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°C Celsius degree

U micro

1,2-DCE 1,2-Dichloroethane

ACN Acetonitrile

Ala Alanyl

BB Building Block

Bn Benzyl

Boc tert-butoxycarbonyl

CD Circular Dichroism

COSsy Correlated Spectroscopy
DCM Dichloromethane

DIPEA DilsoPropylEthylAmine (Hunig's base)
DMF DiMethylFormamide

DMSO Dimethyl Sulfoxide

eq. equivalent

Gly Glycyl

A Wavelength

Leu Leucyl

MW Molecular Weight

nm nanometer

NMR Nuclear Magnetic Resonance
NOE Nuclear Overhauser Effect
OSu O-Succinimidyl

Phe Phenylalanyl

ppm parts per million

Pro Prolyl

PS PolyStyrene

Res. n Residue n

RMSD Root Mean Square Deviation
ROESY Rotating-frame Nuclear Overhauser effect Spectroscopy
RT Room Temperature

TFA Trifluoroacetic Acid

THF Tetrahydrofuran

TLC Thin Layer Chromatography
TOCSY Total Correlation Spectroscopy
Val Valyl

) chemical shift

AS split of chemical shift (ppm)



Nomenclature

Amino-acids will be designated by their full names or their 3-letters codes without difference.

Urea residues will be indicated by the 3-letters codes of the amino acids from which they derive,
followed by the letter “u” in superscript. The corresponding residue will be named Ala". Thiourea
residues will be indicated by the 3-letters codes of the amino acids from which it derives, followed by

the letter ““s” in superscript. The corresponding residue will be named AlaS.

Carbons from the principal chain will be indicated by greek letters as presented below:

e
JV\/ 0 Y 0 y ;18
H' Hl Hv
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AlaY ValY Val® LeuY

Figure 1: Example of notation of (thio)urea residues

To designate the sequences of synthetized oligoureas, the commonly used nomenclature was
used. For instance, a trimer, which is protected with a tert-butoxy carbonyl group, synthesized from
three residues which derive from valine, alanine and leucine will be noted Boc-ValU-Ala"-Leu“-NHMe.

The residues will be numbered as below:

Res. 1 Res. 2 Res. 3
0 i 0 i
S oo B edn
T S N g

Boc-ValY-AlaY-Leu“-NHMe

Figure 2: Notation of oligoureas and numbering of residues

Synthetized compounds will be numbered in their apparition order.
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1.1 TAKING INSPIRATION FROM NATURE TO DEVELOP USEFUL SYNTHETIC TOOLS

1.1.1 At the origin of chirality

A left-coiling garden snail has been recently discovered and constituted an important illustration
for Angus Davison’s research at the University of Nottingham.! Whereas all common snails have their
shells wound in the right direction (dextral), the extremely rare senestra snail, named Jeremy, is a
million exception. Its spirals, but also all its organs are reversed, including its sexual organs, prohibiting
any procreation with common dextral snails. The Internet and Twitter community were moved by its
situation and tried to find other senestra snails to make a love story possible for Jeremy. Way beyond
diverting large audience interest, Angus Davison studied the inherent chirality of snails to improve
knowledge about chirality in the human body. It could provide valuable information to help people who
were born with organs in wrong orientation. Through funny situations with snails, he demonstrated the

importance of chirality for the genome and how far chirality is essential.

forg ot Danteen

Figure 1.1: Jeremy the snail, when chirality in snails can help to answer to genetic questions

The macroscopic chirality observable in the snail shell is encoded in its DNA. Through
transcription with RNA polymerase and translation with the ribosome, genetic material contained in
DNA is translated to proteins constituting living organisms on earth.?2 Remarkably, all the proteins at
the origin of natural living beings are constituted only of (L)-amino acids. This complete stereocontrol
on the synthesis of proteins from only (L)-amino acids is due to the selectivity of enzymes translating
mRNA into proteins for (L)-amino acids. Nevertheless, the origin of chirality of amino acids is still an

enigma for chemists working on the origin of life and the prebiotic formation of polypeptides.®*

The main concern for many chemists in all the fields of chemistry is thus to control the chirality
of synthetic molecules to access molecules with specific biological or physical properties, which is the
biggest challenge of pharmaceutical industry or perfumes industry. For example, the smells of orange
and lemon come from two enantiomers of limonene, as well as cumin and mint which are enantiomers

of carvone (Figure 1.2).
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Figure 1.2: Different olfactive properties among the enantiomers of Carvone and Limonene

In 1992, the Food and Drug Administration published guidelines in order to produce
enantiopure drugs and stimulate the synthesis of enantioenriched compound instead of separation of
racemic mixtures. In 2000, the worldwide sales of enantiopure compounds represented 123 billion
dollars.®> Asymmetric catalysis appeared to be essential because of its numerous advantages: high
selectivity, high rate, atom economy, cost efficiency. William Knowles, Ryoji Noyori and Barry
Sharpless were awarded the Nobel prize in Chemistry in 2001 for their pioneering work in catalysis.
Noyori and Sharpless shared the Wolf prize of Chemistry in 2001 with Henri Kagan, another hero of

asymmetric catalysis.

In 2016, the American journal Fortune reported blockbuster pharmaceutical drugs to watch for
this year and most of them are chiral compounds (Figure 1.3). Intercept Pharmaceuticals and Sumitomo
Dainippon Pharm launched obeticholic acid to treat chronic liver diseases. Gilead Sciences and Japan
Tobacco developed a treatment against HIV-1 infection with the combination of Emtricitabine and

Tenofavir. Merck commercialized Grazoprevir for treating Hepatitis C virus.
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Figure 1.3: Potential pharmaceutical blockbusters where chirality is observed



Enantioenrichment is created in nature by enzymes which are themselves inherently chiral. One
of the paradigms of biochemistry is the link between protein three-dimensional folding and its catalytic
activity. Enzymes increase the rate of chemical reactions by lowering the free energy barrier that
separates reactants and products. Serine proteases are a very common and well-studied class of enzymes
which cleave peptide bonds by increasing the rate of peptide bond hydrolysis by ~10'° compared to the
uncatalyzed reaction. They are present in almost all living organisms and they are involved in many
biological processes such as immune response, digestion or reproduction. Chymotrypsin is a digestion
serine protease which cleaves proteins after aromatic or hydrophobic amino acids, such as

phenylalanine or tyrosine or tryptophan by accelerating the process (Figure 1.4).

Figure 1.4: X-ray structure of Chymotrypsine (PDB: 1CHG)

The mechanism involves a catalytic triad composed of Serine 195, Histidine 57 and Aspartic
acid 102 (Scheme 1.1) and the transient formation of a catalyst-substrate covalent bond. The serine is
first activated by a general acid-base catalysis process involving Asp102 and His57. Nucleophilic
addition of the activated Serine results in the formation of a tetrahedral intermediate which is unstable
because of the negatively charged oxygen. It rearranges to an O-acyl-enzyme intermediate with
concomitant release of the amine part of the substrate peptide. The final step is an attack by water on
the ester bond of the O-acyl enzyme. The instability of the second tetrahedral intermediate drives the
formation of the carboxylic acid product and the release of the free active enzyme. Preorganization of
the triad, electrostatic interactions and the nature of the backbone form a dynamic system which is

responsible for the catalytic activity of Chymotrypsin.
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Scheme 1.1: Mechanism of peptide bond hydrolysis by Chymotrypsin, serine protease

Chemists have been inspired by enzymes trying to design catalysts that would mimic their

modes of act

preorganization of catalytic side chains in the three-dimensional space and which enhances the binding
between substrates and the enzyme, additional elements such as cofactors (metals, co-substrates) play
a critical role in the catalytic activity of a protein. Based on these considerations, several approaches
have been envisioned to perform biomimetic catalysis : (i) the engineering and directed evolution of
natural enzymes and their use in an artificial environment, (ii) the synthesis of minimalist enzymatic

sites with metal cofactors, (iii) the design of small organic molecules with artificial substrate binding

pockets.

ion.

In addition to appropriate folding of the backbone, which leads to optimal
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1.1.2 From sophisticated catalysts to simpler bioinspired catalysts

1.1.2.1 Natural catalysts for synthetic reactions

Enzymes are the most efficient stereoselective, regioselective and chemoselective catalysts
made by nature. They are compatible with all the principles of green chemistry established by R.
Sheldon (Table I.1). A large fraction of enzymes does not need metals, and reactions are often
performed under mild conditions, they usually provide high conversion rates and are highly specific,
no special equipment is required, and the resulting product is usually obtained with high yield and

stereocontrol.

Table 1.1: Biocatalysis concording with the 12 principles of Green Chemistry by R. Sheldon’

Green Chemistry Principle Biocatalysis
1 Waste prevention Significantly reduced waste
2 Atom economy More atom and step economic
3 Less hazardous syntheses Generally low toxicity
4 Design for safer products Not relevant
5 Safer solvents and auxiliaries Usually performed in water
6 Energy efficient Mild conditions
7 Renewable feedstocks Enzymes are renewable
8 Step economy No protection / deprotection
9 Catalysis Enzymes are catalysts
10 Design for Degradation Enzymes are biodegradable
11 Analytical Methodologies Applicable to biocatalysis
12 Inherently safer processes Mild and safe conditions

Protein engineering and computational modelling as well as directed evolution are particularly
powerful and useful methods for designing artificial enzymes which can be successful in biocatalysis.
The company Codexis® developed a process to produce an intermediate of atorvastatin (Lipitor®, a
cholesterol lowering drug), in three steps by the use of an evolved bacterial halohydrin dehalogenase
HHDH, and a ketoreductase KRED used with NADP (Nicotinamide Adenine Dinucleotide Phosphate)
and glucose as cofactors of oxidation (Scheme 1.2). It received the Presidential Green Chemistry

Challenge Award in 2006 for developing this process.®
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Scheme 1.2: 3-steps biocatalysed procedure to synthesize building block for Atorvastatin production

Directed evolution of natural enzymes can drive to unprecedent catalytic activities with wide

scope as synthetic catalysts, and with high efficiency as natural enzymes. Hilvert et al. created an

artificial retro-aldolase which is able to cleave the aldol bond of methodol through covalent amine

catalysis with lysine®, to perform Michael reactions with unsaturated ketones and iminium activation.®

A more unprecedented result is the ability of the designed retro-aldolase to perform Knoevenagel

condensations with poorly reactive substrates (Scheme 1.3) through iminium activation again.

[artificial retro-aldolaseJ

|N/\L

| __L; X
S _—
MeO
MeO
R=H, Me @
NC COZEt
H—B

H,N" Lys83

HN Ly383

Scheme 1.3: Knoevenagel Condensation with artificial retro-aldolase designed by Hilvert group™®

Association of natural or artificial enzymes with transition metals allows the combination of

the high reactivity and efficiency of enzymes with the broader range of substrates

allowed by

organometallic catalysis. Artificial metalloenzymes, i.e. the combination of an (un)natural enzyme with

an organometallic species, were born from this idea. Hartwig et al. created a metalloenzyme by

complexing a metal inside an enzymatic pocket. The resulting catalytic activity resides

in both the
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primary coordination sphere of the metal and the protein folded environment. Hartwig et al. replaced
iron-protoporphyrin by iridium porphyrin into the P450 enzyme CYP 119 to catalyse insertion of
carbenes into C-H bonds with excellent results, 98% ee and 35 000 turnovers. The wild type structure
of CYP 119 is shown in Figure 1.5 with residues targeted to evolve the protein scaffold and increase
catalytic activity.™

] CYP119
L1585 C Active Site
A152 s, ¢
™ L69

-

W

F310

Figure 1.5: Highlighted active sites of wild type Fe-CYP119 which have been mutated for increasing
catalytic activity of the catalytic system- PDB 1107*

However, biocatalysis presents a fundamental disadvantage: because of its high specificity, the
catalyst has to be adapted for each reaction.” Natural enzymes are less often compatible with
commercial processes because of the high substrate specificity. Moreover, directed evolution is not an
easy process to perform to access to these new enzymatic abiotic catalysts because of its necessity to
work on high-throughput study. The stability of enzymes and the difficulty to immobilize them on solid

phase to reuse it may also represent limitations to common use of biocatalysis.?

1.1.2.2 Organometallic small molecules as first simpler synthetic asymmetric catalysts

The first commonly used way that chemists found to enantioenrich chemical mixture with a
catalytic amount of chiral molecule was the addition of metals. In 1966, Nozaki et al. discovered the
first induction of chirality with association of chiral Schiff-base complexed with Cu'" (Scheme 1.4).
Noyori developed asymmetric catalysis with elaboration of a new chiral biphosphine ligand BINAP,

associated with ruthenium.*® It led to asymmetric hydrogenation, at the origin of Takagaso process for
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industrial production of (—)-menthol (Scheme 1.5), as well as morphine and benzomorphan derivatives,
antibiotic levofloxacin, anti 1,3-diols, antidepressant duloxetine, antihistaminic neobenodine.®
chiral Cu cat.

o 1 mol% A &
+ >~ + .
©§\\ Nz\)J\O/\ Ph CO,Et Ph" CO,Et

Ph 10% ee 6% ee

Ph
Scheme 1.4: Discovery of chirality induction with a chiral organometallic molecule catalyst*®

)\/\/U\/ EtZNH )\/\/k/\ o BINAP)\/\/k/\
X NEt, NEt,

OO PPh, H, Ni ZnBr, )\/\/kj
! ! PPh, OH OH X

(S)-BINAP

(-=)-menthol (R)-citronellal

Scheme 1.5: Synthesis of (—)-menthol, Takagaso process®

Knowles and Kagan also worked on asymmetric hydrogenation, with the complexation of chiral
ligands with rhodium. This work and the use of the phosphine ligand named camp was applied to a
process initially commercialized by Monsanto for the production of L-DOPA a treatment for Parkinsons
disease (Scheme 1.6). Shortly after the first commercialization, Kagan elaborated the biphosphine ligand
(R, R)-DIOP and reached 83% ee in L-DOPA synthesis, then Knowles reported the synthesis of another
diphosphine ligand: (R, R)-DIPAMP, pushing to 95% ee (Scheme 1.7).14

o]
L 0 o) OW/U\
Ho—Q—/ + )J\N/\H/OH AcO N
H AcO
MeO (0]
MeO H,0
HO,C HO,C H, HOLC

NH
NH, N NH
H.O [Rh(camp),(cod)]
AcO—Q—)— 3 AcO—Q—)_ }_ e P2 ACO O}—
© OMe MeG

MeO L-dopa MeO :< Me

P*
Cy

camp

Cy =-CgHyg
cod = cyclooctadiene

Scheme 1.6: Monsanto L-dopa process*
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Scheme 1.7: More efficient biphosphine ligands for L-DOPA production®*

Control of olefin oxidation, as much as chemoselectivity as regioselectivity and
stereoselectivity has long been a challenging goal in organic chemistry. Sharpless and co-workers have
discovered and developed widely used catalytic oxidation processes, including the first general methods
for stereoselective oxidation of olefins such as asymmetric epoxidation, dihydroxylation, and
aminohydroxylation of olefins. For example, Sharpless associated titanium with diethyltartrate to
perform asymmetric epoxidation of alkenes with tert-butyl hydroperoxyde and access to versatile
compounds (Scheme 1.8). He successfully synthesized intermediates of natural complex structures, such
as the antibiotic macrolide erythromycin and the sex pheromone attractant (+)-disparlure (Scheme
1.8).1°

Ti(O'Pr),

o+ ooH —IPET (A

CO,Et OH
- H R)-glycidol

CO,Et erythromycine
S /\/\/\/\/\M
(0]

(+)-disparlure

Scheme 1.8: Sharpless epoxydation of olefins®

For thirty years, organometallic asymmetric catalysis has deeply evolved. Some very recent
examples have been chosen to illustrate what has been developed in this area nowadays, but it is by no
mean an exhaustive list. Echavarren et al. developed cyclizations through gold catalysis. Gold catalysts
lead to reactive metal carbenes intermediates which form vinylcyclopropanes and
vinylaminocyclopropanes in mild conditions (Scheme 1.9 a).%® It also allows coupling between alkynes
and alkenes through two different possible mechanisms, conducting to cyclobutenes or 1,3-dienes

among the electronic activity of the alkynes (Scheme 1.9 b).%
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Scheme 1.9: Gold caEalysis develop_ed by Echavarren group*®*’

Palladium-catalysis has been recently developed to propose through allylic alkylation approach,
a mild and efficient way to access to a-quaternary y-butyrolactones from cyclic enol carbonates, which
is a very rich chemical core for medicinal chemistry and access to precursors of natural products
(Scheme 1.10).2® The reaction was also very effective with a-acyl-enol carbonates despite their lower
reactivity. This new method has been illustrated to synthesise enantioenriched spirolactones with high

yield and high enantioselectivity.

o) 0
o/lko/\/ Pd,dbas-CHCl; (5 mol%) 5 /
L*, base R
o R THF, -78 °C N o
L*=  PhyPR NH HN PPh,
o)
J 0 0

=
o 0 0 Ppd,dbas-CHCls (5 mol%) \b)LR
Pz L*, base (o] ) R
oé)\R THF, -20 °C N
Scheme 1.10: Palladium-catalyzed asymmetric allylic alkylation'®

The classical palladium-catalysed Tsuji-Trost coupling has been evaluated as a way to access
to pyrazolines, very versatile chemical intermediates. Hydrazones have been C-allylated with Passerini
adducts to form pyrazolones with tetrasubstituted center. A synergistic use with chiral phosphine

ligands with amide led to medium yields and stereocontrols (Scheme 1.11).1°
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~~CONHCy
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Scheme 1.11: Tsuji-Trost type C-allylation of hydrazones®

The scope of reactions of metal catalysed-reactions is very large and yields and stereocontrols
are often very good. Nevertheless, metals are often toxic, expensive and not environmentally friendly
and their use increases the risk of product contamination. Organometallic catalysts are hardly graftable
on a solid support, then the purifying steps and recyclability are not so convenient. Since nature is also
able to catalyse difficult reactions without metals, chemists have tried to create artificial catalysts
without metal. Because many metals in organometallic catalysis are used as Lewis acids, they could in
principle be replaced by organic molecules acting in the same way. The challenge is then to design well-
defined organic catalysts which can address contemporary problems in asymmetric catalysis such as
high reactivity at low catalyst loading, high enantiocontrol in difficult reactions such as the

enantioselective synthesis of quaternary stereocenters, as well as site-selectivity and chemoselectivity.

1.1.2.3 Simple designed organic catalysts

Organocatalysts are easier to synthesise, often inexpensive, more stable to air oxidation, and
generally more robust than their organometallic counterparts. The very first organocatalyst was
discovered accidentally in 1860 by Liebig: acetaldehyde catalysed the hydrolysis of dicyan. It led to
Degussa patent for production of oxamide, used to replace urea in fertilizers. % Before synthetizing new
organic catalysts, other chiral natural molecules were used in asymmetric catalysis reactions. Cinchona
alkaloids and proline derivatives are at the origin of many classes of asymmetric reactions. Hajos and
Parrish from Hoffman-LaRoche and Eder, Sauer and Wiechert from Schering showed the catalytic
efficiency of proline for the formation of bicyclic diketone compounds, which allows the access to
steroids. (Scheme 1.12).%! Bredig performed a first enantioenriched synthesis of cyanohydrin with
quinine or quinidine, but at the very beginning of the organocatalysis development, he observed a poor

enantiomeric excess of 10% ee (Scheme 1.13).2?
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Scheme 1.12: Hajos-Parish-Eder-Sauer-Wiechert reaction, with proline catalysis
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Scheme 1.13: Cyanohydrin synthesis by cinchona catalysis®
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o)

To design efficient fully organic catalysts, chemists have observed in depth the recognition
processes at work in nature and the structures at atomic resolution of complexes between enzymes and
inhibitors. The spatial and relative rearrangement of key recognition motifs in the catalyst are essential
features to improve its capacity to specifically recognize substrates. Several classifications of
organocatalysts have been described all along the history of organocatalysis. Dalko & Moisan have
classified organocatalysts in four categories according to their main mechanism. The first one
encompasses catalytic processes based on the nucleophilic and electrophilic properties of the catalyst
whereby the chiral catalyst is not forming covalent bond with the substrate. Next categories include
those catalysts which lead to reactive intermediates and are consumed in the reaction and requires
regeneration, those which react by phase-transfer process and form host-guest complex, and those
which present a molecular cavity and interact with the substrates in a shape and size dependent

manner.2® The most common types of organocatalysis will be described in the next paragraphs.

Enamine catalysis designates electrophilic substitutions o to carbonyl compounds, catalysed by
amines which leads to useful and reactive enamine intermediates (Scheme 1.14). Stork’s work is the
basement of enamine catalysis with a stoichiometric approach: addition of secondary amine to a
carbonyl compound forms an enamine intermediate on which can react an electrophile to perform a
nucleophilic addition or a nucleophilic substitution. The resulting iminium is then hydrolysed to access
to the carbonyl products. The catalytic version of both mechanisms has been investigated and is depicted

in Scheme 1.14. %
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Scheme 1.14: Mechanism of enamine catalysis process
Iminium catalysis was born with Schiff’s work and starts with the addition of an amine on a
carbonyl compound, similarly to the first step of the mechanism of enamine catalysis (Scheme 1.15).
The difference comes from the second substrate which reacts with the iminium intermediate instead of
the deprotonated iminium. Following condensations developed by Knoevenagel as first iminium-
catalysed reactions. Later, asymmetric version of iminium catalysis has been developed by Yamaguchi
(L-Proline catalyst) and MacMillan (imidazolidinone catalysts), Jargensen (diarylprolinoesters) and
many others for a large range of reactions including conjugate additions, cycloadditions, epoxidation

and hydrogenation of o,B-unsaturated aldehydes.?®

. R.
+ NG + H,0
R1” O R2 R™R -H* R1JLR2 R" "R?
iminium Schiff base
for primary amine
R'=H

Scheme 1.15: Formation of Shiff’s bases

Jargensen and Hayashi developed organocatalysts with diarylprolinol silyl ether reagents which
were initially used for the asymmetric a-functionalization of aldehydes and then for bond-forming
reactions as carbon-halogen or carbon-heteroatom (Figure 1.6).2% 2% The scope of Jergensen’s catalysts
were even more extended with domino conjugated nucleophilic addition-electrophilic amination,?’
asymmetric epoxidation,? and asymmetric hydrophosphinylation leading to valuable phosphine ligands

for metal-catalyzed reactions.?%%
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Figure 1.6: a-functionalization of aldehydes with Jargensen catalysts

Macmillan is another pioneer of recent organocatalyzed chemistry. His first advances were
performed with Diels-Alder reaction through iminium activation with imidazolidinones.3! Asymmetric
versions of Friedel-Crafts alkylation,®> a-chlorination,®® o-fluorination,® intramolecular Michael
addition® were elaborated with these organocatalysts (Figure 1.7). Their high potential was illustrated

through synthesis of indoles and synthesis of natural products. *

bPh

|
CHO

T Diels-Alder
O cycloaddition
Ph o N/ R
OHC, e CHO
H < intramolecular Ph >< Friedel-Crafts H
Michael addition N® alkylation Ry
Hy Oy
a -quorinatio'r/ \ziz -alkylation
R 0
HO™ Y R
= H)K./

F :
Figure 1.7: Asymmetric reactions catalysed by Mac l\/cl;illlan imidazolidinones

Akiyama and Terada were the first groups to demonstrate their use with relatively low catalyst

loading, 2 mol%, with Mannich-type reactions (Scheme 1.166a). Masson and Zhu developed a three-

component reaction to perform a stereocontrolled Povarov reaction with phosphonic acids as

organocatalysts, with relatively high loading (Scheme 1.16Scheme 1.166b).%® The scope of the
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demonstrated concept was extended with aromatic and aliphatic aldehydes and anilines. It was
illustrated in the total synthesis of Torcetrapib.

a) HO OSiMej3 HO
D /=< catalyst
OEt
- 0
N
Pl cat. (10 mol%) Ph)*\’rcozlzt 0./
AN

o O O “oH
NHB
oo A b 994

Ph cat (2 mol%)

0
Ph

NHCBz
O CbzHN cat. (10 mol%

R1 j R
N R
H
OO -

Ar
Scheme 1.166: a) Phosphoric acid catalysts for Mannich-type reactions®*® b) Three component
Povarov reaction with phosphoric acid catalysts®

b) Ar—NH, +

For more than ten years, chiral phosphoric acids pioneered by Rueping, List and other proved
to be a powerful class of organocatalysts. Through their oxide phosphine, there are Lewis base whereas
the hydroxyl group is in parallel a Brgnsted acid which can target particularly imines for asymmetric
additions. List used the chiral phosphoric acid TRIP to catalyse Pictet-Spengler cyclization to form
isoquinolines with good yields and very good enantiomeric excesses (Scheme 1.17).%® Rueping was the
first to demonstrate the use of chiral phosphoric acid to reduce an imine with the use of Hantzsch ester
as source of hydrogen (Scheme 1.18).%° The resulting adducts are protected amines with often a high

synthetic utility in synthetic chemistry.

CO,Et (R)-TRIP 20 mol%
COzEt N82804
NH, , j\ toluene, —30°C, 3-5d
R D R” "H i-Pr
N
H
40-98%
72-90% ee
OH
i-Pr

(R)-TRIP
Scheme 1.177: Pictet-Spengler cyclization with chiral phosphoric acid catalyst TRIP



21

cat. 20 mol%

b , 60°C _R3
enzene HN

CO,Et

/=2
Py
w
+
m
O
N
O
Iz )
/

R1/-\R2

70-94% ee

Scheme 1.188: Reduction of imine with phosphoric acid catalyst®

Organocatalysts which interact by hydrogen-bonds with the substrates constitute another main
activation mode in asymmetric catalysis. They catalyse a large range of carbon-carbon and carbon-
heteroatom bond-forming reactions through association of functional and structural frameworks.
Crystalline structures with both catalyst and substrates were the milestone of the proof of H-bond
catalysis.** Etter cocrystallized electron-deficient diaryl ureas with Lewis bases.*? Curran and Kuo
showed the catalytic potential of urea derivatives.** Winberg was one of the first to demonstrate the
interest of the free -OH groups next to the basic quinuclidine nitrogen in cinchona alkaloid to coordinate
with carbonyl groups.** The Hajos-Parrish-Eder-Sauer-Wiechert reaction, previously cited, has been
demonstrated to act by enamine catalysis, but the proline also interacts by H-bonding.*® The formed H-
bond donor is critical to orientate the electrophile relative to the pyrrolidine group and it allows to
stabilize the transition state and lower the activation barrier to carbon-carbon bond formation (Scheme
1.19).

XH O
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z R O‘ Rz\)kw
R? N~ ~COH
H,0 H \\/ H20

R2 N~
R1 o 2\ R1
0 - - )
X\H@ R2 enamine
K ‘A catalysis
~ N
R2 //\\( X
/ R o) )
Z\Y// X”H/O Y\Z

H-bond catalysis
Scheme 1.19: Mechanism of proline-catalysed Hajos-Parrish-Eder-Sauer-Wiechert reaction®
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This new mechanistic consideration drove chemists to elaborate new classes of bifunctional
catalysts with H-bond donor groups. A wide diversity of structural and functional systems was designed,
offering a large range of acidities and which acts by various modes of action. Because of their acidic
hydrogens and their lone pairs, ureas and thioureas have been demonstrated as a key motif for
organocatalysis based on hydrogen-bond. In the next part, this discovery and its evolution will be

reported.
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1.2 FROM (THIO)UREA IN H-BONDS ORGANOCATALYSIS TO FOLDED
ORGANOCATALYSTS

1.2.1 Importance of urea and thiourea in organocatalysis

Despite the late development of organocatalysis, the very first example dates from 1829 with a
acetaldehyde as catalyst as we discussed previously (see 1.1.2.3). In their review, Zhang and Schreiner
underline the interest of anion recognition in nature to design thiourea-based catalysts.*® Hydrogen
bonding is an essential contributor to molecular recognition in enzymatic processes as we showed
previously (see 1.1.2.1) and led to the elaboration of “biomimetic chemistry” and “artificial enzymes”.
The complexation between carbonyl groups and (thio)urea is associated to the development of partial
charged on neutral motifs. They are particularly successful in organocatalysis, particularly because of
their similar way of actions than those found in active sites of enzymes. Ureas and thioureas have been
shown to well interact well with oxyanions, nitronates, halide anions, carboxylates, cyanides and
enolate anions. In 1998, Schreiner demonstrated the advantages of thioureas over ureas among which
solubility and better substrates association parameters and he identified one particularly interesting
achiral thiourea catalyst, the N,N’-bis[3,5-bis(trifluoromethyl) phenyl]thiourea.*’ As reported Zhang
and coworkers, Schreiner’s thiourea is efficient for a wide range of chemical transformation: Diels-
Alder reaction, acetalization, Baylis-Hillman reaction, Friedel & Crafts alkylation.*?

Jacobsen focused his research for several decades on catalysis with thioureas and ureas through
hydrogen-bonding catalysis. In 2000, he performed the Strecker reaction with a very powerful catalyst,
in urea and thiourea versions, with amino acids derivatives.*® The scope was very extended, from
aromatic imines to aliphatic and linear imines. The bulkiness of groups in amino acid position and in
the 3-position of the salicylimine moiety is the key to create the steric hindrance necessary to the good

positioning of substrates and the good stereocontrol of the reaction. (Scheme 1.20)

(0]
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Scheme 1.20: Thiourea catalyst for asymmetric Strecker reaction®’
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Thiourea and chirality induction by atropisomers are two major elements which are used in
organocatalysis and which can be combined. For Nazarov cyclization developed by Tius, the catalyst
was designed with a double bi-aryl pendant inducing helical conformation, associated to a thiourea
activated by a 3,5-bis(trifluoromethyl)phenyl group. Tius and Houk performed molecular modelling
experiments to explain the mode of interactions between substrates and catalyst. The activating thiourea
and amino groups are maintained in a helical conformation by the bulky naphtyl groups (Scheme 1.21).
The transition-state is a left-handed helix, corresponding to the lowest energetic state. A scope was

obtained with good yields and excellent stereocontrol.®

Q Y ) Q OH catalyst
R! R2 R 20 mol% 1 R?
= — — R Al
l COzEt Ar R2 COQEt

Ar EtO,C Al

Transition state

Catalyst

O
S
M NH,
FsC N~ N
H H

Scheme 1.21: Organocatalysed Nazarov cyclization®™

1.2.2 Multicatalytic systems

For controlling the stereoselectivity of an asymmetric reaction, the catalyst could offer two
points of anchoring to the system. With a chemical transformation involving two substrates, the catalyst
can coordinate one chemical function on each substrate to impose a stereocontrolled approach. It can
also be linked on two sites from only one substrate, and by sterical or electrochemical effect, imposing
the approach of the second substrate. Moreover, reactions can make contribute more than two
substrates: for instance, a base can be necessary to start the reaction. This characteristic has been
elegantly used to design bifunctional (thio)urea catalyst whereby the activating urea/thiourea group can
be combined in a single molecule with a tertiary amine acting as a base. The design of bifunctional
catalysts generally took advantages of rigid backbone as a trans-diaminocyclohexane as Takemoto
catalyst®, of cinchona alkaloids derivatives as Sods and Palomo catalysis, of chiral amino acids as

Palomo catalyst® (Figure 1.8). Another strategy leading to dual catalytic systems is synergistic
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activation of the substrates whereby the two catalytic components are not covalently linked but act
synergistically (Figure 9, right).
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FsC NT N
H H
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Figure 1.8: (Thio)urea bifunctionnal catalysts with internal tertiary amine

Bifunctional catalysis Synergistic catalysis
Y Y
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Figure 9: Strategies for dual activation of electrophile and nucleophile

Last year, Jacobsen incorporated two thiourea moieties in a macrocycle, which performed
stereospecific glycosylation reactions.>® This system is particularly interesting for the relatively large
range of substrates that it tolerates, compared to usual catalysts. Both nucleophile and electrophile had

been shown to interact with the catalytic macrocycle and the cooperative effect is responsible of the
stereocontrol (Scheme 1.22).
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Scheme 1.22: Macrocyclic bis-thiourea catalysts for glycosylation®
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Jacobsen also developed a thiourea catalyst that mediates [2,3]-Wittig rearrangement through
synergistic activation with cation and anion binding. An external base deprotonates the malonate whose
counterion is coordinated with the catalyst cation-binding motif and the thiourea allows the
simultaneous coordination of two oxygens from the substrates, allowing the stereocontrolled
rearrangement into hydroxy malonate (Scheme 1.23).
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Scheme 1.23: Synergistic anion and cation-binding asymmetric catalysis®



27

Combination of a Brensted-base site with a hydrogen bond donor, associated to a cinchona
alkaloid derivative illustrated the concept of multiple activation of substrates. Palomo and coworkers
developed ureidopeptide-base Bragnsted-bases, by simple synthesis from a-amino acids, isocyanates and
cinchona alkaloids. This new class of catalysts mediates asymmetric Mannich-type reactions between
thiazolones and nitroolefins, and the result was extended between sulfonyl acetonitriles and N-Boc
imines (Scheme 1.24).5 A hydrogen-bonding interaction with four anchoring sites was proposed. Dual
activation by Brgnsted base catalysts associated to L-proline achieved the Mannich reaction between
aldehydes and propargylic imines (Scheme 1.25). ¢ This class of catalysts was also successful in the
enantioselective direct cross-aldol reaction of a-keto amides with aldehydes and the mode of activation

was supported by molecular modelling (Scheme 1.26). %

NHBoc
+ R“OZS/\CN 10 mol% )\/CN
R 2) Mg, TMSCI R
Scheme 1.24 : Mannich addition of sulfonyl acetonitriles to N-Boc imines with chiral Brgnsted bases®
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Scheme 1.26: Asymmetric aldol reaction of a-keto amides®’
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1.3 MICHAEL ADDITION, A CLASSICAL AND ESSENTIAL WAY TO FORM CARBON-
CARBON BOND

1.3.1 Asymmetric Michael addition, a common example of organocatalyzed reaction by H-bond

The Michael addition is a classical reaction to form carbon-carbon bonds, where a stabilized
carbanion is formed through 1,4-addition. Michael acceptors are olefins activated with an electron-
withdrawing group, such as a,p-unsaturated carbonyls, nitroalkanes or nitriles. Michael donors are
pronucleophiles such as malonates, ketoesters or imidazolones. A catalytic amount of base deprotonates

the Michael donor and then performs the addition (Scheme 1.27).

EWG | t EWG
EWG” “EWG * W - basoleat) - -
Michael Michael
donor acceptor

Scheme 1.27: Michael addition

Michael addition can be catalysed through a hydrogen-bonding activation as Xu and coworkers
published by the use of hydroxylated quinidine. Bifunctional catalysts containing an internal base
associated to urea or thiourea have been a milestone in this research area. Takemoto associated the
electron-withdrawing bis-trifluoromethyl phenyl ring, with a thiourea and a tertiary amine to
enantioselectively catalyse the addition of malonate to nitrostyrene (Scheme 1.28 a).%® The substitution
on the malonate and the desymmetrization of the malonate by the use of ketoesters were very well
tolerated and presented also very good yields and enantioselectivities.®* On another hand, the scope of
aromatic electrophiles was widely extended but the enantioselectivities of aliphatic ones dropped down.
Takemoto’s group next developed a total synthesis of Baclofen, which is a y-amino acid derivative
acting as an inhibitory neurotransmittant in the CNS and then used as a myorelaxant and more recently
as a treatment against alcoholism (Scheme 1.28 b). Rawal and coworkers obtained excellent yields and
enantioenrichments by the use of a squaramide catalyst they developed (Scheme 1.28 ¢)*, with very
low loading (0.5 mol%). The variety of symmetrical and unsymmetrical 1,3-dicarbonyl

pronucleophiles, as well as the variety of electrophiles were well tolerated by this catalyst.
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Scheme 1.28 : a) Takemoto catalyst for enantioselective Michael addition

b) Application to Baclofen synthesis®c) Rawal catalyst for enantioselctive Michael addition®’

In very recent work, the same reaction with other hydrogen-bonding activating catalyst was
performed successfully with the addition of water, which was not expected from all previous studies in
literature.®® The class of organocatalysts which was used derived from cinchona alkaloids combined
with squaramides. A hydrophobic hydration effect linked to the pendant chain on the quinuclidine part
allowed to increase rates and obtained very good enantioselectivities even at low catalyst loading. A

very broad scope of aromatic and aliphatic nitroalkenes was performed as well as a diastereoselective
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example of Michael addition (Scheme 1.29). This new method illustrated its interest in the synthesis of
pharmaceutical compounds: the antidepressant (S)-rolipram and the anticonvulsant blockbuster drug
(S)-pregabalin (Scheme 1.29 b and c).
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Scheme 1.29: a )Biphasic system for asymmetric Michael addition with bifunctional squaramide
catalyst. b)Application to the synthesis of (S)-rolipram. ¢) Application to the synthesis of (S)-
pregabalin.®
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Palomo et al. employed a series of organocatalysts to perform Michael additions with a wide
range of electrophile/pronucleophile combinations. Key of the approach is the development of ao'-oxy
enones as Michael acceptors, containing H-bond acceptor and donor character, with chiral bifunctional
Bransted bases, led to tetrasubstituted carbon stereocenters in high diastereo- and enantioselectivity
through the addition of oxindoles, cyanoacetate, 5H-thiazolones (Scheme 1.30).° The high versatility
of the obtained ketol gives access to a wide panel of interesting chemical products.
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Scheme 1.30: a-hydroxy enones as key enoate equivalent for enantioselective construction of
tetrasubstituted stereogenic carbons®

Organocatalysts from the same family were also used to synthetize trisubstituted a-amino
acid derivatives through an asymmetric Michael addition. 1H-Imidazol-4(5H)-ones are interestingly
used as nucleophilic trisubstituted a-amino acid equivalents (Scheme 1.31).5! The substitution by alkyl,
aryl, allyl substituents on the 2-thio-1H-imidazol-4(5H)-ones is well tolerated. The scope of
imidazonoles as pronucleophiles and the scope of nitroolefins are widely extended, giving access to a

large range of interesting intermediates for synthesis.
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Scheme 1.31: Enantioselective addition of imidazolone on nitroolefine to synthesize trisubstituted
a-amino acid derivatives®

Michael addition is one of the most famous and well-studied reaction in organic synthesis.
Asymmetric version drives the formation of a tremendous number of biologically active products and
natural compounds. Chemical industry developed synthesis processes with this addition. Research
performed organometallic and organocatalytic versions of it. The investigation of very versatile
catalysts accepting a wide scope of substrates and the improvement of their efficiency are still topic of

common concerns for organic chemists.

1.3.2 Industrial applications of Michael addition

Michael addition has been used to synthesise natural products and perform the total syntheses
of strychnos alkaloids. Through metallic catalysis for Michael addition of dimethyl malonate on 2-
cyclohexenone on kilogram scale (Scheme 1.32 a), Oshima and coworkers obtained (-)-tubifolidine,®
and Shimizu and coworkers obtained (-)-strychnine®®. Michael addition is also a key step in the
synthesis of drugs such as (S)-a-(hydroxymethyl)-glutaric acid (Scheme 1.32 b) which is an agonist for
the metabotropic glutamate receptor 2, and an agonist for the metabotropic glutamate receptor 3, both

invested in CNS system.
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Scheme 1.32: Michael addition to synthesize natural products or bioactive compounds®* ®

Michael addition also found industrial application as published Xu from Merck. He proposed a
scalable synthesis of imidazopyridine, which is an inhibitor for the dipeptidyl peptidase 1V, involved in
the treatment of type 2 diabetes.%® The dimethyl malonate is added to nitrostyrene derivative by the use
of 1 mol% of cinchona derivative bifunctional catalyst. The deprotonation of the pronucleophile is
possible with the quinuclidine moiety of the catalyst. Yield and enantioselectivity are very satisfying
(Scheme 1.33). A cascade three-component coupling in on pot, followed by organometallic

isomerization and couplings leads to the desired drug candidate.
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Scheme 1.33: Michael addition as a key step for the synthesis of dipeptidyl peptidase IV inhibitor®

Michael addition also takes place in green chemistry as a way to recycle toxic waste. The
processing of skin into leather forms chromium collagen as hazardous side products. Thanikaivelan et
al. designed a nanoparticule core taking profit of this chromium waste with a nanocarbon shell. These
new nanoparticules were able to catalyse aza-Michael reaction, speed up the conversion and increase
the yield.%
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1.4 FOLDED SYSTEMS IN ASYMMETRIC CATALYSIS AND ORGANOCATALYSIS

1.4.1 Chiral transfer from biomolecules to small molecules

Folding is a key feature selected by nature to achieve complex molecular recognition events
and by extension, catalysis. The use of a biopolymer as a chiral inductor for a small molecule catalyst
which can be a simple organometallic species is a strategy to develop new efficient chiral catalysts. For
instance, the chiral information of a helical system can be transferred to a cofactor and then to the
substrates. Roelfes and Feringa took profit of the inherent helicity of the double strand of DNA to
associate it with an achiral organocopper catalyst to give a chiral catalyst.®” They achieved the catalysis
of a Diels-Alder reaction® and also a Michael reaction in water (Scheme 1.34).%° This elegant transfer
of chirality from the DNA double strand to the achiral organometallic catalyst was demonstrated by
circular dichroism. Several ligands have been tested, either in association with a DNA-intercalating
moiety and a spacer, or with a DNA-binding moiety, to tailor the most adapted to the system. A

screening of different bidentate ligands highlighted the close link between ligand nature and

stereocontrol.
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Scheme 1.34: Michael addition with catalyst from double strand DNA complexed with Cu®*®’

As we discussed previously, enzymes provide a tailored chiral environment. Combining a
protein scaffold and a non-native transition metal permits extension of the scope of possibilities. Ward
developed a strategy which combines the folding of natural biological compounds and reactive species
to create a potent catalytic system. To synthesize dihydroisoquinolines from pivaloyl-protected
benzhydroxamic acids, pentamethylcyclopentadienyl-rhodium complex and streptavidin can be used
synergically to catalyse asymmetric C-H activation. As an exogeneous base is necessary to enhance the

reaction, engineering streptavidin to insert glutamate or aspartate inside its structure will elegantly solve
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this issue. The organometallic catalyst [Cp*RhCl,], was grafted to biotin to allow the association of the
organometallic part of the catalyst with the engineered enzyme (Scheme 1.35).7
0 o}

. RhC *biotinCI
NPV e g [RhCp . .2]2 . NH

H Streptavidin
engineered with R

carboxylate

Streptavidin engineered

with carboxylate [RhCp**IetCl,], Metalloenzyme

H/
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N H
(0]
+ H N Me
H
Me Me

Scheme 1.35: Use of the strong natural complex biotin-streptavidin to permit conjugated catalysis
between biocatalyst and the organocatalyst™

1.4.2 Synthetic peptidic catalysts

Peptides are small chiral and functional biomolecules which can naturally adopt well-defined
conformation in 3D space and thus act as a chiral component to catalyse reactions. Scott J. Miller et al.
incorporated unnatural amino acids in B-turn short peptides to combine chemical function of the first
one and the backbone folding propensity of the second one. 3-(1-imidazolyl)-(S)-alanine inserted in -
turn tripeptide catalyses the acylation of secondary alcohols by acetic anhydride and was used for the
kinetic resolution of functionalized racemic alcohols (Scheme 1.36).”* Similar octapeptides were
synthesized to demonstrate the importance of the turn in the kinetic resolution of alcohols. The role of
the secondary structure was proved by NMR and circular dichroism experiments as well as with the
synthesis of an open-version of the same peptide catalyst (Scheme 1.37). However, an increase of the

rigidification of the system by a covalent link had a dramatic effect on selectivity.’
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Scheme 1.37: Structure-activity relationship of the p-turn octapeptide”

In their very complete review, B. Lewandowski and H. Wennemers highlighted the strong
potential of short peptides in asymmetric catalysis.” By their high modularity through the synthesis,
their catalytic properties can be adapted and improved easily on large scale. They combine features
from both enzymes and synthetic catalysts. The authors also discuss the high probability for peptides to
have been essential in the development of enzymes.

Miller developed a tetrapeptide able to form atropoisomeric tribromo products™, but also
dynamic kinetic resolution of atropoisomers of unsymmetrical tertiary benzamides with two axes of
chirality.” Kudo synthetized a solid-supported helical peptide catalyst to access to stereocontrolled
nitroaldehydes by Michael addition.” In these examples, catalyst loadings are relatively high,
respectively 10 mol% and 20 mol%. Wennemers showed the potential of short peptides able to achieve
high chemoselectivity with lower loadings, between 0.1 mol% and 1 mol%, by simple tuning of the

catalyst (Scheme 1.38).”” These tripeptides are particularly active by the well-defined turn on N-terminal
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part thanks to the carboxylic acid group. " Moreover, they were grafted on TentaGel resin, which allows
to recycle it at least thirty times and to use it in flow chemistry.
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Scheme 1.38: Chemoselectivity of tripeptide catalysts by the fine tuning of synthesis”

Longer peptides with natural amino acids also played an important role at the beginning of the
history of organocatalysis. Julid mentioned the concept of synthetic enzymes in 1980 with the use of
polypeptides to obtain stereoselective epoxydes.” Many studies on the named Julia-Colona reaction
were based on it and the helical poly-leucine catalyst grafted on PEG resin was the most commonly
used. Kelly and Roberts demonstrated through X-ray structures and molecular modelling that the
helicity of the poly-leucine allows to form an oxy-anion hole with the four terminal N-H, not involved
in the H-bond network of the helix, which is at the origin of the stereocontrol of the epoxidation (Figure
1.10).2° Berkessel et al. synthetized oligoleucine versions of different lengths on solid support and
demonstrated the direct link between helicity and stereoselectivity.! Roberts and coworkers developed
helical peptides derivatives with -amino acids which appear to be efficient for this reaction, but

nevertheless not as competitive.

Poly L-leucine
H,0,, DBU

Figure 1.10: interaction model for the Julia Colona epoxydation®

The possibility to introduce non-natural chemical elements on peptides further expand the
possibilities for the design of peptide-based organocatalysts. Ueda and Tanaka demonstrated than an a-
helical synthetic depsipeptide with natural and unnatural helicogenic amino acids, (a-aminoisobutyric
acid (Aib), l-aminocyclopentane-1-carboxylic acid (Acsc), and para-methoxy substituted Acsc

((1S,3S)-Acsc®M) can catalyse Michael addition.®® Similarly, to previous studies, peptides with different
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numbers of residues were synthesized to prove the direct link between the helical secondary structure
and the selectivity of the system. Tripeptides which are not helical do not catalyse either in terms of
conversion or enantioselectivity. However, all the nonapeptides gave notable enantioselectivities and
good yields. The peptide with an Aib residue forms a 310-helix whereas the one with Acsc adopts a a-
helix. This difference could explain the best results of catalysts with Acsc motifs. (Scheme 1.39) The
best helical peptide they developed was an octapeptide containing a tryptophan on N-terminal site. The
sterically demanding indole group probably induced a better stereocontrol. These results were

confirmed by X-ray structures (Figure 1.11) and NOESY experiments.
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Figure 1.11: X-ray structure of helical catalyst HoN-Trp-Trp-(Leu-Leu-Acsc),-OMe®

Similarly to the concept of the use of turns with amino-acids in organocatalysis, Chandrasekhar

and Mainkar developed a dipeptide derivative including a triazole ring which acts as an amide bond
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surrogate to access to Michael adduct (Scheme 1.40). ROESY experiments supported by DFT
calculations demonstrated the turn-like conformation through hydrogen bonds and the mechanism is
also similar to proline-like catalysts. There is a synergistic activity with these two elements to reinforce
the catalytic efficiency comparing to both taken separately.

