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Abstract

In this thesis, Density Functional Theory (DFT) methods have been applied to study the
mechanisms of three different multicomponent organic reactions. Also, a new synthetic
procedure for the preparation of quinolinium salts is presented, and its mechanism also
studied by DFT calculations. The thesis summarizes the work realized in two universities,
and is divided in the following way: The first part of the thesis concerns the development
of an experimentally simple, but mechanistically complex, reaction for the formation of
quaternary quinolinium salts catalyzed by palladium salts. This multicomponent process
uses readily available propylamine and its derivatives as starting materials. Through DFT
studies a mechanism through the activation of two aliphatic C—H bonds is proposed. The
second part focuses on the mechanistic investigation of a three-components reaction,
namely terminal alkynes, CO, and allylic chlorides, mediated by an N-heterocyclic
carbene catalyst that yields propargylic esters. By DFT calculations, the rate-limiting step
was identified to be the reaction between the carboxylated catalyst and the allylic
chloride. Through DFT modelling, we were also able to understand the limitations of this
reaction. The mechanism of a multicomponent reaction in which allylic alcohols are
transformed into a-functionalized carbonyls was also investigated. The reaction relies on
an umpolung strategy that enables to react enol intermediates with different nucleophiles.
By DFT studies, a mechanism via enolonium intermediates is proposed, which provides
an understanding of the selectivity of the reaction. The final chapter of the thesis deals
with another multicomponent solvent-free reaction for synthesizing propargylamines
catalyzed by manganese via a KA? coupling. DFT studies were undertaken and a
mechanism via manganese phenylacetylide species is proposed.

Keywords: C—H Activation, Quaternary Quinolinium, Organocatalyst, Transition Metal
Catalyst, Umpolung Strategy, Multi-step Reactions, Mechanistic Investigation, Density
Functional Theory.



Populérvetenskaplig sasmmanfattning

Upptackten av nya kemiska processer for att fa tillgang till organiska molekyler &ar av
stor betydelse for vart samhalle. Likemedel &r oftast organiska féreningar, s
aven jordbrukskemikalier och andra material. En stor utmaning som organiska kemister
star infor idag ar dock att utveckla nya metoder som &r effektiva, minimerar avfall, och
foljer principerna for gron kemi. For att ta itu med nagra av dessa utmaningar i modern
organisk syntes ar det viktigt att fa tillgang till reaktionsmekanismer. Att forsta hur en
kemisk reaktion sker ner pd molekyldr niva gor det mojligt att forbattra den kemiska
processen.

Denna avhandling fokuserar pa anvandningen av teoretiska verktyg, sarskilt
densitetsfunktionsteori, for studier av tre nya kemiska reaktioner som ger tillgang till
organiska molekyler. En viktig aspekt i denna forskning har varit forstaelsen av tva olika
metoder som gor det mojligt att invertera den normala reaktiviteten hos vissa
kemikalier, kant som umpolung kemi. En annan typ av kemisk reaktion som har studerats
i detta arbete ger tillgang till komplexa organiska cykliska molekyler genom att uppna en
selektiv funktionalisering av kol-vatebindningar. Dessa metoder ar effektiva for syntes av
manga funktionella foreningar och har potential att anvandas for framstallning av mer
komplexa material.
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Abbreviations and acronyms are in agreement with standards in the field, following
the ACS abbreviations and acronyms in the 2016 guidelines for authors
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Common abbreviations in this report and other non-conventional abbreviations are listed

below:
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CMD
DFT
DG
IRC
KA?
NHC
NMR
NOE
SET
TBAF
TFE
TLC
TS

aldehyde-alkyne-amine reaction
Concerted Metalation Deprotonation
Density Functional Theory
Directing Group
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Single Electron Transfer
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Transition State
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| Introduction

1.1 Catalysis in organic chemistry
1.1.1 Catalysis and catalytic reactions

The rate of a reaction depends on various chemical and physical factors (pressure,
solvent, stirring conditions, etc.). When those factors are fixed, the rate of reaction relies
on the concentration of the reactants and on the energy given to the system,
experimentally evaluated by the temperature. Every reaction has an activation energy,
which represents a barrier that needs to be overcome in order for the reaction to happen,
and to obtain the product. A catalytic reaction is characterized by a lower energy of
activation compared to that of the reaction in the absence of the catalyst. A catalyst is a
species that increases the reaction rate by lowering the activation energy.! Because the
energy of activation is lower with catalyst and the entities involved can be different,
catalytic reactions may follow pathways that are very different from those of their
uncatalyzed reactions. Other characteristic is that the catalyst is not consumed during the
reaction.

Catalysis can be divided into three main categories, homogeneous, heterogeneous
and bio-catalysis. In homogeneous catalysis, all the components are soluble in the
reaction media. One of the main sub-groups in this category is the catalysis mediated by
transition metal complexes, where the metal is usually coordinated by anions or neutral
ligands.2 An example can be the Hoveyda-Grubbs catalyst for metathesis reactions.3
Another important sub-group in homogeneous catalysis is that involving organocatalysts,
which are small organic molecules used in processes.* An example could be the secondary
amines used in Knoevenagel reaction.’ Heterogeneous catalysts are not soluble in the
reaction media (e.g. liquid media) and the physical interactions (adsorption, diffusion,
etc...) between the reagents and the catalyst play a key role. The last type of catalysts, at
the frontier between organic chemistry and biochemistry, are the enzymes, which catalyse
a major part of the reactions needed for life and are becoming of common use in the
chemical industry.®

1.1.2 Transition metal catalysis

Transition metals are elements that form one or more stable cations with incomplete d
orbitals.! These elements form the d-block of the periodic table, including groups 3 to 12
(Figure 1). Interestingly, one of the main particularities of the transition metals is the
ability to exhibit a range of possible oxidation states. All of them have at least two
different positive states of oxidation.
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Figure 1. Transition metals (in yellow) on the periodic table

In recent years, transition metals have fulfilled an important role in the synthesis of
organic compounds. Numerous organic transformations need transition metals, as it
happens for example in the family of cross-coupling and related reactions. Mizoroki-
Heck,” Suzuki-Miyaura® or Buchwald-Hartwig® coupling reactions are widely used in
academia and in industry.

There are two major drawbacks for the general use of transition metals in synthetic
chemistry. The first one is related to the supply chain. Noble metals are not abundant and
others, like cobalt, are produced in socially and politically unstable countries. The second
problem is toxicity, which can be of great concern for an industrial use.

1.1.3 NHC catalysis

N-Heterocyclic carbenes (NHCs) are organic molecules used in a wide range of
applications, and they can also function as organocatalysts. The first evidence of the
existence of N-heterocyclic carbenes was provided during the 50’s, but the first stable and
isolable ones were developed by Arduengo and co-workers in 1991.1° NHCs serve as
ligands for organometallic complexes'! as well as catalysts in their own right, more
prominently as nucleophilic species in umpolung chemistry,*? but also as Bransted bases
in organic transformations.*®

Many NHCs are readily accessible and even commercially available, mainly from
imidazolonium salts upon deprotonation with a base (Scheme 1).1*® They allow a rapid
development of new synthetic methodologies, giving access to a wide range of structures.
The introduction of chirality in the carbenes has also been exploited for the asymmetric
construction of organic molecules.®



a) Synthesis of symmetric NHC
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b) Synthesis of unsymmetric NHC
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Scheme 1. Two different strategies to synthesize NHCs

An example of a reaction involving an NHC catalyst is the benzoin condensation
reaction, where two aldehydes react together to form o-hydroxy ketones (Scheme 2),
important intermediates in the synthesis of bioactive molecules. These processes show in
general high yields and high enantiomeric excess.'’

4-8% NHC
4-8% base o

) THF, 20 h
2 A )’L Ar)KrAr
r H

OH
“BF4
=N
Ph o“[j;>\‘
bl =N

OH CeFs

NHC catalyst

cl
o o) O o ox
N
Ph)k(Ph O \\
OH cl OH O OH

90% yield 91% yield 92% yield
>90% ee 92% ee 90% ee
Cl Cl O
/‘M‘ I
O O OH CI
H
Cl °©
26% yield 17% yield
97% ee 43% ee

Scheme 2. Synthesis of a-hydroxy ketones in high yields and with enantiomeric
excess.'

In addition, the use of carbenes has been expanded to other related reactions, like cross
benzoin condensations, cross aza-benzoin reactions, and the Stetter reaction.’® It has to
be noticed that a base is necessary to in situ generate the catalyst and initiate the reaction.
The base is used in the same amount as the catalyst, and its strength can vary from mild

3



bases (such as carbonate salts and tertiary amines) to stronger ones, such as potassium
tert-butoxide. For the last case, the scope can be limited due to the absence of
orthogonality of reaction between the base and certain substituents, especially protecting
groups.

The N-heterocyclic carbene family includes a sub-group called ‘“non-classical
carbenes”. Their main characteristic is that they have a significantly lower heteroatom
stabilization by adjacent heteroatoms (Figure 2).2° Those non-classical carbenes recently
discovered have been used mainly for complexation with metals (palladium, nickel,
rhodium), with implications for C-C formation,* hydrogenation?? and metathesis
reactions.?® A characteristic of non-classical NHCs is that they have less donor ability.
Their complexes are less stable than those of classical NHC, widening the scope of
catalytic species.

s & O A

: N— .

SN N N @
\ \ \

"classical" carbene "non-classical" carbenes

Figure 2. Examples of classical and non-classical carbenes

1.2 Umpolung reactivity

The principle of umpolung is the inversion of the natural reactivity of a synthon.?* A
major part of the reactivity in organic chemistry is based on the reaction between an
electrophile and a nucleophile. According to this model, two entities with the same
polarity (nucleophile-nucleophile, or electrophile-electrophile) would not react together.
Umpolung is a process that allows this kind of reactivity to happen, by switching the
polarity of one of the reagents. An example could be the reaction between an aldehyde
and an alkyl bromide, which are both electrophilic by nature. However, reacting the
aldehyde with 1,3-propanedithiol yields a thioketal, which can form a nucleophilic
organolithium reagent. This species can then react with the electrophilic alkyl bromide,
and after removal of the 1,3-propanedithiol, the ketone is obtained (Scheme 3).2°

o Br” R? o
N — R1kR2 -~ 88

R H <5 re

\ Br” R?
. /

S.__S
RV H

S._S

R' L

Scheme 3. Umpolung strategy to make aldehydes nucleophilic species.



1.2.1 Hypervalent lodine

Polyvalent iodine compounds overpass the octet rule, providing specific reactivity.
Those compounds are built around iodine atoms with an oxidation state of Il or V, and
they can be cyclic. They have three main types of applications. The first one is as
oxidation reagents, such as the Dess-Martin periodinane (Scheme 4a), used for the mild
oxidation of alcohols, or (diacetoxyiodo)benzene (PIDA) commonly used for reoxidizing
transition metal catalysts.?® A second usage is as reagents for organic synthesis.?” For
example, they are precursors of benzyne, which can be produced in-situ with fluorine
donor reagents (Scheme 4b).2 Finally, hypervalent iodine reagents can also work as
umpolung reagents. The electrophilicity of the iodine atom allows access to electrophilic
synthons starting from nucleophiles,?*% due to their capacity to induce ligand exchange,
reductive eliminations or ligand couplings.3* For example, Ochiai’s group reported the o-
acetylation of ketones with iodobenzene diacetate.®? After formation of the enolate, a
ligand exchange happens with the hypervalent iodine reagent, followed by either a Sn2
reaction with the acetate anion or either an intramolecular ligands exchange to form the
desired product and iodobenzene, which could be then reoxidized and used in catalytic
amount (Scheme 4c).

a) AcO. OAc

N —0Ac
\
Cre

[¢)

S0

AcO—1—0Ac

c
) 0 H i" Ligand exchange )OJ\/(?AC
Ar” CH, = | A" SCH, /\ Ar '\©
AcO—|—0OAc AcOH

o o) /&
Ar)K% onc - ArkOAC ~ )@'

Sn2 Ligands ~ Ar u\©
ACO coupling

Scheme 4. a) Hypervalent reagents used as oxidants. b) Precursor of aryne. c)
Example of an umpolung reaction mediated by PIDA.



1.2.2 CO; Activation by NHC

As previously shown, NHCs are nucleophilic entities, and are able to react with carbon
dioxide to form imidazole-2-carboxylates. The first example of this adduct was reported
by the Kuhn group, from a preformed NHC.3® The NHC—CO; adduct has a relative low
stability, because CO> can be released if the adduct is heated above 100 °C. The NHC-
CO:2 adduct can be used as a precursor of NHCs, or it can be used as a temporary carrier
of CO2 (Scheme 5).

R R
N + CO, N+ O

Ly —— [
N -CO, N O
R R

Scheme 5. Synthesis of NHC-CO. adduct.

The NHC-CO; adduct is a neutral zwitterionic species, where the carboxylate holds a
formal negative charge. CO- is normally a kinetically stable, weak electrophile; it can
react only with strong nucleophiles, like phenylmagnesium bromide, forming benzoic
acid in this case. After formation of the NHC-CO2 adduct, due to the negative charge at
the oxygen atom, the CO2 molecule can act as a nucleophile. This fact enriches and
expands enormously the reactivity of carbon dioxide, like in the formation of cyclic
carbonates by reaction between NHC-CO. adducts and propargylic alcohols.®* The
carboxylate group of the adduct attacks the alkyne, and the carbanion then deprotonates
the alcohol. The catalytic cycle is closed after a cyclization step, releasing the NHC
catalyst (Scheme 6).

Scheme 6. Mechanism of the synthesis of cyclic carbonates via NHC-CO; adducts.*®



1.3 Csp—H and Csp—H activations by transition metals
1.3.1 Mechanisms of C—H bond activations

Unrelated to any functional groups, C—H bonds have low intrinsic reactivity.*® The
energy barrier to cleave them is so high that, without harsh chemical conditions (high
temperature, strong bases or acids), uncatalyzed reactions are unlikely to happen.
However, some reactions as difficult as the C—H bond activation of methane to form
methanol have been achieved, like in the platinum catalyzed process reported by Shilov.¥’
And, in past decades, an abundant literature has been developed.®® Due to the potential
for atom economy and shorter synthetic paths, important research efforts have been
dedicated to seek catalysts and potential substrates for attainable C—H activation
processes.

In the case of transition metal catalyzed C—H activations, different mechanisms have
been proposed. Among them, one of the fundamental variants is the oxidative addition to
the C—H bond, forming a metal hydride and increasing the oxidation state of the metal
atom (Scheme 8a); other mechanisms involve electrophilic aromatic substitution (SeAr)
(Scheme 7b); o-bond metathesis (Scheme 7c); or single-electron transfer (SET) with
radical intermediates (Scheme 7e).

More closely related to our work, two other approaches have recently appeared. First,
the concerted metalation deprotonation (CMD), where the formation of the carbon-metal
bond and the cleavage of the C—H bond are concerted. The proton departure is assisted
by a base, in a single elementary step. The electropositivity of the metal, while
approaching the carbon, increases the acidity of the proton. CMD is one of the most
proposed mechanisms for palladium C—H activation (Scheme 7e). On the other hand, the
base-assisted intramolecular electrophilic substitution (BIES), is a mechanism with two
elementary steps, where the metal first coordinates with the carbon and then the proton is
removed by the base (Scheme 7f). The bases involved in both mechanism are commonly
carboxylates, carbonate, amide or phosphine oxide.3



a) Oxidative addition

MX
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b) Electrophilic aromatic substitution (SgAr)
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c) o-bond metathesis
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d) Single electron transfer (SET)
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f) Base-assisted intramolecular electrophilic substitution (BIES)
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Scheme 7. Mechanisms of C—H activations by transition metals.

1.3.2 Directing groups for C—H activation

A great interest of C-H activation is the possibility of controlling the regioselectivity.
This is achieved by the introduction of directing groups (DG). When using Pd complexes,
once the C—H bond is cleaved, a palladacycle is formed. The size of the cycle may vary
from three to ten atoms, although the most stable ones are the five- and six-membered
rings.** Many of these metallacycles have been isolated.*?*4 Thus, the position of the
directing group on the molecule dictates the position of the C—H bond that will be
activated. For palladium, numerous types of functional groups can direct the activation.
Those based on oxygen as the coordinating atom commonly include carboxylic acids
(carboxylate form in the palladacycle), esters or alkoxides.*> Among the family based on
nitrogen as the coordinating group, amines, imines, oximes, amides, N-oxides and
sulfamides have been reported.*® A classification of the strength of those directing groups
has been reported by Norrby and co-workers (Figure 3).%



Figure 3. Qualitative scale of strength of selected directing groups.*’

If the starting material contains a weak directing functional group, it can be modified
to create a DG with the expected length. Then the metal can coordinate at the desired
position and activate the desired C—H bond. Two categories exist, a functionality with a
covalent link to the molecule, or with a removable link. The covalent linked one’s can be,
for example, of an amide made from the carboxylic acid and amines, such as 8-
aminoquinoline, picolinamide* or sulfamide. In these cases, the substrate and the metal
can proceed to the activation with harsher conditions thanks to a stable DG. This type of
directing group can be challenging if the desired functional group do not have and
orthogonal reactivity with the other ones (if other functional groups can react in the same
reaction conditions for setting or removing the DG). On the other hand, the second
category are the, so called, transient directing groups. They are incorporated in the
molecule in situ upon reaction with a functionality already present in the molecule. As
before, the aim is to generate the DG with the wanted characteristics (strong chelating
ability and regioselectivity).

To have a good transient DG, the following criteria need to be fulfilled: a) the
introduction of the DG has to be reversible, b) the formation should be chemo-selective,
and c) they should be stable enough to allow the C—H activation and the subsequent
transformations. It is also necessary that the DG do not interact with other functional
groups (orthogonal reactivity) (Scheme 8).

in situ with transient DG

/\
(s )y, j—»j

C—H —H DG \@/DG/

FG FG
_pc’ ¢ pe—’

= () - D G,

in situ with transient DG

Scheme 8. Strategy for incorporation of directing group.



1.3.3 Csps—H activation of aliphatic amines

C—H activation is a great synthetic strategy to reach new potential drugs. Nitrogen
containing molecules are prevalent in bioactive compounds, methods towards the C-H
activation of aliphatic amines have recently emerged. Those methods represent a
powerful synthetic strategy, especially for late stage functionalization.*® The number of
such valuable reactions keeps continuously growing. However, universal methods for
activating any position of the alkyl chains of an aliphatic amine do not exist. Therefore,
inventive and convenient procedures have been developed to suit with the different
constraints of the substrates for achieving the reaction.*

The most popular approach to reach C—H activation of amines is the use of a directing
group. For example, the group of Maes reported the use of a pyridine moiety to activate
the o-position of piperidines (Scheme 9a).5! Also, the y-position of alicyclic amines has
been activated by the Sandford group with an innovative directing group (Scheme 9b).5
The Ge group succeeded in the selective y-functionalization of polysubstitued aliphatic
amines with glyoxylic acid as transient directing group (Scheme 9c¢).* Methods with no
directing group added exist, but only with secondary/tertiary amines or in the presence of
protective groups on the nitrogen (Scheme 9d).% So far, the C—H activation of free
amines, with no additional directing groups, remains a challenge.

a) b)
( ( s
@ -2 =LF = Fs
[Rh] [1 °
N™ H — > N~ FG \_/ H 7 FG
A N 2N NH % Pl NH /ﬁ
| [ N — N
X X o o)
c) R! R2 d)
N=
| o
Pd\O
via
R R2 Pl R R2 O [Pd]
N ~H N FG
HZNK/\H 4’H HZNK/\FG ~N
Cat. MO
o
OH

Scheme 9. Examples of functionalization of aliphatic amines through C—H
activation.4455253
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1.4 A3 coupling and KA? coupling reactions

A3 stands for Aldehyde-Alkyne-Amine reaction, a multicomponent synthesis of
propargylamines (Scheme 10), with water as by-product. This denomination was first
proposed by Li,>* but the first reaction of this type was reported by Dax and co-workers.>
The reaction needs a metal catalyst, and several transition metal complexes have been
reported to mediate this transformation.>® The most common are copper, ruthenium, gold
or even silver.5® Recently, more earth abundant metals are also able to catalyze the
reaction, such as zinc, or iron.>®

;
R o [M] cat. Ra R
HN v RA=—H + —_— NN
w2 H™ TR* -H,0 R

R 2 R4

Scheme 10. General A3 coupling reaction.

Propargylamines prepared through this method may be reacted further towards the
synthesis of more complex molecules. An example is the synthesis of quinoline by Tu
and co-workers.®® They reacted the three components, aniline, aldehyde and terminal
alkylne, in the presence of an iron salt. The same catalyst mediated the nucleophilic
functionalization of the triple bond, resulting in a cyclization, which is followed by a final
oxidation by air (Scheme 11).

RZ
FeCls (10 mol%) ,
o Air R
N S ®
H R! — Toluene = 1
110 °C, 12 h N" R

%/—/

-H,0 T Air

1

N

1
R R2-—=—=—[Fe]

N = R _N__R!
©/ _— \.-[Fe] —> _
\\)\/‘ - [Fe]
R? R?

Scheme 11. Synthesis of quinolines by tandem A3 / cyclization reaction reactions.
Another modified version was reported by Li and co-workers,5! consisting on

performing the ASreaction in the presence of CO (1 atm), resulting in the synthesis of
carbamates in a one-pot reaction. The catalyst used was CuBr (Scheme 12).
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CuBr (30 mol%) o)

CO, (1 atm.

HoN o o 2 ( ) oA
\ + Ar———H + )k —_——> / N-Alk
Alk H”R! EtOH, 75 °C Ar

RW
Scheme 12. Modified A% coupling reaction for the synthesis of carbamates.

The KAZ coupling stands for Ketone, Alkyne and Amine coupling, and affords fully
a-substituted propargylamines.®? Changing the aldehydes to ketones have an impact on
the reaction rate, as ketimines, the intermediates formed in this instance, are less reactive
than aldimines. Despite these difficulties, several examples of KA? couplings have been
reported, also mediated by transition metal catalysts.

An example of KA? reaction is the one reported by Larsen and co-workers,% who used
CuCl, as catalyst and Ti(OEt)s as Lewis acid, without solvent. The Lewis Acid is
necessary to form the ketimine, and also acts as a dehydrating agent (Scheme 13a). Ji’s
group reported the first KA? catalyzed by gold (AuBrs), also in neat conditions (Scheme
13b).54 Intermolecular KA? reactions have also been reported. For example, Tehrani and
co-workers reacted amino ketones with terminal alkynes under copper catalysis, yielding
a-substituted pyrrolidines in good yield (Scheme 13d).%

a)
CuCl; (5 mol%)

R o Ti(OEt), (0.5 equiv.) R3 “ R' o
HNI \" + RP— N + 4L . IS N\Rz,r
R2-- R R neat, 110 °C r¢ RS
64-92 % yield
b)
R, i AUBr3 (5 mol%) R3 RT Y
HN 0+ R3=—H *+ R4 RS B S
R2-- oy neat, 60 °C R?
St R4 5
29-96 % yield
c)
i H Cu,0 (25 mol%) I
uy mol%
MN + Ar———H -
Me N~
MeCN, rt, 2 h Me
Me 70%

Scheme 13. KA? coupling reactions. a) KA? coupling catalyzed by copper and Lewis
acids. b) KA? reaction mediated by a gold catalyst. ¢) Cu-catalyzed intramolecular KA?
reaction.

12



1.5 Density functional theory for mechanistic investigations
1.5.1 Principles of density functional theory and functionals construction

The Schrodinger equation (Equation 1)% describes the wave function of a quantum-
mechanical system, where H is the time dependant Hamiltonian operator, y the wave
function and E the total energy of the defined system.

Hy = Ey

Equation 1. Schrodinger equation

In spite of its apparent simplicity, it is not possible to find a solution of the Schrédinger
equation for systems containing two or more electrons, and some particular
approximations and cases are required to describe multi-electronic systems.

Density Functional Theory (DFT) is one of the most commonly used computational
approaches for the calculation of the energies and structures of complex chemical
structures. The idea behind DFT is to use a different approach, describing the chemical
systems based on their electron density function,®” and not its wave function, providing
an accurate answer in a reasonable time, without too much simplification.

The electron density is represented by a function, noted p, giving the probability of
finding an electron in certain position of the space. This function p depends on three
variables (X, y, z), while the wave function depends on 3N variables, where N is the
number of electrons. This is the main advantage of DFT, to greatly reduce the complexity
of the equation and the cost of computation.

Two theorems founded the grounds of DFT, and were stated by Hohenberg and
Kohn®: 1) the ground state electronic energy can be calculated as a function of the
electron density, and 2) the electron density follows the variational principle, thus the
calculated electronic energy must be greater or equal to the true ground state value
(Equation 2).

E(p) = E(pexact) = Eexact
Equation 2. Mathematical description of the Hohenberg-Kohn theorems

From there, they showed that the energy can be calculated from the electron density
functional (a mathematic object using electron density function), without explicitly giving
the nature definition of the functional. Shortly after, as Kohn and Sham noticed, if the
system is considered with non-interacting electrons, the functional can be written as the
sum of specific terms (Equation 3):

E(p) = Tni(p) + Voe(p) + Vee(p) + Exc(p)
With: Exc(p) = AT (p) + AV,.(p)

Equation 3. Composition of the total energy

Tni(p) is the kinetic energy of the non-interacting electrons, V;,.(p) the potential
energies due to nuclear-electron interaction and V,.(p) the term for the electron-electron
repulsion. The exchange-correlation energy Ex.(p) is composed by the correction to the
kinetic energy due to electronic interactions AT (p) and the non-classical corrections to
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the electron-electron repulsion energy AV,.(p). Except the exchange-correlation energy,
all the terms can be classically calculated.

This last term, the exchange-correlation energy cannot be exactly calculated.
Therefore, functionals have been developed with different approximations of this term.”
They can be ranked by their type of approximation and the accuracy associated. More
complex functional leads to a better accuracy, accompanied at the same time by higher
computational cost.

1.5.2 Basis sets

Basis sets in DFT are necessary in order to describe the shape of the different atomic
orbitals, as are linear combinations of different functions. Two different types of functions
exist. The Slater Type Orbitals, STO, and the Gaussian Type Orbitals, GTO. Whilst the
STO are more accurate for the description of the orbitals, the GTO are used due to their
simplicity and lower computational cost.

The number of functions per orbital is free to be set. A perfect basis set would have an
infinite number of functions, but this is obviously impossible from a practical point of
view. If a basis set contains one function per orbital, it is called minimum basis set.
However, most of the basis set used contain more than one function. A basis set with two
functions per orbital will be named double-zeta, with three triple-zeta, etc.

With the idea to have a lower computational cost without a high loss of accuracy, the
number of function can differ between the core orbital and the valence orbitals. As bonds
formation rely on the valence orbitals, more functions are used for a better description.
This is called a split valence set.

Too take into account the polarization, when electronic charges are altering the shape
of the orbitals, functions can be added too.

To describe more accurately the behaviour of the electrons far from the nucleus,
diffusion functions can be added to the basis set. This is needed in case of ions or radicals
for example.

1.5.3 Solvation model

Most of the chemical reactions are done in a solvent media, and the solvent is an
important parameter of the reaction conditions. As the components of a given reaction
interact differently with different solvents, the energy associated to the system can differ
accordingly.

Two main approaches exist for the description of the solute/solvent interaction. The
first one is the explicitly model, where molecules of solvent are surrounding the molecule.
In DFT, the cost of this approach is too high to be used on system with 50-100 atoms.5”

The second approach is the implicit model. The most used is the Polarized Continuum
Model, PCM, where the system is placed in a cavity with a suitable shape.”™ The most
important parameter of the PCM is the dielectric constant, than can be known by
experimental or computational means. The free energy of solvation can be then calculated
(Equation 4):

AGsol = AGcav + AGdisp + AGrep + AGelec

Equation 4. Composition of the free energy of solvation
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With AG,,,, is the cavitation energy, it is the energy difference with and without the
cavity in the continuum. AG s, is the dispersion energy between solute and solvent,
AG,, represents the repulsion between solute and solvent and AG,,,. is the term for the
electrostatic polarization caused by the charge distribution of the solute molecules in the
solvent, or the opposite.

1.5.4 Functionals and basis sets selected in the thesis

In the second chapter, the B97D functional was used for optimization of the different
structures. It is an adequate method for the calculation of structures containing
palladium.” Also, the 6-311G(d,p) basis set was used, known to be cost effective and
providing accurate geometries. MO06/Def2TZVPP were used together for energy
refinement. Considering the physical interactions between atoms, the accuracy is much
higher with Def2TZVPP," set although presenting the drawback of an increase in the
calculation time, becoming not applicable for iterative geometry optimizations. lodine
and palladium are not defined in the Pople basis set 6-311G, but an appropriate alternative
exist, known as the SDD basis set. Both atoms are defined within the Def2TZVPP basis
set.

In the third chapter, M06-2X and 6-31G(d,p) were used for geometry optimization as
functional and basis set, respectively. Recent literature examples also use this pair for the
study or pure organic reactions,” and in addition, it has been demonstrated that they
perform well in cases involving zwitterionic species and halogen-ions.”™

In the fourth chapter, the study was done with using the B97D functional for the
structure optimizations, together with the 6-31G(d,p) basis sets for all the atoms.
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1.6 Objective of the thesis

The aims of the thesis are the development of efficient methods for the formation of
complex molecules from simple and easily accessible materials. The thesis is divided into
four independent projects with different inherent objectives.

The first project (Chapter Il) reports a new synthetic method to produce alkylated
quinoliniums, as molecules of high value, which are prepared from simple propylamine
and its derivatives. In addition, the focus was put on the comprehension of the mechanism
for further development.

The second project (Chapter I11) focuses on the comprehension of an organocatalytic
reaction that yields propargylic esters from simple reagents, as alcohols, carbon dioxide
and propargyl halides. The study by DFT aims to give a clear view of the mechanism,
and to try to explain certain intriguing reactivity in some cases. Also, the aim was to
understand the limitation of the scope and highlight the possible incompatibilities
between the different reagents.

The third project (Chapter IV) has for objective to understand how hypervalent iodine
enables the reaction of two nucleophiles, an enolate and an alcohol, via an umpolung
reaction. The enolate is generated under the reaction conditions from allylic alcohols via
an iridium-catalyzed isomerization. A second objective is to understand the selectivity
obtained when there exist two different nucleophiles that may react with the enolate
produced via isomerization.

The last project (Chapter V), used the experimental result of a KA2 coupling reaction,
in order to understand the mechanism. For the first time, manganese is used as a catalyst
for this reaction, therefore, it is interesting to study his role. To proceed, DFT calculations
were used.
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Il Synthesis of substituted alkyl quinoliniums from
propylamine and its derivatives (Paper I)

11.1 Introduction

Quinoliniums and quinolines represent an important class of molecules with strategic
applications in many fields of chemistry. Looking to their bioactivity, they are found in
antiviral, antibacterial, analgesic, and antidepressant drugs.”® Well-known molecules such
as quinine are emblematic in organic chemistry, and its derivatives are essential for anti-
malarial treatments. Quinoliniums are used as tools in biology as DNA dyes and
intercalants. They are essential for studies of cells and their environment, and in flow
cytometry the main known dye is thiazole orange. Other applications in chromatography
have been reported (Figure 4).”"

H3C 7
rCH3
Ay
B CH,
N + X
CH3 CH3 N Cl
Thiazole Orange Quinine Echinopsidine Cinchophen Chloroquine

Figure 4. Examples of high-value molecules with quinoline scaffolds.

New methods for the synthesis of quinolines are continuously reported, and some of
them are part of the most well-known reactions in organic chemistry. However, those
syntheses, with few exceptions, need Csp>-N bond containing starting material, in the form
of substituted anilines or nitrobenzenes. For example, the Combes synthesis needs
anilines with 1,3-diketone and acid as catalyst to render the quinoline.” The drawback of
this simplicity is the difficulty to reach regioselectivity. Regioselectivity can be achieved
by using steric effects and kinetics, but the scope is meanwhile reduced.

To obtain the desired structure of quinoline, the development of methodologies has
been prolific during the last decades.”® However, the complexity of the starting materials
needed for those transformations may be high, and incompatibilities may exist with the
desired substituents on the final molecule (Scheme 14).

17



R'
o o
— =
| RMR’
N o N X
N 'R A, H OH N
RTR Ho_A_OH
) ) AlCI;
Riehm synthesis Skraup reaction

H*, reductant

o L
NH2 /\O [e]
R;\RI)LOR,, J @AH

OH H}/ \_ewws acid
R

4 ‘ o
SN R Ay
H* = ‘
Conrad-Limpach X
reaction = N Ph
N ‘ Povarov reaction
N Ph

Doebner reaction
Scheme 14. Classical synthetic routes to form quinolines from aniline

Most of the quaternary quinolinium species are synthetized from quinolines through
alkylation with halogenated building blocks. For the direct preparation of quinolinium
salts, only few examples are reported. One method was developed by L. Cheng et al.,f°
using N-substituted anilines, aldehydes and alkynes, in a reaction catalyzed by copper
(scheme 15).

RZ
R CuCl, (10 mol%) , 4
0 R R
NH o e 1 HBF, B
,©/ o H™R* MeCN T
R Oprt, 1h NOR
BF; R

Scheme 15. Three components reaction for the synthesis of substituted quinolinium
salts.

In addition to the mentioned applications of the quinolinium compounds, they can be
used also as intermediates for the synthesis of complex molecules. For example, positions
2 and 4 become electrophilic, and can react with strong nucleophiles such as Grignard
reagents.®!

Quinolinium salts can also be hydrogenated to yield the tetrahydroquinoline skeleton.
Further, methods have been recently developed for the formation of functionalized
tetrahydro/dihydro-quinolines (Scheme 16).828
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Scheme 16. Examples of possible reactions from quinolinium salts.

The aim of this project is to access to quinoline scaffolds from arylpropylamines, in
one step. As the majority of synthetic routes to quinolines use aniline as starting material,
our method offers an alternative approach to access their cyclic structure, forming the key
Ar-N bond from open aliphatic amines. In addition, the control of the substitution pattern
is important to provide a reliable transformation. The introduction of an alkyl quinolinium
moiety offers diverse possibilities of further transformations.

11.2 Preliminary work and structure determination

Initially we reacted 3-phenylpropylamine with iodobenzene (2a) in the presence of a
catalytic amount of palladium acetate and silver trifluoroacetate in acetic acid at 110 °C,
with the intention of preparing diarylpropylamine derivatives (4). However, the formation
of an unknown compound was observed (3a). A similar outcome was obtained when the
reaction was run with iodotoluene (2b), obtaining a complex adduct (3b). In either case
the arylated product 4 was not formed (Scheme 17).

2, C

(2 equiv.)

- C
N

Dz 4
Pd(OAc), (0.1 equiv.)
O/\/\NHQ CF3CO%Ag (1 equiv.)
° 3a
AcOH 2 mL, 110°C HaC O
: O
(2 equiv)’
equiv. N
e
—
N%

NH,

W

not observed

3ba 3bb
Scheme 17. Early attempts on the arylation of aliphatic amines via C—H activation.
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Products 3a and 3b were then isolated by preparative TLC and characterized.
According to the starting materials used, the assumption was made that a limited number
of nitrogen and oxygen atoms can be present on products 3a and 3b. The exact masses
were fundamental to know the molecular formula of 3a and 3b, which, as expected, differ
in one methyl group. With a measure of 324.1745 m/z for 3a, its molecular formula was
preliminary proposed to be C24H22N. For 3b, a mass of 338.1900 m/z was measured,
corresponding to CosH24N (Figure 5). The error of the exact masses was below 3 ppm in
both instances.

These formulas provided very useful pieces of information. For example, both 3a and
3b contained 14.5 unsaturations, so they contained potentially a polycyclic structure. The
unsaturation figure is not an integer (14.5 unsaturations), and this could come from having
the M+H detection. However, by *H NMR spectroscopy, 22 + 3 protons were obtained
after integration of the signals, and a highly polar compound was detected by TLC. These
data suggested the presence of a positive charge on the molecule, accompanied by an
acetate moiety, possibly coming from the solvent. This is supported by a signal at around
1.9 ppm on the *H NMR spectrum, and at 181 ppm on the **C NMR spectrum.

The difference of mass and formula between 3a and 3b was equivalent to a methyl
group, being the same difference between phenyl and tolyl starting materials, so it can be
deduced that only one aryl group is involved in the reaction, as mentioned before.

a b
) 8 324.1745 ) 7 338.1800
7 &
6 5
5 4
4 3
2 2
2
)
140.0672
; 140.0672 ) 0 I 481.1382
200 400 600 200 400 600

Figure 5. a) Exact mass of 3a, b) Exact mass of 3b.

From the *H NMR and COSY NMR spectra of compound 3a independent coupling
systems could be identified. A first one, with three signals from 2.5 to 5.0 ppm, each
signal integrating for 2H, which can be assigned to a chain R-CH2-CH2-CH>-R’,
associated with the propylamine moiety. Around 7.0 ppm, a multiplet signal for 5H,
typical of a benzene ring with single substitution can be noticed. The same system for 5H,
around 7.5 ppm, is also associated with a benzene ring, linked to a different part of the
molecule. The next system contains two protons, one at 7.6 ppm, directly coupled with
another at 9 ppm. The last coupling system bears four protons system, one of them at 7.8
ppm, coupled with two H at 8.1 ppm, which are coupled themselves with one proton at
8.3 ppm (Figures 6 and 7).
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Figure 7. a) COSY *H NMR in CDCl; of 3a, b) Enlargement of the COSY NMR.

When removing the number of carbons and protons, and the unsaturations related to
the propyl chain and the two benzene rings from the formula of 3a, the remainder counts
for 9C, 6H, 1N and 7 unsaturations. This is typical of a substituted quinoline scaffold.
Thus, it was proposed that the structure of 3a agrees with that of quaternary quinolinium
salt, with a 3-phenylpropyl alkyl chain, and a phenyl substituent on position 4 of the
quinoline moiety (Figure 8). A NOE experiment was done on the signal at 5.1 ppm. This
demonstrated an expected special proximity with the two other signals at 2.7 and 2.5 ppm,
but also with those at 9.0 ppm and 8.4 ppm (Figure 9).

