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Resumo

“Multicomponent Reactions in the Discovery of Organocatalysts and the

Diversification of Organocatalytic Approaches”

Esta tese reporta o desenvolvimento de reages multicomponentes tendo como objetivos
especificos: a) a descoberta de um novo e eficiente catalisador para transformacdes assimétricas
e b) a sintese de compostos ciclicos analogos de produtos naturais a partir de uma rea¢do tandem
organocatalitica seqguida de uma reacdo multicomponente.

No Capitulo 1 foi implementada uma abordagem MCR com base na reacdo de Ugi-4C para
o0 desenvolvimento de novos organocatalisadores pseudo-peptideos derivados de Prolina. Uma
série de pseudo-peptideos com a sequéncia genérica Pro-N-R*-Xaa-NHR?, sendo Xaa = Gly
(R? = H) ou Aib (R? = gem-Me), R' e R® cadeias alquilicas ou aminoacidos foram obtidos com
rendimentos na faixa de 61-93%. As caracteristicas conformacionais dos catalisadores também
foram estudadas, dentre os quais, selecionados os catalisadores 67 e 69 para modelagem
molecular e estudos de RMN. A maioria dos catalisadores mostraram grande eficacia na reacéo
de adicdo conjugada assimétrica, obtendo adutos de Michael com boa a excelente enantio- e
diastereosseletividade. No entanto, quando os catalisadores foram empregados em reagdes de
aldol, apenas moderados resultados foram obtidos. Além disso, uma nova estratégia via reacdo
multi-componente seguida de polimerizacdo foi desenvolvida para sintese dos novos
catalisadores. Nesta estratégia foi utilizado alcool furfurilico como mondmero derivado de
matéria-prima renovavel. Os catalisadores 89 e 90 foram examinados como organocatalisadores
heterogéneos na adi¢do conjugada de aldeidos a nitroolefinas, obtendo os adutos de Michael
em 84% e 29% de ee, respectivamente. Além disso, este sistema catalitico foi avaliado sobre
condic@es de fluxo continuo utilizando uma syringe pump e uma coluna de HPLC previamente
carregada com catalisador 89 em uma velocidade de fluxo de 2,5 pL min?, obtendo-se o
produto desejado em 42% de rendimento, com uma produtividade de 0,28 durante 22 horas de
reacdo, com boa diastereosseletividade (dr. 95: 5 (syn: anti)) e moderada enantioseletividade,
72% ee.
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O Capitulo 2 descreve novas sequéncias reacionais baseadas em reagdes organocataliticas
seguidas de reacfes multicomponentes. Varios procedimentos de adicdo conjugada
organocatalisados foram desenvolvidos para o preparo de hemiacetais quirais, 0s quais foram
utilizados em varias reac6es multicomponentes tipo Ugi. Estas sequéncias incluem: a) a adicao
de Michael de nitroetanol com aldeidos «,f-insaturados, seguido por uma reacdo de Ugi
levando a um depsi-peptideo mimético ciclico; b) a adicdo de Michael de compostos 1,3-
dicarbonilicos com aldeidos «, f-insaturados seguida por uma nova reacao estereoselectiva de
Ugi-Smiles levando a hexa quinolina-6-onas; e c¢) a adicdo de Michael, de aldeidos a
nitroolefinas fenodlicas, seguida de um novo tipo de reacdo multicomponente levando a
formacdo de novos ciclopentenos penta-sustituidos. O sucesso destas sequéncias provaram o
potencial de combinar rea¢fes organocataliticas e reagdes multicomponentes para obtencdo de

novos (hetero)ciclicos derivados de produtos naturais.



Abstract

“Multicomponent Reactions in the Discovery of Organocatalysts and the

Diversification of Organocatalytic Approaches”

This thesis reports the development of multicomponent approaches directed to specific
objectives: a) the discovery of new and efficient peptide-based catalyst for asymmetric
transformations and b) the synthesis of (hetero)cyclic natural products-like compounds derived
from organocatylic/multicomponent reaction sequences.

Chapter 1 describes the utilization of the Ugi-4CR reaction for the development of new
prolyl pseudo-peptides capable to act as aminocatalysts in asymmetric conjugate addition
reactions. Thus, a series of pseudo-peptides having the generic sequences Pro-N-R*-AA-NHR?,
being AA an amino acid and R*and R® either alkyl or amino acids, were obtained in moderate
to excellent yields. The prolyl pseudo-peptides were screened for their catalytic efficacy, most
of them proving great efficiency and good to excellent enantio- and diastereoselectivity in the
asymmetric conjugate addition of aldehydes to nitroolefins. However, only moderate results
were obtained in the asymmetric organocatalytic aldol reaction. A molecular modeling and
NMR study were performed for catalysts 67 and 69, aiming to understand their different
organocatalytic behavior based on the conformational features. A similar multicomponent
process followed by a polymerization step was developed to obtain two new polyfurfuryl
alcohol polymers bearing the prolyl pseudo-peptide motif anchored to polymer chain. The
prolyl peptide-containing polymers were utilized in the heterogeneous organocatalytic
conjugate addition of aldehydes to nitroolefins under bath and flow conditions, producing
Michael adducts in moderate yield and enantioselectivity but in excellent diastereoselectivity.

Chapter 2 describes the development of new reaction sequences based on consecutive
organocatalytic and multicomponent reactions. Several aminocatalytic conjugate addition
procedures were implemented to prepare chiral hemiacetals, which were next used in varied
Ugi-type multicomponent reactions. These sequences include: a) the Michael addition of
nitroethanol to «,f-unsaturated aldehydes followed by an Ugi reaction leading to cyclic
depsipeptide mimics; b) the Michael addition of 1,3-cycloalkanediones to «,f-unsaturated
aldehydes followed by a new stereoselective Ugi-Smiles-type reaction leading to

hexahydroquinolin-6-ones; and c) the Michael addition of aldehydes to phenolic nitroolefins

X



followed a new type of multicomponent reaction, leading to pentasubstituted cyclopentenes.
The success of these sequences proved the potential of combining organocatalytic asymmetric
transformations with follow-up multicomponent reactions for accessing natural product-like

cyclic compounds.
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Chapter 1



1 Introduction: Chapter 1

“We live in a world of duality: up and down, light and dark, hot and cold, in and out, fast
and slow, right and left. These are but a few examples of the thousands of opposite poles. For
one pole to exist, the other pole must also exist.” ! Is it possible to have a right side without a
left side? Can Chemistry do it?

In chemistry, many molecules are chiral, meaning they exist in two forms that are mirror
images of each other-like left and right hands. 2

In chemical synthesis, much effort has been directed towards the development of
asymmetric transformations that yield the products with a significant excess of either the left-
handed or the right-handed enantiomer. This could be achieved by the use of chiral auxiliaries
or catalysts that influence the course of reactions, with the enantiomeric excess (ee) of the
product related to the ee of the auxiliary or catalyst used.

The enantioselective construction of stereogenic C-C bonds is a fundamental goal of
Organic Synthesis. As we know, there are strict regulations for the employment of enantiopure
compounds in Pharmaceuticals, Agrochemicals and in other sectors of fine chemical industry.
Then, new improvements over the known methodologies to obtain enantiopure compounds are
done continuously. The methods to generate enantiomerically pure compounds from achiral
starting materials are: chiral auxiliary, chiral pool and asymmetric catalysis (AC) (FIGURE
1.1). Of the above mentioned methods, ~~Asymmetric Catalysis™” is the most desirable. The AC
employs a chiral catalyst for the formation of a new chiral compound. During this process, the
catalyst is not consumed and may be used in little amounts (economically friendly); often they
are reused, improving efficiency and avoiding waste. The preferences for AC are in agreement
with both low cost and environmental concerns.

At first, two distinct AC methods have been used (FIGURE 1.1); 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. Nowadays, a new class of
catalysis using small organic molecules without presence of metal trace is recognized to be a

great potential in AC. This new class is known as “Organocatalysis”.
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FIGURE 1.1- Methods to obtain enantiopure compounds.

The first example using small organic molecules as catalysts was reported in the early 70s
by the group of Hajos-Parrish and the Wiechert group 3#°. In this case, the enantioselective
version of Robinson annulation in the construction of steroids skeletons were done in presence
of Proline (Pro) as organocatalyst. Both groups employed S-Pro to produce, through an enamine
intermediate, an intramolecular aldol cyclization of Wieland—Miescher ketones 1 and 2
(SCHEME 1.1). Even using the same catalyst, the efficiency and stereoselectivity of both
studies show to be dependent on the solvent, for Hajos-Parrish study in DMF the yield was
100% and 93% ee. For Wiechert study in CH3CN the yield obtained was 87% and a small
decrease of ee was observed (84%) (see 3, 4, 5 and 6, SCHEME 1.1). This comparison let the
author to conclude that a possible hydrogen bonding (HB) of the carboxylic acid is what induce

the enantioselectivity of the final product.



Hajos-Parrish reaction
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SCHEME 1.1 - Asymmteric Hajos-Parrish-Eder-Sauer-Wiechert version of Robinson annulation.

Actually, these relevant results using Pro as catalyst were interesting but the field was under
the shadow of Lewis acid catalysis. As few examples of specific catalysts mitigating single
transformations appeared in the 1970s, the value of organocatalytic chemistry was largely
unrealized until 2000, when MacMillan mentioned for the first time the term
“*Organocatalysis™. ® By the same time, Barbas, Lerner and List,”® highlighted the use of Pro
and its derivatives as useful tools in AC in terms of economic, environmental and other benefits
for the scientific community, by the fact that these classes of compounds are generally easily
handled to construct C-C bonds in an efficient and stereoselective way. In Chart 1.1, we can
observe clearly an exponential increase with the time of the references published with the

concept “organocat”” as found in Scifinder.
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CHART 1.1- Exponential increase of publications containing the concept ““organocat™ between 2000
and 2015.



The inspiration for the development of the organocatalysis field began with the ability to
activate aldehydes or ketones and catalyze aldol reactions via an enamine type mechanism as
much as larger aldolase type I can do.

As known, the term aldolase is related to a type of enzyme that forms and/or cleaves
carbon-carbon bonds. There are many different types of aldolases with different substrates and
products. In order to avoid confusion we are referring here to two different types of aldolases
that form C-C bonds. Type I: where enzymes are only found in plants and animals; and type II:
enzymes are usually found in bacteria, protists, and fungi. The action of these two types of
aldolases are completely unrelated. In the case of aldolase type I; it is found that it plays a
pivotal role in ““Gluconeogenesis™’, pathway of glucose biosynthesis. In SCHEME 1.2 is
represented how aldolase type | catalyze the formation of a new C-C bond, via enamine
activation. The substrates are glyceraldehyde 3-phosphate and dihydroxyacetone phosphate and

the product is fructose 1,6-bisphosphate.

O Aldolase type | 0
R O\)J\/ J\ Y /,\P\/O\/l%)*\R

SCHEME 1.2 - Representation of aldolase type | acting as enamine in Aldol reaction.

Proline also works via an enamine intermediate with a considerable acceleration rate of a
given transformation. This is possible due to the synergistic action between Brgnsted acid (BA)
and Lewis base (LB) sites in the structure of Pro. This special characteristic allows Pro to
function as a bifunctional catalyst: as a nucleophile catalyst and as a chiral proton source. The
secondary amine of Pro (pyrrolidine core) having a pKa of 10.47 (o-amino), undergoes
nucleophilic additions to the carbonyl groups (aldehydes or ketones) to form enamine
intermediates (also iminium ions can be formed), with a consequent increment of the density
of the highest occupied molecular orbital (HOMO) of the enamine. The acid residue of Pro with
pKa = 1.95 (a-carboxylic acid) directs the electrophilic species over one fase of the enamine,
lowering the unoccupied molecular orbital (LUMO) of the electrophile. The orientation of the

new stereogenic center generated will depend on the relative configuration of Pro (S or R).



This natural amino acid is cheap, abundant, and accessible in both enantiomeric forms.
However, there are certain disadvantages and/or limitations associated with the use of Pro as
catalyst. In particular, Pro is poorly soluble in many ordinary organic solvents. In some
transformations, it provides moderate stereoselectivities and when aldehyde is used as substrate,
self-condensation or polymerization may occur. These limitations have motivated scientists to
search for modified catalysts to develop and improve new catalysts based on the sense of
rational design. The development of numerous efficient new organocatalysts was based on
those limitations of Pro. The vast majority of organocatalytic motifs discovered so far are based
on rational design, an approach that requires a fine understanding of the nature, strength, and
dimensionality of the interactions —e.g., covalent, hydrogen-bonding, electrostatic, etc...taking
part in the catalyst-substrates association process.® Then, many organocatalysts based on
pyrrolidine core have been synthesized (FIGURE 1.2), 1011.121314.15,16,17.18,19,20.21

The disadvantage on the synthesis of these catalysts remains on the multip-step linear
synthesis and the drastic reaction conditions required. Those conditions provides low atom
economy and global yield, with tedious purifications. Significant challenges remains in this
area, including optimization, simplicity, and green synthetic routes to obtain new efficient

organocatalysts.
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FIGURE 1.2 - Some known synthesized pyrrolidine-type organocatalysts.



1.1 Enamine catalysis

The application of secondary amines (i.e., pyrrolidine-type catalyst) to 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 E to form C-C, C-S, C-N,

C-X (X=F, Cl, Br) bonds with good efficiency and stereoselectivity (SCHEME 1.3). -
22,23,24,25,26

HJ\/@
83% yield

dr. 94:6(syn)
85% ee

97% yield
>95% ee

NO,

7/ 99% yield
dr. 89:11(syn)
94% ee

75% yield

| 1.

i-Pro 91-97% ee

i-Pro  90% yield
98% ee

SCHEME 1.3 - Some a-functionalization of aldehydes or ketones promoted by pyrrolidine-type
catalysts via enamine.

A rational design is usually an enormous challenge and depends directly on the chosen
asymmetric reaction to do. Rarely, the discovery of potential catalysts is successful. The process
often involves a separate synthesis of many catalysts and testing their catalytic properties in
individual reaction, like test-error. The development of an effective organocatalyst usually
needs further optimization process in which both the substituents and position of the catalytic
functions are varied and examined towards the reaction of interest.

However, how the pyrrolidine-type catalysts induce stereoselectivity?

Let’s explain the enamine activation mechanism, the insights of the stereochemistry
induction for the substituents and catalytic function.

It is important to understand the basic principles of enantioselectivity induction in order to

design a new catalyst.



1.1.1 Mechanistic aspects

The enamine formation is produced between pyrrolidine ring and the correspondent
aldehyde or ketone as shown in the catalytic cycle (SCHEME 1.4), where the enamine formed
has two possible configurational isomers (E and Z), in a thermodynamic equilibrium. Unless
other general and specific interactions favors the enamine Z, the enamine E is energetically
most favored 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
favorable is the s-trans-enamine E (SCHEME 1.4). 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.

enamine E

%\R

N

—— >§<
R; R R)\
1
/7 Ri s trans s-cis Ry

e
Eé—o % Sy

R4 enamine E enamine Z

®%R ®

SCHEME 1.4 - Pyrrolidine-catalyzed activation cycle of enamine.

R

The s-trans conformer has also been considered as the most reactive intermediate until now
(vide infra). 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 of 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 (A and B, FIGURE 1.3) based on the nature of catalysts. Model A
shows the induction of stereoselectivity by an HB interaction, and model B shows the approach

of the electrophile ruled by steric interaction (SI).



Model A
H-bond interaction
from above

|3 H‘ Re-face attack

'
. O VYH

Model B
Steric interaction

from below Q-Q
Si-face attack W \\__/,
X- E?/

FIGURE 1.3 - Stereocontroller models A and B. Hydrogen Bonding vs. Steric Hindrance.

In general, catalysts with a HB directing group (i.e. -CO2H, -OH, -CONHa, etc...) at the

position 2 of the pyrrolidine ring, follows model A (see 7, 13, 14, 16, FIGURE 1.4). In contrast,

bulky substituents in the position 2 of pyrrolidine ring (i.e. -2Ph, -2PhCFs, etc...) where the

steric hindrance blocks one face of the enamine, are in agreement with model B of induction of

stereoselectivity (see 12, 15, 18, FIGURE 1.4). Some pyrrolidine-type catalysts are illustrated

again in FIGURE 1.4 for better understanding; the red color in the structures refers to the

respective HB or Sl groups.
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FIGURE 1.4 - Some pyrrolidine-type catalysts with Hydrogen Bonding or Steric directing groups.

Interestingly, models A and B produce opposite stereoisomers even if the catalysts have

the same absolute stereochemistry. To better understand, let’s compare model A with B in

conjugate additions, in specific the Michael reaction between n-propanal and f-nitrostyrene

(SCHEME 1.5) with Pro and catalyst 15 with the same configuration in the position 2 of the

pyrrolidine ring with a different directing group.



The Michael reaction is one of the most useful methods for the mild formation of C—C
bonds that follows an enamine mechanism. It is, among other asymmetric reactions, used to test

new catalysts based on enamine activation.

e e A M

Michael donor  Michael aceptor

SCHEME 1.5 - Model organocatalized Michael reaction between n-propanal and g-nitrostyrene.

In SCHEME 1.6 it can be noted that the substituent attached to the pyrrolidine core is
important in the direction of the induction in both enantio- and diastereoselectivity of the
formed compounds. Four possible transition states (TS) can be drawn for both models (model
A and model B, SCHEME 1.6). These TS show that even with the possibility to form the s-cis-
enamine E (TS I, 1V, VIl and VIII), the equilibrium is displaced to the formation of the most
stable s-trans-enamine E (TS I, 11, V and VI) of both models, and therefore, the difference in
terms of energy between these TS determines the course of stereoselectivity. Model A, also
known as Houk-List model,?"?¢ (SCHEME 1.6, TS I-1V) shows an HB between the proton of
the carboxylic acid and the nitro group of S-nitrostyrene. This HB directs the S-nitrostyrene to
the Re face of the enamine by a like approach, thus forming the S,R-diastereomer as the major
product. However, model B is determined by Sl, the bulky group attached to pyrrolidine core
produces a steric hindrance capable of approaching the Si face of enamine to S-nitrostyrene and
thus produce the inversed R,S-configuration of Michael product (see model B in SCHEME 1.6).
In either case, model A or model B lead to the formation of the major diasteromer 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.

According to SCHEME 1.6, model A and B having the pyrrolidine-type catalyst with the
same configuration produce different stereoisomers. The Re-Re approach is favored for model
A and Si-Si for Model B. This makes us to conclude that the stereoselection is totally influenced

by the linked functional group in the backbone of catalyst.
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SCHEME 1.6 - Transition states by HB and Sl control in Michael addition: A) HB with S-Proline as
catalyst, B) SI with Hayashi’s catalyst.

Interestingly, the peptide-based catalyst develop by Wenemers (H-L-Pro-L-Pro-L-Asp-
NH2) 2° acts as HB and is an exception of Houk’s model. According to model A (SCHEME 1.6)
this class of catalyst should give S,R-isomer of Michael adduct instead of R,S-isomer as shown
in FIGURE 1.5. The author justified this exception by Molecular Mechanics (MM) studies. The
optimized structure for the enamine E with peptide catalyst shows an specific conformation
where the HB directs the electrophile to the Si face of enamine (FIGURE 1.5), producing the
1,4 addition and consequently the opposite configuration R,S as should be expected for model
A.

N 0
EH 0 Ph
woN o o© HN A R L__No,
l %L S NH —y H s
_ AN
- H CO,H Et

Major diastereoisomer
R,S (syn)

FIGURE 1.5 - Proposed transition state for Michael reaction with catalyst 13. Inversion of the model A.
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Not only the adopted model of the catalyst and/or backbone of catalysts, but also the
intermediates structures formed in the catalytic system can affect the stereoselectivity of the
final product. Thereafter, the tridimensional intermediates structure of catalysts and substrates
(Transitions States), as well as parasitic intermediates should also be taken in consideration.
Blackmond and co-workers® reported a kinetic study of the Michael reaction, where they found
a parasitic intermediated which influences the stereoisomers of the final product. In this work,
the conjugate addition of n-propanal to g-nitrostyrene, catalyzed by diarylprolinol silyl ether,
reveals that the formation of the product (iminium species, SCHEME 1.7) is the rate-
determining step of the reaction, and not the enamine formation as mentioned before. The
formation of the cyclobutane intermediate (SCHEME 1.7), called as “parasitic intermediate”
during the catalytic cycle, is very important to keep the high stereoselectivity in the final
product. Interestingly, this parasitic intermediate, which should delay the reaction, is considered

to be important in the stereoselectivity.

o)
NO
H)H/k/ 2 . AH Ph !
Me oT™S
23 Me

Me= < > “NO, cyclobutane

: Catalyst resting state

SCHEME 1.7 - Catalytic system for Michael reaction proposed by Blackmond.

Therefore, the intermediates, the backbone structure, and the conformation for determined
pyrrolidine-type catalysts prove to be important in the selected asymmetric reaction. The side
chain of the catalyst has effect in the asymmetric induction and is important to produce

asymmetric catalysis. Besides, it is important to know that the system of reaction and the

12



backbone of catalyst may affect the stereoselectivity of the final product. This is the case of a
new class of pyrrolidine-type catalyst developed by Barbas 111 in 2006. 2° They rationalized that
these new catalysts (SCHEME 1.8) are capable to act as aldolase type | (enamine intermediate)
without the presence of acidic pathway in the structure. The asymmetric Aldol reaction tested
between cyclohexanone and p-nitrobenzaldehyde in water shows that compound 30 having long
hydrophobic chains results to be good in efficiency and stereoselectivity (98%, dr. 89:11, 94%
ee). This was possible due to the possibility of micelle formation in agueous system. Therefore,
the system of reaction plus the side chain attached to the pyrrolidine ring produces the best

combination to induce high stereoselectivity in the reaction.
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36% ee 55% ee 94% ee

SCHEME 1.8 - Screening of various catalysts, developed by Barbas I11, in the asymmetric Aldol reaction
between cyclohexanone and p-nitrobenzaldehyde.

Independently of the model of induction (model A or B) the catalyst hold, the conformation
and catalytic functions, the backbone, the reaction system, and the intermediates formed during
the catalysis are important in the asymmetric induction.

These mechanistic principles help us to design new organocatalysts based in covalent
enamine activation. Although a rational design is usually an enormous challenge, major is to

develop new ecofriendly and economic route to access a library of catalysts to test.

1.2 Peptides catalysts. A rational design

The invention of peptide synthesis in the 50" stimulated the development of different
application areas in which synthetic peptides are now used, including the development of
specific antibodies against pathogenic proteins, the study of protein functions, study of enzyme-

substrate interactions and catalysis. Every year it is being more evident that combinatorial
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chemistry can face the synthesis and analysis not only of analogous entities (focused libraries)
of previously identified leads but also of truly new catalytic systems based on novel dissimilar
chemical functionalities.

Small peptides employed as organocatalysts have molecular weights often comparable to
that of typical synthetic catalysts, and they provide the same and in some cases better results in
asymmetric enamine reactions. 3!

How can we design a new peptide (or focused library) catalyst?

In the same way, the first step is: thinking of the target reaction (e.g., Aldol, Michael,
Mannich reaction, etc...), the mechanism and the reaction conditions. Second: selecting the
mode of activation (e.g., enamine, iminium...). This step is very dependent of the first step
where the peptide in point should carry a secondary or primary amine depending on the
asymmetric reaction selected. Third: improving the backbone in the structure of the peptide
catalyst taking into account model A or B explained in SCHEME 1.6. Some structural motifs
of peptides 3 are represented in FIGURE 1.6; a-helix and B-turn are the major motifs adopted
by small-synthesized peptide catalysts. Forth: screening peptide catalysts, the catalytic

efficiency, stereoselectivity and the scope of catalysts are followed in this step.

3 4
1 Active site type 3
Asymmetric \ 4 .\\\‘ optimization
target secondary amine, \ Backbone type | conditions
reaction primary amine, etc... . >
Aldol, Michael,
epoxidation, etc...
-
e
M
§ p-turn
e e B—hairpin

FIGURE 1.6 - Rational design of a new peptide catalyst.

In 2003, Reymond and co-workers 3 reported for the first time the rational design of
peptide catalysts based on the active site of an enzyme. This study was divided in two different

classes of peptides (Class I and 11, SCHEME 1.9). Class I: based on a primary amine as catalytic
14



group, as seen in aldolases type | (Class IA and IB). Class IA contains a quaternary ammonium
salt to lower the pKa of the amine to pKa=7, to mimic enzymes. Class |I: based on secondary
amines catalysts, comprises peptides with either acyclic (Class 11A) or cyclic secondary amine
(pyrrolidine ring, Class 1IB). Classes IA, IB, and IlA, peptides containing either a primary
amino group (Class IB) or an acyclic secondary amine (Class I1A) (SCHEME 1.9), did not
catalyze the Aldol reaction of acetone and compound 25. However, peptides with pyrrolidine
ring (Class 11B) gave high conversions (97%), confirming that pyrrolidine ring is important in

the structure of peptide catalysts to act through enamine activation.

0 O OH
HJ\©\ peptide 40 mol% )‘\)\@\
DMSO/Acetone (4:1)
25 NO, 20 NO,
R1"F§1% H,N i
R Y 20N
H2N/: \F_{fj\o °E peptide chain
Class 1A Class IB
yield = <5% yield = <56%
nd ee nd ee 10
HO N Ry NH
Ro \)\? HO Yo
Class 1A Class IIA HO™ O Class I1B
yield = <5% yield = <5% yield = 96%
nd ee nd ee 66% ee

SCHEME 1.9 - Screening of the activity of various peptide catalysts in the asymmetric Aldol reaction.

As known, the enamine mode of activation is produced by the active site of peptide catalyst

but the stereoselectivity is dependent on the conformational structure adopted by the catalyst.

In the next pages, some examples where secondary structures of peptides influence the

stereoselectivity of the final product will be shown.

Secondary structure in peptides is the ordered arrangement or conformation of amino acids
in localized regions of the molecule. The preferred peptide chain conformation under
physiological conditions is dominated by the energetically favored torsion angles, together with
additional stabilizing factors such as HB and hydrophobic contacts. A hydrogen bonding is
formed between the NH group (hydrogen bond donor) and the carbonyl oxygen atom (hydrogen
bond acceptor) of peptide bonds. The energy of a single HB is quite low (20 kJmol™), compared
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to a covalent bond (200-400 kJmol™). However, in most secondary structure elements
stabilized by HB it is multiple rather than single hydrogen bonds that are formed, and it is these
multiple interactions of such a cooperative system that result in considerable stabilization.
These interactions cause three different motifs: a-helix, p-sheet and coil. 3*3* Among these
secondary structures, a-helix and g-turn motifs are the major structures employed as catalysts.

The a-helix comprises a spiral arrangement of the peptide backbone with 3.6 amino acid
residues per turn (n = 3.6). It is stabilized by hydrogen bonds directed backwards from a C-
terminal NH to an N-terminal CO (NH™**— CQO') forming a 13-membered ring (FIGURE 1.7).
Among the types of local structure in proteins, a-helix is the most regular and the most

predictable from sequence, as well as the most prevalent.

Amino terminus

3.643 helix (a-Helix)

d,:%{j‘l

C Carboxyl terminus

FIGURE 1.7 - Hydrogen bond pattern in a-helical peptides and schematic representation.

A turn (loop) is an element of secondary structure in polypeptide or protein where the chain
reverses its overall direction. Often, but not necessarily, they are stabilized by an HB between
a C-terminal amino group and an N-terminal carboxy group. Turns are classified according to
the number of amino acid residues involved as y-turns (three amino acids), g-turn ( four amino
acids), oa-turn ( five amino acids), or w-turn (six amino acids). f-turn are very common motifs.
A general criterion for the existence of a g-turn is that the distance of the atoms C (i) and C (i
+ 3) is smaller than 7 A. It is stabilized by hydrogen bonds directed backwards from a C-
terminal NH to an N-terminal CO (NH'*® — CO'). Also, it could be stabilized by certain alkyl
residues presented in position i+2 such as (a,0)-dialkylglycines such as aminoisobutyric acid
(Aib) (FIGURE 1.8). *
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B-Turns

FIGURE 1.8 - Hydrogen bond representative of s-turns. Schematic representation.

Peptides catalysts having the sequence H-Pro-(Phe)n-OCHjs (n= 1-5) proved to be efficient
catalysts for the asymmetric direct Aldol reactions of hydroxyacetone 31 and aldehydes to
obtain chiral 1,4-diols 33 in high ee (>96%). * Catalyst 32 does not have the free acidic group
(SCHEME 1.10); however, this catalyst induces chirality as model A previously discussed. This
occurs due to the amide NH group that produce HB. With the increment of lengths of the chain
of peptide, it was also observed that there is an increase in the stereoselectivity. This effect was
observed in Barba’s study ?° for the catalysts with hydrophobic chains. Possibly, the length of
the peptide may produce several HB with the increase of the number of NH amide including

the secondary structure adopted of peptide. No further study to prove this was done.

o) o) OH O
32 20mol% - OH
R )H e A
THF/H,0 (1:1), 0°C 33
31 68-88%
84-96% ee

Ph Ph
o) g ©
N N\_)LN O\Me
oo "o
Ph
32

SCHEME 1.10 - Aldol reaction between hydroxyacetone 31 and different aldehydes catalyzed by
peptide 32.

In 1983, Julia-Colona and co-workers®® reported an enantioselective epoxidation of
chalcones using a-helical peptides 35 as catalysts (SCHEME 1.11). Polypeptides with more
than 10 amino acids produce epoxidation in high chemical yield and 96% ee. The results can
be attributed to the a-helix adopted structure of these polypeptides, which increases the

stereoselectivity in the epoxidation reaction.
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34 Tol, r.t, 24h 36
96%
96% ee

SCHEME 1.11 - Juli4-Colona epoxidation of chalcone 34.

In the same way, Tanaka and co-workers 3’ developed a-helical peptides as catalysts. The
asymmetric epoxidation of chalcone was done with a-helical secondary structure of peptide
containing chiral cyclic amino acid in the peptidic sequence (37) (see (A), SCHEME 1.12). An
X-ray crystallographic analysis for a dodecamer (see (B), (SCHEME 1.12) with
dimethylformamide (DMF) shows an a-helical structure, where DMF molecules connect to
amide NH protons by HB. In this case, the chalcone might show HB with the amide NH protons

of the helical peptide as well as DMF does, giving high stereoselectivity.

A) a-helical nonamer  oMe B)

H

LN '»-"‘9 ? L
) o Y ) : y\ . :
37 5mol% ~0 e Ky ;
Ph/\)\Ph Ph/\)J\Ph '

urea-H,O0, DBU,
34 THF, 0 °C~rt, 24h 36
96%
95% ee
SCHEME 1.12 - A) Epoxidation of chalcone 34 with a-helical nonamer 37. B) X-ray crystallographic

analysis of the reaction.
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In 2004, Miller ® designed a range of peptide catalysts having -turn conformation. Kinetic
resolution of trans-1,2-acetamidocyclohexanol (38) was the target in this study (SCHEME
1.13). Catalyst 41 with Pro-Aib g-turn motifs in the dipeptide sequence showed a selectivity
factor ket = 17. However, catalyst 42, lacking the s-turn motifs afford only krei = 1. Furthermore,
comparing peptides 43 and 44; compound 43 with Pro residue in i+1 position, exhibit only a
modest selectivity (krei = 3), however compound 44 containing D-Pro at i+1 gave higher
selectivity (krer = 28) (see SCHEME 1.13). Then, different conformations offer a strikingly
different reactivity. The initial results of compounds 43 and 44 stimulated the author to
synthesize an octapeptide catalyst 45 to form g-hairpins. Indeed, the g-hairpins structure of 45
affords the best result (krei=51).
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SCHEME 1.13 - Kinetic resolution of trans-1,2-acetamidocyclohexanol (38).

Peptides containing p-turn motifs can also promote asymmetric conjugate addition. 3°
Pentapeptides with D-Pro-Aib turn element were utilized to provide the structural rigidity and
consequently facial selectivity in Michael reaction. High efficiency (64-99%) with ee up to 74%
was observed in the nitroalkanes addition to «,f-unsaturated aldehydes. The g-turn motifs were
not the only target modification in the design of pentapeptides. A histidine residue was also
incorporated to serve as a mild base to deprotonate the nitroalkane and additional HB
functionality was included (e.g. guanidine, urea and thiourea). These three elements together
increase the stereoselectivity and efficiency of the catalyst.

After obtaining the different peptide catalysts, their catalytic efficiency is screened in order
to identify the best catalyst synthesized. Wennemer and co-workers “° used a smart screening
method, for the fast identification of active peptide catalysts (SCHEME 1.14). The smart screen
method consist in a ‘catalyst—substrate co-immobilization” in a one-bead—one-compound,
where one of the peptide catalysts is immobilized on a resin that is linked via a spacer to one
reactant (see 46 in SCHEME 1.14). The other reactant has been incorporated to a colored
fluorescent tag (Dispersed Red 1 dye) (see 47 in SCHEME 1.14) to allow for the easy
identification of a “hit” catalyst. This methodology permits the identification of one highly
active peptidic catalyst 13, among 15°=3375 different tripeptides screened. Interestingly, the
best tripeptide catalyst identified, having a sequence H-L-Pro-L-Pro-L-Asp-NH2 presents a -
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turn motif. This combination of two amino acids Pro-Pro increases the rigidity in the catalyst
enabling to employ amounts of 1 mol% (SCHEME 1.14).

H-AA3-AA2-AA1N
o
0 H H
/ " \/\)J\H " qu() N Nﬁg OH
o 46 © N \/

Disperse Red 1

dye-OH = O3N

0}
1. DMF or CH30H, 1-2h, rt
H H 2. washing
_N
dye
o] 47 (3\(0
(o]
\ \)X\
D HN NH,
o]
o} NH 13 TcouH O OH
PIq 1 mol%
H R R
1 mol% NMM, acetone, 4-48h
L 24-98%
66-91 %ee
5 examples

SCHEME 1.14 - Peptide Catalyst—substrate co-immobilization to identify catalytically active peptides
in a one-bead—one-compound method. Enamine-based asymmetric Aldol reaction with catalyst 13.

Interestingly, catalyst 13 with sequence H-L-Pro-L-Pro-L-Asp-NH> that was good in Aldol
reaction was not efficient in Michael addition.?® Here, again it is noted that the D-Pro epimer
of catalyst 13 (H-D-Pro-L-Pro-L-Asp-NH2) produces better results in Michael addition than in
Aldol reaction. The adopted conformation in a determinate catalyst is crucial to improve
efficiency and enantioselectivity.

Based on these observations, pyrrolidine-type peptides can be considered as very useful
organocatalysts for direct AC. The major disadvantages of this peptide catalysts remain in the
linearity of the synthesis. Peptide synthesis most often occurs by coupling the carboxyl group
of the incoming amino acid to the N-terminus of the growing peptide chain. The growing
peptide chain follows the step-wise method to add amino acids one-at-a-time to the growing
peptide chain. This produces low yields and atom economy. Peptide coupling requires the
activation of the C-terminal carboxylic acid of the incoming amino acid using carbodiimides
such as dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIC). Carbodiimides
form such a reactive intermediate that racemization of the amino acid can occur. Therefore,
reagents to avoid or reduce racemization are often added, including 1-hydroxybenzotriazole
(HOBt) and 2-(1H-benzotriazol 1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
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(HBTU). These coupling reagents, resin and additives are expensive and some times are

unrecovered.

1.3 Multicomponent reactions

Multicomponent Reactions (MCRs) are procedures in which more than two building blocks
react in one pot to afford a structure including moieties from all the reactants.*! These processes
are considered as a subclass of domino reactions, as all transformations are performed in one
pot under similar reaction conditions and in a time-resolved manner (i.e., one after each other).
The MCRs have many advantages compared with conventional techniques, in which the final
product is obtained using a multi-step sequence with the formation of a single bond in each
step. By contrast, MCRs are convergent and therefore very convenient in terms of efficiency
(SCHEME 1.15).

A) Multi-Step Synthesis

Yi%
B) Multicomponent Synthesis

‘+‘

SCHEME 1.15 - A) General multi-step synthesis, B) General multicomponent synthesis.

overall yield
in three steps
65%

overall yield
in one step
95%

product

MCRs generally have perfect atom economy and thus represent suitable synthetic tools for
addressing the Green Chemistry criterion. Usually, the starting materials of MCRs are readily
available, or can easily be prepared. In special, in the isocyanide multicomponent reaction (I-
MCR), the “isocyanide” reagent has been hated because of the notoriously and terrible smell of
volatile isocyanides, which suggests toxicity similar to cyanides. However, in the 1960s Ivar
Ugi and co-workers #> made a comprehensive investigation of isocyanides synthesis, where
they conclude that there is not a general toxicity for this class of compounds. I-MCRs in
unconventional solvents have been comprehensively studied. *® The vast list of I-MCRs running

in water, ionic liquids, polyethylene glycol (PEGs), bio-derived solvents (p-cymene, glycerol,
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Me-THF and others), and neat systems is impressive. However, some I-MCRs like the Ugi four-
component reaction (Ugi-4CR) prefer a specific polar protic solvent such as methanol.
Accordingly, in I-MCRs several chemical bonds are formed with high chemical efficiency,
and generating high levels of structural diversity and complexity such as: pseudo-peptidic (e.g;
depsipeptides *4, peptoids 4>4647) and peptidomimetic (e.g., oxa-*8, dihydroimida-*°, thia->° and
tetrazoles®?) motifs (see SCHEME 1.16) in a diversity-oriented manner without utilization of

coupling agents or additives like in peptide chemistry.

1 0 R! i
R® o/ﬂf R RN R
o) R O
depsi—peptide peptoids
Passerini (P-3CR) Ugi (Ugi-4CR)
R1 R' RS
RS AN
\N :
N~|\]’ - I)
tetrazole
Ugi tetrazole dihydroimidazole
Orru-3CR
(0] Rj R1
X0  OTMS 22 5
I )—R RS OAW
N R N /
oxazole thiazole CO2Me
| Ganem (G 3C-2CR)| | Démling/Passerini (D/P-3CR)]

SCHEME 1.16 - Some I-MCRs reactions in the formation of: depsipeptides, peptoids, oxazoles,
tetrazoles, thiazoles and dihydroimidazoles.

When the pharmaceutical industry ‘discovered’ combinatorial chemistry about 30 years
ago, the solid-phase approach, pioneered by Merrifield for multistep synthesis of large
biopolymers, was adapted for multistep syntheses of drug-like molecules. Only recently, the
drug-discovery community has realized the power of Ugi’s vision for quickly generating
molecular diversity through robust, yet simple, reaction cascades that assemble Multiple
Components in solution as one of the best methods for generating N-substituted peptides named
Ugi-4CR. Most chemical reactions have their own scope and limitation, whereas the Ugi-4CR
can convert almost all combinations of starting materials into their products. It was in 1959,
when Ivar Ugi develop the Ugi-4CR, % with the combination of an amine, an aldehyde or
ketone, a carboxylic acid and an isocyanide (SCHEME 1.17).
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SCHEME 1.17 -The Ugi four-component reaction (Ugi-4CR).

This reaction consists of an ionic mechanism developed in polar protic solvents (such as
methanol). The mechanism of Ugi-4CR is shown in SCHEME 1.18. %4 In the first step, the
amines and carbonyl compounds (aldehyde or ketone) condensed to the imine. The imine is
protonated by the carboxylic acid. Depending on the solvent, the ion can be as salt pair or
separately. Then, both ions react with the isocyanide component to form an imidate
intermediate. The last step is the Mumm rearrangement, consisting in an intramolecular

acylation and subsequent rearrangement forming a (C=0) double bond and consequently the

Ugi product.
0 R1 R" , _
HN-Re + I =N+ HOCRS ——= | )=NH 0,c—R?
R1 R1 R1 R2 R1 \R2
— -t
+

—NH =t | - H
R? g \t/C:N_R‘l—' CN (N_RZ R3J\N/§(N\R4

_ 1 Mumm |
R3—CO, N R1R rearrangement Rz O
FI{4 Ugi product
imidate

SCHEME 1.18 - General mechanism of the Ugi-4CR.

In accord with the ever-increasing demand for “atom economic” processes and efficient
methods to obtain compounds capable inducing good enantioselectivity, I-MCRs are an
unexploited and elegant field that deserve to be studied.

Could it be possible to apply I-MCRs, specifically Ugi-4CR, to generate a new class of
versatile compounds capable to catalyze chemical reactions? Might it be an easy and green way
to mix more than one component to get a library of pseudo-peptide organocatalysts?

During the preparation of this PhD project, no work was reported with the aim to apply
Ugi-4CR to add a new class of prolyl pseudo-peptides in the area of organocatalysis.
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In 2010, Orru and co-workers 2° published an article with the Ugi type 3CR for the
straightforward synthesis of catalyst 17 (SCHEME 1.19) resembling the structure and catalytic

behavior of Wennemer’s catalyst 13.

-+
C=N H
H
H Ho \—coowme 0
1) DCM, rt, 24-48h N
Z

N O"'CozH 2) NaOH, MeOH/DCM O“\\[\\O HN
NH
HO
17 0

N
Fmoc

SCHEME 1.19 - Ugi-type 3CR reaction developed by Orru and co-workers.

Recently, Nenajdenko and co-workers °° synthesized new tetrazole-derived
organocatalysts 50 via azido-Ugi reaction with cyclic ketimines 48 (SCHEME 1.20). The
principal focus was not the organocatalytic methodology but the use of I-MCRs of azido-Ugi
reaction to develop a new class of compounds (49). However, after racemate resolution of 49,
10 mol% of 50 was tested in the asymmetric reaction of a-amination of aldehydes obtaining
high ee (>99%).

/Bn H
., N-N 1) L-tartaric acid, N-N
« J+ HN3y + CEN-Bn ————> I EtOH precipitate , §j_ />"" N
N MeOH, N~N ” 2) K2CO3 N H
t=several days 3)Pd/C, H, MeOH
48 49 ' 50
Yield=51%

SCHEME 1.20 - Synthesis of tetrazole-derived compound 50 via Azido-Ugi tetrazole reaction.

The application of Ugi-4CR in the field of organocatalysis could be useful to generate
versatility in combinatorial approaches to rapidly and efficiently generate peptide derivatives
with possible catalytic potential in the area of asymmetric catalysis. Then, our first interest is
directed to I-MCRs (Ugi-4CR) that allow a one-pot synthesis of prolyl pseudo-peptides with
promissory potential in organocatalysis, which will enable application in combinatorial

approaches in the discovery of new small libraries of organocatalysts.

1.3.1 Application of I-MCRs in polymer science

I-MCRs have only recently introduced into polymer science. The combination of
Passerini three component (P-3CR) to obtain 52 and post acyclic diene metathesis (ADMET)

was used to form new polyesters®®. This new class of polymer (53) is considered as a new
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contribution to the sustainable development because of the utilization of reagents from
renewable resources such as ricinoleic acid 51 (SCHEME 1.21).

OH

WW/COZH
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+ /\/\/\
P72 N N N
= COH CHO
lreduction THF, rt, 1d
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°© (¢] NH
R 52

PN UL
= CHO
\ ADMET, C1-C8,

1,4-benzoquinone

(0]
7 7
OO NH
| n
R

polymer 53

SCHEME 1.21 - Synthesis of new class of polyesters 53 with the combination of P-3CR and ADMET.

More recently, the Ugi-4CR was also employed in the synthesis of polymers following the
same methodology for ADMET polymerization. In this case, highly functionalized polyamides
were obtained. °” The initial examples only describe the methodology to obtain polymers using
I-MCRs, but no applications of these new materials have been described.

Photocatalysts polymer Ruthenium complexes (Ru-CPs) obtained via P-3CR is the first
application of polymers obtained via I-MCRs. Ruthenium complexes 54 (Ru-CPs) were the
target molecules to be introduced into the polymeric matrix (SCHEME 1.22). Polymer 55 is
shown to be a highly effective and recyclable heterogeneous photocatalyst for oxidation of
thioanisole (Yield 55-92%) and benzylamine (Yield 90%). %
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SCHEME 1.22 - A) Synthesis of Ruthenium complexes (Ru-CPs) polymer via P-3CR, B) Aplication of
polymer 55 as photoacatalyst.

This new combination of I-MCRs and polymer science is an interesting, non-explored
field, and a promising avenue for applications in asymmetric catalysis.

Up to now, there are no reports using Ugi-4CR to make branched or cross-linked polymers
with pyrrolidine ring (as functional group for organocatalysis) pendant in the backbone of the
polymer. Due to its valuable applications shown in the above literature, our interest is to develop
a one-pot Ugi-4CR followed by a cationic co-polymerization to immobilize a new chiral prolyl
pseudo-peptide organocatalyst into a polymer support for further applications in asymmetric

reactions.

1.4 Immobilized organocatalysts

Employing organocatalysis under homogeneous conditions, a tedious workup procedure is
often required to purify the product. Thereafter, immobilizing homogeneous organocatalysts
onto a solid support provides easy manipulation, simple workup, scale-up of reaction, and
recyclability. These are the main reason that prompted chemists to immobilize organocatalysts.

Different types of supports have been used to immobilize organocatalysts, the most popular
being inorganic materials (like silica), insoluble polymeric resins (Merrifield) and soluble
organic polymers (polyethylene glycols).

Takemoto reported *° the first polymer-supported proline-type catalysts (56). Trans-4-
hydroxy-L-proline was immobilized onto polymer and this material was applied directly to the
Robison annulation reaction, where, low yield and ee were obtained (53% vyield, 18% ee)
(SCHEME 1.23).
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SCHEME 1.23 - Robinson annulation reaction using catalyst 56.

After this unsuccessful result, the immobilization of organocatalysts into polymers re-
started a decade after improving the efficiency and stereoselectivity. Then, many pyrrolidine-

type catalysts supported into polymers were reported (FIGURE 1.9), 80 61,6263

& W(O/\/OW.

N orwms N OT'V'S

Hansen®" — ;
Schore®° = comercial polymer

e 0, o

Ze|tler62 Pericas®®

FIGURE 1.9 - Different supported pyrrolidine-type catalysts.

