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Introduction and objectives

Introduction

Since ancient times the human being has used natural products as therapeutic agents
to treat nearly every human condition.! Furthermore, for the last few decades, they have also
been employed as biochemical tools for the better comprehension of the targets and
pathways involved in the disease process. Their structural complexity, chemical diversity and
biological specificity are matchless. Thus, they represent a different region of the chemical

space compared to the synthetic compounds which cannot be easily replaced.’

However, the use of natural products as the main source for drug discovery has also
some severe intrinsic problems: labor-intensive and time-consuming procedures to obtain the
quantities required for pre-clinical studies; a extremely high structural complexity that
represents a synthetic challenge and a considerable drawback for the development of analogs;
re-discovery of already known compounds; and a time-line exceeding the standards of the

pharmaceutical companies.?
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In the early 1990s, the development of High-throughput screening (HTS) together with
the introduction of combinatorial chemistry pushed the natural product research programs
into the background.* The higher capacity to produce large libraries of new synthetic
compounds in a short period of time by means of combinatorial chemistry, and the dramatic
increase in the biological evaluation speed thanks to HTS refinement, represented unbeatable
improvements with respect the disadvantaged screening of natural products. As a result,
pharmaceutical companies significantly reduced their drug discovery programs based on

natural products.’

However, to date only one single de novo combinatorial NCE has been approved by
the FDA: the kinase inhibitor sorafenib for renal carcinoma.®’ Thus, the failure of the large
synthetic libraries in the race of finding first-in-class drugs combined with several
improvements in the screening of natural products, have enabled a small renaissance of the

natural products in the drug discovery programs during the last few years.

Simultaneously, the so-called chemistry of natural products has been transformed by
the new methodologies and technological advances developed during the last years, enabling
a re-establishment of natural products as the main source for drug development. Thus, the
combination of HPLC and SPE (solid phase extraction) techniques with NMR and MS
technologies, and the implementation of bioassay-guided fractionation have substantially
decreased the time needed for dereplication, isolation and structure elucidation, making more

efficient and straightforward the screening process for natural products.

Furthermore, several advances in synthetic organic methodologies have occurred
during the last years: the development of the semi-synthetic approach, consisting in the
generation of analogs by synthetically modifying natural products®’; the introduction of the
chemoenzymatic approach, that uses not only chemical tools, but also enzymes to transform
natural products’®'’; the application of diverted total synthesis'’; the use of the combinatorial
chemistry tools to create libraries based on natural product scaffolds**'*; and the
combinatorial biosynthesis that uses the genetic engineering to create libraries based on

15,16

natural products™, have enabled the chemist to access a raising structural complexity

difficult to imagine several years ago.
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Moreover, advances in microbial genomics may represent a revolution in the discovery
of new natural products.'” This new technology has enabled the rapid identification of genes
encoding novel secondary metabolites (most of them would have probably gone unnoticed by
traditional screening methods) and the computational prediction of chemical structures on the
basis of genomic sequences. Furthermore and more important, it is possible to find specific

fermentation conditions to express genes encoding a particular natural product.*®*°

In this new drug discovery outlook, the use of marine actinomycetes, fungi and
myxobacteria as source of natural products could represent a more prolific approach for the
development of new drugs based in natural structures, limiting the chances to find already

known compounds.”®***

In this sense, we have to consider that marine ecosystem occupies the 70% of the
earth’s surface and holds a huge biodiversity, which is subjected to a higher evolutionary
pressure and a smaller impact of the human being than the terrestrial ecosystem. Thus, it
represents a vast source of natural compounds owning unprecedented, highly diverse and
extremely complex structures, displaying interesting and assorted biological activities.”> And

only 30 years ago, it was still to be explored.

The technological improvements occurred in scuba diving and harvest procedures;
together with the development of more accurate and precise chromatographic techniques,
which enable the identification and biological evaluation of new natural compounds using
smaller amounts of products, have facilitate a more exhaustive exploration of the marine
environment in search of new compounds candidates to drugs. Thus, since the 1970s, more
than 15000 natural products displaying different bioactivities have been isolated from marine

microbes, algae and invertebrates.*

Marine life has adapted and survived to the most extreme conditions: fierce
interspecies competition over limited resources, frozen temperatures, almost complete lack of
oxygen and light, etc. Moreover, most of the marine organisms are not provided with physical
defenses to protect themselves from predators, to feed and to safeguard their own space.
Hence, they have developed highly efficient and sophisticated chemical tools that act as an
“immune” system. By excreting these chemicals to the environment, they protect themselves
from external aggressions. The “dilution effect”, occurred when these secondary metabolites

5
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are poured into the sea water, guarantees the survival of only the most effective chemicals,

turning them into the most attractive natural compounds to enter biomedical programs.

Marine natural compounds own really interesting and diversified biological profiles
including bioactive properties such as anti-tumor, anti-cancer, anti-microtubule, anti-
proliferative, anti-hypertensive, anti-inflammatory, anti-virus, antifungal, cytotoxic as well as
antibiotic properties.”® Furthermore, the biodiversity found in the marine environment
exceeds the one of the terrestrial environment which, on the top of that, has been far

exploited since the beginning of the human being history.

All the efforts put on drug development from marine sources have started to bear
fruit. Thus, in December 2004 Ziconotide (known under the trade name of Prialt and
developed by Elan Pharmaceuticals) was the first drug derived from a marine natural product
approved in the USA for the treatment of pain. It is the synthetic form of m-conotoxin MVIIA, a
linear 25 amino acids peptide isolated from the venom of a tropical marine cone snail, and
shows a well-defined three-dimensional structure stabilized by the presence of three
disulphide bridges. Moreover, Trabectedin (known under the trade name Yondelis and
developed by PharmaMar)®® became the first marine anticancer drug to receive approval in
the EU in October 2007. It is an alkaloid isolated with extremely poor yields from extracts of
the Caribbean tunicate Ecteinascidia turbinata, and accessed by means of a semi-synthetic
approach from the multi-kilogram scale available antibiotic cyanosafracin B. Finally,
Brentuximab vedotin (known under the trade name Adcetris and developed by Seattle
Genetics)”’ was approved by the FDA in August 2011 for the treatment of Hodgkin’s lymphoma
and systemic anaplastic large cell lymphoma (ALCL). From a structural perspective, it consists
of three components: a specific antibody for human CD30 (chimeric immunoglobulin G1 mAb
cAC10) covalently linked to a synthetic analog of the marine natural product Dolastatin 10 (the

microtubule-disrupting agent MMAE) through a protease-cleavable linker (Figure 1).
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a) b)
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Figure 1: Chemical structures of a) Ziconotide; b) Trabectedin; and c) Brentuximab vedotin. They
illustrate the chemical diversity found in the sea.

The role and the potential of natural products in the drug discovery game are
reaffirmed by the following figures published this year. Data from the last 30 years
(01/01/1981-12/31/2010) show that from all the approved drugs, 60% are either natural
products or based in natural structures. Moreover, when specifically referred to anticancer
drugs, this percentage is increased up to a 70%.?® These data together with the significant
number of drugs derived from natural products that are currently undergoing evaluation in
clinical trials,” illustrates the importance of natural sources for the development of new drugs,
even when a large number of research programs in natural product discovery run by

pharmaceutical companies have been terminated.

Marine natural products are from very diverse chemical nature: phenols, alkaloids,
terpenoids, polyesters, peptides and other secondary metabolites produced by different
marine organisms such as sponges, bacteria, dinoflagellate and seasweed. In the present
thesis, the attention will be focused in the synthesis of marine cyclopeptides displaying

interesting cytotoxicities against several cancer cell lines.



Introduction and objectives

Objectives

1. Development of a robust and efficient synthetic route for Pipecolidepsin A, a
cyclodepsipeptide isolated from a Homophymia marine sponge which has been shown

to display promising cytotoxic activity.

2. Synthesis of L-threo-B-EtO-Asn and DADHOHA, two non natural amino acids present in

the Pipecolidepsin A structure.

3. Validation of the chemical structure proposed for Pipecolidepsin A: facing all structural

uncertainties.

4. Set up of a synthetic strategy to access Phakellistatin 19, a homodetic cyclopeptide

from marine origin that has been shown interesting anticancer properties.

5. Synthesis of a Phakellistatin 19 analogs’ library. Establishment of structure-activity

relationships (SARs) and development of related peptides with improved bioactivities.
8



Introduction and objectives

References

(2) Dias, D. a.; Urban, S.; Roessner, U. Metabolites 2012, 2, 303—-336.

(2) Takagi, M.; Shin-Ya, K. The Journal of antibiotics 2012, 65, 443-7.

(3) Lam, K. S. Trends in Microbiol. 2007, 15, 279-289.

(4) Baltz, R. H. Journal of industrial microbiology & biotechnology 2006, 33, 507-513.

(5) von Nussbaum, F.; Anlauf, S.; Benet-Buchholz, J.; Habich, D.; Kébberling, J.; Musza, L.;
Telser, J.; Ribsamen-Waigmann, H.; Brunner, N. a Angew. Chem. Int. Ed. 2007, 46,
2039-2042.

(6) Llovet, J. M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.; Oliveira, A. C. D;
Santoro, A.; Raoul, J.; Forner, A.; Schwartz, M.; Porta, C.; Zeuzem, S.; Bolondi, L.;
Greten, T. F.; Galle, P. R,; Seitz, J.; Borbath, I.; Haussinger, D.; Giannaris, T.; Sc, B.; Shan,
M.; Ph, D.; Moscovici, M.; Voliotis, D.; Bruix, J. N. Engl. J. Med. 2008, 359, 378-390.

(7) Coriat, R.; Nicco, C.; Chéreau, C.; Mir, O.; Alexandre, J.; Ropert, S.; Weill, B.; Chaussade,
S.; Goldwasser, F.; Batteux, F. Mol. Cancer Ther. 2012, 11, 2284-2293.

(8) Leeds, J. a; Schmitt, E. K.; Krastel, P. Expert Opin. Invest. Drugs 2006, 15, 211-226.
(9) Butler, M. S.; Buss, A. D. Biochem. Pharmacol. 2006, 71, 919-929.

(10)  Miiller, M. Curr. Opin. Biotech. 2004, 15, 591-598.

(11) Lamb, S.S.; Wright, G. D. P. Natl. Acad. Sci. USA 2005, 102, 519-520.

(12) Paterson, |.; Anderson, E. A. Science 2005, 310, 451-453.

(13) Ortholand, J.-Y.; Ganesan, A. Curr. Opin. Chem. Biol. 2004, 8, 271-280.

(14) Ganesan, A. Curr. Opin. Biotech. 2004, 15, 584-590.

(15) Sanchez, C.; Zhu, L.; Brafia, A. F.; Salas, A. P.; Rohr, J.; Méndez, C.; Salas, J. A. P. Natl.
Acad. Sci. USA 2005, 102, 461-466.

(16)  Floss, H. G. J. Biotechnol. 2006, 124, 242-257.
(17) Baltz, R. H. Nat. Biotechnol. 2006, 24, 1533—1540.
(18) Bode, H. B.; Bethe, B.; Hofs, R.; Zeeck, A. Chem. Bio. Chem. 2002, 3, 619-627.

(19) Kegler, C.; Gerth, K.; Miller, R. J. Biotechnol. 2006, 121, 201-212.



Introduction and objectives

(20)
(21)
(22)
(23)

(24)

(25)

(26)

(27)
(28)

(29)

Marris, E. Nature 2006, 443, 904—905.

Newman, D. J.; Cragg, G. M. Curr. Drug Targets 2006, 7, 279-304.

Zotchev, S. B. J. Biotechnol. 2012, 158, 168-175.

Hill, R. A. Annu. Rep. Prog. Chem. B 2012, 108, 131-146.

Cuevas, C.; Pérez, M.; Martin, M. J.; Chicharro, J. L.; Fernandez-Rivas, C.; Flores, M.;
Francesch, A.; Gallego, P.; Zarzuelo, M.; de La Calle, F.; Garcia, J.; Polanco, C.; Rodriguez,
I.; Manzanares, I. Org. Lett. 2000, 2, 2545-2548.

Salomon, C. E.; Magarvey, N. A.; Sherman, D. H. Nat. Prod. Rep. 2004, 21, 105-121.

Molinski, T. F.; Dalisay, D. S.; Lievens, S. L.; Saludes, J. P. Nat. Rev. Drug Discov. 2009, 8,
69-85.

Younes, A.; Yasothan, U.; Kirkpatrick, P. Nat. Rev. Drug Discov. 2012, 11, 19-20.
Newman, D. J.; Cragg, G. M. J. Nat. Prod. 2012, 75, 311-335.

Butler, M. S. Nat. Prod. Rep. 2005, 22, 162—-195.

10



CHAPTER 1

Synthesis, structural elucidation and
biological evaluation of Pipecolidepsin A






Synthesis, structural elucidation and biological evaluation of Pipecolidepsin A

1.1.Introduction: “Head-to-side-chain” cyclodepsipeptides

A peptide is an oligomer of up to 60 amino acids. When at least one of the amide
bonds from a peptide is replaced by an ester bond, we talk about depsipeptides. They have
proven to be highly promising candidates to pharmaceutical agents as they own a huge
structural diversity and display a broad spectrum of biological activities: antiplasmodial,
antiviral, antimicrobial, insecticidal, cytotoxic, antiproliferative and anticancer activities, as
well as exhibit ionophoric and anthelmintic properties. Most of the bioactive peptides have

been mainly extracted from tunicates, bacteria, sponges and mollusks.

The presence of several unique residues and the complex structural features shown
by marine depsipeptides, turns its structural elucidation into a challenge only boosted by their
interesting therapeutic profiles. Thus, research in this field has thrived over the last years and

several depsipeptides are now undergoing evaluation in clinical trials.

Since the early 90’s, the bibliography has been enriched with a number of
depsipeptides that belong to a new family of peptides: “head-to-side-chain”
cyclodepsipeptides. These peptides present a unique structural arrangement: a macrocyclic

region closed through an ester bond between the C-terminus and a [-hydroxyl group,
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terminated with a polyketide moiety or a more simple branched aliphatic acid. This structural
pattern, the presence of unique and complex residues and interesting bioactivities are the

main features shared by all the members of this new class of depsipeptides.

1.1.1. Families of “head-to-side-chain” cyclodepsipeptides

Marine cyanobacteria are an extremely prolific source of natural compounds bearing a
wide range of structures and biological profiles. Among all the secondary metabolites
produced by these organisms, we would like to point out the 3-amino-6-hydroxypiperidone

(Ahp)-containing cyclic depsipeptides. Micropeptins,™ cyanopeptolins,®* oscillapeptins,®

1213 etc.  are

nostopeptins,”®  aeruginopeptins,®'®  largamides,’*  lyngbyastatins
cyclodepsipeptides with serine protease inhibitory activity sharing the same structural
scaffold: a “head-to-side-chain” macrocyclic region, mostly comprising six residues, closed
through an ester bond with the hydroxyl group of a L-Thr, and terminated with a more
mutable linear fragment, often blocked by hydrophobic acids. Micropeptin EI964 perfectly

illustrates this family of cyclodepsipeptides (Figure 2).

Micropeptin EI964

Figure 2: Chemical structure of Micropeptin EI964.

Commonly aa; is L-lle, L-Val or L-Leu (all hydrophobic residues); aa, is NMe-L-Tyr that
can present different substitution patterns (halogenated, NMe-L-Tyr(OMe)...) or NMe-L-Phe;
aas accepts a higher variability and can be a hydrophobic residue such as L-lle, L-Phe, L-Val and
L-Leu or a polar uncharged amino acid such as L-Thr; aa, is always Ahp or its methylated
version Amp; and aas is the residue showing the highest diversity as it can be L-Leu, Abu, L-Arg,
L-Tyr, L-HomoTyr, L-Lys, L-GIn, L-HcAla, L-Trp... The macrolactone framework represents a
potent inhibitor prototype in which aas binds the S1 specificity pocket of the enzymes blocking

14,15

the interaction of proteases with their substrates. Thus, the nature of this residue is crucial

in terms of selectivity and explains its variability. Trypsin prefers basic residues (Arg and Lys)
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1416171819 Abu enhances

while chymotrypsin prefers large hydrophobic residues (Tyr, Phe, Trp).
selectivity for elastase.”® The O from the hydroxyl group of Ahp/Amp participates in an
intramolecular hydrogen bond with the NH of aa; and the NMe-Tyr or NMe-Phe facilitates the
formation of a cis peptide bond. These structural features make the cycle very rigid***"*®
protecting this class of cyclodepsipeptides from the proteases activity and providing a clearly-
defined 3D structure. The presence of unnatural amino acids in their structure also provides

resistance against enzymatic hydrolysis.

The L-Thr residue at the branching position plays a crucial structural role and has been
described to occupy the subsite S2 of the protease. Only some nostopeptins present a
different amino acid at this position, a 3-hydroxy-4-methylproline residue, whose

stereochemistry has not been assigned yet.”

The linear arm is postulated to interact with more distal regions of the proteases (S3
and S4 subsites) through hydrogen bonds.> Hence, selectivities and potencies can also be
influenced by the highly diverse length and nature of the exocyclic fragment. Experimental

data showed the requirement of at least a two units-long exocyclic arm for strong activity.”

From a synthetic point of view, only a few members of this huge Ahp-containing
depsipeptides family have been synthesized. Thus, Somamide A** was fully synthesized in

solution while a full solid phase strategy was developed for Symplocamide A.>***

The key step
of Symplocamide A synthesis is the spontaneous formation of the Ahp moiety from a glutamic
aldehyde generated once the linear precursor is totally assembled. The ester bond is formed
after incorporation of the two exocyclic moieties using DIPCDI-DMAP (10:1). The peptidic chain
is elongated through the ester bond using Boc chemistry to avoid possible DKP at the ester

level and the macrolactamization step was performed on solid-phase.

Also produced by bacteria and sharing an analogous “head-to-side-chain” framework,
we find two cyclodepsipeptides displaying interesting in vitro and in vivo antibiotic activity
against aerobic and anaerobic Gram-positive bacteria, especially against methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE). Katanosin A and
Katanosin B (also known as Lysobactin) (Figure 3) were isolated from the culture broth of a

strain related Cytophaga.
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Figure 3: Chemical structures of Katanosin A and B.

The absence of the Ahp-moiety; the free N-terminus; a bigger macrocyclic ring (9
residues); the occurrence of different uncommon amino acids (-HO-Leu or -HO-Asn); the
presence of both L- and D- configurations; and a more bulky and hydrophobic residue at the
branching position (L-HO-Phe) are some of the more significant structural differences with

regard to the Ahp-containing cyclodepsipeptides family.

226 and one on solid phase? have been described

Two different syntheses in solution
so far for Katanosin B (Lysobactin). The solid phase approach represents a more
straightforward strategy to rapidly access structural analogs in order to identify the key
moieties responsible of the interesting bioactivity. Epimerization and -elimination (especially
favored by the aromatic nature of the residue at the branching position) while forming the
ester bond represent the bottleneck of Lysobactin synthesis. After exhaustive study of
conditions, it was determined that N* Alloc-protected Ser, DIPCDI and DMAP at 37 °C were the
optimal conditions to overcome these severe side reactions. The residues of the exocyclic arm

were already assembled when the ester was constructed. No DKP formation at the ester level

was detected. The final cyclization step was carried out in solution.

Displaying promising activity against several resistant Gram-positive bacteria (also
including vancomycin-resistant Enterococcus faecium (VRE) and methicillin-resistant
Staphylococcus aureus (MRSA)) and sharing an analogous “head-to-side-chain” framework,

28,29

ramoplanin (A1-A3), ramoplanose®® and two other structurally related peptides,

janiemycin®' (uncharacterized but reported to be a member of the same family) and

enduracidin (A and B)*

, were described (Figure 4). Ramoplanins and ramoplanose are
17-residue non-ribosomally produced lipoglycodepsipeptides, while enduracidins do not own

any monosaccharide moiety in their structure. Ramoplanins’ mode of action was revealed
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totally different from vancomycin (2-10 times less potent). They inhibit bacterial cell-wall

biosynthesis by binding and sequestering lipid intermediates | and Il.

OH

(; ; S \)LI
<5ﬁ X

Enduracidin A Ry =
o
Ramoplanin A1 Ry = \/ut/=/_\ R;= -OH

Ramoplanin A2 Ry = \ — R,= -OH

— HO-
Ramoplanose Ry = \ — R, = HO\?'Z/
OH
W -
Ramoplanin A3 Ry = \ =/ R,= -OH

Enduracidin B Ry =

Figure 4: Chemical structures of Ramoplanin A1-A3, Ramoplanose and Enduracidin A and B.

In all cases, the macrocyclic region, formed by 16 residues (the largest macrolactone of
all the known “head-to-side-chain” cyclodepsipeptides), is linked to an exocyclic arm formed
by one single aa acylated at its N-terminus with a polyunsaturated fat acid. All ramoplanins and
ramoplanose bear an L-allo-3-HO-Asn residue at the branching position and enduracidins an L-
Thr. Several unnatural amino acids are present in their structures such as hydroxyplenylglycine

and chlorated derivatives, enduracididine, ornitine and citrulline.

Several convergent syntheses on solution have been reported in the literature for

3334 and ramoplanin Al and A3 aglycons.”> No

ramoplanin A2 and ramoplanose aglycons,
strategies have been developed for enduracidin A or B and no solid-phase approaches have
been suggested for any peptide. However, some ramoplanin’s semisynthetic derivatives have
already been obtained® and some noteworthy work on the biosynthesis of ramoplanin A2 has

already been started.*’

A close-related “head-to-side-chain” arrangement was also found in another family of

38,39,40,41

cyclodepsipeptides. Kahalalides were isolated from the herbivorous marine mollusks

Elysia rufescens, Elysia ornate or Elysia grandifolia and their algal diet Bryopsis pennata or
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Bryopsis plumosa. They make up a large family of marine peptides with highly variable
compositions and sizes. Its members range from tripeptides to tridecapeptides, and includes
homodetic linear peptides, “head-to-tail” cyclodepsipeptides and “head-to-side-chain”

cyclodepsipeptides, all of them acylated at their N-terminus.

Among the 24 described natural members of this family, only 7 own interesting

therapeutic profiles,3®3%4243.44454647

They exhibit highly diverse biological activities including
cytotoxicity and antitumor, antimicrobial, antileishmanial and immunosuppressive activities.
Significantly, all the active members are cyclodepsipeptides and 6 out of the 7 exhibit the
uncommon “head-to-side-chain” structural arrangement closed through an ester bond (Figure

5).

o 5 o <X
NH
OH
Kahalalide A: R = CH; Kahalalide B Kahalalide C Kahalalide E

NorKahalalide A: R = H

=CH; Ry=H Kahalalide O

Kahalalide R;: R=H Kahalalide Ry: Ry = NH; R =H

Kahalalide S;: R = OH Kahalalide S,: Ry = CH,NH; R; = CHj3

Figure 5: Structures of “head-to-side-chain” Kahalalides plus Kahalalide E. All the Kahalalides displaying interesting biological
activities appear underlined.

From a structural perspective, we are further more interested in the “head-to-side-
chain” Kahalalides, meaning Kahalalide A, B, C, F, O, Ry, R, S;, S,, NorKahalalide A,

IsoKahalalide F and 5-OHKahalalide F. Their macrocyclic region comprises 6 amino acids with
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one single exception, Kahalalide C, which bears a 5-residues ring. Most of the amino acids
found on Kahalalides are residues with hydrophobic or polar uncharged side chains having
abundance of both L- and D- configurations, what represents a significant change with regard
to the Ahp-containing depsipeptides family. Other differences between the two big families
are: the presence of other residues such as L-Ser or D-allo-Thr, and not only L-Thr, at the
branching position of the Kahalalides; the commercial availability of all their residues with the
exception of Abu; the occurrence of a much longer exocyclic arm (up to seven residues); and
the presence of a much simpler N-terminal acid, which is, most of the times completely

aliphatic, and only in some cases a hydroxyacid.

However, as it was reported for the Ahp-containing depsipeptides, the “head-to-side-
chain” structural arrangement also seems to be essential to keep the biological activity of the

kahalalides with therapeutic interest.

KF shows the most complete biological activity profile of all the natural Kahalalides

described so far, 33944647

It has shown selectivity against solid tumor cell lines with IC5; at the
low uM range (in A-549, HT-29, LOVO, P-388, KB and CV-1 cells); antiviral activity against HSV Il
using mink lung cells; antigungal activity with ICs, values below 3.3 uM against Candida
albicans, Candida neoformans and Aspergillus fumigatus; immunosuppressive activity; and
antileishmanial activity with good to moderate ICsy values against Leishmania donovani and
Leishmania pifanoi (promastigotes and amastigotes). Thus, exhaustive structural, synthetic,

biological, clinical and mechanistical studies have been conducted during the last 20 years.

A complete analogs program has provided valuable structure-activity relationships
(SARs).*** KF owns three different domains: domain A includes the macrocyclic region;
domain B comprises the linear exocyclic arm; and domain C is formed by the N-terminal acid.
Several changes were performed in all domains to construct up to 143 analogs. It was
concluded that: the ring is crucial to keep the biological properties as the linear precursor of
KF, Kahalalide G, did not display any activity; the presence of the Z-Dhb residue and several D-
aa increase the resistance against enzymatic hydrolysis and provides rigidity, which is essential
to keep the activity; the position occupied by L-Phe must host a highly hydrophobic residue;
the absolute configuration of all residues is crucial, meaning that the peptide is more three-
dimensional structured than expected; and, finally, an increase in the sterical hindrance and/or

the hydrophobic nature of the side chains represents an increase in activity.
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To further support the experimental data collected for Kahalalide F, a more reduced
analogs program conducted also for Kahalalide A* provided similar conclusions regarding the
“head-to-side-chain” arrangement. The synthesis and biological evaluation of 5 analogs,
including its linear version, was performed to point out the importance of the macrolactone
framework and the presence of free Ser and Thr residues to keep its activity against

Mycobacterium tuberculosis.

From a synthetic point of view, only total synthesis of Kahalalide A, B, F and

4849505152 K ahalalide A was accessed by means of total

IsoKahalalide F have been published.**
synthesis on solid phase. A backbone cyclization strategy was carried out using the Kenner
sulfonamide safety-catch linker. The ester bond over the L-Thr residue was built once the two
moieties of the exocyclic arm were already assembled. The Fmoc-L-Ser(‘Bu)-OH was

incorporated following a double treatment with DIPCDI and DMAP (4:4:0.4) in THF (2 h + o/n).

Kahalalide B was synthesized following two different synthetic strategies: complete
elongation of the linear precursor on solid-phase and cyclization through i) the peptidic bond
Gly-Thr or ii) the ester bond D-Ser-Gly. The first approach presents some advantages: a faster
cyclization reaction; a cleaner and better yielding cleavage step; and the avoidance of a last
deprotection step in solution. Cyclization through the ester bond has not been attempted for
any other related cyclodepsipeptide. Only the presence of the least bulky B-hydroxy-o-amino

acid at the branching position (D-Ser) enables the performance of such a synthetic approach.

A lot of effort has been put into the synthesis of the more complex Kahalalide F. Thus,
not only a linear solid phase synthesis, but also convergent strategies, have been successfully
developed. The synthesis of linear KF was started by anchoring Fmoc-D-Val-OH onto 2-CTC
resin. The ester bond was formed before complete assembly of the exocyclic arm by means of
DIPCDI-DMAP. The Z-Dhb residue could be generated on solid-phase or in solution and
incorporated as a dipeptide. The final cyclization step was carried out between the residues
Phe-D-Val. The convergent strategies comprise the solid phase syntheses of branched peptides
using tri- and tetra-orthogonal protection schemes; their cyclization and deprotection of the N-
terminal in solution; the synthesis on solid phase of the linear components; and the final
condensation of the two fragments in solution using PyAOP-DIEA. The best approach
condenses the fragments through the peptidic bond D-Pro-Orn to avoid epimerization. No DKP

formation at the ester level was detected.
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>*>* and tamandarins® are complex cyclodepsipeptides isolated from

Didemnins
Caribbean and Brazilian tunicates respectively, displaying interesting antitumor, antiviral and
immunosuppressive activities at low nano- and femtomolar range. Additionally, they inhibit in
vitro protein biosynthesis and induce rapid apoptosis. They own a “head-to-side-chain”-like
structural arrangement closely related to the ones described previously, but comprising two

ester bonds.

From a structural perspective, Tamandarins are simplified versions of Didemnins
(Figure 6). They contain a y-amino acid and a a-hydroxy acid (S-hydroxyisovaleric acid, Hiv)
that forms the second ester bond in the macrocyclic region. In Didemnins the Hiv moiety is
replaced with the more complex a-(a-hydroxyisovaleryl)propionyl (HIP) unit. They contain
both L- and D- amino acids and, significantly, as it happens in the Ahp-containing

cyclodepsipeptides family, L-Thr occupies always the branching position.

Several total syntheses for Didemnins A, B and C and Dehydrodidemnin B and

Nordidemnin B have been developed.’®*”****%° They all are synthetic approaches in solution

61

mainly differing in the site of cyclization and the coupling reagents.”” Furthermore, a number

8384 and analogs®™®*®’ have

of total syntheses in solution of Tamandarin A,%*®® Tamandarin B
also been described. Significantly, once again, structure-activity relationships of the Didemnins
point out that the macrolactone framework is a crucial structural arrangement regarding to

the bioactivities of the natural peptides, especially cytotoxicities and antiviral properties.®
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Figure 6: Structures of natural Didemnins and Tamandarins.

Finally, there is a huge and varied family of cyclodepsipeptides, all produced by marine
sponges, that also possess the distinctive “head-to-side-chain” structural arrangement via an
ester bond. All of them contain a 22 or a 25-membered macrolactone that bears a 3-hydroxy-
a-amino acid with the D-allo configuration at the branching position. Furthermore, they share
a number of uncommon residues described for the first time after the isolation of these
natural peptides. Significantly, the same rare residue is acylating the branching position of all
the isolated members. The exocyclic arm is either composed of three amino acids, one of them
being a y-amino acid, or four a-amino acids. Its N-terminus is always acylated with a B-
hydroxyacid. In the structure of these peptides, both L- and D- amino acids are found. Finally,
all the cyclodepsipeptides own interesting therapeutic profiles, mostly displaying

cytoprotective activity against HIV-1 infection.

In 1996 Zampella and co-workers described the first member of the Callipeltins.
Callipeltin A® is a “head-to-side-chain” cyclic depsidecapeptide isolated from a shallow water

sponge of the genius Callipelta, in the order Lithistida, collected in the waters off New
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Caledonian. Its isolation enabled the description of three new and complex amino acids: -
methoxytyrosine, (3S,4R)-3,4-dimethyl-L-glutamine and (2R,3R,4S)-4-amino-7-guanidino-2,3-
dihydroxyheptanoic acid. From the same marine sponge, a truncated version of Callipeltin A
named Callipeltin B, and the linear peptides Callipeltins C-M were also isolated.”®’*"*"
Callipeltins A and B (Figure 7) contain a D-allo-Thr at the branching position of a 22-membered
macrolactone (6 residues), and display an interesting cytotoxicity against several cancer cell
lines. Additionally, Callipeltin A was found to be active against human immunodeficiency (HIV)

virus.
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Figure 7: Chemical structures of Callipeltin A and B.

The total synthesis of Callipeltin B on solid phase was published by Lipton and co-
workers.”* They chose to start the linear peptide elongation by incorporating the cyclic
anhydride of Fmoc-N-methylglutamic acid onto the Sieber resin, and to carry out the
macrolactamization step at the NMe-Ala-B-MeO-Tyr linkage. The ester bond was formed once
the DiMePyroGlu was already coupled and using Alloc-NMe-Ala-OH and MSNT in conjunction
with N-methylimidazole. Desmethoxycallipeltin B and other analogs have also been

synthesized and biologically evaluated.”’®

The same new and bizarre three residues were found in other cyclodepsipeptides
isolated in Papua New Guinea from the marine sponge Neamphius huxleyi. Neamphamide
A"’ B,%% €® and D* (Figure 8) are depsipeptides with a 25- and a 22-membered
macrolactone respectively, a D-allo-Thr residue at the branching point and the same
terminating polyketide moiety of Callipeltin A. Neamphamide A displays a potent
cytoprotective activity against HIV-1 infection, while Neamphamide B shows potent anti-
mycobacterial activity against Mycobacterium smegmatis and bovis BCG. An outstanding
structural feature and an important difference with regard to Callipeltin A is the presence in

their macrocyclic region of the rare L-homoproline. No syntheses have been described so far.
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L-Homoproline, B-methoxytyrosine and (3S,4R)-3,4-dimethyl-L-glutamine are also

contained in the Papuamides,®"®

isolated in 1999 in Papua New Guinea from two sponges,
Theonella mirabilis and Theonella swinhoei. Moreover, they contain other strange amino acids
such as L-3-methoxyalanine and D-allo-B-hydroxyleucine at the branching position, as well as
two previously undescribed terminating moieties: 2,3-dihydroxy-2,6,8-trimethyldeca-(4Z,6E)-
dienoic acid and 3-hydroxy-2,6,8-trimethyldeca-(4Z,6E)-dienoic acid (Figure 9). Papuamides A
and B inhibited the infection of human T-lymphoblastoid cells by HIV-1¢ in vitro. Papuamide A

also displays cytotoxic activity against a panel of human cancer cell lines. Papuamide A

synthesis in solution was published by Ma and co-workers on 2008.%
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Figure 9: Chemical structures of Papuamides A-F.

From the same Theonella swinhoei sponge in Papua New Guinea, another member of
the “head-to-side-chain” cyclodepsipeptides family was isolated. Theopapuamide A®* is a
cyclic depsiundecapeptide bearing a D-allo-Thr at the branching position and two
unprecedented amino acid residues in its structure: B-methoxyasparagine and 4-amino-5-
methyl-2,3,5-trihydroxyhexanoic acid. The 3-hydroxy-2,4,6-trimethyloctanoic acid acylates the
N-terminus. Theopapuamides B-D* were isolated from the Siliquariaspongia mirabilis sponge.

They also contain a rare D-3-acetamido-2-aminopropanoic acid and the (3S,4S5)-4-amino-2,3-
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dihydroxy-5-methylhexanoic acid (Figure 10). Theopapuamides A-C are cytotoxic against
human colon carcinoma (HCT-116) cells and show strong antifungal activity against wildtype
and amphotecirin B-resistant strains of Candida albicans. Furthermore, Theopapuamide A also

exhibits cytotoxicity against CEM-TART cell line. No syntheses have been described so far.
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Figure 10: Chemical structures of Theopapuamides A-D.

887 were isolated from

Sharing a pretty close scaffold with Papuamides, Mirabamides
the marine sponge Siliquariaspongia mirabilis, collected from Chuuk Lagoon in the Federated
States of Micronesia. Mirabamides contain two new entities: a rare glycosylated amino acid -
methoxytyrosine 4’-O-a-L-rhamnopyranoside and the 4-cloro-L-homoproline (Figure 11).
Mirabamides A, C and D inhibit HIV-1 in neutralization and fusion assays showing that their
action occurs at the early stages of HIV-1 entry. Mirabamides A-C show also antimicrobial

activity toward C. albicans and B. subtilis. No syntheses have been described so far.
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Figure 11: Chemical Structures of Mirabamides A-H.

In 2008 and 2009 Zampella and co-workers described ten new cyclodepsipeptides
named Homophymines A-E and A1-E1%*® isolated from the marine sponge Homophymia, in
the order Lithistida, collected in New Caledonian. They all are “head-to-side-chain” cyclic

depsiundecapeptides that contain: a 25-membered macrolactone; the unusual residues
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(35,4R)-3,4-dimethyl-L-glutamine, L-ThrOMe and L-homoproline; up to five different polyketide
terminating moieties; and three unprecedented amino acids, (2R,3R,4S)-4-amino-2,3-
dihydroxy-1,7-heptandioic  acid (ADHA) or  (2R,3R,4S5)-4,7-diamino-2,3-dihydroxy-7-
oxoheptanoic acid (DADHOHA) and the (2R,3R,4R)-2-amino-3-hydroxy-4,5-dimethylhexanoic
acid (D-allo-AHDMHA) at the branching position (Figure 12). All the members described so far
exhibit a potent cytotoxic activity. Furthermore, the first isolated member Homophymine A
displays as well an interesting cytoprotective activity against HIV-1 infection at very low

concentrations. No syntheses have been described so far.

OH
Homophymine A (R, = Et; Ry = OH) Homophymine A1 (R, = Et; Ry = NH,)
Homophymine B (R, = Me; Ry = OH) Homophymine B1 (R, = Me; Ry = NH,)
Homophymine C (R, = Pr; R4 =OH) Homophymine C1 (R, = _Pr; R4 =NHy)
Homophymine D (R, = 'Pr; Ry = OH) Homophymine D1 (R, = 'Pr; R; = NH,)

Homophymine E (R, = 'Pn; Ry = OH) Homophymine E1 (R, = 'Pn; R; = NH,)

Figure 12: Chemical structures of Homophymines A-E and A1-E1.

Finally, from a Homophymia marine sponge collected in the coasts of Madagaskar,
PharmaMar isolated Pipecolidepsins A, B and C. They are “head-to-side-chain” cyclic
depsiundecapeptides also bearing a 25-membered macrolactone and containing the rare
amino acids L-homoproline, L-homoisoleucine, 3-EtO-Asn, B-MeO-Asn, (3S,4R)-3,4-dimethyl-L-
glutamine, DADHOHA and the terminating HTMHA acid (Figure 13). Pipecolidepsins A and B
have the unique (2R,3R,4R)-2-amino-3-hydroxy-4,5-dimethylhexanoic acid (D-allo-AHDMHA) at
the branching position, while Pipecolidepsin C possesses a much more simple D-allo-Thr
residue. The three depsipeptides display interesting cytotoxicities against three human cancer
cell lines (Lung-NSCLC A549, Colon HT-29 and Breast MDA-MB-231) with Glsq around 107 m.
In the present thesis, the first total synthesis of Pipecolidepsin A is described. It is the first
“head-to-side-chain” cyclodepsipeptide bearing the unprecedented D-allo-AHDMHA at the

branching position whose synthesis has been achieved.
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Figure 13: Chemical structures of Pipecolidepsin A, B and C.

1.2. Structure elucidation of Pipecolidepsin A

The structure of Pipecolidepsin A was determined by HPLC-MS, acid hydrolysis and
exhaustive NMR analysis. A complete set of monodimensional and homonuclear and
heteronuclear bidimensional NMR experiments in different solvents (CD;0D, CD;OH, DMSO-d,
and H,0-ACN-d; (5:1)) were recorded. The interpretation of all the spectroscopic data enabled

the proposal of a preliminary structure for Pipecolidepsin A.*°

However, structure elucidation of natural products is an extremely challenging task
always subjected to corrections as its synthetic process goes along. Thus, the literature
contains several examples of natural structures corrected after their syntheses were
performed. NMR characterization and biological evaluation of the synthetic counterparts turn

to be crucial for the validation of the proposed structures.*””*

Pipecolidepsin A was not exempt from the structural uncertainty. The first NMR
studies confirmed the presence of four side-chain amides, but only the placement in the
peptidic sequence of three of them. Thus, the side-chain amides of diMe-GlIn, L-threo-B-EtO-
Asn and DADHOHA residues were confirmed by heteronuclear multiple-bond correlations
(HMBC) and/or through-space correlations (ROESY) (Figure 14). No correlations were found for

the fourth amide.
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— ROESY
— HMBC

Figure 14: HMBC and ROESY correlations of the side-chain amide protons of the natural
Pipecolidepsin A. The non-assigned side-chain carboxylic acids and amide are shown as
Ri groups.
The peptidic sequence held three positions susceptible to bear the non-assigned side-

chain amide: aa,, aa, and aa;;. A non-concluding MS-MS experiment supported the hypothesis

of aa, = D-Asp; aa; = NMe-Glu and aa;; = D-Asn.

Furthermore, the stereochemical information regarding the diol function of the unique
DADHOHA residue and C4 of the unprecedented AHDMHA amino acid was not completely
elucidated. A cis configuration of the diol was confirmed, while the absolute stereochemistry
of the two hydroxyl groups remained unclear. Finally, the configurations described for similar
residues in other cyclodepsipeptides published in the literature were assumed,®® and a
preliminary structure for Pipecolidepsin A was proposed (Figure 15). Therefore, the synthetic

studies were performed on this chemical structure.

L-diMe-GIn
D-Asn D-Lys

H2N D-allo-Thr ~NH2
HTMHA (2R,3R) AHDMHA

gy
OH O OH O

2 Nl,, s, W
Y\**“rr '1r
- - o .u\
L-Leu

DADHOHA

L-Pipecolic

o L-NMe-Glu
0)\/”7@;‘0\/

Proposed Pipecolidepsin A o o]
07 “NH,

OH L-threo-B-EtO-Asn
D-Asp

Figure 15: Preliminary structure proposed for Pipecolidepsin A. The structural uncertainties are highlighted in red.
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1.3. Towards the synthesis of proposed Pipecolidepsin A

1.3.1. General considerations prior to the synthetic strategy establishment

The distinctive motive of depsipeptides is the presence of, at least, one ester bond in
its backbone. In the large family of heterodetic “head-to-side-chain”cyclic peptides (Figure 16),
the ester bond is the linkage at the branching position. Usually, all synthetic strategies

developed for this family of depsipeptides, revolve around this unit.

wwwwfq
“?

Figure 16: Model structure for the “head-to-side-chain” cyclodepsipeptides family.
The ester bond is highlighted in pink.

First of all, its formation represents the most challenging step in their syntheses. The
hydroxyl function is less nucleophilic than the amino function hence the carboxylic acid
requires a stronger activation to form an ester than to form an amide. However, this strong
activation puts chiral integrity of the amino acids at risk. Finding the balance between yield
and minimization of racemization, usually turns into the bottleneck of a depsipeptide

synthesis.

Secondly, its presence can be associated with two severe side reactions: formation of
diketopiperazines (DKP) during the handling of the second amino acid after the ester bond
formation; and the N->O-transacylation when the ester is formed before the removal of the

N*- protecting group of the hydroxyl amino acid.”

In the big family of the “head-to-side-chain” cyclodepsipeptides synthesized by marine
sponges, the B-hydroxy-a-amino acid placed at the branching position always has D-allo-
configuration, being the D-allo-Thr the most frequent one, and the D-allo-B-HO-Leu and the D-
allo-AHDMHA residues other examples. As it is well known, Thr is the most hindered of the
natural amino acids, and the D-allo-Thr adds the extra complexity of the poor commercial
availability. In terms of uniqueness and intricacy, Pipecolidepsins represents a paradigm. This

family contains the D-allo-AHDMHA residue, which in colloquial terms could be called as a
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super Thr because incorporates a 2-methyl-butan-3-yl radical to the already hindered Thr. To
add extra difficulty to pipecolidepsins syntheses, their unprecedented AHDMHA moiety is
surrounded with another four rare and bizarre residues. Thus, AHDMHA acylates to a B-
hydroxy-o.-amino acid [D-allo-Thr(‘Bu)], and is acylated by the unusual diMe-GlIn, which is, in
turn, acylated by the highly hindered y-amino acid DADHOHA. The construction of the [3-
branched arrangement is carried out via esterification of the hydroxyl function of AHDMHA
with the N-alkylated L-pipecolic acid, which in addition of its sterical hindrance, is prone to

facilitate DKP formation.

The assembly of the peptidic core centered at the AHDMHA residue (Figure 17), the
construction of the B-branched arrangement through an extremely hindered ester bond and
the presence of many uncommon residues makes the preparation of proposed Pipecolidepsin

A an unprecedented tour de force.

L-diMe-GIn
D-Asn D-Lys

HoN D-allo Thr NH,
HTMHA AHDMHA

E h’
OH NH

\\

DADHOHA L-Leu

o
L- Plpecollc\(\
L-NMe-Glu
Proposed Pipecolidepsin A \f(’l

L-threo-| B -EtO-Asn
D-Asp

Figure 17: Preliminary structure proposed for Pipecolidepsin A. The peptidic core is highlighted in blue.

The extremely complex structure of proposed Pipecolidepsin A strongly demands a
versatile synthetic approach which facilitates the attempt of many peptide chain assembly
schemes, coupling conditions and cyclization strategies. In comparison with peptide synthesis
in solution, the solid-phase approach offers a better flexibility and rapidness that facilitate a
large number of trials, necessary to find a validated synthetic route for the target molecules.
Furthermore, in a medicinal chemistry program, it will enable a more straightforward access to

analogs. Thus, the SPPS was the strategy of choice to face proposed Pipecolidepsin A synthesis.
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1.3.2. Design of proposed Pipecolidepsin A synthetic strategy

Before undertaking the design of the synthetic strategy for proposed Pipecolidepsin A,

a careful analysis of the main obstacles that can be found during its synthesis was carried out.

On the basis of this study, the first choices were made.

1.3.2.1. Potential side reactions

A detailed description of all the secondary reactions and the main synthetic challenges

to consider during proposed Pipecolidepsin A syntheses is shown in Table 1. It is important to

take into account that all these side reactions, common in SPPS, can be more important in the

synthesis of our desired molecule, due to the presence of extremely hindered amino acids

(mostly N-alkyl and B-branched residues), which are usually in consecutive positions. This will

be translated into poor acylation rates with the consequent longer reaction times, therefore

facilitating the side reactions.

Residue

Potential side-reactions and synthetic challenges

Racemization
Stability of the ester in front of the synthetic conditions

B-branched arrangement

Aspartimide formation

Elimination of the EtO- moiety
Decreased coupling rate due to the steric hindrance

Non-commercial availability

Decreased acylation rate due to the NMe group
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o]
H
"N .
. . Decreased coupling rate due to steric hindrance
“'OtBu

Acylation of the unprotected hydroxyl group

(o}
H
"/N v Formation of the ester bond over a secondary and extremely hindered
) o hydroxyl group
HO N

DKP formation within the chain
Decreased coupling rate due to steric hindrance

Non-commercial availability

H o Dehydration to nitrile of the unprotected side-chain amide
‘./Nn, ‘ . .
4 R Intramolecular lactamization
w Decreased coupling rate due to steric hindrance
H,N” YO Non-commercial availability

"
I
O

o t | Decreased coupling rate due to steric hindrance

TrtHN 7<

e,

Non-commercial availability

o)
ov

OH O Acylation of the unprotected hydroxyl group

M Decreased coupling rate due to steric hindrance

Non-commercial availability

Table 1: All side reactions associated with Pipecolidepsin A residues.

Racemization and the formation of the DKP after N*-deprotection of the second aa

coupled onto the resin must be also considered as potential side reactions.

Racemization

Although this side reaction can take place in all coupling conditions, it is expected to
be more significant during the esterification step. The ester bond will be formed via reaction
of the hydroxyl group with the activated carboxylic acid.' The epimerization can occur via both

direct enolization and 5(4H)-oxazolone formation (Scheme 1).

Formation of the ester via displacement of halides or activated alcohol moieties by the
carboxylic/carboxylate group has been discarded because the secondary alcohol would rather undergo an
elimination side reaction.
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Scheme 1: Racemization mechanisms during activation step.

Remarkably, the ester bond links the two residues placed at the branching position of
proposed Pipecolidepsin A. This feature, together with the large steric hindrance exerted by
the secondary alcohol of the AHDMHA moiety, are the strongest synthetic delicacies of this
ester bond. This highly impeded environment will favor racemization, so ester bond formation
should be carefully monitored. Finallly, the ester bond’s stability in acid and basic conditions

will also need to be studied.

DKP formation

Diketopiperazines are cyclic by-products typically occurring during SPPS of peptide-
acids.” Once the a-amino group of the (n-1)-aa is unprotected, it can attack intramolecularly
the carbonyl group of the peptide-resin linkage,”” therefore furnishing these cyclic dipeptides

(Scheme 2).
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Scheme 2: Mechanism of DKP formation

The extent of this secondary reaction depends on several factors. The presence of
residues, in either the first (n) or the second (n-1) position, that can easily adopt a cis-

configuration of the amide bond, such as Gly, Pro or N-alkyl amino acids, specially favors DKP
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formation. Furthermore, a combination of one L-aa and one D-aa, also promotes this side
reaction because of stereochemical factors (Figure X). The opposite chirality of the two C*
enables a favorable transition state leading to the formation of the DKP. Finally, the nature of
the solid support is the most important factor. Good leaving groups or small steric hindrance at
the peptide-resin linkages significantly boost this secondary reaction. Weak acids and bases

catalyze the DKP formation reaction.

Figure 18: Favored combination L-aa and D-aa at the C-terminus

Minimization of this side reaction is achieved by careful selection of the solid support
and by adoption of specific protocols according to the protection strategy. In Boc chemistry,
reverse addition, this means adding the carbodiimide before the aa, or in situ neutralization of
the dipeptide-resin when coupling the third aa, strongly decreases the DKP formation rates. In
Fmoc chemistry, elimination of the Fmoc group using fast piperidine treatments or TBAF
deprotection conditions, efficiently minimize the extent of this side reaction. Although
synthetically more demanding, incorporation of the second and third amino acids as protected
dipeptides is an alternative protocol useful for both protection strategies when facing the

assembly of the most severe sequences.

Proposed Pipecolidepsin A has a unique structural arrangement, a “head-to-side-
chain” macrocyclic region through an ester bond terminated with a polyketide moiety. The
presence of both, a cyclic and a linear domain in the depsipeptide, represents an extra degree
of complexity that must be considered when choosing the starting and the cyclization points. A
peptide chain growing in two directions, with its protection requirements and all the additional
steric hindrance, are some of the synthetic challenges of a P-branched arrangement.
Furthermore, the peptide being elongated through the ester bond entails a DKP formation side
reaction within the chain, specially favored by the presence of the pipecolic moiety at the n

position (with regard to the ester bond) (Scheme 3).
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Scheme X: Mechanism of formation of DKP within the chain for Pipecolidepsin A.

Thus, not only DKP formation at the C-terminus but also within the chain after ester
bond formation will be considered as potential side reactions when attempting Pipecolidepsin

A synthesis.

PyrodiMeglutamic formation

Completely unprotected GIn tends to cyclize both in acid and basic conditions as well
as in the presence of metal ions. The two extra methyl substituents of the diMe-GIn moiety
dramatically increase this tendency, turning the pyrodiMeglutamic derivative into the main by-
product of proposed Pipecolidepsin A synthesis (Scheme 4). Sterical reasons could account for
this promotion. This side reaction takes place when the o-amino group of diMe-GIn is
unprotected, this means, during Fmoc elimination and Fmoc-DADHOHA(acetonide, Trt)-OH

coupling. Careful optimization of these two processes will be required.
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S
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Scheme 4: Mechanism of pyrodiMeglutamic formation

Dehydration of side-chain amides in GIn-related moieties

Unprotected side-chain amide of GIn typically undergoes dehydration to nitrile when
the a-COOH is in its activated form (Scheme 5). DiMe-GIn will also furnish the corresponding
nitrile derivative. The presence of base during the activation step favors this side-reaction. Fine
tuning of the coupling conditions will be carried out to minimize it. Whether or not this side

reaction is promoted by the presence of two extra methyl groups will be investigated.

35



Chapter 1

(D O ORI

o 15 GNP o
O o\n/Nln X O o\n/N’I, Q:) O o\n/N’h OH
(o] R R o R N o R R
H |
GN o R H CN
|~ 8
H
gt
R=CH; H

X= elec'tron-withdrawing activating group

Scheme 5: Unprotected side-chain amides dehydration mechanism

Aspartimide formation

Aspartimide formation occurs during peptide chain elongation under basic or acidic
catalysis (Scheme 6). Troublesome sequences are Asp-Gly, Asp-Ala, Asp-Ser and, particularly,
Asp(‘Bu)-Asn(Trt). Sterically hindered protecting groups for the ®-COOH and a small
percentage of HOBt in the piperidine solution used for the Fmoc elimination, minimize this
secondary reaction. In proposed Pipecolidepsin A, the D-Asp is coupled to an N-alkylated

residue (pipecolic), what completely discards the occurrence of this side-reaction.
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Scheme 6: Mechanism of aspartimide formation

1.3.2.2. Polymeric support and protection scheme

SPPS typically uses two protection strategies: Boc/Bzl and Fmoc/‘Bu. The first strategy
requires harsh acidic conditions for a-amino deprotection and for cleavage of the linkage
peptide-resin, while the second strategy enables peptide synthesis in milder conditions. Due to

the unknown stability of the ester bond and of the non-natural residues present in proposed
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Pipecolidepsin A, the strategy suggested was based on the safer Fmoc chemistry. Thus, the
temporary protecting group will be base-labile (Fmoc) and all side-chain protecting groups
acid-labile ('Bu for acids and hydroxyls, Trt for amides, Boc for amines and acetonide for 1,2-
diols). The permanent protecting group at the C-terminus will be chosen among all the
polymeric supports that enable the synthesis of peptide-acids. 2-Chlorotrityl resin (2-CTC)****
was finally chosen because it minimizes DKP formation and furnishes completely protected
peptides after cleavage, enabling the performance of the key cyclization step not only on solid-
phase but also in solution. This resin is quantitatively cleaved under extremely mild acid

conditions (1% TFA in DCM, a mixture of AcOH and trifluoroethanol in DCM or

hexafluoroisopropanol in DCM) providing a partially orthogonal protection scheme.

The “head-to-side-chain” nature of proposed Pipecolidepsin A forces the
implementation of another level of orthogonality in the general protection strategy. Thus, the
amino and the acid functions involved in the cyclization step will be protected with Allyl-based
moieties, this means Allyl ester and Alloc group. These protecting groups are only removed in

neutral reductive conditions which do not affect the rest of protecting groups.

1.3.2.3. Starting and cyclization points

The efficiency of a peptide synthesis is directly affected by the choice of the starting
and cyclization points. Usually, these two points concur in the same residue and their selection
must be carefully undertaken, especially when the synthesis of a f-branched peptide is faced.
All possible cyclization points in proposed Pipecolidepsin A involve B-branched or N-alkylated
residues with one exception: D-Lys(Boc)-Leu. Nevertheless, choosing the D-Lys(Boc) residue as
the starting point would entail the formation of the sensitive ester bond at a really early stage,
the elongation of the peptide chain in two directions and the occurrence of DKP within the
chain. Therefore, other possibilities were examined and the D-Asp in the cycle was finally
chosen considering the following advantages: (i) possibility of carrying out the
macrolactamization step both on solid phase and in solution; (ii) ester bond construction at a
later stage of the peptide synthesis; (iii) minimization of the DKP formation involving both N-
alkyl amino acids and embedded ester bonds; (iv) avoidance/minimization of peptide

elongation in two directions (Figure 19).
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Figure 19: Starting and cyclization points selected for proposed Pipecolidepsin A
synthesis. B-branched and N-alkylated aa within the cycle are highlighted in purple and
blue respectively.

1.3.2.4. Coupling conditions and peptide chain elongation

HATU-HOAt-DIEA” was adopted as the coupling system for the amide formation
during proposed Pipecolidepsin A synthesis. This cyclodepsipeptide has a significant
abundance of highly hindered amino acids, specially B-branched and N-alkyl residues, and
comprises up to 6 synthetic moieties. These two features account for the selection of a highly
efficient coupling method that will maximize coupling rates using minimum amounts of amino
acids and with minimized side reactions. The uronium salt HATU, largely fulfils these synthetic
demands with one main drawback, a guanidylation secondary reaction that can be minimized
using reaction times below 1.5 h and a small shortage of the coupling reagent. Ester bond

formation demands an exhaustive analysis of conditions that will be detailed in section 1.5.3.2.

With all these considerations in mind, the following schematic retrosynthetic analysis
is proposed. Thus, the peptide chain will be elongated in the C->N terminal direction starting
from side-chain anchoring of Fmoc-D-Asp(OH)-OAllyl or from direct incorporation of Fmoc-D-
Asp(‘Bu)-OH. The ester bond construction, as the bottleneck of the syntheses, will be
evaluated at different peptide assembly stages: after incorporation of Fmoc-D-allo-AHDMHA-

OH, Fmoc-diMe-GIn-OH and Fmoc-DADHOHA(acetonide, Trt)-OH (Figure 20).
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Figure 20: Retrosynthetic analysis of proposed Pipecolidepsin A considering solid-phase cyclization
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1.4. Synthesis of proposed Pipecolidepsin A’s building blocks

Proposed Pipecolidepsin A contains 5 non-commercially available amino acids: L-threo-
[-EtO-Asn, D-allo-AHDMHA, L-diMe-GIn, DADHOHA and HTMHA. The synthesis of their suitable
protected derivatives is the first step of the tour du force that will finally lead to synthetic

Pipecolidepsin A.

1.4.1. Synthesis of Fmoc-L-threo-§-EtO-Asn(Trt)-OH

HN

| \\\0\/
Proposed Pipecolidepsin A o]
0”7 "NH,

L-threo-B-EtO-Asn

Figure 21: Preliminary structure proposed for Pipecolidepsin A. The L-threo-f3-EtO-Asn residue is highlighted.

