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RESUMO

“COMBINA(;AO DE REAQOES ORGANOCATALITICAS E MULTICOMPONENTES
PARA A SINTESE DE SISTEMAS HETEROCICLICOS E MOLECULAS HiBRIDAS”.
Pequenas moléculas organicas enantiomericamente puras ou enriquecidas sao
materiais de partida chave em sintese organica. Os blocos de construcdo quirais
estdo em alta demanda na sintese total de produtos naturais complexos e na
descoberta e desenvolvimento de drogas, bem como, na producdo de pesticidas,
fragrancias e materiais avancados. Nesse sentido, metodologias organocataliticas
emergiram como um terceiro pilar da catalise assimétrica e, possuem posi¢cao de
destaque no desenvolvimento de métodos mais sustentaveis. De maneira similar,
reacdes multicomponentes (RMCs) apresentam-se como uma poderosa ferramenta
para a sintese de compostos heterociclicos bioativos e analogos de produtos
naturais. Aldeidos quirais sdo componentes chave em RMCs estereocontroladas, 0s
métodos para a funcionalizacdo assimétrica de compostos carbonilicos sao
relevantes para o desenvolvimento de novas abordagens multicomponentes
estereosseletivas.

Nos ultimos anos, nosso grupo e o grupo de Banfi vém explorando o potencial da
organocatdlise para gerar compostos enantiomericamente enriquecidos com o poder
sintético das RMCs na diversificacdo desses compostos quirais.

Neste trabalho descrevemos metodologias altamente estereosseletivas para a
sintese de hidridos de produtos naturais a partir de um procedimento
organocatalitico - one-pot sequencial - seguido de uma reacdo multicomponente.
Efetivamente, o procedimento compreende uma adi¢do conjugada organocatalisada
de compostos metileno ativos (1,3-dicarbonilas e a-cianocetonas) a aldeidos a,(3-
insaturados para a formagdo de hemiacetais assimétricos contendo grupos
funcionais ortogonais. ApoOs esse primeiro evento, de forma sequencial e one-pot é
implementada uma reagdo multicomponente intramolecular baseada em isocianeto.
Através do emprego desta abordagem foi possivel sintetizar hibridos de produtos
naturais, incluindo até quatro fragmentos moleculares diferentes, tais como,

unidades hidroquinolinona, tetrahidropiridina, peptideos, lipideo e glicosideo



XV

ABSTRACT

‘MERGING ORGANOCATALYTIC AND MULTICOMPONENT REACTIONS FOR
THE SYNTHESIS OF HETEROCYCLIC SCAFFOLDS AND HYBRID MOLECULES”.
Small enantiomerically pure or enriched organic molecules are key starting materials
in organic synthesis. Chiral building blocks are in high demand in the overall
synthesis of complex natural products and in the discovery and development of drugs
as well as in the production of advanced pesticides, fragrances and materials. In this
sense, organocatalytic methodologies have emerged as a third pillar of asymmetric
catalysis and have a prominent position in the development of more sustainable
methods. Similarly, multicomponent reactions (MCRs) present themselves as a
powerful tool for the synthesis of bioactive heterocyclic compounds and analogues of
natural products. Chiral aldehydes are key components in stereocontrolled MCRs,
methods for the asymmetric functionalization of carbonyl compounds are relevant for
the development of novel multicomponent stereoselective approaches.

In recent years, our group and the Banfi group have been exploring the potential of
organocatalysis to generate compounds enantiomerically enriched with the synthetic
power of MCRs in the diversification of these chiral compounds.

In this work we describe a highly stereoselective methodology for the synthesis of
natural product hybrids from an organocatalytic tandem procedure, followed by a
multicomponent reaction. Effectively, the procedure comprises an organocatalysed
conjugate addition of active methylene compounds (1,3-dicarbonyls and a ester or
cyanoketones) to a,B-unsaturated aldehydes to form asymmetric hemiacetals
containing orthogonal functional groups. Next, an isocyanate based intramolecular
multicomponent reaction is implemented. Through the use of this approach it was
possible to synthesize hybrids of natural products, including up to four different
molecular fragments, such as hydroquinoline, tetrahydropyridine, peptides, lipid and

glycoside units
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Chapter 1



1. Chapter 1

1.1 Introduction

The origin of life on Earth is one of the greatest and most fascinating
puzzles of mankind. Scientists generally assume that it evolved in a stepwise
process with increasing complexity, but fundamental questions of how exactly that
happened remain essentially unanswered. One part of this big puzzle that is of
particular interest for many chemists is the origin of biological chirality. We certainly
know that chirality is the source of diverse phenomena at the macro- and microscopic
level and is responsible of a large number of catalytic reactions, and these are the
origin of asymmetry in our body and culture.!

The biological machinery made up from the basic building blocks of life
- chiral amino acids, sugars, and lipids - is susceptible to enantioselective
interactions. Biological systems are thus commonly capable of differentiating
between enantiomeric forms of chiral molecules, including odorants, pheromones,
agrochemicals, environmental pollutants and, most importantly, drug compounds.
The two different enantiomers of a compound may have distinctly different effects on
a given biological system. For instance, (S)-citalopram is a potent agent against
major depression, panic disorder, whereas its (R)-enantiomer is much less active
(FIGURE 1.1).2

(S)-Citalopram (R)-Citalopram

active less active

FIGURE 1.1.1- Enatiomers of Citalopram

In chemical synthesis, much effort has been directed towards the
development of asymmetric transformations to access optically active products.® This

could be achieved by the use of three main alternative strategies:



1. To start from a pure enantiomer of a natural product (chiral pool).
2. To use one resolution method to obtain pure enantiomers from the racemate.
3. To employ a stereoselective synthesis.

The enantioselective construction of C-C bonds is a fundamental goal
of Modern Organic Synthesis. There are strict regulations for the employment of
enantiopure compounds in Pharmaceuticals, Agrochemicals and in other sectors of
fine chemical industry. 4Then, new improvements over the known methodologies to
obtain enantiopure compounds are done continuously.

Stereoselective synthesis bridges organic and medicinal chemistry,
biology and medicine, as well as material science and physics providing a crucial
platform for the drug and natural product synthesis, drug discovery, and drug
developments.>® Stereoselective synthesis is the science concerned with the
construction of structurally complex organic molecules from readily available starting
materials by a series of rationally designed stereoselective synthetic transformations.
It includes the generation of one or more stereogenic centers, starting from achiral
precursors, either under substrate control using a chiral auxiliary, under reagent
control using a chiral reagent, by the use of a chiral catalyst, or by employing so-
called absolute asymmetric synthesis, which involves a total spontaneous resolution.

From the above mentioned methods, a chiral catalyst controlled
stereoselective synthesis (asymmetric catalysis), it's a chemical process, in which the
formation of a new stereogenic center is controlled by chirality of small amounts of an
optically active reagent that accelerates this process without being destroyed.’
During this process, the catalyst is reused, improving efficiency and avoiding waste.
The preferences for asymmetric catalysis (AC) are in agreement with low cost and
environmental concerns.

For decades, in the generally accepted view there are two classes of
efficient asymmetric catalysts: enzymes and synthetic metal complexes.® These
catalyst are cluster in the pillars of AC (FIGURE 1.2); 1) Biocatalysis: where
enzymes, which possess high molecular weight, are employed, and 2) metal
catalysis: using transition metals and organic chiral ligands to induce asymmetry.
After the turn of the century, a new class of catalysis was born, using small organic
molecules without presence of metal trace knowing as organocatalysis and has been
established as the third pillar of AC.°
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FIGURE 1.1.2-The three pillars of asymmetric catalysis: Biocatalyis, Metal Catalysis

and Organocatalysis.

1.2 Organocatalysis

The use of small organic molecules as catalysts, the so called
“organocatalysts,” has been widely explored by scientists around the world since its
definition by MacMillan in 2000.1°

The rapid growth of this methodology is mainly due to numerous
advantages that organocatalysis offer for synthetic organic chemistry. The
organocatalysts are often of low cost, non-toxic, insensitive to moisture, and allow the
preparation of both enantiomers from the chiral pool, thus leading to broad
possibilities for structural modification. Besides that, reactions are performed under
an aerobic atmosphere, avoiding inert atmosphere, and oxygen-free solvents make
the experimental operations considerably simpler.

The organocatalysts can be classified by means of their interaction with
the substrate, the so-called ‘mode of activation’. In organocatalysis, there are two
large activation modes: the covalent; and the non-covalent.!!

The covalent activation mode is characterized by the formation of a
covalent bond between the substrate and the catalyst, thus increasing the interaction
among the substrate and the reagent in the reaction medium.!! For instance,
aminocatalysts? and carbenes'® belong in this category. In the case of non-covalent
organocatalysis, the interactions between the substrate and the catalyst can occur
via hydrogen bonds (e.g., thioureas and phosphoric acids)'# or ionic interactions
(e.g., phosphoric acids, chiral bases such as cinchona alkaloids and phase-transfer
catalysts), (FIGURE 1.3).1°
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FIGURE 1.2.1- Activation modes in organocatalysis.

1.3 Aminocatalysis

The enantioselective transformations of carbonyl compounds using
chiral primary and secondary amines as efficient organocatalyst, is known as
“asymmetric aminocatalysis”.

The roots of modern aminocatalysis trace back to the pioneering work
of Knoevenagel, who, at the turn of the 19" century, found that primary and
secondary amines, as well as their salts, catalyze the aldol condensation of [3-
ketoesters or malonates with aldehydes or ketones.'® In the first half of the 19th
century, Kuhn and Fischer and Marschall discovered that amines and amine salts
also catalyze aldol addition and condensation reactions.’

The principle for aminocatalytic activation emulates the mechanism of
the activation of carbonyl compounds by Lewis acids. This is a well-established
strategy for enantioselective catalysis, in which rate acceleration occurs through the
reversible binding of the Lewis acid to isolated or conjugated 1 systems, thereby
resulting in a redistribution of the electronic density toward the positively charged
metal center.!® The reversible condensation of a chiral secondary amine with
carbonyl compounds to form positively charged iminium ion intermediates mimics the
electronic situation of the T orbitals in Lewis acid catalysis. ? Thus, the energy of the
lowest unoccupied molecular orbital (LUMO) of the system is effectively lowered. For
conjugated T systems, the electronic redistribution induced by the iminium
intermediates facilitates nucleophilic additions, including conjugate additions and

pericyclic reactions (LUMO activation). In the case of isolated 1 systems, the



lowering of the LUMO energy increases the acidity of the a proton. This induces a
fast deprotonation, which leads to the generation of the enamine-a nucleophilic
enolate equivalent (HOMO activation). Here too, the raising of the energy of the
highest occupied molecular orbital (HOMO) leads to activation of the carbonyl
compounds, similar to the generation of activated nucleophiles by Lewis acids
(SCHEME 1.1).12
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SCHEME 1.1- Activation modes of carbonyls compounds by Lewis acids and by

aminocatalysis.

Based on these modes of activation for carbonyl enantioselective
functionalization motivated scientists to develop and improve new catalysts
underlying the sense of rational design including the pyrrolidine core (FIGURE
1.4).19.2021,2223.24 |n contrast researchers have recognized that chiral primary amines
offer new opportunities for expanding the applicability and synthetic potential of
aminocatalysis.?®> In particular, 9-amino(9-deoxy)-epi-cinchona alkaloids, primary
amines easily derived from natural sources, have enabled the stereoselective

functionalization of a variety of sterically hindered carbonyl compounds, which cannot



be functionalized using secondary amines and which are often unsuccessful
substrates for metal-based approaches too.

The disadvantage on the synthesis of some of these catalysts remains
on the multip-step linear synthesis and the drastic reaction conditions required.
Those conditions provide low atom economy and global vyield, with tedious
purifications. Significant challenges remain in this area, including optimization,

simplicity, and green synthetic routes to obtain new efficient organocatalysts.
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FIGURE 1.3.1- Different types of amino-catalysts.

1.3.1 Enamine catalysis

The application of secondary amines (i.e., pyrrolidine-type catalyst) to
generate chirality and catalyze the direct asymmetric Aldol, Michael and Mannich
reactions has been extensively exploited in the last decade. In general, this type of
catalysts can activate aldehydes and ketones in a covalent way via enamines
formation, which react with a determined electrophile to form C-C, C-S, C-N, C-X
(X=F, ClI, Br) bonds with good efficiency and stereoselectivity.26.27:28.29,30

The enamine formation is produced between pyrrolidine ring and the
correspondent aldehyde or ketone as shown in the catalytic cycle (SCHEME 1.2),
where the enamine formed has two possible configurational isomers (E and Z), in a
thermodynamic equilibrium. Unless other general and specific interactions favours
the enamine Z, the enamine E is energetically most favoured and always the
formation of this conformation is predominantly. Two rotational isomers (s-trans and
s-cis) exist in the enamine E, where by steric interactions the most favourable is the

s-trans-enamine E. It is generally accepted that the s-trans enamine is the most



stable conformer, where the double bond is situated in the opposite direction to the
bulky group located in the 2-position of the pyrrolidine ring.3*
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SCHEME 1.2- Pyrrolidine-catalyzed activation cycle of enamine.

The s-trans conformer has also been considered as the most reactive
intermediate until now. So far, the role of the pyrrolidine ring is to activate the oxo
component increasing the energy of the HOMO of the substrate when the enamine is
formed but not in the trajectory of the electrophile in the formation of the new
stereogenic C-C bond. The trajectory of the electrophile depends on the side group
attached to the pyrrolidine ring.

The trajectory of the incoming electrophile has traditionally been
proposed to follow either of the two different models based on the nature of catalysts.
As shown in FIGURE 1.5, the model A exhibit the induction of stereoselectivity by a
hydrogen bonding (HB) interaction, and the model B shows the approach of the
electrophile ruled by steric interaction (SI).

Model A
H-bond interaction

Model B
Steric interaction
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FIGURE 1.3.2- Aminocatalytic route via enamine activation.
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In general, catalysts with a HB directing group (i.e. -CO2H, -OH, -
CONHg) at the position 2 of the pyrrolidine ring, follows model A (e.g. see 1.1 and
1.13 FIGURE 1.4). In contrast, bulky substituents in the position 2 of pyrrolidine ring
(i.e. -2Ph, -2PhCF3) where the steric hindrance blocks one face of the enamine, are
in agreement with model B of induction of stereoselectivity (e.g. see 1.9-1.12
FIGURE 1.4).

1.3.2 Iminium catalysis

Together with enamine catalysis, iminium catalysis is the most
prominent activation mode in asymmetric aminocatalysis. Initial work on these mode
of activation was carried out on cycloadditions but it was rapidly extended to Michael
reactions,® nitrone additions,3® Friedel-Crafts alkylations3* and is now established as
a general strategy for the asymmetric conjugate addition of nucleophiles at the -
position of a, -unsaturated carbonyl compounds

The B-functionalization of a,B-unsaturated carbonyl compounds draws
close parallels to enamine chemistry. The “standard” catalytic cycle for a chiral
pyrrolidine-catalyzed B-functionalization of an a,B-unsaturated carbonyl compound
(SCHEME 1.3) begins with the acid-promoted condensation of the carbonyl with the
amine to form an unsaturated iminium ion, more electrophilic than the starting
unsaturated carbonyl. This reactive intermediate suffers then the addition of the
nucleophile at the B-position, leading to a B-functionalized enamine in tautomeric
equilibrium with an iminium ion. Hydrolysis of this intermediate releases both the
product and the chiral ammonium salt, which can re-enter in the catalytic cycle.3®
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SCHEME 1.3- Chiral amine-catalyzed B-functionalization via iminum catalysis.

Although chiral amines with hydrogen-bond directing groups like those
shown in FIGURE 1.4 can be used in iminium catalysis,3® usually best results are
obtained with amines substituted with bulky non acidic groups In this case, the
stereochemical outcome of the addition to enals can usually be predicted by the
transition state (FIGURE 1.6), that implies the attack of the nucleophile by the
opposite face to the bulky amine substituent in the energetically favored s-trans
conformer of the (E)-configured unsaturated iminium ion.3” A related transition state
model, in which the diene or the 1,3-dipole also approaches the less hindered face of
the (E)-iminium ion, rationalizes the observed outcome of iminium-catalyzed

asymmetric cycloadditions.
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destabilized

FIGURE 1.3.3- Nucleophilic attack to (E)- and (Z)-iminium ions.

In this model (FIGURE 1.6), the (E)-iminium ion intermediates are
assumed to react with nucleophiles faster than the (Z)-isomers, so that the
stereochemical outcome of the reaction is independent of the (E):(Z) ratio in solution.
The less stable (Z)-iminium isomers are shown to be kinetically favoured. The higher
reactivity of the (E)-iminium ion is explained by the degree of steric repulsion
developing between the aldehyde B-substituent and the large substituent on the

heterocycle along the reaction coordinate upon nucleophilic attack.

1.4 Organocatalytic asymmetric Michael reaction

Making C-C bonds, along with the creation of stereogenic carbon
centers, continues to be an appealing and demanding area of research, and
processes in which compounds are synthesized in optically active form are of
growing interest.

In this context, the organocatalytic asymmetric Michael reaction is one
of the most useful methods for the of C—C and C-X (carbon- heteroatom) bond
formation. Several chiral primary and secondary amines have been shown to

catalyze the enantioselective Michael reaction of enolizable carbonyl compounds to
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electron-deficient olefins via formation of an intermediate enamine species. One of
the most studied transformations of this conjugate addition is the reaction of
aldehydes and ketones with nitroalkenes, which results in the formation of
functionalized adducts with remarkable potential in organic synthesis, owing to the
synthetic versatility of the nitro group.

The first attempts in this field involved the proline catalyzed Michael
reaction of ketones and nitrostyrene.®® In those cases, the obtained yields and
diastereoselectivities were  remarkably high, although only moderate
enantioselectivities were obtained (SCHEME 1.4). Since these pioneering studies, a
surplus of other modified chiral amines have been employed in order to improve the

results furnished by the proline-catalyzed reaction.
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SCHEME 1.4- First attempt in proline catalyzed Michael reaction.

A plethora of studies shown that the substituent attached to the
pyrrolidine core is important in the enantio- and diastereoselectivity of the Michael
adducts. Four possible transition states (TS) can be drawn for both models (model 1
and model 2, SCHEME 1.5). These TS show that even with the possibility to form the
s-cis-enamine E (TS Il and IV), the equilibrium is displaced to the formation of the
most stable s-trans-enamine E (TS | and IlI) of both models, and therefore, the
difference in terms of energy between these TS determines the course of
stereoselectivity. The model 1, also known as Houk-List model,3%40 illustrate an
hydrogen bond between the proton of the carboxylic acid and the oxygen of nitro
group at the B-nitrostyrene. This HB guide the B-nitrostyrene to the Re face of the
enamine by a like approach, thus forming the S,R-diastereomer as the major product.
On the other hand, model 2 is determined by steric interaction, the bulky group
attached to pyrrolidine core produces a steric hindrance capable of approaching the

Si face of enamine to B-nitrostyrene and thus produce the inversed R,S-configuration
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of Michael product. Either one, model 1 or model 2 lead to the formation of the major
diasteroisomer syn.

Two factors are important for good stereoselection: 1) one face of the
enamine must be less accessible; 2) the equilibrium between the enamine rotamers

must be well displaced to the one side.
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SCHEME 1.5- Proposal transition states by HB and Sl in the Michael addition.

The mechanism of the addition of linear aldehydes to nitroolefins has
been discussed by many authors, and it is still an open discussion. The most
accepted by the scientific community mechanism, was proposed by Blackmond in
2011 (SCHEME 1.6).#24? In this work, the conjugate addition of propanal to B-
nitrostyrene, catalyzed by diarylprolinol silyl ether 1.11, reveals that the formation of
the product is the rate-determining step of the reaction, rather than enamine
formation as mentioned before. The cyclobutane intermediate (SCHEME 1.6), called

as “parasitic intermediate” during the catalytic cycle, is significant to keep the high
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stereoselectivity in the final product. Interestingly, this parasitic intermediate, which

should delay the reaction, is considered to be important in the stereoselectivity.
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SCHEME 1.6-Proposed catalytic cycle for the Michael addition of aldehydes to

nitrostyrene.

The Michael reaction have been also directed towards the target- and
diversity oriented synthesis,*® in which many new substrates and approaches have
been attempted. In this context, applying the organocatalytic asymmetric Michael
reaction for the synthesis of natural products or molecular fragments of their core
structure is of vital importance.** One of the most crucial structure present in
numerous natural products and biologically active compounds is the tetrahydropyran
(THP) heterocyclic ring.*°

In 2009, Chandrasekhar et al. developed a domino
Michael/hemiketalization reaction catalyzed by a triazole-based organocatalysts.*6
This procedure led to a new class of tetrahydropyrans with moderate yields (41—
62%) and good to excellent enantioselectivities (88—-99% ee) in the absence of a
solvent (SCHEME 1.7 a). According to the authors the cyclohexanone can be
activated with the secondary amine organocatalyst to perform a Michael adition to

the nitro-olefins. This intermediate A can subsequently undergo an acid catalysed
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hemiketalization reaction, in the presence of trifluoroacetic acid, to afford the final
product B (SCHEME 1.8).
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SCHEME 1.7-Synthesis of THPs via domino Michael/hemiketalization.

Successively, Wang, Zhou and their co-workers used a pyrrolidine-
based thiophosphoramide (20 mol%) as organocatalyst for the same reaction
sequence (SCHEME 1.7 b).#” The procedure shows moderate results of
enantioselectivity. The products were obtained with god vyields and
diasteroselectivity. Even though the mechanism was not reported, the authors
speculated a bifunctional activation of the substrates (ketone and nitro-olefin). The
pyrrolidine function can form an enamine while the acidic N-H of the phosphoramide
organocatalyst, can coordinate and orientate the nitroalkene to facilitate the

enantioselective attack of the enamine nucleophile.
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SCHEME 1.8-Organocatalytic Michael/hemiacetalization mechanism.

1.5 One-pot reactions in organic synthesis

The definition of a one-pot reaction encompasses several concepts that
describe multiple-step reactions that occur sequentially in the same reaction vessel
and without isolation of the intermediates, for instance: domino and tandem
reactions.*® More recently, the term pot economy was introduced in order to broaden
the concept of one-pot reactions covering other sequential processes.

The domino reaction is a process involving two or more transformations
that result in the formation of new bonds (carbon-carbon or carbon-heteroatom),
which must occur under the same reaction conditions from the beginning without
addition of reagents, solvents or catalysts during the reaction. In addition, the

reaction steps are carried out in a fixed chronological order, in which a certain



17

transformation occurs only as a result of an earlier stage.*® From this concept,
multicomponent reactions are classified as a subgroup of domino reactions that
contains least three components and most of the atoms of the reactants are
incorporated into the final product.>®

Tandem reactions, instead, are sequential transformations that occur,
according to the definition itself, "one after another", in which, for example, two
functionalities in the same molecule react with other components independently or
when conditions change reactions to occur, such as temperature modification,
addition of other reagents, catalysts or solvent exchange. > However, in some cases
it is not possible to perform several reactional steps in a one-pot manner, due, for
example, to the incompatibility of by-products, excess reactants or catalysts in the
later steps of the synthesis. Then, an alternative aiming to perform multi-step
synthesis minimizing residues and purification steps is the use of telescope
processes in which the intermediates are subjected to washes or filtrations but are
not isolated at each step of the synthesis.

The one-pot synthesis has been widely used as an efficient approach to
achieve biological active molecules. In the growing field of organocatalysis,
organocatalysts are particularly effective reagents in achieving a one-pot, multi-step
synthesis. This is evidenced by a dramatic increase of impressive syntheses over the
past decade.®? The synthesis of (-)-oseltamivir reported by Hayashi and co-workers is
an example of this strategy.>® The one-pot synthesis of (-) - oseltamivir as illustrated
in SCHEME 1.9 was performed in six steps without purification of any of the
intermediates and without evaporation or exchange of solvents. The first step
consists of an organocatalyzed Michael reaction, interestingly, the nitro compound
1.16 exits exclusively as Z isomer due the strongest intramolecular hydrogen bond.
Another interesting feature is related with the anti-product 1.18 of the Michael
reaction. The authors postulated that intramolecular HB plays a key role in this
observation.

The second setp of this synthesis is a Horner-Wadsworth-Emmons
(HWE) reaction resulting in the cyclized intermediate 1.19 which after a thiol-Michael,
a reduction of the nitro group and retro-Michael, provided the (-)-oseltamivir in an
overall vyield of 36%. This synthesis represents the first example of a
stereochemically complex drug being synthesized in a single reactor, in significant

yield, without the need to evaporate or swap solvents.
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SCHEME 1.9- Synthesis of (-)-oseltamivir.

1.6 Multicomponent reactions

Multicomponent reactions (MCRs) constitutes one of the most attractive
transformations in synthetic organic chemistry. MCRs belong to one-pot reactions
employing at least three starting materials which react each other to form a product,
where basically all the atoms are present in the newly formed product.>

The MCRs have a plethora of advantages compared with traditional
multistep synthesis. In MCRs, a molecule is assembled in one convergent chemical
step by simply mixing the corresponding starting materials as opposed to traditional
ways with multiple sequential steps. In this way, very high levels of atom efficiency
can be reached, while avoiding time-consuming isolation and purification of synthetic

intermediates.
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The rapid and easy access to biologically relevant compounds by
MCRs and the scaffold diversity of MCRs has been recognized by the synthetic
community in industry and academia as a preferred method to design and discover
biologically active compounds.

There is a wide variety of multicomponent reactions that combine the
reactivity of several organic functions, such as the reactions of Strecker, Biginelli,
Mannich, Petasis, among others.>®> In multicomponent chemistry, the isocyanide
multicomponent reactions had a privileged place because of the reactivity of isonitrile

component.