Gruttadauria and co-workers ® supported the Singh’s catalyst onto Merrifield resin. The
synthesis of this new polystyrene-supported prolinamide catalyst (60) was done step-wise
where the starting materials are not ready available and are easy to prepare. To prepare the
prolinamide catalyst prior to support, a peptide coupling process between 57 and 58 undergoes
racemization, as previously discussed it is the negative implication for this synthetic
methodology. The reported yield for 59 in this step does not exceed 62%; large amount of waste
is produced and consequently low level of atom economy. Moreover, a mechanism of the free-
radical thiol-ene coupling reaction needs the initiator Azobisisobutyronitrile (AIBN) in
stoichiometric quantities (SCHEME 1.24).
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SCHEME 1.24 - Synthesis of polystyrene-supported prolinamide catalyst 60.

The article “organocatalysts in textiles” by List and co-workers is very interestingly. % In
this paper, the author supports catalysts onto inexpensive abundant polymeric solid materials
(nylon clothes) (FIGURE 1.10).

A) B) . ~
Lewis base catalyst Acid/base catalyst
Me_\ RPN, textile
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SOH Phyt-Busi

iterative o b o
continuous
2 G 0 B e HO OMe
fixed-batch
reactor 1g scale (>10times)
>99% yield
er up to 97:3

FIGURE 1.10 - A) Immobilized textiles organocatalysts: DMAP (as Lewis base catalyst), a sulfonic
acid (Brgnsted catalyst), and a bifunctional chiral organocatalyst (acid/base catalyst). B) Schematic
illustration of the continuous reactor and desymmetrization of silylated glutamic anhydride with the
immobilized acid/base catalyst.

Radical polymerization using ultraviolet light (UV) as alternative source of energy was the
employed technique to immobilize the organocatalysis onto textile nylon. Three representative
organocatalysts (See A, FIGURE 1.10), a dimethylaminopyridine (DMAP) derivative (as Lewis
base catalyst), a sulfonic acid (Bransted catalyst), and a bifunctional chiral organocatalyst
(acid/base catalyst), were supported with catalyst loadings of up to 0.025 mmolg™. Very good

efficiency and enantioselectivity (99%, >97:3 er) were obtained in the organocatalytic
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desymmetrization of anhydrides. More interesting these cheap, green, and abundant
functionalized textile was used in continuous-flow system (See B, FIGURE 1.10), maintaining
its efficiency for more than 250 cycles.

As seen, the majority of immobilized organocatalysts employs commercial polymeric
supports, mostly derived from petrochemical feedstock. As we know, petroleum is a non-
renewable resource, the earth’s supply of this substance will eventually be consumed, and when
the world’s supply be exhausted, alternative sources of these compounds will be required. With
respect to Green Chemistry, the development of new bio-based process instead of
petrochemical has great advantages, such as renewability, low environmental impact, and

produce cost-competitive chemical products.
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Objectives: Chapter 1

The application of Ugi-4CR in the field of organocatalysis can be a wonderful tool to
generate versatility in combinatorial approaches to rapidly, efficiently and eco-friendly generate
peptide derivatives with catalytic potential in the area of asymmetric catalysis. The main target
in Chapter 1 was to develop an I-MCRs-based synthetic program for the combinatorial
discovery of novel prolyl pseudo-peptides organocatalysts with applications in asymmetric
reactions. The specific objective is to design novel organocatalytic motifs based on prolyl
pseudo-peptides and mimetic scaffolds accessible, based on solution protocols to produce a
diversity-oriented library of prolyl pseudo-peptides by Isocyanide Multicomponent Reactions
(I-MCRs). Also to evaluate the organocatalytic activity, via parallel screening, on known
asymmetric addition reactions (e.g., Aldol, Michael, Mannich reactions, etc...).

In accord to Green Chemistry principles, the development of new bio-based immobilized
organocatalyst instead of petrochemical derived supported organocatalysts has great
advantages, including renewability, low environmental impact and produce cost-competitive
chemical products. Then, the next objective is to develop an I-MCRs polymerization based Ugi-
4CR and cationic co-polymerization for the combinatorial discovery of new prolyl pseudo-
peptide derived polymers organocatalysts with applications in asymmetric reactions. Besides,
it is the evaluation of the organocatalytic activity of prolyl pseudo-peptide polymers as
heterogeneous catalyst either in batch or in continuous-flow chemistry.
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2 Results and discussion: Chapter 1

2.1 Combinatorial multicomponent synthesis of prolyl pseudo-peptide
catalysts

I-MCR approach based on the Ugi-4CR reaction was implemented for the development of
new prolyl pseudo-peptide catalysts. Three different elements of diversity were varied during
the strategy adopted for the preparation of these catalysts library i.e. the amine, the oxo and the
isocyano components while Pro remained as a fixed substrate aiming to enable enamine
catalysis (FIGURE 1.2). The multicomponent nature of this process enabled the straightforward
generation of a series of prolyl pseudo-peptides having the generic sequences Pro-N-R!-Xaa-
NHR?3, being Xaa either Gly (R? = H) or Aib (R? = gem-Me), and R and R® either alkyl or
amino acid substituents (FIGURE 2.1).

prolyl pseudo-eptide Catalysts

FIGURE 2.1-Combinatorial multicomponent strategy adopted for the preparation of the prolyl pseudo-
peptide catalysts library.

Fourteen prolyl pseudo-peptides of the type Pro-N-R!-Xaa-NHR?® were synthesized in
moderate to good yields (TABLE 2.1) by a two-step procedure comprising the one-pot
assembly of the peptidic skeleton by the Ugi-4CR protocol,®® followed by N-terminus
deprotection (TABLE 2.1). The corresponding catalysts 61-74 were directly used after flash

chromatographic purification.

Among the three distinct elements of diversity, initial attention was focused on the variation
of the amine component (FIGURE 2.1; TABLE 2.1), while paraformaldehyde and cyclohexyl
isocyanide were kept unchanged. A solution-phase Ugi-4CR procedure  was employed for all
catalysts in a first instance, which proved to be suitable for reactive amines (TABLE 2.1,
compounds 67-74) but gave poor results when salts of a-amino acid methyl esters hydrochloride
were used (TABLE 2.1, compounds 61-66).
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TABLE 2.1 - Multicomponent combinatorial synthesis of prolyl pseudo-peptides catalysts using the
Ugi-4CR.
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a) Reaction conducted at room temperature in MeOH for 24h. b) Yield of isolated pure product over two steps.

To solve this problem, microwave irradiation (MW) was used, which provided good
efficiency in the multicomponent preparation of the catalysts 61-66, (CHART 2.1). CHART
2.1 shows a considerable increment in the yield when MW irradiation was employed, the result
was almost twice in comparison with the classic Ugi-4CR procedure. However, when,
unreactive L-tert-butylglycine methyl ester (66) was used, up to three cycles (30 min, 150 W,

70 °C) of irradiation were required for the reaction in order to obtain a moderate yield (61%).
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CHART 2.1 - Yields of compounds 61-66 obtained by classic or MW Ugi-4CR.

In an initial approach, the idea was to evaluate the efficacy of catalysts 61-66 in two
possible approaches. Firstly, with a free carboxylic acid following to acts as Model A previously
discussed (FIGURE 1.3), and, secondly, with methyl-ester group acting as steric directing
group like Model B of catalysts. Then, boc-protected (62a) of compound 62 was selected for
the ester deprotection, employing a basic hydrolysis with LiOH in methanolic solution.
Unfortunately, an intramolecular cyclization was observed with the easy formation of
diketopiperazine (DKP) 75 in high yield (91%) (SCHEME 2.1). Diketopiperazines have been
used frequently in medicinal chemistry. These skeletons can be found in natural products such
as the antibiotics cefoperazone and bycyclomycin.  There are some reports on the
development of DKP as catalysts in the addition of cianidrine to benzaldehyde 8 but for our

interest, this class of compound is not useful.

> C c-CgH
MeO,C 9\\0 o) NTTTeT
N _cCgHqyr 1) TFA, DCM, 2h . H
7 N then K2003 N H
"4 H H
H N

N
rTl O 2) 5eq, LiOH, \H)(
Boc 622 MeOH, rt, 16h 75 0O

Yield = 91%

SCHEME 2.1 - Ester hydrolysis of compound 62a, in situ formation of compound 75.

By using this methodology the ester protected groups of the catalysts 61-66 were

accomplished in the initial screening as a proline catalyst.

Other modifications in the structural skeleton were the oxo and isocyano components R?
and R® (see FIGURE 2.1). Again relying on the use of readily available starting materials to
produce accessible catalysts. Thus, acetone was utilized as oxo component in combination with

both (S)-a-methylbenzyl and benzyl amines, leading to compounds 69 and 70 having the
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secuence Pro-N-alkyl-Aib-OMe (Aib is a-aminoisobutyric acid). The variation of N-alkyl-Gly
by N-alkyl-Aib derived from the change of formaldehyde by acetone, respectively aims to
address the influence of the peptide conformational flexibility in the catalytic performance.
Alternatively, tert-butylisocyanide and methyl isocyanoacetate were combined with (S)-a-
methylbenzylamine and paraformaldehyde to produce the compounds 71 and 72. With the
change of isocyano components, we aimed to address the influence on the catalytic profile of
the bulky character of substituents at the internal and C-terminal amides. Sequently, (S)-a-
methylbenzyl amine, acetone and cyclohexylisocyanide were combined with R-Proline to
produce compounds 73, an analog of 69 having the opposite stereochemistry at proline. With
this, we might be able to assess the actual role of the pyrrolidine-ring stereochemistry on the
sterecocontrol performed by such catalysts. In a last instance, 1-aminopyrene was used as steric

hindrance aromatic amine to synthesize compound 74, but only 40% yield was obtained.

2.2 Prolyl pseudo-peptide catalysts: Application in the enamine catalysis

To evaluate the catalytic properties of the new class of prolyl pseudo-peptides, catalyst 62
was chosen, keeping in mind the possibility of mimicking the aldolase type I. The catalysts

were tested in model reactions such as Aldol and Michael reaction.

2.2.1 Evaluation of prolyl pseudo-peptide catalysts in the asymmetric Aldol
reaction

By MW Ugi-4CR procedure, catalyst 62 was synthesized and deprotected with TFA in
DCM at 50% (v/v). Initially, 10 mol% of catalyst 62 was used for the reaction of 3 equivalents
of cyclohexanone and 1 equivalent of 4-nitrobenzaldehyde. The concentration with respect to
nitrobenzaldehyde was 0.25 M, compared to the solvent of choice. After approximately 24 h,
only 20-89 % yield of aldol product was isolated. The diastereoisomeric ratio (dr.) anti:syn of
the resulting product 20 was determined both by *H NMR and HPLC analysis and the best
result with respect to dr. and enantioselectivity (ee) was observed using a mixture of
DMSO/H:0 (7:3) as solvent (dr. 73:27 (anti:syn), 77 %ee, entry 6, TABLE 2.2).
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TABLE 2.2 - Aldol reaction of cyclohexanone (24) and p-nitrobenzaldehyde (25) catalyzed by 62.
Optimization of the system.

MeOZC

(H%

O
62 xmol% -
solventT (x °C), 24h H
NO, NO

,c-CgH11

2

25 X mol*L™"! 20
Entry @ Catalyst Conc Solvent Temp Yield dr ee
(mol%) (M) (°C)  (%)"° anti:syn® (%) ¢
1 10 0.25 HO 30 30 75:25 60
2 10 0.25 EtOH 30 25 68:32 43
3 10 0.25 H;O:EtOH(1:1) 30 43 77:23 55
4 10 0.25 Brine 30 89 67:33 35
5 10 0.25 DMSO 30 20 88:12 47
6 10 0.25 DMSO-H,0 (7:3) 30 76 73:27 77
7 5 0.25 DMSO-H;0 (7:3) 30 65 61:39 75
8 20 0.25 DMSO-H,0 (7:3) 30 85 66:34 73
9 10 0.15 DMSO-H,0 (7:3) 30 30 83:17 51
10 10 0.50 DMSO-H;0 (7:3) 30 78 67:33 64
11 10 0.25 DMSO-H,0 (7:3) 0°C 59 76:24 73
12 10 0.25 DMSO-H:0 (7:3) -10°C 50 57:43 72

a) Reactions using 3 equivalents of cyclohexanone and 0.25 mmol of p-nitrobenzaldehyde in
1 mL of solvent. b) Isolated yield. ¢) Determined by 'H NMR analysis. d) Determined by
chiral phase HPLC analysis.

After determining the best solvent system (entry 6), we systematically varied different
reaction parameters of the reaction. First, we changed the catalyst loading and performed the
standard reaction under otherwise identical conditions (entries 7 and 8, TABLE 2.2). Even with
5 mol% and 20 mol%, the ee and dr. were not affected, (entries 7 and 8, TABLE 2.2). As the
best catalyst loading was 10 mol%, then, the next step was to change the concentration of the
aldehyde (entries 9 and 10, TABLE 2.2) keeping the catalyst loading 10 mol% (entry 6, TABLE
2.2). The results obtained at higher concentrations of aldehyde (entry 10) were similar to those
of the standard reaction and, as expected, the more diluted reaction was slower (entry 9). The
enantioselectivity was not influenced by changes in the temperature (see entries 11 and 12,
TABLE 2.2).

Taking account of these robust results, we next tested various catalysts with similar

structure of catalyst 62.

Initially we screened the amine group by using various natural and non-natural amino acid

hydrochloride esters like tert-butylglycine (entry 6, TABLE 2.3) and glycine (Gly), leucine
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(Leu), isoleucine (lle), valine (Val), etc...These prolyl pseudo-peptides were then tested as
catalysts for the same reaction discussed above between p-nitrobenzaldehyde and
cyclohexanone under the standard conditions (TABLE 2.3).

A catalyst loading of 10 mol% of catalysts 62 was necessary to obtain the desired product
20 in 73% vyield after 24 h and with a selectivity of dr. 7:3 and 77% ee (entry 2, TABLE 2.3).
At the beginning, we hypothesized that the incorporation of a chiral and bulky R* group might
increase the ee in the system, but, due to the lack of chiral and bulky group the enantioselectivity
was not so high (i.e. 68% ee) in 61 compared to 62 (entry 1 and 2, TABLE 2.3).

TABLE 2.3 - Asymmetric Aldol reaction of cyclohexanone (24) and p-nitrobenzaldehyde (25).

Screening of different pronI pseudo peptide catalysts.
OH

0
é J\@\ _catalysts 10 mol% _ ij:/'\@
DMSO:H,0 (7:3), =
NO

Oz 30°c,24h
20

Entry Catalyst Yield (%) ° dr (syn/anti) ¢ ee (%) °

2

1 61 47 60:40 68
2 62 73 73:27 77
3 63 60 70:30 51
4 64 43 70:30 51
5 65 39 74:26 58
6 66 40 79:21 40

a) Reactions using 3 equivalents of cyclohexanone and 0.25mmol of p-
nitrobenzaldehyde in 1mL of a mixture of DMSO:H,0 (7:3) b) Yield
of the isolated product. c) Determined by 'H-NMR analysis. d)
Determined by chiral-stationary phase HPLC analysis.

Analyzing these results of catalyst with chiral and bulky N-substituents that show only
moderate enantioselectivity (entries 3-6, TABLE 2.3) as compared to 61. We supposed that the
enamine formation is not influenced by the N-substituent in the pseudo-peptide structure and
maybe by the other substituent present in the structure, but did not found further evidence that
allows to conclude this hypothesis. Further study is require in order to get the full explanation

of the system behavior.

As this class of organocatalysts was not able to produce the aldol reaction in good manner,
it was perhaps a logical effort to employ the prolyl pseudo-peptide catalyst in other asymmetric
transformation to assess the catalytic properties. Then, we decide to continue the evaluation of

prolyl pseudo-peptide in asymmetric Michael reaction.
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2.2.2 Evaluation of prolyl pseudo-peptide catalysts in the asymmetric
Michael reaction

To evaluate the catalytic properties of the prolyl pseudo-peptides in the conjugate addition
reactions of aldehydes and nitroolefins, we used the reaction between n-butanal and pg-
nitrostyrene as a model reaction. First, catalyst 62 was tested in order to optimize the reaction
conditions.

As shown in TABLE 2.4, a comprehensive screening of solvents were evaluated (entries
1-6, TABLE 2.4) in order to assess the effect of reaction conditions in the catalytic efficiency
and stereocontrol of this type of catalysts. Similar to topic 2.2.1, catalyst 62 was chosen to
accomplish this study, considering that its performance in the model system was high (entry 1,
TABLE 2.4).

As shown in TABLE 2.4, the solvent has a significant effect upon the reaction yield. In
general, the reaction proceeded more rapidly in polar solvents (entries 3, 4) but decreased the
sterecontrol of the catalyst (entry 4, TABLE 2.4). For example, in isopropyl alcohol (i-PrOH),
(entry 4, TABLE 2.4), high yield of compound 78 (98%) was obtained, whereas reactions in
less polar solvent like Toluene and DCM were slightly sluggish (entries 1-2, TABLE 2.4).
Interestingly, polar solvents marked a drop in the enantio- and diastereoselection (dr. 85:15
(syn:anti); 34% ee, entry 4, TABLE 2.4). Equally, mixtures containing a small amount of i-
PrOH (entries 5 and 6, TABLE 2.4) were less successful. Whereas this proves that aprotic,
hydrophobic solvents are required for a good stereocontrol, the results are quite intriguing since
the mixture CHCIs/i-PrOH is the solvent of choice for Michael additions with Wennemers’
peptide catalysts,5%70.71.72.73.74

Solvent evaluation revealed that toluene was the best solvent for the reaction (dr. 92:8
(syn:anti); 91% ee, entry 1, TABLE 2.4), and no better results were obtained using other
solvents. In order to check the variation of different parameters, further optimization of the
Michael reaction was continued with the catalysts 62. (TABLE 2.4).
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TABLE 2.4 - Asymmetric Michael reaction of n-butanal and p-nitrostyrene catalyzed by 62.
Optimization of the system.

MGOZC

o 62 ( 1%) T
o NO, &, NO
HJ\ ' Ph/\/ solvent, T (x °C), H 2

76 Et 77 t (h), (x co-cat) Et

,C-CeH11

78
Entry® Catalyst Solvent Co-Cat T (°C) Yield dr. ee
(mol%) (10 mol%) (%) ¢ (syn:anti)¢ (%) f
1 10 Toluene - 30 90 92:8 91
2 10 DCM - 30 54 94:6 79
3 10 THF - 30 98 88:12 73
4 10 Iso - 30 98 85:15 34
5 10 CHCls:lso (9:1) - 30 63 937 62
6 10 Tol:lso (9:1) - 30 90 95:5 80
7 2.5 Toluene - 30 45 96:4 91
8b 2.5 Toluene - 30 74 96:4 89
9 5 Toluene - 30 76 94:6 89
10¢ 10 Toluene - 30 56 94:6 90
11 10 Toluene - 5°C 89 95:5 90
12 10 Toluene PhCO:H 30 88 94:6 87
13 10 Toluene 4-NO;Fenol 30 92 937 90

a) Reactions using 3 equivalents of n-butanal and 0.25 mmol of g-nitrostyrene in 1 mL of solvent. b) Reaction
performed in 48h. c) Reaction performed at 0.125 M. d) Isolated yield. ) dr. syn (major):anti; determined by *H
NMR. f) Determined by chiral-stationary phase HPLC analysis of the syn product.

Firstly, we turned our attention to study the amount of catalyst in the reaction. Lowering
the loading of catalyst to 5 mol%, the desired product 78 was obtained in moderate yield but
with excellent diastereoisomeric ratio and enantioselectivity (entry 9, TABLE 2.4). In terms of
operational convenience, the use of 2.5 mol% of catalyst 62 ensures economy in the process
while maintaining expedient reaction times (entry 7, TABLE 2.4), but led to erosion in terms
of yield (45%), although without substantial changes in the dr and ee (entries 7 and 8, TABLE
2.4). Better yield was obtained with 2.5 mol% increasing the time to 48h (entry 8, TABLE 2.4).
The results obtained at diluted concentrations were similar to those of the standard reaction, as
expected; the more diluted reaction was slower (entry 10, TABLE 2.4). On the order hand,
neither decreasing the temperature to 5 °C (entry 11) nor adding 10 mol% of either benzoic acid
(entry 12, TABLE 2.4) or p-nitrophenol (entry 13, TABLE 2.4) provoked a significant change
in the reaction yield and stereoselection. In the case of p-nitrophenol as additive, a qualitative
study revealed an initial acceleration of the reaction, although the yield was not increased after
24 h.
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Until now, the better conditions for the system in question for the synthesis of 78 is 10
mol% of catalyst 62 in toluene as solvent at room temperature with the concentration of 0.25
M for S-nitrostyrene.

During the initial screening, standard reaction conditions consisted in the use of 10 mol%
of catalyst in toluene as solvent at room temperature. Thus, we next turned our attention to the
evaluation of a library of prolyl pseudo-peptide hybrid catalysts in the Michael addition. These
prolyl pseudo-peptides 61-74 were then tested as organocatalysts for the reaction of n-butanal
and g-nitrostyrene under the standard conditions discussed above. A range of 77-94% yield
after 24 h with good to excellent selectivity of dr. and ee were obtained with prolyl pseudo-
peptides (see TABLE 2.5). Significantly better results were obtained with catalyst 69 (entry 9,
TABLE 2.5). As shown in TABLE 2.5, compounds 61 and 68 with the presence of achiral N-
substituents Gly-OMe of 61 and benzylamine of 68 respectively, provided similar results (i.e.,
ca. 90% ee, entries 1 and 8, TABLE 2.5) compared to chiral ones, 62, 64 and 67. On the other
hand, catalyst 62 and catalyst 64 showed much better enantioselectivity than 63 and 65 (i.e., ca.
90 > 79% ee, entries 2 and 7, TABLE 2.5). We hypothesized that the incorporation of a bulky
R! group might increase enantioselectivity in the system, but intriguingly 66 gave only
moderate results (dr. 90:10 (syn:anti); 82% ee, entry 6, TABLE 2.5) despite of having the
bulkiest side chain among all aminoacid methyl esters incorporated as N-substituents.

Therefore, little changes in N-substituents of pseudo-peptides did not bring great
modification in the asymmetric Michael catalysis between n-butanal and g-nitrostyrene. As
same as in the previous Aldol reaction, no effect of the N-substituents residue R! in the
asymmetric induction was detected. The complexity of the structure in space may lead to a
conformation not well understood, and this needs to be studied.

Due to the fact that changes in the side chain of N-substituents residue R* has not great
influence in the stereoselectivity, we attempted to modify other substituents in the skeleton of

prolyl pseudo-peptides.
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TABLE 2.5 - Asymmetric Michael reaction of n-butanal and f-nitrostyrene. Screening of different
prolyl pseudo-peptide catalysts.

R'" O _R®
M\N%H
N R2 R?
o) H O O Ph
SN
76 =" 77 78
Entry R! R? R3 Catalyst Yield (%)° dr (syn/anti) ¢ ee (%) °
1 Gly-OMe H Cy 61 87 96:4 90
2 Val-OMe H Cy 62 92 92:8 91
3 Leu-OMe H Cy 63 83 97:3 79
4 lle-OMe H Cy 64 89 97:3 90
5 Phe-OMe H Cy 65 84 937 64
6 'BuGly-OMe H Cy 66 94 90:10 82
7 (S)-0-MeBn H Cy 67 74 96:4 89
8 Bn H Cy 68 91 937 92
9  (5)-a-MeBn Me Cy 69 85 94:6 98
10 Bn Me Cy 70 84 94:6 87
11 (S)-a-MeBn  H t-Bu 71 93 94:6 91
12 (S)-a-MeBn H Gly-OMe 72 77 89:11 85
137 (S)-0-MeBn Me Cy 73 93 84:16 -86
14 pyrene Me Cy 74 90 84:16 83

a) All reactions were conducted using 3 equivalents of the aldehyde and 0.25 mmol of g-nitrostyrene in 1
mL of toluene. b) Yield of isolated product. c) Determined by *H NMR spectroscopy analysis. d) Determined
by chiral-stationary phase HPLC analysis. f) Using D-Pro amino acid.

We next varied the oxo component. The incorporation of the aminoacid residue Aib derived
from the use of acetone instead of formaldehyde as oxo component shed additional light into
the catalytic-activity relationship. Thus, the combination of Aib (R?>= Me) and the chiral (S)-a-
methylbenzyl group as N-substituent led to the most effective catalyst 69 (98% ee).
Notwithstanding these advances, we noted that 70 bearing benzyl as N-substitution exhibited
only moderate enantioselectivity (87% ee) (entry 10, TABLE 2.5), despite of also having the
aminoacid residue Aib (R2= Me) derived from the use of acetone in the Ugi-4CR. As well as
compound 68 in spite of also enduring benzyl as N-substitution but aminoacid residue Gly (Xaa
= H) instead of acetone have similar enantioselectivity (92% ee) like 70 but only a moderate

results as 69.

Up to here, two structural changes were accomplished and so far good results were
determined. Based on these results, we decided to fix the chiral (S)-a-methylbenzyl group as
N-substituent and formaldehyde instead of acetone as oxo compound in the next variation (i.e.;
R! = (S)-a-MeBn and R? = H).
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Then, we turned to vary the isocyanide component. The commercial isocyanides, tert-
butylisocyanide (R® = 'Bu) and isocyanoacetate (R = Gly-OMe) from Aldrich, were employed
as isocyanide component. Thus, 71 (R® = 'Bu) showed slightly higher enantioselectivity (91%
ee, entry 11, TABLE 2.5) than its analogue 67 (R® = Cy) (89% ee, entry 7, TABLE 2.5),
probably due to bulkier character of the tert-butyl amide substituent compared to the cyclohexyl
one. In contrast, the incorporation of the less bulky methyl isocyanoacetate in 72 (R® = Gly-
OMe) led to a drop in both the enantio- and diastereoselectivity (dr. 89:11 (syn:anti); 85% ee,
entry 12, TABLE 2.5) with respect to catalyst 67 (dr. 96:4 (syn:anti); 89% ee). Considering
these results, we assumed that a steric effect of the R® of an isocyanide component is important,
even though there are no great differences between catalysts having the terminal tert-butyl and
cyclohexyl carboxamides. Thus, the use of cyclohexylisocyanide becomes more feasible than
the tert-butyl one owing to the lower price and simpler synthesis of the former. Catalyst 74 only
provided 82% ee and dr. 84:16 (syn:anti) (entry 14, TABLE 2.5) in despite of 1-aminopyrene
was used as big aromatic amine in the peptoid structure. Finally, we synthesized catalyst 73
using D-Pro instead of L-Pro, to provide the reverse configuration at the asymmetric centers in
the Michael reaction. Catalyst 73 provided good diastereo- and enantioselectivity (dr. 84:16
(syn:anti); -86% ee). This result proved that the stereocontrol is mainly based on the
pyrrolidine-ring. Notwithstanding, comparing with its isomer 69, catalyst 73 is less effective
than 69, assuming that the other substituents in the skeleton also plays a pivotal role in the
catalysis.

Encouraged by these results, we next probed the scope of the reaction with a variety of
aldehydes and nitroolefins (TABLE 2.6). All reactions were conducted in toluene at room
temperature for 24 h in the presence of 10 mol% of 69. In each case, smooth reactions occurred
to generate Michael adducts in high yields (70-91%). These results eventually led to the
successful development of catalyst 69 and higher stereoselectivities were achieved when
reactions were performed with small amount of catalyst (10 mol%) and longer reaction time
provided diastereoselectivities up to more than 94:6 (syn:anti) and enantioselectivities variables
from 67 to 98%. As depicted, g-nitrostyrenes bearing fS-aryl substituents with either
electron withdrawing (e.g. F, CI, Br) or electron-donating groups (e.g. MeQO) are almost
equally tolerated (entries 4-9, TABLE 2.6).
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TABLE 2.6 - Scope of catalyst 69 in the asymmetric Michael reaction between different aldehydes and
[S-nitrostyrenes.

Me
F>h\..~\7)0L c-CeHig
N N
D\( "”’MeH
N Me
o) H 690 0O R?
(10 mol%)
HJ\Rf R N2 Tol, 30 °C, 24h HJ%/NOZ
R
Entry? R? R? Compound  Yield (%) ®  dr. (syn/anti)¢  ee (%) ¢
1 Et Ph 78 85 946 98
2 Me Ph 23 90 93.7 91
3 i-Pr  Ph 79 80 94.6 67
4 Et 4-MeOCg¢H4 80 83 82:18 93
5 Et 4-FCgsH4 81 89 92:8 96
6 Et 4-CICsH4 82 86 94:6 88
7 Et 4-BrCesHs 83 77 85:15 85
8 Et 2-BrC¢H,4 84 91 88:12 89
9 Et 3-NO2CeH4 85 70 80:20 78
10 Et 2-Furyl 86 83 94.6 82

a) All reactions were conducted using 3 equivalents of the aldehyde and 0.25 mmol of S-nitrostyrene in 1
mL of toluene. b) Yield of isolated product. ¢) Determined by 'H NMR spectroscopic analysis. d)
Determined by chiral-stationary phase HPLC analysis.

The best result was obtained using a nitroolefin with an electron-poor aromatic
substituent trans-4-fluoro-f-nitrostyrene: 89% yield (dr. 92:8 (syn:anti); 96% ee, entry
5, TABLE 2.6). Moreover, similar results were provided with an electron-rich aromatic
substituent such as trans-4-methoxy-g-nitrostyrene: giving 80 in 83% vyield (dr.
82:18(syn:anti); 93% ee, entry 4, TABLE 2.6).

Aldehydes bearing bulky substituents in the g-position (i.e. isovaleraldehyde) were
also studied in the presence of 10 mol% of catalyst, the reaction provided 79 in 81%
yield having dr. 91:9 (syn:anti), but a poor enantioselectivity was observed (67% ee)
(entry 3, TABLE 2.6).

Utilization of trans-2-furyl-g-nitrostyrene as acceptor (entry 10, TABLE 2.6)
provided Michael adduct with high diastereoselectivity but with only moderate
enantioselectivity. When we employed trans-3-nitro-g-nitrostyrene, somehow not
clearly, the ee was poor (78%, entry 9, compound 85) as well as the yield (70%). We
assume the possibility of a steric interaction between the 3-nitroaryl substituent and the
chain of aldehyde when a Si face approximation of S-nitrostyrene is produced.

These results demonstrate that 69 is a good catalyst for conjugate addition reactions

between a broad range of different substituted aromatic nitroolefins and aldehydes.
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In terms of chemical efficiency and diastereoselection, it does not seem to be great
differences between all catalysts, whereas the enantioselection resulted more dependent on
some of the variable structural elements. The discussed results provide important insights into
the structural requirements for this kind of catalysts. A conformational study of Pro-N-R*-Xaa-
NHR? catalysts was done to understand the possible mechanism of action of the catalyzed 1,4-

addition reaction.

2.3 Conformational study of Pro-N-R!-Xaa-NHR? catalysts

As known, the C—N bond in peptides has partial double bond character; the resonance
delocalization is showed in A) FIGURE 2.2. Due to that, the free rotation around the C—N amide
bond is drastically restricted with a rotational barrier of 105 kJ mol. Consequently, two
rotamers (see B) in FIGURE 2.2) of the peptide bond exist: 1) the trans isomer (o = 180°) and

the cis isomer (o = 0°). ™>7&77

A) resonance delocalization

O O@
R1)J\”/R2 -~ R»])\\E—l)/ R

B) cis/trans isomerization

o = 180° o =0°
J L
()
R
R ON* 2— R1) NH
H [ ]
_ Ro
trans cis

FIGURE 2.2 - A) Resonance delocalization: partial double bond character B) cis/trans isomerization of
the peptide bond.

The NMR analysis of almost all synthesized prolyl pseudo-peptides shows cis/trans
isomers except for compounds 69, 70, 73 and 74 having a generic sequence of Pro-N-R*-Xaa-
NHR? where Xaa = Aib (R? = gem-Me). To explore the representative structures and possible
mechanism of action in catalysis we chose the best catalyst until now (69) with Xaa = Aib (R?
= gem-Me) and its analogue (67) with Xaa = Gly (R? = H) to analyze their conformations
employing different methods such as nuclear magnetic resonance (NMR) and molecular
modelling (MM).

Initially compound 69 was fully characterized (please see TABLE 2.7 and FIGURE 3.2).
The NMR techniques were recorded in a 400 MHz spectrometer in CDCls.
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In the 3C NMR spectra is two peaks at 173.50 ppm and 170.95 ppm are observed, which
correspond to C=0 group of C-11 and C-5, respectively. The aromatic zone shows the Ph group
shifts where 140.7 ppm resulting a quaternary carbon in the DEPT 135° experiment was
assigned to C-18 (TABLE 2.6). In addition, at 64.6 ppm a deshielded signal was observed
correspondent to a quaternary carbon by DEPT 135°. We attributed to C-8 as. In the DEPT
135° experiment, three CH deshielded aliphatic carbon peaks at: 59.7 ppm, 50.7 ppm and 48.9
ppm were observed. These are carbons directly attached to a heteroatom and the possible
carbons are C-1, C-6 and C-12.

TABLE 2.7 - °C, DEPT 135°, HSQC and HMBC shifts assigment of compound 69.

20
z 19 7 16 15
22 3 1: _“,\Meo WQ »
b 1 oMS e
Atom 13C DEPT 135° HSQC HMBC
No (8¢ = ppm) (8¢ = ppm) (81 =ppm) (81 = ppm)
C-1 59.7 59.7 (CH) 4.30 3.32,1.27
C-2 453 45.3 (CHy) 3.32 4.30, 1.27
C-3 32.7 32.7 (CHy) 1.27 4.30, 3.32
C-4 46.3 46.2 (CHy) 3.20,3.18 3.32,1.27
C-5 170.6 (C=0) - 5.12, 2.07
C-6 50.7 50.7 (CH) 5.12 1.88
C-7 19.0 19.0 (CHs) 1.88 5.12,2.07,1.7
C-8 64.6 (C) - 5.12, 1.64
C-9 24.8 24.8 (CHs) 1.64 -
C-10 24.6 24.6 (CHs) 1.53 -
C-11 173.7 (C=0) - 5.70, 1.64, 1.53
C-12 48.9 48.9 (CH) 3.64 1.40, 1.15, 1.20, 1.11
C13- 327,308, 32.7, 30.8, 28.9, 1.40,1.15,1.20,  3.64,1.40, 1.15, 1.20,
17 28.9, 25.4 25.4 (CHy) 1.11 1.11
C-18 140.7 (C) - 7.42,5.12,1.88
C19- 129.2,1282, 129.2,128.2,128.0, 7.56,7.42,7.34 -
23 128.0, 127.2 127.2, (CH)

The heteronuclear single-quantum correlation (HSQC) shows a correlation between 50.7

ppm and 5.12 ppm. A relationship between 5.12 ppm and a doublet 1.88 ppm with coupling 3J
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= 7.0 Hz which is likewise derived from coupling with Me group for the N-substituent (S)-a-
MeBn. Then, the COSY diagram confirms the location of H-6 at 5.12 ppm and the CH of C-6
at 50.7 ppm. Consequently the doublet at 1.88 ppm with coupling 3J = 7.0 Hz is assigned as C-
7. The shift at 48.9 ppm is directly correlated by HSQC to the proton with shift 3.64 ppm. By
the same way, was analyzed the COSY diagram. There is a correlation between shift 3.64 ppm
and a doublet at 5.72 ppm with coupling 3J = 8.0 Hz. This doublet is attributed to the NH amide
formed in the synthesis of pseudo-peptides by Ugi-4CR derived from the R3 isocyanide
component. This correlation proved that C-12 is a CH attributed to the shift 48.9 ppm.

Unequivocally, the last CH at 59.7 ppm belongs to C-1, which has a COSY correlation
with 4.30 ppm. This signal is a multiplet attributed to the H-1 of a-carbon in pyrrolidine ring.
Moreover, the aliphatic zone shows eight-methylene groups for the five- and six-membered
cyclic rings (see TABLE 2.6).

The *H NMR of 69 shows 5 protons in the aromatic zone corresponding to the phenyl group
of the N-substituent (R!=N-substituent) (see above spectrum in FIGURE 2.3). The signal of the
MeBn of N-substituent (H-6) is a quartet at 5.12 ppm with coupling 3J = 8.0 Hz. Two singlets
at 1.69 ppm and 1.53 ppm, each integrating to 3H correspond to Aib residue (R? = Me) (H-9
and H-10). Interestingly, the *tH NMR spectra of compound 69 measured in CHCl3 shows only
one isomer in solution (see FIGURE 2.3) in comparison with compound 67 that has almost all
signals are duplicated (see FIGURE 2.3). It is clearly seen in the *H-NMR spectra of catalyst
67 the shifts 4.74 ppm and 5.12 ppm, which were attributed to the H-6 proton of (S)-a-
methylbenzyl amine corresponding to the cis/trans isomers. Moreover, when catalyst 69 shows
only one signal at 5.12 ppm, compound 67 has two signals at 6.26 ppm and 5.87 ppm, again
possibly due to the presence of cis/trans isomers. The CHz group also has duplicated signals
with coupling 3J = 8.0 Hz at 1.69 ppm and 1.49 ppm.

The *H NMR behavior of both catalysts confirms the ocurrence of a single isomer of 69
and two isomers of 67.

It is evident that the possibly of conformational rigidity for catalyst 69 is higher than that
of 67 and could explain a single configurational isomer of 69 but gave no idea about stereo-
conformation. A further conformation analysis as well as a Nuclear Overhouse Effect (NOE)
study is needed, keeping in mind that NMR analysis of 69 showed almost a single

configurational isomer while that of 67 showed a mixture of cis and trans isomers in solution.
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FIGURE 2.3 - 400 MHz *H NMR spectra in CDCl; of compound 67 (below) and compound 69 (above).

In order to determine the disposition of the peptidic chain with respect to the pyrrolidine

faces, two NOE spectra were recorded for 69 in CDCls.

Initially, a NOE spectrum irradiation at 5.12 ppm (FIGURE 2.4) of H-6 showed NOE
effects with one of the methylene s-hydrogen of Pro at 1.66 ppm (H-2), with the a-hydrogen
(H-1) of proline at 4.30 ppm and H-7 the Me of Ph ring at 6+ = 1.89 ppm.

Alternatively, a second NOE experiment was accomplished with irradiation of the NH
signal of the cyclohexyl amide (R®) at 5.74 ppm (FIGURE 34 in selected figures and spectra).
A NOE effects with hydrogens of the cyclohexyl ring at 1.90 ppm and 1.18 ppm, with the Me
(H-7) of Ph ring at 1.89 ppm, and with H-10 of the gem-dimethyl (Xaa = gem-Me) groups of
the Aib residue at 1.55 ppm were observed. Nevertheless, the lack of an NOE with the a-
hydrogen of Pro at 4.30 ppm, which is positioned at the non-substituted pyrrolidine face, is a

clear indication that the peptidic skeleton is directed toward the substituted pyrrolidine face.

Wherein by NOE analysis we can assume that the terminal cyclohexyl moiety is positioned

at the opposite face of the Pro a-hydrogen.
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FIGURE 2.4 - 600 MHz NOE spectra in CDCIs of compound 69. Signals of protons with NOE effect
upon irradiation of the a-H of (S)-Me-BnNH: at 5.11 ppm.

To explore the representative structures of isomers, we chose compound 69 with Xaa =
Aib (R? = gem-Me) and its analogue 67 with Xaa = Gly (R? = H) to analyze their conformations
by MM.

In a collaboration with Prof. Marco Antonio Ferreira Barbosa from Federal University of
Séo Carlos and Prof. Claudio Tormena from State University of Campinas we have done the
conformational study of compound 67 and 69. Monte Carlo Molecular Mechanics (MCMM) as
implemented in Macromodel 9.9 was employed for this study.

Representative structures of low-energy clustered conformers were selected and
reoptimized at M06-2X/6-31G(d) without the presence of any solvent (FIGURE 2.5). The
conformers determined present almost the same shape. No further conclusion were observed,
maybe because the behavior in solvents was not determined. Thus, for a better approximation

to reality chloroform was included in the optimization of 67 and 69.
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catalyst 67

catalyst 69 2

FIGURE 2.5- Low-energy optimized for compound 67 and 69 calculated at M06-2X/6-31+G(d,p)
1IM06-2X/6-31G(d) [SDM, in vacuum] level.

The electronic energies were refined by a single point using the 6-31+G(d,p) basis set. The
relative Gibbs energies and Boltzmann population at 25 °C in CDCIs where determined by MM
analysis of reoptimized structures. Then, representative structures of low-energy clustered
conformers were selected and reoptimized at the M06-2X/6-31G(d) level. The electronic
energies were refined by single-point calculations using the 6-31+G(d,p) basis set. The relative
Gibbs energies and Boltzmann populations at 25°C in CDCI;3 for all of the reoptimized low-
energy conformers are shown in the Annex. It was found 673 different conformers of 67 with
energies within 5 kcal mol™ and subdivided in 43 groups after the clustering analysis (please
for cluster structures of 67 see FIGURE 98 in the part of selected figures and spectra). The same
conformational search analysis was performed with compound 69 resulting in 182 different
conformers and subdivided in 26 groups after clustered-superimposed analysis (please for
cluster structures of 69 see FIGURE 99 in the part of selected figures and spectra). Interestingly,
a superposition of all geometries of these reoptimized low-energy conformers shows more
randomly structure on 67 than 69 (FIGURE 2.6). Furthermore, the insight of methyl group in
the skeleton of prolyl pseudo-peptides (Xaa=Me) increases the rigidity in the structure in

comparisson to its congener 67 having Xaa=H.
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Compound 67 Compound 69

FIGURE 2.6 - Low-energy clustered-superimposed conformers of compound 67 and 69 calculated at
M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] level.

The cis/trans distribution of the dihedral groups for 67 and 69 was determined and
represented in TABLE 2.8; where the Ph- and (c-Hex)HN- substituents were selected to define
the positive (+) or negative (-) orientation of the dihedrals W1 and W,. The dihedral orientation
of 67 shows a 42:58 (cis:trans) ratio of isomers. Curiously 69 shows an inversion in the
conformational equilibrium with a population of 98:2 (cis:trans) (TABLE 2.8). Based on these
results, we assumed that this behavior is strictly related to the steric interaction between N-alkyl
groups (Xaa = gem-Me and R®) and the pyrrolidine ring. In this case, the cis isomers are lower
in energy than in the catalyst 67 (Xaa= H) since the more substituted N-alkyl group, containing

a quaternary carbon, is oriented toward the C=0 of the pyrrolidine ring.

TABLE 2.8 - Graphical representation and excerpt of dihedral distribution for compound 67 and 69.

cis trans
R o Py
() Ty w2
(c-Hex)HN (') e

PUH/P) P1E/P2H) PIHP2F) P12

cis 01 39.2 26 0.0

Compound 67 (R =H) <o 7255 0.0 0.7 15.2
cis 173 9.9 173 53.6

Compound 69 (R = Me) ze-r—475 0.0 0.0 1.9

49



The geometries of clusters 36-trans, 11-trans, and 20-cis (FIGURE 2.7), Boltzmann
population, and Gibbs energies of isomers involving the main cis:trans isomerization process
of 67 were represented in FIGURE 2.7. We found that the more populated trans-isomers were
the W1 dihedral-isomers 11-trans (31%) and 36-trans (15%) (FIGURE 2.7). A persistent HB
between the oxygen lone pairs LPo (1 and 2) Of tertiary amide carbonyl group and the pyrrolidine
o*n-u group (NH--O=C) in a wide sort of conformers was noticed. Also, the transition states
(TS) TS-1 that represents the cis:trans equilibration of more populated 11-trans (31%) to 20-
cis (26%) isomers were studied, giving an activation energy of 21 kcal/mol, and explaining the

isomerization of catalyst 67 in the NMR time-scale (please see FIGURE 2.3).

TS-1

AG'=21
36-trans
11-trans 20-cis
AG=05 /*m -
15%
AG =0.0 AG=0.1

31% 26%

FIGURE 2.7 - Relevant low-Gibbs energy cis:trans amide conformers and transition state of compound
67 at M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] level.

The study of 69 was done by the same way. FIGURE 2.8 represents the geometries of
clusters 1-trans, 17-cis, and 26-cis, Boltzmann population, and Gibbs energies. The 1-trans
(1.9%) and the lowest-energy 26-cis (33%) isomers adopted a W1(-)/¥2(-) orientation, directing
axially (according to imaginary plane of carbonyl of tertiary amide) the Me- group of
PhC(Me)(H)- substituent. This orientation is directed by steric clashes involving the equatorial
N-alkyl H <> Me interaction presented in 1-trans, while a Me <> Me interaction increases 17-
cis (6.1%), a W1 dihedral-rotamer of 26-cis (FIGURE 2.8) in 1 kcalmol™ in energy. In the same
way of 67, it was observed for 69 (FIGURE 2.8), a persistent hydrogen bond involving the
pyrrolidine o*n-n group (NH--O=C). Curiously, the transition state TS-2, representing the main

cis:trans isomerization, leads to an activation energy of 16 kcal.mol?, 5 kcal.mol™* lower in
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energy than that observed for 67. Nevertheless, 69 presented in NMR (please see FIGURE 2.3)
time-scale solely one isomer due to the high energetic preference for the cis-isomer.

TS-2

rotamer of 1-frans

AG =164

J-j‘ {;A? Q 1-trans

p | j’i—{g AG=3.0 {ﬁ_—:‘v g

0.0%

%' AG=17

1.9%

0.2%

AG=0.0
33%

FIGURE 2.8 - Relevant low-Gibbs energy cis:trans amide conformers and transition state of compound
69 at M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] level.

This conformational study by MM of compound 69 fully agrees with the cis isomer
structure of 69 discussed before (FIGURE 2.4), wherein the terminal cyclohexyl moiety is

positioned at the opposed face of the Pro a-hydrogen.