L-Threo-B-hydroxyasparagine is a non-proteinogenic amino acid present, at least, in
two marine cyclodepsipeptides, named Ramoplanin A2”® and Lysobactin [Katanosin B%],
displaying interesting bioactivities. Thus, due to its pharmaceutical interest, three
enantioselective synthetic approaches have been developed. Boger et al. suggested a strategy
based on the efficient Sharpless asymmetric aminohydroxylation (AA) of a commercial
available cinnamate ester to fix the required L-threo configuration.”’ Lectka and co-workers
published an approach where the key step was the opening of a -lactam obtained by an
asymmetric [2+2] cycloaddtion between a ketene and an imine, using a cinchona alkaloid as

the catalyst.® Finally, VanNieuwenhze developed a third strategy based on the Cardillo’s

stereoselective conversion of L-aspartic acid into L-threo-B-hydroxyaspartic acid.*

L-Threo-B-ethoxyasparagine (Figure 21) is a related amino acid found in our target
molecule proposed Pipecolidepsin A. An alternative route also starting from D-diethyltartrate

was designed, validated and published (Scheme 7).*®
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Scheme 7: Synthesis of Fmoc-L-threo-B-EtO-Asn(Trt)-OH (9). a) HBr (30 % in AcOH), 0 — 25 °C, 12 h; CH;COCI, EtOH,
reflux, 8 h, 90%; b) NaN3, 15-Crown-5, dry DMF, 36 h, 90%; c) Ag,O/Etl, dry Et,0, reflux, 15 h, 89%; d) H,, Pd/C,
EtOAc, 25 °C, 15 h, 87%; e€) 5 M aqueous HClI, reflux, 5 h; propylene oxide, 25 °C, 84%; f) hexafluoroacetone, dry
DMF, 25 °C, 22 h, 83%; g) oxalyl chloride, dry DMF, 25 °C, 30 min; tritylamine, dry toluene, 0 °C, 1 h, 59%; h) MeOH/
4 M HCl in dry dioxane, 0 °C, 15 h, 95%; i) KOH, dioxane-H,0 (2:1), 25 °C, 1 h; j) Fmoc-OSu, dioxane-H,0 (2:1), pH =
9, 25 °C, 1 h, 70% (two steps).

(2S,35)-2-azido-3-hydroxysuccinate intermediate 2 was obtained as a diastereomeric

101,102

mixture with up to 20% of (2R,35)-2-azido-3-hydroxysuccinate. Although this sub-product
was completely eliminated during purification of intermediate 7, the presence of the (2R,3S)-
diastereomer was taken into account when choosing the reagents to form the ethyl ester.
Thus, all the methods based on basic OH-deprotonation and subsequent reaction with Etl were
totally discarded due to the risk of epimerization at C3.'® An epimerization at this carbon
would produce not only an amount of (2S,3R)-diastereomer, but also a percentage of (2R,3R)-

enantiomer. Finally, a mild, non-basic procedure using Ag,0/Etl was successfully employed.*

After azide to amine reduction, and acid hydrolysis of the ester groups, the
differentiation between the two carboxylic acids was accomplished by means of the bidentate
protecting/activating reagent hexafluoroacetone (HFA). As previously published by our group,
HFA selectively undergoes cyclocondensation with the a-amino carboxylic acid unit to give 2,2-
bis(trifluoromethyl)-1,3-oxazolidin-4-ones.'® The reaction proceeded with completely

chemoselectivity and excellent yields for intermediate 5.

For the conversion of the unreacted carboxylic acid of intermediate 6 into a suitable
protected amide group, the use of the 2,4,6-trimethoxybenzyl-protected amide was reasoned
to be easier than the trityl-amide due to its less steric hindrance and superior nucleophilicity.

Its lability to acid conditions and its orthogonality to the Fmoc-group turned this protection
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group into a valid option.'® Reaction of intermediate 6 with EDC and 2,4,6-
trimethoxybenzylamine (Scheme 8) worked successfully, while the same conditions with
tritylamine failed completely. The direct use in SPPS of 2,2-bis(trifluoromethyl)-1,3-oxazolidin-
4-ones, like intermediate 10, is Iimited,107 thus, exchange of HFA-protection group for N-Fmoc
protection was attempted. However, mild hydrolysis of 10 afforded compound 11 via a major
intramolecular cyclization side reaction between the activated acid and the amide group. After

evaluation of the resulting reaction crude, the strategy was ruled out.

MeQ, MeO
(o]
0O 0 0 0 OMe OMe
OQ—OH a o NH b HN N
3 - MeO - MeO
F3C N\ o) F3C N‘ o) o (o]}
F5C F5C 10 _\ /_ 1 + other products

Scheme 8: Synthetic scheme of the Tmob-protected amide formation. a) EDC*HCI, 2,4,6-trimethoxybenzylamine, 25
°C; b) H,0, 25 °C.

Finally, generation of the trityl-protected amide was successfully achieved with
diastereomeric purity by means of strong activation of the carboxylic acid moiety as an acid

chloride using oxalyl chloride.

The final hydrolysis of the oxazolidine 7 proceeded very slowly. To overcome this
problem, the methyl ester hydrochloride 8 intermediate was synthesized by stirring in a

mixture of MeOH-4 M HCl in dioxane.

Fmoc-L-threo-B-EtO-Asn(Trt)-OH diastereomerically pure was obtained following a

10-step synthesis with an overall yield of 17%.
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1.4.2. Synthesis of Fmoc-D-allo-AHDMHA-OH

AHDMHA
(o}
H
N
N
H

e

Proposed Pipecolidepsin A

Figure 22: Preliminary structure proposed for Pipecolidepsin A. The D-allo-AHDMHA residue is highlighted.

The unprecedented residue AHDMHA (Figure 22), as the junction between the C-
terminus and the peptide side-chain via the B-hydroxy group, is a key amino acid in
pipecolidepsins and homophymines. Its absolute configuration was assumed to be in proposed
Pipecolidepsin A as the one described for Homophymine A (2R,3R,4R), a hypotheses also
supported by the preponderant D-allo isomerism of the residues, commonly Thr and 3-HO-Leu,
found at the branching point of other natural “head-to-side-chain” cyclodepsipeptides from
the same family. Several synthetic approaches to B-hydroxy-o-amino acids are already
reported'®'9M%MM due to their importance and presence in nature, while only few examples

of the more complex y-branched B-hydroxy-o-amino acids are described so far."*?

Thus, an
efficient stereoselective synthesis that allowed the access to the four possible diastereomers
appropriately protected at the amino group (configuration at C2 remained fixed) has been

developed by our group (Scheme 9).
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Scheme 9: Synthesis of Fmoc-D-allo-AHDMHA-OH. a) i. 2-bromo-3-methyl-2-butene, tBuLi, Et,0, -78 °C, 3.3 h; ii.
Garner’s aldehyde, Et,0, - 78 = 25 °C, 1.2 h, 34%; b) H, (4 atm), Pd(C), MeOH, - 78 °C, 2 d, 78%; c) 2,6-di-tert-butyl
pyridine, Tf,0, DCM, 0 °C, 10 min, 90%; d) Jones reagent, acetone, 0 °C, 15 h, 67%; e) conc. HCI, reflux, 72 h, 100%;
f) Fmoc-0Su, 0.5% Na,CO;-dioxane (1:1), 25 °C, 15 h, 91%.

1.4.3. Synthesis of Fmoc-diMe-GIn-OH

L-diMe-GIn

Iz

Proposed Pipecolidepsin A

Figure 23: Preliminary structure proposed for Pipecolidepsin A. The L-diMe-GIn residue is highlighted.

L-DiMe-GIn (Figure 23) is the only aa common to all the “head-to-side-chain”
cyclodepsipeptides produced by marine sponges that have been isolated so far. Furthermore,

it always acylates the residue placed at the branching position.

Considering its structural interest, several syntheses have been developed.™>****>11°
PharmaMar synthesized this building block following procedures described in the literature.

Additionally, a-amino protection was carried out under standard procedures known in the

literature (Scheme 10).
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Imidazol DMAP

¢O\/0H CITBS I)\/OTBS Boc,0
07N O™ N
N DMF N ACN

S 2, &
v LiHMDS \ cro
i__)\/oms : I)\/OTBS .
o [i] THF © r;l
Boc Boc
2 S ~ S
%, S . % S NH,
4(—)\ t LiHMDS ’(‘)\ t Me,AICI 1 NoC NHFmoc
o] COO0'Bu ~ O COO'Bu 2
’;‘ Fmoc-Cl 'i‘ Yb(OTf); Y\'/
H Fmoc

i)'-Fng'e%sr — i)(CHy),CuLi
¢O\/OTBS THE I)\/OTBS Et,0
0™y Y
) ii)Pyr, H,0, | ii) Mel
Boc DCM Boc
O'Bu
O 'il COOH DCM O 'il COO‘Bu THF
Boc Boc

TFA HZNOCY\/NHFmoc
- .
DCM CooH

COO'Bu

Scheme 10: Synthesis of Fmoc-diMe-GIn-OH. Synthetic scheme followed by PharmaMar.

1.4.4. Synthesis of Fmoc-DADHOHA(acetonide, Trt)-OH

OH O

.,

OH

H,N o DADHOHA

Proposed Pipecolidepsin A

Figure 24: Preliminary structure proposed for Pipecolidepsin A. The DADHOHA residue is highlighted.

No stereochemistry is specified for C2 and C3.

As it has been explained before (see section 1.2.), the DADHOHA (Figure 24) moiety

was affected by stereochemical uncertainty. NMR data from the natural Pipecolidepsin A

established S as the absolute configuration for C4 and strongly suggested that C2 and C3 have

the same configuration. Nevertheless, no spectroscopic data provided evidence of the relative

configuration between the adjacent hydroxyl and amino groups at C3 and C4 (Figure 25).

Marfey’s analysis confirmed S absolute configuration for C4 but did not shed light on C2 and C3

stereochemistry, as this fragment of the molecule was lost during the acidic hydrolysis of
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natural Pipecolidepsin A. Thus, a non diastereoselective synthesis of 4,7-diamino-2,3-

dihydroxy-7-oxoheptanoic acid (DADHOHA) was suggested.

o] OH O o] OH O
3 :3
H,N 7 Y, TOH H,N 7 ~ “OH
NH, OH NH, OH
(2R,3R,4S) (2S,35,4S9)

Figure 25: Chemical structures of the two possible diastereomers of DADHOHA

The (2R,3R,45)-4,7-diamino-2,3-dihydroxy heptanoic acid (AGDHE) is a closely-related

moiety present in Callipeltin A, linear Callipeltin D and Neamphamide A and B (Figure 26).

Callipeltin A

- N\
H
Neamphamide A oé\:/N O Neamphamide B
o F ©
Y HN" N0

NH, OH

OH

Figure 26: Chemical structures of Callipeltin A and D and Neamphamide A and B. The AGDHE moiety is encircled.

Several syntheses of AGDHE and of its amino derivative, in which a ®w-amino group
replaces the ®-guanidinium, have been published in the literature so far. Two different
synthetic routes starting from a carbohydrate, D-glucose™” or D-ribose,'*® have been
developed. Both are stereoselective syntheses that use the sugar molecule as a chiral template
and provide the w-amino derivative after more than 13 synthetic steps and with quite low

yields. Moreover, a stereoselective synthesis of the guanide derivative using L-ascorbic acid as
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a starting material was also described.'” Finally, one non-stereoselective and one
stereoselective syntheses from a protected L-ornithine derivative were published by Lipton'*®

and Kim'® respectively.

Keeping Lipton’s synthesis in mind and starting from the commercially available Z-L-
GIn(Trt)-OH, a synthetic route to obtain DADHOHA was proposed (Scheme 11). The two

hydroxyl substituents having the same configuration made a cis-dihydroxilation mandatory.

NHZ H NHZ NHZ
N <
Trt” M —> Trt” \"/\/\n/ ~o —>Trt’ M
o o |
Z-GIn(Trt)-OH 1 12

NHZ NHZ
S O et G m

MeOOC MeOOC MeOOC
14 + diastereomer 14b
fl
NHZ NH, NHFmoc
/ g 7 - (o]
<= YVI <t Y
HoOC HoOC Hooc” O
. 18
: i
v
TrtHN
o
HN s
o
o
19

Scheme 11. Synthesis of Fmoc-DADHOHA(acetonide, Trt)-OH. a) i. EDC, HOBt, dry DMF, 25 °C, 30 min; ii. N,O-
dimethylhydroxylamine, DIEA, dry DMF, 25 °C, 3 h; 96%; b) LiAlH,, dry THF, 0 °C, 30 min, 97%; c)
(CF3CH,0),P(0)CH,COOMe, KHMDS, 18-crown-6, dry THF, -78 °C, 3 h, 67%; d) cat. 0sO,, NMO, THF-H,0 (9:1), 25 °C,
10 days, 75% (14) and 77% (diastereomer); e) (CH3),C(OCHs),, cat. PPTS, dry toluene, 25 — 60 °C, 36 h, 77% (15) and
96% (diastereomer); f) LiOH, THF-H,0 (7:3), 0 °C, 2 h, 98% (16) and 96% (diastereomer); g) H, (1 atm), Pd-C (10%),
dry MeOH, 25 °C, 5 h, 94% (17) and 93% (diastereomer); h) Fmoc-Cl, NaN;, dioxane-H,0 (1:1), pH 9, 0 °C, 5 d, 46%
(18) and 45% (diastereomer); i) EDC, HOBt, DMF, 25 °C, 6 h, 61% (19) and 52% (diastereomer).

Z-L-GIn(Trt)-OH was converted into the Weinreb-amide using EDC (DCC also provided
optimum vyields but required an extra purification step) and HOBt and then reduced to the
corresponding aldehyde with AlLiH,. At this point, a Z-stereospecific Horner-Wadsworth-
Emmons olefination, using a Still-Gennari phosphonate in the presence of KHDMS, allowed the
transformation of the initial a-amino acid into a y-amino acid. The reaction was kept at — 78 °C

for up to 5 h, but no significant difference in yield was detected when increasing the reaction
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time. The reaction did not reach 100% conversion in any case, and no traces of E-alkene were
detected in the crude. As purification of the aldehyde did not lead to higher yields, it was
finally used without further purification.

Cis-Disubstituted olefins are poor substrates for asymmetric dihydroxylation (AD)"*!

being cis-allylic and homoallylic alcohols the exception. Some improvements have been done
with cyclic cis-disubstituted olefins but the enantiomeric excess described for acyclic and non-

h.*?>'23 Thus, alkene 13 was subjected to

conjugated olefins are not satisfactory enoug
dihydroxylation with catalytic OsO, and stoichiometric amount of NMO as the oxidant to
provide, after purification, the two diastereomeric diols with 75% and 77% yield. The reaction
rate is highly dependent on the amount of OsO, catalyst and the scale of work. The addition of

stochiometric methanesulfonamide did not represent a reduction of the reaction time.

The diols were protected as pentacyclic acetals in the presence of acetone dimethyl
acetal and catalytic PPTS, and then subjected to basic hydrolysis of the methyl ester and
hydrogenolysis of the Z group. The last Fmoc-protection step proceeded with moderate yields
due to a spontaneous intramolecular lactamization side reaction that happened to occur in all

the conditions attempted (Fmoc-Cl, Fmoc-N;, Fmoc-OSu).

To accomplish the total stereochemical determination of the building block, it was
required to synthesize a more rigid structure that would enable its assignation based on NOE’s
cross-peaks analysis. Hence, the bicyclic structure 19 was synthesized reacting intermediate 17
with EDC and HOBt (Scheme 12). NOE’s cross-peaks interpretation leaded to univocal

assignment of the absolute configuration for C2 and C3 (Figure 27).

o)
TrtHN TrtHN
NH NH
N 0 H :
(o] i o s \O i (o]
Trt” Trt » o
_ e
\C')I/\/I >< " >< \Ic‘)/\/j'” >< " . ><
Hooc” O o Hooc” 'O o
17 o 17b o
19 19b

Scheme 12: Formation of the bicycles via intramolecular lactamization of the two diastereomeric forms of the unprotected y-
amino acid obtained. i) EDC, HOBt, DMF, 25 °C, 6 h, 61% (11) and 52% (11b).
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Figure 27: NOESY experiments of a) bicycle obtained after lactamization of the first TLC spot; b) bicycle obtained after
lactamization of the second TLC spot.
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In conclusion, this strategy is a 8-step synthesis that provides the (2R,3R,4S)-4,7-
diamino-2,3-dihydroxy-7-oxoheptanoic acid with 15% overall yield and its diastereomer

(2S,3S5,45)-4,7-diamino-2,3-dihydroxy-7-oxoheptanoic acid with 19% overall yield.

An analogous synthetic route with a different protection scheme was also developed
(Scheme 13). In this strategy, the Fmoc-L-GIn(Trt)-OH was used as the starting material. The
main disadvantages of this alternative are caused by the lability of the Fmoc group to basic
conditions. Thus, careful handling of the LiAlH, reagent during the reduction of the Weinreb
amide to aldehyde was required. Decrease of hydride equivalents and reaction times, addition
of LiAlH, on the amide solution and two different quenching reagents (5% aqueous KHSO, and
saturated NH,CI solution) did not improve the yield of the synthetic step. Finally, replacement
of solid LiAIH, by a 1 M solution in dry THF, which addition was easier to control, enabled the
loss of only a residual amount of protecting group. Furthermore, partial deprotection of the
amino group was impossible to avoid during the basic hydrolysis of the methyl ester
intermediate 24. The use of milder basic reagents (such as LIOOH) and limited equivalents of
base at low temperatures were tested, but the results were completely unsatisfactory and the
amino function required Fmoc re-protection. On the contrary, this is a shorter route (6 steps)
with better overall yields for both diastereomers [24% for (2R,3R,4S) and 30% for (25,3S,4S)],
and simplified purification steps (especially the alkene intermediate) due to the superior

bulkyness and hydrophobicity of the Fmoc with respect to the Z group.

NHFmoc NHFmoc NHFmoc
a b
Trt” \“/\/\n/ — Tt \“/\/\( — it \n/\/\“/
Fmoc -GIn(Trt)- 0H 20 N ~o

lc

NHFmoc NHFmoc NHFmoc
MeOOC MeOOC MeOOC

23 + diastereomer 23b

f,g l
NHFmoc

HOOC

18
Scheme 13. Synthesis of Fmoc-DADHOHA(acetonide, Trt)-OH. a) EDC, HOBt, dry DMF, 25 °C, 30 min; N,O-
dimethylhydroxylamine, DIEA, dry DMF, 25 °C, 3 h, 98%; b) LiAlH, (1 M in dry THF), dry THF, 0 °C, 30 min, 96%; c)
(CF3CH,0),P(0)CH,CO0OMe, KHMDS, 18-crown-6, dry THF, -78 °C, 3.5 h, 72%,; d) cat. 0sO,, NMO, THF-H,0 (9:1), 25
°C, 7 days, 76% (23) and 70% (diastereomer 23b); e) (CH;),C(OCHs),, cat. PPTS, dry toluene, 60 °C, 24 h, 77% (24)
and quantitative (diastereomer); f) LiOH, THF-H,0 (7:3), 0 °C, 2 h; g) Fmoc-OSu, THF-H,0 (7:3), pH = 8, 25 °C, 12 h,
57% (18) and 60% (diastereomer).
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1.4.5. Synthesis of HTMHA

HTMHA
OH O

Proposed Pipecolidepsin A

Figure 28: Preliminary structure for proposed Pipecolidepsin A. The HTMHA residue is highlighted.

Stereochemical uncertainty also affected the N-terminal moiety of Callipeltin A and
linear Callipeltin D. Thus, up to three different synthetic strategies to obtain the (2R,3R,4S)-3-
hydroxy-2,4,6-trimethylheptanoic acid can be found in the literature. Joullié et al. obtained the
desired molecule starting from L-valine in nine steps, being the Heathcook variant of the Evans

124 p’Auria and colleagues, also taking advantage of the

aldol reactions the key transformation.
Evans’ asymmetric aldol chemistry, developed an efficient and highly stereoselective 10-step
route from commercially available methyl (25)-2-methyl-3-hydroxypropionate.'® Finally, Yadav
and co-workers suggested the desymmetrization of a bicyclic precursor to obtain the same

target molecule.'”

However, exhaustive 'H and *C NMR and optical rotation data comparison of the
natural fragment from Callipeltin A with the four synthetic diastereomers (2R,3R,4R),
(2S,3R,4R), (2S,3R,4S) and (2R,3R,4S), unambiguously confirmed the stereochemistry
(2R,3R,4R) for the common acylating moiety of Callipeltin A and D, Neamphamide A,
Homophymine B and B1 and Pipecolidepsin A and B.

Two  different  stereoselective  syntheses of  (2R,3R,4R)-3-hydroxy-2,4,6-
trimethylheptanoic acid (Figure 28) with a Brown’s crotylboration as the key step have been

127,128

published so far. Thus, D’Auria asymmetrically formed the C3-C4 bond in one step
employing this efficient chemistry, while Lipton stereoselectively assembled the C2-C3 bond
using the same approach. We decided to reproduce Lipton’s strategy, the shorter one, in order

to obtain the required building block (Scheme 14).
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Scheme 14: Lipton’s synthesis of (2R,3R,4R)-3-hydroxy-2,4,6-trimethylheptanoic acid. a) LDA, LiCl, dry THF, -78 °C; 1-
iodo-2-methylpropane, -78 °C, 98%; b) LiAIH(OEt);, dry hexanes-THF, 0 °C; TFA, 1 M HCI, 86%; c) LAB, dry THF; d)
TPAP, NMO, 4 A MS, dry DCM, 77% (two steps); e) t-BuOK, trans-2-butene, n-BuLi, -78 to -57 °C; (-)-B-
methoxydiisopinocampheylborane; BF;-Et,0, C, -78 °C, 75%; f) benzyl 2,2,2-trichloroacetimidate, cat. TfOH, dry
cyclohexane-DCM, 96%; g) TBSCI, imidazole, dry DCM, 98%; h) cat. OsO,, NalO,, NMO, dioxane-H,0; NaClO,,
H,NSO;H, 95%; i) cat. NalO,/RuCl-H,0, CCl,-ACN-H,0, 98%.

The main problem when reproducing the Lipton’s synthesis is the extremely high
volatility of the intermediates, especially the alcohol B, the aldehyde C and the alkene D. Thus,
chromatographic purification was reduced at the minimum and the protection of the alcohol
group of intermediate D was considered dispensable and therefore suppressed. Some other
variations were also introduced: the LDA required to perform Myers alkylation of commercially
available (S,5)-pseudoephedrine propionamide was generated in situ by means of DIPA
reaction with n-Buli; the shorter route via reduction of the tertiary amide to aldehyde was
discarded; instead, oxidation of the alcohol B to the corresponding aldehyde was performed
using the efficient Dess-Martin reagent; and the key Brown’s crotylboration could only be

reproduced when using new and checked chiral auxiliary (-)-B-

methoxydiisopinocampheylborane.

Finally, the desired unprotected (2R,3R,4R)- 3-hydroxy-2,4,6-trimethylheptanoic acid
(HTMHA) was obtained following the modified Scheme 15, even though its final purity and the
overall yield were not extremely high. Exhaustive HPLC-PDA purification of the final

cyclodepsipeptide would make up for the low purity of the building block.
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Scheme 15: Modified Lipton’s synthesis of (2R,3R,4R)-3-hydroxy-2,4,6-trimethylheptanoic acid. a) DIPA, n-Buli, LiCl,
dry THF, -78 °C, 1 h; 1-iodo-2-methylpropane, -78 °C, 3.5 h; b) DIPA, n-Buli, H;B-NH3;, dry THF, -78 — 25 °C, 2 h; c)
Dess-Martin, dry DCM, 25 °C, 30 min; d) t-BuOK, trans-2-butene, n-Buli, -78 — -57 °C; (-)-B-
methoxydiisopinocampheylborane; BF;-Et,0, 21, -78 °C; e) cat. 0sO,, NalO,, NMO, dioxane-H,0, 25 °C, 3 h; NaClO,,
H,NSO3H, 0 — 25 °C, 2 h.

With all the building blocks in hand, the solid phase synthesis of Pipecolidepsin A was

attempted.

1.5. Solid-phase synthesis of proposed Pipecolidepsin A

1.5.1. First approach: synthetic studies of Analog Al

A simplified analog of proposed Pipecolidepsin A (Analog 1A, Figure 29) was designed
in order to set up a validated synthetic strategy for the natural cyclodepsipeptide. With that
purpose, AHDMHA and D-allo-Thr(‘Bu) residues were replaced by the commercially available
and less expensive D-allo-Thr and D-Thr('Bu), respectively." With the protection scheme, the
polymeric support and the starting and cyclization points already chosen, the synthesis of the
analog A1l was carried out paying special attention to all the possible side-reactions previously

mentioned (see Section 1.3.2.).

" The smaller bulkiness of the D-allo-Thr in front of the D-allo-AHDMHA residue was taken into account
for the design of the final strategy of proposed Pipecolidepsin A.
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Figure 29: Preliminary structure proposed for Pipecolidepsin A and chemical structure
of Analog 1A. Differences in peptidic sequences are shown in red. The key AHDMHA

residue appears in blue.
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1.5.1.1. First strategy: diMe-GIn + ester. Cyclization before peptide elongation
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Scheme 16: Analog 1A first synthetic strategy: diMe-GIn incorporation + ester bond formation; cyclization before complete
assembly of the linear peptide. Coupling conditions are shown in different colors.

In this first strategy (Scheme 16), the linear peptide was assembled till the diMe-GIn
moiety, keeping in place the last Fmoc group. Then, the ester bond was formed and, after
Fmoc removal, the DADHOHA residue was incorporated. At this point, the Allyl and Alloc
groups were eliminated and the cyclization step was attempted on solid-phase. Finally, the
linear arm was elongated and the fully accomplished peptide cleaved from the resin. In a last

step, all the side-chain protecting groups were simultaneously removed in solution.

The synthesis of Analog 1A was monitored by reversed-phase HPLC-PDA and HPLC-MS.

After all key reactions, a small aliquot of the resin was cleaved under acidic conditions and the
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crude analyzed in detail to study the occurrence and the extent of all the side reactions

previously considered.

L-threo-B-EtO-Asn(Trt): DKP formation and ethoxy- elimination

DKP formation was evaluated by Fmoc quantification when deprotecting the residues
D-Asp and NMe-Glu(‘Bu) and by HPLC analysis. As the first residue was incorporated into the
resin through the ®-COOH group, the corresponding DKP would remain linked to the 2-CTC

resin (Scheme 17) making possible its detection by HPLC.
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Scheme 17: Mechanism of DKP formation in proposed Pipecolidensin A.

HPLC-PDA and HPLC-MS analysis after incorporation of the Fmoc-NMe-Glu(‘Bu)-OH
moiety revealed the presence of one single product, the tripeptide Fmoc-NMe-Glu-3-EtO-Asn-
D-Asp-OAllyl, precluding either DKP formation or ethoxy- elimination. The loading values found
after Fmoc elimination of the D-Asp and the NMe-Glu(‘Bu) residues also confirmed the absence

of DKP formation.

Small amounts of L-threo-B-EtO-Asn(Trt) deletion were detected by HPLC analysis
when it was incorporated under the conditions aa-HATU-HOAt-DIEA (2.3:2.3:2.3:4.6) in DMF
for 1 h. Thus, to achieve quantitative conversions, at least, 2.5 equivalents of aa and highly
concentrated coupling solutions in DMF should be used. Finally, the bulkiness of its 3-branched
character demands an extra 10 min Fmoc-elimination treatment to accomplish quantitative
deprotection of the a-amino group. Therefore, from now on, the Fmoc group from all residues
of proposed Pipecolidepsin A will be removed using a longer procedure: piperidine-DMF (1:4),

2x1min,2x5minand1x 10 min.

diMe-GIn and DADHOHA: dehydration to nitrile and pyrodiMeglutamic formation

The coupling of diMe-GIn residue was performed using DIPCDI-HOBt in DMF. This
activation method enables working under mild and close to neutral conditions, which are
required to minimize dehydration of diMe-GIn that occurs when the a-COOH is activated (see

section 2.3.2.1.). However, these conditions may not guarantee quantitative incorporation of
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such a bulky moiety over a -branched residue [D-allo-Thr(OH) in this analog]. Thus, some
experimentation with the reaction times was carried out. A long treatment (aa-DIPCDI-HOBY,
2:2:2; DMF; 1.5 h) resulted in a high percentage of dehydration (up to 33%), while two
consecutive coupling treatments (aa-DIPCDI-HOBt, 3:3:3 and 2:2:2; DMF) of 1 h ensured
quantitative incorporation with minimized dehydration (down to 7%). The dehydration
percentage did not increase after multiple treatments. The replacement of the D-allo-Thr with
the more bulky AHDMHA residue in the target molecule hampers even more the Fmoc-diMe-

GIn-OH incorporation. Thus, adjustment of the equivalents will be required.

Another side-reaction associated with the diMe-GIn moiety is the formation of the
pyrodiMeglutamic derivative through an intramolecular lactamization (see section 2.3.2.1.).
This cyclization only occurs when the a-amino group is unprotected, this means, during Fmoc-
diMe-GIn deprotection and Fmoc-DADHOHA(acetonide, Trt)-OH coupling. In order to minimize
its formation, a 3-min Fmoc elimination treatment was implemented for the diMe-GIn residue,
and several coupling conditions for the DADHOHA were examined. This residue was first
assembled under the conditions aa-DIPCDI-HOBt (2:2:2, DMF, 1 h), because it remained
unknown whether basic conditions, such as HATU-HOAt-DIEA, would favor or not the
dehydration side-reaction of the diMe-GIn moiety. HPLC analysis after diol incorporation
revealed a substantial percentage of pyrodiMeglutamic by-product (Figure 30), suggesting that
the coupling of such a bulky DADHOHA residue in these mild conditions was occurring slowly,
and a change in strategy was required. This by-product terminates the growing peptide chain

thus decreasing the effective loading of the resin and the overall yield.

NHBoc
\\OtBu H/
;(jY ,,1 ],
AIIoc
I\/[(OtBu
(o] HN o

H
AIIyI\oJl\:/N WO
oﬁ/: O 0P NuTrt
r
9

Figure 30: Terminated peptidic chain by the pyrodiMeglutamic derivative

w»

In subsequent syntheses, the DADHOHA moiety is incorporated before the ester bond

is formed. The absence of the ester bond could potentially help to minimize the
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pyrodiMeglutamic by-product formation by causing less steric hindrance. This will be carefully

examined.

No acylation of the free hydroxyl function of the D-allo-Thr moiety was detected by
HPLC analysis after Fmoc-diMe-GIn-OH incorporation. As the AHDMHA is more hindered than
the D-allo-Thr, it is foreseen that its hydroxyl group will not undergo acylation in the synthesis

of the target molecule.

Pipecolic: ester bond formation

After incorporation of Fmoc-diMe-GIn-OH and before its Fmoc removal, the ester
bond was constructed under the common conditions aa-DIPCDI-DMAP (8:8:0.5) in DCM:DMF
(9:1). The reaction was quantitative after 2 h of treatment and no epimerization was detected
by HPLC analysis. At this point, the bigger bulkiness of the AHMDHA residue can have a
negative effect when the syntheses of the target molecule will be attempted. Much more

experimentation will be required.

Macrolactamization

In order to evaluate the effect of the steric hindrance of the exocyclic arm on the
cyclization reaction, this step was initially carried out before complete elongation of the linear
peptide. After 1 h-treatment with the efficient coupling system PyBOP-HOAt-DIEA (4:4:8) in
DMF, HPLC analysis revealed an extremely complex and dirty cyclization crude. No starting
material was detected by HPLC-MS. In view of the complicated chromatographic profile, the
synthesis was not completed. Thus, in later attempts the macrolactamization step will be faced

after having finished the linear peptide assembly (see section 2.5.1.2.).

General considerations

Side-chain anchoring of Fmoc-D-Asp(OH)-OAllyl (0.6 mmol aa/g resin, 6 mmol DIEA/g
resin, in DCM for 45 min) to the 2-CTC resin proceeded smoothly and with satisfactory loadings

(0.6 mmol/g).

The efficient coupling system HATU-HOAt-DIEA overcame the steric hindrance of
nearly all the Analog 1A building blocks providing quantitative couplings as judged by Kaiser
test and reversed-phase HPLC-PDA and HPLC-MS analysis. Only the residue Leu was re-coupled

when acylating to a NMe amino acid.
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1.5.1.2. Second strategy: DADHOHA + ester
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DADHOHA was incorporated using two coupling conditions
Scheme 18: Analog 1A second synthetic: DADHOHA incorporation + ester bond formation; cyclization after complete assembly of
the linear peptide. Coupling conditions are shown in different colors.

In this second strategy (Scheme 18), two main modifications were implemented with
respect to the previous one. First of all, the peptide chain was elongated until the DADHOHA
moiety and then the ester bond was formed. And secondly, the exocyclic arm was fully
assembled before carrying out the macrolactamization step. Moreover, the Fmoc-
DADHOHA(acetonide, Trt)-OH y-amino acid was incorporated using two coupling conditions
and the effect of this change in the pyrodiMeglutamic formation was evaluated. The
macrolactamization step was only attempted on solid-phase. Two different coupling systems

were evaluated.
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DADHOHA incorporation: pyrodiMeglutamic formation

Two coupling systems were selected to incorporate the Fmoc-DADHOHA(acetonide,
Trt)-OH into the growing peptide chain before the ester bond formation: a mild and close to
neutral system (DIPCDI-HOBt) and a strong and basic system (HATU-HOAt-DIEA). Changing to a
more efficient coupling method significantly decreases the pyrodiMeglutamic derivative
formation, without the increase of basicity affecting the sensitive diMe-GIn residue. Hence, a
stronger activation of the a-COOH from the DADHOHA moiety favors a quicker coupling onto
the diMe-GIn, reducing the lifetime of its free a-amino group and, therefore, minimizing the

intramolecular lactamization side reaction.

The use of the mild DIPCDI-HOBt conditions in a less hindered environment (in this
second strategy the ester bond is not formed when the DADHOHA residue is incorporated)
does not provide better crudes in terms of purity and yield evaluated by HPLC analysis. Thus,

DIPCDI-HOBt is completely discarded to incorporate DADHOHA residue.

Pipecolic: ester bond formation

The ester bond was constructed at a later stage of the peptide assembly. Therefore,
longer treatments were needed to overcome the additional steric hindrance and to obtain
similar conversions. After three consecutive treatments (2 h + o/n + 3 h) under the common
conditions aa-DIPCDI-DMAP (8:8:0.5) in DCM-DMF (9:1), the ester was quantitatively formed

without extra side products being detected in the crude.

When facing the synthesis of the target molecule, the ester will be formed over a
more hindered hydroxyl group (from the AHDMHA residue). In this extremely hampered
context, the length of the peptidic chain when forming the ester will be crucial. Thus, the
shorter the linear arm is, and the less hindered the environment of the pipecolic residue is, the

easier to form the challenging ester linkage is.

HTMHA: overacylation

The polyketide moiety HTMHA is a highly substituted aliphatic B-hydroxy carboxylic
acid and the terminating moiety of Pipecolidepsin A and analogs. Thus, the coupling of such a
bulky moiety in such a highly hindered environment forces a fine tuning of the coupling

method/system, equivalents and reaction times to achieve quantitative acylation rates.
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In a first attempt, the polyketide moiety HTMHA was incorporated without pre-
activation and using DIPCDI-HOBt (2:2:2) to avoid possible overacylations of its free hydroxyl
group. Several re-couplings under these conditions were needed to obtain quantitative
incorporations. The presence of overacylation or other side products were not detected
according to HPLC analysis. The Kaiser test resulted unreliable at this point suggesting that the

peptide could be adopting a secondary structure.

The increase of equivalents up to 4 enabled shorter reaction times (1 h) at small scale.
However, at bigger scale 4 equivalents and a reaction time of 4.5 h were needed to obtain

guantitative couplings.

Macrolactamization

The cyclization step was undertaken using two coupling systems: PyBOP-HOAt-DIEA
(4:4:8) in DMF and DIPCDI-Oxyma (4:4) in DCM-DMF (1:1). The first conditions gave better
results in terms of purity, even though some starting material was still detected after a 2-h
treatment. The complete assembly of the linear peptide before the cyclization step simplifies

the final crude of the Analog 1A. This will be the strategy of choice from now on.

1.5.1.3. Complete 'H assignment of Analog 1A: revision of the preliminary structure proposed

for Pipecolidepsin A

Analog 1A was obtained with a 3.1% yield when following the second synthetic
strategy. With the molecule on hand, exhaustive NMR studies were performed in CD;OH.The
analysis of the spectroscopic data revealed that all the side-chain amides present in the
cyclodepsipeptide showed NOE cross-peaks with the precedent CH, of the side-chain. In view
of these results, a revision of all the NMR spectra of the natural Pipecolidepsin A was

undertaken (Figure 31).
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First assignment of aa, and aa;;:
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Figure 31: HMQC-TOCSY experiment of natural Pipecolidepsin A. The spin system of aa, is highlighted in blue and the one of aa; in
red; gROESY experiment of natural Pipecolidepsin A. NOE cross-peaks between the non-assigned side-chain amide and the y-CH,
of aa, were detected.
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The NMR spectra were revised by means of a new processing software named Mestre-
C. The HMQC-TOCSY experiment enabled the identification of the two uncertain spin systems:
o-B/B’ and a-B/B’-y/y’ corresponding to aa;; and aa, respectively. The COSY experiment
provided the lacking information of aa,’s spin system, this is HB’(2.46 ppm) and Hy’ (2.09 ppm).
With the verified chemical shifts in hand completely matching with the first assignment, the
gROESY was carefully analyzed to find four new cross-peaks that were not detected during the
first structure elucidation process. These cross-peaks correlated the two protons of the non-
assigned side-chain amide with the CH, belonging to a o-B/B’-y/y’ spin system, which
univocally placed the side-chain amide at the aa,. Thus, a final and corrected structure for
Pipecolidepsin A was proposed (Figure 32) were aa, = NMe-GIn and aa;; = D-Asp. Therefore,
from now on, the preliminary structure proposed for Pipecolidepsin A will be referred to as

Pipecolidepsin A’, and the final and corrected structure will be referred to as Pipecolidepsin A.
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Figure 32: Preliminary and uncorrected structure of Pipecolidepsin A (Pipecolidepsin
A’) and final and corrected structure of Pipecolidepsin A (Pipecolidepsin A). The
differences between the two structures are shown in red; the key AHDMHA residue is
highlighted in blue.
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The proposal of a new structure forced the re-analysis of the potential side reactions

to consider before attempting the SPPS of Pipecolidepsin A and increased the previous list

(Table 2).
Residue Extra potential side-reactions for corrected-Pipecolidepdin A
(o}
r!l\)l\l Dehydration to nitrile of the unprotected side-chain amide

N ’ .
vz Intramolecular lactamization
L Decreased acylation rate due to the NMe group

H,N” O

Non-commercial availability

Aspartimide formation

OtBu

Table 2: Extra side-reactions to consider when attempting Pipecolidepsin A synthesis.

NMe-GIn: side-chain dehydration and intramolecular lactamization

Side-chain unprotected NMe-GIn is associated with two significant side reactions:
dehydration to nitrile of the side-chain amide when the acid is in its activated form; and

intramolecular lactamization.

NMe-groups increase the nucleophilic character of the N but also its steric hindrance.
The effect of the N-methylation in the extent of these two secondary reactions will be carefully
checked during the first synthetic approaches. The absence of the methyl groups at  and y
positions may decrease the occurrence of intramolecular lactamization with respect to the
diMe-GIn residue. However, whether or not dehydration side reaction is promoted in this N-

methylated amino acid is completely unknown.

Fmoc-NMe-GIn-OH was synthesized by PharmaMar following synthetic procedures

already described in the literature.’®

D-Asp('Bu): aspartimide formation

Pipecolidepsin A contains two D-Asp residues. The D-Asp in the cycle cannot undergo
aspartimide formation as it is coupled to an N-alkylated residue. However, this second extra D-

Asp moiety located at the exocyclic arm follows the DADHOHA residue, assembly that,
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somehow, remembers the sequence Asp(‘Bu)-GIn(Trt), which could be prone to give

aspartimides. Thus, careful monitorization when elongating the peptidic arm will be settled.

1.5.2. Second approach: synthetic studies of a Pipecolidepsin A analog

To evaluate whether the differences in the peptidic sequence between Pipecolidepsin
A’ and Pipecolidepsin A would have an effect on the performance of their syntheses, an analog
of Pipecolidepsin A was also designed (Figure 33). Thus, the AHDMHA residue was replaced by
the simpler D-allo-Thr and the synthesis of Analog 2A was attempted.
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Figure 33: Chemical structures of Pipecolidepsin A and Analog 2A. Differences in the
peptidic sequence are shown red. The key AHDMHA residue is highlighted in blue.
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1.5.2.1. First strategy: diMe-GIn + ester. Stepwise arm elongation
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Scheme 19: Analog 2A first synthetic strategy: diMe-GIn incorporation + ester bond formation; stepwise elongation of the
exocyclic arm. Coupling conditions are shown in different colors.

For the synthesis of the Analog 2A (Scheme 19), the optimized strategy, previously
established for Analog 1A, was implemented. Thus, the linear peptide was elongated until the
diMe-GIn residue before forming the ester bond; the peptidic arm was fully assembled to
finally perform the macrolactamization as the last synthetic step; the DADHOHA moiety was
incorporated using the efficient coupling system HATU-HOAt-DIEA to minimize the
pyrodiMeglutamic derivative formation. The synthesis of Analog 2A was carefully monitored to

check whether the sequence modifications would significantly affect it.
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NMe-GIn: dehydration and pyroglutamic derivative formation

The incorporation of the residue Fmoc-NMe-GIn-OH using HATU-HOAt-DIEA entails a
small percentage of the free side-chain amide dehydration to nitrile (up to 5%) that can be
assumed without a change in the coupling method. However, no intramolecular lactamization
was detected by HPLC analysis, suggesting that the NMe group represents a high sterical

hindrance that prevents this side reaction to occur (see section 2.3.2.1.).

D-Asp(‘Bu): aspartimide formation

The stepwise incorporation of the last two moieties from the exocyclic arm
substantially decreases the purity of the peptidic crude as judged by HPLC analysis (see Figure
X). The Fmoc-D-Asp(‘Bu)-OH was incorporated by means of HATU-HOAt-DIEA (3:3:6, in DMF, 1
h) and the HTMHA moiety using DIPCDI-HOBt (4:4, in DMF, 1 h) without pre-activation to avoid
any potential overacylation. A likely explanation for this feature would be an aspartimide
formation issue (see section 2.3.2.1.). Thus, a second synthesis was performed incorporating

the last two moieties as a single unit.
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1.5.2.2. Second strategy: diMe-GIn + ester. Incorporation of the last two moieties as a single

unit
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Scheme 20: Analog 2A second synthetic strategy: diMe-GIn incorporation + ester bond formation; coupling of the last two
moieties as a single unit. Coupling conditions are shown in different colors.

In this synthesis (Scheme 20), the last two moieties instead of being incorporated
stepwise, were coupled as a single unit. The purity of the resulting crude was evaluated by

HPLC analysis.

Synthesis of the building block HTMHA-D-Asp(‘Bu)-OH

The synthesis of the unit HTMHA-D-Asp(‘Bu)-OH required the previous preparation of
the monomer HTMHA as it has already been described in section 1.4.5.. Then, the

dipeptidomimetic was accessed as follows (Scheme 21).
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Scheme 21: a) i) Cs,CO3, dry MeOH, 25 °C, 20 min, ii) BzIBr, dry DMF, 25 °C, 2 h; b) Piperidine-DCM (1:4), 25 °C, 40 min; c) HTMHA,
EDC, HOBt, dry DCM-DMF (1:1), 25 °C, 8 h; d) H, (1 atm), Pd(C), dry MeOH, 25 °C, o/n.

Thus, the a-COOH of the Fmoc-D-Asp(‘Bu)-OH was protected as the benzyl ester by
reaction of the corresponding pre-formed Cs salt with BzIBr. Then, the Fmoc was eliminated
with piperidine-DCM (1:4) and the free amino group coupled to the previously synthesized
HTMHA using the water soluble carbodiimide EDC. Finally, the benzyl ester was hydrogenated
and the resulting acid was used without further purification even though the purity was

around 60%.

HTMHA-D-Asp(‘Bu)-OH

The incorporation of the building block HTMHA-D-Asp(‘Bu)-OH onto the growing
peptide chain is a more challenging process due to its poorer reactivity and solubility. A slow
coupling rate combined with a more favored racemization side reaction because of the
acylated amino function, required fine tuning of the coupling method to keep by-products to a
minimum. Phosphonium salts together with the HOAt additive, represents an efficient

coupling system that minimizes racemization at the C-terminus and allows long reaction times.

HTMHA-D-Asp(‘Bu)-OH building block was coupled using PyBOP-HOAt-DIEA (5:5:10) in
DMF for 2 h without pre-activation. The scaling-up of this reaction was performed with 4
equivalents and required longer reaction times up to 3.5 h. The reaction was monitored by
reversed-phase HPLC analysis. No overacylation problems were detected. Compared to the
stepwise incorporation of the last two moieties, this procedure provided cleaner crudes
(Figure 34). The extra purification step of HTMHA-D-Asp(‘Bu)-OBzl intermediate together with

the avoidance of the aspartimide formation account for the substantial improvement.
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Figure 34: HPLC chromatograms of the complete assembly of the linear Analog 2A: a) DADHOHA; b) stepwise incorporation of the
last two moieties; c) incorporation of the last two moieties as a single unit

This new synthetic approach was implemented in the global synthetic strategy of
Pipecolidepsin A.
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1.5.3. Solid-phase synthesis of Pipecolidepsin A

The syntheses of analogs 1A and 2A were useful to evaluate the extent of most of the
possible side reactions associated with the synthesis of Pipecolidepsin A’ and Pipecolidepsin A;
to optimize the coupling conditions of each residue; to check whether or not the starting and
cyclization point was appropriate; and to prove that the synthetic approach actually enabled
the access to the desired analogs. However, these first approaches did not face the bottleneck
step of Pipecolidepsin A synthesis, which is the formation of the ester bond between the
AHDMHA hydroxyl group and the Alloc-pipecolic-OH residue. Thus, in order to find the best
approach, its construction was evaluated at different Pipecolidepsin A assembly stages: after

incorporation of Fmoc-AHDMHA-OH, Fmoc-diMeGIn-OH and Fmoc-DADHOHA-OH.

1.5.3.1. First strategy: AHDMHA + ester
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Scheme 22: Pipecolidepsin A first synthetic strategy: AHDMHA incorporation + ester bond formation. Coupling conditions are
shown in different colors.
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The occurrence of a N-0 transacylation side reaction has already been described
when esterification of a N“-protected B-hydroxy amino acid is carried out.”* However, the
extraordinary bulkiness of the AHDMHA residue was believed to minimize this side reaction.
Furthermore, since the esterification reaction is carried out over an extremely hindered
secondary alcohol, its attempt in the least impeded environment (growing peptide chain

assembled until the Fmoc-protected AHDMHA residue), remained fully justified (Scheme 22).

AHDMHA: coupling and acylation rates

The common conditions Fmoc-AHDMHA-OH-HATU-HOAt-DIEA (2.5:2.5:2.5:5) in DMF
for 1 h, were appropriate to achieve quantitative coupling of this highly hindered y-branched-
B-hydroxy-a-amino acid. However, its bulkyness did affect its acylation rate by the adjacent
Fmoc-diMe-GIn-OH residue. As it was explained in section 1.5.1.1, diMe-GIn was introduced
using mild and close to neutral conditions that did not ensure its quantitative coupling in less
hindered peptides such as Analogs 1A and 2A. Therefore, this problem was even more
significant with Pipecolidepsin A. After some experimentation, conditions with an optimized
ratio between equivalents, re-couplings, dehydration and conversions were found, obtaining
with a single coupling with 4.5 equivalents of Fmoc-diMe-GIn-OH, DIPCDI and HOBt the best
results. Despite the insolubility of the Fmoc-protected aa in DMF, a highly concentrated
reaction solution was also crucial. Other combinations involving a re-coupling (3 equivalents +
1 equivalent or 3 equivalents + 2 equivalents) were less advantageous. Dehydration was kept
around 9%, only slightly higher than the one obtained with the analogs owning a D-allo-
Thr(OH) instead of the AHDMHA residue. As expected, no overacylation of the free hydroxyl

group was detected after subsequent couplings.

Pipecolic: ester bond formation

To obtain reasonable conversions when forming the ester bond (6% of starting
material remaining as judged by HPLC analysis), the common conditions aa-DIPCDI-DMAP
(8:8:0.5) in DCM-DMF (9:1) were performed for three times: 3 h + 2 h + o/n. The crude did not

show extra peaks after consecutive treatments.
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At this stage, the a-amino group of the AHDMHA residue was deprotected following
the usual procedure: piperidine-DMF (1:4) for 2 x 1 min, 2 x 5 min and 1 x 10 min. Then, the
Fmoc-diMe-GIn-OH was coupled using 3 equivalents of aa, DIPCDI and HOBt in DMF for 1 h.
The Kaiser test confirmed the absence of free amino function. HPLC-PDA and HPLC-MS analysis
should allow quantification of the rapid occurring N-0 transacylation side reaction (Scheme

23).
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Scheme 23: Coupling of Fmoc-diMe-GIn-OH and associated N->O transacylation side reaction.

The corresponding N->0 transacylated by-product was clearly identified as one of the
major peaks in the HPLC-PDA chromatogram obtained after diMe-GlIn incorporation. Since this
was the only peak not showing the Fmoc UV profile (Figure 35 b), quantification of the N>0
transacylation extent was only feasible after coupling and subsequent Fmoc elimination of the
following residue. To avoid the loss of the valuable Fmoc-DADHOHA(acetonide,Trt)-OH
building block, a commercial aa [Fmoc-GIn(Trt)-OH] was coupled instead (Figure 35 a). The
ratio between the N->0 transacylated by-product and the decapeptide with the GIn at the N-
terminus was 1:1. The pyrodiMeglutamic derivative was a minor impurity because the coupling

of a less hindered aa was more straightforward. Considering the bigger steric hindrance of the
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DADHOHA residue, it is foreseen that its coupling will render a bigger percentage of
pyrodiMeglutamic derivative. Thus, the application of this strategy to the corrected
Pipecolidepsin A synthesis would provide an even lower amount of desired intermediate. In

view of these results, optimization of this synthetic strategy was attempted.
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Figure 35: HPLC-PDA chromatograms: a) after Fmoc-GIn(Trt)-OH coupling and Fmoc elimination; b) after Fmoc-diMe-GIn-OH
coupling.
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Improving the first strategy: attempts to minimize the N->0 transacylation side reaction

N->O-transacylation is a rapid intramolecular side reaction occurring when the o-
amino group from the AHDMHA residue is unprotected. Diminishing the time-life of this free
amino group could affect the extent of this side reaction. Thus, the usual Fmoc-elimination
procedure can be cut down to a single 3-min treatment and/or the diMe-GIn coupling can be
performed under the most efficient coupling conditions. Since the dehydration to nitrile of the
diMe-GIn side-chain amide occurs when the a-COOH is in its activated form, highly reactive
species and basic conditions promote this side reaction. Thus, changes in the already validated
coupling conditions for diMe-GIn are completely discarded. A shorter Fmoc-deprotection

treatment was tested with completely unsuccessful results.

Considering all these experimental data and before turning down this strategy, a last
modification was attempted. A more conformational restricted environment was believed to
minimize the extent of the N0 transacylation. Thus, the strategy was revised and the cycle

was assembled before the diMe-GIn was coupled (Scheme 24).
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Scheme 24: Modification of the AHDMHA + ester strategy. The cycle was assembled before the Fmoc-diMe-GIn-OH was
incorporated.

The macrolactamization proceeded smoothly when performed with PyBOP-HOAt-DIEA
(4:4:8) in DMF for 2.5 h. A small percentage of starting material and two main peaks, both with
the mass of the cyclized octapeptide but one much bigger than the other, were detected by
HPLC analysis. The cyclic nature of the aa at the N-terminus would account for the existence of
these two peaks: the cis and the trans conformers at the linkage Pipecolic-D-Asp. The Fmoc
group from de AHDMHA residue was removed with a 3-min treatment of piperidine-DMF (1:4)
and the Fmoc-diMe-GIn-OH was incorporated using DIPCDI and HOBt (4:4:4 and 2:2:2 in DMF,
1 h each). Then, after a 3-min Fmoc-deprotection, the DADHOHA moiety was incorporated and
the Fmoc removed again. Detailed HPLC analysis of the described synthetic steps is shown in

Scheme 25.
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After coupling of the diMe-GlIn, the HPLC-MS analysis confirmed the presence of a side
product with the mass of the Fmoc-deprotected cyclo-octapeptide. A negative nynhidrin test

enabled its identification as the N=>0 transacylated and cyclized octapeptide (Figure 25 b).

The chromatogram obtained after elimination of the DADHOHA Fmoc group was
extremely complex and did not show a main peak. In basis of these results, the formation of
the ester bond after incorporation of the AHDMHA residue was finally ruled out due to a N-0
transacylation side reaction that could not be minimized. The construction of the ester at a

different peptide assembly stage was investigated.

1.5.3.2. Second strategy: diMe-GIn + ester
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Scheme 26: Pipecolidepsin A second synthetic strategy: diMe-GIn incorporation + ester bond formation. Coupling conditions are
shown in different colors.
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In this second synthetic approach (Scheme 26), the peptide is assembled until the
Fmoc-diMe-GIn-OH residue before forming the ester bond. This strategy ensured the
avoidance of the N->O-transacylation side reaction but presented a more sterically hindered

environment for the ester bond formation.

Pipecolic: ester bond formation

As it was justified in section 1.3.2.1., only methods of solid-phase ester formation via

activation of the carboxylic acid were attempted. All the conditions tried are detailed in Table

3.
Entry Coupling system Time T % Ester!®
1 aa(8eq), DIPCDI (8 eq), DMAP (1 eq)™ 20h  25°C 27
2 aa(16eq), DIPCDI (10 eq), DMAP (1 eq)™ 4h 25°C 15
3 aa(10eq), TCFH (10 eq), HOAt (10 eq), DIEA (20 eq)? 2h 25°C 0
4 aa(10eq), TCFH (10 eq)™ 3h 25°C 0
5  aa-F(10eq), DIEA (25 eq)" 4h 25°C 0
6  aa(5eq), HATU (5 eq), HOAt (5 eq), DIEA (10 eq)™ 1h 25°C 0
7  aa(5eq), MSNT (5 eq), NMI (4 eq)™™ 3h 25°C 0
8  aa(5eq), MSNT (5 eq), NMI (4 eq), DIEA (8 eq)™ 3h 25°C 0
9 aa (5 eq), BTC (1.65 eq), collidine (14 eq)™ 12 h 25°C 0
10  aa (16 eq), DIPCDI (10 eq), DMAP (0.5 eq)™ 30h  45°C 84
11  aa (16 eq), DIPCDI (10 eq), DMAP (0.5 eq), MW™! 0.5h  40°C 27
12 aa (15 eq), DIPCDI (15 eq), DMAP (0.5 eq)™ 25h  45°C 98

Table 3: Ester formation conditions; [a]respect to the starting material; ®lbcm-DmF (9:1); MDMF; pem.

The carboxylic acid of Alloc-pipecolic-OH was activated via coupling reagents such as
carbodiimides (entries 1-2, 10-12), uronium salts (entry 6) and arenesulfonyl derivatives
(entries 7-8); and via isolated active species, specifically protected amino acids halides, such as

acid chlorides (entries 3-4, 9) and acid fluorides (entry 5).

Phosphonium and uronium salts are highly efficient coupling reagents for amide bond
formation. However, the active species formed under these conditions are the corresponding
benzotriazole (OBt) or azabenzotriazole (OAt) esters, which are less reactive but stable species.
Thus, they work effectively for regular peptide couplings, but turned out to be less appropriate

for the formation of the more demanding ester bond. Finally, only HATU, one of the more
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efficient reagents from this family, was investigated at room temperature to find that the ester

bond was not formed at all.

1-(Mesitylenesulfonyl)-3-nitro-1,2,4-triazole (MSNT) was first developed as a
condensing reagent for polynucleotides synthesis.”®® Later, it was claimed to provide
guantitative anchorage of Fmoc-protected aa onto polystyrene and cellulose derived resins
through an ester bond, almost without racemization and dipeptide formation.”** Nowadays,

132,133

MSNT is a well-known phosphorylating and acylating reagent of hydroxyl functions,

widely used in SPPS for anchoring Fmoc-protected aa into hydroxyl resins (because of its high

134,135

yields and low racemization levels). It was used to form Pipecolidepin A ester bond with

completely unsuccessful results.

Acid chlorides are highly reactive species used in SPPS for difficult couplings, ester
bonds formation included. The strong activation of the carboxylic acid and the simplicity of the
by-products released during the coupling reaction, are the main advantages of these activated
species. However, the highly acidic conditions required to prepare these acid chlorides
precludes their application in the Boc/Bzl SPPS, and restricts their use in the Fmoc/‘Bu SPPS to
those aa not bearing acid-sensitive side-chain protecting groups. The development of new
derivatizing reagents for the in situ preparation of Fmoc-N“-protected amino acid chlorides,

such as TCFH"® and BTC*’ (Figure 36), has overcome this major disadvantage.