1.7 Isocyanide based multicomponent reactions

The isocyanide group is an unusual functionality, which may react with
electrophiles, nucleophiles, and radicals under various conditions, giving rise to
different primary imine adducts. Therefore, the use of isocyanide in synthetic organic
chemistry play a crucial role in the generation of chemical diversity, which has been
exploited both in organic and medicinal chemistry, and in polymer science.>® The
chemistry of isocyanides is characterized by the lifted diversity of transformations that
includes hundreds of multicomponent reactions, as well as very large numbers of
oligomerizations and polymerizations. Many of these reactions have been employed
as an initial step in numerous preparative methods, and especially for the syntheses
of various heterocycles.>’

The isocyanide based multicomponent reactions (IMCR) are particularly
interesting because of the exceptional reactivity of the functional group of the
isocyanide. Today most IMCR relates to the classical reactions of Passerini and Ugi
(SCHEME 1.10). Other IMCRs also responsible for inducing high levels of structural
diversity and complexity are the Groebke-Bieynameé-Blackburn three component
reaction (GBB-3CR),%8 5960 the Orrru three component reaction.5?
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SCHEME 1.10- Passerini and Ugi multicomponent reactions.

1.7.1. Passerini reaction

The Passerini reaction is the first IMCR and plays a central role in
combinatorial chemistry today. This multicomponent reaction involves an aldehyde or
ketone, an isocyanide, and a carboxylic acid and offers direct access to a-acyloxy
carboxamides.

The exact mechanism is a subject of some uncertainty, the most
accepted proposal is that the isonitrile is inserted into the carbonyl compound which
is activated by hydrogen bonding through the acid component (intermediate ). Then,
the nucleophilic oxygen of the carboxyl attacks the carbon of the isonitrile, forming a
seven-membered cyclic intermediate (1), which finally undergoes an intramolecular
transacylation rearrangement, this reaction step is irreversible and shifts from the
equilibrium towards the desired product (SCHEME 1.11).2
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SCHEME 1.11- Possible mechanism of the Passerini reaction.

More recent studies, propose through theoretical calculations that
although Passerini's reaction has three components, there is the participation of a
second molecule of carboxylic acid as a fourth component in the reaction
mechanism.®® The first step occurs from the hydrogen bonding interaction of the

carbonyl component and the carboxylic acid, this intermediate (lll) reacts with
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isonitrile and the resulting structure (IV) coordinates with the carboxylic acid
(SCHEME 1.12).

The authors have shown that the rearrangement of intermediate IV that
would lead directly to the final product has a high energy barrier, so the formation of
V is favored. Then, a carboxylic acid molecule assists in the V rearrangement,
providing a-acyloxycarboxamide (SCHEME 1.12).
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SCHEME 1.12- The Passerini reaction mechanism proposed by theoretical

calculations.

One of the main limitations of IMCR as synthetic tools is the typical lack
of stereocontrol. For instance, when the carbonyl component of the Passerini
reaction has different substituents, the product obtained has an asymmetric center
and under normal reaction conditions (achiral ambient) the racemate is formed. The
use of components that already have defined stereogenic center is one of the
strategies to induce the asymmetry of the new center formed in the reaction. Another
strategy is the use of metal complex as Lewis acids for the stereogenic control.

Wang et al proposed the use of metal complexes with only one
coordination site acting as Lewis acids to promote the enantioselective Passerini
reaction using aliphatic aldehydes.®* Different metallic salts were tested, such as
MnClz, CrCls, Ti(OiPr)s, and Et2Zn. Among the catalysts evaluated, [(salen) Al"'CI]
provided compounds with the best enantiomeric excess and yields (SCHEME 1.13).
The best reaction conditions were at -40 °C, 10 mol % of the chiral catalyst and for

48h. The use of both linear and branched aliphatic aldehydes provide the a-
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acyloxycarboxamides with excellent enantioselectivities and the selectivity of the
reaction increased when an aliphatic isocyanide was changed for a less reactive

aromatic one. °
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SCHEME 1.13- Enantioselective Passerini reaction catalyzed by [(salen) AlllICI].

In 2015 Zhang et al. proposed the use of chiral phosphoric acids as
organocatalysts to promote the Passerini reaction enantioselectively by means of the
activation of the carboxylic acid allowing the amplification of the scope of the
components, since the reactions with metallic complexes presented certain
limitations in relation to the aldehydes employed.®® The proposed mechanism starts
with the formation of a heterodimer with phosphoric acid (CPA-1) and the carboxylic
acid, which participates in the simultaneous activation of the aldehyde and the
carboxylic acid, which participates in the simultaneous activation of the aldehyde and
isonitrile by hydrogen bonding and ionic interaction (intermediate A), leading to the
formation of the intermediate nitrile B, to which the carboxylate is added followed by
rearrangement of intramolecular transacylation affording the Passerini adduct (1.21).
In this work a wide variety of aromatic, aliphatic and a, B-unsaturated substrates -

aldehydes were used; aromatic and aliphatic carboxylic acids, including bulky
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substituents such as trityl and adamantyl; and aliphatic isonitriles, with good yields
and enantiomeric excesses (SCHEME 1.14).
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SCHEME 1.14- Enantioselective Passerini reaction with chiral phosphoric acid
organocatalyst.

As showed above, a variety of substituted aromatic aldehydes were

successfully employed. The authors suggest that the position and the electronic
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property of the substituents for aromatic rings have a very limited effect on the
stereoselectivity of the process.

This report represents a very exciting and promising result regarding
the efficient exploration of the stereochemical diversity, an issue of great importance

for the preparation of libraries of compounds.

1.7.2. Ugi multicomponent reaction

The Ugi reaction was first described by Ivar Ugi in 1959. This MCR (U-
4CR) furnishes a-acylamino amides by one-pot methodology, combining oxo-
substrates, carboxylic acids, amines and isocyanides.

Since its discovery, the Ugi reaction has become one of the most
exploited reactions, presenting various modifications in the quantity and variety of
components, such as reaction with three (Ugi-3C) components employing, for
example, preformed imines or secondary amines in this case the acid component is
not used. The Ugi reaction is widely used in the formation of heterocycles, as in the
4-component version in which the carboxylic acid is replaced by an isocyanate,
leading to formation of hydantoins. There are other versions of Ugi-4C that have five
reactive centers, reactions in which amino acids are used (in this case, two distinct
functions in the same molecule participate in the reaction) and methanol as a solvent

that also participates in the reaction.67.68
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SCHEME 1.15- Examples of modifications for the Ugi reaction.

In the literature there are different mechanistic proposals for the Ugi
reaction and all of them have in common the initial formation of an imine (VI), then
the obtaining of the a-adduct is described by three different paths: a) the protonated
imine undergoes nucleophilic attack of isonitrile carbon resulting in intermediate VII
and subsequent addition of the carboxylate; b) occurs the addition of the carboxylate
to the iminium ion forming intermediate VI, followed by the insertion of isonitrile ; c) a
transition state similar to that of the Passerini reaction is proposed in which the imine
is activated by the carboxylic acid by hydrogen bonding and then the isonitrile is
added to the carbon of the imine and concomitantly undergoes the nucleophilic
attack of the carboxylate. Then, the a-adduct passes through the Mumm
rearrangement, an intramolecular acylation followed by a hydroxylimine- amide
rearrangement, irreversible reaction stage resulting in the a-acylaminocarboxamide
(SCHEME 1.16).%°
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SCHEME 1.16- Mechanistic proposal for the Ugi four component reaction.

Similarly, in the Ugi reaction there is also the formation of an
asymmetric center when the carbonyl component has different substituents,
however, enantioselective Ugi reactions have several limitations. 69

A few years ago, Zhang et al.’”® reported the first catalytic
enantioselective Ugi four-center three-component reaction, with the use of a chiral
phosphoric acid (CPA-2) leading to compounds 1.22a-f. The authors suggested from
experimental evidence that the control of the enantioselectivity promoted by
phosphoric acid is more related to the dynamic kinetic resolution of the a-adduct than
with the addition step of isonitrile (which leads to a-adduct formation). It has also

been observed that the tautomerization rate is greater than the Mumm
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rearrangement rate, suggesting that in the tautomerization step the catalyst may also
play an important role in the stereochemical control.

CPA-2
N COOH  R?—NH, 30mol %
A ero T R¥—NC DCE,
3R Ms, 0°C
Reaction Scope
//“NH //ji //\NH
1.22a 1.22b 1.22¢
97%; 90% ee 91%; 88% ee 86%; 80% ee
1.22d 1.22e 1.22f
91%; 80% ee 91%; 87% ee 92%:; 86% ee

SCHEME 1.17- Enantioselective Ugi four center three component reaction with chiral

phosphoric acid.

More recently, the Tan group reported an enantioselective
organocatalytic four-component Ugi reaction.”t In this extraordinary report the
catalytic asymmetric Ugi-4CR was accomplished with two different 1,1'-
spirobiindane-7,7'-diol (SPINOL) as organocatalysts. The reaction exhibited broad
substrate compatibility and good to excellent enantioselectivity. The authors obtained
a small N-substituted dipeptide library of 86 compounds, which are otherwise
challenging to obtain via conventional methods, from four achiral building blocks in
excellent yields (SCHEME 1.18).

According to the authors,’* activation of the imine might be
accomplished by CPA-carboxylic acid heterodimer catalysis via a bifunctional

activation mode, which was supported by experiments (carboxylic acids with varying
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pKa values and steric properties yielded products with a range of ee values) and

density functional theory (DFT) calculations.
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SCHEME 1.18- Enantioselective organocatalytic Ugi four component reaction.

Despite this relevant reports the enantioselective Ugi and Passerini
reaction is not a slight task. There are some difficulties associated with these two
reaction, that can be summarized by the following.®°

1- Competition from background reactions, as both P-3CR and U-4CR
occur spontaneously in an appropriate solvent at room temperature.

2- Difficulty in chemoselective activation of carbonyl or imine function by
a Lewis acid (LA) due to the Lewis basicity of the other components.

3- Coordination of isocyanide to metal is known to divert the reaction
pathway of isocyanides.

4- The complexity of the reaction mechanism.

To overcome this restraint, giving access to enantiopure MCR products
there is another possibility directed to the use of chiral, enantiomerically pure inputs
different from the widely used chiral pools (i.e., amino acids or sugars).
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1.8 Sequential combination of organocatalysis and multicomponent

reactions

As mentioned before, nowadays there is an emerging topic dealing with
the combination of organocalysis with IMCRs to develop new stereoselective
transformations. Looking at the repertoire of IMCRS, one realizes the presence of the
carbonyl component, i.e. ketones or aldehydes, in these reactions. Only recently,
early efforts have been directed towards implementation of an aminocatalytic
asymmetric functionalization of such carbonyl functionalities followed by a
subsequent IMCR.”? Aminocatalysis has been successfully applied in the different
asymmetric functionalization (a, B, y and even ¢) of carbonyls compounds. Hence,
combination of aminocatalysis with the available repertoire of IMCRs provides
unlimited possibilities for scaffold generation. Some reports referring to this
combination are in development by our group and some articles have been
published.

The Banfi’s 73 and our group realized the advantages of the conjugation
of multicomponent reactions with organocatalytic process to the efficient exploration
of stereochemical space. In these sense, our group describe a tandem nucleophilic
epoxidation of a,B-unsaturated aldehydes followed by the P-3CR to access a green
process of a new library of epoxy-peptides 1.24 (SCHEME 1.19).% Excellent
enantioselectivity of epoxides 1.23 (>90% ee) were obtained employing catalyst 1.12
in a greener mixture of solvents. The dr. determined was very low because of the
poor stereoselectivity of the Passerini reaction carried out in the second step. Further
studies of the carboxylic acid substrate (compounds 1.24c and 1.24d) afforded
similar diasteroselectivity and vyield. The authors pointed that there are no
incompatible interactions between the chiral epoxy aldehyde and the chiral acid.
Overall, these results introduce more levels of molecular complexity for the synthesis
of a novel family of epoxy-peptidomimetics. This work also comprised the first report
of a one-pot organocatalytic multicomponent reaction sequence based on an

asymmetric epoxidation reaction and a Passerini-3CR.
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SCHEME 1.19- Organocatalytic-P-3CR reaction for the synthesis of epoxy-peptides.

Another interesting combination of IMCR with organocatalysis is the
one-pot reaction of Friedel-Crafts indole alkylation followed by an Ugi 4-center 3-
component reaction (U4C-3CR) as shown in SCHEME 1.20. In this case, chiral
lactams (1.26) were obtained.” The 5-hydroxyfuran-2-one was used as a,B-
unsaturated aldehyde for the organocatalytic LUMO activation mode in the Friedel-
Crafts indole alkylation. The corresponding Friedel-Crafts adducts were obtained in
short reaction times (3h), good enantiomeric ratio (up to 95:5) and high yields.

Once, having demonstrated the usefulness of 5-hydroxyfuran as an
electrophilic, it was implemented a sequential organocatalytic intramolecular U4C-
3CR, for the synthesis of lactam (1.26). It was obtained in high yield (77%) and
enantiomeric relation er. (94:6). However, the dr. obtained (1:4:1) was poor, which is
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attributed to the new stereogenic center formed in a racemic manner in the Ugi

reaction (SCHEME 1.20).
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SCHEME 1.20- Organocatalytic and sequential Friedel-Craft Ugi reaction.

More recently, our group reported the use of asymmetric hemiacetals in

multicomponent reactions.”® An organocatalyzed conjugated addition of a, PB-
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unsaturated aldehydes and 2-nitroethanol was performed to obtain asymmetric 2-
hydroxytetrahydropyrans 1.27 as chiral bifunctional substrates. These asymmetric
hemiacetals were used as oxo-component for the Ugi reaction. Several amino acids
and isocyanides where utilized to afford a small family of cyclic depsipeptide mimics
(1.28) with low diasteroselectivity. This case is an example of the Ugi reaction which
employs three components and has five reactive centers, two of which are present in

the hemiacetal plus two in the amino acid and isonitrile (SCHEME 1.21).
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SCHEME 1.21- The use of asymmetric hemiacetals in the Ugi reaction.

While on the contrary the multicomponent step showed pitiful
diastereoselectivity, the overall strategy proved an exceptional complexity-generating
ability with the creation of three new stereocenters and the incorporation of four
components into the final cyclic depsipeptide scaffolds. The entity of a nitro group
makes these compounds appropriate for further derivatization such as reduction and

coupling to amino acids for enlarging the peptide chain by the western part.
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1.9 Objectives: Chapter 1

In an attempt to further demonstrate the potential of this concept, this
chapter focuses on the development of sequential organocatalytic multicomponent
sequences leading to structurally varied heterocyclic compounds. Considering the
need of chiral starting materials to pursuit stereoselective intramolecular I-MCRs, we
focused on methodologies where the organocatalytic processes provide the
enantiomerically enriched compounds having two functionalities capable to react in a
subsequent MCR. In especial, we will focus on developing variations of the Ugi
reaction, as this class of I-MCR is considered a wonderful tool to generate cyclic
compounds.

For this aim, we envisioned to employ hemiacetal, previously prepared
by organocatalysis, as chiral bifunctional scaffolds aiming at performing subsequent
multicomponent steps capable to generate cyclic compounds. Such
organocatalytic/multicomponent sequences will rely on initial Michael conjugate
additions followed by Ugi-type reactions (FIGURE 1.7).

DIVERSE HETEROCYCLE

FIGURE 1.9.1- General methodology of the chapter.
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1.10 Results and discussion: Chapter 1

1.10.1 Stereoselective organocatalytic multicomponent reaction sequence for

the synthesis of hydroquinolinone

The generation and decoration of privileged natural product scaffolds is
a successful strategy for obtaining libraries of bioactive compounds.”” Scaffold
decoration entails the utilization of both combinatorial and rationally designed
approaches to functionalize biologically validated molecular targets. Scaffold
generation, in contrast, focuses on the application of methodologies capable of
generating structures which cover a larger part of the chemical and biological space.
Since scaffold generation is pivotal during the early stage of drug discovery, issues
like chemical efficiency, stereocontrol, and easy diversification are crucial in process
development. Relevant strategies for exploring the broader chemical space by
targeting dissimilar chemotypes, either previously validated by nature or derived from
chemist's synthetic expertise.

As shown in FIGURE 1.8, the initial objective is the organocatalytic
synthesis of enantio-rich chromenone and its subsequent utilization in an isocyanide
based multicomponent reaction. The result of this synthethic desing is a small family

of hidroquinolin-5-one.

FIGURE 1.10.1- Isocyanide based multicomponent reaction approach for the

synthesis of hydroquinolinones.

This chapter describes a highly stereoselective approach for the one-
pot synthesis of a natural product-like based on the hydroquinoline platform. The

approach involves an asymmetric organocatalytic conjugate addition of dicarbonyl
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compounds to a,B-unsaturated aldehydes, followed by a new intramolecular 4-center

3-component reaction including amine and isocyanide components.

We formulated two main selection criteria for the organocatalytic and
multicomponent approaches. First, the organocatalytic process should provide
enantiomerically enriched hemiacetal suitable for a subsequent I-MCR. Second, we
aimed at utilizing intramolecular I-MCRs, as these typically provide better
stereocontrol as compared to their intermolecular versions. As mentioned above, the
first procedure is an organocatalytic cascade developed independently by Rueping 78
and Jgrgensen.”®

The cascade process comprises the asymmetric conjugate addition of
1,3-cycloalkanediones to a,B-unsaturated aldehydes followed by acetalization. This
organocatalytic reaction occurs via iminium ion activation mode where catalyst 1.2
lowers the energy of the LUMO orbital of the a,B-unsaturated aldehyde to permit the
attack of the nucleophile (1,3-dione). Steric shielding produced by the organocatalyst
blocks the Si-face of the a,B-unsaturated aldehyde. The stereocenter formed in the
catalytic cycle is controlled by a Re-face attack of the nucleophile on the planar
iminium ion A (SCHEME 1.22). The Re- face of the B-carbon atom in the iminium-ion
intermediate is favoured for approach of the nucleophile owing to the bulk of the C2-
substituent in the pyrrolidine ring of the catalyst. After the formation of the
stereocenter, the catalyst is released by cyclization to form the hemiacetal 1.29
(SCHEME 1.22).
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SCHEME 1.22- Proposed catalytic cycle one-pot Michael addition of a,B-unsaturated
aldehydes and 1,3-cyclopentadione.

According with the authors,”® we tried to reproduce the conditions
reported; dimedone and trans-2-pentenal were initially selected for the
organocatalytic conjugate addition with 10 mol% of catalyst diarylprolinol silyl ether
1.2 in dichloromethane for 48h. The TABLE 1.1 shows the consecutive
organocatalytic and multicomponent process. Both racemic and enantiomerically
enriched 1.29 were prepared and subsequently subjected to the I-MCR by treatment
with a primary amine and an isocyanide. Such a multicomponent process is
considered an enol Ugi type reaction,®® which has been previously implemented with
heterocyclic and conjugated enols 8%:¢ as isosteric replacement of the carboxylic acid
component. However, neither intramolecular variants of this type of I-MCR nor
combinations with a pre-MCR organocatalytic process have been reported so far.

Initial experiments using methanol, toluene, or dichloromethane in the
second reaction step were unsatisfactory as the first solvent gave a mixture of
products and the two latter ones did not lead to any product formation (entries 1-4, 6
and 7, TABLE 1.1). Products 1.30, 1.31 and 1.32, 1.33 were formed in a ratio of
about 1.5:1 when methanol was used, as a result of the competition between the
rearrangement of the a-adduct (i.e., migration of the amine component) and the

addition of methanol to the conjugated position.
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As displayed in TABLE 1.1, the intermediate a-adduct is a rigid, fused
bicyclic system, in which the low conformational flexibility may disfavor the amine
migration, thus enabling the attack of a nucleophilic solvent like methanol. To
circumvent this problem, 2,2,2, trifluoroethanol (TFE) was used, which led to 2-
amido-hydroquinolin-6-one 1.30 as the sole product in good vyield (entry 5, TABLE
1.1). Importantly, the use of microwave irradiation enabled the reaction to proceed in
similar chemical efficiency and significantly shorter reaction times, i.e. 15 min at 70°C
(entry 8, TABLE 1.1). Since the second step did not proceed in dichloromethane
(DCM), we evaluated the possibility of implementing a one-pot sequence by addition
of TFE after formation of organocatalytic product 1.29, thus carrying out the second
step in the solvent mixture DCM/TFE (1:1, v/v). To our delight, both yield and
stereoselectivity remained high in this one-pot process comprising the
organocatalytic step and the I-MCR (entries 9 and 10, TABLE 1.1). Importantly, the
presence of secondary amine catalyst 1.2 did not interfere in the IMCR, as no
product including this fragment was detected.

A key feature of this approach is the different stereochemical outcome
derived from variation of primary amine. As illustrated in TABLE 1.1, the use of
benzyl amine led to almost no diastereoselectivity in the I-MCR, producing 1.30 as a
mixture of diastereoisomers (entries 1 and 5). Conversely, the utilization of the chiral
(S)-a-methylbenzyl amine provided enantiomerically pure product 1.31 with an
excellent diastereoselectivity (>99:1). Interestingly, the diastereomeric ratio of
product 1.32 correlates with the enantiomeric ratio of intermediate 1.29, confirming

the great stereocontrol of the multicomponent step with the use of a chiral amine.
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TABLE 1.1- Optimization study and concise reaction mechanism for the one-pot

organocatalytic conjugate addition/Ugi-4C-3CR sequence to 2-amido-hydroquinolin-

5-ones.
o]
Ar
%Ar o Et R o Et
o H OTMS : Ph~NH, O-CsHiNC % A
1.2 (10 mol%) [ I ]
) o CHCl, 10°C 0~ “OH Conditions |( “o-CeHis
NSNS 1.29 R" LPh
o et 1.30,R=H
1.31, R = Me
Imine formation
rearrangement /path 1
cycllc aminal
Ph
oEt /, crsaddmon O Ei Memanm o E "R
o R
o-H & 0 @“ palh" OMe éNH
conformationally fixed by jon oG H11 CH;0H ll c H 132 R= H6 v
pairing or hydrogen bonding Eetn 1.33, R = Me
a-adduct
Entry2 R Conditions P Yield (%) © dr. (syn/anti) ¢ ee (%) ©
1.30-1.31/1.32-1.33 1.30-1.31 1.30-1.31
1f H MeOH, RT 39/25 54:46 92
2¢ H MeOH, MW 40/27 60:40 >99
39 H Toluene, MW n.r. - -
4f H CH2C|2, RT n.r. - -
5f H TFE, RT 7710 58:42 93
69 Me MeOH, MW 42/28 >99:1 >99
7f Me CH2C|2, RT n.r. - -
89 Me TFE, MW 75/0 >99:1 >99
gfh Me CH.CI/TFE, RT 64/0 >99:1 >99
109h Me CH.CIJ/TFE, MW 71/0 >900:1 >99

a) First step performed with dimedone (1 equivalents) and trans -2-pentenal (1.3 equivalents). b) Second step
performed either with benzyl or (S)-a-methylbenzyl amine (1.3 equivalents) and cyclohexylisocyanide (1.3
equivalents). c) Yield of isolated product over two steps. d) Determined by *H NMR spectroscopic analysis. €)
Determined by chiral-stationary phase HPLC analysis. f) Conducted at room temperature for 36 h. g) Conducted
under MW for 15 min at 70 °C. h) Addition of TFE to the reaction mixture containing CH2Cl> to make a 1:1 (v/v)
mixture. TFE: Trifluoroethanol. Ar: 3,5-(CF3)-CsHs.

Taking a close look into the mechanism proposal for the hydroquinoline-
5-one formation (SCHEME 1.23), we formulate two possible reaction pathway. The
first step in both cases is the imine formation through a direct attack of benzylamine
to the open hemiacetal form of 1.29 with subsequently water elimination. Later, the
imine could be present as two equilibrium structure; a conformationally rigid seven-
member ring | featuring an intramolecular hydrogen-bond (pathway 1) and stable

cyclic aminal 1l (pathway 2). In the case of intermediate | the hydrogen-bond based
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conformer presents two of the bulkier substituents in the pseudo-equatorial position
in a cyclic saddle-like conformation. The later one pathway involves an Sn2
mechanism to achieve the thermodynamically stable 1.30 trans product, but with a
high energy barrier. This reaction rather occurs through a low energy transition state
facilitating then a concerted asynchronous reaction pathway affording the kinetically
1.30 cis product. The first step involves a proton transfer to the imine, followed by
formation of the C-C bond. The a-adduct Il is readily formed from the alkoxy attack
to the nitrilium-ion in IV. Finally, a concerted migration of the exocyclic amine to the
nitrile conjugate position and cleavage of C-O bond afford the hydroquinoline-5 one

product.

1
Bn O
1.30 trans

Thermodynamic

Product
A
O
y
o 7 Z, H o : ®,Cy
o} N-gp, : (//N
N ~——— ~ ‘
K7 ~ BN S)
e N/ o~ MN-g,
Bn O 11 Y v
1.30 cis
Kinetic
Product

SCHEME 1.23- Mechanism proposal for the isocyanide based multicomponent

reaction.
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The FIGURE 1.9 clearly demonstrate the two possible attack of
isocyanide to the cyclic intermediate I. Attack from the Si-face is sterically not
favoured. On the other hand, the Re-face approximation of the isonitrile is less
hindered and consequently more possible. This conformation | is the key for
understanding the experimental diastereoselectivity. The isocyanide can clearly
preference for the Re face that leads to the formation of the favoured
diastereoisomer. This intermediate is also responsible of for the orientation of the

enol and isocyanide Tr-systems by a stabilizing non-covalent interaction.

Jd

> Si face attack

FIGURE 1.10.2- Isocyanide attack to the Re and Si faces of intermediate I.

The relative configuration of hydroquinolin-5-ones 1.30 and 1.31 was
determined by NMR analysis on the basis of the absolute configuration at C-4 of
intermediate 1.29, as previously assessed by X-ray analysis.”® The solid-state
structures showed the axial orientation (directing toward the a face) of the substituent
at position 4 in product 1.29. In a first instance, the two diasterecisomers of
compound 1.30 derived from benzyl amine were isolated and analyzed by NMR. In
the major stereoisomer of 1.30 (and also in the only one of 1.31), various nuclear
overhauser effect (NOE) correlations between hydrogens of the ethyl chain at

position 4 and the substituent at position 2 were found. Similarly, strong NOE
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correlations were observed between the amide substituent at position 2 and one of
the geminal methyl groups of the fused bicyclic skeleton (FIGURE 1.9).