The knowledge of the conformational behavior of this class of catalyst is extremely
important. Understanding the influence of substituents in the selective blocking of enamine

faces will help us to understand the obtained results.

In most amine-catalyzed Michael addition, high syn-selectivity is noticed and can be
explained by the acyclic synclinal transition state model. We know that the catalyst controls the
geometry of the enamine. However, the mode of nitroalkenes approach depends upon the side
chain pendant to the catalyst in some way, either by electronic orientation or by steric effects

as previously discussed.

Catalyst 69 gave the major enantiomer (2R,3S)-2-ethyl-4-nitro-3-(3-nitrophenyl)butanal
(dr. 94:6 (syn:anti); 98% ee, entry 9, TABLE 2.5). According to the above results we
hypothesized that the cis conformer of 69 is the major conformer and the peptidic skeleton is
overlapping the pyrrolidine face. In the same way, the peptidic skeleton might be blocking one
face during the enamine formation and consequently leads to a high enantioselectivity.
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To assess whether one of the pyrrolidine face is being blocked, a conformational search
was performed for the s-trans-enamine derived from catalyst 69 and the aliphatic aldehyde.

We have determined the optimized lowest-energy structure of the enamine with E
configuration, in toluene as a best solvent for Michael addition. Cluster 13 (please see FIGURE
100 in selected figures and spectra) was the lowest-energy determined structure. FIGURE 2.9
shows a significant overlap of the peptidic skeleton to the Re-face, which according to

Seebach’s topological model explains the high enantioselection of 69.

Enamine E (s-trans)

FIGURE 2.9 - Lowest-energy structure of the enamine E (s-trans) derived from catalyst 69.

FIGURE 2.9 clearly shows that the face (Re-face) of the enamine is totally blocked by the
peptidic skeleton (literally as a scorpion) and affirms the configuration obtained for 2R,3S of
compound 78. Thus, now we can clearly justify how this catalyst works in the configuration of

enamine E (s-trans) and its influence in the enantioselectivity for Michael adducts.

2.4 Polymeric chiral prolyl pseudo-peptide catalysts: Application in the
Michael reaction as heterogeneous catalysts

Based on the source of biomass, biofuels are classified broadly into two major categories:
a) woody (lignocellulose) and b) non-woody (sugar, starch, oils/fats). However, substantial
amounts of potentially valuable by-products are produced.

Furfural is an aldehyde that can be obtained from hydrolysis of agricultural residues of
sugar cane, corn and wheat. Most of the furfural produced worldwide is converted into furfuryl
alcohol (FA) by a cheap process. "® This latter furanic monomer can be easily polymerized
through cationic condensation reactions. This polymer has a number of applications, such as
utilization as precursor to synthesize nanostructured carbons and polymer nanocomposites for
catalysis. "° It is well known that the polymerization of FA by acid catalysis is very complex,

and the resulting polymer is black, amorphous, and crosslinked.®#" Some authors refers that
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polyfurfuryl alcohol (PFA) contributes to the formation of brown color in heated foods, in
addition to the Maillard and caramelization reactions (i.e, brown color of roasted coffee).®2
SCHEME 2.2 shows the general accepted mechanism of PFA formation promoted by acid
catalysis.

According to the results obtained with catalyst 69, we have been attracted to insert a
polymerizable (furan ring) group in the prolyl pseudo peptide skeleton using the Ugi-4CR and
further polymerization of this monomer in presence of monomer FA and a Bronsted acid. The
resulting polymer can be used in heterogeneous catalysis as well as in continuous-flow

chemistry.
7'\ oH w [/ \ oH '\ oH 4 \ }OH

Qo Qo o OO
FA N n

SCHEME 2.2 - General mechanism of polymerization of FA.

PFA heren=0,1,2,3...

Keeping in mind that the polymerization of FA follows an addition of 5"-furan ring to the
CH: of another molecule (SCHEME 2.2), we prepared new prolyl pseudo-peptides 87 and 88
with a furan ring pendant that will act as nucleophile during the copolymerization process
(SCHEME 2.3).

An initial approach to the synthesis of the new prolyl pseudo-peptide catalysts, were
focused on the variation of the N-substituent group (R? of amine) with the employment of
methylfurfuryl amine, while acetone and cyclohexylisocyanide were kept as fixed components
to guarantee the conformation type Aib as previously discussed in this thesis. Afterwards, we
changed the isocyanide component (R%) with methylfuryl isocyanide and kept the amine S-(a)-
MeBn and acetone as 0xo component. A solution-phase Ugi-4CR procedure was employed for
all catalysts with little changes; both catalyst were kept in salt form after boc-deprotection
procedure, giving the new catalysts 87 and 88.

SCHEME 2.3 represents the adopted methodology for the synthesis of prolyl pseudo-
peptides polymers from copolymerization of catalysts with FA.

The copolymerization of FA with TFA salts of 87 or 88 in CHCIz follows the adapted
procedure reported by Martinez and co-workers.®® The proceedures starts from green color
solution that, with the passage of time, turns brown, then dark and in some cases even a black
color is observed. The formation of brown color of the aliphatic FA arises from the formation

of conjugated sequence, due to the successive proton and hydride ion losses. Base-neutralized
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polymers 89 and 90 were isolated by precipitation in petroleum ether. The resulting dark solid
was ground until 45um diameter of particles size, obtaining the new prolyl-pseudo peptide
polymers derivatives 89 and 90 (SCHEME 2.3).

e
— =
? N ,c-CgH11
N

O/
e i
O\« et
N Me N— N
Hy O D Q‘( Mer
TFA H oMe
89

,6-CeHis
(0] OH

87 1 equiv. 10 equiv.
TFA 10 mol% for FA,

CHCly, 1t, 7d
Ph\\“\Meo /\@
- N#H © Ph_M®0 Y
N Me Me I\ \
N
H o oMe

TFA
88 1 equiv.

SCHEME 2.3 - Synthesis of polymeric chiral prolyl pseudo-peptide catalysts 89 and 90.

The microanalysis of polymers 89 and 90 shows a functionalization of 0.64 mmolg™ and
0.33 mmolg™? of the catalysts 87 and 88, respectively (calculation based on the content of
nitrogen by CNHS analysis).

The FT-IR spectra of polymers 89, 90 and PFA are shown in FIGURE 2.10. The main
characteristic bands for 89, 90 and PFA are similar. The band at 3500 cm™ arises from OH
residue groups of FA. The band at 2930 cm™ is attributed to the sp® carbons. The band at 1720
cm is assigned to the carbonylic structure that was formed due to the opening of some furan
rings and for 89 and 90 for the carbonyl present in 89 and 90. The band at 1420 cm™ is attributed
to aliphatic segments. The band at 1320 cm™ arises from the ring stretching modes of the 2-
substituted furan rings. The band at 1100 cm is attributed to C-O stretching. The band at 1038
cm is attributed to aliphatic segments. The band at 767 cm™ is attributed to 2,5-disubstituted
furan rings. In addition, there are no noticeable differences between the FT-IR spectra of PFA,
89 and 90 (FIGURE 2.10).
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FIGURE 2.10 - FT-IR spectra of polymers PFA (black), 89 (blue) and 90 (red) in the range of 4000—
600 cm™.

Furthermore, the thermo-oxidative degradation (TGA) pathway of PFA, 89 and 90 has
been examined. FIGURE 2.11 represents the weight loss during the heating of samples. As we
expected, 89 and 90 polymers are less stable than neat PFA. Co-polymers 89 and 90 being
decomposed clearly in a range of 250-350 °C temperature than PFA. The first degradation step
starts only above 250 °C, corresponding to the pseudo-peptides used previously in the formation
of 89 and 90. At T>400 °C is stable and the polymers began depolymerization as well as PFA.
Such behavior proved the incorporation of catalysts in the matrix of PFA occurs but it is less
thermo stable than its PFA matrix, as total weight lost is seen at a range of 250-350 °C. Thus,
the TGA shows that they have thermo-stability.
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FIGURE 2.11 - Variation of mass vs. temperature measured by TGA for the PFA, 89 and 90 conducted
under oxidative atmosphere at 10 °C min™.,
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After polymer characterization, we next evaluated their catalytic properties in the conjugate
addition between n-butanal and g-nitrostyrene.

As mentioned above, toluene is the best solvent for our previous system using 10 mol% of
catalysts. Then, we carried out the reaction under the same reaction conditions with PFA,
polymers 89, 90, and catalyst 91. As expected, the PFA did not produce Michael product (entry
1, TABLE 2.9) as the lack of pyrrolidine ring does not allow the formation of compound 78.
On the other hand, 89 and 90, which contain catalyst immobilized into the polymer, only gave
moderate yield (58%) in comparison with the non-immobilized catalyst 91, which gave
excellent yield (90%, entry 4, TABLE 2.9). Changes in the side chain of N-substituents residue
R! were improbable to give good stereoselectivity.

Interestingly, the lack of Me- group in furfuryl amine in the residue R* (89) is probably the
cause of a decrease of ee and dr. (entry 4, TABLE 2.9). In comparison, catalyst 69 having (S)-
a-MeBn group in the residue R! has the best enantioselection (dr. 94:6 (syn:anti); 98% ee, entry
9, TABLE 2.5). Then, both residues R* and R? affects the enantioselectivity in the Michael
reaction.

TABLE 2.9 - Asymmetric Michael reaction of n-butanal and g-nitrostyrene. Screening of different
polymer catalysts in batch conditions.

0 O Ph
talyst 10 mol% NO
N0, c@ Jﬁ/‘\/ 2
H)H * PhTUN toluene, rt, 24 h H
Et Et
76 77 78
Entry? Catalyst Yield (%)° dr. (syn/anti)® ee (%)°
Lo e ' '
PFA

2 Zj 58 95:5 84

o ,c-CeHi1
e
o H
OWMe Me!
89

H o
3 O:?M;)OLN /] 52 94:6 29
4 o; 90 82:18 84
c-CgH11

91

a) All reactions were conducted using 3 equivalents of n-butanal and 0.25
mmol of g-nitrostyrene in 1 mL of toluene. b) Yield of isolated product.
c) Determined by *H NMR spectroscopy analysis. d) Determined by
chiral-stationary phase HPLC analysis.
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As noted, this results are in agreement with the previously discussed for the 3D
conformation of prolyl pseudo-peptide structure determined by MM of enamine formation;
where the residue R® blocks the Si face of the enamine. Catalyst 90 is pendant for the R®
component, thus no 3D conformation like a scorpion is formed; consequently the
stereoselectivity drops considerably (entry 3, dr. 94:6 (syn:anti); 29% ee, TABLE 2.9).

The screening of solvents with catalyst 89 was evaluated (TABLE 2.10) in order to
determine the effect of reaction conditions in the catalytic efficiency and stereocontrol of this
type of polymers. As shown in TABLE 2.10, the reaction yields and enantioselection varied
significantly when polar solvents were tested (entries 6 and 7). The results are similar to the
previously reported by 62 (entry 4, TABLE 2.4). In general, the reaction proceeds more rapidly

in polar solvents.

TABLE 2.10 - Solvent screening for asymmetric Michael reaction of n-butanal and g-nitrostyrene
catalyzed by 89 in batch conditions.

S

=

(0]
Q ,c-CeHuq
DWN#N
A
Me
N
H oMe

(0] O Ph
89 10 mol% NO
N0 H)H/'\/ 2
H)S * PhTOS toluene, rt, 24 h
Et Et
76 77 78

Entry? Solvent Yield(%) ¢ dr. (syn:anti)? ee (%) ®

1 Toluene 58 95:5 84
2 THF 83 937 77
3 Acetonitrila 72 94:6 54
4 Hexane 54 95:5 56
5 Hex:iso(9:1) 70 96:4 68
6 Isopropanol 90 97:3 61
7 Ethanol 69 96:4 53
8 H.0 76 96:4 66
9b 72 96:4 63

a) Reactions using 3 equivalents of n-butanal and 0.25 mmol of f-
nitrostyrene in 1 mL of solvent. b) Reaction using 6 equivalents of n-
butanal. c) lIsolated yield. d) Determined by *H NMR spectroscopic
analysis. e) Determined by chiral-stationary phase HPLC analysis.

Higher yield was obtained using isopropyl alcohol (iPrOH), (90%, entry 6, TABLE 2.10),
in comparison with ethanol, where a decrease in terms of yield was observed (69%). In fact,
non-polar solvents are required for a good stereocontrol. However when hexane was used
instead of toluene, the enantioslection was poor (56% ee, entry 4, TABLE 2.10). This is

attributed to the insolubility of g-nitrostyrene in hexane. The mixture n-hexane/i-PrOH (9:1)
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increases the stereoselectivity and efficiency (dr. 96:4 (syn:anti); 68% ee, entry 5, TABLE
2.10).

When the reaction was performed in the absence of solvent or in water, the behavior is
almost the same and no difference was found in terms of stereoselectivity and efficiency (entries
8 and 9, TABLE 2.10). The corresponding reaction in THF showed moderate to good
stereoselecitivy (dr. 93:7 (syn:anti); 77% ee). Finally, toluene was chosen to be the best solvent
for this system (entry 1, TABLE 2.10).

One disadvantage to mention for these chiral prolyl pseudo-peptide polymers is their
impossibility to recover from the reaction system. The powder organic material results to be
less dense in almost all solvents employed and this results an inconvenient for catalysts recovery
by decantation. In addition, gravity filtration was employed but the powder material remains in
the filter paper. To overcome this problem, we then charged an HPLC column for a continuous-
flow approach.

For the implementation of a continuous-flow version of the Michael reactions, compound
89 was packed into a stainless-steel column (& = 0.21 cm (diameter), | = 15 cm (length), particle
size = 45um). The main features of the resulting packed microreactor R1 was determined by
pycnometry methodology (TABLE 2.11). % This method consists in filling the microreactor R1
successively with two distinct solvents (here noted as 1. ethanol and 2. n-hexane) and then
weight the filled microreactors accurately. The difference between the masses of a filled reactor
and divided by the differences of densities of solvents permits to calculate the microreactor void
volume (Vo) (dead volume). 8 This feature is important to know because it gives an idea of the
volume unutilized into R1. The catalysts loading was kept as determined by microanalysis
previously described for compound 89. Packing amount (wwt) was also determined by
pycnometry. A porosity (etwt) of 0.67 is an optimum value for this material, which is according
with the accepted values. One of the most important feature of microreactor for continuous-
flow chemistry is the residence time (t). Residence time is known as the time in which a
substrate passes through the microreactor R1 without interacting. In some case, this residence
time is measured by the time needed to pass a determined dye through R1. In this work, it was
calculated by dividing Vo by the arbitrary used flow rate (¢) at 2.5 uL min. (TABLE 2.11)
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TABLE 2.11- Main Features of the microreactor R1.

Catalysts Packing amount Vo Vs Vbed T Etot I
loading (mmol g*) * Wiot (M) ° (ML) ¢ @@L EL)*  (min)f
0,639 264 349 519 170 140 0,67

a) Determined by elemental analysis. b) Wit =Vo 80+ Wads + Whw €) Vo= Wi-w2/ 81 - 82 d) Geometric
Volume Ve=rhr?*10° (h=15cm, r=0.105cm). e) Vbed = V-Vo f) residence time calculated at flow rate
¢ =2.5 uL mint, 1=Vol¢ g) Total porosity ewo= Vo/Ve

The study of the Michael reaction on continuous-flow model by using reactor R1 started
with the optimization of flow rate (TABLE 2.12). Initially a solution of B-nitrostyrene (1
equivalent, 0.25 M), n-butanal (3 equivalents, 0.75 M) at 2,5 uL min* (r = 140 min) was
pumped with a syringe-pump (FIGURE 2.12). After 22 h, only moderate conversion of the S-
nitrostyrene in toluene was observed, the efficiency of the process was poor giving a
productivity of 0.28 mmolproduct h™* mmolcatalyst™.

0

HJ\é v PO
t
7 7

89
reagents reactor R1 organocatalyst
%iiﬁt HPLC column

B csentmo

: o Ph
H)Kf» s

! t
. 78

syringe pump product

FIGURE 2.12 - Continuous-flow model of Michael reaction adopted in this study.

The concentration was chosen by considering the retention behavior of n-butanal and g-
nitrostyrene in R1. It has clearly shown that the conversion of starting material is increasing
until 24 h, after that, the reactor productivity decreases considerably. We hypothesized that the
higher residence time of s-nitrostyrene in the reactor R1 may lead to a lower yield or the catalyst
may acquire inactivation. In this case, all the substrates were injected into the reactor R1
coupled to HPLC system where the retention time of each substrate in reactor R1 was measured
by UV detector at a wavelength of 210 nm. A retention time of 70 min for g-nitrostyrene for a
flow 0.1 mImin into the reactor R1 was observed (FIGURE 2.13).
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TABLE 2.12 - Continuous flow optimization of Michael reaction between n-butanal and S-nitrostyrene
using the microreactor R1.

Entry?  Flowrate  Running Residence Conversion ¢ dr. ee% |
#(UL min?t)  time (h) time (syn:anti) ®
7(min)®
1 2.5 0-10 - - 94:6 72
2 25 10-12 140 25 95:5 74
3 2.5 12-14 140 27 95:5 75
4 25 14-16 140 30 95:5 74
5 2.5 16-18 140 31 95:5 73
6 25 18-20 140 38 95:5 74
7¢ 2.5 20-22 140 42 95:5 72
8 1 24-36 349 43 94:6 72
9 1 36-48 349 21 94:6 72
10 1 48-72 349 24 94:6 72

a) Reactions conditions: HPLC column (0.21cm i.d. x 15cm, containing 0.639 mmol of catalyst);
p-nitrostyrene (2.5 mmol, 1 equi, 0.25M), n-butanal (3 equi, 0.75M) in n-hexane/lso (90:10)
mixture. b) Residence time calculated as void volume/rate flow (t=Vo/¢). c) Conversion
determined by 'H NMR spectroscopic analysis. d) Productivities are measured in mmolproduct
h -1 mmolcatalyst -1. ) dr. determined by *H NMR spectroscopic analysis. f) Determined by
chiral-stationary phase HPLC analysis.

Then, this preferential occupancy of the packing material by g-nitrostyrene (50 times as
residence time calculated) limits the formation of the Michael product and, consequently,
lowers the chemical efficiency. However, the enantioselection was constant with the time,
having no change with the possible erosion by the excess accumulated substrate into R1
(TABLE 2.12).
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FIGURE 2.13- HPLC chromatogram of S-nitrostyrene directly injected to the microreactor R1.

Finally, the global yield isolated of compound 78 was 42% determined after flash column
chromatography. This value is in accord to the conversion determined during the continuous-

flow study.
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Conclusions: Chapter 1

The results presented in this chapter showed that solution-phase combinatorial approaches
based on I-MCRs are convenient tools for the discovery of organocatalysts for asymmetric
organic transformations. This was illustrated by the Ugi-4CR-based generation of a small
combinatorial collection of new prolyl pseudo-peptides and the screening of their catalytic
efficacy in the asymmetric conjugate addition of aldehydes to nitroolefins. Thus, variation of
three elements of diversity at the Ugi-derived N-substituted peptide led to fourteen prolyl
pseudo-peptides catalysts of the type Pro-N-R'-Xaa-NHR? in moderate to good yields (40-
93%). Besides, it led to the discovery of catalysts providing good to excellent stereocontrol and
catalytic efficacy, while provided new insights into their structure catalytic-activity relationship
where catalyst 69 showed to be the best in Michael addition (85% Yield, dr. 96:4 (syn:anti);
98% ee). A conformational study explained the greater conformational rigidity and
stereoselection provided by catalyst 69, bearing the N-substituted amino acid Aib as C-terminal
residue, compared to 67 that have Gly at the same position.

Considering the diversity-oriented character of I-MCRs, we introduced a multicomponent
strategy for the one-pot assembly of chemical architectures having special functionalities that
are suitable for further polymerization to obtain two novel prolyl pseudo-peptide polymers
derivatives organocatalysts. Two different prolyl pseudo-peptide catalysts were produced by
the Ugi-4CR and then polymerized using furfuryl alcohol as a renewable feedstock. Catalyst
89 and 90 were examined as heterogeneous organocatalysts in the direct Michael addition of
enamines to nitroolefins to produce compound 78 in 84 and 29 %ee, respectively. Furthermore,
a continuous-flow system using a syringe pump and HPLC column previously charged with
catalyst 89 was setup. The high retention time of S-nitrostyrene into the reactor R1 led to low
conversion of starting materials (42%) with a productivity of 0.28 for 22 h of reaction. Michael

adduct was produced in good dr. 95:5 (syn:anti) and moderate enantioselectivity 72% ee.

61



Perspectives: Chapter 1

- Due to the results presented for the prolyl pseudo-peptide catalyst 69 in Michael
reaction we consider that new asymmetric reactions should be tested in order to

extend the scope of the catalyst.
- Considering that the prolyl pseudo-peptide polymer derivatives are easily obtained

from renewable feedstock, they could be employed as scavenger in order to give

new application to the materials obtained.
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3 Introduction: Chapter 2

Isocyanide-based multicomponent reactions (I-MCRs) traditionally stand among the most
versatile methods to produce medium-size cyclic compounds. These processes do not only
comprise great chemical efficiency and atom economy, but also enable the easy implementation
of the diversity-oriented synthesis concept to cover the wider chemical space. However, I-
MCRs are known to be poorly stereoselective, and as result the majority of compounds obtained
by this class of reactions are formed either as racemic or diastereomeric mixtures. So far, the
development of a stereoselective version of such reactions has been a great challenge for
organic chemists.

Three main strategies have been employed to accomplish stereoselective I-MCRs: 1) the
development of new asymmetric catalytic versions leading to enantiomerically enriched
products, 2) the use of enantiopure starting materials capable to perform diastereoselective
transformations, and 3) the employment of chiral auxiliaries.®8’

Several inputs have been reported for the first strategy. For example, the first catalytic
enantioselective version of P-3CR reaction was described by Démling and co-workers. 3 The
authors performed a massive parallel screening of a large number of Lewis acid-chiral ligands
combinations with stoichiometric amount of Ti(i-OPr)s combined with Taddol to promote a-
hydroxyamides in moderate enantioselectivity (36 %ee).

Another example is the use of chiral aluminum-organophosphate-catalyst 92, which
catalyzes the P-3CR to obtain 2-(1-hydroxyalkyl)-5-aminooxazoles 93 in good yield (84%) but
only in moderate ee (7-62%) (SCHEME 3.1). &

oo
o. Ol
~p7 [CAI—CI
e
92 Ar
L Ar=4-NO,Ph |
o 0 oH
. =
CN%Nﬂ . 92 5mol% Y\WO Nf’\o
K/ toluene, N / N
Bn 0 ¢=0.07 M, -20 °C
Bn
84%, 62% ee
93

SCHEME 3.1- Enantioselective Paserinni-type reaction using catalyst 92.
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Due to the inefficiency in terms of ee, other groups have studied the use organocatalytic
synthesis for this class of chiral compounds. Alternatively, an Ugi-type 3CR was employed in
the synthesis of oxazoles 95 in the presence of chiral Brgnsted acid 94. High values of ee (87%)
were obtained by this methodology (SCHEME 3.2). % Interestingly, the authors discovered a
new methodology to obtain natural-like polycyclic compounds in a stereoselective manner by
using an Ugi-type 4CR procedure. Compound 96 was obtained as a single diastereomer with
high yield (94%) and ee (89%) (SCHEME 3.2).

MeO
" |G
NH
94 10 mol%
H ﬁ/k(o OEt
|
Ugi-type 3CR N /) R
o 9%
o_ ,0

83%, 87% ee N7
OH

0 o-P~
NO,
94 10 mol% CIMPh CO
o Pn H R

94 R=2,4,6-(i-Pr)sPh

Ugi-4CR

94%, 89% ee
one diastereomer

SCHEME 3.2 - Enantioselective version of Ugi-type 3CR and Ugi-type 4CR using the catalyst 94.

3.1 Multicomponent combination to the synthesis of cyclic compounds

Most important results of the implementation of the second strategy (i.e., the use of
enantiopure compounds as starting material of MCRs) rely on the utilization of chiral
bifunctional scaffolds capable to perform intramolecular multicomponent transformations. It is
well-accepted that intramolecular I-MCRs are more diastereoselective than their intermolecular
version. A known example is the Ugi 5-center 3-component reaction (Ugi-5C-3CR) with amino
acids as bifunctional scaffolds (see A in SCHEME 3.3), which is more diastereoselective than
the classic Ugi-4CR based on the separate use of N- and C-protected amino acids as individual
components. As mentioned above, the first variant of Ugi-5C-4CR to perform an intramolecular
multicomponent transformation was described in 1998. °* The a-homoserine, an aldehyde and
isocynide component were reacted to obtain the five-member ring N-carbamoylmethyl-o-
aminobutyrolactones 98 (see A, in SCHEME 3.3). This reaction occurs via an intramolecular

acylation where the OH functional group of a-homoserine attacks the C=0 of the intermediate
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97 (a-adduct) to produce a lactone. Interestingly, this variant of the Ugi reaction is similar to
the known classic Ugi 5-center 4-component reaction (Ugi-5C-4CR) (see B, in SCHEME 3.3).
In this case, the solvent MeOH is the fourth component of the reaction. Linear peptoids are
obtained (100) considering that MeOH attacks the a-adduct intermediate 99 as shown in B)
(SCHEME 3.3). This explains why the author uses the solvent trifluroethanol (TFE) instead of
MeOH in the Ugi-5C-3CR variant (see A, in SCHEME 3.3), in order to avoid the Ugi-5C-4CR
product. However, the classic Ugi-5C-4CR has a diastereoselective version using titanium

catalysts but it only works with aromatic aldehydes. %2

A) Variant Ugi 5C-3CR intramolecular

~ acylation _
H
o o) e i
Ry - : R .R
H,N” CO,H "\=N""co, HN/\I//O 1%” 2
—_— H 9) - NH
N TFE } Ri :
(6] =t _ (l =
C:N_R2 o /N O/\\
H™ R, N+ Rz 0
Ry 97 a—adduct 98
62-94%
B) Classic Ugi 5C-4CR
MeOH
R2 Ry 82(
Ri. 7+ - Qo) 0 o]
H2N/'\002H MeOH N=N /'\COZ HN H
S Q ) _ g R —— R3\N)J\*(N\)J\0—Me
. -
O _ 4 R1 | H Z
J_ CEN-R4 c- (N Ri Ry
H™ R, i Ry
N+ B ] 100
R3 99 a—adduct

SCHEME 3.3 - A) Mechanism of Ugi-5C-3CR reaction in the synthesis of lactone 98. B) Classic
mechanism of Ugi 5C-4CR in the formation of lineal peptides 100.

Employing the same methodology of Ugi-5C-3CR, novel 3-substituted morpholin-2-one-
5-carboxamide derivatives 102 were obtained in moderate yield (30-81%) by the same group
(SCHEME 3.4). % In this case, glycoaldehyde (101) was employed instead of a-homoserine.

The mechanism involves the same attack of the OH group to the a-aduct intermediate. The only

Z\N)k*[:\i']
H
(@) (@]

102 30-81%

difference is in the intramolecular nature of the OH group attack.

O._OH R
rr.. X
HO™ YO " HNTcoH RN
101

SCHEME 3.4 - Synthesis of compound 102 by an Ugi-5C-3CR.

TFE -40 °C-rt
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Recently, Yudin and co-workers ® employed chiral bifunctional aziridine aldehydes to
react in MCRs/cyclization approaches. L-Phe, tert-butyl isocyanide, and amphoteric aziridine
aldehyde were reacted by an Ugi-5C-3CR to obtain cyclic piperazinone 104 as a single
diastereoisomer in excellent yield (92%) (SCHEME 3.5). The nucleophilic attack to the a-
adduct is done by the NH group of the aziridine, so the diastereoselection of compound 104 is

governed by the chirality of the aziridine ring.

TBSO,  .NH Ph Ph
N %j\ - o
Ph —
O N COO HN
o A0 ™ ) v

TBSO NA N’

a-adduct

i /2'%
N)H"\\\Ph one diastereomer

SCHEME 3.5 - Mechanism of synthesis of piperazinone 104 by an Ugi-5C-3CR.

3.2 Organocatalytic/multicomponent sequential reactions

Nowadays, there is an emerging topic of research dealing with the combination of
organocalysis with IMCRs to develop new stereoselective transformations. Looking at the
repertoire of IMCRs, one realizes the ubiquity 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 applied with great
success in the a-, B-, y- and even e-asymmetric functionalization of carbonyls. Hence,
combination of aminocatalysis with the available repertoire of IMCRs provides endless
possibilities for scaffold generation. Some works referring to this combination are in

development by our group and some articles have been published.

An example developed by our group is the tandem nucleophilic epoxidation of a,f-
unsaturated aldehydes followed by the P-3CR to access a green process of a new library of
epoxy-depsipetides 106 (SCHEME 3.6).% Excellent enantioselectivity of epoxides 105 (>90%

ee) were obtained employing catalyst 18 in a greener mixture of solvents. The dr. determined
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was low (52:48) because of the poor stereoselectivity of the Passerini reaction carried out as

second step.

Ar
Ar
SiOMes
H , ©0 L
18 Ar: 4-S(CGH13)C6H4 R“—N=C R —40
0] 3
18 10mol% o R°—COzH H o
HJ\/\W : - M§> RZNWW
H,0, EtOH:H,O (3:1), it H R’ 5
105 106 = 53.75%
88% dr. 52:48
>99% ee 98% ee

SCHEME 3.6 - Tandem organocatalytic-P-3CR reaction for the synthesis of epoxy-depsipetides 106.

An interesting combination of organocatalysis with MCRs is the one-pot reaction of
Friedel-Crafts indole alkylation followed by an Ugi 4-center 3-component reaction (Ugi-4C-
3CR) as shown in SCHEME 3.7. In this case, chiral lactams (110) were obtained.®” The 5-
hydroxyfuran-2(5H)-one (107) was used as a,f-unsaturated aldehyde for iminium activation
organocatalysis in the Friedel-Crafts indole alkylation. Then, by a simple intramolecular Ugi-
4C-3CR, lactam (110) was obtained in high yield (77%) and enantiomeric relation er. (94:6).
However, the dr. obtained (1:4:1) was poor, which is attributed to the new stereogenic center

formed in a racemic manner in the Ugi reaction.

Ph
: OTBDMS
OHC COOH
t-Bu—
WA_\A\ @ 100 10 mol%,_ Bn— NH2
\

EtOH, rt, 2 h

77%
dr. 1.4:1
er. 94.6

SCHEME 3.7 - One-pot organocatalytic Friedel-Crafts/Ugi-4C-3CR intramolecular cyclization.

Recently, a new methodology involving one pot sequential procedure Organocatalytic-
MCRs/cyclization was described.®® The N-Boc-indole-2-boronic acid was reacted with 107 in
the presence of Hayashi’s catalyst to produce the bifunctional intermediate 112 (SCHEME 3.8).
Then, a P-3CR was done using an isocyanide component to give a-indole-y-substituted lactones
113 in 73% yield and good stereoselectivity (dr. 72:28, er. 90:10).
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SCHEME 3.8 - One pot organocatalytic Michael reaction/P-3CR intramolecular cyclization.

As will be seen, the synthetic design of this Chapter 2 focuses on the utilization of chiral

bifunctional scaffolds (obtained by organocatalysis) for the development of new, eventually

stereoselective, I-MCRs.
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Objectives: Chapter 2

In an endeavor to further demonstrate the potential of this concept, this chapter focuses on
the development of sequential organocatalytic multicomponent sequences leading to
structurally varied cyclic compounds. Considering the need of chiral starting materials to
pursuit stereoselective intramolecular 1-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 perfoming subsequent multicomponent steps capable
to generate cyclic compounds. Such organocatalytic/multicomponent sequences will rely on

initial Michael conjugate additions followed by Ugi-type reactions.

j’: MCRs
f\o OH — Cyclic
hemiacetal
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4 Results and discussion: Chapter 2

4.1 Organocatalytic multicomponent approach to obtain medium-sized
cyclic peptidomimetics

As shown in FIGURE 4.1, the initial objective is the organocatalytic synthesis of enantio-
rich 1-hydroxy-trans-3,4-disubstituted tetrahydropyrans and its subsequent utilization in Ugi-
5C-3CR-based cyclization approach. As result of this synthetic design, medium-sized cyclic
peptidomimetics (i.e., 9 members) will derive from natural amino acids, isocyanides, and

substituted tetrahydropyrans.

u,;-sc-sck

R2

)\coz

amlﬂ" acid medium-sized cyclic
peptidomimetics

FIGURE 4.1- Ugi-5C-3CR-based cyclization approach to obtain medium-sized cyclic peptidomimetics.

A previously described, Michael reaction between o,f-unsaturated aldehydes and
nitroethanol catalyzed by diphenylprolinol silyl ether (15) leading to 1-hydroxy-trans-3,4-
disubstituted tetrahydropyrans was used as initial study of this Chapter.®® This reaction occurs
via iminium ion activation mode where catalyst 15 lowers the energy of the LUMO orbital of
the a,f-unsaturated aldehyde to permit the attack of the nucleophile (nitroethanol). Steric
shielding produced by catalyst 15 blocks the Si face of the o,4-unsaturated aldehyde, resulting
in the syn-isomer 114 as the major product, as shown in SCHEME 4.1. An inconvenient for this
reaction is the low dr. reported for the syn-isomer obtained. To solve this, a base such as
NaHCO3(s) is needed to convert the syn-isomer into the more thermodynamically stable anti-

isomer.
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SCHEME 4.1 - Catalytic cycle mechanism of Michael reaction of nitroethanol and «,f-unsaturated
aldehydes.

We tried to reproduce the conditions reported at room temperature (25 °C), using MeOH
as solvent and 10 mol% of Hayashi’s catalyst, with 20 mol% of benzoic acid as co-catalyst and
3 equivalents of nitroethanol during 20 h of reaction. For this condition, the reported values are:
yield = 86%, dr. 89:11 (anti:syn) and 95% ee. However, in our hands it was not possible to
reproduce the stereoselection already reported by the authors (entry 1, TABLE 4.1), although
little increase in efficiency was obtained (yield = 96%). Therefore, different catalysts were
evaluated, in order to improve the ee. Unfortunately, all the catalysts examined showed lower
results as compared to 15 (entries 2-4, TABLE 4.1). Then, catalyst 15 was chosen to optimize
the reaction system. In the next step, we tried to enhance the preliminary results by changing
the temperature. An increase in terms of ee (95%) was observed at 10 °C or even at lower
temperature (-10 °C) (entries 5 and 6, TABLE 4.1). Then, 10 mol% of 15 and 20 mol% of
benzoic acid at 10 °C was the initial condition selected to continue this study. As known, TFE
is the preferred non-nucleophilic solvent to be used in a one pot process in the access to
medium-sized rings. Unfortunately, using TFE as solvent, long time of reaction is required (72
h) and only poor yields (40%) and moderate ee (92%) were obtained. We then tried to change
the solvent to EtOH, but unfortunately, the results were unsatisfactory since lower yield and ee
were obtained (entry 8, TABLE 4.1). Using DCM, the ee was excellent (96%), and accordingly
this solvent seems to be the best selection of choice for a tandem procedure. Nevertheless, the
isolated yield was only 60%. Other optimization screening was done to evaluate the catalyst

loading and the behavior with the concentration of the reaction system. Using 5 mol% of
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catalyst 15 produces compound 114 in 50% yield, dr. 73:27 (anti:syn) and 83% ee. Moreover,
20 mol% of catalyst produces 96% of 114 with moderate selectivity (entry 11, TABLE 4.1). A
more diluted reaction was also tested, but as expected, the kinetics of the reaction was slow and

only 50% of isolated product could be obtained after 20 h of reaction.

TABLE 4.1- Asymmetric Michael reaction of nitroethanol and cynammaldehyde. Optimization of the
system.

Ph
j\/\ ¢ oo, 20 mo% of ;ﬁcc::())’zH 20 h OZNU
H Ph 2. 3 equiv. NaHCO3, 48 h
115 (0] OH
114
Me
,c-CeHuq Ar

>—+ [3\( 7/“\ Ar

oS N OTMS 1sOTMS
Ar= C6H5 Ar=3,5- (CF3)ZCGH3 Ar=4-(SCgH13)CgH4
Entry? Catalyst solvent Catmol% Temp (°C) Yield® (%)¢ dr.¢ ee (%)®

1 15 MeOH 10 25 96 88:12 83
2 12 MeOH 10 25 34 74:26 58
3 69 MeOH 10 25 43 80:20 21
4 18 MeOH 10 25 71 83:17 75
5 15 MeOH 10 10 95 82:18 95
6 15 MeOH 10 -10 95 84:10 94
7b 15 TFE 10 10 40 84:16 92
8 15 EtOH 10 10 73 88:12 91
9 15 DCM 10 10 60 82:18 96
10 15 MeOH 5 10 50 73:27 83
11 15 MeOH 20 10 96 86:14 84
12f 15 MeOH 10 10 53 75:25 52

13¢ 15 MeOH 10 10 - - -
14h 15 MeOH 10 10 90 86:14 92

a) Reactions using 1.5 equivalents of nitroethanol and 0.6 mmol of cynammaldehyde in 1 mL
of solvent. b) Reaction finished after 72 h. c) Isolated yield. d) dr. determined by *H NMR
spectroscopic analysis. €) Determined by chiral-stationary phase HPLC analysis. f) Reaction
accomplished at 0.3 M g) Using 3 equivalents of Cs;CO;3; as base. h) Reaction using 1.5
equivalents of nitroethanol and 6 mmol of cynammaldehyde.

The ee was also affected considerably under these conditions (entry 12, TABLE 4.1). When
Cs2CO3 (s) was used instead of NaHCO3 (s), no product was obtained. Finally, a scale-up of
the reaction was accomplished using six millimoles of cinnamaldehyde. A little erosion of the
ee (92%) was observed after 20 h of reaction (entry 14, TABLE 4.1).

When the best reaction conditions were determined (entry 5, TABLE 4.1), we next
synthesized 1-hydroxy-trans-3,4-disubstituted tetrahydropyrans varying «,f-unsaturated

aldehydes (TABLE 4.2). All reactions were conducted in the presence of three equivalents of
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nitroethanol, MeOH as solvent, 10 mol% of catalyst 15, 20 mol% of benzoic acid, at 10 °C for
20 h, followed by the addition of 3 equivalents of NaHCOs (s) and stirring at room temperature
for 48 h. Michael adducts were obtained in moderate to high yields (59-92%). The best
stereoselectivity was obtained using an «,f-unsaturated aldehyde with an electron-withdrawing
aromatic p-nitro substituent: 92% ee and dr. 93:7 (anti:syn) (entry 3, TABLE 4.2). Moreover,
the best results in terms of yield were provided with p-bromo aromatic substituent, giving 116
in 92% isolated yield (dr. 84:16 (anti:syn); 92% ee, entry 1, TABLE 4.2). Unfortunately, the
presence of an electron-donating aromatic substituents in the o,f-unsaturated aldehydes, like
the p-methoxy, rendered poor enantioselectivity in compound 117 (59% ee, entry 3, TABLE
4.2).

TABLE 4.2 - Synthesis of different 3,4-disubstituted tetrahydropyrans by the asymmetric reaction of
nitroethanol with different a,f-unsaturated aldehydes.

Ph
>—+Ph

N  OTMS
H 15
1.15 10 mol%, R’
o 20 mol% PhCOH,  o,N _~
i, g~ NO, MeOH.10°C.20h U
H R 15 2. 3 equiv. NaHCOg, 48 h 0~ “OH
Entry? R? Compound  Yield® (%) ® dr. (anti: syn) ¢ ee (%) ¢
1 p-BrCeH. 116 92 84:16 92
2 p-MeOCgH4 117 82 84:16 59
3 p-NO2CesH4 118 59 93:7 92
4 CzHs 119 87 75:25 92

a) Reactions using 3 equivalents of nitroethanol and 0.6 mmol of «,f4-unsaturated
aldehyde in 1 mL of MeOH. b) Isolated yield. c) dr. determined by 'H NMR
spectroscopic analysis of the crude mixture. d) Determined by chiral-stationary phase
HPLC analysis.

On the other hand, alkyl-substituted o,f-unsaturated aldehydes were employed
successfully. Compound 119 was obtained in excellent yield and enantioselectivity
(87%, 92% ee) but with low dr. (entry 4, TABLE 4.2). In general, catalyst 15 proved to
be a good catalyst for conjugate addition reactions between different o,f-unsaturated

aldehydes and nitroethanol.

With the optimized conditions for the organocatalytic transformation in hands, we turned
to the synthesis of medium-sized ring compounds through a subsequent multicomponent

cyclization relying on the Ugi-5C-3CR.
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We proposed a mechanism (SCHEME 4.2) similar to the previous mentioned in
SCHEME 3.3 and SCHEME 3.5. The correspondent tetrahydropyrans in presence of
amino acid is going to condense to the corresponding imine. After that, a nucleophilic
attack is produced from isocyanide component to the protonated imine and
simultaneously the carboxylic acid will add to the isocyanide component to form the a-
aduct intermediate. An intramolecular acylation may occur to produce the desirable
medium-sized cyclic peptidomimetic. The new stereocenter was formed in a non
selective manner, due to the lack of chiral induction as observed in the mechanism.
Maybe the lack of a substituent in the a-position of the carbonyl group in the
tetrahydropyrans is an inconvenient in the stereoselective formation of the new

stereocenter generated in the intramolecular cyclization.

R1 R’ R’
02N \(j\ R2 OzN]/:\L R2 OzN ~ 2
+ —_— -
o -

i - a-adduct  R® - nine member ring

R3
SCHEME 4.2 - Proposed mechanism for Ugi-5C-3CR to form medium-sized cyclic peptidomimetics.

Initially, compound 114 and the amino acid alanine (R>=Me) were kept as fixed
components in the Ugi-5C-3CR. Different R3-substituents of the isocyanide component were
varied (compounds 120-123, TABLE 4.3). The reactions were conducted in TFE as non-
nucleophilic solvent to avoid addition of the solvent to the a-adduct intermediate. The
concentration was fixed at 0.25 M and temperature of 30 °C. Insolubility of starting material in
TFE is observed at the beginning of the reaction, this heterogeneous mixture gradually
disappears with time (24 h). When the R3-substituent is changed to a bulky substituent in the
isocyanide component (e.g., tert-butyl group), a decrease in the yield of reaction was detected
(compound 120, TABLE 4.3). Aliphatic long chain isocyanide substituents (R® = n-CgHi7) also
gave low yield (51%) of compound 122. When methylisocyanoacetate was employed, not more
than 67% yield was obtained (compound 123, TABLE 4.3).
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TABLE 4.3 - Multicomponent combinatorial synthesis of medium-sized cyclic peptidomimetics using
Ugi-5C-4CR.

(0]
R! 3
R1 R2 > /R
0N A B8 O,N N
2
\O\ + HNT > COLH TFE, 24h, rt NH
0]
1
N/t_a\) /G_GG\’\\‘\ o O /n_cﬁ\’\\
H N
OZN 02N 02N NH
Me
120 OT(L 121 OT(L'V'G 122 OT(L'V'E
o o} o
64%, dr. 1:0.3:0.2:0.2 77%, dr. 1:1:0.5:0.3 51%, dr. 1:0.5:0.5:0.2 67%, dr.
1:0.3:0.3:0.1
MeOQ, 02N
N @ o o @ QA o™ Q o
N’ N 2 N
: H / H H
OoN NH OoN NH O2N NH
124 125 0‘\(LM9 126 © Me 127 oj(LMe
(0] (0] (0] (0]
70%, dr. 1:1:0.5:0.1 51%, dr. 1:0.5:0.2:0.1 70%, dr. 1:0.5:0.3:0.1 41%, dr.
1:1:0.5:0.1
o C_%\f\m o} ~COzMe 0 0‘06\,\\\ o 0_06\,\“ o} /C.Ge\’\“
/ Ph, NH Ph, N’ Ph, N’ Ph, N
g . N . N
O:N NH - O2N O,N NH  OoN O:N NH

NH
0« O« OT(H/ oj(vs/ 0@
128 ol 129 0 130 o 131 o 132 (e}

60%, dr. 1:1:0.5:0.1 57%, dr. 1:0.5:0.2:0.2 70%, dr. 1:1:0.5:0.5  72%, dr. 1:0.5:0.2:0.2 54%, dr.

1:1:1:0.5
CO,Me b
O ]
Q o HN— aco £ PP
G <
Ph, N 0 /—< —Ph o
y H NH © o
OoN NH Ph Ph, N" “Aco

o N O,N NH O2N NH

H ‘(K/Ph
o o]
133 135 e} 136 S

42%, dr. 1:0.5:0.5:0.1 70%, dr. 1:1:0.2:0.2 46%, dr. 1:1:0.5:0.2 32%, dr. 1:1:1:0.2

a) Yield of isolated product as mixture of diastereomers. b) dr. determined by *H NMR spectroscopy analysis of
the crude mixture.

The best isocyanide component tested was cyclohexylisocyanide (R3= c-CgHa1), where a
yield of 77% was obtained (compound 121, TABLE 4.3). As seen in TABLE 4.3, the dr. of all
compounds is low, giving a mixture of up to four diastereomers in the overall process. To
improve this we replicated entry 2 using catalytic amount (5 mol%) of Ti(OCH(CHz3).)a.
Unfortunately, neither variation in the yield nor in the dr. was detected in the reaction. This
result is in agreement with the already reported by Ciufolini % where aliphatic aldehydes do not

render high diastereoselection in this Ugi reaction in the presence of titanium catalyst.
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Then, we chose cyclohexyl isocyanide to continue the synthesis of medium-sized rings.
We next fixed R3-substituent as cyclohexyl and alanine (R? = Me) continues as fixed
component, then R!-substituent was varied in the tetrahydrofuran structures (TABLE 4.3). As
noted, electron-withdrawing groups in R!-substituent, like the p-bromophenyl and p-
nitrophenyl, proved higher efficiency in the intramolecular cyclization with 70% yield for both
compounds (compound 124 and 126, TABLE 4.3).