N
+ ©/\/ O catalyst 0.5 mol%, MeOH

noN CONH
N _ 2

0]

HN— 80% yield
“—CO,H d.r.: 96:4
e.r.. 98:2

NH-TFA

Scheme 1.40: Folded dipeptide with triazole ring for Michael addition

1.4.3 Abiotic bioinspired catalysts

1.4.3.1 Mimicking the pocket binding

Folding helps to reinforce and to provide cooperative interactions, such as in the biological
complex streptavidin/biotin. The use of artificially folded backbones leads to a preorganisation of the
catalyst, thus it can minimize the entropic cost of transition-state binding catalyst-substrates. In addition,
the network of intramolecular non-covalent interactions is reinforced, thus increasing cooperativity in
ligand binding and further stabilization of the transition state. This general strategy has been applied to
develop new catalysts by Smith and coworkers.® The folding of his bifunctional catalyst was validated
by NMR and X-ray. They succeeded to decrease catalyst loading till 0.1 mol% by tailoring the system
to perform Mannich reaction (Scheme 1.41). Moreover, anion binding experiments confirmed the
binding mode between the catalyst and substrate. The synergistic activity of the B-turn folding and the

cooperative non-covalent interactions were the key to such a strong catalytic activity.
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Scheme 1.41: Mannich reaction with folded catalyst designed by the Smith group®
Helicity is a major secondary structural element in nature, which has inspired many chemists
to design artificial and well-defined helically folded architectures for molecular recognition and
catalysis. In this context phosphoric acid catalysts are very interesting in metallic catalysis and also
organocatalysis. List et al. demonstrated the use of phosphoric acids to synthetize azahelicenes from
Fischer indolization.® The hindered and aromatic substituting groups create a chiral nanometer pocket
which induces an excellent stereocontrol (Scheme 1.42). Obtained azahelicenes are useful for materials
science, catalysis, molecular self-assembly or biological applications. The concept of recognition

pocket inspired from enzymatic recognition is observed again in this example.
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Scheme 1.42: Helic;le synthesis by phosphoric acid Catalys_ts86

1.4.3.2 Helical abiotic catalysts

Yashima discovered another way to create helicity from double angled molecules with rigid
aromatic rings, containing carboxylic acid and amidine, as well as platinum and ligands. & He took
advantage of the position of side chains in each strand to form amidinium carboxylate salt bridges to
obtain double-helical molecules. He successfully catalysed the asymmetric cyclopropanation of styrene
by combining the double helix with copper catalyst (Scheme 1.43). The enantiomeric excess of the
double helix controlled the ratio of isomers and as previously the screw sense of the helix can be

changed with the nature of the solvent.
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Scheme 1.43: Complementary double helical molecules to catalyse cyclopropanation®’

Maayan et al. developed her research around peptoids chemistry. Peptoids are oligomers of N-
substituted glycine and adopt a well-defined secondary helical structure. The potential of helical
artificial system for organocatalysis has not been fully explored yet and Maayan’s strategy to deep in
this area was to attach a chemical group, known to catalyse chemical transformations.8 TEMPO group
(2,2,6,6-tetramethylpiperidine-1-oxyl) is known to catalyse oxidations and it was introduced in a
peptoid backbone. By the variation of substituents, the variation of the TEMPO position inside the
peptoid and the separate use of peptoid compounds and TEMPO simultaneously, a synergistic effect
between the helicity of the peptoid has been demonstrated and the catalytic activity of the TEMPO
group (Scheme 1.44). The position of the oxidative site is also essential to allow the coordination of the

substrates to the system.
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Scheme 1.44: Peptoid catalyst for oxidative kinetic resolution®
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1.4.3.3 Switchable helical catalysts

The folding can also be a dynamic and reversible parameter. Clayden and coworkers designed
switchable helices from unnatural achiral quaternary amino acid Aib, from three residues which adopt
a 3i-helical conformation. These homo-oligomers coexist with the two screw senses, but a
desymmetrization of the balance can be induced in either way by adding a chiral residue at either the
N- or C terminal position or even by using chiral groups that bind the helix in a non covalent manner.%
Inspired by natural conformationally switchable proteins such as rhodopsin and other G-protein coupled
receptors, the Clayden group has designed an Aib-peptide that can be refolded from left-handed helix
to right-handed helix following a photochemical cleavage and replacement of the cleaved tertiary amide
by a secondary amide. Translation of helix screw sense reversal into a signal was achieved by
performing asymmetric catalysis at a remote site of the helical structure where a bifunctional thiourea
catalyst with a tertiary amine was introduced.® In this case, the two enantiomers of the Michael addition
product can be obtained (Scheme 1.45) upon helix screw sense reversal. Of course, this is just a proof
of concept and the system was not intended to be developed as a catalyst: the catalyst loading is
important (10 mol%) and the stereoselectivity could be improved. Nevertheless, Clayden proposed a
mechanism in which 1.22-induction is responsible of the observed chirality of the system, the thiourea
engaged in intramolecular H-bonding being able to coordinate the nitro group of the nitrostyrene. This

possible mechanism will be discussed in more detail later in this manuscript (see 3.2.4).
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Scheme 1.45: Photochemically-induced refoldable organocatalyst for Michael addition®

In the spirit of the 2016 Chemistry Nobel prices on molecular machines, Sohtome and
Nagasawa illustrated the potential of molecular motors for asymmetric synthesis of thioethers.®* The
motor is constituted of a Brgnsted base on one side which is the rotor unit, and a H-bond donor on the
other side which is the stator unit. By photoisomerization, the motor can have an open structure or a
folded-hairpin structure, along with a trans isomer and a cis isomer. The enantioenrichment depends on
the folding and the configuration of the motor catalyst. It offers a new window of application for

molecular motor (Scheme 1.46).
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Scheme 1.46: Molecular motor bifunctionnal catalyst™

1.4.3.4 Helical polymer catalysts

Suginome et al. developed polymers with both achiral and chiral quinoxaline-2,3-diyls units
and studied the helicity of the resulting polymers. It is noteworthy that the majority— rule— effects in
these systems play a key role leading to remarkable chiral amplification (one single-handed helical
structure), even when chiral lateral 2-butoxymethyl side chains are enantioenriched with only 23% ee.%
The presence of a single helix enables its use in asymmetric catalysis. Interestingly, the system shows
a reversibility of helicity depending on the solvent and temperature. Therefore, with one source of
chirality, the system can lead to the two enantiomers for asymmetric reaction (Scheme 1.47). The
amount of metal catalyst is very low (0.05 mol%) and the amount in helical catalyst, measured by the

ratio of phosphorous atom in the polymer and the palladium complex, is also very low.
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Scheme 1.47: A chirality switchable polymer catalyst®

Jianping Deng and coworkers associated a helical polymeric backbone with ferrocenyl amino-
acids as pendant chains, alanine and threonine.®® The obtained copolymers were used to catalyse aldol
reaction between cyclohexanone and p-nitrobenzaldehyde and the optimisation of the catalyst allowed
to reach remarkable results (Scheme 1.48). The synergistic activity between the helix and the lipophile
ferrocenyl amino acids was demonstrated by circular dichroism and structure-activity relationship

studies.

|0 0
/©) + é helical polymer catalyst
o,N

helical polymer catalyst

I
= <&

80%, 93% ee

R™ ~O )

Scheme 1.48: Helical polymer bearing ferrocenyl alanine derivative in pendants®

Yashima also combined helical polymers with cinchona alkaloid pendants to evaluate their
potential in organocatalysis (Scheme 1.49).°* The used polymer was helical poly(phenylacetylene)s, in
right-hand version and left-hand version, for asymmetric reaction. By comparison with the equivalent
monomer, the helicity of the polymer was demonstrated to be essential to the good catalytic activity.
The nature of the link was evaluated: an amide link induced a better stabilization of transition state and
was more compatible with the helix structure of the polymer than an ester link. Moreover, it has been

demonstrated to be recyclable till five times, with always the excellent activities.
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Scheme 1.49: Combination of cinchona alkaloid pendants with helical polymer®

1.4.4 Foldamers and organocatalysis

Through all these examples of folded catalysts, several strategies have been used and they can
be summed up in the figure below, with catalytic sites highlighted in yellow. Cofactors can be added to
a well-structured backbone with transfer of chirality occurring between the folded backbone and the
cofactor, as did Ward, Roelfes, Feringa and Suginome. Besides, the folded structure can be used to
project requested chemical functions of the lateral side chains in a well-defined manner to catalyse
asymmetric reactions, as demonstrated by Miller. On another hand, the folded backbone itself can
participate to the catalytic process, as it is the case for Julia-Colonna epoxidation, and Yashima systems.
Finally, these different strategies can also be combined.

Installation of Preorganisation of Use a folded backbone
cofactors in a well- reactive side chains to able to interact by
structured backbone rnteract with substratesl itself with substrates

Figure 1.12: Strategies of catalysis with folded systems

With the idea of combining the benefits resulting from folding behaviour and multifunctionality

for catalysis, foldamers certainly present a potential, especially those containing urea functions which
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can bring effective hydrogen-bonding interactions. Foldamers are “synthetic polymers which adopt a
specific conformation in solid state and solution”, as defined for the first time by Gellman in 1998. % A
number of helically folded catalysts discussed in the previous section like peptoids, synthetic peptides
with unnatural amino acids, double organic strands complexed with metallic ligands can be classified
as foldamers. Huc and Guichard illustrated the diversity of backbones, sequences and applications of
synthetic foldamers.% In contrast to natural polymers which are able to fold as helices, strands, turns
and sheets, abiotic polymers and related oligomers tend more often to fold as helices. B-peptides
represent another important class of foldamers which have been reported to adopt well-defined helical
conformations. The nature of the building blocks which are used to construct a foldamer can also be

mixed to lead to hybrid oligomers with new folding propensities (Figure 1.13).

;\”)OH/\ AEM f\u)oK/\/ RH)OK/\Z

peptide peptoid B-peptide y-peptide

aromatic oligoamide aza-aromatic oligomer oligourea

Figure 1.13: Homogeneous foldamers constructed from different types of building units either close or
remote from natural o-peptides

Abiotic foldamers can be used in biological applications such as DNA delivery for gene
transfection, ¥ or the design of antimicrobial drugs® (Figure 1.14 a). Zuckermann used the backbone of
peptoids to design nanosheet bilayers which could be used for membrane-based separations or templates
to grow inorganic materials, or superhelix structure® (Figure 1.14 ¢ and d). Quaternary structure
formation in aqueous solution (e.g. with oligoureas, Figure 1.14b)'% and recognition of biopolymer
surfaces'®1% are also trendy and challenging topics in foldamer chemistry). Furthermore, foldamers
are equally useful in molecular recognition of small guests such as sugar derivatives'®*1% (Figure 1.14

e) and anions. 1%
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Figure 1.14: Variety of applications of foldamers. a) Use of urea-based foldamers as antimicrobial
drug against Bacillus anthracis. b) Shaping quaternary structures of water-soluble helical foldamers.

¢) Peptoid nanosheet bilayers. d) Formation of a superhelix from an amphiphilic diblock

copolypeptoid imaged by AFM e) X-ray structure of malic acid encapsulated in an aromatic foldamer
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1.5 OBJECTIVES

The development of innovative efficient catalysts with a broad scope of substrates and reactions
is a current challenge for chemists in academia and industry. The control of chirality and the decrease
of catalyst loading are challenging goals responding to ecological problems, the limitation of toxic
metals, atom economy principles, and the decrease of waste production. For several decades,
organocatalysis emerged as a potential answer to these issues but the lack of efficiency pushes chemists
to go further in their investigations.

Through the comparison with the best catalysts present in Nature, combining folding and
hydrogen bonding are an interesting pathway to mimic enzymatic route. Precise distribution of chemical
functions on a rigid and folded backbone may offer a way to control the selectivity of the reaction.
Among synthetic chemical tools, foldamer chemistry and helical backbones in particular appear as a
good playground to develop new catalysts, midway between small molecules and biomacromolecules.
Moreover, the cooperative effects that could result from optimal preorganisation through helical folding
could reinforce the catalytic activity. Because of the importance of urea and thiourea moieties in
organocatalysis, oligourea foldamers, developed by the Guichard team, may prove particularly relevant
to design new catalysts.

The main objective of this work was thus to explore the potential of oligourea foldamer
technology for designing innovative catalysts. The well-defined hydrogen-bonding network, which
stabilizes the helix conformation of oligoureas and the preorganization of an anion binding site at the
positive pole of the helix, are two important features that could contribute to influence the approach of
reactants and the activation of substrates. The use of oligourea foldamers as a new type of hydrogen-
bond catalyst was first investigated through the Michael addition of 1,3-dicarbonyl compounds to
nitroolefins, for direct comparison with Takemoto bifunctional catalyst.

R y ¥
bstrate produ
i - - Catalysis

>

P/
d N

(3ta_lyti( Oligourea
sie Foldamers

Figure 1.15: Strategy to use foldamers for asymmetric reaction

\

The impact of the inherent constitutive elements of oligoureas have been evaluated in terms of
necessity for the catalytic activity. How does the helical folding impact the efficiency of an asymmetric
reaction? How do the external parameters influence the catalytic system? Answering all these questions

has allowed us to optimize the system in a more effective way and rationalize future designs.
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To increase our understanding of the catalytic system and better define the catalytic site, a
structure-activity relationship study has been performed using a series of analogues containing selective
modifications. NMR experiments have been conducted as another means to observe the interactions
between all the species involved in the catalytic process and to gain knowledge of the system from a
kinetic point of view.

The extension of the substrate scope in the Michael addition of 1,3-dicarbonyl compounds to
nitroolefins also provided useful additional insight into the catalytic process, reinforcing the
mechanistic study and helping to propose a general mechanism. First trials have been performed with
the designed system on other chemical transformations to evaluate its potential on other reactions. Next,
with the goal to further address green chemistry challenges, grafting of the catalyst on solid support was
investigated. Preliminary studies have been performed as an attempt to evaluate the feasibility of the
transfer of the system from homogeneous to heterogeneous conditions. Because of the introduction of
new parameters by working with a biphasic system, systematic optimization of the reaction conditions
was necessary to obtain the best results. Finally, the re-consideration of our initial hypotheses could be

re-evaluated and the future of the use of oligourea foldamers as organocatalyst could be discussed.
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2.1 DESIGN OF A FOLDAMER-BASED CATALYTIC SYSTEM

2.1.1 Description of oligourea foldamers

Guichard et al. have focused their research efforts in the area of oligourea foldamers. Oligourea
foldamers are analogues of peptides with y-amino acid derivatives. They are easily synthesized from
amino-acid derivatives through an iterative synthesis.! They adopt a 2.5-helical structure from very
short sequences: four residues offer five ureas, which is enough for the intramolecular hydrogen-
bonding network to confer a helical conformation (Figure 11.1).2 The backbone is rigidified compared
to y-peptides and the helix stabilization is enhanced. The three-centered H-bonding between C=0 (i+3)
and urea NH (i) and N’H (i+1) (Figure 11.2a), closing 12- and 14-membered pseudorings, is revealed
by crystallographic structure and NOESY experiments (Figure 11.2b and c).? Interestingly, the helicity
is independent of the nature of lateral side chains. By NMR spectroscopy, the two carbons in the a-
position are not equivalent, and the difference between the two chemical shifts defines the
diastereotopicity of the residue and is characteristic of the helicity of the foldamer. By circular
dichroism experiments, the oligourea 2.5-helix signature corresponds to a maximum band at 203 nm,
zero-crossing at 193 nm and a minimum band at 188 nm in trifluoroethanol* (Figure 11.2d).
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Figure 11.1: Oligourea foldamers and hydrogen-bonding framework
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Figure 11.2: a) Representation of the three-centered H-bonding. b) X-ray structure of urea oligomers
with top view and side view. ¢) NOE connectivities in oligourea foldamers. d) Circular Dichroism
spectra of oligourea foldamers in trifluoroethanol with increase of the length.

Because of their well-structured helical conformation, their ease of synthesis, the possible
cooperative effect of the hydrogen-bond network and potential for insertion of a thiourea motif,
oligourea foldamers are potentially very interesting organocatalysts. Guichard et al. demonstrated the
ability of helical oligomers to recognize and complex anions.® The helical conformation is not disturbed
by this interaction so we can consider the potential to perform an enantioselective reaction with this

system.

2.1.2 How to take advantage of oligourea foldamer backbone to design an efficient catalyst?

N,N’-linked oligoureas are synthetic oligomers derived from natural or unnatural amino acids.
The hydrogen bond network described previously (see 2.1.1) confers a helical conformation with 2.5
residues per turn. Four residues and five ureas have been found to be sufficient for the three-centered
H-bond pattern between the ureas to develop intramolecularly resulting in helical folding.* The two first
ureas at the “N-terminus” of the oligourea sequence are thus free to act as hydrogen-bond donor with
external hydrogen-bond acceptor (Figure 11.3a). Moreover, the cooperative formation of a directional
hydrogen-bond network all along the foldamer confers to it a macrodipole with the two free H-bond
donor ureas located close to its positive pole (Figure 11.3b). To design a potential catalyst, a 6 residue-
sequence with aliphatic (S)-configuration side chains isopropyl, methyl and isobutyl, known to present

a stable helical conformation in polar and apolar solvent was chosen.® To reinforce the polarity and the
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polarizability of the first urea group, a 3,5-bis(trifluoromethyl)phenyl group was attached on the N-
terminus part.” The resulting oligomer thus constitutes the first potential catalyst 1a we intended to
evaluate. Inspired by the importance of carbon-carbon formation in industrial and academic chemistry
research and the successful developments of bifunctional catalysts acting as hydrogen bond donor
described in literature,®® we decided to test the catalytic efficiency of 1a in Michael addition reactions.
The bifunctional character of the chiral foldamer scaffold is brought in an innovative way by the two
first ureas and without any internal base. To deprotonate the pronucleophile, a catalytic amount of a
Brensted base (e.g. tertiary amine) has to be added. The X-ray structure of oligomer la (CCDC
1534525) proves the helical conformation and the right-handed (P)-helicity (Figure 11.3c).

Figure 11.3: Design of potential candidate N,N’-oligourea foldamer catalyst
a) Availability of the two ureas at the N-terminus part of the oligourea. b) Macrodipole of the
oligourea helix. ¢) X-ray structure of oligomer la.
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2.1.3 Synthesis of an oligourea catalyst

2.1.3.1 Synthesis of building blocks for oligourea synthesis

To synthesize oligoureas, amino acids, natural or unnatural, are first transformed to the
corresponding 1,2-diamino ethane derivatives which are then activated as succinimidyl carbamates
(Scheme 11.1)%*. The carboxylic acid is firstly reduced to an alcohol BB-alcohol by activation with
isobutylchloroformate and treatment of the resulting anhydride with NaBHa. In a second step, a
phthalimide group was installed by a Mitsunobu reaction to form BB-phthalimide. The resulting mono-
protected 1,2-amine BB-amine was obtained by hydrazinolysis. The final step to form the building

block BB-aminoacid is the activation by coupling with disuccinimidyl carbonate.

R R PPh;, Phthalimide R 0
i. NMM, IBCF, THF DIAD
OH !
BOCHN/H( i BocHN/k/OH AN
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DiSuccinimidyl
Carbonate

Scheme 11.1: General procedure of the preparation of building blocks for oligourea synthesis

2.1.3.2 Synthesis of oligourea model catalyst 1a

The oligomer la was synthesized by an iterative methodology from succinimidyl-activated
monomers BB-aminoacid by successive deprotection and coupling steps (Scheme 11.2). The final
capping step with 3,5-bis (trifluoromethyl)phenyl isocyanate activates the catalyst by increasing the
acidity of the first urea NHs, thus contributing to further differentiate the H-bond donor capacities of
the first two ureas. Because of the high propensity of the intermediates to crystallize, almost the full
synthesis was performed with trituration as purification steps and only the final product was purified by
flash chromatography. All other oligomer catalysts reported in this work have been synthesized with

the same strategy, by adapting the nature of monomers according to the sequence.
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2.1.4 Evaluation of the catalytic potential of oligourea la

2.1.4.1 Fundamental result through the development of a model reaction

The conjugate addition of diethyl malonate esters (e.g. 2) to nitroalkenes (e.g. 3) was chosen as
a model reaction to test our foldamer catalyst 1a. It yields to the formation of y-nitro carbonyl adducts
(e.g. 4), which are versatile intermediates through the rich chemistry of the nitro group®® and also
precursors of pharmaceutical compounds.® Because our catalytic system is activated by hydrogen bond
interactions, toluene was selected as an aprotic and apolar solvent as a model solvent. Temperature was
initially decreased as —20 °C to limit entropic effect and maximise enantioselectivity. Because oligourea
l1a is only sparingly soluble in toluene, even more at low temperature, it was decided to decrease its
concentration from the classical 10 mol% commonly employed with other bifunctional organocatalysts
to 0.1 mol%. Because the tertiary amine base is external and its loading can thus be different from the
one of the chiral component, the base loading was fixed at 10 mol%. Under these conditions, the adduct
4 was obtained with a very good yield (82%) and with an excellent enantioselectivity (96% ee). The
catalyst 1a, synthesized with natural amino acids (L), led to the formation of the adduct (S)-4 (Scheme
11.3).

O O

O O catalyst 1a, 0.1 mol% EtOMOEt

Xx_NO, =
Et;N 10 mol% E
EtOMOEt . ©/\/ 3 mol*/o _ N02
toluene, —20 °C, 24h ©/\/
4

2a 3a

82% vyield, 96% ee (S)
Scheme 11.3: Model asymmetric Michael addition to evaluate the catalytic potential of oligomer 1a

In a subsequent study (see 2.5), the impact of the base loading was evaluated.

2.1.4.2 Comparison with Takemoto catalyst

To compare our results with those from literature (Scheme 11.4) and evaluate the potential of
our system, we selected (R,R)-Takemoto’s catalyst and repeated the reaction between 2a and 3a under

conditions reported by Takemoto in his seminal paper (Table 11.1). 118
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O O
(R,R)-Takemoto catalyst EtO OEt
NO,
10 mol% o
M . NO,
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ent-4
82% yield, 91% ee (R)
CF;
X
FsC NT N
H H
N
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Scheme 11.4: Conjugate addition of 2a on 3a with (R,R)-Takemoto catalyst

The results obtained by our group (Entry 1, Table I1.1) were similar to those published by the
Takemoto group.'” This catalyst was next evaluated at 0.1 mol% loading (Entry 2, Table 11.1): the
conversion was almost non-existent and the enantioenrichment decreased. The addition of external
triethylamine accelerated the reaction (Entry 3, Table 11.1). Nevertheless, it remained slower than the
published conditions with 10 mol% of catalyst, which demonstrates the positive cooperative effect on
the reaction kinetics of the internal amine and the activating thiourea in the bifunctional Takemoto
catalyst. Moreover, the enantioselectivity was highly impacted: the kinetics of the racemic reaction
overcomes the enantioenriched one. Overall, these results demonstrate the limited efficacy of Takemoto
catalyst at low loading, and that it is not possible to compensate for the low Takemoto catalyst loading
by adding an external base.

Table 11.1: Evaluation of our catalytic conditions on the addition of 3a on 2a catalysed with Takemoto
catalyst

Entry Loading (mol%) Base (mol%) Conversion (%)@ Yield (%)®! ee (%0)F

1 10 0 100 86 93
2 0.1 0 7 4 80
3 0.1 10 56 43 29

Reaction conducted on 0.67 mmol scale in 0.67 mL toluene, at RT for 24h. Mol ratio (2a:3a, 2:1) [a] Determined
by 'H NMR spectroscopy [b] Isolated compound after chromatographic purification [c] Determined by chiral HPLC
analysis. Absolute configuration (R) was known and assigned by analogy.

2.1.4.3 How to enhance the reactivity and enantioselectivity with the foldamer catalytic system?

Our first results highlight the high efficiency of the designed oligourea catalyst and the
synergistic action with an external Brgnsted base (Figure 11.4). The background reaction which takes
place in the absence of the chiral catalyst leading to a racemic mixture has to be considered in parallel
of the catalysed reaction leading to enantioenriched mixture. The control of the kinetic and

thermodynamic balance between these two processes is essential to reach good yields and selectivities.
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The structure of the catalytic system as well as all external parameters have to be considered. To what
extent is the helicity of the oligourea is involved? Would a thiourea moiety be suitable at the N-terminus
and what would be its impact on catalytic activity? How do the nature and the quantity of the external
base affect the catalytic process in comparison to the classical internal base found in bifunctional
catalysts? How do the external parameters such as temperature and solvent influence the

enantiocontrol? All these questions will be studied in the following of this chapter.
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Figure I1.4: Competition between background reaction and foldamer catalysed reaction and
parameters which can be optimized to enhance the later.
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2.2 COMPARISON BETWEEN UREA VS THIOUREA IN THE MODEL SEQUENCE

2.2.1 Structural comparison between urea and thiourea versions of the catalyst

Incorporation of a thiourea moiety at the N-terminal side of the foldamer could increase the
acidity of the site which interacts with the substrates and then enhance the catalytic efficiency. The
structural consequences of replacing a urea linkage by a thiourea moiety at different positions (but not
the first one) in the sequence of an oligourea have been investigated previously by our group.'® Here
TFA treatment of la-hexamer, the free amino group of the oligourea hexamer was treated with 3,5-
bis(trifluorophenyl)isothiocyanate to give the catalyst 5a. Its (P)-helicity was proven by X-ray
crystallographic analysis (Figure 11.5, in white). The head of the helix is the most impacted element
because of the variation of the length of the first intramolecular hydrogen bond between the terminal
C=X and the NHs of the third urea group (the C=Xs+N distance increases from an average 2.90 A in
lato 3.42 A distance in 5a), which results in a slight rearrangement of the first residue and of the 3,5-
bis(trifluoromethyl)phenyl moiety. The chemical synthesis of 5a is very similar to that of 1a, except for
the purification of the last step which is more difficult because of the formation of side products during

formation of thiourea motif.

Figure 11.5: Structural comparison between urea hexamer foldamer catalyst 1a and thiourea hexamer
foldamer catalyst 5a
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The perturbation of the helix geometry was also observed by NMR. The backbone CH* protons
are not equivalent and their differences of chemical shift represent a useful indicator of helix formation.
This anisochronicity has been measured for 1a and 5a and is reported for every residue in the table
below (Table 11.2). The helix is locally perturbed at the N-terminus where the thiourea has been inserted,
and the extent of the perturbation is more pronounced on residues 1 and 2.

Table 11.2: Difference of anisochronicity of backbone CH* protons between urea catalyst 1a and
thiourea catalyst 5a

Ad (ppm)*
res.1 res.2 res.3 res.4 res.5 res.6
la 1.00 1.28 1.34 1.27 1.20 0.95
5a 0.55 0.97 1.20 1.22 1.19 0.91

*Determined by NMR spectroscopy at 20 °C in CD3OH.

2.2.2 Difference of catalytic activity between urea and thiourea catalysts

The catalytic potential of 5a was evaluated with the model Michael addition in comparison with
la, at -20 °C, for 24h and 48h. The thiourea catalyst systematically slightly slower in terms of
conversion and the observed enantioselectivities are slightly decreased compared to the urea version
(Table 11.3). The small structural reorganization observed by X-ray and NMR could justify this
observation. This result together with the finding that coupling of terminal aromatic isocyanate is

cleaner than for the corresponding isothiocyanate, catalyst 1a was selected for all further studies.

Table 11.3: Comparison between urea and thiourea hexamer catalyst, respectively 1a and 5a

O O
catalyst 1a/5a

O O Xx-NO2 54 mo% EtOMOEt
+ . - ?

EtOMOEt ©/\/ EtsN 10 mol% ©/\/N02
4

toluene, —20 °C
2a 3a

Catalyst Reaction time Conversion (%) Yield (%) ee (%)

la 48 100 80 95
24 99 63 94
48 99 82 93
5a
24 94 59 88

Reactions were performed with 0.67 mmol of 3a and 1.34 mmol of 2a. Yields correspond
to isolated compound after chromatographic purification. The enantiomeric excess (ee)
was determined by chiral HPLC analysis. Absolute configuration (R) was known and
assigned by analogy.
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2.3 IMPACT OF THE HELICAL CONFORMATION ON CATALYST EFFICACY

2.3.1 Strategy to demonstrate the role of the helicity on catalyst efficiency

Examples of folded catalysts mentioned in the previous chapter (e.g. DNA-based catalysts from
Roelfes and Feringa, peptidic B-turns from Scott Miller, peptoid catalysts from Maayan ) support a
direct relationship between folding propensity and catalytic activity. Berkessel synthetized L-leucine
oligomers from 1 to 20 residues and reported that the catalytic potential of each peptide in Julia-Colonna
epoxidation depends on its helix forming ability.?’ To test the chain length dependence of oligourea
catalysts,?! we have prepared two series of oligo(thio)ureas varying in length and bearing either a 3,5-
bis(trifluoromethyl) phenylurea or a 3,5-bis(trifluoromethyl) phenylthiourea termination. To evaluate
only the impact of the oligourea length, the sequences were carefully designed to preserve the isopropyl
lateral side-chain between the two first ureas (Figure 11.6). The trimer versions of the catalyst were not
evaluated because they were very insoluble and their purifications were not successful. This can be
rationalized by the fact that a tri-urea, although it corresponds to the minimum number of ureas
necessary to stabilize one helical turn, may also tend to unfold and form large and insoluble
intermolecular aggregates.
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Figure 11.6: Structures of catalysts with different chain lengths, in urea version la-e and in thiourea
version 5a-e

2.3.2 Structural studies of the catalyst with different chain lengths

The longer is the oligourea chain length, the longer and stronger is the hydrogen bond network,
and the more stable is the helical conformation. The increased helicity of oligoureas as a function of
chain length has been studied in depth in earlier studies®* and can be determined by circular dichroism
experiments (Figure 11.7). The monomer le and dimer 1d are not helically folded. Helix formation

appears for tetramer 1c and keeps increasing up to hexamer la. Measurement of anisochronicity of
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CH>* also support helix stabilization with increasing chain length (Table 11.4). For each chain length,
the difference of anisochronicity between urea and thiourea catalysts is particularly significant on the
first two residues and reflects the perturbation of the helicity resulting from thiourea replacement (Table
11.5).
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Figure 11.7: Electronic circular dichroism (ECD) analysis of oligoureas 1a-1e in trifluoroethanol.
Molar residual ellipticity in deg.cm?.dmol™.residue™.

Table 11.4 : Anisochronicity of CH,* for the various chain lengths of urea catalysts 1a-1e

Entry Compounds Res. 1 Res. 2 Res. 3 Res. 4 Res. 5 Res. 6

1 le (1res.) 0.06 / / / / /
2 1d (2 res.) 0.23 0.28 / / / /
3 1c (4 res.) 0.96 1.19 1.22 0.99 / /
4 1b (5 res.) 0.92 1.09 1.11 1.02 0.35 /
5 la (6res.) 1.00 1.28 1.34 1.27 1.20 0.95

Table 11.5: Anisochronicity of CH,”* for the various chain lengths of thiourea catalysts 5a-5e

Entry Compounds Res. 1 Res. 2 Res. 3 Res. 4 Res.5 Res.6

1 5e (1res.) 0 / / / / /
2 5d (2 res.) 0.17 0.19 / / / /
3 5c (4 res.) 0.83 0.91 1.02 0.99 / /
4 5a (6 res.) 0.55 0.97 1.20 1.22 1.19 0.91
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2.3.3 Catalytic evaluation of the oligoureas with different chain lengths

The compounds 1a-1e and 5a-5e were tested for the conjugate addition of 2a to 3a, with 0.1
mol% in oligomer and 10 mol% in EtsN. Because the relative solubilities of these compounds were not
known, reactions were performed at RT (Entries 1-5, Table 11.6) and 60 °C (Entries 10-14, Table 11.6)
for the urea series, to be sure that the observed trend was due to the oligomer structure and not to the

insolubility of some these new compounds.

Table 11.6: Impact of the oligo(thio)urea chain length on catalysis

O O
catalyst 1a-e/5a-e

Q9 + X-NO2 54 molos EtOuOEt
EtOMOEt EtsN 10 mol% ©/\/N02
4

toluene, 24h
2a 3a

Entry  Catalyst T (°C) Conversion (%)  Yield (%) ee (%)

1 la RT 98 72 89
2 1b RT 98 83 87
3 1c RT 57 47 36
4 1d RT 57 44 6
5 le RT 72 55 )
6 5a RT 94 74 86
7 5c RT 87 71 64
8 5d RT 70 40 14
9 5e RT 58 28 )
10 la 60 °C 100 73 75
11 1b 60 °C 100 76 76
12 1c 60 °C 82 58 34
13 1d 60 °C 88 58 5
14 le 60 °C 93 58 3

Reaction conducted on 0.67 mmol scale in 0.67 mL toluene with 0.1 mol% in catalyst, with EtsN 10
mol%, for 24h. Ratio mol (2a:3a, 2:1). Determined by *H NMR spectroscopy. Isolated compound after
chromatographic purification. Determined by chiral HPLC analysis.

The measured enantiomeric excesses of adduct 4 can be interestingly linked to la-e and 5a-e
structures (Figure 11.8). For urea and thiourea versions, enantioenrichment becomes significant at the
tetramer level, when the helical conformation starts to form. There is almost no enantio-control in the
presence of monomers le and 5e (Entries 5 and 9, Table 11.6) and dimers 1d and 5d (Entries 4 and 8,
Table 11.6) and the highest reactivity and selectivity (respectively 94-98% and 86-89 % ee) are obtained
for helically folded pentamers and hexamers (1a > 1b > 5a, Entries 1, 2 and 6, Table 11.6). For the

folded tetramers 1c and 5c, conversions were intermediate and enantioselectivities were significantly
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higher for the thiourea than the urea. This can be rationalised by its higher acidity which may
compensate for the helical destabilization due to the presence of a thiocarbonyl H-bond acceptor.
However, the contribution of the thiourea moiety becomes minor when the helical conformation is well-

defined such as in 1a and 5a, as both catalysts are almost equipotent (see 2.2).

beginning of the helicity
100 - :

enantiomeric excess (%)

1 2 ' 4 B 6
Number of residues

Figure 11.8: Enantiomeric excess of the Michael adduct 4 determined by chiral HPLC analysis after
purification for reactions conducted in the presence of 1a-e and 5a-e. Reactions were performed at
RT for 24h, with 0.1 mol% catalyst, 10 mol% EtsN, on 0.67 mmol scale.

An X-ray crystal structure of pentamer 1b was obtained. This oligomer is fully helical in the
crystal and an overlay with the structure of 1a (Figure 11.9) by fitting the first five pairs of carbonyl C
atoms indicates a very close match between the two helices including at the active site (root-mean-
square deviation (RMSD) = 0.150 A). This observation explains the very close catalytic behaviour of
both oligoureas 1a and 1b although the intensity of their CD profile differs substantially.
‘l.:; )

|

8.

@,

[ |

Figure 11.9: Structural alignment of the crystal structures of 1a (carbon atoms in sand) and 1b
(carbon atoms in light blue)
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2.3.4 Screw sense inversion: Synthesis of ent-1a

The enantiomer of 1a was synthesised and characterized by circular dichroism (Figure 11.10). Whereas
1a was synthesised from monomers derived from L-amino acids, ent-1a was synthesised in the same
way, with activation of D-amino acids and the same couplings as previously described. As expected,
their circular dichroism spectra were perfectly symmetrical and the enantiomers obtained by the
Michael addition of 2 to 3 are opposite according to the helix-sense of the catalyst. The (P)-helix 1la
catalyses the formation of the (R) enantiomer while the (M)-helix of ent-1a catalyses the formation of

the (S)-enantiomer (Figure 11.10).
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Figure 11.10: Reverse helicity for enantiomers 1a and ent-1a
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Table 11.7: Enantioselective conjugate addition of diethylmalonate to nitrostyrene catalysed by 1a and
its enantiomer ent-1a

1a or ent-1a O 0
o o NO; EtsN 10 mol%

M + /=/ - > EtO OEt

EtO OEt PH -20°C, 48h NO

[nitrostyrene]=1M ph” > 2

2a 3a 4

Entry Catalyst Loading (mol %) Conversion (%) Yield (%) ee (%)
1 la 0.1 100 86 95 (S)
2 ent-la 0.1 100 84 95 (R)

Conversions were determined by 'H NMR. Yields were determined after purification on Silica Gel
Chromatography. Enantiomeric excesses were determined with Chiral HPLC and absolute configurations
were obtained from literature.

Overall, the results obtained in sections 2.2 and 2.3 provide a first rationale for the design of
oligourea-based catalysts: a well-defined helical conformation is required for efficient stereocontrol in
the catalytic process at very low loading. Very short sequences such as di-ureas (one monomer unit)
and tri-ureas (two monomer units) also catalyse the reaction albeit less effectively in terms of conversion
and without stereocontrol. It is likely that much higher loading such as 10 mol% would be needed to
reach higher enantiomeric excesses. The efficiency of our catalytic system resides in part in the
cooperative interactions between the ureas all along the foldamer, and on the particular geometry of the
active site which allow very low loading to be achieved. As expected, the handedness of the catalyst

helix is directly linked to the stereochemistry of the formed Michael adduct.
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2.4 INFLUENCE OF EXTERNAL PARAMETERS ON THE OUTCOME OF THE
CATALYSED REACTION

2.4.1 Influence of the solvent

The solvent allows us to control the balance between the kinetics of the racemic reaction and
enantioselective reaction. The goal is to optimise it to have the racemic reaction as a background
reaction to enhance only the asymmetric catalysed one and maximise stereocontrol. Protic solvents were
irrelevant for our model reaction, because of the necessity of a basic environment to deprotonate the
pronucleophile. Solvents with different polarities were first tested without catalyst and then with
catalyst in case the racemic reaction was slow: tetrachlorocarbon, benzene, toluene, dichloromethane,
1,2—dichloroethane. (Table 11.8) The more polar was the solvent, the faster was the racemic reaction
and the lower was the enantiocontrol. Combining this result with the idea to use a convenient solvent
for experiments, toluene was chosen to be our model solvent (entries 4-5, Table 11.8). The increase in
polarity also disturbs the possibility to form robust hydrogen bonds and to coordinate the substrates to

the catalyst, which explains the decrease of stereocontrol.

Table 11.8: Impact of the solvent polarity on the addition of 2a on 3a catalysed by 1a

5a 0.1 mol%
EtOMOEt

U . XxNOz2  Et,N 10 mol% =
EtO OEt solvent ©/\/N02
4

48h, -20 °C
2a 3a
Entry Solvent Catalyst Conversion (%) ee (%) Dipole
moment (D)
1 no catalyst 7 - 0
CCl,4
2 5a 95 94 0
3 CeHe* no catalyst 38 - 0
4 no catalyst 6 - 0.43
Toluene
5 5a 90 91 0.43
6 no catalyst 26 - 1.55
DCM
7 5a 73 71 1.55
8 no catalyst 41 - 1.86
1,2-DCE
9 5a 74 57 1.86

Conversions were determined by 1H NMR. Yields were determined after purification on Silica Gel
Chromatography. Enantiomeric excesses were determined with Chiral HPLC and absolute configuration
was obtained from literature. *Reaction with benzene was run at 4 °C.
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2.4.2 Impact of the temperature

The temperature had been fixed at =20 °C in our initial conditions to limit entropy and maximise
the enantioenrichment. The effect of increasing temperature on the model reaction will be representative
of the strength of interaction between the substrates and the catalyst. Besides, the thermal stability of
the helicity for oligourea foldamers has been demonstrated in pyridine between 19 °C and 89 °C.?? In
the model Michael addition, we found that the yield and the enantiomeric excess decreased with
increasing temperature. Two elements have to be considered in this study. The first one, as in previous
case, is the acceleration of both asymmetric and racemic reactions. The second one is polymerization
of nitrostyrene which becomes competitive and impacts the yields of the Michael addition.
Nevertheless, the control of selectivity is maintained to a significant extent at elevated temperatures
(Table 11.9) thus suggesting that the catalyst could be used over a wide range of temperature in case of
slow reactions. Moreover, these results confirm that the helical structure of oligoureas and the

interaction between the catalyst and the substrates are particularly strong and stable.

Table 11.9: Increase of the temperature in the model reaction

O O
1a 0.1 mol%
o 0 . XxNO2  Et;N 10 mol% Et0” > “OEt
EtOMOEt toluene ©/\/N02
24h, T
2a 3a 4
Entry Temperature (°C) Yield (%) ee (%)
1 -20 82 95
2 0 74 91
3 20 66 89
4 40 70 82
5 60 83 76
6 80 78 69

Conversions were determined by 1H NMR. Yields were determined
after purification on Silica Gel Chromatography. Enantiomeric
excesses were determined with Chiral HPLC and absolute
configuration was obtained from literature.
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Scheme 11.5: Impact of the temperature on the enantioenrichment

The impact of the temperature was also evaluated with catalyst 5a over the range —20°C - 20°C.
There is a small loss (2-6%) in enantiomeric excess over this temperature range, for both reaction times
and both catalysts (Table 11.10). The rate of reaction is slightly slower with the thiourea catalyst and
this is more visible on reaction with 24h-run (Table 11.11). Overall, the yields are very similar but on
average, these series of experiments confirm that thiourea catalyst 5a is less reactive and leads to a
slightly lower stereocontrol.

Table 11.10: Comparison of temperature effect between catalysts 1a and 5a, after 48h reaction time

Reaction time: 48h

Catalyst 1la Catalyst 5a
Entry Temperature (°C) Conversion (%) Yield (%) ee (%) @ Conversion (%) Yield (%) ee (%)
1 -20 100 80 95 99 82 93
2 0 100 76 90 99 76 90
3 20 100 75 89 98 71 87

Conversions were determined by *H NMR. Yields were determined after purification on Silica Gel Chromatography. Enantiomeric
excesses were determined with Chiral HPLC and absolute configuration was obtained from literature.

Table 11.11 : Comparison of temperature effect between catalysts 1a and 5a, after 24h reaction time

Reaction time : 24h

Catalyst 1la Catalyst 5a
Entry Temperature (°C) Conversion (%) Yield (%) ee (%) @ Conversion (%) Yield (%) ee (%)
1 -20 99 63 94 94 59 88
2 0 99 73 92 98 73 91
3 20 98 68 88 94 73 86

Conversions were determined by 'H NMR. Yields were determined after purification on Silica Gel Chromatography. Enantiomeric
excesses were determined with Chiral HPLC.
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2.5 POTENTIAL BENEFITS OF A SYNERGISTIC CATALYTIC SYSTEM

2.5.1 Looking for the minimum catalyst loading

As was highlighted in the design of the catalyst, there is no base inside the foldamer catalyst
and an external base was added to perform Michael addition. The system has more parameters which
can be changed than a classical bifunctional catalyst as the amount of the chiral catalyst, the base and
the nature of base can be varied independently. To evaluate the potency of the catalyst, the catalyst
loading was decreased by dilution to extremely low concentrations: from 0.1 mol% to 0.00025 mol%
(Table 11.12). These experiments gave impressive results: at catalyst loading as low as 0.01 mol%, the
conversion was almost complete in 48h at —20 °C, the yield was very satisfying and the enantiomeric
excess was above 90% ee (Entry 3, Table 11.12). The yield and enantioenrichment decreased
significantly when the loading was lowered more than 0.05 mol% probably because the balance

between the kinetics of asymmetric and racemic reactions changed (Figure 11.11).

Table 11.12: Catalysis at catalyst loadings lower than 0.1 mol%

O O
1a x mol%
o O . X-NO2  Et;N 10 mol% EtOMOEt
EtOMOEt toluene ~NO2
48h, -20 °C ©/\/
2a 3a 4
Entry Loading (mol%) Conversion (%)  Yield (%) ee (%)
1 0.1 100 86 95
2 0.05 100 85 94
3 0.01 98 82 91
4 0.005 93 82 84
5 0.001 67 49 74
6 0.0005 53 45 62
7 0.00025 41 35 42

Conversions were determined by *H NMR. Yields were determined after purification on silica gel
Chromatography. Enantiomeric excesses were determined with Chiral HPLC and absolute
configuration was obtained from literature.
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Figure 11.11: Impact of the decrease of catalyst loading on the enantioenrichment

2.5.2 Play on the base loading

Here, we evaluated the influence of the base concentration with the aim to identify the minimum
amount of base necessary to activate the catalytic system. Triethylamine was selected first for its low
cost and because it readily deprotonates malonate. As expected, increasing the amount of EtsN
accelerates the reaction (Table 11.13) but surprisingly the enantioselectivity was not affected (at least up
to 30 mol% of catalyst, entry 5, Table 11.13). Whereas, the catalytic activity was not affected when the
amount of EtsN was divided by two, it was significantly reduced at concentrations < 1 mol% EtsN. At

1 mol% Et;N (Entries 1 vs 3, Table 11.13), the conversion was moderate but the ee remained high (95%).

Table 11.13: Impact of triethylamine loading on the model Michael reaction

Entry Time (h) EtN loading (mol%) Conversion (%) Yield (%0) ee (%)
1 48 1 56 43 95
2 48 5 100 85 95
3 48 10 100 82 95
4 48 20 100 83 93
5 16 30 100 78 93

Conversions were determined by 1H NMR. Yields were determined after purification on Silica Gel Chromatography.
Enantiomeric excesses were determined with Chiral HPLC and absolute configuration was obtained from literature.

The possibility to change the relative amounts of chiral catalyst and base renders the system
more adaptable than other bifunctional catalyst (Figure 11.12, Model a). Moreover, in the view of the
result obtained with 1 mol% base (Entry 1 Table 11.13), it is very unlikely that incorporating the base
within the foldamer, either in the backbone or as a side chain, (Figure 11.12, Model b) would give

satisfactory results, even though a synergistic activity of the base cannot be excluded in such a system.
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Model a Model b

x mol% catalyst x mol% catalyst

00007 - G XX o>
/ \ T

x mol% urea functions  y mol% base x mol% urea functions x mol% base

* base loading # catalyst loading

* more flexibility on the base nature with
the same foldamer catalyst

* possibility to adjust the base loading to
the kinetics reaction

* base loading = catalyst loading
* possibility of synergistic effect

Figure 11.12: Characteristics of strategies for base-foldamer association

2.5.3 Play on the nature of the base

While working on more difficult reaction substrates we realized that our catalytic system can
be further optimized by tuning the nature of the base. In particular, the addition of acetylacetone 6 to
nitrostyrene 3a with a combination of 0.1 mol% of 1a and 10 mol% EtzN led to a modest stereocontrol
(63% ee, Entry 1, Table 11.14). To bring more steric hindrance to the system and possibly improve the
stereocontrol, the number of carbons of the alkyl chains of the tertiary amine was increased: i.e. from
triethylamine, to n-tributylamine, n-trihexylamine and n-trioctylamine (Entries 1-4, Table 11.14). As
planned the enantiomeric excess increased when the alkyl chain length increased, but the conversion
was slower. On the other hand, using branched tertiary amines such as diisopropylethylamine (Hunig’s
base) as tertiary external base. The kinetics reaction was as fast as with triethylamine and the
enantiocontrol of 92% ee was significantly better than with n-trioctylamine (83% ee). These results
were reproducible with the formation of different adducts (Entries 6-14, Table 11.14) providing further

support for the use of Hunig’s base as part of the catalytic system.
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Table 11.14: Suitability of several 1,3-dicarbonyl compounds as nucleophiles and influence of the
nature of the amine base cocatalyst

t. 1a, 0.1 1%
ARt AN, St m% L
amine base, 30 mol% R e R
toluene, -20°C

6 R=Me 3a (R'=Ph)
7 R=Ph 3b (R'=4-CH3CgHy) 8-9
3g (R'=4-CICgH,)

Time Yield

Entry Product Amine base (h) (%) ee (%)
1 EtN 16 92 63
2 nBusN 16 90
3 R(’é;;h nHexsN 120 78 76
4 nOct;N 120 72 83
5 o 0 iPr,EIN 16 70 92
6 M R 4. Et:N 16 82 80
7 R ~NO2  CHiCHs  nOctN 120 98 66
8 (8b) iPr,EN 16 90 86
9 R 4. EtN 16 87 56
10 CICsHs nOct;N 120 80 69
1 (82) iPr,E(N 16 82 83
12 o o EtN 16 64 91
13 Ph)K:/U\Ph 0 nOct;N 72 99 95
14 b~ NO2 iPrEN 16 67 >99

Reactions were performed on 1 mmol scale with 2 equiv. of diketone. Yields correspond to isolated compound
after chromatographic purification. The ee was determined by chiral HPLC analysis. Absolute configuration (R)
or (S) was known or assigned by analogy.

2.5.4 Possibility of match/mismatch effect with chiral bases

To go further in these investigations on variations of the nature of the base to fine tune the
catalytic system, several combinations between the catalyst and chiral bases were next evaluated (Table
11.15). The natural bases quinidine and quinine, commonly used and/or derived to form new
organocatalysts® 224, were used firstly without the foldamer catalyst to perform the addition of 6 on 3a,
to evaluate if there was room for improvement (Entries 1-4, Table 11.15). The enantioselectivities
without catalyst were low, respectively 29% ee (S) and -23% ee (R), but unfortunately, there was no
synergistic effect observed when the reaction was conducted in the presence of the foldamer catalyst.
Whereas the association with quinidine gave a small positive effect (Entry 2, Table 11.15), the

association of quinine and 1a was found counterproductive (Entry 4, Table 11.15). To check whether
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the hydroxyl group on the bases could disturb the interaction between the catalyst and the substrates,

the bases were O-benzylated. The new catalysts QD-OBn and Q-OBn did not give any significant

improvement although the mismatch effect observed with the quinine Q in the presence of 1a was

suppressed with QD-OBnN. In an opposite way of thinking, the presence of a second hydroxyl group on

the base could provide an additional anchoring point for substrate coordination. The corresponding

catalysts QD-OH and Q-OH were synthesised. This new class of chiral base was very efficient: with
only 1 mol% QD-OH at RT, the enantioselectivity was very good (85% ee (S), Entry 9 Table 11.15).

Parameters such as the solvent, the base loading and temperature were also evaluated in parallel, to

observe the presence of a match/mismatch effect (Entries 10-13, Table 11.15) but it was not successful.

Table 11.15 : Evaluation of possible match/mismatch effect with cinchona alkaloids base derivatives

O O
1a 0.1 mol%
O O . X-NO2 chiral base
)J\/U\ A NO,
6 3a 8
OMe — OMe e OH —
N LN N N NN
N~ N~ N2
quinidine QD QD-OBn QD-OH
OMe OMe OH
/@ OH /@ OBn /@ OH
AN “ AN “ AN “
N N N
quinine Q Q-OBn Q-OH
Cat. loading Base loading : o RN 0
Entry (mol%) Base nature (Mol%o) Solvent Time  Temperature (°C) Yield (%) ee (%)
1 Without inidi 16h 87 29 (S
Quinidine 10 DCM 0 S
2 0.1 QD we 88 34
3 Without L 16h 82 -23 (R)
Quinine Q 10 DCM -20
4 0.1 we 89 2
5 Without 40h 85 14
QD-OBn 10 DCM -20
6 0.1 60h 83 28
7 Without 40h 88 4
Q-OBn 10 DCM -20
8 0.1 60h 93 34
9 Without QD-OH 1 DCM 40h RT n.d. -85
10 Without - no conversion
Q-OH 1 toluene 20 .
11 0.1 - no conversion
12 Without Q-OH 0.1 toluene - RT no conversion

Reactions were performed on 1 mmol scale with 2 equiv. of diketone. Yields correspond to isolated compound after chromatographic purification.
The ee was determined by chiral HPLC analysis. Absolute configuration (R) or (S) was determined from litterature.
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The external base offers a high level of tunability of the catalytic system which can be further
adapted to each reagent and reaction of interest. The independence of the base and the catalyst is one of
the main reasons why the catalytic system is efficient at low foldamer loading, in addition to the
cooperative effect of the intramolecular and polarized arrangement of ureas all along the folded
backbone. However, not all bases are compatible with our catalytic system, as demonstrated for the
chiral bases. The steric environment imposed by the quinine and quinidine derivatives could preclude
a positive cooperation. In any case, mechanistic studies are necessary to further understand how

substrates are interacting with each other and with the foldamer.
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3.1 PROBING THE ROLE OF TERMINAL UREAS IN THE CATALYTIC ACTIVITY OF
OLIGOUREA FOLDAMERS

3.1.1 Strategy and demonstration of the position of the catalytic sites

The rationale for the design of oligourea-based catalysts was the accessibility of the two first
ureas at one end of the helical structure. Only the C=0 groups of these ureas are directly involved in
the intramolecular hydrogen bond network, so the corresponding four NHs are potentially free to
interact with substrates that contain suitable H-bond acceptor groups. Because these NHs are located at
the positive pole of the helix macrodipole, binding to anions or transient negatively charged species
should be enhanced. Guichard et al. investigated anion recognition by oligourea helices in detail and
demonstrated that anion binding by oligourea foldamers does not affect the helix folding propensity of
the compound (Table 111.1).t Co-crystallisation of one molecule of DMSO with two oligourea foldamers
showed the importance of these two first ureas in the binding process and suggest a possible binding

mode for anions (Figure I11.1).

