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General introduction

1. General introduction

By definition, the wordnatural refers to something that is present in or
produced by nature and not artificial or man-madtural products may be
extracted from tissue of plants, marine organisms macroorganism
fermentation broths.

Structurally, natural products include differenasdes of compounds as
terpenoids, polyketides, aminoacids, peptides, emet carbohydrates,
lipids, nucleic acid bases, ribonucleic acid (RNAgoxyribonucleic acid
(DNA) and so forth, usually provided with biologiand pharmacological
activity.

They are considered the most productive source eafdd for the
development of drugs.

Indeed from 2005 to 2007 thirteen natural prodetdted drugs were

approved, particularly as anti-infectives and amier agents?

1.1. Tumor: what it is?
Cancer is a disease characterized by uncontrofiddldfuse multiplication
of abnormal shape cells in the organfsm.
Biologically, cancer is composed of more than ottt disease, each
with its own etiology and pathology, which is masbsely related to the
tissue of origin.
The treatment of these diseases has involved thelaggment of many
strategies, together with the discovery of mechmasithat allow disorderly
cell growth, and many naturally-derived moleculesé been found and

employed to improve therapies. Moreover, naturahpounds have often
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been the starting point of a drug discovery protkas was used to better
understand targets and pathways of tumor onset.

For this reason, improvements in the area of catlmmapy are essential,
considering that is forecasted to be major causteath in the Zicentury,

in particular in industrialized countriés.

1.2. Defects of the mechanisms of cell replication andedth.
During eukaryotic cell division, the mother cell stureplicate its
chromosomes exactly once in the synthetic phasghéSe of cell cycle),
and then must separate the replicated chromosonties and of the mitotic
phase to the two daughter cells provided with to@es genetic heritage of
the mother cell.
Defects in the coordination of chromosomes repbcaand segregation can
have severe consequences leading to genetic ilitstalid aneuploidy, and
eventually fostering tumor malignancy.
To ensure correct transmission of genetic matdriahg cell division, cells
have evolved cellular regulatory mechanisms term&ell cycle
checkpoints”.
This control system prevents or delays cell cydegpession if certain
cellular processes or proteins are disrupted, to ¢gane to repair the
damage before cell division occurs.
When the damage is irreparable, the cell undergpeptosis through the
triggering of specific biochemical pathways.
However, cancer cells often elude the control systallowing uncontrolled

cell proliferation, even when cell division doeg nocur properly.
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About the 50% of human malignant tumor are indugganutation of p53
gene, that codifies for the namesake protein irealn the reparation

mechanism of DNA.

1.3. Cancer chemotherapy
The aim of conventional antitumor therapy to datéoi slow and hopefully
halt the growth and spread of a cancer cells. Tagréhree goals associated
with the use of the most common anticancer agents:

e To damage the DNA of cancer cells.

e To stop cells replication by inhibition of the skasis of new DNA
strands.

e Block of mitosis, or the actual splitting of theiginal cell into two
new daughter cells during replication.

In general, chemotherapy agents can be dividedfiméz main categories

based on their mechanism of action.

e Sop of the synthesis of pre-DNA molecule building blocks.
DNA building blocks are folic acid, heterocyclic des, and
nucleotides, which are made naturally in the cells.

All of these agents work to block some steps in fthvenation of
nucleotides or deoxyribonucleotides (necessarynfiaking DNA)
and without these the cells can't replicate.

Examples of drugs in this class include methotexabitrexat&)
and fluorouracil (Adrucft).

e Direct damage to the DNA in the cel nucleus.
These agents chemically damage DNA and RNA, eitiecking
totally replication or causing the formation of sense DNA or
RNA (i.e. the new DNA or RNA does not code for dmgt useful).
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Examples of drugs in this class include cisplafatinol’) and
antibiotics such as doxorubicin (Adriamy&)n

e Effect the synthesis or breakdown of the mitotic spindles.
Mitotic spindles serve as molecular railroads dyriell replication,
since they help to split the new copied DNA so thadry copy goes
to each of the two new cells during cell division.
These drugs paclitaxel (Taxyland vincristine (Oncovit) disrupt
the formation of the spindles and therefore intgtraell division.
Mitotic spindle structure is made up of dynamic stulictures named

microtubules’

1.4. Microtubules
Microtubules are major dynamic structural composéntcells since they
are involved in very important cellular functiorsych as the development
and maintenance of cell shape, cell reproductiod daivision, cell
signalling and movement.
For this reason, microtubules are the target afcttrally different groups
of anticancer drugs, most of which derive from naltproducts.
The mitotic inhibitors represent the single bestcea target identified to
date®
Microtubules are highly dynamic polymers of heténegls of two closely
related 55 KDa proteins termed and 3 tubulin, arranged parallel to a
cylindrical axis to form tubes of 25 nm diameteattmay be many um long.
The proteins are encoded by separate genes or geral families, whose
sequences are highly conserved throughout the yti@kingdom.
Another member of the tubulin familyy-tubulin, is involved in the

nucleation and polar orientation of microtubules.
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It is found primarily in centrosomes and spindledies, since there are
areas of most abundant microtubules nucleation.

Polymerization of microtubules occurs by a nuctealongation
mechanism in which the formation of a short micbaties “nucleus” is
followed by elongation phase characterized by sléx, noncovalent
addition of tubulin dimers to the end of microtubitkelf.

They exhibit complex polymerization dynamics ths¢ @nergy provided by
the hydrolysis of GTP.

Tubulin binds GTP in solution with high affinitypd little by little tubulin-
GTP is added to the end of a growing microtubute, GTP is gradually
hydrolyzed to GDP and; P

Ultimately, the Pdissociates from the microtubules, leaving a ntidrale
core consisting of tubulin with stoichiometricalbpund GDP. The
nucleotide remains non-dissociable and non-exclabigeauntil the tubulin
subunit dissociates from the microtubule.

Microtubules dynamic is regulated by two phenomeinam one side
“treadmilling” is the net growth at one microtubwdad, on the other side
“dynamic instability” is a process in which the imdual microtubules ends
switch between phases of relatively slow sustaigeowth and rapid
shortening.

The transition between growth and shortening agptmbe regulated by
the presence or absence of the region of GTP-contgtubulin at the
microtubule end.

A microtubule can grow as long as maintains a kg cap of tubulin-
GTP or tubulin-GDP-P at its end. The loss of the cap induces

depolymerization of microtubules.
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Hydrolysis of tubulin bound GTP and the subsequelgtase of Pestablish
conformational changes in the tubulin molecule,t tlestabilize the
microtubule polymer, resulting in “catastrophe” astlortening of the
microtubules.

The two ends of microtubules are not equivaleng end, termed “plus
end” is kinetically more dynamic than the “minusdémnd although both
ends can either grow or shorten, the changes mtHeat the first one end

are much larger than the changes in length atttier one’.®

Figure I-1. (a) Schematization of a microtubule made up of démef o and
tubulin. (b) Representation of main microtubule ayics.

1.4.1. How microtubules work throughout the cell division
cycle
In a typical cell during the interphase of the amitle, the microtubules

radiate from a central site near the nucleus, ddhgicrotubules-organizing
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centre” (MTOC). In animal cells, the MTOC consisfsa centrosome made
up of a lattice of MAPsy-tubulin and a pair of centrioles.
While the minus end of the microtubules lies imear the centrosome, the
plus end extends out toward the cell peripheryoBebf the cell division,
the cytosol is permeated by a fixed net of micrateb organized in a
spindle-shape “mitotic spindle” that is the reakdtor of the chromosomes
segregation at anaphase.
Mitotic spindle consists of three kinds of microtlds:
» Astral microtubules are shorter and stabler bex#usy link the two
poles of mitotic spindle to the cell ends.
» Polar microtubules are longer, rather stable amy tbok overlaid
each other because of their structural role dumitgsis.
» Kinetochore microtubules are unstable and diretitiked to the
chromosomes on the equatorial plate. They are kfezbof dynamic
instability phenomenon given that the rapid remowél tubulin

subunit determine the separation of the chromosdfnes

Polar
microtubule

microtubule Centriole
Kinetochore pair

Figure 1-2. Representation of microtubules network during geparation of
chromosomes.
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The interphase microtubules network disassembldébeabnset of mitosis
and is replaced by a new population of spindle otidsules that are 4 to
100 times more dynamic than microtubules in therptiase cytoskeleton.
Mitotic spindle exchange its tubulin with that imetsoluble pool with half-
times in the order of 10-30 seconds. Recent studée® indicated that
several antimitotic anticancer drugs appear to bibhimitosis at the
methaphase/anaphase transition by suppressindespitdiles dynamics.

In the presence of low, but effective drugs coneiuns, spindle forms
and mitosis can progress as far as the methaphap&ése transition.
However, the spindles are completely unable to fieessnitotic cell cycle
checkpoint and to initiate anaphase movementspaosadonly after a long
period of mitotic blockage, apparently due to thaippressed dynamics.
Mitotically-blocked cells eventually die by apop®$

1.4.2. Tubulin binding site
Tubulin was identified for the first time as theofchicines-binding protein”
by Borisy and Taylor in 1967, and the ability ofatocine to block cells in
prometaphase/metaphase step of mitosis played a rk&y in the
development of antimitotic drugs.
Antitubulin agents are divided into two categorised on their ability to
bind to tubulin and change the ratio between askinimicrotubules and
dimeric tubulin.
In vitro, the equilibrium between the dimeric and polymefdems of
tubulin can be altered by different effecters, sashDMSO, cofactors [
Mg®*, guanosine-5'-triphosphate (GTP), guanosine-5Shdgpahte (GDP)],
or small molecule, which alter the stability of tlin dimers or the

polymerization process.
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Three major classes of tubulin-binding agents hbeen identified: the
colchicine-site binding agents, the vinca domaihibiitors, which block
microtubules growth, taxanes and epothilones bmdite inhibitors which
stabilize microtubules.

Both the vinca alkaloids and the taxane drugs Wbinthe tubulin, but at
different location on the protein: the first grobjmds top-tubulin between
amino acids 175 and 213, while paclitaxel (T&Xobinds both to N-
terminal unit onB-tubulin and to the region bounded by amino acitig-2
231.

Colchicine that is not a clinically used drug fancer binds to thg-subunit

at the interface witli-monomer of the some tubulin molecdle.

1.4.2.1. Colchicine binding site
Colchicine (), was isolated from the autumn croc@dchicum autumnale.
Although colchicine has significamh vitro antitumor effects, its medical
uses, as well as use of its derivatives, has Hegtedl because of its high
toxicity, low bioavailability and poor water solliby (fig. I-3).**
The effect of colchicine on microtubule dynamicspeleds on drugs
concentration. Thus, relatively high colchicine centrations inhibit
microtubule polymerization and depolymerize prefednmicrotubules.
Colchicine binds to soluble tubulin and forms a fypoeversible tubulin-
colchicine (TC) complex, which then is incorporae the microtubule
ends®
A group of tubulin inhibitors that bind at this esitnclude CA-4 2) and
ZD6126, both of which are currently in clinical ddapment.

10
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Figure I-3. Structures of colchicine and CA-4.

1.4.2.2. The vinca domain
The antimitotic vinca alkaloids vinblastin®){( vincristine @), vindesine
and vinorelbine are widely used both as single fagexd in combination
with other antitumor drugs in cancer chemothergayticularly in a variety
of hematologic and solid tumor (fig. I-4).
The two complex indole alkaloids, vinblastine anihcristine were
originally isolated from the plar@atharantus Rosea, while vindensine and
vinorelbine are semisinthetic compounds.
The binding site of vinblastine on tubulin also dsnother compounds
(hemiasterlins, crytophycins and halicondrins) ahis kind of binding
induces a conformationally change in tubulin thatdmes more akin to

vinblastine with the formation of vinblastine-tubsuspiral oligomers.

OH
< N

o

)//o s

0 o N7 YOCOCH;

| HO” "COOCH,

3R= CH,
4R=CHO

Figure 1.4. Structures of vincristine and vinblastine.
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1.4.2.3. Taxobinding site
Taxol® (paclitaxel,5) was isolated in 1971 by Well and Wani from the
pacific yew Taxus Brevifolia and is effective used in the treatment of the
breast, ovarian, and lung carcinomas.
Taxol appears to arrest cell in mitosis by stalnifizspindle microtubules, in
particular this alkaloid induces the formation ofnfiologically-altered
tubulin polymers, that organize themselves in 1&qgilaments rather than
13, bothin vitro with pure tubulin andn vivo.®
Like vinblastine and colchicine, taxol slows anddis mitosis at the
metaphase/anaphase transition in a number of gglést inducing
accumulation in a metaphase-like state and ultilpajgoptosis?
The success of paclitaxel has spurred enormousesitén finding better
pharmacokinetic profile analogs.
To date the only one approved for clinical usehia U.S. is docetaxeb)

that has a semi-synthetic origin.

< =™ (e)
S ~H =
T 0 OHp ©
o5 Y
o

5 R= OCOCHg, Ry= NHCOPh
6 R= OH; R1= O'Bu

Figure I-5. Structure of paclitaxel and docetaxel.
Both paclitaxel and docetaxel occupy the same bindite in the subunit of
tubulin with a 1:1 stoichiometry.

In the following tab (Table I-1) are reported tHass, at the moment, more

promising of tubulin inhibitors, most of which areclinic trials.

12
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However, there is an unmet need of new drugs sinoent therapies suffer
from limited extension of survival time due to iméet or acquired
resistance which is often associated with expressfothe P-glycoprotein

drug transporter.

Compound Approved Compounds in Effect(s) on
class agents develop microtubules
Taxanes paclitaxel DJ-927 Polymerization
docetaxel and/or
depolymerization
Epothilones Ixabepilone KOS-1584
Epothilone B
Vinca alkaloids Vincristine Depolymerization
Vinblastine and/or
Vinorelbine destabilization
Halicondrin b Erubiline
mesylate

Table I-1. Classes of MTls

1.4.3. Multi drug resistance
Multidrug resistance, the principal mechanism byiclvhmany cancers
develop resistance to chemotherapy drugs, is arrfagtor in the failure of
many forms of chemotherapy.
It affects patients with a variety of blood cancemsd solid tumors,
including breast, ovarian, lung, and lower gastastinal tract cancers.
Tumors usually consist of mixed populations of mpadint cells, some of
which are drug-sensitive while others are drugstasit. Chemotherapy Kills
drug-sensitive cells, but leaves behind a highepgrtion of drug-resistant
cells.
As the tumor begins to grow again, chemotherapy fadybecause the

remaining tumor cells are now resistant.

13
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Resistance to therapy has been correlated to #mepce of at least two
molecular "pumps" in tumor-cell membranes that vatyi expel
chemotherapy drugs from the interior. This allowsor cells to avoid the
toxic effects of the drug or molecular processethiwithe nucleus or the
cytoplasm.

The two pumps commonly found to confer chemoresggan cancer are P-
glycoprotein and the so-called multidrug resistaiassociated protein
(MRP).

Drug resistance is a multifactor phenomenon in wiiiéferent mechanisms
are involved as failure of physiologic apoptosigdified drug activation or
degradation and modified transport of the drug®ubgh the membrane
because of a change its permeability.

Pgp (Fig. 1-6) is a trans-membrane protein, prodhfctjenemdr-1, over-
expressed in tumor cells, in particular those t@rgéchemotherapy.

The primary structure of this protein is made upl@B0 amino acids,
organized into two repeated units, everyone of &htho acids, linked by a
bridge. Its trans-membrane domain (TMD) is diredtiyolved in drugs
binding, but is independent from ATP activify.

out
NH,

NBD1 NBD2 COOH

Figure 1-6. Scheme of P-glycoprotein and its functional doam&omains directly
involved in this bond are starred.

14
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In this Ph.D. thesis | focused on two modified agal of natural tubulin
inhibitors, with the same target but different aatimechanism that are
respectively hemiasterlin and epothilone B.

These compounds are the result of the drug disgquercess starting from
natural template, aimed at finding new drugs thatde multi-drug

resistance phenomenon.

15
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2. Microtubules depolymerization inducing agents

2.1. Hemiasterlins
Hemiasterlin 7), hemiasterlins Ag), B (9), and C {0) are members of a
small family of cytotoxic tri-peptides that havedpeisolated from a South
Africa sea spongelemiasterella minor (fig. 11-1).
Structurally, hemiasterlins are characterized bg titesence of tri- or
tetramethylated tryptopharert-leucine, and N-methylvinylogous valine

residues.

0

©
IZ o
~
o
az—
~

-z

H. Ry= GH, hemiasterlin A
=H hemiasterlin B
H,, Ri=H hemiasterlin C

=0~
o

V000

Figure II-1. Structures of hemiasterlins and relative numenatio

These natural substances show potentitro cytotoxicity against murine
leukemia P388 and human breast, ovarian, colon|umtgdcancer cell lines.
Against human breast cancer MCF7 cells, compoundand 8) are more
cytotoxic and more potent mitotic blockers thancvistine, paclitaxel and
nocodazole, while hemiasterlin C is the least podenivative*

The potency of hemiasterlin was also confirmed hey lowest 1G, values
(about 2 pM) obtained in the human tumor cell li@?¢CAR-3 and NCI-
H460.

It was found that hemiasterlin strongly inhibitadbtilin assembly, with

activity comparable to dolastatin 1@l and cryptophycin 11Q) (ICsg

17
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values are 0.59, 0.98, and 1.1 pM for dolastatin Hémiasterlin, and
cryptophycin 1, respectively).

O(/\\J‘
| T N N@\rCOOH
T /

11 Ry= CHy, Ro= Et
13 Ry= Et, Rp= CH,

Figure 1I-2. Structure of hemiasterlin, cryptophicin 1, doléistaBoxed region
represents areas of common overlap identified titralocking studies.

Several experimental studies probing the bindinghdd class of mitotic
inhibitors to tubulin have appeared in literattite.

However, the complexity and diversity of tubuligdnd binding
compounded with the lack of corroborating strudtesadence have served
as limitation to an understanding of the detailedlenular interaction
present in the system under study.

Rai and Wolff have localized the binding region thle microtubule
destabilizing agent vinblastine ofrsubunit, while the three peptides,
probably, bind in a site distinct from that at whide vinca alkaloids bind,
since they all noncompetitively inhibit the bindimg radiolabeled vinca

alkaloids to tubulin.

18
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In contrast, hemiasterlin as well as cryptophycimrid chiral isomer of
dolastatin 10 13) competitively inhibit each other for binding of
[*H]dolastatin 10 to tubulin (Table 1I-1).

Table II-1. Inhibition by hemiasterlin and other vinca domdiugs of the binding
of [*H]vinblastine andJH]dolastatin 10 to Tubulth

% inhibition of % inhibition of
Drug added [*H]vinblastine [*H]dolastatin 10
binding binding
Hemiasterlin 27 43
Dolastatin 10 44
Cryptophicin 1 36 42
Vinblastine 2

@ The 0.4 ml reaction mixtures contained 10 uM tirhuD.5% DMSO, the
indicated potential inhibitor at 0.5 pM. Incubatiasas fro 30 min, and centrifugal
gel filtrations of duplicated 0.19 ml aliquots weatroom temperature. Avarages
from two independent experiments are presentechéntable. Stoichiometry of
binding in the control reaction mixtures: 0.57 nwblastine and 0.59 mol of
dolastatine 10 per mole of tubulin.

Dolastatin 10 is the most active, but phase lfiichl trials revealed bone
marrow toxicity, neuropathy together with a poagrpeutic index.

Despite their structurally diversity, these antwtiit agents bind at the same
active site, that is adjacent to the exchangealilé §te or3-tubulin and is
composed primarily of residues Serl71, Lys174, Y&J1Aspl177, Asn204,
Glu205, Tyr208, Asp209, Phe212, Pro220, and Tyr222.

Each of these antimitotic agents destabilizes anebolymerizes
microtubules, resulting in the formation of abetraan-microtubules rings
and oligomers, in this case hemiasterlin-tubulirysi are 45 nm in diameter,
and both contain 14 tubulin dimers.

Thanks to molecular dynamics simulations and mdéealocking studies it

was possible to understand which functional groapghe hemiasterlin

19
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were important for the interaction with the bindisite, comparing the three
hydrophobic peptides.

Starting from the N-terminus of the hemiasterlime fTrp residue provided
with the two methyl group could be overlaid witrethliphatic side chain,
while the Val residue probably overlaps the pydioie ring of the
dolastatin 10 (fig.1l-2).

An overlap can be exist between the carbonyl of Walieties and the
aliphatic side chain of the Val, moreover Dil/Legsidues may show
structural overlap. These results indicate that\teeand lle/Leu residues

may be the common elements forming the pharmaceghor

2.2. From Hemiasterlin to HTI-286
Nieman and co-workers synthetized a number of goa® in order to
define what portions of the structure were requifed cytotoxicity and
antimitotic activity and to prepare more potent laga easier to
synthesizé’
A great result of this study was the identificatioha Synthetic Peptide
Analogue 110 (SPA 110 or HTI-2884), obtained changing indole of
hemiasterlin with phenyl ring.
At the moment, HTI-286 is in clinical trial afteechonstration of biological

activity in preclinical cancer models.

s 0 | o]
: N N\;/\Hko"l
Moo A
14
Figure 1I-3. Structure of HTI-286.
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The library of products was prepared considerirgg the geminal methyl
couldn’t be removed because they were thought ttept the tripeptide
from proteolysis and/or to establish a preferredf@onation that may be
critical to biological activity.

Hemiasterlin has been the object of a series dflesipoint changes and
corresponding new compounds have been tested fth hnotimitotic

activity in MCF-7 cells expressing a dominant-négamutant p-53 tumor
suppressor gene aiavitro cytotoxicity.

It was found that there was a linear relation betweantimitotic and
cytotoxicity activity over a wide range of strualrvariations; this
correlation suggest that, in these cells, cytoibxids solely due to
inhibition of tubulin function at mitosis, and thaemiasterlins are pure

antimitotic agents.

2.2.1. SAR study on natural hemiasterlin
C-10 trimethylammonium ion and the substitutiontted isopropylic chain
with a hydrogen atom caused a loss of activity,vimp that the two
functionality are crucial to metabolic stabilityddar tubulin binding.
The same outcome had the hydrogenation of the dolbbhd to give a
mixture of epimers that reduce the potency by rbugin order of
magnitude.
The aromatic function is essential at N-terminug@sonstrated by the loss
of potency due to the replacement of the N-metidglie ring with a methyl
or hydrogen atom to give respectivédyt-LEU and Val-hemiasterlins.
Other modifications are well tolerated resultingria significant loss in

potency; these include the conversion of the Bdrestert-Leu to Val,
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formation of the methyl ester at and the replaceénodérthe N-5 methyl
substituent with a proton.

Only one change, the replacement of N-methylintbglaromatic ring made
HTI-286 3-fold more potent than the natural product

other alkyl ok

Dimethyl required ﬂ N-methyl not required

olefin required

SPRR S S ovGH

U
N H U OH or OMe

. isopropyl and
N-methyl amino | _ f ; ;
and L-configuration reqlhr(t:eodn figuration required

Figure lI-4. Structural requirement for optimal cytotoxicityCgh< 1 nM) nd
antimitotic activity (IGo< 1 NM)

The result of this study has highlighted four regi@f hemiasterlins where
single structural changes are possible withoutossly compromising
antimitotic activity:

» replacing N-methylindole with phenyl and methyl gps

» replacing theert-Leu residue with Valine

» removing the N-5 methyl substituent

» making the C-terminal residue methyl ester
C-11 methyl substituents, the C-10 methylamino proand the C-4
isopropyl groups are extremely important structuelments for potent
antimitotic activity™®
With HTI-286 in hand, Rush and co-workers from Wybkave undertaken a
docking study to better understand the interacbbrHTI-286 with the
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tubulin and according their predictions, there segeral important factors
contributing to the HTI-286/tubulin interaction.

These include different hydrophobic interactiongdrogen bonding, and
electrostatic complementarity.

It is hypothesized the U-shaped curvature of thekbane of HTI-286, in
particular the tertiary butyl group is found to apy a spacious cavity i
tubulin, proximal to the location of the guanosiediphosphate (GDP)
(fig 11.5).

The binding model finds the C-1 position of HTI-286 be oriented in a
region ofB-tubulin that is flanked by two ASN residues (resd 186 and
101 of thep-tubulin subunit) providing hydrogen bonding oppmities
with the carbonyl or hydroxyl group of the ligand.

The heteroatoms of the amide backbone of the HEI#8& seen forminf-
sheet-like interactions with the backbone atomsne&rby amino acids
residues.

The interaction between the basic NH group of H86-2&nd the Aspl79
residue of thed-tubulin subunit are quite significant in fact delg them,
the enthalpic and desolvatation contributions todlrig might be
perturbated.

The binding model indicates an association betwgmml 74 and Ser 178 of
the B-tubulin and the C-9, C-6 and N-8 position of th&1+286 scaffold
(Fig. 11-4).2°
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Figure 1I-5. Surface view of HTI-286 docked to thg@tubulin portion of the

interdimer interface, emphasizing the binding pocRée o-tubulin subunit is not

shown for clarity. The tubulin surface is colored lipophilic potential (brown,

hydrophobic; green, neutral; and blue, hydrophilidydrogens are removed for
simplicity. The yellow-colored carbon atoms are gedi for intramolecular
interactions, and thiert-butyl carbons are colored purple.
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3. Scopes and aims

3.1. Development of synthetic routes for the syn#ésis of A-
fragment
In literature there are different total synthesishemisterlin, but the first
one was completed by Andersen and co-workers ii7T H9@ it is the result
of a sequence of coupling reactions between thregified amino acids A,
B and C. Every amino acid apart the commerciallgilable N-Boctert-

leucine is synthesized singularly.

s 0 [ o
WH NMOH
N AN 0 _~
/
7

]

o |
COM T CFAC00 H:N %(coza

N H-N" “CO.H
N s 1
| BOC BOC
A-piece B-piece C-piece
15 16 17

Figure IlI-1 . Retrosynthetic analysis of hemiasterlin.

Structural assignment based on NMR and degradatiaties are supported
by X-ray diffraction analysis of hemiasterlin mett@gter, and it was found
that the members of this family are known to haveohfiguration (Fig. Il1-
1).

The hardest step is the synthesis of A-pied®) (because of the

enantiocontrolled installment of a chiral aminewgro

26



Hemiasterlins: scopes and aims

The first approach was based on Evans’ oxazoligirahremistry employing
the electrophylic nitrogen source triisopropylphisoifonyl azide. The
reduction of azide2Q), followed by Boc-protection of amin@4) gave the
desired functionalized tryptopha28) in a good enantiomeric excess (>
98%) 1

R
CO,CH CO5CH;,
W N WCOzCHs i, vii w
N N N
H 1

)
HiC H,C
18
19 R=H 21 :
20 R=CH, oL
viii ’\\I\/O
o O o O
WCOZH i -
\ \ I \
N.
N H Boc N R ll\l
HsC HsC HsC
26 23 R=Nj 22
24 R= NH,
lxiii, xiv 25 R= N(H)Boc
Q})(rcozra
\
N Me’N\Boc
H,;C
27 R=CHs
28 R=H

Scheme 1lI-2. Reagents and conditiong): KN(SiCHz),, THF, -78°C to 0°C, 3 h;
CHGsl, -78°C to 0°C, 2 h;ii): KN(SiCHs), (1.5 eq), then as in)( (iii): i-BuAlH,
Et,0; (iv): TPAP, NMO, CHCl,, 4A sieves; {): PhhP=CHOMe, THF, r.t.;\{i): p-
TsOH, HO, dioxane, 60° C, 16 hyi{): NaCIQ,, NaH,PQ,, 2-methylbut-2-enet-
BUOH, H0, 0°C; iii ):CHsCCOCI, TEA, THF, -78°C;ik): KN(SiMey),, THF, -
78°C; 2,4,6-triisopropylbenzenesulfonyl azide, THF3°C, 1 min; AcOH, 30-40°C,
1h; x): SnCh, dioxane, HO, r.t., 36 h; Xi): (CH;CO,C),0, dioxane, HO, r.t., 16 h;
(xii): LIOOH, THF, HO, r.t., 16 h; citric acid, bD; (xiii): NaH, DMF, CHJ, r.t., 16
h; (xiv): LiOH, MeOH, H,0, 60°C, 24 h; citric acid, 0.
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The reported synthesis of the tryptophan mogayting from methyl ester
of 3-indoylacetic acid18) was 16 steps long and suffered from low yields
of coupling reactions.

Several research groups tried to find a successfwergent approach that
could give analogues more readily.

This would open the possibility of generating notyosignificant quantities
of hemiasterlin itself but also analogues for soieg and further biological

assays.

3.1.1. Vedej's synthetic approach to fragment A.
An improved enantiocontrolled route to the tetramgktyptophan subunit
(36) was developed by Vedejs’ group using an asymmegirecker
synthesis (5 steps, 50% yield fr@%).

N VI
Het™ N Het” > “NH

H 2

y HN\‘/\OH HNY\OH
)\ i Ph ii
lo} 30
i
o O X‘)LNH2 N y\(m
NH2

H H
NY\OH N\‘/\OH
Ph
31 33 \iv
N 0] o
A\
wor (L s0n X Ao, er e
N
Bts” . BoC Bt

37
Scheme 1lI-3. Reagents and conditionsi) (Sc(OTf);, (R)-2-phenylglycinol,

CH,Cl,, r.t.; BGSNCN, 0°C to r.t.;i{) H,0,, K,COs, DMSO, MeOH, 45°C;iii) Hy,
PA(OH)/C, MeOH, r.t.; {v) BtsCl, NaCOs, CH,Cl,-H,0, 0°C to r.t.; {) CHsl,
DMF, 35°C; (/i) BOC,, DMAP,CHCN, r.t.
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This method exploits the high reactivity of a Btetected amino acid
chloride in the difficult peptide coupling of steaily hindered amino acids
residue like BC dipeptid@.