N A N SR W.v
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FIGURE 1.10.3- NOESY spectra of diasteroisomer cis of compound 1.30.

These results unambiguously prove the cis configuration in which both
substituents at positions 2 and 4 have a pseudo-axial orientation directing toward the
a-face of the hydroquinolin-6-one skeleton. As highlighted in FIGURE 1.10, these
NOE couplings are only possible due to the 1,3 and 1,5-diaxial interactions of the
amide substituent at C-2 and the substituent at position 4 and the geminal axial
methyl group, respectively. In contrast, the minor stereoisomer of compound 1.30
showed a strong NOE correlation between the hydrogen at C-2 and the ethyl group
at C-4, indicating the trans configuration of substituents at positions 2 and 4. As
shown in TABLE 1.1, the diastereoselection of this process derives from the
preferential addition of the isocyanide to the conformational fixed imine (or iminium
ion) by the same face of ethyl group (cis addition). Further enolate addition leads to
the a-adduct featuring the trans disposition between the ethyl group and the
exocyclic amine moiety. Finally, migration of the amine (rearrangement) generates

the piperidine ring with the cis configuration of the amide substituent at C-2 with
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respect to the ethyl group at C-4. A further evidence that the stereocontrol lies at the
isocyanide addition step is that the acyclic side-product 1.33, derived from methanol
addition, was obtained with the same diastereoselectivity of 1.31, whilst formation of
side-product 1.32 proceeded with poor stereoselection, as resulted for 1.30. To get
deeper insight into stereoselectivity, we turned to implement the reaction sequence
with variation of the four different components.

The NMR characterization of the hydroquinoline-5-ones is not a very
easy task, to this end the compound 1.30 was selected for full characterization
(TABLE 1.2). The *H NMR spectra of compound 1.30, allow us to confirm the
presence of the isocyanide and amine fragment in the molecule. For instance, the
region of hydrogen bonding to Csp? hybridization, appears two multiplets signals from
7.38-7.27 and 7.10 ppm corresponding to five hydrogen of the aromatic ring. The
chemical shift of 5.83 ppm is a doublet with a coupling constant of 8.1 Hz which
correspond to amide hydrogen H-14. At & of 4.86 and 4.17 ppm appears the benzylic
protons 13a and 13b off the methylene group. The chemical shifts off 3.79 and 3.73
ppm correspond to the H-2 and H-15 respectively. These protons also show
correlation in the COSY spectra with H-4 and H-17. The COSY diagram also shows
correlation between the amide hydrogen with H-2 and H-16.

The 13C NMR spectra clearly shows at 190 ppm, the presence of the
ketone carbonyl group close to an unsaturated system, attributed to C-6. The
carboxyl group of amide bond appears at 170 ppm. The aromatic region of the
spectra has the existence of eight carbons, corresponding with the benzyl group and
the quaternary carbons of the unsaturated system.

Since only two carbonyl groups are in compound 1.30, by heteronuclear
multiple-bond correlation (HMBC) we determined that these signals correlates with
two shifts 2.76 ppm (H-4) and 2.56 (H-3) ppm. Also at 155 ppm is an heteronuclear
correlation with 2.56 ppm, indicating that this carbon corresponds to C-5.

A correlation with shifts 28.7, 28.4 and 12.1 pm was identified by HSQC
and correspond to the CHs of C-11,12 and 20 respectively and associated to the
chemical shift of the hydrogen spectra; 1.05, 1.02 and 0.89 ppm. The HSQC spectra
also facilitate the identification of C-12 at 24.7 ppm with a direct correlation with the

multiplet at 0.98 ppm.



TABLE 1.2- 'H NMR and 13 C shifts assigments for comound 1.30.

Position

© 00 N o o b~ W DN

N B R R R R R R R R
O © ® N o U b W N R O

'H NMR: &(ppm), J(Hz)

3.79 (d, J =6.5)

2.56 (d, J =14.1); 1.74-1.65 (M)
2.76 (m)

2.27 (d, J =16.1); 2.18 (d, J =16.2)

2.50 (d, J =16.1); 2.34 (d, J =16.2)
1.02 (s)

1.05 (s)

4.86 (d, J =17.0); 4.17 (d, J =17.0)
5.83 (d, J=8.1)

3.73 (m)

1.74-1.65 (m); 1.42-1.32 (m)
1.74-1.65 (m); 1.41-1.32
1.20-1.11 (m)

0.98 (m)

0.89 (t, J =5.2)

13C NMR: &(ppm)
60.6
33.0
30.3
155.0
194.4
50.2
33.1
32.4
136.6
28.7
28.4
53.9
48.4
25.8
25.4
24.9
24.3
12.1
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The scope of the one pot organocatalytic- multicomponent reaction was

performed under the optimized conditions, that is, first step performed with dimedone

and different aliphatic aldehydes for 48 h. Second step performed with either aliphatic

amines or amino acid and isocyanides in microwave for 15 min at 70°C.

As shown

in SCHEME 1.24, several

hydroquinolin-5-ones were

produced by variation of three structural elements, i.e. the aldehyde incorporated in

the organocatalytic step, as well as the amine and isocyanide in the I-MCR. As

before, the one-pot processes were performed without isolation of intermediate
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hemiacetal 1.29, but simply carrying out the subsequent I-MCR through addition of
TFE, the amine and isocyanide components immediately after completion of the

organocatalytic step.

Ar -
& HydroqumolmSones 0 s

o ows
10 mol% m RZNHZ R3NC m
+
o 1J CH,Cl, 10°C OH CH,CI,/TFE, MW Il/
R not isolated

Ar= 3,5-(CF3)-CgHs

[Organocatafyﬁc Conjugate Addition/4-Center 3-Component Reaction|

@] .'1 C7H15 (0] _/

| \C'CEHM N N 7<
e

L o)
Ph J\COZMe Ph CO,Me

Me

1.34, 71%, dr. 97:3, 1.35, 75%, dr. >99:1, 1.36, 67%, 92:8 dr 1.37, 69%, >99:1 dr
o C7H15 o o)
o, N N.
\r \K C'C6H11 N™ " Te-CeHyy N ¢-CgHa1q
A A8 A
COZMe
1.41, 65%, >99:1 dr, 90% ee
1.38, 68%, >99:1 dr 1.39, 64%, 70:30 dr, 94% ee 1.40, 59%, >99:1 dr, 97% ee

derived from the use of
enantiomer of catalyst 1.2

SCHEME 1.24- One-pot synthesis of hydroquinolin-5-one.

The stereoselectivity of the multicomponent sequence leading to
hydroquinolin-5-ones 1.34 proved once more to be excellent when the amine is chiral
(a-MeBn and amino acids). As before, NMR evidences proved the cis configuration
for major isomers. The use of either S or R-a-methylbenzyl amine as well as either D-
or L-amino acid methyl esters provided the same stereo-differentiation to the cis
isomers of compounds 1.34-1.38.

An interesting result was obtained when the bulky character of the
achiral amine was increased from cyclohexyl to tert-butyl amine. Thus,
cyclohexylamine gave compound 1.39 with moderate diastereoselectivity (dr. 70:30,
94% ee), while the highly crowed tert-butyl amine rendered 1.40 with excellent
diastereoselectivity (dr. 99>1, 97% ee). This confirms that not only chiral amines, but
also achiral ones with great steric congestion at the a-position can induce
stereoselection in this I-MCR. A further experiment proceeding via the enantiomer of

intermediate hemiacetal 1.29 (prepared using the enantiomer of catalyst 1.2) resulted
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in the highly stereoselective formation of compound 1.41 (dr. 99>1, 90% ee), which is
the enantiomer of 1.40 (dr. 99>1, 97% ee) as revealed by chiral-stationary phase
HPLC and optical rotation analysis. This result confirms the great stereofacial

selectivity (cis addition) when a bulky, eventually chiral amine is used.

1.10.2 Stereoselective organocatalytic multicomponent synthesis of Natural

Product- like hybrids.

Having demonstrated the efficacy of the organocatalytic/ I-MCR
sequence for the stereoselective preparation of molecular hybrids, we focused on the
generation of further skeletal diversity and complexity through variation of the amine
and isocyanide components. To this end, we investigated the possibility of
incorporating natural product fragments of peptidic, lipidic, and saccharidic nature
into piperidine-based hybrid architectures. The SCHEME 1.25 illustrates the one-pot
approach leading to the hydroquinolin-5-one 1.42-1.46 utilizing the enantiomerically

enriched chromenone 1.29.

O\@r

H OTMS

H 10 mol% m R2NH2 RANC jém
CH,Cl, 10°C OH CH,CI,/TFE, MW \r
1.29
Ar= 3,5-(CF3)-CgHs not isolated Hydroqu;nolln 6 ones-Hybrids

‘ Natural Products-like Hybrids Compounds

H/ \)L /LCOZMQ ? f H/ N\)L ’ :co Me

1.42, 52%, >99:1 dr (L-Leu), 64%, 96:4 dr

H"E HN < (D Leu), 61%, 97:3 dr
MeOzg’D MeO,C

\)k ~-C0zMe m \/\/\/\/
n’ ji( il
COZMe
1.45, 59%, 96:4 dr 1.46, 59%, 95:5 dr

SCHEME 1.25- One-pot stereoselective synthesis of natural product hybrids

AcO
OA
oAc ¢

including hydroquinolinone lipidic, peptidic, and sacharidic moieties.
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The isocyanopeptides with the sequences CN-Gly-Ala-OMe, CN-Gly-
Phe-OMe and CN-Gly-lle-OMe used to achieved the hydroquinoline-5-ones 1.42-
1.45 respectively were synthesized following a previous reported procedure.®t A
typical peptide coupling procedure of the methyl esters of aminoacids or the peptide
(for CN-Gly-lle-OMe) with potassium isocyanoacetate salt, in presence of the
coupling reagent 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) afford the isocyanide derived products (SCHEME 1.26).

_ o R’ 1. EtsN, DMF, -10°C, 20 min . 0 R
Con 2. TBTU, 12 h N
N — + _ + , o \N
N\)J\OK Tocl H3N/'\COZMe \)J\N/'\COZMe

1.47 1.48 1.49 1

-

Mechanism for the isocyanopeptide synthesis

SCHEME 1.26- General synthetic route for isocyanopeptide synthesis.

According to the SCHEME 1.26, the peptide coupling starts with the
activation of the potassium salt of isocyanide. The coupling and activating group
TBTU is a well-established reagent for this purpose because it plays a dual role of
activating group and recemisation suppressant.?

For the synthesis of hydroquinoline hybrid 1.45, the synthetic route for
B-glucosyl amine ((AcO)4-B-Glc-NH2) was needed. In these case a two-step reaction
procedure was employed (SCHEME 1.27). In the first one, the formation of the
(AcO)s-B-Glc-N3 was achieved using SnCls and trimethylsilyl azide (TMSN3). The use
of a Lewis acid activates the acetate group in the anomeric carbon of 1.50 which is

eliminated through a neighbouring group effect. The cyclic intermediate is attacked
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by the azide group generating the compound 1.51. The second step of the synthesis
is a catalytic hydrogenation (5% Pd-C, MeOH) to obtain the desire amine 1.52.

OAc
PAc TMSN, OAc Hy
AcO O oac—MCk | aco Q N, B#PIC AcO~ O NH,
AcO OAc  CHCl AcO OAC MeOH OAC
1.50 1.51 1.52
(AcO)s-p-Glc (AcO),-B-Glc-Nj (AcO),-B-Glc-NH,

SCHEME 1.27- Synthesis of B-glucosyl amine.

The synthesis of the isocyanopeptides and sacharidic amine allow us to
introduce diversity and complexity into the hydroquinoline core (see SCHEME 1.25).
As Dbefore, enantiomerically pure hybrids were produced in an excellent
diastereomeric ratio, with the cis isomers as major products. The use of epimeric
dipeptides having either L- or D-Leu at the N-terminus generates the hybrids 1.43
and 1.44 respectively, and both feature the cis configuration. Albeit the complexity of
the isocyanide or amine component, the yields of the novel natural products like
compounds were very good. This procedure also furnished complex natural products
moieties in one pot. Compounds like 1.42, 1.45, 1.46 constitute a rapid way for the

assembly of lipo and glycol-peptidomimetics.

1.11 Conclusions: Chapter 1

A highly stereoselective and one-pot sequence leading to complex
natural product-like was developed. Hydroquinolin-5-ones were obtained in a yield
range of 59-75% and high stereoselectivity (dr. >99:1, >99% ee). From a synthetic
point of view, the present approach can be regarded as an asymmetric
multicomponent ligation process that integrates up to four different molecular
fragments into a single skeleton. This report confirms that the asymmetric
aminocatalytic functionalization of carbonyl compounds is an effective pre-MCR
process capable of providing enantiomerically enriched building blocks for
subsequent multicomponent diversification. The versatility of this diversity-oriented
strategy relies on the vast number of 1,3-dicarbonyls and a,B-unsaturated aldehydes
that could be combined with amines and isocyanides of biomolecular nature. Such a

facile variation of reaction components combines with the great levels of molecular
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complexity available with low synthetic cost. This procedure provides a rapid
generation of diversity and complexity with the formation of four new covalent bonds.
Finally, we envision that other iminium, enamine and N-heterocyclic carbene
organocatalytic processes may be combined with varied MCRs, hence expanding the

repertoire of stereoselective multicomponent cascade reactions.



Chapter 2
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2. Chapter 2

2.1 Introduction: Chapter 2

In this chapter will be discussed the development of a sequential
procedure comprising two cascade events that lead to novel and structurally complex
tetrahydropyridines (THPs) in high enantio and diastereoselectivity. The process
encloses an asymmetric Michael addition to a,B-unsaturated aldehydes followed by I-
MCRs (FIGURE 2.1). Thus, this chapter is organized in a short introduction about the
importance of THP heterocycles and the different synthetic methods for obtain this
compounds. We also discuss about the metal-mediated post-Ugi transformations for
heterocyclic scaffolds construction, followed then by the chapter objective’s, results

and discussion and final remarks.

Stereoselective Multicomponent Pentasubstituted I
Approach Tetrahydropyridines

FIGURE 2.1.1- General methodology of the synthesis of THPs.

2.2 Importance of Tetrahydropyridines

The THPs have been recognized as a major constituent of naturally
occurring alkaloid. In recent years have received massive attention as a promising
building block for numerous natural and synthetic molecules. This nitrogen-containing
heterocycle are among the most common structural motifs in bioactive compounds.83
These compounds are important heterocycles present in many molecules of natural
and non-natural origins. For instance, alkaloids such as 2.1 isolated from Leuconotis

griffithii display moderate cytotoxicity against drug-sensitive and vincristine-resistant
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human KB cells.®* Other compounds such as 1-(1,4,5,6-tetrahydropyridin-2-
yl)ethanone 2.28 and betanin 2.3% are used in food industry, as aroma and dye,
respectively (FIGURE 2.2). Furthermore (E)-Pandamarilactonine-32 (2.4) is an
alkaloid obtained from Pandanus amaryllifolius, whose extracts have been used as
flavours but also in traditional medicine in Asia, because of their antioxidant,

antibiofilm, and anti-inflammatory activities.

FIGURE 2.2.1- Examples of natural and non-natural tetrahydropyridines derivatives

compounds.

On the other hand, non-natural THPs are also of great interest. For
example, compound 2.5 bearing a THP ring attached to a pyrrole nucleus can act as
an antiinflammatory agent with superior activities compared to the corresponding
piperidine and pyridine analogues.?’” The ester 2.6, function as an antagonist for M5
muscarinic acetylcholine receptor, a potential target for the treatment of drug
abuse.8

Apart from that, compounds with THP molecular fragment have found to
possess another biological and medicinal activities such as antimicrobial,®® anti-

influenza,®® analgesic,®* hyperglycemic,®? antimalarial,®® etc.
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2.3  Synthetic strategies for the asymmetric preparation of THP

As was previously mentioned THP compounds basically contain a
heterocyclic fragment made up of a cyclohexene ring possessing nitrogen as hetero
atom. They can be substituted at almost all the six position of heterocyclic ring
providing huge variety of its derivatives. Since THPs non-planar ring comprise Csp?
carbon atoms, many of them are chiral, rendering the development of methods to
control them. To overcome these loads, the concept of MCRs and organocatalysis
has emerged some extremely powerful strategies to achieve stereocontrol.

One of the must adopted methods not only in organic synthesis in
general, but also more specifically in organocatalysis is the Mannich reaction, which
constitute an addition of an enol or enolate to an imine.% In this sense, the first
strategy to attain THPs via a Mannich reaction was to use 1,5-dialdehydes synthetic
equivalents in the presence of proline derivatives. In 2008, Xu and co-workers
showed that inexpensive aqueous tetrahydro-2H-pyran-2,6-diol could interact with
(S)-proline 1.1 to afford an intermediate enamine able to trap diversely substituted N-
(p-methoxyphenyl) aldimines (SCHEME 2.1).%°

The authors suggest that initial Mannich reaction is followed by
hemiaminal formation and dehydration to afford 1,2,3,4-THPs (SCHEME 2.1) in
moderate yields but with complete diastereoselectivities and very high enantiomeric

eXcesses.
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THPs by organocatalyzed Mannich reaction
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OMe OMe OMe OMe OMe
28, 74% 2.9, 65% 2.10, 63% 2.11,51% 212, 61%
25:1 dr, 98% ee 25:1 dr, 98% ee 25:1 dr, 98% ee 25:1 dr, 94% ee 251 dr, 94% ee
«CHO \CHO WCHO \CHO CHO
Br F
Cl Br
F
OMe OMe OMe OMe OMe
2.13,61% 2.14, 39% 2.15, 55% 2.16. 61% 217, 60%
25:1 dr, 92% ee 25:1 dr, 95% ee 25:1 dr, 94% ee 25:1 dr, 99% ee 251 dr, 96% ee
~CHO \CHO .CHO CHO

é CC
OMe

OMe OMe OMe
2.18, 54% 2.19, 43% 2.20, 56% 2.21, 21%
25:1 dr, 91% ee 25:1 dr, 85% ee 25:1 dr, 92% ee 25:1 dr, 69% ee

SCHEME 2.1- Synthesis of THPs by (S)-proline-catalyzed Mannich reaction.

Remarkably, organocatalysts that do not hold an acidic proton failed to
provide the final product, pointing towards a bifunctional activation mode where the
carboxylic acid function interacts with the nitrogen atom of the imine. The aldimines
obtained from enals or aliphatic aldehydes performed very poorly compared to their
aromatic congeners. The SCHEME 2.2 illustrate the mechanism for the proline
organocatalyzed Mannich reaction. Initially 2,6-diol could interact with (S)-proline to
afford an intermediate enamine able to trap diversely substituted N-(p-
methoxyphenyl)aldimines. The initial Mannich reaction is followed by hemiaminal
formation and dehydration to afford 1,2,3,4-THPs.
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SCHEME 2.2- Mechanism for the THP synthesis using the Mannich reaction.

In 2011 Xu et. al.% reported the cascade a multicomponent combination
of two molecules of linear -keto esters, two molecules of formaldehyde and
substituted anilines could assemble in a pseudo-five-component reaction, in the
presence of proline 1.1 to deliver 1,4,5,6-THPs 2.22-2.33 in moderate yields and
enantiomeric excesses, the absolute configuration of which has not been determined
(SCHEME 2.3). The authors claim that the enantioselective step consists in the
addition of a chiral but not configurationally stable proline-derived enamine to the
imine. As expected, the generation of multiple covalent ligations during the reaction

was very efficient. In this course three C-C bonds and two C-N bonds were formed.
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SCHEME 2.3- Proline-catalyzed pseudo-five-component synthesis of 1,4,5,6-THPs.

Nitroolefins are exceptionally efficient Michael acceptors for
enantioselective organocatalysis and they can serve as the starting point to prepare
enantioenriched THPs. The group of Sun and Lin published a study where
nitroolefins were at first combined with enolizable aldehydes in the presence of
secondary amine organocatalyst 1.11 and p-nitrophenol as cocatalys.®’ In a second
time, an aza-Henry reaction followed by cyclization delivered the 1,2,3,4-THPs 2.35
and 2.35a. In the first case, the imine engaged in the aza-Henry reaction catalyzed
by 2.34 was produced in situ by adding p-methoxy aniline that combines with the
excess aldehyde obtained as the Michael product (SCHEME 2.4). The formation of
compound 2.35a it is barely formed in comparison with 2.35 (20:1 ratio) affording an
excellent chemeoselectivity.

The authors pointed that B-aryl-nitroethylenes with an electron donating
or an electron-withdrawing group could be converted in the corresponding THP with
moderate yields and excellent enantioselectivity. This dual-catalyst-promoted
asymmetric cascade reaction were observed for a broad spectrum of substrates

under mild conditions.
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SCHEME 2.4- Synthesis of THPs initiated by a Michael addition and with dual-

catalyst asymmetric cascade.

In 2015 the Constantieux’s group investigated the potential
regioselectivity of a multicomponent organocatalytic Michael addition of a,
unsaturated aldehydes with dicarbonyl compounds.®® The starting point of this
transformation was the combination of the above mentioned ones and a
functionalized amine (SCHEME 2.5).

With aromatic enals as electrophiles and 2-aminophenols as the third
reaction partner, the THPs were formed in moderate yields, notably better with more
activated Weinreb -ketoamides, but with very high stereoselectivities (SCHEME 2.5).
The THP final compounds obtained from an enal bearing an electron-donating group
in para position was obtained with slightly reduced enantiomeric excess, electron-
neutral and -poor enals afforded products with good enantioselectivities; meta-
substitution was also well tolerated, as shown for product, but, in the case of ortho-
substituted cinnamaldehydes or aliphatic enals, the reaction was sluggish, with only
small amounts of product identified. This work represents the first route to A?-
substituted tetrahydropyridines based on an enantioselective MCR. The moderate
yield reported is comprehensive in view of the complexity of the MCR that installs
four new bonds, but with complete regioselectiviies and very high

diastereoselectivity.
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SCHEME 2.5- Use of tertiary -ketoamides as pronucleophiles to the synthesis of
THP.

2.4  Metal-catalyzed post-Ugi reactions for the synthesis of heterocyclic

scaffolds

As mentioned before the Ugi-4CR is by far one of the most
extraordinary multicomponent reaction leading to high structural and molecular
complexity. The U-4CR has remained as one of the highly investigated reactions for
generating multifunctional adducts, owing to the mildness of the reaction conditions,
the wide application scope and the high variability associated with it. Moreover, it

provides an opportunity for an innumerable of post-transformations depending on the
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functional groups introduced during the MCR, thus leading to the synthesis of several
pharmacologically important heterocyclic scaffolds, mostly in two operational steps.
Besides the well-known post-Ugi transformations such as Ugi-deprotection
cyclization (UDC), acid—base catalyzed cyclizations, cycloadditions,
macrolactonizations, SNAr and SN2 reactions,®® the metal-catalyzed transformations
directed towards the synthesis of diverse heterocyclic scaffold is a very attractive
field. Due the very extensive literature about metal-catalyzed post-Ugi
transformations, this section is limited to Ugi-Heck and Ugi-arylations reactions.

2.4.1 Ugi- Heck reactions

The Heck—Mizoroki cross-coupling (HM) reaction is an important part of
the synthetic chemist’'s toolbox and it has been applied to a huge variety of
substrates. This transformation belongs to the family of Pd-cross coupling reactions.
Usually, palladium- (Il) species are chosen as starting material because of their
higher stability. Such compounds are then reduced in situ to palladium (0) species
which enter the catalytic cycle. The reaction mechanisms are quite well understood
and, especially in the case of Pd complexes, are considered to be organometallic in
nature, taking place in the coordination sphere of the metal. Although, generally
speaking, there are two types of Pd cross coupling reaction that have become
important in organic synthesis (FIGURE 2.3).

R‘l
S LI ra 1
- R
electrophilic  nuclephilic

partner partner organopalladium
intermediate

Pd(0) R
RX + MR ———» R-R Pd”
electrophilic nuclephilic R
partner partner organopalladium

intermediate
M= zinc, boron, or tin

FIGURE 2.4.1- General catalytic cycle for the Pd cross-coupling reactions.

In the specific case of the HM after the oxidative addition, the

palladium(ll) species react with the olefin (nucleophilic partner). This results in a
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carbometallation reaction to generate palladium(ll) alkyl complex. Elimination of
palladium hydride from complex furnishes the desire product and base assisted
elimination of HX from palladium(ll) complex regenerates the active palladium (0O)
catalyst to regenerate the catalytic cycle again (FIGURE 2.4).

Heck-Mizoroki
Cross Couplig Reaction

2L, Pd"

l

reductive L,Pd° R'-X oxidative
elimination addition

L. X Il R?
~ s |_\
2 /Pd\ Pd: 2
/\/R L i X R
R ﬂ
syn 3
hydride
elimination R’
xLPd! R? Y R?

I
E[ L=Fa—|
\dXLPd Palladlum
% n-complex

migratory
syn insertion

FIGURE 2.4.2- Heck-Mizoroki reaction mechanism.

The combination of the Heck reaction, with the Ugi reaction has been
employed for the synthesis of pharmacologically important scaffolds. An interesting
report by Gracias and co-workers in a sequential one-pot Ugi—Heck cyclization
approach, whereby the ring size and periphery features of the products were
effectively controlled based on the choice of the bi-functional starting materials
(SCHEME 2.6).1%0 Utilizing o-bromo benzaldehyde with unsaturated acids as alkene
source, isoquinolines 2.46-2.48 with an olefin-containing spirocyclic system or an a,[3-
unsaturated system were obtained using Pd(OAc): as catalyst, PPhs as ligand, EtsN

as base in MeCN at 125°C under microwave irradiation for 1 h.
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Ugi-Heck product

0O

CHO
N
S
Br L 1- MeOH, r.t, 36-50h

.
/
'
v
.
+

2- CH3CN, EtsN, Pd(AcO),,

NH, NC
PPhs 125 °C, 1h

Carboxilic acid Scope for the Ugi-Heck reaction

N~ ™0 N~ ~0 N~ ~O
0] (0] o]
2.46, 97% 2.47,98%, 81 dr 2.48,91%, 10:1 dr

SCHEME 2.6- Sequential Ugi-Heck reaction for the synthesis of isoquinolines.