Compound 125, with electro-donating group (OMe) in R!-substituent, gave moderate
results with no more than 51% of isolated product. On the other hand, R! = C,Hs gave only low
yield of 41% after 72 h of reaction (compound 126). We can explain this yield by the probable
low rigidity that the ethyl group confers, in comparison to the phenyl group as R-substituent.

In the same way, R2-substituent was varied employing accessible natural a-amino acids in
the synthesis of medium-sized cyclic peptidomimetics. In this case, Ph as R-substituent and
Cy as R3-substituent were kept as fixed substituents. Seven compounds were obtained in
moderate to good yields (i.e., 42-72%, compounds 128-134, TABLE 4.3). When amino acids
with hydrophobic side chains were employed, like Val and methionine (Met), higher yields
were observed (compounds 130 and 131, TABLE 4.3). Intriguingly, phenylglycine and
tryptophan (Trp) gave moderate yield (54% and 42%), respectively (entries 11 and 12, TABLE
4.3). Otherwise, Gly produces compound 128 in moderate yield (60%). In addition, amino acids
with basic side chain were used (Histidine) producing compound 134 in excellent yield (70%).

Compound 135 was obtained employing a non-commercial isocyanopeptide having a
sequence of CN-Gly-Phe-OMe and L-leu as amino acid (TABLE 4.3). This reaction also
needed more time as expected (72 h), and yield no higher than 46% was obtained, a result
comparable with lineal aliphatic isocyanide substituents (R® = n-CsHi7) (see compound 122,
TABLE 4.3). The non-commercial isocyanopeptide was synthesized following a reported
procedure.’® A simple coupling of the methyl esters of L-Phe with the salt of potassium
isocyanoacetate (137), in presence of the coupling reagent 2-(1H-Benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TBTU) produced the isocyanide derived product in 60%
yield (SCHEME 4.3).

_ o /(Ph 1. BN, DM, -10°C,20min @ /[Ph
Cat 2. TBTU, 12 h SV
~ - + — + E] \N
N\)J\o K © CIH3N" “CO,Me \)J\N CO,Me
H
137 138

60% vyield
SCHEME 4.3 - Synthesis of N-isocyanopeptide 138.
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On the other hand, compound 136 (TABLE 4.3) was synthesized with A-glucosyl
isocyanide as R3-component and L-Phe as amino acid. Perhaps this bulky substituent (R3-
substituent) is the principal feature to diminish the yield considerable (32%). The synthesis of
S-glucosyl isocyanide ((AcO)s-B-Glc-NC) 14211 was accomplished by previously reported
method (SCHEME 4.4). 192 The synthetic sequence used was: 1) formation of the (AcO)4-p-
Glc-N3 139 using SnCls and trimethylsilyl azide (TMSN3); 2) followed by catalytic
hydrogenation (5% Pd-C, MeOH) of 139 to obtain pure 140 in 85% vyield; 3) synthesis of
formamide (AcO)s-B-Glc-NH-CHO 141 reacting acetic formic anhydride with 140 and in situ
dehydration of 141 under mild conditions (PPhs, CBrs, EtsN) to give 142 in 83% yield as a light
yellow solid after flash column chromatographic purification.

OAc

TMSN;
3 AcO
AcO C|-|2(3|2 AcO OAC MeOH
139 90% 140 85%
(AcO)s-B-Gle (AcO)4-B-Glc-Ng (AcO)4-B-Glc-N3
HCO,H/(AcO),0
overall yield = 64%
OAc OAc 0
AcO OAC AcO OAC H
142 83% 141

(AcO),4-B-Glc-NC (AcO)4-B-Glc-NHCHO

SCHEME 4.4 - Synthesis of g-glucosyl isocyanide 142.

The NMR characterization of this medium sized cyclic peptidomimetics is not an easy task
due to the presence in all spectra of several sets of signals that can be assigned to the same
protons. It must be noticed that a mixture of diastereoisomers was observed in both the *H and
13C-NMR spectra of all compounds. To this end, compound 121 was selected to carry out an
NMR study and general characterization of medium-sized cyclic peptidomimetic compounds

has been done.
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TABLE 4.4 - °C, DEPT 135°, HSQC and HMBC shifts assignments of compound 121.

zaéz,
ul
o,N B : 0w
A Y
017]2_3(4NH E N—hs
c M
Atom 3C DEPT 135° HSQC HMBC
No (3c=ppm) (8¢ = ppm) 8+ = ppm) (8= ppm)
C-2 173.58,173.19, 173.09 C=0 - 1.23,1.14,0.92
C-3 55.32, 55.19 55.32, 55.20 (CH) 3.20,3.18 3.01, 2.85, 1.23,
1.14
C-5 59.79, 59.28, 59.18, 58.67 59.80, 59.28, 59.18, 3.01,2.85, 3.20,2.18, 2.00
58.67 (CH) 281, 2.65
C-6 37.66, 36.47, 35.36 37.66, 36.46, 35.36 2.38, 2.18, 2.86, 1.38
(CH2) 2,03
C-7 43.05, 42.82, 42.44 43.34, 43.05, 42.82, 3.63,3.50, 3.01, 2.85, 2.18,
42.44 (CH) 3.45, 1.94
C-8 94.14, 94.02, 93.54 94.14, 94.02, 93.54, 478,4.73 4.11, 3.50, 2.18
93.37 (CH)
C-9 62.52, 61.85, 60.85, 60.71 62.52, 61.85, 60.85, 449,420, 3.20,2.18,2.00
60.71 (CHy) 4.14
C-10 19.47,19.30, 18.40, 18.18 19.47, 19.30, 18.39, 1.23, 1.14, 3.20
18.18 (CHs) 1.07,0.92
C-11 172.47,172.29, 171.83 C=0 - 3.02, 2.86, 2.18,
2.00
C-13 48.30, 48.14, 47.74 48.30, 48.14, 47.74 3.73, 3.70, 1.14
(CH) 3.65
Cus18 33.57, 33.01, 32.79, 25.56, 33.57, 33.06, 33.01, 2.17,1.85, 3.73, 3.70, 3.65,
24.83 32.79 25.56, 24.87, 1.61,1.24, 2.17,1.85,1.61,
24.83, 24.77 (CHy) 1.14 1.24,1.14
C-19 138.37, 137.68, 137.00 C - 7.37,7.34,2.18
C20-24 129.68, 129.39, 129.27, 129.68, 129.39, 7.23-7.42 7.36, 7.24, 4.50,
129.01, 128.58, 128.52, 129.27, 129.01, 3.52
128.42, 128.17 128.59, 128.52,
128.42, 128.37,
128.17 (CH)
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The 13C NMR shows either triplicate or quadruplicate set of signals that makes difficult the
analysis. Six signals appear for the C=0 group and eight for the aromatic ring carbons. Since
only two carbonyl groups are in compound 121, by heteronuclear multiple-bond correlation
(HMBC) we determined that the signals at 173.5, 173.1, 173.0 ppm (C=0, C-2), correlates with
three shifts 1.22, 1.14, 0.92 ppm (TABLE 4.4). A correlation with shifts 19.47, 19.30, 18.40,
18.18 ppm was identified by HSQC and correspond to the CHs group that is in accordance with
the experiment DEPT 135° that have positive signals at same shifts and assigned to C-10.
Unequivocally, 172.47, 172.2 and 171.8 ppm correspond to carbonyl C-11 (TABLE 4.4).
Larger shifts 94.1, 94.0 and 93.5 ppm are assigned to CH directly attached to electro-
withdrawing NO group (C-8) which have positive signals in the experiment DEPT 135°. By
HSQC the H-8 at 4.78 ppm was determined. In DEPT 135° experiment four more positives
signal are clearly seen and correspond to CH of C-3, C-5, C-7 and C-13. As seen in HMBC the
Me (C-10) correlates with 3.20 and 3.19 ppm corresponding to a multiplet that by HSQC full
correlate with 55.32, 55.19 ppm then assigned to C-3. The COSY diagram shows two
correlations of H-8 at 4.78 ppm with 4.49, 4.20, 4.14 ppm and 3.63, 3.50, 3.45 ppm. This H-8
has two vicinal groups: the CH for H-7 and CH: for H-9. It was easy to distinguish which is
CH or CHa. The C-9 is the most deshielded CH> present in the backbone due to be attached to
an heteroatom oxygen, then by DEPT 135° experiment 62.5, 61.8, 60.8, 60.7 ppm belongs to
C-9. The HSQC correlates the 4.49, 4.20, 4.14 (H-9) ppm for a CH2-9 and consequently 3.63,
3.50, 3.45 ppm correspond to CH of H-7, which correlates with 43.0, 42.8, 42.4 ppm. The C-3
correlates with 3.01, 2.85, 1.23, 1.14 ppm by HMBC. The two more shielded shifts correspond
to the Me at C-10. Then the deshielded shift 3.01 and 2.85 ppm correspond with the CH at C-5
(59.79, 59.28, 59.18, 58.67 ppm). Undoubtedly, the last CH identified with shifts 48.3, 48.1,
47.7 ppm corresponds with C-13 and the proton shifts result 3.73, 3.70, 3.65 ppm by HSQC
(TABLE 4.4).

In FIGURE 4.2, the range 7.46-7.20 ppm in H aromatic signals corresponds to the Ph
group of Ri-substituent. Three *H signals with a typical aromatic shifts of 7.02, 6.84 and 6.72
ppm splits in three doublets with coupling 3Jni2-H13 = 8.3 Hz unequivocally belong to NH-12
signal of the cyclohexyl amide. Since NH-12 can be identified by common coupling constant,
the H-H relationship which is likewise derived from the COSY diagram confirms the location
of H-13 at 3.73-3.65 ppm. Also, the fourth shift of NH-12 was determined underneath the

aromatic zone (7.23 ppm) that clearly correlates with the CH of cyclohexyl moiety.
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FIGURE 4.2 - 400 MHz *H NMR spectra in CDCls of compound 121. Zoom range (2.60-3.00 ppm).

We cannot determine the dr. of compound 121 by simple *H NMR analysis of NH-12 signal
because all of these shifts are not very visible. Other signals should be analyzed to determinate
the dr. At 4.78 ppm there is a multiplet that corresponds to H-8 previously discussed. The
multiplet with shift 3.50 ppm corresponds to H-7. Other important signals to mention are the
three doublets at 1.22, 1.14, 0.99 ppm of Me H-10 having a coupling 3Ju1o-+s = 7.1 Hz.

The most important proton signal to discuss is the generated C-5 in Ugi-5C-3CR that will
give the dr. of medium-sized cyclic peptidomimetics. FIGURE 4.2 shows a zoom of the range
between 2.60-3.00 ppm where four doublets of doublets integrated for one proton are clearly
seen. These doublets of doublets correspond to stereogenic H-5 which couples with H-6 in a
two-spin system of type AX. Considering the new formed stereogenic center C-5 remains as a
mixture and was started with a dr. 8:2 (anti:syn) of 114 we should observe four diastereoisomers
as expected. TABLE 4.5 shows the shifts of H-5 with its respective integration values and
coupling constants (*J ws-re). As seen, a poor dr. 1:1:0.5:0.3 is obtained. The doublets at 5y =
2.77 and 2.66 ppm have 3J ws.ve = 10.1 and 9.2 Hz respectively, resulting the most populated
dr. a pseudo-axial proton H-5 of the cyclic compound 121. It seems that the amide R®-
substituent should remain in the pseudo-equatorial position of conformation of this class of

nine-member ring.
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TABLE 4.5 - Shifts, integration values and coupling constants of H-5 of compound 121.

O,N P"l__ |_TDSpseudo-amaI
o <
O>M79*H C)///\'\”—lc-CGH5
Sn-5 (ppm)  Integration values dd3J ws.He (Hz) % of H-5  position of H-5
2.96 0.19 3.7/7.9 18 pseudo-equatorial
2.82 0.10 5.9/7.6 10 pseudo-equatorial
2.77 0.38 2.8/10.1 36 pseudo-axial
2.66 0.37 4.8/9.2 36 pseudo-axial

a) 400 MHz *H NMR data in CDCls of compound 121.

FIGURE 4.3 shows the zoom range between 2.60-3.00 ppm of rotating frame nuclear
overhauser effect spectroscopy (ROESY) of compound 121. Here we observed a ROESY effect

between the H-5 and H-8 where the pseudo-equatorial proton of H-5 is close to the H-8.

%

D
:
3

T T T T T T T T T T T T T T T T T T T T
298 296 294 292 290 288 286 284 282 280 278 276 274 272 270 268 266 264 262 2.60
2 (ppm)

FIGURE 4.3 - 600 MHz ROESY spectra in CDCI; of compound 121. Zoom range (2.60-3.00 ppm).
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4.2 Stereoselective organocatalytic multicomponent reaction sequence to
hydroquinolinone scaffolds

N

e
amine
hydroquinolinones

The second part of 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 compounds to «,S-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 shown in TABLE 4.6, the first procedure is an organocatalytic cascade developed
independently by Rueping 1% and Jargensen.1%

The cascade process comprises the asymmetric conjugate addition of 1,3-
cycloalkanediones to «,f-unsaturated aldehydes followed by acetalization, thus enabling the
installation of two reactive functionalities onto a single skeleton. Dimedone (143) and trans-2-
pentenal (144) were initially selected for the organocatalytic conjugate addition as first step in
the multicomponent sequence. Conditions originally described by Rueping.'®® employing 10
mol% of catalyst diarylprolinol silyl ether 12, successfully produced chromenone 145 (TABLE
4.6). This intermediate fulfills the requisite of being a biologically relevant core for scaffold
diversification as well as having two functionalities suitable for I-MCRs, (i.e., an aldehyde and
a conjugated enol). Both racemic and enantiomerically enriched 145 were prepared and
subsequently subjected to the I-MCR by treatment with a primary amine and an isocyanide.
Such a multicomponent process resembles the Ugi-Smiles reaction, % which has been

previously implemented with heterocyclic and conjugated enols 1% as surrogate of the classic
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phenol 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, TABLE 4.6). Products 146, 147 and 148, 149
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.

As shown in (TABLE 4.6), 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, TFE was used,
which led to 2-amido-hydroquinolin-6-one 146 as the sole product in good yield (entry 5,
TABLE 4.6). 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
6, TABLE 4.6). Since the second step did not proceed in CH.Cl,, we evaluated the possibility
of implementing a one-pot sequence by addition of TFE after formation of organocatalytic
product 145, thus carrying out the second step in the solvent mixture CH2Cl2/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 7 and 8, TABLE 4.6). Importantly, the presence
of secondary amine catalyst 12 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 4.6, the use of benzyl amine led to almost
no diastereoselectivity in the I-MCR, producing 146 as a mixture of diastereoisomers (entries
1 and 5). Conversely, the utilization of the chiral (S)-a-methylbenzyl amine provided
enantiomerically pure product 147 with an excellent diastereoselectivity (>99:1). Interestingly,
the diastereomeric ratio of product 147 correlates with the enantiomeric ratio of intermediate
145, confirming the great stereocontrol of the multicomponent step with the use of a chiral

amine.
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TABLE 4.6 - Screening of the one-pot organocatalytic conjugate addition/Ugi-4C-3CR sequence to 2-
amido-hydroquinolin-6-ones and concise reaction mechanism.

0]

Ph
N Ar (0] Et HN
H OTMS O Et Ph/\NHz s =
(0] <

0
m

ly,,
/—Z o

H O
143 —>12‘ 10 mol% c-CgH11NC ""n/N\C-CeHﬂ +m
N CH,Cl, 10°C =3 07 NoH  conditions R NppO OMe eoh
Etan© 145 146, R = H 148, R=H
147, R = Me 149, R = Me
144 Imine formation/
ﬁ/Cy rearrangemen:\ /Methanol
0Et,  ©C% s addition oEt, H o Et addition
7 J / N._Ph [T
\ /‘ s H
N P —  » / B — N
i O—H \:a/ S O®®N/) i H o] b
R / = R
conformationally fixed by c-CeHy CH4OH /
hydrogen bonding or ion pairing ¢-CgH11 a-adduct
Entry? R Conditions ® Yield (%) ¢ dr. (syn/anti) ¢  ee (%) ®
146-147/148-149 146-147 146-147
1f H MeOH, RT 39/25 54:46 92
29 Me MeOH, MW 42/28 >90:1 >99
39 H Toluene, MW n.r. - -
4f Me CH.Cl,, RT n.r. - -
5f H TFE, RT 7710 58:42 93
69 Me TFE, MW 75/0 >99:1 >99
71h Me  CH,CLJ/TFE, RT 64/0 >99:1 >99
gon Me  CH.CL/TFE, MW 71/0 >90:1 >99

a) First step performed with dimedone 143 (1 equivalents) and aldehyde 144 (1.3 equivalents). b) Second step
performed either with benzyl or (S)-a-methylbenzyl amine (1.3 equivalents) and cyclohexylisocyanide (1.3
equivalents). ¢) Yield of isolated product over two steps. d) Determined by *H NMR spectroscopic analysis. e)
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 CH,Cl; to
make a 1:1 (v/v) mixture. TFE: Trifluoroethanol. Ar: 3,5-(CF3)-CeHs

The relative configuration of hydroquinolin-6-ones 146 and 147 was determined by NMR
analysis on the basis of the absolute configuration at C-4 of intermediate 145, as previously
assessed by X-ray analysis.'®® The solid-state structures showed the axial orientation (directing
toward the o face) of the substituent at position 4 in product 145. In a first instance, the two
diastereoisomers of compound 146 derived from benzyl amine were isolated and analyzed by
NMR. In the major stereoisomer of 146 (and also in the only one of 147), various NOE
couplings between hydrogens of the ethyl chain at position 4 and the substituent at position 2
were found. Similarly, strong NOE couplings were observed between the amide substituent at

position 2 and one of the geminal methyl groups of the fused bicyclic skeleton.
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These results unambiguously prove the cis configuration in which both substituents at
positions 2 and 4 have a pseudo-axial orientation directing toward the o-face of the
hydroquinolin-6-one skeleton. As highlighted in SCHEME 4.7, 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 146 showed a strong NOE coupling 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 4.6, 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 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 149, derived
from methanol addition, was obtained with the same diastereoselectivity of 147, whilst
formation of side-product 148 proceeded with poor stereoselection, as resulted for 146. To get
deeper insight into stereoselectivity, we turned to implement the reaction sequence with

variation of the four different components.

As shown in TABLE 4.7, several hydroquinolin-6-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 hemiacetal 145, but simply carrying out the subsequent I-
MCR through addition of TFE, the amine and isocyanide components immediately after

completion of the organocatalytic step.

86



TABLE 4.7 - One-pot synthesis of hydroquinolin-6-one.

Al o .
O\s ' hydroquinolin-6-ones CS

H OTMS o R Me N
(0] ? catalyst 12 : ! R%‘ )
10 mol% R2NH, R3NC 4 H N
: 2 N"| O
* l —ij\/j\ : N "II(N\Ra &—/H—r |
0 g CH,Cly, 10° C 3 OH CH,CI,/TFE, MW 3 | (\j NOE R
143 not isolated R2

n-C7H1s -

o & 9o & Q
—é\/j —éf?n L) s L)+

E ‘" N N 3 N

:MeN \(j< (\)fj<

N
[ Do-CeHy < 3
/Q o Ph\)\ Ph L
Ph CO,Me S Co,Me

150 71%, dr. 97:3, 151 75%, dr. >99:1, 152 67%, 92:8 dr 153 69%,
>99:1 dr

n-C;Hqs (0]

o
_éo _iio O
j< c—CeHﬂ E N ""‘(N\c-csH11 N “c-CgHiy
: A
AT
157 65%, >99:1 dr, 90% ee

154 68%, >99:1 dr 155 64%, 70:30 dr, 94% ee 156 59%, >99:1 dr, 97% ee derived from the use of
enantiomer of catalyst 12
a) First step performed with dimedone 143 (1 equivalents) and different aldehydes (1.3 equivalents). b)
Second step performed with either aliphatic amines or amino acid (1.3 equivalents) and isocyanides (1.3
equivalents). ¢) Yield of isolated pure product over two steps. d) dr. determined by *H NMR spectroscopic
analysis. e) ee determined by chiral-stationary phase HPLC analysis. f) Ar: 3,5-(CF3)-CsHs.

ZT

The stereoselectivity of the multicomponent sequence leading to hydroquinolin-6-ones 150
proved once more to be excellent when the amine is chiral (e-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 compound 150-154. 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 155 with moderate diastereoselectivity
(dr. 70:30, 94% ee), while the highly crowed t-butyl amine rendered 156 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 145 (prepared using
the enantiomer of catalyst 12) resulted in the highly stereoselective formation of compound 157
(dr. 99>1, 90% ee), which is the enantiomer of 156 (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.
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4.3 Diastereoselective organocatalytic multicomponent reaction sequence to
pentasubstituted cyclopentenes

pentasubstituted cy

Based on the success of the above-described stereoselective three-component four-center
reaction, we focused implementing a similar organocatalytic approach rendering an hemiacetal
capable to react in an Ugi-Smiles type reaction. As shown in SCHEME 4.5, we devised the
utilization of such I-MCR to produce tetrahydroquinolines, an important class of nitrogenated
scaffold commonly found in bioactive natural products.

Following the same above criteria of combining organocatalysis and multicomponent
approaches, we focus on the implementation of an organocatalytic process providing enantio-
enriched nitro-functionalized chromans capable to react in an intramolecular Ugi-Smiles type
reaction. The Ugi-Smiles reaction is a modification of the classic Ugi-4CR using phenols as
acidic component instead of carboxylic acids (SCHEME 4.5). In this case, the last step of the
Ugi procedure is a Smiles rearrangement. El Kaim and Grimaud 1% proposed that electron
withdrawing groups, such as -NO, should be present at -para and/or -ortho position with
respect to the -OH group to give the Smiles rearrangement. In addition, they mentioned MeOH

as the best solvent for this specific reaction.

(0]
2
0O R? R a-aduct
HN—R? H)J\R1 Ugi-Smiles 5 N NH\
. T EWG reaction °N = | . (0]
C=N-R3 HO—@ = H 1 RY T
R S (N
G R3 EWG
O,5N
O2N Intramolecular 2 O;N R
1 Ugi-Smiles 05N R! o
O2N R HoN—R? reaction 2 H =N i
* —_— N NH
07 "OH  CN—R® N “R? o-C
\
l2 o NN
obtained by a-aduct \R3
organocatalytic transformation hydroquinoline

SCHEME 4.5 - The Ugi-Smiles reaction and its possible utilization to access hydroquinolines.
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To this end, we selected an organocatalytic approach leading to 3-alkyl-4-
nitromethylchromans reported independently by Gong % and Ramachary.®® Such a process
comprises an organocatalytic tandem Michael addition-hemiacetalization producing the desired
3-alkyl-4-nitromethylchromans. They reported excellent efficiency and good enantio- and
diastereoselectivity for this class of chromans (please see A in SCHEME 4.6), although in none
case a nitro group was included as substituent of the phenol ring.

Ph
O—%Ph
N OTMS O,N

cat 15 20 mol%
PhCO,H 20 mol%

DCM o~ SoH

A) Gong 109

0 O,N 83%, dr. 10:1 (syn:anti); 99% ee
HJ\ . \/EG,X Ramachary "1°
R HO 89%, dr. 8:2 (syn:anti); 98% ee
pyrrolydine 20 mol%
O,N
B) PhCO,H 20 mol%
DCM R’
X
O~ "OH

Obtained in a racemic form

SCHEME 4.6 - A) Direct organocatalytic access to a 3-alkyl-4-nitromethylchromans. Gong’s and
Ramachary’s results. B) Synthesis of racemic 3-alkyl-4-nitromethylchromans.

Initially, with the use of this methodology %7, we planned to obtain the racemic 6-nitro-3-
methyl-4-nitromethylchroman-2-ol (158) (please see B in SCHEME 4.6), by the reaction of
trans-2-hydroxy-g-nitrostyrene with n-propanal in the presence of 20 mol% of pyrrolidine and
20 mol% of PhCO-H in DCM. After chromatographic purification 93% vyield of 158 was
obtained in a dr. 8:2 (syn:anti). Compound 158 was further reacted in the presence of benzyl
amine and tert-butyl isocyanide in an Ugi-Smiles type reaction. As depicted in SCHEME 4.7,
the reaction of hemiacetal 158 with benzyl amine and and tert-butyl isocyanide led to the
formation of the pentasubstituted cyclopentene 160, while only traces of the real Ugi-Smiles
product 159 were detected. The explanation for this can be found on the mechanism of the
reaction. Initially, the hemiacetal group of compound 158 forms the imine by reaction with the
primary amine. After that, a nitrilium ion is formed by addition of the isocyanide to the imine
(or the activated inimium ion). This ion can be trapped by the phenolate anion to give the classic
imidate intermediate, which would yield via the Smiles rearrangement (see SCHEME 4.7) the

expected tetrahydroquinoline 159. However, that compound was only found in traces, and the
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main reaction product was the unexpected pentasubstituted cyclopentene 160. Such
experimental evidences show that the actual reaction pathway involves the nucleophilic attack
of the a-carbon of the nitro group to the nitrilium ion. This process leads to an exocyclic imine
intermediate that tautomerizes to the corresponding nitro-conjugated enamine at the

cyclopentene ring.

tBu
tBu
‘ —
O2N O2N /—\ . ) o 5 oo ‘tl?u
Me O2N i O/l\‘\ N ’ ; |
O2N Me O3N 4 o B HO C 1 N~ 8
+ HoN—-Bn =— -N.H . NE n " Bn 5 N
3 B H -
O~ "OH (o] Kﬁ n R, r N N
{ Me
158 I No
! 2 itrili NO
4\ nitrilium ion 2 NO, possible HE
l phenolate attack Ca-t?::lleoph"e

~tBu tBu
o HN™
- H
Smiles o r:j 02N Nan 0N Nan
rearrangement -
Bu —  HO )

gn O \q M Y Me
159 Mg

detected only in imidate 160

minor in amounts intermediate N02 NO,
SCHEME 4.7 - Mechanism explaining the favored formation of the cyclopentene 160 over the formation
of the tetrahydroquinoline 159.

The best results were obtained using benzylamine and tert-butyl isocyanide in MeOH as
solvent and with MW irradiation at 300 W and 80 °C for twenty minutes. After 20 min the
solution gets a brown color, and the TLC analysis shows that starting material (158) is
consumed with the appearance of new spots. Without any work up, the crude was directly
purified by flash column chromatography obtaining compound 160 as a brown solid in 40%
yield.

To determine the effect of the different substituents on the reaction outcome, several
experiments were carried out with starting material having or not the phenol and nitro groups.
Interestingly, no reaction took place when the starting material lack either the phenol or the
nitro group at para position, indicating the importance of an acidic phenol for the reaction to
proceed. Intriguingly, no product was formed either using the ortho-nitro-chroman, which is
unexpected considering the similar acidity of the phenol group compared to the para-nitro
substituted. In our opinion, the preferential addition of the C-nucleophile over the addition of
the phenolate may be explained by the possible participation of the OH in intramolecular HB
with the aliphatic nitro group, which disfavors its attack to the nitrilium ion (See SCHEME
4.7). Such HB interaction also explains the enhanced acidity of the a-carbon to the aliphatic
nitro group and therefore its good carbanion behavior. It is also possible that the presence of a

nitro group at ortho position of the phenol avoids the formation of such HB with the aliphatic -
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NO., substituting it with the HB between the OH and the aromatic NO». Nevertheless, as this
iIs a new intramolecular I-MCR, much remains to be studied by means of computational
modeling in order to elucidate the mechanistic insights explaining such a pathway. Further
studies are being conduced in our laboratory to explain this mechanism, but this is beyond the
objective of the present work. In addition, the temperature of reaction and the way of heating
were varied to determine if the unexpected cyclopentene could be formed. Unfortunately, at
room temperature the cyclopentene product is only formed in very little amounts. With
conventional heating, 20% yield was the maximum value obtained after 48 h of reaction.

We next varied the isocyanide and amine components in this reaction (TABLE 4.8) in order
to determine its scope. Only a few examples were described here because this work will be

further developed by our group in a near future.

TABLE 4.8 - Multicomponent combinatorial synthesis of different pentasubstituted cyclopentenes.

R1
02N 02N i
O,N M 1 HQ "
2 e, HNTRU w20 min, 80 °C NI
e
-+
0~ “OH C=N—R? MeOH

one diastereomer

158 0,
. L " "
NH Ph NH Ph \\NH Ph NH
OQN \N OQN\@\\NH OzN wNH O2N WNH
HO HO \ HO
161 NO, 162 NO, 163 NO,
o% 37% 55% 50%
Ph PVL
Me Me
L Y NH % g
NH N/H’F’h NH  —pnh
02N \NH 02N A OzN ‘\\NH
HO HO )
E Q Me i\\“ Me
164 NO, 165 NO, 166 NO2

35% 55%, dr. (1:1) 50%, dr. (1:1)
a) Reaction performed with 0.25 mmol of 158 (1 equivalent), aliphatic amines (1
equivalent) and isocyanides (1 equivalent) in 1 mL of MeOH. b) Yield of isolated
product. c) dr. determined by 'H NMR spectroscopic analysis.

The R2-component of isocyanide was varied to Cy and Ph producing compounds 161 and
162 in 37% and 55% vyield, respectively. Benzylisocyanide, as affixed component, was reacted
with different aliphatic amines (i.e., cyclohexylamine and octylamine) in the presence of

chroman 158. Non-drastic changes in yield were observed (see compounds 163 and 164,
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TABLE 4.8). With chiral amines, such as a-MeBnNH>, two diastereoisomers were detected in
proportion (1:1) for compounds 165 and 166.
Compound 160 was selected to carry an NMR study and general characterization of penta-

substituted cyclopentene. The *H and *C-NMR spectra of compound 160 shows a single

diastereomer.

TABLE 4.9 - °C, DEPT 135°, HSQC and HMBC shifts assignments of compound 160.

17
W
15 HN a3
OQNég\H\/@u
2 9
|—:S vt " 8 Pl
11 6
: >14'
12—
13
NO,
Atom B3C DEPT 135° HSQC HMBC
No (8¢ = ppm) (8c = ppm) (01 =ppm) (01 =ppm)
C-1 158.07 C - 3.95, 3.84, 2.44
C-2 121.31 C - 9.51, 3.95, 3.84, 2.44
C-3 52.47 52.47 (CH) 3.95 8.21,2.44,1.29
C-4 39.14 39.14 (CH) 2.44 3.95,1.29
C-5 66.67 66.67 (CH) 3.84 9.51, 4.02, 3.95, 3.65,
3.84,2.44,1.29
C-6 21.40 21.40 (CHs) 1.29 3.95, 3.84, 2.44
C-8 51.55 51.55 (CHy) 7.24, 3.84
C-9 136.17 C - 7.36, 4.02, 3.65
C-16 55.26 C - 1.40
c-17 31.13 (3XCHb) 31.13 (CHs3) 1.40 9.51
C-10° 161.41 C - 8.21, 8.02, 6.85
Cc-11 119.28 119.28 (CH) 6.85 8.21
C-12 124.93 124.93 (CH) 8.02 8.21
C-13 140.39 C - 8.21, 8.02, 6.85
C-14 128.5 128.5 (CH) 8.22 8.02

The *C NMR shows two deshield shifts at 161.4 ppm and 158.0 ppm where by DEPT 135°
and HSQC were proved as quaternary carbons (see TABLE 4.9). Ten signals in the unsaturated
zone (100-150 ppm) proved there are two aromatic rings present. In the most shielded zone of
the spectra seven peaks that correspond to aliphatic carbons were observed. Since a peak having
21.5 ppm correlates directly with 1.29 ppm by HSQC, which is a duplet (J = 7.3 Hz) in the *H
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NMR (FIGURE 4.4) that integrates for 3H, we can attribute it to the methyl group C-6. By
HMBC it was determined that C-6 correlates with three peaks at 3.95 ppm, 3.84 ppm and 2.44
ppm. By HSQC and DEPT 135° (TABLE 4.9) we could identify each proton as CH groups. As
previously mentioned, only one CH> with 51.5 ppm was observed in DEPT 135° spectra and
can be arbitrarily attributed to C-8. In the HMBC spectra the C-8 correlates only with the shifts
7.23 ppm and 3.84 ppm. Then, by HSQC carbon correlation with 3.84 ppm, we determined C-
5 as another CH.
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FIGURE 4.4- 400 MHz *H NMR spectra in CDCls of compound 160. Zoom range between 3.50-4.10

ppm.

To continue the attributions we proceed to analyze the *H NMR spectra (FIGURE 4.4). In
the aromatic zone of *H NMR two multiplets at 7.23 ppm and 7.35ppm attributed to the benzyl
aromatic ring. In the same aromatic zone of the spectra some signals appear that confirm the
substituted aromatic ring with nitro and phenol groups. A duplet at 8.21 ppm with coupling
constant J = 2.8 Hz is attributed to H-14", a duplet of duplet with J = 8.9, 2.8 Hz at 8.01 ppm is
assigned to H-12" and a duplet at 6.86 ppm (J = 8.9 Hz) for H-11". In the aliphatic zone, there
is a singlet at 1.39 ppm which integrates to 9H. This was assigned to the three methyl of tert-
butyl group with carbon shift 31.1 ppm (C-17). At 2.44 ppm a quartet of duplet (Jq = 7.5 Hz, Jq
= 2.5 Hz) was identified as H-4 due to the COSY correlation with the methyl C-6. Analyzing
the HSQC experiment, H-4 correlates with the carbon at shift 39.1 ppm, which is a CH
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determined by DEPT 135°. A singlet at 9.50 ppm can be attributed to an heteroatom due to the

lack of carbon coupling in the HSQC experiment.

The attribution of the range of 3.60-4.10 ppm results to be complex. In FIGURE 4.4 two
identical duplet at 4.01 ppm and 3.65 ppm with J = 12.7 Hz are observed. By HSQC was
observed that both shifts correlates directly with the same shift at 51.5 ppm, which correspond
to the only methylene group in the molecule (C-8). Then these two duplet are attributed to H-
8. At 3.95 ppm a duplet was observed with low coupling constant (J = 1.0 Hz). This signal
correlates by COSY with H-4 at 2.44 ppm and by HSQC with 52.47 ppm which is a CH carbon.
The HMBC correlation of this carbon shows a correlation with 8.21 ppm this shift 3.95 ppm as
H-3 was attributed. The lower value of J was important to us to identify the relative
configuration of the five-member ring. Generally this lower values are due to the angle adopted
and is known that dihedral angles of 90° produce J = 1.0 Hz or less. Then, H-3 and H-4 are in
different planes. Finally, the last signal to attribute is a singlet with shift 3.84 ppm and

corresponds to H-5, which also is in different plane to H-4.
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Conclusions: Chapter 2

A conjugate addition of nitroethanol to «,f-unsaturated aldehydes mediated by
diphenylprolinol silyl ether organocatalyst was performed to obtain 1-hydroxy-trans-3,4-
disubstituted tetrahydropyrans in excellent ee and moderate dr. (up to 90% ee, dr. 8:2). Some
modifications of the reported procedure have been done to improve the ee as well as the
efficiency of the reaction, giving the best results for &, f-unsaturated aldehydes with an electron
withdrawing group attached to the para position of Ph group. Furthermore, a new class of
medium-sized cyclic peptidomimetics were obtained by a MCR approach based on the Ugi-5C-
3CR. Seventeen compounds in a yield range of 32-77% were described and fully characterized
by NMR techniques. A complex mixture of diastereoisomers was detected by NMR analysis
showing low diastereoisomeric ratio for all medium sized cyclic peptidomimetics. In addition,
two non-commercial isocyanides have been synthesized; (e.g., isocyanopeptides and sugar
derived isocyanide) which were obtained in a global yield of 60% and 64%, respectively.

A highly stereoselective and one-pot sequence leading to complex natural product-like was
developed. Hydroquinolin-6-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 «,f-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 complexity available with low synthetic cost. Finally, we
envision that other iminium, enamine, and NHC-organocatalytic processes may be combined
with varied MCRs, hence expanding the repertoire of stereoselective multicomponent cascade
reactions.

A tandem Michael addition-hemiacetalization, mediated by pyrrolidine, to obtain 3-alkyl-
4-nitromethylchromans was developed. The new variant of the Ugi-Smile reaction to produce
new tetrahydroquinolines natural products-like was employed. Unfortunately, the desirable
compounds were not obtained by this methodology. However, a new pentasubstituted
cyclopentene obtained as a single diastereomer and moderate yield. Compound 160 was fully

characterized by NMR techniques.
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Perspectives: Chapter 2

- After synthesizing the small library of medium-sized cyclic peptidomimetics we might
develop some derivatization of compounds to extend the methodology to other classes

of compounds and then conclude this results to submit an article.

- A computational calculus for the proposed mechanism of pentasubstituted
cyclopentenes will be done to confirm the results obtained until now. The asymmetric

version also is planned to be develop in our group soon.
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Experimental Section
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5 Experimental Section

5.1 General Aspects

Materials and reagents were of the highest commercially available grade purchased from
Aldrich and used without further purification. Compounds were visualized by UV, KMnOy, I,
and Vanillin solutions. Flash chromatography was performed using silica gel 60, particle size
40-63 pum and analytical thin layer chromatography (TLC) was performed using silica gel
aluminum sheets. Solvents for extractions and for column chromatography were previously
distilled. Chemical yields were given after chromatographical purification. *H NMR and **C
NMR spectra were recorded at 400 MHz for *H and 100 MHz for *3C, respectively. Chemical
shifts (8) are reported in parts per million relative to the residual solvent signals, and coupling
constants (J) are reported in hertz. NMR peak assignments were accomplished by analysis of
the COSY, HSQC, HMBC and NOE data. High resolution ESI mass spectra were obtained
from a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, an RF-only
hexapole ion guide and an external electrospray ion source. Normal Phase HPLC analysis were
carried out on an analytical HPLC with a diode array detector SPD-M20A from Shimadzu using
Chiralpak columns (AD-H, OD-H) (250 mm x 4.6 mm) from Daicel Chemical Ind. LTD.
Optical rotations were measured on a Perkin Elmer Polarimeter 341. Thermogravimetric
analysis (TGA) was conducted using a thermogravimetric analyzer (TGA, Perkin Elmer)
operated in the temperature range of 10-700 °C under nitrogen gas and a heating rate of 10 °C
mint. For compounds arising from the Ugi-4CR, the assigned signals belong to a mixture of

conformers.

5.2 Experimental section of Chapter 1

5.2.1 General procedures

General Procedures: Synthesis of prolyl pseudo-peptides by Ugi-4CR

R' O R3
G 3 Nt
N L Ugi-4CR R;’RzH
o)

I o] R? RZ ——= "~ » N

Boc + H
. -
R'-NH, R3—N=C prolyl pseudo-peptides

catalysts
General Procedure 1: a-Amino acid methyl ester hydrochloride (1.0 mmol), aldehyde
(1.0 mmol) and NEts (1.0 mmol) were dissolved in MeOH (5 mL). The carboxylic acid (1.0

mmol) and the isocyanide (1.0 mmol) were then added and the reaction mixture was stirred at

98



room temperature for 24 h and then concentrated under reduced pressure to dryness. The
resulting crude product was dissolved in CH2Cl> (100 mL) and the organic phase was washed
sequentially with aqueous saturated solution of citric acid (50 mL), aqueous 10% NaHCOs3 (50
mL), and brine (50 mL), and then dried over anhydrous Na>SO4 and concentrated under reduced
pressure. The resulting amorphous solid was used in the Boc deprotection step without further

purification.

General Procedure 2: Aliphatic amine (1.0 mmol) and the aldehyde (or ketone) (1.0
mmol) in MeOH (5 mL) was stirred for 1 h at room temperature. The carboxylic acid (1.0
mmol) and the isocyanide (1.0 mmol) were then added and the reaction mixture was stirred at
room temperature for 24 h and then concentrated under reduced pressure to dryness. The
resulting crude product was dissolved in CH2Cl> (100 mL) and the organic phase was washed
sequentially with aqueous saturated solution of citric acid (50 mL), aqueous 10% NaHCOs3 (50
mL), and brine (50 mL), and then dried over anhydrous Na,SO4 and concentrated under reduced
pressure. The resulting amorphous solid was used in the Boc deprotection step without further

purification.

General Procedure 3: The a-amino acid methyl ester hydrochloride (1.0 mmol), aldehyde
(1.0 mmol) and NEtz (1.0 mmol) were dissolved in MeOH (5 mL) and added to a 10 mL glass
tube. The suspension was treated with the carboxylic acid (1.0 mmol) and the isocyanide (1.0
mmol) and the glass tube was sealed and introduced in the microwave reactor (CEM Co.,
Discover). The flask was irradiated for 30 min (150 W) under high speed magnetic stirring,
while the temperature was raised up to 70 °C. The reaction course was monitored by TLC, and
additional 30 min cycles were applied in cases of poor consumption of the starting material.
The resulting crude product was dissolved in CH2Cl> (100 mL) and the organic phase was
washed sequentially with aqueous saturated solution of citric acid (50 mL), aqueous 10%
NaHCO3z (2x50 mL), and brine (50 mL), and then dried over anhydrous Na>SOs and
concentrated under reduced pressure. The resulting amorphous solid was used in the Boc

deprotection step without further purification.
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General Procedure 4: Boc deprotection of prolyl pseudo-peptides using TFA

The crude product resulting form the Ugi-4CR was dissolved in 3 mL of CH.Cl, and treated
with 1 mL of trifluoroacetic acid at 0 °C. The reaction mixture was allowed to reach room
temperature, stirred for 4 h and then concentrated to dryness (TFA was removed completely by
repetitive addition and evaporation of further CH2Cl2). The crude product was dissolved in 10
mL of CH.Cly, treated with solid K>2COs until basic pH and the solution was filtered and
evaporated under reduced pressure.

General Procedure 5: Polymerization of prolyl pseudo-peptides

o
—
o /C—CGH'H O/
N—~"N
TFA 1 equi . @j H y Me .
or

TFA 10 mol% for FA, = FA Polymer
o ° OH CHClj3, rt, 7d
Me . 3 I, M
S0 10 equi Me
Ph~ /\(E a Ph"'° 0 /]
MN#” o O\(N#” 5
Me' “
N Me N Me
, O H o Me
TFA 1 equi

To a suspension of the pseudo-peptide catalysts (1.0 mmol) and furfuryl alcohol (10 mmol)
in CHCIs (5 mL) was added TFA (0.5 mmol) drop by drop for 10 min, and then, the yellow
mixture was stirred for 7 d at room temperature. The mixture changed the color during the time
of reaction from yellow- green to brown or dark color. The neutralization of the polymerizing
solution was carried out with a concentrated basic solution. The use of a 1 M NaOH (5 mL)
solution requires two washes of 10 min each but at the end of the reaction an emulsion may
appear. In order to avoid this problem an excess of 0.1 M NaOH solution was used. Polymers
were isolated by precipitation in petroleum ether and dried by using a high vacuum line. The

resulting dark solid was ground until 45 um of diameter of particles using a molecular tamizes.

General Procedure 6: Hydrolysis of methyl ester to carboxylic acid

The ester obtained in the above step was stirred with 10% LiOH solution in methanol water
mixture for 8-12 hours. Methanol was removed under vacuum and cold water was added to this
mixture and acidified with dilute hydrochloric acid to precipitate the acid. The acid was filtered
and dried.
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5.2.2 General procedures for asymmetric reactions
General procedure 7: Asymmetric Aldol reaction
R O R
\ NH
N

R2
(0] OH
ij J\@\ catalysts 10 mol% i‘:*@\
DMSO HZO 7 3), NO

The aldehyde (0.25 mmol, 1.0 equiv) and the ketone (0.75 mmol, 3.0 equiv) were added to

2

a solution of the prolyl pseudo-peptide (0.025 mmol, 0.01 equiv.) in the solvent of choice (1
mL). The reaction mixture was stirred for 24 h. Then, the reaction was treated with saturated
ammonium chloride solution and the layers were extracted with ethyl acetate (3x2 mL). The
combined organic layers were dried (MgSOs) and concentrated under reduced pressure. The
resulting crude product was purified by flash column chromatography on silica gel using n-
hexane/EtOAcC (9:1) as eluent. Enantiomeric excess (ee) was determined by chiral HPLC
analysis through comparison with the authentic racemic material. Assignment of the

stereoisomers was performed by comparison with literature data.''*

General procedure 8: Asymmetric 1,4-addition of aldehydes to nitro-olefins

R’l (@) /R3
\
N\R\‘N
o= T
N R? )
o) H O O R
. _NO Catalysts 10 mol% )H/k/NO
2/\/ 2 2
H)H * R Tol, 30 °C, 24h 1
R? R?

The nitroolefin (0.25 mmol, 1.0 equiv) and the aldehyde (0.75 mmol, 3.0 equiv) were added
to a solution of the prolyl pseudo-peptide (0.025 mmol, 0.01 equiv.) in the solvent of choice (1
mL). The reaction mixture was stirred for 24 h and then concentrated under reduced pressure.
The resulting crude product was purified by flash column chromatography on silica gel using
n-hexane/EtOAc as eluent. Enantiomeric excess (ee) was determined by chiral HPLC analysis
through comparison with the authentic racemic material. Assignment of the stereoisomers was

performed by comparison with literature data. 114110.111.112.113
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5.2.3 Synthesis and spectroscopy data of prolyl pseudo-peptides

Compound 61:

CO,Me HCI-Gly-OMe (125 mg, 1 mmol), triethylamine (140 pL, 1

)
O\“EN\{,ILNC-CGHH mmol) paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215
H o H H mg, 1 mmol) and cyclohexylisocyanide (125 pL, 1 mmol) were

reacted in MeOH (5 mL) according to the general Ugi-4CR-based procedure 3. The resulting
Boc protected compound was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 61 (254 mg,
78%) as a colorless oil. A mixture of conformers in a 6:4 ratio was observed by NMR.

Rf = 0.25 (EtOAc / MeOH 8:2).

[a] p?® = -15.1 (c 0.62, MeOH, 25 °C).

