions, especially in the context of the
Palladium-catalyzed Heck-type reactions [217, 218].

However, a systematic comparative mechanistic study (activation energies) of
their validity and selectivity in these metal-containing systems has not been re-
ported. In this work, intramolecular carbometalations will be studied systemati-
cally by computational chemical tools and based on the results the extension of the
Baldwin’s rules for metal catalyzed ring closure reactions is proposed.
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5.2 ComputationalMethods

Thestructureswere calculatedbyusing theM06hybriddensity functional [100] as
implemented inGaussian09 [155]. Optimizationswere carriedout byusing the 6-
31+G(d,p) basis set forC,H,O, P andLi. ForNi, Pd andPt, the Stuttgart-Dresden
(SDD) energy-consistent effective core potentials (ECPs) [108, 109] were used.
Solvent effects were taken into account in optimizations at the same levels of the-
ory by applying the conductor-like polarizable continuum model (CPCM) [219,
220]. The solute cavity was constructed using radii from the UFF force field. The
dielectric constant for themodel solvent (dichloromethane)was 8.93 and the elec-
trostatic scaling factor for the radius of the atoms was 1.1. Reported energy values
correspond toGibbs Free (G) energies. The critical stationary points were charac-
terized by frequency calculations in order to verify that they have the right number
of imaginary frequencies, and the intrinsic reaction coordinates (IRC) [156] were
followed to verify the energy profiles connecting the key transition structures to
the correct associated local minima.

Three type of reactions are differentiated within our calculations (favorable,
borderline and unfavorable) and associated with certain reaction conditions and
barrier heights. If the activation energy of a process is lower than 24 kcal/mol (re-
action can complete within 12 h at room temperature) it is considered as a favor-
able reaction. If the activation energy is > 31 kcal/mol (reaction time longer than
36 h at 100◦C) the process is unfavorable. Otherwise, if the barrier height is > 24
kcal/mol, but < 31 kcal/mol we are talking about a borderline process.
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5.3 Results andDiscussion

5.3.1 General Considerations

To expand the undoubted utility of Baldwin’s rules we have computationally stud-
ied a set of intramolecular carbometalations of alkenes and alkynes of alkyl metals
of group 10 elements (M = Ni, Pd, Pt) with different chain lengths (3 - 7) (Fig-
ure 5.3.1). In all cases, the coordination sphere of the metal was saturated with
phosphine ligands, PH3 for simplicity, and PMe3 for validation purposes (Figure
5.3.1).

Figure 5.3.1: General Scheme of the Studied Model Systems and Cyclization
Processes.
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Within this context, carbometalations can be viewed as a special case of
electrophile-promoted nucleophilic cyclizations, in which the electrophilic cen-
ter, the metal, is strongly interacting with the carbanion.

5.3.2 Pure Anionic Cyclizations and Carbolithiations

For comparative purposes, the transition states of related carbolithiations (M =
Li, Figure 5.3.1) were also calculated along with pure anionic species (M = none
(absence of any metal), Figure 5.3.1). Two tetrahydrofurans (THF) were used as
ligands around the lithium in the calculations. In fact, carbolithiations are prob-
ably one of the most realistic mimic of pure anionic cyclizations, because lithium
containing bases are widely used during such synthetic procedures [221, 222].

Regarding the carbolithiations, the activation energies for the endo channel are
moderately higher in each case (up to 14.4 kcal/mol in 3-endo-trig) than predicted
for pure anionic cyclizations, whereas exo cyclizations are only slightly affected
(Figure 5.3.4 and Figure 5.3.3). For the trigonal compounds the difference is < 5
kcal/mol, but in different directions: the barrier height in 4-, and 5-exo increased
by the introduction of lithium, thus pure anionic species are slightlymore favored,
while in 3-, and 6-exo the opposite. In the digonal species mostly the carbolithi-
ations are more favored (in a range between 4.4 - 7.6 kcal/mol) than the anionic
species except in the 5-exo cyclization in which the anionic transition state is pre-
ferred.

In general, exo cyclizations are always highly favored over the corresponding
(n+1)-endo mode when lithium atom is present, the differences being very large
for small ring sizes (3-exo vs 4-endo > 30 kcal/mol, Figure 5.3.2), andmoderate as
the size of the ring increases (6-exo vs 7-endo ca. 10 kcal/mol). The cases where
an increment in the activation energy is noted from the pure anion to the organo-
lithium derivative, can be rationalized by the lack of stabilization of the pure an-
ionic starting material (Figure 5.3.2). Thus, the inclusion of the lithium atom de-
creases the energy of the starting point, increasing the activation energy (Figure
5.3.4 and Figure 5.3.3).
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Figure 5.3.2: Selected Transition States I. - Anionic Cyclizations (middle)
and Carbolithiations (edges). The Forming Bonds are Indicated with Faded
Gray Lines. Corresponding Barrier Heights (ΔG‡, kcal/mol), Attack Angles
and the Number of Atoms (n) in the Forming Cycles are also Shown. Green
- Favorable; Red - Unfavorable. Calculated at the M06/6-31+G(d,p)/SDD
Level of Theory in Dichloromethane.
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The highest activation energy in the exo-trig and -dig set of carbolithiations and
anionic cyclizations, corresponds to the 4-exo compounds with 19.6 and
14.7 kcal/mol for trig, and 13.1 and 19.2 kcal/mol for dig, respectively (Figure
5.3.4 and Figure 5.3.3). These data clearly show that all exo cyclizations are at-
tainable, and consistently under 20 kcal/mol (Figure 5.3.5).

Concerning the endo cyclizations, the 4-endo species are consistently unfavor-
able and the barrier heights are over 35 kcal/mol for anionic and over 40 kcal/mol
for the lithium containing cases (Figure 5.3.2). There are two borderline species
within the trig set of carbolithiations, in which the activation energy for 5- and
6-endo are slightly higher than 24 kcal/mol.

The presented calculations for trigonal anionic and lithium containing species
are in good agreementwithBaldwin’s original predictions (Figure 5.1.2 andFigure
5.3.5.

However, for digonal species Baldwin’s rules predicted 3-exo-dig and 4-exo-dig
to be prohibited while 3-endo-dig and 4-endo-dig to be favored. These predictions
were revised by Alabugin et al. [216] and they ended up at a reverse situation pre-
dicting 3-, and 4-exo borderlines (these borderlines are defined in a different way
than ours, for further details see [216]) and 3-, and 4-endo unfavorable reactions
(Figure 5.3.5). Our calculations in the case of digonal species are in qualitative
agreement with Alabugin’s predictions [216] (Figure 5.3.5).

Furthermore, the similarities in the activation energies computed for trig- and
dig-type anionic cyclizations andcarbolithiation reactions are also validate the com-
putational approach used in this study (Figure 5.3.5, Figure 5.3.2).

On the other hand, the attacking angles defined by the nucleophilic carbon (X,
Figure 5.3.1) and trigonal/digonal carbons (Y1 and Y2, Figure 5.3.1) also afford
interesting data.

The presence of lithium widens the attacking angle by ca. 5◦ respecting the
naked anion situation for endo processes (Figure 5.3.4, Figure 5.3.3 and Figure
5.3.2). Considering the exo approach for digonal compounds the anionic species
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Activation Energies and Attack Angles – trig Cyclizations

Figure 5.3.3: Activation Energies (kcal/mol) and Attack Angles for trig
Cyclizations: M = none (Anionic), Li, Ni, Pd and Pt (Carbometalations).
Green - Favorable; Orange - Borderline; Red - Unfavorable. Calculated at
the M06/6-31+G(d,p)/SDD Level of Theory in Dichloromethane and in Some
Cases (†) at the M06/6-31+G(d,p)/SDD//M06-2X/6-31+G(d,p)/SDD Level
of Theory in Dichloromethane.
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Activation Energies and Attack Angles – dig Cyclizations

Figure 5.3.4: Activation Energies (kcal/mol) and Attack Angles for dig
Cyclizations: M = none (Anionic), Li, Ni, Pd and Pt (Carbometalations).
Green - Favorable; Orange - Borderline; Red - Unfavorable. Calculated at the
M06/6-31+G(d,p)/SDD Level of Theory in Dichloromethane and in some
Cases (†) at the M06/6-31+G(d,p)/SDD//M06-2X/6-31+G(d,p)/SDD Level
of Theory in Dichloromethane.
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have a wider attack angle by 5◦ - 8◦ than the corresponding lithium containing
species, except the 6-exo when the situation is reverse. In the trigonal transition
states the attack angles are very close (1◦) to each other comparing anionic and
lithium containing species, except again the 6-exo, in which the difference is 7◦

favoring the carbolithiation (Figure 5.3.4, Figure 5.3.3).
In general, larger angles have been found for the exo approaches, and within

them the trigonal species varies in a range between 113◦ - 128◦, while for the digo-
nal compounds the attack angles located in a a slightly wider range between 117◦ -
135◦. In the endo processes, the attack angles are smaller than 120◦ in each case
(Figure 5.3.4, Figure 5.3.3). The prohibitive activation energies appear when
due to structural restrictions, the attacking angles are decreased to 75◦ - 80◦ (4-
endo situations, Figure 5.3.2). In the two borderlines, which are appeared in the
lithium set, the attack angles are 97◦ and 109◦, for 5-endo- and 6-endo-trig, respec-
tively. However, in the corresponding anionic species the angles are even smaller,
88◦ and 102◦, respectively, while in the digonal species the angles are similar or a
slightly smaller (Figure 5.3.4, Figure 5.3.3). Thus, the borderline status of these
two carbolithiations are not explainable by the attack angles.

Regardless the type of approach (endo/exo) or the double/triple character of
the reacting bond, there seems to be an ideal angle around 115°-125° where acti-
vation energies are minimal.
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Figure 5.3.5: Summary of the Cyclization Rules for trig and dig Processes.
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5.3.3 Palladium Promoted Cyclizations

Carbometalations involving Ni, Pd and Pt were computed and they show some
similarities and discrepancies with calculated values for carbolithiations and/or
naked anions (Figure 5.3.3, Figure 5.3.4 and Figure 5.3.5).

The exo cyclizations are mostly favorable (up to 22.6 kcal/mol) with one bor-
derline in the case of Pt-4-exo-trig (27.5 kcal/mol). In contrary, the endo processes
aremost likely unfavorable especially for carbopalladations and carboplatinations,
up to 62.9 kcal/mol and 64.7 kcal/mol for Pd- andPt-4-endo-dig, respectively (Fig-
ure 5.3.6 and Figure 5.3.12).

As expected, many examples of Palladium-mediated alkyl carbopalladations are
known and fall into the 3- [223], 4- [224, 225], 5- [226, 227], and 6-exo-trig [226]
cyclization modes (Figure 5.3.8).

The calculations revealed that, in general, 3- and 4-type Palladium-mediated
alkylmetalations are slightly endergonic (Figure 5.3.7). In other words, these are
not favored thermodynamically, which could explain their rare experimental oc-
currence and the necessity of a subsequent exergonic reaction in case of their ap-
pearance (i.e β-hydride elimination or coupling reaction, Figure 5.3.8, a).

However, for instance the 3-exo-trig is very competitive kinetically compare to
the usually favored 5-exo-trig case with barriers as low as 2.6 kcal/mol and 11.9
kcal/mol, respectively (Figure 5.3.3). Consequently, competition between 3-exo
and5-exo-trig cyclizationshasbeendescribed in literature [228, 229] (Figure 5.3.8,
c), although a quantitative comparison with our results cannot be strictly made
owing to the structural differences between the calculated and real structures.

Even for the more difficult alkyne substrates (dig), the computed values for the
exomode with Pd are low (≤ 21.2 kcal/mol). The fact that scarce examples have
been described [230, 231], for this reactivity mode, can be attributed to the easi-
ness of the competing β-elimination process that would become dominant in the
presence of good donor ligands [230, 231] (Figure 5.3.9, a).
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Figure 5.3.6: Selected Transition States III. - Palladium Promoted Cy-
clizations. The Forming Bonds are Indicated with Faded Gray Lines. Corre-
sponding Barrier Heights (ΔG‡, kcal/mol), Attack Angles and the Number
of Atoms (n) in the Forming Cycles are also Shown. Green - Favorable; Red
- Unfavorable. Calculated at the M06/6-31+G(d,p)/SDD Level of Theory in
Dichloromethane.
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Figure 5.3.7: Reaction Energy Profile of the Palladium-Catalyzed 3-exo-
trig Cyclization. ΔG‡ and ΔGr - Activation Energy and Reaction Energy
(kcal/mol). R - Reactant; TS - Transition State; P - Product. Calculated at
the M06/6-31+G(d,p)/SDD Level of Theory in Dichloromethane.

In any case, themain discrepancy between the computed carbopalladations and
the original and revised Baldwin’s rules is the low activation energy for 3-exo-dig
(3.6 kcal/mol) and 4-exo-dig reactions (18.0 kcal/mol), which were previously re-
ported as forbidden/borderline processes [211, 216] (Figure 5.3.5).

With respect to the less favored endo mode, the computed data show, high (>
40 kcal/mol) to exceedingly high activation energies (> 60 kcal/mol) for 4-endo
(trig and dig) (Figure 5.3.6) and high barrier (> 40 kcal/mol) for 5-endo-dig cy-
clizations (Figure 5.3.4).

On the contrary, the most favored endo cases are the 6- and 7-endo-trig with
barrier heights of 16.1 and 18.4 kcal/mol, respectively. They should be feasible in
general, as the calculations shows and some experimental evidences also support
this idea [232, 235] (Figure 5.3.9, b), whereas 5-endo-trig (26.7 kcal/mol) along
with 6-, and 7-endo-dig (25.9 kcal/mol and 24.2 kcal/mol, respectively) should be
also possible in certain circumstances.

It is worth noting that Baldwin’s predictions considered 5-endo-trig cyclizations
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Figure 5.3.8: Literature Examples of Pd-Catalyzed Cyclizations I [223, 224,
228].
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Figure 5.3.9: Literature Examples of Pd-Catalyzed Cyclizations II [230, 232–
234].
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to be unfavorable (Figure 5.3.5). Nevertheless, a few examples have been reported
that follow the rule-breaking 5-endo-trig cyclization [233, 236] (Figure 5.3.9, c
and d). There is even a remarkable case, where the 5-endo-trig product is regiose-
lectively formed over the usually more favored 6-exo-trig compound in a substrate
containing two different reacting alkenes [234] (Figure 5.3.9, d). Nevertheless in
these cases the carbon have sp2 hybridation, somehow remembering the Baldwin’s
rules for alkylation of ketone enolates [237].

Nonetheless, there is a remarkable energydifferencedisfavoring the reactions of
alkynes in comparison to alkenes, especially for the endomode, in agreement with
the scarcity of cyclization reactions for triple bonds. Again competing processeses
as β-hydride elimination could efficiently occur. Consequently, some 4-exo and
5-exo-dig reactions of alkenyl/aryl palladium intermediates have been described
[238, 239].

These processes, especially the 4-exo-dig were considered as forbidden [211] or
borderline cases [216] for pure anionic reactions (Figure 5.3.5).

It is also of interest that the attacking angles for Pd-exo processes are in general
very similar (slightly shorter) to those computed for the carbolithiations (Figure
5.3.3 and Figure 5.3.4). The angles for the exo-trig approaches range from 114◦ to
123◦, whereas in the case of the endo-trig the restrictions imposed by the smallest
cycles force the angles to be near 75◦ for the 4-endo-trig transition state, widening
up to 115◦ for 7-endo-trig one (Figure 5.3.3, Figure 5.3.6).

Noteworthy, significant differences for the carbopalladations of alkynes were
not found, in contradiction with previous beliefs. Moderate variations in the Toll-
man’s cone value (θ) do not significantly affect the results, as one can see based
on the similar results were obtained using PMe3 (θ = 118◦) as ligand instead of
PH3 (θ = 87◦). In any case, calculations show that Baldwin´s rules are basically of
application for alkyl carbopalladations.
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5.3.4 Nickel Promoted Cyclizations

The barrier heights of the corresponding Ni derivatives were also calculated (Fig-
ure 5.3.3 andFigure 5.3.4). The cyclizations are consistently lower forNickel than
the previous ones for Palladium by 2.1 kcal/mol in the case of 3-exo-trig up to 15.8
kcal/mol in the case of 7-enod-dig (Figure 5.3.10), although the same trends in
reactivity are maintained (Figure 5.3.3 and Figure 5.3.4).

All exo-cycles can be formed easily, with barrier heights ranging from0.5 to 16.7
kcal/mol. Meanwhile, the decrease in the reaction barriers, affects positively some
palladium-borderline cases, like 5-endo-trig or 6-, and 7-endo-dig, becoming feasi-
ble processes in theory with barrier heights of 17.7 kcal/mol, 12.6 kcal/mol and
8.4 kcal/mol, respectively (Figure 5.3.3 and Figure 5.3.4).

Also, the differences between the competing cyclization modes (n-exo vs n+1-
endo) aremuch closerwithnickel (Figure 5.3.10. Even a reversal in reactivity is ob-
served in 6-endo-trig (8.2 kcal/mol) vs 5-exo-trig (9.3 kcal/mol), being regarded as
non-selective (Figure 5.3.3 and Figure 5.3.4).
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Figure 5.3.10: Selected Transition States III. - Nickel Promoted Cycliza-
tions. The Forming Bonds are Indicated with Faded Gray Lines. Correspond-
ing Barrier Heights (ΔG‡, kcal/mol), Attack Angles and the Number of
Atoms (n) in the Forming Cycles are also Shown. Green - Favorable; Red -
Unfavorable. Calculated at the M06/6-31+G(d,p)/SDD Level of Theory in
Dichloromethane.
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Noteworthy, in agreement with these findings, Cramer et al. have nicely shown
that by the proper choice of the ligand of the nickel, the regiodivergent experi-
mental formationof either 5-exoor 6-endo cycles fromalkenyl nickel intermediates
achievable from a single starting material [240] (Figure 5.3.11, a). Other authors
have recently described Nickel-catalyzed 5-exo-trig [241] or 5-exo-dig [242] reac-
tions of various substrates (Figure 5.3.11, b and c), in agreement with the com-
puted activation energies (Figure 5.3.3 and Figure 5.3.4).

Surprisingly, we did not find significant differences in the attack angles between
Pd and Ni in any case (it varies between 0◦ to 7◦), in spite of the obvious different
sizes of both atoms (Figure 5.3.3 and Figure 5.3.4). The maximum deviation we
foundwas 7◦ for the case of 7-endo-dig cyclization (103◦ for Pd, 96◦ for Ni, Figure
5.3.10, Figure 5.3.6). Essentially, all the processes are favored with the exception
of 4-endo-trig, 4-endo-dig and 5-endo-dig cases.
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Figure 5.3.11: Literature Examples of Ni-Catalyzed Cyclizations [240–242].
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5.3.5 Platinum Promoted Cyclizations

On the other hand, the opposite situation is observed with the larger Platinum
atom (Figure 5.3.3 and Figure 5.3.4).

Whilst the reactivity trend is preserved, in close agreement with the palladium
case, the activation energies are moderately higher, around 5 to 10 kcal/mol in
most of the cases (Figure 5.3.3 and Figure 5.3.4). Two exceptions are the 6-
exo and 7-endo-dig cyclizations in which the carbopalladations have higher barrier
heights by 1.5 and 3.0 kcal/mol, respectively (Figure 5.3.6 and Figure 5.3.12).
As a consequence of the higher activation energies, all endomodes become either
borderline or forbidden (Figure 5.3.3 and Figure 5.3.4) except the Pt-7-endo-dig
(21.2 kcal/mol, Figure 5.3.12), while the exomodes are close to 20 kcal/mol (5-
exo, 6-exo) or even higher than 20 kcal/mol (Figure 5.3.3 andFigure 5.3.4) except
3-exo-dig and trig inwhich the activation energies are 9.8 and 8.7 kcal/mol, respec-
tively (Figure 5.3.12).

All in all, the generally high activation energies are probably one of the reasons
for the scarcity of cyclization methods employing Platinum catalysis [243, 244].
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Figure 5.3.12: Selected Transition States IV. - Platinum Promoted Cy-
clizations. The Forming Bonds are Indicated with Faded Gray Lines. Cor-
responding Barrier Heights (ΔG‡, kcal/mol), Attack Angles and the Num-
ber of Atoms (n) in the Forming Cycles are also Shown. Green - Favor-
able; Orange - Borderline; Red - Unfavorable. Calculated at the M06/6-
31+G(d,p)/SDD Level of Theory in Dichloromethane and in Some Cases (†)
at the M06/6-31+G(d,p)/SDD//M06-2X/6-31+G(d,p)/SDD Level of Theory
in Dichloromethane.
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Noteworthy, the attacking angles (Figure 5.3.3 and Figure 5.3.4) do not vary
significantly, the largest difference is 4◦ compare to the corresponding palladium
species (4-endo- and 6-exo-dig). Not even when compared to the nickel promoted
reactions, in this case the largest difference is 8◦ for the 6-exo-dig cyclizations (Fig-
ure 5.3.3 and Figure 5.3.4). These findings are clear indications that the structural
requirements of the transition states are not dependent on the size of the transition
metal, but only on the nature of the triple/double bond and the length of the alkyl
chain to be cyclized.

5.3.6 Scope of the Predictions

After having compared the cyclizations of simple structures promoted by Ni, Pd
and Pt-PH3 complexes, other related systems were also investigated, which could
be instructive for awider understandingof the cyclizations. The5-exo- and6-endo-
trig carbopalladation reaction pair were selected as reference processes. Three dif-
ferent type of modifications (ligand, functional group and metal, Figure 5.3.13)
were made on the original system (Figure 5.3.1) to study the ”scope” of the pre-
dictions.

As a first step, two trimethyl phosphine (PMe3, II, Figure 5.3.13) ligands were
used instead of the unsubstituted phosphine PH3 (I, Figure 5.3.13) reduces the
activation energy, especially for the exo case (2.1 kcal/mol lower, compare I vs II),
while maintaining ca. 16 kcal/mol barrier for endo. If the carbon atom supporting
the palladium has a sp2 character (III), which is a very general situation in Heck
type cyclizations, the barrier is fairly reduced in the exo-case to 7.8 kcal/mol, but
increased to 18.7 kcal/mol for the endo. The introduction of an aryl moiety within
the ring-forming chain (IV) originates an extra strain in the ring forming chain,
increasing the barrier in both pathways (13.2 and 26.0 kcal/mol), but specially for
the endo cycle formation, due to obvious increasing structural difficulties. More
sterically encumbered startingmaterials, likeV, where the terminal position of the
alkene is occupied by twonewmethyl groups has a similar effect, increasing the cy-
clization barriers, but with a significant bias in disfavor of the endomode. We can
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Figure 5.3.13: Scope of the Predictions. Comparison of 5-exo- and 6-endo-
trig Cyclizations of More Complicated Structures. Calculated at the M06/6-
31+G(d,p)/SDD Level of Theory in Dichloromethane.
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say that the steric hindrance has amore pronounced effect on the formation of the
C-C bond than on the Pd-C bond formation. On the other hand, no significant ef-
fect is observed by the introduction of twomethyl groups in one of the carbons of
the cycle forming chain (VI).The exomodepresents exactly the sameenergy as for
I and a slight increase is predicted for the endomode. It is usually considered that
the introduction of substituents as a positive effect in any kind of cyclization pro-
cess, through the Thorpe-Ingold effect, although the reasons are controversial. In
our case, we do not appreciate a decrease in the energies, and we hypothesize that
the effect could be related to the easier formation of the initial alkene-Palladium
complex from the open chain precursor when substituents are present. When the
metal was Rhodium (VII) the computed activation energies were 17.2 and 22.2
kcal/mol, which are in between of those of Palladium (11.9, 16.1 kcal/mol) and
Platinum (18.9, 25.5 kcal/mol), closer indeed to Pt than to Pd (see Figure 5.3.3).
Finally, a different coordination pattern was also considered for the Nickel com-
plexes (VIII), in agreement with the type of ligands used in some experimental
cases. A slight increase of ca. 2 kcal/mol in the activation energies was predicted
in this case in comparison to its (Ni-PH3)2 analogue (see Figure 5.3.3), while the
exo/endo energy gap is again very low. We can consider these two cases (original
Ni 5-exo & 6-endo-trig and this reaction pair, VIII) as the only situations of the
whole study where the endo reaction mode could compete with the exo one.
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5.4 Conclusion

Baldwin´s rules were proposed to be extended to group 10 alkyl metallations in
terms of relative favorable/unfavorable processes. An intuitive summary of the
qualitative results created (Figure 5.3.5).

Thepresenceof themetal also affect the cyclizations, yielding relatively lowacti-
vation energies for someof the calculated transition states involving different cycle
sizes and metals.

The absolute values of the activation energies of cyclizations are highly depen-
dent on the suitable orbitallic overlapping on carbonated substrates, being nickel
the most favoured and platinum the less one.

Extremely lowactivation energieswere found for 3-, and4-exo-processes, which
contradicts the fact that just a few experimental example exist. The calculations
revealed that, despite the kinetic preference, the overall reaction is thermodynam-
ically unfavorable in these cases. This is a reasonable explanation of the rare exper-
imental occurrence of the processes and the necessity of a subsequent exergonic
reaction in case of their appearance.

The calculations predicted the 4-, 5-endo-dig and 4-endo-trig metal promoted
cyclizations to be forbidden which is in good agreemant with the fact that they are
unknown experimentally.

Furthermore, the 5-endo-trig reaction is predicted to be favourable with Ni or
borderline with Pd, which is consistent with the fact, that there are experimental
evidences of the Pd promoted process (vide supra).

Most of the 5-, 6- and 7-exo/endo-dig and trig cyclizations are favorable accord-
ing to the computational results, which is also reflected by the number of known
experimental results (vide supra).

The presented results could serve as a guide to explore not yet described cy-
clization processes based on the accessible computed activation energies and the
qualitative comparison of the preferences.
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Bernard ofChartres used to say thatwewere like dwarfs seated
on the shoulders of giants. If we seemore and further than they,
it is not due to our own clear eyes or tall bodies, but because we
are raised on high and upborne by their gigantic bigness.

John of Salisbury, Metalogicon
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ABSTRACT: The Pd-catalyzed enantioselective C−P cross-
coupling between racemic, configurationally stable heterobiaryl
triflates and trialkylsilyldiaryl(dialkyl)phosphines has been
used for the synthesis of several families of enantiomerically
enriched heterobiaryl phosphines including QUINAP, PINAP,
and QUINAZOLINAP analogues, which can be performed
with good yields and enantioselectivities using JOSIPHOS-
type bidentate phosphines. The strategy relies on two key assumptions: (I) The N atom of the heterocycle is a better ligand than
triflate, and upon oxidative addition, it incorporates into the coordination sphere of the PdII center to form cationic cyclic
intermediates. (II) The geometry of the palladacycle results in a widening of the angles involved in the stabilization of the
stereogenic axis, facilitating a fast interconversion of diastereomeric structures and, hence, a dynamic kinetic C−P cross-coupling
reaction. These starting hypotheses are supported by experimental and computational studies.