3
s

Another example of the HM reaction for the synthesis isoquinoline
scaffolds was elaborated by Yan and co-workers.'%* The first step in this sequence is
a Pd-catalyzed intramolecular Heck reaction followed by a Pd-catalyzed double bond
isomerisation of the Ugi adduct generated by reacting N-allylamine either with o-
halobenzoic acids or with o-halobenzaldehydes (SCHEME 2.7). The catalytic system
consisting of Pd(OAc)2, PCys and N-methyldicyclohexylamine as unique base in
dimethylacetamide (DMA) provided access to a variety of isoquinolines in good to

excellent yields.
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SCHEME 2.7- Synthesis of substituted isoquinoline compounds.

The indole scaffold belongs to a class of heterocycle which display
important biological activities. Therefore, the synthesis and functionalization, of
indoles have been the object of research for over one and half century.92

Umkehrer and co-workers'®® developed an efficient Ugi—Heck
combination for combinatorial library production of indol-2-ones bearing four points of
diversity using acrylic acids (SCHEME 2.8) as one of the Ugi substrates. In this novel
one-pot solution phase synthesis, the starting materials for Ugi reaction were stirred
at 50°C for 24 h in TFE (polar protic). Afterwards, the solvent was changed to MeCN
and 10 mol% of Pd-catalyst was added which provided the desired products in
moderate yields after 16—24 h of stirring at 80°C. The synthetized compounds (2.59-

2.67), were isolated as isomeric mixtures with moderate to good yields.
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SCHEME 2.8- Synthesis of indolones via one-pot Ugi-Heck.

2.4.2 Ugi- Arylation reactions

In order to increase the construction of pharmaceutically relevant cyclic
scaffolds intramolecular (C-, O- and N-) arylation reactions have been combined with
the Ugi-4CR.

In 2004, Zhu and co-workers!%4 described an efficient methodology for
the construction of two differen heterocyclic scaffolds from the linear Ugi-adduct 2.68
(SCHEME 2.9). They exploiting the different catalytic behavior of Pd- and Cu-
catalysts. While Pd triggered a domino intramolecular N-arylation/C—H activation/
aryl-aryl bond-forming process, Cu promoted only the intramolecular N-arylation

leading to the formation of 1,4-benzodiazepine-2,5- diones 2.69. The optimized
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reaction conditions involved the use of Cul as catalyst and thiophene-2-carboxylic
acid as a ligand in DMSO at 110 °C for 15 h.

| Cul(10 mol%),
@ U-4CR \[H\ thiophne-2carboxylic acid (20 mol%)
CO,H R1 CHO " }@ K,CO35 (2 equiv)

o
DMSO, 110°C, 15 h

R2—NH,
R3—NC

2.69

14 examples
50-99 %

SCHEME 2.9- Cu(l)-catalyzed synthesis of 1,4-benzodiazepine-2,5-diones.

A few years later, the authors have reported an efficient methodology to
access functionalized oxindoles 2.71 via Pd-catalyzed intramolecular amidation
(intramolecular Buchwald—Hartwig reaction) of Ugi substrates 2.70 under microwave
irradiation (SCHEME 2.10).1% |Initially, the cyclization was tried with a Cu-catalyst;
however, the yield could not be increased beyond 42%. Thereafter, the reaction was
optimized under using Pd(dba): as the catalyst and Me-Phos as the ligand of choice,
giving the 2-oxindoles in moderate to excellent yields (60-99%). Sterically hindered
amides and iodides were well tolerated and no competitive C—H activation process

leading to formation of dihydrophenanthridine was observed in the course of reaction.

’ Intramolecular Buchwald-Hartwig Reacti0n|

R4
-U-40R | _R? Pd(dba), (5 mol%) '
@: ’ HN Me-Phos (5 mol%) SN

| o
R CHO  R?—NH; R o KoCO5 (2 equiv) R/ = S
o _N 0 Toluene/ ACN (3:1) 2N
I R Y MW, 100°C R \ﬁa
R “OH 2.70 R® 2.7
R*—NC 14 compounds

yield: 60-99%

R?, R®= alk, Ar
R*= t Bu, Cy, Bn

SCHEME 2.10- Palladium-catalyzed intramolecular Buchwald-Hartwig reaction.
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2.5 Objectives: Chapter 2

The THP skeleton as mentioned above is of wide occurrence in natural
alkaloids and medicinally important synthetic compounds. The synthesis of this
compounds could be achieved by an organocatalytic cascade and multicomponent
sequences. Inspired by this successfully process, we aimed in this chapter to
extending the scope of a powerful Ugi-type MCR described by our group to the
stereoselective synthesis of THPs. This I-MCR encompasses the condensation of a
bifunctional substrate (hemiacetal), having an aldehyde and a conjugated enol, with

an amine and an isocyanide.
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2.6 Results and discussion: Chapter 2

2.6.1 Stereoselective sequential organocascade and multicomponent approach

for the synthesis of THP

We describe the development of a sequential procedure comprising two
cascade events that lead to novel and structurally complex THPs in high enantio and
diastereoselectivity. As shown in FIGURE 2.5 our strategy differs from previously
reported examples °79 in both the initial organocatalytic conjugate addition and the
final cyclization step, which comprises a new isocyanide-based MCR (I-MCR).
Hence, we prove that the amine and the isocyanide are the key components for the

generation of structural diversity and complexity at this novel THP scaffold.

TETRAHYDROPYRIDINE
R,

EWG. -
X)),k
N

Ph” N" ™ R®

RZ O

FIGURE 2.6.1- One-pot multiple bond-forming for the stereoselective synthesis of
chiral tetrahydropyridines.

We previously mentioned that the use of enantiopure chiral aldehydes
derived from organocatalytic transformations as substrates in stereoselective MCRs
is an emerging field of research.1% In this chapter we adapt the protocol of one-pot
cascade approaches comprising asymmetric Michael additions to o,B-unsaturated
aldehydes followed by I-MCRs to THP synthesis.

The first issue consists in the optimization of the organocatalytic
conjugate addition of benzoyl acetonitrile to cinnamaldehyde using 10 mol% of 1.2 as
organocatalyst and 20 mol% of 3,5-dinitrobenzoic acid with some modifications of the
previously reported procedurel®” i.e., changed the solvent, catalyst and reaction time
(TABLE 2.1).
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TABLE 2.1- Optimization of the organocatalytic step.

1.2 ©
(10 mol%)
o DNBA NC
NC\)‘\© + ~ _0 (20 mol%) |

Conditions o OH
2.72
Entry Solvent Temp. /°C Time/h Yield 2.72 (%) ee (%)°
12 Toluene 0 48 70 90
22 DCM -10 3 40 92
32 Toluene -20 20 80 95
42 DCM -20 20 65 91
5d Toluene -20 (MW) 0.5 70 96

[a]Reaction performed with 1.12 (10 mol%), 3,5- dinitrobenzoic acid (20 mol%), cinnamaldehyde (0.10
mmol; 1 eq), benzoacetonitrile (0.15 mmol; 1.5 eq). [b] Determined after purification. [c] e.e was
determined by HPLC analysis on a chiral stationary phase column. [d] Reaction performed with 1.12
(10 mol%), 3,5- dinitrobenzoic acid (20 mol%), cinnamaldehyde (0.10 mmol; 1 eq), benzoacetonitrile

(0.15 mmol; 1.5 eq) in tolulene under microwave irradiated (300 W) at -20 °C for 30 min.

In this case the better conditions for the organocatalytic process were
the corresponding to entry 5, albeit, the use of toluene at -20 °C could for 20 h it is
also an excellent condition. This results lead us to hypothesised a one-pot

formulation for the overall process.
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TABLE 2.2- Optimization Studies for the One-Pot Organocatalytic Conjugate
Addition/4-Center 3-Component Reaction.

Ph NH, Ph

T u-1d NC -

Ph)K/ Condition n MCR 7Ph N rN
Ph™ "0" "OH Condition 4\'0

2.72
Not Isolated 2.73

Entry(c] Solvent Temp(°C)  Time (min) Yield 2.73 dr ee273
(%)Ml 2.73€ (%)M

1a9 TFE 70 5 40 20:1 96
239 TFE 70 10 60 20:1 96
329 TFE 70 15 65 20:1 96
4239 TFE 70 20 71 20:1 96
5a9 TFE 70 40 76 10:1 96
629 TFE 60 20 65 20:1 96
729 TFE 85 20 61 9:1 96
8ag EtOH 70 20 35 9:1 96
1029 THF 70 20 23 9:1 96
1129 Toluene 70 20 36 9:1 96
1209 TFE 70 20 69 20:1 96

[a] Condition A: Reaction performed with catalyst 1.12 (10 mol%), 3,5- dinitrobenzoic acid (20 mol%),
cinnamaldehyde (0.10 mmol; 1 eq), benzoacetonitrile (0.15 mmol; 1.5 eq) in tolulene at -20° C for 20h.
[b] Condition B: Reaction performed with catalyst 1.12 (10 mol%), 3,5- dinitrobenzoic acid (20 mol%),
cinnamaldehyde (0.10 mmol; 1 eq), benzoacetonitrile (0.15 mmol; 1.5 eq) in tolulene under microwave
irradiated (300 W) at -20 °C for 30 min. [c] Reactions performed on 0.15 mmol scale and 2.0 mL total
volume of solvent under microwave irradiation [d] Isolated yields after purification. [e] d.r. was
determined by 'H NMR analysis of the crude product. [f] ee was determined by HPLC analysis on a
chiral stationary phase column. [g] Multicomponent reaction performed with addition of amine (0.15

mmol), isocyanide (0.15 mmol) and a mixture toluene/Solvent (1:1), with MW irradiation 20 min,70 °C.

Alternatively, we found that this first step could also be carried out
under microwave irradiation (300 W) at -20 °C for only 30 min in good yield and
excellent enantioselectivity. As depicted in TABLE 2.2, the subsequent
multicomponent step was performed by adding trifluoroethanol (TFE) to the solution
of cyclic hemiacetal 2.72 to reach a toluene/TFE 1:1 (v/v) solvent mixture, followed by
addition of the amino and isocyanide components and stirring under microwave
irradiation at 70 °C for 20 min.

The use of TFE - a polar protic solvent - is crucial for the success of the
multicomponent event, as it is known from Ugi-type reactions based on
isocyanides.'%® However, other nucleophilic alcohols such as MeOH and EtOH are

not permitted, as a concomitant conjugate addition of the solvent can take place.
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Overall, the one-pot procedure is completed within 50 min -i.e., the first
organocatalytic reaction for 30 min and the multicomponent one for 20 min - to
furnish the THP derivatives in good yields after purification.

The FIGURE 2.6 Illustrate the proton NMR spectra for the
tetrahydropyridines 2.73. Taking close look, we can appreciate a few signals that
allow us to see atl.1ll ppm a singlet integrated to 9H of the tert-butyl group
incorporated by the amine component. It is also noted at 5.4 ppm a doublet
integrated to 1H and with a coupling constant of 8.1 Hz that correspond to NH of the

amide bond formation.

) L | ML U
N T A L o b s
S & 8 858 g7 8RHLR8
5 < = SOS b
12.0 11.5 11.0 10.5 10.0 2.5 9.0 8.3 8.0 7.3 Z0 6.3 % 4.0 3.3 3.0 2.3 2.0 1.5 1.0 0.5

FIGURE 2.6.2- 'H NMR spectra for compound 2.73.

As shown in SCHEME 2.11, THPs (2.74- 2.81 and 2.86) were produced
with good to excellent enantio and diastereoselectivity by incorporating a variety of
aliphatic and aromatic amines as well as commercially available isocyanides. Of
note, the use of bulky amines, e.g., t-Bu and o-substituted aniline, led to excellent
enantio and diastereoselectivies. Alternatively, the employment of chiral amines,

such as the R and S-methylbenzyl amines as well as alanine and phenylalanine
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methyl esters, furnished the THPs (2.82 - 2.85) in enantiopure form and excellent
diastereoselectivity.

While the substrate scope of the amino and isocyanide components is
remarkable, including amino acids and isocyanoacetate derivatives, the one-pot
procedure worked well only with a,B-unsaturated aldehydes bearing an aryl
substituent as R!. Thus, the THPs were readily produced either using
cinnamaldehyde and their derivatives (2.76, 2.77 and 2.78), but they could not be
obtained when R! was an aliphatic substituent. Furthermore, this protocol also
allowed the introduction of molecular diversity by means of substituted -keto nitriles
and a B-keto ester analog. Gratifying, compounds 2.79, 2.80 and 2.81 were obtained

in good yield and high stereoselectivity.

R.
o Re TFE, MW, 300 W, [N
fo) 1.12 (10 mol%), DNBA (20 EWG = 20 min,70 °c
R4
R

.. N
toluene, -20°C, MW, 30 min R 0" “OH NH;  nc R™ N™ 7 Ry
R3 R4 (o]

Not Isolated

[One-Pot Organocatalytic Conjugate Addition/4-Center 3-Component Reacﬁon]

Br

NG Q?NOE @ - @Bf ©
NC._A
PhIE{lIE/H\K PhI)NE"'fO vah Ph{jl\(\"’jo H‘O Ph:EE HO

2.74, 55%, 20:1 dr, 98% ee 2.75, 78%, 20:1 dr, 95% ee 2.76, 54%, 20:1 dr, 96% ee .77, 56%, 20:1 dr, 91% ee

G ¢ L

CO Me
2.78, 59%, 20:1 dr,>99% ee 2.79, EWG= -CN, 58%, 2.81, 57%, 20:1 dr, 80% ee 2.82,61%, 20:1 dr

20:1 dr, 89% ee

2.80, EWG= -CO;Et, 48%,
10:1 dr, 90% ee
| H
“ty CO Me COQMG N vrry N
Ph i Ph 2 Ph g \]<
I\ O L lr | @)
| COZME =T CH3
Ph
2.83, 52%, 20:1dr 2.84,68%, 91:9.dr 2.85, 60%, 87:13 dr 2.86, 60%, 20:1 dr, 99% ee

5--@

SCHEME 2.11- Organocascade and multicomponent synthesis of THP.
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2.6.2 Stereoselective synthesis of chimeric THP derivatives

The conjugation of THPs to other chemically or biologically relevant
molecules is a common approach in the pursuit of interesting biomedical and
chemical applications.'®® This conjugation could also mimicry the bioactivity of natural
occurring molecules and also improve the performance of the separate building
blocks.

Based on this statement the structural diversity and complexity derived
from the variation of the amino and isocyanide components are notable, thus
enabling the preparation of chimeric THP derivatives incorporating very complex
biomolecular fragments.

As depicted in the SCHEME 2.12, enantiomerically pure chimeric THP
derivatives were efficiently produced in one-pot by reaction of cyclic hemiacetal 2.72
— derived from the organocatalytic step — with amine and isocyanides of steroidal,
peptidic and monosaccharidic nature. Thus, THP-cholesterol derivative 2.87 was
obtained with excellent diastereoselectivity by incorporation of cholesteryl
isocyanide!!® and 3,5-dimethoxyaniline. The synthesis of N-glycosyl THP 2.88, using
peracetylated glucosyl amine, proved the possibility of incorporating sugar residues
also with excellent diastereoselectivity. Similarly, the THP-peptide chimeras 2.89 and
2.90 — featuring the heterocycle embedded midway the peptide skeleton — were
produced almost as a single stereoisomer using amino acid methyl esters and
peptides as amino and isocyanide components, respectively. The use of
functionalized isocyanoacetates!! furnished another class of hybrid compounds 2.91
and 2.92 with allyl and propargy! scaffolds. The yields and enantioselectivities were
excellent taking into consideration that four new bond are formed and complexity of

the final product.
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THP Functional Chimeras

r Ph

© |
co,Me 0" "NH

2.90, 58%, 96:4 dr 2.91, 53%, 20:1 dr, 95% ee |

/_
Iz
0]
>..
=

jl\/j “, NI COaMe j\/j E N

2.92, 58%, 20:1dr, 92% ee

SCHEME 2.12- Small collection of THP-Chimeric compounds.

2.6.3 Novel post MCR derivatizations

In the previous section was mentioned the importance of the
conjugation and synthesis of THP-hybrid compounds. We mentioned also that post-
modifications of the U-4CR provide the synthesis of diverse and relevant scaffolds.

In this context, to extend the synthetic applications of this sequential
multi bond-forming approach, we turned to implement post-MCR (macro)cyclization
procedures. For this, we took advantage of the functionalities installed at R® and R*
of the THP ring during the I-MCR.
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Liquid-phase Bis-amidation-Biology- Oriented Synthesis of Complex Macrocycles

Ph Ph
e NC

| oo 1. LIOH, THF/H,0 Ij y

" N 2. PyBOP, DIPEA

PN 4 NN d o PNt ;L

l\ o 4, O Oﬁ)\ o NH

Me"' “CO,Me I\ HaN o~ ~NH2
2,93 HN 5 adico lenta &_\ ﬁ/'\/\
So,me  DOMIDMF

294, 41%

Intramolecular Cross-Coupling Reaction- Diversity-Oriented Synthesis of

Complex and Strained Macrocycles

: Ph Ph

NC H H
O, e DL TR

HN or
¥O
= NH
291, R=—CH=CH,
292, R=—C=CH 2.95, 45%, 94% ee 2.96, 52%, 87% ee

(a) For 2.91: Pd(OAc), (5 mol%), PPh; (10 mol %), CHaCN.
(b) For 2.92: Pd(PPhs3)2Clz (1 mol%), Cul (2 mol%), CHsCN/EtsN

Intramolecular Buchwald-Hartwig Reaction-Synthesis of Privileged Byciclic Structure

Bh Bh

ch\/j NC
Pd(dba),, 5 mol%
r . "’°
Xantphos, 5 mol%
KoCO3 2 equiv.
CH3CN/H,0

2.89 2.97,61%, 97% ee

SCHEME 2.13- Synthesis of THP conjugates by post-MCR derivatization.

As depicted in SCHEME 2.13, the THP-peptide chimera 2.90 was
subjected to mild saponification (compound 2.93 is obtained) and subsequent
macrocyclization with ethylendiamine by a double lactamization using PyBOP/DIPEA
to produce the chimeric THP-peptide macrocycle 2.94 in 41% overall yield. The
design of compounds 2.91 and 2.92 — incorporating propenyl and propargyl peptide
substituents, respectively, as well as an o-iodo-phenyl group at the neighboring
position — aimed at conducting subsequent Pd-catalyzed ring closing reactions. Thus,
macrocycles 2.95 (45% vyield) and 2.96 (52% vyield) were obtained by Heck and
Sonogashira cyclization protocols, respectively.1%9112 Finally, THP 2.89 was
submitted to intramolecular Pd-catalyzed N-arylation using typical Buchwald-Hartwig
conditions''3 to render the polycyclic THP derivative 1142.97 in 61% yield.

These interesting modifications achieved in this section, were planned
by the incorporation of different functional group during the multicomponent
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synthesis. Notice that for compound 2.96 a little racemisation occurred during the
Sonogashira coupling. The formation of the macrocyclic compounds 2.95 and 2.96
were detected by *H NMR. For instance, the trans isomer of compound 2.95 was the
compound detected, in this case the alkene protons appear as a doublet in 6.8 ppm
and with coupling constant of 15 Hz, indicating the trans configuration of the final

product.

2.7 Conclusions: Chapter 2

Summarizing, we have developed a powerful one-pot approach
comprising an organocatalytic cascade followed by a multicomponent reaction, which
was successfully used for the stereoselective synthesis of THPs and chimeric
derivatives including peptidic, saccharidic and steroidal substituents. The method
proved good to excellent enantio- and diastereoselectivity with the use of bulky and
chiral amines. The installation of suitable functionalities at the THP skeleton enabled
post-multicomponent macro- and polycyclizations, by means of lactamization and Pd-
catalyzed ring closing procedures.



Chapter 3
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3. Experimental Section

3.1 Experimental Section of Chapter 1

General Remarks

Melting points are uncorrected. 1H NMR and 13C NMR spectra were
recorded at 400 MHz for 1H and 100 MHz for 13C, respectively. Chemical shifts (d)
are reported in parts per million relatives to the residual solvent signals, and coupling
constants (J) are reported in hertz. High resolution mass spectra (HRMS) were
recorded using electron spray ionization (ESI) (Hybrid linear ion trap—orbitrap FT-MS
and QqTOF/MS — Microtof — QIl models). Flash column chromatography was carried
out using silica gel 60 (230-400 mesh) and analytical thin layer chromatography
(TLC) was performed using silica gel aluminum sheets. Visualization of the
compounds was achieved by UV , vanillin solution or KMnO4 .HPLC chromatograms

were obtained on an apparatus with a LC-10AT Pump, SPD-10AUV-Vis Detector,
SCL-10A System Controller, using a Chiralpak AD-H (4,6 mm@ * 250 mmL, particle
size 5 ym), Chiralpak OD-H (4,6 mm@ * 250 mmL, particle size 5 ym), Chiralpak OJ-

H (4,6 mm@ * 250 mmL, particle size 5 um), Chiralpak AS-H (4.6 mm@ * 250 mmL,
particle size 5 um). Optical rotations were measured with a Polarimeterat 589 nm, 20
°C.

3.1.1 General one-pot reaction procedure A

The 1,3-dicarbonyl compound (0.25 mmol, 1 equiv.) was added to a
stirring solution of catalyst 1.12 (0.025 mmol, 0.1 equiv.) and a,B-unsaturated
aldehyde (0.33 mmol, 1.3 equiv) in CH2Cl2 (0.5 mL) at 10 °C in a 10 mL glass tube.
The reaction mixture was stirred at that temperature for 48h and then allowed to
reach room temperature. Trifluoroethanol (0.5 mL), the amine (0.33 mmol, 1.3 equiv.)
and the isocyanide (0.33 mmol, 1.3 equiv.) were added and the glass tube was
sealed and introduced in the microwave reactor. NEts (0.33 mmol) was added when
a amino acid and peptide methyl ester hydrochlorides were employed as amino
components. The flask was irradiated for 15 min (300 W) under high-speed magnetic

stirring, while the temperature was raised up to 70 °C. The reaction course was
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monitored by TLC, and additional cycles of 15 min were applied in cases of poor
consumption of the starting material. The volatiles were concentrated under reduced
pressure and the resulting crude product was purified by flash column

chromatography.

3.1.2 General one-pot reaction procedure B

The 1,3-dicarbonyl compound (0.25 mmol, 1 equiv.) was added to a
stirring solution of catalyst 1.12 (0.025 mmol, 0.1 equiv.) and q,B-unsaturated
aldehyde (0.33 mmol, 1.3 equiv) in CH2Cl2 (0.5 mL) at 10 °C. The reaction mixture
was stirred at that temperature for 48 h and then allowed to reach room temperature.
Trifluoroethanol (0.5 mL), the amine (0.33 mmol, 1.3 equiv.) and the isocyanide (0.33
mmol, 1.3 equiv.) were added and the reaction mixture was stirred at room
temperature for 36 h. The volatiles were concentrated under reduced pressure and
the resulting crude product was purified by flash column chromatography.

3.1.3 One Pot Synthesis of hidroquinolin-6-ones 1.30-1.46

Compound 1.30: Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 pL, 0.33
mmol), benzylamine (36 pL, 0.33 mmol) and cyclohexylisocyanide (41 uL, 0.33
mmol) were reacted according to the general one-pot procedure A. Flash column
chromatography purification (n-hexane/EtOAc 1:1) afforded the diastereomers cis

(47.5 mg, 45%) and trans (34 mg, 32%) of compound 5a as pale yellow oils.

o 7 cis: Rr = 0.33 (n-hexane/EtOAc 1:1).[a]¥ -62.1 (c 6.0,

5 N acetone, 20°C). H NMR (400 MHz, CDCls): 8 = 7.38-7.27

TTE R{“’qr“ (m, 3H, Ph); 7.10 (d, J = 7.2 Hz, 2H, Ph); 5.83 (d, J=8.1 Hz,
12 13 o
Ph

1H, H-14); 4.86 (d, J= 17.0 Hz, 1H, H-13a); 4.17 (d, J = 17.0
Hz, 1H, H-13b); 3.79 (d, J= 6.5Hz, 1H, H-2); 3.73 (M, 1H, H-15); 2.76 (m, 1H, H-4);
2.56 (d, J = 14.1 Hz, 1H, H-3a); 2.50(d, J = 16.1 Hz, 1H, H-9a); 2.34 (d, J = 16.2 Hz,
1H, H-9b); 2.27 (d, J = 16.1 Hz, 1H, H-7a); 2.18 (d, J = 16.2 Hz, 1H, H-7b); 2.04 (m,
1H); 1.93-1.85 (m, 2H, H-16a); 1.74-1.65 (m, 4H, H-19a, H-3b, H-17a); 142-1.32 (m,
4H, H-16b, H-17b); 1.20-1.11 (m, 2H, H-18); 1.05 (s, 3H, H-12): 1.02 (s, 3H, H-11);
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0.98 (m, 1H, H-19b); 0.89 (m, 3H, H-20). The cis configuration was assigned based
analysis of the NOESY spectrum. Important NOE contacts are: between H-14 (NH)
and H-12 (axial methyl) as well as between H-14 and H-19 (methylene of the axial
ethyl group). There are also NOE contacts between H-4 and H-2. 13C NMR (100
MHz, CDCl3): 6= 194.4, 170.0 (C=0), 155.0, 136.6 (C), 129.2, 128.0, 126.0 (CH),
112.4 (C), 60.6 (CH), 53.9, 50.0 (CHz), 48.4 (CH), 40.8 (CH2), 33.1 (C), 33.0, 32.4
(CH2), 30.3 (CH), 28.7, 28.4 (CHs), 25.8, 25.6, 24.9, 24.7, 24.3(CHz), 12.1 (CHs).
HRMS (ESI-FT-QQTOF) m/z: 423.30011 [M+H]*; calcd. for C27H3sN202: 423.30060.

trans: Rr = 0.16 (n-hexane/EtOAc 1:1). (@15’ -33.3 (c 5.4,
acetone, 20°C). 'H NMR (400 MHz, CDClz): & = 7.37-7.29
(m, 3H, Ph); 7.12 (d, J = 7.1 Hz, 2H, Ph); 5.54 (d, J = 8.6 Hz,
1H, H-14); 4.85 (d, J = 16.9 Hz, 1H, H-13a); 4.12 (d, J = 16.9
Hz, 1H, H-13b); 3.78 (m, 1H, H-15); 3.71 (dd, J = 10.3/5.0 Hz, 1H, H-2); 2.79 (m, 1H,
H-4); 2.45 (d, J = 16.4 Hz, 1H, H-9a); 2.39 (d, J = 16.5 Hz, 1H, H-9b); 2.23 (d, J =
16.3 Hz, 1H, H-7a), 2.18 (d, J = 16.0 Hz, 1H, H-7b); 2.02 (m, 1H); 1.98 (m, 1H, H-3a);
1.92 (m, 1H, H-3b); 1.88 (m, 2H, H-16a); 1.71-1.54 (m, 5H, H-19a, H-17); 1.43-1.25
(m, 4H, H-16b, H-18); 1.17 (m, 1H, H-19b); 1.05 (s, 3H, H-12); 1.01 (s, 3H, H-11);
0.87 (t, J = 7.4 Hz, 3H, H-20). The trans configuration was assigned based analysis

of the NOESY spectrum. Important NOE contacts are: between axial H-2 and H-12
(axial methyl) as well as between axial H-2 and H-19 (methylene of the axial ethyl
group). 3C NMR (100 MHz, CDCI3): & = 194.4, 170.7 (C=0), 156.9, 136.4 (C), 131.0,
129.1, 129.0, 128.0, 126.7 (CH), 112.7 (C), 59.5 (CH), 52.0, 49.3 (CH2), 48.4 (CH),
40.9, 33.1 (CH2), 32.1 (C), 30.5 (CH2), 30.3 (CH), 29.1, 28.3 (CHs), 27.6, 26.9, 25.5,
24.8, 23.8 (CHz2), 11.6 (CHs). HRMS (ESI-FT-QQTOF) m/z: 423.30012 [M+H]*; calcd.
for C27H39N202: 423.30060.

