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Standard Equipments and Techniques

Nuclear Magnetic Resonance (NMR)

The NMR spectra were obtained using the spectrometer BRUCKER AVANCE 300
and 400 with sample changer and BBO ATMA multinuclear sensor automatically
tunable (300 or 400 MHz for the proton, 75 or 100 MHz for the carbon 13 and 121
MHz for the phosphorus 31).

The chemical shift$ are expressed in parts per million (ppm) with resge the

signal of the solventd(= 7.26 for CDCJ) used as a reference for the proton and
carbon NMR. The coupling constants are expressed in Hertz (Hz), to describe the
multiplicity of signals. The following abbreviations have been used: s: singlet, d:
doublet, t: triplet, g: quadriplet, dd: doublet of doublet, dt: doublet of triplet, etc. The

3¢ spectra were determined from fully decoupled proton spectra.

The assignment of signals for complex structures was confirmed using 2D
experiment(NOESY).

Mass Spectrometrf{HRMS)

High-resolution mass spectra were performed by CRMPO on a VARIAN MAT
double-focusing spectrometer (mode electronic impact) or high resolution micromass

MS / MS Mass Spectrometer ZABSpecOF (electrospray mode)

Melting Point

The melting points were determined with an error of £ 2 ° C. using a KOFLER
BENCH.
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Chromatography

The thin-film analytical chromatographies are carried out using aluminum
sheetsMerck silica gel 60F254. After elution, the plates are revealed in 254 nm UV
light then by a solution of para-anisaldehyde (375 mL of 95% EtOH, 18.5 mL of
anisaldehyde, 25mL of concentratedS,, and 7.5 mL glacial acetic acid) and / or
potassium permanganate (1.5g of KMn@0g of KCOs;, 1.25 mL of 10% NaOH and

200 mL water). Purifications by column chromatography were carried out with Acros
Organics 60A silica gel (0.040-0.063 mm).

Glassware

The reactions requiring anhydrous conditions were all carried out under an inert
atmosphere (Nitrogen) using glassware previously dried and Cooled under argon or

nitrogen.

Solvents and reagents

Diethyl ether and THF are distilled over sodium/benzophenone. Dichloromethane and

Toluene are distilled over calcium hydride.

Nomenclature

The names of the molecules were assigned using the Chemdraw 8.0 software

according to the nomenclature IUPAC
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Abbreviations

Apaf-1: Apoptotic protease activating factor
Bax: Bcl-2-associated x protein

BCI-2: B-cell lymphoma 2

BCI-xL : B-cell ymphoma-extra large
BH: Bcl-2 Homology

CDCl3: Chloroform

CDI: Carbonyldiimidazole

Cul: Copper iodide

DAST: Diethylaminosulfurtrifluoride
DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene
DCC: N,N'-Dicyclohexylcarbodiimide
DCM: Dichloromethane

DMAP: 4-Dimethylamino pyridine

DMF: Dimethylformamide

DMSO: Dimethylsulfoxide

DNA: Deoxyribonucleic acid

dppb: 1,4-Bis(diphenylphosphino)butane
equiv: Equivalent

EtsN: Triethylamine

EtAc: Ethylacetate

EtOH: Ethanol

h: hour

HCI: Hydrochloric acid

HIV : Human Immunodeficiency virus
HRMS: High resolution mass spectrometry
Hz: Hertz

IBX: 2-lodoxybenzoic acid

IC50: Average concentartion inhibitor
IR: Infra-red

K,COg3: Potassium carbonate

LDA : Lithium diisopropyl amide

LIALH 4 Lithium aluminium hydride
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LiClI : Lithium chloride

MCI-1: Myeloid Cell Leukemia 1
MeCN: Acetonitrile

MeOH: Methanol

MgSO,: Magnesium sulfate

MIM-1: Mcl-1 inhibitor molecule 1
min: Minute

mol: Mole

MOM : Methoxymethyl

MOMP : Mitochondrial outer membrane permeabilization
mp: Melting point

Na,COgs: Sodium carbonate

NaBH,: Sodium borohydride

NaCl: Sodium chloride

NaH: Sodium hydride

NaHCOs3: Sodium bicarbonate
NaOH: Sodium hydroxide

n-BuLi: n-butyllithium

NH4CI: ammonium chloride

NMR: Nuclear magnatic resonance
NOESY: Nuclear Overhauser Effect Spectroscopy
Ph: Phenyl

pH: potentiel hydrogen

pka: Acid dissociation constant
ppm: parts per million

PPTs Pyridiniunpara-toluene sulfonate
p-TSA: Para-toluene sulfonic acid
R¢: Retention factor

Rt: Room temperature

SOCl,: Thionyl chloride

t-BuO’: tert-Butyl alcohol

THF: Tetrahydrofuran

TLC: Thin layer chromatography
UV: Ultraviolet
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Introduction:

Antibiotics:

To begin, the definition of "antibiotic" as firstgposed bySelman Waksman (who
discovered the streptomycin): it is a natural product produced by bacteria and fungi
that inhibits, or kills, microbes by specific interactions with bacterial targets, without
any consideration of the source of the particular compound or class [1]. Afterward the
notion of "antibiotic" has been extended to molecules obtained by hemisynthesis, or
even by total synthesis, and to some substances exhibiting antifungal, antiviral or
anticancer properties, provided that they are of natural origin.

Antibiotics were first discovered in September 1928 by Alexander Fleming, who
accidently observed that something unusual was occurring on the plate of one of his
experiments, which was dotted with colonies, except for one area where a blob of
mold was growing [2]. The zone immediately around the mold -later identified as a
rare strain ofPenicillium notatumwas clear, as if the mold had secreted something
that inhibited bacterial growth. Fleming found that his "mold juice" was capable of
killing a wide range of harmful bacteria, suchStseptococcusMeningococussand

the Diphtheria Bacillus That marked the beginning of the discovery of penicillin
which, together with several other different antimicrobial agents, save millions of

humans and animals from infectious disease-causing organisms.

In 1939, during the World War I, Howard Florey, Ernst Chain, and their colleagues
at the Sir William Dunn School of Pathology at Oxford University, turned penicillin
from a laboratory curiosity into a life-saving drug. They focused their work on the
purification and chemistry of penicillin G (the original form of penicillin). This
molecule was used as a therapeutic agent for the first time in 1941 in Oxford on a
patient suffered from septicemia (serious bloodstream infection). In 1945, a Nobel
prize in Physiology or Medicine was awarded jointly to Sir Alexander Fleming, Ernst
Boris Chain and Sir Howard Walter Florey "for the discovery of penicillin and its

curative effect in various infectious diseases"



From an historical point of view, it is interesting to note that the real discoverer of
penicillin was a french military physician, Ernest Duchesne. Duchesne was studying
the interaction betweenEscherichia coli and Penicilium glaucum and he
demonstrated that the mold could eliminate the bacteria in a culture. He also proved
that an animal inoculated with a lethal doseéSsafmonella typh{typhoid agent) was

still alive-if beforehand inoculated witRenicillium glaucumE. Duchesne defended

his thesis with general indifference...it was in 1897...thirty years before Fleming's

(serendipity) observation.

An expanded role for the penicillins came from the discovery that natural penicillins
(G and V) can be modified chemically and mainly enzymatically (by amidases), by
removing the acyl group to leave 6-aminopenicillanic acid (6-APA) and then adding
other acyl groups that confer new biological and pharmacokinetic properties (Figure
I.1). These modern semi-synthetic penicilins such as oxacillin, ampicillin,
amoxicillin, and carbenicillin, have various specific properties such as: resistance to
stomach acids so that they can be taken orally, a degree of resistance to penicillinase
(a penicillin-destroying enzyme produced by some bacteria) that extended their range

of activity against some Gram-negative bacteria.

/

Thiazolidine
ring
Acyl group

Fig. I. 1: Structure of original penicillin G (Thiazolidine ring)

Among many antibiotics used nowadays in clinical medicine we can notice
cephalosporinsp-lactams with an identical mode of action to thapehicillins, as

one of the most significant family of antibiotics [3]. Moreover, penicillins and
cephalosporins follow the same biogenetic way, except for the last step.



It is necessary to note that the most important aspect for the synth@siactdm

derivatives has been the construction of the four-membered ring.

Beta-lactams:

2-Azetidinone f-lactam), a four membered cyclic amide (Figure 1.Bas been
recognized as the fundamental pharmacophore group for a large number of bioactive

compounds, especially antibiotics [4].

Fig. I. 2: Structure of 2-Azetidinong-{actam)

B-lactams are present in a variety of antibioticsshsas penicillins, carbapenems,
cephalosporins, and monobactams (azthreonam, the only one in medicine) (Figure

1.3), since they occupied a central role in the fight against pathogenic bacteria [5].

H
R _:S R H
pu s 0
o N F R N\%\
o R
COOH COO0H
Cephalosporins Isooxacephems
NH,
SN

H =( 0

R H
: LS—% H o cH,
N / SR N\ HN=—

o o j/:’\'\

COOH X 3 SOH
HOOC

Carbapenems M onobactam: azthreonam

Fig. I. 3: Some major classes®factams that act as antibiotics



In addition to their antibiotic significance}-lactams exhibit interesting non-
antibacterial properties including cholesterol-lowering effects [6, 7, 8, 9], antifungal
[10], anticancer [11, 12], analgestic [13], and antihyperglycemic activity [14] (Figure
.4).

COH

o Q 0
OH
HO = cl ¢
OH o
N (0]
@} - Q

OH
OH OH
N F '
O
(@)

F
Ezetimibe F Cl
Cholesterol inhibitor Glucuronide (Ezetimibe prodrug) Antifungal
Ra

e o (O
;@ ¢ N@ (v~ OQéQNQ

Analgesic Anticancer

Rs

Fig. I. 4: pLactam compounds exhibit interesting biological activities

Furthermore, many reports on serine protease [15, 16, 17] inhibition by dertain
lactams were also published as well as discovery of 2-azetidinones’ antagonism of
vasopressin Vla receptor [18] and inhibition of HIV-1 protease [19Pdadtamase

[20].

The uncontrolled use @lactams against bacterial infection resulted imeasing the
number of antibiotic-resistant bacterial strains, tptlactams with greater potency

and broader spectrum of action become urgently required. The search for highly
active pB-lactam antibiotics, as well as more effectigdactamase inhibitors, has
motivated from a long time ago, academic and industrial laboratories to design new

functionalized Blactam structures.

So, based on either new or already established methodologies, or on the modification

of preexisting groups attached to the 2-azetidinone ring, many methodologies were
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developed for the stereoselective construction of the four-mempdaethm ring as
reviewed for instance in the following book [21, 22].

fi-Lactams:
Unique Structures

of Distinction for
Navel Molecules

B -lactams: Unique Structures of Distinction for Novel Molecules by Bimal K. Banik

The most popular classical methods for the constructidaétams are ketene/imine
cycloadditions (also known as the Staudinger reaction) [14, 23, 24, 25], ester or amide
enolate-imine condensations [14, 26], and [2+2] cycloadditions of isocyanates with
vinyl ethers [27] (Scheme 1.1).



o ) N

C N .

)J\ ’ )\ Oﬁ)\ /IK
_ OR -

Staudinger enolate/imine

reaction condensation

O

OR
A

@]

pzd

ClO,S

—N + [2+2]
< co \ / cycloaddition
Carbonylation\ /

N, j;/ [cu]+®oﬁ/
)J\H/N\ e S N\ P ——] | H\
O

Kinugasa
reaction

LG /—EWG H

N RO\H)\/

o \

C-H insertion

LG
C-alkylation O HN
N-acylation
O" NC
N-alkylation

Scheme I. 1: Main strategies for the synthesis of 2-Azetidinone ring

Other important reactions for the synthesig-tdctams involves formation of tHe-
lactam ring viaN-acylation of B-amino acids andN-alkylation of amides after
introduction of g3-leaving group [14, 28], and the formation of C34@hd by direct
C-alkylation, but this reaction is very rare [14, 29] (Scheme 1.1). On the other hand,

rhodium-catalyzed intramolecular C-H insertions of diazoamides [30] are also known.

Among the different synthetic routes for the constructior-tdictam ring is the
Kinugasa reaction, which is an interesting and direct method for such a preparation.
This reaction has been discovered 40 years ago by Kinugasa and Hashimoto [31] and

several reviews have been already published on this topic [32, 33].
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Kinugasa reaction:

The Kinugasa reaction is formally a simple [3+2] logcldition reaction between

alkyl/arylacetylidel with a nitrone2 in the presence of a base and copper (I) (Scheme

1.2).
©0 R R Rs
3
_ N j— Cu(l
R—=—H E;)/N—<|_| X O j;,\(;
ase O R
1 22 3 2

Scheme I. 2: The Kinugasa reaction

In 1972 Kinugasa and Hashimoto [31] reported the first reaction of copper(l)
phenylacetylidela with nitrones2a-d, providing a new and facile way to synthesize
B-lactams (Scheme 1.3). The reaction was carriedrodty pyridine for 0.5-1 h, and
only thecis products3a-d were obtained by these authors, in fair yields (51-60%).

This process was the first Kinugasa-type synthesis @fleistams in a stereoselective

manner.
H H
©Q . Ry pyridine Phe SR
P——cCu -+ ON=( — >
R, H rt, 0.5-1h N,
o R,
1a 2aR;= R=Ph 3a-d
2b Rj=0-MeCyHg Ry=Ph (51-60%)

2c R]_: O-C|C4H6Y R2:Ph
2dR;= Ph  Ry=p-CIC4Hg,

Scheme I. 3: Originalfactam synthesis through Kinugasa reaction [31]

In 1976, Ding and Irwin [34] studied the reaction of different nitrobedb,e with

copper (I) phenylacetylidda and discovered that a mixture @b and transf-
lactams was always obtained, in different ratios. @isg-lactam3 was the major
diastereomer in most cases and it was converted intvatheisomer4 under basic
conditions through an epimerization process. This isomerisation process was also

depending on the type of substituent at C3 position (Scheme 1.4).
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o R phH HR, phH MR,
A pyridine — —
Ph—=——Cu + ON=( — Nt N

3 4
la
2aRy= Ry=Ph 3a:4a(32%, dr = 5:3)
2b R;= 0-MeCyHg, R=Ph 3b:4b (25%, dr = 10:1)
2eR;= p-MeCyHg, Ry=Ph 3e:4e(40%, dr = 4:1)

Scheme I. 4: Synthesis ofiictam by Ding and Irwin [32]

Ding and Irwin proposed a first mechanism for the Kinugasa reaction, which is still

one of the mechanisms considered today (Scheme L.5).

-Cu[OH]L3

bd @] R <
R3I(' CU[OH]L; Rsﬁ( ﬁ—f
R=—N, —_— LN R=——N, Ri=—N

Scheme 1. 5: Mechanism for the Kinugasa reaction as proposed by Ding and Irwin

As illustrated in the above scheme, the process consists of a two-step cascade reaction
involving a 1,3-dipolar cycloaddition, followed by a rearrangement. It has been
suggested by these authors fh#dctam formation proceeds through a highly strained
bicyclic oxaziridinium intermediaté. Cis-azetidinone was formed under kinetic
control, due to the protonation of isoxazoline intermediate from sterically less
hindered face.

It has to be noticed that the classical, copper-free cycloaddition of nitrones to terminal

alkynes proceeds under thermal conditions and leads to regioisomeric isoxazolines
6a,b (Scheme 1.6) [35]. The presence of Cu (I) changes the overall outcome of this

12



process and the reaction takes place at room temperature, leading to 2-azetidinone

products 3 instead of isoxazolings

R R R
©Q Rs 1 3 3
Rl ——H + G')/N:< ﬂ» [/ - / -
R, H o R R o R
6a 6b

1
1 2
Scheme I. 6: Thermal non-catalyzed alkyne- nitrone cycloaddition reaction

The first catalytic version of the Kinugasa reaction was developed by Miura and
coworkers [36] in 1993, where the coupling between a terminal alkyneCahd
diarylnitrones was accomplished with a catalytic amount of copper iodide (Cul) and
potassium carbonate (Scheme 1.7). The yields of the resulting pr&@hcts, 7-9

were depending on the type of phosphanes, or nitrogen-containing compounds, used
as ligands. In the absence of ligands, or with ligands containing phosphanes, the
trans-p-lactam4a was isolated in a very poor yield as the only product. When the
reaction was performed in the presence of pyridine or 1,10-phenanthroline as ligands,
the yields of thep-lactams were improved (55-71%), and mixturescieBa and
transdaisomers were obtained in a 2:1 ratio for pyridine, and in a 1:1.2 ratio for 1,10-

phenanthroline respectively.

A\ A
DY »
1,10-Phenanthroline Pyridine
PhE Hpn Pt B Ph
o \ph O \Ph
©Q  Ph - 3a 4a
- Cul, ligand
P—— + ®/N—< 9 > Ph
Ph H K2COs N PhYH
1a 2a — 7 | + PhCHCOOH
Ph—X t A H
Ph Ph
7 8 o

Scheme I. 7: Catalytic intermolecular Kinugasa reaction developed by Miura
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In another report, two years later, Miura and coworkers [37] described the first
examples of the asymmetric intermolecular Kinugasa reaction with chiral bis-
oxazoline-type ligands (Figure 1.5). When compourih was used as ligand, the
reaction of alkyneéla with nitrone2a providedp-lactams3a and4a in 45% vyield (dr
35:65) andee= 40% for each isomer. Theeimproved to 68% when the amount of
Cul was increased to 0.1 equivalent. Furthermore, the reaction with the lit@mds
and 11 generated similar products wide'sof 67% and 45%, respectively, while the
slow addition of phenylacetyleriea to a mixture of nitron®a, Cul (0.1 mmol), and

10a (0.2 mmol) afforded a 57% ee. Under the same reaction conditions with ligands

10b or 11, copper (I) phenylacetylide precipitated preventing further reaction

Me.  Me Me Me
{ﬁ ) 00
N \2 <_/N N\g
R R pﬁ Ph
10aR =i-Pr 11
10bR =t-Bu

Fig. I. 5: Bis-oxazoline type ligands used for asymmetric intermolecular Kinugasa reaction

In 2002, Lo and Fu examined the Kinugasa reaction under Miura's conditions, using a
new C2-symmetric planar-chiral bis(azaferrocene) ligat@d and the sterically
hindered basé,N-dicyclohexylmethylamine [38] (Scheme 1.8). Thus, the reaction
between phenylacetyleri@ andC, N-diphenyl substituted nitronésin the presence

of ligand 12a with catalytic amounts of copper (I) chloride revealed a moderate
stereoselection. On the contrary, the use of a methyl-substituted igarafforded

the B-lactams3 with excellentcis diastereoselectivity (95:5) and goed's(from 77 to

89%).
/ Me Me \

Me y Me
Fe
R
Me Fe ;e tR
Me/ié\ Me 12aR =H
12b R = Me

N /
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0 R 1-2.5 mol % CuCl Fh, R

\
Ph—=——H N RRy12 - /,;‘\1
Rz H Cy,NMe, MeCN, 0°C o] R,
la 2aR, =R, =Ph 3a(69%, ee = 77%, dr = 95:5)
2f Ry = Ph, R = p-(MeO)GH, 3f (53%, ee = 85%, dr = 95:5)
2gRy = Ry = p-(MeO)GH, 30 (46%, ee = 83%, dr = 93:7)
2h Ry = Cy, Ry = p-(MeO)GHa, 3h (57%, ee = 89%, dr = 93:7)

Scheme I. 8: Catalytic asymmetric synthesip-tefictams by using chiral ligands

It should be noted that, until now, the Kinugasa reaction was performed strictly under
nitrogen atmosphere in order to avoid the Glaser oxidative coupling reaction, which is
a coupling between two terminal alkynes in the presence of a base and Cu(l), that

occurs via a radical mechanism [39].

In 2003, Tang and coworkers [38] reported that the Kinugasa reaction in the presence
of a catalytic amount of pseudB-symmetric trisoxazoline ligand (TOX ligandl},
Cu(ClOy),2.6H,0, and CyNH, as a base, in acetonitrile at 0 °C, obtained the desired
the cis-B-lactams3 in moderate to good yields (25-98%) and weat#s up to 91:9
(Scheme 1.9).

a I
A %ﬂ
o 13 J

o0 A 10 mol % Cu(CIO,)26H,0 g Ar,

R——H + ®N:< 13 (12 mol %) . J/:\,\
Aff  H  Cy,NH (leq), MeCN, BC N_
R = Ar, COOEt 25-98% yield

Arl
3

Scheme I. 9: Enantioselective Kinugasa reaction catalyzed by Cu(ll)fB&Xiral complex
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In 2008, Hsung's [41] described a highly stereoselective synthesis ofcchmaho-
B-lactams through an ynamide-Kinugasa reaction. €haetion was carried out in the
presence of CuCl in MeCN [0.2 M] at room temperature and prodtisgdlactam

15 as the major isomer and traactam B as minor isomer (Scheme 1.10).

o) o}
o)
0 20 mol % CuCl C( d
J{ ©0  Ph N, Ph N Ph
O . N CyzNMe R Y, N : D
U= o - o e
/ Ph H MeCN [0.2M], rt, 24 h N, N,
Bn o Ph o Ph
14 2a 15 16

(73%, dr 95:5)
Scheme 1. 10: Highly stereoselective ynamide Kinugasa reaction

During the same year, the research group of M. Chmielewski was working on the
synthesis of a highly bioactié&lactam family of products, the "carbapenems "that
has higher resistance palactamases than othpractams [42]. On the other hand, it
has to be noticed that carbapenam is a saturated carbafelaetam that exists
primarily as biosynthetic intermediate on the way to the carbapenem antibiotics
(Figure 1.6).

HH R
Ry

N T
o]

COOH

Cis-carbapenem

Fig. I. 6: Structure of cisarbapenem

Chmielewski reported a stereoselective synthesis of carbapenems via Kinugasa
reaction between a terminal alkyne and a nonracemic cyclic nitrone [42]. The reaction
of phenylacetylene 1la with nitrone 17 gave two bicyclic produc&snt819 in a 85:15

ratio and 56% vyield (Scheme 11.11). The use of other acetylenes provided products

with high diastereoselectivity, but a rather poor yield (32-36%).
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t-BuO H H OtBu H H Ot-Bu
100 mol% Cul
Ph—="H" @\N EtN, MeCN 5 N ' 3 N
o0 r, 20-23 h
la 17 18 19

56% (dr 85:15)

Scheme I. 11: Diastereoselective synthesis of Carbapenems via a Kinugasa reaction

In 2011, M. Chmielewski and coworkers developed also a novel approach for the
synthesis of the cholesterol absorption inhibitor "Ezetimid®"[41]. The key step

was the Kinugasa cycloaddition/rearrangement cascade between terminal acetylene 20
and nitrone21 with N,N,N,N'-tetramethylguanidine (TMG) as the base (Scheme
[1.12). The cis-azetidinone22 (ezetimibeistrans-azetidinonewithconfiguration (3R

4S) was obtained along with two other isomers: tia@s-azetidinone23 and a
mixture of diastereoisomegt. It should be noted that tees-azetidinone22 and the
trans-azetidinone23 have the same configuration at the C4 carbon of the azetidin-2-
one ring. Thus, 22 and 23 could be used for the next steps without separation.

\/I_ OBn \/I_ OBn + OBn
0 Q ¢}
B( - o_~4H o_~MH

_100% mol% C cu ©

T

N * N + N
TMG MeCN d Q 19 Q Io] Q
0C-rt
20 F F F
21 cis trans 24 (5%)
22 (41%) 23(12%)
'

F
Scheme I. 12: Synthesis of the cholesterol absorption inhibitor Ezetimibe 25
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Recently, Feng and coworkers [44] described a new chiral diamine—Cu(OTf)

complex for the catalytic asymmetric Kinugasa reaction. Furthermore, the reaction

was performed in water without the need of any organic co-solvent. In contrast to

most enantioselective Kinugasa reactions, this mild and operationally simple method

provided a one-step route to optically actitransp-lactams4 in good yields,

enantioselectivities and diastereoselectivities. Ttamdsomer 4 is the result of

epimerization at th&3 position under the basic reaction conditions used (Scheme

1.13).
©0 Ry
Ph——H +  oN=
/
R, H
la 2
Ri=Ry= AryI

Scheme I. 13: Asymmetric Kinugasa reaction on water

20 mol 9
mol % 26, Ph, R,
10 mol % Cu(OTf, ’
! N\
n-Bu,NH, H,0, 20C O Rz
4

(56% - 90%)

18

/" REN \NHR\

R = cycloheptanyl

.




a-Methvlene- and a -Alkvlidene 3-lactams:

The a-methylene andi-alkylidene B-lactams (Figure 1.7) have not been extensively

studied, even if some are known as bioactive natural products.

N, N,

O R, O Rz

a-methylene ealkylidene
Fig. I. 7: General structures ofmethylene and-alkylidene Blactams
These attractive structures are important motifs that exist in biologically dktive

lactam products such as tidactamase inhibitors Asparenomycin A[45] and 6-

(acetylmethylene)-penicinallic acid (Figure 1.8) [46

HO
COMe
0
\ / S// \ \\\S
N _

s = LI X

NHAc o 2

COH
Asparenomycin A 6-(acetylmethylene)-penicinallic acid

Fig. I. 8: Representative examples of bioactixakylidene Blactames

In addition to their biological activityg-methylene andr-alkylidene B-lactams are
valuable synthetic intermediates in organic chemistry that can serve for the

preparation of other useful targets.

The bacterial resistance to tRdactam antibiotics is a serious medical probleng on
of the resistance mechanism is due to the productighlaftamases enzymes that
hydrolyze the azetidinone. For this reason, these antibiotics are used, in the case of
resistant germs, in combination wifltlactamases inhibitors. They act as decoy
molecules for the deleterious enzymes and so they protect the antibiotic from bacterial
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enzymes before it reaches its targets. The dugmentiff, for example, contains a
combination of amoxicillin and afactamase inhibitor, clavulanic acid [47].
Therefore, the development of such inhibitors like sulfonylpenicillins (sulbactam,

tazobactam...) (Figure 1.9) becomes very attractive.

¢ 0 OH E B -0
ol S X
o) /, o) B
o OH o TOH
Clavulanic Acid Sulbactam

Fig. I. 9: Blactam inhibitors

In 1994, Alcaide B. and coworkers developed a simple procedure for the preparation
of a-methylene andi-ethylidenep-lactams via the ester enolate imine condensation
reaction (Schemes 1.14 and 1.15) [48]. After a classical preparatiptactams in the

first step, the second one was the formation of the double bonds through the synthesis

of ammonium intermediates followed byefimination under basic conditions.

Me_ Me
N
Me R R
R Me\ / i 1 1
L N oL THE H 1- Mel, MeOH, rt
| * N - N N
NR> OMe o \Rz 2- DBU, acetone, rt g \Rz
27 28 29 30
R; : CH=N-PMP, CH=CHPh, 2-furyl, Ph 54-100% 35-85%
R, : PMP, TMS
Scheme I. 14: Synthesis @methylene flactams via ester enolate imine condensation
reaction
iPre N/iFr
Ry i Pre JiPr Ry Ry
N OLi THF  Me 1-Mel,MeOH, it
R, L - N | aceto N
2 Me Z>OMe g R, 2- DBU, acetone, rt 5 R,
27 31 32 33
R; : CH=N-PMP, CH=CHPh, 2-furyl, Ph 61-100% 70-98%

R, : PMP, TMS

Scheme I. 15: synthesis @fethylidene plactams via ester enolate imine condensation
reaction
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It should be noted that the lithium enolate esters were obtained by the treatfiient of
amino esters with LDA under usual conditions for the generation of enolates from

simple esters.

In 2004, Basak developed another route for the synthesisnathylenef-lactam30
using the Kinugasa reaction. He performed the reaction between nit2oaed
propargyl alcohol34 in the presence of Cul and L-proline in DMF at room

temperature (Scheme 1.16) [49].

100 mol % Cul

R R1
_ Q _ Ry 100 mol % L-proline HO !
=\ + @/N—< > N + N
OH R, H DMSO, 1t, 16 h )

o0 R O Ry
34 2a Rl - RZ =Ph 353(10%) 30a (71%)
35b (10%) 30b (70%)

2i Ry=furyl, R,=Ph

Scheme I. 16: Kinugasa reaction in the presence of L-proline

The reaction afforded two products, tlees-p-lactams 35 along with the 3-
exomethylene-lactams 30. When DMSO was used as solvent, thenethylene

adduct 30 became the major product. The presence of the amphoteric L-proline
molecule is important for this one-step reaction sequence. The authors suggested that
the synthesis of thex--methylene product30 proceeded via L-proline-mediated
elimination of water molecule at the stage of isoxazoline, before the formatjpn of

lactam, rather than simple water elimination from azetidinone 35 (Scheme 1.17).

R R

H--—--Hsg NLR

____H< B o v

((I) 0 \(—\/N R O o- O/
O ——ci” O 77 T R
N/_/H N;/H >E

Scheme 1. 17: The way of formation of 30 proposed by Basak

Y

Y

Two years later, Venkatesan and coworkers designed a new series of 6-methylidene

penems containing [6,5] fused bicycles as a novel clagdaatamase inhibitors [50].
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The preparation of these methylidene penicillins was achieved by a direct aldol
condensation between an aldehy@®and 6-bromo-7-oxo-4-thia-1-azabicyclo [3,2,0]
hept-2-ene-2-carboxylic acid-4-nitrobenzyl es3&rin the presence of triethylamine
and anhydrous MgBr followed by reductive elimination to introduce the double
bond at the 6-position of the penem nucleus (Scheme 1.18).

RCHO (38)
H2N S Br. _ _s 1- MgBry, EN, THF/MeCN
o 8 G 3 2- AC,0, 0°C to -20C
COOH COOPNB
36 37

o R
>~O Br activated Zn/6.5 pH, 5/:',8
S phosphate buffer
R j;Nj THF, MeCN, rt 3 NJ{
© COOPNB COONa

40
39

Scheme 1. 18: General method for the preparation of 6-methylidene penems 40

The starting material37 was prepared from the commercially available 6-
aminopenicilanic acid (6-APA) 36 by a modified multistep procedure [51, 52].

In 2014, Zhu L. and coworkers developed a new and facile synthesimethylene
B-lactams. Umpolung cyclization of 2-propiolamidoates41 (or a-propiolamido
ketones) under the catalysis of triphenylphosphine, afforded the desired 4-substituted

3-methyleneazetidin-2-ones 42 in high yields [53] (scheme 1.19).

0
Ry Q Ry
= Nk PPh (10 mol%) ):Nk
EtOH, 80 C
COR COR,
41 42
47-95%

Scheme I. 19: Synthesis @methylene flactams via PPhcatalyzed umpolung cyclization
of propiolamides
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The scheme below illustrates the mechanism for this catalyzed umpolung cyclization
proposed by the authors. The conjugated addition of a tertiary phosphine to
propiolamides4l generates the zwitterionic intermediétéhat undergo 1,4-proton
migration to givea-ester anionB. Then B undergoes intramolecular conjugate
addition andafford3-lactam intermediateC. After that, the 1,2-proton migration
followed byp-€elimination furnishesi-methylenef-lactam42 as the final product and

regenerates the tertiary phosphine, which enters into the next catalytic cycle.

O

. o %
= N ! PRs R% C)\N,Rl 1,4-proton ® )\ Ry
k - . 3P migration ReP_.C” N’
COR, ijCOZR X o
41 H 2 g CORe
A
o} Ry Q Ry
N 1,2-proton N 0 Ry
@ migration @ B-elimination N
—— > | R.P 3 R3P: S

3 H COR, COR; PR, COR,

Scheme 1. 20: Proposed mechanism for the synthesisngftiylene factam via PPh
catalyst

Thea-alkylidenep-lactams were also synthesized very recently ingooup using the
Kinugasa reaction. When the reaction was applied togémadifluoro propargylic

systems43, it gave the unexpectedalkylidenef-lactams with a fluorine atom in
vinylic position 44 [54] (Scheme 1.21).

F
o R1
Ri. ®0 R Cu (1) R™ N
>_N\R ' Hﬁ': - N,
H 2 F g R,
2 43 44

Scheme I. 21: Synthesis @falkylidenef-lactam using Kinugasa reaction with alkynes
bearing a gerdiflouro group at propargylic position

These results obtained in our group opened the gate for us towards a new and direct

synthesis ofi-methylene andi-alkylideneg-lactams using the Kinugasa reaction, as

indicated there after.
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|.B. OBJECTIVE AND STRATEGY
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Obijective and Strateqy:

As mentioned earlier, the Kinugasa reaction has already proved to be of much use in

the synthesis of-factams.

Two mechanisms have been proposed for the Kinugasa reaction. The first mechanism,
via oxaziridinum intermediates, was previously shown in scheme 1.5, while a second,
via ketenes, was proposed by Tang and coworkers [55], almost 30 years later, as

shown in Scheme [.22.

o Cu catalyst
L R. @0 base Ra o
R—=—cu'L . =N
L H Ro N,
1 2 R{ Ry
4
L. L B ]
APy 4 R
R Cu. 1
Ry :N |
R /O —_ > Jl _— N\
HoN (ﬁ Culg LsCu R,
R, o
- N - 45 - 46

Scheme I. 22: Mechanism of the Kinugasa reaction proposed by Tang and coworkers

Our strategy towards the title target molecules is based on the mechanism proposed by
Tang and coworkers [55], and our working hypothesis is indicated in Scheme 1.23,
where the Kinugasa reaction has to be performed with an alkyne bearing a nucleofuge
in propargylic position. Thus, at the ketene open intermediate stage, the classical ring
closure to thg-lactam could be in competition with the simultanednss of this X

(atom or leaving group) to afford directly the correspondingnethylene anch-

alkylidene Blactams.
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R3 Cu (I)
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X R
-X
R Ro —
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I
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Scheme I. 23: Our working hypothesis towards a new synthesimethylene- and-o

alkylideneg-lactams

As we mentioned earlier, this working hypothesis was supported by the last results of

Kinugasa reaction obtained recently in our groups [54].
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Results and discussion:

At the beginning, the first priority of our work was to choose the most suitable leaving
group at the propargylic position in order to obtain the best yield of the desired
alkylidene B-lactam products (Scheme 1.25). Thus different atasdeaving groups

were chosen for this purpose, as indicated in Table 1.

Acetate, benzoate, and carbonate groups were selected to activate the alcohol at the
propargylic position. First of all, the propargylic alcohols were prepared from the
Grignard reaction between the corresponding aldehyde and ethynyl magnesium
bromide. Alcohol47a (Scheme 1.24), for instance, was obtained in 78% yield from

the reaction between 3-phenyl propionaldehyde and ethynyl magnesium bromide.

O OH

THF
+ =—MgBr ——>
©/\)LH 78°C A5

47a
Scheme . 24: Grignard reaction for the preparatiofi7af

In all three cases (acetate, benzoate, and carbonate), the reaction was performed in
CH.Cl, at room temperature, usingsBtas a base. Acetyl chloride was used to
prepare the acetate, and gav&b in 81% yield. The reaction with benzoyl chloride

gave the desired benzoa#&c in 83% vyield, while the protection using ethyl
chloroformate, gave the desired carbordatd in 88% yield. These propargylic esters

were used then for the Kinugasa reaction with different nitrones.

We selected the conditions that have been already optimized in our group, with
reactions performed at room temperature in a 3:1 mixture of acetonitrile and water for
15h [52].

The reaction was performed first with tkeN-diphenyl nitrone2a and alkyne47,
selected as models (Scheme 1.25, Table 1.1). The base useds;Wam Ehe presence

of copper iodide as copper (I) salt and the mixture was stirred for 15h.
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Fh

N
Ph\:N/@CE . H—— ( Cul, EN A | !
\Ph % MeCN, 15 h
2a 47 48E 487
a: X=0H; b:X = OAc; ¢c: X=0Bz

d: X=0OCOkEt; e:X =F

Scheme I. 25: Kinugasa reaction between alkynes 47 and nitrone 2a

Entry X Temperature Yield % ZIE

1 OH RT - -

2 OH 50C - -

3 0 RT 22 31/69
—O-C—CHjz

4 % RT 24 29/71

—O-C—Ph

5 o RT 40 38/62
—O-C-OFEt

6 o 50C 74 28/72
—O-C-OFEt

7 % Reflux (3hr) 65 42/48
—O-C—-OFEt

8 F 50C 58 36/64

Table I. 1: Alkylidene flactams 48 produced via scheme 25
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No reaction was observed with the propargylic alcodd@l,neither at room
temperature nor at 50°C(Table I.1, entries 1 and 2), while the Kinugasa reaction with
the acetatd7b (Table 1.1, entry 3) gave a 31:69 mixture of the desiratkylidenef
lactams48E and 48Z but in low yield (22%). A similar result was obtained (24%
yield), starting from the corresponding benzoate @able 1.1, entry 4).

A significant improvement was observed by using carbofiatieas starting material,

in which the desired target moleculé8E and 48Z(71:29) were obtained in 40%
overall yield (Table 1.1, entry 5). Furthermore, a 74% overall yield was obtained when
the reaction was performed with the same carbofate but at 58 with a 28:72
mixture of the Zand Eisomers (Table 1.1, entry 6). However, no further improvement

was obtained when the reaction was done at reflux for 3h (Table 1.1, entry 7).

Finally, the use of fluoride as nucleofuge proved to be also a possible good choice
since the mono-fluoro propargylic derivatidy@e gave the target molecules in 58%
overall yield (Table 1.1, entry 8). It should be noticed that this mono-fluoro
propargylic group was easily prepared by the fluorination reaction of aléatzol
using DAST.

It has been checked that the reaction was under kinetic control. No interconversion
between48E and 48Z was observed by heating each of them, alone, at 50°C. The
same result was obtained by heating eidff or 48Z in the presence of the other
reagents (copper, base...) used under the Kinugasa reaction conditions.

After purification by chromatography on silica gel, compoudA8k and48Z were

isolated in pure form and their structures were clearly established from NMR data.

For compoundi8E, the’H NMR spectrum in Figure 1.10 shows a triplet of doubletat
6.25 ppm with coupling constaritd= 7.8 Hz and'J= 1.6 Hz, which can be assigned
to the vinylic protorH,,. Then a small doublet at 5.14 ppm with coupling condtint
1.6 Hz corresponds to thel@ictam proton H

The *C NMR spectrum, shown in Figure 1.11, is also in full agreement with the

structure.
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Fig. I. 11:**C NMR spectrum of compound 48E
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In addition to that'H-'H NOESY spectrum (Figure 1.12) illustrates clearly tfens

configuration of theexo-double bond.

i (mia)

| pasan | T T T | A T T T T T T T T T T T T T | |
o0 &Y &0 75 70 A% A0 S5 £ 4% 40 35 30 2% 0 L% 1D 05 48 £S5 )0
12 [ppm )

Fig. I. 12:'"H-"H NOESY spectrum of compound 48E

As shown in Figure 1.12, there is a clear correlation between the allylic methylene
protonsHa and theB-lactam protorHc and also with thertho aromatic proton. This
indicates that the methylene protons are close to fthectam protonHc in

compound 48E

On the other handH NMR spectrum of the compountBZ(Figure 1.13) shows a
small difference -in comparison wi8E in the chemical shifts of vinylic protof;
lactam protorHc, and the methylene protons that appear as one multiplet system with
their neighbour benzylic protons (2.88-2.69 pph: NMR spectrum o#8Zis also
represented in Figure 1.14.
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Fig. I. 14:**C NMR spectrum of compound 48Z

However, *H-'H NOESY spectrum oft8Z(Figure 1.15) shows a clear correlation
between the vinylic proton Hand both the ffactam proton Hand the ortho aromatic
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proton. Furthermore, no correlation between the methylene protons wjHabgam
proton was observed. These data clearly demonstrates that the vinylic proton in

compound 485 close to both the flactam proton and the phenyl proton.
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Fig. I. 15:'"H-"H NOESY specfrum of compound 48Z

Thus carbonate group showed to be the best leaving group since it gave the highest
overall yield for the desired-alkylidenef-lactam products. Therefore this group was

selected as nucleofuge for the other alkynes in our work.

Under previously optimized reaction conditions, the Kinugasa reaction was also
performed betweef,N-diphenyl nitrone2a and other alkyne49 and51 bearing an
linear alkyl side chain, affording the desirpdactam product$0 and52 in good

yields and with different ratios of Bnd Z isomers (Scheme 1.26).
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C5H11

Ph @ C5H11 5 11 \
=\ D= _CulEeN
Ph OCO,Et CHLCN, 50°C
2a 49 61%
E/Z: 34/66

CoH19g
@) @)
Cngg \ \
\_ o Cul, EgN
|\€~) + HT< N\ + N\
Ph OCOEt  CH4CN, 50C P Ph PK Ph

2a 51 68% 52 527

E/Z: 36/64

Scheme I. 26: Kinugasa reaction between nitrone 2a and alkynes 49 and 51

The a-alkylidenef-lactam products50 and 52,0obtained in 61% and 68% overall
yields respectively, were isolated by chromatography and their structures were
established as previously b¥H and *C NMR. Furthermore,'H-'"H NOESY
experiments performed on each isomer shows a clear correlation between the
methylene protons with thglactam proton for th& isomers, and a clear correlation
between the vinylic proton with both tifelactam proton and thertho aromatic
proton for the Zsomers.

In addition to that, the structure &2Z with was also confirmed by X-Ray

crystallography analysis (Figure 1.16).

39



Fig. I. 16: Structure of 52% X-Ray diffraction

Furthermore C,N-diphenyl nitrone2a reacted also smoothly with the alky8 that
bears a remote protected alcohol function, to afford in 71% overall yield a 42:58
mixture of 54Eand 54Z(Scheme 1.27).