'H NMR (400 MHz, CDCls3) 6 = 6.95, 7.48 (2xd, 1H, J = 8.0 Hz); 4.96 (m, 1H); 4.15 (m, 1H);
431 (d, 1H, J = 17.2 Hz); 4.10 (d, 1H, J = 17.2 Hz); 3.76, 3.80 (2xs, 3H); 3.67-3.80 (m, 1H);
3.37-3.50 (m, 2H); 2.41 (m, 1H); 1.99-2.17 (m, 3H); 1.55-1.95 (m, 6H); 1.09-1.40 (m, 6H).
13C NMR (100 MHz, CDCls) 6 = 170.1, 169.6, 165.9, 57.9, 53.4, 52.7, 51.7, 49.4, 46.4, 32.5,
29.0, 25.3, 24.9, 24.8.

HRMS (ESI-FT-ICR) [MH]" calcd. for C16H28N304: 326.2069, found 326.2072

Compound 62:
HCI-Val-OMe (168 mg, 1 mmol), triethylamine (140 pL, 1 mmol)

c
ML~ o o-CeHyy  paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215 mg, 1

z
I
T
=

mmol) and cyclohexylisocyanide (125 pL, 1 mmol) were reacted
in MeOH (5 mL) according to the microwave-assisted Ugi-4CR-
based procedure 3, using two cycles of 30 min. The resulting Boc protected compound was
subjected to the general deprotection procedure 4. Flash column chromatography purification
(MeOH/EtOAC 4:1) afforded peptide-peptoid hybrid 62 (297.7 mg, 81%) as a colorless oil. A
mixture of conformers in a 7:3 ratio was observed by NMR.

Rf = 0.45 (EtOAc/MeOH 8:2).

[a] 0% =-56.1 (c 0.56, MeOH, 25 °C).

'H NMR (400 MHz, CDCls) 6 = 6.59, 7.11 (2xd, 1H, J = 7.8 Hz); 4.78, 4.85(2xm, 1H); 3.81,
4.46 (2xd, 1H, J = 10.4/9.7 Hz); 4.13, 4.25 (2xd, 1H, J = 18 Hz); 3.95, 4.15 (2xd, 1H, J = 16
Hz); 3.62-3.76 (m, 1H); 3.72, 3.74 (2xs, 3H); 3.38-3.53 (m, 2H); 3.16-3.34 (m, 1H); 1.94-2.54
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(m, 5H); 1.54-1.91 (m, 5H); 1.06-1.39 (m, 5H); 0.98 (d, 3H, J = 6.6 Hz); 0.87 (d, 3H, J = 6.6
Hz).

13C NMR (100 MHz, CDCls) 6 = 168.2, 167.5, 163.1, 67.6, 58.8, 51.1, 48.2, 44.5, 32.9, 32.8,
30.9, 29.5, 25.5, 24.6, 21.7, 20.0, 15.8.

HRMS (ESI-FT-ICR) [MH]" calcd. for C19H34N304: 368.2538, found 368.2543

Compound 63:
\( HCI-Leu-OMe (182 mg, 1 mmol), triethylamine (140 pL, 1 mmol)

MeOC— paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215 mg, 1
(QN%;H’C_CGM mmol) and cyclohexylisocyanide (125 pL, 1 mmol) were reacted in

N o H MeOH (5 mL) according to the microwave-assisted Ugi-4CR-based
procedure 3, using two cycles of 30 min. The resulting Boc protected compound was subjected
to the general deprotection procedure 4. Flash column chromatography purification
(MeOH/EtOAC 4:1) afforded peptide-peptoid hybrid 63 (324 mg, 85%) as a colorless oil. A
mixture of conformers in a 7:3 ratio was observed by NMR.
Rr = 0.50 (EtOAc/MeCOH 8:2).
[a] 0% =-42.7 (c 0.66, MeOH, 25 °C).
'H NMR (400 MHz, CDCls3) & = 6.59, 7.56 (2xd, 1H, J = 7.7 Hz); 4.79 (t, 1H, J = 7.1 Hz);
4.66 (t, 1H,J=7.1Hz); 4.32 (2xd, 1H, J = 8.8/5.1 Hz); 4.19 (d, 1H, J = 18.2 HZz); 4.04 (d, 1H,
J=18.2 Hz); 3.74 (s, 3H); 3.64-3.71 (m, 2H); 3.40-3.50 (m, 2H): 3.05 (br. s, 1H); 2.44 (m, 1H);
1.98-2.23 (m, 2H); 1.54-1.91(m, 7H); 1.07-1.39 (m, 5H); 0.84-1.00 (m, 6H).
13C NMR (100 MHz, CDCls) 6 = 172.2, 170.4, 166.5, 58.3, 58.1, 52.7, 49.4, 49.2, 46.2, 38.4,
37.6,32.3,29.1, 25.3, 25.0, 24.9, 24.6, 22.4, 22.1.
HRMS (ESI-FT-ICR) [MH]" calcd. for C20H3sN304: 382.2698, found 382.2700

Compound 64:

\\/ HCI-lIle-OMe (182 mg, 1 mmol), triethylamine (140 uL, 1 mmol)
MeO,C "
€Oy \\N7/UO\ _c-CgHyy  paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215 mg, 1
~—N
Qﬁ( o “HH mmol) and cyclohexylisocyanide (125 pL, 1 mmol) were reacted in
N O

MeOH (5 mL) according to the microwave-assisted Ugi-4CR-based
procedure 3, using two cycles of 30 min. The resulting Boc protected compound was subjected

to the general deprotection procedure 4. Flash column chromatography purification
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(MeOH/EtOAC 4:1) afforded peptide-peptoid hybrid 64 (294 mg, 77%) as a colorless oil. A
mixture of conformers in a 1:1 ratio was observed by NMR.

Rt = 0.50 (EtOAc / MeOH 8:2).

[a] 0% =-59.1 (c 0.65, MeOH, 25 °C).

'H NMR (400 MHz, CDCls) 6 = 6.46, 6.85 (2xd, 1H, J = 8.0 Hz); 4.81, 4.90 (2xt, 1H, J=8.0
Hz); 3.88, 4.66 (2xd, 1H, J = 10.0 Hz); 4.14, 4.26 (2xd, 1H, J = 18.2 Hz); 4.02, 4.16 (2xd, 1H,
J = 16.0 Hz); 3.73 (s, 3H); 3.63-3.71 (m, 1H); 3.46 (m, 2H); 2.40, 2.49 (2xm, 1H); 1.49-2.26
(m, 10H); 1.01-1.44 (m, 6H); 0.94 (d, 3H, J = 6.5 Hz); 0.86 (t, 3H, J = 7.35 Hz).

13C NMR (100 MHz, CDCls) 6 =170.9, 169.4, 166.6, 63.1, 58.4, 52.6, 48.9, 47.8, 47.00, 46.6,
46.3, 34.1, 32.4, 29.5, 25.6, 25.3, 25.2, 24.8, 15.7, 11.4.

HRMS (ESI-FT-ICR) [MH]" calcd. for C20H3sN304: 382.2695, found 382.2700

Compound 65:
HCI-Phe-OMe (216 mg, 1 mmol), triethylamine (140 pL, 1 mmol)
Q paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215 mg, 1
mmol) and cyclohexylisocyanide (125 pL, 1 mmol) were reacted in

N ,c-CeH11
m E)H\H MeOH (5 mL) according to the microwave-assisted Ugi-4CR-based
N
H O

MeO,C \\ 0

procedure 3, using two cycles of 30 min. The resulting Boc protected
pseudo-peptide was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 65 (345 mg,
83%) as a light yellow oil. A mixture of conformers in a 7:3 ratio was observed by NMR.

Rf = 0.40 (EtOAc/MeOH 8:2).

[a] p?® = -87.6 (¢ 0.47, MeOH, 25 °C).

'H NMR (400 MHz, CDCls) 6 = 7.71 (d, 1H, J = 7.8 Hz); 7.18-7.38 (m, 4H); 7.12-7.14 (m,
1H); 4.55 (dd, 1H, J = 7.2 Hz); 4.25 (dd, 1H, J = 10.0/5.9 Hz); 4.20 (m, 1H); 3.77 (s, 3H); 3.66
(m, 1H); 3.22-3.54 (m, 4H); 2.30 (m, 1H); 2.08 (M, 2H); 1.52-1.99 (M, 5H); 1.06-1.43 (m, 5H).
13C NMR (100 MHz, CDCls) 6 = 170.4, 169.5, 165.4, 136.2, 129.9, 129.2, 129.0, 128.4, 127.5,
63.8,57.9, 53.0, 52.6, 49.2, 46.1, 34.4, 32.4, 29.1, 25.3, 25.0, 24.9, 24.7.

HRMS (ESI-FT-ICR) [M+H]" calcd. for C23H34N304: 416.2535, found 416.2541
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Compound 66:
HCI-tBuGly-OMe (182 mg, 1 mmol), triethylamine (140 uL, 1

Meozcﬁ"\ O scgHy  mmol) paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215
N—~—N
(NH ;f”LHLH mg, 1 mmol) and cyclohexylisocyanide (125 pL, 1 mmol) were
H O

reacted in MeOH (5 mL) according to the microwave-assisted Ugi-
4CR-based procedure 3, using three cycles of 30 min. The resulting Boc protected compound
was subjected to the general deprotection procedure 4. Flash column chromatography
purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 66 (233 mg, 61%) as a
colorless oil. A mixture of conformers in a 1:1 ratio was observed by NMR.

Rf = 0.55 (EtOAc/MeOH 8:2).

[a] p?®=-5.9 (c 0.43, MeOH, 25 °C).

IH NMR (400 MHz, CDCls) 8 =5.12 (s, 1H); 4.18, 4.29 (2xd, 1H, J = 18.4 Hz); 4.12 (dd, 1H,
J=7.7/3.1 Hz); 3.67-3.77 (m, 1H); 3.73, 3.80 (2xs, 3H); 3.55-3.65 (m, 1H); 3.13 (m, 1H); 2.81
(m, 1H); 2.50 (m, 1H); 2.19 (m, 1H); 1.55-2.02 (m, 13H); 1.00-1.43 (m, 3H); 1.05, 1.09 (2xs,
9H).

13C NMR (100 MHz, CDCls) 8 = 170.0, 169.6, 164.3, 62.0, 59.2, 51.8, 50.7, 47.8, 45.6, 36.4,
32.8, 30.8, 28.6, 28.1, 27.8, 25.6, 25.4, 25.1, 23.2.

HRMS (ESI-FT-ICR) [MH]" calcd. for C20H3sN3O4: 382.2695, found 382.2700

Compound 67:

o Me (S)-a-Methylbenzylamine (128 pL, 1 mmol), paraformaldehyde
0
D;N%N’C'CBH” (30 mg, 1 mmol), Boc-L-Pro-OH (215 mg, 1 mmol) and
“H H : . .
N o H cyclohexylisocyanide (125 pL, 1 mmol) were reacted in MeOH (5

mL) according to the general Ugi-4CR-based procedure 2. The resulting Boc protected
compound was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 67 (325 mg,
91%) as a colorless oil. A mixture of conformers in a 6:4 ratio was observed by NMR.

Rf = 0.55 (EtOAc / MeOH 8:2).

[a] 0% =-62.8 (c 0.64, MeOH, 25 °C).

'H NMR (400 MHz, CDCl3) 6 = 7.72 (br. s, 1H); 7.22-7.40 (m, 5H); 5.87, 6.35 (2xq, 1H, J =
7.25 Hz); 4.70, 5.10 (2xm, 1H); 3.51, 3.93 (2xd, 1H, J = 16.0 Hz); 3.71, 3.89 (2xd, 1H, J =
18.0 Hz); 3.61 (m, 1H); 3.45 (m, 2H); 2.85 (br. m, 1H); 3.40, 2.54 (2xm, 1H); 2.17 (m, 2H);
1.47-1.84 (m, 4H); 1.49, 169 (2xd, 3H, J = 7.2 Hz); 1.01-1.36 (m, 5H).
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13C NMR (100 MHz, CDCIs) 6 = 166.5, 162.7, 137.7, 129.1, 128.8, 128.6, 127.4, 127.1, 60.4,
58.2,55.6,49.2, 48.7, 46.6, 46.1, 32.5, 32.2, 29.8, 25.3, 24.9, 17.4.
HRMS (ESI-FT-ICR) [MH]" calcd. for C21H32N30,: 358.2483, found 358.2483

Compound 68:
Ph— O eCeHiy Benzylamine (110 pL, 1 mmol), paraformaldehyde (30 mg, 1

mNj/uH\ﬁ mmol), Boc-L-Pro-OH (215 mg, 1 mmol) and

H 0 cyclohexylisocyanide (125 pL, 1 mmol) were reacted in MeOH
(5 mL) according to the general Ugi-4CR-based procedure 2. The resulting Boc protected
compound was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 68 (639 mg,
93%) as a pale green oil. A mixture of conformers in a 7:3 ratio was observed by NMR.
Rf = 0.45 (EtOAc/MeCOH 8:2).
[a] p?® = -21.1 (c 0.41, MeOH, 25 °C).
IH NMR (400 MHz, CDCls) & = 7.18-7.40 (m, 5H); 6.76 (d, 1H, J = 8.0 Hz); 4.79, 4.90 (2xm,
1H); 4.66 (m, 2H); 3.97 (m, 2H); 3.69 (m, 1H); 3.39-3.55 (m, 2H); 2.83 (br. s, 1H); 2.23, 2.38
(2xm, 1H); 1.96-2.10 (m, 3H); 1.52-1.85 (m, 4H); 1.05-1.37 (m, 5H).
13C NMR (100 MHz, CDCls) 6 = 170.0, 166.4, 134.2, 129.3, 128.9, 128.5, 128.3, 127.3, 58.3,
52.2,50.8,49.3, 48.8, 45.9, 32.5, 29.5, 25.4, 25.0, 24.8.
HRMS (ESI-FT-ICR) [MH]" calcd. for C20H30N302: 344.2328, found 344.2328

Compound 69:
(S)-a-Methylbenzylamine (128 pL, 1 mmol), acetone (74 uL, 1

19
20 1

b , —s mmol), Boc-L-Pro-OH (215 mg, 1 mmol) and
Cm / " cyclohexylisocyanide (125 pL, 1 mmol) were reacted in MeOH

21 1
22 5 0]
IV N-8~ 11 N
4% 2 H (5 mL) according to the general Ugi-4CR-based procedure 2. The
H o ¢

resulting Boc protected compound was subjected to the general

\\\\ 7
R

deprotection procedure 4. Flash column chromatography purification (MeOH/EtOAc 4:1)
afforded peptide-peptoid hybrid 69 (309 mg, 77%) as a colorless oil.

Rf = 0.55 (EtOAc / MeOH 8:2).

[a] 0% =-1.9 (c 0.38, MeOH, 25 °C).

'H NMR (600 MHz, CDClz) 6 =7.56 (d, 2H, J = 7.7 Hz, Ph); 7.42 (m, 2H, Ph); 7.28-7.34 (m,
1H, Ph); 5.70 (d, 1H, J = 7.6 Hz, NH); 5.10 (g, J = 8.0 Hz, 1H, H-6); 4.30 (m, 1H, H-1); 3.64
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(m, 1H, H-12); 3.22 (m, 1H); 3.05 (m, 1H); 1.92-2.05 (m, 3H); 1.88 (d, 3H, J = 7.0 Hz, H-7);
1.77-1.82 (m 2H); 1.66-1.73 (M, 3H); 1.64 (s, 3H, H-9); 1.53 (s, 3H, H-10); 1.27-1.42 (m, 6H);
1.15-1.19 (m, 4H).

13C NMR (100 MHz, CDCl3) § = 173.7 (C=0, C-11), 170.6 (C=0, C-5), 140.7 (C, C-18);
129.2, 128.2, 128.0, 127.2, (CH, Ph); 64.6 (C, C-8); 59.7 (CH, C-1), 50.7 (CH, C-6), 48.9, (CH
\C-12) (CH); 46.3, 25.4, 28.9, 30.8, 32.7 (CHy); 24.8 (CHs, C-9), 24.6 (CH3, C-10); 24.3 (CH2);
19.0 (CHs, C-7).

DEPT 135 (100 MHz, CDCls) § =129.2, 128.2, 128.0, 127.2, (CH, Ph); 59.7 (CH, C-1), 50.7
(CH, C-6), 48.9, (CH ,C-12) (CH); 46.3, 25.4, 28.9, 30.8, 32.7 (CH2); 24.8 (CHs, C-9), 24.6
(CHs, C-10); 24.3 (CH2); 19.0 (CHs, C-7).

HRMS (ESI-FT-ICR) [MH]" calcd. for C2sHasN3O2: 386.2802, found 386.2800

Compound 70:

Ph 0 Benzylamine (110 pL, 1 mmol), acetone (74 pL, 1 mmol), Boc-

™ ,6-CeH11 . .
(HN#N L-Pro-OH (215 mg, 1 mmol) and cyclohexylisocyanide (125
A
H % md Me pL, 1 mmol) were reacted in MeOH (5 mL) according to the

general Ugi-4CR-based procedure 2. The resulting Boc
protected compound was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 70 (229 mg,
73%) as a colorless oil.
Rr = 0.50 (EtOAc/MeCOH 8:2).
[a] p?° = -20.6 (c 0.41, MeOH, 25 °C).
IH NMR (400 MHz, CDCls) & = 7.22-7.44 (m, 5H); 5.98 (d, 1H, J = 8.0 Hz); 4.76 (d, 2H, J =
6.91 Hz); 4.69 (m, 1H); 3.68 (m, 1H); 3.40 (m, 2H); 3.03 (br. m, 1H); 1.78-2.06 (m, 6H); 1.55-
1.75 (m, 3H); 1.50 (s, 3H); 1.46 (s, 3H); 1.06-1.39 (m, 5H).
13C NMR (100 MHz, CDCls) § = 173.0, 169.9, 136.9, 129.2, 128.0, 126.4, 64.1, 58.9, 48.8,
47.9, 46.0, 32.7, 32.6, 29.7, 25.4, 24.9, 24.5, 24.1.
HRMS (ESI-FT-ICR) [MH]* calcd. for C22H3sN3O2: 372.2654, found 372.2651

Compound 71:

oh Me (S)-a-Methylbenzylamine (128 pL, 1 mmol), paraformaldehyde (30

(L;N\RLN mg, 1 mmol), Boc-L-Pro-OH (215 mg, 1 mmol) and t-
o

H H H butylisocyanide (125 pL, 1 mmol) were reacted in MeOH (5 mL)

according to the general Ugi-4CR-based procedure 2. The resulting
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Boc protected compound was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 71 (298 mg,
88%) as a light yellow oil. A mixture of conformers in a 8:2 ratio was observed by NMR.

Rf = 0.55 (EtOAc/MeOH 8:2).

[a] p?® =-78.9 (c 0.65, MeOH, 25 °C).

IH NMR (400 MHz, CDCls) & = 7.80 (br. s, 1H); 7.24-7.39 (m, 5H); 5.78 (m, 1H); 4.98, 5.11
(2xm, 1H); 3.45, 3.95 (2xd, 1H, J = 16.0 Hz); 3.61, 3.88 (2xd, 1H, J = 18.0 Hz); 3.32-3.55 (m,
1H); 2.42, 2.58 (2xm, 1H); 1.87-2.25 (m, 3H); 1.46, 1.68 (2xd, 3H, J = 6.88 Hz); 1.49 (2xs,
3H); 1.23, (2xs, 6H).

13C NMR (100 MHz, CDCls) 6 = 170.2, 167.2, 137.9, 129.2, 128.8, 128.6, 127.0, 125.8, 58.2,
55.5, 53.6, 51.3, 47.0, 46.9, 29.9, 28.5, 28.4, 24.9, 17 4.

HRMS (ESI-FT-ICR) [MH]" calcd. for C19H30N302: 332.2293, found 332.2327

Compound 72:

Ph Meq (S)-a-Methylbenzylamine (128 uL, 1 mmol),
(H 7/“\ N~ CO:Me  paraformaldehyde (30 mg, 1 mmol), Boc-L-Pro-OH (215 mg,
H 5 1 mmol) and methyl isocyanoacetate (91 pL, 1 mmol) were

reacted in MeOH (5 mL) according to the general Ugi-4CR-
based procedure 2. The resulting Boc protected compound was subjected to the general
deprotection procedure 4. Flash column chromatography purification (MeOH/EtOAc 4:1)
afforded peptide-peptoid hybrid 72 (590.6 mg, 82%) as a light yellow oil. A mixture of
conformers in a 7:3 ratio was observed by NMR.
Rf = 0.45 (EtOAc / MeOH 8:2).
[a] 0% =-18.9 (c 0.65, MeOH, 25 °C).
'H NMR (400 MHz, CDClz) 6 =8.35 (m, 1H); 7.22-7.36 (m, 5H); 5.08, 5.95 (2xm, 1H); 4.69,
4.98 (2xm, 1H); 3.55, 4.02 (2xd, 1H, J = 16.2 Hz); 3.62, 3.81 (2xd, 1H, J = 18.0 Hz); 3.65,
3.70 (2xs, 3H); 3.37-3.55 (m, 2H); 2.51 (m, 4H); 2.17 (m, 3H); 1.55, 1.71 (2xd, 3H, J = 6.8
Hz).
13C NMR (100 MHz, CDCls) 6 =171.1, 168.8, 137.6, 129.0, 128.9, 128.6, 127.1, 127.0, 58.8,
55.6, 52.3, 52.2, 46.3, 45.6, 40.8, 29.1, 24.6, 17.4.
HRMS (ESI-FT-ICR) [MH]" calcd. for C1gH2sN304: 348.1917, found 348.1915
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Compound 73:

Ph Me (S)-a-Methylbenzylamine (128 pL, 1 mmol), acetone (74 uL, 1

~ ,c-CgH14
{ \ N—, ﬂ mmol), Boc-D-Pro-OH (215 mg, 1 mmol) and
H \gMe © cyclohexylisocyanide (125 pL, 1 mmol) were reacted in MeOH

(5 mL) according to the general Ugi-4CR-based procedure 2. The resulting Boc protected
compound was subjected to the general deprotection procedure 4. Flash column
chromatography purification (MeOH/EtOAc 4:1) afforded peptide-peptoid hybrid 73 (317 mg,
77%) as a colorless oil.

Rf = 0.55 (EtOAc/MeOH 8:2).

[a] 0% = +15.6 (c 0.44, MeOH, 25 °C).

'H NMR (400 MHz, CDCls) 6 = 7.49 (d, 2H, J = 8.0 Hz); 7.28-7.41 (m, 3H); 5.58 (d, 1H, J =
6.3 Hz); 5.17 (m, 1H); 3.70 (m, 2H); 3.09 (m, 2H); 2.71 (m, 1H); 1.89-2.00 (m, 3H); 1.87 (d,
3H,J =7.2 Hz); 1.67-1.83 (m 2H); 1.61 (m, 2H); 1.57 (s, 3H); 1.54 (s, 3H); 1.07-1.41 (m, 8H).
13C NMR (100 MHz, CDCls3) 6 = 173.9. 170.4, 142.2, 128.8, 127.2, 126.0, 64.4, 60.0, 48.4,
475, 32.9, 31.4, 28.5, 26.5, 25.6, 24.9, 25.2, 20.8.

Compound 74
1-amino pyrene (217, 1 mmol), acetone (74 pL, 1 mmol), Boc-D-
OQ Pro-OH (215 mg, 1 mmol) and cyclohexylisocyanide (125 pL, 1
O mmol) were reacted in MeOH (5 mL) according to the general
\ TLN/C'CGH“ Ugi-4CR-based procedure 2. The resulting Boc protected
[h Me “MeH compound was subjected to the general deprotection procedure 4.
Flash column chromatography purification (MeOH/EtOAc 4:1)
afforded peptide-peptoid hybrid 74 (317 mg, 77%) as a colorless oil.
Rf = 0.65 (EtOAc/MeOH 8:2).
[a] 0% =-15.6 (c 0.44, MeOH, 25 °C).
IH NMR (400 MHz, CDCls) & = 8.65 (d, J = 9.21 Hz ,1H); 8.04-8.26 (m, 8H); 5.87 (d, 1H, J
= 7.6 Hz, NH); 3.91 (m, 1H); 3.05 (m, 2H); 2.45 (m, 3H); 2.08 (m, 2H); 1.78 (m, 2H); 1.55-
1.68 (m, 3H); 1.59 (s, 3H); 1.36-1.49 (m, 3H); 1.31 (s, 3H); 1.25 (m, 4H).
13C NMR (100 MHz, CDCl3) § =175.4,174.0, 132.3, 131.6, 131.1, 131.0, 130.8, 129.9, 128.7,
127.1,126.7,126.1, 124.4, 122.8, 63.8, 60.3, 48.9, 47.9, 33.3, 33.2, 31.7, 26.7, 25.8, 25.7, 25.1.
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Compound 75:
c-CeHy Compound 62 (168 mg, 1 mmol), and 10% LiOH were stirred in
0 Oy -NH MeOH (2 mL) according to the general procedure 6. Methanol was
NI:;H removed under vacuum and added cold water to this mixture; acidify
Nh/ with dilute hydrochloric acid to obtain a solid. Flash column
0 chromatography purification (MeOH/EtOAc 4:1) afforded compound
75 (91%) as a white solid.
Mp =60 °C.
Rr = 0.61 (EtOAc/MeCOH 8:2).
[a] p?® = -56.1 (c 0.56, MeOH, 25 °C).
IH NMR (400 MHz, CDCls) & = 6.58 (d, 1H, J = 7.44 Hz, NH), 4.12 (d, 1H, J = 15.2 Hz );
3.99-4.08 (m, 2H); 3.88 (d, 1H, J = 15.2 Hz ); 3.80-3.85 (m, 1H); 3.67-3.79 (m, 1H); 3.34-3.45
(m, 1H); 2.39-48 (m, 1H); 2.28-2.38 (m, 1H); 1.97-2.17 (m, 2H); 1.79-1.96 (m, 4H); 1.53-1.77
(m, 3H); 1.31-1.44 (m, 2H); 1.25 (d, 3H, J = 7.0 Hz); 0.87 (d, 3H, J = 7.0 Hz).
13C NMR (100 MHz, CDCls) & = 168.2, 167.4, 163.2, 67.4, 53.4, 48.2, 44.4, 32.9, 32.8, 30.8,
29.8,25.4, 24.5, 20.0, 58.8, 21.7, 15.8.

Compound 87:
= Furfuylamine (177 pL, 2 mmol), acetone (116 mg, 2 mmol), Boc-
eCety (L)-Pro-OH (431 mg, 2 mmol) and cyclohexylisocyanide (249 pL,
N N%ﬁ 2 mmol) were reacted in MeOH (5 mL) according to the general
procedure 2 for the Ugi-4CR. Flash column chromatography
purification (n-hexane/EtOAc 1:1) afforded the Boc-Proline-based peptoid 87 (81%) as a white
solid. A mixture of conformers was observed by NMR (ratio 3:1). Assigned signals belong to
the mixture of conformers.
R¢=0.34 (n-hexane/EtOAC 1:1)
[a] p?° =-19.9 (c 0.85, MeOH, 20 °C)
'H NMR (400 MHz, CDCls3) 8 = 0,99-1.19 (m, 3H); 1,29-1.39 (m, 2H); 1.43 (s, 3H); 1.45 (s,
9H); 1.48 (s, 3H); 1,58-2.01 (m, 9H); 2.10 (m, 1H); 3.39 (m, 1H); 3.53 (m, 1H); 3.65 (m, 1H);
450, 4.52 (2xd, 1H, J = 16.0 Hz); 4.60 (m, 1H); 4.77, 5.09 (2xd, 1H, J = 18.2 Hz); 5.70, 5.94
(2xd, 1H, J =7.2 Hz, NH) 6.39 (m, 1H); 7.40 (d, 1H, J = 7.8 Hz).
13C NMR (100 MHz, CDCls) § =23.1, 24.2,24.4, 24.9, 25.1, 25.5, 28.6, 30.2, 32.7, 32.8, 41.5,
47.2,48.4,56.9, 63.3, 79.5, 107.3, 110.8, 141.9, 152.2, 154.7, 173.7, 174.1.
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Compound 88:
(S)-(-)-alpha-Methylbenzylamine (257 pL, 2 mmol), acetone

Ph
Fig, . O
( /@ (147 pL, 2 mmol), Boc-(L)-Pro-OH (431 mg, 2 mmol) and
N—"N" g
EJOC S HC "CHBH furfurylisocyanide (216 uL, 2 mmol) were reacted in MeOH (5

mL) according to the general procedure 2 for the Ugi-4CR. Flash
column chromatography purification (n-hexane/EtOAc 1:1) afforded the Proline-based peptoid
88 (78%) as oil.

R¢=0.30 (n-hexane/EtOAC 1:1).

[a] o = -6.26 (c 0.47, MeOH, 23 °C).

'H NMR (400 MHz, CDCls) & = 1.40 (s, 9H); 1.41-1.75 (m, 9H); 1.94 (m, 3H); 3.26-3.37 (m,
2H); 4.08-4.11 (m, 2H); 4.59-4.65 (m, 1H); 6.23-6.29 (m, 2H); 7.26-7.40 (m, 4H); 7.53 (m,
2H).

13C NMR (100 MHz, CDCl3) § =19.2,24.2,24.4,26.7,28.9, 37.2,47.7,51.9,59.3, 64.8, 79.5,
106.4, 110.4, 127.4, 128.9, 141.3, 142.8, 152.9, 154.8, 175.4, 175.5.

Compound 91:

Y The compound 87 was subjected to the general deprotection

O / 0 ,c-CgHyy  procedure 4. Flash column chromatography purification

K—N}\‘( Nmﬁﬁ (MeOH/EtOAC 4:1) afforded peptide-peptoid hybrid 91 (91%) as
"0 a colorless oil.

Rt = 0.34 (n-hexane/EtOAc 1:1).

[a] 0% =-39.4 (c 0.54, MeOH, 23 °C).

'H NMR (400 MHz, CDClz) 6 =0,99-1.17 (m, 3H); 1,19-1.31 (m, 2H); 1.36 (s, 3H); 1.39 (s,
3H); 1,48-1.98 (m, 9H); 2.77 (m, 1H); 3.11 (m, 3H); 3.61 (m, 1H); 4.04 (m, 1H); 4.56, 4.63
(2xd, 2H, J = 17.8 Hz ); 5.72 (d, 1H, J = 8.19 Hz, NH); 6.25 (dd, 1H, J = 0.74, 3.26 Hz); 6.32
(dd, 1H, J = 1.86, 3.26 Hz).

13C NMR (100 MHz, CDClz): 6 =24.3,24.8 (CHz3), 24.9 (CHy); 25.7 (CH); 26.6 (CH>); 30.7,
32.7,33.0, (CH2); 40.7 (CH); 47.6, 48.2 (CH>); 58.9 (CH); 63.1 (C); 107.8 (“CH), 111.1 (°CH),
142.3 (°CH), 151.2 (*C) (fu); 173.6, 174.4 (C=0).

PFA:
Furfuryl alcohol (860 pL, 10mmol) and TFA (38 uL, 0.5
. mmol) were reacted in CHCI3z (5 mL) according to the general

AN
=
o
T
Il
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polymerization procedure 5. After precipitation in petroleum ether, afford the PFA as brown
solid.

IR (KBr): 3500, 2930, 1720, 1420, 1320, 1100, 1038, 767 cm™*

Elemental analysis (%): N: 0.0, C: 56.14, H: 4.10

Compound 89:
Compound 87 (476mg, 1 mmol), furfuryl alcohol (860 pL,

== 10mmol) and TFA (38 pL, 0.5 mmol) were reacted in CHCIs (5

0 oGy mL) according to the general polymerization procedure 5. After
%Nﬁ” precipitation in petroleum ether, afford the compound 89 as black

solid

IR (KBr): 3500, 2930, 1720, 1420, 1320, 1100, 1038, 767 cm*
Elemental analysis (%): N: 2.68, C: 58.29, H: 5.12
f =0.64 mmol-g*

Compound 90:

Ph\\\Me o A Compound 88 (545 mg, 1 mmol), furfuryl alcohol -(860 pL,
Q\H/N%H/\(Oj\' 10mmol) and TFA (38 puL, 0.5 mmol) were reacted in CHCIs
: (5 mL) according to the general polymerization procedure 5.
After precipitation in petroleum ether, afford the compound 90 as black solid.

IR (KBr): 3500, 2930, 1720, 1420, 1320, 1100, 1038, 767 cm™*
Elemental analysis (%): N: 1.36, C: 50.52, H: 3.77
f=0.33 mmol-g*

5.2.4 Synthesis and spectroscopy data of asymmetric Aldol and Michael
products

Compound 20: (S)-2-[(R)-Hydroxy(4-nitrophenyl)methyl]cyclohexanone

o6 OH Prepared by reaction of 4-nitrobenzaldehyde with cyclohexanone

m according to the general procedure 7. The compound was purified by flash
: NO, column chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data
are in agreement with the published data. 1°° The enantiomeric excess was determined by chiral-
stationary phase HPLC (Chiralpak AD-H, n-hexane/i-PrOH 90:10, 25°C) at 1 ml/min, UV

detection at 254 nm: tr: (anti, major) = 30.4 min, (anti, minor) = 22.8 min.
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Rf = 0.30 (n-hexane/EtOAC 9:1).

[a]o® = +15.21 (c 0.0050 g. mL%, MeOH, 25 °C).

IH-NMR (400 MHz, CDCls) & =8.21 (2H, d, J=8.8 Hz), 7.51 (2H, d, J=8.8 Hz), 4.90 (1H,
dd, J=8.4, 2.8 Hz), 4.08 (1H, m), 2.67-2.33 (3H, m), 2.12 (1H, m), 1.85 (1H, m), 1.73-1.34 (4H,
m).

13C-NMR (100 MHz, CDCls) 6=214.8, 148.4,147.7,128.0, 123.4, 74.1, 57.3, 42.8, 30.9, 27.7,
24.9.

Compound 78: (2R,3S)-2-Ethyl-4-nitro-3-phenylbutanal
Prepared by reaction of n-butanal with trans-p-nitrostyrene according to the

0 general procedure 8. The compound was purified by flash column

NO chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
agreement with the published data.!’® The enantiomeric excess was
determined by chiral-stationary phase HPLC (Chiralpak AD-H, n-hexane/i-PrOH 99:1, 25°C)
at 0.75 ml/min, UV detection at 210 nm: tr: (Syn, major) = 24.6 min, (syn, minor) = 29.3 min.
Rt = 0.26 (n-hexane/EtOAc 8:2).
[@]o® = +25.21 (¢ 0.0046 g. mL, MeOH, 23 °C).
1H NMR (400 MHz, CDCl3) § =9.72, 9.49 (2xd, J = 2.6 Hz, 1H; CHO), 7.36- 7.29 (m, 3H;
Ph), 7.19- 7.17 (m, 2H; Ph), 4.72 (dd, J = 5.0 Hz, 12.7 Hz, 1H; CH2NO>), 4.63 (dd, J = 9.6 Hz,
12.7 Hz, 1H, CH2NO), 3.79 (td, J = 5.0 Hz, 9.8 Hz, 1H; CHPh), 2.71- 2.65 (m, 1H; CHCHO),
1.54- 1.47 (m, 2H; CH2CHa), 0.83 (t, J = 0.83 Hz, 3H, CH3).
13C NMR (100 MHz, CDCIl3) & = 203.2, 136.8, 129.1, 128.1, 128.0, 78.5, 55.0, 42.7, 20.4,
10.7.

Compound 23: (2R,3S)-2-Methyl-4-nitro-3-phenylbutanal

Prepared by reaction of n-propanal with trans-p-nitrostyrene according to the

general procedure 8. The compound was purified by flash column

H NO:z chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
agreement with the published data.!’® The enantiomeric excess was

determined by chiral-stationary phase HPLC (Chiralpak OD-H, n-hexane/i-PrOH 95:5, 25°C)

at 1 ml/min, UV detection at 210 nm: tr: (Syn, major) = 57.87 min, (syn, minor) = 35.61 min.

Rf = 0.35 (n-hexane/EtOAC 8:2).

[@] 0?® = +25.21 (c 0.0046 g. mL™, MeOH, 25 °C).
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LH NMR (400 MHz, CDCl3) § = 9.71, 9.53 (2xd, J = 2.6 Hz, 1H; CHO), 7.36- 7.29 (m, 3H;
Ph), 7.19- 7.17 (m, 2H; Ph), 4.72 (dd, J = 5.0 Hz, 12.7 Hz, 1H; CH2NO,), 4.63 (dd, J = 9.6 Hz,
12.7 Hz, 1H, CH2NOy), 3.82 (m, 1H; CHPh), 2.77 (m, 1H; CHCHO), 1.21, 0.99 (2xd, J = 7.28
Hz, 3H, CHs).

13C NMR (100 MHz, CDCl3) & = 202.4, 136.7, 129.0, 128.2, 78.2, 48.6, 44.2, 12.3.

Compound 79: (2R,3S)-2-1sopropyl-4-nitro-3-phenylbutanal

Prepared from isovaleraldehyde and trans-p-nitrostyrene according to the

general procedure 8. The compound was purified by flash column

H NO2  chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
agreement with the published data.''® The enantiomeric excess was

determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 97:3, 25°C) at 0.4ml/min, UV

detection at 210 nm: tr: (Syn, major) = 24.5 min, (syn, minor) = 28.9 min.

Rt = 0.40 (n-hexane/EtOAc 8:2).

[a] 0?° = +24.25 (c 0.0044 g. mL™, MeOH, 23 °C).

'H-NMR (400 MHz, CDCls3) & =9.93 (d, J=2.4 Hz, 1H, CHO); 7.36- 7.27 (m, 3H; Ph), 7.19-

7.17 (m, 2H; Ph), 4.67 (dd, J = 5.0 Hz, 12.9 Hz, 1H; CH2NO>), 4.58 (dd, J = 9.9 Hz, 12.5 Hz,

1H, CH2NOy), 3.90 (m, 1H; CHPh), 2.71- 2.65 (m, 1H; CHCHO), 1.72 (m, 1H; CH(CHs).),

1.10 (d, J = 7.0 Hz, 3H, CH3); 0.89(d, J = 7.0 Hz, 3H, CHa).

13C-NMR (100 MHz, CDCIls) 6 = 204.5, 137.2, 129.3, 128.3, 128.1, 79.1, 58.9, 42.1, 28.1,

21.8,17.1.

Compound 80: (2R,3S)-2-Ethyl-4-nitro-3-(4-methoxyphenyl)butanal

Prepared from n-butanal and trans-4-methoxy--nitrostyrene according to the

g general procedure 8. The spectroscopic data are in agreement with the
0 published data.!'* The enantiomeric excess was determined by chiral-
H NO: stationary phase HPLC (Chiralpak AD-H, n-hexane/i-PrOH 95:5, 25°C) at
0.8ml/min, UV detection at 210 nm: tr: (Syn, major) = 16.9 min, (syn, minor)

= 20.8 min.

Rt = 0.43 (n-hexane/EtOAc 8:2).

[a] 0% = +19.90 (c 0.0041 g. mL, MeOH, 23 °C).

'H NMR (400 MHz, CDCls) 6 = 9.70, 9.47 (2xd, J = 2.6 Hz, 1H, CHO), 7.09 (d, J = 8.6 Hz,
2H, Ph), 6.88- 6.83 (m, 2H, Ph), 4.69 (dd, J = 4.9 Hz, 12.5 Hz, 1H, CH2NO,), 4.61- 4.55 (m,
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1H, CH2NO), 3.78 (s, 3H, OMe), 3.75- 3.71 (m, 1H, CHPh), 2.63 (m, 1H, CHCHO), 1.50 (m,
2H, CH,CHs), 0.82 (t, J = 7.5 Hz, 3H, CHs).

13C NMR (100 MHz, CDCls) & = 203.5, 159.4, 129.4, 129.2, 114.6, 78.9, 55.4, 55.3, 42.2,
20.5, 10.8.

Compound 81: (2R,3S)-3-(4-Fluorophenyl)-2-ethyl-4-nitrobutanal

r Prepared from n-butanal and trans-4-fluoro-p-nitrostyrene according to the

general procedure 8. The compound was purified by flash column

0 chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
NO2 agreement with the published data.!'> The enantiomeric excess was
determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 95:5, 25°C) at
0.8ml/min, UV detection at 210 nm: tr: (Syn, major) = 15.4 min, (syn, minor) = 19.3 min.
Rt = 0.45 (n-hexane/EtOAc 8:2).
[@] 0% = +11.03 (c 0.0058 g. mL™, MeOH, 23 °C).
'H NMR (400 MHz, CDCls) § = 9.74-9.51 (2xd, J = 2.4 Hz, 1H; CHO), 7.20- 7.17 (m, 2H;
Ph), 7.08- 7.02 (m, 2H; Ph), 4.74 (dd, J = 4.8 Hz, 12.7 Hz, 1H; CH2NO>), 4.61 (dd, J =9.9 Hz,
12.7 Hz, 1H; CH2NO>), 3.84- 3.78 (m, 1H; CHPh), 2.71- 2.65 (m, 1H; CHCHO), 1.58-1.44
(m, 2H; CH2CHj3), 0.86 (t, J = 7.5 Hz, 3H; CHa).
13C NMR (100 MHz, CDCls) 8 =203.0, 163.7, 132.7, 129.8, 129.7, 116.4, 116.2, 78.7, 55.0,
42.7,20.4,10.7.

Compound 82: (2R,3S)-3-(4-Chlorophenyl)-2-ethyl-4-nitrobutanal

cl Prepared from n-butanal and trans-4-chloro-B-nitrostyrene according to the

general procedure 8. The compound was purified by flash column

o chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
NO2 agreement with the published data.!!? The enantiomeric excess was
determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 95:5, 25°C) at
0.8ml/min, UV detection at 210 nm: tr: (Syn, major) = 15.4 min, (syn, minor) = 19.3 min.
Rf = 0.43 (n-hexane/EtOAC 8:2).
[@] 0% = +17.76 (c 0.0051 g. mL™, MeOH, 23 °C).
1H NMR (400 MHz, CDCls) 6 = 9.71, 9.49 (2xd, J = 2.8 Hz, 1H; CHO), 7.34-7.30 (m, 2H;
Ph), 7.15-7.12 (m, 2H; Ph), 4.73 (dd, J = 4.8 Hz, 12.8 Hz, 1H; CH2NO>), 4.62 (dd, J = 9.9 Hz,
12.8 Hz, 1H; CH2NO:>), 3.80 (dt, J = 4.8 Hz, 10.0 Hz, 1H; CHPh), 2.67 (m, 1H; CHCHO), 1.57-
1.47 (m, 2H; CH>CHs3), 0.86 (t, J = 7.5 Hz, 3H; CHa).
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13C NMR (100 MHz, CDCls) § =202.8, 135.5, 134.2, 129.8, 129.5, 54.8, 42.2, 20.5, 10.7.

Compound 83: (2R,3S)-3-(4-Bromophenyl)-2-ethyl-4-nitrobutanal
Br Prepared from n-butanal and trans-4-bromo-B-nitrostyrene according to the
general procedure 8. The compound was purified by flash column
0 chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
NO2  agreement with the published data.l'? The enantiomeric excess was
determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 95:5, 25°C) at
0.8ml/min, UV detection at 210 nm: tr: (Syn, major) = 15.4 min, (syn, minor) = 19.3 min.
Rt = 0.40 (n-hexane/EtOAc 8:2).
[@] 0% = +2.54 (¢ 0.0036 g. mL™t, MeOH, 23 °C)
'H NMR (400 MHz, CDCls3) 6 = 9.72, 9.49 (2xd, J = 2.3 Hz, 1H, CHO), 7.49- 7.43 (m, 2H,
Ph), 7.07 (d, J = 8.3 Hz, 2H, Ph), 4.81-4.70 (m, 1H, CH2NO), 4.62- 4.57 (m, 1H, CH2NO>),
3.80- 3.74 (m, 1H, CHPh), 2.67 (m, 1H, CHCHO), 1.81- 1.18 (m, 2H, CH2CH3), 0.84 (t, J =
7.5 Hz, 3H, CHa).
13C NMR (100 MHz, CDCls) 6 = 202.8, 135.9, 132.5, 129.8, 122.2, 78.4, 54.8, 42.2, 20.5,
10.7.

Compound 84: (2R,3S)-3-(2-Bromophenyl)-2-ethyl-4-nitrobutanal
Prepared from n-butanal and trans-2-bromo-B-nitrostyrene according to the
0 Br  general procedure 8. The compound was purified by flash column
H NO: chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
agreement with the published data.!'* The enantiomeric excess was
determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 97:3, 25°C) at 0.5ml/min, UV
detection at 210 nm: tr: (Syn, major) = 20.8 min, (syn, minor) = 23.1 min.
Rf = 0.33 (n-hexane/EtOAC 8:2).
[a] 02 = +2.98 (¢ 0.0057 g. mL™t, MeOH, 23 °C).
1H NMR (400 MHz, CDCls3) 6 =9.74, 9.59 (2xd, J = 2.4 Hz, 1H, CHO), 7.61 (dd, J = 1.1 Hz,
8 Hz, 1H, Ph), 7.34- 7.30 (m, 1H, Ph), 7.21-7.15 (m, 2H, Ph), 4.89- 4.83 (m, 1H,CH2NO), 4.67
(dd, J = 4.6 Hz, 13 Hz, 1H, CH2NO), 4.37 (m, 1H, CHPh), 2.95 (m, 1H, CHCHO), 1.67- 1.48
(m, 2H, CH2CHzs), 0.88 (t, J = 0.9 Hz, 3H, CH3).
13C NMR (100 MHz, CDCls) § = 202.9, 136.2, 134.1, 129.8, 129.6, 128.1, 76.3, 54.4, 41.4,
20.6,11.1.
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Compound 85: (2R,3S)-2-Ethyl-4-nitro-3-(3-nitrophenyl)butanal

Nno, Prepared from n-butanal and trans-3-nitro-B-nitrostyrene according to the
general procedure 8. The compound was purified by flash column

H NOz  chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in

agreement with the published data.!® The enantiomeric excess was

determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 95:5, 25°C) at 0.8ml/min, UV

detection at 210 nm: tr: (Syn, major) = 36.0 min, (syn, minor) = 39.1 min.