Cl o

R N G

| +

)

TCFH BTC

Figure 36: Structures of TCFH and BTC

The two reagents were used to prepare the corresponding Alloc-pipecolic-Cl in situ. It
was never isolated, but poured directly into the resin without purification. TCFH was used in
the presence of HOAt and DIEA or alone, recovering in any case the starting material
completely intact. Neither BTC gave ester formation, but only dehydrated products:
monodehydrated diMe-GIn, monodehydrated NMe-GIn and didehydrated diMe-GIln and NMe-

GIn. The starting material was partially recovered.

Finally, the use of carbodiimides in the presence of catalytic amounts of DMAP gave
the best results. Since the Fmoc/‘Bu was the strategy of choice, DIPCDI was preferred because

of the higher solubility of the derived urea in DMF-based mediums. Carbodiimides mechanism
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can work through different activated species such as the O-acylisourea and the symmetrical
anhydride, which are not efficient enough to give quantitative conversions. Thus, catalytic
amounts of DMAP are added to significantly enhance the reaction rates. However, the
racemization extent is also increased. By keeping the amount of DMAP to less than a 10% of
the protected aa and the coupling reagent, adding it onto the resin after the reactive species
are formed, and performing the coupling at 0 °C, the racemization is usually kept to a

minimum.

At 25 °C, the conditions involving Alloc-pipecolic-OH-DIPCDI-DMAP (8:8:1) in DCM-
DMF (9:1) worked slightly less efficiently than the symmetrical anhydride (Alloc-pipecolic-OH-
DIPCDI-DMAP (16:10:1) in DCM-DMF (9:1)). Nevertheless, even when applying consecutive
treatments and longer reaction times, the coupling methods were not efficient enough to
obtain ester bond formation rates higher than 30%. Moreover, it was observed that, after a
moderate conversion obtained in a more effective first treatment, the followings furnished
conversions under 8%. Quantitative formation of the ester bond could not be achieved under

these conditions.

On the basis of these results, DIPCDI-based methods were selected and more harsh
conditions were implemented. At 45 °C there was a huge difference between the efficiency of
the O-acylisourea and the symmetrical anhydride activated species. One single treatment of
2.5 h with aa-DIPCDI-DMAP (15:15:0.5) in DCM-DMF (9:1) at 45 °C was enough to obtain a 98%
conversion. On the contrary, the conditions aa-DIPCDI-DMAP (16:10:0.5) in DCM-DMF at 45 °C
required several consecutive treatments (12 h + 2 x4 h + 2 x 5 h) to achieve 84% conversion.
The use of the MW with the symmetrical anhydride conditions did not represent a significant
improvement. After a first treatment of 30 min at 40 °C, which furnished a 27% of the ester

bond, a second treatment of 2 h at 45 °C increased the conversion only a 7%.

Careful HPLC analysis of the crudes after formation of the ester bond at 45 °C allowed
the identification of a second peak with the same mass of the desired intermediate. This by-
product was not detected during the synthesis of Analog 2A and Analog 1A. The use of DMAP
at high temperatures, even though in catalytic amounts, promotes the C-terminus
racemization of the pipecolic residue furnishing two diastereomers of the desired
intermediate. The epimerization was minimized down to 11% under the conditions aa-DIPCDI-

DMAP (15:15:0.5) in DCM-DMF (9:1) for 2.3 h at 45 °C.
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Quantitative conversions achieved after a single treatment of 2.5 h and the minimized
racemization side reaction, account for the final choice of aa-DIPCDI-DMAP (15:15:0.5) at 45 °C

as the coupling conditions to form the ester bond.

DADHOHA: pirodiMeglutamic derivative minimization

The formation of the ester bond under harsh conditions (high temperatures in the
presence of catalytic base) can promote the elimination of the Fmoc-protecting group of the
diMe-GIn residue and the consequent formation of the pyrodiMeglutamic derivative. The
exhaustive screening of conditions to form the ester bond revealed that the use of high
temperatures is mandatory to achieve quantitative conversions. Thus, minimization of the
pyrodiMeglutamic derivative while forming the ester cannot be improved. However, some
more tuning of the DADHOHA incorporation can be studied. Syntheses of Analogs 1A and 2A
showed the necessity of using efficient coupling methods in order to speed as much as
possible the diol coupling and reduce the percentage of the pyrodiMeglutamic by-product.
Hence, the reagents DIPCDI-HOBt were discarded in favour of the stronger HATU-HOAt-DIEA
system. However, the steric demands of Pipecolidepsin A are higher and the need of efficiency

for this coupling becomes even more imperative.

Pipecolidepsin A was attempted using HATU-HOAt-DIEA (2.5:2.5:5) in DMF for 1 h to
incorporate the residue Fmoc-DADHOHA(acetonide, Trt)-OH. Two syntheses were performed,
but only one implemented the pre-activation mode (1 min). One minute of pre-activation
reduced 50% the percentage of pyrodiMeglutamic derivative in the final chromatogram (Figure

37).
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Figure 37: HPLC chromatograms at A = 220 nm after incorporation and Fmoc-elimination of the DADHOHA residue under the
conditions aa-HATU-HOAt-DIEA (2.5:2.5:2.5:5) in DMF for 1 h; a) without pre-activation; b) with 1 min of pre-activation. The major
peak corresponds to the linker (see section 1.5.3.3.).

Other attempts such as adding HOBt to the piperidine solution for the Fmoc

elimination of diMe-GlIn residue or incorporating the DADHOHA moiety with DIPCDI-Oxyma

were completely unsuccessful.
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Macrolactamization: solid phase vs solution

Once a strategy to obtain the fully assembled linear peptide was validated, the
macrolactamization step was subjected to evaluation. Thus, two different linear precursors
were synthesized: starting by side-chain anchoring Fmoc-D-Asp(OH)-OAllyl to the resin and by
incorporation through the a-COOH of Fmoc-D-Asp('Bu)-OH. Both solid-phase cyclization and
cyclization in solution were performed using the coupling method PyBOP-HOAt-DIEA (Figure
38), which proved to be the best option (see section 1.5.1.2.). The macrolactamization step

proceeds cleaner when it is performed in solution.
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Figure 38: HPLC chromatograms of the linear precursors and the corresponding cyclized peptides from cyclizations on solid-phase

and in solution.
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Scale up: change of resin

All the optimization of Pipecolidepsin A synthesis was performed at really small scale
(less than 30 mg of 2-CTC resin). During the scaling-up (200 mg of 2-CTC resin) of the synthetic
scheme, an unexpected problem appeared. HPLC analysis after the treatment to form the
ester bond showed extremely low absorbances. Furthermore, a significant decrease in the
resin weight was also detected after the performance of this synthetic step. These features
altogether suggested that the conditions required to form the ester bond were too harsh for
the labile 2-CTC resin, and that the peptide was undergoing partial cleavage during ester

formation.

A second analog of Pipecolidepsin A (Figure 39) in which all the residues were replaced
by commercially available amino acids, was synthesized at larger scale (200 mg of 2-CTC resin).
We wanted to investigate whether or not the peptidic sequence was partially responsible of
the loss of peptide. Since the peptide was also partially cleaved after the ester bond formation,
it is foreseen that the harsh conditions used in its construction are the only responsible of the
loss of the growing peptidic chain. Additionally, the symmetrical anhydride conditions were

also examined to find that they enhanced cleavage of the peptide.

In order to solve this problem and considering the impossibility of changing the ester
bond formation conditions, the 2-CTC resin was replaced by the more resistant Wang like resin
[3-(4-hydroxymethylphenoxy)propionylaminopolystyrene]. The use of this Wang resin
precludes carrying out the macrolactamization step in solution since the cleavage of the

peptide from the resin, would concomitantly remove all protecting groups.
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1.5.3.3. Third strategy: change of resin
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Scheme 27: Pipecolidepsin A third synthetic strategy: diMe-GIn incorporation + ester bond formation. Implementation of the
Wang like resin. Coupling conditions are shown in different colors.

The 2-CTC resin was replaced by a Wang-like resin with a loading capacity of 0.36
mmol/g to facilitate the solid-phase macrolactamization (Scheme 27). Thus, after
incorporation of the [3-(4-hydroxymethylphenoxy)propionic acid (AB linker) with HBTU-HOBt-
DIEA (3:3:3) in DMF for 1.5 h, the Fmoc-D-Asp(OH)-OAllyl was side-chain anchored to the resin
under the conditions aa-DIPCDI-HOBt-DMAP (5:5:5:0.5) in DCM-DMF (1.3:1) for (2 x 3 h). To
terminate the excess of reactive positions, the resin was acetylated using a solution of Ac,0-
DIEA (50:50) in DMF for 16 min. The peptidic chain was elongated until the AHDMHA residue
by employing the coupling method HATU-HOAt-DIEA (x:x:2x) in DMF for 1 h in pre-activation
mode (1 min). Only the Leu residue was re-coupled. Then, Fmoc-diMe-GIn-OH was

incorporated using DIPCDI-HOBt (4.5:4.5) in DMF for 1 h without pre-activation and the ester
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bond was formed under the conditions Alloc-pipecolic-OH-DIPCDI-DMAP (15:15:0.5) in DCM-
DMF (9:1) at 45 °C for 2.5 h. After HPLC verification of the quantitative formation of the ester
bond, the DADHOHA moiety was coupled with HATU-HOAt-DIEA (2.5:2.5:5) in DMF for 1 h in
pre-activation mode (1 min). The last two moieties were incorporated as a single unit with
PyBOP-HOAt-DIEA (5:5:10) in DMF for 3.5 h without pre-activation. The Fmoc group from the
diMe-GIn residue was eliminated with a short treatment 2 x 2 min with piperidine-DMF (1:4)
(see below). The rest of the Fmoc groups were removed using a long treatment of 2 x 1 min, 2
x 5 min and 1 x 10 min. Finally, after elimination of the Allyl and Alloc groups with catalytic
[Pd(PPh3),] in the presence of the scavenger Ph;SiH, the macrolactamization step was carried
out on solid phase with PyBOP-HOAt-DIEA (4:4:8) in DMF for 3 h. The linkage peptide-resin was
cleaved and the side-chain protecting groups eliminated simultaneously with a treatment of

1.5 h with a TFA-H,0-TIS (95:2.5:2.5) solution.

All the synthetic scheme stablished with 2-CTC worked analogously with the Wang like
resin [3-(4—hydroxymethylphenoxy)propionylaminopolystyrene]. No DKP formation was

detected and only a problem due to the bigger scale needed optimization.

diMe-Gln: short Fmoc elimination and scale up

A new by-product was identified by HPLC-PDA and HPLC-MS analysis after complete
assembly of the linear precursor of corrected Pipecolidepsin A during the first large scale
synthesis. The mass matched with a DADHOHA deletion. However, a deletion at this position
was completely unexpected because of the huge tendency of the previous residue to undergo
intramolecular lactamization when its a-amino group is unprotected. To confirm the identity
of the new by-product, the Fmoc elimination treatment of 1 x 3 min (Figure 40 a) was replaced
by a 2 x 2 min (Figure 40 b), a bit longer and involving the renewal of the piperidine solution.
HPLC analysis showed a substantial decrease of the new impurity, thus supporting the initial

hypothesis.
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Figure 40: Semi-preparative HPLC chromatograms from big scale syntheses of Pipecolidepsin A. a) 1 x 3 min Fmoc deprotection of
diMe-GIn residue; b) 2 x 2 min Fmoc deprotection of diMe-GlIn residue.

Sterical reasons would explain this phenomenon. A long piperidine treatment would
remove not only all the Fmoc group from the DADHOHA residue, but also the remaining Fmoc
from the diMe-GIn. Nevertheless, partial incorporation of the DADHOHA would render a more
hindered environment, thus preventing the free diMe-GIn a-amino from undergoing
intramolecular lactamization. A longer Fmoc-deprotection treatment decreases the occurrence

of the DADHOHA deletion in a 68%.
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1.5.3.4. Fourth strategy: DADHOHA + ester
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Scheme 28: Pipecolidepsin A fourth synthetic strategy: DADHOHA incorporation + ester bond formation. The synthesis was
performed on 2-CTC resin. Coupling conditions are shown in different colors.

A last synthetic strategy examined whether or not the formation of the ester bond at a
later stage of the linear peptide assembly would furnish cleaner chromatographic profiles and
higher yields (Scheme 28). The incorporation of the DADHOHA residue before Alloc-pipecolic-
OH entails a significant increase in the sterical hindrance around AHDMHA hydroxyl group,
challenging even more the construction of an already highly demanding ester bond. This
synthetic scheme claims to minimize as much as possible the formation of the
pyrodiMeglutamic by-product. In view of the exhaustive screening of conditions to form the
ester bond in a less bulky environment, it is foreseen that extremely harsh conditions will be

required.
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Pipecolic: ester bond formation

The ester bond formation was attempted using the best conditions found in the

previous diMe-Gln incorporation + ester bond formation strategy, but substantially increasing

the temperature. Thus, after a 3 h-treatment with Alloc-pipecolic-OH-DIPCDI-DMAP (15:15:0.5)

in DCM-DMF (9:1) at 75 °C, only starting material was recovered. An additional treatment of 2

h under the same conditions but using the microwave was completely unsuccessful and no

starting material was identified by HPLC analysis. No more conditions were screened and the

strategy was ruled out.

1.5.3.5. HPLC-PDA monitoring of Pipecolidepsin A large scale synthesis
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Fmoc-diMe-GIn-OH incorporation
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Fmoc-DADHOHA(acetonide, Trt)-OH incorporation
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Final cyclization step
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1.5.4. Solid-phase synthesis of Pipecolidensin A’

Although the well-founded hypothesis that the first Pipecolidepsin A structure
proposal was miss-assigned, it was decided to undertake its synthesis in order to enable its

comparison with the natural product.

1.5.4.1. First strategy: diMe-GIn + ester. Stepwise arm elongation.

All the optimizations done during Pipecolidepsin A synthetic studies were applied to
Pipecolidepsin A’. This means: resin choice; coupling conditions of building blocks; Fmoc-
elimination treatments; minimization of diMe-GIn side-chain amide dehydration; ester bond
formation; reduction of pyrodiMeglutamic derivative; decrease of DADHOHA deletion and
solid-phase macrolactamization. The main change with regard to Pipecolidepsin A synthesis
was the stepwise total assembly of the linear arm due to the absence of aspartimides
formation. Furthermore, the replacement of NMe-GIn moiety by NMe-Glu eliminates the side-
chain dehydration by-product. Thus, Pipecolidepsin A final synthetic strategy was also applied

to Pipecolidepsin A’ (Scheme 30).
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1.5.4.2. HPLC-PDA monitoring of Pipecolidepsin A’ large scale synthesis
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Complete assembly of the linear precursor
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Synthesis, structural elucidation and biological evaluation of Pipecolidepsin A

The extents of the side reactions occurring during Pipecolidepsin A large scale
synthesis are completely reproducible during Pipecolidepsin A’ synthesis. Thus, no more

optimizations were done with the new peptide.

1.5.5. Validation of synthetic Pipecolidepsin A’ and Pipecolidepsin A

The validation of the proposed structure for a natural product is always a crucial and
decisive step when synthesizing natural compounds. Regarding to our targeted molecule, this
validation step should allow settling the doubt over the placement of the fourth side-chain
amide. Thus, a series of chemical, spectral and biological validations were undertaken in order

to unequivocally assign one of the two proposed structures to natural Pipecolidepsin A.

1.5.5.1. Chemical validation

Three samples of natural Pipecolidepsin A, synthetic Pipecolidepsin A’ (Figure 41) and
synthetic Pipecolidepsin A (Figure 42) were dissolved in H,O-ACN (1:1) and analyzed by
reversed-phase HPLC by means of an extremely long C18 analytical column. Then, each sample
of synthetic compound was co-eluted, one by one, with the natural sample using an extremely

plane gradient. HRMS data for the three samples matched perfectly.

Validation of synthetic Pipecolidepsin A’

a) “g" G3045t40_45100t10
&
i] Natural
|- . .
,’ Pipecolidepsin A c) G3045t40_45100t10
| )
I | SO Sa '
<@ Co-elution
I T T T T T T y
20 30 I
I |
b) ©  G3045t40_45100t10 i
‘3 s g -L ; - <
o™
I Synthetic B S AV S R e e e
| Synthetic 20 30
i Pipecolidepsin A’
I
!
!"r ) Figure 41: HPLC-PDA analysis of a) natural Pipecolidepsin A; b) synthetic
- - T Pipecolidepsin A’; c) both natural Pipecolidepsin A and synthetic
S e B Pipecolidepsin A’: co-elution. Conditions: Zorbax (5 um x 4.6 mm x 150 mm)
20 30 column; linear gradient from 30% to 45% of ACN over 40 min, and from 45%

to 100% of ACN over 10 min.
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Validation of synthetic Pipecolidepsin A
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Figure 42: HPLC-PDA analysis of a) natural Pipecolidepsin A; b)
synthetic Pipecolidepsin A; c) both natural and synthetic
Pipecolidepsin A: co-elution. Conditions: Phenomenex (5 um x
4.6 mm x 250 mm) column; linear gradient from 5% to 36% of
ACN over 5 min and from 36% to 38% of ACN over 40 min.
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These analyses were unambiguously conclusive. While synthetic Pipecolidepsin A’
showed an earlier retention time (0.807 min of difference) than the natural compound,
synthetic Pipecolidepsin A perfectly co-eluted with natural Pipecolidepsin A. Thus, this single
co-elution peak was validating the synthetic strategy and confirming the chemical identity of

both natural and synthetic Pipecolidepsin A.

1.5.5.2. Spectral validation

Spectral equivalence was validated by comparison of monodimensional and
bidimensional NMR data of the two synthetic compounds with regard to the natural product.
The complete 'H and C assignment in CD;OH for synthetic Pipecolidepsin A’ and synthetic
Pipecolidepsin A is detailed in the experimental section. Herein we try to reflect the more
significant differences in *H and *3C of each synthetic compound regarding the values reported

in the patent WO 2010/070078 A1 for natural Pipecolidepsin A.
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Synthesis, structural elucidation and biological evaluation of Pipecolidepsin A

Pipecolidepsin A’ (NMe-Glu and D-Asn)

2.3 mg of synthetic Pipecolidepsin A’ with purity above 95% determined by HPLC-PDA
analysis at 220 nm were dissolved in 650 pL of CD;OH. WaterGate and PreSat 'y, gCOosYy,
TOCSY (mixing time = 80 ms), NOESY (mixing time = 400 ms) and *C experiments were
recorded on a Bruker 600 Avance Il Ultrashielded spectrometer provided with a cryoprobe TCI
(600 MHz for '"H NMR, 150 MHz for *C NMR). Differences of 'H above 0.05 ppm and of “*C

above 0.4 ppm are highlighted in Figure 43.

a) 'H & differences b) *C & differences
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Figure 43: a) "H chemical shifts of synthetic Pipecolidepsin A’ (in blue) and natural Pipecolidepsin A (in black); b) **C chemical shifts
of synthetic Pipecolidepsin A’ (in red) and natural Pipecolidepsin A (in black).
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Pipecolidepsin A (NMe-Gln and D-Asp)

2.9 mg of Pipecolidepsin A with purity above 95% determined by HPLC-PDA analysis at
220 nm were dissolved in 650 uL of CD;OH. WaterGate and PreSat 'H, gCOSY, TOCSY (mixing
time = 80 ms), NOESY (mixing time = 600 ms), gHMBC and **C experiments were recorded on a
Bruker 600 Avance lll Ultrashielded spectrometer provided with a cryoprobe TCI (600 MHz for
'H NMR, 150 MHz for *C NMR). Differences of 'H above 0.05 ppm and of **C above 0.4 ppm

are highlighted in Figure 44.

©o
8=z

a) 'H & differences b) **c & differences
NH NH
°H e ji;r e o oazz. g
/\'r . "’,l {\’K )i Wl
o NH v NH
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N 1° P, ﬁ

OH
Figure 44: a) "H chemical shifts of synthetic Pipecolidepsin A (in blue) and natural Pipecolidepsin A (in bIack), b) 3C chemical shifts
of synthetic Pipecolidepsin A (in red) and natural Pipecolidepsin A (in black).
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Differences are significantly bigger and abundant for synthetic Pipecolidepsin A’ than
for synthetic Pipecolidepsin A, thus supporting the results from the chemical validation.
However, the variations in **C & of the exocyclic D-Asp residue made us suspect of a massive
and unexpected epimerization during the incorporation of the last two moieties as a single
unit, which is one of the most sensitive synthetic steps to this side reaction. In order to check
the occurrence of racemization, Marfey’s analysis was undertaken. Thus, a synthetic sample of
synthetic Pipecolidepsin A was hydrolyzed with 6 M aqueous HCl for 12 h at 110 °C and
derivatized with FDAA. Then, the derivatized moieties were injected into the HPLC and
compared with the corresponding standards to check the configuration of the residues in the

final synthetic peptide. No epimerization was detected at any residue.

1.5.5.3. Biological validation

Synthetic Pipecolidepsin A’, synthetic Pipecolidepsin A and Pipecolidepsin A with
DADHOHA deletion (Figure 45) were evaluated against three human cancer cell lines: lung
(A549), colon (HT-29) and breast (MDA-MB-231). A colorimetric assay, using sulforhodamine B
(SRB) reaction, has been adapted to provide a quantitative measurement of cell growth and
viability. Analysis of the dose-response data obtained from the assays, afforded the Gls, LCs

and TGl values detailed in Table 4.

D-Asn L-diMe-GIn D-Lys

HN.
HQN ! D-allo-Thr
HTMHA AHDMHA ’J/
.....
"o DADHOHA )SL\

[o}

E/j I\J{ L-NMe-Glu
N
Pipecolidepsin A’ )\/ ﬁ
T 07 NH,

L-threo-B-EtO-Asn

NH
L-Leu

D-Asp

D-Asp L-diMe-GIn D-Lys

HTMHA D-allo- Thr NH, HN 20 D-allo-Thr  ~NHz
AHDMHA HTMHA D-Asp AHDMHA
.....
OH 0 o
H H j’ H
0 o ~ O
© oA N °

OH O
(o) o) NH
OW\ Lobeu HO Y\)\ Lobeu
o
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NH NH
N HNT S0 ? 2
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0 DADHOHA

Pipecolidepsin A o OA\/H WO Pipecolidepsin A A\,
o i I DADHOHA deletion
07 “NH, NH,
OH L-threo-B-EtO-Asn L-threo-B-EtO-Asn
D-Asp D-Asp

Figure 45: Chemical structures of Pipecolidepsin A’, Pipecolidepsin A and Pipecolidepsin A DADHOHA deletion. Differences
between Pipecolidepsin A’ and Pipecolidepsin A are shown in red; and between Pipecolidepsin A and DADHOHA deletion, in blue.
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Lung-NSCLC Colon Breast
Peptide A549 HT-29 MDA-MB-231
pg/mL Molar pg/mL Molar pg/mL Molar
Natural Glsg 4.6E-01 2.78E-07 1.3E+00 7.85E-07 1.9E-01 1.15E-07
Pipecolidepsin TGl 6.9E-01 4.17E-07 1.8E+00 1.09E-06 4.0E-01 2.42E-07
A LCsq 1.0E+00 6.04E-07 2.4E+00 1.45E-06 8.5E-01 5.13E-07

Synthetic Gls,  5.1E-01 3.086-07  9.7E-01  5.86E-07 2.3E-01 1.39E-07
Pipecolidepsin TGl  7.1E-01  4.29e-07  1.3E+00  7.85E-07  4.0E-01 2.42E-07
A LCs, 1.0E4+00  6.04E-07  1.7E+00  1.03E-06  7.2E-01  4.35E-07

Synthetic Glsg 2.3E-01 1.39E-07 6.1E-01 3.68E-07 9.0E-02 5.44E-08
Pipecolidepsin TGl 3.7E-01 2.23E-07 1.2E+00 7.25€E-07 2.1E-01 1.27E-07
A LCso 6.0E-01 3.62E-07 2.0E+00 1.21E-06 4.7E-01 2.84E-07

Synthetic Glgg 4.7E+00 3.20E-06 >1.0E+01 >6.81E-06 4.0E+00 2.73E-06
Pipecolidepsin TGl >1.0E+01 >6.81E-06 >1.0E+01 >6.81E-06 4.1E+00 2.79E-06
A DADHOHA LCsq >1.0E+01 >6.81E-06 >1.0E+01 >6.81E-06 >1.0E+01 >6.81E-06

deletion

Table 4: Biological evaluation of natural Pipecolidepsin A, synthetic Pipecolidepsin A’, synthetic Pipecolidepsin A, and
Pipecolidepsin A DADHOHA deletion against three cancer cell lines.

Natural Pipecolidepsin A and synthetic Pipecolidepsin A showed similar Glsg, LCs and
TGI values for the three cancer cell lines assayed. These data were consistent with the
chemical validation previously done by reversed-phase HPLC co-elution and NMR comparison,
and confirmed synthetic Pipecolidepsin A identity. Furthermore, deletion of the DADHOHA
moiety caused a dramatic decrease in the biological activity, thus showing that this y-amino

acid plays an important role in Pipecolidepsin A cytotoxicity.

Synthetic Pipecolidepsin A’ and natural Pipecolidepsin A also exhibited extremely close Gls,
LCso and TGl values. The structures of the two compounds only differ in two moieties. Natural
Pipecolidepsin A residues NMe-GIn* (placed in the macrocyclic region) and D-Asp*’ (placed in
the exocyclic arm), are replaced by NMe-Glu* and D-Asn™" in synthetic Pipecolidepsin A’. These
substitutions may not substantially modify the hydrogen-bond pattern of the two compounds,
as both COOH and CONHj, functions own hydrogen bond donors and acceptors. Assuming no
significant differences in their stability in serum, the small variations observed in their
cytotoxicities can be explained if both compounds share a really close hydrogen-bond pattern

that does not affect the 3D structure of the two peptides.
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Synthesis, structural elucidation and biological evaluation of Phakellistatin 19

2.1. Introduction: Phakellistatins

Homodetic peptides are also an interesting class of secondary metabolites with
promising therapeutic profiles. Cyclic peptides have some advantages with regard to their
linear counterparts. The absence of ionized C- and N- termini confers them a greater resistance
to in vivo enzymatic degradation, a higher bioavailability, and a more restricted conformational
flexibility. Furthermore, their transport through membranes is also facilitated by the absence

of charged terminus."

Several families of proline-rich peptides isolated from marine sponges and displaying
significant cytotoxicities, such as Hymenamides,** Stylopeptides,*> Axinellins,®” Axinastatins®’
and Phakellistatins,’®* have been described in the literature. All of them share a number of
structural features. In general, they comprise homodetic hepta or octapeptides with an
unusual percentage of Pro moieties, with high contents of apolar amino acids, including one or

two aromatic residues, and with a significant structural analogy.

Phakellistatins will focus our attention in this second chapter. Nineteen different

cyclopeptides have been isolated so far from marine sponges of the genus Phakellia. They all
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consist of seven to ten amino acids, including at least one proline moiety, and most of them
more than one (Figure 46). From the nineteen described peptides, four comprise the
distinctive Pro-Pro track,'*** which represents a notable synthetic challenge. All described
Phakellistatins consist only of coded amino acid residues, with the uncertain exception of
Phakellistatin 4. After its isolation and structural elucidation, it was described to contain a D-
Thr residue, but once its synthesis was accomplished, NMR comparison with the natural

peptide raised doubt about the stereochemical assignment.*

Phakellistatin 11 OH

Phakellistatin 7

Figure 46: Chemical structures of Phakellistatin 5 (one proline), Phakellistatin 13 (two
prolines), Phakellistatin 11 (three prolines) and Phakellistatin 7 (four prolines).

Synthetic strategies for most of the described Phakellistatins have been developed and
reported in the literature. Phakellistatin 1, 2,143,045 7181891810 and 13 have
been accessed by means of a combination of solid and solution-phase techniques. Thus, after
fully solid-phase assembly of the linear precursor, its cleavage from the resin was performed to
carry out the cyclization and final deprotection steps in solution. The final yield strongly
depends on the starting/cyclization point. Conversely, Phakellistatin 11" and 12*° were
synthesized using full solid-phase strategies. A solution phase approach to obtain Phakellistatin

11 proved to be unsuccessful owing to spontaneous cleavage of the Fmoc-protecting group at
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the heptapeptide stage. Hence, Fmoc-Glu(OH)-OAllyl was side-chain anchored onto PAL resin.
The third level of orthogonality, achieved by means of Allyl-protection at the C-terminus,
enabled the performance of the cyclization step on solid phase. A safety-catch linker strategy
was implemented to accomplish simultaneous cyclization and cleavage of Phakellistatin 12.
Finally, Phakellistatin 2 was fully synthesized also in solution,”* following a combination of
stepwise peptide elongation and (4 + 3) segment condensation, rendering the final product
with good yields. Phakellistatin 6,2 14, and 15-18** were isolated and structurally elucidated,
but no syntheses have been attempted so far. Herein we describe the synthesis of the last
Phakellistatin discovered, Phakellistatin 19 (Figure 47). A combination of solid-phase and

solution metholodogies will be suggested and evaluated.

Iz
O
Iz
O

Phakellistatin 19 Phakellistatin 10

Figure 47: Chemical structure of Phakellistatin 19 and 10. Differences in the sequence are indicated.

Phakellistatin 19 is an octacyclopeptide containing three proline moieties and a high
percentage of apolar residues, including a Leu, an lle and a Phe. Its amino acid sequence is
really close to the one of Phakellistatin 10%° with one single modification, the Val moiety is
replaced by a Phe residue. Biological evaluation of natural Phakellistatin 19 showed promising

cytotoxic (Table 5) and anti-mitotic (ICso = 4.20 E-07-8.40 E-08 M) activity.

Compound Breast Lung-NSCL Colon
P MDA-MB-231 (M) A549 (M) HT29 (M)
Natural Glso 5.15 E-07 4.41 E-07 4.62 E-07
Phakellistatin 19 TGl 1.47 E-06 1.16 E-06 6.72 E-07

Table 5: Cytotoxic activities displayed by natural Phakellistatin 19 againsts a mini-panel of three cancer cell lines.

A surprising behavior has been associated with Phakellistatins. After chemical and
spectral validation by means of NMR, HPLC, HRMS and Marfey’s techniques, biological

evaluation of synthetic Phakellistatins has revealed cytotoxicities largely different from those
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displayed by their natural counterparts. This phenomenon has been widely reported by several

groups working on this field, and has turned into a scientific puzzle to solve.

Two main hypotheses have been suggested so far to explain this biological incongruity.
On one hand, a number of authors argue that a likely explanation could be the presence of
trace amounts of a highly cytotoxic contaminant that binds noncovalently to natural
Phakellistatins. This antineoplastic agent would represent less than a 5% and would thus

prevent its detection by NMR spectroscopy.

Pettit and collaborators'® reported an experiment proving the viability of this working
hypothesis. After the synthesis and chemical and spectral validation of Phakellistatin 11, they
found that the P388 leukemia EDs, value was 0.2 ug/mL for the natural peptide, and >10
pg/mL for the synthetic one. HPLC analysis of natural and synthetic Phakellistatin 11 showed
that both products had the same retention time. However, a shoulder was detected only in the
HPLC peak corresponding to the synthetic compound. Furthermore, the rotation value found
for synthetic Phakellistatin 11, significantly differed from the one reported for the natural
product, pointing out the presence of an impurity in the natural sample. 'H NMR studies of the
synthetic peptide in ACN-d; showed two different conformers at 25 °C and one at 100 °C.
Chemical shifts in DMSO-ds; were identical for both synthetic and natural peptides. To prove

the contamination premise, an experiment was set up.

The described biological incongruity between natural and synthetic Phakellistatins,

%27 and stylopeptides™”.

was also detected for other proline-rich peptides such as axinastins
Thus, Pettit et al. finally selected Stylopeptide 1 to prove the viability of the contamination
assumption. Stylopeptide 1 is a heptapeptide isolated from the marine sponges Phakellia
costata and Stylotella aurantium, displaying an interesting inhibitory activity, whose synthetic
version proved to be 10-fold less active against the same P388 lymphocytic leukemia cell line.
Homohalichondrin® is a polyether macrolide with an exceptional activity as an antineoplastic
agent (Figure 48). This and other related products have been extracted also from marine
sponges of several species such as Phakellia®® and Hymeniacidon. Biological evaluation of a
mixture of synthetic Stylopeptide 1 with decreasing small amounts of Homohalichondrin,

proved that high cytotoxicities were obtained when the contamination was almost non-

detectable by NMR techniques (Table 6).
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Stylopeptide 1 Homohalichondrin

Figure 48: Chemical structures of Stylopeptide 1 and Homohalichondrin.

Experiment  Homohalichondrin (ug) wt (%) P388 cell line (EDsp ug/mlL)
1 100.0 10 0.005
2 50.0 5 0.032
3 10.0 1 0.041
4 1.0 0.1 0.51
5 0.1 0.01 4.5

Table 6: Biological study of Stylopeptide 1 (1 mg) contaminated with Homohalichondrin.

All this experimentation proved that Phakellistatins, either complexing or carrying out
a highly cytotoxic agent, could explain the non-reproducible biological results obtained with

the synthetic peptides.

On the other hand, a conformational issue owed to the presence of a high percentage
of Pro residues in a quite small cyclopeptide, could be another likely interpretation of the

intriguing biological behavior.

Proline is unique among the 20 proteinogenic amino acids because the nitrogen and
the a-carbon are comprised in a cyclic array. It is a rigid residue that reduces peptides’
conformational flexibility but, at the same time, enables the equilibrium between the trans
and the cis isomers at the amide bond Xaa™-Pro'. A H, represents a much smaller sterical
hindrance than a C,, hence the trans isomer is always thermodynamically more stable, and the
cis-trans equilibrium is always completely shifted to the trans isomer. However, Pro residues
represent again an exception. The absence of H, causes a small energetic difference between
the two isomers (AG° < 8.4 kJ/mol), making real an equilibrium where the proportion of cis

isomer is not negligible (Figure 49).%>*
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o ° 1 X

H JL ?/ ‘t‘l./N\cﬂ N
¢ Mer WO -
trans cis

Figure 49: Trans and cis isomers at the amide bond Xaa"-Pro.

Despite the small AG®, the cis-trans imide isomerization reaction of the peptide bond
is a slow process due to the partial double-bond character of the C-N bond. It requires the
migration of the N lone pair to a sp> orbital to enable rotation around the peptide bond
through a distorted transition state (AG” = 85 + 10 klJ/mol).>**? However, around a 10% of the
prolyl peptide bonds found in native proteins adopt the cis isomerism, suggesting that the
isomerization reaction can be the limiting-rate step of the protein folding process and pointing

out the large importance of this isomerism in nature.**?****

The cis/trans conformation of a prolyl peptide bond is important for recognition,

36,37,38 From a

stability and reactivity processes of the peptides and proteins comprising them.
pharmacological perspective, Pro derivatives are introduced in peptides with therapeutic
activity to improve their bioavailability, since the cyclic nature of the Pro moieties hampers the

proteases attack.

Considering all this information, it can be concluded that the presence of proline
residues in a constrained macrocycle represents a crucial structural feature entailing complex

cis-trans equilibria, as well as more subtle conformational changes.

The more exhaustive study with regard to this hypothesis was published by Tabudravu
and co-workers.*® Phakellistatin 2 was isolated and elucidated by Pettit and collaborators for
the first time. Its biological evaluation revealed a submicromolar EDs, against P388 cell line. A
later re-isolation led to completely different biological results, what motivated its first total
synthesis.”* NMR comparison of synthetic and natural Phakellistatin 2 pointed out a
missassignment during the initial isolation of the natural product. Finally, a re-synthesis** of
the peptide was conducted again confirming its original structure, but concluding that the

initial cytotoxicity could not be attributed to Phakellistatin2.

After bioassay-guided fractionation of a Fijian collection of Stylotella aurantium,
Tabudravu et al. reported the isolation of two compounds with slightly different polarity as

judged by HPLC analysis. Detailed NMR, MS and chiral TLC studies revealed that the two
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compounds had the same amino acid sequence cyclo-[Phe’-Pro*lle*-Ile*-Pro®>-Tyr®-Pro’] with
all the Pro residues adopting the cis geometry. However, significant differences in the MS
spectra and the *H and *C NMR spectral assignment were found for both products. Thus, the
two HPLC peaks could be attributed to two different conformers of Phakellistatin 2, named
conformer 1a, the more polar one, and conformer 1b, the less polar one (Figure 50). When the
conformer 1b was dissolved in CDCl;, the Phe-Pro® bond changed from the cis to the trans
conformation, while conformer 1a could not be studied in this solvent due to the low solubility

and the resulting complex spectra.

Phe’
cis Pro? trans Pro?
cis Pro’ cis Pro’
OY Y
Tyr® Tyr6 o
NH lle? NH led
N N
o o
4 4
cis Pro® lle cis Pro’® lle

1in CD;0D

1a (More polar conformer) 1c =1b in CDCl;

1b (Less polar conformer)

Figure 50: Chemical structures of the two conformers in CD;0D and in CDCls.

Deep analysis of the ROE cross-peaks of both conformers led to experimental
restraints which were employed in dynamic calculations to find the solution state
conformations of the two peptides. The major difference between 1a and 1b was the presence
of an extra hydrogen bond between Phe'-NH and 1le*-CO in the less polar conformer 1b.
Bioactivity results are highly dependent on the solvent used to store the sample and to

perform the assays, being the MeOH the one providing the best results.

For some other Phakellistatins members, comparison of 'H and C chemical shifts
resulted in minor differences while the biological results showed a big disagreement. However,
subtle conformational modifications due to the presence of several proline residues could still
account for that behavior. Detailed analysis of NOE and ROE cross-peaks would be mandatory

to identify these slightly different arrangements.
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In the present thesis, the synthesis, structure elucidation and biological evaluation of
Phakellistatin 19 was faced. Some experimental work was done to shed light on the

disagreements between natural and synthetic Phakellistatins’ cytotoxicities.

2.2. Solid-phase synthesis of Phakellistatin 19

Phakellistatin 19’s linear precursor was synthesized on solid phase following the
Fmoc/Bu protection scheme and using the 2-chlorotrityl resin as the polymeric support. 2-CTC
resin was chosen because its steric hindrance minimizes DKPs formation, and the mild acidic
conditions required to perform the cleavage step, which enable the performance of the “head-

to-tail” cyclization in solution.

In general, the cyclization step poses the biggest synthetic challenge of an all-L-
cyclopeptide’s synthesis, and strongly impacts on its final yield. Thus, two different
cyclization/starting points were evaluated: Leu(C)-(N)Thr and Pro(C)-(N)Leu. The first amide
bond involves a B-branched residue, while the second linkage has a Pro at the C-terminus,
which minimizes the racemization during the cyclization step, but increases the risk of DKPs

formation during the linear peptide assembly. The two approaches were carefully examined.

HCTU-CI-HOBt-DIEA was adopted as the coupling system to form the amide bonds.
The use of 4 equivalents of aa guaranteed the quantitative coupling over the more hindered
prolines. In all cases, after one hour of treatment, the De Clercq test revealed the absence of
free secondary amines for Pro. The Fmoc group removal was accomplished by treatment with
piperidine-DMF (1:4) (2 x 1 min; 2 x 5 min). Fmoc quantification after amino-deprotection of

the second residue incorporated onto the resin, proved the absence of DKP formation.

Once the linear precursor was fully assembled, it was cleaved from the resin by
treatment with a solution of DCM-TFA (98:2, 5 x 2 min). All the washes were collected in water
to avoid the loss of the side-chain protecting groups (Boc and ‘Bu). The DCM-TFA solution was
evaporated, some ACN was added to dissolve the peptide crude and, after checking its purity
by HPLC-PDA and HPLC-MS analysis, the solution was lyophilized. Then, the
macrolactamization reaction was undertaken by means of PyBOP-HOAt-DIEA (2:1:4) in DCM-
DMF (95:5) at pH = 8 and at extremely diluted conditions (10 M) to avoid oligomerization.
HPLC-PDA analysis showed completion of the cyclization after 3 h of reaction. A work-up
including washes with base (5% aqueous NaHCO; solution) and acid (saturated aqueous NH,CI)

enabled removal of DIEA, DMF and most of the coupling reagents. Finally, all the side-chain
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protecting groups were eliminated by treatment with TFA-H,0 (95:5) for 1 h, and the crude

was purified by reversed-phase semi-preparative HPLC (Scheme 31).

The synthetic approach comprising the linkage Pro-Leu as the cyclization point
rendered the desired product with better yielding, and thus, all the analogs were synthesized

following this synthetic scheme.

Solid-phase stepwise
chain elongation

1) Fmoc-aa;-OH,

HBTU, HOBt, Plperldlne -DMF o 1) Fmoc- Pro'-OH,
DIEA, DMF, 1 h H\)L /O . *(\)L /O DIEA, DCM, 45 min CI—O
2) Piperidine-DMF </ O 2) MeOH, 10 min
(1:4) L

H H

| |

OTN OTN

N o ° N o o

0 TFA- HZO (95: 5)

o
o
1) TFA-DCM (2:98) o'su H
0:2_{0'Bu 2) PyBOP, HOA,
N DIEA in DMF, 4 h

Solution-phase
Cleavage and solution-phase deprotection
cyclization

Scheme 31: Phakellistatin 19 synthetic strategy. The cyclization point shown is the Leu-Pro® amide bond.

The synthesis afforded Phakellistatin 19 in a 22% vyield after reversed-phase semi-

preparative HPLC purification.

2.3. Synthesis of a small library of Phakellistatin 19 analogs

A small library of Phakellistatin 19 (Figure 51) analogs was designed following two
different criteria: replacement of the prolines, which are the most relevant structural amino
acids, by other proline analogs, and incorporation of residues containing fluorine atoms,*
trying to improve in both cases the biological properties. Thus, Phe and Trp were replaced by
fluorinated derivatives, and prolines were replaced by 4-HO-Pro and by homoprolines, a 6-
membered ring amino acid, to fulfill a library of 9 analogs. In all cases, the synthetic strategy
developed for Phakellistatin 19, was successfully applied providing the desired peptides with

moderate-to-good yields, with one single exception, analog 4-HomoPro, which required

double purification and was obtained with a final yield of 1%.
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In all cases, the purity of the final product was above 95% after reversed-phase semi-

preparative HPLC purification (Figure 52).
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Figure 52: HPLC-PDA chromatograms of the purified analogs of Phakellistatin 19.
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2.4. Validation of synthetic Phakellistatin 19

2.4.1. Chemical validation

To verify the chemical identity of the product obtained, samples of synthetic and
natural Phakellistatin 19 were dissolved in H,O-ACN (1:1) and analyzed by reversed-phase
HPLC-PDA by means of a C18 analytical column. Then, the two samples were co-eluted using a

plane and long gradient (Figure 53). HRMS data for the two samples matched perfectly.
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Figure 53: HPLC-PDA analysis of a) synthetic Phakellistatin 19; b) natural Phakellistatin
19; c) both natural and synthetic Phakellistatin 19: Co-elution. Conditions: Symmetry C18
reversed-phase analytical column (5 um x 4.6 mm x 150 mm); linear gradient from 45%
to 75% of ACN over 15 min for a) and b) and from 35% to 55% of ACN over 30 min for the
co-elution experiment.
The co-elution experiment showed a single peak pointing out the chemical
equivalence between the two samples. Further verifications applying different techniques

were made to ensure Phakellistatin 19 chemical identity.
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2.4.2. Spectral validation

Comparison of monodimensional 'H and bidimensional spectra of natural and

synthetic Phakellistatin 19 in CD;OH at 298 K, proved the spectral equivalence between the

two peptides. Major differences between both spectra are due to the loss, in the natural

sample, of the amide protons, and the consequent loss of multiplicity at the H, protons (Figure

54).

a)

L e

a.0 7.0 [EN)
{25

b)

L
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aprm (13

Figure 54: "H monodimensional spectra in CD;OH at 298 K of: a) Natural Phakellistatin 19; b) Synthetic Phakellistatin 19. The amide
protons can partially or totally exchange with the solvent. This fact explains the complete absence of amide protons in the

spectrum b).

Detailed *H chemical shifts assignment is detailed in Table 7.
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"H (ppm) "H (ppm) "H (ppm) 'H (ppm)
Natural Synthetic Natural Synthetic
peptide peptide peptide peptide
Pro* - - lle®> NH - 8.56 (d, 8.7)
He 4.22 4.23 He 4.25 4.26
Hg 2.29,1.89 2.31,1.90° Hp 2.06 2.06
H, 2.09, 1.94’ 2.10,1.93’ H, 1.46,1.14’ 1.48,1.12’
Hs 3.97,3.74' 3.97,3.75 0.60(d,6.8)  0.61(d, 6.8)
Hs 0.80(t,7.4)  0.81(t,7.4)
Phe” NH - 8.19 (d, 9.8)
H, 5.26 5.27 (dt, 9.4, Pro® - -
9.3,5.0) He 4.56 4.57
Hg 3.01 3.02 Hp 2.32 2.34
Hase H, 1.96 1.96
Ha/s Hs 3.82,3.67' 3.82, 3.68'
Ha
Thr’ NH - 7.93 (d, 9.6)
Trp® NH - 6.73 (brs) He 5.06 5.07 (dd, 9.7,
4.0)
He 4.23 4.23 Hp 435 4.36 (td, 10.8,
Hg 3.42,3.16' 3.41,3.17 6.5)
H, (dd, 14.4, H, 1.14(d, 6.3)  1.14(d, 6.3)
H, 4.8) OH - -
Hs
He Leu® NH - 8.75 (d, 6.7)
H, He, 3.75 3.76
NHing - - Hg 2.36,1.77' 2.37,1.79
H, 1.57 1.58
Pro* - - Hs 0.96(d, 6.7)  0.97(d, 6.7)
He 3.97 3.97 0.93'(d,6.6)  0.93(d, 6.6)
Hg 2.05,1.78’ 2.05,1.79’
H, 1.94,1.87' 1.96,1.87'
Hs 4.04, 3.40’ 4.06,3.41

Table 7: "H NMR spectral assignment of natural and synthetic Phakellistatin 19 in CD;OD.

2.4.3. Biological validation

Synthetic Phakellistatin 19 and the 9 members of the small library were tested against

three cancer cell lines by means of MTT assays. According to the rest of Phakellistatins,

synthetic Phakellistatin 19 did not show the same cytotoxic activity as its natural counterpart.

Additionally, from all the analogs, only 5-HomoPro-Phakellistatin 19 was slightly active (Table

8).
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Breast Lung-NSCLC Colon

MDA-MB-231 (M) A549 (M) HT29 (M)
Natural Glso 5.15 E-07 4.41 E-07 4.62 E-07
Phakellistatin 19 TGl 1.47 E-06 1.16 E-06 6.72 E-07
Synthetic Glso n.d. n.d. n.d.
Phakellistatin 19 TGl n.d. n.d. n.d.
5-HomoPro- Glso 4.97 E-06 n.d. 9.63 E-06
Phakellistatin 19 TGI >1.04 E-05 n.d. >1.04 E-05

Tabla 8: Cytotoxic activities displayed by natural and synthetic Phakellistatin 19 and 5-HomoPro-Phakellistatin 19.

As it has been explained before (see Section 2.1.), the same unexpected behavior has

been reported in the literature for most of the described Phakellistatins. Herein, the two more

recurrent hypotheses and two other different explanations for this surprising behavior are

detailed:

A) Preparations of natural Phakellistatins could contain a spectrally undetectable amount

of a contamination, eg. an epimer, which would be responsible for the biological

activity. This hypothesis is supported by the presence of two extra peaks only detected

in the chromatogram of natural Phakellistatin 19 (see Fig. 53 a).

B) The presence of several Pro residues capable of cis-trans isomerism in a constrained

macrocycle provides structures with a complex conformational profile. Individual

conformers at Pro linkages bearing different biological properties could be stabilized in

different conditions (i.e. solvents).

C) The contamination discussed above could be due to another compound with a

chemical structure totally different to Phakellistatin 19.

D) Phakellistatins and, particularly, Phakellistatin 19, can be chelating cyclopeptides. The

absence of metallic cations in the synthetic sample would account for the decrease in

the cytotoxicity.

As this phenomenon of lack of activity is described in the literature for most of the

Phakellistatin family, A and B look more plausible causes. Hypothesis C is hard to prove in our

hands because we did not have easy access to the natural Phakellistatin 19. Furthermore, the

presence of a non-related contaminant in every single member of the big Phakellistatins family

seems quite unlikely. Finally, despite the hypothesis D being logical, we decided to focus our

efforts in verifying or discarding hypotheses A and B.
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2.5. Structural elucidation

The Nuclear Magnetic Resonance (NMR) is one of the most used experimental
techniques in the structural analysis of all kind of molecules. Chemical shifts, NOE cross peak’s
intensities and coupling constants depend on the conformation adopted by the target

compound, and provide a high amount of structural information.

Before starting a deep investigation regarding the reasons of the disagreement
between natural and synthetic Phakellistatin 19, an exhaustive structural study mostly based

on NMR techniques was undertaken.

2.5.1. Chemical shifts: 'H and *C assignment

NMR study of Phakellistatin 19 in DMSO-ds provided a monodimensional *H spectrum
with a single set of sharp peaks corresponding either to a single Phakellistatin 19 conformer, or

to a mixture of conformers in a fast equilibrium for the NMR time scale.

Complete *H (500 MHz) and *C (125 MHz) spectral assignments were successfully
accomplished after registration and exhaustive study of 'H, gCOSY, TOCSY, ROESY, HSQC and
HMBC experiments (Table 9).

'H (ppm) ¢ (ppm) 'H (ppm) ¢ (ppm)
Pro* - - lle® NH 8.34 -
C/H, 4.05 60.6 C/H, 4.20 54.0
C/Hg 2.13,1.98’ 29.7 C/Hg 1.97 35.0
C/H, 1.83,1.72' 24.6-24.7 C/H, 1.31,1.04’ 24.6-24.7
C/Hs 3.89, 3.59’ 47.8 0.85ck3 21.0/14.4¢3

C/Hs 0.65 9.7
Phe” NH 8.11 -
C/Hq 5.03 51.1 Pro° - -
C/Hg 2.95, 2.86’ 36.5 C/H, 4.47 59.3
G 138.2 C/Hy 2.06,1.93’ 28.4
Cose 129.2 C/H, 1.83,1.72' 24.6-24.7
Cys 127.8 C/Hs 3.69, 3.56’ 47.0
Cs 126.0
Thr” NH 7.56 -

Trp® NH 8.20 C/H,, 4.87 56.2
C/H, 3.70 57.0 C/Hg 4.13 67.6
C/Hg 3.61,3.16’ 23.3 C/H, 0.94 18.4
C/H, 6.95 123.5 OH 5.54 -
Cs - 111.2
C/H, 7.40 118.2 Leu® NH 8.73 -
C/Hs 6.94 117.9 C/H, 3.53 53.0
C/He 7.03 120.8 C/Hg 2.16, 1.68’ 36.1
C/H, 7.30 111.3 C/H, 1.47 24.6-24.7
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Cs - 136.0 C/Hs 0.88, 0.85’ 23.4,
Gy - 127.0 21.0/14.4
NHing 10.76 -

Pro’ - -

C/H, 3.92 61.0

C/Hg 1.99, 1.83’ 24.6-24.7

C/H, 1.76, 1.75’ 29.0

C/Hs 3.96, 3.52’ 47.5

Table 9: "H and >C NMR spectral assignments for synthetic Phakellistatin 19 in DMSO-ds. Carbonylic and quaternary carbons have
not been assigned because they were not visible at the HMBC experiment. The carbons C,cus-lle and Cs-Leu, as well as Ca,-Prol, Cp-
Pro®, C,-lle and Cg-Leu could not be univocally assigned either using the gHSQC or the HMBC experiments.

2.5.2. Chemical shifts and temperature: temperature coefficients

In order to study the hydrogen bonding pattern of Phakellistatin 19, the temperature
coefficients (A3/AT) of its amide protons were calculated (Figure 55). Thus, monodimensional
'H spectra of Phakellistatin 19 were recorded at five different temperatures between 298 K

and 318 K, and the evolution of their chemical shifts analyzed.

3.76
218 o (0.998)
(0.999) N’T‘
H 0.20

O H-N (0 893)
) YQ
HN >j\\
6.72 3.32
(0.999) (0.999)

Figure 55: Chemical structure of Phakellistatin 19.
Temperature coefficients are shown in bold (ppb/K) and
the linear regression coefficients in brackets.

Although the rather viscose DMSO-ds; was used as a solvent, the temperature
coefficients obtained were significantly low for Phe and Thr amide protons, pointing out its
likely participation in two intramolecular hydrogen bonds. Moreover, the presence of Pro
residues in small cyclic peptides may help in the stabilization of structural elements such as
B-turns. On the basis of these two observations, we proposed the existence of two B-turns.
The first one involved the residues Pro® and Leu at the positions i+1 and i+2 respectively, while
Pro* and Trp were placed at the analogous i+1 and i+2 positions of a second B-turn. The high

values of the coupling constant 3./,\,,4,OL for the residues Thr and Phe (9.3 Hz and 9.9 Hz
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respectively), suggested their participation in an extended conformation. On the other side,
the smaller values obtained for Leu and Trp (6.6 Hz and 6.3 Hz) would agree with their
participation in a more folded conformation. All these experimental data together with the

NOE cross-peaks between NH-Leu and NH-Thr, and NH-Trp and NH-Phe detected in the ROESY

spectra, supported the existence of the two B-turns (Figure 56).

Figure 56: Schematic representation of a B-turn. The
hydrogen bond CO;-HN,; stabilizing the turn is
highlighted with a dashed line. The two amide
protons NH;,, and NH.,; showing a NOE cross peak are
indicated with a red circle. The residues i and i+3 are
involved in an extended conformation, while the aa
i+1 and i+2 adopt a more folded conformation.

Finally, the linear variation of the chemical shifts regarding the temperature,
suggested that there were no drastic conformational changes in the studied range of

temperatures.

2.5.3. NOE cross peaks

Qualitative and quantitative analysis of NOE experiments, such as NOESY and ROESY,

is a potent tool when dealing with the elucidation of molecules’ tridimensional structure.

Choosing between NOESY and ROESY experiments depends on the correlation time of
the studied molecule (t.). When we are close to the condition w1, = 1, where ® is the Larmor
frequency, then the NOE is zero or approximately zero (Figure 57). In these cases and taking
into account that the ROE never reaches the zero, the preferred option is always a ROESY
experiment. The correlation time of a molecule mainly depends on three factors: molecular
weight, solvent, and working temperature. In general, for small molecules (MW < 600 g/mol)
NOE is positive, it is zero for middle-sized molecules (MW = 700-1200g/mol) and it is negative
for large molecules (MW > 1200 g/mol). Phakellistatin 19 is a middle weight molecule (952.53

g/mol), that has been solubilized in an extremely viscose solvent and studied in a standard
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range of temperatures around 298 K. Under these working conditions, NOE is close to zero, so

a ROESY spectrum was required.

05 | - 0.5
NOE / e ROE
0.25 - 0.25
0.0 Do
B - 'tc—bﬂ
-25 1 4 -.25 — e
'5 T T T '.5 T T T
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Figure 57: NOE and ROE values regarding to the log (wot.).

However, the structural information is more reliable when obtained from a NOESY
than from a ROESY experiment. Spin diffusion is a more severe phenomenon for NOESY than
for ROESY experiments, and may cause false NOE cross-peaks and wrong interatomic
distances. If the mixing times are small enough, we are confined to the linearity region, and
the artefacts can be easily minimized. On the other side, ROESY experiments present several
problems: cross-peaks’s intensities depend on their relative distance to the offset, and the
TOCSY magnetic transference can partially or totally cancel NOE cross-peaks. Some corrections
can be applied to enable the use of the experimental data extracted from a ROESY experiment

to obtain reliable interatomic distances.*

2.5.3.1. Qualitative analysis

ROESY’s cross-peaks pattern gives information about the cis/trans isomerism of Xaa''-
Pro' linkages. When it is a cis peptide bond, a large NOE cross-peak between H,-Pro' and H,-
Xaa™ is detected; and when it is a trans amide bond, the large NOE cross-peak is observed
between Hs-Pro' and H,-Xaa"™. Analysis of Phakellistatin 19’s ROESY spectrum enabled the
identification of large NOE cross peaks between the protons: H,-Phe and Hs-Pro®; H,-lle and
Hs-Pro* and H,-Thr and Hs-Pro®. This experimental data proved that the thermodynamically
most stable trans isomerism is the one adopted by the Phe-Pro’, lle-Pro* and Thr-Pro® amide
bonds. The small differences between the chemical shifts of Cg and C, of the proline residues
also confirmed the trans conformation: Pro* Adcp.c, = 5.01 ppm, Pro* AdScp.cy = -4.38 ppm and
Pro® Adcp.c, = 3.78 ppm.**#
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Finally, the NOE’s cross-peaks between NH-Leu and NH-Thr, and NH-Trp and NH-Phe

also supported the existence of the two previously predicted -turns (see section 2.5.2.).