Bn/O

Bn
/
O,
O
o B oc:ozEtCUI e P 0
=N * , N " N
Ph l l CH4CN, 5¢°C PH “Ph PH “Ph
%a 53 H 54E 547

71%

E/Z: 42/38

Scheme 1. 27: Kinugasa reaction between nitrone 2a and alkyne 53

Similarly, the structures &4E and54Z were established by NMR datd(,**C, and
'H-'H NOESY), as for 48End 482

Other nitrones were also used in this reaction, for exa@ypleenylN-tBu nitrone55
which reacted very slowly with alkyné7d affording at best very little of, non-
purified, alkylidenes-lactam products56 and mostly decomposition products
(Scheme 1.28).
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Fh

Ph

P o)
Ph\:N;SE + = Cul, EgN N N\
AN +
‘tBu OCOEt CHiCN, 50°C N, N,
P tBu PH tBu
S5 47d 56E 567

Scheme I. 28: Kinugasa reaction between alkyneadittnitrone 55

On the contrary, th€-PhenyIN-Benzyl nitrone57 reacted with 47dogivethe target
molecules58 in 62% overall yield and as a 40:60 mixture Bfand Z isomers
(Scheme 1.29).

Fh
Ph  ® /Ph N\ °
=\ + P Cul, EgN .
Bn OCOLEL CHsCN, 50°C - N\Bn
57 47d 62% 58E 587

(E/Z: 40/60)

Scheme I. 29: Kinugasa reaction between alkyneadittnitrone 57

The functionalized nitron&9 reacted smoothly with alkyn&€rd to give the target
derivatives 60 in 60% yield, as a 47:53 mixture drifl Z isomers (Scheme 1.30).

Fh
Ph P o
o)
BnOZC\_ @, H—— Cul, EgN h/\/j:f + N
— _ <
! CHACN, 50°C N, N,
Bn OCO,Et EtO,C Bn EtO,C Bn
59 47d 60% 60E 602

Scheme I. 30: Kinugasa reaction between alkyneadittnitrone 59

Again, the structures 068 and 60 were established by NMR data and their
stereochemistry demonstrated by 2D experimelts'ifi NOESY), as for48E and
487

41



Finally nitrone61, selected as a model of cyclic nitrone, was treated with atkgahe
but unfortunately the reaction didn’'t work in this case, and the de&’iecdind62Z

products were not obtained (Scheme 1.31).

Fh
P o)
® o Ph N W 0
N-O Cul, EgN N . i
P —
OCOEt  CH4CN, 50°C
o1 4rd 62E 62z

Scheme I. 31: Kinugasa reaction between alkyneafitdcyclic nitrone 61

In addition to that, the Kinugasa reaction was extended to simple model a88nes

(Scheme 1.32),by using the same reaction conditions.

Ph  @® - O
\ZN\-}) + H;\
Ph X i N,

-X PR Ph
2a 63 64

aX=0H, kb X=0Ac, c X=0Bz, d X=0COEt
e X=Q0Ts f: X=Br,g X=Cl

Scheme 1. 32: Kinugasa reaction between nitrone 2a and alkynes 63

Different leaving groups were also chosen for this simple propargylic system and
protection of this simple propargylic alcohol was performed using the same reaction
conditions as mentioned earlier for the first alkyne mddelOn the other hand, the
propargylic tosylaté3e the propargylic bromid&3f, and the propargylic chloride

63g are commercially available.

The results obtained in these Kinugasa reactions are shown in Table I. 2.
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Entry X Yield
a OH 37%
1
b —O—-C—CHj4 38%
@
c —O-C—Ph 47%
0
d —0O—-C—-OFEt 52%
e -OTs 40%
f Br 22%
g Cl 24%

Table 1. 2: Results of Kinugasa reaction between nitrone 2a and simple alkyne 63

The reaction was working already with the propargylic alc@®4d, affording the
known a-methylene8-lactam 64 in 37% yield. A similar result was obtained with
acetate63b (38% yield), while some improvement was observed with benfiate
(47% vyield). Here again the carbon&e&d was found to give the best result with a
52% yield. The corresponding tosyl&@8e gave a 40% yield while the bromo- and
chloro- derivatives 63&nd 63g gave lower yields, respectively 22% and 24%.

The structure 064 was established by comparison of its spectral data with literature
[47].

The reaction of the simple alky®3d was also studied with three more nitros&s
59 and 61, and the results are shown in Scheme 1.33.
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BnO,C  @® O
\=p® + H—— Cul, EgN
) OCO,Et CHLCN, 50C" N,
Bn 3 BnO,C  Bn
59 63d 66
o)
® O
N-0 . H—=—\ Cul, EgN N
OCOEt =
OZ CH4CN, 50°C
61 63d 67

Scheme I. 33: Kinugasa reaction between simple alkynea68aitrones 57, 59 and 61

C-phenylN-Benzyl nitrone 57 reacted well with alkyne63d and gave the
correspondinga-methylenep-lactam 65 in 54% yield. However, surprisingly, the
functionalized nitron&9 and the cyclic nitron&l did not react with alkyné3d, thus

failing to afford the targetmolecul&$ and 67.
These final results indicate that the Kinugasa reaction towaatlsylideneg-lactam

products (under our standard conditions) is presently limited to acyclic nitrones, and

affords better yields with highly reactive diaryl nitrones.

44






|.D. CONCLUSION

46






Conclusion:

To conclude, application of the Kinugasa reaction to alkynes bearing a nucleofuge in
propargylic position gives a very direct entry (1 step) to memethylene and-
alkylidene B lactams (Scheme 1.34).

R @& Rs — R3Wji'//o
L Cul, EgN
N+ H——=— :
R, " MeCN, 50C, 15 h N,

R{ Ry

Scheme I. 34: Direct synthesis ofrethylene and-alkylidenep-lactams via Kinugasa
reaction

Our working hypothesis towards the desireldtam products was thus validated.

The process is very simple and uses only cheap and easily available reagents. Thus it
expands the scope of the use of the Kinugasa reaction to a family of derivatives which
have been less studied previously but becomes now easily available for biological
studies
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Experimental Part:

General procedure of the Grignard reaction for the preparation of
propargyl alcohol intermediates

To a solution of aldehyde (1eq) in THF, ethylene magnesium bromide (1.3eq) was
added dropwise at 0°C. The reaction mixture was stirred at 0°C for 3 hrs, then the
temperature left to increase to room temperature, after 30 mins at room temperature;
the reaction was quenched with saturated solution of ammonium chloride, extracted
with ether (3 times). The combined organic phase was then washed with water, dried
over MgSQ, and then concentrated under vacuo.

Synthesis ol5-Phenyl-pent-1-yn-3-ol(47a)

OH

Cllleo
M = 160.21 g.mot

The reaction was performed between 3-phenylpriopionaldehyde (1g, 1 equiv) and
ethylene magnesium bromide (19.4 ml, 1.3 equiv) in THF (15 ml) according to the
general procedure of Gringard reaction. After purification on column chromatography

5-phenyl-pent-1-yn-3-ol was obtained as yellow oil in 70% vyield.
R¢ = 0.38 (hexane/ethyl acetate 9/1).
'H NMR (CDCl3, 300 MHz), 8 ppm: 7.33-7.23 (m, 5H); 4.40 (td, 1H,;HJ= 6.7

Hz, “J= 2.1 Hz); 2.84 (t, 2H, §%J= 7.9 Hz); 2.51 (d, 1H, &fJ= 2.1 Hz ); 2.06 (m,
2H, Hy).
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13C NMR (CDCls, 75 MHz), 8 ppm: 141.06 (1C, G); 128.37 (2C); 128.33 (2C);
125.89 (1C, §); 84.64 (1C, §); 73.18 (1C, §); 61.29 (1C, ©); 38.90 (1C, §); 31.14
(1C, G).

HRMS (ESI) calculated for ¢H;2ONa: [M +Na]+ : m/z 183.0785, Found: m/z.
183.0786 (0 ppm).

Synthesis of Oct-1-yn-3-ol

OH

CgH140
M = 126.20 g.mot

The reaction was performed between hexanal (1 g, 1 equiv) and ethylene magnesium
bromide (20.6 ml, 1.3eq) in THF (18 ml) according to the general procedure of
Gringard reaction. After purification on column chromatography using 9/1 of

hexane/ethyl acetate mixture, oct-1-yn-3-olwas obtained as yellow oil in 75% vyield.
Rt = 0.31 (hexane/ethyl acetate 9/1);

'H NMR (CDCl 3, 300 MHz), ppm: 4.33 (td, 1H, H, %)= 6.6 Hz,YJ= 1.8 Hz); 2.44
(d, 1H, H;, “J= 1.8 Hz); 1.66 (m, 2H), 1.42 (m, 2H); 1.28 (m, 4H); 0.87 (m, 3H).

13C NMR (CDCls3, 75 MHz), 8 ppm: 85.07 (1C, G); 72.66 (1C, §); 62.16 (1C, @);
37.52 (1C, ©); 31.35 (1C); 24.65 (1C); 22.47 (1C); 13.91 (16).C

HRMS (ESI) calculated for @H;40ONa: [M +Na]+ : m/z 126.1045. Found: m/z.
126.1044 (0 ppm).
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Synthesis of Dodec-1-yn-3-ol

OH
11
IS

2 4 6 8

3 5 7 9 12

C1oH220
M = 182.30 g.mol}

The reaction was performed between decanal (1.5 g, 1 equiv) and ethylene
magnesium bromide (21.42 ml, 1.3eq) in THF (16 ml) according to the general

procedure of Gringard reaction. After purification on column chromatography using

9/1 of hexane/ethyl acetate mixture, dodec-1-yn-3-ol was obtained as slightly yellow
oil in 81% vyield.

R¢ = 0.36 (hexane/ethyl acetate 9/1);

'H NMR (CDCl3, 300 MHz), 8 ppm: 3.60 (m, 1H, Hy); 2.32 (d, 1H, H, *J= 2.5
Hz): 1.26 (m, 16H), 0.87 (t, 3H,.t$J= 6.9 Hz).

13C NMR (CDCls, 75 MHz), & ppm: 75.13 (1C, G); 73.79 (1C, &); 62.48 (1C,
Cio); 31.87 (1C); 29.51 (1C); 29.43 (1C); 29.28 (1C); 29.26 (1C); 29.18 (1C); 22.65
(2C); 14.09 (1C).

HRMS (ESI) calculated for GH,,ONa: [M +Na]+: m/z 182.1671 Found: m/z.
182.1673 (1 ppm).
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Synthesis of 6-Benzyloxy-hex-1-yn-3-ol

C13H1602
M = 204.26 g.mol L
The reaction was performed between 5-Benzyloxy-pentan-2-one (2 g, 1 equiv) (which
is already prepared from the oxidation reaction of 4-Benzyloxy-butan-1-ol) and
ethylene magnesium bromide (29.17 ml, 1.3eq) in THF (25 ml) according to the
general procedure of Gringard reaction. After purification on column chromatography
using 9/1 of hexane/ethyl acetate mixture, 6-benzyloxy-hex-1-yn-3-olwas obtained as

colorless oil in 72% yield.

Rt = 0.38 (hexane/ethyl acetate 9/1).

'H NMR (CDCl3, 400 MHz), 8 ppm: 7.32 (m, 5H); 4.52 (s, 2H, 41 4.42 (m, 1H,
Ho); 3.54 (t, 2H, H, 3= 8.5 Hz); 2.45 (d, 1H, H *J= 2.1 Hz); 1.86 (M, 4H, H).

3C NMR (CDCls, 75 MHz), 8 ppm: 137.97 (1C, @); 128.41 (2C); 127.71 (2C);
127.68 (1C, ©); 84.85 (1C, G); 73.00 (1C, @); 72.72 (1C, ©); 69.98 (1C, @);
61.90 (1C, G); 35.07 (1C); 25.38 (1C).

HRMS (ESI) calculated for &H;60,Na: [M +Na] +: m/z 204.1150. Found: m/z
204.1149 (0 ppm).
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General reaction for the protection of propargylic alcohol

To a solution of alcohol (1 equiv) in DCM, triethylamine base (3.5 equiv) was added
with 2.5 equiv of alkyl acyl chloride (protecting group) and 0.2 mol % of DMAP, the
reaction mixture was stirred under nitrogen for 1 hour at room temperature, after this
time the reaction was quenched with saturated solution of ammonium chloride, then
extracted with ethyl acetate (3 times), the combined organic layer was then washed

with water, dried over MgS£and concentrated under vacuo.

Synthesis of acetic acid 1-phenethyl-prop-2-ynyl ester (47t})

C13H140;
M = 202.25 g.mol

The reaction was performed between 5-phenyl-pent-1-yn-3-ol (0.5 g, 1 equiv) in
DCM (10 ml), with triethylamine base (1.52 ml, 3.5 equiv), acetylchloride (0.56 ml,
2.5 equiv) and DMAP (0.075g, 0.2 mol %), according to the general procedure
mentioned above. After purification on column chromatography using 9/1 of

hexane/ethyl acetate mixture, acetate wals obtained as yellow oil in 82% vyield.

Rt = 0.61 (hexane/ethyl acetate 9/1);

'H NMR (CDCl3, 300 MHz), 8 ppm:7.35 (m, 2H); 7.28 (m, 3H); 5.42 (td, 1H,H
3)=6.6 Hz,"J= 2.1 Hz ); 2.85 (t, 2H, H3J= 7.8 Hz); 2.56 (d, 1H, &*J= 2.1 HzZ );
2.18 (m, 2H, H); 2.13 (s, 3H, Hh).

13C NMR (CDCl3, 75 MHz), 8 ppm:169.72 (1C, Go); 140.51 (1C, §); 128.44 (2C);
128.30 (2C); 126.10 (1C,4 80.90 (1C, @); 73.86 (1C, ©); 63.19 (1C, @); 36.01
(1C, G); 31.09 (1C, @); 20.83 (1C, ©).
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HRMS (ESI) calculated for @H;140,Na: [M +Na]+ : m/z 225.0891. Found: m/z.
225.0891 (0 ppm).

e

Synthesis of benzoic acid 1-phenethyl-prop-2-ynyl ester (47¢

o)
112
0710 13
3,5
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1
C18H1602

M = 264.32 g.mol ™}

The reaction was performed between 5-phenyl-pent-1-yn-3-ol (0.5 g, 1 equiv) in
DCM (10 ml), with triethylamine base (1.52 ml, 3.5 equiv), benzoylchloride (0.9 ml,

2.5 equiv) and DMAP (0.075g, 0.2 mol %), according to the general procedure. After
purification on column chromatography using 9/1 of hexane/ethyl acetate mixture,

benzoate 47was obtained as yellow oil in 85% yield.
Rt = 0.64 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz),5 ppm: 8.06 (m, 2H); 7.58 (m, 1H); 7.48 (m, 2H); 7.23
(m, 5H); 5.60 (td, 1H, K 3J= 6.5 Hz,*J= 2.1 Hz); 2.89 (t, 2H, %)= 7.8 Hz); 2.54
(d, 1H, H, “9= 2.1 Hz ); 2.27 (m, 2H,

13C NMR (CDCl3, 75 MHz), & ppm: 165.40 (1C, G); 140.60 (1C); 133.23 (1C);
129.78 (2C); 129.71 (1C); 128.53 (2C); 128.41 (2C); 128.39 (2C); 128.17 (1C); 80.95
(1C, G); 74.11 (1C, §); 63.80 (1C, ©); 38.23 (1C, ©; 31.24 (1C, @).

HRMS (ESI) calculated for GHi60.Na: [M +Na]+ : m/z 287.1042. Found: m/z.
287.1042 (Oppm).
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Synthesis of carbonic acid ethyl ester 1-phenethyl-pro-2-ynyl ester (474

N

g
0100/\12
3 5
2 4 7
6 8N
1 9

C14H1603
M = 232.28 g.mol !
The reaction was performed between 5-phenyl-pent-1-yn-3-ol (0.5 g, 1 equiv) in

DCM (10 ml), with triethylamine base (1.52 ml, 3.5 equiv), ethyl chloroformate (0.3
ml, 2.5 equiv) and DMAP (0.075g, 0.2 mol %), according to the general procedure.
After purification on column chromatography using 9/1 of hexane/ethyl acetate

mixture, carbonate 47@as obtained as yellow oil in 81% yield.
R¢ = 0.60 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.28 (m, 3H); 7.19 (m, 2H); 5.19 (td, 1H;,H
3)= 6.6 Hz*J= 2.1 Hz ); 4.20 (q, 2H, H 3J= 7.3 Hz); 2.80 (t, 2H, &%= 7.4 Hz);
2.56 (d, 1H, H, )= 2.1 Hz); 2.14 (m, 2H, $t 1.31 (t,3H, H,, *J=7.3 Hz).

13C NMR (CDCl3, 75 MHz), 6 ppm: 154.14 (1C, &); 140.32 (1C, G); 128.44 (2C);
128.30 (2C); 126.13 (1C,¢ 80.28 (1C, §); 74.75 (1C, §); 66.82 (1C, €y); 64.29
(1C, G); 36.08 (1C, ©); 30.90 (1C, @); 14.13 (1C, &).

HRMS (ESI) calculated for @H;603Na: [M +Na]+ : m/z 232.1099. Found: m/z.
232.1099 (0 ppm).
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Synthesis of acetic acid prop-2-ynyl ester (63b

CsHeO-
M = 98.10 g.mol?

The reaction was performed between commercially available propargyl alcohol (0.6 g,
1 equiv) in DCM (22 ml), with triethylamine base (5.2 ml, 3.5 equiv), acetyl chloride
(2 ml, 2.5 equiv) and DMAP (0.26 g, 0.2 mol %), according to the general procedure.
After purification on column chromatography using 9/1 of hexane/ethyl acetate
mixture, acetate 63tvas obtained as yellow oil in 72% yield.

R¢ = 0.65 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz), 8 ppm: 4.80 (d, 2H, H, “J= 2.4 Hz); 2.49 (t, 1H, &
%)= 2.4 Hz); 2.39 (s, 3H, M

13C NMR (CDCl3, 75 MHz), 8 ppm: 166.11 (1C, ©); 77.42 (1C, G); 75.05 (1C,
Cs); 51.81 (1C, ©); 26.18 (1C, ©).

HRMS (ESI) calculated for gHgO-Na: [M +Na]+ : m/z 183.07858. Found: m/z.
183.07857 (0 ppm).

Synthesis of benzoic acid prop-2-ynyl ester (63C}

C10HgO2
M = 160.16 g.mol ™t

The reaction was performed between commercially available propargyl alcohol (0.4 g,
1 equiv) in DCM (18 ml), with triethylamine base (3.46 ml, 3.5 equiv), benzoyl
chloride (2.1 ml, 2.5 equiv) and DMAP (0.17 g, 0.2 mol %), according to the general
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procedure. After purification on column chromatography using 9/1 of hexane/ethyl

acetate mixture, benzoate 88as obtained as colorless oil in 75% yield.
Rt = 0.62 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz),8 ppm: 8.05 (m, 2H); 7.56 (m, 1H); 7.43 (m, 2H); 4.92
(d, 2H, H;, “J= 2.2 Hz); 2.53 (t, 1H, &*J= 2.2 Hz).

13C NMR (CDCls, 75 MHz), & ppm: 165.65 (1C, €); 133.23 (1C, @; 129.69 (2C);
129.27 (1C, G); 128.33 (2C); 77.64 (1C, A 74.97 (1C, §); 52.34 (1C, ©).

HRMS (ESI) calculated for HsO,Na: [M +Na]+ : m/z 183.0422. Found: m/z.
183.0422 (0 ppm).

Synthesis of carbonic acid ethyl ester prop-2-ynyl ester(63d}

CeHgO3

M =128.12 g.mol
The reaction was performed between commercially available propargyl alcohol (0.8 g,
1 equiv) in DCM (10 ml), with triethylamine base (6.94 ml, 3.5 equiv), ethyl
chloroformate (3.4 ml, 2.5 equiv) and DMAP (0.35 g, 0.2 mol %), according to the
general procedure. After purification on column chromatography using 9/1 of
hexane/ethyl acetate mixture, carbon@8s was obtained as colorless oil in 70%
yield.

Rt = 0.64 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz), 8 ppm: 4.72 (d, 2H, H, “J= 2.5 Hz); 4.22 (q, 2H, H
3)=7.1 Hz); 2.52 (d, 1H, H*J= 2.5 Hz); 1.31 (t, 3H, HJ= 7.1 Hz).

13 NMR (CDCl3, 75 MHz), & ppm: 154.38 (1C, ); 75.88 (1C, ©); 75.42 (1C,
Ce); 64.40 (1C, ); 54.89 (1C, G); 14.05 (1C, Q.
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HRMS (ESI) calculated for gHgOsNa: [M +Na]+ : m/z 151.0365. Found: m/z.
151.0367 (1 ppm).

Synthesis of carbonic acid ethyl ester -1-ethynyl hexyl ester (49

N—r

(0]

L
2 4 o °° m
N
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3 5 8

C11H1803
M = 198.26 g.mol L

The reaction was performed between oct-1-yn-3-ol (1 g, 1 equiv) in DCM (20 ml),
with triethylamine base (3.85 ml, 3.5 equiv), ethyl chloroformate (1.88 ml, 2.5 equiv)
and DMAP (0.2 g, 0.2 mol %), according to the general procedure. After purification
on column chromatography using 9/1 of hexane/ethyl acetate mixture, carBénate

was obtained as yellow oil in 73% vyield.
Rt = 0.58 (hexane/ethyl acetate 9/1).

'H NMR (CDCI 3, 300 MHz), ppm: 5.17 (td, 1H, H, °J= 6.9 Hz*J= 2.1 Hz); 4.16
(0, 2H, Ho, 3J= 7.2 Hz); 2.48 (d, 1H, &%= 2.1 Hz); 1.77 (m, 2H), 1.25 (m, 9H);
0.85 (t, 3H, H,, 3= 6.9 Hz).

13 NMR (CDCl3, 75 MHz), & ppm: 154.23 (1C, ); 80.57 (1C, ); 74.18 (1C,
Cs); 67.48 (1C, G); 64.14 (1C, @); 34.46 (1C); 31.07 (1C); 24.34 (1C); 22.33 (1C);
14.09 (1C, ), 13.81 (1C, ©).

HRMS (ESI) calculated for for GH1g03: [M +Na]+ : m/z 221.1154. Found: m/z.
221.1153 (0 ppm).
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Synthesis of carbonic acid ethyl ester -1-ethynyl decyl ester (53)

I
1 3 05 7 9 1IN 12
C15H2603
M = 254.36 g.mot
The reaction was performed between dodec-1-yn-3-ol (1 g, 1 equiv) in DCM (20 ml),
with triethylamine base (3.85 ml, 3.5 equiv), ethyl chloroformate (1.88 ml, 2.5 equiv)
and DMAP (0.2 g, 0.2 mol %), according to the general procedure. After purification
on column chromatography using 9/1 of hexane/ethyl acetate mixture, carbanate

was obtained as yellow oil in 80% vyield.
Rt = 0.64 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz), ppm: 5.20 (td, 1H, Hy, *J= 6.6 HzJ= 2.0 Hz); 4.20
(0, 2H, Hy, 3= 7.2 Hz); 2.49 (d, 1H, #4 “J= 2.0 Hz); 1.80 (m, 2H), 1.29 (m, 17H);
0.87 (t, 3H, Hs, 3= 7.2 Hz).

13C NMR (CDCl3, 75 MHz),  ppm: 154.33 (1C, &); 80.70 (1C, G); 74.22 (1C,
Ciy): 67.61 (1C, &); 64.26 (1C, Go); 34.60 (1C); 31.84 (1C); 29.43 (1C); 29.38
(1C); 29.23 (1C); 29.03 (1C); 24.77 (1C); 22.64 (1C); 14.19 (1C), 14.06 (1C).

HRMS (ESI) calculated for GHysOsNa: [M +Na]+ : m/z 277.1779. Found: m/z.
277.1779 (O ppm).
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Synthesis of carbonic acid-4-benzyloxy-1-ethynyl-butyl ester ethyl ester (53

N

C16H2004
M = 276.32 g.mol L

The reaction was performed between 6-benzyloxy-hex-1-yn-3-ol (1.5 g, 1 equiv) in
DCM (20 ml), with triethylamine base (3.60 ml, 3.5 equiv), ethyl chloroformate (1.75
ml, 2.5 equiv) and DMAP (0.18 g, 0.2 mol %), according to the general procedure.
After purification on column chromatography using 9/1 of hexane/ethyl acetate

mixture, carbonate 53 was obtained as yellow oil in 83% yield.
R¢ = 0.69 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 400 MHz),8 ppm: 7.34 (m, 5H); 5.25 (td, 1H, 41%J= 6.5 HzJ=
2.1 Hz) ; 4.50 (s, 2H, & 4.20 (q, 2H, Hs, 3= 7.2 Hz); 3.51 (t, 2H, &%= 6.2 Hz);
2.52 (d, 1H, Hh, *J= 2.1 Hz); 1.94 (m, 2H); 1.81 (m, 2H); 1.25 (t, 3Bk 7.2 Hz).

13C NMR (CDCl3, 100 MHz), & ppm: 154.16 (1C, &); 138.12 (1C, @); 128.25
(2C); 127.46 (2C);127.43 (1C £ 80.37 (1C, @); 74.54 (1C, &); 72.76 (1C, ©);
69.27 (1C, @); 67.23 (1C, G); 64.19 (1C, @); 31.46 (1C); 25.01 (1C); 14.10 (1C,
C1a).

HRMS (ESI) calculated for GH20OsNa: [M +Na]+ : m/z 276.1362. Found: m/z.
276.1361 (0 pm).
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General procedure for Kinugasa reaction

H,O (4 ml) was first degazed by bubbling nitrogen. Then Cul (1.1 equiv) was added
with 6ml MeCN, and the solution was stirred under nitrogen at room temperature
(Solution X). In another flask, to a solution of propargylic protected alcohol
intermediate (1eq) in MeCN (6 ml) under nitrogen at 0 °GNHM.2 equiv) was
added drop wise and the mixture was stirred for 30 min (Solution Y). Solution Y was
added dropwise to the solution X at room temperature. After which a 6 ml MeCN
solution of the nitrone (1.2 equiv) was added slowly over a period of 10 min. The
reaction mixture was stirred upon heating at 50 °C for 16 hrs. After completion of the
reaction, the reaction mixture was diluted withCH(15 ml) and filtered through
celite. The celite was washed with EtAc (20 ml). The combined filtrate was extracted
with EtAc (3 x 10 ml). The organic layer was washed with,8liHH,O and brine,

dried over MgS®@and evaporated. The residue, obtained after evaporation, upon flash
chromatography using hexane / EtAc as eluent (90/10), afforded the two isomers of
exoalkylideneB-lactames (cis and trans). These were separatedhrioynatography

over silica gel using hexane/EtAc, as eluent

The kinugasa reaction between 37d and nitrone 2#

The reaction was performed between propargylic carbatiédg0.25 g, 1.1mmol)

and nitrone2a (commercially available nitrone) (0.255 g, 1.3mmol) according to the
general mentioned above. After purification by chromatography on silica gel, using
hexane/EtAc as eluent (90/10), two isomers of exoalkylifelaetames 8E and 48Z

were purely isolated; the two isomers were obtained in 50% vyield ef8Besomer

and 24.2 of the 48ZThe combined yield of the reaction is 74 %.
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(E) 1, 4-Diphenyl-3-(3-phenyl-propylidene)-azetidin-2-one (48E

C24H21NO
M = 339.42 g.mol ™t

White solid, mp= 57°CR; = 0.33 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 400 MHz),8 ppm:7.36 (m, 5H); 7.15 (m, 7H); 6.92 (m, 3H); 6.25
(td, 1H, H, 3J= 7.8 Hz)J= 1.6 Hz); 5.14 (d, 1H, &%= 7.8 HzJ= 1.6 Hz); 2.42 (m,
2H, Hs, 3J= 7.8 Hz); 2.16 (m, 2H, §

13C NMR (CDCls, 100 MHz), 3 ppm: 161.40 (1C, &); 142.64 (1C); 140.48 (1C);
137.72 (1C); 136.76 (1C); 129.07 (2C); 129.00 (2C); 128.74 (1C), 128.39 (2C);
128.34 (2C); 127.26 (1C); 127.06 (2C); 126.12 (1C); 123.70 (1C); 116.82 (2C); 62.75
(1C, G); 34.54 (1C, €); 29.83 (1C, @).

HRMS (ESI) calculated for guH>:NONa: [M +Na]+ : m/z 362.1520. Found: m/z.
362.1516 (1 ppm).
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(2) 1, 4-Diphenyl-3-(3-phenyl-propylidene)-azetidin-2-one (482

Co4H21NO
M = 339.42 g.mol !

White solid, mp= 96°CR; = 0.40 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 400 MHz), 8 ppm: 7.23 (m, 9H); 7.11 (m, 5H); 6.93 (m, 1H); 5.51
(td, 1H, H, 3J= 7.8 HzJ= 1.5 Hz); 5.20 (s, 1H,41 2.80 (m, 4H, H).

13C NMR (CDCl3, 100 MHz), ppm: 161.55 (1C, &); 141.98 (1C); 140.63 (1C);
137.88 (1C); 137.14 (1C); 131.12 (1C); 129.03 (2C); 128.95 (2C); 128.51 (2C);
128.48 (2C); 128.36 (2C); 126.62 (1C); 126.01 (1C); 123.72 (1C); 116.83 (2C); 62.67
(1C, G); 35.35 (1C, ©); 30.03 (1C, ©.

HRMS (ESI) calculated for for gH,3:NONa: [M +Na]+ : m/z 362.1520. Found: m/z.
362.1517 (1 ppm).

The Kinugasa reaction between 49 and nitrone 2;#

The reaction was performed between carbod&t€0.2 g, 1 mmol) and nitron2a
(0.236 g, 1.2 mmol) according to the general procedure. After purification by
chromatography on silica gel, using hexane/EtAc as eluent (90/10), two isomers of
exoalkylideneB-lactamesS0E and 50Z were purely isolated; the two isomers were
obtained in 38.38% yield of tr#OE and 22.5% of th&0Z The combined yield of the

reaction is 619%.
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(E) 3-Hexylidene-1, 4-diphenyl-azetidin-2-one (50E

Cy1H3NO
M = 305.41 g.mol!

White solid, mp= 64°CR¢ = 0.45 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz), 8 ppm:7.38-7.12 (m, 9H); 6.92 (m, 1H); 6.19 (td, 1H,
He, 2J= 7.1 Hz*J= 1.5 Hz); 5.34 (d, 1H, %)= 1.5 Hz); 1.85 (m, 2H, $}t 1.20-0.93
(m,6H); 0.70 (t, 3H, K %J= 7.6 Hz).

13C NMR (CDCls, 75 MHz), 8 ppm: 161.68 (1C, ¢); 141.81 (1C); 137.81 (1C);
136.89 (1C); 128.98 (2C); 128.97 (2C); 128.94 (1C); 128.64 (1C); 127.01 (2C);
123.61 (1C); 116.81 (2C); 62.87 (1C5)C31.05 (1C, @); 27.96 (1C, G); 27.75 (1C,

Cs); 22.19 (1C, §); 13.85 (1C, ©.

HRMS (ESI) calculated for @H>3NONa: [M +Na]+ : m/z 328.1677. Found: m/z.
328.1678 (0 ppm).

(2) 3-Hexylidene-1, 4-diphenyl-azetidin-2-one (50Z

M = 305.41 g.mol?t
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White solid, mp= 80°CR; = 0.60 (hexane/ethyl acetate 9/1).

'H NMR (CDCl3, 300 MHz), d ppm: 7.21 (m, 9H); 6.91 (m, 1H); 5.49 (td, 1HgH
3J= 7.6 Hz,YJ= 1.1 Hz); 5.19 (s, 1H, 41 2.45 (m, 2H, ); 1.20 (m, 6H); 0.80 (m,
3H, Hy).

13C NMR (CDCl3, 75 MHz), 8 ppm: 161.84 (1C, @); 141.24 (1C); 137.95 (1C);
137.35 (1C); 132.65 (1C); 129.03 (2C); 128.97 (2C); 128.48 (1C); 126.54 (2C);
123.65 (1C); 116.80 (2C); 62.66 (1C3)C31.19 (1C, G); 28.81 (1C, G); 28.75 (1C,

Cs); 22.37 (1C, ©); 13.96 (1C, ©).

HRMS (ESI) calculated for @H>3NONa: [M +Na]+ : m/z 328.1677. Found: m/z.
328.1684 (2 ppm).

The Kinugasa reaction between 51and nitrone 25}

The reaction was performed betwegh (0.3 g, 1.18 mmol) and nitrorga (0.28 g,

1.42 mmol) according to the general procedure. After purification by chromatography
on silica gel, using hexane/EtAc as eluent (90/10), two isomers of exoalkyfidene-
lactamesh2E and52Z were purely isolated, the two isomers were obtained in 43.90
% yield of the 52Eand 24.18 of the 52Zhe combined yield of the reaction is 68 %.

(E) 3-Decylidene-1, 4-diphenyl-azetidin-2-one (59E

CosH3NO
M = 361.52 g.mol L

White solid, mp= 71°CR; = 0.42 (hexane/ethyl acetate 9/1).
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'H NMR (CDCl3, 400 MHz), 8 ppm: 7.40 (m, 7H); 7.28 (m, 2H); 7.02 (m, 1H);
6.30 (td, 1H, Ho, 3J= 7.1 HzJ= 1.5 Hz); 5.44 (d, 1H, # “J= 1.5 Hz); 1.96 (m, 2H);
1.16 (m,14H); 0.92 (t, 3H, H°J= 6.7 Hz).

13C NMR (CDCl3, 100 MHz), 8 ppm: 161.70 (1C, &); 141.76 (1C); 137.80 (1C);
136.88 (1C); 129.01 (4C); 128.66 (2C); 127.02 (1C); 123.63 (1C); 116.81 (2C); 62.86
(1C, Go); 31.83 (1C); 29.37 (2C); 29.20 (2C); 28.88 (1C); 28.31 (1C); 27.82 (1C);
22.65 (1C); 14.11 (1C, &

HRMS (ESI) calculated for gH3:NONa: [M +Na]+ : m/z 384.2297. Found: m/z.
384.2297 (0 ppm).

(2) 3-Decylidene-1, 4-diphenyl-azetidin-2-one (53Z

CosH3NO
M = 361.52 g.mol

White solid, mp= 89°CR; = 0.62 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 400 MHz),& ppm: 7.35 (m, 7H); 7.26 (m, 2H); 7.04 (m, 1H); 5.60
(td, 1H, Ho, 3J= 7.9 Hz,YJ= 0.9 Hz); 5.31 (s, 1H, #); 2.58 (M, 2H); 1.27 (s, 14H);
0.90 (m, 3H).

13C NMR (CDCl3, 100 MHz), 8 ppm: 161.82 (1C, &); 141.25 (1C); 137.97 (1C);
137.37 (1C); 132.65 (1C); 129.02 (2C); 128.97 (2C); 128.48 (1C); 126.54 (2C);
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123.63 (1C); 116.80 (2C); 62.65 (1C;of5 31.86 (1C); 29.49 (1C); 29.34 (1C); 29.24

(1C); 29.17 (1C); 29.04 (1C); 28.83 (1C); 22.65 (1C); 14.09 (1C).

HRMS (ESI) calculated for gH3:NONa: [M +Na]+ : m/z 384.2297. Found: m/z.

384.2300 (0 ppm).

Empirical formula CxsH; NO
Formula weight 361.51
Temperature 150(2) K
Wavelength 0.71073 A

Crystal system, space group

monoclinic, P 2;

Unit cell dimensions

a=5.6222) A, &90°
b =8.232(4) A, p= 90.683(10) °
c =45.170(18) A, ¥ 90 °

Volume 2090.3(15) R

Z, Calculated density 4, 1.149 (g.cri)
Absorption coefficient 0.069 mnt

F(000) 784

Crystal size 0.53x0.1x0.03 mm
Crystal color Colorless

Theta range for data collection 3.06to 27.7 °

h_min, h_max 7,7

k_min, K_max -10, 10

|_min, | _max -58, 55

Reflections collected / unique

14306 / 9220 [R(inf)= 0.0503]

Reflections [I>2¢ 6077
Completeness to theta_max 0.982
Absorption correction type multi-scan
Max. and min. transmission 0.998, 0.830

Refinement method

Full-matrix least-squares orff F

Data / restraints / parameters

9220/1/431

Flack parameter

1(9)
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Goodness-of-fit 1.569

Final Rindices [I>24 R1° = 0.1489, wR" = 0.4081
Rindices (all data) R1°=0.1961, wR" = 0.4514
Largest diff. peak and hole 0.628 and -0.844 &~

Table I. 3: Crystal data and structure refinement f@ 52

The Kinugasa reaction between 53 and nitrone 2&?

The reaction was performed between carbobat€0.2 g, 0.72 mmol) and nitro2a

(0.17 g, 0.86mmol) according to the general procedure. After purification by
chromatography on silica gel, using hexane/EtAc as eluent (80/20), two isomers of
exoalkylideneB-lactamesb4E and 54Z were purely isolated, the two isomers were
obtained in 41% vyield of thB4E and 30% of théb4Z The combined vyield of the
reaction is 71%.

(E) Carbonic acid 4-benzyloxy-1-ethyl-butyl ester ethyl ester(54E

CoeHo5NO2
M = 383.48 g.mol !

Brown solid, mp= 52°CR; = 0.37 (hexane/ethyl acetate 8/2).
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'H NMR (CDCl 3, 300 MHz), & ppm: 7.35-7.15 (m, 14H); 6.93 (m, 1H): 6.23 (t, 1H,
Ho, 3J= 6.4 Hz); 5.33 (s, 1H, #); 4.35 (s, 2H, K); 3.21 (m, 2H, H); 2.07 (m, 2H,
Hg): 1.92 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), & ppm: 161.38 (1C, &); 142.20 (1C); 138.23 (1C);
137.61 (1C); 136.65 (1C); 128.89 (2C); 128.54 (1C); 128.22 (2C); 127.87 (1C);
127.45 (4C); 126.87 (2C); 123.58 (2C); 116.73 (2C); 72.65 (1,68.85 (1C, @);
62.65 (1C, @); 28.22 (1C, ); 24.48 (1C, @).

HRMS (ESI) calculated for gH2sNOo:Na: [M +Na]+ : m/z 406.1777. Found: m/z.
406.1779 (0 ppm).

(2) Carbonic acid 4-benzyloxy-1-ethyl-butyl ester ethyl ester (542

CoeH25NO>
M = 383.48 g.mol !

Brown solid, mp= 74°C, R= 0.62 (hexane/ethyl acetate 8/2).

'H NMR (CDCl 3, 300 MHz), ppm: 7.26-7.16 (m, 14H); 6.94 (m, 1H); 5.52 (t, 1H,
Ho, 3J= 8.0 Hz); 5.18 (s, 1H, 4); 4.40 (s, 2H, k); 3.42 (t, 2H, H 3J= 8.8 Hz); 2.55
(m, 2H, H); 1.69 (quintet, 2H, K3J= 6.9 Hz).

13C NMR (CDCl3, 75 MHz), & ppm: 161.59 (1C, &); 141.50 (1C); 138.37 (1C);
137.83 (1C); 137.13 (1C); 131.75 (1C); 128.99 (2C); 128.93 (2C); 128.47 (1C);
128.27 (2C); 127.61 (2C); 127.45 (1C); 126.45 (2C); 123.67 (1C); 116.78 (2C); 72.88
(1C, G); 69.48 (1C, §); 62.57 (1C, @); 29.21 (1C, §); 25.72 (1C, @).
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HRMS (ESI) calculated for gH2sNOo;Na: [M +Na]+ : m/z 406.1777. Found: m/z.
406.1779 (0 ppm).

The Kinugasa reaction between 47d and nitrone 5?

The reaction was performed betwetfd (0.25 g, 1.08 mmol) andnitror& (0.27 g,

1.30 mmol) according to the general procedure. After purification by chromatography
on silica gel, using hexane/EtAc as eluent (80/20), two isomers of exoalkyfidene-
lactame$8E and58Z were purely isolated, the two isomers were obtained in 37.27%
yield of the 58Eand 24.67% of the 584 he combined yield of the reaction is 62%.

(E) 1-Benzyl-4-phenyl-3-(3-phenyl-propylidene)-azetidin-2-one (58E

CysHa3NO
M = 353.45 g.mol !

Brown solid, mp= 59°CR; = 0.33 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 400 MHz), ppm: 7.35-7.26 (m, 6H); 7.20-7.10 (m, 7H); 6.90 (m,
2H); 6.16 (td, 1H, K 3J= 7.8 HzJ= 1.4 Hz); 4.84 (ABs 1H, Hs, J= 15.1 Hz); 4.54
(d,1H, H, “J= 1.4 Hz); 3.78 (ABs 1H, His, J= 15.1 Hz); 2.46 (m, 2H,g 2.10 (m,
2H, He).

13C NMR (CDCl3, 100 MHz), 8 ppm: 161.19 (1C, &); 143.38 (1C); 140.59 (1C);
136.38 (1C); 135.58 (1C); 128.86 (1C), 128.67 (2C); 128.64 (2C), 128.41 (2C);
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128.38 (2C); 128.30 (2C); 127.59 (1C); 126.02 (1C); 125.36 (1C); 61.62 @C, C
44.00 (1C, Gy); 34.57 (1C, €); 29.96 (1C, ©).

HRMS (ESI) calculated for gH,3NONa: [M +Na]+ : m/z 376.1672. Found: m/z.
376.1674 (1 ppm).

(2) 1-Benzyl-4-phenyl-3-(3-phenyl-propylidene)-azetidin-2-one (582

M = 353.45 g.mol L

Brown solid, mp= 105°C, R= 0.40 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 400 MHz), 8ppm: 7.32-7.26 (m, 7H); 7.18-7.13 (m, 8H); 5.42 (td,
1H, Hy, %= 7.4 Hz,J= 1.0 Hz); 4.84 (ABs 1H, His, J= 15.1 Hz); 4.68 (s,1H,d
3.82 (ABys 1H, His, J= 15.1 Hz); 2.80 (m, 4H, ).