Ph
Figure 8. Proposed structure for 3a.
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Figure 9. NOE experiment on the signal at 5.1 ppm of compound 3a.
11.3 Optimization of the reaction conditions

With the structure identified, the optimization of the reaction conditions was carried
out. By looking first for other active catalysts, different transition metal salts were tested
(Table 1, entry 1). None of them, except palladium acetate (Table 1, entry 3), could afford
the product. Other palladium sources like tetrakis(triphenylphosphine)palladium did not
yield the product either (Table 1, entry 2). On the side of the oxidant, only silver salts
such as silver oxide worked efficiently (Table 1, entries 3-4). Other oxidants®* commonly
used in connection with palladium-mediated transformation did not afford the product,
such as nitric acid, oxygenated water or copper acetate (Table 1, entries 5-7). As reported
by Bo,* silver could play a double role, as oxidant and also to capture the iodine atom
during the oxidative addition / reductive elimination steps. Next, the focus was put on the
possible solvents for the reaction (Table 1, entries 8-10). It was noticed from the
beginning of our study that the presence of acetic acid is essential for the reaction to occur.
Therefore, we decided to continue with pure acetic acid (Table 1, entry 4).
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Table 1. Optimization of the reaction conditions.

| MX,
Ox X
@MNHZ * o, 1/2
solvent “
110 °C N+
)3 OAc
1a 2a
3a

Entry Catalyst (10 mol%) oxidant Solvent Yield (%)*
1p M(OAC), CF3CO.Ag (1.5 equiv.) AcOH 0
2 Pd(PPhs)s CF3CO2Ag (1.5 equiv.) AcOH 0
3 Pd(OACc). CF3CO2Ag (1.5 equiv.) AcOH 16
4 Pd(OAc), Ag:0 (2 equiv.) AcOH 21
5 Pd(OACc). HNO3 (2 equiv.) AcOH 0
6 Pd(OACc). H202 (2 equiv.) AcOH 0
7 Pd(OAc), CuOAcC; (2 equiv.) AcOH 0
8 Pd(OAcC). Ag20 (2 equiv.) DMF 0
9 Pd(OACc). Ag20 (2 equiv.) MeOH 0
10 Pd(OAc), Ag:0 (2 equiv.) Toluene 0

All reactions were performed with 2 equiv. of iodobenzene (2a), at 110 °C, overnight. 3Yields by *H NMR
spectroscopy with trimethoxybenzene as internal standard. ®M: Cu, Mn, Co and Zn.

During the reaction, a by-product, acetamide 5, was detected in the *H NMR spectrum
of the crude mixtures. The next objective was therefore to reduce the amount of this
undesired product. First, larger amounts of silver and iodobenzene (2a) substrates were
tested in order to increase the rate of formation of the desired product 3a, however, these
changes did not succeed and no significant improvement of yields was observed (Table
2, entries 1-3). Increasing the temperature did not have the expected positive effect (Table
2, entry 4). The solution came with the idea that reducing the amount of acetic acid could
decrease the speed of formation of amide 5 by-product. This can be done by using a
mixture of acetic acid and water as the solvent mixture, as water was the only other
compatible solvent. Different v/v ratios of AcOH and H2O were investigated, and a 1:1
(v/v) ratio was found to give the best conversion into quinolinium product 3a with a
drastic reduction of amide 5 in the crude mixture. However, the reaction was incomplete
at the standard times, so the reaction had to be prolonged for up to 60 h. Those conditions
provided the best yields obtained so far (Table 2, entry 7). The number of equivalents of
the different starting materials were also optimized, finding that decreasing silver or
palladium quantities had a negative impact on the yield (Table 2, entries 8-9), whereas no
impact was noted in the case of higher palladium and silver loadings (Table 2, entry 10).
Reduction of temperature or time went together with a drop in the yields (Table 2).
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Table 2. Optimization of the solvent.

Iz

| Pd(OAC), (10 mol%) O A o
@/\/\ AgOp (2equiv) "2 N . k
: 4 3 OAc

1a 3a 5

Ag.0 PhI (2a) Temperature . oma

Entry (equiv) (equiv) Solvent (v/v) C) Yields (3a /5, %)
1 2 2 AcOH 110 26 /47
2 3 2 AcOH 110 31/46
3 2 3 AcOH 110 30/42
4 2 2 AcOH 130 28149
5 2 2 AcOH/H,0 (1:1) 110 21/0
6 2 2 AcOH/H,0 (1:1) 130 35/2
7P 2 2 ACOH/H,0 (1:1) 130 7714
8¢ 2 2 AcOH/H,0 (1:1) 130 15/35
9 1 2 AcOH/H,0 (1:1) 130 22/29
10¢ 5 2 AcOH/H,0 (1:1) 130 73/3

Reactions were run overnight. 2Yields by *H NMR spectroscopy with trimethoxybenzene as internal standard
bReaction time was 60 h. ®Palladium acetate 2 mol%. “Palladium acetate 25 mol%.

After optimization, control experiments were done to confirm that in the absence of
palladium or iodobenzene (2a), the reaction did not occur (Table 3, entries 1 and 3).
Meanwhile, it was highlighted that the reaction can proceed in the absence of silver (Table
3, entry 2), although in this case, stoichiometric amounts of palladium are needed (Table

3, entry 4).
Table 3. Control experiments of the reaction.
Pd(OAc), (x mol%) N
A902 (2 equiv.) O _
©/\/\ 1/2 N%*
H,O/ACOH (viv, 1:1) 1, OAc
130 °C, 60 h
3a
Entry  Pd(OAc), (mol%)  Ag0 (equiv.) 2a (equiv.) Yields (%)?
1 0 2 2 0
2 10 0 2 7
3 10 2 0 0
4 100 0 2 42

Conditions: AcOH/H20 (v/v = 1:1), 130 °C, 60 h. @Yields by *H NMR spectroscopy with
trimethoxybenzene as internal standard.



11.4 Scope
11.4.1 Substrate scope:

For the study of the synthetic scope, 3-aryl propylamines were prepared as follows.
Starting from aldehydes 7a-7d, the corresponding acrylonitriles 9a-9e were prepared by
Horner—-Wadsworth—-Emmons reactions. For the reduction of the double bond and CN
group in 9a-9e to alkyl amines 10a-10e, several conditions were proven to be
unsuccessful. Only Raney Nickel, utilizing flow reactor at high pressure and temperature
was able to provide the product without degradation. However, to avoid formation of
secondary or tertiary amines, ammonia was added (Table 4).

Table 4. Synthesis of propyl amines.

o t-BuOK H, (50 atm)
(1.2 equiv.) CN Raney nickel
RGAO FEOE oN S S CN _Raney nickel _ R{j/\/\NHz
Pz EtO THF = MeOH/NH3 /
0°CtoRT (vlv, 95/5)
(1.1 equiv.) 70 °C, flow
6b-6f 7 8b-8f 1b-1f
Entry R 1 (%)?
1 4-CHj3 (1b) 75
2 4-F (Lc) 68
3 4-Cl (1d) 72
4 4-OMe (1e) 65
5 2,6-F (1f) 71

2Yields of isolated products.
11.4.2 Scope of the reaction

First the reaction between arylated amines 1a-1e and iodoaryls 2a-2i was investigated
under the optimized conditions (Table 5). When both substrates had the same substitution
pattern on the corresponding benzene rings, the products were formed as single isomers
(Table 5, entries 1-3) in yields varying from moderate to good, and where fully
characterized after isolation. When the substituents on the amine and iodoaryl partners
are different, multiple products are obtained in a non-separable mixture. None of the
isomers from these mixtures were isolated, and the ratio of the different isomers for each
mixture was determined by 'H and °F NMR, when possible. In the case of para
substitutions on the iodoaryls, only two isomers are formed (Table 5, entries 5, 7-10), in
yields ranging from 31 to 72%. No selectivity was observed, and the method tends to
yield equal amounts of both products. With ortho substituted iodobenzene derivatives 2e
and 2i, three isomers were obtained (Table 5, entries 6 and 11). The ratios are, in the case
of 3aia-3aic, not equivalent for all of them (1:6:4).
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Table 5. Scope of the reaction.

X
R31
=
! Pd(OAc), 10 mol% el XX
RI-- = NH, sz\\ M» 1/2 A Ni “OA
> &~ H,0/ACOH (viv, 1:1) ) ¢
(2 equiv) 130°C,60h RZ‘ R®=R' or R?
X R*=R2orR!
Entry Amine (la-1e) lodoaryl (2) Product Yields (%)
TS S T 50 5577
"OAc
1a 3a
H3C, H3C
Oy 9.
2 4-CH; (2b) A 45 (52)
- b “OAc N/ O CHs
3bb
Cl Cl
foga e
3 o 4-Cl (2c) i O o 0 (48)
1d _ 3\ /
OAc
3de
MeQ MeQ
/©/\/\NH2 Q O
4 4-OMe (2d 29 (40
MeO le (2d) N ) O oMe (40)
OAc
3ed
CH,
Ol CHs (2b o9 o9 2(88
5 4-CH P _ 7
1a 3( ) H;C N7 NF ( )
ot ot
3ba 445 3bb
0 O 0
HiC.
NH, \ . N, O N
6 W 3-CH; (5€) O 7 O N N7 47 (65)
adNeaieg
2
3aea 3aeb 3aec
F
NH, X X
COT e 0 O se

la
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\/O
\_/ OQ

8 . 4-Cl (20) 3 ® » ® - 43 (54)

N s

3aca 3achb

Br
9 WNHZ 4-Br (2 SOREO® 39 (48
1a Br29) Br N7 N7 (48)

ot g”

3aga 3agb

CFs
10 WNHQ 4-CF3(2h O DR O D 31 (38
1a “CFs (2h) FiC NT N7 (38)

Q
Q

3aha 1:1.2 3ahb

B _Go0L
Fgc O
1 WNHQ 3-CF (2i) @ 26 (34)

" @ @
3aia 3aib 3aic
1:6:4

a) Isolated yields (NMR yields with trimethoxybenzene as internal standard). Ratio was determined by 'H or
9F NMR spectroscopy, if possible.

11.4.3 Propylamine as substrate:

Propylamine (9) is a challenging substrate towards C—H activation.®> However, to our
surprise, our conditions can be applied to this simple aliphatic amine to afford the
quinolinium adducts by introduction of two equivalents of the aryl iodides (2a). As only
one single aryl iodide is used in this reaction, the two aryl units introduced in the molecule
will be the same on each part of the quinolinium core (Table 6). The yields are
significantly lower than previously noted in Tables 4 and 5, ranging now from 16% to
38%. The drawback is counterbalanced by the easiness of using propylamine as substrate,
instead of the synthetically more complex phenyl propylamines. Noteworthy, the method
allows to functionalize the otherwise very unreactive propylamine (9). Also, the increase
in complexity from 9 to the final quinolinium product structures in a single reaction is
remarkable (Table 6).
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Table 6. Synthesis of quinolonium structures from propylamine 9.

R b
Pd(OAc), (10 mol%) ~
AgO, (2 equiv.)
X ——> 12 XX
"NH, * R _J H0iAc0H (v, 1:1) R—- B
130 °C, 60 h PN

N O
9 2 10K/

Ac

Aryl iodide . . Yields
Entry (®R’) Quinolonium (%)?
1 2a G 32(38)
“oac / O
10a
HsC,
2 4-CHs (2b) 38 (43)
P W
10b
cl
3 4-Cl (2c) 7‘\—N\+ ) O o 16 (23)
OAc
10c¢
0(39)

O O
Me
4 3-CHs (2h) .
i i
OAc MQH OAc

H

3Isolated yields. In parenthesis yields determined by *H NMR spectroscopy with
trimethoxybenzene as internal standard.
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11.5 Mechanistic investigation

For the investigation of the mechanism, the initial literature search suggested a reaction
based on multiple Pd-catalyzed activations of Csp—H and Cs—H bonds. We, thus,
hypothesized the participation of a number of singular steps in the mechanism, in an
unknown order. These steps were the double arylation of propylamine, Csp—H activation
and Csp—N bond formation on one of the aromatic rings, a cyclization, and a final
oxidation of the product to yield the quinolinium form. Based on this assumption,
questions remained about the sequence of the different steps. A simple experiment was
conducted to know if the amination/cyclization and oxidation can proceed on 3,3-
diphenylpropylamine 13. The product, 14, was obtained with 43% yield (Scheme 18).

Pd(OAC), 10%

AgO; (2 equiv.)
X
Ph)\/\NH — > 12 O
—
N Ph

2
AcOH
130°C, 24 h -
13 43% yield 14 K/Lph

Scheme 18. Reaction from 3,3-diphenylpropylamine 26 as the starting material.

Note that the reaction was conducted in the absence of aryl iodide. Thus, the reaction
with iodine containing reagents, like a Hofmann-type elimination was discarded as
potential elementary step. In addition, an order for the different steps can be proposed for
the case of the propylamine, starting with a double arylation via Csp—H activations The
reaction needs a directing group, a role that the amine can hardly play, since amines can
strongly bind palladium, inhibiting any further reaction.®® Alternatively, the oxidation of
the primary amine to imine by palladium can occur at the outset of the reaction, offering
a better directing group for the reaction.

Following our hypothesis, the mechanism in Scheme 19 can be proposed, starting with
the oxidation of the amine by the palladium acetate. Then, the first C—H activation occurs,
followed by classical oxidative addition/reductive elimination of iodobenzene with
Pd"/Pd" catalytic cycle. The recent literature is in agreement with the possibility of
forming Pd" complex by oxidative addition. Gaunt and co-workers successfully isolated
a palladacycle intermediate after oxidative additions.®”® Starting from 3-
phenylpropylimine, a second identical catalytic cycle could occur. Then, a Csp—H
activation can follow to complete the first amination of the aromatic ring. When the Aryl-
N intermediate is formed, a cyclization to the heterocycle might take place, accompanied
by the elimination of ammonia. Finally, the product is obtained after oxidation by
palladium of the 3,4-hydroquinolinium to the quaternary quinolinium salt.
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Scheme 19. Proposed mechanism for the reaction.

The different parts of the proposed mechanism were studied by DFT,%°2 using
B97D/6-311g**+SDD (Pd and I) for geometry optimization and MO6/DEF2TZVPP for
the energy refinements.®® The final free energies were the result of the thermal correction
from B97D/6-311g**/SDD added to the electronic energy from the single point
refinement with MO6/DEF2TZVPP. As the reaction also works with the palladium
complex alone, in dry acetic acid, this solvent has been used for the calculations, and
therefore silver was not considered.

The oxidation study starts with the coordination of the palladium to the amine and
formation of an N-Pd bond by H transfer to one of the acetates (I to I1), with a downhill
energy of —14.4 kcal/mol (Figure 10). Then, the amine / imine transformation occurs
through a classical B-hydride elimination reaction, like in TS1, with an overall activation
energy of 10.2 kcal/mol. If the reference for the energy is the complex Il (obtained from
IRC calculation of the TS), the energy barrier is 24.6 kcal/mol. The energies involved in
this transformation, are reasonable and in agreement with the temperature of the
experimental conditions. The formation of the imine is uphill from the amide N-Pd
complex, but favourable from the separate reactants (amine + Pd(OAc)2), showing an
energy of -6.5 kcal/mol for 111, a complex that evolves by release of the free imine, Pd(0)
and two molecules of acetic acid.

The ability of the amine in I to function as directing group for the C-H activation was
also computed. From I to TS1’, an activation of 11.0 kcal/mol was found for the C-H
cleavage, 1.0 kcal/mol higher than the oxidation step in TS1, and therefore, the amine
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oxidation to imine is slightly favoured. In any case, these data do not allow us to
completely discard that the C-H activation occurs first, followed by the amine/imine
oxidation. On the other hand, Pd(0) is formed at the end of Figure 1, which has to be re-
oxidized to Pd(I1) to continue the process.

o T
AG O/ \ N/ N
|

H o
3 /
keal/mol O--Pd—N-H H\Pd—OéK
v | /
o L) ogo
"
11.0 10.2
<oTst TSt
00 .-~ , N
N S5 . 7w
i
s Pd + 2 AcOH

[ \L H H

=\ o
H H _ | =
\/\NHZ \\\N/ o H l7d O/K

| =
* Q0 da—o?AL 04,0
Pd(OAc), )Lo/

Figure 10. Energetic profile of the oxidation transformation and comparison with
amine as directing group of the C-H activation.

Next, the previously formed propylimine coordinates with Pd(OAc). in V. As this
complex is in a different oxidation state from the final adducts in Figure 10, we took V
as relative G=0 to study the next steps of the reaction. From complex V, the following
elementary step is the C—H activation in position 3 of the propyl chain, promoted by one
of the acetate ligands (Figure 11). The computed energy for TS2 is 8.7 kcal/mol higher
than the palladacycle, while the product V1 is at —10.0 kcal/mol. After a slight decrease
of energy due to the ligand exchange and acetate release from VI to V11, the oxidative
addition to Phl happens with a barrier of 17.4 kcal/mol, affording Pd(IVV) complex VIII.
Then, an easy reductive elimination was computed in TS4 with only 5.5 kcal/mol over
V111 kcal/mol activation barrier to provide the formation of the Ph-C bond. Propylimine
I1X is favoured compared to the starting materials, being at an energy of -34.1 kcal/mol.
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Figure 11. DFT computed energy profile of the arylation of propylamine.
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We also studied the feasibility of a second C-H activation and formation of another
Ph-C bond in the same position (Figure 12). This step is especially important in the case
of substrate 1a, which already contains a phenyl group, as in IX, and must be able to
incorporate the second one. Initially, the iodide present in IX must be replaced by an
acetate ligand. Acetic acid and/or eventually silver salts can participate in this anion
exchange, which is difficult to be accurately described. In any case, complex X is prone
to suffer a similar process as mentioned before for V, and in principle Figures 12 and 11
should show similar results. The main difference related to the absence/presence of the
phenyl group at C-3 is the general increase of the activation energies due to the larger
steric hindrance. For example, the barrier for the C-H activation is quite larger in the
presence of the phenyl group (19.3 kcal/mol in TS5 vs 8.7 kcal/mol in TS2). A similar
trend occurs also during the oxidative addition to Phl (30.0 kcal/mol in TS6 vs 17.4
kcal/mol in TS3), and for the final reductive elimination (10.0 kcal/mol in TS7 vs 5.5
kcal/mol in TS4). However, the overall pictures stays unaltered, pointing to the oxidative
addition to form the Pd(IVV) complex as the slowest step.

X N
keal/mol Ph(",Pd\N/H
pr
27.4
—_—
7 TST!,
17.4, \
Xl
= IPh ’ /k
X 5.5 \ 53 ) Ph, 0 0
[ N APV
PR oo\ —pd _H
T35 A b
Pd_ _H z
AcO” N7 @ ? 128

Figure 12. DFT computed energy profile of the arylation of 3-phenyl substituted substrate.

The last steps of the mechanism were also assessed, although we could not locate all
structures involved, because of the existing uncertainties about the coordination pattern
around palladium in most species. However, we can offer some hints about a few
individual steps that might happen to complete the process. For example, after formation
of a XV-type complex, one of the aromatic rings has to be activated by palladium through
a C-H cleavage / Ar-Pd bond formation, like in TS8 (Figure 13). Our calculation shows
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that this process is completely feasible, spite the fact that the resulting complex XVI is a
7-membered ring palladacycle. Later, the formation of an amide-Pd bond in XVII might
trigger a Buchwald-Hartwig aryl amination. The computed transition state TS9 presents
a low energy value, leading to an amine-imine adduct XV 111, which contains all the atoms
and disposition needed for the formation of the final adducts. The hypothetical sequence
could probably occur through cyclization to XI1X and aromatization of XX, steps which
do not really need the aid of palladium.

oo
.0, "\
PN
O, , .-Pd—N
L K
[ H
AcO—Pd—N Ph

N\—H —_—
TS8
AAGH = 16.3 kcal/mol

R R
\ Ohc \ OAc
N

H-
NH _NH  acoH N NHz  acom N
,,,,,,,,,,, - EStsael N
Cyclization

Ph Ph Ph
XVl XIX XX

Figure 13. Last steps of the reaction, including calculated aryl CH-activation and
aryl amination

Overall, the computed energies for the steps of the process are compatible with the
temperature of the reaction, usually at 130 °C. All energies are below 30 kcal/mol, with
the maximum at the oxidative addition of XII in TS6. Noteworthy, we did not locate any
intermediate with a significantly lower energy than the rest, and thus, none of them
represent a global minimum in the energy surface that could be experimentally isolable.

Those DFT results can explained that the formation of 4 is not observed, as the amine
is oxidized to imine quickly. On the other hand, the imine becomes a good directing group
for further transformations.

These calculations offer one of the possible pathways that explains some of the
experimental observations, and at least shed some light on part of the transition states and
intermediates that take place in this intricate transformation. Obviously, more
experimental evidence is needed to confirm the different parts of the mechanism. The
necessity of the acetic acid as solvent is not fully explained. KIE measurements on
deuterated propylamine could confirm that C—H activation is not the rate limiting step.
Since two equivalents of amine are needed to complete the reaction, a well designed
experiment with 2°N labelled amines could be useful to ascertain the amine source of the
quinolinium nitrogen. Also, the role of the silver is not taken into account in these
mechanistic studies. A recent work® shows the important role of the metal for the C—H
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activation, therefore, investigation of potential ease of the reaction by silver is
interesting.*4
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11.6 Conclusion

In this chapter, a successful and innovative synthesis of quartenary quinolinium salts
from propylamines and its derivates is reported, catalyzed by palladium acetate. Aryl-
proylamines have been transformed into the desired products, with moderate to good
yields. Moreover, the method can be used with propylamine, in a process that involves
the activation of two aliphatic C—H bonds.

The mechanism for the reaction has been studied by computational means, and
compared with the experimental results and literature precedents. In the case of
propylamine, the proposed mechanism starts with the oxidation to imine, then a double
Csp:—H activation/arylation. Then a Csp—H bond is activated, followed by a C—N bond
formation. The intermediate is cyclized and oxidized to yield the final products.

The interests of the method are, the possibility offered to form quinolines scaffold from
simple starting material and to have multiple C—H activations, and creating multiple C-C
bonds and a C—N bond, in a single reaction.
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111 NHC-catalyzed synthesis of propargylic esters with
CO; capture (Paper 11)

I111.1 Introduction

Propargylic esters are present in wide range of compounds. From intermediates for
total synthesis of natural products, Diphylin, Justicine B or Tawainin C,%® to bioactive
compounds such as Oxybutynin for the treatment of bladder cancer.®® Their synthesis can
be achieved via the esterification of the corresponding carboxylic acid,®” % which needs
to be prepared before. The group of Prof. Vougioukalakis developed the methodology for
the synthesis of the propargylic esters, and the experimental results used for the DFT
studies were performed by his group. They reported a method that uses commercially
available starting materials and CO for a one-step synthesis of propargylic esters.
Because CO: is one of the major greenhouse gases and at the same time a cheap and safe
reagent, methods using CO: as reagent have in general a great interest economically and
for the society. A similar reaction to this work has been developed, showing the interest
for new routes of synthesis using CO2.%

In the recent literature of COz fixation on terminal alkyls, organocatalyzed by NHC,
two methods of synthesis were reported by two different groups.

The first one, by Liu et al.,’® were able to react terminal alkynes with CO2 to form
the propargyl carboxylic acid. Then, the treatment with HCI in the presence of alkyl
halides led to the corresponding esters.The reaction is carried ut at 60°C in DMSO,
catalyzed by in situ generated NHC (Scheme 20). The mechanism proposed is similar to
our proposal®® and rely on the formation of the NHC-CO; adduct.

then HCI /ko
— " . _ H
cat. NN R1/
N=/ N Me
nPr - o
=—R' + CO,
Cs,C04
DMSO, 60 °C, 24 h o)
P
X R2 /k N2
. // O R
R1

Scheme 20. Synthesis of propargylic acid and esters catalyzed by NHC.

38



111.2 Experimental results and scope of the reaction

For the synthesis of propargylic esters, three common reagents are involved: terminal
alkynes (15), allylic chlorides (16) and CO.. The reaction is catalyzed by NHC 18
(Scheme 21). The experimental results presented in this section (11.2) have been
performed by the group of Prof. Vougioukalakis.

C]
o ol
/=N
%N\% '8 i
=—R' + CO, + C|\/\/R2 - - . %OARZ
R
19

X
K,CO3
15 16 7 DMF, 60 °C, 20 h
Scheme 21. Three-component reaction for the synthesis of propargylic esters.

After optimization of the reaction conditions, the substrate scope was extended.
Aromatic propargylic reagents, with different substituents on the aromatic ring, gave
good results (Scheme 22). It was also possible to use different allylic chloride reagents,
with various functional groups, such as ester, cinnamyl, benzyl, carbonate or even olefins
(Scheme 22). On the other hand, when using 2-picolyl chloride the expected product was
not formed (19m).
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Scheme 22. Scope and limitations of the reaction studied by the group of Prof.
Vougioukalakis.



111.3 Mechanistic studies

111.3.1 Proposed mechanism

First, we wanted to identify the rate limiting step of the reaction. Second, we wanted
to understand the reactivity trend. In particular, the goal was to understand why aromatic
allylic halides (i.e. 17h - 171) were active substrates, whilst picolyl chloride 17m did not
react under the reaction conditions (Scheme 22).

Tentatively, a mechanism was proposed, consisting of an initial attack of the NHC
catalyst to CO2. Then, the zwitterionic intermediate formed (21) reacts with the allylic
chloride (17a) through an Sn2 reaction yielding 22. Next, the deprotonated propargylic
moiety (15a) reacts with 22 through an addition-elimination mechanism, releasing the
NHC catalyst and producing the final ester 19a (Scheme 23).

oL

(0]

) 21 S\2
cl

18 K,CO3
17a ClI~

co,

16
\=N* .
Adduct formation

20
%‘ENK
7
Ph / 22
o KoCO3
/J\O/\/\Ph x
Ph 19a Nucleophilic attack

15a
Scheme 23. Proposed mechanism.

111.3.2 Methodology for computational investigations

We used DFT methods to confirm or discard the previously shown mechanism, to
identify the possible rate-determining step and to explain the different reactivity of certain
chloride substrates. As a model of the reaction, the most reactive substrates, cinnamyl
chloride and phenyl acetylene (17a and 15a, respectively), were selected. The
calculations were done using Gaussian 16, with M06-2X2 for the functional and 6-
311G(s,p)'® as the basis sets for the geometry optimization and energies. % The solvent
model used is IEFPCM with DMF.
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111.3.3 Results and discussion

As first step of the proposed mechanism, we investigated the attack of the NHC
catalyst to CO.. An activation energy of 10.9 kcal/mol was found for TS1 (Figure 14).
This low value shows that the first reaction is an easy step and agrees with previous
results.'® The intermediate obtained (I1) is stable due to its low energy (2.7 kcal/mol).
As the energy of the NHC—CO: complex is lower than that of the two reagents (I and
CO»), it is possible to isolate it. This is why the intermediate is already reported and is
involved in different NHC-catalyzed reactions as a catalyst precursor.1% The next step is
the Sn2 reaction between 11 and allylic chloride 30a. The computed energy of activation
for this step was AAG' = 22.1 kcal/mol. Even if this step is more energy demanding, it is
affordable at the experimental conditions. The 3D structure of TS2 shows a typical Sn2
nucleophilic attack (Figure 16). The step yields a more stable intermediate (111, —4.2
kcal/mol). Then, the deprotonated alkyne attacks the carbonyl group in 11 (TS3, AAG'=
20.9 kcal/mol). A fairly stable tetrahedral intermediate is formed (1V), quickly followed
by the release of the NHC catalyst, yielding the product 19a (TS4, AAG'= 5.1 kcal/mol).

From this point, we have a global view of the energy profile of the reaction. We can
highlight that the rate-limiting step is the nucleophilic substitution (TS2) of the chloride
by the NHC-CO: adduct. And, as there are significant differences of reactivity
concerning the electrophile, we next focused our attention on this transition state to
explain those differences.
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Figure 14. Energy pathway for the reaction.

We were able to locate the transition state for the problematic chlorides, which are
benzyl chloride (17h) due to its low reactivity, and 2-picolyl chloride (17m) for its
complete absence of reactivity. The energy of activation of TS2 in the model reaction
(from cinnamyl chloride, 17a) is AAG' = 22.1 kcal/mol, and was set as the reference for
the study. In the case of benzyl chloride (17h, 61% yield), we obtained an energy of 23.0
kcal/mol for the corresponding TS2. From the Eyring equation, with transmission
coefficient set to 1 and a temperature of 333.15 K, we can calculate the half-life times of
both intermediates and compare them. For the cinnamyl chloride, we obtained a half-life
time of 26.5 s, and for benzyl chloride, of 121.8 s. Those values can give an approximation
to the difference of reactivity between the two substrates (97% vs 61%). In the case of
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the 2-picolyl chloride, 17m, we obtained an activation energy of 24.7 kcal/mol for the
corresponding TS2-mi, indicating a half-life time of 25 min. The difference with the
previous compounds is significant, but it is not able to explain an absolute absence of
reactivity for this substrate. We thought that other factors associated with the pyridine
moiety itself could play a crucial inhibiting role in the reaction. To further check this
hypothesis experimentally, a control reaction was carried out. Pyridine (1 equiv.) was
added to the reaction mixture with cinnamyl chloride (17h) and 15a as substrates,
applying the same reaction conditions as before. The expected product was not detected;
thus, pyridine inhibits the reaction.

From the three different TS2 previously found, we can also look at the bond distances.
The C-0O bonds lengths of the TSs from 17a, 17h and 17m are 2.09 A, 2.04 A and 2.00
A, respectively. And the C—Cl are 2.44 A, 2.38 A and 2.34 A, respectively (Figure 15).
Thus, the reactivity increases with increasing bond lengths in the TSs. It seems that the
carbon has to be as electropositive as possible, according to the difference between 17k
(84%) and 17i (59%): The formation of product with pyridine moiety could not be
achieved. The calculated energy for the TS2-m suggests that the time of reaction should
be longer compare to others substrate. But this higher energy level does not correspond
with the absence of product, 24.7 kcal/mol of energy of activation is compatible with the
experimental conditions.

TS2-a TS2-h TS2-m
AGH =221 AG* =23.0 AG* =247

Figure 15. Comparison of energies in kcal/mol with different chains for TS2.
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111.4 Conclusion

The mechanism of a novel organocatalytic protocol for the multicomponent
carboxylative coupling of terminal alkynes with organochlorides and CO., catalyzed by
an insitu generated NHC was studied in collaboration with the group of Prof.
Vougioukalakis. The DFT calculations on the mechanism of this transformation indicate
that the reaction is initiated with the addition of the carbene to a molecule of CO., forming
an NHC-carboxylate. This species is nucleophilic enough to react with chlorides, even
though the high activation energy of this step suggests that it is the rate-limiting step. This
fact explains well the large difference in reactivity of the different allyl and benzyl
chlorides and the effect of the substituents. The reaction with substrates with a pyridine
moiety could not be formed, which is due to the pyridine acting as inhibitor of the
reaction.
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IV Reaction of Catalytic Enols with Nucleophiles (Paper
)

1V.1 Introduction

Functionalization of the Ca of carbonyl moieties using electrophiles is well-known.
Ketones can tautomerize to enols or form enolate ions in the presence of base, and then
behave as nucleophiles. If the ketone has two enolizable positions that are similar
electronically and sterically, both Co can be functionalized upon reaction with
electrophiles (Scheme 24a). To avoid formation of regioisomeric a-functionalized
carbonyl compounds, an alternative is to use allylic alcohols as starting materials, and
combine a 1,3-hydrogen shift mediated by transition metal catalysts with a
functionalization reaction using electrophilic reagents. This approach has been used by
ust?110 and others™'? (Scheme 24b). The reaction relies on the formation of enol(ate)
intermediates after the isomerization (1,3-hydrogen shift) of the allylic alcohol. This type
of reactivity allows the regiospecific formation of a—substituted ketones, and avoids the
use of a strong base.

The functionalization of enols or enolates with nucleophiles requires to apply
umpolung strategies. Different approaches can be used, employing for example Lewis
acid,'*® transition metals''* or, as in the method developed here, hypervalent iodine
reagents.108,115—118

In this chapter our work on the use of an umpolung strategy in the stereospecific
transformation of allylic alcohols into a-functionalized carbonyl compounds is presented.
The electrophilic reagents have been exchanged by nucleophilic ones, (i.e. MeOH). The
umpolung is achieved by performing the reaction in the presence of a hypervalent iodine
reagent (24) (Scheme 24c).*Y’

a)
E

base 4
JK/\ - RWRZ + R\)S/\Rz + R%/\

b)

=

OH [Ir] cat. 1 o
R! g2 - K R?
E
c)
R3-OH
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OH lodine (1Il) reagent R
L, e R

O-R3

Scheme 24. “E*” = electrophile, a) Classical method for a-functionalization of
ketones. b) Regiospecific reaction of allylic alcohols with electrophiles catalyzed by
iridium. ¢) This work: umpolung approach for the synthesis of a-functionalized
carbonyls upon reaction of allylic alcohols with nucleophiles.
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A recent methodology was developed by Kielf and Gulder,**® for a-functionalization
by nucleophiles of a-pyridyl-ketones with hypervalent reagent. With the same umpolung
strategy, they succeeded to form, regioselectively, C—O, C—N and C-S bonds with no
enol ether pre-formation needed. The selectivity is driven by the pyridyl group,
coordinating weakly but sufficiently with iodine atom. Therefore, the nucleophile reacts
only on one side of the ketone (Scheme 25).

NuH

/‘N o) 24 /‘N o
e S
X
X Me DCM, rt Me

F—I—o0

23

Scheme 25. Functionalization of pyridyl ketone with hypervalent iodine.

1VV.2 Experimental results and scope of the reaction

The experimental protocol uses the iridium dimer [Cp*IrCl2]2 as the catalysts for the
isomerization of the allylic alcohol. A small excess of the hypervalent iodine reagent 23
is needed (1.2 equiv.), to provide good yields. Importantly, the yields were improved in
the presence of 80 mol% of KBF4 as an additive. Methanol is one of the solvents in the
mixture used (TFE, 1:3, TFE/MeOH v/v), as well as being the source of the methoxy
group (nucleophile). The best yields were obtained at 35 °C.

The method was successfully applied to a wide range of allylic alcohols (Scheme 26).
First, allylic alcohols with terminal double bonds gave moderate to quantitative yields of
methoxy ketones 25a-25h. The reaction afforded the products without any detectable
byproduct when the allylic alcohols contained functional groups such as nitrile, ketone,
halogen, or even azide (25e-25h). It was possible to obtain the ethoxy product using
ethanol as the solvent (25b), although in lower yields. Allylic alcohols with internal
double bonds also afforded the corresponding a-methoxy ketones (25i-25l) in good
yields, ranging from 60 to 79%.
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Scheme 26. Scope for the synthesis of a-methoxy ketones from allylic
alcohols.lsolated yields*

For the case of allylic alcohol with a ketone iny position, different products were
obtained. The reaction yielded five membered-rings, 3-furanones, 27a-27c in yields
ranging from 46% to 91%. Interestingly, 5-amino-3-furanone 27d was obtained from the
corresponding amide.

“Experimental results were obtained by Dr. A. Sanz-Marco and Dr. S. Martinez-Erro.
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Scheme 27. Scope of the reaction affording 3-furanones.”
1VV.3 Mechanistic studies
1V.3.1 Method and model selection

To study the mechanism we performed DFT calculations with the help of Gaussian 16
software suit and with M06%? as functional and 6-31G(d,p)'?° as basis set (SDD for
).124122 Different mechanistic pathways were considered. First, we considered a
mechanism occurring in two independent stages; first the iridium-mediated isomerization
of the allylic alcohol to an enol or enolate, followed by its reaction with the hypervalent
iodine reagent 23 and methanol, to yield the product. A more complex mechanism, where
all parts (iridium complex, iodine(I11) reagent 23 and MeOH) react in a concerted fashion
could also be envisioned. The second proposal was evaluated, but the energies obtained
were much higher than those expected from the experimental conditions.

An experiment with an isolated silyl enolate reacting under the same conditions of the
method yielded the expected product. This result points in the direction of the first
mechanism considered. In addition, the possible presence of radical intermediates was
tested with radical scavengers such as TEMPO or 2-diphenylethylene and product 27a
was obtained in high yields. Thus, the reaction does not seem to pass through radical
intermediates.

From these results, we can hypothesize that the isomerization by iridium and the
reaction of the resulting enolate with iodine(lll) reagent 23 and methanol are two
independent parts of the mechanism. We focused our study here on the second part of the
reaction. The mechanism of the isomerization of the allylic alcohol catalyzed by iridium
has been in studied in detail by our group recently.’?® The mechanism goes through
complex multiple steps, starting with coordination, followed by oxidation of the alcohol,
and insertion of an iridium hydride to form an iridium enolate moiety.

"Experimental results were obtained by Dr. A. Sanz-Marco and Dr. S. Martinez-Erro.
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1V.3.2 Intermolecular reactivity mechanism

First, we investigated the mechanism of the reaction using MeOH as the nucleophile
(i.e. the intermolecular reaction). The proposed mechanism (Scheme 28) starts with the
reaction of enolate A and the iodine(l11) species 23 to form an enolonium intermediate
(B). This one reacts with MeOH to render intermediate C. A reductive ligand coupling
forms the final product 28. A transition state (TS1) was found, showing an activation
energy of 16.2 kcal/mol, which is a value that fits well with the experimental conditions.

F—I—O0 Ph

\(& ﬁ)\ -H
o) o1
OH 03} o [Ir] @K MeOH/TFE MeO—I-==-0— O
)\/
Ph -H Ph F-,[ir
24
A B c
Ph *
~_.-H---0—CH,CF
. o 2 3
Ph MeC--1  OH
So !
LO-CH,CF3
MeO—1I----O-H 51 o I OH
Ph)S/ + ©/%
OMe
c 28
OCH,CFy
) A
pr/ O—I—0 X O—I—0Me
Ph OH
B' c

Scheme 28. Proposed mechanism for intermolecular reactivity.

During the calculations, we hypothesized that the addition of a molecule of TFE

would activate the carbonyl group of the enolonium through hydrogen bonding. Without
this molecule of TFE, the TS1’ had an activation energy of 21.8 kcal/mol. These findings
illustrate the positive effect of TFE by reducing the electron density of intermediate C,
what facilitates the ligand coupling. A model with two molecules of TFE was also
computed, affording higher activation energy (20 kcal/mol). This effect can be explained
by a less significant reduction of the electron density of the complex by the second TFE
molecule and an increase of the entropic effect as the structure contains multiple “free”
molecules.
Different tautomers have been considered, like the enolonium B’ and C’ with I-O
bonding. Similar enoloniums have been considered before in the reaction of enolates with
non-cyclic iodine(l11) reagents.'!® Both structures have significantly higher energies than
those of B and C. Specifically, AG = 14.1 kcal/mol higher for B’ compared to B, and AG
= 5.3 kcal/mol higher for C* compared to C. A TS starting from C’ could not be found.
For those reasons, B’ and C’ have not been considered as possible intermediates of the
reaction (Scheme 29).
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Scheme 29. Proposed mechanism for intermolecular reactivity

1V.3.3 Intramolecular reactivity mechanism

We then turned our attention to the mechanism of the intramolecular reaction, where
the nucleophile is the oxygen of a carbonyl or of a carboxylic acid derivative. Similar to
the previous part, enolonium D renders the most stable species (E, AG'= —11.7 kcal/mol,
Scheme 30). This intramolecular rearrangement corresponds to a nucleophilic-
addition/tautomerization. As in the intermolecular reaction, the product is obtained via a
reductive ligand coupling. The energy of activation of TS2 is 8.0 kcal/mol, resulting in a
much faster reaction than the intermolecular reaction.