Compound 1.31

o " Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33
5;2 " mmol), (S)-a-methylbenzylamine (43uL, 0.33 mmol) and

i E *ONH ""'|rN @ cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted
21“\“kpho according to the general procedure A. Flash column

chromatography purification (n-hexane/EtOAc 1:1) afforded compound 1.31 (82 mg,
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75%, isomer cis) as a pale yellow oil. Ri = 0.36 (n-hexane/EtOAc 1:1). [a]5 .42.3 (c
3.5, acetone, 20°C). *H NMR (400 MHz, CDClz): & = 7.28-7.21 (m, 3H, Ph); 7.07 (m,
2H, Ph); 6.00 (d, J = 8.3Hz, 1H, H-14); 5.15 (g, J = 7.0 Hz, 1H, H-13); 3.65 (m, 1H, H-
15); 3.52 (dd, J = 6.0/1.8 Hz, 1H, H-2); 2.72 (m, 1H, J = 15.4 Hz, H-9a); 2.42 (m, 1H,
H-4); 2.33 (d, J = 15.5 Hz, 1H, H-9b); 2.25 (m, 1H, H-9a); 2.22 (m, 1H, H-3a); 2.21(m,
2H, H-7); 1.86 (m, 2H, H-16a); 1.74 (m, 1H, H-17a); 1.64-1.56 (m, 4H, H-16b, 17b);
1.54 (d, J = 7.0 Hz, 3H, H-21); 1.37-1.23 (m, 2H, H-18); 1.12 (s, 3H); 1.07 (s, 3H);
0.92 (m, 1H, H-3b); 0.81-0.69 (m, 5H, H-19, H-20).13C NMR (100 MHz, CDCl3): d =
194.9, 170.9 (C=0), 154.4, 139.1 (C), 128.8, 128.2, 126.9 (CH), 115.4 (C), 56.3, 54.9
(CH), 50.1, 48.2, 43.2(CHz), 33.3 (C), 32.7(CH), 32.55, 31.1(CH2), 30.5, 26.2(CH3),
25.6(CH), 25.4, 24.8, 24.7, 23.3(CHz), 17.7, 11.9 (CHs). HRMS (ESI-FT-QQTOF)
m/z: 437.31629 [M+H]*; calcd. for C2sH41N202: 437.31684.

Compound 1.32
Ph Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 pL, 0.33
e E " H mmol),  benzylamine  (36uL, 0.33 mmol) and
ove O \O cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted

according to the general procedure A using MeOH as solvent

of the second multicomponent step. Flash column chromatography purification (n-
hexane/EtOAc 9:1) afforded diastereomeric mixtures of 1.30 (41 mg, 42%) and 1.32
(28 mg, 25%) as colorless oils. 1.32: Rf= 0.47 (n-hexane/EtOAc 9:1). dr: 74:26. 'H
NMR (400 MHz, CDCls): & = 9.73, 9.49 (2xd, J = 9.4 Hz, 1H); 7.27-7.18 (m, 5H, Ph);
3.91-3.79 (m, 2H); 3.66-3.61 (m, 1H); 3.55 (s, 3H, OCHa); 2.80, 2.60 (2xm, 1H); 2.48-
2.37 (m, 3H); 2.19 (t, J = 13.8 Hz, 1H); 1.92-1.87 (m, 2H); 1.81-1.74 (m, 1H); 1.69-
1.60 (m, 3H); 1.56-1.45 (m, 4H); 1.26-1.05 (m, 6H); 1.05, 1.04 (2xs, 3H); 1.03, 1.02
(2xs, 3H); 0.89, 0.77 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): 5 = 195.6
(C=0), 173.2 (C=0), 164.8 (C), 140.2 (C), 128.7 (2xCH), 128.5 (2xCH), 127.6 (CH),
110.6 (C), 59.9 (CHs), 52.5 (CHz), 51.9 (CH2), 50.9 (CH), 48.8 (CH), 45.9(CH2), 41.3
(C), 36.2 (CH), 35.6 (CH2), 34.6 (CH2), 33.8 (CH2), 32.0 (CH2), 29.8 (CHs), 28.1
(CH3), 25.6 (CH2), 25.2 (CH2), 13.0 (CH2), 11.9 (CHs). HRMS (ESI-FT-QQTOF) m/z:
455.3279 [M+H]*; calcd. for C2sHa3N203: 455.3274.
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Compound 1.33

Ph Dimedone ( 35 mg, 0.25 mmol), trans-2-pentenal (32 uL,
Q  EtHN H 0.33 mmol), (S)-a-methylbenzylamine (43uL, 0.33 mmol)and
5 \O cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted
oMe according to the general procedure A using MeOH as
solvent of the second multicomponent step. Flash column chromatography
purification (n-hexane/EtOAc 9:1) afforded 1.31 (46 mg, 42%) and 1.33 (33 mg, 28%)
as colorless oils. 1.33: Rf= 0.47 (n-hexane/EtOAc 9:1). 'H NMR (400 MHz, CDCls3): &
=9.69 (d, J = 9.8 Hz); 7.31-7.19 (m, 5H, Ph); 3.79 (q, J = 6.6 Hz, 1H); 3.78 (m, 1H);
3.57 (s, 3H, OCHpg); 3.46 (t, J = 6.7 Hz, 1H); 2.78 (br. m, 1H); 2.49-2.39 (m, 3H); 2.16
(d, J =14.7 Hz, 1H); 2.00 (m, 1H); 1.83 (ddd, J = 13.0/7.2/3.0 Hz, 1H); 1.76-1.69 (m,
2H); 1.57-1.45 (m, 6H); 1.38 (d, J = 6.5 Hz, 1H); 1.34-1.31 (m, 1H); 1.27 (d, J = 6.5
Hz, 3H); 1.24-1.15 (m, 2H); 1.06 (s, 3H); 1.04 (s, 3H); 1.07-0.96 (m, 5H); 0.71 (t, J =
7.4 Hz, 3H). 3C NMR (100 MHz, CDCl3): d = 195.4 (C=0), 173.2 (C=0), 165.6 (C),
144.6 (C), 128.6 (2xCH), 127.5 (2xCH), 126.7 (CH), 109.7 (C), 58.1 (CH), 55.6
(CHs), 51.9 (CH2), 51.2 (CH-2), 48.9 (CH), 45.9 (CH), 41.0 (C), 36.3 (CH), 35.4 (CH>2),
34.4 (CHz), 33.8 (CH2), 29.8 (CH2), 28.2 (CHs), 28.1 (CH3), 25.6 (CH2), 25.4 (CH2),
25.2 (CH2), 25.1 (CHs), 11.5 (CHs). HRMS (ESI-FT-QQTOF) m/z: 469.3436 [M+H]*;

calcd. for C29HasN203: 469.3430.

Compound 1.34

o _/18\/20\/22\23 Dimedone ( 35 mg, 0.25 mmol), trans-2-decenal (61uL,

“Q 033 mmol), (S)-a-methylbenzylamine (43ul, 0.33
" ;9 m ﬂ("fo'rN ~ mmol)and benzylisocyanide (32.5 pL, 0.33 mmol) were
12 \\“13 o

' Ph reacted according to the general procedure A. Flash column
chromatography purification (n-hexane/EtOAc 1:1) afforded compound 1.34 (79 mg,

71%, isomer cis) as a pale yellow oil. Rr= 0.50 (n-hexane/EtOAc 2:1). [@]5’ -3.34 (c
5.5, acetone, 20°C). *H NMR (400 MHz, CDClz): 6 = 7.34-7.28 (m, 6H, Ph); 7.23 (m,
2H, Ph); 7.13 (m, 2H, Ph): 6.26 (t, J = 5.2 Hz, 1H, H-15): 5.16 (q, J= 6.9 Hz, 1H, H-
13); 4.42 (dd, J = 14.1/5.4 Hz, 1H, H-16a); 4.26 (dd, J = 14.1/5.2 Hz, 1H, H-16b):
3.66(d, J = 4.4 Hz, 1H, H-2); 2.69 (d, J = 15.5 Hz, 1H, H-9a): 2.60 (m, 1H, H-4);
2.29(d, J = 12.0 Hz, 1H, H-3a); 2.26 (d, J = 15.8 Hz, 1H, H-9b): 2.23(s, 2H, H-7): 1.56
(d, J = 7.0 Hz, 3H, H-14); 1.50 (m, H, H-17a): 1.36 (m, 1H, H-18a): 1.30-1.16 (m, 9H,
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H-19, H-18b, H-20, H-21, H-22): 1.09 (s, 3H, H-11); 0.87 (m, 1H, H-3b); 0.85 (m, 3H,
H-23); 0.83 (s, 3H, H-12); 0.82 (m, 1H, H-17b). 13C NMR (100 MHz, CDCl3): & =
194.9, 171.8 (C=0), 154.4, 139.3, 137.2 (C), 131.0, 129.0, 128.8, 128.3, 128.2,
128.0, 126.8 (CH), 115.3 (C), 56.2, 54.8 (CH), 50.0, 44.5, 42.9 (CH2), 32.7 (C), 32.4,
32.0 (CH2), 30.7 (CHs), 29.7, 29.4 (CH2), 28.5 (CH), 27.2 (CH2), 26.0 (CHs), 24.2,
22.7 (CHz), 17.6, 14.2 (CHs). HRMS (ESI-FT-QQTOF) m/z: 515.36321 [M+H]*; calcd.
for C34aH47N202: 515.36279.

Compound 1.35

o Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33

: :r\t ""|rN cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted
13 O
2% Ph according to the general procedure A. Flash column

mmol), (R)-a-methylbenzylamine (43uL, 0.33 mmol) and

1 5
12

chromatography purification (n-hexane/EtOAc 1:1) afforded compound 1.35 (82 mg,

75%) as a pale yellow oil. Rf = 0.36 (n-hexane/EtOAc 1:1). [@l?’ -10.36 (c 4.0,
acetone, 20°C). 'H NMR (400 MHz, CDCls): & = 7.28-7.21 (m, 5H, Ph): 5.78 (d, J =
8.1Hz, 1H, H-14); 5.19 (q, J= 6.9 Hz, 1H, H-13); 3.83 (dd, J= 5.8/1.4 Hz, 1H, H-2):
3.39-3.36 (m, 1H, H-15); 2.73-2.62 (m, 2H, H-9a); 2.59 (dd, J = 11.8/5.9 Hz, 1H, H-
4); 2.53 (d, J = 15.5 Hz, 1H, H-Ob); 2.28 (s, 2H, H-7); 1.44 (d, J = 7.0 Hz, 3H, H-21):
1.41-1.32 (m, 2H): 1.24 (dd, J = 11.5/6.7 Hz, 2H): 1.19 (s, 1H, H-11): 1.16 (d, J = 8.2
Hz, 2H); 1.12 (s, 3H, H-12); 0.88 (t, J = 7.0 Hz, 3H, H-20); 0.84-0.75 (m, 2H). 13C
NMR (100 MHz, CDCls): & = 195.5, 170.0 (C=0), 154.3, 139.1 (C), 129.4, 129.2,
128.8, 128.4, 127.2 (CH), 118.1 (C), 57.3, 54.8 (CH), 50.4, 48.2, 44.1, 32.9 (CH2),
32.8 (C), 31.4 (CH), 31.1(CHz), 29.4, 26.6 (CHs), 25.9, 25.7, 25.0, 24.7 (CH2), 16.5,
12.3 (CHs). HRMS (ESI-FT-QQTOF) m/z: 437.31580 [M+H]*: calcd. for C2sHaiN20:
437.31626.

Compound 1.36

PGS Dimedone (35 mg, 0.25 mmol), trans-2-decenal (61 uL, 0.33
O =17 19 21 23

L ) mmol), D-phenylalanine methyl ester hydrochloride (97mg,

7 5 3 H

" 5:-10 N 2"1/,|(N7< 0.33 mmol), EtsN (46 pL, 0.33 mmol) and t-butylisocyanide
g 13002(;.43 (37 uL, 0.33 mmol) were reacted according to the general

procedure A. Flash column chromatography purification (n-

hexane/EtOAc 1:1) afforded compound 1.36 (72 mg, 67%,
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isomer cis) as a pale yellow oil. Rf = 0.55 (n-hexane/EtOAc 2:1). [a]’ 25.3 (c 1.10,
acetone, 20°C). 'H NMR (400 MHz, CDClz): 6 = 7.29-7.23 (m, 3H, Ph); 7.13 (m, 2H,
Ph); 6.19 (s, 1H, H-15); 4.69 (t, J= 7.2 Hz, 1H, H-13); 4.01 (d, J = 4.3 Hz, 1H, H-2);
3.75(s, 3H, CH30); 3.26 (dd, J = 14.0/7.5 Hz, 1H, H-14a); 2.84 (dd, J = 14.0/6.9 Hz,
1H, H-14b); 2.66 (d, J = 14.6 Hz, 1H, H-3a); 2.60 (m, 1H, H-4); 2.27 (d, J = 15.3 Hz,
1H, H-9a); 2.18 (d, J = 16.8 MHz 1H, H-7a); 2.13 (d, J = 15.3 Hz, 1H, H-9b); 2.05(d,
H, J = 16.7 Hz, H-7b); 1.47 (m, 1H, H-17a); 1.46 (m, 1H, H-18a); 1.40 (m, 1H, H-3b);
1.28 (s, 9H, H-16); 1.31-1.17 (m, 9H, H-18b, H-19, H-20, H-21, H-22); 1.05 (s, 6H, H-
11, H-12); 0.98 (m, 1H, H-17b); 0.85 (t, J = 6.9 Hz, H-23).13C NMR (100 MHz,
CDCls): & = 195.3, 170.4, 169.6 (C=0), 153.4, 136.2 (C), 129.3, 129.2, 128.1, 127.4
(CH), 117.1(C), 62.8, 56.1 (CH), 52.9 (CH3), 51.9 (C), 49.9, 42.6, 35.8, 32.6 (CH2),
32.5 (C), 32.1 (CH2), 30.8 (CH3), 29.6, 29.5, 27.5 (CH2), 26.2 (CH3), 24.5 (CH>), 22.8
(CHs), 22.8 (CH2), 14.3 (CHs). HRMS (ESI-FT-QQTOF) m/z: 539.38367 [M+H]*;
calcd. for CazHs1N204: 539.38433.

Compound 1.37
L Dimedone (35 mg, 0.25 mmol), trans-2-decenal (61 uL, 0.33

o mmol), L-phenylalanine methyl ester hydrochloride (97 mg,
h o 7< 0.33 mmol), EtsN (46 pL, 0.33 mmol)and t-butylisocyanide
@ COzCHs (37 uL, 0.33 mmol) were reacted according to the general

procedure A. Flash column chromatography purification (n-
hexane/EtOAc 1:1) afforded compound 1.37 (74 mg, 69%, isomer cis) as a pale

yellow oil. Rt = 0.50 (n-hexane/EtOAc 2:1). [a]3 -125 (c 1.10, acetone, 20°C). H
NMR (400 MHz, CDCls): & = 7.33-7.24 (m, 3H, Ph); 7.15 (m, 2H, Ph); 6.17 (s, 1H, H-
15); 4.68(t, J = 7.2 Hz, 1H, H-13); 4.05(d, J = 4.5 Hz, 1H, H-2); 3.73 (s, 3H, CH30);
3.24 (dd, J = 14.0/7.5 Hz, 1H, H-14a); 2.83 (dd, J = 14.0/7.0 Hz, 1H, H-14b); 2.68-
2.55 (m, 2H); 2.29 (d, J = 14.4 Hz, 1H, H-9a); 2.22 (d, J = 7.5 MHz 1H); 2.18-2.24 (m,
1H); 2.08 (d, H, J = 16.6 Hz, H-7b); 1.46 (m, 1H, H-17a); 1.44 (m, 1H, H-18a); 1.36
(m, 1H, H-3b); 1.29 (s, 11H); 1.26-1.21 (m, 9H); 1.04 (s, 6H, H-11, H-12); 0.97 (m,
1H, H-17b); 0.85 (t, J = 7.0 Hz, H-23). 13C NMR (100 MHz, CDCls): & = 195.2, 170.3,
169.5 (C=0), 153.3, 136.2 (C), 130.9, 129.2, 128.7, 127.2 (CH), 62.7, 55.9 (CH),
52.7 (CHs), 50.9 (C), 49.8, 42.5, 32.6, 32.5 (CH2), 32.3 (C), 31.9 (CH2), 30.7 (CH3),
29.5, 29.4, 28.3 (CH2), 27.3 (CHs), 26.0 (CHz), 24.4 (CHs), 22.7 (CH2), 14.1 (CH3).
HRMS (ESI-FT-QQTOF) m/z: 539.38330 [M+H]*; calcd. for Cs3sHs1N204: 580.38433.
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Compound 1.38
Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 uL,

0 { . .
: 0.33 mmol), L-leucine methyl ester hydrochloride (60 mg,
11 0.33 mmol), EtsN (46 uL, 0.33 mmol)and t-butylisocyanide
SN

5 Q If 7< (37 pL, 0.33 mmol) were reacted according to the general

i CO CH
)19\ h procedure A. Flash column chromatography purification
(n-hexane/EtOAc 1:1) afforded compound 1.38 (74 mg,

20

68%) as a pale yellow oil. Rf = 0.33 (n-hexane/EtOAc 1:1). [l -12.3 (c 1.10,
acetone, 20°C). 'H NMR (400 MHz, CDClz): & = 4.23 (br s, 1H, H-13); 3.80 (br s, 1H,
H-2); 3.74 (s, 3H); 2.62 (d, J = 13.8 Hz, 1H, H-3); 2.26 (d, J = 16.9 Hz, 1H, H-7); 2.20
(d, J = 16.8 Hz, 1H, H-7); 2.10 (d, J = 15.3 Hz, 1H, H-9); 1.90 (br s, 2H); 1.73-1.55
(m, 4H); 1.49-1.39 (m, 2H); 1.31 (s, 9H); 1.08 (d, J = 16.8 Hz, 3H); 0.99 (dd,
J=6.3/2.9 Hz, 6H); 0.91 (t, J=7.1 Hz, 3H). 13C NMR (100 MHz, CDClz): & = 195.1,
171.6, 170.2 (C=0), 153.9, 116.7 (C), 62.2, 52.6 (CH), 51.2 (CHs), 50.1 (CH), 45.2
(C), 42.5 (CH2), 32.6 (C), 30.2 (CH), 29.7, 28.5 (CH2), 28.3 (CH3), 26.7 (CH2), 25.4
(CHs), 25.1, 23.2 (CH2), 22.9, 22.3, 11.7 (CHs). HRMS (ESI-FT-QQTOF) m/z:
435.32068 [M+H]*; calcd. for C2sHa3N204: 435.32173.

Compound 1.39

20 Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 uL,

o) 19;/ 0.33 mmol), cyclohexylamine (38uL, 0.33 mmol) and
a3 :_‘; cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted
11 8 g 1 2
1

0N "'flfN according to the general procedure A. Flash column

12 e} e .
@ 7~ chromatography purification  (n-hexane/EtOAc  1:1)
afforded compound 1.39 (66 mg, 64%) as a pale yellow

oil. Rf = 0.26 (n-hexane/EtOAc 1:1). [@]5’ -4.9 (c 0.6, methanol, 20°C). H NMR (400
MHz, CDCls): & = 6.06 (d, J = 8.1Hz, 1H, H-14); 3.93 (d, J= 6.0/1.6 Hz, 1H, H-2); 3.71
(m, 1H, H-13); 3.66-3.62 (m, 1H, H-15); 2.67 (d, J = 13.7 Hz, 1H, H-9a); 2.59-2.52
(m, 1H); 2.48 (d, J= 8.4 Hz, 1H, H-3a); 2.43 (m, 1H); 2.17(m, 2H, H-7); 1.85 (m, 1H,
H-3b): 1.78 (m, 6H); 1.64 (m, 4H); 1.55 (m, 4H); 1.35 (s, 2H, H-9); 1.39 (m, 4H); 1.12
(s, 3H, H-12); 1.08 (d, 4H); 1.06 (s, 3H, H-11); 0.89 (t, 3H, H-20). 3C NMR (100
MHz, CDCls): & = 194.6, 170.9 (C=0), 154.3, 115.7, 58.6, (C), 55.9, 54.5, 50.4, 49.8
(CH2), 47.9 (CH), 42.5, 30.0, 32.8 (CH2), 32.4(C), 32.3, 32.2 (CH), 31.0, 30.9, 30.8,
30.4, 30.2 (CHz), 29.2 (CH), 26.1, 25.9, 25.6, 25.4, 25.3, 25.1 (CHz), 24.6 (CH3),
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24.5, 24.2 (CHz), 11.8, 10.6 (CH3). HRMS (ESI-FT-QQTOF) m/z: 415.63175 [M+H]";
calcd. for C26H43N202: 415.63188.

Compound 1.40
Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 uL,

20

o 19:/ 0.33 mmol), tert-butylamine (35uL, 0.33 mmol) and

3 14 cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted
H

" §8910[11 '?'WN according to the general procedure A. Flash column

" 1443 © & chromatography purification (n-hexane/EtOAc 1:1) afforded

compound 1.40 (57 mg, 59%) as a pale yellow oil. Rf = 0.31 (n-hexane/EtOAc 1:1).

[a]3 -1.85 (c 5.4, methanol, 20°C). H NMR (400 MHz, CDCls): & = 6.07 (d, J =
8.1Hz, 1H, H-14): 4.27 (dd, J= 5.8/2.4 Hz, 1H, H-2); 3.73-3.63 (m, 1H, H-15); 2.67 (d,
J = 15.6 Hz, 1H, H-9a); 2.65 (dd, J = 13.9/2.3 Hz, 1H, H-3a); 2.56-2.52 (m, 1H, H-4);
2.49 (dd, J = 15.1/1.5 Hz, 1H, H-7a); 2.18 (d, J = 16.0 Hz, 1H, H-9b); 1.86 (m, 1H, H-
3b); 1.79 (m, 2H, H-16); 1.66 (m, 2H); 1.60 (m, 2H); 1.45 (s, 9H, H-14); 1.32 (m, 4H);
1.14 (m, 1H); 1.08 (s, 3H, H-11); 1.05 (s, 3H, H-12): 1.06 (m, 1H); 0.88 (t, J = 16.0
Hz, 3H, H-20). 3C NMR (100 MHz, CDCl3): & = 195.5, 171.3 (C=0), 155.8, 118.7,
60.9, (C), 57.2, 50.5, 48.3, 46.3 (CH>), 33.1 (CH), 32.9 (C), 30.6, 29.8 (CH), 26.8,
25.4, 25.3, 24.9, (CHz), 24.8, 24.7, 23.9, 11.7 (CHs). HRMS (ESI-FT-QQTOF) m/z:
389.58342 [M+H]*; calcd. for C2aHa1N202: 389.58357.