13C NMR (CDCl3, 100 MHz), 8 ppm: 161.41 (1C, &); 142.88 (1C); 140.78 (1C);
136.92 (1C); 135.71 (1C); 129.21 (1C), 128.73 (2C); 128.68 (2C), 128.56 (2C);
128.47 (2C); 128.44 (2C); 128.32 (1C); 127.44 (1C); 125.93 (1C); 61.71 @C, C
44.09 (1C, G); 35.36 (1C, ©); 29.80 (1C, @.

HRMS (ESI) calculated for gsH,3NONa: [M +Na]+ : m/z 376.1672. Found: m/z.
376.1670 (0 ppm).
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The Kinugasa reaction between 47d and ester nitrone 59

The reaction was performed between carboa@te(0.2 g, 0.72 mmol) andnitrorsd

(0.17 g, 0.86 mmol) according to the general procedure. After purification by
chromatography on silica gel, using hexane/EtAc as eluent (80/20), two isomers of
exoalkylideneB-lactames60E and 60Z were purely isolated, the two isomers were
obtained in 31.64% yield of th@OE and 28.16% of thé0Z The combined yield of

the reaction is 60 %.

(E) 1-Benzyl-4-oxo-3-(3-phenyl-propylidene)-azetidine-2-carboxylic acid benzyl
estel(6CE)

Co7H25NO3
M = 411.49 g.mol}

Brown oil, mp=82°C R; = 0.51 (hexane/ethyl acetate 8/2).

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.29-6.11 (m, 15H); 6.16 (td, 1H,,HJ= 7.6
Hz, “J= 1.3 Hz); 5.10 (ABs 2H, Hyy, J= 5.7 Hz); 4.86 (ABs 1H, Hi7, J= 17.3 Hz);
4.15 (s,1H, K); 4.11 (ABys 1H, Hi7, J= 17.3 Hz); 2.56 (M, 2H,s§ 2.32 (m,2H,
He).
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13c NMR (CDCl3, 75 MHz),  ppm: 168.80 (1C, &); 161.03 (1C, ); 140.31
(1C); 137.05 (1C);134.80 (1C); 134.72 (1C); 128.78 (2C), 128.63 (2C); 128.46 (2C),
128.38 (2C); 128.34 (2C); 127.85 (1C); 127.67 (1C); 126.10 (1C); 67.31 @C, C
58.34 (1C, G); 45.08 (1C, &); 34.55 (1C, €); 29.77 (1C, @).

HRMS (ESI) calculated for @H.sNOsNa: [M +Na]+: m/z 434.1726. Found: m/z.
434.1731 (1 ppm).
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(2) 1-Benzyl-4-oxo-3-(3-phenyl-propylidene)-azetidine-2-carboxylic acid benzyl
ester(6(2)

15 16

Co7H25NO3
M = 411.49 g.mol

Brown oil, mp=122°CR; = 0.67 (hexane/ethyl acetate 8/2).

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.32-7.15 (m, 15H); 5.66 (td, 1H,,HJ= 7.9
Hz, %= 1.2 Hz); 5.14 (ABs 2H, Hip, J= 17.6 Hz); 4.92 (ABs 1H, Hy7, J= 14.7 Hz);
4.22 (s,1H, k); 4.17 (ABys 1H, Hz, J= 14.7 Hz); 2.72 (M, 4H, ).

13C NMR (CDCls, 75 MHz),  ppm: 168.98 (1C, &); 162.95 (1C, G); 140.52
(1C); 136.37 (1C); 136.05 (1C); 134.96 (1C); 130.43 (1C), 128.81 (2C); 128.66 (2C),
128.60 (2C); 128.46 (2C); 128.44 (2C); 128.36 (1C); 128.30 (1C); 127.84 (1C);
126.06 (1C); 67.15 (1C,df 57.91 (1C, &); 45.09 (1C, &); 35.17 (1C, ©); 30.05

(1C, G).

HRMS (ESI) calculated for @HysNOsNa: [M +Na]+: m/z 434.1732. Found: m/z.
434.1732 (0 ppm).
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The Kinugasa reaction between 63d and nitrone 2a

The reaction was performed between carbo6ate(0.25 g, 1.9mmol) and nitrorZza
(0.46 g, 2.34mmol) according to the general procedure. After purification by
chromatography on silica gel, using hexane/EtAc as eluent (90/10), only one product

of exoalkylideneB-lactames 8 was obtained in 52 % yield.

3-Methylene-1, 4-diphenyl-azetidin-2-one (64

1
24,0

6 N

5 9
7
10
8

11 12

C16H13NO
M = 235.28 g.mol ™}

White solid, mp=138°CR; = 0.34 (hexane/ethyl acetate 9/1).

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.27-7.11 (m, 9H); 6.93 (m, 1H); 5.72 (d, 1H,
Hy, 2J= 1.8 Hz); 5.28 (t, 1H, £1*J= 1.3 Hz); 5.04 (d, 1H, +fJ= 1.8 Hz).

3C NMR (CDCl3;, 75 MHz), (ppm): 160.87 (1C, @); 149.79 (1C); 137.51 (1C);
136.39 (1C); 129.05 (2C); 129.02 (2C); 128.70 (2C); 126.51(2C); 124.08 (1C);
117.06 (1C); 110.77 (1C); 63.43 (1G;)C

HRMS (ESI) calculated for @Hi3NONa: [M +Na]+ : m/z 258.0889. Found: m/z.
258.0892 (1 ppm).
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The Kinugasa reaction between 53d and nitrone 57{

The reaction was performed between carbobat0.2 g, 1.56 mmol) and nitrone 57
(0.4 g, 1.87 mmol) according to the general procedure. After purification by
chromatography on silica gel, using hexane/EtAc as eluent (80/20), only one product

of exoalkylideneB-lactam & was obtained in 54 % yield

1-Benzyl-3-methylene-4-phenyl-azetidin-2-one (65]

O
24 12

11
55?10 )™
7 9

8
C17H15NO
M = 249.30 g.mol

White solid, mp=142°CR; = 0.5 (hexane/ethyl acetate 8/2).

'H NMR (CDCl3, 300 MHz), 8 ppm: 7.34-7.15 (m, 10H); 5.71 (d, 1H, HJ= 1.5
Hz); 5.00 (d, 1H, K 2J= 1.5 Hz); 4.90 (ABs 1H, H, J= 15.3 Hz); 4.79 (s, 1H,3}
3.85 (ABys 1H, H, J= 15.3 Hz).

13C NMR (CDCl3, 75 MHz), 8 ppm: 163.78 (1C, @); 150.63 (1C); 136.09 (1C);
135.17 (1C); 128.82 (2C); 128.70 (2C); 128.40 (2C); 127.70 (2C); 127.32 (2C);
109.60 (1C); 62.43 (1C,4% 44.24 (1C, @).

HRMS (ESI) calculated for ¢HisNONa: [M +Na]+ : m/z 272.1045. Found: m/z.
272.1045 (0 ppm).
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Introduction

General Introduction

Acylsilanes (RCOSIR) were discovered first by Brook in 1957 [1-3]. Acylsilanes
have the silicon directly attached to the carbonyl group, and this induces particular
physical and chemical properties to such molecules (Figure Il.1) [4-8]. From a
synthetic point of view, this special functional group can be easily transformed in one
pot into many different derivatives, such as acid [9-12], ketone [13-15], alcohol
[16,17], aldehyde [11,18,19], nitrile [20], amide [12, 20, 21] and ester [20, 22]. In
addition to these transformations, a great deal of efforts has been devoted to the
development of other reactions with acylsilanes, for instance, stereocontrolled
nucleophilic additions [23], stereocontrolled aldol reactions [24], cyclizations [25],

coupling reactions [26],-thalogenations [3] and enantioselective reducti@i$. [

[ Substrate diversi%
.. o)

s
v : ————— Activating group
Lo g Easier transformatio

Reactive center

Fig. Il. 1: Structure of acylsilanes.

Due to their slightly higher pKa values (the values being approximately 16) [28], the
a-alkylation of acylsilanes induced by the deprotarabf its a position by a base
(achiral or chiral) is more difficult and remains a challenge.

Many important reviews on the chemistry of acylsilane were published, showing

different ways for their synthesis and their important uses in organic chemistry [29].
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Physical properties of acylsilanes

The spectral data of acylsilanes have been wellritbestcby Brook [30] and Page and
co-workers [31]. The inductive effect of the silicon favors the polarization of the
carbonyl group, which absorbs at a lower frequency than simple ketones in the
infrared and ultraviolet spectra. IfC NMR spectroscopy, the signals for the carbonyl
carbon are quite different from the corresponding ketones, appearing at higher
chemical shift values. The anisotropy effect and electronegativity differences also
lead to higher chemical shift values in tieNMR spectra for the hydrogens attached

to thea-carbon of acylsilanes. Table II.1 shows some exampf IR and NMR data

for acylsilanes. Another important characteristic of acylsilanes is the abnormally long
Si-CO bond (1.926 A), first observed by Trotter [32] based on X-ray analysis, which
can be compared to the analogous bond length in C-CO (1.51 A) compounds [30].

IR “C NMR 1H NMR
Acylsilane V() Chemical shift C=0 Chemical shift
CHCO
MeCOSiMe 1645 (1710) 247.6 (215) 2.20 (2.08)
PhCOSiMg 1618 (1675) 233.6 (207) -
MeCOSiPHh 1645 240.1 2.30 (2.01)
PhCOSiPh 1618 (1692) - -
t-BuCOSiMe 1636 249.0 (215) -
Me;SiCOSiMe 1570 318.2 -
PhCHCOSIiMg 1635 - 3.77 (3.55)

Table II. 1: Infrared C=0 absorption and NMR data of some acylsilanes [28, 30].

(Note: values in parenthesis are for analogues in which the silicon atom has been replaced by

carbon).
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Brook and reverse Brook rearrangements

Studies have shown that acylsilanes, in generagJseas ordinary ketones. However,

in some cases, these compounds have an abnormal chemical behavior, due to the
intrinsic properties already mentioned. For example, in reactions of aroylsilanes with
nucleophiles, the Brook rearrangement is very common [33]. Hydrolysis of
aroylsilanesl, for instance, to the corresponding aldehyslegromoted by traces of

OH (Scheme II.1) involves Brook rearrangemeéhtd 3). This Brook rearrangement,

after carbonyl addition of a nucleophilic reagent, involves migration of the silyl group
from carbon to oxygen. It is reversible and thermodynamically controlled. Thus it is
commonly observed in aroylsilanes due to the relative stabilization of the carbanion
intermediate 3 by the aromatic ring.

o
? or’ {0 . OSiRy
_ _ . Broo _
RsSI” TAr ReSTA" —eamangement GAr
OH OH
1 2 3
OSiR 0
H,0 e i
L M+ RysioH
x — > A H
4 5

Scheme II. 1: Brook rearrangement of aroylsilanes

Brook studied the reaction mechanism for the nucleophilic attack of alkoxide on

acylsilane group. He suggested two pathways a gistidovn in Scheme 11.2).

o
O O Ph
O
Ph. )J\ Pathway a RO‘\P\Q )J\ Cleavage ph—sli—OR + )J\
S Ph ————— St Phl — — » | H™ > Ph
PH Ph RO PK 'Ph ROH Ph
6 7 8 9
Pathway b| RO
©
o Brook Rearrangement OSiPhy RO O
L—Ph NS Ji§ .
Phsi— G H=C—Ph *  ROSIPh
) ROH H Ph
OR (or
10 11 9

Scheme II. 2: Proposed mechanism by Brook for the formation of aldehydes from acylsilanes
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In pathway a, he suggested that the alkoxide ion attacks directly on the silicon atom of
acylsilane6 to afford aldehyd®. Another competitive pathway (pathway was
proposed by Brook later, where the alkoxide ion attacks the carbonyl grdupoof
afford intermediatel0 that undergoes a rearrangement (so called now “Brook

rearrangement”) and gives aldehyde 9 in the last step.

To know which pathway was more favorable, Brook used the optically active
acylsilane (-)12 in reactions with different alkoxide ions, affording intermediates
14.Then, reduction ofi4 using LiAIH, gave (-)15 (Scheme 11.3). Although the
optical purities of (-)5 were observed to be depending on the bulk of the alkoxide
ions used (EtO22% vst-BuO 65%), in all reactions with chiral acylsilane {-2;the
enantiomer (-5 was predominant, showing the retention of configuration at silicon.
Therefore the bulkier alkoxides find it more difficult to attack at silicon and,

consequently, the attack at the carbonyl group becomes relatively easier.

o ->~Ph Me
Me  Ro/ROH Me—)_ Me 0 LiAIH 4 H-Si—Ph
Me SII\Np —_— > RO SII*Np —_— Me e SN "Np
bh Ph RO
-(-12) 13 14 -(-15)
Np: Naphthyl

Scheme II. 3: Reaction of alkoxides with acylsilde

In contrast, reverse Brook rearrangement (Scheme I1.4) involves the transfer of silyl
group from oxygen to carbon upon treating silyloxy intermediatewith t-BulLi.

Then treatment ol9 with water followed by oxidation reaction ends up with the
formation of acylsilane 20.

Reverse Brook rearrangement

n-BulLi _ ; €] ; @ 0
RoH —— = R osive LBUL | A ReverseBrook O 1 HO
oS T R siMe| 2[0] | R SiMes
17 8 . .

Scheme II. 4: Reverse Brook rearrangement
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Synthesis of acylsilanes

As we mentioned at the beginning, the first acys&laompound was reported by
Brook in 1957, who prepared benzoyltriphenylsil2Befrom triphenylsilyl potassium
22 and benzoyl chlorid2l (Scheme 11.5), albeit in only 6% vyield.

0
©_< + Ph—Sl o . @Sl\m
cl

(6% yield)
21 22

Scheme II. 5: First acylsilane compound synthesized by Brook

The main problem in the synthesis of acylsilanes is the instability of these
compounds, under many reaction conditions, which may lead to C-Si bond cleavage.
Many methodologies for the synthesis of acylsilanes have been developed during the
last decades [7]. Scheme 6 summarizes different methods established for the synthesis

of this important and useful functional group and we will briefly comment these

methods.
U
Br Ry SI\R2
Si_R2 R
| 0
R R3
R)L H
O o)
-
R)J\CI R)J\OMe
= IN (0)
N
R)J\NMez

Scheme II. 6: Different methods for the synthesis of acylsilanes
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Acylsilanes from a-silyl alcohols

a-Silyl alcohols can be prepared by several methedsh as the condensation of
trialkylsilyl anions with aldehydes [34] or the transmetalation of trialkylstannanes
followed by a reverse Brook rearrangement [35].

The oxidation ofa-silyl alcohol 24 with ordinary oxidizing reagents like potassium
permanganate and chromic acid leads to acylsilaBéScheme 11.7). However, this

route has several limitations since a Si-C bond cleavage may compete [30], and the

products may suffer over-oxidation to carboxylic acids.

OH 0
i KMnO4 or K2CI'207
R7OSiRg > R™ SR,
24 25

Scheme II. 7: Acylsilane 25Bom o-silylalcohols 24

Very mild conditions, such as those present in Swern oxidation, are the most indicated
options. In the example shown in Scheme 1.8 [31, 36], the “reverse Brook
rearrangement” 28 to 29), followed by a mild oxidation, is employed for the

synthesis of -unsaturated acylsilane4.3

N OH n-BulLi X OSiM t-BulLi Lz . Reverse Brook
R/\RI/\ _nBuli _ N e _tBuli F/Y\OSIMQ; Mthieibly

MesSiCl R iy
26 27 -
R=H, GH;5 R'=H, CH
OLi o) OH O
. H30 Swern Oxidation
N SiMeg —— N SiMe; > ~ SiMes
R' R' R'
29 30 31

(64-79% overall yield)
Scheme II. 8: Acylsilanes 31 from silylalcohols 30 using mild oxidation conditions

Silylalcohols 33, prepared by nucleophilic opening of epoxi@2s were oxidized
under mild condition by the use of the Dess-Martin reagent, giving acylsibdnas
good to excellent overall yields (Scheme 11.9) [37].
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0 ] Si(i-Fra)
L 5ii-Pry Nu

B Dess-Martin_ Si(i-Pra)
Nu OH oxidation Nu/\g/
32 33 34
(71-91%) (72-87%)

Scheme II. 9: Acylsilanes 34 from silylalcohols 33 using Dess-Martin oxidant

Acylsilanes from masked aldehydes

As we just mentioned above, the addition of silyllithium reagents to aldehydes gives
a-silyl alcohols, which may be oxidized to acylsilanélowever, aldehyde35 are
more commonly converted into acylsilang® by the dithiane route (the umpolung

methodology, Scheme I1.10).

0 ) ()

R)L HS(CH,)sSH S-S 1.n-BuLi S-S hydrolysis 0
H R H 2 Rsicl K SR R)kSiR'
BF;OEb T3 3 :

35 36 37 38

Scheme IlI. 10: Acylsilane®8 from masked aldehyd8§

The hydrolysis of 2-silyl-1,3-dithiane37 was first investigated simultaneously by
Brook [38] and Corey [39], and it is one of the most useful methodologies for the
synthesis of acylsilanes. The great advantage of this method is the variety of
compounds that can be prepared, including aroylsilanes, alkanoylsilanes, and
functionalized acylsilanes. In general, the first and second &epsme Il.1Pafford

the products in high yields, but the hydrolysis step may be problematic. The most
frequently applied method for the hydrolysis of 2-silyldithiaB&sare mercury salts

(the oldest methodology) which is very slow, and thus causes degradation of the
acylsilane product. For this reason, different methods have been developed, like
treatment with methyl iodide [40], anodic oxidation [41], and oxidative hydrolysis
mediated byN-bromosuccinimide [42], to regenerate the masked carbonyl group,

giving acylsilanes in good yields.
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Acylsilanes from esters

Reductive silylation is also a known method for the synthesis of acylsilanes,
proceeding by the reaction of esters with silyl-Grignard derivatives. This Grignard
addition of a silyl nucleophile onto an ester leads to the formation of silyladéals

(Scheme 11.11) [43], which upon hydrolysis with water in acidic medium gives the
desired acylsilandl1. However, this method generally gives poor yields and hence

has been seldom employed.

(@] CMe 0
)J\ M63SiC| AF+O_SiM% Hzo/HC|
A oM . i MeOSiM
' ®  MgHMPT SiMes At SiMes eSS
39 40 41

Scheme II. 11: Acylsilanesl from esters 39

Compounds containing lithium attached to the silicon are extremely important
reagents in organosilane chemistry. Dimethylphenylsilyllithid®) for example, is

the most useful silyllithium derivative in these series. This is due to the aryl group that
gives a good anion stability (at least one aryl group is required for this metalation
procedure with Li metal) and also to the fact that this reagent can be readily prepared
from the corresponding chlorodimethylphenylsilane by its reaction with lithium in
THF [44]. On the other hand, trimethylsilyllithium is readily obtained by the reaction
of hexamethyldisilane with methyllithium [45]. These compounds react with esters at
very low temperature only (around -110°C) to afford acylsilanes in good yields
(Scheme 11.12) [46].

0
PhMeSiLi THF O
@ * R)J\OMe > _
43 44
(70-76%)

Scheme II. 12: Acylsilane$4 from esters 43 and silyllithium derivati¥@

Double nucleophilic attack of the silyllithium on the carbonyl group of ester yields the

disilylalcohols as undesirable by-product (Scheme I1.13).

98



NJ\ THF h/\)< M
P OR > P SiMe,;Ph + P SiMe;Ph

2. KO

45 Ho 46 46"
Pb(OAc)
Sio, P SiMe,Ph

PMS'M Ph -
1€z - 47
48
(94%)

Scheme II. 13: oxidation of disilylalcohol$' to afford acylsilanes 48

These alcohols, such as 4ive been oxidized by PDC (pyridinium dichromate) [46],
tert-butyl hypochlorite [47] and lead tetraacetate [48] (Scheme 11.13) to the
corresponding acylsilanes. This method involves a “radical Brook rearrangement”,

providing acylsilanes in good yields after treatment with silica gel.

Acylsilanes from amides

Silylithium compounds are also employed for the synthesis of acylsilanes from
amides49 (Scheme 11.14) [46]. Amides appear to be more useful, since they give
better yields than the traditional reaction with esters, which also requires much lower

temperatures
0O
O THF R)J\
phvesiLi + JU > SiMe,Ph
R NMez _780C
42 49 50

(69-91%)
Scheme II. 14: Acylsilangs0 from amides 49

Morpholine amides, for instance, appears to be the best acylsilane precursors. Scheidt
and coworkers [49] used morpholine ami@@aswith silyllithium derivative22 as the
starting material for the synthesis of acylsilaB8s These authors suggested that this

reaction occurs via a stable tetrahedral interme&atScheme 11.15). This approach
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allows for the efficient access of acylsilanes in one step from the corresponding amide

and an easily prepared silyl anion.

@)
)J\ PhMeSi
R '\Q) + PhMesSiLi —11F R7LN/\\ _H . R)J\SlMezPh
-78°C
51 22 52 50
stable tetrahedral (up to 85 % yield)
intemediate

Scheme II. 15: Synthesis of acylsilanes 50 from morpholine amides 51

In agreement with the mechanistic proposal, no double addition was observed for any
of the substrates. Both linear and branched alkyl morpholine amides are suitable for
the reaction and are efficiently transformed into alkyl acylsilanes.

In contrast, the use of aromatic morpholine amides is problematic. Brook
rearrangement usually occurs after formation of the tetrahedral intermediate, and this
is probably due to stabilization of the resulting carbanion by the aromatic moiety

(Scheme 11.16, Path B) [49].
® 0

H30 )J\

7 Path A Ar SiX3
55

OSiRy .
53 54 ~ Brook )\ undesired

Path B ArTOTNR, T product

j\ Li-SiX 3 X3Si_ OLi
B
Ar NR;  .78°C RN Ar

56
Scheme II. 16: Rearrangement observed starting from aryl morpholine &8ides

The authors suggested that the use of more electron donating aryl groups could inhibit
the unwanted Brook rearrangemepath B). For this purpose, different groups were
chosen, including first a single electron donating substituent on the phenyl group (2-
methoxyphenyl amide and 4-methoxyphenyl amide) that did not inhibit the reaction
path B. However, the use of 2,4-dimethoxyphenyl anbde shown in Scheme 11.17,
allowed to isolate the desired acylsilane prodb8i but in a low yield (35%).
Unexpectedly, the 2-furyl morpholine amifig afforded the corresponding acylsilane

60 in a moderate yield (60%) (Scheme 11.17).
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@)

o)
N .
d (jo +  PhMesiLi _ THF SiMezPh
MeO OMe -78°C
MeO OMe

57 42 58
(35% vyield)
Q 0
\_0O Oo +  PhMesiLi 1P =] SiMePh
78°C N0
59 42 60
(60% yield)

Scheme II. 17: Acylsilane using aromatic/heteroaromatic morpholine amide precursors

Acylsilanes from S-2-pyridyl esters

S-2-Pyridyl ester81react very smoothly with Al(SiMg; in the presence of CuCN to
afford acylsilane$2 in good to excellent yields (Scheme 11.18). This method is very
useful and may be applied to substrates having various groups such as alkoxyl, acetal,
ester, or an isolated double bond [50].

CUuCN, THF, 6C to rt

0
| Al(SiMes) g
X S)J\R > SiMe;
61 62

R= CGgH1g, Ph, PhCH=CH, Ph(CHICH. (61-98%)

Scheme II. 18: Acylsilane®2 from S2-pyridyl ester$61

Acylsilanes from acyl chlorides

It is well known that the treatment of silyllithium derivatives with acid chloride could
give acylsilanes, but this procedure is not useful due to the complex reaction mixtures

that it provides. On the other hand, lithium silylcuprates tik€Scheme 11.19)react
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with a variety of acid chlorides, giving acylsilanes with good yields (40-87%),
offering advantages over the silyllithium methodology since fewer by-products are
formed [51]. These cuprates are traditionally obtained from the reaction of an
alkylsilyllithium with CuCN or Cul [52]. But this methodology is very limited due to

the use of high order cuprates which are very reactive towards a variety of functional
groups. For this reason the mixed Cu-Zn coméxwhichis less reactive than
ordinary cuprates could be used instead, affording the desired acylsilanes in moderate
to excellent yields (50-95%). This type of method has been applied to the synthesis of

acylsilanes containing cyano, halo, ester and other groups (Scheme 11.19) [53, 54].

@] (Me,PhSipCuCN(ZnCl)y @] (Me3Si),CUCNLi, @)
R)k , 66 R)J\ 64 R)J\ .
SiMe,Ph - Cl > SiMe3
50 63 65
(50-95%) (40-87%)

Scheme II. 19: Acylsilangs0 and 65 from acyl chlorides 63

Yamamoto and co-workers [55] used the reactions of disilanes (compounds with Si-Si
bond) with benzoyl chloride under palladium catalysis to prepare aroylsilanes. But
this method showed to be not suitable for aliphatic acylsilanes, since it gives very low
yields of the desired products. Thus, an alternative methodology using polarized Si-Sn
bond (weaker than the Si-Si bond in the disilanes), presented in Scheme 11.20, was

used, and provided both aroyl and alkanoylsilanes in good yields (up to 70%) [56].

? o}
. 5%][(n-C3H5)PdClL
R)J\CI + MesSiSnBy P > R)J\SiMe3 + SnBuCl
67 68 o(EtO} 60
R=n-GHg, N-GH15 p-CH30GHs, 0-CICgH,, Ph (30-74%)

Scheme II. 20: Acylsilang®9 from acyl chlorides 67 using palladium catalyst

Reactions and uses of acylsilanes in organic synthesis

The use of acylsilanes in organic synthesis hasasad significantly over the last

two decades due to the discovery of valuable new reactions and the improvement of
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methods for acylsilane synthesis. The substantial effect of the electronic properties
and the bulk of the silyl groups (possibly modulated by the nature of substituents),
may be used to control the stereochemistry of reactions [57]. One of the well-
established uses of acylsilanes in organic synthesis is to act as an aldehyde equivalent,
in which a stereoselective nucleophilic attack on the carbonyl growp,a chiral

center, is followed by stereospecific replacement of the silyl group by hydrogen.
Moreover, acylsilanes can be used as ester equivalents for chirality induction, since
acylsilanes can be smoothly oxidized to esters.

Stereocontrolled nucleophilic additions on acylsilanes

The first study involving enantioselective addition to acylsilanes was reported in 1971
by Mosher [58], who used an optically active Grignard reagent to reduce
benzoyltriphenylsilane and benzoyltrimethylsilane in low enantiomeric excess. Due to
the relative facility for the removal of the silyl moiety and its replacement by
hydrogen, acylsilanes can be considered as aldehyde equivalents in nucleophilic
additions. Highly selective nucleophilic additions on acylsilanes bearing achiral center
on thea-carbon as Y0 (Scheme 11.21), and even on fhearbon, as irY3 (Scheme

I1.22) were performed. In both cases, it was followed by a fluoride-induced
desilylation process.

Me Me Me Bu
b SiM n-BuLi Bu TBAF Ph)\(
—_— v
& ————> p "'1SiMeg 'H
o) OH OH
70 71 72
(99:1)

Scheme II. 21: Nucleophilic addition on acylsilanebé@ring achiral center on thecarbon

103



/,
“

., _ “, Nu 2
SiMe; \SiMes T
O Nu-M OH  TBAF YH
—_— > — >
. CH,Cl,

OBn OBn
73 74 syn-75
[(93-95% de), 90% yield] (93-95% de, 52-96% yield))

Nu-M = Allyl-SiMe3, Methallyl-SiMe;

Scheme II. 22: Nucleophilic addition on acylsilane 73 bearing achiral center ocdnedh

In general, the protodesilylation (replacement of th8i Rhoiety by H) occurs with a
high level of stereoselectivity, through the Brook rearrangement [59]. As shown in
Scheme 11.22, high stereocontrol was obtained in asymmetric induction in the

synthesis of calcitriol lactone derivatives 75 [60].

The addition of alkyl and phenyl lithium [61, 62] or Grignard reagents (Scheme 11.23)
[63] to acylsilanes 76 having a chiral center at silicon is also diastereoselective.

OH
Ry R
/ 1. RRMgX/Et,0, -8C°C R\ ™
R SMe > R2>k5.i*Me
Ph 2. NH,Cl sat. Ph
76 "

(9-79% de 63-98% yield)
R;= n-Bu, t-Bu, Np., = Me, Ph., B= Me, Ph.

Scheme II. 23: Grignard additions on acylsilanes 76
Cyclopropanediol monosilyl ethers82 and 83 are obtained with good

diastereoselectivity from the reaction of benzoylsilaf?e with lithium enolates

derived from methyl ketones (Scheme I1.24) [64].
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o
e .
h)}\ Messi, O @ MeSiO mo‘) Measlwo\
P SiMes e o010 300 PMR P R P R

79 80 81
R= Et,n-Pr,i-Pr \
Messio, H Ho, OSiMe;
PV 'R " PRV R
82 83
(64-75%) (7-21%)

Scheme II. 24: Addition reaction of lithium enolate on acylsilane 78

Stereocontrolled aldol reactions of acylsilanes

Lithium enolates of propanoyl silan84 react with aryl and alkyl aldehydes to afford
mainly synf-hydroxyacylsilanes35, which can be converted in&6 as the major
products (Scheme I1.25) in 31-68% overall yields [65]. While benzaldehyde gives a
modestsyn/antiratio, isobutyraldehyde gives a good diastereoselectigip/éant>

20). In addition, aldehydes having a chiral center onatharbon87 react with84,

giving 88 in good diastereoselectivities (72-90% de).

o)
\)J\ 1. LDA, -78°C OH O H,0, OH O
SiRy — . : ,
2. RCHO R OSIRs R OH
84
85 86
: (60-90% de, 31-68%yield)
1. LDA R"J\)\[(SIRQ,
OH O

A

R “CHO 88
87 (72-90% de, 44-48% yield)

R= Et, R= Ph,i-Pr, R= Ph, (CH),C=CH

Scheme II. 25: Diastereoselective aldolizations of acylsilane 84
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Acylsilanes in radical reactions

Radical reactions of acylsilanes have been also explored. For instance, trialkyltin
radicals (BySnH) can promote intramolecular cyclization of acylsilaB8s91,and

93 which delivers alkyl, aryl and vinyl radicals, affording cyclopentyl silyl etl9€rs

and 92 and enol silyl ether 94 (Scheme 11.26) [66].

O -
)W BuzSnH/benzene OSiMe;
AIBN, reflux
89
90
(60%)
Br o OSiMe;Ph
©/\)‘\Si|\4e2ph BugSnH/benzene
80°C, 2h
o 92
(83% yield)
OSiMePh
O Br
)J\/\/ BugSnH/benzene
Pres) AIBN, 80°C, h -
93 ' ’ \ 94
(62%)

Scheme II. 26: Radical reactions of acylsila@®s91 and 93

The mechanism of formation 090, 92 and 94 involves a radical Brook

rearrangement, as shown in the example outlined in the Scheme 11.27 [66c].

(0]

i
MeSSi)]\/\/\ BU3an é&MeS i;élMeS

AI BN

OSiMe; H OSiMe;
— O

95

89

Scheme II. 27: Mechanism proposed for the radical reactions of acylsilanes.

An interesting application of this method is the diastereoselective synthesismf

bicyclic alcohol 97 from acylsilane 96 (Scheme 11.28) [66a].
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7 oH Me
SiMes 1. n-BusSnH, AIBN
2. TBAF
Br H
9 97
(81%)

Scheme IlI. 28: Synthesis of bicyclic alcohol 97 from acylsilane 96 through a radical reaction

Cyclization reactions of acylsilanes

In addition to the examples mentioned before, many other cyclization reactions
involving acylsilanes were developed. Acylsilan@® with a [I-carbonyl group
provide furans100 under milder conditions and in higher yields than the common
cyclization reactions of dicarbonyl compounds. This advantage is derived from the
high nucleophilicity of the oxygen atom in acylsilanes, due to the contribution of the

polarized resonance form Il (Scheme 11.29) [67].

PhMeSi N Ph,MeSi Ra O H@ Rs Ra ® R3 Ro
esl
NRl - WRl N /®Z_§V “HQ /Z/_ﬁ\
(o) Ry @O R, PhMeS (0] 051 PhZMeS O Ry
| Il
98 99 100
(57-87%)

R1= Ph, Mg, R2=H, Me, R3=H, Mg, Ph)

Scheme II. 29: Cyclization reaction of acylsila88s

Furthermore, Scheme 11.30 presents examples for the synthesis of bis-
silylhydropyraned.02 and bis-silylfurand.04through a similar cyclization of 1,5-bis-
acylsilanes101 [68] and 1,4- bis-acylsilanes03 [69] respectively, catalyzed by

toluenesulfonic acid (TsOH).
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Rs
Rlesi)WJ\Si&R5 TSOH m
[EE— .

Rs heat  RoRSI” O~ “SiRRs
101 102
(50-94%)
O
- TsOH i
SiR:R RoR;Si 0] .
Rlesi)W 34 » 21 USIR3R4
o) heat
103 104
(68-71%)

Rl: R2= R3= R4= Me,
Rl: R3=Me, R2= R4=t-BU

Scheme IlI. 30: Cyclization of bis-silyl compounds ol 103 using{isOH as a catalyst

Enantioselective reduction of acylsilanes

Chiral boranes have been used for the enantioselective reduction of acylsilanes

affording optically active alcohols (Scheme 11.31) [70, 71].

O H
PR (-)-{Ipc],BCl R)\\\OH
R™ OSiR: > .
3 SiR%
105 106
R=Me, Eti-Pr, CH=CH. (80-95%ee, 11-93%yield)

R'= Me, Et,n-Bu,i-Pr,t-Bu, Ph

’

PhMeSi -)-[Ipc],BCl PhMeSi_ X
& IWOBn (-)-llpclBCl H>(i)/H\/\OBn
o}

107 (R)-(+)-108

(87-92% ee, 76%yield)

(-)-[Ipc]oBCI: (-)-B-chlorodiisopinocamphenylborane

Scheme II. 31: Enantioselective reduction of 1050 using a chiral borane
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In addition to that, an unusual reductionogff-unsaturated acylsiland99,shown in
Scheme 11.32,was also performed. It is mediated by the chiral lithium abiide
affording alcoholsl11 in excellent enantiomeric excesses through hydride transfer
from chiral lithium amide [72].

Wk H
N/\t—Bu
N |
. () oH
R N 110 R2 w\ H
2 | SlMe2R3 > | S|M82R3
30min in THF
Rl Rl

109 111

(99% ee, 31-68% yield)
R.= Me,i-Pr, -(CH,)3, R,=H, Rs=t-Bu or Ph

Scheme II. 32: Enantioselective reduction @fansaturated acylsilane 109 using chiral
lithium amine 110

Organocatalytic asymmetric Michael reactions with acylsilane donors

As we know, Michael reactions are among the most powerful and efficient methods
for carbon—carbon bond formation. In particular, the development of organocatalytic
asymmetric Michael reactions of carbonyl compounds with nitroalkenes has
generated great interest in recent years [73-77]. Asymmetric Michael reactions using
acylsilanes as donors showed to be very interesting, affording diverse and structurally
complex aalkyl acylsilanes with high diastereo- and enamiestivity.

Chiral guanidines characterized by high pKa values and hydrogen-bonding activation,
proved to be efficient catalysts for enantioselective reactions with acylsilanes [78-80].
Thus different substituents on guanidine catalysts were studied,1du(Scheme
[1.33) gave the best results with 99:1 dr and 91% ee.
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o)
/SI N
o ©NNOZ Catalyst114(20%mol)  R7J
+ > 0,
toluene 6C ©
NO,

112aR=CH, 113a, 91% ee, 43% yield
112bR= Phenyl 113b, 91% ee, 81% yield

0

N.

Ph
P
H |
Cy 114

Scheme II. 33: Organocatalyzed Michael reactions

Feng and co-workers [82] suggested that the nitroolefin and the acylsilane substrates,
might be activated simultaneously by the guanidine cataly$t(Figure 11.2), and the

NH proton of the amide moiety is vital for the high activity and enantioselectivity. As
illustrated in Figure 1.2, the guanidine moiety of the catalyst likely functions as a
base, thus enabling intracomplex deprotonation, while the N—H moiety of the amide

in the catalyst might act as a Brgnsted acid to activate the Michael acceptor.

Fig. Il. 2: The proposed dual activation mode of guanidine 114 catalyzed Michael reaction
between an acylsilane and a nitroolefin.
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Palladium catalyzed cross coupling reaction of acylsilanes

Palladium-catalyzed cross-coupling reactions are also one of the most powerful tools
for carbon carbon bond formation [83]. Accordingly, Pd catalysis has been used
extensively in the formation of aryl-aryl, alkyl-aryl, and alkyl-alkyl ketones. Many
reports describe the formation of ketones by coupling activated carboxylic acid
derivatives with various transmetalating reagents [84] or via carbonylative coupling of
an aryl halide with an organometallic species [85].

Acylsilanes serve as acyl anion equivalents in a palladium-catalyzed cross-coupling
reaction with aryl bromides to give unsymmetrical diaryl ketones. Water plays a
unique and crucial activating role in these reactions. Thus in a successful development
of Pd-catalyzed cross coupling between arylsilanes and aryl bromides, using
phosphonate ligand18 the corresponding unsymmetrical diaryl ketdE3 was
obtained in good yield (78%) (Scheme 11.34) [86].

O 0
\ - >
* HCO 4 equiv. HO OCH,
115 3 equiv KPOy
. 116 1,4-dioxane, 80C 117
(1.5 equiv) (78% yield)

L A I
i P\/(CIZIHZ
Ph

PA-PPh precatalyst PC1
118

J

Scheme II. 34: Pd-catalyzed cross coupling reaction of arylsilane 11
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Obijective and strateqy

The major goal of our research in this area was to perémymmetric catalytic
intramolecular aldol reactions on acylsilane derivatives bearing an aldehyde
functional group in a remote position within the same molecule. Scheme 11.35 shows
the two different acylsilanes that we choose as model substrates to explore this type of
aldol reaction

OH

CHO
Me _ O
Si-Me ___asymmetric catalysts_ L me
'Ph Sii—Me

@) Ph

OH O

o
o~ . asymmetric catalysts -Me
e : S @’J Pl

\

Scheme II. 35: Intramolecular aldol reaction starting from bifunctional acylsilane-aldehyde
molecules

Therefore, the first step of our research was the preparation of such key intermediates,
previously unknown, bearing both the acylsilane unit and the carbonyl moiety in a
remote position. For this purpose, we focused our attention on the addition reaction of

dimethylphenyl silyllithium into the morpholine amide group.
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Results and discussion

Our first goal was to prepare the key intermediates for the asymmetric intramolecular
aldol reaction, with the acylsilane group and the remote aldehyde on the same
molecule, thus two models were selected for this purpose. The first model includes
the use of an aromatic linker (starting from commercially availafgthalaldehyde),

while the second model includes the use of an aliphatic linker (starting from

commercially available 2, 3-dihydropyran).

1. Synthesis of model 1 with aromatic linker

For the first model, we succeeded in obtaining the desired acylsilane interni@@iate

through five steps, according to the sequence described in Scheme 11.36:

O
OEt O
@i 0" (70 _H,, Pd
CHO 124 . >
P-TSA, toluene = N\)
CHsCN
119 76% ) 68%
LiCl, DBU 125 O

2%

SN
e\SI—LI
(\o el o b HO' cHo
N\) THF, -78C Si?wl\/le . Si-Me
e
44% 8% Me

O

Key Intermediate

Scheme II. 36: preparation of the key intermedi2@

Protection ofo-pthalaldehydel19 with propan-1, 3-diol angd-TSA using a Dean-

Stark apparatus [87] gave two major products, the mono-protected aldehyde (lower
polarity according to the TLC plate) and the di-protected one, and these two products
could be easily separated by column chromatography affording 76% of the desired

mono-protected aldehyde 120.
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ot B ol e wot
= = CH,Cly, 1t ~ bo CHSCN, 1t
121 24h 122 24h 123

(@)
COH

'+ EtgN I
OEt O OEt.I
OEt O
CH3CN, reflux
24h 124

78%

Scheme Il. 37: Synthesis of phosphonate amide 124

As shown in scheme 11.37, phosphonate ami?é could be easily obtained in a three
steps reaction sequence, following the procedures described in the literature [91], and
the structures 0122,123, andl124were established by comparison of their spectral

data with the literature.

Then a Horner-Wadsworth-Emmons (HWE) reaction between aldehg@eand

phosphonate amid&24 in the presence of LiCl and DBU in gEN (Scheme 11.36)

gave the desired,f-unsaturated amid&25 in 72% yield [88]."H NMR spectrum of

the crude product shows the presence otrdngs isomer only, which was purified by
chromatography and obtained in 72% vyield.

The structure o125was confirmed byH NMR (Figure 11.3), that shows the peaks of

two vinylic protons as two doublets at 8.16 ppm and at 6.74 ppm with the same
coupling constant of 15.3 Hz, which refers to thans configuration of the double
bond. In addition, the typical methine proton of the acetal group appears as a singlet at
5.75 ppm.
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Fig. Il. 3:'"H NMR spectrum of 3-unsaturated amide 125

In the following step, hydrogenation of the double bond was required. Thus,
compound 125 was treated with palladium on carbon under hydrogen atmosphere [89]
affording the amidel26 in 68% vyield. The'H NMR spectrum 0f126 shows the
disappearance of the two doublets at 8.16 ppm and at 6.74 ppm, and appearance of
two triplets at 3.12 and 2.64 ppm each with coupling constants of 7.3 Hz (Figure 11.4),

which correspond to the newly formed two methylene groups.
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Fig. Il. 4:'H NMR spectrum of saturated amide 126

Having amidel26 in hands, we could now perform the addition reaction of the
silyllithium derivative. Thus dimethylphenylsilyllithium, prepared from the
commercially available chloro(dimethyl)phenylsilane, according to the literature
procedure [90], was added slowly 186 in THF at -78°C for 3-4h. Acylsilari7

could be easily detected as a pink spot on the TLC plate, but different side products
were also seen in the crude mixture and having very clpse fRe acylsiland 27,

which makes the separation difficult. Furthermore, this silyllithium addition was

performed different times to optimize the yield from 12% to 44%.