Table 111.1: Anisochronicity of oligourea backbone CH* protons after addition of increasing amounts
of tetrabutylammonium chloride

Residue 2 Residue 3 Residue 4 Residue 5 Residue 6

Residue 1
: o : ) : ) H ! H
H  H | H . H - H ' H - |
N:N\/\)Ij\/k/N:N\/\)IJ\\/K/N:N\/\)IJ\ NN
\Fl/ Y N "N \Fl/ Y N N \ﬂ/ Y N™' N \ﬂ/
5 =z H ' H 5 : H . H e H . H 5
Br " /\ \ -\( X | X |
Ad (ppm)*
Entry Equiv. Anion| Res.1 Res.2 Res.3 Res.4 Res.5 Res.6
1 0 1.12 1.35 1.25 1.31 1.26 1.04
2 0.7 1.12 1.33 1.23 1.26 1.21 0.92
3 2.0 1.08 1.33 1.24 1.32 1.24 0.99
4 55 ND 1.33 1.22 1.30 1.22 ND

*Determined by NMR spectroscopy at 20 °C in a mixture of [d6]-DMSO/CD3CN (5/95 v/v).
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Figure I11.1: Co-crystallization of one molecule of DMSO with two oligourea foldamers differing in
their helix termination

To demonstrate the role of these terminal ureas on the catalytic process, monosubstituted
analogues of catalyst 1a were synthesised with the goal to block each of the two urea sites independently
(Figure 111.2). Oligomer 10 contains a pyrrolidine ring blocking the first urea, whereas catalyst 11 has
a pyrrolidine ring blocking the second urea, and 12 is an analogue of 11 with a thiourea anchored at the
first residue instead of a urea (Figure 111.3). The insertion of a pyrrolidine moiety inside the foldamer
backbone between CHP and vicinal NH (a proline type residue ProY) was shown previously to be
compatible with the 2.5-helical structure of oligoureas.? In particular, the constrained dihedral ‘Phi’
angle value in the pyrrolidine containing residues is very similar to the ‘Phi” angles of acyclic residues
in the canonical 2.5-helical structure. Furthermore, in the particular case of 10, 11 and 12 the position
of the pyrrolidine ring at the end of the sequence does not impair the intramolecular hydrogen bond
network. The synthesis of 10, 11 and 12 were performed as previously described for 1a/5a, except that
Boc-Pro“-OSu was coupled at the last and penultimate positions in place of Val* and Ala", respectively.
The X-ray structure of Boc-protected precursor of 11 (11-hexamer) demonstrates the formation of a
canonical 2.5-helical structure with the pyrrolidine moiety pointing towards the solvent and blocking
the access to the second catalytic site as expected (Figure 111.4 in orange). An overlay with the structure
of the corresponding precursor of 1a, show a very good match between the two structures as revealed
by the small RMSD 0.7.
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Figure I11.2: Pro" based strategy to block urea NHs demonstrate the role of the two first urea in the
catalytic process
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Figure 111.3: Synthesized catalysts 10, 11 and 12 with a pyrrolidine-ring included in the model
sequence
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Figure 111.4: X-ray structure of 11-hexamer, Boc-protected precursor of 11

3.1.2 NMR structural study

NMR experiments were used to evaluate the impact of the pyrrolidine and/or thiourea moieties
insertion (compounds 10-12) on the conformation in solution of the reference structure la, and its
thiourea analogue 5a. The anisochronicity of backbone diastereotopic protons all along the sequence
was measured for all oligomers and reported on the graph below (Figure I11.5). These values suggest
that the insertion of pyrrolidine locally disturbs the helicity around the inserted position, but a good
proportion of helicity is conserved. From the third residue to the sixth, in urea and thiourea versions,
the anisochronicity values are very similar suggesting a close helical conformation. So the impact of
these modifications on the catalytic efficiency will essentially reflect local effects including restricted
access to catalytic sites but not global variations of the secondary structure.
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Figure I11.5: Anisochronicity of CH," protons extracted from NMR spectra of pyrrolidine-containing
oligoureas 10 and 11, pyrrolidine-containing oligo(thio)urea 12 and comparison to values in 1a and
5a

3.1.3 Evaluation of the model reaction with the critical urea positions successively blocked

The evaluation of the catalytic efficiency of oligomer 10 was established by running the
Michael addition of 2a to 3a, with 10 mol% of EtsN, for 48h in toluene at —20 °C. In contrast to the
process catalysed by 1a, the conversion using 10 under the same conditions did not go to completion,
suggesting slower kinetics (Scheme I11.1). The yield was consequently lower (47% instead of 82%).
Moreover, the important loss of enantiomeric excess (from 96% ee to 57% ee) perfectly reflects the key
roles of the NHs of the first urea.

O O

catalyst 10, 0.1 mol%
° EtOJ\/U\OEt

o 0 . N0z B N10 mol% :
EtOJ\/U\OEt toluene, —20 °C, 48h ©/\/N02
4

conversion 72%
47% yield, 57% ee (S)

(@) (@)
S w8 s
N N N \g/\

Scheme 111.1: Catalytic activity of 10
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The catalyst 11 was also evaluated under same conditions and the resulting reaction conversion
was even slower than with catalyst 10, giving low yield after 48h (29%, Scheme 111.2). The
enantioenrichment is almost inexistent for the Michael adduct. The dramatic fall in enantiomeric excess
from 95% ee to 4% ee strongly supports a major role of the NHs of the second urea to the catalytic
process.

talyst 11, 0.1 19
0O O X NO2 E? i,yfo 1 mole EtOJ\_/U\OEt
+ 3 mol% . ?
EtO)J\/U\OEt toluene, —20 °C, 48h NO;
2a 3a ©/?/

conversion 35%
29% vyield, 4% ee (S)

NN
N ~N

Scheme 111.2: Catalytic activity of 11

The catalyst 12 was significantly less reactive then its urea analogue (15% conversion instead
of 29% conversion) but it was slightly more stereospecific than its urea analogue, 15% ee instead of 4%
ee, (Scheme 111.3). The thiourea changes the electronic environment and increases the acidity of the
first residue, and also the local geometry of the catalytic site, which could explain the slightly better

enantioenrichment.

0,
o o S~ _NO, catalyst 12,00.1 mol% EtOJ\_/U\OEt
N Et;N 10 mol% - :
EtO)J\/U\OEt toluene, —20 °C, 48h -

NO,
2a 3a ©/>/

o) \'L o)
H H H H H H
H H <Nj\/N\n/N\-/\”)J\H N\ﬂ/N\/\”)J\H N\H/N\
F4C N_ _N H :
ACAS AT dR :
S .
CF3 12

Scheme [11.3: Catalytic activity of 12
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Overall, this study confirms that the catalytic site of the reaction is most-likely formed of the
two first ureas which both play a key role in the catalytic process. Although blocking either site is
detrimental to the reaction rate and enantiocontrol, careful examination suggests that the two ureas are
not acting equally. Although essential to obtain high conversion and ee’s, the NH of the first (thio)urea
is not as critical as the NH of the second urea which seems absolutely critical. Additional insight could
be gained by selectively blocking the aromatic urea nitrogen the NH” of the first residue (Figure 111.6).
It is synthetically more challenging to build catalyst with only these positions blocked selectively.
Alternatively, one could think about blocking both NHs of a given urea by constructing an

imidazolidinone ring to further study these effects.
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Figure 111.6: Conclusion from the study with selective pyrrolidine replacement on la
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3.2 SUBSTRATES-CATALYST INTERACTIONS OBSERVED BY NMR

3.2.1 Preliminaries for NMR study

This section describes my efforts to understand the interaction between the substrates of the
reaction and the foldamer catalysts using NMR spectroscopy. The NMR analysis of helical oligourea
foldamers in a well-chosen deuterated solvent can provide well dispersed urea NH and NH’ signals
suitable for titration studies. Because we know that the catalyst interacts with the substrates of the
reaction through hydrogen bonds and ureas, an NMR titration experiment of the catalyst with increasing
amount of substrates could potentially provide useful information. As already reported for other
catalytic system in the literature, this method can help to clarify the way substrates interact with the
catalyst.>® One difficulty is to find the right solvent in which the catalyst 1a is soluble, where the NH
region is well-resolved and in which the interaction between the solvent and catalytic sites is negligible.
To check whether these conditions can be filled, 1a was fully characterized by NMR in a mixture
acetonitrile-[d3]/DMSO-[ds] (88/12 v/v) and all the NH and NH’ signals were unequivocally assigned
(Figure 111.7 and Figure 111.8). DMSO was needed to solubilise the oligourea in acetonitrile, its volume
was minimised to avoid the perturbation of the interaction between substrates and catalyst. Several
titration experiments have been considered: (i) addition of nitrostyrene to the NMR tube containing the
catalyst to monitor the affinity between the nitrostyrene and the catalyst (ii) addition of solution of
malonate and triethylamine (molar ratio 1:1) (iii) successive addition of all the reactants to mimic the

model reaction.
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Figure 111.7: *H NMR spectra of 1a in acetonitrile-[d3]/DMSO-[d6] (88/12 v/v)
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Figure 111.8: full attribution of NH and NH’ region in NMR spectra of 1a (corresponding to structure
in Figure 111.7)

3.2.2 Evaluation of the interaction between the catalyst and nitrostyrene

Starting from the same stock solution which was used to perform the reference NMR spectra of
la (Figure 111.7), a new tube of 1a was prepared and titrated with nitrostyrene (up to 108 equiv). No
visible change was observed in the spectra of 1a even when more than 100 added nitrostyrene
equivalents were added (Figure 111.9). This suggests that there is no strong interaction between
nitrostyrene and the catalyst observable by NMR under these solvent conditions. If we assume that this
result can be translated to toluene which is the solvent of the catalysed Michael addition reaction, it
might question some of the early proposed mechanisms for the Michael addition catalysed by

bifunctional catalysts (Figure 111.10).”
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Figure 111.10: One proposal of mechanism for Michael addition activated by Takemoto catalyst®
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3.2.3 Evaluation of the interaction between the catalyst and deprotonated malonate

With the same methodology, an equimolar stock solution of malonate:EtsN 1:1 was
progressively added to an NMR tube containing catalyst 1a. Two signals were found to progressively
shift: the most significant chemical shift difference corresponds to the (most acidic) proton NH’
between the aromatic ring and the first catalytic site, the second one, still very clear, corresponds to the
proton NH of the first residue Val' (Figure 111.11). The difference of chemical shift was measured and
reported in a graph for the two protons (Figure 111.12). Although the interaction may seem quite weak
one must keep in mind the presence of DMSO which is necessary to solubilize the oligomer but which
also compete for binding to ureas.
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Figure 111.11: Titration with deprotonated malonate
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Figure 111.12: Chemical shift of NH’ and NH(Val') from 1a with the addition of deprotonated
malonate

This observation is more in line with another model which was proposed by Papai where the
malonate is activated by the thiourea H-bond donor of the Takemoto catalyst (Figure 111.13). According
to this model, the nitro group of nitrostyrene interacts with the protonated base, similarly to Papai
proposal. To strengthen this hypothesis and be able to propose a mechanism, we thought to perform a
successive addition of the different reactants to an NMR tube containing the catalyst 1a.
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Figure 111.13: Papai model for Michael addition activated by Takemoto catalyst®

3.2.4 Competition NMR experiments by successive addition of malonate, nitrostyrene and
triethylamine to the catalyst

In the literature, there are many examples of the use of NMR to gain information about the
location of catalytic sites.>%One strategy is to add separately and then successively the different
substrates to the catalyst and observe which proton signal is shifted. Moreover, the order of substrates
addition can have an influence and can reveal a competitive coordination of the substrates on the same

catalytic site. With this goal, two experiments were run. The first one consisted of the successive
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addition of malonate, triethylamine and nitrostyrene, in this order (Figure I11.14). The addition of
malonate induced a very light downfield shift: only the NH’ (indicated in light blue) in a-position of
the aromatic group presented a shift of 0.0155 ppm. The addition of triethylamine induced a more
significant downfield-shift of the NH” (indicated in light blue) in a-position of the aromatic group
(0.0776 ppm from the reference spectra). The final addition of nitrostyrene impacted again the NMR
spectra with a downfield shift: 0.1308 ppm for NH’ signal from the reference catalyst spectra (indicated
in light blue) and 0.0552 ppm for NHVa'! (indicated in red).

catalyst:malonate:Et;N:nitrostyrene (4 ‘I | " ‘ NHV | 4?
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Figure 111.14: *H-NMR analysis of interactions between catalyst and malonate, triethylamine,
nitrostyrene
Experiments conducted on 300 MHz spectrometer, in DMSO-ds:CD3CN (12% v:v), at 298K

The same experiment was run with a different order of addition of the substrates: triethylamine,
nitrostyrene, malonate. The triethylamine addition to the catalyst solution did not induce a shift. A
downfield-shift appeared upon the nitrostyrene addition (0.0764 ppm for the NH’ signal indicated in
light blue), and the final malonate addition clearly impacted the NMR spectra by shifting the terminal
NHs downfield: 0.1290 ppm for NH’ signal (indicated in light blue) and 0.1147 ppm for NHV# ! signal
(indicated in red) (Figure 111.15). The difference in the final shifts in the three previous experiments can

be explained by the small variation of volume of malonate which has been introduced in each tube.
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Figure 111.15: *H-NMR analysis of the interaction between catalyst triethylamine, nitrostyrene and

malonate - Experiments conducted on 300 MHz spectrometer, in DMSO-ds:CDsCN (12% v:v), at
298K

3.2.5 Proposition of mechanism for Michael addition catalysed by 1a

All these experiments allow us to give several conclusions which of course are dependent on
the solvent conditions we used: (i) nitrostyrene is not interacting directly with the catalyst (ii) the
deprotonated malonate is interacting with the catalyst, more than the cognate malonate (iii)
triethylamine critically controls the interaction process because nitrostyrene and malonate do not lead
significant modification of the spectrum in its absence (iv) triethylamine alone does not have an impact
as strong as the three nitrostyrene-malonate-catalyst on NH chemical shifts. Altogether, these trends
may suggest a possible binding model that can be used to explain the mechanism of the catalytic process
(Figure 111.16). The deprotonated malonate interacts with the two first ureas of the oligomer catalyst at
the positive pole of the helix macrodipole, with the protonated triethylamine as a counterion. The nitro
group of nitrostyrene may then interacts with the protonated base, and this way is indirectly linked to
the catalyst by the formation of a supramolecular tetrameric-complex. With the current data, we cannot

explain the selectivity of the substrates approach, but we can only propose something which is coherent
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with what is observed in the experiments. The downfield shift observed in all these experiments
translates a contribution of electrons of the deprotonated malonate to the two first ureas of the catalyst.
According to this model, the steric hindrance of the base should have a strong impact as already seen
previously and this may explain why the cinchona derivatives were not suitable bases for our system.
This model could be reinforced by theoretical calculations that could be performed in the future.

Figure 111.16: A possible model of the catalytic process with oligourea foldamers involving the
formation of a supramolecular tetrameric complex between the catalyst, the base and the two
substrates of the reaction.
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3.3 IMPACT OF THE NATURE OF THE FIRST RESIDUE

3.3.1 Sequence variations to study the role of the side chain of the first residue

The catalytic activity results from the two first ureas and the folded backbone which brings both
chiral information and synergistic activation through cooperative H-bonding between ureas all along
the foldamer and helix polarity. However, the origin of the high stereocontrol observed previously is
not fully clarified and it remains to be seen whether the chirality brought by the backbone is enough to
control the enantiomeric excess of the adduct or if the nature of the side chain (steric hindrance,
functionality) of the first residue (Val" in 1a) also play a key role. Catalysts without lateral side chains
at the first residue were synthesized by replacing Val* monomer by a Gly" derivative, in both urea
(catalyst 13) and thiourea (catalyst 14) version. Gly" side residue has been shown previously to be
compatible with helix geometry but to have a destabilization effect when inserted in the middle of a
short oligourea sequence.'® Moreover, to evaluate the influence of the chiral side chain in this strategic
position, the Val" residue was replaced by the corresponding Phe" residue with a Bn side chain to give
catalyst 15 (Scheme 111.4).
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Scheme 111.4: Variation of the lateral side chain of the residue between the two catalytic sites
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3.3.2 Impact of the first residue variation on the catalytic efficiency

The three new catalysts 13, 14 and 15 were tested in the addition of 2a to 3a using EtsN 10
mol%, and 0.1 mol% catalyst loading, in toluene at —20 °C for 48h (Table I11.1Table 111.2). The removal
of the chirality source of information within the catalytic site from structure 1a (catalyst 13) slows down
the conversion (92% conversion) and affected the enantiomeric excess to a limited extent (decrease
from 95% ee to 83% ee) suggesting that global helicity more than steric hindrance of the side chain of
the first residue is important for enantiocontrol. Conversely, in the thiourea version (catalyst 14), the
absence of a chiral side chain has a more dramatic effect on both kinetics and stereocontrol: conversion
in 48h dropped from 92% vyield to 45% yield and enantiomeric excess fell from 83% ee to 35% ee.
Changing the nature of the chiral unfunctionalized residue (catalyst 15) between the two catalytic sites
does not have an important impact: conversion was almost complete in 48h (94%) and stereocontrol

was very good (88% ee).

Table 111.2: Evaluation of the catalytic efficiency after sequence modification and side modification
on the first residue

Entry Catalyst  Conversion (%) Yield (%) ee (%)

1 13 92 75 83
2 14 45 40 35
3 15 94 75 88

Reactions were performed with 0.5 mmol of 3a and 1.0 mmol of 2a. Yields correspond to isolated
compound after chromatographic purification. The enantiomeric excess (ee) was determined by chiral
HPLC analysis. Absolute configuration was determined from litterature.

3.3.3 NMR conformational analysis of sequence modified catalysts and conclusions about
possible structural requirements for high catalytic activity

Structural studies have then been performed to evaluate whether this loss of activity between
1a, 13 and 14 can be attributed to the absence of chirality at the first position, or to the local perturbation
of the helix. The anisochronicity of CH. of each residue along the backbone was measured by *H-NMR

and the values are presented on the graph below (Figure 111.17).
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Figure 111.17: Anisochronicity of CH," along the backbone of oligoureas with of a glycine-like motif
at first position (13), a glycine-like motif in first position and a terminal thiourea moiety (14), a
phenylalanine-like motive in first residue (15) and comparison with that of 1a and 5a

The chirality of the first residue has an impact on the catalytic efficiency, but the persistence of
a well-defined helical structure at the catalytic site is a clearly requirement for the efficiency of the
catalytic process. The nature of the lateral side chains between the two first catalytic ureas does not
have a major impact on stereocontrol provided that the helicity is maintained. However, the close
combination of two modifications (thiourea and Gly" residue) that locally impact the helical structure
of the oligomer (14) and thus the catalytic site (Figure 111.17), is detrimental for the outcome of the

reaction.

Of course, steric hindrance imposed by the side chain and helicity are intimately linked and it
is difficult to interrogate both aspects separately when introducing sequence variation close to the
catalytic site. However, chain length variations above a minimum known to provide a well-defined
helical structure could be used next to evaluate more specifically the impact of helix rigidification and
also address the possible role of the helix macrodipole. A longer catalyst with nine residues for instance
presents a longer hydrogen-bond network, reduced fraying and increased rigidity at both ends of the
helix (Figure 111.18). Alternatively, sequences of equal length but incorporating residues with a high
helix propensity could be tested. For example, it has been shown that for oligoureas (unpublished results
from the Guichard group) like for B3-peptides,'tinvolving branched residues (e.g. B3-Val) are stronger
stabilizer of helical structures. Hence, oligourea sequences made of the repetition of one type of building
block such as (Val"), are expected to adopt a more rigid helical structure which could be compared to
that of 1a in catalysis (Figure 111.18). Moreover, the use of only one type of building block would be

very interesting from a synthetic and economic points of view.
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Figure 111.18: Two potential catalysts which could bring more mechanistic information on the

catalytic system
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3.4 KINETIC STUDIES AND VARIATION OF THE CATALYST ENANTIOMERIC

EXCESS

3.4.1 Kinetic studies

3.4.1.1 Preliminary

Kinetic analysis is another approach to deepen the mechanistic understanding of the catalytic

process. The determination of the order of the reaction for each reactant will give us access to the

number of each molecule which is involved in the catalytic process. To answer this question, we used

NMR spectroscopy with temperature control (25 °C) in toluene-[d8]. Trimethylphenylsilane was added

as an internal reference in order to integrate properly signals of each component and generate

guantitative data. A preliminary study (Figure 111.19) with the same reagent ratio as in the model

reaction: nitrostyrene 3a : diethyl malonate 2a : EtsN : catalyst 1a 1:2:0.1:0.001. allowed to monitor the

almost complete consumption of nitrostyrene, the decrease of almost 50% of the malonate

concentration, and the appearance of adduct 4 which reaches a step concentration after 16h (960 min).
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Figure 111.19: Kinetic profile of the reaction between malonate 2a and nitrostyrene 3a in the presence
of oligourea 1a and triethylamine in toluene at 20 °C. 400MHz *H NMR spectra were recorded every
40 minutes. Conditions [3a]=1 M, [2a]=2 M, [1a]=0.001 M, [EtzN]=0.1 M.



112

3.4.1.2 Nitrostyrene order

To determine the order in each reagent, there are many methods described in the literature:
method of initial rates,’> method of flooding,?® integral method* 3. To determine the order in
nitrostyrene, we used the method of flooding. The reaction was performed with an excess of malonate
(ratio 2a:3a 10:1), then its influence can be considered as negligible and it will be part of the Kinetics
constant (Figure 111.20). If the reaction kinetics is apparent to a pseudo-order 1, plotting the logarithm
of ratio between nitrostyrene initial concentration and nitrostyrene concentration at time t, will give a
straight line. If the reaction kinetic reaction is apparent to a pseudo-order 2, plotting the difference of
inversed concentrations will result in a straight line. In this manner, it was found that in our case the

reaction exhibits a first-order with respect to nitrostyrene (Figure 111.21).

v = k [nitrostyrene]* [malonate]? [catalyst]'[EtsN]°

V= d[product] _ d[reactant]
dat dt

Overflooding method for determination of the reaction order in nitrostyrene,
with malonate excess:

[malonate] = constant and kapp = k[malonate] ¥
V = Kapp[nitrostyrene] *
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Figure 111.20: Overflooding method to determine the nitrostyrene order
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Figure 111.21: Determination of the reaction order with respect to nitrostyrene 3a using the method of
flooding
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3.4.1.3 Reaction order with respect to malonate, triethylamine and catalyst

The overflooding method is not always an adapted method because the excess of one reagent
can completely modify the physical properties of the reaction mixture, for instance an excess of
nitrostyrene makes the mixture too dense and viscous to allow reliable data to be obtained. The method
of initial rates is useful to cope with this difficulty but also to evaluate orders in components which
acted in a catalytic way (Figure 111.22). We used this method to determine the orders in malonate, base
and foldamer catalyst. To determine the reaction order in one component, several experiments are run
with different initial concentrations of this components, all the other parameters being fixed. The initial
rate is estimated graphically by the tangent to the curve. For a first-order reaction, the plotting of the
initial rate in function of the different concentrations of the evaluated component gives a straight line.
For a second order reaction, the plotting of the initial rate in function of the squares of the different
concentrations of the evaluated component gives a straight line. Another way to demonstrate it is to plot
the logarithm of initial rates in function of the logarithm of the evaluated component concentration. The

slope will correspond to the order in the evaluated component.

v = k [nitrostyrene]* [malonate]? [catalyst]'[EtsN]°

V= d[product] _ d[reactant]
dat dt

= W@t =0+) = K [3a]o® [2a]o” [catalyst]* [EtsN]°

Att=0% v
For triethylamine order determination: [3a]o= constant
[2a]o? = constant
[catalyst]" = constant

d[product]
- o (

at att=0+) — kapp[EtSN]ODl

Figure 111.22: Initial rate method, illustrated with the determination of the order in trimethylamine

The orders for malonate and triethylamine were demonstrated to be order 1 (see Figure 111.23
and Figure 111.24, respectively). For the catalyst, a breaking slope was observed from 0.2 mol% (Figure
111.25). From these orders, we can deduce the molecularities of the catalytic process. One molecule of
malonate is deprotonated by one molecule of triethylamine to be added with one molecule of

nitrostyrene. The interaction with the molecules of catalyst depends on the catalyst loading 1a.
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Figure 111.23: The catalysed reaction is first-order in malonate 2a
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Figure 111.24: The catalysed reaction is first-order in triethylamine
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Figure 111.25: Observation of two behaviours when determining the reaction order in catalyst
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3.4.2 Study of non-linear effects

The association of the two catalyst enantiomers can be precious to gain additional information
about the mechanism of the reaction. If only one catalyst molecule interacts with the substrates, then
the relationship between the adduct enantiomeric excess and the catalyst enantiomeric excess will be
linear. In contrast, if more than one molecule of catalyst interacts with the substrates, a curve will be
observed in the graphical representation (Figure 111.26). These non-linear effects and associated
mathematical models have been developed by Kagan.* The existence of a non-linear effect reflects an
aggregation effect between the catalysts.

(+)-nonlinear effect

asymmetric amplification proportionality
1004 e , between eep 4, :and €€ ypz)yst
]
/’/ f
’ I
7 1
= I
%] ! !
2 ' ! .
S ' ! (-)-nonlinear effect
[+ !
& . .
g |/ /  asymmetric depletion
! 7
/
;'f ,f
1 /
, _-100
. == == P
0,
eecatalyst ( A) 100

Figure 111.26: Representation of non-linear effect

3.4.2.1 Variation of foldamer catalyst enantiomeric excess

The two enantiomers la and ent-1a have been mixed in a different ratio to form solutions
wherein catalyst 1a has different enantiomeric excesses: 0% ee, 20% ee, 40% ee, 60% ee, 80% ee,
100% ee (with 1a), 100% ee (with ent-1a). Enantiomeric excesses of catalyst solutions which are not
enantiopure correspond to mixtures with 1la as major enantiomer: 20% ee corresponds to 60% l1a and
40% ent-1a. The variation of enantiomeric excess was checked by measurement of the relative helicities
by circular dichroism in methanol (Figure 111.27). The UV band absorption of the aromatic ring was

used to normalise all the spectra. The resulting graph was coherent with the mixtures.
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Figure 111.27: Preparation of solutions with different enantiomeric ratio from 1a and ent-1a

3.4.2.2 Impact of the catalyst enantioenrichment on the stereocontrol of the reaction

The previously prepared solutions of foldamer catalysts at different enantiomeric ratio were
used as stock solution to perform the model reaction with 10 mol% EtzN, in toluene at —20 °C for 48h.
Different catalyst loadings from these solutions were tried, because if the phenomenon of aggregation
exists, it can appear at a specific critical concentration: experiments were thus run at 0.1 mol%, 0.02
mol%, and 0.001 mol% of catalyst. Results are given in the table below (Table 111.3). For the graphic

representation, the enantiomeric excess of the adduct obtained with pure 1a was normalised to 100%
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(Figure 111.28). At 0.001 mol% in catalyst loading, the relation is perfectly linear. From 0.02 mol% in
catalyst loading, the curve starts to move away from the straight line. With 0.1 mol% which is our
reference catalyst loading, the asymmetric depletion is substantial although not massive.

Table 111.3: Impact of catalyst ee on adduct 4a ee

(0] (0]
(0] 0] cat. 1a/ent-1a x mol%

EtOMOEt + N0 (y% ee) EtO OFt
Et;N 10mol% o NO2

toluene, —20 °C, 48h

2a 3a 4
Catalyst loading Entry Catalyst [a6] _ Conversion Yield  Adduct ee

(mol%) ee (%)  (deg.cm?dmol™) (%) (%) (%)
1 100 438749 43 30 55

2 80 334381 45 34 43

3 60 238733 48 37 31

0.001

4 40 149242 46 34 19

5 20 59554 49 37 8

6 0 -33523 47 37 -3

7 100 438749 97 84 91

8 80 334381 97 85 59

0.02 9 60 238733 98 82 38
10 40 149242 98 83 23

11 20 59554 98 83 9

12 0 -33523 98 82 -5

13 100 438749 100 84 95

14 80 334381 100 83 52

01 15 60 238733 100 74 33
16 40 149242 100 83 19

17 20 59554 100 85 8

18 0 -33523 100 88 -3

Reactions were performed with 0.5 mmol of 3a and 1.0 mmol of 2a. Yields correspond to isolated compound after chromatographic purification.
The enantiomeric excess (ee) was determined by chiral HPLC analysis. Absolute configuration was determined from litterature. Molar ellipticity
was determined by circular dichroism.
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Figure 111.28: Graphical representation of the non-linear effect observed in the catalytic process at
increasing concentration of the catalyst.

Results of kinetic studies and measurements of non-linear effects both tend to support a trend
for aggregation of catalyst molecules above a certain loading. It would be of interest to know more
precisely about how the molecules are interacting, whether the catalyst molecules have an arrangement
head-to-head or head-to-tail. Molecular modelling, ideally co-crystallization between the catalyst and
one or more of the substrates together, could provide useful answers. Modifying the substrates of the

model reaction and try to explore other reactions is also a possibility to improve our understanding of
the catalytic mechanism.
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4.1 VARIATION OF PRONUCLEOPHILES IN THE MICHAEL ADDITION TO
NITROALKENES

4.1.1 Evaluation of malonates with ester functions of increasing size

A study of scope of our model Michael reaction is necessary to evaluate the potential of our
catalytic system and its limitations, but also to complete the structure-activity relationship. As a first
variation, the steric hindrance of the ester substituents of the symmetric malonate was evaluated from
the less hindered (with dimethyl malonate 2b, Entry 2 Table IV.1) to the most hindered (with tert-butyl
malonate 2e, Entry 5 Table IV.1). We expected the most hindered malonate should give the best
stereocontrol. However, the less hindered was the malonate, the faster was the conversion and the better
was the enantiocontrol (Table 1V.1). These results show that a non-bulky group on these positions of
the pronucleophile are better tolerated suggesting a close proximity of the ester function to the
interaction site on the catalyst. The dimethyl malonate 2a which gave the best results in this series was
thus selected as pronucleophile for subsequent exploration of the scope with electrophiles (see section
4.2).

Table IV.1: Screening of 1,3-dicarbonyl pronucleophiles for the reaction with p-nitrostyrene 3a*

cat. 1a 0.1 mol% (@) O
EtsN 30 mol%

o o o NO, o ROMOR
M + ©/\/ toluene, -20 °C :
RO OR ©/\/N02

2a-e 3a R = Me, iPr, Bn, tBu : 16a, 16¢, 16d, 16e
R=Et4

Entry  Pronucleophile R Adduct  Time (h) Yield (%)° ee (%0)°

1 2b Me 16a 16 78 97
2 2a Et 4 16 74 93
3 2C iPr 16¢ 64 78 89
4 2d Bn 16d 16 73 86
5 2ed tBu 16e¢ 120 NR¢ -

@ Reactions conducted with 3a (0.5 mmol) and 2a-2e (1.0 mmol) in 500 pL of toluene with 0.1 mol%
catalyst and 10 mol% EtsN, at —20°C.

bYield of isolated product after chromatography ¢ Determined by chiral HPLC. Relative configuration
was determined by comparison with literature. ¢ No conversion was observed in 48h.
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4.1.2 Variation around the pronucleophile

Exploration of other pronucleophiles can possibly reinforce the validity of the mechanism
proposed in the previous chapter (see 3.2.4) and also suggest trends on how to extend the scope to other
substrates classes. A methyl group was inserted in a-position of the diethyl malonate to see the impact
of the hindrance on this a-position and the possibility to form a quaternary center. Takemoto’s catalyst
was very efficient with dimethyl methylmalonate 17 and conserved both yield and stereocontrol despite
of a slower kinetics.! The catalyzed addition of diethyl methylmalonate 17 to nitrostyrene 3a with
catalyst 1a showed very slow conversion with triethylamine (more than 8 days to reach complete
conversion) but the yield and stereocontrol were very satisfying. Other bases were tested to speed up
the conversion but none was solving the slowness of conversion. DBU only led to nitrostyrene
polymerization (Entry 3, Table IV.2). The proton sponge tetramethylnaphtalene-1,8-diamine did not
lead to any conversion (Entry 4, Table 1V.2). Formation of quaternary centres with an a-methyl
substituted malonate is feasible but with very slow conversion with our designed catalyst 1a. The
resulting deactivation or the hindrance from the substitution could be a possible explanation. Synthesis
of other catalysts with variation of positions of lateral side chains could help to validate or invalidate

these hypotheses.

Table 1V.2: Evaluation of different bases for the asymmetric addition of methyl diethylmalonate 17 to
nitrostyrene 3a

O O

cat. 1a 0.1 mol%
Q9 y EtOMOEt

X-NO2 + base 30 mol%, toluene =
EtO OEt ©/\/N02
18

3a 17
Entry Base Conversion, time  vyield (%) ee (%0)
1 EtsN 15d"8 927/93% 847918
2 DIPEA conversion (4d) =14%
3 DBU polymerization
4 proton sponge no conversion
Me,N NMe,

Reaction performed on 0.5 mmol scale, from -20 °C to RT. Yields were determined after
purification on Silica Gel Chromatography. Enantiomeric Excess was determined by analysis

on Chiral HPLC. * with 0.1 mol% catalyst. 8 with 0.5 mol% catalyst.

When using cyclic ketoester 19 as a nucleophile, the resulting adduct 20 bearing a stereogenic

quaternary centre was formed with 98% ee and essentially complete diastereoselectivity (Scheme 1V.1).



128

o) . 09 /
NO cat. 1a 0.1 mol%,
©N 2 CO,Me Et;N 30 mol% o
+ > Ph
toluene, 40h (2
NO,
3a 19 20

72%, d.r. : 100:0 (2R/2S), 98% ee

Scheme 1V.1: Formation of quaternary centre with the diastereoselective addition of cyclic ketoester
19 to nitrostyrene 3a

Malononitrile (pKa = 11.1 in DMSO from Bordwell pKa Table) was tested with the catalyst
but despite a good conversion and a good yield, no stereocontrol was observed. Probably, the nitrile
function is not suitable for a good coordination with the catalyst. Moreover, the possibility of variation
on the base nature offers the possibility to use very strong base to deprotonate harsh substrates. In this
idea, the sulfones bis(phenylsulfonyl)methane (pKa = 12.2 in DMSO from Bordwell pKa Table),
benzodithiol tetraoxide and 2-substituted benzodithiol tetraoxide were tested as pronucleophiles (Figure
IV.1), in association with DBU as base (1,8-diazabicyclo[5.4.0Jundec-7-ene, pKa = 13.8?).
Unfortunately, like in the reaction of 3a with 17, whatever the temperature and solvents conditions
employed, polymerization of nitrostyrene was faster than deprotonation and addition of the
corresponding sulfones.

0, O 0,
S\/S S
NC” O CN ©: >
S
0>
Malononitrile Bis(phenylsulfonyl)methane Benzodithiol tetraoxide

O, O,
O UL
S S
O, O,
2-Substituted benzodithiol tetraoxides

Figure IV.1: Pronucleophiles selected to further evaluate the potential of our catalytic system
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4.2 VARIATIONS OF ELECTROPHILES IN THE MICHAEL ADDITION OF DIMETHYL
MALONATE

4.2.1 Variation around aromatic nitroalkenes

As stated previously (see 4.1.1), the dimethyl malonate 2b was chosen as pronucleophile to
maximise enantiomeric ratios when performing the scope of electrophiles. Methyl substituted
nitrostyrene in position ortho-, meta-, and para- were very well tolerated with excellent yields and
enantioselectivities (21b-21d, Table 1V.3). Substituents with different electroactivities were tested in
para-position. We already showed that an inductive donating group such as methyl was accepted by
the system. Methoxy group, with mesomeric donor and inductive attractor, slowed down the kinetics
but gives good results (21e, Table 1V.3). Halogens were very well tolerated in both reactivities and
selectivities (21f-21h,Table IV.3). Substrate 219 is a Baclofen precursor (Scheme 1V.2), a product with
pharmaceutical interest commercialized under the name of Lioresal by Novartis, and used as
myorelaxant. Ester and nitrile substituents, both mesomeric acceptors and inductive attractors,
presented modest stereocontrol with triethylamine, but it was improved by the use of
diisopropylethylamine (21i-21j, Table 1V.3). Heteroaromatic also led to excellent results (21k-
211, Table 1V.3). All the simple modifications on the aromatic group of the nitroalkenes are tolerated by
the system: positions of substituents on the aromatic ring, electronic activity of the substituents,
insertion of a heteroatom inside the aromatic group. A next challenge around the aromatic electrophiles

can be the conjugated ones, such as derivatives of cinnamaldehyde.
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Table 1V.3: Scope with aromatic nitroalkenes

catalyst 1a, 0.1 mol% o O
o O
R 3+ Ao, Euoomon oo
o o~ Ar toluene, —20 °C : NO
’ Ar/\/ 2
2b 3a-l 21

(@] (@]
O O (0] (0] (0] (0]
~ OJ\:/U\O/ \O)J\;/U\ o \OJ\?/U\O/ ~o o

NO, H

©/:\/N02 /@NNOZ ©i\/N02

16a 21b 21c 21d
16h, 78%, 97% ee (S)  16h, 84%, 95% ee (S)  16h, 86%, 94% ee (S)  16h, 71%, 97% ee (S)

O O O O O O
- M PN M PN SN

21g 21h
38h, 76%, 95% ee(S)  16h, 97%,92% ee (S) 16h, 86%, 82% ee (S)  16h, 96%, 90% ee (S)
16h, 75% 91% ee (S)S
0O O

\M/ \M/ M/ A

No2 NO,
MeOzC

21i 21j 21k 211
64h, 98%, 62% ee (S) 16h, 97%, 86% ee (S)  16h, 96%, 98% ee (R)  16h, 96%, 97% ee (R)
120h, 97%, 96% ee (S)S  16h, 98%, 93% ee (S)3

§ with DIPEA 30 mol%. Yields were determined after purification on Silica Gel Chromatography. Enantioselectivities were
determined by analytical Chiral HPLC. Relative configuration (R) or (S) was determined by comparison with litterature.

0
MeO 0O MGOZC
2 NiClp*H,0 o
C|4©—L OMe NaBH, cw@—i
NO, MeOH, RT NH

i.NaOH, MeOH
ii. toluene, reflux

0]

\\_COZH N
m@-& SNHCL reflux < > S
NH,+HCI NH

(S)-Baclofen
Scheme IV.2: Synthesis of (S)-Baclofen from Michael adduct 21g*
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4.2.2 Aromatic conjugated nitroalkenes

Conjugated aromatic nitroalkenes present a competitive double bond or triple bond for the
addition of the pronucleophile. The vyields with these new substrates were lower but the
enantioselectivities were still very satisfying (22a-22d, Table 1V.4). Reactions were led to complete
conversion, the decrease in yield was due to the formation of subproducts. Moreover, the use of Hunig’s
base allowed, once again, to access to products with excellent enantioselectivities (22b-22d, Table
IV.4). These results enforce the demonstration of the high variety of nitroalkenes which are accepted

by our catalytic system.

Table 1V.4: Michael addition of dimethyl malonate 2b to conjugated nitroalkenes 3’a-d

(0] (0]
catalyst 1a, 0.1 mol%
j\/ﬁ\ + xNO Et3Ny30 mol% 0 \OJ\_/U\O/
~o o~ RTN-T02 “__NO,
toluene, =20 °C R/E/

\M/ \M/ \M/ \M/

o o g

120h, 30%, 68% ee (R) 120h, 84%, 84% ee (R) 120h, 64%, 74% ee (R)

0, 0,
16h, >38%, 91% ee (S) 450y, 78%, >99% ee (R)¥  120h, 48%, 92% ee (R)S 120h, 59%, 87% ee (R)S

§ with DIPEA 30 mol%. Yields were determined after purification on Silica Gel Chromatography. Enantioselectivities were determined by
analytical Chiral HPLC. Relative configuration (R) or (S) was determined by comparison with litterature.

4.2.3 Scope aliphatic hindered and linear nitroalkenes

Regarding the very large possibilities of our catalytic system with the aromatic nitroalkenes,
the discussion was then orientated to aliphatic nitroalkenes which are generally less reactive.™ 3 The
analogue of nitrostyrene with a cyclohexyl group, leading to substrate 23a, presented good results in
our standard conditions (0.1 mol% in catalyst 1a, EtsN 30 mol%, toluene, —20 °C) and enantiocontrol
reached 94% ee with 0.3 mol% in catalyst 1a, EtsN 30 mol%, toluene, —30 °C (23a, Table IV.5). This
result suggests that there is no critical n-stacking interaction between aromatic nitroalkene electrophiles
and the electron-withdrawing aromatic group of the catalyst. An acyclic analogue of
nitrovinylcyclohexane also presented similar results, which shows the tolerance of more flexible
aliphatic nitroalkenes by our system (23b, Table IV.5). Less hindered aliphatic nitroalkenes were tested
as electrophiles under these new conditions, with 0.3 mol% catalyst 1a at —20 °C in toluene with EtzN
30 mol%. Results were very satisfying with good yields and excellent enantiomeric excesses (23c-23g,

Table IV.5). Interestingly, adduct 23f is a Pregabalin precursor (Scheme IV.3), commercialized by
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Pfizer under the name of Lyrica, to treat epilepsy. Synthesis of 23f was also performed very successfully
with only 0.1 mol% catalyst 1a, by replacing EtsN by DIPEA as base.
Table 1V.5: Scope with aliphatic nitroalkenes 3°’a-g

O O
O O catalyst 1a, 0.1 mol%
A EtsN 30 mol% \OJ\:/U\O/
(¢} (e} + 2 >

“_ _NO
tol , =20 °C Y2
2b 3"ag oluene R™ 23

o o o o o o
\OJ\?/U\O/ - )J\?/U\O/ \OJ\?/U\O/ . MO/

NO, NO, NO, :
o e o
23a 23b 23c 23d

16h, n.d., 81% ee (R) 16h, n.d., 81% ee (R) 16h, 75%, 88% ee (R)" 16h, 53%, 92% ee (R)"
16h, 70%, 94% ee (R)" 16h, 62%, 91% ee (R)"
0O O o) 0O O
\O)J\/U\O/ MeOzC\)J\O/ \O)J\/U\O/
MNOZ )\/:\/NOZ W/NOZ
23e X 23f . 23g X
16h, 70%, 92% ee (R) 16h, 74%, 94% ee (R) 16h, 75%, >99% ee (R)

16h, 70%, 96% ee (R)S

“with catalyst 1a 0.3 mol%, at -30 °C. Swith DIPEA 30 mol%. Yields were determined after purification on Silica Gel Chromatography.
Enantioselectivities were determined by analytical Chiral HPLC. Relative configuration (R) or (S) was determined by comparison with

litterature.

0

0

MeOzC\)J\OM NClH,0  MeOC.,
~_NO

e NaBH4 )\/-':\/NH
2 MeOH, RT

i.NaOH, MeOH
ii. toluene, reflux

0]
B 6N HCI, reflux =z
NH,<HCI - NH

(R)-Pregabalin
Scheme 1V.3: Synthesis of (R)-Pregabalin from Michael adduct 23f*

The very wide range of possibilities around the nitroalkene is coherent with the mode of action
we proposed previously (See 3.2.4). Aromatic, substituted, conjugated, aliphatic hindered and linear
nitroalkenes are very well tolerated by the designed catalytic system. The external base was shown one
more time to be an advantage as it can be adapted to the substrates to maximize the enantiocontrol at

low catalyst loading.



133

4.2.4 Towards a diastereoselective version of the Michael addition

4.2.4.1 Addition of deprotonated malonate monoamide 24 on nitrostyrene la

Following the excellent results in the enantioselective addition of 1,3-diketones on nitroalkenes,
pronucleophiles which are able to drive to two pairs of diastereomers have been tested. Ethyl malonate
monoamide 24 contains two C=0 bonds with the same 1,3-relationship as symmetric dimethyl
malonate. The desymmetrisation due to the amide group is interesting since it would be possible to
observe if the oligourea catalyst is able to differentiate the amide function from the ester function, and

then foster the formation of one pair of diastereoisomer relative to the other.
cat. 1a 0.1 mol%

~_NO, . j\/ﬁ\ Et:N 30 mol%
H,N 0"  DCM, -20°C

16h
3a 24

d.r. : 75:25
0% ee

Scheme 1V.4: Addition of pronucleophile 24 on nitrostyrene 3a, catalysed by oligourea catalyst 1a

Because of the very low solubility of ethyl malonate monoamide 24, the racemic and
asymmetric reactions were both performed in DCM. The racemic reaction led to complete conversion
overnight and the formation of two pairs of diastereomers with a ratio 75:25. Surprisingly, the same
reaction with catalyst 1a had no impact on the diastereomeric ratio, d.r. : 75:25 with 0.1 mol% of catalyst
1a and 30 mol% of EtsN, but did not conduct to any enantiomeric ratio either (Scheme 1V.4). The free
amide in substrate 24 can form competitive hydrogen bonds between substrates, avoiding the
coordination of the nucleophile with the oligourea 1a, resulting to the absence of enantiocontrol. To
pursue this direction of investigation, bi-alkylated amide should be synthesized to avoid the malonate

monoamide to be a potential hydrogen bond donor (Figure 1V.2).

Figure 1V.2: Potential malonate monoamide to test for diastereomeric Michael addition

o 0 O O
" LI —— N NN

I
24
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4.2.4.2 Asymmetric addition of dissymetric ketoester on nitrostyrene la

Dissymmetric ketoester ethyl 2-methyl acetoacetate 26 was also tested in the asymmetric
Michael addition on nitrostyrene 3a (Scheme 1V.5). With catalyst 1a 0.1mol%, the conversion was
complete after 20h, leading to a very good yield (89%) after purification on Silica Gel chromatography,
with relatively good stereocontrol, 71:29 dr and 79% ee.

cat. 1a 0.1 mol% o) Ph

X NO, O O EtsN 30 mol% R
. 3 ;& _NO,
o0~ >\ toluene, -20 °C (Rk:
20h < CO,Et
3a 26 27
89% yield

d.r.: 71:29 (3R/3S)
79% ee (3R, 4R)

Scheme 1V.5: Asymmetric addition of pronucleophile 26 on nitrostyrene 3a catalysed by oligourea 1la

The loading in catalyst 1a was increased to 0.3 mol% in order to try to improve the
diastereocontrol. Moreover, two base loadings were tested, 30 mol% and 5 mol%, with the goal to
decrease the background reaction. Conversion was followed by *H NMR and each aliquot was used to
measure enantiomeric excess in function of the reaction time (Table I1V.6). In both cases, the
enantiomeric excess and diastereomeric ratio were very satisfying at the early stage of the reaction, and
decreased when the conversion increased. The increase of catalyst loading did not improve significantly
the final selectivity of the reaction, such as the decrease of base loading. However, these results seems
to be very promising for further optimization.

Table 1V.6: Asymmetric addition of pronucleophile 26 on nitrostyrene 3a catalysed by oligourea
0.3 mol% of 1a, with *H NMR kinetics following

0,
©/\/N02 , 90 E?;illy; tn?c}iﬁm/oég mol% MN o,
)J\HJ\O/\ toluene, -20 °C 3 (R)
20h < CO,Et
3a 26 27
30 mol% EtzN 5 mol% Et;N
time conversion (%) dr. ee(%) conversion (%) dr. ee (%)

75 min 54 89:11 95 24 94:6 97
140 min 87 79:21 84 63 87:13 96
300 min 100 76:24 81 77 84:16 94
2.5 days - - - 100 73:27 82
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4.3 CASCADE MICHAEL ADDITION REACTIONS

4.3.1 Cascade Michael addition as a way to access to cyclic ketone with four stereocenters

One interesting extension of the model catalysed Michael addition of 1,3-dicarbonyl
compounds to nitroalkenes is a tandem Michael addition to form cyclic ketoesters with high added
value.® This reaction is interesting to be tested with our catalyst to evaluate the potential to form
quaternary centres. The resulting cyclic adduct 30 is a useful intermediate to versatile classes of
compounds. It is a way to access to epibatidine® (Scheme 1V.7), which is extracted from the skin of the
Ecuadorian frog Epipatidores tricolor and which interacts with receptors involved in pain feeling.
However its use as a drug was not developed because even very low doses were lethal®. The strategy to
access to this class of intermediates is to use a y,d-unsaturated p-ketoester 29 (Nazarov reagents) which
can be added to nitrostyrene after deprotonation. The resulting adduct can cyclize by the presence of
the double bond to lead to the 6-membered ring (Scheme 1V.6).

R R
0 i 78 °
R\)J\ i. LDA, -78 °C, THF . P OEt CrOs Hp80; P OEt
o i. R~ H acetone
Y OH © o o
o
R=H, Me -78°C to RT, THF 28a R=H, R'=H 29a R=H, R'=H

’ 28b R=H, R'=Et 29b R=H, R'=Et

28c R=Et, R'=Et 29c R=Et, R'=Et

EtsN 30 mol%
ph Xx-NO2 |pcm, RT

no catalyst
(0]
R
) CO,Et
30a : R=H, R'=H - no isolated product *
30b : R=H, R'=Et - d.r. 66:34:0:0 v *
30c : R=Me, R'=Et - d.r. 73:26:0:0 R ™+ Ph
NO,

Scheme 1V.6: Synthesis of Nazarov reagents and their use in Tandem Michael addition to lead cyclic
derivatives 30 without catalyst
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XX NO,
9 Duoe o we i

« - VJ\)O
\o/\)J\ 2) allyl cyanoformate

(R R)-Takemoto cat.
10 mol%
Michael addition | Cl

KOH, EtOH, 0°C
Michael addition Il

-

HO,, OMe HO .OMe
Pd(OAc), PPh, o)
NO, NaOMe, t-BuOH “/NO, HCO,H, Et;N, THF, rt NO,
N allylo A |
SN SN
cl cl
j NaBH,CN, -20°C
HO/,' HO//,
MSO/,'
MsCl, Et;N, DMAP
NO, . NO2 ch,ci, 0°C - NO., 1) Zn, ACOH, THF, rt
a =z 2) CHCI3 60°C =z
I I = '
N N S |N N
cl cl cl
cl (-)-epibatidine

Scheme IV.7: Synthesis of (-)-epibatidine with Tandem Michael addition with Takemoto catalyst®

4.3.2 Asymmetric Cascade Michael reaction with oligourea catalyst

To form the starting y,6-unsaturated B-ketoester derivatives 29, we used a procedure described
in the literature.” Deprotonation of the commercially available ester, followed by addition on an
unsaturated aldehyde led to the y,5-unsaturated B-hydroxyester 28 (28a yield = 64% , 28b yield = 28%,
28c yield = 37%). The alcohol function was oxidized with Jones reagent, since Pyridinium
Chlorochromate was not strong enough, and the desired compounds 29 were obtained in very poor
yields. (29a yield = 14%, 29b yield = 28%, 29c yield = 24%), (Scheme 1V.6). In these cases, a second
by-product was formed which was not identified. The only base which was tried for the tandem Michael
addition was triethylamine. The addition reaction of ethyl acetate to acrolein led to the adduct 29a which
was not able to further produce the cyclic desired ketone 30a because of its instability (Entry 1, Table
IV.7), as reported by Takemoto group.5An ethyl substituent was installed at the vinylic position (R"=Et)
leading to 29b. This Nazarov reagent reacted with 3a and led to the expected 30b with 70:30 dr and
excellent 96% ee for the major diastereomer (Entry 2, Table IV.7). Using 29c, however, the yield was
quite low in comparison to the previous example, the diastereoselectivity was slightly improved and the

enantiomeric excess was decreased (Entry 3, Table IV.7).
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Table IV.7: Asymmetric Tandem Michael addition with oligourea catalyst 1a

0]
X NO, R catalyst 1a R
(j/V + R'MOH Et;N 30 mol% COEt
O O toluene, -20 °C R' Ph
NO,
3a 29 30a : R=H, R'=H
30b : R=H, R'=Et
30c : R=Me, R'=Et
Entry Adduct Catalyst R R>  Yield (%) d.r. €€majo (%0)
Loading
1 30a 0.1 H H - - —
2 30b 0.05 H Et 85 70:30:0:0 96%
3 30c 0.1 Et Et 35 78:22:0:0 78%

Yields were determined after Silica Gel Chromatography. Diastereomeric ratio and enantiomeric excesses were
determined after analysis on Chiral HPLC.