2.5.3.2. Quantitative analysis

A sample of synthetic Phakellistatin 19 (5.0 mg) was dissolved in DMSO-d; (0.6 uL) and
a ROESY spectrum was recorded at 298 K using a mixing time of 150 ms. The volumes of the
cross-peaks were converted into inter-protonic distances neglecting the effect of the spin
diffusion (isolated spin pair approximation: ISPA) but correcting the dependence with regard to

the offset. Thus, distances (r;) were calculated using the corrected integrals of the cross-peaks:
Fij = Fref (aref ) Cref/aij ' cij)l/6

where: c; = 1/(sin’0; - sin’0;) and tan®, = yB,/(wr-wy)
and (o) is the difference of chemical shifts between the proton H,; and the offset expressed

in Hz, and yB; is the spin-lock potency.

After quantitative analysis of Phakellistatin 19’s ROESY spectra, Table 10 shows the

interatomic distances experimentally found.

Atom i Atom j Cross-peak r; (A) Ficentroid (A)
volume (ay)
NH-lle Hy-Pro® 0.04 2.96 -
NH-Trp NH-Phe 0.04 2.83 -
NH-lle Hg-Thr 0.05 2.83 -
NH-Thr NH-Leu 0.05 2.83 -
NH-Leu Ho-Pro* 0.31 2.06 -
Hy-Thr Hs-Pro® 0.28 2.24 2.42
H,-Thr Hy-Pro® 0.06 2.88
Hq-Phe Hs-Pro’ 0.35 2.17 2.08
Hq-Phe Hg-Pro’ 0.2 2.36
Hg-lle Hg-Phe 0.06 2.64 2.66
Hg-lle Hp-Phe 0.03 2.96
Hq-lle Hs-Pro4 0.42 2.09 2.03
H-lle Hs-Prod 0.2 2.34
HO-Thr Hg-Phe 0.06 2.84 2.80
HO-Thr Hg-Phe 0.04 3.03
HO-Thr NH-lle 0.06 2.78 -

Table 10: Interatomic distances calculated from the NOE’s cross-peaks of a ROESY experiment. The Hs/Hs-Pro* protons were used
as a reference. For the methylenic protons, a centroid was defined and the corresponding distance was re-calculated.

These interatomic distances, together with the hydrogen bonds already identified

during the temperature coefficients’ calculation, were used as experimental restrictions in a
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standard protocol of restricted simulated annealing (SA) to find an energetically minimized

conformation in solution of Phakellistatin 19.

During this protocol, Phakellistatin 19 was heated to 1000 K in increments of 100 K at
a rate of 1 K/ps, to reach a condition where all conformations are equally probable. Every 100
K increment, the sample was allowed to equilibrate for 1000 ps. Once the 1000 K were
reached, this temperature was kept for 30000 ps before starting the cooling down, again at a
rate of 1 K/ps, in increments of 100 K and allowing the sample to equilibrate for 5000 ps after
every 100 K-interval. However, before starting the cooling down, a new parameter was
introduced when calculating the total energy of the molecule. Thus, an energetic penalization
was charged every time an experimental interatomic distance was ignored. The force constant
defining the weight of the experimental restrictions during the cooling down process was re-
scaled 3 times by a factor of 0.5 as the temperature was decreased. Hence, the initial
penalization was 40 kcal/mol and the last one, applied at 400 K, was 5 kcal/mol. The total

energy of every conformation was calculated as follows:

ET = Epotential + Erestrictions

Epotential = Ebond component Z l,Z[k’ (A/r12 - C/re) + (ql ) qZ)/(‘8 : r)]

where: ¢ is the medium dielectrical constant (for DMSO ¢ = 48) and k’ is a factor of 0.25 to
modulate the Van der Waals forces in order to simulate the solvation effect of an organic

solvent.

This heating and restricted cooling down process was repeated 125 times to obtain
125 conformations with minimized energy. The conformation with the lowest energy is shown
in Figure 58. Measurement of interatomic distances on this structure proved that all the
experimental restrictions were fulfilled (all found values turn to be confined in an acceptable

range of r; £ 20%).
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Figure 58: Energetically minimized structure of Phakellistatin 19 obtained after application of a restricted SA protocol. The two
checked hydrogen bonds are highlighted in dashed green lines.

Phakellistatin 19 presents a first B-turn stabilized by the hydrogen bond ThrNH-OCPhe
(the measured distance is 2.06 A) and with the residues Pro’ and Leu placed at the positions
i+1 and i+2 respectively. The second predicted B-turn is not clearly defined. The expected
hydrogen bond (see section 2.5.2.) PheNH-OClle (3.07 A) seems to have been replaced by
another one, PheNH-OCPro4 (1.95 A), that would stabilize a y-turn involving the residues Phe,
Trp and Pro* in the positions i, i+1 and i+2 respectively. The ¢;;; and i, angles measure 78°
and -56° respectively on the minimized structure. These values perfectly match with the ones
established for a y-turn: 70-95 for ¢, and (-75)-(-45) for y.1. All these observations pointed

out the more likely existence of a B-turn and a y-turn rather than two pB-turns.

The region around the y-turn resembles a hairpin motif. It comprises two antiparallel
strains linked by means of hydrogen bonds and orienting the hydrophobic side chains of the
Phe and lle residues into the same direction. Van der Waals interactions between these two
side chains help to stabilize the structural motif. Furthermore, Trp’s side chain points to the
upper region of the y-turn and is completely exposed to the solvent, suggesting its possible
participation in the pharmacophore. The whole structure is highly folded and, somehow,

draws a characteristic chair-shape.
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2.5.3. Coupling constants: dihedral angles

The minimized structure obtained after applying a restricted SA protocol must respect
not only the interatomic distances calculated using the ROESY cross-peaks information, but
also other experimental parameters such as the dihedral angles. The angles formed by the
atoms H-N-C,-H, can be calculated (Table 11) using the coupling constants and the Karplus-

Bystrov equation:44

*Inwo = 9.4 cos® (60 — ¢) — cos (60 — ¢) + 0.4

Aa 3 Jntona (H2) Dihedral angles ¢1 ::g‘reir:lz
Phe 9.9 - 162 - -162° -176
Trp 6.3 31° 138 31 -138 14

lle 8.9 - 153 - -153° -173
Thr 9.3 - 157° - -157 156
Leu 6.6 29 139 -29° -139 -4

Table 11: * Dihedral angles calculated by means of the Karplus-Bystrov equation.

? Dihedral angles measured on the Phakellisttain 19’s minimized structure.

* From all the possible dihedral angles calculated by means of the Karplus-Bystrov equation, these values are the closest to the
ones measured on the structure.

The differences between calculated and measured dihedral angles are significant for

the Trp and the Thr residues, but acceptable for the other residues.

2.6. Finding an explanation for biological activity discrepancies between synthetic and

natural Phakellistatin 19.

As it has already been exposed, all the Phakellistatins described in the literature
present a strong disagreement between the biological properties of the natural and the
synthetic peptides. In rough outlines, two are the hypothesis suggested so far to explain this
surprising behavior: a minor but highly cytotoxic impurity or a conformational issue. In the

present thesis, some experimentation has been done to try to shed light on this issue.

2.6.1. An epimer being responsible of the biological activity?

The presence of two minor peaks in the HPLC-PDA chromatogram of natural
Phakellistatin 19 which were not detected in the synthetic sample, took relevance after
biological evaluation of synthetic Phakellistatin 19. Firstly, it was hypothesized that one or

both of them could be attributed to a highly cytotoxic epimer of Phakellistatin 19, present in
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the natural sample in really small amounts and responsible of the detected bioactivity.
Although a bit unlikely, it was a logical hypothesis rather easy to be demonstrated. Thus, the
ten possible epimers (Table 12) were synthesized using the established synthetic strategy, and

biologically tested against the same three cancer cell lines.

Epimer

CycIo-(Leu-Thr-Pros-IIe-Proa-Trp-Phe-D-Prol)
Cyclo- Leu-Thr-ProG-IIe-Pro4-Trp-D-Phe-Prol)
Cyclo- Leu-Thr-ProG-IIe-Pro4-D-Trp-Phe-Prol)
Cyclo-(Leu-Thr-Pro®-lle-D-Pro*-Trp-Phe-Pro*)
Cyclo- Leu-Thr-Pros-D-IIe-Pro4-Trp-Phe-Prol)
Cyclo-
Cyclo- Leu-D-Thr-Pros-IIe-Pro4-Trp-Phe-Prol)
Cyclo- D-Leu-Thr-ProS-IIe-Pro4-Trp-Phe-Prol)

(

(

(

(

(Leu-Thr-D-Pro®-lle-Pro*-Trp-Phe-Pro’)

(

(
Cyclo-(Leu-Thr-Pro®-allo-lle-Pro*-Trp-Phe-Pro")
(

Cyclo- Leu—allo-Thr—Pros—IIe—Pro4—Trp—Phe—Prol)

Table 12: Peptidic sequence of all the synthesized epimers.

After semi-preparative HPLC purification, all epimers were obtained with purities

above 95% (Figure 59).
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Cyclo-[Leu-Thr-Pro®-D-lle-Pro*-Trp-Phe-Pro’]
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Figure 59: HPLC-PDA chromatograms of the purified epimers of Phakellistatin 19.
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Biological assays revealed no Gls, under 10 M for any of the epimers, excluding then

this first hypothesis.

2.6.2. Cis-trans isomerism at the Pro linkages responsible of the activity?

The presence of up to three Pro moieties in a constrained macrocycle, such as in
Phakellistatins, can lead to complex cis-trans isomerism equilibra around the Pro linkages. It is
assumed that different conformations would own different biological properties. Thus, the
synthetic process would provide a non-cytotoxic but thermodynamically most stable

conformation, while marine sponges would produce a cytotoxic but less stable conformation.

2.6.2.1. Thermodynamic studies of the cis-trans equilibrium at Pro linkages: Biological

evaluation

It was plausible to think that pre-treating synthetic Pipecolidepsin A samples with
different solvents, at different temperatures or at a different pH, would have an effect on the
thermodynamic equilibrium between Phakellistatin 19’s conformers also altering the

bioactivity results.

In order to evaluate this hypothesis, four samples of synthetic Phakellistatin 19 were
subjected to different treatments and then biologically assayed (Table 13). In all cases, residual
TFA from the purification step was replaced by HCI, a less hygroscopic acid showing fewer

interactions with biological systems.

Lung-NSCLC Colon Breast
Treatment A549 HT29 MDA-MB-231
Glso (M) Glso (M) Glso (M)
TFA exchange by HCI n.d. n.d. n.d.
TFA exchange by HCl +
MeOH n.d n.d. n.d.
TFA exchange by HCl +
H,0 2 45.4 °C n.d n.d. n.d.
TFA exchange by HCl +
phosphate buffer 200 8.61 E-08 9.35 E-08 2.63 E-08

mM at pH =8.1

Table 13: Gls, values for the four pre-treated samples of synthetic Phakellistatin 19. All treatments lasted 8 days.

The positive results obtained after treatment with 200 mM phosphate buffer at pH=
8.1 required corroboration in order to discard any false positive due to the high phosphate

salts concentration. Thus, three new samples of synthetic Phakellistatin 19 were pre-treated
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and bio-assayed. We used 200 mM phosphate buffer at pH = 8.04; 20 mM phosphate buffer at
pH = 8.10; and 20 mM tris buffer at pH = 8.18. A blank for all the buffers and a new parameter,

the time, were included in this second biological evaluation (Table 14).

Lung-NSCLC Colon Breast
Buffer Treatment A549 HT29 MDA-MB-231

Glso (M) Glso (M) Glso (M)

Blank 3.68 E-06 1.89 E-06 2.52 E-06

thl\c/’fp:at_egzgg 2h 4.10 E-07 2.52 £-07 2.42 E-07

s PR=S 8d 2.31 E-08 1.47 E-08 1.47 E-08
Blank n.d. n.d. n.d.

Phosphate 20 1d 3.78 E-07 1.26 E-07 4.37 E-07
mM, pH =8.10 2d n.d. n.d. n.d.

5.5d 1.89 E-06 9.66 E-07 2.84 E-06
Blank n.d. n.d. n.d.
Tris 20 mM, 2h n.d. n.d. n.d.
pH=8.18 2d n.d. n.d. n.d.
4d n.d. n.d. n.d.

Table 14: Gls, values for the three new samples of pre-treated synthetic Phakellistatin 19.

The values of cytotoxicity obtained were difficult to interpret. Pre-treatment with two
buffers at the same pH and salt concentration, one based on organic compounds and the other
on inorganic salts, had completely different effects. Moreover, there was a substantial
difference in the results obtained for the 200 mM and the 20 mM phosphate buffer. These
experimental observations may point out a more direct influence of the sodium and phosphate
ions in the cytotoxicity exerted by synthetic Phakellistatin 19. Finally, the behavior respect to

the parameter time was also incoherent.

Our second hypothesis explained the different biological behavior on the basis of an
equilibrium between conformers with different cis-trans isomerism at the Pro linkages. Thus,
and taking into account the poorly concluding biological results, it was decided to perform an
exhaustive structural study of the pre-treated samples of synthetic Phakellistatin 19 to check

the existence of any conformational variation.

2.6.2.2. Thermodynamic studies of the cis-trans equilibrium at Pro linkages: Structural study

Six out of the eight constitutive residues of Phakellistatin 19 are hydrophobic amino
acids or Pro. Therefore, Phakellistatin 19 is a highly lipophilic peptide with poor solubility in
H,0. In order to study its conformation in basic and acid media, the synthesis of a spectrally

comparable and H,0-soluble analog was required.
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Analysis of Phakellistatin 19’s minimized structure obtained after application of the
restricted SA protocol, revealed a number of important structural features. Phe and lle’s side-
chains proved to play an important structural role in the y-turn stabilization, while Trp and
Leu’s side-chains remained quite isolated and exposed. Moreover, we must consider the
presence of the structurally crucial prolines, and a last amino acid, a Thr, bearing a rather polar
uncharged side-chain. Considering all these structural features and the minor presence of Trp
than Leu in nature, the H,0-soluble analog was designed with a positively charged Orn at the
Leu’s position. Its synthesis was successfully achieved following the synthetic strategy
developed for Phakellistatin 19, and the biological assays revealed no significant cytotoxic

properties.

Once the Orn-analog was proven to be H,0-soluble, its spectral equivalence with
Phakellistatin 19 was checked by comparison of 'H NMR spectral assignments of the two
peptides in DMSO-dg. The small differences found, validated the use of the Orn-analog in the

structural study as an appropriate model for Phakellistatin 19.

To study whether or not a conformational change at the Pro linkages occurred, a
sample of 5 mg of analog was treated with a 20 mM phosphate buffer at a pH of 5.95 for 12 h.
Then, a full set of NMR experiments were registered in a Bruker 500 MHz spectrophotometer
at 273 K. The same analysis at 298 K was undertaken with a second sample of 5 mg of Orn-
analog after treatment for 4 days with a 100 mM phosphate buffer at pH = 8.12. Complete 'H

NMR spectral assignment is shown in Table 15.

3 'H (ppm) 3 'H (ppm) 3'H (ppm) & 'H (ppm)

1 1
SD': é';'f::) H,0:D,0  H,0:D,0 SD; ég‘_’;;’ H,0:D0,0  H,0:D,0

(PH=5.95) (pH=8.12) (PH=5.95) (pH=8.12)
Pro* - - - lle® NH 8.33 8.41 8.29
He 4.09 4.41 434 He 4.21 4.22 4.12
Hp 2.18,2.000 2.44,1.97  2.38,1.91 Hp 1.97 1.89 1.81
H, 1.86,1.82" 2.16,2.08  2.08,2.00’ H, 1.32,1.06' 142,111 1.31,0.99
Hs 3.91,3.61 3.86 3.84,3.75 0.86¢13 0.30ck3 0.1943

Hs 0.66 0.80 0.72

Phe® NH 8.12 7.92 7.77
He 5.06 5.35 5.31 Pro’ - - -
Hg 2.93,2.90' 3.09,2.87 3.05,2.79 He 4.48 4.58 451
Ha/e Hp 2.14,2.09 246,189  2.38,1.78
Ha/s H, 1.83,1.73 1.97 1.85
Ha Hs 3.70,3.56'  3.89,3.61' 3.76,3.43
Trp® NH 8.18 6.74 6.36 Thr’ NH 7.54 7.92 7.81
He 3.70 4.51 4.46 He 4.88 5.12 5.04
Hp 3.61,3.17 3.29,3.10' 3.10, 3.03’ Hp 4.15 4.45 4.28
H, 6.96 H, 0.94 1.13 1.04
Ha 7.41 OH 5.54 5.92 5.65
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Hs 6.96

He 7.05 orn® NH 8.82 9.10 8.90

H, 7.32 He 3.55 4.01 3.94

HNing 10.79 10.22 10.10 Hg 2.16,2.02 231,217  2.26,2.10’
H, 1.49 1.73 1.68

Pro* - - - Hs 2.79 3.09, 2.87’ 3.04

He 3.91 4.12 4.07 NH, 7.68 7.75 -

Hg 2.18,2.000 2.20,1.81 2.12,1.64

H, 1.86,1.77’ 1.96 1.78

Hs 3.96,3.54' 3.89,3.26’ 3.77

Table 15: "H NMR spectral assignment of Orn-analog in DMSO-ds, in acid aqueous media and in basic aqueous media. For the
samples in H,0-D,0 (9:1), dioxane was used as a reference. Assigment at pH = 8.12 is less accurate due to the inferior quality of
the spectra.

The cross-peaks pattern of the ROESY (pH = 8.12 and T = 298 K) and NOESY (pH = 5.95
and T = 273 K) experiments showed the trans isomerism of the three prolines in DMSO-d; and
in acid and basic water. This experimental verification refuted the initial hypothesis: the
cytotoxicity observed after treatment with phosphate buffer cannot be explain by arguing a
cis-trans isomerism at the Pro linkages. A hypothetical co-responsability of the sodium and/or
phosphate ions in the detected bioactivity is coherent with the NMR results and the
cytotoxicity values found after treatment with tris buffer. The incoherent behavior regarding

the parameter time still remains unclear.

2.6.3. Enhancing the cis isomerism: Pro replacement by ¥"*™*Pro

2.6.3.1. Synthesis of a small library of ¥"*MPro-containing Phakellistatin 19 analogs

A small library of 7 peptides with the Pro moieties replaced by ¥*™*Pro covering all

the possibilities was designed (Figure 60).
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‘I’Pro ¥Pro*
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¥Pro*
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Me,Me.

Figure 60: Chemical structure of ¥ Me,Me

Pro-analogs of Phakellistatin 19. The residues """ Pro are highlighted in blue.

The synthetic strategy previously developed and validated for Phakellistatin 19 (see
Scheme 31), could not be directly applied to obtain the pseudoproline-containing analogs since

YMeMepro was not acylated under any conditions: DIPCDI-HOBt,

the extremely hindered
COMU-Oxyma-DIEA, HATU-HOAt-DIEA, PyBOP-HOAt-DIEA, TCFH-HOAt-DIEA, Fmoc-aa-F,
applying MW and other reagents and techniques. Taking this into consideration, it was decided
to completely change the synthetic approach. All approaches including a solid-phase acylation
of ¥M*M°pro were discarded, and the synthesis in solution of a dipeptide containing the

yMeMeprq at the C-terminus was faced.

Although coupling of Fmoc-aa-F on ¥M*M*Pro was not achieved on solid phase, it did

work in solution to form the dipeptide (Scheme 32).
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HZN\)L

HS

\lm

o

P

Acetone

reflux, 4h Fmoc\
DIEA
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Scheme 32: Synthetic strategy to obtain ¥***Pro-containing dipeptides.

With all dipeptides on hand, a modified synthetic scheme on solid phase was

successfully attempted to access all the ¥V*M*Pro-containing analogs (Scheme 33)

9 ° 1) Fmoc-Pro'-OH,
\(\)L,O DIEA, DCM, 45 min C'—O

Stepwise assembly H o /O Piperidine-DMF (1:4)
of the linear precursor N\)Lo — O
</§ </5 2) MeOH, 10 min
1) Fmoc-aa;-OH,
HBTU, HOB,
DIEA, DMF, 1 h
Stepwise assembly

2) Piperidine-DMF (1:4)

of the linear precursor

Q™ -Q -Q

N 1) Fmoc-aa;-OH, 0

Q\(Eo A( \E)Lo” @\8:0 HBTU, HOBt, o Hep
s— DIEA, DMF, 1 h

N~ —_— o O'Bu
pg

o N‘H H
PyBOP, HOAt 2) Piperidine-DMF
DIEA, DMF, 2 h (1:4)
0o o 3 o o
Boc—N, NH, Boc—N NH, Boc—N N N
H N H N “H
Dipeptide 5)49 5)4 s
coupling N
1) TFA-DCM (2:98)

Cleavage and 2) PyBOP, HOA,
DIEA, DMF, 4 h

cyclization in solution

o {o]
H-N H‘N
OH O‘Bu
L oA JFAH,0(959), 1h
o

H H

N

s)< § Deprotection 5

in solution

Scheme 33: Thz* analog synthetic strategy.
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For the synthesis of Thz', Thz"*, Thz"® and Thz"*® analogs, the starting and cyclization
point was modified to avoid direct incorporation of the dipeptide onto the resin. For these
analogs, the linear precursor’s assembly started with incorporation of Fmoc-Leu-OH onto
2-CTC resin. The synthesis of all the ¥M*MPro-containing analogs was successfully achieved.

Chromatograms of all the members of the library after reversed-phase semi-preparative HPLC

purification are shown in Figure X.
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Thz® = Cyclo-[Leu-Thr-¥"*MPro®-lle-Pro*-Trp-Phe-Pro']
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Figure 61: HPLC-PDA chromatograms of the purified ¥ Pro-containing analogs of Phakellistatin 19.

2.6.3.2. Biological evaluation of a small library of ¥'*“Pro-containing Phakellistatin 19

analogs

All the members of the small library of ¥"*°Pro-containing Phakellistatin 19 analogs

were tested against three cancer cell lines by means of a MTT assay (Table 16).

152



Synthesis, structural elucidation and biological evaluation of Phakellistatin 19

Lung-NSCLC Colon Breast
Compound A549 HT-29 MDA-MB-231
ug/mL Molar pg/mL Molar ug/mL Molar

Glsg >1.0E+01 >1.00E-05 5.7E+00 5.71E-06 6.1E+00 6.11E-06

Thz TGl >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
LCso >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
Glso >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
ThZ' TGl >1.0E+01  >1.00E-05 >1.0E+01  >1.00E-05 >1.0E+01  >1.00E-05
LG,  >1.0E401  >1.00E-05 >1.0E+01  >1.00E-05  >1.0E+01  >1.00E-05
Glg, >1.0E+01  >1.00E-05 4.0E+00 4.01E-06 2.7E+00 2.70E-06
Thz® TGl >1.0E+01  >1.00E-05 4.2E+00 4.21E-06 4.1E+00 4.11E-06
LG,  >1.0E+401  >1.00E-05 4.6E+00 4.61E-06 6.0E+00 6.01E-06
Glg, >1.0E+01  >9.58E-06 3.3E+00 3.16E-06 5.9E+00 5.65E-06
Thz** TGl >1.0E+01  >9.58E-06 6.9E+00 6.61E-06 >1.0E+01  >9.58E-06
LG,  >1.0E+401  >9.58E-06 >1.0E+01  >9.58E-06 >1.0E+01  >9.58E-06
Gl 3.6E+00 3.45E-06 1.9E+00 1.82E-06 1.8E+00 1.72E-06
Thz"® TGl 8.2E+00 7.85E-06 2.3E+00 2.20E-06 2.1E+00 2.01E-06
LCss  >1.0E401  >9.58E-06 2.8E+00 2.68E-06 2.4E+00 2.30E-06
Gl 3.8E+00 3.64E-06 1.9E+00 1.82E-06 2.3E+00 2.20E-06
Thz*® TGl >1.0E+01  >9.58E-06 2.2E+00 2.11E-06 3.5E+00 3.35E-06

LCso >1.0E+01 >9.58E-06 2.5E+00 2.39E-06 5.3E+00 5.08E-06

Glso 1.6E+00 1.47E-06 1.5E+00 1.38E-06 1.8E+00 1.65E-06
Thz"*® TGl 1.8E+00 1.65E-06 1.9E+00 1.74E-06 2.1E+00 1.93E-06
LCso 2.0E+00 1.83E-06 2.3E+00 2.11E-06 2.4E+00 2.20E-06

Me,Me,

Table 16: Cytotoxicity results for the small library of ¥ Pro-containing Phakellistatin 19 analogs.

Data obtained from the MTT experiments showed that replacement of Pro® by a
PMeMepro was translated into a significant increase in cytotoxicity. Moreover, a more rigid

structure due to the presence of an increasing number of WVeMe

Pro residues, also rose the
bioactivity results. For a better comprehension of these results, a structural study of the library

by means of NMR technique was carried out.

2.6.3.3. Structural study of a small library of ¥"*"Pro-containing Phakellistatin 19 analogs

From the three analogs containing one single ¥"*"*Pro residue (Thz', Thz* and Thz°),
we decided to study by NMR the most active one Thz®. Comparison of two ‘H NMR spectra at
298 K, one in CDCl; and the other in CD;OH, revealed that chloroform strongly favored the
existence of numerous conformers. Consequently, CD;OH was finally chosen as the solvent

when performing the structural study.
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Thz®

Monodimensional spectra of Thz® in CD;OH were then recorded at two other
temperatures: 278 K and 308 K. Analysis of the region between 10 and 11 ppm, where the
indolic proton of the Trp moiety is found, provided an idea of the complex conformational

equilibrium in which Thz® analog was involved (Figure 62).

a)
308 K
b)
278 K
T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
10.50 10.00 9.50 9.00 8.50
pm (f1)

Figure 62: "H NMR spectra of Thz® analog in CD;OH: a) at 308 K; b) at 278 K. The region between 8 and 11 ppm is shown.

Replacement of one single Pro residue by a ¥M**Pro dramatically modified the cis-
trans isomerism at the Pro linkages completely altering the conformational panorama.
Phakellistatin 19 appeared, in DMSO-d; at 298 K, as a single conformer with all Pro in trans,
while Thz® presented, at least, 7 conformers (5 major conformers and 2 minor conformers) at
278 K, and at least 4 conformers (2 of them in a fast equilibrium) at 308 K. Any attempt of *H
assignment for the numerous conformers appeared extremely challenging. Thus, two

. . 1 1
presumably less flexible analogs were examined, Thz"* and Thz"®.
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Thz"*

As detected by NMR, Thz"* in CD;0H at 298 K, presented two major conformers in a

proportion conformer 1-conformer 2 (58:42). Exhaustive analysis of *H, gCOSY, TOCSY, NOESY,

ROESY and gHSQC experiments enabled '"H NMR spectral assignment of both conformers

(Table 17).

"H(ppm) (1) "H (ppm) (2) "H(ppm) (1) "H (ppm) (2)
yMeMeppgt - - lle® NH 8.13 7.60
C/H, 3.97 3.90 C/H,, 4.12 4.14
C/Hg 2.35 1.92 C/Hg 1.76 1.91
C/CH; C/H, 1.31 1.61

1.07¢u3 0.99¢43

Phe” NH 7.69 7.80 C/Hs 0.98 0.98
C/H, 4.59 5.24
C/Hg 3.09, 2.98’ 3.24,2.94’ Pro® - -
o C/H, 4.92 4.50
Cos6 C/Hg 2.45,2.31 2.45,1.93
Cyss C/H, 1.89, 1.83’ 2.16,2.02'
C, C/H;s 3.79, 3.51’ 3.84,3.74'
Trp’ NH 9.00 7.73 Thr” NH 7.33 7.60
C/H, 4.92 5.07 C/H, 451 4.68
C/Hg 3.39,3.18 3.53,3.37’ C/Hg 4.07 4.46
C/H, C/H, 1.19 1.21
Cs OH - -
C/H,
C/Hs Leu® NH 8.88 8.66
C/He C/H, 4.59 4.13
C/H; C/Hy 2.02,1.73’ 2.11, 1.68’
Cs C/H, 1.79 1.78
Co C/H;s 0.93,? 0.88, ?
NHind
lPMe,MePrO4 _ _
C/H, 4.93 5.01
C/Hg 3.56, 3.01’ 3.15,2.91’
C/CH;

Table 17: *H NMR spectral assignment of the two major conformers of Thz"* analog in CD;OH at 298 K.

gHSQC experiment enabled the assignment of the key Pro’s carbons Cg and Cy. For

Pro® of conformer 1, it was found that dcp = 33.095 ppm and d¢, = 22.643 ppm, meaning that

AScp.c, = 10.452 ppm; while for Pro® of conformer 2, 8¢ = 29.943 ppm and &, = 26.791 ppm,

meaning that Adcp.c, = 3.152 ppm. According to these data, Pro® adopted cis isomerism in

conformer 1 and trans isomerism in conformer 2. Large NOE’s cross peak between H,-Thr and
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Hs-Pro® in conformer 2 and ROE’s cross-peak between H,-Thr and H,-Pro® in conformer 1, also

supported the assigned isomerism at the Thr-Pro® linkage for both confomers.

As expected, both ¥V*M*pro' and ¥M*M*Pro* adopt cis isomerism in all conformers.
Large NOE’s cross-peaks between H,-Phe and H,-¥“*“Pro', and H-lle and Hy-¥“*“°Pro*

served as confirmation.

Thz"®

Thz"® analog showed a more confusing spectroscopic data. Again, two major different
conformers were detected. 'H and *C NMR spectral assignment of the 16 residues was
accomplished, but the cross-peaks of the ROESY spectra did not provide enough information to
perform complete sequential assignment for the two conformers. However, the two Pro

moieties were fully assigned and its geometry was identified (Table 18).

Conformer 1 Conformer 2

lle Pro* lle’ Pro*

'H (ppm) 'H (ppm) C (ppm) 'H (ppm) "H(ppm) C (ppm)
7.63 - 8.15 - -
4.36 4.44 61.87 4.50 4.41 64.21
1.69 1.80, 1.74’ 31.08 2.05 2.26,1.47' 28.73
0.99 1.36 21.54 1.06 1.88 26.70

1.53,1.22" | 3.23,3.15 47.49 1.77,1.44 | 3.82,3.76' 48.27
0.89 1.03

Table 18: *H NMR spectral assignment of lle and *H and *C NMR spectral assignment of Pro* for both conformers.

For conformer 1, it was found that Adcg.c, = 9.54 ppm, suggesting a cis geometry of the
amide bond lle-Pro®. On the contrary, for conformer 2, Ad¢p.cy = 2.03 ppm strongly pointed out
a trans prolyl peptide bond. The ROESY cross-peaks detected between H-lle’ and Hs/Hg-Pro®
for conformer 2, also supported the trans isomerism. For conformer 1, no ROE cross-peak
between Hg-lle and H,-Pro* was detected, probably due to the low quality of the ROESY
spectra. The cis geometry of the Xaa-¥"*"*Pro was confirmed by the cross-peaks between

Ho-Thr and H,-¥"*"Pro, and H,-Phe and H,-¥"*"*Pro.

All the NMR experiments were recorded in CD;OH at 273 K. The bad quality of the

spectra and the partial assignment, prevent from finding the ratio between the cis and the

trans conformers.
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1,4,6
Thz™™

Finally, Thz"*® analog, with the three prolines replaced by ¥"*™°Pro, was the most
conformationally restricted analog, as it was confirmed by the presence of one major
conformer (89%) and 3 minor conformers (Figure 63). NMR studies showed that all ¥V*"*Pro
adopted cis isomerism, as proved by the NOE’s cross peaks detected between the protons H,-
Phe and H,-¥"*"*Pro*, Hy-lle and H,-¥"*"*Pro*, H,-Thr and H,-¥"*"*Pro°, Hy-Phe and H,-
PMeMeprot, Ho-lle and H,-¥"*M*Pro* and Hg-Thr and H,-¥"*"*Pro®.

Major conformer (89%)

H 10.50 +10.00
§pm(t1)

pm (t1)

Figure 63: 'H NMR spectral assignment of Thz**® analog in CD3;0OH at 298 K. The region between 10 and
11 ppm is enlarged.
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Complete H assignment is detailed in Table 19.

"H (ppm) H (ppm)
pMeMep ot - lle® NH 6.98
He 4.28 He, 4.16
Hp 2.95 (5.4) Hg 1.75
S, - H, 1.58, 1.15’
Hs 1.69, 1.60’ 0.97c43 (6.8)

Hs 0.93(7.2)
Phe® NH 6.98
H, 4.54 pMeMeprg® -
Hp 2.74 (12.8,9.6) He, 4.99
2.58’ (12.2, 5.1) Hg 3.62 (13.0, 7.0)
Hase 7.21(6.6) 3.21(12.9)
Hy/s 7.31 s, -
Ha ? Hs 2.11,1.84’
Trp® NH 8.65 (5.2) Thr’ NH ?
He 4.58 He, 4.15
Hp 3.28 (6.6) Hg 5.36
H, 7.39 (1.5) H, 1.33 (6.6)
Ha 7.61(7.8) OH -
Hs 7.05 (7.4, 0.8)
He 7.10 (7.5, 1.0) Leu® NH 8.79
H, 7.35 He, 430
NHing 10.4 Hg 1.67
HV

gMeMeppg? - Hs 1.06 (5.8)
He 5.09 1.02 (5.8)
Hp 3.50
S, -
Hs 1.80, 1.68'

Table 19: "H NMR spectral assignment of the major conformer of Thz"*® in CD;OH at 298 K.

The biological and the structural data all together, suggest that Pro® plays a crucial role
in Phakellistatin 19’s structure with direct influence on the bioactivity exerted by this peptide.

PpMeMeprg represents a notable gain of sterical hindrance and

Although Pro replacement by
also an alteration of the hydrogen donors and acceptors pattern, the bioactivity results
showed a significant difference between Thz® analog and Thz"®, Thz*® and Thz**®. Thus, we are
able to affirm that a more likely explanation relies on a structural issue rather than the aa®

being the pharmacophore of Phakellistatin 19.

NMR analysis confirmed that an increasing number of ¥"*"*Pro on Phakellistatin 19’s

14% analog, with all the Xaa™-¥"*M*pro’

structure, entailed a gain of structural rigidity. Thz
linkages adopting the cis isomerism, was the most active one, and also the most rigid one, as

its major conformer represented a 89% of the mixture. A whole cis Phakellistatin 19’s
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conformer being significantly more active, strongly suggests that cis-trans isomerism at the Pro

linkages may have a crucial role in the bioactivity displayed by Phakellistatins.
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Conclusions

1. The synthesis of complex peptides cannot be approached using conventional
strategies. In this sense, a robust and reproducible synthetic strategy to obtain the
marine cytotoxic cyclodepsipeptide Pipecolidepsin A has been developed for the first
time. Pipecolidepsin A represents a paradigm of structural complexity in the “head-to-
side-chain” depsipeptides family due to the presence at the branching position of the
extremely bulky D-allo-AHDMHA amino acid. To the best of our knowledge,
Pipecolidepsin A’s ester bond is the most challenging ester linkage successfully

assembled so far in the cyclodepsipeptides field.

2. Development of a synthetic strategy, that provides easy access to optically pure non
natural amino acids at a preparative scale, was required to synthesize Pipecolidepsin
A. Thus, the syntheses of suitable protected derivatives of the new building blocks
L-threo-f-EtO-Asn and DADHOHA have been successfully achieved. These amino acids,
and/or closely related ones, are constitutive residues of a number of natural

cyclodepsipeptides with promising therapeutic profiles.

165



Conclusions

3. Coupling of Fmoc-diMe-GIn-OH moiety before ester bond formation and applying
temperature when constructing the ester bond turned out to be crucial to achieve
Pipecolidepsin A’s synthesis. General use (with exceptions) of HATU-HOAt-DIEA as a
coupling system with 1 min of pre-activation is necessary to minimize side reactions.
Introduction of the last two moieties of the exocyclic arm as a single unit is also

mandatory.

4. Extensive synthetic work was required to validate the proposed chemical structure for
Pipecolidepsin A. Chemical, spectral and biological equivalence of synthetic
Pipecolidepsin A have been satisfactory proved by means of HPLC-PDA co-elution,

NMR analysis and SRB assays resolving any structural uncertainty.

5. In vivo assays require always large amounts of natural products for exhaustive
evaluations. As Pipecolidepsin A is produced by a marine sponge, its extraction is a
highly demanding task. Therefore, the establishment of a solid synthetic route that
provides ready access to Pipecolidepsin A is crucial to enable its evaluation as a viable

and valuable therapeutic agent.

6. The set up synthetic scheme has been proved useful to provide straightforward access
to analogs. Their study will facilitate valuable structure-activity relationships (SARs)
that will enable the design of related products displaying similar or improved

anticancer properties but bearing a lower synthetic complexity.

7. The synthesis of Phakellistatin 19, an all-L-cyclooctapeptide with a high percentage of
proline residues and a promising activity as an antineoplastic agent, has been
successfully achieved. The synthetic scheme is robust and has been applied to

synthesize several analogs of the natural peptide.

8. All described Phakellistatins have shown severe disagreements between synthetic and
natural peptides in terms of cytotoxicity. In our hands, Phakellistatin 19 also proved to

display the same surprising biological behavior.

9. Natural samples of Phakellistatin 19 being contaminated with a highly cytotoxic epimer

responsible of the bioactivity, has been ruled out.
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10. Exhaustive NMR study of synthetic Phakellistatin 19 in CD;0D, CDCl;, DMSO-d;, and of

11.

12.

a water-soluble analog in H,0-D,0 (9:1) at pH = 5.95 and 8.12, proved the all-trans
geometry for the three Pro residues in all solvents and pH conditions. Natural
Phakellistatin 19 also showed the all-trans geometry in CD;0D. Thus, a difference in
the cis-trans isomerism at the prolyl peptide bonds does not account for the positive
cytotoxicity results obtained with the samples of synthetic Phakellistatin 19 treated

phosphate buffer.

YMe,Me

A new synthetic strategy to access Pro-containing analogs of Phakellistatin 19

YMe,Me

has been successfully developed. The presence of the extremely bulky Pro amino

f YMe,Me

acid poses a severe synthetic challenge. Since all attempted conditions o Pro’s

YMe,Me

solid-phase acylation failed badly, the synthesis of Xaa— Pro dipeptides in solution

was mandatory.

Biological avaluation and structural analysis of ¥M*MPro-containing analogs revealed
that Pro® plays a key structural role in Phakellistatin 19, with direct influence on its
cytotoxic activity. The most rigid analog containing the all-cis ¥M*™*Pro moieties

displayed the highest bioactivity.
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Materials and methods

1. Materials and methods for peptide synthesis and purification

1.1. Solvents and reagents

1.1.1. Solvents

All the solvents used in the present thesis have been purchased to the suppliers

Panreac, Scharlau, SDS and Sigma-Aldrich.

1.1.2. Reagents

All the reagents employed in the present thesis have been purchased to the suppliers

Alfa Aesar, Bachem AG, Fluka, Iris Biotech, Luxemburg Industries, Novabiochem, Panreac, and

Sigma-Aldrich.

1.2. Instrumentation

1.2.1. General basic instrumentation

Balances

Lyophilizers

Orbital shakers

Rotary evaporators
Ultrasonic bath

UV-Vis spectrophotometer

Vortex mixers

METTLER TOLEDO

MS 303-S. 3 significant figures
AB 204-S. 4 significant figures
AT 261 DeltaRange®. 5 significant figures
MXS5. 6 significant figures
Freezemobile 25 EL, VirTis
Unimax 1010, Heidolph
Laborota 4003 Control, Heidolph
BRANSON

UV-2501PC, Shimadzu

MERCK® eurolab
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1.2.2. High-performance liquid chromatography

1.2.2.1. Analytical HPLC

Analytical HPLC was performed on a Waters instrument comprising a Waters 2695
(Waters, MA, USA) separation module, an automatic injector, a photodiode array detector
(Waters 996 or Waters 2998), and a Millenium* login system controller. The columns used
were a Xbridge™ C18 reversed-phase analytical column (2.5 um x 4.6 mm x 75 mm), a
Xbridge™ BEH130 C18 reversed-phase analytical column (3.5 um x 4.6 mm x 100 mm) and a
SunFire™ C18 reversed-phase analytical column (3.5 pm x 4.6 mm x 100 mm) run with linear
gradients of ACN (0.036% TFA) into H,0 (0.045% TFA) over 8 min or a Symmetry C18 reversed-
phase analytical column (5 um x 4.6 mm x 150 mm) run with linear gradients over 15 min. UV

detection was at 220 and 254 nm and the system was run at a flow rate of 1.0 mL/min.

1.2.2.2. Semi-analytical HPLC

Semi-analytical HPLC was performed on a Waters instrument comprising two solvent
delivery pumps (Waters 1525), an automatic injector (Waters 717 autosampler), a Waters
2487 dual wavelength detector, a Breeze v3.20 system controller, a Symmetry” C18 reversed-
phase column (5 um x 7.8 mm x 100 mm) or a XBridge™ Prep BEH130 C18 reversed-phase
column (5 um x 10 mm x 100 mm) and linear gradients of ACN (0.036% TFA) into H,0 (0.045%
TFA) over 20 min. The system was run at a flow rate of 3 mL/min. UV detection was at 220 or

254 nm.

1.2.2.3. Semi-preparative HPLC

Semi-preparative RP-HPLC was carried on a Waters instrument comprising two solvent
delivery pumps (Waters Delta 600), an automatic injector (Waters 2700 Sample Manager), a
Waters 2487 dual wavelength absorbance detector, an automatic sample collector (Waters
Fraction Collector Il), a Masslunx v3.5 system controller and three different columns, obtained
also from Waters: a Symmetry’ C8 reversed-phase column (5 um x 30 mm x 100 mm), a
Symmetry® C18 reversed-phase column (5 um x 30 mm x 100 mm) and a SunFire™ Prep C18
OBD™ reversed-phase column (5 pm x 19 mm x 100 mm). Linear gradients of ACN (0.5% TFA)

into H,0 (1% TFA) with a flow rate of 10 mL/min or 15 mL/min were used.
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1.2.2.4. HPLC-MS

HPLC-MS analysis was performed on two different instruments provided with two
different columns. The first of them was a Waters instrument comprising a Waters 2695
separation module, an automatic injector, a Waters 2998 photodiode array detector, a Waters
ESI-MS Micromass ZQ spectrometer, a Masslynx v4.1 system controller and a SunfireTM C18
reversed-phase analytical column (3.5 mm x 2.1 mm x 100 mm). UV detection was at 220 and
254 nm, and linear gradients of ACN (0.07% Formic acid) into H,0 (0.1% Formic acid) were run
at a 0.3 mL/min flow rate over 8 min. The second instrument comprised a Waters Alliance
2795 separation module, a Waters 2487 Dual A Absorbance Detector, a MassLynx V4.0 system
controller, a Waters ESI-MS Micromass ZQ spectrometer and a Symmetry® C18 reversed-phase
analytical column (5 pm x 4.6 mm x 150 mm) run with linear gradients over 15 min and a flow

rate of 1 mL/min.

1.2.3. MALDI-TOF

Mass spectra were recorded on a MALDI-TOF Applied Biosystem 4700 with a N, laser
of 337 nm using ACH matrix (10 mg/mL of ACH in ACN-H,O-TFA (1:1:0.1)).

Sample preparation: a mixture of sample solution (1 pL) and matrix (1 ulL) is prepared,

placed on a MALDI-TOF plate and dried by air.

1.2.4. Amino acids analysis

After hydrolysis and derivatization (AccQ-TagTM Chemistry Kit, Waters) of the peptidic
sample, the concentration of each amino acid was found using a Waters 600 instrument
provided with a delta 600 pump, a Waters 717 automatic injector, a Waters 2487 UV detector,

a Masslynx system controller and a Waters AccQ-Tag"

amino acid analysis Nova-pak C18
column (4 um x 3.9 mm x 150 mm). Linear gradients of AccQ-Tag™ eluent A (Waters) and ACN

at a flow rate of 1 mL/min were used.

1.2.5. Nuclear Magnetic Resonance

'H and **C NMR spectra were recorded on a Varian MERCURY 400 (400 MHz for 'H
NMR, 100 MHz for *C NMR) spectrometer for organic small molecules and on a Bruker DMX
500 MHz or a Bruker 600 Avance lll Ultrashielded, provided with a cryoprobe TCI (600 MHz for

'H NMR, 150 MHz for *C NMR), spectrometers for the peptidic samples. Chemical shifts (8) are
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expressed in parts per million downfield from tetramethylsilyl chloride. Coupling constants are

expressed in Hertz.

1.3. Solid Phase Peptide Synthesis (SPPS)

1.3.1. General considerations

Solid phase syntheses were undertaken manually in polypropylene syringes fitted with
two polyethylene filter discs. All solvents and soluble reagents were removed by suction.
Washings between deprotection, coupling and cyclization steps were carried out with DMF (3
x 1 min) and DCM (3 x 1 min) using 4 mL solvent/g resin for each wash. When not specified, all
transformations and washes were performed at 25 °C. Short treatments were carried out with
manual stirring while longer transformations took place in orbital shakers. All the peptides

were synthesized in solid phase using the Fmoc/'Bu protection strategy.

1.3.2. Colorimetric tests

1.3.2.1. Kaiser test’?

The Kaiser or ninhydrin test is a colorimetric test that enables qualitative detection of
free primary amines. It is commonly used in SPPS to monitor coupling and deprotection

treatments.

The peptide-resin is washed with DCM and the solvent removed by suction. A small
amount of resin beads are transferred to a glass tube and 6 drops of solution A and 2 drops of
solution B are added. Then, the tube is incubated at 110 °C for three minutes. A dark blue color
(in the supernatant and/or in the resin beads) reveals de presence of free primary amines,
thus, pointing out that the deprotection is taken place or the coupling is incomplete, while a

yellow coloration ensures 99.5% of coupling rate.

- Solution A: A solution of phenol (400 g) in absolute EtOH (100 mL) is prepared. Some
heating is needed for complete dissolution of the phenol. 20 mL of a 10 mM aqueous KCN
solution (65 mg of KCN in 100 mL of H,0) are added to freshly distilled pyridine (1000 mL). The
two solutions are stirred with the ion exchange resin Amberlite MB-3 (40 g) for 45 min, then

filtered and combined to obtain Solution A for the Kaiser test.

- Solution B: Ninhydrin (2.5 g) is dissolved in absolute EtOH (50 mL). The ninhydrin

reagent is light sensitive, thus, Solution B is kept in a flask protected from light.
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1.3.2.2. Chloranil test’

The chloranil test is a colorimetric test used in SPPS that enables qualitative detection
of free secondary amines. It is commonly used to monitor couplings onto proline or N-alkyl

residues.

The peptide-resin is washed with DCM and the solvent removed by suction. A small
amount of resin beads are transferred to a glass tube and 5 drops of saturated chloranil
solution (2,3,5,6-tetrachloro-1,4-benzoquinone in toluene) and 20 drops of acetone are added.
The resulting solution is shaken in a vortex mixer for 5 min at room temperature. The resin
beads which are stained green/The resin beads staining green indicate the presence of free
secondary amines and it is considered a positive test. A negative test keeps the yellow color in

the supernatant and in the beads.

1.3.2.3. De Clercq test’

The De Clercq test, also known as the p-nitrophenyl ester test, is a colorimetric test
used in SPPS that enables qualitative detection of free secondary and primary amines with a

higher sensitivity than the Chloranil test (see section 1.3.2.2.).

The peptide-resin is washed with DCM and the solvent removed by suction. A small
amount of resin beads are transferred to a glass tube and 5 drops of the De Clercq reagent are
added. Then, the tube is incubated at 70 °C for 10 minutes. The supernatant is removed with a
Pasteur pipette and the resin beads washed with MeOH (x 3), DMF (x 3) and DCM (x 1). The
resin beads which are stained red indicate the presence of free amines and it is considered a

positive test. The absence of coloration ensures a quantitative coupling.

- De Clercq reagent: A three-step synthesis enables ready access to the p-nitrophenyl
ester of red disperse 1 with high yields. To a solution of disperse red 1 (6.28 mg, 20 mmol) and
Rh,(OAc), (150 mg, 0.34 mmol) in DCM-toluene (1:1, 200 mL) another solution of ethyl
diazoacetate (8.4 mL, 80 mmol) in toluene (40 mL) is added at 40 °C over 1 h. The reaction
mixture is stirred overnight at room temperature and purified by flash chromatography. The
product obtained (5 g, 12.5 mmol) and KOH (4.062 g, 62.5 mmol) are dissolved in MeOH-
toluene (4.3:1, 370 mL) and the resulting mixture is refluxed under N, for 1.5 h. The product is
purified by extractions. Finally, the purified product (2.322 g, 6 mmol) and p-nitrophenol
(0.834 g, 6 mmol) are dissolved in pyridine-DCM (1:1.2, 220 mL), the resulting mixture cooled
down to -15 °C and a solution of POClz in DCM (1.006 mL in 10 mL of DCM) slowly added over 1
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h. The final p-nitrophenyl ester of red disperse 1 is purified by extractions. It is used as a 0.02

M solution in ACN.

1.3.3. Conditioning of the resin and incorporation of the first amino acid

Two different resins were used to synthesize all the peptides described in the present
thesis: 2-chlorotrityl chloride resin (2-CTC) and aminomethyl resin functionalized with the 3-(4-
hydroxymethylphenoxy)propionic acid (AB linker). Peptide cleavage from both resins provides
the peptide with an acid function at the C-terminal. In all cases the Fmoc/'Bu protection

strategy was used.

Conditioning of the two resins consist on washes with DMF (5 x 1 min) to eliminate
hydrochloric acid traces (especially critical for the extremely labile 2-CTC resin) and with DCM
(5 x 1 min) to obtain an optimal swollen of the resin before incorporation of the first amino

acid.

- 2-Chlorotrytil chloride resin (2-CTC)

Incorporation of the first amino acid into 2-CTC resin is achieved through a
nucleophilic attack of the carboxylate form of the corresponding Fmoc-protected amino acid
to form an ester bond. Decreasing the loading of commercial 2-CTC resin (1.6 mmol/g) is
necessary to avoid aggregation problems when growing the peptidic chains. Thus, to achieve a
common loading of 0.8 mmol/g resin, 0.5 equiv of Fmoc-AA-OH and 3.3 equiv of DIEA are
dissolved in DCM and the solution is added into the resin. After 5 min of manual stirring, 1.7
equiv more of DIEA are added, and the resulting mixture is shaked for 40 more min. To
terminate the excess of reactive positions, 800 uL of MeOH/g resin are added and the reaction
is shaked for 10 more min. Then, the solvents are removed by suction, and the resin washed

with DCM (3 x 1 min), DMF (3 x 1 min) and DCM (3 x 1 min).

When cyclization is carried out in solid phase, the loading is decreased to 0.4-0.6
mmol/g resin. Some batches of 2-CTC resin can need a bigger excess of Fmoc-AA-OH to

achieve the desired loading.

- Aminomethyl resin

A number of conditions to decrease the loading of a commercially available
aminomethyl resin (0.93 mmol/g) have been unsuccessfully attempted. Thus, a 0.36 mmol/g

resin was finally chosen in order to easily perform cyclizations in solid phase with minimized
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side reactions. First of all, the AB linker is attached to the resin through an amide bond using
the coupling conditions linker-HBTU-HOBt-DIEA (3:3:3:6) in DMF and in pre-activation mode.
The AB linker, the HOBt and the DIEA are dissolved in DMF and then HBTU is added. After 1
min of vortex mixing (pre-activation), the mixture is added into the resin and shaken for 1.5 h.
The solvents are removed by suction and the resin is washed with DMF (3 x 1 min) and DCM (3

x 1 min). A Kaiser test is performed to check the coupling conversion.

The incorporation of the first amino acid is carried out forming an ester bond under
the conditions Fmoc-AA-OH-DIPCDI-HOAt-DMAP (5:5:5:0.5) in DCM-DMF(3:2) for 3 h. Then,
the solvents are removed, the resin washed with DCM (3 x 1 min), DMF (3 x 1 min) and DCM (3
x 1 min), and the amino acid re-coupled under the same conditions. The excess of reactive
sites of the AB linker are quenched by reaction with a solution of DIEA (50 equiv) and Ac,0 (50
equiv) in DMF for 16 min. Then, the reagents are filtered under vacuo and the resin washed

with DMF (3 x 1 min) and DCM (3 x 1 min).

1.3.4. Elimination and quantification of the Fmoc group

The Fmoc group is removed by treatment with a solution of piperidine-DMF (1:4).
When the Fmoc group is protecting a primary amine, the resin is treated four times (2 x 1 min,
2 x 5 min), while if it is a secondary amine, a longer treatment is needed (2 x 1 min, 2 x 5 min,

1 x 10 min).

The loading capacity of the resin can be found by quantifying the Fmoc group from the
first amino acid ancored into the resin. Thus, when deprotecting, all the treatments with
piperidine-DMF and the washes with DMF (3 x 1 min) are collected in a volumetric flask, and
the UV absorbance at 290 nm of the resulting solution is measured. The loading capacity is

calculated as follows:

Where:

A Absorbance
X Volume of the solvent (mL)

£ Molar absorbance coefficient (5800 L - mol™- cm'l)
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Y Resin weight (g)
| Length of the cell (cm)

Z Loading of the resin

1.3.5. Peptide chain elongation

The assembly of the peptidic chain can be achieved by using several different coupling

conditions. In the present thesis, all the peptides have been synthesized using one or a

combination of the following protocols:

Protocol A:
Step Treatment Conditions
1 Washes DCM (3 x 1 min)
2 Deprotection Piperidine:DMF (1:4) (2 x 1 min, 2 x 5 min)
3 Washes DMF (3 x 1 min), DCM (3 x 1 min)
4  Coupling Fmoc-AA-OH-HBTU-HOBt-DIEA (4:4:4:8) in DMF (1 h)
5 Washes DMF (3 x 1 min), DCM (3 x 1 min)
6 Colorimetric test Kaiser test, chloranil test or De Clercq test, as needed

Protocol B:
Step Treatment Conditions
1 Washes DCM (3 x 1 min)
2 Deprotection Piperidine:DMF (1:4) (2 x 1 min, 2 x 5 min)
3 Washes DMF (3 x 1 min), DCM (3 x 1 min)
4 Coupling Fmoc-AA-OH-DIPCDI-HOBt (3:3:3) in DMF (1 h)
5 Washes DMF (3 x 1 min), DCM (3 x 1 min)
6 Colorimetric test Kaiser test, chloranil test or De Clercq test, as needed
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Protocol C:
Step Treatment Conditions
1 Washes DCM (3 x 1 min)
2 Deprotection Piperidine:DMF (1:4) (2 x 1 min, 2 x 5 min, 1 x 10 min)
3 Washes DMF (3 x 1 min), DCM (3 x 1 min)
4 Coupling Fmoc-AA-OH-HATU-HOAt-DIEA (x:x:x:2x) in DMF (1 h)
5 Washes DMF (3 x 1 min), DCM (3 x 1 min)
6 Colorimetric test Kaiser test, chloranil test or De Clercq test, as needed

All the coupling treatments were performed at 25 °C and lasted 1 h. After 3 min of
manual stirring, they were kept in an orbital shaker. Coupling conversion was checked by
means of the appropriate colorimetric test (see section 1.3.2.) and re-couplings were

performed when needed.

1.3.6. Allyl and Alloc groups elimination

The allyl ester and the alloc- group are removed by treatment with catalytic amount of
[Pd(PPh3)4] (0.1 equiv) in the presence of the scavenger PhSiH; (10 equiv) in DCM and under N,
atmosphere (3 x 15 min). After the treatments, the resin is washed with DCM (3 x 1 min), DMF
(3 x 1 min) and DCM (3 x 1 min). Additional washes with a 0.02 M solution of sodium

diethylthiocarbamate in DMF may be needed to remove all palladium traces.

1.3.7. Cleavage of the peptide from the resin

- 2-Chlorotrytil chloride resin (2-CTC)

Cleavage from 2-CTC resin is achieved by acidolytic treatment in very mild TFA
conditions to furnish the completely protected linear peptide, therefore enabling cyclizations
in solution. After washing the resin with DCM (3 x 1 min), it is treated with a TFA-DCM (2:98)
solution (5 x 2 min) and then washed again with DCM until the resin colour changes from red
to the original yellow. All washes are collected in a H,0-containing flask (15 mL H,0/200 mg
resin) and the TFA and DCM removed by means of a N, stream or under vacuo. ACN is added

and the resulting solution is lyophilized.

Cleavage from the resin and complete side-chain deprotection could be performed in

one step increasing the TFA percentage and using the appropriate scavengers according to the
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peptide sequence. Nevertheless, is better recommended carrying out the two treatments

stepwise to obtain cleaner crudes.