The structure of acylsilanE27 was established B NMR (Figure 11.5), where the
two methyl groups attached to silicon atom appeared as two singlets at 0.48 and 0.41
ppm, and the four protons of the two methylene groups appeared as one multiplet at

2.90 ppm.
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Fig. Il. 5:'"H NMR spectrum of acylsilane 127

The last step to reach our desired acylsilane intermetiZievas the hydrolysis of

the acetal to unmask the aldehyde group. Therefore, acyldi?aneas treated with a
solution of hydrochloric acid (37%) in water and acetone to give the desired key
intermediate128 in 78% vyield. The structure df28 was confirmed byH NMR

(Figure 11.6), which shows the presence of the aldehyde proton as a singlet at 10.12
ppm, and the disappearance of acetal protons signals, particularly the one that appears

at 5.51 ppm.
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Fig. Il. 6:'"H NMR spectrum of the key intermediate 128

It is important to note that, the addition of dimethylphenylsilyllithium was first
performed on the conjugated amiti25, before reducing the double bond (Scheme
11.38), but unfortunately it was difficult to recover the conjugated system of acylsilane
group, that's why we decided to hydrogenate the double bond first in order to get rid

of the conjugated system that might affect the addition reaction of silyllithium.

On the other hand, and as a second attempt to obtain conjugated system of acylsilane,
we tried to perform HWE reaction directly on the starttghtalaldehydel19, and

we succeeded in obtaining the desired conjugated ab3idehowever in a very low

yield (Scheme 11.38).
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Scheme II. 38: Direct addition of phosphonate 124 on the starting o-phtalalddlt®/de

The recovered quantity df30 was then treated with dimethylphenylsilyllithium in

order to obtain the conjugated acylsilane derivafi@d, but the addition reaction

didn’t work in this case (Scheme 11.38).

For this reason we tried to protect the aldehyde group that might affect or react with

the added silyllithium, so aldehyd&30 was treated with methanol to get the acetal

product 132a (Scheme 11.38), but the protection didn’t work. Another attempt for such

protection was performed using isopropanol to get ad&2h but this didn’t work

too, and thus we could not get the desired acetal 132.

Since we couldn’'t recover the conjugated system of silyllithium in this case, we

focused our attention on the preparation of the non-conjugated acylsilane intermediate

128 as shown previously in scheme 11.36.
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2. Asymmetric intramolecular aldol reactionsfor model 1

Now, having acylsilan€l28 in hand, we were ready to attempt the asymmetric

intramolecular aldol reaction through different approaches, as described below.

The first point was to obtain authentic samples of the desired molecules in racemic

form and this could be performed by using a simple aldol reaction, using LDA (1.2

../
%S|—Me ®E> <Sl—'vll\/llae

CHO

Me LDA, THF (+)-133<is

Si—Me >

\Ph Y *

128 O 32% OH OH
3 0
@E& L e @04 ve
Sl—Me Sii—Me

Ph Ph
(+)-133-trans

equiv) as a base.

/,O

Scheme II. 39: Intramolecular aldolization reactiod®8 using LDA as a base

This reaction gave the desired indangls)-133cis and (x)-1334rans but
unfortunately these two diastereoisomers could not be separated by chromatography.
The aldol reaction occurs with around 2:1 diastereoselectivity, but since these
stereoisomers have not been separated and the NMR spectra of the mixture are
complex, their ci®r transstereochemistry could not be established unambiguously.

Then, in an attempt to perform asymmetric intramolecular aldol reaction, the first trial
was the use of mixed organocatalysts, a quinidine-derived molecule and proline
(Figure 11.7) both together, following literature procedures [91]. However, it is well

known in the literature that asymmetric organocatalysis has two major pathways: the
first, and the most commonly used one, is the enamine pathway by using proline-
derived organocatalysts and other similar compounds, while the second, by H-

bonding catalysis, where the thiourea-type catalysts are most representative examples.
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Fig. Il. 7: Quinidine and proline catalysts

In some cases the two types of organocatalysts were combined and a very good
example is the one reported by Zhao and coworkers [91], which was an important

guideline for us at the beginning of our studies with acylsilanes.

Thus, our acylsilane key intermedial®8 was treated first with 20 mol% of
quinidine/proline combined catalyts in methanol as shown in scheme 11.40. But only a

very slight formation of the desired product was detected by NMR.

On the other hand, the treatment of acylsilane intermed28avith the quinidine-
derived catalyst alone was much more effective in the aldolization reaction, since we
can easily detect by NMR of the crude reaction mixture the peaks of the two isomeric
aldol product133<is and 1334rans. However, since they could not be separated

easily, it has not been possible to establish the enantiomeric excess of this reaction.

20mol% quinidine
0 :
20mol% proline 133cis + 133-tras

but very low yields

CHO
Me 20mol% quinidine .
Si—Me »  133-cis + 133-trams
AN
Ph MeOH, rt, 24 hr

128 ©

Y

20mol% proline

Y

no reaction

MeOH, rt, 24 hr
Scheme II. 40: Intramolecular aldolization using quinidine-derived catalyst
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Finally, treatment of our key intermediat@8 with the proline catalyst alone didn’t

give any trace of the aldol products (Scheme 11.40). Thus, the obvious conclusion of
these interesting and useful preliminary experiments is that the acylsilane scaffold is
not a suitable substrate for proline or amino acid-derived organocatalysis. Therefore,
in our case, the best conditions for the intramolecular aldol reaction are the use of the

quinidine-type catalyst alone.

These results obtained with thiourea-derived catalyst were very exciting, since this
type of catalyst (alone) has been used for several reactions like 1,4-addition reaction,
but it has not been used for simple aldol reactions, possibly due to the other classical

enamine pathway that was very successful.

Furthermore, the significance of thiourea-derived catalyst is that, it is working in the

aldolization reaction of acylsilanes and not with a simple ketone. However, it is well

known that the aldolization reaction of ketone could be generated either by enolate or
enol nucleophilic species. Therefore an attractive possibility would be in the case of
acylsilanes, to consider the enol contents. In that case, the keto-enol equilibrium could
be somewhat more shifted to the right in the case of acylsilanes (Scheme 11.41) [92],
and since more enols are in the reaction mixture, ready for the next step (the aldol

reaction), better yields and selectivities could be obtained.

G o

Aldol
o OH

SiPhM ;
/\W © H,.r\(SIPhMQ o
)

o OH

Scheme II. 41: comparison of enol contents between ketone and acylsilane
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At this stage, we do not have a clear explanation for the failure of asymmetric
organocatalysis using proline derived catalyst, but if we follow the enamine pathway
transposed to acylsilanes, as shown in the scheme below, some potential problems

could explain this phenomenon

SiPhMe
SiPhMe /\#
Y { s N e
0 ' N TCOR . ©0® A
H RO,C
L A _
. SiPhM
SiPhMe @ SiPhMe, ®
N
N +H N “H,0 ®
OH - @ OH;, —— .y
RO,C ROC ©2

SiPhMe,
) N\k

-H
b . Aldol
RO,C

Scheme Il. 42: Mechanism for enamine formation

For instance, the nucleophilic addition of amino acid in the first step might be
problematic in the case of acylsilanes, due to electronic effect of silicon (since it has
lower electronegativity than carbon). On the other hand, at intermédiabere is a
possibility of competitive Brook rearrangement, which is often taking place in the
case of acylsilanes. So, different factors could affect the aldolization reaction of

acylsilane using proline catalyst.

The'H NMR spectrum of theis andtrans mixture of133-indanol (Figurell.8) shows
in addition to the signals corresponding to the aromatic protons and the methyl
groups, a signal at 5.24 ppm with a coupling constant of 7.2 Hz corresponding to the

methine proton next to OH group.
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Fig. Il. 8:'H NMR spectrum of the ciand tranamixture of 133-indanole

The main problem that we faced later regarding the aromatic model was the addition
reaction of silyllithium to amidel26 that gave many side products and makes the
separation of the desired acylsilane prodi&Z very difficult and almost impossible!
Many attempts were performed later to reproduce the results and try to get again
better reaction mixture that give acylsilatiz7 with less impurities, but unfortunately

no more pure acylsilan&27 could be isolated after that, and this led us to stop our
work at this stage, and use these results as a preliminary results for this study that

might be developed later in our group.
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2. Tentative synthesis of model 2 with aliphatic linker

On the other hand, and concerning the second model, 2,3-dihydrd@#amas used
as a starting material for an aliphatic linker, and the preparation of acylsilane
intermediate141 was performed with the same approach as for the first model,

according to the sequence in scheme 11.43.

HO oh
:> ? 0 Me—Si—Li
HO )\/\/\/U\ { o Q
- = o N/\ Me k )\/\/\/U\ /P
61% O THF,-78C o s ve
0 19 ~ 140 Me
® 0
H30 /\/\/\/U\ Ph _ o _
—_— O S‘iMe ---------- > Asymmetric Aldolization Reactions

141
Key Intermediate

Scheme II. 43: Preparation of acylsilane 141

Hemiacetal136 was obtained in 65% vyield from the treatmentl®# in acidic
medium, according to literature procedure [93], and the structur&36f was
established by comparison of its spectral data with the literature. This was followed
by the HWE reaction 0135 [88] with the previously prepared phosphonate amide
124 (Scheme 11.37), which gave thg-unsaturated amid&36 in a very low yield
(20%). The structure df36 was confirmed bjH NMR data (Figure 11.9) that shows

the peaks of the vinylic protons as two doublets of triplets at 6.88 ppmiJkh=

15.1 Hz,*J= 6.9 Hz) and at 6.22 ppm HJans= 15.1 Hz,*J= 1.5 Hz).
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Fig. Il. 9:'H NMR spectrum of amide 136

Then, hydrogenation of the double bond in the following step, according to the
literature procedure [89], gave the saturated arhiRiein 60% yield, where thi
NMR spectrum ofL37 shows the disappearance of the two doublets of triplets at 6.88

ppm and at 6.22 ppm (Figure 11.10).
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Fig. Il. 10:'"H NMR spectrum of amide 137

The following step was the oxidation of alco@7 into aldehyde. Thus alcohti37

was treated with IBX in DMSO and GAl,, and gave the desired aldehyb#8 in

74% yield. The structure af38 was confirmed byH NMR data that shows the
appearance of the aldehyde proton at as a triplet at 9.66 ppm, with a coupling constant

of 1.7 Hz (Figure 11.11).
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Fig.ll. 11:™H NMR spectrum of aldehyde 138

Protection of aldehyd&38 was then required in the following step. Thus aldehyde

138 was treated with propan-1, 3- diol gndsOH as catalyst giving acetbB9 in

61% yield. Structure 039 was also confirmed by NMR data (Figure 11.12) that

shows the disappearance of the peak of aldehyde at 9.66 ppm, and the appearance of
the signals corresponding to the acetal protons, especially the methine proton that

appears as a triplet at 4.5 ppm with coupling constant of 5.1 Hz.
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So, having intermediat&39 in hands, addition reaction of silyllithium was then
performed. Thus, dimethylphenylsilyllithium was added slowly to a solutidr39fin

THF at -78°C. Different side products were obtained during this reaction; however the
peaks of the desired acylsilane produst0 were detected byH NMR, but
unfortunately purification ofl40 was not possible, due to very small quantity of the
crude mixture. Thus, deprotection of the acetal group was performed directly on the
crude mixture, using hydrochloric acid (37%) in water and acetone, that gave the
desired key intermediat®41, where the proton of aldehyde group was detected at

9.69 ppm, but purification of this crude wasn't easy too.

It is important to note that, this sequence for the aliphatic linker was performed only
once, due to the problem that we faced with the HWE reaction step, which was not
sufficient with hemiacetal as aldehyde moiety, and thus very poor yield were always
obtained by this step.
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11.D. CONCLUSION
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Conclusion:

As to conclude, synthesis of acylsilane intermediates could be achieved starting from
morpholine amide as a precursor. Two models of acylsilane intermediates were
chosen in our work (aliphatic and aromatic models) in order to perform intramolecular

aldolization reaction (Scheme 11.44).

CHGC

Me OH
Si—Me O
Ph various intramolecular reactions Me
+asymmetric catalysts
(e} y y Si—< Me
Ph
OH O
o}
/\/\/\)1\ Ph i i i sic M
& 3.< various intramolecular reactions [ Me
\ Me +asymmetric catalysts Ph

Me

Scheme II. 44: Two models of acylsilane intermediates

For the aromatic model, we could isolate a pure acylsilane intermediate, but in a very
low vyield, where the isolated quantity were used to perform asymmetric
intramolecular aldolization reaction using chiral organocatalysts (quinidine and
proline). Different attempts were performed, the use of quinidine derived catalyst
alone showed to be the best choice for this asymmetric intramolecular aldolization,
where the aldol products could be detected by NMR spectra. However, the use of
proline catalyst alone or the mixture of quinidine/proline catalysts didn’'t give good
results for the aldolization reaction.

On the other hand, and concerning the synthesis of the aliphatic model, very few
milli-grams of acylsilane intermediate were obtained in the final step as a crude
mixture, where their purification was difficult, and no attempts of aldolization

reaction were performed at this stage.
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These preliminary results indicate that asymmetric organocatalysis should be possible
staring from these new molecules, but more research is required in order to obtain the

required precise data on the ee's of these reactions.
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II.E. EXPERIMENTAL PART
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Experimental Part

Preparation of imidazole-1-yl-morpholine-4-yl-methanone (122)

To a cooled (cold water bath) solution of CI?1 (1 g, 6.16 mmol) in Cil, (5 ml),
morpholine (0.48 g, 5.6 mmol) was added dropwise. After the solids dissolved, giving
a slightly yellowish clear solution, the water bath was removed, and the mixture was
stirred for a further 24h. After this time, the reaction was diluted withGGH3 ml),

and quenched with water (7 ml), and the aqueous layer was extracted wiit, CH
(4x7 ml). The combined organic layer was dried over anhydrous ldB€red and
concentrated in vacuo. CarbamoylimidazbR? was obtained as white solid 835 mg
(82% yield).

0
-
//\N4N/\6
N

;7/3 O

7

CgH11N302
M = 181.20 g.mol

White solid, mp = 92°CR; = 0.30 (pentane/ether 8/2);

'H NMR (CDCl3, 300 MHz), 8 ppm: 7.88 (s, 1H, H); 7.20 (d, 1H, H, %= 2.9 Hz);
7.11 (d, 1H, H, 3J= 2.9 Hz); 3.76 (m, 4H, &h); 3.62 (m, 4H, H o).

13C NMR (CDCl3, 75 MHz), 8 ppm: 150.72 (1C, §); 136.72 (1C, §; 129.69 (1C);
117.71 (1C); 66.33 (2C,(3); 46.65 (2C, G o).

HRMS (ESI) calculated for @H;1N3sO-Na: [M +Na]+: m/z 204.0743 Found: m/z.
204.0743 (Oppm).
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Preparation of 1-methyl-3-(morpholine-4-carbonyl)-3H-imidazole-1-ium (123)

To a solution of carbamoylimidazolg? (0.835 g, 4.6 mmol) in acetonitrile (10 ml),
methyl iodide was added (2.62 g, 18.4 mmol). The mixture was stirred at room
temperature for 24h. The solvent was then removed under vacuo to yield the
carbamoylimidazolium salt 123 as a white solid 780 mg (86% yield).
1 j\ 5
e 7 N4 N/\ 6
5 3 8K7/O

CoH14N30;"
M = 196.22 g.mol

<o

White solid, mp = 169°C, R 0.26 (pentane/ether 7/3);

'H NMR (CDCl3, 300 MHz), s ppm: 9.58 (s, 1H, H); 8.02 (d, 1H, H, 3J= 3.7 Hz);
7.86 (d, 1H, H, 3J= 3.7 Hz); 3.92 (s, 3H, 41 3.68 (m, 4H, K 7); 3.54 (m, 4H, H o).

13C NMR (CDCls, 75 MHz), & ppm: 146.88 (1C, G); 137.42 (1C, @; 123.51 (1C);
120.83 (1C); 65.20 (2C,d5); 46.13 (2C, € ¢); 36.29 (1C, G).

HRMS (ESI) calculated for GH1sN3O,Na: [M +Na]+: m/z 196.1080 Found: m/z.
196.1081 (0 ppm).

Preparation of 2-(diethyl-phosphinoyl)-1-morpholine-4-yl-ethanone
(124)

To a suspension df23 (0.78 g, 5.1 mmol) in dry acetonitrile (30 ml) were added
diethyl phosphonoacetic acid (1 g, 5.1 mmol) and triethylamine (0.7 ml, 5.1 mmaol).
The reaction mixture was refluxed for 24h. The solvent was removed in vacuo and the
residue was dissolved in GEI, and washed with 0.2 N HCI. The aqueous layer was
then extracted with C}l, (3 times), and the combined organic layers were washed
with 0.2 N HCI, 0.5 M KCGQOs;, and brine, then dried over anhydrous Mg3@d
concentrated under vacuo. Phosphona®2d was obtained without any further

purification as yellow oil 820 mg (78% vyield).
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M = 265.24 g.mdl

Yellow oil, Rs = 0.31 (pentane/ether 7/3);

'H NMR (CDCl 3, 300 MHz), 8 ppm: 3.88 (m, 4H, H ,); 3.36 (m, 8H); 2.78 (d, 2H,
2Jn-p = 22.0 Hz); 1.06 (t, 6H, H3*J = 7.1 Hz).

3C NMR (CDCls, 75 MHz), 8 ppm: 162.66 (d, 1C, €%Jc.» = 5.6 Hz); 66.00 (d, 2C,
C, 42 cp = 6.8 Hz); 61.96 (1C, &, 61.90 (1C, @); 46.64 (1C, G); 41.68 (1C, &);
33.01 (1C, @); 31.96 (1C, @); 15.66 (d, 1C, € Jc.p = 6.1 Hz).

3P NMR (CDCl3, 121 MHz), (ppm): 34.22.

HRMS (ESI) calculated for gH>oNOsPNa: [M +Na]+ m/z 287.0501 Found: m/z.
287.0501 (O ppm).

General procedure for the protection of aldehyde using 1,3-diol

A solution of theo-phthalaldehydd 19 (1 equiv), propan-1,3-diol (1 equiv) apd
toluenesulfonic acid (1% mol) in toluene was heated under reflux with a Dean-Stark
apparatus for 6h. After this time, the reaction mixture was quenched with a saturated
solution of sodium carbonate and water, decanted and the aqueous layer was extracted
with ether (3 times). The combined organic phases were washed with brine, dried

over MgSQ and concentrated.
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Protection of o-phthalaldehyde

A solution ofo-phthalaldehydd19 (1 g, 7.46 mmol), propan-1,3-diol (0.55 ml, 7.46
mmol) andp-toluenesulfonic acid (14 mg, 0.25 mmol) in toluene (20 ml) was heated
under reflux for 6h according to the procedure mentioned above. After purification by
chromatography on silica gel, using pentane/ether 9/1 as an eluent, the protected
aldehyde 120 was obtained as yellow oil 1.1 g (76% vyield).

2-[1,3]Dioxan-2-yl-benzaldehyde (120}

C11H1203
M = 192.21 g.mol

Yellow oil, Rs = 0.41 (pentane/ether 9/1);

'H NMR (CDCl3, 300 MHz), 8 ppm: 10.52 (s, 1H, kh); 7.92 (dd, 1H3J= 7.6 Hz
%J= 1.3 Hz); 7.70 (dd, 1H)= 7.7 Hz*)= 1.4 Hz); 7.60 (td, 1HJ= 7.4 Hz,*J= 1.5
Hz); 7.50 (td, 1H3J= 7.1 HzJ= 1.4 Hz); 6.02 (s, 1H,# 4.30 (m, 2H, H); 4.05 (m,
2H, Hio); 2.25 (M, 1H, H); 1.52 (m, 1H, ).

13C NMR (CDCl3, 75 MHz), & ppm: 191.87 (1C, @); 139.47 (1C); 133.56 (1C);
133.14 (1C); 129.08 (1C); 128.85 (1C); 126.97 (1C); 99.86 (1, 67.28 (2C,
Cg,lo); 25.33 (1C, @

HRMS (ESI) calculated for @H;,0sNa: [M +Na]+: m/z 215.0678 Found: m/z.
215.0682 (2 ppm).
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General procedure for the Horner-Wadworth-Emmons reaction o
the aldehyde with phosphonate

To a suspension of LiCl (1.2 equiv) in acetonitrile, the phosphonate (1.2 equiv) was
added, followed by the addition of DBU (1 equiv) and the aldehyde (1 equiv). The
reaction mixture was stirred at room temperature for 16 h. After this time, the solvent
was removed in vacuo and the crude product was dissolved 461£&hd washed

with 0.1 N HCI, brine, dried over MgS@nd concentrated in vacuo.

Synthesis of 3-(2-[1,3]dioxane-2-yl-phenyl)-1-morpholin-4-yl-propenone (12})

To a suspension of LIiCl (0.13 g, 3.1 mmol) in acetonitrile (30 ml), phosphagdte
(0.82 g, 3.1 mmol) was added, followed by the addition of DBU (0.4 g, 2.57 mmol)
and aldehydd 20 (0.5 g, 2.57 mmol), the reaction was stirred for 16 h according to
the general procedure mentioned above. After purification by column chromatography
on silica gel, using pentane/ether 8/2 as eluent, comptifidvas obtained as white
solid 560 mg (72% vyield).

o/sj °

14
C17H21NO4
M = 303.35 g.mol

White solid, mp = 139°(R; = 0.32 (pentane/ether 8/2);

'H NMR (CDCl3, 300 MHz), 5 ppm: 8.16 (d, 1H, Hi, 3Jmane 15.3 Hz): 7.65 (m,
1H); 7.58 (m, 1H); 7.36 (M, 2H); 6.74 (d, 1HiH*¥ans 15.3 Hz); 5.75 (s, 1H, i
4.25 (m, 2H, H); 4.00 (M, 2H, Ho): 3.73 (m, 8H); 2.30 (m, 1H, &t 1.48 (m, 1H,
Ho).

13C NMR (CDCl3, 75 MHz), & ppm: 165.39 (1C, &); 140.47 (1C, &); 136.93
(1C); 133.55 (1C); 129.31 (1C); 128.88 (1C); 126.74 (1C); 126.40 (1C); 118.40 (1C,
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C1); 99.74 (1C, §); 67.43 (2C, Gs.19; 66.76 (2C, G10); 45.76 (1C, G4); 42.47 (1C,
Cie); 25.63 (1C, Q).

HRMS (ESI) calculated for gH2;NO4Na: [M +Na]+: m/z 326.1362 Found: m/z.
326.1362 (0 ppm).

General procedure for the hydrogenation reaction of alkene

To a solution of alkene in methanol, 10% Pd/C (10% wt of alkene) was added and the
mixture hydrogenated under hydrogen atmosphere at room temperature for 12 h. The
reaction mixture was then filtered using celite, and the filtrate was concentrated under

vacuo, and purified using column chromatography.

Synthesis of 3-(2-[1,3] dioxane-2-yl-phenyl)-1-morpholine-4-yl-propan-1-one
(126)

To a solution 0of125 (0.56 g, 1.85 mmol) in methanol (10 ml), Pd/C (56 mg, 10%
mass) was added and the mixture hydrogenated under hydrogen atmosphere at room
temperature for 12 h according to the general procedure mentioned above. After
purification by chromatography on silica gel, using pentane/ether 7/3 as eluent,

compound 126 was obtained as yellow oil 380 mg (68% vyield).

8
o/j9

6
70 16\10
\)15

14

0
13N
C17H23NOy4

M = 305.36 g.mol

Yellow oil, Rs = 0.32 (pentane/ether 7/3);

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.60 (d, 1H2J= 6.1 Hz); 7.24 (m, 3H); 5.67 (s,
1H, Hy); 4.25 (m, 2H, H); 4.00 (M, 2H, Ho); 3.60 (M, 4H, Hs19; 3.32 (M, 4H,
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Hia19: 3.12 (t, 2H, Hy, 3= 7.4 Hz); 2.64 (1, 2H, H, 3J= 7.4 Hz); 2.25 (m, 1H,
1.45 (m, 1H, ).

13C NMR (CDCl3, 75 MHz), 8 ppm: 170.77 (1C, G); 138.37 (1C); 136.08 (1C);
129.49 (1C); 128.50 (1C): 126.31 (1C); 126.06 (1C); 99.79 (1, 67.02 (2C,

Cs.10); 66.30 (1C, G); 65.99 (1C, Go); 45.52 (1C, G4); 41.51 (1C, &); 34.31 (1C,

Ci); 27.98 (1C, §); 25.30 (1C, Gy).

HRMS (ESI) calculated for gH23sNO4Na: [M +Na]+: m/z 328.1519 Found: m/z.
328.1521 (0 ppm).

Preparation of dimethylphenylsilyllithium from the commercially

available chloro(dimethyl)phenylsilane

To a dry bi-necked flask was added THF under nitrogen atmosphere, followed by the
addition of a well grinded lithium metal (1 g, 0.142 mol) (lithium was first rinsed with
pentane, grinded, and then added slowly into the flask). The flask was then placed in
an ice bath to reach 0°C, then chloro(dimethyl)phenylsilane (3.47 ml, 0.02 mol) was
added dropwise to the solution. After few minutes (4-6 mins) the reaction mixture
turned into blood red color. The reaction then kept on stirring at 0°C for additional 2h

and then stored in the fridge.

General procedure for the addition reaction of dimethylphenyl-

silyllithium into morpholine amide

To a solution of morpholine amide (1 equiv) in THF, the prepared silyllithium (2
equiv) was added dropwise at -80°C. The mixture was stirred for 5h and quenched
with a saturated solution of NBI (at -80°C), then kept to warm up till room
temperature. The aqueous layer was extracted with ether (3 times), and the combined
organic layers were dried over Mgg{Qiltered and concentrated under vacuo. The

residue was the purified by column chromatography.
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Synthesis of 1-(dimethylphenyl-silanyl)-3-(2-[1,3] dioxane-2-yl-phenyl)-propan-}-
one (127)

To a solution of morpholine amide26 (0.38 g, 1.24 mmol) in THF, the prepared
silyllithium (0.35 g, 2.48 mmol) was added dropwise at -80°C. The mixture was
stirred for 5h according to the general procedure mentioned above. After purification
by column chromatography on silica gel, using pentane/ether 9/1 as eluent, acylsilane
127 was obtained as yellow oil 194 mg (44% yield).

021H2603Si
M = 354.51 g.mol

Yellow oil, Rs = 0.48 (pentane/ether 9/1);

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.60 (m, 1H); 7.54 (m, 3H); 7.40 (m, 4H); 7.20
(m, 1H); 5.51 (s, 1H, §J; 4.12 (m, 2H, H); 3.84 (M, 2H, Ho); 2.90 (M, 4H, i 12;
2.18 (M, 1H, K); 1.40 (m, 1H, k), 0.48 (s, 3H, k); 0.41(s, 3H, k).

Preparation of 2-[3-(dimethylphenyl-silanyl)-3-oxo-propyl]-
benzaldehyde (128)

To a solution ofL27 (0.194 g, 0.55 mmol) in acetone (8 ml), 16 ml water was added

followed by the addition of 5-6 drops of HCI. The reaction mixture was then stirred at
room temperature for 2h. After this time, few drops of NaH@@re added till pH
reaches 7. The mixture was then extracted with ether (3 times) and the combined
organic layer dried over MgS@nd concentrated under vacuo. After purification by
chromatography on silica gel, using pentane/ether 8/2 as eluent, the key intermediate

128 was obtained as yellow oil 0.126 mg (78% yield).
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5

7
6 11
4 CHO Me 14 15
3 210 Si@ 16
1 |
2 © 8 Me
O

M = 296.44 g.mdl

Yellow oil, R; 0.56 (pentane/ether 8/2);

'H NMR (CDCl 3, 300 MHz), ppm: 10.12 (s, 1H, H); 7.76 (m, 1H); 7.61 (m, 1H);
7.50 (m, 2H); 7.40 (m, 5H); 3.18 (t, 2HgHJ= 7.6 Hz); 2.88 (t, 2H, §J= 7.2 Hz);
0.47 (s, 3H, Hh); 0.41(s, 3H, Hb).

Procedure for asymmetric intramolecular aldol reaction of acylsilan
(130) using quinidine-derived catalyst

To a solution ofL28 (0.126 g, 0.42 mmol) in methanol (5 ml), 20 mol % of quinidine
thiourea (0.027 g, 0.084 mmol) was added. After few minutes, the reaction mixture
turned into brown color. The reaction was kept on stirring for 24h at room
temperature. After purification by chromatography on silica gel, using pentane/ether
9/1 as eluent, the mixture of aldol produt®3 was obtained as a yellow oil 19 mg
(15% yield).

(Dimethylphenyl-silanyl)-(1-hydroxy-indan-2-yl)-methanone (133)

s OH
4 6 37 O 16
3 Bl&Si T gl

2 1 ove™ 14

11 Me
12

ClgHZOOZSi
M = 296.44 g.mol

Yellow oil, Rs = 0.29 (pentane/ether 9/1);
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14 NMR (CDCl 3, 300 MHz),5 ppm: 7.65 (m, 2H): 7.44 (m, 3H): 7.25 (m, 2H); 7.22
(m, 2H): 5.24 (t, 1H, k| 2= 7.2 Hz): 3.40 (M, 2H, §t 2.40 (m, 1H, k); 0.60 (s, 3H,
H11); 0.53 (S, 3H, |Iiz)

13C NMR (CDCl3, 75 MHz), & ppm: 247.96 (1C, G); 134.15 (1C); 133.02 (1C);
132.28 (1C); 130.04 (1C); 129.03 (1C); 128.88 (1C); 128.34 (1C); 128.30 (1C);
127.89 (1C); 127.10 (1C); 125.07 (1C); 124.14 (1C); 60.23 (¥ 36.54 (1C, @;
30.15 (1C, G); - 4.49 (1C, @);- 4.72 (1C, ).

Synthesis of tetrahydro-pyran-2-ol (135)

To a solution of 2, 3-dihydropyran 134 (2 g, 23.80 mmol) in water (8 ml), 1 ml of HCI
(37%) was added slowly. The reaction mixture was stirred for 30 min at room
temperature, and the solution was then neutralized using anhydrous sodium carbonate
until pH reaches 7. Then 1.6g of NaCl was added upon stirring the mixture, and after
the complete dissolution of NaCl, the aqueous layer was extracted twice with ether,
and the combined organic layer was dried, and concentrated under vacuo. The crude
product was then distilled at 60-62°C to get the desired prddicts colorless oll
1.58 g (65% vyield).
3
X
5 0" 1OH

CsH 1002
M =102.13 g.mol

Colorless oil, R= 0.30 (pentane/ether 7/3);

'H NMR (CDCl3, 300 MHz), & ppm: 4.90 (m, 1H, H); 4.02 (m, 1H, H); 3.54 (m,
1H, Hs); 1.80 (m, 2H, H); 1.52 (m, 4H, H J).

13C NMR (CDCl3, 75 MHz), 6 ppm: 98.32 (1C, ©); 65.14 (1C, §); 37.42 (1C, ©);
30.22 (1C, @); 20.26 (1C, G).

HRMS (ESI) calculated for GH;00.Na: [M +Na]+: m/z 125.0578 Found: m/z.
125.0578 (0 ppm).
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Synthesis of 7-hydroxy-1-morpholin-4-yl-hept-2-en-1-one (136)

To a suspension of LiCl (0.20 g, 4.69 mmol) in acetonitrile (75 ml), phosphbdéte
(1.24 g, 4.69 mmol) was added, followed by the addition of DBU (0.60 g, 3.92 mmol)
and hemiacetal35 (0.4 g, 3.92 mmol). The reaction mixture was stirred for 16 h
according to the general procedure mentioned above. After purification by column
chromatography on silica gel, using pentane/ether 6/4 as eluent, dlRéneas

obtained as yellow oil 170 mg (20% vyield).
o)

W
HO

\ 8
2 4 67N/§9
1IN o

10

C11H10NO3
M =213.27 g.mol

Yellow oil, Rs = 0.33 (pentane/ether 6/4);

'H NMR (CDCl3, 300 MHz), 8 ppm: 6.88 (dt, 1H, H, *}ans= 15.1 Hz,2J= 6.9 Hz);
6.22 (dt, 1H, H, 3dans 15.1 Hz,*J= 1.5 Hz); 3.65 (m, 8H); 3.55 (m, 2H,)H2.25
(m, 2H, H); 1.58 (M, 4H, B 4).

3C NMR (CDCl3, 75 MHz), 6 ppm: 162.18 (1C, §; 144.12 (1C, ¢); 120.96 (1C,

Cs); 69.88 (2C, G 19; 62.16 (1C, @); 42.15 (2C, @ 17); 31.20 (1C); 29.12 (1C);
24.36 (1C).

HRMS (ESI) calculated for @H;9NOsNa: [M +Na]+: m/z 236.1263 Found: m/z.
236.1263 (0 ppm).
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Synthesis of 7-hydroxy-1-morpholin-4-yl-heptan-1-one (137

To a solution 0f136 (0.12 g, 0.56 mmol) in methanol (15 ml), Pd/C (12 mg, 10%
mass) was added and the reaction mixture was hydrogenated under hydrogen
atmosphere at room temperature for 12 h according to the general procedure
mentioned above. After purification by chromatography on silica gel, using
pentane/ether 5/5 as eluent, compo@B@ was obtained as yellow oil 70 mg (60%
yield).

o)

W 8
HO 7N
2 4 6 9
L)
10
C11H21NO3
M =215.28 g.mol

Yellow oil, R; = 0.42 (pentane/ether 5/5);

'H NMR (CDCl 3, 300 MHz), & ppm: 3.66 (m, 8H): 3.55 (m, 2H, #t 2.35 (t, 2H,
He, 3J= 7.3 Hz); 1.62 (m, 4H); 1.40 (m, 4H).

3C NMR (CDCl3, 75 MHz), 8 ppm: 168.13 (1C, ©; 68.15 (2C, G 10; 61.28 (1C,

C1); 41.18 (2C, @ 17); 32.19 (1C); 31.40 (1C); 27.11 (1C); 24.14 (1C); 21.26 (1C).
HRMS (ESI) calculated for ¢H>;NOsNa: [M +Na]+: m/z 238.1419 Found: m/z.
238.1419 (0 ppm).

Oxidation of alcohol (137) using IB><{

To a solution of IBX (0.136 g, 1.5 equiv) in DMSO (2 ml), a solution of alcaBal
(0.07 g, 1 equiv) in CkCl, (3 ml), was added slowly. The mixture was then heated at
60°C for 3h. After this time, the mixture was poured into cooled water and the
precipitate was then filtrated. The filtrate was then extracted twice with diethyl ether,

and the combined organic layer dried over MgSfdd concentrated under vacuo.
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After purification by chromatography on silica gel, using pentane/ether 7/3 as eluent,

aldehyde 138 was obtained as yellow oil 51.3 mg (74% vyield).

O O

w 8
H1Y 7 67N"No
1{&0
10
C11H1gNO3
M = 213.27 g.mol

Yellow oil, Rs = 0.41 (pentane/ether 8/2);

'H NMR (CDCl 3, 300 MHz), 8ppm: 9.66 (t, 1H, H, %J= 1.7 Hz); 3.66 (m, 8H); 2.45
(m, 2H, H); 2.34 (m, 2H, H); 1.42 (m, 6H).

Preparation of 7-[1,3] dioxane-2-yl-1-morpholine-4-yl-heptan-1-one (139)

A solution 0f138 (0.05 g, 0.24 mmol), propan-1,3-diol (18 pl, 0.24 mmol) and
toluene sulfonic acid (0.45 mg, 0.0024 mmol) in toluene (1 ml) was heated under
reflux for 6h according to the general procedure mentioned before. After purification
by chromatography on silica gel, using pentane/ether 8/2 as an eluentlaestak

obtained as yellow oil 41 mg (61% yield).
0
5
3 6 8 10 14
<\/O 12@
2 13

C1sH27NO4
M = 285.38 g.mol

Yellow oil, Rs = 0.38 (pentane/ether 8/2);

'H NMR (CDCl 3, 300 MHz),8 ppm: 4.50 (t, 1H, H, 3J= 5.1 Hz); 4.12 (m, 2H, $t
3.80 (m, 2H, H); 3.46 (m, 8H); 3.44 (m, 2H); 2.35 (m, 2H); 2.04 (m, 1H);H.63
(m, 1H, H); 1.58 (m, 2H); 1.36 (m, 6H).
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Synthesis of 1-(dimethylphenyl-silanyl)-3-(2-[1,3] dioxane-2-yl-phenyl)-propan-1-
one (140)

To a solution of morpholine amide39 (0.02 g, 0.07 mmol) in THF (2 ml), the
prepared silyllithium (0.02 g, 0.14 mmol) was added dropwise at -78°C. The mixture
was stirred for 5h according to the general procedure mentioned above. Many
products were obtained by this reaction and the peaks of the desired acylsilane
product140 were detected by proton NMR. But due to very small quantity of the
crude (since it was done only once), purification wasn't easy. However, the
deprotection of the acetal group was performed directly on the crude reaction mixture
and gave the desired key intermediéd, in which the proton of aldehyde group was
detected at 9.69 ppm, but purification of this product from the crude reaction mixture

was not successful.

158



ll.F. REFERENCES

159






References:

© ® N o o > 0D P

[
R O

12.
13.
14.

15.
16.

17.

18.
19.
20.
21.
22.
23.
24,
25.
26.
27.

28.

Brook A. G., J. Am. Chem. Sp&957, 79, 4373.

Brook A. G., Mauris R. JJ. Am. Chem. Sqcl957,79, 971.
Kuwajima I., Matsumoto K., Tetrahedron Lett979, 4095.

Ricci A., Deglinnocenti A., Synthesi$989, 647.

Page P. C., Klair S. S., Rosenthal S., Chem. Soc. 1280, 19, 147.
Cirillo P. F., Panek J. S., Org. Prep. Proced. 1h992 24, 553.
Patrocinio A. F., Moran P. J., J. Bta&hem. Sa¢ 2001, 12, 7.
Honda M., Segi M., Synth. Org. Chem. Jpn., 2@B),601.

Miller J. A., Zweifel G., J. Am. Chem. Spt981, 1036217.

. Chung W. J., Omote., Welch J. T., J. Org. Che2i05 70, 7784.
. Wegert A., Behr J. B., Hoffmann N., Miethchen R., Portella C., Plantier-Royon R.,

Synthesis2006, 2343.

Chu L. L., Zhang X. G., Qing F. L., Org. Let2009, 11, 2197.

Mattson A. E., Bharadwaj A. R., Scheidt K. A., J. Am. Chem., 8604, 126, 2314.
Mattson A. E. , Bharadwaj A. R., Zuhl A. M., Scheidt K. &.,0rg. Chem.,2006,
71,5715.

Schmink J. R., Krska S. W., J. Am. Chem..S2@11,133, 19574.

Morihata K., Horiuchi Y., Taniguchi M., Oshima K., Utimoto Ketrahedron Lett
1995, 36, 5555.

Boucley C., Cahiez G., Carini S., Cere V., Comes-Franchini M., Knochel P.,
Pollicino S., Ricci A., J. Organomet. Cher2001 624 223.

Cirillo P. F., Panek J. J., Tetrahedron Let991, 32, 457.

Scott E., M., J. Org. Chen2007, 72, 7050.

Yoshida J., Itoh M., Matsunaga S., Isoe S., J. Org. ChE982, 574877.

Denmark S. E., Xie M., J. Org. Chen2007 72, 7050.

Patrocinio A. F., Moran P. J. S., Synth. Comm000, 30, 1419.

Lettan R. B., Galliford C. V., Scheidt K. A., J. Am. Chem..S2@09, 131, 8805.
Schinzer D.Synthesis1989, 179.

Bouillon P., Portella C., Eur. J. Org. Cheri999 1571.

Tamashima K., lIwasawa K., Kusama H., J. Am. Chem, 30t1, 133, 3716.

Gao G.,Bai X. F, LiF., Zheng L. S., Zheng Z. J., Lai G. Q., Jiang K. Z., Li F. W., Xu
L. W., Tetrahedron Lett 2012, 53, 2164.

Kresge A. J., Tobin J. B., J. Org. Chert993, 58, 2652.

161



29. a) Ricci A., Degl'lnnocenti A.Synthesisl989, 647; b) Page P. C. B., Klair S. S.,
Rosenthal S.Chem. Soc. Rew990,19, 147; c) Patrocinio A. F., Moran P. J. &.,
Braz. Chem. So2001,12, 7; d) Page P. C. B., McKenzie M. Product Subclass
25: Acylsilanesin: Science of Synthes001, 4513; e) Garrett M. N., Johnson J. S.,
Product Subclass 4: Silicon Compounifs Science of SynthesisKknowledge Updates
2012p, 2012, 4,1 ; f) Boyce G. R., Grezler S. N., Johnson J. S. , Linghu X,
Malinovski J. T., Nicewicz D. A., Satterfield A. D., Schmitt D. C., Steward K.JV.,
Org.Chem2012,77, 4503; g) Zhang H. J., Pribbeneau D. L., Boim@hem. Soc.
Rev. 201342, 8540.