D
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Z Y o

I
\ ‘
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Scheme 30. Proposed mechanism for intramolecular reactivity.



IV.3.4 Competitive reactions

In order to explain why only the cyclic product was obtained when both reactions can
happen, we computed both TSs for the same substrate. In the case of the first reaction,
with the molecule of methanol reacting, the energy of activation is AG'= 18.3 kcal/mol
(TS3). In addition, for the cyclization, only AG'= 8 kcal/mol were predicted (TS2). With
a difference of 10 Kcal/mol, we can easily explain the absence of the product derived
from the intermolecular reaction with MeOH.

_ . .
+
OCH;CF,
H S H-*"0-CHACF
I O ;
OH '. MeC---I  OH
bo)
Ts2 - Ts3 N

Scheme 31. Key elementary steps for competitive reactions from carbonyl-
functionalized allylic alcohols.

1V.4 Conclusion

The mechanism for the synthesis of a-methoxyketones and of 3(2H)-furanones
from allylic alcohols has been studied by computational means. The iridium catalyst
seems to be involved only in the isomerization of the allylic alcohol. The resulting enolate
reacts then with the hypervalent iodine reagent. The key step is a ligand coupling,
promoted by trifluormethyl ethanol, which allows the formation of a new C—-0O bond via
an overall umpolung strategy. Further, we have also concluded that the selectivity of the
reaction resulting in formation of 3(2H)-furanones as sole products from carbonyl-
functionalized allylic alcohols is due to a lower activation energy for the cyclization step
than that of the alternative intermolecular reaction with the solvent MeOH.
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V Theoretical study of manganese-catalyzed synthesis
of propargylamines (Paper 1V)

V.1 Introduction

Propargylamines are common building blocks for the synthesis of N-containing
organic molecules.?* The fact that propargylamines contain multiple functional group
allows to use a variety of synthetic tools to transform them. Examples include the
synthesis of different heterocycles, such as pyridine,'?® quinoline,'?® hydroquinoline or
even oxazolidinones.*?” For example, Yu and coworkers,'?® reported the synthesis of
hydroquinolines from N-substituted propargyl amines and aldehyde acetals mediated by
iron halides salts (Scheme 32a).1%

The triple bond in propargyl amines can undergo click reactions upon reaction with
azides.1?® Cai and coworkers developed a multicomponent one-pot reaction to quickly
generate numerous bioactives compounds from a set of azides (Scheme 32b). They used
first a metal free triazole synthesis from azide, ketene and the propargylanime, with DBU
as base, follow by a classical, copper catalyzed click reaction with a second azide.

T FeCl
N + PhCH(OEf), — > » Ak
0y 0
Ph

b)

a)

R2

R? R2
o] )\ Base N= HN‘& RB_N3 N;N HN
RN, +)/:f FHNTOY — R”“‘\/(_<\o N\ — R1'N\/(_<O N
N,N
R3

Scheme 32. a) Hydroquinoline synthesis from propargylamine. b) Sequential
triazoles formation with propargylamines as intermediate.

Chiral propargylamines can be used for the synthesis of optically active compounds.
Innocenti and co-workers used enantioenriched propargylamines to synthetize bicyclic
compounds as a single diastereoisomer through a cobalt-mediated Pauson-Khand reaction
(Scheme 33).1%°

Ph CO 1 atm H

= Co,(C0O)g 0.1 equiv
Bu/ _ RW;};%O

_N Toluene, 70 °C
RTMN Bu Ph

Scheme 33. Pauson-Khand reaction from chiral propargylamines.

In this chapter, the KA? reaction has been mediated by manganese catalysts.’*® As an
abundant metal, the development of new catalytic methods mediated by manganese are
of interest to the industry.'®* Manganese complexes has been used to catalyzed C—H
activation reactions with concomitant C—C bond formations,**? cross-coupling
reactions'* or hydrogenation.t**
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V.2 Scope of reaction

The KAZ reaction studied in this chapter was experimentally developed by our
collaborators, the group of Prof. Vougioukalakis.*®* In this reaction, primary or secondary
amines (30), terminal alkynes (31), and ketones (29) are reacted using manganese
bromide as catalyst. The reactions are run neat, at 130 °C for 20 h (Scheme 34).

Cyclic amines such as piperidine 30a, pyrroline 30b, morpholine 30d or nornicotine
30i gave the corresponding propargyl amines (32a, 32b, 32d, 32i) in excellent yields.
With the latter amine, 32i was obtained as a single diastereoisomer. In addition, aliphatic,
primary or secondary amines afforded their corresponding products, 32g and 32h,
respectively, in good yields. Regarding the scope of the ketones (29), cyclopentanone,
cyclohexanone and cycloheptanone could be used successfully, as well as non-cyclic
aliphatic ketones. Phenylacetylene derivatives were used in all instances. The reaction
was not successful when using 1,2-cyclohexanedione nor with benzophenone.

2 H H Rs<, R
N. = 9 BN
R1AR2 + Ry R, . Ar/ MnBr, (5 mol%)
neat, 130 °C, R N
1 R S
20h 2 SNy,
29 (1.0 equiv.) 30 (1.0 equiv.) 31 (1.0 equiv.) 32

P E]

Ph \ \N

32a (67%) 32b (91%) 32¢ (73%) 32d (94%)

()

%5

/nCSHW Ph
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Ph%@
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32e (97%) 32f (46%) 329 (67%) 32h (61%) 32i (88%)
>99:1 er?
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Ph O Ph [ )
S N
: O
32m (0%) 32n (0%)

Scheme 34. Scope of the MnBr,-catalyzed KA? coupling. # enantiomeric ratio
determined by *H NMR spectroscopy.
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V.3 Mechanism study

Lee and co-workers proposed a mechanism for the A® reaction that we took as the
starting point for the mechanistic investigations of the KA? coupling.*®® We selected
cyclohexyl amine (30e), phenyl acetylene (31e) and cyclohexanone (29e) as the reagents.
Condensation of 30e with 29e forms iminium I11. In parallel, acetylene 3le is
deprotonated in situ by piperidine 30e, with the assistance of the manganese salt I,
forming Mn phenyl acetylide I1. This intermediate reacts then with iminium 111 affording
propargylic amine 32¢, and releasing MnBr2 (Scheme 35).
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Scheme 35. Proposed mechanism for the KA? reaction catalyzed by MnBrs.

There only exist a few computational studies on the mechanism KA? reactions.®® We
therefore started the DFT calculations on the model substrates. The experimental reaction
is performed in neat conditions, and as solvation is important for accurate calculations,
cyclohexanone was used for solvation model for the DFT studies. Since iminium salts
can be formed at temperatures lower than 130 °C, their formation was not calculated. We
used the B97-D functional for the structure optimizations, together with the 6-31G(d,p)
basis sets for all the atoms.

At first, we noticed that the manganese species involved in the catalytic reaction were
lower in energy at quartet state instead of doublet state, with an average difference of 10
kcal/mol. This means that the metal complex holds three unpaired electrons during the
reaction pathway. As the proposal for the mechanism, phenylacetylene is first
deprotonated by a base, being the strongest one in the system piperidine. The triple bond
coordinates to MnBr, leading to an increase acidity of the acetylenic proton. This proton
is then removed by piperidine (30e), yielding to an ionic pair. The product was found less
stable that the starting materials (4.2 kcal/mol higher). This means that the concentration
of this species is low in the reaction media (Figure 16a).

The second part of the mechanism is the formation of the imminium salt 111, by
reaction of the ketone and the amine. 111 reacts then with the manganese phenyl acetylide
(1), generating the product. The energy involved in the transition state, TS1, is 23.9
kcal/mol. This energy needs to be added to the energy of the previous complex, leading
to a transition state at 28.9 kcal/mol, a reasonable number taking into account the
experimental conditions, i.e. a temperature of 130 °C. The product consists then of the
expected product (32e) coordinated to manganese. The energy of this complex is —1.7
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kcal/mol compared to that of the starting materials. Thus, the reaction is driven by the
stability of this final compound (IV, Figure 16b).
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Figure 16. DFT results for: a) the deprotonation of the acetylene, b) Nucleophilic
attack of the manganese complex onto the ketamine.

V.4 Conclusion

The mechanism of a manganese-catalyzed KA? coupling has been investigated by
DFT. It was shown that upon coordination of MnBr to the terminal alkyne substrate, a
facile deprotonation takes place, forming an anionic manganese phenylacetylide
complex. This species reacts with the iminium species. The moderate activation energy
of the C—C bond-forming step, together with the low concentration of the manganese
phenylacetylide makes this step rate-limiting, and agrees with the need for high
temperatures in the experiments. With appropriate ligands on Mn that enables
stabilization of the generated anionic Mn acetylide species, its concentration may be
increased, which may result in reasonable reaction rates at lower temperatures.
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V1 Concluding remarks

The work presently reported in this thesis has the aim of studying new methods of
C-C, C—N and C-0 bond formations. The experimental and mechanistic aspects of those
methods have been investigated with a focus on the utilization of DFT tools.

In the first project, the readily available propylamine and its derivatives demonstrated
their capacity to be transformed into quaternary quinolinium salts by a multicomponent
process. This reaction, catalyzed by palladium salts, allows to access substituted
quinolinium salts in just one step, with a specific substitution pattern. The mechanism
proposed for the reaction involves multiple C—H activations, and formation of two new
C—C and one C—N bond, in a single transformation.

The second project concerns the study of the mechanism for the NHC-catalyzed
formation of propargylic esters from terminal alkynes, allylic chlorides and CO.. We
could propose a mechanism for this new reaction by DFT calculations, consisting on an
initial formation of an NHC/CO- adduct. Then, this adduct reacts with the allylic chloride
reagent, to form an ester as intermediate, before the formation of the product by
nucleophilic attack of the alkyne. The experimental limitations found in the scope of the
reaction were also investigated.

In the third chapter, the mechanism of an umpolung reaction was studied. The
transformation consists on the reaction of catalytic enolates with alcohol nucleophiles.
The mechanism through which the final product is formed from the enolate was
investigated, which occurs via enolonium intermediates. These species render the final
products through a reductive elimination. Our studies also explain the selectivity obtained
when there exist two competing nucleophiles.

In the last project, the mechanism of a multicomponent reaction for the synthesis of
propargylamines was computationally studied by DFT. A mechanism was proposed,
which indicates how the reaction may be improved in future experimental investigations.
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Abstract: The synthesis of a group of quinolinium structures has been
achieved starting from aliphatic primary amines, through a palladium
catalyzed process. The appropriate combination of the palladium
catalyst, silver oxidant and acetic acid / water solvent mixture gives
rise to moderate yields of rather complex heterocyclic structures in a
single step. Two units of the amine and one or two units of the aryl
iodide are incorporated in this multicomponent reaction. In general,
unprotected aliphatic primary amines are not suitable substrates for
palladium catalyzed processes, due to undesirable side reactions.
However, in our case, they can be safely used, giving rise to a
remarkable increase in complexity. Some of the elementary steps of
the mechanism have also been studied by DFT means.

Introduction

Azaheterocycles are predominant in the chemical structure of
many approved drugs.!! The subcategory represented by
quinoline scaffold (quinolines, quinolones, tetrahydroquinolines),
is a significant part of the pharmacophores, offering outstanding
bioactivities from antiviral to anticancer and through anti-
inflammatory or antibacterial drugs.® Furthermore, quaternary
quinoliniums are key intermediates of the synthesis of many of
those drugs, as their rich reactivity allows to access a wide range
of different scaffolds, leading to high structural diversity.®! In
general, quinolinium salts are best prepared by alkylation of
quinoline precursors, which is a procedure rather limited by the
availability of the corresponding quinolines, depending finally on
the methods of their preparation. Thus, a direct access to
quinoliniums from simple and inexpensive materials would better
fit with the idea of efficient and concise synthesis. However,
alkylation remains nowadays the best approach as quinoline
synthesis have been intensively studied and, are still the object of
new synthetic methodologies.”! The vast majority of those
methods imply starting materials with preformed Aryl-N bond, as
aniline or nitrobenzene, and involve the formation of the pyridine
ring by reaction with moderate to high complex reactants. Only
few examples report the synthesis of quinolines with construction
of the critical Aryl-N bond from a C(sp2)-H one.®!

The C-H activation of sp2 and sp3 carbons is an instrumental new
tool for the late stage modification of pre-existing drugs.’® More
specifically, the activation of aliphatic amines has become a
valuable tool, due to the inherent difficulty of activating inert
C(sp3)-H bonds, and to the preponderant presence of substituted
amines in bioactive molecules present in the drug market.
Transition metal catalyzed C-H activations allow site selective

functionalization of molecules, even if the selectivity is highly
dependent on the presence of directing groups. Any kind of
amines can act in general as intramolecular directing groups,
however, primary amines are the most challenging substrates for
different reasons, among them, the irreversible formation of the
strong covalent C-N bond, or the easy oxidation of the amine to
the imine moiety. In both cases, the further reactivity of the amine
is interrupted. Seminal work by Dauglis group used a picolinamide
installed in the substrate as directing group (Scheme 1a), yielding
y-arylation of the protected amine.l As drawback, the amide had
to be prepared initially and cleaved after the functionalization of
the substrate. More recently, Ge’s group!® proposed the in situ
formation of a carboxy-imine, a transient directing group, formed
between the free primary amine and catalytic amounts of glyoxylic
acid, which is released after the y-functionalisation (Scheme 1b).
These methods meet some essential criteria in late stage
functionalization, like high site selectivity and compatibility with
the core structure of the substrates. In parallel, C-H activation
processes also offer simple transformation of complex molecules
from inexpensive, economically and environmentally friendly
starting materials. In our group, by a maodification of the existing
methods, we have used the y-functionalization of the aliphatic
amines in a different way, developing a different approach,
consisting in the polyfunctionalization of aliphatic amines, leading
to a remarkable increase of the complexity of the substrates
(Scheme 1c). Initially, the method also uses a cascade C-H
arylation of the aliphatic amine in the gamma position, and
subsequent cyclization, oxidation steps for the formation of
quinolinium rings. The substrates are not prefunctionalized, and
the method does not require the presence of transient directing
groups.
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Scheme 1. Palladium catalyzed C-H activation and functionalization of
propylamine chains. a) Picolamide directed y-C-H arylation of protected alky!
amines. b) Site-selective y-C—H arylation of primary amines with glycoxylic acid

as transient directing group. c) In this work, non-directed synthesis of substituted
quaternary quinolinium salts from unprotected primary amines.

Results and Discussion

Reaction development and optimization. We began this work
by evaluating the suitability of unprotected 3-phenylpropylamine
la to the palladium catalysed C-H activation conditions, using
iodobenzene 2a as model arylating agent. We considered that the
amine could undergo multiple C-H activation, C-C and C-N bonds
formation and oxidation in the presence of palladium acetate
catalyst, as this transition metal has demonstrated its ability to
participate in such transformations.®% Thus, in the presence of
10 mol% palladium acetate, a stoichiometric amount of silver
trifluoroacetate, one equivalent of iodobenzene 2a, at refluxing
conditions in acetic acid, a very polar fluorescent compound was
detected. The careful analysis of its NMR and HRMS spectra
identified complex the cationic quinolinium structure of 3a, formed
in a 16% yield (entry 2, Table 1). In the structure, two subunits of
phenyl-propylamine can be distinguished, one of them forming
the pyridine ring of the heterocycle and the other one as the side
chain substituent of the N (highlighted in red in 3). The second
aromatic ring comes from the phenyl iodide reagent. Although
other metal acetates were initially evaluated, like copper, zinc,
manganese and cobalt, we did not observed the formation of any
product. Changing the stoichiometric oxidant to a less expensive
silver oxide improved the yield to 21%, although the higher
reactivity of Ag-O could arise from its higher solubility or from the
use of a higher load (2 equiv.) of the oxidant, which can also be
transformed in situ to silver acetate in the reaction medium. The
solvent screening showed that only acetic acid, with or without
water, can be used for the reaction (entries 7-9, Table 1). The use
of the acidic conditions can be explained by the need to
destabilize any unreactive amine/palladium complexes. However,
the acidity of the medium has to be controlled, as trifluoroacetic
acid did not yield the desired compound (entry 10).
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Table 1. Investigation of the possible catalyst, oxidants and solvents for the

reaction.

! MX, (10 mol%) o
NH. Ag20 (2 equiv.) X
©M 2w + Ph/HSNJ\
A, solvent ,t‘/_ H
OAc
)3
1 2 3 4
Entry Catalyst Additives Solvent Yield (%)@
10 mol% 2eq.
100 M(OAC)2 CFsCO-Ag  AcOH 0
2 Pd(OAc)2 CFsCO-Ag® AcOH 16
3 Pd(OAc) Agz0 ACOH 21
4 Pd(OAc) HNO; AcOH 0
5 Pd(OAC) H,0, AcOH 0
6 Pd(OAC) CuOAC, AcOH 0
7 Pd(OAC) Ag:0 DMF 0
8 Pd(OAC) Ag:0 MeOH 0
9 Pd(OAc)2 Ag20 Toluene 0
10 Pd(OAc)2 Ag20 TFA 0

All the reaction were done with 2 eq of iodobenzene, at 110°C overnight. [a]
Yields by NMR with trimethoxybenzene as internal standard. [b] Metals tried:
Cu, Mn, Co and Zn. [c] 1.5 eq of CFsCO2Ag used.

An undesired side effect of the use of AcOH is the formation of
amide 4a, which appears in the reaction in variable amounts,
which were difficult to control initially. The ratio between water and
acetic acid (Table 2) was found to have a big impact in the
reaction outcome, and a significant reduction of the amount of the
amide by-product was accomplished. The optimal ratio was found
to be 1:1 (entry 5), at which no more amide formation was noticed.
However, the yield remained low (21%), but increasing the
temperature to 130°C rendered the product 3a in 35% yield (entry
6). Finally, the yield was improved to 77% after prolonged reaction
times (60 h, entry 7).

Table 2. Optimization of the solvent.

Pd(OAc), (10 mol%) o
Ag,0 (2 equiv.) B
©M @ O + PhX*gNJ\
A, so\vent ,t‘/ H
) OAc
3
1 2 3 4
Entry Ag20 Phl (eq.) Solvent Temp.  Yield
(°C) (3/4,%)
1 2 2 AcOH 110 26/47
2 3 2 AcOH 110 31/46
3 2 3 AcOH 110 30/42



4 2 2 AcOH 130 28/49
5 2 2 AcOH/H0P 110 21/0
6 2 2 AcOH/H0P 130 35/2
7e 2 2 AcOH/H0P 130 7714

[a] Yields by NMR with trimethoxybenzene as internal standard. [b] v/v 1:1. [c]
reaction time of 60 h.

To better understand the main features of the process, some
control experiments were conducted. For example, in the
absence of any palladium catalyst (but in the presence of
stoichiometric silver oxide, entry 1, Table 3), the reaction did not
proceed. However, in the opposite combination, absence of silver
and presence of 10 mol% palladium catalyst (entry 2), a 7% yield
of the product was observed, indicating that the palladium is only
able to run one turn of the catalytic cycle, the silver oxidant being
necessary to re-oxidize the palladium species to its active form.
To confirm this idea, a stoichiometric amount of palladium was
used in the absence again of silver co-oxidant (entry 3), and in
this occasion a 42% yield of the product was obtained. It appears,
thus, that the role of the silver is not directly linked to the C-H
activation or cyclization steps. Finally, as expected, the aryl iodide
is mandatory for the reaction to occur. Phenyl propylamine alone
did not cyclize or render any other type of compound, but instead,
it decomposed to a complex mixture of materials.

Table 3. Control experiments of the reaction.

. ®

Pd(OAc),
©MNH2 . © Ag,0 (2 equiv.) O B
130 °C, AcOH/H,0 N -
Vi 1:1,60 h ) Ohe
3
1 2 3
Entry Pd(OAc)2 Ag20 IPh (equiv.)  Yield (%)@
(mol%) (equiv.)
1 0 2 2 0
2 10 0 2 7
3 100 0 2 42
4 10 2 0 0

[a] Yields by NMR with trimethoxybenzene as internal standard.

Scope. With the optimal conditions in hands, we next explored
the scope of possible aryl iodide reagents, and their

regioselectivity in reactions with 3-phenylpropylamine. In principle,

if R and Rz in 1 and 2 are the same substituent, the final rings in
3 are interconvertible (Rs = Rs) and a single isomer is formed. This
is the case in compounds of entries 1-4 (Table 4), when applying
the reaction to methyl, chloro and methoxy groups in both
aromatic substrates. Meanwhile, two possible isomers can arise
from mixing differently substituted propylamines and iodides,
since the formation of the key C-N bond and cyclization of the
initial 3,3-diphenyl propylamine intermediate can happen with
either aromatic ring (vide infra). For this reason, mixing
unsubstituted 1a (R;=H) with p-iodotoluene (Rz=Me) (3e), the two
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possible isomers arose in 1:4.3 ratio, with the methyl group in the
heterocycle or in the peripheral phenyl ring. Seemingly, o-
iodotoluene also provided the desired products, 3f, in 40% yield
by NMR, (the products could not be isolated in this case). The
situation becomes a bit more complex in the case of the m-
iodotoluene (3k), as the cyclization can happen in two
regioisomeric aromatic positions (ortho and para to the methyl
group), giving rise to three possible regioisomers in 47% yield.
Electron withdrawing groups are also tolerated in the reaction, as
para fluoro-, chloro- and bromo-toluene derivatives gave the
expected mixture of isomers in acceptable yields (54, 43 and 39%
respec). In the case of fluorine, 3h, a ratio of 1:1.2 was determined
by °F NMR. A stronger electron withdrawing group in
trifluomethyl iodobenzene was also employed with success. Not
surprisingly, two isomers were obtained in a 1:1.2 ratio with the
para isomer (3g), and a mixture of three ismoers for the meta
analogue (1:6:4, 3l).

! Pd(0Ac), (10 mol%) Ry= Ry or Ry
Ag20 (2 equiv.) Re= R or Ry
R N NHp | re N 192 : = X" = AcO”
= 2 111 H,0/AcOH

130°C,60 h
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Scheme 2. Scope of the reaction with different 3-arylpropylamine and aryl-
iodines. [a] ratio: 1:4.3 by 'H NMR. [b] 40% vyields by H NMR with
trimethoxybenzene as internal standard. [c] ratio: 1:1.2 by **F NMR. [d] ratio:
1:1.2 by **F NMR. [e] ratio: 6:4:1 by °F NMR.

At this point, we wondered about the first elementary steps of this
intricate transformation. Indeed, after formation of the amine-Pd
complex |, a beta-hydride elimination, followed by oxidation of the
Pd(0) species, would lead to imine complex Il (Scheme 2). This
step is lower in energy than the direct C-H activation of the amine
at the gamma position (see Sl). At this point, the computed
activation energy of the C-H activation (TS1) is affordable in the
reaction conditions (AAG* = 19.3 kcal/mol) to render Ill, which
follows the logical steps of oxidative addition to iodobenzene and
reductive elimination to introduce the biaryl system in the gamma
position of the imine. We hypothesized that a similar process
could also take place in the unsubstituted propyl imine system 1V,
an in fact, the activation energy of TS2 is much lower (8.7
kcal/mol) than in the previous substituted system Il. For this
reason, it seemed worth to check the suitability of simple,
unsubstituted propylamine as a substrate of the reaction, which
could suffer a double arylation process en route to the desired
quinolinium salts.

o N mnoomaion N
1 +
Pd.

|
AcO” N7

H
Ph/\) " Ph/\)LH

Pd oxidation Pd.
—_— AcO

C-H activation P H
AAGH = 19.3 keal/mol m

T Ph-l [

Pd_ _H Ph H _Pd_ _H
AcO” TN - - Pd—y R X \‘N/
TS2 u Oxidative addtion
\)LH C-H activation H + ph/\)\H
v AAGH = 8.7 keallmol v Reductive elimination vi

Scheme 3. Mechanism of the formation of the imines as directing group, follow
by C-H activation and arylation of the substrate, supported by DFT calculation.

Thus, propylamine was treated with 2 equivalents of iodobenzene
in otherwise similar conditions to those described in Table 3, and
to our delight, after 60 h at 130 °C, compound 5a was obtained as
a single product. Although the isolated yield was a low 32%, it can
be considered adequate for a process with such a remarkable
increase of complexity. As expected, the side alkyl chain at the
nitrogen is a propyl group, and since two equal aryl groups are
incorporated in the molecule, a single isomer of the final adduct is
formed. Similar outcomes were obtained with other aryl iodides,
namely p-tolyl (5b), p-chloro (5¢) and meta-methyl (5d). In the
latter case, the two possible regioisomers is obtained, containing
the CHs group at the 6 and 8 positions of the heterocyclic with a
ration of 3:1. The other position (C8) is probably blocked by steric
impediment. The yields of the three compounds range from 32 to
38%, which are values that have to be put again in perspective,
taking into account the simplicity of the method and the starting
materials and the complexity of the final adducts.
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I Pd(OAc), (10 mol%)
Xy Ag20 (2 equiv.)

ONH, + R ] —————— >R
P
£ 1:1 Hy0/AcOH NT -
o OAc
130 °C, 60 h Q
4 2 5
CHj cl
P P P
N HsC N¥ cl N7
\) “OH \) “OAc \) OAc
5a32% 5b 38% 5¢ 16%!°

CHy V “OAc

5da / 5db 0%!°!

Scheme 4. Scope of the reaction with propylamine and aryl-iodines. [a] Product
not isolated. [b] ratio: 3:1

Although the specific nature of all the steps involved in such a
complex multicomponent process are impossible to detail at this
stage, we have tentatively computed some of the key transition
structures that at least are able to explain the key bond formations
(Scheme 3). For example, we hypothesize that after the C-H
activation previously mentioned, an easy oxidative addition in TS3
would afford Pd(IV) complex VII with an activation barrier of 19.5
kcal/mol. The subsequent reductive elimination presents only 9.9
kcal/mol energy in TS4 to yield bis-arylated imine VIII. After iodide
/amine ligand exchange, the C-N bond formation is also
energetically accessible (TS5, 14.8 kcal/mol). The participation of
the palladium metal is probably not needed in the final steps,
involving cyclization through attach of the amine to the imine
functional group, and product yielding oxidative aromatization.

o 1,0 J\
S H gl H ~
! - (e} o}
A o
Ph H Ph)\/U\H PN
Ph H T83 Ph H 154

M Oxidative adition vii Reductive elimination pp—~pp,

AAG* = 19.5 kcal/mol AAGH = 9.9 keal/mol vin
R R
‘\\ \ -
- ToAc
NH /NH N\
TS! Cyclization
Aryl amination o oh
Ph AAGF = 14.8 keal/mol

X X Xi

Scheme 5. Mechanism of the C-H activation/arylation of the 3-

phenylpropylimine, C-N bond formation and cyclization.

Finally, an interesting result was obtained when p-fluorotoluene
was used as arylating agent for the reaction with propylamine or



3-(p-fluorophenyl) propyl amine, because instead of the expected
single isomer of a quinolinium salt containing two fluorine atoms
at C7 position and at the phenyl substituent, the mass spectra
showed an adduct containing a single fluorine atom and a new
oxygen atom, which had replaced the lacking C-F bond. The
transform involved has the characteristics of a aromatic

nucleophilic substitution.!*! In addition, the compound was neutral,

instead of cationic and much less polar than before. With these
data and the NMR traces, the structure of the new adduct was
tentatively assigned to compound 8a-8b or 9a-9b (Scheme 6). It

is worth noting that a single compound, although in different yields,

was obtained from the unsubstituted propyl amine or the

monosubstituted (4-F-Ph-) derivative.

Pd(OAc); (10 mol%)

F. Ago2 (2 equiv.)
R, \@
| 1:1 AcOH/H,0
2eq. 130°C, 24 h
6b-6b 7 RiaH 21% (25) 8a- Bh 9a. 9b

b 4-F-Ph 67% (85)

Scheme 6. Reaction with p-f-aryls and by products formation.

Conclusion

In summary, we have developed a simple process for the easy
construction of rather complex quinolinium salts, starting from
unprotected aliphatic primary amines. The incorporation of two
units of the amine and an aryl iodide occurs in a multicomponent
process. Even simple propylamine is a suitable substrate,
dimerizing and incorporating two units of the aryl iodide reagent.
In this case, the increase of complexity is remarkable, but still
occurring at acceptable yields for such a complex process.
Although the mechanism of this very intricate process contains a
large number of individual steps, some tentative computational
studies have been carried out, proposing elementary steps such
as amine oxidation, C-H activations, oxidative addition, reductive
elimination, cyclization and aromatization, all of them occurring at
low to moderate activation energies.

Experimental Section
General reagent information

Chemicals were obtained from commercial sources and were used without
any further purification, with the exception of substituted 3-aryl-
propylamine that was prepare, see Sl. All metal sources were anhydrous
and at least 98% pure. All reactions were set up under air and carried out
screw-cap pressure tubes.

Computational Methods

All reported structures were optimized at Density Functional Theory level
by using the unrestricted B97-D functional, which includes Grimme’s
dispersion, as implemented in Gaussian 16. Optimizations were carried
out with the 6-311G(d,p) basis set taking for all atome except iodine and
palladium, where SDD was used.l'’>15l The reported energy values
correspond to Gibbs Free energies, including a solvent model (IEFPCM,
acetic acid), computed with Def2TZVPP. The critical stationary points were
characterized by frequency calculations in order to verify that they have
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the right number of imaginary frequencies, and the intrinsic reaction
coordinates (IRC) were followed to verify the energy profiles connecting
the key transition structures to the correct associated local minima.

General analytical information

1H, 3C and '°F NMR spectra were measured on a Brucker Avance 400
MHz instrument, using CDClI3 or D20 as the solvent and its residual solvent
peak as a reference. NMR spectroscopic data are given in the order:
chemical shift, multiplicity (s, singlet, br. s, broad singlet, d, doublet, t,
triplet, g, quartet, m, multiplet), coupling constant in Hertz (Hz), and
number of protons. HRMS spectra were recorded by SGlker and were
acquired on a time of flight (TOF) mass spectrometer (SYNAPT G2 HDMS
from Waters) equipped with an electrospray source in positive mode
(ESI+).

General procedure

The following procedure was used for the synthesis of the quinoliniums: in
a seal tube, was added, a stirring bar, palladium acetate (6.7 mg,
0.03mmol), silver oxide (140 mg, 0.6 mmol), corresponding iodoaryl (0.6
mmol). Then, 1 ml of water follow by 1 ml of acetic acid was added, and
finally the amine (0.3 mmol). The tube was closed with a seal cap, and
heat at 130 °C for 60h. The crude mixture was cooled down, 5 ml of
methanol was added, and then filtered on cotton to remove salts. To the
solution obtained, 5 g of silica was added and the solvent removed under
vacuum. The silica was then washed with cyclohexane, then
dichloromethane and finally acetone. The product was then remove from
the silica by washing with methanol with 1 % (v:v) acetic acid. The solvents
was removed under vacuum and the pure product obtained. The products
was then characterized by NMR and HRMS.

Characterization data for new compounds

4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3a): Prepared
according to the general procedure and obtained as brown oil in 55 % yield
(32 mg, 0.82 mmol). 'H NMR (400 MHz, D20) & 8.99 (d, J = 6.1 Hz, 1H),
8.30 (d, J=8.8 Hz, 1H), 8.17 —8.05 (m, 2H), 7.81 (dd, J = 8.5, 7.1 Hz, 1H),
7.66 (d, J = 6.1 Hz, 1H), 7.65 — 7.55 (m, 3H), 7.55 — 7.49 (m, 3H), 7.06 —
6.96 (m, 5H), 5.03 (t, J = 6.8 Hz, 2H), 2.82 (t, J = 6.8 Hz, 2H), 2.50 (p, J =
6.8 Hz, 3H), 1.83 (s, 3H). 13C NMR (100 MHz, CDClz) 5 157.16, 151.36,
139.97, 137.88, 137.68, 134.99, 133.20, 131.50, 131.19, 129.89, 129.77,
129.67, 129.05, 128.99, 128.85, 128.64, 128.56, 128.07, 128.01, 126.71,
123.24, 118.43, 57.08, 32.55, 31.12. HRMS m/z [M-OAcT" calcd for
C24H22N* 324.1700; Found 324.1745.

7-methyl-4-(p-tolyl)-1-(3-(p-tolyl)propyl)quinolin-1-ium acetate (3b):
Prepared according to the general procedure and obtained as brown oil in
45 % yield (28.7 mg, 6.75 mmol). *H NMR (400 MHz, CDClz) 5 9.32 (s,
1H), 8.01 (d, J = 8.7 Hz, 1H), 7.59 (d, J = 5.9 Hz, 1H), 7.51 (d, J = 8.8 Hz,
1H), 7.43 (s, 1H), 7.05 — 6.85 (m, 8H), 4.85 — 4.78 (m, 2H), 3.31 (d, J =
35.5 Hz, 3H), 2.68 (t, J = 6.9 Hz, 2H), 2.41 (d, J = 38.7 Hz, 3H), 2.30 —
2.06 (m, 5H), 1.12 (s, 3H). **C NMR (100 MHz, CDClz) & 13C NMR (101
MHz, CDCI3) & 177.89, 158.85, 148.33, 147.25, 141.48, 138.14, 136.49,
136.10, 135.45, 133.59, 131.77, 131.55, 129.89, 129.55, 129.29, 128.97,
128.85, 128.71, 128.24, 126.74, 126.30, 121.42, 117.08, 56.33, 49.84,
49.62, 49.40, 49.19, 48.98, 48.76, 48.55, 48.34, 43.39, 31.66, 30.84, 29.52,
28.88, 22.52, 22.34, 21.24, 20.75. HRMS m/z [M-OAc]* calcd for C27H2sN*
366,2222; Found 366.2231.

7-chloro-4-(4-chlorophenyl)-1-(3-(4-chlorophenyl)propyl)quinolin-1-
ium acetate (3c): Prepared according to the general procedure, product
not isolated. HRMS m/z [M-OAc-]+ calcd for C24H19CI3N+ 426.0583
Found 426.0588.

7-methoxy-4-(4-methoxyphenyl)-1-(3-(4-

methoxyphenyl)propyl)quinolin-1-ium  acetate (3d):  Prepared



according to the general procedure and obtained as brown oil in 29 % yield
(19.1 mg, 0.044 mmol). 1H NMR (400 MHz, ) & 10.13 (d, J = 6.2 Hz, 1H),
8.14 (d, J = 9.4 Hz, 1H), 7.72 (d, J = 6.1 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H),
7.37 (d, 3 = 9.5 Hz, 2H), 7.29 (s, 1H), 7.21 — 7.16 (m, 3H), 7.12 (dd, J =
14.5, 8.5 Hz, 1H), 7.04 (s, 2H), 6.83 (t, J = 7.5 Hz, 6H), 5.30 — 5.07 (m,
2H), 4.15 — 3.64 (m, 3H), 2.80 — 2.50 (m, 3H), 2.00 (s, 3H), 1.90 — 1.77 (m,
2H). 13C NMR (126 MHz, CD3CN) & 159.1, 151.6, 147.2, 132.5, 131.9,
122.6,120.2, 116.5, 115.5, 115.5, 99.2, 57.5, 56.2, 56.0, 22.9. HRMS m/z
[M-OHT* calcd for C27H28NO3+ 414.2069; Found 414.2048.

7-methyl-4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate and 1-(3-
phenylpropyl)-4-(p-tolyl)quinolin-1-ium  acetate (3e): Prepared
according to the general procedure and obtained as brown oil in 72 % yield
(47.5 mg, 0.108 mmol). Mixture of the two compounds: *H NMR (400 MHz,
CDCls) 8 10.32 (d, J = 5.4 Hz, 1H), 8.29 (d, J = 8.5 Hz, 1H), 7.98 — 7.91
(m, 2H), 7.91 — 7.79 (M, 1H), 7.46 (s, 3H), 7.30 (d, J = 4.9 Hz, 5H), 7.27 —
7.04 (m, 6H), 5.35-5.26 (m, 2H), 2.95 (t, J = 7.2 Hz, 2H), 2.51 (d, J=19.1
Hz, 5H), 2.30 (s, 1H), 2.09 (s, 3H). 13C 13C NMR (126 MHz, CDCI3) &
161.77, 158.76, 151.15, 150.97, 141.47, 141.17, 139.88, 139.35, 138.58,
137.86, 134.83, 134.57, 134.21, 131.87, 131.45, 130.69, 130.46, 130.01,
129.70, 129.56, 129.37, 129.33, 129.22, 129.19, 128.82, 128.72, 128.63,
128.59, 128.48, 128.44, 128.41, 128.12, 128.08, 127.94, 126.55, 126.44,
126.09, 122.89, 121.61, 121.08, 120.83, 118.05, 117.12, 114.29, 56.62,
41.74, 33.20, 32.41, 31.19, 29.68, 28.78, 21.45, 21.28, 20.93. HRMS m/z
[M-OAcT* calcd for CasH24N* 338.1909; Found 338.1924.