KEYWORDS: P,N-ligands, QUINAP, DYKAT, asymmetric catalysis, C−P coupling, silylphosphines, heterobiaryls

1. INTRODUCTION

Axially chiral P,N-ligands have found important applications in
the field of asymmetric catalysis. Since the pioneering
developments by Brown and co-workers on RhI-catalyzed
asymmetric hydroboration/oxidation of styrenes,1 the original
ligand QUINAP I and related axially chiral P,N-ligands have
found many other applications in asymmetric catalysis,
including RhI-catalyzed hydroboration/amination,2 RhI-cata-
lyzed diboration of alkenes,3 CuI-catalyzed conjugate boration,4

AgI-catalyzed 1,3-dipolar cycloadditions,5 Ni0-catalyzed cyclo-
addition of 1,2,3,4-benzothiatriazine-1,1(2H)-dioxides with
allenes,6 CuI-catalyzed 1,2-addition of alkynes to enamines7

or iminium ions,8 or CuI-catalyzed conjugate addition to
alkylidene Meldrum’s acids9 (Scheme 1).
In spite of the excellent ligand properties exhibited by

QUINAP, its resolution via stoichiometric PdII complexes10 has
been a serious drawback that has hampered its application by
the chemical industry. Even being commercially available, its
high price has probably excluded its structure from being a
common candidate in many exploratory screenings at average
research laboratories. A second aspect that has retarded the
development of applications for axially chiral P,N-ligands has
been the lack of structural variability, as for years QUINAP
itself and a few analogues differing in the diarylphosphino
group9b have been the only available option. These problems
have motivated the development of alternative axially chiral P,N
ligands, on one hand, and studies directed to improve the

efficiency and economy of the synthetic methods, on the other.
Thus, the groups of Guiry, Carreira, Apponik, Chan, and others
have approached the problem by introducing alternative ligands
such as QUINAZOLINAP II,11 PINAP III,12 PyPHOS IV,13

and StackPHOS V14 (Figure 1). These ligands have also been
successfully applied in asymmetric catalysis, matching or
improving in some cases the results collected with QUINAP
in previously developed or new catalytic reactions. However,
the methods required for their synthesis are still far from
practical: in the best cases, the synthesis requires resolution of
diastereomers by chromatography or crystallization (PINAP),12

while most of them (QUINAZOLINAP,10 PyPHOS,12 and
StackPHOS13) have to be prepared by crystallization of
stoichiometric amounts of Pd(II) complexes.
Alternative approaches to the synthesis of QUINAP have

also been reported. The first practical synthesis avoiding the use
of half-equivalents of Pd salts was reported in 2007 by Knochel
and co-workers, who exploited the easy chromatographic
separation of diastereomeric sulfoxide intermediates and their
easy transformation into enantiopure QUINAP after sulfoxide−
lithium exchange, quenching with Ph2PCl and sulfur, and
reduction with Raney-Ni.15 Two years later, Clayden and co-
workers16 went a step further and, taking advantage of the
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stereochemical control by the sulfinyl group in heterobiaryl
sulfoxides, succeeded in the development of a “dynamic
thermodynamic resolution” leading to QUINAP after the
functional group transformations mentioned above. This
constitutes the first asymmetric synthesis of QUINAP but
still requires the introduction of an enantiopure sulfinyl group
as a sacrificial auxiliary.
Therefore, there is still demand for a general methodology

for the synthesis of axially chiral heterobiaryls, ideally based on
a catalytic asymmetric procedure enabling the introduction of

structural variability at both the heterocycle and the diaryl-
(dialkyl)phosphino group. The direct construction of the
stereogenic axis by a cross-coupling reaction might appear as
the most straightforward approach to these systems. However,
in spite of the great progress achieved during the past years in
asymmetric Suzuki−Miyaura cross-couplings,17 the reaction
using heterocyclic substrates remains an unsolved synthetic
challenge, presumably due to the interferences caused by the
coordination of the heteroatoms located on the substrate, the
limitations associated with the availability and poor stability of
heteroaromatic organometallics, and the lower configurational
stability of the products compared to standard biaryls.18 In the
frame of our research program in asymmetric cross-coupling
reactions, we recently developed an alternative methodology for
the asymmetric synthesis of axially chiral heterobiaryls
consisting of a dynamic asymmetric Suzuki−Miyaura coupling
(DYKAT) between racemic, configurationally stable hetero-
biaryl triflates and arylboroxines (Scheme 2, eq 1).19 In a

parallel work, we started investigations to apply this strategy for
C−P bond forming reactions20 while, simultaneously, Virgil et
al. also reported the enantioselective synthesis of QUINAP
according to a similar procedure21 (eq 2). In both cases, a single
example (QUINAP itself) was reported, and different
mechanisms involved in the dynamic kinetic cross-coupling
were invoked. In this paper, an expanded, general procedure for
the synthesis of enantiomerically enriched isoquinoline, 3-
methylpyridine, quinazoline, and phtalazine derivatives is
reported (eq 3), along with experimental and computational
support for a mechanism based on the labilization of cyclic,
cationic oxidative addition intermediates.

■ RESULTS AND DISCUSSION
Starting Hypothesis and Method Development.

Basically, our strategy is based on two key assumptions: (1)
Thanks to the poor coordinating ability of the triflate anion, the
oxidative addition of Pd0LL′ catalysts [LL′ = chiral ligand(s)]

Scheme 1. Selected Applications of Axially Chiral P,N-
Ligands

Figure 1. Families of axially chiral P,N-ligands.

Scheme 2. DYKAT Techniques for the Asymmetric
Synthesis of Heterobiaryls
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should generate cyclic cationic intermediates OAI and OAI′
incorporating the isoquinoline/pyridine N atom as a ligand
(Scheme 3). (2) A widening of the angles φ1 and φ2 would
compromise the configurational stability of the stereogenic axis,
facilitating an easy equilibration of atropoisomeric intermedi-
ates OAI and OAI′. In this scenario, two additional conditions
are required to achieve a highly enantioselective dynamic
kinetic C−P coupling to products P or P′. (3) The
transmetalation step from both OAI and OAI′ into
intermediates TI and TI′ should be relatively slow with respect
to the interconversion between OAI and OAI′. (4) The chiral
ligand(s) LL′ should provide a substantial energy gap between
the diastereomeric transmetalation transition states.
Our initial ligand screening was performed using the

coupling of triflate 1A and tBuMe2SiPPh2 (2)22 as a model
reaction, with CsF as the base,23 dry THF at 55 °C as the
solvent, and 5 mol % Pd2(dba)3/10 mol % ligand as the catalyst
system (Scheme 4). The use of silylphosphine reagents,24

whose reactivities can be tuned by adjusting the steric and/or
electronic properties of the silyl group, was envisaged as a
potentially useful method to modulate the rate of release of the
phosphine fragment: according with our strategy, a relatively
slow transmetalation step is necessary to facilitate the
equilibration of the oxidative addition intermediates. Bishy-
drazone and phosphino−hydrazone ligands L1 and L2, which
showed very good enantioselectivities and activities in
asymmetric Suzuki−Miyaura cross-couplings,25 and a privileged
ligand such as the phosphino oxazoline L3, were chosen as
candidates and tested in the model reaction. These ligands
provided moderate to excellent conversions into the desired
product 3Aa, although low enantioselectivities were observed.
Motivated by the excellent performance of these type of ligands
in dynamic asymmetric (DYKAT) Suzuki−Miyaura cou-
plings,19 we also examined TADDOL-derived phosphoramidite
ligand L4 and related binaphthol-derivatives L5 and L6. L5 and
L6 afforded 5Aa in >90% conversions but with low
enantioselectivities. Axially chiral, commercially available
ligands such as BINAP, MeO-MOP, and SEGPHOS L7−L9
also provided high catalytic activity, but only in the last case was
a low yet significant 63:37 er observed. Additionally, a kind of
“autocatalytic” reaction promoted by QUINAP 3Aa formed
during the reaction was also considered. Using commercially
available (S)-QUINAP as the ligand, a moderate ∼65%

Scheme 3. Starting Mechanistic Hypothesis

Scheme 4. Ligand Screeninga

aReactions performed at 0.1 mmol scale in dry THF (2 mL).
Conversions estimated by 1H NMR. Enantiomeric ratios were
determined by HPLC on chiral stationary phases after oxidation of
3Aa to the corresponding phosphine oxide. bReaction time was 38 h.
cReaction time was 6 h.
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conversion was observed after 20 h, and the product 3Aa was
obtained with 67:33 er, thus demonstrating that QUINAP itself
can be used for its own synthesis, although in an inefficient
manner. P-stereogenic ligands L10 and L11 and Josiphos-type
ligands with planar chilarity L12−L18 were also tested in the
model reaction, yielding the desired product 3Aa with
moderate to excellent conversions. The reactions with ligands
L12 and L16 proved to be the most selective (er 77:23 and
78.5:21.5, respectively). Due to the higher activity of L12 (∼58
and 34% conversions after 6 h for L12 and L16, respectively), it
was selected for the following optimization studies, devoted to
exploring the effect of the phosphorus reagent and the Pd
precatalyst. Silylphosphines with different steric and electronic
properties of the silyl fragment, as well as other phosphine
sources such as HPPh2 (6) and KPPh2 (7), were tested in the
model reaction (1A → 3Aa), using 2 equiv of CsF, dry THF as
the solvent, and 10 mol % L12/5 mol % Pd2(dba)3 as the
catalyst (Table 1, entries 1−7). The size of the trialkylsilyl

group proved to have a marked effect in the reactivity. Thus,
strongly hindered iPr3SiPPh2 (4)

22 afforded only traces of the
desired product 3Aa (entry 2). On the contrary, the smaller
silyl group in Me3SiPPh2 (5a) caused a remarkable increase of
reactivity, while a moderate level of enantioselectivity was
maintained (entry 3). In this case, the reaction temperature

could be lowered to 40 °C to afford 3Aa with 84.5:15.5 er and
quantitative conversion (entry 4). The use of alternative
phosphine sources such as HPPh2 (6) and KPPh2 (7),
commonly used in C−P coupling reactions,26 was also
explored. In the first case, a low conversion (∼39%) and a
moderate 70:30 er after 6 h at 55 °C were observed (entry 5).
Due to the high basicity and nucleophilicity of KPPh2 (7), we
decided to carry out the reaction at a low temperature to avoid
secondary reactions. Surprisingly, 3Aa was formed in a
quantitative manner after only 1 h at −20 °C, although in
racemic form (entry 6). This result was attributed to a relatively
slow equilibration of OAI and OAI′ intermediates at this
temperature. Consequently, the reaction was performed at a
higher temperature (40 °C), adding reagent 7 over a 10 h
period to achieve a high conversion into 3Aa and with a
moderate 65:35 er (entry 7). These experiments suggest that
the activation of the Si−P bond in the silylphosphines takes
place after coordination of the silylphosphine to the palladium
center, since a previous activation by the base (CsF) would
generate Me3SiF and CsPPh2, which should exhibit a similar
reactivity to that of KPPh2. Accordingly, the reaction of 5a with
CsF for 20 h at 40 °C afforded a conversion of ca. 12% into
CsPPh2 (estimated by31P NMR), a much slower reaction than
the C−P coupling. On the other hand, the addition of
silylphosphine 5a to the reaction mixture results in an
instantaneous color change from red to yellow, even at room
temperature and/or in the absence of base, suggesting again a
relatively fast coordination of the silylphosphine.
The analysis of different samples of commercially available

Me3SiPPh2 (5a) systematically showed contamination by
variable amounts of HPPh2 (6), presumably causing a drop
in the reactivity and enantioselectivity. Consequently, the use of
synthetic HPPh2-free Me3SiPPh2 led to better reactivity and
enantioselectivity (entry 8). The most selective Josiphos-type
ligands from the original screening were then re-examined
under the optimized conditions. Thus, ligands L15 and L16
afforded similar results (er 86.5:13.5 and 90.5:9.5, respectively)
as L12 (entries 9 and 10), but the selectivity dropped
considerably with L17 (78:22 er, entry 11). The effect by the
Pd precatalyst was also investigated. The selectivity dropped
when Pd(OAc)2 was used, but interestingly, the use of
mononuclear Pd(dba)2 provided slightly better enantioselectiv-
ities than the dinuclear Pd2(dba)3 form for both L12 (entries 8
vs 12) and L16 (entries 10 vs 14). As commented before, the
displacement of the chiral ligand used in the reaction by the
QUINAP formed “in situ” was considered. An additional
experiment using a 2:1 L12/Pd(dba)2 ratio had no significant
effect on the enantioselectivity, suggesting that there is no
transligation in the reaction medium (entry 15). It is important
to highlight that the reaction is very sensitive to the quality of
the THF. Freshly distilled and deoxygenated THF was needed
to get highly reproducible enantioselectivities (see Supporting
Information for experimental details), whereas using THF dried
over Na and stored for days in a Young’s ampule caused a
significant drop in enantioselectivity (er from 92:8 to
72.5:27.5). Taking into account that the reproducibility of
this DYKAT C−P cross-coupling protocol in terms of
enantioselectivity depends on aspects such as purity of both
THF and silyl reagents, we also examined the influence of the
starting triflate and, to our delight, we observed that (S)-
QUINAP 3Aa27 could be obtained with 95.5:4.5 er in excellent
isolated yield when freshly prepared and purified isoquinoline-
derived triflate 1A28 was employed (entry 16). Under these

Table 1. Condition Optimization for the Synthesis of
QUINAPa

MPPh2 L [Pd]
T

(°C)
t

(h)
conv
(%)b erc

1 2 L12 Pd2(dba)3 55 6 ∼58 77:23
2 4 L12 Pd2(dba)3 55 6 traces nd
3 5ad L12 Pd2(dba)3 55 6 ∼79 80:20
4 5ad L12 Pd2(dba)3 40 20 >95 84.5:15.5
5 6 L12 Pd2(dba)3 55 6 ∼39 70:30
6 7 L12 Pd2(dba)3 −20 1 >95 50:50
7 7e L12 Pd2(dba)3 40 10 >90 65:35
8 5af L12 Pd2(dba)3 40 16 >95 87.5:12.5
9 5af L15 Pd2(dba)3 40 16 >95 86.5:13.5
10 5af L16 Pd2(dba)3 40 16 >95 90.5:9.5
11 5af L17 Pd2(dba)3 40 16 >95 78:22
12 5af L12 Pd(dba)2 40 16 >95 92:8
13 5af L12 Pd(OAc)2 40 16 >95 80:20
14 5af L16 Pd(dba)2 40 16 >95 92:8
15 5af L12g Pd(dba)2 40 16 >95 91.5:8.5
16 5af L12g Pd(dba)2 40 16 >95 95.5:4.5h

aReactions performed on a 0.1 mmol scale using anhydrous THF (2
mL/0.1 mmol 1A), 2 equiv of phosphine source, and 2 equiv of CsF.
bConversions were estimated by 1H-NMR and refer to the
consumption of the starting triflate. cEnantiomeric excesses were
determined by HPLC on chiral stationary phases, after oxidation of
3Aa to the corresponding phosphine oxide. dCommercially available
Me3SiPPh2 (5a) from Aldrich containing 8% of HPPh2 (6) was
employed. eA 0.2 M solution in THF of KPPh2 (7) was slowly added
(0.1 mL/h) at 40 °C using a syringe pump, for a 10 h-period.
fSynthetic, HPPh2-free Me3SiPPh2 (5a) was employed.

g20 mol % of
L12 was used. hFreshly prepared triflate 1A was used.
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optimized conditions, the model reaction was analyzed at
approximately 50% conversion, leading to the product 3Aa in
96:4 er, while the unreacted material 1A had a 68:32 er. This
result rules out a mechanism relying on a fast racemization of
1A (dynamic kinetic resolution).
Further efforts were directed to extend the scope of the

methodology to related systems. To this aim, silylphosphines
5a−5e were synthesized by a modified protocol of the
described procedure29 and reacted with heterobiaryl triflates
1A−1D or nonaflates 8C and 8D in the presence of Pd(dba)2/
L12 as the catalytic system and CsF as the base. Heterobiaryl
phosphines 3 were obtained in excellent yields and good
enantiomeric excesses (Table 2). Silylphosphines 5b−5d,
which bear electron-withdrawing and electron-donating groups
on the aryl fragment, afforded the corresponding chiral
phosphines 3Ab−3Ad in 74−88% isolated yields and er’s
from 78:22 to 92:8. Pyridine-derived phosphines 3Ba−3Bd
were also obtained in excellent yields and enantioselectivities
(er 85.5:14.5−95:5). Additionally, the heterobiaryl dialkylphos-
phine 3Be could also be obtained in 93% yield and a good
85:15 er when L16 was used as the ligand. Reproducibility
problems were observed when triflate 1C was employed as the
substrate, due presumably to some undetected impurity. In this
case, we resorted to using nonaflate 8C,30 which allowed
obtainment of the desired products 3Ca−3Cd in excellent
yields and enantioselectivities of 74−90%. Dialkyl heterobiar-
ylphosphine 3Ce was obtained in 72% yield and a moderate
72.5:27.5 er. Phthalazine-derived triflate 1D was also tested in
the C−P coupling reaction, giving the corresponding biaryl-
phosphines 3Da and 3Db in 71 and 73% yield, and 85.5:14.5
and 91:9 er, respectively. The enantiomeric purity of products 3
could be increased by crystallization in some cases. As
representative examples, QUINAP itself (3Aa) and 3Ca were
obtained in 99.5:0.5 er after a single recrystallization or washing
with cold acetone, respectively. In the case of 3Ac, the
crystallization of a small amount of the racemate served to
increase the optical purity of the remaining mother liquors (up
to 97.5:2.5 er after a single crystallization).
Mechanism and Computational Studies. In the

preliminary investigations mentioned above, two different
mechanisms were postulated to explain the observed dynamic
asymmetric cross-coupling. On one hand, our group assumed
that the nitrogen atom of the isoquinoline coordinates to the
Pd center, leading to diastereomeric, cyclic OAI and OAI′
intermediates, displacing the poorly coordinating triflate anion.
The geometry of these OA intermediates suggests that the
equilibration proceeds via a transition state TSrot−OAI in
which the angles φ1 and φ2 are just slighly wider to allow
hydrogen atoms H(8) and H(8′) to reach coplanarity with the
stereogenic axis (Scheme 5, path a). On the other hand, Virgil
et al.21 suggested that unsaturated T-shaped OAIb and OAI′b
intermediates equilibrate via a square planar transition state
TSrot−OAIb stabilized by an agostic Pd−H(8) interaction (path
b).
In this last proposal, the presence of a coordinating nitrogen

atom on the heteroaryl moiety does not play any role, and the
DYKAT process should work with triflate 9. However, no C−P
coupling products were observed from the reaction of 9 with
5a, which afforded an incomplete conversion into hydrolysis
product 10 after overnight heating at 40 °C (Scheme 6).
This experiment reveals that the presence of a coordinating

isoquinolyl/pyridyl nitrogen is not only necessary to favor the
formation of the cationic and configurationally labile pallada-

cycle but also to facilitate the chelate-assisted oxidative addition
of the racemic triflate/nonaflate to the Pd0 center. Similarly, the

Table 2. Dynamic Kinetic Asymmetric C−P Couplings:
Scopea

aReactions performed on a 0.1 mmol scale. Synthetic and phosphine-
free silylphosphines 5a−5e were used in all cases. Isolated yields and
er’s determined by HPLC on chiral stationary phases are shown.
bTriflate 1 was used as a starting material. cer after recrystallization
(toluene/CH2Cl2).

der of mother liqour after crystallization of minor
amounts of racemate (n-hehane/AcOEt). eAir-sensitive compounds:
fast flash chromatography under nitrogen was required for purification.
fL16 was used instead of L12. gReaction time 40 h. hNonaflate 8 was
used as a starting material. ier after washing with cold acetone.
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reaction of NOBIN-derived nonaflate 11 with 5a afforded a low
conversion into hydrolysis product 12, even at a higher
temperature (60 °C), indicating that the formation of a f ive-
membered cationic palladacycle is essential to reactivity.
In order to gain further insight into the mechanism of the

reaction, we decided to set out an in depth DFT computational
investigation of the process. According to the aforementioned
data, the optimal experimental conditions involved the use of
aromatic triflates or nonaflates as substrates, a Pd catalytic
center bound to L12 or L16 as chiral ligands (both containing a
second metal center, Fe), and the combination of Me3SiPPh2
and CsF as a phosphide transfer system. The sum of all these
species would produce transition structures too large and
complex to be computed by the current computational
methods, if desirable accuracy has to be achieved. In order to
maintain the system as close as possible to the experimental
system, however, only a few simplifications were included in
our study. We thus chose the model containing triflate 1A and
the Pd0−L12 chiral system, which has shown good perform-
ance in the reaction (Tables 1 and 2), and the symmetrical
triphenyl phosphine (PPh3) as a model for the incoming
nucleophilic phosphide during the transmetalation (vide infra).
The calculations were performed at the B3LYP/6-31G**
(LANL2DZ for Pd and Fe) level with the Gaussian 09 suite of

programs.31,32 In this way, we were able to maintain the
computational model as similar to the experimental one as
possible, without compromising the accuracy of the method of
choice.
We anticipated that the general mechanism to transform the

initial racemic triflate 1A into the final enantioenriched
QUINAP product would involve the three classical coupling
steps, namely, oxidative addition, transmetalation, and reductive
elimination (Scheme 7). Our model is based on two central

ideas: (i) The starting triflates R-1A and S-1A are configura-
tionally stable, whereas the oxidative addition to Pd(0) leads to
the formation of configurationally labile Pd(II) intermediates
(int1), which are prone to epimerization. (ii) The present
DYKAT transformation is taking place under typical Curtin−
Hammett conditions, meaning that the epimerization rate of
the interconverting Pd(II) complexes (int1, pro-R, and pro-S)
is faster than their further evolution to int-2 through
transmetalation. Thus, the transmetalation step (TS2) is the
stereodetermining one, and the two diastereomeric trans-
metalations must occur at sufficiently different rates as to
induce enough selectivity in the formation of the final R and S
products. Another important issue is that the reductive
elimination process (TS3) must be fast again, making the
transmetalation step irreversible.
We found computational evidence supporting our working

hypothesis based on the following results. The interconversion
of the two enantiomeric triflates R-1A and S-1A is predicted to
be an extremely slow process in the absence of palladium, since
its activation energy is as high as 29.3 kcal/mol (TSrot-1A-anti,
Scheme 8). There is a clear difficulty for the substrate to adopt
the necessary conformation for the rotation. In the ground
state, the angle formed by the planes of the two aromatic rings
θ0 is ca. 90°, but it must approach 0° during the transition state
TSrot-1A-syn (34.9 kcal/mol, Scheme 8), with the accompany-
ing energetic cost. The rotation is easier through the anti
approach33 but still too high to be feasible at room temperature
(29.3 kcal/mol, TSrot-1A-anti). Meanwhile, after the oxidative
addition of Pd(0) to the C-OTf bond, the chelation complex R-
int1-PMe3 presents drastic geometrical changes in the right
direction to facilitate the rotation/epimerization process, like
the reduction of the q1 angle to 45° (Scheme 8). Furthermore,
the N−Pd distance, which is a favorable, bonding interaction, is

Scheme 5. Proposed Mechanisms for the Epimerization of
Diastereomeric Oxidative Addition Intermediates

Scheme 6. Experiments with Triflate 9 and Nonaflate 11

Scheme 7. General Mechanism for the Pd-Catalyzed
QUINAP Formation
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similar (ca. 2.1 Å) in the ground states of R- or S-int1-PMe3
and during the transition state for the rotation (TSrot-int1).
Thus, the energy barrier is dramatically reduced to 18.7 kcal/
mol, explaining the fast interconversion of both enantiomeric
complexes under the experimental conditions. These results are
the confirmation that the palladacyclic intermediates can easily
racemize, whereas the initial triflates can not.
The use of an achiral phosphine (PMe3) as a first

approximation implies that R-int1-PMe3 and S-int1-PMe3 are
isoenergetic (Scheme 8), but the computation of the
experimental chiral ligand L12 makes the corresponding
complexes R-int1-L12 and S-int1-L12 diastereomeric (Figure
2), differentiating their energies. Both complexes can still
interconvert, and the equilibrium is clearly shifted toward the
pro-R complex R-int1-L12, which is 4.3 kcal/mol lower in
energy than its pro-S counterpart. The two complexes in Figure
2 are actually the lowest in energy intermediates of a total of
eight possible diastereomeric species, the rest of them being
remarkably higher in energy (between 5.3 to 13.4 kcal/mol)
than R-int1-L12. Four of these species are a result of the fact
that the palladium center is not forming a perfect square planar
structure. The two cycles around the palladium atom are not
coplanar and form a pseudotetrahedral geometry with two
different configurations. Also, the relative disposition of the two

phosphorus atoms in the asymmetric diphosphine (L12) with
respect to the C and N atoms of the aromatic rings leads to the
formation of the other four diastereoisomers.
It is important to note that the overall lowest in energy

intermediate (R-int1-L12) corresponds to the minor exper-
imental enantiomer R. However, this fact is irrelevant in the
present Curtin−Hammett conditions, since all possible isomers
are involved in a fast equilibrium, and the final outcome of the
reaction is determined by the relative activation energy of the
different transmetalation transition states. At this point,
attention must be drawn to the fact that the transmetalation
step is not in fact a classical transmetalation, since it actually
consists on a isoquinoline/Me3SiPPh2 ligand exchange, with
subsequent abstraction of the silyl moiety by the CsF salt
(Scheme 9). This system is difficult to compute, but a slightly

altered model was envisioned, consisting of the replacement of
the actual Me3SiPPh2 ligand by PPh3 (int2-Si vs int2-Ph). This
alternative has the great advantage that triphenylphosphine is
conformationally much simpler than Me3SiPPh3, while
maintaining a similar steric hindrance.
Thus, all possible transition structures for the approach of the

nucleophilic phosphine were computed, maintaining in all cases
similar distances for the coordination of the phosphine to
palladium and decoordination of the isoquinoline-nitrogen
from the metal (Figure 3). As mentioned before, there are eight
main isomers for the int-1 type complexes, and for each of

Scheme 8. Activation Energies for the Axial Rotation of
Initial Triflates and Palladacyclic Intermediates

Figure 2. Structures of the two most stable palladacyclic intermediates
(int1) computed at M06/6-31+G(d,p) (iefpcm,THF)//B3LYP/6-
31G(d,p).