Rt = 0.26 (n-hexane/EtOACc 8:2).

[a] % =-8.09 (c 0.0042 g. mL™, MeOH, 23 °C).

1H NMR (400 MHz, CDCls) & = 9.74, 9.55 (2xd, J = 2.8 Hz, 1H; CHO), 8.19-8.08 (m, 2H;

Ph), 7.55-7.47 (m, 2H; Ph), 4.74 (dd, J = 4.8 Hz, 12.8 Hz, 1H; CH2NO>), 4.63 (dd, J = 9.9 Hz,

12.8 Hz, 1H; CH2NO:>), 3.69 (dt, J = 4.8 Hz, 10.0 Hz, 1H; CHPh), 2.79 (m, 1H; CHCHO), 1.57-

1.38 (m, 2H; CH>CHs3), 0.80 (t, J = 7.5 Hz, 3H; CHa).

13C NMR (100 MHz, CDCls) 8 =202.2, 148.8, 139.5, 134.6, 130.3, 123.4, 123.0, 78.0, 54.4,

42.2,20.5,10.5.

Compound 86: (2R,3S)-2-Ethyl-4-nitro-3-(2-furyl)butanal
Prepared from n-butanal and trans-2-furyl-p-nitrostyrene according to the
o O general procedure 8. The compound was purified by flash column
H NO: chromatography n-hexane/EtOAc 9:1 v/v). The spectroscopic data are in
agreement with the published data.!’® The enantiomeric excess was
determined by HPLC (Chiralpak AD-H, n-hexane/i-PrOH 97:3, 25°C) at 0.5ml/min, UV
detection at 210 nm: tr: (Syn, major) = 22.1 min, (syn, minor) = 23.9 min.
Rt = 0.35 (n-hexane/EtOAC 8:2).
[a] 0% = +26.75 (c 0.0042 g. mL™, MeOH, 23 °C).
1H NMR (400 MHz, CDCls3) 8§ = 9.65, 9.54 (2xd, J = 2.6 Hz, 1H; CHO), 7.29 (dd, J = 0.75,
1.85 Hz, 1H:; fu), 6.24 (dd, J = 0.75, 1.85 Hz, 1H; fu), 4.68 (m, 2 H; CH2NO), 4.02 (m, 1H),
2.77 (m, 1H; CHfu), 1.56 (m, 3H; CHCHO, CH2CHz3), 0.90 (t, J = 0.83 Hz, 3H, CHj3).
13C NMR (100 MHz, CDCls) 6 = 202.5, 150.3, 142.8, 110.6, 108.9, 76.3, 53.6, 36.7, 20.8,
11.0.
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5.2.5 Conformational studies

The conformational searches were done in gas phase using the Monte Carlo (MCMM)
method, the energy minimization were carried out using the Polak-Ribiere Conjugate Gradient
(PRCG),!** and the MMFF force field,* using dielectric constant-dependent electrostatics
(e=1) and normal cut-off points to model the nonbonded interactions, as implemented in
MacroModel (Version 9.9).18All heavy atoms and hydrogens on heteroatoms were included in
the test for redundant conformers, using the default cutoff (maximum atom deviation) of 0.5 A.
We included all rotatable single bonds in the conformational search, even N-C=0 amide single
bond. The energy window for saving new structures was 5 kcal/mol relative to the current global
minimum, using a maximum number of steps of 30000 and 1000 steps per rotable bond. Each
search was continued until the global energy minima were found at least 10-20 times, thus
giving confidence that all the relevant conformers had been found.

The cluster analyses were performed using a python script “Clustering of Conformers”
interfaced to the Maestro (Version 9.3) program, 17 and available in schrodinger script-center
website.'!® Several works have been shown the cluster analysis in the precise description of
organic molecules in solution. 1!° To generate the RMS matrix, all heavy atoms and hydrogens
on heteroatoms were included. The average method was used to calculate the best number of
cluster in all cases. The low-energy structures of each cluster were selected and submitted to a
full geometry optimization using Quantum Mechanics. All conformer were clustered and
graphically represented in the supporting information (SI).

The representative structures (low energy) of each cluster were fully optimized using the
Truhlar M06-2X 2° density functional in conjunction with the 6-31G(d) basis set through
Gaussian09 program.*? The SMD model*?? was used for inclusion of the solvent effect for all
optimizations. All the Cartesian coordinates are supplied in the SI. Frequency calculations at
295.15 K (1 atm) ensured that the stationary points represent either minima (no imaginary
frequency) or transition states (single imaginary frequency) on the potential-energy surface,
furnished also the zero-point vibrational energies, the thermal and entropic correction from
which the Gibbs free energies were determined. The corresponding eigenvectors were inspected
to confirm the expected isomerization transition state. The electronic energies were further
refined using 6-31+g(d,p) basis set. The natural bond orbital (NBO) analysis was calculated at
MO06-2X/6-31+G(d,p) level using NBO 5.0 program as implemented in Gaussian 09.
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5.2.6 Determination of main features of microreactor R1.

HPLC column preparation and characterization.

Compound 89 (500 mg, excess, suspended in 25 mL of ethanol) was packed into a
stainless-steel column (@ = 2.1 mm, | = 150 mm, particle size = 10 mm). The packing was
performed under constant pressure (2500 psi) using ethanol (250 mL) as the solvent by using

an air-driven liquid pump.

Void-volume

The void volume (Vo) was determined by pycnometry. 123 124

The microreactor was filled with two different solvents successively; first ethanol and then
hexane, R1 with the different solvents were weighted and Vo was calculated by a simple
equation math (1):
Vo= W1-W2/ dg- OH 1)

w1 and w- are, the weights of R1 filled with solvents ethanol and hexane

Oe and 6y are the densities of the solvents ethanol and hexane.

Packing amount

The determination of the amount of material contained in the microreactor is based on the
consideration that the microreactor weight, wiet, can be expressed as:
Wiot = Wo + Wads + Whw (2)
where wo and wags are the weights of the liquid and that of the adsorbent inside the reactor
(packing), respectively. wny is the weight of the stainless steel hardware (i.e., the weight of the
empty microreactor). Eg. 2 can be rewritten as:
Wiot =Vo o+ Wads + Whw 3)
where 8o is the density of the solvent with which the microreactor was filled. Since Vo is known
from Eq. 1, w is readily available and wnw can be measured before packing, Eq. 3 permits the

estimation of wags for R1.
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5.3 Experimental section of Chapter 2

5.3.1 General procedure for asymmetric reaction

General procedure 9: conjugate addition of 2-nitroethanol to e,f-unsaturated
aldehyde

Ph
-
N oTms R
o 1. cat 15 10mol%, O,N A
MeOH, 10°C, 20h
> + ~_NO : . \(j\
HJ\/\R1 HO 2. 3 equi NaHCO3, 48h o0~ “OH

To a solution of catalyst 15 (0.06 mmol, 10 mol%) and «,f-unsaturated aldehyde (0.6
mmol, 1.0 equivalent) in MeOH (1.2 mL), PhCOOH (0.12 mmol, 20 mol%) and 2-nitroethanol
(0.9 mmol, 1.5 equivalent) were added. The reaction mixture was stirred for 24 h at 10 °C and
then NaHCO3 (3.0 mmol, 5.0 equivalents) was added and stirred for 48 h. The resulting mixture
was quenched with phosphate buffer (pH 7.0) and the organic material was extracted with
AcOEt (3x30 mL), dried over anhydrous Na2SO4 and then concentrated under reduced pressure.
The resulting crude product was purified by flash column chromatography on silica gel using
n-hexane/EtOAcC as eluent. The enantiomeric excess was determined by chiral-stationary phase
HPLC analysis through comparison with the authentic racemic material. Assignment of the
stereoisomers was performed by comparison with literature data where (*) correspond to the

minor isomer.%°

5.3.2 General procedure for I-MCR
General procedure 10: Ugi-5C-3CR based

R1 R2 R‘]

ON -~ H,N~ >CO,H
U . 2 2 TFE, rt, 24h ON NH
R —
_ 2
CE=N-R3 O‘\(KR

0

To a suspension of the correspondent tetrahydropyrane (0.25 mmol) and aminoacid (0.25
mmol) in TFE (1 mL) the isocyanide (0.25 mmol) was added slowly. The resulting mixture was
stirred for 24 h at 25 °C. The volatiles were removed under pressure and then the crude product

was purified by flash column chromatography on silica gel using n-hexane/EtOAc as eluent.
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5.3.3 Synthesis and spectroscopy data of the asymmetric conjugated
addition products

Compound 114: 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol
Prepared by reaction of cinnamaldehyde with 2-nitroethanol according to the
© general procedure 9. The compound was purified by flash column
0N chromatography n-hexane/EtOAc 7:3 v/v). The spectroscopic data are in
QOH agreement with the published data.*® The enantiomeric excess was determined
by chiral-stationary phase HPLC (Chiralpak AD-H, n-hexane/i-PrOH 90:10, 25 °C) at 1.0
ml/min, UV detection at 210 nm: tr: (anti, minor)= 11.6 min, (anti, major) = 17.8 min.
Mp = 140-141 °C.
R¢=0.25 (n-hexane/EtOAC 7:3).
[a] 0?3 =-39.1 (c 0.56, MeOH, 23 °C).
'H NMR (400 MHz, CDCls) 6= 7.28-7.20 (m, 5H), 5.41 (d, J = 2.7 Hz, 1H), 5.05* (dd, J =
9.3,2.3Hz, 0.5H), 4.90 (dt, J;=11.1, Jg= 4.7 Hz, 1H), 4.82* (dt, J¢= 4.8Hz, J; =10.8 Hz, 0.5H),
4.45-4.40 (t, J = 8.0, 1H), 4.12-4.03* (m, 1H), 4.08 (dd, J = 10.6, 4.7 Hz, 1H), 3.95* (dd, J=
9.6, 1.4 Hz, 1H), 3.93-3.83 (m, 1H), 3.53* (ddd, J = 13.2, 11.1, 4.3 Hz, 1H), 2.26* (ddd, J =
13.6, 4.2, 2.4 Hz, 1H), 2.13 (dd, J = 1.2 Hz, 1H), 1.99 (dt, J¢= 3.6Hz, J: = 13.2 Hz), 1.84* (dt,
Jo= 9.4 Hz, J; = 13.4 Hz, 1H).
13C NMR (100 MHz, CDCls) &= 138.90, 138.29*, 129.28*, 129.16, 128.29, 128.04, 127.37,
127.28*, 95.89*, 90.95, 86.67, 86.37*, 66.51*, 60.71, 44.42*, 39.42, 38.26*, 36.52.

Compound 116: 4-(4-bromophenyl)-5-nitrotetrahydro-2H-pyran-2-ol
Br Prepared by reaction of 4-bromocinnamaldehyde with 2-nitroethanol
© according to the general procedure 9. The compound was purified by flash
2 column chromatography n-hexane/EtOAc 7:3 v/v). The spectroscopic data are
OzNU in agreement with the published data.®® The enantiomeric excess was
0" "OH determined by chiral-stationary phase HPLC (Chiralpak AD-H, n-hexane/i-
PrOH 90:10, 25 °C) at 1.0 ml/min, UV detection at 210 nm: tr: (anti, minor)= 13.3 min, (anti,
major) = 16.1 min.
Mp = 153-154 °C.
Rf=0.35 (n-hexane/EtOAc 7:3).
[a] p?® =-33.2 (c 0.58, MeOH, 23 °C).
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IH NMR (400 MHz, CDCl3) &= 7.47-7.45 (m, 2H), 7.13-7.09 (m, 2H), 5.40 (d, J = 2.6 Hz,
1H), 5.04* (d, J = 7.0 Hz, 1H), 4.83 (dt, J = 3.6Hz, J= 7.1 Hz, 1H), 4.77* (ddd, J= 4.8, 10.0,
10.4 Hz, 1H), 4.43* (t, J= 5.2 Hz, 1H), 4.41 (t, J= 8.0 Hz, 1H), 4.08 (dd, J = 10.6, 4.8 Hz, 1H),
3.93* (dd, J= 9.9, 11.2 Hz, 1H), 3.86 (dt, J= 4.4Hz, J = 12.4 Hz, 1H), 2.79 (bs, 1H), 2.14-2.02
(dt, Ju= 4.4 Hz, J = 14.0 Hz, 1H), 3.50* (ddd, J= 4.0, 11.2, 15.2 Hz, 1H), 2.23* (ddd, J= 2.4,
4.4, 13.6 Hz, 1H), 1.94 (dt, J= 1.9 Hz, J = 13.5 Hz, 1H), 1.80* (dt, Js= 9.2 Hz, J= 13.3 Hz,
2H).

13C NMR (100 MHz, CDCl3) 5= 137.94, 137.31*, 132.46*, 132.33, 129.10, 129.00%, 122.27*,
121.98, 95.70*, 90.76, 86.41, 86.10%, 66.36*, 60.59, 43.85*, 38.95, 37.99*, 36.37.

Compound 117: 4-(4-methoxyphenyl)-5-nitrotetrahydro-2H-pyran-2-ol
OMe Prepared by reaction of 4-bromocinnamaldehyde with 2-nitroethanol
according to the general procedure 9. The compound was purified by flash

column chromatography n-hexane/EtOAc 7:3 v/v). The spectroscopic data

OZNU are in agreement with the published data.®® The enantiomeric excess was
o~ SoH determined by chiral-stationary phase HPLC (Chiralpak AD-H, n-hexane/i-

PrOH 90:10, 25 °C) at 1.0 ml/min, UV detection at 210 nm: tr: (anti, minor)= 15.2 min, (anti,

major) = 17.6 min.

Mp =158 °C.

Ri=0.37 (n-hexane/EtOAC 7:3).

[a] 0?® =-46.5 (c 0.47, MeOH, 23 °C).

'H NMR (400 MHz, CDCl3) &= 7.31 (m, 2H), 7.01 (m, 2H), 5.56 (d, J = 2.2 Hz, 1H), 5.18

(dd, J = 9.3, 2.4 Hz, 1H), 4.98 (td, J = 11.1, 4.7 Hz, 1H), 4.87* (td, J = 11.1, 4.7 Hz, 1H), 4.57

(t, J = 10.8 Hz, 1H), 4.21* (dd, J = 10.6, 4.7 Hz, 1H), 4.08 (dd, J = 11.3, 10.0 Hz, 1H), 3.99 (dt,

J=4.4Hz, J=12.8 Hz, 1H), 3.94* (s, 3H), 3.93 (s, 3H), 2.82 (bs, 1H), 3.62* (ddd, J = 13.2,

11.2, 4.2 Hz, 1H), 2.39* (ddd, J = 13.7, 4.2, 2.4 Hz, 1H), 2.12 (ddd, J = 1.2, 4.4, 14 Hz, 1H),

1.97 (dt, J = 9.4 Hz, J = 13.2 Hz, 1H).

13C NMR (100 MHz, CDCI3) 6= 159.45*,159.28, 129.80, 129.75%, 128.42, 128.31%*, 127.43,

127.02*, 114.63*, 114.53, 95.95*, 91.04, 87.11, 86.77*, 60.75, 55.40, 45.80, 43.77, 38.73.
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Compound 118: 4-(4-nitrophenyl)-5-nitrotetrahydro-2H-pyran-2-ol
NO, Prepared by reaction of 4-nitrocinnamaldehyde with 2-nitroethanol according
to the general procedure 9. The compound was purified by flash column
7 chromatography n-hexane/EtOAc 7:3 v/v). The spectroscopic data are in
ON agreement with the published data.® The enantiomeric excess was determined
O™ "OH by chiral-stationary phase HPLC (Chiralpak AD-H, n-hexane/i-PrOH 90:10,
25 °C) at 1.0 ml/min, UV detection at 210 nm: tr: (anti, minor)= 33.3 min, (anti, major) = 37.9
min.
Mp =139 °C.
Rt = 0.15 (n-hexane/EtOAC 7:2).
[a] o* =-30.3 (c 0.68, MeOH, 23 °C)
IH NMR (400 MHz, MeOD) 8= 8.29-8.14 (m, 2H), 7.68-7.51 (m, 2H), 5.31 (t, J = 12.9 Hz,
1H), 5.20-5.05 (td, J = 11.0, 4.8 Hz, 1H), 5.01* (ddd, J = 4.8, 10.0, 14.8 Hz, 1H), 4.59-4.53 (m,
1H), 4.46* (dd, J = 4.8, 11.6 Hz, 1H), 4.40 (t, J = 11.0 Hz, 1H), 4.13-3.93* (m, 1H), 3.77 (ddd,
J =130, 11.3, 4.1 Hz, 1H), 2.20-2.09 (m, 1H), 2.10-1.95 (m, 1H), 1.83 (td, J = 13.2, 9.3 Hz,
1H).
13C NMR (100 MHz, MeOD) &= 148.82, 148.34*, 129.83, 124.94, 96.59*, 91.25, 86.93,
86.51*, 67.29, 61.17, 59.41*, 45.70*, 41.06, 37.93, 39.47*.

Compound 119: 4-(4-ethyl)-5-nitrotetrahydro-2H-pyran-2-ol
- Prepared by reaction of trans-pentenal with 2-nitroethanol according to the
O,N A general procedure 9. The compound was purified by flash column
\O\ chromatography n-hexane/EtOAc 7:3 v/v). The spectroscopic data are in
agreement with the published data.®®* The enantiomeric excess was
determined by chiral-stationary phase HPLC (Chiralpak AD-H, n-hexane/i-PrOH 90:10, 25 °C)
at 1.0 ml/min, UV detection at 210 nm: tr: (anti, minor)= 7.0 min, (anti, major) = 7.8 min.
Mp =55 °C.
Rt = 0.45 (n-hexane/EtOAC 7:3).
[a] o® =-15.1 (c 0.62, MeOH, 23 °C).
IH NMR (400 MHz, CDCls) 8= 5.31 (m, 1H), 5.17* (d, J = 9.0 Hz, 1H), 4.93 (dd, J = 8.9, 2.6
Hz, 1H), 4.86-4.78* (m, 1H), 4.40 (m, 2H), 4.29 (m, 2H), 3.92 (dd, J = 10.5, 4.4 Hz, 2H), 3.84*
(dd, J = 11.3, 9.4 Hz, 2H), 3.42-3.17* (m, 1H), 2.81 (b.s, 1H), 2.60 (m, 1H), 2.29* (b.s, 1H),
2.17* (ddd, J = 13.5, 4.4, 2.6 Hz, 2H), 2.04 (ddd, J = 13.9, 4.3, 1.7 Hz, 2H), 1.65-1.39 (m, 2H),
1.27* (m, 4H), 0.92 (q, J = 7.5 Hz, 3H).
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13C NMR (100 MHz, CDCls) 6= 95.67*, 91.08, 86.64, 85.83*, 65.54*, 60.48, 38.79%, 34.79*,
34.23, 33.21, 25.16*, 24.99, 9.94, 10.08*.

5.3.4 Synthesis and spectroscopy data of medium-sized cyclic compounds

Compound 120:

5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25 mmol),
L-alanine (22.3 mg, 0.25 mmol), and tert-Butylisocyanide (28 pL,
0.25 mmol) were reacted in TFE (1 mL) according to the general
procedure 10. Flash column chromatography purification (Hex/EtOAc
1:1) afforded 120 (60 mg, 64%) as a colorless oil. A mixture of four
diastereoisomers was detected.

Ri=0.57 (n-hexane/EtOAC 1:1).

IH NMR (400 MHz, CDCls) & = 7.44-7.18 (m, 5H), 7.04, 6.82, 6.65 (s, 1H, NHmide)), 4.79-
4.74 (m, 1H), 4.40, 4.29 (2xm, 2H), 3.83 (m, 1H), 3.52 (m, 1H), 3.19-3.12 (m, 1H), 2.87, 2.76,
2.67,2.56 (4xdd, J=8.2,3.5Hz,J=7.3,6.3Hz,J=10.3,2.7,J=9.4, 4.8 Hz, 1H), 2.37, 2.18,
1.98, 1.82 (4xdd, J = 14.5, 12.0, 2.7 Hz, 2H), 1.33, 1.28 (2xs, 9H, CHs), 1.22, 1.17, 1.03 (3xd,
J=7.1Hz, 3H, CHa).

13C NMR (100 MHz, CDCls) 6= 173.58, 172.59, 172.06, 137.74, 136.96, 129.71, 129.29,
129.05, 128.52, 128.41, 128.15, 94.08, 93.94, 93.46, 62.48, 61.79, 60.83, 60.70, 60.46, 60.34,
59.72,59.26, 58.77, 55.28, 50.92, 50.76, 43.01, 42.85, 42.44, 37.91, 35.47, 29.82, 28.75, 28.63,
28.41,19.58, 18.48.

HRMS (ESI-FT-ICR) [MH] calcd. for C19H26N30s: 376,1951, found 376,1870

Compound 121:

s N 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol (55.8 mg, 0.25 mmol),
24©2o L-Alanine (22.3 mg, 0.25 mmol), and cyclohexylisocyanide (31
ON - _711 O 44 17 pL, 0.25 mmol) were reacted in TFE (1 mL) according to the
091 2 34‘;H" H13 N 15‘6 general procedure 10. Flash column chromatography purification
I 2 (Hex/EtOAc 1:1) afforded 121 (78mg, 77%) as a colorless oil. A

10

mixture of four diastereoisomers was detected.
Rf=0.50 (n-hexane/EtOAC 1:1).
IH NMR (400 MHz, CDCls) 8= 7.46-7.20 (m, 5H, Ph), 7.25, 7.02, 6.84, 6.72 (4xd, J = 8.3 Hz,
1H, NH-12), 4.77 (m, 1H, H-8), 4.21-4.12 (m, 2H, H-9), 3.82 (m, 1H, H-7), 3.69-3.62 (m, 1H,
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H-13), 3.21-3.19 (m, 1H, H-3), 2.96, 2.82, 2.78, 2.65 (4xdd, J = 7.9, 3.7 Hz, J = 7.6, 5.9 Hz, J=
10.2, 2.8 Hz, J = 9.2, 4.8 Hz, 1H, H-5), 2.38, 2.18, 2.03 (3xm, 2H, H-6), 1.94-1.56 (m, 6H),
1.36-1.00(m, 5H), 1.22, 1.14, 0.99 (3xd, J = 7.1 Hz, 3H, H-10).

13C NMR (100 MHz, CDCls) 3= 173.58, 173.19, 173.09 (C=0, C-2), 172.47, 172.29, 171.83
(C=0, C-11), 138.37, 137.68, 137.00 (C, C-19), 129.68, 129.39, 129.27, 129.01, 128.58,
128.52, 128.42, 128.17 (CH, C-20-24), 94.14, 94.02, 93.54 (CH, C-8), 62.52, 62.45, 61.85,
60.85, 60.71, 60.48, 60.34 (CH2, C-9), 59.79, 59.28, 59.18, 58.67 (CH, C-5), 55.32, 55.19 (CH,
C-3), 48.30, 48.14, 47.74 (CH, C-13), 43.05, 42.82, 42.44 (CH, C-7), 37.66, 36.47, 35.36 (CHz,
C-6), 33.57, 33.01, 32.79 (CHy), 25.56, 24.83 (CHz), 19.47, 19.30, 18.40, 18.18 (CHs, C-10).
DEPT 135° 6= 129.68, 129.39, 129.27, 129.01, 128.59, 128.52, 128.42, 128.37, 128.17 (CH,
C-20-24), 94.14, 94.02, 93.54, 93.37 (CH, C-8), 62.52, 62.45, 61.85, 60.85, 60.71, 60.49, 60.34
(CH2, C-9), 59.80, 59.28, 59.18, 58.67 (CH, C-5), 55.32, 55.20 (CH, C-3), 48.30, 48.14, 47.74
(CH, C-13), 43.34, 43.05, 42.82, 42.44 (CH, C-7), 37.66, 36.46, 35.36 (CH2, C-6), 33.57, 33.06,
33.01, 32.79 (CH2), 25.56, 24.87, 24.83, 24.77 (CH>), 19.47, 19.30, 18.39, 18.18 (CHs, C-10).
HRMS (ESI-FT-ICR) [M-H]" calcd. for C21H2sN30s: 402,2107, found 402,2034.

Compound 122:

Lo 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25

’ mmol), L-Alanine (22.3 mg, 0.25 mmol), and octylisocyanide (44
pL, 0.25 mmol) were reacted in TFE (1 mL) according to the
general procedure 10. Flash column chromatography purification
(Hex/EtOAc 1:1) afforded 122 (55 mg, 51%) as a colorless oil. A

mixture of four diastereoisomers was detected.

R¢=0.50 (n-hexane/EtOAC 1:1).

'H NMR (400 MHz, CDCls3) 6= 7.42-7.19 (m, 5H), 7.12, 6.96, 6.86 (3xt, J = 5.6 Hz, 1H,
NHamide)), 4.77 (m, 1H), 4.51, 4.40 (2xm, 2H), 4.28 (m, 1H), 3.82 (m, 1H), 3.53 (m, 1H), 3.23
(m, 1H), 2.98, 2.87, 2.78, 2.69 (4xdd, J=7.6, 3.8 Hz, J =11.2, 5.1 Hz,J=10.1, 2.7 Hz, J =
9.0,4.9 Hz, 1H), 2.38, 2.18, 1.86, 1.78 (4xm, 2H), 1.45 (m, 2H), 1.27 (b.s, 8H), 1.21, 1.15, 1.00
(3%d, J=7.0 Hz, 3H, CHs), 0.88 (t, J= 7.1, 3.4 Hz, 3H, CHs).

13C NMR (100 MHz, CDCls) 8= 173.64, 173.38, 173.22, 173.16, 172.69, 138.40, 137.70,
137.01, 129.69, 129.41, 129.25, 129.12, 128.99, 128.60, 128.54, 128.41, 128.18, 127.36, 94.14,
94.02, 93.54, 62.51, 62.42, 61.85, 60.89, 60.72, 60.53, 60.36, 59.30, 59.15, 58.68, 55.42, 55.24,
55.17,43.26, 43.02, 42.81, 42.44, 39.60, 39.48, 39.14, 37.47, 35.36, 33.45, 31.88, 29.59, 29.52,
29.30, 27.00, 22.74, 19.44, 18.40, 18.19, 14.18.
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Compound 123:
5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25
mmol), L-alanine (223 mg, 025 mmol), and

methylisocyanoacetate (22.7 pL, 0.25 mmol) were reacted in TFE

(1 mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 123 (65.9 mg, 67%) as a light yellow
oil. A mixture of four diastereoisomers was detected.

Rf=0.20 (n-hexane/EtOAcC 1:1).

IH NMR (400 MHz, CDCls) 6 = 7.68, 7.51 (2xt, J = 6.0 Hz, 1H, NH@mide)), 7.42-7.23 (m, 5H),
4.77 (m, 1H), 4.54, 4.41 (2xm, 2H), 4.29-4.22 (m, 1H), 3.95 (t, J = 5.8 Hz, 1H), 3.75, 3.72,
3.71 (4xs, 1H), 3.65-3.43 (m, 2H), 3.27 (m, 1H), 3.04, 2.94, 2.87, 2.79 (4xdd, J = 8.3, 3.6 Hz,
J=7.7,55Hz,J=10.1,2.8Hz,J=8.9,4.8 Hz, 1H), 2.42, 2.27, 1.95, 1.83 (m, 2H), 1.47, 1.42,
1.17, 1.05 (4xd, J = 7.0 Hz, 3H, CH3).

13C NMR (100 MHz, CDCls) & = 174.27, 174.05, 174.05, 173.77, 173.24, 173.20, 171.38,
170.26, 170.26, 137.53, 136.96, 136.96, 129.70, 129.70, 129.39, 129.24, 129.24, 128.62,
128.62, 128.54, 128.40, 128.40, 128.22, 128.22,94.10, 93.99, 93.99, 93.66, 93.53, 62.52, 62.52,
62.39, 61.80, 61.72, 60.96, 60.71, 60.55, 60.34, 59.02, 59.02, 58.45, 56.33, 55.40, 55.09, 55.09,
54.80, 52.67,52.52,52.42,52.42, 42.82, 42.70, 42.70, 42.40, 42.08, 41.07, 40.99, 40.99, 40.75,
40.31, 37.06, 35.26, 35.26, 33.74, 32.29, 21.15, 19.45, 18.37, 18.37, 18.19, 16.93, 14.29.

Compound 124:

4-(4-bromophenyl)-5-nitrotetrahydro-2H-pyran-2-ol 116 (32.3
mg, 0.125 mmol), L-alanine (22.3 mg, 0.125 mmol), and
cyclohexylisocyanide (14 L, 0.125 mmol) were reacted in TFE
(1 mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 124

(84mg, 70%) as a colorless oil. A mixture of four diastereoisomers
was detected.
Rt = 0.30 (n-hexane/EtOAC 1:1).
IH NMR (400 MHz, CDCls) & = 7.53, 7.49, 7.48 (3xd, J = 8.4 Hz, 2H), 7.20, 7.15, 7.11 (3xd,
J = 8.4 Hz, 2H), 6.94, 6.89, 6.77 (3xd, J = 8.1 Hz, 1H), 4.71 (m, 1H), 4.49-4.42 (m, 2H), 4.25
(m, 1H), 4.12 (m, 1H), 3.77 (m, 1H), 3.60 (m, 1H), 3.52 (m, 1H), 3.19 (m 1H), 2.95, 2.75, 2.61
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(3xdd, J = 7.7, 4.4 Hz, J = 10.1, 2.9 Hz, J = 9.9, 4.5 Hz, 1H), 2.33, 2.12, 2.03 (3xm, 2H), 1.79
(m, 2H), 1.35 (m, 4H), 1.24, 1.19, 1.11 (3xd, J = 7.2 Hz, 3H, CH3), 1.28-1.07 (m, 3H).

13C NMR (100 MHz, CDCls) § = 173.76, 172.07, 171.59, 137.37, 136.65, 136.16, 132.83,
132.55, 132.40, 130.34, 130.16, 93.65, 93.46, 92.97, 62.29, 61.73, 60.94, 60.57, 58.97, 58.61,
55.46, 55.15, 48.22, 47.77, 42.24, 42.15, 41.87, 37.55, 35.45, 33.06, 32.85, 25.57, 24.87, 19.63,
18.53, 18.34.

Compound 125:

4-(4-methoxyphenyl)-5-nitrotetrahydro-2H-pyran-2-ol 117 (63.3
mg, 0.25 mmol), L-alanine (22.3 mg, 0.25 mmol), and
cyclohexylisocyanide (31 pL, 0.25 mmol) were reacted in TFE
(1 mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 125

(57mg, 51%) as a colorless oil. A mixture of four diastereoisomers was detected.

Rt = 0.50 (n-hexane/EtOAC 1:1).

'H NMR (400 MHz, CDCls) 6 = 7.20, 7.16, 7.13 (3xd, J = 8.8 Hz, 2H), 6.91, 6.88, 6.87 (3xd,
J=28.7Hz, 2H), 7.07, 6.83 (d, J = 8.2 Hz, 1H, NHmide)), 4.71 (M, 1H), 4.52 (m, 1H), 4.39 (m,
1H), 4.31-4.20 (m, 1H), 4.16-4.10 (m, 1H), 3.81, 3.79, 3.78 (3xs, 3H, OCH3), 3.58 (m, 1H),
3.35(m, 1H), 3.24-3.12 (m, 1H), 2.95, 2.85, 2.78, 2.68 (4xdd, J = 8.1, 3.6 Hz, J = 11.5, 6.2 Hz,
J=10.1, 2.5 Hz, J = 9.1, 4.8 Hz, 1H), 2.38, 2.20, 2.05 (3xm, 2H), 1.91-1.56 (m, 6H), 1.43 —
1.03 (m, 5H), 1.22, 1.17, 1.06 (3xd, J = 7.1 Hz, 3H).

13C NMR (100 MHz, CDCls) 8= 173.65, 173.21, 173.21, 172.41, 172.41, 171.88, 159.66,
159.66, 159.38, 129.55, 129.47, 129.47, 128.55, 128.55, 115.05, 115.05, 114.77, 114.63,
114.63, 94.24, 94.14, 94.14, 93.68, 62.52, 62.52, 62.44, 61.80, 60.86, 60.50, 59.29, 59.29,
58.78, 58.70, 58.55, 55.45, 55.37, 55.37, 55.26, 48.14, 48.14, 47.75, 42.31, 42.08, 42.08, 41.74,
37.60, 37.60, 35.49, 35.49, 33.79, 33.03, 33.03, 32.80, 29.82, 25.58, 25.58, 24.85, 24.85, 19.53,
19.53, 18.47, 18.47, 18.29.

Compound 126:

O2N 4-(4-nitrophenyl)-5-nitrotetrahydro-2H-pyran-2-ol 118 (67 mg,

,0—06"\“ 0.25 mmol), L-alanine (22.3 mg, 0.25 mmol), and
cyclohexylisocyanide (31 pL, 0.25 mmol) were reacted in TFE

(1 mL) according to the general procedure 10. Flash column
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chromatography purification (Hex/EtOAc 1:1) afforded 126 (45mg, 71%) as a colorless oil. A
mixture of four diastereoisomers was detected.

R¢=0.30 (n-hexane/EtOAC 1:1).

'H NMR (400 MHz, CDClz) 6 =8.19, 8.17, 8.14 (3xd, J = 8.7 Hz, 2H), 7.47, 7.43, 7.36 (3xd,
J=8.8 Hz, 2H), 6.92, 6.89, 6.82 (3xd, J = 8.7 Hz, 1H, NH), 4.70 (m, 1H), 4.43, 4.19 (m, 2H),
3.64 (m, 1H), 3.54 (m, 1H), 3.19 (q, J = 7.2 Hz, 1H), 3.10, 2.85, 2.66, 2.49 (4xdd, J = 14.7, 6.6
Hz, J=8.2,4.8 Hz, J = 9.8, 3.2 Hz, J = 10.2, 4.3 Hz, 1H), 2.31, 2.11, 1.90 (3xm, 2H), 1.90-
1.50 (m, 6H), 1.19, 1.15, 1.10 (3%d, J = 7.1 Hz, 3H, CH3), 1.36-0.99 (m, 5H).

13C NMR (100 MHz, CDCls) § = 173.65, 173.09, 171.77, 171.25, 147.80, 147.62, 145.11,
144,84, 129.67, 129.55, 129.41, 124.52, 124.26, 124.15, 93.08, 92.85, 92.42, 61.94, 58.64,
58.35, 55.30, 54.92, 48.19, 47.68, 42.18, 37.33, 35.63, 33.04, 32.90, 32.70, 25.40, 24.71, 19.55,
18.32, 18.22.

Compound 127

/0_06\,\“ 4-(4-ethylphenyl)-5-nitrotetrahydro-2H-pyran-2-ol 119 (15 mg,
0.07 mmol), L-alanine (5 mg, 0.07 mmol), and
cyclohexylisocyanide (7 pL, 0.07 mmol) were reacted in TFE (1
mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 127 (10.2

mg, 41%) as a colorless oil. A mixture of four diastereoisomers was detected.

R¢=0.50 (n-hexane/EtOAC 1:1).

IH NMR (400 MHz, CDCls) 6 = 7.11, 7.06, 6.92, 6.73 (d, J = 8.8 Hz, 1H, NHmidge)), 4.84-4.36

(m, 2H), 4.25-4.00 (m, 1H), 3.89 (m, 1H), 3.73 (m, 1H), 3.50, 3.35 (2xm, 1H), 3.27, 3.16, 3.07,

2.98 (4xdd, J=8.0, 6.1 Hz, J=13.3, 6.9 Hz, J = 8.2, 5.6 Hz, 1H), 2.22 (m, 1H), 1.97-1.09 (m,

13H), 1.40, 1.36 (2xd, J = 7.0 Hz, 3H), 0.97 (dt, J = 14.4, 4.7 Hz, 3H).

13C NMR (100 MHz, CDCls) 6 = 174.02, 173.92(C=0), 172.86, 172.86 (C=0), 90.97, 90.55,

90.25, 90.25 (CH), 61.20, 61.20, 61.09, 60.84 (CH>), 59.87, 59.87, 58.74 (CH), 55.45, 55.45,

55.28 (CH), 48.02, 47.88, 47.88, 47.25 (CH), 37.42, 37.42, 37.27, 36.83 (CH), 34.91, 34.91,

34.61 (CH2), 33.15, 33.15, 32.89 (CH?>), 25.58, 25.58, 24.92, 24.84 (CH>), 24.31, 23.73, 23.37,

23.10 (CHy), 19.75, 19.75, 18.01, 18.01 (CHs), 11.15, 11.02, 10.89, 10.89 (CHa).

DEPT 135° § = 90.89, 90.82, 90.41, 90.10 (CH), 61.05, 60.94, 60.82, 60.70 (CHy), 59.74,

59.72, 59.25, 58.59 (CH), 55.31, 55.26, 55.14 (CH), 47.88, 47.74, 47.63 (CH), 37.28, 37.13

(CH), 34.76, 34.46, 34.39, 34.30 (CH>), 33.04, 33.00, 32.95, 32.75 (CH>), 25.44, 24.78, 24.69,
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24.64 (CH,), 24.16, 23.59, 23.23, 22.96 (CH_), 19.61, 19.58, 17.87 (CHs), 11.01, 10.88, 10.78,
10.75 (CHa).

Compound 128:

/c,oe\’\“ 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25
mmol), glycine (18.7 mg, 0.25 mmol), and cyclohexylisocyanide
(31 pL, 0.25 mmol) were reacted in TFE (1 mL) according to the
general procedure 10. Flash column chromatography purification
(Hex/EtOAc 1:1) afforded 128 (57mg, 60%) as a colorless oil. A

mixture of four diastereoisomers was detected.

Ri=0.25 (n-hexane/EtOAC 1:1)

'H NMR (400 MHz, CDCls) & = 7.39-7.23 (m, 5H), 7.04, 6.96, 6.76 (3xd, J = 8.4 Hz, 1H,

NH@mide)), 4.76 (m, 1H), 4.49 (m, 1H), 4.44-4.37 (m, 1H), 3.88-3.74 (m, 1H), 3.69-3.48 (m,

1H), 3.38, 3.30, 3.24, 3.18 (4xd, J = 18.0 Hz, 2H), 2.85, 2.75, 2.68 (3xdd, J = 8.8, 3.6 Hz, J =

8.8,5.1 Hz, J=10.4, 2.6 Hz, 1H), 2.33, 2.18, 1.97 (3xm, 2H), 1.88-1.55 (m, 6H), 1.34 (m, 2H),

1.21-1.03 (m, 3H).

13C NMR (100 MHz, CDCls) & = 171.96, 171.53, 170.91, 170.38, 137.73, 137.07, 129.54,

129.40, 129.22, 129.15, 128.47, 128.44, 128.39, 128.29, 94.07, 93.34, 62.71, 62.40, 61.66,

61.25, 60.88, 60.79, 60.52, 60.43, 60.24, 60.03, 60.03, 48.71, 48.63, 48.16, 47.99, 43.29, 42.93,

42.93, 37.10, 36.09, 36.09, 34.46, 33.01, 33.01, 25.55, 25.55, 24.83, 24.83.

Compound 129:

O /~COMe 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25

N mmol), glycine (18.7 mg, 0.25 mmol), and methylisocyanoacetate

(22.7 pL, 0.25 mmol) were reacted in TFE (1 mL) according to

° o) the general procedure 10. Flash column chromatography

purification (Hex/EtOAc 1:1) afforded 129 (54 mg, 57%) as a colorless oil. A mixture of four
diastereoisomers was detected.

Rf=0.23 (n-hexane/EtOAC 1:1).

IH NMR (400 MHz, CDCls) 6 = 7.56, 7.47 (2xt, J = 5.8 Hz, 1H, NHmide)), 7.40-7.23 (m, 5H),
4.83-4.74 (m, 1H), 4.53-4.47 (m, 1H), 4.41 (q, J = 8.4 Hz, 1H), 4.06, 4.02, 3.99, 3.93 (4xd, J =
6.4 Hz, 2H), 3.82, 3.54 (m, 1H), 3.75, 3.74, 3.73 (3xs, 3H, OCHa), 3.63-3.48, 3.44, 3.36, 3.27
(4xd, J = 18.1 Hz, 2H), 3.00, 2.95, 2.88, 2.80 (4xdd, J = 7.7, 5.7 Hz, J = 9.0, 3.6 Hz, J = 8.6,
4.9 Hz, J=10.4, 2.6 Hz, 1H), 2.34, 2.16, 2.00, 1.78 (4xm, 2H), 1.43, 1.34, 1.26 (3xs, 1H).
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13C NMR (100 MHz, CDCls) & = 173.69, 173.13, 173.13, 170.95, 170.49, 170.49, 170.30,
170.30, 137.56, 137.56, 136.98, 129.59, 129.59, 129.43, 129.43, 129.26, 129.26, 129.12,
128.47, 128.47, 128.40, 128.40, 94.00, 94.00, 62.71, 62.38, 62.38, 61.60, 60.93, 60.83, 60.56,
60.46, 59.97, 59.97, 59.78, 52.52, 52.52, 48.63, 48.63, 43.06, 43.06, 42.78, 40.90, 40.79, 40.79,
36.58, 36.58, 35.94.

Compound 130:
5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25

(0] G A
Ph, N/G ° mmol), L-valine (29.3 mg, 0.25 mmol), and cyclohexylisocyanide
. N
O,N NH (31 pL, 0.25 mmol) were reacted in TFE (1 mL) according to the
O‘h/ general procedure 10. Flash column chromatography purification
0

(Hex/EtOAc 1:1) afforded 130 (75mg, 70%) as a colorless oil. A
mixture of four diastereoisomers was detected.
Rt = 0.45 (n-hexane/EtOAC 1:1).
'H NMR (400 MHz, CDCls) 6 = 7.42-7.19 (m, 5H), 7.05, 6.91, 6.58 (d, J = 8.8 Hz, 1H), 4.79-
4.70 (m, 1H), 4.51, 4.35 (2xdd, J = 12.7, 8.5 Hz, 1H), 4.21-4.06 (m, 1H), 3.89-3.75 (m, 1H),
3.73-3.50 (m, 1H), 2.97, 2.89, 2.70, 2.59 (4xdd, J=9.9, 2.7 Hz, J = 9.6, 4.8 Hz, 1H), 2.32, 2.18,
2.08 (3xddd, J = 14.5, 11.8, 2.9 Hz, 3H), 1.93-1.60 (m, 6H), 1.45-0.76 (m, 5H), 1.04 (d, J = 6.8
Hz, 1H), 0.97, 0.90, 0.80 (3xd, J = 6.9 Hz, 6H), 0.92, 0.77 (2xd, J = 7.0 Hz, 3H).
13C NMR (100 MHz, CDCls) & = 172.93, 172.69, 172.41, 171.64, 137.44, 129.69, 129.25,
128.64, 128.55, 128.42, 128.15, 94.17, 93.93, 66.48, 65.68, 62.50, 60.57, 60.13, 59.28, 48.23,
47.83, 43.05, 42.84, 38.01, 36.35, 33.12, 32.81, 31.88, 31.38, 25.60, 24.88, 19.86, 18.77, 18.48,
17.41.
HRMS (ESI-FT-ICR) [MH] calcd. for C23sH32N30s: 430,2420, found 430,2344

Compound 131:

can 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25
/G‘
mmol), L-methionine (37.3 mg, 0.25 mmol), and

cyclohexylisocyanide (31 pL, 0.25 mmol) were reacted in TFE (1

OWS/ mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 131

(75mg, 72%) as a colorless oil. A mixture of four diastereoisomers was detected.
Rf=0.45 (n-hexane/EtOAc 1:1)
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IH NMR (400 MHz, CDCl3) & = 7.46-7.19 (m, 5H), 6.86, 6.82, 6.48 (3xd, J = 8.3 Hz, 1H,
NHemide)), 4.74 (m, 1H), 4.51 (dd, J = 12.7, 8.4 Hz, 1H), 4.40 (dd, J = 12.7, 8.4 Hz, 1H), 4.22,
4.12 (2xdd, J = 16.7, 8.4 Hz, 1H), 3.78 (m, 1H), 3.69-3.50 (m, 2H), 3.31 (m, 1H), 2.74, 2.65,
2.54, 2.50 (4xdd, J = 12.8, 8.1 Hz, J = 11.9, 5.9 Hz, J = 8.3, 5.1 Hz, J = 8.3, 5.1 Hz, 1H), 2.31,
2.09 (2xm, 1H), 2.07, 2.05, 2.04, 2.03 (4xs, 3H), 1.67 (m, 8H), 1.23 (m, 6H).

13C NMR (100 MHz, CDCls) & = 172.61, 172.12, 137.30, 129.77, 129.77, 129.27, 128.61,
128.61, 128.43, 93.91, 62.58, 59.28, 58.99, 48.30, 42.73, 36.31, 33.11, 32.90, 32.10, 30.00,

25.59, 24.90, 15.39.

Compound 132:

Ph,

N
H

O2N NH

o

0]

o o 9-nitro-4-phenyl tetrahydro-2H-pyran-2-ol (55.8 mg, 0.25 mmol),
/G‘

L-phenylglycine (37.8 mg, 0.25 mmol), and cyclohexylisocyanide
(31 pL, 0.25 mmol) were reacted in TFE (1 mL) according to the
general procedure 10. Flash column chromatography purification
(Hex/EtOAc 1:1) afforded 132 (63mg, 54%) as a colorless oil. A

mixture of four diastereoisomers was detected.

Rt = 0.40 (n-hexane/EtOAC 1:1).

'H NMR (400 MHz, CDClz) 8= 7.49-6.88 (m, 10H), 4.95-4.61 (m, 1H), 4.58-4.21 (m, 1H),
4.21-3.91 (m, 1H), 3.84 (m, 1H), 3.73-3.41 (m, 1H), 3.37-2.69 (m, 3H), 2.68-2.22 (m, 1H),
2.00-1.45 (m, 7H), 1.44-0.91 (m, 8H).