- Aminomethyl resin

Cleavage from the aminomethyl resin functionalized with the AB linker requires harsh
acidic conditions and furnishes the completely unprotected peptide. The cleavage cocktail is
chosen according to the sensitiveness of the residues present in the peptide sequence and
their protecting groups. For all the synthesis performed in the present thesis using this resin,
after washes with DCM (3 x 1 min), the polymeric support was treated with a TFA-H,0O-Tis
(95:2.5:2.5) solution (1 x 1.5 h, 3 x 2 min). All the filtrates were collected in a round-bottom

flask, evaporated to dryness under reduced pressure and lyophilized in H,O-ACN (3:2).

1.3.8. Peptide purification

All peptides were purified using a reversed-phase HPLC equipment. The instrument
and the column (see section 5.2.2.) were chosen depending on the amount of crude, the
degree of purity and the complexity of the chromatographic profile of the crude. All the
samples were dissolved in the minimum amount of a H,0-ACN solution, whose ACN
percentage depended on the solubility of the peptide crude, and filtered through a 0.45 mm

nylon filter. The fractions were analyzed by HPLC-PDA, combined and lyophilized.

1.3.9. Peptide characterization

Peptides identity was confirmed by MALDI-TOF, HPLC-MS and/or HRMS analysis, and
their purity was checked by HPLC-PDA.
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1.4. Phakellistatins

1.4.1. Synthesis of building blocks

Fmoc-DL-Trp-(5-F)-OH

Fmoc-Cl (1164.2 mg, 4.50 mmol, 1 equiv) and

O NaN; (351.1 mg, 5.40 mmol, 1.2 equiv) were dissolved in
o dioxane-H,0 (1:1; 4.4 mL) and stirred for 2.5 hours at 25

SN
O \n/ OH °C. Then, a solution of H-LD-Trp-(5-F)-OH (1000 mg, 4.50
(o]
F

mmol, 1 equiv) in dioxane-aqueous solution of Na,CO; at

N\

2% (1:1; 19 mL) was added dropwise. More dioxane was

Iz

added (4.3 mL) and after adjusting to pH = 10, the
mixture was stirred for 48 hours. The reaction was monitored by TLC. After quantitative
conversion, H,0 (50 mL) was added and the resultant aqueous solution was washed with Et,0
(x 3), acidified to pH 3 by the addition of 1 M aqueous HCl and extracted with EtOAc (x 3). The
combined organic layer was washed with brine, dried over MgSQ,, filtrated and concentrated
under vacuo to give 1012.1 mg (51%) of Fmoc-DL-Trp(5-F)-OH as a white solid, which was used
in the next reaction without further purification. '"H NMR (400 MHz, CD;0D) & 3.13 (1H, dd, J =
14.7, 8.4 Hz, CH,), 3.31 (1H, dd, J = 14.6, 5.0 Hz, CH,"), 4.15 (1H, t, J = 7.0, 7.0 Hz, CH, Fmoc),
4.22 (1H, dd, J = 10.2, 7.1 Hz, CH,, Fmoc), 4.31 (1H, dd, J = 10.3, 7.1 Hz, CH,, Fmoc), 4.47 (1H,
dd, J = 8.2, 5.0 Hz, CH%), 6.85 (1H, dt, J = 2.4, 9.2, 9.1 Hz, CH, Ar, Trp), 7.14 (1H, s, CH, Ar, Trp),
7.22-7.30 (4H, m, CH, Ar, Fmoc, Trp), 7.36 (2H, t, J = 7.5, 7.5 Hz, CH, Ar, Fmoc), 7.57 (2H, dd, J =
7.4, 3.7 Hz, CH, Ar, Fmoc), 7.77 (2H, d, J = 7.6 Hz, CH, Ar, Fmoc); *C NMR (400 MHz, CD;0D) &
28.70 (CH,"), 48.16 (CH, Fmoc), 56.42 (CH%), 68.06 (CH,, Fmoc), 103.89 (CH, Ar, Trp), 104.12
(Cq, Trp), 110.36 (CH, Ar, Trp), 110.62 (Cq, Trp), 113.00 (CH, Ar, Trp), 113.10 (Cq, Trp), 120.88
(CH, Ar, Fmoc), 120.90 (CH, Ar, Fmoc), 126.25 (CH, Ar, Fmoc), 126.36 (CH, Ar, Fmoc), 126.54
(CH, Ar, Trp), 128.18 (CH, Ar, Fmoc), 128.76 (CH, Ar, Fmoc), 134.62 (Cq, Fmoc), 142.55 (Cq,
Fmoc), 142.57 (Cq, Fmoc), 145.27 (Cq, Fmoc), 157.86 (OCONH), 158.43 (Cq, Trp), 160.17
(COOH). Analytical HPLC-PDA (Symmetry C18 column (5 um x 4.6 mm x 150 mm); t; = 4.21
min, from 30% to 90% ACN over 15 min, purity > 95%). HPLC-ESMS(+) analysis showed: m/z
calcd for CygH,:FN,O4 [M+H]™ 444.5, found 446.2.
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H-Cys(y"'*"*pro)-OH*HCI

o A solution of H-Cys-OH*HCI (438.0 mg, 2.78 mmol, 1 equiv) and
H\)]\ acetone dimethyl acetal (6.3 mL, 51.01 mmol, 18.4 equiv) in acetone (30
Y OH
7< s mL) was placed in a round bottomed flask equipped with a condenser and
S— -HCI
the mixture was heated at 57 °C for 2 h. Then, the reaction suspension
was allowed to cool down to 25 °C, filtered and the solid washed with cold acetone and dried

Me,Me

under vacuo to give 298 mg (54%) of H-Cys(y pro)-OH*HCI as a white solid which was used

in the next reaction without further purification.

Fmoc-Phe-F

To a solution of Fmoc-Phe-OH (500.0 mg, 1.29
Q mmol, 1 equiv) in dry DCM (400 mL) at 0 °C, DAST (203

(0]
O‘ o H\)l\ uL, 1.55 mmol, 1.2 equiv) was added and the mixture

o was stirred for 1 h. Then, after monitoring the reaction
\© by TLC, more DAST was added (203 uL, 1.55 mmol, 1.2

equiv) and the resulting mixture was reacted for 1 h

more. The reaction was quenched by adding H,0, and the organic layer was washed with brine
(x 1), dried over Na,SQ,, filtrated and concentrated under vacuo to give 410.0 mg (82%) of

crude Fmoc-Phe-F as an orange solid, which was used in the next step without further

purification.
Fmoc-lle-F
To a solution of Fmoc-lle-OH (500.0 mg, 1.41
Q mmol, 1 equiv) in dry DCM (70 mL) at 0 °C, DAST (222 pL,
. H o 1.70 mmol, 1.2 equiv) was added and the mixture was
(o) N
O \"/ ‘e F stirred for 2 h. Then, after monitoring the reaction by TLC,
(o)

more DAST was added (222 pL, 1.70 mmol, 1.2 equiv) and
the resulting mixture reacted for 1.5 h more. The reaction
was quenched by adding H,0, and the organic layer was washed with brine (x 1), dried over
Na,S0O,, filtrated and concentrated under vacuo to give 493.7 mg (98%) of crude Fmoc-lle-F as

an orange solid, which was used in the next step without further purification.
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Fmoc-Thr(‘Bu)-F

To a solution of Fmoc-Thr(‘Bu)-OH (500.0 mg, 1.26

o mmol, 1 equiv) in dry DCM (70 mL) at O °C, DAST (198 pL,
. o th . 1.51 mmol, 1.2 equiv) was added and the mixture was
O \[.I/ stirred for 2 h. Then, after monitoring the reaction by TLC,

)°< more DAST was added (198 L, 1.51 mmol, 1.2 equiv) and

the resulting mixture reacted for 2 h more. The reaction

was quenched by adding H,0, and the organic layer was washed with brine (x 1), dried over
Na,S0,, filtrated and concentrated under vacuo to give 483.0 mg (96%) of crude Fmoc-

Thr(‘Bu)-F as an orange solid, which was used in the next step without further purification.

Fmoc-Phe-Cys(y"'*"°pro)-OH

To a solution of H-Cys(y"*"*pro)-OH*HCI

Q (310.6 mg, 1.57 mmol, 1.5 equiv) in dry DCM (35
. H o j"OH mL), Fmoc-Phe-F (410.0 mg, 1.05 mmol, 1 equiv)
O O\"/N\E)LN "'7 and DIEA (602 uL, 3.46 mmol, 3.3 equiv) were
0 2 +S added and the resulting mixture was stirred for

35 h at room temperature under a N,

atmosphere. Then, the organic layer was washed

with a 5% aqueous solution of citric acid (x 1) and with brine (x 1), dried over Na,SO,, filtrated
and concentrated under vacuo to give 510.7 mg (91%) of crude dipeptide Fmoc-Phe-

MeMenro)-OH as a white solid, which was used in the SPPS without further purification. ‘*H

Cys(y
NMR (400 MHz, CDCl;) & 1.74 (3H, s, CHs, Cys(y*Mpro)), 1.83 (3H, s, CHs, Cys(y""*"°pro)),
2.36 (1H, m, CH,", Cys(y"™*™*pro)), 2.90 (1H, m, CH,", Cys(y"*™®pro)), 3.05 (2H, m, CH,", Phe),
4.08 (1H, t, J = 6.9, 6.9 Hz, CH, Fmoc), 4.17 (2H, m, CH,, Fmoc), 4.30 (1H, dd, J = 10.3, 7.4 Hz,
CH®, Cys(y"*“®pro)), 4.72 (1H, dt, J = 5.2, 9.6, 9.6 Hz, CH%Phe), 5.87 (1H, d, J = 8.7 Hz,
OCONH), 7.23-7.31 (7H, m, CH, Ar, Fmoc, Phe), 7.37 (2H, br dd, J = 12.8, 7.2 Hz, CH, Ar, Fmoc),
7.45 (1H, d, J = 7.4 Hz, CH, Ar, Fmoc), 7.51 (1H, d, J = 7.5 Hz, CH, Ar, Fmoc), 7.72 (2H, dd, J = 7.4,
2.1 Hz, CH, Ar, Fmoc). *C NMR (400 MHz, CDCl;) & 27.66 (CHs, Cys(y"*""®pro)), 29.29 (CH,,
Cys(yM*™epro)), 30.41 (CH,", Cys(y"*™*pro)), 41.22 (CH,", Phe), 47.00 (CH, Fmoc), 54.89 (CH%
Phe), 65.34 (CH,, Fmoc), 67.37 (C°, Cys(y"*"®pro)), 73.93 (CH%, Cys(y""*"°pro)), 119.93 (CH, Ar,
Fmoc), 119.96 (CH, Ar, Fmoc), 125.09 (CH, Ar, Fmoc), 125.12 (CH, Ar, Fmoc), 127.08 (CH, Ar,
Fmoc), 127.39 (CH, Ar, Phe), 127.72 (CH, Ar, Fmoc), 128.65 (CH, Ar, Phe), 129.92 (CH, Ar, Phe),
135,38 (Cq, Phe), 141.22 (Cq, Fmoc), 141.24 (Cq, Fmoc), 143.43 (Cq, Fmoc), 143.77 (Cq, Fmoc),
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155.79 (OCONH), 169.58 (CO). Analytical HPLC-PDA (SunFire™ €18 column (3.5 pm x 4.6 mm x
100 mm); tg = 3.77 min, from 70% to 100% ACN over 8 min, purity > 88%). HPLC-ESMS(+): m/z
calculated for C3oH3oN>05S 530.63, found 531.28 [M+H]".

Fmoc-lle-Cys(y"*"*pro)-OH

To a solution of H-Cys(y"*"*pro)-OH*HCI

Q o (500.9 mg, 2.53 mmol, 1.5 equiv) in dry DCM (50
. H o j"OH mL), Fmoc-lle-F (603.5 mg, 1.70 mmol, 1 equiv)

(0} N A
D \"/ ‘e N "7 and DIEA (971 uL, 5.57 mmol, 3.3 equiv) were

added and the resulting mixture was stirred for 4
h at room temperature under a N, atmosphere.
Then, the organic layer was washed with a 5% aqueous solution of citric acid (x 1) and with
brine (x 1), dried over Na,SO,, filtrated and concentrated under vacuo. The residue was
purified by semi-preparative RP-HPLC to give 132.4 mg (16%) of dipeptide Fmoc-lle-

Me,Me

Cys(y"*M°pro)-OH as a white solid. Conditions: SunFire™ Prep C18 OBD™ column (5 pm x 19
mm x 100 mm); linear gradient (5% to 60%) of ACN over 5 min and (60% to 90%) over 20 min,
with a flow rate of 15 mL/min."H NMR (400 MHz, CDCl3) 6 0.88 (3H,t,J=7.4,7.4 Hz, CH35, lle),
0.96 (3H, d, J = 6.7 Hz, CHY, lle), 1.09 (1H, m, CH,, Ile), 1.51 (1H, m, CH,", Ile), 1.64 (1H, m, CH",
lle), 1.84 (3H, s, CHs, Cys(y""*®pro)), 1.93 (3H, s, CHs, Cys(y"*"°pro)), 3.22 (1H, dd, J = 11.9,
5.7 Hz, CH,", Cys(yM*™°pro)), 3.40 (1H, d, J = 11.9 Hz, CH,", Cys(y"™*"*pro)), 4.10 (2H, m, CH,,
Fmoc), 4.26 (1H, dd, J = 10.1, 7.2 Hz, CH, Fmoc), 4.51 (1H, dd, J = 9.4, 7.1 Hz, CH? lle), 5.03 (1H,
d, J = 5.4 Hz, CH®, Cys(y""*"°pro)), 5.85 (1H, d, J = 9.6 Hz, OCONH), 7.25 (2H, m, CH, Ar, Fmoc),
7.35(2H, q,/=7.7,7.7,7.7 Hz, CH, Ar, Fmoc), 7.44 (1H, d, J = 7.5 Hz, CH, Ar, Fmoc), 7.50 (1H, d,
J=7.5Hz, CH, Ar, Fmoc), 7.69 (2H, dd, J = 6.8, 6.2 Hz, CH, Ar, Fmoc). *C NMR (400 MHz, CDCl5)
8 11.56 (CH5®, lle), 14.88 (CHJ', lle), 23.89 (CH,', lle), 27.86 (CHs, Cys(yM*“*pro)), 29.24 (CH;,
Cys(yM*Mepro)), 30.77 (CH,", Cys(y*M°pro)), 39.34 (CH,", lle), 47.03 (CH, Fmoc), 58.14 (CHY
lle), 65.40 (CH,, Fmoc), 67.38 (C°, Cys(y"*™*pro)), 73.83 (CH%, Cys(y"*"°pro)), 119.85 (CH, Ar,
Fmoc), 119.90 (CH, Ar, Fmoc), 125.12 (CH, Ar, Fmoc), 125.17 (CH, Ar, Fmoc), 127.06 (CH, Ar,
Fmoc), 127.67 (CH, Ar, Fmoc), 141.18 (Cq, Fmoc), 141.20 (Cq, Fmoc), 143.38 (Cqg, Fmoc), 143.81
(Cq, Fmoc), 156.58 (OCONH), 170.63 (CO), 171.62 (CO). Analytical HPLC-PDA (SunFire™ C18
column (3.5 pum x 4.6 mm x 100 mm); tz = 3.97 min, from 70% to 100% ACN over 8 min, purity
> 98%). HPLC-ESMS(+): m/z calculated for C,;H3,N>05S 496.62, found 497.14 [M+H]".
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Fmoc-Thr('Bu)-Cys(y"'**pro)-OH
To a solution of H-Cys(y"*"®pro)-OH*HCI
Q o (o) OH (370.8 mg, 1.88 mmol, 1.5 equiv) in dry DCM (40
. o Hn j/ mL), Fmoc-Thr('Bu)-F (502.0 mg, 1.26 mmol, 1
O \"/ I N "7 equiv) and DIEA (719 puL, 4.13 mmol, 3.3 equiv)
+S were added and the resulting mixture was stirred
for 4 h at room temperature under a N,
atmosphere. Then, the organic layer was washed with a 5% aqueous solution of citric acid (x 1)
and with brine (x 1), dried over Na,SO,, filtrated and concentrated under vacuo. The residue
was purified by semi-preparative RP-HPLC to give 54.4 mg (8%) of dipeptide Fmoc-Thr('Bu)-

MeMenro)-OH as a white solid. Conditions: SunFire™ Prep C18 OBD™ column (5 um x 19

Cys(y
mm x 100 mm); linear gradient (5% to 50%) of ACN over 5 min and (50% to 90%) over 20 min,
with a flow rate of 15 mL/min. *H NMR (400 MHz, CDCl;) & 1.06 (3H, d, J = 6.3 Hz, CH5", Thr),
1.23 (9H, s, CHs, Bu), 1.86 (3H, s, CHs, Cys(y"*"°pro)), 1.90 (3H, s, CHs, Cys(y“'*pro)), 3.25
(1H, dd, J = 11.9, 5.7 Hz, CH,", Cys(y*™®pro)), 3.33 (1H, d, J = 11.8 Hz, CH,*, Cys(y"*"°pro)),
3.88 (1H, m, CH?, Thr), 4.18 (1H, t, J = 7.1, 7.1 Hz, CH, Fmoc), 4.33 (2H, m, CH,, Fmoc), 4.46 (1H,
dd, J=7.3, 3.7 Hz, CH®, Thr), 6.03 (1H, d, J = 5.4 Hz, CH%, Cys(y"*™®pro)), 6.12 (1H, d, J = 7.4 Hz,
OCONH), 7.30 (2H, dt, J = 3.0, 7.4, 7.4 Hz, CH, Ar, Fmoc), 7.39 (2H, brt, J = 7.4, 7.4 Hz, CH, Ar,
Fmoc), 7.56 (1H, d, /= 7.5 Hz, CH, Ar, Fmoc), 7.60 (1H, d, /= 7.5 Hz, CH, Ar, Fmoc), 7.74 (2H, d, J
= 7.5 Hz, CH, Ar, Fmoc). *C NMR (400 MHz, CDCl;) & 17.55 (CHs', Thr), 27.77 (CHs,
Cys(yM*M°pro)), 28.00 (CHs, ‘Bu, Thr), 29.44 (CHs, Cys(y"*"*pro)), 30.70 (CH,", Cys(y"*Mpro),
47.03 (CH, Fmoc), 58.13 (CH%, Cys(yM*™®pro)), 65.67 (CH,, Fmoc), 67.33 (C°, Cys(y"*™°pro)),
69.47 (CH,®, Cys(y™*M°pro)), 74.12 (CH®, Cys(yM*™*pro)), 75.24 (Cq, 'Bu), 119.91 (CH, Ar,
Fmoc), 119.93 (CH, Ar, Fmoc), 125.21 (CH, Ar, Fmoc), 125.28 (CH, Ar, Fmoc), 127,05 (CH, Ar,
Fmoc), 127.69 (CH, Ar, Fmoc), 127.70 (CH, Ar, Fmoc), 141.23 (Cq, Fmoc), 141.30 (Cq, Fmoc),
143.45 (Cq, Fmoc), 143.95 (Cq, Fmoc), 155,88 (OCONH), 167.64 (CO), 172.81 (CO). Analytical
HPLC-PDA (SunFireWI C18 3.5 um x 4.6 mm x 100 mm column; tz = 5.11 min, from 70% to 100%
ACN over 8 min, purity > 98%). HPLC-ESMS(+): m/z calculated for C,oH3¢N,0¢S 540.67, found
541.29 [M+H]".
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1.4.2. Phakellistatin 19

1.4.2.1. Synthesis of Phakellistatin 19

2-CTC resin (100 mg, 1.60 mmol/g) was placed in a 10 mL-polypropylene syringe fitted
with two polyethylene filter discs. The resin was then washed, the first amino acid (Fmoc-Pro-
OH) coupled and the excess of reactive positions terminated as it has been described in the
general procedures (see section 1.3.). The peptide elongation was carried out under the
conditions described for protocol A and the resulting protected linear peptide cleaved using

the conditions specified in the section 1.3.7.

The protected lyophilized peptide (91.2 mg, 81 umol, 1 equiv) and a solution of HOAt
(11.1 mg, 81 umol, 1 equiv) in the minimum amount of DMF (0.5 mL) were dissolved in DCM
(163 mL; 0.5 mM). Then, solid PyBOP (84.9 mg, 163 umol, 2 equiv) first and DIEA (56 ulL, 329
pmol, 4 equiv) second were added. After adjusting to basic pH = 8 with more DIEA, the
solution was stirred for 4 hours at 25 °C. The reaction was monitored by HPLC-PDA. After the
completion of the cyclization, the DCM was partly evaporated under reduced pressure, and
washed with 5% aqueous NaHCOs; solution (x 3), saturated aqueous NH,Cl solution (x 3) and
brine (x 1), dried over Na,SO,, filtrated and concentrated under vacuo. To fully remove the
side-chain protecting groups, the protected cyclopeptide was treated with a TFA-H,0 solution
(95:5; 5 mL) for 1 hour at 25 °C. The HPLC-PDA showed completion of the deprotection. The
TFA was removed under reduced pressure and the resulting aqueous suspension was re-
dissolved adding H,O-ACN (7:3; 15 mL) and lyophilized. The product was then purified by semi-
preparative RP-HPLC. Conditions: Symmetry® semi-preparative C18 column (5 pm x 30 mm x
100 mm); linear gradient (30% to 100%) of ACN over 45 min, with a flow rate of 10 mL/min; tz
=32.4 min.

1.4.2.2. Characterization of Phakellistatin 19

Linear precursor

Column: Symmetry C18 5 um x 4.6 mm x 150 mm
HPLC-PDA, tz (0% to 100% of ACN over 15 min): 10.10 min
m/z calculated for CgoHggNgO1, [M+H]™: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.37 Da
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Phakellistatin 19

Analytical column: Symmetry C18 5 pm x 4.6 mm x 150 mm
Yield: 22%

HPLC-PDA, t; (45% to 75% of ACN over 15 min): 7.96 min
Purity (AL =220 nm): 95%

m/z calculated for Cs;H7,oNgOg [M+H]™: 952.5291 Da

HRMS (NanoESl), [M+H]": 952.5293 Da

'H and *C NMR (Bruker DMX 500 MHz, DMSO-dj):

'H (ppm) ¢ (ppm) 'H (ppm) ¢ (ppm)
Leu' NH 8.73 } Pro° j §
C/Ha 3.53 :2'519(7) C/Ha 1 93'91283’ 24 ?3'22 71
C/Hp 2.16, 1.68 24.57-24.71 C/Hp 1.76,1.75' 29.02
C/Hy 1.47 C/Hy ,
o 0.88, 0.85 23.39 , o 3.96, 3.52 47.51
20.95/14.43
Thr® NH 7.56 - Trp® NH 8.20 -
C/Ha. 4.87 56.23 C/Ha 3.70 56.95
C/HB 413 67.60 C/HB 3.61,3.16' 23.34
OH 5.54 - C/H, 6.95 123.54
C/Hy 0.94 18.43 Cs - 111.18
C/H, 7.40 118.16
C/Hs 6.94 117.94
C/H 7.03 120.79
C/H, 7.30 111.34
Cs - 136.04
Co - 126.97
HN;og 10.76 -
Pro’ - - Phe’ NH 8.11 -
C/Ha. 4.47 59.26 C/Ha 5.03 51.07
C/HB 2.06,1.93' 28.42 C/HB 2.95, 2.86' 36.46
C/Hy 1.83,1.72 24.57-24.71 G - 138.17
C/HS 3.69, 3.56' 46.98 C/Ha6 129.21
C/H3s 127.77
C/H, 125.96
lle* NH 8.34 B, Pro’ B} B
C/Ha 4.20 53.98 C/Hao 4.05 60.57
C/HB 1.97 35.03 C/HB 2.13,1.98' 29.65
C/Hy 1.31,1.04' 24.57-24.71 C/Hy 1.83,1.72' 24.57-24.71
0.85yc 20.95/14.43y, C/HS 3.89, 3.59’ 47.78
C/HE 0.65 9.71

Table 20: Chemical shifts of 'H and “C for synthetic Phakellistatin 19 in DMSO-ds. Carbonilic C weren’t visible in the HMBC
experiment. Carbons Cycus-lle and C3-Leu as well as Cy-Pro®, CB-Pro®, Cy-lle and CB-Leu couldn’t be univocally assigned.
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1.4.3. Lybraries of epimers and analogs

1.4.3.1. Synthesis of epimers and analogs

All epimers were synthesized following the same procedure described for
Phakellistatin 19 with one variation: the peptide chain assembly was achieved using protocol B

instead of protocol A. All the amino acids were incorporated in pre-activation mode.

The first library of analogs was synthesized as it has been detailed for Phakellistatin 19.
The main differences are found in the purification step. Nevertheless, for the second library of
analogs, its structural design demanded the implementation of some modifications with
regard to the general synthetic protocol of Phakellistatin 19: the additive HOBt (protocol A)

Me,Me

was replaced by HOAt; the Cys(y pro) residues were incorporated as the corresponding

Me,Me

dipeptides Fmoc-Phe-Cys(y"*"°pro)-OH, Fmoc-lle-Cys(y pro)-OH or Fmoc-Thr('Bu)-
Cys(y"*Mpro)-OH under the conditions dipeptide-PyBOP-HOAt-DIEA (2:2:2:4) in DMF (1 mL)
for 2 h and in pre-activation mode; and the final deprotection step was carried out under the
conditions TFA-MeOH-TIS-H,0 solution (80:15:2.5:2.5; 20 mL) for 15 min at 25 °C. After
checking by HPLC-PDA analysis completion of the deprotection, the mixture of solvents was

co-evaporated with toluene (x 2, 20 mL) first and DCM (x 2, 20 mL) second.

1.4.3.2. Chraracterization of epimers and analogs

Library of epimers

Cyclo-[Leu-Thr-Pro-lle-Pro-Trp-Phe-D-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, ti (5% to 100% of ACN over 8 min): 6.36 min
m/z calculated for CgoHggNgO1, [M+H]*: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.73 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 40 min with a flow of 15 mL/min
Yield: 12%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, ti (30% to 100% of ACN over 8 min): 6.41 min
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Purity (AL =220 nm): 97%
m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da
HRMS (NanoESl), [M+H]*: 952.5266 Da

Cyclo-[Leu-Thr-Pro-lle-Pro-Trp-D-Phe-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 6.37 min
m/z calculated for CgoHgsNoO1, [M+H]: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.54 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 40 min with a flow of 15 mL/min
Yield: 7%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (30% to 100% of ACN over 8 min): 6.16 min

Purity (A =220 nm): 95%

m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da

HRMS (NanoESl), [M+H]*: 952.5288 Da

Cyclo-[Leu-Thr-Pro-lle-Pro-D-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ €18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, ti (5% to 100% of ACN over 8 min): 4.65 min
m/z calculated for CgoHgsNoO1, [M+H]™: 1127.39 Da
HPLC-ESMS(+), [M+H]*: 1127.73 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 40 min with a flow of 15 mL/min
Yield: 31%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, tz (30% to 100% of ACN over 8 min): 6.37 min
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Purity (A =220 nm): 99%
m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da
HRMS (NanoESl), [M+H]*: 952.5294 Da

Cyclo-[Leu-Thr-Pro-lle-D-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 6.27 min
m/z calculated for CgoHgsNoO1, [M+H]: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.91 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 40 min with a flow of 15 mL/min
Yield: 14%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (30% to 100% of ACN over 8 min): 6.32 min

Purity (A =220 nm): 100%

m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da

HRMS (NanoESl), [M+H]*: 952.5295 Da

Cyclo-[Leu-Thr-Pro-D-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ €18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, ti (5% to 100% of ACN over 8 min): 4.39 min
m/z calculated for CgoHgsNoO1, [M+H]™: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.54 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 40 min with a flow of 15 mL/min
Yield: 15%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, tz (30% to 100% of ACN over 8 min): 6.04 min
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Purity (A =220 nm): 98%
m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da
HRMS (NanoESl), [M+H]*: 952.5288 Da

Cyclo-[Leu-Thr-Pro-L-allo-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 6.40 min
m/z calculated for CgoHgsNoO1, [M+H]: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1126.74 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 52% to 60% of ACN over 20 min with a flow of 15 mL/min
Yield: 28%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 65% of ACN over 8 min): 4.84 min

Purity (A =220 nm): 95%

m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da

HRMS (NanoESl), [M+H]*: 952.5306 Da

Cyclo-[Leu-Thr-D-Pro-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ €18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, ti (5% to 100% of ACN over 8 min): 4.82 min
m/z calculated for CgoHgsNoO1, [M+H]™: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.76 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 25% to 80% of ACN over 40 min with a flow of 15 mL/min
Yield: 5%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, tz (30% to 100% of ACN over 8 min): 5.66 min
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Purity (A =220 nm): 100%
m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da
HRMS (NanoESl), [M+H]*: 952.5287 Da

Cyclo-[Leu-D-Thr-Pro-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 6.54 min
m/z calculated for CgoHgsNoO1, [M+H]: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127. 45 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 40 min with a flow of 15 mL/min
Yield: 2%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (30% to 100% of ACN over 8 min): 5.80 min

Purity (A =220 nm): 94%

m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da

HRMS (NanoESl), [M+H]*: 952.5294 Da

Cyclo-[Leu-L-allo-Thr-Pro-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ €18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, ti (35% to 100% of ACN over 8 min): 4.05 min
m/z calculated for CgoHgsNoO1, [M+H]™: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.74 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 50% to 54% of ACN over 20 min with a flow of 15 mL/min
Yield: 21%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, tz (50% to 65% of ACN over 8 min): 4.09 min
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Purity (A =220 nm): 100%
m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da
HRMS (NanoESl), [M+H]*: 952.5309 Da

Cyclo-[D-Leu-Thr-Pro-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 6.46 min
m/z calculated for CgoHgsNoO1, [M+H]: 1127.39 Da
HPLC-ESMS(+), [M+H]": 1127.63 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 20 min with a flow of 15 mL/min
Yield: 4%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (30% to 100% of ACN over 8 min): 6.04 min

Purity (A =220 nm): 97%

m/z calculated for Cs;H;oNgOg [M+H]": 952.5291 Da

HRMS (NanoESl), [M+H]*: 952.5290 Da

Library of analogs |

Cyclo-[Leu-Thr-Pro-lle-Pro-Trp-Phe-(4-HO-Pro)]
Linear precursor

Column: Symmetry C18 (5 um x 4.6 mm x 150 mm)
HPLC-PDA, ti (0% to 100% of ACN over 15 min): 10.10 min
m/z calculated for CgoHggNgO15 [M+H]*: 1143.39 Da
HPLC-ESMS(+), [M+H]*: 1144.03 Da

Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C18 (5 um x 30 mm x 100 mm) and Symmetry

semi-analytical C18 (5 um x 7.8 mm x 100 mm)
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Purification gradient: 40% to 100% of ACN over 45 min with a flow of 10 mL/min and 35% to
60% of ACN over 20 min with a flow of 3 mL/min

Yield: 8%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, tg (0% to 100% of ACN over 15 min): 11.53 min

Purity (A =220 nm): 100%

m/z calculated for Cs;H;oNgO10 [M+H]": 968.5240 Da

HRMS (NanoESlI), [M+H]": 968.5253 Da

Cyclo-[Leu-Thr-Pro-lle-(4-HO-Pro)-Trp-Phe-Pro]
Linear precursor

Column: Symmetry C18 (5 um x 4.6 mm x 150 mm)
HPLC-PDA, ti (0% to 100% of ACN over 15 min): 9.41 min
m/z calculated for CgoHgsNgO13 [M+H]": 1143.39 Da
HPLC-ESMS(+), [M+H]*: 1143.49 Da

Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C8 (5 um x 30 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 30 min with a flow of 15 mL/min
Yield: 34%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, ti (35% to 70% of ACN over 15 min): 9.90 min

Purity (A =220 nm): 100%

m/z calculated for Cs;H;oNgO10 [M+H]": 968.5240 Da

HRMS (NanoESl), [M+H]*: 968.5242 Da

Cyclo-[Leu-Thr-(4-HO-Pro)-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: Symmetry C18 (5 um x 4.6 mm x 150 mm)
HPLC-PDA, ti (0% to 100% of ACN over 15 min): 8.68 min
m/z calculated for CgoHgsNoO13 [M+H]": 1143.39 Da
HPLC-ESMS(+), [M+H]": 1143.42 Da
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Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C18 (5 um x 30 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 45 min with a flow of 10 mL/min
Yield: 29%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, tz (35% to 70% of ACN over 15 min): 8.71 min

Purity (A =220 nm): 99%

m/z calculated for Cs;H;oNgO10 [M+H]": 968.5240 Da

HRMS (NanoESl), [M+H]": 968.5248 Da

Cyclo-[Leu-Thr-Pro-lle-Pro-Trp-Phe-HomoPro]
Linear precursor

Column: Symmetry C18 (5 pm x 4.6 mm x 150 mm)
HPLC-PDA, ti (0% to 100% of ACN over 15 min): 10.99 min
m/z calculated for Cg;HgoNoO1, [M+H]": 1141.42 Da
HPLC-ESMS(+), [M+H]": 1142.20 Da

Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C18 (5 pm x 30 mm x 100 mm)
Purification gradient: 40% to 100% of ACN over 45 min with a flow of 10 mL/min
Yield: 7%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, ty (45% to 75% of ACN over 15 min): 9.21 min

Purity (A =220 nm): 100%

m/z calculated for Cs,H,2NgOq [M+H]": 966.5448 Da

HRMS (NanoESl), [M+H]": 966.5462 Da

Cyclo-[Leu-Thr-Pro-lle-HomoPro-Trp-Phe-Pro]
Linear precursor

Column: Symmetry C18 (5 um x 4.6 mm x 150 mm)
HPLC-PDA, tz (0% to 100% of ACN over 15 min): 10.89 min
m/z calculated for Cg;HgoNgO1, [M+H]*: 1141.42 Da
HPLC-ESMS(+), [M+H]*: 1142.13 Da
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Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C18 (5 um x 30 mm x 100 mm) and Symmetry
semi-analytical C18 (5 um x 7.8 mm x 100 mm)

Purification gradient: 30% to 100% of ACN over 40 min with a flow of 10 mL/min and 40% to
45% of ACN over 30 min with a flow of 3 mL/min

Yield: 1%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, t; (45% to 75% of ACN over 15 min): 7.73 min

Purity (A =220 nm): > 80%

m/z calculated for Cs,H,2NgOq [M+H]": 966.5448 Da

HRMS (NanoESl), [M+H]*: 966.5463 Da

Cyclo-[Leu-Thr-HomoPro-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, ti (0% to 100% of ACN over 15 min): elutes at 100% of ACN
m/z calculated for Cg;HgoNgO1, [M+H]": 1141.42 Da

HPLC-ESMS(+), [M+H]": 1142.00 Da

Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C18 (5 um x 30 mm x 100 mm)
Purification gradient: 40% to 100% of ACN over 45 min with a flow of 10 mL/min
Yield: 6%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, t; (0% to 100% of ACN over 15 min): 12.53 min

Purity (A =220 nm): 99%

m/z calculated for Cs,H,2NgOq [M+H]": 966.5448 Da

HRMS (NanoESl), [M+H]": 966.5466 Da

Cyclo-[Leu-Thr-Pro-lle-Pro-Trp-(Phe-3,4-F,)-Pro]
Linear precursor

Column: Symmetry C18 (5 um x 4.6 mm x 150 mm)
HPLC-PDA, ti (0% to 100% of ACN over 15 min): 11.49 min
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m/z calculated for CgoHggF,NO1, [M+H]": 1163.37 Da
HPLC-ESMS(+), [M+H]": 1163.27 Da

Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C8 (5 um x 30 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 30 min with a flow of 15 mL/min
Yield: 6%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, tz (45% to 75% of ACN over 15 min): 9.58 min

Purity (A =220 nm): 96%

m/z calculated for Cs;HggF,NgOg [M+H]*: 988.5103 Da

HRMS (NanoESl), [M+H]": 988.5120 Da

Cyclo-[Leu-Thr-Pro-lle-Pro-(Trp-5-F)-Phe-Pro]
Linear precursor

Column: Symmetry C18 (5 pm x 4.6 mm x 150 mm)

HPLC-PDA, ti (0% to 100% of ACN over 15 min): 9.48 min and 9.72 min
m/z calculated for CssH;oFNgO1o [M+H]*: 1045.27 Da

HPLC-ESMS(+), [M+H]": 1043.31 Da

Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C18 (5 um x 30 mm x 100 mm) and Symmetry
semi-analytical C18 (5 um x 7.8 mm x 100 mm)

Purification gradient: 5% to 100% of ACN over 30 min with a flow of 10 mL/min and 45% to
50% of ACN over 30 min with a flow of 3 mL/min

Yield: 9% and 10%

Analytical column: Symmetry C18 (5 um x 4.6 mm x 150 mm)

HPLC-PDA, tz (0% to 100% of ACN over 15 min): 12.29 min and 12.44 min

Purity (A =220 nm): > 95%

m/z calculated for Cs;HgsFNgOg [M+H]": 970.5197 Da

HRMS (NanoESl), [M+H]": 970.5198 Da
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Cyclo-[Orn-Thr-Pro-lle-Pro-Trp-Phe-Pro]
Cyclic unprotected peptide

Purification column: Symmetry semi-preparative C8 (5 um x 30 mm x 100 mm)
Purification gradient: 30% to 100% of ACN over 30 min with a flow of 15 mL/min
Yield: 60%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, tz (20% to 80% of ACN over 8 min): 5.07 min

Purity (A =220 nm): 98%

m/z calculated for CsoHggN150g [M+H]*: 953.5244 Da

HRMS (NanoESl), [M+H]": 953.5246 Da

Library of analogs II

Me,Me

Cyclo-[Thr-Pro-lle-Pro-Trp-Phe-Cys(y pro)-Leu]

Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 7.09 min
m/z calculated for Cg;HgoN9O1,S [M+H]*: 1173.49 Da
HPLC-ESMS(+), [M+H]": 1173.71 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)

Purification gradient: 5% to 65% of ACN over 5 min and 65% to 100% of ACN over 20 min with
a flow of 15 mL/min

Yield: 17%

Analytical column: SunFire™ €18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 100% of ACN over 8 min): 5.28 min

Purity (A =220 nm): 95%

m/z calculated for Cs,H7,2NgOoS [M+H]": 998.5168 Da

HRMS (NanoESl), [M+H]": 998.5150 Da
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Me,Me

Cyclo-[Leu-Thr-Pro-lle-Cys(y pro)-Trp-Phe-Pro]

Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 6.59 min
m/z calculated for Cg;HgoN9O1,S [M+H]*: 1173.49 Da
HPLC-ESMS(+), [M+H]*: 1173.57 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep 18 OBD™ (5 pm x 19 mm x 100 mm)

Purification gradient: 5% to 65% of ACN over 5 min and 65% to 100% of ACN over 20 min with
a flow of 15 mL/min

Yield: 2%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 100% of ACN over 8 min): 4.34 min

Purity (A =220 nm): 100%

m/z calculated for Cs,H7,NgOsS [M+H]": 998.5168 Da

HRMS (NanoESl), [M+H]": 998.5161 Da

Cyclo-[Leu-Thr-Cys(y""*"°pro)-lle-Pro-Trp-Phe-Pro]
Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, ti (5% to 100% of ACN over 8 min): 7.15 min
m/z calculated for CgHgoNgO1,S [M+H]*: 1173.49 Da
HPLC-ESMS(+), [M+H]*: 1172.70 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)

Purification gradient: 5% to 65% of ACN over 5 min and 65% to 100% of ACN over 20 min with
a flow of 15 mL/min

Yield: 10%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 100% of ACN over 8 min): 5.49 min

Purity (A =220 nm): 100%

m/z calculated for Cs,H7,2NgOoS [M+H]": 998.5168 Da
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HRMS (NanoESl), [M+H]*: 998.5170 Da

Me,Me

Cyclo-[Thr-Pro-lle-Cys(y""*"pro)-Trp-Phe-Cys(y"*"pro)-Leu]

Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 7.68 min
m/z calculated for Cg,HgNgO1,S, [M+H]™: 1219.58 Da
HPLC-ESMS(+), [M+H]": 1219.60 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)

Purification gradient: 5% to 60% of ACN over 5 min and 60% to 90% of ACN over 20 min with a
flow of 15 mL/min

Yield: 16%

Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 100% of ACN over 8 min): 6.24 min

Purity (AL =220 nm): 94%

m/z calculated for Cs3H74NoOgS, [M+H]*: 1044.5045 Da

HRMS (NanoESl), [M+H]": 1044.5029 Da

Me,Me Me,Me

Cyclo-[Thr-Cys(y pro)-lle-Pro-Trp-Phe-Cys(y pro)-Leu]

Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, t; (20% to 100% of ACN over 8 min): 7.84 min
m/z calculated for Cg,Hg;NgO1,S, [M+H]™: 1219.58 Da
HPLC-ESMS(+), [M+H]": 1219.36 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)

Purification gradient: 5% to 50% of ACN over 5 min and 50% to 90% of ACN over 20 min with a
flow of 15 mL/min

Yield: 18%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 100% of ACN over 8 min): 6.09 min
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Purity (A =220 nm): 100%
m/z calculated for Cs3H74NgOsS, [M+H]": 1044.5045 Da
HRMS (NanoESl), [M+H]*: 1044.5029 Da

Me,Me Me,Me

Cyclo-[Leu-Thr-Cys(y pro)-lle-Cys(y pro)-Trp-Phe-Pro]

Linear precursor

Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tg (5% to 100% of ACN over 8 min): 7.37 min
m/z calculated for Cg,Hg;NgO1,S, [M+H]™: 1219.58 Da
HPLC-ESMS(+), [M+H]*: 1219.23 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep C18 OBD™ (5 um x 19 mm x 100 mm)

Purification gradient: 5% to 50% of ACN over 5 min and 50% to 90% of ACN over 20 min with a
flow of 15 mL/min

Yield: 34%

Analytical column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)

HPLC-PDA, ti (50% to 100% of ACN over 8 min): 3.35 min

Purity (AL =220 nm): 92%

m/z calculated for Cs3H74NgOsS, [M+H]": 1044.5045 Da

HRMS (NanoESlI), [M+H]": 1044.5051 Da

Me,Me Me,Me Me,Me

Cyclo-[Thr-Cys(y pro)-lle-Cys(y pro)-Trp-Phe-Cys(y pro)-Leu]

Linear precursor
Column: SunFire™ C18 (3.5 um x 4.6 mm x 100 mm)
HPLC-PDA, tz (5% to 100% of ACN over 8 min): 7.37 min

m/Z calculated for C63H94N901253 [M+H]+: 1265.67 Da
HPLC-ESMS(+), [M+H]": 1267.30 Da

Cyclic unprotected peptide

Purification column: SunFire™ Prep 18 OBD™ (5 pm x 19 mm x 100 mm)
Purification gradient: 5% to 50% of ACN over 5 min and 50% to 90% of ACN over 20 min with a
flow of 15 mL/min

Yield: 32%
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Analytical column: SunFire™ C18 (3.5 pm x 4.6 mm x 100 mm)
HPLC-PDA, t; (50% to 100% of ACN over 8 min): 4.06 min
Purity (AL =220 nm): 98%

m/z calculated for Cs;H;NOgS; [M+H]*: 1090.4923 Da

HRMS (NanoESl), [M+H]": 1090.4937 Da

1.5. Pipecolidepsins

1.5.1. Synthesis of building blocks

1.5.1.1. Synthesis of Fmoc-L-threo-EtO-Asn(Trt)-OH
Diethyl (2R,3R)-2-hydroxy-3-bromosuccinate (1)

For  experimental procedure and chemical

[X]vs)
-
(o]

(
3
)

characterization, check article: Mori, K., Iwasawa, H.

Tetrahedron 1980, 36 (1), 87-90.

Diethyl (2S,3S)-2-azido-3-hydroxysuccinate (2)

N; O For  experimental procedure and chemical
\/0 0/\ characterization, check article: Charvillon, F. B., Amouroux, R.
lo) OH Synthetic Commun. 1997, 27(3), 395-403.

Diethyl (2S,3S5)-2-azido-3-ethoxysuccinate (3) (as a diastereomeric mixture)

A solution of (2S,35)-2-azido-3-hydroxysuccinate 2

N, O
\/ON A~ (10.02 g, 43.34 mmol, 1 equiv) and iodoethane (35.1 g, 18 mL,
(o)
o 0 225.04 mmol, 5.2 equiv) in Et,0 (200 mL) was placed in a round
j bottomed flask equipped with a condenser and stirred with a

mixture of Ag,0 (13 g, 56.10 mmol, 1.3 equiv) and sand (50 g) at 37 °C for 15 h (the sand was
added to prevent that the Ag,0 sticks together). When TLC analysis revealed complete
conversion, the solution was filtered and concentrated under vacuo. The residue was purified
by flash column chromatography (isocratic hexane-EtOAc = 2:1) to give 10.0 g (89%) of the
product 3 as a yellow oil. The product was a mixture of diastereomers and some side products
were also present. It was used in the next step without further purification. "H NMR (400 MHz,
CDCl;) 6 1.16-1.40 (24H, m, ca.), 3.39-3.59 (2H, m, ca.), 3.66 (1H, m, ca.), 3.79-3.91 (2H, m, ca.),
4.17-4.39 (14H, m), 4.43 (1H, d, J = 3.6 Hz).
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Diethyl (25,35)-2-amino-3-ethoxysuccinate (4)

A solution of 3 (as a diastereomeric mixture) (10.0 g,

NH, O
~_© \'(H)I\ ~__ 3857 mmol) in EtOAc (150 mL) was stirred with Pd-C (5% Pd,
(0]
o 0 0.5 g) under an atmosphere of H, (air pressure) for 15 h. When
j TLC revealed complete conversion, it was filtered through celite

and concentrated under vacuo. The diastereomers were partially separated by flash column
chromatography (isocratic DCM-MeOH-AcOH = 10:1:0.5). The fractions with product were
sampled and concentrated under vacuo. HOAc was removed by co-evaporations with toluene
to give 7.85 g (87%) of the product 4 as a yellow oil with ca. 10% of the (2R,3S)-diastereomer
(detected by NMR). *H NMR (400 MHz, CDCl5) & 1.17 (3H, m, CHs, EtO), 1.29 (6H, m, CHs,
COOEt), 3.40 (1H, m, CH,, Et0O), 3.76 (1H, m, CH,, Et0), 3.89 (1H, d, J = 3.0 Hz, CH?), 4.18-4.27
(4H, m, CH,, COOEt), 4.33 (1H, d, J = 3.0 Hz, CH®); *C NMR (100 MHz, CDCl5) & 14.1 (CHs,
COOEt), 14.8 (CHs, Et0), 56.8 (CH?), 61.3 (CH,, COOEt), 61.5 (CH,, COOEt), 67.0 (CH,, Et0), 79.1
(CH3), 170.3 (COO0); HRMS (ES+) m/z calculated for CyoH1sNNaOs [M+Na]® 256.1161, found
256.1154.

Diethyl (2R,3S)-2-amino-3-ethoxysuccinate: ‘H NMR (400 MHz, CDCl;) & 1.19-1.32 (9H, m, CHs,
EtO, COOEt), 3.49 (1H, m, CH,, EtO), 3.80 (1H, m, CH,, Et0), 3.98 (1H, d, J = 3.0 Hz, CH?), 4.14-
4.28 (5H, m, CH,, COOEt, CH’).

(25,3S5)-2-amino-3-ethoxysuccinic acid (5)

Diethyl (2S,3S)-2-amino-3-ethoxysuccinate 4 (7.85 g, 33.65

NH, O
HO mmol) was refluxed with stirring in 5 M aqueous HCI (100 mL) for 5 h.
OH
o 0 When TLC revealed complete conversion, the solution was
\l concentrated under vacuo at 70 °C. The residue was dissolved in THF

(30 mL) and propylene oxide (10 mL) was added dropwise. The supernatant was removed by
suction and the precipitate was dried under vacuo to give 5.01 g (84%) of the acid 5 as a white
solid. The 'H and C NMR spectra showed aprox. 10% contamination with the (2R,3S)-
diastereomer. 'H NMR (400 MHz, DMSO-dg) 6 1.13 (3H, m, CH; EtO), 3.42 (1H, m, CH,, EtO),
3.72 (1H, d, J = 9.2 Hz, CH?), 3.79 (1H, m, CH,, Et0), 3.92 (1H, d, J = 9.2 Hz, CH*); *C NMR (400
MHz, DMSO-dg) & 14.9 (CHs, EtO), 53.4 (CH?), 66.4 (CH,, Et0), 75.2 (CH?), 168.4 (COOH), 170.9
(COOH); HRMS (ES-) m/z calculated for C¢H,oNO5 [M-H] 176.0559, found 176.0562.
(2R,35)-2-amino-3-ethoxysuccinic acid: >C NMR (400 MHz, DMSO-ds) & 14.7 (CHs, EtO), 53.8
(CH?), 65.5 (CH,, Et0), 79.7 (CH?), 167.9 (COOH), 170.1 (COOH).
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(2S)-2-Ethoxy-2-[(4S)-5-0x0-2,2-bis-trifluoromethyl-oxazolidin-4-yl]-acetic acid (6)

o o A solution of 5 (3.73 g, 21.05 mmol) in DMF (20 mL) was
OJ{_?*OH stirred under an atmosphere of dry hexafluoroacetone for 22 h
F3FCC7|\H$ 0—\ (uptake of 8.8 g). DMF was removed at 1 mm Hg at 55 °C and the
3 residue was purified by flash column chromatography (isocratic
hexane-EtOAc-HOAc = 1:1:0.05). The fractions with product were pooled and concentrated
under vacuo. HOAc was removed by co-evaporations with toluene to give 5.65 g (83%) of 6 as
a yellow oil. The 'H and *C NMR spectra showed ca. 10% contamination with the (2R,3S-
diastereomer). *H NMR (400 MHz, acetone-dg) 8 1.15 (3H, t, J = 7.0, 7.0 Hz, CHs, Et0), 3.52 (1H,
m, CH,, EtO), 3.85 (1H, m, CH,, EtO), 4.32 (1H, d, J = 2.6 Hz, CH?), 4.66 (1H, dd, J = 7.0, 2.4 Hz,
CHY), 5.09 (1H, d, J = 6.8 Hz, NH); °F NMR (400 MHz, acetone-ds) & -80.14 (3F, q, J = 9.0 Hz,
CFs), -80.31 (3F, g, J = 9.2 Hz, CF3); *C NMR (400 MHz, CDCl5) & 14.6 (CHs, Et0), 58.1 (CH*), 63.3
(CH,, Et0), 75.2 (CH?), 89.4 (m, Cq), 119.95 (q, J = 285.7 Hz, CFs), 120.99 (q, J = 287.5 Hz, CF;),
169.2 (COO), 174.3 (COO); HRMS (ES-) m/z calculated for CoHgFsNOs [M-H] 325.0307, found
325.0309.
(2R)-2-Ethoxy-2-[(4S)-5-0x0-2,2-bis-trifluoromethyl-oxazolidin-4-yl]-acetic acid: °F NMR (400
MHz, acetone-d;) 6 -80.31 (0.3F approx., g, J = 9.0 Hz, CF;), -80.31 (0.3F approx., q, J = 9.2 Hz,
CFs).

(25)-2-Ethoxy-2-[(4S)-5-0x0-2,2-bis-trifluoromethyl-oxazolidin-4-yl]-N-trityl-acetamide (7)

Oxazolidinone 6 (2.28 mg, 7.01 mmol, 1 equiv)

O Q was dissolved in oxalyl chloride (10 mL) and five drops of

o o DMF were added. The mixture was stirred for 30 min. The
OQNH Q excess of oxalyl chloride was removed under vacuo and
F3C+ < the residue was co-evaporated with dry toluene (20 mL).

F5C N o—\

further purification. "H NMR (400 MHz, CDCl5) 8 1.22 (3H, t, J = 6.7 Hz, CHs), 3.39 (1H, brd, J =

The resulting acid chloride was directly converted without

8.5 Hz, NH), 3.59 (1H, m, CH,, EtO), 3.88 (1H, m, CH,, Et0), 4.42 (1H, m, CH*), 4.52 (1H, d, J =
2.0 Hz, CH?); **F NMR (400 MHz, CDCls) & -79.07 (3F, q, J = 8.4 Hz, CF3), -80.78 (3F, q, J = 8.5 Hz,
CF3); (2R)-Diastereomer: “°F NMR (400 MHz, CDCl3) § -79.87 (0.3F approx., g, J = 8.5 Hz, CFs), -
80.53 (0.3F approx., q, J = 8.5 Hz, CF;). The acid chloride of 6 was dissolved in dry toluene (10
mL) and dropped into a solution of tritylamine (3.82 g, 14.72 mmol, 2.1 equiv) in dry toluene
(30 mL) at 0 °C. After 1 h of stirring at this temperature, the suspension was filtered and the

precipitate washed with toluene (4 x 10 mL). The combined layers were concentrated under
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vacuo and the residue purified by flash column chromatography (isocratic hexane-EtOAc =
2:1). The undesired diastereomer was completely separated and eluted in a mixture with
tritylamine. After the column, the product was dissolved in H,0-ACN and lyophilized to give
2.36 g (59%) of diastereomerically pure product 7. '"H NMR (400 MHz, CDCl5) § 1.26 (3H, t, J =
7.0 Hz, CHs;, EtO), 2.76 (1H, d, J = 7.9 Hz, NH), 3.78 (2H, m, CH,, EtO), 4.23 (1H, d, J = 2.1 Hg,
CH?), 4.48 (1H, dd, J = 7.8, 1.8 Hz, CH*), 7.22-7.33 (15H, CH, Ar, Trt), 8.08 (1H, br s, CONH); °F
NMR (400 MHz, acetone-dg) & -80.16 (3F, q, J = 8.6 Hz, CF3), -80.79 (3F, q, J = 8.5 Hz, CF;); °C
NMR (400 MHz, CDCls) § 15.2 (CHs, EtO), 57.9 (CH*), 69.4 (CH,, Et0), 70.4 (Cqg, Trt), 78.7 (CH?),
89.5 (m, Cq), 120.0 (q, J = 284.6 Hz, CF3), 121.0 (g, J = 287.4 Hz, CFs), 127.3 (CH, Ar, Trt), 128.1
(CH, Ar, Trt), 128.4 (CH, Ar, Trt), 144.0 (Cq, Ar, Trt), 168.0 (COO), 169.2 (COO); HRMS (ES+) m/z
calculated for CygH,sFgN,0, [M+H]* 567.1719, found 567.1712.

(2S,3S5)-2-Amino-3-ethoxy-N-trityl-succinamic acid methyl ester hydrochloride (8)

A solution of dry HCl 4 M in dioxane (60 mL) was added

O Q to a solution of the acetamide 7 (2.98 g, 4.72 mmol) in MeOH
(0]

(60 mL) at 0 °C, and the resulting mixture was stirred (closed

\ o]
OQNH flask) for 15 h. After checking complete conversion by HPLC-

PDA, the volatiles were removed under vacuo and the residue

’,

was treated with Et,0 (30 mL). The solid precipitate was dried
under vacuo to give 2.1 g (95%) of 8 as a hygroscopic acid. "H NMR (400 MHz, DMSO-ds) & 1.08
(3H, t, /= 7.0 Hz, CH;, Et0), 3.51 (2H, m, CH,, EtO), 3.70 (3H, s, COOMe), 4.36 (1H, d, J = 5.9 Hz,
CH?), 4.49 (1H, d, J = 5.9 Hz, CH®), 7.18-7.33 (15H, CH, Ar, Trt), 8.99 (1H, s, CONH); *C NMR
(400 MHz, DMSO-d¢) & 14.9 (CHs, EtO), 52.4 (COOMe), 54.3 (CH?), 66.3 (CH,, EtO), 69.5 (Cq,
Trt), 78.4 (CH®), 126.7 (CH, Ar, Trt) 127.6 (CH, Ar, Trt), 128.3 (CH, Ar, Trt), 144.2 (Cq, Ar, Trt),
167.9 (CO), 171.9 (CO); HRMS (ES+) m/z calculated for CygHN,0,4 [M+H]® 433.2127, found
433.2119.
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(25,35)-2-(9H-Fluoren-9-yl)methoxycarbonylamino-3-ethoxy-N-trityl-succinamic acid (9)

A solution of KOH (1.22 g, 21.85 mmol, 5

Q equiv) in H,0 (20 mL) was added to a solution of 8
. o H, Q (1.89 g, 4.37 mmol, 1 equiv) in dioxane (40 mL) at
D \“/ “ OH 0 °C. After 1 h of stirring, TLC revealed complete
° (o) 0 Q conversion. Glacial HOAc (1.25 mL) was added and
HN the solution was cooled down to 0 °C. After
O addition of Fmoc-OSu (2.21 g, 6.55 mmol, 1.5
O equiv), DIEA was dropped into the milky
suspension until pH 9 was reached (ca. 2 mL). After 1 h of stirring, dioxane was removed under
vacuo and 1 M aqueous HCl (100 mL) was added. The product was extracted with EtOAc (x 3)
and the combined organic layers were dried over MgSQ,, filtered and concentrated under
vacuo. The residue was purified by flash column chromatography (hexane-EtOAc = 3:2 to elute
the Fmoc-OSu and hexane-EtOAc-AcOH = 1:1:0.05 to elute the product). The HOAc was
removed by co-evaporations with toluene to give 1.98 g (70%) of 9 as a foamy white solid. 'H
NMR (400 MHz, DMSO-d;) 6 1.17 (3H, t, / = 7.0 Hz, CHs, EtO), 3.57 (1H, m, CH,, Et0), 3.72 (1H,
m, CH,, Et0), 4.07 (1H, m, CH, Fmoc), 4.19 (1H, m, CH?), 4.34 (1H, d, J = 2.9 Hz, CH?), 4.39 (2H,
m, CH,, Fmoc), 7.14-7.33 (17H, CH, Ar, Fmoc, Trt), 7.37-7.44 (2H, CH, Ar, Fmoc), 7.81 (1H, d, J =
7.5 Hz, CH, Ar, Fmoc), 7.86-7.91 (3H, m, CH, Ar, Fmoc), 7.99 (1H, d, J = 9.3 Hz, CONH), 8. 40 (1H,
s, CONH); >C NMR (400 MHz, DMSO-ds) & 15.0 (CHs, EtO), 46.5 (CH, Fmoc), 55.9 (CH?), 66.2
(CH,, EtO), 67.1 (CH,, Fmoc), 69.3 (Cq, Trt), 80.1 (CH?), 119.9 (CH, Ar, Fmoc), 120.0 (CH, Ar,
Fmoc), 125.4 (CH, Ar, Fmoc), 125.8 (CH, Ar, Fmoc), 126.5 (CH, Ar, Fmoc), 126.9 (CH, Ar, Trt),
127.0 (CH, Ar, Fmoc), 127.5 (CH, Ar, Fmoc), 127.6 (CH, Ar, Fmoc), 127.6 (CH, Ar, Trt), 128.4 (CH,
Ar, Trt), 140.6 (Cq, Ar, Fmoc), 140.8 (Cq, Ar, Fmoc), 143.5 (Cq, Ar, Fmoc), 143.7 (Cq, Ar, Fmoc),
144.3 (Cq, Ar, Trt), 156.3 (OCONH), 167.9 (CO), 171.3 (CO); HRMS (ES+) m/z calculated for
CaoH37N,06 [M+H]" 641.2652, found 641.2649.