Scheme 9. Two-Step Transmetalation Process and the
Computed PPh3 Model
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them we found at least two different transition structures,
depending on the departing trajectory followed by the
isoquinoline. Compare for example the two lowest in energy
structures for the S enantiomer (S-TS2-a, S-TS2-b), in which
the isoquinoline ligand leaves the palladium sphere toward the
lower or upper face, respectively. All of the possible alternatives
were computed, resulting in a large range of activation energies
(ca. 10 kcal/mol), but only the most stable ones are shown in
Figure 3. To our delight, the most favored approach (S-TS2-a)
is in agreement with the formation of the experimental major S
enantiomer, and the difference with the lowest pro-R structure
(R-TS2-a) is 4.2 kcal/mol, large enough to explain a high
selectivity in the process. Even more, the second favored
structure also corresponds to the S-enantiomer (S-TS2-b,+0.9
kcal/mol). Taking the results of Schemes 8 and Figure 3
together, we are facing the typical situation where the minor,
less stable isomer (S-int1-L12) reacts faster than the major
unreactive one (R-int1-L12), nicely explaining the experimen-
tal stereoselectivity results (Figure 4). It is also important to
note that the computed activation energy of the (S)-TS2-a is
ΔG‡ = 25.2 kcal/mol from the separate PPh3 and (R)-int1-L12
and can be safely considered the rate limiting step, as it is much
larger than either isomerization or reductive elimination.34

The final C−P reductive elimination step was also computed
(Scheme 10), affording interesting data. First, the activation
barrier for TS3 is very low comparing to the rest of energies
found in this study (ΔG‡ = 12.5 kcal/mol), making the whole
process after transmetalation irreversible. Second, the rotation
barrier for the int3-type intermediates and for the final
QUINAP-type products increase to 34.7 and 32.5 kcal/mol,
respectively. Racemization processes at the final stages of the
reaction are, thus, unfeasible, confirming that the formation of
palladacycles by chelation with the nitrogen of the isoquinoline
(like in int1) is a mandatory condition to allow the
epimerization of the substrates.
Finally, we also checked the possible involvement of the

palladium center in a Pd−H agostic bond (int4, Figure 5),

which has been proposed by Virgil and co-workers21 to explain
the epimerization of the oxidative addition intermediates
without the intervention of the nitrogen atom. Our calculations
show that the model complex int4 is remarkably more unstable
(ΔG = +9.3 kcal/mol) than the simple int1-type palladacycle.
This large energy difference is enough to completely discard the
participation of int4 in the mechanism.

■ CONCLUSION
In summary, the dynamic kinetic asymmetric C−P coupling
between heterobiaryl triflates or nonaflates and trimethylsilyl-
phosphines appears as an efficient, general methodology for the
asymmetric synthesis of QUINAP, PyPHOS, QUINAZOLI-
NAP, and PINAP analogues. The collected experimental
evidence and the results of the performed computational

Figure 3. Most stable transition states for the approach of PPh3 to the
Pd center, computed at M06/6-31+G(d,p) (iefpcm,THF)//B3LYP/6-
31G(d,p).

Figure 4. Energy diagram for the transmetalation step.

Scheme 10. Structure and Activation Energy of the C−P
Reductive Elimination Step

Figure 5. Comparison of Virgil−Stolz proposal (int4) and palladacycle
int1.
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study allow the proposal of a mechanism based on the
formation of cationic oxidative addition intermediates that,
under the reaction conditions, undergo a fast interconversion.
Coordination of the isoquinoline N atom to Pd is essential to
facilitating this process. The calculations also show that the
energy requirements for a dynamic kinetic process are met,
since the fast equilibrating palladacyclic intermediates evolve
through diastereomeric transmetalation steps of very large
energy difference. The easiness of the final reductive
elimination ensures the irreversibility of the process.
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Tetrahedron: Asymmetry 2005, 16, 1289−1295.
(4) (a) Fleming, W. J.; Mueller-Bunz, H.; Lillo, V.; Fernandez, E.;
Guiry, P. J. Org. Biomol. Chem. 2009, 7, 2520−2524.
(5) (a) Chen, C.; Li, X.; Schreiber, S. L. J. Am. Chem. Soc. 2003, 125,
10174−10175. (b) Lim, A. D.; Codelli, J. A.; Reisman, S. E. Chem. Sci.
2013, 4, 650−654.
(6) Miura, T.; Yamauchi, M.; Kosaka, A.; Murakami, M. Angew.
Chem., Int. Ed. 2010, 49, 4955−4957.
(7) (a) Koradin, C.; Polborn, K.; Knochel, P. Angew. Chem., Int. Ed.
2002, 41, 2535−2538. (b) Koradin, C.; Gommermann, N.; Polborn,
K.; Knochel, P. Chem. - Eur. J. 2003, 9, 2797−2811.
(8) (a) Taylor, A. M.; Schreiber, S. L. Org. Lett. 2006, 8, 143−146.
For A3-type reactions, see: (b) Gommermann, N.; Koradin, C.;
Polborn, K.; Knochel, P. Angew. Chem., Int. Ed. 2003, 42, 5763−5766.
(c) Gommermann, N.; Knochel, P. Chem. - Eur. J. 2006, 12, 4380−
4392. (d) Dube, H.; Gommermann, N.; Knochel, P. Synthesis 2004,
2015−2025. (e) Gommermann, N.; Gehrig, A.; Knochel, P. Synlett
2005, 2796−2798. (f) Gommermann, N.; Knochel, P. Synlett 2005,
2799−2801. (g) Aschwanden, P.; Stephenson, C. R. J.; Carreira, E. M.
Org. Lett. 2006, 8, 2437−2440. (h) Ye, J.; Li, S.; Chen, B.; Fan, W.;
Kuang, J.; Liu, J.; Liu, Y.; Miao, B.; Wan, B.; Wang, Y.; Xie, X.; Yu, Q.;
Yuan, W.; Ma, S. Org. Lett. 2012, 14, 1346−1349. (i) Lin, W.; Cao, T.;
Fan, W.; Han, Y.; Kuang, J.; Luo, H.; Miao, B.; Tang, X.; Yu, Q.; Yuan,
W.; Zhang, J.; Zhu, C.; Ma, S. Angew. Chem., Int. Ed. 2014, 53, 277−
281.
(9) (a) Knopfel, T. F.; Zarotti, P.; Ichikawa, T.; Carreira, E. M. J. Am.
Chem. Soc. 2005, 127, 9682−9683. (b) Zarotti, P.; Knoepfel, T. F.;
Aschwanden, P.; Carreira, E. M. ACS Catal. 2012, 2, 1232−1234.
(10) (a) Alcock, N. W.; Brown, J. M.; Hulmes, D. I. Tetrahedron:
Asymmetry 1993, 4, 743−756. (b) Doucet, H.; Brown, J. M.
Tetrahedron: Asymmetry 1997, 8, 3775−3784. (c) Lim, C. W.;
Tissot, O.; Mattison, A.; Hooper, M. W.; Brown, J. M.; Cowley, A.
R.; Hulmes, D. I.; Blacker, A. J. Org. Process Res. Dev. 2003, 7, 379−
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(29) Trepohl, V. T.; Fröhlich, R.; Oestreich, M. Tetrahedron 2009,
65, 6510−6518. The deprotonation at −78 °C of commercially
available phosphines, followed by trapping of the corresponding
phosphide with ClSiMe3, gave the silylphosphine crudes with purity
higher than 90%. Further purification by distillation in vacuo (see SI)
afforded the pure silylphosphines 5a−5e in 71−92% isolated yields.
(30) Nonaflates (nonafluorobutanesulfonates) have been broadly
used in synthesis as an alternative to triflates due to their higher
stability and similar reactivity: Högermeier, J.; Reissig, H.-U. Adv.
Synth. Catal. 2009, 351, 2747−2763.
(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.;
Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.;

Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador,
P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
revision D.01; Gaussian, Inc.: Wallingford, CT, 2013.
(32) See Supporting Information for Computational Details.
(33) Cortright, S. B.; Yoder, R. A.; Johnston, J. N. Heterocycles 2004,
62, 223−227.
(34) We assume that the barriers of isomerization or reductive
elimination will not be strongly affected if the real ligand L12 is used
instead of the model bis-PMe3 surrogate.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.6b00784
ACS Catal. 2016, 6, 3955−3964

3964

Appendix: Publications - Chapter 3 - Palladium(II)-Catalyzed DYKAT

181



FULL PAPER

DOI: 10.1002/ejoc.201500462

Annulated N-Heterocycles by Tandem Gold(I)-Catalyzed [3,3]-Rearrangement/
Nazarov Reaction of Propargylic Ester Derivatives: an Experimental and

Computational Study

Martina Petrović,[a] Dina Scarpi,[a] Béla Fiser,[b] Enrique Gómez-Bengoa,[b] and
Ernesto G. Occhiato*[a]

Keywords: Homogeneous catalysis / Gold / Annulation / Enynes / Nitrogen heterocycles

The gold(I)-catalyzed tandem rearrangement/Nazarov reac-
tion of propargylic ester derivatives is a useful strategy for
the synthesis of cyclopenta-fused N-heterocyclic structures
present in many natural compounds. Readily available
lactams are converted into enol phosphates and triflates and
coupled to propargyl alcohols under Sonogashira conditions.
After acetylation, the gold-catalyzed rearrangement of the
enynyl acetates readily occurs when using 3–5 mol-% of a
gold(I) catalyst. The rearrangement generates a divinyl cat-

Introduction
The widespread presence of the 2-cyclopentenone moiety

in natural products has always been a stimulus for synthetic
organic chemists to find new methods for efficiently build-
ing this structure, with a varying degree of substitution and
control of the stereochemistry.[1] Among the many ap-
proaches to 2-cyclopentenones, the Nazarov reaction ranks
as one of the most important and versatile since the requi-
site 4π electron pentadienyl cation can be generated not
only from classical dienones but also from a steadily in-
creasing variety of unconventional substrates or processes,[2]

including gold-catalyzed transformations.[3,4] Suitably as-
sembled propargylic esters are particularly useful as sub-
strates for the Nazarov reaction, since the transition metal-
catalyzed migration of the carboxylic group to any of the
two unsaturated positions leads to competent pentadienyl
cations. 5-Acyloxy-1,3-enynes 1 in particular (Scheme 1),
undergo – under remarkably mild conditions – a gold(I)-
catalyzed [3,3]-rearrangement to pentadienyl cations 2
which, after Nazarov reaction and eventual protode-
auration, provide acetyloxy-substituted cyclopentadiene
products 4. Hydrolysis (in situ or after work-up) of the lat-
ter leads to the target cyclopentenones 5.[5] This strategy
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ion which undergoes a 4π electrocyclization (Nazarov reac-
tion) leading to the target compound in good to excellent
yield. This process has been studied in details both experi-
mentally and computationally to understand the influence of
both the reaction conditions and substrate structural features
on the reaction rate and regioselectivity, as well as the tor-
quoselectivity in the ring closure step. A series of examples
illustrates at the end the scope of the reaction.

Scheme 1. Sequential gold(I)-catalyzed [3,3]-rearrangement/Naza-
rov reaction of 5-acyloxy-1,3-enynes 1 (above) and 7 (below).
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successfully provides cyclopenta-fused carbacycles 6 when
the enyne double bond is embedded in a five-, six- and
seven-membered ring (Scheme 1).[5a,5b,6] Our interest in the
synthesis of cyclopenta-fused heterocycles by the Nazarov
reaction,[7] as well as in gold-catalysis,[8a] prompted us to
investigate if the same approach could still furnish annu-
lated systems when embodying the same double bond into
N-heterocycles as 7 (Scheme 1).

This in fact would represent a new synthetic approach to
molecular structures (e.g. [1]pyrindines, annulated pyrrol-
ines and azepines) present in many natural compounds
(Figure 1),[9] some of which (e.g. cephalotaxine and roseo-
philin) already synthesized via some of the Nazarov reac-
tion variants.[10]

Figure 1. Natural compounds containing a cyclopenta-fused N-
heterocyclic ring.

To accomplish this, however, a few issues have to be dealt
with. First, because of the likely contribution of the N atom
in stabilizing positively charged intermediates, whether and
how the presence of the heteroatom influences the rate and
the regiochemical outcome of the reaction had to be as-
sessed. In our previous studies on the Brønsted acid-cata-
lyzed Nazarov reaction of masked and classical dienones,[7]

deprotonation of the oxyallyl cation exclusively led to com-
pounds of type 12 having the more substituted double bond
and not to even traces of its regioisomer 10, in strong con-
trast with the outcome of the gold-catalyzed reaction of the
corresponding carbacyclic systems (Scheme 1). Moreover,
the choice of the N protecting group is not of secondary
importance, as its involvement in gold-catalyzed rearrange-
ment of closely related N-Boc enynes has been shown,[8]

www.eurjoc.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2015, 3943–39563944

thus posing a concern about a possible competition in the
nucleophilic attack to the activated triple bond. Because the
cyclization leading to intermediate 8 involves a vinylgold
species, a further question arises about the conservation of
the high torquoselectivity we have previously observed in
Brønsted acid-catalyzed Nazarov reactions, which led to cis
disubstituted cyclopenta-fused N-heterocycles.[7a,7b,7d,7g]

and which we have exploited for the formal enantioselective
synthesis of roseophilin.[10f] Finally, to establish this ap-
proach as a reliable synthetic strategy for cyclopenta-annu-
lated N-heterocycles, the scope of the reaction had to be
assessed on the alkyne chain R1 and the heterocycle ring
size and substituents. In this paper we demonstrate that the
tandem gold(I)-catalyzed propargylic rearrangement/Naza-
rov reaction of propargylic esters 7 is a useful strategy for
the synthesis of annulated N-heterocycles but, also, that the
picture for this process is much more complex than that
previously reported for non-heterocyclic systems, with a
whole series of elements [N-protecting group, heterocycle
ring size, gold(I) counterion, etc.] all influencing reaction
rate and selectivity (regio- and stereoselectivity) in one way
or another. To assist us in the comprehension of the experi-
mental results, the energies and structures of the intermedi-
ates and transition states involved in this process were de-
termined by a computational study, the results of which are
well in accordance with the experimental data and which
we present in this paper.

Results and Discussion

Evaluating the Reactivity of Model Compounds

We have recently shown that N-Boc-protected enynes
closely related to 7 (but lacking the acetyloxy group) are
excellent substrates for a gold(I)-catalyzed oxyauration in-
volving the N-Boc carbonyl oxygen which eventually af-
fords exocyclic vinylogous amides.[8a] Thus, in order to
avoid any possible interference by a N-alkoxycarbonyl
group, we decided to find the best reaction conditions for
the sequential [3,3]-rearrangement/Nazarov cyclization with
compound 16a, bearing a N-Tosyl protecting group. The
synthesis of this model compound (Scheme 2) was carried
by converting the N-Ts-substituted δ-valerolactam 13a into
the corresponding enol phosphate 14a which was immedi-
ately subjected to Sonogashira coupling[11] with 1-heptyn-
3-ol to give alcohol 15a in 62% after chromatography. This
was eventually treated with acetic anhydride to provide
acetate 16a in 79% yield.[12]

To find the best catalyst, we first screened a series of
silver and copper salts as sources of the non-coordinating
anion with 3 mol-% of Ph3PAuCl in CH2Cl2 at room tem-
perature (Table 1).[13] The reactions were monitored by TLC
and, after consumption of 16a, they were left whilst stirring
(usually 16 h at room temperature) to allow hydrolysis (if
occurred) of the acetate intermediate(s) to the final Nazarov
product(s). With all screened catalysts, compound 16a was
a competent substrate. However, the expected acetate 17a[14]

was always obtained in mixture with cyclopentenone 20a,
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Scheme 2. [a] KHMDS, –78 °C, 1.5 h; then (PhO)2POCl, –78 °C,
1 h. [b] heptyn-3-ol, 15 mol-% CuI, 6 mol-% (Ph3P)2PdCl2, CHCl3/
Et3N, 1:2, 55 °C, 5–7 h. [c] Ac2O, Et3N, DMAP, DCM, 0 °C to
room temp., 1–7 h.

possessing the more substituted double bond in 4a–7a posi-
tion and possibly deriving from the hydrolysis in situ of its
acetate precursor 19a. Intriguingly, we never isolated this
acetate.[14] With AgOTf[15] (entry 1) complete conversion
was observed in less than 1.5 hours, whereas hydrolysis oc-
curred only partially in 16 hours, providing acetate 17a in
51% yield and cyclopentenone 20a in 35% yield after
chromatography. Trying to increase the relative amount of
acetate 17a, the reaction was carried out in different sol-
vents (THF, 1,4-dioxane, acetonitrile, dichloroethane). The
best result was achieved in toluene which provided pure

Table 1. Sequential gold(I)-catalyzed rearrangement/Nazarov reaction of acetate 16a.[a]

Entry Catalyst[b] Conditions[c] Time [h][d,e] Yield[f]

17a 18a 19a 20a

1 Ph3PAuCl/AgOTf CH2Cl2 1.5 51 –[g] – 35
2 toluene 1 61 – – 18
3 toluene, 0 °C 5 60 – – 15
4 Ph3PAuCl/AgBF4 CH2Cl2 3 18 5 – 62
5 Ph3PAuCl/AgNTf2·ACN CH2Cl2 6 18 5 – 50
6 Ph3PAuCl/AgSbF6 CH2Cl2 2.5 14 3 – 70
7 wet CH2Cl2 5 (0) 30 – – 55
8 dry CH2Cl2 5[i] (0) 18[h] – 22[h] 19[h]

9 Ph3PAuSbF6
[j] CH2Cl2 3 18 – – 64

10 Ph3PAuCl/AgSbF6 CHCl3 2 (0.5) 30 – – 60
11 Ph3PAuCl/Cu(OTf)2 CH2Cl2 6[k] – 19 – 29
12 CH2Cl2, reflux 0.7 (3) – 58[h] – 42[h]

13 AgOTf CH2Cl2 3 – – – � 5[h]

14 AgSbF6 CH2Cl2 3 – – – � 5[h]

15 Cu(OTf)2 CH2Cl2 16 (0) – – – –

[a] Reactions were carried out on 0.1–0.15 mmol scale, at 25 °C and left standing whilst stirring 16 h after consumption of the starting
material. An aqueous work-up was carried out to recover the products from the reaction mixture. [b] Catalysts were prepared by adding
the silver salt to a 0.004 m solution of the gold(I) chloride in the reaction solvent. [c] Solvents were not dried before use unless otherwise
indicated. [d] Time to reach complete conversion of the starting material. [e] In brackets, time left for hydrolysis. [f] Yield after chromatog-
raphy unless otherwise indicated. [g] Not detected by 1H NMR analysis of the crude reaction mixture. [h] By 1H NMR analysis of the
crude reaction mixture. [i] The reaction stopped at a 70% conversion. [j] The reaction was carried out with 6 mol-% of catalyst and after
filtration of AgCl. [k] The conversion was not complete and degradation of the starting material occurred.

Eur. J. Org. Chem. 2015, 3943–3956 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3945

acetate 17a in 61 % yield and 20a in 18% yield after
chromatography. Decreasing the reaction temperature to
0 °C the ratio between 17a and 20a was further improved
(4:1), but the yield of 17a was not changed much (60%) as
degradation took place during the reaction.

In sharp contrast with the results obtained by using Ag-
OTf and even more with those reported for the correspond-
ing carbacyclic systems 1 (Scheme 1),[5a,5b] with all of the
other silver salts the major product was always cyclopen-
tenone 20a (entries 4–6) accompanied by lower amounts of
acetate 17a and only traces (less than 5 %) of cyclopen-
tenone 18a. The best silver salt was AgSbF6 (entry 6) as the
reaction provided cyclopentenone 20a in 70% yield after
chromatography together with some residual acetate 17a
(14%). Again contrarily to expectations, the reaction was
much slower when using “wet” CH2Cl2.[5a] In this case, only
after 5 h the conversion was complete.[16] Instead, the con-
current hydrolysis of acetate 19a was faster to provide 20a
again as the major product but in a lower ratio with resid-
ual acetate 17a (55% and 30 % respectively after chromatog-
raphy) than in commercial CH2Cl2. Similarly, a lower ratio
between 20a and 17a was obtained when the reaction was
carried out with AgSbF6 in chloroform (entry 10).

To demonstrate that the formation of ketone 20a occurs
via hydrolysis in situ of acetate intermediate 19a, we set up
one experiment in CDCl3 and monitored the progress of
the reaction by 1H NMR spectroscopy (Figure 2). Aliquots
of the reaction mixture were filtered through a Celite layer
and diluted after 0.5, 1 and 2.5 h from the addition of the
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catalyst. After 30 min, 1H NMR analysis actually showed
three new sets of signals, of which one for cyclopentenone
20a and two for the two acetates (17a and 19a). As we could
anticipate from our previous results, the ratio between inter-
mediates 19a and 17a decreased during the reaction concur-
rently to a relative increase of 20a. At the end of the reac-
tion, only the signals of 20a and acetate 17a were present
in the spectrum.

Figure 2. Monitoring by 1H NMR of the reaction of 16a in CDCl3.

Having in mind to prevent hydrolysis of the acetate inter-
mediates and to isolate 19a we also carried out one experi-
ment in anhydrous CH2Cl2 (entry 8) but the reaction was
slower and, after 5 h, only reached an approximately 50%
conversion into the acetates (roughly in a 1:1 ratio between
17a and 19a) by 1H NMR analysis of the crude reaction
mixture.[17] Degradation of enynyl acetate 16a occurred to
a great extent under these conditions, though, and we ob-
served the formation also of a small amount of final prod-
uct 20a (19% by 1H NMR of the crude reaction mixture)
probably due to the presence of adventitious water.[18]

Given the role that silver can have in gold-catalyzed reac-
tion,[19] we carried out an experiment with a catalyst ob-
tained after filtration through a Celite layer (entry 9), in
order to exclude AgCl from the reaction medium. Since de-
composition of the catalyst during such an operation has
been reported[20] we opted for a larger amount of initial
catalyst (6 mol-%). We were glad to see that the reaction
occurred as usual, thus demonstrating that the silver halide
does not affect neither the reaction rate nor the selectiv-
ity.[21] On the other hand, AgOTf alone (entry 13) as well
as AgSbF6 (entry 14) did catalyze the reaction, albeit to a
very low extent (less than 5% conversion after 3 h).[22]

Finally, when the reaction was carried out using Cu-
(OTf)2 to generate the active gold(I) catalyst (entry 11),[23]

both isomers 18a and 20a were obtained in a 1.5:1 ratio
and 48% yield (degradation of the starting material was
observed under these conditions). Repeating the reaction
in refluxing dichloromethane, consumption of the starting
material was complete in 40 min and hydrolysis in 3 h, pro-
viding again a mixture of the two isomers in a 1:1.4 ratio.
It is interesting to note here that only with Cu(OTf)2 we
observe hydrolysis of acetate 17a. Unlike AgOTf, copper
triflate remains in solution and due to its Lewis acid charac-
ter it can accelerate the hydrolysis of the acetates. Also, with

www.eurjoc.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2015, 3943–39563946

triflate as a counterion from both AgOTf and Cu(OTf)2,
there is an appreciable increase of the relative amount of
either acetate 17a or its product of hydrolysis 18a. A [1,5]-
H shift in 19a to form 17a triggered by triflic acid (as
H3O+TfO–) generated in situ can be excluded because by
acidic treatment we instead observe some conversion of 17a
into 19a. In fact, when acetate 17a was dissolved in dichlo-
romethane/MeOH and treated with a catalytic amount of
monohydrate pTsOH (Scheme 3), it slowly (16 h) provided
the corresponding cis fused (see later) cyclopentenone 18a
as the main product and in a 13:1 ratio with 20a, the forma-
tion of which could be accounted for by an acid catalyzed
[1,5]-H shift in 17a.[24] On the contrary, attempts at basic
hydrolysis (K2CO3 in MeOH) led to decomposition of the
starting material.[25] Similarly, we observed decomposition
of cyclopentenone 18a when we tried to convert it into its
isomer 20a upon treatment with bases.[26]

Scheme 3. Hydrolysis of acetates 17a and 17d.

The best reaction conditions (3 mol-% Ph3PAuCl/
AgSbF6, in DCM at room temperature) found for enyne
16a were then extended to the corresponding substrates
protected as N-Boc (16b), N-Cbz (16c) and N-CO2Me
(16d), all prepared in good overall yield as described for 16a
starting from the corresponding protected lactams
(Scheme 2). Given our previous results on the gold-cata-
lyzed oxyauration of simple N-Boc protected enynes,[8a] we
anticipated a possible interaction of the carbamate carbonyl
group with the activated triple bond before the acetate re-
arrangement and so we were not surprised by the much
lower reactivity of substrates 16b–d. The reaction of N-Boc
derivative 16b (Table 2, entries 1–3) only provided degrada-
tion products plus a minor amount of the oxyauration
product (about 20%) when the reaction was carried out in
toluene.[27] The formation of this byproduct, in particular,
is consistent with our hypothesis of a carbamate carbonyl
group competing for the activated triple bond (see later for
DFT calculation on this issue). Better results, but only with
8 mol-% of catalyst, were obtained with N-Cbz derivative
16c (entry 5) which provided cyclopentenone 20c (61 %
yield after chromatography) as the sole product. In this
case, both consumption of the starting material and hydrol-
ysis were complete after 3 h in refluxing DCM. Also in this
case, some degradation of the starting material occurred,
albeit in a much lower extent than with N-Boc compound
16b. Similarly, with the N-CO2Me protected compound the
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Table 2. Sequential gold(I)-catalyzed rearrangement/Nazarov reaction of acetates 16b–d.[a,b]

Entry Substrate Conditions[c] Time [h][d] Yield[e]

17 18 19 20

1 16b CH2Cl2, 25 °C 16[f] –[g] – – –
2 toluene, 25 °C to reflux 3[f] – – – –
3 acetone, 25 °C to reflux 3[f] – – – –
4[h] 16c CH2Cl2, 25 °C 20[j] – – – 48
5[h,i] CH2Cl2, reflux 3 – – – 61
6 16d CH2Cl2, 25 °C 2 – – – –
7 CH2Cl2, reflux 2[k] 14 – – 64
8 toluene, reflux 1.5[k] 11 – – 50
9 THF, reflux 1.5[k] 15 – – 45

[a] Reactions carried out on 0.15–0.2 mmol, with 5 mol-% of catalyst unless otherwise indicated. [b] Catalysts were prepared by adding
the silver salt to a 0.004 m solution of the gold(I) chloride in the reaction solvent. [c] Solvents were not dried before use unless otherwise
indicated. [d] Time to reach complete conversion of the starting material. [e] Yield after chromatography unless otherwise indicated. [f]
Complete degradation of the starting material occurred. [g] Not detected by 1H NMR analysis of the crude reaction mixture. [h] Reaction
carried out with 8 mol-% of catalyst. [i] Reaction carried out on a 0.075 mmol scale. [j] Degradation occurred to a certain extent. [k]
Then left standing for 16 h at room temperature.

reaction did not take place if not by heating in refluxing
dichloromethane (entry 7) with 5 mol-% of catalyst. Again,
Nazarov compound 20d with the double bond at 4a-7a po-
sition was the major product after chromatography (64%)
and in this case we isolated also a smaller amount of acetate
17d (14%).[28] Similarly to acetate 17a, when we subjected
acetate 17d to hydrolysis in DCM/MeOH (1:1) and in the
presence of catalytic amount of monohydrate pTsOH
(Scheme 3), its quantitative conversion into the correspond-
ing Nazarov product 18d was slow (16 h) and this was ob-
tained in a 4:1 mixture with its isomer 20d.