13C NMR (100 MHz, CDCls) 8= 172.32, 171.67, 137.95, 129.82, 129.28, 129.03, 128.91,
128.30, 128.11, 127.52, 93.48, 62.35, 61.75, 51.17, 48.97, 48.29, 47.23, 43.30, 42.37, 39.25,
34.75, 33.14, 32.67, 25.53, 24.83.

Compound 133:

5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25
mmol), L-tryptophan (51.1 mg, 0.25 mmol), and
cyclohexylisocyanide (31 pL, 0.25 mmol) were reacted in TFE (1
mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 133

(54mg, 42%) as a yellow solid. A mixture of four diastereoisomers was detected.

R¢=0.10 (n-hexane/EtOAC 1:1).

IH NMR (400 MHz, CDCls) & = 8.77, 8.26, 8.07 (3xs, 1H), 7.70-7.64 (m, 1H), 7.51-7.41 (m,
1H), 7.39-7.05 (m, 7H), 7.01, 6.59 (d, J = 6.6 Hz, 1H, NHmide)), 6.35, 6.33, 6.32 (3xs, 1H),
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4.77-4.69 (M, 1H), 4.53, 4.32 (2xm, 2H), 4.54-4.38 (m, 1H), 2.88, 2.81, 2.74, 2.64 (4xdd, J =
14.5,10.4 Hz, J = 10.6, 3.9 Hz, J = 14.6, 9.6 Hz, J = 9.3, 4.7 Hz, 1H), 2.40, 2.20 (2xm, 2H),
1.86-1.41 (m, 8H), 1.38-1.05 (m, 6H).

13C NMR (100 MHz, CDCls) & = 173.21, 173.02, 172.65, 171.80, 138.22, 137.28, 136.76,
136.46, 129.10, 129.10, 128.93, 128.61, 128.61, 128.20, 128.20, 127.23, 123.64, 123.29,
123.29, 122.86, 122.58, 122.58, 120.14, 120.14, 118.71, 118.71, 118.52, 112.10, 111.62,
111.06, 110.27, 93.68, 93.56, 93.50, 61.94, 61.78, 61.39, 61.30, 60.33, 60.33, 59.70, 59.70,
48.37,48.37, 47.57, 47.57, 47.28, 47.28, 43.20, 43.20, 42.42, 42.42, 36.48, 36.48, 34.79, 33.16,
33.16, 32.60, 32.60, 32.00, 29.76, 29.32, 25.54, 25.54, 24.84, 24.84,

Compound 134:

5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (55.8 mg, 0.25
mmol), L-histidine (388 mg, 025 mmol), and
cyclohexylisocyanide (31 pL, 0.25 mmol) were reacted in TFE (1
mL) according to the general procedure 10. Flash column
chromatography purification (Hex/EtOAc 1:1) afforded 134

(82mg, 70%) as an orange solid. A mixture of four diastereoisomers was detected.

Rt = 0.45 (n-hexane/EtOAC 1:1).

'H NMR (400 MHz, CDCls) 6 = 7.70, 7.68, 6.94, 6.91 (4xs, 1H), 7.54, 7.51, 6.77, 6.72 (4xd,
J =2.98 Hz, 1H), 7.45-7.25 (m, 5H), 7.09, 7.00 (2xd, J = 6.9 Hz, 1H, NHmide)), 4.73 (m, 1H),
4.54-4.40 (m, 1H), 4.36-4.24 (m, 1H), 4.01 (m, 1H), 3.81, 3.71 (2xd, J = 8.6 Hz, 2H), 3.64-3.36
(m, 2H), 3.25-2.95 (m, 1H), 2.91, 2.81, 2.71, 2.65 (4xdd, J = 14.5, 8.7 Hz, J = 7.9 Hz, 10.5 Hz,
1H), 2.36, 2.25 (2xm, 2H), 1.94-1.56 (m, 6H), 1.36-1.00 (m, 5H).

13C NMR (100 MHz, CDCls) & = 173.07, 172.93, 172.93, 172.60, 137.90, 137.19, 137.19,
136.15, 135.34, 129.55, 129.55, 129.15, 128.90, 128.36, 128.13, 128.06, 124.22, 121.47,
116.14, 112.76, 94.57, 94.53, 94.44, 62.35, 61.60, 61.36, 60.76, 60.40, 60.40, 60.03, 60.03,
59.63, 59.63, 48.35, 43.04, 42.66, 37.27, 37.27, 36.04, 32.96, 32.82, 32.61, 30.58, 25.57, 25.49,
24.93, 24.89.
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Compound 135:
O Me 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol 114 (27.9 mg,
o]
HN} 0.1 mmol), L-leucine (16.4 mg, 0.1mmol), and CN-Gly-

N Q NH \<o —Ph Phe-OMe (30.8 mg, 0.1 mmol) were reacted in TFE (1 mL)

NH according to the general procedure 10. Flash column

OaN )\8\)\ chromatography purification (Hex/EtOAc 1:1) afforded 135

© o] (26.8 mg, 46%) as a yellow solid. A mixture of four
diastereoisomers was detected.
Rf=0.15 (n-hexane/EtOAcC 1:1).
IH NMR (400 MHz, CDCls) & = 7.55 (dt, J = 10.5, 5.3 Hz, 1H), 7.44-6.98 (m, 10H), 6.65,
6.54, 6.43, 6.36 (4xd, J = 6.8 Hz, 1H, NHmide)), 4.93-4.66 (m, 1H), 4.48-4.20 (m, 1H), 4.16-
3.93 (m, 1H), 3.73, 3.70, 3.69 (3xs, 3H), 3.87-3.44 (m, 1H), 3.26-2.96 (m, 1H), 3.08, 2.84, 2.73,
2.70 (4xdd, J = 14.0, 5.9 Hz, 1H), (d, J = 4.9 Hz, 1H), (dd, J = 8.9, 3.5 Hz, 1H), (dd, J = 10.4,
2.9 Hz, 1H), 2.41, 2.18, 2.00 (3xm, 2H), 1.81-1.15 (m, 5H), 0.93, 0.90 (2xd, J = 6.4 Hz, 3H),
0.87, 0.80 (2xd, J = 6.6 Hz, 3H).
13C NMR (100 MHz, CDCls) & = 174.12, 173.36, 171.86, 171.69, 170.55, 168.66, 137.06,
135.88, 135.85, 129.81, 129.81, 129.54, 129.37, 129.25, 128.78, 128.78, 128.64, 128.57,
127.40, 127.33, 127.19, 93.96, 93.91, 93.81, 93.81, 62.57, 62.31, 59.59, 59.35, 59.10, 53.54,
53.47,53.16, 52.60, 52.55, 52.40, 43.13, 42.83, 42.62, 37.90, 37.86, 37.10, 36.44, 24.85, 24.79,
22.85, 22.66, 22.59.
HRMS (ESI-FT-ICR) [MH]" calcd. for C30H37N4Os: 581,2690, found 581,2603

Compound 136:

AcHe@ 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol (55.8 mg, 0.25 mmol),
L-Phenylalanine (41.3 mg, 0.25 mmol), and (AcO)4-pB-Glc-NC 142
(89.3 mg, 0.25 mmol) were reacted in TFE (1 mL) according to the
general procedure 10. Flash column chromatography purification
(Hex/EtOAc 1:1) afforded 136 (58.2 mg, 32%) as a light yellow
solid. A mixture of four diastereoisomers was detected.

Rf= 0.5 (n-hexane/EtOAcCc 1:1).

IH NMR (400 MHz, CDCls) § = 7.45-7.22 (m, 10H), 7.00, 6.83 (2xd, J = 9.2 Hz, 1H, NH),
5.28 (dd, J = 15.2, 5.7 Hz, 1H), 5.12 (dd, J = 9.3 Hz, 1H), 5.07 (m, 1H), 4.87 (dd, J = 9.5 Hz,
1H), 4.61 (m, 1H), 4.50 (dd, J = 12.7, 8.5 Hz, 1H), 4.32-4.21 (m, 2H), 4.05 (dd, J =12.4, 2.0
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Hz, 1H), 3.78 (m, 1H), 3.68 (dd, J = 12.4, 8.3 Hz, 1H), 3.45 (dd, J = 12.4, 2.0 Hz, 1H), 3.17-
3.10 (m, 1H), 2.99, 2.78, 2.59 (3xdd, J = 13.8, 4.7 Hz, J = 13.7, 9.0 Hz, J = 10.9, 4.1 Hz, 1H),
2.06 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.65 (d, J = 7.4 Hz, 3H), 1.53-1.10 (m,
3H).

13C NMR (100 MHz, CDCls) 8= 174.26, 171.94, 171.13, 170.75, 170.03, 169.69, 137.08,
136.77, 129.79, 129.71, 128.95, 128.56, 128.13, 127.37, 93.85, 78.32, 73.75, 72.88, 70.73,
68.12, 62.56, 61.69, 60.68, 58.85, 42.24, 39.29, 36.82, 20.71.

5.3.5 Synthesis and spectroscopy data of non-conversional isocyanides

Synthesis of potassium isocyanoacetate 2°

- 0

Ce + KOH/C,H50H 0°C Ca i+ _

S > N +
N\)J\O/Me > \)J\OK

2h

To a solution of 600 mg (11mmol) of powdered potassium hydroxide in 10 ml absolute
ethanol; then, 908 uL (10 mmol) of methyl isocyanoacetate dissolved in 1,2 ml of absolute
ethanol was added dropwise at 0°C under nitrogen. The resulting solution was stirred at room
temperature for 2 h after precipitates appears. Then was cooled the mixture at 0°C, quickly
filtered and washed with ice-cold ethanol and ether. The volatiles were removed under vacuum,
resulting in 1.1 g (yield = 93 %) as light yellow solid with Mp = 205°C.

Compound 138:
, o Ph A mixture of potassium isocyanoacetate (160 mg, 1.3 mmol, 1.3 equiv.)

SNZ)J\N/EWO\Me and Phenylalanine (1.0 mmol, 1.0 equiv.) were stirred in DMF at room

"o temperature for 5min. Then, triethylamine (0.29 mL, 2.1 mmol, 2.1
equiv.) was slowly added and stirred for another 20 min and cooled to -10 °C. TBTU (481 mg,
1.5 mmol, 1.5 equiv.) was added and the final mixture was stirred for 12 h until completion of
the reaction (monitored by TLC). The mixture was diluted with 100 mL of EtOAc, transferred
to a separatory funnel and washed with saturated solution of NaHCOs (2x 50 mL) and
sequentially with Brine (2x 30 mL). The organic phase was dried over anhydrous Na>SO4 and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography on silica gel using n-hexane/EtOAc as eluent to give 60% of compound CN-
Gly-Phe-OMe 138 as white solid.
Mp =105 °C.
Rt = 0.55 (n-hexane/EtOAC 7:2).
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[a] 0% = +15.2 (c 0.54, MeOH, 23°C).

IH NMR (400 MHz, CDCl3) 8= 7.34-7.26 (m, 3H), 7.17-7.09 (m, 2H), 6.76 (d, J = 7.2 Hz, 1H,
NH), 4.87 (t, J = 3.9 Hz, 1H), 4.85 (t, J = 3.9 Hz, 1H), 4.12 (s, 2H), 3.76 (s, 3H), 3.20 (dd, J =
13.9, 5.7 Hz, 1H), 3.13 (dd, J = 13.9, 6.3 Hz, 1H).

13C NMR (100 MHz, CDCls) 6= 171.12, 162.93, 162.12, 135.18, 129.26, 129.01, 127.66,
53.51, 52.77, 45.22, 37.78.

Synthesis of 2,3,4,6-tetra-o-acetyl- p-d-glucopyranosyl isocyanide 142 1%

Compound 139:

OAc To a solution of SnCls (234 uL, 2 mmol) in toluene (6.0 mL) a suspension
A0~ Q N, of AgCIOs (415 mg, 2 mmol) in CH.Cl> (60 mL) was added at room
c
OAc

temperature. The mixture was stirred at room temperature for 1h in the
absence of light. Then, the mixture was added to a solution of comercial (AcO)s-B-Glc (7.8 g,
20 mmol) and trimethylsilyl azide (TMSN3; 5.26 mL, 40 mmol) in CH2Cl>. The mixture was
stirred at room temperature. After stirring for 3h at room temperature the residue was washed
with saturated aqueous NaHCO3 and extracted with CH2Cl», and the organic layer was dried
over Na S04 and filtered. After solvent evaporation, the residue was purified by flash column
chromatography (Hex/AcOEt 7:3), affording the title compound (AcO)s-B-Glc-Ns 139 as white
amorphous solid (6.72 g, 90%). 1?7

Mp =126 °C.

R¢=0.55 (n-hexane/EtOAC 7:2).

[a] 0% =-30° (c =2.40 CHClI3, 23 °C).

'H NMR (400 MHz, CDCl3) 6=5.23 (t, J = 9.5 Hz, 1H), 5.11 (t, J = 9.7 Hz, 1H), 4.99 — 4.93
(m, 1H), 4.66 (d, J = 8.9 Hz, 1H), 4.28 (dd, J = 12.5, 4.8 Hz, 1H), 4.18 (dd, J = 12.5, 2.3 Hz,
1H), 3.81 (ddd, J = 10.0, 4.8, 2.3 Hz, 1H), 2.11 (s, 3H), 2.08 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H).
13C NMR (100 MHz, CDCls) 8= 170.69, 170.21, 169.40, 169.30, 88.00, 74.12, 72.70, 70.74,
67.99, 61.76, 20.79, 20.63.

Compound 140:

OAc To a solution of (AcO)s-B-Glc-N3z 139 (932 mg, 2.5 mmol) in anhydrous
A%OO O NH, CH2Cl> was added Pd/C (5%) (0.1 g). The mixture was stirred under Hz
C
OAc

at atmospheric pressure for 2 h. The Pd/C (5%) was removed by filtration

through Celite, and the filtrate was concentrated in vacuo to remove the CH.Cl,. Purification
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of the residue by flash column chromatography (Hex/AcOEt 1:1) afforded (AcO)s-p-Glc-NH>
140 as a white amorphous solid (738 mg, 85%).

Mp =121°C

Rt = 0.55 (n-hexane/EtOAC 7:2).

[a] p® =+11.1° (c = 0.54 in CHCls, 23°C).

IH NMR (400 MHz, MeOD) 6= 5.26 (t, J = 9.5 Hz, 1H), 5.01 (t, J = 9.7 Hz, 1H), 4.82 (dd, J
=9.6, 9.1 Hz, 1H), 4.29 (d, J =9.0 Hz, 1H), 4.25 (dd, J=12.2, 4.9 Hz, 1H), 4.11 (dd, J = 12.3,
2.4 Hz, 1H), 3.83 (ddd, J = 10.1, 4.8, 2.4 Hz, 1H), 2.05 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H), 1.98
(s, 3H).

13C NMR (100 MHz, MeOD) &= 172.29, 171.52, 171.18, 170.94, 88.81, 75.01, 74.07, 72.14,
69.41, 62.93, 20.57, 20.49, 20.45.

Compound 142:
OAc A solution of acetic anhydride (1 mL, Immol) and formic acid (0.6 mL,

AcO O K{//C 1.5 mmol) was heated at 60 °C for 3 h. The resulting solution was cooled

AcO

OAc to room temperature, then added to the amine (AcO)s-B-Glc-NHz 139
(347 mg, 1 mmol) solution and left under vigorous stirring overnight. The mixture was filtered
through Celite and the solid obtained after concentration afford the crude formamide (AcO)s-
B-Glc-NH-CHO 141. Without purification, the crude of reaction was dissolved in dry DCM (6
mL) under nitrogen, together with carbon tetrabromide (497 mg, 1.5 mmol) and TEA (280 pL,
2.0 mmol); the resulting solution was cooled to 20 °C. Triphenylphosphane (393 mg, 1.5 mmol)
in dry DCM (5 mL) was added. After stirring at 20 °C for 30 min, the mixture was diluted with
DCM, washed with a saturated solution of ammonium chloride and water, dried with anhydrous
sodium sulfate and concentrated. Purification the residue by flash column chromatography
(hexane/EtOAcC 8:2) afforded (AcO)s-p-Glc-NC 142 (296 mg, 83%).
Mp =91 °C.
Rt = 0.55 (n-hexane/EtOAC 7:2).
[a] o® = +15.2 (c 0.54, MeOH, 23°C).
'H NMR (400 MHz, CDClz) 8= 5.19 (dt, J = 5.1, 1.5 Hz, 2H), 5.16-5.09 (m, 1H), 4.85-4.81
(m, 1H), 4.26 (dd, J =12.6, 4.8 Hz, 1H), 4.16 (dd, J = 12.6, 2.3 Hz, 1H), 3.75 (ddd, J = 9.7, 4.8,
2.3 Hz, 1H), 2.12 (s, 3H), 2.12 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H).
13C NMR (100 MHz, CDCls) 6= 170.62, 170.11, 169.26, 168.98, 164.88, 79.52, 74.76, 72.20,
71.17,67.43, 61.42, 20.79, 20.60, 20.55.
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5.3.6 Synthesis and spectroscopy data of hydroquinolinones

General procedures for one-pot organocatalytic multicomponent reaction sequence to
hydroquinolinone

R' HN'
ﬁ N OTMS o R T g
_12,10 mal% ' 3
m CN R 1r 3 3
§ H Me /
CH2CI2 10°C 0~ ~0oH conditions R o3

R O
W not isolable

General procedure 11:

The 1,3-dicarbonyl compound (0.25 mmol, 1 equiv.) was added to a stirring solution of
catalyst 12 (0.025 mmol, 0.1 equiv.) and a,p-unsaturated aldehyde 144 (0.33 mmol, 1.3 equiv)
in CH2Cl> (0.5 mL) at 10 °C in a 10 mL glass tube. 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 glass tube was sealed and introduced in the microwave reactor. EtsN (0.33 mmol) was added
when o-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 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.

Compound 146 (cis):
o :{zo Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33

5 J mmol), benzylamine (36 uL, 0.33 mmol) and cyclohexylisocyanide
X £ W&Q |( (41 pL, 0.33 mmol) were reacted according to the general procedure
11. Flash column chromatography purification (n-hexane/EtOAc
1:1) afforded the diastereomers cis (47.5 mg, 45%) and trans (34 mg, 32%) of compound 146
as pale yellow oils.
Cis: R¢= 0.33 (n-hexane/EtOAc 1:1).
[a] p?° = -62.1 (c 6.0, acetone, 20°C).
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'H NMR (400 MHz, CDClIz) § = 7.38-7.27 (m, 3H, Ph); 7.10 (d, J = 7.2 Hz, 2H, Ph); 5.83 (d,
J=8.1 Hz, 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); 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, CDCls) 8= 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 (CH>), 48.4 (CH), 40.8 (CH2), 33.1 (C), 33.0, 32.4 (CHy>),
30.3 (CH), 28.7, 28.4 (CH3), 25.8, 25.6, 24.9, 24.7, 24.3(CH>), 12.1 (CHa).

HRMS (ESI-FT-QQTOF) m/z: 423.30011 [M+H]*; calcd. for Ca7HssN202: 423.30060.

Compound 146 (trans):

Trans: Rs = 0.16 (n-hexane/EtOAcC 1:1).

[a] p?® = -33.3 (c 5.4, acetone, 20°C).

IH NMR (400 MHz, CDCls) § = 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).
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13C NMR (100 MHz, CDCls) § = 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 (CH>), 48.4 (CH), 40.9, 33.1 (CHy), 32.1
(C), 30.5 (CH2), 30.3 (CH), 29.1, 28.3 (CHs), 27.6, 26.9, 25.5, 24.8, 23.8 (CH>), 11.6 (CHa).
HRMS (ESI-FT-QQTOF) m/z; 423.30012 [M+H]*; calcd. for Ca7HagN202: 423.30060.

Compound 147:
Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33

o 420
_‘\/ﬁ mmol), (S)-a-methylbenzylamine  (43uL, 0.33 mmol)and
; | 5 2 Hia . . .
i ‘:WL -.,,,er cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted according to
2 phC the general procedure 11. Flash column chromatography purification

(n-hexane/EtOAc 1:1) afforded compound 147 (82 mg, 75%, isomer cis) as a pale yellow oil.
Ri=0.36 (n-hexane/EtOAC 1:1).

[a] p?® = -42.3 (c 3.5, acetone, 20°C).

IH NMR (400 MHz, CDCls) & = 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, CDClz) 6 = 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(CH>), 33.3 (C), 32.7(CH), 32.55, 31.1(CH>),
30.5, 26.2(CHz), 25.6(CH), 25.4, 24.8, 24.7, 23.3(CH>), 17.7, 11.9 (CHa).

HRMS (ESI-FT-QQTOF) m/z: 437.31629 [M+H]"; calcd. for CasHaiN202: 437.31684.

Compound 148:

Ph Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 pL, 0.33

(0] Et HN . . .
H mmol), benzylamine (36uL, 0.33 mmol) and cyclohexylisocyanide
o (41 pL, 0.33 mmol) were reacted according to the general procedure

OMe
11 using MeOH as solvent of the second multicomponent step. Flash

column chromatography purification (n-hexane/EtOAc 9:1) afforded diastereomeric mixtures
of 146 (41 mg, 42%) and 148 (28 mg, 25%) as colorless oils. dr. 74:26.
Compound 148: Rs= 0.47 (n-hexane/EtOAc 9:1).
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IH NMR (400 MHz, CDCl3) & = 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, CDCls) & = 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 (CH>), 51.9 (CH2), 50.9 (CH),
48.8 (CH), 45.9(CH), 41.3 (C), 36.2 (CH), 35.6 (CH>), 34.6 (CH.), 33.8 (CH2), 32.0 (CH>),
29.8 (CH3), 28.1 (CHs), 25.6 (CH2), 25.2 (CHy), 13.0 (CHz), 11.9 (CHa).

HRMS (ESI-FT-QQTOF) m/z: 455.3279 [M+H]"; calcd. for C2sHa3N2Os: 455.3274.

Compound 149:

Ph Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33

0 Et hN H mmol),  (S)-a-methylbenzylamine  (43uL, 0.33 mmol)and
- N\O cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted according

ome  © to the general procedure 11 using MeOH as solvent of the second

multicomponent step. Flash column chromatography purification (n-hexane/EtOAc 9:1)
afforded 147 (46 mg, 42%) and 149 (33 mg, 28%) as colorless oils.

Compound 149: R¢= 0.47 (n-hexane/EtOAC 9:1).

'H NMR (400 MHz, CDClz) 6 =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, OCHBa); 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).

13C NMR (100 MHz, CDCI3) & = 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 (CH3), 51.9 (CH>), 51.2 (CH>),
48.9 (CH), 45.9 (CH), 41.0 (C), 36.3 (CH), 35.4 (CH>), 34.4 (CH>), 33.8 (CH2), 29.8 (CH>),
28.2 (CH3), 28.1 (CH3), 25.6 (CH>), 25.4 (CH2), 25.2 (CH>), 25.1 (CHg), 11.5 (CHs).

HRMS (ESI-FT-QQTOF) m/z: 469.3436 [M+H]"; calcd. for C29HsN203: 469.3430.
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Compound 150:

P-U-N Dimedone 143 (35 mg, 0.25 mmol), trans-2-decenal (61uL, 0.33
O = 23

iﬁ 5/\41: ! " ! mmol), (S)-a-methylbenzylamine (43uL, 0.33 mmol)and

" S.-m N z'w,n/“{@ benzylisocyanide (32.5 pL, 0.33 mmol) were reacted according to
’ 14\\“‘"Qpho the general procedure 11. Flash column chromatography

purification (n-hexane/EtOAc 1:1) afforded compound 150 (79 mg, 71%, isomer cis) as a pale

yellow oil.

Rf=0.50 (n-hexane/EtOAC 2:1).

[a]o?® =-3.34 (c 5.5, acetone, 20°C).

IH NMR (400 MHz, CDCls) & = 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, 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, CDCls) § =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 (CH>), 32.7

(C), 32.4, 32.0 (CH>), 30.7 (CHs), 29.7, 29.4 (CHy), 28.5 (CH), 27.2 (CH>), 26.0 (CHs), 24.2,

22.7 (CH>), 17.6, 14.2 (CHa).

HRMS (ESI-FT-QQTOF) m/z: 515.36321 [M+H]*; calcd. for C34H47N202: 515.36279.

Compound 151:

P Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33
O

=19

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

" 5‘:N 2-"/,(“ cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted according to
’ 21)QPho the general procedure 11. Flash column chromatography purification

(n-hexane/EtOAc 1:1) afforded compound 151 (82 mg, 75%) as a pale yellow oil.

R¢=0.36 (n-hexane/EtOAC 1:1).

[a] p?® =-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

(9, 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-9b); 2.28
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(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, CDCl3) § = 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 (CH.), 32.8 (C), 31.4
(CH), 31.1(CH>), 29.4, 26.6 (CHs), 25.9, 25.7, 25.0, 24.7 (CHs), 16.5, 12.3 (CH3).

HRMS (ESI-FT-QQTOF) m/z: 437.31580 [M+H]"; calcd. for CsHaiN2Oy: 437.31626.

Compound 152:
w2 2 Dimedone 143 (35 mg, 0.25 mmol), trans-2-decenal (61 pL, 0.33
i: A * .7 " mmol), D-phenylalanine methyl ester hydrochloride (97mg, 0.33
" 12 N3 gHKB mmol), EtsN (46 pL, 0.33 mmol) and t-butylisocyanide (37 uL, 0.33
" COsCH, mmol) were reacted according to the general procedure 11. Flash
column chromatography purification (n-hexane/EtOAc 1:1) afforded
compound 152 (72 mg, 67%, isomer cis) as a pale yellow oil.
Rf=0.55 (n-hexane/EtOAC 2:1).
[a] p?° =25.3 (c 1.10, acetone, 20°C).
IH NMR (400 MHz, CDCl3) § = 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 (CHs3), 51.9 (C), 49.9, 42.6, 35.8, 32.6
(CHy), 32,5 (C), 32.1 (CH>), 30.8 (CHs3), 29.6, 29.5, 27.5 (CHy>), 26.2 (CH3), 24.5 (CH>), 22.8
(CHs), 22.8 (CHy), 14.3 (CH?).
HRMS (ESI-FT-QQTOF) m/z: 539.38367 [M+H]"; calcd. for C3sHs1N20Oa4: 539.38433.
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Compound 153:
Dimedone 143 (35 mg, 0.25 mmol), trans-2-decenal (61 uL, 0.33

:7 o0 2 » mmol), L-phenylalanine methyl ester hydrochloride (97 mg, 0.33
11_‘22 I3

W WITH\K mmol), EtsN (46 pL, 0.33 mmol)and t-butylisocyanide (37 pL, 0.33
v \\\\*Qcogng " mmol) were reacted according to the general procedure 11. Flash
@ column chromatography purification (n-hexane/EtOAc 1:1)

afforded compound 153 (74 mg, 69%, isomer cis) as a pale yellow
oil.
Rf=0.50 (n-hexane/EtOAC 2:1).
[a] p?° = -12.5 (c 1.10, acetone, 20°C).
'H NMR (400 MHz, CDCls) 8 = 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 (CH>), 32.3
(C), 31.9 (CHy>), 30.7 (CHs3), 29.5, 29.4, 28.3 (CH>), 27.3 (CH3), 26.0 (CH>), 24.4 (CHs), 22.7
(CHy), 14.1 (CHa).
HRMS (ESI-FT-QQTOF) m/z: 539.38330 [M+H]*; calcd. for C33Hs1N204: 580.38433.

Compound 154:

o 4”‘ Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 uL, 0.33
5 : mmol), L-leucine methyl ester hydrochloride (60 mg, 0.33 mmol),

" 5 1 N "Il/ 7< EtsN (46 pL, 0.33 mmol)and t-butylisocyanide (37 pL, 0.33 mmol)
J“\ COZCHS were reacted according to the general procedure 11. Flash column

2071 chromatography purification (n-hexane/EtOAc 1:1) afforded

compound 154 (74 mg, 68%) as a pale yellow oil.

Rt = 0.33 (n-hexane/EtOAC 1:1).

[a] p?° = -12.3 (¢ 1.10, acetone, 20°C).

IH NMR (400 MHz, CDCl3) & = 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
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(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, CDCl3) § = 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 (CH,), 32.6 (C), 30.2 (CH), 29.7, 28.5 (CH>), 28.3 (CHs),
26.7 (CH2), 25.4 (CH3), 25.1, 23.2 (CH2), 22.9, 22.3, 11.7 (CHa).

HRMS (ESI-FT-QQTOF) m/z: 435.32068 [M+H]": calcd. for CasHasN2Ox: 435.32173.

Compound 155:

20 Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 pL, 0.33
/ .
o 519$ mmol),  cyclohexylamine ~ (38uL, 0.33 mmol) and
e N3 14
11 g (H cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted according to

N
12 @ ¢! the general procedure 11. Flash column chromatography purification
17
(n-hexane/EtOAc 1:1) afforded compound 155 (66 mg, 64%) as a

pale yellow oil.

Rt = 0.26 (n-hexane/EtOAC 1:1).

[a] ?° = -4.9 (c 0.6, methanol, 20°C).

'H NMR (400 MHz, CDCls) 6 = 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).

13C NMR (100 MHz, CDCIl3) 8 = 194.6,170.9 (C=0), 154.3, 115.7, 58.6, (C), 55.9, 54.5, 50.4,
49.8 (CH), 47.9 (CH), 42.5, 30.0, 32.8 (CH>), 32.4(C), 32.3, 32.2 (CH), 31.0, 30.9, 30.8, 30.4,
30.2 (CH2), 29.2 (CH), 26.1, 25.9, 25.6, 25.4, 25.3, 25.1 (CH>), 24.6 (CH3), 24.5, 24.2 (CH»),
11.8, 10.6 (CHg).

HRMS (ESI-FT-QQTOF) m/z: 415.63175 [M+H]"; calcd. for C26Ha3N202: 415.63188.

Compound 156:

/20 Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 pL, 0.33

19

i . s mmol), tert-butilamine (35uL, 0.33 mmol) and
76 4

1 cyclohexylisocyanide (41 pL, 0.33 mmol) were reacted according to

i 2 N
12 14/}3 % the general procedure 11. Flash column chromatography purification

17

(n-hexane/EtOAc 1:1) afforded compound 156 (57 mg, 59%) as a pale yellow oil.
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R =0.31 (n-hexane/EtOAC 1:1).

[a] p?° = -1.85 (c 5.4, methanol, 20°C).

IH NMR (400 MHz, CDCl3) § = 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).

13C NMR (100 MHz, CDCls) = 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, (CH>), 24.8, 24.7, 23.9,
11.7 (CHba).

HRMS (ESI-FT-QQTOF) m/z: 389.58342 [M+H]*; calcd. for CasHa1N2O2: 389.58357.

Compound 157:
Dimedone 143 (35 mg, 0.25 mmol), trans-2-pentenal (32 pL, 0.33

H mmol), tert-butilamine (35uL, 0.33 mmol) and cyclohexylisocyanide

N N\O (41 pL, 0.33 mmol) were reacted according to the general procedure

/*\ ° 11. Flash column chromatography purification (n-hexane/EtOAc 1:1)
afforded compound 143 (63 mg, 65%) as a pale yellow oil.
Rt = 0.31 (n-hexane/EtOAC 1:1).
[a] p?° = +2.5 (¢ 6.4, methanol, 20°C).
'H NMR (400 MHz, CDCls3) & = 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).
13C NMR (100 MHz, CDCl3) 6 = 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, (CH>), 24.8, 24.7, 23.9,
11.7 (CHs).
HRMS (ESI-FT-QQTOF) m/z: 389.58342 [M+H]*; calcd. for C24Ha1N202: 389.58357.
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5.3.7 Synthesis and spectroscopy data of pentasubstituted cylopentenes

General procedure 12: MW Ugi-Smiles type reaction

O,N

02N Me

0" OH

To a mixture of 158 (0.25 mmol, 1 equiv) and amine (0.25 mmol, 1 equiv) in MeOH (1
mL), isocyanide (0.25 mmol, 1 equiv) was added slowly. The resulting mixture was submitted
to a microwave irradiation for 20 min at 80 °C. The volatiles were concentrated under reduced

pressure. The crude was submitted to flash column chromatography on silica gel using n-

hexane/EtOAc as eluent.

Compound 158:

O,N Trans-2-hydroxy-B-nitrostyrene (0.5 mmol), pyrrolidine (0.1 mmol),
PhCO2H (0.1 mmol) and aldehyde (1.5 mmol) were reacted in DCM (1
mL) according to the general procedure for Michael-hemiacetilation

O,N Me

0" OH

described in the literature. 1 Flash column chromatography purification
(Hex/EtOAc 7:3) afforded 6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (47 mg, 93%) as

a yellow oil. dr. (8:2).
Rt = 0.35 (n-hexane/EtOAC 7:3)

IH NMR (400 MHz, CDCls) 8= 8.11 (m, 2H), 7.00-6.94 (m, 1H), 5.53 (s, 1H), 5.14 (dd, J =
13.5,9.0 Hz, 1H), 4.73 (dd, J = 13.5, 5.9 Hz, 1H), 3.52 (dd, J = 8.6, 6.3 Hz, 1H), 2.44 (m, 1H),

_p1
. HN-R

R1

O,N /
NH

HO \é‘
o

NO,

MW, 20min, 80 °C

cevi—re  MeOH

1.22-1.11 (m, 2H), 1.06 (d, J = 7.3 Hz, 3H), 0.98 (m, 3H).

13C NMR (100 MHz, CDCls) 8= 156.06, 142.14, 126.44, 125.23, 118.69, 96.20, 79.78, 37.82,

32.20, 16.81.
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Compound 160:

17

16>< 6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25
15“"‘1 ARV ) mmol), benzylamine (27.3 pL, 0.25 mmol), and tert-
ngN\z@'s“Nﬁ®1 Butylisocyanide (28 L, 0.25 mmol) were reacted in MeOH (1
11.1@‘3 4“’;9 "’ mL) according to the general procedure 12. Flash column
127 " chromatography purification (Hex/EtOAc 7:3) afforded 160 (47
No2 mg, 40%) as a brown solid.
Mp =89.9 °C.

Rf=0.25 (n-hexane/EtOAc 7:3).

[a] 0% = +139.9 (c 4.5, CHCl3, 23°C).

IH NMR (400 MHz, CDCls) 6= 9.50 (s, 1H, NH-15), 8.21 (d, J = 2.8 Hz, 1H, H-14"), 8.01
(dd, J = 8.9, 2.8 Hz, 1H, H-12), 7.35 (m, 3H, H-12, H-11, H-13), 7.26 (m, 2H, H-14, H-10),
6.86 (d, J=8.9 Hz, 1H, H-11"), 4.01, 3.65 (2xd, J =12.7 Hz, 2H, H-8), 3.95 (d, J = 1.0 Hz, 1H,
H-3), 3.84 (s, 1H, H-5), 2.44 (qd, Jq = 7.5 Hz, Ja = 2.5 Hz, H-4), 1.39 (s, 9H, 3xCHs), 1.29 (d,
J=7.3Hz, 3H, H-6).

13C NMR (100 MHz, CDCls) 6= 161.41 (C-10"), 158.07 (C-1), 140.39 (C-13"), 136.17 (C-9),
129.21 (C-11), 129.06 (CH-13), 128.83 (CH-12), 128.63 (CH-14"), 127.15 (C-14"), 124.93
(CH-127), 121.31 (C-2), 119.28 (CH-11"), 66.67 (CH-5), 55.26 (C-16), 52.47 (CH-3), 51.55
(CH2-8), 39.14 (CH-4), 31.13 (3xCHs), 21.55 (CH3-6)ppm. DEPT 135° (100 MHz, CDCl3) 8=
129.06 (CH-13), 128.83 (CH-12), 128.63 (CH-14"), 124.93 (CH-12"), 119.28 (CH-11"), 66.67
(CH-5), 52.47 (CH-3), 51.55 (CH,-8), 39.14 (CH-4), 30.98 (3xCHs3), 21.40 (CH3-6).

HRMS (ESI-FT-ICR) m/z: 439,1975 [M-H]"; calcd. for C23H2sN4Os: 440,2060.

Compound 161:
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6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25
/O mmol),  benzylamine  (27.3 pL, 025 mmol), and
HN

Owﬁﬂ\/@ ciclohexylisocyanide (31 pL, 0.25 mmol) were reacted in MeOH (1
HO

mL) according to the general procedure 12. Flash column

LY
Q ° chromatography purification (Hex/EtOAc 7:3) afforded 161 (43 mg,
NO, 37%) as a brown solid.
Mp =89.9 °C.

Rt = 0.25 (n-hexane/EtOAc 7:3).

[a] p?® = +28.8 (¢ 6.6, CHCl3, 23°C).

'H NMR (400 MHz, CDClz) § =8.92 (d, J = 10.4 Hz, 1H, NH), 8.23 (d, J = 2.7 Hz, 1H), 8.04
(dd, J = 8.9, 2.8 Hz, 1H), 7.47-7.27 (m, 5H), 6.85 (d, J = 8.9 Hz, 1H), 4.10, 3.65 (2xd, J = 13.5
Hz, 1H), 3.98 (d, J = 1.3 Hz, 1H), 3.49 (s, 1H), 2.91 (m, 1H), 2.40 (qd, Jq = 7.5 Hz, Ja = 2.5 Hz,
1H), 1.77 (m, 6H), 1.26 (d, J = 7.3 Hz, 3H), 1.45-0.82 (m, 7H).

13C NMR (100 MHz, CDCls) & = 161.16, 157.72, 140.62, 137.08, 129.40, 129.03, 128.60,
128.12, 127.76, 124.87, 118.90, 63.86, 54.19, 52.40, 50.47, 39.80, 35.62, 33.50, 24.83, 24.64,
24.53, 21.89.

Compound 162:
6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25
@ mmol), benzylamine (27.3 pL, 0.25 mmol), and benzylisocyanide (30
WV uL, 0.25 mmol) were reacted in MeOH (1 mL) according to the
H(;ZN\@“‘NV@ general procedure 12. Flash column chromatography purification
N Me (Hex/EtOAc 7:3) afforded 162 (65 mg, 55%) as orange solid.
Qoz Mp =88 °C.
Rt = 0.23 (n-hexane/EtOAC 7:3).
[a] 0?3 =-4.2 (c 3.5, CHCls, 23°C).
'H NMR (400 MHz, CDCl3) 6 =9.34 (t, J = 7.1 Hz, 1H, NH), 8.20 (d, J = 2.9 Hz, 1H), 7.98
(dd, J=8.9, 2.8 Hz, 1H), 7.40-7.25 (m, 6H), 7.19 (d, J = 7.6 Hz, 2H), 6.96 (dd, J = 7.6, 1.5 Hz,
2H), 6.76 (d, J = 8.9 Hz, 1H), 4.27 (dd, J = 15.9, 6.2 Hz, 1H), 4.15 (dd, J = 15.7, 7.1 Hz, 2H),
4.05 (d, J=13.6 Hz, 1H), 3.95 (d, J = 1.3 Hz, 1H), 3.56 (d, J = 13.6 Hz, 1H), 3.47 (s, 1H), 2.34
(qd, Jg=7.5Hz, Jg=2.5Hz, 1H), 1.15 (d, J = 7.3 Hz, 3H), 1.06 (t, J = 7.8 Hz, 1H).
13C NMR (100 MHz, CDCls3) 6= 161.21, 158.28, 140.65, 136.64, 136.48, 129.33, 129.30,
128.95, 128.55, 128.43, 128.33, 127.86, 126.42, 124.92, 119.83, 119.36, 64.00, 53.14, 50.41,
47.97, 39.95, 21.56.
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HRMS (ESI-FT-ICR) m/z: 473,1817 [M-H]": calcd. for CasH2N4Os: 474,1903.

Compound 163:
6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25 mmol),
E/; cyclohexylamine (29 pL, 0.25 mmol), and benzylisocyanide (30 pL,
0.25 mmol) were reacted in MeOH (1 mL) according to the general

HN
H
H?DZN\@MN\O procedure 12. Flash column chromatography purification (Hex/EtOAc
S Me 7:3) afforded 163 (58 mg, 50%) as light yellow solid.

Q Mp = 96 °C.
NO2 Rf=0.30 (n-hexane/EtOAc 7:3).

[a] 0% = -22.3 (¢ 4.4, CHCl3, 23°C).
IH NMR (400 MHz, CDCls) 8= 9.40 (t, J = 6.6 Hz, 1H, NH), 8.20 (d, J = 2.8 Hz, 1H), 7.96
(dd, J = 8.9, 2.8 Hz, 1H), 7.44-7.36 (m, 3H), 7.25-7.21 (m, 2H), 6.72 (d, J = 8.9 Hz, 1H), 4.55
(dd, J = 16.0, 7.5 Hz, 1H), 4.48 (dd, J = 15.8, 6.0 Hz, 1H), 4.17-4.09 (m, 1H), 3.92 (d, J = 0.9
Hz, 1H), 3.74 (s, 1H), 2.50 (m, 1H), 2.21 (m, 1H), 1.79-1.56 (m, 5H), 1.27-0.91 (m, 6H), 1.18
(d, J = 7.3 Hz, 3H).
13C NMR (100 MHz, CDCls) 8= 161.78(C), 158.26(C), 140.23(C), 136.63(C), 129.52(CH),
129.46(CH), 128.79(CH), 128.61(CH), 128.50(CH), 127.63(C), 126.42(CH), 124.92(CH),
119.77(CH), 62.92(CH), 54.12(CH), 53.69(CH), 48.10(CH,), 40.61(CH), 38.16(CH),
33.66(CHy), 31.71(CHy), 25.60(CHs), 25.01(CHy), 24.84(CHy), 21.74(CHs)ppm. DEPT 135°
(100 MHz, CDCls) &= 129.39(CH), 129.33(CH), 128.66(CH), 128.48(CH), 128.37(CH),
126.29(CH), 124.79(CH), 119.64(CH), 62.79(CH), 53.98(CH), 53.56(CH), 47.97 (CHb.),
40.47(CH), 38.03(CH), 33.53(CH2), 31.58(CH:), 25.47(CH2), 25.23(CH.), 24.88(CH.),
24.71(CHy), 21.61 (CHa).

Compound 164:

6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25 mmol),
@ octylamine (42 pL, 0.25 mmol), and benzylisocyanide (30 pL, 0.25
HN mmol) were reacted in MeOH (1 mL) according to the general procedure
ngN “‘H\CeHw 12. Flash column chromatography purification (Hex/EtOAc 7:3) afforded
SR Y 164 (43 mg, 35%) as light orange solid.
Q Mp = 96°C.
NO- Rf = 0.40 (n-hexane/EtOAcC 7:3).
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IH NMR (400 MHz, CDCls) § = 7.97 (dd, J = 9.2, 2.7 Hz, 1H), 7.77 (d, J = 2.6 Hz, 1H), 7.41-

7.22 (m, 3H), 6.66 (d, J =

9.4 Hz, 1H), 6.49 (t, J = 5.7 Hz, 1H), 4.64-4.53 (M, 1H), 4.54-4.42

(m, 1H), 3.98 (d, J = 5.8 Hz, 1H), 3.71 (dd, J = 11.6, 6.5 Hz, 1H), 3.64-3.54 (m, 1H), 3.10-2.99
(m, 1H), 2.58 (dd, J = 11.9, 5.7 Hz, 1H), 1.56 (m, 2H), 1.21 (m, 12H), 1.21 (d, J = 7.2 Hz, 3H),

0.90-0.86 (m, 3H).

13C NMR (101 MHz, CDCls) § = 169.40, 158.26, 137.91, 128.95, 128.17, 128.02, 125.45,
124.47, 121.48, 111.59, 65.67, 51.42, 43.94, 39.73, 32.65, 31.71, 29.24, 29.16, 26.87, 25.83,

22.60, 14.07, 13.42.

Compound 165:

HNE
H
0,N N\/@
HO ) <

NO,

Mp = 96.5 °C.

6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25
mmol), (S)-a-Methylbenzylamine (32 pL, 0.25 mmol), and
benzylisocyanide (30 pL, 0.25 mmol) were reacted in MeOH (1 mL)
according to the general procedure 12. Flash column
chromatography purification (n-hexane/EtOAc 7:3) afforded 165
(67 mg, 55%) as light orange solid. A mixture of diastereosiomers

were detected dr. 1:1.

Ri=0.21 (n-hexane/EtOAC 7:3).

'H NMR (400 MHz, CDClz) § =9.53 (t, J = 6.7 Hz, 0.5H), 9.28 (t, J = 7.0 Hz, 0.5H), 8.23 (d,
J=2.8Hz, 0.5H),8.17 (d, J = 2.7 Hz, 0.5H), 8.01 (dd, J = 8.9, 2.8 Hz, 0.5H), 7.91 (dd, J = 8.9,
2.8 Hz, 0.5H), 7.47-7.11 (m, 10H), 6.95-6.88 (m, 1H), 6.80 (d, J = 8.9 Hz, 0.5H), 6.68 (d, J =
8.9 Hz, 0.5H), 4.51 (dd, J = 14.3, 8.0 Hz, 2H), 4.20 (dd, J = 16.0, 6.6 Hz, 0.5H), 4.04 (dd, J =
16.0, 7.3 Hz, 0.5H), 3.93 (s, 0.5H), 3.84 (s, 0.5H), 3.83-3.74 (m, 1H), 3.60 (s, 0.5H), 3.23 (s,
0.5H), 2.85-2.73 (m, 0.5H), 2.37 (qd, Jq = 7.5 Hz, J¢ = 2.5 Hz, 0.5H), 1.76 (qd, Jq = 7.5 Hz, Jq
= 2.5 Hz, 0.5H), 1.54 (d, J = 6.5 Hz, 0.5H), 1.43 (d, J = 6.7 Hz, 2H), 1.38 (d, J = 6.6 Hz, 1H),
1.11 (d, J = 7.4 Hz, 0.5H), 1.05 (d, J = 7.3 Hz, 2H), 0.90 (d, J = 7.3 Hz, 1H).