Although more improvement is needed, this preliminary example shows that our catalytic
system could be applied to tandem Michael reactions. More studies should be done to determine
precisely the nature of the configuration of the stereogenic centres. Finally, this example also shows
that the methyl substitution between the two C=0 bonds of the 1,3-dicarbonyl derivative, results in a
decrease of both reactivity and stereocontrol (compare results with substrates 30b and 30c). Besides
other reactions with analogues of 29 with different substituents (different alkyl chain lengths) can be

tried to go further in the mechanistic investigations.
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4.4 JULIA-COLONNA EPOXIDATION

4.4.1 Comparison between literature catalysts and oligourea foldamers

Julid-Colonna epoxidation is well studied case of an asymmetric reaction catalysed with
helically folded polypeptides (i.e. poly-alanine or poly-leucine).t2° Chalcone is epoxidized by a source

of oxidation (hydrogen peroxide) associated to a strong base (DBU or NaOH), (Scheme 1V.8).

O 0]

_ H,O, base O N
catalyst poly-(S)-alanine "
toluene, RT

31 32
78-85% yield
78-86% ee

Scheme 1V.8 : Julia-Colonna epoxidation of chalcone®

The mechanism of action proposed by Kelly et al. is very similar to the one with our oligourea
catalytic system. The four terminal N-H at the N-terminal part of the polypeptide are not directly
involved in the hydrogen-bond network. They have then the possibility to form an oxy-anion hole,
which is stabilized by the macrodipole of the peptide, just as our oligourea catalyst. The main difference
resides in the geometry of the helices formed by the polypeptide and the polyurea. The polypeptide
forms a (P)-3.613-a-helix, with 3.6 residues per turn and 13-memberd rings whereas the oligourea forms
a (P)-2.514-helix with 2.5 residues per turn and both 12- and 14-membered H-bond rings (Figure 1V.3).

a-peptide oligourea

12-membered o 14-membered
rmg/,—’-\x 4 ring

o H

Y

0]

Figure IV.3: Structural comparison between a-peptide and oligourea
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In the literature, several procedures based on the use of poly-amino acids to catalyse Julia-
Colonna epoxidation, different solvent conditions and different sources of hydroperoxide with different
bases have been proposed. The first example used poly-leucine, which was fully insoluble in organic
solvents and in water, which allows an easy recovery of the catalyst. The oxidant was aqueous peroxide
hydrogen, coupled with sodium hydroxide as base. This triphasic system (insoluble catalyst, aqueous
oxidant and base, organic solvent and substrates) gave good enantioselectivities but slow conversions.®
11 Then a biphasic version of the Julid-Colonna epoxidation has been developed (insoluble catalyst,
organic base, substrates, solvent, oxidant) through the use of urea-hydrogen peroxide, which is perfectly
soluble in organic solvents as THF or DCM. The conversions are faster (less than one hour instead of
several days for cyclohexyl derivative) and the substrate scope is wider.®

Two decades after the first works on Julid-Colonna epoxidation, Roberts et al. demonstrated
that B-peptides, which are also insoluble in both organic and aqueous solvents, are powerful catalysts
for this reaction.!? The new class of catalysts was tested in both triphasic (insoluble B-peptide, aqueous
hydrogen peroxide, aqueous sodium hydroxide, toluene) and biphasic (insoluble B-peptide, urea
hydrogen peroxide, DBU, toluene) conditions. He also developed triblock polyethylene glycol-poly
amino acid catalysts which were soluble in THF, allowing monophasic system and leading to good
yields and excellent stereocontrols.*3

In this context, we thought to evaluate whether our oligourea catalytic system could also be

relevant to perform asymmetric Julia-Colonna epoxidation.

4.3.2 Screening external parameters for asymmetric Julid-Colonna epoxidation

To evaluate the potential of our catalytic model with the Julid-Colonna epoxidation, the
classical conditions used in the literature were chosen to perform a reference reaction: with 1.2
equivalent of oxidant H,O,-urea, 1.4 equivalent of DBU, at room temperature. Toluene and THF, which
are the most common reaction solvents, were both tried. The catalyst loading was firstly fixed at 0.1
mol% to observe the potential of our catalyst at very low loading in this new reaction. In both cases, the
conversion was complete after 16h, the yields were both at 63%, the enantiomeric excesses were 3%

for the reaction in toluene and 0% for the reaction in THF (Scheme 1V.9).
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o) catalyst 1a, 0.1 mol% o o
— H,0O5-urea, 1.2 eq
O O DBU, 1.4 eq O . O
RT, toluene or THF
31 32
in toluene:

conversion(16h) : 100%
63% yield, 3% ee

in THF:
conversion(16h) : 100%
63% yield, 0% ee

Scheme 1V.9: Reference reaction with catalyst 1a for Julia-Colonna epoxidation

The catalyst loading was increased to observe if the relationship between catalyst loading and
selectivity is linear or if a step tends to appear (Entries 1-2, Table IV.8). The clear improvement of
kinetics and enantiomeric excess proves that the interaction catalyst/substrates exists, but because the
evolution is not linear with the increase of catalyst loading, structural modifications on the oligourea
catalyst should be performed to fit with Julia-Colonna epoxidation system. The concentration in initial
reagents changes the kinetics and then the stereocontrol, so three additional initial concentrations in
chalcone were tested (Entries 3-5, Table 1V.8). The most concentrated is the initial concentration in
chalcone, the faster is the kinetics and the lower is the stereocontrol. A catalytic amount of base was
also tried (Entries 6-8, Table 1V.8) but the conversion was either barely observable after 4 days or no
visible at all. Moreover, because the source of hydrogen peroxide used was the complexed form with
urea which could possibly compete with our oligourea, we tested the effect of removing urea (by
treatment of the H,O»-urea solution with DBU and filtration to remove the urea) but the results were
not improved (Entry 9, Table 1V.8). Both reagents were tested as limiting reagent (Entries 10-11, Table
IV.8), and working with an excess of hydrogen peroxide allows a faster conversion but without apparent
effect on the selectivity. Temperature was the last external parameter which was tested (Entries 12-13,
Table 1V.8) but decreasing the temperature did not improve selectivity and has a strong impact on the
reaction rate. These conclusions led us to re-consider the nature and the design of the catalyst to perform

Julid-Colonna epoxidation.
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Table 1V.8: Influence of external parameters on asymmetric Julia-Colonna epoxidation with catalyst

la
o} 0
P H,O,-urea, DBU 0
O O catalyst 1a - O . O
RT, toluene
31 32
Evaluated Catalyst . H.O, [chalcone] Time, Yield o
Entry parameter loading Base loading loading (M) Conversion®* (%) ee (%)
1 Cata|yst 1 mol% 1 16h: 100% 89° 19
- l4eq 1.2eq

2 loading 5 mol% 1 16h: 100% quant® 29
3 hal 1.2eq 2 2h : 65% 31bec 1

Chalcone 0 . 190 d
4 concentration 0.5 mol% 1.2eq 0.5 2h : 42% 62
5 12eq 0.25 2h : 28% 284 11
6 30 mol% 6d : 18% ND -
7 Base loading 0.1 mol% 10 mol% 1.2 eq 0.5 4d: 0% ND -
8 1 mol% 4d: 0% ND -

Filtration of
9 competitive 0.1 mol% 1.2 eq 1.2 eq 1 5d: 18% 12¢ 3

urea
10 HQ21n 4 5 molog 2 eq 2 eq 08  16h:100%  79° 3
excess
1p  Chaleonein o o0 leq leq 2 4d: 43% ND 5
excess
12 1.4 eq, -4°C 5d: 100%  quant® 4
Temperature 0.5 mol% 1.2 eq. 1

13 1.4 eq, 20°C 5d : 10% - -

Reactions were performed on 0.5 mmol scale at room temperature. Enantiomeric excesses were determined on analytic chiral HPLC.

2 The conversion was measured by 'H NMR at the given time to inform about the kinetics of the reaction.

b Yield was determined after complete conversion of the reaction and purification of the crude on Silica Gel Chromatography.

¢ The very low yield is due to the high polymerization of the chalcone, because of the high concentration of the reaction mixture.

4 Yield was determined when the conversion was stable but not complete, after 3 days of reaction, after purification on Silica Gel
Chromatography.

¢ Yield was determined when the conversion was stable but not complete, after 5 days of reaction, after purification on Silica Gel
Chromatography

fND= not determined.

4.3.3 Simple modifications of the hexameric foldamer catalyst for asymmetric Julia-Colonna
epoxidation

Taking inspiration from catalysts reported in the literature, two other catalysts were synthesised
and tested in different conditions (Figure 1V.4). Because all the reported polyamino acids catalysts have
a free amine at the terminus, a similar free amine hexamer catalyst 33 was synthesized from the Boc-
protected hexamer 1a-hexamer. However, there was almost no stereocontrol (Entry 3, Table IV.9) in
this case. An analogue of 1a was grafted on solid support leading to catalyst 35 (polystyrene resin, 0.33

mmol/g). Its synthesis will be described in next chapter. A pyrrolidine ring has been added to the C-
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terminus part to allow direct condensation of the oligourea on the resin, as has been published by our
group*. Its use in toluene did not improve the stereocontrol (Entry 5 Table 1V.9) and its reactivity was
slower than in its soluble version. These three catalysts were then used in biphasic/triphasic conditions
with a mixture toluene/water and sodium hydroxide as a base (Entries 2, 4, 6, Table IV.9). Under these

conditions, the reaction was very slow and there was almost no any stereocontrol.

Figure 1V.4: New catalysts around hexameric oligourea backbone tested for Julia-Colonna
epoxidation

OT% IS iNInTniw 20
CF,

Table 1V.9: Comparison between oligourea catalysts inspired from potent polyamino acids catalysts
for Julia-Colonna epoxidation

Entry Catalyst Solvent Base [chalcone] (M) ConT\;;"rgi’ona Yield (%) ee (%)
1 la, 1 mol% Toluene DBU, 1.4 eq. 1 16h: 100% 62 9
2 la,0.5mol% Toluene+tH,O NaOH, 1.4¢eq 0.5 3d: 6% ND¢ 2
3 33, 0.5 mol% Toluene DBU, 1.4 eq 1 17h; 64% ND¢ 5
4 33,0.5mol% Toluene+H.O NaOH, 1.4 eq 0.5 3d: 26% ND¢ 0
5 35, 1 mol% Toluene DBU, 1.4 eq 1 3d: 46% ND¢ 3
6 35,1mol%  Toluene+H,O NaOH, 1.4 eq. 0.5 3d: 0% not treated

Reactions were performed on 0.5 mmol scale at room temperature.

2 The conversion was measured by *H NMR at the given time to inform about the kinetics of the reaction.
b Enantiomeric excesses were determined on analytic chiral HPLC.

¢ND = not determined
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4.3.4 Synthesis of new substrate with double potential anchoring spots to catalyst

In the previous chapter, we proposed a mechanism for the foldamer catalysed version of the
Michael addition of 1,3-dicarbonyl compounds to nitroalkenes, whereby one substrate of the reaction
(i.e. the nucleophile) is tightly bound to the catalyst by interacting simultaneously the two first ureas.
According to this model, optimal substrate binding would then be achieved with substrates bearing two
appropriately spaced hydrogen bond acceptor groups. We were thus wondering whether chalcones
bearing a second anchoring point to the catalyst could be better substrates for the foldamer catalysed
Julid-Colonna epoxidation. We have thus considered one additional substrate, a y-tert-butyl carbamate
chalcone 36 which was synthesized in order to be tested with catalyst 1a for the epoxidation reaction
(Scheme 1V.10).

O catalyst 1a 0.5 mol% O

= o) H,O,eurea, DBU 1.4 eq
0 j< toluene, RT j<

36

conversion( 16h =46%
undetermined yleld 0% ee

Scheme 1V.10: Julid-Colonna epoxidation with substrate 36 containing two carbonyl oxygens
Employing catalyst 1a under the described conditions did not lead to any stereocontrol for the
selected substrate. Having two oxygen atoms on the substrate potentially able to interact with the
catalyst was clearly not sufficient here to bring stereocontrol. However, this substrate does not have the
same arrangement of H-bond acceptor groups than in 1,3-dicarbonyl compounds and it is difficult to
definitely conclude that enantiocontrol in the Julid-Colonna epoxidation catalysed by an oligourea

catalyst could not be achieved for certain classes of substrates.

Despite the unsuccessful results of our catalytic system for Julid-Colonna epoxidation, it brings
more information about the mechanism of action of the catalyst. Other oligourea catalysts could also be
designed to offer other possibilities of interaction with substrates such as chalcones and/or with the
hydroperoxide anion, by the insertion of functionalized lateral chains for instance or by introducing

urea surrogates at specific positions
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4.2 HENRY REACTION

Another possibility to expand the potential applications of our designed catalytic foldamer is the
Henry reaction (also called the Nitro Aldol Reaction). The Henry reaction is a typical carbon-carbon-
bond forming reaction which enable access to versatile intermediates with hydroxyl and nitro groups,
and allows investigation of diastereomeric control. Here, we evaluated the addition of nitroethane 39
(pKa > 15) to p-tolualdehyde 38 with catalyst 1a and its thiourea version 5a. The rationale for using la
as a catalyst was the possibility to activate and stabilize both the deprotonated nitroalkane and carbonyl
derivative through H-bonding. DIPEA is a convenient base for this system which is able to both
deprotonate nitroethane and avoid polymerization of para-tolualdehyde. THF, DMF and toluene were
tested as solvents (Entries 1-3, Table 10) and toluene was the only one in which a certain stereocontrol
was observed. Not surprisingly, the solvent was found to have a strong impact on the diastereomeric
ratio, the more polar solvents being less effective: DMF gave neither diastereomeric nor enantiomeric
control, THF gave a diastereomeric ratio of 70:30 but the enantiocontrol was non-existent. The catalyst
loading was increased by a factor of 10 but the enantiomeric excess was only improved from 12% to
26% and the diastereomeric control surprisingly decreased (Entry 4, Table 10). Thiourea catalyst 5a
was tested; the enantiomeric control was similar to urea version but the diastereomeric ratio was

diminished, which shows that the control of stereoselectivity is very subtle in this particular case.

Table 10: Evaluation of hexameric oligourea foldamer as catalyst for the asymmetric Henry reaction

O catalyst OH
I, o, DIPEA, 30 mol% mmz
-20 °C, 16h
38 39 40
Entry ?g;gl%z[’ Solvent d.r. ee (%)

1 1a, 0.1 mol% DMF 45:55 0

2 1a, 0.1 mol% THF 70:30 0

3 1la, 0.1 mol% toluene 85:15 12

4 la, 1 mol% toluene 53:47 26

5 5a, 0.1 mol% toluene 44:56 15

The results obtained so far are not spectacular but provide a hint that some stereocontrol is
possible by using 0.1 mol% of 1a as a catalyst. Other bases could be scanned and the design of the
catalyst could be tuned to match with these substrates and perform the Henry reaction. To improve these
preliminary results, one could think of reinforcing the interaction between the deprotonated nitroalkane

and the catalyst by incorporating guanidinium groups in the main chain (either close or remote from the
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urea-based catalytic site) of the catalyst as previously reported for small-molecular weight catalysts.'>
16 These family of modified oligoureas have recently been prepared in the laboratory (unpublished work
from Karolina Pulka-Ziach and Stéphanie Antunes). As reported in the previous section, the lack of two
stable anchors on the substrate can also be a reason of the lack of stereocontrol. Substrates such as a-
ketoesters'’ and a-ketophosphonates!® could be evaluated to test this hypothesis. Finally, one could also
think of exploring a broader range of electrophiles such as imines in the aza-henry reaction.® Previous
studies with Takemoto catalysts have shown that the nature of the electrophile may be critical from the
standpoint of selectivity; substrates such as imines and N-alkoxycarbonyl imines (e.g. N-Boc imines)
in particular could be tested for comparison. Tandem Michael/Henry reaction by combining H-bond
catalysis and amino catalysis on the same catalyst (e.g. by introducing a primary or a secondary amine
in our catalyst)?*?'could also be a strategy to introduce more functionalized substrates and allowing a

better recognition with the catalyst.
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5.1 STRATEGY FOR GRAFTING THE CATALYST ON SOLID PHASE

Several strategies are possible to synthesize solid-supported catalysts. The full synthesis of the
foldamer could be performed stepwise on the resin beads (a modular approach but at the expense of the
catalyst purity), or the foldamer can be synthesized in solution and grafted on the solid support in one
final step. Alternatively, both ways can be combined by grafting an advanced precursor on the solid
support and then finalizing the synthesis of the catalyst (limited to one or two steps). The strategy we
considered was to use a Boc-protected oligourea hexamer, with a pyrrolidine moiety as the first residue
from the C-terminal part, synthesized in solution, activated by a succinimidyl group and to graft it on
solid support. Only two steps on solid support would then be required to access the solid-supported
catalyst: the removal of the Boc protecting group and the final coupling with the 3,5-
bis(trifluoromethyl)phenyl isocyanate for example. The main advantage of this strategy is its
modularity: the termination (urea, thiourea, ...) can be readily varied from the same oligourea precursor

on solid support. (Scheme V.1)

Guichard et al. demonstrated that grafting an oligourea foldamer (via its C-terminal end) on
solid support does not preclude helix formation.! This is a critical result to validate the whole approach
developed in this chapter. Because, the penultimate step is the removal of the Boc-protecting group by
TFA prior to isocyanate coupling, it is critical to choose a solid-support with a linker which tolerates
acidic conditions, to avoid undesired release of the grafted foldamer. Moreover, the matrix has to be
suitable with our catalysis conditions, which means that it should (i) not contain chemical groups that
could compete for hydrogen-bonding and (ii) have good swelling properties in toluene. The
aminomethyl polystyrene resin which meets these criteria was thus used to synthesize the first solid-

supported catalyst 35 (Scheme V.1).

The next step was to investigate the catalytic properties of this new heterogeneous catalyst. As
a continuation of our work in solution, we selected the Michael addition of 1,3-dicarbonyl compounds
to nitroalkenes as a model reaction to start with. We decided to fully re-evaluate the experimental
procedure for using this solid-supported catalytic system (as compared to the one developed with 1a)
with a new screen of parameters such as temperature, base loading, base nature, the reactants
concentrations. Moreover, introducing a solid-support provides more parameters to play on such as the
nature of the matrix, the resin loading, the linker (chemical properties, chain length). Thereby, having

a solid-supported catalyst in hand will allow us to study the possibility to recycle the catalyst.
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Scheme V.1: Strategy to synthesize the foldamer oligourea catalyst on solid support 35
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5.2 PRELIMINARY STUDY TO TRANSPOSE THE REACTION FROM A
HOMOGENEOQOUS CATALYTIC SYSTEM TO A HETEROGENEOUS CATALYTIC
SYSTEM

To enable head-to-head comparison of catalyst 35 with a homogeneous catalyst counterpart, we
synthesized compound 41, close analogue of catalyst 1a, with a pyrrolidine residue at the C terminus.
In addition, the C-terminus part was capped with a benzyl group to mimic the aminomethyl polystyrene

resin.

N N Y
H \g/ I H H W OH 5
Boc-41 >/
i. TFA, DCM
ii. DIPEA, DMF

iii. 3,5 bis(trifluoromethyl)phenyl isocyanate

Scheme V.2: Synthesis of oligourea catalyst 41

This new catalyst 41 was evaluated in the model Michael addition of malonate to nitroalkenes
and gave almost the same results than the reference catalyst 1a (Table V.1). This preliminary study
confirms that C-terminal modifications of the catalyst have little influence on the catalytic activity and
that heterogeneous catalysis with 35 can be directly compared with homogeneous phase catalysis with
la.



Table V.1:

Comparison between catalyst 1a and catalyst 41

@/\/N02

3a

cat. 1a or cat. 41, 0.1 mol%

EtzN 10 mol%

toluene, —20 °C, 24h
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H H 6 ¢ H H : H H O H
Entry Catalyst Temperature Conversion (%)  Yield (%) ee (%)
1 la RT 100 75 89
2 41 RT 100 84 86
3 la -20°C 100 80 95
4 41 -20°C 100 81 96

Yield was determined after purification on Silica Gel Chromatography. Enantiomeric excess was determined by

analysis on Chiral HPLC. Relative configuration was determined by comparison with literature.
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5.3 OPTIMIZATION OF REACTION PARAMETERS

5.3.1 Impact of external parameters on the catalytic activity of 35

The Michael addition of diethyl malonate 2a to nitrostyrene 3a was performed with the new
solid-supported catalyst 35. Different parameters were evaluated and the reaction compared to the
homogeneous catalytic system. The reaction mixture was always stirred by mechanic stirring. Two
catalyst loadings were tried (0.6 mol% and 0.06 mol%), with a 2-fold higher concentration in
nitrostyrene, [nitrostyrene]o = 2 M instead of [nitrostyrene]o = 1 M in homogeneous solution. In this
preliminary experiment, the enantiocontrol was surprisingly low and the yield was very bad at 0.06
mol% catalyst with significant nitrostyrene polymerization (Entries 1-2, Table V.2). The grafted
catalyst on aminomethyl polystyrene resin, with 0.33 mmol/g loading, was thus much less efficient than
the reference catalyst 1a under these conditions. The initial nitrostyrene concentration was then
evaluated (Entries 2-4, Table V.2). The less concentrated in nitrostyrene the reaction mixture is, the
slower is the racemic background reaction and the better is the enantiocontrol. However, with
[nitrostyrene]o = 0.5 M, the conversion is not complete after four days. In general, when low conversions
were observed, yields were not determined and the ee’s were obtained from the partially converted

reaction mixture.

The nature and the loading of the base were then varied (Entries 3, 5-9, Table V.2). With 5
mol% EtsN, the conversion was not complete in five days and decreasing the triethylamine loading did
not improve the enantiocontrol. The heterogeneous system was tested with DIPEA as base (entries 6-8
Table V.2) and the enantiocontrol was improved but the reaction rate was decreased. However, further
increase of the amount of DIPEA (up to one equivalent, Entry 8, Table V.2), the reaction was faster but
the enantiocontrol decreased slighlty. DBU (pKa 24 in MeCN in Bordwell pKa Table) was also tested
as a base, but with only 10 mol% loading in reason of its strong basicity (Entry 9, Table V.2). The

conversion was still not complete in four days, and the stereocontrol was very low.
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Table V.2: Screening external parameters during heterogeneous catalysis with 35

O O
o o “NO, A~
+ catalyst 35 (0.33 mmol/g) H
/\O)J\/U\O/\ base, toluene ©/'\/N02
4

2a 3a

CF,
H
SOTINNCTIRITTIN L
FSCQNJ\N N\H/N\:/\N)J\N N N\;/\N)J\N N\H/N\/\NJL ST
H :H H H H

H o ° H \(I)l/ A ¢! -v/ D °
35
ﬁ)?dailrﬁl;t base, loading [nitrostyrene]o (M) Time, conversion® Yield (%0)° ee (%)°
0.6 mol% EtsN, 10 mol% 2 Conv (16h) = 100% 71 48
0.06 mol% EtsN, 10 mol% 2 Conv(24h) = 100% 18 11
0.6 mol% EtsN, 10 mol% 1 Conv (48h) = 100% ND¢ 59
0.6 mol% EtsN, 10 mol% 0.5 Conv (4d) = 60% ND¢ 69
0.6 mol% EtsN, 5 mol% 1 Conv (5d) = 86% ND4 59
0.6 mol%  DIPEA, 5 to 15 mol% 1 Conv (16h) = 13% ND¢ 69
0.6 mol% DIPEA, 30 mol% 0.5 Conv (6d) = 58% ND¢ 79
0.6 mol% DIPEA, 1eq 0.5 Conv(4d) =59% 45 72
0.6 mol% DBU, 10 mol% 0.5 Conv(4d) =72% ND¢ 24

aConversions were determined by *H NMR.

bYields were determined after purification on Silica Gel Chromatography.

¢ Enantiomeric excesses were determined by analysis on Chiral HPLC from reaction mixture if the conversion was not
complete, from isolated desired adduct if the conversion was complete.

IND: not determined

5.3.2 Impact of the resin loading

The loading of the resin is a central parameter which did not exist in homogeneous conditions.
A low loaded resin would allow bigger repartition of the grafted catalytic foldamers and a better
availability for the substrates in solution (Scheme V.3). Two catalysts grafted on aminomethyl
polystyrene resins that differ by their initial loading, (0.55 mmol/g and 0.37 mmol/g) were evaluated.
After the oligourea grafting and the final activation, the resin substitution was 0.33 mmol/g and 0.23
mmol/g respectively. The resin loading with the grafted oligourea was determined by the weighing of
the grafted weight on the resin, by weighing the dried resin beads at the balance. Because of the low
reactivity, the reactions were stopped before complete conversions and the enantiomeric excesses were

determined from the partially converted reaction mixtures. It will not be the same result than the final
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enantiomeric ratio which would have been obtained with complete conversion, but it gives a tendency
which is representative for concluding on the impact of each evaluated parameter.

low loaded resin high loaded resin grafted
grafter with foldamer catalyst with foldamer catalyst

Scheme V.3: Comparison between a low loaded resin and a high loaded resin (in black), and its
impact on the grafting of oligourea catalysts (in blue)

At room temperature, with triethylamine, [nitrostyrene]o = 0.5 M, 0.6 mol% catalyst, the
stereocontrol and the reactivity are similar overall (Entry 1 and Entry 3, Table V.1Table V.3). The
impact of the temperature and the base nature were then evaluated with the less loaded resin. The
decrease of temperature slowed down the reaction but did not significantly affect the stereoselectivity
(Entry 4, Table V.3). The use of Hunig’s base instead of tricthylamine significantly increased the
stereocontrol but as in the previous study, it slowed down the reactivity (Entry 5, Table V.3).

Table V.3: Comparison between resins with two different loadings
0] 0]

0O 0 < NO /\OMO/\
2 catalyst 35, 0.6 mol% =
base, toluene

©/\/N02
4

2a 3a

Entry Resinloading Temperature Base loading  [nitrostyrene]o (M) conversion, time* ee (%0)°

1 RT EtsN, 10 mol% 05 conv(4d) = 60% 69
0.33 mmol/g

2 RT DIPEA, 30 mol% 1 conv(6d) = 58% 79

3 RT EtsN, 30 mol% 0.5 conv(42h) = 41% 64

4 0.23 mmol/g -20°C EtsN, 30 mol% 0.5 conv(42h) = 25% 69

5 -20°C DIPEA, 30 mol% 1 conv(60h) = 47% 84

& Conversion was determined by 1H NMR.
b Enantiomeric excesses were determined by analysis on Chiral HPLC on aliquots from reaction mixture at the indicated time of conversion
measurement.

The difference of effectiveness between the resins at 0.33 mmol/ and 0.23 mmol/g was not
visible by our studies. To conclude on the effect of the resin loading on the catalyst efficiency, another
resin with a higher difference in substitution should be tried. Moreover, the porosity of the beads which
could influence both kinetics and stereocontrol of the system could also be tested by comparing standard

polystyrene beads with more rigid macroporous beads.
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5.3.3 Fine tuning of experimental conditions with Hunig’s base

The low loaded resin (0.23 mmol/g) was used in combination with DIPEA to further optimise
the reaction conditions. When the catalyst loading was doubled, the kinetics was faster and stereocontrol
was kept high (Entry 2, Table V.4). The reaction was performed without solvent to go further in the
perspective of developing a greener catalyst: the beads were just swollen in the minimum of toluene
which was necessary, then nitrostyrene 3a, diethylmalonate 2b and DIPEA were added at the desired
temperature. In this case, the amount of DIPEA was decreased to 10 mol% to slow down background
reactions. The conversion was complete in 24h, the yield was decreased because of the nitrostyrene
polymerization, and stereocontrol was still high. The impact of the reactor diameter was also evaluated.
The larger is the diameter, the most spread will be the catalyst beads, the better will be the contact
surface between the catalyst and the reagents, the faster should be the kinetics and the better should be
the enantiocontrol. However, the conversion was very slow and the enantiocontrol was not impacted
(Entry 4, Table V.4). To improve the system and try to reach the same results which were demonstrated
in homogeneous catalysis, structural elements of the foldamer grafted on the resin beads have been

considered.

Table V.4: Optimization of heterogeneous catalysis with low loaded catalysis and Hunig’s base

O O
O O catalyst 35

/\OJJ\/U\O/\ . ©/\/N02 resin loading = 0.23 mmol/g /\OJ\?/U\Q/\

DIPEA, toluene ©/\/N02
2a 3a 4

Catalyst [nitrostyrene]o reactor . . .
Entry Temp . Base diameter  Conversion, time* Yield (%)° ee (%)°
loading (M) (m)
1 -20°C 0.6mol% DIPEA, 30 mol% 1 9 conv(60h) = 47% undet. 84
2 -20°C 1.2mol% DIPEA, 30 mol% 1 9 conv(80h) = 100% 72 86
3 -20°C 0.6mol% DIPEA, 10 mol% Neat 9 conv (24h) = 100% 49 74
4 RT 0.6 mol% DIPEA, 30 mol% 0.5 14 conv(192h)=100% 52 78

Reactions were run on 0.5 mmol scale. Conversions were determined by 1H NMR. Yields were determined after purification on Flash Chromatography.
@ Conversion was determined by 1H NMR.

b Yield was determined after purification on Silica Gel Chromatography.

¢ Enantiomeric excesses were determined by analysis on Chiral HPLC on aliquots from reaction mixture at the indicated time of conversion measurement.
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5.4 INTRODUCTION OF A CARBON CHAIN SPACER BETWEEN THE FOLDAMER AND
THE RESIN MATRIX

The grafting of the catalytic foldamer on the resin brings a certain hindrance in the C-terminal
part as well as a possible rigidification of the system. To check whether these elements have an impact
on the catalytic efficiency, a new solid-supported catalyst 43 was synthesised by the introducing an
additional spacer of eight carbons (8-(Boc-amino)caprylic acid), on the same low loading resin (0.37
mmol/g for the ungrafted aminomethyl polystyrene). Brielfy, the N-Boc-amino-caprylic acid derivative
was coupled to the resin by standard peptide coupling with HBTU and after TFA deprotection, the
catalyst was attached as previously described (Scheme V.4). The resulting catalyst 43 presented a
grafted resin loading of 0.25 mmol/g.



H
o HBTU, DIPEA Jj\/\/\/\/N\
H\/\/\/\)J\ ¥ oA ” Boe
4 NH
Boc OH 2 42
i. TFA then rinsed with DIPEA/DCM
ii. BocVal"Ala"Leu“Val"Ala"Leu"Pro"OSu,
DIPEA, DMF, MW (70 °C, 25W, 30 min)
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o N Y NN Y NN Y NN 0
H : H H : H H : H
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43
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Scheme V.4: Synthesis of solid-supported catalyst 43 with a 8-amino octanoic acid spacer
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Catalysts 35 and 43, without 8 carbons-linker and with 8 carbons-linker, were evaluated in the
same conditions. The kinetics, the yields and the enantiocontrol were very similar. There is then no
significant impact of the additional spacer arm between the resin and the catalytic oligourea (Entries 1-
2, Table V.5). The previous studies were confirmed by a new study of the influence of the reactor
diameter, the nature of the base, and initial nitrostyrene concentration (Table V.5). The increase of the
reactor diameter slowed down the kinetics and did not impact the stereocontrol (Entry 3, Table V.5).
The replacement of triethylamine by Hunig’s base slowed down the reaction but improved the
enantiomeric excess (Entry 4, Table V.5). The decrease of initial nitrostyrene reaction slows down the
kinetics and in this case, it had no significant impact on enantiomeric ratio (Entry 5, Table V.5).

Table V.5: Impact of different parameters with solid-supported catalyst 43
0O O

)?\/l?\ XxNO2  catalyst 43, 0.5 mol% /\OJ\—/U\O/\
0 o+ ©/\/ :

base 30 mol% NO,
toluene, RT
2a 3a 4

Reactor [nitrostyrene]o

Entry Catalyst diameter (cm) base (M) Conversion Yield (%) ee (%)
1 35 0.9 EtsN 1 conv (19h) = 70% 79 64
2 43 0.9 EtsN 1 conv (19h) = 79% 82 64
3 43 1.4 EtsN 1 conv (19h) = 58% 55 61
4 43 0.9 DIPEA 1 conv (19h) = 54% 79 80
5 43 0.9 EtsN 0.5 conv (23h) = 54% 49 64

Reactions were run on 0.5 mmol scale. Conversions were determined by *H NMR. Yields were determined after Flash Chromatography
after complete conversion. Enantiomeric excesses were determined on purified desired adducts by analysis on Chiral HPLC.
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5.5 POSSIBILITY TO RECYCLE OF THE CATALYST

To evaluate the possibility to recycle the catalyst, the addition of dimethyl malonate to
nitrostyrene was carried out using catalyst 35 with low loading (with 0.23 mmol/g grafted resin loading),
and DIPEA 30 mol%, at two different temperatures (Room Temperature and 4 °C), in dry toluene. The
reactions were run to complete conversion, which corresponds to three days for the batch experiment
at RT, and to five days for the batch experiment at 4 °C. Catalytic beads were recovered by filtration
after each experiment, rinsed with dichloromethane, dried under high vacuum and swollen in dry
toluene before being reused in a new experiment. In both cases, the enantioselectivity remained largely
unaffected from one run to another (Table V.6). The higher stability of both yields and enantiomeric
excess observed in the series of experiments run at -4°C (Entries 6-8 Table V.6) can be explained by
the fact the temperature of the reaction mixture is controlled whereas the first series (Entry 1-5 Table

V.6) is dependent on variations of the room temperature.

Table V.6: Possibility to re-use the catalyst on solid support

catalyst 35, 0.6 mol% (0] (@)
~__NO initial resin loading : 0.37 mmol/g ~ M _
Q@ 0 N 2 grafted resin loading : 0.23 mmol/g o ¥ ©
\oMo/ DIPEA 30 mol%, toluene ©/\/NOZ
2b 3a 16a
Entry Temperature Run Yield (%) ee (%)

| 40 88
2 | 68 81
3 RT i 54 90
4 v 58 83
5 Vv 53 80
6 | 57 88
7 4°C | 63 85
8 i 54 86

Reactions were run on 0.5 mmol scale with 0.6 mol% catalyst. The yields were
determined after purification on Flash Chromatography after complete
conversion. The enantiomeric excess was determined by analysis on Chiral HPLC.

The grafting of the catalytic oligourea on solid support allowed us to demonstrate clearly the
possibility to re-use the catalyst without loss of the catalytic efficiency between the different runs. There
is still room to improve the inherent catalytic efficiency of this heterogeneous foldamer-based catalytic
system for example by further investigation on the nature and the porosity of the matrix. Such a catalytic

system could possibly be further optimized by adapting it to flow chemistry process.



163

Bibliography

1. Violette, A.; Lancelot, N.; Poschalko, A.; Piotto, M.; Briand, J. P.; Raya, J.; Elbayed, K.; Bianco, A,;
Guichard, G., Chemistry 2008, 14 (13), 3874-82.



164



165



166

CHAPTER VI



167



168

CHAPTER VI: CONCLUSION AND PERSPECTIVES

Oligourea foldamers have turned out to be powerful helical backbones with the ability to
catalyse Michael addition reactions at very low loading with good yields and excellent enantiocontrol.
The possibility to decrease the catalyst loading to 0.1 mol% and even 0.01 mol%, which is 100 to 1000-
fold lower than classical organocatalysts for the same reaction, is directly correlated to the helical
conformation of the oligourea, and to the synergy which results from the strength of the hydrogen bond
network. The second singularity of this system is the combination of the organocatalyst with an external
base. It offers a higher flexibility on both catalyst and base loadings, as well as on the nature of the
external base. Mechanistic studies demonstrated the location of catalytic sites and NMR experiments
gave information which allowed the proposal of a model of interaction between the substrates, the base
and the catalyst. Co-crystallisation experiments between substrates and catalysts, coupled to theoretical
studies would certainly allow to this model to be examined further.

@ o h wow o om0 (T
FsC 'N\H/N\;/\N)J\Nixk/N N\/\NJ\N N N\:/\N)J\N N__N

catalytic

site #1 folded

- 5 6
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Figure VI.1: Principles governing oligourea-foldamer based organocatalysis

A

catalytic
site #2

enantiomeric excess (%)

The scope of the Michael addition between 1,3-dicarbonyl pronucleophiles with nitroalkene
electrophiles has been extensively studied, with satisfying results, in terms of yields and stereocontrols.
The relatively large scope in terms of electrophiles reinforce the proposition of interaction model,
whereby the electrophile in the Michael addition is not interacting directly with the catalyst but rather

in a coordination complex involving all the compounds. The developed catalytic system has been
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applied to the synthesis of cyclohexyl nitro-ketoester with a high number of stereocenters, which can
serve as a precursor in the synthesis of natural products, through a double Michael addition. Preliminary
results towards the development of reactions with diastereoselective control gave encouraging results
but efforts in this direction need to be pursued. A better understanding of the mechanism of action may
also help to reach good results for the Michael addition with a diastereocontrol.

Julid-Colonna epoxidation and Henry addition have been tested with the designed oligourea
catalyst in a second part, to investigate its possibilities to be used for other reactions. Despite the lack
of stereocontrol, these studies were very complementary with the mechanistic study because they
involve other substrates and binding modes to the catalyst. Particularly, the catalyst presented weak
stereocontrol for Henry reaction, which showed there is still room for improving the understanding of
the catalytic system and for having successful results for the diastereoselective formation of

nitroalcohols, which are versatile intermediates.

To explore the possibility to reach a greener system, the catalyst has been grafted on polystyrene
beads, allowing an easy recovery of the catalyst. The system was still performant in biphasic conditions.
The catalyst beads have been demonstrated to be effective during at least five cycles without no loss of
yield and enantiocontrol in the Michael addition reaction. Nevertheless, the catalyst grafted on solid
support is not as active as the one in homogeneous phase. There is still place for investigation to
optimize the system. Other types of polymers may be screened as a support matrix. The porosity and
the resin substitution should be investigated in more detail. A possible solution to improve the solid-
supported version of this system is to perform neat reaction, avoiding the use of toxic solvents. Another
possibility is to use the catalyst in flow chemistry, which would allow the transfer of the system to
industrial process. With the same perspectives, one could envisage the synthesis of a catalyst made of
only one residue type (one side chain) which would reduce the price of the catalyst synthesis. Adapting
the optimized lateral side chain and the optimized oligourea length would then allow the synthesis of a

very competitive and effective catalyst for industrial syntheses.

Because of the key role of the acidity of the two first urea on N-terminus part, the terminal urea
at the positive pole of the foldamer macrodipole can be modified to vary the electronic properties of the
catalytic sites. As urea and thiourea have been compared, squaramide group and sulfonyl group are very
interesting scaffolds to incorporate at the extremity of a oligourea backbone. Their effects on foldamer
helicity have first to be studied, then their effects on catalysed reactions can be tested. N-sulfinyl-urea
is another electron-withdrawing activating group which will modulate acidity of the catalytic sites and

which will modify also the steric hindrance (Figure V1.2).
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Figure VI.2: Urea isosteres to modify acidity of catalytic sites of the oligourea foldamer

At this point, a wider range of oligourea-based foldamer catalysts could be synthesized in order
to screen an even greater variety of chemical reactions. A first option could be the modification of the
lateral side chains, in terms of both position and nature. Chemical functions can be added into the lateral
side chains towards the purpose to make them interact with the substrates. Derivatives from natural
amino acids such as serine, glutamine, cysteine or tyrosine could be used in the oligourea catalyst to
complement the aliphatic valine, alanine and leucine derived building blocks. This approach would then
combine two elements that would mediate catalysis: on one hand, the folded backbone and on the other
hand the chemical functions of the lateral side chains (Figure V1.3 left). The two methylenes bridging
the two first urea catalytic sites constitute a strategic position to bring additional functionality and/or
more hindrance to the system. The association of the organic foldamer catalyst with metals through
coordination is also another option for combining two catalytic elements and widen the possible

application fields of oligourea-based foldamer (Figure V1.3 right).

functionalized
ateral side chai

Figure VI1.3: Modification of the foldamer catalyst by insertion of functionalized lateral side chain(s)
(left) or insertion of metallic cofactors (right)
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Structural changes can be realised on the foldamer backbone to bring other properties to the
catalyst, and perform other reactions with other kind of activation. For instance, incorporation of a
terminal pyrrolidine derivative in the oligourea backbone would allow catalysis through hydrogen bond
activation to be combined with enamine or iminium activation (Figure V1.4 left). Oligourea helices have
been demonstrated to be compatible with peptides helices, thus bringing the possibility to generate
oligourea/peptide chimeras which could be used to further modulate the catalytic activities and would

be even cheaper to produce than homo-oligoureas (Figure V1.4 right).

oligourea peptide

1unchonallzedﬂm
group J

&L’ Catalytic site from oligourea foldamer

H Added functionnalized group/Added peptide

Figure V1.4 : Structural modification of the foldamer catalyst by insertion of a functional segment or
residue inside the oligourea backbone (left) or by mixing oligourea and peptide helical backbones

Oligourea have been demonstrated to be able to fold into other architectures (such as p-turns)
and to self-assemble in aqueous solution into nanostructures with cavities and pores, which in turn could
also be of interest organocatalyzed reaction. For the future, each approach to bring diversity to the
oligourea backbone or to its sequence to modify its propensity to self-assemble is of potential interest
for the future of catalysis with urea-based foldamers. As with enzymatic catalysis, the perfect control
of the coordination sphere between substrates and catalyst enhance the catalytic properties of the
designed system. But like enzymes, a high control of the geometric and electrostatic environment of the
catalytic sites in the foldamer is also inherently associated with an increase of the specificity of the
system. The main perspective of bioinspired catalysis with oligourea foldamers resides in exploiting
the modularity and sequence diversity of the system to access to a higher variety of mode of action and

more catalysed reactions to enrich the toolbox for synthetic chemists.
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7.1 MATERIALS AND GENERAL TECHNIQUES

7.1.1 Solvents and reagents

Unless otherwise specified, reagents were obtained from commercial sources (Sigma-Aldrich, Acros,
Alfa Aesar, Fluka, TCI, Merck, etc.), stored as suppliers indicated and used without purification. When
anhydrous solvents were required, they were dried following established protocols. In Guichard
laboratory, tetrahydrofuran, toluene and dichloromethane were dried by filtration through activated
alumina (Sigma-Aldrich). In Palomo laboratory, dichloromethane was dried over CaH, toluene was
dried over sodium. Triethylamine, N,N-diisopropylethylamine, diethyl malonate and dimethyl malonate

were purified by distillation.

7.1.2 General methods
Yields refer to chromatographically purified and spectroscopically pure compounds, unless otherwise

specified.

7.1.3 Chromatography

Reactions were monitored by either 1H-NMR analysis of reaction aliquots or thin layer chromatography
(TLC) using Merck silica gel 60 F254 plates and visualized by fluorescence quenching under UV light,
Ficher Bioblock lamp VL-4LC, A= 254 and 365 nm. For products from catalysed reactions, visualization
of TLC was accomplished with a solution of potassium permanganate (1 g) in 100 mL of water (limited
lifetime), followed by heating. For oligourea compounds, visualization of TLC was accomplished with

a solution of ninhydrin (5 g) in 100 mL of ethanol, followed by heating.

Flash column chromatography was carried out on silica gel (40-63 pm). RP-HPLC purification was
performed on a column VP 250/10 Nucleodur 100-5 C18 ec at a flow rate of 1 mL/min. The mobile
phase was composed of H,O (solvent A) in CHzOH (solvent B) with gradient from 40% to 100% in 10

min.

7.1.4 Mass spectra
ESI-MS analyses were carried out with a ThermoElectron LCQ Advantage spectrometer equipped with
an ion-trap mass analyzer. High resolution electrospray ionization time-of-flight (ESI-TOF) mass

spectra were measured in the positive ion mode on a Waters/Micromass Q-Tof Ultima.

7.1.5 NMR spectra

1H NMR and 13C NMR spectra were recorded using a Bruker Spectrometer 300 MHz or 400 MHz and
75 MHz or 100 MHz, respectively. The chemical shifts (8) are reported in parts per million (ppm)
relative to the residual solvent peak, CDClIs (= 7.36), CD3OH (= 3.31, 4.87), DMSO-d6 (= 2.50) for 1H
NMR and relative to CDCl; (= 77.0), CDsOD ( = 49.2), DMSO- d6 (= 39.5) and for **C NMR.
Registered spectra process and edition were done using MestReNova MNova 8.1 program and Bruker

TopSpin 3.5pl7. The multiplicity of each signal is designated using the following abbreviations: s,
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singlet; d, doublet; t, triplet; q, quartet; m, multiplet; brs, broad singlet. The coupling constants (J) are
reported in Hertz (Hz).

7.1.6 Determination of enantiomeric excesses

Enantiomeric excesses were determined using analytical high performance liquid chromatography
(HPLC) performed on Waters-600E (equipped with 2996 and 2998 photodiode array UV detector)
using Daicel Chiralpak IA, 1B, IC, AD-H, OD-H and OJ-H columns.

7.1.7 Optical rotations

Optical rotations were recorded using a Jasco P-2000 polarimeter; specific rotations (SR) ([a]o) are
reported in 10" deg-cm?-g; concentrations (c) are quoted in g/100 mL; D refers to the D-line of sodium
(589 nm); temperatures (T) are given in degree Celsius (°C).

7.1.8 X-Ray diffraction analysis

Single crystal X-ray diffraction experiments were performed at the IECB X-ray facility (CNRS UMS
3033 — INSERM US001, University of Bordeaux) on two rotating anodes: a 3kW microfocus Rigaku
FRX for compound 1a and a 1.2 kW Rigaku MMO0O7 HF for compounds 2a, 1b, 15 and 20. Both sources
are equipped with high flux Osmic Varimax HF mirrors. The powerful FRX is combined with a hybrid
Dectris Pilatus 200K detector. The MMOO7 detector is a cylindrical IP (imaging plate) optimized for
small molecule single crystal structural analysis. All data were collected at the copper ko wavelength
with a partial chi goniometer that decreases blind areas and enables automatic axial adjustment.
Cylindrical IPs are used to permit wide angular measurement ranges of -60° to +144° (circumferential
direction) and +45° (axial direction). Measurement of the entire area is possible even with Cu ka
radiation. The Rigaku CrystalClear suite was used to index and integrate all data with a multi-scan
absorption correction. All structures were solved with Shelxt2 and refined by full matrix least-squares
method on F with ShelxI-2014. Data collection, structures refinement statistics and CCDC deposition
numbers are presented in the tables below. The final cif files were checked using IUCR’s checkcif
algorithm. Few B Alerts remain but mainly concern disordered groups or solvent molecules. As a rule
of thumb, every time where disorder could be modelled with partial occupation, it was so. SHELX
DFIX and RIGU restraints were used in the refinement strategy, as listed in the cif files, mostly for
disordered CF3 phenyl substituents. For disordered solvent water molecules, hydrogen atoms were not

modelled if not seen in the Fourier difference maps.

X-ray diffraction experiments were performed with a high-flux RIGAKU FRX rotating anode at the

Cu-Ka wavelength.
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7.2 SYNTHESIS OF BUILDING BLOCKS

Building blocks were synthesized as described in literature' with Boc-protected group strategy, from
natural amino acids.

7.2.1 Valine-derivative Building Block

(0]
O p
>LOJ\”IN\Q/N (

C15H25N305
'H NMR (300 MHz, CDCl3) & (ppm) 6.14 (br. s., 1H), 4.60 (d, 3 =8.5 Hz, 1H), 3.59 (m, 1H), 3.40-3.47
(M, 1H), 3.24-3.34 (m, 1H), 2.84 (s, 4H), 1.83 (sext, J = 7.5 Hz, 1H), 1.49 (s, 1H), 1.00 (d, J=7.8Hz,

3H), 0.97 (d, J=7.9Hz, 3H).
13C NMR (75 MHz, CDCls) & (ppm) 169.7, 55.4, 45.5, 30.3, 28.3, 19.3, 18.1.

7.2.2 Alanine-derivative Building Block

o 0]
AOJLHJVH?;N%

C13H21N305
'H NMR (300 MHz, CDCls) 5 (ppm) 6.29 (br. s., 1H), 4.65 (br. s., 1H), 3.86 (br. 5., 1H), 3.40 (dt, J =

4.3Hz, 13.5 Hz, 1H), 3.26 (m, 1H), 2.85 (s, 4H), 1.49 (s, 9H), 1.22 (d, J = 7.8H, 3H).
13C NMR (75 MHz, CDCls) & (ppm) 169.8, 151.9, 80.2, 48.3, 47.4, 28.2, 18.4.

7.2.3 Leucine-derivative Building Block

o (@]
T LK p
>Lo y N\g/N (

C16H27N305

'H NMR (300 MHz, CDCls) & (ppm) 6.27 (br. s., 1H), 4.59 (m, 1H), 3.81 (br. s., 1H), 3.38 (dt, J = 4.4
Hz,13.4 Hz, 1H), 3.23 (m, 1H), 2.83 (s, 4H), 1.70 (sext, J = 7.6 Hz, 1H), 1.47 (s, 9H), 1.34 (m, 2H),
0.95 (s, J=7.5Hz, 3H), 0.94 (d, J = 7.4 Hz, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 169.86, 151.91, 48.59, 47.62, 41.50, 28.32, 24.76, 22.96, 22.02.
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7.2.4 Proline-derivative Building Block

(@)
N hig
L
C15H23N305
'H NMR (300 MHz, CDCls) § (ppm) 4.06 (br. s., 1H), 3.21-3.41 (m, 4H), 2.84 (s, 4H), 2.08 (m, LH),

1.88-1.93 (m, 2H), 1.71 (br. s., 2H), 1.50 (s, 9H).
13C NMR (75 MHz, CDCls) & (ppm) 169.85, 151.70, 56.55, 47.85, 47.32, 29.64, 28.45, 25.49, 23.93.

7.2.5 Glycine-derivative Building Block

IH NMR (300 MHz, CDCls) § (ppm) 6.33 (br. s., 1H), 5.03 (br. s., 1H), 3.38 (m, 4H), 2.84 (s, 4H),
1.47 (s, 9H).
13C NMR (75 MHz, CDCls) & (ppm) 170.0, 151.8, 80.1, 42.8, 39.9, 28.4, 25.5.

7.2.6 Phenylalanine-derivative Building Block

o (@)
B ?
>‘\O H N\g/N {

C19H25N305

'H NMR (300 MHz, CDCls) & (ppm) 7.21-7.37 (m, 5H), 5.99 (br. s., 1H), 4.61 (br. s., 1H), 4.61 (br.
s., 1H), 4.01 (br. s.), 3.43-3.53 (m, 1H), 3.34 (m, 1H), 2.04 (s, 4H), 1.49 (s, 9H).