Mechanistic Considerations and DFT Calculations

The fact that we could in most cases isolate acetates 17a
and 17d and never their isomers (19a and 19d) from the
crude reaction mixtures of the gold-catalyzed reactions, to-
gether with the observation that acetates 17 are very slowly
converted into the corresponding cyclopentenones when
subjected to hydrolytic conditions (Scheme 3), suggests that
acetates 17, after their formation in the protodeauration
step involving oxyallyl cation 8 (Scheme 4), only slowly hy-
drolyze under the conditions of the gold-catalyzed reaction.
Instead, isomers 19 are quickly converted into the corre-
sponding cyclopentenones 20 and so we never isolated them
(see the NMR study above, Figure 2). Since cyclopentenone
20 is the major or only product in the reactions carried out
in DCM when using AgSbF6 as the anion source we can
hypothesize that, under these conditions, formation of acet-
ate 19 from oxyallyl cation 8 is faster than formation of its
isomer 17 and that then a fast hydrolysis of 19 under the
reaction conditions occurs. It is interesting to compare here
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this result with those reported by Zhang et al. on the corre-
sponding carbacyclic systems 1 (Scheme 1), in which the
formation of a unique cyclopentenone (6) with the less sub-
stituted double bond was observed.[5a]

Scheme 4. The two competing pathways to 18a and 20a.

In order to understand this process in more detail, and
help identifying the structures and energies of the critical
steps of the mechanism, we studied the potential reaction
coordinates computationally. The structures were located
using the B3LYP[29] density functional theory method as
implemented in the Gaussian suite of programs.[30]

For the sake of simplicity, two model complexes were
considered for the computational studies, that is I
(Scheme 5), which contains the smallest substituent
(methyl) in the propargylic position and a N-CO2Me moi-
ety; and the corresponding one with the N-tosyl group. In
the former case, the methyl carbamate is conformationally
simpler than the tosylate group, and would allow us to
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Scheme 5. Top: acetate rearrangement in the initial steps of the mechanism. Bottom: cyclization step from III and protodeauration step.

mimic also compound 16d and related carbamates 16b–c.
The alkynyl–gold(I) cationic complex I (Scheme 5) was thus
considered as the starting point of the mechanism (G =
0 kcal/mol), and all reported energies in the following dis-
cussion are relative to it. The energy values correspond to
ΔG Gibbs Free energies, computed at B3LYP/6-31G** level
(LANL2DZ[31] for gold atom). The overall discussion is
based on model I. The results with the corresponding N-
tosyl derivative are very similar and reinforce the conclu-
sions.

Initially, the coordination of the gold atom to the triple
bond induces a rapid two step acetate rearrangement to
form the pre-Nazarov cyclization complex III (Scheme 5).
The attack of the acetate carbonyl oxygen of I to the gold-
activated alkyne leads to the formation of a cyclic interme-
diate II, and the subsequent C–O bond breaking event ren-
ders an allylic cation (III), stabilized by the presence of the
gold atom.[32] Noteworthy, the computed energies indicate
that I and III are isoenergetic (0.1 kcal/mol difference), and
that the activation energies of both steps are fairly low, ca.
10 kcal/mol, meaning that in the absence of further evol-
ution, I and III would be in an almost 1:1 equilibrium.
However, complex III evolves through an easy cyclization
to IV, a process that presents a very low barrier of 5.1 kcal/
mol (TS3, Scheme 5). In accordance to the conrotatory na-
ture of the Nazarov reaction under thermal conditions, the
reaction is predicted to be diastereoselective, with formation
of the C–C bond that presents the two H atoms in a trans
relationship. The alternative diastereoisomeric transition
state, in which the two H are cis to each other is 3.9 kcal/
mol higher in energy, and thus, not operative. The low acti-
vation barriers can explain the fast rate of a reaction that
is completed at room temperature in less than two hours.
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Although not shown in the Scheme the results with the N-
tosyl derivative are comparable, showing activation energies
of 11.4 and 10.9 kcal/mol for the two step acetate re-
arrangement processes, a reaction energy of +0.7 kcal/mol
in the formation of III, and a low activation barrier for the
Nazarov cyclization (4.0 kcal/mol).

At this point, we attempted to explain the diene forma-
tion through a single-step intramolecular hydride shift with
concomitant C–Au bond breaking. In fact, the correspond-
ing transition structure TS4 was located (Scheme 5), but its
accompanying activation energy (30 kcal/mol from IV to
TS4) is too high to be feasible under the experimental reac-
tion conditions.[33] Therefore, an external base is needed for
the deprotonation, and it is important to highlight that sev-
eral possible candidates exist in the reaction media, like the
gold counterion in the gold(I) salt or the anion forming the
silver or copper salt. Even some water molecules present in
the reaction media could play a significant role and, in fact,
the intervention of water molecules in the deprotonation/
protodeauration steps has been suggested for the tandem
process involving enynyl acetates 1 (Scheme 1) in “wet”
CH2Cl2.[5b,34] We were particularly interested in the proton
abstraction step since, based on our experimental findings,
the regioselectivity of the reaction, which was not an issue
with enynyl acetates 1, seems to be determined with our
substrates just at this stage. We have in fact shown (vide
supra) that once the final diene-acetates VI and VIII (mod-
els for acetates 19 and 17, respectively, Figure 3) are formed,
there are not evident signs of significant equilibration be-
tween them during the reaction. So, as a plausible approxi-
mation, and without knowing the exact nature of the mo-
lecule responsible for the abstraction, to demonstrate that
this is actually the regiodetermining stage, we decided to
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Figure 3. Transition states TS5 and TS6 in the presence of triflate anion and compounds formed thereafter.

compute the deprotonation step by using the triflate anion
as the base (Figure 3 and Figure S2 in Supporting Infor-
mation).[35]

Our computational results indicate that the triflate medi-
ated hydrogen abstraction is, in fact, not highly regioselec-
tive, the difference between TS5 and TS6 being of only
0.8 kcal/mol in favor of the formation of VII isomer (en
route to 17). In the case of the N-tosyl group, the difference
is 0.4 kcal/mol (favoring TS6). The experimental data
(Table 1) show a regioselectivity that ranges from 4:1 (17a
over 20a, entry 3), when using AgOTf as the source of the
non-coordinating anion, to 1:5 (20a over 17a, entry 6),
when instead using AgSbF6, which computationally ac-
counts for a difference of less than 1 kcal/mol in each sense.
As we will show later, with different types of substrates the
regioselectivity we observed when using AgSbF6 was in-
stead complete in favour of ketones derived from hydrolysis
of acetate VI (i.e. 19).

After the formation of VI- and VIII-type dienes (Fig-
ure 3), the most logical process would follow via hydrolysis
to the final products (Scheme 6). There is a final interesting
question at this point, regarding the very different experi-
mental hydrolysis rates of the two diene types, 17 and 19.
Once again, as the exact nature of the protonating species
is unknown, we chose triflic acid and H3O+ as simple mod-
els to study computationally this issue, and the transition
states for the hydrogen transfer were located. Noteworthy,
the protonation of VI (model of diene 19) is predicted to
be three or four orders of magnitude faster than the corre-
sponding protonation of VIII (model of 17), as derived
from a 3.5 kcal/mol (H3O+) or 5.7 kcal/mol (TfOH) energy
difference in favor of the former. These data easily explain
why non-hydrolyzed 17 and hydrolyzed 20 are the final
products of the reaction. The result can be understood in
light of the dienamine structure of compound 17 (VIII),
and the donor character of the nitrogen atom, which can
induce a stabilization of that structure making it less prone
to hydrolysis.
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Scheme 6. Hydrolysis of diene-acetates VI and VIII in the presence
of a model acid (TfOH or H3O+).

Concerning the lower reaction rates of N-alkoxycarbonyl
protected substrates 16b–d, as we have hypothesized, DFT
calculations predict the formation of a non-productive cy-
clized intermediate (from carbonyl oxygen attack), which is
more stable than the starting material, thus sequestering the
gold catalyst for a while and reducing the reaction rate
(Scheme 7). The starting compound I can proceed through
acetate rearrangement to form III or through cyclization
with the methyl ester to form XI. The three complexes XI,
I, and III are in equilibrium, which is shifted towards the
non-productive, but low in energy (–6.1 kcal/mol) side com-
plex XI. Only the irreversible Nazarov cyclization from III
to IV is finally able to displace this equilibrium towards
the formation of the bicyclic adducts. Thus, XI is partially
sequestering the gold catalyst and decreasing the reaction
rate.
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Scheme 7. DFT predicted formation of the non-productive XI in-
termediate.

The Torquoselectivity

To evaluate the torquoselectivity[36] in the ring closure we
synthesized model compounds 16i and 16j (Scheme 8) from
the corresponding lactams,[37] which should provide Naza-
rov compounds with defined stereochemistry we had al-
ready prepared in the past.[7a] The reaction of enyne 16i was
first carried out in DCM at room temperature in the pres-
ence of 5 mol-% of Ph3PAuSbF6 as the catalyst and pro-
vided, quite interestingly, only cyclopentenone 23i in 78%
yield after chromatography (Scheme 9) with no traces of the
acetate 21i.

Scheme 8. Reagents and conditions: [a] KHMDS, –78 °C, 1.5 h;
then (PhO)2POCl or PhNTf2, –78 °C, 1 h. [b] alkynol, 15 mol-%
CuI, 6 mol-% (Ph3P)2PdCl2, CHCl3/Et3N, 1:2, 55 °C, 5–7 h. [c]
Ac2O, Et3N, DMAP, DCM, 0 °C to room temp., 1–7 h. [d] Yield
over two steps. [e] Prepared from 16k. [f] Yield over three steps.
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Scheme 9. [a] Reaction carried out under reflux. [b] 83% yield,
pure cis after chromatography. Reaction carried out with
(c-Hex)3PAuSbF6.

1H NMR analysis of 23i revealed that a 6:1 mixture of
diastereomers was present, with the cis compound being
predominant. As the pre-Nazarov complex is a vinylgold
species, a few ligands with different properties were scree-
ned to evaluate their possible role in the ring closure selec-
tivity. Best results were obtained with the electron-rich li-
gand (c-hex)3P (10:1 cis/trans ratio, separable mixture, 91%
yield) whereas with electron-poor [(pCF3C6H4)3P] and
NHC-carbene ligands [1,3-bis(2,6-diisopropylphenyl)imid-
azol-2-ylidene], not only the selectivity did not ameliorate
but the reaction provided a mixture of cyclopentenones,
acetates and degradation products. Moreover, the reaction
with 5 mol-% (c-hex)3PAuSbF6 was much cleaner than with
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Ph3P.[38] These results are consistent with our previous ob-
servations on the torquoselectivity in the Nazarov reac-
tion,[7a,7b,7d,7g] although the cis selectivity was in those cases
complete.[7a] For stereoelectronic reasons, the ring closure
occurs in a way to form the new bond on the opposite side
of the axially oriented 6-Me group.[7d,7g] The bases for the
lower torquoselectivity in the gold-catalyzed process are not
easy to understand, and could be either kinetic (i.e. both
clockwise and counterclockwise ring closures could take
place at different rate in the putative intermediate XII,
Scheme 10) or related to the geometry of the oxyallyl cation
before ring closure. In the latter case a counterclockwise
ring closure of the isomer XIII would lead to the trans com-
pound. However, DFT calculations revealed that the prefer-
ence for XII is clear, with a difference over XIII of 2.3 kcal/
mol because of steric reasons.[3g] Thus the major cis di-
methyl diastereoisomer (XIV) is formed by a counterclock-
wise conrotatory ring closure of XII, with a low activation
energy of 6.4 kcal/mol (TS9), whereas its trans diastereomer
XV is formed by conrotatory clockwise ring closure from
XII (TS10, 9.4 kcal/mol). Because of the predominance of
intermediate XII it is likely that the alternative pathway
from XIII is never operative.[39]

Scheme 10. DFT study on the torquoselectivity of the ring closure.

The torquoselectivity with 4-methyl substitute enyne 16j
was in line (6:1) with that observed for 16i, as this substrate
provided a separable 6:1 mixture of cis (major) and trans
(minor) compounds 23j (66% after chromatography) when
using Ph3PAuSbF6 as the catalyst, together with some acet-
ate 21j (14% after chromatography). In this case, the use
of other ligands did not improve the torquoselectivity and,
moreover, caused the formation of a complex mixture of all
acetates and cyclopentenone isomers.

Assessing the Scope of the Reaction

To assess the scope of the reaction, a series of enynyl
acetates (Scheme 8) was prepared by varying the substitu-
ents on the alkyne moiety and on the piperidine ring as well
as the heterocycle. All acetates 16 were prepared in good
yield over two or three steps from lactam-derived enol
phosphates 14, with the exception of pyrrolidin-2-one deriv-
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atives 16o and 16p, and enyne 16q, which were obtained
from the corresponding lactam-derived enol triflate-
s.[7a,7b,40,41] The results are shown in Scheme 9.

The number of alkyl groups at 3� position seems to affect
the reaction outcome and reactivity. Unsubstituted acetate
16e reacted slower at room temperature and it required
higher temperature (refluxing DCM) to be completely con-
verted into 23e (83 %) only. This could be due to a slower
rearrangement of the propargyl acetate moiety as a positive
charge develops on a primary C atom (C3�) in the transition
state. Interestingly, no traces of acetate 21e (or the corre-
sponding ketone) were found in the crude reaction mixture,
meaning that proton abstraction is much more favored if
occurs at the more substituted position to generate the most
substituted double bond. The calculated energy difference
between the two competing transition state is 1.2 kcal/mol
(as usually using triflate as the base) which corresponds to
a 7:1 selectivity (Figure 4).

Figure 4. DFT study on the competing proton abstraction pathway
in the reaction of 16e.

The results obtained with 3�-methyl-substituted 16f were
in line with those for our model compound 16a whereas,
curiously, dimethyl-substituted acetate 16g provided acetate
22g (86%) only, which did not hydrolyze spontaneously.
This was later done by treatment with pTsOH (Scheme 11)
which furnished Nazarov compound 23g in 86% yield.
With the 3�-phenyl-substituted enyne 16h the reaction pro-
vided expected cyclopentenone 23h in 55% after
chromatography. Acetate 21h, formed during the reaction
in mixture with 23h in ca. 1:1 ratio, during the purification
underwent [1,5]-H shift giving a complex mixture of few
acetate isomeric products. A small amount of pure 21h was
treated with pTsOH (Scheme 11), and it was converted into
a mixture of 24h (95%) and 23h. With compound 24h it
was possible to demonstrate by 1H NMR studies the cis
fusion of the rings (in analogy to the corresponding carba-
cyclic systems)[5a] and the structure of most populated con-
former. 7a-H is a doublet with a low coupling constant
(6.8 Hz) with 4a-H indicating its equatorial orientation, fur-
ther confirmed by the lack of any NOE of 7a-H with 2-Hax

and 4-Hax. Consequently, 4a-H is axially oriented. Simi-
larly, in compound 18a (Scheme 3) 7a-H is a doublet with
a low coupling constant (6.9 Hz) with 4a-H confirming the
cis fusion also for this compound. Hydroxy-substituted pip-
eridine derivatives, both protected (16k) and unprotected
(16l) on the OH group, were compatible with the reaction
conditions. However, while 16k provided cyclopentenone
23k as the sole products in 75% yield after chromatography,
substrate 16l furnished the acetylated derivatives 25 as the

Appendix: Publications - Chapter 4 - Gold(I)-Catalyzed Nazarov Reaction

190



E. G. Occhiato et al.FULL PAPER
major compound (75%), accompanied by a minor amount
of the corresponding alcohol 23l (16 %). Clearly, the free
OH group acts a nucleophile by trapping the acyl cation
which is released in the final step of the process (Scheme 6).

Scheme 11. [a] pTsOH (cat.), DCM-MeOH, 1:1, room temp., 16 h.

Also seven-membered rings as in 16m and 16n were com-
patible as these substrates provided, after complete hydroly-
sis of the corresponding acetate intermediates, Nazarov
compounds 23m (81%) and 23n (83 %) only and in excellent
yield after chromatography. As in the case of 16e, the reac-
tion of 16n required refluxing conditions, too. In both cases,
disappearance of the starting material was faster than with
the corresponding six-membered heterocycles and no traces
of acetate isomers were detected by 1H NMR analysis the
crude reaction mixture. Not unexpectedly,[7a] the ring clo-
sure of five-membered derivatives 16o and 16p did not oc-
cur both at room temperature and in refluxing CH2Cl2, but
we only recovered residual starting material with a certain
amount of unidentified degradation compounds. The reac-
tion of 16p was also carried out in refluxing toluene, but to
no avail. We have already reported the greater difficulty in
the ring closure to give a 5–5 fused system, presumably due
to ring strain in the intermediate azabicyclo[3.3.0]octenyl
cation.[7a] On the other hands, we were very glad to observe
that propargyl acetate 16q containing a N-CO2Me-pro-
tected indole nucleus reacted smoothly in refluxing CH2Cl2,
to provide the corresponding cyclopenta-fused aromatic
system 23q in 84% yield after 1.5 h, thus paving a new way
for the synthesis of natural compounds containing the cy-
clopenta[b]indole nucleus.

Conclusions

In this paper we have demonstrated that the tandem
gold(I)-catalyzed rearrangement/Nazarov reaction of prop-
argylic ester derivatives is a useful strategy for the synthesis,
in just four steps, of cyclopenta-fused N-heterocyclic struc-
tures present in many natural compounds. First, readily
available lactams are converted into the corresponding enol
phosphates and triflates and coupled to propargyl alcohols
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under Sonogashira conditions. After acetylation, the gold-
catalyzed rearrangement of the enynyl acetates readily (and
best) occurs when using hexafluoroantimonate as the non-
coordinating anion. This generates a divinyl cation which
undergoes a 4π electrocyclization forming the target annu-
lated N-heterocyclic compound in good to excellent yield.
This process has been studied in details both experimentally
and computationally, and the influence of the reaction con-
ditions and the structure of the substrates on the reaction
rate, regio- and stereoselectivity have been evaluated. The
main features can be summarized as follows: (a) compared
to the tandem process of carbacyclic enynyl acetates, the
presence of the N atom clearly favors the nearly exclusive
formation of the Nazarov product having the most substi-
tuted double bond, i.e. at the 4a-7a position. This is true
with most catalysts we used, although its isomer (i.e. with
the double bond at the 5–6 position) was the major product
when triflate was the gold(I) counterion. (b) In contrast to
similar cases in literature, suitably prepared “wet” dichloro-
methane seems to be not necessary to have a complete hy-
drolysis of the acetate intermediates. However the presence
of some water in the solvent seems in any case essential for
the process to occur properly, as in dry CH2Cl2 the conver-
sion into the Nazarov product mixture was much lower.
Under the best conditions (with Ph3PAuSbF6) the hydroly-
sis of only one of the two regioisomeric acetates occurs,
leading to the 4a-7a unsaturated compound. (c) All N-pro-
tecting groups are compatible with the propargyl acetate
rearrangement, with exception of the N-Boc group, and
with the N-Ts being the best. The other N-alkoxycarbonyl
groups somehow interfere, though, and heating is necessary
to achieve complete conversion. (d) With piperidine rings
substituted at 4 or 6 position, moderate to high torquoselec-
tivity in the ring closure in favor of the cis diastereomers is
observed when the propargyl moiety bears a substituent at
C3�. This is in accordance to the results previously reported
by us for the classical Nazarov reaction, meaning that the
gold atom on the divinyl cation has a little effect on the
stereoelectronically preferred conrotation mode. (e) The
scope of the reaction ranges from six to seven-membered
N-heterocyclic rings and various substituents at C3� on the
propargyl moiety, but is not extended to pyrroline deriva-
tives which proved unsuitable for this approach. Instead, an
indole containing enynyl acetate reacted smoothly to pro-
vide the cyclopenta[b]indole nucleus. Because of the combi-
nation of easily accessible propargyl alcohols and readily
available lactams in the assemblage of the substrates re-
quired for the tandem process, this methodology is surely
suited for the preparation of natural and biologically active
compounds possessing a cyclopenta-annulated N-heterocy-
clic nucleus.

Experimental Section
General: Anhydrous solvents were prepared according to the stan-
dard techniques. Commercially available reagents were used with-
out further purification. Chromatographic separations were per-
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formed under pressure on silica gel 60 (Merck, 70–230 mesh) by
using flash column techniques; Rf values refer to TLC carried out
on 0.25 mm silica gel plates with the same eluent as indicated for
column chromatography. 1H NMR spectra were recorded at 200 or
400 MHz and 13C NMR spectra at 100.4 MHz, both in CDCl3
solution. Mass spectra were carried out by direct inlet of a 10 ppm
solution in CH3OH on an Ion Trap LC/MS system with electro-
spray ionization (ESI) interface in the positive ion mode.

Diphenyl 1-(4-Tolylsulfonyl)-1,4,5,6-tetrahydropyridin-2-yl Phos-
phate (14a): A 0.5 m solution of KHMDS (8.9 mL, 4.44 mmol) in
toluene was diluted in anhydrous THF (28 mL) and cooled to
–78 °C. A solution of N-tosyl δ-valerolactam 13a (900 mg,
3.55 mmol) in anhydrous THF (14 mL) was added dropwise. The
resulting mixture was stirred for 1.5 h at –78 °C and then diphenyl-
chlorophosphate (0.92 mL, 4.44 mmol) was slowly added and the
stirring continued below –70 °C for 1 h. The mixture was first
warmed to 0 °C and then quenched with aqueous 10% NaOH
(88 mL). The product was extracted with Et2O (4� 40 mL); the
combined organic extracts were washed with 10 % NaOH (40 mL)
and dried with anhydrous K2CO3 for 30 min. After filtration and
evaporation of the solvent, the crude was purified by flash
chromatography (n-hexane/EtOAc, 2:1 + 1 % Et3N; Rf = 0.29) and
product 14a was obtained (1.38 g, 80%) as a colorless oil. Phos-
phate 14a was stored at 4 °C as 0.1 m solution in the eluent contain-
ing 1% Et3N until use. 1H NMR (400 MHz, CDCl3): δ = 7.75 (d,
J = 8.2 Hz, 2 H, Ts), 7.35–7.17 (m, 12 H, Ts and Ph), 5.25 (dd, J
= 6.6, 3.8 Hz, 1 H, 3-H), 3.66–3.64 (m, 2 H, 6-H), 2.37 (s, 3 H,
CH3 Ts), 2.08–2.03 (m, 2 H, 4-H), 1.56–1.51 (m, 2 H, 5-H) ppm.
13C NMR (100.4 MHz, CDCl3): δ = 150.4 (s, C2), 143.8 (s, Ts),
139.6 (s, 2 C, Ph), 137.0 (s, Ts), 129.7 (d, 4 C, Ph), 129.6 (d, 2 C,
Ts), 127.6 (d, 2 C, Ts), 125.5 (d, 2 C, Ph), 120.4 (d, 4 C, Ph), 100.5
(d, C3), 47.5 (t, C6), 21.5 (q, CH3 Ts), 21.3 (t, C4), 20.9 (t, C5)
ppm. MS (ESI): m/z (%) = 993 (100) [2M + Na]+, 508 (13.1) [M +
Na]+, 486 (8) [M + 1]+.

1-[1-(4-Tolylsulfonyl)-1,4,5,6-tetrahydropyridin-2-ylethynyl]pentyl
Acetate (16a): Phosphate 14a (1.16 g, 2.4 mmol) was dissolved in
an anhydrous 2:1 Et3N/CHCl3 mixture (14 mL), and (�)-heptyn-3-
ol (0.32 mL, 2.4 mmol), CuI (46 mg, 0.24 mmol) and (Ph3P)2PdCl2
(84 mg, 0.12 mmol) were added under nitrogen atmosphere. The
reaction mixture was heated at 55 °C (external) for 3 h and then a
second portion of (�)-heptyn-3-ol (0.16 mL, 1.2 mmol), CuI
(23 mg, 0.12 mmol) and (Ph3P)2PdCl2 (17 mg, 0.024 mmol) was
added. Heating was continued at 55 °C for 3 h. The mixture was
cooled to room temperature and water (36 mL) was added. The
product was extracted with Et2O (3 � 36 mL) and the combined
organic extracts were dried with anhydrous K2CO3 for 30 min. Af-
ter filtration and evaporation of the solvent, the crude was purified
by flash chromatography (n-hexane/Et2O, 2:1 + 1% Et3N; Rf =
0.30) affording enynyl alcohol 15a as a pale yellow oil (515 mg,
62%). 15a: 1H NMR (400 MHz, CDCl3): δ = 7.72 (d, J = 8.2 Hz,
2 H, Ts), 7.30 (d, J = 8.2 Hz, 2 H, Ts), 5.63 (t, J = 4.3 Hz, 1 H, 3-
H), 4.43 (t, J = 6.6 Hz, 1 H, 1�-H), 3.68–3.65 (m, 2 H, 6-H), 2.42
(s, 3 H, CH3 Ts), 2.06 (td, J = 6.6, 4.3 Hz, 3 H, 4-H and OH),
1.76–1.59 (m, 4 H, 5-H and 2�-H), 1.47–1.23 (m, 4 H, 3�-H and 4�-
H), 0.91 (t, J = 7.2 Hz, 3 H, 5�-H) ppm. 13C NMR (100.4 MHz,
CDCl3): δ = 143.5 (s, Ts), 137.3 (s, Ts), 129.5 (d, 2 C, Ts), 127.4 (d,
2 C, Ts), 123.6 (d, C3), 120.4 (s, C2), 90.9 (s, C2a), 80.9 (s, C2b),
62.8 (d, C1�), 46.0 (t, C6), 37.2 (t, C2�), 27.2 (t, C5), 23.2 (t, C4),
22.4 (t, C3�), 22.3 (q, CH3 Ts), 21.5 (t, C4�), 13.9 (q, C5�) ppm.
MS (ESI): m/z (%) = 717 (100) [2M + Na]+, 348 (14) [M + 1]+. A
solution of enynyl alcohol 15a (515 mg, 1.48 mmol), DMAP
(37 mg, 0.30 mmol) and Et3N (0.57 mL, 4.44 mmol) in DCM
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(6 mL) was cooled (ice bath) and Ac2O (0.28 mL, 3 mmol) was
added. The reaction mixture was stirred at room temperature and
monitored by TLC. When the conversion was complete, a satd
solution of NaHCO3 (15 mL) was added and the product extracted
with DCM (3 � 15 mL). The combined organic extracts were dried
with anhydrous K2CO3 for 30 min. After filtration and evaporation
of the solvent, the crude was purified by flash chromatography (n-
hexane/EtOAc, 8:1 + 1% Et3N; Rf = 0.21) affording pure 16a as a
pale yellow oil (455 mg, 79 %). This was stored at 4 °C as 0.1 m

solution in the eluent containing 1% Et3N until use. 16a: 1H NMR
(400 MHz, CDCl3): δ = 7.77 (d, J = 8.2 Hz, 2 H, Ts), 7.29 (d, J =
8.2 Hz, 2 H, Ts), 5.65 (t, J = 4.2 Hz, 1 H, 3-H), 5.45 (t, J = 6.6 Hz,
1 H, 1�-H), 3.64–3.62 (m, 2 H, 6-H), 2.42 (s, 3 H, CH3 Ts), 2.08 (s,
3 H, CH3 Ac), 2.06–2.03 (m, 2 H, 4-H), 1.72–1.74 (m, 2 H, 5-H),
1.65–1.59 (m, 2 H, 2�-H), 1.44–1.31 (m, 4 H, 3�-H and 4�-H), 0.90
(t, J = 7.2 Hz, 3 H, 5�-H) ppm. 13C NMR (100.4 MHz, CDCl3): δ
= 170.0 (s, CO), 143.4 (s, Ts), 137.2 (s, Ts), 129.5 (d, 2 C, Ts), 127.5
(d, 2 C, Ts), 124.4 (d, C3), 120.2 (s, C2), 97.2 (s, C2b), 81.1 (s, C2a),
64.4 (d, C1�), 46.0 (t, C6), 34.2 (t, C2�), 27.0 (t, C3�), 23.2 (t, C4),
22.2 (t, C4�), 21.5 (q, CH3 Ts), 21.0 (q, CH3 Ac), 21.0 (t, C5), 13.9
(q, C5�) ppm. MS (ESI): m/z (%) = 801 (100) [2M + Na]+, 412 (13)
[M + Na]+.