1-(3-phenylpropyl)-4-(4-(trifluoromethyl)phenyl)quinolin-1-ium
acetate and 4-phenyl-1-(3-phenylpropyl)-7-(trifluoromethyl)quinolin-
1-ium acetate (3g): Prepared according to the general procedure and
obtained as brown oil in 31 % yield (21.0 mg, 0.047 mmol). Mixture of the
two compounds: *H NMR (400 MHz, CDCls) & 10.38 (d, J = 5.1 Hz, 1H),
8.10(d, J = 8.5 Hz, 1H), 8.07 — 8.02 (m, 1H), 7.98 (d, J = 5.1 Hz, 1H), 7.90
(td, J = 13.4, 8.4 Hz, 4H), 7.67 (d, J = 8.0 Hz, 2H), 7.42 (q, J = 8.3 Hz, 4H),
7.34 -7.17 (m, 8H), 5.29 — 5.21 (m, 2H), 2.90 (t, J = 7.1 Hz, 2H), 2.50 —
2.38 (m, 2H), 2.03 (s, 3H). 1F NMR (376 MHz, CDCls) -62.29, -62.94. *C
NMR (100 MHz, CDClz) 8 156.67, 151.29, 141.86, 139.56, 138.02, 137.65,
134.97, 132.86, 132.52, 130.90, 130.64, 129.95, 129.81, 129.76, 129.30,
128.77, 128.61, 128.54, 128.47, 128.35, 127.83, 127.45, 126.53, 126.18,
125.62, 124.72, 123.24, 122.92, 122.14, 121.95, 121.54, 118.26, 114.51,
57.14, 41.86, 33.16, 32.33, 30.98, 29.67. HRMS m/z [M-OAc]" calcd for
CasH21F3N* 392.1626; Found 392.1638.

4-(4-fluorophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-
fluoro-4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate  (3h):
Prepared according to the general procedure and obtained as brown oil in
54 % yield (32.5 mg, 0.081 mmol). *H NMR (400 MHz, CDCls) & 9.95 (d,
J =5.8 Hz, 1H), 8.19 (d, J = 8.5 Hz, 1H), 8.09 — 7.90 (m, 4H), 7.89 — 7.81
(m, 1H), 7.58 (dd, J = 8.7, 5.1 Hz, 2H), 7.40 — 7.12 (m, 19H), 6.91 (t, J =
8.7 Hz, 2H), 5.27 — 5.02 (M, 2H), 2.89 (t, J = 7.2 Hz, 2H), 2.49 — 2.37 (m,
2H), 2.03 (s, 3H). 1°F NMR (376 MHz, CDCls) -108.47, -116.60. 1*C NMR
(100 MHz, CDCls) & 176.75, 165.48, 162.97, 162.83, 160.40, 157.62,
150.39, 139.68, 137.89, 134.82, 131.91, 131.83, 131.27, 130.90, 130.82,
129.55, 129.23, 128.98, 128.89, 128.64, 128.38, 128.11, 126.51, 123.06,
118.38, 116.74, 116.52, 115.10, 114.89, 57.24, 32.40, 31.00, 29.66,
21.67.HRMS m/z [M-OAcT* calcd for CasH21FN* 342.1658; Found
342.1668.

4-(4-chlorophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-
chloro-4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate  (3i):
Prepared according to the general procedure and obtained as brown oil in
43 % yield (26.9 mg, 0.065 mmol). *H NMR (400 MHz, CDCls) 5 10.04 (s,
1H), 8.16 (d, J = 8.5 Hz, 1H), 8.02 (d, J = 7.3 Hz, 1H), 7.87 (m, 4H), 7.62
(d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.33 — 6.86 (m, 8H), 5.17 —
5.08 (m, 2H), 2.85 (t, J = 7.1 Hz, 2H), 2.45 — 2.35 (m, 2H), 2.03 (s, 3H).
13C NMR (100 MHz, CDClz) & 157.32, 150.77, 139.67, 137.82, 137.46,
134.82, 133.02, 132.13, 131.01, 130.85, 129.64, 128.80, 128.65, 128.40,
128.22,127.97,126.53, 123.08, 118.32, 57.21, 32.40, 31.00, 29.67.HRMS
m/z [M-OAcT* caled for C24H21CIN* 358.1363; Found 358.1371.
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4-(4-bromophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-
bromo-4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3)):
Prepared according to the general procedure and obtained as brown oil in
39 % yield (23.5 mg, 0.059 mmol). *H NMR (400 MHz, CDCls) & 10.06 —
10.00 (m, 1H), 8.17 (d, J = 8.5 Hz, 1H), 8.03 (d, J = 7.3 Hz, 1H), 7.98 —
7.57 (m, 3H), 7.43 (d, J = 8.4 Hz, 1H), 7.38 = 7.17 (M, 3H), 7.13 (d, J = 8.2
Hz, 2H), 5.18 — 5.10 (m, 2H), 2.87 (t, J = 7.1 Hz, 2H), 2.46 — 2.34 (m, 2H),
2.02 (s, 3H). 3C NMR (101 MHz, CDCI3) & 207.14, 176.15, 157.34, 150.74,
139.66, 137.81, 135.39, 134.86, 133.48, 132.60, 131.19, 131.13, 129.61,
129.41, 128.81, 128.66, 128.40, 127.90, 126.54, 125.76, 122.99, 120.12,
118.31, 57.16, 32.39, 31.00, 30.93. HRMS m/z [M-OAcT]* calcd for
C24H21BrN* 402.0857; Found 402.0873.

1-(3-phenylpropyl)-4-(p-tolyl)quinolin-1-ium  acetate, 6-methyl-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate and 8-methyl-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3k): Prepared
according to the general procedure and obtained as brown oil in 47 % yield
(28.0 mg, 0.071 mmol). *H NMR (400 MHz, CDCls) & 1H NMR (400 MHz,
CDCI3) 5 10.34 (s, 1H), 8.24 (d, J = 8.5 Hz, 1H), 8.06 — 7.95 (m, 1H), 7.92
(dd, J=9.4, 6.0 Hz, 3H), 7.82 (t, J = 7.6 Hz, 1H), 7.67 — 7.60 (m, 1H), 7.56
— 7.40 (m, 3H), 7.40 — 6.98 (M, 6H), 6.91 (d, J = 7.3 Hz, 1H), 5.30 — 5.21
(m, 2H), 3.80 (s), 3.59 (s), 2.91 (t, J = 7.1 Hz, 2H), 2.44 (s), 2.03 (s, 3H).
13C NMR (101 MHz, CDCI3) & 175.91, 158.94, 150.93, 139.85, 139.28,
137.81, 137.49, 137.04, 134.72, 134.63, 131.54, 130.61, 130.26, 130.16,
129.53, 129.33, 129.28, 129.06, 128.61, 128.46, 128.17, 127.91, 126.82,
126.67, 126.46, 122.96, 118.10, 92.85, 56.84, 55.31, 32.40, 31.15, 29.67,
22.66, 21.44, 21.29. HRMS m/z [M-OAc]* calcd for CasHz4N* 338.1909;
Found 338.1918.

1-(3-phenylpropyl)-4-(3-(trifluoromethyl)phenyl)quinolin-1-ium
acetate, 4-phenyl-1-(3-phenylpropyl)-6-(trifluoromethyl)quinolin-1-
ium acetate and 4-phenyl-1-(3-phenylpropyl)-8-
(trifluoromethyl)quinolin-1-ium acetate (3I): Prepared according to the
general procedure and obtained as brown oil in 26 % yield (15.3 mg, 0.039
mmol). *H NMR (400 MHz, CDCl3) & 10.24 — 10.18 (m, 1H), 8.04 (m, 2H),
7.95 — 7.68 (M, 4H), 7.64 — 6.98 (m, 5H), 5.23 — 5.14 (M, 2H), 2.84 (t, J =
6.9 Hz, 2H), 2.46 — 2.34 (m, 2H), 1.99 (s, 3H). **F NMR (376 MHz, CDCls)
-62.43, -62.48, -62.70. *C NMR (101 MHz, CDCI3) & 156.59, 151.17,
139.52, 137.85, 137.68, 135.33, 134.91, 133.01, 132.84, 131.83, 130.09,
129.85, 128.60, 128.41, 128.34, 127.86, 127.38, 126.50, 126.12, 123.24,
122.81, 118.26, 57.16, 43.28, 32.27, 30.82, 29.68. HRMS m/z [M-OAcT*
calcd for CasH21F3N* 392.1626; Found 392.1635.

4-phenyl-1-propylquinolin-1-ium acetate (5a): Prepared according to
the general procedure and obtained as brown oil in 32 % vyield (14.7 mg,
0.048 mmol). 'H NMR (400 MHz, CDCls) 5 10.28 (s, 1H), 8.28 — 8.18 (m,
2H), 8.15 — 8.07 (m, 1H), 7.91 — 7.80 (m, 1H), 7.53 (d, J = 6.3 Hz, 2H),
7.28(d, J = 7.9 Hz, 2H), 7.15 (t, J = 7.3 Hz, 1H), 5.14 (s, 2H), 3.57 (s, 2H),
2.07 (s, 3H), 1.05 (t, = 6.8 Hz, 3H). 23C NMR (101 MHz, CDCI3) & 158.55,
150.84, 137.89, 137.74, 134.71, 130.76, 129.67, 129.47, 129.41, 129.24,
128.56, 128.15, 127.93, 125.68, 122.99, 118.35, 58.94, 29.66, 23.34,
10.85. HRMS m/z [M-OAcT* calcd for C1sH1sN* 248.1439; Found 248.1450.

7-methyl-1-propyl-4-(p-tolyl)quinolin-1-ium acetate (5b): Prepared
according to the general procedure and obtained as brown oil in 38 % yield
(19.1 mg, 0.057 mmol). 'H NMR (400 MHz, CDCls) & 10.45 (s, 1H), 8.19
(d, J=8.7 Hz, 1H), 7.98 (s, 1H), 7.87 (s, 1H), 7.67 (d, J = 8.7 Hz, 1H), 7.22
(d,J=7.7 Hz, 1H), 6.97 (d, J = 7.7 Hz, 1H), 5.21 (s, 2H), 2.76 (s, 3H), 2.52
(s, 2H), 2.17 — 2.08 (M, 3H), 1.12 (t, J = 7.3 Hz, 3H). 2*C NMR (101 MHz,
CDCI3) 5 158.42, 150.24, 146.83, 141.35, 138.33, 132.02, 131.43, 129.98,
129.66, 129.32, 129.01, 128.60, 126.41, 121.91, 117.25, 58.53, 29.66,
23.29, 22.79, 21.44, 10.90. HRMS m/z [M-OAc]* calcd for CaoHzoN*
276.1752; Found 276.1768.

7-chloro-4-(4-chlorophenyl)-1-propylquinolin-1-ium  acetate  (5c):
Prepared according to the general procedure, not isolated. HRMS m/z [M-
OAcT* calcd for C1gH16Cl2N* 316.0660; Found 316.0679.



6-methyl-1-propyl-4-(m-tolyl)quinolin-1-ium acetate and 8-methyl-1-
propyl-4-(m-tolyl)quinolin-1-ium acetate (5d): Prepared according to
the general procedure and obtained as brown oil in 32 % yield (23.5 mg,
0.048 mmol). Major product: *H NMR (400 MHz, CDCls) & 10.32 (s, 1H),
8.19 (d, J = 9.0 Hz, 1H), 8.02 (s, 1H), 7.97 (d, J = 8.9 Hz, 1H), 7.58 — 7.49
(m, 1H), 7.47 (d, J = 7.7 Hz, 2H), 7.45 — 7.31 (m, 3H), 5.25 (s, 2H), 2.57
(s, 3H), 2.18 (m, 2H), 2.07 (s, 3H), 1.15 (t, J = 7.1 Hz, 3H).3C NMR (101
MHz, CDCI3) 8 HRMS m/z [M-OAc]* calcd for C20H22N* 276.1752; Found
276.1768.

4-(4-fluorophenyl)-1-propylquinolin-1-ium-7-olate ~ (8a):  Prepared
according to the general procedure and obtained as brown oil in 21 % yield
(8.9 mg, 0.032 mmol). *H NMR (500 MHz, CDCI3) & 7.80 (d, J = 6.6 Hz,
1H), 7.58 (d, J = 9.6 Hz, 1H), 7.49 — 7.41 (m, 2H), 7.27 (d, J = 12.9 Hz,
4H), 6.73 (s, 1H), 6.67 (d, J = 6.5 Hz, 1H), 4.32 — 4.18 (m, 2H), 2.11 — 2.00
(m, 7H). 1°F NMR (376 MHz, CDCls) -110.98. 13C NMR (126 MHz, CDCI3)
5 139.46, 131.36, 131.06, 130.99, 129.03, 116.12, 115.95, 111.23, 100.70,
57.54, 29.68, 21.17, 11.09.. HRMS m/z [M+H]* calcd for CigHi7FON*
282.1294; Found 282.1308.

4-(4-fluorophenyl)-1-(3-(4-fluorophenyl)propyl)quinolin-1-ium-7-olate
(8b): Prepared according to the general procedure and obtained as brown
oil in 67 % yield (37.7 mg, 0.101 mmol). *H NMR (400 MHz, CDCI3) 5 7.72
(d, J = 6.5 Hz, 1H), 7.58 (d, J = 9.6 Hz, 1H), 7.48 — 7.40 (m, 2H), 7.30 —
7.22 (m, 3H), 7.18 (dd, J = 8.4, 5.4 Hz, 2H), 7.08 (dd, J = 9.6, 1.8 Hz, 1H),
7.01 (t, J = 8.6 Hz, 2H), 6.78 (s, 1H), 6.65 (d, J = 6.4 Hz, 1H), 4.31 (t, J =
7.4 Hz, 2H), 2.79 (t, J = 7.5 Hz, 2H), 2.35 (p, J = 7.6 Hz, 2H). *3C NMR
(101 MHz, CDCI3) & 164.37, 162.44, 151.62, 142.94, 139.39, 134.85,
132.31, 130.76, 130.68, 129.36, 128.83, 120.39, 115.86, 115.65, 115.30,
115.10, 111.40, 100.33, 55.09, 31.53, 29.36, 28.70. HRMS m/z [M+H]*
calcd for C2sH19F20N* 376.1512; Found 376.1527.
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Synthesis of 3-aryl-propylamine:

t-BuOK (5.66 g, 50.0 mmol) was added to a stirred solution of anhydrous THF containing
the substituted benzaldehyde (42.0 mmol) and 2-diethoxyphosphorylacetonitrile (8.10 g,
6.0 mmol) at 0 °C for 30 min. Then, the reaction was maintained at 25 °C for a further 30
min. The mixture was extracted with ethyl acetate and the combined organics were
washed with brine, dried over magnesium sulfate, and concentrated, flash column
chromatography was done to recover the pure corresponding acrylonitrile (90:10,
hexane/ethyl acetate). Then, the acrylonitrile was dissolve in 100 ml of a solution of 5 %
ammonia in methanol (v:v), and hydrogenated with 50 bars, 70 °C, 1 ml/min with Raney
nickel as catalyst on a flow hydrogenation reactor. The solvent was remove under
vacuum, and product obtained without any further purification.

Synthesis of the quinoliniums:

In a sealed tube, was added, a stirring bar, palladium acetate (6.7 mg, 0.03mmol), silver
oxide (140 mg, 0.6 mmol) and the corresponding iodoaryl (0.6 mmol). Then, 1 ml of
water followed by 1 ml of acetic acid was added, and finally the amine (0.3 mmol). The
tube was closed with a seal cap, and heated at 130 °C for 60h. The crude mixture was
cooled down to room temperature, 5 ml of methanol was added, and then filtered on
cotton to remove salts. To the solution obtained, 5 g of silica were added and the solvent
removed under vacuum. The silica was then washed with cyclohexane, then
dichloromethane and finally acetone. The product was then remove from the silica by
washing with methanol with 1 % (v:v) acetic acid. The solvents were removed under
vacuum and the pure product obtained.

3-(p-tolyl)propan-1-amine (1b):

/@/\/\NHz
H3C

Prepared from 4-methylbenzaldehyde with the described method, isolated as a white
solid, 75% vyield after both steps. 'H NMR (400 MHz, CDCls) § 7.12 (s, 3H), 2.76 (t, J =
7.0 Hz, 2H), 2.69 — 2.57 (m, 2H), 2.35 (s, 3H), 1.79 (p, J = 7.5 Hz, 2H). 3°C NMR (101
MHz, CDCls) § 138.9, 135.12, 129.0, 128.2, 41.7, 35.4, 32.7, 20.9. HRMS m/z [M+H]*
calcd for CioH1sN+ 150.1283; Found 150.1291.

3-(4-chlorophenyl)propan-1-amine (1c):

/@/\/\NHZ
cl

Prepared from 4-chlorobenzaldehyde with the described method, isolated as an white
solid, 72% yield after both steps. *H NMR (400 MHz, CDCls) § 7.35 — 7.19 (m, 2H),
7.14 (d, J = 8.5 Hz, 2H), 2.76 (t, J = 7.0 Hz, 2H), 2.69 — 2.60 (m, 2H), 1.89 — 1.68 (m,
2H). 13C NMR (101 MHz, CDCls) § 140.5, 131.5, 129.7, 128.4, 41.6, 35.2, 32.6. HRMS
m/z [M+H]"* calcd for CoH12CIN+ 169.0669; Found 169.0669.



3-(4-methoxyphenyl)propan-1-amine (1d):

MeO

Prepared from 4-methoxybenzaldehyde with the described method, isolated as an off-
white solid, 65% yield after both steps. *"H NMR (400 MHz, CDCls) § 7.13 (d, J = 8.5
Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 3.82 (s, 3H), 2.75 (t, J = 7.0 Hz, 2H), 2.63 (t, J = 7.0
Hz, 2H), 1.77 (p, J = 7.5 Hz, 2H). Result in agreement with the literature.

3-(4-fluorophenyl)propan-1-amine (6b):

/@/\/\NHz
F

Prepared from 4-flurorobenzaldehyde with the described method, isolated as an off-white
solid, 68% yield after both steps. 'H NMR (400 MHz, CDCI13) 6 7.16 (dd, ] = 8.5, 5.5 Hz,
2H), 7.07 — 6.89 (m, 2H), 2.75 (t, J = 7.0 Hz, 2H), 2.72 — 2.58 (m, 2H), 1.89 — 1.66 (m,
2H). 1°F NMR (376 MHz, CDCls) § -117.91. 3C NMR (101 MHz, CDCls3) § 161.2 (d, J
=243Hz), 129.6 13 (d, J=7.5 Hz), 115.0 13 (d, J = 21.0 Hz), 41.66, 35.49, 32.42. HRMS
m/z [M+H]" calcd for CoH12FN* 153.0954; Found 153.0950.

3-(2,6-difluorophenyl)propan-1-amine:

F

F

Prepared from 4-methoxybenzaldehyde with the described method, isolated as an oil,
71% yield after both steps. *H NMR (400 MHz, CDCls) § 7.25 — 7.06 (m, 1H), 6.87 (t, J
= 8.0 Hz, 2H), 2.77 (dt, J = 12.0, 7.5 Hz, 4H), 1.81 (p, J = 7.5 Hz, 2H). °F NMR (376
MHz, CDCI3) § -116.1. *3C NMR (101 MHz, CDCI3) § 127.4 (t, J = 8.5 Hz), 111.0 (d, J
= 8.0 Hz), 41.2, 32.5, 19.5. HRMS m/z [M+H]* calcd for CgH11FoN* 171.0860; Found
171.0853.

1 William F. McCalmont, Jaclyn R. Patterson, Michael A. Lindenmuth, Tiffany N. Heady, Doris M.
Haverstick, Lloyd S. Gray, Timothy L. Macdonald. Bioorganic & Medicinal Chemistry, 13, 11, 2005, 3821-
3839,



4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3a):

Prepared according to the general procedure and obtained as brown oil in 55 % vyield (32
mg, 0.82 mmol). *H NMR (500 MHz, CDsCN) § 9.09 (d, 4.4 Hz, 1H), 8.39 (d, J = 8.9
Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H), 8.23 (t, J = 8.0 Hz, 1H), 8.00-7.93 (t, J = 7.5 Hz, 1H),
7.89(d,J=4.5Hz, 1H), 7.74 - 7.68 (m, 3H), 7.64 (m, 2H), 7.24 (d, J = 7.5 Hz, 5H), 5.03
(t, J = 7.0 Hz, 2H), 2.87 (t, J = 8.0 Hz, 2H), 2.47 — 2.43 (m, 2H), 1.97 (s, 3H). 1*C NMR
(126 MHz, CD3CN) & 180.0, 160.3, 148.6, 140.9, 136.2, 136.1, 131.5, 130.9, 130.6,
130.2, 130.0, 130.0, 129.3, 129.0, 129.0, 127.1, 122.9, 119.6, 58.5, 32.8, 31.3. HRMS
m/z [M-OAcT]* caled for CasH22N* 324.1700; Found 324.1745.

7-methyl-4-(p-tolyl)-1-(3-(p-tolyl)propyl)quinolin-1-ium acetate (3b):

Me

O b
~
Me N=+
I3

OAc
Me

Prepared according to the general procedure and obtained as brown oil in 45 % yield (28.7
mg, 6.75 mmol). *H NMR (400 MHz, CD3CN) § 9.10 (d, J = 6.0 Hz, 1H), 8.16 (d, J =
9.0 Hz, 1H), 8.01 (s, 1H), 7.80—7.71 (m, 2H), 7.51 (s, 4H), 7.12 (d, J = 5.0 Hz, 2H), 7.03
(d, J=8.0 Hz, 2H), 4.93 (t, J = 7.5 Hz, 2H), 2.80 (t, J = 7.5 Hz, 2H), 2.69 (s, 3H), 2.51
(s, 3H), 2.44 — 2.31 (m, 2H), 2.28 (s, 3H). 13C NMR (126 MHz, CDsCN) § 175.4, 159.5,
148.4, 148.0, 142.0, 139.3, 137.8, 136.4, 135.4, 132.9, 132.5, 130.5, 130.4, 129.9, 129.7,
129.6, 129.3, 129.1, 128.8, 121.7, 57.7, 32.1, 31.1, 22.2, 21.0, 20.6, 20.60. HRMS m/z
[M-OACT]* caled for Co7H2sN™ 366,2222; Found 366.2231.

7-chloro-4-(4-chlorophenyl)-1-(3-(4-chlorophenyl)propyl)quinolin-1-ium acetate
(3c):



Prepared according to the general procedure, product not isolated. HRMS m/z [M-OAc
]* caled for C24H19CI3sN* 426.0583 Found 426.0588.

7-methoxy-4-(4-methoxyphenyl)-1-(3-(4-methoxyphenyl)propyl)quinolin-1-ium
hydroxyde (3d):

OMe

Prepared according to the general procedure and obtained as brown oil in 29 % yield (19.1
mg, 0.044 mmol). 'H NMR (400 MHz, ) § 10.13 (d, J = 6.2 Hz, 1H), 8.14 (d, J = 9.4 Hz,
1H), 7.72 (d, 3 = 6.1 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 9.5 Hz, 2H), 7.29 (s,
1H), 7.21 - 7.16 (m, 3H), 7.12 (dd, J = 14.5, 8.5 Hz, 1H), 7.04 (s, 2H), 6.83 (t, J = 7.5
Hz, 6H), 5.30 — 5.07 (m, 2H), 4.15 — 3.64 (m, 3H), 2.80 — 2.50 (m, 3H), 2.00 (s, 3H), 1.90
—1.77 (m, 2H). ¥C NMR (126 MHz, CD3CN) § 159.1, 151.6, 147.2, 132.5, 131.9, 122.6,
120.2, 116.5, 115.5, 115.5, 99.2, 57.5, 56.2, 56.0, 22.9. HRMS m/z [M-OH]" calcd for
C27H2sNOs* 414.2069; Found 414.2048.

7-methyl-4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3e):

Me

O \

7
N=+

: U)a OAc

Prepared according to the general procedure and obtained as brown oil in 72 % yield (47.5
mg, 0.108 mmol). *H NMR (400 MHz, CDCls) 6 10.32 (d, J = 5.5 Hz, 1H), 8.29 (d, J =
8.5 Hz, 1H), 7.98 — 7.91 (m, 2H), 7.91 — 7.79 (m, 1H), 7.46 (s, 3H), 7.30 (d, J = 4.9 Hz,
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5H), 7.27 — 7.04 (m, 6H), 5.35 — 5.26 (M, 2H), 2.95 (t, J = 7.0 Hz, 2H), 2.51 (d, J = 19.0
Hz, 5H), 2.30 (s, 1H), 2.09 (s, 3H). *C NMR (126 MHz, CDCI3) & 161.8, 158.7, 151.2,
151.0, 141.5, 141.2, 139.9, 139.4, 138.6, 137.9, 134.8, 134.6, 134.2, 131.9, 131.5, 130.7,
130.5, 130.0, 129.7, 129.6, 129.4, 129.3, 129.2, 129.2, 128.8, 128.7, 128.6, 128.6, 128.8,
128.4,128.4,128.1,128.1,127.9, 126.6, 126.4, 126.09, 122.9, 121.6,121.1, 120.8, 118.1,
117.1, 114.3, 56.6, 41.7, 33.2, 32.41 31.2, 29.7, 28.8, 21.5, 21.3, 20.9. HRMS m/z [M-
OACT]* caled for CasH2aN* 338.1909; Found 338.1924.

1-(3-phenylpropyl)-4-(4-(trifluoromethyl)phenyl)quinolin-1-ium acetate and 4-
phenyl-1-(3-phenylpropyl)-7-(trifluoromethyl)quinolin-1-ium acetate (3g):

Prepared according to the general procedure and obtained as brown oil in 31 % yield (21.0
mg, 0.047 mmol). Mixture of 1:0.8. *H NMR (400 MHz, CDCls) § 10.38 (d, J = 5.0 Hz,
1H), 8.10 (d, J = 8.5 Hz, 1H), 8.07 — 8.02 (m, 1H), 7.98 (d, J = 5.0 Hz, 1H), 7.90 (td, J =
13.4,8.5 Hz, 4H), 7.67 (d, J = 8.0 Hz, 2H), 7.42 (q, J = 8.5 Hz, 4H), 7.34 — 7.17 (m, 8H),
5.29—5.21 (m, 2H), 2.90 (t, J = 7.0 Hz, 2H), 2.50 — 2.38 (m, 2H), 2.03 (s, 3H). *°F NMR
(376 MHz, CDCls) -62.29, -62.94. 13C NMR (100 MHz, CDCl3) § 156.7, 151.3, 141.9,
139.6, 138.0, 137.7, 135.0, 132.9, 132.5, 130.9, 130.6, 130.0, 129.8, 129.8, 129.3, 128.8,
128.6, 128.5, 128.5, 128.4, 127.8, 127.5, 126.5, 126.2, 125.6, 124.7, 123.2, 122.9, 122.1,
122.0,121.5,118.3,114.5,57.1,41.9, 33.2, 32.3, 31.0, 29.8. HRMS m/z [M-OAcT]" calcd
for CasH21FaN* 392.1626; Found 392.1638.

4-(4-fluorophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-fluoro-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3h):

Prepared according to the general procedure and obtained as brown oil in 54 % yield (32.5
mg, 0.081 mmol). Mixture of 1:1. 'H NMR (400 MHz, CDCls) § 9.95 (d, J = 6.0 Hz, 1H),
8.19 (d, J = 8.5 Hz, 1H), 8.09 — 7.90 (m, 4H), 7.89 — 7.81 (m, 1H), 7.58 (dd, J = 8.5, 5.0
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Hz, 2H), 7.40 — 7.12 (m, 2H), 6.91 (t, J = 8.7 Hz, 2H), 5.27 — 5.02 (m, 2H), 2.89 (t, J =
7.2 Hz, 2H), 2.49 — 2.37 (m, 2H), 2.03 (s, 3H). 2°F NMR (376 MHz, CDCls) -108.47, -
116.60. 3C NMR (100 MHz, CDCls) 5 176.8, 165.5, 163.0, 162.8, 160.4, 157.6, 1504,
139.7, 137.9, 134.8, 131.9, 131.8, 131.3, 130.9, 130.8, 129.6, 129.2, 129.0, 128.9, 128.6,
128.4, 128.1, 126,51, 123.1, 118.4, 116.7, 1165, 115.1, 114.9, 57.2, 32.4, 31.0, 29.7,
21.7. HRMS m/z [M-OAc" calcd for CoaHaFN* 342.1658; Found 342.1668.

4-(4-chlorophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-chloro-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3i):

[N/ OQ

zZ
+\/O

c O

). OAc ); OAc

w

Q

Prepared according to the general procedure and obtained as brown oil in 43 % yield (26.9
mg, 0.065 mmol). *H NMR (400 MHz, CDCls) § 10.04 (s, 1H), 8.16 (d, J = 8.5 Hz, 1H),
8.02 (d, J = 7.5 Hz, 1H), 7.87 (m, 4H), 7.62 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H),
7.33 -6.86 (m, 8H), 5.17 — 5.08 (m, 2H), 2.85 (t, J = 7.0 Hz, 2H), 2.45 — 2.35 (m, 2H),
2.03 (s, 3H). $3C NMR (100 MHz, CDCls) § 157.3, 150.8, 139.7, 137.8, 137.5, 134.8,
133.0, 132.1, 131.0, 130.9, 129.6, 128.8, 128.7, 128.4, 128.2, 128.0, 126.5, 123.1, 118.3,
57.2, 32.4, 31.0, 29.7. HRMS m/z [M-OAcT" calcd for C4aH21CIN* 358.1363; Found
358.1371.

4-(4-bromophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-bromo-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3j):

Prepared according to the general procedure and obtained as brown oil in 39 % yield
(23.5 mg, 0.059 mmol). *H NMR (400 MHz, CDCl3) § 10.06 — 10.00 (m, 1H), 8.17 (d, J
= 8.5 Hz, 1H), 8.03 (d, J = 7.5 Hz, 1H), 7.98 — 7.57 (m, 3H), 7.43 (d, J = 8.5 Hz, 1H),
7.38 — 7.17 (m, 3H), 7.13 (d, J = 8.0 Hz, 2H), 5.18 — 5.10 (m, 2H), 2.87 (t, J = 7.0 Hz,
2H), 2.46 — 2.34 (m, 2H), 2.02 (s, 3H). **C NMR (101 MHz, CDCls) § 207.1, 176.2,
157.3,150.7, 139.7, 137.8, 135.4, 134.9, 133.5, 132.6, 131.2, 131.1, 129.6, 129.4, 128.8,



128.7,128.4,127.9, 126.5, 125.8, 123.0, 120.1, 118.3, 57.2, 32.4, 31.0, 30.9. HRMS m/z
[M-OACT* calcd for CosH21BrN* 402.0857; Found 402.0873.

1-(3-phenylpropyl)-4-(p-tolyl)quinolin-1-ium acetate, 6-methyl-4-phenyl-1-(3-
phenylpropyl)quinolin-1-ium acetate and 8-methyl-4-phenyl-1-(3-
phenylpropyl)quinolin-1-ium acetate (3k):

X

N/

-
_ _ OAc
©})3 OAc ©}) OAc  CH, ‘Lé\@

Prepared according to the general procedure and obtained as brown oil in 47 % yield (28.0
mg, 0.071 mmol). *H NMR (400 MHz, CDCls) & 10.34 (s, 1H), 8.24 (d, J = 8.5 Hz, 1H),
8.06 — 7.95 (m, 1H), 7.92 (dd, J = 9.5, 6.0 Hz, 3H), 7.82 (t, J = 7.5 Hz, 1H), 7.67 — 7.60
(m, 1H), 7.56 — 7.40 (m, 3H), 7.40 — 6.98 (m, 6H), 6.91 (d, J = 7.0 Hz, 1H), 5.30 - 5.21
(m, 2H), 3.80 (s, 0.6H), 3.59 (s, 1.1H), 2.91 (t, J=7.0 Hz, 2H), 2.51 (s, 2.3H), 2.44 (m,
2H), 2.03 (s, 3H). 3C NMR (101 MHz, CDCl3) § 175.9, 158.9, 150.9, 139.9, 139.3, 137.8,
137.5, 137.0, 134.7, 134.6, 131.5, 130.6, 130.3, 130.2, 129.5, 129.3, 129.3, 129.1, 128.6,
128.5,128.2, 127.9, 126.8, 126.7, 126.5, 123.0, 118.1, 92.9, 56.8, 55.3, 32.4, 31.2, 29.7,
22.7,21.4,21.3. HRMS m/z [M-OAcT]" calcd for C25H24N+ 338.1909; Found 338.1918.

w

1-(3-phenylpropyl)-4-(3-(trifluoromethyl)phenyl)quinolin-1-ium acetate, 4-phenyl-
1-(3-phenylpropyl)-6-(trifluoromethyl)quinolin-1-ium acetate and 4-phenyl-1-(3-
phenylpropyl)-8-(trifluoromethyl)quinolin-1-ium acetate (3I):

-n

3C

X

zZ
+\/O

F3C O

~
T

N

_ "OAc
); OAc  CFj3 (L)\ :
3

Prepared according to the general procedure and obtained as brown oil in 26 % yield (15.3
mg, 0.039 mmol). *H NMR (400 MHz, CDCl3) § 10.24 — 10.18 (m, 1H), 8.04 (m, 2H),
7.95 - 7.68 (m, 4H), 7.64 — 6.98 (m, 5H), 5.23 — 5.14 (m, 2H), 2.84 (t, J = 6.9 Hz, 2H),
2.46 — 2.34 (m, 2H), 1.99 (s, 3H). F NMR (376 MHz, CDCl3) -62.43, -62.48, -62.70.
13C NMR (101 MHz, CDCls) 8 156.59, 151.17, 139.52, 137.85, 137.68, 135.33, 134.91,
133.01, 132.84, 131.83, 130.09, 129.85, 128.60, 128.41, 128.34, 127.86, 127.38, 126.50,
126.12, 123.24, 122.81, 118.26, 57.16, 43.28, 32.27, 30.82, 29.68. HRMS m/z [M-OAc
]* calcd for CosH21FsN* 392.1626; Found 392.1635.

zZ
+\/O

) "OAc

<
o

4-phenyl-1-propylquinolin-1-ium hydroxyde (5a):



X
+ 2
N

\) "OH

Prepared according to the general procedure and obtained as brown oil in 32 % vyield
(14.7 mg, 0.048 mmol). *H NMR (500 MHz, CDsCN) § 9.15 (d, J = 6.0 Hz, 1H), 8.49 (d,
J=9.0 Hz, 1H), 8.31 (dd, J = 8.6, 1.0 Hz, 1H), 8.26 (ddd, J = 8.8, 7.0, 1.4 Hz, 1H), 8.03
—7.93 (m, 2H), 7.75 — 7.63 (m, 5H), 5.03 — 4.90 (t, J = 7.7 Hz, 2H), 2.15 (sex, J = 7.4
Hz, 2H), 1.10 (t, J = 7.4 Hz, 3H). *°C NMR (126 MHz, CD3CN) § 160.16, 148.30, 136.06,
135.96, 131.34, 130.72, 130.40, 129.80, 129.73, 122.77, 119.52, 59.97, 23.52, 10.60.
HRMS m/z [M-OH]* calcd for C1gH1sN* 248.1439; Found 248.1450.

7-methyl-1-propyl-4-(p-tolyl)quinolin-1-ium acetate (5b):

CHj3

X
+_

HaC N
"OAc

Prepared according to the general procedure and obtained as brown oil in 38 % yield (19.1
mg, 0.057 mmol). *H NMR (500 MHz, CD3CN) § 8.99 (d, J = 6.0 Hz, 1H), 8.25 (s, 1H),
8.23 (d, J =9.0 Hz, 1H), 7.85 (d, J = 6.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.60 — 7.49
(m, 3H), 4.93 - 4.85 (t, 7.5 Hz, 2H), 2.76 (s, 3H), 2.52 (s, 3H), 2.13 (m, 2H), 1.09 (t, J =
7.5 Hz, 3H). *C NMR (101 MHz, CDCls) § 158.4, 150.2, 146.8, 141.5, 138.3, 132.0,
131.4,130.0,129.7,129.3, 129.0, 128.6, 126.4, 121.9, 117.3, 58.5, 29.7, 23.3, 22.8, 21.4,
10.9. HRMS m/z [M-OAc]* calcd for C20H22N* 276.1752; Found 276.1768.

7-chloro-4-(4-chlorophenyl)-1-propylquinolin-1-ium acetate (5c):

Cl

A

+ 2

Cl N

\) "OAc

Prepared according to the general procedure and obtained as brown oil in 16% (9.0 mg,
0.024 mmol). *H NMR (500 MHz, CDsCN) § 9.21 (s, 1H), 8.56 (s, 1H), 8.24 (d, J = 9.0
Hz, 1H), 7.95 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 4.93
(t, J=7.5 Hz, 2H), 2.16 — 2.09 (m, 2H), 1.09 (t, J = 7.5 Hz, 3H). *C NMR (126 MHz,
CDsCN) 4 158.8, 138.3, 137.7, 133.9, 132.1, 131.7, 131.3, 131.2, 130.0, 128.5, 128.0,
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123.1, 60.1, 23.5, 10.5. HRMS m/z [M-OAc]* calcd for C1sH16Cl.N* 316.0660; Found
316.0679.

6-methyl-1-propyl-4-(m-tolyl)quinolin-1-ium acetate and 8-methyl-1-propyl-4-(m-
tolyl)quinolin-1-ium acetate (5d):

Me l M I
& éo -
N2 +
N T\/OAC

e
] OAc Me
Prepared according to the general procedure not isolated. HRMS m/z [M-OAc]* calcd
for CooH22N* 276.1752; Found 276.1768.

4-(4-fluorophenyl)-1-propylquinolin-1-ium-7-olate (8a):

F

N
A
o N

=

Prepared according to the general procedure and obtained as brown oil in 21 % yield (8.9
mg, 0.032 mmol). *H NMR (500 MHz, CDCls) & 8.68 (s, 1H), 7.82 (d, J = 9.5 Hz, 1H),
7.63 (s, 1H), 7.51 (dd, J = 8.5, 5.2 Hz, 2H), 7.36 (d, J = 9.5 Hz, 1H), 7.33 — 7.26 (m, 2H),
7.23 (s, 1H), 4.66 (s, 2H), 2.11 (d, J = 6.0 Hz, 2H), 1.08 (t, J = 7.0 Hz, 3H). F NMR
(471 MHz, CDCls) § -109.49. *C NMR (126 MHz, CDCl3) § 163.9 (d, J = 250 Hz),
155.2,143.4,142.1, 131.8, 131.5 (d, J =9 Hz), 129.8, 126.7, 121.8, 116.4 (d, J = 22 Hz),
115.6,101.1, 58.7, 29.7, 22.1, 11.0. HRMS m/z [M+H]* calcd for C1sH17FON™* 282.1294;
Found 282.1308.