13C NMR (75 MHz, CDCls) & (ppm) 176.1, 160.3, 157.3, 143.9, 134.3, 133.3, 131.2, 82.9, 56.7, 42.6,
33.4, 30.5.
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7.3 SYNTHESIS OF CATALYSTS OF CHAPTER 11
7.3.1 Synthesis of (CF3),PhNHCO-Val'-Ala"-Leu“-Val'-Ala"-Leu"-NHMe (1a)

H o H H o H H 0 H H
(0] N~ )J\ N N~ )J\ N N~ )J\ N N
A I I S T G e
: H H : H H : H H
0] PN O \( (@] - (@]
1) TFA, DCM
2) 3,5-(CF3),PhNCO
DIPEA, DMF
Res.1 | Res.2 | Res.3 | Res. 4 | Res.5 | Res.6
i e I 3
FaC N\H/N\./\N N N\ﬂ/N\./\N N N\ﬂ/N\/\N N N\[( ~
O i HIH & i HIH ! H @ H
A : v\g ! : o
CFs E | | |

Scheme S1 : Synthesis of the hexamer 1la

To a solution of BocVal"-Ala“-Leu"-Val“-Ala"-NHMe (800 mg, 0.88 mmol) in CH,Cl, (2 mL) was
added TFA (2 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction,
TFA and CHCl, were evaporated under reduced pressure. To the resulting TFA salt dissolved in DMF
(4 mL) were successively added DIPEA (480 pL, 2.72 mmol) and 3,5-bis(trifluoromethyl)phenyl
isocyanate (240 pL, 1.36 mmol). The reaction mixture was stirred at RT for 16 h. NaHCO3 solution (30
mL) was added which led to gel formation which was recovered after filtration, dissolved in MeOH,
concentrated and dried under high vacuum. The recovered orange solid was retriturated in acetonitrile
to led to the titled oligourea as a white solid (731mg, 81%).

!H NMR (400 MHz, CD3OH) § (ppm) 9.01 (s, 1H), 8.00 (br. s., 2H), 7.52 (br. s., 1H), 6.56 (dd, J =
10.2 and 2.7 Hz, 1H), 6.50 (dd, J = 9.8 and 2.3 Hz, 1H), 6.37-6.45 (m, 2H), 6.26 (d, J = 10.7 Hz, 1H),
6.24 (d, J = 10.3 Hz, 1H), 6.21 (q, J = 4.9 Hz, 1H), 6.03-7.11 (m, 2H), 6.00 (dd, J = 9.6 and 3.6 Hz,
1H), 5.97 (d, J = 10.6 Hz, 1H), 5.93 (d, J = 10.6 Hz, 1H), 5.86 (d, J = 10.1 Hz, 1H), 4.00-4.15 (m, 1H),
3.75-4.00 (m, 4H), 3.48-3.75 (m, 7H), 2.70 (d, J = 4.8 Hz, 3H), 2.57-2.74 (m, 2H), 2.24-2.47 (m, 4H),
1.64-1.85 (m, 3H), 1.49-1.64 (m, 1H), 1.12-1.32 (m, 4H), 1.00-1.06 (m, 9H), 0.98 (d, J = 7.0 Hz, 3H),
0.88-0.95 (m, 15 H), 0.86 (d, J = 7.0 Hz, 3H) ppm.

13C NMR (100 MHz, CDsOH) & (ppm) 162.1 (C), 162.0 (C), 161.8 (C), 161.6 (C), 161.4 (C), 160.9
(C), 158.2 (C), 143.2 (C), 133.1 (q, J = 33 Hz, 2 x C), 124.6 (q, J = 27 Hz, 2 x C), 118.8-119.1 (m, 2 x
CH), 115.5-115.8 (m, CH), 56.7 (CH), 56.2 (CH), 49.4 (CH), 49.1 (CH), 48.2 (2 x CH,), 47.4 (CH_),
46.8 (CH), 46.3 (CH,), 46.1 (CH), 44.7 (CHs), 44.4 (CH,), 43.8 (CH2), 42.7 (CHy), 31.91 (CH), 31.88
(CH), 26.8 (CH3), 26.1 (CH), 25.8 (CH), 23.6 (CH3), 23.5 (CHs), 22.7 (CH3), 22.4 (CHs), 20.1 (CHa),
20.0 (CHs), 18.7 (CH3), 18.5 (CHs), 18.3 (CHs), 18.2 (CHs).

15E NMR (376 MHz, CD;OH) & -64.6 ppm.

HRMS (ES*, MeOH) calcd for CaH76FsN14O7 = 1027.69984; found 1027.60173.
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Table S1: *H NMR Chemical Shifts (ppm) of 3,5-(CF3):PhNHCO-Val'-Ala"-Leu"-Val“-Ala"- Leu-
NHMe (1a) in CDsOH at 293K.

Residue NH NH’ °CH* °CH® PCH 'CH °CH *CH Term CH A&(“CH)

8.00

ArNHCO 9.01 762
Val' 1 6.24 6.07 268 3.68 382 177 0.98+1.02 1.00
Ala" 2 583 6.00 233 361 388 101 1.28
Leu 3 593 656 235 369 395 118 1.73 0.90 1.34
Val" 4 726 650 239 366 359 157 0.86+0.90 1.27
Ala" 5 597 641 236 356 4.06 1.03 1.20
Leu 6 6.06 641 265 360 390 123 1.70 0.92 0.95

NHMe |[6.21 2.70

'H NMR:
o‘\ o‘oo‘o r‘\ """""""""" - N: v—i-—izv—iv—io'o'o'o'o'o'o'c
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7.3.2 Synthesis of (CF3).PhNHCO-Val"-Ala“*Leu-Val-Ala"-NHMe (1b)

MeNH,.HCI

J BocAla“OSu, DIPEA, acetonitrile

1) TFA, DCM
2) BocVal'OSu, DIPEA, acetonitrile

1) TFA, DCM
2) BocLeu"OSu, DIPEA, acetonitrile

1) TFA, DCM
2) BocAla"OSu, DIPEA, acetonitrile

: H NN
0 Y o =
1) TFA, DCM
2) BocVal'OSu, DIPEA, DMF

A B
0o Y 0 =
1) TFA, DCM
2) 3,5-(CF3),PhNCO, DIPEA, DMF
Res.1 ' Res.2 | Res.3 | Res.4 | Res. 5
o Kb S ket § Cron %
3 \n/ \/\N SN \ﬂ/ \./\N SN \r"l/ \/\N N/
O i HIH ! I HH ! H H

CF3
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7.3.2.1 Boc-Ala"-NHMe

To a 0°C cooled suspension of methylamine hydrochloride (641 mg, 9.5 mmol) in acetonitrile (20 mL)
were added DIPEA (3.3 mL, 1.9 mmol) and BocAla"OSu (1.5 g, 4.8 mmol) and the mixture was stirred
overnight at room temperature. Acetonitrile was evaporated under reduced pressure and 1 N KHSO4
(20 mL) was added. The aqueous layer was extracted with EtOAc (3 x 20 mL) and the combined organic
layers were washed with brine (20 mL) and dried over MgSO.. After evaporation of the solvent under
reduced pressure, purification of the crude by column chromatography (DCM:MeOH 95:5) followed
by recrystallization from a mixture of EtOAc and Et,O provided the titled compound as a white solid
(658 mg, 59%).

!H NMR (300 MHz, CDClIs) & (ppm) 4.92-5.33 (br s, 3H), 3.72 (m, 1H), 3.22 (m, 2H), 2.80 (s, 3H),
1.46 (s, 9H), 1.17 (d, J = 7.9 Hz, 3H).

C NMR (75 MHz, CDCls) & (ppm) 159.6 (CO), 156.4 (CO), 79.6 (C), 47.4 (CH), 46.8 (CH.), 28.4 (3
X CH3), 27.3 (CHs3), 18.5 (CHs).

MS (ESI): m/z [M-tBu+H]* 132.1, [M+H]* 232.1.

7.3.2.2 Boc-Val“-Ala*-NHMe

To a solution of Boc-Ala"-NHMe (155 mg, 0.67 mmol) in CH2Cl, (2 mL) was added TFA (1.5 mL)
and the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA and CHCl;
were evaporated under reduced pressure. To the resulting TFA salt dissolved in acetonitrile (1.5 mL)
were successively added DIPEA (2.01 mmol, 350 pL) and a solution of BocVal'*OSu (317 mg, 1.0
mmol) in acetonitrile (1.5 mL) and the reaction mixture was stirred at RT for 16 h. Acetonitrile was
evaporated under reduced pressure and the residue was dissolved in EtOAc. The organic layer was
washed with saturated NaHCO3; (15 mL), 1 N KHSO4 (15 mL) and water (15 mL) and was dried over
MgSQ.. After evaporation of the solvent under reduced pressure, purification of the crude by column
chromatography (MeOH/CHCl; 2:98—10:90) followed by recrystallization from acetonitrile provided
the titled oligourea as a white solid (168 mg, 70%).

IH NMR (400 MHz, CDsOH) & (ppm) 6.41 (d, J = 10.0 Hz, 1H), 6.08 (s, 1H), 5.92-5.98 (m, 3H), 3.80
(sext, J = 7.8 Hz, 1H), 3.43-3.50 (m, 1H), 3.33-3.39 (m, 1H), 3.22-3.28 (m, 1H), 2.99-3.06 (m, 1H),
2.75 (d, J = 4.6 Hz, 3H), 1.76 (sept, J = 7.8 Hz, 1H), 1.48 (s, 9H), 1.13 (d, J = 7.8 Hz, 3H), 0.99 (d, J =
7.8 Hz, 3H), 0.95 (d, J = 7.0 Hz, CH3)

13C NMR (100 MHz, CD;0OH) § 162.9 (C), 161.7 (C), 159.7 (C), 80.7 (C), 58.5 (C), 48.5 (CH), 47.9
(CHy), 44.0 (CHy), 32.6 (CH), 29.6 (3 x C), 27.9 (CHs), 20.7 (CHs), 19.8 (CHs), 19.2 (CHs).

MS (ESI): m/z [M+H]* 359.1

7.3.2.3 Boc-Leu"-Val'-Ala"-NHMe

To a solution of Boc-Val“-Ala"-NHMe (553 mg, 1.5 mmol) in CH,Cl, (2 mL) was added TFA (2 mL)
and the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA and CHCl;
were evaporated under reduced pressure. To the resulting TFA salt dissolved in acetonitrile (5 mL) were
successively added DIPEA (4.62 mmol, 804pL) and a solution of BocLeu"OSu (631 mg, 1.5 mmol) in
acetonitrile (3 mL) and the reaction mixture was stirred at RT for 16 h. Acetonitrile was evaporated
under reduced pressure and saturated NaHCO3; was added. The aqueous layer was extracted with
CH.CI; (3x20 mL) and the combined organic layers were washed withl N KHSO. (20 mL) and water
(20 mL) and were dried over MgSQO,. After evaporation of the solvent under reduced pressure,
purification of the crude by column chromatography (MeOH/CH,CI; 5:95—10:90) provided the titled
oligourea as a white solid (534 mg, 69%).
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IH NMR (400 MHz, CDsOH) § 7.55 (s, 1H), 6.52 (s, 1H), 6.05 (s, 1H), 6.04 (s, 1H), 5.87 (d, J = 8.8
Hz, 1H), 5.80 (s, 1H), 5.7 (s, 1H), 3.76-3.85 (m, 2H), 3.55-3.61 (m, 2H), 3.41-3.49, 2.80 (dd, J = 8.5
Hz, 1H), 2.70 (s, 3H), 2.50-2.66 (m, 2H), 1.66 (sext X 2, J= 7.3 Hz, 2H), 1.44 (s, 9H), 1.15-1.26 (m,
2H), 1.05 (d, J = 7.8 Hz, 3H), 0.94 (d, J = 7.3 Hz, 3H), 0.92 (d, J = 7.3 Hz, 3H), 0.89 (d, J = 7.8Hz,
3H), 0.88 (d, J = 7.4 Hz, 3H).

13C NMR (100 MHz, CDsOH) § 162.1 (C), 161.5 (C), 161.2 (C), 159.1 (C), 80.1 (C), 56.5 (CH), 50.1
(CH), 49.1 (CH), 47.4 (CH), 46.8 (CHy), 46.6 (CH), 46.7 (CH), 42.4 (CH_), 31.9 (CH), 28.9 (3 X CH3),
27.1 (CHs), 26.2 (CH), 23.7 (CHs), 22.4 (CH3), 20.1 (CHs), 19.3 (CH3), 18.4 (CHs).

MS (ESI): m/z: [M+H]* 502.2.

7.3.2.4 Boc-Ala"-Leu“-Val'-Ala"-NHMe

To a solution of Boc-Leu“-Val"-Ala“-NHMe (500 mg, 1.0 mmol) in CH.Cl, (2 mL) was added TFA
(2 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA and
CH.CI, were evaporated under reduced pressure. To the resulting TFA salt dissolved in acetonitrile
(2mL) were successively added DIPEA (2.99 mmol, 521 pL) and a solution of BocAla"OSu (471 mg,
1.5 mmol) in acetonitrile (3 mL). The reaction mixture was stirred at RT for 16 h. The reaction mixture
was stirred at RT for 16 h and saturated NaHCOs3 (20 mL) was added. The solid which precipitated was
filtered off, was washed with 1 N KHSO, (20 mL), and water (20 mL) and was dried under high vacuum.
Purification of the crude by column chromatography (MeOH/CH.Cl, 5:95—10:90) provided the titled
oligourea as a white solid (480 mg, 80%).

IH NMR (400 MHz, CDsOH) 5 (ppm) 6.72 (d, J = 9.8 Hz, 1H), 6.46 (d, J = 9.5 Hz, 1H), 6.30 (m, 1H),
6.26 (m, 1H), 6.13 (m, 1H), 6.07 (d, J = 8.0 Hz, 1H), 6.04 (d, J = 8.5 Hz, 1H), 5.96 (dd, J = 9.0 Hz, 3.4
Hz, 1H), 5.80 (d, J = 10.2 Hz, 1H), 3.97-4.03 (m, 1H), 3.88-3.94 (m, 1H), 3.74-3.81 (m, 1H), 3.66-3.71
(m, 2H), 3.46-3.59 (m, 2H), 2.80-2.84 (m, 1H), 2.77 (d, J = 4.5 Hz, 3H), 2.59-2.66 (M, 1H), 2.48-2.55
(m, 1H), 2.35-2.41 (m, 1H), 1.71 (sept, J = 7.0 Hz, 2H), 1.51 (s, 9H), 1.18-1.26 (m, 2H), 1.11 (d, J =
7.9 Hz, 3H), 1.10 (d, J = 7.0 Hz, 3H), 0.98 (d, J = 7.2 Hz, 3H), 0.96 (d, J = 7.6 Hz, 3H), 0.92 (d, J =
7.7 Hz, 3H), 0.91 (d, J = 7.0 Hz, 3H).

13C NMR (100 MHz, CDsOH) 5 (ppm) 162.8 (C), 162.7 (C), 162.3 (C), 162.1 (C), 159.7 (C), 81.2 (C),
56.8 (CH), 49.6 (CH), 48.8 (CH), 48.5 (CH,), 48.3 (CH,), 47.9 (CH), 47.5 (CH,), 45.3 (CH,), 43.1
(CH), 32.8 (C), 29.6 (3 X CHs), 27.8 (C), 27.0 (CH), 24.5 (CH3), 23.3 (CH3), 20.9 (CHs), 20.1 (CHs),
19.1 (CHs), 18.8 (CHa).

MS (ESI): m/z: [M+H]* 602.3, [2M+H]* 1203.3.

7.3.2.5 Boc-Val'-Ala"-Leu"-Val“-Ala"-NHMe

To a solution of Boc-Ala“-Leu“-Val"-Ala"-NHMe (450 mg, 0.75 mmol) in CH,Cl, (2 mL) was added
TFA (2 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA
and CHCl, were evaporated under reduced pressure. To the resulting TFA salt dissolved in DMF (1.5
mL) were successively added DIPEA (2.24 mmol, 391 pL) and a solution of BocVal'*OSu (385 mg,
1.12 mmol) in DMF (1.5 mL). The reaction mixture was stirred at RT for 16 h and saturated NaHCO3
(20 mL) was added. The solid which precipitated was filtered off, was washed with 1 N KHSO4 (20
mL), and water (20 mL) and was dried under high vacuum. Purification of the residue by column
chromatography (MeOH/CH.CI; 10:90) provided the titled oligourea as a white solid (380 mg, 69%).
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IH NMR (400 MHz, CD;OH) & (ppm) 6.68 (d, J = 10.4 Hz, 1H), 6.60 (dd, J = 10.4 Hz, 2.8 Hz, 1H),
6.49 (d, J = 10.3 Hz, 1H), 6.29-7.34 (m, 2H), 6.25 (d, J = 10.6 Hz, 1H), 6.12 (d, J = 9.4 Hz, 1H), 6.05
(m, 1H), 5.98 (d, J = 10.6 Hz, 1H), 5.93 (d, J = 9.8 Hz, 1H), 5.85 (dd, J = 9.7 Hz, 3.2 Hz, 1H), 3.99-
4.06 (m, 1H), 3.87-3.96 (m, 2H), 3.60-3.75 (M, 4H), 3.50-3.57 (m, 2H), 2.79-2.83 (m, 1H), 2.77 (d, J =
4.5 Hz, 3H), 2.58-2.65 (m, 1H), 2.40-2.49 (m, 1H), 2.33-2.38 (m, 2H), 1.65-1.78 (m, 3H), 1.52 (s, 9H),
1.17-1.21 (m, 2H), 1.11 (d, J = 7.8 Hz, 3H), 1.08 (d, J = 7.3 Hz, 3H), 1.01 (d, J = 7.8 Hz, 3H), 0.98 (d,
J=7.0 Hz, 3H), 0.96 (d, J = 7.8 Hz, 3H), 0.95 (d, J = 7.4 Hz, 3H), 0.93 (d, J = 7.0 Hz, 3H), 0.92 (d, J
= 7.9 Hz, 3H).

13C NMR (100 MHz, CDsOH) 162.1 (C), 162.0 (C), 161.6 (C), 161.5 (C), 160.8 (C), 160.8 (C), 159.6
(C), 80.3 (C), 57.8 (CH), 55.9 (CH), 49.8 (CH), 48.8 (CH.), 47.6 (CH), 47.0 (CH,), 46.8 (CH), 46.6
(CH>), 44.5 (CH,), 44.0 (CH,), 42.7 (CH), 32.0 (CH), 28.8 (3 x CH3), 27.9 (CH), 27.2 (CH), 23.7
(CHa), 22.5 (CHa), 20.1 (CHa), 20.0 (CHs), 19.3 (CHs), 19.0 (CHs), 18.2 (CHs), 18.1 (CH).

MS (ESI): m/z: [M+H]* 730.5, [2M+H]* 1459.4.

7.3.2.6 (CF3).PhNHCO-Val"-Ala*Leut-Val'-Ala"-NHMe (1b)

To a solution of Boc-Val“-Ala"-Leu“-Val"-Ala"-NHMe (100 mg, 0.14 mmol) in CH.Cl; (2 mL) was
added TFA (2 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction,
TFA and CHCl, were evaporated under reduced pressure. To the resulting TFA salt dissolved in DMF
(4 mL) were successively added DIPEA (0.41 mmol, 72 pL) and 3,5-bis(trifluoromethyl)phenyl
isocyanate (36 pL, 0.21 mmol). The reaction mixture was stirred at RT for 16 h and saturated NaHCO;
solution (20 mL) was added. The aqueous layer was extracted with CHsCl/i-PrOH 7:3 (3 x 30 mL) and
the combined organic layers were washed with water (30 mL) and dried over MgSQO,. After evaporation
of the solvent under reduced pressure, purification of the residue by column chromatography
(MeOH/CH Cl; 5:95) provided the titled oligourea 1b as a white solid (76 mg, 61%).

'H NMR (400 MHz, CD3;0OH) & (ppm) 9.07 (s, 1H), 8.00 (br. s., 2H), 7.60 (br. s., 1H), 6.53 (dd, J = 9.2
and 2.0 Hz, 1H), 6.44 (dd, J = 8.9 and 1.4 Hz, 1H), 6.33-7.40 (m, 1H), 6.29 (d, J = 10.3 Hz, 1H), 6.17-
6.26 (m, 2H), 6.14 (d, J = 8.9 Hz, 1H), 6.08-6.10 (m, 1H), 6.04 (dd, J = 9.3 and 3.0 Hz, 1H), 5.95 (d, J
= 10.4 Hz, 1H), 5.90 (d, J = 10.0 Hz, 1H), 3.72-4.06 (m, 4H), 3.42-3.72 (M, 5H), 3.24-3.37 (m, 1H),
2.85-3.02 (M, 1H), 2.71 (d, J = 4.7 Hz, 3H), 2.67-2.80 (m, 1H), 2.50-2.63 (m, 1H), 2.31-2.50 (m, 2H),
1.56-1.87 (m, 3H), 1.13-1.20 (m, 2H), 1.08 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 7.8 Hz, 3H), 1.00 (d, J =
7.1 Hz, 3H), 0.97 (d, J = 7.1 Hz, 3H), 0.94 (d, J = 7.0 Hz, 3H), 0.83-0.91 (m, 9H).

13C NMR (100 MHz, CD;OH) & (ppm) 162.0 (C), 161.8 (C), 161.6 (C), 161.2 (C), 160.8 (C), 158.2
(C), 143.3 (C), 133.1 (q, J = 33 Hz, 2 x C), 124.6 (q, J = 270 Hz, 2 x C), 118.7-119.2 (m, 2 x CH),
115.2-115.8 (m, CH), 56.6 (CH), 56.0 (CH), 55.8 (CH), 48.1 (CH_), 47.5 (CH,), 47.1 (CH), 46.81 (CH),
46.76 (CHy), 44.4 (CHy), 44.2 (CH,), 42.7 (CH,), 31.8 (CH), 31.7 (CH), 27.0 (CHs), 27.1 (CH), 23.6
(CHa), 22.4 (CHa), 20.1 (CHa), 20.0 (CHs), 19.0 (CHa), 18.5 (CHs), 18.2 (CHa), 18.0 (CHs) ppm.

E NMR (376 MHz, CDsOH) & (ppm) -64.6.
HRMS (ES+, MEOH) calcd for C37H62F5N1206 = 885.48922; found 885.49179.

Note: presence of an impurity which is visible on the *H NMR spectra (1.36 ppm) and the **F NMR
spectra (-77 ppm).
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Table S2 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Val“-Ala’-Leu"-Val'-Ala"-NHMe
(1b) in CD3OH at 293K.

Residue NH NH’ °CH! °CH? PCH 'CH °CH *CH Term CH Ad(“CH)
8.00
ArNHCO 9.07 760
Val" 1 6.29 6.09 273 365 379 177 097+1.01 0.92
Ala" 2 590 6.04 241 350 3.87 1.00 1.09
Leu" 3 595 653 243 354 397 116 1.71 0.88 +0.89 1.11
Val" 4 6.22 6.44 256 358 3.66 1.66 882 1.02
Ala" 5 6.14 636 294 329 3.83 1.08 0.35
NHMe |6.22 2.71
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7.3.3 Synthesis of (CF3)2PhNHCO-Val'-Ala-Leu"-Val'-NHMe (1c)
MeNH,.HCI

l BocVal"OSu, DIPEA, acetonitrile

AR X
H

1) TFA, DCM
2) BocLeu"OSu, DIPEA, acetonitrile

(@)
PN
Tt

1) TFA, DCM
2) BocAla"OSu, DIPEA, acetonitrile

el

J 1) TFA, DCM

CF3

Res.1 | Res.2 | Res.3 | Res.4
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Scheme S3: Synthesis of the tetramer 1c
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7.3.3.1 Boc-Val'"-NHMe

To a suspension of methylamine hydrochloride (1.18 g, 17.58 mmol) in CHsCN (30 mL) was added at
0 °C DIPEA (34.94 mmol, 7.09 mL) and a solution of BocVal'OSu (11.65 mmol, 4.00 g) in CH3:CN
(30 mL). The reaction mixture was stirred at RT for 16 h and the insoluble were filtered off. The filtrate
was evaporated under reduced pressure and EtOAc (300 mL) was added to the residue. The organic
layer was washed with 1 M KHSO4 (2 x 100 mL), saturated NaHCOs (2 x 100 mL) and brine (100 mL)
and was dried over MgSO4. After evaporation of the solvent under reduced pressure, recrystallization
from a mixture of EtOAc and cyclohexane (1:1) provided the titled compound as a white solid (1.96 g,
49%).

'H NMR (300 MHz, DMSO-ds) & (ppm) 6.50 (d, J =9.0 Hz, 1 H), 5.78 (¢, J = 4.6 Hz, 1 H), 5.70 (t, J
=5.5Hz, 1 H), 3.09-3.28 (m, 2 H), 2.88 (ddd, J =5.5and 8.2 and 13.4 Hz, 1 H), 2.52 (d, J =4.7 Hz, 3
H), 1.62 (app.oct, J = 7.6 Hz, 1 H), 1.37 (s, 9H), 0.82 (d, J = 7.0 Hz, 3 H), 0.79 (d, J = 7.9 Hz, 3H).

13C NMR (75 MHz, DMSO-de) 3 (ppm) 158.7 (CO), 155.8 (CO), 77.4 (C), 55.9 (CH), 41.0 (CH), 29.8
(CH), 28.3 (3 x CHg), 27.3 (CHs), 19.3 (CHs), 17.9 (CHs).

HRMS (ES*, MeOH) calcd for C12H25N303 = 260.19687 found 885.49179.

7.3.3.2 Boc-LeuY-Val'-NHMe

To a solution of Boc-Val'-NHMe (800 mg, 3.08 mmol) in CH,Cl, (10 mL) was added TFA (10 mL)
and the mixture was stirred at RT until completion of the reaction. TFA and CH,Cl, were evaporated
under reduced pressure. Last traces of TFA were removed by co-evaporation with toluene (3 x 10 mL).
To the resulting TFA salt dissolved CH3sCN (30 mL) were successively added DIPEA (9.24 mmol, 1.59
mL) and a solution of BocLeu"OSu (4.75 mmol, 1.70 g) in CH3CN (15 mL). The reaction mixture was
stirred at RT for 16 h and the solvent was evaporated under reduced pressure. EtOAc (30 mL) was
added to the residue and the organic layer was washed with 1 M KHSO4 (2 x 10 mL) and brine (2 x 10
mL) and was dried over MgSO.. After evaporation of the solvent under reduced pressure, trituration
with a mixture of Et;O and pentane (30:70) followed by column chromatography (CH.CIl,/MeOH
1:99—3:97) provided the titled oligourea as a white solid (1.05 g, 85%).

IH NMR (400 MHz, DMSO-ds) & (ppm) 6.55 (d, J = 8.8 Hz, 1H), 5.80-5.87 (m, 1H), 5.78 (q, J = 4.4
Hz, 1H), 5.66-5.75 (m, 2H), 3.35-3.52 (M, 2H), 3.04-3.16 (M, 1H), 2.94-3.04 (m, 1H), 2.75-2.94 (m,
2H), 2.52 (d, J = 4.6 Hz, 3H), 1.48-1.73 (m, 2H), 1.37 (s, 9H), 1.07-1.27 (m, 2H), 0.77-0.88 (m, 12H).

13C NMR (75 MHz, DMSO-dg) & (ppm) 158.8 (C), 158.4 (C), 155.5 (C), 77.5 (C), 54.4 (CH), 48.9
(CH), 43.8 (CH,), 41.9 (CHy), 41.4 (CHy), 29.6 (CH), 28.2 (3 x CHs), 26.3 (CHa), 24.3 (CHs), 23.1
(CHs), 22.0 (CH3), 19.5 (CHs), 17.5 (CHa).

HRMS (ES*, MeOH) calcd for C19H30Ns04 = 402.30748; found 402.330767, 302.255009.
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7.3.3.3 Boc-AlaY-LeuY-Val'-NHMe

To a solution of Boc-Leu“-Val'-NHMe (950 mg, 2.36 mmol) in CH,Cl, (10 mL) was added TFA (10
mL) and the mixture was stirred at RT until completion of the reaction. TFA and CH:Cl, were
evaporated under reduced pressure. Last traces of TFA were removed by co-evaporation with toluene
(3 x 10 mL). To the resulting TFA salt dissolved in CH3CN (30 mL) were successively added DIPEA
(2.23 mL, 7.08 mmol) and a solution of BocAla"OSu (1.15 g, 3.65 mmol) in CHsCN (15 mL). The
reaction mixture was stirred at RT for 16 h and the solvent was evaporated under reduced pressure.
CH,CI; (30 mL) was added to the residue. The organic layer was washed with 1IN KHSO, (2 x 15 mL)
and water (2 x 15 mL) and was dried over MgSQ,. After evaporation of the solvent under reduced
pressure, trituration with Et,O followed by column chromatography (CH2Cl./MeOH from 2:98 to 6:94)
provided the titled oligourea as a white solid (1.07 g, 90%).

IH NMR (400 MHz, DMSO-ds) & (ppm) 6.74 (d, J = 8.1 Hz, 1H), 5.91-5.99 (m, 1H), 5.88 (q, J = 4.6
Hz, 1H), 5.77-5.82 (m, 1H), 5.77 (d, J = 9.2 Hz, 1H), 5.73 (d, J = 9.4 Hz, 1H), 5.65-5.72 (m, 1H), 3.58-
3.74 (m, 1H), 3.36-3.55 (m, 2H), 3.19-3.29 (m, 1H), 3.08-3.18 (m, 1H), 2.94-3.04 (m, 1H), 2.78-2.88
(m, 1H), 2.64-2.74 (m, 1H), 2.55-2.64 (m, 1H), 2.53 (d, J = 4.6 Hz, 3H), 1.52-1.68 (m, 2H), 1.38 (s,
9H), 1.14 (t, J = 7.0 Hz, 2H), 0.94 (d, J = 7.6 Hz, 3H), 0.86 (d, J = 7.6 Hz, 3H), 0.82 (d, J = 7.5 Hz,
3H), 0.81 (d, J = 7.8 Hz, 3H), 0.78 (d, J = 7.8 Hz, 3H).

13C NMR (75 MHz, DMSO-ds) 5 (ppm) 158.8 (C), 158.6 (C), 158.5 (C), 155.5 (C), 77.7 (C), 54.2 (CH),
47.6 (CH), 46.6 (CH), 45.0 (CH_), 44.8 (CH>), 41.9 (2 x CHy), 30.0 (CH), 28.2 (3 x CHs), 26.3 (CHs),
24.3 (CH), 23.2 (CHs), 21.9 (CHs), 19.5 (CHs), 18.2 (CHs), 17.6 (CHa).

HRMS (ES*, MeOH) calcd for Cz3Hs7N70s = 502.37114; found 402.31892, 502.37145.

7.3.3.4 Boc-ValY-AlaY-LeuY-Val'-NHMe

To a solution of Boc-Ala“-Leu"-Val'-NHMe (940 mg, 1.87 mmol) in CH2Cl, (10 mL) was added TFA
(10 mL) and the mixture was stirred at RT until completion of the reaction. TFA and CHCl, were
evaporated under reduced pressure. Last traces of TFA were removed by co-evaporation with toluene
(3 x 10 mL). To the resulting TFA salt dissolved in CH3CN (30 mL) were successively added DIPEA
(2.00 mL, 5.74 mmol) and a solution of BocVal"OSu (933 mg, 2.72 mmol) in CH3CN (15 mL). The
reaction mixture was stirred at RT for 16 h and the solvent was evaporated under reduced pressure.
CH.CI; (50 mL) was added to the residue. The organic layer was washed with 1 M KHSO, (2 x 30 mL)
and water (2 x 30 mL) and was dried over MgSO.. After evaporation of the solvent under reduced
pressure, trituration with a mixture of Et.O and EtOAc (30:70) followed by crystallization from a
mixture of methanol and Et,O (10:90) provided the titled oligourea as a white solid (580 mg, 49%).

'H NMR (400 MHz, DMSO-ds) 8 (ppm) 6.72 (d, J = 9.1 Hz, 1H), 6.82-5.99 (m, 6H), 5.78 (d, J = 9.6
Hz, 1H), 5.74 (dd, J = 5.8 and 3.8 Hz, 1H), 3.61-3.80 (m, 2H), 3.13-3.47 (m, 6H), 2.65-2.77 (m, 1H),
2.54 (d, J = 4.6 Hz, 3H), 2.41-2.60 (m, 2H), 2.28-2.41 (m, 1H), 1.49-1.69 (m, 3H), 1.40 (s, 9H), 1.03-
1.18 (m, 2H), 0.91 (d, J = 7.7 Hz, 3H), 0.79-0.88 (m, 15H), 0.78 (d, J = 7.7 Hz, 3H).

13C NMR (100 MHz, DMSO-de) 8 (ppm) 159.0 (C), 158.8 (C), 158.7 (C), 158.6 (C), 156.6 (C), 77.9
(C), 56.0 (CH), 54.1 (CH), 47.3 (CH), 47.3 (CH,), 45.31 (CH), 45.25 (CH), 41.9 (CH,), 41.7 (CH_),
41.4 (CH,), 30.3 (CH), 30.1 (CH), 28.2 (3 x CHs), 27.3 (CH3), 24.5 (CH), 23.1 (CH3), 22.0 (CHs), 19.5
(CHa), 19.3 (CHs), 18.4 (CH3), 18.3 (CHa), 17.8 (CHs).

HRMS (ES*, MeOH) calcd for C2gHsoNoOg = 630.46611; found 630.46682, 302.25509.
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7.3.3.5 (CF3):PhNHCO-Val“-Ala"-Leu"-Val"-NHMe (1c)

To a solution of Boc-Val“-Ala"-Leu“-Val"-NHMe (190 mg, 0.301 mmol) in CH,Cl; (3 mL) was added
TFA (3 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA
and CH.CIl, were evaporated under reduced pressure. Last traces of TFA were removed by co-
evaporation with toluene (3 x 10 mL). To the resulting TFA salt dissolved in DMF (3 mL) were
successively added DIPEA (0.903 mmol, 157 pL) and 3,5-bis(trifluoromethyl)phenyl isocyanate (0.451
mmol, 78 pL). The reaction mixture was stirred at RT for 16 h and a saturated solution of NaHCO3 (20
mL) was added. The solid which precipitated was filtered off, was washed with H,O (10 mL), 0.25 M
KHSO, (10 mL) and H2O (10 mL) and was dried under high vacuum. Purification of the residue by
column chromatography (MeOH/CHCl, 5:95—11:89) followed by recrystallization from MeOH
provided the titled oligourea 1c as a white solid (76 mg, 32%).

'H NMR (400 MHz, CDs0H) & (ppm) 8.01 (s, 2H), 7.63 (s, 1H), 6.46 (d, J = 9.9 Hz, 1H), 6.34 (d, J =
7.0 Hz, 1H), 6.15-7.29 (m, 3H), 6.00-6.08 (m, 1H), 5.97 (brd, J = 7.6 Hz, 1H), 5.87 (d, J = 11.2 Hz,
1H), 5.82 (d, J = 10.2 Hz, 1H), 3.96-4.12 (m, 1H), 3.74-3.96 (m, 2H), 3.44-3.74 (m, 5H), 2.73 (d, J =
4.3 Hz, 3H), 2.59-2.80 (m, 2H), 2.27-2.50 (m, 2H), 1.56-1.87 (m, 3H), 1.11-1.24 (m, 2H), 0.82-1.08
(m, 21H) ppm (ArNHCO is not visible).

13C NMR (100 MHz, CD3OH) & (ppm) 162.1 (C), 161.8 (C), 161.7 (C), 160.9 (C), 158.1 (C), 143.3
(C), 133.1(q, J=33 Hz, 2 x C), 124.7 (g, J = 270 Hz, 2 x C), 118.8-119.1 (m, 2 x CH), 115.5-115.7
(m, CH), 56.7 (CH), 56.2 (CH), 48.8 (CH), 48.1 (CH>), 47.4 (CH>), 46.8 (CH), 44.2 (CH,), 43.7 (CHy),
43.0 (CHy), 32.4 (CH), 31.9 (CH), 27.8 (CHs), 26.0 (CH), 23.6 (CH3), 22.6 (CH3), 20.1 (CHs), 19.8
(CHs), 18.5 (CHs), 18.3 (CHs3), 18.2 (CHs).

F NMR (376 MHz, CDsOH) & (ppm) -64.6.
HRMS (ES*, MeOH) calcd for CasHssFsN1oOs = 785.42556; found 785.42633.

Table S3 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3):PhNHCO-Val“-Ala“-Leu"-Val'-NHMe in
CD3OH at 293K.

Residue NH NH’ °CH® *CH® FPCH 'CH °CH :*CH TermCH A$(“CH)
8.01
ArNHCO ND 763
Val" 1 721 7.03 270 366 379 176 1.00 0.96
Ala" 2 582 597 232 351 3.88 0.96 1.19
Leu 3 587 746 238 360 402 118 171 0091 1.22
Val" 4 721 734 265 364 362 163 0091 0.99
NHMe 7.21 2.73
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7.3.4 Synthesis of (CFs)2PhNHCO-Val'-Ala"-NHMe (1d)

Res. 1 Res. 2
1) TFA, DCM
2) 3,5-(CF3),PhNCO 0]

o ~_"

o M M N R K. ooworen e M Rpt ALK
Oty AR S LA s

CF;
Scheme S4: Synthesis of the dimer 1d

To a solution of Boc-Val“-Ala"-NHMe (175 mg, 0.487 mmol) in CH2Cl, (2 mL) was added TFA (2
mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA and
CH,CI; were evaporated under reduced pressure. To the resulting TFA salt dissolved in DCM (3 mL)
were successively added DIPEA (1.46 mmol, 254 uL) and 3,5-bis(trifluoromethyl)phenyl isocyanate
(0.730 mmol, 129 pL). The reaction mixture was stirred at RT for 16 h and a 1N KHSO4 solution (20
mL) was added. The aqueous mixture was extracted with CHCIs/i-PrOH 7:3 (3 x 30 mL) and the
combined organic layers were washed with water and dried over MgSO,. After evaporation of the
solvent under reduced pressure, purification of the residue by column chromatography (MeOH/CH,CI,
7:93—11:89) followed by recrystallization from MeOH provided the titled oligourea 1d as a white solid
(178 mg, 71%).

'H NMR (400 MHz, CDsOH) & (ppm) 8.98 (s, 1H), 7.98 (br. s., 2H), 7.56 (br. s., 1H), 6.02-6.15 (m,
2H), 5.84-5.99 (m, 3H), 3.59-3.81 (M, 2H), 3.08-3.41 (m, 3H), 2.88-3.01 (m, 1H), 2.67 (d, J = 4.8 Hz,
3H), 1.79 (app oct, J = 7.9 Hz, 1H), 0.94-1.02 (m, 9H).

13C NMR (100 MHz, CDsOH) & (ppm) 162.0 (C), 161.0 (C), 157.7 (C), 143.5 (C), 133.0 (q, J = 33 Hz,
2 x C), 124.7 (4, J = 270 Hz, 2 x C), 118.7-111.0 (m, 2 x CH), 115.1-115.4 (m, CH), 57.0 (CH), 47.6
(CH), 46.7 (CHy), 43.2 (CH>), 31.5 (CH), 27.0 (CHs), 19.9 (CHs), 18.7 (CH3), 18.2 (CHs).

¥ENMR (376 MHz, CD3;0H) & -64.6 ppm.
HRMS (ES*, MeOH) calcd for CaoH2sFsNsO3 = 515.21398; found 338.34180, 515.22040, 885.48952.

Table S4: *H NMR Chemical Shifts (ppm) of 3,5-(CF3).PhNHCO-Val-Ala"-NHMe (1d) in CD;OH

at 293K.
Residue NH NH’ °CH! °CH? PCH "CH °CH *CH TermCH A3(“CH)
7.98
ArNHCO 8.98 756
Val" 1 6.10 595 313 336 367 179 0.98 0.23
Ala" 2 591 6.08 295 323 372 0.98 0.28
NHMe 5.90
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7.3.5 Synthesis of (CF3),PhANHCO-Val'-NHMe (1e)

Res. 1
1) TFA, DCM
2) 3,5-(CF3),PhNCO
H 0 DIPEA, DCM H H.o
O\H/N\./\NJJ\N/ ' > F3C N\H/N\P/\N)J\N/
. H H : H H
0 A~ 0 _~_
Vs

Scheme S5: Synthesis of the monomer le

To a solution of Boc-Val"-NHMe (200 mg, 0.771 mmol) in CH,Cl, (2 mL) was added TFA (2 mL) and
the reaction mixture was stirred at RT for 4 h. After completion of the reaction, TFA and CHCI, were
evaporated under reduced pressure. To the resulting TFA salt dissolved in DCM (2 mL) were
successively added DIPEA (2.31 mmol, 403 pL) and 3,5-bis(trifluoromethyl)phenyl isocyanate (1.16
mmol, 205 pL). The reaction mixture was stirred at RT for 16 h and a 1 M KHSO4 solution (20 mL)
was added. The aqueous mixture was extracted with CHCl3/i-PrOH 7:3 (3 x 30 mL) and the combined
organic layers were washed with water and dried over MgSO.. After evaporation of the solvent under
reduced pressure, purification of the residue by column chromatography (MeOH/CH,CI. from 5:95 to
7:93) provided the titled oligourea 1e as a white solid (152 mg, 48%).

IH NMR (400 MHz, CDsOH) & (ppm) 8.93 (s, 1H), 7.98 (s, 2H), 7.56 (s, 1H), 6.05 (d, J = 9.7 Hz, 1H),
5.96-7.03 (m, 1H), 5.85-5.95 (m, 1H), 3.54, 3.61-3.71 (m, 1H), 3.16-3.34 (m, 2H), 2.65 (d, J = 4.8 Hz,
3H), 1.81 (app oct, J = 7.8 Hz, 1H), 0.98 (d, J = 7.1 Hz, 3H), 0.96 (d, J = 7.1 Hz, 3H).

13C NMR (100 MHz, CDsOH) & (ppm) 162.1 (C), 157.6 (C), 143.5 (C), 133.0 (g, J = 33 Hz, 2 x C),
124.7 (4, J = 27 Hz, 2 x C), 118.9 (2 x CH), 115.3 (m, CH), 57.1 (CH), 43.3 (CH_), 31.5 (CH), 27.0
(CHs), 19.8 (CH3), 18.0 (CHs).

19 NMR (376 MHz, CDsOH) § (ppm) -64.7
HRMS (ES+, MEOH) calcd for C16H20FsN4O> = 415.15632; found 415.15689.

Table S5 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Val'-NHMe (1e) in CD;OH at

293K.
Residue NH NH’ “CH® ¢CH’ PCH YCH °CH *CH TermCH Ad(“CH)
7.98
ArNHCO 8.93 756
Val' 1 6.05 7.00 321 327 366 181 0.97 0.06
NHMe 5.90
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7.3.6 Synthesis of (CF3).PhNHCS-Val“-Ala"-Leu“-Val"-Ala"-Leu"-NH"-Me (5a)

CF3

- N - N : N ~
:H : H H T 7N T
0] PN O \( (@] - (@]
1) TFA, DCM
2) 3,5-(CF3),PhNCS
DIPEA, DMF
Res.1 | Res.2 | Res.3 | Res. 4 | Res.5 | Res.6
e RS et R X i %y
3 VA I I dh SV Ec A e g
z H . H A z H ' H A H  H
S A~ ' | : O

Scheme S6: Synthesis of the hexamer 5a

To a solution of Boc-ValY-Ala"-Leu!-ValY-Ala!-LeuY-NH"-Me (300 mg, 0.34 mmol) in CH.Cl,
(2 mL), TFA (1 mL) was added and reaction mixture was stirred at RT for 4 h. After completion of the
reaction, TFA and CH,Cl, were evaporated under reduced pressure. To the resulting TFA salt dissolved
in DMF (1.5 mL) were successively added DIPEA (0.18 mL, 1.03 mmol) and 3,5-
bis(trifluoromethyl)phenyl isothiocyanate (140 pL, 0.76 mmol). The resulting solution was stirred at
room temperature. After 36 hours, the mixture in DMF was cooled to 0°C and cold water (10 mL
followed by 5 mL) was added with rapid stirring. The white powder obtained was filtered, washed with
water (3 x 10 mL) and dried under vacuum. The crude residue was purified by chromatography on silica
gel (DCM:MeOH 93:7 to 90:10) leading to the titled thiourea 5a as a white solid (230 mg, 64%).

'H NMR (400 MHz, CD3OH): & (ppm) 8.08 (s, 2H), 7.69 (s, 1H), 6.30-6.35 (m, 3H), 6.17-6.23 (m,
2H), 6.09-6.23 (m, 1H), 5.97 (m, 2H), 5.85-5.88 (m, 2H), 5.80-5.88 (m, 2H), 5.46 (m, 1H), 3.91-4.00
(m, 1H), 3.78-3.85 (m, 3H), 2.96 (m, 1H), 2.61 (d, J = 4.8 Hz, 3H), 2.53 -2.59 (m, 1H), 2.24-2.47 (m,
4H), 1.83 (sext, J = 7.8 Hz, 1H), 1.60 (sext, J = 7.0 Hz, 2H), 1.47 (sext, J = 7.4 Hz, 1H), 1.06-1.23 (m,
2H), 0.92-0.95 (4xd, J = 7.8 Hz, 4x3H), 0.83 (3xd, J = 7.4 Hz, 3x3H), 0.80 (d, J = 7.3 Hz, 2x3H), 0.77
(d, J =7.8 Hz, 2x3H).

13C NMR (100 MHz, CD;OH):  (ppm) 182.2 (C), 160.7(C), 160.5 (C), 160.1 (C), 159.9 (C), 159.6
(C), 141.6 (g, J = 27 Hz, C), 131.5 (C), 122.9 (CH), 116.8 (CH), 60.1 (CH), 55.0 (CH), 46.8 (CH.),
46.6 (CHy), 45.9 (CH), 45.0 (CH,), 44.9 (CH), 43.3 (CH,), 42.5 (CH,), 41.9 (CH,), 41.3 (CH,), 30.6
(CHa), 25.6 (CHs), 24.8 (CH3), 24.5 (CHs), 22.3 (CH3), 22.2 (CHs), 21.3 (CH3), 21.1 (CHs), 18.8 (CHs),
18.5 (CHs), 17.5 (CHs).

¥F NMR (376 MHz, CD30H): & (ppm) -64.5.
HRMS (ES+, MEOH) calcd for C44H75F5N1406S = 1043.57699; found 1043.57582.
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Table S6 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3).,PhNHCS-Val-Ala"-Leu"-Val'-Ala“- Leu"-
NHMe (5a) in CDsOH at 293K.

Residue NH NH> °“CH! *CH? PCH 'CH °CH *CH TermCH A§(“CH)
ArNHCS ND N
Val! 1 589 575 352 2.97 449 183 0.77 0.55
AlaY 2 598 584 340 2.43 3.84 0.95 0.97
LeuY 3 546 621 354 2.34 384 110 160 092 1.20
Val 4 6.17 6.33 354 2.32 347 148 0.80 1.22
AlaY 5 588 6.31 3.46 2.27 3.94 092 1.19
LeuY 6 596 6.29 3.49 2.58 380 1.13 161 0.83 0.91
NHMe 7.10 2.62
'H NMR:
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PFE NMR:
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1) TFA, DCM
2) 3,5-(CF3),PhNCS
N-methylmorpholine, DMF

Res.1 | Res. 2 | Res.3 | Res.4

Scheme S7: Synthesis of the tetramer 5¢

To a solution of Boc-Val'-AlaY-Leu-Val'-NHMe (150 mg, 0.24 mmol) in DCM (2 mL) was added
TFA (1 mL) at room temperature and reaction mixture was stirred for 4h. After completion of the
reaction, TFA and CH,Cl, were evaporated under reduced pressure. To the resulting TFA salt dissolved
in DMF (2 mL) were successively added 4-methylmorpholine (78 pL, 0.71 mmol) and 3,5-
bis(trifluoromethyl)phenyl isothiocyanate (176 pL, 0.96 mmol). The resulting solution was stirred at
room temperature. After 24 hours, the crude material in DMF was cooled to 0°C and cold water (15 mL
and 10 mL) was added. The crude residue was then extracted with CH,Cl,/MeOH (60 mL/40 mL). The
organic layer was washed with 0.5 M aqueous KHSO, (60 mL) followed by water (2 x 60 mL), dried
over Na,SO, filtered and concentrated under vacuum to yield a crude residue which crystallised from
CH_CI,/MeOH upon standing overnight. The crystals were rinsed with CH,Cl, isolated and purified by
column chromatography on silica gel (7% to 8% MeOH in CHCI,) to yield the titled thiourea catalyst
2c as a colourless powder (62 mg, 33%).

'H NMR (400 MHz, CD3sOH): & (ppm) 8.21 (s, 2H), 7.67 (s, 1H), 6.17-7.26 (m, 3H), 5.99 (m, 1H),
5.93 (m, 2H), 5.91 (m, 1H), 5.63 (m, 1H), 4.63 (s, 1H), 3.91 (m, 2H), 3.59 (m, 3H), 3.42 (m, 1H), 3.15
(m, 1H), 2.72 (m, 1H), 2.71 (d, J = 4.4 Hz, 3H), 2.58 (m, 1H), 1.93 (sext, J = 7.4 Hz, 1H), 1.68 (m, 2H),
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1.22 (m, 2H), 1.05 (d, J = 7.3 Hz, 3H), 1.05 (d, J = 7.3 Hz, 3H), 1.03 (d, J = 7.3 Hz, 3H), 1.02 (d, J =
5.6 Hz, 3H), 0.95 (d, J = 7.3 Hz, 3H), 0.93 (d, J = 7.6 Hz, 3H), 0.91 (d, J = 7.3 Hz, 2x3H).
13C NMR (100 MHz, CD3;0H): & (ppm) 182.1 (C), 160.8 (C), 160.4 (C), 159.9 (C), 159.6 (C), 141.8
(C), 122.7, 116.7, 60.0 (CH), 55.1 (CH), 46.2 (CH.), 45.7 (CH), 45.4 (CHz), 42.3 (CH), 41.5 (CH>),
30.9 (CHs), 30.5 (CHs), 25.6 (CHs), 24.7 (CHs), 22.3 (CHs3), 21.0 (CHs), 18.6 (CH3), 18.4 (CH3), 17.5
(CHs), 17.4 (CHa), 17.1 (CHs).

F NMR (282 MHz, CD30H): & (ppm) -64.5
HRMS (ES*, MeOH) calcd for CssHssFsN10Os = 801.40272; found 801.40261.