5-Butyl-1-(4-tolylsulfonyl)-1,2,3,4,5,6-hexahydro-[1]pyrindin-7-one
(20a): Precatalyst Ph3PAuCl (2.2 mg, 4.5 μmol, 3 mol-%) was dis-
solved in DCM (1.2 mL) and AgSbF6 (1.5 mg, 4.5 μmol, 3 mol-%)
was added. The formed suspension was left to stir at room tempera-
ture under nitrogen atmosphere. After 20 min a solution of enynyl
acetate 16a (59 mg, 0.15 mmol) in DCM (1.9 mL) was added and
reaction mixture was stirred at room temperature. The progress of
the reaction was monitored by TLC. After complete consumption
of the enynyl acetate (2.5 h) the reaction mixture was left to stir at
room temperature overnight (16 h). Water (4 mL) was added and
the product extracted with DCM (3 � 4 mL). The combined or-
ganic extracts were dried with anhydrous Na2SO4, filtered and con-
centrated. Chromatography (n-hexane/EtOAc, 6:1) afforded pure
ketone 20a (Rf = 0.17; 37 mg, 70%) as a yellow oil and acetate 17a
(Rf = 0.24; 8 mg, 14%) as an orange oil.

20a: 1H NMR (400 MHz, CDCl3): δ = 7.99 (d, J = 8.2 Hz, 2 H,
Ts), 7.29 (d, J = 8.2 Hz, 2 H, Ts), 3.50–3.36 (m, 2 H, 2-H), 2.72–
2.68 (bm, 1 H, 5-H), 2.60 (dd, J = 18.2, 6.4 Hz, 1 H, 6-H), 2.47
(dt, J = 19.9, 6.8 Hz, 1 H, 4-H), 2.41 (s, 3 H, CH3 Ts), 2.28 (dt, J
= 19.9, 6.4 Hz, 1 H, 4-H�), 2.13 (dd, J = 18.2, 2.2 Hz, 1 H, 6-H�),
2.01–1.99 (m, 2 H, 3-H), 1.76–1.71 (m, 1 H, 1�-H), 1.43–1.21 (m,
5 H, 1�-H�, 2�-H and 3�-H), 0.90 (t, J = 7.0 Hz, 3 H, 4�-H) ppm.
13C NMR (100.4 MHz, CDCl3): δ = 200.1 (s, C7), 162.6 (s, C7a),
143.6 (s, Ts), 138.2 (s, C4a), 137.5 (s, Ts), 129.5 (d, 2 C, Ts), 127.9
(d, 2 C, Ts), 46.2 (t, C2), 40.1 (t, C6), 39.3 (d, C5), 32.9 (t, C1�),
29.0 (t, C2�), 24.1 (t, C4), 22.9 (t, C3�), 21.9 (t, C3), 21.7 (q, CH3

Ts), 14.1 (q, C4�) ppm. MS (ESI): m/z (%) = 717 (100) [2M +
Na]+, 370 (12) [M + Na]+. C19H25NO3S (347.47): calcd. C 65.68,
H 7.25, N 4.03; found C 65.36, H 7.43, N 4.07.

17a: 1H NMR (400 MHz, CDCl3): δ = 7.67 (d, J = 8.0 Hz, 2 H,
Ts), 7.25 (d, J = 8.0 Hz, 2 H, Ts), 6.03 (br. s, 1 H, 6-H), 4.16–4.09
(m, 1 H, 2-H), 3.05 (td, J = 13.6, 2.8 Hz, 1 H, 2-H�), 2.41 (s, 3 H,
CH3 Ts), 2.21–2.03 (m, 7 H, CH3 Ac, 4-H, 4a-H and 1�-H), 1.64–
1.56 (m, 1 H, 3-H), 1.48–1.23 (m, 5 H, 3-H�, 2�-H and 3�-H), 1.04
(qd, J = 12.8, 3.6 Hz, 1 H, 4-H�), 0.88 (t, J = 7.2 Hz, 4�-H) ppm.
13C NMR (100.4 MHz, CDCl3): δ = 168.5 (s, CO), 150.3 (s, C7),
143.6 (s, Ts), 137.4 (s, Ts), 129.5 (d, 2 C, Ts), 127.4 (d, 2 C, Ts),
123.7 (s, C7a), 122.9 (d, C6), 49.5 (t, C2), 45.5 (d, C4a), 30.7 (t,
C2�), 29.7 (s, C5), 28.4 (t, C4), 28.1 (t, C1�), 25.0 (t, C3), 22.4 (t,
C3�), 21.5 (q, CH3 Ts), 20.7 (q, CH3 Ac), 13.9 (q, C4�) ppm. MS
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(ESI): m/z (%) = 801 (100) [2M + Na]+, 390 (12) [M + Na]+.
C21H27NO4S (389.51): calcd. C 64.75, H 6.99, N 3.06; found C
64.82, H 7.08, N 3.04.
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The gold(I)-catalysed reaction of N-Boc-protected 6-alkynyl-
3,4-dihydro-2H-pyridines, which gives synthetically useful
vinylogous amides (β-enaminones), has been studied in de-
tail, in order to optimize the reaction conditions, enlarge the
scope and gain insight into the mechanism and the structural
features that selectively favour the 6-endo-dig oxyauration of
the triple bond. Experimental studies and DFT calculations
demonstrate that the 6-endo-dig approach is exclusive with

Introduction

Vinylogous amides (β-enaminones) constitute an impor-
tant class of valuable intermediates in the synthesis of het-
erocyclic and natural compounds.[1] They also have impor-
tant therapeutic potential against the multidrug resistance
(MDR) of cancer cells,[2] and against epilepsy.[3] For these
reasons, much effort has been put into the search for new
methods for their efficient synthesis.[3,4] Exocyclic vinylog-
ous amides built on a piperidine ring are versatile interme-
diates for the preparation of many N-heterocycles[5] and
natural alkaloids (Figure 1), such as desoxoprosophylline,[6]

cassine,[7] pinidinone,[8] deoxyfebrifugine,[9] norallosed-
amine,[10] and others.[11] The synthesis of other related alka-
loids such as sedamine,[12] 5-hydroxy-sedamine,[13] ha-
losaline,[14] and pelletierine[15] could also be easily envisaged
by exploiting the reactivity of such vinylogous amides.
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substituted alkynes, whereas with terminal alkynes the 5-
exo-dig cyclization prevails, despite the large angle (120°) at
C-6. The same selectivity was observed with N-Cbz-pro-
tected 2-alkynylpiperidines. With these compounds, β-amino
ketones are obtained as a consequence of the 6-endo-dig at-
tack onto a substituted triple bond. Sedamine alkaloids are
easily obtained by this approach.

Figure 1. Naturally occurring alkaloids prepared from vinylogous
amides, and some related compounds.

We recently reported a new approach to the synthesis of
exocyclic vinylogous amides 1 in which the key step was a
gold(I)-catalysed rearrangement of N-Boc (tert-butoxy-
carbonyl) enynes 2 (Scheme 1).[11] N-Boc enynes 2 were ob-
tained by the Sonogashira coupling of lactam-derived enol
phosphates and triflates 3 with a variety of terminal alk-
ynes.[11]
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Scheme 1. Retrosynthetic analysis.

The gold(I)-catalysed step, which was carried out in the
presence of Ph3PAuOTf (2–3 mol-%) in refluxing toluene,
included a 6-endo-dig attack onto the activated triple bond
by the Boc carbonyl oxygen of the enyne to form a labile
cyclic urethane intermediate (I). Because of its instability,
this intermediate could not be isolated, and thus its hyd-
rolysis was carried out in situ to give the corresponding
vinylogous amide (i.e., 1) in good yields (generally no less
than 70%, irrespective of the R residue), and as the Z
isomer only.

In view of possible applications of this method to large-
scale synthesis, we wanted to further decrease the catalyst
loading. Moreover, the scope of the reaction had only been
explored in terms of the alkyne chain, so we decided to
explore the compatibility of various functional groups on
the piperidine ring with the reaction conditions, as well as
to explore the reactivity of 7-alkynyl-2,3,4,5-tetra-
hydroazepine derivatives. Furthermore, we envisaged that
the method could be extended further by replacing the N-
Boc protection with an N-Cbz (benzyloxycarbonyl) group;
in theory, this would result in C-1�-substituted vinylogous
amides deriving from a carbodeauration step.[16]

A key point of our previous work was that with sub-
strates such as N-Boc enynes 2, the exclusive formation of
products derived from a 6-endo-dig oxyauration step was
observed, whereas for N-Boc propargylamines and 2-alk-
ynyl N-Boc-substituted pyrrolidines and piperidines[17–19]

only a 5-exo-dig cyclization has been reported.[20] Also,
based on other reports from the literature, it seemed reason-
able to us that in our case the alternative 5-exo-dig mecha-
nism was disfavoured by the larger bond angle at C-6 (due
to the presence of the endocyclic double bond), which also
caused substrates 2 to have a much lower reactivity than
the corresponding saturated compounds.[18,19] Therefore,
the strikingly different results obtained with substrates 2
prompted us to carry out further investigations, including
theoretical calculations, to reveal the role of the hybridiza-
tion of C-6, and also other possible structural features, in
the 6-endo/5-exo-dig preference during the gold-catalysed
cyclization of enynes 2. Finally, since all of the natural com-
pounds potentially derived from exocyclic vinylogous
amides (Figure 1) are β-amino ketones (or alcohols ob-
tained from β-amino ketones), we decided to also explore
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the gold(I)-catalysed cycloisomerization of 2-alkynylpiper-
idines 4 (Scheme 1) as an alternative synthetic route in
which reduction of the double bond to give the β-amino
ketone 5 is carried out before (as opposed to after) the gold-
catalysed step.

Results and Discussion

In gold(I)-catalysed processes, the catalyst is generally
used at a catalyst loading between 1 and 5 mol-%,[21] al-
though some exceptions to this have been reported.[22] The
active gold(I) catalysts are generally prepared in situ by
anion exchange between LAuX (X = Cl, Br) and a silver
salt (AgY) so that the highly coordinating anion X– can be
eliminated as AgX. Besides the fact that silver does play a
role in some gold(I)-catalysed processes,[23] issues related to
the decay/decomposition of the active gold catalyst have re-
cently been pointed out.[24,25] This is what we actually ob-
served in our previous study of the gold(I)-catalysed re-
arrangement of N-Boc-protected 6-alkynyl-3,4-dihydro-2H-
pyridines, and for this reason we then used 2–3 mol-% of
the catalyst to achieve complete conversion within a reason-
able time.[11] In a study by Bezzenine-Lafollée and Gandon
on anion metathesis,[24] it was found that by slowing down
the rate of the anion exchange, for example by changing the
source of the weakly coordinating anion from silver to cop-
per salts, the decomposition of the catalyst could be pre-
vented. This was a result of slow release of the active LAu+

species in the solution over a longer period of time.[26]

Among the various catalytic systems, Cu(OTf)2 proved to
be the best, and so we decided to evaluate these new condi-
tions, aiming for a lower catalyst loading (Table 1).

Table 1. Gold(I)-catalysed reaction of enyne 2 in the presence of
Cu(OTf)2.[a]

Entry Ph3PAuCl Cu(OTf)2 Time I [%][b] 1 [%][c]

[mol-%] [mol-%] [h]

1 0.5 10 0.5 100 70
2 0.5 5 0.5 100 72
3 0.2 5 3.5 76 –
4 0.1 5 6.5 70 –
5 0 10 2.5 40 –

[a] Reactions were run on a 0.5 mmol scale under an inert atmo-
sphere. [b] Conversion was measured by 1H NMR spectroscopy.
[c] Yield after chromatographic purification.

Using compound 2 as a model substrate, we carried out
the reaction in refluxing toluene, and lowered the amount
of gold(I) to 0.5 mol-% and added Cu(OTf)2 in a 20:1 molar
ratio (Table 1, entry 1). We were delighted to find out that
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after just 30 min, the starting material had been completely
consumed, and the corresponding vinylogous amide (i.e., 1)
was obtained after alkaline hydrolysis of intermediate I in
the usual 70% yield after purification. The same result was
obtained using a 10:1 molar ratio by lowering the quantity
of Cu(OTf)2 to 5 mol-% (Table 1, entry 2). However, with
lower amounts of Ph3PAuCl, the reaction did not go to
completion (Table 1, entries 3 and 4), even when the reac-
tion time was prolonged to 6.5 h (Table 1, entry 4). Not un-
expectedly, Cu(OTf)2 used alone at a catalyst loading of
10 mol-% did have some catalytic properties,[24,27] but the
reaction required 2.5 h to reach a conversion of 40 %
(Table 1, entry 5), so the cationic gold(I) species is the true
catalyst. Based on these results, we decided to use
Ph3PAuCl at 0.5 mol-% together with 5 mol-% of Cu-
(OTf)2 as the new catalytic system for the next gold(I)-cata-
lysed experiments.

The synthesis of substrates bearing functional groups on
the piperidine ring, and also of larger heterocyclic rings,
was carried out in order to expand the scope of the reac-
tion.

Enynes 8a–8f and 11a–11c were all prepared by Sonoga-
shira coupling of lactam-derived enol phosphates 7a–7c and
10,[34] respectively (Schemes 2 and 3).[11] Lactams 6a[28] and
6b[29] were obtained by oxidation of the corresponding race-
mic N-Boc-protected methylpiperidines,[30,31] whereas
lactam 6c (Scheme 2) was prepared from (S)-(+)-γ-hydroxy-
methyl-γ-butyrolactone,[32,33] using standard chemistry for
the final two protection steps of the 5-hydroxy-δ-valero-
lactam.[33] As we have already reported for analogous sub-
strates, enynes 8 and 11 were unstable when neat, and so
they were stored in solution in the presence of Et3N (1%
v/v).[11]

Scheme 2. Synthesis of compounds 8a–8f; KHMDS = potassium
hexamethyldisilazide; TIPS = triisopropylsilyl.

Enynes 8a–8f and 11a–11c were all successfully used for
the synthesis of the corresponding vinylogous amides with
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Scheme 3. Synthesis of compounds 11a–11c.

the gold–copper catalytic system (Scheme 4). Only in the
case of 8f was the reaction best carried out by using the
Ph3PAuCl/AgOTf system[11] to give the corresponding vin-
ylogous amide (i.e., 12f, which contains a masked amino
group on the piperidine ring) in good yield after purifica-
tion. As we reported in our previous work, the cyclic inter-
mediates were unstable, and thus the hydrolysis was carried
out in situ at 80 °C by addition of KOH and tert-butanol.[35]

In all cases, the vinylogous amides were obtained in good
yields over the two steps (57–73%).

Scheme 4. Synthesis of compounds 12a–12i.

To further expand the scope of the reaction, we then de-
cided to focus our attention on different substrates in which
a benzyloxycarbonyl group replaces the tert-butoxy-
carbonyl group. According to the reaction mechanism, in
the case of N-Boc-protected substrates, once the carbonyl
oxygen of the Boc group attacks the gold-activated triple
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bond, the resulting tert-butyl cation decomposes to give iso-
butylene and H+, generating the proton necessary for the
protodeauration step. Since carbodeauration has been dem-
onstrated with substrates that are able to generate a carbo-
cation (mainly allylic),[16] we decided to verify whether this
process would be possible in our case with a benzylic carbo-
cation derived from an N-Cbz protecting group. This would
lead to vinylogous amides 14 bearing a C-1� substituent
(Scheme 5).

Scheme 5. Planned synthesis of 14.

The synthesis of N-Cbz enyne 13a (Scheme 6), a model
substrate, was carried out by Sonogashira coupling between
N-Cbz enol phosphate 15[36] and 1-hexyne. As was seen for
the analogous N-Boc compound, 13a also proved to be un-
stable when neat, and was stored in solution in the presence
of Et3N.

Scheme 6. Synthesis of compounds 13a–13c and 16a–16d; TFA =
trifluoroacetic acid; TES = triethylsilyl.

Compound 13a was then tested in the gold(I)-catalysed
process under the usual conditions, but the reaction failed
to go to completion even when the reaction time was pro-
longed to 4.5 h, and it did not provide, after hydrolysis,
compound 14 deriving from carbodeauration. With this N-
Cbz derivative, the reaction was best carried out with 3 mol-
% of Ph3PAuOTf (Scheme 7), but whatever conditions were
used, the reaction took place by a 6-endo-dig oxyauration
mechanism and, together with unreacted starting material,
we obtained only a mixture of vinylogous amides 1 and
17 (Table S1 in the Supporting Information). Compound 1
derives from a protodeauration process, and compound 17
from an electrophilic addition of the benzylic carbocation
onto the piperidine double bond (before or after the proto-
deauration step), with subsequent release of a proton.
Moreover, o-benzyltoluene and p-benzyltoluene were de-
tected in the 1H NMR spectrum of the crude mixture, both
deriving from an electrophilic aromatic substitution reac-
tion on toluene, which thus represents an additional proton
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source. Compounds 1 and 17 were not separated by
chromatography, but the structure of 17 was easily assigned
by 1H NMR spectroscopic analysis of the mixture, which
showed a diagnostic ABX system that was assigned to the
two benzylic protons (dd at δ = 3.06 ppm, J = 13.5, 4.7 Hz;
and dd at δ = 2.73 ppm, J = 13.5, 10.2 Hz), and 3-H (m at
δ = 2.64–2.58 ppm).

Scheme 7. AuI-catalysed reaction of 13a.

Based on these results, we decided to reduce the double
bond of 13a (to obtain 16a) so that no benzylic addition
could occur, and, by exploiting toluene as a proton source,
products formally derived from double-bond reduction of
vinylogous amides 1 (i.e., β-amino ketones) could be ob-
tained instead (Scheme 8).

Scheme 8. Planned synthesis of β-amino ketones.

As mentioned above, this would represent an alternative
synthetic route to β-amino ketones in which reduction of
the double bond is carried out before the gold-catalysed
step. For example, a series of natural products, including
various Sedamine alkaloids, has been obtained from β-
amino ketone 19b (Scheme 9),[10] which is itself a natural
product (norsedaminone).[37] The selective reduction was
carried out at low temperature with NaBH3CN under
acidic conditions,[38] and gave compound 16a in good yield
(Scheme 6).
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Scheme 9. Synthesis of compounds 19a, 19b, and 21.

We were glad to observe that the subsequent gold-cata-
lysed step [best catalysed by 3 mol-% of the gold(I) salt to-
gether with 15 mol-% of Cu(OTf)2] gave only compound
18a, which was derived from a 6-endo-dig approach; we
were instead unable to find any signal in the 1H NMR spec-
trum of the crude reaction mixture that could be assigned
to the 5-exo-dig isomer (Scheme 9).[39] To confirm our find-
ings, we decided to synthesize compound 16b through Son-
ogashira coupling of 15 with phenylacetylene followed by
reduction of the double bond of 13b as already described
(Scheme 6). Compound 18b is a known compound,[40] and
since it was synthesized by a [4+2] cycloaddition of N-acyl-
iminium ion with phenylacetylene, its structure was as-
signed unambiguously. Treatment of 16b with Ph3PAuCl
and Cu(OTf)2 under the usual conditions gave only 18b
(Scheme 9), with spectroscopic data identical to those re-
ported in the literature.[41] Further confirmation of the
structures of both 18a and 18b came from hydrolysis under
basic conditions, which gave β-amino ketones 19a and 19b,
which, being quite volatile, were converted into their HCl
salts in good overall yield (89 and 78%, respectively).

These results seemed to be in contrast with data pre-
viously reported in the literature for N-Boc-protected prop-
argylamines, in which only 5-exo-dig products were ob-
tained, even though a 6-endo-dig mechanism was equally
possible. Also, when heterocyclic substrates were used, i.e.,
N-Boc-2-ethynylpyrrolidine,[18,19] N-Boc-2-ethynylpiper-
idine,[19] and N-Boc-2-ethynylazepane,[19] 5-exo-dig prod-
ucts were obtained,[20] but all of these compounds had a
terminal alkyne moiety. Since all the substrates we tested
had substituted alkyne groups, we wondered whether a situ-
ation analogous to the gold(I)-catalysed propargylic ester
migration could exist. In this process, the 1,2-rearrangement
is favoured for terminal alkynes, whereas the 1,3-rearrange-
ment becomes a competing, or even the major, pathway for
internal alkynes.[42] The synthesis of a substrate with a ter-
minal alkyne was therefore necessary; this was carried out
by Sonogashira coupling of phosphate 15 with triethylsil-
ylacetylene (to give 13c), followed by reduction of the
double bond (to give 16c), and deprotection with TBAF
(tetrabutylammonium fluoride; to give 16d; Scheme 6). It

Eur. J. Org. Chem. 2015, 3251–3265 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3255

should be highlighted that if our hypothesis was correct,
treatment of 16d with the gold catalyst would give the same
product previously obtained by Gagosz and Buzas starting
from the analogous N-Boc substrate.[19] We were delighted
to verify that 16d, under the usual gold catalysis conditions,
gave only compound 21 (Scheme 9), which derives from a
5-exo-dig reaction followed by isomerization of the double
bond to the endocyclic position.[43] Furthermore, an experi-
ment carried out with unsaturated N-Boc compound 22
(Scheme 10) gave known compound 23,[44] derived from the
5-exo-dig intermediate. Taken together, these results show
that the 6-endo/5-exo-dig selectivity we observe with our
substrates depends on whether the triple bond is internal or
terminal.

Scheme 10. Synthesis of compound 23. TMS = trimethylsilyl.

To get further insight into the reason for the different
selectivities for terminal and internal alkynes, and to ascer-
tain whether the large N–Csp2–Csp angle has a role in the
high 6-endo-dig preference with those substrates with an in-
ternal triple bond, DFT calculations were carried out with
the Gaussian 09 suite of programs (see Computational
Methods section). Since the 5-exo/6-endo-dig selectivity
trend does not depend on the alkoxycarbonyl moiety, the
N-Cbz protecting group was chosen, and compounds 13b,
13d, 16b, and 16d (Figure 2) were selected as model sub-
strates for the cyclization reaction, as examples of the four
possible combinations of saturated/unsaturated rings and
substituted/unsubstituted alkynes. Triphenylphosphine–
gold(I) cation was used as the reaction catalyst, and the

Figure 2. Model substrates for DFT studies.
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study focussed on the cyclization step, which is the regiose-
lectivity-determining step.

Given the very different degrees of steric hindrance at the
two carbons of the triple bond in terminal alkynes (13d and
16d), it would seem reasonable to hypothesize at first sight
that steric effects were important for the observed 5-exo-dig
regioselectivity in these substrates, since the gold atom
could preferably be placed at the least substituted terminal
position during the attack of the oxygen atom. However,
although this could be an important factor, this effect alone
cannot explain the regioselectivity found in internal alkynes
(13b and 16b), since in those cases the two carbon atoms
are sterically quite similar. Thus, calculations were carried
out for the four alkyne–gold(I) complexes (only the un-
saturated complexes, i.e., V-Ph and V-H are shown in Fig-
ure 3), and unsurprisingly, the complexes showed clear
structural differences in terms of alkyne–gold complex-
ation.

Figure 3. Structures of complexes V-Ph and V-H.

Specifically, in V-H, gold coordination induces a weaken-
ing of the triple bond [δ(Ca–Cb) = 1.23 Å] and a strong
asymmetry of the C–Au bonds [δ(Ca–Au) = 2.73 Å, δ(Cb–
Au) = 2.16 Å]. The resulting complex can be considered to
some extent as a vinyl cation. The calculated natural pop-
ulation atomic charges at the two carbon atoms are
+0.203 e (Ca) and –0.480 e (Cb), which confirms that the
positive charge of the complex is centred at Ca. These values
are consistent with those calculated for a simple unsubsti-
tuted propargylic acetate,[42b] although in our case the posi-
tive charge on Ca is even higher (+0.203 e vs. +0.063 e), the
Ca–Au bond length longer (2.73 vs. 2.514 Å), and the Cb–
Au bond length shorter (2.16 vs. 2.239 Å). On the other
hand, alkyne–gold complex V-Ph has a much more sym-
metrical structure, with nearly identical Au–C distances
(Figure 3), and NPA (natural population analysis) charges
(Ca = –0.056 e, Cb = –0.002 e). In this case, the positive
charge is centred on the gold atom (Au = +0.437 e in V-Ph,
vs. +0.365 e in V-H).

As a result of the more positively-charged character of
the internal Ca carbon atom in V-H, the attack of the oxy-
gen atom takes place exclusively at that position. This ex-
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perimental fact could be confirmed computationally with
substrates 13d and 16d. We found that the 5-exo-dig cycliza-
tion occurs with a very low barrier (3.9 kcal/mol for TS13-
H-5-exo) or, in the case of the corresponding saturated
compound 16b, with essentially no activation barrier (TS16-
H-5-exo, Figure 4).

Figure 4. Transition-state structures and energies for terminal alk-
ynes.