30. Brook A. G. "In Adv. Organomet. Chenstone, F. G. A., West, R. EdsAcademic.
Press, N.Y1968,7, 95.

31. Page P. C. B,, Klair S. S., Rosenthal S. Chem. SaclB80, 19, 147.

32. Chieh P. C., Trotter J., J. Chem. Sb@69, 1778.

33. (a) Brook A. G., Warner, C. M.; McGriskin, M. J. Am. Chem. SI1259,81, 981. (b)
Brook A. G.Acc. Chem. Resl974,7, 77. (c) Brook A. G., Bassindale A. R., "In:
Rearrangements in Ground and Excited Stads"Mayo P., Ed; Academic Press,
New York 1980.

34. (a) Mori A., Fujita A., Ikegashira K., Nishihara Y., HiyamaSynlett, 1997, 693. (b)
Wilson S. R., Hague M. S., Misra R. NI.,Org. Chem 1982,47, 747. (c) Barrett A.
G. M., Hill 3. M., Wallace E. M., Flygare J. ASynlett, 1991, 764. (d) Hudrlik P. F.,
Abdallah Y. M., Kulkarni A. K. Hudrlik A. M.,J. Org. Chem 1992,57, 6552. (e)
Hiyama T., Obayashi M., J. Org. Cherti983, 48, 912.

35. (@) Linderman R. J., Ghannam A.Am. Chem. Sqc 990,112, 2392. (b) Linderman
R. J., Chen K., Tetrahedron Lett992, 33, 6767.

36. Danheiser R. L., Fink D. M., Okano K., Tsai Y. M., Szczepanski S.JWQrg.
Chem 1985, 505393.

37. Lipshutz B. H., Lindsley C., Susfalk R., Gross T. Tetrahedron, 394, 35, 8999.

38. Brook A. G., Duff J. M., Jones P. F. Davis N.RAmM. Chem. Soc. 1967, 89, 431.

39. Corey E. J., Seebach D., Freedman R. J. Am. Cheml@&&¢ 89, 434.

40. Saleur D., Bouillon J. P., Portella C. Tetrahedron..2800, 41, 321.

41. Suda K., Watanabe J., Takanami T., Tetrahedronl@&2, 33, 1355.

42. Patrocinio A. F., Moran P. J. S., J. Organomet. Ch2600, 603, 220.

43. Picard J. P., Calas R., Dunogués J., Duffaut N., Gerval J., LapouyadeORry.
Chem. 1979, 44420.

44. Fleming I., Roberts R. S., Smith S. C. Tetrahedron. L £#96, 379395.

45, Still W. C., J. Org. Chem1976, 41, 3063.

46. Fleming I., Ghosh U., J. Chem. Soc., Perkin Trans., 1994, 1, 257.

162



47.
48.
49.
50.

51.
52.

53.

54.

55.
56.
57.
58.
59.
60.
61.
62.

63.
64.

65.
66.

67.
68.
69.
70.

Kuwajima ., Abe T., Minami, N., Chem. Lett976, 993.

Paredes M. D., Alonso R. Tetrahedron Let©99, 403973.

Christopher T. C., Benjamin C. M., Scheidt A., Org. Lett., 2004, 6, 3977.

Nakada M., Nakamura S., Kobayashi, S., Ohno,Tidtrahedron Lett.1991, 32,
4929.

Capperucci A., Degl'Innocenti A., Faggi C., RicciA.Org. Chem1988, 53, 3612.

(a) Fleming I., Marchi Jr. DSynthesid981, 560. (b) Ager D., Fleming I., Patel S. K.
J. Chem. Soc., Perkin Trans. 1981,2621.

Bonini B. F., Franchini M. C., Mazzanti G., Passamonti U., Ricci A., Zani P.
Synthesis 1995, 92.

a) Bonini B. F., Franchini M. C., Fochi M., Mazzanti G., Ricci@azz. Chim. Ital.
1997,127, 619; b) Bonini B. F., Franchini M. C., Fochi M., Mazzanti G., Riccl.A.
Organomet. Chem1998, 567, 181.

Yamamoto K., Suzuki S., Tsuji J. Tetrahedron L &880, 21, 1653.

Geng F., Maleczka Jr., R. E. Tetrahedron .99, 40, 3113.

Fleming I., Barbero A., Walter D. Chem. ReM397, 97, 2063.

Biernbaum M. S., Mosher H. S. J. Org. Chd®71,36, 3169.

Hudrlik P. F., Hudrilik A. M., Kulkarni A. K., J. Am. Chem. Sd®82, 104, 6809.
Nakada M., Urano Y., Kobayashi S., Ohno M. Tetrahedron L1884, 35, 741.
Chapeaurouge A., Bienz S. Helv. Chim. Acta, 198631876.

Huber P., Bratovanov S., Bienz S., Syldatk C., Pietzsch T#&trahedron:
Asymmetry, 1996, 7, 69.

Bonini B. F., Masiero S., Mazzanti G., Zani P. Tetrahedron L E#91, 32, 6801.
Takeda K., Nakatani J., Nakamura H., Sako K., Yoshii E., YamagucByHKlett
1993, 841.

Schinzer D. Synthesi$989, 179.

(a) Tsai Y. M., Tang K. H., Jiaang W. Tetrahedron Lett., 1993, 34, 1303; (b)
Chang S. Y., Jiaang W. T., Cherng C. D., Tang K. H., Huang C. H., Tsai ¥. M.
Org. Chem, 1997,62, 9089; (c) Jiaang W. T., Lin H. C., Tang K. H., Chang L. B.,
Tsai Y. M. J. Org. Chem1999, 64, 618.

Siedem C. S., Molander G. A. Org. Chem 1996, 61, 1140.

Saleur D., Bouillon J. P., Portella C. Tetrahedron.L.&899, 40, 1885.

Saleur D.; Bouillon J. P.; Portella C. Tetrahedron L2000, 41, 321.

(a) Soderquist J. A., Anderson C. L., Miranda E. I., Rivera |., Kabalka G. W.
Tetrahedron Letf 1990,31, 4677. (b) Buynak, J. D.; Geng, B.; Uang, S.; Strickland,
J. B. Tetrahedron Left1994, 35, 985.

163



71.

72.
73.

74.
75.
76.
77.
78.
79.
80.

81.

82.
83.

84.

85.

86.
87.
88.

Buynak J. D., Strikcland J. B., Lamb G. W., Khasnis D., Modi S., Williams D.,
Zhang H. J. Org. Chem1991, 56, 7076.

Takeda K., Ohnishi Y., Koizumi T. Org. Letfl999, 1, 237.

Wang J., Li P., Choy P. Y., Chan A. S. C., Kwong FChhem.Cat.Chem2012 4,
917.

Howell G. P., Org. Process Res. De2012,16, 1258.

Chauhan P., Chimni S. RSC Ady 2012 2, 6117.

Vicario J. L., Badia D., Catrrillo L., SynthesD07, 2065.

Tsogoeva S. B., Eur. J. Org. CherR007, 1701.

Leow D., Tan C. H., Chem. Asian 2009, 4, 488.

Ishikawa T., Chem. Pharm. Bylk010,58, 1555.

Liu W. J., Li N., Gong L. Z., "In Asymmetric Catalysis from a Chinese Perspective,
ed. S. M. Ma", Springer-Verlag Berlin, Berlin, 2011, Vol. 36, 153.

Zhang Y., Kee C. W., Lee R,, Fu X. A, Soh J. Y. T., Loh E. M. F., Huang K. W.,
Tan C. H., Chem. Commun. 2011, 47, 3897.

Qin B. , Liu X., Shi J., Zheng K., Zhao H., Feng X., J. Org. Ch&ge07, 72, 2374.

(a) Meijere A., Diederich F., "Metal-Catalyzed Cross-Coupling Reactions, 2nd ed.",
Wiley-VCH: Weinheim 2004; (b) Negishi E.," Handbook of Organopalladium
Chemistry for Organic SynthesigWiley-Interscience: New YarR002 (c) Tsuji J.
"Palladium Reagents and Catalysts: New Perspectives for the&ttury"; Wiley-
VCH: Weinheim2004. (d) Jana R., Pathak T. P., Sigman MCBem. Rev2011,
111, 1417.

(a) Bumagin N. A., Korolev D. NTetrahedron Lett1999,40, 3057. (b) Goossen L.
J., Ghosh KAngew. Chem., Int. EQ001,40, 3458. (c) Villalobos J. M., Srogl J.,
Liebeskind L. SJ.Am. Chem. So2007, 129, 15734. (d) Labadie J. W., Stille JJK.
Am. Chem. S0d.983,105, 6129. (e) Negishi, E.; Bagheri, V.; Chatterjee, S.; Luo F.
T., Miller J. A., Stoll A. T.Tetrahedron Lett.1983 24, 5181. (f) Fiandanese V.,
Marchese G., Martina V., Ronzini L. Tetrahedron Let984, 25, 4805. (g) Barton D.
H. R., Ozbalik N., Ramesh M. Tetrahedrd®88, 44, 5661.

(a) Ishiyama T., Kizaki H., Hayashi T., Suzuki A., MiyauraJNOrg. Chem1998,

63, 4726. (b) Jafarpour F., Rashidi-Ranjbar P., Kashani Aud. J. Org. Chem
2011, 2128. (b) Hatanaka Y., Fukushima S., Hiyam&etrahedron,1992,48, 2113.

(c) Echavarren A. M., Stille J. K. Am. Chem. Sqcl988, 110, 1557.

Schmink J. R., Krska S. W., J. Am. Chem..S2@11 133, 19574.

Petrignet J., Roisnel T., Gree R., Chem. Eu2QD7,1, 7374.

Justyna A. Grzyb, Ming S., Chiaki Y., Chi W., Stanley B., RobertTatrahedron,
2005, 61, 7153.

164



89. Vijaya L. K., Shiva S. K., Bhamidipati V. S. K., Rachapudi B. N., Bethala LEAr,
J. Lipid Sci. Technol., 201315, 921.

90. Woods G. F., J. Org. Syntheis CdIB65, 3 470.

91. Sinha D., Mandal T., Gogoi S., Goldman G., Zha&A8in. J. Chem., 2012, 30, 2624.

92. (a) Kresge A. K., Tobin J. B.J. Org. Chem.1993%8, 2652, (b) ApeloigY., J. Am.
Chem. S0c.1990, 112, 9131.

93. Woods G. F., J. Org. Synthesis Cdl965 3, 470.

165






Il. THIRD CHAPTER

Medicinal Chemistry: Preparation of New
Inhibitors of Anti-apoptotic MCL-1
Protein

167






lIILA. INTRODUCTION

169






Introduction

Apoptosis

The elimination of normal or neoplastic cells via thduction of a cell death program

has been recognized since the 1960s, with the term “apoptosis’[1]. Apoptosis has
been described as a cell suicide mechanism by which multicellular organisms remove
damaged or unwanted cells in order to maintain normal life development and
homeostasis [2]. The failure of apoptosis system plays a causative role in

carcinogenesis as well as the chemoresistance of tumor cells [3-5].

Apoptosis has been identified as a crucial process in physiological terms, for a
number of reasons: for the maintenance of tissue homeostasis, for the safe removal of
unwanted or damaged cells, for morphogenesis during embryonic development, and

for the resolution of inflammation [6].

A number of ordered morphological changes had been identified in cells undergoing
apoptosis, resulting in characteristic cellular changes, including chromatin
condensation, nuclear fragmentation, breakdown of the cytoskeleton, and cell
shrinkage. Most of the morphological changes associated with apoptosis are caused
by a set of proteases that are specifically activated in apoptotic cells [7]. These
homologous endopeptidases belong to the large family of proteins called caspases (c-
asp-ases: cysteine dependent aspartate-specific protease). Caspases are among the

most specific proteases, recognizing at least four contiguous amino acids.

Caspases involved in apoptosis are generally divided into two categories: the initiator
caspases, which include caspase-2, caspase-8, caspase-9, and caspase-10, and the
effector caspases, consisting of caspase-3, caspase-6, and caspase-7. An initiator
caspase is characterized by an extended N-terminal prodomain of >90 amino acids,
whereas an effector caspase contains only 20-30 residues in its prodomain [8]. In
addition, only initiator caspases contain a caspase recruitment domain (CARD) or

death effector domain (DED) preceding the catalytic domain. All caspases are
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synthesized in cells as catalytically inactive zymogens. During apoptosis, they are
usually converted to the active form by proteolytic processing. The activation of an

effector caspase is performed by an initiator caspase through cleavage at specific
internal Asp residues that separate the large and the small subunits of the effector

caspases (Figure 111.1). The initiator caspases, however, are autoactivated.

Apoptosis Stimulus

~ ! ™

Activation of “Initlator”
caspases

4l ~a
Actlvation of
. . “axecutloner”
\ / \ caspases
Cleavage ot caspase substrate protelns

\ And destructlon of the cell /

Fig.lll. 1: Activation of the caspase protease cascade during apoptosis.

Thus, these caspases are responsible for the dismantling of the cell's components that
are packaged into smaller apoptotic bodies. These apoptotic bodies were observed to
be engulfed and degraded by macrophages or neighboring cells [1, 9, 10]. The early
characterization of apoptotic cells also identified a few biochemical changes,
including externalization of plasma membrane phospholipids, activation of cellular
DNAses, and degradation of genomic DNA to oligonucleosomal- length fragments

visualized as “apoptotic DNA ladders” on agarosegels [11].

In contrast, apoptosis plays a fundamental role in some physiological processes,
especially in mammalian development and the immune system [12, 13]. Hence, the
process of apoptosis is very important in both the development of immune cells and
the execution of an immune response. T cells and B cells are lymphocytes, white
blood cells that participate in the adaptive immune response. T cells mediate the
cellular immune response (i.e., production of cytotoxic T cells, release of cytokines,

antigen presentation, activation of macrophages and natural killer cells), and B cells
mediate the humoral immune response (i.e., production of antibodies) [14].

172



Maturation process of T cell reveals the requirement for both apoptosis and survival
mechanisms to modulate cell populations and fulfill their selection. In the early stages
of thymocyte development (double negative stage, or CD4-CD8-), the presence of
survival signals (e.g., the cytokine IL-7) is needed to prevent apoptosis. These signals
control both the population of progenitors and T cell receptor (TCR) differentiation.
In the following step, thymocytes start the first selection in the thymus cortex by
binding their TCR to major histocompatibility complex (MHC) molecules of the
surrounding epithelial cells. Cells which falil to interact will be eliminated since they
didn’t receive signals for their survival [15]. This process, termed positive selection,
is necessary to ensure that T cells will be able to further participate in the immune
response. In contrast, T cells bearing receptors that have too high affinity for MHC
are dangerous for an organism as they have the potential to trigger the elimination of
cells in healthy functional tissues. Consequently, these highly reactive cells are also
eliminated by apoptosis. This constitutes the negative selection process. Similarly, B
cell development and maturation involves positive and negative selection; and the
early B cell populations are also dependent on survival cytokines such as IL-7 [16].
However, the development of B cells continues in the bone marrow and the selection
signals are received through a different class of receptors, the B cell receptors (BCR)
[17].

Apoptosis can be triggered either by activating receptors on the cell surface (the

extrinsic pathway) or by the perturbation of mitochondria (the intrinsic pathway).

The extrinsic pathway:

In the death receptor pathway, caspase-8 is the key initiator caspase. Death receptors
are members of the tumor necrosis factor (TNF) receptor super-family and comprise a

subfamily that is characterized by the intracellular death domain (DD) [18].The most

prominent death ligands are CD95-ligand/Fas ligand, d,N&nd TNF-related

apoptosis inducing ligand (TRAIL). Upon ligand binding, receptors oligomerize and
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their death domains attract the intracellular adaptor protein FADD (Fas-associated
death domain protein), which, in turn, recruits the inactive proform of caspase-8 or
caspase-10 via their death-effector domain (DED).The formed multiprotein complex
is called DISC (death-inducing signaling complex) [19]. Recruitment of procaspase-8
to the DISC results in a slight conformational change in the zymogen protein,
resulting in modest activation of the enzyme activity and proximity-induced
proteolytic processing of procaspase-8 proteins present in the DISC (Figure 111.2) [20,
21, 22]. This process removes the inhibitory prodomain and produces large and small

caspase-8 subunits.

Activated Immune Cell g
Fas ligand (death ligand)

Fas (death receptor)

\
# = FADD Target Cell
>

Procaspase-8 ,'7

> 7 Active caspase-8

Fig.lll. 2: DISC formation and caspase-8 activation in extrinsic pathway

\

Notably, the activation of caspase-8 is antagonized by FLICE-like inhibitory protein
(FLIP), thus providing an additional level of regulation.

The intrinsic pathway:

The intrinsic pathwayvia mitochondria) plays a key role in regulating cell death in

response to various stimuli. Apoptosis induced via mitochondria is highly regulated
by finely balanced interactions between members of the BCL-2 family of proteins,
which are divided into two main groups based on their structural and functional

properties. The first group is termed as pro-survival proteins and includes BCL-2,
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BCL-X_, MCL-1 (myeloid cell leukemia-1), BCL-W, Al etc... while the second
group includes pro-apoptotic proteins and is divided into two further subclasses: the

multi-domain BAK and BAX proteins, and the BH3-only proteins.

In response to apoptotic stimuli, BH3-only proteins activity can be up-regulated by
increased expression, activation by proteolytic cleavage, or post translational
modification. These BH3-only proteins then trigger apoptosis either by directly
activating BAK/BAX [23, 24, 25, 26] (direct activators), or by disrupting complexes
between pro-survival proteins and BAK/BAX proteins [27, 28] (sensitizer BH3-only).
The activated or released BAK or BAX proteins then oligomerize on the outer
mitochondrial membrane (OMM). This oligomeric assembly triggers mitochondrial
outer membrane permeabilization (MOMP), allowing the release of cytochrome ¢ and
other apoptosis inducing factors (i.e. Smac/DIABLO, AIF etc...) from the
mitochondrial inter-membrane space into the cytoplasm. Several cytochrome c
molecules interact with several apoptotic protease-activating factor-1 (Apaf-1)
molecules that themselves interact with caspases 9 molecules to form a structure
known as apoptosome. Then apoptosome activates caspase-9 which in turn activates
caspase-3 and thus initiating a caspases cascade that ultimately destroys the cell
(Figure 111.3) [29].

B Healthy cell c Apoptotic cell
BAX | BAK
BAX activation + e
@ oligomerisation . - jte

e =cytochromec

| + Apaf-1
caspase-9
etc.

CELL
DEATH

Fig.lll. 3: Apoptosis via mitochondrial membrane

Apoptosome activity can be inhibited by various proteins belonging to the IAP family
(Inhibitors of apoptosis) such as XIAP or survivine for instance. However, MOMP is
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likely to constitute an irreversible step in the pathway as the amplification of the
caspase activation cascade (upstream caspases activates downstream caspases) is
difficult to interrupt. . The release of IAP inhibitors such as Smac/Diablo from
mitochondria after MOMP can also contribute to the activation of caspases despite the

presence of IAPs in cytosol.

Elevated level of one or more pro-survival proteins, as observed in many tumors, can
inhibit MOMP and subsequent apoptosis. This blockade can occur through

sequestration of activator BH3-only proteins, or capture and restrain of active forms
of BAK/BAX, or both [30].

BCL-2 Family Proteins:

BCL-2 family proteins was identified in human B c#lllicular lymphoma in which

the chromosomal translocation t (14;18) (g32;921) induces BCL-2 gene
overexpression [10].

Members of BCL-2 family are characterized by their domain of homology (BH1-
BH4) and their functional activities. Based on these functional and structural
homologies, the BCL-2 family was subdivided into two functional groups: the pro-
survival proteins and the pro-apoptotic proteins [31]. The pro-survival group
comprises BCL-2, BCL-Xand BCL-W share up to four BH (BH1, BH2, BH3, and
BH4) domains and a carboxyl terminal trans-membrane domain, where MCL-1 and
Al pro-survival members differ from the others in lacking a well-defined BH4
domain (Figure 111.4). In general, pro-survival proteins are localized on the outer
mitochondrial membrane (OMM). The second BCL-2 family group, pro-apoptotic
proteins, is further subdivided in two classes based on their structures and associated
functions. Members of the first class, the pro-apoptotic effector proteins, BAX and
BAK are referred to agmulti-domain proteinssince they are composed of three BH
(BH1, BH2, and BH3) domains, and oligomerize into proteolipid pores within the
MOM. The formation of these pores and the subsequent release of proteins from the
mitochondrial intermembrane space [32, 33] leads to mitochondrial outer membrane

permeabilization (MOMP), which is considered to be the most significant
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biochemical event in the initiation of the mitochondrial pathway of apoptosis. The

second class of pro-apoptotic BCL-2 family members comprises proteins sharing only
the BH3 domain and is referred to as tBéi3-only proteins (such as Bad, Bim, Bid,

Bik, Puma, and Noxa). BH3 only proteins are themselves divided into two groups:
activators and sensitizers. The activators BH3-only (Bim, Puma and tBid) directly

bind to Bak/Bax and lead to their oligomerization, leading to release of cytochrome c.
The sensitizers BH3-only (such as Bad, Bim Bik, and Noxa) cannot directly activate
Bax/Bak, but they inhibit pro-survival BCL-2 proteins and induce the release of

activator proteins or Bax/Bak effectors from their anti-apoptotic partners [34].

Pro-survival

BCL-2  MCL1
BCLX, AT
BCL-W

BAX
BAK
BOK

BiM BAD

sHzony [ 0N WROW) Mo =

HRK PUNMA
BIK BMF

Fig.lll. 4: Members of BCL-2 family proteins

Protein protein interactions (PPIs) play critical roles in numerous biological
processes. Life and death decisions are, in particular, regulated by a network of PPIs
among BCL-2 family members, with individual pro-survival BCL-2 homologues
(such as BCL-2, BCL-X and BCL-W, MCL-1...) binding to, and inhibiting pro-
apoptotic counterparts (the effector multi-domain proteins BAX/BAK, and their

upstream regulators BH3 only proteins such as Bim, Bid, Puma, Noxa...) [35].

Structural studies revealed that BH1, BH2, and BH3 domains of the pro-survival
BCL-2 family proteins form a hydrophobic groove on their surface. This structural
property is important, since the hydrophobic groove of a pro-survival member can
bind to a-helical BH3 domain of a pro-apoptotic protein aneutnalize its pro-
apoptotic function [36]. Furthermore, pro-survival BCL-2 family members prevent
effector pro-apoptotic proteins Bax and Bak from being activated (previous studies

show that all pro-survival members can bind to BAX, whereas only BClat
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MCL-1 can bind to BAK). When apoptotic signals are received, BH3-only proteins
competitively bind to the hydrophobic groove of the pro-survival proteins which
results in the release and conformational activation of BAX and BAK [37]. Bax and
Bak can then oligomerize and induce MOMP.

Whereas Bim, Puma, and Bid can antagonize all pro-survival proteins, Bad inhibits
BCL-2, BCL-X., and BCL-W and Noxa inhibits only MCL-1 and Al (Figure II1.5).
Therefore, the specific interactions between the BCL-2 family proteins governs the

balance between cell death and survival [38].

Interactions

BH3-only members — Prosurvival members
BiM, BID, PUMA, BAD, NOXA e BCL-2, BCL-XL, BCL-W, MCL-1, A1
—
G”%“x /
t?cmrm
C’O,r;n S
MOMP effectors
BAX, BAK

i

Cytochrome c release
Caspase activation
Apoptosis

Fig.lll. 5: Interaction between the three types of BCL-2 family proteins regulating MOMP
and induce apoptosis.

Mcl-1 protein:

MCL-1 (myeloid cell leukemia 1) is a member of the BCL-2 family of proteins that
prevents cells from undergoing programmed cell death, a hallmark of cancer [39]. By
overexpression of the MCL-1 protein or amplification of the MCL-1 gene, a
cancerous cell can avoid apoptosis, the normal fate for cells exhibiting abnormal and
deregulated growth [28, 40]. Indeed, amplification of MCL-1 is one of the most
common genetic aberrations observed in human cancers [41, 42], including lung,
breast, prostate, pancreatic, ovarian, and cervical cancers, as well as melanoma and
leukemia [43-50].
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Like for the other anti-apoptotic BCL-2 proteins, there is a hydrophobic groove on the
surface of MCL-1 that engages the BH3 “death” domains of BH3 only proteins (such
as Bim, Bak and Bad). A number of residues in the binding groove differentiate
MCL-1 from its homologues [51], in which its groove appears more electropositive
than other pro-survival proteins (BCL-)Xgroove for example is almost completely
uncharged) [52]. As an alternative mechanism, activator BH3-only proteins (Bim,
Puma, and tBid) bind and activate Bax and/or Bak directly if they are not bound and
neutralized by BCL-2 like proteins including MCL-1 [37, 53, 54, 55]. However, Noxa
can competitively bind to MCL-1 and prevent it from sequestering activator BH3-

only proteins [55] (Figure 111.6).

Caspase

@/" cascade N@

Fig.lll. 6: Role of MCL-1 in survival and apoptotic conditions.

The BH3 domain is an amphipathiehelix whose hydrophobic face recognizes four
hydrophobic sub-pockets, pl, p2, p3 and p4, in the BH3-binding groove on MCL-1,
while a critical Asp (Aspartic Acid) on the polar face of the BH3 helix binds Arg263
of MCL-1 [56, 57]. Through this protein—protein interaction (PPI), MCL-1 (and the
other pro-survival BCL-2 proteins) “neutralizes” the cell-killing function of the pro-
apoptotic BCL-2 proteins. In this way, overexpression of MCL-1 leads to the

evasionof apoptosis and, hence, cancer.

179



Thus, MCL-1 is an important pro-survival oncogene that is overexpressed in the
majority of cancers. In particular, multiple myeloma cells display high expression of
MCL-1 and appear to be dependent on MCL-1 for survival [58]. Notably, gene
alterations around the locus of MCL-1 on 1921 have been identified as early as 1994,
when it was discovered that 1921 is duplicated or rearranged in many types of cancers
[59], whereMCL-1 has been identified as the most amplified gene in a screen of 3,000
individual cancers, highlighting its importance for cancer and suggesting a unique
function of MCL-1 amongst the pro-survival BCL-2 proteins [60].

In contrast, MCL-1 shows to be required for the development and maintenance of B
and T-lymphocytes [61], and for neural development [62], in addition to its critical
role in the regulation of macrophage and neutrophil apoptosis [63, 64], and in the
survival of haematopoietic stem cells [65].

BCL-2 Inhibitors:

Most cancer chemotherapeutic agents kill cancers dg}i induction of apoptosis
through perturbation of mitochondria and induction of the intrinsic pathway of
apoptosis [66, 67]. Major efforts have been made over the last decade to develop
small molecule inhibitors of the pro-survival members of the BCL-2 family of
proteins, which are highly expressed in some cancers and are known to regulate
mitochondrial membrane integrity.Although development of such inhibitors has
proved particularly difficult due to the necessity to inhibit protein protein interactions,
some success has been achieved. BH3 mimetics, for instance, proved to be highly

potent inhibitors for different pro-survival members, and in many types of cancers.

These small molecules are capable of mimicking the BH3 domain of BH3-only
proteins and bind to the pro-survival proteins with high affinity and inhibit their

activity, leading to BAX/BAK activation and thus to caspase activation and apoptosis
[38].The BH3-mimetic concept has prompted the design of numerous small BH3

peptides or organic molecules [68, 69].

ABT-737 (Figure 7), for instance, is a highly potent inhibitor of BCL-2, BGLaXid
BCL-W. It binds with very high affinity (Ki < 1 nM) to BCL-X and binds also to
BCL-2 and BCL-w (due to their similar structure as BCL-XHowever, MCL-1 and
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Al that have less homologous structure are not inhibited by ABT-737.The potential of
ABT- 737 as an anticancer agent has further been demonstrated in a set of cancer cells
including lung cancer cell lines. Different studies were performed and investigated the
effect of ABT-737 in small cell line cancer (SCLC), and identified an essential role of
MCL-1 in determining resistance to ABT-737 [70, 71, 72]. To this end, SCLC cell
lines that have low expression of MCL-1 were more sensitive to ABT-737 than those
with high expression of MCL-1. All of these pro-survival BCL-2 proteins inhibit
apoptosis by sequestering pro-apoptotic BH3 containing BCL-2 proteins. In situations
where the activity of BCL-2/ BCL-X/BCL-W is inhibited due to the binding of
ABT-737 into their hydrophobic groove, this binding will compete with the binding

of any pro-apoptotic BH3-containing proteins, for example, Bim or Bax and Bak.
These pro-apoptotic proteins are subsequently amenable to induce release of
cytochrome c. Unfortunately, high level of MCL-1 can compensate for the inhibition
of BCL-2/ BCL-X_. /BCL-W and sequester the pro-apoptotic BCI-2 proteins
previously displaced from BCL-2/ BCLXBCL-W.

The major limitation of ABT-737 as an anticancer drug is that it is not orally bio-
available. For this reason, Abbott developed a related compound, ABT-263 (named
Navitoclax) (Figure II.7), which is orally bio-available and also binds to BCL-2,
BCL-X., and BCL-W but not to MCL-1 and Al [73]. The biological activity of ABT-

737 and ABT-263 appears to be comparable, although ABT-263 has been shown to be

more readily sequestered by human serum albumin than ABT-737 [74].
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Fig.lll. 7: Structures of ABT-737, ABT-263, and ABT-199 BCL-2 inhibitors

The major toxicity of ABT-263 was an on-target effect on BGL-e«pressed in
platelets [75, 76, 77]. The discovery that thrombocytopenia was a major mechanism
based effect of ABT-263 led to studies that demonstrated the importance of BCL-X
as a molecular clock in platelets [75]. To avoid this toxic side-effect, the ABT-199
derivative (Venetoclax) (Figure 7), which is specific for BCL-2 and does not bind to
BCL-X,, was then designed [79].The first clinical trials with ABT-199 have yielded

impressive results without thrombocytopenia [78, 79]

The effectiveness of these agents and others in several cancers is often limited by
chemoresistance, which has most commonly been ascribed to high expression levels
of other pro-survival BCL-2 family members, particularly MCL-1 [80-86]. Since, the
survival of malignant cells depends at least partly on MCL-1 in many cancers,
including chronic lympthocytic leukemia (CLL) (a disease characterizes by apoptosis
deficiency), therefore, efforts focused on the identification of small molecules

targeting selectively MCL-1.
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MCL-1 inhibitors:

A variety of approaches for inhibiting MCL-1 have been described, including the use
of BH3 peptides [87-90] and small molecules [92-95] that bind MCL-1 directly or
inhibit its expression indirectly [95-97]. Indirect MCL-1 inhibitors include cyclin-
dependent kinase (CDK) inhibitors such as roscovitine, flavopiridol, seliciclib,
dinaciclib, and SNS-032, which inhibit the phosphorylation of the RNA polymerase 2
C-terminal domain and the elongation of transcripts, including MCL-1 [95-97].
Because of the short half-life time of MCL-1 protein (approximately 30 min), it is
rapidly eliminated upon treatment with flavopiridol or dinaciclib [95]. Anthracyclines
such as daunorubicin have also been shown to repress MCL-1 expression [42]. A
potential liability of the indirect MCL-1 inhibitors is that they also reduce the
expression of numerous other short-lived proteins, making them less selective and
potentially more toxic. Therefore, direct MCL-1 inhibitors are more desirable and are
often more potent. Here we introduce a series of direct and selective MCL-1 inhibitors
that demonstrate clear on-target cellular activity, disrupting complexes of MCL-1
protein with the pro-apoptotic members and triggering apoptosis in cancer cell lines

shown to rely on MCL-1 for survival.

1IV.A.c.1.i. Indole-2-carboxvlic acid derivatives:

A series of MCL-1 inhibitors derived from indole-2-carboxylic acid has been obtained
by high-throughput screening and structure-guided design [98]. The compounds bind
to MCL-1 with high affinity (0.45 nM) and selectivity over the other pro-survival
BCL-2 family proteins. A mechanistic study has shown that the lead compound A-
1210477 (Figure 1I.8), and its related analogs (A-1155905, A-1208746, and A-
1248767), can disrupt the interactions of MCL-1 with BIM and Noxa. Further, it
penetrates living cells, and acts via on-target mechanism [99].These molecules induce
the main hallmarks of the caspase-dependent mitochondrial apoptosis (including
BAX/BAK activation) in multiple myeloma and non-small cell lung cancer cell lines
that have been validated to be MCL-1 dependent. A-1210477 is a particularly strong
binder of MCL-1 (Ki = 0.45 nM), representing an affinity improvement of at least two
orders of magnitude over the other analogs, but it is a much weaker binder of BCL-2
(Ki = 0.132uM) and BCL-X_ (Ki = 0.660uM).These compounds are therefore the
first BH3 mimetics targeting selectively MCL-1. Lastly, the fact that A-1210477
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synergizes with navitoclax to trigger apoptosis is of interest given that MCL-1 is a key

factor in the resistance of malignant cells to ABT-737 and navitoclax [80].

N\ K/N \ O
1 !
o _ l\‘ OH
//
)
O
A-1210477

Fig.lll. 8: Structures of Indole-2-carboxylic acid derivatives.

IV.A.c.1.ii. Merged Compounds: 2-Carboxylic Acid- Substituted Benzofurans,
Benzothiophenes and Indoles:

Fesik and co-workers (at Vanderbilt University) used NMR-based screening of a large

fragment library followed by structure-based design to generate potent MCL-1
inhibitors [57]. Two different classes of fragments were designed; Class | was mostly
constituted of carboxylic acids attached to a 6,5-fused hetero cycle, for example
(Figure 111.9), which binds to MCL-1 with &i of 131 uM, according to a
fluorescence polarization competition assay (FPCA), whilst class Il was populated by
hydrophobic aromatics tethered to a polar functional group, most typically a
carboxylic acid as i2, shown in Figure 9Ki = 60 uM). NOESY NMR-guided
molecular modeling informed Fesik’s group that the class | compounds were binding
near Arg263, which was likely engaging in salt bridges with the carboxylic acids of
the fragments. Also, it appeared that the class Il compounds were binding deep into
the hydrophobic p2 pocket and the carboxylic acid was located at the surface of this
pocket near Arg263. The authors observed that the binding of class | and class I
compounds to MCL-1 was mutually exclusive, suggesting that the carboxylic acid in

each class was binding the same residue, possibly Arg263.
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Fig.lll. 9: Structures of classdnd clas$l compounds suggested by Fesik

These results prompted Fesik's group to merge together in a small-molecule the
fragments from each class to deliver MCL-1 inhibitors with affinities that were
greatly improved over either fragment alone. Merged comp@uexhibited aKi of

320 nM for MCL-1 (Figure 111.10), representing an almost 200-fold improvement in
affinity over the strongest binding fragmettand around a 40-fold selectivity over
BCL-X.. A subsequent structure—activity relationship (SAR) improved the affinity to

a Ki of 55 nM for compound!, which was more than 270-fold selective for MCL-1
over BCL-X . Replacement of the heterocyclic S or NH with an isosteric O, such as

in 5, resulted in reduced binding affinity of up to 10-fold.
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Fig.lll. 10: Co-crystal structure of benzothiophene 3 with MCL-1

IV.A.c.1.iii. MIM1, A Substituted Pyrogallol:
Walenksy and co-workers used a fluorescently-labeled, hydrocarbon-stapled MCL-1
BH3 helix as the probe to screen a large library of compounds, which led to the
discovery of MIM1 (MCL-1 -1 Inhibitor Molecule 1§) (Figure I1l.11) that binds in
the BH3-binding groove on the surface of MCL-1 [91]. The screening process began
with 71,296 small molecules, which were then decreased into 64 potent and selective
MCL-1 inhibitors. The trihydroxy phenyl group (pyrogallol) in the structure of MIM1
showed to be required for the activity of such inhibitor against MCL-1. However,
MIML1 is the first MCL-1 selective inhibitor that bears this motif: MIM1 disrupted the
MCL-1/Bid BH3 peptide complex with an igvalue of 4.8uM, whilst MIM1
demonstrated no capacity to disrupt the BCLB{d BH3 peptide complex (l&g> 50
uM).

Qe

N

HO OH
OH

MIM1
Fig.lll. 11: Structure of 6/MIM1 a selective MCL-1 inhibitor.
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NMR structural studies of MIM1 witf°N- MCL-1 revealed that the small-molecule
binds in the canonical BH3 binding groove. The cyclohexyl group was predicted to
make hydrophobic contacts near the p3 pocket, while the thiazolyl core and its methyl
substituent probe deeply into the p2 pocket (Figure 111.12). In comparison with other
MCL-1 selective inhibitors, this latter interaction may be a source of MIM1's
selectivity. The pyrogallol motif forms hydrogen bonds with Asp256 and Arg263,
which are residues that are engaged by the hydrophilic face of the amphipathic BH3
a-helices. Finally, MIM1 was shown to selectively iinbh MCL-1 based suppression

of pro-apoptotic Bax activation through freeing up the BH3-only protein tBID, and
selectively induced cell death in MCL-1 dependent leukemia cell line.

Fig.lll. 12: Co-crystal structure of MIM-1 compoundwith MCL-1

IV.A.c.1.iv. 3-Substituted-N-(4-hydroxynapthalen-1-yl) Aryl Sulfonamides:

Similarly to Walensky’s approach, Nikolovska-Coleska’s laboratory also applied a
high throughput screening strategy to identify MCL-1 inhibitors [100]. After
screening a small-molecule library of over 50,000 compounds, the authors discovered
compound/ (Figure 111.13) that bound MCL-1 with Ki of 1.55uM, which is around

the same affinity as MIM1.
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OH

Fig.lll. 13: MCL-1 inhibitors developed by Walensky.

Computational modeling predicted that the aromatic ether and naphthalene ring binds
the hydrophobic pockets p2 and p3 in the MCL-1 protein (Figure 111.14) [100]. The
carboxylic acid forms a network of hydrogen bonds with Arg263 and Asn260, and the
phenolic hydroxyl group binds His224. NMR structural studies confirmed that
compound7 was bound to the hydrophobic groove on the surface of MCL-1 and,
therefore, was functioning as a BH3 mimetic. With this data in hand, Nikolovska-
Coleska and co-workers focused on the structure-based design approach to optimize
their target compound. A library of around 50 derivatives was prepared, of which the
most potent membe8, shown in Figure 13,bound MCL-1 with K& of 180 nM.
Compound8 was selective for Mcl-1 over the other anti-apoptotic BCL-2 proteins,
most notably almost 60-fold selective over BCL-X

Fig.lll. 14: Co-crystal structure of compound 8 with MCL-1
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IV.A.c.1.v.8-Hydroxyquinolines:
In a collaborative effort between Eutropics Pharmaceuticals and researchers at The
Scripps Research Institute, a high throughput screen of the NIH Molecular Libraries
and Small Molecule Repository (MLSMR) led to the discovery of a selective MCL-1
inhibitor (ICs;= 2.4 uM) based on an 8-hydroxyquinoline-derivative scaff@
(Figure 111.5) [101]. A subsequent round of SAR analysis revealed that the 8-hydroxyl
group and the quinoline nitrogen were essential. Next, modification of the phenyl and
amino-pyridine resulted in compountd, which exhibited improved affinity for

MCL-1 (ICs¢= 0.31 M) and selectivity over BCL-X(ICs0> 40 uM).
0

Cl HJ\OH
CF;
X
A S |
| _
— N
N

OH _N
OH HN I\ ]
N~ /N

9 10

Fig.lll. 15: Developed MCL-1 inhibitors.

Molecular modeling with theR-enantiomer of 10 suggested that the 8-
hydroxyquinoline moiety engages in a hydrogen bond with Asn260, which orients the
N-ethylpiperazine andpara-CF3-phenyl groups for delivery into the p2 and p4
pockets, respectively (Figure I11.16).

-~
: - .
Fig.lll. 16: Co-crystal structure of compound 8 with MCL-1
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IV.A.c.1.vi. 2-(Arylsulfonamido) Benzoates and 2-Hydroxybenzoates
(Salicylates):

Two novel series of MCL-1 inhibitors were developed by the researchers at AbbVie
(a pharmaceutical company, formerly Abbott) using fragment-based methods. One
based on 2-arylsulfonamido benzoate scaffold and the other on a salicylic acid motif
[102]. NMR structural studies revealed that aryl sulfonamide salicylic acid derivatives
exhibit important potency to MCL-1. According to NMR data obtained for aryl
sulfonamidell (ICs= 5 uM; Figure II1.17), it was suggested that the vinybgp
oriented towards the p2 pocket normally occupied by Leu62 of the Bim-BH3 peptide.
Replacement of the vinyl group with an aryl group afforded compdin(Figure

[11.17) which allows more than ten-fold improvement in MCL-1 inhibitory activity
(ICs00f 0.4 uM). Subsequent modification of the sulfonamide mpiegsulted in
compoundl3 (ICs;= 30 nM, Figure 111.17), a more potent inhibitors with the best of
the series carrying a pyrazole moiety.

g 9@

11

12
Y
N\Ng
O Os_OH

O« _OH N2
; (¢
N d
//S\\O \©\ /©
O 40 O

13 14
Fig.lll. 17: AbbVie's aryl sulfonamide-based MCL-1 inhibitors
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A co-crystal structure of4 (ICso= 0.5 uM; Figure 111.18; PDB ID: 40Q5) revealed

that the distal phenyl ring of the biphenyl ether moiety is projected into the pl pocket,
the naphthyl group into the p2 pocket and the carboxylic acid binds Arg263, close to
Asp67 of the Bim-BH3 peptide [103]. It is particularly noteworthy that the p2 pocket
opens up somewhat, allowing much deeper penetration of the naphthyl group than
Leu62 of BIim-BH3. A similar finding was observed by Fesik and colleagues, and it
has been proposed that this may be a source of MCL- 1 selectivity by synthetic
ligands.