Compound 1.41

Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32 puL,
0.33 mmol), tert-butilamine (35uL, 0.33 mmol) and
cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted

according to the general procedure A. Flash column

chromatography purification  (n-hexane/EtOAc  1:1)
afforded compound 1.41 (63 mg, 65%) as a pale yellow oil. Rf = 0.31
(nhexane/EtOAc 1:1). +2.5 (c 6.4, methanol, 20°C). 1H NMR (400 MHz, CDCI3): 6 =
6.07 (d, J = 8.1Hz, 1H, H-14); 4.27 (dd, J=5.8/2.4 Hz, 1H, H-2); 3.73-3.63 (m, 1H, H-
15); 2.67 (d, J = 15.6 Hz, 1H, H-9a); 2.65 (dd, J = 13.9/2.3 Hz, 1H, H-3a); 2.56-2.52
(m, 1H, H-4); 2.49 (dd, J = 15.1/1.5 Hz, 1H, H-7a); 2.18 (d, J = 16.0 Hz, 1H, H-9b);
1.86 (m, 1H, H-3b); 1.79 (m, 2H, H-16); 1.66 (m, 2H); 1.60 (m, 2H); 1.45 (s, 9H, H-
14); 1.32 (m, 4H); 1.14 (m, 1H); 1.08 (s, 3H, H-11); 1.05 (s, 3H, H-12); 1.06 (m, 1H);
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0.88 (t, J = 16.0 Hz, 3H, H-20). 13C NMR (100 MHz, CDCI3): & = 195.5, 171.3
(C=0), 155.8, 118.7, 60.9, (C), 57.2, 50.5, 48.3, 46.3 (CH2), 33.1 (CH), 32.9 (C),
30.6, 29.8 (CH), 26.8, 25.4, 25.3, 24.9, (CH2), 24.8, 24.7, 23.9, 11.7 (CH3). HRMS
(ESI-FTQQTOF) m/z: 389.58342 [M+H]+; calcd. for C24H41N202: 389.58357.

Compound 1.42

Dimedone (1, 35 mg, 0.25 mmol), trans-2-pentenal (32
: 5 uL, 0.33 mmol), HCl-lle-Phe-OMe (109 mg, 0.33 mmol),
m N Lo EtaN (46 pL, 0.33 mmol) and CN-Gly-Ala-OMe (56 mg,
© " 0.33 mmol) were reacted according to the general
procedure A. Flash column chromatography purification
Meozg‘@ (n-hexane/EtOAc 1:1) afforded compound 1.42 (89 mg,
52%) as a pale yellow amorphous solid. Rf = 0.43 (n-hexane/EtOAc 1:1). [«]5 10.7
(c 6.15, acetone, 20°C). *H NMR (400 MHz, CDClz): & = 7.22-7.11 (m, 5H, Ph); 7.02
(m, 1H, NH); 6.85 (m, NH); 4.78 (m, 1H); 4.54 (m, 1H), 4.26 (m, 1H), 4.21 (m, 1H),
3.71 (s, 3H, OCHpg); 3.69 (s, 3H, OCH?3); 3.23 (dd, J = 14.1/4.7 Hz, 1H); 3.13-3.06 (m,
1H); 2.89 (d, J = 5.6 Hz, 1H); 2.78 (d, J = 15.8 Hz, 1H); 2.55 (m, 1H); 2.33 (m, 1H);
2.19-2.03 (m, 2H); 1.67 (m, 2H); 1.39 (d, J = 7.2 Hz, 3H); 1.18 (s, 3H); 1.04 (m, 1H);
0.98 (s, 3H); 0.92 (d, J = 6.7 Hz, 3H); 0.84-0.74 (m, 4H). 13C NMR (100 MHz, CDClz):
0=195.2,173.1, 172.4, 171.4, 169.8, 167.8 (C=0), 154.3, 137.1 (C), 130.9, 129.1,
120.0, 128.5, 126.8 (CH), 115.5 (C), 64.9, 56.5, 54.7 (CH), 53.3, 52.8 (CHs), 49.9
(CH2), 48.5 (CH), 47.8, 47.0 (CH2), 45.1, 40.6 (CH), 37.7, 37.0 (CH>), 34.1 (C), 31.7,
30.3 (CH2), 29.2, 28.4 (CH3), 27.7 (CH2), 19.1, 18.3, 16.1 12.6, 11.4 (CHs). HRMS

(ESI-FT-QQTOF) m/z: 669.38477 [M+H]*; calcd. for C3sHs3N4Os: 669.38579.

Compound 1.43
o L7 Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32
. :78(:'5;2.,,, H\/lOL J\/© uL, 0.33 mmol), HCl-Leu-Val-OMe (92 mg, 0.33
ST N mmol), EtsN (46 L, 0.33 mmol)and CN-Gly-Phe-OMe

15

12 14, e 13

21 20 o} v .
% HNz 2 (81 mg, 0.33 mmol) were reacted according to the

MeO,C general procedure A. Flash column chromatography
purification (n-hexane/EtOAc 1:2) afforded compound 1.43 (111 mg, 64%) as a pale

yellow amorphous solid. R= 0.37 (n-hexane/EtOAc 1:3). [@]5’ 14.8 (c 1.10, acetone,
20°C).1H NMR (400 MHz, CDCls): & = 7.27-7.10 (m, 3H, Ph); 7.08-7.01 (m, 2H, Ph):
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6.41 (d, J = 7.0 Hz, 1H, H-17); 4.85 (dd, J = 13.8/6.4 Hz, 1H, H-18); 4.33 (dd, J =
8.1/5.8 Hz, 1H, H-23); 4.05 (dd, J = 7.4/6.0 Hz, 1H, H-2); 3.98 (d, J = 5.0 Hz, 2H, H-
16); 3.78 (dd, J = 7.6/5.7 Hz, 1H, H-13); 3.74 (s, 3H, OCHa); 3.71 (s, 3H, OCH3);
3.15 (dd, J = 13.9/6.2 Hz, 1H, H-19a); 3.08 (dd, J = 13.8/6.8 Hz, 1H, H-19b); 2.69 (m,
1H, H-4); 2.54 (m, 1H, H-3a); 2.30 (d, J = 5.0 Hz 1H, H-9a); 2.26-2.22 (d, J = 5.0 Hz,
1H, H-9b); 2.19 (d, J = 3.6 Hz, 1H, H-7a); 2.18 (m, 1H, H-24); 2.13 (d, J = 3.6 Hz, 1H,
H-7b); 1.96-1.90 (m, 1H, H-14a); 1.76 (m, 1H, H-3b); 1.65 (m, 1H, H-20); 1.62 (m,
1H, H-14b); 1.57-1.52 (m, 1H, H-26a); 1.02 (s, 6H, H-11, H-12); 0.96 (d, J = 6.7 Hz,
6H, H-21); 0.93 (d, J = 6.7 Hz, 6H, H-25); 0.85 (t, J = 7.1 Hz, 3H, H-27):0.84 (m, 1H,
H-26b).13C NMR (100 MHz, CDCl3): & = 194.5, 173.0, 172.4, 171.8, 171.6, 167.8
(C=0), 156.1, 135.6 (C), 129.3, 128.7, 127.3 (CH), 112.9 (C), 65.6, 63.6, 58.5, 53.4
(CH), 52.5, 52.2 (CH3), 50.5, 43.1, 41.4, 38.8, 37.8 (CH2), 30.4, 29.8 (CH), 29.4, 26.8
(CHa), 25.9 (CH2), 25.8 (CH), 24.9 (CH»), 23.1, 22.7, 19.1, 18.2, 11.8 (CH3). HRMS
(ESI-FT-QQTOF) m/z: 696.40871 [M+H]*; calcd. for CssHs7N4Og: 696.40857.

Compound 1.44

o 7 Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32

7o s‘?‘ : oo uL, 0.33 mmol), HCI-Leu-Val-OMe (92 mg, 0.33 mmol),

ﬂ &‘m gWLu ©CoMe EtsN (46 pL, 0.33 mmol)and CN-Gly-Phe-OMe (81 mg,
S 220 2 W 0.33 mmol) were reacted according to the general
Meojc “ procedure A. Flash column chromatography

purification (n-hexane/EtOAc 1:2) afforded compound 1.44 (104 mg, 61%) as a pale

yellow amorphous solid. Rf= 0.38 (n-hexane/EtOAc 1:3). [a]3’ 10.5 (c 1.15, acetone,
20°C).*H NMR (400 MHz, CDCl3): & = 7.46 (d, J = 7.6 Hz, 1H, H-22); 7.25-7.22 (m,
3H, Ph); 7.13-7.09 (m, 2H, Ph); 6.72 (d, J = 6.0 Hz, 1H, H-15); 6.69 (s, 1H, H-17);
4.82 (dd, J = 14.3/6.6 Hz, 1H, H-18); 4.42 (dd, J = 8.3/5.6 Hz, 1H, H-23); 4.35 (dd, J
= 7.5/6.0 Hz, 1H, H-13); 4.14-4.08 (m, 1H, H-2); 3.81 (d, J = 5.0 Hz, 2H, H-16); 3.68
(s, 3H, OCH3); 3.66 (s, 3H, OCHs); 3.15 (dd, J = 13.9/6.2 Hz, 1H, H-19a); 3.06 (dd, J
= 13.8/6.8 Hz, 1H, H-19b); 2.59 (m, 1H, H-4); 2.53 (m, 1H, H-3a); 2.45 (d, J = 5.0 Hz
1H, H-9a); 2.35-2.32 (m, 1H, H-9b); 2.30 (d, J = 3.7 Hz, 1H, H-7a); 2.25-2.20 (m, 1H,
H-7b); 2.19 (m, 1H, H-24); 1.99-1.89 (m, 1H, H-14a); 1.68 (m, 1H, H-26a); 1.60 (d, J
= 6.3 Hz, 1H, H-3b); 1.57-1.52 (m, 1H, H-14b); 1.12 (s, 6H, H-11, H-12); 0.95 (d, J =
6.9 Hz, 6H, H-21); 0.93 (d, J = 6.7 Hz, 6H, H-25); 0.85 (t, J = 7.0 Hz, 3H, H-27); 0.84
(m, 1H, H-26b). 3C NMR (100 MHz, CDClz): d = 195.6, 173.1 172.5, 172.1, 171.7,
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168.6 (C=0), 156.5, 136.4 (C), 129.6, 129.1, 129.0, 127.6 (CH), 116.4 (C), 61.3,
58.5, 55.2, 53.9 (CH), 52.7, 52.6 (CHs), 50.5, 43.8 (CH2), 43.0 (CH), 41.5 (C), 39.3,
39.1 (CH), 38.3, 32.9, 31.1 (CH2), 30.7, 26.6, 25.9 (CHs), 25.6 (CH), 25.1, 23.4, 22.7,
19.7, 18.7, 12.0 (CH3). HRMS (ESI-FT-QQTOF) m/z: 696.40971 [M+H]*; calcd. for
Cs3sHs57N4Os: 696.40882.

Compound 1.45
Dimedone (1, 35 mg, 0.25 mmol), trans-2-pentenal

0 &
—é(j e " (32 pL, 0.33 mmol), B-D-glucosyl amine (114.5 mg,
. Ny rN\)J\N N.__CO;Me
T I HoLo2
OAc

0.33 mmol), and CN-Gly-lle-Phe-OMe (118 mg,
/g 0.33 mmol) were reacted according to the general
AcO OAc

OAS procedure B. Flash column chromatography
purification (CH2CIl2/EtOAc 5:1) afforded compound 1.45 (134 mg, 59%) as a pale
yellow amorphous solid. Rt = 0.37 (CH2CI2/EtOAc 5:1). [a]?°p 12.5 (¢ 1.10, acetone,
20°C) 'H NMR (400 MHz, CDClz): 8= 7.30-7.22 (m, 4H, Ph, NH): 7.09 (d, J = 6.5 Hz,
2H, Ph); 6.99 (d, J = 8.2 Hz, 1H, NH); 6.36 (d, J = 7.8 Hz, 1H, NH); 5.37 (m, 1H);
5.27 (m, 1H); 5.10 (dd, J = 10.3/5.1 Hz, 1H); 5.04 (t, J = 9.7 Hz, 1H); 4.91-4.85 (m,
1H); 4.77 (m, 1H); 4.33-4.18 (m, 5H); 4.10 (dd, J = 18.0/8.3 Hz, 2H); 3.73 (s, 3H,
OCHs); 3.15 (dd, J = 13.9/5.7 Hz, 1H); 3.07 (dd, J = 13.9/6.3 Hz, 1H); 2.65-2.56 (m,
2H); 2.26-2.13 (m, 4H); 2.08, 2.06, 2.02, 2.01 (4xs, 12H, 4xAc); 1.91 (m, 1H); 1.85
(br. m, 1H); 1.74-1.67 (m, 2H); 1.60-1.52 (m, 2H); 1.40 (br. s, 2H); 1.24 (s, 3H); 1.16-
1.09 (m, 2H); 1.04 (t, J = 5.0 Hz, 3H); 1.01 (s, 3H); 0.98 (d, J = 6.7 Hz, 3H); 0.92-0.84
(m, 8H). 13C NMR (100 MHz, CDCIs): d = 197.4, 171.5, 170.7, 170.6, 170.4, 169.9,
169.5, 169.1, 168.4(C=0), 162.3, 135.4(C), 130.9, 129.2, 128.8, 128.7, 127.3(CH),
113.7(C), 84.4, 79.9, 73.0, 71.1, 70.3, 68.6 (CH), 62.4 (CH2), 57.8, 53.1 (CH), 52.5
(CHs), 51.00 (CH), 45.1, 42.6 (CH2), 42.5 (CH), 42.4 (CH2), 37.8 (C), 37.3, 32.1
(CH2), 29.7, 28.8 (CHs3), 27.9, 24.8 (CH2), 20.80, 20.62, 19.15, 15.17, 11.63, 11.21
(CH3z). HRMS (ESI-FT-QQTOF) m/z: 913.44263 [M+H]*; calcd. for CasHesN4O1s:
913.444009.
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Compound 1.46

o™ Dimedone (35 mg, 0.25 mmol), trans-2-pentenal (32
—ij\/j - uL, 0.33 mmol), L-valine methyl ester hydrochloride
S N |Or (46.2 mg, 0.33 mmol), EtsN (46 uL, 0.33 mmol), and
Y\C%Me n-octilisocyanide (46 mg, 0.33 mmol) were reacted

according to the general procedure A. Flash column chromatography purification (n-
hexane/EtOAc 2:1) afforded compound 1.46 (97.7 mg, 58%) as a pale yellow oil. Rs=

0.32 (n-hexane/EtOAc 1.5:1). [@l3’ -27.46 (c 2.50, acetone, 20°C). 'H NMR (400
MHz, CDCls): & = 8.12-8.02 (m, 2H); 6.94-6.90 (m, 2H); 4.66 (m, 1H); 4.22 (m, 1H);
4.16-4.08 (m, 3H); 3.78-3.68 (m, 2H); 3.61 (s, 3H); 3.30-3.22 (m, 1H); 3.16 (d, J = 4.3
Hz, 1H): 2.58-2.43 (m, 4H); 2.24-2.11 (m, 4H); 2.08 (s, 3H); 2.04-1.97 (m, 2H); 1.92-
1.84 (m, 2H); 1.49-1.43 (m, 5H); 1.42-1.35 (m, 2H); 1.07-1.00 (m, 5H); 0.97-0.85 (m,
9H). 13C NMR (100 MHz, CDCls): & = 176.3, 173.7, 172.0, 166.3 (C=0), 163.1, 158.7
(C), 126.9 (CH), 123.7, 118.3 (C), 114.6 (CH), 108.5 (C), 100.9, 66.7 (CH), 64.2
(CH2), 60.7 (CH), 52.3 (CHs), 51.1 (CH), 38.9 (CH2), 35.1 (CH), 32.2, 31.4, 29.9, 26.3
(CH2), 19.9, 17.7, 15.4, 14.6, 11.2 (CHs). HRMS (ESI-FT-QQTOF) m/z: 674.38396
[M+H]*; calcd. for C3sHssN30O7S: 674.38390.
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3.2 Experimental Section of Chapter 2

3.2.1 General Aspects and Materials

Melting points are uncorrected. *H NMR and *C NMR spectra were
recorded at 400 MHz for *H and 100 MHz for 13C, respectively. Chemical shifts (d)
are reported in parts per million relatives to the residual solvent signals, and coupling
constants (J) are reported in hertz. High resolution mass spectra (HRMS) were
recorded using electron spray ionization (ESI) (Hybrid linear ion trap—orbitrap FT-MS
IMS — and QqTOF Microtof — QIl models). Reagents and materials were of the
highest commercially available grade and used without further purification. Flash
column chromatography was carried out using silica gel 60 (230-400 mesh) and
analytical thin layer chromatography (TLC) was performed using silica gel aluminum
sheets. Visualization of the compounds was achieved by UV or KMnO4. HPLC
chromatograms were obtained on an apparatus with an LC-10AT Pump, SPD-
10AUV-Vis Detector, SCL-10A System Controller, using a Chiralpak AD-H (4,6 mm@
x 250 mmL, particle size 5 ym), Chiralpak OD-H (4,6 mm@ x 250 mmL, patrticle size
5 um), Chiralpak OJ-H (4,6 mm@ x 250 mmL, particle size 5 ym), Chiralpak AS-H
(4,6 mm@ x 250 mmL, particle size 5 ym) columns as chiral stationary phases

Optical rotations were measured with a Polarimeterat 589 nm, 20 °C.

3.2.2 General one-pot reaction procedure A

To a solution of 1.12 (0.01 mmol, 0.1 equiv.), 3,5-dinitrobenzoicacid
(0.02 mmol, 0.2 equiv.), and a,B-unsaturated aldehyde (0.10 mmol, 1.0 equiv.) in
toluene (1.0 mL) was added a-cyanoketones (0.15 mmol, 1.5 equiv.) at 0°C. The
resulting solution was stirred for 48h. 2,2,2-trifluoroethanol (1.0 mL), the amine (0.15
mmol, 1.5 equiv.) and the isocyanide (0.15 mmol, 1.5 equiv.) were added in a 10 mL
glass tube and introduced in the microwave reactor. NEts (0.15 mmol, 1.5 equiv.) was
added when a-amino acid and peptide methyl ester hydrochlorides were employed
as amino components. The flask was irradiated for 20 min (300 W) under high-speed
magnetic stirring, while the temperature was raised up to 70 °C. The reaction course

was monitored by TLC, and additional cycles of 5 min were applied in cases of poor
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consumption of the starting material. The volatiles was concentrated under reduced
pressure and the resulting crude product was purified by flash column

chromatography.

3.2.3 General one-pot reaction procedure B

To a solution of 1.12 (0.01 mmol, 0.1 equiv.), 3,5-dinitrobenzoicacid
(0.02 mmol, 0.2 equiv.), and a,B-unsaturated aldehyde (0.10 mmol, 1.0 equiv.) in
toluene (1.0 mL) was added a-cyanoketones (0.15 mmol, 1.5 equiv.) and was
irradiated for 30 min (300 W) under high-speed magnetic stirring at -20 °C. 2,2,2-
trifluoroethanol (1.0 mL), the amine (0.15 mmol, 1.5 equiv.) and the isocyanide (0.15
mmol, 1.5 equiv.) were added and the glass tube was sealed. NEts (0.15 mmol, 1.5
equiv.) was added when a-amino acid and peptide methyl ester hydrochlorides were
employed as amino components. The flask was irradiated for 20 min (300 W) under
high-speed magnetic stirring, while the temperature was raised up to 70 °C. The
reaction course was monitored by TLC, and additional cycles of 5 min were applied
in cases of poor consumption of the starting material. The volatiles was concentrated
under reduced pressure and the resulting crude product was purified by flash column

chromatography.

3.3 Sequential and Organocascade synthesis of tetrahydropyridine

compounds 2.73-2.92

Compound 2.73

®

NC.__~
PhE"’ﬂ/ \O

Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), tert-

H
N

butylamine (15.7 pL, 0.15 mmol), and cyclohexylisocyanide (18.7 pL, 0.15 mmol)
were reacted according to the general procedure B. Flash column chromatography
purification (n-hexane/EtOAc 4:1) afforded compound 2.73 (30.5 mg, 69%, isomer



90

cis) as a yellow oil. [a]y’ -2.4 (c 0.5, acetone, 20°C). Rf = 0.38 (n-hexane/ EtOAc
4:1). *H NMR (400 MHz, CDClz): & = 7.74-7.42 (m, 6H); 7.39-7.28 (m, 4H); 5.43 (d, J
= 8.1 Hz, 1H); 4.00 (d, J = 8.9 Hz, 1H); 3.97-3.90 (m, 1H,); 3.79 (dd, J = 10.1, 7.0 Hz,
1H); 2.36 (dd, J = 12.3, 7.0 Hz, 1H); 2.16-2.10 (m, 2H); 1.96-1.85 (m, 1H); 1.82-1.72
(m, 2H); 1.56-1.45 (m, 2H); 1.35-1.22 (m, 4H); 1.10 (s, 9H).13C NMR (100 MHz,
CDCls): & = 24.3, 25.7, 30.5, 33.3, 33.8, 44.6, 47.3, 50.7, 51.3, 57.2, 69.7, 115.5,
116.1, 121.1, 123.7, 126.5, 126.9, 127.5, 128.7, 129.1, 129.3, 131.5, 133.3, 144.5,
149.8, 156.5, 160.9. HRMS (ESI-FT-QQTOF) m/z: 442.2869 [M+H]*; calcd. for
C29H3sN30: 442.2858. The enantiomeric excess was determined by chiral stationary
phase HPLC using a Chiralcel OD-H column (n-hexane/i-PrOH 90:10) at 0.8 mL/min,
UV-detection at A= 254 nm: tr (major)= 5.6 min, tr (Minor)= 6.6 min, 96% ee.

Compound 2.74

Q0

chl\/:j
H
Ph /T\E/NK

Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), tert-
butylamine (15.7 pL, 0.15 mmol), and tert-butyl isocyanide (16.9 uL, 0.15 mmol) were
reacted according to the general procedure B. Flash column chromatography
purification (n-hexane/EtOAc 5:1) afforded compound 2.74 (23.0 mg, 55%, isomer

cis) as a yellow oil. [@]5’ -6.8 (c 0.4, acetone, 20°C). R = 0.40 (n-hexane/ EtOAc
3:1). 'H NMR (400 MHz, CDClz): d = 7.35-7.28 (m, 6H); 7.24-7.14 (m, 4H); 5.05 (brs,
1H); 4.74 (ddd, J = 7.9, 7.0, 0.8 Hz, 1H); 4.13-4.06 (m, 1H,); 2.69 (dt, J = 12.0, 7.0
Hz, 1H); 1.49 (s, 9H), 1.47 (s, 9H).13C NMR (100 MHz, CDCls): & = 30.3, 30.4, 41.8,
43.2, 47.2, 48.3, 52.3, 117.4, 21.7, 126.8, 126.9, 127.2, 127.7, 128.5, 128.8, 129.2,
131.3, 143.7, 147.8, 156.9, 162.9. HRMS (ESI-FT-QQTOF) m/z: 416.2711 [M+H]*;
calcd. for C27H3aN3O: 416.2702. The enantiomeric excess was determined by chiral
stationary phase HPLC using a Chiralcel OJ-H column (n-hexane/i-PrOH 95:5) at 0.8
mL/min, UV-detection at A= 254 nm: tr (major)= 18.7 min, tr (minor)= 33.7 min, 98%

ee.
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Compound 2.75

»
ch\/j |r “©

Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), tert-
butylamine (15.7 uL, 0.15 mmol), and benzyl isocyanide (18.3 pL, 0.15 mmol) were
reacted according to the general procedure B. Flash column chromatography

purification (n-hexane/ EtOAc 5:1) afforded compound 2.75 (35.1 mg, 78%, isomer

cis) as a dark yellow oil. [a]ly -6.7 (c 0.5, acetone, 20°C). Rf = 0.40 (n-
hexane/CH2Cl2 1:6). *H NMR (400 MHz, CDCl3): & = 7.37-7.29 (m, 12H); 7.24-7.16
(m, 3H); 5.71 (brs, 1H); 3.99 (d, J = 8.8 Hz, 1H); 3.75 (dd, J = 12.4, 5.0 Hz, 1H); 3.70
(d, J = 5.0 Hz, 1H); 3.63 (d, J = 10.9 Hz, 2H); 2.14 (m, 1H); 1.93 (m, 1H); 1.42 (s,
9H).13C NMR (100 MHz, CDCls): & = 30.3, 39.4, 48.1, 48.6, 50.9, 51.7, 63.6, 63.9,
71.5, 122.7, 126.6, 126.9, 127.4, 127.5, 127.7, 127.8, 128.1, 128.2, 128.7, 139.9,
143.8, 144.3, 156.7. HRMS (ESI-FT-QQTOF) m/z: 450.2551 [M+H]*; calcd. for
Cs0H32N30: 450.2545. The enantiomeric excess was determined by chiral stationary
phase HPLC using a Chiralcel AD-H column (n-hexane/i-PrOH 90:10) at 0.5 mL/min,
UV-detection at A= 254 nm: tr (major)= 15.6 min, tr (Minor)=17.3 min, 95% ee.

Compound 2.76

Q.

NC.__~
Ph™ “N” i
o
Benzoylacetontrile (21.8 mg, 0.15 mmol), o-bromo-cinnamaldehyde (19.9 mg, 0.10
mmol), tert-butylamine (15.7 L, 0.15 mmol), and cyclohexylisocyanide (18.7 uL, 0.15
mmol) were reacted according to the general procedure B. Flash column

chromatography purification (n-hexane/EtOAc 3:1) afforded compound 2.76 (28.1
mg, 54%, isomer cis) as a pale yellow solid. [@]5’ -2.2 (c 0.6, acetone, 20°C). Ry =
0.36 (n-hexane/ EtOAc 3:1). 'H NMR (400 MHz, CDCls): & = 7.83-7.76 (m, 1H); 7.66-
7.52 (m, 2H); 7.50-7.41 (m, 2H); 7.37-7.11 (m, 3H); 7.05-6.96 (m, 1H); 5.42 (d, J =
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8.5 Hz, 1H); 4.21 (d, J = 9.0 Hz, 1H); 3.92-3.78 (m, 1H); 3.46 (dd, J = 10.2, 7.1 Hz,
1H); 2.19-2.11 (m, 1H); 2.10-1.97 (m, 2H); 1.84-1.73 (m, 1H); 1.72-1.61 (m, 2H);
1.47-1.32 (m, 2H); 1.27-1.09 (m, 4H); 0.95 (s, 9H).13C NMR (100 MHz, CDCl3): & =
24.2, 24.4, 25.7, 30.5, 33.2, 33.9, 43.2, 47.0, 50.7, 51.4, 56.5, 67.5, 112.7, 120.9,
125.9, 127.5, 128.1, 128.9, 128.8, 129.2, 132.2, 133.3, 133.5, 133.8, 142.7, 147.3,
155.8. HRMS (ESI-FT-QQTOF) m/z: 520.1971 [M+H]*; calcd. for C29HssBrNsO:
520.1964. The enantiomeric excess was determined by chiral stationary phase HPLC
using a Chiralcel AD-H column (n-hexane/i-PrOH 90:10) at 0.5 mL/min, UV-detection
at A= 254 nm: tr (major)= 13.1 min, tr (minor)= 14.5 min, 96% ee.