13C NMR (100 MHz, CDCls) & = 161.39, 160.88, 159.73, 158.44, 142.71, 141.57, 136.64,
136.50, 129.49, 129.41, 129.29, 129.08, 128.93, 128.74, 128.49, 128.39, 128.28, 127.76,
127.46, 127.05, 126.95, 126.53, 126.31, 124.93, 124.64, 119.89, 119.49, 118.98, 66.00, 63.16,
58.52, 56.96, 55.39, 53.23, 52.15, 48.36, 47.89, 41.53, 39.67, 22.44, 22.35, 21.46, 21.30.
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Compound 166:
6-nitro-3-methyl-4-nitromethylchroman-2-ol 158 (67 mg, 0.25
O\ Me. mmol), (S)-a-Methylbenzylamine (32 pL, 0.25 mmol), and
ON NH“\N%TQ cyclohexylisocyanide (31 uL, 0.25 mmol) were reacted in MeOH (1

HO ) mL) according to the general procedure 12. Flash column

Q Me chromatography purification (n-hexane/EtOAc 7:3) afforded 166
\O (60 mg, 50%) as brown solid. dr. 3:2
2
Mp =105 °C.

Rf=0.40 (n-hexane/EtOAc 7:3).

'H NMR (400 MHz, CDCl3) 6=8.94 (d, J = 10.3 Hz, 1H, NH), 8.24 (d, J = 2.8 Hz, 1H), 8.01
(dd, J = 8.9, 2.8 Hz, 1H), 7.50-7.10 (m, 5H), 6.86 (d, J = 9.0 Hz, 1H), 3.95 (d, J = 1.1 Hz, 1H),
3.85-3.78 (m, 1H), 3.22 (s, 1H), 2.45-2.36 (m, 1H), 1.91 (m, 1H), 1.49 (d, J = 6.7 Hz, 3H), 1.73-
1.09 (m, 12H), 1.17 (d, J = 7.3 Hz, 3H).

13C NMR (100 MHz, CDCls) 6= 161.30, 158.11, 141.98, 140.52, 129.43, 128.95, 127.95,
127.07, 126.67, 125.75, 124.83, 118.93, 63.50, 55.53, 52.33, 50.02, 42.21, 39.69, 35.64, 33.44,
25.26, 24.79, 24.43, 23.88, 22.68, 21.80.
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FIGURE 28: 100 MHz *C NMR spectra in CDCl; of compound 69.
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FIGURE 30: 600 MHz COSY spectra in CDCI; of compound 69.
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FIGURE 31: 600 MHz HSQC spectra in CDCl; of compound 69.
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FIGURE 32: 400 MHz HMBC spectra in CDCI; of compound 69.
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FIGURE 33: 600 MHz NOESY spectra in CDCl; of compound 69. Signals of protons with NOE effect
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FIGURE 34: 600 MHz NOESY spectra in CDCl; of compound 69. Signals of protons with NOE effect
upon irradiation of the NH of c-Hex at 5.74 ppm.
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FIGURE 36: 400 MHz *H NMR spectra in CDCls of compound 70.
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FIGURE 37: 100 MHz °C NMR spectra in CDCl; of compound 70.
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FIGURE 38: HRMS (ESI-FT-ICR) m/z: of compound 70.
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FIGURE 39: 400 MHz *H NMR spectra in CDCl; of compound 71.
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FIGURE 40: 100 MHz *C NMR spectra in CDClI; of compound 71.
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FIGURE 42: 400 MHz *H NMR spectra in CDCls of compound 72.
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FIGURE 45: 400 MHz *H NMR spectra in CDCl; of compound 73.
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FIGURE 46: 100 MHz **C NMR spectra in CDClI; of compound 73.
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FIGURE 47: 400 MHz *H NMR spectra in CDClz of compound 74.
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FIGURE 48: 100 MHz *C NMR spectra in CDClI; of compound 74.
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FIGURE 52: 100 MHz 3C NMR spectra in CDClI; of (S)-2-[(R)-Hydroxy(4-

nitrophenyl)methyl]cyclohexanone (20).
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FIGURE 53: Chiral HPLC of racemic of compound 20. Chiralpak AD-H, n-hexane/i-PrOH 90:10,
25°C at 1 ml/min, UV detection at 254 nm.
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FIGURE 54: Chiral HPLC of (S)-2-[(R)-Hydroxy(4-nitrophenyl) methyl]cyclohexanone (20) obtained
by Aldol reaction catalyzed by 64.
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FIGURE 56: 400 MHz *H NMR spectra in CDClI; of (2R,3S)-2-Ethyl-4-nitro-3-phenylbutanal (78).
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FIGURE 57: 100 MHz °C NMR spectra in CDCl; of (2R,3S)-2-Ethyl-4-nitro-3-phenylbutanal (78).
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FIGURE 58: Chiral HPLC of racemic 2-ethyl-4-nitro-3-phenylbutanal (78). Chiralpak AD-H (n-

hexane/i-PrOH 99:1), 25°C at 0.75 ml/min, UV detection at 210 nm.
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FIGURE 59: Chiral HPLC of 2-ethyl-4-nitro-3-phenylbutanal (78). For catalyst 61-72. Chiralpak AD-H
(n-hexane/i-PrOH 99:1), 25°C at 0.75 ml/min, UV detection at 210 nm.
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FIGURE 60: Chiral HPLC of racemic 2-ethyl-4-nitro-3-phenylbutanal (78). Chiralpak OD-H (n-
hexane/i-PrOH 91:9), 25°C at 0.9 ml/min, UV detection at 210 nm.
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FIGURE 61: Chiral HPLC of 2-ethyl-4-nitro-3-phenylbutanal (78) obtained by the 1,4-addition reaction
catalyzed by catalyst 73 and 74. Chiralpak OD-H (n-hexane/i-PrOH 91:9), 25 °C at 0.9 ml/min, UV
detection at 210 nm.
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FIGURE 62: 400 MHz *H NMR spectra in CDCl; of (2R,3S)-2-Methyl-4-nitro-3-phenylbutanal (23).
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FIGURE 63: 100 MHz 3C NMR spectra in CDClI; of (2R,3S)-2-Methyl-4-nitro-3-phenylbutanal (23).
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FIGURE 64: Chiral HPLC of racemic 2-Methyl-4-nitro-3-phenylbutanal (23). Chiralpak OD-H (n-
hexane/i-PrOH 95:5), 25 °C at 1 ml/min, UV detection at 210 nm.
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PeakTable
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 35429 618916 8802 4.486 B.517
2 45519 56556 680 0.410 0.658
3 56.829 12922303 92143 93.660 89.153
4 71.496 199231 1729 1.444 1.673
Total 13797006 103354 100.000 100.000

FIGURE 65: Chiral HPLC of (2R,3S)-2-Methyl-4-nitro-3-phenylbutanal (23) obtained by the 1,4-
addition reaction catalyzed by catalyst 69. Chiralpak OD-H (n-hexane/i-PrOH 95:5), 25 °C at 1 ml/min,
UV detection at 210 nm.
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66: 400 MHz *H NMR spectra in CDClI; of (2R,3S)-2-Isopropyl-4-nitro-3-phenylbutanal (79).
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FIGURE 67: 100 MHz 'C NMR spectra in CDClI; of (2R,3S)-2-1sopropyl-4-nitro-3-phenylbutanal (79).
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Peak# Ret. Time Area Height Area % Height %
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2 25.673 9413867 270849 9.303 10.401
3 28.784 44245010 1108487 43.723 42.570
Total 101192908 2603943 100.000 100.000

FIGURE 68: Chiral HPLC of racemic 2-isopropyl-4-nitro-3-phenylbutanal (79). Chiralpak AD-H (n-
hexane/i-PrOH 97:3), 25 °C at 0.4ml/min, 210 nm.
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Total 19884930 591690 100.000 100.000

FIGURE 69: Chiral HPLC of 2-Isopropyl-4-nitro-3-phenylbutanal (79) obtained by the 1,4-addition
reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 97:3), 25 °C at 0.4ml/min, 210
nm.
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FIGURE 70: 400 MHz *H NMR spectra in CDClI; of (2R,3S)-2-Ethyl-4-nitro-3-(4-

methoxyphenyl)butanal (80).
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FIGURE 71: 100 MHz %3 C NMR spectra in CDCls of (2R,3S)-2-Ethyl-4-nitro-3-(4-

methoxyphenyl)butanal (80).
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FIGURE 72:

Chiral HPLC of racemic 2-Ethyl-4-nitro-3-(4-methoxyphenyl)butanal (80). Chiralpak AD-

H (n-hexane/i-PrOH 95:5), 25 °C at 0.8ml/min, 210 nm.
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FIGURE 73: Chiral HPLC of 2-Ethyl-4-nitro-3-(4-methoxyphenyl)butanal (80) obtained by the 1,4-
addition reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 95:5), 25 °C at

0.8ml/min, 210 nm.
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FIGURE 74: 400 MHz *H NMR spectra in CDCl; of (2R,3S)-3-(4-Fluorophenyl)-2-ethyl-4-nitrobutanal
(81).
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FIGURE 75: 100 MHz 3 C NMR spectra in CDCl; of (2R,3S)-3-(4-Fluorophenyl)-2-ethyl-4-
nitrobutanal (81).
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FIGURE 76: Chiral HPLC of racemic 3-(4-Fluorophenyl)-2-ethyl-4-nitrobutanal (81). Chiralpak AD-H
(n-hexane/i-PrOH 95:5), 25 °C at 0.8ml/min, 210 nm.
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FIGURE 77: Chiral HPLC of 3-(4-Fluorophenyl)-2-ethyl-4-nitrobutanal (81) obtained by the 1,4-
addition reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 95:5), 25 °C at
0.8ml/min, 210 nm.
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FIGURE 78: 400 MHz *H NMR spectra in CDCls of (2R,3S)-3-(4-Chlorophenyl)-2-ethyl-4-nitrobutanal
(82).
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FIGURE 79: 100 MHz **C NMR spectra in CDClI; of (2R,3S)-3-(4-Chlorophenyl)-2-ethyl-4-
nitrobutanal (82).
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FIGURE 80: Chiral HPLC of racemic 3-(4-Chlorophenyl)-2-ethyl-4-nitrobutanal (82). Chiralpak AD-H
(n-hexane/i-PrOH 95:5), 25 °C at 0.8ml/min, 210 nm.
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FIGURE 81: Chiral HPLC of 3-(4-Chlorophenyl)-2-ethyl-4-nitrobutanal (82) obtained by the 1,4-
addition reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 95:5), 25 °C at
0.8ml/min, 210 nm.
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FIGURE 82: 400 MHz *H NMR spectra in CDCl; of (2R,3S)-3-(4-Bromophenyl)-2-ethyl-4-nitrobutanal
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FIGURE 83: 100 MHz 3C NMR spectra in CDClI; of (2R,3S)-3-(4-Bromophenyl)-2-ethyl-4-

nitrobutanal (83).
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FIGURE 84: Chiral HPLC of racemic 3-(4-Bromophenyl)-2-ethyl-4-nitrobutanal (83). Chiralpak AD-H
(n-hexane/i-PrOH 95:5), 25 °C at 0.8ml/min, 210 nm.
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FIGURE 85: Chiral HPLC of 3-(4-Bromophenyl)-2-ethyl-4-nitrobutanal (83) obtained by the 1,4-
addition reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 95:5), 25 °C at
0.8ml/min, 210 nm.
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FIGURE 86: 400 MHz *H NMR spectra in CDCls of (2R,3S)-3-(2-Bromophenyl)-2-ethyl-4-nitrobutanal
(84).
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FIGURE 87: 100 MHz **C NMR spectra in CDClI; of (2R,3S)-3-(2-Bromophenyl)-2-ethyl-4-
nitrobutanal (84).

210



AL 1 D00)

122 Tnm Anm {1,007 i

04d
CEE
024
014
a0
a1
6o Ws a0 Ws | ma | ms | mo | 2is | Zo | @& | @n | m@s w0 s | mo | @S o @8 mn
PeakTable
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Peak# Ret. Time Area Height Area % Height %
1 20.722 40695835 1120654 38.969 45.341
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3 24.612 24061909 359776 23.041 14.556
Total| 104432271 2471617 100.000 100.000

FIGURE 88: Chiral HPLC of racemic 3-(2-Bromophenyl)-2-ethyl-4-nitrobutanal (84). Chiralpak AD-H
(n-hexane/i-PrOH 97:3), 25 °C at 0.5ml/min, 210 nm.
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FIGURE 89: Chiral HPLC of 3-(4-Bromophenyl)-2-ethyl-2-nitrobutanal (84) obtained by the 1,4-
addition reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 97:3), 25 °C at
0.5ml/min, 210 nm.
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FIGURE 90: 400 MHz *H NMR spectra in CDClIs of (2R,3S)-2-Ethyl-4-nitro-3-(3-nitrophenyl)butanal

202.19
\ 139.46
— 134.60
Va 130.33

mMmewlem .

_123.40
12297

(85).

78.01
77.48

e

16

76.84

it

54.42

42.22

S—

ol

20.49

10.52

,' T
Ll

WHEN

il

T T T T T T T T
200 190 180 170 160 150 140 130

T T T T T
120 110 100 90 80
f1 (ppm)

T T
70 60

T
50

T
40

T
30

T
20

T
10

FIGURE 91: 100 MHz 3C NMR spectra in CDClI; of (2R,3S)-2-Ethyl-4-nitro-3-(3-nitrophenyl)butanal

(85).
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PeakTable
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Peak# Ret. Time Area Height Area % Height %
1 36.228 3478627 38277 36.146 42.440
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Total 9623919 137315 100.000 100.000

FIGURE 92: Chiral HPLC of racemic 2-Ethyl-4-nitro-3-(3-nitrophenyl)butanal (85). Chiralpak AD-H
(n-hexane/i-PrOH 95:5), 25 °C at 0.8ml/min, 210 nm.
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Total 5445644 85254 100.000 100.000

FIGURE 93: Chiral HPLC of 2-Ethyl-4-nitro-3-(3-nitrophenyl)butanal (85) obtained by the 1,4-addition
reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 95:5), 25 °C at 0.8ml/min, 210
nm.
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FIGURE 94: 400 MHz *H NMR spectra in CDCl; of (2R,3S)-2-Ethyl-4-nitro-3-(2-furyl)butanal (86).
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FIGURE 95: 100 MHz 3C NMR spectra in CDClI; of (2R,3S)-2-Ethyl-4-nitro-3-(2-furyl)butanal (86).
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FIGURE 96: Chiral HPLC of racemic 2-Ethyl-4-nitro-3-(2-furyl)butanal (86). Chiralpak AD-H (n-
hexane/i-PrOH 97:3), 25 °C at 0.5ml/min, 210 nm.
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PeakTable
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FIGURE 97: Chiral HPLC of 2-Ethyl-4-nitro-3-(2-furyl)butanal (86) obtained by the 1,4-addition
reaction catalyzed by catalyst 69. Chiralpak AD-H (n-hexane/i-PrOH 97:3), 25 °C at 0.5ml/min, 210
nm.
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FIGURE 98: Geometries of clustered-superposed conformers and reoptimized low-energy
conformers at M06-2X/6-31G(d) of catalyst 67.

TABLE 1: Energies (in Hartree) and relative energies (in kcal.mol™) for catalyst 67.

M06-2X/6-31G(d) [SDM, chloroform]

MO06-2X/6-31+G(d,p) //
M06-2X/6-31G(d) [SDM,
chloroform]

Thermal
correction
C|USter AG AGrel AEeIec+ZPE [AEeIec+ZPE]re| tO GIbbS AEelec AG* AGrel
Free
Energy
1 1132731005 32 1132678008 2.0 0455716 1133956649 1132.800033 S
2 converged to 1
3 converged to 4
4 1132734704 1O 1132680966 0.2 0.455261 1133957539 1132.802278 o1
5 1132732840 27 1132.676789 2.8 0.452627 1133955303 1132.802766 2°
6 1132733516 23 1132678038 2.0 0.452815 1133955607 1132.802792 28
T 132737050 01 1132680714 0.3 0.452378 1133957804 1132.805426 Lt
8 1132734817 10 1132680232 0.6 0.454766 1133957302 1132.802626 22
9 1132736024 %7 1132680301 0.6 0.453276 1133957347 1132.804071 20
10 1130735117 13 1132679202 12 0.453839 1133956675 1132.802836 2
11 1130736310 9°  1132.680123 0.7 0.452985 1133960102 1132.807207 °0
12 9132735392 1 1132680166 0.7 0.454179 1133950504 1132.805415 11
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13

14

15

16

17

18

19

20
21
22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37
38

39
40
41

42

1132.7-30301
1132.7-29848
1132.7-36107
1132.7-27908
1132.7-29195
1132.7-27982
1132.7-34865

1132.737159

1132.7-34881
1132.7-36587
1132.7-31964
1132.7-31319
1132.7-29374
1132.7-34706
1132.7-34419
1132.7-32553
1132.7-30973
1132.7-33584
1132.7-33046
1132.7-33276
1132.7-30101
1132.7-32461

1132.735954

1132.733111

1132.732227

1132.731973

1132.731922

4.3

4.6

0.7

5.8

5.0

5.8

14

0.0

14

0.4

3.3

3.7

4.9

15

1.7

2.9

3.9

2.2

2.6

24

4.4

2.9

0.8

2.5

3.1

3.3

3.3

1132.6‘;74751
1132.6-74208
1132.6‘;77861
1132.(;73326
1132.6-75162
1132.6-74250
1132.6-81263

1132.680075

1132.6579586
1132.6‘;80430
1132.6‘;78633
1132.6‘;76391
1132.6;77244
1132.6580188
1132.6;79840
1132.6-77636
1132.6-76376
1132.6-76894
1132.(;78077
1132.(579508
1132.(;75534
1132.6-77591

1132.679943

1132.677250

1132.676816

1132.677424

1132.676654

41 0.453847
4.4 0.454003
21 0.450260
5.0 0.455632
38 0.455937
4.4 0.456331
0.0 0.456473
0.7 0.452438
converged to 19
11 0.454312
0.5 0.452818
1.7 0.456867
31 0.454661
25 0.458956
0.7 0.454211
0.9 0.454848
2.3 0.455137
31 0.455414
2.7 0.452988
2.0 0.453925
11 0.455681
3.6 0.454219
2.3 0.453669
0.8 0.452564
converged to 36
25 0.453233
2.8 0.454345
not converged
24 0.454912
2.9 0.453998

1133.2-52111
1133.2-53084
1133.2-55258
1133.2-51895
1133.2-53416
1133.2-52551
1133.2-60229

1133.259478

1133.2-58875
1133.2-58698
1133.2-57360
1133.2-56270
1133.2-56276
1133.2-57980
1133.2-58183
1133.2-56569
1133.2-54905
1133.2-55620
1133.2-57748
1133.2_57664
1133.2-54137
1133.2-55655

1133.259052

1133.256467

1133.256129

1133.255623

1133.254869

1132.7-98264
1132.7-99081
11321;04998
1132.7-96263
1132.7-97479
1132.7-96220
11321;03756

1132.807040

1132.5;04563
1132.é05880
1132.é00493
1132.é01609
1132.7-97320
1132.5;03769
1132.5;03335
1132.é01432
1132.7-99491
1132.é02632
1132.8-03823
1132.8-01983
1132.7-99918
1132.é01986

1132.806488

1132.803234

1132.801784

1132.800711

1132.800871

5.6

51

14

6.9

6.1

6.9

2.2

0.1

1.7

0.8

4.2

35

6.2

2.2

24

3.6

4.8

2.9

21

3.3

4.6

3.3

0.5

2.5

3.4

4.1

4.0

*Obtained from the sum of AEeiec at M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] and Thermal
correction to Gibbs Free Energy at M06-2X/6-31G(d) [SDM, chloroform].
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TABLE 2: Boltzmann population, and orientation of the dihedrals W1 and ¥, for catalyst 67.

MO06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform]

Clust %Boltz (gllﬁf;jqrgl)s isomer Clust %Boltz ((i$f;j\£,azl)s geometry
1 0.0 -/- cis 22 1.9 -[+ cis
2 converged to 1 23 7.6 -1+ cis
3 converged to 4 24 0.0 +/- cis
4 0.2 +/+ trans 25 0.1 +/- cis
5 0.3 +/+ trans 26 0.0 +/- cis
6 0.3 +/+ trans 27 0.8 +/+ cis
7 4.7 +/- trans 28 0.5 +/+ cis
8 0.2 +/- trans 29 0.1 +/+ cis
9 11 +/- trans 30 0.0 +/+ cis
10 0.3 +/- trans 31 0.2 +/+ cis
11 31.0 +/- trans 32 0.9 +/+ cis
12 4.6 +/- trans 33 0.1 +/+ cis
13 0.0 -/+ cis 34 0.0 +/+ cis
14 0.0 -/+ cis 35 0.1 -/- trans
15 3.0 -/+ cis 36 145 -/- trans
16 0.0 -/+ cis 37 converged to 36
17 0.0 -/+ cis 38 0.5 -/- trans
18 0.0 -/+ cis 39 0.1 -/- trans
19 0.8 -/+ cis 41 0.0 -/- trans
20 26.0 -/+ cis 42 0.0 -/- trans
21 converged to 19

Reoptimized low- Clusters Reoptimized Low-

Clusters
energy conformer energy conformer

Cluster 1 Cluster 2
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Cluster 4

Cluster 5

Cluster 8

Cluster 9

Cluster 10

Cluster 11

Cluster 12
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Cluster 14

Cluster 15

Cluster 17

Cluster 18

Cluster 19

Cluster 20
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Cluster 25

Cluster 26

FIGURE 99: Geometries of clustered-superposed conformers and reoptimized low-energy conformers at

M06-2X/6-31G(d) of catalyst 69.

TABLE 3: Energies (in Hartree) and relative energies (in kcal.mol?) for catalyst 69.

M06-2X/6-31G(d) [SDM, chloroform]

MO06-2X/6-31+G(d,p) //
M06-2X/6-31G(d) [SDM,
chloroform]

Thermal
correction
Clust AG AGrel  AEeiec+ZPE  [AEeiec+ZPE]el 1o Gibbs AEeiec AG* AGri
Free

Energy
1 1211258480 2.2 -1211.202411 2.4 0.510145 1211.842590 -1211.332445 1.7
2 1211.260514 0.9 -1211.205150 0.7 0.510203 1211.844232 -1211.334029 0.7
3 1211.260457 1.0 -1211.204993 0.8 0.510056 1211.843467 -1211.333411 11
4 1211.259226 1.8 -1211.203803 15 0.509958 1211.841909 -1211.331951 2.0
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

rotamer
of 1

1211.2-58890
1211.2-55815
1211.2-53069
1211.2-54219
1211.2-54461
1211.2-59905
1211.2-60930
1211.2-58594
1211.2-57104
1211.2-54909
1211.2-59436
1211.2-56454
1211.2-59413
1211.2-54074
1211.2-52756
1211.2-54617
1211.2-58194
1211.2-58865
1211.2-59780
1211.2-53701
1211.2-61837
1211.2-62027

1211.256311

2.0

3.9

5.6

4.9

4.7

1.3

0.7

2.2

3.1

4.5

1.6

3.5

1.6

5.0

5.8

4.6

2.4

2.0

1.4

5.2

0.1

0.0

3.6

-1211.203888

-1211.198657

-1211.198476

-1211.197666

-1211.198052

-1211.205300

-1211.205299

-1211.201612

-1211.201079

-1211.198017

-1211.201697

-1211.201291

-1211.201617

-1211.196188

-1211.196845

-1211.197999

-1211.202442

-1211.202058

-1211.205714

-1211.197378

-1211.205734

-1211.206207

-1211.199698

1.5

4.7

4.9

54

51

0.6

0.6

2.9

3.2

51

2.8

3.1

2.9

6.3

5.9

52

2.4

2.6

0.3

55

0.3

0.0

4.1

0.510472

0.508590

0.511345

0.509643

0.509257

0.510740

0.510905

0.508205

0.510925

0.508704

0.507454

0.511559

0.507521

0.507278

0.510156

0.509499

0.510370

0.509005

0.512782

0.509342

0.510275

0.510495

0.508950

1211.8;41790
1211.8;37486
1211.8;37915
1211.5;37843
1211.5;37170
1211.8;43948
1211.8;44702
1211.8;40716
1211.8-40778
1211.8-36847
1211.8-40296
1211.é40972
1211.é41065
1211.é33926
1211.8-34714
1211.8-36150
1211.2;42113
1211.é41837
1211.é45872
1211.é36006
1211.2;44785
1211.2;45627

1211.839282

-1211.331318

-1211.328896

-1211.326570

-1211.328200

-1211.327913

-1211.333208

-1211.333797

-1211.332511

-1211.329853

-1211.328143

-1211.332842

-1211.329413

-1211.333544

-1211.326648

-1211.324558

-1211.326651

-1211.331743

-1211.332832

-1211.333090

-1211.326664

-1211.334510

-1211.335132

-1211.330332

24

3.9

54

4.4

4.5

1.2

0.8

1.6

3.3

4.4

14

3.6

1.0

53

6.6

5.3

21

14

13

53

0.4

0.0

3.0

*Obtained from the sum of AEekc at M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] and Thermal
correction to Gibbs Free Energy at M06-2X/6-31G(d) [SDM, chloroform].

TABLE 4: Boltzmann population, and orientation of the dihedrals W1 and V> for catalyst 69.

MO06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform]

dihedrals . dihedrals .
0, 0,
Clust O%Boltz (P1/%2) isomer Clust Y% Boltz (P1/92) isomer
1 1.9 -/- trans 14 0.0 +/- cis
2 10.2 +/+ cis 15 2.9 +/- cis
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3 5.3
4 11
5 0.6
6 0.0
7 0.0
8 0.0
9 0.0
10 43
11 8.0
12 2.0
13 0.1

+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/-
+/-
+/-
+/-

cis
cis
cis
cis
cis
cis
cis
cis
cis
cis
cis

16
17
18
19
20
21
22
23
24
25
26

0.1
6.1
0.0
0.0
0.0
0.9
2.9
3.8
0.0
17.0
32.8

-[+ cis
-[+ cis
-[+ cis
-[+ cis
-[+ cis
-[+ cis
-[+ cis
-/- cis
-/- cis
-/- cis
-/- cis

TABLE 5: Energies (in Hartree) and relative energies (in kcal.mol™) of transition structure TS-1 and

TS-2.

M06-2X/6-31G(d) [SDM, chloroform]

MO06-2X/6-31+G(d,p) //

M06-2X/6-31G(d) [SDM, chloroform]

correction to Imaginary
TS AG AGrel Gibbs Free Frequoincy AEcelec AG* AGgel
(cm™)
TS-1 1132.703866 20.9 -79.23 -1133.225341  -1132.773983 20.8
TS-2 1211235697 16.5 -59.98 -1211.817241  -1211.309013 16.4

*Obtained from the sum of AEeiec at M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] and
Thermal correction to Gibbs Free Energy at M06-2X/6-31G(d) [SDM, chloroform].

Clusters

Reoptimized low-

Clusters

Reoptimized Low-

energy conformer

energy conformer

Cluster 3

Cluster 4
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Cluster 5

Cluster 6

Cluster 7

Cluster 9

Not converged

Cluster 10

Not converged

Cluster 11

Cluster 13

Cluster 14
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Cluster 15

Cluster 16

FIGURE 100: Geometries of clustered-superposed conformers and reoptimized low-energy conformers
at M06-2X/6-31G(d) of enamine 2 for catalyst 69.

TABLE 6: Energies (in Hartree) and relative energies (in kcal.mol™) for enamine 2-en.

M06-2X/6-31G(d) [SDM, chloroform]

MO06-2X/6-31+G(d,p) //
M06-2X/6-31G(d) [SDM, chloroform]

Thermal
Clust AG AGi  AEeect+ZPE nggetf;igfeteo AEetec AG* AGw  Boltz(%)
Energy
1 yp7geo737 20 1327799359 0565971 45003039 1327937068 22 2:2
2 ygp7geo7aa 20 1327799358 0565973 4500040 1327937067 22 2:2
3 i37gsop0g 27 1327798553 0566339 4o0c0078) 1327036443 32 04
4 lgp7ge0028 25 1327798686 0566002 1apgcno7es 137036751 S0 08
5 137860043 25 1327798283 0565629 14500504y 1327037213 27 10
6 1s7esepns 36 1327797929 0567188 45009300 1327935002 30 0.1
T is7esyssy 06 1327793413 0567778 450490355 1327930575 OF 0.0
8  -1327.85288 70 1327794258 0570180 L aociioess 132700376 70 0.0
O ig7gsoree 10 1327793952 0569581 550.99779 1327030108 (L OO
10 not converged
11 not converged
12 13p7gss16 37 1327798419 0867970 1aogcnsn77 1357035407 38 0L
13 137863997 00  -1327.802016 0565707 yoygpos105 1357041488 00 932
14 137857250 42 1327797991 0568694 1ao0crnns 13p7.033630 49 0.0
15 137857257 42 1327797992 0568689 1ao0chrnns q3p7.033635 49 0.0
16 137854405 00 1327792382 0565595 10 ig5030 1357931342 O 0.0

*Obtained from the sum of AEekc at M06-2X/6-31+G(d,p) // M06-2X/6-31G(d) [SDM, chloroform] and Thermal
correction to Gibbs Free Energy at M06-2X/6-31G(d) [SDM, chloroform].
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FIGURE 101: 400 MHz *H NMR spectra in CDClI; of 87.
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FIGURE 102: 100 MHz 3C NMR spectra in CDClI; of 87.
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FIGURE 103: 400 MHz *H NMR spectra in CDClI; of 91.
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FIGURE 104: 100 MHz 3C NMR spectra in CDClI; of 91.
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FIGURE 105: 400 MHz *H NMR spectra in CDClI; of 88.
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FIGURE 106: 100 MHz **C NMR spectra in CDClI; of 88.
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FIGURE 107: Chiral HPLC of 78 obtained by continuous flow chemistry reaction with polymer 89.
Chiralpak OD-H (n-hexane/i-PrOH 90:10), 25°C) at 1.0 ml/min, UV detection at 210 nm of the crude
reaction.
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FIGURE 108: 400 MHz *H NMR spectra in CDCIs of 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol (114).
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FIGURE 109: 100 MHz °C NMR spectra in CDCl; of 5-nitro-4-pheny! tetrahydro-2H-pyran-2-ol (114).
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PeakTable
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Arca % Height %
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FIGURE 110: Chiral HPLC analysis of racemic 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol (114).
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PeakTable
PDA Chl 210nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 11.597 241952 13607 2.049 3.896
2 16325 66392 1890 0.562 0.541
3 17.791 9427283 292431 79.848 83.732
4 29.728 2070962 41318 17.541 11.831
Total 11806590 349247 100.000 100.000

FIGURE 111: Chiral HPLC analysis of 5-nitro-4-phenyl tetrahydro-2H-pyran-2-ol (114) obtained by
the 1,4-addition reaction catalyzed by 15. Chiralpak AD-H (n-hexane/i-PrOH 90:10), 25°C at 1.0
ml/min, UV detection at 210 nm.
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FIGURE 112: Dichroism circular of compound 114.
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FIGURE 113: 400 MHz *H NMR spectra in CDCl; of 4-(4-bromophenyl)-5-nitrotetrahydro-2H-pyran-
2-ol (116).
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FIGURE 114: 100 MHz 3C NMR spectra in CDClI; of 4-(4-bromophenyl)-5-nitrotetrahydro-2H-pyran-
2-ol (116).
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PeakTable
PDA Chl 210nm 4nm
Peak# Ret. Time Area Hexght Arca % Height %
1 13.273 5333689 217496 44338 50.128
2 16.306 4356893 157820 36218 36374
3 17.207 1034801 31310 602 7.216
4 25,791 1 304093 27258 10,841 6,282
Total 12029476 433884 100,000 11040, DO

FIGURE 115: Chiral HPLC analysis of racemic 4-(4-bromophenyl)-5-nitrotetrahydro-2H-pyran-2-ol

(116).
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NN
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PeakTable
PDA Chl 210nm 4nm
Peaks# Ret. Time Area Height Area % Height %
| 13.255 879551 44700 3.490 5.371
2 16.126 20260799 689739 80.384 82.883
3 17.248 4014 42 0.016 -0.005
4 25.520 4060524 97790 16.110 11.751
Total 25204888 832187 100.000 100.000

FIGURE 116: Chiral HPLC analysis of 4-(4-bromophenyl)-5-nitrotetrahydro-2H-pyran-2-ol (116)
obtained by the 1,4-addition reaction catalyzed by 15. Chiralpak AD-H (n-hexane/i-PrOH 90:10), 25°C
at 1.0 ml/min, UV detection at 210 nm.
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FIGURE 117: 400 MHz *H NMR spectra in CDCl; of 4-(4-methoxyphenyl)-5-nitrotetrahydro-2H-
pyran-2-ol (117).
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FIGURE 118: 100 MHz 3C NMR spectra in CDClI; of 4-(4-methoxyphenyl)-5-nitrotetrahydro-2H-
pyran-2-ol (117).
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PeakTable
PDA Chl 210nm 4nm
Peak## Ret. Time Arca Height Arca % Height %
1 15.205 3413146 111454 40.808 45.287
2 17.630 3324202 S AN 39.745 39.374
i 19241 GI3RG 24820 11,166 10,085
4 31.216 692582 12930 £.281 5254
Total 8363829 246108 1040000 10:0.000

FIGURE 119: Chiral HPLC analysis of racemic 4-(4-methoxyphenyl)-5-nitrotetrahydro-2H-pyran-2-ol

(117).
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g_@%nm,/inm (1.00) =
g
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PeakTable
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 15.206 625100 22821 17.072 19.851
2 17.569 2437204 79717 66.563 69.341
3 19.195 99616 3519 2.721 3.061
4 31.079 499575 8906 13.644 7.747
Total 3661495 114964 100.000 100.000

FIGURE 120: Chiral HPLC analysis of 4-(4-methoxyphenyl)-5-nitrotetrahydro-2H-pyran-2-ol (117)
obtained by the 1,4-addition reaction catalyzed by 15. Chiralpak AD-H (n-hexane/i-PrOH 90:10), 25°C
at 1.0 ml/min, UV detection at 210 nm.
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FIGURE 121: 400 MHz *H NMR spectra in MeOD of 4-(4-nitrophenyl)-5-nitrotetrahydro-2H-pyran-2-
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PeakTable
PDA Ch2 254nm 4nm
Peak# Ret. Time Arca Height Arca %
1 33322 14800535 182947 48588
2 38915 142001477 140282 46,622
3 49,864 730937 7725 2400
4 T1.576 TIR243 5831 2191
Total 30461192 336786 1 000K

FIGURE 123: Chiral HPLC analysis of racemic 4-(4-nitrophenyl)-5-nitrotetrahydro-2H-pyran-2-ol

(118).
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PeakTable
PDACh] 254am 4nm
Peak# Ret. Time Area Height Area % Height Y
1 33299 2223491 26102 3.571 5.292
2 37958 55777419 440121 89.579 89234
3 50.239 238901 2390 0.384 0485
4 73.095 4026622 24596 6.467 4987
Total 62266432 493209 100.000 1 00.000

FIGURE 124: Chiral HPLC analysis of 4-(4-nitrophenyl)-5-nitrotetrahydro-2H-pyran-2-ol (118)
obtained by the 1,4-addition reaction catalyzed by 15. Chiralpak AD-H (n-hexane/i-PrOH 90:10), 25°C
at 1.0 ml/min, UV detection at 210 nm.
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FIGURE 125: 400 MHz *H NMR spectra in CDCls; of 4-(4-ethyl)-5-nitrotetrahydro-2H-pyran-2-ol
(119).
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FIGURE 126: 100 MHz 3C NMR spectra in CDCl; of 4-(4-ethyl)-5-nitrotetrahydro-2H-pyran-2-ol
(119).
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Peak Table
PDA Chl 2 10nm 4nm
Peak# Rt Time Arca Hei Area % Height %%
1 H.981 18523423 1462413 35.671 38. 1
2 7.805 18525755 135324 15676 35235
3 9033 7537547 540203 14.515 14.078
4 10.038 T3 1596 482796 14.138 12580
Tota 51928321 IR3ITT4S 10000 (L]

FIGURE 127: Chiral HPLC analysis of racemic 4-(4-ethyl)-5-nitrotetrahydro-2H-pyran-2-ol (119).
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PeakTable
PDA Chl 210nm 4nm
Pealst Ret. Time Area Height Area % Height %
1 7.004 577039 57223 3.149 4.129
2 7.811 13227977 1025971 72.191 74.035
3 9.040 208847 17398 1.140 1.255
4 10.047 4309719 285193 23.520 20.580
Totall 18323582 1385785 100.000 100.000

FIGURE 128: Chiral HPLC analysis of 4-(4-ethyl)-5-nitrotetrahydro-2H-pyran-2-ol (119) obtained by
the 1,4-addition reaction catalyzed by 15. Chiralpak AD-H (n-hexane/i-PrOH 90:10), 25°C at 1.0
ml/min, UV detection at 210 nm.
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FIGURE 129: 400 MHz *H NMR spectra in CDClI; of the mixture of diastereomers of compound 120.
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FIGURE 130: 100 MHz *3C NMR spectra in CDClI; of the mixture of diastereomers of compound 120.
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FIGURE 131: HRMS (ESI-FT-ICR) m/z spectra of 120.
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FIGURE 132: 400 MHz *H NMR spectra in CDCls of the mixture of diastereomers of compound 121.
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FIGURE 133: 100 MHz *C NMR spectra in CDClI; of the mixture of diastereomers of compound 121.
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FIGURE 134: DEPT 135° spectra in CDCl; of the mixture of diastereomers of compound 121.
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FIGURE 135: COSY spectra in CDCl; of the mixture of diastereomers of compound 121.
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FIGURE 136: ROESY spectra in CDClIs of the mixture of diastereomers of compound 121.
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FIGURE 137: HSQC spectra in CDCl3 of the mixture of diastereomers of compound 121.
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FIGURE 138: HMBC spectra in CDCl; of the mixture of diastereomers of compound 121.
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FIGURE 139: HRMS (ESI-FT-ICR) m/z spectra of 121.
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FIGURE 140: 400 MHz *H NMR spectra in CDClI; of the mixture of diastereomers of compound 122.
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FIGURE 141: 100 MHz *3C NMR spectra in CDClI; of the mixture of diastereomers of compound 122.
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FIGURE 142: 400 MHz *H NMR spectra in CDCl; of the mixture of diastereomers of compound 123.

70 6.5 6.0 5.5 5.0 4.5

7.5

67b1
mm.E/
6181
581
581
sp61 \
2
9z'se
66°0%
mm?/
oLy
orzo-t

wes
w'es
60°SS
60°SS >
Sp'85 "
[A°ya)
59

+8'9L
+8'9L H/
9T°LL

oTLL
8y LL

£5°€6

99°€6

66'€6

66'€6

348
0v'8CT
0’821
5'8C1T
[4k:14)
[4R 741
76Tl
b6t
0621
0,621

96'9€T
96'9€T V
£9°LET

9T°0LT
9T°0LT
8ETLT
0TeLT

YTELT

LLELT
SO'vLT
SO'vLT
LTYLT

-20

-10

210 200 190 180 170 160 150 140 130 120 110 f %ggm) 90 80 70 60 50 40 30 20 10
FIGURE 143: 100 MHz *3C NMR spectra in CDClI; of the mixture of diastereomers of compound 123.
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FIGURE 144: 400 MHz *H NMR spectra in CDCl; of the mixture of diastereomers of compound 124.
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FIGURE 145: 100 MHz **C NMR spectra in CDClI; of the mixture of diastereomers of compound 124.
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FIGURE 146: 400 MHz *H NMR spectra in CDClIs of the mixture of diastereomers of compound 125.
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FIGURE 147: 100 MHz *3C NMR spectra in CDClI; of the mixture of diastereomers of compound 125.
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FIGURE 150: 400 MHz *H NMR spectra in CDCl; of the mixture of diastereomers of compound 127.
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FIGURE 151: 100 MHz 3C NMR spectra in CDClI; of the mixture of diastereomers of compound 127.
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FIGURE 153: 400 MHz *H NMR spectra in CDCl; of the mixture of diastereomers of compound 128.
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FIGURE 154: 100 MHz **C NMR spectra in CDClI; of the mixture of diastereomers of compound 128.
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FIGURE 155: 400 MHz *H NMR spectra in CDCl; of the mixture of diastereomers of compound 129.
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PrOH 90:10, 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 189: Chiral HPLC analysis of the racemic of compound 146. Chiralpak AD-H, n-hexane/i-
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FIGURE 190: Chiral HPLC analysis of the mixture of diastereomers of compound 146. Chiralpak AD-
H, n-hexane/i-PrOH 90:10, 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 193: Chiral HPLC analysis of the racemic of compound 147. Chiralpak AD-H (n-hexanef/i-
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FIGURE 195: 400 MHz *H NMR spectra in CDCl;s of compound 148.
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FIGURE 199: 400 MHz *H NMR spectra in CDCl3 of compound 150.
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FIGURE 200: 100 MHz 3C NMR spectra in CDCls of compound 150.
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FIGURE 201: Chiral HPLC analysis of the racemic of compound 150. Chiralpak AD-H (n-hexanefi-
PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 202: Chiral HPLC analysis of the mixture of diastereomers of compound 150. Chiralpak AD-
H (n-hexane/i-PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 206: 100 MHz 3C NMR spectra in CDCls of compound 152.
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FIGURE 207: Chiral HPLC analysis of the racemic of compound 152. Chiralpak AD-H (n-hexane/i-
PrOH 95:5), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 208: Chiral HPLC analysis of the mixture of diastereomers of compound 152. Chiralpak AD-

H (n-hexane/i-PrOH 95:5), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 209: 400 MHz *H NMR spectra in CDCl; of compound 153.
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FIGURE 210: 100 MHz *3C NMR spectra in CDCl; of compound 153.
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FIGURE 211: Chiral HPLC analysis of the racemic of compound 153. Chiralpak AD-H (n-hexanefi-
PrOH 95:5), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 212: Chiral HPLC analysis of the mixture of diastereomers of compound 153. Chiralpak AD-
H (n-hexane/i-PrOH 95:5), 25°C at 1.0 ml/min, UV detection at 300 nm.

289



6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 0.2
ppm)

=

FIGURE 213: 400 MHz *H NMR spectra in CDCl;3 of compound 154.
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FIGURE 214: 100 MHz 3C NMR spectra in CDCls of compound 154.
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FIGURE 215: Chiral HPLC analysis of the racemic of compound 154. Chiralpak AD-H, n-hexane/i-
PrOH 95:5, 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 216: Chiral HPLC analysis of the mixture of diastereomers of compound 154. Chiralpak AD-
H (n-hexane/i-PrOH 95:5), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 217: 400 MHz *H NMR spectra in CDCl3 of compound 155.
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FIGURE 218: 100 MHz 3C NMR spectra in CDCls of compound 155.
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Totall 98397549 3224984 100.000 100.000

FIGURE 219: Chiral HPLC analysis of the racemic of compound 155. Chiralpak AD-H (n-hexane/i-
PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 220: Chiral HPLC analysis of the mixture of diastereomers of compound 155. Chiralpak AD-

H (n-hexane/i-PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 221: 400 MHz *H NMR spectra in CDCl; of compound 156.
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FIGURE 222: 100 MHz 3C NMR spectra in CDCl;s of compound 156.
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FIGURE 223: Chiral HPLC analysis of the racemic of compound 156. Chiralpak AD-H (n-hexanef/i-
PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 224: Chiral HPLC analysis of the mixture of diastereomers of compound 156. Chiralpak AD-
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H (n-hexane/i-PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 225: 400 MHz *H NMR spectra in CDCl; of compound 157.
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FIGURE 226: 100 MHz 3C NMR spectra in CDCls of compound 157.
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FIGURE 227: Chiral HPLC analysis of the racemic of compound 157. Chiralpak AD-H (n-hexane/i-

m

PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 228: Chiral HPLC analysis of the mixture of diastereomers of compound 157. Chiralpak AD-

H (n-hexane/i-PrOH 90:10), 25°C at 1.0 ml/min, UV detection at 300 nm.
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FIGURE 229: 400 MHz *H NMR spectra in CDCl; of compound 158.
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FIGURE 230: 100 MHz 3C NMR spectra in CDCls of compound 158.
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FIGURE 231: 400 MHz *H NMR spectra in CDCl;3 of compound 160.
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FIGURE 232: 100 MHz 3C NMR spectra in CDCls of compound 160.
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FIGURE 233: 100 MHz DEPT 135° spectra in CDClI; of compound 160.
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FIGURE 234: COSY spectra in CDCl3 of compound 160.
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FIGURE 235: HSQC spectra in CDCl; of compound 160.
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FIGURE 236: HMBC spectra in CDCls of compound 160.
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FIGURE 237: HRMS (ESI-FT-ICR) m/z spectra of compound 160.
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FIGURE 238: 400 MHz *H NMR spectra in CDCl; of compound 161.
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FIGURE 239: 100 MHz 3C NMR spectra in CDCls of compound 161.
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FIGURE 241: 100 MHz 3C NMR spectra in CDCls of compound 162.
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FIGURE 242: HRMS (ESI-FT-ICR) m/z spectra of compound 162.
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FIGURE 243: 400 MHz *H NMR spectra in CDCls of compound 163.
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FIGURE 244: 100 MHz 3C NMR spectra in CDCls of compound 163.
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FIGURE 245: 400 MHz *H NMR spectra in CDCls of compound 164.
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FIGURE 246: 100 MHz *C NMR spectra in CDCI; of compound 164.
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FIGURE 247: 400 MHz *H NMR spectra in CDCls of compound 165.
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FIGURE 248: 100 MHz 3C NMR spectra in CDCls of compound 166.
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FIGURE 249: 400 MHz *H NMR spectra in CDCls of compound 166.
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FIGURE 250: 100 MHz **C NMR spectra in CDCl; of compound 166.
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