3.1.2. Durst’s synthetic approach to fragment A.
The same principle was followed by Durst's groupgtd A-piece starting
from N-methylindole 88), that was reacted with tin tetrachloride mediated
ring opening cyanoepoxide.
The treating of the cyanohydri839) with NaOH gave the corresponding
aldehyde 29) that was used in asymmetric Strecker methodolddys
sequence led to the formation of an 85:15 diasteegic mixture ofa-

cyano amines4(l) direct precursor of Andersen intermediatg) ¢

@%

Ph,, o |
WN WN—BOC
VI Viii \ H
N N CO,CH;

T
N Cl
/
40 41 42

Scheme lll-4. Reagents and conditiong} $nCl, CH,Cl,, -78 °C, 70%;i{)
NaOH, EtOH 95%; i{i) (R)-phenylglycinol, CHCI,, TMSCN; (v)
Pb(OAc), MeOH/CHCI,; (v) 3 N HCI, EtO, 55% over two stepsyif
concentrated HCI reflux;v{i) (BockO, NaCO;, THF/H,O; (viii) NaH,
Mel, DMF, 65% over three steps.

29



Hemiasterlins: scopes and aims

A-piece, whatever its origin, was coupled with tegment BC though
amide bond formation.

To date, the first proposed synthetic route wasrsively followed for
SAR studies, but it is resulted poorly versatilecduse every structurally
different A amino acid has to prepared on purpose.

Moreover, this strategy is hardly scalable to abtznsiderable amount of

product.

3.2. Toward the synthesis new analogues of HTI-286
The aim of my Ph.D. project is the possibility #s#ly access to a series of
synthetic analogues of HTI-286, opportunely modifé N-terminus.
Molecular modeling studies, not reported in thisteat, have highlighted
the ability of the binding site on the tubulin tosh bulky derivatives at N-
terminus.
For this reason, we considered the use of a conprexnursor from which a
series of derivatives with modified A-portion could obtained with one or
very few steps.
Following previous works in the field, we have eifdd the synthetic
potentiality of 2-bromoacyl-peptides as versatijathetic intermediates in
reactions in which the pool of natural amino acidsused as starting
material.
The modifications were directed mainly N-terminug bemiastelin
structure, but also the C-terminus, was involve8AR studies.
At first we thought to invert the,a-dimethylbenzyl group with the-N-
methyl group in order to get derivatives of thenala @3) that was
incorporated in the backbone of the hemiasterlankis to two following

coupling reaction$?
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0]

9 |
HN_ 0~
N
o (e}
\Hj\ﬁ NMOH
NH 0 AL

Figure I1I-2 . Inversion of methyl group with dimethylbenzyl rea at N-terminus.

From one side, a key role was played by silver exas promoter of
substitution reactions with controlled chemistrynptoyed to introduce
particular functional groups at N-termintis.

Then, in order to further explore the size of tirding site, bulkier groups
were introduced at N-terminus, employing bromogmytides 44) derived

from phenylalanine instead of alanine as startiagenmals.

(o} [ o
N e
R1><NH 0 AL

43 R= CHj, Ry=Ar
44 R= CH,Ph, Ry= Ar

Figure 11I-3. General structure of the synthesized productseeim HTI-286.

Besides that, we also tried to obtain the direchl@gue of natural
hemiasterlin, bearing 2-(1-methyHiindol-3-yl)propan-2-amine at C-10 of
the tripeptidic backbone as derivative of alanibat so far we haven't
obtained it.

New anticancer therapies are based on synergicaaiten between drugs

that have the same action mechanism and pharmaceitect.
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Thus, we have thought to take advantage of thisciple, planning to
prepare a conjugate between the most active caedamad stilbene 5c,
known to inhibit tubulin assembly (kgvalues from 2 to 8 nM) by binding
to a site different from hemiasterlin, thanks tiinkage easily hydrolysable
in situ. The idea of a pro-drug came up also from theiptesgnprovement
of the water-solubility of stilbene 5c.

By definition two or more agents or substances iacsynergy if they
produce an effect greater than the sum of theividdal effects?*?®

In this context, this CA-4 analog was termed exaadl in a paper published
by prof. Simoni and &*#

stilbene 5¢
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4. Results and discussion

4.1. Potentiality of silver oxide in nucleophile sbstitution
reaction

The research group, in which | carried out thi€Rlproject, has experience
in the knowledge of the silver oxide chemistry asmpoter of nucleophile
substitution on substrates as peptides, depsigeptind pseudo-peptid8s.
These applications are indicative of the greatatdity of 2-bromoamides,
and of the potential involvement of natural amindsc
Thus, the novelty of our synthetic approach is base the consideration
that (9-a-amino-acid 45) can be diazotization and halogenated to give the
corresponding (9-a-bromo-acid 47) in turn derivatized to (9-o-
bromoacylpeptide ofS)-a-bromoacylamide48) depending on the nature of

R, maintaining the same configuration of the stgrtnateriaf’

(o] 0 o

. I PV

W)LOH H A R W)J\ OH

NH, R Br

(S)45 (R)-46 (S)-47
o)

(R)-47
NHR
Br
(S)-48

Scheme |V-1 Stereospecific synthesis dB)-a-bromoacylpeptide from(S)-a-
aminoacid

This is the result of a double inversion of confafion in the sequend&)-
45— (R)-46 — (9-48in which the unstable lactone is involved.
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In literature there are some examples that highlthe bromoacylamide
(48) reactivity towards the substitution of the bromiwith a nucleophile,
according to different factors:

e nature of the nucleophile

* solvent characteristics

» presence of a silver promoter

* nature of alkylic group i position
Thus, the reaction of9-48 with an amine gives substitution compounds,
whose N-terminus bears the side chaifSp45.
In absence or in presence of a soft Lewis acid, Agarting from(S)-
bromoacylpeptidet9 the product with inverted configuration is obtaine
(R-51
This reaction is quite slow, it takes hours to gah end, and is performed
with 1°, 2° amines and enolate that are good nptides.
The combination of Aghindered amine induced the amine to behave both
as base and as nucleophile, thanks to a shift feormechanism of
electrophilic assistance to an alternative one reside’ is responsible of an
acidity-enhancement mechanism.
The addition of covalent silver oxide increases e of the reaction, in
fact it was observed that with whatever amine, gheduct has the same
configuration (§-51 of the parent 2-bromoamidd9 in high ee was
obtained.
Stereoselectivity depends on a favorable ratio betwthe rates of two
competitive mechanisms that can operate.
By using an insufficient amount of A@, in fact, the optical activity of the
produced aminoamide decreas, because the rate ahopd and

unpromoted reaction approach to each other.
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Interaction between A@ and the solution-species would make the
mechanism a complex one characterized by a labit&@mone @-lactam,
(R)-50).

o

o o o
R i
R\‘)LNHR1 — \‘)J\lldHR1 —— Hlyg| R\‘)J\NHR1
Br HBr. O, R Nu
(S)-49 Ag Ag (R)-50 (S)-51
i
o
R\_.)LNHR1
Nu
(R)-51

Scheme V-2 Reagents and conditions) Ag,0; (i) Nu:; (i) Nu:, Ag"
CRSO;

4.2. Synthesis of the fragment BC

B ENREESS GRS §

BocHN™ "COH Boc—ll\l CO.H Boc—l}l ?T—OC Hs
(0]

()52 (5)-53 (S)-54

h | |
(S)-55 (S)-58 (S)-59

i i i
BN CH — M BoeN" > COEt = HNT N Co,Et
L Et0,C

Tﬁpm A EtOchBr

57 56

Scheme IV-3.Reagents and conditions) CHsl, NaH 60% min. oil, THF; i{)
CH3NHOCH; -HCI, 1-HOBT, WSC, NMM,; ifi) LiAIH 4, THF; (v) PPh, toluene;
(v) NaOH; /i) 57, CH,Cl,; (vii) TFA, CHCk

The schemes IV-3 and IV-4, show the synthesis @fitkermediate§S)(S)-
63a b as exactly reported in literature for HT1-286.
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Boc-N-methyl-§)-valinale 52 obtained from reduction with LiAllHof the
Weinreb amidg(S)-54, was reacted with a stabilized Wittig reagesi)(
previously prepared from 2-bromoestes6) to get y-aminoestera,p-
unsaturated (scheme 6).

The olefination was performed in GEl, affording stereoselectively tHe
2-alkenoate{9) (scheme IV-3).

After deprotection under acidic conditions, theermediate(S)-59 was
coupled with (S)-Boc-Valine 60 or (S)-Boc-Tert-Leucine 61 employing
TMAC to activate the amino acid (scheme IV-4).

Me-HNji/LcozEt

) i BOC-HN\g)J\T = CO,Et
5
Boc-HN™ >COH (S)(S)-62a R=CH,
(S)-60 R=H (S)(S)-62b R=H
(S)-61 R=CH,
\ i
R L
NHziQJ\hll N cont
%
(S)(S)-63a, b

Scheme V-4 Reagents and conditions) TMAC, DIPEA, THF, -78°C, 2h;ii)
TFA, CHCL, r.t.

4.3. Synthesis of racemic mixtures of bromoderivates

From this known intermediates, we started our owmjegt by reacting
(9(9-63a,bwith bromide of(R, §-2-bromo-propionic acié4 obtaining 2-
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bromoacyl-peptidegR,S)(9)(9-65a,b as diasteromeric mixtures (scheme
IV-5).

Br »— %( I/Lco Et
HzNJk I/LCOZEt

(R, S)(S)(S) -65a,b

(S)(S)-63a,b

Scheme IV-5.Reagents and conditions) TEA, DCM, 0°C, to r.t. overnight.

At first, the products were synthesized as mixtofaliastereoisomers, in
order to achieve easily both compounds, whose ifctmight be quickly
tested and compared to each other. The most prgn@@mpounds were
then prepared as single diasteroisomers in ordest@blish the identity of
which one was responsible of the activity.

In this perspective, silver oxide was employed aspting agent granting
good yields and the correct stereochemistry optioeluct.

In this case, bromo-derivativéS)(S)(S)-65ab are the result of the reaction
between(9)(9-63ab with (S-2-propanoic acide?, in turn obtained by
diazotization-bromination of amino acid (L)-alani®@

Similarly, the (R)(S(9-65ab series display both valine anert-leucine

were prepared using (D)-alanine as starting mat@iheme IV-6)
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' R L
|
HZNJﬁ(OH Br/'\ﬂ/OH + HZN:QJ\,Tl A couet
T~

o (e}
(L)-Aelgn/na (5)-67 R (S)(S)-63a,b

I
a2 L
;Eiam Br/'\r(NiJJ\rr Z > COo,Et
‘ © A
(S)(S)(S)-65a,b
Scheme V-6 Reagents and conditions) NaNOyYH®, KBr; (i) TMAC, DIPEA,

THF, -78°C

4.4. Nucleophilic substitution reaction catalyzedby silver oxide
The prepared bromoacyl intermedia®Sab were subsequently reacted
with different nucleophyles, mainly amines. Some iremwere not
commercial and were synthesized.
Indeed, most of amine&la,d-ewere prepared treating tertiary alcohol with
sodium azide and TFA at 0°C, followed by cataljtipdrogenation with
palladium on charcoal, while non commercially aablé alcohols69d-e
were obtained adding the correspondent ke6@teeon to freshly prepared
Grignard’s reagerft.
With the aim to understand the importance of the methyl groups R" and
R™, also amines a3lbc, and N-methyl-indol-3-yl-methanaminglf,
yielded by reduction of the corresponding nitrif8, were employed
(scheme IV-7).
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o " "
)J\ R\ i R><R
R' R N R NH,
68 d-e 70a,d-e 71 a-f
b R'= Ph. R" TR
¢ R'= Ph, R"
dR'= , R
eR'=p-
f R'=N- methyl |ndole R" R =H
72 H

Scheme IV-7.Reagents and conditions) CHsl, Mg, EtO; (i) NaNg, TFA, CHCE;
(ii) H,, Pd/C; {v) H,, Pd/C, EtOAC

In the same perspective, cyclohexylamine was usesh g¢hough its

structure is different from what is representethm general scheme IV-7.

4.4.1. Synthesis dofert-Leucine derivatives
As regarding the reactivity, only the reaction witbnzylamine71c could
run without AgO, while the other amines have required this premas
they were quite bulky.
Also water was used as nucleophile even though dxydderivatives
(RY(9(9-78g and(R,9(9(9-83g were reaction by-products more or less
present if the environment of the reaction wasstattly dry (scheme V-
8).22
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w O

0

Br}\[fNHg)J\wI/LCOZEt L

0 R !

(R,S)(S)(S)-65leu (RSXS)S)-75 a-f
i J"

9 R XL
R----é\‘rNHz/u\Nj:/LCozEt CFscOO_HZKI%fNHi)J\N Z COH
o /I\ | R'—RﬁR,,, 0o /P '

(R,S)(S)(S)-77 g;h (R,S)(S)(S)-76 a-f
i

| l
Ho%(”“_)?\,\,\/(/LcozH CF;CO%;KI %O(NH ;J\T\/(/LCOZH
0 /,\ ! @ AT~

(R,S)(S)S)-78 ¢ (R,S)(SXS)-79 h

2L
NH}\WNHi)J\ITI 7> Co,Et
RO A

-0 Q00T
ADQWYA

Scheme IV-8.Reagents and conditions) £Ag,0O, 70a-f, toluene, reflux;ji{() Ag,O,
Nu: (g: H,O orh:Cyclohexylamine), tolueneii] LIOH/MeOH/water, than TFA.

4.4.2. Synthesis of Valine derivatives
The following scheme shows the synthesis of som@evaderivatives
(RS(9(9-81ac in which only the amin@&lac were used (scheme 1V-9).
The mixtures (R (9(9-75ac, (RY(9(9-76ac and (RY(9(9-80ac,
(RS(9(9-81lac weren't separable either by flash chromatography o
HPLC, therefore the single diasteroisomers wereresselectively
synthetized starting from botliR) and () (9(9-65ab thanks to the
potentiality of AgO.
The de of the products is 95% and was measured by HPHQYMR and
comparing the results with those of diasteromerixtumes previously
obtained.
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R XL 2L
Br/%fNHAIII Z COEt | NH%( NHE)J\I?I 7 Co,Et
0~ Rl‘ﬁR'" o~

(R,S)(S)(S)-65val (R,S)(S)(S)-80 a,c

Jiii J
HO}\H/ NH)L \/(/Lco Et  CF,C00 HzNirr HA I/L

R ©

(R,S)(S)(S)-82g (R,s)(s)(s)_s—l a,c

o I/L aR'=Ph, R'=R"
o uf S 0 8
Ho%(NHi)LN ZCO,H
(R,S)(S)(S)-83g

Scheme IV-9.Reagents and conditions) £Ag,0O, 71a,c, toluene, refluxiii) Ag,O,
H,0, toluene;i{) LiOH/MeOH/water, than TFA.

Apart the hydroxy-derivativegR,S)(S)(9-78g 83g the final products
(RY(9(9-76af, (RY(H(9-79n, (RY(9(9-81a,c were all tested as
trifluoroacetate salts, after basic hydrolysis dhyé ester and HPLC
purification.

Moreover, we wanted expand our investigation on teesatility of

synthetic procedure, together with the need ofhmSAR studies on a
series of products modified at carboxyl-end positio

It was, therefore, easily synthetized a compouRiS9(S)-88 whose

fragment C was a rigid aromatic derivativeyediminoeste,p-unsaturated
(9(9-63b, condensing Bo€lL)-tert-leucine (S-61 and 3-aminobenzoic
ethyl esterB4, in order to investigate if a modification at Grténus might

afford a series of products modified at this positischeme 1V-10).
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H
i H N
Boc N~ COH | @\ i .y N\J:VfN COEt —ii
/_I\ HN CO,Et : \©/

(S)-61 (S)-85

e

(R.S)(S)-86 (RS- &
iv
H O H
/ HNg}\N N COH
CF4CO; Nl \©
(R.S)(S)-88

Scheme 1V-10.Reagents and conditions) (1). DIPEA, TMAC, THF, -78°C, (2)
TFA,; (ii) DIPEA, TMAC, (R,S-2-bromo-propionic acidii{) Ag,O, toluene, reflux;
(iv) LiOH, MeOH, HO, then TFA.

4.4.3. Synthesis of Phenylalanine derivatives atférminus
Computational studies suggested that the portiothefbinding site that
host the aromatic ring of HTI-286 was enough latgeaccommodate
bulkier groups.

Moreover the most interesting derivatives were ¢hasearing the

dimethylbenzyl-amino group.

Thus, a bivalent ligand was prepared, includingiréher benzylic group at
N-terminus.

The two diasteroisomers were synthetized separdddlywing the same

synthetic route shown in the scheme 12, but ineptd@alanine, (D) and (L)-

phenylalanine89 were used, as starting material for the correspandi
bromo-acid€S)-90 and(R)-90 (scheme IV-11).
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In the scheme is represented only the synthesisasteroisome(S)(S)(S)-
93, but also the othdR)(S)(S)-93 were obtained.

(S)- 90 :|>©j\’(NH)L I/LCO E

(L)- Phenylalanlne I)\
HZN\)J\ CouEl

(S)S)(S)-91
(S)(S) -63a ‘
ey NH;L BN @g}/’ww RO
CF4C0.°
(S)(S)(S) -93 (S)(S)(S)-92

Scheme IV-11 Reagents and condition$) NaNO,/H", KBr; (ii) TMAC, DIPEA,
THF; (i) Ag,O, 71a, toluene, refluxj\) LiOH, H,O, MeOH, then TFA.
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5. Biological evaluation

Small groups of compounds structurally different éach other were
synthetized, tested and the biologic results hegiaik in our SAR study.

The first synthetized compounds as racemic mixiurearing phenyl group
at N-terminus apart serigsthat are hydroxyl-derivativéR,S)(9)(S)-76a,G
(RY(9(9-81a,¢ (RY(9(9-78g 83g were tested on lung cancer cells
A549.

While (R,S)(9(9-81¢ (RS(9(9-78g and(R,S(9(9-83g were inactive at
the highest concentration used (3 pPMRS(9(9-8la at the same
concentration has shown weak activity.

On the other handert-leucine derivativegR,S)(S)(9-76a and(R,9(S)(9)-
8la have a very interesting biologic profile, as thepibit tumor cell
growth at nanomolar level.

It was also demonstrate that such concentratiores ragcessary to
completely disrupt microtubules network and to strreell cycle at @M
phase.

On purpose, immunofluorescent staining of A549 sceileated with
(RY(9(9-76a and (R,9(9(9-81a was performed and it was found that
when these cells were treated with 100 nM(RfS)(S)(9-83g (inactive
compound), thereare no difference from the control cells with fully
intactive microtubule network and normal mitotidrajies.

Cells treated witliR,S)(S)(S)-76awere blocked at mitotic phase as evidence
of condensed chromosomes in DARI-6’-diammidine-2-phenylindole)
staining. The same effect was due to cells treatmath (R,S)(9(9-81la
that exhibited a different pattern, in fact the mtabule network is not fully

disrupted in the non-mitotic cells that are presemasionally.
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In the mitotic cells identified by DAPI stainindje mitotic spindle shows a
radial pattern characteristic for monastral spindle

Because the structures @R 9(S(9-76a and (RS (9(9-81a are very
similar except an additional methyl group in thegiBee, we thought the
mechanism of these two compounds should be sindlad, the different
pattern seen in the immunofluorescent staining trbghdue to the potency.
The two most active compounds were tested on seseltalar panels after
48 hours incubation and it was observegyM2lues around 10 nM for both
of them, but the ability of tumor cells growth ibftion of (R,9)(9(S)-76ais

higher than(R,9)(9(9-81a

grown
”~
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Figure V-1. Effect on cell growth of A-549 and H-1299 (cancand cells), SNU-
423 (hepatocellular cancer cells), MDA-MB (breaaheer cells), UCI-101 (ovarian
cancer cells), HCT-116 (colon cancer cells) of commis (RS)(S)(S-76a and
(RY(S)(S-8laafter 48 hours incubation.
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As (RS(9(9-76a and (RY(9(9-81la have proved to have the best
pharmacologic profile, they were synthetized aglsimliastereoisomers and
the cytotoxicty was examined in UCI-101 human caaugancer cells.

Their activity is represented in figure V-2 togetkéth racemic mixtures of
new derivativegR,S)(S)-88, (R 9(9(9)-76d and(R,S(S(9-79h.

The two most active compounds &R3}(S)(S)-76a 81lawith ICs of 20 NM,
whereaqR,S)(9(9-79h and (R,S)(S)-88 have no cytotoxic activity even at
1 uM. Other two compound$)(9(S)-76aand(R,9(9(9-76d have 1G, at
200 nM. The fact that(R)(S(S-76a and 8la are more potent than
corresponding stereoisomgiS(S)(S)-76a and 81a highlights the essential
role of the (R) configuration at N-terminus. This is not in lineithv
taltobulin derivatives stereochemistry, in whi@(S)(S configurations are
reported to have potent activity.

However, the bulky dimethyl benzyl group in the mastive diastereomers
occupies the same place in both series. It sedmasefore, that the correct
placement of dimethyl benzyl group is more importdran the secondary
amine to give functional interaction with bindiniges

The poor activity found with the aromatic 2-naphtBypropyl group of
76d, suggests the presence of a large pocket thatl dmuloccupied by an
aromatic group, similarly to the indole ring in natl parent compound
hemiasterlin.

Lack of the aryl portion also seems to be inconigatiwith growth
inhibition, which is consistent with the resultssdebed in taltobulin series.
Both other non aromatic substituents at nitrogen fraigment A as
cyclohexyl and the rigid modified at fragment C lagae(R,S)(S)-88 led to

loss of activity.
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% growth

oM (in log scale)

Figure V-2. (A) UCI-101 cells were treated with various concatibns of
compounds for two days. The tumor growth suppressias determined by Alamar
blue staining and plotted against concentrationsthad treated drugs. Each
concentrations was repeated in triplicates.

The lack of activity of(RS(S(9-79 h was unexpected as molecular
modeling studies suggested that the pocket wasgenlamge to host bulky
groups. This aspect led us to synthetized otherpcoaimds aromatic like
indole (RS)(9(9-76f derivative just to confirm the data previously
obtained.

It was found to be completely inactive in E2S ogdbility test after 48
hours incubation.

Two diastereoisomers bearing p-bromine on the atiomeang of
dimethylbenzylamine were tested as they added awdified steric
bulkiness at N-terminus.

They were found inactive with kg of 600 nM for(R)(S)(9-76e and 100
nM for (9)(9(9-76ein a MTT cell vitality assay on MCF-7 breast cance
cells, and in this case there is a discrepancyriafethe data collected so
far, since diasteroisoméR)(S)(S) was expected to be more active than the
other one.

The same biologic assay was applied to test comgmowith only one of

the geminal methyl groups. With(S)-1-phenylethamine, a further
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asymmetry centre was introduced at the most inyastd region of the
tripeptide that was tested as racemic mix{RgR,S)(S)(S)-76b, but it was
found to be inactive showing §£>100 nM.

Phenylalanine was employed as source of bromoatidmediates for other
derivatives were examined on MCF-7 with the aimutalerstand if the
addition of a further bulky benzylic moiety in piof the simple methyl
group of the alanine at N-terminus might incredsedctivity.

Thus, a couple of diasterecisomgS)(S)(9-93 and (R)(S(9-93 was
synthetized and their respective activity compaveth (R,S)(9(S-764
unfortunately, the preliminary biologic data wer encouraging showing
ICso of 367 nM for(R)(9(9-93 and 240 nM for the other one in E2S cell
viability test (figure V-3). Interestingly, in thizase the activity of
diasteroisomers showed th@) is more active thafR), as for the couple
bearing bromine, but with less difference.

In light of the results data, it seems that thespnee at N-terminus, of
bulkier aromatic groups decreases the activityfatt (R,9(S)(9-76f and
(RS(9(9-76d are inactive.

R

Figure V-3. Cytotoxicity in ES-2 cells (duplicates, d¢was calculated using Sigma
plot).
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6. Conclusions and perspectives

This Ph.D. thesis reports the synthesis of a smaihbers of compounds
inhibitors of tubulin polymerization, involved irells replication.
These product are isosters of patented tripeptiié;286, and have been
obtained with a modified synthetic route developedur research group
regarding mainly the N-terminus end.
Generally, the modification that we have done,larewn in literature, but
some of them have put forward again, with the anobtain compounds
possibly more active than the parental, consideomgmodification at N-
terminus.
Our synthetic approach has been studied to be wesatile thanks to the
possibility to access to a variety of final produstarting from a common
building block, the bromoacylderivative charactedzby a desidered
stereochemistry.
The substitution of the bromine with a nucleophienerally an amine,
catalyzed by silver oxide, is the key step as libveéd us to obtain the
derivative both as racemic mixture, both as sinljgsteroisomers.
Several compounds were examined in different bioldagsts and 1€
values compared to establish some structural-actrelationships among
them.
Our biological result are in line with the SAR daiath of Nieman’ s group
and Zask’s laboratory/*®

* Compounds in which the B-piece is a valine aminbaaie less

active than the corresponding with tiegt-leucine.
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Both in Valine and intert-leucine series, the presence of the
geminal dimethyl group at A-fragment is essentilthe activity,
as demonstrate literature information.

Among derivatives with the aromatic ring at N-tenos, the single
diasteroisomeréR)(S)(S are more active than the other series with
(9(9)(9stereochemistry, that is also the natural sterenidiey.
Inverting the groups bound on nitrogen and at, @nly the first
series might probably expose the radical in a corspatial
conformation, similar to that of HTI-286.

In the parental compounds, Zask’s group has demaiasthe
stereochemistry(S)(S)(S) is critical for the activity of HTI-286
derivatives, in fact (9R)(S and (9(9(R) isomers were
completely inactive in inhibition polymerizationbulin assay.
Bulkier groups were introduce on the nitrogen ateNminus as
suggested by molecular modeling informations.

We expected more potent compounds, but unfortunatedy
revealed a weak activity.

We have supposed, on the basis of the results,tlleatctivity
could be better related to the two methyl radicadar the bulky
groups.

Modifications at C-terminus that conferred rigiditythe backbone
of the tripeptide were not tolerated.

The most active compound is t{R)(S)(9)-76a with 1Csq 20 nM,
value of the same order of magnitude of the reteakoompound,
HTI-286.
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6.1. Toward the pro-drug with stilbene 5c
On the basis of the reported results, a furthemgmss in this project
regarding antitubulin compounds in our researclugrdas been envisaged
in the possible development of a pro-drug link{R)S)(S)-76aand stilbene
5¢, whose activity is 10 nM in some solid tumor.
This compound suffers from low water solubility,daim the past our aim
was to increase ii® vivo biologic profile, by a linkage with a water solabl
carrier.
As first information, we needed to know of any pblessynergic activity

between stilbene 5c and the most active hemiasielivative®®

6.1.1. Synergistic effect betweel(R,S)(S)(9)-76a, (R,S)(S)()-
81la and stilbene 5c.

When the structure model of tubulin bound with badme and vinblastine
was solved, the mechanism of interaction and hoWchamne and
vinblastine affect tubulin polymerization were uited. The tubulin-
colchicine complex was kept in a curve conformatiow unable to change
into a straight conformation for polymerization, $@t tubulin cannot be
assembled.
The formation of a curve conformation in tubulintlwicolchicine site
inhibitors also enhances the binding of vincristlme stabilization of the
vincristine binding site in tubulin.
This structure information thus suggests a syngcgisffect between
colchicine site inhibitors and vincristine site iiitors.
Since stilbene 5c is a colchicine-site tubulin bitdr and (R,S)(S)(9-76a
and (R,9)(9(9-81a are inhibitors with non-colchicine related mecisam;

synergistic effect between the two compounds aititbae 5c was tested.
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At first, it was carried outin vitro tubulin polymerization study by
incubation of 1uM stilbene 5c¢ andR,9)(9)(9-76a individually and in
combination. This concentration is barely effectimesuppressingn vitro
tubulin polymerization as shown in Figure VI-1.

However, the combination of both stilbene 5c¢ &R®)(S)(9-76a shows a
much more robust inhibition of in vitro tubulin goherization, suggesting a

synergistic effect between them.

070 T=commi

-5 WM
—0— (R.5)(S)(5)-T6a 1 uM
080 {—%—815C 1M + (R 5)/5)/5)-T6a ] uM

0 10 20 30 40 50 80
time (min)

Figure VI-1. In vitro tubulin polymerization study. Purified tuln was incubated
in a 96-well plate with polymerization buffer andul stilbene 5¢(R,S)(S)(S)-76a

individually or in combination. OD340 was measuegry min for 30 min in a
plate reader at 3T.

6.1.2. Project for a reciprocal prodrug between #bene 5c and
(S)(S)(S) 76a
In order to further exploit the synergic effectsstifbene and hemiasterlin
derivatives, as above reported, the synthesis mafiaial prodrug could be
thought in order to possibly improve farmacokineifcboth components.
The most important requirement is to find a linkabat is anin vivo

hydrolysable function.
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We would exploit the amine group of stilbene 5c,amithe other side, we
have planned to react the bromo-acylpeptide withaanine conveniently
bearing a group that is useful to be reacted wiihker (OH, NH) and, in

the same time maintaning a high biologic activity.