Compound 2.77
Br

>

NC.__-
Ph” "N "/n/
S
Benzoylacetontrile (21.8 mg, 0.15 mmol), trans-4-bromocinnamaldehyde (19.9 mg,
0.10 mmol), tert-butylamine (15.7 pL, 0.15 mmol), and cyclohexylisocyanide (18.7 pL,

0.15 mmol) were reacted according to the general procedure B. Flash column
chromatography purification (n-hexane/EtOAc 3:1) afforded compound 2.77 (29.1

mg, 56%, isomer cis) as a pale yellow solid. [@]5’ -1.3 (c 0.4, acetone, 20°C). Ry =
0.38 (n-hexane/ EtOAc 3:1). *H NMR (400 MHz, CDCls): & = 7.94-7.85 (m, 1H); 7.65-
7.47 (m, 3H); 7.45-7.35 (m, 3H); 7.11-7.05 (m, 2H); 5.42 (d, J = 8.6 Hz, 1H); 3.94-
3.83 (m, 2H); 3.69 (dd, J = 10.2, 7.1 Hz, 1H); 2.29-2.21 (m, 1H); 1.91-1.79 (m, 1H);
1.77-1.67 (m, 2H); 1.66-1.59 (m, 2H); 1.54-1.38 (m, 2H); 1.32- 1.16 (m, 4H); 1.05 (s,
9H).13C NMR (100 MHz, CDCls): d = 24.2, 24.3, 25.7, 30.5, 33.3, 33.8, 44.5, 46.9 ,
50.8, 51.4, 57.2, 69.2, 120.3, 120.9, 124.3, 128.7, 128.8, 129.2, 129.9, 131.8, 132.6,
133.5, 143.6, 148.0, 155.9, 161.1. HRMS (ESI-FT-QQTOF) m/z: 520.1970 [M+H]*;
calcd. for C29H3sBrNsO: 520.1964. The enantiomeric excess was determined by
chiral stationary phase HPLC using a Chiralcel AS-H column (n-hexane/i-PrOH
90:10) at 0.5 mL/min, UV-detection at A= 254 nm: tr (major)= 6.1 min, tr (Minor)= 6.9

min, 91% ee.
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Compound 2.78

: “NO,

NC._ -
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Benzoylacetontrile (21.8 mg, 0.15 mmol), trans-2-nitrocinnamaldehyde (17.7 mg,
0.10 mmol), tert-butylamine (15.7 pL, 0.15 mmol), and cyclohexylisocyanide (18.7 pL,

0.15 mmol) were reacted according to the general procedure B. Flash column
chromatography purification (n-hexane/EtOAc 5:1) afforded compound 2.78 (28.7

mg, 59%) as a vellow solid. [@]5’ -2.3 (c 0.5, acetone, 20°C). Rf= 0.32 (n-hexane/
EtOAc 4:1). 'H NMR (400 MHz, CDCls): 5 = 8.08-8.04 (m, 2H); 7.91 (dd, J = 8.1, 1.3
Hz, 1H); 7.68-7.59 (m, 2H); 7.53-7.46 (m, 3H); 3.45-7.38 (m, 1H); 5.91 (dd, J = 7.6,
3.2 Hz, 1H); 5.39 (d, J = 8.7 Hz, 1H); 4.84 (dd, J = 7.9, 5.8 Hz, 1H); 3.93-3.79 (m,
1H); 2.84-2.75 (m, 1H); 2.16-2.12 (m, 1H); 1.79-1.58 (m, 4H); 1.50-1.32 (m, 3H); 1,25
(s, 9H).13C NMR (100 MHz, CDCls): 6 = 21.2, 24.2, 25.5, 30.5, 33.4, 33.7, 39.3, 44.9,
52.3, 56.5, 60.5, 78.4, 119.2, 124.9, 128.1, 128.5, 128.75, 129.1, 130.0, 133.8,
133.9, 136.1, 138.2, 144.7, 149.8, 156.8, 167.6. HRMS (ESI-FT-QQTOF) m/z:
487.2721 [M+H]*; calcd. for C29H3sN4O3: 487.2709. The enantiomeric excess was
determined by chiral stationary phase HPLC using a Chiralcel OJ-H column (n-
hexane/i-PrOH 90:10) at 1.0 mL/min, UV-detection at A= 254 nm: tr (major)= 45.5

min, tr (Minor)=53.2 min, >99% ee.

Compound 2.79

o
NC | ~ y
oo

4-Methoxybenzoylacetontrile (26.4 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10
mmol), tert-butylamine (15.7 pL, 0.15 mmol), and cyclohexylisocyanide (18.7 uL, 0.15
mmol) were reacted according to the general procedure B. Flash column

chromatography purification (n-hexane/EtOAc 3:1) afforded compound 2.79 (27.4

mg, 58%) as a yellow solid. [a]?’ -2.6 (c 0.6, acetone, 20°C). Ri= 0.34 (n-hexane/
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EtOAc 3:1). 'H NMR (400 MHz, CDCls): 5 = 7.91-7.84 (m, 1H); 7.38-7.33 (m, 1H);
7.25-7.19 (m, 2H); 7.17-7.10 (m, 4H); 6.94-6.90 (m, 1H); 5.30 (d, J = 8.4 Hz, 1H);
3.89 (d, J = 8.9 Hz, 1H); 3.82 (s, 3H); 3.67 (dd, J = 10.1/ 7.1 Hz, 1H); 2.27-2.21 (m,
1H); 2.07-1.98 (m, 2H); 1.83-1.75 (m, 1H); 1.70-1.61 (m, 2H); 1.44-1.34 (m, 2H);
1.23-1.11 (m, 4H); 0.98 (s, 9H).13C NMR (100 MHz, CDCl3): d = 24.2, 24.3, 25.8,
30.6, 33.4, 33.8, 44.6, 47.4, 50.8, 51.3, 57.3, 69.8, 114.1, 121.1, 123.8, 123.7, 126.5,
126.9, 128.5, 128.7, 129.3, 131.3, 131.8, 133.3, 144.6, 149.1, 155.9, 160.9. HRMS
(ESI-FT-QQTOF) miz: 472.2971 [M+H]*; calcd. for CaoHssN3O2: 472.2964. The
enantiomeric excess was determined by chiral stationary phase HPLC using a
Chiralcel AD-H column (n-hexane/i-PrOH 80:20) at 1.0 mL/min, UV-detection at A=

254 nm: tr (minor)= 31.7 min, tr (major)= 37.1 min, 89% ee.

Compound 2.80

C
Et0,C | : )
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To a solution of Jgrgensen catalyst (9.0 mg, 0.015 mmol), benzoic acid (4 mg, 0.03
mmol), and cinnamaldehyde (12.6 uL, 0.10 mmol) in dichloromethane (1.0 mL) was
added ethyl 3-(4-methoxyphenyl)-3-oxopropionate (28.7 uL, 0.15 mmol) and was
irradiated for 30 min (300 W) under high-speed magnetic stirring at -20 °C. 2,2,2-
trifluoroethanol (1.0 mL), tert-butylamine (15.7 pL, 0.15 mmol), and
cyclohexylisocyanide (18.7 pL, 0.15 mmol) were added and the glass tube was
sealed. The flask was irradiated for 20 min (300 W) under high-speed magnetic
stirring, while the temperature was raised up to 70 °C. Flash column chromatography
purification (n-hexane/EtOAc 3:1) afforded compound 2.80 (38.1 mg, 49%, isomer

cis) as a yellowish oil. [@]5’ -17.4 (c 0.5, EtOH, 20°C). Ri = 0.38 (n-hexane/ EtOAc
4:1). 'H NMR (400 MHz, CDCls): & = 7.69-7.60 (m, 2H); 7.53-7.41 (m, 5H); 7.25-7.10
(m, 2H): 6.24 (d, J = 6.9 Hz 1H): 4.52-4.48 (m, 1H); 4.18 (q, J = 7.8 Hz, 2H ): 3.72 (s,
3H); 3.58-3.50 (M, 1H); 3.23-3.15 (m, 1H); 2.60-2.50 (m, 1H); 2.32-2.10 (m, 6H):
1.88-1.76 (M, 2H): 1.73-1.56 (m, 3H):1.47 (t, J = 7.5 Hz, 3H); 1.292 (s, 9H).13C NMR
(100 MHz, CDCls): & = 14.3, 22.8, 27.2, 29.5, 29.8, 31.1, 32.1, 32.9, 37.2, 45.1, 54.3,
56.7, 63.3, 77.5, 85.2, 105.9, 110.1, 115.3, 116.9, 118.6, 120.6, 125.1, 129.2, 129.6,
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139.0, 140.3, 148.3, 155.1, 169.4, 174.0. HRMS (ESI-FT-QQTOF) m/z: 519.3229
[M+H]*; calcd. for C32Ha3sN204: 519.3223. The enantiomeric excess was determined
by chiral stationary phase HPLC using a Chiralcel OD-H column (n-hexane/i-PrOH
95:5) at 0.8 mL/min, UV-detection at A= 254 nm: tr (major)= 15.5 min, tr (Minor)=
17.2 min, 90% ee.

Compound 2.81

@
NC | B )
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4-Bromobenzoyacetontrile (33.6 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10
mmol), tert-butylamine (15.7 L, 0.15 mmol), and cyclohexylisocyanide (18.7 uL, 0.15
mmol) were reacted according to the general procedure B. Flash column

chromatography purification (n-hexane/EtOAc 4:1) afforded compound 2.81 (29.7

mg, 57%) as a pale yellow solid. [a]? -1.6 (c 0.5, acetone, 20°C). Rt = 0.35 (n-
hexane/ EtOAc 4:1). *H NMR (400 MHz, CDClz): d = 7.52-7.27 (m, 4H); 7.25-6.97 (m,
5H): 5.29 (d, J = 8.1 Hz, 1H); 3.77 (d, J = 9-0 Hz, 1H); 3.74-3.60 (m, 1H); 3.54 (dd, J
= 10.1, 7.1 Hz, 1H); 2.31-2.23 (m, 1H); 2.05-1.80 (m, 3H); 1.75-1.62 (m, 5H); 1.60-
1.48 (m, 1H); 1.37-1.26 (m, 2H); 1,15 (s, 9H).13C NMR (100 MHz, CDCls): & = 23.9,
24.0, 25.5, 30.2, 33.1, 33.5, 44.3, 47.1, 50.5, 51.0, 57.0, 69.5, 120.8, 125.1, 126.2,
126.6, 127.5, 127.9, 128.4, 128.9, 129.2, 129.9, 131.8, 132.4, 144.2, 160.7. HRMS
(ESI-FT-QQTOF) m/z: 520.1978 [M+H]*; calcd. for C29Hs3sBrNsO: 520.1964. The
enantiomeric excess was determined by chiral stationary phase HPLC using a
Chiralcel OD-H column (n-hexane/i-PrOH 97:3) at 1.0 mL/min, UV-detection at A=

254 nm: tr (major)= 12.6 min, tr (Minor)= 16.6 min, 80% ee.
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Compound 2.82
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol),
alanine methyl ester hydrochloride (20.9 mg, 0.15 mmol), EtsN (21 uL, 0.15 mmol)
and cyclohexylisocyanide (18.7 uL, 0.15 mmol) were reacted according to the

general procedure B. Flash column chromatography purification (n-hexane/EtOAc

2:1) afforded compound 2.82 (28.8 mg, 61%, isomer cis) as a pale yellow oil. [a]’
-14.4 (c 5.0, acetone, 20°C). Rf = 0.32 (n-hexane/EtOAc 2:1). *H NMR (400 MHz,
CDCls): 8 = 7.56-7.24 (m, 6H); 7.21-7.13 (m, 3H); 5.59 (d, J= 8.2 Hz, 1H); 4.01 (dd,
J=8.6, 1.4 Hz, 1H); 3.86 (m, 1H); 3.72 (s, 3H); 3.37 (9, J = 7.0 Hz, 1H); 2.18-2.03 (m,
2H); 2.01-1.90 (m, 1H); 1.81-1.71 (m, 2H); 1.68-1.55 (m, 2H); 1.46 (d, J = 12.0 Hz
1H); 1.30 (d, J = 7.0 Hz, 3H).13C NMR (100 MHz, CDClIz): d = 20.0, 24.2, 25.6, 25.9,
33.5, 33.6, 40.4,47.6,51.5,52.2,54.2, 61.7, 71.2, 102.5, 113.7, 120.6, 125.0, 126.6,
126.9, 127.9, 128.6, 129.8, 130.5, 132.5, 134.6, 144.0, 159.1, 176.4. HRMS (ESI-FT-
QQTOF) m/z: 472.2618 [M+H]*; calcd. for C20H34N303: 472.2601. The diastereomeric
ratio was determined by chiral stationary phase HPLC using a Chiralcel OD-H
column (n-hexane/i-PrOH 90:10) at 0.8 mL/min, UV-detection at A= 254 nm: tr
(major)= 8.8 min, >99:1 dr.

Compound 2.83

Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), HCI
Phe-OMe (32.3 mg, 0.15 mmol), EtsN (21.0 pL, 0.15 mmol) and cyclohexylisocyanide

(18.7 pL, 0.15 mmol) were reacted according to the general procedure B. Flash
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column chromatography purification (n-hexane/EtOAc 4:1) afforded compound 2.83

(28.5 mg, 52%, isomer cis) as a pale yellow solid. [a]3’ -5.3 (c 0.5, acetone, 20°C).
Rt = 0.33 (n-hexane/ EtOAc 4:1). 'H NMR (400 MHz, CDCls): & = 7.60-7.35 (m, 7H);
7.29-7.12 (m, 8H); 4.81 (d, J = 7.9 Hz, 1H); 4.47 (t, J = 7.1 Hz, 1H); 4.15 (d, J = 4.9
Hz, 1H); 3.70 (s, 3H); 3.60 (m, 1H); 3.48 (t, J = 7.6 Hz, 1H); 3.12 (dd, J = 13.9, 6.8
Hz, 1H); 2.58 (dd, J = 14.0, 6.8 Hz, 1H); 2.35-2.27 (m, 2H); 2.22-2.12 (m, 2H); 1.82-
1.60 (m, 6H); 1.56-1.50 (m, 2H).23C NMR (100 MHz, CDCl3): d = 24.4, 24.5, 25.7,
33.4, 36.1, 39.7, 39.9, 45.6, 47.4, 51.6, 52.4, 60.1, 61.5; 67.5, 111.4, 116.2, 123.8,
126.9, 127.3, 128.6, 128.7, 128.8, 128.9, 129.2, 129.3; 131.5, 133.4, 144.4, 149.8,
149.7, 156.5, 158.9, 175.6. HRMS (ESI-FT-QQTOF) m/z: 548.2910 [M+H]*; calcd. for
CssH3sN3Os: 548.2913. The diastereomeric ratio was determined by chiral stationary
phase HPLC using a Chiralcel OD-H column (n-hexane/i-PrOH 90:10) at 0.8 mL/min,
UV-detection at A= 254 nm: tr (major)= 19.2 min, tr (Minor)= 23.4 min, 99:1 dr.

Compound 2.84
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 ulL, 0.10 mmol),
alanine methyl ester hydrochloride (20.9 mg, 0.15 mmol), EtsN (21 uL, 0.15 mmol)
and cyclohexylisocyanide (18.7 uL, 0.15 mmol) were reacted according to the

general procedure B. Flash column chromatography purification (n-hexane/EtOAc

2:1) afforded compound 2.84 (28.8 mg, 61%, isomer cis) as a pale yellow oil. [a]’
-14.4 (c 5.0, acetone, 20°C). Rf = 0.32 (n-hexane/EtOAc 2:1). *H NMR (400 MHz,
CDCls): & = 7.56-7.24 (m, 6H); 7.21-7.13 (m, 3H); 5.59 (d, J= 8.2 Hz, 1H); 4.01 (dd,
J=8.6, 1.4 Hz, 1H); 3.86 (m, 1H); 3.72 (s, 3H); 3.37 (9, J = 7.0 Hz, 1H); 2.18-2.03 (m,
2H); 2.01-1.90 (m, 1H); 1.81-1.71 (m, 2H); 1.68-1.55 (m, 2H); 1.46 (d, J = 12.0 Hz
1H); 1.30 (d, J = 7.0 Hz, 3H).23C NMR (100 MHz, CDCIz): & = 20.0, 24.2, 25.6, 25.9,
33.5, 33.6, 40.4, 47.6, 51.5, 52.2, 54.2, 61.7, 71.2, 102.5, 113.7, 120.6, 125.0, 126.6,
126.9, 127.9, 128.6, 129.8, 130.5, 132.5, 134.6, 144.0, 159.1, 176.4. HRMS (ESI-FT-
QQTOF) m/z: 472.2618 [M+H]*; calcd. for C29H34N303: 472.2601. The diastereomeric

ratio was determined by chiral stationary phase HPLC using a Chiralcel OD-H
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column (n-hexane/i-PrOH 90:10) at 0.8 mL/min, UV-detection at A= 254 nm: tr
(major)= 8.8 min, >99:1 dr.

Compound 2.85

NC
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.120 mmol), (R)-
a-methylbenzylamine (37.3 uL, 0.15 mmol), and methyl isocyanoacetate (13.6 pL,
0.15 mmol) were reacted according to the general procedure B. Flash column

chromatography purification (n-hexane/EtOAc 3:1) afforded compound 2.85 (28.8

mg, 60%, isomer cis) as a pale yellow oil. [a]?’ -2 1 (c 0.6, acetone, 20°C). Ri=0.40
(n-hexane/ EtOAc 3:1). 'H NMR (400 MHz, CDCl3): & = 7.42-7.21 (m, 12H); 7.18-
7.04 (m, 3H); 5.93 (brs, 1H); 4.36 (m, 2H); 3.97 (m, 2H); 3.84 (brs, 4H); 2.04 (m, 1H);
1.83 (m, 1H); 1.39 (d, J = 6.5 Hz, 3H).13C NMR (100 MHz, CDCls): & = 23.4, 41.4,
44.9, 47.6, 48.6, 52.8, 56.8, 61.1, 74.6, 119.8, 126.4, 126.6, 126.8, 127.4, 127.9,
128.7, 129.1, 143.6, 144.3, 145.7, 160.6, 170.4. HRMS (ESI-FT-QQTOF) m/z:
480.2290 [M+H]*; calcd. for CsoH30N3O3s: 480.2287. The diastereomeric ratio was
determined by chiral stationary phase HPLC using a Chiralcel OD-H column (n-
hexane/i-PrOH 90:10) at 0.8 mL/min, UV-detection at A= 254 nm: tr (Minor)= 22.8
min, tr (Mmajor)= 30.8 min, 87:13 dr.

Compound 2.86

®
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 pL, 0.10 mmol), 2-
iodoaniline (32.8 mg, 0.15 mmol), and tert-butyl isocyanide (16.9 pL, 0.15 mmol)
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were reacted according to the general procedure B. Flash column chromatography
purification (n-hexane/EtOAc 4:1) afforded compound 2.86 (33.7 mg, 60%, isomer

cis) as amorphous white solid. [#]5° -6.2 (c 0.5, acetone, 20°C). Rr= 0.39 (n-hexane/
EtOAc 3:1). 'H NMR (400 MHz, CDCl3): & = 7.74-7.52(m, 5H); 7.49-7.21 (m, 7H);
7.20-6.98 (m, 2H); 5.57 (s, 1H); 4.68 (dd, J = 6.9, 5.2 Hz, 1H); 4.39-4.25 (m, 1H);
4.10 (dd, J = 7.0, 4.5 Hz, 1H); 2.60 (m, 1H); 1.48 (s, 9H).13C NMR (100 MHz, CDClz3):
0 = 30.1, 41.6, 43.0; 47.1, 52.1, 73.7, 121.6, 122.7, 124.1, 126.7, 126.9, 127.1,
127.2, 127.6, 128.7, 129.9, 130.1, 131.4, 134.1, 140.3, 141.7, 143.6, 148.1, 157.0,
157.7, 180.5. HRMS (ESI-FT-QQTOF) m/z: 562.1369 [M+H]*; calcd. for C29H2sIN3O:
562.1355. The enantiomeric excess was determined by chiral stationary phase HPLC
using a Chiralcel OJ-H column (n-hexane/i-PrOH 90:10) at 0.8 mL/min, UV-detection
at A= 254 nm: tr (major)= 28.3 min, tr (Minor)= 41.9 min, 99% ee.

Compound 2.87

ﬁ
MeO

Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), 3, 5

dimethoxy aniline (22.7 mg, 0.15 mmol), and cholesterol isocyanide (59.3 mg, 0.15
mmol) were reacted according to the general procedure B. The reaction was
concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 (3 mL). The

product was recrystallized by addition of MeOH and collected by vacuum filtration to

afforded compound 2.87 (49.3 mg, 61%, isomer cis) as a yellow solid. [2]2 —2.9 (c
0.5, acetone, 20°C). Rr= 0.40 (n-hexane/ EtOAc 3:1). *H NMR (400 MHz, CDClz): d =
7.49-7.32 (m, 2H); 7.31-7.21 (m, 5H); 7.19-7.06 (m, 6H); 5.87 (s, 1H); 5.75 (d, J = 2.7
Hz, 1H); 5.33 (s, 1H); 4.77 (d, J = 8.2 Hz, 1H); 4.49 (t, J = 7.2 Hz, 1H); 4.02-3.95 (m,
1H); 3.84-3.75 (m, 3H); 3.66 (s, 6H); 2.43-2.30 (m, 1H); 2.18-2.10 (m, 1H); 2.09-1.98
(m, 3H); 1.96-1.84 (m, 3H), 1.82-1.71 (m, 3H), 0.84 (d, J = 6.4 Hz, 6H), 0.80 (s, 3H),
0.78 (s, 3H), 0.6 (s, 3H) .3C NMR (100 MHz, CDCl3): 5 = 10.8, 17.6, 18.4, 19.9, 21.5,
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21.8, 22.8, 23.3, 27.0, 27.2, 28.5, 28.7, 29.0, 30.8, 34.8, 35.2, 35.6, 36.0, 38.3, 38.5,
38.7, 38.9, 41.3, 46.6, 48.8, 52.3 54.2, 55.0, 55.6, 58.2, 59.7, 60.1, 89.9, 92.1, 118.9,
121.6, 124.7, 125.8, 126.1, 126.4, 127.6, 127.7, 128.9, 129.0, 132.9, 138.5 142.7,
147.2, 157.5, 160.8. HRMS (ESI-FT-QQTOF) m/z: 808.5429 [M+H]*; calcd. for
Cs4H70N30s3: 808.5417. The diastereomeric ratio was determined by chiral stationary
phase HPLC using a Chiralcel OD-H column (n-hexane/i-PrOH 90:10) at 0.8 mL/min,
UV-detection at A= 254 nm: tr (minor)= 9.7 min, tr (major)= 12.0 min, 96:4 dr.

Compound 2.88

»
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 ulL, 0.10 mmol),
2,3,4,6-tetra-O-acetyl-p -D-glucopyranosylamine (52.1 mg, 0.15 mmol), and tert-butyl
isocyanide (16.9 uL, 0.15 mmol) were reacted according to the general procedure B.

Flash column chromatography purification (n-hexane/EtOAc 2:1) afforded compound

7 (21.8 mg, 63%, isomer cis) as a yellow solid. [#]5° -3.9 (c 0.4, acetone, 20°C). R=
0.37 (n-hexane/ EtOAc 3:1). *H NMR (400 MHz, CDCl3): & = 7.68-7.57 (m, 1H); 7.51-
7.35 (m, 6H); 7.30- 7.12 (m, 3H); 5.90 (s, 1H); 5,45 (t, J =7.5 Hz, 1H); 5.30 (t, J=7.5
Hz, 1H); 5.15 (dd, J = 10.0, 9.5 Hz, 1H); 4.98 (dd, J = 9.4, 9.5 Hz, 1H); 4.60 (dd, J =
9.0, 9.5 Hz, 1H); 4.28 (d, J = 9.0 Hz, 1H); 4.24 (dd, J = 12.0, 4.9 Hz, 1H); 4.10 (dd,
1H); 3.80-3.60 (m, 1H); 3.48 (t, J = 7.0 Hz, 1H); 2.78-2.46 (m, 1H), 2.14, 2.12, 2.01,
1.97 (4xs, 12H); 1.48 (s, 9H).13C NMR (100 MHz, CDCls): & = 19.9, 22.7, 26.2, 27.3,
30.2, 35.4, 41.6, 43.0, 47.0, 48.1, 52.2, 62.0, 69.4, 71.2, 72.5, 73.6, 82.8, 84.8,
121.7, 126.1, 126.8, 126.9, 127.1, 127.6, 128.1, 128.7, 129.9, 143.7, 156.9, 167.9,
168.5, 169.3, 170.3, 171.1. HRMS (ESI-FT-QQTOF) m/z: 690.3039 [M+H]*; calcd. for
C37H44N3010: 690.3026. The diastereomeric ratio was determined by chiral stationary
phase HPLC using a Chiralcel AS-H column (n-hexane/i-PrOH 90:10) at 1.0 mL/min,
UV-detection at A= 290 nm: tr (major)= 13.5 min, tr (minor)= 18.3 min, 98:2 dr.