4-(4-fluorophenyl)-1-(3-(4-fluorophenyl)propyl)quinolin-1-ium-7-olate (8b):

F

O D
- Pz E
] J\L/@/

Prepared according to the general procedure and obtained as brown oil in 67 % yield
(37.7 mg, 0.101 mmol). *H NMR (500 MHz, CDCls) & 8.45 (s, 1H), 7.72 (d, J = 10.0 Hz,
1H), 7.49 — 7.41 (m, 2H), 7.31 — 7.23 (m, 5H), 7.15 (dd, J = 8.5, 5.5 Hz, 2H), 7.00 (d, J
=6.0 Hz, 1H), 6.92 (t, J = 8.5 Hz, 2H), 4.60 (t, J = 7.0 Hz, 3H), 2.80 (t, J = 7.5 Hz, 2H),
2.35 (p, J = 8.0 Hz, 3H). *°F NMR (471 MHz, CDCI3) & -109.95, -116.40. **C NMR (126
MHz, CDClz) 6 174.8, 163.8 (d, J = 250Hz), 161.7 (d, J = 242Hz), 154.3, 142.8, 142.6,
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135.5, 135.5, 132.3, 131.5 (d, J = 8 Hz), 130.0 (d, J = 8 Hz), 128.5, 121.4, 116.5 (d, J =
21 Hz), 115.7 (d, J = 21 Hz), 114.5, 101.0, 77.5, 77.3, 77.0, 56.3, 32.0, 29.8. HRMS m/z
[M+H]* calcd for C2sH19F2ON* 376.1512; Found 376.1527.

3-(p-tolyl)propan-1-amine (1b):
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3-(4-chlorophenyl)propan-1-amine (1c):
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3-(4-methoxyphenyl)propan-1-amine (1d):

/@/\/\NHZ
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3-(4-fluorophenyl)propan-1-amine (6b):
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3-(2,6-difluorophenyl)propan-1-amine:
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4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3a):
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7-methyl-4-(p-tolyl)-1-(3-(p-tolyl)propyl)quinolin-1-ium acetate (3b):
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7-methoxy-4-(4-methoxyphenyl)-1-(3-(4-methoxyphenyl)propyl)quinolin-1-ium
hydroxyde (3d):

OMe

e
~
MeO N%*
O}g

MeO

OH

23



115.48

115,38

9924
2292

15914
515
—
20
—
5750
i
s o6

_-13250
13189

<

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)
VoA VLSS i i i W
.
|
|
| . ‘
r ‘ [ “
[ | | r [ |
A / ) ‘
/] / J J J J
| '
|
| ] f ’“‘ A 1
-, : L A
Ma*..u@....uwvﬁ Sy A ) S\ Pl
T oo b T T oW T T
= AR 2 3 8 2 3 B ) z
8.5 8.0 7.‘5 7.0 E.‘S 6.0 5.5 5.0 4.5 4‘0 3:5 3.‘0 25 ZID 1‘5 1:0
71 (ppm)

7-methyl-4-phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate and 1-(3-
phenylpropyl)-4-(p-tolyl)quinolin-1-ium acetate (3e):
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1-(3-phenylpropyl)-4-(4-(trifluoromethyl)phenyl)quinolin-1-ium acetate and 4-
phenyl-1-(3-phenylpropyl)-7-(trifluoromethyl)quinolin-1-ium acetate (3g):
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4-(4-fluorophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-fluoro-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3h):

F

/é
~
INES F

L
~
N+
©/u)3_OAc ©/(J)3 OAc

29



18

e

e
el

:

-

J =t

-

-210

-160

-140

-130

-120

-100
f1 (ppm)

-90

-180 -190 -200

-170

-150

-110

30



)
7668
5724

-y

14
~29.66
2167

— 17675

W’L m ‘ j

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

b
W

A

4-(4-chlorophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-chloro-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3i):
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4-(4-bromophenyl)-1-(3-phenylpropyl)quinolin-1-ium acetate and 7-bromo-4-
phenyl-1-(3-phenylpropyl)quinolin-1-ium acetate (3j):
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1-(3-phenylpropyl)-4-(p-tolyl)quinolin-1-ium acetate, 6-methyl-4-phenyl-1-(3-
phenylpropyl)quinolin-1-ium acetate and 8-methyl-4-phenyl-1-(3-
phenylpropyl)quinolin-1-ium acetate (3k):
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1-(3-phenylpropyl)-4-(3-(trifluoromethyl)phenyl)quinolin-1-ium acetate, 4-phenyl-
1-(3-phenylpropyl)-6-(trifluoromethyl)quinolin-1-ium acetate and 4-phenyl-1-(3-
phenylpropyl)-8-(trifluoromethyl)quinolin-1-ium acetate (3I):
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4-phenyl-1-propylquinolin-1-ium acetate (5a):
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7-methyl-1-propyl-4-(p-tolyl)quinolin-1-ium acetate (5b):
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7-chloro-4-(4-chlorophenyl)-1-propylquinolin-1-ium acetate (5c):
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4-(4-fluorophenyl)-1-propylquinolin-1-ium-7-olate (8a):
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4-(4-fluorophenyl)-1-(3-(4-fluorophenyl)propyl)quinolin-1-ium-7-olate (8b):
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Computational Methods:

All reported structures were optimized at Density Functional Theory level by using the B97D
functional as implemented in Gaussian 09. Optimizations were carried out with the 6-
311G(d,p) basis set for all atoms except iodine and palladium with SDD. The reported energy
values correspond to Gibbs Free energies, including single point refinements at M06/def2tzvpp
level of theory in a solvent model (IEFPCM, acetic acid) on the previously optimized structures.
The critical stationary points were characterized by frequency calculations in order to verify
that they have the right number of imaginary frequencies, and the intrinsic reaction
coordinates (IRC) were followed to verify the energy profiles connecting the key transition
structures to the correct associated local minima.

Cartesian Coordinates of the computed structures:

|

SCF =-759.3378114

Thermal correction to Gibbs Free Energy = 0.171592
C 1.349912 3.347791 0.159645
C 0.173724 2.833264 1.005005
H -0.158753 3.611387 1.707232
H 0.492896 1.965649 1.601939
C -1.037130 2.424459 0.162458
H -1.443427 3.295710 -0.375432
N -0.698691 1.380372 -0.850917
H -0.103977 1.775281 -1.580898
Pd 0.190553 -0.336366 -0.108045
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SCF = 0.223377
Thermal correction to Gibbs
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2.164478
1.543511
2.513173
3.932027
4.366177
3.958801
4.522991
2.236948
1.756404
-1.607549
-2.758221
-3.875509
-3.761990
-4.848476
-3.814054
-2.976374
1.034829
-1.572574
-1.828069

1.264997
0.363251
0.855612
0.233881
-1.002884
-1.755276
-1.343345
-2.323325
-0.342692
2.185137
0.542193
0.828691
1.485702
1.064410
2.558204
1.369965
0.652450
0.787224
-2.124697
-3.317911
-4.373320
-4.255362
-5.376599
-4.227878
-3.634143
1.683620
2.650283
1.422981
3.325502

3.704276
-1.909744
-1.226445
-1.708335
-1.361517
-2.803628
-1.295022
-0.088314

2.547586
-1.025168
-0.879861
-1.682956
-1.685876
-1.268903
-2.723561
-0.201588

4.182104

1.014536

2.003216

-2.276843
-3.413325
-3.966020
-4.150505
-3.028634
-3.824501
-1.852953
-1.696454
-0.097771
-2.739190
1.729505
2.413999
3.759090
4.204729
3.585452
4.440746
2.040077
-1.776777
0.987707
0.592996
1.683764
2.147972
1.257014
2.467787
-0.516500
-1.217697
-0.255800
-1.316084
0.530149

0.803726
0.469578
-0.008915
0.075542
1.024467
0.061573
-0.749409
-0.545802
-0.473193
0.572346
-0.034709
0.632755
1.723002
0.346786
0.283317
-1.050589
-0.485333
-1.268111
0.791865

Free Energy = -989.0637912
-1.348930
-0.846150
-0.027200
-1.650712
-0.363834
-0.316263
0.005940
0.312902
0.138541
-1.734393
0.398113
-0.683172
-0.361105
0.547890
-0.189075
-1.211322
-1.846371
-2.202814
-0.097452
0.247643
0.042148
-0.944806
0.147454
0.798408
0.713574
-0.336167
-0.767172
1.068986
0.147620
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2.859330 -0.169748 -1.831036
2.137729 -0.504845 1.994374
0.848259 -2.153276 1.457677
3.070531 0.408533 1.537078
4.065197 1.248381 -0.201486
1.940194 -0.618358 3.057935
3.616802 1.032746 2.241540

I T T OIOTI

TS1
SCF =-989.0265426
Thermal correction to Gibbs Free Energy = 0.216946
C -1.306702 -0.265929 1.401824
-0.877210 -1.309168 2.463922
-1.684271 -2.040038 2.626568
-0.727331 -0.801110 3.430518
0.401927 -1.999523 2.129350
0.701177 -2.922949 2.635462
1.162078 -1.460390 1.250160
2.073483 -1.860214 0.964799
0.626629 0.219196 0.310868
-2.004615 0.415249 1.905673
0.113630 2.058760 -0.600016
-0.544070 2.825156 0.183773
-0.917989 4.201346 -0.327189
-1.939602 4.149923 -0.730599
-0.911908 4.922244 0.497412
-0.239657 4.517137 -1.125737
-0.922630 2.472325 1.344582
-0.664457 1.045549 1.346130
2.325109 0.296810 -0.888402
3.319143 -0.549187 -0.916896
4372406 -0.165021 -1.961636
5.211498 -0.867846 -1.923782
3.918380 -0.179989 -2.961705
4.727158 0.857152 -1.775337
3.462150 -1.566379 -0.217971
-2.016405 -0.771089 0.172697
-2.887789 0.103569 -0.509662
-1.844330 -2.075732 -0.329932
-3.556676 -0.307638 -1.666113
-3.031371 1.112016 -0.123098
-2.522618 -2.491060 -1.481773
-1.172369 -2.768271 0.171702
-3.376595 -1.608803 -2.158897
-4.223078 0.384239 -2.179510
-2.378975 -3.504656 -1.853643
-3.898192 -1.932368 -3.058217
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SCF =-989.0659778

Thermal correction to Gibbs Free Energy = 0.220032
C -1.228497 -0.162970 1.289458
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v

-1.078803
-2.020386
-0.817066
0.027145
0.164284
0.845025
1.670561
0.563006
-1.410263
0.160937
0.362743
0.080591
1.004239
-0.307294
-0.647096
0.842794
0.995792
2.399233
3.242615
4.450563
4.975013
5.139068
4.104061
3.159125
-2.242551
-2.959137
-2.492919
-3.884001
-2.778327
-3.420433
-1.945425
-4.119906
-4.425652
-3.595782
-4.840350

-1.304121
-1.855711
-0.870262
-2.233543
-3.209105
-1.818468
-2.353154
-0.044832
0.800022
1.965372
2.944926
4.354104
4.943762
4.361575
4.802586
2.839097
1.879222
-0.026065
-1.006800
-0.714011
0.181495
-1.566449
-0.499855
-2.111832
-0.395820
0.693725
-1.683029
0.507972
1.692125
-1.870543
-2.538849
-0.776122
1.363955
-2.871929
-0.923090

SCF =-758.0970982

Thermal correction to Gibbs Free Energy = 0.147708

C
C

nooxf¥TzxozxITx

1.458007
0.522978
0.564146
0.855106
-0.901523
-1.679056
-1.233798
-2.220552
0.055366
2.510384
1.389096
2.511230
3.410548

2.292404
3.354844
4.279875
3.636283
2.908315
3.655381
1.672647
1.383112
0.156874
2.598075
-1.367638
-1.324514
-2.530168

2.343882
2.496527
3.323497
1.965723
2.445001
1.064855
0.745584
0.216194
1.783052
-0.498955
0.231833
-0.196743
-0.134075
-1.217833
0.492325
1.471830
1.653272
-0.938158
-1.005895
-1.910230
-1.548781
-1.925032
-2.930884
-0.428408
0.223000
-0.320818
-0.305588
-1.353120
0.076140
-1.334794
0.085797
-1.867076
-1.754635
-1.726754
-2.670380

-0.481816
0.118384
-0.475258
1.131560
0.227269
0.418105
0.130050
0.226556
-0.145974
-0.439327
-0.468706
0.212650
-0.061622
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H 2.952774 -3.427154 0.378317
H 3.506079 -2.701869 -1.141254
H 4.396502 -2.366597 0.386436
O 2.828954 -0.431985 1.008028
H 1.506732 1.358956 0.173675
O -1.342846 -1.339225 -0.087991
C -2.637754 -1.201512 0.076646
C -3.336432 -2.566041 0.077301
H -3.022426 -3.132876 0.963889
H -4.421341 -2.418906 0.095778
H -3.043747 -3.142469 -0.808890
O -3.274168 -0.152245 0.225219
H 1.214559 2.082227 -1.530403

TS2
SCF =-758.0794011
Thermal correction to Gibbs Free Energy = 0.143856
1.500726 1.809621 -0.541215
0.905356 3.026760 0.200104
1.181696 3.972447 -0.292336
1.305634 3.090952 1.225945
-0.579495 2.906785 0.307022
-1.213384 3.773235 0.519954
-1.099837 1.743154 0.161425
-2.115317 1.560259 0.238701
0.040137 0.142419 -0.175084
2.596226 1.892442 -0.560800
1.300687 -1.540301 -0.393507
2447811 -1.367026 0.139238
3.385286 -2.553078 0.220148
3.464219 -2.861460 1.271714
3.011706 -3.389527 -0.377233
4.384773 -2.252587 -0.116243
2.835449 -0.250634 0.616926
1.895972 0.645338 0.190260
-1.522035 -1.227717 -0.057981
-2.793088 -0.968844 0.088041
-3.642721 -2.244178 0.111842
-3.319645 -2.888144 0.940700
-4.701063 -1.988078 0.228623
-3.493253 -2.806080 -0.819771
-3.325304 0.148382 0.199703
H 1.201368 1.799786 -1.597839
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SCF =-758.1092181

Thermal correction to Gibbs Free Energy = 0.148277
C 1.158581 2.005780 -0.450460

C 0.401265 3.200154 0.203417

H 0.551304 4.150727 -0.334929

H 0.765260 3.376884 1.230420

C -1.050800 2.872854 0.309720
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H

Vi

-1.816408
-1.370947
-2.337598
0.020921
2.172983
1.667609
2.574354
3.728313
3.715865
3.655245
4.669679
2.608293
1.812985
-1.269404
-2.550913
-3.207889
-2.719067
-4.278920
-3.066409
-3.261893
1.235059

3.627048
1.633586
1.272618
0.291550
1.899648
-1.029730
-1.218772
-2.141185
-2.946364
-2.558672
-1.590108
-0.623640
-0.042342
-1.444158
-1.406113
-2.794994
-3.417406
-2.711687
-3.294384
-0.385805
2.147951

SCF =-989.063791

Thermal correction to Gibbs Free Energy = 0.223427
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H

1.158581
0.401265
0.551304
0.765260
-1.050800
-1.816408
-1.370947
-2.337598
0.020921
2.172983
1.667609
2.574354
3.728313
3.715865
3.655245
4.669679
2.608293
1.812985
-1.269404
-2.550913
-3.207889
-2.719067
-4.278920
-3.066409
-3.261893
1.235059

2.005780
3.200154
4.150727
3.376884
2.872854
3.627048
1.633586
1.272618
0.291550
1.899648
-1.029730
-1.218772
-2.141185
-2.946364
-2.558672
-1.590108
-0.623640
-0.042342
-1.444158
-1.406113
-2.794994
-3.417406
-2.711687
-3.294384
-0.385805
2.147951

0.521577
0.173005
0.256339
-0.243303
-0.042438
-0.674416
0.149950
-0.106905
0.639489
-1.113625
0.014694
1.341722
1.409824
-0.083203
0.096658
0.137550
0.899670
0.354372
-0.831479
0.225591
-1.540137

-0.450460
0.203417
-0.334929
1.230420
0.309720
0.521577
0.173005
0.256339
-0.243303
-0.042438
-0.674416
0.149950
-0.106905
0.639489
-1.113625
0.014694
1.341722
1.409824
-0.083203
0.096658
0.137550
0.899670
0.354372
-0.831479
0.225591
-1.540137
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TS3
SCF =0.245198
Thermal correction to Gibbs Free Energy = -1289.283792
1.226123 -0.995649 1.391125
1.087530 -2.427837 1.990489
1.589442 -2.492494 2.969378
1.583979 -3.169945 1.344114
-0.352301 -2.811573 2.070596
-0.717459 -3.596163 2.742388
-1.143279 -2.194244 1.273953
-2.154837 -2.392220 1.174514
-0.404399 -0.766037 0.033888
-2.136865 -0.902919 -1.336412
-3.280810 -1.423928 -1.031978
-4.348390 -1.249988 -2.123316
-3.913027 -1.385772 -3.121223
-5.176126 -1.951668 -1.967904
-4.740736 -0.223191 -2.068733
-3.588277 -1.998950 0.035130
1.012683 -0.260312 2.173899
-2.217783 2.869734 2.489690
-0.829565 2.704394 2.596868
-0.111383 2.042256 1.591180
-0.819058 1.515996 0.506270
-2.195130 1.713514 0.343049
-2.891830 2.378959 1.362705
-2.767536 3.390516 3.271422
-0.290132 3.097666 3.457654
0.965300 1.929794 1.659679
-2.704355 1.322037 -0.530390
-3.968389 2.510442 1.262328
0.503153 1.288970 -1.520195
2.526369 -0.724668 0.731773
3.292679 0.407398 1.078171
3.002151 -1.566033 -0.298558
4486108 0.700853 0.408641
2.950025 1.053703 1.885440
4189569 -1.273792 -0.971215
2.409240 -2.431486 -0.592613
4935988 -0.134891 -0.623019
5.064347 1.579592 0.691114
4.534202 -1.926517 -1.772193
5.861123 0.094526 -1.149617
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Vil

SCF = 0.246677

Thermal correction to Gibbs Free Energy = -1289.29682
C 1.076221 -0.255836 -1.631177

C 0.532306 0.532789 -2.850242
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TS4

SCF =0.247048
Thermal correction to Gibbs

Z T OITIT OO0

H

-0.249216
1.320610
-0.117574
-0.323808
-0.462833
-1.007050
-0.127229
-1.019968
-1.670792
-2.188692
-2.568989
-3.000508
-1.392847
-1.924114
0.974220
-4.122695
-2.933355
-1.744744
-1.780951
-2.951766
-4.130037
-5.038778
-2.915770
-0.835713
-2.954439
-5.047446
0.391833
2.431439
3.284906
2.899213
4.561569
2.927465
4.176300
2.263701
5.011255
5.207113
4.519133
6.004618

-1.103945
-0.989200
-1.356761
-1.628748
0.413884
0.668846
1.299814
2.284506

-0.063559
0.710448
1.813108
2.614135
1.920918
2.699775
0.328088
1.332400
2.449077
2.898485
3.924896
2.224206
2.819995
3.141185
-1.333349
-1.575922
-2.311821
-1.802303
-0.547507
0.208693
-0.321019
-1.979144
-3.294272
-2.393244
1.191663
0.263683
-1.809095
0.106493
-0.909823
1.441172
-0.606687
-1.937279
1.744770
2.245816
0.723920
-1.404215
2.778096
0.961672

-0.874337
-2.360035
-2.517007
-2.977900
-2.866522
-3.838442
-2.181072
-2.495294

-3.348572
-3.597078
-2.435591
-3.153112
-1.209459
-0.788795
0.029863
1.780707
1.750960
3.121359
3.073454
3.429799
3.872842
0.736702
-1.768815
-1.890790
-1.956555
-1.404303
-0.793560
-0.714194
-1.269360
-2.319223
-2.426905
-1.437415
-0.250555
-1.212654
1.573595
-1.147168
-0.658526
-1.131897
-0.185003
-0.652750
-0.649275
-1.492719
-0.173610
0.179165
-0.643767
0.203386

Free Energy =-1289.281401
-1.241416
-1.559801
-2.588004
-0.913118
-1.451633
-1.886657
-0.837997
-0.752381
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Pd 1.003104 -0.287432 -0.113137
O 3.049700 0.153107 -0.462938
4.033812 -0.702153 -0.437702
5.399055 -0.019953 -0.572495
5.626743 0.501899 0.367586
6.173691 -0.768793 -0.770227
5.377040 0.730923 -1.371748
3.955783 -1.936562 -0.303723
C -2.197841 -1.439476 3.282548
C -2.329548 -0.185588 2.666727
C -1.647608 0.094105 1.481519
-0.782883 -0.860034 0.903714
-0.671040 -2.127023 1.519391
-1.370349 -2.407692 2.701213
-2.744583 -1.662497 4.197354
-2.981435 0.573478 3.096549
-1.811810 1.045482 0.988275
-0.024916 -2.894299 1.108130
-1.257911 -3.387344 3.163676
0.789404 2.375162 0.445172
-0.421965 -0.298041 -1.875022
-2.434418 -0.245779 -1.258853
-3.603589 -0.947745 -0.895216
-2.538800 1.106440 -1.646899
-4.846348 -0.315279 -0.938478
-3.536027 -1.981591 -0.563684
-3.783319 1.742051 -1.678666
-1.632365 1.654881 -1.898437
-4.940066 1.032429 -1.325634
-5.743716 -0.865710 -0.661322
-3.850794 2.787345 -1.974614
-5.910356 1.525859 -1.346834
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Vil
SCF = 0.249876
Thermal correction to Gibbs Free Energy = -1289.348197
C -2.039162 -0.967353 -0.177005
-1.996950 -2.227489 0.716572
-2.655581 -2.989054 0.275259
-2.442272 -2.006810 1.701495
-0.669889 -2.871038 0.955040
-0.681270 -3.895223 1.346170
0.458241 -2.307751 0.749347
1.305617 -2.845123 0.976744
1.018272 -0.424025 0.155052
2.638544 -1.307377 -0.826220
3.415365 -2.173986 -0.229700
4.607624 -2.577823 -1.101844
5.413186 -1.847956 -0.937143
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SCF =0.298171
Thermal correction to Gibbs

T T T T T OOOOOOI I ITITOOOOOOD

4.962175
4.348858
3.268774
-0.662579
-1.224665
-1.515038
-1.290725
-0.673783
-0.372862
-0.447697
-1.431792
-1.979119
-0.652888
0.067721
2.174364
-1.594138
-3.509902
-4.286949
-4.107584
-5.640754
-3.824700
-5.464443
-3.506028
-6.233599
-6.232134
-5.916312
-7.286329

-0.958551
-0.456930
0.892070
1.713551
1.217989
-0.121352
-2.004201
2.754594
1.877411
-0.521881
2.824854
3.997983
5.258433
5.362788
4.198620
2.941590
3.927260
6.157418
6.341955
4.269697
2.036011

-3.569917
-2.564367
-2.634230
2.750197
2.707200
1.497879
0.262599
0.318078
1.572829
3.710181
3.635997
1.473142
-0.563374
1.586420
1.918854
-1.226281
-0.622624
-0.066995
-0.885563
0.218646
0.154563
-0.599617
-1.310892
-0.047438
0.652533
-0.804229
0.178359

-1.330962
-0.866211
-0.463534
-0.559449
-1.034967
-1.425844
-1.626319
-0.249912
-1.092835
-1.795844
0.627165
-0.143705
0.457331
1.840688
2.618398
2.012649
-1.219946
-0.154684
2.308693
3.694544
2.616251

-0.800756
-2.166533
0.912063
1.587674
0.288870
-0.315599
0.363792
1.652149
2.253372
2.052367
-0.238900
-1.298980
2.287342
3.247647
0.534224
-1.147925
-0.415747
0.615977
-1.656797
0.408818
1.577749
-1.867653
-2.459916
-0.835232
1.213872
-2.837210
-0.998092

Free Energy = -936.2500241
2.151059
0.922782
0.809298
1.949699
3.170379
3.273505
2.232403
1.878779
4.035382
4.217087
-0.463926
-0.539393
-0.419710
-0.218625
-0.138678
-0.259515
-0.688589
-0.482535
-0.127092
0.014746
-0.193797
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C 1.443352
H 0.753230
C 1.372054
H 1.720009
H 2.032156
-0.026466
-0.315592
-0.798193
-0.341610
-2.982217
-2.787197
-3.085059
-2.189564
-3.175802
-4.323135
-4.242032
-5.220472
-4.452601
-3.564866
-4.549952
-5.335112
Pd -1.694646
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T

TS5

0.000283
0.771690
-1.195823
-2.118657
-0.979506
-1.381877
-0.659461
-2.459602
-3.139245
0.239428
0.294416
1.626004
2.228447
1.613964
2.329021
2.313382
1.750601
3.778513
4.367035
3.807604
4.269733
-0.930105

SCF =-936.2287843

Thermal correction to Gibbs

C -1.700761
C -1.073697
C 0.316110
C 1.033309
C 0.414679
C -0.964831
H -2.766977
H 2.099358
H 1.002648
H -1.466006
C 2.470079
C 3.400979
C 4.776132
C 5.239090
C 4.317953
C 2.946595
H 3.052449
H 5.483619
H 6.306916
H 4.668249
H 2.230207
C 0.968621
H 0.532178
C 0.564677
H 0.613732
H 1.282811

-0.434812
-0.255403
-0.496373
-0.913351
-1.089613
-0.860994
-0.228832
-1.112416
-1.401640
-0.996678
-0.260699
-1.312210
-1.048864
0.272868
1.330266
1.061922
-2.343296
-1.876613
0.478122
2.361534
1.882848
-0.498121
0.328505
-1.817757
-2.672861
-1.988156

-0.543706
-0.918067
-1.550676
-1.067700
-2.403639
-2.085207
-2.861522
-1.962027
-1.341020
0.329994
1.333564
-0.154437
0.094418
-1.251736
0.439455
1.538175
0.174309
-0.056971
0.218492
-1.152513
0.376122
-0.650284

Free Energy = 0.300464

2.273402
1.019793
0.876844
2.015670
3.257907
3.381998
2.370034
1.915071
4.119620
4.340243
-0.463876
-0.418666
-0.335677
-0.295728
-0.339663
-0.420950
-0.446731
-0.302341
-0.233575
-0.313262
-0.450362
-0.510217
-1.083295
-1.262444
-0.574410
-2.078491
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T

Pd

X

-0.820207
-0.865863
-1.872552
-1.631510
-1.961050
-2.428280
-0.907055
-0.016646
-0.580346
-1.405920
-1.761292
-2.268808
-0.294581
0.565584
0.059404
-0.653687
-2.224121

-1.718703
-1.145267
-2.502348
-3.136746
1.340328
1.609023
2.300519
2.166421
2.133764
3.747509
3.897351
3.899847
4.760261
4.622231
4.632722
5.792408
-0.551452

SCF =-936.2857884

Thermal correction to Gibbs Free Energy = 0.301818

C
C
C
C
C
C
H
H
H
H
C
C
C
C
C
C
H
H
H
H
H
C
H
C
H
H
C
H
N
H
N

-1.465800
-0.748290
0.651054
1.283575
0.601413
-0.763661
-2.454748
2.336236
1.140460
-1.313061
2.859431
3.762932
5.137906
5.628526
4.734339
3.363440
3.395318
5.823092
6.696166
5.105227
2.668035
1.352375
1.000869
0.997218
1.090306
1.747742
-0.357264
-0.470551
-1.388042
-2.220187
-1.275327

-1.018233
0.003068
-0.233478
-1.352451
-2.296651
-2.146030
-0.794303
-1.513760
-3.148059
-2.872934
0.710566
-0.157709
-0.082124
0.864017
1.735417
1.655020
-0.900182
-0.764353
0.924230
2.477009
2.327622
0.638569
1.675844
0.129286
-0.964399
0.560649
0.509705
1.511399
-0.283492
0.156952
1.306142

-1.870100
-2.806965
-1.601430
-0.830182
0.137478
0.999889
-0.185387
0.461650
-1.221748
-0.041734
0.990515
-0.706608
-0.364545
0.306945
-1.398240
-0.252446

-0.662118

1.642226
0.907623
0.591691
1.134964
1.932184
2.161510
2.037002
0.911636
2.344509
2.758498
-0.221595
-0.857122
-0.589144
0.319514
0.959963
0.690649
-1.562627
-1.091041
0.526279
1.666581
1.193406
-0.442903
-0.360992
-1.911920
-1.916750
-2.589415
-2.409853
-2.845988
-2.308787
-2.708352
0.779073
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-0.899477 1.778404 -0.036332
-2.730314 1.492052 0.823240
-3.231346 0.761086 0.155023
-3.085368 1.293354 1.844536
-3.103613 2.919579 0.415426
-2.733309 3.104182 -0.606708
-2.587009 3.629986 1.077861
-4.621697 3.148268 0.467838
-5.145169 2.453009 -0.204578
-5.003938 2.985629 1.486102
-4.878010 4.173025 0.167101
Pd -1.691894 -1.415786 -0.548337
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Xl

SCF =-980.8603258

Thermal correction to Gibbs Free Energy = 0.326588
C -1.511212 2.266862 0.408815
C -0.812214 1.189890 -0.219201
C 0.621376 1.107323 -0.093320
C 1.305241 2.067774 0.684083
C 0.604479 3.123296 1.323989
C -0.799189 3.222134 1.171273
H -2.603786 2.352302 0.302934
H 2.403616 1.998189 0.773542
H 1.154864 3.868191 1.924454
H -1.352722 4.046892 1.655664
C 2.815354 -0.230056 -0.525875
C 3.174991 -0.605034 0.800046
C 4.530766 -0.818819 1.144826
C 5.546684 -0.661912 0.166503
C 5.198503 -0.289082 -1.155564
C 3.839580 -0.074160 -1.498354
H 2.382993 -0.719745 1.561623
H 4.797539 -1.107081 2.177887
H 6.605415 -0.828682 0.435323
H 5.985618 -0.164419 -1.921351
H 3.566702 0.217997 -2.528731
C 1.329137 -0.011680 -0.905869
H 1.279474 0.266624 -1.985489
C 0.528970 -1.356007 -0.726970
H 0.618074 -1.682484 0.328256
H 0.961089 -2.145153 -1.376114
C -1.005217 -1.193140 -1.090430
H -1.207468 -1.588604 -2.121158
N -1.462933 0.231618 -1.081772
C -2.888858 0.457872 -1.509602
H -2.987319 1.539430 -1.754327
H -3.042289 -0.128959 -2.444965
C -3.999787 0.055904 -0.465087
H -3.737038 0.469502 0.530461
H -4.027298 -1.049256 -0.377480
C -5.393481 0.592730 -0.917582



-5.376632 1.699013 -0.985824
-5.660145 0.184584 -1.913085
-6.177104 0.294925 -0.192624
-1.204262 -0.927479 1.733316
-1.855192 -1.842928 1.163744
-2.824684 -2.879154 1.847345
-3.875101 -2.655589 1.566062
H -2.584430 -3.910464 1.517487
H -2.721136 -2.807881 2.947978
O -1.869971 -2.135212 -0.253908

TOO0ITITI

Pd

SCF =-127.9039946

Thermal correction to Gibbs Free Energy = -0.016592
Pd 0.000000 0.000000 0.000000

Pd(OAC)z
SCF =-584.8746247
Thermal correction to Gibbs Free Energy = 0.060018
Pd 0.000006 -0.011553 0.000811
O 1.555603 -1.072723 0.201690
2.345800 0.016622 -0.009851
3.885453 0.039374 0.013671
4.223069 1.002874 0.333955
4.242876 -0.707318 0.691609
4.260171 -0.161627 -0.968207
1.554900 1.049951 -0.241742
-1.541419 0.207319 1.078968
-2.345923  0.004906 -0.001604
-3.885358 0.046228 -0.007453
-4.214614 1.042844 -0.215409
-4.257087 -0.616671 -0.760634
-4.253978 -0.258779 0.949621
-1.569151 -0.236133 -1.043521
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AcOH
SCF = 0.084651
Thermal correction to Gibbs Free Energy = -458.1481866
3.436011 0.056536 0.000792
1.926093 0.061312 -0.000232
3.800275 -0.485572 -0.881794
3.814004 1.082191 -0.002592
3.798569 -0.478748 0.888289
1.401067 -1.158512 -0.000033
1.258886 1.100248 -0.000885
-0.393273 1.103216 -0.000539
-3.435989 -0.056572 0.000738
-3.800166 0.484463 -0.882555
-3.798805 0.479680 0.887531
-3.813827 -1.082291 -0.001590

I T T OIO0OO0OITITITOON



C -1.926065 -0.061264 -0.000148
O -1.401047 1.158560 0.000064
O -1.258948 -1.100267 -0.000808
H 0.393266 -1.103245 -0.000361

IPh

SCF =-529.3104838

Thermal correction to Gibbs Free Energy = 0.05543
C 3.381071 0.000006 -0.000002
C 2678475 1.212176 -0.000003
C 1.275218 1.223341 0.000005
C 0.597518 -0.000018 0.000002
C 1.275227 -1.223349 -0.000003
C 2.678509 -1.212157 0.000002
H 4.469400 0.000039 0.000005
H 3.214932 2.159722 -0.000012
H 0.732192 2.164623 0.000009
H 0.732252 -2.164660 0.000008
H 3.214945 -2.159715 0.000002
| -1.578865 0.000000 0.000000

HI

SCF =-298.3676773

Thermal correction to Gibbs Free Energy = -0.024998
| 0.000000 0.000000 0.030078

H 0.000000 0.000000 -1.594154

NH4OAc

SCF =-285.5988315

Thermal correction to Gibbs Free Energy = 0.07218
N -2.388400 0.085263 0.000676
H -3.144836 0.827158 -0.039487
H -2.632349 -0.488757 0.857834
H -2.609883 -0.556771 -0.813200
H -1.000475 0.643921 -0.001290
O -0.016333 1.122655 -0.001581
C 0.945235 0.108868 -0.000019
C 0.384092 -1.393950 -0.000665
H -0.233967 -1.585191 -0.902102
H 1.235202 -2.103299 0.003722
H -0.242030 -1.583468 0.895520
O 2.187730 0.372353 0.001378
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Unprecedented Multicomponent Organocatalytic Synthesis
of Propargylic Esters via CO, Activation
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An efficient and straightforward organocatalytic method for the
direct, multicomponent carboxylation of terminal alkynes with
CO, and organochlorides, towards propargylic esters, is re-
ported for the first time. 1,3-Di-tert-butyl-1H-imidazol-3-ium
chloride, a simple, widely-available, stable, and cost-efficient N-
heterocyclic carbene (NHC) precursor salt was used as the (pre)
catalyst. A wide range of phenylacetylenes, bearing electron-
withdrawing or electron-donating substituents, react with allyl-

Introduction

Carbenes are neutral compounds bearing a divalent carbon
atom having six valence electrons. Due to the fact that the
number of carbene electrons deviates from the “octet rule”,
carbenes were initially considered to be non-isolable. The
distribution of the carbenes’ electrons in their orbitals is the
factor that defines their ground state, characteristics, and
reactivity. More specifically, carbenes are of singlet or triplet
ground state. In singlet carbenes, the two electrons that do not
participate in g-bonds occupy the highest occupied molecular
orbital (HOMO) of the carbon atom. Therefore, the carbenic
carbon’s p, orbital is empty. This distribution of valence
electrons makes singlet carbenes both nucleophilic and electro-
philic at the same time. In contrast, triplet carbenes carry a
single electron in each p, and p, orbital and behave as
biradicaloid species."” N-heterocyclic carbenes (NHCs) were
successfully isolated and characterized for the first time by
Arduengo in 19912 The term NHC is used to describe
molecules bearing the carbenic carbon in a ring containing at
least one a-amino substituent” The nitrogen atom at this
position thermodynamically stabilizes the carbenic center of a
singlet carbene, both due to its mz-electron donating and o-
electron withdrawing character (Figure 1)."
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chlorides, benzyl chlorides, or 2-chloroacetates, providing the
corresponding propargylic esters in low to excellent yields. DFT
calculations on the mechanism of this transformation indicate
that the reaction is initiated with the formation of an NHC-
carboxylate, by addition of the carbene to a molecule of CO,.
Then, the nucleophilic addition of this species to the corre-
sponding chlorides has been computed to be the rate limiting
step of the process.

N-R N N

X/ R TR

mm-electron donating

o-electron withdrawing

Figure 1. Some frequently encountered types of NHCs and the visualization
of the stabilization of singlet carbenes originating from the a-amino
substituent(s).

Among others, NHCs have been studied as ligands that can
substitute phosphines in metal complexes. Indeed, many metal
complexes of NHCs efficiently catalyze a plethora of reactions,
including olefin metathesis and cross-couplings.”’ Moreover,
catalytic systems of “green” metals, such as copper and iron,
with NHCs as ligands find numerous applications in sustainable
catalytic systems.” Equally important, NHCs serve as excellent
organocatalysts in many organic transformations. The benzoin
reaction is one of the earliest known carbon-carbon bond-
forming reactions catalyzed by N-heterocyclic carbenes.” Ever
since, NHCs organocatalysis has been employed in many
different transformations. In addition to the benzoin reaction,®
these include the Stetter reaction,” Heck-type reactions,!"”
NHC-catalyzed umpolung of imines for intramolecular reactions,
as well as many other valuable transformations employing
NHCs' peculiar behavior and balance between nucleophilicity
and electrophilicity (Scheme 1).""

Recently-reported transformations, catalyzed by NHCs, deal
with the utilization of nitroalkenes to prepare three- to five-
carbon-atom building blocks,"? the synthesis of 4-difluorometh-
ylquinolines,"® polymerization reactions,"¥ 1,6-conjugate addi-
tion reactions,"” Michael additions,"® and various enantioselec-
tive functionalizations."”

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Examples of useful organic transformations catalyzed by NHCs.

On a different note, propargylic esters can be prepared via
several synthetic pathways. One of the simplest methods
involves the esterification of the corresponding propiolic acid.
The desired propiolic acid has to be synthesized first, which is
then coupled with the corresponding alcohol."® Propargylic
esters can be also obtained from the transformation of lithium
phenylacetylide, as demonstrated in the synthesis of Taxoids."”
Other propargylic esters synthetic methods utilize carbon
monoxide as the carbonyl source of the final molecule.””
However, carbon monoxide is highly toxic and dangerous.
Alternatively, carbon dioxide can be used as the source of the
carbonyl group of the desired compounds. Besides leading to a
highly useful family of organic synthons, these CO, monetiza-
tion methodologies utilize one of the most harmful pollutants,
the main “greenhouse effect” gas, transforming it into useful
organic compounds.?" Catalytic systems that are known to
achieve the direct preparation of propargylic esters via CO,
activation are currently based on rather complicated copper
complexes or silver salts.”**! Note that propargylic esters are
invaluable organic synthons, among others utilized in the
preparation of arylnaphthalenes, via intramolecular dehydro-
Diels-Alder reactions (Scheme 2). Arylnaphthalenes and their
dihydro- and tetrahydronaphthalene derivatives are com-
pounds of medicinal interest, with a wide range of pharmaco-
logical activity. For example, diphyllin and justicidin B are both
cytotoxic compounds and demonstrate anticancer, antiparasitic,
and antiviral activities."®!