? YL
HNJ\WNH :)L,l‘ A con
) i tnkage ()L 0 4
O/
(0]

o) I

Figure VI-2. Model of the pro-drug between stilbene 5c¢ and timapound with the
best biologic profile.
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7. Experimental section

7.1. General methods

'H and **C NMR spectra were determined with a Mercury Plyegian
spectroscope at 400 MHz. Chemical shift$ ére reported in parts per
million relative to residual chloroform (7.26 pproj dimethyl sulfoxide
(2.49 ppm), TMS (0 ppm) as an internal referenaeugling constantsJj
are reported in Hertz (Hz). The peak shapes aretddnas follows: s,
singlet; d, doublet; dd, double doublet; t, triplgt quartet; m, multiplet, br,
broad. Electrospray (ES) mass spectra were recamdedMicromass ZMD
2000 and MALDI mass on a Bruker Omniflex. IR spacivere recorded
with an FT-IR Perkin Elmer Paragon 1000 using™cas units. Optical
rotation were determined in a polarimeter with ach® cell, operating at
589 nm (sodium D line) at 20°C. The concentraticas -2% in CHGI
Chromatographic purifications were performed bystilachromatography
using Merck 0.040-0.063 mm silica gel. Thin-layaramatography (TLC)
was performed on Merck silica gel precoated plétsrck F254) using the
indicated solvent systems. Analytical HPLC was @ered with a
Beckman System Gold with a 166 detector (visudbpaat 254 nm) and
was run on a TSK Gel Super ODS (C18) column (4.6 xrt0 cm, 2 mm)
using a gradient solvent system (solvent A: 0.1%A/FRO, solvent B:
0.1% TFA/CHCN). Unless otherwise noted, the gradient was:0t min:
0% B, t = 25 min: 100% B. Retention timdg) (are reported. Preparative
HPLC was performed with a Waters Delta Prep 4008 was run on a
XTerra (C18) column (30 x 50 mm, 5 mm) using a gratlsolvent system
(solvent A: 0:1% TFA/HO, solvent B: 0:1% TFA/40% 0/60% CHCN).

Unless otherwise noted, the gradient was: t = Q 6t B, t = 25 min: 50%
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B, t = 35 min: 100% B. All reactions mixtures wengalyzed by HPLC and
'H NMR to check the diastereomeric distribution befand after column
chromatography, to avoid wrong conclusions, due diastereomeric

enrichment. Reagents and promoters are purchasedAifa Aesar.

7.2. Experimental procedures and analytical data.

7.2.1. Synthesis of fragment BC
(9)-2-(tert-buthoxycarbonyl(methyl)amino)-3-methylbutanoic acd, [(S)-
53]

To a solution of Boc-L-Valine (14.7 g, 67.7 mmat) dry THF (350 ml),
methyl iodide (42.2 ml, 667 mol) was added dropwise

At 0°C, NaH 60% min. oil (32.5 g, 667 mol) was adg®rtion wise. The
mixture was left stirring overnight at r.t.

After quench with water, the reaction solvent wasaentratedn vacuo.
The crude was suspended 150 ml of water and waslithd50 ml of
EtOAc. The water phase was acidified with citricidacintii pH 3.5,
extracted with AcOEt (3x100 ml).

The organic phase, was washed with brine (3x5Cand)dried over N&O,
to afford (15 g, 60 mmol, 96%) of yellow oil, thatas used without any
purification for the next reaction.

'H NMR (CDC}, 200 MHz) :8 0.90 (d, 3HJ = 6.6 Hz), 1.01 (d, 3H) =
6.6 Hz), 1.44 (s, 9H), 2.14 (m, 1H), 2.86 (s, 3HL6 (m, 1H)

13C NMR (CDCE, 400 MHz) :§ 19.0, 19.9, 27.7, 28.4, 31.9, 65.6, 80.9,
157.1, 175.7
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(9)-tert-butyl 1-(methoxy(methyl)amino)-3-methyl-1-oxobutan-2-
yl)(methyl)carbamate [(S)-54]

To a cold (0° C.) solution of N-Boc-N-methylvalif®)-53 (15 g, 65 mmol)
in 150 ml of DMF, 1-HOBT (9.64 g, 71.4 mmol), EDC13.7 g, 71.4
mmol) and N,O-dimethylhydroxylamine hydrochlorid@. g, 91 mmol),
were added. Then, at 0°C 4-methylmorpholine (17p86162 mmol) was
added and after 10' the reaction was left stiramgrnight at r.t.

The reaction solvent was remover under vacuo, drel drude was
suspended in AcOEt (150 ml). After washing witlricitacid (2x50 ml) to
pH 5, the organic layer was washed with NaH@% (2x50 ml). The
organic layer was washed with brine, dried withisod sulfate and the
solvent was evaporated to get (11 g, 40.14 mma@h)6df a yellow oil, that
was used without any purification for next step.

'H NMR (CDCl, 200 MHz):3 0.85 (d, 3H,) = 4 Hz), 0.89 (d, 3H]=4 Hz),
1.44 (s, 9H), 2.25 (m, 1H), 2.81 (s, 3H), 3.193(4), 3.70 (s, 3H), 4.66 (m,
1H). °C NMR (CDC}, 400 MHz) :§ 18.6, 19.4, 27.5, 28.3, 31.7, 37.0,
60.7, 61.6, 19.7, 156.1, 170.2

R; (Hexane/EtOAc 6/1): 0.25

(S)-tert-butyl methyl(3-methyl-1-oxobutan-2-yl)carbamate [(S)-55]
Lithium aluminum hydride (342 mg, 9 mmol) was addatd0°C to a
solution of 64) (2.0 g, 7.2 mmol) in dry THF (20 mL) and the réac
mixture was stirred for 2 h at r.t. The mixture veasefully quenched with
water at 0°C, diluted with diethyl ether (75 mL)datreated sequentially
with 3 N hydrochloric acid (3x20 mL), agueous sadilydrogen carbonate
(3%20 mL), and saturated with brine (3x20 mL). Tdrganic layer was

dried over sodium sulfate and the solvent was eneded to yield the crude
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aldehyde (1.2 g, 5.58 mmol, 92% yield), that wagdusvithout any
purification.

'H NMR (CDClk, 200 MHz):50.86 (d, 3H,J = 7 Hz), 0.95 (d, 3H) = 6.8
Hz), 1.44 (s, 9H), 2.25 (m, 1H), 2.74 (s, 3H), 465 1H), 9.63 (s, 1H).

R; (Hexane/EtOAc 6/1): 0.4

(S, E)-ethyl 4-(tert-butoxycarbonyl(methyl)amino)-2,5-dimethylhex-2-
enoate[(S)-58].

To a solution of aldehyd®5 (840 mg, 3.9 mmol) in dry Ci&I , (10 mL)
under an argon atmosphere at room temperature wddeda
(carbethoxyethylidene)triphenylphosphorane (2.8.8, mmol) and it was
refluxed 5 h. The reaction mixture was concentrateechcuo and the crude
was triturated with Hexane several times ( 20 n)l ¥ie combined organic
extracts were concentratéuvacuo to afford the required E-2-alkenoate as
a yellow oil (0.940 g, 3.14 mmol, 81%).

1H-NMR (200 MHz, CDC}) 0.74 (d, J=6 Hz, 3B 0.79 (d, J=6 Hz, 3}
1.17 (t, J=0.7 Hz, 3H), 1.34 (s, 9H1.72 (m, 1H), 1.78 (s, 3H), 2.60 (bs,
3H), 4.08 (q, J=7 Hz, 2H), 4.15-4.20 (m, 0.5H),14232 (m, 0.5H), 6.54
(d, J=8 Hz, 1H)**C NMR (CDCl; 400 MHz): 513.2, 14.2, 19.5, 59.6, 60.7,
79.7,132.0, 138.8, 155.7, 168.0

R; (Hexane /EtOAc 6/1): 0.5

Hylide of ethylic ester of 2-(triphenylphosponium)popionic acid (57).

To a solution of triphenylphosphine (60.5 g, 0.28)nin toluene (100 ml),
ethyl 2-bromopropanoatt (30 ml, 0.23 mol) was added.

The suspension was stirred for 48 h at r.t. Attait the mixture was filtered
on Gooch and a white solid was obtained (71.31f éol, 70%). The solid
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(19.5 g, 44 mmol) was solved in 75 ml of water dacthis solution, a
saturated solution of NaOH was added until pH 9.

The mixture was left stirring until the formatiorfi @ precipitate, that was
filtered and the solid was triturated with wate® (bl x3). The yellow solid
was concentratedn vacuo, solved in AcOEt and crystallized from
petroleum ether to afford a yellow solid (10.4 §,2mmol, 65%)

'H NMR (CDCk, 200 MHz):50.44 (t, 3H,J = 7.0 Hz), 1.6 (d, 3H) = 7.0
Hz), 3.7 (q, 2H, = 7.2 Hz), 7.53 (m, 15H}3C NMR (CDCk. 400 MHz):5
12.8, 14.2,57.4, 76.5, 128.5, 132.0, 133.6, 168.0.

(S, E)-6-ethoxyN, 2,5-trimethyl-6-oxohex-4-en-3-aminium  2,2,2-
trifluroacetate [ (S)-59]

[(9)-58] (641 mg, 2.1 mmol) solved in 2.2. ml of gH, was treated with
TFA/CH,CI, (0.1 mmol/1 mL) at room temperature for 2 h. Renh@fahe
solventin vacuo, followed by repeated rinsing of the residual matewith
methanol (3x5 mL) and evaporation of the remainirages of solvent
afforded the TFA salt of the amino acid ester iamjitative yield, that was
used in next step without any purification.

H NMR (CDCl, 200 MHz):50.98 (d, 3H,) = 6.4 Hz), 1.01 (d, 3H] = 6.2
Hz), 1.31 (t, 3HJ = 7 Hz), 1.93 (d, 3HJ = 1.2 Hz), 2.2 (m, 1H), 2.59 (t,
3H,J = 5.2 Hz), 3.8 (m, 1H), 4.23 (q, 28,= 7 Hz), 6.65 (dd, 1H]) = 1.2
Hz,J=9.2 Hz), 8.9 (s, 1H); 9.1 (s,1H)

¥C NMR (CDCls, 400 MH2z): 6 13.4, 14.0, 17.1, 19.0, 31.4, 31.6, 61.6,
63.1, 130.9, 136.7, 166.6. IR (KBK):= 2974, 1715, 1669, 1173, 1130.
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General procedure 1: pivaloyl chloride-mediated ande bond
formation [(S)(9)-62a,b]

To a cold (-78°C) solution of carboxylic acid (1ef)) in dry THF (1
ml/mmol) of amino acid ester) under an argon atrhesp was added
DIPEA (1.5 eq) and pivaloyl chloride (1.2 eq). Tiesulting mixture was
warmed to 0°C for 1 h and then re-cooled to -78°C.

DIPEA (2.2 eq) was added to the reaction flaskofefid by the addition,
via syringes, of the TFA salt of the amino acid ester (1 eqjlip THF (0.5
ml/mmol of amino acid ester) at -78°C.

Stirring was continued for 1 h and then quenchedhieyaddition of HO.
The mixture was allowed to warm to r.t. and exedcthree times with
diethyl ether. The combined organic layer was doedr sodium sulphate
and concentrated in vacuo. The crude oil was mafiby silica gel column
chromatography using a EtOAc/petroleum ether méxtas the mobile

phase.

(S,E)-ethyl 4-((S)-2-(tert-butoxycarbonylamino)-N, 3,3-
trimethylbutanaido)-2,5-dimethylhex-2-enoate 62a

It was obtained following the general proceduré/0%, colorless oil)

'H NMR (CDCl, 400 MHz):50.88 (d, 6H,) = 2.4 Hz), 0.9 (d, 6H) = 1.6
Hz), 1.29 (t, 3HJ = 7.2 Hz), 1.41 (s, 9H), 1.87 (d, 3B= 1.2 Hz), 2.85 (m,
1H), 2.94 (s, 3H), 3.1 (m, 1H), 4.19 (q, 2Hz 7.2 Hz), 4.35 (dd, 1H] =
6.8 Hz,J = 9.2 Hz), 5.04 (dd, 1H] = 9.2 Hz,J = 10.8 Hz), 6.63 (dd, 1H,
=1.2 Hz,J=9.2 Hz), 7.5 (m, 1H)

13C NMR (CDCl, 400 MHz): § 13.7, 14.3, 17.6, 18.8, 19.5, 28.3, 30.0,
30.4, 31.0, 55.5, 56.4, 60.9, 79.5, 133.9, 13855.1, 167.8, 172.6. R
(Hexane /EtOAc 2/1): 0.85
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(S,E)-ethyl 4-((S)-2-tert-butoxycarbonylamino)-N, 3-
dimethylbutanaido)-2,5-dimethylhex-2-enoate 62b

It was obtained following the general proceduré62%, colorless oil)

'H NMR (CDCl, 400 MHz):50.88 (d, 6H, = 2.4 Hz), 0.9 (d, 6H] = 1.6
Hz), 1.29 (t, 3H,]) = 7.2 Hz), 1.41 (s, 9H), 1.87 (d, 3B= 1.2 Hz), 2.85 (m,
1H), 2.94 (s, 3H), 3.1 (m, 1H), 4.19 (q, 2H= 7.2 Hz), 4.35 (dd, 1H] =
6.8 Hz,J = 9.2 Hz), 5.04 (dd, 1H] = 9.2 Hz,J = 10.8 Hz), 6.63 (dd, 1H),
=1.2 Hz,J = 9.2 Hz), 7.5 (m, 1H)

13C NMR (CDCl, 400 MHz): § 13.7, 14.3, 17.6, 18.8, 19.5, 28.3, 30.0,
30.4, 31.0, 55.5, 56.4, 60.9, 79.5, 133.9, 13855.1, 167.8, 172.6. R
(Hexane/EtOAc 2/1): 0.75

General procedure 2: Trifluoacetic acid mediated @avage of N-Boc
group of dipeptides [S)(S)-63a,b]

N-Boc-dipeptide (1.0 equiv.) was treated with TFRAKCI, (0.1 mmol/1

mL) at room temperature for 2 h. Removal of thesol in vacuo, followed
by repeated rinsing of the residual material witH,Cl, (3x5 mL) and

evaporation of the remaining traces of solventratd the TFA salt of the
amino acid ester in quantitative yield. TFA saltsrevused without further

purification.

Dipeptide [(S)(S)-63a]

It was obtained following the general proceduré8s%, colorless oil)

'H NMR (DMSO-, 400 MHz): §0.95 (d, 3H,J = 7.6 Hz), 0.98 (s, 9H),
1.00 (d, 3H,J = 6.0 Hz), 1.21 (t, 3H) = 7.2 Hz), 1.82 (d, 3H] = 1.6 HZ),
2.05 (m, 1H), 2.93 (s, 3H), 4.14 (q, 2= 7.2 Hz), 4.21 (m, 1H), 4.93 (t,
1H,J = 10.0 Hz), 6.67 (dd, 1H] = 1.6 Hz,J = 10.8 Hz), 7.5 (m, 3H):*C
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NMR (DMSO-+s, 400 MHz):013.9, 16.5, 18.8, 19.2, 25.9, 32.9, 34.1, 52.3,
56.5, 60.9, 127.0, 137.9, 167.9, 169.0

Dipeptide [(S)(S)-63b]

It was obtained following the general proceduré8s%, colorless oil)

H NMR (DMSO-+s, 400 MHz):50.82 (d, 6H,) = 6.8 Hz), 0.85 (d, 6H] =
6.8 Hz), 1.22 (t, 3HJ = 7.2 Hz), 1.80 (d, 3HJ = 1.6 Hz), 2.05 (m, 1H),
2.10 (m, 1H), 2.89 (s, 3H), 4.13 (q, 2H= 7.2 Hz), 4.23 (m, 1H), 4.83 (dd,
1H, J = 10.2 Hz,J = 10.0 Hz), 6.67 (dd, 1Hl = 1.4 Hz,J = 9.6 Hz), 8.08
(m, 3H). °C NMR (DMSO-+g 400 MHz): J 13.3, 13.9, 16.4, 17.7, 18.8,
28.5,30.2,31.1,54.2, 56.9, 60.8, 133.1, 137468, 7, 168.3

(R,S)(S)(S) 2-bromopropanoyl-dipeptide ethyl ester

[(RS)(S)(S)-654: To a solution of dipeptide ethyl estéB8a (0,96 mmol,
273 mg) and BN (0.96 mmol, 0.13 mL) in anhydrous @El, (5 mL) was
dropped at 0° C,R,S)-2-bromopropanoyl bromidé4 (0.96 mmol, 0.1 mL)
dissolved in CHCI, (3 mL). The mixture was allowed to warm at r.tdan
stirred overnight. The resulting solution was dithitwith CHCI, (30 mL)
and washed 3 times x 5 mL, in the order, with cicid (10%), NaHC®
(5%), brine and dried over N80, Evaporation of organic phase to
constant weight gave the bromo acyl-peptiélea as a diastereomeric
mixture of an oil (267 mg, 69%).;RHexane/EtOAc 4/1): 0.35 and 0.25.
Column chromatography diR,S)(S)(9)-65a (Hexane/EtOAc 3/1) allowed
us to obtain the single diastereoisomégS)(S)-65a and (R)((S)-65a
Absolute configurations were assigned by indipehdgntheses of the two
single diastereoisometsy reaction of(S)- or (R)-2-bromopropanoic acid
(67) with (S)(S-63a(see in next context).
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For (9(9(8-65a Rs (Hexane/AcOEt 4/1) 0.25.

'H NMR (CDCL, 400 MHz):d 0.78 (d, 3HJ = 6.4), 0.85 (d, 3H) = 6.4
Hz), 0.96 (s, 9H), 1.27 (t, 3H,= 7.2 Hz), 1.82 (d, 3H] = 6.8 Hz), 1.81-
1.88 (m, 1H), 1.89 (d, 3H] = 1.6 Hz), 2.96 (s, 3H); 4.17 (q, 28l= 7.2
Hz), 4.37 (q, 1H,) = 6.8 Hz), 4.77 (d, 1H] = 9.6 Hz), 5.07 (dd, 1Hl = 9.6
and 9.8 Hz), 6.61 (dd, 1H,= 1.6 and 9.8 Hz), 6.89 (d, 1Bi= 9.6 Hz).

3C NMR (CDC}, 400 MHz):d 13.8, 14.2, 18.7, 19.4, 22.8, 26.4, 30.0,
31.1,36.1, 44.2, 55.2, 56.2, 61.0, 132.8, 1382,8, 169.1, 171.0.

For (R)(S)(9-65a R; (Hexane/EtOAc 4/1) 0.35.

'H NMR: (CDCk, 400 MHz):d 0.80 (d, 3H,J = 6.8 Hz), 0.87 (d, 3H] =
6.8 Hz), 0.97 (s, 9H), 1.29 (t, 3H,= 7.2 Hz), 1.82 (d, 3H) = 7.2 Hz),
1.82-1.90 (m, 1H), 1.90 (d, 3H,= 1.6 Hz), 2.97 (s, 3H), 4.19 (q, 2BI=
7.2 Hz), 4.40 (q, 1H) = 7.2 Hz), 4.76 (d, 1H] = 9.4 Hz), 5.10 (dd, 1H} =
7.3 and 7.1 Hz), 6.63 (dd, 18i= 1.6 and 7.3 Hz), 6.93 (d, 1Bi= 9.4 Hz).
13C NMR (CDC}, 400 MHz):d 13.3, 14.3, 18.7, 19.5, 23.0, 26.5, 30.1,
31.1, 35.6, 44.6, 55.5, 56.1, 60.9, 132.9, 138%3,8, 169.3, 171.0

(S)-2-bromopropionic acid [(S)-67].

To a solution of (L)-alaniné6 (3 g, 34 mmol) in BSO, 2.5 N (140 ml),
KBr (14, 119 mmol) was added. At 0°C, NaN(3.7 g, 54 mmol) was
added portionwise. The mixture was stirred afert3 h.

The yellow solution was extracted with ethylic et{8x15 ml)and the
organic phase was washed with,8®; (3x75 ml), brine (3x75 ml). The
organic phase was dried overJ8@) to afford a colorless oil (2.9 g, 18.95
mmol, 56%).

'H NMR (CD;OD, 200 MHz):§ 1.92 (d, 3H), 4.48 (g, 1H):®C NMR
(CDs0OD, 200 MHz):6 21.1, 42.3, 171.0
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[0]?% = -30.4

The same procedure was followed to get the othemt@mer (R)-2-
bromopionic acid [(R)-67], starting from (D)-alaniné6 (3 g, 34 mmol).
The product is a colorless oil (2.6 g, 17 mmol, 30%

'H NMR (CD30D, 200 MHz):§ 1.92 (d, 3H), 4.48 (g, 1H)}:*C NMR
(CD;0D, 200 MHz):6 21.3, 42.5, 171.2

[0]*% = +30.4

General procedure 3: diastereoselective synthesi$ Bromopropanoyl-
dipeptide ethyl ester.

To a cold (-78°C) stirred solution oB)¢2-bromopionic acid (1.1 equiv.) in
dry THF (1 mL/mmol) under argon atmosphere was ddi¢EA (1.5
equiv.) and trimethylacetyl chloride (1.2 equivihe resulting mixture was
warmed to 0°C for 1 h and then re-cooled to -78D{EA (1.5 equiv.) and
dipeptide este(S)(S)-63aor b (1 equiv.) dissolved in dry THF (1 mL/mol)
were addedia syringes. Stirring was continued for 1 h and® (30 mL).
The mixture was allowed to warm to room temperatarel extracted with
diethyl ether (3 x 30 mL) was added. The combineghpic extracts were
washed with brine (30mL), dried and concentrated.

[(9(9)(9)-65a] Oil (62%). R (hexane/AcOEt 4/1) 0.25. See above for
spectroscopy data.

Following the same procedure(R)(S)(S)-65a] was obtained as an oil
(62%). R (hexane/AcOEt 4/1) 0.25. See above for spectrgsdata.

2-Bromopropanoyl-dipeptide ethyl ester [R,S)(S)(S)-65b]

It was obtained from dipeptide ethyl estgiS)(S)-63b] and (R9-2-

bomopropanoyl bromidé4, following the general procedure 3. The product
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was obtained as colorless oil (85%).(Rexane/AcOEt 2:1): 0.5 and 0.53.
Due to the difficulty to separate the diastereomemixture by
chromatography, (S)(S)(9)-65b and (R)(S)(S)-65b were obtained by

independent syntheses following the general praeedu

2-Bromopropanoyl-dipeptide ethyl ester [S)(S)(S)-65b].

According to general procedure 4, it was obtaimechfdipeptide ethyl ester
(9)(9)-63b and(S)-2-bromopropanoic acidS)-67)

'H NMR (CDCk, 400 MHz):d 0.83 (d, 3H,) = 6.4 Hz), 0.84 (d, 3H] = 6.4
Hz), 0.86 (d, 3H,) = 6.8 Hz), 0.93 (d, 3H] = 6.8 Hz), 1.31 (t, 3H) = 7.2
Hz), 1.82-1.88 (m, 1H), 1.86 (d, 38,= 7.0 Hz), 1.89 (d, 3H] = 1.6 Hz),
1.96-2.06 (m, 1H), 2.94 (s, 3H), 4.2 (g, 2H5 7.2 Hz), 4.40 (9, 1H]= 7.0
Hz), 4.74 (dd, 1H, ¥ 8.6 and 9.0 Hz), 5.04 (dd, 18= 9.2 and 10.5 Hz),
6.64 (dd, 1H,J = 1.6 and 9.2 Hz), 6.98 (d, 1H,= 8.6 Hz).*C NMR
(CDCls, 400 MHz): d 13.7, 14.2, 17.1, 18.8, 19.4, 19.6, 22.7, 26.58,29
30.3,31.5,44.1,54.2, 56.6, 60.9, 132.9, 13%9,7, 169.3, 171.3.

R; (Hexane/AcOEt 2:1): 0.5

2-Bromopropanoyl-dipeptide ethyl ester [R)(S)(S)-65b].

It was obtained from dipeptide ethyl estegfS)(S)-63b] and (R)-2-
bromopropanoic acidIR)-67], according to general procedure 3.

'H NMR (CDCl, 400 MHz):d 0.85 (d, 3H,J = 6.4 Hz), 0.87-0.93 (m, 9H),
1.28 (t, 3H,J = 7.6 Hz), 1.84 (d, 3H] = 6.8 Hz), 1.89 (d, 3H] = 1.6 Hz),
2.95 (s, 3H), 4.20 (g, 2Hl = 7.6 Hz), 4.19 (q, 1H) = 6.8 Hz), 4.68 (dd,
1H,J = 6.4 and 8.8 Hz), 5.05 (dd, 1Bl= 9.6 and 10.8 Hz), 6.63 (dd, 1H,
=1.6 and 9.6 Hz), 6.99 (br d, 1H).
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13C NMR (CDC}, 400 MHz):d 13.7, 14.3, 17.6, 18.9, 19.5, 19.6, 22.9,
29.9, 30.4, 31.5, 44.44, 54.7, 56.7, 61.0, 13238.1, 167.8, 169.4, 171.4.
R; (Hexane/EtOAc 2/1) 0.53

General Procedure 4: reduction of tertiary alcohol

To a suspension of Mg (2 eq) in 10 ml of dry ettwdther, methyl iodide
(2.2 eq) was added dropwise and stirred for seveialites while carefully
observing the mixture for signs of reaction. Whke teaction has started
the solvent began to reflux vigorously. Once théditmh is complete, a
solution of ketone (1 eq) in 15 ml of ethylic etlveas added dropwise and
the mixture was stirred at r.t. for 2 h.

The mixture was quenched with NEl (3 ml) until pH 6-7 and extracted
with ethylic ether (3x 15 ml). The organic phasesvwiied over sodium

sulfate, concentrated in vacuo to give the degireduct.

2-(naphthalen-2-yl)propan-2-ol 69d

The product is a yellow solid, 93%.

'H NMR (CDCE, 400 MHz):d 1.68 (s, 6H), 7.38 (m, 2H), 7.10 (dd, 1H),
7.80 (m, 3H), 7.88 (dd, 1H}3*C NMR (CDCk, 400 MHz):d 31.7, 72.8,
122.44, 123.6, 125.8, 126.1, 127.5, 128.0, 128&2,3] 133.2, 146.5.

R; (Hexane/AcOEt 4:1) 0.3

2-(4-bromophenyl)propan-2-ol 69e

The product is an oil, 91%.

'H NMR (CDC}, 400 MHz):6 1.56 (s, 6H), 1.79 (s, 1H), 7.35 (d, 2H=
8.8 Hz), 7.45 (d, 2HJ = 8.8 Hz).”*C NMR (CDC}, 400 MHz):6 31.8,
72.4,120.6, 126.4, 131.3, 148.2.
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R (petroleum ether/diethyl ether 1:1) 0.5

General procedure 5: synthesis of the azide 70a, &070e from the

corresponding alcohols 69a, 69d, 69e.

A solution of alcohol (1 eq), and Nak2 eq) in CHCJ (1 ml/1 mmol) was
cooled at -5°C. At this temperature, a mixture &fQI; and trifluroacetic
acid (5 eq) was added portionwise, paying attentmrthe temperature
increase. The mixture was left stirring at r.t. @t h, after that it was
guenched with NFOH until pH 9.

The organic phase was washed with water, dried dNaiSO, and

concentrated in vacuo to give the product as an olil

(2-azidopropan-2-yl)benzene 70a

The product is a colourless oil, 60%.

'H NMR (CDCkL, 200 MHz): 5 1.64 (s, 6H), 7.37 (m, 5H)*C NMR
(CDCls, 400 MHz):6 30.4, 63.0, 125.9, 126.1, 128.4, 138.3.

R; (Hexane/ AcOEt 1:1): 0.85

2-(2-azidopropan-2-yl)naphthalene 70d

The product is a yellow oil, 86%.

'H NMR (CDCk, 200 MHz):d 1.74 (s, 6H), 7.54 (m, 2H), 7.85 (m, 5H).
13C NMR (CDC}, 400 MHz):d 31.7, 74.0, 122.44, 123.6, 125.8, 126.1,
127.5, 128.0, 128.2, 132.3, 133.2, 146 p(Hexane/ AcOEt 4:1) 0.4

1-(2-azidopropan-2-yl)-4-bromobenzene 70e

The product is an oil, 85%.
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'H NMR (CDCk, 200 MHz):3 1.56 (s, 1H), 1.61 (s, 6H), 7.31 (d, 2Hs
8.8 Hz), 7.48 (d, 2HJ = 8.8 Hz).*C NMR (CDCk, 400 MHz):5 28.4,
63.4, 121.5, 127.1, 131.7, fexane/AcOEt 4:1) 0.8

General procedure 6: reduction of azide 70a, 70d70e, to the

corresponding amine 71a, 71d, 71e.

To a solution of amine in EtOAc, it was added pomtvise C/Pd previously
suspended in EtOAc. The suspension hydrogenategltoat r.t., at 50 psi.

The reaction mixture was filtered on celite andseith with EtOAc. The

solvent was concentrated in vacuo to afford thée@groduct.

2-phenylpropan-2-amine (71a)

The product is an oil , 85% .

'H NMR (CDCL, 200 MHz):5 1.51 (s, 6H), 2.09 (s, 2H), 7.37 (m, 5FC
NMR (CDCl, 400 MHz):6 34.6, 55.5, 125.9, 126.1, 128.4, 144.6

R; (Hexane/EOAc 1:1): 0.15

2-( naphathalen-2-yl)propan-2-amine (71d)

The crude is a colourless oil, 14%, after disiitlatfrom the yellow crude.

'H NMR (CDCk, 200 MHz):6 1.60 (s, 6H), 7.37 (m, 2H), 7.67 (dd, 1H),
7.83 (m, 3 H),"*C NMR (CDC}, 400 MHz):d 34.6, 55.9, 125.1, 126.0,
127.0, 127.3,127.5, 127.6, 128.2, 131.8, 133.3,213

R; (Hexane/EtOAc 1:1) 0.18
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2-( 4-bromophenyl)propan-2-amine (71e)

The product is an oil , 85%

'H NMR (CDCk, 200 MHz): 6 1.45 (s, 6H), 7.41 (m, 4H)*C NMR
(CDCl, 400 MHz) :6 34.6, 55.5, 120.3, 124.9, 125.5, 143.6

1-methyl-1H-indole-3-carbonitrile (73)

To a suspension of KOH (158 mg, 2.8 mmol) in DMEOn{l), indole72
(200 mg, 1.4 mmol) and methyl iodide (104.6 ul,8lm6mol) were added.
The reaction mixture was left stirring at r.t. foh.

After addition of water, the mixture was extracteith EtOAc (3x 20 ml),
washed with brine (5 ml), dried over )0, and concentrated to get a red
oil that was purified by flash chromatography (Et©Aetroleum ether 1:2).
It was obtained (174 mg, 1.1 mmol, 80%) of a pattail.