In fact, no convergence or a convergence to the starting
material was observed during the search for a transition
state in the latter case, even though we tested different func-
tionals (B3LYP, M06, BHandHLYP) and basis sets. To fur-
ther analyse this issue, a potential scan for the O–C bond
formation was carried out, and this confirmed that it is a
downhill process without appreciable activation energy. On
the other hand, the transition states for the regioisomeric
6-endo cyclizations were located, and were found to have
low but measurable activation energies (8.2 and 5.6 kcal/
mol, Figure 4), which are ca. 4–5 kcal/mol higher than
those of the 5-exo processes. This energy difference can ex-
plain the absolute experimental preference for the five-
membered cyclic products. This is also consistent with the
fact that a 1,2-acyl shift is preferred for propargylic acetates
with an unsubstituted alkyne moiety.[42b]

On the other hand, the transition-state structures for the
reaction of the internal triple bonds are consistent with the
experimental preference for the Cb attack. Thus, the lowest
calculated activation energies were 7.8 kcal/mol for the un-
saturated ring (TS13-Ph-6-endo, Figure 5 and Figure S1 in
Supporting Information), and 8.4 kcal/mol for TS16-Ph-6-
endo. It is interesting to note that the endo/exo selectivity is
predicted to be better for 13 (ΔΔG‡

exo–endo = 2.5 kcal/mol)
than for 16 (ΔΔG‡

exo–endo = 1.3 kcal/mol). This effect can
be attributed to the increase in the N–C–Ca angle induced
by the presence of the double bond, from 113° (16d, N–
Csp3–Ca) to 119° (13d, N–Csp2–Ca), a factor that plays
against the formation of the smaller five-membered ring.[45]

The data shown in Figures 3 and 5 are not informative
enough about the exact reason for the 6-endo selectivity
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Figure 5. Transition-state structures and energies for internal alk-
ynes.

with internal alkynes, since Ca and Cb have very similar
electronic properties, and their bonding distances with the
gold atom are virtually equal (Figure 3). Thus, we envi-
sioned an indirect way to analyse the geometrical factors
that determine the reactivity of the internal alkynes, by
using symmetrical computational substrates (Figure 6).

Figure 6. Comparison of the activation energies for the 5-exo and
6-endo-dig pathways.

For example, in the model system VI, the triple bond is
symmetrically substituted, and the two carbons (Ca and Cb)
are absolutely identical, which reduces the factors that af-
fect the formation of one ring or the other to a simple geo-
metrical preference. Interestingly, the activation energy is
lower for the 6-endo cyclization by 4.4 kcal/mol, indicating
that in principle, the preference for the six-membered ring
is purely geometrical, and could be generalized to any type
of internal alkynes, irrespective of the substituent on the

Eur. J. Org. Chem. 2015, 3251–3265 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3257

terminal position. It is worth mentioning that a similar
preference, but to a lesser extent (ΔΔG‡ = 2.3 kcal/mol), was
found for computational model compound VII, with satu-
rated rings, which is consistent with the generally lower
selectivity of this type of substrates (vide supra).

Conclusions

In this work, we have studied in detail the gold(I)-cata-
lysed cyclization of N-Boc-protected 6-alkynyl-3,4-dihydro-
2H-pyridines to give synthetically useful exocyclic vinylog-
ous amides, with three objectives in mind. First, bearing in
mind possible large-scale applications of the method, we
wanted to optimize the reaction conditions to reduce the
amount of the gold catalyst as far as possible. This was
realized by using Cu(OTf)2 as the triflate source, which al-
lowed us to use 0.5 mol-% of AuI without affecting the reac-
tion rate. Secondly, we expanded the scope of the reaction
to substituted piperidines and different nitrogen heterocy-
cles to assess the tolerance to the reaction conditions of
some functional groups often present in natural products
that could easily be prepared from the vinylogous amide
products. Our third goal was to assess the structural
features that selectively favour the 6-endo-dig oxyauration
of the triple bond. We found that a 6-endo-dig mechanism
operates exclusively with substituted alkynes, whereas with
terminal alkynes a 5-exo-dig cyclization prevails, despite the
large angle (120°) at C-6. An analogous selectivity was ob-
served with N-Cbz-protected 2-alkynylpiperidines. These
compounds, after gold-catalysed cyclisation and hydrolysis
of the cyclic intermediates, give β-amino ketones as a result
of a 6-endo-dig attack onto the internal triple bond. DFT
calculations showed that with both types of substrates, the
oxyauration step has a low barrier or almost no barrier at
all when it involves the internal position of a terminal triple
bond, resulting in a 5-exo-dig process. In contrast, the 6-
endo-dig mechanism is always favoured with substituted
alkynes, this preference being purely geometrical and irre-
spective of the type of substitution, thus providing either β-
enaminones or their reduced equivalents, β-amino ketones,
in a robust, reliable, and convenient way.

Experimental Section

General Remarks: Chromatographic separations were carried out
under pressure on silica gel using flash-column techniques. Rf val-
ues refer to TLC carried out on 0.25 mm silica gel plates (F254)
with the same eluent as indicated for the column chromatography.
1H NMR spectra were recorded at 200 or 400 MHz, and 13C NMR
spectra were recorded at 50.33 or 100.4 MHz, both in CDCl3 solu-
tion, unless otherwise specified. The solvent reference line was set
at δ = 7.26 (CDCl3) or 4.79 (D2O) ppm. Mass spectra were either
recorded at an ionizing voltage of 70 eV, or measured with an LCQ
FleetTM Ion-Trap LC–MS system with an electrospray ionization
(ESI) interface in positive-ion mode by direct inlet of a 10 ppm
solution in CH3OH. Microanalyses were carried out with an ele-
mental analyser. Compounds 6a,[28] 6b,[29] 10,[34] 15,[36] and 5-hy-
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droxy-δ-valerolactam[32] were prepared as reported. All enynes 2,
8, 11, 13, and 22, as well as intermediates 16 decompose when neat
and must be stored in solution in the presence of Et3N (1% v/v).

Computational Methods: The structures were optimized using den-
sity functional theory (DFT) with BHandHLYP[46] functional and
the 6-31G* (LANL2DZ for Au) basis set as implemented in
Gaussian 09.[47] The B3LYP functional was also evaluated; it gave
similar results to BHandHLYP, but some of the lowest-in-energy
transition states (TS13-H-5-exo and TS16-H-5-exo) did not con-
verge properly when using B3LYP. The energy values shown in Fig-
ures 3[48] and 4 also include single-point refinements at the M06-
2X/6-311++G**(SDD) level of theory[49] on the previously opti-
mized structures, to better account for the dispersion forces of such
large systems. The stationary points were characterized by fre-
quency calculations in order to verify that they had the right
number of imaginary frequencies. The intrinsic reaction coordi-
nates (IRC)[50] were followed to verify the energy profiles connect-
ing each TS to the correct associated local minima. Natural bond
orbital (NBO) analysis[51] was carried out to evaluate the NPA
atomic charges.

tert-Butyl (5S)-2-Oxo-5-(triisopropylsilanyloxy)piperidine-1-carb-
oxylate (6c): 5-Hydroxy-δ-valerolactam[32] (680 mg, 5.9 mmol) was
dissolved in anhydrous DMF (12 mL). Imidazole (1.21 g,
17.7 mmol) and triisopropylsilyl chloride (1.27 mL, 5.9 mmol) were
added, and then the resulting mixture was warmed to 40 °C. A
second equivalent of triisopropylsilyl chloride (1.27 mL, 5.9 mmol)
was added in portions over 8 h, and the reaction was stirred at
40 °C overnight. The mixture was cooled to room temperature,
then water was added (120 mL), and the mixture was extracted with
Et2O (4 � 50 mL). The combined organic phases were dried with
anhydrous Na2SO4 and filtered, and the solvent was evaporated.
The residue was purified by flash chromatography (EtOAc; Rf =
0.27) to give pure 5-(triisopropylsilanyloxy)piperidin-2-one (1.36 g,
85%) as a colourless oil. [α]D21 = –11.3 (c = 1.12, CHCl3). 1H NMR
(400 MHz): δ = 7.05 (br. s, 1 H, NH), 4.17–4.12 (m, 1 H, 5-H),
3.41–3.37 (m, 1 H, 6-H), 3.23–3.19 (m, 1 H, 6-H�), 2.56 (dt, J =
17.6, 7.6 Hz, 1 H, 3-H), 2.27 (dt, J = 17.6, 6.1 Hz, 1 H, 3-H�), 1.90–
1.86 (m, 2 H, 4-H), 1.05–0.98 (m, 21 H, TIPS) ppm. 13C NMR
(100.4 MHz): δ = 172.1 (s, C-2), 64.1 (d, C-5), 49.4 (t, C-6), 29.0
(t, C-3), 27.5 (t, C-4), 17.9 (q, 6 C, CH3 TIPS), 12.1 (d, 3 C, CH
TIPS) ppm. MS (ESI): m/z (%) = 565 [2M + Na]+ (100), 543 [2M
+ 1]+ (16). C14H29NO2Si (271.47): calcd. C 61.94, H 10.77, N 5.16;
found C 61.72, H 10.50, N 4.91.

5-(Triisopropylsilanyloxy)piperidin-2-one (1.3 g, 4.79 mmol) was
dissolved in anhydrous CH2Cl2 (30 mL). Et3N (740 μL,
5.27 mmol), di-tert-butyl dicarbonate (1.1 g, 4.79 mmol), and
DMAP (4-dimethylaminopyridine; 59 mg, 0.48 mmol) were added,
and the resulting mixture was heated under reflux. After 2 h, a
second equivalent of di-tert-butyl dicarbonate (1.1 g, 4.79 mmol)
was added. When the reaction was complete (TLC; 5 h), the mix-
ture was cooled to room temperature, water (40 mL) was added,
and the layers were separated. The aqueous phase was extracted
with CH2Cl2 (3 � 20 mL), and the combined organic extracts were
washed with KHSO4 (5 % aq.; 40 mL), satd. NaHCO3 (40 mL),
water (40 mL), and brine (40 mL), and finally dried with anhydrous
Na2SO4. The mixture was filtered, and the solvent was evaporated.
The residue was purified by flash chromatography (n-hexane/
EtOAc, 8:1; Rf = 0.12) to give pure 6c (1.44 g, 81 %) as a colourless
oil. [α]D20 = +10.0 (c = 0.92, CHCl3). 1H NMR (400 MHz): δ =
4.26–4.21 (m, 1 H, 5-H), 3.73 (dd, J = 13.1, 4.7 Hz, 1 H, 6-H), 3.62
(dd, J = 13.1, 3.5 Hz, 1 H, 6-H�), 2.75–2.67 (m, 1 H, 3-H), 2.40
(dt, J = 17.2, 5.9 Hz, 1 H, 3-H�), 1.98–1.92 (m, 1 H, 4-H), 1.91–

www.eurjoc.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2015, 3251–32653258

1.84 (m, 1 H, 4-H�), 1.48 [s, 9 H, C(CH3)3], 1.10–0.95 (m, 21 H,
TIPS) ppm. 13C NMR (100.4 MHz): δ = 170.8 (s, C-2), 152.3 (s,
C=O), 82.7 [s, C(CH3)3], 64.4 (d, C-5), 52.5 (t, C-6), 31.0 (t, C-3),
29.1 (t, C-4), 27.9 (q, 3 C, CH3 Boc), 17.8 (q, 6 C, CH3 TIPS), 12.0
(d, 3 C, CH TIPS) ppm. MS (ESI): m/z (%) = 766 (33), 765 [2M +
Na]+ (100), 394 [M + Na]+ (7). C19H37NO4Si (371.59): calcd. C
61.41, H 10.04, N 3.77; found C 61.25, H 9.98, N 3.91.

tert-Butyl (�)-6-(Diphenoxyphosphoryloxy)-4-methyl-3,4-dihydro-
2H-pyridine-1-carboxylate (7a): KHMDS (0.5 m solution in tolu-
ene; 6.4 mL, 3.2 mmol) was diluted with anhydrous THF (18 mL),
and the solution was cooled to –78 °C. A solution of 6a[28] (455 mg,
2.13 mmol) in anhydrous THF (10 mL) was then added dropwise,
keeping the temperature below –70 °C, and the resulting mixture
was stirred for 1.5 h. Diphenylchlorophosphate (663 μL, 3.2 mmol)
was slowly added. After 1 h, the mixture was warmed to 0 °C, and
the reaction was quenched by the addition of NaOH (10% aq.;
50 mL). The mixture was extracted with Et2O (3� 40 mL), and the
combined organic extracts were washed once with NaOH (10%
aq.; 28 mL), and dried with anhydrous K2CO3. The mixture was
filtered, and the solvent was evaporated. The residue was purified
over a short pad of silica gel (n-hexane/EtOAc, 7:1 + 1% Et3N; Rf

= 0.13) to give pure 7a (800 mg, 85%) as a colourless oil. 1H NMR
(400 MHz): δ = 7.37–7.31 (m, 4 H, Ar), 7.25–7.17 (m, 6 H, Ar),
5.01–4.99 (m, 1 H, 5-H), 3.61–3.50 (m, 2 H, 2-H), 2.45–2.38 (m, 1
H, 4-H), 1.87–1.79 (m, 1 H, 3-H), 1.43 [s, 9 H, C(CH3)3], 1.41–1.33
(m, 1 H, 3-H�), 1.01 (d, J = 6.0 Hz, 3 H, CH3) ppm. 13C NMR
(100.4 MHz): δ = 153.1 (s, C=O), 150.6 (s, Ph), 150.5 (s, Ph), 140.0
(s, C-6), 129.7 (d, 4 C, CAr), 125.4 (d, Ph), 125.3 (d, Ph), 120.09 (d,
Ph), 120.08 (d, Ph), 120.04 (d, Ph), 120.03 (d, Ph), 105.3 (d, C-5),
81.7 [s, C(CH3)3], 44.1 (t, C-2), 31.1 (d, C-4), 28.1 [q, 3 C,
C(CH3)3], 27.8 (t, C-3), 21.3 (q, CH3) ppm. MS (ESI): m/z (%) =
913 [2M + Na]+ (100), 468 [M + Na]+ (20), 446 [M + 1]+ (35).

tert-Butyl (�)-6-(Diphenoxyphosphoryloxy)-2-methyl-3,4-dihydro-
2H-pyridine-1-carboxylate (7b): Prepared as described for 7a, start-
ing from 6b[29] (362 mg, 1.7 mmol), to give, after purification (n-
hexane/EtOAc, 6:1 + 1% Et3N; Rf = 0.12), pure 7b (658 mg, 87%)
as a clear yellowish oil. 1H NMR (400 MHz): δ = 7.38–7.28 (m, 4
H, Ph), 7.26–7.12 (m, 6 H, Ph), 5.11 (q, J = 3.5 Hz, 1 H, 5-H),
4.67–4.53 (m, 1 H, 2-H), 2.21–2.10 (m, 2 H, 4-H), 1.77–1.66 (m, 1
H, 3-H), 1.63–1.57 (m, 1 H, 3-H�), 1.43 [s, 9 H, C(CH3)3], 1.15 (d,
J = 6.9 Hz, 3 H, CH3) ppm. 13C NMR (100.4 MHz): δ = 153.2 (s,
C=O), 150.5 (s, Ph), 150.4 (s, Ph), 138.3 (s, C-6), 129.7 (d, 4 C, Ph),
125.4 (d, Ph), 125.3 (d, Ph), 120.12 (d, Ph), 120.10 (d, Ph), 119.98
(d, Ph), 119.93 (d, Ph), 99.3 (d, C-5), 81.6 [s, C(CH3)3], 49.2 (d, C-
2), 28.1 [q, 3 C, C(CH3)3], 27.1 (t, C-4), 18.6 (t, C-3), 15.7 (q, CH3)
ppm. MS (ESI): m/z (%) = 913 [2M + Na]+ (100), 468 [M + Na]+

(41), 446 [M + 1]+ (27).

tert-Butyl (3S)-6-(Diphenoxyphosphoryloxy)-3-(triisopropylsilanyl-
oxy)-3,4-dihydro-2H-pyridine-1-carboxylate (7c): Prepared as de-
scribed for 7a, starting from 6c (1.44 g, 3.87 mmol), to give, after
purification (n-hexane/EtOAc, 5:1 + 1% Et3N; Rf = 0.50), pure 7c
(2.33 g, 99%) as a pale yellow oil. 1H NMR (400 MHz): δ = 7.37
(m, 4 H, Ph), 7.27–7.25 (m, 4 H, Ph), 7.21–7.18 (m, 2 H, Ph), 5.06–
5.04 (m, 1 H, 5-H), 4.11–4.06 (m, 1 H, 3-H), 3.71 (dd, J = 12.9,
3.1 Hz, 1 H, 2-H), 3.51 (dd, J = 12.9, 7.4 Hz, 1 H, 2-H�), 2.51–2.43
(m, 1 H, 4-H), 2.16–2.08 (m, 1 H, 4-H�), 1.44 [s, 9 H, C(CH3)3],
1.13–1.01 (m, 21 H, TIPS) ppm. 13C NMR (100.4 MHz): δ = 153.0
(s, C=O), 150.5 (s, 2 C, CAr), 140.0 (s, C-6), 129.7 (d, 4 C, CAr),
125.4 (d, 2 C, CAr), 120.0 (d, 4 C, CAr), 97.8 (d, C-5), 81.6 [s,
C(CH3)3], 65.2 (d, C-3), 51.2 (t, C-2), 32.4 (t, C-4), 28.0 (q, 3 C,
CH3 Boc), 17.9 (q, 6 C, CH3 TIPS), 12.1 (d, 3 C, CH TIPS) ppm.
MS (ESI): m/z (%) = 1229 [2M + Na]+ (100), 792 [M + Na]+ (7).
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General Procedure for Sonogashira Coupling: Phosphate (7a–7c,
10,[34] 15[36]) was dissolved in an anhydrous mixture of Et3N and
CHCl3 (3:1; 0.13 m), and the alkyne (1 mmol), CuI (0.1 mmol), and
(Ph3P)2PdCl2 (0.05 mmol) were added. The resulting solution was
heated at 55 °C (external) for 2 h, after which time further alkyne
(0.5 mmol), CuI (0.05 mmol), and (Ph3P)2PdCl2 (0.025 mmol) were
added, if necessary. The mixture was heated at 55 °C until the reac-
tion was complete (TLC, usually after 4–7 h). The mixture was
cooled to room temperature, then water (12 mL) was added, and
the mixture was extracted with Et2O (3� 12 mL). The combined
organic extracts were dried with anhydrous K2CO3 and filtered,
and the solvent was evaporated. The crude enyne (8a–8d, 11a–11c,
13a–13c) was purified by flash chromatography (eluent containing
1% Et3N), and stored at 4 °C as a 0.1 m solution in the eluent until
use.

tert-Butyl (�)-6-(Hex-1-ynyl)-4-methyl-3,4-dihydro-2H-pyridine-1-
carboxylate (8a): Pale yellow oil (205 mg, 74%). Rf = 0.12 (n-hex-
ane/EtOAc, 30:1 + 1 % Et3N). 1H NMR (400 MHz): δ = 5.34 (d, J
= 3.5 Hz, 1 H, 5-H), 3.59 (ddd, J = 12.9, 7.0, 3.1 Hz, 1 H, 2-H),
3.46 (ddd, J = 12.9, 8.2, 2.7 Hz, 1 H, 2-H�), 2.36–2.30 (m, 1 H, 4-
H), 2.30 (t, J = 7.0 Hz, 2 H, 3�-H), 1.88–1.83 (m, 1 H, 3-H�), 1.55–
1.46 (m, 2 H, 4�-H), 1.49 [s, 9 H, C(CH3)3], 1.44–1.36 (m, 3 H, 5�-
H, 3-H), 1.00 (d, J = 7.0 Hz, 3 H, CH3), 0.90 (t, J = 7.4 Hz, 3 H,
6�-H) ppm. 13C NMR (100.4 MHz): δ = 153.1 (s, C=O), 126.7 (d,
C-5), 121.4 (s, C-6), 88.3 (s, C-1�), 80.7 [s, C(CH3)3], 77.6 (s, C-2�),
42.2 (t, C-2), 30.9 (d, C-4), 30.7 (t, C-4�), 29.0 (t, C-3), 28.3 (q, 3
C, CH3 Boc), 22.0 (q, CH3), 21.0 (t, C-5�), 19.1 (t, C-3�), 13.6 (q,
C-6�) ppm. MS (ESI): m/z (%) = 577 [2M + Na]+ (100), 300 [M +
Na]+ (30). MS/MS (ESI of [M + Na]+): m/z (%) = 300 (4), 244
(100).

tert-Butyl (�)-6-(Hex-1-ynyl)-2-methyl-3,4-dihydro-2H-pyridine-1-
carboxylate (8b): Yellow oil (160 mg, 58 %). Rf = 0.18 (n-hexane/
EtOAc, 30:1 + 1% Et3N). 1H NMR (400 MHz): δ = 5.44 (t, J =
3.7 Hz, 1 H, 5-H), 4.56–4.49 (m, 1 H, 2-H), 2.30 (t, J = 7.0 Hz, 2
H, 3�-H), 2.15–2.09 (m, 2 H, 4-H), 1.83–1.73 (m, 1 H, 3-H), 1.62–
1.55 (m, 1 H, 3-H�), 1.49 [s, 9 H, C(CH3)3], 1.55–1.38 (m, 4 H, 4�-
H, 5�-H), 1.11 (d, J = 6.7 Hz, 3 H, CH3), 0.90 (t, J = 7.3 Hz, 3 H,
6�-H) ppm. 13C NMR (100.4 MHz): δ = 153.0 (s, C=O), 119.9 (d,
C-5), 119.8 (s, C-6), 87.6 (s, C-1�), 80.6 [s, C(CH3)3], 78.3 (s, C-2�),
46.8 (d, C-2), 30.7 (t, C-4�), 28.3 (q, 3 C, CH3 Boc), 27.0 (t, C-4),
22.1 (t, C-5�), 19.8 (t, C-3), 19.1 (t, C-3�), 15.9 (q, CH3), 13.6 (q,
C-6�) ppm. MS/MS (ESI of [M + Na]+): m/z (%) = 300 (3), 244
(100).

tert-Butyl (3S)-6-(Hex-1-ynyl)-3-(triisopropylsilanyloxy)-3,4-dihy-
dro-2H-pyridine-1-carboxylate (8c): Yellow oil (279 mg, 64%). Rf =
0.36 (n-hexane/EtOAc, 20:1 + 1 % Et3N). [α]D19 = +37.9 (c = 0.77,
CHCl3). 1H NMR (400 MHz): δ = 5.40 (t, J = 4.0 Hz, 1 H, 5-H),
4.05–3.99 (m, 1 H, 3-H), 3.84 (dd, J = 12.4, 3.0 Hz, 1 H, 2-H), 3.21
(dd, J = 12.4, 8.4 Hz, 1 H, 2-H�), 2.44 (dt, J = 18.9, 5.2 Hz, 1 H,
4-H), 2.31 (t, J = 7.0 Hz, 2 H, 3�-H), 2.08 (ddd, J = 18.9, 6.3,
4.0 Hz, 1 H, 4-H�), 1.53–1.46 (m, 2 H, 4�-H), 1.48 [s, 9 H,
C(CH3)3], 1.44–1.39 (m, 2 H, 5�-H), 1.07–1.04 (m, 21 H, TIPS),
0.90 (t, J = 7.3 Hz, 3 H, 6�-H) ppm. 13C NMR (100.4 MHz): δ =
152.9 (s, C=O), 122.2 (s, C-6), 119.2 (d, C-5), 88.7 (s, C-1�), 80.7
[s, C(CH3)3], 77.3 (s, C-2�), 65.2 (d, C-3), 49.8 (t, C-2), 34.5 (t, C-
4), 30.7 (t, C-4�), 28.1 (q, 3 C, CH3 Boc), 22.0 (t, C-5�), 19.1 (t, C-
3�), 18.0 (q, 6 C, CH3 TIPS), 13.6 (q, C-6�), 12.1 (d, 3 C, CH TIPS)
ppm. MS (ESI): m/z (%) = 909 [2M + K]+ (43), 893 [2M + Na]+

(100), 458 [M + Na]+ (26).

tert-Butyl (3S)-6-(Phenylethynyl)-3-(triisopropylsilanoxy)-3,4-dihy-
dro-2H-pyridine-1-carboxylate (8d): Yellow oil (314 mg, 69%). Rf =
0.13 (n-hexane/EtOAc, 20:1 + 1 % Et3N). [α]D27 = +22.5 (c = 2.03,
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CHCl3). 1H NMR (400 MHz): δ = 7.45–7.32 (m, 2 H, Ph), 7.33–
7.27 (m, 3 H, Ph), 5.60 (t, J = 4.1 Hz, 1 H, 5-H), 4.13–4.08 (m, 1
H, 3-H), 3.87 (dd, J = 12.5, 2.7 Hz, 1 H, 2-H), 3.36 (dd, J = 12.5,
8.0 Hz, 1 H, 2-H�), 2.53 (dt, J = 19.1, 5.3 Hz, 1 H, 4-H), 2.18 (ddd,
J = 19.1, 5.6, 4.1 Hz, 1 H, 4-H�), 1.49 [s, 9 H, C(CH3)3], 1.11–1.02
(m, 21 H, TIPS) ppm. 13C NMR (100.4 MHz): δ = 153.0 (s, C=O),
131.3 (d, 2 C, Ph), 128.3 (d, 2 C, Ph), 128.0 (d, Ph), 123.3 (s, C-6),
122.1 (s, Ph), 120.5 (d, C-5), 87.8 (s, C-1�), 86.3 (s, C-2�), 81.1 [s,
C(CH3)3], 65.1 (d, C-3), 50.0 (t, C-2), 34.7 (t, C-4), 28.2 (q, 3 C,
CH3 Boc), 18.0 (q, 6 C, CH3 TIPS), 12.3 (d, 3 C, CH TIPS) ppm.
MS (ESI): m/z (%) = 933 [2M + Na]+ (100), 478 [M + Na]+ (12),
456 [M + 1]+ (11).

tert-Butyl 6-(Trimethylsilanylethynyl)-3,4-dihydro-2H-pyridine-1-
carboxylate (22a): Colourless oil (229 mg, 82%). Rf = 0.63 (petro-
leum ether/EtOAc, 9:1 + 1% Et3N). 1H NMR (200 MHz): δ = 5.63
(t, J = 4.0 Hz, 1 H, 5-H), 3.57–3.52 (m, 2 H, 2-H), 2.16 (td, J = 6.9,
4.1 Hz, 2 H, 4-H), 1.83–1.71 (m, 2 H, 3-H), 1.52 [s, 9 H, C(CH3)3],
0.19 [s, 9 H, Si(CH3)3] ppm. 13C NMR (50.33 MHz): δ = 153.2 (s,
C=O), 124.0 (s, C-6), 122.5 (d, C-5), 101.9 (s, C-2�), 91.9 (s, C-1�),
81.4 [s, C(CH3)3], 43.2 (t, C-2), 28.3 (q, 3 C, CH3 Boc), 23.7 (t, C-
4), 22.7 (t, C-3), –0.1 [q, 3 C, Si(CH3)3] ppm. MS: m/z (%) = 279
[M]+ (23), 223 (92), 206 (15), 179 (87), 178 (100), 164 (72), 57 (56).