1.5.1.2. Synthesis of Alloc-pipecolic-OH (10)

To a solution of H-pipecolic-OH (500 mg, 3.87 mmol) in 2%

AN 00

_<

aqueous Na,COs-dioxane (1:1, 20 mL), Alloc-Cl (823 pL, 7.74 mmol)
OH was dropped and the pH re-adjusted to 8-9 by addition of 3 M

<:\z

aqueous NaOH solution. The reaction mixture was stirred overnight
at room temperature. The pH was re-adjusted again to 8-9, the dioxane was eliminated under

reduced pressure, and the aqueous layer was washed with TBME (x 3), acidified to pH 2 by
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adding 4 M aqueous HCl and extracted with EtOAc (x 3). The combined organic layer was
washed with brine, dried over Na,SO,, filtrated and concentrated under vacuo. The residue
was purified by flash column chromatography (DCM-MeOH = 100:0 to 95:5) to give 775.2 mg
(94%) of Alloc-pipecolic-OH 10 as a yellowish oil. '"H NMR (400 MHz, CDCl;) & 1.34 (1H, m,
CH,"), 1.42 (1H, m, CH,’), 1.67 (1H, m, CH,%), 1.71 (1H, m, CH,"), 1.73 (1H, m, CH,"), 2.26 (1H, m,
CH,"), 3.02 (1H, m, CH,%), 4.07 (1H, dd, J = 26.8, 12.8 Hz, CH,%), 4.62 (2H, m, CH,, Allyl), 4.94 (1H,
dd, J=34.6,4.1 Hz, CH"), 5.22 (1H, dd, J = 18.9, 9.0 Hz, CH,, Hyyqns, Allyl), 5.31 (1H, d, J = 16.5 Hz,
CH,, Hgs, Allyl), 5.93 (1H, m, CH, Allyl); *C NMR (400 MHz, CDCls) & 20.67 (CH,"), 24.63 (CH,),
26.53 (CH,"), 41.83 (CH,"), 54.07 (CH®), 66.42 (CH,, Allyl), 117, 44 (CH,, Allyl), 132.76 (CH, Allyl),
156.53 (OCONH), 176.95 (COO).

1.5.1.3. Synthesis of Fmoc-DADHOHA(Acetonide, Trt)-OH
Route A
[(S)-N'-methoxy-N'-methyl-2-(2-phenylacetamido)-N’-tritylpentanediamide] (11)

To a solution of Z-L-GIn(Trt)-OH (5 g,
9.57 mmol, 1 equiv) in dry DMF (15 mlL),

X

O H HE‘ 8/\© HOBt*H,0 (1.758 g, 11.48 mmol, 1.2 equiv) and
M EDC (2.201 g, 11.48 mmol, 1.2 equiv) were
O 0 /N\O/ added at room temperature. After 30 min of
stirring under Ar, a solution of N,O-
dimethylhydroxylamine hydrochloride (1.213 g, 12.44 mmol, 1.3 equiv) and DIEA (2.17 mL,
12.43 mmol, 1.3 equiv) in dry DMF (10 mL) was added dropwise and the reaction mixture was
reacted for 3 h. Saturated aqueous NaHCO; was added and the aqueous layer was extracted
with EtOAc (x 3). The combined organic layer was washed twice with 0.1 M aqueous HCI, once
with brine, dried over Na,SO,, filtrated and concentrated under vacuo to give 5.20 g of the
Weinreb amide 11 (96%) as a white solid which was used in the next reaction without further
purification. "H NMR (400 MHz, CDCl5) & 1.83 (1H, m, CH,’), 2.14 (1H, m, CH,%), 2.37 (2H, m,
CH,%), 3.17 (3H, s, N-CH), 3.65 (3H, s, O-CHs), 4.75 (1H, m, CH?), 5.08 (2H, m, Z), 5.66 (1H, d, J =
8.4 Hz, OCONH), 6.93 (1H, s, CONH), 7.19-7.36 (20H, m, Trt, Z); *C NMR (400 MHz, CDCl;) &
29.20 (CH,?), 32.34 (N-CH;), 33.63 (CH,"), 50.86 (CH?), 61.77 (O-CH), 67.18, (CH,, Z), 70.81 (Cq,
Trt), 127.15 (CH, Ar, Trt), 128.12 (CH, Ar, Trt), 128.38 (CH, Ar, Z), 128.71 (CH, Ar, Z), 128.98 (CH,
Ar, Trt), 136.50 (Cq, Z), 144.97 (Cq, Ar, Trt), 156.66 (OCONH), 171.03 (CO), 172.29 (CO); HRMS

(NanoESl) m/z calculated for C34H3sN;0s [M+H]" 566.2650, found 566.2651.
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(S)-5-0x0-4-(2-phenylacetamido)-N-tritylpentanamide (12)

To a solution of Weinreb amide 11 (1.54

g, 1.66 mmol, 1 equiv) in dry THF (10 mL) at 0 °C,

P

O H H? :/\© a pre-cooled suspension of LiAIH, (164.9 mg,
\ﬂ/\/\ﬂ/ 4.35 mmol, 2.6 equiv) in dry THF (5 mL) was
O O © added dropwise. After 30 min of stirring at 0 °C,
the reaction was quenched with a 5% aqueous
KHSO, solution keeping the ice bath. The aqueous layer was extracted with EtOAc (x 3) and the
combined organic layer was washed once with brine, dried over Na,SO,, filtrated and
concentrated under vacuo to give 1.34 g of crude aldehyde 12 (97%) as a white solid, which
was used in the next reaction without further purification. '"H NMR (400 MHz, CDCl;) & 1.84
(1H, m, CH,%), 2.22 (1H, m, CH,?), 2.37 (1H, m, CH,"), 2.48 (1H, m, CH,"), 4.17 (1H, m, CH?), 5.10
(2H, d, J = 2.5 Hz, Z), 5.71 (1H, d, J = 6.1 Hz, OCONH), 6.86 (1H, s, CONH), 7.16-7.37 (20H, m,
Trt, Z), 9.46 (1H, s, CHO); *C NMR (400 MHz, CDCl;) & 24.64 (CH,’), 32.72 (CH,"), 59.68 (CH?),
67.17 (CH,, Z), 70.72 (Cq, Trt), 127.07 (CH, Ar, Trt), 127.96 (CH, Ar, Trt), 128.21 (CH, Ar, 2),
128.26 (CH, Ar, Z), 128.53 (CH, Ar, Z), 128.61 (CH, Ar, Trt), 136.07 (Cq, Z), 144.46 (Cq, Ar, Trt),
156.51 (OCONH), 170.85 (CONH), 198.84 (CHO); HRMS (NanokESl) m/z calculated for C3,H3:N,0,

[M+H]" 507.2278, found 507.2281.

[(S,Z)-methyl 7-0x0-4-(2-phenylacetamido)-7-(tritylamino)hept-2-enoate] (13)

To a solution of 18-Crown-6 (3.07 g,
11.60 mmol, 4.4 equiv) and methyl P,P-bis(2,2,2-

HNJ\O
O H z /\© trifluoroethyl)phosphonoacetate (1.5 mL, 6.85
m mmol, 2.6 equiv) in dry THF (40 mL) cooled down
(o)
Q MeOOC

at -78 °C and under Ar, a solution 0.5 M of

KHMDS in dry toluene (13.7 mL, 6.85 mmol, 2.6
equiv) was added dropwise. After 30 min of stirring at -78 °C, a solution of aldehyde 12 (1.34 g,
2.64 mmol, 1 equiv) in dry THF (40 mL) was cannulated into the reaction mixture and allowed
to react for 3 h. Saturated aqueous NH,Cl was used to quench the reaction that didn’t reach
completion. The aqueous layer was extracted with EtOAc (x 3) and the combined organic layer
was washed with brine, dried over Na,SO,, filtrated and concentrated under vacuo. The
residue was purified by flash column chromatography (hexane-TBME = 7:3 to 1:1; isocratic
hexane-EtOAc = 6:4) to give 1.02 g of the Z-alkene 13 (67%) as a yellowish solid. "H NMR (400
MHz, CDCl3) § 1.93 (2H, m, CH,’), 2.42 (2H, m, CH,®), 3.70 (3H, s, COOCH), 5.07 (2H, s, Z), 5.15
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(1H, m, CH%), 5.56 (1H, d, J = 6.2 Hz, OCONH), 5.82 (1H, d, J = 11.5 Hz, CH?), 6.04 (1H, dd, J =
10.8, 9.2 Hz, CH?), 6.73 (1H, s, CONH), 7.15-7.38 (20H, m, Trt, Z); **C NMR (400 MHz, CDCl;) &
28.89 (CH,’), 33.78 (CH,’), 49.76 (CH"), 51.46 (COOCHs), 66.68 (CH,, Z), 70.66 (Cq, Trt), 119.97
(CH?), 127.00 (CH, Ar, Trt), 127.93 (CH, Ar, Trt), 128.04 (CH, Ar, Z), 128.17 (CH, Ar, Z), 128.44
(CH, Ar, Z), 128.64 (CH, Ar, Trt), 136.46 (Cq, Z), 144.56 (Cq, Ar, Trt), 149.75 (CH?), 156.04
(OCONH), 166.21 (COO), 171.47 (CONH); HRMS (NanoESl) m/z calculated for CssHisN,Os
[M+H]" 563.2541, found 563.2527.

[(2R,3R,4S)-methyl 2,3-dihydroxy-7-oxo-4-(2-phenylacetamido)-7-(tritylamino)heptanoate]
(14) and its (2S,3S,4S) diastereomer (14b)

4-Methylmorpholine N-oxide (780.0 mg,
O HNJ\O 5.77 mmol, 3.1 equiv) and 0OsO, (cat.) were
H H 0:\© added to a solution of alkene 13 (1.05 g, 1.86

0 m mmol, 1 equiv) in THF-H,0 (9:1, 30 mL) at room
Q MeOOC OH temperature, and the resulting reaction mixture

+ Diastereomer  was stirred for 10 days at room temperature.

Dihydroxylation completion was monitored by HPLC-PDA and HPLC-ESMS analysis. The
reaction was quenched with a 40% aqueous NaHSOj; solution, and the resulting mixture was
stirred further for 30 min. The aqueous layer was extracted with EtOAc (x 3) and the combined
organic layer was washed with brine, dried over Na,SO,, filtrated and concentrated under
vacuo. The residue was purified by flash column chromatography (DCM-EtOAc = 1:1 to 2:8) to
give 418.1 mg of the diastereomer (2R,3R,4S) 14 (75%) and 432.7 mg of the diastereomer
(25,35,4S) 14b (77%). Diastereomer (2R,3R,4S) 14: *H NMR (400 MHz, CDCl5) & 1.92 (2H, ddd, J
=7.1,7.1, 6.9 Hz, CH,’), 2.39 (2H, m, CH,®), 3.66 (1H, d, J = 8.2 Hz, CH?), 3.78 (3H, s, COOCHs),
3.95 (1H, m, CH?), 3.96 (1H, m, CH?), 5.08 (2H, s, Z), 5.28 (1H, d, J = 9.4 Hz, OCONH), 6.78 (1H, s,
CONH), 7.15-7.35 (20H, m, Trt, Z); "*C NMR (400 MHz, CDCl5) & 26.95 (CH,’), 33.63 (CH,"), 51.17
(CH?), 52.64 (COOCHs), 67.29 (CH,, Z), 70.72 (Cq, Trt), 71.11 (CH?), 73.22 (CH?), 127.05 (CH, Ar,
Trt), 127.97 (CH, Ar, Trt), 128.15 (CH, Ar, Z), 128.26 (CH, Ar, Z), 128.55 (CH, Ar, Z), 128.63 (CH,
Ar, Trt), 136.05 (Cq, Z), 144.48 (Cq, Ar, Trt), 157.63 (OCONH), 171.59 (COO), 173.71 (CONH);
HRMS (NanoESI) m/z calculated for CssHi;N,0, [M+H]® 597.2595, found 597.2601.
Diastereomer (25,35,4S) 14b: 'H NMR (400 MHz, CDCl;) & 1.71 (1H, m, CH,>), 2.08 (1H, m,
CH,’), 2.37 (2H, m, CH,°), 3.68 (3H, s, COOCH), 3.81 (1H, m, CH?), 3.85 (1H, m, CH%), 4.20 (1H,
m, CH?), 5.06 (1H, d, J = 12.1 Hz, Z), 5.11 (1H, d, J = 12.2 Hz, Z), 5.24 (1H, d, J = 9.0 Hz, OCONH),
6.87 (1H, s, CONH), 7.16-7.36 (20H, m, Trt, Z); >C NMR (400 MHz, CDCl;) & 25.63 (CH,’), 33.37
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(CH,®), 51.93 (CH?), 52.58 (COOCH;), 67.17 (CH,, Z), 70.72 (Cq, Trt), 72.41 (CH?), 74.86 (CH?),
127.01 (CH, Ar, Trt), 127.93 (CH, Ar, Trt), 128.20 (CH, Ar, Z), 128.25 (CH, Ar, Z), 128.49 (CH, Ar,
Z), 128.68 (CH, Ar, Trt), 136.20 (Cq, Z), 144.50 (Cq, Ar, Trt), 156.97 (OCONH), 172.00 (CO),
173.10 (CO); HRMS (NanoESl) m/z calculated for C3sH;,N,0; [M+H] 597.2595, found 597.2593.

[(4R,5R)-methyl  2,2-dimethyl-5-((S)-4-ox0-1-(2-phenylacetamido)-4-(tritylamino)butyl)1,3-

diocolane-4-carboxylate] (15)

A solution of (2R,3R,4S) diol 14 (746.6

mg, 1.25 mmol) and acetone dimethyl acetal (15

HNJI\O
O H B /\© mL) in dry toluene (30 mL) was placed in a round
(o)
\'I/\/I >< bottomed flask equipped with a condenser and,
o
Q Meooc” O

after addition of catalytic PPTS, the mixture was

heated at 60 °C for 36 h. The toluene was
removed under reduced pressure, the residue re-dissolved in EtOAc and the organic layer
washed with saturated aqueous NH,Cl and brine, dried over Na,SO,, filtrated and concentrated
under vacuo. The residue was purified by flash column chromatography (DCM-EtOAc =
97.5:2.5 to 9:1) to give 579.4 mg of acetal 15 (77%) as a white solid: "H NMR (400 MHz, CDCl,)
5 1.34 (3H, s, CHs, acetal), 1.60 (3H, s, CHs, acetal), 1.83 (1H, m, CH,’), 1.91 (1H, m, CH,’), 2.29
(2H, m, CH,®), 3.40 (3H, s, COOCH,), 4.04 (1H, td, J = 10.3, 10.1, 2.5 Hz, CH%), 4.34 (1H,d, /= 7.8
Hz, CH?), 4.57 (1H, d, J = 7.8 Hz, CH?), 4.97 (1H, d, J = 9.4 Hz, OCONH), 5.02 (1H, d, J = 12.2 Hz,
Z), 5.09 (1H, d, J = 12.2 Hz, Z), 7.21-7.39 (20H, m, Trt, Z); BC NMR (400 MHz, CDCl;) 6 24.50
(CHs, acetal), 26.39 (CHs, acetal), 31.90 (CH,’), 33.86 (CH,°), 48.50 (CH*), 51.99 (COOCH;), 67.00
(CH,, Z), 70.51 (Cq, Trt), 75.08 (CH?), 79.19 (CH?), 110.29 (Cq, acetal), 126.81 (CH, Ar, Trt),
127.78 (CH, Ar, Trt), 128.19 (CH, Ar, Z), 128.40 (CH, Ar, Z), 128.44 (CH, Ar, Z), 128.79 (CH, Ar,
Trt), 136.26 (Cq, Z), 144.82 (Cq, Ar, Trt), 156.58 (OCONH), 169.59 (COO), 171.48 (CONH); HRMS
(NanoESl) m/z calculated for CsgHaiN,0; [M+H]" 637.2908, found 637.2921.

[(4S,5S5)-methyl  2,2-dimethyl-5-((S)-4-0x0-1-(2-phenylacetamido)-4-(tritylamino)butyl)1,3-

diocolane-4-carboxylate] (15b)

A solution of (25,35,4S) diol 14b (774.4

mg, 1.30 mmol) and acetone dimethyl acetal (15

HNJ]\O
O H B 0/\© mL) in dry toluene (30 mL) was placed in a round
wWh
\"/\/j >< bottomed flask equipped with a condenser and,
(o] "
Q Meooc” 'O

after addition of catalytic PPTS, the mixture was
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heated at 60 °C for 36 h. The toluene was removed under reduced pressure, the residue re-
dissolved in EtOAc and the organic layer washed with saturated aqueous NH,Cl and brine,
dried over Na,S0O,, filtrated and concentrated under vacuo to give 795.6 mg of the acetal 15b
(96%) as a white solid which was used in the next reaction without further purification: ‘H
NMR (400 MHz, CDCl3) 8 1.33 (3H, s, CHs, acetal), 1.54 (3H, s, CH3, acetal), 1.71 (1H, m, CH,’),
2.01 (1H, m, CH,’), 2.31 (2H, m, CH,°), 3.54 (3H, s, COOCHs), 3.80 (1H, m, CH%), 4.30 (1H, dd, J =
6.8, 6.8 Hz, CH?), 4.63 (1H, d, J = 6.8 Hz, CH?), 4.97 (1H, d, J = 9.4 Hz, OCONH), 5.02 (1H, d, J =
12.3 Hz, Z), 5.10 (1H, d, J = 12.3 Hz, Z), 6.89 (1H, s, CONH), 7.16-7.35 (20H, m, Trt, Z); *C NMR
(400 MHz, CDCls) & 25.29 (CHs, acetal), 26.55 (CHs, acetal), 27.68 (CH,"), 33.76 (CH,’), 51.20
(CH*), 52.41 (COOCH,), 66.89 (CH,, Z), 70.56 (Cq, Trt), 75.99 (CH?), 79.46 (CH?), 110.93 (Cq,
acetal), 126.92 (CH, Ar, Trt), 127.88 (CH, Ar, Trt), 128.14 (CH, Ar, Z), 128.17 (CH, Ar, Z), 128.47
(CH, Ar, Z), 128.72 (CH, Ar, Trt), 136.33 (Cq, Z), 144.71 (Cq, Ar, Trt), 156.23 (OCONH), 170.05
(CO0), 171.26 (CONH); HRMS (NanoESl) m/z calculated for CsgH41N,0; [M+H]" 637.2908, found
637.2913.

[(4R,5R)-2,2-dimethyl-5-((S)-4-ox0-1-(2-phenylacetamido)-4-(tritylamino)butyl)-1,3-

dioxolane-4-carboxylic acid] (16)

o To a solution of acetal 15 (529.4 mg,
0.83 mmol, 1 equiv) in THF-H,0 (7:3, 8 mL) at 0

H JI\O
O H /\© °C, LiOH*H,0 (55.8 mg, 1.33 mmol, 1.6 equiv)

(0]
>< was added and the resulting mixture was stirred
o
Q Hooc” O

2z

for 2 h at 0 °C. The reaction was allowed to
warm to room temperature and acidified to pH 5
by the addition of 1 M aqueous HCI. The aqueous layer was extracted with EtOAc (x 3) and the
combined organic layer was washed with brine, dried over Na,SO,, filtrated and concentrated
under vacuo to give 507.4 mg of crude acid 16 (98%) as a white solid, which was used in the
next reaction without further purification. 'H NMR (400 MHz, CD;0D) & 1.34 (3H, s, CHs,
acetal), 1.53 (3H, s, CH;, acetal), 1.75 (1H, m, CH,"), 1.90 (1H, m, CH,%), 2.32 (2H, m, CH,’), 4.00
(1H, ddd, J = 9.6, 3.7, 3.7 Hz, CH*), 4.40 (1H, dd, J = 7.6, 3.6 Hz, CH?), 4.62 (1H, d, J = 7.7 Hz,
CH?), 5.01 (1H, d,J=12.4,2),5.11 (1H, d, J= 12.4 H, Z), 7.17-7.39 (20H, m, Trt, Z); *C NMR (400
MHz, CD;0D) & 24.76 (CH,, acetal), 26.80 (CHs, acetal), 30.67 (CH,’), 34.73 (CH,°), 51.85 (CH"),
67.69 (CH,, Z), 71.59 (Cq, Trt), 77.26 (CH?), 80.11 (CH®), 110.46 (Cq, acetal), 127.73 (CH, Ar),
128.69 (CH, Ar), 128.93 (CH, Ar), 129.45 (CH, Ar), 130.09 (CH, Ar), 138.42 (Cq, Z), 146.11 (Cq,
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Ar, Trt), 158.64 (OCONH), 174.98 (CO); HRMS (NanoESl) m/z calculated for Cs;H3;gN,NaO;
[M+Na]* 645.2571, found 645.2586.

[(4S,5S)-2,2-dimethyl-5-((S)-4-ox0-1-(2-phenylacetamido)-4-(tritylamino)butyl)-1,3-

dioxolane-4-carboxylic acid] (16b)

o To a solution of acetal 15b (745.6 mg
1.17 mmol, 1 equiv) in THF-H,0 (7:3, 10 mL) at O

o
O H /\© °C, LiIOH*H,0 (78.6 mg, 1.87 mmol, 1.6 equiv)
‘\\O
\"/\/j >< was added and the resulting mixture was stirred
o o
Q Hooc” 'O

m2Zz

for 2 h at 0 °C. The reaction was allowed to

warm to room temperature and acidified to pH 5
by the addition of 1 M aqueous HCI. The aqueous layer was extracted with EtOAc (x 3) and the
combined organic layer was washed with brine, dried over Na,SO,, filtrated and concentrated
under vacuo to give 698.4 mg of crude acid 16b (96%) as a white solid, which was used in the
next reaction without further purification. 'H NMR (400 MHz, CD;0D) 6 1.32 (3H, s, CH;,
acetal), 1.48 (3H, s, CHs, acetal), 1.66 (1H, m, CH,’), 1.94 (1H, m, CH,’), 2.23 (1H, m, CH,"), 2.36
(1H, m, CH,®), 3.88 (1H, m, CH"), 4.36 (1H, dd, J = 7.3, 4.9 Hz, CH®), 4.61 (1H, d, J = 7.3 Hz, CH?),
5.05 (2H, s, Z), 7.16-7.38 (20H, m, Trt, Z); °C NMR (400 MHz, CD;0D) § 25.35 (CHs, acetal),
26.94 (CHs, acetal), 28.88 (CH,’), 34.93 (CH,"), 53.65 (CH"), 67.52 (CH,, ), 71.58 (Cq, Trt), 78.29
(CH?), 80.61 (CH?), 110.73 (Cq, acetal), 127.70 (CH, Ar, Trt), 128.69 (CH, Ar, Trt), 128.94 (CH, Ar,
Z), 129.45 (CH, Ar, Z), 130.10 (CH, Ar, Trt), 138.46 (Cq, Ar, Z), 146.11 (Cq, Ar, Trt), 158.62
(OCONH), 175.19 (CO); HRMS (NanoESIl) m/z calculated for Cs;H3sN,NaO,; [M+Na]® 645.2571,
found 645.2586.

[(4R,5R)-5-((S)-1-amino-4-oxo-4-(tritylamino)butyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylic

acid] (17)
A solution of acid 16 (413.0 mg, 0.66 mmol) in
O H ?HZ dry MeOH (7 mL) was stirred with a catalytic amount of
NY\/IOK Pd-C (10%) under an atmosphere of H, (atmospheric
O o HOOC o) pressure) for 5 h. EtOAc was added and the mixture
Q was filtrated through celite and concentrated under

vacuo to give 304.6 mg of crude amina 17 (94%) as a yellow solid which was used in the next
reaction without further purification. 'H NMR (400 MHz, CD;0D) 6 1.36 (3H, s, CH3, acetal),
1.54 (3H, s, CHs, acetal), 1.75 (1H, m, CH,"), 1.89 (1H, m, CH,’), 2.50 (2H, m, CH,®), 3.05 (1H, m,
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CH%), 4.34 (1H, dd, J = 7.5, 1.8 Hz, CH?), 4.63 (1H, d, J = 7.6 Hz, CH?), 7.19-7.30 (15H, m, Trt); **C
NMR (400 MHz, CD;0D) & 24.69 (CH,, acetal), 26.56 (CHs, acetal), 28.90 (CH,’), 34.19 (CH,®),
53.32 (CH?), 71.69 (Cq, Trt), 77.83 (CH?), 79.63 (CH?), 110.86 (Cq, acetal), 127.86 (CH, Ar, Trt),
128.76 (CH, Ar, Trt), 130.05 (CH, Ar, Trt), 145.96 (Cq, Ar, Trt), 174.51 (CO); HRMS (NanoESl) m/z
calculated for Cy,gH33N>05 [M+H]" 489.2384, found 489.2393.

[(4S,55)-5-((S)-1-amino-4-oxo0-4-(tritylamino)butyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylic
acid] (17b)

'!Hz dry MeOH (15 mL) was stirred with a catalytic amount

H
wO, .
O m ' >< of Pd-C (10%) under an atmosphere of H, (atmospheric
0 'I,o

pressure) for 24 h. EtOAc was added and the mixture

i A solution of acid 16b (633.6 mg, 1.02 mmol) in
N

Q HOOC

was filtrated through celite and concentrated under
vacuo to give 462.8 mg of crude amina 17b (93%) as a yellow solid which was used in the next
reaction without further purification. 'H NMR (400 MHz, CD;0D) 6 1.34 (3H, s, CH3, acetal),
1.50 (3H, s, CHs, acetal), 1.65 (1H, m, CH,’), 2.04 (1H, m, CH,’), 2.51 (2H, m, CH,®), 3.02 (1H, m,
CH%, 4.19 (1H, dd, J = 7.0, 7.0 Hz, CH?), 4.57 (1H, d, J = 7.2 Hz, CH?), 7.18-7.30 (15H, m, Trt); ©°C
NMR (400 MHz, CD;0D) & 25.41 (CHs, acetal), 27.12 (CHs, acetal), 28.66 (CH,"), 34.51 (CH,%),
53.47 (CH%), 71.65 (Cq, Trt), 79.15 (CH?), 80.44 (CH?), 110.68 (Cq, acetal), 127.82 (CH, Ar, Trt),
128.74 (CH, Ar, Trt), 130.06 (CH, Ar, Trt), 146.00 (Cq, Ar, Trt), 175.22 (CO); HRMS (NanokESI) m/z
calculated for C,gH33N,O05 [M+H]" 489.2384, found 489.2394.

(4R,5R)-5-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-oxo-4-(tritylamino)butyl)-2,2-
dimethyl-1,3-dioxolane-4-carboxylic acid (18)

To a pre-cooled solution of NaN;

(o) O (93.0 mg, 1.43 mmol, 3 equiv) in H,0 (2 mL)

O HNJ\O . Fmoc-Cl (246.6 mg, 0.95 mmol, 2 equiv)

: o Q dissolved in dioxane (2.5 mlL) was added
\(')I/\/I >< dropwise at 0 °C and the resulting mixture
was stirred for 2 h at 0 °C. This solution was
then dropped at 0 °C into a solution of amina
17 (232.9 mg, 0.48 mmol, 1 equiv) in H,0-2% Na,COs (1:1, 4 mL). Some more dioxane (3 mL)

was needed for complete solubilisation of the reagents, and the pH was re-adjusted to 9 by

addition of 0.1 M aqueous HCI. The reaction mixture was allowed to react for 6 days at room
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temperature. The solution was acidified to pH 5 by the addition of 1 M aqueous HCI, the
aqueous layer was extracted with EtOAc (x 3) and the combined organic layer was washed with
brine, dried over Na,SO,, filtrated and concentrated under vacuo. The residue was purified by
flash column chromatography (DCM-hexane = 1:1 to DCM-MeOH 9:1) to give 156.0 mg of the
Fmoc-protected diol moiety 18 (46%) as a white solid. "H NMR (400 MHz, CD;0D) & 1.35 (3H, s,
CH;, acetal), 1.57 (3H, s, CHs, acetal), 1.76 (1H, m, CH,’), 1.88 (1H, m, CH,%), 2.29 (2H, m, CH,%),
4.01 (1H, m, CH%), 4.24 (1H, dd, J = 6.9, 6.9 Hz, CH, Fmoc), 4.33 (2H, m, CH,, Fmoc), 4.38 (1H, m,
CH?), 4.62 (1H, d, J = 7.6 Hz, CH?), 7.16-7.31 (17H, m, Fmoc, Trt), 7.37 (2H, dt, J = 7.4, 7.4, 3.3
Hz, CH, Ar, Fmoc), 7.64 (1H, d, J = 7.3 Hz, CH, Ar, Fmoc), 7.69 (1H, d, J = 7.4 Hz, CH, Ar, Fmoc),
7.78 (2H, d, J = 7.5 Hz, CH, Ar, Fmoc); *C NMR (400 MHz, CD;0D) & 24.86 (CHs, acetal), 26.82
(CHs, acetal), 30.99 (CH,’), 34.67 (CH,%), 49.33 (CH, Fmoc), 51.53 (CH®), 67.95 (CH,, Fmoc),
71.61 (Cq, Trt), 77.00 (CH?), 80.43 (CH?), 110.73 (Cq, acetal), 120.92 (CH, Ar, Fmoc), 126.37 (CH,
Ar, Fmoc), 126.59 (CH, Ar, Fmoc), 127.74 (CH, Ar, Trt), 128.19 (CH, Ar, Fmoc), 128.70 (CH, Ar,
Trt), 128.75 (CH, Ar, Fmoc), 128.82 (CH, Ar, Fmoc), 130.08 (CH, Ar, Trt), 142.55 (Cq, Fmoc),
142.70 (Cq, Fmoc), 145.11 (Cqg, Fmoc), 145.83 (Cq, Fmoc), 146.09 (Cq, Ar, Trt), 158.71
(OCONH), 174.92 (CO); HRMS (NanoESI) m/z calculated for C4H43N,0; [M+H]" 711.3065, found
711.3077.

(4S,5S)-5-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-oxo-4-(tritylamino)butyl)-2,2-
dimethyl-1,3-dioxolane-4-carboxylic acid (18b)

To a pre-cooled solution of NaNj

(o) O (99.8 mg, 1.54 mmol, 3 equiv) in H,0 (2.5 mL)

O HNJLO ' Fmoc-Cl (264.7 mg, 1.02 mmol, 2 equiv)

2 WO O dissolved in dioxane (3 mL) was added
\'Ol/\/j >< dropwise at 0 °C and the resulting mixture
was stirred for 2 h at 0 °C. This solution was
then dropped at 0 °C into a solution of amina
17b (250.0 mg, 0.51 mmol, 1 equiv) in H,0-2% Na,COs (1:1, 4 mL). Some more dioxane (3 mL)
was needed for complete solubilisation of the reagents, and the pH was re-adjusted to 9 by
addition of 0.1 M aqueous HCI. The reaction mixture was allowed to react for 6 days at room
temperature. The solution was acidified to pH 5 by the addition of 1 M aqueous HCI, the
aqueous layer was extracted with EtOAc (x 3) and the combined organic layer was washed with
brine, dried over Na,SO,, filtrated and concentrated under vacuo. The residue was purified by

flash column chromatography (DCM-hexane = 1:1 to DCM-MeOH 9:1) to give 165.4 mg of the
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Fmoc-protected diol moiety 18b (45%) as a white solid. "H NMR (400 MHz, CD;0D) § 1.35 (3H,
s, CH; acetal), 1.53 (3H, s, CHs, acetal), 1.59 (1H, m, CH,’), 2.02 (1H, m, CH,’), 2.26 (2H, m,
CH,%), 3.84 (1H, ddd, J = 10.7, 8.4, 2.7 Hz, CH"), 4.21 (1H, dd, J = 6.8, 6.8 Hz, CH, Fmoc), 4.31
(1H, m, CH?), 4.37 (2H, dd, J = 6.8, 2.2 Hz, CH,, Fmoc), 4.63 (1H, d, J = 6.8 Hz, CH?), 7.16-7.32
(17H, m, Fmoc, Trt), 7.37 (2H, dt, /= 7.5, 7.4, 2.1 Hz, CH, Ar, Fmoc), 7.63 (1H, d, J = 7.5 Hz, CH,
Ar, Fmoc), 7.67 (1H, d, J = 7.4 Hz, CH, Ar, Fmoc), 7.78 (2H, d, J = 7.4 Hz, CH, Ar, Fmoc); *C NMR
(400 MHz, CD;0D) & 25.65 (CHs, acetal), 27.14 (CHs, acetal), 30.33 (CH,°), 34.33 (CH,%), 48.69
(CH, Fmoc), 52.26 (CH?), 67.61 (CH,, Fmoc), 71.62 (Cq, Trt), 77.67 (CH?), 80.80 (CH?), 111.92
(Cq, acetal), 120.95 (CH, Ar, Fmoc), 126.30 (CH, Ar, Fmoc), 126.40 (CH, Ar, Fmoc), 127.73 (CH,
Ar, Trt), 128.15 (CH, Ar, Fmoc), 128.17 (CH, Ar, Fmoc), 128.72 (CH, Ar, Trt), 128.74 (CH, Ar,
Fmoc), 128.82 (CH, Ar, Fmoc), 130.08 (CH, Ar, Trt), 142.62 (Cq, Fmoc), 142.73 (Cq, Fmoc),
145.15 (Cq, Fmoc), 145.75 (Cq, Fmoc), 146.07 (Cq, Ar, Trt), 158.60 (OCONH), 173.07 (CO),
174.95 (CO); HRMS (NanoESI) m/z calculated for C4H43N,0; [M+H]" 711.3065, found 711.3082.

3-((3aR,4S,6aR)-2,2-dimethyl-6-oxotetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)-N-

tritylpropionamide (19)

To a suspension of amina 17 (49.5 mg, 0.10 mmol,
O H o 1 equiv) in dry DMF (5 mL), HOBt*H,0 (31.0 mg, 0.20
mmol, 2 equiv) and EDC*HCI (38.8 mg, 0.20 mmol, 2 equiv)

O Q fo) were added at room temperature. The pH was re-adjusted

HN 0>< to 6 and the resulting mixture was stirred for 6 h. EtOAc

fo] was added and the organic layer was washed with 0.1 M

aqueous HCI (x 2), with 5% aqueous NaHCO; solution (x 2) and once with brine, dried over
Na,S0O,, filtrated and concentrated under vacuo. The residue was purified by flash column
chromatography (hexane-EtOAc = 10:0 to 1:1) to give 25 mg of bicycle 19 (52%) as a yellowish
oil. *H NMR (400 MHz, CDCls) 6 1.32 (3H, s, CHs, acetal), 1.43 (3H, s, CH3, acetal), 1.75 (1H, tdd,
J=15.2,10.2, 5.1, 5.1 Hz, CH,), 1.91 (1H, m, CH,’), 2.48 (2H, m, CH,®), 2.67 (1H, m, CH"), 3.98
(1H, d, J = 5.7 Hz, CH?), 4.27 (1H, t, J = 5.1, 5.1 Hz, CH?), 7.17-7.33 (15H, m, Trt), 7.78 (1H, s,
CONH), 8.32 (1H, s, CONH); *C NMR (400 MHz, CDCl3) § 25.30 (CHs, acetal), 25.73 (CHs, acetal),
26.96 (CH,), 32.78 (CH,%), 53.13 (CH"), 70.45 (Cq, Trt), 76.12 (CH®), 77.67 (CH?), 112.59 (Cq,
acetal), 126.64 (CH, Ar, Trt), 127.73 (CH, Ar, Trt), 128.60 (CH, Ar, Trt), 144.67 (Cq, Ar, Trt),
171.53 (CONH), 174.98 (CONH); HRMS (NanoESl) m/z calculated for CsgHgiN4,Og [2M+H]"

941.4484, found 941.4504.
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3-((3as,4S,6aS)-2,2-dimethyl-6-oxotetrahydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4-yl)-N-

tritylpropionamide (19b)

To a suspension of amina 17b (70.5 mg, 0.14
O H (0] mmol, 1 equiv) in dry DMF (5 mL), HOBt*H,0 (44.2 mg,
0.29 mmol, 2 equiv) and EDC*HCI (55.3 mg, 0.29 mmol, 2

O Q w0 equiv) were added at room temperature. The pH was re-

HN "'O>< adjusted to 6 and the resulting mixture was stirred for 6 h.

o EtOAc was added and the organic layer was washed with

0.1 M aqueous HCI (x 2), with 5% aqueous NaHCO; solution (x 2) and once with brine, dried
over Na,SO,, filtrated and concentrated under vacuo. The residue was purified by flash column
chromatography (hexane-EtOAc = 10:0 to 0:10) to give 41.1 mg of bicycle 19b (61%) as a
yellowish solid. 'H NMR (400 MHz, CDCl;) 6 1.33 (3H, s, CH3;, acetal), 1.41 (3H, s, CH3, acetal),
1.55 (1H, m, CH,’), 1.95 (1H, m, CH,"), 2.38 (2H, t, J = 7.2, 7.2 Hz, CH,°), 3.49 (1H, dd, J = 9.2, 5.0
Hz, CH?), 4.32 (1H, d, J = 5.9 Hz, CH?), 4.44 (1H, d, J = 5.9 Hz, CH?), 7.12 (1H, s, CONH), 7.19-7.30
(15H, m, Trt), 7.72 (1H, s, CONH); *C NMR (400 MHz, CDCl5) & 25.58 (CHs, acetal), 26.93 (CHs,
acetal), 30.39 (CH,’), 32.89 (CH,%), 57.69 (CH?), 70.57 (Cq, Trt), 76.50 (CH?), 79.58 (CH?), 112.54
(Cq, acetal), 126.93 (CH, Ar, Trt), 127.87 (CH, Ar, Trt), 128.62 (CH, Ar, Trt), 144.55 (Cq, Ar, Trt),
170.53 (CONH), 174.33 (CONH); HRMS (NanoESl) m/z calculated for CyoH3;N,0, [M+H]"

471.2284, found 471.2286.

Route B

[(S)-(9H-fluoren-9-yl)methyl 1-(methoxy(methyl)amino)-1,5-dioxo-5-(tritylamino)pentan-2-
ylcarbamate] (20)

To a solution of Fmoc-L-GIn(Trt)-OH

(0]
O JL O (5 g, 8.19 mmol, 1 equiv) in dry DMF (20 mL),
" )

H HOBt*H,0 (1.505 g, 9.82 mmol, 1.2 equiv)

(0]
(o]
\ﬂ/\/Y O and EDC (1.883 g, 9.82 mmol, 1.2 equiv)
o /N\ -
Q o were added at room temperature. After 30

min of stirring under Ar, a solution of N,O-

nz

dimethylhydroxylamine hydrochloride (1.038 g, 10.64 mmol, 1.3 equiv) and DIEA (1.82 mlL,
10.64 mmol, 1.3 equiv) in dry DMF (10 mL) was added dropwise and the reaction mixture was
reacted for 3 h. Saturated aqueous NaHCO; was added and the aqueous layer was extracted
with EtOAc (x 3). The combined organic layer was washed twice with 0.1 M aqueous HCI, once

with brine, dried over Na,SO,, filtrated and concentrated under vacuo. The residue was
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purified by flash column chromatography (hexane-EtOAc = 10:0 to 2:8) to give 5.249 g of the
Weinreb amide 20 (98%) as a white solid. *H NMR (400 MHz, CDCl;) & 1.83 (1H, m, CH,%), 2.16
(1H, m, CH,%), 2.36 (2H, m, CH,"), 3.18 (3H, s, N-CH3), 3.64 (3H, s, O-CH;), 4.20 (1H, dd, / = 6.9,
6.9 Hz, CH, Fmoc), 4.38 (2H, d, J = 7.0 Hz, CH,, Fmoc), 4.77 (1H, m, CH?), 5.69 (1H, d, J = 8.3 Hz,
OCONH), 6.95 (1H, s, CONH), 7.19-7.34 (17H, m, Trt, Fmoc), 7.38 (2H, dd, J = 7.3, 7.3 Hz, CH, Ar,
Fmoc), 7.58 (2H, J = 7.5, 7.5 Hz, CH, Ar, Fmoc), 7.76 (2H, d, J = 7.6 Hz, CH, Ar, Fmoc); *C NMR
(400 MHz, CDCl;) & 29.16 (CH,’), 32.13 (N-CH;), 33.39 (CH,"), 47.22 (CH, Fmoc), 50.53 (CH?),
61.59 (O-CHs), 66.91 (CH,, Fmoc), 70.58 (Cq, Trt), 119.95 (CH, Ar, Fmoc), 119.98 (CH, Ar, Fmoc),
125.12 (CH, Ar, Fmoc), 126.92 (CH, Ar, Trt), 127.02 (CH, Ar, Fmoc), 127.05 (CH, Ar, Fmoc),
127.69 (CH, Ar, Fmoc), 127.87 (CH, Ar, Trt), 128.75 (CH, Ar, Trt), 141.26 (Cq, Fmoc), 141.33 (Cq,
Fmoc), 143.68 (Cq, Fmoc), 143.92 (Cq, Fmoc), 144.73 (Cq, Ar, Trt), 156.45 (OCONH), 170.80
(CO), 171.13 (CO); HRMS (NanoESl) m/z calculated for CsHaoN3Os [M+H]* 654.2968, found
654.2974.

[(S)-(9H-fluoren-9-yl)methyl 1,5-dioxo-5-(tritylamino)pentan-2-ylcarbamate] (21)

To a solution of Weinreb amide 20

(0}
Jl\ O (1.896 g, 2.90 mmol, 1 equiv) in dry THF (10
Ly ™o

mL) at 0 °C, a pre-cooled 1M solution of

\ﬂ/\/\ﬂ/H Q LiAlH, in dry THF (3.77 mL, 3.77 mmol, 1.3
O 0 © equiv) was added dropwise. After 30 min of
stirring at 0 °C, the reaction was quenched
with a 5% aqueous KHSO, solution keeping the ice bath. The aqueous layer was extracted with
EtOAc (x 3) and the combined organic layer was washed once with brine, dried over Na,SO,,
filtrated and concentrated under vacuo to give 1.654 g of crude aldehyde 21 (96%) as a white
solid, which was used in the next reaction without further purification. 'H NMR (400 MHz,
CDCl;5) & 1.83 (1H, m, CH,%), 2.24 (1H, m, CH,’), 2.37 (2H, m, CH,"), 4.13 (1H, m, CH?), 4.21 (1H,
t,/=6.5, 6.5 Hz, CH, Fmoc), 4.46 (2H, m, CH,, Fmoc), 5.57 (1H, d, /= 6.2 Hz, OCONH), 6.80 (1H,
s, CONH), 7.16-7.42 (19H, m, Trt, Fmoc), 7.58 (2H, d, J = 7.3 Hz, CH, Ar, Fmoc), 7.71 (2H, t, ] =
7.0, 7.0 Hz, CH, Ar, Fmoc), 9.44 (1H, s, CHO); *C NMR (400 MHz, CDCl;) § 24.59 (CH,’), 32.46
(CH,"), 47.30 (CH, Fmoc), 59.44 (CH?), 66.73 (CH,, Fmoc), 70.71 (Cq, Trt), 119.98 (CH, Ar, Fmoc),
125.03 (CH, Ar, Fmoc), 127.08 (CH, Ar, Trt), 127.73 (CH, Ar, Fmoc), 127.96 (CH, Ar, Trt), 128.62
(CH, Ar, Trt), 141.33 (Cq, Fmoc), 141.36 (Cq, Fmoc), 143.64 (Cq, Fmoc), 143.76 (Cq, Fmoc),
144.47 (Cq, Ar, Trt), 156.44 (OCONH), 170.88 (CONH), 198.56 (CHO); HRMS (NanoESI) m/z
calculated for C35H3sN,0, [M+H]* 595.2591, found 595.2600.
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[(S,Z)-methyl 4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-7-oxo-7-(tritylamino)hept-2-
enoate] (22)

To a solution of 18-Crown-6 (4.432

O Jl\ O g, 16.77 mmol, 4.4 equiv) and methyl P,P-
HN

° . bis(2,2,2-trifluoroethyl)phosphonoacetate
m D (2.1 mL, 9.91 mmol, 2.6 equiv) in dry THF (65
Q 0 MeOOC mL) cooled down at -78 °C and under Ar, a
solution 0.5 M of KHMDS in toluene (19.8
mL, 9.91 mmol, 2.6 equiv) was added dropwise. After 30 min of stirring at -78 °C, a solution of
aldehyde 21 (2.266 g, 3.81 mmol, 1 equiv) in dry THF (65 mL) was cannulated into the reaction
mixture and allowed to react for 3.5 h. Saturated aqueous NH,Cl was used to quench the
reaction that didn’t reach completion. The aqueous layer was extracted with EtOAc (x 3) and
the combined organic layer was washed with brine, dried over Na,SO,, filtrated and
concentrated under vacuo. The residue was purified by flash column chromatography
(isocratic DCM-EtOAc-hexane = 7:2:1) to give 1.817 g of the Z-alkene 22 (72%) as a yellowish
solid. *H NMR (400 MHz, CDCl;) & 1.65 (2H, m, CH,’), 2.28 (2H, m, CH,°), 3.64 (3H, s, CHs), 4.21
(1H, t, J = 6.8, 6.8 Hz, CH, Fmoc), 4.30 (2H, dd, J = 6.7, 3.5 Hz, CH,, Fmoc), 5.08 (1H, m, CH®),
5.81 (1H, d, J = 11.7 Hz, CH?), 6.08 (1H, dd, J = 11.5, 9.1 Hz, CH?), 7.14-7.47 (19H, m, Trt, Fmoc),
7.68 (2H, d, J = 7.3 Hz, CH, Ar, Fmoc), 7.89 (2H, d, J = 7.5 Hz, CH, Ar, Fmoc), 8.57 (1H, s, CONH);
3C NMR (400 MHz, CDCl;) & 29.96 (CH,"), 32.47 (CH,%), 46.64 (CH, Fmoc), 48.51 (CH"), 51.05
(CHs), 65.15 (CH,, Fmoc), 69.06 (Cq, Trt), 118.60 (CH?), 120.03 (CH, Ar, Fmoc), 124.99 (CH, Ar,
Fmoc), 125.03 (CH, Ar, Fmoc), 126.16 (CH, Ar, Trt), 126.94 (CH, Ar, Fmoc), 127.31 (CH, Ar, Trt),
127.50 (CH, Ar, Fmoc), 128.41 (CH, Ar, Trt), 140.62 (Cq, Fmoc), 143.74 (Cq, Fmoc), 144.82 (Cq,
Ar, Trt), 155.38 (OCONH), 165.36 (COO), 171.30 (CONH); HRMS (NanoESI) m/z calculated for
CazH39N,05 [M+H]* 651.2854, found 651.2853.

[(2R,3R,4S)-methyl 4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-2,3-dihydroxy-7-oxo-7-
(tritylamino)heptanoate] (23) and its (2S,3S,4S) diastereomer (23b)

4-Methylmorpholine N-oxide (225.2

(o]
O )]\ O mg, 1.67 mmol, 3.1 equiv) and OsO, (cat.)
sS90

were added to a solution of alkene 22 (349.8

H
N OH
m/\/j: Q mg, 0.54 mmol, 1 equiv) in THF-H,0 (9:1, 10
o
Q MeOOC

"z

OH mL) at room temperature, and the resulting

+ Diastereomer reaction mixture was stirred for 7 days at
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room temperature. Dihydroxylation completion was monitored by HPLC-PDA and HPLC-ESMS
analysis. The reaction was quenched with a 40% aqueous NaHSOj; solution, and the resulting
mixture was stirred further for 30 min. The aqueous layer was extracted with EtOAc (x 3) and
the combined organic layer was washed with brine, dried over Na,SO,, filtrated and
concentrated under vacuo. The residue was purified by flash column chromatography
(isocratic DCM-EtOAc = 8:2) to give 282.3 mg of the diastereomer 23 (2R,3R,4S) (76%) and
259.0 mg of the diastereomer 23b (25,35,4S) (70%). Diastereomer 23 (2R,3R,4S): "H NMR (400
MHz, CDCl;) & 1.91 (2H, m, CH,’), 2.34 (2H, m, CH,%), 3.55 (1H, br s, OH), 3.64 (1H, d, J = 8.5 Hz,
CH®), 3.79 (3H, s, OCH3), 3.85 (1H, d, J = 8.7 Hz, CH?), 3.92 (1H, m, CH*), 3.92 (1H, br s, OH), 4.17
(1H, t, J = 6.5, 6.5 Hz, CH, Fmoc), 4.43 (1H, dd, J = 10.7, 6.5 Hz, CH,, Fmoc), 4.50 (1H, dd, J =
10.7, 6.6 Hz, CH,, Fmoc), 5.23 (1H, d, J = 9.3 Hz, OCONH), 6.78 (1H, s, CONH), 7.15-7.34 (17H,
m, Trt, Fmoc), 7.38 (2H, t, J = 7.4, 7.4 Hz, CH, Ar, Fmoc), 7.57 (2H, d, J = 7.4 Hz, CH, Ar, Fmoc),
7.75 (2H, d, J = 7.5 Hz, CH, Ar, Fmoc); *C NMR (400 MHz, CDCl5) & 27.12 (CH,), 33.62 (CH,%),
47.34 (CH, Fmoc), 51.03 (CH*), 52.66 (OCHs), 66.71 (CH,, Fmoc), 70.71 (Cq, Trt), 71.00 (CH?),
73.22 (CH®), 120.00 (CH, Ar, Fmoc), 120.01 (CH, Ar, Fmoc), 124.94 (CH, Ar, Fmoc), 124.99 (CH,
Ar, Fmoc), 127.04 (CH, Ar, Trt), 127.71 (CH, Ar, Fmoc), 127.72 (CH, Ar, Fmoc), 127.96 (CH, Ar,
Trt), 128.64 (CH, Ar, Trt), 141.34 (Cq, Fmoc), 141.36 (Cq, Fmoc), 143.61 (Cq, Fmoc), 143.67 (Cq,
Fmoc), 144.47 (Cq, Ar, Trt), 157.58 (OCONH), 171.62 (COO), 173.81 (CONH); HRMS (NanoESI)
m/z calculated for Cs,H41N,0; [M+H]* 685.2908, found 685.2929. Diastereomer 23b (25,35,45):
'H NMR (400 MHz, CDCl;) & 1.67 (1H, m, CH,"), 2.07 (1H, m, CH,’), 2.31 (2H, m, CH,®), 3.66 (3H,
s, OCHs), 3.78 (1H, m, CH?), 3.82 (1H, m, CH%), 4.17 (1H, m, CH?), 4.19 (1H, m, CH, Fmoc), 4.45
(2H, d, J = 6.5 Hz, CH,, Fmoc), 5.19 (1H, d, J = 8.9 Hz, OCONH), 6.89 (1H, s, CONH), 7.15-7.32
(17H, m, Trt, Fmoc), 7.38 (2H, dt, /= 7.2, 7.2, 7.3 Hz, CH, Ar, Fmoc), 7.57 (2H, dd, /= 7.3, 3.0 Hz,
CH, Ar, Fmoc), 7.74 (2H, d, J = 7.5 Hz, CH, Ar, Fmoc); *C NMR (400 MHz, CDCls) § 25.69 (CH,’),
33.32 (CH,%), 47.31 (CH, Fmoc), 51.74 (CH"), 52.56 (OCHs), 66.54 (CH,, Fmoc), 70.71 (Cq, Trt),
72.29 (CH?), 74.84 (CH?), 119.96 (CH, Ar, Fmoc), 125.00 (CH, Ar, Fmoc), 125.04 (CH, Ar, Fmoc),
127.00 (CH, Ar, Trt), 127.04 (CH, Ar, Fmoc), 127.66 (CH, Ar, Fmoc), 127.69 (CH, Ar, Fmoc),
127.92 (CH, Ar, Trt), 128.68 (CH, Ar, Trt), 141.31 (Cq, Fmoc), 141.36 (Cq, Fmoc), 143.66 (Cq,
Fmoc), 143.92 (Cq, Fmoc), 144.49 (Cq, Ar, Trt), 156.93 (OCONH), 172.03 (COO), 173.14 (CONH);
HRMS (NanoESI) m/z calculated for C4,H41N,0; [M+H]" 685.2908, found 685.2911.
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[(4R,5R)-methyl 5-((5)-1-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-oxo-4-
(tritylamino)butyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylate] (24)

A solution of (2R,3R,45) diol 23 (916.4
(o) O mg, 1.34 mmol) and acetone dimethyl acetal

O HNJ\O ' (18 mL) in dry toluene (36 mL) was placed in a
H : o O round bottomed flask equipped with a
\g/\/j: >< condenser and, after addition of catalytic

PPTS, the mixture was heated at 60 °C for 24

h. The toluene was removed under reduced

pressure, the residue re-dissolved in EtOAc and the organic layer washed with saturated

aqueous NH,Cl and brine, dried over Na,SO,, filtrated and concentrated under vacuo. The
residue was purified by flash column chromatography (DCM-EtOAc = 97.5:2.5 to 9:1) to give

746.6 mg of acetal 24 (77%) as a white solid. *H NMR (400 MHz, CDCl;) & 1.37 (3H, s, CHs,

acetal), 1.66 (3H, s, CH, acetal), 1.84 (1H, m, CH,"), 1.93 (1H, m, CH,%), 2.26 (2H, m, CH,’), 3.50

(3H, s, OCHs), 4.06 (1H, td, J = 10.1, 10.1, 2.4 Hz, CH*), 4.23 (1H, t, J = 7.0,CH, Fmoc), 4.37 (2H,

m, CH,, Fmoc), 4.37 (1H, m, CH®), 4.61 (1H, d, J = 7.8 Hz, CH?), 4.99 (1H, d, J = 9.4 Hz, OCONH),

7.18-7.43 (17H, m, Trt, Fmoc), 7.61 (2H, d, J = 7.4 Hz, CH, Ar, Fmoc), 7.63 (2H, d, J = 7.5 Hz, CH,

Ar, Fmoc), 7.76 (2H, d, J = 7.5 Hz, CH, Ar, Fmoc); 3C NMR (400 MHz, CDCl5) & 24.53 (CHs,

acetal), 26.44 (CH;, acetal), 31.87 (CH,’), 33.80 (CH,%), 47.27 (CH, Fmoc), 48.53 (CH%), 52.18

(OCHs), 66.90 (CH,, Fmoc), 70.53 (Cq, Trt), 75.16 (CH?), 79.25 (CH?), 110.37 (Cq, acetal), 119.95

(CH, Ar, Fmoc), 119.99 (CH, Ar, Fmoc), 125.19 (CH, Ar, Fmoc), 126.82 (CH, Ar, Trt), 127.06 (CH,

Ar, Fmoc), 127.07 (CH, Ar, Fmoc), 127.70 (CH, Ar, Fmoc), 127.75 (CH, Ar, Fmoc), 127.78 (CH, Ar,

Trt), 128.77 (CH, Ar, Trt), 141.25 (Cq, Fmoc), 141.35 (Cq, Fmoc), 143.54 (Cq, Fmoc), 144.03 (Cq,

Fmoc), 144.79 (Cq, Ar, Trt), 156.60 (OCONH), 169.58 (COO), 171.43 (CONH); HRMS (NanoESl)

m/z calculated for C45H4sN,O; [M+H]* 725.3221, found 725.3213.