'H NMR (CDCk, 200 MHz): 8 3.85 (s, 3H), 7.33 (m, 3H), 7.57 (s, 1H),
7.76 (dd, 1H).*C NMR (CDC}k, 400 MHz): 5 29.8, 33.7, 110.4, 120.0,
122.23, 123.9, 135.6.;Hexane/EtOAc 1:2) 0.7

MS, m/z (ES+): 157 [M+H]

(1-methyl-1H-indol-3-yl)methanamine 71f

The product was obtained according the generalephae 6 starting from
73

The product was a yellow oil 85%.

'H NMR (CDCl, 200 MHz):8 3.69 (s, 3H), 4.24 (s, 2H), 6.35 (s, 1H), 7.02
(m, 1H), 7.37 (m, 1H), 7.51-7.56 (m, 2HJC NMR (CDCE, 400 MHz):8
42.5,34.0, 109.6, 112.5, 118.8, 119.8, 121.7,5,2@7.7, 137.5. Check
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General procedure 7: nucleophilic substitution reation Ag,O

catalyzed.

To a suspension of AQ (2eq) in dry toluene (2.5 mL/eq)S)(S(9-654

(1eq) and amine 71a-f (3eq) were added. The mixtaerefluxed for 2% h
under argon atmosphere filtered over celite. Evafmm of the solvent
gave the crude product as a yellow oil that wasifipdr by column

chromatography to afford the desired product.

. Amine 71a

Tripeptide ethyl ester [(S)(S)(S)-754a]

It was obtained following the general procedurafter purification by flash
chromatography (toluene/AcOEt 3.5:3) to afford gineduct as solid, 90%,
Rs (toluene/EtOAc 3.5: 3) 0.3.

By comparison with TLC and NMR of the diastereomenixture obtained
from [(R,9)(9(9-654], we confirmed the optical purity.

MS (m/z) MALDI: 502 (M+H"), 524 (M+ Nd), 540 (M+K’).

'H NMR (CDC}, 400 MHz):d 0.79 (d, 3H, = 6.8 Hz), 0.87 (d, 3H] = 6.8
Hz), 0.97 (s, 9H), 1.21 (s, 3H), 1.32 (t, 3Hs 7.2 Hz), 1.40 (d, 3H] = 6.8
Hz), 1.52 (s, 3H), 1.87-1.91 (m, 1H), 1.90 (d, 3H; 0.8 Hz), 2.90-3.01 (br,
2H), 3.01 (s, 3H), 4.17-4.22 (m, 3H), 4.79 (d, IH; 9.6 Hz), 5.08 (dd, 1H,
J=10 and 10.2 Hz), 6.63 (dd, 18~ 9.6 and 0.8 Hz), 7.19-7.49 (m, 5H).
C NMRd 13.9, 14.3, 18.8, 19.5, 21.3, 26.5, 27.3, 30.02,332.2, 35.4,
54.7, 56.3, 61.0, 68.2, 124.6, 126.6, 128.4, 13238.2, 150.1, 167.8,
171.8, 174.6.
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Tripeptide ethyl ester [(R)(S)(S)-75a]

It was obtained following the general procedurst&ting from bromoacyl-
dipeptide [R)(9(9-65a]leu

R (Toluene/AcOEt 3.5:3) 0.25.

MS, (m/z) MALDI: 502 (M+H), 524 (M+ N4&), 540 (M+K’)

'H NMR (CDCk, 400 MHz):d 0.77 (d, 3H,) = 6.4 Hz), 0.86 (d, 3H] = 6.4
Hz), 1.00 (s, 9H), 1.06 (d, 3H,= 6.8 Hz), 1.30 (t, 3H] = 7.2 Hz), 1.42 (s,
3H), 1.47 (s, 3H), 1.8 (br, 1H), 1.82-1.89 (m, 1HP1 (d, 3HJ = 1.6 Hz),
2.95 (q, 1HJ = 6.8 Hz), 2.98 (s, 3H), 4.19 (q, 28= 7.2 Hz), 4.75 (d, 1H,
J=10.0 Hz), 5.11 (dd, 1H,=9.6 and 9.8 Hz), 6.62 (dd, 1Bi= 10 and 1.6
Hz), 7.20-7.42 (m, 5H), 8.14 (d, 14,= 10.0 Hz)."*C NMR (CDCk, 400
MHz): d 13.9, 14.3, 18.7, 19.5, 21.4, 26.6, 27@1331.0, 31.1, 31.7, 35.2,
52.9, 54.6, 55.9, 56.6, 60.9, 125.6, 126.7, 12B32,8, 138.6, 147.2, 167.8,
171.8, 176.2.

. Reaction with amine 71b

Tripeptide ethyl ester [(R)(R,S)(S)(S)-75b]

It was obtained as colourless oil (55%), followthg general procedure 7.
R; (AcOEt/petroleum ether 1:2) 0.26.

It is a diastereomeric mixture, thus spectroscalgita are not reported, as
they are all multiplets.

MS, m/z (ES+): 488 [M+H]

. Reaction with amine 71c
Tripeptide ethyl ester [(S)(S)(S)-75c¢]
It was obtained as a solid (79%dm (S)(S)(9-65leu, following the general

procedure 7
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R; (Hexane/AcOEt 1:8) 0.3. M®yz (ES+): 474 [M+H], 496 [M+Nal].

'H NMR (CDCL, 400 MHz):d 0.83 (d, 3H,J = 6.5 Hz), 0.85-0.90 (m, 9H),
1.11 (d, 3HJ = 7.2 Hz), 1.35 (t, 3H) = 7.1 Hz), 1.49 (s, 3H), 1.55 (s, 3H),
1.80 (br s, 1H), 1.92 (d, 3H,= 1.4 Hz), 1.99-2.18 (m, 2H), 4.21 (q, 2Hs
7.1 Hz), 4.28 (q, 1H) = 7.2 Hz), 4.76 (dd, 1H] = 7.2 and 9.8 Hz), 5.17
(dd, 1H,J = 9.7 and 10.5 Hz), 6.33 (dd, 18i= 1.4 and 9.2 Hz), 7.22-7.40
(m, 5H), 8.14 (d, 1HJ = 9.6 Hz).”*C NMR (CDCk, 400 MHz):d 14.9,
15,4, 16.6, 17.7, 18.4, 19.5, 19.7, 21.0, 21.43,331.9, 32.3, 53.1, 54.9,
56.9, 57.9, 61.3, 127.6, 127.9, 129.0, 132.3, 13838.7, 167.6, 172.7,
175.9.

Tripeptide ethyl ester [(R)(S)(S)-75c¢]

It was obtained as a solid (76%) frdR)(S)(S-65leu according to general
procedure 7.

R; (Hexane/EtOAc 1:8) 0.3; M®yz (ES+): 474 [M+H], 496 [M+Nal].

'H NMR (CDClL, 400 MHz):d 0.80 (d, 3H,J = 6.4 Hz), 0.87-0.93 (m, 9H),
1.09 (d, 3HJ = 7.2 Hz), 1.31 (t, 3H] = 7.2 Hz), 1.46 (s, 3H), 1.50 (s, 3H),
1.80 (br s, 1H), 1.91 (d, 3H,= 1.6 Hz), 1.93-2.11 (m, 2H), 4.20 (g, 2Hs
7.2 Hz), 4.25 (q, 1H) = 7.2 Hz), 4.66 (dd, 1H] = 7.2 and 9.6 Hz), 5.07
(dd, 1H,J = 9.6 and 10.8 Hz), 6.34 (dd, 18i= 1.6 and 9.2 Hz), 7.21-7.42
(m, 5H), 8.01 (d, 1HJ = 9.6 Hz).”*C NMR (CDCk, 400 MHz):d 14.5,
15,1, 16.9, 17.9, 18.6, 19.8, 19.9, 20.6, 20.41,331.4, 31.7, 52.9, 54.7,
56.0, 57.8, 61.2, 127.4, 128.8, 128.9, 132.1, 1383B.5, 167.9, 172.9,
175.5.
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. Reaction with amine 71d

Tripeptide ethyl ester [(R,S)(S)(S)-75d]

It was obtained fron{R,S)(9(9-65leu, as yellow oil (80%) according to
general procedure 7.

R; (AcOEt/Hexane 1:1) 0.4

'H NMR (CDCl, 400 MHz):5 0.78 (d, 3H,) = 6.8 Hz), 0.82 (d, 3H] = 6.8
Hz), 0.96 (s, 9H), 1.20 (m, 3H), 1.48 (m, 3H) 1(57 3H), 1.90-2.04 (m,
4H), 2.8-3.00 (m, 4H), 4.16 (q, 2H,= 6.8 Hz), 4.75 (dd, 1H] = 3.2-7.2
Hz),5.07-5.14 (m, 1H), 6.65 (d, 1H= 9.6 Hz), 7.08-7.82 (m, 7H), 8.23 (d,
1H). *C NMR (CDCk, 400 MHz):6 14.0, 14.3, 18.9, 19.5, 21.7, 21.8,
25.5, 25.8, 26.5, 27.1, 29.8, 29.9, 31.2, 31.61,335.7, 53.3, 53.9, 55.9,
56.5, 56.7, 60.9, 122.5, 125.5, 126.6, 127.5, 12833.3, 132.7, 138.7,
138.8, 146.7, 147.6, 167.8, 171.2, 173.09, 175.6,2] 186.80.

. Reaction with amine 71e

Tripeptide ethyl ester [(S)(S)(S)-75€]

It was obtained from(R,9)(9(9-65a] as yellow oil (41 %) according to
general procedure 7.

'H NMR (CDCl, 400 MHz):5 0.77 (d, 3H,) = 6.8 Hz), 0.87 (d, 3H] = 6.8
Hz), 0.96 (s, 9H), 1.18 (d, 3H,= 6.8 Hz), 1.29 (t, 3H) = 7.2 Hz) 1.34 (s,
3H), 1.35 (s, 3H), 1.85-1.94 (m, 1H), 1.86-1.95 (iH), 3.00 (s, 3H), 4.18
(g, 1H,J = 6.8 Hz), 4.75 (dd, 1H] = 3.2-7.2 Hz),5.07-5.14 (m, 1H), 6.65
(d, 1H,J = 9.6 Hz), 7.25-7.43 (m, 4H), 8.23 (d, 1H= 14 Hz). *C NMR
(CDCl;, 400 MHz):0 14.0, 14.3, 18.9, 19.5, 21.7, 21.8, 25.5, 25.85,26
27.1, 29.8, 29.9, 31.2, 31.6, 32.1, 35.7, 53.39,585.9, 56.5, 56.7, 60.9,
12.5, 1255, 126.6, 127.5, 128.3, 131.3, 132.7,7.3838.8, 146.7, 147.6,
167.8,171.2,175.9, 176.2 .
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Tripeptide ethyl ester [(R)(S)(S)-75¢€]

It was obtained from(R,S)(S)(9-65a] as white solid (80%), according to
general procedure 7.

'H NMR (CDCl;, 400 MHz):6 0.77 (d, 3H, = 6.4 Hz), 0.87 (d, 3H] = 6.4
Hz), 0.99 (s, 9H), 1.09 (d, 3H,= 6.8 Hz), 1.31 (t, 3H] = 7.2 Hz), 1.41 (s,
3H), 1.45 (s, 3H), 1.85-1.94 (m, 1H), 1.92 (s, 3R1B9-2.96 (m, 1H), 2.99
(s, 3H), 4.20 (q, 2H) = 7.2 Hz), 4.76 (d, 1H] = 10 Hz), 5.11 (t, 1H) = 10
Hz), 6.63 (d, 1H,) = 9.2 Hz), 7.30 (d, 2H] = 8.4 Hz), 7.44 (d, 2H] = 8.8
Hz), 7.99 (d, 1HJ = 10 Hz).

¥C NMR (CDCk, 400 MHz):6 13.9, 14.3, 18.7, 19.5, 21.6, 26.6, 26.8,
27.1, 29.8, 30.1, 31.1, 31.5, 35.3, 53.0, 54.79,556.5, 60.9, 120.7, 127.6,
131.4,138.6, 167.8,171.8,175.9

MS, m'z (ES+): 580 (M+H), 582 (M+2)

Tripeptide ethyl ester [(R,S)(S)(S)-75f]

It was obtained from(R,S)(9)(9-654d as an oil (80%) according to general
procedure 7.

'H NMR(CDCk, 400 MHz) :§ 0.5-1 (m, 6H), 0.97 (s, 9H), 1.00 (s, 9H),
1.18 (d, 3H), 1.22 (d, 2H), 1.20-1.35 (m, 3H), 2500 (m 1H), 1.78-2.00
(m, 1H), 1.91 (s, 3H), 1.93 (s, 1H), 3.01 (s, 38Ip3 (s, 3H), 3.25-3.35 (M,
1H), 3.76 (s, 3H), 3.85-4.02 (m, 1H), 6.60-6.70 {H), 7.03 (s, 1H), 7.10-
7.30 (m, 3H), 7.60-7.70 (m, 1H), 7.98 (d, 1H), 8(601H).

3C NMR (CDC}, 400 MHz):¢ 13.8, 13.9, 14.3, 17.6, 18.7, 18.8, 19.5,
19.8, 20.3, 20.8, 23.9, 26.6, 29.8, 30.2, 31.27,325.1, 35.4, 43.1, 43.8,
54.2,54.3, 55.9, 57.9, 60.9, 109.3, 112.8, 1178,9, 119.0, 119.2, 121.7,
121.9, 127.4,127.9, 132.8, 138.8, 167.9, 171.3,0 A 75.1.
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2-Hydroxypropanoyl-dipeptide ethyl ester [S)(S)(S)-7749]

It was obtained as solid (98%) according genematgaure 7.

R; (Hexane/AcOEt 1:1) 0.28. M&yz (ES+): 384 (M+H).

'H NMR (CDC}, 400 MHz):d 0.79 (d, 3H, = 6.8 Hz), 0.87 (d, 3H] = 6.8
Hz), 0.97 (s, 9H), 1.32 (t, 3H,= 7.2 Hz), 1.40 (d, 3H] = 6.8 Hz), 1.83-
1.94 (m, 1H), 1.90 (d, 3H} = 0.8 Hz), 2.88 (br s, 1H), 3.01 (s, 1H), 4.18-
4.22 (m, 3H), 4.79 (d, 1Hl = 9.6 Hz), 5.08 (dd, 1H} = 10.0 and 10.2 Hz),
6.63 (dd, 1h,J = 10.0 and 0.8 Hz), 7.21 (d, 1H,= 9.6 Hz)."*C NMR
(CDCls, 400 MHz):d 13.9, 14.3, 18.8, 19.5, 21.3, 26.5, 30.0, 31.24,35
54.7,56.3, 61.0, 68.3, 132.8, 138.2, 167.8, 171178,6.

2-Hydroxypropanoyl-dipeptide ethyl ester [R)(S)(S)-779]

It was obtained as fo($)(S(9-77d but starting from bromoacyl-dipeptide
[(R(S(9-65].

R (Hexane/AcOEt 1:1) 0.5, (toluene/EtOAc) 0.4. M8z (ES+): 384
(M+H).

'H NMR (CDCk, 400 MHz):d 0.78 (d, 3H,) = 6.4 Hz), 0.86 (d, 3H] = 6.4
Hz), 0.97 (s, 9H), 1.30 (t, 3H,= 7.2 Hz), 1.38 (d, 3H] = 6.4 Hz), 1.87-
1.92 (m, 1H), 1.89 (d, 3H} = 1.2 Hz), 3:00 (s, 3H), 3.70 (br, 1H), 4.19 (q,
2H,J=7.2 Hz), 4.26 (q, 1H] = 6.4 Hz), 4.81 (d, 1H] = 9.6 Hz), 5.07 (dd,
1H,J=10.8 and 9.6 Hz), 6.62 (dd, 18> 1.2 and 9.6 Hz), 7.20 (d, 1BI=
9.6 Hz)."*C NMR (CDCk, 400 MHz):d 13.9, 14.2, 18.7, 19.5, 21.3, 26.5,
30.1, 31.2, 35.4,54.6, 56.2, 61.0, 68.2, 132.8,3,3167.8, 171.8, 174.4.
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Tripeptide ethyl ester [(R,S)(S)(S)-77h]

It was obtained as oil (98%), following the gengyadcedure 7, purified by
flash chromatography (Hexan/AcOEt 1:2) startingrfrifR,S)(9)(9)-654 e
cyclohexylamine.

R: (Hexan/AcOEt 1:2) 0.2; MSwz (MALDI): 488 (M+ Na’)

'H NMR (CDCk, 400 MHz):d 0.78 (d, 3H,J = 6.4 Hz), 0.86 (d, 3H] =
6.4), 0.97 (s, 9H), 1.11-2.11 (m, 4H), 1.30 (t, 3H; 7.2 Hz), 1.38 (d, 3H]
= 6.4 Hz), 1.3-1.6 (m, 4H), 1.5-1.6 (m, 2H), 1.6, (thl), 1.86 (s, 3H), 1.90
(m, 1H), 2.10 (m, 1H), 2.90 (s, 3H), 3.21 (m, 1418 (g, 2H), 4.8 (m, 1H),
5.10 (m, 1H), 6.60 (m, 1H), 8.10 (m, 1HL NMR (CDC}, 400 MHz):d
13.1, 14.2, 20.0, 23.7, 25.7, 26.0, 29.7, 33.29,335.5, 56.6, 61.7, 64.9,
126.8, 137.3, 162.3,171.0, 171.9

General procedure 8: hydrolysis of ethylic ester aC-terminus.

To a solution of tripeptide ethyl est¢60 mg, 0.12 mmol) in MeOH (2 mL)
and HO (1 mL), LiOH monohydrate (50 mg, 1.2 mmol) wasled and the
reaction mixture stirred for 3 h at r. t. The mbdwas acidified with TFA
and then extracted with AcOEt (3 x 5 mL). The comeloi extracts were
dried over anhydrous N8O, and concentrated in vacuo to give the product
as trifluoroacetate salt. The crude product was tharified by trituration
with EtO (3 x 3mL).

Tripeptide trifluoroacetate salt [(S)(S)(S)-76a]

The crude product was purified by trituration wiEBO (3 x 3mL), to afford

a solid (86%). R 19.81 MSn/z (ES+): 474 (M+H)

'H NMR (CD;0D, 400 MHz): 0.77 (d, 3H, J = 6.4 Hz), 0.86 (d,, 3+ 6.4
Hz), 0.9 (s, 9H), (d, 3H] = 7.2 Hz), 1.75 (s, 3H), 1.80 (s, 3H), 1.84 (d, 3H
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J=0.6 Hz), 1.90-2.03 (m, 1H), 2.62 (d, 2H 15.6 Hz), 3.03 (s, 3H), 3.80
(g, 1H,J = 7.2 Hz), 4.58 (s, 1H), 4.95 (dd, 184z 10 and 9.6 Hz), 6.65 (dd,
1H,J = 9.6 and 0.6 Hz), 7.42-7.56 (m, 5HC NMR (CD;OD, 400 MHz)
d 13.4, 15.1, 18.6, 19.3, 19.5, 19.6, 26.0, 26.27,280.8, 34.7, 42.8, 52.1,
54.4, 55.8, 64.8, 72.1, 125.8, 127.6, 128.5, 1313..8, 138.3, 168.5,
171.2, 174.8.

Tripeptide trifluoroacetate salt [(R)(S)(S)-76a]

It was obtained following the general procedure 8.

Ri: 21.02. MSm/z (ES+): 475 (M+H)

'H NMR (CD;OD, 400 MHz) d 0.89 (d, 3H] = 6.8 Hz), 0.92 (d, 3H] =
6.4 Hz), 0.96 (s, 9H), 1.39 (d, 3H,= 6.8 Hz), 1.63 (s, 3H), 1.75 (s, 3H),
1.89 (d, 3HJ = 0.8 Hz), 2.01-2.10 (m, 1H), 3.09 (s, 3H), 3.§8 1h,J =
6.8 Hz), 4.73 (s, 1H), 5.01 (dd, 18~ 9.8 and 9.4 Hz), 6.90 (dd ,1H~
0.8 and 9.0 Hz), 7.42-7.57 (m, 5H).

13C NMR(CD;OD, 400 MHz):d 14.2, 18.9, 19.4, 19.9, 26.2, 26.8, 27.1,
31.1, 31.9, 35.6, 53.9, 57.9, 58.2, 64.4, 127.6.6,3130.7, 134.0, 139.6,
139.9, 168.6, 171.0, 172.9.

Tripeptide trifluoroacetate salt [(R)(R,S)(S)(S)-76b]

It was obtained following the general procedure 8.

Ry 11.66. MSm/z (ES+): 460 (M+H)

'"H NMR (CD;0D, 400 MHz) d 0.89 (d, 3H] = 6.8 Hz), 0.92 (d, 3H] =
6.4 Hz), 0.96 (s, 9H), 1.39 (d, 3b= 6.8 Hz), 1.63 (m, 3H), 1.77 (s, 3H),
1.94 (d, 1HJ = 0.8 Hz), 2.01-2.10 (m, 1H), 3.09 (s, 3H), 3.d81H), 4.73
(m, 1H), 5.01 (d, 1HJ = 9.8), 6.90 (dd ,1H] = 0.8 and 9.0 Hz), 7.42-7.57
(m, 5H).
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13C NMR(CD;OD, 400 MHz):d 14.2, 18.9, 19.4, 19.9, 26.2, 26.8, 27.1,
31.1, 31.9, 35.6, 53.9, 57.9, 58.2, 64.4, 127.6.6,3130.7, 134.0, 139.6,
139.9,161.44 168.6, 171.0, 172.9.

Tripeptide trifluoroacetate salt [(S)(S)(S)-76c¢]

It was obtained according general procedure 8 afterification by
preparative HPLC to get a solid (84%).

Ri: 12.26. MS/z (ES+): 446 [M+H], 468 [M+Na].

'H NMR (CD;0D, 400 MHz):d 0.81 (d, 3HJ = 6.4 Hz), 0.89 (d, 3H] =
6.5 Hz), 1.01 (s, 9H), 1.44 (d, 2B~ 6.8 Hz), 1.89 (dd, 3Hl = 1.4 and 6.9
Hz), 1.95-2.10 (m, 1H), 3.13 (s, 3H), 3.95-4.20 @hl), 4.76 (s, 1H), 5.04
(dd, 1H,J = 10 and 9.8 Hz), 6.74 (dd, 1Bi= 9.6 and 6.9 Hz), 7.46 (s, 5H).
13C NMR (CD;OD, 400 MHz):d 14.1, 16.8, 19.8, 26.7, 27.0, 30.9, 31.8,
35.6, 51.0, 56.2, 57.8, 58.0, 130.4, 131.1, 13132,2, 133.9, 170.1, 170.9,
172.7.

Tripeptide trifluoroacetate salt [(R)(S)(S)-76c]

It was obtained following the general procedure f@&rapurification by
preparative HPLC as solid (84%).

Ry 12.12. MS/z (ES+): 446 [M+H], 468 [M+Na].

'H NMR(CD30D, 400 MHz)d 0.81 (d, 3HJ = 6.4 Hz), 0.90 (d, 3H] =
6.5 Hz), 1.00 (s, 9H), 1.44 (d, 2B~ 6.8 Hz), 1.88 (dd, 3Hl = 1.6 and 6.8
Hz), 1.95-2.10 (m, 1H), 3.09 (s, 3H), 4.83 (s, 1519 (dd, 1H,J = 10 and
9.8 Hz), 6.72 (dd, 1H] = 9.5 and 7.0 Hz), 7.46 (s, 5SHfC NMR (CD,0OD,
400 MHz):d 14.1, 17.3, 19.2, 26.7, 26.9, 31.0, 31.7, 35.98,586.6, 57.4,
58.2, 130.5, 130.8, 131.0, 132.1, 140.0, 170.2,9,7(r2.8.
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Tripeptide TFA salt [(R,S)(S)(S)-76d]

It was obtained according to the general proce8wae white solid (70%).

'H NMR (CD;0D, 400 MHz):5 0.78 (d, 3H,J = 6.8 Hz), 0.82 (d, 3H] =
6.8 Hz), 0.96 (s, 9H), 1.20 (m, 3H), 1.57 (s, 3HP0O-2.04 (m, 4H), 2.8-
3.00 (m, 4H), 4.75 (dd, 1H,= 3.2-7.2 Hz), 5.07-5.14 (m, 1H), 6.65 (d, 1H,
J = 9.6 Hz), 7.08-7.82 (m, 7H), 8.23 (d, 1H}*C NMR (CD;OD, 400
MHz): 6 14.0, 14.3, 18.9, 19.5, 21.7, 21.8, 25.5, 25.8,,257.1, 29.8, 29.9,
31.2,31.6, 32.1, 35.7, 53.3, 53.9, 55.9, 56.5/,580.9, 122.5, 125.5, 126.6,
127.5, 128.3, 131.3, 132.7, 138.7, 138.8, 146.7,6814.67.8, 171.2, 173.09,
175.9, 176.2, 186.80.

Tripeptide TFA salt [(S)(S)(S)-76€]

It was obtained following the general procedure98%o)

'"H NMR (CD;0D, 400 MHz):5 0.77 (d, 3H, J = 6.8 Hz), 0.86 (d, 3H, J =
6.8 Hz), 0.90 (s, 9H), 1.32 (d, 3H, J = 7.2 Hz)3L(s, 3H), 1.77 (s, 3H),
1.85 (s, 3H), 1.91-2.01 (m, 1H), 3.02 (s, 3H), d91H, J = 7.2 Hz), 4.50
(s, 1H), 4.98 (t, 1H, J = 10 Hz), 6.71 (d, 1H, 9.6 Hz), 7.47 (d, 2H, J = 8.8
Hz), 7.61 (d, 2H, J = 8.8 HZ)’C NMR (CD;OD, 400 MHz):§ 14.1, 18.9,
19.2, 19.8, 25.9, 26.6, 26.9, 30.9, 31.7, 35.46,587.6, 58.1, 63.4, 124.6,
129.8, 133.3, 133.8, 139.8,170.8, 171.1, 172.7.

Tripeptide TFA salt [(R)(S)(S)-76¢€]

It was obtained according to procedure 8 (95%)

'H NMR (CD,0OD, 400 MHz):5 0.88-0.97 (m, 6H,), 1.01 (s, 9H), 1.38 (d,
3H,J=6.8 Hz), 1.51 (s, 3H), 1.67 (s, 3H), 1.95 (s),3H98-2.01 (m, 1H),
3.13 (s, 3H), 3.70 (q, 1H,= 7.2 Hz), 4.96 (t, 1H] = 4.4 Hz), 6.73 (dd, 1H,
J=1.3-4.1 Hz), 7.41 (d, 2H,= 6.8 Hz), 7.61 (d, 2H] = 6.8 Hz).*C NMR
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(CD;0D, 400 MHz):6 14.1, 18.8, 18.9, 19.9, 20.1, 24.3, 26.9, 28.37,30
31.8, 35.8, 53.9, 57.6, 59.6, 63.8, 124.5, 12932,9, 133.6, 138.9, 139.3,
170.8,171.1, 172.9.

Tripeptide TFA salt [(R,S)(S)(S)-76f]

It was obtained following general procedure 8 (95%)

'"H NMR (CD30D, 400 MHz)3 0.82 (d, 6H, J = 6.6 Hz), 0.89 (d, 6H, J =
6.5 Hz), 1.01 (s, 9H), 1.04 (s, 9H), 1.43 (d, 3", D Hz), 1.51 (d, 3H, J =7
Hz), 1.87 (d, 3H, J = 1.5 Hz), 1.91 (d, 3H, 1,595t2.08 (m, 1H), 3.09 (s,
3H), 3.16 (s, 1H), 3.85 (s, 3H), 3.98-4.05 (m, 149 (g, 1H, J = 7 Hz),
4.18 (d, 1H, J = 13 Hz), 4.31 (d, 1H, J = 13 HZJ94(s, 1H), 4.82 (s, 1H),
5.04 (t, 1H, J = 10 Hz), 5.10 (t, 1H, J = 10 Hz){%66.79 (m, 1H), 7.15-
7.20 (m, 1H), 7.24-7.29 (m, 1H), 7.37 (s, 1H), 7(401H), 7.43 (d, 1H, J =
8 Hz), 7.45 (d, 1H, J = 8 Hz), 7.69-7.74 (m, 1H)

13C NMR (CD;OD, 400 MHz):5 14.3, 14.7, 17.2, 17.6, 19.5, 20.0, 22.4,
24.4, 27.1, 27.2, 28.2, 31.1, 31.2, 32.0, 32.13,335.8, 36.1, 42.2, 55.5,
55.6, 57.7, 58.1, 58.2, 58.5, 61.7, 104.5, 10414, 11, 111.2, 119.6, 119.7,
121.5, 123.8, 128.7, 132.4, 132.7, 133.9, 134.8,8,3140.0, 170.5, 171.0,
173.0, 173.2.

2-Hydroxypropanoyl-dipeptide [(S)(S)(S)-789]

It was obtained following the general procedur®8%).

Ri: 15.3; MS,m/z (ES+): 357 (M+H).

'H NMR (DMSO-Ds): d 0.70 (d, 3H,J = 6.8 Hz), 0.79 (d, 3H] = 6.8 Hz),

0.89 (s, 9H), 1.21 (d, 3H = 6.8 Hz), 1.77 (d, 3H]) = 0.8 Hz), 1.82-1.98
(m, 1H), 2.93 (s, 3H), 3.98 (g, 1H,= 6.8 Hz), 4.69 (d, 1H] = 10.0 Hz),

4.92 (dd, 1HJ = 10.0 and 10.3 Hz), 5.40 (br s, 1H), 6.62 (dd,Jlh 10.0
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and 0.8 Hz), 7.44 (d, 1H,= 9.6 Hz)."*C NMR (DMSO-D): d 13.9, 18.5,
19.3, 21.6, 26.0, 28.8, 42.6, 53.1, 55.6, 67.03,7231.8, 138.2, 168.5,
171.2, 174.5.