Herein, we report a novel, straightforward organocatalytic
approach for the multicomponent conjugation of terminal
alkynes, carbon dioxide and organochlorides, affording prop-
argylic esters with variable structural characteristics in a single
step. 1,3-Di-tert-butyl-1H-imidazol-3-ium chloride, a simple,

O
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SO O
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Scheme 2. Propargylic esters as valuable intermediates in organic
synthesis."®¥
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widely-available, stable, and cost-efficient NHC precursor salt
was used as the (pre)catalyst. The reaction between phenyl-
acetylene, cinnamyl chloride and CO, was the model reaction
employed to probe the activity of a series of NHC salts as (pre)
catalysts, as well as in order to determine the optimum reaction
conditions. Then, a series of phenyl acetylene derivatives and
organohalides were utilized to investigate the scope of the
reaction. 18 different propargylic esters were synthesized and
isolated, with isolated yields ranging from 25 to 97 %. Finally,
DFT studies were carried out to clarify the mechanism of the
transformation. These studies suggest that the NHC moiety is
crucial for the activation of CO, at the outset of the reaction,
forming an NHC-carboxylate, which is then esterified with the
allyl halide. In the last step, the NHC acts as an efficient leaving
group, leading to the final adducts upon attack of the
potassium acetylide. Thus, NHC is acting as a catalytic activator
of CO,, enhancing its nucleophilicity in the first step and its
electrophilicity during the final alkyne attack.

Results and Discussion

To determine which NHC catalyzes the reaction most efficiently,
a number of NHC salts precursors with variable structural
characteristics were screened in the reaction between phenyl-
acetylene (1a), CO, (2), and cinnamyl chloride (3a) towards
propargylic ester 4a (Scheme 3). K,CO; was used as the base
and DMF as the solvent, at 60°C and under 14.8 Atm of CO,
pressure. NHC precursors utilized bear saturated (8-12) or
unsaturated (5-7) NHC backbones, are of symmetrical (5-7 and
11, 12) or unsymmetrical (8-10) nature with regards to their
exocyclic substituents, have aliphatic (5, 6), aromatic (7 and 9-
12) or both aliphatic and aromatic exocyclic substituents (8), or
even exocyclic substituents bearing heteroatoms able to act as
base and/or nucleophile when appropriately rotated close to
the carbenic center (9, 10). NHC precursors bearing the
aliphatic, bulky, electron-donating exocyclic substituents tert-
butyl (5) and cyclohexyl (6) groups afforded the desired product

= ~
z % P
- < NHC 15% P ed
&~ K2CO; (2 eq) A
1a 2 3 DMF, 60°C, 24h

0.5mmoles 14.8atm 0.75mmoles
1eq 15eq

e RO LORD O
X@JV QJ@ éﬂ OJ

5 (66%) 6(21%) 7 (15%) 8(8%)

3 1ol
cle cle [o1) <

9(0%) 10 (0%) 11(0%) 12 (0%)

Scheme 3. Investigation of the catalytic activity of N-heterocyclic carbene
salt precursors. (Experimental conditions: NHC precursor 15 mol %, phenyl-
acetylene 0.5 mmol, cinnamyl chloride 0.75 mmol, carbon dioxide 14.8 Atm,
K,CO; 1T mmol, DMF 4 mL, temperature 60 °C, reaction time 24 h.Yields were
measured by GC/MS.)
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in 66 and 21% vyields, respectively. The rest of the NHC
precursors utilized, afforded very low yields of the targeted
propargylic ester (7-8), or no product at all (9-12). Therefore,
among the NHC salts tested in the model reaction, 1,3-di-tert-
butyl-1H-imidazol-3-ium chloride (5) exhibits the optimum
catalytic behavior. This was the NHC precursor we utilized in
the rest of our studies.

With the most efficient NHC salt (pre)catalyst in hand, we
investigated the influence of the other reaction parameters.
More specifically, we investigated the influence of the base
used, the solvent of the reaction, the catalytic amount of the
NHC precursor, and the reaction temperature (Table 1). Among
the bases used, in DMF, potassium carbonate provided the best
results (Entry 3). Sodium carbonate provided the desired
product, albeit with significantly lower yields (Entries 4 and 9).
This result is attributed to the size and the nature of the
counterion of carbonate. Sodium bicarbonate was found to be
an inappropriate base for the reaction (Entry 1), as also did
sodium hydroxide (Entry 5). Besides DMF, four other solvents
were used to carry out the reaction. Those were toluene,
acetonitrile, dichloromethane and tetrahydrofuran (Entries 6 to
11). When acetonitrile was used as the solvent (Entries 7 to 9)
the targeted propargylic ester was formed efficiently, but in
slightly lower yields than those observed in the case of DMF. All
other solvents either did not yield the product at all, or the
product was formed in traces. By increasing the NHC (pre)
catalyst loading from 15 to 20% (Entry 12), phenylacetylene is
quantitatively converted to the desired product, as was also
observed under 25% catalyst loading (Entry 13). The reaction

Table 1. Investigation of the conditions of the three-component coupling
of phenylacetylene, cinnamyl chloride and carbon dioxide towards the

corresponding propargylic ester.
©/‘\o/\/

(Y e ph“c' SR

1a 2 " base (2eq) Zeq)
0.5mmoles  14.8 atm 075mmo\es solvent, A, 24h

Entry  Base Solvent Catalyst loading [%] T Yield [a]
1 NaHCO;  DMF 15 60°C -

2 CsF DMF 15 60°C 9%

3 K,CO, DMF 15 60°C  66%

4 Na,CO, DMF 15 60°C 1%

5 NaOH DMF 15 60°C -

6 K,CO, Toluene 15 60°C -

7 K,CO, CH,CN 15 60°C  53%

8 K,COs CH,CN 20 60°C  78%

9 Na,CO, CH,CN 15 60°C  Traces
10 K,CO; CH,Cl, 15 60°C  Traces
1 K,CO, THF 15 60°C -

12 K,COs DMF 20 60°C  >99%
13 K,CO, DMF 25 60°C  >99%
14 K,CO, DMF 20 rt. 55%
15" K,CO, DMF 20 60°C -

16 K,CO, DMF 20 60°C  17%
17 - DMF 20 60°C -

18 K,CO; DMF - 60°C -

[a] Experimental conditions:1,3-di-tert-butyl-1H-imidazol-3-ium chloride
(NHC precursor salt), phenylacetylene 0.5 mmol, cinnamyl chloride
0.75 mmol, carbon dioxide 14.8 Atm, base 1 mmol, solvent 4 mL, reaction
time 24 h. Yields were measured by GC/MS. [b] In the absence of CO,. [c]
CO, pressure of 4.9 Atm.
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also takes place at room temperature (Entry 14) affording a
55% yield of the propargylic ester, which is, however, lower
than the 99% GC/MS yield obtained at 60°C. In a series of blank
tests, it was found that the presence of base (Entry 17), NHC
precursor (Entry 18) and a high pressure of carbon dioxide
(Entry 16) were all necessary for the three-component reaction
to occur.

We then carried out a kinetic study, in order to find the
optimum reaction time. More specifically, we studied the
catalytic activity of our optimized organocatalytic system in the
reaction of phenylacetylene (1a), CO,, and cinnamyl chloride
(3 a) towards propargylic ester 4a via GC/MS. The conversion to
the product 4a over time is represented in Figure 2. Interest-
ingly, the reaction has a relatively long induction period of
about 10 hours (about 20% conversion in the first 10 hours).
This long induction period could be rationalized by the
necessity for the formation of an important intermediate in the
catalytic cycle, or by some kind of an off-cycle process (also see
the discussion with regards to the theoretical calculations
below). After the necessary induction period, the reaction
speeds up, reaching completion in about 10 additional hours,
that is, in 20 hours total reaction time.

Prior to investigating the reaction scope, we also carried out
a series of control experiments towards shedding some light on
the possible role of the NHC in the generation of the acetylide.
It is known that the deprotonation of phenylacetylene readily
occurs in the presence of carbonates to provide the corre-
sponding acetylide.*” Nevertheless, carbenes have been also
shown to be able to insert into C—H bonds.”® Therefore, we
were intrigued to study whether the in situ generated NHC
could somehow increase the rate of the acetylide formation.
Unfortunately, though, despite our efforts to trap the generated
acetylide under conditions analogous to our reaction condi-
tions, our experiments were inconclusive in this regard.

With the optimum reaction conditions in hand, we inves-
tigated the scope of the organohalides (Scheme 4). The two 2-
chloroacetate esters probed yield the corresponding coupling
products 4b and 4c, albeit at relatively low yields. Moreover,
organochlorides bearing the chlorine atom on the carbonyl
carbon do not provide the desired propargyl ester, as found in
the case of 4d. On the contrary, allylic chlorides are very good

100 ° ®
0
80 5 o
7
~ &
g
5 50
z °
£ g0 L SR
30 s
20 % —
10 o.
0 ®
0 5 10 15 20 25

Time ()

Figure 2. Reaction profile of the organocatalytic multicomponent coupling
of phenylacetylene (1a), cinnamyl chloride (3a) and carbon dioxide towards
propargylic ester 4a.
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Scheme 4. Investigation of the scope of the reaction with regards to the
organochloride. (Experimental conditions: 1,3-di-tert-butyl-1H-imidazol-3-
ium chloride (NHC precursor salt) 20 %, phenylacetylene 0.5 mmol, organo-
chloride 0.75 mmol, carbon dioxide 14.8 Atm, K,CO; 1 mmol, DMF 4 mL,
reaction time 20 h, reaction temperature 60 °C. All yields provided are
isolated.)

substrates for this reaction, leading to propargylic esters 4a, 4e,
4f and 49 in good to excellent yields. The relatively low yield in
the reaction of chloropropene (leading to propargylic ester 4e)
can be attributed to the fact that this substrate has a relatively
low boiling point (46°C, while the reaction temperature is
60°C). The same rationale can be also true in the case of
propargylic ester 4f (56 % yield), given that chlorobutene has a
boiling point of 59°C, also lower that the reaction temperature.
Along these lines, crotyl chloride, with a boiling point of 85°C,
yields the corresponding propargylic ester 4g in an excellent,
96 % yield. Benzyl chlorides are also very good substrates under
these conditions, leading to propargylic esters 4h to 41, in
isolated yields ranging from 59 to 84%. Picolyl chloride does
not provide the targeted ester 4m, most probably due to the
existence of the pyridine moiety in its structure. This was shown
during control experiments, in which the reaction of phenyl-
acetylene with benzylchloride was completely quenched in the
presence of one equivalent (in relation to benzylchloride) of
pyridine- in the absence of pyridine this reaction provides
propargylic ester 4h in 61% isolated yield. Interestingly, in
addition to the parent benzyl chloride (4h), both electron-poor
(4j and 41) and electron-rich (4i and 4k) benzyl chlorides afford
very good yields, while the co-existence of a second chlorine
atom on the aromatic ring (4j) does not impose any problem to
the reaction. Note, finally, that all organobromides probed
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Scheme 5. Investigation of the scope of the multicomponent organocatalytic
carboxylative coupling of terminal alkynes and organohalides with CO,.
(Experimental conditions: 1,3-di-tert-butyl-1H-imidazol-3-ium chloride (NHC
precursor salt) 20 %, terminal alkyne 0.5 mmol, organochloride 0.75 mmol,
carbon dioxide 14.8 Atm, K,CO; 1 mmol, DMF 4 mL, reaction time 20 h,
reaction temperature 60 °C. All yields provided are isolated.)

(results not shown: 1-bromobutane, bromoethene, 1-bromodo-
decane, 3-bromopropanenitrile, 2-bromo-1-phenylethanone)
were found to be unsuitable substrates for the reaction.

Subsequently, the scope of the multicomponent organo-
catalytic coupling towards propargylic esters was investigated
with regards to the terminal alkyne utilized. The results of this
study are shown in Scheme 5. Alkyl-substituted terminal alkynes
(results not shown: 1-pentyne and 3,3-dimethylbut-1-yne) do
not afford the targeted propargylic esters under our protocol’s
conditions. The same is true for a hydroxyl-bearing alkyne we
tested (results not shown: 2-methylbut-3-yn-2-ol), as well as a
phenyl acetylene bearing a bromide (results not shown: 1-
bromo-2-ethynylbenzene). Moreover, the electron poor, p-NO,-
substituted phenyl acetylene affords the targeted propargylic
ester 4n, albeit in traces. On the other hand, the p-CF;-
substituted phenyl acetylene, which is also electron-poor, gives
an excellent isolated yield of 91% of propargylic ester 4s. This
finding suggests the reaction is not problematic with electron-
poor terminal alkynes in general, but, most probably, it is not
compatible with the -NO, moiety (also see the discussion that
follows). Phenylacetylenes bearing no aromatic substituents or
methyl and/or methoxy moieties on the aromatic ring are
excellent substrates under our protocol, affording the corre-
sponding propargylic esters in very good to excellent yields
(4a, 40-4r, and 4t-4u).

Theoretical Calculations
We next turned our attention to the study of the mechanism of
the reaction, by means of DFT methods. The calculations were

carried out with the Gaussian 16 set of programs, using the
MO06-2X functional together with the 6-311G(d,p) basis sets for

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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full structure optimization. An implicit solvent model (IEFPCM,
solvent=dimethyl formamide) was also incorporated to all
calculations.®®

We wanted to get information about the energy profile of
the reaction, which is crucial to clarify some important issues
about the mechanism, like: a) the identification of the rate
limiting step of the process, b) the understanding of the origin
of the induction period observed at the outset of the reaction,
and c) the determination of the underlying reasons for the large
difference of reactivity between the different electrophiles, like,
for example, cinnamyl chloride 3a vs picolyl chloride 3m
(Scheme 4). We assumed that the fundamental steps of the
reaction would be the attack of the NHC catalyst to CO, (TS1,
Figure 3), the Sy2-type nucleophilic substitution of the chloride
by the carboxylate (TS2) and the final introduction of the
propargylic system with concomitant recovery of the catalytic
NHC carbene (TS3 and TS4). For the initial calculations, those
substrates affording the best results were selected, including
the di-tertbutylcarbene catalyst derived from 5, cinnamyl
chloride 3a, and phenylacetylene 1a.

As previously mentioned, we envisioned that the first step
of the reaction was the attack of NHC carbene to a molecule of
CO, (Figure3). As described by others®” this step was
computed to be easy and low in energy (TS1, AG*=10.9 kcal/
mol), with a very early transition state that bears a long carbon-
carbon bond distance (2.3 A). The intermediate formed in this
step (1l) is fairly stable and low in energy (—2.7 kcal/mol). These
carbene-CO, adducts are known and extensively studied.
Amongst others, they are used as non-ionic NHC precursors,
delivering the free carbene in the reaction mixture upon
thermal decomposition, circumventing the need for the use of
a base.”® The intermediate formed in step (Il) shows kinetic
resistance to react with cinnamyl chloride 3 a, as can be inferred
from its moderate activation energy (AAG*=22.1kcal/mol).
This value is perfectly affordable at the experimental reaction
temperature. The structure of the transition state follows a
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Figure 4. Activation free energies for the substitution step of chloride (TS2)
in the cinnamyl (3a), benzyl (3 h) and picolyl substrates (3m).

standard Sy2-type nucleophilic displacement of the chloride
anion (see 3D structure in Figure 4), leading to the second
intermediate of the reaction (lll), which is rather stable (AG=
—4.2 kcal/mol). The process continues with the nucleophilic
attack of the propargylic unit (1a) to intermediate Il through a
classical two-step addition to the carbonyl group (transition
states TS3 and TS4) with formation of the tetrahedral
intermediate IV. The addition of the acetylide in TS3 is higher in
energy (AAG*=20.7 kcal/mol) than the detachment of the
carbene leaving group in TS4, which is very fast (AAG*=
5.1 kcal/mol), but both steps are lower in energy than TS2.
Thus, the energy profile points to the nucleophilic displace-
ment of the chloride by NHC-carboxylate (TS2) as the rate
limiting step of the process, as it shows the highest energy of
the catalytic cycle. Thus, the comparison of the reactivity of the
different substrates should be done at this point. In fact, we
were able to locate the transition states for the substitution of
intermediate Il to benzyl chloride (3h) and picolyl chloride
(3m). The computed structures of TS2h, and TS2m were
structurally very similar to that of cinnamyl chloride TS2a
(Figure 4).*® The computed activation energies show the lowest
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Figure 3. Energy profile for the catalytic cycle of the reaction between 1a, 3a, and CO,.
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value (AG*=22.1 kcal/mol) for the most reactive substrate of
the three (3a), in agreement with the experimental results
shown in Scheme 4. The activation energy for the benzyl
derivative 3h lies 0.9 kcal/mol higher, which is not a very
significant difference, but enough to explain the decrease in
yield noted experimentally (97% vs 61%, Scheme 4). Interest-
ingly, the unreactive picolyl derivative 3 m shows an activation
energy of AG*=24.7 kcal/mol). While this value is 2.6 kcal/mol
higher than for 3 a, allowing us to explain a significant decrease
in yield for substrate 3m, it does not seem enough to account
for its complete lack of reactivity. Therefore, the presence of a
pyridine moiety has a deleterious effect on the reactivity by
some other undisclosed mechanism. As previously discussed,
the addition of 1eq of pyridine to the reaction medium
quenches the reaction completely. Finally, the structures of the
three transition states in Figure 4 present forming O—C bond
distances between 2.00 A and 2.09 A, and breaking C—Cl bond
distances between 2.34 A and 2.44 A. Interestingly, the dis-
tances slightly increase with the increasing reactivity of the
substrates (Figure 4). These data suggest that the reacting sp3
carbon develops a relative positive charge during TS2, explain-
ing why electron donating substituents, like 3k, show higher
reactivity than electron withdrawing groups, like 31 (Scheme 4).

Finally, we were intrigued by the long induction period that
we observed in our reactions (Figure 2). In fact, nothing, in the
computed cycle shown in Figure 3, points to the existence of
such an initial delay, which has to be related to some off-cycle
process. One hypothesis is that the initial formation of the
active NHC carbene from the imidazolium precursor in the
presence of a base could be slow in the reaction scale, and,
therefore, the necessary concentration of NHC carbene (I) would
need some time to evolve.

Conclusions

A novel organocatalytic protocol for the multicomponent
carboxylative coupling of terminal alkynes with organochlorides
and CO,, catalyzed by an in situ generated NHC derived from
the widely-available, cost-efficient and stable 1,3-di-tert-butyl-
1H-imidazol-3-ium chloride was developed. The protocol is
user-friendly, straightforward and highly efficient against a
number of substrates and functionalities. In addition to the
parent phenylacetylene, a wide range of substituted phenyl-
acetylenes, bearing electron-withdrawing or electron-donating
aromatic substituents, react with allyl-chlorides, benzyl chlor-
ides, or 2-chloroacetates, providing the corresponding prop-
argylic esters in low to excellent yields. DFT calculations on the
mechanism of this transformation indicate that the reaction is
initiated with the addition of the carbene to a molecule of CO,,
forming an NHC-carboxylate. This species is nucleophilic
enough to react with chlorides, although the high activation
energy of this process suggests that it is the rate limiting step.
This fact would explain the large difference in reactivity of the
different allyl and benzyl chlorides and the effect of the
substituents.
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Experimental Section

General Reagent Information. Unless otherwise noted, chemicals
were obtained from commercial sources and were purified
according to literature procedures. Solvents were purified according
to published procedures, distilled and stored under argon over 3 A
molecular sieves. All reactions were set up under argon and carried
out under carbon dioxide in sealed, high pressure reactor. The
course of the reactions was followed with GC/MS. The purification
of the products was carried out by flash column chromatography,
using silica gel 60 (230-400 mesh).

General Analytical Information.'H, °C NMR spectra were measured
on a Varian Mercury 200 MHz spectrometer using CDCl; as the
solvent and its residual solvent peak as a reference. NMR
spectroscopic data are given in the order: chemical shift, multi-
plicity (s, singlet, br. s, broad singlet, d, doublet, t, triplet, g, quartet,
m, multiplet), coupling constant in Hertz (Hz), and number of
protons. Peaks at 0 and 1.5 ppm of spectra are attributed to
impurities of laboratory solvents, organics, and gases in deuterated
solvents.®™™ HRMS spectra were recorded in a QTOF maxis Impact
(Bruker) spectrometer with Electron Spray lonization (ESI). The GC/
MS spectra were recorded with a Shimadzu R GCMS-QP2010 Plus
Chromatograph Mass Spectrometer using a MEGAR (MEGA-5, F.T:
0.25 pm, 1.D.: 0.25 mm, L: 30 m, Tmax: 350°C, Column ID# 11475)
column, using n-octane as the internal standard.

Synthetic Protocols. The synthetic protocols for NHC ligand
precursors 5 to 10 are reported in the literature.*" NHC ligand
precursors 11 and 12 were purchased and used without any further
purification.

Unless otherwise mentioned, the following procedure was used for
the synthesis of all products: A flame-dried vial with a stirring bar
and a rubber septum was charged with 20 mol% of 1,3-di-tert-
butyl-1H-imidazol-3-ium chloride (0.1 mmol), K,CO; (1 mmol) and
DMF (4 mL). Under a flow of argon, the terminal alkyne (0.5 mmol)
and organohalide (0.75 mmol) were added and the mixture was
placed in the pressure reactor. The reactor was purged three times
with carbon dioxide, the pressure was finally fixed to 14.8 Atm and
the reaction was allowed to stir in an oil bath, preheated at 60 °C,
for 20 hours. After this time, the pressure reactor was cooled to
room temperature and ventilated carefully. Water was added to the
reaction mixture and was extracted with ethyl acetate (3x5 ml).
The organic phase was dried with MgSO, and the solvent was
removed under reduced pressure to afford the crude mixture of the
reaction. Gradient column chromatography with ethyl acetate/
petroleum ether furnished the desired product. Products prepared
for the first time were characterized by 'H NMR, *C NMR, and
HRMS, which are all in agreement with the assigned structures.
Known compounds were characterized by '"H NMR and "*C NMR
with all their spectroscopic characteristics in agreement with those
reported in the literature.

1-(2,6-Diisopropylphenyl)-3-(quinolin-8-yl)-4,5-dihydro-1H-imidazol-
3-ium chloride (10): "H NMR (200 MHz, CDCl;) 6 9.62 (s, 1H), 8.74 (s,
1H), 8.28 (d, J=7.9Hz, 1H), 7.99 (d, J=7.4Hz, 1H), 779 (d, J=
8.1 Hz, TH), 7.66-7.36 (m, 3H), 7.24 (d, J=7.6 Hz, 2H), 5.24 (t, J=
10.5 Hz, 2H), 4.57 (t, J=10.5 Hz, 2H), 3.17 (hept, J=13.2, 6.9 Hz, 2H),
1.26 (t, J=6.9 Hz, 12H). >C NMR (50 MHz, CDCl;) 6 158.36, 150.58,
146.73, 140.17, 137.79, 131.80, 131.72, 130.20, 129.42, 128.06,
127.01, 125.34, 122.84, 122.27, 53.35, 29.07, 25.48, 24.44. HRMS (ESI)
m/z calculated for Cy,H,,0,Na [M]" requires m/z 358.5085. Found
m/z: 358.2321.

Cinnamyl 3-phenylpropiolate (4a):?*? Prepared according to the
general procedure and obtained in 97% yield (127 mg,
0.485 mmol)."H NMR (200 MHz, CDCl,) 6 7.70-7.52 (m, 2H), 7.51-
7.16 (m, 8H), 6.74 (d, J=15.8 Hz, 1H), 6.34 (dt, J=15.9, 6.5 Hz, 1H),
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490 (d, J=6.5Hz, 2H).”C NMR (50 MHz, CDCl;) 6 154.0, 136.2,
1355, 133.2, 130.9, 128.8, 1288, 1285, 126.9, 1223, 119.7, 86.8,
80.7, 66.7.

2-Methoxy-2-oxoethyl 3-phenylpropiolate (4b): Prepared according
to the general procedure and obtained in 25% yield (27 mg,
0.125 mmol).'"H NMR (200 MHz, CDCl;) 6 7.65-7.56 (m, 2H), 7.48-
7.32 (m, 3H), 4.76 (s, 2H), 3.80 (s, 3H).”C NMR (50 MHz, CDCl;) &
167.7, 153.4, 133.4, 131.2, 128.8, 119.3, 88.4, 79.9, 61.7, 52.8. HRMS
(ESl) m/z calculated for Cj,H,,O,Na [M+Na]® requires m/z
241.0579. Found m/z: 241.0472.

[22¢]

2-Ethoxy-2-oxoethyl 3-phenylpropiolate (4 c):?*? Prepared according
to the general procedure and obtained in 28% yield (32 mg,
0.14 mmol)."H NMR (CDCl;) 6 7.68-7.55 (m, 2H), 7.51-7.31 (m, 3H),
474 (s, 2H), 427 (q, J=7.1 Hz, 2H), 1.31 (t, J=7.1 Hz, 3H).”C NMR
(CDCly) 0 167.1, 153.4, 133.3, 131.1, 128.8, 119.4, 88.3, 79.9, 61.9,
61.8.

W[22¢]

Allyl 3-phenylpropiolate (4 e):** Prepared according to the general
procedure and obtained in 42% yield (39 mg, 0.21 mmol). '"H NMR
(CDCl3) 6 7.65-7.52 (m, 2H), 7.50-7.30 (m, 3H), 5.97 (m, TH), 5.41
(dd, J=17.2, 1.4 Hz, 1H), 5.32 (dd, J=10.3, 1.2 Hz, 1H), 473 (d, J=
5.9 Hz, 2H). *C NMR (CDCl;) ¢ 153.9, 133.2, 131.3, 130.9, 12838,
119.7, 119.6, 86.7, 80.6, 66.8.

3-Methylbut-2-en-1-yl 3-phenylpropiolate (4f):**7 Prepared accord-
ing to the general procedure and obtained in 56% yield (60 mg,
0.28 mmol)."H NMR (CDCl;) 6 7.58-7.30 (m, 5H), 5.44-5.40 (m, TH),
4.73 (d, J=7.4 Hz, 2H), 1.79 (s, 3H), 1.75 (s, 3H). *C NMR (CDCl;) 6
154.3, 140.8, 133.2, 130.8, 128.7, 119.8, 117.8, 86.3, 80.8, 63.1, 26.0,
18.3.

(E)-But-2-en-1-yl 3-phenylpropiolate (4g):*? Prepared according to
the general procedure and obtained in 94% yield (94 mg,
0.47 mmol)."H NMR (CDCl;) 6 7.65-7.50 (m, 2H), 7.48-7.27 (m, 3H),
6.01-5.72 (m, 1H), 5.71-5.51 (m, 1H), 4.63 (d, 2H), 1.72 (d, J=6.3 Hz,
3H).*C NMR (CDCly) 6 154.0, 133.1, 133.0, 130.8, 128.7, 124.4, 119.8,
86.4, 80.8, 66.9, 18.0.

Benzyl 3-phenylpropiolate (4h):**' Prepared according to the
general procedure and obtained in 61% yield (72mg,
0.30 mmol)."H NMR (200 MHz, CDCl,) ¢ 7.66-7.55 (m, 2H), 7.50-7.31
(m, 8H), 5.29 (s, 2H).”>*C NMR (50 MHz, CDCl;) 6 154.1, 135.1, 133.2,
130.9, 128.9, 128.9, 128.8, 128.8, 119.7, 86.9, 80.8, 67.9.

4-Methylbenzyl 3-phenylpropiolate (4i):**' Prepared according to
the general procedure and obtained in 73% yield
(91 mg,0.365 mmol)."H NMR (CDCly) 6 7.63-7.55 (m, 2H), 7.46-7.32
(m, 4H), 7.22 (d, J=7.9 Hz, 2H), 5.25 (s, 2H), 2.38 (s, 3H).”C NMR
(CDCl;) 6 154.20, 138.80, 133.25, 132.18, 130.93, 129.61, 129.08,
128.83, 119.81, 86.82, 80.86, 67.96, 21.52.

4-Chlorobenzyl 3-phenylpropiolate (4j):?* Prepared according to

the general procedure and obtained in 75% vyield (101 mg,
0.375 mmol).'"H NMR (CDCly) 6 7.61-7.51 (m, 2H), 7.50-7.31 (m, 7H),
5.22 (s, 2H).®C NMR (CDCl;) & 153.5, 134.4, 133.3, 132.8, 130.6,
129.8,128.7,128.4, 119.2, 86.8, 80.2, 66.6.

22

4-Methoxybenzyl 3-phenylpropiolate (4 k):?! Prepared according to
the general procedure and obtained in 84% yield (112 mg,
0.42 mmol)."H NMR (200 MHz, CDCl;) 6 7.77-7.45 (m, 2H), 7.46-7.28
(m, 5H), 6.98-6.86 (m, 2H), 5.21 (s, 2H), 3.81 (s, 3H).”C NMR (50 MHz,
CDCly) 6 160.16, 154.22, 133.23, 130.92, 130.84, 128.81, 127.23,
119.77, 114.26, 86.75, 80.84, 67.86, 55.54.

4-(Trifluoromethyl)benzyl 3-phenylpropiolate (41):*” Prepared ac-
cording to the general procedure and obtained in 59% yield
(89 mg, 0.29 mmol). '"H NMR (CDCl,) 6 7.68-7.62 (d, J=8.1 Hz, 2H),
7.62-7.57 (m, 2H), 7.56-7.52 (d, J=8.1 Hz, 2H), 7.49-7.43 (m, 1H),
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7.41-7.35 (m, 2H), 5.31 (s, 2H). >C NMR (CDCl;) 6 153.8, 139.1, 133.3,
131.1,128.7,125.8, 119.5, 87.5, 80.4, 66.8.

J[22¢]

Cinnamyl 3-(p-tolyl)propiolate (40):** Prepared according to the
general procedure and obtained in 83 % yield (115 mg, 0.41 mmol).
"H NMR (CDCl3) 6 7.48 (d, J=7.9 Hz, 2H), 7.41-7.24 (m, 5H), 7.16 (d,
J=7.9Hz 2H), 6.71 (d, J=15.9 Hz, 1H), 6.32 (dt, J=15.9, 6.6 Hz, 1H),
4.87 (d, J=6.6 Hz, 2H), 2.36 (s, 3H). *C NMR (CDCl,) 6 153.9, 141.3,
136.0, 135.2, 133.0, 129.4, 128.6, 128.2, 126.7, 122.1, 1164, 87.2,
80.2, 66.4, 21.7.

Cinnamyl 3-(m-tolyl)propiolate (4p): Prepared according to the
general procedure and obtained in 82% yield (113 mg, 0.41 mmol).
"H NMR (200 MHz, CDCl;) 6 7.73-7.08 (m, 9H), 6.74 (d, J=15.9 Hz,
1H), 6.34 (dt, J=15.9, 6.5 Hz, 1H), 4.90 (d, J=6.5 Hz, 2H), 2.35 (s,
3H). *C NMR (50 MHz, CDCl;) 6 154.1, 138.6, 136.2, 135.5, 133.7,
131.9, 1304, 128.9, 128.7, 128.5, 126.9, 122.3, 119.5, 87.2, 80.4, 66.7,
21.4. HRMS (ESI) m/z calculated for C,sH,cO,Na™ [M+ Na]* requires
299.1150. Found m/z: 299.1047.

Cinnamyl 3-(4-methoxyphenyl)propiolate (4q):**? Prepared accord-
ing to the general procedure and obtained in 87 % yield (123 mg,
0.43 mmol). '"H NMR (200 MHz, CDCl;) 6 7.54 (d, J=8.9 Hz, 2H),
7.47-7.23 (m, 5H), 7.01-6.81 (m, 2H), 6.79-6.66 (m, TH), 6.33 (dt, 1H),
4.88 (d, J=6.5 Hz, 2H), 3.80 (s, 3H). *C NMR (50 MHz, CDCl;) 6 161.8,
154.3, 136.2, 135.4, 135.2, 128.9, 128.5, 126.9, 122.4, 1145, 1114,
87.7, 80.2, 66.6, 55.6.

Cinnamyl 3-(4-methoxy-2-methylphenyl)propiolate (4r): Prepared
according to the general procedure and in 91% vyield (136 mg,
0.45 mmol). '"H NMR (200 MHz, CDCly) 6 7.50 (d, J=8.4Hz, TH),
7.46-7.21 (m, 5H), 6.82-6.63 (m, 3H), 6.34 (dt, J=15.9, 6.5 Hz, 1H),
4.89 (dd, J=6.5, 1.1 Hz, 2H), 3.80 (s, 3H), 2.48 (s, 3H). )C NMR
(50 MHz, CDCl;) 0 161.6, 154.4, 144.8, 136.2, 135.5, 135.3, 12838,
1284, 126.9, 122.5, 115.6, 111.9, 111.5, 86.8, 83.8, 66.6, 55.5, 21.1.
HRMS (ESI) m/z calculated for CyH,;0sNa® [M+Na]® requires
329.1256. Found m/z: 329.1158.

J[22¢

Cinnamyl 3-(4-(trifluoromethyl)phenyl)propiolate (4s):** Prepared
according to the general procedure and obtained in 91% yield
(150 mg, 0.45 mmol). '"H NMR (CDCl;) 6 7.67 (d, J=8.2 Hz, 2H), 7.61
(d, J=8.2 Hz, 2H), 7.41-7.23 (m, 5H), 6.72 (d, J=15.9 Hz, 1H), 6.32
(dt, J=15.9, 6.6 Hz, TH), 4.90 (d, J=6.6 Hz, 2H). *C NMR (CDCl,) &
153.4, 135.9, 135.7, 133.2, 132.2, 128.7, 128.4, 126.8, 125.6, 123.4,
121.9,121.8, 84.3, 82.1, 66.9.

331

(E)-But-2-en-1-yl 3-(4-methoxyphenyl)propiolate (4t):"*' Prepared
according to the general procedure and obtained in 64% yield
(74 mg, 0.32 mmol). 'H NMR (CDCl;) 6 7.51 (d, J=9.0 Hz, 2H), 6.86
(d, J=9.0 Hz, 2H), 5.85 (dq, J=15.0, 6.5 Hz, TH), 5.64 (dt, J=15.0,
6.5 Hz, 1H), 4.63 (d, J=6.5 Hz, 2H), 3.81 (s, 3H), 1.73 (d, J=2.0 Hz,
3H). *C NMR (CDCl3) 6 161.4, 154.1, 134.9, 132.6, 124.2, 114.2, 111.3,
87.1, 80.0, 66.5, 55.3, 17.7.

(E)-But-2-en-1-yl 3-(p-tolyl)propiolate (4 u):** Prepared according to
the general procedure and obtained in 73% yield (78 mg,
0.36 mmol). '"H NMR (CDCl;) 6 7.46 (d, J=8.5 Hz, 2H), 7.15 (d, J=
8.5 Hz, 2H), 5.85 (dq, J=15.0, 7.0 Hz, 1H), 5.64 (tq, J=15.0, 7.0 Hz,
1H), 4.63 (d, J=7.0 Hz, 2H), 2.36 (s, 3H), 1.73(d, J=7.0 Hz, 3H). C
NMR (CDCl;) 6 154.0, 141.2, 132.9, 132.7, 129.3, 124.2, 116.5, 86.8,
80.2, 66.6, 21.7, 17.6.

Computational Details. The computational details of the calcula-
tions carried out are provided at the supporting information of this
article.
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An umpolung strategy to react catalytic enols
with nucleophiles
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The selective synthesis of a-functionalized ketones with two similar enolizable positions can
be accomplished using allylic alcohols and iridium(lIl) catalysts. A formal 1,3-hydrogen shift
on allylic alcohols generates catalytic iridium-enolates in a stereospecific manner, which are
able to react with electrophiles to yield a-functionalized ketones as single constitutional
isomers. However, the employment of nucleophiles to react with the nucleophilic catalytic
enolates in this chemistry is still unknown. Herein, we report an umpolung strategy for the
selective synthesis of a-alkoxy carbonyl compounds by the reaction of iridium enolates and
alcohols promoted by an iodine(lll) reagent. Moreover, the protocol also works in an intra-
molecular fashion to synthesize 3(2H)-furanones from y-keto allylic alcohols. Experimental
and computational investigations have been carried out, and mechanisms are proposed for
both the inter- and intramolecular reactions, explaining the key role of the iodine(lll) reagent
in this umpolung approach.
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mpolung reactions represent a powerful approach for the

introduction of functional groups into organic molecules

where this would not otherwise be possible due to elec-
tronic mismatch!. This term was introduced by D. Seebach and E.
J. Corey to refer the inversion of reactivity of acyl carbon atoms in
their reactions with electrophiles?. Analogous methods based on
switching the reactivity of amines’, imines*, or carbonyl
groups’~13 have been developed in recent decades. This approach
has played a pivotal role in the design of synthetic procedures,
allowing access to target molecules that would be difficult to
obtain by classical processes.

One example of a reaction where it is necessary to use an
umpolung approach is the functionalization of ketones in the a
position using nucleophiles!'4. To achieve this goal, iodine(IIT)
compounds!®>~18, transition metals!?, Lewis acids?021, and other
reagents?? have been used. For the synthesis of a-functionalized
ketones with iodine(III) compounds, several reagents have been
successfully used. These include Koser’s reagent??, (diacetox-
yiodo)benzene (PIDA)24, p-iodotoluene difluoride?®, and ben-
zioxol(on)es (BX)2. When acyclic I(IIT) reagents are used, the
nucleophile can be either an external nucleophile or a ligand of
the I(III) center. However, for cyclic hypervalent iodine reagents,
only examples where the nucleophile is part of the reagent have
been reported, what requires an enormous synthetic effort as
every reaction requires the synthesis of a new I(II) reagent?’-30.
In terms of the reaction substrates, dicarbonyl compounds, aro-
matic and cyclic ketones, and silyl enol ethers have all been used.
However, no regiocontrol was achieved for ketones containing
two enolizable o carbons with similar electronic/steric properties
(Fig. 1a)31.