Fig.lll. 18: Co-crystal structure of compound 14 with MCL-1

IV.A.c.1.vii. 8-0xo0-3-thiomorpholino-8H-acenaphtho [1, 2-b rrole-9-
carbonitrile and Fragments:

Zhang and colleagues used a fragment-based approach to convert their previously
reported dual MCL-1/BCL-2 inhibitor 8-oxo- 3-thiomorpholino-8idenaphtho-[1, 2-

b] pyrrole-9-carbonitrile 5. Kd = 58 nM (MCL-1), 310 nM (BCL-2), Figure I11.19)

into a more “drug-like” and MCL-1 selective inhibitor [104]. For this purpose,
compoundl15 was dissected into several fragments of which cyanoacetabdide
exhibited good binding affinity to MCL-1Kd = 13.5uM). To gather information on

the likely binding mode 016, the authors prepared an R263A mutant of MCL-1 since
this arginine plays a significant role in the recognition of the Bim-BH3 helix.
Fragment16 demonstrated no appreciable affinit¢de 1000M) to the mutant
MCL-1 protein, indicating that it binds to R263, possibly through a hydrogen bond in
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which the carbonyl 016 serves as the hydrogen bond acceptor. Molecular modeling
studies suggested that functionalization of the @hktl NH groups ofL6 might allow
occupation of the p2 and p4 pockets, respectively. Accordingly, hydrophobic moieties
were added to these functional groups.

(@]
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N~z N T
H,N
! l
)
15 16 17

Fig.lll. 19: Deconstruction of dual MCL-1/BCL-2 inhibitor 15 and rebuilding of MCL-1
selective inhibitor

This functionalization ends up with compoutid shown in Figure 111.19,that exhibits

an improved affinity towards MCL-1Kd = 0.16 uM) of almost two orders of
magnitude over fragmeni6. In addition, FPCA indicated tha¥ exhibited no affinity

for BCL-2, and, therefore, that dual MCL-1/BCL-2 inhibitds had been transformed
into a selective MCL-1 inhibitor, since it selectively induced apoptosis in the MCL-1
dependent cell line NCI-H23 with an J€of 0.38 uM over cell lines that are
dependent on BCL-2.

Fig.lll. 20: Co-crystal structure of compound 17 with MCL-1
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I11.B. OBJECTIVE AND STRATEGY
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Obijective and Strategy

Very few MCL-1 inhibitors were reported in the literature at the beginning of the
studies of our groups in this field and MIM-1 compound, which was discovered by
Walenksy [91], showed an interesting interaction with the binding groove on the
surface of MCL-1, as well as a promising bioactivity. Molecular modeling of MIM-1
shows both the hydrophobic interaction and hydrogen bonding interaction of MIM-
1substituents inside the pockets of MCL-1 protein (Figure 111.21).

MIM-1 Docked in MCL-1 pocket MIM-1 compound

Fig.lll. 21: Molecular modeling of MIM-1 in MCL-1 pocket

Thus, the synthesis of selected analogs of MIM-1, followed by in depth biological
studies in order to obtain useful Structure-Activity Relationships, appeared to us as an
attractive strategy to obtain more active and/or selective compounds in this area.
Therefore on the basis of our own molecular modeling studies, in a first step, two
different types of structures were selected and studied during the PhD thesis of Dr
Assaad Nasr El Dine (Figure 111.22). In a first series, he studied the role of the
polyphenol moiety by replacing this part of the molecule with different aromatic
groups. It was clearly demonstrated that, in agreement with molecular modeling
studies, at least two phenols were required for bioactivity. In the second series he
could establish that both the cyclohexyl and the methyl groups can be successfully
replaced by aromatic, heteroaromatic and benzylic derivatives to afford new
molecules with much higher bioactivity and selectivity than MIM-1 towards MCL-1.

All the corresponding biological experiments were performed at the University of
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Nantes (studies on breast cancer), the University of Caen (ovarian cancer) and

University of Rennes (melanoma).

First series of analogs

second series of analogs

Fig.lll. 22: First model prepared in our group
In a second step, which is part of my PhD work, our group wanted to explore the
possibility of changing the heterocyclic core of MIM-1 with different five membered
heterocycles as indicated in Figure I11.23. This includes again the preparation of two
different series. In the first series we keep anhydrazone type structure linked to a five
membered heterocyclic core. In the second series we replace this hydrazone part by an

alkene moiety, again linked to a five membered heterocycle.

—

Y
R . Alkene type analogs with a
Hydrazone type analogs with a heterocyclic core

heterocyclic core

Fig.lll. 23: Second model of synthesis

This design for these new molecules was supported by molecular docking studies
performed by Dr Nicolas Levoin (Bioprojet-Biotech company, Rennes).

Representative examples of such studies are given in Figues 11.24 and III.25.

197



Fig. 111.25: Oxazole docked in MCL-1 protein
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lII.C. RESULTS AND DISCUSSION
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Results and discussion

Hydrazone type analogs:

Pyrrols:

As to begin with the preparation of the first series compounds, pyrrole heterocycles
were chosen as a core center for the hydrazone type analogs. P9mae obtained

from the condensation reaction of commercially available 1, 4-Diphenylbutane-1,4-
dione 18 and the protected hydrazid® according to the literature procedure [105]
(Scheme III.1).

O

2 .
P
HN. cl N cl
th TN PPTS, Toluene_ WL O
o) H cl” ¢l 80C > e Cl
I c

62%
18 19 20

Scheme lll. 1: Condensation of hydrazine 19 with diketone 18

Hydrazine amidd.9 itself was obtained from the protection of commercially available
hydrazine with 2,2,2-dichloroethyl chloroformate according to the literature procedure
[106] (Scheme lIlI.2).

0 0
H,N. P cl HoN. AL cl
NH, * ¢~ o CHCg 2NN
/CI><CI 0°C, 1h H cl” ¢l
84% 19

Scheme lll. 2: Protection of hydrazine

Structure of pyrrole20 was clearly established by NMR dat#d( *C). 'H NMR
spectrum o0 (Figure 111.26) shows a singlet (two protons) at 6.37 ppm which could
be assigned to the protons of the pyrrole HhgandH~, in addition to another singlet

at 4.69 ppm that refers to the methylene proténs
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Fig.lIl. 26:'H NMR spectrum of 20

13C NMR spectrum o020, shown in Figure 111.27, shows the peak of carbonyl amide
at 153.72 ppm, in addition to the peak of methylene cathgmat 74.78 ppm and that

of the methine carbo@,s at 94.70 ppm.
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- Fig.Ill. 27: C NMR spectrum of 20

Pyrrole 20 was then deprotected in the following step according to the literature
procedure [107], and yielded pyrrdé in 90% (Scheme II1.3).

o%\ Zn/ AcOH ph/Q\ Ph
\[f Cl 90% !

21

Scheme lII. 3: Deprotection of pyrrole 20

The structure of21 was established by comparison of its spectral data with the
literature [104].

In the last step, amin2l was reacted with the commercially available trihydroxy
benzaldehyd®2 in MeOH under reflux to afford the desired hydraz@3en 64%
yield (Scheme li1.4).
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Scheme lll. 4: Preparation of hydrazone 23

Structure of23 was clearly established by NMR datii(**C). *H NMR spectrum of

23 shows the vinylic proton H as singlet at8.20 ppmand the three hydroxyl protons
as small broad peaks at 10.24, 9.88 and 8.60 ppm (Figure 111.28). HoW&/aR
spectrum oR3 shows the vinylic carbo@,3 at 166.92 ppm (Figure 111.29).
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Fig.lIl. 28:'H NMR spectrum of 23
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Fig.lll. 29: **C NMR spectrum of 23

Pyrrolidines:

On the other hand, in order to explore more simple models, the commercially
available pyrrolidine4Rand 24S were condensed too with trihydroxybenzaldehyde
22 and afforded the desired hydrazo&R and25S in 85% and 82% respectively
(Scheme IIL.5).

/ 0
o HO d
H
HZN\’\\§ . MeOH - HODV N\N
HO OH  reflux, 10h
OH OH

\

85%
24R 22 25R
/ o)
e HO /
: H 0
HZN\I\D ) MeOH HOI;v No A
HO OH  reflux, 10h Q
OH OH
82%
245 22 255 Sche

me lll. 5: Condensation reaction of pyrrolidines 2&iRl 24Swith aldehyde 22
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Structures of hydrazone26R and 25S were established clearly by NMR daté

13C). 'H NMR spectrum o£5R (Figure 111.30) shows the peak of the vinylic proton

H; as singlet at 7.45 ppm, in addition to the three hydroxyl groups that appear as
small broad peaks at 11.41, 9.03 and 8.19 gp&NMR spectrum oR5R is shown

in Figure 111.31.

As expected, the NMR data 25S were found to be similar to those 28R.
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Fig.lll. 30: '"H NMR spectrum of 25R
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Fig.lll. 31: *C NMR spectrum of 25R

Alkene type analogs:

Thiophenes:

In the second series of molecules, thiophene heterocycles were chosen as a first
heterocyclic core for alkene type analogs. Starting with the palladium catalyzed direct
arylation of 3-formylthiophen@6 with bromobenzen@7 [108], a mixture of mono-

and disubstituted phenyl thiophenes were obtained (Scheme 111.6).

CHO B CHO CHO CHO
Pd(OAc)2, dppb, KOAc
SR R SR S
S DMF, reflux S s~ "Ph P s~ ~Ph
N ~ J
low yields 56%

Scheme lIl. 6: Palladium catalyzed arylation of 3-formylthiophene 26 with bromobenzene 27
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Mono-substituted thiophen&8a and28b were isolated in a very low yield, and the
recovered quantity d8awas treated again with the palladium acetate under the same

reaction conditions which gave the desired disubstituted thio8eine56% yield.

Structure of29 was clearly established by NMR data. TheNMR spectrum oP9,
shown in Figure 111.32, shows a small doublet at 9.88 ppm of coupling constant

#3=0.2 Hz which can be assigned to the aldehyde proton coupled weakkggvith

CDCI3, 300 MH=z

] ] W S B
LRty
[

T T T T T T T T
5.0 0.0

Fig.lIl. 32: '"H NMR spectrum of 29

13C NMR spectrum of compour® (Figure 111.33), shows the peak of the aldehyde
carbon at 185.8 ppm.
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Fig.lIl. 33: *C NMR spectrum of 29

Furthermore,'H-'H NOESY spectrum oR9 (Figure 111.34) illustrates clearly the

correlation between the aldehyde proton EHigd

HMQC_HMPC/4
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Fig.lll. 34: 'H-'H NOESY spectrum of 29
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This correlation confirms the C2/C5 disubstitution of diphenyl groups, rather than the
C2/C4 disubstitution.

The following step includes the reduction of aldehyde group into alcohol. So aldehyde

29 was treated with sodium borohydride in methanol and afforded al86hnl95%
yield (Scheme II1.7).

CHO OH
Phﬂ NaBH Ph/d
_—
s~ Ph MeOH, rt, 10min S
29 95% 30

Scheme lll. 7: Reduction of aldehyde 29

Structure of30 was confirmed by NMR data, where thé NMR spectrum (Figure
[11.35) shows the disappearance of the aldehyde proton at 9.88 ppm and the

appearance of methylene protons as singlet at 4.69 ppm.
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Fig.lll. 35: '"H NMR spectrum of 30

Furthermore*C NMR spectrum 080 (Figure 111.36) shows the disappearance of the
aldehyde carbon at 185.8 ppm and the appearance of the methylene carbon at 59.03
ppm.
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a Fig.Ill. 36: °C NMR spectrum of 30

Alcohol 30 was then transformed in the next step into phosphonium3%alby
treating it with triphenylphosphine hydrobromide (Scheme 111.8), according to the
literature procedure [109].

@
OH PPh Br@
PPh3.HBr
/\ — / \
P s~ ~Ph CH3CN, reflux P g~ ~Ph
30 92% 31

Scheme lIl. 8: Preparation of phosphonium 34lt

Structure of31 was illustrated by NMR data, where thd NMR spectrum &1
(Figure 111.37) shows a doublet for two protons at 5.48 ppm with coupling constant of
13.7 Hz which could be assigned to the methylene protons coupled with the neighbour
phosphorous.
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Fig.lll. 37: "H NMR spectrum of 31
13C NMR spectrum 081 (Figure 111.38) shows also the appearance of a large doublet
between 24.55 and 25.17 ppm of coupling constant 47.3 Hz, that could be assigned to
C13.
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Fig.lll. 38:*C NMR spectrum of 31
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Having phosphoniunB81 in hands, now we could perform Wittig reaction with
aldehyde32. Thus31 was refluxed with the protected trihydroxybenzaldehy@én
THF according to the literature procedures [110], and afforded a mixt@&Ecdnd
33Z in 62% overall yield with 25% o isomer and 39% of th2 isomer, separated
by silica gel chromatography (Scheme 111.9).

MOMOQO OMOM

MOMO  omoMm MOMO
® o)

PPh Br MOMO

H \ \
/ ) + NaH
P g >Ph MOMO OMOM ———» I\ N T
OMOM THF, reflux P Sg” 7Ph pr\o”Ph

3% 33

62%
31 32

39% 25%
Scheme lII. 9: Wittig reaction between phosphonium 31 and aldehyde 32

Aldehyde 32itself was obtained from the protection of commercially available
trinydroxybenzaldehyde22 with chloromethyl methyl ether (Scheme I111.10)

according to the literature procedure [111].

o o)
H
H MOMCI, CH,Cl,
HO OH ) >  MOMO OMOM
OH (iPr),NEt, rt, 16h OMOM
22 32

Scheme lll. 10: Protection of trihydroxybenzaldehg@eusing MOMCI

Structures oB3E and33Z were established by NMR datf#l NMR spectrum o83E
(Figure 111.39) shows a peak of one of the vinylic protons at 7.08 ppm as doublet with
a coupling constant of 16.4 Hz, while the peak of the second vinylic proton is
interfering with the aromatic oneSC NMR spectrum 083E is also shown in Figure
111.40.
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Fig.lll. 40: *C NMR spectrum of 33E

However,"H NMR spectrum of33Z (Figure 111.41) shows two doublets at 6.65 and

6.55 ppm of the same coupling constant of 11.9 Hz which refers to the of the vinylic
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protons with of theis configuration. Figure 111.42 shows also tH€ NMR spectrum
of 33Z.
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In the last step, the deprotection of the MOM group83i and 33Z yielded the
desired target produc®IE and34Z in 81% yield forZ isomer and 66% for thE
isomer (Scheme 111.11).

MOMO OMOM HO OH
MOMO HO
\ HCI (10% mol), BO \
MeOH, rt, 2h
/ \ /I
p S Ph 66% =} S Ph
33E 34E
MOMO HO
) \
m HCI (10% mol), HO
> /\
P S Ph MeOH, rt, 2h P < Ph
81%
33z 34z

Scheme lIl. 11: Deprotection of MOM groups

Structures oB4E and34Z were established by NMR datél NMR spectrum oB4E

(Figure 111.43) shows a doublet at 7.15 ppm with coupling constant of 16.4 Hz, which
could be assigned to a vinylic proton, while the peak of the second vinylic proton is
interfering with the aromatic peaks. In addition we observed also the disappearance of
the methyl and methylene protons of the MOM group. Figure 11.44 shows glso
NMR spectrum oB4E.
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On the other handH NMR spectrum o84z (Figure 111.45) shows the appearance of

the peaks of three hydroxyl protons (5.45-5.27 ppm) and the disappearance of the
peaks of methyl and methylene proton¥C NMR spectrum of34Z is shown in
Figure I11.46.
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Finally, another analog of thiophene with benzyl and phenyl substituents was also
studied. It started from alcohd@5 which was already prepared during studies
developed in the Indo-French Joint Laboratory between Rennes and Hyderabad [112].
Thus, this compound was treated with triphenylphosphine hydrobromide affording
phosphonium salB6 in 74% yield (Scheme [11.12). Again, structure 3§ was also
established by NMR datdH, *3C), as for phosphonium s&L.

OH @%p Br@
7\ PPh3.HBr m "
—_—
BF, s~ "Ph CH4CN, reflux s~ ~Ph
a5 74% Ph
36

Scheme lIl. 12: Preparation of phosphnium 36t

Wittig reaction betweer86 and the protected trihydroxybenzaldehygiewas then
performed and afforded a mixture TE and37Z in 60% overall yield, with 23% of
Eisomer and 37% of th& isomer separated by silica gel chromatography (Scheme
111.13).

MOMQ OMOM

MOMO  oMOM MOMO
® ) (0]

PPh, Br MOMO

H \ \
/ ) + NaH
ol S Ph MOMO OMOM ————» J\ . T\
OMOM THF, reflux g~ "Ph g~ ~Ph
60% Ph Ph

37z 37E

36 32

37% 23%

Scheme lII. 13: Wittig reaction between phosphonium salt 36 and aldehyde 32

Similarly, the structures &7E and37Z were clearly established by NMR datéd
13C) as for33E and33z.

Then deprotection of the MOM groups ®TE and37Z was performed and yielded
the final desired produc®8E (in 64% yield) and38Z (71% vyield) (Scheme 111.14).
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The structures o88E and38Z were clearly established by NMR datgi(**C) as for

34E and34Z.

MOMQO

MOMO

37E

MOMO OMOM

MOMO

Scheme Ill. 14:

OMOM

HO  oH
HO
HCI (10% mol), HO \
MeOH, rt, 2h 7 {
64%
0 s~ ~Ph
Ph -
HQ  oH
HO
\
HCI (10% mol), BO
MeOH, rt, 2h /R
g~ ~Ph
71% PH
38z

Deprotection of MOM group of 3@Bd 37Z
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Oxazoles:

On the other hand, and as a second group in the alkenes type analog series, oxazole
heterocycles were chosen as a new core center. The following scheme shows the

general sequence designed for the preparation of such oxazole analogs.

0 o 0
NH, —_—
Ry R NH, . HCI HN

R{ X
| _R2
n=0,1 (0] %
Ry =H, Br
R, =H, Br 1 f
! Ry Rp=H, Br

Scheme lll. 15: General sequence for the preparation of oxazoles

As shown in Scheme 111.15, simple amino acids (Alanine or Glycine) were used as a
starting material for the preparation of oxazoles.

Starting with the series of L-alanine amino acid, in the first step the carboxyl group
was transformed into ester, according to the procedure mentioned in the literature
[113], affording ested0 as a white solid in 96% vyield (Scheme 111.16).

O 0
OH  SOCh, MeOH OCHs
NH, 6h - NH, . HCI
39 96% 40

Scheme lll. 16: Esterification reaction of carboxyl group
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Structure of estedO was clearly established by NMR datdd( *C). *H NMR
spectrum o#0 (Figure 111.47) shows a singlet of two protons at 8.75 ppm that could
be assigned to the amine protons, in addition to a triplet at 4.23 ppm with coupling
constant of 6.8 Hz that refers Ity and a singlet of three protons at 3.65 ppm which

refers to the methyl grougs.

875
736
7
726
722
425
423
421
AB5
320
318
308
2450

“
T e ¥ !
] o] w 5]
o L o o 8]
Q @m [=] —_

10.0 5.0

ppm {t1)
Fig.lll. 47:'H NMR spectrum of 40

Figure 111.48 shows also tH€C NMR spectrum ofi0, where the peak of the carbonyl
carbon appears at 169.18 ppm.
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Fig.lIl. 48:*C NMR spectrum of 40

The following step includes the formation of amide, where compdOngas treated
with phenyl acetyl chloriddlain CH,CIl, using NaHCQ as a base(Scheme II1.17),
according to the literature procedure [113], affording the desired ester 4Paids a
white solid in 92% yield.

0]

(0]
Cl OCHg
OCH; NaHCO; ©/;‘\I)J\
NH, . HCI * o) >
CH2C|2, rt o)
40 41a 92% 42a

Scheme lll. 17: Preparation of amide 42a

Structure of42awas clearly established by NMR datal(**C), where théH NMR
spectrum of42a (Figure 111.49) shows a doublet of one proton at 5.84 ppm which
refers to the amine proton, and a doublets of triplets at 4.86 ppm which refers to the
methine protorHe, in addition to the methylene protého which appears as singlet

at 3.55 ppmFigure 11.50 shows also tHéC NMR spectrum ofi2a
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Fig.lll. 50: *C NMR spectrum of 42a

As shown in the figure abové’C NMR spectrum of42a shows the peak of the
carbonyl carborCgy of amide group at 170.56 ppm and that of the methylene carbon
Cipat 43.63 ppm.
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In the following step, formation of phosphonate group was required, thus the amide
ester42a was treated with the commercially available dimethyl methyl phosphonate
43 in THF usingn-BuLi as base affording the desired phosphoddias a white

solid in 72% (Scheme 111.18).

0 0
Q\P/OCHS

ocC N
& Q n-Buli, THF OChg
HN + Me_p/OMe . HN
\
-78°C

42a 43 443

Scheme lll. 18: Preparation of phosphorida

Structure of44awas clearly established by NMR datél(**C, *2'P), where théH
NMR spectrum o#44aFigure 111.51) shows two doublets at 3.72 and 3.68 ppm with
the same coupling constant of 9.2 Hz, which could be assigned to the methoxy groups

Hg andHj attached to phosphorous atom
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Furthermore®*C NMR spectrum of44a (Figure 111.52) shows a doublet at 200.25
ppm with coupling constant of 6.5 Hz, which refers to the carbonyl cathoof
ketone group, in addition to another doublet at 38.48 ppm with coupling constant of

129.2 Hz that refers tGg which is directly attached to phosphorus atom.
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Fig.lll. 52: *C NMR spectrum of 44a

Finally, P NMR spectrum ofi4a, shown in Figure 111.53, shows the peak of the
phosphorous atom at 22.08 ppm, where the peak at 33.16 ppm refers to the starting
phosphonate
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Fig.lIl. 53:*'P NMR spectrum of 44a

Using the same reaction conditions, different analogs of the phosphonates
intermediate shown in Figure 111.54 were also prepared starting from alanine amino

acid.

N7 Br
I
0 _—
Q _ocH;
P\
OCHz HN™ O
HN OCH
P
S d ~OCH;
44e

Fig.lll. 54: Other analogs prepared starting from alanine amino acid
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In addition to that, 4-bromo phenylalanine was also used as a starting amino acid

which gave the desired phosphondBeas a white solid in 72% yield (Scheme [11.19).

Q o)
OH 41a
SOCh, MeOH OCH,
Br NH 6h ;r NH, . HCI NaHCO;
45 88% 46 CH20|2, rt
79%
O

o}
OCH, Q\P/OcHs
Br HN n-BuLi, THF g /@/\HJ\/ \OCH3
S _78°C Br HN
47 72% o}

48

Scheme lIl. 19: Preparation of phosphoriie

Finally, glycine was used as another amino acid for the preparation of different
phosphonate intermediates, using same reaction conditions as for phospl@nate
(Figure 111.55).

OCHs OCH3

52b
©)\H/\ OCH3
4 ~OCH
O Br 3

52d

N
I/

Fig.lll. 55: Phosphonate intermediates prepared starting from glycine

The structure of all the amide ester and phosphonate intermediates were clearly
established by NMR datdH, °C, 3'P) as for2aand44arespectively.
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After extensive studies on model compousigl, the cyclization step was finally
successfully performed by Dr P. Mosset to obtain the desired oxa2algScheme
111.20).

0 o (MeSG,),0 (3 equiv)

\\P\/ OCH, Na,P,07 (3.3 equiv)
OCH,
HN @\/E { + 442(26%)
[ ] ] /

0
CI(CH,),Cl, 45°C, 15.5 h -OCHs
o

0] OCH;
0,
44a 64% 53a

Scheme lll. 20: Cyclization reaction of 44a to obtain the oxazole pré@act

Biological tests

Concerning the biological tests, hydrazone type agsalPyrrols and Pyrrolidines)

and thiophene analogs were the only compounds subjected to biological tests at this
stage. These molecules were tested with different lines of melanoma cancer cells,
including HaCat cells and B16-F10 cells.

Results obtained birs F. Le Devehaandl. Rouaud in the team d?rofessor J.

Boustie(melanoma) in Rennes:

1.  Principle of study:
1.1. HaCat cells:
HaCaT cells are derived from a non-cancerous line of human keratinocytes. This
lineage approaches the composition of the human dermis. HaCaT cells are grown in
of the RMPI 1640 medium supplemented with 5% fetal calf serum and antibiotic and

under controlled atmosphere at 5% C(0d a temperature of 37 ° C.

1.2. The B16-F10 cells
B16-F10 cells are murine melanocytes (LGC, ATCC, CRL-6475-melanoma mouse).
These cells are cultured in RMPI 1640 medium supplemented with 5% of calf serum
fetal and antibiotic and under a controlled atmosphere at 5%aC&®temperature of
37°C.
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To perform 96-well plate seeding, the cells are reacted with the enzyme trypsin [or
"trypsinized”]. The plates are then incubated in the oven for 24 hours to allow their
adhesion to the support. After 24h of incubation, the cell viability is evaluated by the
MTT test: this tetrazolium salt of yellow color is transformed by the mitochondrial
dehydrogenases of viable cells into crystals of violet. This staining is proportional to
the number of living cells and the reading is done with the Multi-scan FC
spectrophotometer at 540 nm.

Two anti-cancer controls, doxorubicin and 5-fluorouracil were used.

2.  Objective:
This study consisted of establishing the cellular toxicity of 8 products depending on
their concentration. This will allow the determination of thgyl€oncentration which

results in 50% cell death).

3.  Preparation of the compounds:
Stock solutions of the compounds (Table 1) are prepared in DMSO at concentration
of 100 mM or in a mixture of DMSO/ethanol (50/50) of 50 mM then placed in micro-
tubes in fractions of 20 or 30.These solutions are then frozen at -20 ° C.
A concentration range is established in the culture medium used: RMPI1640
supplemented with 5% calf serum. The final concentrations in the wells ageVL00
50 uM, 10 uM, 1 uM and 0.5uM. Each concentration of each compound is tested in

"Triplicate" (tests performed three times).

The results are given in Table 111.1

Reference Structure ICs0in Mm
HaCat B16
Average| Standard| Average Standard
deviation deviation
MH-92 I\
Crv )
Na 29.00 9.00 10.00 4.00
HO.
HO
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MH102C HQ o
HO
Q \ 81.00 21.00 4.00 9.00
7\
1
MH102T ¢ > 100 > 100
A\
Snav
MOMO OMOM
MH101C | "™ Q \
I\ > 100 > 100
ey
MH101T
> 100 > 100
MH122
> 100 > 100
MH125
> 100 60.00 13.00
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MH119

> 100 > 100
Sfluorouracile > 100 43.00 6.00
doxorubicin 4,23 2.30 0.28 0.18

Table Ill. 1: Results of Ig; (uM) of the compounds on HaCaT and B16 lines

From these results, the compounds can be divided into four categories:
For HaCaT:
 IC50 >100M: MH-102T, MH-101C, MH-101T, MH-122T, MH-125C,
MH-119C.
« IC50 >50;M et <100M: MH-102C.
« IC50 >10M et <50iM: MH-92.
* |C50 =10M: no compounds
For B16:
* IC50 >100M: MH-102T, MH-101C, MH-101T, MH-122T, MH-119C.
« IC50 >50M et <100jM : MH-125C.
« IC50 >10M et <50;M : MH-102C.
 IC50 =10iM: MH-92.

As shown in the above results, the most active compound on both lines HaCat and

B16 appeared to be MH-92 (HaCatis¢G 29 + 9uM, B16: IGo = 10 £ 4uM). In
addition to MH-102C which appears greater activity on B1g,(#C34 + 9uM) than
HaCat (: 1Go = 81 + 21 M).

On the other hand, these eight products were also tested with other lines of cancer

cells, including the ovarian cancer lineage (IGROV1-R10), which was performed by

the team ofPr. L. Poulainat the university ofCaen, and the breast cancer lineage,

performed by the team ofDr P. Juin at the universityof Nantes. But
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unfortunately,none of the tested compounds showed a good selectivity towards MCL-

1 protein.
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I1I.D. CONCLUSION
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Conclusion

In this study we investigated new inhibitors of the MCL-1 protein in order to restore

apoptotic properties within cancer cells. We were able to design and synthesize
several series of MIM-1 analogues depending on the molecular modeling carried out
by Dr. N. Levoin, which helped us to rationalize the interaction of these compounds

with the MCL-1 protein and to design new compounds.

Two different models were synthesized: the alkene type analogs and the hydrazone
type analogs. Eight different compounds were prepared, by keeping the trihydroxy-
phenyl group (since it showed a key hydrophilic interaction with the MCL-1 pockets),
while changing the core center and the other groups. Biological tests were performed
on three different cancer cell lines at the universities of Rennes, Nantes and Caen.
Results obtained showed a good activity only for the pyrrol compound (MH-92) that
appeared to be a good inhibitor of both HaCat and B16 cells (melanoma); in addition
to the other compound from the alkene type analog (MH-102C), that also showed a

good activity on the B16 cells (melanoma).

More studies have to be performed in our groups in order to obtain the different
molecules required for the biological studies, in particular the oxazole analogs which

showed very promising docking properties.
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Experimental Part

Part one: pyrrole derivatives

Synthesis of hydrazine carboxylic acid 2,2,2-trichloro-ethyl ester (]P)

To a solution of commercially available hydrazine (11 ml, 0.35 mmol) in €Hd2b

ml) at 0°C was added a solution of commercially available 2,2,2-trichloroethyl
chloroformate (10.5 ml, 0.076 mmol) in CHER5 ml). After a period of 1 hr at 0°C,

the reaction mixture was partitioned between ethyl acetate and water. The organic
phase was collected, dried over MgS(Dd evaporated under reduced pressure. After
purification on column chromatography, using 100% ethyl acetate, hydrsZidas
obtained as a white solid in 92% yield.

O

HN L 25%0

1 O
cl c

I=

C3HsCIsN,O,
M = 207.44 g.mot

White solid, mp= 42°CR; = 0.34 (EtOAc);

'H NMR (CDCl3, 300 MHz), 8 ppm: 6.06 (s, 1H, NH); 4.63 (s, 2H,,H 2.64 (s,
2H,NH,).

13C NMR (CDCl3, 75 MHz), & ppm: 154.78 (1C, ©; 94.85 (1C, §); 74.34(1C,
Co).

HRMS (ESI) calculated for GHsN,O,>°ClsNa: [M +Na]+: m/z 228.9314 Found:
m/z. 228.9314 (0 ppm).
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Condensation of 2,2,2-trichloroethyl hydrazide (19) with 1,4-diketone (18)

To a solution of hydrazid&9 (0.62 g, 3.51 mmol) in toluene (15 ml), were added the
commercially available 1,2-dibenzoylethah& (0.7 g, 2.92 mmol) with a catalytic
amount of pyridinuim p-toluenesulfonate (PPTS) (0.035g, 0.15 mmol). The reaction
mixture was stirred under nitrogen atmosphere at 80°C. After a period of 10 h, the
solvent was removed under reduced pressure and the crude product was purified by
column chromatography, using 7/3 of pentane/EtOAc mixture, compaQndas

obtained as white solid in 86 % yield.

(2,5-Diphenyl-pyrrol-1-yl)-carbamic acid-2,2,2-trichloro ethyl ester (20)

O 14
CIJ\B
cl

Cl

C19H15CI3N20,
M = 409.69 g.mott

White solid, mp= 168°CR; = 0.38 (pentane/EtOAc 6/4);
'H NMR (CDCl3, 300 MHz), 8 ppm: 7.48 (d, 4H, J = 6.9 Hz); 7.40 (tt, 4H, J = 6.9

Hz, J = 1.3 Hz); 7.32 (dt, 2H, J = 7.1 Hz, J = 1.2 Hz); 6.37 (s, 2H); K.69 (s, 2H,
H14).

13C NMR (CDCl3, 75 MHz), 8 ppm: 153.72 (1C, &); 143.34 (1C); 137.01 (1C);
131.21 (1C); 130.24 (1C); 128.62 (1C); 128.57 (1C); 128.53 (4C); 128.30 (2C);
127.99 (1C); 127.51 (1C); 108.25 (2G4 94.70 (1C, &); 74.78(1C, Cuy).

HRMS (ESI) calculated for @H1sN-O,*°ClsNa: [M +Na]+: m/z 431.0091 Found:
m/z. 431.0091 (0 ppm).
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Deprotection of the primary amine in (20) using Zn/AcOH

To a solution of hydrazid@0 (0.5 g, 0.91 mmol) in glacial acetic acid (4.55 ml),
under a nitrogen atmosphere, was added zinc dust (0.5 g) portion wise over 5 min.
The reaction mixture was stirred at room temperature for 45 min. After this time, the
reaction was quenched by adding water and sodium hydroxide (10 N) till PH 10 and
extracted with ethyl acetate. The organic layer was dried over Wgsd
concentrated under vacuo. The crude mixture was then purified by column
chromatography, using 100% EtOAc, and gave the desired &heea yellow solid

in 88% vyield.

2,5-Diphenyl-pyrrol-1-ylamine (21)

6 7
3
2 a /| \\8 10 11
5N
L= ),
NH»

CieH14No
M = 234.30 g.mott

White solid, mp= 216°CR; = 0.38 (pentane/EtOAc 5/5);

'H NMR (CDCl 3, 300 MHz),& ppm: 7.71 (m, 4H); 7.40 (m, 6H); 6.23 (s, 2Hs it
5.70 (s, 2H, NH).

13C NMR (CDCl3, 75 MHz), 8 ppm: 134.92 (2C); 132.70 (2C); 128.06 (4C); 127.96
(4C); 126.10 (2C); 105.95 (2C49).

HRMS (ESI) calculated for gHisNoNa: [M +Na]+: m/z 257.1055 Found: m/z.
257.1055 (0 ppm).
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General procedure for the condensation reaction of hydrazine with
aldehyde

A methanolic (20 ml) solution of amine (1 mmol) was added to a solution of
trinydroxybenzaldehyde (1 mmol) in methanol (15 ml), and the reaction mixture was
refluxed for 6h. After this time, and after cooling of the reaction mixture, the solvent
was removed under vacuo, and the residues were dissolved in ethyl acetate and

purified by chromatography.

Synthesis of 4-[(2,5-diphenyl-pyrrol-1-ylimino)-methyl]-benzene-1,2,3-triol (2’.}

To a solution of amin@1 (0.4 g, 1.7 mmol) in methanol (34 ml), a solution of
trinydroxybenzaldehyd@2 (0.26 g, 1.7 mmol) in methanol (22 ml) was added, and
the reaction mixture was refluxed for 6h according to the general procedure. After
purification by chromatography on silica gel, using pentane/ EtOAc 3/7 as eluent,

hydrazone&23 was obtained as a yellow solid in 64% vyield.

17
OH

C23H 18N203
M = 370.40 g.mot

Yellow solid, mp= 88°CR; = 0.43 (pentane/EtOAc 7/3);
'H NMR (CDCI 3, 300 MHz), 8 ppm: 10.24 (s, 1H, OH); 9.88 (s, 1H, OH); 8.60 (s,

1H, OH); 8.20 (s, 1H, H); 7.50 (m, 4H); 7.35 (m, 4H); 7.22 (m, 2H); 6.78 (d,
1H,His, 3J= 8.6 Hz); 6.45 (s, 2H,d4); 6.34 (d, 2H, Hg, %J= 8.6 Hz)

13C NMR (DMSO, 75 MHz),  ppm: 166.92 (1C, &); 150.74 (1C, ); 148.39
(1C, Gy); 132.55 (1C); 131.78 (2C); 131.26 (2C); 128.45 (4C); 127.68 (4C); 126.39
(2C); 121.59 (1C); 110.16 (1C); 108.17 (1C); 108.14 (26).C
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HRMS (ESI) calculated for @HigN,Osz: [M +H]+: m/z 371.1390 Found: m/z.
371.1391 (0 ppm).

Synthesis of R)-4-[(2-methoxymethyl-pyrrolidin-1-ylimino)-methyl]-benzene-
1,2,3-triol (25R)

To a solution of commercially available 2,3,4-trihydroxybenzaldef2d@®.5 g, 3.25
mmol) in MeOH (30 ml), a solution of commercially availal{le)-1-amino-2-
(methoxymethyl) pyrrolidin€4R (0.42 g, 3.25 mmol) in MeOH (45 ml) was added
according to the general procedure mentioned above. After purification by
chromatography on silica gel, using pentane/EtOAc 8/2 as eluent, hyd2bRmneas

obtained as a white solid in 85% yield.
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ClSH 18N204
M = 266.29 g.mot

White solid, mp= 90°CR; = 0.32 (pentane/EtOAc 8/2);

'H NMR (DMSO, 300 MHz), 6 ppm: 11.40 (s, 1H, OH); 9.03 (s, 1H, OH); 8.20 (s,
1H, H;); 7.45 (s, 1H, OH); 6.56 (d, 1H,15 *J= 8.3 Hz); 6.30 (d, 1H, H 3J= 8.3
Hz); 3.42 (d, 2H, I§ *J= 7.5 Hz); 3.37 (s, 3H,d} 3.29 (s, 2H, H); 2.88 (m, 1H, H);
1.91 (m, 4H, H>).

3C NMR (DMSO, 75 MHz),  ppm: 146.12 (1C); 145.67 (1C); 138.41 (1C); 132.39
(1C); 119.13 (1C); 112.69 (1C); 106.82 (1C); 74.55 (1€); 62.85 (1C, G); 58.44
(1C, G); 49.04 (1C, ©; 26.25 (1C, ©); 21.34 (1C, ©).

HRMS (ESI) calculated for @HigN,O4: [M+H]+: m/z 289.1158 Found: m/z.
289.1161(1 ppm).
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Synthesis of §)-4-[(2-methoxymethyl-pyrrolidin-1-ylimino)-methyl]-benzene-
1,2,3-triol (259)

To a solution of commercially available 2,3,4-trihydroxybenzaldef2i@®.5 g, 3.25
mmol) in MeOH (30 ml), a solution of commercially availal{{§)-1-amino-2-
(methoxymethyl) pyrrolidin€4S (0.42 g, 3.25 mmol) in MeOH (45 ml) was added
according to the general procedure mentioned above. After purification by
chromatography on silica gel, using pentane/EtOAc 8/2 as eluent, hyd2®nas

obtained as a white solid in 82% yield.
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ClSH 18N204
M = 266.29 g.mot

White solid, mp= 88°CR; = 0.30 (pentane/EtOAc 8/2);

'H NMR (DMSO, 300 MHz), 6 ppm: 11.43 (s, 1H, OH); 9.12 (s, 1H, OH); 8.21 (s,
1H, Hy); 7.43 (s, 1H, OH); 6.55 (d, 1H,15 *J= 8.4 Hz); 6.30 (d, 1H, H 3J= 8.4
Hz): 3.41 (m, 4H, Hs); 3.27 (s, 3H, k); 2.86 (dd, 1H, K 3J= 8.9 Hz2J= 8.0 Hz);
1.91 (m, 4H, H2>).

3¢ NMR (DMSO, 75 MHz), & ppm: 146.26 (1C); 145.86 (1C); 138.64 (1C);
132.58 (1C); 119.43 (1C); 112.94 (1C); 107.03 (1C); 74.75 (L£,63.09 (1C, @);
58.85 (1C, @); 49.25 (1C, @); 26.43 (1C, §); 21.55 (1C, ©).

HRMS (ESI) calculated for @HigNoO4: [M +H]+: m/z 289.1158 Found: m/z.
289.1156 (1 ppm).
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Part two: Thiophene derivatives

Procedure for palladium catalyzed G and G direct arylation of 3-

formylthiophene

In a typical experiment, the aryl bromi@¥ (0.314 g, 2 mmol), the commercially
available 3-formylthiopheng26 (0.336g, 3 mmol), and potassium acetate (0.392 g, 4
mmol) were introduced in an oven dried Schlenk tube, equipped with a magnetic
stirring bar. Then palladium acetate (0.44 mg, 0.002 mmol), dppb ligand (0.84 mg,
0.002 mmol) and DMF (6 ml) were added, and the Schlenk tube was purged several
times with nitrogen. The Schlenk tube was placed in a preheated oil bath at 150°C,
and the reactants were allowed to stir for 16 h. After this time, the solvent was
removed under vacuo, and the residues were dissolved and extracted with ether (3
times), and the organic phase was then dried over Mg&@l then concentrated
under vacuo. After purification on column chromatography, using 98/2 of
pentane/ether mixture, 2,5-diphenyl-thiophene-3-carbaldeB9deas obtained as a

white solid in 52 % yield.

2, 5-Diphenyl thiophene-3-carbaldehyde (2¢

~—"

C,/H,,0S
M = 264.34 g.mott

White solid, mp= 71°CR; = 0.34 (pentane/ether 9/1);

'H NMR (CDCl 3, 300 MHz), 3 ppm: 9.88 (d, 1H, Hs, “J= 0.2 Hz); 7.76 (d, 1H, &
4J= 0.2 Hz); 7.65 (m, 2H); 7.56 (m, 2H); 7.50 (m, 3H); 7.49 (m, 2H); 7.34 (m, 1H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 185.83 (1C, &); 155.00 (1C, ¢); 143.67(1C,
Cs); 137.88(1C, @; 132.99 (1C); 131.34 (1C); 130.00 (2C); 129.49 (1C); 129.07
(2C); 128.96 (2C); 128.38 (1C); 125.89 (2C); 121.66 (14}, C
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HRMS (ESI) calculated for ¢@H;2ONaS: [M +Na]+ m/z 287.0501 Found: m/z.
287.0501 (1 ppm).

Reduction of 2,5-diphenyl-thiophene-3-carbaldehyde (29)

To a solution 029 (0.264 g, 1 mmol) in MeOH (5ml), NaBHO0.038 g, 1 mmol) was
added portionwise and the reaction was stirred for 10 min. The reaction was then
guenched with saturated ammonium chloride solution, and extracted withl,QB
times). The combined organic phase was washed with brine, dried over,Mg&O
concentrated under vacuo. A white solid of alcolB6l was obtained without

purification in 94% yield.