Table S7 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Val“-Ala“-Leu"-Val"-NHMe (5¢)

in CD3OH at 293K.
H 9 o 1 [} 2 d € Term o
Residue NH NH CH CH? PCH T'CH CH CH CH AS(“CH)
ArNHCO ND 767
Val! 1 594 6.00 361 316 456 194 0.93+0.95 0.83
Ala" 2 592 591 345 254 388 1.02 0.91
Leut 3 564 6.20 357 255 395 1.20 1.68 0.91 1.02
Val! 4 6.23 6.26 358 275 362 1.68 1.03+1.05 0.99
NHMe 6.15 2.71
'H NMR:
| | ==l i Y N Y I
JL JML/J'L_/-L A /\_/L—Jw
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7.3.8 Synthesis of (CF3),PhNHCS-Val“-Ala"-NHBn (5d)
Res. 1 Res. 2
1) TFA, DCM
o 2) 3,5-(CF3),PhNSO o
H H H H H,« H H
o N~ /'\/N N. DCM, DIPEA FsC N NB~ S /'\/N N.
SOty e Ty e
O~~~ 0 S A~ o)
Y

CF4
Scheme S8: Synthesis of the dimer 5d

A solution of the corresponding Boc-protected urea (307 mg, 0.71 mmol) in CH2Cl, (2 mL) was treated
with TFA (1 mL) at room temperature until the starting material disappeared by TLC (4 hours). After
completion, the reaction mixture was concentrated under vacuum. The resulting TFA salt was
solubilised in DMF (1.5 mL) and the solution was made alkaline by the addition of
diisopropylethylamine (300 pL, 1.73 mmol). Then, 3,5-bis(trifluoromethyl)phenyl isothiocyanate (193
pL, 1.07 mmol) was added and the resulting solution was stirred at room temperature. The reaction
progress was monitored by TLC. After one night, water (10 mL) was added, then dichloromethane
(40mL) was added to solubilize the organic crude. Aqueous layer was extracted with DCM, organic
layer was washed with water, then 1N HCI, then NaHCOs, dried over Na,SO4 then concentrated under
vacuum. Silica gel chromatography (DCM:MeOH from 99:1 to 90:10) provided the titled thiourea 5d
as a white solid (260 mg, 60%).
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134 NMR (400 MHz, CDsOH) & (ppm) 9.68 (s, 1H), 8.10 (s, 2H), 7.60 (d, J = 9.1Hz, 1H), 7.61 (s, 1H),
7.08-7.18 (m, 5H), 6.44 (m, 1H), 6.18 (m, 1H), 5.93 (m, 1H), 4.20 (d, J = 7.0 Hz, 2H), 3.62 (sext, J =
7.4 Hz, 1H), 3.34 (m, 1H), 3.23 (m, 1H), 3.17 (m, 1H), 3.05 (m, 1H), 1.80 (sext, J = 7.4 Hz, 1H), 0.95
(d, J = 7.8 Hz, 3H), 0.92 (d, J = 7.8 Hz, 3H), 0.91 (d, J = 7.8 Hz, 3H).

13C NMR (100 MHz, CDsOH) & (ppm) 182.1 (C), 159.8 (C), 159.5 (C), 142.0 (C), 139.7 (C), 131.2
(g, J =30 Hz, C), 128.1 (CH), 126.6 (CH), 124.7 (CH), 122.3 (CH), 116.3 (CH), 59.4 (CH), 46.4 (CH),
45.2 (CH,), 43.5 (CHz), 41.1 (CHy), 30.1 (CHs), 29.5 (CHs), 29.3 (CHs), 18.4 (CH3), 17.6 (CH3), 17.3

(CHg).

F NMR (376 MHz, CDsOH) & (ppm) -64.5
HRMS (ES*, MeOH) calcd for CasH33FeNsO,S = 607.63640 ; found 607.32971.

Table S8: *H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Val'-Ala"-NHBn (5d) in CD;OH at

293K
Residue NH NH’ °CH! °CH? PCH "CH °CH *CH TermCH;Ph A$§(“CH)
ArNHCO 9.69
Val" 1 760 594 317 334 443 181 091 0.17
Ala" 2 598 6.18 323 304 362 0.95 0.19
NHCH:Ph | 6.44 4.20+7.10
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7.3.9 Synthesis of (CF3).PhNHCS-Val'-NHMe (5¢)

Res. 1
1) TFA, DCM
o 2) 3,5-(CF3),PhNCS o
H )J\ N-methylmorpholine, DCM H H B o J\
O\"/N\/\N N~ F3C N\[]/N\-/\N N~

: H H : H H

0 S A

s

Scheme S9: Synthesis of the monomer 5e

A solution of the corresponding Boc-protected urea (450 mg, 1.74 mmol) in CH2Cl, (2 mL) was treated
with TFA (1.5 mL) at room temperature until the starting material disappeared by TLC (4 hours). After
completion, the reaction mixture was concentrated under vacuum. The resulting TFA salt was
solubilised in CH.Cl; (15 mL) and the solution was made alkaline by the addition of 4-
methylmorpholine (400 pL, 3.64 mmol). Then, 3,5-bis(trifluoromethyl)phenyl isothiocyanate (820 L,
4.51 mmol) was added and the resulting solution was stirred at room temperature. The reaction progress
was monitored by analytic HPLC. After 40 hours, the crude was diluted with CH.Cl, (30 mL) and
washed with 1 M aqueous KHSO4 (2 x 20 mL) followed by water (3 x 30 mL). Afterwards, the organic
layer was dried over Na,SOs, filtered and concentrated. Silica gel chromatography (DCM:MeOH 98:1
to 98:2) provided the titled thiourea 5e as a white solid (681 mg, 91%).

IH NMR (300 MHz, CDsOH) & (ppm) 8.23 (s, 2H), 7.65 (s, 1H), 6.02 (m, 1H), 5.96 (m, 3H), 3.38 (m,
1H), 2.70 (d, J = 4.8 Hz, 3H), 1.96 (sext, J = 7.6 Hz, 1H), 1.05 (d, J = 7.9 Hz, 3H), 1.04 (d, J = 7.9 Hz,
3H).

13C NMR (100 MHz, CDsOH) § (ppm) 182.3 (C), 160.8 (C), 142.0 (C), 131.2 (C, g, J = 30 MHz),
1275 (C), 124.7 (C), 122.4 (CH), 122.0 (CHy), 119.3 (CH,), 116.4 (CH), 59.6 (CH), 41.6 (CH,), 30.0
(CH), 25.8 (CHs), 18.3 (CH3), 17.3 (CHs).

F NMR (376 MHz, CD;OH) & (ppm) - 64.5.
HRMS (ES*, MeOH) calcd for CosHasFsNsO,S = 607.63640; found 607.32971.
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7.4 SYNTHESIS OF CATALYSTS FROM CHAPTER 11
7.4.1 Synthesis of 3,5-(CF3).,PhNHCO-Pro“-Ala“-Leu“-Val"- Ala"-Leu“-NHMe (10)

)(OJOJ\N/'\/H H\/\Nj\NI/H H\/\N)OJ\N
H \[O]/ \(H H \g/ : H H

l 1) TFA, DCM

~
L

2) DIEA, Boc-Pro-OSu, acetonitrile

1) TFA, DCM
2) 3,5-(CF3),PhNCO, DIPEA, DMF

Res.1 ' Res.2 ' Res.3 | Res.4 ' Res.5 ! Res.6
H : : : ! :
F3C N._O - ! ' : '
\f a (? H ' H o q) H ' H ‘? H H
N B~ L NN~ NN~ NN
SO T S s S iy
= H H A = H . H z H . H
CF3 5 Y ) ! 0 - : (0]

Scheme S10: Synthesis of the hexamer 10

7.4.1.1 Boc-ProU-Ala“-Leu“-Val'- Ala"-Leu" -NHMe

A solution of the corresponding Boc-protected urea (200 mg, 0.27 mmol) in CH2Cl» (2 mL) was treated
with TFA (2 mL) at room temperature until the starting material disappeared by TLC (1 hour). After
completion, the reaction mixture was concentrated under vacuum. The resulting TFA salt was
suspended in acetonitrile (2 mL) and the solution was made alkaline by the addition of DIPEA (141 pL,
0.81 mmol). Then, BocPro“OSu (138 mg, 0.40 mmol) in acetonitrile (2 mL) was added and the
resulting solution was stirred at room temperature overnight. Acetonitrile was removed under reduced
pressure. Saturated NaHCOs solution was added and led to the formation of a white solid. The
precipitate was purified on silica gel chromatography (DCM:MeOH 95:5 to 90:10), then purified
fractions were recrystallized in acetonitrile : methanol providing the titled oligourea as white crystals
(101 mg, 43%).
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'H NMR (400 MHz, pyridine-ds) & (ppm) 7.04-7.14 (m, 6H), 6.78 (m, 3H), 6.44 (s, 1H), 6.42 (s, 1H),
4.72 (m, 1H), 4.55 (s, 1H), 4.25-4.33 (m, 4H), 4.10-4.25 (m, 3H), 3.95-4.10 (m, 2H), 3.56 (m, 1H), 3.29
(m, 1H), 3.21 (m, 1H), 3.05 (m, 2H), 2.97 (d, J = 4.4 Hz, 3H), 2.65-2.75 (m, 3H), 2.45 (m, 1H), 1.78-
1.92 (m, 4H), 1.66-1.74 (m, 3H), 1.52 (s, 9H), 1.05-1.36 (m, 15H), 0.92-0.99 (m, 9H), 0.78 (d, J =
7.4Hz, 3H).

13C NMR (100 MHz, pyridine-ds) & (ppm) 162.4 (2 x C), 161.9 (C), 161.6 (C), 161.3 (C), 157.6 (C),
125.2 (C), 81.1 (C), 59.1 (CH), 58.7 (CH), 56.6 (CH), 49.8 (CH), 49.6 (CH), 49.4 (CH_), 49.1 (CH_),
48.1 (CH,), 48.0 (CHy), 47.8 (CH), 47.6 (CHy), 46.6 (CH), 45.8 (CHy), 44.9 (CH,), 43.0 (CHy), 32.4
(CH), 29.8 (3 X CHs), 29.7 (CHy), 28.4 (CH), 26.7 (CHs), 27.3 (CHa), 25.0 (CH3), 24.7 (CH3), 23.6
(CH3), 21.4 (CHs), 20.4 (CHs), 19.8 (CHs), 19.5 (CHs).

HRMS (ES*, MeOH) calcd for C40HgoN130g = 870.62473; found 870.62537.

7.4.1.2 3,5-(CF3):PhNHCO-Pro“-Ala“-Leu"-Val“- Ala"-Leu“-NHMe (10)

To a solution of Boc-Pro“-Ala“-Leu"-Val“- Ala“-Leu" -NHMe (100 mg, 115 pmol) in CH,CI; (1 mL)
was added TFA (1 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the
reaction, TFA and CH,Cl, were evaporated under reduced pressure. To the resulting TFA salt dissolved
in DMF (2 mL) were successively added DIPEA (0.345 mmol, 60 pL) and 3,5-
bis(trifluoromethyl)phenyl isocyanate (0.172 mmol, 31 pL). The reaction mixture was stirred at RT for
16 h and a saturated solution of NaHCO3 (20 mL) was added (20 mL) was added. Desired compound
was extracted with Isopropanol:Chloroform 3:7 (100 mL). Organic combined layers were washed with
distilled water, dried over MgSOQy, filtered and concentrated under reduced pressure. Purification of the
residue by column chromatography (MeOH/CHCI, from 5:95 to 0:90) followed by purification with
chromatotron (MeOH/CH_Cl, 90:10) provided the titled oligourea 10 as a white solid (44 mg, 37%).

IH NMR (400 MHz, CDsOH) & (ppm) 8.83 (s, 1H) , 8.16 (s, 2H), 7.64 (s, 1H), 6.45 (m, 1H), 6.40 (d,
J=9.2Hz, 1H), 6.37 (d, J=9.6Hz, 1H), 6.19 (m, 2H), 6.12 (m, 2H), 6.06 (d, J = 9.6 Hz, 1H), 5.97 (m,
2H), 5.72 (d, J = 10.4 Hz, 1H), 4.00-4.08 (m, 1H), 3.85-3.95 (m, 3H), 3.50-3.67 (m, 8H), 3.11 (m, 1H),
2.70 (d, J = 4.0 Hz, 3H), 2.63 (m, 1H), 2.27-2.43 (m, 3H), 1.94-2.13 (m, 1H), 1.80-1.85 (m, 1H), 1.69
(sext, J = 7.6 Hz, 2H), 1.57 (sext, J = 7.8 Hz, 3H), 1.20-1.29 (m, 1H), 1.16 (t, J = 7.3 Hz, 1H), 1.05 (d,
J=7.3Hz, 3H), 1.02 (d, J = 7.8 Hz, 3H), 0.92 (d, J=7.4Hz, 3H), 0.92 (d, J = 7.3 Hz, 3H), 0.89 (d, J =
7.8Hz, 3x3H), 0.85 (d, J = 7.3 Hz, 3H).

13C NMR (100 MHz, CD;0OH) § 162.1 (C), 162.1 (C), 162.0 (C), 161.7 (C), 161.5 (C), 161.2 (C), 143.5
(C), 120.9 (CH), 116.3 (CH), 59.0 (CH), 56.4 (CH), 47.6 (CH_), 47.5 (CH_), 47.3 (CH), 46.3 (CH), 45.1
(CHy), 44.8 (CHy), 32.0 (CH), 27.0 (CH,), 26.2 (CHz), 25.9 (CH), 23.7 (CHs), 23.6 (CH3), 22.8 (CHs),
22.6 (CHs), 20.2 (CHs), 18.9 (CHs), 18.7 (CHs), 18.4 (CHs).

¥F NMR (376 MHz, CDs0OH) & -64.5.
HRMS (ES*, MeOH) calcd for Ca4H7s5FsN14O7 = 1025.14804; found 1025.58729.
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Table S9 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Pro-Ala"-Leu"-Val“-Ala"- Leu-
NHMe (10) in CD3;OH at 293K

Residue NH NH> °CH! ¢°CH? PCH 'CH CH *CH Term CH A$8(°CH)
ArNHCO 8.83
Pro" 1 - 6.12 3.57 3.11 4.28 2.07 1.85 3.55 0.46
Ala" 2 5.97 6.21 3.53 2.73 3.87 1.05 0.80
Leu" 3 5.72 6.37 3.58 231 3.92 1.17 1.68 0.88 1.27
Val* 4 7.19 6.45 3.65 2.44 3.59 1.56 0.88+0.89 121
Alau 5 5.97 6.40 3.51 2.35 4.08 1.02 1.16
Leut 6 6.06 6.11 3.57 2.63 3.92 1.22 1.70 0.92 0.94
NHMe |6.25 2.70
'H NMR:
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7.4.2 Synthesis of 3,5-(CF3);PhNHCO-Val"-Pro“-Leu“-Val'-Ala“-Leu"-NHMe (11)

1) TFA, DCM

2) BocPro“OSu, DIPEA, acetonitrile/DMF

1) TFA, DCM

2) BocPro“OSu, DIPEA, DMF
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Scheme S11 : Synthesis of the hexamer 11
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7.4.2.1 Boc-Pro“-Leu“-Val'- Ala“-Leu" -NHMe

Boc-Leu“-Val'-Ala“-Leu“-NHMe (700 mg, 1.02 mmol) was dissolved in TFA (5 mL) and the mixture
was stirred at RT until completion of the reaction (4 h). TFA was evaporated under reduced pressure.
Last traces of TFA were removed by co-evaporation with toluene (3 x 10 mL). To the resulting TFA
salt dissolved in a mixture of CH3CN (6 mL) and DMF (6 mL) were added DIPEA (5.1 mmol, 0.89
mL) and a solution of BocPro"OSu (383 mg, 1.20 mmol) in CH3CN (3.5 mL). The reaction mixture
was stirred at RT for 16 h and CH3sCN was evaporated under pressure. Saturated NaHCO3 (40 mL) was
added to the residue. The solid which precipitated was filtered off and was washed with water (10 mL),
0.25 M KHSO4 (10 mL) and water (10 mL). The precipitate was dried under high vacuum and
purification by column chromatography (MeOH/CH,CI, 7:93) followed by recrystallization from a
mixture of MeOH, CHCl, and Et,O provided the titled oligourea as a white solid (385 mg, 49%).

'H NMR (400 MHz, pyridine-ds) & (ppm) 6.90-7.12 (m, 4H), 6.84 (d, J = 7.7 Hz, 1H), 6.66-6.77 (m,
2H), 6.31-6.44 (m, 2H), 6.21 (d, J = 7.5 Hz, 1H), 4.68-4.83 (m, 1H), 4.52-4.65 (m, 1H), 3.84-4.49 (m,
7H), 3.40-3.77 (m, 1H), 3.22-3.36 (m, 1H), 3.11-3.21 (m, 1H), 2.98-3.11 (m, 2H), 2.96 (d, J = 4.4 Hz,
3H), 2.45-2.75 (m, 3H), 1.46-2.08 (m, 7H), 1.53 (s, 9H), 1.16-1.44 (m, 4H), 1.12 (d, J = 7.4 Hz, 3H),
1.08 (d, J = 7.5 Hz, 3H), 0.87-1.04 (m, 9H), 0.91 (d, J = 7.3 Hz, 3H), 0.79 (d, J = 7.6 Hz, 3H).

13C NMR (100 MHz, pyridine-ds) & (ppm)161.6 (C), 161.4 (C), 160.9 (2 xC), 160.3 (C), 156.9 (C),
80.4 (C), 57.8 (CH), 56.0 (CH), 49.0 (2 x CH), 48.6 (CH,), 47.5 (CHy), 47.0 (CH,), 46.7 (CH,), 45.8
(CH), 45.1 (2 x CHy), 44.2 (CH,), 41.8 (CH2), 31.6 (CH), 29.0 (3 x CHs), 28.8 (CH_), 27.6 (CH3), 25.8
(CH), 25.5 (CH), 24.1 (CH,), 23.8 (2 x CHs), 22.9 (CHs), 22.8 (CH3), 20.6 (CHs), 19.5 (CHs), 18.8
(CHa).

MS (ES*, MeOH): 770.6 ([M+H]*, 100%). HRMS (ES*, MeOH) calcd for CssH7.N1,07 = 770.56107;
found 770.56182.

7.4.2.2 Boc-Val“-Pro“-Leu“-Val'- Ala“-Leu" -NHMe

Boc-Pro“-Leu“-Val"-Ala“-Leu"-NHMe (300 mg, 0.39 mmol) was dissolved in TFA (5 mL) and the
reaction mixture was stirred at RT until completion of the reaction. TFA was evaporated under reduced
pressure. Last traces of TFA were removed by co-evaporation with toluene (3 x 10 mL). To the resulting
TFA salt dissolved in DMF (1.5 mL) were successively added DIPEA (203 pL, 1.17 mmol) and a
solution of BocVal"OSu (147 mg, 0.43 mmol) in CH3CN (1.5 mL). The reaction mixture was stirred at
RT for 16 h and CH3CN was evaporated under reduced pressure. A saturated solution of NaHCOs3 (30
mL) was then added to the residue. The solid which precipitated was filtered off, was washed with H,O
(10 mL), 0.25 M KHSO4 (10 mL) and H,O (10 mL) and was dried under high vacuum. Purification of
the residue by column chromatography (MeOH/CHCl, 5:95—10:90) followed by precipitation from a
mixture of EtOAc and Et,O provided the titled oligourea as a white solid (230 mg, 66%).

IH NMR (400 MHz, CHsCN) & (ppm) 6.76 (d, J = 9.2 Hz, 1H), 6.45 (d, J = 9.0 Hz, 1H), 6.27 (d, J =
7.7 Hz, 1H), 6.18 (d, J = 8.4 Hz, 1H), 5.98 (q, J = 4.5 Hz, 1H), 5.93 (d, J = 10.7 Hz, 1H), 5.85 (d, J =
10.4 Hz, 1H), 5.74 (d, J = 8.7 Hz, 1H), 5.70 (d, J = 9.6 Hz, 1H), 5.54 (t, J = 5.4 Hz, 1H), 5.37-5.49 (m,
2H), 4.12-4.26 (m, 1H), 3.91-4.07 (m, 1H), 3.75-3.91 (m, 2H), 3.42-3.74 (m, 8H), 3.22-3.32 (m, 1H),
3.18 (q, J = 8.8 Hz, 1H), 2.63 (d, J = 4.5 Hz, 3H), 2.53-2.64 (m, 1H), 2.14-2.52 (m, 5H), 1.94-2.04 (m,
2H), 1.40-1.86 (m, 6H), 1.43 (s, 9H), 1.10-1.22 (m, 4H), 0.96 (d, J = 7.9 Hz, 3H), 0.93 (d, J = 7.8 Hz,
3H), 0.86-0.92 (m, 15H), 0.83 (d, J = 7.7 Hz, 3H), 0.78 (d, J = 7.7 Hz, 3H).

13C NMR (100 MHz, CH3CN) & (ppm) 161.8 (C), 161.1 (2 x C), 160.5 (C), 160.0 (C), 159.5 (C), 158.9
(C), 80.1 (C), 56.6 (CH), 57.4 (CH), 55.7 (CH), 49.0 (CH), 48.6 (CH), 48.2 (CH), 46.7 (CH,), 46.0 (2
x CHy), 45.5 (CH), 44.6 (CHy), 44.4 (CH,), 44.3 (CH), 44.0 (CHy), 42.5 (CHs), 31.5 (CH), 28.7 (3 x
CHs), 27.8 (CH2), 26.9 (CHs), 26.0 (CH), 25.6 (CH), 24.5 (CH>), 23.6 (CHa), 23.5 (CHs), 22.7 (CHs),
22.4 (CHs), 20.1 (CHs), 19.9 (CHs), 19.4 (CHs), 19.1 (CH3), 18.4 (CHs).

MS (ES*, MeOH): 898.7 ([M+H]*, 100%). HRMS (ES*, MeOH) calcd for C42HgaN130s = 898.65603;
found 898.65540.



217

7.4.2.3 3,5-(CF3):PhNHCO-Val“-Pro"-Leu"-Val“-Ala"-Leu"-NHMe (11)

To asolution of Boc-Val'-Pro"-Leu“-Val'-Ala“-Leu"-NHMe (186 mg, 0.207 mmol) in CH,Cl; (2 mL)
was added TFA (2 mL) and the mixture was stirred at RT until completion of the reaction. TFA and
CH>Cl, were evaporated under reduced pressure. Last traces of TFA were removed by co-evaporation
with toluene (3 x 10 mL). To the resulting TFA salt dissolved in DMF (3 mL) were successively added
DIPEA (162 pL, 0.910 mmol) and 3,5-bis(trifluoromethyl)phenyl isocyanate (54 pL, 0.310 mmol). The
reaction mixture was stirred at RT for 16 h and a saturated solution of NaHCO3 (20 mL) was added.
The solid which precipitated was filtered off, was washed with H,O (10 mL), 0.25 M KHSO, (10 mL)
and H>O (10 mL) and was dried under high vacuum. Purification of the residue by column
chromatography (MeOH/CH2Cl; 4:96—11:89) followed by precipitation from a mixture of EtOAc and
MeOH provided the titled oligourea 11 as a white solid (112 mg, 51%). MS (ES*, MeOH): ([M+Na]*,
50%), ([M+H]*, 100%).

'H NMR (400 MHz, CD;OH) & (ppm) 8.98 (s, 1H), 7.98 (brs, 2H), 7.61 (brs, 1H), 6.62 (brs, 1H), 6.26-
6.48 (m, 4 H), 6.14-7.25 (m, 1H), 5.90-7.14 (m, 5H), 5.80 (d, J = 9.1 Hz, 1H), 4.11-4.25 (m, 1H), 4.00-
4.11 (m, 1H), 3.81-4.00 (m, 3H), 3.48-3.73 (m, 6H), 3.31-3.47 (m, 1H), 3.18-3.31 (m, 2H), 2.80-2.99
(m, 1H), 2.70 (d, J = 4.2 Hz, 3H), 2.56-2.73 (m, 2H), 2.27-2.49 (m, 3H), 1.86-2.00 (m, 2H), 1.47-1.85
(m, 6H), 1.14-1.27 (m, 4H), 0.96-1.06 (m, 9H), 0.86-0.95 (m, 15 H), 0.84 (d, J = 7.5 Hz, 3H).

13C NMR (100 MHz, CDsOH) & 162.3 (C), 162.0 (C), 161.6 (2 x C), 161.4 (C), 160.1 (C), 158.1 (C),
143.3 (C), 133.1(q, J = 33 Hz, 2 x C), 124.7 (g, J = 270 Hz, 2 x C), 118.7-119.1 (m, 2 x CH), 115.3-
115.7 (m, CH), 57.5 (CH), 56.3 (CH), 56.1 (CH), 49.4 (2 x CH), 48.2 (CHy), 47.0 (CHz), 46.4 (CH,),
46.3 (CHy), 46.1 (CH), 44.9 (CHy), 44.75 (CH,), 44.70 (CHy), 43.8 (CHy), 42.8 (CH,), 31.9 (2 x CH),
28.5 (CHy), 26.8 (CHs), 26.1 (CH), 25.8 (CH), 24.5 (CH,), 23.5 (CHs), 23.4 (CHs), 22.7 (CHs), 22.4
(CHs), 20.04 (CHs), 20.01 (CHs), 18.7 (CHs), 18.5 (CHs), 18.3 (CHs) ppm.

19F NMR (376 MHz, CD;OH) & -64.6 ppm.
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Table S10: *H NMR Chemical Shifts (ppm) of 3,5-(CF3).PhNHCO-Val'-Pro"-Leu"-Val'-Ala"- Leu"-
NHMe (11) in CDsOH at 293K.

Residue NH NI’ “CH* “CHP PCH 'CH °CH °*CH TermCH A®(“CH)
7.8
ArNHCO 8.98 o8
valh 1 604 633 289 356 395 177 101 0.67
Prot 2 . 599 270 341 418 }?g 194 3.6 0.71
Lewt 3 580 662 241 366 391 120 171 090 1.23
val' 4 6.09 639 241 363 357 155 8'23 1.22
Ala® 5 6.05 638 237 355 406 103 1.18
Lewt 6 6.03 643 264 360 389 124 170 0.93 0.96
NHMe | 6.20 2.70
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7.4.3 Synthesis of (CF3).,PhNHCS-Val"-Pro“-Leu"-Val'-Ala“-Leu"-NHMe (12)
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Scheme S12: Synthesis of the hexamer 12

Boc-Pro“-Leu-Val“-Ala“-Leu"-NHMe (300 mg, 0.39 mmol) was dissolved in TFA (5 mL) and the
reaction mixture was stirred at RT until completion of the reaction. TFA was evaporated under reduced
pressure. Last traces of TFA were removed by co-evaporation with toluene (3 x 10 mL). To the resulting
TFA salt dissolved in DMF (1.5 mL) were successively added DIPEA (203 pL, 1.17 mmol) and a
solution of BocVal'OSu (147 mg, 0.43 mmol) in CHsCN (1.5 mL). The reaction mixture was stirred at
RT for 16 h and CH3CN was evaporated under reduced pressure. A saturated solution of NaHCOs3 (30
mL) was then added to the residue. The solid which precipitated was filtered off, was washed with H,O
(10 mL), 0.25 M KHSO4 (10 mL) and H.O (10 mL) and was dried under high vacuum. Purification of
the residue by column chromatography (MeOH/CH,CI; 5:95—10:90) followed by precipitation from a
mixture of EtOAc and Et,O provided the titled oligourea 12 as a white solid (230 mg, 66%).
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'H NMR (400 MHz, CD30H) & (ppm) 8.08 (s, 2H), 7.66 (s, 1H), 6.34 (m, 1H), 6.32 (m, 1H), 6.21 (m,
3H), 6.10 (m, 1H), 5.98 (m, 1H), 5.93 (m, 1H), 5.87 (m, 2H), 5.63 (m, 1H), 3.94 (m, 1H), 3.80 (m, 2H),
3.35-3.56 (m, 8H), 3.17 (m, 1H), 2.61 (d, J = 4.4 Hz, 4H), 2.55-2.60 (m, 1H), 2.25-2.42 (m, 4H), 1.72-
1.83 (m, 4H), 1.48-1.61 (m, 3H), 1.46 (sext, J = 7.8 Hz, 1H), 1.08-1.20 (m, 4H), 0.94 (m, 8H), 0.83 (3d,
J =7.4 Hz, 3x3H), 0.80 (d, J = 7.4 Hz, 2x3H), 0.76 (d, J = 7.8 Hz, 3H).

13C NMR (100 MHz, CDsOH) 8 (ppm) 182.4 (C), 160.7 (C), 160.3 (C), 160.1 (C), 160.0 (C), 158.7
(C), 141.9 (C), 131.4 (C), 131.1 (C), 124.7 (C), 122.7 (2 x CH), 122.0 (CH), 116.6 (CH), 59.7 (CH),
56.6 (CH), 55.0 (CH), 47.8 (CH>), 45.9 (CH), 45.7 (CH.), 45.0 (CH), 44.8 (CH,), 43.5 (CH,), 42.8
(CH,), 42.5 (CH), 41.5 (CH,), 30.7 (CH), 30.5 (CH,), 29.3 (CH), 27.9 (CH,), 25.6 (CHs), 24.9 (CH»),
24.5 (CHs), 22.9 (CHy), 22.3 (CH,), 22.2 (CHs), 21.5 (CHs), 21.1 (CH3), 18.8 (CHs), 18.5 (CHs), 17.5
(CHs), 17.4 (CHs), 17.3 (CHs).

F NMR (282 MHz, CDsOH): & (ppm) -64.5

HRMS (ES*, MeOH) calcd for CsH7sFeN1406S = 1069.59264; found 1069.59347.

Table S20: *H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Val*-Pro“-Leu‘-Val“-Ala"- Leu-
NHMe (12) in CDsOH at 293K.

Residue NH NH’ °CH! °*CH* PCH 7'CH °CH *CH TermCH A&("CH)
ArNHCO ND
Val® 1 587 6.17 3.48 2.46 350 148 0.76 1.02
Pro 2 - 6.09 3.35 2.63 3.17 180 094 0.72
Leu" 3 563 6.21 3.50 2.39 380 113 172 0.83 1.11
Val! 4 587 6.19 352 2.46 348 148 0.80 1.06
Ala" 5 598 6.32 3.48 2.28 3.96 1.08 1.20
Leu 6 593 6.34 348 2.54 380 113 161 094 0.94
NHMe 2.61
'H NMR:
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7.4.4 Synthesis of 3,5-(CF3).PhNHCO-Gly"-Ala“-Leu"-Val'- Ala"-Leu“"-NHMe (13)
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Scheme S13: Synthesis of the hexamer 13

7.4.4.1 BocGly"-Ala"-Leu"-Val“-Ala"-Leu"-NHMe

Boc-Ala“-Leu"-Val“-Ala"-Leu"-NHMe (75 mg, 0.10 mmol) was dissolved in TFA (1 mL) and the
reaction mixture was stirred at RT until completion of the reaction. TFA was evaporated under reduced
pressure. Last traces of TFA were removed by co-evaporation with toluene (3 x 10 mL). To the resulting
TFA salt dissolved in DMF (1 mL) were successively added DIPEA (52 uL, 0.30 mmol) and a solution
of BocGIly"OSu (46 mg, 0.15 mmol) in DMF (1 mL). The reaction mixture was stirred at RT for 16 h
and NaHCOs solution (10 mL) was added which allowed the appearance of a precipitate. The solid was
filtered off, was washed with H,O (10 mL), dissolved in MeOH (10 mL) and concentrated under
vacuum. Purification of the residue by column chromatography (MeOH/CH2Cl, 5:95—15:85) provided
the titled oligourea as a white solid (75 mg, 75%).

'H NMR (400 MHz, CDs0OH) & (ppm) 6.63 (s, 1H), 6.39-7.30 (m, 4H), 6.10 (m, 1H), 5.89-6.00 (m,
4H), 5.80 (m, 1H), 5.76 (m, 1H), 3.75-3.95 (M, 4H), 3.39-3.54 (m, 5H), 2.62 (d, J = 4.4 Hz, 4H), 2.26-
2.37 (m, 4H), 1.61 (m, J = 7.8 Hz, 2H), 1.49 (sext, J = 7.8 Hz, 1H), 1.36 (s, 9H), 1.18 (m, 4H), 0.96 (d,
J=7.8Hz, 3H),0.93 (d, J = 7.8 Hz, 3H), 0.80-0.84 (d, J = 7.8 Hz, 5x3H), 0.76 (s, J = 7.8 Hz, 3H).

13C NMR (75 MHz, CD;OH) & (ppm) 160.6 (C), 129.4 (CH), 127.6 (CH), 54.9 (CH), 45.7 (CH), 42.2
(CHa), 41.3 (CH,), 30.5 (CH), 29.4 (CH,), 27.5 (3XCHs), 25.5 (CHs), 24.9 (CHs), 24.6 (CHa), 22.2
(CHs), 21.3 (CHs), 21.1 (CHs), 18.8 (CHs), 17.5 (CHs), 17.1 (CHs), 16.9 (CH).

MS (ESI): m/z [M+H]* 830.7.
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7.4.4.2 3,5-(CF3):PhNHCO-Gly"-Ala"-Leu"-Val'-Ala"-Leu"-NHMe (13)

To asolution of Boc-Gly“-Ala"-Leu"-Val'- Ala“-Leu“-NHMe (63 mg, 0.075 mmol) in CH2Cl, (1 mL)
was added TFA (1 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the
reaction, TFA and CH,Cl, were evaporated under reduced pressure. To the resulting TFA salt dissolved
in DMF (1 mL) were successively added DIPEA (0.225 mmol, 39 pL) and 3,5-
bis(trifluoromethyl)phenyl isocyanate (0.113 mmol, 20 pL). The reaction mixture was stirred at RT for
16 h and a saturated solution of NaHCOj3 (10 mL) was added. The solid which precipitated was filtered
off, was washed with H>O (10 mL), 0.25 M KHSO4 (10 mL) and H20O (10 mL) and was dried under
high vacuum. Purification of the residue by column chromatography (MeOH/CH,CI, from 5:95 to
15:85) followed by preparative HPLC purification (MeOH/H20O 30:100—0:100 in 5 min, then 5 min
methanol isocratic) provided the titled oligourea 13 as an orange solid (47 mg, 64%).

IH NMR (400 MHz, DMSO-ds) 5 (ppm) 8.14 (s, 2H), 7.69 (s, 1H), 6.28-6.32 (m, 1H), 6.16-6.22 (m,
4H), 6.05-6.12 (m, 2H), 5.96-6.02 (m, 1H), 5.86-5.89 (m, 1H), 5.71-5.73 (m, 1H), 4.18 (m, 1H), 3.68-
3.91 (m, 3H), 3.40-3.51 (m, 3H), 3.36 (M, 2H), 3.24-3.29 (m, 1H), 3.12-3.20 (M, 2H), 2.59 (m, 1H),
2.59 (d, J = 4.4Hz, 3H), 2.24-2.41 (m, 3H), 2.11 (m, 2H), 1.64 (sext, J = 7.8 Hz, 2H), 1.52 (sext, J =
7.0Hz, 1H), 1.28 (m, 1H), 1.15 (t, J = 7.8Hz, 1H), 1.01 (d, J = 7.4Hz, 3H), 0.95 (d, J = 7.8Hz, 3H), 0.88
(d, J = 7.4Hz, 3H), 0.88 (d, J = 7.4 Hz, 2x3H), 0.85 (d, J = 7.6 Hz, 3H), 0.81 (d, J = 7.8Hz, 3H), 0.79
(d, J = 7.8Hz, 3H).

13C NMR (100 MHz, DMSO-ds) & (ppm) 169.9 (C), 169.7 (C), 169.5 (C), 169.0 (C), 168.5 (C), 165.5
(C), 159.8 (C), 159.5 (C), 159.2 (C), 152.9 (C), 141.1 (C, m), 127.6 (CH), 64.3 (CH), 57.7 (CH), 55.7
(CH), 54.8 (CH), 54.6 (CH), 53.3 (CHy), 52.9 (CHy), 51.3 (CH) ; 40.3 (CH), 36.6 (CH,), 34.8 (CHy),
34.5 (CHs), 33.4 (CH3), 33.3 (CHs), 32.3 (CHa), 29.7 (CHs), 29.0 (CHs), 28.8 (CH), 27.9 (CHs).

¥F NMR (376 MHz, DMSO-ds) & -65.2
HRMS (ES*, MeOH) calcd for Cs1H70FsN14O7 = 985.55289 ; found: 985.55203.
Note: Presence of a small impurity visible on *°F.

Table S 11: *H NMR Chemical Shifts (ppm) of 3,5-(CF3).;PhNHCO-Gly"-Ala“-Leu"-Val“-Ala"- Leu"-
NHMe (13) in DMSO-ds at 293K.

Residue NH NH’ °CH; °CH; FfCH 'CH °CH *CH Term CH A&(“CH)
ArNHCO ND

Gly* 1 5.97 6.18 330 251 3.75+2.52 0.79
Ala" 2 6.18 6.09 338 237 3.72 1.01 1.01
Leu 3 6.71 6.05 340 234 3.71 112 1.63 0.85 1.06
Val" 4 6.16 596 339 237 3.77 1.67 0.86 1.02
Ala" 5 6.18 584 341 228 3.90 0.95 1.13
Leu 6 6.28 6.19 335 236 3.46 128 152 0.78 0.99

NHMe |5.93 2.59

'H NMR:
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7.4.5 Synthesis of 3,5-(CF3).PhNHCS-Gly"-Ala"-Leu“-Val"- Ala“-Leu"-NHMe (14)

o H NG SN E. JLJi\T
(0]

NN : H N
o] o] Y o =
1) TFA, DCM
2) DIPEA, DMF

3,5-(CF3),PhNCS

Res.1 | Res.2 . Res.3 | Res. 4 Res.5 . Res.6
H H Q Hin o H: H Q@ H H
FiC NN~ A N NGB~ NN~ A N__N_
ARG T g U s S R g ¢

HiH I HIH S ¢ HIH S

CFs o E !

Scheme S14 : Synthesis of the hexamer 14

Boc-protected hexamer (300 mg, 0.40 mmol) was dissolved in DCM (5 mL) and TFA (5 mL) was
added. After completion of the reaction, reaction mixture was concentrated. DIPEA (420 uL, 2.41
mmol) and activated monomer 4 (182 mg, 0.60 mmol) were added in the residue dissolved in DMF (10
mL). After 16h, NaHCO3 solution (20 mL) was added and led to precipitation. The resulting solid was
recovered by filtration, dissolved in CH2Cl, (50 mL) and washed with water (3 x 10 mL). The organic
layer was dried over Na,SO., filtered and concentrated under reduced pressure. Purification by
chromatography on silica gel with a gradient of 7% to 11% MeOH in CH,Cl, gave 315 mg (94%) of
the titled oligourea 14 as a white solid.

IH NMR (400 MHz, CDsOH) 5 8.14 (s, 2H), 7.63 (s, 1H), 6.35-6.42 (m, 3H), 6.17-6.23 (m, 2H), 5.95-
6.09 (M, 5H), 5.72 (m, 2H), 4.00-4.08 (m, 1H), 3.87-3.95 (m, 3H), 3.68-3.81 (m, 2H), 3.48-3.68 (m,
6H), 3.34-3.41 (M, 2H), 2.71 (d, J = 4.8 Hz, 3H), 2.61-2.68 (m, 2H), 2.40-2.44 (m, 3H), 1.69 (2 X sext,
2 x J = 7.3 Hz, 2H), 1.58 (sext, J =7.8 Hz, 1H), 1.17-1.29 (m, 2H), 1.06 (d, J = 7.8 Hz, 3H), 0.99 (d, J
= 7.3 Hz, 3H), 0.90 (d, J = 7.8 Hz, 2 x 3H), 0.89 (d, J = 7.8 Hz, 3H), 0.86 (d, J = 7.8 Hz, 2 x 3H), 0.83
(d, J = 7.8 Hz, 3H).

13C NMR (100 MHz, CDsOH): § 160.7(C), 160.7 (C), 160.5 (C), 160.0 (C), 159.6 (C), 141.7 (C), 131.5
(g, J = 30 Hz, CF3), 124.7 (C), 122.6 (C), 122.0 (2 x CH), 116.7 (CH), 55.1 (CH), 47.8 (CH), 46.6
(CHa), 45.9 (CHs), 45.0 (CH,), 44.9 (CHy), 44.3 (CH), 43.2 (CH), 42.4 (CHy), 41.2 (CH,), 39.1 (CH),
30.6 (CH), 25.6 (CHs), 24.9 (CHs), 24.5 (CH), 22.3 (CHs), 22.2 (CHs), 21.3 (CHs), 18.8 (CHs).

F NMR (376 MHz, CD30OH) : 6 -64.6

HRMS (ES*, MeOH) calcd for C41H71FsN14OsS = 1001.53004 ; found: 1001.53342. Note: Presence of
a small impurity visible on *°F.
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Table S 12 : *H NMR Chemical Shifts (ppm) of 3,5-(CFs3),PhNHCS-Gly“-Ala"-Leu"-Val“-Ala"- Leu-
NHMe (14) in CD3;OH at 293K

Residue NH NH’ °“CH! °CH? PCH 'CH 3CH CH Term CH A8(“CH)
ArNHCS ND
Gly 1 6.10 6.10 3.74 3.39 3.58+3.40 0.35
AlaY 2 598 6.39 354 260 4.06 1.02 0.94
Leu 3 5.75 6.25 356 239 3.90 1.24 1.69 0.86+0.92 1.17
ValY 4 6.21 6.46 363 244 354 1.58 0.89+0.92 1.19
AlaY 5 6.06 582 348 242 3.95 1.08 1.06
Leu 6 6.09 640 359 268 3.88 1.22 1.64 0.93+0.93 0.91
NHMe 6.21 2.71
'H NMR:
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7.4.6 Synthesis of 3,5-(CF3).,PhNHCO-Phe"-Ala"-Leu"-Val“-Ala"-Leu“-NHMe (15)
o} o}
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Scheme S15: Synthesis of the hexamer 15

7.4.7.1 Boc-Phe"-Ala"-Leu"-Val'-Ala"-Leu"-NHMe

To a solution of Boc-Ala“-Leu“-Val'- Ala“-Leu*-NHMe (75 mg, 0.1 mmol) in CH,Cl, (1 mL) was
added TFA (1 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the reaction,
TFA and CHCl, were evaporated under reduced pressure. To the resulting TFA salt dissolved in DMF
(2 mL) were successively added DIPEA (0.3 mmol, 52 uL) and BocPhe"OSu (0.15 mmol, 59 mg). The
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reaction mixture was stirred at RT for 16 h and a saturated solution of NaHCO3; (10 mL) was added.
The solid which precipitated was filtered off, was washed with H>O (10 mL), 1IN KHSO, (10 mL) and
H>O (10 mL) and was dried under high vacuum. Purification of the residue by column chromatography
(MeOH/CH Cl; 5:95—15:85) provided the titled oligourea as a transparent solid (79 mg, 86%).

'H NMR (400 MHz, CD;OH) & (ppm) 7.08-7.31 (m, 5H), 6.71 (d, J = 9.6Hz, 1H), 6.31-6.40 (m, 4H),
6.09-6.13 (M, 1H), 6.03-6.07 (M, 1H), 5.98 (d, J = 9.4 Hz, 1H), 5.87 (d, J = 10.4 Hz, 1H), 5.73 (m, 1H),
5.67 (d, J = 10.4 Hz, 2H), 3.92-3.98 (m, 1H), 3.68-3.86 (M, 4H), 3.43-3.59 (m, 6H), 2.62 (d, J = 4.4 Hz,
3H), 2.62 (M, 2H), 2.46-2.57 (m, 3H), 2.18-2.30 (M, 3H), 2.06-2.12 (M, 1H), 1.60-1.67 (m, 1H), 1.48-
1.56 (m, 2H), 1.45 (s, 3H), 1.28 (s, 9H), 1.13-1.19 (m, 3H), 0.95 (d, J=8.0Hz, 3H), 0.92 (d, J = 7.3 Hz,
3H), 0.85 (d, J = 7.8 Hz, 2x3H), 0.82 (d, J = 7.8 Hz, 3H), 0.78 (d, J = 7.8 Hz, 2x3H), 0.76 (d, J = 7.8
Hz, 3H).

13C NMR (100 MHz, CDsOH) § 160.1 (C), 160.1 (C), 159.5 (C), 159.5 (C), 157.8 (C), 157.7 (C), 156.8
(C), 138.7 (C), 136.4 (C), 129.2, 129.0, 128.7 (2 x CH), 128.3 (CH), 128.0 (2 x CH), 127.9, 126.5,
126.0, 79.0, 55.9, 54.8, 54.7, 52.6, 52.5, 45.8, 45.7, 45.0, 44.8, 43.4, 42.6, 42.5, 41.4, 40.7, 38.8, 38.3,
35.6, 30.6, 30.3, 27.5, 27.0, 25.6, 25.4 (CH3), 24.8 (CH), 24.5 (CH), 22.3 (CH3), 22.2 (CHs), 21.3 (CHs),
21.2 (CHs), 18.8 (CHs).

MS (ESI): m/z [M+H]" 921.7. Note: Presence of an impurity visible on *C.

7.4.7.2 3,5-(CF3):PhNHCO-Phe"-Ala"-Leu"-Val“-Ala"-Leu"-NHMe (15)

To a solution of Boc-Phe-Ala"-Leu“-Val"- Ala"-Leu“-NHMe (79 mg, 0.086 mmol) in CH2Cl, (1 mL)
was added TFA (1 mL) and the reaction mixture was stirred at RT for 4 h. After completion of the
reaction, TFA and CH,Cl, were evaporated under reduced pressure. To the resulting TFA salt dissolved
in DMF (1 mL) were successively added DIPEA (0.225 mmol, 39 puL) and 3,5-
bis(trifluoromethyl)phenyl isocyanate (0.113 mmol, 20 pL). The reaction mixture was stirred at RT for
16 h and a saturated solution of NaHCOj3 (10 mL) was added. The solid which precipitated was filtered
off, was washed with H.O (10 mL), IN KHSO, (10 mL) and H20O (10 mL) and was dried under high
vacuum. Purification of the residue by column chromatography (MeOH/CH,CIl, from 5:95 to 10:90)
followed by preparative HPLC purification (MeOH/H0 30:100—0:100 in 5 min, then 5 min methanol
isocratic) provided the titled oligourea 15 as a purple solid (35 mg, 38%).

IH NMR (400 MHz, CDsOH) & (ppm) 7.96 (s, 2H), 7.64 (s, 1H), 7.32-7.44 (m, 10H), 6.51-6.55 (m,
2H), 6.47 (dd, J = 3.2Hz, 10.0Hz, 1H), 6.45 (dd, J = 2.8 Hz, 8.8 Hz, 1H), 6.37 (d, J = 10 Hz, 1H), 6.25
(m, 2H), 6.19 (m, 2H), 6.12 (d, J = 10.0 Hz, 1H), 6.07 (dd, J = 3.6 Hz, 9.6Hz, 1H), 6.01 (d, J = 10.4
Hz, 1H), 5.91 (d, J = 10.0 Hz, 1H), 5.79 (d, J = 10.8 Hz, 1H), 4.05-4.14 (m, 1H), 3.86-4.00 (m, 4H),
3.57-3.73 (m, 7H), 2.79-2.83 (m, 1H), 2.75 (d, J = 4.8 Hz, 3H), 2.35-2.46 (m, 2H), 2.25-2.33 (m, 1H),
1.75 (2x oct, J = 7.8 Hz, 1H+1H), 1.62 (oct, J = 7.8 Hz, 1H) , 1.27-1.38 (m, 3H), 1.11-1.20 (m, 1H),
1.08 (d, J = 7.8 Hz, 3H), 1.06 (d, J = 7.8 Hz, 3H), 0.99 (d, J = 7.8 Hz, 3H+3H), 0.95 (d, J = 7.3 Hz,
3H), 0.93 (d, J = 7.8 Hz, 3H), 0.91 (d, J = 7.4 Hz, 3H), 0.90 (d, J = 7.8 Hz, 3H).

13C NMR (100 MHz, CD;OH) & (ppm) 162.2 (C), 162.2 (C), 162.0 (C), 161.9 (C), 161.5 (C), 161.0
(C), 157.8 (C), 143.3 (C), 139.6 (C), 133.4 (C), 133.1 (C), 130.1 (2 x CH), 129.6 (2 x CH), 127.6 (CH),
119.3 (2 x CH), 115.8 (CH), 56.3 (CH), 53.0 (CH), 49.6 (CHy), 48.5 (CHy), 47.4 (CHs), 47.1 (CHy),
46.5 (CHy), 46.4 (CHs), 46.3 (CHy), 44.8 (CHy), 44.0 (CHy), 42.8 (CHy), 40.0, 32.0 (CH), 27.0, 26.2
(CH), 26.0 (CHs), 23.7 (CHs), 23.6 (CHs), 22.8 (CHs), 22.6 (CHs), 20.2 (CH3), 18.9 (CHs), 18.4 (CH),
18.4 (CHs).

E NMR (376 MHz, CDsOH) & (ppm) -64.7.
HRMS (ES+, MEOH) calcd for C48H75F5N14O7 =1075.59984 ; found: 1075.60095
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Table S13 : *H NMR Chemical Shifts (ppm) of 3,5-(CF3).PhNHCO-Phe"-Ala"-Leu“-Val'-Ala"- Leu"-

NHMe (15) in CD:OH at 293K

Residue NH NH’ °CH! “CH? PCH "CH °CH  *CH Tng AS(“CH)
ArNHCO 6.21
Phev 1 |635 619 368 284 429 0.84
Ala® 2 |6.00 646 360 239 4.09 1.08 121
Leu 3 |579 654 366 229 396 172 1.14 0.90+0.91 1.37
Valt 4 |624 651 370 241 365 174 0.99 1.29
Alau 5 |590 607 362 237 388 1.06 1.25
Leu 6 |61l 644 366 244 394 172 110 0.95+0.96 1.22
NHMe | 6.19 2.75
'H NMR:
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7.5 EXPERIMENTAL PART OF CHAPTER IV
7.5.1 General procedure for synthesis of nitroalkenes
7.5.1.1 General procedure to synthesize aromatic nitroalkenes

0 i. NaOH, MeOH
' ii. HCI X NO2
+  —NO, : -~ R
R

Scheme S16: Synthesis of aromatic nitroalkenes

Aldehyde and nitromethane were solubilized in methanol and cooled down at 0°C. NaOH solution was
added. Reaction mixture was stirred at 0°C for 15min. The resulting solution was added on 6NHCI
solution. Desired compound was extracted with DCM. Organic combined layers were washed with
brine, dried with MgSO., filtered and concentrated. The crude was triturated in Et,0.

7.5.1.2 General procedure to synthesize aliphatic nitroalkenes

O i.CH3NO, NaOH, EtOH  OH
| —’»
NO,

R ii. CHzCO,H R

Scheme S17: Synthesis of aliphatic nitroalkene — Formation of nitroalcohol

To an aldehyde (20 mmol, 1 eq.) and nitromethane (20 mmol, 1 eq.), solution in EtOH (5 mL), cooled
at 0°C was added dropwise NaOH 6M (20 mmol, 1 eqg). Reaction mixture was stirred at room
temperature for 10 min then acetic acid (2 mL) was added. Aqueous layer was extracted with Et,0.
Organic combined layers were washed with water till pH = 6, dried on MgSO., filtered and
concentrated. Crude was directly used for next step without further purification.