101

Compound 2.89

NC. -
T 8%
Ph” "N~ N~ >co,Me
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ﬁ\\“' CO,Me
Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), HCI
Val-OMe (25.1 mg, 0.15 mmol), EtsN (21 pL, 0.15 mmol), and CN-Gly-Phe-OMe

(36.9 mg, 0.15 mmol) were reacted according to the general procedure B. Flash

column chromatography purification (n-hexane/EtOAc 1:1) afforded compound 2.89

(33.1 mg, 52%, isomer cis) as a pale brown oil. [@]5’ —1.3 (c 0.5, acetone, 20°C). R
= 0.33 (n-hexane/ EtOAc 1:1). *H NMR (400 MHz, CDCl3): d = 7.35-7.27 (m, 6H, Ph);
7.25-7.19 (m, 3H, Ph); 7.18-7.08 (m, 6H, Ph); 6.37 (d, J = 7.7 Hz, 1H); 6.17 (t, J=5.8
Hz, 1H); 4.95 (dd, J = 13.7, 6.0 Hz, 1H); 4.28 (d, J = 5.8 Hz, 2H); 4.12 (m, 1H); 4.02
(dd, J = 7.8, 4.0 Hz, 1H) 3.77 (m, 1H); 3.73 (s, 3H); 3.72 (s, 3H); 3.16 (m, 2H); 3.07
(d, J = 5.2 Hz, 1H); 2.04 (m, 3H); 1.99 (m, 2H); 1.26 (t, J = 7.1 Hz, 1H); 0.95 (d, J =
6.8 Hz, 3H); 0.90 (d, J = 6.9 Hz, 3H).13C NMR (100 MHz, CDCl3): & = 18.2, 19.4,
31.6, 37.9, 39.9, 46.3, 47.8, 52.0, 52.4, 53.4, 61.8, 64.4, 75.4, 119.9, 120.1, 126.7,
126.9, 127.2, 127.5, 128.1, 128.3, 128.7, 128.9, 129.0, 129.1, 129.2, 135.6, 142.2,
143.3, 160.3, 167.8, 171.6, 175.8. HRMS (ESI-FT-QQTOF) m/z: 637.3031 [M+H]*;
calcd. for C37H41N4Os: 637.3026. The diastereomeric ratio was determined by chiral
stationary phase HPLC using a Chiralcel OD-H column (n-hexane/i-PrOH 90:10) at
1.0 mL/min, UV-detection at A= 254 nm: tr (major)= 22.6 min, 99:1 dr.

Compound 2.90

Ncrj "f \)L ji( _CO,Me

COZMe
Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), HCI
Ala-OMe (20.9 mg, 0.15 mmol), EtsN (21.0 uL, 0.15 mmol), and CN-Gly-lle-Val-OMe

(46.7 mg, 0.15 mmol) were reacted according to the general procedure B. Flash
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column chromatography purification (n-hexane/EtOAc 1:3) afforded compound 2.90

(39.1 mg, 58%, isomer cis) as a pale yellow solid. [a]3’ -5.2 (c 0.5, acetone, 20°C).
R = 0.29 (n-hexane/ EtOAc 1:3). 'H NMR (400 MHz, CDCls): & = 7.76-7.60 (m, 2H):
7.55-7.46 (m, 5H); 7.23-7.02 (m, 3H); 6.33 (d, J = 6.8 Hz, 1H); 6.16 (t, J = 5.7 Hz,
1H); 6.12 (t, J = 5.8 Hz, 1H); 5.76 (t J = 5.8 Hz, 1H); 4.70-4.62 (m, 1H); 4.55-4.60 (m,
2H); 4.52-4.47 (m, 1H); 4.28 (d, J = 7.1 Hz, 1H); 4.12 (d, J = 8.2 Hz, 1H); 3.74 (2xs,
6H); 3.49 (q, J = 7.0 Hz, 1H); 2.51 (m, 1H); 2.26-2.12 (m, 2H); 2.09-1.97 (m, 1H);
1.60-1.55 (m, 1H); 1.51(d, J = 7.0 Hz, 3H); 1.46-1.30 (m, 1H); 1.09 (d, J = 7.0 Hz,
6H); 0.90 (d, J = 6.8 Hz, 6H); 0.80 (t, J = 2.5 Hz, 3H).23C NMR (100 MHz, CDCl3): & =
11.3, 15.3, 17.9, 18.9, 19.8, 37.5, 46.4, 47.1, 52.1, 52.2 54.1, 56.2, 57.3, 57.9, 58.0,
61.7, 62.3, 75.2, 119.7, 120.1, 126.7, 126.8, 126.9, 127.5, 128.3, 128.6, 128.7,
130.1, 143.0, 143.5, 161.0, 168.6, 170.9, 172.2, 176.1. HRMS (ESI-FT-QQTOF) m/z:
674.3565 [M+H]*; calcd. for Cs7HasNsO7: 674.3554. The diastereomeric ratio was
determined by chiral stationary phase HPLC using a Chiralcel OD-H column (n-
hexane/i-PrOH 90:10) at 0.7 mL/min, UV-detection at A= 254 nm: tr (major)= 13.8
min, tr (Minor)=21.8 min, 96:4 dr.

Compound 2.91

»

NC._~
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 uL, 0.10 mmol), 2-
iodoaniline (32.8 mg, 0.15 mmol), and N-allyl-2-isocyanoacetamide (18.6 mg, 0.15
mmol) were reacted according to the general procedure B. Flash column
chromatography purification (n-hexane/EtOAc 5:1) afforded compound 2.91 (31.9

mg, 53%, isomer cis) as amorphous yellow solid. [#]5°-10.6 (c 0.5, acetone, 20°C).
Ri= 0.41 (n-hexane/ EtOAc 4:1). *H NMR (400 MHz, CDCls): & = 7.61 (ddd, J = 7.6,
3.6, 1.3 Hz, 1H): 7.42-7.38 (m, 1H); 7.35-7.31 (M, 4H): 7.20-7.07 (m, 6H): 6.54 (dd, J
= 6.9, 5.5 Hz, 1H); 6.47-6.42 (m, 1H); 6.28 (t, J = 6.3 Hz, 1H): 5.81-5.77 (M, 1H):
5.76-5.68 (M, 1H); 5.15-5.03 (m, 2H); 4.69 (t, J = 7.6 Hz, 1H); 4.21 (dd, J = 5.2, 2.4
Hz, 2H); 4.03 (t, J = 5.8 Hz, 1H): 3.87-3.80 (m, 2H): 2.21 (dd, J = 7.7, 5.9 Hz, 2H).13C
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NMR (100 MHz, CDCls): & = 39.5, 42.2, 46.3, 47.7, 59.6, 78.3, 87.2, 112.3, 117.0,
120.5, 126.8, 127.0, 127.2, 127.4, 128.4, 128.6, 128.8, 129.2, 129.5, 129.9, 130.1,
133.4, 139.5, 143.2, 145.5, 156.5, 159.3, 167.7, 170.6. HRMS (ESI-FT-QQTOF) m/z:
603.1268 [M+H]*; calcd. for CsoH2sIN4O2: 603.1257. The enantiomeric excess was
determined by chiral stationary phase HPLC using a Chiralcel OD-H column (n-
hexane/i-PrOH 90:10) at 0.7 mL/min, UV-detection at A= 254 nm: tr (major)= 19.2

min, tr (Minor)= 24.4 min, 95% ee.

Compound 2.92

©

M
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Benzoylacetontrile (21.8 mg, 0.15 mmol), cinnamaldehyde (12.6 pL, 0.10 mmol), 2-
iodoaniline (32.8 mg, 0.15 mmol), and 2-Isocyano-N-(prop-2-yn-1-yl)acetamide (18.3
mg, 0.15 mmol) were reacted according to the general procedure B. Flash column

chromatography purification (n-hexane/EtOAc 4:1) afforded compound 2.92 (34.8

mg, 58%, isomer cis) as yellow solid. [a]3’-10.1 (c 0.5, acetone, 20°C). Ri= 0.32 (n-
hexane/ EtOAc 4:1). *H NMR (400 MHz, CDClz): & = 7.76-7.67 (m, 3H); 7.63-7.24 (m,
9H); 7.10-6.94 (m, 2H); 6.12-5.80 (m, 1H); 5.30-5.13 (m, 1H); 4.46 (d, J = 5.8 Hz,
2H): 4.24 (dd, J = 5.4, 2.6 Hz, 2H); 4.00 (dd, J = 7.1, 2.9 Hz, 1H); 3.65-3.59 (m, 1H);
3.52-3.48 (m, 1H); 2.65-2.54 (m, 1H); 2.31 (t, J = 2.6 Hz, 1H).13C NMR (100 MHz,
CDCls): & = 29.4, 39.4, 46.2, 47.6, 59.6, 68.4, 71.9, 78.9, 79.0, 87.1, 112.3, 118.5,
120.5, 126.2, 126.9, 127.0, 128.8, 128.9, 128.2, 129.6, 130.1, 139.5, 143.2, 145.6,
159.6, 167.9, 170.7. HRMS (ESI-FT-QQTOF) m/z: 601.1128 [M+H]*; calcd. for
C3oH26IN4O2: 601.1100. The enantiomeric excess was determined by chiral
stationary phase HPLC using a Chiralcel OJ-H column (n-hexane/i-PrOH 90:10) at
1.0 mL/min, UV-detection at A= 300 nm: tr (minor)= 20.4 min, tr (major)= 21.7 min,
92% ee.
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3.4  Synthesis of the THP- Chimeric molecules 2.94-2.97

Compound 2.93. Methyl ester removal procedure for compound 2.90

l/j,,r QLji( QLOH

w COZH

The THP-peptide chimeric 2.90 (30.0 mg, 0.04 mmol) was dissolved in THF/H20
(2:1, 5 mL) and LiOH (5.7 mg, 0.24 mmol) was added at 0 °C. The mixture was
stirred at 0 °C for 2 h and then acidified with aquouse 10% NaHSOa4 to pH 3. The
resulting phases were separated and the aqueous phase was additionally extracted
with EtOAc (2x10 mL). The combined organic phases were dried over anhydrous
Na2S04 and concentrated under reduced pressure to yield the C-deprotected THP-
peptide 2.93 (22.7 mg, 88%) as a white solid. 'H NMR (400 MHz, CDClz): & = 7.82-
7.75 (m, 1H); 7.70-7.57 (m, 1H); 7.49-7.21 (m, 8H); 5.58 (d, J = 6.8 Hz, 1H); 4.64 (d,
J = 6.0 Hz, 1H); 4.56 (t, J = 5.9 Hz, 1H); 4.51-4.47 (m, 2H); 4.43-4.39 (m, 1H); 4.33-
4.29 (m, 1H); 4.20 (dd, J = 6.9, 5.7 Hz, 1H) 4.11(m, 1H); 4.00 (d, J = 8.2 Hz, 1H);
3.48 (m, 1H); 2.65 (m, 1H); 2.15-2.06 (m, 4H); 1.35 (d, J = 7.0 Hz, 3H); 1.25 (d, J =
7.0 Hz, 3H); 1.18 (t, J = 7.1 Hz, 1H); 0.96 (d, J = 6.8 Hz, 6H); 0.85 (t, J = 2.5 Hz,
3H).13C NMR (100 MHz, CDCl3): & = 11.4, 15.6, 17.9, 18.4, 19.4, 25.9, 30.2, 38.0,
41.4, 42.3,46.4, 47.8, 56.6, 57.3, 57.8, 62.1, 75.2, 119.7, 120.1, 126.7, 126.8, 126.9,
127.5, 128.4, 128.6, 128.7, 130.4, 143.0, 143.8, 161.0, 168.6, 171.9, 172.2, 176.1.
HRMS (ESI-FT-QQTOF) m/z: 646.3235 [M+H]*; calcd. for C3sH44NsO7: 646.3240.
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Compound 2.94
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The C-deprotected THP-peptide 2.93 (22.6 mg, 0.035 mmol), PyBOP (41.6 mg,
0.070 mmol) and DIEA (41.8 uL, 0.210 mmol) are suspended in CH2Cl2/DMF (100
mL). 1,3-Diaminopropane (3.4 pL, 0.035 mmol) is syringed in portion wise and the
resulting solution is stirred at room temperature for 12h. The reaction mixture is
concentrated and then diluted with 20 mL EtOAc, transferred to a separatory funnel
and sequentially washed with 5% aqueous solution of KHSO4 (2x10 mL) and 5%
aqueous suspension NaHCOs (2x10 mL) and brine (3x10 mL). The organic phase is
dried over NazSOy, filtered and concentrated under reduced pressure. Flash column
chromatography purification (CH2Cl2/MeOH 15:1) furnished the chimeric THP-peptide
macrocycle 2.94 (11.2 mg, 41%). *H NMR (400 MHz, CDs0OD): & = 7.78-7.61 (m, 1H);
7.57-7.33 (m, 9H); 6.21 (m, 1H); 5.86 (d, J = 6.8 Hz, 1H); 5.42 (d, J = 6.0 Hz, 1H);
4.64 (t, J = 5.9 Hz, 1H); 4.57 (m, 1H); 4.47-4.42 (m, 2H); 4.39-4.26 (m, 1H); 4.20-4.00
(m, 1H); 4.02 (dd, J = 6.9, 5.7 Hz, 1H) 3.53(m, 2H); 3.25 (m, 2H); 3.18 (m, 1H); 2.85-
2.80 (m, 1H); 2.59-2.43 (m, 4H); 1.82 (t, J = 7.0 Hz, 3H); 1.20 (d, J = 7.0 Hz, 3H);
0.96 (d, J = 6.8 Hz, 6H); 0.85 (t, J = 3.0 Hz, 3H).23C NMR (100 MHz, CDCl3): & =
11.5, 15.8, 17.6, 18.6, 19.9, 25.9, 27.3, 30.7, 32.4, 37.7, 40.2, 41.2, 42.6, 43.3, 44.1,
56.7, 58.3, 59.8, 62.2, 74.2, 111.6, 118.6, 126.7, 127.1, 127.5, 127.8, 128.1, 128.9,
129.8, 131.7, 1445, 146.8, 165.9, 168.4, 171.7, 173.8, 177.4. HRMS (ESI-FT-
QQTOF) m/z: 684.3869 [M+H]*; calcd. for C3sHsoN7Os: 684.3873.
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Compound 2.95
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A mixture of 2.91 (60.2 mg, 0.100 mmol), palladium(ll) acetate (1.1 mg, 0.005 mmaol),
triphenyl phosphine (2.6 mg, 0.010 mmol) and triethylamine (34.7 pL, 0.250 mmol) in
acetonitrile (2mL) was heated to 120 °C for 45 min (300W). Flash column
chromatography purification (n-hexane/EtOAc 6:1) afforded compound 2.95 (21.4
mg, 45%) as amorphous white solid. Rf= 0.50 (n-hexane/ EtOAc 3:1). *H NMR (400
MHz, CDCIl3): & = 7.68 (dd, J = 7.2, 4.6 Hz, 1H); 7.48-7.39 (m, 1H); 7.38-7.29 (m,
4H); 7.28-7.15 (m, 6H); 6.82 (dd, J = 6.7, 5.1 Hz,1H); 6.77-6.72 (m, 1H); 6.62 (d, J =
15.1 Hz, 1H); 6.36 (brs, 1H); 5.93-5.70 (m, 2H); 4.76 (t, J = 7.7 Hz,1H); 4.28 (dd, J =
5.4, 2.5 Hz, 2H); 4.11 (t, J = 6.0 Hz, 1H); 3.95-3.86 (m, 2H); 2.31-2.25 (m, 2H).13C
NMR (100 MHz, CDCls): & = 42.3, 46.4, 47.1, 47.8, 59.7, 87.3, 112.4, 117.1,120.0,
120.6, 126.9, 127.1, 127.3, 127.5, 128.5, 128.7, 128.9, 129.0, 129.3, 129.7, 130.1,
133.2, 133.5, 139.6, 143.3, 145.6, 156.6, 159.4, 167.8, 170.7. HRMS (ESI-FT-
QQTOF) m/z: 475.2139 [M+H]*; calcd. for C3oH27N4O2: 475.2134. The enantiomeric
excess was determined by chiral stationary phase HPLC using a Chiralcel OJ-H
column (n-hexane/i-PrOH 90:10) at 1.0 mL/min, UV-detection at A= 254 nm: tr

(major)= 8.8 min, tr (Minor)=17.0 min, 94% ee.

Compound 2.96

A solution of 2.92 (121 mg, 0.20 mmol), Pd(PPhz)2Cl2 (1.4 mg, 0.002 mmol) and Cul
(1.0 mg, 0.004 mmol) in EtsN/CHsCN (1:1, 4.0 mL) was heated at 100 °C for 3h

under N2 atmosphere. The reaction mixture was poured into water and extracted with
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DCM, then the combined organic phases were concentrated in vacuo and purified by
column chromatography (n-hexane/EtOAc 5:1) to afford compound 2.96 (49.1 mg,
52%) as brown oil. R= 0.37 (n-hexane/ EtOAc 4:1). *H NMR (400 MHz, CDCls): d =
7.91-7.52 (m, 4H); 7.49 -7.21 (m, 7H); 7.169-6.69 (m, 3H); 6.13 (t, J = 7.0 Hz, 1H);
5.62 (m, 1H); 5.03 (d, J = 5.8 Hz, 2H); 4.70 (d, J = 6.1 Hz, 2H), 4.17(d, J = 6.9 Hz,
1H); 3.85 (t, J = 7.0 Hz, 1H); 3.78 (d, J =6.9 Hz, 1H); 2.65-2.50 (m, 1H).23C NMR
(100 MHz, CDCI3): & = 29.5, 37.5, 39.5, 46.3, 47.7, 59.6, 72.0, 87.1, 90.1, 91.0,
112.4, 118.6, 119.9, 120.6 126.3, 126.9, 127.1, 128.5, 128.9, 129.1, 129.3, 129.6,
133.5, 139.6, 143.3, 145.6, 159.6, 167.9, 169.9. HRMS (ESI-FT-QQTOF) m/z:
473.1989 [M+H]*; calcd. for CsoH2sN4O2: 473.1978. The enantiomeric excess was
determined by chiral stationary phase HPLC using a Chiralcel IA column (i-PrOH) at
1.0 mL/min, UV-detection at A= 254 nm: tr (minor)= 3.6 min, tr (Major)= 3.7 min, 87%
ee.

Compound 2.97

»

NC_ -
Phjl\/Nj"'/l//o
'

To a solution of 2.89 (56.1 mg, 0.1 mmol), in toluene/acetonitrile (v/v = 3/1 c= 50 mM,
ca 2mL), was added K2COs3 (27.7 mg, 0.2 mmol), Pd(dba)2 (2.7 mg, 0.005 mmol) and
XantPhos (2.9, 0.005 mmol) in a teflon-capped vial. The sealed vial is then subjected
to micro-wave heating (150W, 100°C) for 1 h. After cooling to room temperature, the
catalyst and salt were removed by filtration through a short pad of Celite. The filtrate
was concentrated to dryness and purified by flash column chromatography (n-
hexane/EtOAc 4:1) to afford compound 2.97 (26.4 mg, 61%) as an amorphous white
solid. Rf= 0.35 (n-hexane/ EtOAc 4:1). *H NMR (400 MHz, CDCl3): & = 7.48-7.07 (m,
11H); 6.97-6.68 (m, 3H); 4.15 (t, J = 7.3 Hz, 1H); 3.90 (t, J = 7.0 Hz, 1H); 2.89 (dd, J
= 7.5, 2.8 Hz, 1H); 2.16 (dd, J = 7.0, 2.9 Hz, 1H); 1.39 (s, 9H).3C NMR (100 MHz,
CDCls): & = 29.9, 42.0, 43.4, 49.7, 51.8, 94.5, 116.6, 119.8, 121.5, 125.4, 126.9,
127.6, 128.4, 129.0, 129.1, 130.5, 134.8, 139.4, 141.7, 143.4, 145.3, 147.9, 151.3,
152.9, 157.6, 158.5, 169.1. HRMS (ESI-FT-QQTOF) m/z: 456.2069 [M+Na]*; calcd.

for C29H27N3NaO: 456.2052. The enantiomeric excess was determined by chiral
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stationary phase HPLC using a Chiralcel OJ-H column (n-hexane/i-PrOH 80:20) at
0.7 mL/min, UV-detection at A= 254 nm: tr (minor)= 10.6 min, tr (Major)= 14.6 min,
97% ee.
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3.5 Selected Spectra and Chromatograms of Chapter 1

FIGURE 3.5.1-'H and '3C NMR spectra in CDCIlz of the diastereomer cis of
compound 1.30.
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FIGURE 3.5.2- COSY and NOESY

compound 1.30.
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FIGURE 3.5.3-'H and *C NMR spectra in CDClz of the diastereomer trans of
compound 1.30.
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FIGURE 3.5.4- Chiral

stationary-phase HPLC analysis of the mixture

diastereomers of 1.30; n-hexane/i-PrOH 90:10 AD-H at 1 mL/min.
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FIGURE 3.5.5-'H and **C NMR spectra in CDCI3 of compound 1.31.
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FIGURE 3.5.6- Chiral stationary-phase HPLC analysis of compound 1.31; n-
hexane/i-PrOH 90:10 AD-H at 1 mL/min.
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FIGURE 3.5.7-'H and **C NMR spectra in CDCls of compound 1.32.
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FIGURE 3.5.8-'H and **C NMR spectra in CDCls of compound 1.33.
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FIGURE 3.5.9-'H and **C NMR spectra in CDCls of compound 1.34.
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FIGURE 3.5.10- Chiral stationary-phase HPLC analysis of compound 1.34; n-

hexane/i-PrOH 90:10 AD-H at 1 mL/min.
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FIGURE 3.5.11-'H and '3C NMR spectra in CDCIz of compound 1.35.
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FIGURE 3.5.13- Chiral stationary-phase HPLC analysis of compound 1.36;
hexane/i-PrOH 95:5 AD-H at 1 mL/min.
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FIGURE 3.5.14-'H and '3C NMR spectra in CDCIz of compound 1.37.
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FIGURE 3.5.15- Chiral stationary-phase HPLC analysis of compound 1.37; n-
hexane/i-PrOH 95:5 OJ-H at 1 mL/min.
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FIGURE 3.5.16-'H and **C NMR spectra in CDClIs of compound 1.38.
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FIGURE 3.5.17- Chiral stationary-phase
hexane/i-PrOH 95:5 AD-H at 1 mL/min.
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FIGURE 3.5.18-'H and *3C NMR spectra in CDClIs of compound 1.39.
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FIGURE 3.5.19- Chiral stationary-phase HPLC analysis of compound 1.39; n-
hexane/i-PrOH 90:10 AD-H at 1 mL/min.
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FIGURE 3.5.20-'H and *3C NMR spectra in CDClIs of compound 1.40.
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FIGURE 3.5.21- Chiral stationary-phase HPLC

hexane/i-PrOH 90:10 AD-H at 1 mL/min.
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FIGURE 3.5.22- 'H and **C NMR spectra in CDCIs of compound 1.41.
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FIGURE 3.5.23-'H and *3C NMR spectra in CDClIs of compound 1.42.
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FIGURE 3.5.24- 'H and **C NMR spectra in CDCIs of compound 1.43.
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FIGURE 3.5.25- Chiral stationary-phase HPLC

hexane/i-PrOH 95:5 AD-H at 1 mL/min.
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analysis of compound 1.43; n-
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FIGURE 3.5.26- 'H and **C NMR spectra in CDCIs of compound 1.45.
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FIGURE 3.5.27- Chiral stationary-phase HPLC analysis of compound 1.45. n-
hexane/i-PrOH 90:10 OJ-H at 1 mL/min.
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Selected Spectra and Chromatograms of Chapter 2

3.6

FIGURE 3.6.1-'H and 13C NMR spectra in CDClz of compound 2.73.
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FIGURE 3.6.2-'H and 13C NMR spectra in CDClz of compound 2.74.
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FIGURE 3.6.3-'H and 13C NMR spectra in CDClz of compound 2.75.
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FIGURE 3.6.4-'H and 13C NMR spectra in CDClz of compound 2.76.
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FIGURE 3.6.5-'H and **C NMR spectra in CDCls of compound 2.77.
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FIGURE 3.6.6-'H and 13C NMR spectra in CDClz of compound 2.78.
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FIGURE 3.6.7-'H and 13C NMR spectra in CDClz of compound 2.79.
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Et0,C

FIGURE 3.6.8-'H and **C NMR spectra in CDCls of compound 2.80.
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FIGURE 3.6.9-'H and 13C NMR spectra in CDCIz of compound 2.81
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FIGURE 3.6.10-'H and *3C NMR spectra in CDClIs of compound 2.82.
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FIGURE 3.6.11-'H and *3C NMR spectra in CDClIs of compound 2.83.
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FIGURE 3.6.12-'H and *3C NMR spectra in CDClIs of compound 2.84.
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FIGURE 3.6.13-'H and '3C NMR spectra in CDCIz of compound 2.85.
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FIGURE 3.6.14-'H and '3C NMR spectra in CDCIz of compound 2.86.
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FIGURE 3.6.15-'H and **C NMR spectra in CDClIs of compound 2.87.
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FIGURE 3.6.16-H and '3C NMR spectra in CDCIz of compound 2.88.
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FIGURE 3.6.17-'H and *3C NMR spectra in CDClIs of compound 2.89.
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FIGURE 3.6.18-'H and '3C NMR spectra in CDCIz of compound 2.90.
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FIGURE 3.6.19-'H and **C NMR spectra in CDClIs of compound 2.91.
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FIGURE 3.6.20-'H and '3C NMR spectra in CDCIz of compound 2.92.
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FIGURE 3.6.21- Chiral stationary-phase HPLC analysis of compound 2.73. OD-H
column (n-hexane/iPrOH 90:10) at 0.8 mL/min.
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FIGURE 3.6.22- Chiral stationary-phase HPLC analysis of compound 2.74. OJ-H
column (n-hexane/iPrOH 95:5) at 0.8 mL/min.
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FIGURE 3.6.23- Chiral stationary-phase HPLC analysis of compound 2.75. AD-H
column (n-hexane/iPrOH 90:10) at 0.5 mL/min.
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FIGURE 3.6.24-Chiral stationary-phase HPLC analysis of compound 2.75. AD-H
column (n-hexane/iPrOH 90:10) at 0.5 mL/min.
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