(2, 5-Diphenyl-thiophen-3-yl)-methanol (30)

C17H 14OS
M = 266.36 g.moft

White solid, mp= 108°CR; = 0.30 (pentane/ether 7/3);

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.64 (m, 2H); 7.55 (m, 2H); 7.42 (m, 6H); 7.30
(m, 1H, H); 4.69 (s, 2H, Hb).

13C NMR (CDCl3, 75 MHz), 6 ppm: 143.01 (1C, €); 140.40 (1C, §; 137.77 (1C,
Cg); 134.00 (1C); 133.57 (1C); 128.98 (2C); 128.89 (2C); 128.71 (2C); 127.87 (1C);
127.59 (1C); 125.56 (2C); 125.20 (1C); 59.03 (1¢).C

HRMS (ESI) calculated for ¢H;4ONaS: [M +Na]+ m/z 289.0657 Found: m/z.
289.0656 (1 ppm).
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(5-Benzyl-2-phenyl-thiophen-3-yl)-methanol (35

C1gH160S
M = 280.38 g.mot

Yellow solid, mp= 53°CR; = 0.30 (pentane/ether 7/3);

'H NMR (CDCl 3, 300 MHz), ppm: 7.46 (m, 2H); 7.44 (m, 2H); 7.32 (m, 6H); 6.88
(s, 1H, H); 4.60 (s, 2H, Hy); 4.14 (s, 2H, ).

13C NMR (CDCls, 75 MHz), 8 ppm: 143.01 (1C, €); 140.40 (1C, ©; 137.77 (1C,
Cs); 134.00 (1C); 133.57 (1C); 128.98 (2C); 128.89 (2C); 128.71 (2C); 127.87 (1C);
127.59(1C); 125.56 (2C); 125.20 (1C); 59.03 (1) .C

HRMS (ESI) calculated for gH;6ONaS: [M +Na]+ m/z 303.0814 Found: m/z.
303.0812 (1 ppm).

General procedure for the conversion of alcohol into phosphonium salt

Triphenylphosphine hydrobromide (1 equiv) was added to a solution of alcohol (1
equiv) in acetonitrile, and the reaction mixture was refluxed for 3h. After cooling to
room temperature, the solvent was removed in vacuo and the residue was crystallized
from EtOH/AcOEt.
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Synthesis of (2,5-diphenyl-thiophen-3-ylmethyl)-triphenyl-phosphonium
bromide (31)

The reaction was performed between alcotdll (0.266 g, 1 mmol) and
triphenylphosphine hydrobromide (0.343 g, 1 mmol) according to the general
procedure mentioned above, and yielded the desired phosphoniugd aala white
solid in 84 % yield.

C3sH,gBrPS
M = 591.54 g.mot

White solid, mp > 266°CR; = 0.38 (pentane/ether 9/1);

'H NMR (CDCl 3, 300 MHz), 3 ppm: 7.75-7.54 (m, 15H, PR} 7.32-7.25 (m, 8H);
7.01 (d, 1H, | “J= 1.3 Hz); 6.96 (M, 2H); 5.48 (d, 2HydFJ.p= 13.7 Hz).

13C NMR (CDCl3, 75 MHz), 8 ppm: 143.50 (d, 1C,gls= 2.3 Hz); 142.88 (d, 1C¢J

= 9.1 Hz); 134.88 (d, 2Ccd= 2.9 Hz); 134.14 (s, 4C); 134.00 (s, 4C); 133.07 (s,
1C); 132.42 (d, 1C,cl= 2.4 Hz); 130.16 (s, 2C); 129.99 (s, 4C); 128.94 (s, 4C);
128.86 (s, 2C); 128.25 (s, 1C); 127.92 (s, 1C); 126.08 (d,dl€,2.8 Hz); 125.42 (s,
2C); 122.97 (d, 1C,c}= 8.9 Hz); 118.17 (s, 1C); 117.04 (s, 1C); 25.18 (d, 16, C
Ye.= 47.3 Hz2).

HRMS (ESI) calculated for gH2gPS: C+ m/z 511.1643 Found: m/z. 511.1641 (1
ppm).
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Synthesis of (5-Benzyl-2-phenyl-thiophen-3-ylmethyl)-triphenyl-phosphonium
bromide (36)

The reaction was performed between alcotdd (0.280 g, 1 mmol) and
triphenylphosphine hydrobromide (0.343 g, 1 mmol) according to the general
procedure mentioned above, and yielded the desired phophoniud® salta yellow
solid in 80 % yield.

C3gH3BIPS
M = 605.56 g.mot

Yellow solid, mp = 209°CR; = 0.41 (pentane/ether 9/1);

'H NMR (CDCl3, 300 MHz), & ppm: 7.70 (m, 3H); 7.50 (m, 10H); 7.28 (m, 6H);
7.22 (m, 2H) 7.10 (dd, 2H, J= 7.6 Hz, J= 1.6 Hz); 6.90 (dd, 2H, J= 7.6 Hz, J= 1.6 Hz);
6.49 (s, 1H, H); 5.45 (d, 2H, Hy Jup= 13.7 Hz); 3.93 (s, 2H, $)l

13C NMR (CDCl3, 75 MHz), 6 ppm: 144.24 (d, 1C,dJ= 2.4 Hz); 139.85 (s, 1C);
134.75 (d, 2C,dp= 1.1 Hz); 134.15 (s, 4C); 134.07 (s, 4C); 130.07 (s, 4C); 129.97
(s, 4C); 129.12 (d, 2Ccd= 1.1 Hz); 128.82 (s, 2C); 128.60 (s, 2C); 128.48 (s, 2C);
128.22 (d, 1C,dls= 2.7 Hz); 128.01 (s, 1C); 126.57 (s, 1C) 118.19 (s, 1C); 117.51 (s,
1C); 36.04 (s,1C, &; 24.95 (d, 1C, €, "Jc.= 46.7 Hz).

HRMS (ESI) calculated for GgH3oPS: C+ m/z 525.1800 Found: m/z. 525.1797 (1
ppm).
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Synthesis of 2,3,4-Tris-methoxymethoxy-benzaldehyde (3 P)

To a solution of 2,3,4-trihydroxybenzaldehyd2 (0.77 g, 5 mmol), in CkCl, (20

ml) was added N,N-diisopropylethylamine (3.48 ml, 20 mmol) followed by
chloromethyl methyl ether (0.58 ml, 7.33 mmol). The reaction was stirred at room
temperature for 18 h then quenched with saturated sodium bicarbonate solution (14
ml). The aqueous layer was extracted with,CH (3x 20 ml). The combined organic
layer was then washed with saturated sodium chloride (26 ml), dried over /MMgSO
and concentrated under vacuo. After purification on column chromatography, using

8/2 of pentane/EtOAc, aldehy@@ was obtained as yellow oil in 95 % yield.

13

(0]
11 o)12

Cy3H1607
M = 286.28 g.mott

Yellow oil, R; = 0.52 (pentane/ EtOAc 8/2);
'H NMR (CDCl 3, 300 MHz), 8 ppm: 10.26 (s, 1H, k); 7.56 (d, 1H, H *J= 8.8 Hz);

7.00 (d, 1H, H *J= 8.8 Hz); 5.24 (s, 2H); 5.23 (s, 2H); 5.12 (s, 2H); 3.58 (s, 3H); 3.53
(s, 3H); 3.47 (s, 3H).

13C NMR (CDCl3, 75 MHz), 5 ppm: 188.84 (1C, €; 156.55 (1C, €); 154.14 (1C,
Cs); 138.81 (1C, @); 124.82 (1C); 124.42 (1C); 111.29 (1C); 100.20 (1C); 98.70
(1C); 94.70 (1C); 57.89 (1C); 57.35 (1C); 56.43 (1C).

HRMS (ESI) calculated for gH;g0;/Na: [M +Na]+: m/z 309.0944 Found: m/z.
309.0945 (0 ppm).
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General procedure for the Wittig reaction between phosphonium STIt

and aldehyde

Sodium hydride (1 mmol) was added to a suspension of the appropriate phosphonium
halide (1 mmol) in dry THF under nitrogen atmosphere, and the reaction mixture was
refluxed with stirring for 5-15 min till the appearance of orange color; that indicates
the formation of ylide. Then appropriate aldehyde (1 mmol) was added and the
reaction mixture refluxed for 16 hr. After this time, and after cooling of the reaction
mixture, the solvent was removed under vacuo, and the residues were dissolved in

ethyl acetate and purified by chromatography.

Wittig reaction between phosphonium 31 and aldehyde 32

To a solution of phosphonium s&t (1 g, 1.68 mmol) in THF (45 ml), sodium
hydride (0.04 g, 1.68 mmol), and aldehyd2 (0.48 g, 1.68 mmol) was added
according to the general procedure mentioned above. After purification by
chromatography on silica gel, using pentane/EtOAc as eluent (80/20), two isomers of
the desired alkene produc83E and 33Z were purely isolated; wherE isomer
obtained in 25% and isomer obtained in 39%. The combined yield of the reaction is
64%.
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[ (E)-2, 5-Diphenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)-vinyl]-thiophene
(33E)

CSOHSOOGS
M = 518.62 g.mot

White solid, mp= 84°CR; = 0.37 (pentane/ EtOAc 8/2);

'H NMR (CDCI 3, 300 MHz),8 ppm: 7.68 (d, 1H, J= 1.4 Hz); 7.64 (m, 2H); 7.54 (m,
2H); 7.46 (m, 3H); 7.38 (m, 4H); 7.22 (d, 1HpH3J= 8.8 Hz); 7.08 (d, 1PFlkans=
16.4 Hz); 6.92 (d, 1H,H, %J= 8.8 Hz); 5.20 (s, 4H); 5.17 (s, 2H); 3.64 (s, 3H); 3.62
(s, 3H); 3.51 (s, 3H).

13C NMR (CDCl3, 75 MHz), & ppm: 150.60 (1C, @); 148.64 (1C, &); 142.81

(1C); 139.66 (1C); 139.48 (1C); 136.38 (1C); 134.05 (1C); 134.02 (1C); 129.51 (2C);
128.91 (2C); 128.67 (2C); 127.75 (1C); 127.71 (1C); 126.48 (1C); 125.70 (2C);
124.01 (1C); 122.05 (1C); 121.66 (1C); 121.04 (1C); 112.20 (1C); 99.72 (1C); 98.82
(1C); 95.18 (1C); 57.90 (1C); 57.35 (1C); 56.22 (1C).

HRMS (ESI) calculated for GyH30OgNaS: [M +Na]+ m/z 541.1655 Found: m/z.
541.1655 (0 ppm).
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(2)-2, 5-Diphenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)-vinyl]-thiophene
(332)

CSOHSOOGS
M = 518.62 g.mot

White solid, mp= 96°CRs = 0.64 (pentane/EtOAc 8/2);

'H NMR (CDCl 3, 300 MHz),8 ppm:7.60 (d, 2H, J= 7.1 Hz); 7.44 (m, 4H); 7.32 (m,
3H); 7.24 (m, 1H); 7.13 (d, 1Hd %J= 8.6 Hz); 7.04 (s, 1H4t 6.82 (d, 1H,Hs, 2J=
8.6 Hz); 6.76 (d, 1H,H, 3Jis= 11.9 Hz); 6.54 (d, 1H,H, )i 11.9 Hz); 5.20 (s, 2H);
5.19 (s, 2H); 5.18 (s, 2H); 3.63 (s, 3H); 3.59 (s, 3H); 3.50 (s, 3H).

13C NMR (CDCls, 75 MHz),  ppm: 150.72 (1C, &); 149.01 (1C, &); 141.60

(1C); 140.64 (1C); 139.69 (1C); 134.96 (1C); 134.23 (1C); 134.09 (1C); 128.95 (2C);
128.76 (2C); 128.55 (2C); 127.65 (1C); 127.42 (1C); 126.16 (1C); 125.71 (1C);
125.58 (2C); 125.20 (1C); 125.11 (1C); 124.37 (1C): 111.68 (1C); 99.32 (1C); 98.88
(1C); 95.24 (1C); 57.62 (1C); 57.32 (1C); 56.22 (1C).

HRMS (ESI) calculated for GyH30OgNaS: [M +Na]+ m/z 541.1655 Found: m/z.
541.1657 (0 ppm).

Wittig reaction between phosphonium 36 and aldehyde 32

To a solution of phosphonium s&é (0.5 g, 0.82 mmol) in THF (25 ml), sodium
hydride (0.02 g, 0.82 mmol), and aldehyd2 (0.24 g, 0.82 mmol) was added
according to the general procedure mentioned above. After purification by
chromatography on silica gel, using pentane/EtOAc as eluent (80/20), two isomers of
the desired alkene produc8&E and 37Z were purely isolated; wherE isomer
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obtained in 28% and isomer obtained in 32%. The combined yield of the reaction is
60%.

[(E)-5-Benzyl-2-phenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)-vinyI]-thiophene
(37E)

C31H306S
M = 532.64 g.mott

Yellow oil, Rs = 0.36 (pentane/EtOAc 8/2);

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.44 (m, 2H); 7.41 (m, 2H): 7.34 (m, 4H); 7.28
(m, 2H): 7.24 (d, 1H,kb, *Jans 16.5 Hz); 7.18 (d, 1H 4, %J= 8.8); 7.09 (s, 1H,
H-); 7.02 (d, 1H,Ha, 3Jans 16.5 Hz); 6.90 (d, 1H 44, 3J= 8.8 Hz); 5.20 (s, 2H); 5.16
(s, 2H); 5.15 (s, 2H), 4.16 (s, 2Hgk3.63 (s, 3H); 3.55 (s, 3H); 3.51 (s, 3H).

3C NMR (CDCls, 75 MHz), 8 ppm: 150.49 (1C, &); 148.59 (1C, &); 143.21

(1C); 139.76 (1C); 139.69 (1C); 138.78 (1C); 135.23 (1C); 134.29 (1C); 129.53 (2C);
128.75 (2C); 128.61 (1C); 128.55 (2C); 127.46 (1C); 126.64 (1C); 126.63 (1C);
123.84 (2C); 123.56 (1C); 122.17 (1C); 120.90 (1C); 112.25 (1C); 99.70 (1C); 98.83
(1C); 95.24 (1C); 57.83 (1C); 57.36 (1C); 56.24 (1C); 36.39 (L, C

HRMS (ESI) calculated for @H3,0OsNaS: [M +Na]+ m/z 555.1811 Found: m/z.
555.1811 (0 ppm).
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(2)-5-Benzyl-2-phenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)-vinyl]-thiophe
(372)

27

C31H306S
M = 532.64 g.moft

Yellow oil, Rs = 0.62 (pentane/EtOAc 8/2);

'H NMR (CDCl3, 300 MHz), 8 ppm: 7.55 (m, 2H); 7.40 (m, 2H); 7.32 (m, 4H); 7.22
(m, 2H); 7.10 (d, 1H, bi, 3J= 8.7 Hz); 6.84 (d, 1H, 43 3J= 8.7 Hz); 6.68 (d, 1H,
His3dis = 12.0 Hz); 6.60 (s, 1Ht 6.50 (d, 1H, Ha Jis = 12.0 Hz); 5.24 (s, 2H);
5.19 (s, 2H); 5.17 (s, 2H); 4.02 (s, 2H)HB.66 (s, 3H) 3.59 (s, 3H); 3.58 (s, 3H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 150.68 (1C, @); 148.99 (1C, ); 141.77
(1C); 140.09 (1C); 139.95 (1C); 139.55 (1C); 134.47 (1C); 133.77 (1C); 128.88 (2C):;
128.48 (2C); 128.41 (2C); 127.38 (1C); 127.31 (1C); 126.39 (2C); 126.15 (2C);
125.30 (1C); 125.15 (1C); 124.47 (1C); 111.38 (1C); 99.30 (1C); 99.85 (1C); 95.27
(1C); 57.61 (1C); 57.31 (1C); 58.28 (1C); 36.14 (1¢), C

HRMS (ESI) calculated for @H3,0OsNaS: [M +Na]+ m/z 555.1811 Found: m/z.
555.1809 (0 ppm).
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General procedure for the deprotection of MOM group

To a stirred solution of the protected alcohol (0.5 mmol) in methanol (15 ml), 6M HCI
(15 ml) was added dropwise. The mixture was stirred for 1h, then diluted with water
and extracted with ethyl acetate (3 times). The organic layer was then washed with

water, dried over anhydrous Mg@@nd concentrated under vacuo.

Deprotection of E)-2, 5-Diphenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)
vinyl]-thiophene (33E)

To a stirred solution d33E (0.1 g, 0.2mmol) in methanol (6 ml), 6M HCI (6 ml) was
added dropwise. The mixture was stirred for 1h according to general procedure
mentioned before.After purification by chromatography on silica gel, using
pentane/EtOAc as eluent (60/48YE was obtained as yellow solid in 76% vyield.

(E)-4-[2-(2, 5-diphenyl-thiophen-3-yl)-vinyl]-benzene-1,2,3-triol (3&)

C24H 1803S
M = 386.46 g.mot

Yellow solid, mp= 192°CR; = 0.30 (pentane/EtOAc 5/5);

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.68 (m, 3H); 7.55 (m, 2H); 7.42 (m, 5H); 7.30
(m, 2H); 7.16 (d, 1H3}ans= 16.4 Hz); 6.86 (d, 1H, K, 3J= 8.6 Hz); 6.42 (d, 1H, 4
%)= 8.6 Hz).
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13C NMR (CDCl3, 75 MHz), & ppm: 142.91 (1C); 142.32 (1C); 139.17(1C); 136.47
(1C); 134.15 (1C); 131.71 (1C); 129.53 (2C); 128.90 (2C); 128.66 (2C); 127.69 (2C);
125.75 (2C); 123.74 (2C); 121.91 (1C); 121.78 (2C); 118.48 (1C); 118.05 (2C).

HRMS (ESI) calculated for gH1s03NaS: [M +Na]+ m/z 409.0868 Found: m/z.
409.0867 (0 ppm).

Deprotection of ¢£)-2, 5-Diphenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)-
vinyl]-thiophene (332)

To a stirred solution 083Z (0.2 g, 0.4mmol) in methanol (12 ml), 6M HCI (12 ml)
was added dropwise. The mixture was stirred for 1h according to general procedure
mentioned before.After purification by chromatography on silica gel, using

pentane/EtOAc as eluent (60/48%Z was obtained as yellow solid in 70% yield.

[(Z)-4-[2-(2, 5-Diphenyl-thiophen-3-yl)-vinyl]-benzene-1,2,3-triol (34)

Co4H1603S
M = 386.46 g.moft

Yellow solid, mp= 198°CRs = 0.54 (pentane/EtOAc 5/5);

'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.58 (m, 2H); 7.44 (m, 5H); 7.32 (m, 2H); 7.28
(m, 1H); 7.04 (s, 1H, §J; 6.78 (d, 1H, Ko, 3J= 8.5 Hz); 6.58 (d, 2H, J= 2.1 Hz); 6.50
(d, 1H,Hs, 3J= 8.5 Hz); 5.45 (s, 1H, OH); 5.38 (s, 1H, OH); 5.26 (s, 1H, OH).

262



3C NMR (CDCls, 75 MHz),  ppm: 143.79 (1C, &); 142.05 (1C, &); 141.05
(1C); 134.35 (1C); 133.87 (1C); 131.74 (1C); 129.05 (2C); 128.80 (2C); 128.58 (2C);
127.78 (2C); 127.53 (2C); 125.51 (2C); 124.74 (2C); 124.44 (1C); 124.36 (1C);
120.93 (1C); 117.29 (1C).

HRMS (ESI) calculated for gH1g03NaS: [M +Na]+ m/z 409.0868 Found: m/z.
409.0869 (0 ppm).

Deprotection of E)-5-Benzyl-2-phenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)
vinyl]-thiophene (37E)

To a stirred solution 37E (0.2 g, 0.37 mmol) in methanol (12 ml), 6M HCI (12 ml)
was added dropwise. The mixture was stirred for 1h according to general procedure
mentioned before.After purification by chromatography on silica gel, using
pentane/EtOAc as eluent (60/488E was obtained as yellow oil in 66% yield.

(E) 4-[2-(5-Benzyl-2-phenyl-thiophen-3-yl)-vinyl]-benzene-1,2,3-triol (3B)

CasH2003S
M = 400.48 g.mott

Yellow oil, Rs = 0.31 (pentane/EtOAc 5/5);
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'H NMR (CDCl3, 300 MHz),8 ppm: 7.46 (m, 2H); 7.38 (m, 2H); 7.32 (m, 4H); 7.26
(m, 2H); 7.15 (s, 1H, J; 7.06 (s, 2H); 6.84 (d, 1H,44 %J= 8.6 Hz); 6.42 (d, 1H, 4J,
%)= 8.6 Hz); 5.56 (s, 1H, OH); 5.40 (s, 2H, OH); 4.14 (s, 28}, H

13C NMR (CDCl3, 75 MHz), 8 ppm: 143.32 (1C); 142.98 (1C); 142.49 (1C); 139.95
(1C); 136.42 (1C); 134.40 (1C); 131.62 (1C); 129.49 (2C); 129.01 (1C); 128.70 (1C);
128.65 (2C); 128.59 (2C); 128.49 (2C); 127.32 (1C); 126.58 (1C); 123.99 (1C);
123.49 (1C); 121.71 (1C); 118.35 (1C); 117.97 (1C); 36.38 (3L, C

HRMS (ESI) calculated for @H,cO3NaS: [M +Na]+ m/z 423.1025 Found: m/z.
423.1025 (0 ppm).

Deprotection of ¢)-5-Benzyl-2-phenyl-3-[2-(2,3,4-tris-methoxymethoxy-phenyl)
vinyl]-thiophene (372)

To a stirred solution 0837Z (0.2 g, 0.37 mmol) in methanol (12 ml), 6M HCI (12 ml)
was added dropwise. The mixture was stirred for 1h according to general procedure
mentioned before.After purification by chromatography on silica gel, using
pentane/EtOAc as eluent (60/488Z was obtained as yellow oil in 69% yield.

(2)-4-[2-(5-Benzyl-2-phenyl-thiophen-3-yl)-vinyl]-benzene-1,2,3-triol (3B)

CasH2003S
M = 400.48 g.mott

Yellow oil, Rs = 0.48 (pentane/EtOAc 5/5);
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'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.48 (m, 2H); 7.38 (m, 2H); 7.32 (m, 4H); 7.22
(m, 1H); 7.14 (m, 2H); 6.68 (d, 1H,.H %= 8.5 Hz); 6.56 (d, 1HJs = 11.8 Hz);
6.50 (s, 1H, H); 6.48 (d, 1H, Ho, %J= 8.5 Hz); 5.45 (s, 1H, OH); 5.35 (s, 1H, OH);
5.17 (s, 1H, OH); 3.97 (s, 2HsH

13C NMR (CDCl3, 75 MHz), & ppm: 143.90 (1C, @); 142.50 (1C, ©); 141.00
(1C); 139.74 (1C); 134.13 (1C); 132.93 (1C); 131.79 (1C); 129.07 (2C); 128.49 (2C);
128.45 (2C); 127.56 (1C); 126.52 (2C); 126.49 (2C); 125.06 (2C); 124.50 (2C);
120.85 (1C); 117.19 (1C); 36.11 (1G)C

HRMS (ESI) calculated for gH»0O3NaS: [M +Na]+ m/z 423.1025 Found: m/z.
423.1027 (0 ppm).

Part three: Oxazole derivatives

General procedure of esterification reaction using SOGI

To a solution of the amino acid (1 equiv) in methanol, a solution of thionyl chloride
(1.5 equiv) in anhydrous dichloromethane was added dropwise under nitrogen
atmosphere at room temperature. The reaction mixture was then stirred at 40°C for 16
h. After this time, the mixture was cooled to room temperature and the solvent was

removed under vacuo.

Synthesis of 2-amino-3-phenyl propionic acid methyl ester hydrochloride (4})

To a solution of L-phenylalaning@d (1.5 g, 1 equiv) in MeOH (40 ml), a solution of
thionyl chloride (1 ml, 1.5 equiv) in anhydrous &b (3 ml) was added drop wise
according to the general procedure mentioned above. The priftiwets obtained as

a white solid without any purification in 92% vyield.

0]

3 5 8
2 4
7 OCH;
1 NH, . HCI
C10H14CINO,

M = 215.68 g.mof*
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White solid, mp = 164°C, R 0.28 (CHCl,/ 4% MeOH).

'H NMR (DMSO, 300 MHz), 8 ppm: 8.75 (s, 2H, Nh); 7.30 (m, 5H); 4.23 (t, 1H,
He, 3J= 6.8 Hz); 3.65 (s, 3H, 41 3.16 (m, 2H, H).

13C NMR (DMSO, 75 MHz), & ppm: 169.18 (1C, ); 134.68 (1C, §); 129.28 (2C);
128.45 (2C); 127.11 (1C,. 53.17 (1C, @); 52.38 (1C, @); 35.69 (1C, ©).

HRMS (ESI) calculated for GH14sNO:Na: [M +Na]+ : m/z 202.0838, Found: m/z.
202.0824 (7 ppm).

Synthesis of 1-amino-2-phenyl acetic acid methyl ester hydrochloride (iO)

To a solution of phenyl glycind9 (1g, 1 equiv) in MeOH (30 ml), a solution of
thionyl chloride (0.72 ml, 1.5 equiv) in anhydrous £ (2.6 ml) was added drop
wise according to the general procedure mentioned above. The paRliwveas
obtained as a white solid without any purification in 90% yield.

2
1 3 o
5 7
46 0CH;

NH, . HCI

CoH12CINO,
M = 201.40 g.mof*

White solid, mp = 245°C, &= 0.31 (CHCl,/ 4% MeOH).
'H NMR (DMSO, 300 MHz), 8 ppm: 9.27 (s, 2H, Nh); 7.45 (m, 5H); 5.23 (s, 1H,
Hs); 3.69 (s, 3H, H).

3C NMR (DMSO, 75 MHz), & ppm: 168.87 (1C, §); 132.50 (1C); 129.37 (1C);
128.85 (2C); 128.21 (2C); 55.22 (1G5)(53.01 (1C, 6).

HRMS (ESI) calculated for gH1;NOy;Na: [M +Na]+ : m/z 188.0682, Found: m/z.
188.0684 (1 ppm).
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Synthesis of 2-amino-3-(4-bromo phenyl)-propionic acid methyl ester
hydrochloride (46)

To a solution of 4-bromo phenylalaniab (1 g, 1 equiv) in MeOH (32 ml), a solution
of thionyl chloride (0.45 ml, 1.5 equiv) in anhydrous £ (2.2 ml) was added drop
wise according to the general procedure mentioned above. The prRlwveas

obtained as a white solid without any purification in 88% yield.

O
3 8

6
2 5 7 OCH,

NH, . HCI
Br~ 1

ClongBrC|NO 2
M = 293.77 g.mof*

White solid, mp = 200°C, R 0.30 (CHCIy/ 4% MeOH).
'H NMR (DMSO, 300 MHz), & ppm: 8.78 (s, 2H, Nk); 7.52 (d, 2H2J= 8.1 Hz);
7.22 (d, 2H3J= 8.1 Hz); 4.25 (s, 1H, 4} 3.67 (s, 3H, K); 3.16 (m, 2H, H).

13C NMR (DMSO, 75 MHz), & ppm: 169.65 (1C, ); 134.69 (1C, §); 132.23 (2C);
131.93 (2C); 121.06 (1C L 53.44 (1C, @); 53.14 (1C, §); 35.50 (1C, ©.

HRMS (ESI) calculated for GH1o-NO,"*BrNa: [M +Na]+ : m/z 279.9943, Found:

m/z. 279.9939 (2 ppm).

General procedure for the preparation of amide from primary aminj

and phenyl acetyl chloride

To a solution of amine (1 equiv) and sodium bicarbonate (5 equiv) in acetonitrile, a
solution of phenyl acetyl chloride (1.26 equiv) in acetonitrile was added drop wise.
The reaction mixture was kept on stirring over night at room temperature. After that,
the reaction mixture was quenched with water and extracted directly. The organic
layer was washed with brine, and the combined aqueous phase was extracted twice
with ethyl acetate, then the combined organic phase was dried over magnesium

sulfate and concentrated under vacuo.
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Synthesis of 3-phenyl-2-phenylacetylamino-propionic acid methyl ester (43a)

To a solution of amine estd0 (1.2 g, 1 equiv) and sodium bicarbonate (2.34 g, 5
equiv) in acetonitrile (16 ml), a solution of phenyl acetyl chloddea (1.1 g, 1.26
equiv) in acetonitrile (4 ml) was added drop wise, according to the general procedure.
After evaporation of the solvent, the amide est2a was obtained without any
purificationas a white solid in 90% yield.

. o)
2 3 4 6 8
7 0CH,
HN_9 ~_ 1132
1 10 13
o 14
C1gH19NO3

M = 297.35 g.mof*

White solid, mp = 89°C, R= 0.62 (CHCI,/ 4% MeOH).

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.30 (m, 3H); 7.20 (m, 5H); 6.90 (m, 2H); 5.84
(d, 1H, NH,3J= 7.9 Hz); 4.86 (dt, 1H, &3J= 7.9 Hz3J= 5.8 Hz); 3.70 (s, 3H,
3.55 (s, 2H, H); 3.04 (m, 2H, H).

3C NMR (CDCl3, 75 MHz), & ppm: 170.80 (1C, @; 170.56 (1C, §); 136.55
(1C, G); 134.38 (1C, @; 129.41 (2C); 129.14 (2C); 129.01 (2C); 128.55 (2C);
127.40 (1C, &); 127.05 (1C, @: 53.01 (1C, @); 52.33 (1C, §); 43.63 (1C, &);
37.64 (1C, ©).

HRMS (ESI) calculated for GgHioNOsNa: [M +Na]+ : m/z 320.1257, Found: m/z.
320.1257 (0 ppm).
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Synthesis of phenyl-phenylacetylamino-propionic acid methyl ester (51p)

To a solution of amine est®0 (0.9 g, 1 equiv) and sodium bicarbonate (1.88 g, 5
equiv) in acetonitrile (10 ml), a solution of phenyl acetyl chlodda (0.86 g, 1.26
equiv) in acetonitrile (2 ml) was added drop wise, according to the general procedure.
After evaporation of the solvent, the amide edig#a was obtained without any
purificationas a white solid in 93% yield.
2, .
1 4.

;
6 OCHjz
11

HN._8 ~_1
\H/9\© 12
o 13
C17H17NO3
M = 283.32 g.mof*

White solid, mp = 111°C, R 0.59 (CHCl,/ 4% MeOH).
'H NMR (CDCl3, 300 MHz), ppm: 7.30 (m, 10H); 6.48 (d, 1H, NHJ= 6.4 Hz);
5.55 (d, 1H, H, 3J= 6.4 Hz); 3.69 (s, 3H,# 3.61 (s, 2H, H).

13C NMR (CDCls, 75 MHz), & ppm:171.20 (1C, @); 170.26 (1C, §); 136.30 (1C,
Cio); 134.36 (1C, @); 129.34 (2C); 128.96 (2C); 128.90 (2C); 128.48 (1C); 127.40
(1C); 127.08 (2C); 56.40 (1C 5L 52.76 (1C, G); 43.42 (1C, G).

HRMS (ESI) calculated for H;7NOsNa: [M +Na]+ : m/z 306.1100, Found: m/z.
306.1102 (0 ppm).

Synthesis of 3-(4-bromo-phenyl)-2-phenylacetylamino-propionic acid methyl
ester (47)

To a solution of amine estd6 (0.8 g, 1 equiv) and sodium bicarbonate (1.14 g, 5
equiv) in acetonitrile (10 ml), a solution of phenyl acetyl chlodda (0.52 g, 1.26
equiv) in acetonitrile (1.6 ml) was added drop wise, according to the general
procedure. After purification by chromatography on silica gel, usingQGHas the

only eluent, the amide esi&r was obtained as a white solid in 79% yield.
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HN. 9~ 1122
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o 14
C18ngBrNO3

M = 376.24 g.mof*

White solid, mp = 140°C, & 0.58 (CHCl,/ 4% MeOH).

'H NMR (CDCI3, 300 MHz), 8 ppm: 7.32 (m, 5H); 7.22 (m, 2H); 6.75 (dt, 28=
8.3 Hz,%J= 2.3 Hz); 5.85 (d, 1H, NHJ)= 7.5 Hz); 4.86 (dt, 1H, &H>}u.u= 7.5 Hz,
3Jun= 5.7 Hz); 3.72 (s, 3H, §); 3.56 (s, 2H, hb); 3.03 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm:171.52 (1C, §; 170.39 (1C, §); 134.54 (1C,
C11); 134.33 (1C, @; 131.57 (2C); 130.79 (2C); 129.28 (2C); 129.02 (2C); 127.44
(1C); 121.03 (1C, @; 52.68 (1C, @); 52.40 (1C, @); 43.66 (1C, G); 36.99 (1C,
Cs).

HRMS (ESI) calculated for GH1gNOs"BrNa: [M +Na]+ : m/z 398.0362, Found:
m/z. 398.0363 (0 ppm).

General procedure for the preparation of amide from primary aminf

and bromo-phenyl acetic acid

To a solution of amine (1 equiv) and sodium bicarbonate (5 equiv) in acetonitrile, a
solution of bromo-phenyl acetic acid (1.26 equiv) in acetonitrile was added, followed
by addition of DCC. The reaction mixture was kept on stirring over night at room
temperature. After that, the reaction mixture was quenched with water and extracted
directly. The organic layer was washed with brine, and the combined aqueous phase
was extracted twice with ethyl acetate, then the combined organic phase was dried

over MgSQ and concentrated under vacuo.
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Synthesis of 2-[2-(2-bromo-phenyl)-acetylamino]-3-phenyl-propionic acid meth
ester (42b)

To a solution of amine estd0 (1.2 g, 1 equiv) and sodium bicarbonate (2.34 g, 5
equiv) in acetonitrile (16 ml), a solution of 2-bromo-phenyl acetic 4tin (1.51 g,

1.26 equiv) in acetonitrile (6 ml) was added, followed by addition of DCC (1.45g,
1.26 equiv) according to the general procedure. After purification by chromatography
on silica gel, using C§Cl, as the only eluent, the amide est2b was obtained as a
white solid in 82% yield.

. (0]
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ri1e 15
C18ngBrNO3

M = 376.24 g.mof*

White solid, mp = 123°C, = 0.63 (CHCl,/ 4% MeOH).

'H NMR (CDCl3, 300 MHz), 8 ppm: 7.58 (d, 1H, Hs, 3J= 7.9 Hz ); 7.28 (m, 2H);
7.20 (m, 4H); 6.97 (m, 2H); 5.92 (d, 1H, N&J= 7.8 Hz); 4.88 (dt, 1H, &H3hn.n=
7.8 Hz,*Jy.u= 5.8 Hz); 3.73 (s, 2H, H); 3.71 (s, 3H, g); 3.08 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 171.68 (1C, €); 168.99 (1C, §); 135.53 (1C,
Ciy); 134.42 (1C, §); 133.07 (1C); 131.59 (1C); 129.12 (3C); 128.51 (2C); 127.93
(1C); 127.01 (1C); 124.93 (1C.&; 53.05 (1C, §): 52.25 (1C, @); 43.75 (1C, G);
37.69 (1C, ©).

HRMS (ESI) calculated for GH1gNOs"BrNa: [M +Na]+ : m/z 398.0362, Found:
m/z. 398.0360 (1ppm).
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Synthesis of 2-[2-(3-bromo phenyl)-acetylamino]-3-phenyl-propionic acid meth
ester (42c)

To a solution of amine estdO (1.3 g, 1 equiv) and sodium bicarbonate (2.54 g, 5
equiv) in acetonitrile (20 ml), a solution of 3-bromo-phenyl acetic 4t (1.63 g,

1.26 equiv) in acetonitrile (8 ml) was added, followed by addition of DCC (1.57 g,
1.26 equiv) according to the general procedure. After purification by chromatography
on silica gel, using C¥Cl, as the only eluent, the amide est8c was obtained as a
white solid in 78% yield.

5
2 3 4 6 8
7 0CH;,
1 HN_9 1 12
10 13
(0]
16 1514
Br
C18ngBrNO3

M = 376.24 g.mof*

White solid, mp = 105°C, = 0.62 (CHCl,/ 4% MeOH).

'H NMR (CDCI 3, 300 MHz),8 ppm: 7.45 (m, 2H); 7.20 (m, 5H); 6.96 (m, 2H); 5.95
(d, 1H, NH,3J= 7.5 Hz); 4.88 (dt, 1H, $°In-n= 7.5 Hz,*}4.4= 5.8 Hz); 3.76 (s, 3H,
Hg); 3.52 (s, 2H, hb); 3.10 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 171.70 (1C, ©; 169.49 (1C, ©); 136.62 (1C,
C11); 135.40 (1C, @); 132.29 (1C); 130.43 (1C); 130.34 (1C); 129.06 (2C); 128.54
(2C); 127.92 (1C); 127.12 (1C); 122.80 (1Gs)C52.99 (1C, §); 52.34 (1C, @);
42.99 (1C, G); 37.52 (1C, ©).

HRMS (ESI) calculated for GH:1gNOs"°BrNa: [M +Na]+ : m/z 398.0362, Found:
m/z. 398.0363 (0 ppm).
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Synthesis of 2-[2-(4-bromo-phenyl)-acetylamino]-3-phenyl propionic acid methy
ester (42d)

To a solution of amine estdO (1 g, 1 equiv) and sodium bicarbonate (1.95 g, 5
equiv) in acetonitrile (12 ml), a solution of 4-bromo-phenyl-acetic atl(1.26 g,

1.26 equiv) in acetonitrile (5 ml) was added, followed by addition of DCC (1.57 g,
1.26 equiv) according to the general procedure. After purification by chromatography
on silica gel, using C¥Cl, as the only eluent, the amide est2d was obtained as a
white solid in 80% yield.
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15
C1gH1sBrNO 3

M = 376.24 g.mof*

White solid, mp = 90°C, &= 0.62 (CHCly/ 4% MeOH).

'H NMR (CDCI 3, 300 MHz),8 ppm: 7.44 (m, 2H); 7.22 (m, 3H); 7.06 (m, 2H); 6.89
(m, 2H); 5.78 (d, 1H, NHJ= 7.2 Hz); 4.83 (dt, 1H, H°Jn+= 7.2 Hz,%)y.u= 5.8
Hz); 3.72 (s, 3H, i); 3.48 (s, 2H, hb); 3.04 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm:171.75 (1C, ); 169.69 (1C, §; 135.38 (1C,
Ci11); 133.37 (1C, @); 131.98 (2C); 130.98 (2C); 129.04(2C); 128.56 (2C); 127.11
(1C); 121.36 (1C, ©); 52.89 (1C, @); 52.35 (1C, @); 42.88 (1C, G); 37.52 (1C,
Cs).

HRMS (ESI) calculated for GH1gNOs"BrNa: [M +Na]+ : m/z 398.0362, Found:
m/z. 398.0362 (0 ppm).
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Synthesis of 2-[5-bromo pyridine-3-carbonyl)-amino]-3-phenyl propionic acid
methyl ester (42e)

To a solution of amine estdO (0.5 g, 1 equiv) and sodium bicarbonate (0.98 g, 5
equiv) in acetonitrile (7 ml), a solution of 5-bromopyridine-3- carboxylic ddid

(0.6 g, 1.26 equiv) in acetonitrile (2.5 ml) was added, followed by addition of DCC
(0.6 g, 1.26 equiv) according to the general procedure. After purification by
chromatography on silica gel, using &H, as the only eluent, the amide est@e

was obtained as a white solid in 71% yield.

121
NT X
1'/14
10

Br

C16H15BrN 03

M = 363.20 g.mof*
White solid, mp = 100°C, R 0.58 (CHCl,/ 4% MeOH).
'H NMR (CDCI 3, 300 MHz),8 ppm: 8.76 (m, 2H); 8.18 (m, 1H); 7.28 (m, 3H); 7.12
(m, 2H); 6.72 (d, 1H, NH3J= 7.6 Hz); 5.05 (dt, 1H, H>}n.n= 7.6 Hz,®}.n= 5.8
Hz); 3.78 (s, 3H, B); 3.25 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 171.66 (1C, @); 163.64 (1C, ©); 153.54 (1C,
Cuy); 145.85 (1C, &); 137.76 (1C); 135.41 (1C); 130.94 (1C); 129.17 (2C); 128.73

(2C); 127.39 (1C); 120.91(1C 4&); 53.63 (1C, §); 52.61 (1C, §); 37.70 (1C, ©.

HRMS (ESI) calculated for GH17/N,Os'°BrNa: [M +Na]+ : m/z 385.0158. Found:
m/z. 385.0159 (0 ppm).
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Synthesis of [2-(2-bromo phenyl)-acetylamino]—-phenyl acetic acid methyl estgr
(51b)

To a solution of amine est&0 (1g, 1 equiv) and sodium bicarbonate (2.1 g, 5 equiv)
in acetonitrile (12 ml), a solution of 2-bromo-phenyl-acetic acith (1.35 g, 1.26
equiv) in acetonitrile (5 ml) was added, followed by addition of DCC (1.21 g, 1.26
equiv) according to the general procedure. After purification by chromatography on
silica gel, using CECl, as the only eluent, the amide eshdb was obtained as a

white solid in 75% yield.
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C17/H16BrNO 3
M = 362.22 g.mof*
White solid, mp = 152°C, R 0.60 (CHCI,/ 4% MeOH).
'H NMR (CDCI3, 300 MHz), s ppm: 7.60 (d, 1H, Hb, 3J= 7.9 Hz ); 7.32 (m, 7H);
7.18 (td, 1H3J= 7.8 Hz*J= 2.0 Hz ); 6.56 (d, 1H, NH)= 6.3 Hz); 5.58 (d, 1H, H
3whn= 6.3 Hz); 3.78 (s, 2H, & 3.78 (s, 3H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 171.11 (1C, ¢); 168.83 (1C, §; 136.30
(1C, Go); 134.44 (1C, @); 133.06 (1C); 131.63 (2C); 129.15 (1C); 128.87 (2C);
128.46 (1C); 127.95 (1C); 127.14 (1C); 124.88 (1G);:C56.50 (1C, @); 52.76 (1C,
C;); 43.66 (1C, ©).