[(4S,5S)-methyl 5-((S)-1-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-oxo-4-
(tritylamino)butyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylate] (24b)

A solution of (2S5,35,4S) diol 23b
(o) O (847.0 mg, 1.24 mmol) and acetone dimethyl

O HNJI\O ' acetal (17 mL) in dry toluene (34 mL) was

placed in a round bottomed flask and, after
addition of catalytic PPTS, the mixture was

stirred for 36 h. The toluene was removed

W,
It
J



Materials and methods

under reduced pressure, the residue re-dissolved in EtOAc and the organic layer washed with
saturated aqueous NH,Cl and brine, dried over Na,SO,, filtrated and concentrated under vacuo
to give 893.9 mg of the acetal 24b (quantitative) as a white solid which was used in the next
reaction without further purification. 'H NMR (400 MHz, CDCl;) & 1.34 (3H, s, CHs, acetal), 1.56
(3H, s, CHs, acetal), 1.70 (1H, m, CH,%), 2.02 (1H, m, CH,’), 2.24 (2H, m, CH,°), 3.57 (3H, s,
OCHs), 3.77 (1H, m, CH?), 4.19 (1H, t, J = 6.5, 6.5 Hz, CH, Fmoc), 4.31 (1H, t, / = 6.8, 6.8 Hz, CH?),
4.42 (2H, dd, J = 13.1, 6.7 Hz, CH,, Fmoc), 4.63 (1H, d, J = 6.6 Hz, CH?), 4.93 (1H, d, J = 9.2 Hz,
OCONH), 6.86 (1H, s, CONH), 7.13-7.33 (17H, m, Trt, Fmoc), 7.37 (2H, t, J = 7.2, 7.2 Hz, CH, Ar,
Fmoc), 7.58 (2H, d, J = 7.4 Hz, CH, Ar, Fmoc), 7.73 (2H, dd, J = 7.5, 4.0 Hz, CH, Ar, Fmoc); **C
NMR (400 MHz, CDCls) & 25.31 (CHs, acetal), 26.56 (CH, acetal), 27.61 (CH,’), 33.62 (CH,°),
47.33 (CH, Fmoc), 51.06 (CH®), 52.45 (OCHs), 66.48 (CH,, Fmoc), 70.57 (Cq, Trt), 76.05 (CH?),
79.40 (CH3), 110.96 (Cq, acetal), 119.97 (CH, Ar, Fmoc), 124.99 (CH, Ar, Fmoc), 125.01 (CH, Ar,
Fmoc), 126.93 (CH, Ar, Trt), 127.03 (CH, Ar, Fmoc), 127.05 (CH, Ar, Fmoc), 127.70 (CH, Ar,
Fmoc), 127.72 (CH, Ar, Fmoc), 127.88 (CH, Ar, Trt), 128.72 (CH, Ar, Trt), 141.34 (Cq, Fmoc),
143.66 (Cq, Fmoc), 143.86 (Cq, Fmoc), 144.70 (Cq, Ar, Trt), 156.20 (OCONH), 170.12 (COO),
171.26 (CONH); HRMS (NanoESl) m/z calculated for CasHasN,O; [M+H]* 725.3221, found
725.3214.

[(4R,5R)-5-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-oxo-4-(tritylamino)butyl)-2,2-
dimethyl-1,3-dioxolane-4-carboxylic acid] (18)

To a solution of acetal 24 (717.6 mg,
(o) O 0.99 mmol, 1 equiv) in THF-H,0 (7:3, 10 mL)

O HNJ\O ' at 0 °C, LIOH*H,0 (45.7 mg, 1.09 mmol, 1.1

: o O equiv) was added and the resulting mixture
m >< was stirred for 1 h at 0 °C. After analyzing the
reaction crude by TLC, more LiOH*H,0O (20.8
mg, 0.49 mmol, 0.5 equiv) was added and the
mixture was allowed to react for another hour at 0 °C. Then, after checking complete
conversion of the starting material, the reaction mixture was acidified to pH 8 by the addition
of 0.1 M aqueous HCl and Fmoc-OSu (667.9 mg, 1.98 mmol, 2 equiv) was added. The solution
was allowed to react at room temperature and pH = 8 overnight. After analyzing the crude by
HPLC-PDA and HPLC-ESMS to find that there wasn’t any unprotected product, the solution was
acidified to pH = 5 with 1 M aqueous HCI and extracted with EtOAc (x 3). The combined

organic layer was washed with brine, dried over Na,SO,, filtrated and concentrated under
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vacuo. The residue was washed with cold hexane, purified by reverse phase using a C18
Porapak Rxn RP 60 cc (Waters) column and then lyophilized to give 401.4 mg (57%) of the
Fmoc-protected diol moiety 18 as a white solid. 'H NMR (400 MHz, CD;0D) & 1.35 (3H, s, CHs
acetal), 1.57 (3H, s, CHs, acetal), 1.76 (1H, m, CH,"), 1.88 (1H, m, CH,"), 2.29 (2H, m, CH,"), 4.01
(1H, m, CH*), 4.24 (1H, dd, J = 6.9, 6.9 Hz, CH, Fmoc), 4.32 (2H, m, CH,, Fmoc), 4.38 (1H, m,
CH®), 4.62 (1H, d, J = 7.6 Hz, CH?), 7.16-7.31 (17H, m, Fmoc, Trt), 7.37 (2H, dt, J = 7.4, 7.4, 3.3
Hz, CH, Ar, Fmoc), 7.64 (1H, d, J = 7.3 Hz, CH, Ar, Fmoc), 7.69 (1H, d, J = 7.4 Hz, CH, Ar, Fmoc),
7.78 (2H, d, J = 7.5 Hz, CH, Ar, Fmoc); *C NMR (400 MHz, CD;0D) & 24.86 (CHs, acetal), 26.82
(CHs, acetal), 30.99 (CH,"), 34.67 (CH,"), 49.33 (CH, Fmoc), 51.53 (CH*), 67.95 (CH,, Fmoc),
71.61 (Cq, Trt), 77.00 (CH?), 80.43 (CH?), 110.73 (Cq, acetal), 120.92 (CH, Ar, Fmoc), 126.37 (CH,
Ar, Fmoc), 126.59 (CH, Ar, Fmoc), 127.74 (CH, Ar, Trt), 128.19 (CH, Ar, Fmoc), 128.70 (CH, Ar,
Trt), 128.75 (CH, Ar, Fmoc), 128.82 (CH, Ar, Fmoc), 130.08 (CH, Ar, Trt), 142.55 (Cq, Fmoc),
142.70 (Cq, Fmoc), 145.11 (Cq, Fmoc), 145.83 (Cq, Fmoc), 146.09 (Cq, Ar, Trt), 158.71
(OCONH), 174.92 (CO); HRMS (NanoESl) m/z calculated for C4H43N,0; [M+H]" 711.3065, found
711.3077.

[(4S,5S)-5-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-oxo-4-(tritylamino)butyl)-2,2-

dimethyl-1,3-dioxolane-4-carboxylic acid] (18b)

To a solution of acetal 24b (721.4 mg,
(o) O 1.00 mmol, 1 equiv) in THF-H,0 (7:3, 10 mL)

O ) Hrg)l\o . at 0 °C, LIOH*H,0 (45.9 mg, 1.09 mmol, 1.1
N A 0 Q equiv) was added and the resulting mixture
\'OI/\/j >< was stirred for 1 h at 0 °C. After analyzing the

reaction crude by TLC, more LiOH*H,0 (20.9

mg, 0.50 mmol, 0.5 equiv) was added and the

mixture was allowed to react for another hour at 0 °C. Then, after checking complete
conversion of the starting material, the reaction mixture was acidified to pH 8 by the addition
of 0.1 M aqueous HCl and Fmoc-OSu (671.4 mg, 1.99 mmol, 2 equiv) was added. The solution
was allowed to react at room temperature and pH = 8 overnight. After analyzing the crude by

HPLC-PDA and HPLC-ESMS to find that there wasn’t any unprotected product, the solution was

acidified to pH = 5 with 1 M aqueous HCl and extracted with EtOAc (x 3). The combined

organic layer was washed with brine, dried over Na,SO,, filtrated and concentrated under
vacuo. The residue was washed with cold hexane, purified by reverse phase using a C18

Porapak Rxn RP 60 cc (Waters) column and then lyophilized to give 477.6 mg (60%) of the
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Fmoc-protected diol moiety 18b as a white solid. 'H NMR (400 MHz, CD;0D) & 1.35 (3H, s, CHs,
acetal), 1.53 (3H, s, CH;, acetal), 1.59 (1H, m, CH,"), 2.02 (1H, m, CH,%), 2.26 (2H, m, CH,’), 3.84
(1H, ddd, J = 10.7, 8.4, 2.7 Hz, CH%), 4.21 (1H, dd, J = 6.8, 6.8 Hz, CH, Fmoc), 4.31 (1H, m, CH®),
4.37 (2H, dd, J = 6.8, 2.2 Hz, CH,, Fmoc), 4.63 (1H, d, J = 6.8 Hz, CH?), 7.16-7.32 (17H, m, Fmoc,
Trt), 7.37 (2H, dt, J = 7.5, 7.4, 2.1 Hz, CH, Ar, Fmoc), 7.63 (1H, d, J = 7.5 Hz, CH, Ar, Fmoc), 7.67
(1H, d, J = 7.4 Hz, CH, Ar, Fmoc), 7.78 (2H, d, J = 7.4 Hz, CH, Ar, Fmoc); *C NMR (400 MHz,
CD50D) & 25.65 (CHs, acetal), 27.14 (CHs, acetal), 30.33 (CH,"), 34.33 (CH,®), 48.69 (CH, Fmoc),
52.26 (CH%), 67.61 (CH,, Fmoc), 71.62 (Cq, Trt), 77.67 (CH?), 80.80 (CH?), 111.92 (Cq, acetal),
120.95 (CH, Ar, Fmoc), 126.30 (CH, Ar, Fmoc), 126.40 (CH, Ar, Fmoc), 127.73 (CH, Ar, Trt),
128.15 (CH, Ar, Fmoc), 128.17 (CH, Ar, Fmoc), 128.72 (CH, Ar, Trt), 128.74 (CH, Ar, Fmoc),
128.82 (CH, Ar, Fmoc), 130.08 (CH, Ar, Trt), 142.62 (Cq, Fmoc), 142.73 (Cq, Fmoc), 145.15 (Cq,
Fmoc), 145.75 (Cq, Fmoc), 146.07 (Cq, Ar, Trt), 158.60 (OCONH), 174.95 (CO); HRMS (NanokESl)
m/z calculated for C4yH43N,0; [M+H]* 711.3065, found 711.3082.

1.5.1.4. Synthesis of (2R,3R,4R)-3-hydroxy-2,4,6-trimethylheptanoic acid (HTMHA)
(R)-N-((1S,25)-1-hydroxy-1phenylpropan-2-yl)-N,2,4-trimethylpentanamide (25)

LiCl (4.07 g, 96.02 mmol, 8.5 equiv) was placed in a
round bottomed flask and dried with a heater under a N,

stream until it looked like a fine powder. Then, dry THF (30

mL) and DIPA (5.2 mL, 36.71 mmol, 3.2 equiv) were added,
and the resulting suspension was cooled down to -78 °C. n-BulLi (2.5 M in hexane, 13.6 mL,
34.00 mmol, 3 equiv) was added dropwise and after 5 min, the reaction mixture was warm up
to 0 °C for 5 min and then cooled down again to -78 °C. The (S,S)-pseudoephedrie
propionamide (2.50 g, 11.30 mmol, 1 equiv) dissolved in dry THF (30 mL) was then slowly
dropped via cannula at -78 °C and kept under stirring at this temperature. After 1 h, the
mixture was first warm up to 0 °C for 15 min, and then to room temperature for 5 more min,
to be finally cooled down to 0 °C. At this point, 1-iodo-2-methylpropane (5.2 mL, 45.19 mmol,
4 equiv) was added, then the ice bath removed and the reaction mixture stirred for 3.5 h.
HPLC-PDA analysis revealed complete conversion and the reaction was quenched by slow
addition of saturated aqueous NH,CI (50 mL) at 0 °C. Then, brine (50 mL) was also added and
the aqueous layer was extracted with EtOAc (x 3). The combined organic layer was washed
with brine, dried over MgSO,, filtrated and concentrated under vacuo. The residue was
purified by flash column chromatography (hexane-EtOAc = 9:1 to 1:1) to give 3.00 g (96%) of
product 26 as a white solid: "H NMR (400 MHz, CDCl;) & 0.821 (3H, d, J = 6.4 Hz, CH5"), 0.851
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(3H, d, J = 6.2 Hz, CH5*), 1.069 (3H, d, J = 6.7 Hz, CH5%), 1.143 (3H, br d, J = 7.1 Hz, CH,*), 1.148
(1H, m, CH,?), 1.511 (1H, m, CH,?), 1.511 (1H, m, CH%), 2.674 (1H, m, CH?), 4.118 (1H, q,J= 7.1,
7.1,7.1 Hz, CH?), 4.615 (1H, d, J = 7.5 Hz, CH"); *C NMR (400 MHz, CDCl3) § 14.44 (CH,*), 17.43
(CH3%), 22.57 (CH5"), 22.69 (CH,%), 25.65 (CH?), 33.51 (NMe), 34.41 (CH?), 43.06 (CH,’), 58.10
(CH*), 76.54 (CH"), 126.26 (CH, Ar), 127.49 (CH, Ar), 128.28 (CH, Ar), 142.59 (Cq, Ar), 179.36
(CONH).

(R)-2,4-Dimethylpentanol (26)

Ho/\l/Y To a solution of DIPA (6.3 mL, 44.81 mmol, 4.2 equiv) in dry THF

(50 mL) cooled down to -78 °C, n-Buli (2.5 M in hexane, 16.7 mL, 41.75
mmol, 4 equiv) was slowly dropped. After 10 min, the mixture was warmed up to 0 °C for 5
min and then cooled down again to -78 °C. At this point, H;B-NH; complex (1.47 g, 42.68 mmol,
4 equiv) was added and the resulting solution was warm up to 0 °C for 20 min, then to room
temperature for 10 more min and finally cooled down to 0 °C again for 10 min. A solution of
the amide 25 (2.96 g, 10.67 mmol, 1 equiv) in dry THF (50 mL) was added dropwise and, after
the addition, the reaction was allowed to reach room temperature and was stirred for 2.5 h.
The TLC revealed complete conversion, thus, the reaction was quenched by addition of 3 M
aqueous HCl at 0 °C until pH = 3 was reached (approx. 30 mL were needed). Then, brine was
added (30 mL) and the aqueous layer was extracted with Et,0 (x 3). The combined organic
layers were washed with 3 M aqueous HCI (x 1), 3 M aqueous NaOH (x 1) and brine (x 1), dried
over MgSQ,, filtrated and concentrated under vacuo at a temperature below 20 °C to obtain
1.24 g (quantitative) of the alcohol 26 as a yellowish oil. '"H NMR (300 MHz, CDCl;) & 0.86 (3H,
d, J = 6.5 Hz, CH3?), 0.89 (3H, d, J = 6.6 Hz, CH5"), 0.90 (3H, d, J = 6.6 Hz, CH5*), 1.00 (1H, ddd, J =
13.6, 8.6, 6.1 Hz, CH,), 1.13-1.36 (1H, m, CH,%), 1.57-1.78 (2H, m, CH?,CH%, 3.37 (1H, dd, J =
10.5, 6.6 Hz, CH,"), 3.50 (1H, dd, J = 10.5, 5.5 Hz, CH,"); "*C NMR (100 MHz, CDCl;) § 16.8 (CH5’),
22.2 (CH5"), 23.6 (CH5"), 25.3 (CH"), 33.5 (CH?), 42.7 (CH,’), 68.9 (CH,).

(R)-2,4-Dimethylpentanal (27)

o To a solution of (R)-2,4-dimethylpentanol 26 (1.24 g, 10.67 mmol, 1

H equiv) in dry DCM (55 mL) in the presence of 4 A MS, Dess-Martin reagent
(5.11 g, 12.06 mmol, 1.13 equiv) was added, and the resulting milky mixture
allowed to stir at room temperature for 30 min. The reaction was filtered and the solid washed

with abundant pentane. The combined organic layers were washed with saturated aqueous

NaHCO;-saturated aqueous Na,S,0; (1:1, x 2), brine (x 1), dried over MgSQ,, filtrated and
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concentrated under vacuo at temperatures below 20 °C. The residue was filtered through silica
with pentane-Et,0 (9:1) and concentrated under vacuo again (at temperatures below 20 °C) to
give 1.142 g (83%-94%) of aldehyde 27 as a yellowish oil. *H NMR (500 MHz, CDCl;) & 0.90 (3H,
d, J = 6.5 Hz, CH5%), 0.93 (3H, d, J = 6.5 Hz, CH,%), 1.08 (3H, d, J = 6.9 Hz, CH,%), 1.20 (1H, m,
CH,?), 1.59 (1H, m,CH,?), 1.63 (1H, m, CH%), 2.41 (1H, ddq, J = 4.2, 4.2, 4.2 Hz, CH?), 9.60 (1H, d,
J = 1.9 Hz, CHO); ®C NMR (500 MHz, CDCl3) 8 20.6 (CH5?), 22.2 (CH5%), 22.9 (CH5*), 25.5 (CH?),
39.7 (CH,), 44.4 (CH?), 205.4 (CHO).

(3S,4R,5R)-3,5,7-Trimethylocten-4-ol (28)

OH A 1 M solution of ‘BuOK in dry THF (28 mL, 28.00 mmol, 2.8
/\r-\(\( equiv) was placed in a round bottomed flask provided with a cold
finger and submerged in a cold bath at -78 °C. Then, trans-butene (3.7

mL, 40.00 mmol, 4 equiv) was condensed into the solution, followed by slow addition of n-BulLi
(2.5 M in hexane, 11.2 mL, 28 mmol, 2.8 equiv). The resulting bright yellow mixture was stirred
at -78 °C for 15 min, then warm up to -57 °C for 20 more min and finally cooled down again to -
78 °C. At this point, a solution of IPc,BOMe (10.12 g, 32.00 mmol, 3.2 equiv) in dry THF (20 mL)
was added dropwise, and the resulting mixture was stirred for 40 min, before adding the
BF;-OEt, (3.95 mL, 32.00 mmol, 3.2 equiv) first and a solution of the aldehyde 27 (1.14 g, 10.00
mmol, 1 equiv) in dry THF (15 mL) second. The resulting cloudy solution was stirred at -78 °C
for 4 h. Then the reaction was quenched by slow addition of 3 M aqueous NaOH (6.4 mL) and
30% aqueous H,0; (3.2 mL). The cold bath was removed and the resulting mixture was stirred
18 h at room temperature. The reaction was then diluted with H,O and extracted with Et,0 (x
3), and all the combined organic layers were washed with brine, dried over MgSQ,, filtrated
and concentrated under vacuo. The residue was purified twice by flash column
chromatography (hexane-EtOAc = 10:0 to 8:2) to give 1.28 g (75%) of product 28 as a colorless
oil. *H NMR (500 MHz, CDCl5) & 0.86 (3H, d, J = 6.6 Hz, CH3’), 0.91 (3H, d, J = 6.5 Hz, CH,’), 0.92
(3H, d, J = 6.7 Hz, CH5°), 1.00 (3H, d, J = 6.9 Hz, CH5®), 1.13 (1H, m, CH’), 1.26 (1H, m, CH’), 1.65
(2H, m, CH,®), 2.37 (1H, ddq, J = 7.0, 7.0, 7.0 Hz, CH®), 3.13 (1H, t, / = 6.0, 6.0 Hz, CH"), 5.12 (2H,
m, CH,"), 5.76 (1H, m, CH?); *C NMR (500 MHz, CDCl;) § 16.8 (CH5*), 16.9 (CH5®), 21.3 (CHy'),
24.4 (CH5'), 25.3 (CH’), 33.0 (CH’), 39.5 (CH,’), 41.2 (CH?), 79.5 (CH"), 116.2 (CH,"), 140.7 (CH?).
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(2R,3R,4R)-3-Hydroxy-2,4,6-trimethylheptanoic acid (29)

(0] H To a solution of the alkene 28 (139.6 mg, 0.82 mmol, 1

nQ

:

HO equiv) in H,0O-dioxane (1:1, 8 mL), 4-methyl-morpholine N-oxide
(143.9 mg, 1.23 mmol, 1.5 equiv) and 0sO, (4% in H,0, 104 pL,
0.033 mmol, 0.04 equiv) were added. NalO, (263.1 mg, 1.23 mmol, 1.5 equiv) was added after
1 h and the resulting milky suspension was stirred for 2 h more. Then the reaction mixture was
cooled down to 0 °C and quenched by adding NaClO, (368.9 mg, 3.28 mmol, 4 equiv) and
H,NSO;sH (318.1 mg, 3.28 mmol, 4 equiv) to obtain a bright yellow suspension that was stirred
for 2 h more at room temperature. Then, 5% aqueous HCl was added and the aqueous layer
was extracted with DCM (x 3). The combined organic extracts were washed with 5% aqueous
HCI (x 1) and brine, dried over MgSQ,, filtrated and concentrated under vacuo to obtain 29 as a
yellowish oil that was used without further purification. '"H NMR (400 MHz, CDCl5) & 0.83 (3H,
d, J = 6.5 Hz, CH°), 0.91 (3H, d, J = 6.6 Hz, CH°), 0.94 (3H, d, J = 6.7 Hz, CH5"), 1.13 (1H, m,
CH,%), 1.23 (3H, d, J = 7.2 Hz, CH5%), 1.24 (1H, m, CH,), 1.65 (1H, m, CH®), 1.69 (1H, m, CH"),
2.69 (1H, m, CH?), 3.44 (1H, dd, J = 6.5, 5.1 Hz, CH?); *C NMR (400 MHz, CDCl;) & 14.71 (CH5?),
16.56 (CH5"), 21.24 (CH,%), 24.24 (CHs%), 25.16 (CH®), 33.55 (CH"), 39.51 (CH,’), 41.96 (CH?),
78.15 (CH?).

1.5.1.5. Synthesis of HTMHA-D-Asp(‘Bu)-OH

Fmoc-D-Asp(‘Bu)-OBzl (30)

To a solution of Fmoc-D-Asp(‘Bu)-OH

Q o (1.5 g, 3.65 mmol, 1 equiv) in dry MeOH (20 mL)
. o N Cs,CO; (593.8 mg, 1.82 mmol, 0.5 equiv) was
O \Ior (0)/\© added, and the resulting solution was stirred
under Ar at room temperature for 20 min.

0\’/ Then, the solvent was removed under reduced

pressure to furnish the cesium carboxilate as a

white solid. It was re-dissolved in dry DMF (17 mL) and BzIBr (1.3 mL, 10.94 mmol, 3 equiv) was
dropped under Ar. The resulting mixture was stirred for 2 h. Saturated aqueous NH,Cl was
used to quench the reaction. The aqueous layer was extracted with EtOAc (x 3) and the
combined organic layer was washed once with brine, dried over Na,SO,, filtrated and
concentrated under vacuo. The residue was purified by flash column chromatography (hexane-
EtOAc = 10:0 to 8:2) to give 1.75 mg of Fmoc-D-Asp(‘Bu)-OBzl 30 (95%) as a white solid. 'H
NMR (400 MHz, CDCl;) & 1.42 (9H, s, CH;), 2.79 (1H, dd, J = 17.0, 4.5 Hz, CH,"), 2.97 (1H, dd, J =
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17.0, 4.6 Hz, CH,"), 4.23 (1H, t, J = 7.2, 7.2 Hz, CH, Fmoc), 4.33 (1H, dd, J = 10.4, 7.5 Hz, CH,,
Fmoc), 4.42 (1H, dd, J = 10.5, 7.3 Hz, CH,, Fmoc), 4.65 (1H, td, J = 8.9, 4.5, 4.5 Hz, CH"), 5.17
(1H, d, J = 12.3 Hz, CH,, Bzl), 5.24 (1H, d, J = 12.2 Hz, CH,, Bzl), 5.83 (1H, d, J = 8.6 Hz, CONH),
7.30 (2H, td, J = 7.5, 7.5, 0.9 Hz, CH, Ar, Fmoc), 7.32-7.36 (5H, m, CH, Ar, Bzl), 7.40 (2H, t, J =
7.5, 7.5 Hz, CH, Ar, Fmoc), 7.59 (2H, d, J = 7.4 Hz, CH, Ar, Fmoc), 7.76 (2H, d, J = 7.5 Hz, CH, Ar,
Fmoc); *C NMR (400 MHz, CDCl3) & 27.99 (CHs), 37.73 (CH,"), 47.09 (CH, Fmoc), 50.64 (CH%),
67.28 (CH,, Fmoc), 67.46 (CH,, Bzl), 81.88 (Cq, ‘Bu), 119.96 (CH, Ar, Fmoc), 125.11 (CH, Ar,
Fmoc), 125.16 (CH, Ar, Fmoc), 127.06 (CH, Ar, Fmoc), 127.70 (CH, Ar, Fmoc), 128.23 (CH, Ar,
Bzl), 128.41 (CH, Ar, Bzl), 128.57 (CH, Ar, Bzl), 135.24 (Cq, Bzl), 141.25 (Cq, Fmoc), 141.27 (Cq,
Fmoc), 143.70 (Cq, Fmoc), 143.90 (Cq, Fmoc), 155.97 (OCONH), 169.94 (CO0), 170.78 (COO).

H-D-Asp(‘Bu)-OBzl (31)

A solution of piperidine-DCM (1:4, 15 mL) was added to

Q the solid Fmoc-D-Asp('Bu)-OBzl 30 (1.72 g, 3.42 mmol) and the

HzN 0/\© resulting mixture was stirred for 40 min at room temperature.

o The solvents were removed under reduced pressure and the
\I/o residue obtained purified by flash column chromatography

(hexane-EtOAc = 95:5 to 0:10) to give 765.0 mg (80%) of H-D-
Asp('Bu)-OBzl 31 as a white solid. "H NMR (400 MHz, CDCl;) & 1.42 (9H, s, CHs), 2.69 (1H, dd, J =
16.6, 6.7 Hz, CH,"), 2.77 (1H, dd, J = 16.6, 4.7 Hz, CH,"), 3.82 (1H, dd, J = 6.6, 4.8 Hz, CH), 5.15
(1H, d, J = 12.2 Hz, CH,, Bzl), 5.20 (1H, d, J = 12.3 Hz, CH,, Bzl), 7.32-7.37 (5H, m, Bzl); *C NMR
(400 MHz, CDCl;) & 28.03 (CH5), 39.62 (CH,"), 51.33 (CH®), 67.07 (CH,, Bzl), 81.41 (Cq, 'Bu),
128.30 (CH, Ar, Bzl), 128.40 (CH, Ar, Bzl), 128.59 (CH, Ar, Bzl), 135.49 (Cq, Bzl), 170.28 (COO),
173.90 (COO0).

HTMHA-D-Asp(‘Bu)-0Bzl (32)

HTMHA 29 (120.0 mg, 0.64 mmol, 1

J< equiv), H-D-Asp(‘Bu)-OBzl 31 (359,0 mg, 1.29
(o)
/g mmol, 2 equiv), HOBt*H,0 (196.8 mg, 1.29

OH O O\Q mmol, 2 equiv) and EDC*HCI (246.3 mg, 1.29
o
H/\"/ mmol, 2 equiv) were placed in a round-bottom
(o]

flask. A mixture of dry DCM:DMF (1:1, 10 mlL)

z

was added and, after checking that the pH of the reaction solution was around 6, it was

allowed to react for 8 h at room temperature. DCM was removed under reduced pressure,

229



Materials and methods

AcOEt added and the organic layer washed with saturated aqueous NH,C| solution (x 3),
saturated aqueous NaHCO; solution (x 3) and brine, dried over Na,SO,, filtrated and
concentrated under vacuo. The residue was purified by flash column chromatography (hexane-
EtOAc = 95:5 to 80:20) to give 68.9 mg (24%) of HTMHA-D-Asp(‘Bu)-OBzl 32 as a yellowish oil.
'H NMR (400 MHz, CDCl5) § 0.83 (3H, d, J = 6.5 Hz, CH;%, HTMHA), 0.91 (3H, d, J = 6.7 Hz, CH,%,
HTMHA), 0.91 (3H, d, J = 6.6 Hz, CH3', HTMHA), 1.12 (2H, m, CH,’, HTMHA), 1.19 (3H, d, J = 7.0
Hz, CH;% HTMHA), 1.39 (9H, s, CH;, ‘Bu, Asp), 1.62 (1H, m, CH®, HTMHA), 1.65 (1H, m, CH’,
HTMHA), 2.47 (1H, m, CH% HTMHA), 2.73 (1H, dd, J = 17.0, 4.4 Hz, CH,", Asp), 2.95 (1H, dd, J =
17.0, 4.8 Hz, CH,?, Asp), 3.36 (1H, m, CH®, HTMHA), 4.88 (1H, dt, J = 8.8, 4.6, 4.6 Hz, CH®, Asp),
5.14 (1H, d, J = 12.2 Hz, CH,, Bzl), 5.22 (1H, d, J = 12.2 Hz, CH,, Bzl), 6.77 (1H, d, J = 8.4 Hz,
CONH), 7.31-7.36 (5H, m, Bzl); *C NMR (400 MHz, CDCls) § 15.14 (CH;*, HTMHA), 16.70 (CH5’,
HTMHA), 21.33 (CH;%, HTMHA), 24.32 (CH,®}, HTMHA), 25.20 (CH?, HTMHA), 27.96 (CHs, 'Bu),
33.78 (CH", HTMHA), 37.06 (CH,", Asp), 43.17 (CH®, HTMHA), 48.56 (CH®, Asp), 67.60 (CH,, Bzl),
78.71 (CHP, HTMHA), 81.95 (Cqg, ‘Bu), 128.35 (CH, Ar, Bzl), 128.49 (CH, Ar, Bzl), 128.60 (CH, Ar,
Bzl), 135.12 (Cq, Bzl), 170.02 (CO0), 170.95 (COO), 176.33 (CONH).

HTMHA-D-Asp(‘Bu)-OH (33)

A solution of HTMHA-D-Asp(‘Bu)-OBzl 32 (68.9
J< mg, 0.15 mmol) in dry MeOH (5 mL) was stirred with a
(o]

/g catalytic amount of Pd-C (10%) under an atmosphere of H,
o
OH

OH O (air pressure) for 12 h. EtOAc was added and the mixture

was filtrated through celite and concentrated under vacuo

to give 53.7 mg (97%) of crude HTMHA-D-Asp(‘Bu)-OH 33
as a yellow oil. By HPLC-PDA [conditions: linear gradient (5% to 100%) of ACN (0.036% TFA)
into H,0 (0.045%) over 8 min, with a flow rate of 1.0 mL/min (tz = 6.61 min), at 220 nm] it had
a purity of 60% but was used in the next reaction without further purification. "H NMR (400
MHz, CDCl3) & 0.82 (3H, d, J = 6.6 Hz, CH5*%, HTMHA), 0.90 (3H, d, J = 6.6 Hz, CH;*', HTMHA),
0.94 (3H, d, J = 6.8 Hz, CH3', HTMHA), 1.12 (3H, d, J = 7.0 Hz, CH5", HTMHA), 1.15 (2H, m, CH,’,
HTMHA), 1.43 (9H, s, CHs, ‘Bu), 1.61 (1H, m, CH®, HTMHA), 1.68 (1H, m, CH?, HTMHA), 2.54 (1H,
dt, J = 15.1, 7.4, 7.4 Hz, CH*, HTMHA), 2.75 (1H, dd, J = 16.7, 4.9 Hz, CH,", Asp), 2.87 (1H, dd, J =
16.9, 5.5 Hz, CH,", Asp), 3.53 (1H, dd, J = 7.3, 4.1 Hz, CH®, HTMHA), 4.84 (1H, m, CH%, Asp), 7.13
(1H, d, J = 8.3 Hz, CONH); *C NMR (400 MHz, CDCl;) § 14.60 (CH5", HTMHA), 16.79 (CHJ’,
HTMHA), 21.19 (CH5*, HTMHA), 24.35 (CH,®:, HTMHA), 25.09 (CH®, HTMHA), 27.99 (CHs, ‘Bu),
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32.76 (CH', HTMHA), 37.02 (CH,", Asp), 38.82 (CH,’, HTMHA), 43.67 (CH® HTMHA), 48.74 (CH%,
Asp), 78.66 (CH®, HTMHA), 82.01 (Cq, ‘Bu), 170.30 (CO0), 173.69 (COO), 176.97 (CONH).

1.5.2. Synthetic Pipecolidepsin A

1.5.2.1. Synthesis of Pipecolidepsin A

Aminomethyl resin (75.1 mg, 0.36 mmol/g) was placed in a 5 mL-polypropylene
syringe fitted with two polyethylene filter discs. The resin was then washed, the AB linker and
the first amino acid (Fmoc-D-Asp(OH)-OAllyl) incorporated and the excess of reactive positions
terminated following the general procedures described in section 5.3.3. The loading, as

calculated by UV absorbance at 290 nm, was 0.36 mmol/g.

Peptide elongation was achieved by means of different coupling conditions, being the
protocol C the most commonly used one. Thus, sequential incorporation of Fmoc-B-EtO-
Asn(Trt)-OH (43.2 mg, 0.068 mmol, 2.5 equiv), Fmoc-NMe-GIn-OH (36.1 mg, 0.095 mmol, 3.5
equiv), Fmoc-Leu-OH (42.9 mg, 0.122 mmol, 4.5 equiv), Fmoc-D-Lys(Boc)-OH (44.3 mg, 0.095
mmol, 3.5 equiv), Fmoc-D-allo-Thr(‘Bu)-OH (32.2 mg, 0.081 mmol, 3 equiv) and Fmoc-
AHDMHA-OH (26.8 mg, 0.068 mmol, 2.5 equiv) to the previously obtained H-D-Asp(O-
Aminomethyl-resin)-OAllyl was accomplished using HATU/HOAt and DIEA (aa-HATU-HOAt-
DIEA 1:1:1:2) in DMF (0.3 mL) with 1 min of pre-activation. In all cases, Kaiser’s test showed a
quantitative coupling after 60 min of treatment. The Fmoc-Leu-OH was re-coupled by default
and cloranil’s test was used to check the completion of the reaction. Fmoc removal was carried
out treating the resin with piperidine-DMF (1:4) (2 x 1 min, 2 x 5 min, 1 x 10 min). The
heptapeptide H-AHDMHA-D-allo-Thr-D-Lys-Leu-NMe-GIn-B-EtO-Asn-D-Asp-OAllyl was obtained
with a purity of 91% as checked by HPLC-PDA. Conditions: Xbridge™ BEH130 C18 reversed-
phase analytical column (3.5 um x 4.6 mm x 100 mm); linear gradient (20% to 70%) of ACN
over 8 min, with a flow rate of 1.0 mL/min (tz = 3.08 min). HPLC-ESMS(+) analysis showed: m/z
calcd for C43H7¢N1o015 973.12; [M+H]" found, 974.31.

Fmoc-diMeGIn-OH (48.2 mg, 0.122 mmol, 4.5 equiv) was coupled using DIPCDI (19.0
ulL, 0.122 mmol, 4.5 equiv) and HOBt*H,0 (18.6 mg, 0.122 mmol, 4.5 equiv) in DMF (0.6 mL)
for 1 h at 25 °C without pre-activation. The solvents were removed and the resin washed with
DMF (3 x 1 min) and DCM (3 x 1 min). The Kaiser’s test proved quantitative coupling. The
Fmoc group was kept in place until ester bond formation. The octapeptide Fmoc-diMeGIn-

AHDMHA-D-allo-Thr-D-Lys-Leu-NMe-GIn-B-EtO-Asn-D-Asp-OAllyl was obtained with a purity of
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87% as checked by HPLC-PDA. Conditions: Xbridge™ BEH130 C18 reversed-phase analytical
column (3.5 um x 4.6 mm x 100 mm); linear gradient (40% to 80%) of ACN over 8 min, with a
flow rate of 1.0 mL/min (ty = 2.96 min). HPLC-ESMS(+) analysis showed: m/z calcd for
CesHosN1,016 1351.54; [M+H]" found, 1352.93.

After washings with DCM (3 x 1 min) the resin was dried under vacuum for 20 min and
transferred to a PYREX" culture tube provided with a magnetic stirrer. Fresh Alloc-pipecolic-OH
(86.4 mg, 0.405 mmol, 15 equiv) was dissolved in dry DCM (1.5 mL) and DIPCDI (63.4 mL, 0.405
mmol, 15 equiv) was added. The mixture was cooled down to 0 °C, filtered through a 0.45 um
filter and added to the resin. DMAP (1.6 mg, 0.014 mmol, 0.5 equiv) dissolved in dry DMF (0.2
mL) was finally added to the tube. The mixture was reacted for 2.3 h at 45 °C with smooth
stirring. The reaction mixture was transferred to the syringe, the solvents removed by filtration
and the resin washed with DCM (3 x 1 min), DMF (3 x 1 min) and DCM (3 x 1 min). Ester bond
formation was monitored by cleavage of an aliquot of resin with TFA-H,0-Tis (95:2.5:2.5) (0.35
mL, 1 x 1 h), followed by analysis of the crude by HPLC-PDA and HPLC-ESMS. The nonapeptide
Fmoc-diMeGIn-AHDMHA(Alloc-pipecolic)-D-allo-Thr-D-Lys-Leu-NMe-GIn-B-EtO-Asn-D-Asp-
OAllyl was obtained with a purity of 67% as checked by HPLC-PDA. Conditions: Xbridge™
BEH130 C18 reversed-phase analytical column (3.5 pm x 4.6 mm x 100 mm); linear gradient
(40% to 80%) of ACN over 8 min, with a flow rate of 1.0 mL/min (tz = 4.85 min). HPLC-ESMS(+)
analysis showed: m/z calcd for C;5H111N1305, 1546.76; [M+H]" found, 1548.20.

The Fmoc group of diMeGIn was then removed following a short deprotection
treatment with piperidine-DMF (1:4) (2 x 2 min, 4 mL). The resin was shortly washed with DMF
(x 2) and DCM (x 1) and the reaction mixture of the next residue Fmoc-DADHOHA(Trt,
Acetonide)-OH (48.0 mg, 0.068 mmol, 2.5 equiv) quickly added to the resin. This amino acid
was introduced using HATU (25.7 mg, 0.068 mmol, 2.5 equiv), HOAt (9.19 mg, 0.068 mmol, 2.5
equiv) and DIEA (23.5 pL, 0.135 mmol, 5 equiv) dissolved in DMF (0.3 mL) with 1 min of pre-
activation (Protocol C). After 1 h of coupling the solvents were removed and the resin was
washed with DMF (3 x 1 min) and DCM (3 x 1 min). The Kaiser’s test proved quantitative
coupling. The resin was then subjected to the following washings/treatments: piperidine-DMF
(1:4) (2 x 1 min, 2 x 5 min, 1 x 10 min), DMF (3 x 1 min) and DCM (3 x 1 min). The decapeptide
H-DADHOHA-diMeGIn-AHDMHA(Alloc-pipecolic)-D-allo-Thr-D-Lys-Leu-NMe-GIn-B-EtO-Asn-D-
Asp-OAllyl was obtained with a purity of 60% (the decapeptide protected with an acetal group
was also considered to calculate purity) as checked by HPLC-PDA. Conditions: Xbridge™

BEH130 C18 reversed-phase analytical column (3.5 pum x 4.6 mm x 100 mm); linear gradient
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(30% to 70%) of ACN over 8 min, with a flow rate of 1.0 mL/min (tz = 3.57 min). HPLC-ESMS(+)
analysis showed: m/z calcd for Cg7H113N150,4 1512.70; [(M+2H7)/2] found, 757.80.

The last two moieties were incorporated to the growing peptide chain as a single unit.
HTMHA-D-Asp(‘Bu)-OH (60% purity, 80.9 mg, 0.135 mmol, 5 equiv) and HOAt (18.4 mg, 0.135
mmol, 5 equiv) were dissolved in DMF (0.3 mL) and DIEA (47.0 uL, 0.270 mmol, 10 equiv) was
added. The reaction mixture was added to the resin followed by the addition of solid PyBOP
(70.3 mg, 0.135 mmol, 5 equiv) and it was allowed to react for 3.5 h at 25 °C. The solvents
were removed and the resin washed with DMF (3 x 1 min) and DCM (3 x 1 min). Coupling
completion was monitored by cleavage of an aliquot of resin with TFA-H,0-Tis (95:2.5:2.5)
(0.35 mL, 1 x 1 h) followed by analysis of the crude by HPLC-PDA and HPLC-ESMS, as the
Kaiser’s test is not reliable at this point of the growing peptide chain. The dodecapeptide
HTMHA-D-Asp-DADHOHA-diMeGIn-AHDMHA(Alloc-pipecolic)-D-allo-Thr-D-Lys-Leu-NMe-GlIn-p-
EtO-Asn-D-Asp-OAllyl was obtained with a purity of 37% as checked by HPLC-PDA. Conditions:
Xbridge™ BEH130 C18 reversed-phase analytical column (3.5 pm x 4.6 mm x 100 mm); linear
gradient (30% to 70%) of ACN over 8 min, with a flow rate of 1.0 mL/min (tz = 5.47 min). HPLC-
ESMS(+) analysis showed: m/z calcd for Cg;H136N16029 1798.04; [M+H]" found, 1800.73.

Next, to remove the Allyl and Alloc groups the conditions described in section 5.3.6.
were used. Thus, the peptide-resin was treated with Pd(PPh;), (6.2 mg, 0.005 mmol, 0.2 equiv)
and PhSiH; (66.6 uL, 0.540 mmol, 20 equiv) dissolved in DCM (0.3 mL) under N,. After 15 min,
the solvents were removed and the resin washed with DCM (1 x 1 min), DMF (1 x 1 min) and
DCM (1 x 1 min). The treatment was repeated three times. Deprotection completion was
monitored by cleavage of an aliquot of resin with TFA- H,0-Tis (95:2.5:2.5) (0.35 mL, 1 x 1 h)
followed by analysis of the crude by HPLC-PDA and HPLC-ESMS. The linear precursor was
obtained with a purity of 32% as checked by HPLC-PDA. Conditions: Xbridge™ BEH130 C18
reversed-phase analytical column (3.5 um x 4.6 mm x 100 mm); linear gradient (20% to 80%)
of ACN over 8 min, with a flow rate of 1.0 mL/min (t; = 4.21 min). HPLC-ESMS(+) analysis
showed: m/z calcd for C;4H125N150,7 1672.91; [(M+2H")/2] found, 838.80.

The macrolactamization step was carried out in solid phase. HOAt (14.7 mg, 0.108
mmol, 4 equiv) was dissolved in DMF (0.3 mL) and DIEA (37.6 uL, 0.216 mmol, 8 equiv) was
added. The reaction mixture was then added to the resin followed by the addition of solid
PyBOP (56.2 mg, 0.108 mmol, 4 equiv) and it was allowed to react for 3 h at 25 °C. The solvents

were removed and the resin washed with DMF (3 x 1 min) and DCM (3 x 1 min). The
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cyclization step was monitored by cleavage of an aliquot of resin with TFA-H,O-Tis (95:2.5:2.5)

(0.35 mL, 1 x 1 h) followed by analysis of the crude by HPLC-PDA and HPLC-ESMS.

The cleavage of the peptide and the elimination of the side-chain protecting groups
were accomplished simultaneously by treating the resin with TFA-H,O-Tis (95:2.5:2.5) (4 mL, 1
x 1.5 h, 3 x 2 min). All the filtrates were collected in a round-bottom flask, evaporated to
dryness under reduced pressure and lyophilized in H,O-ACN (1:1) to give 37.6 mg of crude with
a purity of 15% as checked by HPLC-PDA. Conditions: Xbridge™ BEH130 C18 reversed-phase
analytical column (3.5 um x 4.6 mm x 100 mm); linear gradient (20% to 60%) of ACN over 8
min, with a flow rate of 1.0 mL/min (tz = 6.71 min). HPLC-ESMS(+) analysis showed: m/z calcd
for C4H126N160,¢ 1655.88; [M+H]" found, 1657.84.

The crude was purified by semi-analytical HPLC-PDA using a XBridge™ Prep BEH130
C18 column (5 um x 10 mm x 100 mm) and a linear gradient (5% to 35% over 5 min and 35% to
37% over 20 min) of ACN with a flow rate of 3.0 mL/min (tz = 14.13 min) to give 1.46 mg of

synthetic Pipecolidepsin A (3.3%) with a purity of > 95%.

1.5.2.2. Characterization of synthetic Pipecolidepsin A

Synthetic Pipecolidepsin A co-eluted by HPLC-PDA with a natural sample. Conditions:
Phenomenex C18 reversed-phase analytical column 5 pm x 4.60 mm x 250 mm; linear gradient
(36% to 38%) of ACN (0.036% TFA) into H,0O (0.045%) over 40 min, with a flow rate of 1.0
mL/min (tz = 19.53 min); purity of XX%. HRMS(NanoESI) analysis showed: m/z calculated for
C74H126026N16 1654.9029, found 1654.9025 [M]. The *H and **C NMR (600 MHz, CD;0OH) spectra

of the synthetic peptide perfectly matched with the natural one (see Table 21 and 22).

N | 'H(mat) | 'H(sin) | As'H | N | H(nat) | H(sin) [ AS'H
Pipecolic D-allo-Thr
1 - - - 1 8.33 (brs) 8.33 (brs) 0.00
2 5.27 (m) 5.26 (m) 0.01 2 3.82 (brs) 3.83 (brs) -0.01
3 2.19 (m) 2.20 (m) -0.01 3 4.39 (m) 4.39 (dd, 13.0, 0.00
1.64 (m) 1.64 (m) 0.00 6.0)
4 1.74 (m) 1.75 (m) -0.01
1.25 (m) 1.26 (m) -0.01 4 1.34 (d, 6.0) 1.34 (d, 6.7) 0.00
5 1.61 (m) 1.63 (m) -0.02
1.58 (m) 1.51 (m) 0.07 | AHDMHA
6 3.70 (m) 3.72 (m) -0.02
3.12 (m) 3.11 (m) 0.01 1 8.96 (d, 10) 8.95 (m) 0.01
D-Asp 2 5.29 (m) 5.28 (m) 0.01
1 8.39 (d, 9.0) 8.39 (d, 10.1) 0.00 3 5.62 (dd, 11, 5.61 (brd, 0.01
2) 12.6)
2 5.34 (m) 5.31 (m) 0.03 4 1.91 (m) 1.91 (m) 0.00
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3 2.90(dd, 17, 8) 2.85 (m) 0.05
2.46 (dd, 16.5, 2.45 (m) 0.01 Me 0.74 (d, 7.5) 0.74 (d, 7.4) 0.00
4)
4 - - - 5 1.93 (m) 1.94 (m) -0.01
L-threo-B-EtOAsn Me 0.94 (d, 6.5) 0.94(d, 6.8) | 0.00
1 6.49 (d, 9.0) 6.50(d8.9) | -0.01 6 0.73 (d, 7.5) 0.72(d,7.1) | 0.01
2 4.92 4.92 (m) 0.00 DiMeGIn
3 4.62 4.61 (m) 0.01 1 9.00 (d, 4.5) 9.11 (brs) -0.11
4 7.53 (brs) 7.52 (brs) 0.01 2 433(dd, 11, | 4.32(dd,11.3, | 0.01
7.31 (brs) 7.30 (brs) 0.01 5.5) 5.5)
CH, 3.67 (m) 3.67 (m) 0.00
3.48 (m) 3.49 (m) 001 3 2.30 (m) 2.29 (m) 0.01
CHs 1.19 (t, 7.0) 1.19 (t, 7.2) 0.00 Me 1.09 1.09(d, 7.2) | 0.00
NMeGIn 4 2.75 (st)dd’ 7 2.76 (m) -0.01
1 - - - Me 1.24(d, 7) 1.24(d, 7.4) | 0.00
2 5.42 (d, 8.0) 5.42 (m) 0.00 5 7.45 (brs) 7.41 (brs) 0.04
6.94 (brs) 6.92 (brs) 0.02
3 2.46 (m) 2.48 (m) -0.02
1.81 (m) 1.81 (m) 0.00 | DADHOHA
4 2.19 (m) 2.20 (m) -0.01
2,08 (m) 2,08 (m) 0.00 1 7.66 (d, 9) 7.63(d,9.7) | 0.03
5 7.21 (brs) 7.23 (brs) -0.02
6.75 (br s) 6.78 (br s) -0.03 2 3.84 (m) 3.85(d, 9.0) -0.01
NMe 2.96 (s) 2.96 (s) 0.00 3 3.59 (m) 3.58 (m) 0.01
Leu 4 4.10 (m) 4.10 (m) 0.00
1 7.60 (d, 6.0) 7.58(d,5.0) | 0.02 5 1.92 (m) 1.92 (m) 0.00
1.78 (m) 1.78 (m) 0.00
2 4.58 (m) 4.59 (m) -0.01 6 2.23 (m) 2.23(m) 0.00
3 2.39 (m) 2.38 (m) 0.01 7 7.53 (brs) 7.54 (br s) -0.01
1.55 (m) 1.56 (m) -0.01 6.83 (brs) 6.81 (brs) 0.02
D-Lys D-Asp
1 7.85 (brd, 8.5) 7.74 (brs) 0.11 1 8.35(d, 8) 8.30(d, 6.7) 0.05
) 4.49 (m) 4.46 (m) 0.03 2 4.69:1;;, 12, 4.64 (m) 0.05
2.02 (m) 2.00 (m) 0.02 3 2.92 (m) 2.90 (dd, 18.8, 0.02
3 1.55 (m) 1.58 (m) -0.03 2.84 (dd, 17, 6.5) 0.10
5) 2.74 (m)
4 1.48 (m) 1.48 (m) 0.00 A ] ] ]
1.36 (m) 1.35 (m) 0.01
5 1.66 (m) 1.61 (m) 0.05 | HTMHA
6 2.95 (m) 2.95 (m) 0.00 1 - - -
2 2.62 (dq, 9.5, 2.62 (m) 0.00
NH, - - - )
Me 1.07 1.06 (d, 6.8) 0.01
3 3.57 (m) 3.56 (m) 0.01
4 1.74 (m) 1.75 (m) -0.01
Me 0.99 (d, 6.5) 0.99 (d, 7.1) 0.00
5 1.16 (m) 1.17 (m) -0.01
6 1.66 (m) 1.65 (m) 0.01
Me 0.87 (d, 6.5) 0.87 (d, 6.7) 0.00
7 0.94 (d, 6.5) 0.94(d, 6.8) | 0.00

Table 21: "H NMR spectral assignment of Pipecolidepsin A in CD;OH.
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N° | ®c(nat) | “c(sin) | A8"c N° | ®c(nat) | “c(sin) | A8"c
Pipecolic D-allo-Thr
1 170.4, s 170.5 -0.1 1 171.8,s 171.9 -0.1
2 53.9,d 53.9 0.0 2 64.3, d 64.3 0.0
3 27.6,t 27.5 0.1 3 67.6, d 67.5 0.1
4 22.6,t 22.6 0.0 4 20.1,q 20.2 -0.1
5 26.3,t 26.2 0.1 AHDMHA
6 44.6, t 44.6 0.0 1 174.6, s 173.7 0.9
D-Asp 2 55.6,d 55.7 -0.1
1 170.5, s 170.5 0.0 3 77.2,d 77.2 0.0
2 47.2,d 47.3 -0.1 4 39.1,d 39.1 0.0
3 36.5,t 36.6 -0.1 Me 8.8, q 8.8 0.0
4 173.8,s 170.5 3.2 5 27.8,d 27.8 0.0
L-threo-B-EtO-Asn Me 213,q 21.3 0.0
1 169.7, s 169.7 0.0 6 15.3,q 15.2 0.1
2 56.7,d 56.8 -0.1 diMeGIn
3 78.5,d 78.5 0.0 1 174.6, s 174.1 0.5
4 174.1,s 174.1 0.0 2 59.0,d 59.2 -0.2
CH, 68.0, t 68.0 0.0 3 37.2,d 37.3 -0.1
CHs 16.0, q 16.0 0.0 Me 143, q 14.3 0.0
NMe-GIn 4 425, d 42.2 0.3
1 172.2,s 172.2 0.0 Me 144, q 14.7 -0.3
2 58.2,d 58.2 0.0 5 180.2, s 180.0 0.2
3 23.5,t 23.3 0.2 DADHOHA
4 31.9,t 31.8 0.1 1 176.4,s 176.5 -0.1
5 177.8,s 177.8 0.0 2 72.9,d 72.9 0.0
NMe 31.4,q 314 0.0 3 75.7,d 75.9 -0.2
Leu 4 174.7,s 174.6 4 51.1,d 51.1 0.0
1 177.0, s 176.9 0.1 5 28.5,t 28.5 0.0
2 51.3,d 51.3 0.0 6 32.6,t 32.7 -0.1
3 38.9,t 38.9 0.0 7 178.6, s 178.6 0.0
4 26.1,d 26.1 0.0 D-Asp
Me 20.8,q 20.8 0.0 1 174.8, s 174.9 -0.1
5 24.1,q 24.1 0.0 2 51.7,d 52.1 -0.4
D-Lys Me 17.4,q 17.4 3 36.6, t 37.8 -1.2
174.4, s 174.1 0.3 0.1
2 53.1,d 53.3 -0.2 HTMHA
3 30.4,t 304 0.0 1 179.1,s 179.0 0.1
4 23.5,t 23.5 0.0 2 44.9,d 45.1 -0.2
5 27.9,t 28.0 -0.1 Me 14.4, q 13.9 0.5
6 41.0,t 41.0 0.0 3 79.6,d 79.7 -0.1
NH, - - - 4 33.5,d, 33.4 0.1
Me 17.4,q 17.4 0.0
5 39.3,t 39.2 0.1
6 26.2,d 26.2 0.0
Me 21.5, q 21.5 0.0
7 24.7, q 24.7 0.0

Table 22: *C NMR spectral assignment of Pipecolidepsin A in CD;OH.
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1.5.3. Pipecolidepsin A’

1.5.3.1. Synthesis of Pipecolidepsin A’

The procedure described for synthetic Pipecolidepsin A was also followed to
accomplish the synthesis of Pipecolidepsin A’ with a few changes because of peptidic sequence
demandings. Instead of Fmoc-NMe-GIn-OH, Fmoc-NMe-Glu(‘Bu)-OH (3.5 equiv) was
incorporated into the resin and the last two moieties were coupled stepwise instead of as a
dipeptide. Fmoc-D-Asn(Trt)-OH was coupled following protocol C (Fmoc-AA-OH-HATU-HOAt-
DIEA, 3.5:3.5:3.5:7, in DMF, for 1 h, in pre-activation mode (1 min)) and HTMHA was
introduced according to protocol B but without pre-activation an a few changes: acid-DIPCDI-

HOBt (3:3:3) in DMF for 3 h.

Synthetic Pipecolidepsin A’ was purified by semi-analytical HPLC-PDA using a XBridge™
Prep BEH130 C18 column (5 um x 10 mm x 100 mm) and a linear gradient (5% to 36% over 5
min and 36% to 42% over 20 min) of ACN with a flow rate of 3.0 mL/min (tz = 11.69 min) to

give 4.2 mg of Pipecolidepsin A' (4.7%) with a purity of 100%.

1.5.3.2. Characterization of synthetic Pipecolidepsin A’

Synthetic Pipecolidepsin A’ was analyzed by HPLC-PDA. Conditions: Xbridge™ BEH130
C18 reversed-phase analytical column (3.5 um x 4.6 mm x 100 mm); linear gradient (30% to
50%) of ACN over 8 min, with a flow rate of 1.0 mL/min (t; = 6.36 min); purity of 100%.
HRMS(NanoESI) analysis showed: m/z calculated for C;4H1560.6Nis 1654.9029, found
1654.9046 [M]. The *H and *C NMR (600 MHz, CD;0H) chemical shifts of the synthetic peptide
are detailed in Table 23.