2-Hydroxypropanoyl-dipeptide [(R)(S)(S)-784]

It was obtained according to procedure 8 (90%).

Ri: 14.7; MS,m/z (ES+): 357 (M+H).

'H NMR (DMSO-D;): d 0.73 (d, 3H,J = 6.7 Hz), 0.81 (d, 3H] = 6.8 Hz),
0.93 (s, 9H), 1.18 (d, 3H, = 6.9 Hz), 1.71 (d, 3H) = 0.7 Hz), 1.86-2.01
(m, 1H), 2.95 (s, 3H), 4.04 (q, 1H,= 6.8 Hz), 4.62 (d, 1H] = 10.1 Hz),
4.99 (dd, 1HJ = 10.1 and 10.4 Hz), 5.42 (br s, 1H), 6.66 (dd,Jlh 10.4
and 0.7 Hz), 7.51 (d, 1H,= 10.1 Hz).}*C NMR (DMSO-Dy): d 13.7, 19.1,
19.2, 21.9, 26.3, 28.0, 42.4, 53.5, 55.9, 66.85,7231.9, 138.2, 168.4,
171.5, 174.7.

Tripeptide TFA salt [(R,S)(S)(S)-79h]

It was obtained according to general proceduret8tésolid, 60%)

'H NMR (CD;0D, 400 MHz):d 0.78 (d, 3H,J = 6.4 Hz), 0.86 (d, 3H] =
6.4), 0.97 (s, 9H), 1.11-2.11 (m, 4H), 1.38 (d, 3H; 6.4 Hz), 1.3-1.6 (m,
4H), 1.5-1.6 (m, 2H), 1.6 (m, 1H), 1.86 (s, 3HRA (M, 1H), 2.10 (m, 1H),
2.90 (s, 3H), 3.21 (m, 1H), 4.8 (m, 1H), 5.10 (r1)16.60 (m, 1H), 8.10
(m, 1H)*C NMR (CD,OD, 400 MHz):d, 20.0, 23.7, 25.7, 26.0, 29.7, 33.2,
33.9, 35.5, 56.6, 61.7, 64.9, 126.8, 137.3, 1673,0, 171.9

Tripeptide ethyl ester valine derivative [S)(S)(S)-80a]
It was obtained according to general procedurelitévsolid, 64%).

MS, miz (ES+): 439 [M+H], 460 [M+Na].
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'H NMR (CDCl, 400 MHz) 0.81 (d, 3HJ = 6.4 Hz), 0.89 (d, 3H] = 6.5
Hz), 1.01 (s, 9H), 1.44 (d, 2H,= 6.8 Hz), 1.89 (dd, 3H] = 1.4 and 6.9
Hz), 1.95-2.10 (m, 1H), 3.13 (s, 3H), 3.95-4.20 @H)), 4.76 (s, 1H), 5.04
(dd, 1H,J = 10 and 9.8 Hz), 6.74 (dd, 1Bi= 9.6 and 6.9 Hz), 7.46 (s, 5H).
3C NMR (CDC}, 400 MHz) 14.1, 16.8, 19.8, 26.7, 27.0, 30.9, 3386,
51.0, 56.2, 57.8, 58.0, 130.4, 131.1, 131.2, 13233.9, 170.1, 170.9,
172.7.

Tripeptide ethyl ester [(R)(S)(S)-80a]

It was obtained following the general procedure ftérapurification by
column chromatography (Hexane/AcOEt 1/1) to getdla $92%).

R; (Hexane/AcOEt 1/3) 0.36

'NMR (CDCl, 400 MHz): d 0.82 (d, 3H), 0.89 (d, 9H, J = 6.4 Hz17 (d,
3H,J=7.2 Hz), 1.31 (t, 3H) = 6.8), 1.38 (s, 3H), 1.40 (s, 3H), 1.63 (br,
1H), 1.88-1.95 (m, 1H), 1.91 (d, 3H,= 0.8 Hz), 1.97-2.08 (m, 1H), 2.90
(g, 1H,J = 7.2 Hz), 2.97 (s, 3H), 4.20 (q, 2Bi= 6.8 Hz), 4.68 (dd, 1Hl =
7.2 and 9.2 Hz), 5.08 (dd, 1Hd,= 10.0 and 6.0 Hz), 6.65 (dd, 1Bi= 0.8
and 9.2 Hz), 7.13-7.38 (m, 5H), 8.18 (d, 11 9.2 Hz).}3C NMR (CDC},
400 MHz):d 13.8, 14.3, 17.7, 18.9, 19.5, 19.6, 21.9, 25.60,380.6, 31.7,
32.0, 53.2, 53.5, 56.3, 56.8, 60.9, 103.7, 12526.4, 128.3, 138.6, 147.5,
167.9, 171.8, 176.6.

Tripeptide ethyl ester [(S)(S)(9)-80c]

It was obtained following the general procedures aaolid (89%).

Rt (CH,Cl,/MeOH/Toluene 17/2/2.5) 0.3. M&/z (ES+): 460 [M+H], 482
[M+Na].
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'H NMR (CDClk, 400 MHz):d 0.80 (d, 3H, = 6.8 Hz), 0.86-0.95 (m, 9H),
1.28 (t, 3H,J = 7.1 Hz), 1.43 (d, 3H] = 6.9 Hz), 1.80 (br s, 1H), 1.90-1.96
(m, 4H), 1.99-2.11 (m, 1H), 2.98 (s, 3H), 3.241H, J = 6.9 Hz), 3.59-3.69
(m, 2H), 4.22 (q, 2HJ = 7.0 Hz), 4.78 (dd, 1H] = 9.6 and 10.3 Hz), 5.02
(dd, 1H,J = 9.6 and 7.0 Hz), 6.62 (dd, 18i= 1.2 and 7.0 Hz), 7.31-7.33
(m, 5H), 7.75 (d, 1HJ = 9.6 Hz).*C NMR (CDC}, 400 MHz): d 14.3,
17.5, 18.8, 19.0, 19.5, 19.6, 20.2, 29.9, 30.43,342.6, 53.7, 56.6, 57.7,
61.0, 127.3, 128.6, 128.8, 132.9, 138.1, 138.3,8,6772.1, 175.1.

Tripeptide ethyl ester [(R)(S)(S)-80c]

It was obtained following the general procedures 8vhite solid (81%).

Rs (CH.Cl,/MeOH/Toluene 17/2/2.5) 0.3. M&y/z (ES+): 460 [M+H], 482
[M+Na].

'H NMR (CDCl, 400 MHz):d 0.82 (d, 3H,J = 6.8 Hz), 0.85-0.95 (m, 9H),
1.27 (t, 3HJ = 7.0 Hz), 1.41 (d, 3H] = 6.9 Hz), 1.84 (br s, 1H), 1.92-1.98
(m, 4H), 2.00-2.15 (m, 1H), 2.97 (s, 3H), 3.221H,J = 6.9 Hz), 3.48-3.59
(m, 2H), 4.20 (g, 2HJ = 7.0 Hz), 4.80 (dd, 1H] = 9.7 and 10.4 Hz), 5.05
(dd, 1H,J=9.6 and 7.0 Hz ), 6.62 (dd, 1Bi= 1.2 and 7.1), 7.30-7.33 (m,
5H), 7.75 (d, 1HJ = 9.7 Hz)."*C NMR (CDC}, 400 MHz):d 13.7, 14.2,
17.5, 17.8, 18.8, 19.4, 19.6, 20.2, 21.4, 29.94,381.1, 31.3, 52.6, 53.4,
53.7, 56.3, 56.6, 57.7, 57.9, 61.0, 68.3, 127.8.1,2128.4, 128.6, 132.9,
138.1, 138.4, 138.5, 167.8, 172.0.

Tripeptide trifluroacetate salt [( S)(S)(9)-814a]

It was obtained following the general procedures 8vhite solid (92%).
Ri: 16.28. MSn/z (ES+): 488 [M+H].
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'H NMR (CDs0OD, 400 MHz):d 0.79 (d, 3H,J = 6.0 Hz), 0.83-0.88 (m,
6H), 1.33 (d, 3H,) = 7.2 Hz), 1.76 (s, 3H), 1.80 (s, 3H), 1.84 (d, 3H
1.2Hz), 1.83-1.99 (m, 2H), 3.00 (s, 3H), 3.68 (H, 1 = 7.2Hz), 4.35 (dd,
1H,J = 9.3 and 9.9 Hz), 4.96 (dd, 1Bi= 10.1 and 9.6 Hz), 6.71 (dd, 184,
= 9.9 and 1.2 Hz), 7.43-7.58 (m, 5HjC NMR (CD:OD): d 13.8, 15.6,
18.8, 18.9, 19.0, 19.7, 25.0, 29.4, 30.1, 30.61,4582.2, 54.9, 56.5, 65.4,
72.9,126.8, 129.2, 132.4, 138.6, 169.0, 171.3,7,775.0.

Tripeptide trifluoroacetate salt [(R)(S)(S)-81a]

It was obtained following the general procedumes8vhite solid (95%).

Ri: 21.0, MSmz (ES+): 342, 459 [M+H].

'H NMR (CD;OD, 400 MHz)d 0.88-0.93 (m, 12H), 1.39 (d, 3H,= 7.2
Hz), 1.65 (s, 3H), 1.76 (s, 3H), 1.88 (d, 3Hs 1.6 Hz), 1.92-2.10 (m, 2H),
3.07 (s, 3H), 3.66 (g, 1Hl = 7.2 Hz), 4.53 (d, 1H) = 7.6 Hz), 4.99 (dd,
1H,J =10.4 and 10.0 Hz), 6.76 (dd, 1#H7 1.6 and 9.2 Hz), 7.45-7.59 (m,
5H). *C NMR (CD;OD, 400 MHz):d 12.5, 17.0, 17.7, 17.9, 18.3, 23.0,
27.0, 29.4, 29.8, 30.2, 52.7, 55.3, 57.4, 63.0,.0,1025.8, 129.0, 129.1,
132.3, 138.0, 138.0, 161.0, 169.3, 171.8.

Tripeptide trifluoroacetate salt [(S)(S)(S)-81c]

It was obtained following the general procedure fi&@rapurification by
preparative HPLC as solid (87%).

Ri: 16.06, MSn/z (ES+): 432 [M+H]

'H NMR (CD;0D, 400 MHz)d 0.83 (d, 3H,J = 6.4 Hz), 0.89-1.00 (m, 9H),
1.46 (d, 3HJ = 6.8 Hz), 1.86 (d, 3H] = 1.6 Hz), 1.90-1.98 (m, 2H), 3.12
(s, 3H), 3.95-4.15 (m, 3H), 4.60 (d, 1Bl 8.1Hz), 5.01 (dd, 1h] = 10.4
and 9.6 Hz), 6.75 (dd, 1Hl, = 1.6 and 9.6 Hz), 7.46 (s, SHJC NMR
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(CD;0D, 400 MHz)d 14.0, 17.8, 18.9, 19.4, 19.5, 20.5, 21.4, 30.05,30
31.0, 52.6, 53.5, 56.3, 57.9, 68.4, 128.1, 12828,8, 132.9, 138.0, 138.4,
167.8,172.0, 174.5.

Tripeptide trifluoroacetate salt [(R)(S)(S)-81c]

It was obtained by hydrolysis of the relative estfter purification by
preparative HPLC to afford a solid (85%).

Ri: 16.45. MSn/z (ES+): 432 [M+H]

'H NMR (CD;OD, 400 MHz):d 0.89 (d, 3HJ = 6.5 Hz), 0.91-1.02 (m,
9H), 1.53 (d, 3H,) = 6.8 Hz), 1.88 (d, 3H] = 1.6 Hz), 1.98-2.05 (m, 2H),
3.09 (s, 3H), 3.91-4.10 (m, 3H), 4.56 (d, 1H+ 8 Hz), 5.04 (dd, 1h] =
10.4 and 9.5 Hz), 6.75 (dd, 1Bi= 1.6 and 9.5 Hz), 7.45 (s, 5HC NMR
(CDsOD, 400 MHz)d 14.1, 16.7, 18.9, 19.3, 19.5, 19.8, 30.9, 31.24,31
50.8, 56.4, 56.9, 58.6, 130.3, 130.8, 131.1, 13233.8, 139.5, 169.9,
170.8, 173.8.

2-Hydroxypropanoyl-dipeptide ethyl ester [S)(S)(9)-8249]

It was obtained following the general procedure Balid (97%).

R (hexane/AcOEt 1/3) 0.61.

'H NMR (DMSO+, 400 MHz):d 0.79 (d, 3H,J = 6.8 Hz), 0.86-0.92 (m,
6H), 1.29 (t, 3HJ = 76.8 Hz), 1.46 (d, 3Hl = 7.2 Hz), 1.83-1.88 (m, 1H),
1.86 (d, 1H,J = 0.7 Hz), 1.88-2.07 (m, 1H), 2.91 (s, 3H), 2.85 ¢, 1H),
4.19 /g, 2HJ=7.2 Hz), 4.78 (dd, 1H} = 9.6 and 7.3 Hz), 5.02 (dd, 1Bi=
10.1 and 6.7 Hz), 5.18 (g, 14,= 7.2 Hz), 6.62 (dd, 1H] = 0.7 and 9.6
Hz), 6.68 (d, 1HJ = 10.1 Hz).”*C NMR (DMSO4e 400 MHz):d 13.8,
14.3, 17.3, 17.6, 18.0, 19.4, 19.6, 27.1, 30.06,333.3, 56.4, 60.1, 70.4,
133.0, 138.3, 167.7, 171.4, 177.0.
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2-Hydroxypropanoyl-dipeptide ethyl ester [R)(S)(S)-82¢]

It was obtained following the general procedures White solid (88%).

R; (Hexane/AcOEt 1/3) 0.42; (hexane/AcOEt 1/2) 0.2.

'H NMR: (CD;0D, 400 Mhz)d 0.81 (d, 3H,J = 6.8 Hz), 0.88-0.92 (m, 9H),
1.30 (t, 3HJ = 7.6 Hz), 1.40 (d, 3H] = 7.2 Hz), 1.72 (br s, 1H), 1.85-1.98
(m, 1H), 1.88 (d, 3HJ = 1.6 Hz), 1.98-2.01 (m, 1H), 2.97 (s, 3H), 4.80 (
2H,J=7.6 Hz), 4.26 (q, 1H1 = 7.2 Hz), 4.73 (dd, 1H = 6.8 and 8.8 Hz),

5.02 (dd, 1H,J =10 and 9.9 Hz), 6.63 (dd, 1B~ 1.6 and 8.8Hz), 7.08 (d,
1H, J = 9.2Hz).*C NMR (CD;OD, 400 MHz)d 13.7, 14.3, 17.7, 18.8,
19.4,19.6, 21.4, 30.0, 31.1, 31.2, 53.9, 56.6),638.2, 133.0, 138.1, 167.8,
172.1, 174.5.

2-Hydroxypropanoyl-dipeptide [(S)(S)(S)-839]

It was obtained following the general procedures 8vhite solid (90%).

'H NMR (CD;0OD, 400 MHz): d 0.71 (d, 3H] = 6.4 Hz), 0.77-0.86 (m,
9H), 1.15 (d, 3HJ = 6.4 Hz), 1.76 (d, 3H] = 1.2 Hz), 1.90-2.03 (m, 2H),
2.92 (s, 3H), 3.97 (g, 1H} = 6.4 Hz), 4.54 (dd, 1H] = 6.8 and 9.0 Hz),
4.85 (dd, 1HJ = 9.8 and 9.5 Hz), 5.2 (br, 2H), 6.61 (dd, I+ 1.2 and 9.3
Hz), 7.45 (d, 1H) = 8.3 Hz).*C NMR d 13.2, 17.6, 18.4, 18.6, 18.9, 19.0,
21.2,28.8, 30.2,52.7, 67.0, 113.8, 138.3, 16874,0, 174.0.

2-Hydroxypropanoyl-dipeptide [(R)(S)(S)-839]

It was obtained following the general procedures 8alid (87%).

'H NMR (CD;0D, 400 MHz)d 0.72 (d, 3H,J = 6.4 Hz), 0.79-0.82 (m, 9H),
1.20 (d, 3HJ = 6.4 Hz), 1.75 (d, 3H] = 1.2 Hz), 1.91-2.06 (m, 2H), 2.91
(s, 3H), 4.02 (g, 1HJ) = 6.4 Hz), 4.52 (dd, 1H] = 6.9 and 9.0 Hz), 4.87
(dd, 1H,J=9.9 and 9.6 Hz), 5.8 (br, 2H), 6.62 (dd, TH; 1.2 and 9.3 Hz),
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7.58 (d, 1HJ = 8.2 Hz)."*C NMR (CD;OD, 400 MHz):d 13.2, 17.4, 18.5,
18.7, 18.9, 19.2, 20.9, 28.9, 30.1, 52.9, 56.01,586.9, 113.9, 138.1, 168.4,
171.1, 174.0.

(S)-2-bromo-3-phenylpropanoic acid [S)-90]

It was prepared following the same procedure @r$7] as solid 60%.

H NMR (CD;0D, 200 MHz):d 3.18-3.30 (dd, 1H] = 8,J = 10 Hz), 3.42-
3.54 (dd, 1HJ = 7.2,J = 10 Hz), 4.43 (t, 1H) = 7.4 Hz), 7.18-7.38 (m,
5H)

B¢ NMR(CD;OD, 400 MHz):6 39.1, 53.1, 125.9, 127.7, 128.6, 139.4,
171.0

(R)-2-bromo-3-phenylpropanoic acid [R)-89]

It was obtained following the same procedure (8)-p7] as solid 60%.

H NMR (CD,OD, 200 MHz):6 3.19-3.30 (dd, 1H) = 8,J = 10 Hz), 3.42-
3.53 (dd, 1HJ = 7.2,J = 10 Hz), 4.43 (t, 1H) = 7.4 Hz), 7.19-7.39 (m,
5H)

¥C NMR (CD;OD, 200 MHz):6 39.2, 53.2, 127.8, 126.0, 128.7, 139.5,
171.1

Bromoacyl-dipeptide [(S)(S)(S)-91]

It was obtained following the general procedureafder chromatography
purification. as an oil, 60% (Hexan/AcOEt 5/1):7R0.2

'H NMR (CDC}, 400 MHz):5 0.71 (d, 3H, J = 6.4 Hz), 0.86 (d, 3H, J = 6.4
Hz), 0.94 (s, 9H), 1.30 (t, 3H, J = 7.2 Hz), 1.892L.(m, 1H), 1.89 (s, 3H),
2.94 (s,3H), 3.19-3.57 (dd, 2H, J = 8, 6.4 Hz)94d, 2H, J = 7.2 Hz), 4.44
(t, 1H, J = 6.4 Hz), 4.78 (d, 1H, J = 9.6 Hz), 5(661H, J = 9.6 Hz), 6.62
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(d, 1H, 5.2 Hz), 6.84 (d, 1H, J = 9.2 Hz), 7.1917(@n, 5H).*C NMR
(CDCl;, 400 MHz):§ 13.9, 14.3, 18.8, 19.5, 26.5, 30.0, 31.1, 36.2341
50.2, 55.3, 56.2, 60.9, 127.2, 128.6, 129.3, 1323.1, 138.2, 167.8,
167.9, 171.0.

Bromoacyl-dipeptide [(R)(S)(S)-91]

It was obtained following the general proceduraffrding the product as
oil (60%)

'H NMR (CDCk, 400 MHz):5 0.82 (d, 3H,J = 6.5 Hz), 0.86 (s, 9H), 0.88
(d, 3H,J = 6.5 Hz), 1.30 (t, 3HJ = 7.2 Hz), 1.89 (s, 3H), 1.85-1.95 (m,
1H), 2.97 (s, 3H), 3.13-3.54 (dd, 2Bl= 7.2-7.6 Hz), 4.19 (q, 2H, = 7.2
Hz), 4.39 (t, 1HJ = 7.2 Hz, 4.77 (d, 1H] = 9.6 Hz), 5.09 (t, 1H) = 5.6
Hz), 6.63 (d, 1H,J = 9.2 Hz), 6.80 (d, 1H] = 9.2 Hz), 7.19-7.32 (m, 5H).
13C NMR (CDC}, 400 MHz): ¢ 13.8, 14.3, 18.9, 19.5, 26.4, 30.0, 31.1,
35.6, 41.7, 50.0, 55.4, 56.2, 60.9, 127.3, 12&6,3, 132.9, 137.1, 138.3,
167.8, 168.1, 171.1

Tripeptide ethyl ester[(S)(S)(9)-92]

It was obtained following the general proceduréry# (Hexan/AcOEt 3/1)
0.20 as solid (85%)

'H NMR (CDC} 400 MHz):6 0.81 (d, 3H,) = 6.8 Hz), 0.88 (d, 3H] = 6.4
Hz), 0.98 (s, 9H), 1.19 (t, 3H), 1.29 (s, 6H), 1(833H), 1.85-1.95 (m, 1H),
2.55 (dd, 1HJ = 4,3 = 9.2 Hz), 2.99 (dd, 1H] = 4,J = 10 Hz), 3.05 (s,
3H), 3.13 (dd, 1HJ = 4,J = 5.6 Hz), 4.21 (q, 2H] = 7.2 Hz), 4.80 (d, 1H,
J=09.6 Hz), 5.13 (t, 1H]) = 10 Hz), 6.67 (d, 1H] = 9.6 Hz), 7.01 (m, 4H),
7.11 (m, 3H), 7.21 (m, 3H), 8.31 (d, 18z 9.6 Hz)."*C NMR (CDC} 400
MHz): 6 14.1, 14.3, 19.0, 19.5, 25.2, 26.6, 29.8, 29.93,335.6, 40.6, 54.2,
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56.0, 56.2, 59.0, 60.9, 125.4, 126.3, 126.9, 12828.8, 129.4, 132.6,
137.2,138.8, 146.9, 167.9, 171.1, 175.4

Tripeptide ethyl ester [(R)(S)(9)-92]

It was obtained following the general proceduras3solid 85%.

'H NMR (CDCl, 400 MHz):5 0.80 (d, 3H,) = 6.4 Hz), 0.87 (d, 3H] = 6.4
Hz), 0.99 (s, 9H), 1.26 (t, 3H), 1.30 (s, 6H), £895 (m, 1H), 1.93 (s, 3H),
2.49 (g, 1HJ = 4,3 = 9.6 Hz), 2.89 (dd, 1H] = 4,J = 9.6 Hz), 3.02 (s,
3H), 3.20 (dd, 1H,) = 4.4,J = 5.2 Hz), 4.20 (q, 2H] = 7.2 Hz), 4.79 (d,
1H,J = 10 Hz), 5.13 (t, 1HJ) = 10 Hz), 6.64 (d, 1H) = 8 Hz), 6.94-7.26
(m, 10H), 7.95 (d, 1HJ = 9.6 Hz).”*C NMR (CDCk, 400 MHz):5 13.9,
14.3, 18.9, 19.5, 26.5, 26.7, 30.0, 31.1, 31.24,380.354.9, 55.9, 56.1,
58.8, 60.9, 1254, 126.4, 126.8, 128.2, 128.8,4,2932.7, 137.2, 138.5,
146.9, 167.9,171.7, 175.6

Tripeptide TFA salt [(S)(S)(9)-93]

It was obtained following general procedure 8, aslal (95%).

'H NMR (CD;0D, 400 MHz):6 0.83 (s, 9H), 0.88 (d, 3H,= 6.4 Hz), 0.93
(d, 3H,J = 6.4 Hz), 0.94-1.01 (m, 1H), 1.68 (s, 3H), 1.873H), 1.87 (s,
3H), 1.85-2.00 (m, 1H), 3.00 (s, 3H), 2.91-3.01 (H), 3.45-3.52 (m, 1H),
4,72 (d, 1HJ = 8.4 Hz), 5.00 (t, 1HJ = 10 Hz), 6.48 (d, 1H) = 10 Hz),
6.55 (d, 1HJ = 9.2 Hz 6.67 (d, 1H) = 6.8Hz), 6.74 (d, 1H) = 8.8 Hz),
6.83 (m, 2H). 7.15-7.25 (m, 3H), 7.33-7.37 (m, 3H}1-7.46 (m, 2H)"*C
NMR (CD;0OD, 400 MHz):6 13.7, 18.9, 19.3, 19.6, 20.4, 24.4, 26.4, 26.6,
27.8,29.8, 31.6, 35.3, 37.8, 56.2, 57.1, 58.93,683.1, 126.2, 126.4, 127.8,
128.8, 128.9, 129.1, 129.2, 129.5, 131.9, 134.8,8,3139.9, 162.0, 169.2,
170.9.
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Tripeptide TFA salt [(R)(S)(S)-93]

It was obtained following the general proceduras3solid (95%)

'H NMR (CD;0D, 400 MHz):6 0.61 (s, 9H), 0.85 (d, 3H,= 6.4 Hz), 0.90
(d, 3H,J = 6.4 Hz), 0.95-1.02 (m, 1H Hz), 1.58 (s, 3H),4L.(8, 3H), 1.87
(s, 3H), 1.88-2.01 (m, 1H), 3.01 (s, 3H), 2.94-3(A8 1H), 3.11-3.19 (m,
1H), 3.55-3.61 (dd, 1H] = 4.8 Hz), 4.61 (d, 1H] = 8.4 Hz), 5.05 (t, 1H]
= 10 Hz), 6.43 (m, 1H), 6.74 (d, 14,= 10 Hz), 6.78-6.81 (m, 2H), 7.13-
7.21 (m, 3H), 7.37-7.47 (m, 3H), 7.57-7.61 (m, 2HC NMR (CD;OD,
400 MHz):6 13.7, 19.0, 19.4, 26.1, 26.5, 28.6, 29.7, 31.33,337.8, 56.7,
57.2, 58.7, 63.3, 126.4, 127.9, 129.0, 129.3, 12929.6, 132.0, 134.3,
138.1, 139.4, 161.7,170.9, 171.3

(S)-ethyl (3-(2-tert-butoxycarbonylamino)-3,3-
dimethylbutanamido)benzoate (S)-85]

It was obtained following the general procedure sl ail (73%) after
purification (Hexan/AcOEt 2:1).

R; (Hexan/AcOEt 2:1) 0.51/z (ES+): 432 [M+H]

'H NMR (CDCk, 400 MHz):6 0.79 (s, 9 H), 1.32-1.43 (m, 9H), 4.36 (q,
2H, J = 7.2 Hz), 5.2 (d, 1H), 7.23 (s, 1H), 7.7,(2hl), 7.9 (m, 1H), 8.03
(s, 1H), 8.13 (d, J = 2 Hz, 1 H)

13C NMR (CDC}, 400 MHz): & 13.8, 25.8, 28.4, 45.1, 60.8, 66.8, 79.5,
119.5, 124.1, 127.4, 133.7, 137.1, 156.0, 164.2,0,7.85.6.
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(S)-ethyl 3-(2-amino-3,3-dimethylbutanamido)benzoat [(S)-854a]

It was obtained following the general procedures Dia( 90%).

'H NMR (CDCl, 400 MHz):6 0.98 (s, 9 H), 1.29 (t, 3H, J = 7.2 Hz), 4.36
(g, 2H,J =7.2 Hz), 5.2 (s, 1H), 7.23 (s, 1H), (dd, 1H), 7.9 (dd, 1H), 8.03
(d, 1H), 8.13 (d, J = 2 Hz, 1 H), 9.02 (bs, 2H).

13C NMR (CDCE, 400 MHz):§ 13.8, 25.8, 28.4, 45.1, 60.8, 73.2, 119.5,
124.1, 127.4, 133.7, 138.1, 144.7, 164.1, 172.5,6.8

[(R,5)(9)-86] bromo-acyl-peptide.

It was obtained following the general procedure 3 ail (80%) after
purification (Hexan/AcOEt 2:1) 0.48

'H NMR (CDCk, 400 MHz):5 0.98 (s, 9 H), 1.29 (t, 3H, J = 7.2 Hz), 1.97
(d, 3H), 4.36 (q, 2H, J = 7.2 Hz), 5.2 (s, 1H),3/ (8, 1H), 7.54 (dd, 1H),
7.8-8.3 (m, 2H), 8.03 (s, 1H), 8.3 (d, J =2 HH)}1

13C NMR (CDCL, 400 MHz): & 14.1, 22.0, 25.8, 35.2, 45.6, 60.9, 64.6,
120.6, 125.5, 128.8, 130.3, 141.4, 165.9, 172.6,47

[(R,S)(9)-87] tripeptide

It was obtained following the general procedures dia(78%)

'H NMR (CDClk, 400 MHz):5 0.94 (s, 9H), 1.27-1.29 (m, 9H), 2.0 (s, 1H),
3.74 (m, 1H), 4.30 (q, 2H), 4.51 (s, 1H), 7.23-7(8Y, 6H), 7.54 (d, 1H),
7.82 (m, 1H), 8.03 (s, 1H), 8.29 (d, 1H).

13C NMR (CDC, 400 MHz): & 14.1, 24.0, 25.8, 32.0, 35.2, 56.8, 60.9,
65.3, 120.6, 125.9, 126.1, 128.4, 130.3, 141.4,6,445.9, 171.7
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[(R,9)(9)-88] Tripeptide salt.

It was obtained following the general procedures 8vhite solid (55%).

'H NMR (CD;0D, 400 MHz):d 0.97 (s, 9H), 1.42 (d, 1H), 1.73 (s, 3H),
1.73 (s, 3H), 3.9 (m, 1H), 7.2 (t, 1H), 7.2 (t, 2H)48-7.52 (m, 3H), 7.82
(m, 2H), 8.31 (d, 1H).

13C NMR (CD,OD, 400 MHz):5 18.97, 25.8, 35.2, 54.5, 56.9, 65.3, 120.6,
125.9, 126.1, 128.4, 130.3, 130.6, 133, 138.8,0,4®5.9, 170.3, 170.7

n/z (ES+): 440 [M+H]
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9. Microtubules depolymerization inducing agents

9.1. Epothilones
Epothilones are a family of macrocyclic poliketidasolated from the
culture broth of the myxobacterial straBorangium cellulosum SoCe90,
which was found in soil samples collected along Haambezi River in
Africa.
This class is represented by the natural epottslgvand B, discovered as
antifungal agents by Hofle and Reichenbach.
They became interesting when Bollag et al. in 189%orted that they had
the same mechanism of action of paclitaxel, stahij the tubulin polymers

and causing apoptotic cell dedth.