HRMS (ESI) calculated for GH1gNOs"°BrNa: [M +Na]+ : m/z 384.0205, Found:
m/z. 384.0208 (1 ppm).
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[Synthesis of [2-(3-bromo-phenyl)-acetylamino]-phenyl acetic acid methyl estgr
(51c)

To a solution of amine est&0 (1g, 1 equiv) and sodium bicarbonate (2.1 g, 5 equiv)
in acetonitrile (12 ml), a solution of 3-bromo phenyl acetic &dd (1.35 g, 1.26
equiv) in acetonitrile (5 ml) was added, followed by addition of DCC (1.21 g, 1.26
equiv) according to the general procedure. After purification by chromatography on
silica gel, using CkCl, as the only eluent, the amide estdrc was obtained as a

white solid in 76% yield.
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C17HleBrN03
M = 362.22 g.mof*

White solid, mp = 128°C, R 0.61(CHCl./ 4% MeOH).

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.42 (m, 2H); 7.32 (m, 5H); 7.22 (m, 2H); 6.56
(d, 1H, NH,3J= 6.6 Hz); 5.56 (d, 1H, H3Jnt= 6.6 Hz); 3.70 (s, 3H, Ht 3.55 (s,
2H, Ho).

13C NMR (CDCl3, 75 MHz), 8 ppm: 171.13 (1C, ©); 169.35 (1C, @); 136.62 (1C,
Cio); 136.18 (1C, @; 132.28 (1C); 130.41 (1C); 130.29 (1C); 128.95 (2C); 128.56
(1C); 127.88 (1C); 127.13 (2C); 122.76 (1Go)C 56.52 (1C, ©); 52.79 (1C, ©);
42.68 (1C, Q).

HRMS (ESI) calculated for GH1gNOs"°BrNa: [M +Na]+ : m/z 384.0205, Found:
m/z. 384.0206 (0 ppm).
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[Synthesis of [2-(4-bromo-phenyl)-acetylamino]-phenyl acetic acid methyl estqr
(51d)

To a solution of amine est&0 (1.1 g, 1 equiv) and sodium bicarbonate (2.3 g, 5
equiv) in acetonitrile (14 ml), a solution of 4-bromo phenyl acetic 4tai(1.48 g,

1.26 equiv) in acetonitrile (6 ml) was added, followed by addition of DCC (1.42 g,
1.26 equiv) according to the general procedure. After purification by chromatography
on silica gel, using C§Ll, as the only eluent, the amide edigéd was obtained as a
white solid in 79% yield.
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C17HleBrN03

M = 362.22 g.mof*

White solid, mp = 150°C, R 0.61 (CHCIy/ 4% MeOH).

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.45 (m, 2H); 7.30 (m, 5H); 7.14 (m, 2H); 6.50
(d, 1H, NH,%J= 6.6 Hz); 5.55 (d, 1H, H3}u.1= 6.6 Hz); 3.70 (s, 3H, )t 3.54 (s,
2H, Ho).

13C NMR (CDCl3, 75 MHz), & ppm: 171.19 (1C, §); 169.51 (1C, §); 136.20 (1C,
Cio); 133.36 (1C, @; 131.96 (2C); 130.98 (2C); 128.96 (2C); 128.58 (1C); 127.13

(2C); 121.37 (1C, §); 56.48 (1C, €); 52.80 (1C, G); 42.63 (1C, G).

HRMS (ESI) calculated for GH1gNOs"°BrNa: [M +Na]+ : m/z 384.0205, Found:
m/z. 384.0207 (0O ppm).
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Synthesis of [(5-bromo pyridine-3-carbonyl)-amino]-phenyl acetic acid methyl
ester (51le)

To a solution of amine esté0 (0.5 g, 1 equiv) and sodium bicarbonate (1 g, 5 equiv)
in acetonitrile (7 ml), a solution of 5-bromopyridine-3- carboxylic atle (0.63 g,

1.26 equiv) in acetonitrile (3 ml) was added, followed by addition of DCC (0.64 g,
1.26 equiv) according to the general procedure. After purification by chromatography
on silica gel, using C¥Cl, as the only eluent, the amide ediéewas obtained as a
white solid in 70% yield.

C15H 13BI'N 203
M = 351.21 g.mof*

White solid, mp = 153°C, = 0.57 (CHCl,/ 4% MeOH).

'H NMR (CDCl 3, 300 MHz), 6 ppm: 8.88 (d, 1H*J= 2.0 Hz ); 8.70 (d, 1H)= 2.2
Hz ); 8.24 (d, 1H}= 2.0 Hz ); 7.56 (d, 1H, NH)J= 6.8 Hz); 7.35 (m, 5H); 5.74 (d,
1H, Hs, °J = 6.8 Hz); 3.74 (s, 3H, M

13C NMR (CDCls, 75 MHz), & ppm:171.04 (1C, @); 163.48 (1C, §); 153.41 (1C,
Cio): 146.14 (1C, &); 137.81 (1C); 135.70 (1C); 130.62 (1C); 129.00 (2C); 128.75

(1C); 127.32 (2C); 120.74 (1C4£% 56.90 (1C, €):; 52.93 (1C, G).

HRMS (ESI) calculated for GH1/N,Os°BrNa: [M +Na]+ : m/z 371.0001, Found:
m/z. 371.0003 (0O ppm).
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General procedure for the preparation of phosphonates

In a dry tri-necked flask, dimethyl methyl phosphonate (3.6 equiv) was weighted; the
flask was then placed under nitrogen, followed by the addition of THF. After that, the

flask was cooled till -65°C, and n-BulLi (3.6 equiv) was added drop wise, then the
reaction mixture was stirred for 30 min at -65°C to -60°C. After this time, the flask

cooled down to -75°C, and the solution of amide ester (1 equiv) in THF was added
drop wise. The reaction mixture was then kept on stirring till the temperature

increased to -10°C, where the reaction was controlled by TLC at this temperature,
after completion of the reaction, the reaction mixture was quenched with citric acid (2
equiv) in water, extracted twice with GEl,, and the combined organic layer dried

over MgSQ, and concentrated under vacuo.

H

Synthesis of (2-oxo-4-phenyl-3-phenylacetylamino-butyl)-phosphonic acid
dimethyl ester (44a)

To a solution of dimethyl methyl phosphondt®(3 g, 3.6 equiv) and n-BulLi (15.15

ml, 3.6 equiv) in THF (110 ml), a solution of amide egt2a (2 g, 1 equiv) in THF

(25 ml) was added dropwise according to the general procedure mentioned above.
The color starts to appear as pink and turned directly into deep orange during the
addition of amide estet2a then it turned into bright yellow when the temperature
reaches around -55°C. After purification by chromatography on silica gel, using
CH.Cl, as the only eluent, the desired phosphoddi@was obtained as a yellow
solid in 72% yield.

O o 9
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HN 1L~ 1
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14
T2 16
C20H24NOsP

M = 389.38 g.mof*
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Yellow solid, mp = < 52°C, R= 0.33 (CHCI,/ 4% MeOH)

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.28 (m, 3H); 7.16 (m, 5H); 7.00 (m, 2H); 6.52
(d, 1H, NH,%J= 7.9 Hz); 4.82 (dt, 1H, &°wn= 7.9 Hz,*J.u= 5.6 Hz); 3.72 (d, 3H,
Ho, 3Ju.p= 9.2 Hz); 3.68 (d, 3H, K *Jv.p= 9.2 Hz); 3.50 (s, 2H, H); 3.18 (m, 2H,
Hg); 2.96 (M, 2H, H).

3C NMR (CDCl3, 75 MHz), 8 ppm: 200.25 (d, 1C, § 2Je.s= 6.5 Hz); 170.74 (1C,
Cu1); 136.01 (1C, @); 134.25 (1C, @; 129.16 (2C); 129.10 (2C); 128.77 (2C);
128.44 (2C); 127.14 (1C), 126.75 (1C); 59.01 (d,1€3%.~= 2.1 Hz); 53.09 (d,1C,
Co o= 6.5 Hz); 52.97 (d,1C, & %Je.= 6.5 Hz); 43.32 (1C, 5); 38.48 (d,1C, €
.= 129.2 Hz); 36.03 (1C,4¢

3P NMR (CDCl3, 121 MHz), (ppm): 22.09

HRMS (ESI) calculated for GH24NOsNaP: [M +Na]+ : m/z 412.1284, Found: m/z.
412.1286 (0 ppm).

Synthesis of (2-oxo0-3-phenyl-3-phenylacetylamino-butyl)-phosphonic acid
dimethyl ester (52a)

To a solution of dimethyl methyl phosphondt (3.8 g, 3.6 equiv) and n-BuLi (19

ml, 3.6 equiv) in THF (120 ml), a solution of amide e&®a (2.4 g, 1 equiv) in THF

(30 ml) was added dropwise according to the general procedure mentioned above.
The color turned rapidly into light lemon yellow during the addition of the amide ester
51a and remains the same till the end of the reaction. The crude was then dissolved in
cyclohexane and heated at 75°C; after a period of 20 to 30 mins and when a white
solid starts to precipitate, the flask was placed aside to cool, then decanted to obtain
the desired phosphondi2ain 85% vyield.
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C1gH2NOsP

M = 375.36 g.mof"
White solid, mp = 84°C, & 0.30 (CHCl,/ 4% MeOH).
'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.32 (m, 6H); 7.22 (m, 4H); 6.82 (d, 1H, NH,
%)= 6.6 Hz); 5.66 (d, 1H, &3}n.v= 6.6 Hz); 3.73 (d, 3H, &*J.p= 11.3 Hz); 3.66 (d,
3H, Ho, 3= 11.3 Hz); 3.56 (s, 2H, #); 3.10 (ABys 1H, H;, J= 14.5 Hz); 3.02
(ABgys 1H, Hy, J= 14.5 Hz)

13C NMR (CDCl3, 75 MHz), 8 ppm: 197.16 (d, 1C, € “Jc.= 6.4 Hz); 170.13 (1C,
Cio); 135.28 (1C, @); 134.39 (1C, ©; 129.27 (2C); 129.20 (2C); 128.83 (1C);
128.79 (2C); 128.13 (2C), 127.24 (1C); 63.60 (d,1€3k.~= 3.3 Hz); 53.26 (d,1C,
Cs,2Je.= 6.3 Hz); 52.96 (d,1C, Jc. = 6.4 Hz); 43.28 (1C, G); 38.76-37.01 (d,1C,
C; 'Je.=132.1 Hz).

31p NMR (CDCls, 121 MHz), (ppm): 21.21

HRMS (ESI) calculated for GH2,NOsNaP: [M +Na]+ : m/z 398.1127, Found: m/z.
398.1128 (0 ppm).

Synthesis of [4-(4-bromo-phenyl)-2-oxo-3-phenylacetylamino-butyl)-phosphonjc
acid dimethyl ester (48)

To a solution of dimethyl methyl phosphondt®(3.56 g, 3.6 equiv) and n-BulLi (18

ml, 3.6 equiv) in THF (140 ml), a solution of amide egté(3 g, 1 equiv) in THF (16

ml) was added dropwise according to the general procedure. The color turned directly
into deep yellow during the addition of amide egtérand remains the same till the

end of the reaction. After purification by chromatography on silica gel, using
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CH.Cl,as the only eluent, the desired phosphos8teas obtained as a white solid in
72% yield.
O o 9
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C20H23BrNOsP

M = 468.28 g.mof*
Yellow solid, mp = 92°C, R= 0.32 (CHCI,/ 4% MeOH).
'H NMR (CDCl3, 300 MHz), s ppm: 7.26 (m, 5H); 7.12 (m, 2H); 6.86 (d, 2RI=
8.3 Hz); 6.52 (d, 1H, NHJ= 8.1 Hz); 4.80 (dt, 1H, dH>Jn.u= 8.1 Hz,3)yn= 5.5
Hz); 3.73 (d, 3H, K *J..= 9.9 Hz); 3.69 (d, 3H, H, %}.p= 10.1 Hz); 3.51 (s, 2H,
Hi2); 3.16 (M, 2H, H); 2.96 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 200.12 (d, 1C, € “Jc.= 6.4 Hz); 170.89 (1C,
Cu1); 135.13 (1C, @); 134.26 (1C, ©; 131.54 (2C); 130.93 (2C); 129.16 (2C);
128.92 (2C); 127.32 (1C), 120.77 (1Cy);C59.56 (d,1C, € *Je.= 1.6 Hz); 53.20
(d,1C, G “J/= 6.6 Hz); 53.12 (d,1C, 6 “Jc.= 6.8 Hz); 43.53 (1C, ); 39.43-
37.73 (d,1C, €)= 128.5 Hz); 35.43 (1C, 4

31p NMR (CDCls, 121 MHz), (ppm): 21.94

HRMS (ESI) calculated for GH»sNOs'°BrNaP: [M +Na]+ : m/z 490.0389, Found:
m/z. 490.0387 (0 ppm).

282



Synthesis of {3-[2-(2-bromo-phenyl)-acetylamino]-2-oxo-4-phenyl-butyl}-
phosphonic acid dimethyl ester (44b)

To a solution of dimethyl methyl phosphondt®(2.96 g, 3.6 equiv) and n-BulLi (15

ml, 3.6 equiv) in THF (114 ml), a solution of amide ed®p (2.5 g, 1 equiv) in THF

(15 ml) was added dropwise according to the general procedure. The color turned
directly into deep yellow during the addition of amide egf2p, and remains the
same till the end of the reaction. After purification by chromatography on silica gel,
using CHCI; as the only eluent, the desired phosphosAdbewas obtained as a white
solid in 70% yield.
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CaoH23BrNO 5P
M = 468.28 g.mof*
Yellow solid, mp = < 54°C, R= 0.33 (CHCI,/ 4% MeOH).
'H NMR (CDCl3, 300 MHz), 8 ppm: 7.54 (dd, 1H, kb, 3J = 7.9 Hz,YJ= 1.1 Hz);
7.18 (m, 6H); 7.04 (m, 2H); 6.40 (d, 1H, N&= 7.6 Hz); 4.82 (dt, 1H, &H3Wn.n=
7.6 Hz,*}.n= 5.7 Hz); 3.73 (d, 3H, §3}.0= 10.5 Hz); 3.66 (d, 3H, 1, °J..= 10.5
Hz); 3.65 (s, 2H, kb); 3.22 (m, 2H, H); 2.98 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 200.34 (d, 1C, & “Jc.= 6.4 Hz); 169.43 (1C,
Cu1); 136.05 (1C, @); 134.20 (1C, @; 132.97 (1C); 131.59 (1C); 129.19 (2C);
129.06 (1C); 128.54 (2C), 127.87 (1C); 126.86 (1C); 124.88 (1§, 59.94 (d,1C,
Cs, *Jc./= 1.8 Hz); 53.09 (d,1C, £%c./= 6.6 Hz); 52.96 (d,1C, 5 .= 6.6 Hz);
43.54 (1C, &y); 39.52-37.81 (d,1C, £'Jc. &= 129.0 Hz); 36.31 (1C,4¢

31p NMR (CDCls, 121 MHz), (ppm): 22.06

HRMS (ESI) calculated for GH»sNOs'°BrNaP: [M +Na]+ : m/z 490.0389, Found:
m/z. 490.0389 (0 ppm).
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Synthesis of {3-[2-(3-bromo-phenyl)-acetylamino]-2-oxo-4-phenyl-butyl}
phosphonic acid dimethyl ester (44c)

To a solution of dimethyl methyl phosphondt® (1.5 g, 3.6 equiv) and n-BuLi (7.6

ml, 3.6 equiv) in THF (58 ml), a solution of amide egt2c (1.26 g, 1 equiv) in THF

(8 ml) was added drop wise according to the general procedure. The color turned
directly into deep yellow during the addition of amide ed&g and remains the same

till the end of the reaction. After purification by chromatography on silica gel, using
CH.ClI, as the only eluent, the desired phosphoAdtavas obtained as a white solid

in 65% vyield.
9
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M = 468.28 g.mof*
Yellow solid, mp = < 48°C, R= 0.34 (CHCIy/ 4% MeOH).
'H NMR (CDCl 3, 300 MHz),8 ppm: 7.34 (m, 2H); 7.18 (m, 3H); 7.08 (m, 2H); 7.00
(m, 2H); 6.80 (d, 1H, NH3J= 7.6 Hz); 4.79 (dt, 1H, H>ln.nw= 7.6 Hz,®}.1= 5.6
Hz); 3.71 (d, 3H, Kl %34.p= 10.8 Hz); 3.67 (d, 3H, K. *Ju..= 10.8 Hz); 3.43 (s, 2H,
Hi2); 3.20 (M, 2H, H); 2.92 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 200.24 (d, 1C, & “Jc.= 6.4 Hz); 169.93 (1C,
Cu1); 136.55 (1C, @&); 135.91 (1C, @; 132.24 (1C); 130.43 (1C); 130.35 (1C);
129.20 (2C); 128.60 (2C), 127.93 (1C); 127.02 (1C); 122.80 (1, 59.94 (d,1C,
Cs, *Je.= 1.5 Hz); 53.32 (d,1C, £%Jc.= 6.5 Hz); 53.15 (d,1C,  “Jc.= 6.5 Hz);
42.96 (1C, ); 37.34 (d,1C, €)= 128.4 Hz); 36.27 (1C,4

31p NMR (CDCls, 121 MHz), (ppm): 21.86

HRMS (ESI) calculated for GH»sNOs'°BrNaP: [M +Na]+ : m/z 490.0389, Found:
m/z. 490.0383 (1 ppm).
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Synthesis of {3-[2-(4-bromo-phenyl)-acetylamino]-2-oxo-4-phenyl-butyl}
phosphonic acid dimethyl ester (44d)

To a solution of dimethyl methyl phosphond&(2.11 g, 3.6 equiv) and n-BuLi (10.6
ml, 3.6 equiv) in THF (82 ml), a solution of amide e<t2d (1.78 g, 1 equiv) in THF
(10 ml) was added dropwise according to the general procedure. The color turned
directly into deep yellow during the addition of amide egt2d, and remains the
same till the end of the reaction. After purification by chromatography on silica gel,
using CHCI; as the only eluent, the desired phosphoadtbewas obtained as a white
solid in 68% yield.
s 5§ R _ock
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C20H23BrNOsP
M = 468.28 g.mof*
Yellow solid, mp = 108°C, R= 0.33 (CHCI,/ 4% MeOH).
'H NMR (CDCI 3, 300 MHz),8 ppm: 7.40 (m, 2H); 7.22 (m, 3H); 7.02 (m, 4H); 6.46
(d, 1H, NH,3J= 7.8 Hz); 4.84 (dt, 1H, H3}u.n= 7.8 Hz,*}u.n= 5.7 Hz); 3.72 (d, 3H,
Ho, *Ju.p= 10.9 Hz); 3.68 (d, 3H, K 33i.p= 10.9 Hz); 3.44 (s, 2H, 4)); 3.22 (m, 2H,
Hg); 2.94 (m, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 200.28 (d, 1C, & “Jc.= 6.4 Hz); 170.13 (1C,
Cu1); 135.91 (1C, @); 133.33 (1C, ©; 131.92 (2C); 130.90 (2C); 129.17 (2C);
128.57 (2C); 126.95 (1C), 121.27 (1GC 59.86 (d,1C, € %)= 1.8 Hz); 53.26
(d,1C, G, 2Jep= 6.6 Hz); 53.03 (d,1C, & 2Je= 6.6 Hz); 42.79 (1C, ©); 38.82
(d,1C, G, Jo.= 128.6 Hz); 36.21 (1C,4¢

31p NMR (CDCls, 121 MHz), (ppm): 21.94

HRMS (ESI) calculated for GH»sNOs'°BrNaP: [M +Na]+ : m/z 490.0389, Found:
m/z. 490.0387 (0 ppm).
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Synthesis of {3-[(5-bromo-pyridine-3-carbonyl)-amino]-2-oxo-4-phenyl-butyl}
phosphonic acid dimethyl ester (44e)

To a solution of dimethyl methyl phosphondt(1.08 g, 3.6 equiv) and n-BuLi (5.5

ml, 3.6 equiv) in THF (40 ml), a solution of amide e<t2e(0.88 g, 1 equiv) in THF

(5 ml) was added dropwise according to the general procedure. The color turned
directly into deep red during the addition of the amide esterand then turned into
deep yellow when the temperature reaches -30°C. After purification by
chromatography on silica gel, using &H, as the only eluent, the desired

phosphonatd4ewas obtained as a white solid in 60% yield.

14
N

13l =16
12

15 Br

1 HN o 9
4 7 OCHy

6 8 P
3 5 4/ >OCHs
o O "1

C1gH20BIN ,05P
M = 455.24 g.mof*
Yellow oil, Rf = 0.35 (CHCI,/ 4% MeOH).
'H NMR (CDCl3, 300 MHz), 8 ppm: 8.90 (s, 1H); 8.74 (s, 1H); 8.26 (s, 1H); 8.00
(d, 1H, NH,3J= 8.1 Hz); 7.22 (m, 5H); 5.08 (dt, 1HgHlw.nu= 8.1 Hz,*J.u= 6.0
Hz); 3.73 (d, 3H, kgl *3.p= 11.3 Hz); 3.70 (d, 3H, 1 *J.p= 11.3 Hz); 3.34 (m, 2H,
Hg); 3.12 (M, 2H, H).

13C NMR (CDCl3, 75 MHz), 8 ppm: 198.94 (d, 1C, § %Jc.s= 6.2 Hz); 163.86 (1C,
Cu1); 153.44 (1C, @); 146.43 (1C, &); 137.84 (1C); 136.18 (1C); 130.57 (1C);
129.28 (2C); 128.61 (2C), 127.06 (1C); 120.79 (1¢);®0.60 (d,1C, €3Jc.= 1.8
Hz); 53.48 (d,1C, €%J.~= 6.6 Hz); 53.12 (d,1C, {5 °Jc./= 6.6 Hz); 38.88 (d,1C, £
1Je.= 128.8 Hz); 36.29 (1C,4¢

3P NMR (CDCl3, 121 MHz), (ppm): 22.12
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HRMS (ESI) calculated for GH»oN»Os °Br NaP: [M +Na]+: m/z 477.01854, Found:
m/z. 477.0182 (1 ppm).

Synthesis of {3-[2-(2-bromo-phenyl)-acetylamino]-2-oxo-3-phenyl-propyl}-
phosphonic acid dimethyl ester (52b)

To a solution of dimethyl methyl phosphond&(2.4 g, 3.6 equiv) and n-BuLi (12.10

ml, 3.6 equiv) in THF (90 ml), a solution of amide e&i&b (1.95 g, 1 equiv) in THF

(10 ml) was added dropwise according to the general procedure. The color turned
directly into deep yellow during the addition of amide e&tdb, and remains the
same till the end of the reaction. After purification by chromatography on silica gel,
using CHCI; as the only eluent, the desired phosphoBatewas obtained as a white

solid in 71% yield.
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C1oH21BrNOsP

M = 454.25 g.mof*
Yellow solid, mp = 107°C, R= 0.31 (CHCI,/ 4% MeOH).
'H NMR (CDCl 3, 300 MHz), 8 ppm: 7.52 (d, 1H, H,, 33 = 7.6 Hz); 7.30 (m, 7H);
7.12 (m, 1H); 7.06 (d, 1H, NH)= 6.5 Hz); 5.68 (d, 1H, $4°Jw.u= 6.5 Hz); 3.72 (d,
3H, Hs, 3J3ip= 10.7 Hz); 3.66 (d, 3H, §&°J.s= 10.7 Hz); 3.60 (s, 2H, +); 3.12
(ABgys 1H, Hy, J= 14.5 Hz); 3.01 (ABs 1H, H;, J= 14.5 Hz).

13C NMR (CDCl3, 75 MHz), 8 ppm: 197.12 (d, 1C, & 2Jo.= 6.4 Hz); 168.67 (1C,
Cio); 135.21 (1C, ©); 134.38 (1C, ; 132.86 (1C); 131.53 (1C); 129.12 (2C);
128.96 (1C); 128.70 (1C), 128.09 (2C); 127.77 (1C); 124.76 (14, (53.64 (d,1C,
Cs, 3Je.p= 3.3 Hz); 53.10 (d,1C, £2Jc.s= 6.5 Hz); 52.98 (d,1C, L= 6.4 Hz);
43.47 (1C, G); 37.82 (d,1C, € Jc.p= 131.8 Hz).

31p NMR (CDCls, 121 MHz), (ppm): 21.28
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HRMS (ESI) calculated for GH»:NOs*BrNaP: [M +Na]+ : m/z 476.0232, Found:
m/z. 476.0230 (0 ppm).

H

Synthesis of {3-[2-(3-bromo-phenyl)-acetylamino]-2-oxo-3-phenyl-propyl}-
phosphonic acid dimethyl ester(52c)

To a solution of dimethyl methyl phosphond&(2.34 g, 3.6 equiv) and n-BuLi (11.8

ml, 3.6 equiv) in THF (190 ml), a solution of amide e&tec (1.9 g, 1 equiv) in THF

(10 ml) was added dropwise according to the general procedure. The color turned
directly into deep yellow during the addition of amide eSfiey and remains the same

till the end of the reaction. After purification by chromatography on silica gel, using
CH.ClI, as the only eluent, the desired phosphobatavas obtained as a white solid

in 73% vyield.
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M = 454.25 g.mof*

Yellow solid, mp = 99°C, R= 0.30 (CHCI,/ 4% MeOH).

'H NMR (CDCl 3, 300 MHz),8 ppm: 7.38 (m, 5H); 7.18 (m, 2H); 7.16 (m, 2H); 7.02
(d, 1H, NH,%J= 6.4 Hz); 5.68 (d, 1H, H3I.nu= 6.4 Hz); 3.73 (d, 3H, £°3.= 9.2
Hz); 3.68 (d, 3H, K %}p= 9.2 Hz); 3.57 (s, 2H, H); 3.11 (ABys 1H, H;, J= 145
Hz); 3.03 (ABys 1H, H;, J= 14.5 Hz).

¥C NMR (CDCls, 75 MHz), & ppm: 197.26 (d, 1C, & 2Jc.= 6.3 Hz); 169.22 (1C,
Cio); 136.70 (1C, &); 135.23 (1C, @; 132.21 (1C); 130.30 (1C); 130.22 (1C);
129.31 (2C); 128.88 (1C), 128.12 (2C); 127.86 (1C); 122.66 (14, (63.70 (d,1C,
Cs, *Je.= 3.2 Hz); 53.14 (d,1C, £%J.= 6.2 Hz); 52.15 (d,1C, £%J.= 6.6 Hz);
42.64 (1C, G)): 38.90-37.15 (d,1C, £-Je.p= 131.6 Hz).
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31p NMR (CDCls, 121 MHz), (ppm): 21.22

HRMS (ESI) calculated for GH»:NOs*BrNaP: [M +Na]+ : m/z 476.0232, Found:
m/z. 476.0233 (0 ppm).

Synthesis of {3-[2-(4-bromo-phenyl)-acetylamino]-2-oxo-3-phenyl-propyl}
phosphonic acid dimethyl ester (52d)

To a solution of dimethyl methyl phosphond®(2.19 g, 3.6 equiv) and n-BuLi (11

ml, 3.6 equiv) in THF (84 ml), a solution of amide e&i#d (1.78 g, 1 equiv) in THF

(10 ml) was added dropwise according to the general procedure. The color turned
directly into deep yellow during the addition of amide e&tkd, and remains the
same till the end of the reaction. After purification by chromatography on silica gel,
using CHCI; as the only eluent, the desired phosphobatbwas obtained as a white
solid in 76% yield.

8
2 o Oy OCH

3
R 9
N
L 5/~ “ocH,
4 11

HN-LQ 15
Br
(e 13 14

ClgH 21BI'NO 5P
M = 454.25 g.mof*

Yellow solid, mp = 127°C, R= 0.31 (CHCI,/ 4% MeOH).

'H NMR (CDCI 3, 300 MHz),8 ppm: 7.44 (m, 2H); 7.34 (m, 3H); 7.24 (m, 2H); 7.14
(m, 2H); 6.96 (d, 1H, NH3J= 6.4 Hz); 5.72 (d, 1H, H3n.n= 6.4 Hz); 3.74 (d, 3H,
Hg *Ju.p= 11.2 Hz); 3.70 (d, 3H, &= 11.2 Hz); 3.62 (S, 2H, 4); 3.12 (ABys
1H, Hy, J= 14.5 Hz); 3.04 (ABs 1H, H;, J= 14.5 Hz).

13C NMR (CDCl3, 75 MHz), 8 ppm: 197.28 (d, 1C, € “Jc.= 6.3 Hz); 169.34 (1C,

Ci); 135.24 (1C, ©); 133.39 (1C, @; 131.85 (2C): 130.95 (2C): 129.31 (2C);
128.89 (1C); 128.10 (2C), 121.24 (1GgC 63.66 (d,1C, €%)k.~= 3.2 Hz); 53.23
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(d,1C, G “Jc./= 6.8 Hz); 53.04 (d,1C, Jc.= 6.8 Hz); 42.55 (1C, £3); 38.86-37.12
(d,1C, G "Jc.= 131.6 Hz).

3P NMR (CDCl3, 121 MHz), (ppm): 21.21

HRMS (ESI) calculated for GH»:NOs*BrNaP: [M +Na]+ : m/z 476.0232, Found:
m/z. 476.0232 (0 ppm).

Synthesis of {3-[(5-bromo-pyridine-3-carbonyl)-amino]-2-oxo-3-phenyl-propyl}

phosphonic acid dimethyl ester (52e)

To a solution of dimethyl methyl phosphondt® (1.2 g, 3.6 equiv) and n-BuLi (6.1

ml, 3.6 equiv) in THF (42 ml), a solution of amide e&ite(0.94 g, 1 equiv) in THF

(5 ml) was added dropwise according to the general procedure. The color turned
directly into deep red during the addition of the amide églterand then turned into
deep yellow when the temperature reaches -30°C. After purification by
chromatography on silica gel, using &H, as the only eluent, the desired

phosphonat&2ewas obtained as yellow oil in 63% yield.

C17H 1gBI'N 205P
M = 441.21 g.mof*

Yellow oil, Rf = 0.37 (CHCIy/ 4% MeOH).

'H NMR (CDCl3, 300 MHz), 3 ppm: 8.95 (d, 1HJ = 1.6 Hz); 8.76 (d, 1HJ) = 2.0
Hz); 8.28 (d, 1HJ = 2.0 Hz); 7.92 (d, 1H, NH)= 6.3 Hz); 7.38 (m, 5H); 5.92 (d,
1H, Hs, *Jwn-u= 6.3 Hz); 3.76 (d, 3H, H3Jp= 11.2 Hz); 3.69 (d, 3H, 3= 11.0
Hz); 3.14 (ABys 1H, H;, J= 14.2 Hz); 3.08 (ABs 1H, H,, J= 14.2 Hz).

3C NMR (CDCl3, 75 MHz), 8 ppm: 197.22 (d, 1C, € %Je.s= 6.1 Hz); 163.12 (1C,
Cio); 153.50 (1C, &); 146.30 (1C, @); 137.78 (1C); 135.01 (1C); 130.62 (1C);
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129.44 (2C); 129.12 (1C), 128.27 (2C); 120.79 (1G);®4.00 (d,1C, €3Jc.= 2.7
Hz); 53.35 (d,1C, €2%Jc./= 6.6 Hz); 53.20 (d,1C, £Je.= 6.5 Hz); 38.22 (d,1C, C
LJe.p= 130.6 Hz).

31p NMR (CDCls, 121 MHz), (ppm): 21.11

HRMS (ESI) calculated for GH1gN-Os"*Br NaP: [M +Na]+: m/z 463.00289 Found:
m/z. 463.0034 (1 ppm).
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General Conclusion

This thesis is divided into three independent chapters:

- B-lactams chemistry:a new and direct synthesig-ofethylene andi-alkylidene-

lactamsausing the Kinugasa reaction.

- Acylsilane chemistry:synthesis of new acylsilane derivatives bearing an aldehyde
group in a remote position of the same molecule to perform asymmetric

intramolecular aldol reaction.

- Medicinal chemistry:synthesis of new molecules of MIM-1 analog that induce

apoptosis of cancer cells.

In the first chapter, Kinugasa reaction was applied to alkynes bearing a nucleofuge in
propargylic position that allowed us to discover a direct entry tooaewethylene and

a-alkylidene B lactams.

In the second chapter, Two models of acylsilane derivatives that bear an aldehyde
group in a remote position of the same molecule were synthesized starting from
morpholine amide as a precursor, and asymmetric intramolecular aldol reaction was

then performed.

In the last chapter, our goal was to reinduce the pro-apoptotic properties in cancer
cells in order to obtain new antitumor compounds. Depending on the molecular
modeling carried out by Dr. N. Levoin, two different models of MIM-1 analog

(inhibitor of anti-apoptotic protein MCL-1) were synthesized and tested on three types

of cancer cells (breast, ovarian and melanoma).

Thus this work shows good results for medicinal chemistry, since the new entry that
we discovered toward-methylene andi-alkylidenep-lactams may open a gate for

the synthesis gi-Lactamase inhibitors. In addition to the synthedisew interesting
bioactive molecules that exhibit anti-apoptotic properties. Furthermore, asymmetric
synthesis of acylsilanes compound could be developed towards new bioactive

molecules.
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Résumé

La these est divisée en trois chapitres indépendants. - Chimig-ldesames:
Synthese d'améthylene et d-alkylideneg-lactames en utilisant la réaction de
Kinugasa. - Chimie des acylsilanes: essai d'application d'une réaction aldol
intramoléculaire asymétrique sur un dérivé d'acylsilane nouvellement synthétisé. -
Chimie médicinale: synthése de nouvelles molécules a visée anticancBransde

premier chapitre la reaction de Kinugasa a été appliqguée pour la premiére fois a des
alcynes vrais, portant en position propargylique un groupe partant ce qui permet
d’accéder directement et en une étape aux méthyléne- et alkylpdeméames
recherchés. Dans le second chapitre la syntheése de molécules originales possédant a la
fois une fonction acylsilane et un aldéhyde en position éloignée, puis l'aldolisation
intramoléculaire asymétrique ont été exploréBans le dernier chapitre, notre
objectif était de restaurer les propriétés apoptotiqgues au sein des cellules cancéreuses
afin d'obtenir de nouveaux composés a activité antitumorale. A partir de données
obtenues par modélisation moléculaire, nous avons fait le design de plusieurs séries
d’analogues d’'un inhibiteur connu (MIM-1) de la protéine anti-apoptotique Mcl-1.
Huit composés ont été synthétisés et testés pour trois types de cellules cancéreuses
(sein, ovaire et le mélanome)

Abstract

The thesis is divided into three chaptersf-lactams chemistry: synthesis af
methylene anda-alkylidenep-lactams using the Kinugasa reaction. - Acylsilane
chemistry: applying asymmetric intramolecular aldol reaction on newly synthesized
acylsilane derivatives. - Medicinal chemistry: synthesis of new molecules with
anticancer aimes. In the first chapter, Kinugasa reaction was applied for the first time
with an alkyne bearing a nucleofuge in propargylic position that allowed us to
discover a new pathway for the synthesis of exoalkyligelatams. In the second
chapter, new acylislane derivatives bearing an aldehyde functional group in a remote
position of the molecule were prepared, and asymmetric intramolecular aldolization
reaction was performed. In the last chapter, our goal was to reinduce the pro-apoptotic
properties in cancer cells in order to obtain new antitumor compounds. Starting from
data obtained through molecular modeling studies, we designed and prepared several
series of analogs for a known inhibitor (MIM-1) of the anti-apoptotic protein Mcl-1.
Eight compounds have been synthetized and screened towards three types of cancer
cells (breast, ovarian and melanoma).

Key words: nucleofuge, propargylic derivatives, Kinugasa reaationethylene and
a-alkylidenep-lactams acylsilane derivatives, asymmetric intramolecaldolization
reaction, anti-tumor, MIM-1, MCL-1, apoptosis, cancer.
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Abstract-Résumé

Cette these, réalisée en cotutelle entre I'Université Libanaise a Beyrouth (Laboratoire de Chimie
Médicinale et des Produits Naturels, Pr Ali Hachem) et I’Université de Rennes 1 (Institut des Sciences
Chimiques de Rennes, CNRS UMR 6226, Equipe Dr R. Grée), s’intégre dans la grande thématique du
développement de nouvelles méthodologies en synthése organique et leur application a la préparation
de composés bioactifs. Elle est organisée en trois chapitres indépendants.

Dans le premier chapitre on décrit une méthodologie tres originale d’acces a des méthylene- et
alkylidene-B-lactames. 1l s’agit d’'une famille de composés importante sur le plan biologique,
notamment dans le domaine des antibiotiques : un certain nombre de composés de cette famille ont
déja montré des propriétés d’inhibition des B-lactamases, enzymes impliquées dans les phénomenes
de résistance aux antibiotiques. Dans le cadre de ce travail il a été montré, pour la premiére fois, que
I'application de la réaction de Kinugasa a des alcynes vrais, portant en position propargylique un
groupe partant (halogéne, tosylate, mesylate, carbonate...) permettait d’accéder directement et en
une étape aux méthylene- et alkylidene-B-lactames recherchés. Une étude détaillée a permis
d’optimiser les conditions de réaction et de montrer que le groupe partant carbonate était le plus
approprié pour cette réaction. Ensuite a été réalisée une étude visant a cerner les possibilités et limites
d’utilisation de cette voie de synthése : cette réaction tolére des groupes R3 variés en donnant des
rendements satisfaisants a bons a partir de nitrones linéaires mais ne marche pas avec des nitrones
cycliques.

Rl @/O _ 3 u ( ) R3
>__ N\ + H4<— T N
S N

X Ry

Au bilan, cette nouvelle approche permet d’accéder rapidement (1 étape a partir de produits
commerciaux ou faciles a préparer) et avec des rendements corrects, a de nouveaux méthyléne- et
alkylidene-B-lactames. Ceci permettra donc d’explorer plus en détail les propriétés biologiques de
cette famille de composés importants. Ce travail a fait I'objet d’une publication a Tetrahedron Letters
en 2016.

Dans le second chapitre on s’intéresse a la chimie des acylsilanes, composés qui ont été nettement
moins étudiés dans la littérature que d’autres groupements fonctionnels mais qui possedent des
potentialités synthétiques trés intéressantes. Le premier objectif dans ce cas concernait la synthése de
molécules originales possédant a la fois une fonction acylsilane et un aldéhyde en position éloignée et
ceci avec deux espaceurs différents. A partir de ces molécules le second probléme était d’explorer les
possibilités d’aldolisation intramoléculaire asymétrique. Aprées un travail de synthese intense, il a été
possible de préparer un premier composé modele possédant un groupe aromatique comme espaceur.
L’aldolisation intramoléculaire asymétrique a été explorée, montrant que les meilleures conditions
impliquaient I'utilisation de la quinidine seule comme catalyseur. L’emploi de la proline seule, ou de la



combinaison proline+quinidine donnait de moins bons rendements en produits d’aldolisation.
Malheureusement, cette réaction a donné un mélange de deux diastéréoisomeres inséparables par les
techniques classiques de chromatographie et il n’a pas été possible de déterminer les exces
énantiomériques potentiels.
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La synthése d’une seconde molécule cible, possédant cette fois un espaceur linéaire avec cing atomes
de carbone, a été explorée malheureusement sans succées. Ceci est lié a la difficulté de réaliser des
réactions compatibles avec deux groupes fonctionnels sensibles comme les aldéhydes et les
acylsilanes. Ce chapitre a donc montré qu’il était possible de réaliser la réaction d’aldolisation
intramoléculaire souhaitée mais des travaux complémentaires seront nécessaires pour une analyse
compléte de sa stéréo/énantiosélectivité.

Dans la troisieme et derniere partie de la these les recherches concernent la découverte de nouveaux
composés a activité anticancéreuse. L'idée directrice consiste a rechercher des molécules susceptibles
de lever les freins a I'apoptose trés couramment observés avec les cellules tumorales : en échappant
a 'apoptose (mort cellulaire programmée) les cellules cancéreuses vont survivre trés longtemps, ce
qui a I’évidence va augmenter leur dangérosité. Une grande partie des phénomenes biologiques liés a
I’'apoptose est sous le contrdle de I'interaction de protéines pro- et anti-apoptotiques. Les protéines
antiapoptotiques sont tres souvent surexprimées ans les cellules tumorales et, en se liant tres
fortement aux protéines proapoptotiques, empéchent ces dernieres d’agir et de déclencher la mort
des cellules cancéreuses. Il s’agit donc de trouver des composés qui libérent les protéines
proapoptotiques de leurs partenaires antiapoptotiques, notamment Bcl-xL ou Mcl-1. Suite aux
recherches antérieures des deux équipes, et aprés des études de modélisation moléculaire et docking
dans Mcl-1, plusieurs familles de molécules cibles ont été définies. Ce sont des composés possédant
des coeurs hétérocycliques liés a un motif polyphénolique et a des branches aromatiques ou
benzyliques.
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Structures des molécules cibles

Des composés a squelette thiophénique et pyrrolique ont été préparés et testés biologiquement. Ils
se sont malheureusement révélés inactifs dans les tests anticancéreux réalisés. Une étude préliminaire
a été réalisée également pour dégager une voie d’accés originale vers des molécules a cceur oxazole.
Ces travaux seront poursuivis pour préparer et tester les produits cibles correspondants.
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