Benzyl 6-(Hex-1-ynyl)-3,4-dihydro-2H-pyridine-1-carboxylate (13a):
Colourless oil (720 mg, 81%). Rf = 0.11 (n-hexane/EtOAc, 20:1 +
1% Et3N). 1H NMR (400 MHz): δ = 7.42–7.27 (m, 5 H), 5.52 (t,
J = 3.9 Hz, 1 H, 3-H), 5.20 (s, 2 H, CH2Ph), 3.65–3.62 (m, 2 H, 6-
H), 2.21–2.13 (m, 4 H, 4-H, 3�-H), 1.82–1.75 (m, 2 H, 5-H), 1.45–
1.31 (m, 4 H, 4�-H, 5�-H), 0.87 (t, J = 7.0 Hz, 3 H, 6�-H) ppm. 13C
NMR (100.4 MHz): δ = 153.9 (s, C=O), 136.4 (s, Ph), 128.3 (d, 2
C, Ph), 127.9 (d, 2 C, Ph), 127.8 (d, Ph), 122.2 (s, C-6), 121.9 (d,
C-5), 89.1 (s, C-1�), 77.1 (s, C-2�), 67.5 (t, CH2Ph), 44.0 (t, C-2),
30.6 (t, C-4�), 23.5 (t, C-4), 22.6 (t, C-3), 22.0 (t, C-5�), 18.9 (t, C-
3�), 13.6 (q, C-6�) ppm. MS (ESI): m/z (%) = 617 [2M + Na]+ (100),
320 [M + Na]+ (12), 298 [M + 1]+ (31).

Benzyl 6-(Phenylethynyl)-3,4-dihydro-2H-pyridine-1-carboxylate
(13b): Pale yellow oil (260 mg, 82%). Rf = 0.21 (n-hexane/EtOAc,
20:1 + 1 % Et3N). 1H NMR (400 MHz): δ = 7.42–7.39 (m, 2 H,
Ph), 7.29–7.23 (m, 8 H, Ph), 5.73 (t, J = 4.1 Hz, 1 H, 5-H), 5.24 (s,
2 H, CH2Ph), 3.73–3.70 (m, 2 H, 2-H), 2.25 (td, J = 6.8, 4.1 Hz, 2
H, 4-H), 1.88–1.83 (m, 2 H, 3-H) ppm. 13C NMR (100.4 MHz): δ
= 153.9 (s, C=O), 136.2 (s, Ph), 131.4 (d, 2 C, Ph), 128.4 (d, 2 C,
Ph), 128.1 (d, 2 C, Ph), 128.04 (d, 2 C, Ph), 128.02 (d, Ph), 127.9
(d, Ph), 123.4 (d, C-5), 123.1 (s, C-6), 122.0 (s, Ph), 88.1 (s, C-1�),
86.1 (s, C-2�), 67.8 (t, CH2Ph), 44.0 (t, C-2), 23.7 (t, C-4), 22.5 (t,
C-3) ppm. MS (ESI): m/z (%) = 657 [2M + Na]+ (100), 318 [M +
1]+ (30).

Benzyl 6-(Triethylsilanylethynyl)-3,4-dihydro-2H-pyridine-1-carb-
oxylate (13c): Colourless oil (709 mg, 82%). Rf = 0.25 (n-hexane/
EtOAc, 20:1 + 1% Et3N). 1H NMR (400 MHz): δ = 7.42–7.40 (m,
2 H, Ph), 7.39–7.28 (m, 3 H, Ph), 5.70 (t, J = 4.1 Hz, 1 H, 5-H),
5.21 (s, 2 H, CH2Ph), 3.65–3.62 (m, 2 H, 2-H), 2.18 (td, J = 6.6,
4.1 Hz, 2 H, 4-H), 1.82–1.72 (m, 2 H, 3-H), 0.96 [t, J = 8.0 Hz, 9
H, Si(CH2CH3)3], 0.57 [q, J = 8.0 Hz, 6 H, Si(CH2CH3)3] ppm. 13C
NMR (100.4 MHz): δ = 153.9 (s, C=O), 136.5 (s, Ph), 128.3 (d, 2
C, Ph), 127.8 (d, 2 C, Ph), 127.7 (d, Ph), 124.5 (s, C-6), 122.0 (d,
C-5), 102.2 (s, C-2�), 90.6 (s, C-1�), 67.3 (t, CH2Ph), 43.8 (t, C-2),
23.6 (t, C-4), 22.5 (t, C-3), 7.4 [q, 3 C, Si(CH2CH3)3], 4.3 [t, 3 C,
Si(CH2CH3)3] ppm. MS (ESI): m/z (%) = 733 [2M + Na]+ (100),
356 [M + 1]+ (30).

tert-Butyl 7-(Hex-1-ynyl)-2,3,4,5-tetrahydroazepine-1-carboxylate
(11a): Colourless oil (194 mg, 70%). Rf = 0.24 (n-hexane/EtOAc,
20:1 + 1% Et3N). 1H NMR (200 MHz): δ = 5.81 (t, J = 6.6 Hz, 1
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H, 6-H), 3.42 (t, J = 5.3 Hz, 2 H, 2-H), 2.28 (t, J = 6.8 Hz, 2 H,
3�-H), 2.19–2.10 (m, 2 H, 5-H), 1.78–1.66 (m, 2 H, 4-H), 1.66–1.35
(m, 6 H, 3-H, 4�-H, 5�-H), 1.46 [s, 9 H, C(CH3)3], 0.89 (t, J =
6.9 Hz, 3 H, 6�-H) ppm. 13C NMR (50.33 MHz): δ = 153.6 (s,
C=O), 131.0 (s, C-7), 127.8 (d, C-6), 87.3 (s, C-2�), 80.0 [s,
C(CH3)3], 78.5 (s, C-1�), 47.2 (t, C-2), 30.7 (t, C-4�), 29.6 (t, C-5),
28.3 [q, 3 C, C(CH3)3], 27.5 (t, C-4), 23.8 (t, C-3), 22.0 (t, C-5�),
19.0 (t, C-3�), 13.5 (q, C-6�) ppm. MS: m/z (%) = 277 [M]+ (4), 221
(61), 179 (68), 162 (65), 148 (57), 135 (87), 57 (100).

tert-Butyl 7-(Phenylethynyl)-2,3,4,5-tetrahydroazepine-1-carboxyl-
ate (11b): Yellow oil (205 mg, 69 %). Rf = 0.21 (n-hexane/EtOAc,
20:1 + 1% Et3N). 1H NMR (200 MHz): δ = 7.44–7.37 (m, 2 H,
Ph), 7.32–7.28 (m, 3 H, Ph), 6.02 (t, J = 6.6 Hz, 1 H, 6-H), 3.54–
3.49 (m, 2 H, 2-H), 2.29–2.20 (m, 2 H, 5-H), 1.83–1.72 (m, 2 H, 4-
H), 1.58–1.45 (m, 2 H, 3-H), 1.48 [s, 9 H, C(CH3)3] ppm. 13C NMR
(50.33 MHz): δ = 153.3 (s, C=O), 132.4 (d, Ph), 131.1 (d, 2 C, Ph),
128.1 (d, 2 C, Ph), 127.8 (d, C-6), 127.3 (s, Ph), 123.0 (s, C-7), 87.5
(s, C-2�), 86.4 (s, C-1�), 80.1 [s, C(CH3)3], 47.2 (t, C-2), 29.4 (t, C-
5), 28.2 [q, 3 C, C(CH3)3], 27.6 (t, C-4), 23.6 (t, C-3) ppm. MS: m/z
(%) = 297 [M]+ (3), 241 (100), 197 (67), 196 (99), 182 (47), 169 (54).

tert-Butyl 7-(Cyclopropylethynyl)-2,3,4,5-tetrahydroazepine-1-carb-
oxylate (11c): Colourless oil (196 mg, 75 %). Rf = 0.30 (n-hexane/
EtOAc, 20:1 + 1% Et3N). 1H NMR (200 MHz): δ = 5.81 (t, J =
6.5 Hz, 1 H, 6-H), 3.44–3.39 (m, 2 H, 2-H), 2.18–2.09 (m, 2 H, 5-
H), 1.77–1.66 (m, 2 H, 4-H), 1.52–1.40 (m, 2 H, 3-H), 1.47 [s, 9 H,
C(CH3)3], 1.37–1.24 (m, 1 H, 3�-H), 0.83–0.64 (m, 4 H, 4�-H) ppm.
13C NMR (50.33 MHz): δ = 153.5 (s, C=O), 131.0 (d, C-6), 127.7
(s, C-7), 90.2 (s, C-2�), 80.0 [s, C(CH3)3], 73.9 (s, C-1�), 47.3 (t, C-
2), 29.6 (t, C-5), 28.4 [q, 3 C, C(CH3)3], 27.5 (t, C-4), 23.8 (t, C-3),
8.2 (t, 2 C, C-4�), –0.1 (d, C-3�) ppm. MS: m/z (%) = 261 [M]+ (10),
205 (100), 204 (41), 160 (44), 57 (43).

tert-Butyl (3S)-6-(Hex-1-ynyl)-3-hydroxy-3,4-dihydro-2H-pyridine-
1-carboxylate (8e): TBAF (1 m solution in THF; 1.94 mL,
1.94 mmol) was slowly added to a solution of 8c (740 mg,
1.7 mmol) in anhydrous THF (82 mL), under a nitrogen atmo-
sphere. After 30 min, the solvent was evaporated under vacuum,
and the residue was dissolved in Et2O (82 mL). The solvent was
evaporated again, and the residue was purified by flash chromatog-
raphy (n-hexane/EtOAc, 2:1 + 1% Et3N; Rf = 0.24) to give pure 8e
(410 mg, 86 %). [α]D22 = –10.6 (c = 0.97, CHCl3). 1H NMR
(400 MHz): δ = 5.40 (t, J = 3.9 Hz, 1 H, 5-H), 4.07–4.02 (m, 1 H,
3-H), 3.56 (AB system, JAB = 12.8 Hz, 1 H, 2-H), 3.54 (AB system,
JAB = 12.8 Hz, 1 H, 2-H�), 2.53 (br. s, 1 H, OH), 2.44 (dt, J = 19.1,
4.3 Hz, 1 H, 4-H), 2.29 (t, J = 7 Hz, 2 H, 3�-H), 2.09 (dt, J = 19.1,
4.7 Hz, 1 H, 4-H�), 1.54–1.45 (m, 2 H, 4�-H), 1.47 [s, 9 H, C(CH3)
3], 1.44–1.36 (m, 2 H, 5�-H), 0.89 (t, J = 7.4 Hz, 3 H, 6�-H) ppm.
13C NMR (100.4 MHz): δ = 153.8 (s, C=O), 122.4 (s, C-6), 118.6
(d, C-5), 88.8 (s, C-1�), 81.2 [s, C(CH3)3], 77.0 (s, C-2�), 64.3 (d, C-
3), 49.2 (t, C-2), 32.8 (t, C-4), 30.6 (t, C-4�), 28.2 (q, 3 C, CH3 Boc),
22.0 (t, C-5�), 19.0 (t, C-3�), 13.6 (q, C-6�) ppm. MS (ESI): m/z (%)
= 597 [2M + K]+ (24), 581 [2M + Na]+ (100), 302 [M + Na]+ (21).

tert-Butyl 6-Ethynyl-3,4-dihydro-2H-pyridine-1-carboxylate (22b):
Prepared as described for 8e, starting from 22a (279 mg, 1.0 mmol),
to give, after purification by flash chromatography (petroleum
ether/EtOAc, 9:1; Rf = 0.50), pure 22b (205 mg, 99%) as a colour-
less oil. 1H NMR (200 MHz): δ = 5.65 (t, J = 4.0 Hz, 1 H, 5-H),
3.59–3.54 (m, 2 H, 2-H), 2.93 (s, 1 H, 2�-H), 2.21–2.12 (m, 2 H, 4-
H), 1.84–1.72 (m, 2 H, 3-H), 1.50 [s, 9 H, C(CH3)3] ppm. 13C NMR
(50.33 MHz): δ = 152.9 (s, C=O), 123.8 (s, C-6), 121.5 (d, C-5),
81.5 (s, C-1�), 80.6 [s, C(CH3)3], 75.9 (d, C-2�), 43.4 (t, C-2), 28.3
(q, 3 C, CH3 Boc), 23.6 (t, C-4), 22.5 (t, C-3) ppm. MS: m/z (%) =
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207 [M]+ (22), 151 (65), 134 (29), 107 (81), 106 (71), 92 (41), 79
(12), 57 (100), 41 (26).

tert-Butyl (3R)-3-Azido-6-(hex-1-ynyl)-3,4-dihydro-2H-pyridine-1-
carboxylate (8f): Compound 8e (280 mg, 1.00 mmol) and triethyl-
amine (180 μL, 1.3 mmol) were dissolved in anhydrous CH2Cl2
(1.44 mL), and the solution was cooled to –30 °C. MsCl (103 μL,
1.3 mmol) was added dropwise. After 5 min, the cooling bath was
removed, and the reaction mixture was stirred for 2 h at room tem-
perature. Then KHSO4 (5% aq.; 6 mL) was added dropwise, and
after 10 min, the mixture was extracted with CH2Cl2 (3 � 5 mL).
The combined organic layers were washed with water (3 � 10 mL),
dried with Na2SO4, and filtered, and the solvent was evaporated.
The residue was purified by flash chromatography (n-hexane/
EtOAc, 4:1 + 1% Et3N; Rf = 0.20) to give the mesylate (307 mg,
86%) as a pale yellow oil. 1H NMR (400 MHz): δ = 5.36 (t, J =
3.9 Hz, 1 H, 5-H), 5.01–4.98 (m, 1 H, 3-H), 4.06 (dd, J = 13.7,
5.9 Hz, 1 H, 2-H), 3.43 (dd, J = 13.7, 1.9 Hz, 1 H, 2-H�), 2.99 (s,
3 H, CH3 Ms), 2.56 (dm, J = 19.9 Hz, 1 H, 4-H), 2.38 (dm, J =
19.9 Hz, 1 H, 4-H�), 2.28 (t, J = 7.0 Hz, 2 H, 3�-H), 1.52–1.43 (m,
2 H, 4�-H), 1.46 [s, 9 H, C(CH3)3], 1.42–1.36 (m, 2 H, 5�-H), 0.87
(t, J = 7.0 Hz, 3 H, 6�-H) ppm.

The intermediate mesylate (301 mg, 0.84 mmol) was dissolved in
anhydrous CH3CN (2 mL), and 15-crown-5 (34 μL, 0.17 mmol)
and NaN3 (82 mg, 1.26 mmol) were added under a nitrogen atmo-
sphere. The mixture was heated at reflux for 6 h, and then stirred
at room temperature for a further 12 h. The mixture was filtered
through a pad of silica/Celite (1:1), and the filtrate was concen-
trated under vacuum. The residue was purified by flash chromatog-
raphy (n-hexane/EtOAc, 30:1 + 1% Et3N; Rf = 0.14) to give pure
8f (120 mg, 47%) as a pale yellow oil. [α]D21 = –21.0 (c = 1.16,
CHCl3). 1H NMR (400 MHz): δ = 5.37 (t, J = 3.9 Hz, 1 H, 5-H),
3.80–3.74 (m, 1 H, 3-H), 3.66–3.57 (m, 2 H, 2-H), 2.47 (ddd, J =
19.5, 6.2, 3.9 Hz, 1 H, 4-H), 2.86 (t, J = 7 Hz, 2 H, 3�-H), 2.15 (dt,
J = 19.5, 4.7 Hz, 1 H, 4-H�), 1.53–1.44 (m, 2 H, 4�-H), 1.48 [s, 9
H, C(CH3)3], 1.43–1.35 (m, 2 H, 5�-H), 0.88 (t, J = 7.0 Hz, 3 H,
6�-H) ppm. 13C NMR (100.4 MHz): δ = 153.0 (s, C=O), 122.9 (s,
C-6), 117.2 (d, C-5), 89.2 (s, C-1�), 81.4 [s, C(CH3)3], 76.7 (s, C-2�),
54.4 (d, C-3), 46.3 (t, C-2), 30.5 (t, C-4), 29.4 (t, C-4�), 28.1 (q, 3
C, CH3 Boc), 21.9 (t, C-5�), 18.9 (t, C-3�), 13.5 (q, C-6�) ppm. MS
(ESI): m/z (%) = 631 [2M + Na]+ (100), 343 [M + K]+ (8), 327 [M
+ Na]+ (35).

Gold-Catalysed Rearrangement and Hydrolysis Procedure: A vol-
ume of the enyne solution containing 1 mmol of substrate was con-
centrated and dried under vacuum (no heating) for 30 min, and
then the enyne was dissolved in anhydrous toluene (5 mL).
Ph3PAuCl (0.005 mmol) was dissolved in anhydrous toluene (5 mL)
in a two-necked round-bottomed flask, and then Cu(OTf)2

(0.05 mmol) was added to this solution under a nitrogen atmo-
sphere. After 15 min, the solution of the enyne was added, and the
resulting mixture was heated at reflux until the starting material
had disappeared (TLC, usually 30 min.). The mixture was cooled
to 85 °C (external), and tert-butyl alcohol (10 mL) was added, fol-
lowed by powdered KOH (6 mmol). The mixture was heated at
85 °C until the reaction was complete (TLC, usually 15 min.). The
mixture was then cooled to room temp., water (15 mL) was added,
and the mixture was extracted with EtOAc (3 � 10 mL). The com-
bined organic extracts were washed once with brine (15 mL), dried
with anhydrous Na2SO4, and filtered, and the solvent was evapo-
rated. The crude vinylogous amide (12a–12e, 12g–12i) was purified
by flash chromatography to give the pure compound.

(�)-1-(4-Methylpiperidin-2-ylidene)hexan-2-one (12a): Pale yellow
solid (133 mg, 68%). Rf = = 0.23 (n-hexane/EtOAc, 7:1). Mp 52.6–
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54.1 °C. 1H NMR (400 MHz): δ = 11.09 (br. s, 1 H, NH), 4.81 (s,
1 H, 1�-H), 3.39–3.34 (m, 1 H, 6-H), 3.28–3.21 (m, 1 H, 6�-H),
2.33–2.79 (m, 1 H, 3-H�), 2.15 (t, J = 7.4 Hz, 2 H, 3�-H), 1.98 (dd,
J = 17.1, 10.5 Hz, 1 H, 3-H�), 1.82–1.73 (m, 2 H, 4-H, 5-H�), 1.55–
1.48 (m, 2 H, 4�-H), 1.40–1.24 (m, 3 H, 5-H, 5�-H), 0.96 (d, J =
6.3 Hz, 3 H, CH3), 0.85 (t, J = 7.0 Hz, 3 H, 6�-H) ppm. 13C NMR
(100.4 MHz): δ = 197.4 (s, C-2�), 163.6 (s, C-2), 92.8 (d, C-1�), 41.5
(t, C-6), 40.7 (t, C-3�), 36.7 (d, C-4), 30.1 (t, C-5), 28.5 (t, C-3),
25.8 (t, C-4�), 22.6 (t, C-5�), 21.2 (q, CH3), 13.8 (q, C-6�) ppm. IR
(KBr): ν̃ = 1611 (CO), 1572 (C=C) cm–1. MS (ESI): m/z (%) = 413
[2M + Na]+ (100), 196 [M + 1]+ (44). MS/MS (ESI of [M + 1]+):
m/z (%) = 178 (5), 112 (100). C12H21NO (195.30): calcd. C 73.80,
H 10.84, N 7.17; found C 73.75, H 10.97, N 7.30.

(�)-1-(6-Methylpiperidin-2-ylidene)hexan-2-one (12b): Orange oil
(111 mg, 57 %). Rf = 0.13 (n-hexane/EtOAc, 7:1). 1H NMR
(400 MHz): δ = 11.06 (br. s, 1 H, NH), 4.81 (s, 1 H, 1�-H), 3.45–
3.37 (m, 1 H, 6-H), 2.31–2.26 (m, 2 H, 3-H), 2.17 (t, J = 7.5 Hz, 2
H, 3�-H), 1.91–1.84 (m, 1 H, 5-H), 1.80–1.72 (m, 1 H, 4-H), 1.63–
1.49 (m, 3 H, 4-H�, 4�-H), 1.36–1.24 (m, 3 H, 5-H�, 5�-H), 1.20 (d,
J = 6.5 Hz, 3 H, CH3), 0.86 (t, J = 7.4 Hz, 3 H, 6�-H) ppm. 13C
NMR (100.4 MHz): δ = 197.3 (s, C-2�), 163.6 (s, C-2), 92.5 (d, C-
1�), 47.3 (d, C-6), 41.5 (t, C-3�), 30.6 (t, C-5), 28.3 (t, C-3), 28.1 (t,
C-4�), 22.6 (t, C-5�), 22.5 (t, C-4), 18.9 (q, CH3), 13.9 (q, C-6�)
ppm. MS (ESI): m/z (%) = 413 [2M + Na]+ (100), 218 [M + Na]+

(17), 196 [M + 1]+ (65). MS/MS (ESI of [M + 1]+): m/z (%) = 111
(100), 94 (3). C12H21NO (195.30): calcd. C 73.80, H 10.84, N 7.17;
found C 73.61, H 10.93, N 7.14.

(5S)-1-(5-Triisopropylsilanyloxypiperidin-2-ylidene)hexan-2-one
(12c): Yellow oil (219 mg, 62 %). Rf = 0.24 (n-hexane/EtOAc, 10:1).
[α]D20 = –25.4 (c = 0.98, CHCl3). 1H NMR (400 MHz): δ = 11.02
(br. s, 1 H, NH), 4.99 (br. s, 1 H, 1�-H), 4.17–4.12 (m, 1 H, 5-H),
3.48 (dd, J = 13.2, 4.0 Hz, 1 H, 6-H), 3.21 (dd, J = 13.2, 5.8 Hz, 1
H, 6-H�), 2.64 (ddd, J = 17.5, 7.8, 5.9 Hz, 1 H, 3-H), 2.31 (ddd, J
= 17.5, 7.1, 5.9 Hz, 1 H, 3-H�), 2.21–2.18 (m, 2 H, 3�-H), 1.91–1.84
(m, 1 H, 4-H), 1.80–1.71 (m, 1 H, 4-H�), 1.57–1.55 (m, 2 H, 4�-H),
1.37–1.25 (m, 2 H, 5�-H), 1.10–0.96 (m, 21 H, TIPS), 0.88 (t, J =
7.4 Hz, 3 H, 6�-H) ppm. 13C NMR (100.4 MHz): δ = 197.9 (s, C-
2�), 163.0 (s, C-2), 93.1 (d, C-1�), 64.7 (d, C-5), 48.3 (t, C-6), 41.6
(t, C-3�), 28.4 (t, C-4�), 28.3 (t, C-3), 25.4 (t, C-4), 22.6 (t, C-5�),
17.9 (q, 6 C, CH3 TIPS), 13.9 (q, C-6�), 12.1 (d, 3 C, CH TIPS)
ppm. IR (neat): ν̃ = 1610 (CO), 1574 (C=C) cm–1. MS (ESI): m/z
(%) = 729 [2M + Na]+ (69), 707 [2M + 1]+ (14), 706 [2M]+ (33),
354 [M + 1]+ (100). MS/MS (ESI of [M+ + 1]): m/z (%) = 354 (4),
270 (5), 180 (100), 162 (9). C20H39NO2Si (353.61): calcd. C 67.93,
H 11.12, N 3.96; found C 67.63, H 11.21, N 3.77.

(5S)-1-Phenyl-2-(5-triisopropylsilanoxypiperidin-2-ylidene)ethanone
(12d): Yellow oil (119 mg, 63 %). Rf = 0.10 (n-hexane/EtOAc, 10:1).
[α]D24 = –12.3 (c = 1.49, CHCl3). 1H NMR (400 MHz): δ = 11.61
(br. s, 1 H, NH), 7.85–7.83 (m, 2 H, Ph), 7.40–7.35 (m, 3 H, Ph),
5.62 (s, 1 H, 1�-H), 4.23–4.20 (m, 1 H, 5-H), 3.56 (dt, J = 13.3,
2.9 Hz, 1 H, 6-H), 3.30 (ddd, J = 13.3, 5.3, 2.0 Hz, 1 H, 6-H�), 2.80
(ddd, J = 17.4, 8.0, 6.1 Hz, 1 H, 4-H), 2.45 (dt, J = 17.4, 6.2 Hz, 1
H, 4-H�), 1.95–1.89 (m, 1 H, 3-H), 1.88–1.81 (m, 1 H, 3-H�), 1.12–
1.04 (m, 21 H, TIPS) ppm. 13C NMR (100.4 MHz): δ = 187.2 (s,
C-2�), 165.0 (s, C-2), 140.5 (s, Ph), 130.2 (d, Ph), 128.1 (d, 2 C, Ph),
126.8 (d, 2 C, Ph), 90.1 (d, C-1�), 64.6 (d, C-5), 48.6 (t, C-6), 28.3
(t, C-3), 25.9 (t, C-4), 18.0 (q, 6 C, CH3 TIPS), 12.2 (d, 3 C, CH
TIPS) ppm. IR (CHCl3): ν̃ = 1604 (CO), 1538 (C=C) cm–1. MS
(ESI): m/z (%) = 769 [2M + Na]+ (100), 746 [2M]+ (72), 374 [M +
1]+ (66). C22H35NO2Si (373.60): calcd. C 70.73, H 9.44, N 3.75;
found C 70.59, H 9.72, N 3.91.

(5S)-1-(5-Hydroxypiperidin-2-ylidene)hexan-2-one (12e): Yellow oil
(128 mg, 65 %). Rf = 0.19 (n-hexane/EtOAc, 3:1). [α]D23 = –16.5 (c
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= 1.34, CHCl3). 1H NMR (400 MHz): δ = 10.95 (br. s, 1 H, NH),
4.89 (s, 1 H, 1�-H), 4.29 (br. s, 1 H, OH), 4.08–4.02 (m, 1 H, 5-H),
3.44 (br. d, J = 13.3 Hz, 1 H, 6-H), 3.17 (dd, J = 13.3, 5.5 Hz, 1
H, 6-H�), 2.57 (ddd, J = 17.5, 7.4, 5.8 Hz, 1 H, 3-H), 2.30 (dt, J =
17.5, 6.6 Hz, 1 H, 3-H�), 2.13 (t, J = 7.8 Hz, 2 H, 3�-H), 1.89–1.83
(m, 1 H, 4-H), 1.76–1.69 (m, 1 H, 4-H�), 1.53–1.45 (m, 2 H, 4�-H),
1.32–1.22 (m, 2 H, 5�-H), 0.85 (t, J = 7.4 Hz, 3 H, 6�-H) ppm. 13C
NMR (100.4 MHz): δ = 197.5 (s, C-2�), 163.8 (s, C-2), 92.8 (d, C-
1�), 63.3 (d, C-5), 47.6 (t, C-6), 41.5 (t, C-3�), 28.6 (t, C-3), 27.2 (t,
C-4�), 25.4 (t, C-4), 22.5 (t, C-5�), 13.8 (q, C-6�) ppm. IR (neat): ν̃
= 3346 (br., OH), 1607 (CO), 1548 (C=C) cm–1. MS (ESI): m/z (%)
= 417 [2M + Na]+ (100), 220 [M + Na]+ (14), 198 [M + 1]+ (17).
MS/MS (ESI of [M + 1]+): m/z (%) = 198 (22), 180 (100), 162 (34),
113 (58), 95 (21). C11H19NO2 (197.27): calcd. C 66.97, H 9.71, N
7.10; found C 67.37, H 10.00, N 7.03.