1R=H Epothilone A
2 R= CH3 Epothilone B

Figure 1X-1. Structure of Epothilones A and B.

Despite the structural difference between taxol apathilones, it was
observed a competitive pattern of inhibition by thlone A and B on the
binding of paclitaxel to polymer formed with pueé tubulin.

Epothilone B was the most effective compound inugidg assembly of
tubulin polymers, while the potency of Epo A wasnigr to that of

paclitaxel®
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The epothilones seem to have different potentimhathge in comparison to
Taxol®.

First of all, epothilones have a simpler structuhat is adapt to be easily
manipulated both in total synthesis and in the lssis of analogues for
structure-activity relationship (SAR) studies. Thiasn't possible for taxol
because of its complex structdre.

Even more interestingly, epothilones A and B rethieir activity also in
PgP-overexpressing taxol-resistant cancer celésfin

Taxol was scarcely soluble, it was administerecttiogr with vehicles such
as Cremophor EL (polythoxylated castor oil), whih responsible of
cardiac problems and cause severe hypersensitagponses.

Whereas, epothilones have a higher water solupilitjich suggest the
possibility of an easier formulation.

Several research groups have started a synthepilorakion, which led
quickly to the total synthesis of epothilones A @&d®

Resolution of the trickiest key step of the synthetoute allowed
extensively SAR studies, in order to find analogsthwa better

pharmacological profile.

Table IX-1. Inhibition of human carcinomas cell lines by ta¥6PO A, Epo B.

Cell lines 1C50[NM]

Taxol Epo A Epo B
HCT-116 (colon) 2.79 2.51 0.32
PC-3M (prostate) 4.77 4.27 0.52
A549 (lung) 3.19 2.67 0.23
MCF-7 (breast) 1.8 1.49 0.18
NCI-ADRI®*] 9105 27.5 2.92
KB-31 (cervix) 2.31 2.1 0.19
KB-8511"9 533 1.9 0.19

[a]Multi-drug resistant cell-lines. [B] Multiple sistance
mechanisms/MDR. [C] P-gp overexpression/MDR.
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In this last years, a huge number of different kipmtes have been
synthesized, and tested in several cancer cefiiine
The previous table (Table IX-1) shows human cammiaocell growth

inhibition data of the Epo A and B in comparisorhataxol.

9.2. Structure and SAR of epothilones
The epothilones chemical structure is characterlzgda poliketide core
featuring a 16-membered lactone, a ketone at pasfii and an aromatic
side chain attached at C15 of the core ring. Thapounds were termed
“epothilones” by Reichenbach and Héfle to refldatit structural features,
which includes arepoxide moiety, athiazole-containing side chain, and a
single ketgne) function?
So far, six natural epothilones have been discavéEpo A-F) that have
been considered as starting point for further stinat modifications.
Both the importance of the macrolactone ring stitgtn pattern and
stereochemistry for biological activity have beateasively investigateth
the context of SAR studies, as well as many madtibims of the side

chain®

O OH O

3R=H Epothilone E 5R=H Epothilone C
4 R= CH3 Epothilone F 6 R= CH, Epothilone D

Figure 1X-2. Structures of Epothilones C, D, E, F.
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9.2.1. C12-C13 modifications
The epoxide moiety at C12-C13 of the macrolactdng was object of
wide interest for SAR study and analyzing deoxybkpmtes (Epo C and
D), it was found that their biological activity $milar to that of the parent
compounds.
Efforts have been made to explore the effect of ifitadions at position
(C26)"% some of the smaller substituents (ethyl, haloyigtproduced
activities comparable with epothilones B, whileg&ror polar groups
proved to be detrimentat.
Moreover, Epo C and D microtubules stabilizatioficefncy and the potent
human cancer cell growth inhibition don’t depend tbe presence of an
epoxide moiety, conversely to previous beliefs abitsuimportant role as
hydrogen-bond acceptor in the binding to tubddin.
Since the most active epoxide derivatives haweaas geometry, several
analogs were synthesized bearing small rings ssach@clopropane fused
at the C12-C13 bond with the macrocyclic core.
The new compounds are equipotent with the epoxetergld natural
product (for example, I§ values against cell line HCT-116 are 1.4 nM for
7 and 0.7 nM foi8, compared with 4.4 nM and 0.8 nM for Epo A and Epo
B, respectivelyy.
This result suggests that the contribution of thexede moiety is mainly
conformational-type and serve to stabilize the propbioactive
conformation of the macrolactone rify.
The activity of the trans- cyclopropane derivatieé€po A and its analogs

makes them promising compounds.
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HO.

Figure 1X-3. Cyclopropane analogs of Epothilone A and B.

9.2.2. Side chain modifications
The aromatic side chain is the most obvious sitestimctural modifications
of epothilones, because it doesn't involve the weyele believed crucial
for the activity.
The thiazole ring in Epo A-D and in cyclopropanakgzb A and B has been
replaced by other heterocycles or simple phenyliggpand the synthesis of
C16-desmethyl Epo B.
Modifications have been also involve the methylugraon the thiazole,
while small substituents such as hydroxyméthyl aminomethyl,
fluoromethyl, methylthi&®, or ethyl are well tolerated, bulkier substituents
cause a significant loss in poterféMoreover, the natural stereochemistry
at C-15 is preferret.
The atom of sulphur was found not necessary fdobical activity as well
as the presence of a five-membered heterocycle-Hs, Qvhile six-rings
members are well tolerated such as pyridine.
Based on this SAR data, Epo D analogs provided aitlenzoheterocycle
(9, 10) were prepared, whose cellular activity is higirethose with the

nitrogen in natural positioff.
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9 10

Figure IX-4. Analogs of Epo D bearing a benzoheterocyclic sitlairg and
pyridine Epo B analogs.

The benzoheterocyclic analogs derives from the rebiens that in the
bioactive conformation of epothilones, the torsmmgle about C16-C17-
C18-N portion of the molecule is 180° and the coueat inclusion of this

part in a rigid structure, as the bicyclic sideintghould be toleratet.

9.2.3. C1-C5 and C6-C11 fragment modifications.
This part of the macrocycle has been investigateatder to understand the
importance of the hydroxy group at C-Bly and its stereochemistry, that

can’ t be inverted, because of the lack of actiffity

Figure 1X-5. C3-deoxy-Epo B.

SAR investigations established that changes of estdremistry or
substitution pattern at C8 or simultaneous inversib the stereochemistry
at both C6 and C7 lead to a lack of biologicalhatyti*’

Generally, C6-C11 fragment is unchanged, apartngarasting derivative
(12) that is in phase IlI of clinical trial (ZK-EPGJ.
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0 OH O
12, ZK-EPO
Figure IX-6. Structure of C-6 allylated Epo B derivative, ZK-BP

This C-6 allylated compound has been consideredrasdel for our project
on benzothiazole analog synthesis.

9.2.4. Epothilones in clinical trials
Among all epothilones analogs, only a small nhumtzdrderivative are in
clinical trials.
At the moment the most advanced of these compoigritie lactam analog
of Epo B, Ixabepilone, which received FDA approf@l the treatment of
metastatic breast cancer in 2007 and marked uhderade name Ixempra
®, by Bristol Mayer SquibB.
Clinical evaluation of this drug is going for a der number of prostate,
pancreatic and ovarian cancer.
Epothilone B (patupilone), developed by Novartiatisin advanced stage of
clinical trials against ovarian cancer cells (phidge
Epothilone D has entered clinical trials suppogd<osan —Roche (Kos-
862) but when it was at Il phase, the company chioseterest to an
unsaturated epothilones D analog (Kos-1584), whghn phase | of
investigation for breast cancér.
Sagopilone, (ZK-EPO) is a fully synthetic epothésranalog developed by
Bayer-Schering pharma, and is currently undergamgphase Il clinical
trials for a number of malignancies, including pabs, ovarian, and lung
cancer and melanoma.
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10.Project aims

10.1. Synthetic approaches to an epothilone B amgue provided

with tumor targeting moiety.

Conventional cytotoxic therapies of cancer ofteffesufrom a lack of
specificity, as they present low therapeutic index considerable toxicity
to healthy organs.

A new approach to overcome this disadvantage isétective delivery of
drugs to the tumor site by their conjugation to amibody (carrier)
molecule specific for a tumor-associated molecutarker, as the tumor
vasculature expresses markers, attractive targets af site-specific
pharmacodelivery through blood floW.

Recent research in this field, has demonstratetthigaconstruction oin
vivo active conjugates between tumor specific antibodiad cytotoxic

agents requires the latter to hameitro potency in the sub-nM range.

Thanks to SAR information we know that not all nfaditions are
compatible with the retention of cytotoxic activitfepothilones® 102!
Moreover, aware of the clinical trials progressegl-EPO (12), the group
of Prof. Altmann, in which | spent a period of 9 mtlas as visiting Ph. D.
student, has designed a benzothiazole analog oBEpo

It is provided with a functional “handle” (Fig. X-ted chain)for antibody
conjugation, in which the natural 12,13-epoxide etpihas been replaced
by a cyclopropane ring.

This modification eliminates potential problems chemical and/or

metabolic stability linked to the epoxide functititg indeed, the
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cyclopropane doesn’t lead to any loss of antipeddifive activity> The
replacement of thiazole with benzothiazole leadsetdancedin vitro
activity, the most important requirement for thenstuction of antibody-
drug conjugates (ADCs).

In fact, ZK-EPO shows a meangi3/alue below 1 nM in antiproliferative
test on different human tumor cell lins.

It is reported to be more active than parental ammg Epo B against a

variety of drug sensitive cancer cells and to overe the problem linked to

resistance P-gp-mediated in some kind of tuffior.

0O OH O
12, ZK-EPO

O OH O
13
Figure X-1. From Epo B, through ZK-EPO to target compoi&d

It was thought to introduce a hydroxyethyl sideinhat position 2 of the

heterocyclic core, that is expected to be toleratedeed, benzothiazole-
base epothilones analogs with substituents diffefrem methyl group in

this position have never been investigated.

It is important to notice that the handle is notkusince we don’t know

anything about the effect of additional volume.

109



Epothilones: scopes and aims

Although the final compoundl3, shows 3 hydroxyl groups, only the
primary alcohol will be used for the linkage, givérat the other two are
quite hindered.

In the following scheme is represented the strectaf the conjugate
between the carrier and the epothilone linked togreby means of an
opportune linker; in this context it hasn’t beemplained the nature of this
linker, as the scope of my project is strictly lied to the synthesis of the
intermediatel5.

macrocycle Heterocyclic _/— Linker antibody
core

Figure X-2. Scheme of antibody tumor targeting as therapepticcach.

10.2. Retrosynthetic analysis
The inclusion of C16-C18 olefin double bond in &iembered aromatic
ring which also incorporated C17, C19 and C22 efdhiginal epothilones
structure, led to a coplanar arrangement betwee&sethiwo moieties
reducing the conformationally entropy of the hetgabe side chain.
A highly convergent strategy was followed that aial us to introduce
structural modification at every position of the -ih@mbered ring
macrocycle! 124
The introduction of the hydroxyethyl side chain asition 2 of the
benzothiazole mandated the synthesis of the heteleto occur at the very
beginning of the synthetic route.
Moreover, Charette cyclopropanatidnof the C12-C13 double bond,

requiring the presence of an allylic alcol&d to occur, took place before
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ring closure metathesis reaction (RCM) in the westhern part of the
molecule®

It was observed, that the cyclopropanation on Gi&8methyl analog is
highly stereoselective, providing the desired cgoipane as single isomer,
but the presence of an additional methyl group €2ha double bond,
caused the decrease of the selectffity.

A ratio of both possible products in the range &t1lis considered

acceptable to go toward the target moledde

RCM

Macrolactonization

OTBS
14 15

Scheme X-1Retrosynthetic analysis of3: disconnections into two building
blocks.

Worst situation would lead us to give up with thy@thesis ofl3; in this
context is the meaning of my project.

Two crucial disconnections of the macrocyclic callewed14 and15to be
traced back to two primary building blocks (schexag).

Building block 16, which contains the heterocycle provided with sge

chain, will be coupled withl5 through a Yamaguchi esterification after
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selective deprotection of the secondary alcohdCB5 and hydrolysis of
methyl ester at C¥

The synthesis is accomplished with the cleavagieftwo silyl ethers on
03 and O7 and of the side chain protecting grdup.

As we need the primary alcohol at the very endhefgynthetic route, for
the linkage with antibodies, we decided to emplogifferent protecting
group from the others at C3 and C7.

Building block 16 with its three stereocenters at C6, C7 and C8 ntigh
accessed by a stereoselective aldol reaction dfrthemn Schinzer ketoAg
2721 and a chiral aldehyd®20 as the key step: this was followed by a
series of functional group manipulation to provicerboxylic acid in 57%
overall yield from aldol product (scheme X-2). Tegnthesis of building

block 16, was performed in prof. Altmann researasug.?

Scheme X-2Retrosynthetic analysis of building blotk.

The allylic alcohol22 is the result of Still-Gennari olefination on the
aldehyde23.
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Apart the cyclopropanation, other key steps havaradierized the
achievement o15.

First of all, the synthesis of the heterocyclic ed22 bearing the

hydroxyethyl side chain, was required to be higblding and possibly
adapt to be scaled-up (g-quantities).

All attempts to get the benzoheterocycle functieal ?* *° have been

made starting from only one precursor, 4-chloratBrbenzoic aci®4.

The introduction of the chiral centre at C152% was a challenge and it
was planned as an enantioselective reaction ofatigral aldehyde; on
purpose several methods were available.

At first, we tried with asymmetric allylation reams?" ** but because of
the lack of selectivity, Evans chiral auxiliariesene employed in a

stereoselective aldol reaction (scheme X-3).

Still-Gennari olefination

Charette cyclopropanation

/ S OPG
& N/>_f —

OTBS OTBS
15 22
o) S OPG —— S OPG Cl
N N NO,
OTBS o) 0
23 24 25

Scheme X-3Retrosynthetic analysis of building blotk.
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11.Results and discussion

11.1 Synthesis of heterocyclic core
11.1.1 First synthetic approach

The synthesis of the benzothiazole core providetth Wydroxyethyl side
chain at position 2 started from commercially aafaié 4-chloro-3-nitro-
benzoic acid25.% The heterocycl@6 was obtained heating togett2s and
sodium sulfide nonahydrate, followed by quick aidditof mixed acetic
formic anhydride in a nucleophilic aromatic suhsgtdn reaction of chlorine
ion.
This reaction was performed to 60% vyield (1 gramleycworking under
argon atmosphere, becausesitu prepared mixed anhydride was found
easily hydrolysable.
After protection of the acid moiety as methyl es@&t, none of the
formylation attempts at position 2, afforded thdedlyde28 that would
have afforded monosubstituted ole®, by hydroboratior>

r@ Y@ . YEIMH
Y@E ------ Y@[J ------ «@[ o

Scheme XI-1. Reagents and conditionsi) (NaS nonahydrate, acetic formic
anhydride, CHCOOH, 120°C, 60%;ii) H,SO,, MeOH, 65°C, 98%;ii{) THF, n-
BuLi 1.6 M in hexan, -78°C, 1h, DMF, -78°C to ot (iv) THF, n-BuLi 1.6 M in
hexane, -78°C to -50°C, 27, -78°C.
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Direct formylation of27 was tried following two general procedurég®
that differ each other in both addition order anmnber of equivalents of

reagents, but was unsuccessfully (Scheme XI-1).

11.1.2. Second synthetic approach
This approach was based on the direct oxidatiomefmethyl group of 2-
methylbenzafljthiazole-5-carboxylat81.3* *°

Cl S s, 0
HO i, ii (ID /> 1] (lj D 4
NO, N N H
o] o]
25 31

(0]
28

‘iv
H
S OH S H
/0 N /0 N H
0] 0]
29

30

Scheme XI-2 Reagents and conditions) NaS nonahydrate, C})£OOH, acetic
anhydride, 120°C, 2h, 60%ij )Y H,SO,, MeOH, reflux, overnight, 98% jii) SeQ,

CH;COOH, reflux, 4 h, 50%;i{) base, CHPPhBr, THF; () (1) 9-BBN 0.5 M
THF, 0°C to r.t. overnight, (2) J@, NaOH 4N, 30% bkD,; (vi) (1) BH;: SCH,

THF, -10°C to 0°C, 2h; (2) 2M NaOH,,8,30%

Intermediate31 has been obtained following the procedure destribéhe
scheme XI-1, employing acetic anhydride in placendfed acetic formic
anhydride.

It is worth noting that on large scale (from 5 t6 grams) the yield
decreases detrimentally, probably because of thendtion of a slurry

mixture in which the product is trapped, during ¥k up.
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Indeed, a by-product due to nitro group reduct®amino-4-chlorobenzoic
acid represented 50% of the crude product, diffital separate in the
chromatography purification.
The aldehyd@8 was reacted with non-stabilized ylide, preparedting the
methyl triphenylphosphonium salt with a strong basder inert conditions.
We noticed that even changing kind of base (LIHMDNgGH, and n-
BuLi)**#*the yield of Wittig reaction was always around 234 despite
the complete consumption of starting material.
The best outcome (yield 50 %) was related to akgfilication of the crude
on a small pad of silica gel, in order to avoid gible degradation of the
product.
The evidence of its instability was confirmed byedature data, that
described the low yield (36%) of the of 2-vinylbefdithiazole?’
However, the negative outcome of the next hydraimrastep, usindoth
BHs- SMe and 9-BBN, have made us to give up further oleifimareaction
trials (scheme X|-2§° %

11.1.3. Third synthetic approach
The third attempt was based on the direct elongatfothe methyl group,
heating togetherat 165°C in an oil bath31 and paraformaldehyde in a
sealed microwave vidf.
Although the desired product was achieved in logldyi(18%), the bright
side of this reaction was the complete recoveryunfeacted starting
material by chromatography.
Thus, at this stage of the synthetic route, sultisiaamount of compound

30derived from as series of parallel reactions gnaln scale 081.
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It was observed that higher amount of starting nelt81 was detrimental
also in term of isolation of the product, becausead‘glue” formation
difficult to solve with common chromatographic sat¥ and consequently
to purify.

Whereas a base-(LDA) mediated reaction3df with paraformaldehyde

failed completely in affording the hydroxyethyl detive (scheme XI-3§°
S HO S n S
RECRETLL e S WL WS O
m
31 ° 30 © 31 ©

Scheme XI-3.Reagents and conditions) (HCHO),, 165°C, 3h, 18%ii() (1)
LDA, THF; (2) DMF, (3) MeOH, acetic acid, NaBH(ii) (1) LDA 2M THF, (2)
(HCHOY),, THF.

11.1.4. Fourth synthetic approach
The fourth synthetic approach was devised on tmel@asation of benzoic
acid 3-amino-4-mercapto methyl este82 with in situ prepared
propionaldehyde by oxidation with PCC of the copmslent 1,3-
propanedioB6. **
As, the isolation of the intermediad@ from the melted mixture betwe@%
and sodium sulfide was hardous, it was employedha next reaction

without any characterization (scheme XI-#).
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m Oy
f@m—w e

Scheme XI-4.Reagents and condltlons.) (NaQS nonahydrate, 120°C, 2hij)(
H,S0O,, MeOH, reflux, overnight, 98%;ii) NaS nonahydrate, 120°C, 2h, slow
addition of MeOH, solution A: 1,3-propandigé, PCC, DDQ

11.1.5. Fifth synthetic approach
The 1,3-propanedid6, was also the starting material of the fifth swtit
approach, in which opportunely monoprotected 3-bygpropanoic acid
37a-bwas coupled with methyl 3-amino-4-chlorobenzdz@do afford the

correspondent amid&la-h

OH(CH,),OH
36
ii, il
34 \H/C[ + H OJ\/\ V HO >"0pPG
39 38a-b 37a-b
Jv
Cl
| (@]
°© N
o H 26a PG=Bn
40a-b OPG 26b PG=PMB

Scheme XI-5 Reagents and conditions) EnCh, MeOH, reflux, 1h, 90%;ii()
NaH 60% min. oil, THF, 0° C, BnBr, TBAI, r.t., 2B80% or {ii) NaH 60% min. oil,
THF, 0°C, 1h, p-CKHOBNCI, TBAI, 0°C to r.t. 2h, 25%i\{) Jones reagent 1.26 M,
acetone, 0°C;d) 76%, b) 36%; /) SOCL, DMA, 0°C, r.t. overnight,&)79%, b)
44%
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11.1.6. Choice of the best protecting group
Since we need hydroxyethyl moiety at the very ehthe synthetic route,
for the linkage with antibodies, we decided to idggiish alcohols in the
molecule, choosing PMB for primary alcohol, and TB® secondary
alcohol, at the future C15 position of the epothils macrocyclé?%°
We have also chosen TBS, with the aim not to chahgeeactivity of this
molecule portion, before the key step of Chareytelapropanation, which
is known to work with TBS protected alcohol, asaeed in literauré®
Unfortunately, in the new synthetic route, PMB mpraiected propandiol
37b was found incompatible with Jones oxidation cdndig to get38b,
since it is removed in oxidative environmdit DDQ; moreover, the yield
of thiation reaction was very low (18%%).
Otherwise, before trying this new approach (scheide8 and XI-6),
alcohol 30b obtained as shown in the scheme XI-3, was praieati¢h
PMB via imidate in moderate yield (56-60 96).
Intermediate30b, was used to explore the whole synthetic routd thnt

cyclopropanation step.

S OH S OPMB
Bersae Ve vy
0]
30b

0]
30

Scheme XI-6.Reagents and conditiong) PMB imidate, PPTS, DCM, r.t., 24 h,
60%

11.1.6.1. Benzyl side chain protection
A good alternative was the benzyl protecting grd@@a that could be

removed at the end of the synthetic route.
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We will have to verify if its cleavage conditionsedp intact the
cyclopropane from the ring opening.
The amide40a was changed into the thioamidda with Lawesson’s

reagent that is a mild and convenient thionatingnaépr ketones.

| Clg | s OBn
i i )—F
40a (6] HJ\/\OBH O\’p[N
o o
41a 3a

aPG=Bn

Scheme XI-7 Reagents and condition$) Lawesson’s reagent , dioxane, reflux, 2

h, 81%, {i) NaH 60%, NMP,160°C, 1h, 72%

Thus, only the benzyl protected derivatives affdrtiee desired heterocycle
30ain good yield 72% and in large amount (scheme )7

Reaction time longer than one’s due, gave the wstdguted olefin at the
side chain, main product against our expectatimssead of30a*?

An excess of cheap 1,3-propandiol has been requicedhfford the
monoprotected alcohoB7a, as the main product over dibenzylated
derivative, obtained following other procedures, \which equimolar
amounts of diol and benzyl bromide were u&ed.

The acid38a was coupled with the correspondent aromatic ar3hén
presence of condensing agents like CDI (entryldetXl-1) or EDCI (entry
1, table XI-1)*"*®

High yields were obtained when the acid was aaivats acyl- derivative
and dimethylacetamide was employed instead of dionhethane (entry 5,
table X|-1)#4°
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Entry Acid (eq) Amine (eq) Conditions
1 1 1 EDCI, 1-HOBT, DMAP, DMF
2 1 1 CDI, THF
3 1 1 Oxalyl chloride, DCM
4 1.1 1 Oxalyl chloride, TEA, DMF (drops) DCM
5 1 1 SOCL, DMA

Table XI-1. Conditions of coupling reaction.

11.2. Synthesis of the homoallylic alcohol.
Intermediates30a-b have been reduced and the correspondent primary
alcohols42a-bwere oxidized to aldehyd@ga,bby Swern oxidatior’
Our main goal was the enantioselective allylatidnttee aldehyde30b
followed by ozonolysis, that would have furnisheuk tprecursorfor
Charette  cyclopropanation, after a sequence of |-&hnari
olefination/reduction of the,p-unsaturated este?’
The aldehyd®4b was allylated following Keck conditions, that midgrave
achieved high level of enantioselectivity, emplayicatalytic amount of a
chiral Lewis acid, prepared by addition of trifleanethanesulfonic acid to a

mixture of(S)-binaphtol and titanium tetraisopropoxitte.
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. S OPG S, OPG
30ab i, /T i | N/
N N
OH O

42a-b 24a-b
iii or iv
AN S OPMB [ S, OPMB
/>_/_ v />_/_
N N
OTBS OH
44 43
ioxidation
\}
Ox S OPMB  reductive s OPMB
cleavage
. N
S
OTBS 0 0 OH
23 45
aPG=Bn .
b PG= PMB aux'= aux x vi
N
B
0S¥ 240

Scheme XI-8.Reagents and conditions) DIBAL-H 1M DMC,DCM, -78°C; 1%
h, 72% {i) DMSO, oxalyl chloride, TEA, -78°C to r.t., 87%iii] allyltri-n-
butylstannane(S)-BINOL, Ti(QiPr),, CRSO;H, DCM, -78°C, 60 h, 52%:;i\) (1)
solution A: GHsMgBr, (-)-IPGBCI, Et0, -78°C to r.t., slow addition of solution A,
-100°C, 54%; (2) Ethanolamine, MeOH)) (Triethylborane, 1M hexane, gFO;H,
DIPEA, DCM, 2h,-78°C

Unfortunately, the enantioselectivity of this réantwas limited, giving the
product43 as a racemic mixture.

For this reason, Brown (f-allyldisopinocamphenylborane has been
employed as chiral ligand to install the asymmetgatre at C15 (scheme
X-8).%

Better results, only in terms of selectivige(75%, in favour of the desired
enantiomer), were obtained from Brown allylatioecluse the low yield

was always variable from trial to trial.
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However, the moderate value of enantiomeric exaasgsured by Mosher
ester analysis, wasn't satisfactory in the perspectto arrive at
cyclopropanation, possibly with only one enantiomgiven that the
selectivity of this key step is unpredictable ois ubstraté®

The ee of 43 decreased from 75% to 50% when dichloromethaneused
as reaction solvent under alternative Brown'’s cthowl$ (other solvent were
allowed, such as dichloromethane, THF, chlorofamplace of the diethyl
ether)*

The low solubility of30b in ethylic ether was thought to be related to the
lipophilic nature of protecting group (PMB). Thus,more polar one was
chosen for the hydroxyethyl moiet§Q).>

TBS-protecting group was easier to install than PM& it wasn’t resistant
to Swern oxidation condition, because of HCI pragtuduring the reaction,

that cleaved the protection of this primary alcohol

11.2.1. Diastereoselective aldol reaction
We tried to obtain the product as mixture of diestésomers easily
separable, through a stereoselective aldol reaction
Our first approach made use of the boron enolatethef acetylated
Oppolzer's camphor sultam, a chiral auxiliary.
Its reductive cleavagetd), after silylation of the alcohol, would have affo
the aldehyd@3 ready to be used for the following Still- Gennalgfination
(scheme XI-8§3
After several unsuccessful attempts in term ofdyi@le decided to exploit

Evans oxazolidinone chemistry.
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They are a class of oxazolidinones substitutedaatd5 position and thanks
to their steric hindrance, they direct any ald@at®n to then position of
the carbonyl of the substrate (scheme XI£0).

Structurally different oxazolidinones were acetgthiwith the aim to find
the best combinatiolhewis acid/chiral auxiliary that could ensure high
level of diastereoselectivity or lead to a mixturef separable

distereoisomers, (table XI-2).

11.2.1.1. Evans aldol reaction
The potentiality of the aldol reaction is the higbktereoselective C-C bond
formation.
This reaction proceeds via enolate, using a Lewid and a weak base as
di-n-butylborontriflate/ DIPEA® or DIPEA /TiCl,.*’
For example, the reaction of an achiral aldehydé {&)-boron enolate of
N-acyloxazolidinone gives thgyn aldol product, while (E)-enolate afford
the anti product, as confirmed by Zimmermann-Traxler sixambered
transition state characterized by a chair-confoionaischeme XI-9).
Unfortunately, the selectivity was about 1:1 ance thwo possible
diastereoisomers were neither separable by flasbn@tography, nor as
C15-OTBS ethers (table XI-2, entry 1-4).
The negative result was expected, as boron endtssen't give high level
of selectivity with simple N-acetyloxazolidinones.
In the perspective of the synthetic route exploratour main aim was to
collect enough desired disterecisomer to go sttaighcyclopropanation
step. The stereochemistry of aldol products wadiconed comparing the

spectroscopic and analytic data of the productiobtafrom two different
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reaction conditions, employing the two enantiomest the same

oxazolidinone (table XI-2, entry 1, 2).

(0] H

O o (0] ) (¢] 0
N P W N A o)LNJ\,_/j\R"
ﬁl

L

t

Scheme XI-9.Reagents and condition§) DIPEA, Bu,BOtf, DCM, 0°C; (i)
(1) R"CHO, DCM, -78°C to r.t., (2) oxidative wotlp.
A strong base like LDA in which lithium cation i®placed with zinc,

furnished by ZnGl provided control of stereochemistfy.

Evans auxiliary Conditions Outcome
Y o di-n-BuOTf, DIPEA, 53% (3:2 mixture),
Ph\\~LN_< DiM separable as TBS protecteq
P TiCl,, DIPEA, DCM 54% (1:1 mixture)
oA P B
H\)\/M
J? o di-n-BuOTf, DIPEA, 54% (3:7 mixture, 85% brsm
Phg N~ DCM not separable neither as TBH
Phj\}v C protected
0
A0 di-n-BuOTf, DIPEA,
/\(:]—/Q DCM No product
J? o LDA, ZnCl, 0.5 Min  64% (5:1 mixture, 85% brsm
0 N~ THF, THF separable as TBS protected
Ph)\\

Table XI-2. Aldol reaction of24b with Evans chiral auxiliaries.
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Thus, zinc enolate of a N-acetylatedR(2S)-(-)-norephedrine derivativé6
allowed us to obtain a 5:1 diastereomeric mixtdrg (n 64% yield.