Allylic alcohols have been proven to be a very useful class of
compounds as ketone synthons during the last decades’>33. Our
group has reported the use of allylic alcohols as enolate equiva-
lents for the preparation of a-functionalized carbonyl compounds
as single constitutional isomers4-41. This approach relies on the
generation of iridium enolates as catalytic intermediates through
1,3-hydrogen transfer, and the in situ reaction of these inter-
mediates with a variety of heteroatomic electrophiles, including

lodine(lll) reagents
Nucleophile (Nu™)
- > R

halogen and oxygen-based electrophilic species. The stoichio-
metric synthesis of enolates is avoided, and the reaction takes
place under base-free conditions; as a result, a single substituent
may be introduced at the desired a carbon. This is difficult to
achieve starting from ketones with no clear electronic or steric
bias (Fig. 1b). This approach has been successful, but it relies on
the use of heteroatomic electrophiles. These are highly reactive
species, and are less readily available than their nucleophilic
counterparts. In this paper, we report an approach that inverts the
polarity of the iridium enolate intermediate, allowing it to react
with O-nucleophiles (Fig. 1¢). In a reaction mediated by an iri-
dium(III) complex, allylic alcohols react with nucleophiles to
yield a-alkoxy ketones as single constitutional isomers. The
reaction is mediated by 1-fluoro-3,3-dimethyl-1,3-dihydro-1A3-
benzo[d][1,2]iodaoxole. Furthermore, under the same conditions
B-keto allylic alcohols cyclize yielding 3(2H)-furanones.

Results

Reaction development and optimization. We focused on the use
of alcohols as nucleophiles; this would lead to the formation of a-
alkoxy ketones. a-Alkoxy ketones are important building blocks
for synthesis, and they are also present in many natural
products#>43, We selected allylic alcohol 1a as a model substrate
and methanol as a nucleophile. A preliminary screening of iodine
(IIT) reagents (Fig. 2) revealed that 1-fluoro-3,3-dimethyl-1,3-
dihydro-1\3-benzo[d][1,2]iodaoxole (I) gave a-methoxy ketone
2a in a promising 43% yield as a single constitutional isomer (see
Supplementary Table 1). In contrast, II-IX resulted in lower
yields, ranging from 0 to 15%. I is a stable compound, and it is
commercially available and easy to handle. Taking all this into
account, I was chosen for further optimization studies in com-
bination with the commercially available [Cp*IrCl,],%445.

It should be noted that the selective formation of the desired
product 2 in this reaction represents an enormous challenge
(Table 1). Several by-products may be formed from the allylic
alcohol substrates 1, including unsubstituted ketone 3, and also
enone 4. Furthermore, other nucleophiles such as water could

o (o]
Nu Nu

Selectivity

Nu=-OR ifficult to control

OH
=

H

4

No reaction here

[Ir] cat.
R2

R

Iridium enolate (Nu™)

N

o H

R ‘\)J\/k
R2?

E

Electrophile
(E+)

Single constitutional isomer

c Polarity inversion: Umpolung strategy!!
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H H
H [Ir] cat. o _H Nucleophile
H - .
R‘\MW Rl \'S+ " (Nu-) R‘\)I\)\Rz
s lodine(lll) R !
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Single constitutional isomer

Fig. 1 Synthesis of a-substituted carbonyl compounds. a a-Functionalization of ketones through umpolung reactions. b Isomerization/functionalization of
allylic alcohols with electrophiles. € Our approach: Isomerization/umpolung functionalization of allylic alcohols
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lodine (I11) reagent (1.2 equiv.)

Acetone/MeOH (1:3), 23 °C
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43% yleld 0% yleld 0% yleld 0% yleld 0% yleld
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0% yield 0% yield 3% yield 15% yield

Fig. 2 lodine(lll) reagents screened. Yields of 2a determined by "H NMR spectroscopy using an internal standard (1,2,4,5-tetrachloro-3-nitrobenzene)

(Supplementary Table 1)

also react, leading to the formation of a-hydroxy ketone 5. All
these by-products were observed in our initial test reactions
(Table 1, entry 1 and Supplementary Table 1), where common
solvents previously used in related reactions were tested5-41.
When either acetone or THF was used (Table 1, entries 1 and 2),
2a was formed in moderate yield (up to 43%) together with by-
products 3-6 in yields ranging from 6 to 12%. Further testing led
us to the use of 2,2,2-trifluoroethanol (TFE) (entries 3-5), which
gave a-methoxy ketone 2a in 54% yield along with the same by-
products in a similar ratio (Table 1, entry 4). A slightly better
yield of 2a was obtained when the temperature was raised to 35 °
C (57%; Table 1, entry 6). Increasing the temperature further did
not prove beneficial (Table 1, entry 7). Remarkably, 2a was
formed in 75% yield when the reaction mixture was diluted (from
0.2 to 0.02 M). The amounts of by-products 3 and 4 decreased,
and the formation of 5 was suppressed (Table 1, entry 8). When
the amount of KBF, was increased (from 0.3 to 0.8 equiv.), 2a was
formed in an excellent yield of 89% (Table 1, entry 9). The use of
other additives failed to give higher yields of 2a (Table 1, entries
10 and 11). No conversion was observed when the chloride-free
[Cp*Ir(H,0)5]SO, complex was used as the catalyst. It has
previously been shown that a halide ligand is essential in the
isomerization of allylic alcohols#*. In fact, when a chlorinated
agent such as N-chlorosuccinimide is added in combination with
[Cp*Ir(H,0)5]SOy, the desired product is observed (Supplemen-
tary Fig. 4). Control experiments were also carried out (Table 1,
entries 13-15). In the absence of the iridium catalyst, allylic
alcohol 1a was recovered in 86% yield (Table 1, entry 13), and 2a
was not detected. The presence of the additive as well as TFE as
cosolvent was necessary for the desired product 2a to be formed
in high yield (Table 1, entry 9 vs entries 14 and 15). Saturated
ketone 3 was obtained in quantitative yield when the reaction was
carried out in the absence of I (Table 1, entry 16). Thus, we found
that the umpolung reaction of 1a was best carried out using I in a
TFE/MeOH mixture with KBF, as additive at 35 °C catalyzed by
[Cp*IrCL], at a 0.02M concentration of the allylic alcohol
(Table 1, entry 9). We went on to study the substrate scope of the
reaction under these optimal reaction conditions.

Reaction scope. For our studies of the substrate scope of the
reaction (Fig. 3), we focused on allylic alcohols that would lead to

a-methoxy ketones that are not accessible by the alternative direct
a-functionalization of ketones, due to poor regioselectively.
Allylic alcohols bearing terminal double bonds generally gave the
corresponding a-methoxy ketones 2a-2n in moderate to good
yields. Steric effects play an important role, and a more hindered
allylic alcohol 1d gave 2d in only 45% yield. Aromatic allylic
alcohols were found to be well tolerated, and 1e gave a 64% yield
of 2e. Substrates bearing other functional groups such as an
alkene, an ether, or a silyl ether (1f-1h) gave the corresponding
products in excellent yields (84%, 99%, and 80%, respectively).
This highlights the functional-group compatibility of the method.
Remarkably, the reaction is chemoselective for the allylic alcohol
functionality. Other functional groups with acidic a-methylene
groups remain untouched. Allylic alcohol substrates bearing
additional ketone (2i, 42% yield), nitrile (2j, 91% yield), or sul-
fone groups (2k, 74% yield) all gave the desired products with the
reaction only taking place at the allylic alcohol. Furthermore, the
reaction of chloride-containing allylic alcohol 11 proceeded in
high yield (89%), and also diverse functionalized o-methoxy
ketones, such as azide 2m (69%) and morpholine 2n (77%), were
prepared in good yields from 11 in a one-pot two-step procedure.
By simply selecting the starting allylic alcohol, constitutional
isomers were prepared selectively. For instance, a-methoxy
ketones 2b and 2q were selectively synthesized from allylic
alcohols 1b (external double bond) and 1q (internal double
bond), respectively. Allylic alcohols with internal 1,2-dis-
ubstituted double bonds (1o-1u) also reacted smoothly to give
generally good yields of the corresponding products. Other
alcohols such as ethanol and propanol afforded also the corre-
sponding products, a-ethoxy ketone 6a in 40% and a-propoxy
ketone 7a in 20% yield, respectively. In all examples shown in
Fig. 3, the products were obtained as single constitutional iso-
mers. Remarkably, this efficient umpolung protocol was extended
to primary allylic alcohols (1v-1w) to give a-methoxy aldehydes
in high yields. The method was also extended to more complex
molecules derived from trans-androsterone (1x) and lythocolic
acid (1y), which bear multiple functional groups such as esters
and ketones, in addition to several stereocenters, and the desired
products were obtained in high yields.

We also found that the reaction could be carried out in an
intramolecular manner, with the oxygen of a carbonyl group
acting as the nucleophile (Fig. 4). Thus, allylic alcohols 8a-8h,
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Fig. 3 Scope of allylic alcohols 1. Yields by TH NMR spectroscopy (isolated yields in parentheses). a By slow addition of the reactants. b From 2l in a one-pot
two-step procedure

which have a ketone group in a 1,3-relationship with the products and other compounds with applications in medicine
alcohol functionality, were efficiently transformed into 3(2H)-  and biology*0-4°.

furanones 9. This five-membered ring system is an important Allylic alcohol 8a, with R3=H, gave 3(2 H)-furanone 9a in
structural unit, and it can be found in a large number of natural ~ 65% yield. The introduction of a substituent at R3 had a
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Fig. 4 Scope of allylic alcohols 8. Yields by 'TH NMR spectroscopy (isolated yields in parentheses)

significant positive effect on the yield of the tandem reaction.
Thus, alcohols 8b-8f gave the corresponding 3(2H)-furanones in
excellent yields. Furthermore, allylic alcohols containing a cyclic
ketone moiety 8g and 8h reacted well to give bicyclic products 9g
and 9h (as a mixture of two diastereomers). The intramolecular
umpolung reaction was extended to allylic alcohols 8i-8k, which
contain an amide group that can act as an internal nucleophile.
These substrates gave highly functionalized aminofuranones in
excellent yields. Our umpolung strategy allows the construction
of these highly important heterocycles from easily accessible
starting materials.

Mechanism. To gain some insight into the reaction mechanism,
and in particular into the role of the iodine(III) reagent I, we
carried out DFT calculations at the M06/6-31G(d,p) level using
the Gaussian 16 suit of programs (see the Supplementary Figs. 7
and 8, and Supplementary Data 1). In analogy with our previous
work on the [Cp*Ir(Ill)]-catalyzed isomerization of allylic
alcohols?4374550 we propose that the reaction starts with the
allylic alcohol undergoing a hydrogen-transfer step (1,3-hydride
shift) mediated by the metal catalyst. This leads to iridium enolate
species A (represented as an n3-enolate in Fig. 5)°l. Our
hypothesis is that the role of the additive (KBF,) is to increase the
rate of the formation of iridium enolate species A. We carried out
kinetic studies on the isomerisation of allylic alcohols, and found
that the reaction is faster in the presence of KBF, than in its
absence (Supplementary Fig. 1). The initial reaction rate of la-d
was found to be comparable to that of 1a, indicating that the 1,3-
H shift is not rate determing (Supplementary Fig. 5).

The reaction of enolate A with I forms an enolonium
intermediate B, which then reacts further with MeOH to form
enolonium C°2%3, From C, the final product 2 is obtained by
reductive ligand coupling via TS12%4, This step has an activation
energy of 16.2 kcal mol~!, which is perfectly attainable under the
experimental reaction conditions. In the computational model of
TS1, a molecule of TFE was introduced to activate the carbonyl
group of the substrate by hydrogen bonding, and thus lower the
activation barrier. When this step was modeled in the absence of
TFE, the activation energy increased to 21.8 kcal mol~! (Supple-
mentary Fig. 8). Enolonium intermediates B’ and C’, tautomers
containing an I-O bond instead of an I-C bond were also
considered, but these species were excluded as they have higher

energies than B and C (AG=14.1 and 5.3 kcal mol~!, respec-
tively). The energies of other isomeric forms of the enolonium
intermediate (with a different arrangement of the substituents
around the I(IIT) center) were also calculated, and these were all
found to be much higher in energy (Supplementary Fig. 7).
Besides, we could not locate any transition structure to form 2
starting from tautomer C’. Thus, C was the most plausible
intermediate for this mechanism.

To investigate whether the iridium complex or KBF, are
involved in the reaction mechanism after enolonium B is formed,
we performed control experiments in the laboratory where a pre-
formed silyl enol ether was used as the starting material instead of
the allylic alcohol. Neither the presence of KBF, nor that of the
iridium catalyst in the reactions from the silyl enol ether had any
effect on the yield of the product (Supplementary Figs. 2 and 3).
This suggests that none of them participates in the mechanism
after enolonium B has been formed.

Further, reactions tested in the presence of radical scavengers,
such as 2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) or
2-diphenylethylene, afforded the product (2a) in high yields
(Supplementary Fig. 6). This suggests that a single-electron
transfer mechanism is not operating.

We also investigated the mechanism of the cyclization reaction
of type-8 allylic alcohols. An analogous enolonium species D is
transformed into enolonium E by a downhill nucleophilic-
addition/proton-transfer process (AG = —11.7 kcal mol~1, Fig. 6).
The intramolecular displacement of the aryliodonium group via
TS2 leads to the final (2H)-furan-3-one 9 in a very fast step, with
a calculated activation energy of 8.0 kcal mol~!. Such intramo-
lecular nucleophilic displacement reactions of aryliodonium
groups have previously been suggested by Jacobsen and cow-
orkers among others>-,

We also investigated why we never observed a-methoxylated
products when we used 8-type substrates in our experimental
work, and found out that starting from D, the competing
transition state leading to the a-methoxy carbonyl compound
(TS3) is higher in energy than TS2 by ca. 10 kcal mol~! (18.2
keal mol~1, Fig. 6).

Discussion
We have described a selective umpolung strategy which involves
the reaction of an enolate species, formed from an allylic alcohol
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under catalytic conditions, with methanol. The catalytic enolate
intermediate is formed by a 1,3-hydride shift mediated by an
iridium catalyst. The two reacting species, the enolate and
methanol, are both nucleophilic, so to allow them to react a
polarity inversion must take place. This was achieved by carrying
out the reaction in the presence of 1-fluoro-3,3-dimethyl-1,3-
dihydro-1\3-benzo[d][1,2]iodaoxole. By this approach, a-
methoxy ketones were formed in high yields as single constitu-
tional isomers under very mild conditions. Importantly, and in
contrast with other methods that require the use of electrophilic
sources of oxygen, a simple alcohol species can be used as a
nucleophile in this reaction. The reaction also works with the
carbonyl oxygen of ketones or amides acting as nucleophiles in an
intramolecular fashion, yielding highly functionalized 3(2H)-
furanones. Thus, this approach offers a route to these heterocyclic
compounds, which are important structural units in medicinal
chemistry, starting from simple and readily available substrates.
The mechanisms for the inter- and intramolecular reactions were
studied computationally. We found that the C,-OMe products
were formed through a reductive elimination reaction (or ligand
coupling) between the C-bound I(III)-enolate and methanol, and
that the TFE additive activates the substrate through hydrogen
bonding promoting the C—O bond formation. We also found
that the intramolecular process that leads to the formation of
furanones follows a similar mechanism.

Methods

General procedure for the catalytic reaction. The corresponding allylic alcohol
(0.3 mmol, 1 equiv.) was dissolved in a mixture MeOH/TFE (3:1) (15 mL). KBF,
(30 mg, 0.24 mmol, 80 mol%), 1-fluoro-3,3-dimethyl-1,3-dihydro-1-A-3-benzo[d]
[1,2]iodaoxole (102 mg, 0.36 mmol, 1.2 equiv.), and [Cp*IrCL,], (6 mg, 0.0075
mmol, 0.025 equiv.) were added and the mixture stirred at 35 °C during 2 h. After
that, H,O was added to dilute the reaction and the mixture was extracted with Et,0O
(3 x5mL). The combined organic phases were dried with MgSO, and the solvent
was evaporated under vacuum. The resulting crude was purified by column
chromatography using petroleum ether/EtOAc (90:10) mixture as eluent.

DFT calculations. The calculations were carried out with the Gaussian 16 set of
programs, using the M06 functional together with the 6-31G** basis sets for full
structure optimization. IRC were done for both TS, where only one imaginary
frequency was found and zero for the intermediate molecules. Then DEF2TZVPP
in single point has been used with M06 for the energies. An implicit solvent model
(IEFPCM, solvent = dimethyl formamide) was also used in all calculations (see the
Supplementary Figs. 7 and 8, and Supplementary Data 1).

Data availability

The authors declare that all data supporting the findings of this report are available in the
article or in their supplementary information files. This includes experimental
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Abstract: Herein, we report a catalytic system based on the earth-abundant manganese for the ketone, amine,
alkyne (KA?) reaction. The efficiency of manganese manifests at relatively high temperatures, combined with
sustainable reaction conditions, and provides a tool for accessing propargylamines from structurally diverse
starting materials, including synthetically relevant and bioactive molecules. Our efforts were also aimed at
shedding light on the catalytic mode of action of manganese in this transformation, in order to explain its
temperature-related behavior. The use of computational methods reveals mechanistic aspects of this reaction
indicating important points regarding the reactivity of both manganese and ketones.

Keywords: manganese catalysis; ketone-amine-alkyne coupling; sustainability; multicomponent reactions; DFT
calculations

Introduction chemical transformations, thus fulfilling the conditions
which have been established by the diversity-oriented

Propargylamines are a versatile family of organic synthesis strategy and natural product synthesis.!"*'*!"!

compounds that have found numerous applications in
the fields of organic synthesis and pharmaceutical
chemistry.™ The biological activity of various mem-
bers of their family renders them inherently valuable in
drug development, mostly against neurodegenerative
diseases."” Tn addition, propargylic amines are useful
building blocks in organic synthesis, providing access
to diverse molecular architectures."” The unique
structure of these compounds is based on the existence
of an amine group in f-position to an alkyne moiety,
which leads to diverse reactivity."! These character-
istics make propargylamines susceptible to a variety of

Adv. Synth. Catal. 2020, 362, 38723885 Wiley Online Library
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Moreover, through the integration of carbon dioxide or
other small molecules, propargylamines can serve as
intermediates or precursors for the synthesis of various
heterocyclic compounds,!"’ such as oxazolidinones,"*'")
same as their propargylic alcohol congeners.””
Amongst others, propargylamines can be accessed in a
facile manner through catalytic, multicomponent reac-
tion protocols,"**'*! thus minimizing the required
effort, time, and the generation of waste related to
multistep processes. ¢!

The development of various catalytic systems,
based on sustainable and biorelevant transition

© 2020 Wiley-VCH GmbH
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metals,* as well as the ever increasing interest related
to atom- and step-economy arising from multicompo-
nent synthesis combined with C—H activation,”*
allows the discovery of mnovel and green
methodologies.”* ! The A® coupling (aldehyde, amine,
alkyne) is a well-known example of such a
methodology.™***” Various sustainable and highly
efficient catalytic protocols have been employed for
the synthesis of trisubstituted propargylamines based
on this multicomponent coupling.***! Remarkably,
not long after the initial discovery of this reaction,
enantioselective versions were also developed, utiliz-
ing chiral ligands.?*#¢47

Ketimines exhibit lower reactivity than aldimines, a
fact that stems from both their stereochemical and
electronic features.***) Nucleophilic addition to keti-
mines is in general challenging, although ketimines
obtained from cyclohexanone are relatively reactive,
due to the release of torsional strain.”®*? Along these
lines, employing ketones instead of aldehydes in the
A® coupling remained a challenge until almost a
decade ago. The synthesis of ketone-derived, tetrasub-
stituted propargylamines, through a catalytic, multi-
component coupling strategy, was attempted by several
research teams, considering the great abundance of
different natural products that possess a-tertiary amine
moieties,™ along with the inherent value of propargyl-
amines and the scarcity of synthetic strategies leading
to such molecular scaffolds.”**” An early related
example was demonstrated by Ramén and co-workers
in 2010, when the desired product was obtained in
38% yield after 7 days of reaction between piperidine,
3-pentanone, and phenylacetylene, catalyzed by Cu
(OH),-Fe,0, as the catalyst.”®! Nonetheless, the first
breakthrough was made when the research group of
Van der Eycken successfully prepared various tetrasub-
stituted propargylamines, derived from cyclohexa-
nones, benzylamines and phenylacetylene, using a
homogeneous, Cul-based and microwave-assisted cata-
lytic system, under neat conditions. This discovery was
made possible by taking advantage of the high
reactivity of cyclohexanones, whilst they named the
reaction “KA’ coupling” (ketone, amine, alkyne —
Scheme 1).°% In a later work, the same research group
utilized azoles instead of alkynes, along with secon-
dary amines and cyclic ketones, under a similar,
copper-catalyzed/microwave-irradiated protocol.*” A
catalytic system based on AuBr; in 4.0 mol% loading
was also developed, using for the most part secondary
amines, cyclohexanones, and phenylacetylene.”"! In a
similar manner, a homogeneous N-heterocyclic car-
bene-Au(l)-based protocol was employed towards
polysubstituted dihydropyrazoles via a three-compo-
nent annulation of alkynes with N, N'-disubstituted
hydrazines and aldehydes/ketones.” Larsen and co-
workers developed additional efficient systems for the
KA? coupling, based on CuCl, or Cu(OTf),. %5

Adv. Synth. Catal. 2020, 362, 38723885 Wiley Online Library
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Ketone
o

R1JJ\R2
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Previous works: M= Cu(l), Cu(ll), Au(lll), Zn(Il)
This work: M= Mn(Il)

Scheme 1. The metal-catalyzed KA? coupling reaction.

Further expansion of the scope of the reaction was
achieved when Ti(OEt), was employed as an additive,
thereby allowing the integration of prochiral, linear
ketones as coupling partners.™ Likewise, a Cu(T)
based system developed by Ma and co-workers was
also very efficient for the KA? coupling of secondary
amines, various ketones and terminal alkynes, in
toluene, along with molecular sieves to assist with
water removal.”” The same research group was the
first to report the successful integration of aromatic
ketones, in the KA? coupling, which was mediated by
a catalytic system based on CuBr,, along with the use
of Ti(OEt), and sodium ascorbate.® Naturally, the
increasing interest in this reaction and its potential has
led to the development of a multitude of heterogeneous
catalytic systems. Some leading examples include the
use of Cu,0 nanoparticles on titania,'” nano Cu,O-
Zn0,™ Cu,0/nano-CuFe,0,,"! CuO/Fe,0,
nanoparticles,’”  Cu(Il)-hydromagnesite,””! polystyr-
ene-supported, N-phenylpiperazine-CuBr,, and highly
active, polymer-supported bipyridine-CuBr,,”* Cu(Il)
@furfural imine-decorated Halloysite,”” Cul on Am-
berlyst A-21,7° as well as semi-heterogeneous, mag-
netically recoverable graphene oxide-supported
CuCl, """ Catalytic systems based on other metals have
been also developed, such as Ag-doped nanomagnetic
y-Fe,0;@DA  core-shell  hollow  spheres,”
Fe,0,@SiO,-IL/Ag hollow spheres,”” and polystyr-
ene-supported N-heterocyclic carbene-Au(I11)."*"

More recently, our research group reported a robust
catalytic system for the KA? reaction, introducing Zn
(OAc), as a reliable catalyst under neat conditions.®"
Additionally, we found that a catalytic system based on
Znl, can mediate the tandem formation of allenes from
the in situ generated propargylamines in a one-pot
procedure. This work highlighted that there is sub-
stantial reason to investigate new metals in this
reaction, in order to gain more insight into its under-
lying principles, and, more importantly, that the choice
of reaction conditions can lead to new and/or improved
reactivity.
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Manganese is a particularly attractive metal on
account of its high natural abundance (the 3" transition
metal in the earth’s crust after iron and titanium) and
biocompatibility, which is particularly valuable for the
pharmaceutical industry.® According to a recent
report of the European Medicine Agency, manganese
and copper are considered metals of low safety
concern.™  Therefore, manganese is a prominent
candidate for the mediation of all kinds of chemical
transformations.®™ In this regard, a plethora of man-
ganese-based homogeneous catalytic systems have
been developed,™ successfully catalyzing the hydro-
silylation of carbonylic compounds,™* the electro-
chemical CO, reduction,®™*? as well as the oxidation
and allene epoxidation reactions.”*” A well-known
example of manganese catalysis is the Katsuki reac-
tion, which utilizes a Mn(I)-salen complex for the
epoxidation of allenes.” Similarly, Mn(T)-based cata-
Iytic protocols utilizing porphyrin, %%
phthalocyanine,”” or polyamine ligands,"* have been
reported. Mn-catalyzed C—H activation approaches
have been also developed.'’ ' More specifically,
Wang and co-workers introduced the first manganese-
catalyzed aromatic C—H alkenylation with terminal
alkynes.!"" Exploiting various pyridine derivatives as
directing groups, they successfully accomplished the
alkenylation of aromatic rings, mediated by a MnBr
(CO)s complex and dicyclohexylamine as the base, at
high chemo-, regio-, and stereo-selectivity. Interest-
ingly, the same group proposed the formation of a o-
alkynyl intermediate in the catalytic cycle, based on
Density Functional Theory (DFT) studies."™™ The
formation of a Mn-acetylide was also proposed by
Takai and co-workers as an intermediate."® Specifi-
cally, they reported that the mechanism for the
hydantoin synthesis included an oxidative addition of a
terminal alkyne to form an Mn-acetylide, followed by
the insertion of an iso-cyanate into the manganese—
carbon bond of the manganese acetylide.!"* Given that
the formation of Mn-acetylides had been well estab-
lished, a novel, MnCl,-based protocol for the media-
tion of the A® coupling, along with a tandem intra-
molecular [3+2] dipolar cycloaddition, was reported
by Lee and co-workers, introducing an efficient, one-
pot strategy for the synthesis of propargylamines, as
well as fused triazoles.!'””)

To the best of our knowledge, manganese catalysis
has not yet been tested in the KA? coupling. Inspired
by the applications of sustainable metal catalysis in
green organic transformations,”*>'*""'"! as well as our
recent work on zinc catalysis,* we became interested
in studying the potential of manganese catalysis in the
KA? reaction. Our primary goal was the development
of a highly-efficient, green, and user-friendly catalytic
system based on a widely-available and cost-efficient
manganese source, which could mediate the KAZ
coupling reaction of various challenging and syntheti-
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cally intriguing substrates, under solvent-free condi-
tions. Ideally, our KA? coupling protocol would be also
viable under air, improving the sustainable aspects of
this transformation even further. Finally, this provided
an opportunity to study the reaction mechanism using
computational tools for the first time, in order to
further understand and more accurately pinpoint the
reasons why ketone functionalization is significantly
more challenging than that of aldehydes.

Results and Discussion

Based on our experience with the zinc-based catalytic
protocol we have recently developed,® we chose
cyclohexanone (1a), piperidine (2a) and phenylacety-
lene (3a) as model substrates for the optimization of
the novel, manganese-based catalytic system. When
Mn(OAc), was employed in 20 mol% loading and the
reaction was carried out under neat, inert conditions at
120°C for 20 hours, propargylamine 4a was obtained
in 21% GC yield (Entry 1, Table 1). Despite this result,
proving that manganese is able to mediate this
reaction, a substantial amount of by-products were
detected by GC/MS analysis.”” Repetition of the
reaction in toluene (1 M) at 120°C, resulted in a 12%
GC yield, which is considerably lower than the neat
conditions (Entry 2, Table 1). This was a first indica-
tion that the reaction is favored under neat conditions.
Then, we decided to proceed with the study of
manganese halides. MnF, in 20 mol% loading under

Table 1. Metal sources screening and solvent tests.

o H H O
. N . Z metal source i
Q conditions O\@
1a 2a 3a 4a

(1.0eq.) (1.0eq.) (1.0eq)

% GC yield™
(isol. yield)™

Entry Metal source mol% Solvent

1 Mn(OAc), 20 Neat & m. sieves 21

2 Mn(OAc), 20 Toluene (1 M) 12

3 MnF, 20 Neat & m. sieves 52

4 MnF, 20 Toluene (1 M) 8

5 MnCl, 20 Neat & m. sieves 63 (58)
6 MnCl, 20 Toluene (1 M) 18

7 MnBr, 20 Neat & m. sieves 78 (74)
8 MnBr, 20 Toluene (1 M) 45

9 Mnl, 20 Neat & m. sieves 55

10 Mnl, 20 Toluene (1 M) 79

11 - = Neat & m. sieves Traces

All reactions were performed on a 2.0 mmol scale, running at

120 °C for 20 hours.

®'Yield determined by GC/MS analysis, using n-octane as the
internal standard.

T After column chromatography.
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inert, neat conditions at 120 °C for 20 hours, resulted in
a 52% yield (Entry3, Table1l). When the same
reaction was performed in toluene (1 M), the product
was obtained with only 8% yield (Entry 4, Table 1). A
significant increase in the reaction yield was observed,
under neat conditions, at 120°C using MnCl, as a
catalyst, resulting in a 58% isolated yield (Entry 5,
Table 1), suggesting that the counter ions of the
manganese catalyst have a significant impact on the
reaction. When the same reaction was performed in
toluene (1 M), it resulted in an 18% GC yield (Entry 6,
Table 1). When MnBr, was employed in 20 mol%
loading at 120°C, under neat, inert conditions, the
desired product was obtained in 74% isolated yield
(Entry 7, Table 1). Importantly, the formation of side
products was also significantly reduced. The same
reaction, when performed in toluene (1 M), resulted in
the desired propargylamine 4a in 45% GC yield
(Entry 8, Table 1). When Mnl, was used in 20 mol%
loading at 120°C, under neat, inert conditions, the
desired product was obtained in 55% GC yield
(Entry 9, Table 1). Besides being very difficult to
handle because of its hydroscopic nature, Mnl, is also
characterized by reduced solubility in the reaction
mixture. Therefore, the same reaction was performed
in toluene, which efficiently dissolves Mnl,, affording
propargylamine 4a in 79% GC yield (Entry 10,
Table 1). Furthermore, a blank test, using only molec-
ular sieves, was performed, but, as anticipated, the
product was not observed, as judged by GC-MS
analysis (Entry 11, Table 1). Based on the above
results, we decided that the optimal manganese source
is MnBr,, as it is easy to handle and it also affords
very high product yields. The use of molecular sieves
was deemed unnecessary, since their use only in-
creased the complexity of the protocol (vide infra),
while the use of solvent under these conditions
negatively affects the reaction outcome. More impor-
tantly, the employment of solvent-free conditions is in
line with the principles of green chemistry.

Then, we tested our protocol at various temper-
atures, using MnBr, at 20 mol% loading under an inert
atmosphere and neat conditions for 20 hours. At 80°C,
the product was formed in 14% GC yield (Entry 1,
Table 2). Performing the same reaction at 100°C
allowed the formation of propargylamine 4a in 44%
GC yield. When the reaction was repeated under the
same conditions at 120°C, it led to the formation of
the desired product in 77% GC yield (Entry3,
Table 2). This result also suggested that the use of
molecular sieves is not necessary, given that the results
are practically the same with or without their presence
(compare Entry 3, Table2 with Entry 7, Table 1).
When we performed the reaction employing MnBr, at
20 mol% loading under inert atmosphere and solvent-
free conditions at 130 °C for 20 hours, the product was
formed in 99% GC yield and 94% isolated yield
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Table 2. Optimization studies.

. N . FZ MnBr; (x mol%)
Q Neat x
‘ S
1a 2a ) 3a 4a =

(1.0eq.) (1.0eq (1.0eq.)

Entry mol%  Temp. Additive % GC yield™
(°C) (isol. yield)™

1 20 80 - 14

2 20 100 - 40

3 20 120 - 77

4 20 130 - 99 (94)

5 20 130 m. sieves 99

6 20 130 TEMPO (2eq) 98

7 20 130 - 99

8 10 130 - 98

9 5 130 - 98 (95)

All reactions were performed on a 2.0 mmol scale, with MnBr,,

under neat conditions for 20 hours.

' Yield determined by GC/MS analysis, using n-octane as the
internal standard.

T After column chromatography.

(Entry 4, Table 2). Expanding our investigation, the
same reaction was performed in the presence of
molecular sieves, giving exactly the same results
(Entry 5, Table 2), reaffirming the needlessness of
molecular sieves.

We were also interested in shedding some light on
the mechanism of the reaction. Besides carrying out a
series of theoretical calculations (vide infra), we
performed the transformation using MnBr,, under the
thus far optimal conditions (Entry 6, Table 2), by also
adding 2.0 equivalents of (2,2,6,6-tetrameth-
ylpiperidin-1-yl)oxidanyl (TEMPO), a well-known
free radical scavenger. Again, the product was formed
in 98% GC yield. This suggests that the catalytic
mechanism does not involve radical intermediates.

Finally, we investigated the impact of the catalyst
loading on the reaction outcome (Entries 7-9, Table 2).
To our surprise, the reaction can be very efficiently
carried out even at 5 mol% MnBr, (Entry 9, Table 2)
affording the desired product in 98% GC yield and
95% isolated yield. This very low catalyst loading,
along with the solvent-free conditions, the sustainable
nature of Mn, and the fact that this is a multi-
component reaction, render this protocol highly appeal-
ing and “green”.

For the last part of our investigation we studied the
progress of the reaction over time (Table1, see
Supporting Information). MnBr, was used at 5 mol%
loading under an inert atmosphere at 130°C and
solvent-less conditions, while the reaction was repeated
for different reaction times and analysed by GC/MS.
Based on these results, we were able to construct a
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reaction profile plot (Figure 1). The reaction reaches a
yield plateau in 12 hours, proceeding to completion
after 18 to 20 hours. Based on this result, we decided
to run our substrate scope investigation studies that
follow for 20 hours, given that some of the substrates
we were planning to utilize are considered demanding
coupling partners.

While investigating the scope of ketones
(Scheme 2), phenylacetylene was used in combination
with primarily pyrrolidine, as well as piperidine
(Scheme 2). It was quickly determined that besides
cyclohexanone a variety of different ketones can be
successfully employed in this reaction under our
protocol, with cyclopentanone and piperidine leading
to propargylamine 4b in 67% isolated yield. When
cycloheptanone was used, propargylamine 4c¢ was
obtained in 73% yield. Propargylamines 4d or 4e were
obtained, in 75 or 91% isolated yield, respectively,
when cyclopentanone or cyclohexanone were used
along with pyrrolidine. The respective propargylamine
4f, stemming from cyclohexane-1,2-dione, was not
obtained. A drop in the yield was observed when linear
ketones were employed. More specifically, 2-penta-
none and 3-pentanone resulted in propargylamines 4 g
and 4h in 38% and 48% isolated yields, respectively.
On the contrary, when 4-decanone was used, prop-
argylamine 4i was obtained in 68% isolated yield. The
increased steric hindrance and the lack of torsional
strain release during the acetylide attack on the in-situ
formed ketiminium ion are most probably the reasons

MnBr; (5 mol%)

neat, Ar, X
130 °C, Time (h)

100 . - =
-
-
80
-
5 604 L]
Q2
>
°
S 40
20 -
04 []
T T T T T
0 5 10 15 20
time (h)

Figure 1. Kinetic profile of the reaction.
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R3'N\R"(H)
Q  2(1.0eq) H R _RY(H)
pZ 9 N7
R1J\R2 . Ph/ MnBr, (5 mol%)
neat, 130 °C, RTINS
1(1.0eq.) 3a(1.0eq.) 20 h RZ N oh
4

L

Ph N N
%

LD

e

4b (67%) 4c (73%) 4d (75%)
Z > Ph [ > / §
N N Ph
S % N
O
4e (91%) 4f (- 49 (48%)
Ph Z > h \[N>
Ph NN X
. N
X
MeO
(32%) (68%) 4j (34%)
Ph £N> Ph £N>
X X
Cl l I
4K (42%) a P

Scheme 2. The manganese-catalyzed KA? coupling: Scope of
ketones. All reactions were performed on a 2.0 mmol scale and
isolated yields are reported in parentheses. ® The desired
product was not observed by GC/MS analysis.

for this reactivity pattern.”**>% Additionally, the
lower boiling points of 2-pentanone and 3-pentanone
may have a negative impact on the outcome of the
reaction, which was not observed when 4-decanone
was deployed. Surprisingly, our catalytic protocol was
also able to successfully mediate the KA® coupling
reaction of aromatic ketones. This result is of outmost
importance, since, thus far, only one other example has
been reported in the literature.® Specifically, we
screened aromatic ketones bearing both electron-with-
drawing (EWGs) and electron-donating groups
(EDGs). When 4-methoxy-acetophenone was used,
propargylamine 4j was isolated in 34% isolated yield.
Similarly, when 4-chloro-acetetophenone was em-
ployed, the respective propargylamine 4 k was obtained
in 42% isolated yield. When benzophenone was
utilized, propargylamine 41 was not observed, which
may be because of the increased steric hindrance
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imparted from the two phenyl moieties in the a-
position of the carbonyl group.

To study the scope of alkynes (Scheme 3), cyclo-
hexanone, along with piperidine or pyrrolidine, were
coupled with various terminal alkynes, leading to the
formation of the corresponding propargylamines. The
presence of electron-donating groups (EDGs) on the
aromatic ring of the aromatic terminal alkynes leads to
the generation of propargylamines in high to excellent
yields. Specifically, 3-ethynyl-toluene couples with
cyclohexanone and piperidine to afford propargyl-
amine 4m in 81% isolated yield. Similarly, when 4-
ethynyl-toluene was employed along with pyrrolidine
and cyclohexanone, propargylamine 4 n was isolated in

H

RN R4(H)
4
2(1.0eq) / MnBr, 5mol%) Ry R
_—
neat, 130 °C, S
20h Ngs
1a (1.0 eq) 3(1.0eq) 4
4m (81%) n (87%) 0 (70%)
4r (81%)
4p (89%) q (87%) 50911 d:a
4s (77%) 4t (64%) 4u (57%)
FsC O
n-Hex O
N N
4v (-)) 4w (70%)

Scheme 3. The manganese-catalyzed KA coupling: Scope of
alkynes. All reactions were performed on a 2.0 mmol scale and
isolated yields are reported in parentheses. ® The diastereomeric
ratio was determined by 'H-NMR analysis (see Supporting
Information). ® This compound was detected by GC/MS
analysis; however, it decomposed during column chromatog-
raphy.
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87% yield. Propargylamine 40 was obtained in 70%
isolated yield when p-methyl-phenylacetylene along
piperidine and cyclohexanone were used. The coupling
between 4-methoxy-2-methyl-phenylacetylene, piperi-
dine and cyclohexanone led to the synthesis of 4p in
89% isolated yield. Moreover, propargylamine 4 q was
synthesized in 87% isolated yield using p-methoxy-
phenylacetylene along with cyclohexanone and piper-
idine. We also became interested in the use of
nornicotine, along with 2-methylbut-3-yn-2-ol and
cyclohexanone, which allowed the synthesis of product
4r as a single diastereoisomer (see Supporting
Information) in 81% isolated yield. Nornicotine is a
natural, biologically-active molecule, bearing a
pyridine moiety on the pyrrolidine heterocycle. Addi-
tionally, the pyrrolidine moiety is especially useful for
derivatization of propargylic amines, taking into
account their role as precursors to allenes.">'"
Similarly, 2-methylbut-3-yn-2-ol is a useful handle for
various applications,"'* "™ providing access to termi-
nal alkynes wvia a variety of deprotection
techniques.!""*"" Alkynes bearing halide-containing
moieties were also tested under our catalytic protocol.
First, 4-chloro-ethynylbenzene was employed, along
with pyrrolidine and cyclohexanone, leading to prop-
argylamine 4s in 77% isolated yield. When piperidine
was used instead of pyrrolidine, the desired propargyl-
amine (4t) was isolated in 64% yield. When 2-bromo-
phenylacetylene was coupled with cyclohexanone and
piperidine, the resulting propargylamine (4u) was
obtained in 57% isolated yield. This decrease in yield
may stem from the increased steric hindrance, because
of the presence of the bromine atom in the ortho
position of the aromatic ring, obstructing the nucleo-
philic attack of the manganese acetylide. Additionally,
upon using p-trifluomethyl-phenylacetylene, propar-
gylamine 4v was observed by GC/MS analysis in low
yields, but its isolation proved extremely difficult. This
result suggests that strongly electron-withdrawing
substituents reduce the ability of the corresponding
acetylides to act as effective nucleophilic species.
Furthermore, this observation agrees with the existing
literature, in which the use of highly electron-deficient
alkynes is rarely reported in similar studies, due to the
decreased  nucleophilicity = of the  respective
acetylides.”®™ Finally, 1-octyne was successfully em-
ployed, in combination with piperidine and cyclo-
hexanone, affording propargylamine 4w in 70%
isolated yield. Therefore, under these conditions, both
simple and more elaborate aliphatic alkynes (e.g. 2-
methylbut-3-yn-2-ol) can be derivatized.