OH CH3S0,Cl, EtzN
NO, DCM R/\/NOZ

R

Scheme S18: Synthesis of aliphatic nitroalkene - Eliminataion

To the previous alcohol (20 mmol, 1 eq.) solution in DCM (20 mL) was added sulfonyl chloride (20
mmol, 1 eq.) then trimethylamine (80 mmol, 4 eq.) at 0°C. Reaction mixture was stirred at 0°C for 45
min. Water was added and organic layer was recovered, washed with 1N HCI, brine, dried over MgSQOsa,
filtered and concentrated.

7.5.1.3 General procedure to synthesize aromatic conjugated nitroalkenes

OEt

Br OFt K,CO3 nBu;NOAG amberlyst 15 ‘|3
/©/ . /Y KCl, Pd(OAc), A okt acetone, H,0 N
. OFt DMF, 90°C, 2h RT, 3h
R R

Scheme S19 : Synthesis of conjugated aromatic aldehyde
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Heck coupling

In a dry flask under N2 loaded with the substituted bromophenyl (20 mmol) and diethyl acetal acrolein
(9.73 mL, 60 mmol) dissolved in DMF (80 mL), were added K,COs; (4.15 g, 30 mmol),
tetrabutylammonium acetate (12.44 g, 40 mmol), potassium chloride (1.5 g, 20 mmol) and palladium
() acetate (136 mg, 0.6 mmol, 3mol%). The resulting mixture was stirred at 90°C for 2h.

After cooling down the reaction mixture to room temperature were added diethyl ether (50 mL) and
water (30 mL). Aqueous layer was extracted with Et,O. Combined organic layers were washed with
brine, dried over MgSO, filtered then concentrated. The crude was directly used for next step without
further purification.

Acetal deprotection

In a flask loaded with the previous acetal in acetone (30 mL) with water (15 mL) was added the resin
Amberlyst 15 (600 mg), reaction mixture was vigorously stirred for 3h at room temperature.

Acetone was concentrated, aqueous layer was extracted with Et;O. Combined organic layers were
washed with brine, dried over MgSO., filtered then concentrated. Crude was purified on Silica Gel
Chromatography with Hexane:EtOAc 95:5 to 90:10.

Conjugated nitroalkene synthesis
(0]

N ! i. EtsN, DCM, 0°C to RT X N0
i. MeSO,Cl then EtzN, DCM, -35°C
+ _N02 >
R R

Scheme S20: Synthesis of conjugated aromatic nitroalkene

The procedure for nitromethane addition on the conjugated aldehyde was the same than for aliphatic
nitroalkene (see 7.5.1.2).
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7.5.1.4 Characterization of synthesized nitroalkenes

O/\/NOQ

CgH13NO;
The crude was purified on Silica Gel Chromatography with Hexane:DCM gradient from 100:0 to 80:20.
!H NMR (CDClIs, 300MHz) & (ppm) 7.31 (dd, J = 7.9 Hz, J = 13.2 Hz, 1H), 6.93 (dd, J =1.2 Hz, J =
13.5 Hz, 1H), 2.17-2.29 (m, 1H), 1.70-1.83 (m, 5H), 1.13-1.41 (m, 6H).
13C NMR (CDCls, 75MHz) & (ppm) 138.4, 146.5, 138.4, 36.7, 31.6, 25.8, 25.7.

C10H11NO;
The crude was purified on Silica Gel Chromatography with Hexane:DCM gradient from 100:0 to
80:20.
'H NMR (CDCls, 300MHz)  (ppm) 6.38 (m, 5H), 4.41 (m, 2H), 2.72-2.94 (m, 2H), 1.87 (m, 2H).
13C NMR (CDCls, 75MHz) & (ppm) 128.4, 128.6, 128.4, 126.3, 80.7, 67.9, 35.3, 31.4, 15.0.

(E)-(2-nitrovinyl)cyclohexane

(E)-(4-nitrobut-3-en-1-yl) benzene

(E)-methyl-4-(2-nitrovinyl)benzoate

/@/\/NOZ
M602C

C10HgNO4

'H NMR (CDCls, 300MHz) 5 (ppm) 8.10 (m, 2H), 8.01 (d, J = 13.8 Hz, 1H), 7.61 (m, 3H), 3.96 (s,
3H).

(E)-1-nitrohept-1-ene

NN,
C7H43NO,

'H NMR (CDCls, 300MHz) § (ppm) 7.33-7.42 (m,1H), 6.98 (d, J = 13.2 Hz, 1H), 2.26 (qd, J = 1.5 Hz,
J=7.3 Hz, 2H), 1.47-1.57 (m, 3H), 1.31-1.57 (m, 6H).
13C NMR (CDCls, 75MHz) & (ppm) 142.9, 139.7, 31.4, 31.1, 28.6, 26.6, 22.5, 14.0.

(E)-4-methyl-1-nitropent-1-ene

)\/\/NOZ

CsH11NO>
'H NMR (CDCls, 300MHz) & (ppm)7.33-7.40 (m, 1H), 6.98 (dt, J = 1.2 Hz, J=13.5Hz, 1H), 2.15 (t, J
= 7.8 Hz, 2H), 1.84 (sept., J = 6.9 Hz, 1H), 0.98 (s, 3H), 0.96 (s, 3H).
13C NMR (CDCls, 75MHZ) & (ppm) 141.7, 140.3, 37.5, 23.0, 22.4.
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(E)-1-nitrohexa-1,5-diene
WNOZ
CeHgNO,
!H NMR (CDCls, 300MHz) & (ppm) 7.37 (m, 1H), 6.99 (dt, J = 1.5 Hz, J = 13.5 Hz, 1H), 5.78 (sext.+dd,

J=7.2Hz, J=2.4Hz J=17.1Hz, 1H), 5.08 (M, 2H), 2.24-2.42 (m, 4H).
13C NMR (CDCls, 75MHz) 5 (ppm) 141.9, 140.0, 136.0, 117.6, 31.7, 27.8.

(E)-3-(4-chlorophenyl)acrylaldehyde
0]

/©/\)J\H
Cl

IH NMR (CDCls, 300MHz) & (ppm) 9.70 (d, J = 7.6 Hz, 1H), 7.51-7.62 (m, 4H), 6.71 (d, J = 7.8 Hz,
1H), 6.66 (d, J=7.8Hz, 1H)
13C NMR (CDCls, 75MHz) 5 (ppm) 193.5, 151.2, 129.8, 129.6, 129.1

1-chloro-4-((1E,3E)-4-nitrobuta-1,3-dien-1-yl)benzene

/©/\/\/N02
Cl

IH NMR (300 MHz, CDCl3) & (ppm) 7.79 (dd, J = 11.4 Hz, 12.9 Hz, 1H), 7.50-7.60 (m, 4H), 7.37 (d,
J=13.2 Hz, 1H), 7.13 (d, J = 15.6 Hz, 1H), 6.87 (dd, J = 11.4 Hz, 15.6Hz, 1H).
13C NMR (75 MHz, CDCls) & (ppm) 144.5, 139.1, 138.8, 129.5, 129.0, 121.3.

(E)-4-(3-oxoprop-1-en-1-yl)benzonitrile

(@)
WH
NC

IH NMR (300 MHz, CDCls) & (ppm) 9.76 (d, J = 7.6 Hz, 1H), 7.69 (m, 4H), 7.58 (d, J = 17.2 Hz, 1H),
6.77 (dd, J = 7.6 Hz, 17.2 Hz, 1H).
13C NMR (75 MHz, CDCls) & (ppm) 193.0, 149.6, 138.3, 133.0, 131.3, 128.9.

4-((1E,3E)-4-nitrobuta-1,3-dien-1-yl)benzonitrile
X NO,

NC
IH NMR (300 MHz, CDCls) & (ppm) 7.69 (dd, J = 11.4 Hz, 13.2 Hz, 1H), 7.61-7.64 (m, 4H), 7.33 (d,
J=12.9 Hz, 1H), 7.08 (d, J = 15.6 Hz, 1H), 6.87 (dd, J = 11.4 Hz, 15.6Hz, 1H).

13C NMR (75 MHz, CDCls) & (ppm) 143.1, 140.4, 137.8, 132.9, 128.1, 124.1
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7.5.2 General procedure for the asymmetric conjugate addition of 1,3-dicarbonyl compounds to
nitroalkenes

7.5.2.1 Asymmetric reaction

To a vial charged with 1a (0.51 mg, 0.5 pmol) were added the nitroalkene (0.5 mmol) and a solution of
freshly distilled dimethyl malonate (0.11 mL, 1.0 mmol) in dry toluene (0.5 mL). The reaction mixture
was cooled down to -20°C and tertiary amine (0.15 mmol) was added. After complete consumption of
the nitroalkene, the reaction mixture was quenched with 1N hydrochloric acid solution, extracted three
times with dichloromethane, washed with brine, dried over magnesium sulfate, filtered and
concentrated. The crude was purified on Silica Gel Chromatography as described in Supporting
Information. The enantiomeric excess was determined by Chiral HPLC as described in Supporting
Information.

7.5.2.2 Racemic reaction

To a vial charged with the nitroalkene (0.5 mmol) in distilled DCM (500 pL) and a solution of freshly
distilled dimethyl malonate (0.11mL, 1.0 mmol) was added triethylamine 520 pL, 0.15 mmol) at room
temperature. After complete consumption of the nitroalkene, the reaction mixture was quenched with
1N hydrochloric acid solution, extracted three times with dichloromethane, washed with brine, dried
over magnesium sulfate, filtered and concentrated. The crude was purified on Silica Gel
Chromatography as described in Supporting Information.
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7.5.3 Characterisation of adducts 4, 18c-e, 16a with variation of malonate hindrance
(+)-(S)-Dimethyl 2-(2-nitro-1-phenylethyl)malonate (16a)

O O
oA

©/\/N02

Chemical Formula: C43H15NOg

Analytical data are consistent with previously reported values'.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 90:10 to 80:20.

'H NMR (300 MHz, CDCls) & (ppm) 7.18-7.41 (m, 5H), 4.80-4.94 (m, 2H), 4.21 (dt, J = 5.4 Hz, J =
9.0 Hz, 1H), 3.70 (s, 3H), 3.50 (s, 3H).

3C NMR (75 MHz, CDCI3) & (ppm) 168.43, 167.82, 136.59, 129.32, 128.72, 128.23, 77.54, 54.61,
52.82,52.62, 42.77.

Enantiomeric excess of 97% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 75:25 ; A = 210 nm ; major enantiomer tz = 16.9 min ; minor enantiomer tz = 11.0 min].
[a]o® + 22.7 (¢ 0.18, CH:Cl,, 97% ee)

HPLC traces:
1.00
2 0501 © S
i o
] 9
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Retention Time | % Area
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0.20 ‘
: S
o) ] % —
< 0.10] o
1 o
] —
O-OOQf—‘fff"—"foﬁ'fffﬁi_“_“p”_‘é‘
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

Minutes

Retention Time | % Area
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(+)-(S)-Diethyl 2-(2-nitro-1-phenylethyl)malonate (4)
O O
/\O O/\

©/\/N02

Chemical Formula: C45H4gNOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 95:5 to 80:20.

'H NMR (300 MHz, CDCls) & (ppm) 7.16-7.35 (m, 5H), 4.83 (m, 2H), 4.13 (m, 3H), 3.91 (q, J = 7.3
Hz, 2H), 3.75 (d, J = 9.3 Hz, 1H), 1.19 (t, J = 8.1 Hz, 3H), 0.98 (t, J = 7.3 Hz, 3H).

13C NMR (75 MHz, CDCI3) 5 (ppm) 168.2, 167.6, 136.8, 129.4, 128.8, 128.5, 77.8, 62.2, 61.9, 55.0,
42.9,13.7, 13.5.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® AD-H; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tzr = 58.2 min ; minor enantiomer tz = 19.4 min].
[0]o® + 30.8 (c 0.11, CH,Cly, 92% ee)

HPLC traces:
1.50 é
nv.'_i (]
1.00 =
2 5§
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(+)-(S)-Diisopropyl 2-(2-nitro-1-phenylethyl)malonate (16c)

LI
S

Chemical Formula: C47H53NOg

Analytical data are consistent with previously reported values™.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 95:5 to 90:10.

'H NMR (300 MHz, CDCls) & (ppm) 7.18-7.31 (m, 5H), 5.01 (quint, J = 7.3 Hz, 1H), 4.73-4.89 (m,
3H), 4.13 (dt, J = 4.8 Hz, 9.6Hz, 1H), 3.68 (d, J = 9.6 Hz, 1H), 1.17 (d, J = 7.3 Hz, 6H), 0.99 (d, J = 7.3
Hz, 3H), 0.94 (d, J = 7.3 Hz, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 167.0, 166.4, 137.3, 128.8, 128.3, 128.1, 77.9, 69.9, 69.5, 55.2,
42.9,21.6, 21.4, 21.2.

Enantiomeric excess of 89% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A =210 nm ; major enantiomer tg = 39.1 min ; minor enantiomer tg = 15.0 min].
[o]o% + 9.0 (c 0.3, CH:Cl,, 89% ee)

HPLC traces:
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12X8.
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080
Z 080
040
020!

0001 = =

600 800 1000 1200 1400 1600 1800 2000 2200 24.00 20.00 2000 3000 3200 3400
Mnutes

Retention Time % Area
1 12.308 49,57
2 27.639 50.43
0.40;
2 1 0
0.20 8
ol v A
0.00 5.60 10.‘00 15,‘00 20,‘00 25,‘00 30,‘00 35.‘00 40,‘00 45.‘00 50.‘00 55.‘00

Minutes

Retention Time | % Area
15.025 5.69
39.054 94.31

[EEN

N




239

(S)-Dibenzyl 2-(2-nitro-1-phenylethyl)malonate (16d)

Chemical Formula: C55H53NOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 90:10 to 80:20.

'H NMR (300 MHz, CDCls) 5 (ppm) 7.69-7.97 (m, 15H), 4.79 (d, J = 2.7 Hz), 4.56 (s, 2H), 4.47 (dd,
J=5.4 Hz, 3.0 Hz, 2H), 3.90 (td, J = 5.7 Hz, 9.0 Hz, 1H), 3.58 (d, J = 9.3 Hz, 1H).

13C NMR (75 MHz, CDCI3) & (ppm) 167.74, 167.13, 136.42, 135.17, 135.08, 129.31, 128.97, 128.93,
128.86, 128.77, 128.65, 128.56, 128.29, 77.54, 67.70, 67.62, 54.80, 42.76.

Enantiomeric excess of 81% was determined by HPLC [Chiralpak® AD-H ; flow: 0.75 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tr = (50.7 min; minor enantiomer tr = 57.6 min].

HPLC traces:
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rac-Di-tert-butyl 2-(2-nitro-1-phenylethyl)malonate (16e)

LI K
S

Chemical Formula: C4gH57NOg

Analytical data are consistent with previously reported values".

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 100:0 to 95:5.

240

IH NMR (300 MHz, CDCls) & (ppm) 7.33-7.42 (m, 5H), 4.93 (dd, J = 4.5 Hz, J = 12.9 Hz, 1H), 4.80
(dd, J = 9.6 Hz, J = 12.9 Hz, 1H), 4.12 (dt, J = 4.5 Hz, J = 9.6 Hz, 1H), 3.62 (d, J = 7.6 Hz, 1H), 1.47

(s, 9H), 1.23 (s, 9H).

B3C NMR (75 MHz, CDCls) & (ppm) 167.6, 166.7, 137.1, 129.2, 128.8, 128.6, 83.1, 82.5, 78.4, 57.5,

43.0, 27.7, 27 .4.

Enantiomers were separated by HPLC [Chiralpak® AD-H ; flow: 0.5 mL/min ; hexane/i-PrOH: 70:30

;A=210 nm; tr = 12.3 min ; tr = 27.6 min].

HPLC trace:
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7.5.4 Characterisation of adducts 21b-211 with variation around aromatic nitroalkenes
(+)-(S)-Dimethyl 2-(2-nitro-1-(p-tolyl)ethyl)malonate (21b)

O O
~onAo~

/@/\/NOZ

Chemical Formula: C44H{7NOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 90:10 to 80:20.

IH NMR (300 MHz, CDCls) & (ppm) 7.26 (s, 4H), 4.95-5.09 (m, 2H), 4.35 (dt, J = 5.4 Hz, J = 9.0 Hz,
1H), 3.99 (d, J = 9.0 Hz, 1H), 3.90 (s, 3H), 3.71 (s, 3H), 2.45 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 168.5, 167.9, 138.6, 133.5, 130.1, 128.1, 77.6, 54.7, 52.8, 52.7,
42.5,30.6, 20.7.

Enantiomeric excess of 95% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min;
hexane/i-PrOH: 75:25 ; A = 210 nm ; major enantiomer tz = 11.6 min ; minor enantiomer tz = 8.3 min].
[o]o® + 2.9 (c 0.42, CHCl, 95% ee)

HPLC traces:
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(+)-(S)-Dimethyl 2-(2-nitro-1-(m-tolyl)ethyl)malonate (21c)

O O

Chemical Formula: C44H17NOg

Analytical data are consistent with previously reported values.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate 90:10.

IH NMR (300 MHz, CDCls) & (ppm) 7.34-7.56 (m, 4H), 5.06-5.19 (m, 2H), 4.20 (dt, J = 5.7 Hz, J =
8.7 Hz, 2H), 4.08 (d, J = 9.0 Hz, 1H), 3.99 (s, 3H), 3.81 (s, 3H), 2.55 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 168.0, 167.5, 138.8, 136.2, 129.3, 129.0, 128.8, 124.8, 77.7, 77.68,
54.9, 53.1, 52.9, 43.0, 21.5.

Enantiomeric excess of 94% was determined by HPLC [Chiralpak® IC ; flow: 1.0 mL/min ; hexane/i-
PrOH: 90:10 ; A = 210 nm ; major enantiomer tz = 14.3 min ; minor enantiomer tg = 18.6 min].
[a]o® + 5.2 (¢ 0.51, CH:Cl,, 94% ee)

HPLC traces:
0.50-| o
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(+)-(S)-Dimethyl 2-(2-nitro-1-(o-tolyl)ethyl)malonate (21d)

O O

\O - O/

Chemical Formula: C44H47NOg

Analytical data are consistent with previously reported values".
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 90:10 to 80:20.

'H NMR (300 MHz, CDCls) & (ppm) 7.30-7.37 (m, 4H), 4.91-5.05 (m, 2H), 4.68 (dt, J = 5.4 Hz, J =
8.7 Hz, 1H), 3.86 (s, 3H), 3.63 (s, 3H), 2.54 (s, 3H).

13C NMR (75 MHz, CDCls) § (ppm) 168.1, 167.5, 137.1, 134.6, 131.4, 128.2, 126.6, 125.9, 77.5, 54.6,
53.1,52.9, 37.9, 19.5.

Enantiomeric excess of 97% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 75:25 ; A = 210 nm ; major enantiomer tz = 17.5 min ; minor enantiomer tz = 8.2 min].
[a]o® + 5.2 (¢ 0.54, CH:Cl,, 97% ee)

HPLC traces:
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(+)-(S)-Dimethyl 2-(1-(4-methoxyphenyl)-2-nitroethyl)malonate (21e)
O O

Chemical Formula: C44H7NO-

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, 80:20.

IH NMR (300 MHz, CDCl3) & (ppm) 7.14 (d, J = 9.0 Hz, 2H), 7.83 (d, J = 8.7 Hz, 2H), 4.78-4.92 (m,
2H), 4.18 (dt, J = 5.4 Hz, J=9.0Hz, 1H), 3.82 (d, J = 9.3 Hz, 1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.57 (s,
3H).

13C NMR (75 MHz, CDCls) & (ppm) 167.8, 167.3, 159.4, 128.9, 127.8, 114.3, 76.5, 55.1, 54.8, 52.9,
52.7,42.2.

Enantiomeric excess of 95% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A =210 nm ; major enantiomer tg = 19.8 min ; minor enantiomer tg = 11.5 min].
[o]o% + 17.2 (¢ 0.38, CH2Cl,, 95% ee)

HPLC traces:
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(+)-(S)-Dimethyl 2-(1-(4-fluorophenyl)-2-nitroethyl)malonate (21f)

0O O

\O - O/

/©/\/N02
F

Chemical Formula: C43H14FNOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 80:20.

IH NMR (300 MHz, CDCls) & (ppm) 7.13-7.19 (m, 2H), 7.92-7.98 (m, 2H), 4.82 (dq, J = 5.1 Hz, 13.2
Hz, 2H), 4.15 (sext, J = 5.1 Hz, 1H), 3.76 (d, J = 9.0 Hz, 1H), 3.70 (s, 3H), 3.51 (s, 3H).

13C NMR (75 MHz, CDCl3) & (ppm) 167.8, 167.3, 164.3, 161.0, 129.9, 129.8, 116.3, 116.0, 77.6, 54.8,
53.2, 53.0, 42.4.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® IA ; flow: 1.0 mL/min ; hexane/i-
PrOH: 90:10 ; A = 210 nm ; major enantiomer tz = 31.5 min ; minor enantiomer tg = 17.3 min].
[0]o? + 11.8 (¢ 0.17, CH:Cly, 92% ee)

HPLC traces:
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(+)-(S)-Dimethyl 2-(1-(4-chlorophenyl)-2-nitroethyl)malonate (219)
O O
o oA

/@/\/N02
Cl

Chemical Formula: C43H14CINOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate, from 90:10 to 80:20.

IH NMR (300 MHz, CDCls) & (ppm) 7.37-7.41 (m, 2H), 7.17-7.31 (m, 2H), 4.81-4.95 (m, 2H), 4.23
(dt, J = 5.4 Hz, J = 9.0 Hz, 1H), 3.82 (d, J = 9.0 Hz, 1H), 3.77 (s, 3H), 3.59 (s, 3H).2*C NMR (75 MHz,
CDCI3) & (ppm) 167.93, 167.46, 135.00, 134.73, 129.63, 77.60, 54.85, 53.41, 53.26, 42.67.

Enantiomeric excess of 91% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tr = 28.3 min ; minor enantiomer tzg = 16.5 min].
[a]o® + 42.2 (¢ 0.16, CH:Cl,, 91% ee)

HPLC traces:
0.50 :
o] b 2
< i
] 165
0'007““\“‘\‘\V“‘“‘\_"‘”“\““\““\‘
0.00 5.00 10.00 15.00 20.00 25.00 30.00
Minutes
Retention Time % Area
1 9.956 50.19
2 15.151 49.81
0.40;
.
0.20i g
9
0.00 5.60 10.‘00 15.‘00 20.‘00 25.‘00 30.‘00 35.‘00

Minutes

Retention Time | % Area
16.541 4.34
28.282 95.66

[EEN

N
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(+)-(S)-Dimethyl 2-(1-(4-bromophenyl)-2-nitroethyl)malonate (21h)

O O

\O - O/

/©/\/N02
Br

Chemical Formula: C43H4BrNOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 70:30.

IH NMR (300 MHz, CDCls) § (ppm) 7.48 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 4.81 (dg, J =
5.1 Hz, 13.2Hz, 2H), 4.14 (td, J = 5.1 Hz, 9.0Hz, 1H), 3.76 (d, J = 9.3 Hz, 1H), 3.68 (s, 3H), 3.51 (s,
3H).
13C NMR (75 MHz, CDCls) & (ppm) 167.6, 167.1, 135.3, 132.2, 129.7, 122.6, 77.3, 54.5, 53.2, 53.0,
42.4

Enantiomeric excess of 90% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 70:30 ; A = 210 nm ; major enantiomer tz = 11.7 min ; minor enantiomer tzg = 16.2 min].
[a]o® + 18.2 (¢ 0.22, CH:Cl,, 90% ee)

HPLC traces:

1.204
1.004

0.80

2 0.60] s
—
0.40
0.20
0.00 N7 7
2.60 4.60 6.60 8.60 10.‘00 12.‘00 14.‘00 16.‘00 18.‘00 20.‘00 22.‘00
Minutes
Retention Time | % Area
1 11.729 49.70
2 15.591 50.30
1.004
0.801
5 0.60
<
0.40+ ©
3
0.20+ <Ho
0.00 v e
2.60 4.60 e.bo 8.60 10.‘00 12.‘00 14.‘00 16.‘00 18.‘00 20.‘00 22.‘00
Minutes
Retention Time | % Area
1 11.748 95.03
2 16.196 497
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(+)-(S)-Dimethyl 2-(1-(4-(methoxycarbonyl)phenyl)-2-nitroethyl)malonate (21i)

O O

\O - O/

“__NO,

o)

Chemical Formula: C45H17NOg

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 80:20.

!H NMR (300 MHz, CDCls) & (ppm) 7.99 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 4.92 (dq, J =
5.7 Hz, 13.5Hz, 2H), 4.31 (dt, J = 5.7 Hz, 8.7Hz, 1H), 3.90 (s, 3H), 3.86 (d, J = 9.0 Hz, 1H), 3.76 (s,
3H), 3.57 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 167.8, 167.3, 166.6, 141.5, 130.5, 128.2, 77.3, 54.6, 53.3, 53.2,
52.4,43.0, 31.1.

Enantiomeric excess of 95% was determined by HPLC [Chiralpak® AD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A =210 nm ; major enantiomer tg = 64.5 min ; minor enantiomer tg = 37.2 min].
[o]o% + 11.5 (¢ 0.23, CH:Cl,, 95% ee)

MS (ES*, MeOH): 340.11 ([M+H]")

HPLC traces:
< ] ™ ©
o
~
1 o
0'007““\“"\““\"‘7“\““\“‘I?“\”““
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00
Minutes
Retention Time | % Area
1 33.372 50.14
2 53.706 49.86
0.30-
0.20]
5 ]
< ] D
] o
0.10 N
] [{e}
] ™
0.00- A /
0.00 10.‘00 20.‘00 30.‘00 40.‘00 50.‘00 60.‘00 70.‘00 80.‘00

Minutes
Retention Time % Area
36.209 2.17
64.508 97.83

[N

N
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(+)-(S)-Dimethyl 2-(1-(4-cyanophenyl)-2-nitroethyl)malonate (21j)

O O

\O - O/

/©/\/N02
NC

Chemical Formula: C14H14N50¢g

Analytical data are consistent with previously reported values"'.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 80:20 to 70:30.

'H NMR (300 MHz, CDCls) & (ppm) 7.62 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 4.92 (dq, J =
5.4 Hz, 13.5Hz, 2H), 4.31 (dt, J = 5.4 Hz, 8.7Hz, 1H), 3.84 (d, J = 9.0 Hz, 1H), 3.77 (s, 3H), 3.60 (s,
3H).

13C NMR (75 MHz, CDCls) & (ppm) 167.6, 166.9, 141.7, 132.9, 129.0, 118.2, 112.8, 76.7, 54.3,
53.4,53.2, 42.9.

Enantiomeric excess of 93% was determined by HPLC [Chiralpak® IA ; flow: 1.0 mL/min ; hexane/i-
PrOH: 70:30 ; A = 210 nm ; major enantiomer tr = 47.4 min ; minor enantiomer tg = 24.9 min].

[o]o% + 12.8 (¢ 0.58, CH:Cl,, 93% ee)

HPLC traces:
1.50-]
1 N
5
4 —
1.00— N
_ M
<
050
e
8.60 10.‘00 12.‘00 14.‘00 16.‘00 18}00 20.‘00 22.‘00 24.‘00 26.‘00
Minutes
Retention Time | % Area
1 10.711 50.27
2 21.702 49.73
] 10
] Ty) o)
2 1.001 © ™
< 1 < ©
] N <
O-OOL%\‘MM_HWH‘“HH‘\HH_H““‘
20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00

Minutes

Retention Time % Area
24.855 3.47
47.398 97.53
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N
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(-)-Dimethyl (R)-2-(1-(furan-2-yl)-2-nitroethyl)malonate (21k)
o O

Chemical Formula: C44H43NO-

Analytical data are consistent with previously reported values™.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 80:20.

IH NMR (300 MHz, CDCls) & (ppm) 7.44 (t, J = 0.9 Hz, 1H), 7.29 (d, J = 1.8 Hz, 1H), 7.21 (t, J = 3.3
Hz, 1H), 4.85-4.96 (m, 2H), 4.39 (dt, J = 5.4 Hz, J = 7.8 Hz, 1H), 3.93 (d, J = 7.8 Hz, 1H), 3.75 (s, 3H),
3.69 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 167.6, 167.4, 149.5, 143.0, 110.7, 108.5, 75.4, 53.2, 52.8, 37.0.

Enantiomeric excess of 98% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tz = 12.1 min ; minor enantiomer tr = 35.6 min].
[a]o® — 2.8 (c 0.64, CH.Cl,, ee 98%)

HPLC traces:
0.201 Q
] ~
<t
[42]
2 4
< 0.10i /\
0.00- A \— 3 -
0.00 5.(50 10.‘00 15.‘00 20.‘00 25.‘00 30.‘00 35.‘00
Minutes
Retention Time | % Area
1 12.246 49.72
2 34.743 50.28
.00
<D( ]
0.50- N
] o
1 8
0.00 - e i
0.00 5.60 10.‘00 15.‘00 20.‘00 25.‘00 30.‘00 35.‘00 40.‘00

Minutes

Retention Time | % Area
12.094 99.22
35.572 0.78

[EEN
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(-)-Dimethyl (R)-2-(2-nitro-1-(thiophen-2-yl)ethyl)malonate (21I)
o O

~0 - o~

<\sj/'\/N02

Chemical Formula: C41H43NOgS

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 80:20.

'H NMR (300 MHz, CDCls) & (ppm) 7.31-7.33 (m, 1H), 7.91-7.95 (m, 2H), 4.86-4.98 (m, 2H), 4.57
(dt, J = 5.7 Hz, J = 7.8 Hz, 1H), 3.91 (d, J = 7.8 Hz, 1H), 3.76 (s, 3H), 3.66 (s, 3H).
13C NMR (75 MHz, CDCls) & (ppm) 167.7, 167.3, 138.5, 127.3, 126.8, 125.7, 77.9, 53.4, 53.2, 38.5.

Enantiomeric excess of 97% was determined by HPLC [Chiralpak® IA ; flow: 1.0 mL/min ; hexane/i-
PrOH: 80:20 ; A = 210 nm ; major enantiomer tr = 9.7 min ; minor enantiomer tg = 8.1 min].
[a]o® + 7.0 (c 0.40, CH:Cl,, 97% ee)

HPLC traces:

1.20
1.00]
0.804
2 ]
< 0.601
0.404
0.20

0.00

T T T L L e e e e s o L s e s e e e e e e LA S o
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00
Minutes

Retention Time | % Area
1 7.866 49.30

2 9.424 50.70
1.00;
2
< 1
0.501
4 0
o)
o
] [ee]
0.00- 4\
2.00 4.60 6.00 8. 60 10.‘00 12.‘00

Minutes

Retention Time | % Area
1 8.085 1.70
9.716 98.30

N
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7.5.5 Adducts 22a-22d from aromatic conjugated nitroalkenes
(+)-Dimethyl-(S)-2-(1-nitro-4-phenylbut-3-yn-2-yl)malonate (22a)

o O
\OMO/

NO,
=

Chemical Formula: C45H15NOg

Analytical data are consistent with previously reported values'™.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 95:5 to 80:20.

IH NMR (300 MHz, CDCls) & (ppm) 7.31-7.44 (m, 5H), 4.69-4.82 (m, 2H), 4.06-4.14 (m, 1H), 3.84
(d, 1H, J = 7.8 Hz), 3.77 (s, 6H).

13C NMR (75 MHz, CDCls) & (ppm) 167.3, 167.0, 131.9, 128.9, 128.4, 121.9, 85.9, 83.2, 76.1, 53.2,
53.1, 30.9.

Enantiomeric excess of 91% was determined by HPLC [Chiralpak® IA ; flow: 1.0 mL/min ; hexane/i-
PrOH: 90:10 ; A = 210 nm ; major enantiomer tr = 9.5 min ; minor enantiomer tg = 11.0 min].
[0]o® +20.5 (¢ 0.1, CHCly, 91% ee)

MS (ES*, MeOH): 328.13 ([M+Na+H]*)

HPLC traces:

0.204

U

2 1
0.10i
2.(50 4.(50 6.(50 8.60 10.‘00 12.‘00 14.‘00 16.‘00 18.‘00 20.‘00 22.‘00
Minutes
Retention Time | % Area
1 9.320 51.43
2 11.001 48.57
1.00{
2

0.50

0.00 —

T T T T T T T T T T T B — T T T T T T T T T T
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes

Retention Time | % Area
1 9.521 95.53
11.026 4.47

N
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(+)-Dimethyl (R,E)-2-(1-nitro-4-phenylbut-3-en-2-yl)malonate (22b)

o O

~0 - o~

Chemical Formula: C45H17NOg

Analytical data are consistent with previously reported values™.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 95:5 to 80:20.

!H NMR (300 MHz, CDCls) & (ppm) 7.33-7.45 (m, 5H), 7.57 (d, J = 15.9 Hz, 1H), 7.10 (dd, J = 9.0
Hz, J = 15.9 Hz, 1H), 4.65-4.79 (m, 2H), 3.73-3.76 (m, 2H), 3.77 (s, 3H), 3.73 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 167.8, 167.7, 136.0, 128.7, 128.4, 126.7, 123.4, 77.1, 53.5, 53.0,
41.4.

Enantiomeric excess of 94% was determined by HPLC [Chiralpak® IC ; flow: 1.0 mL/min ; hexane/i-
PrOH: 99:1 ; A =210 nm ; major enantiomer tg = 45.9 min ; minor enantiomer tg = 43.9 min].

[0]o% + 14.2 (¢ 0.35, CH2Cl,, 94% ee)

HPLC traces:
3.00 AN
1 o
1 S
2 2.002 Q
1.00+
0‘007‘\“"\""\""\‘“‘\“‘"\““\““\\H“\““\H“\
38.00 39.00 40.00 41.00 42.00 43.00 44.00 45.00 46.00 47.00 48.00
Minutes
Retention Time | % Area
1 43.853 51.28
2 45.900 48.72
0.50-
0.407 3
] g
0.30
2 3
0.204
] =
0.104 2
1 [{e]
0.00 ~ /“\
42.‘00 44.‘00 46.‘00 48.‘00 50.‘00 52.‘00 54.‘00 56.‘00 58.‘00 60.‘00 62.‘00
Minutes
Retention Time | % Area
1 46.667 97.88
2 61.310 3.12
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(+)-Dimethyl (R,E)-2-(4-(4-chlorophenyl)-1-nitrobut-3-en-2-yl)malonate (22c)

o O

\O - O/

WNOZ
Cl

Chemical Formula: C45H1CINOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 70:30.

IH NMR (300 MHz, CDCls) & (ppm) 7.19-7.48 (m, 4H), 7.53 (d, J = 15.9 Hz, 1H), 7.08 (dd, J = 9.0
Hz, 15.6 Hz, 1H), 4.65-4.76 (m, 2H), 3.77 (m, 3H), 3.73 (s, 3H), 3.59-3.73 (m, 2H).

13C NMR (75 MHz, CDCls) & (ppm) 167.8, 134.5, 134.2, 129.4, 129.4, 128.0, 124.2, 77.16, 53.4, 53.1,
41.4.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A =210 nm ; major enantiomer tg = 23.2 min ; minor enantiomer tg = 28.9 min].
[a]o® + 8.7 (¢ 0.69, CH:Cly, 92% ee)

HPLC traces:
] o)
] %
0.05+ o
7] N
o) 1 0
- 2
0.00- ZAR Y - x
i N
1800 2000 2200 2400 2600 2800 3000 32.00 3400 3600 3800 40.00
Minutes
Retention Time % Area
1 23.251 51.48
2 28.895 48.52
0.40- N -
i [42]
- 1 & <
< o
0.20 o
i N
0.00 7 yay 4\H&f——&
1200 1400 1600 1800 20,00 2200 2400 2600 2800 30.00 3200 3400
Minutes
Retention Time % Area
1 23.220 95.77
2 28.943 4.23
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Dimethyl (R,E)-2-(4-(4-cyanophenyl)-1-nitrobut-3-en-2-yl)malonate (22d)

0]

)

0]

O/

NC

Chemical Formula: C4gH1gN2Og

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 70:30.

!H NMR (300 MHz, CDCl3) & (ppm) 7.69 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 7.59 (d, J =
15.9 Hz, 1H), 7.26 (dd, J = 9.0 Hz, 15.9 Hz, 1H), 4.66-4.79 (m, 2H), 3.78 (s, 3H), 3.74 (s, 3H), 3.72-
3.75 (m, 2H).

13C NMR (75 MHz, CDCls) § (ppm) 167.7, 140.5, 134.2, 132.8, 127.8, 127.5, 119.0, 111.9, 77.0, 53.3,
41.4.

Enantiomeric excess of 87% was determined by HPLC [Chiralpak® OD-H ; flow: 0.5 mL/min ;
hexane/i-PrOH: 70:30 ; A =210 nm ; major enantiomer tg = 38.7 min ; minor enantiomer tg = 43.8 min].

HPLC traces:

0.20-
2 ]
<

0.00+

Y
L e e e e L L B e e e o o B L A e s e L LA B e e e e
26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00 42.00 44.00 46.00 48.00 50.00 52.00 54.00 56.00

Minutes
Retention Time % Area
1 39.168 50.66
2 43.638 49.34
0.80]
] [e0]
0.60 9
2 040- 3 %
0.20] 3
0'007H‘\H‘\"‘\‘H\H/‘\H‘\H‘\H‘\ﬁ‘\“‘\
28.00 3000 32.00 3400 36.00 3800 40.00 4200 4400 46.00  48.00
Minutes
Retention Time % Area
1 39.198 93.32
2 44.362 7.68
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7.5.6 Characterization of adducts 23a-23g with aliphatic nitroalkenes
(+)-Dimethyl (R)-2-(1-cyclohexyl-2-nitroethyl)malonate (23a)

0O O
~on Ao

O/\/NOZ

Chemical Formula: C43H24NOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 97:3 to 80:20.

IH NMR (300 MHz, CDCls) & (ppm) 4.73 (dd, J = 4.5 Hz, J = 14.7 Hz), 4.61 (dd, J = 7.3 Hz, J = 14.4
Hz), 3.75 (d+d, J = 7.0 Hz, J = 7.0 Hz, 6H+1H), 2.88 (m, 1H), 1.65-1.78 (m, 5H), 1.45 (m, 1H), 0.80-
1.28 (m, 5H).

13C NMR (75 MHz, CDCls) § (ppm) 160.1, 168.7, 75.5, 53.1, 52.9, 51.2, 42.3, 39.8, 30.3, 30.0, 26.4,
26.3, 26.1.

Enantiomeric excess of 94% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tg = 5.9 min ; minor enantiomer tg = 13.7 min].
[o]o% + 17.4 (c 0.38, CH2Cl,, 94% ee)

HPLC traces:
0.40-
=) ]
<( 4
0.20- ™
1 [o0]
1 o
0.00 = L s e L B ey B R A R S
2.00 4.00 6.00 8.00 10.00 12.00 14.00
Minutes
Retention Time | % Area
1 7.038 50.27
2 13.835 49.73
1.00
2 050 8
1 o
: —
0.00 ) L e e L L ‘f‘\\”‘ T T
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

Minutes

Retention Time | % Area
5.895 97.08
13.699 2.92

[EEN
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(+)-Dimethyl (R)-2-(3-methyl-1-nitrobutan-2-yl)malonate (23b)

0O O

\O - O/

\(\/NOZ

Chemical Formula: C4gH47NOg

Analytical data are consistent with previously reported values*.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate 95:5.

IH NMR (300 MHz, CDCl3) & (ppm) 4.72 (dd, J = 4.5 Hz, J = 14.4 Hz, 1H), 4.56 (dd, J = 7.3 Hz, J =
14.4 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 3.70 (d, J = 5.4 Hz, 1H), 2.89 (m, 1H), 1.84 (m, 1H), 0.95 (d-+d,
J=7.9Hz, J=7.8 Hz, 3H+3H).

13C NMR (75 MHz, CDCls) § (ppm) 168.9, 168.7, 75.3, 53.1, 52.8, 51.4, 42.8, 29.7, 19.9, 19.2.

Enantiomeric excess of 91% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tg = 17.4 min ; minor enantiomer tz = 7.5 min].
[a]o® + 45.8 (¢ 0.18, CH:Cly, 91% ee)

HPLC traces:
7 <
o
™
1 5
D 1.00+ =
0'007“‘\“‘\“‘\‘“\‘“\“‘\“‘\\‘“\‘”“\“‘\“‘\“
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00
Minutes
Retention Time | % Area
1 7.552 50.71
2 15.304 49.29
l.OOé
2 3
0.50 &
] —
0.00- ‘\“‘\“‘\”‘"‘\“‘\“‘\“‘\“‘\\/4‘\‘”‘\
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

Minutes
Retention Time | % Area
17.356 4,71
7.618 95.29

N

[N
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(+)-Dimethyl (R)-2-(1-nitro-4-phenylbutan-2-yl)malonate (23c)

o O

\O - O/

©/\/\/N02

Chemical Formula: C45H1gNOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 95:5 to 90:10.

IH NMR (300 MHz, CDCl3) § (ppm) 7.18-7.45 (m, 5H), 4.78 (dd, J = 5.4 Hz, J = 13.5 Hz, 1H), 4.60
(dd, J = 7.6 Hz, J = 13.5 Hz, 1H), 3.79 (s, 6H), 3.75 (d, J = 7.0 Hz, 1H), 3.00 (sext, J = 7.0 Hz, 1H),
2.74 (m, 2H), 1.83 (m, 2H).

13C NMR (75 MHz, CDCls) § (ppm) 168.24, 168.14, 140.36, 128.66, 128.31, 126.4, 76.4, 52.9, 52.8,
52.4, 37.6, 33.0, 31.8.

Enantiomeric excess of 88% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10; A = 210 nm ; major enantiomer tzr = 17.0 min ; minor enantiomer tz = 21.0 min].
[0]o® + 24.5 (¢ 0.18, CH,Cl,, 88% ee)

HPLC traces:

0.60
0.407 ‘ )
2 ] — q’
0.207 d
O'OO 1 T T T T T T T T T T = \‘ ‘\ —

: —Y—7 77— T
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00
Minutes

Retention Time | % Area
1 17.492 49,96
2 21.412 50.04
0.60
0.40] S ~
2 ] &~ %%
0.204 8
O'OO;“‘\“‘\‘“\“‘\“‘\"“\““\%}ﬁ
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00
Minutes
Retention Time | % Area
1 17.079 94.22
2 20.987 5.78
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(+)-Dimethyl (R)-2-(1-nitropentan-2-yl)malonate (23d)

O O

\O - O/

/\/-\/NOZ
Chemical Formula: C1gH{7NOg

Analytical data are consistent with previously reported valuesX.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 99:1 to 95:5.

IH NMR (300 MHz, CDCls) § (ppm) 4.70 (dd, J = 5.1 Hz, J = 13.5 Hz, 1H), 4.53 (dd, J = 7.9 Hz, J =
13.5 Hz, 1H), 3.76 (s, 3H), 3.75 (s, 3H), 3.66 (d, J = 5.7 Hz, 1H), 2.91 (sext, J = 5.7 Hz, 1H), 1.41 (m,
4H), 0.93 (t, J = 7.9 Hz, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 168.5, 168.3, 78.7, 53.0, 52.8, 52.4, 36.9, 32.3, 20.0, 13.8.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tz = 7.1 min ; minor enantiomer tz = 13.4 min].
[0]o?® + 33.4 (¢ 0.15, CH2Cl,, 92% ee)

HPLC traces:
2.00-|
- ] X >
< 1.004 <t
] —
0-00;‘H_H_H_mp”‘_H_w‘_ﬂn_H_H_H_H_H_H‘
0.00 200 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00
Minutes
Retention Time % Area
1 7.376 43.37
2 14.036 57.63
0.604
1 ©
o 0.40+
S &
0.207: g
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00
Minutes

Retention Time % Area
1 7.120 97.11
2 13.386 3.89
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(+)-Dimethyl (R)-2-(1-nitroheptan-2-yl)malonate (23e)

O O

D

NS NO2
Chemical Formula: C{,H51NOg

Analytical data are consistent with previously reported values™.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 95:5.

IH NMR (300 MHz, CDCls) § (ppm) 4.69 (dd, J = 5.1 Hz, J = 13.2 Hz, 1H), 451 (dd, J = 7.6 Hz, J =
13.2 Hz, 1H), 3.75 (s, 3H), 3.75 (s, 3H), 3.65 (d, J = 7.0 Hz, 1H), 2.88 (sext, J = 5.7 Hz, 1H), 1.24-1.48
(m, 6H), 0.87 (t, J = 7.6 Hz, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 168.50, 168.31, 76.67, 52.94, 52.82, 52.43, 37.09, 31.49, 30.06,
26.36, 22.44, 13.99.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A =210 nm ; major enantiomer tg = 10.4 min ; minor enantiomer tg = 18.2 min].
[o]o% + 12.2 (¢ 0.34, CH:Cl,, 92% ee)

HPLC traces:
1.00
< 0.504
(40}
o
0.00 = — ‘ : —————
0.00 2.00 4.00 6.00 1000 1200 1400 16.00 18.00  20.00
Minutes
Retention Time % Area
1 10.704 49.60
2 19.364 50.40
S5 1.001 % 3
< 1 N
1 0
: —
0'00“‘\“‘\‘ [ T v “\“‘\“V\/h\“‘\‘
0.00 2.00 4.00 6.00 1000 1200 1400 1600 1800  20.00
Minutes
Retention Time % Area
1 10.399 95.92
2 18.244 4.08
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(+)-Dimethyl (R)-2-(4-methyl-1-nitropentan-2-yl)malonate (23f)

0]
MeOZC\)J\O/
)\/:\/NOZ

Chemical Formula: C44H{gNOg

Analytical data are consistent with previously reported values®.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate 97:3.

!H NMR (300 MHz, CDCls) & (ppm) 4.69 (dd, J = 5.1 Hz, J = 13.2 Hz, 1H), 4.50 (dd, J=7.3 Hz,J =
13.2 Hz, 1H), 3.75 (s, 6H), 3.65 (d, J = 5.7 Hz, 1H), 2.94 (sext, J = 7.6 Hz, 1H), 1.61 (sept, J = 7.9 Hz,
1H), 1.30 (dt, J = 2.1 Hz, J = 7.3 Hz, 2H), 0.92 (d, J = 2.7 Hz, 3H), 0.90 (d, J = 2.7 Hz, 3H).

13C NMR (75 MHz, CDCIls) & (ppm) 168.5, 168.3, 76.7, 52.9, 52.5, 39.1, 35.1, 25.3, 22.5, 22.3.
Enantiomeric excess of 94% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tg = 7.0 min ; minor enantiomer tg = 11.1 min].
[o]o% + 5.4 (¢ 0.40, CH:Cl,, 94% ee)

HPLC traces:
1.50+
1.00- ‘
5 1 )
< ]
] o
00—
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Minutes
Retention Time % Area
1 7.019 49.49
2 10.958 50.51
5 1.00- ﬁ 3
< 1 —
] —
: —
0'00"‘\"‘\"V\\‘”“\“‘\‘T‘/‘\’?\“‘\“‘\
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes
Retention Time % Area
1 5.997 97.04
2 11.141 2.96
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(+)-Dimethyl (R)-2-(1-nitrohex-5-en-2-yl)malonate (23g)

0O O

\O - O/

W\/Noz
Chemical Formula: C44H{7NOg

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 99:1 to 95:5.

'H NMR (300 MHz, CDCls) & (ppm) 5.73 (sext+dd, J = 7.6 Hz, J = 3.0 Hz, J = 17.1 Hz, 1H), 5.01-
5.09 (m, 2H), 4.71 (dd, J = 5.1 Hz, J = 13.5 Hz, 1H), 4.54 (dd, J = 7.6 Hz, J = 13.5 Hz, 1H), 3.77 (s,
6H), 3.68 (d, J = 5.7 Hz, 1H), 2.92 (sext, J = 5.7 Hz, 1H), 2.11-2.18 (m, 2H), 1.54-1.62 (m, 2H).

13C NMR (75 MHz, CDCls) & (ppm) 168.5, 168.3, 137.7, 116.4, 76.6, 53.1, 53.0, 52.4, 37.5, 30.9, 29.3.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ;
hexane/i-PrOH: 90:10 ; A = 210 nm ; major enantiomer tz = 16.7 min ; minor enantiomer tz = 9.0 min].
[0]o® + 40.9 (c 0.12, CH,Cly, >99% ee)

HPLC traces:
~
[Te)
i
7 (o]
o MJZ\ "
0'00; T T T ‘ T T T ‘ T T T ‘ T \/\ ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00
Minutes
Retention Time % Area
1 8.157 48.84
2 15.878 51.16
0.20-
2 Te) .
< ] g "ro|
i o0
O-Oo’ﬁ’ﬁ'ﬁ‘/‘%{“w”w”“““f”‘
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

Minutes

Retention Time % Area
1 8.965 0.27
2 16.592 99.73
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7.5.7 Characterization of adducts 8-9 from chapter Il

(S)-3-(2-nitro-1-phenylethyl)pentane-2,4-dione (8a)
O O

Chemical Formula: C43H5NO4

Analytical data are consistent with previously reported values®®.

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 90:10 to 80:20.
'H NMR (300 MHz, CDCls) & (ppm) 7.30-7.47 (m, 5H), 4.66 (m, 2H), 4.40 (d, J = 10.7 Hz, 1H), 4.28

(m, 1H), 2.33 (s, 3H), 1.98 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 129.4, 128.6, 128.0, 78.2, 70.8, 42.8, 30.4, 29.5.

Enantiomeric excess of 92% was determined by HPLC [Chiralpak® IC ; flow: 0.5 mL/min ; hexane/i-
PrOH: 80:20 ; A = 210 nm ; major enantiomer tr = 21.8 min ; minor enantiomer tg = 32.8 min].

HPLC traces:
0.80-
0.60-
2 0.40-
0.20-
0-00;‘_"""‘wm"M"H_H_H_H\_HT}H_H_H_H_H‘
16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00 42.00 44.00
Minutes
Retention Time % Area
1 21.878 51.07
2 32.411 48.93
0.15
0.10-
o)
<
0.05+
O'OO;““\““\““\‘ U T T T T ]
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Minutes
Retention Time % Area
1 21.779 95.88
2 32.750 412
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(S)-3-(2-nitro-1-(p-tolyl)ethyl)pentane-2,4-dione (8b)

Chemical Formula: C14H47NOy4

Analytical data are consistent with previously reported values*.