The two diastereoisomers have been separated dty dlaromatography as
TBS protectedt8 (scheme XI-10).

Every mixture of diastereoisomers and their sisdaterivatives has been
analyzed by HPLC just to determine the ratio of temponents, instead of

Mosher ester analysis.

11.3. Toward the synthesis of the cyclopropane key
intermediate 15.

Among Evans auxiliary removal methods, the mostveaient was the
reductive cleavage with LiB because the corresponding primary alcohol
might be easily oxidized to aldehy@8, but migration of TBS protecting
group from new chiral centre to primary alcohol weaserved.
Thus,48 was esterified in refluxing EtOH with freshly dikd Ti(OEt), to
give 49, subsequently reduced to aldeh@$e
The storage of the aldehy@8 led to formation of a completely conjugated
n-electron system, the more stalbig-unsaturated aldehyde via TBS-OH
elimination?”
After a filtration on a small plug of silica, thédahyde23 was used for
Still-Gennari olefination which is Z-selective, asnfirmed by NOESY
experiment on intermediate 50.
The reduction 060 with DIBAL-H, gave the allylic alcohol5 which was
reacted with an excess of,Eh/CH,l, in presence of Charette ligabd, to
give the desired product as a mixture of diasternirs in good yield®
The dr was in the range of 15:1 in favour of the righaslereoismer as
confirmed by*H NMR.?* %
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-
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48R-TBS < I
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o
AN s OPMB N s OPMB
_v . vi
OCH;, N/>_f - m,f_/_
oTBS 0TBS

22

38

Me,NOC, CONMe;

0O
51 OB
Bu

vii

HO ' s

° />_/70PMB

OTBS
15

Scheme XI-10Reagents and conditions) DA, ZnCl, 0.5 M THF, THF, -70°C,
2% h, 64%,; i() TBS-CI, imidazole, DMF, r.t.,overnight, 90%ii Y Ti(OEt),, EtOH,
78°C, 98%; i{v) DIBAL-H 1.2 M toluene, DCM, -78°C, 304j KHMDS, 18-crown-
6, (CRCH,O)P(O)C(CH)CO.EL, -78°C, 30", 54%;\f) DIBAL-H 1M DCM, DCM,

-78°C, 1 % h;\ii) Et,Zn, CH,l,, DCM, Charette ligand, 0°C to r.t.,1% h

Charette cyclopropanation is a stereoselective odetto facilitate the
access to enantioenriched cyclopropanes, and isdbas haloalkylzinc,
widely used in Simmons-Smith reaction, that gauy V@w selectivity.

The cyclopropanation might be explosive becaugbagxotermicity of the
formation of Zn(CHlI),, for this reason it is carried out on scale lotem

8 mmol.

This methodology is specific for allylic cahol, through a
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transition state, in which it is thought that thalldier butyl substituent on
the dioxaborolane adopts the less congested psguidoil position and
the allylic alkoxide the more stable pseudoaxiasifimn. This allows the
complex to act as a bidentate ligand.

The zinc reagent should then be complexed simuwiasig by both the
highly basic carbonyl amide of the dioxaborolargatid and the oxygen
atom of the allylic alkoxide.

The most suitable conformation for the methylenkvery is that in which

the allylic chain is in its most stable conformatiorhis model correctly
predicts the absolute configuration for the cyctggamation of all the allylic

alcohols.

Me,NOC,  CONMe,

O\B/O Z
BU/ \0/\/\R

)

Figure XI-1. Transition state of Charette cyclopropanationtieac

11.4 Conclusions
This experience of Ph.D. visiting student has baeromplished with the
achievement of the result, that was to arrive &kiby step 15.
The synthetic route to obtain the heterocyclic corehigh yield was
designed that allowed to go straight to cyclopr@pad intermediate.
The positive outcome both in term of yield, bothténm of selectivity are

promising in the perspective to arrive at the vamy of the synthetic route.

129



Chapter 12
Experimental section

130



Epothilones: experimental section

12 Experimental procedures

12.1. General Informations
All solvents used for reactions were purchased rdg/drous grade from
Fluka (puriss.; dried over molecular sieves;OH< 0.005%) and used
without further purification. Solvents for extramtis, flash column
chromatography (FC) and thin layer chromatograiy) were purchased
as commercial grade and distilled prior to use. fdh-aqueous reactions
were performed under an argon atmosphere usingeflinied glassware
and standard syringe/septa techniques. All othenncercially available
reagents were used without further purificationless otherwise noted. In
general, reactions were magnetically stirred andnitoced by TLC
performed on Merck TLC aluminum sheets (silica@®IF254). Spots were
visualized with UV light ¥ = 254 nm) or through staining with
Ce(SOy)s/phosphomolybdic acid4$0, or KMNGO,/K,COs.
Melting points were obtained in open capillary tsilusing a Blichi melting
point apparatus B-540 and are uncorrected. 1H-18W@NMR spectra were
recorded in CDGl(unless otherwise noted) on a Bruker AV-400 400z2MH
at room temperature. Chemical shif§ @re reported in ppm and are
referenced to added tetramethyl silane as an @tstandard (otherwise to
chloroform; 8 7.26 ppm for 1H,6 77.16 ppm for 13C). All 13C-NMR
spectra were measured with complete proton decaypbata for NMR
spectra are reported as follows: s = singlet, dosbtkt, t = triplet, q =
quartet, m = multiplet, br = broad signal, J = dmgconstant in Hz.
Infrared spectra (IR) were recorded on a JascoR-BA00 instrument.
Resonance frequencies are given as wavenumbersih. ®ata for IR

spectra are reported as follows: w = weak, m = mmadis = strong, br =

131



Epothilones: experimental section

broad signal. Optical rotations were measured onlagco P-1020
polarimeter. Mass spectra were recorded by the FiliHch MS service;

HRMS (ESI) spectra were obtained on a Varian loe3pectrometer.

Synthesis of benzaf]]thiazole-5-carboxylic acid (26).

An equimolar mixture of formic acid (1 g, 21.7 mahd acetic anhydride
(2.22 g, 21.7 mmol) were heated up to 65 °C forribButes. After cooling
down to O °C, this solution was used in the follogvireaction without any
purification.

A mixture of 4-chloro-3-nitrobenzoic acid (548 n®&y72 mmol) and sodium
sulphide nonahydrate (1.96 g, 8.15 mmol) was heatdd®0°C for 30 min,
and then cooled to 0°C in an ice bath. Mixed aniopd(718 mg, 8.15
mmol) was added rapidly dropwise, followed by dragmaddition of acetic
acid (256.4 ul, 4.07 mmol). The resulting mixturaswefluxed for 4 h, then
allowed to cool to room temperature and stirredraght.

The mixture was distributed in water (5 ml) and AtC20 ml), and the
precipitated sulphur was removed by filtration atite, the organic phase
was washed with brine (5 ml), dried over magnesisuiphate, and
concentrated in vacuo to give a yellow solid in%®f yield (292 mg, 1.63
mmol).

For spectroscopic data of compouBé and the corresponding methyl
benzo[d]thiazole-5-carboxylate3 see:

Walker, D. P.; Bioorg. Med. Cher006 14(24), 8219-8248

Vel'tman, R. P.; Zhurnal Obshchei Khinlif96 26, 3388-91.
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Synthesis of methyl 2-methylbenzaf]thiazole-5-carboxylate (31).
3-nitro-4-chloro-benzoic acid (25g, 0.124 mol) asddium sulphide
nonahydrate (89.37 g, 0.372 mol) were heated umtdlting (bath
temperature 120°C, caution: reaction is highly egatic).

After 30 min, the heating bath was removed, codte6°C in an ice bath
and acetic anhydride (35.15 ml, 0.37 mol) (cautiafter adding 50% of
acetic anhydride, a highly exothermic reactiontetrfollowed by acetic
acid (11.7 ml, 0.186 mol) were added rapidly, drigew

The resulting mixture was refluxed for 2 h, thelowkd to cool to room
temperature and stirred overnight.

The mixture was distributed in water (50 ml) andO&t (200 ml), and
stirring was continued for 30 minutes. The suspmmsias filtered through
celite to remove sulfur, the aqueous layer was e@stith ethyl acetate and
the combined organic layers were washed with b¢lge ml), dried over
MgSQ, and concentrated in vacuo to give 10 g of yell@wger.

The filter was washed several times with EtOH, aadcentrated to give a
further batch that was combined with the first @me purified by flash
chromatography (AcOEt and 1% of acetic acid) tooraff5 g of 2-
methylbenzaf|thiazole-5-carboxylic acid21%).

A solution of 2-methylbenzd]thiazole-5-carboxylic acid5 g, 0.026 mol)
in 30 ml of MeOH was cooled to 0° C, then S@®hascarefully added
(4.75 ml, 0.065 mol) dropwise.

The mixture was heated to 70° C for two hours, aadcentrated under
reduced pressure. To the mixture were added 5 mtadér and 15 ml of
ethylic ether (3 x 15 ml). The organic phase washed with NaCO; sat.

and with brine. Finally it was dried over &80, and evaporated. The crude
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was purified by fc (Hexane/AcOEt 12:1) to get 3fg3d as yellow solid
(55%).

'H NMR (400 MHz, CDC}): 5 8.61 (s, 1H), 8.03 (dd}, = 8.5, 1.6 Hz, 1H),
7.87 (d,J = 8.5 Hz, 1H), 3.97 (s, 3H), 2.87 (s, 3HJC NMR (400 MHz,
CDCly): 6 168.5, 167.1, 153.5, 140.8, 128.5, 125.6, 1221,4, 52.6, 20.4;
IR (film, CHCIs): 2954 (w), 2902 (w), 1715 (s), 1431 (m), 130Q (40
(m), 1090 (s), 904 (m), 758 (mR; 0.4 (Hexane/Ethylic ether: 1:1).p.:
96-98°C;MS (ESI): 208.0423 [M + H]

Synthesis of methyl 2-formylbenzafljthiazole-5-carboxylate (28).

A solution of methyl-benzothiazole (500 mg, 2.41 ofmand Se® (1.07
mg, 9.65 mmol) in 12 ml of AcOH was refluxed foh4

The mixture was filtered through celite to remofie tlark precipitate and
the filtrate was concentrated. The residue wasrakzed with aq. saturated
NaHCG; solution (4 ml) and extracted with AcOEt (12 mI3). The
combined organic extracts were dried on,BIg, and evaporated to give
after purification by fc (AcOEt/Hexane 1:11) 303 wigwhite solid (57%).
'H NMR (400 MHz, CDC)): & 10. 17 (s, 1H), 8.94 (dd, = 1.7, 0.5 Hz,
1H), 8.22 (ddJ = 8.5, 1.8 Hz, 1H), 8.05 (dd,=8.5 Hz, 0.5 Hz, 1H), 4.00
(s, 1H);**C NMR (400 MHz, CDC}):  185.4, 166.8, 166.3, 153.5, 140.8,
129.97, 128.8, 127.6, 122.8% (film, CHCIy): 2957 (w), 2921 (w), 1720
(s), 1685 (s), 1488 (w), 1314 (m), 1206 (m), 754);(R; 0.59
(Hexane/AcOEt 5:1);M.p.: 137°C (decomposition)MS (ESI): m/z =
220.0425
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Synthesis of methyl 2-vinylbenzd]]thiazole-5-carboxylate (29)

To a methyltriphenylphosponium bromide (30 mg, 6.08mol) in 1.5 ml
of THF was added LIHMDS 1M in THF (85 pl, 0.085 mijnat 0°C and it
was left stirring for 30 min at that temperaturdem the aldehydé4 (15
mg, 0.068 mmol) dissolved in 0.5 ml of THF was atidad the reaction
mixture was left stirring for 1 h at 0°C. The raant was cautiously
guenched by addition of NI, water and afterwards diluted with ethylic
ether. The phases were separated and the aquesses whs extracted with
ethylic ether, the combined ethereal layers werieddrover MgSQ
concentrated under reduced pressure and purifiett g afford (8 mg,
0.036 mmol) of desired product (54%).

'H NMR (400 MHz, CDC})): 6 8.66 (s, 1H), 8.06 (dd},= 8.5, 1.7 Hz, 1H),
7.89 (d,J = 8.5 Hz, 1H), 7.05 (dd] = 17.9, 11 Hz, 1H), 6.22 (d,= 17.7
Hz, 1H), 5.82 (dJ = 10.2 Hz, 1H), 3.98 (s, 3H}?*C NMR (400 MHz,
CDCly): 6 168. 5, 166.9, 153.72, 139.3, 131.4, 128.8, 12824,90, 124.3,
121.6, 52.6jR (film CHCI3): 2949, 1741, 1454, 1433, 1304, 1208, 1091,
756; Ry (Hexane/AcOEt 4:1) 0.48M.p.: 81.4°C; MS (ESI): m/z =
220.0417 [M+H]

Synthesis of Methyl 2-(2-hydroxyethyl)benza]Jthiazole-5-carboxylate
(30).

Methyl 2-methylbenza]]thiazole-5-carboxylate(1.00 g, 0.05 mol) and
paraformaldehyde (291.36 mg, 0.010 mol) were hettgether in a sealed
microwave vial at 165°C in an oil bath for 6 hou#dter cooling to room
temperature, the reaction mixture was carefullyndfarred in a
chromatography column and purified by fc (AcOEt/He& 1:1) to give 196
mg (0.83 mmol, 17%) of yellow solid.
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'H NMR (400 MHz, CDCJ): & 8.63 (d, J= 1.4 Hz, 1H), 8.05 (dd, J= 8.4,
1.6 Hz, 1H), 7.90 (d, J= 8.4 Hz, 1H), 4.15 (q, J& Bz, 2H), 3.97 (s, 3H),
3.35(t, J=5.7, 2H), 3.20 (t, J= 6.0 Hz, 1H)

¥C NMR (400 MHz, CDCJ): & 171.1, 167.0, 153.0, 139.8, 128.6, 125.9,
124.3, 121.6, 61.1, 52.6, 36.R (CHCl, film): 3382 (br, 3600-3000),
1718 (s), 1432 (m), 1418 (w), 1301 (s), 1287 (@14 (m), 1094 (m), 888
(m), 702 (m);R;0.5 (AcOEt/Hexane 5:1M.p.: 101-103°CMS (ESI): m/z
=238.0528 [M + H]

Synthesis of Methyl 2-(2-(4-methoxybenzyloxy)ethyenzo[d]thiazole-
5-carboxylate (30b)

To a solution of 4-methoxybenzyl alcohol (1.5 g,880mmol) in 10 ml of
ethylic ether was added at r.t. NaH 60% (40.4 mbg resulting suspension
was allowed to stir until the solid has dissolveu ahe gas evolution had
ceased (approximately 1h).

Then the mixture was cooled to 0 °C and trichloetawitrile (1.09 ml,
10.86 mmol) was added over 15 min dropwise. Thetunixwas stirred at
0°C for another 5 min and at r.t. for 20 min.

It was then transferred to a separatory funnel, hedswith saturated
NaHCGO;-solution (3 ml) and brine, dried over MggQ@nd concentrated in
vacuo to yield the crude 4-methoxybenzyl trichlaet@midate as yellow oil
(2.92 g, 95%). To 2.19 g of imidate in 8 ml of DGMre added methyl 2-
(2-hydroxyethyl)benza]thiazole-5-carboxylate (832 mg, 3.5 mmol) and
the pyridinium p-toluenesulphonate (35 mg, 0.14 fhmo

The mixture was stirred at room temperature ovéitnithen washed with
saturated NaHCgsolution (4 ml), brine (4 ml), dried MgSQO and

concentrated in vacuo.
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The crude was purified by flash chromatography (Bt8&exane 1:1) to
give 640 mg of pale yellow solid (51%).

'H NMR (400 MHz, CDCY): & 8.65 (d, J= 1.5 Hz, 1H), 8.04 (dd, J= 8.4,
1.5 Hz, 1H); 7.89 (dd, J= 8.4, 1.5 Hz, 1H), 7.2 (= 8.0 Hz, 2H), 6.86 (d,
J= 8.0 Hz, 2H), 4.52 (s, 2H), 3.97 (s, 3H), 3.92]& 6.2 Hz, 2H), 3.8 (s,
3H), 3.42 (t, J= 6.3 Hz, 2H}*C NMR (400 MHz, CDCJ): § 170. 7, 167.2,
159.4, 153.0, 140.6, 130.1, 129.5, 128.4, 125.8,.3,2121.5, 114, 73.1,
68.1, 55.4, 52.4, 35.2R: 1718 (s), 1609 (W), 1512 (m), 1433 (w), 1298 (s),
1245 (s), 1093 (m), 1033 (w), 909 (m), 757(m)

R¢ 0.2 (AcOEt/Hexane 1:3M.p.: 58 °C;MS (ESI): m/z = 358.1108 [M +
H]*

Synthesis of (2-(2-(4-methoxybenzyloxy)ethyl)benzjthiazol-5-
yl)methanol (42b).

To a solution ofmethyl 2-(2-(4-methoxybenzyloxy)ethyl)benzo[d]thide-
5-carboxylate (621.6 mg, 1.74 mmol) in 7 ml of D@Ms added DIBAL-H
1M in DCM (4.35 ml, 4.35 mmol) at -78°C under argéidter 1h, EtO (3
ml) was added and the mixture was allowed to waonr.t. After the
addition of further ethylic ether (3 ml) and Rodbesalt, the mixture was
stirred until the solution become clear. The migtuwas concentrated and
the crude was suspended in DCM (15 ml) and wasligdwater (3x 3ml).
The organic phase was dried over MgSénd concentrated in vacuo. The
crude was purified by fc (AcOEt/Hexane 1:1) to gi{@85.6 mg, 1.02
mmol) of yellow solid 59%.

H NMR (400 MHz, CDCJ): § 7.86 (dd, J= 1.9, 0.8 Hz, 1H), 7.75 (d, J=
8.3 Hz, 1H), 7.31 (dd, J= 8.3, 1.6 Hz, 1H), 7.18J<d 8.8 Hz, 2H), 6.78 (d,
J= 8.8 Hz, 2H), 6.78 (d, J= 8.8 Hz, 2H), 4.75 @,5]2 Hz, 2H), 4.44 (s,
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2H), 3.82 (t, J= 6.44 Hz, 2H), 3.72 (s, 3H), 3.82]€ 6.4 Hz, 2H), 1.96 (t,
J= 6.4 Hz, 1H);*C NMR (400 MHz, CDC)): & 169.9, 159.5, 153.4,
139.42, 134.82, 130.13, 129.5, 124.2, 121.7, 1211.8,98, 73.1, 68.4, 65.4,
55.5, 35.2]R: 3314 (br, 3500-3100), 2920 (m), 2858 (m), 161}, (K508
(s), 1366 (m), 1304 (w), 1175 (m), 1154 (m), 124% 1090 (s), 1033 (s),
813 (s), 584 (m)R;0.14 (AcOEt/Hexane 1:1M.p.: 84-85°C;MS (ESI):
m/z = 330 .1160

Synthesis  of  (2-(2-(4-methoxybenzyloxy)ethyl)benzdjthiazole-5-
carbaldehyde (24b).

DMSO (289.4 ml, 4.075 mmol) was added to a solutmh oxalyl
chloride(131.3 ml, 1.528 mmol) in DCM (3.5 ml) at8°C. After 5 min
alcohol (335.6 mg, 1.02 mmol) in DCM (2.5 ml) waddad. Stirring was
continued at -78°C for an additional 15 min, whe@eu TEA (495.6 ul,
3.56 mmol) was added. The ice bath was removedtladeaction was
stirred at r.t. for additional 2.5 h. The reactisas quenched by addition of
NH,4CI (3 ml). The aqueous phase was extracted with ICO/mI x 3), the
combined organic phases were washed with brinedaied over MgSQ
The vyellow crude was purified by chromatography seitica gel
(AcOEt/Hexane 1:3> AcOEt/Hexanel:1) to give mg 280 (84%) as yellow
solid.

'H NMR (400 MHz, CDC}): § 10.13 (s, 1H), 8.42 (dd, J= 1.6, 0.6 Hz, 1H),
7.99 (d, J= 8.3, 1H), 7.90 (dd, J= 8.3, 1.6 Hz,,1H26 (d, J= 8.8, Hz, 2H),
6.87 (d, J= 8.8 Hz, 2H), 4.53 (s, 1H), 3.92 (t,&)2 Hz, 2H), 3.8 (s, 3H),
3.43 (t, J= 6.2 Hz, 2H)®C NMR (400 MHz, CDC)): & 191.8, 171.3,
159.52, 153.22, 142.22, 135.06, 130.0, 129.55,612224.3, 122.3, 114.0,
73.12, 68.01, 55.43, 35.2R (film, CHCIy): 1691 (s), 1602 (m), 1511 (s),
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1282 (m), 1244 (s), 1093 (m), 1062 (w), 1033 ()3 Bm); M.p.: 83.6-
84.6°C;R; 0.67 (AcOEt/Hexane 3:1MS (ESI): m/z = 328.0987 [M+ H]

Synthesis of methyl 4-chloro-3-nitrobenzoate (34).

Concentrated sulphuric acid (2Q@) was cautiously added to a chilled
(0°C) solution of 4-chloro-3-nitrobenzoic acid (1 % mmol) in methanol
(10 ml) and the resulting mixture heated undeturefor 16 h. The reaction
mixture was evaporated do dryness, solved in Ac(EMl) and washed
with sat. NaHCQ(3 ml), dried over MgS@and concentrated under reduced
pressure to afford the title compound as whiteds@i0 mg (88%).

R¢ 0.7 (AcOEt/Hexane 1:1)R (film, CHCIs): 1729 (w), 904, 45 (s), 723.
66 (S).

'H, 3C NMR, M.p. are described in: Joensson, D., Warrington, B&H.,
Ladlow, M. 2004 Journal of Combinatorial Chemistiy, 584-595.

Synthesis of Methyl 3-amino-4-chlorobenzoate (39).

To a solution of methyl 4-chloro-3-nitrobenzoate6@ g, 8 mmol) in
MeOH 65 ml was added anhydrous Sn(4.6 g, 77 mmol) and the
resulting reaction mixture was refluxed for 1 h.eTieaction mixture was
cooled to 0°C followed by dropwise addition of ausated solution of
NaHCGQ; to pH = 8.

The reaction mixture was filtered and the filtrates extracted with ACOEt
(3x 30 ml). The combined organic extracted weredlover MgSQ filtered
and concentrated under reduced pressure to obtaiange crude that was
purified (AcOEt/Hexane 1:2) to get 1.34 g (90%)afe yellow solid.
'H-NMR (400 MHz, CDC}): & 7.4 (d, J= 1.89 Hz, 1H), 7.3 (dd, J= 8.4,
1.89 Hz, 1H), 7.23 (d, J= 8.4 Hz, 1H), 4.12 (bs),13485 (s, 3H)*C NMR
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(400 MHz, CDC}): § 166.6, 142.8, 129.63, 129.42, 119.87, 116.56,;53.1
IR (film, CHCIly): 1701 (m), 1253 (s), 1097 (m), 755 (dR; 0.7
(AcOEt/Hexane 1:1)M.p.: 82-83°C;MS (ESI): m/z = 186.0318 [M+ H]

Synthesis of methyl-3-(3-(benzyloxy)propanamido)-4hlorobenzoate
(40a).

3-(benzyloxy)propanoic acid (615 mg, 3.41 mmol)2d ml DMA was
treated with thionyl chloride (250 ul, 3.41 mmot)&C. The mixture was
stirred for 30 min, and then methyl 3-amino-4-chlmenzoate (633.5 mg,
3.41 mmol) was added. The resulting suspensionstiasd overnight and
then quenched with 5 ml of NaHGOThe reaction mixture was extracted
with AcOEt (10 ml x 3), washed with brine, dried eovMgSO4 and
concentrated under reduced pressure. The crude puafied by fc
(Et,O/Hexane 1:2) to get 1.09 gr (90 %) of white solid.

'H-NMR (400 MHz, CDC}J): & 8.93 (d,J= 1.9 Hz, 1H), 8.86 (s, 1H), 7.60
(dd, J= 8.3, 2 Hz, 1H), 7.30 (dI= 8.3 Hz, 1H), 7.29-7.19 (m, 5H), 4.56 (s,
1H), 3.80 ( s, 3H), 3.75 (tI= 5.4 Hz, 2H), 2.66 (t, J= 5.4 Hz, 2HyC-
NMR (400 MHz, CDC}) § 137.1, 135.2, 129.7, 129.0, 128.5, 128.1, 128,
125.5, 122.7, 73.9, 66.0, 52.4, 381; (film, CHCI,): 3306 (w), 2950, 2867
(w), 1723 (s), 1697 8M9, 1584 (m), 1531 (m), 144%,(1293 (s), 1293 (s),
1106 (s), 760 (m)R¢ 0.16 (Hexane/AcOEt 5:1)M.p.: 78°C; MS (ESI):
m/z = 348 .0991 [M + H]

Synthesis of methyl-3-(3-(benzyloxy)propanethioamia)-4-
chlorobenzoate (41).
To a solution ofmethyl-3-(3-(benzyloxy)propanamido)-4-chlorobeneoat

(1g, 3 mmol) in dioxane (18 ml) was added Lawessoeagent (1.28 g, 3
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mmol) and the reaction mixture was refluxed for .3Tihe solvent was
evaporated and the crude was directly purified by (fwo columns,
AcOEt/Hexane 1:6) to obtain 881.8 mg (81%) of y&llail.

'H NMR (400 MHz; CDC}): $10.23 (s, 1H), 9.13 (dl= 2.6 Hz, 1H), 7.8
(dd, J= 8.4, 2.0 Hz, 1H), 7.49 (d= 8.4 Hz, 1H), 7.38-7.27 (m, 5H), 4.64 (
s, 2H), 3.92 (s, 3H), 3.9 (= 5.5 Hz, 2H), 3.26 (t, J= 5.5 Hz, 2H)C
NMR (400 MHz, CDC}): 6 203.7, 165.8, 137.0, 136.0, 132.1, 129.6, 129.1,
128.6, 128.2, 128.1, 128.0, 126.9, 73.8, 68.2, ,5248.7; R; 0.5
(Hexane/AcOEt 2:1)iR (film, CHCl3): 3260(w), 3030, 2950 (w), 1723 (s),
1436 (w), 1376 (s), 1302 (s), 1248 (s), 1108 (€0 {m), 747 (m);MS
(ESI): m/z = 364.0761 [M + H]

Synthesis of methyl-2-(2-(benzyloxy)ethyl)benzd]thiazole-5-
carboxylate (30a).

To a solution oR6ain NMP (20 ml) was added portionwise NaH 60 % min
oil (185 mg). The reaction was refluxed for 1h &0IC. The reaction
mixture was poured into a flask with water and bagsice.

The organic phase was extracted with AcOEt (3x $0amd washed with
brine. The combined organic phases were dried BAg80,, concentrated
to get an orange oil as crude that was directlyifipd by fc
(AcOEt/Hexane 1:5) to get 1 g (63%) of pale yellsolid.

'H NMR (400 MHz, CDC)): § 8.65 (d,J= 1.3 Hz, 1H), 8.04 (dd}= 8.3,
1.7 Hz, 1H), 7.89 (dJ = 8.3 Hz, 1H), 7.36-7.26 (m, 5H), 4.6 (s, 2H),8.9
(s, 3H), 3.94 (tJ= 6.3 Hz, 2H), 3.44 (t)= 6.3 Hz, 2H),”*C NMR (400
MHz, CDCk): & 170.5, 167.1, 153.8, 140.5, 138.0, 128.5, 127238,
125.5, 124.3, 121.4, 73.5, 68.6, 52.4, 35365;(film, CDCly): 2949.6 (w),
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1716 (s), 1299 (s), 1284 (s), 1209 (s), 1091 (5B &), 698 (s)R: 0.74
(Hexane/AcOELt: 2:1)M.p.: 45-46°C;MS (ESI): m/z = 328.0999 [M + H]

Synthesis of (2-(2-benzyloxy)ethyl)benzd]thiazol-5-yl)methanol (28a).

To a solution o#42a(1g, 4 mmol) in 16 ml of DCM was added slowly 7.5
ml of DIBAL-H 1.2 M in toluene at -78°C. The mixeimwas stirred for 1 ¥a
h and after the addition of 10 ml of ethylic ethime reaction was allowed
to reach r.t.

360 pl of water, 360 pl of NaOH 15%, 900 pl of wateere added
following this order, after stirring for 15 min att., a small amount of
MgSO, was added and it was left stirring for 15 min.atThe mixture was
filtrated, the filtrate was transferred in a funiaeld the organic phase was
extracted with BED, dried over MgSO4, concentrated to get a yelldva®
crude.

The crude was purified by fc (AcOEt/Hexane 1.-2562—1:1—2:1) to get
773.5 mg (72%) of yellow oil.

'H NMR (400 MHz, CDC})): § 7.9 (dd,J= 2.2, 0.9 Hz, 1H), 7.82 (d= 8.4
Hz, 1H), 7.38 (ddJ= 8.2, 1.6 Hz, 1H), 7.36-7.26 (m, 5H), 4.8 (s, 2¥p
(s,. 2H), 3.93 (tJ= 6.2 Hz, 2H), 3.42 (t)= 6.2 Hz, 2H);"*C NMR (400
MHz, CDCk): 6 169.7, 153.5, 139.4, 138.2, 135, 129, 128, 12422.7,
121.0, 73.4, 68.7, 65.4, 35.R (film, CHCI;): 3344 (bs, w), 2856 (w),
1099 (m), 884 (m), (747 (m), 697 (9% 0.1 (Hexane/AcOEt 2:1)MS
(ESI): m/z = 300.1055 [M + H]
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Synthesis of the 2-(2-(benzyloxy)ethyl)benzd]thiazole-5-carbaldehyde
(24a).

To a cooled solution (-78°C) of oxalyl chloride 238 pl, 3.875 mmol) in 9
ml of DCM was added DMSO (734 pl, 9.7 mmol) as ltsan in DCM
(2.5 ml), over a period of 5 min.