N | 'H (sin.) | ®c(sin.) N° | 'H(sin) | "c(sin.)
Pipecolic D-allo-Thr
1 - 1 8.30 (brs) n.a.
2 5.27 (m) 53.9 2 3.82 (m) 64.4
3 2.19 (m) 3 4.39 (m)
1.65 (m) 27.6 67.5
4 1.74 (m) 4
125 (m) 22.5 1.33(d, 6.7) 20.1
5 1.61 (m) 26.3 D-allo-AHDMHA
1.52 (m) ’
6 3.71 (m) 1
3.13 (m) 44.6 8.93 (d, 9.1)
D-Asp 2 5.29 (m) 55.5
1 8.53 (brs) n. a. 3 5.60 (br dd, 77.4
10.8, 1.4)
2 5.29 (m) 47.5 4 1.91 (m) 39.1
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3 2.80 (m)
2.45 (br d, 15.4) 37.0 Me 0.74 (d, 7.7) 8.8
4 - n.a 5 1.93 (m) 27.8
L-threo-B-EtOAsn Me 0.94 (d, 6.7) 21.3
1 6.50 (d, 8.4) n.a. 6 0.73(d, 7.2) 15.3
2 4.95 (m) 56.7 DiMeGIn
3 4.62 (brs) 78.6 1 9.14 (brs) n. a.
4 7.59 (brs) n. a. 2 4.32 (dd, 10.7, 59.1
7.32 (brs) 5.5)
3.67 (m
CH, 348 Em; 68.1 3 2.29 (m) 37.4
CHs 1.19 (t, 9.7) 16.0 Me 1.08 (m) 14.4
NMeGlu 4 2.78 (m) 42.2
1 - n.a Me 1.24 (dd, 7.1, 14.7
1.0)
7.37(brs n.a
2 5.54 (m) 58.3 5 692 ((br S))
3 2.39 (m) 229 DADHOHA
1.80 (m)
4 2.28 (m 1
P Em; 30.9 7.62 (d, 9.6) n.a
5 - n. a. 2 3.86 (d, 8.7) 73.0
NMe 2.96 (s) 315 3 3.59 (m) 75.9
Leu 4 4.10 (m) 51.2
1 7.56 (brs) n.a 5 1.92 (m)
1.79 (m) 28.6
2 4.66 (m) 50.8 6 2.23 (m) 32.7
3 2.38 (t, 11.9) 39.0 7 7.56 (brs) n. a.
1.53 (m) 6.82 (brs)
4 2.02 (m) 26.0 D-Asn
Me 1.01 (d, 6.6) 20.9 1 8.22 (d, 6.6) n. a.
5 1.07 (m) 24.1 2 4.66 (m) 51.8
D-Lys 3 2.92 (m)
2.72 (dd, 16.2, 37.3
5.2)
1 7.87 (brs) n.a 4 7.65 (brs) n a
7.12 (brs) )
2 4.46 (brt, 8.3) 53.3 HTMHA
2.00 (m) -
3 1.63 (m) 30.5 1 n.a
1.46 (m 2.61 (dq, 13.8,
4 1.36 Em; 235 2 6.8, (6.2, 6.8) 45.1
5 1.62 (m) 27.9 Me 1.07 (m) 13.9
6 2.96 (m) 41.0 3 3.57 (m) 79.7
NH, - - 4 1.75 (m) 33.5
Me 0.98 (d, 6.8) 17.3
5 1.17 (m) 394
6 1.65 (m) 26.2
Me 0.87 (m) 21.5
7 0.94 (m) 24.7

Table 23: *H and °C NMR spectral assignment of Pipecolidepsin A’ in CD;OH.
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1.5.4. Analog of Pipecolidepsin A’: Analog 1A

1.5.4.1. Synthesis of an analog of Pipecolidepsin A’: Analog 1A

An analog of Pipecolidepsin A’, Analog 1A, in which the D-allo-Thr residue was
replaced by a D-Thr and the D-allo-AHDMHA moiety by a D-allo-Thr was synthesized using 2-

CTC resin and a slightly different protocol.

2-Chlorotrytil chloride resin (101.6 mg, 1.6 mmol/g) was placed in a 5 mlL-
polypropylene syringe fitted with two polyethylene filter discs. The resin was then washed, the
first amino acid (Fmoc-D-Asp(OH)-OAllyl) incorporated and the excess of reactive positions
terminated following the general procedures described in section 5.3.3. The loading, as

calculated by UV absorbance at 290 nm, was 0.58 mmol/g.

The peptide was elongated until incorporation of the residue Fmoc-DADHOHA(Trt,
Acetonide)-OH following the protocol C, in pre-activation mode and using 2.25 equiv of each
residue except for diMeGlIn, which was re-coupled using 3 equiv and 1 equiv. The residue
Fmoc-Leu-OH was also re-coupled (2.25 equiv + 2.25 equiv). The key step of removing the
Fmoc group from the diMeGIn residue and coupling of the Fmoc-DADHOHA(Trt, Acetonide)-

OH moiety was performed as described for synthetic Pipecolidepsin A.

Then, the ester bond was formed using softer conditions: Alloc-pipecolic-OH-DIPCDI-
DMAP (8:8:0.5, 98.9 mg-72.7 uL-3.5 mg, 3 h + on + 2 h) in DCM (0.8 mL) at room temperature.
When HPLC-PDA and HPLC-ESMS analysis confirmed complete conversion, the linear precursor
was terminated. The last two residues were incorporated using the conditions described for
protocol B (aa-DIPCDI-HOBt, X:X:X, 1 h, in DMF) and several re-couplings were needed. Fmoc-
D-Asn(Trt)-OH was re-coupled once (4.5 equiv + 2.25 equiv) while the poliketide moiety
HTMHA was re-coupled twice (2.25 equiv + 2.25 equiv + 2.25 equiv, 30 min + 1 h +1 h). As the
last Kaiser test wasn’t completely negative, a capping treatment was performed using Boc,0-

DIEA (2:1, 25.3 mg-10.1puL) in DMF (0.3 mL) for 20 min.

Then, the allyl and alloc groups were removed as described in the section 5.3.6. and
the macrolactamization carried out under the conditions PyBOP-HOAt-DIEA (4:4:8, 120.7 mg-
31.6 mg-81 pL) in DMF (0.3 mL) at pH = 8 for 2.5 h. Finally, the cleavage was performed
following the protocol described in the section 5.3.7. and the side-chain protecting groups

removed by acidolytic treatment with a TFA-TIS-H,0 (95:2.5:2.5, 16 mL) solution for 1 h.
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After lyophilization, the crude was purified by semi-analytical HPLC-PDA using a
XBridge™ Prep BEH130 C18 column (5 um x 10 mm x 100 mm) and a linear gradient (5% to
29% over 5 min and 29% to 31% over 20 min) of ACN with a flow rate of 3.0 mL/min (tz = 5.68

min) to give 2.9 mg of the analog of Pipecolidepsin A’ (3.1%) with a purity of 94%.

1.5.4.2. Characterization of an analog of Pipecolidepsin A’

The analog of Pipecolidepsin A’ was analyzed by HPLC-PDA. Conditions: SunFire™ €18
reversed-phase analytical column (3.5 um x 4.6 mm x 100 mm); linear gradient (30% to 35%)
of ACN over 8 min, with a flow rate of 1.0 mL/min (tz = 5.22 min); purity of 94%. HPLC-ESMS(+)
analysis showed: m/z calculated for C;gH110,6N1 1600.79, found 1599.90 [M+H]". The 'H and
B3C NMR (600 MHz, CD;0H) chemical shifts of the synthetic peptide are detailed in Table 24.

N° | 'H (sin.) | B¢ (sin.) N° | 'H (sin.) | B¢ (sin.)
Pipecolic D-Thr
1 - n. a. 1 8.13 n.a.
2 5.26 53.6 2 3.94 64.0
2.22
3 1.64 27.1 3 4.26 67.9
1.71
4 193 21.8 4 1.46 20.6
5 1.51 25.7 D-allo-Thr
6 3.76 1
3.08 44.4
D-Asp 2
1 8.19 n. a. 3
2 5.35 46.9 4
2.89 .
3 549 36.4 DiMeGIn
4 - n. a. 1 9.09 n.a.
L-threo-B3-EtOAsn 2 4.23 58.8
1 6.52 3 2.27 37.8
2 4.96 56.4 Me 1.10 14.1
3 4.59 78.1 4 2.70 42.5
4 7.43
736 n. a. Me 1.24 15.0
CH, 3.66 7.53
3.49 67.8 5 6.95 n.a.
CH; 1.18 15.6 DADHOHA
NMe-Glu 1 7.60 n.a.
1 - n. a. 2 3.96 72.9
5.46 57.7 3 3.64 75.4
2.29
3 184 22.6 4 4.10 51.0
2.28
4 514 30.6 5 1.84 28.4
5 - n. a. 6 2.21 324
7.48
NMe 2.93 31.0 7 6.5 n. a.
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Leu D-Asn
1 7.47 n. a. 1 8.24 n. a.
2 4.70 50.2 2 4.66 51.5
2.23 2.90
3 158 39.1 3 574 36.7
7.59
4 1.95 25.7 4 704 n.a
Me 0.99 20.7 HTMHA

5 1.03 23.6 1 - n.a.

D-Lys 2 2.61 44.9

1 - n. a. Me 1.06 14.1

2 4,51 52.9 3 3.55 79.5
2.05

3 1.56 30.4 4 1.75 33.3
1.42

4 134 23.5 Me 0.99 17.1

5 1.63 27.8 5 1.18 39.1

6 2.92 40.7 6 1.65 26.1

NH, - - Me 0.87 21.3

7 0.95 24.6

Table 24: "H and °C NMR spectral assignments of Pipecolidepsin A’ analog, Analog 1A in CD;OH.
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Des de principis dels anys 90, I'Us de productes naturals en programes de
desenvolupament de nous farmacs ha disminuit exponencialment, i la majoria de les grans
empreses farmaceutiques, ha redirigit els immensos esfor¢os antigament dedicats a
I'aillament, purificacid, caracteritzacio i avaluacié de productes naturals, cap a la generacioé de
grans llibreries purament sintétiques. No obstant aquesta tendeéncia, la preponderancia de les
estructures naturals en I'area de la biomedicina és encara una realitat, tal i com reflecteixen
les ultimes estadistiques publicades I'any 2012. Des del 1981 fins a I'actualitat, el 60% dels
farmacs aprovats pels organismes oficials FDA i EMA, son o bé productes naturals, o bé en
deriven directament. Aquest percentatge és encara més gran (fins a un 70%), quan ens referim
a drogues especifiques per al tractament de cancer. Aquestes dades justifiquen ampliament la
tasca dels quimics sintétics que, malgrat tot, continuen afrontant sintesis totals de productes

naturals cada vegada més complexos. El nou repte: els ecosistemes marins.
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En aquest context, la present tesi doctoral versa sobre la sintesi, elucidacié estructural
i avaluacié biologica de dos productes naturals fabricats per esponges marines, que tenen un

gran potencial com a agents terapeutics.

El Pipecolidepsin A és un ciclodepsipéptid aillat per la companyia farmacéutica
PharmaMar, a partir d’extractes d’una esponja marina pertanyent a I'especie Homophymia
lamellosa. La seva avaluacié biologica va mostrar una activitat citotoxica en el rang del 107 M
en diferents linees cel-lulars cancerigenes (colon, mama, pulmé, pancrees...), convertint-lo en
un candidat a farmac molt atractiu. Un estudi exhaustiu del péptid natural emprant les
tecniques de RMN i HPLC-MS, va permetre la proposta d’una estructura quimica preliminar
(Pipecolidepsin A’). Quedaven pero, incerteses estructurals per resoldre. El peptid contenia
quatre grups amida a les cadenes laterals, pero només tres d’elles estaven perfectament

identificades mitjancant pics de correlacié d’experiments ROESY i HMBC (Figura 64).

NH,

42;'" 1440 OH
275 H1.24 H
N by,

— ROESY
— HMBC

Figura 64: Pics de correlacié d’experiments ROESY i HMBC per als protons amida
de cadena lateral del Pipdeolidepsin A natural. Els acids carboxilics i I'amida no
assignats apareixen com a grups R;.

Un estudi de MS-MS no concloent, va permetre col-locar la quarta amida en una de les
tres posicions factibles, tal i com es mostra a I'estructura preliminar Pipecolidepsin A’(Figura
65). La sintesi i assignacié completa de 'H i **C d’un analeg simplificat, va forgar la revisié dels
espectres de RMN del producte natural, emprant aquesta vegada un nou programa de
processat. D’aquesta manera es van descobrir dos nous pics de correlacid a I'espectre de
ROESY que havien passat desapercebuts inicialment, i que permetien situar la quarta amida
amb total seguretat. Teniem doncs, I'estructura quimica definitiva del Pipecolidepsin A (Figura

65). Finalment, es va decidir dur a terme la sintesi d’ambdues estructures. La comparacié de
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les assignacions completes de 'H i **C dels tres péptids (Pipecolidepsin A sintétic i natural i
Pipecolidepsin A’), i la co-elucié amb el producte natural, va donar la confirmacié absoluta que

la segona proposta corresponia a I'estructura real del Pipecolidepsin A natural.

L-diMe-GIn
D-Asn D-Lys
a) NH.
H2N -aIIo-Thr 2
HTMHA ““AHDMHA
OH O : '
__N, ,, \\
- v N 10 v " K
Y\E)\E)LH/\H, ; n,
- - OH .u\
L-Leu
H,N o) DADHOHA
LPlpecollc N I\/[(
L-NMe-Glu
° 02\./ WO
Pipecolidepsin A’ o_F ©O
07 NH,
OH L-threo-B-EtO-Asn
D-Asp
L-diMe-GIn
D-Asp D-Lys
b) NH.
HO Dallo-Thr 2
HTMHA 'AHDMHA
oy
OH © '

i TN &
- - ‘\\\\
L-Leu
HN" 0 DADHOHA

L- Plpecollc N I\/l(
L-NMe-GIn
° OA\/ 7@0\/

Pipecolidepsin A o o
07 NH,
OH L-threo-B-EtO-Asn
D-Asp

Figura 65: a) Estructura quimica preliminar del Pipecolidepsin A (Pipcolidepsin A’); b)
Estructura quimica corregida del Pipecolidepsin A.

Des d’un punt de vista estructural, el Pipecolidepsin A és un depsipeptid ciclic “cap-
cadena lateral”. Un depsipéeptid és un peptid on, almenys un enllag amida ha estat substituit
per un enllag ester. En aquest cas particular i de manera molt significativa, I'enllag éster uneix
I’'extrem carboxil-terminal amb la cadena lateral de I'aminoacid AHDMHA. Aquesta unio
genera una estructura molt caracteristica: una regié macrociclica tancada a través de
I'esmentat enllag ester, i un brag peptidic exociclic acabat amb un B-hidroxiacid. Aquesta
disposicid particular és comU a una serie de depsipéptids d’origen mari, amb activitats
biologiques molt interessants, que han proliferat a la literatura i als programes de quimica

medica en els Ultims anys.
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Una altra caracteristica destacable del Pipecolidepsin A és la presencia de fins a sis
residus sintétics en la seva estructura, incloent-hi aa’s B-ramificats, NMe-aa, y-aa i
B-hidroxiacids. A més a més, dels 6 aminoacids restants només un és proteinogénic (Leu),
quatre son D-aa, i el residu restant és un N-alquil aminoacid (acid pipecolic), que déna nom al
peptid. En aquest context doncs, son moltes les reaccions secundaries associades a la sintesi
del Pipecolidepsin A. La figura 66 il-lustra la creixent complexitat sintética associada a cada un
dels residus constituents del depsipéptid, mentre la taula 25 detalla totes les possibles

reaccions secundaries.

D-Lys
D-allo-Thr  ~NH2
OH
N
’ 0\
Y N K -
= H Tr ;\
OH o
(o] NH

DADHOHA OW\ L-beu
0

_N

L-NMe-GIn
NH,

L-threo-B-EtO-Asn

Figura 66: Estructura quimica del Pipecolidepsin A. Els colors indiquen el grau de dificultat
associat a 'acoblament de cada aminoacid.

Residu Reaccions secundaries i reptes sintétics
Racemitzacid
,"'\[(:fNj Estabilitat de I'enllag éster en les condicions de sintesi
o L Transacilacio O > N

Formacié d’aspartimides

OtBu

Eliminacio del grup EtO-

Baix index d’acoblament degut a una questié d’'impediment estéric

Aminoacid sintétic no comercial
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Deshidrataci6 de 'amida de la cadena lateral a grup nitril
Lactamitzacid intramolecular
Baix index d’acoblament degut al grup NMe

Aminoacid sintétic no comercial

Baix index d’acoblament degut a un qliestié d’'impediment estéric

Acilacio del grup hidroxil desprotegit

o)
/n v Formacid de I'enllag ester sobre un alcohol secundari extremadament impedit
HO w Transacilacio O > N
Elongacio de la cadena peptidica en dues direccions: Ni O
Formacié de DKP a nivell de cadena
Baix index d’acoblament degut a una qiestio d’'impediment estéric
Aminoacid sintétic no comercial
W 9 Lactamitzacid intramolecular
"(N"’ >’ Deshidratacio de I'amida de la cadena lateral a grup nitril
w Baix index d’acoblament degut a una qiestio d’'impediment estéric
H,N” YO Aminoacid sintétic no comercial

Baix index d’acoblament degut a un qliestié d’'impediment esteric

Aminoacid sintétic no comercial

OtBu

Formacié d’aspartimides

Acilacié del grup hidroxil desprotegit
Baix index d’acoblament degut a una questioé d’'impediment estéric

Aminoacid sintétic no comercial

Taula 25: Reaccions secundaries associades als aminoacids presents al Pipecolidepsin A.
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La perdua d’informacid quiral dels C, durant les reaccions d’acoblament i ciclacid, i la
formacié de DKP en desprotegir I'amino grup del segon residu incorporat a la resina, se sumen

al llista de reaccions secundaries detallades a la Taula 25.

Tenint en compte I'enorme complexitat sintetica descrita previament, es va afrontar
I’estimulant tasca de dissenyar |'estrategia de sintesi més idonia per al Pipecolidepsin A. Entre
els dos esquemes de proteccié habituals de la SPPS, es va escollir 'Fmoc/‘Bu perqué permetia
operar sota condicions acides menys drastiques. Aquest punt resulta clau a I’hora d’encarar la
sintesi d’un depsipéeptid d’estabilitat desconeguda que, a més a més, presenta un alt contingut
d’aa’s sintétics extremadament complexos. La resina 2-CTC va ser seleccionada com a grup
protector permanent de I’extrem carboxil-terminal, ja que el seu impediment estéric minimitza
el risc de formacié de DKP, i les condicions minimament acides requerides per a efectuar
I’escissié de I'enllac péptid-resina, permetent dur a terme la reacciéo de macrolactamitzacid en

I”

fase solida i en solucié. Finalment, la naturalesa “cap-cadena lateral” del Pipecolidepsin A,
requeria la introduccié d’un tercer grau d’ortogonalitat en I'esquema de proteccié. Aixi doncs,
els extrems carboxil i amino-terminal dels dos aa’s involucrats en la reaccié de ciclacid, es van

protegir amb els grups Allil i Al-loc respectivament.

L'efica¢ sistema d’acoblament HATU-HOAt-DIEA es va seleccionar per a formar els
enllacos amida, i només en aquells acoblaments sensibles que requerien condicions especials,
va ser substituit pel sistema neutre DIPCDI-HOBt. El sistema PyBOP-HOAt-DIEA es va fer servir

per a tractaments més llargs com la macrolactamitzacio.

Com a punt d’inici/ciclacié es va triar el residu D-Asp del cicle. La majoria dels enllagos
amida de la regié macrociclica involucren residus B-ramificats o N-substituits que, en qualsevol
cas, no representen el millor entorn per dur a terme una reaccié de macrolactamitzacié. Hi ha
una excepcid, I'enllag D-Lys-Leu. Iniciar I'elongacié de la cadena peptidica per I'aa D-Lys pero,
implicaria la construccié de I'enlla¢ éster en una etapa de creixement de la cadena massa
inicial, I'elongacié peptidica en dues direccions diferents, i la formacié de dicetopiperazines a
nivell de I'eéster. L’enllag D-Asp-Pip en canvi, minimitza tota aquesta problematica sintética. Aixi
doncs, la sintesi del precursor lineal s’iniciaria incorporant el residu D-Asp pel grup a-COOH si
I'etapa de ciclacio s’efectua en solucid, o pel grup y-COOH si aquesta es du a terme en fase

solida.
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Finalment, la formacié de l'enllag ester representa el repte sintetic més gran, aixi

doncs, es va decidir avaluar la seva construccid després d’incorporar els residus Fmoc-

AHDMHA-OH, Fmoc-diMe-GIn-OH i Fmoc-DADHOHA(Acetal, Trt)-OH (Figura 67).
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Figura 67: Formacié de I'enllag éster després d’acoblar els residus Fmoc-AHDMHA-OH, Fmoc-diMe-GIn-OH i Fmoc-

DADHOHA(Acetal,Trt)-OH.

Abans d’iniciar la sintesi en fase solida del Pipecolidepsin A, era necessari fabricar els

aminoacids sintetics no comercials que trobem en la seva estructura. A continuacio es detallen

els esquemes sintetics desenvolupats per als residus Fmoc-threo-f-EtO-Asn(Trt)-OH, Fmoc-

249



Resum

AHDMHA-OH, Fmoc-DADHOHA(Acetal,Trt)-OH i HTMHA. Els residus Fmoc-NMe-GIn-OH i

Fmoc-diMe-GIn-OH van ser subministrats per 'empresa PharmaMar.
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Esquema 34: Sintesi del residu Fmoc-L-threo-f-EtO-Asn(Trt)-OH (9). a) HBr (30 % en AcOH), 0 — 25 °C, 12 h;

CH;COCl, EtOH, reflux, 8 h, 90%; b) NaNj, 15-Crown-5, DMF,,,;,, 36 h, 90%; c) Ag,0/Etl, Et,0,.p, reflux, 15 h, 89%; d)
H,, Pd/C, EtOAc, 25 °C, 15 h, 87%; e) Solucié aquosa 5 M d’HCl, reflux, 5 h; oxid de propile, 25 °C, 84%; f)
hexafluoroacetona, DMF,;,, 25 °C, 22 h, 83%; g) Clorur d’oxal-lil, DMF,,;,, 25 °C, 30 min; tritilamina, tolué,,, 0 °C, 1
h, 59%; h) MeOH/ 4 M HCI en dioxa,n, 0 °C, 15 h, 95%; i) KOH, dioxa-H,0 (2:1), 25 °C, 1 h; j) Fmoc-OSu, dioxa-H,0
(2:1), pH =9, 25 °C, 1 h, 70% (dos passos).

Fmoc-AHDMHA-OH

m0

HO,C

Fmoc”

Esquema 35: Sintesi del residu Fmoc-D-allo-AHDMHA-OH. a) i. 2-bromo-3-metil-2-bute, tBuli, Et,0, -78 °C, 3.3 h; ii.
Aldehid de Garner, Et,0, - 78 = 25 °C, 1.2 h, 34%; b) H, (4 atm), Pd(C), MeOH, - 78 °C, 2 d, 78%; c) 2,6-di-tert-butil
piridina, Tf,0, DCM, 0 °C, 10 min, 90%; d) Reactiu de Jones, acetona, 0 °C, 15 h, 67%; e) HCl conc., reflux, 72 h,
100%,; f) Fmoc-0OSu, 0.5% Na,CO;-dioxa (1:1), 25 °C, 15 h, 91%.
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Fmoc-DADHOHA(Acetal,Trt)-OH
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Esquema 36. Sintesi del residu Fmoc-DADHOHA(Acetal, Trt)-OH. a) N,O-dimetilhidroxilamina, EDC, HOBt, DIEA,
DMF,1, 25 °C, 3 h, 96%; b) LiAlH,, THF,,,, O °C, 30 min; c) (CF3CH,0),P(0)CH,COOMe, KHMDS, 18-crown-6, THF .,
-78 °C, 2 h, 67%; d) cat. 0sO,, NMO, THF-H,0 (9:1), 25 °C, 10 dies, 75% (6) i 77% (diastereomer); e) (CH3),C(OCH3),,
cat. PPTS, tolué,,, 25 — 50 °C, 36 h, 77% (7) i 96% (diastereomer); f) LiOH, THF-H,0 (9:1), 0 °C, 2 h, 98% (8) i 96%
(diastereomer); g) H, (1 atm), Pd(C), MeOH,,,, 25 °C, 5 h, 94% (9) i 93% (diastereomer); h) Fmoc-Cl, NaN3, dioxa-H,0
(1:1), pH 9, 0°C, 5d, 46% (10) i 45% (diastereomer); i) EDC, HOBt, DMF, 25 °C, 6 h, 61% (11) i 52% (diastereomer).

Un segon esquema sintetic amb Fmoc-GIn(Trt)-OH com a material de partida va ser

desenvolupat i verificat. Es una estratégia més curta (només 6 passos) i déna millors

rendiments finals per a ambdds diastereomers, pero obliga a re-protegir el grup amino.
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HTMHA

HO

Esquema 37: Sintesi de I'acid (2R,3R,4R)-3-hidroxi-2,4,6-trimetilheptanoic. a) DIPA, n-Buli, LiCl, THF,.,, -78 °C, 1 h;
1-iodo-2-metilpropa, -78 °C, 3.5 h, 96%; b) DIPA, n-BulLi, H3B-NH3, THF,,, -78 — 25 °C, 2 h; c) Dess-Martin, DCM,,
25 °C, 30 min; d) ‘BuOK, trans-2-bute, n-BulLi, -78 — -57 °C; (-)-B-metoxidiisopinocamfeilbora; BFs-Et,0, 21, -78 °C; e)
cat. 0s0,, NalO,, NMO, dioxa-H,0, 25 °C, 3 h; NaClO,, H,NSO3H, 0 — 25 °C, 2 h.

Primera estratégia: AHDMHA + éster

En una primera aproximacié, I'enllag ester es va formar en I'entorn de menys

impediment esteric, és a dir, després d’incorporar I'aa Fmoc-AHDMHA-OH (Esquema 38).
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Condicions d'acoblament: AN e

-2 eq aa; 2 eq HATU; 2 eq HOALt; 4 eq DIEA; 1h o I
-8 eq aa; 8 eq DIPCDI; 1 eq DMAP; (3h + 2h + o/n) T o7 N
-3 eq aa; 3 eq DIPCDI; 3 eq HOBt; 1h 0, ..

- 4 eq pseudo-dipéptid; 4 eq PyBOP; 4 eq HOAt; 8 eq DIEA; 2h

Esquema 38: Primera estrategia sintética per al Pipecolidepsin A: Incorporacié del residu AHDMHA + formacié de I'enllag éster. Les
condicions d’acoblament es troben indicades en colors.
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El precursor lineal es va fer créixer fins a incorporar la super-treonina i, mantenint el
grup protector Fmoc, es va acoblar I’Al-loc-pipecolic-OH. Les condicions habituals de formacié
d’enllagos ester van ser suficients per, després de tres tractaments, proporcionar I'intermedi
ester de manera quantitativa i neta. A continuacio, es preveia eliminar el grup Fmoc, i construir
completament el bra¢ peptidic. Els dos ultims residus s’incorporarien simultaniament per
evitar la formacid d’aspartimides que donen lloc a un cru extremadament brut. Per dltim i

després d’eliminar els grups protectors Al-lil i Al-loc, la ciclacié es duria a terme en fase solida.

En eliminar el grup Fmoc del residu AHDMHA, va tenir lloc una reaccié secundaria de
transacilacio N - O (Esquema 39). El producte secundari es formava en una proporcié 1 a 1
respecte el producte desitjat. Reduir el tractament d’eliminacié del grup Fmoc, i restringir la
llibertat conformacional del péeptid en creixement duent a terme primer la ciclacié, no van
evitar ni minimitzar la reaccid secundaria de transacilacid. Arribats aquest punt, |'estrategia va

ser completament descartada.
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Esquema 39: Acoblament de I'aa Fmoc-diMe-GIn-OH i la reaccié secundaria de transacilaci6 N->0 que té lloc de manera

espontania en eliminar el grup Fmoc del residu AHDMHA.
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Segona estrategia: diMe-Gln + ester

En un segon enfocament, es va decidir acoblar primer el residu diMe-GIn, per evitar la

persistent reaccio de transacilacié (Esquema 40).
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-2.5 eq aa; 2.5 eq HATU; 2.5 eq HOALt; 5 eq DIEA; 1h oﬁ/é o
-4 eq aa; 4 eq DIPCDI; 4 eq HOBt; 1h [¢)
-15 eq aa; 15 eq DIPCDI; 0.5 eq DMAP; 45°C, 2,3h

- 4 eq pseudo-dipeéptid; 4 eq PyBOP; 4 eq HOAt; 8 eq DIEA; 2h

Condicions d'acoblament:

Esquema 40: Segona estratégia sintética per al Pipecolidepsin A: Incorporacio del residu diMe-GIn + formacié de I'enllag éster. Les
condicions d’acoblament es troben indicades en colors.

L'aa Fmoc-diMe-GIn-OH es va acoblar amb conversions quantitatives i minima
deshidratacié (9 %), en un Unic tractament d’una hora, fent Us de les condicions neutres aa-
DIPCDI-HOBt (4:4:4) en DMF, a alta concentracié i sense pre-activacid. Tractaments més llargs
o altres sistemes d’acoblaments més potents donaven lloc a un percentatge de deshidratacio

excessivament alt.

L'increment d’'impediment esteric al voltant del grup hidroxil del residu AHDMHA
pero, va convertir la formacié de I'enllag éster en I'etapa critica d’aquesta segona estratégia.
Després de provar fins a 12 condicions diferents (clorurs d’acid, fluorurs d’acid, MSNT, anhidrid

simeétric...), només es van obtenir resultats satisfactoris en aplicar temperatura elevada en
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preséncia de DIPCDI i DMAP catalitica. No obstant les bones conversions, es tracta de
condicions molt rigoroses que van afavorir I'eliminacié parcial del grup Fmoc de l'intermedi
sintétic. Quan I'aminoacid diMe-GIn té el grup amino lliure, déna lloc de manera espontania i
tant en condicions acides com basiques, a una reaccié de lactamitzacié intramolecular,
generant el derivat peptidic capat pel pirodimetilglutamic (Figura 41). Aquest reaccid
secundaria era tant important, que en el cru peptidic el producte desitjat i la impuresa es van
detectar en una proporcid de 6 a 4. L'etapa de formacié de I'éster no admetia més
optimitzacié que la de reduir al minim (2.3 h) el temps de reaccié. Aixi doncs, per tal de
minimitzar el percentatge de sub-producte obtingut, caldria jugar amb altres factors.
L'eliminacié del grup Fmoc del residu diMe-Gln amb un dUdnic tractament de 3 min, i
I'acoblament del y-aa DADHOHA fent Us del potent sistema HATU-HOAt-DIEA amb 1 min de
pre-activacié, van permetre minimitzar fins a un acceptable 18% la formacié de

pirodimetilglutamic.
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Esquema 41: Formacio del péptid capat pel pirodimetilglutamic durant I'etapa de formacié de I'enllag ester. Aquesta reaccid
secundaria també té lloc durant I’eliminacié del grup Fmoc del residu diMe-Gln i durant I'acoblament de 'aa DADHOHA.
Desafortunadament, en procedir amb I’escalat de la sintesi (200 mg de resina 2-CTC),
es va detectar I'escissid espontania de I'enllag peptid-resina durant I'etapa de formacié de
I’éster. Les condicions eren massa rigoroses per a la resina i es va decidir investigar una tercera
estrategia sintética. Es plantejava la formacid de I'enllag ester un cop el diol ja estava acoblat
(Esquema 42). Amb aquest enfocament, el perill de formacié del derivat capat pel

pirodimetilglutamic durant la formacid de I'ester deixava de ser un problema.
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Tercera estrategia: DADHOHA + éster
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Condicions d'acoblament:

)\/H N
o H
- 2.5 eq aa; 2.5 eq HATU; 2.5 eq HOAt; 5 eq DIEA; 1h OY O (Awntt
-4 eq aa; 4 eq DIPCDI; 4 eq HOBt; 1h o\O
-15 eq aa; 15 eq DIPCDI; 0.5 eq DMAP; 45°C, 2,3h 2.cTC

-4 eq pseudo-dipéptid; 4 eq PyBOP; 4 eq HOAt; 8 eq DIEA; 2h

Esquema 42: Tercera estratégia sintética per al Pipecolidepsin A: Incorporacié del residu DADHOHA + formacid de I'enllag éster.
Les condicions d’acoblament es troben indicades en colors.

La formacié de l'enllag éster no es va aconseguir sota cap condicid de reaccid.
Temperatures extremadament elevades (75 °C) o I'GUs de les microones, van mostrar-se
totalment ineficaces per a superar el gran impediment estéric al voltant del grup hidroxil de

I’AHDMHA.

Quarta estrategia: diMe-GlIn + éster. Implementacié d’un nou suport polimeric.

Després d’haver estudiat els tres entorns peptidics en els que es podia formar I'enllag
ester, i coneixent els problemes sintéetics associats a cada una d’aquestes tres aproximacions,
es va decidir intentar solucionar la qliestié de I'escissio de I’enllag péptid-resina detectat per a
la segona estratégia. Aixi doncs, la resina 2-CTC va ser substituida per una resina molt més
resistent, la resina aminometil derivatitzada amb I’espaiador bifuncional AB (Esquema 43).
Aquest canvi obligava també a modificar parcialment I'estratégia, ja que la possibilitat de

realitzar la ciclacid en solucié quedava totalment descartada. Aixi doncs i per tal de facilitar
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I'etapa de macrolactamitzacid, ara obligatoriament en fase solida, es va triar una resina

aminometil de baixa funcionalitzacié (0.36 mmol/g).
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Condicions d'acoblament:

- 2.5 eq aa; 2.5 eq HATU; 2.5 eq HOAt; 5 eq DIEA; 1h (pre-activation, 1 min)
-4 eq aa; 4 eq DIPCDI; 4 eq HOBt; 1h

-15 eq aa; 15 eq DIPCDI; 0.5 eq DMAP; 47°C; 2,3 h @ - O\/h‘\n/\/o\©\>\
o

- 4 eq pseudo-dipéptid; 4 eq PyBOP; 4 eq HOAt; 8 eq DIEA; 3.5 h

Esquema 43: Quarta estrategia sintetica per al Pipecolidepsin A: Incorporacié del residu diMe-GIn + formacié enllag éster.
Implementacié de la resina aminometil derivatitzada amb I'espaiador bifuncional AB. Les condicions d’acoblament es troben
indicades en colors.

L’esquema sintétic dissenyat per a la 2-CTC es va implementar a la nova resina, i un
exhaustiu monitoratge de la sintesi va permetre avaluar si les reaccions secundaries
detectades i minimitzades en el suport poliméric inicial, experimentaven canvis importants.
Aixi doncs, el seguiment efectuat mitjangant I’'HPLC-PDA i ’'HPLC-MS, va permetre comprovar
que les reaccions no desitjades es produien en la mateixa extensid que abans del canvi de
resina. A més a més, el calcul de la funcionalitzacid de la resina a nivell de tripeptid, va

dictaminar que no es formaven dicetopiperazines en desprotegir el grup a-amino del residu

threo-B-EtO-Asn. Teniem via lliure per intentar de nou I'escalat de la sintesi.

Amb el nou suport polimeric, la sintesi a una escala de 150 mg de resina no va donar
cap problema d’escissié espontania de I'enllag péptid-resina. A més a més, els percentatges
dels productes secundaris van ser totalment reproduibles a gran escala amb una unica
excepcio. L'analisi per HPLC-PDA i HPLC-MS del cru peptidic, revelava I'aparicié d’'una nova

impuresa no detectada a petita escala en cap de les dues resines emprades. La nova massa
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corresponia a la delecié del residu DADHOHA. Un tractament d’eliminacié del grup Fmoc del
residu diMe-GIn més llarg (enlloc de 1 x 3 min, 2 x 2 min), va permetre confirmar la identitat

guimica del producte secundari i disminuir-ne substancialment la formacio.

Seguint aquesta quarta estrategia es van sintetitzar 4.2 mg de Pipecolidepsin A amb un
rendiment global del 3.3%. Aixd va permetre la seva avaluacié biologica i caracteritzacid per

RMN, i la validacié de I'estrategia sintética.

El compost Pipecolidepsin A’ (veure Figura 65) també es va poder sintetitzar sense
grans alteracions emprant aquest esquema sintéetic. La preséncia en aquesta estructura d’un
residu NMe-Glu en el lloc de la NMe-GIn, va comportar la desaparicié6 de la impuresa
corresponent a la deshidratacid del nostre cru peptidic. A més a més, la substitucié del residu
D-Asp del brag exociclic per una D-Asn, va permetre la incorporacié seqliencial dels ultims dos
residus sense afectar significativament la puresa del cru peptidic, ja que la formacio

d’aspartimides no era un perill.

La co-elucié per HPLC-PDA del Pipecolidepsin A sintetic i natural, aixi com la
comparacié dels desplacaments quimics de *H i >C; i la no co-elucié entre el Pipecolidepsin A’i
el Pipecolidepsin A natural, aixd com unes majors divergéncies en I'assignacié de 'H i **C, van

confirmar I'estructura quimica del Pipecolidepsin A natural.

A més a més, es va dur a terme I’avaluacié biologica del Pipecolidepsin A natural i
sintétic, de la delecié del residu DADHOHA i del Pipecolidepsin A’ sintétic. Les dades
obtingudes (Taula 26), permetien: verificar I'equivaléncia biologica entre Pipecolidepsin A
sintétic i natural; establir la importancia del y-aminoacid en I'activitat del depsipéeptid; i
concloure que, en no alterar significativament el patré d’acceptors i donadors de ponts
d’hidrogen en passar de l'estructura del Pipecolidepsin A al Pipecolidepsin A’, obtenim

activitats citotoxiques comparables.
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Pulmé-NSCLC Colon Mama
Péptid A549 HT29 MDA-MB-231
ug/mL Molar ug/mL Molar ug/mL Molar

Glsp 4.6E-01 2.78E-07 1.3E+00 7.85E-07 1.9e-01 1.15E-07
TGl 6.9E-01 4.17€-07 1.8E+00 1.09E-06 4.0E-01 2.42E-07
LCso 1.0E+00 6.04E-07 2.4E+00 1.45E-06 8.5E-01 5.13E-07

Pipecolidepsin A
Natural

Glsg 2.3E-01 1.39E-07 6.1E-01 3.68E-07 9.0E-02 5.44E-08
TGl 3.7E-01 2.23E-07 1.2E+00 7.25E-07 2.1E-01 1.27E-07
LCso 6.0E-01 3.62E-07 2.0E+00 1.21E-06 4.7E-01 2.84E-07

Pipecolidepsin A
sintetic

Glsg 5.1E-01 3.08E-07 9.7E-01 5.86E-07 2.3E-01 1.39E-07

Pipecolidepsin = 1o 2 1e 51 429E-07  1.3E+00  7.85E-07  40E-01  2.42E-07

A simiete LCsp 1.0E+00  6.04E-07  1.7E+00  1.03E-06  7.2E-01  4.35E-07
Delecié Glsy  4.7E+00 3.20E-06  >1.0E4+01 >6.81E-06  4.0E+00 2.73E-06
DADHOHA TGl >1.0E+01 >6.81E-06 >1.0E+01 >6.81E-06 4.1E+00 2.79E-06

LG, >1.0E+01 >6.81E-06 >1.0E+01 >6.81E-06 >1.0E+01  >6.81E-06

Taula 26: Avaluacié biologica de Pipecolidepsin A natural i sintétic, Pipecolidepsin A’ sintétic, i Pipecolidepsin A amb delecié del
residu DADHOHA, respecte tres linies cel-lulars de cancer.

S'obté d’aquesta manera, una estrategia sintética robusta i reproduible que ddéna
accés a I'agent antineoplastic Pipecolidepsin A. Aquest compost representa un paradigma de
complexitat estructural dintre dels ciclodepsipeptids “cap-cadena lateral”, i conté I'enllag ester
més complicat que s’hagi descrit mai en la literatura. La seva sintesi ha resultat clau per a la

validacié estructural del producte natural.

A més a més, s’han desenvolupat satisfactoriament els esquemes sintétics que donen
accés a dos aminoacids no naturals altament complexos, presents en almenys un producte
natural d’interes terapéutic. Altres derivats podrien ser sintetitzats seguint la mateixa

estrategia.

La present tesi obre les portes a la sintesi de molts altres depsipeptids “cap-cadena

IM

lateral” que han mostrat unes activitats bioldogiques molt prometedores, i una complexitat
sintetica i estructural comparable al Pipecolidepsin A, i permet I'avaluacié in vivo d’aquest

ultim.

Durant la present tesi, es va aconseguir sintetitzar un segon producte natural, també
d’origen mari i també citotoxic, anomenat Phakellistatin 19 (Figura 68). Es tracta d’un
cicloctapeptic homodeétic ric en residus Pro, pertanyent a una familia de peptids amb un
comportament biologic peculiar. Malgrat la provada equivaléncia quimica i, sovint, espectral
dels Phakellistatins sintetics respecte als seus homolegs naturals, I'activitat biologica no
s’aconsegueix reproduir per a la majoria dels membres d’aquesta familia. En la literatura es

troben dues hipotesis recurrents: la preséncia en les mostres naturals d’una impuresa
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altament citotoxica que seria responsable de I'activitat; o una questié de diferéncies
conformacionals, degudes sobretot a la preséncia de molts residus prolina capacos d’un

equilibri real entre els isomers cis i trans, en una estructura ciclica relativament poc flexible.

fu
z
ZT
4
z
/
T

HN O © NH Phe
fo) (o]
o o
N N
HO N
H o

Phakellistatin 19

Figura 68: Estructura quimica del Phakellistatin 19.

Es va desenvolupar una estratégia de sintesi que combinava quimica en fase solida i en
solucié (Esquema 44). Seguint aquest esquema es va sintetitzar un Phakellistatin 19 sintetic
equivalent al natural quimicament (co-elucié per HPLC correcte) i espectral (comparacio de

desplagaments quimics de 'H en MeOD correcte), perd sense equivaléncia biologica.

Elongacié peptidica
en fase solida

1) Fmoc-aa;-OH,
HBTU, HOB, Plperldlna -DMF 1) Fmoc-Pro'-OH,

(e} .
DIEA, DMF, 1 h H\)L /O DIEA, DCM, 45 min °'—O
2) Piperidina-DMF </_ () 2) MeOH, 10 min
(1:4) :

o 0
H~N 1) TFA-DCM (2:98)
0=?__(oflau 2) PyBOP, HOAt,
DIEA in DMF, 4 h

NI »Q
(o]
w Boc-N" HN'S N 9 Ne
H
N\H H N &
Desproteccio6 total

Escissi6 de I'enllag péptid-resina en solucié
i ciclacio en solucié

\ﬁ

L

-2, Z
Q_‘g 2 I< TFA-HZO (95:5) @\E(Z\n/

Esquema 44: Estratégia sintética per al Phakellistatin 19. El punt de ciclacié és I'enllag Leu-Pro”.
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Arribats a aquest punt, es van proposar 4 hipotesis que intentaven explicar aquesta

incongruéncia biologica:

A) Les preparacions de Phakellistatin 19 natural podrien contenir una impuresa, en

concret un epimer, que seria la responsable de |’activitat biologica.

B) La preséncia de molts residus prolina en un cicle restringit, dona lloc a un complex
equilibri conformacional. Les diferents conformacions tindrien perfils terapeutics

diferents.

C) La contaminacié préviament esmentada correspondria a un compost d’estructura

guimica completament diferent al Phakellistatin 19.

D) Els Phakellistatins i, en concret, el Phakellistatin 19, serien ciclopéptids amb
propietats quelants. L'abséncia de cations metal-lics en les mostres sintetiques

explicarien les discrepancies en |'activitat biologica.
Finalment, vam decidir centrar els nostres esforcos en discutir les hipotesis A i B.

Abans de verificar o descartar alguna de les premisses anteriors, vam dur a terme un
exhaustiu estudi estructural del Phakellistatin 19 emprant la técnica de RMN. El péptid es va
assignar per complet (*H i **C) en DMSO-d;. Els desplagaments quimics dels Cp i C, de les tres
prolines, aixi com el patrd de pics de correlacio del ROESY, van permetre establir la geometria
trans per als tres residus Pro. A més a més, es va realitzar un estudi de RMN amb temperatura
variable (VT-NMR), per tal d’analitzar el patré de ponts d’hidrogen del péptid. L'existéncia de
dos ponts en els que participaven el proté amida dels residus Phe i Thr, va quedar de manifest.
Aguesta informacio, juntament amb les distancies interprotoniques extretes dels pics de
correlacié de I'experiment ROESY (apropiadament corregides), es van emprar com a
restriccions experimentals en un protocol de restricted-SA per tal d’obtenir una conformacio
d’energia minimitzada per al Phakellistatin 19 (Figura 69). L’analisi d’aquesta conformacié, i la
verificacié de dades experimentals (distancies i angles), van permetre proposar I'existéncia de
dos girs: un gir B que involucrava els residus Pro’ i Leu a les posicions i+1 i i+2, i un gir v en el

que participaven els residus Phe, Trp i Pro* en les posicions, i, i+1, i i+2 respectivament.
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Figura 69: Estructura d’energia minimitzada calculada per al Phakellistatin 19 després d’aplicar un protocol de SA amb restriccions
experimentals. Els dos ponts d’H detectats s’indiquen en verd.

Per tal de comprovar que cap epimer era responsable de I'activitat biologica mostrada
pel Phakellistatin 19 natural, es van sintetitzar, seguint I'esquema sintétic préviament
establert, fins a 10 epimers diferents (Taula 27). La seva avaluacié biologica va demostrar que

cap d’ells era citotoxic, la qual cosa descartava completament la hipotesi de treball A.

Epimer

Ciclo-(Leu-Thr-Pro®-lle-Pro*-Trp-Phe-D-Pro*)
CicIo-(Leu-Thr-ProG-IIe-Pro4-Trp-D-Phe-Prol)
CicIo-(Leu-Thr-ProG-IIe-Pro4-D-Trp-Phe-Prol)
Ciclo-(Leu-Thr-Pro®-lle-D-Pro*-Trp-Phe-Pro")
CicIo-(Leu-Thr-Proe-D-IIe-Pro4-Trp-Phe-Prol)
CicIo-(Leu-Thr-D-ProG-IIe-Pro4-Trp-Phe-Prol)
Ciclo-(Leu-D-Thr-Pro®-lle-Pro*-Trp-Phe-Pro)
CicIo-(D-Leu-Thr-ProG-IIe-Pro4-Trp-Phe-Prol)
Ciclo-(Leu-Thr-Pro®-allo-lle-Pro*-Trp-Phe-Pro")
-(

Ciclo Leu-allo-Thr-ProG-IIe-Pro4-Trp-Phe-Prol)

Taula 27: Seqiiéncia peptidica de tots els epimers sintetitzats.
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A continuacid, vam centrar-nos en la hipotesis B: una qliestio conformacional seria

responsable de I'estrany comportament biologic.

Canvis de dissolvent, de temperatura i de pH poden afectar I'equilibri entre els
isomers cis i trans d’un enllag Xaa"-Pro'. Aixi doncs, es van prendre 4 mostres de Phakellistatin
19 sintetic i es va bescanviar el TFA residual per HCl. Una mostra es va deixar en MeOH, una
altra en H,0 a 45.4 °C, i la tercera en un tampd fosfat 200 mM a pH = 8.1 durant 8 dies. La
quarta no es va sotmetre a cap altre tractament. L’avaluacié biologica d’aquestes 4 mostres
mostrava una activitat notable només per a la mostra tractada amb tampé fosfat. Per tal de
descartar un fals positiu degut a la gran concentracié de salts, es van preparar tres mostres
més. Una es va tractar amb tampod fosfat 200 mM a pH 8.04 una altra vegada, una altra amb
tampo fosfat 20 mM a pH = 8.10, i I'Gltima amb tampé tris 20 mM a pH = 8.18. A més a més, en

aquest nou estudi es va introduir la variable temps (Taula 28).

Pulmd4-NSCLC Colon Mama
Tampo Tractament A549 HT29 MDA-MB-231

Glso (M) Glso (M) Glso (M)

Blanc 3.68 E-06 1.89 E-06 2.52 E-06

f°8s‘:;’; 200 mM, pH 2h 4.10 E-07 2.52 E-07 2.42 E-07

e 8d 2.31 E-08 1.47 E-08 1.47 E-08
Blanc n.d. n.d. n.d.

Fosfat 20 mM, pH = 1d 3.78 E-07 1.26 E-07 4.37 E-07
8.10 2d n.d. n.d. n.d.

5.5d 1.89 E-06 9.66 E-07 2.84 E-06
Blanc n.d. n.d. n.d.
Tris 20 mM, 2h n.d. n.d. n.d.
pH=28.18 2d n.d. n.d. n.d.
4d n.d. n.d. n.d.

Taula 28: Valors de Glso per a tres mostres de Phakellistatin 19 pre-tractades.

Els resultats obtinguts son dificils d’interpretar. El comportament respecte la variable
temps és completament incoherent. A més a més, hi ha un canvi drastic de comportament

qguan canviem el tampd fosfat per un tampé tris.

Com la hipotesi de partida considera que diferent isomeria cis/trans de les Pro podria
ser la responsable de les diferencies en els resultats de citotoxicitat, es va decidir mirar per
RMN si la geometria de les prolines podia modificar-se amb un tractament acid o basic, i aixi

intentar comprendre els resultats biologics obtinguts.

El Phakellistatin 19 és un péptid extremadament apolar, pero I'estudi estructural calia

fer-lo en medi aquos. Aixi doncs, vam decidir reemplagar el residu Leu per una Orn. La
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comparacié dels desplagaments quimics de 'H en DMSO-d; entre el Phakellistatin 19 sintetic i
I’'analeg amb I'Orn, demostrava la validesa d’emprar aquest analeg com a model en el nostre
estudi estructural. D’aquesta manera, vam poder registrar els espectres en H,0-D,0 (9:1) a pH
= 8.12 i pH = 5.95 de I'analeg soluble en aigua, per trobar que, en qualsevol cas, totes les
prolines sempre eren trans. Aquesta constatacié descarta la hipotesi inicial. Petites diferencies
conformacionals queden fora de I'abast de I'estudi. La possibilitat que els cations sodi o els
anions fosfats tinguin una responsabilitat més directa en I'activitat del Phakellistatin 19 queda

com a possibilitat oberta.

En aquest punt vam decidir que la modificacié quimica de les Pro per tal de forcar la
isomeria cis ens donaria molta informacié. Amb aquest objectiu, es va dissenyar una petita
llibreria de 7 péptids (Figura 70), en la que les Pro eren reemplacades per residus ¥"*°Pro

cobrint totes les possibilitats.

| o
Ho;n 5 5

lI’Pro ¥Pro?
\ N*H \MQIF \ N‘H \ér NN~y
N-H
s Q( :
I *n/& m \gi *n/& ""Pm ﬁ N
)‘I ¥Pro’ Jj ¥Pro! )‘1
Thz'# Thz'® Thz*

z46

¥Pro*

&%r

N-H

s, e

Me,Me, Me,Me,

Figura 70: Estructura quimica dels ¥ Pro-analegs del Phakellistatin 19. Els residus ¥ Pro estan indicats en blau.
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L'estratégia sintetica desenvolupada per al Phakellistatin 19 no va resultar adequada
per a sintetitzar aquests analegs. El gran impediment estéric de la ¥M**Pro feia infructuds
I'acoblament en fase solida del seglient aa en qualsevol de les condicions provades (clorurs
d’acid, fluorurs d’acid, HATU-HOAt-DIEA, PyBOP-HOAt-DIEA, COMU-Oxyma-DIEA, MW....). Aixi
doncs, per a obtenir la llibreria dissenyada, va caldre primer sintetitzar els dipéptids en solucid,

i després acoblar-los en fase solida (Esquema 45).

Els resultats obtinguts en I'avaluacid biologica de la petita llibreria es mostren a la

Taula 29.

-

Elongacié seqiiencial .

del precursor lineal D Piperidina-DMF (1:4)
<”,JL — O

1) Fmoc-Pro'-OH,

\(\)j\ /O DIEA, DCM, 45 min c'_O
L 2) MeOH, 10 min

I

1) Fmoc-aa;-OH,
HBTU, HOBt,
DIEA, DMF, 1 h
2) Piperidina-DMF (1:4)
2 Elongacié seqiiencial
del precursor lineal

N O o
N\)L o 1) Fmoc-aa;-OH, 7o)
_5< H HBTU, HOB,
— DIEA, DMF, 1 h
—> N« _————
PyBOP, HOAt 2) Piperidina-DMF
DIEA, DMF, 2 h (1:4)
3
Boc—N NH, Boc—N Boc—N
Acblament
del dipéeptid
1) TFA-DCM (2:98)
Escissio de I'enllag péptid- 2) PyBOP, HOAt,
resina i ciclacié en solucié DIEA, DMF, 4 h
1
2/(0 TFA-H,0 (95:5), 1 h OBu
—
Boc-N'N

Desproteccio
total en solucié

Esquema 45: Estratégia sintética de 'analeg Thz".
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Andleg Pulmé-NSCLC (A549) Colon (HT29) Mama (MDA-MB-231)

pg/mL Molar pg/mL Molar pg/mL Molar
Glsg >1.0E+01 >1.00E-05 5.7E+00 5.71E-06 6.1E+00 6.11E-06
ThZ' TGl >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
LCsp >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
Glsg >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
Thz* TGl >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
LCsp >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05 >1.0E+01 >1.00E-05
Glsg >1.0E+01 >1.00E-05 4.0E+00 4.01E-06 2.7E+00 2.70E-06
Thz® TGl >1.0E+01 >1.00E-05 4.2E+00 4.21E-06 4.1E+00 4.11E-06
LCsp >1.0E+01 >1.00E-05 4.6E+00 4.61E-06 6.0E+00 6.01E-06
Glsg >1.0E+01 >9.58E-06 3.3E+00 3.16E-06 5.9E+00 5.65E-06
Thz** TGl >1.0E+01 >9.58E-06 6.9E+00 6.61E-06 >1.0E+01 >9.58E-06
LCsp >1.0E+01 >9.58E-06 >1.0E+01 >9.58E-06 >1.0E+01 >9.58E-06
Glsg 3.6E+00 3.45E-06 1.9E+00 1.82E-06 1.8E+00 1.72E-06
Thz"® TGl 8.2E+00 7.85E-06 2.3E+00 2.20E-06 2.1E+00 2.01E-06
LCso >1.0E+01 >9.58E-06 2.8E+00 2.68E-06 2.4E+00 2.30E-06
Glso 3.8E+00 3.64E-06 1.9E+00 1.82E-06 2.3E+00 2.20E-06
Thz*® TGl >1.0E+01 >9.58E-06 2.2E+00 2.11E-06 3.5E+00 3.35E-06
LCso >1.0E+01 >9.58E-06 2.5E+00 2.39E-06 5.3E+00 5.08E-06
Glso 1.6E+00 1.47E-06 1.5E+00 1.38E-06 1.8E+00 1.65E-06
Thz**® TGl 1.8E+00 1.65E-06 1.9E+00 1.74E-06 2.1E+00 1.93E-06
LCso 2.0E+00 1.83E-06 2.3E+00 2.11E-06 2.4E+00 2.20E-06

Me,Me

Taula 29: Resultats de I'activitat citotoxica de la llibreria de ¥ Pro-analegs del Phakellistatin 19.

A més a més, els analegs Thz®, Thz"*, Thz"® i Thz"*® van ser estudiats per RMN
emprant CD;OH com a dissolvent. L’analeg Thz® presentava gran quantitat de conformers i la
seva assignacié va resultar impossible. L’analeg Thz"* presentava dos conformers majoritaris
en una proporcid 58:42, en els que la Pro® era cis o trans respectivament. Els dos residus
PMeMepro adoptaven sempre la isomeria cis. Es va poder realitzar I'assignacié completa de 'H
dels dos conformers. L’analeg Thz"® també mostrava dos conformers en aquestes condicions,
un amb I'enllag lle-Pro” en cis, i I'altre en trans. L’assignacié de 'H dels 16 aa es va aconseguir,

14,6

perd no se sap si pertanyien a un o a l'altre conformer. Per Gltim, la Thz™™” presentava un Unic

conformer majoritari (89 %) en el que totes les ¥"*"°Pro adoptaven la isomeria cis.

Tota aquesta informacid estructural i biologica, ens va permetre concloure que la

isomeria cis o trans dels enllagos en els que es veuen involucrades les Pro i les ¥V*"Pro, i que

determinen I'estructura dels péptids, representen un factor clau en la seva I'activitat. La Pro®
té un paper crucial pel que respecta a la citotoxicitat. Creiem que és més una qiestid
d’importancia estructural, i no tant que en substituir-la per un aa molt més voluminds i amb
diferent patré d’acceptors/donadors de ponts d’hidrogen, la interacci6 amb la diana

wMeMeprg no hauria

corresponent sigui més efectiva. De ser aixi, la introduccié de més residus
de representar un increment d’activitat tan notable. La rigidesa del peéeptid augmenta en
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incrementar el nimero de residus Pro substituits per ¥V*"*Pro. Aquest augment de rigidesa
va acompanyat d’'un augment d’activitat citotoxica. El péptid més actiu és el més restringit
conformacionalment i el que té totes les ¥M*MPro en cis. Aquestes observacions
experimentals donen pes a la hipotesi que hi ha una qliestié estructural al darrera de les

incoherencies biologiques observades entre Phakellistatins sintétiques i naturals.
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