IH NMR (300 MHz, CDCls) & (ppm) 7.33-7.44 (m, 4H), 4.78 (d, J = 7.3 Hz, 2H), 4.54 (d, J = 10.8 Hz,
1H), 4.37 (m, 1H), 2.46 (s, 6H), 2.12 (s, 3H).

13C NMR (75 MHz, CDCl3) § (ppm) 201.9, 201.2, 138.3, 132.9, 130.0, 127.8, 78.4, 70.7, 42.5, 30.5,
29.6, 21.1.

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 80:20 to 70:30.

Enantiomeric excess of 86% was determined by HPLC [Chiralpak® IC ; flow: 1.0 mL/min ; hexane/i-
PrOH: 90:10 ; A = 210 nm ; major enantiomer tz = 17.4 min ; minor enantiomer tg = 27.1 min].
[a]o® + 111.0 (c 0.32, CH:Cl,, 86% ee)

HPLC traces:

2.00

) ]
< 1.001

L
T ‘ T T T - ‘ T T T ‘ T T T ‘ T T T ‘ T = T T ‘ T . T T ‘ T T T ‘ T
16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00
Minutes

Retention Time % Area

1 17.858 49.05
2 25.474 50.95
2
5 1.00 S)
< ©
N
0.00- 7\77\\\\\\\\/7%&\;
17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00

Minutes

Retention Time % Area
17.367 92.86
27.076 7.14

(IS

N
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(+)-(S)-3-(1-(4-chlorophenyl)-2-nitroethyl)pentane-2,4-dione (8g)
O 0]

/@/\/NOZ
Cl

Chemical Formula: C43H4CINO,4

Analytical data are consistent with previously reported values®®.
Purification On Silica Gel Chromatography with Hexane:Ethyl Acetate from 80:20 to 70:30.

IH NMR (300 MHz, CDCls) & (ppm) 7.33 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 4.55 (d, J = 7.3
Hz, 2H), 4.26 (d, J = 10.5 Hz, 1H), 4.18 (m, 1H), 2.20 (s, 3H), 1.90 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 201.5, 200.7, 134.7, 134.5, 129.6, 129.4, 78.0, 70.5, 42.2, 30.5,
29.9

Enantiomeric excess of 83% was determined by HPLC [Chiralpak® IA ; flow: 1.0 mL/min ; hexane/i-
PrOH: 80:20 ; A = 210 nm ; major enantiomer tr = 18.3 min ; minor enantiomer tg = 34.5 min].
[0]o% + 75.2 (¢ 0.2, CH:Cl,, ee 83%)

HPLC traces:
] Ko}
1.00*: 8
7] — (40
2 0.50° o /T\
] —
0-00;‘/nTi«\_H_H_H_H_H_m\_”_”
16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00
Minutes
Retention Time % Area
1 18.133 51.83
2 33.935 48.17
] X <
— (42] e}
2 1.00+ ¥ <
i <
] (40]
0'007‘“\‘/“\‘“/\‘“\“‘\“‘\“‘\“‘\“‘\"T‘/\;ﬂ%\\‘\
16.00 18.00 20.00 22.00 2400 26.00 28.00 30.00 32.00 34.00 36.00
Minutes
Retention Time % Area
1 18.328 91.60
2 34.484 8.40




266

(+)-(S)-2-(2-nitro-1-phenylethyl)-1,3-diphenylpropane-1,3-dione (9)
O O
Ph™ ™

Chemical Formula: Co3H1gNO,4

Ph
NO,

Analytical data are consistent with previously reported values*™.
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate 90:10.

IH NMR (300 MHz, CDCls) 5 (ppm) 7.80-8.05 (m, 5H), 7.19-7.60 (m, 10H), 5.89 (d, J = 7.8 Hz, 1H),
5.03 (d, J = 7.9 Hz, 2H), 4.67 (g, J = 7.9 Hz, 1H).

13C NMR (75 MHz, CDCl3) & (ppm) 194.3, 193.7, 137.9, 137.3, 135.9, 134.2, 133.9, 132.6, 129.0,
128.9, 128.9, 128.7, 128.4, 128.3, 127.4, 77.5, 59.9, 44.2.

Enantiomeric excess of 100% was determined by HPLC [Chiralpak® IA ; flow: 1.0 mL/min ; hexane/i-

PrOH: 90:10 ; A = 210 nm ; major enantiomer tr = 18.3 min ; minor enantiomer tg = 34.5 min].
[o]o?® +59.6 (c 0.08, CH,Cl, 100% ee)

HPLC traces:

‘ I ‘ I I ‘ \ I ‘ I I ‘ I I I ‘ I I I I ‘
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Minutes
Retention Time % Area
1 14.963 57.85
2 29.648 42.15

Note: Chromatogram was obtained with 1a 0.1mol%, in DCM with DABCO 30mol%.

1,00
2 050
0'007‘H‘\H‘:T/THH\‘*\H\HH\HH\H‘
0.00 10.00 20.00 30.00 40.00 50.00 60.00
Minutes

Retention Time % Area

1 17.129 99.73

2 33.936 0.27
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7.5.8 Characterization of other adducts with other pronucleophiles
(-)-Methyl (S)-1-((R)-2-nitro-1-phenylethyl)-2-oxocyclohexane-1-carboxylate (20)

00

/
\—0
B NO,
éﬁ

Chemical Formula: C4gH1gNO5

Analytical data are consistent with previously reported values*",
Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate 90:10.

IH NMR (300 MHz, CDCl3) & (ppm) 7.00-7.63 (m, 5H), 4.97 (dd, J = 3.3 Hz, 13.5 Hz, 1H), 4.72 (dd,
J=13.2 Hz, 11.1 Hz, 1H), 3.92 (dd, J = 3.3 Hz, 11.4 Hz, 1H), 2.32-2.46 (m, 2H), 1.90-2.04 (m,2H),
1.34-1.48 (m, 4H), 1.17 (s, 3H).

13C NMR (75 MHz, CDCls) & (ppm) 207.1, 169.7, 135.5, 129.5, 128.4, 128.2, 77.6, 62.0, 41.5, 37.1,
28.0, 22.4, 14.0

Enantiomeric excess of 98% and diastereo ratio of 100:0 were determined by HPLC [Chiralpak® IC ;
flow: 0.5 mL/min; hexane/i-PrOH: 80:20 ; A = 210 nm ; major enantiomer tg = 21.4 min ; minor
enantiomer tg = 25.7 min].

[a]o®—47.9 (c 0.3, CH.Cl, 99% ee, d.r.: 100:0)

HPLC traces :
2.00+
: 3
2 N Lo
P4 1.00: pk
] N
000t T e e e e e
18.00 19.00 20.00 21.00 22.00 23.00 24.00 2500 26.00 27.00 28.00 29.00
Minutes
Retention Time % Area
1 21.397 49.06
2 25.534 50.94
0.15
2 o010
0.05- =y
] <
1 &
0.00- yiy YAy ~—+—=

1800 1900 20,00 21.00 2200 23.00 24.00 25,00 26,00 27.00 28.00 29.00
Minutes

Retention Time % Area

21.350 99.32

25.694 0.68

(IS

N
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Ethyl 2-carbamoyl-4-nitro-3-phenylbutanoate (25)

o o
H,N o
NO,

Chemical Formula: C13H1gN,05

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate 50:50.

Diastereomeric excesses 75:25 (without and with catalyst) were determined by HPLC [Chiralpak® IA
; flow: 1.0 mL/min ; hexane/i-PrOH: 90:10 ; A = 210 nm ; major diastereomer tg = 18.1 min and tr =
21.7 min ; minor enantiomer tr = 43.1 min and 55.7 min]

Note: crystallization studies should be performed to determine the absolute configuration of each
centres, and attribute properly the nature of each diastereomer to each HPLC peak.

Minor diastereomers

'H NMR (300 MHz, CDCl3) & (ppm) 7.27-7.34 (m, 5H, H&matic) 7 46 (br. s., 1H, NH>), 5.61 (br. s.,
1H, NH>), 4.27 (d, J = 7.1 Hz, 1H, CO-CH-CO), 4.13-4.21 (m, CH:NO,), 3.70-3.76 (m, OCH,CHs+
CHCH:NO>), 1.33 (t, J = 7.1 Hz, 3H, OCH,CH?3).

13C NMR (75 MHz, CDCls3) & (ppm) 135.9, 129.0, 128.5, 128.0, 78.0, 62.4, 55.1, 43.9, 13.7.

Major diastereomers

'H NMR (300 MHz, CDCls) & (ppm) 7.27-7.34 (m, 5H, H&°mai) 7 68 (br. s., 1H, NH,), 5.79 (br. s.,
1H, NH>), 4.99 (d, J = 7.1 Hz, 1H, CO-CH-CO), 4.90 (qd, J = 7.8 Hz, 9.0 Hz, 2H, CH:NO,), 4.23-
4.32 (m, 1H, CHCH,NO,), 3.97 (g, J = 7.1 Hz, 2H, OCH,CHs), 0.98 (t, J = 7.1 Hz, 3H, OCH.CH).
13C NMR (75 MHz, CDCls) & (ppm) 135.9, 129.0, 128.5, 128.0, 78.0, 62.1, 57.1, 44.7, 14.0.

'H NMR:

fren

3
668
646
5718
56
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489
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13C NMR:
- J a
82 % 348 2% we L=
= 5 885 d a5 93 35 |
| | A ¢/ be
-~ .

T (e T e S — e
160 140 120 100 80 €0 40 20 [ppm]

HPLC traces:

T T

50 10,0 20:0730,0"40,0 50,0 60,66,5

Retention Time Relative Area
1 18.193 37.32
2 21.767 37.78
3 42.973 11.97
4 55.637 12.93
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(2R,3R)-ethyl 2-acetyl-2-methyl-4-nitro-3-phenylbutanoate (27)
O Ph

(R) NO,
X (R)

<

v CO,Et
Chemical Formula: C45H4gNOg

Diastereomeric excesses of 71:29 and enantiomeric excess of 79% for the major enantiomer were
determined by HPLC [Chiralpak® OD-H ; flow: 1.0 mL/min ; hexane/i-PrOH: 95:5 ; A = 210 nm; major
diastereomer tg = 14.6 min and tr = 21.6 min ; minor enantiomer tg = 13.3 min and 27.0 min] (in the
study with 0.1 mol% catalyst 1a and 30mol% EtsN).

Minor diastereomers

'H NMR (300 MHz, CDCl3) & (ppm) 7.26-7.32 (m, 3H), 7.14-7.19 (m, 2H), 4.94-5.00 (m, 2H), 4.31
(9, J =7.1 Hz, 2H), 4.17 (dd, J = 3.9 Hz, 10.6 Hz, 1H), 2.21 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H), 1.27 (s,
3H).

13C NMR (75 MHz, CDCls) & (ppm) 129.0, 128.8, 128.4, 62.2, 47.7, 27.5, 20.1, 14.0. Note: the two
carbonyl functions were not visible on this experiment.

Major diastereomers

'H NMR (300 MHz, CDCls) & (ppm) 7.28-7.39 (m, 3H), 7.18-25 (m, 2H), 4.98 (d, J = 7.9 Hz, 2H),
4.27 (t, J = 7.3 Hz, 1H), 4.10-4.23 (m, 2H), 2.15 (s, 3H), 1.47 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H).

13C NMR (75 MHz, CDCls) 129.3, 128.7, 128.4, 62.1, 47.4, 27.6, 27.9, 18.1, 13.9. Note: the two
carbonyl functions were not visible on this experiment.

Minor diastereomers
'H NMR:

3 22k
. R * f53l

13C NMR:
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Major diastereomers

'H NMR:
'
£
T o H P EH
5 .."ﬁ‘ ,Uh. JA, &/ |
i i3 i Ei B
- (A —
. row)
13C NMR:
£
- 25 & ,
| 4 A B 1l
. ; j _l L L
" - o e » - - L U"l‘
HPLC traces
:
§ 1-An13299 043
:
-8 10,020,080:640:050,060,070,080,6

Retention Time (min)

% Area

A W N -

13.290
14.653
21.630
27.043

8.98
40.63
41.61

8.79
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H
1
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3 - 2166

-8 5,0 10,016:620:025,030,035,040,0

Retention Time (min)

% Relative Area

A 0o N -

13.210
14.513
21.663
27.030

27.79
63.60
7.45
1.16

272



273

7.5.9 Experimental section for Cascade Michael addition
P X-NO2

cat. 0.1 mol% CO,Et
O % 2
)J\ i. LDA, 78 C, THF M gt CrOs, H280, MOB base 30 mol%
t *
o/\ i acetone toluene, £t~ Ph

-20 °C N
NO,

-78°C, THF
Scheme S21: Synthesis of adduct 30b by Tandem Michael addition

7.5.9.1 Synthesis of precursors for Tandem Michael addition
Preparation of ethyl (E)-3-hydroxyhept-4-enoate (28b)

% o~
OH O
Chemical Formula: CgH4603

To a stirred solution of distilled THF (80 mL) and diisopropylamine (3 mL, 20 mmol, 1 eq.) at -79°C
was added n-BuL.i (8.8 mL, 22 mmol, 2.5 M in hexanes, 1.1 eq.). The reaction was stirred at -78°C for
15 min followed by the dropwise addition to ethyl acetate (2 mL, 20 mmol, 1 eq.). Upon completion of
EtOAc addition, the reaction was stirred 50 min at -78°C. (E)-pent-2-enal (2 mL, 20 mmol, 1 eq.) was
added and the reaction mixture was warmed to room temperature and stirred till complete conversion.
Reaction mixture turned intense orange. The reaction was quenched by the addition of saturated NH4CI
solution (10 mL). Desired compound was extracted with Et,O, washed with brine, dried over MgSO.,
filtered and concentrated under reduced pressure. Purification on Silica Gel Chromatography with
Hexane:EtOAc from 100:0 to 70:30 led to a colorless oil (1.45 g, 8.4 mmol, yield 42%).

IH NMR (300 MHz, CDCls) § (ppm) 5.73-5.82 (m, 1H, CH#"**"), 5.44-5.52 (m, 1H, CHa*"), 4.42 (m,
1H, CHOH), 4.17 (g, J = 7.9 Hz, 2H, CO,CH,CHs), 2.84 (d, J = 3.9 Hz, 1H, OH), 2.54 (s, 1H,
CH,CO:EY), 2.52 (d, J = 2.4 Hz, 1H, CH.COEt), 2.04 (m, 2H, CH.CHs), 1.30 (m, 3H, CO,CH.CHs),
0.99 (t, J = 7.3 Hz, 3H, CH,CHs)

13C NMR (100 MHz, CDCls) & (ppm) 172.5, 134.4, 129.6, 69.1, 60.8, 41.7, 25.3, 14.3, 13.4.

'H NMR:
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B3C NMR:

1]
14 [;.q

129 62
12.38
T

1725
1343
9.0
0.7
41,7
-
1428

12

T
10

200 150 100 50 o [ppm]

e —— o]

0O O OH O
diketone CgH1403 keto enol

Jones’ reagent was prepared by the addition of distilled water (8.8 mL) to CrOs (1.34 g) followed by
the careful addition at 0°C of concentrated H,SO4 (1.2 mL).

Jones’ reagent was added dropwise to a stirred solution of S-hydroxy ester (1.45 g, 8.4 mmol), in
acetone (25 mL) at 0°C and reaction mixture was warmed to room temperature. After complete
conversion, methanol was added to quench the excess of Jones’ reagent. Desired compound was
extracted with Et,O, washed with brine, dried over MgSOQ., filtered and concentrated under reduced
pressure.

Purification on Silica Gel Chromatography with Hexane:EtOAc from 100:0 to 90:10 led to a colourless
oil (400 mg, 1.3 mmol, yield 15%).

'H NMR (300 MHz, CDCl3) & (ppm) 11.9 (s, 1H, OHe™"), 7.94 (dt, J = 7.3 Hz, J=15.9Hz, 1H, Et-
CH=CH-CO®""), 7.70 (dt, J = 7.6 Hz, J=15.6Hz, 1H, Et-CH=C(OH)*"™"), 7.18 (dt, J = 1.8 Hz, J = 15.9
Hz, 1H, CH=CHe™"), 7.78 (dq, J = 1.8 Hz, J = 15.6 Hz, 1H, CH=CH®""), 4.98 (q, J = 7.3 Hz, 2H,
OCH,CHzt™"), 4.22 (g, J = 7.3 Hz, 2H, OCH,CHz*"™"), 3.58 (s, 2H, COCH,CO), 2.32 (m, 2H, CH,CH3
+ 2H, CH,CH,CHj), 1.25 (m, 3H, CO,CH,CHj3), 1.08 (m, 3H, CH,CHs).

13C NMR (100 MHz, CDCls) & (ppm) 192.4, 167.6, 151.4, 142.5, 128.8, 123.5, 90.1, 61.4, 60.5, 60.1,
31.0,25.7,21.1,14.4,14.3,12.8, 12.2.
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Preparation of ethyl (E)-2-ethyl-3-hydroxyhept-4-enoate (28c)
Et

OH O
Chemical Formula: C41H5q03

To a stirred solution of distilled THF (80 mL) and diisopropylamine (3 mL, 20 mmol, 1.3 eq.) at -79°C
was added n-BuLi (8.8 mL, 22 mmol, 2.5 M in hexanes, 1.4 eq.). The reaction was stirred at -78°C for
15 min followed by the dropwise addition to ethyl propanoate (2.6 mL, 20 mmol, 1.3 eq.). Upon
completion of ethyl propanoate addition, the reaction was stirred 50 min at -78°C. (E)-pent-2-enal (1.5
mL, 15 mmol, 1 eq.) was added and the reaction mixture was warmed to room temperature and stirred
till complete conversion. Reaction mixture turned intense orange. The reaction was quenched by the
addition of saturated NH4CI solution (10 mL). Desired compound was extracted with Et,O, washed
with brine, dried over MgSO., filtered and concentrated under reduced pressure.

Purification on Silica Gel Chromatography with Hexane:EtOAc from 95:5 to 70:30 led to a colourless
oil (1.12 g, 5.6mmol, yield 37%).

'H NMR (300 MHz, CDCls) & (ppm) 5.79 (m, 1H, Et-CH=CH), 5.48 (tt, J = 1.5 Hz, 7.0 Hz, 1H, Et-
CH=CH), 4.18 (m, 3H, CHOH + OCH,CHj3), 2.40 (m, 2H, OH + CH-Et), 1.67 (m, 2H, CH=CH-CH>-
CHs), 1.27-1.34 (m, 5H, CH-CH,-CHj3), 0.93-1.06 (m, 6H, 2 x CH-CH,-CHj).

A peak of DCM was present in the sample.
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Preparation of ethyl (E)-2-ethyl-3-oxohept-4-enoate (29c)

Et Et
/\/&W*Wﬁa;zzzzzt/AV%W/kW%t

e} o) OH O

diketone C11H1803 keto enol
Jones’ reagent was prepared by the addition of distilled water (8.8 mL) to CrO;z (1.34 g) followed by
the careful addition at 0°C of concentrated H,SO4 (1.2 mL).
Jones’ reagent was added dropwise to a stirred solution of fS-hydroxy ester (1.12 g, 5.6 mmol), in
acetone (25 mL) at 0°C and reaction mixture was warmed to room temperature. After complete
conversion, methanol was added to quench excess of Jones’ reagent. Desired compound was extracted
with Et,0, washed with brine, dried over MgSOQsy, filtered and concentrated under reduced pressure.
Purification on Silica Gel Chromatography with Hexane:EtOAc from 95:5 led to a yellow oil (263 mg,
yield 24%).

'H NMR (300 MHz, CDCls) & (ppm) 12.66 (d, J = 1.6 Hz, OH keto enol), 7.02-7.07 (dt, J = 7.4 Hz,
15.7 Hz, CH=CH-Et diketone), 7.73-7.78 (dt, J = 7.4 Hz, 15.7 Hz, Et-CH=CH keto enol), 7.25 (dt, J
=15.7 Hz, 1.7 Hz, CH=CH-Et diketone + dq, J = 15.3 Hz, 1.6 Hz, Et-CH=CH keto enol), 4.16-4.27 (m,
0-CH»-CHs diketone + O-CH,-CHjs keto enol), 3.59 (t, J = 7.5 Hz, CO-CH-CO diketone), 2.24-2.41
(m, CHs3-CH»-CH=CH diketone + C(OH)=C(COEt)-CH>-CHs; keto enol), 1.87-2.00 (m, CO-
CH(CO:Et)-CH,-CHj5 diketone + CH3-CH,-CH=CH keto enol), 1.35 (t, J = 7.1 Hz, -CO-CH,-CHs keto
enol), 1.29 (t, J = 7.1 Hz, C(OH)=C(COEt)-CH.-CHg, keto enoal), 1.28 (t, J = 7.1 Hz, -CO-CH,-CHjs
diketone), 1.12 (t, J = 7.5 Hz, CH3-CH,-CH=CH diketone), 1.05 (t, J = 7.5 Hz, CH3-CH,-CH=CH keto
enol), 0.97 (t, J = 7.5 Hz, CH(CO;Et)-CH,-CHs diketone).
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7.5.9.2 Characterization of cyclized adducts from Cascade Michael reaction

Ethyl 4-ethyl-3-nitro-6-0xo-2-phenylcyclohexanecarboxylate (30b)

o OH
, COLEt . CO,Et
Et” "X~ "Ph Et” ¢ Ph
N02 N02
C17H21NOs5

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 98:2 to 80:20.

Major diastereomers

IH NMR (300 MHz, CDCls) & (ppm) 12.61 (s, 1H, OH), 7.31-7.46 (m, 5H, CeHs), 6.73 (dt, J = 15.5
Hz, 7.6 Hz, 1H, CHNO,), 6.18 (dt, J = 15.9 Hz, 1.7 Hz, 1H, CH-Ph), 4.22 (q+q, J = 7.1 Hz, 2H,
OCH,CH), 2.64 (dd, J = 18.8 Hz, 7.9 Hz, 1H, CH,%""), 2.47 (dd, J = 10.8Hz, 18.7Hz, 1H, CH,%°),
2.18-2.36 (M, 2H, CHCH,CHs), 2.03 (m, 1H, CHCH,CHj), 1.30 (t, J = 7.1 Hz, 3H, OCH,CHs), 0.91 (t,
J=7.6 Hz, 3H, CHCH,CHs).

Minor diastereomers

IH NMR (300 MHz, CDCl) & (ppm), 11.93 (d, J = 1.4 Hz, 1H, OH), 7.31-7.46 (m, 5H, CeHs), 6.96
(dt, J = 7.3 Hz, 15.9 Hz, 1H, CHNO), 5.82 (dg, J = 15.5 Hz, 1.5 Hz, 1H, CH-Ph), 4.03 (dg, J = 7.1 Hz,
2.9 Hz, 2H, OCH.CHs), 2.64 (dd, J = 18.8 Hz, 7.9 Hz, 1H, CH,®*), 2.47 (dd, J = 10.8Hz, 18.7Hz, 1H,
CH,™"), 2.18-2.36 (m, 2H, CHCH.CHs), 2.03 (m, 1H, CHCH,CHs), 1.44 (t, J = 7.5 Hz, 3H,
OCH,CHs), 0.97 (t, J = 7.1Hz, 2.59 H, CHCH,CHs).

Enantiomeric excess of 98% and diastereo ratio of 70:30:0:0 were determined by HPLC [Chiralpak®
IC ; flow: 0.5 mL/min ; hexane/i-PrOH: 80:20 ; A = 210 nm ; major diastereomers: major enantiomer
tr = 20.6 min, minor enantiomer tg = 40.4 min ; minor diastereomers: major enantiomer tg = 25.4 min,
minor enantiomer tg = 29.6 min].
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Ethyl 4-ethyl-1-methyl-3-nitro-6-oxo-2-phenylcyclohexanecarboxylate (30¢)
o]

Et
T CO,Et
Et” “Ph
NO,

C19H25NO5

Purification on Silica Gel Chromatography with Hexane:Ethyl Acetate from 98:2 to 90:10.

IH NMR (300 MHz, CDCls) & (ppm) 7.08-7.43 (m, 5H, H¥®), 6.11 (dt, J = 1.6 Hz, 15.2 Hz, 1H, CHPh),
5.21 (dd, J = 3.3 Hz, 13.2 Hz, 1H, CHNO,™), 5.03 (dd, J = 3.1 Hz, 13.4 Hz, 1H, CHNO,"™), 4.91
(dd, J = 13.2 Hz, 11.4 Hz, 1H, 1H from COCHy), 4.15-4.37 (m, 3H, 1H from COCH, + OCH,CH),
2.26 (m, 2H, CHCH,CHs), 2.02 (sept, J = 7.8 Hz, 1H, CHCH,CHs), 1.78 (sext, J = 7.9 Hz, 2H, C-
CHCH3), 1.36 (t, J = 7.1 Hz, 3H, OCH,CH5™"), 1.27 (t, J = 7.3 Hz, 3H, OCH,CH5™%), 1.07 (t, J =
7.5 Hz, 3H, CHCHCHs), 0.94 (t, J = 7.5 Hz, 3H, CCH.CHs™), 0.82 (t, J = 7.6 Hz, CCH,CH5™™).

Enantiomeric excess of 78% and diastereo ratio of 78:22:0:0 were determined by HPLC [Chiralpak®
IC ; flow: 1.0 mL/min ; hexane/i-PrOH: 95:5 ; A = 210 nm ; major diastereomers: major enantiomer
tr = 13.9 min, minor enantiomer tg = 18.1 min ; minor diastereomers: major enantiomer tg = 12.9 min,
minor enantiomer tg = 19.7 min].
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7.5.10 Experimental section for Henry reaction

2-nitro-1-(p-tolyl)propan-1-ol (40)

Major Diastereomer: *H NMR (300 MHz, CDCls) & (ppm) 7.30-7.42 (m, 4H), 5.00 (d, J = 9.1 Hz,
1H), 4.75 (m, 1H), 2.67 (br. s., 1H), 2.40 (s, 3H), 1.33 (d, J = 7.8 Hz, 3H).

Minor Diastereomer: *H NMR (300 MHz, CDCls) & (ppm) 7.30-7.42 (m, 4H), 5.35 (d, J = 3.7 Hz,
1H), 4.69-4.76 (m, 1H), 2.78 (br. s., 1H), 2.38 (s, 3H), 1.53 (d, J = 7.8 Hz, 3H).
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Enantiomeric excess of 26% and diastereo ratio of 53:47 were determined by HPLC [Chiralpak® AD-
H ; flow: 0.5 mL/min ; hexane/i-PrOH: 95:5 ; A = 210 nm; major diastereomers: major enantiomer tg
= 53.1 min, minor enantiomer tz = 44.6 min ; minor diastereomers: enantiomer n°1 tg = 27.6 min,
enantiomer n°2 tg = 32.6 min].

DBU 30mol%

9 DCM
H o+ < No, > N
NO,
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0,00 5,00 10,00 15,00 20,00 25,00 30,00
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28.128 40.28
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cat. 1 mol%

DIPEA 30mol% OH

toluene, -20°C
+ /\ N02 = * ONE

NO,

53.129

144.569

7 v

— —
35.00 40.00 50.00 55.00
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Retention Time % Area

27.617 27.88

32.568 27.43

44.569 17.35

(N[

53.129 29.44
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7.5.11 Experimental section for the Julid-Colonna epoxidation

7.5.11.1 Synthesis of chalcone 36
(E)-3-(furan-2-yI)-1-phenylprop-2-en-1-one (36)

(0] (0] (0]
H . Hkok DCM, RT _~__O
| <
(0] PPh, (o]

° Hzo

In a flask under argon were added phenylglyoxal monohydrate (152 mg, 1.0 mmol, 1 eq.) and tert-
butoxycarbonylmethylene triphenylphosphorane (376 mg, 1.0 mmol, 1 eq.) in dry DCM (2 mL) and
stirred all day at room temperature. The reaction mixture was then concentrated and directly purified
on Silica Gel Chromatography with Cyclohexane:EtOAc from 95:5 to 90:10 to lead to yellow oil
(undetermined yield).

'H NMR (300 MHz, CDCls) § (ppm) 8.01-8.05 (m, 2H), 7.85 (d, J = 15.4 Hz, 1H), 7.65 (tt, J = 1.4 Hz,
7.5 Hz, 1H), 7.62-7.68 (m, 2H), 6.85 (d, J = 15.6 Hz, 1H).
13C NMR (75 MHz, CDCls) & (ppm) 190.0, 164.8, 136.8, 135.7, 134.6, 133.7, 128.9, 82.0, 28.0.

7.5.11.2 General procedure for Julia-Colonna epoxidation

To a vial charged with 1a (0.51 mg, 0.5 pumol) were added the urea-peroxide hydrogen (56 mg, 0.6
mmol, 1.2 eq) in dry toluene (500 pL) and DBU was added at the desired temperature. After 5 min, the
chalcone (0.5 mmol, 1 eq) was added and reaction mixture was stirred at room temperature until
complete conversion. The crude was directly purified on Silica Gel Chromatography as described in
Supporting Information. The enantiomeric excess was determined by Chiral HPLC as described in
Supporting Information.

7.5.11.3 Characterization of Julid-Colonna adducts

Phenyl (3-phenyloxiran-2-ylYmethane (32)

Enantiomeric ratio was determined by HPLC [Chiralpak® IC ; flow: 1.0 mL/min ; hexane/i-PrOH:
90:10 ; A =210 nm ; tr = 21.5 min, minor enantiomer tr = 23.6 min].

0
Chemical Formula: C15H4,05

IH NMR (300 MHz, CDCls) § (ppm) 8.04-8.07 (m, 2H), 7.66 (tt, J = 1.3 Hz, 7.5Hz, 1H), 7.60-7.66 (m,
2H), 7.51-7.54 (m, 5H), 4.33 (d, J = 1.9 Hz, 1H), 4.12 (d, J = 1.9 Hz, 1H).
13C NMR (75 MHz, CDCls) & (ppm) 135.5, 134.0, 129.1, 128.9, 128.9, 128.8, 128.4, 125.8, 61.1, 59.4.



HPLC traces:

1-21483
£ - ﬂa,sa
g
&
1

“TF 50 1010-1860"20,0 25,0 30,0

Retention Time % Area
1 21,483 49,97
2 23,557 50,03

Tert-butyl 3-benzoyloxirane-2-carboxylate (37)

Shan:

Chemical Formula: C44H1504
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'H NMR (300 MHz, CDCls) & (ppm) 8.04-8.07 (m, 2H), 7.65-7.71 (tt, J = 1.3 Hz, 7.5 Hz, 1H), 7.62-
7.68 (m, 3H), 4.41 (d, J = 1.8 Hz, 1H), 3.62 (d, J = 1.8 Hz, 1H), 1.56 (9H, s). Boc and H,0 peaks were

confounded.

3C NMR (75 MHz, CDCls) & (ppm) 192.3, 167.2, 135.1, 129.0, 128.6, 83.6, 55.3, 53.8, 28.0.

HPLC traces :

H 2-8,503
3 i
H

H
“TF 2,0 4076880 100 12/2,9

Retention Time % Area
1 6.43 49.65
2 8.50 50.35




285

7.6 EXPERIMENTAL PART OF CHAPTER V

7.6.1 Characterization of catalyst 41 and precursors

Oligourea 34

H
o) o) o) o - O-N
XOAEFQHEH\/\NJLNGEH\/\ SN N N ;j

: H H

IH NMR (400 MHz, CDsOH) & (ppm) 8.11 (m, 1H), 6.55 (d, J = 10.1 Hz, 1H), 6.46 (m, 1H), 6.32 (m,
2H), 6.21 (d, J == 8.6 Hz, 1H), 6.06-6.12 (m, 2H), 5.91 (m, 1H), 5.87 (d, J = 9.4 Hz, 2H), 5.78 (d, J =
9.7 Hz, 1H), 5.73 (dd, J = 9.4 Hz, 3.3 Hz, 1H), 3.75-3.96 (m, 4H), 3.49-3.64 (m, 7H), 3.35-3.47 (m,
3H), 3.25 (m, 1H), 2.70 (s, 4H), 2.40-2.64 (m, 3H), 2.19-2.32 (m, 3H), 1.50-1.69 (m, 4H), 1.38 (s, 9H),
1.14-1.17 (m, 2H), 1.07-1.10 (m, 2H), 0.94 (2 x d, J = 7.4 Hz, 2 X 3H), 0.78-0.96 (m, 8 X 3H).

3C NMR (75 MHz, CDs0D) § (ppm) 171.0, 160.7, 160.2, 160.1, 160.1, 159.5, 158.3, 153.3, 79.0, 57.2,
57.4,54.6,54.6, 46.3, 46.1, 45.9, 45.4, 45.2, 43.6, 43.2, 42.7, 41.7, 41.6, 30.7, 30.6, 27.9, 27.6, 25.0,
24.7,23.5,22.4,22.3,21.4,21.0, 18.8, 18.8, 17.8, 17.8, 18.0, 16.9.

Table S 14: *H NMR Chemical Shifts (ppm) of Boc-Val'-Ala"-Leu“-Val“-Ala"- Leu“-Pro"OSu (34) in
CDsOH at 293K.

Residue NH NH’ *CH?2 “CHP PCH "CH 3CH (tCH TermCH A&(“CH)
Boc 1.38
Val! 1 6.55 5.91 3.54 2.48 3.40 1.56 0.84 1.06
Ala" 2 5.87 6.20 3.56 2.40 3.86 0.94 1.16
Leu" 3 5.87 6.45 3.56 2.24 3.56 1.08 1.62 0.82 1.32
Val! 4 6.11 6.31 3.58 2.32 3.62 1.56 0.82 1.26
Ala" 5 5.78 6.73 3.52 2.24 3.80 0.96 1.28
Leu" 6 6.06 6.31 3.40 2.64 3.90 1.18 1.66 0.82 0.76
Pro 7 - 8.10 3.44 3.25 3.93 1.87 1.76 1.96 0.19
OSu 2.70
'H NMR:
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BC NMR:
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1.0 [ren

~ 43

tert-butyl ((4S,9S,14S,19S,24S,29S)-1-((S)-2-((3-benzylureido)methyl)pyrrolidin-1-yl)-4,19-
diisobutyl-14-isopropyl-9,24,30-trimethyl-1,6,11,16,21,26-hexaoxo-2,5,7,10,12,15,17,20,22,25,27-
undecaazahentriacontan-29-yl)carbamate — Boc-41

o o 0 o -
onginzrnwhﬁfn@n% LA I Ty

:H

IH NMR (400 MHz, CDCls) & (ppm) 7.43 (m, 4H), 7.35 (m, 1H), 6.69 (m, 1H), 6.60 (m, 1H), 6.53 (m,
1H), 6.44 (m, 1H), 6.37 (m, 1H), 6.32 (m, 1H), 6.25 (d, J =10.3 Hz, 1H), 6.14 (d, J = 9.3 Hz, 1H), 6.06
(m, 1H), 6.00 (2 X d, J= 9.5 Hz, 10.2 Hz, 2H), 5.93 (d, J = 7.4 Hz, 1H), 5.86 (dd, J = 3.2 Hz, 7.1 Hz,
1H), 3.86-4.04 (M, 5H), 3.62-3.78 (M, 5H), 3.43-3.57 (M, 4H), 3.35 (M, 1H), 2.73-2.80 (m, 1H), 2.57-
2.64 (M, 1H), 2.32-2.50 (M, 4H), 1.85-2.01 (m, 6H), 1.65-1.81 (m, 4H), 1.52 (s, 9H), 1.27-1.33 (m, 1H),
1.17-1.22 (m, 2H), 1.07 (m, 3H), 0.91-1.01 (m, 8 X 3H).

13C NMR (100 MHz, CDs0H) & (ppm) 160.8, 160.3, 160.1, 160.0, 159.5, 158.4, 158.3, 128.1, 126.9,
126.6, 79.0, 57.6, 56.5, 54.5, 46.3, 46.2, 46.0, 45.5, 45.3, 43.5, 43.3, 42.8, 42.0, 41.8, 41.5, 30.7, 30.6,
28.5,27.6,24.9,24.7,23.3,22.4,22.3,21.4,20.9, 18.8, 17.9, 17.7, 16.9.
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Table S 15"H NMR Chemical Shifts (ppm) of Boc-Val“-Ala"-Leu"-Val“-Ala’- Leu"-Pro"-CH,Ph

(Boc-41) in CDsOH at 293K

Residue NH NH® °CH® °CH® PCH 'CH 9CH *CH Téer AS(“CH)
Boc
Val" 1 6.69 6.06 369 260 354 169 1.01 1.09
Ala" 2 6.00 6.32 347 248 393 099 0.99
LeuY 3 6.00 661 369 236 398 121 174 094 1.33
Val" 4 6.25 6.44 368 246 374 169 0.96 1.22
Ala" 5 593 586 367 239 393 107 1.28
Leut 6 6.14 653 352 277 400 128 178 0.99 0.75
Pro“ 7 - 637 350 335 398 200 1838 195 0.15
CH2Ph 7.74 4.33 7.42
(S)-2-((3-benzylureido)methyl)-N-((3S,8S,13S,18S,23S,28S)-1-((3,5-bis(trifluoromethyl)
phenyl)amino)-13,28-diisobutyl-3,18-diisopropyl-8,23-dimethyl-1,6,11,16,21,26-hexaoxo-
2,5,7,10,12,15,17,20,22,25,27-undecaazanonacosan-29-yl)pyrrolidine-1-carboxamide (41)
CF
o I/H H ? H H o H H P NN
AR~ I NTN%NJLNJVNTN%NJLD I
H H H H H =z H H =z H
28 (e} = 0 _~ (0] >/

'H NMR (400 MHz, CD;OH) & (ppm) 7.91 (s, 2H), 7.52 (s, 1H), 7.19 (m, 4H), 7.11 (m, 1H), 6.45-6.50
(m, 2H), 6.31 (m, 1H), 6.14-6.23 (m, 3H), 6.06 (d, J = 9.0 Hz, 1H), 5.97-6.00 (m, 1H), 5.88-5.92 (m,
2H), 5.84 (d, J = 10.2 Hz, 1H), 5.79 (d, J = 9.7 Hz, 1H), 3.68-3.87 (m, 5H), 3.48-3.62 (m, 5H), 3.28-
3.39 (m, 5H), 2.77 (m, 1H), 2.57-2.65 (m, 1H), 2.20-2.42 (m, 4H), 1.77-1.91 (m, 6H), 1.60-1.73 (m,
5H), 1.51-1.58 (m, 1H), 1.15-1.19 (m, 2H), 1.06 (t, J = 7.4 Hz, 2H), 0.78-0.93 (10 x 3H, m).

13C NMR (75 MHz, CDsOH) & (ppm) 160.8, 160.4, 160.1, 159.6, 158.3, 156.9, 142.0, 139.9, 132.1,
1317, 131.2, 128.1, 126.9, 126.7, 125.2, 121.6, 117.7, 114.4, 57.7, 55.4, 54.6, 45.6, 45.3, 43.5, 43.2,
43.0, 42.3, 41.8, 41.8, 41.6, 30.6, 29.3, 28.4, 24.8, 24.7, 23.3, 22.5, 22.3, 21.4, 20.9, 18.8, 17.9, 17.4,
17.01, 17.0.

E NMR (376 MHz, CD;OH) & (ppm) -64.60
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Table S16: 1H NMR Chemical Shifts (ppm) of 3,5-(CF3),PhNHCO-Val“-Ala"-Leu"-Val“-Ala"- Leu"-
Pro“-CHPh (41) in CD30OH at 293K.

Residue NH NH> °“CH® “CHP PCH "CH 3CH *CH Term CH  A8(*CH)
Ar 7.65 752+7.91
Val* 1 6.18 5.98 3.62 2.61 3.71 1.69 0.89 1.01
Ala" 2 591 6.21 3.34 2.40 3.82 0.89 0.94
Leu 3 5.84 6.45 3.57 2.27 3.87 1.06 165 0.87 1.30
Val* 4 6.14 6.32 3.58 2.36 3.62 1.56 0.89 1.22
Ala" 5 5.79 5.92 3.50 2.24 3.80 0.89 1.24
Leu 6 6.06 6.50 3.27 2.77 3.87 1.19 169 0.82 0.5
Pro“ 7 - 6.30 3.30 3.25 3.84 1.85 1.77 1.91 0.05
4.24
CHzPh
7.11+7.19
'H NMR:
BH 3698 akR  BES AR %
YR $35G3%A8S § 8coh  gitiecoescccesssase 3
‘ w“ | yll ‘ ‘ e i ™ ‘ !":'.w‘ o
I :k “'l‘ tl‘ , I ]
" i '3’";‘&” AW a5 Sy :‘,\‘., N ,gug:j‘x.w.g I’;; R 73
] - Po | [ o in,—:i.‘m lered . L
s ‘ S e : 7 | : ' tppm)
13C NMR:
SRR
M—JJ..M,ULJ | — -~ 3
, S et ] ¥ v v T v . e ) ¥ ¥ | S ¥ v P v v T et S |
160 140 120 100 20 60 %0 20 Ppm)
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¥FE NMR:
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7.6.2 Procedure for synthesis of catalyst 35

Before synthesis, the resin was washed in DMF three times and let swollen 30 min in DMF. Kaiser test
(ninhydrin, phenol, pyridine in ethanol) will be performed all along the synthesis to follow the
couplings. Beads are blue in presence of free amines, they are colourless when the amines are capped.
In a microwave reactor were added the polystyrene resin (100 mg, 37 umol, 1 eq., loading = 0.37
mmol/g), Boc-protected oligourea (48 mg, 44.4 umol, 1.2 eq) in DMF (500 pL) and DIPEA (19 pL,
111 pumol, 3 eq.). The reaction mixture was heated at microwave at 25W and 70 °C for 30 min. The
remaining free amines were capped with a solution acetic anhydride:DCM (1:1 v:v). Then beads were
filtered, rinsed three times with DCM. The amine was deprotected through the addition of TFA (1 mL)
at room temperature for 5 min, followed by being rinsed three times with DCM. Reaction mixture was
basified with a solution DIPEA:DCM (1:1 v:v) for 5 min at RT, then beads were rinsed three times with
DCM. 3,5-his (trifluoromethyl)phenyl isocyanate (34 pL, 185 pmol, 5 eq.) was added to the reaction
mixture in DCM (1 mL), and it was stirred for 20 min at room temperature until complete amine
coupling. Beads were rinsed three times with DCM and dried under high vacuum. The grafted beads
were orange (Mwtal = 159 mg, grafted resin loading = 0.23 mmol/g, quantitative).



1. DIPEA, DMF
MW (25W, 70°C, 30 min x2)
2. Ac,O/DCM (1:1) NH
15 min O:<
NH
/
PSSP S
~ONTON NN
TN N T YNNY T

1. TFA, 5 min x 2
then rinsed with DIPEA/DCM (2x)
2. bis(3,5 bis trifluoromethyl)phenyl isocyanate
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Scheme S22: Synthesis of solid-support catalyst 35
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7.6.2 Procedure for the synthesis of catalyst 43

Before synthesis, the resin was washed in DMF three times and let swollen 30 min in DMF. Kaiser test
will be performed all along the synthesis to follow the couplings.

In a microwave reactor were added the polystyrene resin (50 mg, 18.5 umol, 1 eq., loading = 0.37
mmol/g), HBTU (53.7 umol, 20 mg, 2.9 eq.), Boc-8-Aoc (14 mg, 55.5 umol, 3 eq.) and DIPEA (10 pL,
55.5 umol, 3 eq) were added and stirred overnight at room temperature. Then beads were filtered, rinsed
three times with DCM and dried under vacuum to lead to yellow beads (60.2 mg, quantitative). The
complete coupling of amine functions was checked with Kaiser test. Beads were swollen 20 min in
DCM then filtered and TFA (2 mL) was added and deprotection was run for 5 min at RT. Then beads
were filtered, rinsed three times with DCM and reaction mixture was basified with a solution
DIPEA:DCM (1 mL, 1:1 v:v). Boc-protected oligourea (60 mg, 55.5 pmol, 3 eq) was dissolved in DMF
(500 pL) and added to reaction mixture which was heated for 30 min at 25W and 70 °C. Complete
coupling was checked with Kaiser test and Chloranyl test. Beads were filtered and rinsed three times
with DCM. TFA (1 mL) was added at room temperature for 5 min to deprotect the amine. Reaction
mixture was basified with a solution DIPEA:DCM (1 mL, 1:1 v:v), then beads were rinsed and DMF
(500 L) was added. Isocyanate (10.2 pL, 55.5 pmol, 3 eq.) was added and reaction mixture was stirred
overnight at room temperature. Because all the beads were not coupled, additional isocyanate (3 eq)
and DIPEA (10 pL) were added. After stirring for 20 min at RT, coupling was complete. Beads were
filtered, washed three times with DCM, dried under high vacuum to lead to yellow beads (73.8 mg,
grafted resin loading = 0.25 mmol/g, quantitative).



Ha

i. TFA then rinsed with DIPEA/DCM
ii. BocVal'AlaYLeu“Val“Ala"Leu“Pro“OSu,
DIPEA, DMF, MW (70 °C, 25W, 30 min)

HBTU, DIPEA PP
o O_< > _DMF N+
N

o} 0 o N N
o R A AL T

I
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Boc

O
NH
1. TFA, 5 min x 2
then rinsed with DIPEA/DCM (2x)
2. bis(3,5 bis trifluoromethyl)phenyl isocyanate,
20 min, RT
CF;
HoH
Sk R Chono S B "
FsC NT N \n/\:/\NN \n/\./\NN \n/\./\NN o}
H H H H H z H H z H
o = 0 A~ (e}
43
O
NH

Scheme S23: Synthesis of solid-supported catalyst 43
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7.7 Crystallographic data

Table S17: Crystal data and refinement details for molecule 1a

ccde code CCDC 1534525
Chemical formula C176 H304 F24 Nsg O30
Formula weight 4140.73 g/mol
Temperature 120 (2) K
Wavelength 1.54178 A

Crystal system Monoclinic

Space group P2,

Unit cell dimensions

a = 26.850(5) A, o = 90°

b=12.056(2) A, p = 109.18(3)°

c=36.707(7) A, y = 90(3)°

Volume 11222(4) As

Z 4(2°=2)
Density (calculated) 1.225 Mg/m?
Absorption coefficient 0.834 mm'!
Absorption correction Multi-scan
Crystal size 0.30 x 0.30 x 0.20 mm?®
Completeness to theta max 94.8%
Reflections collected 148910
Reflections observed [1 > 2o(1)] 35357

Rint 0.0896
Data/parameters/restrains 148910/2619/26
Goodness-of-fit on F 0.967

Final R indices [[>40(])]

R1 =0.0656, wR2 = 0.0.1520

R indices (all data)

R1=10.0977, wR2 = 0.1689

Largest diff. peak and hole

0.686 and -0.271 e A’




Table S 18: Crystal data and refinement details for molecule 5a
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ccde code CCDC 1534523
Chemical formula CasH79FsN1407S
Formula weight 1074.28 g/mol
Temperature 120 () K
Wavelength 1.54178 A
Crystal system Triclinic

Space group P-1

Unit cell dimensions

a=12.085(2) A, a = 108.71(3)°

b=16.110(3) A, p = 104.35(3)°

c=16.872(3) A, y=97.82(3)°

Volume 2929.9 (12) A®
VA 2

Density (calculated) 1.218 Mg/m?
Absorption coefficient 1.134 mm*
Absorption correction Multi-scan
Crystal size 0.20 x 0.10 x 0.10 mm?®
Completeness to theta max 98.1%
Reflections collected 40075
Reflections observed [1 > 2(1)] 15651

Rint 0.0336
Data/parameters/restrains 40075/1413/162
Goodness-of-fit on F 1.153

Final R indices [I>4c (D)]

R1=0.0754, wR2 = 0.1771

R indices (all data)

R1=0.0763, wR2 = 0.1795

Largest diff. peak and hole

1.611and -0.431 e A
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Table S 19: Crystal data and refinement details for molecule 1b

ccde code CCDC 1534527
Chemical formula Ca7HsaFsN120g-
Formula weight 919.00 g/mol
Temperature 120 () K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P21212;

Unit cell dimensions a=9.799(2) A, a.=90°

b=21.455(4) A, B =90(3)°

c=24.701(5) A, y=90(3)°

Volume 5193.1 (18) A3

VA 4

Density (calculated) 1.175 Mg/m?

Absorption coefficient 0.837 mm'*

Absorption correction Multi-scan

Crystal size 0.30 x 0.02 x 0.02 mm?®
Completeness to theta = 68.246° 98.6%

Reflections collected 19777

Reflections observed [I > 26(1)] 8776

Rint 0.0337
Data/parameters/restrains 19777/643/204
Goodness-of-fit on F 1.018

Final R indices [[>40(])] R1 = 0.0455, wR2 = 0.1132
R indices (all data) R1=0.0.0626, wR2 = 0.1190

Largest diff. peak and hole 0.229 and -0.222 ¢ A3




Table S 20: Crystal data and refinement details for molecule 12
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ccde code CCDC 1534528
Chemical formula (CasH78FsN1406S)
Formula weight 1069.28 g/mol
Temperature 120 () K
Wavelength 1.54178 A
Crystal system Orthorhombic
Space group P21212;

Unit cell dimensions

a=15.2126(8) A, a.=90°

b=15.6715(5) A, B =90°

c=23.6347(8) A, y = 90°

Volume 5634.6 (4) A3
VA 4

Density (calculated) 1.260 Mg/m?
Absorption coefficient 1.164 mm*
Absorption correction Multi-scan
Crystal size 0.4 x 0.06 x 0.06 mm?®
Completeness to theta = 72.286° 98.8%
Reflections collected 16496
Reflections observed [I > 26(1)] 8560

Rint 0.1024
Data/parameters/restrains 16496/668/18
Goodness-of-fit on F 1.121

Final R indices [[>40(])]

R1 =0.0986, wR2 = 0.2249

R indices (all data)

R1=0.1131, wR2 = 0.2685

Largest diff. peak and hole

0.828 and -0.311 e A3
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Table S21: Crystal data and refinement details for molecule Boc-11

ccde code CCDC 1534526
Chemical formula Ca2HgsN130o-
Formula weight 916.22 g/mol
Temperature 103 (2) K
Wavelength 1.54178 A
Crystal system Orthorhombic
Space group P21212;

Unit cell dimensions

a=13.9547(3) A, a.=90°

b=16.1574(3) A, B = 90°

Cc=22.4255(16) A, y = 90°

Volume 5056.3 (4) A3
Z 4

Density (calculated) 1.204 Mg/m?
Absorption coefficient 0.697 mm'!
Absorption correction Multi-scan
Crystal size 0.30 x 0.20 x 0.20 mm?®
Completeness to theta = 72.090° 99.2%
Reflections collected 71085
Reflections observed [I > 26(1)] 9803

Rint 0.0278
Data/parameters/restrains 71085/633/0
Goodness-of-fit on F2 1.074

Final R indices [[>40(])]

R1=0.0343, wR2 = 0.0.0844

R indices (all data)

R1 =0.0365, wR2 = 0.0826

Largest diff. peak and hole

0.220 and -0.244 e A’
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