After 10 min of stirring at -78°C the alcohol (78%, 2.42 mmol) solved in
10 ml of DCM was added over 5 min and stirring wastinued for 15 min.
1.18 ml of TEA was added to the mixture, the cathbyas removed and it
was allowed to stir at r.t. for 2.5 h. After thed@tn of 4 ml of NHCI (3
ml), the aqueous phase was extracted with DCM (ILR &), the combined
organic phases were washed with brine and dried gS0O,. The yellow
crude was purified by fc (AcOEt/Hexane 1t8)give mg 280 (84%) to get
the product as yellow solid.

'H NMR (400 MHz, CDCJ): § 10.15 (s, 1H), 8.42, (dd, J= 1.7, 0.5 Hz,
1H), 7.99 (d, J=8.5 Hz, 1H), 7.90 (dd, 8.3, 1.5 BH), 7.34- 7.26 (m, 5H),
4.6 (s, 2H), 3.9 (t, J= 6.2 Hz, 2H), 3.46 (t, J2 Blz, 2H);**C NMR (400
MHZ, CDCly): 8 191.94, 171.12, 153.33, 142.27, 137.95, 134.98,5R?
127.94, 127.87, 125.5, 124.27, 122.33, 73, 48, /835.28;IR (film,
CHClg): 2860 (W); 1695 (s), 1598.7 (w), 1103.08 (w).

Aldol reaction of 24b with 3-acetyl-4-benzyloxazotlin-2-one

Procedure with di-n-butylborontriflate/DIPEA(table X-2, entry 1)

To (9-3-acetyl-4-benzyloxazolidin-2-offe(0.151 mmol, 33.1 mg) in 1.5
ml of DCM, di-n-butylboron triflate 1M in DCM (031 ml, 0.15 mmol)
and DIPEA (35 pl, 0.202 mmol) were added at 0°Ce Tale yellow
solution was cooled to -78°C and the aldehg8b (33 mg, 0.101 mmol) in
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1 ml of DCM was added dropwise. The solution wasest for 30 min at -
78°C and then slowly warmed to 0°C (in 25 min)whs then stirred for 2
hours at 0°C. Phospate buffer solution (1 ml) ahalY MeOH/ 30% HO,
solution (2:1) were added and the resulting tweitayvere stirred for 1 h at
0°C.

Sat. aq. NKCI solution (3 ml) and AcOEt were added. The layere
separated and the aq. layer was extracted with AqGE 10 ml). The
combined organic layers were washed with brine (2 dnied over MgSQ
and concentrated under reduced pressure. Pudiichii fc (AcOEt/Hexane
1:1) to separate the starting material from thedpet, afforded as white
solid (29.5 mg, 53%, dr = 3:2).

'H NMR (400 MHz, CDC)): data for major isome(S)-4-benzyl-3-(6)-3-
hydroxy-3-(2-(2-(4-methoxybenzyloxy)benza]thiazol-5-
yl)propanoyl)oxazolidin-2-one & 8.03 (t,J= 3.1, 1.7 Hz, 1H), 7.85 (d=
8.3 HZ, 1H), 7.47 (dtJ= 8.3, 3.1, 1.5 Hz, 1H), 7.38-7.16 (m, 9H), 6.87 (d
2H), 5.4 (m, 1H), 4.72 (m, 1H), 4.52 (s, 2H), 4@6, 2H), 3.9 (tJ= 6.4
Hz, 2H), 3.8 (s, 3H), 3.53-3.26 (m, 5HR: 3385 (bs), 2915 (w), 1777 (s),
1698 (m), 1512 (m), 1388 (m), 1245 (sR; 0.35, 0.30 both
diastereoisomers (Hexane/AcOEt 1:W)p.: 99-100°C;R;: 8.77 (38.79%),
9.24 (61.21%) Method 50-60%S (ESI): m/z = 547.1893 [M + H]

Procedure with TiCl,, DIPEA (table X, entry 2)

TiCl, 1M in DCM (84 ul, 0.084 mmol) was added dropwiseatsolution
0.2 M of (R)-3-acetyl-4-benzyloxazolidin-2-offe(16.7 mg, 0.076 mmol) in
0.5 ml of DCM at -78°C under argon giving a yellsWrry. After 2 min,
DIPEA (16 pl, 0.092 mmol) was added dropwise, dedresulting deep red

solution was stirred at -78°C under argon for 1.5After the dropwise
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addition of aldehyde (30 mg, 0.092 mmol) in 0.8ahDCM, stirring was
continued at -78°C for 2h and for 1 h at -20°C.

The reaction was quenched with 1.2 ml of J8Hand extracted with ED
(3x 5 ml). The combined organic layers were washigd brine, dried over
MgSO4 and concentrate. The crude was purified l{Héxane/AcOEt 1:1)
to afford the product as white solid (27 mg, 54%).

The dr in this case hasn't been calculated as tkieira was not separable.

Synthesis of corresponding OTBS-derivative.

In a mass vial to §-4-benzyl-3-(§,(R)-3-hydroxy-3-(2-(2-(4-
methoxybenzyloxy)benzdJthiazol-5-yl)propanoyl)oxazolidin-2-one (8.8
mg, 0.016 mmol) (dr = 1:1), in 18 of DMF, imidazole (2.41 mg, 0.035
mmol) and TBS-CI (2.7 mg, 0.018 mmol) were added tne mixture was
stirred at r.t. overnight

'H NMR (400 MHz, CDC)): data for major isomerg-4-benzyl-3-(6)-3-
(tert-butyldimethylsilyloxy)-3-(2-
(methoxybenzyloxy)ethyl)benzdjthiazol-5-ylpropanoyl)oxazolidin-2-
one):§ 7.98 (s, 1H), 7.81 (dl= 8.3 Hz, 1H), 7.43 (m, 1H), 7.37-7.13 (m,
7H), 6.87 (dJ= 8.5 Hz, 2H), 5.44 (m, 1H), 4.70-4.60 (m, 1H),2(5, 2H),
4.14 (m, 2H), 3.90 ()= 6.9 Hz, 2H), 3.80 (s, 3H), 3.79-3.70 (m, 0.5H),
3.58-3.50 (m, 0.5 H), 3.40 (t, J= 6.9, 2H), 3.320(m, 1.5 H), 3.10-3.06
(m, 0.5 H), 2.94- 2.65 (m, 1H), 0.87, 0.85 (2s, 9®98, 0.06 (s, 3H), -0.13,
-0.16 (2s, 3H){R (film, CHCI;): 2932 (m), 2858 (m), 1781 (s), 1702 (m),
1515 (m), 1248 (s), 1090 (s), 833 ($J; 0.57, 0.46 of both isomers
(Hexane/AcOEt 1:1).
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Synthesis of §)-3-acetyl-4tert-butyl-5,5-diphenyloxazolidin-2-one (C)

To a suspension of9-4-tert-butyl-5,5-diphenyloxazolidin-2-one in 3 ml
THF, (0.45 ml, 0.71 mmol) of n-BuLi 1.6 M in hexam@as slowly added at
0°C in an ice bath. To the resulting clear solutaeetyl chloride (58 pl, 1.2
mmol) was added in one portion. The mixture wasvedd to warm slowly
to r.t. overnight, treated with aqg. sat. M (3 ml), and diluted with EO
(10 ml). The organic phase was washed with 1M EQin(), 1M NaOH (3
ml), brine (3 ml), dried over MgS0O4, and evaporated

Purification by fc EtOAc/Hexane 1:12, afforded tmduct as white solid
(190 mg, 83%).

'H NMR (400 MHz, CDC}):  7.52-7.47 (m, 3H), 7.36-7.23 (m, 7H), 5.33
(s, 1H), 2.33 (s, 3H), 0.82 (s, 9HC NMR (400 MHz, CDC}): 5 169.8,
143.8, 137.8, 129.0, 128.6, 128.2, 128.1, 125.5,%¥.2, 37.2, 27.8, 23.4;
R¢ 0.37 (Hexane/EtOAc 10:1M.p.: 166-167°C;[a] p'% -260. 59 °(c =
0.67, CHC}); MS (ESI): m/z = 338.1752 [M + H]

Aldol  reaction of 24b  with  (§)-3-acetyl-4tert-butyl-5,5-
diphenyloxazolidin-2-one (table X, entry 3).

To (9-3-acetyl-4tert-butyl-5,5-diphenyloxazolidin-2-one (0.14 mmol, 46.
mg) in DCM (1.5 ml) was added di-n-butylboron &i# 1M in DCM (0.140
ml, 0.14 mmol) and DIPEA (32 ul, 0.183 mmol) at 0°The pale yellow
solution was cooled to -78°C and the aldehyde (800092 mmol) in 1 ml
of DCM was added dropwise. The solution was stif@ds %2 h at -78°C
and as it was not moving anymore it was quenched&tC with phosphate
buffer solution (1 ml) and (1ml) MeOH/ 30%,8, solution (2:1) and the

resulting two layers were stirred for 20 min at 0°C
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Sat. ag. NHCI solution (3 ml) and EO (9 ml) were added. The two layers
were separated and the ag. layer was extracted Bt (3x 5 ml). The
combined organic layers were washed with brine (2 dnied over MgSQ
and concentrated under reduced pressure. Puidficati 120 mg of crude
by fc (AcOEt/Hexane 1:3» 1:2) to mg 32.7 (54%, 85% brsm) of product
as white foam (dr = 3:7, the two diasteroisomeesnat separable).

'H NMR (400 MHz, CDC}), data for major isomeiS[-4-tert-butyl-3-((S)-
3-hydroxy-3-(2-(2-4.methoxybenzyloxy)ethyl)bendpthiazol-5-
yl)propanoyl)-5,5-diphenyloxazolidin-2-on&)7.92 (d,J= 1.8 Hz, 1H), 7.75
(d, J= 8.5 Hz, 1H), 7.52-7.45 (m, 3H), 7.36-7.23 (m,H)) 6.87 (d,J= 9.15
Hz, 2H), 5.37 (s, 1H), 5.26 (m, 1H), 4.50(s, 2HP®(, J= 6.62 Hz, 2H),
3.79 (s, 3H), 3.39 (1)=6.62 Hz, 2H), 3.36 -3.3 (m, 1H), 3.0 (m, 1H), 0.83
(s, 9H).

IR (film, CHCIl): 2959 (w), 1780 (s), 1703 (m), 1512 (m), 1338 ,(m)
1246.8 (s), 1182 (m), 1164 (m), 730 (s), 702 &%)0.42 (Hexane/AcOEt
1:1); Ry: 17.14 (28.7%), 17.41 (71.3%) (50-60% methody (ESI): m/z =
665.2672.

Synthesis of the corresponding O-TBS derivative

To a solution of §-4-tert-butyl-3-((S),(R)-3-hydroxy-3-(2-(2-
4.methoxybenzyloxy)ethyl)benafifthiazol-5-yl)propanoyl)-5,5-
diphenyloxazolidin-2-one (9 mg, 0.013 mmol) in1i0of DMF, was added
imidazole (2.04 mg, 0.03 mmol), TBS-CI (2.15 mgdBt mmol), and the
reaction mixture was stirred at r.t. overnight. Toeide was directly
purified by fc (AcOEt/Hexane 1:2) to obtain an ipaeable mixture of two

diastereoisomers (mg 7.1, 57% vyield) as colouddss
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'H NMR (400 MHz, CDC}): 5 7.86, 7.83 (dJ= 1.6 Hz, 1H), 7.73, 7.69 (d,
J= 8.5 Hz, 1H), 7.52, 7.33 (m, 3H), 7.36-7.23 (m,H)) 6.87 (d,J= 8.7Hz,
2H), 5.31, 5.30 (s, 1H), 5.27 (m, 1H), 4.53,4.522(8), 3.90 (tJ= 6.62 Hz,
2H), 3.80, 3.79 (s, 2H), 3.39 (= 6.62 Hz, 2H), 3.25 -3.18 (m, 1H), 0.83
(s, 9H), 0.76 (s, 9H), -0.017 (3H), -0.23 (3H7; (film, CHCIly): 2955.4 (m),
2931 (m), 1785 (s), 1710 (w), 1513 (w), 1249 (990 (s);R; 0.66, 0.62
(Hexane/AcOEt 1:1) and (F0.84 (AcOEt/Hexane 1:2)MS (ESI): m/z
=779.3538

Synthesis of (&, 59)-3-((S)-3-hydroxy-3-(2-(2-4-
methoxybenzyloxy)ethyl)benzo[d]thiazol-5-yl)propangl-4-methyl-5-
phenyloxazolidin-2-one (47).

To a solution of diisopropylamine (16.2 pl, 0.11énal) in 0.380 ml of
THF was added n-BuLi 2.5 M in hexan (gD at -30°C. After 15 min the
mixture was cooled to -70°C and oxazolidin&n@3.8 mg, 0.109 mmol)
solved in 0.2 ml of THF was added slowly. Aftersitig for 15 min, 0.220
ml of ZnClL 0.5 M in THF was added and stirring continued ddditional
15 min,

Afterwards, the aldehyde (22 mg, 0.067 mmol) in50r@l of THF was
added. The mixture was stirred for 30 min and padumé concentrated ag.
NH4CI (2 ml), extracted with AcOEt (8 ml), dried ovélgSQ, and
concentrated under reduced pressure.

The crude was purified by fc (two colums, AcOEt/lde& 1:2» 1:1) to get
23 mg (64%) of product as white foam (dr = 4:1).

H NMR (400 MHz, CDC)): & 8.02, (d,J = 1.6 Hz, 1H), 7.85 (d] = 8.5
Hz, 1H), 7.50 - 7.34 (m, 4H), 7.34 -7.23 (m, 4HB®(d,J = 8.6 Hz, 2H),
5.68 (d,J= 7.4 Hz, 1H), 5.37 (m, 1H), 4.8 (m, 1H), 4.52Z8l), 3.9 (t,J=
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6.2 Hz, 2H), 3.6- 3.3 (m, 5H) 3.1 (s, 3 H), 0.94 %si); °C NMR (400
MHz, CDCh): & 159.5, 141.0, 133.2, 130.1, 129.5, 129.0, 128%%.9],
122.9, 121.8, 120.0, 114.0, 79.4, 73.1, 70.4, 685, 55.1, 44.9, 35.3,
14.6;IR (film, CHCIy): 1778 (s), 1700 (m), 1512 (w), 1366 (m), 1348,(m)
1245 (w), 1195 (m);R; 0.28 (AcOEt/Hexane 1:2 MS (ESI): m/z =
547.1878 [M+ H]

Synthesis of (4S, 5S)-3-((S)-3-(tert-butyldimethyilyloxy)-3-(2-(2-4-
methoxybenzyloxy)ethyl)benzo[d]thiazol-5-yl)propangl-4-methyl-5-
phenyloxazolidin-2-one (48).

To a solution of alcohoB4 (8 mg, 0.015 mmol) in 10 ul of DMF, was
added imidazole (2.19 mg, 0.032 mmol), TBS-Cl (&hg, 0.016 mmol),
and the reaction mixture was stirred at r.t. ovgrhiThe crude was directly
purified by fc with AcOEt to get 6.1 mg of colousk oil (67% referred to
the main diasteroisomer).

'H NMR (400 MHz, CDC)): § 7.97 (d,J= 1.7 Hz, 1H), 7.81 (dJ= 8.3 Hz,
1H), 7.47 (dd, J= 8.3, 1.6 Hz, 2H), 7.3-7.26 (m,) 56187 (d,J= 8.7 Hz,
2H), 5.54 (dJ= 7.1 Hz , 1H), 5.42 (ddI= 8.4, 3.1 Hz, 1H), 4.7 (m, 1H), 4.5
(s, 2H), 3.9 (tJ= 6.5 Hz, ), 3.8 (s, 3H); 3.55 (m, 1H), 3.43,6.5 Hz, 2H),
3.26 (m, 1H), 0.86 (s, 9H), 0.06 (s, 3H), -0.013(d); **C NMR (100 MHz,
CDCly): 170.2, 169.5, 159.4, 153.1, 142.7, 142.6, 13434.4, 130.2,
129.5, 128.9, 128.86, 125.8, 123.3, 121.5, 12423, 19.1, 73.0, 71.6, 63.4,
55.4,35.0, 47.2,35.2, 25.9, 18.3, 14.8, -4.344.

IR (film, CHCI3): 1780 (m), 1701 (m), 1346 (m), 907 (m), 728 §&)0.23
(Hexane/AcOEt 3:1), 0.5 (Hexane/AcOEt 2:M)S (ESI): m/z = 661.2746;
R¢: 10.13 (19.19%), 10.18 (80.81%) 50-90%

[a]"%5 = -36.62° (c = 0.475 M, CHQ)l
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Synthesis  of  (S)-ethyl  3-(tert-butyldimethylsilyloy)-3-(2-(2-(4-
methoxybenzyloxy)ethyl)benzo[d]thiazole-5-yl)propanate (49)

In a microwave vial ta35 (180 mg, 0.272 mmol) in 1 ml of EtOH was
added titanium (1V) ethoxide (26l, 0.124 mmol) and the mixture was
refluxed for 6 h at 78°C.

3 ml of AcOEt and 1 ml of water were added aneraB0 minutes of
stirring the organic layer was removed from thecfmitate by filtration and
concentrated under reduced pressure. The residige pudfied by fc
(hexane /AcOEt 1:3) to yield 134. 7 mg (94%) ofepgllow oil.

'H NMR (400 MHz, CDC)): § 7.94 (d,J= 1.6 Hz, 1H), 7.79 (dJ= 8.3 Hz,
1H), 7.40 (dd, J= 8.3, 1.6 Hz, 2H), 7.27 (&, 8.84 Hz, 2H), 6.87 (d)=
8.84 Hz, 2H), 5.29 (ddl=13.4, 4.4 HZ, 1H), 4.52 (s, 2H), 4.14 (m, 2H), 3.9
(t, 3= 6.5 Hz, 2H), 3.8 (s, 3H); 3.4 (= 6.5 Hz, 2H), 2.78 (m, 2H), 2.60 (m,
1H), 1.25 (t,J= 6.3 Hz, 3H) 0.86 (s, 9H), 0.06 (s, 3H), -0.0138l); *C
NMR (400 MHz, CDC})): 6 171.75, 169.70, 159.5, 153.3, 142.8, 134.8,
130.2, 129.5, 123, 121.5, 120, 114, 73.05, 72.34,680.7, 55.42, 46.84,
35.15, 25.9, 18.2, 14.4, -4.4, -5.1B; (film, CHCly): 1735 (m), 1513 (m),
1249 (s), 1092 (s), 1172 (m), 1039 (m), 833 (M) #8); [a]o""= - 40.92°
(c= 0.48 M, CHCI3);R; 0.71 (Hexane/AcOEt 1:1)MS (ESI): m/z =
530.2385 [M +H ]

Synthesis  of (S)-ethyl  3-(tert-butyldimethylsilyloy)-3-(2-(2-(4-
methoxybenzyloxy)ethyl)benzo[d]thiazole-5-yl)propaale (23)

To a stirred solution 086 (39.60 mg, 0.075 mmol) in 0.65 ml of DCM at -
78°C was added 1.2 M DIBAL-H (90l, 0.187 mmol). The mixture was
stirred for 3 h at -78°C, then it was quenched WiOH (30ul) and it was

left to reach r.t.
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2ml of DCM and 1 ml of water were added and thetomx was stirred for
% h to get a precipitate that was filtered on eelhe two phases were
separated and the organic phase was washed wigh (@aml), brine (1 ml),
dried over MgSQ@ and concentrated to get a yellow oil as crude.
Purification by fc (AcOEt/Hexane 1:3) to get 18 %) of pale yellow
oil.

'H-NMR (400 MHz, CDC)): & 9.8 (t, 1H,J= 2.5 Hz), 7.44 (d, J= 8.84
Hz,1H), 7.82 (dJ= 8.4 Hz, 1H), 7.37 (dd)= 8.37, 1.86 Hz, 1H), 7.27 (d,
J= 8.8 Hz, 2H), 6.87 (dJ= 8.8 Hz, 2H), 5.35 (ddl= 8.0, 4.0 Hz, 1H ), 4.53
(s, 1H), 3.9 (tJ= 6.34 Hz, 2H), 3.8 (s, 1H), 3.4 (& 6.34 Hz, 2H), 2.9 (m,
1H), 2.68 (m, 1H), 0.88 (s, 9H), 0.06 (s, 3H), D(%, 3H);**C NMR (400
MHz, CDCk): 4 201.2, 170.0, 159.5, 153.3, 142.3, 135.0, 1302®.54,
122.80, 121.72, 119.80, 114.01, 73.05, 70.84, 653246, 54.43, 35.14,
28.85, 25.97, 18.25, -4.35, -4.9® (film, CHCI): 1725 (m), 1513 (m),
1248 (s), 1092 (s), 1034 (m), 836 (s), 778 (m), 1298/); R 0.70
(Hexane/AcOEt 1:1).

[a]p™= -56.5 ° (c = 0.50 M, CHG@); MS (ESI): m/z = 518.2569 (this

aldehyde isn’t so stable).

Synthesis of (S, Z)-methyl 5-(tert-butyldimethylsiyloxy)-5-(2-(2-(4-
(methoxybenzyloxy)ethyl)benzo[d]thiazol-5-yl)-2-metylpent-2-enoate
(50).

A solution of phosphonate (16 mg, 0.48 mmol), 18A0m-6 (63.7 mg, 0.24
mmol) in 1 ml of dry THF is cooled at -78°C undétrogen and treated
with KHMDS (9.6 mg, 0.048 mmol). After ¥z h, the ald/de (23.4 mg,
0.048 mmol) in 0.5 ml was added and the resultibgure was stirred for 3
h at-78°C.
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The reaction was cautiously quenched by additiof afl sat. NHCI, the
ag. layer was extracted with ,BX (5 ml x 3) and the combined ethereal
layers were dried over MgSOPurification by fc (AcOEt/Hexane 1:8»
1:7) afforded 9.3 mg (35%) of product as a colasgleil.

'H-NMR (400 MHz, CDC)): & 7.92 (s, 1H), 7.78 (dl= 8.2 Hz, 1H), Hz,
1H), 7.36 (ddJ= 8.27, 1.70 Hz, 1H), 7.27 (d= 8.8 Hz, 2H), 6.87 (dJ)=
8.7 Hz, 2H), 6.04 (m, 1H), 4.92 (m, 1H), 4.53 (8])23.91 (t,J= 6.6 Hz,
2H), 3.80 (s, 3H), 3.70 (s, 3H), 3.413% 6.6 Hz, 2H), 2.9 (m, 2H),1.88 (s,
3H), 0.90 (s, 9H), 0.04 (s, 3H), -0.11 (s, 3H)C NMR (400 MHz, CDC)):

8 190.0, 169.4, 168.3, 159.5, 153.2, 143.7, 139&1.2, 130.2, 129.5,
128.7, 123.1, 121.3, 119.9, 114.0, 74.7, 73.1, 684, 51.4, 41.06, 35.2,
26.0, 20.9, 18.4, - 4.40, - 4B; 0.49 (Hexane/AcOEt 2:1).

[a]p™*= -140.90° (c = 0.59 M, CHGt MS (ESI): m/z = 556.2538 [M + H]

Synthesis of §,  2Z2)-methyl 5-(tert-butyldimethylsilyloxy)-5-(2-(2-(4-
(methoxybenzyloxy)ethyl)benzo[d]thiazol-5-yl)-2-meitylpent-2-en-1-ol
(22).

To a solution of32 (9 mg, 0.016 mmol) in 12@l of DCM, was added
slowly (40 pl, 0.039 mmol) of DIBAL-H 1 M in DCM at78°C. The
reaction mixture was left to stir at this temperatdior 1 h ¥ and then
warmed at 0°C and kept at that temperature for 80 m

1 ml of ethylic ether was added, cooled to 0°C aftdr the addition of
1.56 pl of water, 1.56 pl of NaOH15%, 3.9 ul of &ratthe mixture was
warmed to r.t. and stirred for 15’.

MgSQO, was added, the mixture stirred for further 15 mid at the end it
was filtered on a very small plug of celite. Thed® was directly purified
by fc (AcOEt/Hexane 1:2) to get mg 5.7 (67%) ofguct as colourless oil.
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'H NMR (400 MHz, CDC})): 6 7.87 (d,J= 1.7 Hz, 1H), 7.92 (dJ= 8.1 Hz,
1H), 7.35 (ddJ= 8.37, 1.56 Hz, 1H), 7.28 (d= 8.6 Hz, 2H), 6.87 (dJ=
8.6 Hz, 2H), 5.33 (m, 1H), 4.82 (m, 1H), 4.53 (5)24.06 (d,J= 11.8 Hz,
1H), 3.96-3.88 (m, 3H), 3.8 (s, 3H), 3.411% 6.9 Hz, 2H), 2.65- 2.54 (m,
1H), 2.43-2.35 (m, 1H), 1.8 (s, 3H), 0.88 (s, 98i1 (s, 3H), -0.08 (s, 3H);
3C NMR (400 MHz, CDC)): & 159.4, 143.5, 138.0, 134.2, 130.1,
129.5.124.2, 123, 121.2, 119.8, 113.9, 74.9, 78503, 61.9, 55.4, 39.8,
35.2, 29.8, 26.0, 22.1, 18.5, -4.5, -4IR; (film, CHCIl3): 3369 (w), 2929
(m), 2857 (m), 1512 (m), 1461 (w), 1248 (s), 108y, (030 (m), 831 (s),
780 (m);R; 0.31 (Hexane/AcOEt 1:2u]p™*= -55.97 ° (c = 0.25M, CHG)

Synthesis of ((1S, 2S)-2-((S)-2-(tert-butyldimethgllyloxy)-2-(2-(2-(4-
methoxybenzyloxy)ethyl)benzo[d]thiazol-5-yl)ethyl-1
methylcyclopropyl)methanol (15).

To a stirred solution of EZn 1M in hexane (17 ul, 0.106 mmol) in 0.5 ml
of dry DCM at 0°C was added GH (12.7 pl, 0.158 mmol). The mixture
was stirred at 0°C for 10 min and a preformed smiubf Charette ligand (3
mg, 0.012 mmol) an®8 in 0.2 ml of dry DCM was rapidly added via
syringe. The resulting mixture was allowed to reathnd stirred for 1% h.
Ag. Sat. NHCI (1 ml) was added and the mixture extracted \@8timl x 3)
of DCM. The combined organic extracts were drieceroMgSQ and
concentrated under reduced pressure to give afteifigation by fc
(AcOEt/Hexane 1:3-1:2) 4 mg of product as white foam.

'H NMR (400 MHz, CDC}): 7.87 (d,J= 1.66 Hz, 1H), 7.8 (dJ= 8.3 Hz,
1H), 7.37 (ddJ= 8.2, 1.5 Hz, 1H), 7.2 (d= 8.4 HZ, 2H), 6.87 (dJ)= 8.4
Hz, 2H), 4.90 (m, 1H), 4.53 (s, 1H), 3.9t 6.2 Hz, 2H), 3.8 (s, 3H), 3.67
(m, 1H), 3.4 (tJ= 6.2 Hz, 2 H), 3.3 (dJ= 12.3, 1H), 1.9 (m, 1H), 1.7- 1.57
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(m, 2H), 1.2 (s, 3H), 0.89 (s, 9 H); 0.45 (m, 18194 (s, 3H), -0.07 (s, 3H);
¥C NMR (400 MHZ, CDC}): 169.6, 159.5, 153.1, 144.2, 134.4, 130.2,
129,5, 123.0, 121.5, 119.8, 114, 73.07, 68.37,5%86.4, 41.5, 35.2, 29.9,
26.2,23.2, 22.8, 22.0, 18.53, 16.54, 14.3, -4R2(film, CHCIy): 1761 (s),
1716 8s), 1390, 1355, (m), 1259, 1199 (R);0.35 (Hexan/AcOEt 2:1);
MS (ESI): m/z = 542.2754 [M +H'} [a]p™°= -72. 02 ° (c = 0.19M; CHG).
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Appendix

List of abbreviation.

9-BBN-H
(9-BINOL
Bn

Boc
BTAF
CA-4
Cbz

CDI
DDQ
DIBAL (DIBAH)
DIPEA
DMA
DMAP
DMF
DMSO
de

EDCI

ee

ESI

GTP
FDA
HBT
Ipc,BH
KHMDS

Lawesson’ s reagent

9-Borabicyclo[3.3.1]nonane
S-(-)-1,1'-Bi-2-naphthol

Benzyl

t-Butyloxycarbonyl
Benzyltrimethylammonium Fluoride
Combretastatine A-4
Carbobenzyloxy
Carbnyldiimidazole
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
Diisobutylaluminum Hydride
N,N-diisopropylethylamine
Dimethylacetamide
4-Dimethylaminopyridine
Dimethylformamide

Dimethyl Sulfoxide

Diastereomeric excess

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

Enantiomeric Excess
Electrospray ionization
Guanosine-5'-triphosphate
Food and Drug Administration
Hydroxybenzotriazole
Bisisopinocampheylborane
Potassium bis-trimethylsilylamide
2,4-bis(4-methoxyphenyl)-143,2

159



Appendix

dithiadiphosphetane-2,4-disulfide

LDA Lithium Diisopropylamide

Leu Leucine

LHMDS Lithium Hexamethyldisilazide
Lys Lysine

MS Mass spectrometry

NMP N-methyl-2-pyrrolidone

NMR Nuclear Magnetic Resonance
PCC Pyridinium chlorochromate

PG Protecting group

PMB p-Methoxybenzyl

PPTS Pyridinium p-toluensulfonate
R Retention factor

RCM Ring closure methatesis

r.t. Room temperature (23°C)
SAR Structure activity relationship
TBAF Tetran-butylammonium fluoride
TBS t-Butyldimethylsilyl (also TBDMS)
TEA Triethylamine

TFA Trifluoroacetic(yl)

THF tetrahydofurane

TMAC Tymethylacethyl chloride
TPAP Tetra-n-propylammonium Perruthenate
Val Valine

z Cis
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