A wide variety of amines was also used, along with
phenylacetylene and cyclohexanone (Scheme 4). As
mentioned above, propargylamine 4a was obtained in
95% isolated yield during the optimization studies of
our catalytic protocol. When morpholine was used,
propargylamine 4 x was obtained in 94% isolated yield,
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/ MnBr, (5 mol%) N
neat, 130 °C,
20h O\Ph
1a(1.0eq.) 3a(1.0eq.) 4
o
Ph O h [ j
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Ph HN i
%

(95%) 4x (94%) 4y (46%)
Ph _n-Oct O
%HN/\©\ \ %
2(43%) 4za (67%) 4zb (58%)
. 1 J n Pen
QZN ) \b @
4zd (88%)
4zc (61%) >99:1 drd) 4ze (-

Scheme 4. The manganese-catalyzed KA? coupling: Scope of
amines. All reactions were performed on a 2.0 mmol scale and
isolated yields are reported in parentheses. ® The diastereomeric
ratio was determined by 'H-NMR analysis (see Supporting
Information). ” The compound was detected by GC/MS
analysis; however, it decomposes rapidly under ambient light.
Despite our efforts, we could not isolate and characterize it.

while GC/MS analysis showed complete conversion.
Benzylamine was also found to be a suitable coupling
partner; propargylamine 4y was obtained in 46%
isolated yield. This decreased yield may be attributed
to the increased stability of the intermediate ketimine.
Similarly, when p-methoxy-benzylamine was used, the
resulting propargylamine 4z was isolated in 43% yield.
We also tested the efficiency of our catalytic protocol
on aliphatic amines. N-octylamine, along with cyclo-
hexanone and phenylacetylene, furnished propargyl-
amine 4za in 67% isolated yield. Along the same lines,
utilization of cyclohexylamine led to the desired
product (4zb) in 58% yield. Upon using the secondary
amine di-n-propylamine, the desired product 4zc was
formed in 61% yield. Interestingly, the coupling
between nornicotine, cyclopentanone and phenylacety-
lene led to the formation of the corresponding
propargylamine (4zd) as a single diastereoisomer in
88% isolated yield, without the need of purification via
column chromatography, since crystallization of the
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product was achieved using a simple, green protocol
(described in the experimental section), developed
from our research group in previous studies."
Aromatic amines have not been successfully utilized in
the KA® coupling reaction thus far. Indeed, although
the product of the coupling reaction of p-methoxy-
aniline (4ze) was observed by GC/MS analysis, it
rapidly decomposes in light and, despite our efforts,
could not be isolated.

We continued by testing our protocol under ambient
conditions, performing the reaction under air. More
specifically, we studied the coupling between morpho-
line, phenylacetylene and piperidine, which, under
inert conditions, affords the synthesis of the desired
product (4x) in 94% yield. To our surprise, our
protocol furnished product 4x in 89% isolated yield
under air, after chromatographic purification. Accord-
ing to GC/MS analysis, the presence of air only
slightly increased the formation of by-products. Addi-
tionally, we performed the synthesis of 4x on large
scale under air, to evaluate the scalability of our
protocol. Upon using 10 mmols of morpholine, along
with equimolar amounts of cyclohexanone and phenyl-
acetylene, the desired product was obtained in 93%
isolated yield.

To gain some insight into the reaction mechanism,
we carried out DFT calculations with the Gaussian 16
set of programs, using the B97-D functional for the
structure optimizations, together with the 6-31G(d,p)
basis sets for all the atoms. Experimentally, the
reactions are run in neat conditions, and we used
cyclohexanone in an implicit solvent model (IEFPCM)
for the best description of the reaction medium during
the energy refinements. We wanted to get information
particularly about the role of the manganese salts
during the process and also about the high temper-
atures needed in the reaction. As reagent models for
the calculations, we used MnBr,, cyclohexanone (1a),
piperidine (2a) and phenylacetylene (3 a).

The first interesting data is that the manganese
dibromide and its complexes with the substrates have
lower energy in the quartet spin state than in the
doublet for every computed structure (usually >
10 kcal/mol difference), showing that the metal con-
tains three unpaired electrons in degenerate orbitals,
along the entire reaction coordinate. Initially, the
coordination of MnBr;, to the triple bond in I increases
the acidity of the alkyne, and activates it for the
deprotonation by piperidine.'* Upon proton abstrac-
tion, slippage of the metal fragment from the z-
coordination to the terminal position produces the ate
complex II, which is 4.2 kcal/mol higher in energy
than I (Scheme 5a). Therefore, the reactive species 11
must be in a small concentration in the reaction
medium. Then, the attack of the alkynyl-manganese 11
species to the iminium electrophile III presents an
affordable activation energy (23.9 kcal/mol), in a
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I n v
AGRg = -1.7 kcal/mol

Scheme 5. a) Deprotonation equilibrium between MnBr,-acti-
vated alkyne and alkynyl-Mn complex. b) C—C bond formation
by nucleophilic attack of the alkyne to the iminium cation.

transition state (TS1, Scheme 5b) that does not present
any interaction between the manganese and the
iminium moiety. After the final product is formed, a
stable complex IV was located, containing the
expected N—Mn coordination. Taken both steps togeth-
er (from I to TS1), the overall activation energy is
28.1 kcal/mol, which is in agreement with the high
temperatures needed in the process. In other words, the
nucleophilic attack of II to III could be moderately
fast (23.9 kcal/mol), but is probably unfavourably
affected by the small concentration of the nucleophile
in the reaction medium. As detailed in the experimen-
tal section, MnBr, proved to be the most efficient
catalyst, followed by Mnl, and MnCl, (Table 1).
Indeed, the activation energy of TS1 in the presence of
Mnl, is higher (25.7 kcal/mol) than with MnBr,.
Meanwhile, MnCl, decreases the barrier to 22.8 kcal/
mol, but its lower efficiency seems to be linked to a
decreased coordination energy with the triple bond (>
4 kcal/mol worse than MnBr,), inducing a lower
concentration of II in the reaction medium.

Conclusion

A sustainable catalytic system based on manganese has
been developed for the challenging KA, coupling. The
efficiency of MnBr, is reflected on the low catalyst
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loading needed and the range of substrates that can be
derivatized. DFT calculations show that the coordina-
tion of MnBr, activates the alkyne to facilitate its
deprotonation by the amine, forming an anionic
complex, which is nucleophilic enough to attack the
iminium species. The moderate activation energy of
the C—C bond forming process, together with the low
concentration of the alkynyl-manganese bromide,
make this step rate limiting, explaining the range of
temperatures used experimentally. This result suggests
that the reaction rate should increase, even at lower
temperatures, if appropriate ligand design enables the
stabilization of the generated acetylide species, in order
for its concentration to be higher, and also enhances its
nucleophilicity. Further investigation based on these
observations is ongoing in our laboratories.

Experimental Section
General Reagent Information

All chemicals were purchased from commercial sources and
were used as received, with the exception of cyclohexanone and
piperidine, which were distilled before use. All metal sources
were in anhydrous form and their purity grade was at least 98%.
Toluene purification was carried out according to published
procedures, and the solvent was distilled and stored under inert
atmosphere prior to use. The reactions were set up in a fume
hood and allowed to proceed under an atmosphere of argon, in
Teflon seal screw-cap pressure tubes which were flame-dried
prior to use. The course of the reactions was followed by thin
layer chromatography (TLC), using aluminium sheets (0.2 mm)
coated with silica gel 60 with fluorescence material absorbing
at 254 nm (silica gel 60 F254) or by GC-MS analysis of
aliquots. The purification of the products was carried out by
flash column chromatography, using columns packed with silica
gel 60 (230-400 mesh) and the corresponding eluting system.

Computational Methods

All reported structures were optimized at Density Functional
Theory level by using the unrestricted B97-D'"*! functional,
which includes Grimme's dispersion, as implemented in
Gaussian 16."*! Optimizations were carried out with the 6-31G
(d,p) basis set taking into account the doublet and quartet spin
states for the Mn-containing species. The reported energy
values correspond to Gibbs energies, including a solvent model
(IEFPCM, cyclohexanone).'” The critical stationary points
were characterized by frequency calculations in order to verify
that they have the right number of imaginary frequencies, and
the intrinsic reaction coordinates (IRC)"**! were followed to
verify the energy profiles connecting the key transition
structures to the correct associated local minima.

General Analytical Information

'H, ®C and "F NMR spectra were measured on a Varian
Mercury 200 MHz, or a Brucker Avance 400 MHz instrument,
using CDCl; as the solvent and its residual solvent peak as a
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reference. 'H-NMR spectroscopic data are given in the
following order: chemical shift, multiplicity (s, singlet, d,
doublet, t, triplet, q, quartet, m, multiplet), the J coupling
constant in Hertz (Hz), and the number of protons. The GC-MS
spectra were recorded with a Shimandzu® GCMS-QP2010 Plus,
Chromatograph Mass Spectrometer using a MEGA® (MEGA-5,
F.T: 0.25 pym, I.D.: 0.25 mm, L: 30 m, Tmax: 350°C, Column
ID# 11475) column, using n-octane as the internal standard.
HRMS spectra were recorded in a QTOF maxis Impact
(Bruker®) spectrometer with Electron Spray lonization (ESI).

General Procedure

Unless otherwise noted, the following procedure was used for
all reactions: In a Teflon seal screw-cap pressure tube which
had been flame-dried and was equipped with a stirring bar and a
rubber septum was added 5 mol% MnBr, (21.5 mg, 0.1 mmol).
Under an argon flow, 2.0 mmol of the amine were added and
the mixture was stirred. Subsequently, 2.0 mmol of the
corresponding alkyne were added and the mixture was stirred at
room temperature and under an argon flow until the solid was
either completely or partially dissolved. Briefly after the
dissolution of the inorganic material, 2.0 mmol of the ketone
were added and the rubber septum was replaced by a Teflon
seal screw-cap under an argon flow. The reaction mixture was
stirred in an oil bath, preheated at 130°C, for 20 hours. After
removal from the heating apparatus and cooling to room
temperature, ethyl acetate was added (10 mL) and the mixture
was stirred for 5 minutes in order to completely remove and
dissolve the viscous mixture from the vessel’s inner walls (this
procedure was done twice, with 5 mL of solvent each time).
The resulting mixture was filtered through a short silica gel
plug in order to filter off inorganic materials, the filtrate was
concentrated under vacuum and then loaded onto a silica gel
column (if the compound was insoluble into the eluents’ system,
dry loading of the crude mixture was performed). Gradient
column chromatography (usually of 15.0 cm length and 3.5 cm
width and eluents’ flow set at 2.0 cm/min) with ethyl acetate/
petroleum ether provided the desired products. All products
were characterized by '"H NMR, “C{'H} NMR, and HRMS,
which were all in agreement with the assigned structures.

Modified Procedure for the Synthesis of
3-(1-(1-(Phenylethynyl)cyclopentyl)pyrrolidin-2-yl)
pyridine (4zd Single Diastereoisomer)

The general reaction setup was carried out. After cooling the
reaction to room temperature, crystals started to form. Ethyl
acetate was added (2x5 mL), the mixture was stirred rapidly
until all viscous materials were removed from the reaction
vessel and inorganic materials were filtered off by passing the
mixture through a short silica gel plug. The yellow solution was
allowed to cool overnight, and pale-yellow crystals precipitated.
The solid was filtered on a frit, washed with cold ethyl acetate
and dried under vacuum. The final product was obtained as
yellow crystals in 88% yield (557 mg, 1.76 mmol). '"H NMR
(200 MHz, CDCl;) & 8.65-8.59 (s, 1H), 8.49-8.38 (d, J=
8.6 Hz, 1H), 7.82-7.69 (d, J=12.8 Hz, 1H), 7.51-7.37 (m, 2H),
7.34-7.13 (m, 4H), 4.30-4.22 (dd, J=7.4, 17.7 Hz, 1H), 3.28—
3.16 (s, 1H), 3.12-2.92 (q, /=16.8 Hz, 1H), 2.42-2.09 (p, /=
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16.4 Hz, 2H), 2.05-1.42 (m, 10H, overlapping peaks). *C{'H}
NMR (50 MHz, CDCL,) & 1492, 147.9, 143.9, 13438, 132.0,
128.5, 128.0, 123.8, 123.3, 92.2, 84.1, 67.0, 62.5, 51.7, 40.9,
40.8, 36.7, 242, 23.3, 22.8. HRMS (ESI-TOF) m/z [M+H]"
calced for C,,H,sN, 317.2012; Found 317.2018.

Modified Procedure for the Synthesis of
4-(1-(Phenylethynyl)cyclohexyl)morpholine (4 x)
under Air

A Teflon seal screw-cap pressure tube equipped with a stirring
bar was charged with 5mol% MnBr, (21.5 mg, 0.1 mmol).
Under air, 2.0 mmol of morpholine (174 mg, 175 uL) were
added and the mixture was stirred until the solid was partially
dissolved. 2.0 mmol of phenylacetylene (204 mg, 220 uL) were
added and the mixture was stirred at room temperature until the
solid was completely dissolved. Afterwards, 2.0 mmol of cyclo-
hexanone (196 mg, 207 uL) were added and the pressure tube
was quickly sealed by a Teflon seal screw-cap. The reaction
mixture was stirred in an oil bath in an oil bath, preheated at
130°C, for 20 hours. After allowing the mixture to cool to room
temperature, ethyl acetate was added and the mixture was
stirred rapidly for 5 minutes. The crude product was filtered
through a short silica gel plug using 5.0 mL of ethyl acetate.
The mixture was concentrated under vacuum, and loaded atop a
silica gel column. Eluting with mixtures of EtOAc:PE-1:30 and
gradual change until 1:9 and then flashed with EtOAc afforded
the sufficiently pure product as a yellow oil in 89% yield
(480 mg, 1.78 mmol). '"H NMR (200 MHz, CDCl;) § 7.52-7.37
(m, 2H), 7.31-7.23 (m, 3H), 3.81-3.70 (t, J=4.4 Hz, 4H),
2.79-2.65 (t, J=4.9 Hz, 4H), 2.07-1.95 (d, J=12.2 Hz, 2H),
1.73-1.40 (m, 8H, overlapping peaks). “C{'H} NMR (50 MHz,
CDCly) & 132.0, 128.5, 128.0, 123.6, 89.9, 86.7, 67.6, 59.0,
46.8,35.6, 25.9, 22.9.1°1

Modified Procedure for the Synthesis of
4-(1-(Phenylethynyl)cyclohexyl)morpholine (4x) on
a Gram Scale under Air

A Teflon seal screw-cap pressure tube equipped with a stirring
bar was charged with 5 mol% MnBr, (107.3 mg, 0.5 mmol).
Under air, 10.0 mmol of morpholine (0.871 g, 0.875 mL) were
added and the mixture was stirred. 10.0 mmol of phenyl-
acetylene (1.02 g, 1.10 mL) were added and the mixture was
stirred at room temperature until the solid was completely
dissolved. Finally, 10.0 mmol of cyclohexanone (0.981 g,
1.04 mL) were added and the pressure tube was quickly sealed
by a Teflon seal screw-cap. The reaction reaction mixture was
stirred in an oil bath, preheated at 130°C, for 20 hours. After
allowing the mixture to cool to room temperature, ethyl acetate
was added (2% 10 mL) and the mixture was stirred rapidly for 5
minutes before being transferred to a round bottom flask. The
mixture was concentrated under vacuum, and loaded atop a
silica gel column. Eluting with mixtures EtOAc/PE-1:30 and
gradual change until 1 : 9 and then flashed with EtOAc afforded
the sufficiently pure product as a yellow oil in 93% yield
(2.50 g, 9.30 mmol). 'H NMR (200 MHz, CDCl;) § 7.52-7.37
(m, 2H), 7.31-7.23 (m, 3H), 3.81-3.70 (t, J=4.4 Hz, 4H),
2.79-2.65 (t, J=4.9 Hz, 4H), 2.07-1.95 (d, J=12.2 Hz, 2H),
1.73-1.40 (m, 8H, overlapping peaks).'*
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Characterization Data for New Compounds

1-(1-(p—tolylethynyl)cyclohexyl)pyrrolidine (4n): Prepared
according to the general procedure and obtained as pale yellow
crystals in 87% yield (465mg, 1.74mmol). 'H NMR
(200 MHz, CDCl;) § 7.36-7.29 (d, J=8.1 Hz, 2H), 7.14-7.06
(d, J=8.1 Hz, 2H), 2.89 (d, J=6.0 Hz, 4H), 2.34 (s, 3H), 2.03
(t, J=5.2 Hz, 2H), 1.84 (p, J=3.3 Hz, 4H), 1.73-1.66 (t, SH,
overlapping peaks). *C{'H} NMR (50 MHz, CDCl;) & 138.2,
131.9, 129.2, 120.4, 88.7, 87.0, 60.5, 47.5, 37.7, 25.7, 23.8,
23.3, 21.7. HRMS (ESI-TOF) m/z [M+H]" caled for C,H (N
268.2060; Found 268.2064.

2-methyl-4-(1-(2-(pyridin-3-yl)pyrrolidin-1-yl)cyclohexyl)
but-3-yn-2-ol (4r, single diastereoisomer): Prepared according
to the general procedure and obtained as pale yellow crystals in
81% yield (506 mg, 1.66 mmol) and >99:1 d.r. according to 'H
NMR. 'H NMR (200 MHz, CDCl;) & 8.55 (s, 1H), 8.37 (d, J=
4.8 Hz, 1H), 7.71 (d, J=7.8 Hz, 1H), 7.16 (t, J=6.4 Hz, 1H),
421 (d, J=9.4 Hz, 1H), 3.41 (s, 1H), 3.12 (t, J=6.0 Hz, 1H),
2.81 (q, J=8.3 Hz, 1H), 2.15-1.93 (m, 1H), 1.93-1.74 (m, 2H),
1.80-1.60 (m, 3H), 1.55 (s, 6H), 1.49-1.32 (m, 5H), 1.34-1.15
(m, 2H), 1.10-0.83 (m, 3H). *C{'H} NMR (50 MHz, CDCl,) §
148.2, 147.0, 145.3, 134.8, 123.2, 90.6, 82.7, 64.7, 60.3, 60.0,
49.8,39.4, 38.2, 36.2, 32.5, 25.6, 23.8, 23.1, 23.0. HRMS (ESI-
TOF) m/z [M+H]" caled for C,HN,O 313.2274 ; Found
313.2275.

1-(1-((4-chlorophenyl)ethynyl)cyclohexyl)pyrrolidine  (4s):
Prepared according to the general procedure and obtained as
pale yellow crystals in 77% yield (440 mg, 1.53 mmol). 'H
NMR (200 MHz, CDCl,) § 7.40-7.25 (d, J=8.5 Hz, 2H), 7.22—
7.14 (d, J=8.5Hz, 2H), 2.76-2.67 (t, J=5.8 Hz, 4H), 2.00—
1.88 (d, J=8.0Hz, 2H), 1.81-1.38 (m, 12H, overlapping
peaks). "C{'H} NMR (50 MHz, CDCl;) § 133.8, 133.1, 128.6,
122.4, 91.9, 85.2, 59.5, 47.2, 38.0, 25.9, 23.7, 23.2. HRMS
(ESI-TOF) m/z [M +H]" caled for C,sH,;CIN 288.1514; Found
288.1510.

1-(1-((4-chlorophenyl)ethynyl)cyclohexyl)piperidine @t):
Prepared according to the general procedure and obtained as
pale yellow crystals in 64% yield (380 mg, 1.26 mmol). 'H
NMR (200 MHz, CDCl;) § 7.39-7.29 (d, J=8.7 Hz, 2H), 7.26—
7.19 (d, J=8.7 Hz, 2H), 2.63 (t, J=5.0, 3.6 Hz, 4H), 2.03 (d,
J=9.9 Hz, 2H), 1.53 (m, 14H, overlapping peaks). “C{'H}
NMR (50 MHz, CDCl;) & 133.8, 133.1, 128.7, 122.5, 92.1,
85.2,59.5,47.4, 35.9, 26.8, 25.9, 24.9, 23.3. HRMS (ESI-TOF)
m/z [M+H]" caled for C,oH,;CIN 302.1670; Found 302.1670.

1-(phenylethynyl)-N, N-dipropylcyclohexan-1-amine (4zc):
Prepared according to the general procedure and obtained as a
pale - yellow oil in 61% yield (346 mg, 1.22 mmol). 'H NMR
(200 MHz, CDCly) & 7.54-7.37 (m, 2H), 7.34-7.20 (m, 3H),
2.75-2.51 (t, J=17.8 Hz, 4H), 2.23-1.99 (d, J=11.2 Hz, 2H),
1.78-1.37 (m, 12H, overlapping peaks), 1.02-0.70 (t, J=
7.3 Hz, 6H). "C{'H} NMR (50 MHz, CDCly) § 131.8, 128.4,
127.7, 124.3, 93.3, 85.1, 59.8, 52.7, 37.5, 29.9, 26.0, 23.5, 23.3,
12.2. HRMS (ESI-TOF) m/z [M+H]* caled for CyHsN
284.2373; Found 284.2374.

Adv. Synth. Catal. 2020, 362, 38723885 Wiley Online Library

3881

Characterization Data for Known Compounds

1-(1-(phenylethynyl)cyclohexyl)piperidine (4a): Prepared ac-
cording to the general procedure and obtained as a yellow oil in
97% yield (519 mg, 1.94 mmol). '"H NMR (200 MHz, CDCI) §
7.47-7.36 (m, 2H), 7.28-7.23 (m, 3H), 2.66 (s, 4H), 2.11-2.05
(m, 2H), 1.83—1.34 (m, 14H, overlapping peaks). *C{'H} NMR
(50 MHz, CDCl) & 131.9, 128.4, 127.8, 124.0, 91.1, 86.3, 59.5,
47.4, 36.0, 26.9, 26.0, 25.0, 23.3.163707¢]

1-(1-(phenylethynyl)cyclopentyl)piperidine (4b): Prepared
according to the general procedure and obtained as a yellow oil
in 67% yield (339 mg, 1.34 mmol). 'H NMR (200 MHz,
CDCL,) & 7.41 (dd, J=6.5, 3.2 Hz, 2H), 7.31-7.25 (m, 3H),
2.65-2.62 (m, 4H), 2.13-2.10 (m, 2H), 1.87-1.44 (m, 12H,
overlapping peaks). “C{'H} NMR (50 MHz, CDCl;) § 131.9,
128.4, 127.8, 124.0, 91.6, 85.4, 67.7, 50.5, 40.1, 26.4, 24.7,
23.6.7

1-(1-(phenylethynyl)cycloheptyl)pyrrolidine (4¢): Prepared
according to the general procedure and obtained as a yellow oil
in 73% vyield (390 mg, 1.46 mmol). 'H NMR (200 MHz,
CDCl;) & 7.42 (dd, J=6.6, 3.1 Hz, 2H), 7.28 (dd, J=6.6,
2.7Hz, 3H), 2.79 (t, J=6.0Hz, 4H), 2.10-1.83 (m, 4H,
overlapping peaks), 1.78 (p, J=3.2 Hz, 4H), 1.71-1.46 (m, 8H,
overlapping peaks). *C{'H} NMR (50 MHz, CDCl;) § 132.0,
128.4, 128.0, 123.7, 91.4, 85.3, 63.3, 48.2, 40.0, 28.2, 24.0,
22.417

1-(1-(phenylethynyl)cyclopentyl)pyrrolidine (4d): Prepared
according to the general procedure and obtained as an orange/
yellow oil in 75% yield (359 mg, 1.50 mmol). 'H NMR
(200 MHz, CDCl,) & 7.48-7.35 (m, 2H), 7.33-7.17 (m, 3H),
2.88-2.61 (t, J=6.7 Hz, 4H), 2.21-1.98 (m, 2H), 1.93-1.64 (m,
10H, overlapping peaks). *C{'H} NMR (50 MHz, CDCl;) &
131.9, 128.4, 127.9, 123.9, 91.4, 85.1, 65.9, 49.5, 40.7, 23.9,
23.7.701

1-(1-(phenylethynyl)cyclohexyl)pyrrolidine (4 e): Prepared ac-
cording to the general procedure and obtained as an orange/
yellow oil in 91% yield (461 mg, 1.82 mmol). 'H NMR
(200 MHz, CDCl;) & 7.44 (dd, J=6.7, 3.1 Hz, 2H), 7.30 (m,
3H), 2.82 (t, J=>5.9 Hz, 4H), 2.13-1.94 (m, 2H), 1.91-1.41 (m,
12H, overlapping peaks). *C{'H} NMR (50 MHz, CDCl,) §
131.7, 128.1, 127.6, 123.6, 90.3, 86.1, 59.3, 47.0, 37.8, 25.7,
23.5,23.0.7

1-(3-methyl-1-phenylhex-1-yn-3-yl)pyrrolidine (4g): Pre-
pared according to the general procedure and obtained as an
orange/brown oil in 48% yield (232 mg, 0.96 mmol). 'H NMR
(200 MHz, CDCl;) & 7.45-7.36 (m, 2H), 7.28-7.25 (m, 3H),
2.79 (t, J=5.4 Hz, 4H), 1.85-1.74 (m, 4H), 1.73-1.47 (m, 4H),
1.43 (s, 3H), 0.95 (t, J=7.1 Hz, 3H). "C{'H} NMR (50 MHz,
CDCl;) & 132.0, 128.4, 127.9, 123.8, 91.5, 84.7, 58.3, 48.0,
44.0,26.1,23.9, 18.0, 14.8.7

1-(3-ethyl-1-phenylpent-1-yn-3-yl)pyrrolidine (4h): Prepared
according to the general procedure and obtained as a yellow oil
in 32% vyield (154mg, 0.64mmol). 'H NMR (200 MHz,
CDCLy) & 7.41 (dd, J=6.7, 3.1 Hz, 2H), 7.32-7.23 (m, 3H),
2.78 (s, 4H), 1.88-1.66 (m, 8H, overlapping peaks), 0.96 (t, J=
7.4 Hz, 6H). "C{'H} NMR (50 MHz, CDCl,) § 131.9, 128.3,
127.7,123.8, 91.5, 85.0, 62.2, 47.6, 29.0, 23.7, 8.3.*"
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1-(4-(phenylethynyl)decan-4-yl)pyrrolidine (4i): Prepared ac-
cording to the general procedure and obtained as a yellow oil in
68% yield (424 mg, 1.36 mmol). "H NMR (200 MHz, CDCl,) &
7.41 (dd, J=6.6, 3.1 Hz, 2H), 7.32-7.24 (m, 3H), 2.76 (s, 4H),
1.88-1.58 (m, 8H, overlapping peaks), 1.51-1.18 (m, 10H),
1.00-0.77 (m, 6H). *C{'H} NMR (50 MHz, CDCl;) § 131.7,
128.2, 127.6, 123.7, 91.6, 84.7, 61.3, 47.5, 39.4, 37.1, 31.9,
29.8,23.6,22.8, 17.2, 14.6, 14.2.1*1

1-(2-(4-methoxyphenyl)-4-phenylbut-3-yn-2-yl)pyrrolidine
(4)): Prepared according to the general procedure and obtained
as a yellow oil in 34% yield (208 mg, 0.68 mmol). '"H NMR
(200 MHz, CDCl;) 8 7.76-7.63 (d, J=38.7 Hz, 2H), 7.59-7.46
(dd, /=2.7, 6.1 Hz, 2H), 7.41-7.29 (m, 3H), 6.95-6.83 (d, J=
8.7 Hz, 2H), 3.91-3.76 (s, 3H), 2.83-2.69 (m, 2H), 2.69-2.54
(m, 2H), 1.91-1.75 (m, 4H), 1.78-1.69 (s, 3H). “C{'H} NMR
(50 MHz, CDCl;) & 158.9, 138.2, 132.1, 128.6, 128.2, 127.8,
123.7, 113.6, 89.9, 87.4, 62.3, 55.5, 48.7, 32.6, 24.1.1%

1-(2-(4-chlorophenyl)-4-phenylbut-3-yn-2-yl)pyrrolidine

(4k): Prepared according to the general procedure and obtained
as a yellow oil in in 42% yield (260 mg, 0.84 mmol). 'H NMR
(200 MHz, CDCl;) & 7.87-7.71 (d, J=8.3 Hz, 2H), 7.66-7.53
(m, 2H), 7.47-7.30 (m, 5H, overlapping peaks), 2.87-2.75 (m,
2H), 2.72-2.59 (m, 2H), 1.91-1.79 (m, 4H), 1.82-1.70 (s, 3H).
BC{'H} NMR (50 MHz, CDCl,) & 144.7, 133.0, 132.2, 128.6,
128.5, 128.4, 128.2, 123.5, 89.1, 87.8, 62.5, 48.7, 32.8, 24.2.1%

1-(1-(m—tolylethynyl)cyclohexyl)piperidine (4m): Prepared
according to the general procedure and obtained as a yellow oil
in 81% yield (456 mg, 1.64 mmol). 'H NMR (200 MHz,
CDCl;) 8 7.25-7.03 (m, 4H), 2.77-2.61 (t, J=3.0, 3.9 Hz, 4H),
2.36-2.30 (s, 3H), 2.15-2.03 (d, J=12.1 Hz, 2H), 1.85-1.34
(m, 14H, overlapping peaks). *C{'H} NMR (50 MHz, CDCl,)
& 137.9, 132.3, 128.8, 128.6, 128.1, 123.6, 90.3, 86.4, 59.5,
47.2,35.8, 26.6,25.8,24.8,23.2,21.3.181

1-(1-(p—tolylethynyl)cyclohexyl)piperidine (40): Prepared ac-
cording to the general procedure and obtained as a yellow oil in
70% yield (394 mg, 1.40 mmol). 'H NMR (200 MHz, CDCl;) &
7.33 (d, J=6.5 Hz, 2H), 7.09 (d, J=6.5 Hz, 2H), 2.69 (s, 4H),
2.33 (s, 3H), 2.14-2.07 (m, 2H), 1.73-1.44 (m, 14H, over-
lapping peaks). *C{'H} NMR (50 MHz, CDCl,) § 137.9, 131.8,
129.2, 120.8, 90.1, 86.4, 59.9, 47.3, 35.9, 26.6, 25.9, 24.9, 23 .4,
21.6.

1-(1-((4-methoxy-2-methylphenyl)ethynyl)cyclohexyl)piperi-
dine (4p): Prepared according to the general procedure and
obtained as a yellow crystals in 89% yield (554 mg,
1.78 mmol). '"H NMR (200 MHz, CDCl,) § 7.34 (d, J=8.4 Hz,
1H), 6.73 (s, 1H), 6.66 (d, J=8.5 Hz, 1H), 3.77 (s, 3H), 2.73—
2.63 (m, 4H), 2.42 (s, 3H), 2.11 (d, J=11.5 Hz, 2H), 1.75-1.52
(m, 10H, overlapping peaks), 1.55-1.37 (m, 4H, overlapping
peaks). *C{'H} NMR (50 MHz, CDCl,) § 159.1, 141.5, 133.3,
116.0, 115.0, 111.1, 92.9, 84.8, 59.7, 55.3, 47.2, 36.0, 26.6,
25.8,24.8,23.3,21.5.5)

1-(1-((4-methoxyphenyl)ethynyl)cyclohexyl)piperidine (4 q):
Prepared according to the general procedure and obtained as
yellow crystals in 87% yield (517 mg, 1.74 mmol). '"H NMR
(200 MHz, CDCl;) & 7.48-7.22 (d, J=8.9 Hz, 2H), 6.92-6.70
(d, J=8.9 Hz, 2H), 3.98-3.47 (s, 3H), 2.68-2.62 (t, J=5.3 Hz,
4H), 2.31-191 (d, J=12.7Hz, 2H), 1.80-1.37 (m, 14H,
overlapping peaks). *C{'H} NMR (50 MHz, CDCl;) § 159.3,
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133.2, 116.2, 114.0, 89.3, 86.0, 59.4, 55.4, 47.3, 36.1, 26.9,
26.0, 25.0, 23.3.1"%7)

1-(1-((2-bromophenyl)ethynyl)cyclohexyl)piperidine (4 u):
Prepared according to the general procedure and obtained as an
orange oil in 57% yield (395mg, 1.14 mmol). 'H NMR
(200 MHz, CDCly) & 7.67-7.37 (m, 2H, overlapping peaks),
7.29-7.06 (m, 2H, overlapping peaks), 2.83-2.64 (t, J=5.5 Hz,
4H), 2.25-2.09 (d, J=11.6Hz, 2H), 1.89-1.35 (m, 14H,
overlapping peaks). “C{'H}NMR (50 MHz, CDCl,) § 133.7,
132.5, 129.0, 127.1, 126.0, 125.7, 96.1, 85.0, 59.9, 47.4, 35.9,
26.8,25.9, 25.0, 23.4.18

1-(1-(oct-1-yn-1-yl)cyclohexyl)piperidine (4w): Prepared ac-
cording to the general procedure and obtained as a yellow oil in
70% yield (386 mg, 1.40 mmol). '"H NMR (200 MHz, CDCl;) &
'H NMR (200 MHz, CDCly) § 2.77-2.65 (m, 4H), 2.21 (t, J=
6.7Hz, 2H), 1.87 (d, J=11.2Hz, 2H), 1.78-1.70 (m, 4H),
1.63-1.24 (m, 17H), 0.95-0.79 (m, 4H). “C{'H} NMR
(50 MHz, CDCly) & *C NMR (50 MHz, CDCl,) § 86.1, 80.1,
59.2, 47.0, 38.1, 31.5, 29.4, 28.6, 25.9, 23.6, 23.2, 22.7, 18.8,
14,2 [63.64.76]

N-benzyl-1-(phenylethynyl)cyclohexanamine (4y): Prepared
according to the general procedure and obtained as a yellow oil
in 46% yield (266 mg, 0.92mmol). 'H NMR (200 MHz,
CDCl;) 6 7.56-7.16 (m, 10H, overlapping peaks), 3.97 (s, 2H),
2.01-1.95 (m, 2H), 1.77-1.41 (m, 8H, overlapping peaks). *C
{'H} NMR (50 MHz, CDCl;) & 141.1, 132.0, 128.9, 128.4,
128.2, 127.9, 127.0, 124.0, 90.7, 86.4, 59.6, 47.3, 38.1, 26.0,
23.8.57

N-(4-methoxybenzyl)-1-(phenylethynyl)cyclohexanamine
(4z): Prepared according to the general procedure and obtained
as an orange oil in 43% yield (275 mg, 0.86 mmol). 'H NMR
(200 MHz, CDCly) & 7.53-7.40 (m, 2H), 7.36-7.27 (m, 5H,
overlapping peaks), 6.86 (d, /J=8.7 Hz, 2H), 3.91 (s, 2H), 3.79
(s, 3H), 2.00-1.94 (m, 2H), 1.75-1.39 (m, 8H, overlapping
peaks). *C{'H} NMR (50 MHz, CDCl;) § 158.9, 133.3, 132.0,
130.0, 128.6, 128.1, 124.0, 114.1, 93.9, 85.1, 55.6, 55.5, 47.7,
38.5,26.2,23.3.

N-octyl-1-(phenylethynyl)cyclohexanamine (4za): Prepared
according to the general procedure and obtained as a yellow oil
in 67% vyield (417 mg, 1.34mmol). 'H NMR (200 MHz,
CDCLy) & 7.42 (dd, J=6.7, 3.1 Hz, 2H), 7.33-7.23 (m, 3H),
2.79 (t, J=7.1 Hz, 2H), 1.94 (d, J=11.6 Hz, 2H), 1.74-1.07
(m, 20H, overlapping peaks), 0.88 (dd, /=9.7, 6.6 Hz, 3H). *C
{'H} NMR (50 MHz, CDCly) § 131.6, 128.1, 127.7, 123.6,
93.3, 84.6, 55.2, 43.2, 38.1, 31.8, 30.5, 29.5, 29.3, 27.5, 25.9,
23.1,22.7, 14.1.81

N-cyclohexyl-1-(phenylethynyl)cyclohexan-1-amine  (4zb):
Prepared according to the general procedure and obtained as a
yellowish oil in 58% vyield (326 mg, 1.16 mmol). 'H NMR
(200 MHz, CDCL;) & 7.46-7.35 (m, 2H), 7.33-7.23 (m, 3H),
2.98-2.71 (dt, J=6.6, 10.2 Hz, 1H), 2.04-1.84 (d, /=10.2 Hz,
4H), 1.79-1.49 (m, 6H), 1.50-1.01 (m, 10H, overlapping
peaks). "C{'H} NMR (50 MHz, CDCl,) § 131.7, 128.5, 127.9,
124.1, 94.6, 84.1, 55.4, 52.8, 39.5, 36.8, 26.0, 26.0, 26.0,
23.4.1128
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