1-Azepan-2-ylidenehexan-2-one (12g): Colourless oil (142 mg,
73 %). Rf = 0.25 (n-hexane/EtOAc, 3:1). 1H NMR (200 MHz): δ =
11.0 (br. s, 1 H, NH), 4.96 (s, 1 H, 1�-H), 3.36–3.28 (m, 2 H, 7-H),
2.32–2.19 (m, 4 H, 3-H, 3�-H), 1.68–1.28 (m, 10 H, 4-H, 5-H, 6-
H, 4�-H, 5�-H), 0.90 (t, J = 7.2 Hz, 3 H, 6�-H) ppm. 13C NMR
(50.33 MHz): δ = 198.7 (s, C-2�), 169.6 (s, C-2), 93.6 (d, C-1�), 44.2
(t, C-7), 41.9 (t, C-3�), 34.9 (t, C-3), 30.6 (t, C-6), 29.5 (t, C-5), 28.5
(t, C-4�), 26.0 (t, C-4), 22.7 (t, C-5�), 14.0 (q, C-6�) ppm. MS: m/z
(%) = 195 [M]+ (23), 138 (100), 111 (35). C12H21NO (195.30): calcd.
C 73.80, H 10.84, N 7.17; found C 74.01, H 10.90, N 7.03.

2-Azepan-2-ylidene-1-phenylethanone (12h): Yellow oil (140 mg,
65%). Rf = 0.22 (n-hexane/EtOAc, 3:1). 1H NMR (200 MHz): δ =
11.54 (br. s, 1 H, NH), 7.90–7.82 (m, 2 H, Ph), 7.42–7.35 (m, 3 H,
Ph), 5.67 (s, 1 H, 1�-H), 3.45–3.37 (m, 2 H, 7-H), 2.47–2.42 (m,
2 H, 3-H), 1.80–1.60 (m, 6 H, 4-H, 5-H, 6-H) ppm. 13C NMR
(50.33 MHz): δ = 188.1 (s, C-2�), 171.3 (s, C-2), 140.6 (s, Ph), 130.3
(d, Ph), 128.0 (d, 2 C, Ph), 126.8 (d, 2 C, Ph), 91.0 (d, C-1�), 44.4
(t, C-7), 35.3 (t, C-3), 30.5 (t, C-6), 29.3 (t, C-5), 25.8 (t, C-4) ppm.
MS: m/z (%) = 215 [M]+ (81), 214 (100), 186 (22), 105 (24).
C14H17NO (215.29): calcd. C 78.10, H 7.96, N 6.51; found C 77.92,
H 7.90, N 6.24.

2-Azepan-2-ylidene-1-cyclopropylethanone (12i): Colourless oil
(108 mg, 60%). Rf = 0.31 (n-hexane/EtOAc, 3:1). 1H NMR
(200 MHz): δ = 10.89 (br. s, 1 H, NH), 5.12 (s, 1 H, 1�-H), 3.34–
3.26 (m, 2 H, 7-H), 2.34–2.29 (m, 2 H, 3-H), 1.78–1.54 (m, 7 H, 4-
H, 5-H, 6-H, 3�-H), 0.99–0.90 (m, 2 H, 4�-H), 0.82–0.66 (m, 2 H,
4�-H�) ppm. 13C NMR (50.33 MHz): δ = 197.1 (s, C-2�), 168.7 (s,
C-2), 93.6 (d, C-1�), 44.2 (t, C-7), 35.0 (t, C-3), 30.6 (t, C-6), 29.5
(t, C-5), 26.0 (t, C-4), 19.8 (d, C-3�), 8.61 (t, 2 C, C-4�) ppm. MS:
m/z (%) = 179 [M]+ (80), 138 (100). C11H17NO (179.26): calcd. C
73.70, H 9.56, N 7.81; found C 73.44, H 9.82, N 8.05.

1-(1,4,5,6-Tetrahydropyridin-2yl)ethanone (23):[44] Pale yellow oil
(22 mg, 35%). 1H NMR (200 MHz; 2:1 mixture of isomers A and
B): δ = 5.61 (t, J = 4.4 Hz, 1 H, 2-H, A), 4.19 (br. s, 1 H, NH, A),
3.84–3.79 (m, 2 H, 5-H, B), 3.14 (t, J = 5.3 Hz, 2 H, 5-H, A), 2.38–
2.31 (m, 2 H, 2-H, B), 2.33 (s, 3 H, CH3, B), 2.31–2.20 (m, 2 H, 3-
H, A), 2.26 (s, 3 H, CH3, A), 1.85–1.73 (m, 2 H, 4-H, A), 1.73–
1.54 (m, 4 H, 3-H, 4-H, B) ppm.

(5R)-1-(5-Azidopiperidin-2-ylidene)hexan-2-one (12f): A volume of
the enyne solution containing 1 mmol of substrate was concen-
trated and dried under vacuum (no heating) for 30 min, and then
the enyne was dissolved in anhydrous toluene (5 mL). Separate
solutions in anhydrous toluene of AgOTf (0.2 m) and of Ph3PAuCl
(4 mm) were prepared. The AgOTf solution (100 μL, 0.02 mmol)
was added at room temp. to the Ph3PAuCl solution (5 mL,
0.02 mmol) while stirring under a nitrogen atmosphere, and a white
precipitate immediately formed. The solution of enyne 8f
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(1.0 mmol) in anhydrous toluene (5 mL) was then added, and the
resulting mixture was heated at reflux until the starting material
had disappeared (TLC, 30 min). The mixture was cooled to 85 °C
(external), and tert-butyl alcohol (10 mL) was added, followed by
powdered KOH (6 mmol). The mixture heated at 85 °C until the
reaction was complete (TLC, 10 min.). The mixture was cooled to
room temperature, then water (15 mL) was added, and the mixture
was extracted with EtOAc (3 � 10 mL). The combined organic ex-
tracts were washed once with brine (15 mL), dried with anhydrous
Na2SO4, and filtered, and the solvent was evaporated. The residue
was purified by flash chromatography (n-hexane/EtOAc, 3:1; Rf =
0.24) to give pure vinylogous amide 12f (142 mg, 64%) as a colour-
less oil. [α]D23 = –11.5 (c = 0.92, CHCl3). 1H NMR (400 MHz): δ =
10.99 (br. s, 1 H, NH), 4.93 (s, 1 H, 1�-H), 3.89–3.83 (m, 1 H, 5-
H), 3.49 (ddd, J = 13.3, 4.7, 2.3 Hz, 1 H, 6-H), 3.23 (ddd, J = 13.3,
6.2, 1.9 Hz, 1 H, 6-H�), 2.55 (ddd, J = 17.6, 7.8, 5.9 Hz, 1 H, 3-H),
2.36 (ddd, J = 17.6, 7.4, 6.3 Hz, 1 H, 3-H�), 2.22–2.18 (m, 2 H, 3�-
H), 2.03–1.95 (m, 1 H, 4-H), 1.85–1.76 (m, 1 H, 4-H�), 1.57–1.50
(m, 2 H, 4�-H), 1.35–1.28 (m, 2 H, 5�-H), 0.88 (t, J = 7.4 Hz, 3 H,
6�-H) ppm. 13C NMR (100.4 MHz): δ = 198.5 (s, C-2�), 161.4 (s,
C-2), 93.5 (d, C-1�), 54.4 (d, C-5), 44.5 (t, C-6), 41.7 (t, C-3�), 28.3
(t, C-3), 25.4 (t, C-4), 24.6 (t, C-4�), 22.6 (t, C-5�), 13.9 (q, C-6�)
ppm. IR (neat): ν̃ = 2106 (N3), 1614 (CO), 1574 (C=C) cm–1. MS
(ESI): m/z (%) = 467 [2M + Na]+ (100), 245 [M + Na]+ (38), 223
[M + 1]+ (18). MS/MS (ESI of [M + 1]+): m/z (%) = 166 (94), 110
(32), 93 (100), 81 (93). C11H18N4O (222.29): calcd. C 59.44, H 8.16,
N 25.20; found C 59.83, H 7.82, N 24.98.

Benzyl 2-(Hex-1-ynyl)piperidine-1-carboxylate (16a): Enyne 13a
(217 mg, 0.73 mmol) was dissolved in anhydrous CH2Cl2 (36 mL),
and NaBH3CN (275 mg, 4.37 mmol) was added. The mixture was
vigorously stirred at r.t. for 20 min, and then it was cooled to
–50 °C. A solution of TFA (561 μL, 7.28 mmol) in anhydrous
CH2Cl2 (4.9 mL) was added dropwise, keeping the temperature
constant during the addition. The mixture was then warmed to
–20 °C, and then stirred at that temperature until the reaction was
complete (TLC; 2–3 h). The reaction was then quenched by ad-
dition of satd. aq. NaHCO3 (40 mL). The phases were separated,
and the aqueous phase was extracted with CH2Cl2 (2� 20 mL).
The combined organic extracts were washed once with satd. aq.
NaHCO3 (40 mL), dried with anhydrous Na2SO4, and filtered, and
the solvent was evaporated. The residue was purified by flash
chromatography (n-hexane/EtOAc, 20:1; Rf = 0.11) to give pure
16a (129 mg, 59%) as a colourless oil. 1H NMR (400 MHz): δ =
7.36–7.28 (m, 5 H, Ph), 5.18–5.08 (m, 1 H, 2-H), 5.14 (s, 2 H,
CH2Ph), 3.98 (br. d, J = 12.5 Hz, 1 H, 6-H), 3.11 (br. t, J = 12.3 Hz,
1 H, 6-H�), 2.19 (td, J = 6.8, 2.0 Hz, 2 H, 3�-H), 1.81–1.56 (m, 5
H, 3-H, 4-H, 5-H), 1.51–1.36 (m, 5 H, 4�-H, 5�-H, 5-H�), 0.91 (t, J
= 7.2 Hz, 3 H, 6�-H) ppm. 13C NMR (100.4 MHz): δ = 155.1 (s,
C=O), 136.9 (s, Ph), 128.4 (d, 2 C, Ph), 127.9 (d, 2 C, Ph), 127.7
(d, Ph), 84.8 (s, C-1�), 77.7 (s, C-2�), 67.1 (t, CH2Ph), 44.6 (t, C-6),
40.5 (d, C-2), 31.0 (t, C-3), 30.9 (t, C-4�), 25.4 (t, C-5), 21.9 (t, C-
5�), 19.9 (t, C-4), 18.3 (t, C-3�), 13.6 (q, C-6�) ppm. MS (ESI): m/z
(%) = 621 [2M + Na]+ (100), 322 [M + Na]+ (17), 300 [M + 1]+

(4). C19H25NO2 (299.41): calcd. C 76.22, H 8.42, N 4.68; found C
76.33, H 8.82, N 4.40.

Benzyl 2-(Phenylethynyl)piperidine-1-carboxylate (16b): Prepared as
described for 16a, starting from 13b (151 mg, 0.47 mmol), to give,
after purification by flash chromatography (n-hexane/EtOAc, 20:1;
Rf = 0.21), pure 16b (93 mg, 62 %) as a pale yellow oil. 1H NMR
(400 MHz): δ = 7.43–7.29 (m, 10 H, Ph), 5.38 (br. s, 1 H, 2-H),
5.17 (s, 2 H, CH2Ph), 4.05 (br. d, J = 12.3 Hz, 1 H, 6-H), 3.21 (br.
t, J = 11.9 Hz, 1 H, 6-H�), 1.90–1.83 (m, 2 H, 3-H), 1.77–1.67
(m, 3 H, 5-H, 4-H), 1.51–1.42 (m, 1 H, 5-H�) ppm. 13C NMR
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(100.4 MHz): δ = 155.0 (s, C=O), 136.7 (s, Cbz), 131.7 (d, 2 C, Ph),
128.5 (d, Ph), 128.2 (d, 2 C, Ph), 128.1 (d, 2 C, Cbz), 127.9 (d, 2
C, Cbz), 127.7 (d, Cbz), 122.9 (s, Ph), 84.4 (s, C-1�), 77.2 (s, C-2�),
67.2 (t, CH2Ph), 45.0 (t, C-6), 40.7 (d, C-2), 30.8 (t, C-3), 25.3 (t,
C-5), 20.0 (t, C-4) ppm. MS (ESI): m/z (%) = 661 [2M + Na]+

(100), 342 [M + Na]+ (10), 320 [M + 1]+ (3). C21H21NO2 (319.40):
calcd. C 78.97, H 6.63, N 4.39; found C 78.79, H 6.41, N 4.84.

Benzyl 2-(Triethylsilanylethynyl)piperidine-1-carboxylate (16c): Pre-
pared as described for 16a, starting from 13c (702 mg, 1.97 mmol),
to give, after purification by flash chromatography (n-hexane/
EtOAc, 20:1; Rf = 0.31), pure 16c (383 mg, 54%) as a colourless
oil. 1H NMR (400 MHz): δ = 7.36–7.28 (m, 5 H, Ph), 5.25–5.09
(m, 1 H, 2-H), 5.14 (s, 2 H, CH2Ph), 4.01 (br. d, J = 11.3 Hz, 1 H,
6-H), 3.20–3.05 (br. m, 1 H, 6-H�), 1.90–1.74 (m, 2 H, 3-H), 1.70–
1.60 (m, 3 H, 5-H, 4-H), 1.48–1.33 (m, 1 H, 5-H�), 0.97 [t, J =
7.8 Hz, 9 H, Si(CH2CH3)3], 0.59 [q, J = 7.8 Hz, 6 H, Si-
(CH2CH3)3] ppm. 13C NMR (100.4 MHz): δ = 155.0 (s, C=O),
136.8 (s, Ph), 128.4 (d, 2 C, Ph), 127.9 (d, 2 C, Ph), 127.6 (d, Ph),
104.8 (s, C-2�), 86.3 (s, C-1�), 67.1 (t, CH2Ph), 45.2 (t, C-6), 40.5
(d, C-2), 30.7 (t, C-3), 25.3 (t, C-5), 19.8 (t, C-4), 7.4 [q, 3 C,
Si(CH2CH3)3], 4.4 [t, 3 C, Si(CH2CH3)3] ppm. MS (ESI): m/z (%)
= 737 [2M + Na]+ (100), 380 [M + Na]+ (10), 358 [M + 1]+ (3).
C21H31NO2Si (357.56): calcd. C 70.54, H 8.74, N 3.92; found C
70.24, H 8.46, N 4.24.

Benzyl 2-Ethynylpiperidine-1-carboxylate (16d): Prepared as de-
scribed for 8e, starting from 16c (341 mg, 0.95 mg), to give, after
purification by flash chromatography (n-hexane/EtOAc, 20:1; Rf =
0.18), pure 16d (207 mg, 89%) as a colourless oil. 1H NMR
(400 MHz): δ = 7.39–7.29 (m, 5 H, Ph), 5.18–5.12 (m, 1 H, 2-H),
5.15 (s, 2 H, CH2Ph), 4.03 (br. d, J = 11.7 Hz, 1 H, 6-H), 3.12 (br.
t, J = 12.3 Hz, 1 H, 6-H�), 2.30 (d, J = 2.3 Hz, 1 H, 2�-H), 1.83–
1.74 (m, 2 H, 3-H), 1.71–1.65 (m, 3 H, 5-H, 4-H), 1.46–1.35 (m, 1
H, 5-H�) ppm. 13C NMR (100.4 MHz): δ = 155.0 (s, C=O), 136.6
(s, Ph), 128.4 (d, 2 C, Ph), 127.9 (d, 2 C, Ph), 127.8 (d, Ph), 81.6
(s, C-1�), 72.3 (d, C-2�), 67.2 (t, CH2Ph), 44.2 (t, C-6), 40.5 (d, C-
2), 30.3 (t, C-3), 25.1 (t, C-5), 19.7 (t, C-4) ppm. MS (ESI): m/z
(%) = 509 [2M + Na]+ (100), 266 [M + Na]+ (37), 244 [M + 1]+

(7). C15H17NO2 (243.30): calcd. C 74.05, H 7.04, N 5.76; found C
73.79, H 7.41, N 5.84.

3-Butyl-5,6,7,8-tetrahydro-4aH-pyrido[1,2-c][1,3]oxazin-1-one (18a):
Ph3PAuCl (5.4 mg, 0.011 mmol) was dissolved in toluene (1.8 mL)
in a two-necked round-bottomed flask, and Cu(OTf)2 (20 mg,
0.055 mmol) was added under a nitrogen atmosphere. A solution
of alkyne 16a (108 mg, 0.36 mmol) in toluene (1.8 mL) was added,
and the resulting mixture was heated at reflux until the starting
material had disappeared (TLC, 1.5–2 h). The mixture was cooled,
then water (5 mL) was added, and the mixture was extracted with
EtOAc (3 � 5 mL). The combined organic extracts were washed
once with brine (5 mL), dried with anhydrous Na2SO4, and filtered,
and the solvent was evaporated. The residue was purified by flash
chromatography (n-hexane/EtOAc, 5:1; Rf = 0.23) to give pure 18a
(63 mg, 83%) as a colourless oil. 1H NMR (400 MHz): δ = 4.64 (d,
J = 2.8 Hz, 1 H, 4-H), 4.43 (dd, J = 13.2, 1.6 Hz, 1 H, 8-H), 3.78
(d, J = 11.2 Hz, 1 H, 4a-H), 2.67 (td, J = 12.8, 2.8 Hz, 1 H, 8-H�),
2.07 (t, J = 7.6 Hz, 2 H, 1�-H), 1.89–1.85 (m, 1 H, 7-H), 1.75–1.72
(m, 2 H, 6-H, 7-H�), 1.58–1.41 (m, 4 H, 5-H, 6-H�, 2�-H), 1.39–
1.27 (m, 3 H, 5-H�, 3�-H), 0.89 (t, J = 7.2 Hz, 3 H, 4�-H) ppm. 13C
NMR (100.4 MHz): δ = 150.2 (s, C-1), 150.0 (s, C-3), 98.6 (d, C-
4), 55.0 (d, C-4a), 45.1 (t, C-8), 34.2 (t, C-5), 32.0 (t, C-1�), 28.0 (t,
C-2�), 25.0 (t, C-7), 24.2 (t, C-6), 22.0 (t, C-3�), 13.7 (q, C-4�) ppm.
MS (ESI): m/z (%) = 441 [2M + Na]+ (100), 419 [2M + 1]+ (25),
210 [M + 1]+ (9). C12H19NO2 (209.28): calcd. C 68.87, H 9.15, N
6.69; found C 69.05, H 9.13, N 6.54.
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3-Phenyl-5,6,7,8-tetrahydro-4aH-pyrido[1,2-c][1,3]oxazin-1-one
(18b):[40] Prepared as described for 18a, starting from 16b (90 mg,
0.28 mmol), to give, after purification by flash chromatography (n-
hexane/EtOAc, 5:1; Rf = 0.19), pure 18b (48 mg, 75 %) as a colour-
less oil. 1H NMR (400 MHz): δ = 7.63–7.61 (m, 2 H, Ph), 7.39–
7.32 (m, 3 H, Ph), 5.42 (d, J = 3.2 Hz, 1 H, 4-H), 4.50 (d, J =
13.6 Hz, 1 H, 8-H), 3.99 (d, J = 10.4 Hz, 1 H, 4a-H), 2.76 (td, J =
12.5, 2.9 Hz, 1 H, 8-H�), 1.95–1.92 (m, 1 H, 6-H), 1.83–1.80 (m, 1
H, 5-H), 1.75–1.72 (m, 1 H, 7-H), 1.64–1.46 (m, 3 H, 5-H�, 6-H�,
7-H�) ppm. 13C NMR (100.4 MHz): δ = 149.6 (s, C-1), 147.3 (s, C-
3), 131.8 (s, Ph), 129.2 (d, Ph), 128.4 (d, 2 C, Ph), 124.5 (d, 2 C,
Ph), 98.7 (d, C-4), 55.3 (d, C-4a), 45.2 (t, C-8), 33.9 (t, C-5), 25.0
(t, C-7), 24.2 (t, C-6) ppm. MS (ESI): m/z (%) = 481 [2M + Na]+

(100), 459 [2M + 1]+ (36), 230 [M + 1]+ (32).

1-(Piperidin-2-yl)hexan-2-one (19a): Compound 18a (60 mg,
0.29 mmol) was dissolved in toluene (2.9 mL). tert-Butanol
(2.9 mL) was added, followed by powdered KOH (65 mg,
1.16 mmol). The mixture was heated at 85 °C (external) for 45 min.
The mixture was then cooled to r.t., and water (6 mL) was added.
The mixture was extracted with EtOAc (3 � 6 mL). The combined
organic extracts were dried with anhydrous Na2SO4 and filtered,
and the solvent was evaporated under vacuum (caution! The prod-
uct is volatile!). The residue was purified by flash chromatography
(EtOAc/MeOH, 1:1; Rf = 0.13). The fractions were concentrated
to a small volume under vacuum. Due to the volatility of the prod-
uct, only a small portion was dried under vacuum for characteriza-
tion as the free amine. Colourless oil. Rf = 0.13 (EtOAc/MeOH,
1:1). 1H NMR (400 MHz): δ = 3.01 (d, J = 11.7 Hz, 1 H, 6-H),
2.98–2.91 (m, 1 H, 2-H), 2.66 (td, J = 11.7, 2.7 Hz, 1 H, 6-H�),
2.48 (d, J = 5.9 Hz, 2 H, 1�-H), 2.38 (t, J = 7.4 Hz, 2 H, 3�-H),
2.33 (br. s, 1 H, NH), 1.78–1.72 (m, 1 H, 5-H), 1.63–1.49 (m, 3 H,
3-H, 4�-H), 1.47–1.24 (m, 5 H, 4-H, 5-H�, 5�-H), 1.21–1.12 (m, 1
H, 3-H�), 0.89 (t, J = 7.4 Hz, 3 H, 6�-H) ppm. 13C NMR
(100.4 MHz): δ = 210.9 (s, C=O), 52.4 (t, C-1�), 49.5 (t, C-3�), 46.7
(t, C-6), 43.2 (d, C-2), 32.4 (t, C-3), 25.9 (t, C-4�), 25.8 (t, C-5),
24.6 (t, C-4), 22.3 (t, C-5�), 13.8 (q, C-6�) ppm. MS (ESI): m/z (%)
= 184 [M + 1]+ (100).

The larger portion was cooled in an ice-bath, and HCl (1.25 m in
MeOH; 500 μL) was added while stirring. After 30 min, the solvent
was evaporated. The residue was dissolved in a small volume of
acetone, and the product was precipitated by the addition of Et2O.
The white solid was filtered, washed with cold Et2O, and dried
under vacuum to give pure 19a hydrochloride (57 mg, 89%) as a
white solid, m.p. 115.2–116.6 °C. 1H NMR (400 MHz, D2O): δ =
3.52–3.43 (m, 1 H, 2-H), 3.34 (dm, J = 13.2 Hz, 1 H, 6-H), 3.01–
2.91 (m, 2 H, 6-H�, 1�-H), 2.87–2.80 (m, 1 H, 1�-H�), 2.50 (t, J =
7.6 Hz, 2 H, 3�-H), 1.87–1.77 (m, 3 H, 3-H, 5-H), 1.65–1.38 (m, 5
H, 3�-H, 4-H, 4�-H), 1.24 (sextuplet, J = 7.2 Hz, 2 H, 5�-H), 0.82
(t, J = 7.2 Hz, 3 H, 6�-H) ppm. C11H22ClNO (219.75): calcd. C
60.12, H 10.09, N 6.37; found C 60.05, H 9.98, N 6.51.

1-Phenyl-2-(piperidin-2-yl)ethanone (19b):[10] Prepared as described
for 19a and 19a·HCl, starting from 18b (45 mg, 0.19 mmol), to give,
after purification by flash chromatography (EtOAc/MeOH, 1:1; Rf

= 0.07), a small sample of free amine 19b and pure 19b·HCl (36 mg,
78%) as a white solid, after treatment with HCl (1.25 m in MeOH).

Data for 19b:[10] Rf = 0.05 (EtOAc/MeOH, 2:1). 1H NMR
(400 MHz): δ = 7.96–7.93 (m, 2 H, Ph), 7.59–7.54 (m, 1 H, Ph),
7.47–7.43 (m, 2 H, Ph), 3.38 (br. s, NH), 3.24–3.04 (m, 4 H, 3-H,
6-H), 2.74 (td, J = 11.7, 2.7 Hz, 1 H, 2-H), 1.86–1.80 (m, 1 H, 5-
H), 1.73–1.62 (m, 2 H, 1�-H), 1.59–1.38 (m, 3 H, 4-H, 5-H�) ppm.
13C NMR (100.4 MHz): δ = 199.3 (s, C=O), 136.9 (s, Ph), 133.3
(d, Ph), 128.6 (d, 2 C, Ph), 128.1 (d, 2 C, Ph), 52.9 (t, C-1�), 46.3
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(t, C-6), 44.7 (d, C-2), 31.9 (t, C-3), 25.2 (t, C-5), 24.3 (t, C-4) ppm.
MS (ESI): m/z (%) = 204 [M + 1]+ (100).

Data for 19b·HCl:[37] 1H NMR (400 MHz, D2O): δ = 7.98–7.92 (m,
2 H, Ph), 7.70–7.63 (m, 1 H, Ph), 7.55–7.48 (m, 2 H, Ph), 3.73–
3.63 (m, 1 H, 2-H), 3.57–3.48 (m, 1 H, 1�-H), 3.44–3.33 (m, 2 H,
6-H, 1�-H�), 3.05 (td, J = 12.4, 2.8 Hz, 1 H, 6-H�), 1.99–1.91 (m, 1
H, 5-H), 1.91–1.80 (m, 2 H, 3-H), 1.70–1.49 (m, 3 H, 4-H, 5-H�)
ppm.

1-Methyl-5,6,7,8-tetrahydro-oxazolo[3,4-a]pyridin-3-one (21): Pre-
pared as described for 18a, starting from 16d (100 mg, 0.41 mmol),
to give, after purification by flash chromatography (n-hexane/
EtOAc, 3:1; Rf = 0.07), pure 21 (38 mg, 60%) as a white waxy
solid, m.p. 45.6–46.4 °C. 1H NMR (400 MHz): δ = 3.51 (t, J =
6.0 Hz, 2 H, 5-H), 2.43 (t, J = 6.4 Hz, 2 H, 8-H), 1.98 (s, 3 H,
CH3), 1.83–1.76 (m, 2 H, 6-H), 1.71–1.64 (m, 2 H, 7-H) ppm. 13C
NMR (100.4 MHz): δ = 155.6 (s, C=O), 130.4 (s, C-1), 117.2 (s, C-
9), 40.5 (t, C-5), 22.4 (t, C-8), 20.0 (t, C-6), 19.3 (t, C-7), 9.8 (q,
CH3) ppm. MS (ESI): m/z (%) = 329 [2M + Na]+ (100), 176 [M +
Na]+ (37). C8H11NO2 (153.18): calcd. C 62.73, H 7.24, N 9.14;
found C 63.05, H 6.98, N 8.91.
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